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Abstract 

 

The mid-rapidity charged kaon ratios and yields are reported for the 200 AGeV 

Au+Au, 130 AGeV Au+Au, and 200 GeV pp data sets.  The +− KK  ratios are shown to 

be flat as a function of rapidity, transverse momentum, and centrality for the ranges 

investigated.  The integrated ratios are 0.928 ±0.0028 (stat.) ±0.03 (sys.), 0.953 ±0.0.0012 

(stat) ±0.01 (sys.), and 0.964 ±0.0039 (stat.) ±0.01 (sys.) for 130 AGeV Au+Au, 200 

AGeV Au+Au, and 200 GeV pp respectively.  Thermal fits are applied to the ratios to 

extract the baryo-chemical potential and chemical freeze-out temperature.  The baryo-

chemical potential, as well as the kaon ratio, suggest that the net-baryon density at mid-

rapidity is approaching zero at RHIC energies.  A quark coalescence model suggests 

quark degrees of freedom are important in the formation of the ratios.  The corrected 

yields are fit with an exponential in mt and the dydN  and inverse slope parameter are 

extracted.  The inverse slope parameter is used along with the average collective flow 

velocity in a simple relationship to extract the thermal freeze-out temperature.  A more 

sophisticated hydrodynamically motivated fit, using pion, kaon, and proton data, shows 

agreement with the trend from this simple relationship. 
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Section 1 

1.1 Introduction 

In 1911, during an experiment scattering α-particles off gold foil, Rutherford was 

led to a theoretical picture of an atom [Rut11].  In order to explain the behavior of the α-

particle, including a large angle scattering seen by a very few α-particles, he suggested 

the positive charge of the atom was entirely held in the center of the atom in the nucleus.  

In his 1911 paper, he considered the nucleus as a point charge: 

�We shall suppose that for distances less than 10-12 cm. the 

central charge and also the charge on the alpha particle may 

be supposed to be concentrated at a point. [Rut11]� 

 Rutherford's atom was made up of a nucleus of Z positive charges and A-Z pairs 

of positive and negative charges surrounded by a sphere of Z uniformly distributed 

electrons, which had been known since 1898.  This was a big step toward understanding 

matter and the beginning of a new field, nuclear physics.  As the field progressed, higher 

energy probes were needed to study the smaller and smaller structures of nuclear matter.  

The continuing development of particle accelerators enabled the study of ever-smaller 

length scales. 

Nuclear structure was still not well understood when in 1932 Chadwick 

discovered the neutron [C32].  It became apparent that the nucleus is built up of protons 

and neutrons.  More exotic particles were soon found, such as muons and pions.  The 

observation of these particles was followed by the discovery of related mesons and a 
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large number of baryons.  It was suggested by Gell-Mann and Zwieg, that these particles 

may be composed of more elementary particles [Gel64, Zwe64]. 

The first evidence for the existence of quarks came in 1966 during a Stanford 

Linear Accelerator Center experiment probing the internal structure of nucleons via deep-

inelastic electron scattering [Bre69].  According to our current understanding, the 

constituents of hadrons are quarks and leptons interacting via gluons and photons.  

Currently we have found: 

bsd
tcu

quarks  
      and      

τµ ννν
τµ

e

e
leptons  

 

There are six types of quarks: u � up, c � charm, t � top, have a 
3
2+  charge, and s � 

strange, d � down, b � bottom, have a 
3
1−  charge.  The quarks are arranged in pairs of 

nearly equal mass, (u,d), (c,s), and (t,b).  The leptons are also arranged in pairs, ( ee ν, ), 

( µνµ , ), and ( τντ , ).  All of these particles also have a corresponding anti-particle and 

each quark has a color charge � red (anti-red), green (anti-green), or blue (anti-blue).  

Baryons consist of 3 quarks or anti-quarks (or a mix), and mesons are made up of a quark 

and an anti-quark.  All nuclear matter that we can detect must be colorless, e.g. a baryon 

must contain red, green and blue (or bgr ) and mesons must contain red, anti-red (or 

bb or gg ).   

During the very early expansion of the universe, microseconds after the big bang, 

the primordial matter must have been very hot and dense.  If we extrapolate backward in 

time from the current background temperature of 2.7 K [Mat90] we find a temperature of 
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≈200 MeV (1012 K) at about 20 µs after the big bang [Kol90].  Did the early universe go 

through a phase transition?  Our knowledge of the space-time evolution of this phase 

transition could assist in our understanding of the universe we see today. 

Accelerators, such as RHIC, have been designed to provide high-energy heavy-

ion collisions offering a possible way to create and study the QGP.  The collisions 

produce a hot and dense system that may reach energy densities and temperatures high 

enough for a phase transition to occur.  If this phase transition does occur, the 

experimental observations will lead to the refinement of QCD or possibly an entirely new 

theory to describe the behavior of this extreme state of matter. 

In this thesis we will first discuss what happens during a heavy ion collision, and 

the effect of a quark gluon formation on a few of the experimental observables.  We will 

then describe the Relativistic Heavy Ion Collider (RHIC) accelerator and the Solenoidal 

Tracker at RHIC (STAR) detector.  Next we will briefly describe how the data is 

reconstructed in the detector, and how the particles are identified.  In section 6, we will 

discuss the results of the kaon analysis on 197Au+197Au collisions at 130 AGeV (GeV per 

nucleon, also GeV/n) and 200 AGeV and pp collisions at 200 GeV.  We will then discuss 

the results of these analyses and present our conclusions. 
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Section 2 

2.1 Quark Deconfinement 

Strongly interacting matter is described by the interactions of quarks through the 

exchange of gluons.  The theory that describes these interactions is called quantum 

chromodynamics (QCD), and it has a coupling constant, αs, that can be defined as 

follows: 

2

2
2

ln

1)(

Λ

∝
q

qsα  

where: 

αs is the coupling constant, 

q is the momentum transfer, and 

Λ is a dimensional scaling parameter. 

At larger momentum transfer, i.e. small length scales, the coupling constant goes 

to zero ( 0)( 2 →qsα ) and a perturbative treatment is a good description of the process.  

At small momentum transfer, therefore large length scales, the coupling constant 

approaches large values.  In this region quark behavior is explained by color confinement 

and implies that quarks appear as colorless objects.  A perturbative treatment, based on an 

expansion in powers of the coupling constant, is no longer applicable.  A non-

perturbative treatment is needed. 

Debye charge screening is a well-understood process in atomic physics.  The 

Coulomb potential for two charges changes significantly when these charges are placed 

in an environment with a distribution containing both positive and negative charges, e.g. 
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a plasma.  A similar phenomenon occurs in 

QCD at extremely high temperatures and 

extreme nuclear densities.  Under these 

conditions, there is weak coupling.  The 

hadronic matter, normally a color insulator, 

becomes an ideal color conducting plasma of 

quarks and gluons.  The long-range force 

becomes Debye screened due to the collective 

effects, similar to an electromagnetic plasma.   

If we plot the freeze-out temperature versus the baryo-chemical potential 

(explained in section 7.2.1) for previous heavy ion experiments, we can see a trend 

approaching the deconfined region of quarks and gluons (see Fig. 2.1).  The dashed lines 

represent the QCD prediction for the phase transition. 

2.2 Space-Time Evolution of Relativistic Heavy Ion Collisions 

The nuclear matter in the �participant region� of nucleus � nucleus collisions 

undergoes intense heating and compression.  During these collisions, the energy densities 

at RHIC reached 4.6 GeV/fm3 (central 130 AGeV Au+Au collisions [Adc01]) 

approximately 50% larger than achieved at the SPS [Alb95], compared to 0.15 GeV/fm3 

for normal nuclear matter.   

In these high-energy heavy ion collisions it is possible to form a quark-gluon 

plasma (QGP), which will go through several stages during the space-time evolution.  

The stages, in chronological order, are: 0) Lorentz contracted ions before the collision, 

Figure 2.1 Temperature versus Baryo-
chemical potential.  Will data from RHIC 
agree with the trend created from lower 
energy experiments? 
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(1) pre-equilibrium processes and formation by thermalization; possible formation of the 

QGP, (2) the mixed phase, (3) the hadron gas, and finally (4) the free hadrons. 

 

Figure 2.2 Schematic picture of an ultra-relativistic collision.  
Time is increasing left to right.  See text for description of stages. 

If we assume thermal equilibrium is attained shortly after the collision occurs, the 

temperature can be estimated using a hydrodynamic model.  The expansion is very likely 

to be adiabatic, which means no dissipation will occur during the expansion.  Therefore 

isentropic expansion is presumed up to the critical temperature Tc.  The temperature in 

the mixed phase remains constant during an isothermal expansion; the latent heat is 

absorbed in converting the quarks and gluons into hadrons.  At time τh, (chemical freeze-

out) the hadronization is completed and the hadron gas starts to cool to time τf (thermal 

freeze-out) where the density of the system is low enough for the hadrons to escape (see 

Fig. 2.3). 

2.2.1 Pre-Equilibrium 

Processes - Possible 

Formation of the QGP 

There are two extreme points of view 

of what will happen when heavy ions 

collide at relativistic energies.  These 
Figure 2.3 Evolution of the QGP in terms of 
temperature versus time, assuming isentropic and 
isothermal expansions. 
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two models, Landau and Bjorken, deal with the amount of nuclear stopping during the 

collision.  Stopping is defined as the percentage of kinetic energy loss by the nucleons in 

the collision, of crucial importance for the initial energy density and particle density.  

Figure 2.4 shows the rapidity distribution of: a) the beam nucleons before the collision, b) 

full stopping (Landau), and c) transparency (Bjorken).  Rapidity is a kinematic quantity, 

derived from velocity (see Appendix A.1). 

 

 

Figure 2.4 Nuclear stopping scenarios.  Particle rapidity 
distributions are presented before (a) and after collision for 
Landau (b) and Bjorken(c). 
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At RHIC energies, evidence points toward a Bjorken stopping scenario, however, 

some stopping is definitely occurring since the net-baryon density is non-zero.  The 

mechanism capable of transporting baryons 5 units of rapidity is still being considered 

[Van98].  Matter in this space-time region is probably a form of quasi-free quarks and 

gluons.  If the number of interactions between partons is large enough, the pre-

equilibrium phase will lead to local thermal equilibrium.  

Multiple scattering of the participants will lead to production of more partons, 

increasing entropy and causing local memory loss.  The most critical assumption made so 

far is that the system lived long enough to achieve both chemical and thermal 

equilibrium.  Thermal equilibrium means that the particle momenta are distributed 

according to a Boltzmann distribution with a certain temperature. While chemical 

equilibrium is satisfied when the abundance of the different particle species are given by 

their relative thermodynamic weight. 

2.2.2 Mixed QGP and Hadrons 

While the hot dense matter created in the collision expands the system size 

increases, and the energy density and temperature will decrease as described above 

(section 2.2.1).  At the critical temperature Tc the system enters a mixed partonic-hadronic 

phase.  The larger degrees of freedom of the quarks and gluons are transferred to hadron 

degrees of freedom at a constant temperature. 

2.2.3 Hadron Gas and Free Hadrons 

In the hadron gas phase, the temperature will continue to drop until the mean free 

path of the hadrons exceeds the dynamical size of the system.  At this point, the system 
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will undergo thermal freeze-out to a system of free hadrons.  These free hadrons are the 

end product of the collision.  RHIC experiments are designed to measure these hadrons 

(as well as photons and leptons) to provide information about the collision. 

2.3 Signals of the Quark-Gluon Plasma 

Several different signatures have been proposed to detect the existence of the 

quark-gluon plasma.  The most widely accepted are kinematic probes, strangeness 

enhancement, ΨJ  suppression, photon production, jet quenching, and event-by-event 

fluctuations.  However, none of these possible signatures are strong enough indicators to 

prove the existence of the QGP.  Several of these signatures will be needed 

simultaneously to make a sufficient case for its existence. 

2.3.1 Kinematic Probes 

Thermodynamic properties can be extracted from the collision observables.  The 

temperature T, entropy density s, and energy density ε, are identified with the average 

transverse momentum tp , the hadron rapidity distribution dydN , and the transverse 

energy dydEt  respectively [Har96].  A first order QGP phase transition is revealed in a 

plot of T as a function of ε.  Such a plot would yield a rise, a plateau and a second rise, 

due to the saturation of T during the mixed phase (similar to Fig. 2.3).  However, the 

measured momentum distribution of hadrons does not reflect the conditions at early 

stages of the collision, and is often influenced by a collective flow of particles 

superimposed on the thermal distribution. 
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2.3.2 Strangeness Enhancement 

As early as 1982, the production of strange and anti-strange quarks was proposed 

as a probe to study the QGP [Raf82].  A significant enhancement in the yield of strange 

(and anti-strange) quarks is predicted if a phase transition to a QGP occurs.  Production 

during a hadronic phase involves relatively high energy thresholds: 

KN +Λ→+π ; MeV530≈thresholdE . 

 

However, since the QCD predicted phase transition occurs near the strange quark current 

mass of 150 MeV, ss  could be formed via gluon fusion: 

ssgg +→+ ; MeV300≈thresholdE . 

We would therefore expect to see more ss  pairs produced in a QGP. 

2.3.3 ΨJ  Suppression 

The ΨJ  particle is the bound state of the charm and anti-charm quark ( cc ).  It 

has been predicted that its production will be suppressed in a QGP [Mat86], where the 

cc  will be separated due to Debye screening of the color charges.  The separated charm 

quarks are more likely to combine with other quarks to form open charm particles rather 

than the ΨJ . 

2.3.4 Photon Production 

Photons, since they only interact electromagnetically, are of special interest in 

QGP probes [Ste01].  They have the advantage of having a mean free path much larger 

than the size of the reaction volume, which means that the photons can provide a direct 
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probe of the initial stages of the collision.  Photon emission may be divided into two 

groups, prompt and thermal.  The prompt photons are produced in the hard parton 

scatterings; the thermal photons are produced during the possible QGP phase and the 

hadron phase.  If a quark-gluon plasma is produced an increase in thermal photons is 

expected. 

2.3.5 Jet Quenching 

QGP can be probed by its effect on fast partons 

created during hard parton scatterings.  In a process 

analogous to electromagnetic energy loss of a fast 

charged particle in normal matter, quark-gluon plasma 

should have a greater stopping power than normal matter 

[Gyu94].  This effect is called jet quenching.  Jets of 

particles are created when two partons undergo a hard 

scattering (see Fig. 2.5).  A comparison of the transverse momentum spectrum of hadrons 

to distributions from pp  (or pp ) would show a suppression at high-pt.  Another effect of 

jet quenching is the disappearance of back-to-back jets [Adl03b].  A parton jet 

propagating through a dense medium will not only lose energy, it will also be deflected.  

An analysis can be performed looking for the angular correlations of high-pt particle jets, 

looking for a �sudden� disappearance of back-to-back jets. 

2.3.6 Event-by-Event Fluctuations 

Phase transitions are usually associated with large fluctuations in the vicinity of 

the critical point.  The phase transition from the QGP to the hadron gas might yield non-

Figure 2.5 Hard scattering of a 
quark leading to the production 
of many hadrons in back-to-
back cones. 



 12

statistical fluctuations in particle multiplicities, ratios, and transverse momenta.  These 

fluctuations may be detectable in the final state observables on an event-by-event basis 

[Ada03c].  RHIC (as well as LHC) has a high enough particle multiplicity to provide the 

statistics required for this type of event-by-event analysis. 

Since quarks carry only fractional charge ( 3
1±  or 3

2±  unit charge), the 

distribution of electric charge in a QGP may be spread more evenly than in ordinary 

hadronic matter.  It is possible that this may survive the phase transition back to hadronic 

matter.  An analysis of the net charge fluctuations on an event-by-event basis can be 

performed to look for this effect. 

2.4 Kaon Production 

There are two primary production channels for charged kaons in high-energy 

collisions, associated production: 

+Λ→ KNNN  

and pair production: 

NNKKNN +→ −+ , 

where: 

N is one of the incoming nucleons, either a proton or neutron. 

Strange quarks, s and s , are thermally produced in equal abundance.  Due to the 

initial conditions in heavy ion collisions, non-strange quarks will be more abundant than 

non-strange anti-quarks.  For the s  quarks, this permits the formation of suK =+ , 

sdK =0 , and ss=φ , while the s quarks see an increase in the formation of hyperons 

(baryons that contain a strange quark, e.g. uds=Λ ).  The creation of suK =− , sdK =0 , 



 13

and sdu=Λ  will be less likely, due to the lack of anti-quarks.  The +− KK  ratio would 

be less than 1 in this scenario.  However, as the collision energy increases the ratio of 

qq  will approach unity.  This would increase the creation of the suK =−  to the level of 

the suK =+ , and as a result the +− KK  ratio would approach 1. 
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Section 3 

3.1 The Relativistic Heavy Ion Collider 

The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory 

(BNL) is the first hadron accelerator and collider consisting of two independent rings.  

Construction was begun during 1991 and was completed in 1999, for a total cost of $500 

million [Oza91].  RHIC is the world�s 

newest facility for basic research in 

nuclear physics.  It is designed to 

operate at high collision luminosity 

over a wide range of beam energies and 

with particle species ranging from 

polarized protons to heavy ions.   

3.1.1 Accelerator Complex 

The RHIC accelerator complex (Fig. 

3.1) is made up of the RHIC rings, the Alternating Gradient Synchrotron (AGS), the 

Booster Synchrotron, and the Tandem Van de Graaff (TVDG).  Gold (Au) atoms are 

produced in the Pulsed Sputter Ion Source in the TVDG.  The positively charged gold 

ions are accelerated to 1 MeV/nucleon in the TVDG�s two 15 million volt electrostatic 

accelerators.  The ions are passed through thin sheets of gold foil, further ionizing the 

gold atoms, resulting in a distribution of charge states peaking at +32e.  The ions enter 

the Heavy Ion Transfer Line (HITL) where they travel from the TVDG to the Booster 

Figure 3.1 Configuration of accelerator complex for 
RHIC.  An accelerator chain, which consists of the 
Tandem Van de Graaf, the Booster Synchrotron, 
and the AGS, serves as the injector to the RHIC 
collider. 



 15

Synchrotron.  The Booster Synchrotron accelerates the ions to 95 MeV per nucleon 

(MeV/n), strips them to +77e, and injects them into the Alternating Gradient Synchrotron 

(AGS).  The AGS increases the energy of the gold ions to 10.8 GeV/n and focuses the ion 

beam both horizontally and vertically; creating ion �bunches�.  These bunches are 

stripped of their remaining electrons (+79e) and transferred to the RHIC via the AGS to 

RHIC (ATR) transfer line.  At the end of this line a switching magnet directs each bunch 

into either the clockwise (blue) RHIC ring or the counter-clockwise (yellow) ring.  The 

counter rotating beams are accelerated to the desired energy and are stored as circulating 

beams until they are collided in one, or more, of six (currently only four are occupied) 

interaction points.  Proton acceleration proceeds by a similar path; however, the protons 

are provided by the Linear Accelerator (LINAC) and injected directly into the Booster 

Synchrotron.   

3.1.2 RHIC Operations 

The above process is repeated several times to establish 57 bunches for each ring.  

The bunches are captured in stationary buckets of the acceleration R.F. system operating 

at ~26 MHz.  When the operating beam energy is reached, the bunches are transferred to 

the storage R.F. at ~160 MHz.  This, six times higher, frequency was chosen to compress 

the stored bunch so that a short collision diamond can be obtained for head-on collisions, 

an advantage for experiments.   

The top kinetic energy of each beam is designed to be 100 GeV/n for heavy ions, 

about 125 GeV/n for light ions, and 250 GeV for protons.  The collider is able to operate 

over a wide range of energy, typically from 20 GeV/n to the top energy. 
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The collider is designed for an Au-Au luminosity of about 1226102 −−× scm  and a 

proton-proton (p-p) luminosity of 1231104.1 −−× scm  at the top energies [Oza91].  The 

luminosity will be higher for light ions and is energy dependent, decreasing in first 

approximation with the beam energy. 

The collider can accommodate a 

range of ion species with mass number of 

about 1 to 200.  Asymmetric operation 

with protons colliding with heavy ions is 

unique to RHIC.  Uranium is a viable 

species and can be considered as a future 

upgrade but requires the development of 

a suitable ion source. 

The luminosity lifetime is about 10 hours for Au-Au operation at the top energy.  

The drop in luminosity over the 10-hour store is due to intra-beam scattering, which 

causes emittance growth.  An upgrade of the RHIC luminosity by a factor of four can be 

achieved by doubling the number of bunches to about 120 and by increasing focusing at 

the interaction regions [Ros02]. 

3.1.3 RHIC Experiments 

RHIC�s 3.8 km rings have six interaction points where the two beams collide 

(Fig. 3.2).  These collisions provide physicists working at the experimental detectors with 

information about fundamental nuclear phenomena.  There are currently four experiments 

operating at RHIC, two small (�table top�) and two large experiments (both in size and 

collaboration).   

Figure 3.2 Location of the four experimental 
detectors at RHIC.  Two of the six beam 
interaction regions are not currently in use. 
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The PHOBOS concept is based on the premise that interesting collisions will be 

rare but that when they do occur the new physics will be readily identified.  Thus the 

PHOBOS detector is designed to be able to examine and analyze a very large number of 

unselected gold-gold collisions.  For each collision the detector gives a global picture of 

the collision and detailed information about a small subset of the nuclear fragments 

ejected from the high energy density region.  The PHOBOS detector will be able to 

measure quantities such as the temperature, size, and density of the fireball produced in 

the collision.  It will also study the ratios of the various particles produced.  With this 

information it should be possible to both detect and study a phase transition that might 

occur between QGP and ordinary nuclear matter. 

The Broad Range Hadron Magnetic Spectrometers Experiment at RHIC 

(BRAHMS) is designed to measure charged hadrons over a wide range of rapidity and 

transverse momentum.  One of the physics goals is to study the reaction mechanisms of 

the relativistic heavy ion reactions at RHIC energies and the properties of the highly 

excited nuclear matter formed in these reactions.  The amount of stopping will be studied 

through the net baryon distributions.  Some information concerning the space-time 

characteristics of the system will be obtained from interferometry measurements in a 

limited rapidity and pt range. 

The Pioneering High Energy Nuclear Interaction Experiment (PHENIX) records 

many different particles emerging from RHIC collisions including: photons, electrons, 

muons, and hadrons.  Photons and leptons are not affected by the strong force, which 

binds quarks and gluons together into hadrons.  These particles can emerge unchanged 
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from the interior of a collision, providing information about processes within the 

collision. 

The fourth detector is the Solenoidal Tracker at RHIC (STAR).  The data 

presented in this thesis was taken using the STAR detector.  The detector will be 

described in some detail in the following section. 

3.2 The STAR Detector 

The STAR detector, by virtue of its large acceptance, specializes in tracking the 

thousands of particles produced by each ion collision at RHIC.  Weighing 1,200 tons and 

as large as a house, STAR is a massive detector.  It is used to search for signatures of the 

quark-gluon plasma.  It is also used to investigate the behavior of matter at high energy 

densities by making measurements over a large area.  

3.2.1 Time Projection Chamber 

The Time Projection Chamber (TPC) is the primary tracking detector in STAR.  

The TPC has an active volume that covers a pseudo-rapidity range of 8.1≤η  with full 

azimuthal coverage [Ack03a].  The TPC sits inside a large solenoidal magnet designed 

with a uniform maximum field of 0.5 T.  Figure 3.3 shows a schematic view of the TPC.  

The TPC is 4.2 m long and 4 m in diameter.  It consists of a large volume of P10 gas 

(90% argon, 10% methane) in a well-defined uniform electric field of ~135 V/cm 

[And03].  The paths of primary ionizing particles passing through the gas volume are 

reconstructed with high precision from the released secondary electrons that drift to the 

readout end caps at the ends of the chamber.  The uniform electric field required to drift 

the electrons is defined by a thin, conductive central membrane at the center of the TPC.   
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The readout system is based on a 

Multi-Wire Proportional Chamber 

(MWPC).  The drifting secondary electrons 

avalanche in the high fields at the anode 

wires providing amplification of 1000 to 

3000.  The positive ions created in the 

avalanche induce a temporary charge on the 

pads which is measured by a 

preamplifier/shaper/waveform digitizer 

system.  The induced charge from an avalanche is shared over several adjacent pads, so 

the original track position can be reconstructed to a small fraction of a pad width.  There 

are a total of 136,608 pads in the readout system. 

3.2.2 Other STAR Detectors 

STAR consists of several 

detectors besides the TPC (Fig. 3.4).  

These detectors range from 

calorimeters, measuring particle 

energies, to silicon detectors, for 

improved tracking.  These detectors 

greatly extend the capabilities of STAR to detect and identify high energy and rare short-

lived particles. 

The detector closest to the primary collision is the Silicon Vertex Tracker (SVT).  

SVT tracking close to the interaction allows precision localization of the primary vertex, 

Figure 3.3 Schematic view of the STAR TPC.  
The collisions take place near the center of the 
TPC (z=0). 

Figure 3.4 Cutaway view of STAR detector showing 
the location of all the detectors.  The TPC was the 
primary tracking detector used in this analysis. 
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as well as identification of secondary vertices from weak decays, e.g. Λ, Ξ, and Ω.  The 

SVT consists of 216 silicon drift detectors (equivalent to a total of 13 million pixels) 

arranged in three cylindrical layers at distances of approximately 7, 11, and 15 cm from 

the beam axis.  The SVT covers a pseudo-rapidity range 1≤η  with complete azimuthal 

symmetry πφ 2=∆  [Bel03]. 

The Forward Time Projection Chamber (FTPC) was designed to extend STAR�s 

tracking in the forward region, 0.45.2 << η .  It consists of two identical chambers 

located within the TPC inner field cage, close to the beam pipe at ±1.5 m from the center 

of the TPC (defined as 0=z ).  The FTPC has a cylindrical structure, 75 cm in diameter 

and 120 cm long.  The FTPC is similar to the STAR TPC, with the exception that the 

drift direction of the electrons is radial as opposed to axial, with respect to the beam axis.  

This radial drift configuration was chosen in order to optimize the two-track separation in 

the region close to the beam pipe where the particle density is highest [Ack03b]. 

The Ring Imaging Cherenkov (RICH) detector extends the particle identification 

capabilities for charged hadrons in STAR at mid-rapidity, 3.0<η .  The RICH detector 

consists of a liquid radiator and a photodetector.  A particle that enters the radiator 

traveling faster than the speed of light, in the given medium, will emit Cherenkov 

radiation.  The Cherenkov radiation is not emitted isotropically, but with a definite polar 

angle with respect to the particle velocity.  The projection of this Cherenkov light cone 

onto a plane will produce a ring whose diameter is directly related to the particle�s 

velocity.  Using the momentum of the track from the TPC, along with the velocity allows 

the calculation of the particle�s mass [Bra03]. 

The Zero Degree Calorimeters (ZDCs) were designed to detect neutral beam 
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fragments downstream of RHIC collisions at very small angles ( mr4≤θ ).  Two 

detectors are located at each experiment, ~18m downstream from the interaction point 

( 0=z ), in order to more easily compare RHIC results.  A coincidence of the two beam 

directions defines a minimum bias selection of heavy ion collisions.  The ZDCs are 

hadronic calorimeters using layers of tungsten absorbers together with Cherenkov fibers.  

Light generated in the fibers is directed to three photo-multiplier tubes (PMT) [Adl01a]. 

The Central Trigger Barrel (CTB) was also designed to be part of the trigger 

system for the STAR detector.  The CTB is made up of 240 scintillator slats placed 

around the exterior of the TPC, resulting in a pseudo-rapidity coverage of 11 <<− η .  

Each scintillator slat is 1 cm thick by 21 cm wide.    The CTB signal is correlated to the 

multiplicity at mid-rapidity, and was used as part of the central trigger. 

The Beam-Beam Counter (BBC) was designed to provide a trigger for the pp data 

running.  It will also be able to suppress unwanted beam-gas events.  There are two BBCs 

located near the beam pipe, mounted on the East and West magnet pole tip.  Each counter 

consists of two rings of hexagonal scintillator tiles: an outer ring composed of 18 large 

tiles and an inner ring composed of 18 small tiles. The timing difference between the two 

BBC counters will also be able to locate the position of the primary vertex.  Only 1/3 of 

the detector was installed for the pp running. 

3.2.3 STAR Beam Pipe 

The beam pipe at the STAR interaction region was designed to reduce the number 

of secondary particles hitting the SVT and TPC.  The Stainless Steel beam pipe of the 

RHIC accelerator transitions to aluminum near the detector (at cmz 59.402±= ) [Mat03].  

As the beam pipe nears the center of the detector, it transitions from aluminum to 
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beryllium (at cmz 20.76±= ) [Mat03].  The aluminum section is a compromise since it 

has a higher background rate than the beryllium pipe; however, it is easier and safer to 

handle and is much cheaper. 
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Section 4 

4.1 TPC Reconstruction 

This section will discuss the offline 

event reconstruction process required to 

convert raw data into reconstructed tracks.  

After a collision has occurred in the STAR 

detector, the trigger decides whether or not to 

accept the data from the various detectors.  If 

accepted, this data is read and recorded by the 

Data Acquisition system (DAQ) [Lan03].  It 

is stored for later reconstruction at the High 

Performance Storage System (HPSS) at BNL. 

The event reconstruction chain includes detector specific software for 

reconstruction and calibration for each detector operating during the run.  However, since 

all data presented in this thesis comes from the TPC, I will focus on reconstruction in this 

detector. 

4.1.1 Cluster Finding 

Figure 4.1 shows a typical TPC event.  Each point represents a charge cluster 

(often referred to as a hit) recorded by the TPC pad plane.  Hits are created when a 

charged particle travels through the TPC ionizing gas along its track.  These ionized 

electrons drift along the electric field and are recorded by the pad planes.  Each sector 

Figure 4.1 A TPC event prior to tracking.  
Each dot is a hit recorded by the TPC pad 
plane. 
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contains 5692 pads (1750 inner sub-sector and 

3942 outer sub-sector) which are each sampled 

512 times (maximum, 380 typical), resulting in 

~70 million total ADC values [Lis96]. 

The first task of the reconstruction 

software is to convert the raw pixel data into space 

points.  The clusters are found separately in x, y, 

and z space.  The local x-axis is defined to be 

along the direction of the pad row; the local y-axis 

is perpendicular to the pad row extending toward the beam line; the z-axis lies along the 

beam line.  The x position cluster finder looks for ionization on adjacent pads within a 

pad row, having similar drift times.  The y position cluster finder looks for ionization on 

adjacent pads rows with similar drift times, and the z position cluster finder looks for 

ionization in adjacent time bins (also called time buckets) on the same pad.  For simple 

clusters, the energy from all pads is summed to give the total ionization for the cluster.  A 

complex cluster can occur if tracks become too close to resolve (see Fig. 4.2).  An 

algorithm is applied that looks for two peaks divided by a valley.  A cluster is assigned 

the x-y coordinates of each peak, and the ionization is divided evenly between them.  

These merged clusters can only be used for tracking.  Merged clusters cannot be used for 

dxdE /  calculations since the ionization cannot be properly assigned to a specific 

cluster.  Complex clusters occur in about 30% of all clusters in a central AuAu event 

[Lis96]. 

Figure 4.2 Pixel data for part of a pad 
row is shown for three tracks crossing 
the row.  The size of a box indicates the 
magnitude of the ADC value of the pixel 
[Lis96]. 
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Once the charge clusters have been found, 

they are transformed into TPC space points by 

calculating their global x-y from their local x-y, 

and their z-coordinate from the drift velocity.  The 

space points then contain information about the 

hits in the STAR global coordinates and the 

energy deposited by the particle. 

4.1.2 Track Finding 

The environment in which the STAR 

detector operates is unlike anything previously seen in other colliders or fixed target 

experiments.  The largest problems are the high track density (~3000 tracks per event in 

central AuAu collisions) and the low average momentum of the produced particles 

[Boc90].  The latter problem can disturb the topology of the event through multiple 

scattering and energy loss.  Tracking software 

designed for the ALEPH TPC [Atw91]and 

modified for the higher track density of NA36 

[Gar89] was used as a model for STAR software 

[Sak94]. 

In order to describe the operation of the 

STAR tracking software (tpt), this section will 

follow the tracking procedure for two hypothetical 

tracks (Fig. 4.3 and 4.4).  The first track will have 

Figure 4.3 Hypothetical high pt track in 
the TPC.  Dots are space points (hits); 
the stars are the roots of the track 
[Sak94]. 

Figure 4.4 Hypothetical low pt track in 
the TPC.  Dots are space points (hits); 
the stars are the roots of the track.  The 
tracking algorithm finds four roots for 
this track [Sak94]. 
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a transverse momentum (pt) of 1GeV/c and the second will have a pt of 150 MeV/c 

(barely entering the TPC at full magnetic field). 

The first step to find a track in the TPC is root finding.  The tracking program 

looks for a set of three-point links, which form a line segment.  The search is performed 

starting from the outer most pad row, since the 

multiplicity will be lowest, working toward the 

inner pad rows.  For the 1 GeV/c track, the roots 

are simply the outer most three points (Fig. 4.3), 

however the problem is more complicated for the 

low pt track.  Since this track does not pass the 

root finding cuts in the outer row, the program 

moves inward until the cuts are satisfied.  This 

results in the tracking algorithm finding four 

separate roots for this track (Fig. 4.4). 

Immediately after finding a root, the tracking software begins looking for track 

segments.  The segment formation step successfully associates all 45 possible hits to the 

1 GeV/c track.  Track reconstruction is now complete for the 1 GeV/c track.  Since four 

roots were found for the 150 GeV/c track, four segments were formed (Fig. 4.5).  There 

are still several points that have not been associated with a segment.  This is due to the 

fact that the segment formation process only extends roots inward.   

The next step, segment extension, is needed to include the remaining points.  The 

segment extension phase of the tracking algorithm uses a helix model projected both 

Figure 4.5 The results of the segment 
formation in the tracking algorithm.  The 
symbols represent the different segments 
formed from the four roots.  The dots are 
space points that have not been 
associated with any segments. 
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inward and outwards from the segment to include any points that lie within tolerances of 

the projection.  Virtually all points are now included in one of the four segments.   

The final step is to search for segments that belong to the same track.  This step is 

handled by the helix-merging portion of the tracking algorithm.  The helix parameters are 

obtained from helix fits to the segments.  If the parameters agree within tolerances, the 

segments are merged into a single track segment.  The result is that an optimized helix 

merging routine would merge all four of our 150 MeV/c segments into one final track. 

4.1.3 Event Vertex 

The next task in the reconstruction is finding the collision vertex for the event.  

An accurate vertex determination is required for two main reasons.  First, it can be used 

to re-calculate the momentum vector for each primary particle (particles that originate 

from the collision) by including the vertex as a point on the track.  Second, it is necessary 

in determining whether a particle is a primary track or a secondary track (tracks resulting 

from decays of primary particles, interactions with detector materials, etc...). 

The vertex reconstruction employs a Least Squares Method (LSM), as well as a 

simple technique for removing outlier tracks [Ceb92].  To begin a track is extrapolated 

back to an initial reference point.  At RHIC, this reference point is in the transverse plane, 

since the probable interaction point is known much better in this plane then in the z-axis 

( mmtrans 5.0≈σ , cmaxisz 90≈−σ ).  The distance of closest approach, id , is calculated 

for each track, i , from some reference space point along the beam axis.  The sum is 

calculated, ∑= 22
idχ , and minimized to obtain an estimate for the primary vertex 

[Boc90].  Secondary particle tracks can extrapolate far from the primary vertex, 
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significantly effecting the estimated vertex position.  A simple truncation method is used 

to remove these outliers improving the fit.  This process is repeated several times, using 

the calculated vertex as the seed vertex for the next iteration.  A stable result is usually 

obtained after 3-4 iterations. 

This method of finding the vertex is best applied to large multiplicity events 

( 20>  tracks).  The accuracy for events having a large number of tracks is mµ150≈  in 

both the transverse and beam directions.  The efficiency for events having greater than 50 

primary tracks is near 100% [And03]. 

4.1.4 Primary Track Fitting 

Once the primary vertex has been reconstructed, global tracks that extrapolate to 

within 3cm of this point are chosen as primary tracks.  Primary tracks are then refit using 

the vertex as an additional space point.  In high multiplicity events, the error associated 

with the primary vertex is much smaller ( mµ150~ ) than the error in the reconstructed 

TPC space points ( mµ700~ ).  This allows a significant improvement in the tracks 

momentum resolution.   

The path of a charged particle in a static uniform magnetic field can be described 

using a helix with an axis along the field lines.  The parameterization below describes the 

helix in Cartesian coordinates as a function of path length s [Sak94]: 
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( ) λsin0 ⋅+= szsz  

where: 

s is the path length along the helix 

x0, y0, z0, are the coordinates of the starting point of the helix ( 00 == ss ) 

λ is the slope of the helix, also referred to as the dip angle 

RH is the radius of the helix.  It can be calculated by: 
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assuming the standard STAR magnetic field. 

κ is a conversion factor (if radius is in centimeters, magnetic field is in kilogauss and 

momentum is in GeV/c, then 00003.0=κ ) 

B is the value of the magnetic field 

q is the charge of the particle 

h is the sense of rotation of the projected helix in the x-y plane 

z is the polar axis parallel to the helix axis 

Φ0 is the azimuthal angle of the starting point of the helix in cylindrical coordinates with 

respect to the helix axis 

This parameterization allows us to calculate useful experimental quantities such as: 

κqBRp Ht ×= , 

λtantz pP = , 

and 22
zt ppp += . 
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Figure 4.6 Projection of the helix on the x-y plane.  (xi,yi) are the 
points on the track [Sak94]. 

 

Figure 4.7 Projection of the helix on the s-z plane (bend plane).  
See above text for symbol descriptions [Sak94]. 

Figure 4.6 shows the projection of the helix in the x-y plane.  The momentum 

vector is shown as a tangent at one of the fit points on the track ( )00 , yx .  The global 

coordinates are shown as well as the coordinates after the rotation into the helix frame of 

reference.  Figure 4.7 is the projection in the s-z plane.  The helix is a straight line with a 

momentum p.  The figure shows the pt and pz momentum components. 
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Section 5 

5.1 Particle Identification 

Among the oldest and most widely used types of radiation detectors are those 

based on the ionization created when a charged particle passes through a gas.  Heavy 

charged particles interact with 

matter primarily through Coulomb 

forces between their positive charge 

and the negatively charged orbital 

electrons of the material.  When a 

charged particle enters a gas, it 

immediately interacts with many 

electrons.  For any given interaction, the electron feels an impulse from the attractive 

Coulomb force as the particle passes.  Depending on the proximity of the interaction, the 

electron may be raised to a higher-lying shell within the atom (excitation) or it may be 

removed completely (ionization).  The energy used to promote or remove the electron 

must come from the charged particle; its velocity is therefore decreased as a result of the 

interaction.  In particularly strong interactions, the electron may have sufficient kinetic 

energy to create more ions.  Electrons from these secondary interactions are often called 

delta electrons (Fig. 5.1).   

Figure 5.1 Schematic view of a heavy charged particle 
producing ionization [Las97]. 
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5.1.1 Ionization Distribution 

Particle identification (PID) using 

specific ionization is limited due to the 

statistical nature of the interactions.  Very large 

fluctuations in the energy transferred are 

possible over the entire track length.  Figure 

5.2 shows the number of electrons ionized 

for a sample track with 45 space points. The 

distribution resembles a Landau Curve 

characterized by the long tail. 

Next we need to calculate an average or mean value for the tracks energy loss to 

accurately reflect its velocity.  The most 

straightforward measure, averaging over all n 

values, would include large fluctuations due 

to the underlying statistical processes. Two 

other possibilities are the mean (or arithmetic 

average) and the most probable (or the 

maximum of the distribution).  For a Landau 

distribution, the mean is extremely sensitive to 

the number of counts in the tail.  The most 

probable is a much more reliable quantity 

[Rol93]. 

Figure 5.2 Ionization of a track with 45 
space points in Ar gas.  The dotted line is 
an approximation to a Landau curve 
[Las97]. 

Figure 5.3 Truncation ratio as a function of 
resolution vs. track points.  a:b is the fraction 
of lowest (a) to highest (b) to be kept for the 
calculation of the most probable value 
[Las97]. 
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The most probable value can be calculated by truncating a fixed fraction of the 

samples in order to create a Gaussian shaped distribution.  The mean of this distribution, 

often referred to as the truncated mean, is the most probable value.   

The best truncation ratio is 

determined experimentally by optimizing 

the resolution: 

dx
dE

dx
dER 






=σ . 

Figure 5.3 shows the results for several 

different truncation ratios.  A truncation 

ratio of 0:30, meaning that the lower 70% 

of the points were used to find the truncated mean, was determined to be optimum. 

5.1.2 Bethe-Bloch Relation 

Figure 5.4 is a plot of the truncated mean dx
dE  for ~14M tracks vs. the total 

momentum/charge ( z
p  or rigidity).  We can see good particle separations for each 

particle species.  The lines in the plot are predictions of the energy loss calculated using 

the Bethe-Bloch formula [Hag02, Kno89]: 
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where: 

K is defined as 24 cmrNK eeAπ=  or 0.307075 MeV cm2. 

z is the charge of the incident particle. 

Figure 5.4 Truncated mean dE/dx vs. rigidity.  
This data is ~14M tracks from STAR, year 2000, 
AuAu collisions with a 0.25 T magnetic field. 
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Z is the atomic number of the TPC gas. 

A is the atomic mass of the TPC gas. 

β is defined as c
v=β . 

γ is defined as 
21

1
β

γ
−

= . 

Tmax is the maximum kinetic energy which can be imparted to a free electron in a single 

collision. 

I is the mean excitation energy of the TPC gas. 

δ is the density effect correction to the ionization energy loss. 

5.2 Calibration 

Several factors, which effect the apparent ionization, must be kept under control.  

These include the gas density (pressure and temperature), concentration ratios of gas 

components, electron attachment, baseline and pedestal shift of electronic channels. 

5.2.1 Gas Density 

The TPC is kept at a constant 2 mbar above atmospheric pressure.  This means 

that the gas pressure varies with time.  For the 2001 run, a wire chamber was operational 

inside the TPC gas return line monitoring the gas gain from an 55Fe source [Kot03].  This 

signal will be used to calibrate the 2001 data.  Since this chamber was not in place for the 

2000 run, gas gain was monitored by averaging the signal for tracks over the entire TPC 

volume.  Local gas gain variations were calibrated by calculating the average signal on 

one row of pads on a single pad-plane and assuming that all pad-rows measure the same 

signal. 
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The cooling system is designed to maintain an inlet temperature of 24°C ± 1°C.  

This is accomplished using a point of use heat exchanger.  Four temperature sensors 

monitor the gas mixture within the TPC.  These temperatures are logged in a database. 

5.2.2 Gas Concentrations 

The gas systems dedicated computer controlled data acquisition system provides 

constant monitoring of the gas mixture composition via a methane monitor.  The mixture 

ratio is fixed by the mass flow controllers.  The instability of the mixture is negligible in 

comparison to the variations in atmospheric pressure.  Since gas mixture and density both 

affect the drift velocity a single, real-time, measure is used to correct this parameter. 

5.2.3 Electron Attachment 

As the electrons drift in the TPC, they may be absorbed by the gas creating 

negative ions.  This would make clusters with longer drift times appear to have smaller 

ionization.  The noble gasses, and most organic molecules, can only form stable negative 

ions in collisions with energies of several electron volts.  These energies are not reached 

in the drift chamber.  However, some molecules are capable of attaching electrons at 

much lower energies.  The two main concerns are oxygen in the form of O2 and H2O.  

The gas system maintains the level of these two contaminants to < 25 ppm and < 20 ppm 

respectively [Kot03].   

The remaining correction was calculated using ionization created with a laser 

projected into the TPC.  Thirty-six aluminum strips are attached to each side of the 

central membrane.  Electrons are ejected from the strips when the ultraviolet photons 



 36

from the laser strike the aluminum.  The position of each of the strips is known to high 

accuracy, so that the electrons can be used for spatial resolution measurements [Leb03]. 

5.2.4 Baseline and Pedestal Shifts 

Uncertainties are also introduced by variations in the readout electronics.  These 

variations are caused by different responses of each readout board and occur between 

pads and groups of pads.  Corrections are calculated by pulsing the anode ground plane 

and pad plane readout system, assuming the responses will be the same for every pad. 
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Section 6 

6.1 Kaon Analysis 

In this section I will describe the analysis performed to obtain the kaon ratio and 

raw kaon spectra for the 130 AGeV, 200 AGeV Au+Au and 200 GeV pp data sets.  I will 

also present the results from these analyses.  The basic analysis can be broken into a few 

steps: 

o Select events 

o Select tracks 

o Calculate �z� variable to help in identifying kaons 

o Fit �z� distributions, using multiple Gaussian, shapes 

o Extract particle yields 

o Calculate ratio 

6.2 Event Selection 

Several factors are involved in determining which events should be included in 

the final analysis.  These include variables that depend on the entire event; e.g., trigger 

setup used and vertex position, and variables that depend on the individual track; e.g., the 

number of ionization space points and the distance of closest approach to the vertex. 

6.2.1 Event Triggering 

o Au+Au 

The events used in this analysis were taken from a minimum bias (minbias) data 



 38

set.  A minbias trigger was selected for the 

analysis to increase available statistics and 

enable a comparison between multiple 

collision centralities.  This data set was 

triggered by requiring a coincidence signal 

in both ZDCs along with a RHIC beam 

crossing.   

The correlation between the 

neutron signals seen in the ZDCs (ZDC east + ZDC west) versus the signal in the CTB 

shows the characteristic �boomerang� shape (Fig. 6.1) [Bie03].  Peripheral events, which 

have a small geometric overlap, result in a small number of neutrons detected in the 

ZDCs along with a low CTB signal.  As the centrality increases, increasing the geometric 

overlap, counts in the ZDC and CTB increase.  This reflects the increase in dissociated 

neutrons (from the projectiles) and increasing event multiplicity.  As we continue to 

higher centrality (larger geometric overlap), we reach a point where many of the 

dissociated neutrons interact within the reaction volume leaving fewer to be detected in 

the ZDCs.  The result is that the CTB signal continues to grow with centrality; while the 

ZDC signal decreases.   

o pp 

The proton minbias data set was triggered using a coincidence in the Beam-Beam 

Counter (BBC).  The BBC sees ~40% of total pp cross-section [Kir02]. 

Figure 6.1 CTB signal versus ZDC signal (ZDC 
east + ZDC west) for Au+Au collisions @ 
200GeV.  The anti-correlation between the two 
detectors can be clearly seen over a wide range. 
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6.2.2 Centrality Definitions 

o Au+Au 

The collision centrality is defined 

by the impact parameter b; the smaller the 

impact parameter, the more central the 

collision.  However, since the impact 

parameter cannot be measured 

experimentally we must rely on an 

experimental observable that correlates with 

the impact parameter.   

For this analysis, we have chosen the number of negatively charged hadrons.  

These are particles identified in the TPC, pass within 3 cm of the primary vertex (DCA), 

and fall within a specified pseudo-rapidity range (for 130 GeV 75.075.0 <<− η ; and for 

200 GeV 5.05.0 <<− η ).  The events are then divided into centrality bins (8 bins for 

130 GeV and 9 bins for 200 GeV).  Each bin is defined by its percentage of the total 

multiplicity [Ack01, Adl01b, Cal01].  Figure 6.2 shows the experimental total 

multiplicity distribution with several centrality bins superimposed.  Table 6.1 shows how 

the centrality bins relate to the number of negative hadrons for 130 and 200 GeV 

collisions.  

Figure 6.2 Primary track multiplicity 
distribution for Au+Au collisions @ 200GeV.  
Only the odd centrality bins are shown for 
clarity.  The cumulative fraction of each bin is 
shown. 
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Table 6.1 Comparison between number of negative hadrons at 
130 and 200 GeV for each centrality bin.  The eta range is 
different for each data set; see text. 

Centrality bins 130 GeV 200 GeV 

1 23 14 

2 48 30 

3 76 56 

4 106 94 

5 141 146 

6 182 217 

7 216 312 

8 256 431 

9 - 510 

o pp 

Since proton-proton collisions do not have the same nuclear geometry effects seen 

in the gold-gold collisions, centrality has less meaning in this context.  Each proton is 

composed of a single nucleon; therefore, pp collisions always consist of the same number 

of participant nucleons.  These collisions produce far fewer charged hadrons, and are not 

divided into centrality bins.  Figure 6.3 is a histogram of the number of charged hadrons 

for the 200 GeV pp collisions. 
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Figure 6.3 Primary track multiplicity distribution for pp collisions 
@ 200GeV.  The pp data is not divided into centrality bins. 

6.2.3 Primary Vertex 

o Au+Au 

Collisions took place over a wide range of values along the z-axis.  However, 

since the STAR TPC is a symmetric detector we wanted to study mainly those events 

whose primary vertex was near the center of the TPC ( 0=z ).  This would ensure that the 

average particle would travel the greatest distance inside the TPC.  A second 

consideration during the 200 GeV run, was the position of the support structures for the 

Silicon Vertex Tracker (SVT), starting at ±25 cm [Wil97].  Events with the primary 

vertex outside of this range (±25 cm) would see a considerably increased background 

contribution, due to particles interacting with the support structure.  For these reasons, a 

cut of cmvz 50<  was applied to the 130 GeV data and a cut of cmvz 25<  was applied 

to the 200 GeV data. 
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Figure 6.4 Primary vertex distribution for the 200 AGeV Au+Au 
data set a) along the z-axis.  Only events with cmvz 75<  are 

kept during initial processing.  A cut of cmvz 25< is applied 
during my analysis.  b) in the x-y plane.  Two beam �spots� can 
be clearly seen within 1 cm of the TPC center, 
( ) ( )0,0,0,, =zyx . 

Figure 6.4a shows the z vertex cut applied to the 200 GeV data.  A previous cut of 

cmvz 75<  was applied during processing.  Figure 6.4b shows the position of the 

collisions in the x-y plane.  Two �spots� can clearly be seen within 1 cm of the TPC 

center.  A cut of cmv yx 2, <  was applied for this analysis.  The steering of the beam by 

the RHIC Operations staff, in order to obtain a higher collision rate, most likely causes 

the two spots seen in Fig. 6.4b. 

o pp 

The pp analysis suffered from the same increased background seen in the Au+Au 

200 GeV analysis, due to the increased material of the SVT.  Since sufficient statistics 

were available a cut of cmvz 25>  was applied to reduce this background as much as 

possible.   
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6.3 Track Selection 

The quality of the measured dx
dE  depends upon the quality of the individual 

track.  To ensure good tracks, several cuts are applied; however, these cuts, like the event 

cuts above, trade statistics for quality.  The cuts below have been chosen in an attempt to 

maintain acceptable statistics while increasing the quality of the tracks included in this 

analysis. 

6.3.1 Fit Points 

A cut on the number of fit points associated with each track was applied to 

reduce the number of track fragments 

included in the analysis.  A fit point cut of 

15>FitPts  was applied to the 130 GeV 

data.  Since the 200 GeV run (Au+Au and 

pp) had greater statistics, a more stringent 

cut of 24>FitPts was applied.  Figure 6.5 

is a histogram of the 200 AGeV Au+ Au 

data before and after the cut has been 

applied.  This cut removes approximately 27% of the total tracks. 

6.3.2 Goodness of Helix Fit 

The χ2 of the helix fits to the track are important to ensure quality tracks are used 

in the analysis.  A cut of 32 <χ  per degree of freedom (df) was applied for all data sets.  

For more information on the helix fitting see section 4.1.4 in this document.  Figure 6.6 

Figure 6.5 Cut on the number of fit points used 
in the data.  Before (black) and after (red) fit 
points cut for 200 GeV data. 
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shows the results of the χ2 cut on the 200 AGeV Au+Au data.  Approximately 5% of the 

tracks do not pass this cut. 

 

Figure 6.6 Cut on the chi-squared of the helix fit.  Before (black) 
and after (red) the χ2 cut has been applied to the 200 GeV data. 

6.3.3 Fit Points over Max Points 

Another cut applied to the data to increase the quality of the tracks is a cut on the 

ratio of fit points over max points.  This cut was set at 55.0MaxPointsFitPoints >  for 

all data sets.  This cut can be interpreted as meaning that the track must be using greater 

than half of its possible fit points in the helix fit.  Figure 6.7 shows the results of the fit 

over max cut on the 200 AGeV Au+Au data.  Approximately 12% of the tracks do not 

pass this cut. 
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Figure 6.7 Histogram showing the effect of a cut in fit points over 
the number of maximum points.  Before (black) and after (red) 
the fit over max cut has been applied to the 200 GeV data. 

6.3.4 Distance of Closest Approach 

The last cut used in this analysis constrains the distance of closest approach (dca) 

between the track and the event vertex.  All primary tracks in the Au+Au collisions 

(tracks which originate from the collision) are required to pass within 3 cm of the primary 

vertex, cm3<dca . 

6.4 z – Variable 

Particle identification is performed using the dx
dE  measurements for each track; 

however, the TPC does not provide enough power to discriminate between particles on a 

track-by-track basis.  Instead, we use a fitting process over many events.  To simplify this 

fitting process, we divide each track�s measured dx
dE  by the calculated dx

dE  using the 

Bethe Bloch formula.  The logarithm of this value is defined as z: 

( ) 






=

piI
dxdEz v,

log  
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where: 

( )piI v,  is the predicted ionization for a particle of species i and momentum pv , from the 

Bethe Bloch formula (see section 5.1.2). 

For a pure sample of particle i, this quantity is well described as a Gaussian 

centered at zero.  However for this analysis we have four separate particle species; 

electrons, pions, kaons, and protons.  These particles will be seen as Gaussian shapes 

offset from zero.  Figure 6.8 shows an example of z vs. counts for a typical pt and rapidity 

bin. 

All of the above data cuts 

are summarized in table 6.2 for 

each of the data sets discussed in 

this thesis.  The number of events 

that passed the cuts is also 

included in the table. 

6.4.1 Fitting z – Variable 

Each centrality bin is further 

divided into bins of 50 MeV/c and 1 

unit of rapidity.  To increase statistics and reduce processing time, the positive and 

negative rapidity bins were combined in the 130 AGeV Au+Au and 200 GeV pp 

analyses.  The ranges for each data set are given in table 6.2.   

Figure 6.8 A plot of the z-variable versus counts for an 
arbitrary, 50 MeV wide, pt and, 0.1 unit wide, rapidity bin.  
All four particle-species are labeled.  Only the negative 
particles are shown here.  Each peak is fit with a single 
Gaussian function.  The parameters from each individual 
fit are used to constrain the fit to the entire histogram. 
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Table 6.2 Summary of cuts applied to the three different data 
sets.  Refer to the text above for a description of each cut. 

Cut 130 AGeV 

Au+Au 

200 AGeV 

Au+Au 

200 GeV pp 

Primary vertex 50<zv  25<zv  25<zv  

Fit Points 15>FitPts  24>FitPts  24>FitPts  

χ2 32 <χ  32 <χ  32 <χ  

Fit/Max 55.0>fom  55.0>fom  55.0>fom  

dca cmdca 3<  cmdca 3<  cmdca 3<  

Pt Range (MeV/c) 600150 << tp  650200 << tp  650200 << tp  

Rapidity Range 4.0<y  4.0<y  4.0<y  

Num. of Events 

Before Cuts 
305,000 650,000 5,400,000 

Num. of Events 

After Cuts 
115,000 475,000 2,200,000 

+− KK  ratio 0.928 ± 0.0028 

(stat.) 

0.953 ± 0.0012 

(stat.) 

0.964 ± 0.0039 

(stat.) 

The z distribution is fit in each of these bins (324 bins for 200 AGeV Au+Au 

alone) using a Gaussian function: 

( )
2

2

2
22

)( σ
µ

πσ

−
−

=
x

eAxG  

where: 

A is the amplitude, 
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σ is the standard deviation, and 

µ is the mean. 

The K+ and K- yields and statistical errors are calculated from the Gaussian fits 

using the following formulas: 

502 ⋅⋅⋅= πσANij  and ijij N=ε  

where: 

Nij is the yield from an individual pt and rapidity bin ij, 

A and σ are from the Gaussian fit, 

50 is a correction due to the histogram bin width, and 

εij is the statistical error associated with the ijth bin. 

6.5 Absorption Correction 

Some of the kaons created in the collision will pass through and be absorbed by 

material located between the TPC active region and the primary vertex.  Since the 

absorption cross-section for the −K  is larger than for the +K , due to the u  quark, more 

−K  are absorbed in the material.  If a correction is not made for this effect, than the 

+
−

K
K  ratio will be artificially low.   
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Figure 6.9 Kaon loss in the detector material a) in the x-y plane.  
b) in the y-z plane.  The SVT structure can be seen near (0,0).   

Figure 6.9 shows where the kaons are absorbed in the detector.  Figure 6.9a shows 

an x-y slice of the TPC (beam into the page), and Fig. 6.9b shows the y-z plane (beam 

direction parallel to the page).  The correction is calculated using the Monte Carlo output 

(after running through detector simulation) divided by the Monte Carlo input as a 

function of pt. 

6.6 Electron Contamination 

Figure 5.4 shows the electron band 

begins crossing the kaon band around 400 

MeV/c.  At this point, it is impossible to 

distinguish between kaons and electrons using 

only energy loss in the TPC.  In order to correct 

for this contamination, we estimate the electron 

yield and subtract it from the total (electron + 

kaon) yield. 

The electron yield is estimated using the 

Figure 6.10 Electron contamination 
extrapolation in the 1.02.0 −<<− y  
rapidity bin for the 200 AGeV AuAu data.  
Triangles are electron yield, open circles 
are kaon yields, closed circles are kaon 
yield after correction, solid line is 
exponential fit to the data, and dotted line 
indicates the fit range (250-400 MeV/c) for 
this bin. 
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�known� momentum range, where the electrons are separated.  This range is fitted using 

an mt-exponential function and extrapolated to the overlap region (see Fig. 6.10).  The 

calculated electron yield is subtracted from the contaminated kaon yield resulting in a 

corrected kaon yield.  The 200 MeV/c bin is excluded from the electron fit due to pion 

contamination. 

6.7 Calculating the Ratio and Statistical Error 

The +− KK ratio and error is calculated for each pt and rapidity bin with the 

following formulas [Bev92]: 

+

−

=
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ij
ij N
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where: 

Rij is the ratio for each bin, 

i is an individual rapidity bin - e.g. 1.00.0 << y , 

j is an individual pt bin � e.g. MeV/c250200 << tp , and 

εij is the error associated with the i,jth ratio. 

The next step is to integrate the ratio over a rapidity or pt range, individually 

using the following formulas: 
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∑
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The result is two sets of ratios, one averaged over rapidity ( jR ) and one averaged over pt 

( iR ). 

The last step is to calculate the final ratio and error.  This is done using the same 

function as above: 
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These two ratios must be equal, since the order in which the variables are averaged does 

not affect the result. 

6.8 Estimating the Systematic Error 

The systematic error for the kaon ratio was estimated by varying the analysis cuts.  

Table 6.2 shows the cuts used in the full analysis; table 6.3 shows how the cuts were 

changed for the systematic error analysis. 
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Table 6.3 Summary of the different cuts applied to the three data 
sets to estimate the systematic error.  Refer to the text in section 
6.2 and 6.3 above for descriptions of each cut. 

Cut 130 AGeV 

Au+Au 

200 AGeV 

Au+Au 

200 GeV pp 

Primary vertex 5010 << zv  5010 << zv  5010 << zv  

vtzpz ∗  0>  0>  0>  

Fit Points 24>FitPts  29>FitPts  29>FitPts  

dca cmdca 3<  cmdca 1<  cmdca 1<  

# of Events 38k 268k 1.0M 

Systematic 

error 
03.0±  01.0±  01.0±  

The primary vertex cut, along with the cut on vtzpz ∗  (momentum in the beam 

direction multiplied by the vertex position), excludes any tracks passing through the 

TPC�s central membrane.  These cuts were chosen as the most likely to affect event and 

track quality.  The 130 AGeV Au+Au dca cut was not varied due to insufficient statistics.   

Absorption and electron contamination corrections were not applied to the data. 

6.9 Kaon Yield in Au+Au Collisions 

The mid-rapidity kaon yields vs. transverse mass extracted from the z-variable fits 

(see section 6.4.1) are plotted in Fig. 6.11.  The raw pp yields are also included on Fig. 

6.11a.  They appear to be consistent with the Au+Au yields.  The pp data shown does not 

include a correction for vertex finding efficiency.  This is estimated to be 6-8% and will 

be considered when the systematic errors are estimated. 
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Figure 6.11 Raw K- yields from 200 AGeV Au+Au and pp data 
(a) and 130 AGeV Au+Au (b) collision data.  K+ distributions (not 
shown) are very similar to K-.  Plots include statistical errors. 

The transverse momentum is converted to transverse mass (mt).  This is done to simplify 

the fit to the corrected data, since it then takes the form of an exponential.  The transverse 

mass is given by: 

22
Ktt mpm +=  

where: 

mK  is the rest mass of the kaon. 

Several corrections must be applied to obtain the corrected kaon spectra. 

6.9.1 Electron Contamination 

The electron contamination is corrected using the method described in section 6.6.  

An uncorrelated bin-to-bin systematic error of 15% for the Au+Au data (25% for pp data) 

has been estimated on the yields in this region. 

6.9.2 Absorption, Acceptance, Decay, and Efficiency Corrections 

Kaon loss by hadronic interaction (absorption), detector acceptance, decays, and 

tracking efficiency were corrected using Monte Carlo (MC) embedded data.  The 

embedding procedure takes a real event and inserts MC tracks into the raw data file. 
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Figure 6.12 Kaon efficiency vs. transverse momentum for 130 
GeV (a) and 200 GeV (b).  Plots and efficiency corrections 
provided by A. Cardenas [Car02] and O. Barannikova [Bar03]. 

The detector response is modeled using a GEANT MC simulation.  The standard 

reconstruction software is used to processes the data.  The ratio of the reconstructed 

tracks to the embedded tracks is the efficiency.  Figure 6.12 shows the efficiencies for 

130 GeV and 200 GeV kaons. 

The efficiencies are fit to an exponential of the form: 

( )( )2
10 exp p

tpppeff −=  

where: 

p0, p1, p2 are fit parameters and 

pt is the transverse momentum. 

These functions are used to correct the corresponding spectra. 

6.10 Corrected Kaon Yields 

Figures 6.13 and 6.14 shows the kaon spectra after all corrections have been 

applied.  For the Au+Au data, a 15% systematic error is included on points affected by 

electron contamination and a 10% systematic error is included for all other points; for the 

pp data, a 25% and 20% are estimated for the same areas.  The increase in the systematic 
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error from Au+Au to pp is due to the uncorrected vertex efficiency. 

The shape of the K- and K+ are very similar within each collision system.  This is 

a strong indication that the kaons have a similar interaction cross-section, therefore show 

the same flow dynamics.  This is also a good indication that the production mechanism 

and freeze-out systematics are comparable for the kaons. 

The kaons from the pp data show a similar shape to the peripheral yields from the 

Au+Au data set.  This similarity suggests a similar production mechanism for the pp data 

and the peripheral Au+Au data.   

The spectra are fit with an mt exponential function: 

( ) 
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where: 

dydN  is the integrated rapidity density, 

T is the inverse slope parameter, 

mt is the transverse mass, and 

m is the mass of the kaon. 

Only dydN  and T are treated as free parameters.  The fit results will be presented in the 

next chapter (see section 7.3). 
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Figure 6.13 Corrected kaon yields from 200 GeV.  Every other 
centrality bin is labeled starting with the top centrality.  The 
results for the 200 GeV pp is also included. 

 

Figure 6.14 Corrected kaon yields from 130 GeV.  Every other 
centrality bin is labeled starting with the top centrality. A 15% 
systematic error is included on points affected by electron 
contamination; a 10% systematic error is included for all other 
points. 
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Section 7 

7.1 Kaon Ratio Results 

After the kaon ratio has been calculated for each rapidity and pt bin, we can start 

looking for trends.  We start by looking at how the ratio changes as a function of rapidity, 

pt, and centrality.  We will also look at the how the ratio changes with collision energy. 

The kaon ratio, along with several other particle ratios allows us to make a thermal model 

fit, and extract the chemical freeze-out temperature and baryo-chemical potential.  We 

will also calculate the net-baryon number.  A simple quark coalescence model will also 

be discussed as a tool to predict related ratios.  

7.1.1 Ratio versus Rapidity 

Figure 7.1 is a plot of all minimum bias data sets versus rapidity.  Each rapidity 

bin is 0.1 units wide.  The data are integrated over the entire transverse momentum range: 

130 AGeV Au+Au - cMeV600100 << tp , 200 AGeV Au+Au - 

cMeV650200 << tp , and 200 GeV pp - cMeV650200 << tp .  The rapidity range 

covered, for all data, is 4.04.0 <<− y .  However in order to enhance statistics in the 130 

AGeV Au+Au and 200 GeV pp data sets, the negative rapidity ( 0.04.0 <<− y ) data has 

been added to the positive rapidity ( 4.00.0 << y ) data, resulting in an apparent rapidity 

range of 4.00.0 << y .   

The ratios for each data set appear to be flat with respect to rapidity over this 

limited range.  This result is consistent with the mid-rapidity p
p  ratios observed in the 

same detector [Adl01c, Ada03d, Sch03]. 
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Figure 7.1 Kaon ratio versus rapidity.  See text for description of 
the rapidity range covered for each data set.  The ratios within 
each data set appear to be flat as a function of rapidity. 

7.1.2 Ratio versus Transverse Momentum 

Figure 7.2 is a plot of all minimum bias data sets versus transverse momentum.  

Each pt bin is 50 MeV/c wide.  The data is integrated over the entire rapidity range: 

4.04.0 <<− y .  The transverse momentum range covered for each data set is: 130 

AGeV Au+Au - cMeV600100 << tp , 200 AGeV Au+Au - cMeV650200 << tp , 

and 200 GeV pp - cMeV650200 << tp .   

The ratios appear to be flat with respect to transverse momentum.  Again, this 

result is consistent with the mid-rapidity p
p  ratios observed in the same detector 

[Adl01c, Sch03].  
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Figure 7.2 Kaon ratio versus transverse momentum.  See text 
for description of the transverse momentum range covered for 
each data set.  The ratios appear to be flat as a function of pt. 

7.1.3 Ratio versus Centrality 

Figure 7.3 is a plot of the Au+Au data sets versus centrality.  The data is 

integrated over the entire rapidity and pt ranges (see above for details).   

The x-axis is the number of negative hadrons, which is directly proportional to the 

collision centrality (see table 6.1).  The 200 GeV pp data set is not divided into centrality 

bins since it has such a small range in multiplicity (see Fig. 6.3).  

Both ratios show no significant dependence versus centrality.   This result is also 

consistent with the mid-rapidity p
p  ratios observed in the same detector [Adl01c, 

Sch03].  
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Figure 7.3 Kaon ratio versus number of negative hadrons.  The 
ratios appear to be flat as a function of centrality. 

7.1.4 Ratio versus Collision Energy 

Figure 7.4 is a plot of the Au+Au data sets versus collision energy ( NNs ).  The 

circles are from AGS experiments E866 and E917 [Ahl00].  The squares are from Pb+Pb 

collisions at the SPS from the NA49 experiment [Afa02].  The stars are the Au+Au 

STAR data reported here.  Error bars shown include statistical and systematic errors; 

statistical errors are smaller than the marker size.  The kaon ratio clearly increases as a 

function of NNs , asymptotically approaching unity at high energy.  The STAR (RHIC) 

data have not yet reached the asymptotic value. 
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Figure 7.4 Kaon ratio vs. collision energy.  Results from E866 
and E917 are shown as circles, NA49 results are shown as 
squares, and STAR results are shown as stars. 

Figure 7.5 shows the 200 GeV pp data versus collision energy ( NNs ), all data 

include statistical and systematic error bars.  Lower energy results from the ISR [Ros75] 

show a trend continuing to RHIC energies.  We can see that compared to RHIC energies, 

there are far fewer K- with respect to K+, hence a smaller +
−

K
K  ratio.  As with the 

Au+Au collisions above, this can be attributed to the increased importance of the pair 

production over the associated production mechanism for the higher energy systems. 

This shifting emphasis in production mechanisms creates a similarity between the 

Au+Au and pp data.  In this respect, we can say that the heavy ion system is behaving 

like a scaled pp system.  Each collision of Au+Au ions can be thought of as a large 

number of separate proton-proton collisions.  
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Figure 7.5 Kaon ratio vs. nns  for pp collisions.  Results from 
the CERN ISR [Ros75] are shown as circles and the STAR result 
is shown as a star.  

7.1.5 Comparing Ratios at RHIC 

All 4 experiments at RHIC have the ability to measure charged kaons, with 

differing acceptance and efficiency constraints.  Figure 7.6 compares the results obtained 

by the different RHIC experiments.  The dashed line for each collision system is the 

average of the published kaon ratios [Bac01, Vid02, Bea03, Baz01, Adl03a, Bac03].  The 

Au+Au data sets show good agreement between the experiments.  The pp data set has 

only been reported by 2 experiments, STAR and PHENIX [Chu03].  The agreement is 

not as good as for Au+Au systems, however internal STAR analysis show much better 

agreement.  The extent of agreement between the experiments suggests that no large 

�bugs� exist in our analysis.  



 63

 

Figure 7.6 Comparison between the experiments at RHIC.  
The Au+Au data sets show good agreement.  See text for 
references. 

7.1.6 Discussion 

The flat ratios have two main implications: (i) Both K+ and K- have similar 

transverse momentum distributions, meaning they �flow� together; (ii) The number of 

net-baryons is small, therefore the influence of the valence quarks is negligible.  We can 

also state that since the +
−

K
K  ratio is very close to 1, particle pair production is the 

predominant mechanism for kaon production in high-energy collisions. 

Collective flow was first observed in nuclear collisions at the Bevalac in 

Berkeley, CA [Gus84].  It is now a fairly well understood property of heavy ion 

collisions.  There are two major forms of collective flow.  The first is an isotropic radial 

flow, and the second is a non-isotropic streaming pattern of hadrons leading to the well-

established �side splash� and �bounce-off� phenomena.  The second type of flow 

(directed and elliptic) arises from the anisotropic expansion of the participant nucleons 

(Fig. 7.7), as well as the deflection of the collision spectators.  The first type of flow 

(radial) is explained by a simple thermodynamic �fireball� model of the collision.  In this 

view, the radial flow develops as a non-isentropic expansion resulting in transverse 
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momentum spectra that, in the classical limit, are described by a Maxwell Boltzmann 

distribution determined by the source temperature. 

 

Figure 7.7 Schematic view of two colliding nuclei.  The beam 
axis points into the drawing plane.  The distance between the 
two ions is the impact parameter b

r
. 

Particles can receive a �boost� in transverse momentum depending on their 

freeze-out dynamics.  For example, if the K- went through freeze-out earlier than the K+ it 

would interact with an earlier, therefore high momentum, radial flow.  We would expect 

to see such a situation manifest as an increase in high pt K- yields.  This would lead to a 

non-flat kaon ratio versus pt.  However, since we observe a flat kaon ratio versus pt, we 

can conclude that the K+ and K- freeze-out at approximately the same time. 

Due to quark number conservation laws, we know that the number of quarks 

minus the number of anti-quarks must be constant.  This means that any quarks created in 

the collision must be created as a quark - anti-quark pair.  We can use this fact to obtain a 

qualitative estimate of the net-baryon density (density of quarks that came directly from 

the colliding ions).  Since all K+ from associated production must carry some of the 

original quark number, we know that the excess K+ (when compared to the K-) 

contributes to the net-baryon density [Bas03].   
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We can also make a statement about the competing kaon production mechanisms.  

The associated production mechanism, as discussed in section 2.4 can only produce K+, 

while the pair production mechanism produces K+ and K-.  So we can see that as the pair 

production mechanism begins to dominate, the +
−

K
K  ratio will begin to move toward 

1.  We can see from Fig. 7.4, the kaon ratio is smoothly approaching 1 as a function of 

the collision energy ( NNs ).  We can clearly see that at RHIC, the pair production 

mechanism is dominant. 

7.2 Thermal Model Fit 

One of the questions we would like to answer is whether the strongly interacting nuclear, 

or possibly partonic, matter 

reaches the stage of chemical and 

thermal equilibrium.  One of the 

possible approaches is to study the 

system with microscopic models.  

A more traditional way, which we 

will discuss further below, is to fit 

macroscopic experimental 

observables to the statistical 

model of a fully equilibrated 

hadron gas.  If the hadron gas 

reaches chemical equilibrium, particle abundance is described by chemical potentials and 

temperature. 

Figure 7.8 Stages of the space-time evolution of a heavy 
ion collision.  At a certain moment in time (known as 
chemical freeze-out), hadrons emerge.  The system then 
evolves as an interacting hadron gas, until thermal 
freeze-out, the point at which all elastic interactions 
cease as well. 
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7.2.1 Chemical Freeze-out Temperature and Baryo-Chemical Potential 

Figure 7.8 is a schematic diagram of the evolution of a heavy ion collision.  As 

the system evolves, hadrons emerge from the nuclear, or possibly partonic, matter.  This 

is known as chemical freeze-out (Tch).  This is the point at which all inelastic collisions 

cease.  

 

Figure 7.9 A thermal fit of several particle ratios for various 
ratios from the 130 GeV data set.  The black line is the thermal 
prediction.  Ratios are near mid-rapidity and not extrapolated to 
4π [Xu02] 

The chemical freeze-out temperature can be found by fitting various ratios to a 

statistical thermal model.  Figure 7.9 shows the results of statistical model fit to several 

STAR ratios (fit performed by N. Xu, M. Kaneta [Xu02], and D. Magestro [Mag02]), the 

black line is the thermal model fit to the ratio.  The model does a good job of fitting the 

data, suggesting that the hadron gas is near chemical equilibrium.  The temperature and 

baryo-chemical potential extracted from the statistical fits are: MeV7174 ±=chT , 

MeV546 ±=Bµ  and MeV10177 ±=chT , MeV529 ±=Bµ  for 130 AGeV Au+Au and 

200 AGeV Au+Au respectively. 
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The chemical freeze-out 

temperature changes very little 

from the SPS ( MeV3168 ±=chT  

and MeV5266 ±=Bµ  [Bra99]), 

but the baryo-chemical potential 

decreases by a factor of 5-10; 

indicating far fewer net-baryons 

at RHIC energies.  However, the 

agreement in temperature and 

lattice QCD predictions of the 

critical temperature Tc ( MeV190170 −=cT  [Kar00]) suggests that both RHIC systems 

freeze-out directly to chemical equilibrium from the phase transition. 

Figure 7.10 is a plot of the chemical freeze-out temperature versus the baryo-

chemical potential for different collision systems.  The 2 dashed lines represent the QCD 

prediction for the phase transition from a hadron phase to free quarks and gluons.  The 

RHIC data points appear to continue a trend established from the lower energy 

experiments.  The large black semi-circle at the bottom of the plot represents normal 

nuclear matter.  The rectangle in the lower right represents conditions found inside 

neutron stars, while the upper left rectangle represents the conditions during the very 

early stages of the universe.  This interpretation suggests that RHIC is very close to the 

phase transition.  For a more a complete explanation of thermal models see [Xu02, 

Mag02, and Bra01]. 

7.3 Quark Coalescence Model 

Figure 7.10 Chemical freeze-out temperature versus 
Baryo-chemical Potential.  Lattice QCD predictions 
(dashed curves) suggest RHIC is nearing phase 
transition. 
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A significant increase in the number of quark degrees of freedom has been 

suggested as an indication of the quark-gluon plasma.  If we assume that the probability 

of creating a baryon (or anti-baryon) is proportional to the probability that 3 quarks with 

appropriate quantum numbers meet at a certain location in phase-space, and if we also 

assume the quarks are uncorrelated (both assumptions are valid in thermal equilibrium), 

we obtain the following relationships [Bia98]: 

3qp Pω= , sq 2
Λ=Λ ω , 2qsΞ=Ξ ω , and 3sΩ=Ω ω  

where: 

q and s are the probabilities of finding a light quark and strange quark in the appropriate 

phase-space, 

ωi is a proportionality factor taking into account resonance and binding energies. 

Similar formulas apply to anti-baryons.  The ωi factors are complex to calculate, and 

therefore direct comparisons with experimental data are difficult.  However, if we 

consider only the ratio of the baryons to anti-baryons, the proportionality factors cancel.  

The result is: 

3

3

q
q

p
p = , 

sq
sq

2

2

=
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Ξ
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3
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. 

If we recognize that suK =+  and suK =− , then with some rearrangement we can 

rewrite the above expressions as: 

+

−

=
ΛΛ K

Kpp , +

−

+−
=

ΞΞ

ΛΛ
K
K , and +

−

+−

+−

=
ΩΩ
ΞΞ

K
K . 

The STAR 130 AGeV ratios are [Adl01c, Ada03a]: 

08.065.0 ±=
p
p , 05.071.0 ±=

Λ
Λ , 09.083.0 ±=

Ξ
Ξ

−

+

, and 2.095.0 ±=
Ω
Ω

−

+

. 
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If we divide the ratios as illustrated above, we get: 

09.092.0 ±=
ΛΛ
pp , 11.086.0 ±=

ΞΞ

ΛΛ
+−

, and 21.087.0 ±=
ΞΞ
ΩΩ

+−

+−

. 

These are in reasonable agreement with the 130 AGeV 03.0928.0 ±=+− KK .  If we 

repeat the calculations using data from 158 GeV/c Pb+Pb collisions from the SPS 

[And99, Kan97, Afa02]: 

01.007.0 ±=
p
p , 007.0133.0 ±=

Λ
Λ , 019.0249.0 ±=

Ξ
Ξ

−

+

, and 081.0383.0 ±=
Ω
Ω

−

+

. 

Dividing: 

3.053.0 ±=
ΛΛ
pp , 15.053.0 ±=

ΞΞ

ΛΛ
+−

, and 15.065.0 ±=
ΩΩ
ΞΞ

+−

+−

. 

These show fair agreement with 158 GeV/c 06.057.0 ±=+− KK .  We can also compare 

these heavy ion systems to a mixed system p+Pb from the SPS [And99, Bea98]: 

03.031.0 ±=
p
p , 03.020.0 ±=

Λ
Λ , and 03.033.0 ±=

Ξ
Ξ

−

+

 

the +− ΩΩ  ratio was not reported.  Dividing: 

11.055.1 ±=
ΛΛ
pp , and 07.061.0 ±=

ΞΞ

ΛΛ
+−

. 

Unfortunately I could not find a reported +− KK , but it is clear that the agreement 

would be much worse than the heavy ion data reported above.  This can be interpreted as 

an indication that the quark degrees of freedom do not represent a large factor in the 

production mechanisms, for the p+Pb system. 
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7.4 Kaon Yields 

As discussed in section 2.3.2 strangeness enhancement is a possible signature of 

the QGP.  This section reports the integrated yields ( dydN / ) and the inverse slope 

parameter (T) as a function of the number of negative hadrons ( ηddN h− ), extracted 

from the corrected kaon yields reported in section 6.10.  The yields and inverse slope 

parameters will be compared with results from the AGS and SPS.  The kinetic (thermal) 

freeze-out temperature will be extracted from the inverse slope parameter.   

7.4.1 Integrated Yield and Inverse Slope Parameter 

Figure 7.11 is a plot of 
ηddN

dydN

h−
 versus number of negative hadrons ( ηddN h− ).   

The shape of 
ηddN

dydN

h−
 for K+ and K- exhibit the same shape within each collisions 

system, suggesting that they have similar production mechanisms and flow dynamics.  

We can also see that this ratio increases slightly as a function of centrality.  This slight 

increase may be due to the difference in longitudinal expansion between the peripheral 

and central collisions.  However, at lower energies (AGS and SPS [Ahl99, Ahl98]) this 

ratio nearly doubles from peripheral to central collisions.  Since, the longitudinal 

expansion is expected to be larger at RHIC, due to the increased energy density expected, 

perhaps the larger increase at lower energies indicates a change in the kaon production 

mechanism over centrality.  On the other hand, the kaon ratio ( +− KK ) remains constant 

as a function of centrality, at all energies suggesting a consistent production mechanism.  

The increase may be attributed to the larger importance of hadronic scattering in the 

lower energy collisions.  Leading to a kaon production enhancement in more central 
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collisions. 

The pp data point is much lower than the Au+Au data, reflecting the lower kaon 

yield in pp collisions. 

 

 

Figure 7.11 The ratio of dydN  to ηddN h−  for (a) 130 AGeV 
Au+Au and (b) 200 AGeV Au+Au and pp data.  Both ratios 
appear to increase slightly as a function of centrality.  Error bars 
include statistical and systematic errors. 
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Figure 7.12 is a plot of the inverse slope parameter versus centrality.  The slope 

parameter appears to be flat for the 130 AGeV data (a slight bump can be seen, but is 

most likely not a physical feature) and shows an increase from around 200 MeV to 300 

MeV for the 200 AGeV data.   

 

 

Figure 7.12 The inverse slope parameter versus the number of 
negative hadrons.  The (a) 130 AGeV data is consistent with a 
flat line, while the (b) 200 AGeV data increases from peripheral 
to central collisions. The pp data is also shown in (b).  Error bars 
include statistical and systematic errors. 
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The pp data agree well with the most peripheral Au+Au data.  Supporting the 

suggestion from section 7.1.4, that the Au+Au data may act as many single pp collisions. 

 

 

Figure 7.13 (a) is a plot of the rapidity density at mid-rapidity for 
several different collision energies.  (b) is a plot of the inverse 
slope parameter versus collision energy.  All data shown is from 
the top centrality bin.  Error bars include statistical and 
systematic errors. 

Table 7.1 lists dydN /  and T versus number of negative hadrons.  The table 

includes a 15% systematic error for the 130 AGeV Au+Au data, a 7% systematic error 
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for the 200 AGeV Au+Au data, and a 20% systematic error for the 200 GeV pp data; the 

systematic errors were estimated using the mt fit to the data.  We can compare this data to 

lower energy collisions from the AGS and SPS [Ahl98, Afa02], included in table 7.1.  

Figure 7.13a is a plot of the dydN /  versus collision energy for the top centrality 

bin.  We can see an increase in the yield as the collision energy increases.  Figure 7.13b is 

a plot of the inverse slope parameter versus collision energy.  Again, the data appears to 

increase from AGS energy and peak at the top RHIC energy.  In both plots, the 130 

AGeV data appears to lie slightly below the apparent trend.  

The inverse slope parameter is a combination of the kinetic freeze-out 

temperature and the radial flow velocity.  A simple relationship exists to relate the 

inverse slope temperature to the thermal freeze-out temperature: 

2βmCTT fo ⋅+=  

where: 

T is the inverse slope parameter, 

Tfo is the thermal freeze-out temperature, 

C is a constant, 

m is the particle rest mass, and 

<β> is the average collective flow velocity. 

Using the above relation, with 7.0=C , the thermal freeze-out was calculated for 

the 200 GeV Au+Au data.  Using average collective flow velocities provided by K. 

Schweda: from peripheral to central collisions {0.36±0.02, 0.42±0.02, 0.47±0.01, 

0.50±0.01, 0.53±0.01, 0.56±0.01, 0.57±0.00, 0.58±0.01, and 0.59±0.01}.  The above 

relationship is only expected to provide a qualitative result at RHIC, due to large re-



 75

scattering.  Figure 7.15 is the result of a hydrodynamic analysis performed on the 200 

GeV Au+Au data by N. Xu [Xu03].  The trend of decreasing thermal freeze-out 

temperature agrees with the qualitative trend shown in Fig. 7.14. 

A thermal analysis that included pion, kaon, and proton transverse spectra 

determined the kinetic freeze-out temperature to be MeVTfo 20100 ±=  for 130 AGeV 

[Xu02].  A more sophisticated analysis taking a hydrodynamic approach, also including 

the pion, kaon, and proton spectra, found MeVTfo 1089 ±=  for 200 AGeV [Ada03b]. 

 

Figure 7.14 Thermal freeze-out temperature vs. centrality.  

Calculated using empirical relationship above.  A decrease can 

be seen as a function of centrality, from ~0.110 GeV to ~0.080 

GeV. 
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Figure 7.15 Thermal freeze-out temperature versus collective 

flow velocity.  The data presented here is from an hydrodynamic 

analysis performed by N. Xu [Xu03]. 

Figure 7.16a shows the trend of kinetic freeze-out temperature versus energy.  

The temperature rises quickly to around 150 MeV, at the SPS then seems to decrease at 

RHIC energies.  We see a similar trend in Fig. 7.16b with the average collective flow 

versus the collision energy, a steep rise, plateau at SPS, but a strong increase to RHIC 

energies. 

The large difference between the chemical freeze-out (~175 MeV) and thermal 

freeze-out (~100 MeV) temperatures and the development of a strong collective flow 

component suggest a significant expansion and significant duration from chemical to 

kinetic freeze-out in central collisions.  This creates a picture of RHIC collisions with 

varying initial conditions evolving toward the same chemical freeze-out temperature 

followed by further cooling and expansion. 
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Figure 7.16 (a) The thermal freeze-out temperature versus 
energy.  A sharp increase evolves to a plateau at SPS energies 
followed by a decrease at RHIC energies.  (b) Average collective 
flow velocity versus energy.  We see a plateau at SPS energies 
and an increase at RHIC [Xu02]. 

Table 7.1 Rapidity densities ( dydN / ) and inverse slope 
parameter (T) at mid-rapidity from the data presented here as 
well as from the most central collisions at the AGS and SPS 
[Ahl98, Afa02]. 

 K+ K- 

130 AGeV Au+Au 

# Neg. 

Hadrons 
dydN /  T (GeV) dydN /  T (GeV) 

23 2.80±0.28 0.199±0.020 2.19±0.22 0.268±0.027 

48 7.50±0.75 0.224±0.022 6.09±0.61 0.275±0.028 

76 11.20±1.12 0.243±0.024 9.20±0.92 0.317±0.032 

106 13.30±1.33 0.282±0.028 12.75±1.28 0.283±0.028 

141 19.50±1.95 0.261±0.026 16.65±1.67 0.313±0.031 

182 29.90±2.99 0.252±0.025 24.88±2.49 0.315±0.032 

216 34.80±3.48 0.244±0.024 31.29±3.13 0.278±0.028 

256 43.40±4.34 0.212±0.021 36.78±3.68 0.244±0.024 
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200 AGeV Au+Au 

14 1.37±0.10 0.185±0.013 1.76±0.12 0.203±0.014 

30 2.63±0.18 0.242±0.017 3.36±0.24 0.213±0.015 

56 5.66±0.40 0.229±0.016 5.70±0.40 0.227±0.016 

94 9.08±0.64 0.229±0.016 8.88±0.62 0.236±0.017 

146 14.80±1.04 0.249±0.017 12.51±0.88 0.258±0.018 

217 23.45±1.64 0.255±0.018 19.08±1.34 0.286±0.020 

312 36.98±2.59 0.276±0.019 28.76±2.01 0.320±0.022 

431 45.72±3.20 0.305±0.021 44.43±3.11 0.308±0.022 

519 62.50±4.37 0.291±0.020 57.73±4.04 0.333±0.023 

200 GeV pp 

10 0.33±0.06 0.187±0.037 0.31±0.06 0.187±0.037 

AGS 11.6 GeV/c 

Most 

Central 6.89±0.29 0.161±0.004 1.12±0.05 0.145±0.004 

SPS 40, 80, 158 GeV 

20.1±1.3 0.232±0.009 7.58±0.52 0.226±0.009 

24.6±1.4 0.230±0.011 11.7±0.70 0.217±0.009 
Most 

Central 
29.6±1.8 0.232±0.010 16.8±1.00 0.226±0.010 
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Section 8 

8.1 Conclusions 

We have studied the charged kaon ratio, spectra, rapidity densities, and inverse 

slope parameter at mid-rapidity in Au+Au collisions at 130GeV=NNs  and 

200GeV=NNs and pp collisions at 200GeV=NNs .   

The kaon ratio is close to 1 and shows no dependence on rapidity, transverse 

momentum, and centrality over the ranges studied.  The trend from lower energy 

experiments at the AGS and SPS seems to continue at RHIC as we asymptotically 

approach unity.   

The ratio for the Au+Au data sets is in good agreement with results from the other 

experiments at RHIC (BRAHMS, PHOBOS, and PHENIX).  The ratio for the pp data set 

is higher than the reported ratio for PHENIX (the only other pp result available), however 

the large error bars indicate some uncertainty in their result.  Internal analysis within the 

STAR experiment shows much better agreement. 

The flat ratios indicate that the production mechanism does not change across 

centrality.  It also suggests that the +K  and −K  undergo similar collective flow.  This 

result agrees with what we see at lower energies, where the kaon ratio is also flat as a 

function of centrality.  However, re-scattering is much more important at lower energies 

and may be responsible for the flat kaon ratio versus centrality. 

We can also conclude that since the ratio is nearly 1, the collision is almost net-

baryon free at mid-rapidity.  The measured kaon ratio shows agreement with other 
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strange ratios measured in the same detector using a simple quark coalescence model.  

Using the pp  ratio to set the baryo-chemical properties, the −+ KK  ratio can predict 

the other strange ratios.  The success of this model indicates the importance of the quark 

degrees of freedom at higher energy collisions during particle production. 

A thermal model fit does a good job describing the data and allows us to extract 

two important parameters, chemical freeze-out temperature ( chT ) and baryo-chemical 

potential ( Bµ ).  The chemical freeze-out temperature was found to be ≈175 MeV and 

shows little increase over lower energies.  The baryo-chemical potential showed a large 

decrease from SPS to RHIC, indicating a considerable decrease in the number of net-

baryons at mid-rapidity.  A plot of chT  versus Bµ  shows RHIC continuing a trend 

established from lower energy experiments.  If we are allowed to make the assumption 

that equilibrium is reached shortly after the collision occurs we can use these parameters 

to indicate that we are approaching the QCD predicted phase transition. 

The kaon yields were well described by an exponential in mt, over our limited 

range.  The shape was consistent between +K  to −K , and changed very little between 

centrality bins.  This reinforces the suggestion from above that the production mechanism 

for the kaon is not changing from peripheral to central collisions.   

The rapidity density ( dydN ) was extracted from the mt fits.  The result was 

divided by the number of negative hadrons and plotted versus the number of negative 

hadrons.  This plot showed a slight increase versus centrality.  This increase is most 

likely due to the difference in longitudinal expansion between peripheral and central 

collisions.  The pp analysis produced a 
ηddN

dydN

h−
 ratio that was much lower than the 
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peripheral Au+Au result.  This is expected since, much less energy is available in the pp 

collision to produce the strange quark. 

The inverse slope parameter (T) was also extracted from the mt fits and plotted 

versus centrality.  We saw a small increase in T versus centrality for the 200 AGeV 

Au+Au data, but the 130 AGeV Au+Au data remained flat (with a small unexplained 

hump).  The pp data showed a remarkable agreement with the peripheral Au+Au data.  

This provides support for picturing Au+Au collisions as multiple separate pp collisions 

(especially at large impact parameters). 

Plots comparing the dydN  and the inverse slope parameter with lower energy 

experiments showed an increasing trend from lower energy to RHIC energies.  This trend 

reflects the increased yield expected in the higher density collisions at RHIC as well as 

the increased collective flow in these collisions.  The trends seen in Fig. 7.13 suggest the 

130 AGeV Au+Au data results are slightly low.  This deviation from the trend (if it is 

real) is unexplained. 

The slope parameter is a primarily a combination of the thermal freeze-out 

temperature ( foT ) and the radial flow velocity, and can be related using a simple 

qualitative relationship.  Using this relationship and average collective flow velocities, 

the thermal freeze-out was plotted versus centrality for the 200 GeV Au+Au data.  The 

trend shown in this plot agreed with the trend seen for a much more sophisticated 

analysis performed by N. Xu.  Results from full analyses, that included fits to pions, 

kaons and protons, found the foT  to be ~100 MeV for 130 AGeV Au+Au and ~89 MeV 

for 200 AGeV Au+Au.  A comparison with lower energy experiments showed a rapid 

increase rising to a plateau at SPS energies, with a slight decrease at RHIC�s top energy.  
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A similar plot for the collective flow velocity showed the same trend, a strong increase 

followed by a plateau at SPS energies, however, the collective flow increases at RHIC.  

This increase is an indication of a stronger, more violent expansion. 
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Appendix 

A.1 Kinematic Variables 

Rapidity is related to velocity, as the name implies.  It is dimensionless, and 

describes the rate at which a particle is moving with respect to a reference point on the 

line of motion.  Rapidity is often used as one of the kinetic variables in high-energy 

collisions.  It has the advantage of being additive under Lorentz transformations.  

Rapidity is defined as [Won94]: 
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where: 

E is the total energy of the particle and 

pz is the z component of the momentum. 

Unlike velocity, rapidity is not a 3 dimensional vector; it s a scalar quantity assoc

with the z-axis.  E and pz can be expressed in terms of rapidity as follows: 
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we can see that mt, the transverse mass, is Lorentz invariant, since px and py are 

perpendicular to the beam axis and E0 is a constant.  Finally, from the above relat

are able to express E and pz in rapidity with the relations: 

ymE t cosh=  and ymp tz sinh=  

We can now re-write {A1} as: 
{A1}
iated 
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where: 

β is defined as the velocity divided by the speed of light; cv=β  and 

θ is the particle�s angle with respect to the beam axis. 

If we take the limit of {A5} as 1→β  we can derive a related quantity called the

rapidity: 
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In practice, it is much easier to measure the pseudo-rapidity of a particle s

only need knowledge of the angle of emission, while rapidity requires knowledge

particle�s angle and velocity.   
{A5}
 pseudo-
{A6}
ince you 
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A.2 Glossary of Terms 

A 
Accelerator 
 A machine used to accelerate particles to high speeds (and thus high energy 

compared to their rest mass-energy).  
Annihilation 
 A process in which a particle meets its corresponding antiparticle and both 

disappear. The energy appears in some other form, perhaps as a different particle 
and its antiparticle (and their energy), perhaps as many mesons, perhaps as a 
single neutral boson such as a Z0 boson. The produced particles may be any 
combination allowed by conservation of energy and momentum and of all the 
charge types and other rules.  

Anti-matter 
 Material made from anti-fermions. We define the fermions that are common in 

our universe as matter and their antiparticles as antimatter. In the particle theory 
there is no a priori distinction between matter and antimatter. The asymmetry of 
the universe between these two classes of particles is a deep puzzle for which we 
are not yet completely sure of an explanation.  

Anti-particle 
 For every fermion type there is another fermion type that has exactly the same 

mass but the opposite value of all other quantum numbers. This is called the 
antiparticle. For example, the antiparticle of an electron is a particle of positive 
electric charge called the positron. Bosons also have antiparticles, except for those 
that have zero value for all charges, for example, a photon or a composite boson 
made from a quark and its corresponding anti-quark. In this case there is no 
distinction between the particle and the antiparticle; they are the same object.  

Anti-quark 
 The antiparticle of a quark. An anti-quark is denoted by putting a bar over the 

corresponding quark ( d , u , s , etc.).  

B 
Beam 
 The particle stream produced by an accelerator; usually clustered in bunches.  
Beam pipe 
 The particle bunches in the accelerator travel in a vacuum in metal structures 

called beam pipes. All the air must be removed, or the particles would collide 
with the air molecules and would lose their energy and direction very quickly.  

Boson 
 A particle that has integer intrinsic angular momentum (spin) measured in units of 

h  (spin = 0, 1, 2,...). All particles are either fermions or bosons. The particles 
associated with all the fundamental interactions (forces) are bosons. Composite 
particles with even numbers of fermion constituents (quarks) are also bosons.  
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C 
Calorimeter 
 A device that can measure the energy deposited in it (originally devices to 

measure heat energy deposited, using change of temperature; particle physicists 
use the word for any energy measuring device). 

Charge 
 A quantum number carried by a particle. Determines whether the particle can 

participate in an interaction process. A particle with electric charge has electrical 
interactions; one with strong charge has strong interactions, etc.  

Collider 
 An accelerator in which two beams traveling in opposite directions are steered 

together to provide high-energy collisions between the particles in one beam and 
those in the other.  

Color charge 
 The quantum number that determines participation in strong interactions, quarks 

and gluons carry non-zero color charges.  
Color neutral 
 An object with no net color charge. For composites made of color charged 

particles the rules of neutralization are complex. Three quarks (baryon) or a quark 
plus an anti-quark (meson) can both form color-neutral combinations.  

Confinement 
 The property of the strong interactions that quarks or gluons are never found 

separately but only inside color-neutral composite objects.  
Conservation 
 When a quantity (e.g.- electric charge, energy or momentum) is conserved, it is 

the same after a reaction between particles as it was before.  

D 
Decay 
 A process in which a particle disappears and in its place two or more different 

particles appear. The sum of the masses of the produced particles is always less 
than the mass of the original particle.  

Detector 
 Any device used to sense the passage of a particle. Also a collection of such 

devices designed so that each serves a particular purpose in allowing physicists to 
reconstruct collision events.  

Down quark 
 The second flavor of quark (in order of increasing mass), with electric charge -

1/3. 

E 
Electromagnetic Calorimeter 
 This is a dense and finely instrumented metal structure that measures the position 

and energy of electrons and photons.  
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Electromagnetic interaction 
 The interaction due to electric charge; this includes magnetic effects which have 

to do with moving electric charges.  
Electron 
 The least massive electrically charged particle, hence absolutely stable. It is the 

most common lepton, with electric charge -1.  
Electroweak interaction 
 In the Standard Model, electromagnetic and weak interactions are related 

(unified), physicists use the term electroweak to encompass both of them.  
Event 
 What occurs when two particles collide or a single particle decays. Particle 

theories predict the probabilities of various possible events occurring when many 
similar collisions or decays are studied. They cannot predict the outcome for any 
single event.  

F 
Fermion 
 Any particle that has odd-half-integer (1/2, 3/2, ...) intrinsic angular momentum 

(spin), measured in units of h . As a consequence of this peculiar angular 
momentum, fermions obey a rule called the Pauli Exclusion Principle, which 
states that no two fermions can exist in the same state at the same place and time. 
Many of the properties of ordinary matter arise because of this rule. Electrons, 
protons and neutrons are all fermions, as are all the fundamental matter particles, 
both quarks and leptons.  

Fixed-target experiment 
 An experiment in which the beam of particles from an accelerator is directed at a 

stationary (or nearly stationary) target. The target may be a solid, a tank 
containing liquid or gas, or a gas jet.  

Flavor 
 The name used for the different quark types (up, down, strange, charm, bottom, 

top) and for the different lepton types (electron, muon, tau). For each charged 
lepton flavor there is a corresponding neutrino flavor. In other words, flavor is the 
quantum number that distinguishes the different quark/lepton types. Each flavor 
of quark and charged lepton has a different mass. 

Fundamental interaction 
 In the Standard Model the fundamental interactions are the strong, 

electromagnetic, weak and gravitational interactions. There is at least one more 
fundamental interaction in the theory that is responsible for fundamental particle 
masses. Five interaction types are all that are needed to explain all observed 
physical phenomena.  

Fundamental particle 
 A particle with no internal substructure. In the Standard Model the quarks, 

leptons, photons, gluons, W± bosons, and Z0 bosons are fundamental. All other 
objects are made from these.  
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G 
Generation 
 A set of one of each charge type of quark and lepton, grouped by mass. The first 

generation contains the up and down quarks, the electron and the electron 
neutrino.  

Gluon 
 The carrier particle of strong interactions.  

H 
Hadron 
 A particle made of strongly-interacting constituents (quarks and/or gluons). These 

include the mesons and baryons. Such particles participate in residual strong 
interactions.  

Hadronic Calorimeter 
 This measures the energy and position of strongly interacting particles like pions, 

kaons, and protons. The Hadronic Calorimeter must be very large and very dense 
to collect all the energy of particles that interact in it.  

Higgs boson 
 The carrier particle or quantum excitation of the additional force needed to 

introduce particle masses in the Standard Model. Not yet observed.  
Histograms 
 Histograms are a way of presenting information about the relative frequency of 

different values of a particular variable. The horizontal axis shows the range of 
that variable; it is divided into a number of bins -- successive intervals of the 
value, so a particular observation will fall in one of the bins like letters into a bin 
in the post office. The vertical axis represents how many times a particular value 
of the variable has been observed to fall in a particular bin. Cases where the value 
of the variable is below the low edge of the lowest bin are "underflows", and 
when the value is higher than the high edge of the highest bin it is an "overflow".  

I 
Interaction 
 A process in which a particle decays or it responds to a force due to the presence 

of another particle (as in a collision). Also used to mean the underlying property 
of the theory that causes such effects.  

J 
Jet 
 Depending on their energy, the quarks and gluons emerging from a collision will 

materialize into particles (mostly mesons and baryons). At high momentum, these 
particles will appear in clusters called ``jets,'' that is, in groups of particles moving 
in roughly the same direction, centered about the original quark or gluon.  
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K 
Kaon 
 A meson that is composed of an up quark and a strange quark (for charged kaons 

suK =+  and suK =− ) or a down quark and a strange quark (for neutral quarks 
sdK =0  and sdK =0 ). 

L 
Lepton 
 A fundamental fermion that does not participate in strong interactions. The 

electrically-charged leptons are the electron (e), the muon (µ), the tau (τ), and 
their antiparticles. Electrically-neutral leptons are called neutrinos (υ).  

LHC 
 The Large Hadron Collider at the CERN laboratory in Geneva, Switzerland. LHC 

will collide protons into protons at a center-of-mass energy of about 14 TeV.  
Linac 
 An abbreviation for linear accelerator, that is an accelerator that is has no bends in 

it. One of the most famous of these is SLAC  

M 
Mass 
 see rest mass.  
Meson 
 A hadron made from an even number of quark constituents. The basic structure of 

most mesons is one quark and one antiquark.  
Muon 
 The second flavor of charged lepton (in order of increasing mass), with electric 

charge -1.  

N 
Neutral 
 Having a net charge equal to zero. Unless specified otherwise, it usually refers to 

electric charge.  
Neutrino 
 A lepton with no electric charge. Neutrinos participate only in weak and 

gravitational interactions and therefore are very difficult to detect. There are three 
known types of neutrino all of which are very light.  

Neutron 
 A baryon with electric charge zero; it is a fermion with a basic structure of two 

down quarks and one up quark (held together by gluons). The neutral component 
of an atomic nucleus is made from neutrons. Different isotopes of the same 
element are distinguished by having different numbers of neutrons in their 
nucleus.  

Nucleon 
 A proton or a neutron; that is, one of the particles that makes up a nucleus.  
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Nucleus 
 A collection of neutrons and protons that forms the core of an atom.  

O 
P 
Particle 
 A subatomic object with a definite mass and charge.  
Parton 
 An elementary particle, such as quarks and gluons, that make up hadrons. 
Photon 
 The carrier particle of electromagnetic interactions.  
Pion 
 The least massive type of meson, pions can have electric charges ± 1 or 0.  
Plasma 
 A gas of charged particles.  
Positron 
 The antiparticle of the electron.  
Proton 
 The most common hadron, a baryon with electric charge (+1) equal and opposite 

to that of the electron (-1). Protons have a basic structure of two up quarks and 
one down quark (bound together by gluons). The nucleus of a hydrogen atom is a 
proton. A nucleus with electric charge Z contains Z protons; therefore the number 
of protons is what distinguishes the different chemical elements.  

Q 
Quantum 
 The smallest discrete amount of any quantity.  
Quantum mechanics 
 The laws of physics that apply on very small scales. The essential feature is that 

energy, momentum, and angular momentum as well as charges come in discrete 
amounts called quanta.  

Quark 
 A fundamental fermion that has strong interactions. Quarks have electric charge 

of either 2/3 (up, charm, top) or -1/3 (down, strange, bottom) in units where the 
proton charge is 1.  

R 
Rest mass 
 The rest mass (m) of a particle is the mass defined by the energy of the isolated 

(free) particle at rest, divided by c2. When particle physicists use the word 
``mass,'' they always mean the ``rest mass'' (m) of the object in question. The total 
energy of a free particle is given by 4222 cmcpE +=  where p is the 
momentum of the particle. Note that for p=0 this simplifies to Einstein's famous 

2mcE = .  
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S 
SLAC 
 The Stanford Linear Accelerator Center in Stanford, California.  
Spin 
 Intrinsic angular momentum of a particle, given in units of h , the quantum unit of 

angular momentum, where π2h=h .  
Standard Model 
 Physicists' name for the theory of fundamental particles and their interactions. It 

has been widely tested and is generally accepted as correct by particle physicists.  
Strange quark 
 The third flavor of quark (in order of increasing mass), with electric charge -1/3.  
Strong interaction 
 The interaction responsible for binding quarks, anti-quarks, and gluons to make 

hadrons. Residual strong interactions provide the nuclear binding force.  
Subatomic particle 
 Any particle that is small compared to the size of the atom.  
Synchrotron 
 A type of circular accelerator in which the particles travel in synchronized 

bunches at fixed radius.  

T 
Track 
 The record of the path of a particle traversing a detector.  
Tracking 
 The reconstruction of a ``track'' left in a detector by the passage of a particle 

through the detector.  

U 
Up quark:  
 The least massive flavor of quark, with electric charge 2/3.  

V 
Vertex detector 
 A detector placed very close to the collision point in a colliding beam experiment 

so that tracks coming from the decay of a short-lived particle produced in the 
collision can be accurately reconstructed and seen to emerge from a `vertex' point 
that is different from the collision point.  

W 
W± boson 
 A carrier particle of the weak interactions. It is involved in all electric-charge-

changing weak processes.  
Weak interaction 
 The interaction responsible for all processes in which flavor changes, hence for 

the instability of heavy quarks and leptons, and particles that contain them. Weak 
interactions that do not change flavor (or charge) have also been observed.  
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X 
Y 
Z 
Z0 boson 
 A carrier particle of weak interactions. It is involved in all weak processes that do 

not change flavor.  
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A.3 Acronyms 

AGS Alternating Gradient Synchrotron.  High energy accelerator built in the 
late 1950�s.  Now serves part-time as an accelerator-injector for 
RHIC. 

CTB Central Trigger Barrel.  Scintillation detector located outside the TPC, 
used for fast event triggering; see section 3.2.2. 

DAQ Data Acquisition System.  System that collects data from the STAR 
detectors and sends it to the HPSS; see section 4. 

EMC Electromagnetic Calorimeter.  Designed to measure direct photons, jets, 
and high pt particle spectra. 

FTPC Forward Time Projection Chamber.  Designed to extend the coverage of 
STAR into the very forward region; see section 3.2.2. 

HEP High Energy Physics  

HPSS High Performance Storage System.  Collection of hardware designed for 
high-speed high-storage capacity; see section 4. 

MWPC Multi-Wire Proportional Chamber.  Readout system employed by the 
TPC. 

P10 TPC gas mixture of 90% Argon + 10% Methane; see section 5.2.1. 

QCD Quantum Chromodynamics.  A theory of matter, based on the assumption 
that quarks are distinguished by differences in color and are held 
together by gluons. 

QGP Quark-Gluon Plasma.  A predicted phase of matter consisting of �free� 
quarks and gluons.  May have existed a few milliseconds after the 
Big Bang, and possibly in the center of neutron stars. 

RHIC Relativistic Heavy Ion Collider. Collider located at Brookhaven National 
Laboratory on Long Island, NY; see section 3.1. 

STAR Solenoidal Tracker at RHIC.  A collection of detectors located at RHIC; 
see section 3.2. 

SVT Silicon Vertex Tracker.  High resolution detector located very near the 
beamline at z=0; see section 3.2.2. 

TPC Time Projection Chamber.  The primary tracking detector in STAR.  It is a 
ionization drift detector 4.2 m long and 4 m outer radius; see 
section 3.2.1. 

ZDC Zero Degree Calorimeter.  RHIC common trigger detector, located ~±18 
m downstream from z=0; see section 3.2.2. 
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