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AbstratCharged-partile prodution in the pseudorapidity range j�j < 4:7 has been measured for Au+Auollisions at psNN = 130 GeV and 200 GeV using several subomponents of the BRAHMSexperiment at the Relativisti Heavy-Ion Collider (RHIC). A oaxial arrangement of silionstrip and sintillator tile detetors determined partile prodution near mid-rapidity (j�j < 3).Two arrays of Cherenkov radiators mounted to photomultiplier tubes established the harged-partile yields at larger pseudorapidities. Additionally, a time-projetion hamber at the frontof a movable mid-rapidity spetrometer arm was used for an independent on�rmation of theresults. The harged-partile pseudorapidity density at midrapidity, dNh=d�j�=0, is found tobe 553 � 36 and 625 � 55 at 130 GeV and 200 GeV, respetively. Also, the total numbers ofharged partiles within the pseudorapidity range j�j < 4:7 was established as 3860�300 and4630�370 at the two energies, respetively. The observed harged-partile density saled by thenumber of partiipant pairs, dNhd� 2<Npart> , is found to inrease 13% from the lower to higherenergy. Comparing the saled Au+Au pseudorapidity density at psNN = 200 GeV/A to p+�pollision results, an inrease of 40% is observed. The observed level of partile prodution is inthe range expeted if onditions are met for the prodution of a Quark-Gluon Plasma. Theseresults onstrain the urrent understanding of partile prodution at RHIC energies.
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Chapter 1
Introdution
1.1 A Brief History up to the Finding of QuarksOf what and how is our world made? This seems to be one of the many questions that thehuman rae has been asking sine the dawn of ivilization. In the Greek era, Aristotle thoughtit was made up of water, air, �re and earth. In the theory by Leuippus and Demoritus, theworld onsisted of �a-toma�, whih is the Greek word for a thing that an not be divided. Whiledeveloping many great theories without any onrete proof, these men's interests did not stopat pondering the struture of their world. They also studied how to make new substanes fromknown matters. Sine the Egyptian era of the Great Pyramid, alhemists had been hard at workmixing several materials to form new substanes.The human rae's fasination with new substanes ontinued through the Middle Age to theera of the Industrial Revolution. In 1869, the Russian hemist Dimitri Mendelïev onstruteda hemial table that lassi�ed all of the hemial elements known at that time aording totheir hemial properties. Later, this table was used to lassify atoms aording to their atominumbers. In 1897, while hemists were busy �nding new elements predited by the atomitable, British physiist J. J. Thomson disovered the eletron by the study of athode rays [1℄.This disovery, in whih an atom is not a fundamental point-like element but has some innerstrutures, opened a new era for physis, and it led to the urrent branhes of atomi, solidstate, nulear and partile physis. Obviously, the study of the strutures of atoms beamea very popular subjet at the turn of the 20th Century: Japanese physiist Hantaro Nagaoka1



developed a Saturn-like model of atomi struture, proposing that is a ring of negatively hargedpartiles of the same mass irling around an attrative enter [2℄. J. J. Thomson developed analternative idea of atomi strutures, based on having a number of negatively-harged eletrons(or orpusles) being enlosed in a sphere of uniform positive objets [3, 4℄.Following Thomson, British/New Zealander Ernest Rutherford, who studied under Thomsonfor two years, presented his idea of atomi strutures [5, 6℄ after his students, Hans Geiger andErnest Marsden, disovered the large de�etion of alpha partiles by a thin gold foil [7, 8℄.Rutherford's idea was that an atom onsists of a point-like positive harge surrounded by aspherial distribution of negative harge of an equal amount. In 1913, Danish physiist NielsBohr supported this idea by developing an explanation based on quantum mehanis [9℄. Withthe disovery of the eletron and the proton, there was one more missing element, the neutron.It was known that for many atoms, the mass number of an atom was almost twie its atominumber. However, this was not the ase for all atoms, whih puzzled physiists at that time. Tosolve this puzzle, in 1920 Rutherford predited the existene of the neutron, whih is a neutralpartile with the same mass as a proton. However, it took another twelve years for this partileto be disovered by a student of Rutherford, James Chadwik [10, 11℄.After the disovery of the neutron, it seemed that the subatomi domain was fully explored.This was not the ase, as shown with the predition and disovery of the positron by Britishtheoretial physiist Paul Dira [12℄ and Amerian experimental physiist Carl Anderson[13℄.This lead to the idea of anti-matter. For example, the positron is the anti-matter partner ofthe eletron and the anti-proton is the anti-matter partner of the proton. Also, to desribe themehanism of a proton and neutron bound together inside an atom, Yukawa postulated themeson theory of the strong fore and, based on this theory, postulated the existene of a newpartile [14℄. This partile, alled the pion, was disovered in 1947 by a group from Bristol[15℄ with the use of a loud hamber to detet osmi rays. This disovery oured after CarlAnderson and Seth Neddermeyer earlier in 1937 misidenti�ed muons as the mediator of thestrong fore.While the theory of atomi struture using quantum mehanis was established in the earlyTwentieth Century, the experimental bases relied on relatively low energy partiles from naturaldeays of atoms in the laboratory and osmi rays. In the early 1930s there were two Amerianinventions that propelled this �eld into the �atom-smashing� business: the Van der Graa� a-2



elerator by Robert J. Van der Graa� and the ylotron aelerator by E. O. Lawrene. Withthese inventions, it beame possible to make partiles of a spei�ed energy and to smash thesepartiles into targets. With further improvements, these inventions set the ourse for the se-ond half of the 20th Century, where mahines were onstruted to produe partiles of spei�harateristis at ever higher energies.Man's uriosity for an understanding of matter did not stop at �nding the pion. Soon after,the kaon, lambda, and other partiles were found. With this many partiles it beame verydi�ult to omprehend how the proton, neutron, eletron, and pion ould be �the� fundamentalpartiles. In 1961, just as Mendelïev made his atomi table, Murray Gell-Mann [16℄ and YuvalNe'eman [17℄ independently onstruted a table, named the �Eightfold Way� by Gell-Mann,to list baryons and mesons systematially aording to two quantum numbers: strangenessand harge. Later, to explain the underlying reason for this table, Gell-Mann [18℄ and Zweigindependently proposed a quark model of matter. In this model, a meson suh as a pion ismade of two quarks, whereas a baryon suh as a proton onsists of three quarks. At the time,they proposed three quarks: up, down, and strange. The model later added three more quarks:harm, top, and bottom. Strong experimental evidene for the model ame in 1969 by a groupfrom the Massahusetts Institute of Tehnology and the Stanford Linear Aelerator Center.Just as Rutherford and his students found the onstituent of atoms by hitting an alpha partileinto a gold atom, this group hit an eletron into a hydrogen atom to study the inner workingsof a proton [19, 20℄. The onlusion was that the proton has some inner strutures.1.2 Quark-Gluon SoupThe story of the searh for �Of what and how is the world made?� did not end by �nding quarkssine the detailed mehanism of the strong fore, whih holds protons and neutrons inside anuleus, is still not well known. The main problem for this understanding is aused by �quarkon�nement,� whih states that a single free quark annot be deteted beause it is physiallymore favorable to produe a ouple of quarks bound together than a single free-�ying quark.The further ompliation is that, unlike a photon (the mediator of the eletromagneti forethat holds eletrons around a nuleus), a gluon (the mediator of the strong fore) annot bedeteted in isolation. However, these problems did not redue our uriosity but rather aroused3



greater fasination.One loophole of this quark on�nement is that although quarks interat very strongly at alarge distane, they interat weakly when they are lose to eah other, a phenomena known as�asymptoti freedom� [21℄. In 1975, J. C. Collins and M. J. Perry suggested that although thereare no free quarks under normal onditions, it is possible that the ondition for deon�nementould exist in neutron star ores, in exploding blak holes, or may have been present in theearly Big Bang Universe [22℄. Any hadrons under these onditions of extremely high densityand/or temperature would be fored to overlap one another. Under suh onditions, quarks thatmake up the hadrons would be very lose to eah other and would interat weakly beause ofasymptoti freedom. This matter an be treated as free quarks and gluons, a so-alled �quarksoup�.Obviously, the experimental study of suh extreme onditions appears to be very di�ult.The losest, known neutron star and blak hole to the earth are loated at 200 and 1600 lightyears away, respetively. Beause of their tremendous distanes as well as their omplexities,the experimental study of quarks and gluons within these objets is urrently quite limited.The use of the Big Bang would be even more omplex due in part to the fat that the urrentestimated age of our universe is 15 billion years old and the epo when free quarks and gluonswere presented is believed to have ended about 1 ns after the Big Bang. As a result, it isneessary to explore other methods to exploit this loophole to study this state of matter.1.3 Man-Made Quark Gluon PlasmaThe suggestion of how to make a quark gluon plasma (QGP) that an be studied throughexperiments ame in the mid 70s to early 80s. It was suggested that a QGP ould be formedby the use of relativisti heavy-ion ollisions in an aelerator [23, 24, 25, 26℄. Suh ollisionsan produe a large number of partiles in a single ollision, and it is believed that this largepartile prodution is the key for reating a QGP.As early as the late 1940s, it was predited that many partiles ould be produed in asingle nuleon-nuleon ollision if the ollision energy were su�iently high [27, 28℄. In 1950, agroup from the University of Chiago found evidene of multi-partile prodution in emulsionexperiments with osmi rays [29℄. This phenomena led Enrio Fermi in 1950, and Landau in4



1956 to desribe a mehanism of partile prodution in terms of a statistial piture. Althoughthis predates the quark model, the basi idea is still valid.The basi piture of a relativisti heavy-ion ollision is shown in Figure 1.1. When two nuleiare approahing for a ollision, in the enter-of-mass frame the longitudinal sizes of the nuleiare redued beause of their relativisti Lorentz ontration.
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 X ~ 1 fm∆ X ~ 1 fm∆Figure 1.1: Two nulei are approahing one another in the enter-of-mass frame with relativistispeed.
Radius ~ 7 fmRadius ~ 7 fmFigure 1.2: Two gold ions are approahing one another with non-relativisti speed.Therefore, instead of a piture of two spherial balls (shown in Figure 1.2), the ollidingnulei appear as two approahing panakes.During the ollision of two heavy-ions, onstituent nuleons of one nuleus ollide with thoseof other nuleus. Calulations suggest that there ould be over 1000 nuleon-nuleon ollisions ina single ollision of two gold ions. While eah nuleon-nuleon ollision redues the momentum5



of the partiipating nuleons, beause of the large momentum of the inoming nulei, most of thenuleons inside the nulei still have signi�ant momentum by the time the nulei �nish passingthrough eah other, as shown in Figure 1.3. In the entral region of the ollision, there an be
���������
���������
���������
���������
���������
���������
���������
���������
���������
���������

���������
���������
���������
���������
���������
���������
���������
���������
���������
���������

Figure 1.3: Two nulei after a ollision. The shaded region represents the heat produed by aollision.left behind a very hot spae heated by energy losses of the inoming nuleons. In this piture,this entral region is relatively free of baryons.1.4 Can Curiosity Kill Mankind?In the 1980s, as the interest in this new quark-gluon matter inreased, the onstrution ofa relativisti heavy ion ollider (RHIC) was proposed (shown in Figure 1.4) at BrookhavenNational Laboratory (BNL) on Long Island using some failities of a previously failed projetalled ISABELL, whih was to produe proton-to-proton ollisions. In the early 1990s, the

Figure 1.4: Aerial photo of RHIConstrution of the RHIC faility was approved by the Department of Energy, with the goal of6



building the highest energy, heavy-ion ollider in existene. It was designed to produe a beamof gold ions with a speed reahing 99.95 % of the speed of light. During the period of design andonstrution for this one-of-a-kind mahine, there were a number of problems that had to beoverome. But, one that is very interesting sienti�ally and that reeived the attention of manypeople outside of the physis ommunity delt with the fear that RHIC ould destroy mankind.This fear �rst surfaed in the �Letters to the Editor� setion of the 1999 July issue of Sienti�Amerian magazine. Readers were responding to a previous artile �A Little Big Bang� andexpressed onern that while physiists were eager to reate a QGP, they might reate somethingunpredited suh as a blak hole, whih ould eventually destroy the Earth. Soon, there wasa �urry of artiles around the world: the Sunday London Times had an artile �Big BangMahine Could Destroy Earth.� The initial sienti� response to the question did not helpto ease the onern sine it raised the possibility of �strangelets�, whih are hypothetial smalllumps of strange matter, though it did try to rejet the possibility of the reation of a blak hole.The question of �unforeseen onsequenes� seemed to be a reasonable one, and Frank Wilzek,who responded initially to the publi onern said, �sientists must take suh possibilities veryseriously�even if the risks seem remote�beause an error might have devastating onsequenes.�Therefore, just as Fermi and others onsidered whether a nulear explosion might ignite anulear reation in the atmosphere during the Manhattan Projet, it was reasonable to onsiderthe possibility of disaster senarios at RHIC.To assure the publi safety, John Marburer, Diretor of BNL at that time, asked a group ofphysiists to review this issue. In their report, they onsidered three senarios and estimated theprobability of a dangerous event for eah senario by the extensive use of the worst ase analysiswith osmi-ray data [30℄. The three onditions they looked at are: gravitational singularities,vauum instability and strangelets. They showed that with the urrent knowledge of physis,the possibility of a single disastrous event was so small that RHIC was highly unlikely to leadto the destrution of the Earth. More quantitatively, they stated that a hane of the singledisastrous event would be less than one in 1021 over the lifetime of RHIC. With this assurane,RHIC beame operational in 2000 with two-thirds full energy and it ahieved ollisions at fullenergy in 2001.
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1.5 Brief View of the RHIC Experimental SetupIn the RHIC projets, there are four experiments working simultaneously around the storagering of the heavy ion beam. They are designed so that all groups measure some of the samethings for onsisteny, with eah group having a more spei� fous to explore various aspetsof relativisti heavy ion ollisions. In disussing the phase-spae overage of eah of the fourexperiment below, it is onvenient to use the terminology of �rapidity� and �pseudorapidity�.These terms are fully disussed in Setion 2.1. For the present disussion, it is su�ient to notethat mid-rapidity refers to a partile emission angle of 90 degrees with respet to the beam axis.1.5.1 BRAHMSThe BRAHMS projet is one of two small ollaborations at RHIC. A shemati view of theapparatus is shown in Figure 1.5. The experiment is designed to over extended regions ofharged-partile emission angle and transverse momentum with two spetrometer arms that anbe rotated about the nominal ollision vertex.

Figure 1.5: Brahms Detetors
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1.5.2 PHENIXThe PHENIX projet hosts the largest ollaboration at RHIC. A shemati view of their dete-tors are shown in Figure 1.6. The main advantage of their enormous detetors is the ability tomeasure the produtions of dileptons reated by a QGP.

Figure 1.6: PHENIX Detetors1.5.3 PHOBOSThe PHOBOS projet is the other small ollaboration. It is a �table-top� size apparatus onsist-ing of a large set of mirostrip silion detetors. The shemati view of the detetors are shownin Figure 1.7. The main advantage of this projet is its ability to measure harged-partilemultipliities with a very large pseudorapidity overage.1.5.4 STARThe STAR projet is the other �big� experiment at RHIC. The prinipal detetor is a very largeTime-Projetion Chamber (TPC) that surrounds the beam pipe (shown Figure 1.8). The STARprojet is able to measure partile traks in a omplete 2 � azimuthal overage near mid-rapidity.
9



Figure 1.7: Phobos Detetors

Figure 1.8: Star Detetors
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1.6 Charged-Partile Multipliity Measurement at BRAHMSWith the operation of the relativisti heavy-ion ollider, the hope of produing a quark-gluonplasma is beoming ever loser. One of the key elements in produing this elusive matteris the large number of nuleon-nuleon ollisions assoiated with the reation, whih leads tothe large number of observed harged partiles from a single heavy-ion ollision. Hene, thenumber of harged-partiles emitted from the relativisti heavy-ion ollision an provide globalinformation about its reation mehanism. As a result, in this analysis, the level of harged-partile prodution in Au+Au ollision at psNN = 130 GeV and psNN = 200 GeV has beensystematially studied using the detetor systems of BRAHMS. The experimental results areompared to several theoretial model alulations as well as other experimental results atdi�erent energies.The present analysis is organized in the following manner. Chapter 2 provides the theoreti-al bakground for a quark-gluon plasma. Chapter 3 shows the brief overview of the BRAHMSdetetor subsystems. Chapter 4 provides detailed information about three detetor systemsprimarily used for measuring the number of harged partile at BRAHMS: the Silion Strip De-tetor Array (SiMA), the Sintillation Tile Detetor Array (TMA) and the Beam-Beam Counterarrays (BBC). Tehniques used for determining the ollision vertex are disussed in Chapter 5.The hapter inludes disussion of the e�ieny and the resolutions ahieved with the di�er-ent vertex measurements. Calibration methods used for the SiMA, TMA and BBC detetorsare fully disussed in Chapter 6. Chapter 7 shows how event multipliity and entrality aredetermined. Chapter 8 provides observed prodution levels of harged partiles, and omparesthem with theoretial alulations and other experimental results at di�erent energies. A briefsummary of the main onlusions is presented in Chapter 9.
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Chapter 2
Theory
2.1 De�nition of Kineti VariablesIn the realm of high-energy physis, ertain kinemati variables are very useful for desribing therelativisti dynamis. One of the most ommonly enountered variables to desribe the motionof a partile is the rapidity y, de�ned asy = 12 ln�p0 + pzp0 � pz� (2.1)where p0 � energy of the partile; andpz � longitudinal momentum of the partile:Using Equation 2.1, one �nds ey = rp0 + pzp0 � pz (2.2)e�y = rp0 � pzp0 + pz : (2.3)
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By adding and subtrating these expressions,ey + e�y2 = 12 �rp0 + pzp0 � pz +rp0 � pzp0 + pz� = p0pp20 � p2z2 ; and (2.4)ey � e�y2 = 12 �rp0 + pzp0 � pz �rp0 � pzp0 + pz� = pzpp20 � p2z2 : (2.5)Sine the mass, energy and momentum of a partile will followp20 = p22 +m24 = p2T 2 + p2z2 +m24 = p2z2 +m2T 4 (2.6)where pT � transverse momentum of the partilemT � transverse mass of the partilethe above equations an be written asp0 = mT 2 osh y ; and (2.7)pz = mT 2 sinh y : (2.8)A related variable is the pseudorapidity � de�ned as� = � ln�tan��2�� (2.9)= 12 ln� jpj+ pzjpj � pz� (2.10)where � is angle between the momentum of the partile and the beam axis. The reason for usingthis variable rather than rapidity is that it only requires knowledge of the partile's emissionangle, �, whereas the rapidity requires knowledge of the partile's mass and momentum. Com-paring Equation 2.10 with Equation 2.1, one �nds that at very high energy � � y. Following
13



the rapidity analysis,e� + e��2 = 12  s jpj+ pzjpj � pz +s jpj � pzjpj+ pz! = jpjqjpj2 � p2z (2.11)and e� � e��2 = 12  s jpj+ pzjpj � pz �s jpj � pzjpj+ pz! = pzqjpj2 � p2z : (2.12)Then, in terms of pT jpj = pT osh � ; (2.13)pz = pT sinh � : (2.14)Using Equation 2.7, 2.8, 2.13 and 2.14, the rapidity and pseudorapidity an be related to eahother as y = 12 ln24qp2T osh2 � +m2 + pT sinh �qp2T osh2 � +m2 � pT sinh �35 ; and (2.15)� = 12 ln24qm2T osh2 y �m2 +mT sinh yqm2T osh2 y �m2 �mT sinh y35 : (2.16)Di�erentiating the last equation givesd� =s m2T osh2 ym2T osh2 y �m2 dy ; (2.17)or, 1d� =s1� m2m2T osh2 y 1dy : (2.18)From this last equation, it is lear that pseudorapidity densities, dNd� , are lose to rapiditydensities, dNdy , with the maximum deviation ouring in the region where y is lose to zero. Itis easy to see that dNd� is a bit smaller than dNdy for y lose to zero. (The di�erene between dNd�and dNdy for y equal to zero an be about 20% aording to the Hijing model disussed in a laterhapter.) 14



2.2 Estimation of Initial Energy Density by BjorkenAs shown in Figure 1.1, two ions with panake shapes of about 1 fm in thikness approah eahother before a ollision at RHIC energies. The longitudinal veloity of a partile emerging fromthe ollision an be written as (now taking  = 1)vz = pzp0 (2.19)= mT sinh ymT osh y (2.20)= tanh y (2.21)= zt : (2.22)Therefore, by de�ning the proper time � as� =pt2 � z2 ; (2.23)parametri expressions an be developed for the longitudinal displaement of the partile attime t in terms of the rapidity variable, withz = � sinh y ; and (2.24)t = � osh y : (2.25)These results lead to an interesting onsequene. For a ertain value of � , a small value in y isassoiated with small values in z and t. Sine a small value in y indiates a slow partile, theonsequene of the proper time is that the slower partiles along the beam diretion are the �rstones to emerge, and that the faster partiles emerge later after the ollision [31℄ as a onsequeneof the Lorentz time dilation. This piture of partile prodution is alled �inside-outside asade�and its spae-time piture is shown Figure 2.1Using this piture, Bjorken estimated the initial energy density of the QGP in the followingway [25, 32℄: Consider the volume element A�z around z = 0, where A is the ross setionalarea of the QGP about the beam axis. Taking �N as the number of partiles in this volume,
15
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the energy density is written as" = P0 �NA�z (2.26)= mT osh y 1A dNdy dydz ����y=0 : (2.27)However, from the relationships between z and t with � , the rapidity an be written asy = 12 ln t+ zt� z : (2.28)Using this relationship, the energy density is written as" = mT osh y 1A dNdy 1� osh y ����y=0 (2.29)= mT�A dNdy ����y=0 : (2.30)The estimated value of the proper time is about 1 fm= and the value of A an be alulatedas A = �1:22A2=3 (fm2). Therefore, a measurement of dN=dyjy=0 an be used to dedue theinitial energy density. Also, sine there are almost equal numbers of positive, negative andneutral partiles that are reated in a ollision, the energy density an be expressed in terms ofthe harged partile-densities as " � mT�A 32 dNhd� �����=0 : (2.31)Here, it is assumed that dNh=dyjy=0 is equal to dNh=d�j�=0. However, as disussed in Setion2.1, there an be a 20% di�erene between the two, depending on the momenta and types ofpartiles emitted in a ollision.2.3 MIT Bag Model2.3.1 IntrodutionSine at present it is not possible to solve the general problem of nonperturbative QCD, it isuseful to study the nonperturbative quark-gluon system using some phenomenologial models.17



The MIT Bag Model is one suh model and attempts a desription of quark on�nement. Figure2.2 illustrates the basi idea of this model.
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Free Quarks Figure 2.2: Bag ModelIn this model, quarks are treated as free massless fermions inside a bag of �nite dimension.The bag, whih on�nes quarks inside, is in balane with the outward pressure arising fromkineti energy of quarks and inward direted, phenomenologial bag pressure. An estimate ofthe bag pressure B is developed in the next setion.2.3.2 Determination of Bag PressureSine quarks are free fermions inside the bag, we an start with the Dira Equation.�i~�	�t = ��̂ � p̂+m02�̂�	 ; (2.32)where �̂i = 0B� 0 �̂i�̂i 0 1CA ; (2.33)�̂ = 0B� 1 00 �1 1CA ; (2.34)�̂1 = 0B� 0 11 0 1CA ; �̂2 = 0B� 0 �ii 0 1CA ; �̂3 = 0B� 1 00 �1 1CA ; (2.35)and p̂ = �i~r : (2.36)18



Taking quarks inside the bag to be massless , Equation 2.32 is further simpli�ed to�i~�	�t = �̂ � p̂	 : (2.37)Now, if we look for stationary states using the ansatz	(x; t) =  (x)e� i~ "t ; (2.38)one �nds " (x) = �̂ � p̂ (x) = Ĥf (x) : (2.39)Sine Equation 2.39 is spherially symmetri, the angular momentum and parity operator om-mute with the Hamiltonian, Ĥf . The eigenfuntions for this Hamiltonian are well-known spher-ial spinors:  = 0B� 'jlm�jl0m 1CA (2.40)= 0B� ig (r) 
jlm � rr��f (r) 
jl0m � rr � 1CA (2.41)where 
jlm = Xm0;ms��l12j jm0msm�Ylm0� 12ms� (2.42)and � 12msare eigenfuntions of the spin operators:� 12 12 = 0B� 10 1CA ; � 12� 12 = 0B� 01 1CA : (2.43)Also, beause of Equation 2.42, either j = l + 12 , or j = l � 12 .l0 = 2j � l = 8><>: 2 �l + 12�� l = l + 1 for j = l + 122 �l � 12�� l = l � 1 for j = l � 12 (2.44)
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Now, using the above spherial spinors, Equation 2.39 beomes" = �̂ � p̂ (2.45)= 0B� 0 �̂�̂ 0 1CA � p̂0B� ig (r) 
jlm � rr ��f (r) 
jl0m( rr ) 1CA (2.46)= 0B� �̂ � p̂ ��f (r) 
jl0m � rr���̂ � p̂ �ig (r) 
jlm � rr �� 1CA (2.47)= 0B� f�̂ � p̂ (�f (r))g
jl0m � rr �+ (�f (r)) �̂ � p̂
jl0m � rr�f�̂ � p̂ (ig (r))g
jlm � rr�+ ig (r) �̂ � p̂
jlm � rr � 1CA (2.48)= 0B� i~df(r)dr ��̂ � rr�
jl0m � rr�� f (r) �̂ � p̂
jl0m � rr �~dg(r)dr ��̂ � rr �
jlm � rr�+ ig (r) �̂ � p̂
jlm � rr � 1CA : (2.49)To expand this equation further, one uses the following useful property:�i�̂ � r = �i�̂ � r̂ ��r + i�̂ � r̂ �̂ � L~r : (2.50)The proof of this property is shown in Appendix A. Then, Equation 2.49 beomes" = 0B� i~df(r)dr ��̂ � rr�
jl0m � rr�� f (r) �̂ � (�i~r)
jl0m � rr�~dg(r)dr ��̂ � rr �
jlm � rr�+ ig (r) �̂ � (�i~r)
jlm � rr � 1CA (2.51)= 0B� i~df(r)dr ��̂ � rr�
jl0m � rr�� ~f (r) ��i�̂ � r̂ ��r + i�̂ � r̂ �̂�L~r �
jl0m � rr�~dg(r)dr ��̂ � rr �
jlm � rr�+ i~g (r) ��i�̂ � r̂ ��r + i�̂ � r̂ �̂�L~r �
jlm � rr � 1CA : (2.52)At this point, it is very onvenient to introdue a new quantum number �:� = ��j + 12� =8><>: � (l + 1) for j = l + 12l for j = l � 12 : (2.53)Using �, rede�ne the angular funtion��m � 
jlm and ���m � 
jl0m : (2.54)20



Therefore," = 0B� i~df(r)dr ��̂ � rr����m � ~f (r) ��i�̂ � r̂ ��r + i�̂ � r̂ �̂�L~r ����m~dg(r)dr ��̂ � rr���m + i~g (r) ��i�̂ � r̂ ��r + i�̂ � r̂ �̂�L~r ���m 1CA : (2.55)Now, using the following properties of �km (see Appendix A),~L � �̂��m = (��� 1) ~��m (2.56)~L � �̂���m = (�� 1)~���m (2.57)together with �̂ � r̂��m = ����m (2.58)one �nds " = 0B� i~df(r)dr (�1)��m � ~f (r) �i�̂ � r̂ ���1r ����m	~dg(r)dr (�1)���m + i~g (r) �i�̂ � r̂ ����1r ���m	 1CA (2.59)= 0B� i~df(r)dr (�1)��m + i~f (r) ���1r ���m~dg(r)dr (�1)���m � ~g (r) ��+1r ����m 1CA : (2.60)Therefore, the angular funtions an be eliminated to give two oupled di�erential equations:"g (r) = �~df (r)dr + (�� 1)~f (r)r (2.61)�"f (r) = �~dg (r)dr � (�+ 1) ~g (r)r : (2.62)Substituting in z = "r~ gives g = � dfdz + (�� 1) fz (2.63)f = dgdz + (�+ 1) gz : (2.64)Solving for the funtion g (z) givesz2 d2gdz2 + 2z dgdz + �z2 � � (�+ 1)� g = 0 : (2.65)21



The solution to this di�erential equation is known to be a spherial Bessel funtion [33, 34℄, andsine the funtion must be regular at z=0, the solution must be the spherial Bessel funtion ofthe �rst kind:jn (z) = zn1 � 3 � 5 : : : (2n+ 1) (1� 12z21! (2n+ 3) + � 12z2�2! (2n+ 3) (2n+ 5) � : : :) : (2.66)Therefore, for � > 0, n = �, and then g (r) = j� �"r~� : (2.67)For f , using the reursion relation of jn,n+ 1z jn + j0n = jn�1 (2.68)and Equation 2.64, one �ndsf = j0� + (�+ 1) j�z (2.69)= �j��1 � �+ 1z j��+ (�+ 1) j�z (2.70)= j��1 : (2.71)For � < 0, n = � (�+ 1), and then g (r) = j�(�+1) �"r~� : (2.72)For f , using reurrene relation of jn, nz jn � j0n = jn+1 (2.73)
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and Equation 2.64, it follows thatf = j0�(�+1) + (�+ 1) j�(�+1)z (2.74)= �� (�+ 1)z j�(�+1) � j���+ (�+ 1) j�(�+1)z (2.75)= �j�� : (2.76)Therefore, the stationary-state wave funtion an be written as
 =8>>>>>>>><>>>>>>>>: N 0B� ij� (z)�̂ � r̂j��1 (z) 1CA��m for � > 0N 0B� ij�(�+1) (z)��̂ � r̂j�� (z) 1CA��m for � < 0 : (2.77)

The boundary ondition for the bag model is that no urrent �ows aross the surfae of thebag. The urrent density using the Dira equation is (see Appendix B)ji =  � i : (2.78)Here, i = �̂�̂i. If n� is the outward normal vetor to the surfae of the bag, this boundaryondition implies that at the surfae of the boundaryn� � � = 0 : (2.79)This ondition would be satis�ed if �i�n� =  (2.80)sine then, i � �n� = � (2.81)and �  = �i � �n�� = � (i�n� ) = � �  (2.82)thus requiring that �  = 0. Hene, Equation 2.79 is satis�ed.23



Considering the bag as a simple sphere with radius R0 in its lowest energy state (� = �1from Equation 2.77), this boundary onditions an be satis�ed if�j0�"R0~ ��2 = �j1�"R0~ ��2 : (2.83)For the lowest mode, the solution is "R0~ �= 2:04 : (2.84)Therefore, for the system of N quarks inside the bag with the bag pressure B, the total energyE is written as E = 2:04~NR0 + 4�R303 B : (2.85)For this bag to be at equilibrium, �E=�R0 = 0. Hene,�E�R0 = �2:04~NR20 + 4�BR20 = 0 ; (2.86)B = 2:04~N4�R40 ; and (2.87)B 14 = �2:04~N4� � 1R0 : (2.88)If the bag ontains 3 quarks and has a radius of 0.8 fm, the bag pressure in natural units isB1=4 = 206MeV= (~)3=4 (2.89)This value is onsistent with the suggested range of the bag pressure of between 145 MeV and235 MeV.
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2.3.3 Temperature and Density of Quark Gluon PlasmaUsing a simple statistial tehnique shown in Appendix C, the pressure of the quark gluonplasma an be written aspQGP = pquark + pgluon (2.90)= gquark~33 (kT )43 �7�2120 + � �kT � 14 + 18�2 � �kT �4�+ ggluon~33 (kT )4 �290 ; (2.91)where pquark � pressure from quarks ;pgluon � pressure from gluons ;� � hemial potential of QGP ;T � temparature of QGP ; andk � Boltzman onstant :Here, gquark and ggluon are the degeneray fators for quarks and gluons, respetively. Forquarks, we have 2 spin orientations, 3 olors and 2 �avors (up and down, primarily). For gluons,we have 8 olors and 2 spin orientations. Therefore,gquark = 2 � 3 � 2 = 12 ; and (2.92)ggluon = 8 � 2 = 16 : (2.93)Then, the pressure of the QGP is given aspQGP = 1~33 �37�290 (kT )4 + � (kT )3 + �42�2 � : (2.94)Using the Bag Model pressure, B1=4 = 206Mev=(~)3=4 from the previous setion, Equation2.94 an be solved for � and T . Figure 2.3 shows the resulting dependene of the temperatureon the hemial potential. In the extreme ase of � = 0 , whih is of prinipal interest forRHIC, a temperature of about 145 MeV is reahed for the generated quark-gluon plasma. Atthe other extreme, where T = 0, a hemial potential of about 434 MeV is reahed by forming25



the QGP. This an be ompared with normal nulear matter where the hemial potential andtemperature are about 250 MeV and 0 MeV, respetively.
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Normal Nuclear MatterFigure 2.3: Phase Diagram of QGPFrom the same tehnique used to obtain Equation 2.94, it is also possible to estimate thenet baryon density of the QGP using the statistial model. From Appendix C, the net baryondensity is given by nnet�baryon = 13Nnet�fermionV (2.95)= 13gquark 1~33 �16� (kT )2 + 16�2�3� (2.96)Here, Nnet�fermion is the number of fermions in the QGP, and V is the volume of the QGP. For� = 434MeV and T = 0MeV , Equation 2.96 gives nnet�baryon = 0:72 =fm3 . Normal nulearmatter has a baryon density of about 0:14 =fm3, so at low temperature, the QGP is reated atabout 5 times normal nulear matter density.2.4 Wounded Nuleon ModelThe key for produing quark-gluon matter is to have a large number of ollisions involved inthe nuleus-nuleus events. As one nuleon of a nuleus passes through the other nuleus,it su�ers several inelasti ollisions, with eah ollision assoiated with a large energy loss.With the involvement of many nuleons, a su�ient energy density at midrapidity may bereated to produe a QGP after the remnants of the two olliding nulei leave the interationregion. At present, the QCD theory is unable to desribe the senario with su�ient preisionto give experimentally veri�able results. Consequently, only phenomenologial theories have26



been developed. The �Wounded Nuleon� model [35, 32℄ is one of the more simple models anddesribes a nuleus-nuleus ollision as a olletion of many nuleon-nuleon ollisions, ignoringolletive e�ets. The basi assumption is that the inelasti ollision of two nulei an bedesribed as a sum of many inoherent ollisions of the onstituent nuleons. The ross setionof nuleon-nuleon ollisions is assumed to remain onstant though the entire proess of thenuleus-nuleus ollision.Figure 2.4 illustrates a nuleus-nuleus ollision with an impat parameter b. De�ne
AdzAdb

BdzBdb
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Bb

target nucleus Aprojectile nucleus B

b

Figure 2.4: A projetile nuleus B is olliding with the target nuleus B with an impat parameterb.t (bnuleon) dbnuleon as the probability for having a nuleon-nuleon ollision within the trans-verse area element dbnuleon when one nuleon is loated at the impat parameter of bnuleonrelative to other nuleon. (Note, bnuleon is a two-dimensional vetor.) Here, t (bnuleon) isknown as the nuleon-nuleon thikness funtion. It is normalized asZ t (bnuleon) dbnuleon = 1 : (2.97)Sine we assume the nuleon-nuleon ross setion �in to be onstant, t (bnuleon)�in is theprobability of a nuleon-nuleon inelasti ollision at the impat parameter bnuleon. The prob-ability of �nding a nuleon in a volume element dbdz of a nuleus is de�ned as �(b; z)dbdz.Therefore, the probability of having a nuleon-nuleon ollision when nuleus B ollides withnuleus A with the impat parameter b an be written asP (b) = Z �A (bA; zA) dbAdzA �b (bB ; zB) dbBdzB t (b� bA � bB) �in (2.98)� T (b) �in ; (2.99)27



where T (b) is the nuleus-nuleus thikness funtion, and de�ned asT (b) = Z �A (bA; zA) dbAdzA �b (bB ; zB) dbBdzB t (b� bA � bB) : (2.100)Therefore, the probability for having exatly n nuleon-nuleon ollisions at the impat param-eter b an be written asP (n;b) = 0B� ABn 1CA [T (b)�in℄n [1� T (b)�in℄AB�n : (2.101)Here, A and B are the number of nuleons in nuleus A and B. With this, it is a simple matterto �nd the total probability of inelasti ollisions with impat parameter b:d�ABindb = ABXn=1P (n;b) = 1� [1� T (b)�in℄AB : (2.102)The total inelasti ross setion �ABin is then given by�ABin = Z dbn1� [1� T (b)�in℄ABo : (2.103)The average number of nuleon-nuleon ollisions at the impat parameter b an be found ashn (b)i = ABXn=1nP (n;b) (2.104)= ABXn=0n0B� ABn 1CA [T (b)�in℄n [1� T (b)�in℄AB�n (2.105)= 264x ��x ABXn=00B� ABn 1CA [x�in℄n [1� T (b)�in℄AB�n375x=T (b) (2.106)= �x ��x f1� T (b)�in + x�ingAB�x=T (b) (2.107)= hxAB�in f1� T (b)�in + x�ingAB�1ix=T (b) (2.108)= ABT (b)�in : (2.109)This result needs to be modi�ed to inlude the probability of having an inelasti ollision. Then,28



the average number is hn0 (b)i = hn (b)i1� [1� T (b)�in℄AB : (2.110)Averaging over the impat parameter b in this equation produeshn0i = R hn0 (b)i�d�ABin =db	 dbR �d�ABin =db	 db (2.111)= R db hn0 (b)in1� [1� T (b)�in℄ABoR dbn1� [1� T (b)�in℄ABo : (2.112)Equation 2.112 provides an average number of ollisions in relativisti heavy-ion ollisions. Ithas been suggested [35℄ that for these ollisions, the average multipliitiesMAB an be expressedas hMABi = 12 hW i � hn0ijA=1;B=1 (2.113)where hW i is average number of nuleons that undergo the inelasti ollisions, or number ofpartiipants. Therefore, signi�ant deviation from Equation 2.113 indiates a hange in thedynamis of the partile prodution proess.2.5 Signals for Quark-Gluon PlasmaThe previous disussion has shown that when two heavy-ions ollide with su�ient energy, aQGP may be formed for a short period of time. Finding this elusive state of matter has beena very popular topi of researh for the past two deades. Despite many experimental studies,de�nitive evidene for a QGP has yet to be developed. The di�ulty arises from the fat thatthere is no known, lear and measurable signature for the reation of a QGP. It is generally feltthat many aspets of relativisti heavy-ion ollisions will have to be investigated to prove theexistene of this state of matter. There are urrently several theoretial hypotheses for possiblesignals indiating the formation of a QGP in relativisti heavy-ion ollisions.2.5.1 Enhanement of StrangenessThe third lightest quark, the strange quark s; and its anti-matter partner, �s, are absent in allstable forms of matter. In ollisions of a proton with another proton or a proton with a heavy-29



ion, only a small number of strange quarks are produed, and they subsequently form strangepartiles suh as K+ and K� [36, 37, 38℄. However, by sattering a heavy-ion with anotherheavy-ion, it has been observed that a large number of strange partiles an be produed [37℄. Itis believed that an enhaned prodution of strange partiles might result with the ahievementof hemial and thermal equilibrium during the formation of a QGP. This enhanement ofstrange partiles results from the greater phase spae available for the formation of s�s quarksas ompared to that for u�u or d �d pairs. As u�u and d �d pairs are reated, they start to �llenergy states starting from the lowest energy, aording to the Pauli exlusion priniple. Asthey �ll those states, they must have the Fermi energies assoiated with the energy of the statesbeing �lled. At some point, the required value of Fermi energy exeeds the threshold energy forreating two strange quarks. At this point, the prodution of s�s beomes energetially favored.The ratio of number of strange quarks to that of up and down quarks an be written ass+ �su+ �u+ d+ �d = K+=�+1:5 +K+=�+ ; (2.114)where the expression on the right-hand side is found in Referene [32℄. In p-Be data at 14.6GeV/, the ratios of K+=�+ is reported as 0.078 [39℄. This produes the strangeness ratio ofabout 5% by Equation 2.114. On the other hand, in the evolution of a QGP, it is believed thatthere exists a hadron-gas phase that is in hemial and thermodynami equilibrium (shown inFigure 2.1). If the hadron gas is formed in a ollision of heavy-ions, the ratio of K+=�+ an bewritten [32℄ asK+�+ = �mK+m�+ �2 K2 (mK+=T ) +K2 (2mK+=T )=2 +K2 (3mK+=T ) =3 + � � �K2 (m�+=T ) +K2 (2m�+=T ) =2 +K2 (3m�+=T ) =3 + � � � (2.115)where K2 is the modi�ed Bessel funtion of order 2. Using the estimated value for the temper-ature of 200MeV, Equation 2.115 gives a K+=�+ ratio of about 0.38, whih yields 20% for thestrangeness ontent. Therefore, the formation of a QGP should lead to a signi�ant enhanementin strange-partile prodution.Equation 2.115 was obtained with the assumption of having a hemially-equilibrated hadrongas. It is very questionable to assume that omplete hemial and thermodynami equilibriumwill be ahieved within the short expansion of a QGP. As a result, the ratio of K+=�+ alone30



does not provide a de�nitive signature of QGP. In the end, it is also neessary to study the otherstrange partiles like K�, as well as non-strange partiles suh as ��.2.5.2 Suppression of Prodution of J=	The very simple Hamiltonian for a J=	 partile an be written [40, 32℄ asH = p22� � �r + kr ; (2.116)where � is the redued mass of the harm-anti-harm quark system (�), and � is the ouplingonstant for a Coulomb-like fore. In a quark-gluon plasma, the string tension, k, between  and� vanishes beause of quark deon�nement. Therefore, the Coulomb-like fore is the only fore tobind the harm and anti-harm quarks together. However, in the deon�ned plasma, the harmquark would be sreened from the anti-harm quark by the abundant amount of light quarks,analogous to the Debye sreening of eletri harges. This results in an e�etive modi�ation tothe Coulomb-like potential of Equation 2.116 so as to behave as a Yukawa-type potential.Coulomb type Yukawa typeV (r) = q4�r ! V (r) = q4� exp�r=�rwhere � is the Debye sreening length. Aording to perturbative QCD (pQCD), the Debyesreening length is inversely proportional to the the temperature of the plasma [41, 32℄. In thelowest-order pQCD, it is written as � =r 23g2 1T : (2.117)Therefore, the Hamiltonian for a J=	 partile in a QGP has the formH = p22� � � exp�r=�r : (2.118)For the harm and anti-harm quarks to be bound together, it is neessary for the energyof the system desribed by Equation 2.118 to have a loal minimum as a funtion of the radialseparation. Using the unertainty relation r � hpi � ~, the energy of the system desribed by31



Equation 2.118 an be expressed asE = ~22�r2 � � exp�r=�r : (2.119)This equation needs to have a loal minimum at some �nite value of r. By di�erentiating thisequation, dEdr = � ~2�r3 + � (1 + r=�) exp�r=�r2 (2.120)and setting the result equal to zero, we obtainr� �1 + r�� exp�r=� = ~2��� : (2.121)Sine the left hand side of Equation 2.121 is always larger than zero for a non-zero value of r,and sine it has the maximum value of about 0.84 at r=� � 1:618, the right hand side of thisequation needs to be less than 0.84 to have a solution. In other words, the ondition for forminga J=	 partile is ~20:84�� < � : (2.122)If the Debye sreening length is smaller than ~2=0:84��, the � system will not be bound. Usingsome reasonable values for � and �, ~2=0:84�� � 0:41 fm. Sine Equation 2.117 shows that �is a dereasing funtion for inreasing temperature, one �nds that the � will beome unboundat some temperature. This leads to the predition that the prodution of J=	 partiles will besuppressed in the quark-gluon plasma [42℄.Unfortunately, J=	 prodution an be also suppressed by other means. For example, whiletraveling from the inner ore of the QGP, the J=	 partile might interat with other hadronsand produe a pair of harmed mesons by the reationJ=	+ h! D + �D +X :This reation learly redues the observed yields of J=	 partiles without the formation of theQGP. It is predited that at low transverse momentum, J=	 partiles will not survive passagethrough the surrounding medium. Furthermore, sine J=	 partiles an be reated by thesattering of hadrons, it is not easy to diretly relate an observed prodution of J=	 partiles32



to the formation of a QGP. However, at a high transverse momentum, it should be possible tomore learly translate any observed de�its of J=	 partiles to the sreening e�et in the QGP.2.5.3 DileptonsIn the QGP formed by a heavy-ion ollision, quarks are not bound to their original nuleons.Hene, quarks are free to interat with eah other. In partiular, a quark an interat withan antiquark to form a virtual photon that subsequently deays to a lepton and an antilepton.Figure 2.5 shows the diagram for this proess. Sine leptons only interat with other partiles
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Figure 2.5: Diagram for q + �q ! l+ + l�through the eletromagneti and weak fores, their mean free paths are believed to be fairly large.Therefore, after the formation of a lepton pair, the leptons are not likely to su�er subsequentollisions traveling through the QGP on their way to the detetor. As a result, the produtionof lepton pairs an be used as a diret measure of the QGP.With the assumption that quark and antiquark distribution funtions are given by an e�E=Tdependene, the prodution of a dilepton in the QGP [32℄ is given bydNl+l�dM2dy � �R2ANN2s NfXf=1�efe �2 � (M)2 (2�)4  1� 4m2qM2 ! 12 3�20T 60M2 �H �MT0��H �MT�� (2.123)
33



where RA = radius of nuleiN = number of olorsNs = number of �avorsef = eletri harge of a quark with �avor fM = invariant mass of the dilepton pair� (M) = ross setion of q�q ! l+l�= 4�3 �2M2  1� 4m2qM2 !� 12 r1� 4m2lM2  1 + 2m2q +m2lM2 + 4m2qm2lM4 ! (2.124)H (z) = z2 �8 + z2�K0 (z) + 4z �4 + z2�K1 (z) (2.125)K0 and K1 = modi�ed Bessel Funtions of order 0 and 1 (2.126)�0 = proper timeT0 = initial temperature of QGP at proper timeT = ritial temperature from QGP to hadronization :By Equation 2.123, the measurement of dilepton produtions an yield the thermodynamiproperties of the QGP.However, the dilepton signature is diluted sine the above mehanism is not the only proessto produe dileptons. Dilepton pairs an also be produed in the Drell Yan proess. Figure 2.6illustrates this proess. A valene quark of one nuleon interats with a sea antiquark of theother nuleon to produe a virtual photon whih then deays to a lepton pair. The produtionof dileptons in nuleus-nuleus ollisions [32℄ an be written asdNl+l�dMdy ���� = 32�r0 ABA2=3 +B2=3 exp� b22�2 d�NNDYdMdy (2.127)
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Figure 2.6: Diagram for Drell Yanwhere b = impat parameter ;A and B = number of nuleons in nuleus A and B ;r0 = radius of the nuleon ;�2 = r03 �A 23 +B 23�+ 0:682 ; andd�NNDYdMdy = ross setion of the nuleon� nuleon Drell Yan proess :The Drell Yan ross setion of hadron-hadron ollisions is well established through experiments.This Drell Yan ontribution is a signi�ant bakground proess to thermal lepton produtionin the QGP. The preision with whih thermal dilepton prodution an be dedued depends onhow muh of the lepton pair prodution is dominated by either one of the above proesses.There are other proesses that an produe dileptons, suh as pion annihilation (�++�� !l++ l�) shown in Figure 2.7 and deays of J=	 and other resonanes. The lepton pair resultingfrom these proesses also need to be separated from the thermal prodution of dileptons in theanalysis of the QGP.
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Figure 2.7: Diagram for �+ + �� ! l+ + l�2.5.4 Diret PhotonA photon an only interat with other partiles in the QGP through the eletromagneti fore.With a fairly large value of its mean free path, it is expeted that produed photons esape fromthe QGP without subsequent ollisions after their reation. Therefore, it is believed that theprodution of photons provides another diret means to measure the properties of the QGP.In the QGP, a quark and an anti-quark an annihilate to produe a photon and a gluon.Alternatively, either a quark or an anti-quark an interat with a gluon to produe a photon anda quark (or an anti-quark) through the Compton proess. Figure 2.8 shows the diagrams forthese proesses. The prodution of photons through the annihilation and Compton proessesan be written [32℄ as E dNd3pd4x = 59 �e�s2�2 fq (p)T 2 ln�3:7388Eg2T � (2.128)
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where �e = e24� ;�s = g24� ;fq � quark distribution funtion ;E � energy of the photon;N � number of the photon;p � momentum of the photon ; andx � world vetor :If the quark is thermalized in the plasma, the quark distribution funtion has the form ofexp (�E=kT ). Thus, the photon prodution an arry information on the thermal properties ofthe plasma.The annihilation and Compton proesses are not the only soure of photons in the heavy-ionollision. A photon an be produed by the annihilation of pions�+ + �� !  + �0 :Also, a harged pion an interat with a �0 to produe a photon and a harged � meson�� + �0 !  + �� :These are just some of the proesses to produe photons in hadron ollisions. The photon anbe produed by parton ollisions when a nuleon of a beam nuleus ollides with a nuleon of atarget nuleus. In an experiment, sine the measured photon distribution inludes ontributionsfrom these proesses, the relative ontribution of the di�erent prodution mehanism must beidenti�ed in order to obtain the properties of the QGP.2.5.5 HBTHBT stands for Hanbury-Brown and Twiss. These sientists measured the angular diameterof a star using the orrelation between photon pairs in 1956 [43℄. In their experiment, it was38



found that the intensity of a photon measured at one spae-time point is related to an anotherphoton measured at another spae-time point. Furthermore, this relationship was orrelated tothe radial size of the star whih was the soure of the photons. Therefore, it was realized thatthe intensity measurement of two idential bosons ould provide the radial size of the soureof the emitted partiles. In relativisti heavy-ion physis, this tehnique is being used to tryand test for the existene of a QGP and to estimate the size of the hot-dense matter reatedby the heavy-ion ollision. The hoie for the type of partiles to be measured depends on theprodution of those partiles, but typially pions and/or other mesons are used beause of theirabundane.In HBT analysis of heavy-ion ollisions, the orrelation funtion, C, to be studied is de�nedas [32℄ C (k1; k2) = P (k1; k2)P (k1)P (k2) (2.129)where P (k1; k2) is de�ned as the probability of deteting a partile of momentum k1 in o-inidene with a seond partile of momentum k2, P (k1) and P (k2) are the probabilities ofdeteting partiles of momentum k1 and k2, respetively. If the soure is oherent suh as theQGP, this funtion is equal to one. Whereas, if the soure of the partiles is haoti, the orre-lation is related to the Fourier transform of the density of the soure [32℄. Therefore, the HBTmeasurement an provide the information of the soure of the partiles.Typially, sine the type of the soure isn't known, the orrelation funtion is parametrizedas C = 1 + � exp�R2xq2x=2�R2yq2y=2�R2zq2z=2��2t q2t =2 (2.130)where � and qi are the haotiity parameter and the four-momentum separation. As a result,the value of � provides the level of ohesiveness of the partiles soure, and the values of Rx,Ry , Rz and �t provide the size of that soure.2.5.6 Other Signatures of QGPThere are a few more proposed signatures of QGP formation suh as olletive �ow signals andpartile �utuations. The �ow signal stems from the assumption that the QGP should behaveas a �uid. Then, if the QGP ahieves thermal and/or hemial equilibrium, the dynamisof the quark-gluon matter should be desribed by hydrodynami equations. This results in39



partile prodution greatest in the diretion of the largest pressure gradient. As a result, thereshould be an asymmetri distribution of emitted partiles. These asymmetries are known as�ow signals. A �utuation analysis omes from the fat that the dynamial �utuation of someobservables above the level of statistial �utuations ould provide harateristis of the quark-hadron phase transition [44, 45℄. Beause of the large prodution of partiles from a singleollision in relativisti heavy-ion ollisions, the statistial analysis of the ritial phenomenasuh as self-similarity and intermitteny ould be diretly tested[46℄. For example, �utuationsin the ratio of di�erent types of partiles are suggested to be a signature of the QGP [47℄. Toon�rm the existene of this elusive matter, all of these suggested signatures need to be examinedtheoretially and tested experimentally.
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Chapter 3
BRAHMS Experimental SetupThe BRAHMS experiment onsists of three major sets of detetors: the global detetors, themidrapidity spetrometer, and the forward spetrometer. The overall layout of the experimentis shown in Figure 3.1. The global detetors provide the overall properties of a ollision suh asharged-partile multipliity, reation entrality and loation of the vertex, et. The midrapidityand forward spetrometers identify partiles and determine their momentum in the angularranges of 35Æ-90Æ and 2:5Æ-30Æ, respetively. Figure 3.2 shows the ombined aeptane of thetwo spetrometers for identi�ed pions, kaons and protons.3.1 Global DetetorsThe global detetors for the BRAHMS experiment onsist of: the Multipliity Array, the Beam-Beam Counter Arrays, and the Zero Degree Calorimeter.3.1.1 Multipliity ArrayThis detetor, whih is shown in Figure 3.3, provides a measure of the entrality of a ollisionby measuring the partile prodution in the pseudorapidity range of j�j � 2:2 for a ollision atthe enter of the array. It is made of two di�erent detetor types with twenty-�ve silion stripdetetors and thirty-eight plasti sintillator �tile� detetors. As partiles traverse the individualdetetor elements, they deposit an amount of energy aording to the stopping power of thepartile. By measuring the total amount of energy deposited, it is then possible to estimate the41



Figure 3.1: BRAHMS Detetors
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Figure 3.2: Combined Aeptane of SpetrometersThe region I, II and III represents the aeptanes of the Bak-Forward Spetrometer, Front-Forward Spetrometer and Midrapidity spetrometer, respetively. 2Æ, 5Æ, 15Æ, 30Æ and 90Æstands for angles of the spetrometers.

Figure 3.3: Centrality ArrayCentrality detetor viewed from the Midrapidity Spetrometer. To redue the number of the se-ondary partiles striking the Midrapidity Spetrometer, the entrality detetor is not ompletely�lled, whih is easily seen in this piture. 43



number of partiles produed in a ollision. This partile multipliity is then proportional to theevent entrality. The multipliity array is desribed in onsiderably greater detail in Chapter 4.3.1.2 Beam-Beam Counter ArraysThe Beam-Beam Counters Arrays (BBC), whih are shown in �gure 3.4, onsist of sets ofCherenkov radiators oupled with photomultiplier tubes (PMT) loated at about 2.1 m fromthe nominal ollision vertex along the beam axis on either side of the ollision vertex. Theleft ounter is made of forty-four radiators in a symmetri on�guration around the beam pipe.The right ounter is made of thirty-�ve radiators in an antisymmetri on�guration to allow forthe presene of the forward spetrometer detetors. As harged partiles with veloity abovethe Cherenkov threshold hit the radiators, they reate photons. The total number of photonsprodued an be related to the number of partiles hitting a given radiator. With their goodintrinsi timing, the ounters provide vertex and timing information for the reation. They arealso used to measure the harged-partile multipliity at large pseudorapidity.3.1.3 Zero Degree CalorimeterThe Zero Degree Calorimeters, one of whih is shown in �gure 3.5, are loated 12 m away fromthe nominal ollision vertex along the beam axis on either side of the vertex loation. They aremade of three layers of absorber tungsten to produe shower partiles from spetator neutronsthat travel along the beam axis. Between the layers of tungsten, optial �bers are sandwihedas Cherenkov radiators. Cherenkov light produed by the shower partiles is then guided tophotomultiplier tubes by the same �bers. The measured time di�erene for partiles hitting theZDC on in either side of the vertex loation an be used to determine the vertex position withvery high e�ieny.3.2 Midrapidity SpetrometerThe Midrapidity Spetrometer, whih is shown in �gure 3.6, onsists of two time projetionhambers (TPM1 and TPM2) separated by a dipole magnet (D5), and a time-of-�ight detetor(TOFW). The spetrometer is loated on a rotating platform that overs an angular range of 35Æto 90Æ. Mathing traks in TPM1 and TPM2 through D5 magnet allows for the momentum of a44



(b) (c)

(a)

Figure 3.4: Beam-Beam Counters(a) Right Beam-Beam ounter is shown with Multipliity Detetors and TPM1 (one of two TPCsfrom the Midrapidity Spetrometer). (b) Left Counter. () Right Counter.
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Figure 3.5: Zero Degree Calorimeter
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Figure 3.6: Midrapidity Spetrometerpartile to be determined. The relative time between the leading BBC ounter tube being strukand the TOFW provides a measure of the �ight time of a partile from the primary ollision tothe TOFW. With the momentum and the time-of-�ight measurement, partile identi�ation ispossible. In addition, TPM1 an measure the vertex loation by the projetion of traks insidethe hamber to the vertial plane ontaining the beam pipe. More information about the use ofTPM1 for vertex determination is found in Ref. [48℄. The midrapidity spetrometer is desribedin more detail in Ref. [49℄.3.3 Forward SpetrometerThe forward spetrometer onsists of two independent spetrometers on separate swivel plat-forms: the front-forward spetrometer and the bak-forward spetrometer.3.3.1 Front-Forward SpetrometerThe Front-Forward Spetrometer, shown in Figure 3.7, onsists of two magnets (D1 and D2), twotime projetion hambers (T1 and T2), a time-of-�ight detetor (H1) and a threshold Cherenkovdetetor (C1). It is loated on the swivel platform that overs an angular range of 2:5Æ to 30Æ.47



T1 and T2 with the D2 magnet provide su�ient information to determine the momentum

Beam PipeC1

T1 D1 MagnetD2 MagnetT2H1

Figure 3.7: Front-Forward Spetrometerof a partile. Together with the time of �ight measurement provided by H1, it is possible todedue the partile type. C1 provides additional information for partile identi�ation. Thisspetrometer is desribed in greater detail in Ref. [49℄.3.3.2 Bak-Forward SpetrometerThe Bak-Forward Spetrometer, shown in Figure 3.8, onsists of two magnets (D3 and D4),three drift hambers (T3, T4 and T5), a time-of-�ight detetor (H2) and a ring imagingCherenkov detetor (RICH). It is loated on a rotating platform that overs an angular rangeof 2:5Æ to 12Æ. By mathing traks in T3, T4 and T5 through two magnets, it is possible to de-termine the momentum of a partile. The additional time-of-�ight information provided by H2allows for partile identi�ation. The RICH detetor provides additional momentum and par-tile identi�ation information for high-energy partiles. This spetrometer system is desribedin greater detail in Ref. [49℄. 48



Figure 3.8: Bak-Forward Spetrometer
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Chapter 4
Detetor Details for MultipliityMeasurementIn the BRAHMS experiment, harged-partile multipliity is measured by three sets of detetors:the Silion Strip Detetor Multipliity Array (SiMA), the Sintillation Tile Detetor MultipliityArray (TMA) and the Beam-Beam Counter arrays (BBC). The SiMA and the TMA measurethe harged partile multipliity at midrapidity (j�j < 2:8), whereas, the BBC arrays measuresthe harged partile multipliity at large pseudorapidity (2:6 < j�j < 4:7).4.1 Silion Strip Detetor Multipliity Array (SiMA)The SiMA, whih is shown in Figure 4.1, is the BRAHMS system loated losest to the inter-ation vertex. It is mounted in a hexagonal arrangement about the beryllium beam pipe. Thedistane to the beam axis is 5.3 m. There are 25 wafers, eah dimensioned 4m�6m�300�m,with eah wafer subdivided into 7 strips. The arrangement of detetors used in the year 2000and 2001 runs are shown in Figure 4.2a and b, respetively. There are a maximum of 42 stripsalong the beam axis and 6 strips around the beam axis. The silion detetor on�guration wasdesigned to maximize the pseudorapidity at midrapidity while minimizing the bakground yieldsin the two spetrometers. As shown in Figure 4.2, there are no silion detetors loated betweenthe interation vertex and the front elements of the two spetrometers.50



Figure 4.1: Multipliity Array detetor viewed along beam pipeAn outer hexagonal arrangement of Sintillation Tile detetors surrounds an inner hexagonalbarrel of Silion Strip detetors. The beam pipe, whih is not shown here, travels through themiddle of the inner hexagon.
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Figure 4.2: Arrangement of Silion Strip Detetors(a) during psNN = 130 GeV run and (b) during psNN = 200 GeV run. The hange ofon�guration was made to redue the bakground for TPM1.
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The purpose of the silion detetors is to estimate the entrality of an event by measuring thepartile multipliity of the event. As a harged partile traverses a silion strip, it loses energyby produing eletron-hole pairs. This leads to a urrent, whih is deteted and ampli�ed toprodue signals. The average energy loss of a partile is well known and desribed by theBethe-Blok equation. The formula is written as�dEdx = 2�Nar2eme2�ZA z2�2 �ln�2me2v2WmaxI2 �� 2�2 � Æ � 2CZ � (4.1)where re = lassial eletron radius;v = veloity of the partile;me = eletron mass;Na = Avogadro0s number;I = mean exitation potential;Z = atomi number of absorbing material;A = atomi weight of absorbing material;� = density of absorbing material;z = harge of inident partile in units of e;M = mass of inident partile;� = v= ; = 1=p1� �2 ;Æ = density orretion fator;C = shell orretion fator;Wmax = maximum energy transfer in a single ollsion; and= 2me2�221 + 2meM p1 + �22 + �meM �2 :Using Equation 4.1, the stopping power dE=dx an be easily plotted for di�erent partile speies.53



Figure 4.3 shows the stopping power of pions, kaons and protons in silion. It is interesting to

Momentum (Mev/c)
10

2
10

3
10

4

/g
m

)
2

d
E

/d
x 

(M
ev

-c
m

1

10

10
2

π
k

p

Figure 4.3: Stopping Power for Silionnote that for all three partile types the stopping power dereases rapidly until their momentareah about 2.5 times their rest mass. After that, it starts to inrease slowly. (The measuredrelativisti rise in stopping power is even lower than what Figure 4.3 indiates as a result ofprodution of Æ-rays whih may esape from the the detetor. Therefore, the stopping powerremains relatively �at after it passes the minimum value.) A partile whose stopping power isnear the minimum of the energy loss urve is said to be �minimum ionizing�. Sine most of thepartiles produed in relativisti ollisions are minimum ionizing, the deteted energy an beused to estimate the number of produed partiles in a ollision.Sine the energy loss of a partile is statistial in nature, any given partile will most likelynot lose the exat amount of energy given by Equation 4.1. Instead, there will be a distributionof energy loss with a mean value desribed by Equation 4.1. If the inident partile is slow, or thethikness of the detetor is large, the distribution is Gaussian. This is the typial situation forsurfae-barrier type detetors used in the low energy nulear physis, where the inident partileslose onsiderable energy or are even stopped within the detetors. However, in relativisti heavy-ion physis, the deteted partiles are typially minimum ionizing and lose only a small amount54



of energy passing through a detetor. In this ase, whih was �rst alulated by Landau [50℄,the distribution is skewed beause there exists the probability of large energy loss in a singleollision within the relatively small number of ollisions the inident partile su�ers. Figure4.4 ompares typial Gaussian and Landau distributions. Unlike the Gaussian distribution, the

Arbitary Units
0 20 40 60 80 100

A
rb

it
ar

y 
U

n
it

s

0

2

4

6

8

10

12

14

Most Probable

Mean

Gaussian Distribution

Arbitary Units
0 20 40 60 80 100

A
rb

it
ar

y 
U

n
it

s

0

2

4

6

8

10

12

14

Most Probable

Mean

Landau Distribution

Figure 4.4: Gaussian and Landau DistributionLandau distribution has a harateristially long tail, re�eting the large �utuation in energyloss of a partile traversing a thin material.4.1.1 General Properties of Semiondutor DetetorSilion strip detetors are a type of semiondutor detetor. They onsist of rystalline materialsand have a harateristi energy band struture in their outer atomi eletrons. Typially, theenergy band strutures of insulators, semiondutors and ondutors, whih are shematiallyrepresented in Figure 4.5, are used to distinguish among these three types of materials. Energybands are regions where there are many losely spaed disrete levels of atomi eletrons. Asa onsequene of the periodi arrangement of atoms in the rystal, wave-funtions of atomieletrons overlap eah other. Sine eletrons are fermions, they follow the Pauli exlusion prin-iple, whih prohibits more than one pair of eletrons (with their two di�erent spins) in thesame energy state. This leads to a large number of disrete eletron energy levels. In these55
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Insulator ConductorSemiconductorFigure 4.5: Energy Banddisrete energy levels, there exist two distint regions: a ondution band and a valene band.The highest energy band is the ondution band where eletrons are free to move. The lowestenergy band is alled the valane band where eletrons are tightly bound to their parents' atoms.Hene, these eletrons do not ondut eletriity. Between these two bands, there is a regionalled the energy gap, in whih no atomi eletron an oupy. This energy gap an be viewedas threshold energy, whih eletrons must overome to ondut eletriity. The harateristisof the energy gap distinguish the three types of materials.For insulators and semiondutors, there is an energy gap. Without thermal energy, noneof the eletrons in insulators and semiondutors have su�ient energy to overome this gap.Therefore, insulators and semiondutors do not ondut eletroni urrent at 0Æ K. The dif-ferene between insulators and semiondutors is the size of their respetive energy gaps. Theenergy gap is relatively small ( about 1 eV) for semiondutors whereas it is large for ondutors(approximately several eV). Therefore, in semiondutors, eletrons with small but su�ientthermal energy an jump from the valene band to the ondution band by leaving holes in thevalene band. At this point, the semiondutor onduts eletriity. Hene the name semion-dutor. However, in insulators, the size of the gap is too large for eletrons to overome. As aresult, these materials do not ondut eletriity. In omparison, ondutors do not have energygaps and will ondut eletriity at any temperature.The ground state atomi struture of silion is 1s22s22p63s23p2. To form the material, theouter 4 eletrons from 3s and 3p states of one atom bond with 4 eletrons from surrounding56



atoms. This is shown in Figure 4.6a. At normal temperature, thermal energy an exite theseeletrons into the ondution band leaving holes (seen in Figure 4.6b). To reate radiation
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Figure 4.6: Lattie of Silion(a) at 0Æ (b) at su�iently high temperature to reates eletron-hole pairs () addition of donorimpurities to reate n-type semiondutors (d) additions of aeptors to reate p-type semion-dutorsdetetors using silion, it is neessary to add an impurity to the pure silion material. Whenthe impurity is pentavalent, that is, with 5 eletrons in the outer atomi shells, as found inphosphorus and arseni, only 4 eletrons of the impurity donor are used to bond with thesurrounding silion, leaving one free eletron. This ase is shown in Figure 4.6, and is referredto as n-type material. If the impurity is trivalent, that is, with 3 eletrons in the outer atomi57



shells, as found in boron and gallium, 3 eletrons are used to bond to the surrounding silionwith one hole remaining. This ase is shown in Figure 4.6d, and results in p-type material. It isimportant to note that n-type and p-type materials are eletrially neutral despite the pereivedextra eletrons or holes sine the original silion and added impurities are eletrially neutral.When n-type and p-type materials are formed together, they reate a semiondutor juntion.Sine the two types of material have di�erent onentrations of eletrons and holes, a di�usionlayer will form after the juntion is made. Eletrons from the n-type material will go to the sideof the p-type material and �ll holes or vie versa. This leads to the sides of the n-type and p-typematerials lose to the juntion to beome either positively or negatively harged, as shown inFigure 4.7a. This harge build-up reates an eletri �eld between the two sides of the juntions.
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Figure 4.7: np juntionA gap is reated where there are no mobile harge arriers. Any eletron or hole entering thisregion will be swept away by the eletri �eld. This region is known as a �depletion zone�. Sine58



ionization radiation entering this spae will reate eletron-hole pairs, whih are swept away bythe eletri �eld, this juntion an be used to detet the radiation. Typially, to inrease thesize of the radiation sensitive area, positive and negative voltages are applied to the n-type andp-type sides, respetively. This leads to a �reverse bias� situation. The positive voltage appliedto the n-type material will attrat mobile eletrons away from the juntion, and the negativevoltage applied to the p-type material will attrat mobile holes away from the juntions, thusinreasing the depletion depth.Another reason for wanting to inrease the depletion depth is to redue the detetor apai-tane, an important onsideration for the eletri noise. The apaitane of 2 parallel planes ofarea A separated by distane d is given by C = "Ad (4.2)where " is the permittivity of the spae between the two planes. The apaitane sales as theinverse of the depletion layer thikness.4.1.2 Pre-Ampli�er and Shaper EletronisThe detailed shemati diagram of the pre-ampli�er and shaper ampli�er eletronis for thesilion strip detetors is shown in Figure 4.8. It onsists of �ve di�erent stages: a hargesensitive pre-ampli�er, a pole zero ontroller, a shaping ampli�er, shaper, and a �nal bu�erampli�er stage.The generi design of a harge-sensitive pre-ampli�er is shown in Figure 4.9. The output ofa harge-sensitive pre-ampli�er depends on the time-integrated urrent at its input. This is inontrast to a voltage-sensitive pre-ampli�er where the output signal for a given urrent pulsedepends on the input apaitane. Sine the apaitane of the semiondutor detetor dependson the operating temperature, it is very undesirable to use voltage-sensitive pre-ampli�ers.Referring to Figure 4.9, if the harged olleted by the detetor and sent to the pre-ampli�er isQ; the output voltage of the iruit without onsidering Rf is given byVo = QCf : (4.3)
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To avoid buildup of harge on the feedbak apaitor Cf , it is neessary to plae a dishargeresistor Rf in parallel with Cf . This an be seen by looking at the transfer funtion of thisiruit in the s domain (or omplex frequeny):VoVi = �ZfZi (4.4)= �Rf= (sCfRf + 1)1=sCi (4.5)= � RfCfCi Rf + 1sCi (4.6)
Cf

Rf

Vi
VoCi

Zoff

Figure 4.9: Charge Sensitive Pre-Ampli�erIt is notied from Equation 4.6 that it is a high pass �lter with the ut-o� frequeny of!ut�off = 1�p2 + 1�CfRf : (4.7)Therefore, Rf is used to redue the slow harge buildup of this iruit. Using the values fromFigure 4.8, the atual value for the ut-o� frequeny is!ut�off � 2� 103 (rad=se)or 300 Hz :61



The shaper ampli�er onsists of two stages of the Sallen-Key �lter iruit. The general formof the Sallen-Key �lter is shown in Figure 4.10. Assuming the ideal operational ampli�er (op-
Z4

Z2Z1

Z3
R6

R5

Vi

Vf

Vo

Figure 4.10: Sallen-Key Filteramp), the transfer funtion of this iruit an be obtained. The voltage at the negative input,Vn, is Vn = R5R5 +R6Vo : (4.8)Sine Vn is equal to the voltage at the positive input for an ideal op-amp, and sine there is nourrent �owing to the inputs of the op-amp, the urrent through the elements Z3 and Z2 anbe given by iZ2 = iZ3 = VnZ3 = VpZ3 = R5Z3 (R5 +R6)Vo : (4.9)Therefore, the feedbak voltage Vf isVf = iZ2Z2 + Vp (4.10)= Z2R5Z3 (R5 +R6)Vo + R5R5 +R6Vo (4.11)= Z2R5 + Z3R5Z3 (R5 +R6) Vo : (4.12)
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By knowing Vf , the urrent for the element Z4 an be alulated asiZ4 = Vf � VoZ4 (4.13)= 1Z4 �Z2R5 + Z3R5Z3 (R5 +R6) � 1�Vo (4.14)= Z2R5 + Z3R5 � Z3R5 � Z3R6Z3Z4 (R5 +R6) Vo (4.15)= Z2R5 � Z3R6Z3Z4 (R5 +R6)Vo : (4.16)Also, the urrent through Z1 isiZ1 = iZ2 + iZ4 (4.17)= R5Z3 (R5 +R6)Vo + Z2R5 � Z3R6Z3Z4 (R5 +R6)Vo (4.18)= Z4R5 + Z2R5 � Z3R6Z3Z4 (R5 +R6) Vo : (4.19)Therefore, the input voltage isVi = iZ1Z1 + Vf (4.20)= Z4R5 + Z2R5 � Z3R6Z3Z4 (R5 +R6) VoZ1 + Z2R5 + Z3R5Z3 (R5 +R6) Vo (4.21)= Z1Z4R5 + Z1Z2R5 � Z1Z3R6 + Z2Z4R5 + Z3Z4R5Z3Z4 (R5 +R6) Vo : (4.22)Then, the ideal transfer funtion isVoVi = Z3Z4 (R5 + R6)Z1Z4R5 + Z1Z2R5 � Z1Z3R6 + Z2Z4R5 + Z3Z4R5 (4.23)= R5+R6R5Z1Z2Z3Z4 + Z1Z3 + Z2Z3 + Z1Z4 �1� R5+R6R5 �+ 1 : (4.24)Comparing Figure 4.8 and 4.10, it is seen that Z1 = R1, Z2 = R2, Z3 = 1sC3 and Z4 = 1sC4 .Therefore, the transfer funtion beomesVoVi = R5+R6R5s2 (R1R2C3C4) + snR1C3 +R2C3 +R1C4 �1� R5+R6R5 �o+ 1 : (4.25)
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The standard transfer funtion of a seond order low pass �lter an be written asH = K�� ff�2 + j fQf + 1 (4.26)where K � gain for low frequeny;Q � quality fator;f � frequeny ; andf � orner frequeny :Then, by letting s = j2�f in equation 4.25, f, K and Q an be written asf = 12�pR1R2C3C4 ; (4.27)K = R5 +R6R5 ; and (4.28)Q = pR1R2C3C4R1C3 +R2C3 +R1C4 �1� R5+R6R5 � : (4.29)Using the values from Figure 4.8, one �ndsf � 200 KHz; (4.30)K � 5; (4.31)Q � 0:5 ; and (4.32)VoVi = 4:75:8� 10�13s2 + 1:54� 10�6s+ 1 : (4.33)Therefore, for f � f, the gain is about 5.Between the harge-sensitive pre-ampli�er and the �rst Sallen-Key stage, there is a pole-zeroompensation iruit. The general iruit is shown in Figure 4.11. The transfer funtion of this
64



R1

C1
R2

0

Vin Vout

Figure 4.11: Pole-Zero Compensation Ciruitiruit is VoutVin = R2R2 + R1sC1R1 (4.34)= sC1R1R2 +R2sC1R1R2 +R1 +R2 (4.35)= s+ R2R1R2s+ R1+R2R1R2 : (4.36)The purpose of this funtion is to add stability to the eletronis and to remove the under-shoot(or overshoot) of the output pulses. In the analysis of the feedbak system, values of s that makesthe denominator of the transfer funtion beome zero are alled poles. Values of s that make thenumerator of the transfer funtion beome zero are alled zeros. The stability of a system suhas the Sallen-Key iruit used here an be improved by adding an additional transfer funtion[51℄. Ideally, the additional transfer funtion has zeros that anel poles of the original transferfuntions. However, the other requirements as well as the availability of eletri omponentsput limits on the design of ompensation transfer funtions. Using the values in Figure 4.8, theompensation transfer funtion is VoutVin = s+ 5000s+ 1:34� 106 : (4.37)This learly does not anel the poles from Equation 4.33. However, sine Equation 4.37 has theattenuation of 5000=106 at low frequeny, it will attenuate under-shoots of any low frequeny.Sine the addition of the pole-zero ompensation iruit attenuates the signal, an adjustable65



ampli�ation stage was introdued between the pole-zero and Sallen-Key stages. It is very simplenon-inverting ampli�er, as is shown in Figure 4.12. The transfer funtion is written as
R1R2

Vin
Vout

Figure 4.12: Non-inverting Adjustable Ampli�erVoutVin = R1 +R2R2 : (4.38)Using the values from Figure 4.8, the gain an be adjusted in the range of 1 to 10.The last stage of the pre-ampli�er shaper eletronis is the bu�er stage. It is designed toisolate output signals from the internal signals of the ampli�er. In partiular, it is neessary toprodue a 50 ohm termination impedane for the output pulses. From Figure 4.8, the bu�eringstage is aomplished by the single operational ampli�er.4.1.3 AttenuatorAn ampli�ed analog signal from the urrent pre-ampli�er-shaper eletronis has a maximumvoltage of about 6 volts. Sine the signal is sent to a peak-to-harge module (PTQ) whih, asdisussed in the next setion, has a maximum allowed voltage of 2 (or -2) volts, it is neessaryto attenuate the ampli�er output. Figure 4.13 shows the diagram of the attenuator used forthis purpose. As seen in this �gure, it is a simple voltage divider with a bu�er ampli�er usedat the output for the signal sent to the PTQ. The level of attenuation is adjustable by thesingle variable resistane potentiometer. Also, the DC-o�set level an be adjusted by a seondpotentiometer.
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0.01 uFFigure 4.13: Diagram of Attenuator4.1.4 PTQA PTQ module is loated between the attenuator stage and the �nal fast-enoding analog-to-digital onverter (FERA) for two purposes: peak strething and attenuation. (See Figure 4.14)(Setion 6.1.2 presents detailed desription of this devie harateristis.) The peak strethingfuntion holds the size of the input signal for the gate period set for the FERA. The signalsfrom the SiMA detetors have rise times of approximately 6 �s with a maximum amplitude of6 V. Beause of this slow rise time, it is not possible to inlude the entire signal within theFERA gate. Rather, the PTQ holds the peak value of the pulse for the duration of the FERAgate, whih is delayed to our after the peak is reahed. Additionally, the PTQ provides anattenuation of 10 to produe an appropriate size pulse for the FERA module.4.1.5 Data AquisitionAquisition of data involves several stages, some of whih are disussed in the earlier setion ofthis hapter. The basi diagram of the data aquisition for the SiMA is shown in Figure 4.14.A trigger for events is made by the Beam Beam Counters arrays (BBC) and the Zero DegreeCalorimeter (ZDC). Eah of these systems produe fast signals, whih an be logially OR'ed toprodue a timing signal for the event. The ZDC is a minimum bias detetor and is estimated tobe lose to 100 % e�ient. The BBC arrays are about 75% e�ient with a fator of three bettertiming resolution than the ZDCs. The timing signal made by the BBC arrays and the ZDCs aredelayed appropriately for the use of the PTQ and ADC. The digitized signals are then reorded67
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Figure 4.14: Data Aquisition Diagram for Silion Strip Detetorto the RHIC HPSS data tape system for the subsequent analysis.4.2 Sintillation Tile Detetor Multipliity Array (TMA)The TMA shown in Figure 4.1 is loated just outside of the SiMA with the same hexagonalshape. The distane from the beam axis to the front fae of the detetor is 13.86 m. A planarview of the 38 tiles is shown in Figure 4.15. Eah of tiles is dimensioned 12 m x 12 m x 0.5 m.Again, the sides of the TMA faing the TPM1 and T1 detetors in the two spetrometer arms,respetively, are left empty to redue bakground rates in these TPC detetors. The TMA hasabout a 60% larger solid angle overage than the SiMA. From the nominal vertex loation, theTMA overs the pseudorapidity range of j�j < 2:2.Eah sintillator tile is oupled with a wavelength-shifting optial �ber to guide photonsreated in the sintillator to a photo multiplier tube (PMT). Figure 4.16 shows the groove forthis �ber. The reason for the wavelength-shifting �ber is to math the wave length of lightreated in the tile to the wavelength of optimum detetion e�ieny in the PMT. Two turnsof the �ber are wound about the groove for good light olletion. Both ends of the �ber are68
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onneted to a PMT of 1.5 inh diameter. The length of the �ber between the tile and the PMTis 75 m. More detail is found in Referene [52℄.Similar to the SiMA, the TMA provides a measure of the number of partiles that traverseeah element. However, in this ase, photons are emitted with the passage of the hargedpartiles, as desribed further below. Also, the TMA provides the level 1 entrality triggerfor the experiment taking advantage of the good time response of the detetor element. Thisapability is not used, however, in the urrent analysis.4.2.1 General Properties for Sintillation DetetorAs harged partiles pass through a sintillation detetor, they lose energy aording to theBethe-Blok Equation 4.1. Unlike semiondutor devies, whih reate eletrons and holes bythe passage of harged partiles, sintillator devies result in photons being emitted as theharged partiles traverse the element. The radiation from passing partiles exites free valeneeletrons of moleules, whih are oupying � moleular orbitals [53, 54℄. Figure 4.17 showsthe energy level diagram of typial sintillator material. In the ase of eletrons in the singlet
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0Figure 4.17: Energy Level Diagram of typial Sintillation MaterialThik and thin lines represents eletron and their vibrational levels respetively. The dashedline is internal degradation. The dotted line represents �uoresene radiation.states, eletrons �rst deay to S* states by internal degradation and do not produe photons.However, from the S* states, there is a subsequent deay to the ground state S0 or its vibrationalstates, where light is emitted. When eletrons are in exited triplet states, they deay to thetriplet ground state T0 by internal degradation. Then, rather than deaying to the singlet state,whih is highly prohibited by the seletion rule of dipole transition, eletrons interat with other70



eletrons in the triplet ground state through a proess ofT0 + T0 ! S� + S0 + phonons : (4.39)The eletron in the S� state subsequently deays to the ground state by �uoresene radiation.4.2.2 Photomultiplier TubesA photomultiplier tube (PMT) is a devie that onverts a light signal to an eletrial signal.It is designed suh that the amount of harge or urrent produed in a PMT is proportionalto the number of photons entering the PMT. The basi diagram of a PMT is shown in Figure4.18. At �rst, photons entering a PMT will hit a photo athode, whih produes eletrons by
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Figure 4.18: Shemati Diagram of Photomultiplier TubeCopied from Referene [53℄.the photoeletri e�et. A typial photo athode has a quantum e�ieny of between 10% and30%, whih means that it will reate 1 to 3 eletrons with 10 initial photons. Eletrons are thenguided toward the �rst dynode by fousing eletrodes. The �rst dynode reates more eletronsby the energy applied from the inoming eletrons. The resulting eletrons then aelerate tothe next dynode. This proess is repeated 10 to 14 times until the last stage, where eletronsare olleted at an anode. During this proess, the number of eletrons an be ampli�ed by a71



fator of 103 to 107, depending on the type of tube and the applied voltage.4.2.3 Data AquisitionFigure 4.19 shows the basi diagram of the data aquisition system for the TMA. It is very
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Figure 4.19: Data Aquisition Diagram for Sintillation Tile Detetorsimilar to that of the SiMA exept that an additional delay is introdued in the signal path toallow synhronization of the relatively fast TMA signals with the timing signal obtained withthe BBC and the ZDC detetors. The delayed signal is fed diretly into a FastBus ADC withthe resulting data stored in the HPSS system.4.3 Beam-Beam Counter ArraysThe Beam-Beam Counter arrays (BBC), whih are shown in Figure 3.4, are loated 2.1 m tothe left and to the right side of the nominal vertex loation along the beam axis. The left arrayonsists of 44 Cherenkov radiators whih are oupled with PMTs. They are grouped into 5 setsof elements by their distanes from the beam axis. The right array onsists of 35 radiator-PMTpairs. They are grouped into 7 sets, also by their distanes from the beam axis. A more detaileddisussion of the detetor on�guration is found in Referene [55, 49℄. In the analysis of hargedpartile multipliity, the BBC arrays o�er a measurement of the number of harged partiles at72



large pseudorapidity, outside of the aeptane by the SiMA and the TMA.4.3.1 General Properties of Cerenkov DetetorThe Beam-Beam ounters are basially a set of simple Cherenkov detetors. When a partiletraverses the radiator material at a speed above the speed of light in that material, it losesenergy by reating an eletromagneti shok wave, similar to the soni shok wave produed bya super-soni jet plane when it travels faster than the speed of sound in air. The ondition forreating this radiation is expressed as v > n (4.40)where  is the speed of light, n is the index of refration of the material and v is the veloity ofthe partile. The oherent wave has a onial shape with an angle ofos � = 1�n (!) ; (4.41)where � is v=, and n (!) is the frequeny dependent index of refration.One of the most important properties in designing a Cherenkov detetor is the number ofphotons produed in the radiator. For a partile of harge ze, this an be written in terms ofthe wavelength, �, as d2Nd�dx = 2�z2�e�2 �1� 1�2n2 (�)� ; (4.42)where �e is the �ne struture onstant. Integrating Equation 4.42 over the wavelength aep-tane of the oupled PMT, the number of photons produed in the radiator for whih the PMTwill be sensitive an be estimated. The signal from the photons is ampli�ed with the PMT asdisussed in Setion 4.2.2.4.3.2 Data Aquisition for the Beam-Beam Counter ArraysFigure 4.20 shows the basi diagram of the data aquisition system for the Beam-Beam Counterarrays. Eah PMT for the BBC has two outputs. One is used to identify the ourrene of aollision. This signal is fed into the logi system to produe the timing signal for all detetors.The other signal is fed into the FastBus ADC after delay and reorded into the HPSS dataarhive system. This digitized analog signal is used for the analysis of the harged partile73
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Chapter 5
Vertex DeterminationSine the RHIC experiment is not a �xed target experiment, it is neessary to determine thevertex loation for eah ollision event. The Zero Degree Calorimeters (ZDC), whih have loseto 100% e�ieny for deteting a ollision event, are used to determine the vertex position forminimum bias events. These detetors lead to a vertex resolution of 2.0 m in the diretion ofthe beam axis. The Beam-Beam Counter arrays (BBC), whih have an e�ieny of 85%, arealso used to �nd the vertex loation and have a resolution of 9 mm. In addition, the TPM1 timeprojetion hamber an be used to provide a very aurate vertex loation with a resolution of3 mm, although this hamber has a limited overall e�ieny of 30%.5.1 Methods for Finding the Vertex PositionThe ZDC and BBC detetors employ the same tehnique for �nding the ollision vertex. Thedi�erene in arrival times for partile hitting the left and the right detetors along the beam axisis measured. Figure 5.1 shows the basi diagram for loating the ollision vertex. The hange inthe loation of the vertex is re�eted in a hange in the time of �ight measured to the left andthe right detetors. When ollisions our at the midpoint between two detetors (the nominalvertex loation), the �ight times measured by the left and right detetors are the same. Whereasollisions that our to the left of the nominal vertex loation results in a shorter �ight time tothe left detetor than to the right detetor. Assuming the partiles that hit the detetors arehighly relativisti so that their veloity is approximately the speed of light, the vertex loation75
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Figure 5.1: Diagram of Vertex Loationan be written as zvertex = 2 (tL � tR) (5.1)where  = the speed of light ;tL = the �ight time to the left detetor ; andtR = the �ight time to the right detetor :In the experiment, this equation must be modi�ed to use the experimentally measurable vari-ables. The method used to determine the di�erene in the two �ight times is shown in Figure5.2. A oinidene unit heks whether two signals arrive within a time onsistent with theourrene of a ollision. This oinidene is neessary to establish that both deteted signalsfrom the left and right detetors ome from the same ollision. The output of the oinideneunit is used as a start signal for a multihannel Time-to-Digital Converter (TDC). The signalsfrom the two detetors, suitably delayed, are used as stop signals for the TDC.The TPM1 detetor an also be used to measure the vertex loation of seleted events. Itdoes so by extrapolating the trak measured inside TPM1 to the plane de�ned by the beam axisand the vertial axis. Figure 5.3 shows the diagram for the TPM1 vertex �nding method. Aspartiles traverse the hamber volume, the ounter gas is ionized along the path of the trak.Liberated eletrons are deteted as a �luster� in TPM1. By onneting di�erent lusters by76
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straight lines, the trak of the passing partile an be reonstruted. It is then possible to�nd the ollision vertex by extrapolating several traks to the beam axis. This method learlyrequires at least two good traks, and hopefully more. BRAHMS also use a seond method of�nding the vertex by TPM1. It is alled the �Cluster Vertex� method and works by reatinglines mathing every ombination of luster pairs and extending these lines to the beam axis.The real vertex shows up as a pronouned peak on top of a bakground of false vertex positions.A more detailed disussion of the TPM1 vertex methods an be found in Referene [48℄.5.2 Vertex ResolutionThe three methods of loating the ollision vertex (using the ZDC detetors, the BBC arraysand the TPM1 detetor, respetively) di�er onsiderably in their respetive preisions. Allthree methods are neessary, however, sine the e�ieny of loating a vertex for the threemethods are quite di�erent. For TPM1, the resolution of vertex position depends primarilyon the unertainty in loating the TPM1 detetor. The observed vertex resolution for TPM1is about 3 mm. Both the ZDC and BBC vertex determinations are done by measuring the�ight time of the partiles hitting these detetors. Consequently, the timing resolutions of thedetetors dominate the vertex resolution. These timing resolutions are intrinsi to the designand onstrution of the detetors. One way to optimize the timing resolution is to apply a�Slewing Corretion� to the data. This orretion tries to ompensate for variations in timingaused by the di�erent amplitudes of the detetor signals. Timing information is obtained byusing leading-edge disriminators on these signals to pik o� the instant when the signal goesabove a preset threshold. Figure 5.4 depits this ase in a simple diagram. In this �gure, thereare two negative pulses of di�erent sizes with equal peaking time, that is, the time it takes fora pulse to reah its maximum (or minimum if it is a negative pulse) value. For many types ofdetetors, the peaking time tends to remain onstant for di�erent pulse sizes. As illustrated inthe �gure for a given disriminator level, the time di�erene between signal onset and when thesignal reahes the disriminatory level depends on the signal amplitude. The larger the size ofa pulse, the earlier the time signal is generated.In the experiment, this variation of timing by pulse size is easily seen by plotting measuredtime minus a referene time against pulse height. The referene time is typially obtained by78
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Figure 5.4: Cause for Slewingseleting signals in a limited amplitude range from a seond detetor. The typial slewing �gurefor a BBC detetor is shown in Figure 5.5. Figure 5.5a shows the dependene on pulse size of thetiming. This auses widening of the timing resolution. The orreted timing has the followingform from its shape: TDCorreted = TDCraw � apADC � bADC ; (5.2)where a and b are parameters to be determined from Figure 5.5a. With the slewing orretion,the dependene on pulse height is minimized. The typial resolution is about 150 ps before theslewing orretion and 60 ps after the orretion. Greater detail regarding the BBC slewingorretion an be found in Referene [55℄. The ZDC detetors are analyzed in the same mannerand have their own set of slewing orretions.Despite the slewing orretion to redue the dependene on pulse size, the vertex determinedby the BBC and ZDC detetors still show some sensitivity to pulse height. Figure 5.6 showsthis tendeny by plotting dedued verties vs. the sum of ADC hannels for the TMA detetors.The two pro�le plots ( Figure 5.6b and d, whih plot mean values of Figure 5.6a and  alongthe y axis) learly show this trend. This residual orretion is probably due to limitations ofthe slewing orretions and it might suggest that the funtional form given in Equation 5.2 isnot fully adequate. After the slewing orretion desribed above, the BBC ounters show up79
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Figure 5.6: Dependene of vertex loation to signal size after slewing orretion(a) and () show the 2 dimensional histograms of dedued vertex loation (the BBC and ZDCdetetors, respetively) vs. the sum of ADC hannels for the TMA detetors. (b) and (d) showthe pro�le plots of (a) and (), respetively. 80



to 5mm vertex shifts with the tile ADC sum, and the ZDC detetors show about 2.0 m shifts.Sine multipliity measurements done by the SiMA detetors are sensitive to vertex shifts inthe order of 3 to 4 mm, it is essential to orret for this behavior. Otherwise, the measuredmultipliity would be asymmetri about the enter of mass of a system with a symmetri massentrane hannel. To remedy this situation, an empirial orretion fator is introdued. Thisfator is obtained by �tting a straight line to the pro�le plots of Figure 5.6 for the BBC andZDC detetors. Figure 5.7 shows the vertex resolution of the BBC and ZDC detetors after thisorretion. The vertex resolution obtained using the BBC detetors is about 9 mm, and that
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Figure 5.7: Vertex Resolution(a) and (b) shows the vertex resolution of the BBC and ZDC detetors, respetively.using the ZDC detetors is about 2.0 m.5.3 Vertex E�ienyAs stated earlier, there are three di�erent methods for �nding a ollision vertex for a given event.Not only does eah method result in quite di�erent position resolutions, but they also have verydi�erent e�ienies for �nding a vertex. Figure 5.8 shows the e�ienies for �nding a vertex forthe three di�erent methods. The TPM1 detetor, whih has the best vertex resolution, is theleast e�ient. Its yield as a funtion of the harged partile multipliity is shown by the shaded81
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Figure 5.8: Vertex E�ienyShaded area represents the events determined by TPM1 luster vertex method. Area enlosedby the dark line represents the events determined by BBC vertex method. The area enlosedby the thin line represents the ZDC detetor.region of the �gure. Its e�ieny ranges from about 70% for very entral, high multipliity eventsto 2% for very peripheral, low multipliity events with a 30 % overall e�ieny. The yield vs.multipliity behavior of the BBC detetors is shown as the region enlosed by the darker line inthe �gure. Its e�ieny ranges from 100% for the entral events to 38% for peripheral eventswith the overall e�ieny of 85%. The ZDC detetor is used as the minimum bias detetor for�nding a vertex, and it is represented as a area enlosed by the thin line in the �gure. Thedi�erene of the yields between the BBC and ZDC detetors is partiularly notieable for thelow multipliity event. Hene, the ZDC detetor is primarily used to �nd verties for the mostperipheral ollisions.5.4 Choie of Vertex MethodsWith three di�erent methods for �nding the interation vertex, a hoie has to be made to seletthe best vertex for a given ollision. In general, the vertex method giving the best resolution ishosen. A summary of performane for the three vertex methods is shown in Table 5.1. Fromthe table, it is lear that TPM1 has the best resolution for �nding an event vertex. Hene, thisvertex is used if available. However, beause of the relatively low TPM1 e�ieny, the othermethods are also used. When the TPM1 detetor fails to �nd a vertex, the BBC detetor vertex82



Table 5.1: Summary of Vertex MethodsMethods TPM1 BB ZDCResolution 3.0 mm 0.9 m 2.0 mOverall E�ieny 30 % 85 % ~100 %E�ieny for Central Collisions 70 % 100% ~100%E�ieny for Peripheral Collisions 2 % 40 % ~100%is hosen. If the BBC detetors further fail to �nd a vertex, as is often the ase for peripheralollisions, the ZDC vertex is used.
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Chapter 6
Multipliity Detetor CalibrationThe global detetors are not trak-ounting detetors. It is thus neessary to alibrate thesedetetors to measure harged partile multipliity. The SiMA and TMA detetors sense thepassage of harged partiles by the energy deposited by these partiles in the sensitive volumesaording to Equation 4.1. The BBC arrays rely on the detetion of Cherenkov lights produedby the passages of harge partiles in the assoiated Cherenkov radiators. Sine the globaldetetors do not sense the diretion of the deteted partile's trajetory, it is ruial to determinethe bakgrounds in eah detetor system. This amounts to a orretion for the amount ofenergy or light produed by partiles that do not originate from the main ollision vertex.These seondary partiles emerge from supporting strutures by inelasti ollisions of primarypartiles with these strutures. Beause of the very large number of primary partiles produedin a single ollision, the number of seondary partiles is also large despite extensive e�orts touse thin and light-weight materials for the supporting strutures.6.1 Silion Strip Detetor Multipliity Array (SiMA)6.1.1 Linearity of the Preampli�er-Shaper EletronisAny detetor non-linearities an have a large e�et on the resulting multipliities sine suh anonlinearity will skew the results if not orreted. It is, therefore, neessary to hek the linearityof the di�erent detetor system before any measurements. The linearity of the pre-ampli�er-84



shaper eletronis for the SiMA detetors has been heked by the use of an eletroni pulsegenerator (pulser). The pulser injets a pulse of a desired size to the input of the harge-sensitivepre-ampli�er. After the signal is ampli�ed by the eletronis, the size of the output pulse an beheked by an osillosope. Using this proedure, the pre-ampli�er-shaper eletronis has beendetermined to be linear within the preision of the measurement.6.1.2 PTQ CalibrationThe PTQ is a peak strether. It will hold the peak value of a signal for a spei�ed period oftime as determined by a reset signal. Figure 6.1 shows the diagram of this ase. It is neessary
Input Signal

Output Signal

Time
Reset

Figure 6.1: Peak Strether (PTQ)to introdue this eletronis beause the duration of a signal from a silion strip detetor is toolong to be diretly integrated by the harge-sensitive ADCs used in the experiment. Using thePTQ with a �xed-length ADC gate, the signal integrated over the duration of the gate will beproportional to the signal amplitude. The PTQ-ADC arrangement results in a measurementsimilar to that of a peak-sensing ADC. However, during �nal testing of the eletronis, it wasnotied that the PTQ has a nonlinear response for low-amplitude signals. Figure 6.2 shows theresponse of a PTQ with di�erent sizes of input pulses. For larger amplitude signals, as shownin Figure 6.2a, the measured ADC value seems to be fairly linear. However, fousing on the lowamplitude signals as shown in Figure 6.2b, a strongly nonlinear response is apparent for signalssmaller than 1000 mV. Sine the eletronis was designed to put the signal from a minimumionizing partile in this range, it was important to orret for this nonlinear behavior. In Figure6.2, the solid lines show �ts to the data, whih are used to orret for the PTQ non-linearity.85
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the detetor. Sine the type and momentum of the passing partile is not known, one annot useEquation 4.1 to determine the expeted energy of this peak. Rather, the peak is ompared withthe results from GEANT Monte Carlo simulations to obtain the orresponding energy loss. (Thereliane on the GEANT simulation for the energy alibrations does not ause a large unertaintyfor the harged-partile multipliity measurement sine the subsequent onversion from energyloss of partiles in the detetors to the number of harged partiles is also based on the sameGEANT simulations, as disussed in the next setion. Hene, the GEANT simulation does notprovide an absolute energy alibration but rather leads to a relative alibration of energy lossof the harged partiles passing through the detetors.) The GEANT simulation has the addedadvantage of also simulating the bakground ontribution to the energy spetra. Figure 6.5shows the proess for energy alibration of the SiMA detetors. The response of one partile
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Figure 6.5: Energy Calibration for Silion DetetorThe area enlosed by the thik line represents the data. The shaded area represents GEANTsimulation. (a) is with vertex loated at 60 m right of the nominal vertex loation, and (b) iswith vertex loated at 60 m left of the nominal vertex loatioin.is visible and well de�ned. The GEANT pakage reprodues the bakgrounds under the singleharged-partile peaks quite well. Repeating this proess for many di�erent loations of vertiesfor a given silion strip, the pulse height to the orresponding energy-loss value is obtained. Inthe alibration, the systemati error is estimated to be 6%.6.1.4 Multipliity Calibration with BakgroundOne the energy loss of partiles passing through the detetor elements is known, it is possible toobtain the orresponding number of harged partiles with a onversion funtion. The onversionfuntion used for the SiMA detetors must aount for partiles striking the detetor elements88



with varying momentum. Figure 6.6 shows the momentum distribution of partiles hitting theSiMA detetors based on GEANT simulation using the Hijing event generator. It is lear that
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Figure 6.6: GEANT Simulated Momentum Distribution of Partiles Hitting Silion Strip De-tetor by Hijing Modelthe SiMA detetors reeive partiles with a large distribution of momenta. The mean value ofthis distribution is about 0.75 GeV/. By assuming that the majority of partiles are pions,one �nds that most of the partiles have momenta equal to or greater than that of a minimumionized partiles. They, therefore, deposit almost the same amount of energy. However, thepartiles with low momentum are of onern sine they an have very large energy loss in thedetetor and an thereby skew the results.The onversion funtion from the energy loss in the SiMA detetor element to the orrre-sponding number of harged partiles is also required to aount for the many di�erent typesof partiles striking the detetors. Figure 6.7 shows the simulated yields of partiles striking atypial SiMA detetor based on the GEANT simulation using the Hijing event generator. It islear that �+ and �� partiles dominate the yield. Although this is a model dependent result,it is safely assumed that the majority of partiles are pions. Furthermore, for di�erent partilesof the same harge, the minimum stopping power is about the same. This is learly seen inFigure 4.3. Therefore, with the assumption that most of partiles are minimum ionizing, it anbe assumed that most of the partiles deposit approximately the same energy, exept for thesmall number of partiles of low momentum.Finally, the onversion funtion must be able to remove the bakground signals sine theSiMA detetor will aept partiles inident from any diretion. This is a signi�ant omplia-tion sine not all partiles hitting the detetor are from the ollision vertex. Partiles an be89
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worst, preventing single MIP resolution. Also, this method may not adequately aount for lowmomentum partiles. Therefore, it was deided to make an all inlusive onversion funtion tomap from the deteted energy to the number of primary partiles.Figure 6.8 shows the result of the GEANT simulation used to produe this onversion fun-tion. The de�nition of Nh is de�ned as partiles emerging from the region within 3 m of
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less than a few perent of the harged partile prodution.6.2 Sintillation Tile Detetor Multipliity Array (TMA)The alibration method used for the TMA detetors is quite similar to that of the SiMA detetorsdue to the similar energy-loss harateristis as well as the similar on�guration of the detetors.The major di�erene in SiMA and TMA is that the TMA detetors use phototubes whose outputsignals an be fed diretly into harge-sensitive ADCs, without requiring an intermediate PTQ.They are therefore free of the PTQ nonlinearity.6.2.1 Linearity of Photomultiplier TubesFor the TMA detetors, the overall linearity of the detetor response is the major onern fordetermining the event multipliity. This is, perhaps, even more a onern for these detetorssine the extrapolation from the single MIP events to the more entral Au+Au ollision eventsis muh greater than neessary for the SiMA. For the most entral ollisions, the number ofpartiles hitting a single tile an be above 100, whereas the maximum number for a singlesilion strip is lose to 10. Sine the energy alibration is determined by the response of onepartile, the extrapolation by 100 folds ould yields large errors if the linearity of the detetoris not well understood.The linearity of the photomultiplier tubes was tested using the setup shown in Figure 6.11.In this setup, the photomultiplier tube is plaed in the light-tight box with a isotropi lightsoure [52℄. The light soure is mounted in the rail whih is ontrolled by a stepping motor.The amount of light entering the PMT is ontrolled by the distane between the PMT and thelight soure. By measuring the output pulse size from the PMT, the linearity of the PMT wereheked. In this test, the PMTs for the TMA detetors exhibit good linearity.6.2.2 Energy CalibrationThe energy alibrations of the TMA detetors were done using the single-partile response ofeah tile, similar to how the SiMA detetors were alibrated. Figure 6.12 shows the typialraw detetor response of a single sintillator tile. In Figure 6.12a, the single-partile responseis faintly visible within a large bakground. The large bakground is expeted sine the size93
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Figure 6.11: Linearity test setup for PMTs used in the Sintillation Tile Detetor
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Figure 6.12: Si ADC vs Vertex Loation(a) is without any onditions and (b) is with low multipliities onditions.
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of eah tile element is muh larger than a single silion strip element and, onsequently, mostevents lead to multiple partiles passing through any given tile element. By seleting low totalmultipliity events, as shown in Figure 6.12b, a lean �v-shaped� response is observed.Using the tehnique disussed in Setion 6.1, the above detetor response from the data isused to alibrate eah tile. Figure 6.13 shows the experimental one partile response of a singletile with the orresponding GEANT simulation. It is learly seen that the GEANT simulates the
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Figure 6.13: Energy Calibration for Sintillation Tile DetetorThe area enlosed by the thik line represents the data. The shaded area represents GEANTsimulation.detetor response well, inluding the bakground. By omparing the experimental and simulatedone partile response, an energy alibration is obtained for eah tile element. In the alibration,the systemati error is estimated to be 10%.6.2.3 Multipliity Calibration with BakgroundAs found for the SiMA, one the energy alibrations are known for the tile elements, it is stillneessary to use model-dependent onversion funtions to obtain the orresponding harged-partile multipliities. However, unlike the ommon onversion funtion that was found adequatefor the SiMA elements, there are eight funtions needed for the TMA elements, one for eahtile �ring�, beause of the relatively large bakground in the TMA elements. In a single silionstrip, only 5% to 10% of the deteted energy originates from the seondary partiles, whereas,in one tile, 30% to 40% of the deteted energy is from seondary partiles. Sine the amountof the bakground re�ets the on�guration and loation of the tile, it was determined thateight onversion funtions were neessary, one for eah of the eight rings of the TMA detetors.The resulting GEANT-based, energy-to-primary partile yield onversion funtions are shown95
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in Figure 6.14. The atual alibration funtions are obtained by �tting polynomial funtions tothe plots in this �gure.As a test of the unfolding proedure, a GEANT simulation using the Hijing event generatorwas used to simulate �experimental� data for entral ollision events. These �data� were thenanalyzed to determine the number of primary partiles emitted as a funtion of pseudorapidity.Comparison of the atual primary distribution and that dedued based on the simulated data isshown in Figure 6.15, where exellent agreement is ahieved. When the same test is onduted
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Figure 6.15: Comparison of Partile Produtions in the GEANT simulation with the HIJINGmodelThe open irle is obtained from the using the onversion funtion of Figure 6.8. The losedirle is from the Hijing model.with the use of di�erent event generators, whih have a somewhat di�erent mix and size ofprimary partiles, similar agreement is ahieved. These results suggest that the above onversionfuntions are well de�ned, at least within the GEANT simulations.6.3 Beam-Beam Counter Arrays6.3.1 LinearityThe Beam-Beam Counter arrays (BBC), whih are omprised of Cherenkov radiators oupledto photomultiplier tubes (PMT), were primarily designed to produe a good time-zero (or avertex) measurement for the ollisions. Two di�erent sizes of photomultiplier tubes are used inthe detetor: one with 3/4� diameter and other with 2� diameter. During the ommissioning and97



�rst-year run, it was realized that the small PMTs were reeiving too many photons from theCherenkov radiators to produe a linear response of output signals with respet to the number ofinident photons. Figure 6.16 shows the non-linearity of one of the small PMTs. The left �gure
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Figure 6.16: Typial BBC Small PMT Non-linearityThe left �gure is raw ADC distribution. The right �gure shows the distribution, whih is theleft �gure divided by 1 MIP ADC value (onstant).shows the raw ADC distribution of the PMT after pedestal subtration. The peaks representingthe response of the PMT to one, two and three harged partiles are learly seen. However,lose inspetion reveals that the ADC gap between the pedestal (0 h) and the �rst peak (~400h) is onsiderably larger than the gap between the �rst peak and the seond peak (~210 h).Furthermore, the gap between the seond and the third peaks (~ 140 h) is even smaller. Theright �gure shows this trend more learly by dividing the left �gure by the mean ADC value(o�set from the pedestal) of the �rst peak. If a PMT produes a linear response to the numberof input photons, the mean values of all peaks should be aligned to the integer number exeptfor small shifts resulting from the presene of the bakground. However, that is not the asehere.The larger PMTs used for BBC detetors do not have any notieable non-linearity. This isshown in Figure 6.17 for one of the large PMTs. It is learly seen that the mean values of allvisible peaks are loated lose to integer values. Although this does not guarantee the linearityof the large PMTs over the full dynami range, the fat that good linear response of the largePMTs up to the size of input orresponding to 4 harged partiles is used to alibrate the smallPMTs. Figure 6.18 shows the experimental setup for this alibration. To alibrate the smallPMTs, a pulsed laser is used as a light soure. From the laser, the light will travel through the�lter, whih is used to ontrol the amount of light, to a beam splitter. The splitter passes one98
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half of the light to a small PMT and re�ets the other half to a large PMT. Therefore, the smalland the large PMTs reeive well known amounts of lights. By hanging the �lter to produe adi�erent intensity of light, the response of the small PMT is studied against that of the largePMT.Figure 6.19 shows the results of this alibration after orreting for di�erent gains of thesmall PMTs. The �gure shows learly that the small tubes are saturating. Without saturation,
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Figure 6.19: Beam-Beam Counter Non-linearity CorretionThe di�erent markers orrespond to the di�erent small PMTs used for alibration. The gain ofthe small PMTs are mathed by single MIP response. The gain of the large PMT is di�erentfrom that of the small PMT.all data points should be aligned to a straight line. (The line does not neessarily have unitslope sine the gains of the large and small PMTs are di�erent.) Moreover, on loser inspetion,it is seen that there are small variations among the small tubes with up to 20% di�erenes intheir relative response. Therefore, the data for eah tube need to be arefully alibrated fornon-linearity.Figure 6.20 shows the distribution of a typial small BBC PMT after the non-linearityorretion. The mean values of all peaks are lose to integer values, indiating good linearity ofthe alibrated data.
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Figure 6.20: BBC element MIP response after Non-linearity Corretion6.3.2 Bakground subtrationThe raw multipliity distribution seen in Figure 6.20 was made by partiles passing throughthe Cherenkov radiators and produing photons that subsequently hit the PMT photo-athode.While it is true that the BBC detetors have some diretionality, based on the properties of theCherenkov radiators oupled to the PMTs, it is still possible for bakground partiles originatingfrom soures away from the vertex to ontribute to the signals. Therefore, the situation is similarto that of the SiMA and TMA detetors. A Monte Carlo simulation using GEANT is used toestimate the level of this bakground in the BBC detetors. Figure 6.21 shows the results of thissimulation for the large PMTs. The �gure shows that the output of the GEANT simulation farexeeds the input of the Hijing event generator. In fat, the dNh=d� values dedued using theBBC detetors is about 50% more than the input values. To remove this di�erene, the ratio ofthe output dNh=d� to that of the input was alulated. This ratio is applied to the real datato remove the bakground ontribution. More information for the bakground orretion for theBBC detetors is found in Referene [55℄.
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Chapter 7
Determination of Multipliity andCentralityThe multipliity array was designed with the expetation that a single ultra-relativisti ollisionof two Au nulei ould result in the prodution of over a thousand partiles. The atual numberof partiles deteted is in�uened by two major fators. The �rst one is the loation of theevent vertex. Sine RHIC is a partile ollider experiment, the loation of the ollision vertexhanges event-by-event. Consequently, sine the detetor positions are �xed, their aeptanesalso hange event-by-event, a�eting the number of partiles deteted. The �nite size of agold ion also leads to an event-by-event variation in the partile multipliity. The severity of aollision depends on the distane between the two olliding nulei. This is alled the entralityof an event. This hapter shows how the harged partile multipliity and reation entrality aremeasured using the Silion Strip Detetor Array (SiMA), the Sintillation Tile Detetor Array(TMA) and the Beam-Beam Counter arrays (BBC).7.1 Multipliity DeterminationThe harged-partile multipliities of events are determined by the BBC and the MultipliityArray detetors (MA). The MA is omposed of the separate SiMA and TMA elements. Thephase spae overed by the BBC and MA systems are quite di�erent. At the nominal vertex103



loation, the BBC measures harged-partile multipliity for 3:0 < j�j < 4:2, whereas the MAmeasures harged partiles in the range of j�j < 2:2 .7.1.1 Silion Strip Detetor Multipliity ArrayThe Silion Strip Detetor Multipliity Array (SiMA) measures the multipliity of an event bydeteting energy loss of harged partiles passing through the detetor elements. The detailsof the method have already been disussed in Setion 6.1. If all ollisions ourred at thenominal vertex position, obtaining an event multipliity would, in priniple, be a simple matterof summing the measured multipliity of eah Si strip of the array. In reality, this is not the asebeause of the hange in the detetor aeptane aused by having a range of vertex positions.Figure 7.1 shows a histogram of the measured vertex loations for a typial run. The distribution
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Figure 7.1: Vertex Distributionhas a Gaussian-like shape with, for this partiular run, a small o�set from the nominal loationof the vertex observed. The vertex distribution has a typial Gaussian width � in the range of40m to 100m depending on the partiular ondition of the beam.For a given event, the deteted number of harged partiles is highest at midrapidity, and itbeomes smaller as the partile rapidity gets loser to the beam rapidity. Beause of this and thelimited detetor overage, the measured, �raw� multipliity is strongly dependent on the loationof the vertex. Figure 7.2 shows this e�et learly. The maximum value of measured multipliitiesthat have not been orreted for detetor aeptane is relatively onstant between �10 m ofthe nominal vertex loation. Then, it dereases dramatially as the verties go further awayfrom the nominal loation. Figure 7.2b shows the same plot after appliation of the aeptane104
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Figure 7.2: Event multipliities for di�erent verties by the Silion Strip detetor(a) represents the distribution of event multipliities without the orretion of the detetoraeptane. (b) shows the same thing after the orretion.orretions. One the aeptane is orreted, the distribution is �at against the loations ofthe verties. This orretion is ahieved by taking mean values of multipliities for the sameentrality lass with the di�erent vertex uts. Figure 7.3 shows an example of this tehnique.The entrality lass is determined by the measured multipliity. The range of verties for eah
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Figure 7.3: Geometri aeptane orretion for the given strip of a Silion strip detetors(a) represents the mean value of multipliities for top 5% entral events. (b) shows the ratio ofmeasured multipliity at the di�erent verties relative to the nominal vertex.ut is set to 5 m to minimize the e�et of aeptane hange within the seleted range. Then, foreah seleted range, the mean multipliities of di�erent entrality lasses are obtained, assuminga linear relationship between entrality and multipliity. The ranges of entralities used forthis analysis are 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%. Figure 7.3a shows mean105



multipliities for the 5 % most entral events. These values are ompared to the mean valueof multipliity at the nominal vertex in Figure 7.3b. A funtion for aeptane orretion isobtained by �tting a polynomial funtion to this urve. As a result, all measured multipliitiesare normalized to that at the nominal vertex.To obtain an event-by-event multipliity, one more orretion needs to be applied. Thisorretion stems from the fat that the SiMA overs less solid angle than the TMA. (Themultipliity by the TMA detetors is disussed in the next setion.) To obtain an average mul-tipliity from the two arrays, a orretion was made to normalize the SiMA multipliities to theTMA multipliities. This onstant normalization, whih has a value of 1.55 and 1.66 for thepsNN = 130 GeV psNN = 200 GeV runs, respetively, is obtained by omparing the multipli-ities from the SiMA to that from the TMA for many events. Figure 7.4 shows the orrelation ofmultipliities by the two arrays after all orretions have been applied. As expeted, a strong,
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Figure 7.4: SiMA vs TMAlinear orrelation exists between the two measurements.7.1.2 Sintillation Tile Detetor Multipliity Array (TMA)Similar to the SiMA, the TMA measures event multipliity by deteting energy loss of partilesthrough its detetor elements. The details of the measurement tehnique are disussed in Setion6.1. Beause of the similarity of the SiMA and the TMA, the tehnique used for the aeptane106



orretion is also idential between the two systems. Figure 7.5 shows the multipliities of eventsas a funtion of vertex positions. It is learly seen that the maximum value of the multipliities is
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Figure 7.5: Event multipliities for di�erent verties by the Sintillator Tile detetor(a) represents the event multipliity without the orretion of the detetor aeptane. (b) showsthe multipliity after the orretion.ahieved for the verties within 10 m left of the nominal vertex loation. The asymmetry aboutthe nominal vertex results from the on�guration of the detetors, as shown in Figure 4.15. Sinethere are more tiles on the left of the nominal vertex loation, the measured multipliity is largerthere. Also, omparing Figure 7.5a to Figure 7.2a, one �nds that the aeptane orretion forthe TMA is smaller than the SiMA. Despite the similar overage in pseudorapidity, the physialextent of the TMA is greater than that of the SiMA, leading to a more uniform response overthe indiated range of vertex positions. Figure 7.6 shows the TMA aeptane orretion fator.The orretion fator is less than 20% within �30 m of the nominal vertex loation, whereasthat of the SiMA is as muh as 50% for the same range.7.1.3 Beam-Beam Counter Arrays (BBC)The Beam-Beam ounter arrays (BBC) measure the harged-partile multipliity of an event bydeteting the Cherenkov light of partiles passing through Cherenkov radiators mounted ontophotomultiplier tubes (PMT). The detail of the analysis method used for eah radiator-PMTombination is disussed in Setion 6.3. Similar to the SiMA and the TMA, the aeptane of thearrays hange with vertex loation, and a orresponding geometri orretion must be applied to107
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Figure 7.6: Geometri Corretion for Multipliity by Sintillator Tile Detetor(a) represents the mean value of multipliities for the top 5% entral events. (b) shows ratio ofmultipliities at the di�erent verties to that at the vertex=0 m.the data. Figure 7.7 shows a plot of multipliities by the BBC against vertex position. The e�et
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Figure 7.7: Event multipliities for di�erent verties based on the BBC arrays(a) represents the event multipliities without the orretion of the detetor aeptane. (b)shows the multipliities after the appliation of the aeptane orretion.of vertex position is small for the BBC arrays beause they are loated far away (2.1 m on bothsides) from the nominal loation of a vertex. Only a small inrease in the maximum multipliityis observed as the vertex moves to the extreme left (or negative) diretion. Sine the solid-angleoverage of the left array of the BBC is larger than that of the right array, the multipliitiestend to inrease as verties move loser to the left array. Using the same tehnique disussedin Setion 7.1.1, a small orretion is applied to obtain the aeptane-orreted multipliities108



shown in Figure 7.7b.Figure 7.8 shows the orrelation between the aeptane-orreted multipliities by the BBCand the MA. As expeted, the two measurements are found to have a strong linear orrelation.
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Figure 7.8: Correlation of multipliities by the BBC and the MA measurementHowever, the small saturation for the BBC arrays is still visible beause of the imperfetion inthe non-linearity orretion of the PMTs used in the BBC arrays.7.2 Centrality DeterminationDe�ning an event entrality gives a way to ategorize the fration of the total ross setion inthe nuleus-nuleus ollision by the distane of losest approah between the enters of the twoolliding nulei. Figure 7.9 depits this by two simple diagrams representing very entral andperipheral ollisions, respetively. In the entral ollision shown in Figure 7.9a, the enters oftwo olliding nulei are very lose to eah other. In this ase, most of the volumes of two nuleipartiipate in the ollision, leading to a more violent ollision. In the peripheral ollision shownin Figure 7.9b, the enters of two olliding nulei are far apart. (But, the distane between thetwo an not be more than the twie the size of the radius of the nuleus for a reation to our.)Then, only a small fration of their total volumes partiipates.
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Figure 7.9: De�nition of CentralityThe large open irle represents two olliding nuleus. The diretions of two nulei are into orout of the drawing. The shaded region represents the setions of eah nuleus that su�ers aollision. (a) represents a very entral ollision. (b) represents a peripheral ollision.7.2.1 Event Seletion for the Centrality MeasurementWith the aeptane-orreted values of event multipliities, the determination of reation en-trality is a relatively simple operation sine the larger the value of the event multipliity, themore violent and the more entral the ollision is. However, sine the entrality is related tothe fration of events with a harged-partile multipliity above a ertain value, it is importantto base this fration on the aurate total number of events undergoing a nulear interation.Beause of bakground proesses, the triggering system an be triggered by �false� ollisions.Figure 7.10a illustrates some of these false triggers. In this �gure, the area enlosed by the
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Figure 7.10: ZDC energy (ADC) vs Multipliity(a) The events enlosed by the line represent the false triggers. (b) represents the same orrela-tion when the loation of verties determined by ZDC and BBC are within 5 m.line represents �false� ollisions. They are assoiated with relatively low energy in the ZDC and110



with a reasonable value of multipliity. One possible ause of these events is that the ZDCsare triggered by bakground partiles and, onsequently, give the wrong loation for the eventvertex. Figure 7.10b shows how the bakground events an be redued by requiring vertiesdetermined by the ZDC and the BBC detetors to be within 5 m of eah other.Figure 7.11 shows another way to see if the events enlosed by the line in Figure 7.10a arefalse ollisions. This �gure shows the simulated and experimental distribution of the di�erene
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Figure 7.11: Di�erene of Multipliities by Silion and Tile detetor(a) GEANT simulation (b) experimental events. The shaded region represents the ollisionsenlosed by the line in Figure 7.10 (a). The dark line represents events after the subtration ofthe shaded region.in the SiMA and the TMA multipliities by alulating the following equation:(Nh�SiMA �Nh�TMA)=(Nh�SiMA +Nh�TMA + 10) (7.1)where Nh�SiMA � multipliity determined by the SiMA detetors ;Nh�TMA � multipliity determined by the TMA detetors ;and Nh�SiMA takes into aount the solid-angle di�erene of the two arrays. If the eventmultipliities determined by the two arrays are well alibrated, they should produe a symmetridistribution. This is seen in Figure 7.11a, whih is based on the GEANT simulation. In Figure7.11b, it is shown that the experimental distribution is not symmetri but, rather, has a largetail towards negative values. A loser inspetion reveals that muh of this tail is assoiated with111



the area enlosed by the line in Figure 7.10a. This is shown by the shaded area in Figure 7.11b.One the obvious bakground is removed, there is one more onern for the possible bak-ground. This ondition happens when the measured multipliity is very small but still abovezero. Beause the pedestal distribution of eah detetor element in the MA system has an asso-iated width of �nite size, the summation of all elements of the MA detetors an yield non-zeromultipliity. When this ondition ours with a �false� ollision event triggered by bakgroundpartiles in the ZDC detetors , there an exist events with small values of the harged-partilemultipliity with �false�, but aeptable, vertex positions. Unlike the previous situation, theseevents, whih are numerous, an not be easily removed by the orrelation of vertex positionsbetween the ZDC and BBC detetors beause of the lak of e�ieny in the BBC system forlow multipliity reations. As a result, a orretion for these �false� ollisions was devised basedon the GEANT simulations.The tehnique used to aount for this di�ulty in measuring very low multipliity events isas follows. First, it is assumed that there are no false events with harged-partile multipliitylarger than 200 Nh�TMA. This is reasonable beause the verties of those events an be hekedby the BBC and beause the average number of deteted harged-partile multipliity of eahelement in the TMA detetors is relatively large (at least 5) for suh events. Seond, it isassumed that the GEANT simulation using the Hijing event generator an orretly reproduethe low multipliity distribution. This reliane on the model alulation is questionable andontributes to the systemati unertainties. Other event generators were used to hek themodel dependene, whih was found to be very small. Then, using simulated �data�, the ratiosof the total number of events with TMA multipliity less than a given value m to the numberof events with multipliity less than 200 are alulated:R(m) = PNh�TMA=mNh�TMA=0 n(Nh�TMA)PNh�TMA=200Nh�TMA=0 n(Nh�TMA) (7.2)where m = ut value of multipliity (0 � m � 200)Nh�TMA = harged multipliity by the TMA detetorsn = number of events :112



(Only the TMA system was used for this orretion beause of its superior resolution for sin-gle minimum ionizing partiles.) Figure 7.12 shows this tehnique visually by displaying thedistribution of simulated measured multipliities in two di�erent ranges. In the top �gure, the
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Figure 7.14: Centrality Seletion in GEANT Simulation with Hijing Inputwith a few entrality seletions indiated by the di�erent shaded regions. While the entralities114



of ollisions are determined experimentally by the value of multipliities, the theoretial en-trality is usually interpreted as a statement of impat parameter range. Therefore, Figure 7.14bshows the orresponding impat-parameter distributions for the seleted event multipliities. Itis observed that the multipliity-based entrality does not map diretly to impat parameter,but exhibits a Gaussian-like distribution, exept for the highest entrality seletion. Sine thehighest experimental entrality an not be more entral than that of the theoretial model, anyexperimental deviations will tend to lower the experimental entrality. For a more quantitativeinspetion of this behavior, Table 7.1 shows the mean values of impat parameters seleted bythe experimental and theoretial methods for given entralities. This learly shows that theTable 7.1: Comparison of Mean Value of Impat Parameter b at psNN = 200 GeVCentrality Range Mean b by Impat Parameter Mean b by Multipliity Detetor0-5% 2.35�0.04 2.61�0.055-10% 4.15�0.02 4.11�0.0410-15% 5.37�0.02 5.39�0.0415-20% 6.32�0.02 6.34�0.0320-25% 7.15�0.02 7.17�0.0325-30% 7.93�0.01 7.93�0.0330-35% 8.61�0.01 8.63�0.0335-40% 9.25�0.01 9.29�0.0340-45% 9.84�0.01 9.87�0.0345-50% 10.4�0.01 10.4�0.03entrality obtained by seleting a range in multipliity results in the same seletion of impatparameters as found using a diret onversion from the model entrality to impat parameter,exept for the most entral ollisions where the multipliity method leads to a somewhat largervalue.Figure 7.15 shows the experimental entrality seletions used for this analysis at the twobeam energies. It is easily notied that the data with psnn = 200 GeV exhibits slightly larger(about 12%) multipliity distributions than that at psnn = 130 Gev. The lowest entralityrange is the 40-50% range. Beause of the steep inrease of yields for lower multipliity events,the systemati unertainty of entralities in those events is higher than the entralities seletedfrom the �at setion of the distribution.
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Figure 7.15: Experimental Centrality SeletionThe lines (a) through (f) represent di�erent entrality uts. They are 0-5%, 5-10%, 10-20%,20-30%, 30-40% and 40-50%. (A) is for psnn = 130 GeV. (B) is for psnn = 200 GeV.7.2.3 Centrality Seletion using the Beam-Beam Counter ArraysAs the Beam-Beam Counters also measure harged-partile multipliity, they an also be usedto determine the reation entrality. Ideally, this should not be neessary sine the SiMA andthe TMA detetors already provide a good entrality measurement for the ollisions. Also,one would like to use the same detetors to determine the entralities for all events to makethe analysis onsistent. However, to use the BBC to extend the pseudorapidity-dependentmultipliity distribution to high pseudorapidities, it was realized that it would be neessary tohave a separate entrality determination than that o�ered by the SiMA and the TMA detetors.The geometry of the BBC arrays is suh that a very wide range of vertex loations (�120 mof the nominal loation of the vertex) an be used to ahieve a wide pseudorapidity overage.The SiMA and the TMA an not provide entralities for events with verties loated muhoutside of the geometrial extent of these arrays (about �30 m on either side of the nominalvertex position). This is easily understood by viewing the aeptane orretions for thesetwo detetors, whih are shown in Figure 7.3 and 7.6. The orretion for more distant vertexloations beomes large and introdues a signi�ant systemati unertainty in the experimentalresults. Unlike the MA, the aeptane orretion of the BBC arrays, shown in Figure 7.7, isvery small for a very wide vertex range. It was therefore deided to use the separate entralitydetermined by the BBC arrays in the analysis of the BBC harged-partile multipliities.To assure onsisteny of the MA and the BBC entrality determinations, all of the BBCentrality alibrations were done using events with ollision verties within �30 m of the nomi-nal vertex position. Figure 7.16 illustrates the tehnique used to alibrate the BBC entralities.116



First, ollisions in a ertain entrality range are seleted based on the MA detetors. This is
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Figure 7.16: Centrality Seletion by the Beam-Beam Countershown as a shaded region in 7.16a. Then, using the multipliity distribution observed by theBBC arrays, the same number of the most entral events are seleted from this distribution,as shown by the shaded region in Figure 7.16b. This provides a BBC multipliity ut for thespei�ed entrality. Figure 7.17 shows how the MA and BBC multipliities ompare. Figure7.17a, reproduing Figure 7.8, shows the orrelation of the multipliities determined by the twosystems. The shaded region in Figure 7.17b shows the MA events that are seleted by a 5%entrality ut using the BBC, to be ompared with the region enlosed by the dark line whihare the 5% most entral MA events. Obviously, the two methods of seleting entralities donot selet exatly the same events. However, about 70%-80% of the events are ommon to bothentrality measurements. Moreover, for events with ollision verties within 30m of the nominalvertex, the BBC pseudorapidity distributions seleted by the two entrality methods were foundto be the same within 2 %. Therefore, this tehnique was used to obtain the entrality uts forthe BBC arrays over the extended range of vertex loation that ould be used for these arrays.
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Figure 7.17: Comparison of Centralities by the BBC and the MA(a) shows the orrelation of multipliities determined by the two arrays. The lines a and bindiate the 5% entrality ut for the BBC and the MA, respetively. (b) shows the projetionof �gure (a) onto the horizontal axis. The area enlosed by the dark line is the 0-5% entralseletion by the MA. The shaded region represents the 0-5% entral seletion by the BBC.
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Chapter 8
Charged Partile Prodution inUltra-Relativisti Au+Au CollisionsThe harged partile multipliity, Nh, of Au+Au ollisions is analyzed for data olleted duringa two-year period from 2000 to 2001 at RHIC. During the �rst run in year 2000, the aeleratoroperated at 65% of its maximum design energy to produe Au+Au ollisions at psNN = 130GeV. During the seond year run, the mahine operated at the design energy of psNN = 200GeV. Nh and its pseudorapidity distribution, dNhd� , were measured with a ombination of theZero Degree Calorimeters (ZDC), the Silion Strip Detetor Array (SiMA), the SintillationTile Detetor array (TMA) and Beam Beam Counter arrays (BBC) subsystems of the BRAHMSexperiment. Detailed desriptions of these subsystem are presented in Chapter 4. The BRAHMSdata put severe limits on theoretial models desribing relativisti heavy-ion ollisions.8.1 Model PreditionsFinding evidene for the reation of a quark-gluon plasma from the �nal-state hadrons emergingfrom an ultra-relativisti heavy-ion ollision requires omparison of the theoretial model pre-ditions with experimental results. Most of the urrent theoretial models highlight one or moreaspets of the relativisti heavy-ion ollision, plaing lesser emphasis or ignoring others. Sinenone of the present models inlude all of the known expeted physial proesses, omparisons of119



theoretial values to experimental data provide a deeper understanding of the underlying phys-ial proesses by eliminating (or suppressing) one feature of a model and aepting others. Forexample, in terms of harged-partile prodution, the di�erent models predit a pseudorapiditydensity at midrapidity, dNh=d�j�=0, to be in the range of 600 to 1400 for Au+Au reationsat the highest RHIC energy. With a di�erene of a fator of two in the model preditions, theexperimental results an easily highlight inadequaies of ertain models. Although there existmany models in this �eld, four popular models with di�erent features are disussed brie�y inthis setion.8.1.1 Hijing ModelThe Hijing model [56, 57℄ is based on perturbative QCD (pQCD) with emphasis on the pro-dution of multiple mini-jets. A mini-jet [58℄ is a jet with small transverse momentum and onethat is not resolvable as a distint jet experimentally. Sine it is believed that the prodution ofmini-jets ontributes signi�antly to transverse energy in the relativisti heavy-ion ollisions, thismodel tries to address this feature by onsidering hard and semi-hard parton sattering based onpQCD. For soft interations, the model onsiders multiple-soft gluon exhange between quarks.The e�et of jet quenhing is inluded as a �nal state parton interation.Figure 8.1 shows the pseudorapidity distribution predited by this model. For the 0-5%
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Figure 8.1: Pseudorapidity Distribution by the Hijing Model at psNN = 130 GeVEah line represents the di�erent entrality seletions. From the top to bottom, the orrespond-ing entralities are 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%.120



entral events, this model predits dNh=d�j�=0 to be about 550, whih is one of the smallestpredited values for harged-partile pseudorapidity density of any of the models. (Sine theexperimental pseudorapidity density is lose to this value, as disussed in a later setion, thismodel is very popular for omparison with data.)8.1.2 AMPT ModelThe AMPT [59℄ model is a multiphase transport model for relativisti heavy-ion ollisions. Itutilizes the Hijing model as a soure of initial parton distributions. The AMPT model di�ersfrom the Hijing model in the evolution of partons by not inluding energy loss of jets by way of anaverage stopping power dE=dx. Instead, parton ollisions are inluded expliitly. The partonsare hadronized after the proper formation time, and �nal-state sattering of these hadrons isexpliitly inluded.Figure 8.2 shows the pseudorapidity distributions based on this model. Sine it uses the Hi-
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Figure 8.2: Pseudorapidity Distribution by AMPT Model at psNN = 130 GeVEah line represents the di�erent entrality seletions. From the top to bottom, the orrespond-ing entralities are 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%.jing model as input, the AMPT model produes a similar value for the maximum pseudorapiditydensity. However, the AMPT distribution is notieably wider than that of the Hijing model dueto the inlusion of the �nal state sattering.
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8.1.3 UrQMD ModelUrQMD [60, 61℄ is a mirosopi transport model. It is an ultra-relativisti extension to thequantum moleular dynami model (QMD) [62℄. Instead of using a statistial-type alulation asemployed by Hijing, it solves the omplex N-body Hamiltonian equation for heavy-ion ollisions.By expliitly solving the equation of motion, it tries to �nd the equation of state for the hotdense matter reated by the relativisti heavy-ion ollisions.Figure 8.3 shows the pseudorapidity distribution obtained using this model. For the 0-5%
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Figure 8.3: Pseudorapidity Distribution by UrQMD Model at psNN = 130 GeVEah line represents the di�erent entrality seletions. From the top to bottom, the orrespond-ing entralities are 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%.entral ollisions dNh=d�j�=0 is found to be about 1100. Sine the experimental value for thisquantity is about 550 (as disussed later), this model predits far too large a level of partileprodution.8.1.4 Saturation ModelThe saturation model stems from the idea that the number density of partons an saturate inthe relativisti heavy-ion ollisions [63, 64℄. Sine partons are on�ned in the Lorentz-ontratedplane with transverse area �1:22A2=3, they will start to interat with eah other as their wavefuntions overlap. In the limiting ase, this leads to a partile multipliity that is proportionalto A (the number of partiipants), and not to the number of ollisions or the ollision energy.122



(See Setion 8.2.3 for a disussion of the number of partiipants and ollisions.)Figure 8.4 shows the pseudorapidity distribution found using this model. It reprodues the
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Figure 8.4: Pseudorapidity Distribution by a Saturation Model at psNN = 130 GeVEah line represents the di�erent entrality seletions. From the top to bottom, the orrespond-ing entralities are 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%.overall experimental level of the harged-partile prodution well. The �gure also shows thatthis model seems to have more pronouned shoulders (or a larger dip at midrapidity) than thatof the Hijing model disussed earlier.8.2 Experimental Charged Partile ProdutionThis setion desribes the harged-partile pseudorapidity densities measured for Au+Au ol-lisions at psNN = 130 GeV and psNN = 200 GeV. The theoretial alulations are thenompared to the experimental results.8.2.1 Experimental Charged Partile Prodution of Au+Au Collisionsat psNN = 130 GeV and psNN = 200 GeVDuring the �rst experimental program at RHIC, ollisions of Au+Au at psNN = 130 GeV wereahieved. Using the method disussed earlier in Chapter 6, the harged-partile multipliitiesof events were measured by the SiMA, the TMA and the BBC. With the entrality seletions123



disussed in Setion 7.2, the pseudorapidity distribution of harged partiles was obtained fordi�erent entrality ranges. Figure 8.5 shows the resultant distributions [65℄.
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Figure 8.5: Pseudorapidity Distribution of Charged Partiles at psNN = 130 GeV(a)Distribution by experimental subsystems: the SiMA (open irles), the TMA (open squares),BBC (open triangles) and the TPM1 (losed stars). From top to bottom, di�erent distributionsfor the same marker represent the di�erent entrality ranges as given in panel (b). Only statis-tial errors are shown. (b) The averaged results for the subsystems, weighted by their relativeunertainties, are shown for the di�erent entrality lasses. The errors inlude both systematiand statistial unertainties.In Figure 8.5a, it is seen that the three independent detetor systems produe reasonablysimilar pseudorapidity density distributions for a given entrality lass. The mathing of thedistributions by the SiMA and the BBC systems at the pseudorapidity of 2.5 (or -2.5) is very goodwith no obvious disontinuities. However, although the results from the TMA and the SiMAsystems are onsistent within systemati unertainties, it is notied that the TMA detetorstend to produe larger values of harged-partile density than the SiMA detetors. This mightindiate a few things: the �rst is that the energy alibrations for the TMA detetors were notquite aurate. This is deemed unlikely sine the resolution of single minimum-ionizing partilesis fairly good for the TMA detetors, whih the energy alibration heavily relies on. Anotherpossibility is that the photo-multiplier tubes (PMTs) used for the TMA detetors were not quitelinear. This is also unlikely sine suh a nonlinearity would be expeted to derease the observedpartile densities and not to inrease their values, as observed. Also, PMT nonlinearity shouldresult in an inreased disrepany between the SiMA and TMA results as more entral events areanalyzed. This is not seen. Rather, the di�erene remain about the same for all entrality ranges.The most plausible explanation for the TMA results has to do with bakground ontributions.It is possible that the TMA detetors see partiles from bakground soures suh as partiles124



sattered upstream of the MA in the beam line. If these partiles are deteted at the same timeas the partiles from real ollisions, they would skew the results. Sine the physial size of asintillator tile is muh larger than that of an individual Si strip, suh bakground soures willhave a relatively larger e�et on the TMA results than the orresponding SiMA results. (Theross setional areas of one silion strip and one sintillator tile viewed along the beam axisare 1.2 mm2 and 600 mm2, respetively.) Sine the Monte Carlo simulation that was used toorret for seondary sattering e�ets does not inlude non-ollision related proesses, this typeof bakground would remain unaounted in the analysis of the experimental data.To hek the validity of the results, the front time projetion hamber of the mid-rapidityspetrometer (TPM1) was also used to measure dNh=d� at three values of �: 0, 0.5 and 1. Thereason for using the TPM1 detetor is that it has the unique apability, absent in the otherdetetors used, of being able to ount the number of partiles diretly without having to deduea partile ount from a measured energy loss. Sine it an reord the traks of partiles inthree dimensions, the TPM1 detetor an distinguish partiles from the event ollision vertexand from other soures. Hene, the TPM1 detetor is able to hek the validity of the analysisproedures used for the other detetors. (For more information about the tehnique used bythe TPM1 detetor, a reader should refer to Ref [48℄.) Figure 8.5a inludes the results from theTPM1 detetor. It shows that the TPM1 detetor agrees well with other three detetor systems.However, the systemati error in the TPM1 measurement is not quite su�ient to disriminatebetween the SiMA and TMA results.In the seond RHIC running period, the aelerator was operated at psNN = 200 GeV forAu+Au ollisions. Figure 8.6 shows the results from that run [66℄. It is notied that there existsa small asymmetry in the distribution, most notieable for the two most entral ranges. Sinethe reation symmetry requires a symmetri harged-partile distribution about midrapidity,the observed asymmetry must indiate a systemati error. The asymmetry is not evident in thelower energy data, whih was analyzed using the same proedures, suggesting the asymmetrymight result from a bakground ontamination in the 200 GeV run that is larger than found forthe 130 GeV run. However, the lak of diretionality in the global detetors prevents a learidenti�ation of the bakground soure.Sine RHIC is urrently operated as the highest energy aelerator for heavy-ion ollisions,it is of interest to ompare the RHIC results with those obtained at lower energy failities.125
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Figure 8.6: Pseudorapidity Distribution of Charged Partiles at psNN = 200 GeVFigure 8.7 shows the dependene of the maximum pseudorapidity density at midrapidity onthe enter of mass energy for the system. The �gure shows how RHIC ahieves the highest
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initial energy density in the RHIC ollisions an be estimated as" = :5 (GeV=)1:0 (fm=) � 1:22 � 1972=3(fm2) � 32 � 625 (8.1)� 3 GeV=fm3 (8.2)It is assumed that the mean transverse mass of partiles and the proper time are 0:5 GeV=and 1:0 fm=, respetively. Although this value is lower than originally expeted, it still in-diates reation of a loalized region that is a lot more dense than ordinary nulear matter(" � :14 GeV=fm3). Before the RHIC experiments started to report results, an energy den-sity of " � 6 was expeted, onsistent with earlier values of expeted partile densities ofdNh=d�j�=0 � 1200. It should also be noted that the energy density expression uses theaverage value for the overlapping area of a nulear ollision; at the enter of the nuleus, it isexpeted that the atual energy density might be muh higher than the above value. Further-more, sine this result is derived from 0-5% entral events, the use of more entral events wouldlearly inrease this energy density. However, for those very entral ollisions, the unertaintyin the entrality beomes very large. Hene, it is not used in this analysis. With this value ofenergy density, the initial temperature an be also estimated with Equation 2.94. Assuming thehemial potential is zero, and with p = 13",(kT )4 = 90~3337�2 � "3 (8.3)kT = �90~3337�2 � "3�1=4 (8.4)T � 160 MeV (8.5)Therefore, the resultant initial temperature is in the range of values expeted to lead to thereation of a QGP (see Setion 2.3.3).Although partile prodution at midrapidity has gained the greatest attention with the earlyRHIC data, the overall level of partile prodution an also be ompared with the data for thedi�erent energy regions. Figure 8.8 shows the trend of total harged-partile prodution as afuntion of the enter of mass energy. Sine the detetor aeptane does not extend to largepseudorapidity, the missing partile yields are estimated from the experimental pseudorapiditydistribution, assuming the tail of the pseudorapidity distribution in Figure 8.6 an be extended127
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Figure 8.9: Comparison dNh=d� at psNN =130 GeVPanels (a) through (f) orrespond to the di�erent entrality ranges, in alphabeti order from0-5%, 5-10%, 10-20%, 20-30%, 30-40% to 40-50%. The open irles represent the experimentalvalues. The solid lines are from the Hijing model. The dash and dot lines are the AMPT andthe Saturation models, respetively.
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been inluded sine it produes almost twie as large a value at midrapidity as the experimentalharged-partile produtions. The other models all do a reasonably good job at reproduing theexperimental results. The distribution from the Hijing model is somewhat narrower than foundexperimentally. Partiularly, around � = 3, the gap between the Hijing m8odel and experi-mental data is fairly large. On the other hand, the �nal state resattering mehanism inludedin the AMPT model seems to inrease the width of the baseline Hijing model, and the AMPTdistribution is within the systemati errors of the experimental values for almost the entire rangeof �. The Saturation model also seems to reprodue the experimental results quite aurately.A areful omparison of the Saturation and AMPT models reveals somewhat di�erent shape fortheir �shoulders� near � = 2. The Saturation model has a distint peak at the shoulder, whihbetter resembles to the experimental results than the AMPT model. However, the unertaintyin the experimental result is too large to learly distinguish between the AMPT and Saturationmodels.To explore more arefully the energy dependene of the pseudorapidity distributions, theratios of dNh=d� from Figure 8.5 and 8.6 have been plotted in Figure 8.10. The �gure showsthat for all entralities, the ratio remains relatively onstant from � = 0 to � = 2. Then,it inreases for pseudorapidities larger than 2. This learly indiates that the width of thedistribution is getting wider as expeted for the larger beam rapidity. Also, for the regionbetween � = 0 and � = 2, the ratios for di�erent entralities are very lose. The smallest valueis 1.09 for 20-30% entralities, and the largest value is 1.16 for 40-50% entralities. This indiatesthat to obtain the pseudorapidity distribution of psNN = 200 GeV from that of psNN = 130GeV for an extended range near midrapidity, one simply needs to shift the distribution upwardby about 13%. Comparing these ratios with the model alulations, both the AMPT and theSaturation models reprodue the experimental results quite well between � = 0 and � = 3. Atlarger values of pseudorapidity, the AMPT model shows the same pronouned inrease in theratio, whereas the Saturation model shows a smaller inrease.Finally, to ompare the shapes of the pseudorapidity distributions between the di�erententralities, the distributions are divided by the measured number of harged partiles. Figure8.11 shows the results at three di�erent pseudorapidity values: 0, 3 and 4.5. It is seen thatas the ollisions beome more entral, a greater fration of the harged partiles is emitted atmidrapidity. 130
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8.2.3 Number of Partiipants and CollisionsThe large number of ollisions that nuleons inside the parent nuleus su�er in a single heavy-ionollision is believed to be one of the ontributing fators leading to the reation of a QGP. (Here,nuleons that su�er ollisions are alled partiipants, whereas the non-partiipating nuleonsare alled spetators. The total number of nuleon-nuleon ollisions is alled the �number ofollisions�. In the ase of ollisions between two nulei of mass number A, the maximum value forthe number of partiipants and spetators is 2A while the maximum number of ollisions is A2if every nuleon of one nuleus ollides one with every nuleon in the other nuleus.) To see thee�et of the number of ollisions, it is neessary to ompare the results from heavy-ion ollisionswith those from pp (or p�p) ollisions whose number of partiipants and ollisions are two and one,respetively. Usually the saling from pp to AA is done based on a the number of partiipantsin the AA ollisions. However, there is a problem in that the number of partiipants is not anexperimentally measurable quantity (or, at least, not by the urrent BRAHMS detetors). Atthe BRAHMS experiment, the Zero Degree Calorimeter (ZDC) an detet spetator neutrons. Inprinipal, this measurement an be used to dedue the number of partiipants as the di�erene ofthe number of inident nuleons minus the spetator nuleons, estimating the spetator protonsbased on the measured spetator neutrons. However, the observed number of spetator neutronsis low sine some of these neutrons an ombine with spetator protons to form ions. Theseions would not be deteted by the ZDC detetor. Furthermore, there is no way, in priniple, tomeasure the number of ollisions in a heavy-ion ollision.Sine the number of partiipants and the number of ollisions are not experimentally mea-surable quantities, it is neessary to rely on model alulations for these values. Here, the Hijingmodel has been used to translate the experimental entralities into the number of partiipantsand ollisions. Figure 8.12 shows the dependene of these numbers on impat parameter. TheHijing model alulates these numbers based on the Wounded-Nuleon model. The number ofpartiipants saturates as the ollisions beome more entral and reahes a maximum value of2A. However, at the enter of mass energy of psNN = 200 GeV, the number of ollisions doesnot seem to saturate in this model, but rather reahes a maximum value of over 1000 for veryentral ollisions. To obtain the number of partiipants and ollisions that orresponds to theexperimental entralities, average values of these numbers from the orresponding entrality bin132
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small.The inelasti ross setion of pp and p�p has been measured over an extended energy range.From Figure 8.14, it is about 40 mb at the enter of mass energy of 200 GeV. The e�et of the
(a)

RHIC

RHIC

(b)

Figure 8.14: (a) pp and (b) p�p ross setion (Copied from partile Data Book [70℄)ross setion on the Wounded-Nuleon alulation is quite simple. The larger the ross setion,the larger is the hane of ollision. Hene, there are more partiipants and ollisions. From themiddle two plots in Figure 8.13, one �nds that a few perent hange in nuleon-nuleon rosssetion would hange the number of partiipants by less than 1 and the number of ollisions byabout 20. Therefore, unless the nuleon-nuleon ross setion in the heavy-ion ollisions di�ersfrom the free-partile nuleon-nuleon ross setion by a large amount, the alulated numberof partiipants and ollisions are not strongly sensitive to this parameter.135



With the numbers given by the Hijing model, it is now possible to sale the results of heavy-ion ollisions to ompare with the results from p�p ollisions. To sale the results from theheavy-ion ollisions, dNh=d� is divided by one half of the number of partiipants. Figure 8.15shows these saled results with the orresponding p�p data. The �gure shows that there is a 40%
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Table 8.1: Au+Au Multipliity Results at psNN = 130 GeVNh is the total harge within j�j < 4:7Centrality � = 0 � = 1:5 � = 3:0 � = 4:5 Nh hNparti hNolli0-5% 553�36 554�37 372�37 107�15 3860�300 352 8205-10% 447�29 454�31 312�36 94�13 3180�250 299 63010-20% 345�23 348�25 243�27 79�10 2470�190 235 43120-30% 237�16 239�16 172�18 59�8 1720�130 165 25930-40% 156�11 159�11 117�13 43�6 1160�90 114 15240-50% 98�7 104�7 77�9 30�4 750�60 75 85
Table 8.2: Au+Au Multipliity Results at psNN = 200 GeVNh is the total harge within j�j < 4:7Centrality � = 0 � = 1:5 � = 3:0 � = 4:5 Nh hNparti hNolli0-5% 625�55 627�54 470�44 181�22 4630�370 357 10005-10% 501�44 515�48 397�37 156�18 3810�300 306 78510-20% 377�33 386�35 309�28 125�14 2920�230 239 55220-30% 257�23 267�23 216�17 90�10 2020�160 168 33530-40% 174�16 182�16 149�14 64�7 1380�110 114 19240-50% 110�10 115�11 95�9 43�5 890�70 73 103139



Chapter 9
Summary and ConlusionsIn an e�ort to reate a Quark-Gluon Plasma (QGP), the Relativisti Heavy-ion Collider (RHIC)has been operated at its urrently highest energy to ahieve Au+Au ollisions. It is believed thatthe presene of many nuleon-nuleon ollisions involved in a single relativisti heavy-ion ollisionis one of the key elements needed to produe a QGP. To haraterize global features of suh aollision, at the BRAHMS experiment, the harged-partile produtions from Au+Au ollisionsat the enter of mass energy of psNN = 130 GeV and psNN = 200 GeV are measured withthree independent detetor systems: the Silion Strip Detetor Array (SiMA), the SintillationTile Detetor Array (TMA) and the Beam-Beam Counter arrays (BBC).The detailed desription of the SiMA, the TMA and the BBC detetors are disussed inChapter 4. These detetor systems sense the passage of a harged partile with assoiatedenergy loss in the detetor element. With the alibration proedure presented in Chapter 6, itis shown that these detetor systems are apable of measuring the aurate number of hargedpartiles in heavy-ion ollisions. To ategorize the severity of a heavy-ion ollision, the observednumber of harged partiles is used to selet an event lass alled entrality. In this analysis, sixentrality ranges, 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%, are identi�ed. Then, foreah entrality range, the pseudorapidity distribution of harged partiles has been measuredusing the SiMA, the TMA and the BBC detetors. For 0-5% entral ollisions, the observedharged-partile pseudorapidity densities at midrapidity,dNh=d�j�=0, were 553�36 and 625�55at psNN = 130 GeV and psNN = 200 GeV, respetively, while their total integrated numberof harged partiles within j�j < 4:7 were 3860�300 and 4630�370, respetively. At psNN =140



200 GeV, this pseudorapidity density leads to an energy density of approximately 3 GeV=fm3and temperature of about 160 MeV, whih is in line with the expeted onditions needed for theprodution of a quark-gluon plasma.Without a single lear signature of the reation of a QGP, the omparison between theo-retial model alulations and the experimental results are ruial in the study of a relativistiheavy-ion ollision. Hene, three theoretial models are onsidered for omparison: the Hijing,the AMPT and the Saturation models. The Hijing model provids an aurate predition for theharged-partile prodution at midrapidity. However, its harged-partile pseudorapidity distri-bution is narrower than the observed distribution. The AMPT model, whih uses the Hijingmodel as input, reprodues the observed harged-partile distribution within the experimentalunertainties. The inlusion of �nal state resattering seems to make the distribution widerthan that of Hijing. The Saturation model, whih is based on the assumption that the numberdensity of partons in a relativisti heavy-ion ollision an be saturated, also reprodues the ex-perimental distributions quite aurately. However, the experimental unertainties are too largeto distinguish between the AMPT and the Saturation models.Furthermore, to ompare the mehanism of Au+Au ollisions with that of p�p ollisions,the number of partiipant nuleon pairs is introdued as a saling fator. It is shown that atpsNN = 200 GeV, dNh=d�j�=0 per partiipant nuleon pair from the entral Au+Au ollisionshad 40% enhanement over that from p�p ollisions. The onept of the number of partiipantnuleon pairs also naturally introdues the onept of the number of nuleon-nuleon ollisionsinvolved in a single heavy-ion ollision. It is suggested that with the use of these parameters, thefration of partile prodution from soft and hard interations an be estimated by the followingexpression: dNh=d� = � � hNparti+ � � hNolli where hNparti and hNolli are the average valuesof the number of partiipants and ollisions for eah entrality range. Using this expression, atmidrapidity, it is found that � = 1:26� 0:09� 0:20 and � = 0:15� 0:04� 0:05 for psNN = 200GeV and � = 1:24 � 0:08 � 0:20 and � = 0:12 � 0:04 � 0:06 for psNN = 130 GeV. However,sine neither hNparti or hNolli is an experimentally observed quantity, this onlusion must besomewhat questioned. The future RHIC experiment with lighter nulei may redue some ofthese unertainties.Obviously, the measurement of harged partile prodution alone an not on�rm the re-ation of a QGP from a heavy-ion ollision. However, the estimated values of the initial energy141



density and temperature reated by Au+Au ollisions are in line with the expeted onditionsfor reation of a QGP. Hopefully, many additional results suh as a nulear �ow signal and asuppression of J=	 partiles will provide enough information to on�rm the reation of thiselusive matter.
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Appendix A
Proof of Properties of AngularFuntion
A.1 �i�̂ � r = �i�̂ � r̂ ��r + i�̂ � r̂ �̂�L~rTo prove this equation, onsider the following ross produt in the omponent form:1r2 [r� r�r℄i = 1r2 �ijkrj (r�r)k (A.1)= 1r2 �ijkrj�klmrl�m (A.2)= 1r2 �ijk�klmrjrl�m : (A.3)By using the relation �ijk�ilm = ÆjlÆkm � ÆjmÆkl and �ijk = �jki = �kij , the above equationbeomes 1r2 [r� r�r℄i = 1r2 �kij�klmrjrl�m (A.4)= 1r2 (ÆilÆjm � ÆimÆjl) rjrl�m (A.5)= 1r2 (rjri�j � rjrj�i) (A.6)= 1r2 �rir � r � r2ri� : (A.7)
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With L = r� p = r� (�i~r), solving for ri givesri = rir ��r � 1r2 [r� r�r℄i (A.8)= rir ��r � 1r2 �r� L�i~�i (A.9)= rir ��r � i 1~r2 (r� L)i : (A.10)Hene �i�̂ � r = �i�̂ � r̂ ��r � 1~r2 �̂ � (r� L) : (A.11)Now, by using the Pauli's matrix relationship, �i�j = Æij + i�ijk�k and noting r �L = 0, the lastterm of equation A.11 an be modi�ed:�̂ � (r� L) = �i (r� L)i (A.12)= �i�ijkrjLk (A.13)= �jki�irjLk (A.14)= �i (�j�k � Æjk) rjLk (A.15)= �i (�̂ � r �̂ � L� r � L) (A.16)= �i�̂ � r �̂ � L : (A.17)Therefore, �i�̂ � r = �i�̂ � r̂ ��r + i�̂ � r̂ �̂ � L~r : (A.18)A.2 ~�̂ � L
jlmand ~�̂ � L
jl0mFrom the de�nition of total angular momentum,J = L+ S : (A.19)
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Then, J2 = (L+ S)2 (A.20)= �L+ ~2 �̂�2 (A.21)= L2 +�~2 �̂�2 + 2L � �~2 �̂� : (A.22)Applying ~L � �̂ to 
jlm gives~L � �̂ 
jlm = (J2 � L2 ��~2 �̂�2)
jlm (A.23)= �j (j + 1)� l (l+ 1)� 12 �12 + 1�� ~
jlm : (A.24)For j = l+ 12 ; j (j + 1)� l (l + 1)� 34 = �l+ 12��l + 32�� l (l + 1)� 34 (A.25)= l : (A.26)For j = l� 12 , j (j + 1)� l (l + 1)� 34 = �l� 12��l + 12�� l (l + 1)� 34 (A.27)= �l � 1 : (A.28)Hene, ~L � �̂ 
jlm = 8><>: l ~
jlm for j = l + 12(�l � 1) ~
jlm for j = l � 12 : (A.29)For ~�̂ � L
jl0m, use l0 in equation A.24 with equation 2.44.~L � �̂ 
jl0m = �j (j + 1)� l0 (l0 + 1)� 12 �12 + 1�� ~
jl0m : (A.30)
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For j = l+ 12 ;j (j + 1)� l0 (l0 + 1)� 34 = �l + 12��l + 32�� (l + 1) (l + 2)� 34 (A.31)= �l� 2 : (A.32)For j = l� 12 , j (j + 1)� l0 (l0 + 1)� 34 = �l � 12��l + 12�� (l � 1) l � 34 (A.33)= l � 1 : (A.34)Hene, ~L � �̂ 
jl0m = 8><>: (�l � 2) ~
jl0m for j = l + 12(l � 1)~
jl0m for j = l � 12 : (A.35)Using the equation 2.53, the previous equation A.29 and A.35 an be written as~L � �̂
jlm = (��� 1) ~
jlm ; and (A.36)~L � �̂
jl0m = (�� 1)~
jl0m : (A.37)Or, with the equation 2.54: ~L � �̂��m = (��� 1)~��m ; and (A.38)~L � �̂���m = (�� 1) ~���m : (A.39)A.3 �̂ � r̂
jlm = �
jl0mLook at ommutation relation of Ji and P with �̂ � r̂. For Ji = Li + Si ,[Li; �̂ � r̂℄ = ��i~�ijkrj�k; 1r �mrm� (A.40)= � i~r �ijkrj [�k; �mrm℄ (A.41)= � i~r �ijkrj�k : (A.42)150



[Si; �̂ � r̂℄ = �~2�i; 1r �jrj� (A.43)= ~2r [�i; �jrj ℄ (A.44)= ~2r (�i�jrj � �jrj�i) (A.45)= ~2r f(Æij + i�ijk�k) rj � (Æji + i�jik�k) rjg (A.46)= ~2r f(ri + i�ijkrj�k)� (ri + i�jikrj�k)g (A.47)= i~r �ijkrj�k : (A.48)Therefore, [Ji; �̂ � r̂℄ = 0 : (A.49)For P = ei�0, 0�̂ � r̂ = �̂ �̂irir (A.50)= � �̂irir �̂ : (A.51)Therefore, [P; �̂ � r̂℄+ = 0 : (A.52)Then, it naturally follows Ji�̂ � r̂
jlm = �̂ � r̂Ji
jlm ; and (A.53)P �̂ � r̂
jlm = ��̂ � r̂P
jlm : (A.54)This implies that �̂ � r̂
jlm has the same j and m of 
jlm, but it has the opposite parity.Therefore, �̂ � r̂
jlm = �
jl0m : (A.55)Or, using � introdued in the equation 2.53,�̂ � r̂��m = ����m : (A.56)
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Appendix B
Four-Current in Dira Equation
B.1 Derivation of four-urrent density in Dira EquationThe Dira equation an be written asi~� �t = ~i 3Xk=1 �̂k � �xk +m02�̂ : (B.1)And its onjugate is �i~� y�t = �~i 3Xk=1 � y�xk �̂yk +m02 y�̂y : (B.2)Multiplying the �rst equation by  y from the left and the seond equation by  from the righti~ y � �t = ~i 3Xk=1 y�̂k � �xk +m02 y�̂ ; and (B.3)�i~� y�t  = �~i 3Xk=1 � y�xk �̂yk +m02 y�̂y : (B.4)Knowing �̂y = �̂ and �̂y = �̂, subtration of the above equations from eah other givesi~ ��t � y � = ~i 3Xk=1 ��xk � y�̂k � : (B.5)
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By rearranging this equation,��t � y �+ 3Xk=1 ��xk � y�̂k � = 0 : (B.6)Comparing this with the ontinuity equation,��t�+r �~j = 0 : (B.7)gives the urrent density as ~j =  y�̂k : (B.8)Or, the ontinuity equation in ovariant form with  y0 = � , 0 = �̂ and i = �̂�̂i is written as��xi � � i � = 0 : (B.9)Then, the four urrent density is ji =  � i : (B.10)

153



Appendix C
Ultra-relativisti Gas
C.1 Fermi GasThe thermodynami properties of an ultra-relativisti gas are obtained by the use of statistialmehanis. The logarithm of the grand partition funtion islnZ =X� ln (1 + exp f�� (�� �)g) +X� ln (1 + exp f�� (�+ �)g) ; (C.1)where � = hemial potential (C.2)� = 1kT : (C.3)The total number of states of a Fermi gas of volume V in the phase spae is� = g Z d3~rd3~ph3 = g 4�Vh3 Z 10 p2dp : (C.4)Sine the gas is ultra-relativisti, � = p Then,� = g 4�Vh33 Z 10 �2d� : (C.5)
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Therefore, the density of states is g (�) = ���� = g 4�Vh33 �2 : (C.6)Therefore, the equation C.1 an be written in the integral formlnZ = g 4�Vh33 Z 10 d� �2 [ln (1 + exp f�� (�� �)g) + ln (1 + exp f�� (�+ �)g)℄ : (C.7)Integrating by parts, lnZ = g 4�Vh33 �13�3 ln (1 + exp f�� (�� �)g)�10+ g 4�Vh33 �3 Z 10 d� �31 + exp f� (�� �)g+ g 4�Vh33 �13�3 ln (1 + exp f�� (�+ �)g)�10+ g 4�Vh33 �3 Z 10 d� �31 + exp f� (�+ �)g : (C.8)Sine two surfae terms are zero, it beomeslnZ = g 4�Vh33 �3 Z 10 d� � �31 + exp f� (�� �)g + �31 + exp f� (�+ �)g� : (C.9)Substituting x = � (�� �) in the �rst term and x = � (�+ �) in the seond term yieldslnZ = g 4�Vh33 �3 264 1� Z 1��� dx� x� + ��3ex + 1 + 1� Z 1�� dx�x� � ��3ex + 1 375 (C.10)= g 4�Vh33 13�3 "Z 10 dx (x+ ��)3ex + 1 + Z 10 dx (x� ��)3ex + 1+ Z 0��� dx (x+ ��)3ex + 1 � Z ��0 dx (x� ��)3ex + 1 # (C.11)= g 4�Vh33 13�3 �Z 10 dx2x3 + 6�2�2xex + 1+ Z 0��� dx (x+ ��)3� 1ex + 1 + 1e�x + 1�� (C.12)= g 4�Vh33 13�3 �Z 10 dx2x3 + 6�2�2xex + 1 + Z 0��� dx (x+ ��)3� : (C.13)155



Using the following fatsZ 10 dx x3ex + 1 = 7�4120 ; (C.14)Z 10 dx xex + 1 = �212 ; and (C.15)Z 0��� dx (x+ ��)3 = 14 h(x+ ��)4i0��� = 14 (��)4 : (C.16)The equation C.13 beomeslnZ = g 4�Vh33 13�3 �27�4120 + 6�2�2�212 + 14 (��)4� (C.17)= gVh33 4�3 (kT )3 �7�460 + � �kT � �22 + 14 � �kT �4� : (C.18)After getting the grand partition funtion, it is very simple matter to get some properties of thegas. For example, to obtain the pressure of the gas, use the following relationshiplnZ = pVkT : (C.19)The pressure is thenp = kT lnZV (C.20)= gh33 4�3 (kT )4 �7�460 + � �kT � �22 + 14 � �kT �4� (C.21)= g~33 (kT )43 �7�2120 + � �kT � 14 + 18�2 � �kT �4� : (C.22)
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Similarly, the net number of fermions, Nnet, ould be alulated in the very similar manner.Nnet = N+ �N� (C.23)= g 4�Vh33 Z 10 d� � �2exp f� (�� �)g+ 1 � �2exp f� (�+ �)g+ 1� (C.24)= g 4�Vh33 264 1� Z 1��� dx� x� + ��2ex + 1 � 1� Z 1�� dx� x� � ��2ex + 1 375 (C.25)= g 4�Vh33 1�3 "Z 10 dx (x+ ��)2ex + 1 � Z 10 dx (x� ��)2ex + 1+ Z 0��� dx (x+ ��)2ex + 1 + Z ��0 dx (x� ��)2ex + 1 # (C.26)= g 4�Vh33 1�3 "4�� Z 10 dx xex + 1 + Z ��0 dx (x� ��)2# (C.27)= g 4�Vh33 1�3 �4���212 + 13 (��)3� (C.28)= g 4�Vh33 (kT )3 �� �kT � �23 + 13 � �kT �3� (C.29)= g V~33 �16� (kT )2 + 16�2�3� : (C.30)C.2 Bose GasBy the same tehnique used for a fermion gas, the grand partition funtion for a Bose gas analso be obtained. The logarithm of the grand partition funtion is given aslnZ = �X ln (1� exp f���g) : (C.31)It an be hanged to the integral form using the equation C.6.lnZ = �g 4�Vh33 Z 10 d� �2 ln (1� exp f���g) (C.32)= �g 4�Vh33 �13�3 ln (1� exp f���g)�+g 4�Vh33 �3 Z 10 d� �3exp f��g � 1 (C.33)= g 4�Vh33 13�3 Z 10 dx x3ex � 1 : (C.34)157



Using the following fat Z 10 dx x3ex � 1 = 6�490 ; (C.35)the grand anonial partition funtion is written aslnZ = g 4�Vh33 2�3 �490 (C.36)= g 8�Vh33 (kT )3 �490 : (C.37)Using the equation C.19, the pressure of the Bose gas isp = kT lnZV (C.38)= g 8�h33 (kT )4 �490 (C.39)= g~33 (kT )4 �290 : (C.40)
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