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ABSTRACT OF THE DISSERTATIONBaryon Stopping and Charged Particle Productionfrom Lead-Lead Collisions at 158 GeV per NucleonbyMilton Y ToyDoctor of Philosophy in PhysicsUniversity of California, Los Angeles, 1999Professor G. Igo, Co-ChairProfessor C. Whitten, Co-ChairNet proton (proton minus antiproton) and negative charge hadron spectra (h�)from central Pb+Pb collisions at 158 GeV per nucleon at the CERN Super ProtonSynchrotron were measured and compared to spectra from central collisions of thelighter S+S system. Net baryon distributions were derived from those of net protonsand net lambdas. Stopping, or rapidity shift with respect to the beam, of net protonsand net baryons increase with system size. The mean transverse momentum hpT iof net protons also increase with system size. The h� rapidity density scales withthe number of participant nucleons for nuclear collisions, whereas their hpT i is inde-pendent of system size. The hpT i dependence upon particle mass and system size isconsistent with larger transverse 
ow velocity at midrapidity for central collisions ofPb+Pb compared to that of S+S.
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Chapter 1Introduction1.1 The Quark-Gluon PlasmaThe existence of quark substructure in hadronic matter was experimentally veri�edseveral decades ago through evidence from deep inelastic scattering of electrons o� nu-cleons [1]. However, quarks have not been observed outside of the con�nes of hadronicparticles. In the gauge theory of strongly interacting matter, Quantum Chromody-namics (QCD), the energy needed to separate two quarks increases with distance.The energy put into pushing a single quark (q) out of a hadron will eventually createa new quark-antiquark (q�q) pair rather than freeing the bound quark.The strong interaction is mediated by gluons that carry the color quantum num-ber. At a short distance, which corresponds to high q2 momentum transfer, theinteraction between two quarks is calculable with QCD by a perturbative method be-cause an expansion in the coupling constant �s is dominated by a leading term thatrepresents the primary process of a single gluon exchange. In collisions of hadrons,soft interactions at low q2 have higher cross sections and are more common than therare high q2 transfer, but cannot be calculated by perturbative means.Lattice QCD, a computational technique that places quarks on a lattice and simu-lates their interactions, is the best theoretical means to study hadronic properties suchas mass and quark con�nement that are rooted in soft processes [2]. One predictionfrom such calculations is that at a su�ciently high temperature or density of mat-ter, hadronic matter undergoes a phase transistion and melts into a decon�ned statecalled the quark gluon plasma (QGP) [3]. Lattice QCD also gives indications thatchiral symmetry may be restored for the light (u; d) quarks under these conditions[4]. Lattice QCD predicts that in a system with two quark 
avors, the transition toa QGP occurs at a critical temperature Tc � 150 MeV (1012 K). Not coincidentally,the scale parameter � of QCD at an asymptotically large momentum transfer, wherequarks are quasi-free, has the same order of magnitude as Tc. If the system has a�nite baryon density, then the transition occurs when the baryochemical potential�B is greater than the nucleon mass. The order of the transition is still an open1



question. A �rst order transition is marked by an apparent increase in latent heat. Itwas proposed by van Hove [5] that for an equilibrated system, an increase of entropycan result in a sharp rise in the number of observed particles without a correspondingincrease in the mean transverse momentum of particles. This e�ect has not yet beenseen in experimental data.A na��ve, but instructive, model of a decon�ned state is based on the scenario wherehadronic matter is compressed or heated to a point where the interparticle spacingsare smaller than hadronic radii. The high density of quarks results in a Debye-likecolor screening for any single quark from long distance interactions with other quarks.Using the charge radius of hadrons, the critical temperature of a thermalized fermiongas of pions is 170 MeV. For a system of nucleons, the transition point occurs whenthe baryon density is at least three times that of normal nuclear matter (�N = 0:17nucleons/fm3).Far from being an academic novelty, a QGP may have a place in the universe. Itis thought that at around 10�6 seconds after the Big Bang, before the universe hadexpanded and cooled enough for the formation of hadronic matter that exists today,the dominant state of matter was a quark gluon plasma [6]. It has been proposed thatat the center of some neutron stars, the extreme gravitational pressure may resultin a QGP core that a�ects their rotational behavior, which can then be observed byradio astronomy [7].Even without a QGP, the properties of dense and highly energetic matter shownew and interesting phenomena. Hadronic masses and interaction cross sections maybe modi�ed from those observed in smaller, simpler hadronic systems [8]. Collectivebehavior such as particle and energy 
ow has been observed [9, 10]. The current stateof experimental and theoretical research on the properties of \quark matter" and thesearch for the QGP can be found in the proceedings from several recent conferences[11, 12, 13].1.2 Nucleus+Nucleus CollisionsA state of matter with the high energy density favorable for the creation of a quark-gluon plasma is studied in the laboratory with high energy nucleus+nucleus (A+A)collisions. Inelastic hadronic collisions dominate the reaction and the signi�cant en-ergy loss by the incoming nuclear matter is transformed to new degrees of freedom.Microscopically, the nucleons interact, lose energy, and fragment; their remnantsand newly created particles reinteract. Leptons pairs and photons are producedthroughout the reaction and escape without reinteracting with the surrounding mat-ter because of the small electroweak cross section. As this occurs, the system expandsand the energy density drops. Whether thermal or chemical equilibration is achievedis an still open question. Highly energetic particles can decouple from the systemwhile the system is still evolving. The hadronization process when the system freezesout is not understood, and it may not be possible to experimentally study freezeout2
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Figure 1.1: A drawing of nuclei A and B colliding with at an impact parameter b. Themaximum value of b is the sum of the nuclear radii. The dashed lines indicate the region ofoverlap between the two nuclei. For simplicity, the nuclei are drawn in the center-of-massframe as hard spheres with no Lorentz contraction.in detail [14].1.2.1 The Role of System Size and EnergyThere are two controllable features in a laboratory experiment: the amount of inter-acting nuclear matter, or system size, and the system energy, as determined by theenergy in the center-of-mass frame. System size is determined by the atomic numberof the colliding nuclei and the centrality of the collision. Figure 1.1 contains a draw-ing that de�nes impact parameter b. The total system energy is determined by themomenta of the nuclei before the collision and the system size.It is preferable to use the heaviest nuclei available in order to maximize the initialsize of the system and to reduce surface e�ects. The surface to volume ratio ofa nucleus decreases with growing atomic number. The number of nucleons thatare contained within the common overlapping region1 of the two nuclei and interactinelastically is called the number of participants, which is a measure of the system size.Those nucleons that do not participate in the collision continue along the initial beamdirection and are called spectators. Note that while a central collision of light nucleiand a non-central collision of heavy nuclei may have the same number of participants,the geometrical shape of the interaction region is not the same. The e�ective nuclearthickness that each nucleon encounters is not the same in these two cases.A list of the heaviest beam nuclei available for experiment from current and futurehigh energy particle accelerators at Brookhaven National Laboratory (BNL) and the1 This quantity depends on the nuclear model used for the calculation. Typically, aWoods-Saxon density distribution is used. 3



Accelerator Heaviest Beam Energy N+N ps Beam-TargetFacility Beam Nucleus (GeV/N) (GeV/N) Rapidity GapAGS (BNL) Au � 10{14 � 5 � 3SPS (CERN) Pb 158 17 5.8RHIC (BNL) Au 100 200 11LHC (CERN) Pb � 3000 � 6000 17Table 1.1: High energy, heavy-ion beams available from existing (AGS, SPS) and future(RHIC, LHC) particle accelerators. Beam energy and nucleon+nucleon c:m: energy ps aregiven in units of GeV per nucleon.European Particle Physics Laboratory (CERN) is given in Table 1.1. Lighter nucleiare also available at similar energies. Increasing system energy means increasing theavailable energy for particle production. With this comes a greater Lorentz-invariantbeam-target rapidity2 gap, which means that more phase space is kinematically avail-able.The heavy-ion acclerators under operation today deliver beams for collisions witha �xed target. The new accelerators being built will collide counter circulating beamstogether at a much higher center-of-mass (c:m:) energy (ps) per nucleon-nucleon pairat a given beam energy.1.2.2 Experimental Search for a QGPNucleus+nucleus collisions are studied in the laboratory through measurements of the�nal state particles. The relationship between ps and the midrapidity rapidity den-sity of particles per event (dn=dycm) from proton+proton collisions was extrapolatedto central nucleus+nucleus collisions by Satz [15] asdndy = 0:8A� lnps (1.1)where � � 1:1. This formula predicts a dn=dy of 480 from Au+Au collisions at theAGS and 790 from Pb+Pb collisions at the SPS. These numbers roughly agree withwhat has been seen by experiment [16, 17].Because of the large number of participants in a central A+A collision, there willbe many di�erent interactions occuring simultaneously that contribute to particleproduction. In the past, it was hoped that there would exist a de�nitive signal tomark the creation of a QGP, such as a sharp increase in particle multiplicity as a2 In this work, the phase space variables used in addition to three-momentum (px; py; pz)are rapidity y and transverse momentum pT . The de�nitions of these variables are given inAppendix A. 4



function of transverse energy. For some time now, it has been realized that from theavailable data, there are ambiguities of what constitues a QGP \signature" and whatobservables can be explained by known phenomena [18]. Among the proposed signa-tures that have been observed by experiment are enhanced production of strangeness[19, 20, 21] and the supression of observed J= mesons [22] relative to a superposi-tion of nucleon+nucleon collisions. The current belief is that a careful examinationof many di�erent observables is necessary in order to discern whether or not a QGPhas been formed.In addition to the observables already mentioned, there are a multitude of otherexperimental signals that re
ect some aspect of the system's dynamics. To mentionbut a few, the space-time evolution of the system is studied through an interferometrytechnique using particle momentum correlations [23]. Leptons are produced at everystage of the system's evolution and can escape out of the system cleanly becausethey interact only through the electroweak force [24]. A new area of study is basedon the characteristics of individual collisions, called event-by-event physics (EBE),which is feasible because of the large particle multiplicity from each event. The focushas been on particle momentum distribution 
uctuations [25] and the search for adisordered chiral condensate manifested through 
uctuations in charged and neutralpion multiplicities [26].For this work, data taken by the NA49 experiment at the CERN-SPS from central(b < 5 fm) Pb+Pb collisions were analyzed to create inclusive, event-averaged chargedparticle spectra for the study of baryon stopping and the production of negative chargehadrons. Baryon stopping is a measure of the transport of baryon number from thenuclei before the collision to the �nal state net baryons (B� �B)3, which is closelyrelated to energy loss. The negative charge hadrons (h�) are a measure of the totalparticle production. The transverse momentum spectra of net protons and negativecharge hadrons will be examined in the context of a collective transverse radial 
owof hadrons [27, 28]. The results presented here have been published in reference [16].Baryon stopping is measured through the rapidity distribution at freezeout and isrelated to the spatial baryon density. In order to determine baryon density, informa-tion about the space-time evolution of the system is also needed, but this discussionis beyond the scope of this work. The baryon phase space density plays a role in shap-ing the hadrochemistry of the system. Simply put, the number of light (u,d) quarksin the system relative to the produced strange quark pairs (s�s) has an e�ect on thenumber of strange hadrons formed at freezeout. If the system has a high density oflight quarks and the Fermi level of the light quarks is above twice the s quark mass,then by the Pauli principle, s-�s production may be favored over an excitation of alight quark.Baryon stopping and negative hadron production are not viewed now as potential3 Net baryons are baryons minus antibaryons. For an inclusive, event-averaged phasespace distribution, the contribution from baryon-antibaryon pair production cancels out.5



signatures of QGP formation at CERN-SPS energies, but rather as indicators of thecolliding system's conditions. The data will be compared to existing data from lightersystems at a similar energy per participant nucleon. Data of S+S collisions at 200GeV per nucleon from the NA35 experiment at CERN [29, 30, 31, 32] will serve as themain points of reference. A further discussion on baryon stopping and h� productionwill follow in Section 1.3.There are two complementary approaches towards interpreting the data. One isphenomenological and its goal is to �nd a change in the observables at some systemsize and energy beyond what is expected from a superposition of elementary hadronicinteractions, thus indicating a phase transition. The other is to compare the data topredictions made with models of A+A collisions. These models are often based oninteractions of simpler hadron+hadron systems as well as additional processes thatmay result in a QGP. (Section 1.4 contains descriptions of various models.)1.2.3 The NA49 ExperimentThe Super Proton Synchrotron (SPS) at CERN delivers a beam of 208Pb at 158 GeVper nucleon that is guided into a �xed nuclear target. If a lead target is used, thenthe total system energy is ps = 3:6 TeV.Before the �rst Pb beam was delivered in 1994, 16O and 32S at 200 GeV pernucleon4 were the available heavy-ion beams in the late 1980's to early 1990's. Acentral S+S collision produces around 10 charged and neutral hadrons per nucleonparticipant pair [29]. An extrapolation to a central Pb+Pb collision based on atomicnumber scaling indicates that on the order of 2 � 103 particles should be produced.This is an unprecedented particle multiplicity in nuclear and particle physics, andimposes new technical challenges for experiments. The NA49 experiment (Chapter2) was designed to detect a large fraction of all charged hadrons in the phase spaceregion around midrapidity and forward of midrapidity.1.3 Baryon Stopping and Negative Charge HadronProduction1.3.1 Proton+Proton CollisionsThe signi�cance of baryon stopping can be better understood after a brief introductionto the phenomenon of the leading proton from proton+proton collisions. A highenergy p+p collision at CERN-SPS energies (where a proton with 100 to 450 GeV ofenergy strikes a stationary proton in the laboratory frame) has two typical features:a fast leading baryon that carries away the conserved net baryon number, and the4 The charge to mass ratio of a beam projectile a�ects the energy to which it can beaccelerated. 6



appearance of a few produced hadrons that are mostly pions. While the leadingbaryon may not be a proton because the interaction may be isospin or 
avor changing,the di�erence in energy between the projectile proton and leading baryon is balancedby particle production and the momentum of the struck target baryon. Also, whilebaryons and antibaryons may be produced in pairs, it is the single fastest baryon thatis conceptually associated with the projectile proton.The focus will be on protons because there are comprehensive data of leadingproton distributions. The leading proton rapidity distribution from p+p collisions atSPS energies falls o� from beam rapidity as � exp�y (�y = y � ybeam < 0) [33, 34].The collision imparts transverse momentum to the proton. The momentum trans-fer is greatest around midrapidity, where the projectile can be thought of as beingfully stopped. From a beam energy of 200 GeV in the laboratory, or ps of around 18GeV, the mean transverse momentum (hpT i) of a midrapidity proton is around 450MeV [35]. In the c:m: frame, this proton has no longitudinal momentum, but retains10% of the beam energy just with its mass and only 1% by its transverse motion.While the relative number of pions, kaons, and other produced particles mayvary depending on the colliding system or ps, overall multiparticle production canbe estimated from the number of negative charge hadrons. Charged particles arenormally easier to measure by most experimental techniques and the positive chargeparticles may include two protons because of baryon number conservation.The total h� multiplicity from p + p collisions at SPS energies is around 3, witha weak energy dependence that has a ln(s) leading term [36]. It has been seen thatan increase in produced particle multiplicity or system energy is accompanied by aslight increase in hpT i [35]. For an increase of ps by a factor of 10, the hpT i of pionsincreases by about 10%.1.3.2 Proton+Nucleus CollisionsWhen the target is a nucleus, multiple interactions will occur within the nucleus.Baryon stopping takes on additional meaning here because the projectile has thechance to interact multiple times, greatly increasing its energy loss. As the protonstrikes the nucleus, secondary particles are produced. These particles reinteract,creating more particles, and a cascade is formed. Recent p+A collision experimentsdate from the 1980s and typically use beams at an energy of 100 to 200 GeV collidinginto �xed nuclear targets [33, 37, 38, 39, 40].The centrality of the collision plays an important role in determining baryonstopping. A proton that bores through the center of a nucleus encounters muchmore nuclear material than one that only clips the edge. The average number ofscatterings �� that an incident proton undergoes is de�ned as the ratio of inelasticinteraction cross sections �� = A�pp�pA (1.2)where A is the atomic number of the nucleus [38]. Ignoring any trigger biases, the7



Figure 1.2: A schematic drawing from reference [42] of the rapidity loss �y probabilitydistribution of leading protons from p+p (exp (�y)) and p+Pb collisions when the incidentproton strikes the inner half, outer half, and entire Pb nucleus.p+A cross section is weighted by impact parameter as b2 (d��bdb). The number ofscatterings has a target dependence that is proportional to A1=3.For a single event, the low momentum protons (p < 1 GeV) that are knockedout of the nucleus have been used to determine the number of collisions throughthe relationship ��p / pnp. The number of produced particles has been observed toincrease linearly with ��p, which is consistent with \wounded nucleon" scaling [41]. Tocompare their p+A results with p+p data, DeMarzo et al. [38] divided their data intothree sets based on the leading proton rapidity rather than np. For the set of eventswhere the proton is found near beam rapidity, also called the beam fragmentationregion, the h� multiplicity per collision is lower than that from p + p. Those eventswith the largest projectile rapidity losses had an h� yield per collision greater thanthat from p+ p.Busza and Goldhaber [42] compiled p+A data from Barton et al. [33] and calcu-lated the probability distribution of the leading proton rapidity loss when the protonstrikes either the inner half or outer half of a target Pb nucleus. Figure 1.2 shows aschematic drawing based on their work. As expected, the typical rapidity loss of theleading proton is much greater in a p+Pb collision than in a p+p collision. It is clearthat the amount of target matter that the projectile encounters has a dramatic e�ecton its stopping.1.3.3 Nucleus+Nucleus CollisionsAs was shown in Figure 1.2, the centrality of a p+Pb collision plays a strong rolein baryon stopping. The participants in a central Pb+Pb collision can encounter asigni�cant amount of nuclear matter. Figure 1.3 is a sketch of the net baryon rapiditydistribution before and after the collision. Full stopping occurs when the nuclei are8



Figure 1.3: A drawing of the rapidity distribution of net baryons before and after thecollision. The transport of baryon number from the nucleons at beam and target rapiditiesbefore the collision to the net baryon distribution after the collision is the baryon stoppingof the system. Accompanying the net baryon rapidity shift and energy loss is the creationof new particles.opaque to each other and baryons are piled up around midrapidity. Transparency isthe opposite case, where the midrapidity baryon density is low because the baryonsare shifted by only a small fraction of the beam-target rapidity gap. However, a clearobservation of a fully stopped system may not be possible because the subsequentlongitudial expansion of the system causes in a broadening of the �nal state particlerapidity distributions [43].The e�ect of increasing beam energy on proton distributions can be seen in Figure1.4. Data of protons and net protons (p��p) from the Bevalac5 [44], AGS [17], andSPS [29] show that as the rapidity gap between the beam and target increases, theavailable phase space is �lled in by the protons. Therefore, the overall scale of theproton rapidity density is set by the system energy. It is expected that the baryonrapidity distribution is not strongly in
uenced by the amount of interacting nuclearmatter at SPS energies because of longitudinal expansion and so it is unlikely thatprotons from a heavy system such as Pb+Pb will be piled up dramatically aroundmidrapidity, in constrast to the relatively wide distribution from the lighter S+Ssystem.5 Approximately half of the protons from Bevalac energy (� 1 GeV) collisions are foundin heavier fragments such as deuterons and tritons. These bound protons are properlyincluded in the rapidity distribution. 9
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uence the transverse momentum spectra of particles.From A+A data at the lower BNL-AGS energies, it has been noted that the pTspectra shapes follow a mass-based systematic trend that is consistent with a radialtransverse 
ow velocity that is common for all particles [45, 46]. The mean pT ofprotons and pions from p+p collisions are similar. From A+A collisions, the meanpT di�erence between pions and protons is larger than that from p+ p collisions, andthis di�erence grows for larger system sizes. S+S data from the CERN-SPS havebeen shown to be consistent with this picture of transverse 
ow as well [27], and it isexpected that this behavior will be evident in the Pb+Pb data.10



1.4 Models of A+A Collisions1.4.1 Microscopic ModelsMicroscopic non-equilibrium models attempt to predict the interactions that occurduring the collision and the formation of �nal state particles. Nearly every existingmodel starts with a colliding system of partons that forms and then fragments colorstrings based on formulations similar to the Lund string dynamics model [47]. Addi-tional features incorporated into these models include multiple interactions and thecreation and decay of resonances.The models that will be used in this work are VENUS version 4.12 [48] andRQMD version 2.03 [49]. These two models have open source code and are widelyused. VENUS features string breaking based on the Dual Parton Model (DPM) [50]with minimal �nal state interactions. RQMD uses a similar combination of colorstring formation and hadronic resonances from elementary collisions, but in contrastto VENUS incorporates a classical propagation of particles. Multiple scattering andmean-�eld interactions are also important features of this model.1.4.2 Thermal Models with FlowUnlike the microscopic models, thermal models are built upon arguments that thesystem is in local equilibrium and behaves as a hydrodynamic 
uid. System param-eters (temperature, chemical potentials, 
ow velocities, and pressure) are extractedfrom single particle spectra and correlation data. A simple isotropic thermal sourcecannot accurately describe the data from S+S collisions from the CERN-SPS [32],and it is not expected that this model will have any better success with data from thePb+Pb system. It has been observed that the shapes of transverse momentum dis-tributions from A+A collisions are consistent with the existence of a common radialtransverse 
ow velocity for all particles [45, 46].Heinz et al. developed a thermal hydrodynamic model with transverse 
ow thatwas able to reproduce the shape of the pT spectra from S+S collisions [27, 51, 52]. Res-onances play an important role in shaping the pT spectra, especially below pT < 200MeV. The latest re�nements to this idea are to incorporate additional informationof the source size from momentum correlation measurements and the longitudinalexpansion of the system from rapidity distributions [28, 53, 54]. The result is amultiparameter formula that is used to �t many di�erent particle distributions simul-taneously. NA49 data from central Pb+Pb collisions have been studied in this contextand show a system temperature of 120�12 MeV and a 
ow velocity of � = 0:55 [55].1.4.3 Bjorken's Boost Invariant ModelBjorken's model [56] deserves mention because its simple and elegant formulationis an appealing view of the space-time evolution of the system around midrapid-11



ity. However, no current experimental result has yet met its conditions. The modelassumes that matter is free-streaming and equilibrated, and that there is a centralplateau region in the particle rapidity distribution. The evolution of this energetic
uid looks the same in all reference frames near the center-of-mass. The longitudinaland transverse expansion of the system are decoupled.The model's predictions include an estimate of the central energy density� � NA dhEidy 12� : (1.3)The e�ective number of incident nucleons per unit cross-sectional area N=A is basedon the radius and atomic number of the nuclei. The energy density in rapidity can bedetermined from the particle rapidity density dn=dy and mean transverse momentum.The least well determined part of this formula is the formation time of the system � ,which is commonly set to 1 fm/c.Another characteristic of the central region is a transverse momentum distributionthat is independent of rapidity. If the system is equilibrated, this means that thetemperature is constant across the central region.The net baryon density in the central region is assumed to be negligible. Avery large rapidity gap must exist between the projectile and target in order for theconditions of the model to be met. Given that the typical baryon rapidity loss is 2to 3 units of rapidity from a high beam rapidity (ybeam > 6), the Bjorken model maybe applicable only to the data that will come from the RHIC and LHC experiments.1.4.4 Baryon StoppingUnlike other observables from A+A collisions, baryon stopping has not been predictedby theory with good success [57]. Lately, interest has been renewed in an old model ofthe baryon by Rossi and Veneziano [58]. They proposed that a baryon is constructedof three valence quarks connected by color strings that meet at a common point calleda junction. Recent theoretical work have used new mechanisms of baryon stoppingincorporating this junction model and show good promise [59, 60, 61, 62].
12



Chapter 2The NA49 Experiment2.1 Introduction2.1.1 Design Considerations and the TPCThe NA49 experiment [63] was designed to meet the ambitious goal of simultaneouslymeasuring most of the 103 charged hadrons from a central Pb+Pb collision at 158 GeVper nucleon. Time projection chambers (TPCs) [64] (Section 2.3.1) were selected tobe the primary charged particle tracking detectors because large acceptance detectorswere required and because of the demands imposed by the high particle multiplicityenvironment.The TPC essentially consists of a volume of gas in a weak electric �eld (typicallyup to a few hundred V/cm). Charged particles that pass through the detector ionizegas atoms and leave behind tracks of ionization in three dimensions that are trans-ported by the electric drift �eld to a multiwire proportional chamber (MWPC) [65]for readout by a segmented cathode pad plane. The TPC provides particle identi�-cation through the measurement of speci�c energy loss (Section 2.3.2) combined withthe momentum measurement. The typical energy losses do not correspond to mo-mentum transfers that are large enough to cause any signi�cant de
ection or slowingof particles at relativistic velocities.The large number of charged particles that emerges from a central Pb+Pb collisioncan produce a substantial background from secondary interactions with the detectormaterial. Ideally, the detector should be built from as little material as possible inthe path of the particles to minimize the background. This is possible with TPCs,which can be made of a light frame with thin windows to hold in the �ll gas.The two track spatial resolution requirement of the NA49 TPCs is driven bytwo particle momentum correlation measurements. The detector must be able tosimultaneously measure two particles with a small momentum di�erence down to�pT � 10 MeV. For single particle spectra, two track resolution is not as important;losses due to merged particle tracks from heavy ion collisions for the NA49 experimentare relatively small (around a few percent compared to the total number of particles)13



and a correction for this e�ect can be reliably calculated (Section 3.3.3).A large detector with a large phase space coverage, or acceptance, is not neededto comprehensively measure one and two particle event-inclusive charged particlespectra. A small angle spectrometer can be moved around so that di�erent regionsof phase space can be covered. Other data analyses besides one and two particlespectra do demand a design with large acceptance. Neutral strange hadrons arefound through the detection of their charged decay daughter particles. The detectorshould be positioned to measure both daughter tracks that point back to a decayvertex that is distinguishable from the primary vertex in the target. The wide rangeof possible decay vertex positions and trajectories of the daughter particles can onlybe covered with a large size detector located near the target. For an event shape orevent-by-event analysis, acceptance e�ects need to be ruled out as the cause of anyobserved signal.All of these issues can be addressed with TPCs. The TPC can be designed as alarge solid angle detector with excellent pattern recognition ability for tracking withparticle identi�cation capability. The readout of the TPC can be highly segmentedto give good spatial tracking resolution. A constraint imposed by the TPC designis a substantial dead time due to the potentially large event size, signal readout anddigitization time, and bandwidth limitations that ultimately restricts the data takingrate.Because of the �xed target geometry of particle collisions at the CERN-SPS, par-ticles are emitted at very small angles relative to the beam because of the momentumof the system's center of mass. The experimental design must include a strong mag-netic �eld to spread the charged particles apart for detection and also to providemomentum analysis. Particles with transverse momentum less than the pT kick ofthe magnetic �eld will always be de
ected to one side of the beam depending uponcharge. The small de
ection and therefore small track angle of high momentum par-ticles means that detectors have to be placed close to the beam axis and far enoughdownstream of the target so that the particles can spread apart su�ciently to bemeasured separately. Lower momentum particles below midrapidity are substantiallyde
ected and can be measured with detectors closer to the target.2.1.2 Experimental ApparatusAs shown in Figure 2.1, the apparatus consists of two dipole magnets and severalsubdetector systems, most notably four time projection chambers for charged particletracking, several time of 
ight detectors (TOF), and two calorimeters that measureboth hadronic and electromagnetic energy. The laboratory coordinate system usedby NA49 has the ẑ axis coinciding with the beam axis and pointing downstream.Upwards vertically is the ŷ direction, and x̂ points to the left of ẑ.The two dipole magnets VM1 and VM2 separate the charged particles and providemomentum analysis through the de
ection of the particles in the �eld. The magnets14



Figure 2.1: A schematic diagram of the NA49 experiment. The beam comes in from theleft and passes through two beam position detectors (BPD) before striking the target T.The primary detectors are time projection chambers (TPC) and are supplemented by timeof 
ight detectors (TOF). Two TPCs are placed between the poles of the vertex magnets(VM). The segmented ring calorimeter (RCAL) is used only in special experimental runs,while the veto calorimeter (VCAL) is used in the trigger. A collimator (COLL) shields theVCAL from particles that are outside of � 0:3� of the beam.are operated with their �elds parallel. The standard setting (STD) has �eld strengthsof 1.5 T and 1.1 T for VM1 and VM2 respectively, for a total bending power of about9 T-m. This is equivalent to a pT kick of 2.5 GeV/c. In the case of the STD+setting, the �eld points in the �ŷ direction and therefore positive charge particles arede
ected to the left (+x̂).The particles passing through each Main TPC (MTPC) are predominantly ofa single charge sign because of the pT kick from the magnets. MTPC tracks arereconstructed as straight lines, in contrast to the helical tracks found in the VertexTPCs (VTPC) that are located in the magnetic �eld. Momentum can be determinedfrom the curvature of VTPC tracks, whereas in the MTPC an iterative procedure isperformed that projects tracks back to the target using a map of the magnetic �eldand the constraint of a starting point near the target. Nearly 80% of all chargedparticles from hadron+hadron or nucleus+nucleus collisions at SPS energies enter atleast one of the TPCs. The approximate rapidity coverage of the VTPC for pions isaround 1<y < 3 while the MTPC has coverage forward of midrapidity. Additionaldetails and performance �gures are given in Section 2.3.1.The combination of the large size and �ne pad plane segmentation (Section 2.3.1)of the TPCs results in an extremely large number of readout channels (over 182,000)and an uncompressed event size approaching 100 MB. Specialized readout electron-ics and data aquisition (Section 2.3.1) were designed to make the TPC applicationfeasible. Figure 2.2 shows the NA49 TPC readout of a central Pb+Pb event.A midrapidity particle has a speci�c energy loss near minimum ionizing, requir-ing supplementary information for particle identi�cation by TOF detectors placed15



Figure 2.2: Actual NA49 TPC readout of a central Pb+Pb collision event as viewedfrom above. The data shown are from a 7 mm slice around the beam plane.behind the MTPC. The TOF walls are made of plastic scintillator slats connectedto phototubes. Given the TOF momentum acceptance and the 
ight path of around14 m from the target, a timing resolution of 60 to 80 ps is needed for an accuratedetermination of particle mass from the time of 
ight (which is related to velocity)and the MTPC track momentum.The 208Pb beam at 158 GeV/nucleon from the CERN-SPS accelerator is identi�edand counted by quartz wafer Cerenkov detectors. The beam position is found withsmall ArCH4 �lled multiwire proportional chambers. The beam comes from the SPSin bunches, or \spills", of around 1010 ions spread over 5 seconds within the totalmachine cycle of 20 seconds. The CERN-SPS heavy-ion running period is typicallyfour to six weeks a year. Because of the statistical needs for the event-by-eventanalysis program, a goal of accumulating a data set of 106 events per year was set. Incontrast, only 105 events are needed for most inclusive single particle measurements.The beam intensity is limited upstream of NA49 to 105 ions per spill because ofthe relatively slow data-taking rate due to the TPC dead time and data aquisitionspeed limitations. The �xed target is a natural Pb foil of thickness 224 mg/cm2 thathas an interaction length of 0:5%. For each beam cycle, 20 to 25 events are recorded.16



Besides limiting the event rate, the thin target reduces the level of e+e� pairs from�0 conversions. The collision vertex position in the plane transverse to the beam axiscan be determined to a precision of hundreds of microns by virtue of the sheer numberof TPC tracks that point back to the interaction point.The Ring calorimeter (RCAL) was used for a dedicated transverse energy mea-surement [66], but not for normal operation. The Veto calorimeter measures theforward going energy that is mainly spectator matter and is used to select eventsbased on collision centrality (Section 2.2).The position of the detectors and beam line are determined through a combinationof optical surveys, �eld-o� data from multitarget heavy-ion collisions, and the \halo"of muons from the accelerator. The optical survey �xes the external TPC positionsdown to 200 �m. The internal alignment of the TPC readout is tested with thestraight line tracks in all TPCs from �eld-o� runs of multiple targets set along thebeam line and from muons created upstream of the apparatus that travel parallel tothe beam line. Track distortions due to misalignments can be corrected o�ine to aprecision better than 200 �m. The magnetic �eld is measured with Hall probes overa three dimensional grid with a spacing of 4 cm in each direction. A calculation ofthe �eld based on the magnet material and con�guration produced a �eld map thatagreed with the measured �eld to within 0:5%.Because the VTPCs are placed within the magnetic �elds, the combination of theelectric drift �eld and the fringe components of the magnetic �eld create an E�Bde
ection of the ionization that causes track distortions of up to several centimetersat the edges of the detectors. A 4 mJ pulsed Nd-YAG laser is used to create straighttracks in the TPCs when the magnetic �eld is on.The analysis presented in this work comes from data taken with the two MTPCsof central, head-on collision events that make up 5% of the total inelastic interactioncross section. The data were taken during the six week heavy ion running period ofthe SPS in the Fall of 1995.2.2 Event Trigger and SelectionThe amount of forward going energy near zero degrees indicates how central thecollision is. If the beam nucleus does not interact hadronically within the target,the entire Pb nucleus, with its 33 TeV of energy, continues downstream into theVeto calorimeter. Any reaction will result in some energy transverse to the beamaxis, reducing the amount of longitudinal spectator energy measured in the vetocalorimeter. With a valid beam particle signal from the quartz detectors in front ofthe target, the VCAL will veto the event if it measures energy above a set threshold.Otherwise, the event is judged to be su�ciently central and is taken.The correlation between the veto energy and transverse energy is shown in Figure2.3 with data from a dedicated Ring and Veto calorimeter run [67]. With a Pb foiltarget in place, a linear relationship between the two types of energy is seen. The17
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Figure 2.5: Rapidity and transverse momentum coverage in the MTPC for pions (left)and protons (right) integrated over all transverse azimuthal angles. The box size relativeto the bin size grows with increasing coverage.length from the windows and �eld cage strips of 0:3%.A nearly continuous trail of ionization is measured by the TPC readout. TheMWPC readout is divided into sectors of area 72�72 cm2 separated by a gap ap-proximately 2 cm wide. Two dimensions (x and z in the NA49 coordinate system)are de�ned by the cathode readout plane, which is segmented into pads to provideposition measurements. The third dimension (y) is orthogonal to the readout plane,and is divided into discrete timeslices de�ned by the electron drift velocity in the gasand the time sampling rate of the readout electronics. The connected group of pad-time pixels that register signal from a particle crossing the gas volume subtended bya transverse row of pads in the x̂� ŷ plane is called a charge cluster. The TPC trackis formed from the set of clusters along the particle path and the cluster positions are�t to a curve or straight line to determine the trajectory.Because this work is based on data from the MTPC, the focus will be on theproperties of that detector. A discussion on the TPC gas and pad readout proper-ties will follow in this section. Detailed descriptions of the NA49 TPCs along withperformance reports can be found in [63, 69].Phase Space AcceptanceThe phase space coverage, or acceptance, of pions and protons in the MTPCs isshown in terms of rapidity and transverse momentum in Figure 2.5. The center ofmass rapidity in the laboratory frame is ylab = 2:9. The symmetry of the MTPC setupresults in identical acceptances from both left and right detectors. In each MTPC,acceptance is de�ned only for particles of a single charge sign. When the magnetsetting is STD+, positive charge is de
ected towards the Left MTPC.The pT coverage is integrated over all azimuthal angles � (de�ned by px and py).20



Figure 2.6: MTPC acceptance of pions as a function of transverse momentum pT andazimuthal angle � in three rapidity intervals. The box size relative to the bin size growswith increasing coverage.In each MTPC, � = 0� is in the same direction (�x̂) as the magnetic �eld pT kick.For the STD+ setting, � = 0 in the left MTPC coincides with +x̂. � = 90� is alwaysin the +ŷ direction. Particles with j�j < 90� have \right side" pT , while j�j > 90�have \wrong side" pT . (The range of � is between +180� and �180�.)Acceptance in terms of pT and � is shown in Figure 2.6 for pions in three rapidityintervals. Particles with rapidities 2:9 < y < 3:4 and � � �90� pass above or belowthe MTPC and are not accepted at all. This does not occur at higher rapiditiesbecause the larger longitudinal momentum results in a smaller angular de
ectionfrom the magnetic �eld and pT . With su�ciently high wrong side pT (> 1 GeV,� � �180�), a particle can travel through the gap between the MTPCs or even endup as a \wrong charge" track in the opposite MTPC.Gas SelectionThe driving concerns for the gas used in a TPC involve its di�usion, drift velocity,and ionization loss properties. The choice of TPC gas was based on detailed studiesof various gases in a TPC environment that can be found in [70, 71].The transport of ionization to the readout region results in a spatial di�usion ofthe electrons from elastic electromagnetic collisions with the gas. The magnitudeof the charge cluster spread and movement of the cluster centroid depends on thenumber of electrons forming the cluster. The transverse width of a cluster has amajor impact on the two track resolution of the detector. Roughly speaking, a trackseparation around twice the average cluster radius is needed to resolve the tracks.ArCH4 is frequently used in TPCs because its drift velocity is relatively fast, ataround 5 cm/�s, and nearly constant for drift �elds in the range of 100 to 200 V/cm.However, its transverse di�usion constant is large, at 600 �m per pcm of drift, and21



will contribute to a poor two track resolution of over 2 cm for tracks at the beamheight.Ar-CH4-CO2 in a 90� 5� 5% mixture was selected to be the gas for the MTPCs.It is called a cool gas mixture because its drift velocity is slow, around vd = 2:4cm/�s, and the di�usion constant is only cD = 270 �m/pcm for a drift �eld of 175V/cm. The drift length from beam height to the MTPC readout plane is 60 cmand the maximum drift length 1.12 m. The VTPCs has a shorter drift length, butcomparable solid angle relative to the target, and therefore uses a slower gas, Ne-CO2(90 � 10%, vd = 1:4 cm/�s, cD = 220 �m/pcm).Unfortunately, cool gases have a substantial variation in drift velocity with drift�eld of about 0.016 cm/�s per V/cm for the Ar-CH4-CO2 mixture. To ensure a su�-ciently uniform drift velocity along the entire drift length and in time, the �eld cagemust be adequately stable and precise. Temperature and atmospheric pressure alsoa�ect the drift velocity. While temperature can be stabilized through air condition-ing, nothing can be done about the pressure changes from day to night and changesin weather. Water in the gas can slow the drift velocity by 2% per 100 ppm. Thedrift velocity is determined for each event through a separate test monitor in thegas circulation system and through a measurement of the \charge step", which is thetimeslice where the TPC readout ends because the bottom of the TPC is encountered.(The total drift readout time is �xed at 51.2 �s and corresponds to nearly 123 cm.)Charge losses occur during drift due to recombination and electron attachment.Contaminants such as water vapor and oxygen are electronegative and can also alterthe electron drift velocity. The speed and stability of the drift velocity a�ects themeasurement of the vertical y coordinate.The Ar-CH4-CO2 mixture has a level of electron a�nity an order of magnitudegreater than that of Ar-CH4.1 The loss over the maximum drift length of 1.12 m is0:6% per ppm of oxygen contamination. No loss could be attributed to water vaporat up to a concentration of several hundred ppm. Filters and fresh gas circulationhelp reduce the level of O2 to 2-4 ppm and H2O to 20 ppm. Gas 
ow is achieved byoperating the TPC at a slight 0.5 mbar overpressure and new gas is introduced at arate of 2% by volume per hour.Drift Field, Pad and Wire PlanesThe homogeneous electric �eld used to transport ionization up to the top of the MTPCfor collection is de�ned by a conducting plane at the bottom of the chamber and awire plane called the Frisch grid near the top that are held at a voltage di�erence ofaround 20 kV for a drift �eld of 175 V/cm. The uniformity of the �eld is de�ned by1 While Ar has a negative electron a�nity, CH4 and CO2 are electronegative. However,the primary cause of charge loss is not the electron a�nity of CO2, but rather its ability todeexcite O��2 into a stable state [72]. Otherwise, the captured electron would be releasedwithin 10�10 seconds. 22



Figure 2.7: (Left) An illustration of the pad and wire planes of the MTPC, not drawnto scale. (Right) The electric �eld lines in the MWPC section of the MTPC.strips of aluminized mylar encircling the chamber. These strips are connected with aresistor chain and are at intermediate voltages between the zero voltage of the Frischgrid and negative high voltage of the bottom plane.At the top of the MTPC is a multiwire proportional chamber (MWPC) formedby wire planes and a segmented conducting surface called a pad plane. A schematicdrawing of these components, not to scale, is given in Figure 2.7. The Frisch gridand the pad plane act as cathodes at zero voltage. In between, there is a plane ofalternating anode (sense) and cathode (�eld) wires. The pad plane 
oats electricallyand is capacitively coupled to the anode sense wires that are held at around 1 kV.The spacing between sense and �eld wires is 2 mm, which balances spatial resolutionand di�culty of construction. It is important for the Frisch grid to mimic a constantvoltage plane for �eld uniformity, and so its wire spacing is only 1 mm. The electric�eld inside the MWPC section is also uniform except in the immediate vicinity of thesense wires. Electrons approaching the sense wires are rapidly accelerated, triggeringan amplifying ionization avalanche. In the NA49 TPCs, signal readout is from theinduced signals in the pads. The positively charged ions that are moving away fromthe sense wires have corresponding image charges in the conducting pad plane.One additional wire plane, the gating grid, is used to shield the MWPC fromionization in the chamber when there is no event trigger so that the readout electronicsare not saturated. The gating grid is held at ground when closed so that it is at thesame potential as the Frisch grid. When the gate is opened, the voltage is dropped toa negative value so that a drift �eld is de�ned between the gate and the Frisch gridand the ionization can continue towards the ampli�cation region.23
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Main TPC Left and RightSector Type Sectors Rows Pads Pad Pitch Pad AngleHR 5 18 192 3.63 mm 0SR 5 18 128 5.45 mm 0SR-prime 15 18 128 5.45 mm 15�Vertex TPCSectors Rows Row Pitch Pads Pad Pitch Pad AngleVTPC1 6 24 1.6, 2.8 cm 192 3.5 mm 12-55�VTPC2 6 24 2.8 cm 192 3.5 mm 3-20�Table 2.1: In all TPCs, there is a gap of 0.5 mm between pads in both padrow and paddirections. Angled pads are aligned away from the beam axis to reduce the padrow crossingangle. The row pitch is 3.95 cm for all MTPC sectors.the di�usion. (Due to capacitive coupling, the pad readout has an intrinsic responsethat convolutes with the di�usion e�ect, resulting in a wider observed cluster. Aslightly wider pad can be used for cost e�ciency. Section B.2.2 contains a discussionon a parameterization of the TPC readout, called the pad response function.)Particles crossing padrows at non-normal incidence spread out their signal in anon-Gaussian manner. While a uniform distribution across several pads can stillyield an accurate padrow crossing point, such wide charge clusters will degrade thetwo track resolution. This is a signi�cant e�ect primarily in the pad direction, whichcoincides with the bend plane. Vertical dip angles are much smaller and are not asimportant a consideration as the padrow crossing angle.Each MTPC is rotated by 2:5� around its central ŷ axis to reduce the padrowcrossing angle (Figure 2.1). Three types of sectors are used in the MTPC withdi�erent pad sizes and shapes. Closest to the beam are the high resolution sectors(HR), which have the narrowest pads because a �ner tracking resolution is neededdue to the high particle density near the beam line. Next are the standard resolution(SR) sectors, which have slightly wider pads. The SR-prime sectors are farthest awayfrom the beam and have angled pads to handle tracks at signi�cant angles. A diagramof the sector con�guration is shown in Figure 2.8. Table 2.1 lists the pad dimensionsfrom each sector type, including the VTPC sectors. Note that the VTPC have a widerange of pad angles because of their location within the magnetic �eld and proximityto the target.From Gaussian �ts of clusters originating at beam height, the cluster sigmas inthe pad (x) direction are 3.0, 3.7, and 3.4 mm for the HR, SR, and SR-prime sectorsrespectively. In the time direction, the sigmas are 3.0 mm for all three sector typesbecause pad width does not a�ect di�usion in the time direction. Clusters in the SRsectors are the widest in the pad direction because the SR pads are not angled. As25



a result, the average padrow crossing angle is greater in the SR sectors than in theother two sector types.Electronics, Data Aquisition, and Raw Data FormatThe two MTPCs require 105,264 channels of data readout. In total, over 182,000 TPCpads are read out for each event. The cost and complexity of so many channels canonly be managed by minaturizing the readout electronics with VLSI technology intocustom integrated circuits. The electronics design is described in [73] and a recentperformance report can be found in [63].The Front End Electronics (FEE) are directly mounted onto the TPC sector mod-ules and consist of preampli�ers and shaper ampli�ers (PASA) on one chip followedby switched capacitor arrays (SCA) and analog to digital converters (ADC) on an-other chip. Each chip contains 16 readout channels and each FEE card contains twosets of these chips. The MTPC HR sectors use 6 FEE boards per padrow while theSR and SR-prime sectors use 4 boards per padrow.The preampli�er integrates the input with a gain of 50 mV/fC and then the shaperampli�er forms pulses with a FWHM of 0.24 �s. This width produces a signal widthin the time direction comparable to the typical cluster pad width from the beamheight. The analog output of the PASA is time sampled 512 times at 10 MHz andstored in a switched capacitor array. (The 0.1 �s timeslice size is actually smallerthan necessary based on the shaper width.) The ADC digitizes the sampled data toa 9 bit precision. At this stage, the event size is over 100 MB.The data are multiplexed by the Control and Transfer (CT) boards, which arealso mounted on the TPC support frame to minimize the length and number of FEEconnector cables. A total of 768 channels are combined and sent over a single optical�ber cable to VME Receiver boards. The Receivers are the �rst part of the dataaquisition system (DAQ) [74] that processes, assembles, and records the data. EachReceiver handles 3072 channels from four CT boards with independent daughterboards. A total of 60 Receivers are used and are housed in 6 VME crates. Theintegration of the readout electronics means that only 240 data cables come from thedetectors to the DAQ system.For the typical 20 triggered events per 5 second spill, the DAQ has an additional15 seconds to process and record the data until the next spill arrives. The VMEReceiver daughter boards have digital signal processors running in parallel to reducethe noise level and compress the data through zero supression. A CAMAC basedevent builder takes the processed data and assembles it in one of 32 event bu�erswhere the event waits to be recorded onto tape.Because of the inherent noise of the readout electronics, every pad-timeslice pixelcontains signal. This pedestal, typically around 10 counts, is subtracted using aconstant determined from an event-averaged noise measurement for each pixel. Un-der
ows are set to zero. After pedestal subtraction, the level of noise is typically 2to 3 counts. To reduce data volume, a threshold of 5 counts is imposed. Much of the26



data now consist of zeros from the empty space between tracks. A simple compres-sion algorithm requiring adjacent signals above threshold is used to further reducethe event size by supressing the zeros. The data is stored with an 8 bit precisioncorresponding to a dynamic range of 0 to 255 counts. After all data processing, thetypical event size of a central Pb+Pb collision is reduced by over a factor of 10 toaround 8 MB.In 1994, the Sony DIR-1000M tape drive was the only available device with asu�ciently high recording speed (16 MB/sec) to handle the NA49 data taking rate.The 106 events recorded each year presents a signi�cant expense in terms of recordingmedia. The Sony drive media stores up to 100 GB per tape (corresponding to around100 minutes of uninterrupted running or on the order of 104 events) and is costcompetitive with other media.MTPC PerformanceNear the beam line, the average track density in the MTPC can be as high as 1particle per cm2. Because of the divergence in track angle introduced by bendingin the magnetic �eld, the track density decreases by 40% going from the front torear face of the detector. An average two track resolution of 1 cm was achieved.The momentum resolution is estimated to be �p=p2 = 3 � 10�4 GeV�1. From theresidual distribution of cluster centroid positions relative to �tted tracks, the singletrack spatial resolution is 450 �m in the magnet bend plane (x̂) and 350 �m out ofthe bend plane (ŷ).2.3.2 Particle Identi�cation from Ionization MeasurementCharged particles passing through material lose energy mainly through inelastic elec-tromagnetic interactions with the atomic electrons. The energy loss goes into atomicexcitation or ionization. The quantum mechanical calculation of mean energy loss perunit length of material dE=dx leads to the Bethe-Bloch formula, which is a functionof the particle charge (z) and velocity (� = v=c) when the particle mass is muchlarger than the electron mass. The Bethe-Bloch formula takes the form�dEdx = C1 z2�2 "ln C21� �2!� 2�2 + corrections# : (2.1)The parameters C1 and C2 depend on the properties of the material. The correctionterms limit the maximum energy loss at low and high particle energies. A further dis-cussion of the principles of energy loss in materials can be found in several textbooks[72, 75, 76].The ionization2 created in a TPC can be measured to provide information on the2 Energy loss, energy deposition, and ionization will be used interchangably in the textas dE=dx. 27



Figure 2.9: (Left) Bethe-Bloch curve of mean dE=dx as a function of �
 for chargeq = 1 particles. The typical particle velocities from A+A collisions at CERN-SPS energiesfall along the section of the curve labelled as the relativistic rise, where hdE=dxi increasesmonotonically. (Right) An idealized probability curve of energy deposition by a chargedparticle passing through gas, as measured in total counts by the TPC readout electronics.The truncated mean value hdE=dxi, calculated for the region de�ned by the dashed lines,is closer to the most probable dE=dx than the mean of the entire distribution.particle mass. Because the energy loss of charged hadrons depends only on velocity,particles with the same momentum, but of di�erent mass, will produce tracks withdi�erent amounts of ionization. An example of an energy loss curve as a function of�
 (
 = 1=p1� �2) is given in Figure 2.9.3 At velocities lower than 0:95c (�
 � 3),energy loss is dominated by the 1/�2 term. Around v � 0:95c the energy loss reachesa minimum ionizing point. Above this point is the relativistic rise region, where theenergy loss increases monotonically with velocity.Even at low momentum, an electron reaches a very high �
 factor that is o�the scale in Figure 2.9. Consequently, the typical energy loss of electrons is higherthan that of any hadron in the relativistic rise region. Because of the low electronmass, radiative mechanisms of energy loss such as bremsstrahlung and Cherenkovlight emission are also important.The Bethe-Bloch formula predicts a precise dE=dx without consideration for thestatistical nature of energy loss. While crossing several meters of a light materialsuch as a gas, relativistic particles do not su�er enough collisions for the CentralLimit Theorem to be applicable. In addition, the Bethe-Bloch prediction does notinclude the possibility that a single large momentum transfer can produce a fast �(knock-on) electron. The statistical and dynamical 
uctuations result in a variationin energy loss of over 20% of the mean measurement.3 The calibration and analysis of the dE=dx data from the MTPCs was the subject ofthe Ph.D. thesis of A. Mock [77], who provided the equation for the energy loss curve.28



When the ionization of a single track is measured through many small individualsamples, the distribution of these dE=dx samples follows a Landau probability distri-bution. Figure 2.9 shows an example of a parameterized dE=dx distribution from asingle track. The tails of the distribution cause the mean dE=dx value to di�er fromthe most probable energy loss as predicted by the Bethe-Bloch formula. In practice,a �nite number of measured samples results in a mean that can su�er from large
uctuations.A much more stable mean value can be extracted when the tails of the distribu-tion are discarded before the mean is calculated. This truncated mean energy loss(hdE=dxi) is also closer to the most probable dE=dx. In the MTPC, there can be upto 90 independent dE=dx samples from padrow charge clusters. Each padrow collectsthe ionization from 4 cm of particle 
ight. The dE=dx truncation employed in NA49removes the lowest 10% and highest 35% of all samples. These cuts are illustrated asdashed lines on the parameterized energy loss distribution shown in Figure 2.9.The Bethe-Bloch curve for the MTPC gas indicates that in the relativistic rise,there is a 4 to 5% separation relative to the mean energy loss between pions and kaons(and also kaons and protons) at the same momentum. The measured hdE=dxi has aresolution that depends on the number of samples, the type of gas used, and otherexperimental factors. From NA49 data of a large ensemble of tracks, the Gaussiandistributed resolution for the MTPC Ar-CH4-CO2 mixture was found to be around6% [78].In order to identify individual particles by hdE=dxi, the resolution must be muchsmaller than the di�erence in ideal energy loss between two particle types. Althoughthis is not the case with the MTPC, there is enough information so that an ensembleof particles can be analyzed to provide particle identi�cation at a statistical level.The technique used in this work to �nd net protons is discussed in Chapter 3.2.4 Further ReadingAn introduction to the basics of charge drift and di�usion in gases and the principlesbehind drift chambers and multiwire proportional chambers can be found in a CERNtraining lecture by Sauli [65]. Textbooks with material about TPCs include a mono-graph by Blum and Rolandi [72] and an general overview of experimental techniquesby Leo [75].The �rst high energy physics implentation of a TPC was by the PEP-4 experimentat SLAC [64, 79]. Experimental studies of the TPC performance were made byFancher et al. [80, 81]. The ALEPH experiment [82] at the CERN-LEP is perhapsthe most widely known current application of the TPC. Their \handbook" [83] is aprimer of the design and operation of the detector systems as well as the o�ine dataanalysis. It gives a comprehensive review of the experiment.For another heavy-ion application of the TPC, the STAR experiment [84] di�erssigni�cantly from NA49 because it operates in the RHIC collider [85] environment,29



where two Au beams at 100 GeV per nucleon intersect. The STAR TPC has sym-metric coverage about midrapidity and measured particles have primarily transversemomentum in contrast to the dominant longitudinal momentum component seen inthe �xed target setup of NA49.
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Chapter 3Data Analysis3.1 Measurements3.1.1 Net Protons and Baryon StoppingFor this work, net protons (p��p) were measured with the MTPCs. By combiningnet proton data with measurements from other analyses and predictions from eventmodels, an estimate of the net baryon rapidity distribution can be made. Additionalparticles that comprise baryons are the neutron, �, �, and their antiparticles. Heav-ier, multistrange baryons such as the � and 
 are produced in much smaller quantitiesthan the lighter baryons1 and were not included.The ratio of neutrons to protons in 208Pb is 1:54 :1. This ratio can change in the�nal state of a Pb+Pb collision because isospin can be redistributed from nucleons toother hadrons. The VENUS and RQMD models predict a �nal state net neutron tonet proton ratio from central Pb+Pb collisions of approximately 1:07 :1, independentof rapidity except near target and beam rapidities.2 There the number should becloser to the initial ratio simply because spectator matter comes directly from the208Pb nucleus. The rapidity distribution of this ratio from RQMD is shown in Figure3.1. The net neutron rapidity distribution was inferred from the measured net protondistribution as n��n = (1:07�0:05)(p��p): (3.1)While neutral hyperons have been found through their weak decay into two de-tected charged particles,3 �� decay to one charged and one neutral particle and are1 Preliminary measurements from central Pb+Pb collisions over a limited area in phasespace show that the (� + ��) : (� + ��) ratio is 0.13 [86] and 
 : � is 0.2 [87]. Central S+Scollisions result in p :� close to three [29] .2 A neutron to proton ratio of 1:3�0:3 for spectator nucleons was measured with theNA49 Veto Calorimeter [88], which is close to the n : p ratio of 208Pb.3 � (plus �0, which decays to � electromagnetically) production from central Pb+Pbcollisions has been the subject of several NA49 Ph.D. dissertations [89, 90, 91].31
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Figure 3.1: RQMD model predictions of the rapidity dependence of (n��n):(p��p) and(��� ���):(�� ��+�0� ��0) from central Pb+Pb collisions. The dashed lines indicate theratios used in Equation 3.3 to estimate net baryons from the net protons and net lambdas.di�cult to detect. In fact, there has not been a reported �� measurement fromnucleus+nucleus collisions.4An empirical formulation to extend the Y 0 = �+�0 yield to include �� was givenin a study of elementary hadron+hadron collision data by Wr�oblewski [93] as�+ + �� = (0:6� 0:1)(� + �0): (3.2)Because the � is a di�erent isospin state than the �, the Wr�oblewski factor may not bethe same for nucleus+nucleus collisions as for proton+proton collisions. The RQMDand VENUS models, which account for isospin, also predict (�++��) : (�+�0)�0:6.The rapidity dependence of this ratio from RQMD is shown in Figure 3.1.From Equations 3.1 and 3.2, the net baryon rapidity distribution was estimatedfrom the net proton and net � (including �0) rapidity distributions asB� �B = (2:07� 0:05)�(p��p) + (1:6� 0:1)�(Y 0� �Y 0): (3.3)The only experiment that can measure � from Pb+Pb collisions over a large part ofphase space is NA49. However, given the preliminary state of the net � measurementfrom NA49 analyses [94], the impact of using predictions of net � from models toestimate net baryons was also studied (Section 3.5.3).Because rapidity distributions of particles with slightly di�erent masses (mp andm�) are combined to form the net baryons, the resulting rapidity variable is not4 The WA97 experiment [87] at CERN specializes in measuring strange baryons, but hasreported neither a � yield nor a ratio of �=�. For Au+Au collisions at the lower BNL-AGSenergies, E810 [92] searches for H0 dibaryons through a ��p decay channel, but has notreported a � yield. 32



Figure 3.2: The use of a pion mass hypothesis to calculate rapidity and transverse masswill a�ect the h� spectra. (Left) A kaon rapidity distribution centered at midrapidity isshifted from the solid line to the dashed line when the � mass is used to calculate rapidity.(Right) A negative charge hadron mT spectrum will have a rise at high mT because ofthe contribution from kaons. The solid line shows a K transverse mass distribution whereT = 235 MeV. When the pion mass is used to create the mT spectrum (dashed line), thedistribution changes because the pion mass is smaller than the kaon mass. For comparison,shown as the solid line is a pion mT distribution with ten times the yield and T = 154.precisely de�ned. Another type of hybrid distribution could be created by recastingthe � distribution in terms of rapidity calculated with a proton mass hypothesis, butthe overall di�erences between these distributions will not be signi�cant.Transverse momentum distributions of net protons will also be presented. In asystem with radial transverse 
ow, the shape of the pT distribution at midrapidity islargely determined by the particle mass. Because the masses of the various baryonsthat contribute signi�cantly to the net baryon spectrum are similar, no additionalinformation will be gained from creating a net baryon pT distribution.3.1.2 Negative Charge HadronsAs a gauge of the total particle production, negative charge (h�) hadrons are betterthan positive charge hadrons (h+) because participant protons are included withthe h+. The h� are mostly pions, which have a low mass and are easily produced.Therefore, the rapidity calculation for the h� will use the pion mass. Charged kaonsand antiprotons are produced in much smaller numbers than pions. From centralS+S collisions at CERN-SPS energies, the K :� ratio is approximately 0:1 :1 [95] andthe �p :h� ratio is 0:016 :1 [96].The negative charge hadron y and pT spectra are skewed by the contributionsof K� and �p. This is demonstrated in Figure 3.2 with parameterized phase spacedistributions of pions and kaons. A Gaussian K rapidity distribution centered at33



midrapidity loses its Gaussian shape and is shifted forward when the � mass, whichis less than a third of the K mass, is used to calculate rapidity from the laboratorymomentum value. As a result, the h� rapidity distribution will have slightly moreyield in the forward half in rapidity than in the backward half.5 A kaon transversemass distribution with the form 1=mT �dN=dmT / exp (�qp2T +m2=T ) (EquationA.12), where T =235 MeV [97], is shown in Figure 3.2. When the mT distribution iscreated using the pion mass, its shape changes because the pion mass is smaller thanthe kaon mass. Also shown for comparison is a pion mT distribution with the samefunctional form as the kaons, but with ten times the yield and T = 154 MeV [97]. Anh� transverse distribution will be concave, with pions dominating the low pT regionand the heavier K� and �p creating a tail with a 
at slope at higher pT .3.2 Data TakingThe data analyzed for this work were taken in the Fall of 1995 over a continuoustwo day span out of the total six week Pb beam operating period of the accelerator.The entire data set was taken using the central collision trigger described in Section2.2 that selected events comprising the most central 5% of the total Pb+Pb inelasticcollision cross section. 5 � 104 events were used for the p��p analysis and 8 � 103events were used for the h� analysis. The p��p measurement involved a di�erentialanalysis of particle energy losses in the TPCs and required higher statistics than theh� analysis, which was basically a count of tracks in a single MTPC.The vertex magnets were operated in the STD+ con�guration, in which the mag-netic dipole �eld points in the �ŷ direction. (Positive charge particles are bent in the+x̂ direction.) Some data taken at a later date with the STD� con�guration willalso be examined to determine whether there are any systematic e�ects due to themagnet polarity.3.3 TPC Track Analysis3.3.1 Event ReconstructionOnly data from the MTPCs were used in this work. Located downstream of the mag-nets and outside of their �elds, the MTPCs detect particles as straight line tracks.This characteristic greatly simpli�es the pattern recognition task of the reconstruc-tion software. The large volume of the MTPC translates to an excellent phase spacecoverage, and an important feature of the MTPCs is its particle identi�cation capa-bility through a measurement of energy loss in the detector gas. The MTPC event5 This only occurs with �xed target experiments, where momentum is not measured inthe center of mass frame. 34



reconstruction software6 �nds tracks in the raw TPC data and makes a determinationof particle momentum and charge. The truncated mean energy loss hdE=dxi values(Section 2.3.2) are calculated for study at a later stage in the analysis.A signi�cant challenge for pattern recognition in the TPC data is the high particlemultiplicity from heavy-ion collisions. Despite the dispersion of charged particles bythe magnetic �eld, there are regions in each TPC with a high track density. Ionizationfrom adjacent tracks may merge together and potentially skew or obliterate part ofthe track. This is seen near the front MTPC faces and the regions near the beamgap between the left and right MTPC. A large number of � electrons are createdfrom interactions with the TPC gas that leave behind tracks that further increase theamount of charge within the detector volume. Reconstruction ine�ciencies resultingfrom these e�ects are compensated by correction factors that are described in Section3.3.3.Cluster FindingThe raw MTPC data can be visualized as a three dimensional array in pad, time,and padrow space in which each pixel element is integrated charge in the form ofADC output from readout electronics. The TPC ionization spatially di�uses as theelectrons are transported to the readout plane. As a result, the ionization createdacross any padrow will extend transversely over several pads and timeslices,7 forminga charge cluster.The two dimensional clusters are found with a search algorithm that operates intwo separate one dimensional operations. First, continuous groupings of signal arefound in the time dimension for one pad at a time. Clusters are formed from thesignal peaks close in time at adjacent pads. If the cluster spans at least two pads, thecentroid of the cluster is extracted by a two dimensional Gaussian �t of the cluster.Otherwise, the cluster is rejected. No minimum cluster size in the time directionis required because the response of the shaper ampli�er guarantees that the clusterextends across at least four timeslices. The clusters can then be used as points toform particle tracks.The energy loss dE=dx is proportional to the total charge signal contained withinthe cluster. The dE=dx calculation is the sum of pad-timeslice signals and does notutilize the �tted cluster shape. The typical maximum ADC value within a cluster isaround 70�30 while the total charge is around 600�250. The signal loss due to thethreshold cut of 5 counts depends on the drift length because di�usion causes clusters6 The MTPC reconstruction program (MTRAC) was developed by S. Bailey and P.Venable (University of Washington), and S. Schoenfelder and P. Seyboth (MPI Munich).7 Di�usion also results in some electrons moving between neighboring padrows. Becausethe ionization is created in a continuous line, it is assumed that this will result in an overallzero-sum e�ect. 35



to widen. On average, the threshold cut removes 5% of the signal per meter of drift,but no correction is made for the signal loss.Electronic noise, adjoining � electrons, or merged clusters can result in a distortionof the point position and charge. If a cluster contains an over
ow signal (ADC=255),it is discarded. The only intervening action taken to recoup damaged clusters is tosplit the cluster into two when there are two distinct signal peaks. The charge issimply divided between two new clusters at the minimum between the peaks whilethe point positions are determined from a center-of-gravity calculation.Track FindingPoints are linked to form particle tracks. Track �nding begins with sorting the pointsinto a three dimensional array where each element corresponds to a padrow and a boxin a remapped transverse x and y space. In this new transverse space, target vertextracks are parallel and points from a single track are within a common transverse boxcoordinate (x��x; y��y). Track pattern recognition comes from following pointsacross padrows. Points cannot be shared between two tracks. The track search occursover several passes, in which the starting padrow, an upstream or downstream searchdirection, and the transverse box size are varied. A track is formed by �tting thepoints within a box to a line. Only those points close to the �tted track, typicallywithin 5 mm, are retained and then the track is re�tted.Charge, Momentum, and Mass DeterminationThe charge of a target vertex particle is determined from the magnetic �eld directionand which MTPC the particle was found in. It was assumed that all target vertextracks found in one MTPC are from particles with the the same charge sign. On rareoccasion, a particle with large pT (> 1 GeV) opposite to the magnetic �eld bend endsup in the wrong detector.A primary vertex particle has a trajectory that is unique to its initial momen-tum vector and charge. An initial momentum estimate was made from interpolat-ing a value from a table of momenta and corresponding trajectories calculated fromChebyshev polynomials. Particles with the wrong charge sign for the detector willnot be given a momentum assignment. Around 60% of all reconstructed tracks weredetermined to be from the target. The momenta of these tracks were then re�nedby an iterative procedure that uses Runge-Kutta integration to retrace the particletrajectory back through the magnetic �elds to the target position.Particle mass identi�cation comes from the measurement of energy loss in theTPC gas (Section 2.3.2). Tracks in a small momentum range have truncated meanenergy loss hdE=dxi values that are grouped according to particle mass.Before the hdE=dxi calculation was performed, the cluster charge data were cor-rected for losses that occur during drift. Electron attachment results in a small chargeloss of at most 2%. The 5 ADC count threshold imposed by the data aquisition system36



causes an additional loss of 5% per meter of drift. The total observed losses are muchlarger than the sum of these two factors and have a dependence on track density. Inthe regions of highest track density, losses approaching 20% have been seen. It is nowbelieved that the time response of the readout electronics is the source of the trackdensity dependence of charge loss. Also, it has been discovered that the couplingof the anode wires to the pad plane did not have su�cient capacitance, resulting inadditional signal loss. When the data for this work was analyzed, charge loss withdrift length was removed by an empirical correction that was determined from a �tof the cluster dE=dx (renormalized for track momentum) dependence on drift length.Transverse momentum determines the vertical coordinate of a cluster and does nota�ect the dE=dx value appreciably. The variation in charge loss for individual eventswas not addressed by this correction.Other corrections to the charge cluster data include the few percent variation insignal gain between readout electronics cards and pad and wire plane sectors thatremain after on-line calibrations. A track dip angle or padrow crossing angle � in-creases the measured dE=dx by cos(�) because of the longer path length across eachpadrow and is easily corrected for.Ultimately, the hdE=dxi resolution determines the degree to which particle speciescan be separated. For example, negative charge hadrons with 3:8 < y� < 4:0 and0:2<pT < 0:25 (corresponding to a momentum range of 5:5< p< 7:8 GeV) forms ahdE=dxi distribution with a single peak. The K� and �p are not distinguishable from�� in the h� distribution. A �t of this distribution to a single Gaussian functiongives a relative sigma of 5%. In Section 3.4, the hdE=dxi analysis method used toextract net protons will be discussed.3.3.2 Track SelectionQuality criteria are imposed on the set of tracks in order to reject those tracks thatare poorly reconstructed. The basic track properties are the potential length andthe track length. The potential length of a track is calculated by the reconstructionsoftware as being the maximum possible number of points on a track after accountingfor the uninstrumented gaps between readout sectors. The track length is from thesimpler calculation of the number of padrows spanned from the most downstreamtrack point to the most upstream point.Track distributions of potential length and track length are shown in Figure 3.3.Note that the track length can be greater than the potential length. This stems fromthe intersector gaps running along the longitudinal direction. A track crossing fromone column of sectors to another column will lose a few points in the uninstrumentedgap. The track length distribution is sharply peaked at the maximum length of90 padrows, in contrast to the distribution of actual track points. Unreconstructedclusters can occur at random, reducing the number of track points and broadeningthe track point distribution. A properly reconstructed track should be close in length37
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that are not from the primary Pb+Pb interaction. The e�ect from such losses andcontributions is removed with correction factors calculated from event simulations. Inthe simulations, a model of the experimental apparatus is used to determine if parti-cles can be detected. Simulated TPC data of tracks distributed according to the phasespace distribution of negative charge hadrons are placed into real TPC data that actsas a realistic background. The entire embedded event is then reconstructed with thesame software used by the normal data analysis. By comparing the simulation inputto the reconstructed output, a quanti�able measure of the detector performance canbe made. Appendix B contains a full account of the simulation techniques developedfor this work.Before the speci�c analyses to extract the p��p and h� yields are performed,some preliminary corrections are applied to the data. These corrections are designedto compensate for the missing phase space coverage of the MTPCs and the loss oftracks due to detector response e�ects and the �nite two track resolution. Additionalcorrections will be made to remove unwanted tracks that are not part of the intendedmeasurement but remain in the analyzed data (Section 3.5).Geometrical AcceptanceThe strict de�nition of acceptance is whether or not a particle originating at the targetvertex with a momentum vector ~p can be detected in the ideal case where the TPCcharge environment is not a factor. A de�nition of what a detectable particle meansmust be made, such as the potential to create a TPC track with a minimum numberof TPC points. When phase space is divided into very �ne bins in (px; py; pz) or someother space such as rapidity, transverse momentum, and transverse azimuthal angle�, a precise map of acceptance can be made that sharply de�nes regions of completeacceptance and no acceptance.In this work, the available computing time limited the statistics of the simulationand the phase space binning of acceptance had to be restricted to two kinematicvariables, y and pT . Consequently, the acceptance in this case has a fractional value.This poses a problem where the acceptance is changing rapidly, especially if theacceptance is going to zero. In those bins, the correction factors can introduce largeuncertainties to the data.The construction of a two dimensional acceptance correction requires that theinclusive pT distributions be azimuthally symmetric. If a detector has acceptancelimited to a small wedge in azimuth ��, then the pT dependence of the measuredparticle distribution must be the same for all azimuthal angles � if the data are to beextrapolated to full phase space. The geometrical acceptance in y and pT for protonsand pions was shown in Figure 2.5. The azimuthal acceptance of pions as a functionof pT for several rapidity intervals was shown in Figure 2.6.40



Tracking Ine�ciencyWhile acceptance is in large part based on the geometrical properties of the detector,the overall event reconstruction performance also involves the physical response ofthe detector and the data analysis software. Ine�ciencies result in a loss of acceptedtracks that would otherwise be found in a perfect detector. The construction of thetracking ine�ciency correction is simple in concept: it is the number of simulatedparticles that is accepted divided by the reconstructed yield. If only half of thesimulated tracks are reconstructed, then the correction factor is 2.Combined CorrectionIn practice, the acceptance and tracking ine�ciency corrections are folded togetherinto a single correction step because their de�nitions are not independent. The def-inition of acceptance as a minimum number of TPC points requires a calculation ofthe cluster reconstruction ine�ciency. The combined correction is determined fromthe number of simulated tracks divided by the number of reconstructed tracks thatare subject to the track quality criteria described in Section 3.3.2.It is informative to see where acceptance falls away in phase space and how thetracking ine�ciency changes with acceptance. Figure 3.5 shows the pT dependence ofacceptance and tracking e�ciency (1�ine�ciency) for protons in the Left MTPC forseveral intervals of rapidity. Both quantities are de�ned between 0 (no acceptance orzero e�ciency) and 1 (100%) and the error bars are statistical from the calculation.Incorrectly reconstructed momenta may result in an e�ciency greater than 1 in somebins. Broken tracks are unlikely with the track quality cuts used here. The trackinge�ciency falls o� where the acceptance drops, and at forward rapidities, where thetrack density is high. The scatter of the combined acceptance and ine�ciency cor-rection factors relative to a smooth �tted curve was used to estimate the systematicuncertainty of the correction.8Not included in the estimate of tracking ine�ciency is the e�ect from limited twotrack resolution because only single tracks were studied. If a simulated track wasrecovered with a hdE=dxi around twice the input value, then it was probably placedon top of an existing track. The relative number of the doubly ionizing tracks tosingly ionizing tracks is a measure of the occupied space in the detector and wasused to estimate the merged track losses. Figure 3.6 shows the fractional populationof merged tracks as a function of rapidity. The number of measured singly ionizingtracks are increased by the correction factor to account for track merging.Ghost tracks are a reconstruction artifact that are formed from unrelated clustersthat appear to line up as a track. This situation is extremely rare except where the8 In hindsight, it would have been preferable to have smoothed the correction in y-pTspace and then assigned an error based on the scatter of original correction values relativeto the smoothed values. 41
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Figure 3.6: Percent of reconstructed tracks that are from two merged tracks as a functionof proton rapidity. Note that at forward momenta, the protons in the positive charge tracksincrease the track density and number of merged tracks.track density is very high. This problem cannot become very large because pointsare not shared between tracks. Ghosts were factored into the secondary interactionbackground (Section 3.5), which turned out to be negligible.3.4 Preliminary Particle Spectra3.4.1 Net ProtonsNet protons were found utilizing the hdE=dxi distribution of MTPC tracks. The trackset was divided into phase space intervals with a width of 0.2 units of rapidity and0.1 GeV in transverse momentum. Rapidity was calculated using the proton massfor all tracks. In each interval, a hdE=dxi distribution was created with a bin sizeof 2 ADC counts, which is 0:5% of the typical hdE=dxi value of 400 ADC counts.From the MTPC hdE=dxi study by Mock [77], there should be less than a � �1:5%variation in proton hdE=dxi from the momentum range within any bin of this size.The data were recorded during sequential eight hour periods. Because of atmo-spheric pressure changes, the average hdE=dxi from each data set varied run to runby as much as 5%. The track hdE=dxi were rescaled so that every data set had thesame average hdE=dxi value. The positive and negative track data were rescaledseparately.Figure 3.7 shows the hdE=dxi spectrum of tracks in the range 2:8 < y < 3:0 and0:3 < pT < 0:4. The left shoulder of the h+ distribution comes from p and K+. Thecontribution from �p and K� to the h� is small and is not prominent in the hdE=dxidistribution. After subtracting the h� from the h+ hdE=dxi distribution, the netprotons are visible as a peak. The Pb+Pb system has a large net isospin and some of43
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Figure 3.10: Preliminary particle spectra, corrected only for acceptance and trackingine�ciency. Statistical errors shown only. (Left) Net proton rapidity distribution. (Right)Negative charge hadron rapidity distribution. Below y� = 3:8, the yield is limited by thecomplete absence of acceptance at low pT .a contribution from K+�K�. The level of background is calculated with MonteCarlo simulations (Appendix B) using particle distributions from experimental mea-surements where available and event models otherwise. The background correctionfactors are scaled by the acceptance and tracking ine�ciency corrections and thenapplied to the data to create the �nal particle spectra.Particles from secondary interactions in detector material form one component ofthe background. Most electrons are not included in the data set because multiplescatterings in the TPC gas cause large de
ections and the resulting crooked tracksare not reconstructed. Highly energetic electrons (> 1 GeV) have a higher hdE=dxivalue than hadrons and can be rejected on this basis. Less than 1% of the h� tracksappeared to be electrons. Simulations using events from the VENUS model indicatedthat the majority of MTPC tracks from hadronic background are reconstructed asnon-target tracks. Restricting the selection of tracks in the h� analysis to rightside pT reduced the background by over factor of two to less than 5% of the signal(Section 3.4.2). Most of the hadronic background in the p��p measurement appearsat a hdE=dxi above that of a proton. Also included in the background are arti�cialghost tracks formed from unrelated clusters in the regions of high track density .Because the secondary interaction background is relatively small compared to theparticle distributions of interest, a very large number of simulated events is neededto produce a statistically stable estimate of the correction factors. No correction wasapplied to either the p��p or h� data.The dominant source of background is from strange hadrons that decay weaklyto charged particles. A signi�cant fraction of strange baryons and K0S decay withinthe 9 meters of 
ight path between the target and the MTPCs. A charged decay47
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 to � in central Pb+Pb collisions11and assuming that all multistrange baryons immediately decay to �, that all protondaughters from � are reconstructed as target vertex particles, and that there are anequal number of p and �, the number of protons from strange baryon decay increasesby 7% over the number from primary �s alone. The actual contribution from multi-strange baryons will be much smaller than 7% because the lifetime of the multistrangebaryons will displace the decay verticies farther downstream, decreasing the likelihoodthat the decay proton will be mistaken for a primary particle. No correction was cal-culated for this e�ect because the phase space distributions of multistrange baryonshave not been fully measured.Charged kaons are removed from the p��p data, but are a part of the h� mea-surement and are not corrected for. A small fraction of charged kaons decay to pionsbefore reaching the MTPC, but the change in direction between the kaon and pion isusually small enough so that the pion trajectory is indistinguishable from the trajec-11 See footnote 1 in this chapter. 48



tory that the kaon would have followed had it not decayed. A negligible number ofadditional kaons comes in the form of K+K� pairs from � meson decays.123.5.1 Corrections to Net ProtonsThe secondary vertex background correction is for the decay of net �+�0 and �+����.�� decays to a neutron and �� and is not a factor because reconstructed secondarypions are rejected by the hdE=dxi analysis.The K+�K� correction was calculated from a simulated hdE=dxi distributionbased on a parameterization of hdE=dxi as a function of velocity [77] and phase spacedistributions of p, �p, K�, and �� from the RQMD model. For every (yproton; pT ) bin,a hdE=dxi distribution of h+�h� was created from a Gaussian hdE=dxi distributionwith a 6% relative width for each particle species. A procedure identical to the dataanalysis was performed and then the �tted p��p yield was compared to the input p��pyield to determine the contribution from K+�K�. In order to make the estimatedcorrection independent of the input kaon distribution, the relative correction factorswere calculated. The nominal correction was found to be (75�14)% of the K+�K�di�erence for all (y; pT ) bins. A further discussion on the corrections will be presentedin Section 3.5.3.3.5.2 Corrections to Negative Charge HadronsThe primary source of background is from the decay of K0S to �+��. Pions fromstrange baryon decay form a small fraction of the background because the heavierbaryon daughter carries away most of the total momentum and the low momentumpions are swept away from the MTPC by the magnetic �eld. Strange baryons that cancontribute decay daughters to the measured h� include the � (decaying to ��), �� (�p),��� (�p; ��), and �� (��). A further discussion on the corrections will be presentedin Section 3.5.3.3.5.3 Strangeness CorrectionsWhenever possible, experimental data should be used for the calculation of thestrangeness based corrections. For the h� analysis, K0S have been measured withVTPC2 and MTPC [94]. Figure 3.12 shows the correction for K0S decay. Chargedkaons have been measured with the MTPC13 [99] and TOF [94]. The K+�K� dis-tribution is shown in Figure 3.13 along with the distributions from the RQMD and12 There are about 6 � created per central Pb+Pb collision [98].13 The MTPC charged kaon analysis is based on �nding the small fraction of kaons thatdecay into pions within the detector and does not use the hdE=dxi information from thetracks. 49



Figure 3.12: Background corrections for h�. (Left)K0S rapidity distribution from centralPb+Pb collisions as measured with the NA49 MTPC and the resulting decay correction forh� from a parameterization of the data. (Right) Hyperon decay corrections for h� basedon the RQMD model.VENUS models for comparison. The data were parameterized by �tting the MTPCrapidity distribution to a Gaussian function and rescaling the distribution so thatthe midrapidity yield matched that from the TOF measurement. The widths of the�tted kaon distributions are �K+ = 0:77 and �K� = 0:85. Figure 3.13 also shows thedata-based correction for the net protons.The NA49 lambda measurements from VTPC2 were made over the limited ra-pidity range of 2 < y < 3 and are in a preliminary state [94]. The distribution hasa sharp peak at midrapidity that is possibly the result of an underestimate of thereconstruction e�ciency and feeddown from � decaying to �. A �t of the data to aGaussian function gives a sigma of 0.8. In contrast, the RQMD and VENUS modelspredict a wide and 
at rapidity distribution. Figure 3.14 shows the net � + �0 ra-pidity distributions from experimental data and event models. As was discussed inSection 3.1.1, both postive and negative charge � rapidity distribtions are assumedto be identical to the � distribution after scaling by a factor of 0.3. Given the un-certainties of the net � distribution, the systematic e�ects on the net proton and netbaryon distributions from the variation of corrections based on data and models werestudied.The K+�K� and strange baryon decay corrections to the net proton data arerelated through the overall zero strangeness content the system. When an s�s quarkpair is formed, the s quark likely appears in a � while the �s is found in a K+ becausethe system is composed mainly of u and d quarks. Therefore K+�K� have a netstrangeness S > 0 while net lambdas have S < 0.14 The net strangeness of K+�K�and net lambdas do not cancel because other strange hadrons are produced.14 The s quark has strangeness S = �1 50



Figure 3.13: (Left) Net kaon K+�K� rapidity distributions from central Pb+Pbcollisions, as measured with the NA49 MTPC and TOF, and from the RQMD and VENUSmodels. A Gaussian distribution �tted to the combined NA49 data is shown as a dashedline. (Right) The dashed line shows the derived K+�K� correction to the net protondistribution.The balance of net strangeness carried by charged kaons and netstrange hyperons Y � �Y can be described with the ratioRs = K+ �K�Y � �Y : (3.4)RQMD predicts a strangeness ratio of Rs = 0:6, while VENUS predicts Rs = 0:67.From NA49 data,15 Rs = 0:38, which means that there are many more � and � inthe data relative to kaons than what is predicted by either model. This presentsa potential problem if the K+�K� correction is based on data while the strangebaryon decay correction is based on a model.RQMD and VENUS are able to reproduce the strange particle spectra from centralS+S collisions at 200 GeV per nucleon and their predictions for the Pb+Pb systeminvolve no new physics for the heavier system. Assuming that strangeness productiondoes not change dramatically from S+S to Pb+Pb collisions beyond what is expectedfrom wounded nucleon scaling, the Rs values from the models will be used as astandard rather than what is found in the preliminary NA49 measurements.When Rs is calculated from the NA49 kaons and the RQMD net hyperons, theresult is Rs = 0:27. If the VENUS net hyperons are used, Rs = 0:47. The hyperonyields from NA49 data, RQMD, and VENUS must all be rescaled so that the netstrangeness carried by the hyperons is consistent with the net strangeness of K+�K�.Otherwise, the hyperon decay corrections for p��p and h� data will be too large tobe consistent with the model predictions of strangeness conservation.15 The charged � are extrapolated from the measured � with Equation 3.2.51



Figure 3.14: (Left) Net � + �0 rapidity distributions from central Pb+Pb collisions, asmeasured with the NA49 VTPC2 and predictions from the RQMD and VENUS models.A �tted Gaussian distribution to the NA49 data is also shown. (Right) Net � correctionto the net protons measurement for the three net � sources after rescaling for strangenessconservation.Rs is �xed to a value of 0.635, which is between the RQMD and VENUS numbers.The hyperon rescaling factors are as follows: 0.60 for the NA49 data, 0.43 for RQMD,and 0.74 for VENUS. The p��p corrections are shown in Figure 3.14 and the h�corrections are shown in Figure 3.12. Because the hyperon decay corrections for h�are relatively small, only the RQMD-based calculations were used in the analysis.3.5.4 Statistical and Systematic ErrorsThe statistical errors of the experimental data are determined from Poisson statisticsbecause the tracks are counted inclusively and then event normalized. The hdE=dxianalysis method used to extract the net proton yield introduces a systematic erroron the order of 10%.The statistical errors of the correction factors for acceptance and tracking ine�-ciency, and for background particles are calculated in the same manner as the errorsof the data distributions. The simulated tracks are counted inclusively and for a suf-�ciently large sample (> 100) in a phase space bin, a correction factor is determined.When a parameterized phase space particle distribution is used to calculate datacorrections, the uncertainties of the binned correction factors may be correlated inrapidity and transverse momentum. For example, the NA49 K+�K� rapidity dis-tribution has an uncertainty in yield of nearly 25%. This uncertainty is propagatedthrough to the �nal d2n=dydpT and dn=dy spectra.52



Chapter 4Charged Particle Spectra4.1 Introduction and OverviewEvent-normalized, inclusive rapidity and transverse momentum distributions of netprotons (p��p), net baryons (B� �B), and negatively charged hadrons (h�) from cen-tral Pb+Pb collisions at a beam energy of 158 GeV per nucleon will be presented andinterpreted in the context of proton and baryon stopping, particle production, andtransverse radial 
ow. A key aid to understanding the data will be the comparisonof the results to data from central S+S collisions at 200 GeV per nucleon that havebeen reported by the CERN experiments NA35 [29, 30, 31, 32] and NA44 [97, 100].These comparisons reveal slightly greater stopping and 
ow in the heavier system,along with new features in the transverse momentum spectra that will be described.At CERN-SPS energies, baryon stopping increases from the light S+S systemto the heavier Pb+Pb system. While the baryon population around midrapidity islarger in the Pb+Pb data, this does not have a major e�ect on the average energyloss per baryon, which is similar in both systems. The rapidity distributions ofproduced negative hadrons, adjusted for the number of participating nucleons in thecollision, are nearly identical. While the negative charge hadrons do not representall particle production, this observation is consistent with the comparable energy lossper participant in the two systems.Rapidity distributions re
ect the longitudial motion of the system. The increasedbaryon stopping seen in the Pb+Pb collisions may be accompanied by an increase oftransverse momentum carried by the net baryons. Signi�cant di�erences in the pTspectra between the S+S and Pb+Pb systems can in fact be seen. While the meantransverse momentum hpT i carried per proton increases with system size, the hpT i ofthe lower mass negative hadrons appears to be independent of system size. It has beendemonstrated elsewhere that the S+S pT spectra are consistent with a conjecture thatthe average transverse radial 
ow velocity is the same for all particles [27, 51, 52].The Pb+Pb data also exhibit the behavior of transverse radial 
ow. Furthermore,the magnitude of 
ow appears to be greater in the Pb+Pb system, which follows asystematic trend of increasing transverse radial 
ow with system size [97].53
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decay to a nucleon and a low pT pion. The production of short lived � and ! mesonsalso contribute pions at low pT .Below ylab = 3:7, the low pT acceptance quickly vanishes (Figure 2.5). Becausethe bulk of the yield appears at low pT , an h� yield cannot be determined at theserapidities. Above ylab = 3:7, pT spectra extend down to pT = 0 and were integratedwithout extrapolation to give the rapidity distribution dn=dy shown in Figure 4.5.The h� hpT i are also shown the �gure. As is the case with the net protons, hpT idecreases with increasing rapidity because of kinematic constraints.The total h� yield cannot be determined from this data because of the acceptancecuto�. Data taken with a weaker magnetic �eld to provide midrapidity acceptancehave been analyzed separately [101]. In Section 4.3.3, this additional h� data will becombined with the results from this analysis to complete the h� rapidity distributionforward of midrapidity.4.3 Stopping and Particle ProductionProton stopping depends strongly on the amount of nuclear matter involved inthe collision. This is illustrated in Figure 4.6, where the net protons from Pb+Pbare shown with the net protons from central S+S collisions at 200 GeV/nucleon [29]and proton+proton collisions at 400 GeV/nucleon [34]. All data are shown in thecenter-of-mass frame so that midrapidity coincides for all systems. The p + p andS+S data are scaled to match the measured yield of net protons from Pb+Pb. Thep + p data exhibit a fast, exponential-like decrease in yield away from beam andtarget rapidities that demonstrates a uniform distribution in Feynman-x of the �nalstate leading proton [102]. On the other hand, a central nucleus+nucleus collisionresults in a substantial fraction of the net protons near midrapidity. This can bedirectly attributed to an increased stopping power due to multiple collisions in nuclearmatter compared to a single proton target [42]. A comparison of net baryon rapiditydistributions from Pb+Pb and S+S is shown in Figure 4.7. A similar degree ofstopping is seen in both the net proton and net baryon data.4.3.1 Numerical Characterization of StoppingThe mean rapidity shift �y of projectile baryons from beam rapidity is one numer-ical gauge of stopping. For this calculation, projectiles are de�ned as those baryonsforward of midrapidity. The meaning of �y is limited because projectile and tar-get baryons can be shifted across midrapidity. Another measure of stopping is theroot-mean-square (RMS) of the entire rapidity distribution. The data forward ofmidrapidity are re
ected around ycm = 0 to provide a symmetric rapidity distribu-tion for the RMS calculation. The �y and RMS of the Pb+Pb and S+S net baryonrapidity distributions are given in Table 4.1. Both measures con�rm that more stop-ping occurs in Pb+Pb than in S+S. 58
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The full phase space yield of �� is twice the h�minus K� yield forward of (pion)midrapidity. The total kaon yield is added back in to give the full h� yield:Nh� = 2�(Nh�;y�>0 �NK�;y�>0) +NK�: (4.6)This results in an estimate of 700�30 negative charge hadrons.In terms of h� per participant pair, Pb+Pb yields 4:0�0:2, while the yields arelower for S+S at 3:6�0:2 and for N+N at 3:2�0:1. The enhanced particle productionfrom nucleus+nucleus collisions beyond N+N collisions scaled for participant numberis likely due to hadronic cascading within nuclear matter. The FRITIOF model,which is based on a superposition of N+N collisions, is able to reproduce the S+S h�data well [30, 32]. However, FRITIOF predicts very few baryons at midrapidity andtherefore it appears that the number of h� is not very sensitive to stopping beyondthe initial rapidity shift of one to two units by the participants.The approximately 10% di�erence in h� yield per participant from S+S to Pb+Pbis in part due to the �nal state distribution of isospin. If the isospin in Pb+Pb iscarried entirely by pions (which means that there is an equal number of protons andneutrons), then there will be 12% more �� than �+ assuming that there are 650�� produced. It is likely that more �� are produced per participant from collisionsof neutron rich 208Pb nuclei than from collisions of isospin symmetric 32S. An exactaccounting of isospin is not possible because neutrons are not measured and the regionof rapidity near the beam is not covered by the MTPCs.While the scaling of h� production from S+S to Pb+Pb by the number of par-ticipant baryons may be due to the similar average energy loss per participant in thetwo systems, the result is also consistent with the Wounded Nucleon Model (WNM),orginally proposed by Bia las et al. [104], that describes proton+nucleus data in termsof a superposition of nucleon+nucleon collisions. The mean number of produced par-ticles does not depend on the number of scatterings �� that the projectile nucleonsu�ers, but rather on the number of wounded, or struck, nucleons �� � 1. Simpleexperimental evidence supporting the WNM was found by the AFS experiment atthe CERN ISR based on measurements of particle multiplicity [105] and transverseenergy [106] production from collisions of protons, deuterons, and alpha particles. Be-cause such light systems were involved, only a few possible combinations of scatters orwounded nucleons are possible, and therefore the two scenarios were distinguishable.Data from collisions of protons with heavy nuclei support the multiple scatteringpicture [35]. The number of scatters and consequently produced particles increaseswith nuclear thickness, or A1=3. However, the de�nition of the collision centrality isnot well de�ned in this case and a convolution of the data to predict the A+A resultis not a straightforward task.The negative hadrons constitute only one part of all produced particles. There areroughly equal numbers of �+, ��, and �0, but e�ects such as isospin conservation canslightly change the relative proportions of these particles. More importantly, thereare other produced hadrons such as K0S , K+, and strange baryons. It follows that thetotal energy carried by produced particles cannot be determined solely from the h�.62



4.4 Transverse Radial FlowGiven the increased baryon stopping in Pb+Pb compared to S+S and the similar-ity of the h� rapidity distributions from the two systems, there should be noticabledi�erences between their transverse momentum distributions. It has been pointedout that pT distributions from heavy-ion collisions are consistent with the presenceof transverse radial 
ow [27, 51]. If the system expands transversely with a commonvelocity pro�le for all particles, regardless of mass, there will be a systematic increaseof the average pT of each particle species with increasing mass. This e�ect is best ob-served around midrapidity, where longitudinal motion is minimized. Hadron+hadroninteractions do not exhibit such behavior, which is consistent with the absence ofcollective e�ects in such a small system. While all midrapidity particles from pro-ton+proton collisions have nearly the same hpT i, the hpT i of kaons and protons fromcentral S+S collisions have been shown to be larger and the value for pions remainsunchanged [97]. When the system grows in size to Pb+Pb, this e�ect is even morepronounced and can be taken as evidence that the 
ow velocity increases with systemsize.It has been common practice to �t pT spectra with the exponential function givenin Equation A.10: 1pT dNdpT = C exp (�mT=T ): (4.7)A pT distribtution that does not globally follow an exponential can be �t locallyover a limited range in pT (or equivalently mT ). The exponential function is anapproximation to the Boltzmann thermal model [45], where T is the temperatureof the system and is called the inverse slope parameter, or simply slope. (However,there is no de�nitive evidence that the system is equilibrated.) If transverse radial
ow is present, then T is an e�ective temperature that is o�set from the freezeouttemperature by a factor that depends on the particle mass and 
ow velocity. Aswith hpT i, the slope should also increase with particle mass. The slope, rather thanhpT i, has been used by the NA44 experiment to characterize their transverse massspectra [107]. The pT range over which the NA49 data have been �t to extract slopeparameters was limited to match the NA44 phase space acceptance.4.4.1 System Size DependenceTable 4.2 is a compilation of p��p and h� hpT i at midrapidity from Pb+Pb, S+S,and p+S. The p+S data are meant to be representative of a very light system withlittle or no collective behavior. The nucleus+nucleus data show that the hpT i valueshave a particle mass dependence. The midrapidity net proton slopes are given inTable 4.3 and have a system size dependence parallel to that of hpT i.63



net protonssystem experiment ycm interval mean pT (GeV)Pb+Pb NA49 0:1 < y < 0:3 0.835 � 0.031S+S NA35 �2:8 < y < 0 0.622 � 0.026negative charge hadronssystem experiment ycm interval mean pT (GeV)Pb+Pb NA49 0:2 < y < 0:4 0.394 � 0.011p+S NA35 �1:0 < y < 0 0.363 � 0.008S+S NA35 �1:0 < y < 0 0.377 � 0.004Table 4.2: Mean pT of net protons and negative hadrons near midrapidity from centralPb+Pb collisions at 158 GeV/N, central S+S collisions at 200 GeV/N, and p+S collisionsat 200 GeV.
net protonssystem experiment ycm interval T (MeV) pT �t range (GeV)Pb+Pb NA49 0:1 < y < 0:3 308 � 15 0 < pT < 1:5Pb+Pb NA44 �0:2 < y < 0 289 � 7 0 < pT < 1:5S+S NA35 �2:8 < y < 0 235 � 9 0 < pT < 2S+S NA44 �0:2 < y < 0 208 � 8 0 < pT < 1:5Table 4.3: Fitted inverse slope parameter T of net protons near midrapidity from variouscolliding systems. 64
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Figure 4.9: Net proton and negative hadron mT spectra near midrapidity �t to theChapman-Heinz model with a �xed transverse 
ow velocity � = 0:55. The data are �ttedover the mT �m0 intervals indicated by the solid lines. The freezeout temperatures areT = 118� 5 MeV for p��p and T = 126� 2 MeV for h�.4.4.2 Multiple ScatteringThe midrapidity net proton mT distribution shown in Figure 4.9 reveals that the netprotons do not follow the exponential form given in Equation A.12 beyond the limit(pT = 1:5 GeV, mT = 0:8 GeV) used to determine the slope given in Table 4.3. Thisconvex shape of p��p has not been seen before from nucleus+nucleus data at CERN-SPS energies. As was mentioned previously, the concave shape of h� is expected andis due to the production and subsequent decay of resonances to pions at low pT . Athigher pT , the combination of ��, K�, and �p result in a locally 
atter distribution(Section 3.1.2).Chapman and Heinz have developed a model of an expanding hadronic sourcethat incorporates a freezeout temperature T and 
ow velocity � [28]. This modelhas been used to �t NA49 data of deuterons taken with the TOF detectors and h�from the Vertex TPCs [55]. At a 
ow velocity of � = 0:55, a freezeout temperatureof T = 120 � 12 MeV was determined for the deuterons and h�. The p��p andh� midrapidity data from the analysis presented here were �t using the Chapman-Heinz parameterization with a �xed 
ow velocity at � = 0:55 to give temperaturesconsistent with [55] at T = 118�10 MeV for p��p and T = 126�10 MeV for h�.Figure 4.9 shows the mT spectra at midrapidity along with �tted curves from themodel. The low mT region was omitted from the �t of h� because of the rise in yielddue to resonances, which are not included in the model.Alternatively, the convex shape of the net proton mT distribution at midrapiditycan be attributed to hadronic rescattering. Neglecting any kinematic freezeout cor-relations between momentum and emission time, particles with higher mT can losea signi�cant amount of momentum through collisions with other particles, which are65
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net protons net baryonsdata 148�5 352�12RQMD 131 356VENUS 136 336Table 4.4: Participant protons and baryons from NA49 data, RQMD, and VENUS.

Figure 4.11: Net proton rapidity distributions from central Pb+Pb collisions, the RQMDmodel (left), and the VENUS model (right). Corrections are based upon the correspondingmodel. 67



Figure 4.12: Net baryon rapidity distributions from central Pb+Pb collisions, the RQMDmodel, and the VENUS model. The Pb+Pb data were created using hyperon distributionsfrom RQMD.4.6 SummaryAt CERN-SPS energies, baryon stopping, as shown by the rapidity distribution of�nal state net baryons, increases from central S+S collisions to central Pb+Pb col-lisions. The total yield and rapidity density of negative charge hadrons scale withthe number of participating nucleons and show a modest enhancement relative tonucleon+nucleon collisions. At midrapidity, the mean transverse momentum of netprotons from Pb+Pb is substantially greater than that from S+S, while the hpT i ofnegative charge hadrons from the two systems are nearly identical. The hpT i depen-dence on particle mass is consistent with the existence of a transverse 
ow velocity.The transverse radial 
ow grows in strength with increasing system size. The datapresented here are consistent with an expanding system with a temperature around120 MeV and a 
ow velocity of 0.55c. From a study of event models, hadronic rescat-tering appears to play an important role in determining the shape of the net protonmidrapidity pT distribution.
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Appendix AKinematic Variables and PhaseSpace DistributionsA.1 Kinematic VariablesFrom the three-momentum(px; py; pz)1 and mass of a particle, the scalar kinematicvariables transverse momentum pT , transverse mass mT , and rapidity y can be de-rived.In the laboratory reference frame of a �xed target experiment, only the projectileparticle has momentum before the collision. For this reason, the laboratory coordi-nate system has the longitudinal direction (ẑ) coincident with the beam direction.Therefore, longitudinal momentum pL is the momentum component pz along thebeam axis. Orthogonal to pL is transverse momentum pT , which is de�ned aspT = qp2x + p2y : (A.1)Because the system initially carries only longitudinal momentum, the transverse mo-mentum carried by a particle in the �nal state is a result of the interaction. Transversemass mT incorporates the particle mass m and is de�ned asmT = qp2T +m2: (A.2)Rapidity y is strongly dependent on longitunal momentum pL and is de�ned asy = 12 ln E + pLE � pL = 12 ln 1 + vL1� vL : (A.3)The rapidity coordinate of a particle in one reference frame can be transformed tothe coordinate in another frame by a \boost" of the relative rapidity di�erence ofthe two frames. The shape of a rapidity distribution dN=dy is Lorentz-invariant, orindependent of reference frame.1 For convenience, the speed of light c will be taken as 1 so that momentum, mass, andother related quantities are expressed in units of energy.69
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another way to show transverse data is in terms of mT :1mT dNdmT = C exp (�mT=T ): (A.12)Plots of the functions given in Equations A.10 and A.12 are shown in Figure A.3.The parameters used were C = 2000, T = 300 MeV, and the proton mass. WhenEquation A.12 is plotted with a logarithmic abscissa, the result is close to a straightline down to mT = m, the particle mass (pT=0). This makes 1=mTdN=dmT anattractive variable to display a transverse spectrum. However, the bulk of the yieldis at low pT and when the mT variable is used, the low pT region is compressed intoa small range in mT .
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Appendix BSimulations and CorrectionsB.1 IntroductionIn Chapter 3, corrections to the data for track reconstruction ine�ciencies and back-ground tracks were described without going into detail about how these correctionswere calculated. Simulations of the experiment were developed to estimate the cor-rection factors through a controlled study of the behavior of processes that a�ectthe measured data. The components of the simulation, from computer software toanalysis techniques, will be discussed in the following sections.B.2 Simulation ProgramsThe TPC simulation is composed of several computer programs, each of which per-forms a speci�c task, that are run sequentially to form a chain that is shown as a
owchart in Figure B.1. These programs include both established, previously writtensoftware and newly written software created speci�cally to suit the experiment.The input to the simulation chain is in essence a list of particles at the targetvertex. Additional details on the input are given in Section B.3. The transport ofparticles through the experimental apparatus is handled by the GEANT detectorsimulation package [111]. GEANT calculates the TPC track trajectories and gen-erates idealized TPC points with corresponding energy loss values. A specializedMTPC response simulator MTSIM uses the GEANT output to create TPC datain the raw experimental data format. If the simulated event consists of only a fewtracks, an actual experimental event can be superimposed on top of the simulationwith MTEMBED to provide a realistic background so that embedded event appearsto the reconstruction software as being practially identical to the experimental data.The event is reconstructed with MTRAC, the MTPC track reconstruction program(Section 3.3). MTRAC is operated in a manner identical to that of the experimentalevent reconstruction and the performance of the reconstruction program should bethe same in both cases. The reconstructed data, in the form of TPC points and tracks,74



Figure B.1: A 
owchart of the simulation process. See the text for descriptions of theprograms GEANT, MTSIM, MTEMBED, and MTEVAL. The MTPC track reconstructionprogram MTRAC was described in Section 3.3. A discussion on the simulation input canbe found in Section B.3.are compared to the GEANT output with an evaluation tool called MTEVAL. Theuser can then examine the simulation results to create the corrections.In the case that the number of simulated tracks is on the order of 10% of theaverage track multiplicity from experimental data and that the simulation involvesembedding, the entire simulation chain runs in under one minute per event. Trackreconstruction takes up about half of the running time.Most TPC-based experiments have implemented similar methods creating andstudying simulations. Two heavy-ion experiments whose simulations are similar inconcept to NA49 but di�er in detail are EOS [112] and STAR [113].B.2.1 GEANT and GNA49The CERN-developed GEANT software [111] simulates the transport of particlesthrough a detector apparatus. GEANT is designed to be modi�ed by the user tomodel the physical layout of an experiment. The event is de�ned by a list of particlesat the target vertex and their initial momentum vectors. Interactions with detectormaterials, decay of unstable particles, and production of secondary particles are allaccounted for with Monte Carlo techniques. The NA49 GEANT (GNA49) modelsnearly every component of the NA49 apparatus, from the large aluminum supportframe from which the gas box is suspended down to the thin mylar strips of the TPC�eld cages. The magnetic �eld is based on the same map used by the reconstructionsoftware.A GNA49 TPC track is composed of idealized points along the particle trajectory.For each padrow crossing of a track, the point coordinate is calculated in the transverseplane located at the middle of the padrow. Most particles are energetic enough to75



cross a padrow gas volume without being transversely de
ected more than a fewmillimeters by multiple scattering.A special case is the � electron, which leaves behind a crooked trail of ionizationdue to its low momentum and light mass. To accurately describe these electron tracks,GNA49 creates one point for every 3 mm of path length because the � can travel aconsiderable transverse distance within a single padrow.TPC ionization drift and readout are not handled by GNA49. Instead, the sim-ulation of the TPC response and creation of raw readout data is performed by adedicated program that uses the GNA49 output. The output of GNA49 consists ofdata arrays representing particles, interaction verticies where one particle brancheso� to other particles, and the TPC points. These arrays contain relevant informa-tion such as the particle type and momentum, TPC point coordinates, and indiciesfor cross referencing. Indicies are necessary to provide a record of the relationshipbetween the di�erent data such as a particle and the TPC points that it generates.B.2.2 TPC Simulation: MTSIMThe Main TPC simulation program, MTSIM, reads in the GNA49 output and createsdata in the form of digitized output of the TPC electronics. The same reconstructionsoftware used to analyze the experimental data can therefore be used for the simulateddata as well. MTSIM takes the GNA49 TPC points and produces charge cluster databased on the properties of the TPC gas and readout electronics. The signal thresholdcuts and compression algorithm of the data aquisition system are then applied tocomplete the simulation.Particle Energy LossThe charged particle energy loss in the TPC gas can be modelled in either GNA49 orMTSIM. Energy loss determines the amplitude of a charge cluster distribution, whichis used by the track reconstruction program to calculate the truncated mean energyloss hdE=dxi of a track that is needed for particle identi�cation purposes (Section2.3.2).For each TPC point, GNA49 provides a calculation of energy loss dE=dx in elec-tron volts based on the composition of the TPC gas. The energy loss value associatedwith a TPC point may be lower than the actual total energy loss by the particle asit crosses the padrow because � electrons may carry away some of the energy. Thepoint-by-point dE=dx 
uctuations are modeled according to Landau-Vavilov theory.Alternatively, MTSIM can incorporate a user de�ned parameterization of an ide-alized dE=dx distribution as a function of momentum. The point-by-point dE=dx
uctuations for a single track are based on the Moyal distribution [115], which is agood approximation of the Landau distribution.The dE=dx values are adjusted for e�ects such as charge loss during drift andthe dependence of measured energy loss on the track path length. These e�ects were76



modelled after the behavior observed in the experimental data that is discussed inSection 3.3.1.While the GNA49 based energy loss calculation was acceptable for the simulationsused in this work, it may be desirable in the future to model the energy loss withinMTSIM. A better understanding of how the TPC performs along with more accuratedetector calibrations can reveal new details to incorporate into the dE=dx model.Charge Cluster FormationMTSIM forms charge clusters from the GNA49 TPC point data and a Gaussianparameterization of the cluster shape called a pad response function [72, 71, 116]. Ithas been observed in TPC data that the pad readout response to a point charge sourceis distributed as a Gaussian because of the �nite pad size and the capacitive couplingof the anode wires and the pad plane1 [80]. Any TPC pad readout has a responsethat forms an intrinsic minimum cluster width. Charge clusters from particle trackswill also spatially di�use before readout during transport through the TPC gas bythe electric drift �eld. Taking these two factors into account, the basic pad responsefunction describes the sigma of a Gaussian cluster as�2 = �20 + ��2diff : (B.1)The intrinsic width is �0 and the di�usion term is composed of the drift length � tothe pad plane and the constant �diff . A list of the pad response function parametersare given in Table B.1.There are separate response functions for the pad and time dimensions. Theintrinsic signal width in the time direction is determined by the shaper ampli�er.The shaper response rises quickly and then falls o� exponentially, undershooting thebaseline by 5% of the integrated signal over 1 �s before returning to zero, but aGaussian response was assumed for the simulations performed for this analysis. Theintrinsic spatial width in the time direction is the product of the drift velocity (around2.4 cm/�s) and the shaper width.A track that crosses a padrow at a non-perpendicular angle cannot be modelledcompletely with the pad response function of Equation B.1 because the resultingclusters are 
atter than a Gaussian. Instead of creating a single cluster from a GNA49TPC point, the track path within the padrow volume is sampled several times. Bybreaking the padrow crossing into several points and creating subclusters at each newpoint, the desired cluster shape can be achieved. For MTPC tracks with crossingangles up to 60� relative to the perpendicular, no more than 10 samples are everneeded. In most cases, only one or two samples su�ce. The number of samples takenis based on the transverse path length across a padrow divided by the full width ofthe pad response (twice the pad response function).1 The point charge source was an electron gun close enough to the readout region suchthat di�usion was not important. 77



parameter pad time�0 1.8, 2.3, 2.4 mm 0.084 �s�diff 270 �m/pcm 300 �m/pcmTable B.1: Typical parameters used by the pad response functions of MTSIM. Theintrinsic width �0 in the pad direction is given for the HR, SR, and SR-prime sectors. Intime direction, �0 is the shaper ampli�er response width.Because the cluster shape is Gaussian, the charge signal in a pad-timeslice pixelcan be calculated with the error function, which is a special case of the incompletegamma function. After all clusters are formed within a padrow, the data, which arein 
oating point format, are digitized. The over
ow limit of 255 ADC counts and theminimum threshold cut of 5 counts are imposed, and zero suppression (Section 2.3.1)is performed.Each parameter used in MTSIM has an associated uncertainty that is used to varythe parameter for each cluster calculation. For example, clusters that have driftedthe same distance will show a variation in width because of the stochastic natureof di�usion. The mean drift constant �diff is slightly modi�ed for each cluster byintroducing an additional term �var multiplied by a random deviate G taken from aGaussian distribution with �G = 1:�diff;new = �diff;mean +G�var: (B.2)Di�usion can also displace the cluster centroid. The length scale of this shiftis much smaller than the cluster size, on the order of 100 microns. The equationgoverning this behavior is called the pad resolution function:�2reso = �20;reso + �Ne�2diff : (B.3)The intrinsic resolution �0;reso is determined from experimental data and is around300 �m in the pad direction and 150 �m in the time direction. The drift length �and di�usion constant �diff are the same as the parameters used in the pad responsefunction. Ne is the number of electrons in the charge cluster and is a function ofthe gas properties and particle momentum. A minimum ionizing particle in the Ar-CH4-CO2 gas mixture at atmospheric pressure in the MTPCs will create 80 electronsper cm of path length. The pad resolution width is used to dither the GNA49 pointpositions before clusters are formed. These factors are needed to reproduce the typicalspatial scatter of points, or residual, from a �tted track of several hundred micronsthat is seen in the data. 78
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B.2.4 Simulation Evaluation: MTEVALThe TPC readout data from MTSIM does not have the information relating par-ticles with tracks and points that exists in the GNA49 output. After an event isreconstructed by MTRAC, it is impossible to distinguish simulated tracks from back-ground tracks. The program MTEVAL was written to match the GNA49 data to thereconstructed data. The user then evaluates the quality of reconstruction from thematching information.The matching procedure starts with point matching, which is based on the spatialproximity of the GNA49 point to the reconstructed MTRAC point. Then the trackinformation associated with each point is compiled to make a list of possible matchesbetween tracks. Specialized data arrays are used by MTEVAL to record the pointand track matches, which may not necessarily be one-to-one. Technical details onhow MTEVAL operates is given in the two following sections.Data MatchingPoint matching is performed for one padrow at a time. A two dimensional array isused as a reference table for the reconstructed points. The array elements representthe pad-timeslice pixels of the padrow and if a point falls within a pixel, then thearray element content is an index corresponding to the point. No more than one pointcan be reconstructed within a single pad-timeslice coordinate because charge clusterstypically have widths of several pads and timeslices. MTEVAL loops over the GNA49points in the padrow, converting the point coordinates from physical space to integerpad and timeslice values. A search is made in the array over a user de�ned rangearound each GNA49 point, usually the equivalent of around 5 mm, and a match isrecorded for every reconstructed point within the search area.After point matching, the GNA49 tracks are matched to the MTRAC tracks. Foreach GNA49 track, a list is compiled of the reconstructed tracks that have pointsmatched with the GNA49 track points. Usually the majority of point matches leadsto a single reconstructed track. Some simulated points may be matched to a re-constructed point that does not belong to any track. The important quantities tonote when judging the quality of a match are the total number of points on theGNA49 track that are matched and the number of point matches that the GNA49and MTRAC tracks have in common. The number of padrows between the farthestupstream matched point and farthest downstream matched point indicates the totallength of the matched segment.In general, it is best to reject outright any embedded track that has merged withother GNA49 tracks because a reconstruction bias may be introduced unless thephase space distribution of merged tracks in the simulation is identical to that inthe data. It is also possible that an embedded simulated track will be placed on topof an existing track in the experimental event. This is acceptable if the simulatedtracks are randomly selected in phase space and many events are studied, so that81



the probability of making this kind of merged track is the same as the probability of�nding merged tracks in the data.Matching StructuresThe technical details of how the matching information is stored is given in this section.MTEVAL was written in the C programming language. The TPC data are storedin structures for individual points and tracks. These structures are essentially arrayscontaining entries for information such as the point coordinate. At its simplest, amatch is recorded by writing down two index numbers pointing to the two matcheddata objects. It would be wasteful to reserve space in the point structures for a matchpointer because this entry is used only for simulations.MTEVAL has its own proprietary structures that serve as placeholders for pointersthat record the data matching information. A simpli�ed example of the matchingstructures is given below:struct gna49_env {gna49_point_t *point_p;match_point_t *match_p;} gna49_env_t;struct mtrac_env {mtrac_point_t *point_p;match_point_t *match_p;} mtrac_env_t;struct match_point {gna49_env_t *gna49_p;mtrac_env_t *mtrac_p;match_point_t *next_gp;match_point_t *next_mp;} match_point_t;The standard point data structures from GNA49 and MTRAC are hidden by thegna49_env and mtrac_env \envelope" structures. The user examines the MTEVALoutput through the envelopes; the pointers point_p are used to access the point data,which are referred to here by the type de�ntions gna49_point_t and mtrac_point_t.When a GNA49 point and MTRAC point are matched, a match_point structure isused to connect the gna49_env and mtrac_env structures.Although most match cases are one to one correspondences, the two pointersnext_gp and next_mp in the match_point structure are needed to give MTEVAL theability to handle every possible matching scenario. The functionality of the matchingstructures are best demonstrated with an example.82



Figure B.4: An illustration of two GNA49 points matched to two MTRAC points. First,GNA49 point 1 is matched to MTRAC point 1, and then MTRAC point 2. Then GNA49point 2 is matched to the two MTRAC points as well. See the text for a description of theboxes, which represent MTEVAL structures, and the arrows, which are pointers.83



If two GNA49 points and two MTRAC points fall within the search area, then acomplicated arrangement of pointers results. Suppose that at �rst the GNA49 pointgna49_point(1) is matched to two MTRAC points mtrac_point. An illustration ofthe links between the structures is shown at the top of Figure B.4. The boxes representthe three types of MTEVAL structures described above. The arrows indicate whichstructure the pointers are directed towards. The envelopes only have their match_ppointers shown. The arrows from the left and right sides of match_point are for thegna49_p and mtrac_p pointers, while the arrows from the bottom labelled as gp andmp represent the next_mp and next_gp pointers.The �rst match is recorded with match_point(1), which connects gna49_env(1)and mtrac_env(1). The other match is indicated by the match_point(1).next_mppointer that leads to match_point(2). This structure, like match_point(1), pointsto gna49_env(1), but it records the match with mtrac_env(2). Because there is noentry for match_point(1).next_gp, mtrac_env(1) is matched to only one GNA49point. The same is true for mtrac_env(2).After the gna49_point(2) is matched to the two MTRAC points, the arrange-ment of MTEVAL structures and pointers becomes quite complicated, as is shownat the bottom of Figure B.4. Only a few features will be described here. Asbefore, the gna49_env(1).match_p pointer leads to match_point(1). But nowmatch_point(1).next_gp can be followed to match_point(3). This indicates thatanother GNA49 point, gna49_env(2), is also matched to mtrac_env(1).B.3 Simulation InputAn entire event from a model such as RQMD or VENUS can be processed through thesimulation chain all at once to provide an estimate of the hadronic background, butthis is not an e�cient use of computation time. Because physically accurate phasespace distributions of particles fall o� exponentially at pT above 1 GeV, many eventshave to be simulated so that the statistical 
ucutations at high pT are small.Another shortcoming of purely model based events is the background of electronicnoise and � electrons may be underestimated. The embedding procedure describedin Section B.2.3 circumvents this problem, but if the embedded tracks are selectedfrom a realistic phase space distribution, a lack of statistics at high pT will occur.If the simulated tracks are drawn from a 
at phase space distribution, the simu-lation result will have the same statistical weight at all rapidity and transverse mo-mentum. The result can then be reweighted to re
ect a realistic particle distribution.All simulations performed for this work used this method.The reweighting factors are calculated by �rst counting the particles from thesimulation input in phase space bins. The reweighting factor in each bin is thenumber of input particles divided by the integrated yield of the physical phase spacedistribution. A reconstructed track is counted with the reweighting factor for theparticle that produced the track. In the case of � decay, the detected proton will84



be weighted according to its parent � momentum, not its reconstructed momentum.Assuming that the statistical error of the simulation can be estimated using the centrallimit theorem, the total number of reconstructed tracks must also be counted.B.4 Corrections to the DataThis section contains additional details about the corrections to the TPC data for thetrack reconstruction ine�ciencies and hadronic background �rst described in Sections3.3.3 and 3.5. All corrections were calculated from embedded event simulations. Thesimulated tracks were taken from a 
at distribution in phase space and then thesimulation results were reweighted by the method described in Section B.3 so thatthe correction factors are based on realistic particle distributions. The simulatedtracks embedded into a single event should not substantially alter the character ofthe event. The number of tracks per event in each MTPC, including those tracksnot from the target, rarely exceeds �ve hundred. An increase in track multiplicity by10% to 15% from embedded tracks does not a�ect the event reconstruction.The estimated correction errors were based on a Poisson statistical distributionbecause the simulated events were studied as an ensemble. Correction factors werecalculated only for those phase space bins with at least 100 counted tracks beforeevent renormalization. Given that the typical correction factor is only a few countsper event, binomial distributed errors are in principle appropriate, but the methodby which the corrections are calculated allows for the use of Poisson statistics. Inthe case of the decay background corrections, the uncertainty of the simulation inputdistribution was propagated to the correction factors.B.4.1 Acceptance and Tracking Ine�ciencyFifty proton and �fty antiproton tracks distributed evenly across the MTPC phasespace acceptance were embedded per event for the for the acceptance and trackingine�ciency correction. The same embedded events were used in the correction cal-culations for both protons and pions. Particle rapidity was determined from thelaboratory momentum of the simulated protons and a �xed mass hypothesis.The simulated data phase space distributions were reweighted to match the protonand pion distributions from RQMD central Pb+Pb collision events. The correctionfactors are not sensitive to slight variations of the pT distribution shape. Identicalcorrections at midrapidity were calculated from proton pT slope parameters of 260,280, and 300 MeV.B.4.2 Particles From Weak DecaysThe only background correction used in the net proton analysis was for the decayof hyperons (�;��) to protons and antiprotons. The negative charge hadron mea-85



surement required a correction for �� from K0S decay as well as h� from hyperondecay. These corrections are calculated for strange particle phase space distributionsfrom a variety of sources. When the simulation input comes from an event model,it is completely described in phase space by a discretely binned distribution. NA49measurements cover a limited range in phase space and are extrapolated to all phasespace with a parameterized Gaussian function in rapidity and the pT distribution isdescribed by a single pT slope parameter that is independent of rapidity.A shortcut was taken to calculate the charged � decay correction. To reducecomputation time, simulated � events were reused. The distributions of reconstructedprotons and pions from lambda decay were substituted for the protons and pions fromsigma decay. In addition to changing the simulation input distribution from lambdasto sigmas, the simulation results had to be rescaled to because the branching ratioof � ! p�� (64%) is di�erent than �+ ! p�0 (52%). The procedure is not exactlycorrect because the mean life of � is c� � 7:89 cm while c� � 2:4 � 4:4 cm for acharged �. Also, �� has a slightly higher mass than the �, and this will somewhata�ect the decay kinematics. Most � and � decay within a few centimeters of thetarget and nearly every proton daughter from � decay is measured and reconstructedas a target vertex particle. Because of the shorter lifetime of the �, the � decaycorrection calculated from the � simulations will be underestimated, but only by asmall amount that will be neglected.
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Appendix CCharged Particle Spectra DataTablesTables C.1 through C.10 contain the d2n=dydpT and dn=dy values of the net proton,net baryon, and negative charge hadron data. All hyperon decay corrections werebased on predictions from the RQMD model. The extrapolation from net protons tonet baryons also utilized the RQMD hyperons.The quoted errors include both statistical and systematic errors from the measure-ment and correction factors. The K+�K� correction to the net protons introducesa correlated error in both rapidity and transverse momentum that is not listed sepa-rately.
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pT�0:05GeV/c 2:2<y<2:4 2:4<y<2:6 2:6<y<2:8 2:8<y<3:00.05 2:22�0:54 2:42�0:52 3:12�0:48 2:44�0:530.15 4:96�1:43 8:27�1:46 7:96�1:19 8:38�1:580.25 15:3�4:2 13:7�2:7 12:4�1:9 13:0�1:60.35 19:1�5:4 16:6�3:1 18:3�2:6 17:4�3:20.45 19:5�4:3 18:4�3:7 20:8�4:3 21:0�2:30.55 26:6�4:9 25:8�4:2 22:8�3:5 23:0�2:50.65 25:6�4:8 26:0�3:7 24:2�3:4 23:8�2:50.75 25:1�4:4 29:4�3:7 23:6�2:7 22:4�2:20.85 28:0�4:1 21:4�2:7 25:7�3:1 19:1�2:00.95 21:3�3:2 25:7�3:5 20:9�2:4 23:8�2:21.05 20:8�3:3 21:1�3:7 22:4�3:5 18:4�1:71.15 22:8�3:2 15:0�1:9 19:1�1:9 16:5�1:71.25 21:2�3:3 13:5�1:6 13:7�1:7 13:6�1:41.35 18:9�2:8 12:8�1:5 10:3�1:2 11:4�1:41.45 11:9�2:1 10:1�1:2 8:18�0:99 7:38�1:261.55 6:48�1:09 6:18�0:77 7:26�0:86 6:78�0:791.65 5:31�0:87 3:41�0:44 4:46�0:49 6:16�0:681.75 4:75�0:73 3:80�0:51 3:78�0:43 2:93�0:391.85 2:68�0:41 2:97�0:42 2:37�0:27 2:96�0:301.95 3:01�0:45 1:76�0:21 1:77�0:20 1:49�0:172.05 1:73�0:44 1:52�0:18 1:67�0:19 1:38�0:152.15 2:02�0:35 1:63�0:34 0:71�0:09 0:98�0:102.25 0:67�0:15 0:86�0:12 0:95�0:12 0:85�0:132.35 0:78�0:14 0:55�0:08 0:59�0:07 0:59�0:072.45 0:71�0:14 0:46�0:09 0:55�0:09 0:39�0:07Table C.1: Net proton d2n=dydpT from the rapidity range 2:2 < y < 3:0.
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pT�0:05GeV/c 3:0<y<3:2 3:2<y<3:4 3:4<y<3:6 3:6<y<3:8 3:8<y<4:00.05 2:80�0:48 3:03�0:38 3:46�0:38 3:72�0:71 3:81�0:690.15 9:62�1:68 10:5�1:1 11:4�1:0 11:8�2:1 11:1�1:40.25 14:2�2:4 17:3�1:6 18:5�3:0 21:9�2:8 20:4�1:50.35 22:0�2:2 20:8�1:8 24:7�3:2 27:5�1:8 27:7�1:60.45 23:0�3:1 26:9�2:0 28:4�2:9 30:7�1:9 30:0�1:70.55 25:3�2:2 30:9�2:1 30:9�3:0 32:2�2:7 34:0�1:70.65 27:5�2:9 27:4�1:8 31:4�2:5 31:5�2:3 33:1�2:10.75 27:8�2:6 27:2�2:2 28:3�2:0 31:5�2:0 32:6�1:80.85 23:3�2:1 29:1�2:0 25:1�1:6 28:0�1:6 28:9�1:50.95 20:6�1:8 19:0�2:2 22:7�1:3 24:7�1:3 24:5�1:21.05 18:4�1:4 18:6�1:6 19:6�1:0 21:7�1:1 21:5�1:11.15 18:7�1:3 16:0�1:2 16:6�1:0 19:1�1:0 18:3�0:91.25 10:9�0:9 12:5�1:1 14:3�0:8 15:4�0:8 15:2�0:81.35 9:57�0:80 12:8�0:9 10:9�0:6 12:2�1:0 11:6�0:61.45 9:32�1:02 8:45�0:81 8:41�0:51 9:02�0:57 9:77�0:501.55 6:78�0:64 6:64�0:62 7:37�0:42 7:11�0:46 7:43�0:371.65 5:40�0:51 6:87�0:57 5:16�0:32 5:27�0:36 4:84�0:361.75 3:95�0:39 4:33�0:39 3:50�0:21 3:59�0:33 4:27�0:291.85 2:31�0:28 3:01�0:24 2:35�0:23 2:60�0:20 2:86�0:231.95 1:84�0:19 2:26�0:19 2:38�0:16 1:96�0:13 2:23�0:182.05 1:46�0:18 1:25�0:11 1:91�0:12 1:38�0:08 1:71�0:152.15 0:85�0:14 1:28�0:10 1:01�0:07 1:06�0:07 1:15�0:112.25 0:75�0:09 0:91�0:08 0:74�0:06 0:69�0:05 0:89�0:102.35 0:62�0:10 0:54�0:05 0:72�0:06 0:59�0:05 0:63�0:082.45 0:74�0:12 0:46�0:05 0:38�0:04 0:44�0:03 0:55�0:10Table C.2: Net proton d2n=dydpT from the rapidity range 3:0 < y < 4:0.
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pT�0:05GeV/c 4:0<y<4:2 4:2<y<4:4 4:4<y<4:6 4:6<y<4:8 4:8<y<5:00.05 4:52�0:62 4:50�0:91 4:74�1:01 3:72�0:31 3:45�0:340.15 14:6�1:6 14:2�2:1 15:2�1:7 10:8�0:8 11:5�0:90.25 22:6�2:5 22:9�3:8 22:1�2:0 20:0�1:2 17:4�1:00.35 30:1�3:2 30:7�5:3 27:4�2:2 23:7�1:2 23:4�1:30.45 32:7�2:4 34:6�3:6 32:6�2:1 29:0�1:6 28:7�1:50.55 35:1�3:0 35:0�3:1 32:7�1:5 29:1�1:4 28:9�1:40.65 34:6�2:6 32:4�2:5 32:7�1:6 31:5�1:4 27:3�1:40.75 32:2�2:1 32:2�1:5 31:5�1:5 29:7�1:3 23:0�1:30.85 27:9�1:6 29:0�1:4 29:1�1:2 25:7�1:2 19:9�1:00.95 25:1�1:1 24:8�1:2 24:0�1:1 21:7�1:1 16:9�0:91.05 21:3�1:0 23:0�1:0 20:2�0:9 16:8�0:8 12:1�0:61.15 18:2�0:9 17:2�0:8 16:5�0:7 12:8�0:6 10:1�0:61.25 15:6�0:9 13:8�0:6 11:5�0:5 9:64�0:47 7:92�0:441.35 10:9�0:60 11:0�0:5 9:00�0:48 6:68�0:35 5:01�0:271.45 8:40�0:39 8:06�0:38 6:58�0:34 4:98�0:25 3:84�0:231.55 7:01�0:37 6:12�0:31 4:73�0:25 3:67�0:21 2:83�0:181.65 5:26�0:28 4:30�0:24 3:14�0:20 2:75�0:15 1:65�0:131.75 3:83�0:27 3:50�0:17 2:24�0:15 1:71�0:11 1:34�0:101.85 2:79�0:22 2:27�0:13 1:65�0:13 1:22�0:11 0:75�0:081.95 2:29�0:15 1:66�0:09 1:19�0:10 1:01�0:12 0:65�0:092.05 1:37�0:10 1:12�0:07 0:80�0:07 0:74�0:06 0:47�0:092.15 1:15�0:09 0:92�0:06 0:65�0:11 0:48�0:04 0:48�0:062.25 0:76�0:07 0:54�0:05 0:42�0:03 0:26�0:06 0:24�0:092.35 0:54�0:05 0:44�0:05 0:38�0:04 0:26�0:04 0:18�0:072.45 0:39�0:05 0:49�0:08 0:30�0:04 0:35�0:03 0:36�0:05Table C.3: Net proton d2n=dydpT from the rapidity range 4:0 < y < 5:0.
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pT�0:05GeV/c 5:0<y<5:2 5:2<y<5:40.05 3:38�0:24 4:13�0:640.15 10:0�0:7 10:8�1:00.25 16:4�1:0 14:1�1:10.35 22:1�1:3 26:1�2:00.45 23:3�1:2 20:6�1:50.55 23:9�1:3 21:7�1:60.65 19:1�0:9 21:9�1:70.75 17:6�0:9 15:9�1:30.85 15:8�0:9 14:3�1:30.95 12:9�0:7 11:4�1:21.05 8:60�0:54 8:23�1:041.15 6:00�0:39 5:36�0:711.25 4:74�0:35 4:62�0:781.35 3:32�0:23 1:97�0:471.45 2:51�0:21 01.55 1:62�0:16 01.65 1:13�0:10 01.75 0:67�0:11 01.85 0:69�0:10 01.95 0:35�0:05 02.05 0 02.15 0 02.25 0 02.35 0 02.45 0 0Table C.4: Net proton d2n=dydpT from the rapidity range 5:0 < y < 5:4.rapidity net proton dn=dy net baryon dn=dy2:2<y<2:4 31:1�5:3 76:9�11:02:4<y<2:6 28:3�4:4 71:0�9:02:6<y<2:8 27:8�4:0 69:9�8:32:8<y<3:0 26:6�3:7 67:6�7:53:0<y<3:2 28:8�3:3 72:1�6:73:2<y<3:4 30:8�2:8 76:3�5:83:4<y<3:6 32:0�2:2 78:8�4:53:6<y<3:8 34:6�1:9 84:1�4:03:8<y<4:0 34:9�1:6 84:2�3:34:0<y<4:2 35:9�1:6 85:6�3:44:2<y<4:4 35:5�1:9 83:3�4:04:4<y<4:6 33:1�1:6 76:9�3:34:6<y<4:8 28:8�1:3 66:2�2:64:8<y<5:0 24:8�1:5 56:1�3:05:0<y<5:2 19:4�1:2 43:1�2:55:2<y<5:4 18:1�2:7 39:0�5:6Table C.5: Rapidity densities dn=dy of net protons and net baryons.91



pT � 0:025(GeV/c) 3:7<y<3:9 3:9<y<4:1 4:1<y<4:3 4:3<y<4:50.025 0 97:5�7:1 95:2�6:0 90:1�5:50.075 260�32 233�14 224�13 206�120.125 319�24 321�19 274�16 255�150.175 325�21 309�17 286�16 277�160.225 313�21 305�18 275�16 249�140.275 289�19 255�14 254�15 228�130.325 239�15 240�14 220�12 193�110.375 219�13 204�11 180�10 164�80.425 182�11 184�10 155�9 136�70.475 149�8:5 143�7:8 128�7 116�60.525 132�7:8 122�6:6 115�6 91:9�5:20.575 113�6:8 105�5:5 96:7�4:7 75:3�4:20.625 100�5:9 86:6�4:6 79:1�4:0 68:1�3:90.675 85:5�5:3 73:0�3:6 68:3�3:6 59:5�3:20.725 64:1�3:7 62:5�2:9 50:9�2:7 44:6�2:50.775 53:5�3:0 51:5�2:4 47:0�2:6 38:6�2:10.825 49:7�2:9 47:4�2:4 38:0�2:2 32:3�1:80.875 43:7�2:4 35:1�1:8 30:9�1:7 20:6�1:10.925 35:3�1:9 33:7�1:7 27:2�1:5 20:9�1:20.975 27:3�1:4 27:1�1:5 23:1�1:3 18:8�1:11.025 26:7�1:4 21:8�1:2 18:6�1:0 5:30�0:301.075 21:5�1:1 18:8�1:0 15:9�0:94 12:3�0:671.125 18:3�0:92 14:1�0:77 12:8�0:72 9:35�0:521.175 15:2�0:77 13:8�0:80 11:3�0:63 8:01�0:431.225 11:1�0:56 9:79�0:54 8:13�0:47 7:78�0:451.275 9:77�0:49 9:38�0:51 7:70�0:44 5:39�0:301.325 8:86�0:43 6:27�0:35 7:04�0:39 4:56�0:241.375 7:04�0:35 6:80�0:39 4:90�0:27 3:23�0:181.425 5:59�0:27 4:41�0:26 3:66�0:21 2:91�0:171.475 5:12�0:26 4:36�0:24 2:67�0:14 2:64�0:161.525 4:18�0:22 3:84�0:21 2:86�0:16 2:16�0:121.575 3:63�0:18 2:15�0:12 2:76�0:15 1:66�0:101.625 2:67�0:14 2:95�0:15 1:69�0:10 1:27�0:081.675 2:70�0:15 2:24�0:12 1:48�0:08 1:06�0:061.725 1:88�0:11 1:82�0:11 1:11�0:07 0:88�0:061.775 1:80�0:10 1:51�0:08 1:09�0:06 0:92�0:051.825 1:38�0:08 1:11�0:06 1:32�0:08 0:88�0:061.875 1:30�0:08 1:21�0:07 1:25�0:08 0:49�0:031.925 1:63�0:10 1:20�0:07 0:70�0:04 0:58�0:031.975 1:84�0:10 0:48�0:03 0:41�0:03 0:36�0:022.025 0:88�0:05 0:69�0:04 0:45�0:03 0:23�0:022.075 0:66�0:04 0:75�0:04 0:43�0:03 0:65�0:042.125 1:21�0:08 0:41�0:02 0:53�0:03 0:49�0:032.175 0:48�0:03 0:57�0:03 0:35�0:02 0:27�0:022.225 1:00�0:06 0:51�0:03 0:17�0:04 0:36�0:022.275 0:61�0:04 0:44�0:03 0:42�0:02 0:42�0:022.325 0:86�0:05 0:55�0:03 0:35�0:02 0:24�0:032.375 0:66�0:04 0:50�0:03 0:31�0:02 0:16�0:012.425 0:47�0:02 0:21�0:01 0:29�0:02 0:12�0:012.475 0:46�0:03 0:50�0:03 0:27�0:02 0:17�0:01Table C.6: Negative charge hadron d2n=dydpT from the rapidity interval 3:7<y<4:5.92



pT � 0:025(GeV/c) 4:5<y<4:7 4:7<y<4:9 4:9<y<5:1 5:1<y<5:30.025 76:9�4:8 65:9�3:8 59:4�3:4 48:9�3:00.075 192�11 163�9 133�9 109�60.125 221�12 200�12 178�10 137�70.175 252�14 201�11 164�8 139�80.225 209�11 175�8 152�8 120�70.275 196�10 161�8 131�8 97:3�5:30.325 157�8 132�8 100�6 87:0�4:80.375 145�8 116�7 84:0�4:7 65:6�3:70.425 108�6 90:5�4:9 68:3�3:7 50:8�2:70.475 96:5�5:4 75:1�4:2 57:2�3:2 41:1�2:20.525 75:2�4:2 65:1�3:6 50:2�2:8 31:4�1:70.575 66:8�4:0 48:9�2:7 33:7�1:9 25:1�1:40.625 53:0�3:0 44:8�2:4 31:7�1:7 21:7�1:20.675 44:8�2:6 36:2�2:0 25:0�1:4 14:5�0:800.725 38:8�2:2 25:6�1:4 18:7�1:0 11:2�0:620.775 27:9�1:5 20:9�1:1 14:5�0:84 8:77�0:490.825 22:9�1:2 18:7�1:1 12:3�0:70 7:87�0:420.875 20:2�1:2 14:2�0:78 7:91�0:47 4:82�0:270.925 16:3�0:9 11:2�0:63 7:90�0:46 5:71�0:330.975 13:5�0:8 9:62�0:54 6:42�0:36 3:17�0:191.025 10:6�0:6 6:83�0:37 3:11�0:18 2:93�0:171.075 7:73�0:44 4:80�0:27 4:43�0:26 1:89�0:121.125 7:17�0:42 3:89�0:21 3:32�0:19 1:71�0:111.175 5:74�0:32 4:14�0:24 2:69�0:17 0:91�0:071.225 4:50�0:26 2:43�0:14 1:69�0:10 0:71�0:051.275 3:82�0:21 2:40�0:13 1:56�0:09 0:12�0:011.325 3:07�0:18 2:23�0:13 0:62�0:04 0:61�0:0431.375 2:83�0:16 2:05�0:12 1:21�0:08 0:65�0:0571.425 1:37�0:08 1:50�0:09 0:72�0:05 0:10�0:0081.475 1:53�0:10 1:46�0:09 0:73�0:05 0:29�0:0271.525 1:59�0:09 1:40�0:09 0:49�0:03 0:01�0:0011.575 1:41�0:08 0:46�0:03 0:82�0:05 0:21�0:0201.625 1:04�0:06 0:55�0:03 0:51�0:04 0:41�0:0351.675 0:96�0:06 0:62�0:04 0:44�0:04 0:001�0:0011.725 0:81�0:05 0:39�0:03 0:61�0:04 0:22�0:0231.775 0:38�0:03 0:43�0:03 0:10�0:01 0:064�0:0061.825 0:55�0:03 0:26�0:02 0:31�0:02 0:052�0:0011.875 0:27�0:02 0:37�0:03 0:04�0:01 0:045�0:0041.925 0:53�0:04 0:24�0:02 0:18�0:01 0:48�0:0551.975 0:36�0:02 0:17�0:01 0:03�0:003 0:005�0:0012.025 0:43�0:03 0:17�0:01 0:05�0:004 0:017�0:0022.075 0:19�0:02 0:36�0:03 0:03�0:003 0:001�0:0012.125 0:32�0:02 0:13�0:01 0:08�0:007 0:043�0:0092.175 0:18�0:01 0:20�0:02 0:11�0:012.225 0:29�0:02 0:22�0:03 0:01�0:0012.275 0:13�0:01 0:07�0:01 0:39�0:0352.325 0:28�0:02 0:10�0:01 0:24�0:022.375 0:15�0:01 0:18�0:01 0:10�0:0122.425 0:11�0:01 0:07�0:01 0:01�0:0012.475 0:10�0:01 0:20�0:01 0:05�0:004Table C.7: Negative charge hadron d2n=dydpT from the rapidity interval 4:5<y<5:3.93



pT � 0:025(GeV/c) 5:3<y<5:5 5:5<y<5:7 5:7<y<5:9 5:9<y<6:10.025 37:1�2:0 32:3�2:0 22:5�1:4 17:1�1:030.075 88:0�4:5 69:7�4:0 56:1�3:1 37:8�2:200.125 113�6:6 94:0�5:5 63:9�3:6 44:7�2:430.175 107�5:7 81:5�4:5 57:3�3:26 38:5�2:130.225 93:1�5:2 67:4�3:8 42:4�2:33 26:6�1:490.275 67:8�3:8 52:1�2:9 32:5�1:79 19:0�1:050.325 59:3�3:3 40:2�2:2 26:5�1:57 14:9�0:910.375 42:4�2:3 27:0�1:5 17:7�0:98 9:39�0:520.425 37:8�2:2 24:9�1:3 13:8�0:76 7:92�0:520.475 28:3�1:5 17:5�1:1 10:6�0:61 4:70�0:340.525 20:5�1:1 11:8�0:69 6:90�0:44 3:01�0:300.575 18:5�1:0 9:22�0:53 4:66�0:33 2:23�0:470.625 13:1�0:74 7:63�0:44 3:42�0:27 2:39�1:070.675 8:17�0:44 4:74�0:28 1:12�0:120.725 6:68�0:40 4:48�0:28 0:83�0:110.775 4:89�0:29 3:09�0:24 1:76�0:320.825 3:56�0:22 1:13�0:08 0:40�0:140.875 3:75�0:24 0:92�0:080.925 1:37�0:09 0:48�0:050.975 2:01�0:14 0:87�0:131.025 1:54�0:12 0:23�0:031.075 1:66�0:13 0:46�0:111.125 0:13�0:011.175 0:54�0:051.225 0:18�0:031.275 0:03�0:011.325 0:28�0:031.375 0:44�0:051.425 0:18�0:031.475 0:96�0:15Table C.8: Negative charge hadron d2n=dydpT from the rapidity interval 5:3<y<6:1.pT � 0:025(GeV/c) 6:1<y<6:3 6:3<y<6:5 6:5<y<6:7 6:7<y<6:90.025 12:4�0:80 7:83�0:50 5:98�0:38 3:95�0:270.075 28:6�1:63 18:6�1:1 11:5�0:66 6:56�0:400.125 32:5�1:87 19:6�1:1 10:9�0:62 5:06�0:350.175 22:9�1:31 14:4�0:79 7:29�0:46 3:23�0:490.225 16:5�0:94 9:26�0:52 7:32�0:710.275 12:4�0:73 5:15�0:37 10:8�7:60.325 7:79�0:49 3:06�0:440.375 4:37�0:330.425 3:93�0:660.475 1:48�0:71Table C.9: Negative charge hadron d2n=dydpT from the rapidity interval 6:1<y<6:9.94



rapidity STD dn=dy HBT dn=dy2:9<y<3:1 196�103:1<y<3:3 191�73:3<y<3:5 191�53:5<y<3:7 178�43:7<y<3:9 163�3 167�32:9<y<3:1 153�3 159�43:1<y<3:3 139�2 143�33:3<y<3:5 123�2 128�33:5<y<3:7 105�2 108�33:7<y<3:9 85:6�1:4 90:9�22:9<y<3:1 68:0�1:13:1<y<3:3 52:0�0:93:3<y<3:5 38:3�0:73:5<y<3:7 27:6�0:53:7<y<3:9 18:1�0:42:9<y<3:1 11:4�0:23:1<y<3:3 7:14�0:173:3<y<3:5 3:91�0:103:5<y<3:7 2:70�0:043:7<y<3:9 0:95�0:04Table C.10: Negative charge hadron rapidity density dn=dy from STD (this analysis) andHBT [101] magnet setting data.
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