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Abstra
tCharged-parti
le produ
tion in the pseudorapidity range j�j < 4:7 has been measured for Au+Au
ollisions at psNN = 130 GeV and 200 GeV using several sub
omponents of the BRAHMSexperiment at the Relativisti
 Heavy-Ion Collider (RHIC). A 
oaxial arrangement of sili
onstrip and s
intillator tile dete
tors determined parti
le produ
tion near mid-rapidity (j�j < 3).Two arrays of Cherenkov radiators mounted to photomultiplier tubes established the 
harged-parti
le yields at larger pseudorapidities. Additionally, a time-proje
tion 
hamber at the frontof a movable mid-rapidity spe
trometer arm was used for an independent 
on�rmation of theresults. The 
harged-parti
le pseudorapidity density at midrapidity, dN
h=d�j�=0, is found tobe 553 � 36 and 625 � 55 at 130 GeV and 200 GeV, respe
tively. Also, the total numbers of
harged parti
les within the pseudorapidity range j�j < 4:7 was established as 3860�300 and4630�370 at the two energies, respe
tively. The observed 
harged-parti
le density s
aled by thenumber of parti
ipant pairs, dN
hd� 2<Npart> , is found to in
rease 13% from the lower to higherenergy. Comparing the s
aled Au+Au pseudorapidity density at psNN = 200 GeV/A to p+�p
ollision results, an in
rease of 40% is observed. The observed level of parti
le produ
tion is inthe range expe
ted if 
onditions are met for the produ
tion of a Quark-Gluon Plasma. Theseresults 
onstrain the 
urrent understanding of parti
le produ
tion at RHIC energies.
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Chapter 1
Introdu
tion
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 ra
e has been asking sin
e the dawn of 
ivilization. In the Greek era, Aristotle thoughtit was made up of water, air, �re and earth. In the theory by Leu
ippus and Demo
ritus, theworld 
onsisted of �a-toma�, whi
h is the Greek word for a thing that 
an not be divided. Whiledeveloping many great theories without any 
on
rete proof, these men's interests did not stopat pondering the stru
ture of their world. They also studied how to make new substan
es fromknown matters. Sin
e the Egyptian era of the Great Pyramid, al
hemists had been hard at workmixing several materials to form new substan
es.The human ra
e's fas
ination with new substan
es 
ontinued through the Middle Age to theera of the Industrial Revolution. In 1869, the Russian 
hemist Dimitri Mendelïev 
onstru
teda 
hemi
al table that 
lassi�ed all of the 
hemi
al elements known at that time a

ording totheir 
hemi
al properties. Later, this table was used to 
lassify atoms a

ording to their atomi
numbers. In 1897, while 
hemists were busy �nding new elements predi
ted by the atomi
table, British physi
ist J. J. Thomson dis
overed the ele
tron by the study of 
athode rays [1℄.This dis
overy, in whi
h an atom is not a fundamental point-like element but has some innerstru
tures, opened a new era for physi
s, and it led to the 
urrent bran
hes of atomi
, solidstate, nu
lear and parti
le physi
s. Obviously, the study of the stru
tures of atoms be
amea very popular subje
t at the turn of the 20th Century: Japanese physi
ist Hantaro Nagaoka1



developed a Saturn-like model of atomi
 stru
ture, proposing that is a ring of negatively 
hargedparti
les of the same mass 
ir
ling around an attra
tive 
enter [2℄. J. J. Thomson developed analternative idea of atomi
 stru
tures, based on having a number of negatively-
harged ele
trons(or 
orpus
les) being en
losed in a sphere of uniform positive obje
ts [3, 4℄.Following Thomson, British/New Zealander Ernest Rutherford, who studied under Thomsonfor two years, presented his idea of atomi
 stru
tures [5, 6℄ after his students, Hans Geiger andErnest Marsden, dis
overed the large de�e
tion of alpha parti
les by a thin gold foil [7, 8℄.Rutherford's idea was that an atom 
onsists of a point-like positive 
harge surrounded by aspheri
al distribution of negative 
harge of an equal amount. In 1913, Danish physi
ist NielsBohr supported this idea by developing an explanation based on quantum me
hani
s [9℄. Withthe dis
overy of the ele
tron 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 twi
e its atomi
number. However, this was not the 
ase for all atoms, whi
h puzzled physi
ists at that time. Tosolve this puzzle, in 1920 Rutherford predi
ted the existen
e of the neutron, whi
h is a neutralparti
le with the same mass as a proton. However, it took another twelve years for this parti
leto be dis
overed by a student of Rutherford, James Chadwi
k [10, 11℄.After the dis
overy of the neutron, it seemed that the subatomi
 domain was fully explored.This was not the 
ase, as shown with the predi
tion and dis
overy of the positron by Britishtheoreti
al physi
ist Paul Dira
 [12℄ and Ameri
an experimental physi
ist Carl Anderson[13℄.This lead to the idea of anti-matter. For example, the positron is the anti-matter partner ofthe ele
tron and the anti-proton is the anti-matter partner of the proton. Also, to des
ribe theme
hanism of a proton and neutron bound together inside an atom, Yukawa postulated themeson theory of the strong for
e and, based on this theory, postulated the existen
e of a newparti
le [14℄. This parti
le, 
alled the pion, was dis
overed in 1947 by a group from Bristol[15℄ with the use of a 
loud 
hamber to dete
t 
osmi
 rays. This dis
overy o

ured after CarlAnderson and Seth Neddermeyer earlier in 1937 misidenti�ed muons as the mediator of thestrong for
e.While the theory of atomi
 stru
ture using quantum me
hani
s was established in the earlyTwentieth Century, the experimental bases relied on relatively low energy parti
les from naturalde
ays of atoms in the laboratory and 
osmi
 rays. In the early 1930s there were two Ameri
aninventions that propelled this �eld into the �atom-smashing� business: the Van der Graa� a
-2




elerator by Robert J. Van der Graa� and the 
y
lotron a

elerator by E. O. Lawren
e. Withthese inventions, it be
ame possible to make parti
les of a spe
i�ed energy and to smash theseparti
les into targets. With further improvements, these inventions set the 
ourse for the se
-ond half of the 20th Century, where ma
hines were 
onstru
ted to produ
e parti
les of spe
i�

hara
teristi
s 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 parti
les were found. With this many parti
les it be
ame verydi�
ult to 
omprehend how the proton, neutron, ele
tron, and pion 
ould be �the� fundamentalparti
les. In 1961, just as Mendelïev made his atomi
 table, Murray Gell-Mann [16℄ and YuvalNe'eman [17℄ independently 
onstru
ted a table, named the �Eightfold Way� by Gell-Mann,to list baryons and mesons systemati
ally a

ording 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 su
h as a pion ismade of two quarks, whereas a baryon su
h 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 eviden
e for the model 
ame in 1969 by a groupfrom the Massa
husetts Institute of Te
hnology and the Stanford Linear A

elerator Center.Just as Rutherford and his students found the 
onstituent of atoms by hitting an alpha parti
leinto a gold atom, this group hit an ele
tron into a hydrogen atom to study the inner workingsof a proton [19, 20℄. The 
on
lusion was that the proton has some inner stru
tures.1.2 Quark-Gluon SoupThe story of the sear
h for �Of what and how is the world made?� did not end by �nding quarkssin
e the detailed me
hanism of the strong for
e, whi
h holds protons and neutrons inside anu
leus, is still not well known. The main problem for this understanding is 
aused by �quark
on�nement,� whi
h states that a single free quark 
annot be dete
ted be
ause it is physi
allymore favorable to produ
e a 
ouple of quarks bound together than a single free-�ying quark.The further 
ompli
ation is that, unlike a photon (the mediator of the ele
tromagneti
 for
ethat holds ele
trons around a nu
leus), a gluon (the mediator of the strong for
e) 
annot bedete
ted in isolation. However, these problems did not redu
e our 
uriosity but rather aroused3



greater fas
ination.One loophole of this quark 
on�nement is that although quarks intera
t very strongly at alarge distan
e, they intera
t weakly when they are 
lose to ea
h 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 de
on�nement
ould exist in neutron star 
ores, in exploding bla
k 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 for
ed to overlap one another. Under su
h 
onditions, quarks thatmake up the hadrons would be very 
lose to ea
h other and would intera
t weakly be
ause ofasymptoti
 freedom. This matter 
an be treated as free quarks and gluons, a so-
alled �quarksoup�.Obviously, the experimental study of su
h extreme 
onditions appears to be very di�
ult.The 
losest, known neutron star and bla
k hole to the earth are lo
ated at 200 and 1600 lightyears away, respe
tively. Be
ause of their tremendous distan
es as well as their 
omplexities,the experimental study of quarks and gluons within these obje
ts is 
urrently quite limited.The use of the Big Bang would be even more 
omplex due in part to the fa
t 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 isne
essary 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 a

elerator [23, 24, 25, 26℄. Su
h 
ollisions
an produ
e a large number of parti
les in a single 
ollision, and it is believed that this largeparti
le produ
tion is the key for 
reating a QGP.As early as the late 1940s, it was predi
ted that many parti
les 
ould be produ
ed in asingle nu
leon-nu
leon 
ollision if the 
ollision energy were su�
iently high [27, 28℄. In 1950, agroup from the University of Chi
ago found eviden
e of multi-parti
le produ
tion in emulsionexperiments with 
osmi
 rays [29℄. This phenomena led Enri
o Fermi in 1950, and Landau in4



1956 to des
ribe a me
hanism of parti
le produ
tion in terms of a statisti
al pi
ture. Althoughthis predates the quark model, the basi
 idea is still valid.The basi
 pi
ture of a relativisti
 heavy-ion 
ollision is shown in Figure 1.1. When two nu
leiare approa
hing for a 
ollision, in the 
enter-of-mass frame the longitudinal sizes of the nu
leiare redu
ed be
ause of their relativisti
 Lorentz 
ontra
tion.
2
cmE

2
cmE

 X ~ 1 fm∆ X ~ 1 fm∆Figure 1.1: Two nu
lei are approa
hing one another in the 
enter-of-mass frame with relativisti
speed.
Radius ~ 7 fmRadius ~ 7 fmFigure 1.2: Two gold ions are approa
hing one another with non-relativisti
 speed.Therefore, instead of a pi
ture of two spheri
al balls (shown in Figure 1.2), the 
ollidingnu
lei appear as two approa
hing pan
akes.During the 
ollision of two heavy-ions, 
onstituent nu
leons of one nu
leus 
ollide with thoseof other nu
leus. Cal
ulations suggest that there 
ould be over 1000 nu
leon-nu
leon 
ollisions ina single 
ollision of two gold ions. While ea
h nu
leon-nu
leon 
ollision redu
es the momentum5



of the parti
ipating nu
leons, be
ause of the large momentum of the in
oming nu
lei, most of thenu
leons inside the nu
lei still have signi�
ant momentum by the time the nu
lei �nish passingthrough ea
h other, as shown in Figure 1.3. In the 
entral region of the 
ollision, there 
an be
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Figure 1.3: Two nu
lei after a 
ollision. The shaded region represents the heat produ
ed by a
ollision.left behind a very hot spa
e heated by energy losses of the in
oming nu
leons. In this pi
ture,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 in
reased, the 
onstru
tion ofa relativisti
 heavy ion 
ollider (RHIC) was proposed (shown in Figure 1.4) at BrookhavenNational Laboratory (BNL) on Long Island using some fa
ilities of a previously failed proje
t
alled ISABELL, whi
h was to produ
e proton-to-proton 
ollisions. In the early 1990s, the

Figure 1.4: Aerial photo of RHIC
onstru
tion of the RHIC fa
ility was approved by the Department of Energy, with the goal of6



building the highest energy, heavy-ion 
ollider in existen
e. It was designed to produ
e a beamof gold ions with a speed rea
hing 99.95 % of the speed of light. During the period of design and
onstru
tion for this one-of-a-kind ma
hine, there were a number of problems that had to beover
ome. But, one that is very interesting s
ienti�
ally and that re
eived the attention of manypeople outside of the physi
s 
ommunity delt with the fear that RHIC 
ould destroy mankind.This fear �rst surfa
ed in the �Letters to the Editor� se
tion of the 1999 July issue of S
ienti�
Ameri
an magazine. Readers were responding to a previous arti
le �A Little Big Bang� andexpressed 
on
ern that while physi
ists were eager to 
reate a QGP, they might 
reate somethingunpredi
ted su
h as a bla
k hole, whi
h 
ould eventually destroy the Earth. Soon, there wasa �urry of arti
les around the world: the Sunday London Times had an arti
le �Big BangMa
hine Could Destroy Earth.� The initial s
ienti�
 response to the question did not helpto ease the 
on
ern sin
e it raised the possibility of �strangelets�, whi
h are hypotheti
al smalllumps of strange matter, though it did try to reje
t the possibility of the 
reation of a bla
k hole.The question of �unforeseen 
onsequen
es� seemed to be a reasonable one, and Frank Wil
zek,who responded initially to the publi
 
on
ern said, �s
ientists must take su
h possibilities veryseriously�even if the risks seem remote�be
ause an error might have devastating 
onsequen
es.�Therefore, just as Fermi and others 
onsidered whether a nu
lear explosion might ignite anu
lear rea
tion in the atmosphere during the Manhattan Proje
t, it was reasonable to 
onsiderthe possibility of disaster s
enarios at RHIC.To assure the publi
 safety, John Marburer, Dire
tor of BNL at that time, asked a group ofphysi
ists to review this issue. In their report, they 
onsidered three s
enarios and estimated theprobability of a dangerous event for ea
h s
enario by the extensive use of the worst 
ase analysiswith 
osmi
-ray data [30℄. The three 
onditions they looked at are: gravitational singularities,va
uum instability and strangelets. They showed that with the 
urrent knowledge of physi
s,the possibility of a single disastrous event was so small that RHIC was highly unlikely to leadto the destru
tion of the Earth. More quantitatively, they stated that a 
han
e of the singledisastrous event would be less than one in 1021 over the lifetime of RHIC. With this assuran
e,RHIC be
ame operational in 2000 with two-thirds full energy and it a
hieved 
ollisions at fullenergy in 2001.
7



1.5 Brief View of the RHIC Experimental SetupIn the RHIC proje
ts, 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 
onsisten
y, with ea
h group having a more spe
i�
 fo
us to explore various aspe
tsof relativisti
 heavy ion 
ollisions. In dis
ussing the phase-spa
e 
overage of ea
h of the fourexperiment below, it is 
onvenient to use the terminology of �rapidity� and �pseudorapidity�.These terms are fully dis
ussed in Se
tion 2.1. For the present dis
ussion, it is su�
ient to notethat mid-rapidity refers to a parti
le emission angle of 90 degrees with respe
t to the beam axis.1.5.1 BRAHMSThe BRAHMS proje
t is one of two small 
ollaborations at RHIC. A s
hemati
 view of theapparatus is shown in Figure 1.5. The experiment is designed to 
over extended regions of
harged-parti
le emission angle and transverse momentum with two spe
trometer arms that 
anbe rotated about the nominal 
ollision vertex.

Figure 1.5: Brahms Dete
tors
8



1.5.2 PHENIXThe PHENIX proje
t hosts the largest 
ollaboration at RHIC. A s
hemati
 view of their dete
-tors are shown in Figure 1.6. The main advantage of their enormous dete
tors is the ability tomeasure the produ
tions of dileptons 
reated by a QGP.

Figure 1.6: PHENIX Dete
tors1.5.3 PHOBOSThe PHOBOS proje
t is the other small 
ollaboration. It is a �table-top� size apparatus 
onsist-ing of a large set of mi
rostrip sili
on dete
tors. The s
hemati
 view of the dete
tors are shownin Figure 1.7. The main advantage of this proje
t is its ability to measure 
harged-parti
lemultipli
ities with a very large pseudorapidity 
overage.1.5.4 STARThe STAR proje
t is the other �big� experiment at RHIC. The prin
ipal dete
tor is a very largeTime-Proje
tion Chamber (TPC) that surrounds the beam pipe (shown Figure 1.8). The STARproje
t is able to measure parti
le tra
ks in a 
omplete 2 � azimuthal 
overage near mid-rapidity.
9



Figure 1.7: Phobos Dete
tors

Figure 1.8: Star Dete
tors
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1.6 Charged-Parti
le Multipli
ity Measurement at BRAHMSWith the operation of the relativisti
 heavy-ion 
ollider, the hope of produ
ing a quark-gluonplasma is be
oming ever 
loser. One of the key elements in produ
ing this elusive matteris the large number of nu
leon-nu
leon 
ollisions asso
iated with the rea
tion, whi
h leads tothe large number of observed 
harged parti
les from a single heavy-ion 
ollision. Hen
e, thenumber of 
harged-parti
les emitted from the relativisti
 heavy-ion 
ollision 
an provide globalinformation about its rea
tion me
hanism. As a result, in this analysis, the level of 
harged-parti
le produ
tion in Au+Au 
ollision at psNN = 130 GeV and psNN = 200 GeV has beensystemati
ally studied using the dete
tor systems of BRAHMS. The experimental results are
ompared to several theoreti
al model 
al
ulations as well as other experimental results atdi�erent energies.The present analysis is organized in the following manner. Chapter 2 provides the theoreti-
al ba
kground for a quark-gluon plasma. Chapter 3 shows the brief overview of the BRAHMSdete
tor subsystems. Chapter 4 provides detailed information about three dete
tor systemsprimarily used for measuring the number of 
harged parti
le at BRAHMS: the Sili
on Strip De-te
tor Array (SiMA), the S
intillation Tile Dete
tor Array (TMA) and the Beam-Beam Counterarrays (BBC). Te
hniques used for determining the 
ollision vertex are dis
ussed in Chapter 5.The 
hapter in
ludes dis
ussion of the e�
ien
y and the resolutions a
hieved with the di�er-ent vertex measurements. Calibration methods used for the SiMA, TMA and BBC dete
torsare fully dis
ussed in Chapter 6. Chapter 7 shows how event multipli
ity and 
entrality aredetermined. Chapter 8 provides observed produ
tion levels of 
harged parti
les, and 
omparesthem with theoreti
al 
al
ulations and other experimental results at di�erent energies. A briefsummary of the main 
on
lusions is presented in Chapter 9.
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Chapter 2
Theory
2.1 De�nition of Kineti
 VariablesIn the realm of high-energy physi
s, 
ertain kinemati
 variables are very useful for des
ribing therelativisti
 dynami
s. One of the most 
ommonly en
ountered variables to des
ribe the motionof a parti
le is the rapidity y, de�ned asy = 12 ln�p0 + pz
p0 � pz
� (2.1)where p0 � energy of the parti
le; andpz � longitudinal momentum of the parti
le:Using Equation 2.1, one �nds ey = rp0 + pz
p0 � pz
 (2.2)e�y = rp0 � pz
p0 + pz
 : (2.3)

12



By adding and subtra
ting these expressions,ey + e�y2 = 12 �rp0 + pz
p0 � pz
 +rp0 � pz
p0 + pz
� = p0pp20 � p2z
2 ; and (2.4)ey � e�y2 = 12 �rp0 + pz
p0 � pz
 �rp0 � pz
p0 + pz
� = pz
pp20 � p2z
2 : (2.5)Sin
e the mass, energy and momentum of a parti
le will followp20 = p2
2 +m2
4 = p2T 
2 + p2z
2 +m2
4 = p2z
2 +m2T 
4 (2.6)where pT � transverse momentum of the parti
lemT � transverse mass of the parti
lethe 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 parti
le and the beam axis. The reason for usingthis variable rather than rapidity is that it only requires knowledge of the parti
le's emissionangle, �, whereas the rapidity requires knowledge of the parti
le'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 ea
hother 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 o

uring 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�eren
e between dNd�and dNdy for y equal to zero 
an be about 20% a

ording to the Hijing model dis
ussed in a later
hapter.) 14



2.2 Estimation of Initial Energy Density by BjorkenAs shown in Figure 1.1, two ions with pan
ake shapes of about 1 fm in thi
kness approa
h ea
hother before a 
ollision at RHIC energies. The longitudinal velo
ity of a parti
le 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 displa
ement of the parti
le 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 
onsequen
e. For a 
ertain value of � , a small value in y isasso
iated with small values in z and t. Sin
e a small value in y indi
ates a slow parti
le, the
onsequen
e of the proper time is that the slower parti
les along the beam dire
tion are the �rstones to emerge, and that the faster parti
les emerge later after the 
ollision [31℄ as a 
onsequen
eof the Lorentz time dilation. This pi
ture of parti
le produ
tion is 
alled �inside-outside 
as
ade�and its spa
e-time pi
ture is shown Figure 2.1Using this pi
ture, 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 se
tionalarea of the QGP about the beam axis. Taking �N as the number of parti
les 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 
al
ulatedas A = �1:22A2=3 (fm2). Therefore, a measurement of dN=dyjy=0 
an be used to dedu
e theinitial energy density. Also, sin
e there are almost equal numbers of positive, negative andneutral parti
les that are 
reated in a 
ollision, the energy density 
an be expressed in terms ofthe 
harged parti
le-densities as " � mT�A 32 dN
hd� �����=0 : (2.31)Here, it is assumed that dN
h=dyjy=0 is equal to dN
h=d�j�=0. However, as dis
ussed in Se
tion2.1, there 
an be a 20% di�eren
e between the two, depending on the momenta and types ofparti
les emitted in a 
ollision.2.3 MIT Bag Model2.3.1 Introdu
tionSin
e 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 phenomenologi
al models.17



The MIT Bag Model is one su
h model and attempts a des
ription of quark 
on�nement. Figure2.2 illustrates the basi
 idea of this model.
R

q

q

q

q

q

q

B
Bag Pressure

Free Quarks Figure 2.2: Bag ModelIn this model, quarks are treated as free massless fermions inside a bag of �nite dimension.The bag, whi
h 
on�nes quarks inside, is in balan
e with the outward pressure arising fromkineti
 energy of quarks and inward dire
ted, phenomenologi
al bag pressure. An estimate ofthe bag pressure B is developed in the next se
tion.2.3.2 Determination of Bag PressureSin
e quarks are free fermions inside the bag, we 
an start with the Dira
 Equation.�i~�	�t = �
�̂ � p̂+m0
2�̂�	 ; (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)Sin
e Equation 2.39 is spheri
ally symmetri
, the angular momentum and parity operator 
om-mute with the Hamiltonian, Ĥf . The eigenfun
tions for this Hamiltonian are well-known spher-i
al 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 eigenfun
tions of the spin operators:� 12 12 = 0B� 10 1CA ; � 12� 12 = 0B� 01 1CA : (2.43)Also, be
ause 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)
19



Now, using the above spheri
al spinors, Equation 2.39 be
omes" = 
�̂ � 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 be
omes" = 
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 introdu
e a new quantum number �:� = ��j + 12� =8><>: � (l + 1) for j = l + 12l for j = l � 12 : (2.53)Using �, rede�ne the angular fun
tion��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 fun
tions 
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 fun
tion 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 spheri
al Bessel fun
tion [33, 34℄, andsin
e the fun
tion must be regular at z=0, the solution must be the spheri
al Bessel fun
tion 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 re
ursion 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 re
urren
e relation of jn, nz jn � j0n = jn+1 (2.73)
22



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 fun
tion 
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 a
ross the surfa
e 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 ve
tor to the surfa
e of the bag, this boundary
ondition implies that at the surfa
e of the boundaryn� � 
� = 0 : (2.79)This 
ondition would be satis�ed if �i
�n� =  (2.80)sin
e then, i � 
�n� = � (2.81)and �  = �i � 
�n�� = � (i
�n� ) = � �  (2.82)thus requiring that �  = 0. Hen
e, 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. Hen
e,�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 statisti
al te
hnique shown in Appendix C, the pressure of the quark gluonplasma 
an be written aspQGP = pquark + pgluon (2.90)= gquark~3
3 (kT )43 �7�2120 + � �kT � 14 + 18�2 � �kT �4�+ ggluon~3
3 (kT )4 �290 ; (2.91)where pquark � pressure from quarks ;pgluon � pressure from gluons ;� � 
hemi
al potential of QGP ;T � temparature of QGP ; andk � Boltzman 
onstant :Here, gquark and ggluon are the degenera
y fa
tors for quarks and gluons, respe
tively. 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 = 1~3
3 �37�290 (kT )4 + � (kT )3 + �42�2 � : (2.94)Using the Bag Model pressure, B1=4 = 206Mev=(~
)3=4 from the previous se
tion, Equation2.94 
an be solved for � and T . Figure 2.3 shows the resulting dependen
e of the temperatureon the 
hemi
al potential. In the extreme 
ase of � = 0 , whi
h is of prin
ipal interest forRHIC, a temperature of about 145 MeV is rea
hed for the generated quark-gluon plasma. Atthe other extreme, where T = 0, a 
hemi
al potential of about 434 MeV is rea
hed by forming25



the QGP. This 
an be 
ompared with normal nu
lear matter where the 
hemi
al potential andtemperature are about 250 MeV and 0 MeV, respe
tively.
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hnique used to obtain Equation 2.94, it is also possible to estimate thenet baryon density of the QGP using the statisti
al model. From Appendix C, the net baryondensity is given by nnet�baryon = 13Nnet�fermionV (2.95)= 13gquark 1~3
3 �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 nu
learmatter has a baryon density of about 0:14 =fm3, so at low temperature, the QGP is 
reated atabout 5 times normal nu
lear matter density.2.4 Wounded Nu
leon ModelThe key for produ
ing quark-gluon matter is to have a large number of 
ollisions involved inthe nu
leus-nu
leus events. As one nu
leon of a nu
leus passes through the other nu
leus,it su�ers several inelasti
 
ollisions, with ea
h 
ollision asso
iated with a large energy loss.With the involvement of many nu
leons, a su�
ient energy density at midrapidity may be
reated to produ
e a QGP after the remnants of the two 
olliding nu
lei leave the intera
tionregion. At present, the QCD theory is unable to des
ribe the s
enario with su�
ient pre
isionto give experimentally veri�able results. Consequently, only phenomenologi
al theories have26



been developed. The �Wounded Nu
leon� model [35, 32℄ is one of the more simple models anddes
ribes a nu
leus-nu
leus 
ollision as a 
olle
tion of many nu
leon-nu
leon 
ollisions, ignoring
olle
tive e�e
ts. The basi
 assumption is that the inelasti
 
ollision of two nu
lei 
an bedes
ribed as a sum of many in
oherent 
ollisions of the 
onstituent nu
leons. The 
ross se
tionof nu
leon-nu
leon 
ollisions is assumed to remain 
onstant though the entire pro
ess of thenu
leus-nu
leus 
ollision.Figure 2.4 illustrates a nu
leus-nu
leus 
ollision with an impa
t parameter b. De�ne
AdzAdb

BdzBdb

Ab

Bb

target nucleus Aprojectile nucleus B

b

Figure 2.4: A proje
tile nu
leus B is 
olliding with the target nu
leus B with an impa
t parameterb.t (bnu
leon) dbnu
leon as the probability for having a nu
leon-nu
leon 
ollision within the trans-verse area element dbnu
leon when one nu
leon is lo
ated at the impa
t parameter of bnu
leonrelative to other nu
leon. (Note, bnu
leon is a two-dimensional ve
tor.) Here, t (bnu
leon) isknown as the nu
leon-nu
leon thi
kness fun
tion. It is normalized asZ t (bnu
leon) dbnu
leon = 1 : (2.97)Sin
e we assume the nu
leon-nu
leon 
ross se
tion �in to be 
onstant, t (bnu
leon)�in is theprobability of a nu
leon-nu
leon inelasti
 
ollision at the impa
t parameter bnu
leon. The prob-ability of �nding a nu
leon in a volume element dbdz of a nu
leus is de�ned as �(b; z)dbdz.Therefore, the probability of having a nu
leon-nu
leon 
ollision when nu
leus B 
ollides withnu
leus A with the impa
t 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 nu
leus-nu
leus thi
kness fun
tion, 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 exa
tly n nu
leon-nu
leon 
ollisions at the impa
t 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 nu
leons in nu
leus A and B. With this, it is a simple matterto �nd the total probability of inelasti
 
ollisions with impa
t parameter b:d�ABindb = ABXn=1P (n;b) = 1� [1� T (b)�in℄AB : (2.102)The total inelasti
 
ross se
tion �ABin is then given by�ABin = Z dbn1� [1� T (b)�in℄ABo : (2.103)The average number of nu
leon-nu
leon 
ollisions at the impa
t 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 in
lude 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 impa
t parameter b in this equation produ
eshn0i = 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 multipli
itiesMAB 
an be expressedas hMABi = 12 hW i � hn0ijA=1;B=1 (2.113)where hW i is average number of nu
leons that undergo the inelasti
 
ollisions, or number ofparti
ipants. Therefore, signi�
ant deviation from Equation 2.113 indi
ates a 
hange in thedynami
s of the parti
le produ
tion pro
ess.2.5 Signals for Quark-Gluon PlasmaThe previous dis
ussion 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 resear
h for the past two de
ades. Despite many experimental studies,de�nitive eviden
e for a QGP has yet to be developed. The di�
ulty arises from the fa
t thatthere is no known, 
lear and measurable signature for the 
reation of a QGP. It is generally feltthat many aspe
ts of relativisti
 heavy-ion 
ollisions will have to be investigated to prove theexisten
e of this state of matter. There are 
urrently several theoreti
al hypotheses for possiblesignals indi
ating the formation of a QGP in relativisti
 heavy-ion 
ollisions.2.5.1 Enhan
ement 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 produ
ed, and they subsequently form strangeparti
les su
h as K+ and K� [36, 37, 38℄. However, by s
attering a heavy-ion with anotherheavy-ion, it has been observed that a large number of strange parti
les 
an be produ
ed [37℄. Itis believed that an enhan
ed produ
tion of strange parti
les might result with the a
hievementof 
hemi
al and thermal equilibrium during the formation of a QGP. This enhan
ement ofstrange parti
les results from the greater phase spa
e 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, a

ording to the Pauli ex
lusion prin
iple. Asthey �ll those states, they must have the Fermi energies asso
iated with the energy of the statesbeing �lled. At some point, the required value of Fermi energy ex
eeds the threshold energy for
reating two strange quarks. At this point, the produ
tion of s�s be
omes energeti
ally 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 Referen
e [32℄. In p-Be data at 14.6GeV/
, the ratios of K+=�+ is reported as 0.078 [39℄. This produ
es 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 
hemi
al 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 fun
tion of order 2. Using the estimated value for the temper-ature of 200MeV, Equation 2.115 gives a K+=�+ ratio of about 0.38, whi
h yields 20% for thestrangeness 
ontent. Therefore, the formation of a QGP should lead to a signi�
ant enhan
ementin strange-parti
le produ
tion.Equation 2.115 was obtained with the assumption of having a 
hemi
ally-equilibrated hadrongas. It is very questionable to assume that 
omplete 
hemi
al and thermodynami
 equilibriumwill be a
hieved 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 ne
essary to study the otherstrange parti
les like K�, as well as non-strange parti
les su
h as ��.2.5.2 Suppression of Produ
tion of J=	The very simple Hamiltonian for a J=	 parti
le 
an be written [40, 32℄ asH = p22� � �r + kr ; (2.116)where � is the redu
ed mass of the 
harm-anti-
harm quark system (
�
), and � is the 
oupling
onstant for a Coulomb-like for
e. In a quark-gluon plasma, the string tension, k, between 
 and�
 vanishes be
ause of quark de
on�nement. Therefore, the Coulomb-like for
e is the only for
e tobind the 
harm and anti-
harm quarks together. However, in the de
on�ned plasma, the 
harmquark would be s
reened from the anti-
harm quark by the abundant amount of light quarks,analogous to the Debye s
reening of ele
tri
 
harges. This results in an e�e
tive 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 s
reening length. A

ording to perturbative QCD (pQCD), the Debyes
reening 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=	 parti
le 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 ne
essary for the energyof the system des
ribed by Equation 2.118 to have a lo
al minimum as a fun
tion of the radialseparation. Using the un
ertainty relation r � hpi � ~, the energy of the system des
ribed by31



Equation 2.118 
an be expressed asE = ~22�r2 � � exp�r=�r : (2.119)This equation needs to have a lo
al 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)Sin
e the left hand side of Equation 2.121 is always larger than zero for a non-zero value of r,and sin
e 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=	 parti
le is ~20:84�� < � : (2.122)If the Debye s
reening length is smaller than ~2=0:84��, the 
�
 system will not be bound. Usingsome reasonable values for � and �, ~2=0:84�� � 0:41 fm. Sin
e Equation 2.117 shows that �is a de
reasing fun
tion for in
reasing temperature, one �nds that the 
�
 will be
ome unboundat some temperature. This leads to the predi
tion that the produ
tion of J=	 parti
les will besuppressed in the quark-gluon plasma [42℄.Unfortunately, J=	 produ
tion 
an be also suppressed by other means. For example, whiletraveling from the inner 
ore of the QGP, the J=	 parti
le might intera
t with other hadronsand produ
e a pair of 
harmed mesons by the rea
tionJ=	+ h! D + �D +X :This rea
tion 
learly redu
es the observed yields of J=	 parti
les without the formation of theQGP. It is predi
ted that at low transverse momentum, J=	 parti
les will not survive passagethrough the surrounding medium. Furthermore, sin
e J=	 parti
les 
an be 
reated by thes
attering of hadrons, it is not easy to dire
tly relate an observed produ
tion of J=	 parti
les32



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=	 parti
les to the s
reening e�e
t in the QGP.2.5.3 DileptonsIn the QGP formed by a heavy-ion 
ollision, quarks are not bound to their original nu
leons.Hen
e, quarks are free to intera
t with ea
h other. In parti
ular, a quark 
an intera
t withan antiquark to form a virtual photon that subsequently de
ays to a lepton and an antilepton.Figure 2.5 shows the diagram for this pro
ess. Sin
e leptons only intera
t with other parti
les

q

l+

q

l−

time

Figure 2.5: Diagram for q + �q ! l+ + l�through the ele
tromagneti
 and weak for
es, 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 subsequent
ollisions traveling through the QGP on their way to the dete
tor. As a result, the produ
tionof lepton pairs 
an be used as a dire
t measure of the QGP.With the assumption that quark and antiquark distribution fun
tions are given by an e�E=Tdependen
e, the produ
tion of a dilepton in the QGP [32℄ is given bydNl+l�dM2dy � �R2AN
N2s NfXf=1�efe �2 � (M)2 (2�)4  1� 4m2qM2 ! 12 3�20T 60M2 �H �MT0��H �MT
�� (2.123)
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where RA = radius of nu
leiN
 = number of 
olorsNs = number of �avorsef = ele
tri
 
harge of a quark with �avor fM = invariant mass of the dilepton pair� (M) = 
ross se
tion 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 Fun
tions of order 0 and 1 (2.126)�0 = proper timeT0 = initial temperature of QGP at proper timeT
 = 
riti
al temperature from QGP to hadronization :By Equation 2.123, the measurement of dilepton produ
tions 
an yield the thermodynami
properties of the QGP.However, the dilepton signature is diluted sin
e the above me
hanism is not the only pro
essto produ
e dileptons. Dilepton pairs 
an also be produ
ed in the Drell Yan pro
ess. Figure 2.6illustrates this pro
ess. A valen
e quark of one nu
leon intera
ts with a sea antiquark of theother nu
leon to produ
e a virtual photon whi
h then de
ays to a lepton pair. The produ
tionof dileptons in nu
leus-nu
leus 
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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A

B
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Figure 2.6: Diagram for Drell Yanwhere b = impa
t parameter ;A and B = number of nu
leons in nu
leus A and B ;r0 = radius of the nu
leon ;�2 = r03 �A 23 +B 23�+ 0:682 ; andd�NNDYdMdy = 
ross se
tion of the nu
leon� nu
leon Drell Yan pro
ess :The Drell Yan 
ross se
tion of hadron-hadron 
ollisions is well established through experiments.This Drell Yan 
ontribution is a signi�
ant ba
kground pro
ess to thermal lepton produ
tionin the QGP. The pre
ision with whi
h thermal dilepton produ
tion 
an be dedu
ed depends onhow mu
h of the lepton pair produ
tion is dominated by either one of the above pro
esses.There are other pro
esses that 
an produ
e dileptons, su
h as pion annihilation (�++�� !l++ l�) shown in Figure 2.7 and de
ays of J=	 and other resonan
es. The lepton pair resultingfrom these pro
esses also need to be separated from the thermal produ
tion of dileptons in theanalysis of the QGP.
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Figure 2.7: Diagram for �+ + �� ! l+ + l�2.5.4 Dire
t PhotonA photon 
an only intera
t with other parti
les in the QGP through the ele
tromagneti
 for
e.With a fairly large value of its mean free path, it is expe
ted that produ
ed photons es
ape fromthe QGP without subsequent 
ollisions after their 
reation. Therefore, it is believed that theprodu
tion of photons provides another dire
t means to measure the properties of the QGP.In the QGP, a quark and an anti-quark 
an annihilate to produ
e a photon and a gluon.Alternatively, either a quark or an anti-quark 
an intera
t with a gluon to produ
e a photon anda quark (or an anti-quark) through the Compton pro
ess. Figure 2.8 shows the diagrams forthese pro
esses. The produ
tion of photons through the annihilation and Compton pro
esses
an be written [32℄ as E
 dN
d3p
d4x = 59 �e�s2�2 fq (p
)T 2 ln�3:7388E
g2T � (2.128)
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Figure 2.8: Diagram for Dire
t Photon Produ
tion(a) and (b) show the annihilation pro
ess; (
) and (d) represent the Compton pro
ess.
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where �e = e24� ;�s = g24� ;fq � quark distribution fun
tion ;E
 � energy of the photon;N
 � number of the photon;p
 � momentum of the photon ; andx � world ve
tor :If the quark is thermalized in the plasma, the quark distribution fun
tion has the form ofexp (�E=kT ). Thus, the photon produ
tion 
an 
arry information on the thermal properties ofthe plasma.The annihilation and Compton pro
esses are not the only sour
e of photons in the heavy-ion
ollision. A photon 
an be produ
ed by the annihilation of pions�+ + �� ! 
 + �0 :Also, a 
harged pion 
an intera
t with a �0 to produ
e a photon and a 
harged � meson�� + �0 ! 
 + �� :These are just some of the pro
esses to produ
e photons in hadron 
ollisions. The photon 
anbe produ
ed by parton 
ollisions when a nu
leon of a beam nu
leus 
ollides with a nu
leon of atarget nu
leus. In an experiment, sin
e the measured photon distribution in
ludes 
ontributionsfrom these pro
esses, the relative 
ontribution of the di�erent produ
tion me
hanism must beidenti�ed in order to obtain the properties of the QGP.2.5.5 HBTHBT stands for Hanbury-Brown and Twiss. These s
ientists 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 spa
e-time point is related to an anotherphoton measured at another spa
e-time point. Furthermore, this relationship was 
orrelated tothe radial size of the star whi
h was the sour
e of the photons. Therefore, it was realized thatthe intensity measurement of two identi
al bosons 
ould provide the radial size of the sour
eof the emitted parti
les. In relativisti
 heavy-ion physi
s, this te
hnique is being used to tryand test for the existen
e of a QGP and to estimate the size of the hot-dense matter 
reatedby the heavy-ion 
ollision. The 
hoi
e for the type of parti
les to be measured depends on theprodu
tion of those parti
les, but typi
ally pions and/or other mesons are used be
ause of theirabundan
e.In HBT analysis of heavy-ion 
ollisions, the 
orrelation fun
tion, 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 dete
ting a parti
le of momentum k1 in 
o-in
iden
e with a se
ond parti
le of momentum k2, P (k1) and P (k2) are the probabilities ofdete
ting parti
les of momentum k1 and k2, respe
tively. If the sour
e is 
oherent su
h as theQGP, this fun
tion is equal to one. Whereas, if the sour
e of the parti
les is 
haoti
, the 
orre-lation is related to the Fourier transform of the density of the sour
e [32℄. Therefore, the HBTmeasurement 
an provide the information of the sour
e of the parti
les.Typi
ally, sin
e the type of the sour
e isn't known, the 
orrelation fun
tion is parametrizedas C = 1 + � exp�R2xq2x=2�R2yq2y=2�R2zq2z=2��2t q2t =2 (2.130)where � and qi are the 
haoti
ity parameter and the four-momentum separation. As a result,the value of � provides the level of 
ohesiveness of the parti
les sour
e, and the values of Rx,Ry , Rz and �t provide the size of that sour
e.2.5.6 Other Signatures of QGPThere are a few more proposed signatures of QGP formation su
h as 
olle
tive �ow signals andparti
le �u
tuations. The �ow signal stems from the assumption that the QGP should behaveas a �uid. Then, if the QGP a
hieves thermal and/or 
hemi
al equilibrium, the dynami
sof the quark-gluon matter should be des
ribed by hydrodynami
 equations. This results in39



parti
le produ
tion greatest in the dire
tion of the largest pressure gradient. As a result, thereshould be an asymmetri
 distribution of emitted parti
les. These asymmetries are known as�ow signals. A �u
tuation analysis 
omes from the fa
t that the dynami
al �u
tuation of someobservables above the level of statisti
al �u
tuations 
ould provide 
hara
teristi
s of the quark-hadron phase transition [44, 45℄. Be
ause of the large produ
tion of parti
les from a single
ollision in relativisti
 heavy-ion 
ollisions, the statisti
al analysis of the 
riti
al phenomenasu
h as self-similarity and intermitten
y 
ould be dire
tly tested[46℄. For example, �u
tuationsin the ratio of di�erent types of parti
les are suggested to be a signature of the QGP [47℄. To
on�rm the existen
e of this elusive matter, all of these suggested signatures need to be examinedtheoreti
ally and tested experimentally.
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Chapter 3
BRAHMS Experimental SetupThe BRAHMS experiment 
onsists of three major sets of dete
tors: the global dete
tors, themidrapidity spe
trometer, and the forward spe
trometer. The overall layout of the experimentis shown in Figure 3.1. The global dete
tors provide the overall properties of a 
ollision su
h as
harged-parti
le multipli
ity, rea
tion 
entrality and lo
ation of the vertex, et
. The midrapidityand forward spe
trometers identify parti
les and determine their momentum in the angularranges of 35Æ-90Æ and 2:5Æ-30Æ, respe
tively. Figure 3.2 shows the 
ombined a

eptan
e of thetwo spe
trometers for identi�ed pions, kaons and protons.3.1 Global Dete
torsThe global dete
tors for the BRAHMS experiment 
onsist of: the Multipli
ity Array, the Beam-Beam Counter Arrays, and the Zero Degree Calorimeter.3.1.1 Multipli
ity ArrayThis dete
tor, whi
h is shown in Figure 3.3, provides a measure of the 
entrality of a 
ollisionby measuring the parti
le produ
tion in the pseudorapidity range of j�j � 2:2 for a 
ollision atthe 
enter of the array. It is made of two di�erent dete
tor types with twenty-�ve sili
on stripdete
tors and thirty-eight plasti
 s
intillator �tile� dete
tors. As parti
les traverse the individualdete
tor elements, they deposit an amount of energy a

ording to the stopping power of theparti
le. By measuring the total amount of energy deposited, it is then possible to estimate the41



Figure 3.1: BRAHMS Dete
tors
42



Figure 3.2: Combined A

eptan
e of Spe
trometersThe region I, II and III represents the a

eptan
es of the Ba
k-Forward Spe
trometer, Front-Forward Spe
trometer and Midrapidity spe
trometer, respe
tively. 2Æ, 5Æ, 15Æ, 30Æ and 90Æstands for angles of the spe
trometers.

Figure 3.3: Centrality ArrayCentrality dete
tor viewed from the Midrapidity Spe
trometer. To redu
e the number of the se
-ondary parti
les striking the Midrapidity Spe
trometer, the 
entrality dete
tor is not 
ompletely�lled, whi
h is easily seen in this pi
ture. 43



number of parti
les produ
ed in a 
ollision. This parti
le multipli
ity is then proportional to theevent 
entrality. The multipli
ity array is des
ribed in 
onsiderably greater detail in Chapter 4.3.1.2 Beam-Beam Counter ArraysThe Beam-Beam Counters Arrays (BBC), whi
h are shown in �gure 3.4, 
onsist of sets ofCherenkov radiators 
oupled with photomultiplier tubes (PMT) lo
ated 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 presen
e of the forward spe
trometer dete
tors. As 
harged parti
les with velo
ity abovethe Cherenkov threshold hit the radiators, they 
reate photons. The total number of photonsprodu
ed 
an be related to the number of parti
les hitting a given radiator. With their goodintrinsi
 timing, the 
ounters provide vertex and timing information for the rea
tion. They arealso used to measure the 
harged-parti
le multipli
ity at large pseudorapidity.3.1.3 Zero Degree CalorimeterThe Zero Degree Calorimeters, one of whi
h is shown in �gure 3.5, are lo
ated 12 m away fromthe nominal 
ollision vertex along the beam axis on either side of the vertex lo
ation. They aremade of three layers of absorber tungsten to produ
e shower parti
les from spe
tator neutronsthat travel along the beam axis. Between the layers of tungsten, opti
al �bers are sandwi
hedas Cherenkov radiators. Cherenkov light produ
ed by the shower parti
les is then guided tophotomultiplier tubes by the same �bers. The measured time di�eren
e for parti
les hitting theZDC on in either side of the vertex lo
ation 
an be used to determine the vertex position withvery high e�
ien
y.3.2 Midrapidity Spe
trometerThe Midrapidity Spe
trometer, whi
h is shown in �gure 3.6, 
onsists of two time proje
tion
hambers (TPM1 and TPM2) separated by a dipole magnet (D5), and a time-of-�ight dete
tor(TOFW). The spe
trometer is lo
ated on a rotating platform that 
overs an angular range of 35Æto 90Æ. Mat
hing tra
ks 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 Multipli
ity Dete
tors and TPM1 (one of two TPCsfrom the Midrapidity Spe
trometer). (b) Left Counter. (
) Right Counter.
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Beam Pipe

ZDC

Figure 3.5: Zero Degree Calorimeter
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Figure 3.6: Midrapidity Spe
trometerparti
le to be determined. The relative time between the leading BBC 
ounter tube being stru
kand the TOFW provides a measure of the �ight time of a parti
le from the primary 
ollision tothe TOFW. With the momentum and the time-of-�ight measurement, parti
le identi�
ation ispossible. In addition, TPM1 
an measure the vertex lo
ation by the proje
tion of tra
ks insidethe 
hamber to the verti
al plane 
ontaining the beam pipe. More information about the use ofTPM1 for vertex determination is found in Ref. [48℄. The midrapidity spe
trometer is des
ribedin more detail in Ref. [49℄.3.3 Forward Spe
trometerThe forward spe
trometer 
onsists of two independent spe
trometers on separate swivel plat-forms: the front-forward spe
trometer and the ba
k-forward spe
trometer.3.3.1 Front-Forward Spe
trometerThe Front-Forward Spe
trometer, shown in Figure 3.7, 
onsists of two magnets (D1 and D2), twotime proje
tion 
hambers (T1 and T2), a time-of-�ight dete
tor (H1) and a threshold Cherenkovdete
tor (C1). It is lo
ated 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 Spe
trometerof a parti
le. Together with the time of �ight measurement provided by H1, it is possible todedu
e the parti
le type. C1 provides additional information for parti
le identi�
ation. Thisspe
trometer is des
ribed in greater detail in Ref. [49℄.3.3.2 Ba
k-Forward Spe
trometerThe Ba
k-Forward Spe
trometer, shown in Figure 3.8, 
onsists of two magnets (D3 and D4),three drift 
hambers (T3, T4 and T5), a time-of-�ight dete
tor (H2) and a ring imagingCherenkov dete
tor (RICH). It is lo
ated on a rotating platform that 
overs an angular rangeof 2:5Æ to 12Æ. By mat
hing tra
ks in T3, T4 and T5 through two magnets, it is possible to de-termine the momentum of a parti
le. The additional time-of-�ight information provided by H2allows for parti
le identi�
ation. The RICH dete
tor provides additional momentum and par-ti
le identi�
ation information for high-energy parti
les. This spe
trometer system is des
ribedin greater detail in Ref. [49℄. 48



Figure 3.8: Ba
k-Forward Spe
trometer
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Chapter 4
Dete
tor Details for Multipli
ityMeasurementIn the BRAHMS experiment, 
harged-parti
le multipli
ity is measured by three sets of dete
tors:the Sili
on Strip Dete
tor Multipli
ity Array (SiMA), the S
intillation Tile Dete
tor Multipli
ityArray (TMA) and the Beam-Beam Counter arrays (BBC). The SiMA and the TMA measurethe 
harged parti
le multipli
ity at midrapidity (j�j < 2:8), whereas, the BBC arrays measuresthe 
harged parti
le multipli
ity at large pseudorapidity (2:6 < j�j < 4:7).4.1 Sili
on Strip Dete
tor Multipli
ity Array (SiMA)The SiMA, whi
h is shown in Figure 4.1, is the BRAHMS system lo
ated 
losest to the inter-a
tion vertex. It is mounted in a hexagonal arrangement about the beryllium beam pipe. Thedistan
e to the beam axis is 5.3 
m. There are 25 wafers, ea
h dimensioned 4
m�6
m�300�m,with ea
h wafer subdivided into 7 strips. The arrangement of dete
tors used in the year 2000and 2001 runs are shown in Figure 4.2a and b, respe
tively. There are a maximum of 42 stripsalong the beam axis and 6 strips around the beam axis. The sili
on dete
tor 
on�guration wasdesigned to maximize the pseudorapidity at midrapidity while minimizing the ba
kground yieldsin the two spe
trometers. As shown in Figure 4.2, there are no sili
on dete
tors lo
ated betweenthe intera
tion vertex and the front elements of the two spe
trometers.50



Figure 4.1: Multipli
ity Array dete
tor viewed along beam pipeAn outer hexagonal arrangement of S
intillation Tile dete
tors surrounds an inner hexagonalbarrel of Sili
on Strip dete
tors. The beam pipe, whi
h is not shown here, travels through themiddle of the inner hexagon.
51



Toward TPM1
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Top Sides
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Figure 4.2: Arrangement of Sili
on Strip Dete
tors(a) during psNN = 130 GeV run and (b) during psNN = 200 GeV run. The 
hange of
on�guration was made to redu
e the ba
kground for TPM1.
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The purpose of the sili
on dete
tors is to estimate the 
entrality of an event by measuring theparti
le multipli
ity of the event. As a 
harged parti
le traverses a sili
on strip, it loses energyby produ
ing ele
tron-hole pairs. This leads to a 
urrent, whi
h is dete
ted and ampli�ed toprodu
e signals. The average energy loss of a parti
le is well known and des
ribed by theBethe-Blo
k equation. The formula is written as�dEdx = 2�Nar2eme
2�ZA z2�2 �ln�2me
2v2WmaxI2 �� 2�2 � Æ � 2CZ � (4.1)where re = 
lassi
al ele
tron radius;v = velo
ity of the parti
le;me = ele
tron mass;Na = Avogadro0s number;I = mean ex
itation potential;Z = atomi
 number of absorbing material;A = atomi
 weight of absorbing material;� = density of absorbing material;z = 
harge of in
ident parti
le in units of e;M = mass of in
ident parti
le;� = v=
 ;
 = 1=p1� �2 ;Æ = density 
orre
tion fa
tor;C = shell 
orre
tion fa
tor;Wmax = maximum energy transfer in a single 
ollsion; and= 2me
2�2
21 + 2meM p1 + �2
2 + �meM �2 :Using Equation 4.1, the stopping power dE=dx 
an be easily plotted for di�erent parti
le spe
ies.53



Figure 4.3 shows the stopping power of pions, kaons and protons in sili
on. It is interesting to
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Figure 4.3: Stopping Power for Sili
onnote that for all three parti
le types the stopping power de
reases rapidly until their momentarea
h about 2.5 times their rest mass. After that, it starts to in
rease slowly. (The measuredrelativisti
 rise in stopping power is even lower than what Figure 4.3 indi
ates as a result ofprodu
tion of Æ-rays whi
h may es
ape from the the dete
tor. Therefore, the stopping powerremains relatively �at after it passes the minimum value.) A parti
le whose stopping power isnear the minimum of the energy loss 
urve is said to be �minimum ionizing�. Sin
e most of theparti
les produ
ed in relativisti
 
ollisions are minimum ionizing, the dete
ted energy 
an beused to estimate the number of produ
ed parti
les in a 
ollision.Sin
e the energy loss of a parti
le is statisti
al in nature, any given parti
le will most likelynot lose the exa
t amount of energy given by Equation 4.1. Instead, there will be a distributionof energy loss with a mean value des
ribed by Equation 4.1. If the in
ident parti
le is slow, or thethi
kness of the dete
tor is large, the distribution is Gaussian. This is the typi
al situation forsurfa
e-barrier type dete
tors used in the low energy nu
lear physi
s, where the in
ident parti
leslose 
onsiderable energy or are even stopped within the dete
tors. However, in relativisti
 heavy-ion physi
s, the dete
ted parti
les are typi
ally minimum ionizing and lose only a small amount54



of energy passing through a dete
tor. In this 
ase, whi
h was �rst 
al
ulated by Landau [50℄,the distribution is skewed be
ause there exists the probability of large energy loss in a single
ollision within the relatively small number of 
ollisions the in
ident parti
le su�ers. Figure4.4 
ompares typi
al Gaussian and Landau distributions. Unlike the Gaussian distribution, the
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Figure 4.4: Gaussian and Landau DistributionLandau distribution has a 
hara
teristi
ally long tail, re�e
ting the large �u
tuation in energyloss of a parti
le traversing a thin material.4.1.1 General Properties of Semi
ondu
tor Dete
torSili
on strip dete
tors are a type of semi
ondu
tor dete
tor. They 
onsist of 
rystalline materialsand have a 
hara
teristi
 energy band stru
ture in their outer atomi
 ele
trons. Typi
ally, theenergy band stru
tures of insulators, semi
ondu
tors and 
ondu
tors, whi
h are s
hemati
allyrepresented in Figure 4.5, are used to distinguish among these three types of materials. Energybands are regions where there are many 
losely spa
ed dis
rete levels of atomi
 ele
trons. Asa 
onsequen
e of the periodi
 arrangement of atoms in the 
rystal, wave-fun
tions of atomi
ele
trons overlap ea
h other. Sin
e ele
trons are fermions, they follow the Pauli ex
lusion prin-
iple, whi
h prohibits more than one pair of ele
trons (with their two di�erent spins) in thesame energy state. This leads to a large number of dis
rete ele
tron energy levels. In these55
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Insulator ConductorSemiconductorFigure 4.5: Energy Banddis
rete energy levels, there exist two distin
t regions: a 
ondu
tion band and a valen
e band.The highest energy band is the 
ondu
tion band where ele
trons are free to move. The lowestenergy band is 
alled the valan
e band where ele
trons are tightly bound to their parents' atoms.Hen
e, these ele
trons do not 
ondu
t ele
tri
ity. Between these two bands, there is a region
alled the energy gap, in whi
h no atomi
 ele
tron 
an o

upy. This energy gap 
an be viewedas threshold energy, whi
h ele
trons must over
ome to 
ondu
t ele
tri
ity. The 
hara
teristi
sof the energy gap distinguish the three types of materials.For insulators and semi
ondu
tors, there is an energy gap. Without thermal energy, noneof the ele
trons in insulators and semi
ondu
tors have su�
ient energy to over
ome this gap.Therefore, insulators and semi
ondu
tors do not 
ondu
t ele
troni
 
urrent at 0Æ K. The dif-feren
e between insulators and semi
ondu
tors is the size of their respe
tive energy gaps. Theenergy gap is relatively small ( about 1 eV) for semi
ondu
tors whereas it is large for 
ondu
tors(approximately several eV). Therefore, in semi
ondu
tors, ele
trons with small but su�
ientthermal energy 
an jump from the valen
e band to the 
ondu
tion band by leaving holes in thevalen
e band. At this point, the semi
ondu
tor 
ondu
ts ele
tri
ity. Hen
e the name semi
on-du
tor. However, in insulators, the size of the gap is too large for ele
trons to over
ome. As aresult, these materials do not 
ondu
t ele
tri
ity. In 
omparison, 
ondu
tors do not have energygaps and will 
ondu
t ele
tri
ity at any temperature.The ground state atomi
 stru
ture of sili
on is 1s22s22p63s23p2. To form the material, theouter 4 ele
trons from 3s and 3p states of one atom bond with 4 ele
trons from surrounding56



atoms. This is shown in Figure 4.6a. At normal temperature, thermal energy 
an ex
ite theseele
trons into the 
ondu
tion band leaving holes (seen in Figure 4.6b). To 
reate radiation

Excess
Hole

Acceptor
Impurity

Donor
Impurity

Excess
electron

Hole Free
Electron

(c)

(a) (b)

(d)

Figure 4.6: Latti
e of Sili
on(a) at 0Æ (b) at su�
iently high temperature to 
reates ele
tron-hole pairs (
) addition of donorimpurities to 
reate n-type semi
ondu
tors (d) additions of a

eptors to 
reate p-type semi
on-du
torsdete
tors using sili
on, it is ne
essary to add an impurity to the pure sili
on material. Whenthe impurity is pentavalent, that is, with 5 ele
trons in the outer atomi
 shells, as found inphosphorus and arseni
, only 4 ele
trons of the impurity donor are used to bond with thesurrounding sili
on, leaving one free ele
tron. This 
ase is shown in Figure 4.6
, and is referredto as n-type material. If the impurity is trivalent, that is, with 3 ele
trons in the outer atomi
57



shells, as found in boron and gallium, 3 ele
trons are used to bond to the surrounding sili
onwith 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 ele
tri
ally neutral despite the per
eivedextra ele
trons or holes sin
e the original sili
on and added impurities are ele
tri
ally neutral.When n-type and p-type materials are formed together, they 
reate a semi
ondu
tor jun
tion.Sin
e the two types of material have di�erent 
on
entrations of ele
trons and holes, a di�usionlayer will form after the jun
tion is made. Ele
trons from the n-type material will go to the sideof the p-type material and �ll holes or vi
e versa. This leads to the sides of the n-type and p-typematerials 
lose to the jun
tion to be
ome either positively or negatively 
harged, as shown inFigure 4.7a. This 
harge build-up 
reates an ele
tri
 �eld between the two sides of the jun
tions.
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Figure 4.7: np jun
tionA gap is 
reated where there are no mobile 
harge 
arriers. Any ele
tron or hole entering thisregion will be swept away by the ele
tri
 �eld. This region is known as a �depletion zone�. Sin
e58



ionization radiation entering this spa
e will 
reate ele
tron-hole pairs, whi
h are swept away bythe ele
tri
 �eld, this jun
tion 
an be used to dete
t the radiation. Typi
ally, to in
rease thesize of the radiation sensitive area, positive and negative voltages are applied to the n-type andp-type sides, respe
tively. This leads to a �reverse bias� situation. The positive voltage appliedto the n-type material will attra
t mobile ele
trons away from the jun
tion, and the negativevoltage applied to the p-type material will attra
t mobile holes away from the jun
tions, thusin
reasing the depletion depth.Another reason for wanting to in
rease the depletion depth is to redu
e the dete
tor 
apa
i-tan
e, an important 
onsideration for the ele
tri
 noise. The 
apa
itan
e of 2 parallel planes ofarea A separated by distan
e d is given by C = "Ad (4.2)where " is the permittivity of the spa
e between the two planes. The 
apa
itan
e s
ales as theinverse of the depletion layer thi
kness.4.1.2 Pre-Ampli�er and Shaper Ele
troni
sThe detailed s
hemati
 diagram of the pre-ampli�er and shaper ampli�er ele
troni
s for thesili
on strip dete
tors 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 in
ontrast to a voltage-sensitive pre-ampli�er where the output signal for a given 
urrent pulsedepends on the input 
apa
itan
e. Sin
e the 
apa
itan
e of the semi
ondu
tor dete
tor dependson the operating temperature, it is very undesirable to use voltage-sensitive pre-ampli�ers.Referring to Figure 4.9, if the 
harged 
olle
ted by the dete
tor and sent to the pre-ampli�er isQ; the output voltage of the 
ir
uit without 
onsidering Rf is given byVo = QCf : (4.3)
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To avoid buildup of 
harge on the feedba
k 
apa
itor Cf , it is ne
essary to pla
e a dis
hargeresistor Rf in parallel with Cf . This 
an be seen by looking at the transfer fun
tion of this
ir
uit in the s domain (or 
omplex frequen
y):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 noti
ed from Equation 4.6 that it is a high pass �lter with the 
ut-o� frequen
y of!
ut�off = 1�p2 + 1�CfRf : (4.7)Therefore, Rf is used to redu
e the slow 
harge buildup of this 
ir
uit. Using the values fromFigure 4.8, the a
tual value for the 
ut-o� frequen
y is!
ut�off � 2� 103 (rad=se
)or 300 Hz :61



The shaper ampli�er 
onsists of two stages of the Sallen-Key �lter 
ir
uit. 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 fun
tion of this 
ir
uit 
an be obtained. The voltage at the negative input,Vn, is Vn = R5R5 +R6Vo : (4.8)Sin
e Vn is equal to the voltage at the positive input for an ideal op-amp, and sin
e there is no
urrent �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 feedba
k voltage Vf isVf = iZ2Z2 + Vp (4.10)= Z2R5Z3 (R5 +R6)Vo + R5R5 +R6Vo (4.11)= Z2R5 + Z3R5Z3 (R5 +R6) Vo : (4.12)
62



By knowing Vf , the 
urrent for the element Z4 
an be 
al
ulated 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 fun
tion 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 fun
tion be
omesVoVi = R5+R6R5s2 (R1R2C3C4) + snR1C3 +R2C3 +R1C4 �1� R5+R6R5 �o+ 1 : (4.25)
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The standard transfer fun
tion of a se
ond order low pass �lter 
an be written asH = K�� ff
�2 + j fQf
 + 1 (4.26)where K � gain for low frequen
y;Q � quality fa
tor;f � frequen
y ; andf
 � 
orner frequen
y :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-zero
ompensation 
ir
uit. The general 
ir
uit is shown in Figure 4.11. The transfer fun
tion of this
64



R1

C1
R2

0

Vin Vout

Figure 4.11: Pole-Zero Compensation Cir
uit
ir
uit is VoutVin = R2R2 + R1sC1R1 (4.34)= sC1R1R2 +R2sC1R1R2 +R1 +R2 (4.35)= s+ R2
R1R2s+ R1+R2
R1R2 : (4.36)The purpose of this fun
tion is to add stability to the ele
troni
s and to remove the under-shoot(or overshoot) of the output pulses. In the analysis of the feedba
k system, values of s that makesthe denominator of the transfer fun
tion be
ome zero are 
alled poles. Values of s that make thenumerator of the transfer fun
tion be
ome zero are 
alled zeros. The stability of a system su
has the Sallen-Key 
ir
uit used here 
an be improved by adding an additional transfer fun
tion[51℄. Ideally, the additional transfer fun
tion has zeros that 
an
el poles of the original transferfun
tions. However, the other requirements as well as the availability of ele
tri
 
omponentsput limits on the design of 
ompensation transfer fun
tions. Using the values in Figure 4.8, the
ompensation transfer fun
tion is VoutVin = s+ 5000s+ 1:34� 106 : (4.37)This 
learly does not 
an
el the poles from Equation 4.33. However, sin
e Equation 4.37 has theattenuation of 5000=106 at low frequen
y, it will attenuate under-shoots of any low frequen
y.Sin
e the addition of the pole-zero 
ompensation 
ir
uit attenuates the signal, an adjustable65



ampli�
ation stage was introdu
ed between the pole-zero and Sallen-Key stages. It is very simplenon-inverting ampli�er, as is shown in Figure 4.12. The transfer fun
tion 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 ele
troni
s is the bu�er stage. It is designed toisolate output signals from the internal signals of the ampli�er. In parti
ular, it is ne
essary toprodu
e a 50 ohm termination impedan
e for the output pulses. From Figure 4.8, the bu�eringstage is a

omplished by the single operational ampli�er.4.1.3 AttenuatorAn ampli�ed analog signal from the 
urrent pre-ampli�er-shaper ele
troni
s has a maximumvoltage of about 6 volts. Sin
e the signal is sent to a peak-to-
harge module (PTQ) whi
h, asdis
ussed in the next se
tion, has a maximum allowed voltage of 2 (or -2) volts, it is ne
essaryto 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 resistan
e potentiometer. Also, the DC-o�set level 
an be adjusted by a se
ondpotentiometer.
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0.01 uFFigure 4.13: Diagram of Attenuator4.1.4 PTQA PTQ module is lo
ated between the attenuator stage and the �nal fast-en
oding analog-to-digital 
onverter (FERA) for two purposes: peak stret
hing and attenuation. (See Figure 4.14)(Se
tion 6.1.2 presents detailed des
ription of this devi
e 
hara
teristi
s.) The peak stret
hingfun
tion holds the size of the input signal for the gate period set for the FERA. The signalsfrom the SiMA dete
tors have rise times of approximately 6 �s with a maximum amplitude of6 V. Be
ause of this slow rise time, it is not possible to in
lude the entire signal within theFERA gate. Rather, the PTQ holds the peak value of the pulse for the duration of the FERAgate, whi
h is delayed to o

ur after the peak is rea
hed. Additionally, the PTQ provides anattenuation of 10 to produ
e an appropriate size pulse for the FERA module.4.1.5 Data A
quisitionA
quisition of data involves several stages, some of whi
h are dis
ussed in the earlier se
tion ofthis 
hapter. The basi
 diagram of the data a
quisition 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). Ea
h of these systems produ
e fast signals, whi
h 
an be logi
ally OR'ed toprodu
e a timing signal for the event. The ZDC is a minimum bias dete
tor and is estimated tobe 
lose to 100 % e�
ient. The BBC arrays are about 75% e�
ient with a fa
tor 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 re
orded67
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Figure 4.14: Data A
quisition Diagram for Sili
on Strip Dete
torto the RHIC HPSS data tape system for the subsequent analysis.4.2 S
intillation Tile Dete
tor Multipli
ity Array (TMA)The TMA shown in Figure 4.1 is lo
ated just outside of the SiMA with the same hexagonalshape. The distan
e from the beam axis to the front fa
e of the dete
tor is 13.86 
m. A planarview of the 38 tiles is shown in Figure 4.15. Ea
h of tiles is dimensioned 12 
m x 12 
m x 0.5 
m.Again, the sides of the TMA fa
ing the TPM1 and T1 dete
tors in the two spe
trometer arms,respe
tively, are left empty to redu
e ba
kground rates in these TPC dete
tors. The TMA hasabout a 60% larger solid angle 
overage than the SiMA. From the nominal vertex lo
ation, theTMA 
overs the pseudorapidity range of j�j < 2:2.Ea
h s
intillator tile is 
oupled with a wavelength-shifting opti
al �ber to guide photons
reated in the s
intillator to a photo multiplier tube (PMT). Figure 4.16 shows the groove forthis �ber. The reason for the wavelength-shifting �ber is to mat
h the wave length of light
reated in the tile to the wavelength of optimum dete
tion e�
ien
y in the PMT. Two turnsof the �ber are wound about the groove for good light 
olle
tion. Both ends of the �ber are68
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tor

Figure 4.16: Detail S
hemati
 Diagram of S
intillation Tile
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onne
ted to a PMT of 1.5 in
h diameter. The length of the �ber between the tile and the PMTis 75 
m. More detail is found in Referen
e [52℄.Similar to the SiMA, the TMA provides a measure of the number of parti
les that traverseea
h element. However, in this 
ase, photons are emitted with the passage of the 
hargedparti
les, as des
ribed further below. Also, the TMA provides the level 1 
entrality triggerfor the experiment taking advantage of the good time response of the dete
tor element. This
apability is not used, however, in the 
urrent analysis.4.2.1 General Properties for S
intillation Dete
torAs 
harged parti
les pass through a s
intillation dete
tor, they lose energy a

ording to theBethe-Blo
k Equation 4.1. Unlike semi
ondu
tor devi
es, whi
h 
reate ele
trons and holes bythe passage of 
harged parti
les, s
intillator devi
es result in photons being emitted as the
harged parti
les traverse the element. The radiation from passing parti
les ex
ites free valen
eele
trons of mole
ules, whi
h are o

upying � mole
ular orbitals [53, 54℄. Figure 4.17 showsthe energy level diagram of typi
al s
intillator material. In the 
ase of ele
trons in the singlet
Triplet States

Singlet States

S*

S**

S

T

T*

T**

0

0Figure 4.17: Energy Level Diagram of typi
al S
intillation MaterialThi
k and thin lines represents ele
tron and their vibrational levels respe
tively. The dashedline is internal degradation. The dotted line represents �uores
en
e radiation.states, ele
trons �rst de
ay to S* states by internal degradation and do not produ
e photons.However, from the S* states, there is a subsequent de
ay to the ground state S0 or its vibrationalstates, where light is emitted. When ele
trons are in ex
ited triplet states, they de
ay to thetriplet ground state T0 by internal degradation. Then, rather than de
aying to the singlet state,whi
h is highly prohibited by the sele
tion rule of dipole transition, ele
trons intera
t with other70



ele
trons in the triplet ground state through a pro
ess ofT0 + T0 ! S� + S0 + phonons : (4.39)The ele
tron in the S� state subsequently de
ays to the ground state by �uores
en
e radiation.4.2.2 Photomultiplier TubesA photomultiplier tube (PMT) is a devi
e that 
onverts a light signal to an ele
tri
al signal.It is designed su
h that the amount of 
harge or 
urrent produ
ed 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, whi
h produ
es ele
trons by
Electron Optical Input System

Focusing Electrode

First Dynode

Multiplier

Anode

Photocathode

Figure 4.18: S
hemati
 Diagram of Photomultiplier TubeCopied from Referen
e [53℄.the photoele
tri
 e�e
t. A typi
al photo 
athode has a quantum e�
ien
y of between 10% and30%, whi
h means that it will 
reate 1 to 3 ele
trons with 10 initial photons. Ele
trons are thenguided toward the �rst dynode by fo
using ele
trodes. The �rst dynode 
reates more ele
tronsby the energy applied from the in
oming ele
trons. The resulting ele
trons then a

elerate tothe next dynode. This pro
ess is repeated 10 to 14 times until the last stage, where ele
tronsare 
olle
ted at an anode. During this pro
ess, the number of ele
trons 
an be ampli�ed by a71



fa
tor of 103 to 107, depending on the type of tube and the applied voltage.4.2.3 Data A
quisitionFigure 4.19 shows the basi
 diagram of the data a
quisition system for the TMA. It is very
Beam−Beam Detector

Collision

ZDC Detector

Delay
LeCroy L1885F
FastBus ADC

HPSS
(Data Tape Archive System)

Delay

Scintillator Tile Detetector

Timing Signal

Figure 4.19: Data A
quisition Diagram for S
intillation Tile Dete
torsimilar to that of the SiMA ex
ept that an additional delay is introdu
ed in the signal path toallow syn
hronization of the relatively fast TMA signals with the timing signal obtained withthe BBC and the ZDC dete
tors. The delayed signal is fed dire
tly into a FastBus ADC withthe resulting data stored in the HPSS system.4.3 Beam-Beam Counter ArraysThe Beam-Beam Counter arrays (BBC), whi
h are shown in Figure 3.4, are lo
ated 2.1 m tothe left and to the right side of the nominal vertex lo
ation along the beam axis. The left array
onsists of 44 Cherenkov radiators whi
h are 
oupled with PMTs. They are grouped into 5 setsof elements by their distan
es from the beam axis. The right array 
onsists of 35 radiator-PMTpairs. They are grouped into 7 sets, also by their distan
es from the beam axis. A more detaileddis
ussion of the dete
tor 
on�guration is found in Referen
e [55, 49℄. In the analysis of 
hargedparti
le multipli
ity, the BBC arrays o�er a measurement of the number of 
harged parti
les at72



large pseudorapidity, outside of the a

eptan
e by the SiMA and the TMA.4.3.1 General Properties of Cerenkov Dete
torThe Beam-Beam 
ounters are basi
ally a set of simple Cherenkov dete
tors. When a parti
letraverses the radiator material at a speed above the speed of light in that material, it losesenergy by 
reating an ele
tromagneti
 sho
k wave, similar to the soni
 sho
k wave produ
ed bya super-soni
 jet plane when it travels faster than the speed of sound in air. The 
ondition for
reating this radiation is expressed as v > 
n (4.40)where 
 is the speed of light, n is the index of refra
tion of the material and v is the velo
ity ofthe parti
le. The 
oherent wave has a 
oni
al shape with an angle of
os � = 1�n (!) ; (4.41)where � is v=
, and n (!) is the frequen
y dependent index of refra
tion.One of the most important properties in designing a Cherenkov dete
tor is the number ofphotons produ
ed in the radiator. For a parti
le 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 stru
ture 
onstant. Integrating Equation 4.42 over the wavelength a

ep-tan
e of the 
oupled PMT, the number of photons produ
ed in the radiator for whi
h the PMTwill be sensitive 
an be estimated. The signal from the photons is ampli�ed with the PMT asdis
ussed in Se
tion 4.2.2.4.3.2 Data A
quisition for the Beam-Beam Counter ArraysFigure 4.20 shows the basi
 diagram of the data a
quisition system for the Beam-Beam Counterarrays. Ea
h PMT for the BBC has two outputs. One is used to identify the o

urren
e of a
ollision. This signal is fed into the logi
 system to produ
e the timing signal for all dete
tors.The other signal is fed into the FastBus ADC after delay and re
orded into the HPSS dataar
hive system. This digitized analog signal is used for the analysis of the 
harged parti
le73
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Figure 4.20: Data A
quisition Diagram for Beam-Beam Countermultipli
ity at large pseudorapidity.
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Chapter 5
Vertex DeterminationSin
e the RHIC experiment is not a �xed target experiment, it is ne
essary to determine thevertex lo
ation for ea
h 
ollision event. The Zero Degree Calorimeters (ZDC), whi
h have 
loseto 100% e�
ien
y for dete
ting a 
ollision event, are used to determine the vertex position forminimum bias events. These dete
tors lead to a vertex resolution of 2.0 
m in the dire
tion ofthe beam axis. The Beam-Beam Counter arrays (BBC), whi
h have an e�
ien
y of 85%, arealso used to �nd the vertex lo
ation and have a resolution of 9 mm. In addition, the TPM1 timeproje
tion 
hamber 
an be used to provide a very a

urate vertex lo
ation with a resolution of3 mm, although this 
hamber has a limited overall e�
ien
y of 30%.5.1 Methods for Finding the Vertex PositionThe ZDC and BBC dete
tors employ the same te
hnique for �nding the 
ollision vertex. Thedi�eren
e in arrival times for parti
le hitting the left and the right dete
tors along the beam axisis measured. Figure 5.1 shows the basi
 diagram for lo
ating the 
ollision vertex. The 
hange inthe lo
ation of the vertex is re�e
ted in a 
hange in the time of �ight measured to the left andthe right dete
tors. When 
ollisions o

ur at the midpoint between two dete
tors (the nominalvertex lo
ation), the �ight times measured by the left and right dete
tors are the same. Whereas
ollisions that o

ur to the left of the nominal vertex lo
ation results in a shorter �ight time tothe left dete
tor than to the right dete
tor. Assuming the parti
les that hit the dete
tors arehighly relativisti
 so that their velo
ity is approximately the speed of light, the vertex lo
ation75
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Figure 5.1: Diagram of Vertex Lo
ation
an be written as zvertex = 
2 (tL � tR) (5.1)where 
 = the speed of light ;tL = the �ight time to the left dete
tor ; andtR = the �ight time to the right dete
tor :In the experiment, this equation must be modi�ed to use the experimentally measurable vari-ables. The method used to determine the di�eren
e in the two �ight times is shown in Figure5.2. A 
oin
iden
e unit 
he
ks whether two signals arrive within a time 
onsistent with theo

urren
e of a 
ollision. This 
oin
iden
e is ne
essary to establish that both dete
ted signalsfrom the left and right dete
tors 
ome from the same 
ollision. The output of the 
oin
iden
eunit is used as a start signal for a multi
hannel Time-to-Digital Converter (TDC). The signalsfrom the two dete
tors, suitably delayed, are used as stop signals for the TDC.The TPM1 dete
tor 
an also be used to measure the vertex lo
ation of sele
ted events. Itdoes so by extrapolating the tra
k measured inside TPM1 to the plane de�ned by the beam axisand the verti
al axis. Figure 5.3 shows the diagram for the TPM1 vertex �nding method. Asparti
les traverse the 
hamber volume, the 
ounter gas is ionized along the path of the tra
k.Liberated ele
trons are dete
ted as a �
luster� in TPM1. By 
onne
ting di�erent 
lusters by76
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straight lines, the tra
k of the passing parti
le 
an be re
onstru
ted. It is then possible to�nd the 
ollision vertex by extrapolating several tra
ks to the beam axis. This method 
learlyrequires at least two good tra
ks, and hopefully more. BRAHMS also use a se
ond method of�nding the vertex by TPM1. It is 
alled the �Cluster Vertex� method and works by 
reatinglines mat
hing every 
ombination of 
luster pairs and extending these lines to the beam axis.The real vertex shows up as a pronoun
ed peak on top of a ba
kground of false vertex positions.A more detailed dis
ussion of the TPM1 vertex methods 
an be found in Referen
e [48℄.5.2 Vertex ResolutionThe three methods of lo
ating the 
ollision vertex (using the ZDC dete
tors, the BBC arraysand the TPM1 dete
tor, respe
tively) di�er 
onsiderably in their respe
tive pre
isions. Allthree methods are ne
essary, however, sin
e the e�
ien
y of lo
ating a vertex for the threemethods are quite di�erent. For TPM1, the resolution of vertex position depends primarilyon the un
ertainty in lo
ating the TPM1 dete
tor. 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 parti
les hitting these dete
tors. Consequently, the timing resolutions of thedete
tors dominate the vertex resolution. These timing resolutions are intrinsi
 to the designand 
onstru
tion of the dete
tors. One way to optimize the timing resolution is to apply a�Slewing Corre
tion� to the data. This 
orre
tion tries to 
ompensate for variations in timing
aused by the di�erent amplitudes of the dete
tor signals. Timing information is obtained byusing leading-edge dis
riminators on these signals to pi
k o� the instant when the signal goesabove a preset threshold. Figure 5.4 depi
ts 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 rea
h its maximum (or minimum if it is a negative pulse) value. For many types ofdete
tors, the peaking time tends to remain 
onstant for di�erent pulse sizes. As illustrated inthe �gure for a given dis
riminator level, the time di�eren
e between signal onset and when thesignal rea
hes the dis
riminatory 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 referen
e time against pulse height. The referen
e time is typi
ally obtained by78
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Figure 5.4: Cause for Slewingsele
ting signals in a limited amplitude range from a se
ond dete
tor. The typi
al slewing �gurefor a BBC dete
tor is shown in Figure 5.5. Figure 5.5a shows the dependen
e on pulse size of thetiming. This 
auses widening of the timing resolution. The 
orre
ted timing has the followingform from its shape: TDC
orre
ted = TDCraw � apADC � bADC ; (5.2)where a and b are parameters to be determined from Figure 5.5a. With the slewing 
orre
tion,the dependen
e on pulse height is minimized. The typi
al resolution is about 150 ps before theslewing 
orre
tion and 60 ps after the 
orre
tion. Greater detail regarding the BBC slewing
orre
tion 
an be found in Referen
e [55℄. The ZDC dete
tors are analyzed in the same mannerand have their own set of slewing 
orre
tions.Despite the slewing 
orre
tion to redu
e the dependen
e on pulse size, the vertex determinedby the BBC and ZDC dete
tors still show some sensitivity to pulse height. Figure 5.6 showsthis tenden
y by plotting dedu
ed verti
es vs. the sum of ADC 
hannels for the TMA dete
tors.The two pro�le plots ( Figure 5.6b and d, whi
h plot mean values of Figure 5.6a and 
 alongthe y axis) 
learly show this trend. This residual 
orre
tion is probably due to limitations ofthe slewing 
orre
tions and it might suggest that the fun
tional form given in Equation 5.2 isnot fully adequate. After the slewing 
orre
tion des
ribed above, the BBC 
ounters show up79
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Figure 5.5: Slewing for the BBC arrays(a) and (
) shows before slewing 
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Figure 5.6: Dependen
e of vertex lo
ation to signal size after slewing 
orre
tion(a) and (
) show the 2 dimensional histograms of dedu
ed vertex lo
ation (the BBC and ZDCdete
tors, respe
tively) vs. the sum of ADC 
hannels for the TMA dete
tors. (b) and (d) showthe pro�le plots of (a) and (
), respe
tively. 80



to 5mm vertex shifts with the tile ADC sum, and the ZDC dete
tors show about 2.0 
m shifts.Sin
e multipli
ity measurements done by the SiMA dete
tors are sensitive to vertex shifts inthe order of 3 to 4 mm, it is essential to 
orre
t for this behavior. Otherwise, the measuredmultipli
ity would be asymmetri
 about the 
enter of mass of a system with a symmetri
 massentran
e 
hannel. To remedy this situation, an empiri
al 
orre
tion fa
tor is introdu
ed. Thisfa
tor is obtained by �tting a straight line to the pro�le plots of Figure 5.6 for the BBC andZDC dete
tors. Figure 5.7 shows the vertex resolution of the BBC and ZDC dete
tors after this
orre
tion. The vertex resolution obtained using the BBC dete
tors 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 dete
tors, respe
tively.using the ZDC dete
tors is about 2.0 
m.5.3 Vertex E�
ien
yAs stated earlier, there are three di�erent methods for �nding a 
ollision vertex for a given event.Not only does ea
h method result in quite di�erent position resolutions, but they also have verydi�erent e�
ien
ies for �nding a vertex. Figure 5.8 shows the e�
ien
ies for �nding a vertex forthe three di�erent methods. The TPM1 dete
tor, whi
h has the best vertex resolution, is theleast e�
ient. Its yield as a fun
tion of the 
harged parti
le multipli
ity is shown by the shaded81
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Figure 5.8: Vertex E�
ien
yShaded area represents the events determined by TPM1 
luster vertex method. Area en
losedby the dark line represents the events determined by BBC vertex method. The area en
losedby the thin line represents the ZDC dete
tor.region of the �gure. Its e�
ien
y ranges from about 70% for very 
entral, high multipli
ity eventsto 2% for very peripheral, low multipli
ity events with a 30 % overall e�
ien
y. The yield vs.multipli
ity behavior of the BBC dete
tors is shown as the region en
losed by the darker line inthe �gure. Its e�
ien
y ranges from 100% for the 
entral events to 38% for peripheral eventswith the overall e�
ien
y of 85%. The ZDC dete
tor is used as the minimum bias dete
tor for�nding a vertex, and it is represented as a area en
losed by the thin line in the �gure. Thedi�eren
e of the yields between the BBC and ZDC dete
tors is parti
ularly noti
eable for thelow multipli
ity event. Hen
e, the ZDC dete
tor is primarily used to �nd verti
es for the mostperipheral 
ollisions.5.4 Choi
e of Vertex MethodsWith three di�erent methods for �nding the intera
tion vertex, a 
hoi
e has to be made to sele
tthe best vertex for a given 
ollision. In general, the vertex method giving the best resolution is
hosen. A summary of performan
e 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. Hen
e, thisvertex is used if available. However, be
ause of the relatively low TPM1 e�
ien
y, the othermethods are also used. When the TPM1 dete
tor fails to �nd a vertex, the BBC dete
tor vertex82



Table 5.1: Summary of Vertex MethodsMethods TPM1 BB ZDCResolution 3.0 mm 0.9 
m 2.0 
mOverall E�
ien
y 30 % 85 % ~100 %E�
ien
y for Central Collisions 70 % 100% ~100%E�
ien
y for Peripheral Collisions 2 % 40 % ~100%is 
hosen. If the BBC dete
tors further fail to �nd a vertex, as is often the 
ase for peripheral
ollisions, the ZDC vertex is used.
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Chapter 6
Multipli
ity Dete
tor CalibrationThe global dete
tors are not tra
k-
ounting dete
tors. It is thus ne
essary to 
alibrate thesedete
tors to measure 
harged parti
le multipli
ity. The SiMA and TMA dete
tors sense thepassage of 
harged parti
les by the energy deposited by these parti
les in the sensitive volumesa

ording to Equation 4.1. The BBC arrays rely on the dete
tion of Cherenkov lights produ
edby the passages of 
harge parti
les in the asso
iated Cherenkov radiators. Sin
e the globaldete
tors do not sense the dire
tion of the dete
ted parti
le's traje
tory, it is 
ru
ial to determinethe ba
kgrounds in ea
h dete
tor system. This amounts to a 
orre
tion for the amount ofenergy or light produ
ed by parti
les that do not originate from the main 
ollision vertex.These se
ondary parti
les emerge from supporting stru
tures by inelasti
 
ollisions of primaryparti
les with these stru
tures. Be
ause of the very large number of primary parti
les produ
edin a single 
ollision, the number of se
ondary parti
les is also large despite extensive e�orts touse thin and light-weight materials for the supporting stru
tures.6.1 Sili
on Strip Dete
tor Multipli
ity Array (SiMA)6.1.1 Linearity of the Preampli�er-Shaper Ele
troni
sAny dete
tor non-linearities 
an have a large e�e
t on the resulting multipli
ities sin
e su
h anonlinearity will skew the results if not 
orre
ted. It is, therefore, ne
essary to 
he
k the linearityof the di�erent dete
tor system before any measurements. The linearity of the pre-ampli�er-84



shaper ele
troni
s for the SiMA dete
tors has been 
he
ked by the use of an ele
troni
 pulsegenerator (pulser). The pulser inje
ts a pulse of a desired size to the input of the 
harge-sensitivepre-ampli�er. After the signal is ampli�ed by the ele
troni
s, the size of the output pulse 
an be
he
ked by an os
illos
ope. Using this pro
edure, the pre-ampli�er-shaper ele
troni
s has beendetermined to be linear within the pre
ision of the measurement.6.1.2 PTQ CalibrationThe PTQ is a peak stret
her. It will hold the peak value of a signal for a spe
i�ed period oftime as determined by a reset signal. Figure 6.1 shows the diagram of this 
ase. It is ne
essary
Input Signal

Output Signal

Time
Reset

Figure 6.1: Peak Stret
her (PTQ)to introdu
e this ele
troni
s be
ause the duration of a signal from a sili
on strip dete
tor is toolong to be dire
tly 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 ele
troni
s, it wasnoti
ed 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, fo
using on the lowamplitude signals as shown in Figure 6.2b, a strongly nonlinear response is apparent for signalssmaller than 1000 mV. Sin
e the ele
troni
s was designed to put the signal from a minimumionizing parti
le in this range, it was important to 
orre
t for this nonlinear behavior. In Figure6.2, the solid lines show �ts to the data, whi
h are used to 
orre
t for the PTQ non-linearity.85
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Figure 6.2: PTQ Linearity(a) shows whole range of PTQ response. (b) shows the range for small input pulse. The darkline indi
ates the �t to this 
urves, whi
h is used to 
orre
t the non-linearity of PTQ.All PTQ 
hannels are 
alibrated individually in this manner.6.1.3 Energy CalibrationA sili
on strip dete
tor dete
ts the passage of parti
les by sensing ele
trons and holes produ
edin the depletion zone of the dete
tor. As parti
les travel through the dete
tor, they lose energyby kno
king ele
trons out of the 
rystal latti
e, with the output signal then being proportionalto the energy loss of the parti
les passing through the dete
tor. Sin
e this dete
ted signal is usedto 
al
ulate the number of parti
les passing through the dete
tor, the 
alibration of dete
tedpulse size to 
orresponding energy loss is 
ru
ial. This 
alibration is done using the same dataas used for the multipli
ity analysis.It is easily realized that for a given sili
on strip of the dete
tor, the distan
e that a parti
letravels inside the strip depends on the lo
ation of the vertex. Figure 6.3 illustrates this point.Parti
le `a', whi
h is in
ident normal to the dete
tor fa
e, has the shortest possible travel distan
ewithin the dete
tor. Parti
le `b', whi
h is in
ident at an angle � with respe
t to the plane of thedete
tor surfa
e, has a travel distan
e within the dete
tor given bytravel distan
e = Lsin � (6.1)where L is the thi
kness of the strip. Sin
e the di�erential energy loss is approximately 
onstantfor a parti
le passing through the dete
tor, the total energy loss is proportional to the distan
etraveled through the dete
tor. This e�e
t is dire
tly visible from the data. Figure 6.4 shows86
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Figure 6.3: Travel Distan
e of a Parti
le in a Dete
torplots of the dete
ted pulse height (ADC value) of one strip as a fun
tion of vertex lo
ation.The left �gure in
ludes all events. The `v' shaped line 
orresponds to single parti
les traversing
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Figure 6.4: Si ADC vs Vertex Lo
ation(a) is without any 
onditions and (b) is with low multipli
ities 
onditions.the dete
tor element. The large �ba
kground� results from events with more than one parti
lehitting this strip. To redu
e the e�e
t of multiple-parti
le hits, the 
ondition that only low(total) multipli
ity events are sele
ted 
an be used. By redu
ing the total multipli
ities, the
han
e of multi-parti
le hits in a given strip is also redu
ed. This is shown in Figure 6.4b. Now,the 'v' shaped 
urve is very 
lear. This observed response for single parti
le events 
an be usedto 
alibrate the dete
tors and asso
iated ele
troni
s.By proje
ting Figure 6.4 onto the y-axis within a small region of verti
es, the dete
torresponse for single-parti
le hits 
an be represented as a peak in a one-dimensional histogram.Sin
e this peak represents the energy loss of a parti
le in the dete
tor, the lo
ation of the peakdepends on the type and momentum as well as the travel distan
e of the parti
le passing through87



the dete
tor. Sin
e the type and momentum of the passing parti
le is not known, one 
annot useEquation 4.1 to determine the expe
ted energy of this peak. Rather, the peak is 
ompared withthe results from GEANT Monte Carlo simulations to obtain the 
orresponding energy loss. (Therelian
e on the GEANT simulation for the energy 
alibrations does not 
ause a large un
ertaintyfor the 
harged-parti
le multipli
ity measurement sin
e the subsequent 
onversion from energyloss of parti
les in the dete
tors to the number of 
harged parti
les is also based on the sameGEANT simulations, as dis
ussed in the next se
tion. Hen
e, the GEANT simulation does notprovide an absolute energy 
alibration but rather leads to a relative 
alibration of energy lossof the 
harged parti
les passing through the dete
tors.) The GEANT simulation has the addedadvantage of also simulating the ba
kground 
ontribution to the energy spe
tra. Figure 6.5shows the pro
ess for energy 
alibration of the SiMA dete
tors. The response of one parti
le
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Figure 6.5: Energy Calibration for Sili
on Dete
torThe area en
losed by the thi
k line represents the data. The shaded area represents GEANTsimulation. (a) is with vertex lo
ated at 60 
m right of the nominal vertex lo
ation, and (b) iswith vertex lo
ated at 60 
m left of the nominal vertex lo
atioin.is visible and well de�ned. The GEANT pa
kage reprodu
es the ba
kgrounds under the single
harged-parti
le peaks quite well. Repeating this pro
ess for many di�erent lo
ations of verti
esfor a given sili
on 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 Multipli
ity Calibration with Ba
kgroundOn
e the energy loss of parti
les passing through the dete
tor elements is known, it is possible toobtain the 
orresponding number of 
harged parti
les with a 
onversion fun
tion. The 
onversionfun
tion used for the SiMA dete
tors must a

ount for parti
les striking the dete
tor elements88



with varying momentum. Figure 6.6 shows the momentum distribution of parti
les hitting theSiMA dete
tors 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 Parti
les Hitting Sili
on Strip De-te
tor by Hijing Modelthe SiMA dete
tors re
eive parti
les with a large distribution of momenta. The mean value ofthis distribution is about 0.75 GeV/
. By assuming that the majority of parti
les are pions,one �nds that most of the parti
les have momenta equal to or greater than that of a minimumionized parti
les. They, therefore, deposit almost the same amount of energy. However, theparti
les with low momentum are of 
on
ern sin
e they 
an have very large energy loss in thedete
tor and 
an thereby skew the results.The 
onversion fun
tion from the energy loss in the SiMA dete
tor element to the 
orrre-sponding number of 
harged parti
les is also required to a

ount for the many di�erent typesof parti
les striking the dete
tors. Figure 6.7 shows the simulated yields of parti
les striking atypi
al SiMA dete
tor based on the GEANT simulation using the Hijing event generator. It is
lear that �+ and �� parti
les dominate the yield. Although this is a model dependent result,it is safely assumed that the majority of parti
les are pions. Furthermore, for di�erent parti
lesof 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 parti
les are minimum ionizing, it 
anbe assumed that most of the parti
les deposit approximately the same energy, ex
ept for thesmall number of parti
les of low momentum.Finally, the 
onversion fun
tion must be able to remove the ba
kground signals sin
e theSiMA dete
tor will a

ept parti
les in
ident from any dire
tion. This is a signi�
ant 
ompli
a-tion sin
e not all parti
les hitting the dete
tor are from the 
ollision vertex. Parti
les 
an be89
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Figure 6.7: Types of Parti
les Hitting Sili
on Strip Dete
tors by GEANT Simulation with HijingModel
reated by the intera
tion of primary (or original) parti
les with the material of the supportingstru
tures, or the material of the dete
tor itself. Considering that there are thousands of primaryparti
les emerging from a single Au-Au 
ollision, there 
an be a multitude of se
ondary parti-
les. For the SiMA dete
tors, the GEANT simulations indi
ate that between 5% and 10 % ofdete
ted energy is asso
iated with the se
ondary parti
les, depending on the dete
tor and vertexpositions. In the multipli
ity measurement, a 
orre
tion fa
tor based on GEANT simulation isapplied to a

ount for these e�e
ts.From the above des
ription of the SiMA dete
tors, it is 
lear that to measure the parti
lemultipli
ity of an event, it is ne
essary to use some averaged, expe
ted values to 
onvert thedete
ted energy signal to the number of parti
les. This is essential sin
e multiple parti
les maypass through a single sili
on strip in a given event. For the most 
entral events, the averagenumber of parti
les striking a single strip of sili
on 
an be greater than ten. There are a 
oupledi�erent ways to map from dete
tor signal to 
harged-parti
le multipli
ity. One way would be touse the response of the minimum ionizing parti
le (ADCMIP ) shown in Figure 6.4 and to dividethe measured ADC value by ADCMIP for a given vertex lo
ation. The dedu
ed multipli
ity
an then be 
orre
ted for se
ondary parti
les by applying the 5% to 10% 
orre
tion found usingthe GEANT simulations. However, this method has the problem that the single MIP peak isunresolved from the pedestal peak when the vertex is within 20 
m from the lo
ation of thestrip along the beam axis. Under these 
onditions of near-normal in
iden
e of the parti
le ontothe sili
on strip, the energy loss of the parti
le is minimized. Through ele
troni
 noise and thenonlinearity of the PTQs, as dis
ussed in Se
tion 6.1.2, the resolution of the dete
tor is at its90



worst, preventing single MIP resolution. Also, this method may not adequately a

ount for lowmomentum parti
les. Therefore, it was de
ided to make an all in
lusive 
onversion fun
tion tomap from the dete
ted energy to the number of primary parti
les.Figure 6.8 shows the result of the GEANT simulation used to produ
e this 
onversion fun
-tion. The de�nition of N
h is de�ned as parti
les emerging from the region within 3 
m of
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Figure 6.8: Sili
on Energy to N
hthe 
ollision vertex. There are two reasons for this de�nition of the primary parti
les. One isto in
lude the short-lived resonan
es as primary parti
les. Also, this de�nition ex
ludes manyparti
les produ
ed from the beam pipe whi
h has a radius of 3.81 
m. Figure 6.9 demonstratesthis 
learly by showing the origins of all parti
les that strike the SiMA dete
tors in the GEANTsimulation. It is 
learly seen that the beam pipe is one major sour
e of se
ondary parti
les. Theother sour
es in
lude sili
on strips and s
intillator tiles as well as the supporting stru
tures.To test the 
onversion fun
tion shown in Figure 6.8, the 
harged-parti
le distribution dedu
edfrom the simulated energy loss in a model array was 
ompared to the �known� results. Figure6.10 shows the result. The �data� with open-
ir
le markers represent the values from the HIJINGmodel used as input to the GEANT simulations. They are the expe
ted values for this test. The
losed-
ir
le markers represent values obtained through the above analysis, using the 
onversionfun
tion shown in Figure 6.8. It is 
learly seen that the 
onversion fun
tion a

urately reprodu
esthe expe
ted values of the parti
le produ
tion. This test was also 
ondu
ted with other modelinputs to evaluate the model dependen
e. The results indi
ated that the model dependen
y was91
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Figure 6.9: De�nition of Primary Parti
les by GEANT Monte Carlo Simulation
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Figure 6.10: Comparison of Parti
le Produ
tions in the GEANT simulation with the HIJINGModelThe open 
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le is obtained from the using the 
onversion fun
tion of Figure 6.8. The 
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leis HIJING Model.
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less than a few per
ent of the 
harged parti
le produ
tion.6.2 S
intillation Tile Dete
tor Multipli
ity Array (TMA)The 
alibration method used for the TMA dete
tors is quite similar to that of the SiMA dete
torsdue to the similar energy-loss 
hara
teristi
s as well as the similar 
on�guration of the dete
tors.The major di�eren
e in SiMA and TMA is that the TMA dete
tors use phototubes whose outputsignals 
an be fed dire
tly 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 dete
tors, the overall linearity of the dete
tor response is the major 
on
ern fordetermining the event multipli
ity. This is, perhaps, even more a 
on
ern for these dete
torssin
e the extrapolation from the single MIP events to the more 
entral Au+Au 
ollision eventsis mu
h greater than ne
essary for the SiMA. For the most 
entral 
ollisions, the number ofparti
les hitting a single tile 
an be above 100, whereas the maximum number for a singlesili
on strip is 
lose to 10. Sin
e the energy 
alibration is determined by the response of oneparti
le, the extrapolation by 100 folds 
ould yields large errors if the linearity of the dete
toris 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 pla
ed in the light-tight box with a isotropi
 lightsour
e [52℄. The light sour
e is mounted in the rail whi
h is 
ontrolled by a stepping motor.The amount of light entering the PMT is 
ontrolled by the distan
e between the PMT and thelight sour
e. By measuring the output pulse size from the PMT, the linearity of the PMT were
he
ked. In this test, the PMTs for the TMA dete
tors exhibit good linearity.6.2.2 Energy CalibrationThe energy 
alibrations of the TMA dete
tors were done using the single-parti
le response ofea
h tile, similar to how the SiMA dete
tors were 
alibrated. Figure 6.12 shows the typi
alraw dete
tor response of a single s
intillator tile. In Figure 6.12a, the single-parti
le responseis faintly visible within a large ba
kground. The large ba
kground is expe
ted sin
e the size93
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Figure 6.11: Linearity test setup for PMTs used in the S
intillation Tile Dete
tor
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Figure 6.12: Si ADC vs Vertex Lo
ation(a) is without any 
onditions and (b) is with low multipli
ities 
onditions.
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of ea
h tile element is mu
h larger than a single sili
on strip element and, 
onsequently, mostevents lead to multiple parti
les passing through any given tile element. By sele
ting low totalmultipli
ity events, as shown in Figure 6.12b, a 
lean �v-shaped� response is observed.Using the te
hnique dis
ussed in Se
tion 6.1, the above dete
tor response from the data isused to 
alibrate ea
h tile. Figure 6.13 shows the experimental one parti
le 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 S
intillation Tile Dete
torThe area en
losed by the thi
k line represents the data. The shaded area represents GEANTsimulation.dete
tor response well, in
luding the ba
kground. By 
omparing the experimental and simulatedone parti
le response, an energy 
alibration is obtained for ea
h tile element. In the 
alibration,the systemati
 error is estimated to be 10%.6.2.3 Multipli
ity Calibration with Ba
kgroundAs found for the SiMA, on
e the energy 
alibrations are known for the tile elements, it is stillne
essary to use model-dependent 
onversion fun
tions to obtain the 
orresponding 
harged-parti
le multipli
ities. However, unlike the 
ommon 
onversion fun
tion that was found adequatefor the SiMA elements, there are eight fun
tions needed for the TMA elements, one for ea
htile �ring�, be
ause of the relatively large ba
kground in the TMA elements. In a single sili
onstrip, only 5% to 10% of the dete
ted energy originates from the se
ondary parti
les, whereas,in one tile, 30% to 40% of the dete
ted energy is from se
ondary parti
les. Sin
e the amountof the ba
kground re�e
ts the 
on�guration and lo
ation of the tile, it was determined thateight 
onversion fun
tions were ne
essary, one for ea
h of the eight rings of the TMA dete
tors.The resulting GEANT-based, energy-to-primary parti
le yield 
onversion fun
tions are shown95
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Figure 6.14: Tile Energy to N
h Conversion(a), (b) ... (h) 
orresponds to the 
olumns of Figure 4.15, whi
h shows eight 
olumns along thebeam axis. 96



in Figure 6.14. The a
tual 
alibration fun
tions are obtained by �tting polynomial fun
tions tothe plots in this �gure.As a test of the unfolding pro
edure, 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 parti
les emitted as a fun
tion of pseudorapidity.Comparison of the a
tual primary distribution and that dedu
ed based on the simulated data isshown in Figure 6.15, where ex
ellent agreement is a
hieved. When the same test is 
ondu
ted
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Figure 6.15: Comparison of Parti
le Produ
tions in the GEANT simulation with the HIJINGmodelThe open 
ir
le is obtained from the using the 
onversion fun
tion of Figure 6.8. The 
losed
ir
le is from the Hijing model.with the use of di�erent event generators, whi
h have a somewhat di�erent mix and size ofprimary parti
les, similar agreement is a
hieved. These results suggest that the above 
onversionfun
tions are well de�ned, at least within the GEANT simulations.6.3 Beam-Beam Counter Arrays6.3.1 LinearityThe Beam-Beam Counter arrays (BBC), whi
h are 
omprised of Cherenkov radiators 
oupledto photomultiplier tubes (PMT), were primarily designed to produ
e a good time-zero (or avertex) measurement for the 
ollisions. Two di�erent sizes of photomultiplier tubes are used inthe dete
tor: 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 re
eiving too many photons from theCherenkov radiators to produ
e a linear response of output signals with respe
t to the number ofin
ident photons. Figure 6.16 shows the non-linearity of one of the small PMTs. The left �gure
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Figure 6.16: Typi
al BBC Small PMT Non-linearityThe left �gure is raw ADC distribution. The right �gure shows the distribution, whi
h is theleft �gure divided by 1 MIP ADC value (
onstant).shows the raw ADC distribution of the PMT after pedestal subtra
tion. The peaks representingthe response of the PMT to one, two and three 
harged parti
les are 
learly seen. However,
lose inspe
tion reveals that the ADC gap between the pedestal (0 
h) and the �rst peak (~400
h) is 
onsiderably larger than the gap between the �rst peak and the se
ond peak (~210 
h).Furthermore, the gap between the se
ond 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 produ
es a linear response to the numberof input photons, the mean values of all peaks should be aligned to the integer number ex
eptfor small shifts resulting from the presen
e of the ba
kground. However, that is not the 
asehere.The larger PMTs used for BBC dete
tors do not have any noti
eable 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 lo
ated 
lose to integer values. Although this does not guarantee the linearityof the large PMTs over the full dynami
 range, the fa
t that good linear response of the largePMTs up to the size of input 
orresponding to 4 
harged parti
les 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 sour
e. From the laser, the light will travel through the�lter, whi
h is used to 
ontrol the amount of light, to a beam splitter. The splitter passes one98
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Figure 6.17: Typi
al BBC Large PMT response
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Figure 6.18: Setup for Beam-Beam Small PMT Calibration
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half of the light to a small PMT and re�e
ts the other half to a large PMT. Therefore, the smalland the large PMTs re
eive well known amounts of lights. By 
hanging the �lter to produ
e 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 
orre
ting 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 Corre
tionThe di�erent markers 
orrespond to the di�erent small PMTs used for 
alibration. The gain ofthe small PMTs are mat
hed 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 ne
essarily have unitslope sin
e the gains of the large and small PMTs are di�erent.) Moreover, on 
loser inspe
tion,it is seen that there are small variations among the small tubes with up to 20% di�eren
es intheir relative response. Therefore, the data for ea
h tube need to be 
arefully 
alibrated fornon-linearity.Figure 6.20 shows the distribution of a typi
al small BBC PMT after the non-linearity
orre
tion. The mean values of all peaks are 
lose to integer values, indi
ating good linearity ofthe 
alibrated data.
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Figure 6.20: BBC element MIP response after Non-linearity Corre
tion6.3.2 Ba
kground subtra
tionThe raw multipli
ity distribution seen in Figure 6.20 was made by parti
les passing throughthe Cherenkov radiators and produ
ing photons that subsequently hit the PMT photo-
athode.While it is true that the BBC dete
tors have some dire
tionality, based on the properties of theCherenkov radiators 
oupled to the PMTs, it is still possible for ba
kground parti
les originatingfrom sour
es away from the vertex to 
ontribute to the signals. Therefore, the situation is similarto that of the SiMA and TMA dete
tors. A Monte Carlo simulation using GEANT is used toestimate the level of this ba
kground in the BBC dete
tors. Figure 6.21 shows the results of thissimulation for the large PMTs. The �gure shows that the output of the GEANT simulation farex
eeds the input of the Hijing event generator. In fa
t, the dN
h=d� values dedu
ed using theBBC dete
tors is about 50% more than the input values. To remove this di�eren
e, the ratio ofthe output dN
h=d� to that of the input was 
al
ulated. This ratio is applied to the real datato remove the ba
kground 
ontribution. More information for the ba
kground 
orre
tion for theBBC dete
tors is found in Referen
e [55℄.
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Figure 6.21: BBC simulation for large PMTs.The line indi
ates the Hijing model input distribution for the simulation. All other pointsare the dN
h=d� values that would be dedu
ed based on the simulated tube response without
onsidering the ba
kground 
ontributions. The simulations are done using GEANT to determinethe expe
ted ba
kground.
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Chapter 7
Determination of Multipli
ity andCentralityThe multipli
ity array was designed with the expe
tation that a single ultra-relativisti
 
ollisionof two Au nu
lei 
ould result in the produ
tion of over a thousand parti
les. The a
tual numberof parti
les dete
ted is in�uen
ed by two major fa
tors. The �rst one is the lo
ation of theevent vertex. Sin
e RHIC is a parti
le 
ollider experiment, the lo
ation of the 
ollision vertex
hanges event-by-event. Consequently, sin
e the dete
tor positions are �xed, their a

eptan
esalso 
hange event-by-event, a�e
ting the number of parti
les dete
ted. The �nite size of agold ion also leads to an event-by-event variation in the parti
le multipli
ity. The severity of a
ollision depends on the distan
e between the two 
olliding nu
lei. This is 
alled the 
entralityof an event. This 
hapter shows how the 
harged parti
le multipli
ity and rea
tion 
entrality aremeasured using the Sili
on Strip Dete
tor Array (SiMA), the S
intillation Tile Dete
tor Array(TMA) and the Beam-Beam Counter arrays (BBC).7.1 Multipli
ity DeterminationThe 
harged-parti
le multipli
ities of events are determined by the BBC and the Multipli
ityArray dete
tors (MA). The MA is 
omposed of the separate SiMA and TMA elements. Thephase spa
e 
overed by the BBC and MA systems are quite di�erent. At the nominal vertex103



lo
ation, the BBC measures 
harged-parti
le multipli
ity for 3:0 < j�j < 4:2, whereas the MAmeasures 
harged parti
les in the range of j�j < 2:2 .7.1.1 Sili
on Strip Dete
tor Multipli
ity ArrayThe Sili
on Strip Dete
tor Multipli
ity Array (SiMA) measures the multipli
ity of an event bydete
ting energy loss of 
harged parti
les passing through the dete
tor elements. The detailsof the method have already been dis
ussed in Se
tion 6.1. If all 
ollisions o

urred at thenominal vertex position, obtaining an event multipli
ity would, in prin
iple, be a simple matterof summing the measured multipli
ity of ea
h Si strip of the array. In reality, this is not the 
asebe
ause of the 
hange in the dete
tor a

eptan
e 
aused by having a range of vertex positions.Figure 7.1 shows a histogram of the measured vertex lo
ations for a typi
al run. The distribution
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Figure 7.1: Vertex Distributionhas a Gaussian-like shape with, for this parti
ular run, a small o�set from the nominal lo
ationof the vertex observed. The vertex distribution has a typi
al Gaussian width � in the range of40
m to 100
m depending on the parti
ular 
ondition of the beam.For a given event, the dete
ted number of 
harged parti
les is highest at midrapidity, and itbe
omes smaller as the parti
le rapidity gets 
loser to the beam rapidity. Be
ause of this and thelimited dete
tor 
overage, the measured, �raw� multipli
ity is strongly dependent on the lo
ationof the vertex. Figure 7.2 shows this e�e
t 
learly. The maximum value of measured multipli
itiesthat have not been 
orre
ted for dete
tor a

eptan
e is relatively 
onstant between �10 
m ofthe nominal vertex lo
ation. Then, it de
reases dramati
ally as the verti
es go further awayfrom the nominal lo
ation. Figure 7.2b shows the same plot after appli
ation of the a

eptan
e104
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Figure 7.2: Event multipli
ities for di�erent verti
es by the Sili
on Strip dete
tor(a) represents the distribution of event multipli
ities without the 
orre
tion of the dete
tora

eptan
e. (b) shows the same thing after the 
orre
tion.
orre
tions. On
e the a

eptan
e is 
orre
ted, the distribution is �at against the lo
ations ofthe verti
es. This 
orre
tion is a
hieved by taking mean values of multipli
ities for the same
entrality 
lass with the di�erent vertex 
uts. Figure 7.3 shows an example of this te
hnique.The 
entrality 
lass is determined by the measured multipli
ity. The range of verti
es for ea
h
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Figure 7.3: Geometri
 a

eptan
e 
orre
tion for the given strip of a Sili
on strip dete
tors(a) represents the mean value of multipli
ities for top 5% 
entral events. (b) shows the ratio ofmeasured multipli
ity at the di�erent verti
es relative to the nominal vertex.
ut is set to 5 
m to minimize the e�e
t of a

eptan
e 
hange within the sele
ted range. Then, forea
h sele
ted range, the mean multipli
ities of di�erent 
entrality 
lasses are obtained, assuminga linear relationship between 
entrality and multipli
ity. 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



multipli
ities for the 5 % most 
entral events. These values are 
ompared to the mean valueof multipli
ity at the nominal vertex in Figure 7.3b. A fun
tion for a

eptan
e 
orre
tion isobtained by �tting a polynomial fun
tion to this 
urve. As a result, all measured multipli
itiesare normalized to that at the nominal vertex.To obtain an event-by-event multipli
ity, one more 
orre
tion needs to be applied. This
orre
tion stems from the fa
t that the SiMA 
overs less solid angle than the TMA. (Themultipli
ity by the TMA dete
tors is dis
ussed in the next se
tion.) To obtain an average mul-tipli
ity from the two arrays, a 
orre
tion was made to normalize the SiMA multipli
ities to theTMA multipli
ities. This 
onstant normalization, whi
h has a value of 1.55 and 1.66 for thepsNN = 130 GeV psNN = 200 GeV runs, respe
tively, is obtained by 
omparing the multipli
-ities from the SiMA to that from the TMA for many events. Figure 7.4 shows the 
orrelation ofmultipli
ities by the two arrays after all 
orre
tions have been applied. As expe
ted, a strong,
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Figure 7.4: SiMA vs TMAlinear 
orrelation exists between the two measurements.7.1.2 S
intillation Tile Dete
tor Multipli
ity Array (TMA)Similar to the SiMA, the TMA measures event multipli
ity by dete
ting energy loss of parti
lesthrough its dete
tor elements. The details of the measurement te
hnique are dis
ussed in Se
tion6.1. Be
ause of the similarity of the SiMA and the TMA, the te
hnique used for the a

eptan
e106




orre
tion is also identi
al between the two systems. Figure 7.5 shows the multipli
ities of eventsas a fun
tion of vertex positions. It is 
learly seen that the maximum value of the multipli
ities is
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Figure 7.5: Event multipli
ities for di�erent verti
es by the S
intillator Tile dete
tor(a) represents the event multipli
ity without the 
orre
tion of the dete
tor a

eptan
e. (b) showsthe multipli
ity after the 
orre
tion.a
hieved for the verti
es within 10 
m left of the nominal vertex lo
ation. The asymmetry aboutthe nominal vertex results from the 
on�guration of the dete
tors, as shown in Figure 4.15. Sin
ethere are more tiles on the left of the nominal vertex lo
ation, the measured multipli
ity is largerthere. Also, 
omparing Figure 7.5a to Figure 7.2a, one �nds that the a

eptan
e 
orre
tion forthe TMA is smaller than the SiMA. Despite the similar 
overage in pseudorapidity, the physi
alextent of the TMA is greater than that of the SiMA, leading to a more uniform response overthe indi
ated range of vertex positions. Figure 7.6 shows the TMA a

eptan
e 
orre
tion fa
tor.The 
orre
tion fa
tor is less than 20% within �30 
m of the nominal vertex lo
ation, whereasthat of the SiMA is as mu
h as 50% for the same range.7.1.3 Beam-Beam Counter Arrays (BBC)The Beam-Beam 
ounter arrays (BBC) measure the 
harged-parti
le multipli
ity of an event bydete
ting the Cherenkov light of parti
les passing through Cherenkov radiators mounted ontophotomultiplier tubes (PMT). The detail of the analysis method used for ea
h radiator-PMT
ombination is dis
ussed in Se
tion 6.3. Similar to the SiMA and the TMA, the a

eptan
e of thearrays 
hange with vertex lo
ation, and a 
orresponding geometri
 
orre
tion must be applied to107
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Figure 7.6: Geometri
 Corre
tion for Multipli
ity by S
intillator Tile Dete
tor(a) represents the mean value of multipli
ities for the top 5% 
entral events. (b) shows ratio ofmultipli
ities at the di�erent verti
es to that at the vertex=0 
m.the data. Figure 7.7 shows a plot of multipli
ities by the BBC against vertex position. The e�e
t
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Figure 7.7: Event multipli
ities for di�erent verti
es based on the BBC arrays(a) represents the event multipli
ities without the 
orre
tion of the dete
tor a

eptan
e. (b)shows the multipli
ities after the appli
ation of the a

eptan
e 
orre
tion.of vertex position is small for the BBC arrays be
ause they are lo
ated far away (2.1 m on bothsides) from the nominal lo
ation of a vertex. Only a small in
rease in the maximum multipli
ityis observed as the vertex moves to the extreme left (or negative) dire
tion. Sin
e the solid-angle
overage of the left array of the BBC is larger than that of the right array, the multipli
itiestend to in
rease as verti
es move 
loser to the left array. Using the same te
hnique dis
ussedin Se
tion 7.1.1, a small 
orre
tion is applied to obtain the a

eptan
e-
orre
ted multipli
ities108



shown in Figure 7.7b.Figure 7.8 shows the 
orrelation between the a

eptan
e-
orre
ted multipli
ities by the BBCand the MA. As expe
ted, the two measurements are found to have a strong linear 
orrelation.
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Figure 7.8: Correlation of multipli
ities by the BBC and the MA measurementHowever, the small saturation for the BBC arrays is still visible be
ause of the imperfe
tion inthe non-linearity 
orre
tion of the PMTs used in the BBC arrays.7.2 Centrality DeterminationDe�ning an event 
entrality gives a way to 
ategorize the fra
tion of the total 
ross se
tion inthe nu
leus-nu
leus 
ollision by the distan
e of 
losest approa
h between the 
enters of the two
olliding nu
lei. Figure 7.9 depi
ts this by two simple diagrams representing very 
entral andperipheral 
ollisions, respe
tively. In the 
entral 
ollision shown in Figure 7.9a, the 
enters oftwo 
olliding nu
lei are very 
lose to ea
h other. In this 
ase, most of the volumes of two nu
leiparti
ipate in the 
ollision, leading to a more violent 
ollision. In the peripheral 
ollision shownin Figure 7.9b, the 
enters of two 
olliding nu
lei are far apart. (But, the distan
e between thetwo 
an not be more than the twi
e the size of the radius of the nu
leus for a rea
tion to o

ur.)Then, only a small fra
tion of their total volumes parti
ipates.
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Figure 7.9: De�nition of CentralityThe large open 
ir
le represents two 
olliding nu
leus. The dire
tions of two nu
lei are into orout of the drawing. The shaded region represents the se
tions of ea
h nu
leus that su�ers a
ollision. (a) represents a very 
entral 
ollision. (b) represents a peripheral 
ollision.7.2.1 Event Sele
tion for the Centrality MeasurementWith the a

eptan
e-
orre
ted values of event multipli
ities, the determination of rea
tion 
en-trality is a relatively simple operation sin
e the larger the value of the event multipli
ity, themore violent and the more 
entral the 
ollision is. However, sin
e the 
entrality is related tothe fra
tion of events with a 
harged-parti
le multipli
ity above a 
ertain value, it is importantto base this fra
tion on the a

urate total number of events undergoing a nu
lear intera
tion.Be
ause of ba
kground pro
esses, the triggering system 
an be triggered by �false� 
ollisions.Figure 7.10a illustrates some of these false triggers. In this �gure, the area en
losed by the
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Figure 7.10: ZDC energy (ADC) vs Multipli
ity(a) The events en
losed by the line represent the false triggers. (b) represents the same 
orrela-tion when the lo
ation of verti
es determined by ZDC and BBC are within 5 
m.line represents �false� 
ollisions. They are asso
iated with relatively low energy in the ZDC and110



with a reasonable value of multipli
ity. One possible 
ause of these events is that the ZDCsare triggered by ba
kground parti
les and, 
onsequently, give the wrong lo
ation for the eventvertex. Figure 7.10b shows how the ba
kground events 
an be redu
ed by requiring verti
esdetermined by the ZDC and the BBC dete
tors to be within 5 
m of ea
h other.Figure 7.11 shows another way to see if the events en
losed by the line in Figure 7.10a arefalse 
ollisions. This �gure shows the simulated and experimental distribution of the di�eren
e
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Figure 7.11: Di�eren
e of Multipli
ities by Sili
on and Tile dete
tor(a) GEANT simulation (b) experimental events. The shaded region represents the 
ollisionsen
losed by the line in Figure 7.10 (a). The dark line represents events after the subtra
tion ofthe shaded region.in the SiMA and the TMA multipli
ities by 
al
ulating the following equation:(N
h�SiMA �N
h�TMA)=(N
h�SiMA +N
h�TMA + 10) (7.1)where N
h�SiMA � multipli
ity determined by the SiMA dete
tors ;N
h�TMA � multipli
ity determined by the TMA dete
tors ;and N
h�SiMA takes into a

ount the solid-angle di�eren
e of the two arrays. If the eventmultipli
ities determined by the two arrays are well 
alibrated, they should produ
e a symmetri
distribution. This is seen in Figure 7.11a, whi
h 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 inspe
tion reveals that mu
h of this tail is asso
iated with111



the area en
losed by the line in Figure 7.10a. This is shown by the shaded area in Figure 7.11b.On
e the obvious ba
kground is removed, there is one more 
on
ern for the possible ba
k-ground. This 
ondition happens when the measured multipli
ity is very small but still abovezero. Be
ause the pedestal distribution of ea
h dete
tor element in the MA system has an asso-
iated width of �nite size, the summation of all elements of the MA dete
tors 
an yield non-zeromultipli
ity. When this 
ondition o

urs with a �false� 
ollision event triggered by ba
kgroundparti
les in the ZDC dete
tors , there 
an exist events with small values of the 
harged-parti
lemultipli
ity with �false�, but a

eptable, vertex positions. Unlike the previous situation, theseevents, whi
h are numerous, 
an not be easily removed by the 
orrelation of vertex positionsbetween the ZDC and BBC dete
tors be
ause of the la
k of e�
ien
y in the BBC system forlow multipli
ity rea
tions. As a result, a 
orre
tion for these �false� 
ollisions was devised basedon the GEANT simulations.The te
hnique used to a

ount for this di�
ulty in measuring very low multipli
ity events isas follows. First, it is assumed that there are no false events with 
harged-parti
le multipli
itylarger than 200 N
h�TMA. This is reasonable be
ause the verti
es of those events 
an be 
he
kedby the BBC and be
ause the average number of dete
ted 
harged-parti
le multipli
ity of ea
helement in the TMA dete
tors is relatively large (at least 5) for su
h events. Se
ond, it isassumed that the GEANT simulation using the Hijing event generator 
an 
orre
tly reprodu
ethe low multipli
ity distribution. This relian
e on the model 
al
ulation is questionable and
ontributes to the systemati
 un
ertainties. Other event generators were used to 
he
k themodel dependen
e, whi
h was found to be very small. Then, using simulated �data�, the ratiosof the total number of events with TMA multipli
ity less than a given value m to the numberof events with multipli
ity less than 200 are 
al
ulated:R(m) = PN
h�TMA=mN
h�TMA=0 n(N
h�TMA)PN
h�TMA=200N
h�TMA=0 n(N
h�TMA) (7.2)where m = 
ut value of multipli
ity (0 � m � 200)N
h�TMA = 
harged multipli
ity by the TMA dete
torsn = number of events :112



(Only the TMA system was used for this 
orre
tion be
ause of its superior resolution for sin-gle minimum ionizing parti
les.) Figure 7.12 shows this te
hnique visually by displaying thedistribution of simulated measured multipli
ities in two di�erent ranges. In the top �gure, the
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Figure 7.12: Centrality Normalization SimulationThe top �gure represents the simulated multipli
ity distribution by GEANT with the Hijinginput. The bottom �gure is a 
lose up view of this multipli
ity between 0 to 200 N
h.shaded region represents the events with their multipli
ities less than 200 N
h�tile. The yield(or number of events) in this shaded region represents the denominator of Equation 7.2. In thebottom �gure, the shaded region represents the numerator of Equation 7.2 for the 
ase of m=4.By varying the value of m in Equation 7.2, the ratio of yields in the two shaded regions of Figure7.12 are obtained for several values of m.With these ratios, a 
orre
tion is applied to the experimental data to obtain the numberof events less than a 
ertain value m. Then, the 
orre
ted total yield of 
ollisions, Y (m), as afun
tion of m is given byY (m) = 0�N
h�TMA=200XN
h�TMA=m n1A � 11�R(m) + N
h�TMA=maxXN
h�TMA>200 n (7.3)Figure 7.13 shows the ratio Y (m)=Y (4) for several values of m. As 
an be seen, for the value ofm larger than 4, the total yield is very stable, with a deviation of less than one per
ent. Thisindi
ates that the model 
al
ulation and the experimental data produ
e very similar distributionswithin the multipli
ity values of 4 to 200. But, when the value of m is less than 4, the estimated113
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Figure 7.13: E�e
t of Value m in Equation 7.3total yield gets larger as m be
omes smaller. In fa
t, if there is no 
ut, whi
h is the 
ase for mbeing zero, the total yield is more than 30% larger than that of m being equal to 4. Sin
e it isdesirable to use as small a value of m as possible without in
luding ba
kground events, a valueof m = 4 was 
hoosen for this analysis.7.2.2 Centrality Sele
tion using the Multipli
ity ArrayThe method of determining the event 
entrality based on the observed 
harged-parti
le multipli
-ity and the relationship of the dedu
ed 
entralities to the rea
tion impa
t parameter was studiedusing the GEANT simulations. In Figure 7.14a, the simulated multipli
ity distribution is shown
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Figure 7.14: Centrality Sele
tion in GEANT Simulation with Hijing Inputwith a few 
entrality sele
tions indi
ated by the di�erent shaded regions. While the 
entralities114



of 
ollisions are determined experimentally by the value of multipli
ities, the theoreti
al 
en-trality is usually interpreted as a statement of impa
t parameter range. Therefore, Figure 7.14bshows the 
orresponding impa
t-parameter distributions for the sele
ted event multipli
ities. Itis observed that the multipli
ity-based 
entrality does not map dire
tly to impa
t parameter,but exhibits a Gaussian-like distribution, ex
ept for the highest 
entrality sele
tion. Sin
e thehighest experimental 
entrality 
an not be more 
entral than that of the theoreti
al model, anyexperimental deviations will tend to lower the experimental 
entrality. For a more quantitativeinspe
tion of this behavior, Table 7.1 shows the mean values of impa
t parameters sele
ted bythe experimental and theoreti
al methods for given 
entralities. This 
learly shows that theTable 7.1: Comparison of Mean Value of Impa
t Parameter b at psNN = 200 GeVCentrality Range Mean b by Impa
t Parameter Mean b by Multipli
ity Dete
tor0-5% 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�0.03
entrality obtained by sele
ting a range in multipli
ity results in the same sele
tion of impa
tparameters as found using a dire
t 
onversion from the model 
entrality to impa
t parameter,ex
ept for the most 
entral 
ollisions where the multipli
ity method leads to a somewhat largervalue.Figure 7.15 shows the experimental 
entrality sele
tions used for this analysis at the twobeam energies. It is easily noti
ed that the data with psnn = 200 GeV exhibits slightly larger(about 12%) multipli
ity distributions than that at psnn = 130 Gev. The lowest 
entralityrange is the 40-50% range. Be
ause of the steep in
rease of yields for lower multipli
ity events,the systemati
 un
ertainty of 
entralities in those events is higher than the 
entralities sele
tedfrom the �at se
tion of the distribution.
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Figure 7.15: Experimental Centrality Sele
tionThe 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 Sele
tion using the Beam-Beam Counter ArraysAs the Beam-Beam Counters also measure 
harged-parti
le multipli
ity, they 
an also be usedto determine the rea
tion 
entrality. Ideally, this should not be ne
essary sin
e the SiMA andthe TMA dete
tors already provide a good 
entrality measurement for the 
ollisions. Also,one would like to use the same dete
tors to determine the 
entralities for all events to makethe analysis 
onsistent. However, to use the BBC to extend the pseudorapidity-dependentmultipli
ity distribution to high pseudorapidities, it was realized that it would be ne
essary tohave a separate 
entrality determination than that o�ered by the SiMA and the TMA dete
tors.The geometry of the BBC arrays is su
h that a very wide range of vertex lo
ations (�120 
mof the nominal lo
ation of the vertex) 
an be used to a
hieve a wide pseudorapidity 
overage.The SiMA and the TMA 
an not provide 
entralities for events with verti
es lo
ated mu
houtside of the geometri
al extent of these arrays (about �30 
m on either side of the nominalvertex position). This is easily understood by viewing the a

eptan
e 
orre
tions for thesetwo dete
tors, whi
h are shown in Figure 7.3 and 7.6. The 
orre
tion for more distant vertexlo
ations be
omes large and introdu
es a signi�
ant systemati
 un
ertainty in the experimentalresults. Unlike the MA, the a

eptan
e 
orre
tion of the BBC arrays, shown in Figure 7.7, isvery small for a very wide vertex range. It was therefore de
ided to use the separate 
entralitydetermined by the BBC arrays in the analysis of the BBC 
harged-parti
le multipli
ities.To assure 
onsisten
y of the MA and the BBC 
entrality determinations, all of the BBC
entrality 
alibrations were done using events with 
ollision verti
es within �30 
m of the nomi-nal vertex position. Figure 7.16 illustrates the te
hnique used to 
alibrate the BBC 
entralities.116



First, 
ollisions in a 
ertain 
entrality range are sele
ted based on the MA dete
tors. This is
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Figure 7.16: Centrality Sele
tion by the Beam-Beam Countershown as a shaded region in 7.16a. Then, using the multipli
ity distribution observed by theBBC arrays, the same number of the most 
entral events are sele
ted from this distribution,as shown by the shaded region in Figure 7.16b. This provides a BBC multipli
ity 
ut for thespe
i�ed 
entrality. Figure 7.17 shows how the MA and BBC multipli
ities 
ompare. Figure7.17a, reprodu
ing Figure 7.8, shows the 
orrelation of the multipli
ities determined by the twosystems. The shaded region in Figure 7.17b shows the MA events that are sele
ted by a 5%
entrality 
ut using the BBC, to be 
ompared with the region en
losed by the dark line whi
hare the 5% most 
entral MA events. Obviously, the two methods of sele
ting 
entralities donot sele
t exa
tly the same events. However, about 70%-80% of the events are 
ommon to both
entrality measurements. Moreover, for events with 
ollision verti
es within 30
m of the nominalvertex, the BBC pseudorapidity distributions sele
ted by the two 
entrality methods were foundto be the same within 2 %. Therefore, this te
hnique was used to obtain the 
entrality 
uts forthe BBC arrays over the extended range of vertex lo
ation 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 multipli
ities determined by the two arrays. The lines a and bindi
ate the 5% 
entrality 
ut for the BBC and the MA, respe
tively. (b) shows the proje
tionof �gure (a) onto the horizontal axis. The area en
losed by the dark line is the 0-5% 
entralsele
tion by the MA. The shaded region represents the 0-5% 
entral sele
tion by the BBC.
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Chapter 8
Charged Parti
le Produ
tion inUltra-Relativisti
 Au+Au CollisionsThe 
harged parti
le multipli
ity, N
h, of Au+Au 
ollisions is analyzed for data 
olle
ted duringa two-year period from 2000 to 2001 at RHIC. During the �rst run in year 2000, the a

eleratoroperated at 65% of its maximum design energy to produ
e Au+Au 
ollisions at psNN = 130GeV. During the se
ond year run, the ma
hine operated at the design energy of psNN = 200GeV. N
h and its pseudorapidity distribution, dN
hd� , were measured with a 
ombination of theZero Degree Calorimeters (ZDC), the Sili
on Strip Dete
tor Array (SiMA), the S
intillationTile Dete
tor array (TMA) and Beam Beam Counter arrays (BBC) subsystems of the BRAHMSexperiment. Detailed des
riptions of these subsystem are presented in Chapter 4. The BRAHMSdata put severe limits on theoreti
al models des
ribing relativisti
 heavy-ion 
ollisions.8.1 Model Predi
tionsFinding eviden
e for the 
reation of a quark-gluon plasma from the �nal-state hadrons emergingfrom an ultra-relativisti
 heavy-ion 
ollision requires 
omparison of the theoreti
al model pre-di
tions with experimental results. Most of the 
urrent theoreti
al models highlight one or moreaspe
ts of the relativisti
 heavy-ion 
ollision, pla
ing lesser emphasis or ignoring others. Sin
enone of the present models in
lude all of the known expe
ted physi
al pro
esses, 
omparisons of119



theoreti
al values to experimental data provide a deeper understanding of the underlying phys-i
al pro
esses by eliminating (or suppressing) one feature of a model and a

epting others. Forexample, in terms of 
harged-parti
le produ
tion, the di�erent models predi
t a pseudorapiditydensity at midrapidity, dN
h=d�j�=0, to be in the range of 600 to 1400 for Au+Au rea
tionsat the highest RHIC energy. With a di�eren
e of a fa
tor of two in the model predi
tions, theexperimental results 
an easily highlight inadequa
ies of 
ertain models. Although there existmany models in this �eld, four popular models with di�erent features are dis
ussed brie�y inthis se
tion.8.1.1 Hijing ModelThe Hijing model [56, 57℄ is based on perturbative QCD (pQCD) with emphasis on the pro-du
tion of multiple mini-jets. A mini-jet [58℄ is a jet with small transverse momentum and onethat is not resolvable as a distin
t jet experimentally. Sin
e it is believed that the produ
tion 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 s
attering based onpQCD. For soft intera
tions, the model 
onsiders multiple-soft gluon ex
hange between quarks.The e�e
t of jet quen
hing is in
luded as a �nal state parton intera
tion.Figure 8.1 shows the pseudorapidity distribution predi
ted by this model. For the 0-5%

η
-6 -4 -2 0 2 4 6

η
d

N
/d

0

100

200

300

400

500

600

Figure 8.1: Pseudorapidity Distribution by the Hijing Model at psNN = 130 GeVEa
h line represents the di�erent 
entrality sele
tions. 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 predi
ts dN
h=d�j�=0 to be about 550, whi
h is one of the smallestpredi
ted values for 
harged-parti
le pseudorapidity density of any of the models. (Sin
e theexperimental pseudorapidity density is 
lose to this value, as dis
ussed in a later se
tion, 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 sour
e of initial parton distributions. The AMPT model di�ersfrom the Hijing model in the evolution of partons by not in
luding energy loss of jets by way of anaverage stopping power dE=dx. Instead, parton 
ollisions are in
luded expli
itly. The partonsare hadronized after the proper formation time, and �nal-state s
attering of these hadrons isexpli
itly in
luded.Figure 8.2 shows the pseudorapidity distributions based on this model. Sin
e it uses the Hi-
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Figure 8.2: Pseudorapidity Distribution by AMPT Model at psNN = 130 GeVEa
h line represents the di�erent 
entrality sele
tions. 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 produ
es a similar value for the maximum pseudorapiditydensity. However, the AMPT distribution is noti
eably wider than that of the Hijing model dueto the in
lusion of the �nal state s
attering.
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8.1.3 UrQMD ModelUrQMD [60, 61℄ is a mi
ros
opi
 transport model. It is an ultra-relativisti
 extension to thequantum mole
ular dynami
 model (QMD) [62℄. Instead of using a statisti
al-type 
al
ulation asemployed by Hijing, it solves the 
omplex N-body Hamiltonian equation for heavy-ion 
ollisions.By expli
itly 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 GeVEa
h line represents the di�erent 
entrality sele
tions. 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 dN
h=d�j�=0 is found to be about 1100. Sin
e the experimental value for thisquantity is about 550 (as dis
ussed later), this model predi
ts far too large a level of parti
leprodu
tion.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℄. Sin
e partons are 
on�ned in the Lorentz-
ontra
tedplane with transverse area �1:22A2=3, they will start to intera
t with ea
h other as their wavefun
tions overlap. In the limiting 
ase, this leads to a parti
le multipli
ity that is proportionalto A (the number of parti
ipants), and not to the number of 
ollisions or the 
ollision energy.122



(See Se
tion 8.2.3 for a dis
ussion of the number of parti
ipants and 
ollisions.)Figure 8.4 shows the pseudorapidity distribution found using this model. It reprodu
es the
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Figure 8.4: Pseudorapidity Distribution by a Saturation Model at psNN = 130 GeVEa
h line represents the di�erent 
entrality sele
tions. 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-parti
le produ
tion well. The �gure also shows thatthis model seems to have more pronoun
ed shoulders (or a larger dip at midrapidity) than thatof the Hijing model dis
ussed earlier.8.2 Experimental Charged Parti
le Produ
tionThis se
tion des
ribes the 
harged-parti
le pseudorapidity densities measured for Au+Au 
ol-lisions at psNN = 130 GeV and psNN = 200 GeV. The theoreti
al 
al
ulations are then
ompared to the experimental results.8.2.1 Experimental Charged Parti
le Produ
tion 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 werea
hieved. Using the method dis
ussed earlier in Chapter 6, the 
harged-parti
le multipli
itiesof events were measured by the SiMA, the TMA and the BBC. With the 
entrality sele
tions123



dis
ussed in Se
tion 7.2, the pseudorapidity distribution of 
harged parti
les 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 Parti
les at psNN = 130 GeV(a)Distribution by experimental subsystems: the SiMA (open 
ir
les), 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-ti
al errors are shown. (b) The averaged results for the subsystems, weighted by their relativeun
ertainties, are shown for the di�erent 
entrality 
lasses. The errors in
lude both systemati
and statisti
al un
ertainties.In Figure 8.5a, it is seen that the three independent dete
tor systems produ
e reasonablysimilar pseudorapidity density distributions for a given 
entrality 
lass. The mat
hing of thedistributions by the SiMA and the BBC systems at the pseudorapidity of 2.5 (or -2.5) is very goodwith no obvious dis
ontinuities. However, although the results from the TMA and the SiMAsystems are 
onsistent within systemati
 un
ertainties, it is noti
ed that the TMA dete
torstend to produ
e larger values of 
harged-parti
le density than the SiMA dete
tors. This mightindi
ate a few things: the �rst is that the energy 
alibrations for the TMA dete
tors were notquite a

urate. This is deemed unlikely sin
e the resolution of single minimum-ionizing parti
lesis fairly good for the TMA dete
tors, whi
h the energy 
alibration heavily relies on. Anotherpossibility is that the photo-multiplier tubes (PMTs) used for the TMA dete
tors were not quitelinear. This is also unlikely sin
e su
h a nonlinearity would be expe
ted to de
rease the observedparti
le densities and not to in
rease their values, as observed. Also, PMT nonlinearity shouldresult in an in
reased dis
repan
y between the SiMA and TMA results as more 
entral events areanalyzed. This is not seen. Rather, the di�eren
e remain about the same for all 
entrality ranges.The most plausible explanation for the TMA results has to do with ba
kground 
ontributions.It is possible that the TMA dete
tors see parti
les from ba
kground sour
es su
h as parti
les124



s
attered upstream of the MA in the beam line. If these parti
les are dete
ted at the same timeas the parti
les from real 
ollisions, they would skew the results. Sin
e the physi
al size of as
intillator tile is mu
h larger than that of an individual Si strip, su
h ba
kground sour
es willhave a relatively larger e�e
t on the TMA results than the 
orresponding SiMA results. (The
ross se
tional areas of one sili
on strip and one s
intillator tile viewed along the beam axisare 1.2 mm2 and 600 mm2, respe
tively.) Sin
e the Monte Carlo simulation that was used to
orre
t for se
ondary s
attering e�e
ts does not in
lude non-
ollision related pro
esses, this typeof ba
kground would remain una

ounted in the analysis of the experimental data.To 
he
k the validity of the results, the front time proje
tion 
hamber of the mid-rapidityspe
trometer (TPM1) was also used to measure dN
h=d� at three values of �: 0, 0.5 and 1. Thereason for using the TPM1 dete
tor is that it has the unique 
apability, absent in the otherdete
tors used, of being able to 
ount the number of parti
les dire
tly without having to dedu
ea parti
le 
ount from a measured energy loss. Sin
e it 
an re
ord the tra
ks of parti
les inthree dimensions, the TPM1 dete
tor 
an distinguish parti
les from the event 
ollision vertexand from other sour
es. Hen
e, the TPM1 dete
tor is able to 
he
k the validity of the analysispro
edures used for the other dete
tors. (For more information about the te
hnique used bythe TPM1 dete
tor, a reader should refer to Ref [48℄.) Figure 8.5a in
ludes the results from theTPM1 dete
tor. It shows that the TPM1 dete
tor agrees well with other three dete
tor systems.However, the systemati
 error in the TPM1 measurement is not quite su�
ient to dis
riminatebetween the SiMA and TMA results.In the se
ond RHIC running period, the a

elerator was operated at psNN = 200 GeV forAu+Au 
ollisions. Figure 8.6 shows the results from that run [66℄. It is noti
ed that there existsa small asymmetry in the distribution, most noti
eable for the two most 
entral ranges. Sin
ethe rea
tion symmetry requires a symmetri
 
harged-parti
le distribution about midrapidity,the observed asymmetry must indi
ate a systemati
 error. The asymmetry is not evident in thelower energy data, whi
h was analyzed using the same pro
edures, suggesting the asymmetrymight result from a ba
kground 
ontamination in the 200 GeV run that is larger than found forthe 130 GeV run. However, the la
k of dire
tionality in the global dete
tors prevents a 
learidenti�
ation of the ba
kground sour
e.Sin
e RHIC is 
urrently operated as the highest energy a

elerator for heavy-ion 
ollisions,it is of interest to 
ompare the RHIC results with those obtained at lower energy fa
ilities.125
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Figure 8.6: Pseudorapidity Distribution of Charged Parti
les at psNN = 200 GeVFigure 8.7 shows the dependen
e of the maximum pseudorapidity density at midrapidity onthe 
enter of mass energy for the system. The �gure shows how RHIC a
hieves the highest
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Figure 8.7: Maximum dN
h=d� as a fun
tion of 
enter of mass energy for Au+Au CollisionsThe two open 
ir
les represent results from this analysis. The 
losed 
ir
le is from the E877experiment [67℄. The 
losed square is from the NA49 experiment [68℄. (Sin
e NA49 was Pb+Pbexperiment, the above data is s
aled by the expe
ted number of parti
ipants.) The 
losedtriangle is from the PHOBOS experiment [69℄.pseudorapidity density of 
harged parti
les at midrapidity for heavy-ion 
ollisions. Comparingto the Alternating Gradient Syn
hrotron (AGS) experiments su
h as E877 [67℄, the observeddensity is about 2.5 times larger. RHIC a
hieves a parti
le density that is about twi
e that bythe NA49 [68℄ experiment at the Super Proton Syn
hrotron (SPS). Using Equation 2.31, the126



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 parti
les and the proper time are 0:5 GeV=
and 1:0 fm=
, respe
tively. Although this value is lower than originally expe
ted, it still in-di
ates 
reation of a lo
alized region that is a lot more dense than ordinary nu
lear matter(" � :14 GeV=fm3). Before the RHIC experiments started to report results, an energy den-sity of " � 6 was expe
ted, 
onsistent with earlier values of expe
ted parti
le densities ofdN
h=d�j�=0 � 1200. It should also be noted that the energy density expression uses theaverage value for the overlapping area of a nu
lear 
ollision; at the 
enter of the nu
leus, it isexpe
ted that the a
tual energy density might be mu
h higher than the above value. Further-more, sin
e this result is derived from 0-5% 
entral events, the use of more 
entral events would
learly in
rease this energy density. However, for those very 
entral 
ollisions, the un
ertaintyin the 
entrality be
omes very large. Hen
e, it is not used in this analysis. With this value ofenergy density, the initial temperature 
an be also estimated with Equation 2.94. Assuming the
hemi
al potential is zero, and with p = 13",(kT )4 = 90~3
337�2 � "3 (8.3)kT = �90~3
337�2 � "3�1=4 (8.4)T � 160 MeV (8.5)Therefore, the resultant initial temperature is in the range of values expe
ted to lead to the
reation of a QGP (see Se
tion 2.3.3).Although parti
le produ
tion at midrapidity has gained the greatest attention with the earlyRHIC data, the overall level of parti
le produ
tion 
an also be 
ompared with the data for thedi�erent energy regions. Figure 8.8 shows the trend of total 
harged-parti
le produ
tion as afun
tion of the 
enter of mass energy. Sin
e the dete
tor a

eptan
e does not extend to largepseudorapidity, the missing parti
le 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 8.8: Total Charged Parti
le Produ
tionThe two open 
ir
les are from this analysis. The 
losed 
ir
le represents the results from E877[67℄.using either a Gaussian or Wood-Saxon shape. The two fun
tional forms produ
e similar valuesof the missing 
harged-parti
le yields, within 5% of ea
h other, with values of 234 and 226 forthe Gaussian and Wood-Saxon shapes, respe
tively. This translates to an un
ertainty of lessthan 1% in the total 
harged-parti
le produ
tion. For Figure 8.8, an average of the extrapolatedyields based on the two fun
tional forms is used to estimate the total number of 
harged parti
les.Comparing to the E877 results at psNN = 4:7 GeV, the present results at psNN = 200 GeVshow an in
rease of 736 % in the total 
harged-parti
le produ
tion. Sin
e the 
harged-parti
lepseudorapidity density at midrapidity only in
reases by 250%, this indi
ates that the parti
leprodu
tion is in
reasing more longitudinally than transversely. This is also evident by 
omparingthe psNN =130 GeV and psNN =200 GeV data. From the lower to the higher energy, dN
h=d�at midrapidity in
reases by 14 %, while the total number of 
harged parti
les in
reases by 24 %.8.2.2 Comparisons of Theory to Experimental Results for the Charged-Parti
le Produ
tionsWith no 
lear signature for the presen
e of a QGP, progress in relativisti
 heavy-ion physi
s re-quires 
areful 
omparisons of theoreti
al models to experimental data. Figure 8.9 shows the 
om-parison of 
harged-parti
le pseudorapidity distributions 
al
ulated using the theoreti
al modelsdis
ussed previously to the experimental results. In this �gure, the UrQMD model has not128
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Figure 8.9: Comparison dN
h=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 
ir
les represent the experimentalvalues. The solid lines are from the Hijing model. The dash and dot lines are the AMPT andthe Saturation models, respe
tively.
129



been in
luded sin
e it produ
es almost twi
e as large a value at midrapidity as the experimental
harged-parti
le produ
tions. The other models all do a reasonably good job at reprodu
ing theexperimental results. The distribution from the Hijing model is somewhat narrower than foundexperimentally. Parti
ularly, around � = 3, the gap between the Hijing m8odel and experi-mental data is fairly large. On the other hand, the �nal state res
attering me
hanism in
ludedin the AMPT model seems to in
rease 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 reprodu
e the experimental results quite a

urately.A 
areful 
omparison of the Saturation and AMPT models reveals somewhat di�erent shape fortheir �shoulders� near � = 2. The Saturation model has a distin
t peak at the shoulder, whi
hbetter resembles to the experimental results than the AMPT model. However, the un
ertaintyin the experimental result is too large to 
learly distinguish between the AMPT and Saturationmodels.To explore more 
arefully the energy dependen
e of the pseudorapidity distributions, theratios of dN
h=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 in
reases for pseudorapidities larger than 2. This 
learly indi
ates that the width of thedistribution is getting wider as expe
ted 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 indi
atesthat 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 
al
ulations, both the AMPT and theSaturation models reprodu
e the experimental results quite well between � = 0 and � = 3. Atlarger values of pseudorapidity, the AMPT model shows the same pronoun
ed in
rease in theratio, whereas the Saturation model shows a smaller in
rease.Finally, to 
ompare the shapes of the pseudorapidity distributions between the di�erent
entralities, the distributions are divided by the measured number of 
harged parti
les. Figure8.11 shows the results at three di�erent pseudorapidity values: 0, 3 and 4.5. It is seen thatas the 
ollisions be
ome more 
entral, a greater fra
tion of the 
harged parti
les is emitted atmidrapidity. 130
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8.2.3 Number of Parti
ipants and CollisionsThe large number of 
ollisions that nu
leons inside the parent nu
leus su�er in a single heavy-ion
ollision is believed to be one of the 
ontributing fa
tors leading to the 
reation of a QGP. (Here,nu
leons that su�er 
ollisions are 
alled parti
ipants, whereas the non-parti
ipating nu
leonsare 
alled spe
tators. The total number of nu
leon-nu
leon 
ollisions is 
alled the �number of
ollisions�. In the 
ase of 
ollisions between two nu
lei of mass number A, the maximum value forthe number of parti
ipants and spe
tators is 2A while the maximum number of 
ollisions is A2if every nu
leon of one nu
leus 
ollides on
e with every nu
leon in the other nu
leus.) To see thee�e
t of the number of 
ollisions, it is ne
essary to 
ompare the results from heavy-ion 
ollisionswith those from pp (or p�p) 
ollisions whose number of parti
ipants and 
ollisions are two and one,respe
tively. Usually the s
aling from pp to AA is done based on a the number of parti
ipantsin the AA 
ollisions. However, there is a problem in that the number of parti
ipants is not anexperimentally measurable quantity (or, at least, not by the 
urrent BRAHMS dete
tors). Atthe BRAHMS experiment, the Zero Degree Calorimeter (ZDC) 
an dete
t spe
tator neutrons. Inprin
ipal, this measurement 
an be used to dedu
e the number of parti
ipants as the di�eren
e ofthe number of in
ident nu
leons minus the spe
tator nu
leons, estimating the spe
tator protonsbased on the measured spe
tator neutrons. However, the observed number of spe
tator neutronsis low sin
e some of these neutrons 
an 
ombine with spe
tator protons to form ions. Theseions would not be dete
ted by the ZDC dete
tor. Furthermore, there is no way, in prin
iple, tomeasure the number of 
ollisions in a heavy-ion 
ollision.Sin
e the number of parti
ipants and the number of 
ollisions are not experimentally mea-surable quantities, it is ne
essary to rely on model 
al
ulations for these values. Here, the Hijingmodel has been used to translate the experimental 
entralities into the number of parti
ipantsand 
ollisions. Figure 8.12 shows the dependen
e of these numbers on impa
t parameter. TheHijing model 
al
ulates these numbers based on the Wounded-Nu
leon model. The number ofparti
ipants saturates as the 
ollisions be
ome more 
entral and rea
hes 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 rea
hes a maximum value of over 1000 for very
entral 
ollisions. To obtain the number of parti
ipants and 
ollisions that 
orresponds to theexperimental 
entralities, average values of these numbers from the 
orresponding 
entrality bin132
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Figure 8.12: A number of parti
ipants and 
ollisions by the Hijing model at psNN = 200 GeV(a) and (b) show 
orrelation plots of impa
t parameter with the number of parti
ipants and thenumber of 
ollisions, respe
tively.are obtained from Figure 8.12. The results are tabulated in Table 8.1 and 8.2 at the end of thisse
tion.In the Wounded-Nu
leon 
al
ulations, nu
leons inside a nu
leus are distributed to a
hievea density pro�le of Wood-Saxon shape. This leads to two parameters: the radius and thesurfa
e thi
kness of the density distributions. To de
ide if a nu
leon experien
es a 
ollision, thenu
leon-nu
leon 
ross-se
tion is used, whi
h is also taken as a model parameter. To explore thesystemati
 e�e
ts of these parameters on the 
al
ulated number of parti
ipants and 
ollisions,values of these parameters were 
hanged individually. Figure 8.13 shows the e�e
ts of theindividual parameters on the 
al
ulated values. The value of surfa
e thi
kness parameter hasbeen measured by ele
tron s
attering to be about .535 fm. However, sin
e this value is forthe 
harge density, it might not be identi
al to that for the nu
leon density. The e�e
t of thisparameter is obvious from the �gure. As the surfa
e thi
kness parameter in
reases, the volumeof the nu
leus be
omes larger. Sin
e the density of nu
leons in the nu
leus then de
reases, boththe number of parti
ipants and 
ollisions de
reases. Although the a
tual value of the surfa
ethi
kness of a Au ion may not be known, it is not expe
ted to di�er from the ele
tron s
atteringresults by more than a few hundredths of a Fermi. From the top two plots, the e�e
t of thisparameter within this un
ertainty is less than one for the number of parti
ipants and about tenfor the number of 
ollisions. The e�e
t of the radius parameter in the Wood-Saxon equation isvery similar to that of the surfa
e thi
kness parameter. The value given by ele
tron s
attering is6.38 fm and, again, the e�e
t of this parameter within a reasonable range of values is relatively133



Surface Thickness Parameter (fm)
0.2 0.3 0.4 0.5 0.6 0.7 0.8

N
u

m
b

er
 o

f 
P

ar
ti

ci
p

an
ts

345

350

355

360

Surface Thickness Parameter (fm)
0.2 0.3 0.4 0.5 0.6 0.7 0.8

N
u

m
b

er
 o

f 
C

o
lli

si
o

n
s

950

1000

1050

1100

NN Cross Section (mb)
30 35 40 45 50

N
u

m
b

er
 o

f 
P

ar
ti

ci
p

an
ts

335

340

345

350

355

360

NN Cross Section (mb)
30 35 40 45 50

N
u

m
b

er
 o

f 
C

o
lli

si
o

n
is

700

800

900

1000

1100

1200

1300

Au Radius (fm)
5.8 6 6.2 6.4 6.6 6.8 7

N
u

m
b

er
 o

f 
P

ar
ti

ci
p

an
ts

346

348

350

352

354

Au Radius (fm)
5.8 6 6.2 6.4 6.6 6.8 7

N
u

m
b

er
 o

f 
C

o
lli

si
o

n
s

950

1000

1050

1100

1150

Figure 8.13: E�e
t of surfa
e thi
kness, NN 
ross se
tion and radius on the number of parti
i-pants and 
ollisionsThe referen
e values of the parameters are: .535 fm for the surfa
e thi
kness; 40 mb for NN
ross se
tion; and 6.38 fm for the radius parameter.
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small.The inelasti
 
ross se
tion 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�e
t of the
(a)

RHIC

RHIC

(b)

Figure 8.14: (a) pp and (b) p�p 
ross se
tion (Copied from parti
le Data Book [70℄)
ross se
tion on the Wounded-Nu
leon 
al
ulation is quite simple. The larger the 
ross se
tion,the larger is the 
han
e of 
ollision. Hen
e, there are more parti
ipants and 
ollisions. From themiddle two plots in Figure 8.13, one �nds that a few per
ent 
hange in nu
leon-nu
leon 
rossse
tion would 
hange the number of parti
ipants by less than 1 and the number of 
ollisions byabout 20. Therefore, unless the nu
leon-nu
leon 
ross se
tion in the heavy-ion 
ollisions di�ersfrom the free-parti
le nu
leon-nu
leon 
ross se
tion by a large amount, the 
al
ulated numberof parti
ipants and 
ollisions are not strongly sensitive to this parameter.135



With the numbers given by the Hijing model, it is now possible to s
ale the results of heavy-ion 
ollisions to 
ompare with the results from p�p 
ollisions. To s
ale the results from theheavy-ion 
ollisions, dN
h=d� is divided by one half of the number of parti
ipants. Figure 8.15shows these s
aled results with the 
orresponding p�p data. The �gure shows that there is a 40%
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Figure 8.15: Comparison of dN
h=d� per parti
ipant pair between Au+Au and p�p at psNN =200 GeVThe open 
ir
le represents 0-5% 
entral Au+Au data from this analysis. The 
losed triangle isfrom p�p data from UA5 experiment [70℄ at psNN =200 GeV.in
rease in the 
harged parti
le produ
tion per parti
ipant pair from p�p to Au+Au 
ollisionsat midrapidity, with the enhan
ement for the heavy-ion 
ollisions remaining relatively 
onstantover the entire range of pseudorapidity at between 30-40%.Figure 8.16 also shows the s
aled values in a similar manner to that used in Figure 8.11 toemphasize the 
entrality dependen
e of the pseudorapidity distributions. At midrapidity, moreparti
les are produ
ed per parti
ipant nu
leon pair as the 
ollisions be
ome more 
entral. At� = 3, the parti
le produ
tion per parti
ipant nu
leon pair is almost 
onstant. Whereas at� = 4:5, it seems to slightly de
rease as 
ollisions be
ome more 
entral. Comparing with ppdata, at all three pseudorapidity values, more parti
les are produ
ed per parti
ipant pair. (Itis noted here that in this �gure, both the x-axis and y-axis require estimates of the number ofparti
ipants, whi
h is not an experimental value. Hen
e, there may be a systemati
 un
ertainty,parti
ularly for the peripheral 
ollisions, that might a�e
t these slopes. Future measurementswith lighter ions at RHIC should address this 
on
ern.) It has been suggested that this �guremight be used to estimate the fra
tion of parti
le produ
tions by the soft and hard s
attering136
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e of dN
h=d� per parti
ipants pair at psNN = 200 GeVThe solid and dotted line represent the Saturation and AMPT models respe
tively. The 
losed
ir
les, squares and triangles represent data at three di�erent values of �:0, 3 and 4.5 respe
tively.The open 
ir
le, square and triangle symbols represent the PP data from UA5 experiment [70℄.pro
esses sin
e these 
an be related to the number of parti
ipants and 
ollisions, respe
tively[71℄. Their fra
tion is found using the expressiondN
hd� = � � hNparti+ � � hN
olli (8.6)where hNparti and hN
olli are the average values of the number of parti
ipants and 
ollisions forea
h experimental 
entrality range. Using this simple expression, at midrapidity, it is found that� = 1:26�0:09�0:20 and � = 0:15�0:04�0:05 for psNN = 200 GeV and � = 1:24�0:08�0:20and � = 0:12�0:04�0:06 for psNN = 130 GeV, where the �rst un
ertainty assumes a 3% point-to-point error for the dN
h=d� values and the se
ond un
ertainty results from the hNparti andhN
olli un
ertainties. This indi
ates the fra
tion from the hard-s
attering me
hanism remainsalmost 
onstant for these two energies. However, this 
on
lusion has to be somewhat questionedbe
ause of the heavy relian
e on non-experimental values of hNparti and hN
olli. Furthermore,Equation 8.6 might not be adequate in des
ribing the parti
le produ
tion me
hanism of heavy-ion 
ollisions.Similar to Figure 8.7 and 8.8, the energy dependen
e of the 
harged-parti
le produ
tion perparti
ipant nu
leon pair is plotted in Figure 8.17. The Au+Au 
ollisions at psNN = 200 GeV137
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Figure 8.17: Energy dependen
y of 
harged parti
le produ
tion per parti
ipant nu
leon pair.(a) Pseudorapidity density per parti
ipant nu
leon pair at midrapidity. (b) Total number of
harged parti
les per parti
ipant pair. The open 
ir
les represent results from this analysis. The
losed 
ir
le is Au+Au data from the E877 experiment [67℄. The 
losed square is Pb+Pb datafrom the NA49 experiment [68℄. The 
losed triangle is from the PHOBOS experiment [69℄. Forp�p 
ollisions, the open squares are from the UA5 experiment [70℄, and the open triangles arefrom the ISR experiment [70℄.produ
e more 
harged parti
les per parti
ipant nu
leon pair than the p�p 
ollisions by 40% atmidrapidity. From the left �gure, it seems that there are two di�erent trends: one for p�p
ollisions and one for heavy-ions. The plot of total number of 
harged parti
les per parti
ipantpair also shows similar results. For 
onvenien
e, Tables 8.1 and 8.2 summarize the above results.Finally, another interesting phenomenon is seen for the fragmentation region of the rea
tionby shifting the pseudorapidity distribution s
aled by the number of parti
ipant pairs by thebeam rapidity. Figure 8.18 shows these pseudorapidity distributions for di�erent 
entralities,energies and heavy-ions rea
tions. As 
learly seen, at the pseudorapidity that is 
lose to thebeam rapidity, dN
h=d� per parti
ipant nu
leon pair is almost identi
al for the di�erent systems.This behavior has been labeled as a �limiting fragmentation me
hanism� [72℄ and is believed to
orrespond to a saturation of the ex
itations of a beam nu
leus by a Lorentz-
ontra
ted targetnu
leus in the rest frame of the beam nu
leus [73℄.
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Table 8.1: Au+Au Multipli
ity Results at psNN = 130 GeVN
h is the total 
harge within j�j < 4:7Centrality � = 0 � = 1:5 � = 3:0 � = 4:5 N
h hNparti hN
olli0-5% 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 Multipli
ity Results at psNN = 200 GeVN
h is the total 
harge within j�j < 4:7Centrality � = 0 � = 1:5 � = 3:0 � = 4:5 N
h hNparti hN
olli0-5% 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 Con
lusionsIn 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 a
hieve Au+Au 
ollisions. It is believed thatthe presen
e of many nu
leon-nu
leon 
ollisions involved in a single relativisti
 heavy-ion 
ollisionis one of the key elements needed to produ
e a QGP. To 
hara
terize global features of su
h a
ollision, at the BRAHMS experiment, the 
harged-parti
le produ
tions from Au+Au 
ollisionsat the 
enter of mass energy of psNN = 130 GeV and psNN = 200 GeV are measured withthree independent dete
tor systems: the Sili
on Strip Dete
tor Array (SiMA), the S
intillationTile Dete
tor Array (TMA) and the Beam-Beam Counter arrays (BBC).The detailed des
ription of the SiMA, the TMA and the BBC dete
tors are dis
ussed inChapter 4. These dete
tor systems sense the passage of a 
harged parti
le with asso
iatedenergy loss in the dete
tor element. With the 
alibration pro
edure presented in Chapter 6, itis shown that these dete
tor systems are 
apable of measuring the a

urate number of 
hargedparti
les in heavy-ion 
ollisions. To 
ategorize the severity of a heavy-ion 
ollision, the observednumber of 
harged parti
les is used to sele
t an event 
lass 
alled 
entrality. In this analysis, six
entrality ranges, 0-5%, 5-10%, 10-20%, 20-30%, 30-40% and 40-50%, are identi�ed. Then, forea
h 
entrality range, the pseudorapidity distribution of 
harged parti
les has been measuredusing the SiMA, the TMA and the BBC dete
tors. For 0-5% 
entral 
ollisions, the observed
harged-parti
le pseudorapidity densities at midrapidity,dN
h=d�j�=0, were 553�36 and 625�55at psNN = 130 GeV and psNN = 200 GeV, respe
tively, while their total integrated numberof 
harged parti
les within j�j < 4:7 were 3860�300 and 4630�370, respe
tively. At psNN =140



200 GeV, this pseudorapidity density leads to an energy density of approximately 3 GeV=fm3and temperature of about 160 MeV, whi
h is in line with the expe
ted 
onditions needed for theprodu
tion of a quark-gluon plasma.Without a single 
lear signature of the 
reation of a QGP, the 
omparison between theo-reti
al model 
al
ulations and the experimental results are 
ru
ial in the study of a relativisti
heavy-ion 
ollision. Hen
e, three theoreti
al models are 
onsidered for 
omparison: the Hijing,the AMPT and the Saturation models. The Hijing model provids an a

urate predi
tion for the
harged-parti
le produ
tion at midrapidity. However, its 
harged-parti
le pseudorapidity distri-bution is narrower than the observed distribution. The AMPT model, whi
h uses the Hijingmodel as input, reprodu
es the observed 
harged-parti
le distribution within the experimentalun
ertainties. The in
lusion of �nal state res
attering seems to make the distribution widerthan that of Hijing. The Saturation model, whi
h is based on the assumption that the numberdensity of partons in a relativisti
 heavy-ion 
ollision 
an be saturated, also reprodu
es the ex-perimental distributions quite a

urately. However, the experimental un
ertainties are too largeto distinguish between the AMPT and the Saturation models.Furthermore, to 
ompare the me
hanism of Au+Au 
ollisions with that of p�p 
ollisions,the number of parti
ipant nu
leon pairs is introdu
ed as a s
aling fa
tor. It is shown that atpsNN = 200 GeV, dN
h=d�j�=0 per parti
ipant nu
leon pair from the 
entral Au+Au 
ollisionshad 40% enhan
ement over that from p�p 
ollisions. The 
on
ept of the number of parti
ipantnu
leon pairs also naturally introdu
es the 
on
ept of the number of nu
leon-nu
leon 
ollisionsinvolved in a single heavy-ion 
ollision. It is suggested that with the use of these parameters, thefra
tion of parti
le produ
tion from soft and hard intera
tions 
an be estimated by the followingexpression: dN
h=d� = � � hNparti+ � � hN
olli where hNparti and hN
olli are the average valuesof the number of parti
ipants and 
ollisions for ea
h 
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,sin
e neither hNparti or hN
olli is an experimentally observed quantity, this 
on
lusion must besomewhat questioned. The future RHIC experiment with lighter nu
lei may redu
e some ofthese un
ertainties.Obviously, the measurement of 
harged parti
le produ
tion 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 expe
ted 
onditionsfor 
reation of a QGP. Hopefully, many additional results su
h as a nu
lear �ow signal and asuppression of J=	 parti
les will provide enough information to 
on�rm the 
reation of thiselusive matter.
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Appendix A
Proof of Properties of AngularFun
tion
A.1 �i�̂ � r = �i�̂ � r̂ ��r + i�̂ � r̂ �̂�L~rTo prove this equation, 
onsider the following 
ross produ
t 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 equationbe
omes 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)Hen
e �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)Hen
e, ~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)Hen
e, ~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 � introdu
ed 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 +m0
2�̂ : (B.1)And its 
onjugate is �i~� y�t = �~
i 3Xk=1 � y�xk �̂yk +m0
2 y�̂y : (B.2)Multiplying the �rst equation by  y from the left and the se
ond equation by  from the righti~ y � �t = ~
i 3Xk=1 y�̂k � �xk +m0
2 y�̂ ; and (B.3)�i~� y�t  = �~
i 3Xk=1 � y�xk �̂yk +m0
2 y�̂y : (B.4)Knowing �̂y = �̂ and �̂y = �̂, subtra
tion of the above equations from ea
h 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  y
0 = � , 
0 = �̂ and 
i = �̂�̂i is written as��xi �
 � 
i � = 0 : (B.9)Then, the four 
urrent density is ji = 
 � 
i : (B.10)
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Appendix C
Ultra-relativisti
 Gas
C.1 Fermi GasThe thermodynami
 properties of an ultra-relativisti
 gas are obtained by the use of statisti
alme
hani
s. The logarithm of the grand partition fun
tion islnZ =X� ln (1 + exp f�� (�� �)g) +X� ln (1 + exp f�� (�+ �)g) ; (C.1)where � = 
hemi
al potential (C.2)� = 1kT : (C.3)The total number of states of a Fermi gas of volume V in the phase spa
e is� = g Z d3~rd3~ph3 = g 4�Vh3 Z 10 p2dp : (C.4)Sin
e the gas is ultra-relativisti
, � = p
 Then,� = g 4�Vh3
3 Z 10 �2d� : (C.5)
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Therefore, the density of states is g (�) = ���� = g 4�Vh3
3 �2 : (C.6)Therefore, the equation C.1 
an be written in the integral formlnZ = g 4�Vh3
3 Z 10 d� �2 [ln (1 + exp f�� (�� �)g) + ln (1 + exp f�� (�+ �)g)℄ : (C.7)Integrating by parts, lnZ = g 4�Vh3
3 �13�3 ln (1 + exp f�� (�� �)g)�10+ g 4�Vh3
3 �3 Z 10 d� �31 + exp f� (�� �)g+ g 4�Vh3
3 �13�3 ln (1 + exp f�� (�+ �)g)�10+ g 4�Vh3
3 �3 Z 10 d� �31 + exp f� (�+ �)g : (C.8)Sin
e two surfa
e terms are zero, it be
omeslnZ = g 4�Vh3
3 �3 Z 10 d� � �31 + exp f� (�� �)g + �31 + exp f� (�+ �)g� : (C.9)Substituting x = � (�� �) in the �rst term and x = � (�+ �) in the se
ond term yieldslnZ = g 4�Vh3
3 �3 264 1� Z 1��� dx� x� + ��3ex + 1 + 1� Z 1�� dx�x� � ��3ex + 1 375 (C.10)= g 4�Vh3
3 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�Vh3
3 13�3 �Z 10 dx2x3 + 6�2�2xex + 1+ Z 0��� dx (x+ ��)3� 1ex + 1 + 1e�x + 1�� (C.12)= g 4�Vh3
3 13�3 �Z 10 dx2x3 + 6�2�2xex + 1 + Z 0��� dx (x+ ��)3� : (C.13)155



Using the following fa
tsZ 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 be
omeslnZ = g 4�Vh3
3 13�3 �27�4120 + 6�2�2�212 + 14 (��)4� (C.17)= gVh3
3 4�3 (kT )3 �7�460 + � �kT � �22 + 14 � �kT �4� : (C.18)After getting the grand partition fun
tion, 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)= gh3
3 4�3 (kT )4 �7�460 + � �kT � �22 + 14 � �kT �4� (C.21)= g~3
3 (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 
al
ulated in the very similar manner.Nnet = N+ �N� (C.23)= g 4�Vh3
3 Z 10 d� � �2exp f� (�� �)g+ 1 � �2exp f� (�+ �)g+ 1� (C.24)= g 4�Vh3
3 264 1� Z 1��� dx� x� + ��2ex + 1 � 1� Z 1�� dx� x� � ��2ex + 1 375 (C.25)= g 4�Vh3
3 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�Vh3
3 1�3 "4�� Z 10 dx xex + 1 + Z ��0 dx (x� ��)2# (C.27)= g 4�Vh3
3 1�3 �4���212 + 13 (��)3� (C.28)= g 4�Vh3
3 (kT )3 �� �kT � �23 + 13 � �kT �3� (C.29)= g V~3
3 �16� (kT )2 + 16�2�3� : (C.30)C.2 Bose GasBy the same te
hnique used for a fermion gas, the grand partition fun
tion for a Bose gas 
analso be obtained. The logarithm of the grand partition fun
tion 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�Vh3
3 Z 10 d� �2 ln (1� exp f���g) (C.32)= �g 4�Vh3
3 �13�3 ln (1� exp f���g)�+g 4�Vh3
3 �3 Z 10 d� �3exp f��g � 1 (C.33)= g 4�Vh3
3 13�3 Z 10 dx x3ex � 1 : (C.34)157



Using the following fa
t Z 10 dx x3ex � 1 = 6�490 ; (C.35)the grand 
anoni
al partition fun
tion is written aslnZ = g 4�Vh3
3 2�3 �490 (C.36)= g 8�Vh3
3 (kT )3 �490 : (C.37)Using the equation C.19, the pressure of the Bose gas isp = kT lnZV (C.38)= g 8�h3
3 (kT )4 �490 (C.39)= g~3
3 (kT )4 �290 : (C.40)
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Members of the BRAHMSCollaborationI. G. Bearden7, D. Beavis1, C. Besliu10, Y. Blyakhman6, B. Budi
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