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AbstractThe measurements of particle production at 158 AGeV Pb + Pb colli-sions had been carried out at the WA98 experiment in CERN SPS. Particlesproduced around the target rapidity region were observed by the Plastic Balldetector with a full azimuthal coverage. The particle identi�cation for �+,proton, deuteron and triton had been performed by using the �E � E par-ticle identi�cation method. This detector is suitable for the study of thecharacteristics of azimuthal anisotropy of particle emission, because of thefull coverage in azimuthal angle and the particle identi�cation capability.In order to study the characteristics of particle emission at 158 A GeVPb + Pb collisions, the azimuthal angle, �0 was de�ned as the direction oftotal transverse momentum vector of protons, deuterons and tritons eventby event. The azimuthal anisotropy of particle emission was studied by thesubevent analysis related to the �0. The experimental resolution of the �0was estimated as hcos (��0)i = 0:377 from this analysis.The azimuthal anisotropy of particle emission with respect to the �0was studied for protons and pions as a function of centralities. Protons andpions showed anisotropic emission and protons tended to be emitted to thesame direction as �0, while pions were emitted to the opposite direction. Thestrength of the anisotropy, quanti�ed as v1, showed clear centrality depen-dence. Protons indicated maximum anisotropy at the mid-central collisions,while for pion the anisotropy showed monotonic increase towards peripheralcollisions.In order to understand the mechanism of those anisotropic emissions,the geometrical participant-spectator model with interaction processes wasemployed. Semiquantitatively, this model explained that the anti-correlationof protons and pions was produced by the absorption and the resonance pro-cess of pions and rescattering of protons with nucleons in the target spectator.As a result of these processes, it was found that protons show the tendencyto be emitted to the azimuthal direction of the target spectator. This simplemodel calculation also suggested the importance of the secondary interactionsin the target spectator. Motivated by this requirement, the intranuclear cas-cade model, RQMD was introduced. The RQMD gave consistent results withthe model calculations and better reproduction of anisotropies of pions andprotons.From those model calculations, reaction mechanism of the anisotropiesare semiquantitatively understood. Consequently, it was con�rmed that theazimuthal direction of protons at the target rapidity region pointed to the



direction of the target spectator. Finally, we concluded that the �0 pointedto the direction of the impact parameter vector. In this thesis, we establishedthe technique to de�ne the azimuthal direction of the impact parameter at158 A GeV Pb + Pb collisions as a �rst time. This contribution is expectedto provide a new additional information of particle production at 158 A GeVPb + Pb collisions.
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Chapter 1Introduction1.1 OverviewAccording to a strong interaction theory based on Quantum Chromodynam-ics (QCD), a phase transition from the normal matter to plasma phase ofquarks and gluons would occur at su�ciently high temperature and/or highbaryon densities. This new phase of matter is called as Quark Gluon Plasma(QGP). It is believed that the phase transition from QGP to hadronic gastook place at a certain stage of the evolution of the universe as early as severalmicroseconds after the \Big Bang". However, it is not proved experimentally,yet. Lattice QCD calculations predict that the critical temperature of thisphase transition is around Tc = 150 MeV, corresponding to an energy densityof 2 � 3 GeV=fm3 [1]. This unusual condition is expected to be achieved inthe laboratory using ultra-relativistic heavy ion collisions. In the centralregion of head-on nucleus-nucleus collisions, the energy density is estimatedto be reached as high as 1 � 10GeV=fm3 [2].Currently, ultra-relativistic heavy ion experiments have been performedusing two facilities in the world. One is the Alternating Gradient Synchrotron(AGS) at Brookhaven National Laboratory (BNL) in USA with Au beam of10 � 11AGeV. The other is the Super Proton Synchrotron (SPS) at ConseilEurop�een orgnaisation europ�eenne pour la Recherche Nucl�eaire (CERN) in
1



Geneva in Switzerland with Pb beam of 158 AGeV in the highest beam energyat this moment. The latter provides us the possibility to reach the highestenergy density in the world at this moment. In near future, RelativisticHeavy Ion Collider (RHIC) at BNL also will be operated accelerating Au(100 AGeV) + Au (100 AGeV), where the higher energy density with abaryon-free (or low) environment would be produced. In Table 1.1, theleading facilities and the invariant mass per nucleon-pairs are listed.Accelerator Location Projectile Beam energy psnn First beam[AGeV] [GeV]AGS BNL 16O;28 Si 14.6 5.6 1986SPS CERN 16O 60 11 1986SPS CERN 16O;32 S 200 20 1986AGS BNL 197Au 11.6 5 1992SPS CERN 208Pb 158 18 1994RHIC BNL 197Pb 100 200 1999 ?LHC CERN 208Pb 2760 5520 2005 ?Table 1.1: Ultra-relativistic heavy-ions facilities: past, present and future.
1.2 Space-Time Evolution of CollisionsIn Figure 1.1, the QGP phase diagram is shown together with paths expectedin ultra-relativistic heavy ion collisions. Along these paths, space-time evo-lution of nuclear collisions is expected as following [3].At the beginning, two highly Lorentz-contracted nuclei collide eachother and inelastic nucleon-nucleon interactions redistribute the original beamenergy into other degrees of freedom, like the production of transverse mo-menta, thermal energy and entropy. After a short time of about the order of1fm=c, the highly excited and interacting zone may reach and pass beyondthe phase boundary to the QGP phase.Then the whole system expands outward into the vacuum, mainly along
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Figure 1.1: QGP phase diagram together with paths expected in ultra-relativistic heavy ion collisions [3]. The shaded band area qualitatively rep-resents where phase transitions are expected to take place. The solid curvesshow paths expected in ultra-relativistic heavy ion collisions.the transverse direction and cool down till it reaches the critical transitiontemperature Tc. The matter then stays in the mixed phase where hadroniza-tion of the QGP takes place. In particular, if the phase transition is of the�rst order, the lifetime of the mixed phase is expected to be long, e.g., of theorder of 10fm=c.Finally the system returns to a strongly interacting hadronic gas andexpands to a large volume that all particles "freeze-out". Through this evo-lution, particles "freeze-out" when their mean free path is larger than theradius of the system, and stream away to detectors.There are various signatures proposed to detect the formation of theQGP in the collisions. However, whenever we search the QGP signature, itis in
uenced by the hadronic gas which is formed after the phase transitionfrom the QGP. Therefore, to con�rm the signature of QGP, it is requiredto understand the property of highly dense matter and/or hadron gas, forinstance, size, density, temperature, entropy, from the produced particles.
3



1.3 Participant-Spectator ModelSince nuclei are extended objects, their geometry plays an important role inthe heavy ion collisions. Figure 1.2 and Figure 1.3 show a sketch of beforeand after the nuclear collision with a certain impact parameter, b, in thecenter of mass system. After the collision, each nuclei are separated into tworegions. Nucleons interacted with other nucleons are called participant andthose passing through beside the colliding region are called spectators. Thereare target spectator made from the target nucleus and projectile spectatorfrom the projectile nucleus.Such geometrical picture of collision becomes possible because of thefollowing features of relativistic heavy ion collisions.1. The de Broglie wavelength is much shorter than the radius of nucleus.Thus, nucleon-nucleon collisions become the elementary process of col-lisions.2. The mean free path of nucleon-nucleon collisions in the nucleus isshorter than the radius of the nucleus.Thus, nucleon-nucleon collisions are expected where nuclei overlappedgeometrically.3. Momentum of incoming nucleons is much larger than Fermi momentumin the nucleus.Movements of nucleons expected from the Fermi momentum during thecrossing time is negligible.Based on this picture, it is suggested the experimental method to de-termine the impact parameter. in heavy ion collisions. That is to measurethe energy of the projectile spectator at the zero degree in the polar angle.This method is e�ectively used in AGS and SPS experiments.This model is one of the most important aspect of this thesis.
4



Participant

Spectator

Spectator

Figure 1.2: Schematic view of before colliding nuclei with a certain impactparameter, b.
Target Spectator

Projectile SpectatorFigure 1.3: Schematic view of spectator and participant, after the collisions.
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1.4 HadronMeasurement in High Energy HeavyIon CollisionsOne of the major goals of the high energy heavy ion collisions is to con�rm thecreation of high density and high energy state in the collisions, and hopeful todetect the formation of QGP. Study of the reaction mechanism from hadronproductions is required for this purpose, and also very interesting by itself.As a kinematical observable to measure hadron production in heavyion collisions, rapidity and transverse mass distributions have been used inthe various system. The de�nitions of them are given as;Rapidity y = 12 log E + PzE � Pz (1.1)where E is a total energy and pz is a longitudinal momentum along withthe incident beam direction. Since the rapidity distribution does not changeunder the Lorentz transform, it is useful to compare among di�erent en-ergy system. From the rapidity distribution, the maximum baryon densityachieved in the collisions can be estimated [2]Transverse mass mt = qpT 2 +m02 (1.2)where pT and m0 are the transverse momentum and the rest mass, respec-tively. For example, the transverse mass distributions measured at AGSenergy are shown in Figure 1.4, Those spectra were measured for ��, k�and proton in the system of p + p(Be), p + A(Au) and A(Au) + A(Au)[4, 5, 6]. A general feature which has emerged from those measurements oftransverse mass is that the invariant distributions are approximately expo-nential in shape, that is,d2N=mTdmTdy / exp(�mT =T ): (1.3)The inverse slope parameters, T are de�ned.
6



The transverse mass distribution is one of the most common tools usedin studying high energy collisions. This is because the transverse motion isgenerated during the collisions and hence is sensitive to the collision dynam-ics.

Figure 1.4: Rapidity transverse mass distributions at mid-rapidity, measuredby E802 experiments at AGS for (left) p + p(Be), (middle) p + A(Au) and(right) A(Au) + A(Au) collisions.1.4.1 Measurement with Impact Parameter SelectionIn early experiments, the importance of determination of the impact param-eter has been discussed in heavy nucleus collisions. Experimentally, it wasfound the strong dependence of the inverse slope parameter, T on the impactparameter. The slope parameter, T measured at AGS energy is plotted asa function of the centrality (impact parameter) for Si + Au (left) and p +Au (right) in Figure 1.5 [7]. In Si + Au collisions, the slope parameter, Tof proton becomes larger towards the central collisions while pion's do notchange much. On the other hand, no signi�cant di�erence is seen in p +Au. It indicates that the reaction dynamics is gradually changed from largeimpact parameter (peripheral) to small impact parameter (central) collisionsin the heavy system.
7



Furthermore, the impact parameter dependence was also found in therapidity distribution. In Figure 1.6, the proton rapidity distributions mea-sured for Si + Al (central and peripheral) and Au + Au (central) [8] areshown together with p + p [9]. A distinct feature is seen at central andperipheral collisions in Si + Al system. In the peripheral collisions, the dis-tribution shows forward and backward peeks similarly with p + p collisions,which indicates, the peripheral collisions is understood as superpositions ofthe elementary collisions of nucleon + nucleon. However, in the central colli-sions those peaks are shifted to the mid-rapidity. It indicates that the initialbeam energy is lost in the center of collision.Those features suggest that the increase of the slope parameter andpeak shift of the rapidity distribution are due to some kind of many bodye�ects. Therefore, classi�cation of collisions according to their impact pa-rameters (called as centrality here after) are important for the measurements.The selection of collisions according the centrality provides us the additionalinformation on the mechanism of particle production in high energy heavyion collisions.
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Figure 1.5: Slope parameter, T as a function of centrality. The left panelshows Si + Au collisions and the right panel shows p + Au collisions [7].

Figure 1.6: Proton rapidity distribution for Si + Al (central and peripheral)and Au + Au measured by E802 collaboration [8] at AGS. The p + p dataare from Blobel [9]. The horizontal axis is normalized by the beam rapidity.The �lled symbols are the measured data while the open symbols representthe data re
ected at the mid-rapidity.9



Chapter 2Azimuthal Anisotropy2.1 OverviewAccording to the Participant-Spectator Model, the number of participantnucleons is determined by the impact parameter of collisions. Since strengthof many body e�ects varies with the number of particles, experimentally itwas realized very important to measure any observables together with thenumber of participant nucleon. At that moment, the impact parameter wastreated as the scalar value.However, a new observable is proposed recently in ultra-relativistic en-ergy concerning the direction of impact parameter [10, 11]. Particles pro-duced in the central rapidity region may be emitted anisotropically on thetransverse plane and preferentially onto the reaction plane. This speculationis associated with an anisotropic geometry of the participant region for non-central collisions: it has a smaller size in the direction of the impact param-eter than in the perpendicular direction. (See Figure 2.1.) This anisotropicemission is caused by the di�erence of average number of rescattering dueto di�erent thickness of matter along with those two direction [12]. Thispicture is suitable for the case if the participant and spectator region is splitsharply in a short time and if the high density matter is created in the centerof the collision, which are expected in ultra-relativistic heavy ion collisions,like 158 AGeV Pb + Pb collisions. The study of the anisotropic emission
10



with respect to the direction of the impact parameter is expected to provideadditional information of particle production at high energy heavy ion colli-sions, for instance, nuclear potential e�ect, collective expansion, many bodye�ect, signature of QGP [13], and so on.For this study, there is an important requirement to the experiment,which is the extraction of the direction of the impact parameter. It has tobe determined event by event because in the laboratory frame, the directionof the impact parameter should be random through all events.
Projectile Target

Participant

SpectatorFigure 2.1: Beam view of colliding nucleiHistorically, it was �rstly proved that the direction of the impact pa-rameter vector can be determined in the beam momentum of � 400AMeV[14] at BEVALAC. They could determine it from the shape of producedparticle emission with a nearly 4 � coverage spectrometer for each event.Detailed studies [15, 16] and the developments of the analysis method [17]was carried out at BEVALAC and also at SIS [18, 19, 20, 21, 22] energies (�1 AGeV). However, this kind of 4� measurements is only possible for thoselow energy collision environment, due to less multiplicity and low energy ofproduced particles This is not realistic for higher energy collisions, like AGSand SPS.Recently, those studies at ultra-relativistic energy have been carried outat AGS, Au + Au 11.4 AGeV by E877 collaboration [23]. They succeeded
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to extrapolate the direction of the impact parameter vector by measuringthe transverse energy of produced particles with calorimeters. Based on thisstudy, they found the essential features of particle emission pattern in highenergy heavy ion collisions. Technical details and observations are discussedlater in this chapter.In the following sections, we introduce the de�nition of the impactparameter vector, ~b and the reaction plane. Then technical details which isapplied to determine the ~b at AGS experiment are explained. Finally, weintroduce the motivation of this thesis.2.2 Impact Parameter Vector ~bHere, the direction of the impact parameter vector, ~b and the reaction planeare described. In the nucleus-nucleus collision, the scale of the impact param-eter is given by the distance between the center of two nuclei. The directionof ~b is de�ned as the direction from the center of the projectile to the centerof the target nucleus on the transverse plane as is sketched in Figure 2.2.Also, the reaction plane is de�ned as a plane spanned by a collision axis andthe impact parameter as schematically depicted in Figure 2.3.Because the directions of ~b are random through all events in the lab-oratory frame, a detector with full 2� azimuthal coverage is required to de-termine the direction of ~b experimentally.2.3 Review of AGS experiments2.3.1 Method to Determine ~b Applied at AGSThe method to extract the direction of ~b was established at 11.4 AGeV Au +Au collisions by AGS-E877 collaboration [24, 25, 26, 27]. In the E877 setupthere are two calorimeter: one is Target Calorimeter (TCAL) and another isParticipant Colorimeter (PCAL). The TCAL measures the transverse energy,ET with 2� azimuthal coverage in the region of about 48o < � < 135o in polar
12



Projectile

Target

Figure 2.2: De�nition of direction of the impact parameter vector ~b on thetransverse plane in the beam view.angle, which corresponds to the target rapidity region (�0:5 < � < 0:8 inpseudo-rapidity). The PCAL is a lead/iron/scintillator sampling calorimeterfor measuring the transverse energy in the polar angular region of 1o < � <47o with full azimuthal coverage, corresponding to the beam rapidity region(0:83 < � < 4:7).Utilizing the full azimuthal coverage of those calorimeters, transverseenergies with azimuthal information were obtained;ET = NXi=1ET iEx = NXi=1ET i cos(�labi )Ey = NXi=1ET i sin(�labi )
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Z

Projectile

Target

Figure 2.3: Schematic picture of the reaction plane is drown.~ET = (Ex; Ey)�f(b) = arctan(EyEx ) (2.1)where i is the index of each cell of the calorimeter and �labi is the azimuthalangle of the cell in the laboratory coordinate. Thus the �f(b) is de�ned asthe azimuthal angle of the total transverse energy at forward (backward)hemisphere in each for every event [25]. In Figure 2.4, the azimuthal distri-butions of �f(b) accumulated for many events are shown on the right top andon the left lower side, respectively and those show almost 
at distribution.However, a relative angle between �f and �b; ��fb = �f � �b, presents astrong correlation, which peaks at 180o as is shown on the right lower side. Itindicates that the produced particles are not emitted isotropically and thosedirect to the opposite direction in the forward and backward region.
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Figure 2.4: Azimuthal angle distribution of the total transverse energy atforward (b) and backward (c) hemisphere, (�f(b)). Di�erence of �f and �bis shown in (d) and correlation of them is shown in (a) [25]. This correlation is quanti�ed by taking the ratio;R = N ������bf � ���� < �=2�N (j��bf � �j > �=2) (2.2)The ratio R depends strongly on the centrality, as shown in Figure 2.5.It reaches the maximum for mid-central collisions where b � 4fm, and ap-proaches unity for peripheral and the most central collisions. This back-to-back correlation and the centrality dependence is understood from therelation with the the geometrical asymmetry of the target and the projec-tile spectator. They conformed that the �b (�f) points to the (opposite)direction of the impact parameter vector, ~b [25].
15



Figure 2.5: Strength of correlation of the azimuthal direction determined atforward and backward hemisphere. The de�nition of R is described in text[25].2.3.2 Azimuthal Anisotropy of Particle Emission atAGSFurthermore, protons and pions produced around mid-rapidity region wasstudied with respect to the direction of ~b [28]. A triple di�erential crosssections, 1N0 R d3Ndp0xdp0ydy are reconstructed for those particles, where the newaxis p0x corresponds to the projection on the ~b determined from total trans-verse energy vector measured by calorimeters. Then the average transversemomentum transfer, hpxi on the ~b is evaluated for wide rapidity region. Fig-ure 2.6 shows that the hpxi of protons reaches at the maximum around thetarget (y = 0) and around beam rapidity region (y = 3:2). The oppositesign of hpxi between those regions indicates that protons tend to be emit-ted to the direction of the target or projectile spectators. For pion, smallerhpxi is observed and it shows that pions tend to be emitted to the opposite
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direction to protons. The RQMD model well reproduce this data under thecondition of with mean �eld, while it under estimates the data in the case ofpure cascade. It is shown by the histograms in this �gure. They argue theimportance of the medium e�ect from this study.It is claimed that an elliptic emission at mid-rapidity region was foundin the azimuthal distribution of pions [24]. (See Figure 2.7). Pions areemitted more onto the reaction plane as is predicted [10, 11]. However it is sosmall that it might be due to the e�ect of the spectator or less energy densityin the center of collision. Nevertheless, this measurement demonstrates theimportance of the study at higher energy, where those e�ect is expected muchless. They found the remarkable features in the particle emission distributionin high energy heavy ion collisions. Those studies provide the new informa-tion for the study of hadron production in heavy ion collisions. Those fruitfulobservations owe to the successful extrapolation of the direction of the impactparameter, ~b.2.3.3 SPS versus AGS EnergiesAt AGS energy, they succeeded to extrapolate the direction of ~b and theremarkable features of the particle emission was observed at around the mid-rapidity region. The particles show weak elliptic emission pattern onto thereaction plane. This result suggests the importance of this study at higherbeam energy, where higher energy density and less e�ect of the spectator isexpected.It is also observed that the azimuthal particle emission depends on theparticle species, which is that pions are emitted to the opposite direction ofnucleons. It suggests the importance of the particle identi�cation for thisstudy. In high energy heavy ion collisions, the proposed way for this studyis to use a calorimeter with full azimuthal coverage as is done in the E877experiments because of extremely high multiplicity of produced particles.However, it is not appropriate way in SPS energy. Since pion yield at 158
17



Figure 2.6: average transverse momentum transfer, hpxi on the reaction planmeasured by E877 experiments [28]

Figure 2.7: Charged particle multiplicity measured as a function of pseudo-rapidity and direction with respect to the direction of the impact param-eter [24]. The left two panels are the same distribution plotted from twoperspective. The right panel shows slices at three �xed � values
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AGeV Pb + Pb collisions is much higher than 11.4 AGeV Au + Au collisions,the particle identi�cation become more crucial problem in SPS energy.
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2.4 Motivation of this ThesisIt is expected to be di�cult to extrapolate the direction of impact parameterin SPS energy. Because of two strict requirements for this study, which arefull azimuthal coverage and particle identi�cation.The main goal of this thesis is to establish the method to extract thedirection of the impact parameter at 158 A GeV Pb + Pb collisions. Thisis the �rst trial at this energy. This is expected to provide the additionalinformation for the study of particle production in 158 A GeV Pb + Pbcollisions.For this purpose, we implemented Plastic Ball detector, which providesfull azimuthal coverage around the target region (polar angler range 70o <� < 165o). And this detector can identify particles for �+, proton, deuteronand triton by using a �E � E particle identi�cation method and additionaldelayed timing information from �+ decay. Thus the Plastic Ball is suitablefor this study.In this thesis, we discuss how to extrapolate the direction of the impactparameter vector from the particles observed at the target rapidity region.To con�rm the our method, we study the azimuthal distribution for protonsand pions. From comparisons of experimental results with a simple modelbased on geometrical spectator-participant model and an intranuclear cas-cade model RQMD, we conclude that the direction of the impact parametercan be determined at 158 AGeV Pb + Pb collisions.This study is expected to provide the the additional degree of freedomfor the study of particle production in 158 AGeV Pb + Pb collisions.
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Chapter 3Experimental Setup and DataCollection3.1 CERN SPS3.1.1 SPS Facility and BeamThe WA98 experiments was installed at the H3 beam line in West Area atthe CERN SPS facility (See Fig. 3.1). Since 1994, the SPS has started toprovide fully stripped lead beams (208Pb) with momentum of 158 GeV pernucleon. This corresponds to 32.8 TeV in total energy.The lead ions are produced by evaporation of the metal from a microoven and fed into an Electron Cyclotron Resonance source (ECR). The sourceis a plasma generator which con�nes a plasma longitudinally in a magneticbottle produced by a set of two solenoids. Radial con�nement is achievedby a permanent magnet sextuple. The plasma electrons at the cyclotron fre-quency are heated and cause additional ionization. The ions which escapelongitudinally out the ends of the source can be extracted. After injectionfrom the Electron Cyclotron Resonance source (ECR), the partially strippedheavy-ion beam 208Pb28+ with the momentum of 2.5 AKeV is acceleratedby the LINAC3 up to 4.2 AMeV. After stripping to 208Pb53+, the beam isagain accelerated, �rstly by the Proton Synchrotron Booster (PSB) to 95.4AMeV, then by the Proton Synchrotron (PS) to 4.25 AGeV. After the PS
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acceleration, the second stripping of the lead ion is done before injecting inthe Super Proton Synchrotron (SPS). Finally, the fully stripped 208Pb82+ willbe accelerated up to 158 AGeV by SPS then delivered into the di�erent ex-periments installed in the North and West Areas. In the acceleration phase,the stripping of the lead ions is done by passing the beam through carbonfoils. In each acceleration stage, the output momentum, the e�ciency, andthe number of ions in SPS cycle are listed in Table 3.1. A full descriptionof the CERN heavy-ion facility can be found in reference [29]. One cycletakes 19.2 seconds, with 14.4 seconds of acceleration and 4.8 seconds of ex-traction, which is often called as \spill". The typical rate seen by WA98varied depending on the experimental con�guration but reached a maximumof 1 � 2� 106 ions per one spill.Accelerator/Element Momentum e�ciency % Pb ions/cycleECR Source 2.5 AkeV 2:85� 1010RFQ 250 AkeV 90Linac 3 4.2 AMeV 90 2:31� 1010Stripper Foil 16 3:70� 109PSB 95.4 AMeV 24 8:88� 108PS 4.25 AGeV 67 5:91� 108SPS 158 AGeV 67 3:93� 108Table 3.1: Summary of output momentum, e�ciency, and number of ions ineach acceleration stage in SPS cycle. The overall e�ciency between the ionsource and the SPS extraction is 1.4 % [29]
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3.1.2 TargetDuring the beam time in 1996, several kinds of targets were used, e.g., notonly lead but also nickel and niobium. The data were mainly taken with a0.2 mm thick lead target. The types of targets are summarized in Table 3.2.The data presented in this thesis are limited only for 208Pb.Target name Target Thicknessmm mg=cm2 interaction probabilityS1 208Pb 0.210 239 � 0:2%S2 208Pb 0.436 495 � 0:5%S3 Empty 0 0S4 58Ni 0.250 223S5 93Nb 0.254 218Table 3.2: Various kinds of targets used in WA98.
3.2 WA98 Apparatus
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Figure 3.2: Schematic view of the WA98 experimental setup
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3.2.1 OverviewThe full apparatus of WA98 is brie
y described in this section. The experi-mental setup of the WA98 apparatus is displayed in Figure 3.2. The WA98experiment is uniquely designed to handle both of positive-, negative- chargedand neutral hadrons and photons event by event with several types of detec-tors. These are roughly categorized into three types of detector system bytheir features; (1) event selection, (2) charged particle measurements, and(3) photon and neutral hadron measurements. The detectors categorized inthe event selection are optimized not only for the interaction trigger but alsofor the selection of the rare events. The detectors for photon measurementsprovide the capability of detection for direct thermal photons created viahard quark-quark and quark-gluon processes. And the detectors for chargedparticle measurements enable us to study mechanisms of hadron particleproduction in highly condensed matter produced by high energy collisions.1. Event SelectionBeam-CounterNitrogen gas cherenkov counter [30] was designed to measure lead ionbeams with high timing resolution and with less radiation damage.This beam counter installed at 3.5 m up stream of the target hadbeen achieving high detection e�ciency close to � 100 % for the beamintensity of 1 � 2�106. This counter has two independent counter cellsto evaluate their intrinsic timing resolution by themselves. The signalsread by two photomultipliers of each cell was split into two lines, onegoes into Time to Digital Converter (TDC) after three discriminators toobtain the precise start timing for the Time-of-Flight measurements.Another line are prepared for the pulse height measurement, whichenables us to reject double beam events within the integration time ofAnalogue to Digital Converter (ADC) (� 100ns). The gas pressurewas always kept at 1 atmosphere with continuous N2 gas 
ow, so that
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radiation damage should never happen in the radiator. The intrinsictiming resolution of < 30ps was obtained stably during the whole runs.Mid Rapidity Calorimeter (MIRAC)The mid rapidity calorimeter (MIRAC) is located at 24 m downstreamof the target which provides a total transverse energy, ET in the rapidityinterval of 3:5 < � < 5:8. MIRAC has a hole of 10 cm in verticaland 40 cm in horizontal in the center to avoid the interaction withthe beam or projectile spectators. The detector consists of 30 stacks,each divided vertically and horizontally into six towers (one tower hasthe geometry of 20 � 20cm2) and segmented longitudinally into anelectromagnetic and a hadronic section. The electromagnetic section ofeach tower is 15.6 radiation length (0.8 absorption length) and consistsof alternating layers of lead (3mm) and scintillating plastic (3mm). Thehadronic section is 6.1 absorption length deep and consists of layersof iron (8mm) and scintillator. The showers in both sections wereread out through wavelength shifter coupled to photomultipliers. Thecalorimeter has a resolution of 17:9%=pE for electromagnetic energyand 46:1%=pE for hadronic energy. Further details of the constructionand operations of this calorimeter have been described in the reference[31]. The centrality of each collision was determined by the total energyin MIRAC not only at online data taking but also at o� line analysis.Zero Degree Calorimeter (ZDC)The zero degree calorimeter (ZDC) is a sampling uranium-scintillatorsandwich-type calorimeter. It consists of 35 modules with (7� 5) lay-ers of lead and scintillator and read out by wavelength shifter. Thedimension of this detector is 105� 75� 202cm3 which corresponds to 9absorption lengths, This calorimeter was designed to be used to mea-sure the energy of projectile spectator in the polar angle of � < 0:3[Degree] with the energy resolution of �=E = 0:02 + 0:67=pE. It islocated at 30 m downstream of the target behind MIRAC. More detailsare described in the reference [32].
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Veto CountersSince it is important to reject particles produced at upstream of thetarget due to possible contaminations in the downstream detectors, twotypes of veto counters were installed before the target. The inner halocounter which consist of scintillation counter layers was located about5.7 m upstream of the target. The little veto with a hole of 3mmdiameter was installed at 2:7m upstream of the target to reject haloparticles close to the beam axis.Interaction CounterAn interaction counter which covers an area of 80�80cm2 with an holeof 15 cm diameter was used to identify interactions at the target. Itwas located at a distance of about 25 cm downstream of the target.2. Charged Particles MeasurementPlastic Ball (PBALL)The Plastic Ball detector was originally built for experiments at theBevalac accelerator in Berkeley and installed in WA98 to measure par-ticles at the target rapidity region. The Plastic Ball is the main com-ponent of the detectors in this analysis. The details of this detector aredescribed in section 3.2.2 and also in the reference [33].Two Charged Particle Spectrometers, ARM I and ARM IIGoliath MagnetThe Goliath magnet is a 1:6 Tm dipole magnet with a gap size of 1600mm. The center of the magnet was located at 3280 mm downstreamof the target. The magnetic �eld was measured with hall probes insteps of 2 cm along the z direction and in steps of 4 cm along thex and the y direction, respectively. In total, 1:3 � 106 points weremeasured. The polarity of the Goliath magnet was mainly set in sucha way that the negative particles were bended to ARM I side, while thepositive particles were swept to ARM II side. During the 1996 run, thedata with reversed polarity setting were also collected to cover larger
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acceptance and to test consistency between both spectrometers.ARM lOn the negative x side, the charged particle spectrometer (ARM I)were located in the �eld free region after the Goliath magnet cover-ing around the mid-rapidity region. This spectrometer was made of 6tracking planes followed by a time-of-
ight wall for particle identi�ca-tion. The tracking planes consist of six multi-step avalanche chambers[34] (MSAC) with optical readout by CCD cameras. The active areaof the �rst chambers is 1:2� 0:8m2 and 1:6� 1:2m2 for the set of �vechambers. After those chambers a time-of-
ight wall was installed inthe 15m downstream of the target. The ARM I provides the momen-tum resolution of �p=p � 0:94%� 1:11%p+ 1:06%p2 and the time-of-
ight resolution of < 120ps is achieved by using our analysis method.The time of 
ight detector with MSAC tracking enables us to identifypion, kaon and proton with the transverse momentum of < 1:0 GeV/c.Furthermore detailed descriptions can be found in [35, 36]ARM llOn the opposite side of ARM I, another spectrometer was installedin 1996 to measure positively (negatively in the reversed �eld) chargedparticles at the same time with negatively (positively) charged particlesin ARM I around the mid-rapidity region. In ARM II, there are twopad chambers and two streamer tube chambers with pad-readout anda time-of-
ight system in the behind of chambers. The ARM II pro-vides the momentum resolution of �p=p � 1:03%� 0:08%p+ 0:06%p2and the time-of-
ight resolution of < 90 ps is obtained. The particleidenti�cation of pion, kaon and proton is carried out for the transversemomentum of < 1:0 GeV/c. Those spectrometers are not included inthis analysis.Silicon Pad Multiplicity Detector (SPMD)The silicon pad multiplicity detector (SPMD) was located at 30cmdownstream of the target. This detector is based on a double metal,
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AC coupled design consisting of approximately 4000 pads. The pads arearranged radially with 180 bins in � angle and 22 equal-� bins 2:35 <� < 3:75. The detector is composed of four identical quadrants, eachwith eight 128-channel readout chips. The signal from each channelwere multiplexed and the four quadrants were digitized in parallel.Further detailed description can be found in [37].Silicon Drift Detector (SDD)The silicon drift detector covers a pseudo-rapidity range of 2 < � < 3:4,locating at 12:5cm downstream of the target. It is made of siliconwafer with a thickness of 280�m and a diameter of 7:62cm with a holeof 15mm� in the center of the detector to avoid extra interaction withthe incident beam. Electron clouds originated by particles on SDD weredrifted and collected by the pads at the end. Digitization of the outputsignals from the 360 anodes was processed by a Flash-ADC systemwith a sampling rate of 50 MHz. The radial position of the hit wasobtained from the drift time to reach these pads. Single hit resolutionof 25�m along the drift direction and 35�m in the azimuthal directionwere predicted.3. Photon measurementLead Glass Calorimeter Array (LEDA)The lead glass detector array (LEDA) is made of 10000 lead-glass mod-ules which were designed to detect photon and neutral hadron. TheLEDA detector is located at 21:5m downstream of the target. Eachmodule is made of a 4 � 4 � 40cm3 lead-glass block and read out byphotomultiplier tubes. High voltage (HV) to each photomultiplier tubewas supplied by a newly developed on-tube, on-board Greinacher volt-age multipliers, controlled by a VME based system. High stabilityand low noise of the LEDA system kept an excellent energy resolu-tion which were con�rmed by electron beams at CERN (�(E)=E =
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5:5%=pE + 0:8). A full technical description of the HV system, themonitoring system and the ADC system can be found in the reference[38, 39, 40].Photon Multiplicity detector (PMD)The photon multiplicity detector (PMD) was designed as a large pre-shower instruments to measure photon multiplicity in the pseudo-rapidityof 2:8 < � < 4:4. Photon conversion occurs in 3 radiation length oflead and it leaves an appreciable amount of energy about � 70%, whilehadrons convert only 15%. The secondaries shower were collected in� 40000 scintillating tiles read out through wavelength shifting �bersand digitized by a system of image intensi�es coupled to CCD cam-eras. The digitized data was �ltered through a cluster algorithm andthe number of resolved clusters for each events corresponds to multi-plicity of photon like particles, which contains an admixture of primaryphotons, photons from target and air conversions and background fromhadrons that interact strongly and mimic a photon signal. Further de-tails are described in the reference [37].
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3.2.2 Plastic Ball DetectorStructure of the Plastic BallThe Plastic Ball detector has full azimuthal coverage around the target region(polar angler range 70o < � < 165o) with 655 detector modules The drawingof the Plastic Ball detector is given in Figure 3.3. Each module consists oftwo types of scintillators and one photomultiplier tube (PMT). In each mod-ule, �E and E signals are measured using slow and fast signals from thesescintillators reading out by one PMT. The thickness of the CaF2(Eu) crystalwas chosen to be 4mm and that of the plastic scintillator was optimized to35:6cm to measure stopped proton spectra up to 240 MeV with high detec-tion e�ciency more than � 80% (See Figure 3.4). Each module is wrappedwith a double layer of aluminised Mylar foil (6�m) as an optical separatorbetween adjacent modules.

Beam

Figure 3.3: Sketch of Plastic Ball detector
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The �E counter is made of a CaF2(Eu) crystal with a characteristicdecay time of 1 �s. The light output from the CaF2(Eu) is 100 to 120 %of that of anthracene and is read out through the E counter. which servesas a light guide for the �E counter. The E counter is made of plastic scin-tillator and the light output from the plastic scintillator is about 45 % thatof anthracene. The light emission of the plastic scintillator is approximately100 times faster than that of the CaF2(Eu), so that 90 % of the E signalsare measured within 10ns, while the E signal is integrated over 80ns. Anoptimal resolution has been found for the �E � E identi�cation when the�E light integration lasts for 1:5�s and starts about 240ns after the starttiming of the E signal.

Figure 3.4: Sketch of Plastic Ball detector modulePion Identi�cationIn designing the Plastic Ball, special care was taken for detections of positivepions. In a pure �E�E identi�cation scheme, the pions would be overshad-owed by background produced by heavier particles. Thus, the additionalrequirement for the delayed signal from decay is applied in the identi�cationof �+ to eliminate those backgrounds. A stopped �+ decays into a �+ anda neutrino with a mean life time of 26ns and a Q Value of 4:12MeV . Then
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the �+ decays into a e+ and two neutrinos with a mean life of 2:2�s. Inthis decay the e+ is emitted with an energy of up to 53MeV and produces asignal easily detectable in the plastic scintillator. This delayed signal from e+whose energy is more than 1 to 2 MeV , is measured by TDC with the gatewidth between 250ns and 10�s so that about 90 % of all the decay signalfrom �+ ! �+ ! e+ is recorded.This method cannot be used to detect negative pions, because the ��are promptly absorbed by a nucleus [41] in the detector and most of the 140MeV rest mass of the pion is released as kinetic energy.3.3 Trigger and Data Collection3.3.1 TriggerThe full WA98 experiment utilizes detectors of di�erent readout speeds, fromthe nanoseconds achievable by the PMT-based detectors, to the millisecondsneeded by the SPMD and PMD, to the very slow MSACs. Thus, the triggersystem has been designed to interleave di�erent trigger types, in order toread out the faster detectors while the slower detectors are busy.In Table 3.3, we summarize the main trigger conditions referred to inthis thesis. Coincidence is indicated by \+", anti-coincidence by \-" and ablank indicates that this signal is not relevant to the particular trigger. Themain "beam" trigger is provided by the signal in two start counters and nocoincident signal in the little veto and also no signal in the halo, which wouldindicate the passage of an o�-axis beam halo particles. The hardware sumof the MIRAC energy, the signal in each tube weighted to simulate the sin �calculation, is fed into three discriminators with thresholds set to de�ne threefurther event classes. The lowest threshold de�nes a "minimum-bias" physicsevent, where an interaction is thought to have occurred. The next highestthreshold de�nes the upper bound on "peripheral" (large impact-parameter)events. The highest threshold then de�nes the lower bound on "peripheral"(small impact-parameter) events. Events which satisfy the peripheral condi-
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tion but not the central condition are classi�ed as "not-so-central". Partic-ularly for peripheral events, a additional interaction trigger is provided bythe threshold on the hardware sum of energy signals from the forward tworings in the Plastic Ball detector. Requiring this signal to be present letsus reject downstream interactions, where a beam particle or part of the halostrikes the beam pipe, causing a shower of signi�cant energy that satis�esthe minimum-bias trigger conditions. To optimize the use of the output tapedrives, the di�erent types of triggers are "scaled down", i.e. rejected ran-domly by factor of 2n, to enrich various samples by decreasing the numberof events of other types written to tape. Typically, peripheral events werescaled down by a factor of 16, N.S.C. by a factor of 8 and centrals are leftalone, in order to keep rare high-multiplicity events.Start Little Inner Interaction ET Triggercounter Veto Halo counter Low Peri. Cent ConditionAccepted+ - - Beam+ - - - - - Clean Beam+ - - + + Per. Int./Min bias+ - - + + + - NSC Int.+ - - + + + + Central Int.Rejected+ + - - - Upstream Int.+ - - - + + - Downstream Int.Table 3.3: Main WA98 trigger condition.3.3.2 Data AcquisitionThe WA98 data acquisition (DAQ) is based on the QDAC system, originallydesigned as a "Quick Data Acquisition" for test beams, which was found tohave a low enough overhead to be adequate for the full setup. Detectors areread out independently by OS9-based front-end processors running a Sub-
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Event Builder (SEB) program. While each SEB process is capable of readingout every detector on the experiment, the program running on a particularprocessor is con�gured externally by reading in a "CAMAC De�nition File"(CDF) that instructs the program which detector to read, how to read it,and assigns a subevent ID, which uniquely identi�es the subevent on thedata structure written to tape. The SEB processors are used for bu�eringas well as readout, a fact which allows one to distribute the data acquisitionload more evenly by adding additional processors as needed. The proces-sors communicate among themselves via TAXI (Transparent Asynchronoustransmitter/receiver Interface) units connected by �ber-optic cables. Uponreceiving a hardware trigger, a "trigger" process running on the main eventbuilder requests the SEBs to read their subevents and store them in mem-ory. When this is �nished, they tell the trigger process that they are readyfor the next event. SEBs are read out on any of three conditions: 1) TheSEB memory is 80 rarely, 2) A spill-on event arrives, 3 seconds ahead of theactual spill, to 
ush the bu�ers of calibration events taken between spills, or3) A spill-o� event arrives, indicating that no physics events will happen for14 seconds. At these times the main event builder (located near the tapedrive) reads out the SEB bu�ers, constructs the full events, and writes outthe events to a DLT2000 Digital Linear Tape. Thus, a minimum amount ofdata is written to tape during the spill, minimizing the arbitration overheadon the front-end processors, and maximizing the number of written events.The WA98 data were written out in 400 MB segments, called "runs",each containing from 7000 � 10000 events. The events were divided intothree "trigger types", listed in Table 3.4. The trigger types are orderedby the integration time and readout speed of the detectors included. Type1 events contain the various PMT-based detectors. Type 2 contains themultiplicity counters which have large event size. Type 3 is mainly for theoptical-readout MSACs which had to be run at a lower rate than the otherdetectors. Each trigger type includes those detectors of lower types, i.e. Type2 contains the Type 1 detectors, and Type 3 contains Types 1 and 2. This
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arrangement allows the faster detectors to collect data while the slower arebusy, optimizing the use of the data acquisition.Trigger type Detectors1 Trigger counters, Plastic Ball, LEDA, Calorimeters2 CPV, ARM II, PMD, SDD, SPMD3 ARM ITable 3.4: Trigger types used by the WA98 trigger and data acquisition.3.3.3 Data ProductionThe data used in this thesis was processed using the WA98 analysis package(ANPACK [42]) on a Silicon Graphics ORIGIN 2000. The basic structureof this analysis package was designed to handle �le access and access to theevents in a run. The o�-line analysis codes were developed for each detectorindependently and complied together into the WA98 PB95 package. Thispackage converted the output data run by run into Column-Wise Ntuple(CWN) for use with PAW [43].In this thesis, totally 998 runs (� 3:2 M Events) are analyzed for thelead target (S1).
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Chapter 4Data Reduction4.1 Global ParametersIn the heavy ion collisions, it is important to classify each event by the cen-trality (the impact parameter) of collisions. For example, number of nucleonsparticipated in the collisions varies from 2 to 400, collision environment fromperipheral collisions (large impact parameter) to central collisions (small im-pact parameter) in Pb + Pb collisions. Therefore to study the reactionmechanism, in particular, the behavior in central collisions, selection of theimpact parameter is very essential in the experiment.In WA98 experiment, two detectors are installed to de�ne the centralityin every event, one is the Mid-Rapidity calorimeter (MIRAC) which mea-sures the total transverse energy of hadrons produced around mid-rapidityregion and the other is Zero Degree calorimeter (ZDC) which measures thetotal energy of beam spectators. In Figure 4.1, the total transverse energymeasured by MIRAC versus the total energy measured by ZDC are shown.The determination of the centrality of collisions using those measurements isauthorized by this strong correlation.
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Figure 4.1: Correlation between transverse energy measured by MIRAC andtotal energy of beam spectators measured by ZDC.4.1.1 Trigger Cross SectionUnder the condition of a thin target, it is reasonable to assume that theprobability of the interaction for each beam particle is small. The interac-tion cross section is associated with an area swept out by a beam nucleuspassing through the target. The probability of the interaction is obtained byconsidering a point like target nucleus in that volume, where the assumptionof thin target enables us to neglect double interaction in its target. Thenumber of interaction is then given by:Nint = Pint �NBeam (4.1)Pint = �N � �int � t (4.2)
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where �N is the number of nuclei in unit volume, t is the target thicknessand �int is the interaction cross section. Thus the interaction cross section isgiven by �int = Nint�N � t�NBeam [mb]: (4.3)In the case of the Pb target, for instance, �N is driven by�N = NA � �=A= 6:023� 1023[nuclei=mole]� 11:35[g=cm3]=208[g=mole]= 0:3287� 1023[nuclei=cm3]; (4.4)where NA is the Avogadro number, � and A are the density and the massnumber of the target material, respectively. The number of interactions mustbe corrected for the background contamination, which can be estimated byusing target out events. In order to correct that number, the rescaling shouldbe done with the same run condition as followingNint(corrected) = Nint �N emptyint � NbeamN emptybeam ; (4.5)where N emptyint and N emtpybeam are the number of interactions and the number ofbeams obtained by the empty target run, respectively. After this correction,the minimum bias cross section obtained in the WA98 experiment is �int =6451mb. This number agrees with the geometrical cross section of Pb + Pbcollisions which is estimated from the radius of the Pb nucleus (R � 7:2fm)as �(2R)2 = 6514mb.4.2 De�nition of CentralityThe de�nition of the centrality of collisions used in this analysis is given bythe total transverse, ET energy measured by MIRAC. The ET distributionobserved in Pb + Pb 158 AGeV collisions is shown in Figure 4.2 In thisanalysis, we classify the collisions into 9 bins of centralities, namely, class Ato class I as is listed in the table 4.1. The range of ET , the mean ET , and
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Figure 4.2: Transverse energy distribution measured by MIRAC.the corresponding trigger cross section of those classes are also tabulated inTable 4.1. From this trigger cross section, an scalar impact parameter, b, ofPb + Pb collisions are estimated from a geometrical picture assuming sharpnucleon sphere of Pb nucleus as sketched in Figure 4.3:�int�tot = �b2�(2R0)2b = 2R0s�int�tot ; (4.6)where R0 is the nuclear radius of Pb assumed to be 7:2 fm and the �intand �tot are the trigger cross section and the total trigger cross section inthe minimum bias, respectively. The mean impact parameters, hbi in thosecentralities are also listed that table.
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Class ET [GeV] hET i [GeV] �int=�tot[%] hbi [fm]A 420 � 440.8 1.1 1.5B 380 � 420 401.1 4.1 2.9C 350 � 380 366.8 7.0 3.8D 320 � 350 336.5 9.8 4.5E 280 � 320 302.0 13.4 5.3F 200 � 280 238.5 21.3 6.7G 100 � 200 145.9 36.1 8.7H 50 � 100 73.62 54.8 10.7I 0 � 50 24.71 79.1 12.8Table 4.1: De�nition of Centrality. In the text, Class A to E are calledcentral, Class F to H are called mid-central and Class I is called peripheralcollisions.4.3 Characteristics of Plastic Ball4.3.1 CalibrationsIn order to understand the geometrical properties and optimize the calibra-tion method for the particle identi�cation, an experiment was performed �rstat the Low Energy Pion Beam. An assembly of 13 Plastic Ball modules wasplaced in the beam de�ned by two 2 � 2cm2 scintillation counters. A veryimportant objective of the test was to obtain energy calibration curves forpions and protons. The geometrical light collection along with the particlepath was measured with an electron source, and it was not constant, that isthe light collection near the CaF2 crystal was about a factor of two higherthan near the photomultiplier. However, it was ensured that the light out-puts from low energy proton and high energy pions were surprisingly linearwith energy. After assembly each individual module of the Plastic Ball wascalibrated at LBL 184-inch Cyclotron with 800 MeV and 400 MeV � beams.This procedure allowed the determination of the proper high voltage for eachindividual photomultiplier and of an important constant for each modules,the ratio of E to �E pulse heights at a given energy.
42



4.3.2 PerformanceThe following energy resolution (FWHM) were measured: for 75 MeV pro-tons the Plastic Ball scintillator (E signal) had a resolution of 5 % and theCaF2 crystal (� E signal) of 12 %. For the 800 MeV � beam the values were2 % for the plastic scintillator and 10 % for the CaF2. From the actual dataand from the calibration measurements, correction factors for the �E andthe E pulse heights could be derived to achieve the proper gain matching forall modules.After this gain matching, the quality of the particle identi�cation isshown for 420 modules between 70rmo and 160rmo in Figure 4.4. As is seenin this scatter plot between �E and E, the contamination is large at larger Eregion due to less energy deposit in the detectors by punch-through particlesThose particles would be miss-identi�ed and also give wrong energy value.To reduce the e�ect of contaminations, we only choose the �E > 30[channel]and 800 > E > 156[channel] for proton, deuteron and triton and �E > 50and 700 > E > 50[channel] for pion in this thesis.
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Figure 4.4: Scatter plots of dE and E measured by the Plastic Ball. Bandsof several particles (pion, proton, deuteron and triton) are seen clearly.
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4.3.3 Particle Identi�cationConcerning on separation of particles, linearized method which is suggestedin early measurements [44] are applied by using the function;PI(�E;E) = ln (� ��E) + (�� 1) log (E + 0:5�E)� � ln 300 (4.7)� = a� b�ET (4.8)where, a and b are �xed parameters and T represents the thickness of the�E counter. In this experiment, � = 1:95 is chosen for a good separationof proton and fragments. The scatter plots of (�E + E) as a function ofPI(�E;E) is shown in Figure 4.5. The result proofs that the linearizedmethods works well. The projection of this plots on the x-axis is shown inFigure 4.6, where, protons, deuterons and tritons can be identi�ed. Thisdistribution is �tted by a function of three Gaussian distribution to extractthe region of proton, deuteron and triton peak. Each particles are chosenwithin the three sigma of the Gaussian and the boundaries are drown inFigure 4.6 by the solid line.Additionally, for better identi�cation of pions, a delayed signal regis-tered by TDC is required. The spectrum of the delayed signal is shown inFigure 4.7 with a �tting result of an exponential function, exp(�t=�). Here� = 2:2�0:01�s is obtained, which corresponds to the life time of �-on. Thisrequirement provides good quality pion samples as is shown in Figure 4.8.The multiplicity distributions of identi�ed protons and pions are shownin left and right half of Figure 4.9, respectively for the central, mid-centraland peripheral collisions from the top to the bottom. The acceptance on therapidity and the transverse momentum plane is shown for protons and pionsin Figure 4.10, where zero rapidity indicates the target rapidity.
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Pion ContaminationThe pion contamination in protons is estimated by extrapolating the piondistribution described by the Gaussian function into the proton region (SeeFigure 4.11). The ratio of the contamination is estimated in Figure 4.12for each centralities. The �gure shows that the ratio increase gradually withincreasing the centrality up to 24 %. This contamination is included in asystematic error in the following analysis.
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4.3.4 Cross SectionIn relativistic heavy ion experiment, Lorents invariant cross section E(d3�=dp3)is transformed to the conventional form,Ed3�d3p = d3�d�dypTdpT (4.9)= d3�mTdmTdyd� (4.10)where mT ; E; y and � are the transverse mass, total energy, rapidity andazimuthal angle of a particle, respectively. Furthermore, the transverse massspectra is parameterized asd2�2�mTdmTdy = N0 � exp��mT �m0T � (4.11)where T is called the inverse slope parameter, N0 is a normalization constantand m0 is a rest mass. From these parameterizations, the equation 4.11 isintegrated to obtain the normalization constant,d�dy = Z d2�2�mTdmTdymTdmt= 2�N0T (T +m0) (4.12)To compare rapidity distributions in di�erent centrality conditions, we usethe rapidity density, dN(y)=dy de�ned asdN(y)dy = 1�int d�(y)dy : (4.13)where �int is the interaction cross section which is determined previously (Seesection 4.1.1).For the protons, the transverse mass distributions were shown in Fig-ure 4.13 to 4.15 for central, mid-central and peripheral. Those distributionsare �tted by Equation 4.11. The �tting results are also shown in these �gureswith solid lines. After this parameterization, the rapidity density is evaluatedas a function of the rapidity in Figure 4.16
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Chapter 5Analysis and Results5.1 OverviewThe main purpose of this thesis is to investigate whether the azimuthal di-rection of the impact parameter vector, ~b can be extracted at 158 AGeV Pb+ Pb collisions from the azimuthal particle emission. And also we like tounderstand the mechanism of particle emission at the target rapidity region.As introduced previously, the direction of ~b is claimed to be de�ned from theazimuthal distribution of produced particles in the earlier experiments. Ap-plying the same technique, we extract the particular azimuthal direction, �0,from the particles observed at the target rapidity region by the Plastic Balldetectors. Firstly, employing a subevent analysis, we study the azimuthalparticle emission distribution from protons, deuterons and tritons. Thoseare measured and identi�ed by the Plastic Ball. Secondly, we look into moredetails of the azimuthal distribution of pion and protons with respect to �0.Then, the centrality dependence of the azimuthal distribution is analyzed forboth particles.5.2 De�nition of �0At the beginning, we de�ne a particular azimuthal angle, �0, for every eventfrom proton, deuteron and triton identi�ed by the Plastic Ball using the
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following formula:Q � [Px; Py] = MX�=1 hpt�cos��; pt�sin��i ; (5.1)tan�0 � PyPx : (5.2)where M is the total number of measured particles in each event, pt� and�� is the transverse momentum and the azimuthal angle in the laboratoryframe of �th particles, respectively. So the �0 gives the direction of the totaltransverse momentum.The �0 distributions accumulated within each centrality class are shownin the upper half of Figures 5.1(a-1),(b-1) and (c-1) for Class A (420 < ET <500 GeV), for Class G (100 < ET < 200 GeV) and for Class H (50 < ET <100 GeV), respectively. Since the direction of the impact parameter vectoris randomized through all events in the laboratory frame, the �0 is expectedto have 
at azimuthal distribution under the condition of uniform detectione�ciency. In all centralities, �0 is nearly uniform within 5 % discrepancyfrom unit. Thereby we can expect the detector uniformity is � 5%.
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Then, those fake events, called as \mixed events" are analyzed using thesame analysis code performed for the real event. Firstly, the azimuthal angleevaluated by the total transverse momentum from the mixed events, �mix0 ,are shown in the lower half of Figure 5.1, for the corresponding centralitywith the real events. Similarly, the �mix0 are also distributed 
at within 5 %.It can be said that the �0 azimuthal distribution of the real events can bereproduced by the mixed events. Hence, the mixed events is used to correctthe real events to exclude the detector e�ects in the following analysis.5.4 Azimuthal Correlation5.4.1 Subevent Analysis among FragmentsIn order to study whether the azimuthal angle, �0 is indicating a particulardirection correlating with a reaction, a subevent analysis is applied amongprotons, tritons and deuterons In the subevent analysis, we divide each eventrandomly into two equal sized subevents.From those subevents, �a and �b are evaluated as the direction of thetotal transverse momentum of each subevent similarly with �0 (See Figure5.2). tan�a(b) � PMa(b)�=1 pt�cos��PMa(b)�=1 pt�sin�� : (5.3)There, the events contain more than 6 particles are selected to require morethan 3 particles in both subevents.In Figure 5.3, the correlation between �a versus �b are shown for themid-centrality (Class G:100 < ET < 200 GeV). It is observed that thereare clear correlation between them. To make it clearer, the relative an-gle distribution normalized to unit, are shown in Figure 5.4(a) and (b) forthe mid-central collisions (Class G:100 < ET < 200 GeV) and for the cen-tral collisions (Class B:380 < ET < 420 GeV), respectively. These �guresdemonstrates that these subevents have clear correlation. And it indicatesthat those protons and fragments tend to be emitted in the same direction.
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Particularly, in the mid-central collisions, strength of the correlation is foundto be larger than the central collisions.In order to quantify the strength of the correlation, the (�a � �b) dis-tributions are �tted with the cosine function as12�N dNd(�a � �b) = A1cos(�a � �b) + 1; (5.4)where, A1 is the �t parameter indicating the strength of the correlations.This �tting procedure describes those distribution well as shown in Figure 5.4with solid line. The �tted value of A1 and �2 are listed in Table 5.1 for allcentrality bins. Statistical errors only are shown.Label ET [GeV] A1 �2=28A 420 � 0.0124 � 0.006 0.572B 380 � 420 0.0236 � 0.005 0.416C 350 � 380 0.0513 � 0.006 0.477D 320 � 350 0.0712 � 0.007 0.607E 280 � 320 0.0983 � 0.007 0.361F 200 � 280 0.1294 � 0.006 0.326G 100 � 200 0.1496 � 0.005 0.487H 50 � 100 0.1194 � 0.008 0.606I 0 � 50 0.0498 � 0.014 0.417Table 5.1: A1 and �2 obtained for each centrality class5.4.2 Subevent Analysis in Mixed EventsThe subevent analysis is performed for the mixed events using the same codeas the real events. The mixed events are randomly divided into two subeventsand �mixa and �mixb are calculated accordingly. The relative azimuthal angle,�mixa � �mixb , are plotted in the left half of Figure 5.5 for the mid-centraland the central collisions. In both centralities, there is no strong correlationnot like real events, however, slight anti-correlation is seen.
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Figure 5.4: Distribution of (�a� �b). (a)for the mid-central collisions (ClassG:100 < ET < 200 GeV) and (b) for the central collisions (Class B:380< ET < 420 GeV)This small dip at around the zero degree is due to the �nite detectorgranularity and an excluding multiple use of each module. When we allowmultiple use of any modules, the small dip disappear completely as is shownin the left half of Figure 5.5. This e�ect of �nite granularity is involved alsoin the real data. Thus, in order to eliminate this e�ect from the real data,we correct the real data by subtracting a distribution of mixed events fromthat of real events
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Unlike the correlation among fragments, the pions are found to be enhancedin the direction of �0 = 180o. In another word, pions tend to emitted to theopposite direction of fragments. And this anti-correlation becomes larger inthe peripheral collisions.In order to quantify the strength of the anisotropy, it is �tted by thefunction: dN2�Nd(�� �0) = 2 � v10 cos(�� �0) + 1 (5.5)as is shown by the solid line in this �gure. The value of v10 are obtained foreach centrality.5.5.2 Neighboring Hit E�ectWe make use of the �+ decay channel to identify �+ by the Plastic Ball.This �+ decays into positron with the life time of 2.2 �s and would depositenergy in one module. However, those positrons are emitted isotropicallywith a maximum energy of 53 MeV and have a high probability of leavingthe module. With such a process, pions sometimes strew it's energy ontoa few neighboring modules at the same time. In the Plastic Ball, we coulddistinguish if those decay signals originated from one �+, scanning the delaysignals which give the same timing of TDC. In order to estimate how many�+ make a hit on neighboring modules, we plotted the multiplicity of everymodule for three cases in Figure 5.7. From the top, (a) is identi�ed pions, (b)is the number of neighborings which have the same timing signal with the pionand (c) is (b) divided by (a). The probability of making neighboring hits arealmost constant in full module not only in the mid-central but also centralevents. although the number of hit counts increase with higher numbermodule ID, because of shifting toward the forward region. The averagedprobability of 3:0� 1:2% is obtained in the central events.Taking into account this factor, the detector biases are simulated in themixed event analysis. In the mixed event, when one pion is picked up, wetreat the neighboring modules as insensitive with a certain probability and
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carry out the analysis. The relative azimuthal angle distribution of pionswith respect to the �mix0 is plotted for the most central events to comparethe real data in Figure 5.8: the left panel is the real data events and theright panel is mixed events when the probability of making the neighboringhit is 3:0%. The mixed events similarly show anti-correlation as is seen in thereal event and the degree of anti-correlations are identical with the real data.It is known that this anti-correlation observed in mixed events is created bythe excluding module e�ect due to the neighboring hits, so that it has tobe removed from the real data. Therefore, we subtracted the mixed eventdistribution from the real data and this correction has been done in thepreceding analysis.
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5.5.3 Azimuthal Distribution of protonThe azimuthal distribution of protons with respect to the �0 is also studied.The azimuthal angle of proton is needed to be rotated with the �0 event byevent. However, if it is done using the common �0 de�ned from all of protonand fragments, like pion, the automatic correlation between protons and the�0 must be involved due to the �nite multiplicity of observed particles.To remove this auto correlation, a new azimuthal angle of �0� is de�nedfor each proton from the remaining particles in one event, for instance, for�� th proton: Q� � [Px�; Py�] = MX�6=� [pt�cos��; pt�sin�� ] ;tan�0� = Py�Px� : (5.6)Then the distribution of the relative azimuthal angle with respect to �0�,��� = �� � �0� is shown in Figure 5.9.The azimuthal angle distribution is found to be anisotropic for all cen-tralities and protons tends to be emitted into the same direction with otherfragments, while pion are emitted into the opposite direction.From these distributions, v10 is also de�ned by �tting with the functionof equation 5.5.
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5.6 Resolution of �0As is discussed in the previous analysis, we observed anisotropy in the dis-tribution of � � �0. The strength of anisotropy is quanti�ed as v1 usingthe function 5.5. Because of the �nite multiplicity particle production andlimit-ted detector acceptance, the �0 is distorted from a real angle �R whichis the ideal origin. The observed v01 is reduced from the \true" v1. due to thisexperimental resolution, which has to be corrected. This correction factor isderived from the relation between v01 and v1:v1 = hcos(�� �R)i (5.7)v01 = hcos(�� �0)i (5.8)= hcos[(�� �R)� (�0 � �R)]i= hcos(�� �R)ihcos(�0 � �R)i � hsin(�� �R)ihsin(�0 � �R)i= v1hcos(�0 � �R)i (5.9)where the hsin(�0 � �R)i vanishes because of the symmetry distributionaround �R = 0. Thus, the v10 has to be divided by the factor of hcos (�0 � �R)i.The method to estimate this resolution factor is introduced in the next sec-tion.5.6.1 Estimation of Resolution of �0In this section, we discuss how to evaluate the resolution of �0 in terms ofhcos (�0 � �R)i This method is introduced by P.Danielewicz [17] and A.M.Poskanzer [45] in the earlier study.Two Subevent CorrelationPreviously, it is found that the two subevents created among protons andfragments in each event have a correlation as shown in the section 5.4.1
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In the �rst method, the resolution can be estimated from the correlationbetween two subevents analytically.cos (�a � �b) = cos f(�a � �R)� (�b � �R)g= cos (�a � �R) cos (�b � �R)+ sin (�a � �R) sin (�b � �R) (5.10)Here, we take the average of events on the both sides and since the secondterm on the light side can be ignored,hcos (�a � �b)i = hcos (�a � �R)ihcos (�b � �R)i: (5.11)Since the subevent A and B are identical, this is de�nitely true that;hcos (�a � �R)i = hcos (�b � �R)i (5.12)Therefore, hcos (�a � �b)i = hcos (�a � �R)i2hcos (�a � �R)i = qhcos (�a � �b)i (5.13)This correction factor is the estimation only for the �a which is de�nedfrom the half of statistics in one event, while the �0 is de�ned from thefull statistics. Hence, the resolution of �0 is better than one of the �a bya factor of � p2 because of double statistics. The details are described inreference [45] Finally, the resolution of �0 is evaluated as hcos (�0 � �R)i =0:3770� 0:0045 at the mid-central (Class G:100 < ET < 200 GeV). In Table5.2, the resolution factor is summarized for all centralities.5.7 Corrections and Error Estimations5.7.1 Systematic Error from Non-uniformity of Detec-torThe estimation of the systematic error caused by non-uniformity of the detec-tor is carried out by analyzing the azimuthal uniformity of hcos (�a � �b)i.
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ET (GeV) hcos (�0 � �R)i420 � 0.1099 � 0.0195380 � 420 0.1535 � 0.0116350 � 380 0.2243 � 0.0096320 � 350 0.2639 � 0.0096280 � 320 0.3096 � 0.0078200 � 280 0.3515 � 0.0058100 � 200 0.3770 � 0.004550 � 100 0.3391 � 0.00840 � 50 0.2197 � 0.0219Table 5.2: Experimental resolution of �0.The hcos (�a � �b)i, which is calculated from the subevents correlation, isplotted as a function of the azimuthal angle in the laboratory frame in Figure5.10(a) for the mid-central collisions. The mean of hcos (�a � �b)i = 0:2569and the root mean square of 0.0149 is obtained as is shown in Figure 5.10(b).From the relation between hcos (�a � �b)i and hcos (�0 � �R)i, The non-uniformity is estimated as 0.021. This factor is included in the systematicerror.
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< cos (Φa - Φb) >Figure 5.10: Correlation of two subevents, hcos (�a � �b)i is plotted as afunction of the azimuthal angle in the laboratory frame for the mid-centralcollisions (Class G).5.7.2 Correction for ContaminationWemention about the background e�ect on this analysis. From the linearizedspectrum. The pion contamination in proton spectrum is estimated to beabout 6 � 24% from the peripheral to the most central collisions. The e�ectof those pion contamination is estimated by an analytical calculation in asimulation.In the simulation, we assume that protons and pions are emitted as2 dimensional Gaussian on the transverse momentum plane with additionalmean sift of the average momentum hpxi in the axis-x to positive or negative,respectively, that is;d2Ndpxdpy = exp �(px � hpxi)22�2px � p2y2�2py! ; (5.14)where �px(= �py) is 215 MeV and 100 MeV for proton and pion, respectivelyin order to reproduce the observed transverse momentum distribution in ourexperiment.Then we generate events from the above protons. Here, some of the
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protons are replaced arti�cially with pions by reproducing the contaminationrate in the real events. The ratio of replaced proton is changed from 0 %to 25 % by 5 % step. Using those events, we followed the same mannerwhich is applied for the real data. That means, we de�ne the azimuthalangle of �0 from the total transverse momentum of protons which includepion arti�cially, and the azimuthal distribution of other pions rotated by�0 are calculated to obtain v10. Also the resolution of �0 is evaluated fromthe correlation of two subevents to obtain v1 by correcting v01. For example,the azimuthal distribution of pion with respect to �0 is shown in Figure5.11(a) when the contamination is 10 % and hpxi of pion is �20 MeV. Atthis condition, v01 of 0.049 � 0.003 and hcos (�0 � �R)i of 0.360 � 0.001 areobtained. Thereby the corrected v1 is obtained as 0.136 � 0.007 from therelation, v1 = v01=hcos (�0 � �R)i.On the other hand, we can obtain the ideal v1 value (v1R) from theazimuthal distribution with respect to the �R, since the �R is �xed to �R =0o in the simulation. In the Figure 5.11(b), the pion azimuthal distributionwith respect to �R is shown and v1R of 0.134 � 0.0025 is obtained. Theagreement of those two v1 prove accuracy of our analysis method.In oder to estimate the systematic error of this analysis method andthe e�ect of the pion contamination observed in real data, this study isperformed under the condition of the di�erent contamination rate and thedi�erent average momentum shift. The ratio of the contamination is changedfrom 0 % to 25 % for the pion's average momentum shift, hpxi of -5, -20 and-50 MeV. The v1 obtained by following the experimental analysis method areplotted in Figure 5.12 when hpxi is -5, -20 and -50 MeV from the top and thesolid lines indicates v1R. It tells us this method is not a�ected by the ratioof the contamination and also the degree of v1 for pions. The discrepancy ofv1 from v1R is less than 2 % for any conditions. This value is included in thesystematic error.This simulation is performed also for the analysis of protons. In thiscase, we found that the corrected v1 become smaller than the ideal v1R with
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increasing the the ratio of contamination systematically. The discrepancyof the v1 from v1R also depends on the azimuthal anisotropy of pions, evenpions can be corrected properly. However, we obtained the anisotropy ofpions and estimated the pion contamination, we can estimate v1R by usingthe simulation. The anisotropy of pion is reproduced in each centrality byshifting the mean transverse momentum to negative px. Those pions aremixed arti�cially in generated protons with the measured ratio. Under thiscondition, the anisotropy of protons are modulated to reproduce the realdata by changing hpxi. After removing pion contamination from this protonsample, the v1R is estimated.The errors propagated via statistics, background, non-uniformity aresummarized in the Table 5.3.Type of Error Error [%]Statistical 0.4Uniformity 2.1Background 2Table 5.3: The estimated errors are summarized
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Finally, the v10 and corrected v1 are listed for each centrality in Table5.4, 5.5 for protons and pions, respectively.protonET [GeV] v10 v1420 � 0.0029 � 0.0013 0.0167 � 0.0214380 � 420 0.0081 � 0.0011 0.0276 � 0.0164350 � 380 0.0168 � 0.0013 0.0639 � 0.0134320 � 350 0.0263 � 0.0015 0.113 � 0.0138280 � 320 0.0332 � 0.0014 0.119 � 0.0123200 � 280 0.0453 � 0.0013 0.133 � 0.0112100 � 200 0.0566 � 0.0011 0.149 � 0.010850 � 100 0.0468 � 0.0020 0.121 � 0.01240 � 50 0.0259 � 0.0356 0.0823 � 0.0252Table 5.4: v10 and v1 obtained from protonpionET [GeV] v10 v1420 � -0.0137 � 0.0019 -0.0259 � 0.0231380 � 420 -0.0170 � 0.0016 -0.0468 � 0.0163350 � 380 -0.0204 � 0.0020 -0.0454 � 0.0131320 � 350 -0.0319 � 0.0025 -0.0688 � 0.0145280 � 320 -0.0317 � 0.0025 -0.0669 � 0.0123200 � 280 -0.0403 � 0.0024 -0.0867 � 0.0115100 � 200 -0.0634 � 0.0025 -0.1405 � 0.014050 � 100 -0.0777 � 0.0056 -0.1869 � 0.02670 � 50 -0.0846 � 0.0121 -0.3243 � 0.0835Table 5.5: v10 and v1 obtained from �
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5.8 Centrality DependenceWe have evaluated the azimuthal anisotropy of protons and pions with re-spect to �R in terms of v1 for each centrality. Now the v1 of proton and pionare plotted as a function of the transverse energy, ET measured by MIRACin Figure 5.13 after the corrections with the systematic error included in theerrors. It turns out that the both of species strongly depend on the centrality.The magnitude of v1 for protons increases with decreasing ET and reach atmaximum point at mid-central collisions, where the impact parameter is � 8fm then decline to peripheral. For the pion, the o� set of v1 is negative andit's magnitude furthermore decrease with increasing with ET monotonically.The absolute value of v1 is the comparable order each other.5.9 Rapidity Dependence5.9.1 Transverse Momentum Dependence of v1The azimuthal asymmetric event shape is found in the azimuthal distributionof protons and pions, then it is quanti�ed with the v1 in full acceptance ofthe Plastic Ball at the previous section. In addition to this, v1 is expandedwith the transverse momentum, pT , and the rapidity. In Figure 5.14, v1 ofproton is displayed as a function of pT in 4 intervals of rapidity bins at themid-central collisions (Class G:100 < ET < 200 GeV) where the maximumv1 is observed. It is found that v1 depends on pT and rises linearly withincreasing pT .5.9.2 Average Transverse Momentum TransferThe average transverse momentum projected on the direction of �0 hpxi, isevaluated as a function of the rapidity for protons and pions. This is donefor semi-central collisions (100 < ET < 200GeV) where the largest azimuthalanisotropy is observed for protons (See Figure 5.13). The distribution ofd3N=dydp0xdp0y is constructed for protons and pions as shown in Figure 5.15,
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Chapter 6Discussion and Comparisonwith Theoretical ModelsIn this experiment, it is found that protons are emitted to the same directionof the �0, while pions are emitted to the opposite direction of the �0 at thetarget rapidity region. Understanding the mechanism of this feature mightbe a key issue to investigate the meaning of the �0.We consider what kind of processes produces azimuthal anisotropy ofparticle emission at target rapidity. There are several approaches to describeparticle production in high energy heavy ion collisions. In this thesis, ap-plying a simple nuclear collision model, based on the participant-spectatormodel, we discuss how to understand our experimental observables. In thissimple model, we consider the e�ect of several interaction processes in thetarget spectator matter on the anisotropic particle emission pattern. Be-cause the Plastic Ball detector locates at the target rapidity region, particlesdetected by this detector are in
uenced by the target spectator matter. Weestimate how much e�ects are produced by ordinary hadronic interactions inthe spectator matter. Finally, we introduce RQMD model for the comparisonand for the interpretation of the experimental observables.
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6.1 Geometrical Features of CollisionsIn the model calculation, we assume the geometrical participant-spectatormodel in which the spectator and the participant regions are well separatedby the geometry. In another word, the geometrical shape of the target spec-tator is uniquely de�ned for a given impact parameter as is schetched inFigure 6.1 in the beam view. The hatched region indicates the participantand the shaded region presents the target spectator and the region surroundby the broken line signi�es the target spectator.

Target  spectator

Projectile  spectator

Participant

Beam ViewFigure 6.1: Schematic picture of colliding nuclei in the beam view. Thehatched region indicates the participant and the shaded region presents thetarget spectator and the region surround by the broken line signi�es thetarget spectator.This assumption is supported experimentally by a comparison betweena geometrical calculation and observed di�erential cross sections with ZDC.The number of nucleons in the spectator is evaluated from the energy mea-sured by ZDC: NZDCspec = EZDC [GeV]p1582 + 0:982[GeV] (6.1)
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Figure 6.2: Number of nucleons in projectile spectator as a function of impactparameter. The closed circles indicate the data evaluated from measurementby ZDC. The solid line is obtained from geometrical calculation of collidingnuclei.where EZDC is the energy observed in ZDC, which is divided by the totalenergy per nucleon of the beam. Obtained values are plotted in Figure 6.2 asa function of the impact parameter which is calculated from the cross sectionat each bin of EZDC . The solid curve in the �gure shows the estimationof this number from the geometrical calculation of the spectator region byassuming the normal nuclear density. The measurement agrees well at theimpact parameter more than 4 fm. The small discrepancy at b < 4 fm mightbe due to less density at the surface of Pb nucleus, where the sharp cut o�picture does not hold well.This result is suggesting that the geometry of the spectator can bedetermined by the geometrical participant-spectator model which assumeclear cut separation.
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Figure 6.3: Parameterized distributions of dN=dy and 1=mTdN=d(mT �m0)for model calculation. Uppers are for proton and lowers are for pion.6.2 Simple ModelsThere are several processes which may produce an anisotropic particle emis-sion. In this model calculation, four e�ects listed below are discussed. Strengthof the following e�ects are evaluated one by one in the model calculations ofmode I � IV.1. statistical 
uctuation2. absorption by the target spectator3. elastic scattering with the nucleons in the target spectator4. resonance from pions with nucleons in the target spectatorFirst we check whether it is simply caused by the statistical 
uctuation (ModeI). Since the multiplicity of proton and fragments observed in the Plastic
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Ball is about � 8 in average, it is required to investigate the e�ect of thestatistical 
uctuation on the azimuthal distribution. Secondly, we considerthree interaction processes in the target spectator which may produce theazimuthal anisotropy of protons and pions (Mode II � Mode IV). The meanfree path of those particles in the normal nuclear density are expected tobe smaller than the radius of the lead target, (R � 7:2fm), for instance,�p ' 3 � 6 fm and �� ' 2 � 5 fm are estimated from the cross section ofp+ p and �+ p [46] for proton and pion in the energy range detected by thePlastic Ball.Assuming the geometrical features of collisions, pions and protons aregenerated from the participant region (hatched region in Figure 6.1). Tosimulate realistic, transverse momentum and rapidity distribution of pro-tons/pions are parameterized with the double/single Gaussian function anda single exponential function, respectively (See Figure 6.3). The particlesare randomly generated in the azimuthal direction. In each model of calcu-lation (mode I � IV), interaction process of those generated particles in thespectator are taken into account. In the model calculations of mode II �IV, it is assumed that the density of the target spectator is equivalent to thenormal nuclear density, i.e., � = 0:16fm�3 and the cross sections of p + pand p + � are 12:5mb. Finally, azimuthal angle distributions are studied forparticles within the Plastic Ball acceptance.6.2.1 Mode I: Statistical FluctuationIt is an important question how much the azimuthal anisotropy is producedsimply due to statistical 
uctuation under the multiplicity in study. To eval-uate this e�ect, particles are generated randomly simulating the observedcharged multiplicity distribution in Pb + Pb collisions. Although the ge-ometrical frame of the model is adopted in this mode of calculation, nointeraction of produced particles is included; only the statistical 
uctuationis taken into account. Particles which get into the Plastic Ball acceptanceare collected. The multiplicity distribution reproduces the measurement well
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as shown in left panel of Figure 6.4.For those particles, the subevent analysis is performed using the samecode for the real data; each event is randomly divided into two equal sizesubevents then the azimuthal angle of total transverse momentum is eval-uated in each subevent. The relative angle distribution, �a � �b, is shownin the right panel of Figure 6.4. Distribution is 
at within statistical error.To con�rm the 
atness of the distribution, A1 parameter of Equation 5.4 isobtained for various multiplicity events as is shown in Figure 6.5. They areconsistently zero within the error at the whole range of multiplicities.Therefore, we conclude that the statistical 
uctuation alone with thecurrent analysis method can not be responsible for the anisotropic eventshape as observed in the real data. Now we consider e�ects of rescatteringwith nucleons in the target spectator in the following sections.6.2.2 Mode II: Absorption by the SpectatorIn this mode of calculation, we simulate how the azimuthal anisotropy wouldbe created if pions and protons are absorbed by the target spectator. Theprotons and pions are emitted from the participant region with the samemanner as discussed previously. As schematic picture is shown in Figure6.6, we consider that some of particles penetrate the target spectator on theway out, but some of particles might be absorbed inside the matter. Survivalprobability, P is introduced in the simulation by assuming the certain meanfree path,�, and path length L, in the matter:P = exp��L� �; (6.2)where � is assumed by the normal nuclear density of 0:16fm�3 and the crosssection of 12:5mb for both pions and protons. The pions and protons areemitted with the same manner as discussed previously. The geometry of thespectator matter is uniquely de�ned for a given impact parameter and thedirection of the impact parameter vector is �xed to the positive x-axis asis shown in Figure 6.6. Then the survival probability and the acceptance
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Target

Figure 6.6: Schematic picture of absorption process (Mode II)of the Plastic Ball are considered. The average of survival probabilities as afunction of the azimuthal angle is shown in Figure 6.7 for pion at b = 8fm and� = 5fm Clear absorption by the target spectator sitting at around � = 0ois seen; the survival probability is minimum around at zero degree where thethickness of the target spectator is largest.In Figure 6.8, the azimuthal distributions for both of protons and pionsare calculated at the Plastic Ball acceptance, Azimuthal angle distributionsat the impact parameter of 2, 4, 8 and 12 fm are shown from the top to thebottom. The results show that the azimuthal anisotropic emission is visiblewith less particles emission on the side of the target spectator for both pro-tons and pions. And the anisotropy becomes larger with increasing impactparameter for both species. The strength of the anisotropy, v1 is quanti�edby �tting with the Equation 5.5. The v1 is plotted as a function of ET inFigure 6.13 and Figure 6.14 for proton and pion, respectively. The closedsquares show the results of this model calculation and the experimental dataare also shown with the closed circles for the comparison. The corresponding
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Figure 6.7: Survival probability as a function of the azimuthal angle for pionat b = 8fm and � = 5fm. Clear absorption by the target spectator, sitting ataround � = 0o is seen.impact parameter value is shown on the top of these �gures. In the experi-mental data, the sign of proton's v1 is always positive, because protons tendto be emitted to the same direction of �0. We apply this de�nition for theresults of model calculation to compare with the data. The results show thatv1 of protons increase with increasing the impact parameter. This modelcalculation overestimates the data. On the other hand, v1 of pions indicatespositive sign, while the data show negative value. Therefore, this scenariototally fails to explain the data.Considering the energies of pions and protons observed with the PlasticBall, complete absorption is a reasonable assumption for pions but for pro-tons, elastic scattering is more realistic. In the next section, proton-nucleonscattering process in the spectator are taken into account instead of completeabsorption for protons.
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6.2.3 Mode III: Rescattering of Proton with NucleonIn this mode of calculation, we replace the complete absorption to rescatter-ing process in the target spectator for protons. In this calculation, elasticscattering of proton + nucleon is considered. Scattered two protons sharethe kinetic energy and there is a chance to have both protons in the Plas-tic Ball acceptance (See Figure 6.9). The probabilities of the rescatteringare evaluated from the path length and the cross section of 12.5 mb in thenormal nuclear density. The scattering angle and the momentum transferare calculated according to the initial momentum of the incident proton andthe Fermi momentum of nucleons in the spectator, where normal nucleardensity is assumed. Angular di�erential cross sections are also taken intoaccount [47, 48]. For simplicity, we assume that the rescattering is takenplace only once for each generated proton.

TargetFigure 6.9: Schematic picture of rescattering process for proton (Mode III)Similarly, protons within the Plastic Ball acceptance are collected. Theazimuthal distribution of protons are plotted in the left panel of Figure 6.10,
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where the impact parameter is at 2, 6, 8 and 12 fm from the top to the bottom.It is found that the anisotropy is small but the peak position is shifted from180 degree to 0 degree. For pions, the results of absorption model calculationare replotted in the right panel of Figure 6.10 since this rescattering processdoes not a�ect on pions. For the comparison with the data, the v1 is obtainedfor both protons and pions by �tting with the Equation 5.5 and plotted inthe Figure 6.13 and Figure 6.14 with closed triangles. Those �gures show v1of protons is smaller than data and it does not change within the error evenif the cross section is increased to 20 mb. However, v1 of pions show up inthe negative direction. The centrality dependence of pions shows monotonicdecrease with increasing the impact parameter. This tendency is consistentwith our observation. However, the complete absorption of pions seems tobe too strong. Thus, we consider another process concerning the pions.
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6.2.4 Mode IV: Resonances from � + nucleon

TargetFigure 6.11: Schematic picture of resonance process (Mode IV)Another important process which di�erentiates the behavior of pionand proton is the process via resonance production of pions [49, 50, 51] suchas, �+ + p! �++ ! �+ + p�+ + n! �+ ! �0 + p:In the �rst process, one proton is scattered by a pion and in the second one,one pion is absorbed and one proton comes out. Since the total cross sectionof pions at this energy, production of � resonance is dominant process. This� production might make anisotropy of pion weaker compared to the absorp-tion process and enhance anisotropy of protons. When the resonances decayinto proton and pion, this proton carries most of the momentum, because ofthe larger mass of protons. We expect pions emitted to the target spectatormay produce more resonances, then those resonances emit additional protonsto the direction of the target spectator.
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In this mode of calculation, pions produce resonances with nucleonswhich have Fermi momentum in the normal nuclear density. With a certainprobability estimated from the path length and the cross section of 12.5mb, those resonances are assumed to decay into the original pair of �+ andnucleon. Hence pion absorptions are excluded from this calculation.The azimuthal distributions of the particles accepted by the PlasticBall are shown in Figure 6.12 for proton and pion on the left and right sidefor the impact parameters of 2, 6, 8 and 10 fm from the top to the bottom,respectively. It becomes clearer that the enhancement of protons at 0 degreeand the opposite tendency for pions. The v1 obtained from those distributionsare plotted in Figure 6.13 and Figure 6.14 with the closed inverted triangles.The v1 of protons become close to data, however still underestimate. Forpions, the centrality dependence of v1 is similarly decrease with increasingthe impact parameter. In this case, however, the absolute value is smallerthan the data with a factor of a half even if the cross section is increased to20 mb. In this calculation, the anti-correlations of protons and pions are alsoreproduced.
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6.2.5 Summary of Simple Model: Mode I to IVWe summarize the results obtained from the simple models in the mode I toIV.� Mode I : Statistical 
uctuation{ The 
at distributions are observed in whole multiplicity region.It con�rms that the statistical 
uctuation can not be responsible forthe anisotropic event shape.� Mode II : Absorption by the target spectatoranisotropy{ proton: enhanced at � = 180o{ pion: enhanced at � = 180ocentrality dependence of v1{ proton: gradually increase with increasing the impact parameter.larger than the data (a factor 2).{ pion: the positive v1 is found.This model calculation fails to explain the anti-correlation of protonsand pions.� Mode III: Rescattering of proton with nucleon (Absorptionfor pion)anisotropy{ proton: enhanced at � = 0o{ pion: enhanced at � = 180ocentrality dependence of v1
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{ proton: gradually increase with increasing the impact parameter.smaller than data (a factor 1/7).{ pion: the negative v1 is found.monotonically decrease with increasing the impact parameter.larger than data (a factor 2).This mode of calculation explains the data, semi-qualitatively.� Mode IV: Resonance from pions with nucleonanisotropy{ proton: enhanced at � = 0o{ pion: enhanced at � = 180ocentrality dependence of v1{ proton: gradually increase with increasing the impact parameter.smaller than data (a factor 1/3).{ pions: the negative v1 is found.monotonically decrease with increasing the impact parameter.smaller than data (a factor 1/2).This mode of calculation explains the data, semi-qualitatively.The all of interaction processes of Mode II � IV produce the azimuthalanisotropic distributions for protons and pions. The calculations of modeIII and IV explain the anti-correlation of protons and pions observed in thedata. In both of cases, the protons are emitted to the � = 0o, which is thedirection of the target spectator sitting. Those features are understood asthe following: the pions are likely to be reduced by the spectator. On theother hand, the protons are likely to be enhanced to the target spectatordirection, because of additional protons from the target spectator.
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Whenever the anti-correlation of protons and pions is observed, theemitted direction of protons are face to the direction of the target spectatorwhich is the direction of the impact parameter vector.The absolute v1's disagree for proton and pion. For pions, the calcula-tion of the complete absorption overestimate the data, while that of the fullresonance mode underestimate the data. Those discrepancies might be dueto the following reason. The reality may be between the both of mode IIIand mode IV. If we consider the secondary collisions of the resonances withnucleons in the spectator, pion absorption might be occurred.�+ + p! �++ (6.3)�++ +n! p+ p (6.4)In the case of that 50 % of pions are absorbed and the rest are survivedthrough this resonance process, the agreement becomes better as shown withopen squares in Figure 6.14. It is suggesting that the secondary interactionprocess should be taken into account.For the proton, the tendency of the centrality dependence is not repro-duced. The model calculation show anisotropy becomes larger towards theperipheral collisions, while the data reached at the maximum at around b = 8fm. This disagreement might be due to the following reasons: In the calcula-tion, we do not take into account the secondary collisions which is expectedto be more e�ective in the peripheral collisions. It is also suggesting that weneed to take into account secondary cascade collisions. Another one is thatwe assumed the isotropic emission from the participant region. It might benot true. Concerning this issue, it is brie
y discussed in Appendix B.2.6.2.6 Conclusion of Simple ModelFrom those model calculations, it is found that the azimuthal anisotropy ofemissions observed in protons and pions are explained by the interactionswith nucleons in the spectator, semiquantitatively. Protons are enhanced atthe direction of the target spectator, while pions are reduced. Consequently,
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it is con�rmed that the azimuthal direction of protons at the target rapidityregion points to the direction of the target spectator which is the direction ofthe impact parameter vector. Therefore, we conclude that the �0, which isthe direction de�ned from the transverse momentum vector of protons (andfragments), points to the direction of the impact parameter vector.In another thing, the model calculations are requiring the more realisticcascade calculation which simulate including the secondary collisions andresonance processes. From this pion of view, we employ relativistic quantummolecular dynamics (RQMD) cascade model and discuss comparing our datain the next section.
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Figure 6.13: Centrality dependence of v1 obtained from the model calcula-tions and the experimental data for protons. Open squares show the resultfor the combination of mode III and IV.
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Figure 6.14: Centrality dependence of the v1 obtained from the model calcu-lations and the experimental data for pions. Open squares show the resultfor the combination of mode III and IV.
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6.3 Relativistic Quantum Molecular Dynam-ics (RQMD) ModelIn the preceding section, we discussed the secondary interaction processeswould play a key role to explain the anisotropic emission. In order to un-derstand the experimental data including such a e�ect, we introduce a in-tranuclear cascade model which has successfully predicted the anisotropicparticle emission as well as particle production at AGS energy [23, 28] andalso predicted particle production at SPS [52]. This model is called as Rela-tivistic Quantum Molecular Dynamics Model (RQMD) provided by Sorge etal. [53].In this model, the motion of particles is described in the classical dy-namical propagation. In order to prove the Lorentz-invariance, the phasespace is extended to 8N dimensions which consist of the positions and mo-menta of the N particles as 4-vectors. Consequently, every particles carriesits own time and energy.Collisions occur for any two particles when the proper time is equivalentand their minimum distance, d � q�=� is ful�lled in their center of masssystem, where � is the cross section. The experimentally measured crosssections in the free space are used.The particle production mechanism is treated as the results of the de-cay of excited resonances produced in inelastic collisions. The lower massresonance contributions are predicted by the branching ratios extracted fromthe experimental data. To predict multi-particle production from the higherenergy collisions, a string fragmentation scheme [54] is incorporated alongwith parameters observed in high energy experiments and contribution ofhigher resonances is taken into account. However, productions of compositeparticles from elementary particles are not included yet.For convenience, the direction of the impact parameter vector is �xedto the same direction as the simple model depicted in Figure 6.11.
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6.3.1 Pb + Pb Collisions in RQMDUtilizing RQMD model, Pb + Pb collisions are simulated. The azimuthalparticle emissions at Pb + Pb collisions are calculated for the comparison.In this simulation, the direction of the impact parameter vector is �xed tozero degree in the azimuthal angle. The particles produced and emitted afterthe intranuclear cascade process are �ltered with the Plastic Ball acceptanceto compare with the experimental data.The azimuthal angle distribution of protons and pions are shown onthe left half and the right half of Figure 6.15, respectively. It is clearly seenthat the azimuthal anisotropic emission for protons and pions exist in thesimulation. Moreover, protons are enhanced at � = 0o, where the targetspectator is sitting, while pions are enhanced at � = 180o.The observed anisotropy parameterized as v1 is plotted as a functionof ET for both of protons and pions in Figure 6.16. Our data are alsoplotted with closed circles. For the pions, RQMD results also indicate thatthe anisotropy becomes larger with decreasing the ET (increasing the impactparameter) monotonically. Moreover, the absolute v1 agrees with our dataquite well. For proton, the magnitude of v1 becomes maximum around themid-central collisions and slightly decreases in the central and peripheralcollisions, which is not produced in our model calculation. This tendency isconsistent with our data. However, the absolute value is almost twice largerthan our data, although successfully predict the multiplicity distribution ofprotons (See Appendix B.1). One of the reasons to explain this discrepancy isthat the RQMD does not take into account the production of fragments fromnucleons while fragments are removed from proton samples in the real data.Protons emitted to the same direction, are likely to be compounded intofragments, or detected as heavier particles if those get into the same moduleof the Plastic Ball. The anisotropy of v1 is obtained from the data includingdeuterons and tritons and is plotted with closed triangles in Figure 6.16. Itshows those particles produce larger anisotropy as is expected.In this RQMD model calculations, it is found that the protons are emit-
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ted to the direction of the impact parameter (� = 0o), while pions are oppo-site of protons. The anti-correlation between them is reproduced in RQMD.Moreover, the direction of proton emission is face to the target spectator.This result is consistent with our simple model calculations. The RQMDresults are con�rming that the direction of �0 points to the direction of theimpact parameter vector.
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Chapter 7Conclusion and SummaryThe measurements of particle production at 158 AGeV Pb + Pb collisionshad been carried out at WA98 experiment in CERN SPS. Particles producedaround the target rapidity region were observed by the Plastic Ball detectorwith a full azimuthal coverage. The particle identi�cation for �+, proton,deuteron and triton had been performed by using the �E�E particle iden-ti�cation method. For better identi�cation of pions, a delay signal which isoriginated from a �+ decay was required.In order to study the characteristics of particle emission at 158 A GeVPb + Pb collisions, the azimuthal angle, �0, was de�ned as the directionof total transverse momentum vector from protons, deuterons and tritonsevent by event. The azimuthal anisotropy of particle emission was studiedby the subevent analysis related to the �0. In mid-central collisions, a clearcorrelation was seen between two azimuthal angles de�ned by each subevent.The experimental resolution of the �0 was estimated as hcos (��0)i = 0:377from this analysis.The azimuthal anisotropy of particle emission with respect to the �0was studied for protons and pions as a function of centralities. Protons andpions showed anisotropic emission and protons tended to be emitted to thesame direction as �0, while pions were emitted to the opposite direction. Thestrength of the anisotropy, quanti�ed as v1, showed clear centrality depen-dence. Protons indicated maximum anisotropy at the mid-central collisions
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and decreased towards the central and peripheral collisions. While for pion,the anisotropy showed monotonic increase with decreasing the centrality.In order to understand the mechanism of those anisotropic emissions,the geometrical participant-spectator model with interaction processes wasemployed. In this model calculation, we estimated the e�ects of four pro-cesses (mode I� IV) on the azimuthal anisotropic emission step by step. Thismodel explained that the anti-correlation of protons and pions was producedby the rescattering of protons and pions. The pions which are emitted to thetarget spectator direction are likely to be reduced by the spectator thoughthe absorption and resonance processes. On the other hand, the protonsare likely to be enhanced to the target spectator direction, because of addi-tional proton emissions from the target spectator through the rescatteringand the resonance processes. As a result of these processes, it was found thatprotons show the tendency to be emitted to the azimuthal direction of thetarget spectator, while pions were opposite. Whenever the anti-correlationof protons and pions is observed, the emitted direction of protons pointedto the direction of the target spectator which is the direction of the impactparameter vector.This simple model calculation also suggested the importance of the sec-ondary interactions in the target spectator. Motivated by this requirement,the intranuclear cascade model, RQMD was introduced. In RQMD, it wasfound that protons tended to be emitted to the direction of the target specta-tor, while pions tended to be emitted to the opposite direction. The RQMDgives better reproduction of the anisotropies of pions and protons than thesimple model.From those model calculations reaction mechanism of the anisotropiesare semiquantitatively understood. Consequently, it was con�rmed that theazimuthal direction of protons at the target rapidity region pointed to thedirection of the target spectator, which is the direction of the impact param-eter vector. Therefor, we conclude that the �0 pointed to the direction ofthe impact parameter vector.
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In this thesis, we established the technique to de�ne the azimuthaldirection of the impact parameter at 158 A GeV Pb + Pb collisions as a �rsttime. This contribution is expected to provide a new additional informationof particle production at 158 A GeV Pb + Pb collisions.
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Appendix AResolution of the reaction planeA.1 Numerical MethodThe another numerical method to estimate the resolution of the reactionplane is also performed for our data. Now we turn to a discussion of Qdetermined in Equation 5.1. If Q were a just a sum of randomly orientedmomenta, then this relation must be approved: hQ2i = hP p2t i. BecausehQ2 �X p2t i = h�X pt�2 �X p2t i= h0@X p2t � X�6=� pt�pt�1A�X p2t i= hX�6=� pt�pt�i= hX���pt���� jpt�j cos (�� � ��)i (A.1)the averaged cosine of the last equation is always zero if �� and �� are notcorrelated at all. However, what we get is non zero but hQ2 �P p2t i = 0:277at the mid-central collisions (Class G:100 < ET < 200 GeV). Furthermore,the equation A.1 can be expanded;= hX���pt���� jpt�j cos f(�� � �R)� (�� � �R)gi= hX���pt���� jpt�j fcos (�� � �R) cos (�� � �R) + sin (�� � �R) sin (�� � �R)gi= h�X pt� cos (�� � �R)�2i (A.2)
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It indicates that this values is the square of the average transverse momentumon the ideal direction, Qx. Thus,hQxi � rhQ2 �X p2t i (A.3)In another way, we can calculate the Q0x asQ0x �X pt� �Q�=Q� (A.4)where Q� is a vector of total transverse momentum determined from allparticles in one event excluding the �th particle:Q� = MX� 6=� hpx�;py�i : (A.5)thus Q�=Q� indicates the unit vector of the total transverse momentumdirection evaluated from the remaining particles. If we take the ratio ofthem, hQ0xihQxi = hP pt� cos (�� � �0)ihP pt� cos (�� � �R)i= hP pt� (cos (�� � �R) cos (�0 � �R) + : : : : : :)ihP pt� cos (�� � �R)i= hcos (�0 � �R)i (A.6)it is equivalent to the resolution factor hcos (�0 � �R)i.
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Appendix BComparison with RQMDB.1 Cross SectionFirst of all, the rapidity distributions dN=dy obtained at experimental dataare compared with RQMD results for the central, mid-central and peripheralcollisions in Figure B.1. The experimental results almost agree with RQMDresults at the target rapidity region.B.2 Azimuthal Distribution in p + Pb colli-sionsWe move to the discussion for the possibility to reproduce the azimuthalanisotropic emission concerning on the the participant region. Before goinginto the full cascade calculation of Pb + Pb collisions we start from anelementary process of p + A collision at RQMD. Utilizing the RQMD model,p (�xed) + Pb (158 AGeV) collisions are simulated, which correspond to thecondition of no target spectator. Hence, it is possible to estimate e�ectscaused by the scattering with nucleons in the projectile nucleus.The azimuthal distribution at the target rapidity (y < 1) is shownin Figure B.2(a)(b) for proton and pion. The angle � = 0o indicates thedirection of the impact parameter, which is direction from the Pb beam tothe proton target. The simulation results show that the azimuthal angle
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Figure B.1: Comparison with RQMD and experimental results in multiplicitydistributions, dN=dy Three �gures show di�erence centralities.distributions are slightly anisotropic and tend to be emitted to the directionof the impact parameter vector for both of proton and pion.This tendency can be explained by the multiple-rescattering processin the projectile nucleus. Particles scattered to the direction of the impactparameter would see less nuclear matter, while particles coming out the op-posite direction would come across many nucleons of the projectile whichhave large momentum to the beam direction. Collisions with those nucleonssweep out particles from the target rapidity region by momentum transfertoward the beam direction, as is illustrated in Figure B.3. As a consequence,more particles are emitted to the direction of the impact parameter.It seems a small e�ect on p + A collisions, however, it is suggest-ing the multiple rescattering processes contribute to produce the azimuthalanisotropy of particle emissions.
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B.3 Interpretation from RQMDThe question is that the protons observed by the Plastic Ball is originallyfrom the participant or the spectator? In the simple model calculation, weunderstand that the anisotropic emission of protons is generated by addi-tional protons which are emitted from the target spectator through the col-lision processes. If the anisotropy is caused by such protons, the number ofprotons in the spectator is reduced.The number of nucleons in the spectator, NRQMDspec , is estimated byrequiring the ZDC acceptance �lter and is plotted with open triangles inFigure B.4. In the RQMD calculation, it is possible to distinguish the nu-cleons which do not have any interactions. The number of those nucleons inspectator, Nno intspec , is calculated for the several impact parameter regions inRQMD results. Then Nno intspec is compared with the number evaluated fromthe geometrical participant-spectator model, NGEOMspec . In Figure B.4, theNno intspec and NGEOMspec are also plotted as a function of the impact parameter.The NRQMDspec well agree with NGEOMspec , however, the Nno intspec is smaller thanNGEOMspec for the whole impact parameter range. Especially, the discrepancyseems to be the largest around the middle impact parameters. This resultsuggests that larger number of nucleons participate in interactions than oneexpected from the geometrical participant-spectator model. It is consistentlyunderstood by our models calculation. Because some of nucleons are removedfrom the spectator region through interaction processes such as rescattering,resonances and so on. Furthermore, the di�erence between Nno intspec and theNGEOMspec is presented in Figure B.5. The number of di�erence reaches at themaximum value at the impact parameter of � 8 fm This dependence is quitesimilar to the centrality dependence observed in v1 of protons, experimen-tally. Our interpretation is following; the protons around the boundary ofspectator region are scattered by other nucleons then coming out to thePlastic Ball acceptance. Those protons are anisotropically distributed in
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azimuthal angle. The number of nucleons in this boundary region is evaluatedwith changing the distance, Rb from the origin (the center of the impactparameter in Figure B.6). In Figure B.5, those number are plotted as afunction of the impact parameter for the Rb from 1 fm to 6 fm by 1 fm steptogether with the Nno intspec . The maximum value and the impact parameterat the maximum are increasing with increasing the distance, Rb and it isfound that NGEOMspec agree with Nno intspec at the Rb of 3 fm, qualitatively. TheRQMD result is suggesting that the nucleons in the boundary region of thespectator, would have been interacted with other particles. As a result of theinteractions, those scattered nucleons contribute to produce the anisotropicemission. The maximum anisotropy observed around the impact parameterof 8 fm is interpreted the correspondence with the maximum number ofnucleons in the boundary.Thus, the anisotropy of particle emission observed at the target rapidityregion is consistently understood as the results of the interaction processesat the target spectator of the produced particles.
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Figure B.6: Schematic beam view.
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B.4 Average Transverse MomentumThe average transverse momentum on the impact parameter vector is com-pared with RQMD calculation in Figure B.8. The positive side and thenegative side correspond to protons and pions, respectively. The rapiditydependence of hpxi for protons is maximum at y = �0:2 for both the ex-perimental data and RQMD calculation. However, the RQMD prediction isalmost a factor of 2 larger than the data, On the other hand, at AGS ener-gies, the cascade mode RQMD calculations underpredict the observations byabout a factor of two but the good agreement is obtained when mean �elde�ects are included [28] (See Figure 2.6). In this �gure, the hpxi of protons,deuterons and tritons are plotted in the summing over the Plastic Ball ac-ceptance. Those hpxi are scaled with the mass as is seen deuteron and tritonand become closer to RQMD prediction. Therefore the disagreement of theproton data and RQMD is due to the e�ect of heavy fragments which areexcluded in the experimental data. At SPS energies, mean �eld e�ects areexpected to be smaller, hence the cascade calculation predicts better than inAGS energies.For pions, the RQMD calculations show the agreement with the dataagain.
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Appendix CComparison between AGS andSPSC.1 Centrality DependenceThe centrality dependence of the strength of the azimuthal anisotropy isobtained for nucleons at AGS (Figure 2.5) and SPS energies (Figure 5.13)around the target/beam rapidity region. The results show the maximumanisotropy around the mid-central for both energies. However, the impactparameter of the maximum point corresponds to� 4fm at AGS energy, whilethis indicates � 8fm at SPS energy. This change of the maximum pointmight be caused by the the di�erence of multiplicity of produced particles.As we considered from RQMD comparison, the maximum anisotropy seemsto be connected with the number of nucleons in the boundary region of thespectator. Since less number of particles are produced at AGS energy, thee�ective number of nucleons which hit the nucleons in the spectator andproduce anisotropy is comparable in the smaller impact parameter at AGSenergy with the larger impact parameter at SPS energy.

123



C.2 Average Transverse MomentumThe average transverse momentum on the impact parameter vector is com-pared between AGS and SPS energies. In Figure C.1, hpxi for protons (onthe top) and pions (on the bottom) are plotted as a function of the normal-ized rapidity, (y� ycm)=ycm. The hpxi of protons at SPS energy show almost1=3 of that of AGS energy. On the other hand, the hpxi of pions for bothenergies show opposite sign and comparably small value.
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