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Antiproton distributions in Au +nucleus collisions
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Experiment E878 at the BNL-AGS has measured the invariant cross sections of antiprotons produced near
p;=0 in interactions of 10.8 Ge¥/Au beams with targets of Al, Cu, and Au. The data were measured for a
wide range of centralities and rapidities using a focusing beamline spectrometer and a high-rate centrality
detector. We compare our data with the predictions of simple models and sophisticated transport models to
explore the physics of antiproton production and annihilaf@9556-28187)01209-0

PACS numbds): 25.75.Dw

. INTRODUCTION Greiner[6], p yields increase by roughly a factor of 3-5 in
. a system which has passed through a QGP over those for a
The study of antiprotonsp() is a very fertile topic within  hot hadron gas for temperatures between 100 and 200 MeV.
the field of relativistic heavy ion physics. The observed yieldEllis, Heinz, and Kowalskj7], using a Skyrme model, esti-
of antiprotons is related to most of the interesting topics inmate that the antibaryon abundances in the rehadronization
the field, including the formation of nucleon resonancesphase transition of a QGP the size of a sulfur nucleus and at
high baryon density matter, and the formation of a quark-a temperature of 160 MeV are increased by a factor of 8—12
gluon plasmaQGP, as detailed below. over an equilibrium hadron gas. Thus, enhanced antimatter
The production of antiprotons at beam energies riear production is a promising candidate signature of QGP for-
below) their production energy threshold has been associatechation.
with the formation of nucleon and meson resonarjdesb|. However, an overall increase in initial production may
Thus, through collective effectyy production can be en- not result in an increase in measured yields. After being pro-
hanced inA+A collisions as compared tp+p collisions.  duced, thep must still escape the collision region in order to
The formation of resonances allows the system to effectivelye detected. In a region of high baryon density this may be
store energy, which is important for antiproton productiongifficult because there is a high probability of annihilation of
near threshold; the high density of the surrounding m.ediu'rqheﬁ Thus, in order to clearly recognize the signature of
allows the resonances to subsequently undergo multiple insphanced production, the process of annihilation must also
teractions even though their lifetime can be as small as a feyg well understood.
fm/c. - The cross section for annihilation exhibits a very strong
Beyond the formation of resonancgs,production could dependence on the relative momentum of the baryon-
be enhanced inPA+A collisions by other, more exotic, antibaryon pair, and is interpreted as being influenced by the
means. In particular, the formation of a QGP may signifi-large real portion of the interaction potentjd]. Below 1
cantly increase the yield of antibaryonsAnt+ A collisions. ~ GeVLk, the annihilation cross section increases dramatically;
Antimatter production is expected to be enhanced in théit 100 Mth, the annihilation cross section has been mea-
QGP, where, due to chiral symmetry restoratighe ap- sured to be~300 mb[8] which corresponds to an interaction
proximate masslessness of the light quark flavargiquarks ~ center-to-center separation 6f3 fm, several times as large
are expected to be much more abundant than in a hot hads the average distance between nucleons at normal nuclear
ronic gas of the same temperature and baryon density. In @ensity (o~0.15 fm™3). Thus, the probability of annihila-
detailed calculation by Heinz, Subramanian, c&&r, and tion for a p produced within the interaction volume of a
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relativistic heavy ion collision, where the baryon density TOF2  TOF3 TOF
may be as large as 5—®, [9], is very high indeed. Quadrupole DC3 {
Simulations have given some indication of how the anni- o Dcr sz \
hilation process might change in the dense environment of a feden "L' ~~
heavy ion collision. It has been shown that the amount of Al
annihilation in the nuclear medium depends strongly on the
formation time of the production procef$0,11]. It is also
possible that the large particle multiplicities produced in cen-

tral collisions will affect the amount gb annihilation. In the
transport modelgaRrc [9] and RQMD version 2.2[12], prob-

able antiproton-nucleon annihilation partners can be scat-
tered by other particles before actual annihilation occurs,
such that the effective annihilation cross section is reduced
from that measured in free space. Mean color potentials may
also affect the annihilation process, as discussed by Spieles
et al. [13]. In their description, the baryon-antibaryon inter-  FIG. 1. Schematic of the E878 experimental apparatus, showing
action potential is broken into real and imaginary parts; asequence of magnetic elements and particle detectors in the beam-
low relative momentum, the real part of the interaction isline. Target area is shown in detail in expanded section. Distances
much larger than the imaginary part. The authors argue th#t'® not to scale.

annihilation may be reduced in medium through the cancel- ] ) ]
lation of the real part of the interaction from competing an-Much heavier systems available with Au beams. These re-
nihilation partners. sults will be compared to predictions based on simpiep

We present here antiproton cross sections for AuA phenomenology, as well as to the more_sophisticated model
collisions at a beam momentum of 1088GeV/c, as mea- RQMD. E858 observed a broadening of therapidity distri-
sured by experiment E878 at the Brookhaven National Labobution for SHA collisions relative to observations from
ratory Alternating Gradient Synchrotron facilityBNL-  p-+p interactiond16]; a second goal of this work will be to
AGS). E878 is a high-rate single particle spectrometerinvestigate how the widths of the distributions change with
designed to study rare processes in high-energy heavy idarget and centrality, and what that might imply about the
collisions, e.g., production of antiprotopt4], and to search production mechanism. Finally, it will be possible to extend
for previously undiscovered particles, e.g., strangdl&fg.  the work done in Si beams regarding first collision scaling to
E878 is a follow-on experiment to E858, which measuredthe truly heavy Au-Cu and Au-Au systems. The linear
antideuteron and antiproton production in+3i collisions  relationship of p yields to interacting beam nucleons re-
[16]. The data presented in this paper were collected in thgorted by E81419] was necessarily limited by the number
September—October 1993 Au beam run. of nucleons available from the Si beam nuclei. Here the

There are five sequences of experiments which have megange in which this relationship can be studied will be ex-
sured antiproton production from heavy ion induced reactended to those available in central AAu collisions, where

tions at the AGS: E858/E87[816-18, E814/E877[19,20),  the total number of interacting nucleons can reack00.
E802/E859/E86610,21-23, E886[24], and E86426]. De-
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spite some mysteries, the measurementsptdf from Si Il. THE APPARATUS
beams were perhaps best summed up by Stankus in his the- o .
sis: “[A] simple model based gm+ p phenomenologjwith A schematic diagram of the E878 experimental apparatus

minimal absorptioh explains almost all of the behavior of i shown in Fig. 1. In this diagram the beam enters from the

p’s observed” in SitA reactions[17]. The inference has left and impinges on t_he target. A detailed schematl.c of the
target area detectors is given in the expanded view; the de-

been that enhancement m production brought on by the o ctors here consist of a multiplicity detector to characterize
heavy ion environment was counterbalanced by annihilationy, o ollision geometry and several beam monitoring and

Unfortunately, this has made it difficult to determine the de'counting detectors. When a beam particle undergoes an in-
tails of these processes. In the ARC model, the absorption igjastic interaction in the target, any produced secondary par-
screened by a third body interaction and production is engicjes which fall into the phase space acceptance of the ES78
hanced by low-lying resonance productid]. In theRQMD  aanetic spectrometer will be transported through its beam-
1.07 picture, production is substantially enhanced by the fory e The beamline and its acceptance are detailefl @k
mation of high mass resonances; e.g., in minimum biag, ghly any particle which has a rigidityatio of momen-
Au+Au collisions, initial p production inRQMD is a factor  tum to electric chargeR=p/Z) within ~+2% of a tuned
of ~20 higher than expected from first collisiof28]. This  mean rigidity and a trajectory within-15—20 mr of the
enhancement is then substantially reduced by annihilation, Sgeam direction will be accepted. For the vast majority of
that for minimum bias Ad-Au collisions 90% of the initially beam-target interactions, no particles fall into this phase
produced antiprotons are absorbed. Both of these modekpace region; for roughly one in 4@vents, a particle will be
match data for Si beams reasonably well10,2,28. produced which falls into our acceptance. For these particles,
In this work, the production and annihilation processeshe following characteristics are among those measured:
will be investig_ated in the context of the target and centralitytime-of-flight (TOF), trajectory, and whether or not light was
dependence gb yields for a wide range of geometries in the generated in several thresholé@nkov detectors. The time-
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of-flight system consists of four separate scintillator based-8.5° to the left, accomplished via a series of three dipoles.
detectors(designated TOF1-TORdlaced at various loca- The primary means of providing particle identification in
tions along the~60 m length of the spectrometer. The par- E878 is via time-of-flight measurements, utilizing two types
ticle’s trajectory is measured by four sets of drift chamberof time-of-flight detectors: single sl&TOF1 and TOFBand
detectors, designated DC1-DC4. Finally, there are fousegmented multislat detectafEOF2 and TOF4 TOF1 and
threshold @renkov detectors, designated CK1-CK4. TOF3 are located at the two waists of the secondary beam

As pictured, the E878 spectrometer is capable of measUiyhere the transverse size of the beam envelope is small. The
ing production cross sections for secondary particles using|ats are viewed on each end by a Hamamatsu R2083 pho-
Au beam rates up te-5x 10" per 1 second AGS spill. If the  tomultiplier tube. TOF2 and TOF4 were located at positions
multiplicity detector and the optical fiber hodoscope are regjong the beamline where the beam envelope was somewhat
moved from the data stream, the Au beam rate capabilityarger, so that a multislat design was used. Each of these
increases tdat least ~2—3x 10°, which was the full inten-  detectors consist of five slats arranged in two layers, in an
sity of the AGS during the fall 1993 run. alternating fashion, with a horizontal overlap region-o8

The beam momentum for the Au beam during the 1993nm petween adjacent slats.
run was measured by the AGS personnel to be The TOF detectors performed very well during data tak-
11.086+0.03 GeVt per nucleor{29]. The E877 Collabora- ing. Detection efficiencies for TOF2 and TOF4 were€9
tion measured the beam momentum at their target to bgnd ~ 95%, respectively. Detection efficiencies for TOF1
10.78+0.03 GeVt per nucleor{30]; the difference of these and TOF3 could not be directly determined, since these de-
measurements is attributed to beam energy losses betwegittors are part of the experiment trigger. However, given the
AGS extraction and the E877 target. E878 has no meChanismmp|e design and small size of the detectorS, we expect the
for measuring the beam energy at our target. For all modegficiency to be very close to 100%. The primary measure of
comparisons, we have assumed the beam momentum to B®F for particle identification is the difference between the
10.8 GeVt per nucleon. However, it should be noted thattime of passage at TOF1 and the time of passage at TOF3,
the beam energy is not part of the equation to calculate prayith these detectors being separated-bg7.5 m.
duction cross sectionighe only energy which is used in cal-  There are four €renkov detectors utilized in E878, des-
culating cross sections is that of the secondary par]tclesignated CK1-CK4. Of these, CK1 and CK2 are gas based
thus, the uncertainty in the beam momentum does not impletectors, using freon-12 nominally at 2.77 atm absolute
an uncertainty in our measured cross sections, only in thgressure, which are used to distinguish pions from kaons at
beam energy at which the cross sections have been megmh rigidity. At the highest rigidities, data were taken using
sured. However, the beam momentum for the fall 1993 Aureon-12 at 1 atm absolute in CK1 and with G@t 2.77 atm
beam run was dﬁerent from that for subsequent AGS Aupy ck2, allowing simultaneous pion-kaon and kaon-
beam runs. Since@ production near threshold is very sensi- antiproton separation. CK3 and CK4 utilize silica aerogel
tive to the beam momentum, it is important to be aware ofwith an index of refraction of 1.025 as theef@nkov radiator
this quantity when comparing results between experimentsand are used to separate pions from electrons and muons at

The heart of the E878 experiment is the beamline, whicHow rigidity. All of the Cerenkov detectors are operated as
consists of a double focusing spectrometer. The magnetithreshold detectors.
elements in the E878 beamline comprise a total of six quad- There were four sets of drift chambers, designated DC1—
rupole magnets and five dipole magnets. Particles first erDC4. DC1 and DC2 were used to measure particle trajecto-
counter a pair of quadrupoles which focus the beam in theies in the upstream half of the beamline, between the two
vertical direction; these are then followed by a pair of qua-sets of dipoles. This pair of chambers was separated by
drupoles which focus the beam in the horizontal direction.~1.5 m. DC3 and DC4 were located downstream of the last
Both of the sets of quadrupoles are tuned such that the beamagnets, and provide particle trajectory vectors for the
comes to both a vertical and horizontal waist at our firstdownstream portion of the beamline. These chambers were
time-of-flight detecto(TOF1), located~35 m from the tar- separated by-5 m. Each chamber consists of a set of seven
get (all positions given are measuredanthe distance trav- cathode foils and six anode wire planes, with anode wire
eled along the beamline by a particle with the central tunedpacing of 16.5 mm. The gas used was a mixture of 80% A,
rigidity). Between the quadrupoles and TOF1, the bean20% isobutan€C,Hg).
passes through two dipole magnets and undergoes a bend of The drift chambers performed very well during the run of
~4° to the left(all directions are taken to be from beam the experiment, with efficiencies found to bel00%. Spa-
view). In conjunction with collimation of the beam by mag- tial resolution of the chambers was better than
net apertures and variable slits, the chromatic dispersiog=100 wm. The primary use of the chambers during the
from this bend effectively determines tidgp/p acceptance run was to aid in the tuning of the beamline. For offline
of the beamline. Just before the first waist, the secondargnalysis, the primary use of the chambers was to provide
beam is collimated in both the vertical and horizontal direc-quality checks for the data, allowing us to reject any events
tions, via a set of variable jaws. The horizontal portion ofwith a track which did not point back to the target or with
this collimator is the defining aperture fdrp/p. After the  more than one track in the spectrometer, as well as events
first focus, the beam again undergoes horizontal and thewith no particle trajectorywhich would indicate an acciden-
vertical focusing, with a common waist for both dimensionstal triggep. The number of events not passing these cuts was
to occur at TOF3, located-62.5 m from the target. The very small, so that their effect on cross sections was negli-
beam also undergoes a second momentum-selecting bendgible; however, the ability to perform these type of cuts was
this downstream section of the beamline, this one beingnvaluable in the search for new particlgkb]. In addition,
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the secondary beam profiles as measured by the DC’s wersu targets is~4 times that of Al targets, this study con-
used in the calculation of the acceptance of the spectrometdirmed that the nonlinear relation between SPT and IC was a
The multiplicity detector, described in detail [81], con-  result of recombination in the IC’s, not false coincidences in
sists of 28 counters, arranged in two rings oriented at 40the SPT's. Using the SPT’s to calibrate the nonlinearity, the
and 60° relative to the beam direction. Each counter consist€’s are used as the primary measure of beam flux.
of a square photomultiplier tubéHamamatsu R22489X The final beam monitoring detector was a multiwire pro-
topped by a 1/4 in. thick quartz plate, which serves as gortional chambe(MWPC), which was used to determine
Cerenkov radiator, and a 1/4 in. thick lead plate, which corthe spatial profile of the beam. The MWPC was operated
responds to roughly one radiation length of that materialwith a 75% Ar 25% CQ gas mixture and 2 mm spacing
The lead serves the dual purpose of converting photons intoetween anode wires. The MWPC provided a spill-integrated
e’ - e  pairs and ranging out low-energyrays, which are  measurement of the beam profile in the horizontal and verti-
associated with electromagnetic interactions, and thus not res| directions.
lated to collision geometry. The array is designed primarily  Triggers for E878 are generated by produced particles tra-
to detect photons from the decays of neutral pions producegersing the spectrometer, allowing E878 to selectively record
in the heavy ion collision, but it is sensitive to any chargedgny particles of interest and thereby enrich the fraction of
particles with3>0.7. o those events in the data sample. For the analysis in this pa-
Several detectors were used for monitoring both the POSiner two types of triggers are utilized: LOOSE, which con-

gﬁgmat?:r S/:g;grﬁ;etd d”??lns'% ?&;Pe bt_'-:ar?: twct). 'lont'zlat'onsists of a coincidence between TOF1 and TOF3, is created
'gnate an WO singie particle tete- by any particle in the spectrometer and thus contains pri-

scopes(SPT1 and SPT2 a removable thin quartz plate marily pions for negative rigidity running; and PIBAR,

(BC1) for measuring beam particles vieef@nkov radiation, 7 . .
a fiber optic hodoscope with layers segmented in both th hich is & subset of LOOSE W'th_ the addition of a veto frqm
the CGerenkov detectors, so that it selects slow patrticles, i.e.,

horizontal and vertical directiond=IDO), and a multiwire . . .
proportional chambefMWPC). Of these, the latter two are kaons and antiprotons. E878 also utilized other triggers

designed primarily to determine the position of the beamWhich were designed to select particles more masewvel
while the IC’s and SPT’s serve to integrate the number ofhus slower than antiprotons. These triggers were used pri-
beam particles into the target area. BC1 is used only fofarily for the search for new particl¢s5]. By downscaling
calibration purposes. triggers from copiously produced particles, i.e., pions, we are
All of the beam monitoring detectors are positioned up-ab|e to enrich the rare particle fraction of our data sample.
stream of the target, and withil m of thetarget position. LOOSE prescale values ranged between 10-100 for the
The two ionization chambers, IC1 and IC2, have a circulamegative running.
active area of radius-5 cm, which is considerably larger Since E878 triggers on particles in the spectrometéth
than the beam spot~(2 mm in diameterand the target$4  no precondition on the nucleus-nucleus interagtiotne
mm vertical by 15 mm horizontal Thus, these detectors cross sections which we measure are truly minimum bias
integrate the number of beam particles traversing the regioapectra. However, using the multiplicity detector described
close to the target. Calibration is accomplished by countingibove, it is possible for us to determine the centrality of the
beam particles directly at low flux rates using a quarer-C  collision which produced the detected particle, and to char-
enkov counter(BC1), and using secondary particle tele- acterize the detected particles in bins of interaction central-
scopes(SPT1,2 at high flux rates. The IC’s were found to ity. The calibration and performance of the multiplicity de-
become nonlinear at beam rates in excess»fi@’ Auions tector is described in detail ii81]. It was possible for us to
per 1 sec. spill. This nonlinearity is believed to be caused bylefine four multipicity bins for At-Au interactions: periph-
recombination of the produced ionization before it can beeral (the 30% lowest multiplicity interactions, or 100—70 %
collected by the chamber. of the geometric cross sectigrmidperipheral(70—-30 % of
The single particle telescopg€SPT1 and SPT)2are de- geometric cross sectipnmidcentral(30—10 % of geometric
signed to measure the amount of beam which actually strikesross section and centralthe 10% highest multiplicity in-
our target. Each SPT consists of three small scintillators oferaction$. We also defined central bins for AtCu (11%
increasing size, ranging from 4 mm square for the elemenlighest multiplicity and Aut+Al (12% highest multiplicity
nearest the target te-4 cm square for the element furthest interactions.
from the target. The scintillators are arranged such that the In order to investigate the target and centrality depen-
three are aligned perpendicular to a line which points at thelence of antiproton production, three different target materi-
target; the increasing size of the scintillators forms a solidals of varying nuclear siz€Al, Cu, and Ay were utilized,
angle such that particles which strike all three elements musind eight rigidities were sampled for each target typ8:0,
have come from the target, with minimal acceptance for—6.0,—4.4,—-3.87,—3.2,-2.2,—1.8, and—1.5 GeVt. Of
sources behind the SPT. Thus, the number of coincidencdbese, the first six cover the antiproton kinematic range from
for an SPT, read out at the end of each spill, is proportionahucleon-nucleon center-of-mass rapidity,{(=1.57) to(al-
to the amount of beam striking the target. The constant ofnos) beam rapidity. The lowest two settings;1.8 and
proportionality will differ according to the target material; — 1.5, pushed the limits of the beamlifia terms of multiple
these were calibrated at low flux rates using BC1. scattering. However, these settings were thought to be very
The linearity of the SPT’s for high beam flux was verified important, since they were beloyy,,, which would allow an
by performing a comparison of SPT counts to IC counts forinvestigation of rapidity shifts in the asymmetric light target
both Al and Au targets. Since the SPT coincidence rate fosystems, as well as provide a redundant check on other mea-
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surements(via reflection abouty,,) in the symmetric ments for a good event are: a single track in the spectrom-
Au-+Au system. eter, a track which projects back to the tar@bis consists of
After quality cuts were applied to the data, good targeta cut in the angle of the track with respect to the beam at
and centrality information, covering a large kinematic range,TOF1) and a track whose projection lies within the active
was obtained for~10 000 antiprotons. This represents theregion of the TOF3 scintillator. The fraction of events cut out
highest statistics investigation of antiproton production perby these requirements is small, and these cuts are taken to
formed in relativistic heavy ion collisions at the AGS to date.create no inefficiency in the counting of real particles.
Velocity for a particle is determined by comparing its
IIl. DATA ANALYSIS measured TOF to the TOF for a particle traveling with a
velocity v =c, where this latter quantity can be determined
We will outline the data analysis procedure; the entiresimply by knowing the path length traversed by the particle.
analysis procedure is described in detai[18]. Our opera-  (Due to the 62.5 m extent of the beamline and the small
tional definition for the invariant cross section(ie units of  transverse size of the beam envelope, the differences in path

mb GeV~? c) lengths of particles are on the order of £0of the total path
length, and have a negligible effect on the measured TOF.
d3o Thus, the relativistic velocity measured for a given event is
Ed_p3 =[Ngetected™ (RioNbeaniive) ]
v TORB=1)
reint ¢ TORmeasurey &)
X (1)

Npeam< N X @X €y X &pipX € hickX (P*/E) |
. . ! Combining the momentump(, known from the beamline
whereNgerecteqiS the number of detected particles with mo- o ieq “with the measured velocity, it is possible to determine
mentump=Ap, Npeamis the number of incident beam par- the mass of the particle. In practice, particle identification
ticles, and\, is the number of target nuclei per unit area. The(p|D) is done simply in TOF space.
acceptance of the apparatass given in terms of the solid For all rigidities considered here; ’s can be unambigu-
angle and a momentum spreag/p, and has been deter- ously identified with high efficiency usingeBenkov infor-
mined by comparing measured particle trajectories tanation; thus the primary challenge is to separate antiprotons
TURTLE [32] and TRANSPORT[33] simulations of the beam- from K~'s. The path length between TOF1 and TOF3 is
line. Other corrections and efficiencies are as follows: par-27.5 m, which is sufficiently long that antiprotons are well
ticle identification efficiencyepp, which includes contribu-  separated ¥ 4¢) in time-of-flight over that distancéT13)
tions for the efficiency of the detector to trigger on andfrom K~ for all rigidities below 6.0 Ge\. There is some
record a particle in the spectrometer, as well as the efficiencyackground in the T13 spectrum which is not associated with
of the analysis cuts employed to identify the particle,real particle peaks, and which can be ascribed to various
livetime correctioney,e, Which quantifies the fraction of sources: inelastic interactions of particles in the material in
time the data acquisition system is live and able to respond tthe beamline, false triggers caused by a random f|r|ng of a
triggers, target out correctidry,, which corrects for the rate TOF1 tube followed by a real particle in the spectrometer,
at which particles are produced from nontarget sources, rgsions fromK =~ decays as they proceed down the beamline,
interaction correctionyeiy;, which corrects for losses of par- etc. This background can be eliminated by requiring the time
ticles via inelastic interactions in material in the beamline,petween TOF2 and TOF4 to be consistent with that between
and the thick target correctianc, which accounts for loss  TOF1 and TOF3. The flight path between TOF2 and TOF4 is
of beam flux as it traverses the target. ~12.5 m, which is roughly 0.45 times the TOF3-TOF1 dis-
By its design, E878 directly measures production crossance, so that all events have been required to satisfy the
sections for particles. For convenience in comparing to modcondition |[T24— (T13x0.45)]|<2 ns. A sample plot of
els and other experiments, these cross sections can be corp4 vs T13 for a rigidity of— 2.2 GeVt is shown in Fig. 2.

verted to invariant multiplicity, using The cleanliness of the T13 spectrum surviving this cut can be
seen in Fig. 3 which shows sample PID plots for a rigidity of
d3N 1 d3o —3.2 GeVE. In this case s 's (shown in the upper plpt
d_p3_ Tin d_p3 @ have been identified by requiring both of the gasréhkov

detectors to fire(as determined by the ADC's from these

where oy, is the inelastic cross section for interaction be-detectors The lower plot shows TOF spectra for events
tween the beam and target nuclei. Interaction cross sectioyéthout a gas @renkov signal; botkK™’s and antiprotons
between two nuclei for minimum bias events are estimated@ll into this category for this rigidity. Valid ADC signals are
by the parametrization given by Hoang, Cork, and Crawforde€quired from all of the PMT's in the slats which were
[34], which yields interaction cross sections of 6850 mb forStruck. L
Au+Au, 4700 mb for Au-Cu, and 3750 mb for AttAl As stated earlier, thg T13 peak is well separated from
More exclusive classes of evers.g., 10% central events that of theK™ for all rigidities less than 6 Ge!/ For all of
are assigned the appropriate fraction of these total interactiotmese rigidities, the identification of antiprotons was per-
Cross sections. formed by fitting the T13 peak to a Gaussian; a cutcdo

Before attempting to identify a particle, quality cuts basedfrom the mean of this fit was then used to identify antiproton
on trajectory information are applied to events. The requireevents.
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Without gas Cerenkov firing
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FIG. 2. T24 vs T13 for a rigidity of—2.2 GeVE. Solid line FIG. 4. Double Gaussian fit t ~— p peak for—6.0 GeVE.
indicates agreement between T13 and T24 based on relative path ) o _ )
lengths, dashed lines indicate the region satisfying-ti#ens T13- For the highest rigidity8.0 GeVE), PID is accomplished
T24 agreement cut. simply by Gerenkov information. For this rigidity, the down-

stream gas €renkov detecto{CK2) was operated in the
Matters become somewhat more complicated for the twg'normal” configuration of 2.77 atm Freon-12, while the up-
highest rigidity settings. At 6.0 GeV/ the T13 peaks for stream gas &enkov detectofCK1) was operated at 1.0 atm

K~’s andp’s are overlapped to some degree, as can be sedi€on-12. In this configuration, both kaons and pions should
in the sample PID plot shown in Fig. 4. Unfortunately, fire CK2, while only pions should fire CKlp s should fire
K™’s are still below the threshold for firing the gag@nkov  neither detector. The primary concern in countpng in this
detectors while both kaons and antiprotons are above thresfanner is contamination fronk ™~ resulting from ineffi-
old for the aerogel €renkov detectors so that the@nkov  ciency of CK2. To estimate this background, the CK2 ADC
detectors are not useful fs¢~ — p separation. Thus, antipro- peak is fit to a Gaussian distribution for events which do not
tons have been counted using a double Gaussian fit to tH#ge CK1; these are nominallik™ events. This fit is per-
T13 spectrum. The mean values for the two Gaussians wefiermed over the truncated mean ADC distributi@e., only
not constrained; however, the differences between means réhose ADC values which correspond to the lower 60% of the
sulting from the fits were consistent with T13 expected forevents in the entire distributiorso that the high-side tail of
K~’s and p’s for this rigidity. the Poisson distribution is discarded and the remaining
events should be roughly Gaussian. Based on this procedure,
a cut of 20(and below on the CK2 ADC has been placed,
which should reduce thK™ contamination to~5% of the

g 104 With gas Cerenkov firing 0
S . p peak | . .
5 10F In E878, there is a non-negligible amount of material in
£ the path of the beam upstream of the target which includes
2 10% windows and gas for both ion chambers and the multiwire
oL proportional chamber, op_tical fibers in the fiber optic hodo-
E .IHIiIiiIiII L L scope, vacuum windows in the upstream magnets, as well as
109 Without gas Cerenkov firing a substantial length of air between the last magnet and the

K target. In total, this material constitutes roughly a 4-5 %

i interaction length target for the Au beam. In order to quan-
102;— B tify the amount of this nontarget related background, a slot
i on the target wheel was left empty and, for each rigidity, data

o L m ﬁ were taken with this empty target in place which were used
3 to calculate a nontarget related production rate for antipro-
T A HI"H" | A T tons,R,,. The number of observed antiprotons for target out

4 -2 0 2 N 6 $13 (nsy was converted to a target out rate by dividing by the total

amount of beam flux, corrected by the live time. Then, for
FIG. 3. Sample T13 distributions for a rigidity 0f3.2 Gev/  each set of data with real targets, the number of observed
¢, with T13-T24 agreement cut applied. Upper plot is with gasantiprotons which come from nontarget interactions can be
Cerenkov detectors firing; lower plot is without gagr€nkov fir-  calculated by multiplying this target out rate by the flux and
ing. the live time for that set of data. In general, the target out
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TABLE I. Minimum bias invariant cross sections for antipro- TABLE II. Minimum bias invariant multiplicity for antiprotons.

tons. Errors are statistical only. Errors are statistical only.
Rigidity (GeVic) Invariant cross section Rigidity Invariant multiplicity Ed®N/dp® (GeV~2c?)
Minimum bias(mb/GeV~2c%) (GeVrk) Au-+Al Au+Cu Au+Au
AUTA Au+Cu AutAu ~15  2.39-0.36<10°3 2.88+0.20x10°3 2.56+0.29x 10 3
-15 8.99r1.41 13.51+1.36 17.6%2.07 -1.8 N/A 1.84+0.24x10° 3 1.96+0.22<10° 2
-1.8 N/A 8.64-1.15  13.431.50 —-22 1.6%0.12x10°3% 2.22+0.11x10° % 2.60+0.14x10°3
-2.2 6.02:0.41 10.4%0.51 17.8:1.00 —32  1.43-0.06<10°% 1.58+0.08<10 % 1.69+0.09x10 3
-32 5.33-0.28  7.420.37 11.580.67 —3.87 9.05-0.47<10°* 1.27+0.06<10" % 1.48+0.05<10° 3
-3.87 3.3%-0.18 5.92:0.28  10.14-0.38 —4.4  8.75-0.57x10"% 1.17+0.07x10°% 1.06=0.04x1073
—-4.4 3.28:0.22  5.50:0.33 7.26:0.31 —-6.0 1.8%-0.13x10°* 3.75-0.19x10 % 4.07+=0.17x10°*
-6.0 0.68-0.05  1.76-0.09 2.79-0.12 —8.0  4.82:0.69<10°° 1.05-0.08<10 % 2.06+0.13x10°*
-8.0 0.18-0.02  0.49-0.04 1.41-0.09

tions to those expected from simpglep phenomenology(2)

correction reduces the number of observed antiprotons byvestigate the dependence Eyields on the number of
10-20%. Since the estimated material upstream of the targgfrticipating nucleons in the context of a first collision
constitutes~4% of a Au interaction length, and the targets model; (3) compare the E878 results to predictions from the
interact with ~22-27 % of the Au beam, this fraction is modelromD [35].

consistent with our expectations. Shown in Fig. 5 are the invariant multiplicities fors, as

As a cross-check of the time-of-flight information and the 5 ¢,nction of rapidity, for minimum bias and 10% central
tuned rigidity of the beamline, it is possible to calculate they , 1 Al cu. and Au events. Although not shown here, the

central momentum of the secondary beam based on T13 diEg7g Ayt Au minimum bias cross sections are consistent

ferences for pions and antiprotons. For all rigidities, the caly,;ihin systematic errors with the yields measured in+Rt

culated momentum agrees with the nominal momentum Q@ jisions by E886[24]. All of the distributions seem
within +2.5%. For calculation of cross sections, the Calcu'roughly Gaussian in shape, a trend which is consistent with

lated momentum has been used. Final results for minimurﬂ1e observations of E858 fa's from minimurm bias SkA
bias invariant cross sections for various targets are given in .~ ) qv's ror . .
collisions[17]. There is a distinct increase in production at

Table I. Invariant multiplicities are given in Table Il for high dities for the heavier t i hil ducti i
minimum bias and in Table Il for the defined centrality cuts. Igh rapidities Tor the heavier targets, while production &
midrapidity is roughly equal for all targets. This trend leads

In these tables, only statistical errors are given. In addition : C L I )
systematic uncertainties of 10% are expected for comparisotrﬁJ ;e?;?j?ﬁi?%?o? dg]rﬁnra?;d%tdézg;t::fle%rzsv\;?r: :Ez ggg\e”r?/;-
of cross sections between rigidities; a total systematic uncelﬁzns of E858 which sav?/ no tarcet dependence in the RMS
tainty of 20% is expected in the overall normalization. The ' 9 P

dominant factors in the systematic uncertainties are the advidths of p rapidity distributions for minimum bias $iAl,

ceptance and beam flux normalization. Cu, and AU[17]. o .
Also shown in Fig. 5, a similar trend can be seen in the
IV. RESULTS AND DISCUSSION centrality dependence gm yields in Aut+Au collisions, us-

ing four centrality bins. The overall yield in the most periph-

The goals of this analysis are threefoldl) investigate the eral bin is well below that of the more central events. As the
shape of the rapidity distributions, how these change wittcentrality, and thus the size of the interaction region, in-
varying targets and centrality, and to compare the distribuereases, there is a broadening of the rapidity distribution.

TABLE 1Il. Antiproton invariant multiplicity (X 10°) for various bins in event centrality. Errors are
statistical only.

Rigidity 10°X Invariant multiplicity (GeV~2c®)
GeVilc Au+Al Au+Cu Au+Au
Central Central Peripheral Midperipheral Midcentral Central

12% 11% 100-70 % 70-30 % 30-10 % 10%
—-15 309115 37482 25470 22735 33159 255+71
—-1.8 N/A 268+ 75 67.7-44.0 240+ 31 267+ 46 238+t59
—2.2 185+32 323+ 34 138+ 27 302+ 22 344+ 33 283+41
-3.2 148+-21 202+ 23 49.7+16.9 21615 219+ 22 231+30
—3.87 77.8:13.0 16119 56.4+-9.0 173t8 213+13 194+18
—4.4 95.8:17.3 136t 22 51.68.1 113-7 146+ 11 162+ 16
-6.0 23.8:4.08 51.5-6.8 10.2-2.6 49.6+2.84 62.0-:4.3 69.9-6.7

-8.0 5.45£2.05 21.6-3.4 5.53£1.9 19.6:1.9 35.73.8 40.8- 5.7
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o F with a target rapidity nucleon. This increased energy can be
T E@ 8 : ggg FaP a result of the formation of nucleon resonances, as well as
) 4 Sa g% A %98 N @@% from Fermi momentum of the nucleons within their respec-
2 &*8 E ok - tive nuclei. Also, an effective broadening can occur by a
Z e A_g T & depletion of p’s near midrapidity. Since nearly complete
u 10_4'_ 'A‘g i i *'A' stopping of the nucleons occurs in central#&u collisions
: ~ T ' * [36] and thep-p annihilation cross section increases sharply
[ (o) Min Bias | (b) 10% Central [ (c) Au + Au for low relative mome_ntunljS?_], antiprotons near mld_rgp|d-
e I L0 o L o 10% centra ity should have the .hlghest Ilkel|hood of being annihilated.
F O A+ cu F O auscu E O 30-10% Central Finally, hydrodynamic expansion of the system can lead to a
F A A FA A [ & 70-30% Central broadening of the rapidity distributions. This phenomena has
TN I T B T been investigated for central-8Al collisions elsewherg38]
1 2 31 2 31 2 3

for various particle species. All of these procesged per-
haps others we have overlookeate likely to have contrib-
FIG. 5. Target and centrality dependence of the Ep#apidity ~ Uted in some fashion to the broadening observed by E878.

distributions. Plota) shows the target dependence of minimum biasAnother open question is how the feedlng[:Dfstates from\
Au+A collisions; plot(b) shows the target dependence of 10% decays affects the observed distribution. Simulations of
central Aut-A events; plot(c) shows the centrality dependence for the E878 acceptance indicate that ols near midrapidity,
the four defined centrality bins in AuAu events. — i 4

the acceptance fop decay daughters s 15% of the nomi-

This broadening is similar to that seen in target comparisong}al acceptance; however, for’s near beam rapidity, the
in the sense that it arises from an increase iields at high ~ relative decay daughtey acceptance increases t040% of
rapidity, with production near midrapidity remaining roughly the nominal E878 acceptant&hus, if theA | rapidity distri-
constant for the three most central bins. To quantify theyytion is similar to that of the e primodigh’s, then the level

amount of broadeningp rapidity distributions for each of ~of A “contamination” of the p distribution would increase
the four centrality bins from AttAu collisions are shown'in - for increasing rapidity. This would also lead to a broadening

Fig. 6. Each distribution is reasonably well described by %f the p distribution as observed by E878. However, since
Gaussian in rapidity, with rms widths which increase from
the initial level of A production is still unknown, it is not

0.48*+0.04 units of rapidity for the most peripheral events to . ; . )
0.62+ 0.03 for the most central events. possible to determine the magnitude of this effect.

Several different physical processes can lead to a broad- Generally speaking, the physics afproduction is one of
ening of the rapidity distributions. Production at high rapid-the more interesting puzzles in relativistic heavy ion physics
ity can be enhanced by increasing the available le energy in themday. Direct measurements af ylelds from SHA interac-

binary collision leading to the formation of the beyond tions at the AGS indicate & to p ratio well above 1
that available in simple collisions of a beam rapidity nucleon[23,25], considerably larger than would have naively been
expected. How this ratio changes in the much larger-Au
systems is an intriguing question. Given that E878 is a single
particle spectrometer, this is a topic which we cannot address
directly; however, because of our low acceptance [cs
from A decays, the E87® spectra can serve as a relatively
clean “control” for comparison to experiments whoge

3 spectra include contributions from decay. Comparisons
E between the E878 data and aﬂproton spectra from E864,

Rapidity (y)

=0

F 100-70% Central F 70—30% Centra

E d®N/dp’ (GeV2c?) at p,

N o =0.48 +~ 0.04 o
_s[ i which accepts nearly app’s from A decays, suggest that the

o =054+0.03

10 e e e by e b e b e b ey
F 30—10% Central E 10% Central

[ [ ) (@] [
_3_ i
10 3 E_O//y@'m\\’

o =0.57+- 0.03

Alp ratio in central AurAu(Pb) interactions is also well
above 1[26]. Direct measurements of tha yields in
Au+A collisions should be forthcoming so$a7].

As a point of comparison, the width of the zero degpee
rapidity distribution can be calculated based on phase space

considerations only, in the simple picture pfproduction

0 =0.62+- 0.03 resulting only from the collision of a single beam rapid-

1 RN PR RN B N B SRR
OO 1 2 3 0 1 2 3
Rapidity (y)

lTheseA_acceptance figures supercede earlier calculations which
FIG. 6. Centrality dependence of the widths pfrapidity dis- have appeared elsewhdr&s] and which used idealized assump-
tributions for Au+Au events, for defined centrality bins. Solid sym- tions. With renewed interest in th& contribution to our datdas
bols are measured data; open symbols are reflections of measurddtailed in the tejyt a more rigorous acceptance calculation was
data abouy,,, . undertaken, yielding these improved results.



56 ANTIPROTON DISTRIBUTIONS IN Au+tNUCLEUS COLLISONS 1529

the rapidity distribution. For example, in the case where

St beam and target nucleons are each excitedl(tb232) reso-
e 6L Eom = 4.84 — 4.98(RMS) + 10.41(RMS)? . . .
S nances, but still have their same momentum in the c.m.
o frame, the center-of-mass energy would increase to 5.46
58 GeV. This extra energy alone is not sufficient to explain the
width of the central distribution. Broadening due to Fermi
5.6 - momentum of the nucleons within the colliding nuclei is
calculable, and is also not sufficient to explain the observed
5.4 width.
i Admittedly, these calculations are simplistic and make
5.2 - some nonphysical assumptions. However, the aim here is to
show that, while increasing the available center-of-mass en-
°T ergy can broaden thp distribution, it is probably not suffi-
[ cient to explain the amount of broadening seen by E878, and
A8 other processes must also be involved. More importantly, in
I the absence of annihilation, increasing the center-of-mass en-
o L ergy would increase the overall yield pfs for all rapidities,

0.45 05 055 o!@ — O'.|65‘ in addition to broadening the distribution. In order to inves-
RMS width of zero degree rapidity distribution X . _— X A
tigate how the total yield op’s varies with target and cen-

FIG. 7. Parametrization of the totBl-N center-of-mass energy trality, first collision Scaling will be utilized, similar to the
E.m. as a function of the rms width of the zero deggeeapidity ~ approach used to successfully reproduce measprgitlds
distribution. The parametrization is based on the results of a Montén Si+nucleus collision$10,17,24,11.
Carlo phase space calculation, with the assumption ghatoduc- A first collision model is attractive in the sense that it
tion occurs via the reactioN+N—N-+N+p+p. represents a simple approach to the problem of modeding
production. (A first collision refers to the interaction of a

beam nucleon with a target nucleon, neither of which have

ity nucleon with a single target rapidity nucleon. Assuming . ; . .
) . . undergone any previous interactionshe primary argument
that complete stopping occurs in a given nucleon-nucleor)

collision, then all of the kinetic energy available in the CM n favqr of a first _C(?I_hsﬁn mode-l is that, in the abser'1ce of
frame (after the formation of particléscan be shared non- collective effects, !nltlab prpducﬂo_n should be proporfuona'l
preferentially by all products of the collisidnMonte Carlo fto the n_umber of first collisions; this a_ssumed propo_rtlona_llty
phase space distributions of antiprotons produced via th# Predicated on the fact that the kinetic energy in a first
simolestp production procesN+N—N+ N+ 0+ b have collision is only just above threshold, and any further colli-
bee?n ger?e?ated USir'ngNBOD a{subroutine avgilagl,e in the sions will reduce the available energy even further. However,
CERN libraries[40]. The E8%8 acceptance is roughly simu- this is not to say that a first collision model accurately de-
lated by placing ep.<100 MeV cut on all particles. A plot scribes the physics of antiproton production/annihilation in a
t . . .. . .
of total energy in the center-of-mass frafig,, , versus the heavy ion colllspr); th_e linear dependencepfields on the
rms width of the zero degree antiproton rapidity distributionnumber of participating beam nucleons, observed by the
as determined in this calculation is shown in Fig. 7. E_814 Collaboratiorf19], effectively rules o_ut this SImF.)lIS.tIC
The width of the most peripheral measured distributionPiCture, as the authors of that paper point out. This is, of
(0.48+0.04) is consistent with this calculation, which pre- COU'S€, no surprise— production must be enhanced by col-
dicts a width of 0.45 for the nominal beam momentum oflective effects, as clearly shown by subthreshplgroduc-
10.8 GeVt. This finding is consistent with the expectation tion observed at the BEVALAQ1], and annihilation(at
that, for these peripheral events, both collective effects angome level must occur; a first collision model considers nei-

annihilation are minimal, ang production can be well de- ther of these important processes. Rather, the proper use of

scribed by a simpl&N-N picture. However, in order to ex- first collision scaling is as a benchmark indicating what level

plain the width of the E878 central distribution, a center-of-0of p production might be expected from the superposition of

mass energy of~5.8 GeV is required; for comparison, the appropriate numb_er of independent nucleon-nucleon col-

E.m=4.7 GeV for the nominal 10.8 Ge¥/beam momen- lisions, and whetheip yields are suppressed or enhanced

tum. If nucleon resonances are formed, the kinetic energyelative to this simple picture.

available to the produceg can increase, thus broadening ~ The number of nucleon-nucleon first collisions, as well as
the total number of participant nucleons, corresponding to
the collision geometry of the defined centrality bins was de-

2This assumption is not completely valid, even though completdermined via Monte Carl$18,31]. The total yield ofp’s is
stopping of protons has been observed fortAw collisions. This  determined by integrating the measured rapidity distribu-
complete stopping is understood to result from a multistep processions, using a rectangular approximatigmather than a func-
whereby each nucleon undergoes a number of collisions, with eactional fit). The range of the integration has been restricted to
individual collision having less than complete stoppjag]. Thus,  forward rapidities, i.e., greater than midrapidity.
this approximation represents an upper limit on the kinetic energy Shown in Fig. 8 are the total yields, plotted versus the
available to antiprotons in simpl-N collisions. mean number of first collisions. As the size of the interacting
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FIG. 8. Total integratedp yield into the E878 acceptance for s
.. o . . L L 1 [l L
Au+A collisions of various centrality, plotted as a function of the 10 0 1 5 30 1 5 3
mean number of first collisions. The solid line is the prediction of Rapidity(y)

our phase spaceffirst collisions modsée text for details

FIG. 9. Comparisons of the results of &N first collision
Jpodel to E878p measurements, for each of the defined centrality
pins in Au+Au collsions. Model predictions are shown as histo-
ams and E878 data are shown as symbols.

system increases, the total yield at zero degrees deviates s
stantially from a linear dependence on the number of firs ;
collisions. For smaller StA systems, a linear dependence of 9

p yields on the number of interacting beam nucleons wagjistriputions from GENBOD (as described aboyeand the
observed by the E814 Collaboratiph9]; this dependence nymper of first collisions as determined by Monte Carlo, it is
was taken to infer that the enhancement of production in th ossible to predict the expected E&78apidity distributions

gﬁﬁ;ﬁntlz? ai?i/;]ri?ar\lirgﬁntsuvgﬁsthgg)?rzgxg\r;gtegc:g:eﬂ rtlz tar]c el this simplistic phase spacef/first collisions model. The pre-
’ P 9a&t€lcted invariant multiplicity is given by

each other. However, for the much larger systems available

with Au beams, this linear dependence no longer holds. 3 1 &®N(p+p from phase
In order to set the scale for thp yield per nucleon- _3(A+A):<NF}><<Nnrst>><— prp k p ,
nucleon interaction, 200 00BQMD p+p events at a beam dp Y dp

momentum of 11 Ge\¢/ were utilized. Of these;~190 000
had impact parameters which lie inside the 30 mb inelasti¥vhere
cross section used to calculate the number of first collisions.

In this subset of events, there were 364 produced in the =J' d®N(p+p from Phas‘)’dg
E878 acceptance. Correcting for the antimatter enhancement = dpd P
used in this version oRQMD (a factor of 10, the predicted

meanp yield perp-p interaction iS(Np)y=1.92x 10™4. This Shown in Fig. 9 are the predictions of the phase space/
factor has been used to generate the straight line in Fig. 8irst collisions model compared to E878 results for-Adu
which indicates the expected total zero degree yield if allcollisions of varying centrality. The simple model matches

p production occurred via simplal-N collisions. For the the data quite well for the two most peripheral bins, corre-
largest systems, the observed yields are substantially sugPonding to the smallest systems, consistent with the first
pressed from this naive picture. collision scaling of measureg yields seen in SiA colli-

This result could be interpreted as an imbalance in ensions[10,17,24. However, for the two most central bins, the
hanced production and annihilation; however, as will be dephase space/first collisions model does a poor job of repro-
tailed below, it is possible that some fraction of this observediucing the data. Some of this discrepancy is undoubtedly the

suppression could be attributed to the boosting of antiprotongsgy|t ofp_annihilation near midrapidity; however, this pro-
away fromp;=0 as a result of hydrodynamic expansion of cess is not easy to include in this simple model, and is best
the system. Nevertheless, it is significant that the observeglddressed by the more sophisticated medehp. However,
nonlinearity of totalp yields occurs in the form of a sup- itis also probable that some of the discrepancy can be attrib-
pression for heavier systems. Theoretical calculations indiuted to hydrodynamic expansion of the interaction region.
cate that antimatter yields from a QGP should be signifi- Before considering expansion of the system, a final point
cantly increasedfactor of ~3—-10 depending on the moglel on these comparisons is in order. For all of the various cen-
as compared to that from a hadron gas with the same thetrality bins, including the most peripheral, the phase space/
modynamic condition$6,7]. Even allowing for possible ef- first collisions model substantially underpredicts the yield at
fects of hydrodynamic expansion, the E878 data do not apthe highest rapidity point, and for good reason: given the
pear to be consistent with such a large enhancement iavailable energy in the c.m. frame, any rapidities abevi
production. rapidity unit in the c.m. frame should be kinematically for-
Combining therRQMD scale factor with the phase space bidden. In the lab frame, these limits correspond to rapidities

4
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FIG. 10. Comparison of the results of a longitudinal expansion FIG. 11. Comparison of the results of a radial expansion model
model to E878p data from central Ag-Au events. The histogram to E878p_data from central AdgrAu events. The histogram corre-
corresponds to the prediction f@">=0 (no expansio)) smooth  sponds to the prediction fg@/hg=0 (no expansio)) smooth curves
curves are predictions fg8"®=0.4,0.6,0.8,1.0, with increasing  are predictions for8mg: = 0.4, 0.6, 0.8, 1.0, with increasing
leading to increased width. E878 data are shown as symbols.  leading to increased width and decreased overall zero degree yield.

E878 data are shown as symbols.
of ~0.4 and~2.7; the highest point for E878 is at a lab
rapidity of 2.84. However, even for the most peripheral bin,sion can force the model to match the shape of the E878
E878 observep’s beyond this kinematic limit. Since sig- distribution, but it continues to overpredict the magnitude of
nificant expansion of the system for these peripheral colli-p yields.

sions is not expectegh production at this high rapidity must ~ The expansion model can be made more realistic by in-
be attributed to increased energy in the c.m. frame, brougHtuding nonlongitudinal flow as well. The approach will be
about by Fermi momentum of the original nucleons, or byt0 consider an interaction region where all participating
resonance formation. nucleons have completely stopped, consistent with the as-
To investigate how system expansion can affect the zer§umptions of the phase space/first collisions model. In this
degreep_spectrum from the 10% most central ABU scenario of complete stopping, the longitudinal direction is

events, consider first a physically unlikely but illustrative no _Ionger unique n the_ c.m. frame so that the '”teFaC“O”
example, where expansion is considered to occur in the lori=9ion expar_lds radlally n _that_ frgme. The recipe for |m.ple—
gitudinal dimension only. Starting with the phase space Cal_rnentmg radial expansion is similar to that for longitudinal

culation described above to determine the four-momentum dfdetailed abovg with the exception that g production

oy T " s . _point is randomly chosen from within the entire sphere
producedp’s, a longitudinal €) position within the interac (weighted geometrically the boost velocity will now be in

tion region is chosen for each producgdThese are selected o radial direction, with a magnitude determined by the ra-
randomly from the geometrically weighted distribution i position ¢) of the production point, following
weight(z) = (R?— z?), whereR is the radius of the interac-

tion region (which is assumed to be sphericalhen each r
max
X

p is boosted in the longitudinal direction, using a boost ve- Brad 1) = Brad X - (6)
locity determined by the position:

The results of this calculation are compared to E878 mea-
surements in Fig. 11. AgL3" increases, the zero degree
distribution is both broadened and reduced in magnitude,
since some of the antiprotons are being boosted out of the

The results of this calculation are shown in Fig. 10, forE878 p, acceptance. Again, in order to force the shape to
values of 3" ranging from 0.4 to 1.0. For increasing values most closely match that observed by E878, an unphysical
of "™, the distribution broadens, as would be expectedchoice of 8jag=1 must be made. However, it is worth not-
However, in order to achieve a rapidity width which is con-ing that in[38], a maximum transverse boost velocity of 0.58
sistent with the measured E878 data, a valuggBf*=1.0  achieved a good match to -SAl central data for various
must be used, which is not a physically possible choice. Beparticle species; a similar value g3 =0.6 applied to the
cause only longitudinal expansion has been included, no paphase spaceffirst collisions distribution matches the E878
ticles have been boosted out of the E8@F8acceptance. data points reasonably welexcept for the highest rapidity
Thus, the area under each of the curves is the same as thatpdints, where the phase space calculation breaks down even
the original (no expansiohn histogram; longitudinal expan- for the simplest systemsinterestingly, a similar maximum

B(2)= BT . ®
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transverse boost velocity of 0.60 has also recently been ob- 0102 i ]

served for various particle species produced ir-Pb colli- L F A+ AMinBias | Au+ CuMinBias | Au + Au Peripheral
sions at the CERN SP[@1]. It is probably not wise to read 5 | i ° [

too much into the agreement of the E878 boost velocity with % | F 4 - ¢

these others, since the model used here differs in detail from 310'3: ‘“ s ¢

that of[38,41] and a systematic study across several particle -, F

species would be necessary to judge hgJZE* in central §

Au+Au might compare to that of other systems. Neverthe- ® »

less, this result is interesting in the sense that it implies that 10 [ 3

a reasonable estimate of hydrodynamic expansion may ac-

count for the suppression gf production atp,=0 seen by I

E878. If this were true, it would suggest that, even for central _ -s L L
Au+Au collisions, first collision scaling may still apply. 2 0 chid“y(y)

However, given the limitegh, acceptance of E878, this ques-

tion is still far from settled. FIG. 12. p rapidity distributions for minimum bias AtAI and
RQMD [42] attempts to describe the physics of relativistic oy+cu events, and for the 30% most peripheral+#/u events.

heavy ion collisions microscopically via a semiclassicalrqmp predictions are shown as solid histograms; E878 measured

transport approach: nucleons in the target and projectile argata are shown as solid symbols.

propagated through the interaction region in small time

sfllcesf undergoing both elastic and inelastic blnary.mterachQMD events have been characterized in bins of impact pa-
tions in the process. Any produced secondary particles are — .
meter ancp rapidity distributions are determined for each

also propagated through the interaction region and allowelf : ; )
to undergo interactions. Given the large number of initialOf these(1 fm) bins. Then, these histograms are added, using

nucleons and produced secondaries, these calculations dpe Impact parameter distributions of the centrality bias

very complex and require a great deal of computing time t etermined byGE_ANT simulation, with RQMD as an event
perform; thus, statistics are at a premium. In order to maxiJenerator as weight factors. Model predictions using this

mize statistics for antiprotons, production of antibaryons is.methOd. do not significantly differ from those cglculated us-
increased by boosting the appropriate branching fractions {9 a'5|mple |mpact parametgr cut cprrespondlng Fo the ap-
an order of magnitude; this factor must then be divided bac ropriate fTaC“_O” of the total Interaction cross section.

out in order to arrive at properly normalized antiproton crossb_ Shown in Fig. 12 are comparisons for ’M‘l minimum
sections. ias, AutCu minimum bias and AttAu peripheral events.

RQMD allows for the formation of high-lying resonances, No.tehtt.hat ffo_r the ttWO mlntlmurg tb|as_ spegrt]re;,tr?eomgtr!tc
using a continuum of energy states beyond those measur Ighting of Impact parameters determines that theé majority

experimentally{35]; this mechanism results in a substantial © t_h‘?se eve_nts _W'” be peripheral. For_ these systems, the
. inp_ producti | deli inila collision region is expected to béelatively) small, the
Increase Inp production. In modeling annihilatiorkQMD fgryon density to bérelatively) low, and collective effects

uses measured free-space annihilation cross sections, whi not be as important as they will be for central events. In
results in the absorption of a large fraction of the produceqy,; sense, these comparisons primarily assess the ability of
antiprotons(e.g.,~90% of p’s are reabsorbed for minimum the model to describep—production through simpléN-N

biashAu+Au COI,”SionS[ﬁ,S])h' foll based channels, with minimal absorptiorRQMD does a good job of

T f;;’mpﬁ”ﬁoﬁs Wb Ich Tollow are asg BQM';I%’?; matching the E878 measurements for the peripherat Au
sion 1.07, which has been run in “cascade mod@hich o5 \which is the simplest system of the three considered.
neglects the effects of potentials between partjclés will However, even in the fairly simple systems of minimum bias

be discussed below, 'a newer yerS|onFu)jMD (RQMD 2.2). Au+Al and Au+Cu, p annihilation significantly affects the
has been produced since the first appearance of the 878 RQMD spectrum, as evidenced by a shift toward target rapid-

data[18,43, so that to some extent these_ comparisons arﬁy. This shift appears to be more pronounced than any shift
dated. However, comparisons to the earlier version graphigeep, in the E878 data: however, the lack of E878 data at
cally illustrate the effect ofp annihilation, and as su(ﬂare points below midrapidity precludes any conclusive state-
very useful in trying to understand the dynamics pf ment.
within the heavy ion environment. A comparison for~10% central Ad-Al, Au+Cu, and

In order to simulate the E878 acceptance, 200 MeV  Au-+Au collisions are shown in Fig. 13. Again, in the asym-
cut has been applied to the model. This cut somewhat overnetric systemsRQMD displays a shift toward target rapidity;
estimates the E878 transverse momentum acceptance, bbe E878 points are rather inconclusive on the matter of a
was necessary in order to achieve reasonable antiproton stapidity shift. However, for both central AuAl and Au+Cu

tistics. However, in calculating predicted cross sections, theyents RomD significantly underpredicts thp_yield in the
magnitude of the transverse momentum bite is part of thenidrapidity region. For central AtAu collisions,RQMD un-
normalization; thus, it is not crucial that the range includedderpredicts by a factor of-3 near midrapidity. The impor-
actually match the E878 acceptance, as long @soduction  tance of annihilation in theQmbp model is apparent from the

is relatively flat over that range. When comparing to E878dip at midrapidity; no such suppression is present in the
measurements for the various defined centrality bins, th&878 data.
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FIG. 13. p rapidity distributions for 10% central AuAl, Cu, 1 L

and Au eventsrQMD predictions are shown as solid histograms. 0 0.5 1 15 2 2.5 3
E878 measured data are shown as solid symbols; forAw data Rapidity

reflected abouy,,, are shown as open symbols. _
FIG. 15. E878 measureg yields for 10% central At-Au

events, compared to predictions sbmp 1.07 (shown as solid

measured data for the four defined centrality bins in-Auw lines), where p annihilation is modeled using the full free space
collisions. The model does a good job for the peripheral birf™©SS section, an&Qmp 2.2 (shown as dashed lineswhere p
(as seen earligrhowever, for the midperipheral birgup ~ @nnihilation is reduced due to the formation ofpap molecule.
begins to show the effect of significant annihilation by un-E878 measured data are shown as solid symbols; open symbols are
derpredicting near midrapidity. This same trend continuedlata reflected aboyt,,.
for the midcentral and central bins wheremMD systemati-
cally underpredicts.

The underlying theme of these comparisons is the critic

importance of the annihilation process on both the shape arff ©POS€C . : . .
P P P annihilation process via a third body interaction. As con-

magnitude of the observed spectrum. In order for antipro- trasted to therQmD predictions shown above, the most re-
tons to pe used as a reliable probe of the collision e.nvironéent version ofRQMD (RQMD 2.2) uses a new, approach to
ment, this process needs to be well understood. Given thg.inroton annihilatior{12]. As antiprotons are propagated
sheer magf?'t“‘_’e qf _the annihilation process, ach|eV|ng th'ﬁwrough the interaction region, a Breit-Wigner formalism is
understanding is difficult, but perhaps not impossible. used to allow the formation of a proton-antiproton molecule
with a lifetime of 1 fmE. The existence of this state is based
‘ - on a parametrization of the shape of the antiproton annihila-
p 100-70% Central p 70-30% Central tion cross section spectrum, as a function of relative momen-
".0. tum of the pair. The formation of this quasibound state sig-
o nificantly reduces the possibility of antiproton annihilation,
as shown in Fig. 15 for central AuAu collisions. The
agreement with the E878 data is much improved by this new
description, suggesting that annihilation is indeed suppressed
(as compared to free space cross secjiom$ot and dense
e L environments. A systematic comparison ROHMD 2.2 to
E 20— 10% Central E 1 0% Central E878 data, and that of other experiments, should be useful in
i 0.0.. ~..~ refining t_hls appr(_)a_ch and in under_standlng the annihilation
-3 (] process in relativistic heavy ion collisions.
: L The shape of observed antiproton yields can also be af-
: : ¢ fected by processes not included in the “cascade” versions
-4 | of models, specifically by mean Coulomb and color poten-
E tials. Using the formalism of Shurydk4] and an estimate of
the number of comoving protons at midrapidity performed
s by Gonin[36], it is estimated that the inclusion of Coulomb
2 Ropidsny(y) effects inRQMD would increase the central AwAu p yield
at midrapidity by no more than 20%, while the highest ra-
FIG. 14. p invariant multiplicity as a function of rapidity for ~pidity point changes by less than 10%. This adjustment is at
each of the defined centrality bins in Au events. E878 mea- the level of the bin-to-bin statistical scatter in the model

sured data are shown as solid symbols, andrtired 1.07 predic-  predictions for this system shown in Fig. 13. Thus, the inclu-
tion is shown as a solid line. sion of Coulomb effects would not significantly change the

Shown in Fig. 14 are theQmb predictions and the E878

The possibility that antiproton annihilation may be re-
afjuced in the high densities of heavy ion collisions was first
oposed in the ARC modgB], through screening of the

=0

E d°N/dp® (GeV2c?) at py
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shape of the model predictions shown in the previous selayed a linear dependence on the number of interacting pro-
tion; they certainly would not be sufficient to fill in the dip at jectile nucleons for the lighter $iA systemg19]. However,
midrapidity pred_icted byrqQmD. However, m.earj_color poten- it has been shown that hydrodynamic expansion can lead to a
tials could possibly have a much more significant effect onyacrease inp yields atp,=0; further, using a reasonable

the final an_tiproton distributions. Spieleﬂ; a_ll. have investi- estimate of expansion velocity in the context of a phase
gated the impact of mean color fields, in the form of ang,, esirst collisions model, a reasonably good match to
antinucleon-nucleus optical potential, on thephase space Eg78 central Au-Au data has been accomplished. This re-

distributions predicted browmp [13], with the result that the  sult suggests that hydrodynamic expansion may account for

shapes of the predicted zero degree spectra are much Cloﬁarly all of the observed suppression pf relative to a
to the E878 measurements for central#Du and AurAU  jihaar dependence on the number of first collisions. Thus, in

events. Thus,.whille the succeSSanMD 2.2 .in matching t_he. the context of first collision scaling, the E878 antiproton
.E8.78 spectra is h|gth_suggest|ve t_hat antiproton ann|h|lat|on ields do not appear to be consistent with a large enhance-
is indeed suppressed in the heavy ion environment, this quegsant in production, which has been predicted to be a signa-
tion cannot be fully settled until antiproton yields have been, . ¢ QGP formatior}6,7].

measured over all phase space. RQMD (version 1.07 matches E878 well for the simplest

system; however, for central eventmb shows both a ra-
V. SUMMARY AND CONCLUSIONS pidity shift for asymmetric systems and a dip at midrapidity

In summary, E878 has performed a high statistics study of®" AU+Au, neither of which are apparent in the E878 mea-
— . . . .~ surements. In the most recent versionRafMD (RQMD 2.2)
P y|el<_js atp=0 in ’_A‘U+A_C°"'S'Ols’ _covenng a broad ki- [12], the addition of an antiproton-proton quasibound state
nematic range. Using this datg) yields measured for requces annihilation and greatly improves agreement with
Au+A have been compared to those which might be ex£g78 data from central AuAu events. These results suggest
pected from the superposition of independent nucleonthat there may be a suppression of annihilation as compared
nucleon collisions in the context of a simple phase space/firgp that expected from the free-space annihilation cross sec-
collisions model. For increasing size of the interaction re+jgn.
gion, zero degre® rapidity distributions display a substan-
tial increase in rms width, which has been attributed to a
combination of increased energy available foiproduction ACKNOWLEDGMENTS
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