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`Listen to advi
e and a

ept instru
tion, and in the end you will be wise'Proverbs 19:20

`Lu
kily, life is not so easy as all that; otherwise we should get to the end tooqui
kly,' Sir Winston Chur
hill (1930)



Abstra
t
An enhan
ement in the number of strange parti
les produ
ed in the 
ollisions of rela-tivisti
 heavy ions is expe
ted to 
oin
ide with the formation of a de-
on�ned state ofpartoni
 matter 
alled the Quark-Gluon Plasma. Strangeness enhan
ement is an estab-lished Quark-Gluon Plasma Signature, and indeed was observed at CERN by the NA49and WA97 experiments. The Solenoidal Tra
ker at RHIC (STAR) experiment is mainlydevoted to the sear
h for the Quark-Gluon Plasma so it is parti
ularly important to de-termine if strangeness is also enhan
ed at RHIC, where the maximum 
entre of mass
ollision energy is an order of magnitude larger than at the CERN SPS.This thesis des
ribes the measurements of transverse momentum spe
tra for strangeparti
les emerging from 
ollisions of protons (p + p) at 
entre of mass energies of 200GeV. Su
h measurements are essential as the strangeness yield from 
ollisions of lightions, su
h as p + p, form a baseline to whi
h results from heavy ion 
ollisions (Au + Au)
an be 
ompared. In addition, other observables from p + p 
ollisions, su
h as the shapeof the spe
tra, and the variation in mean transverse momentum with multipli
ity areinteresting in their own right, as they relate to the 
ollision dynami
s.The transverse momentum spe
tra for �, � and K0S were measured and found to bebest des
ribed by a two 
omponent �t, inspired by elements of pQCD and thermal models.The yield of �, � andK0S were measured over the rapidity interval y < 0.5, and were foundto be 
onsistent with previous p + p 
ollisions at the same 
entre of mass energy. ThehpT iwas observed to in
rease with multipli
ity for �, � and K0S. This agreed with earliermeasurements, and was therefore 
onsistent with a mini-jet produ
tion me
hanism.When the � and � yields were 
ompared with those from Au + Au 
ollisions at 
entreof mass energies of 200 GeV, an enhan
ement was observed. However the enhan
ementi



of � and �� at 200 GeV was shown to be less than at lower energies. One possibleexplanation for the de
rease in the enhan
ement fa
tors is provided by thermal modelanalyses, whi
h indi
ate a suppression of strange yields from low energy 
ollisions of lightparti
les, 
ompared to 
ollisions at higher energies.
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Chapter 1
Introdu
tion
1.1 Eviden
e for QuarksAfter the dis
overy of the neutron in 1932, it was believed that the proton and the neutronwere fundamental 
onstituents of nu
lear matter. From the 1940s onwards a number ofother similar strongly intera
ting parti
les, or hadrons, were observed in 
osmi
 ray 
loud
hamber experiments. Indeed Figure 1.1 shows eviden
e for a neutral parti
le (a K meson)de
aying into two 
harged pions. Some of these parti
les, su
h as the K0, were observedto possess mu
h longer lifetimes than expe
ted. Due to this unexpe
ted behaviour, su
hhadrons were 
alled strange parti
les. However, there was no reason to believe that thesestrange parti
les, or indeed any of the others, were not also fundamental 
onstituents ofmatter.In the early sixties Gell-Mann (and, independently Zweig) tentatively put forward theidea that all hadrons 
ould be 
ategorised using various 
ombinations of three di�erenttypes of fra
tionally 
harged, spin 1/2, quarks [3℄. In their model the quark was nothingmore than a 
onvenient mathemati
ally derived quantity, having one of three 
avours: up(u), down (d) or strange (s) that when grouped together formed hadrons with the 
orre
t,experimentally observed, quantum numbers. States with half integer spin, 
onsisting ofthree quarks (qqq) were known as baryons, and hadrons with integer spin, 
onsisting ofquark anti-quark (qq) pairs as mesons. All of the strangely behaving parti
les 
ontainedthe strange quark, whereas the more familiar neutrons and protons 
onsisted of just up1



Figure 1.1: Cosmi
 rays produ
ed a large number of di�erent 
harged parti
les in the early
loud 
hamber experiments [2℄. This image presents the �rst eviden
e for the K meson;being un
harged the K0 leaves no tra
k until it de
ays into 2 
harged pions (see rightside of the image, just below the 
entral bar). This de
ay is 
hara
terised by a V shape.Neutral strange parti
le 
andidates are often referred to as v0 
andidates in modern dayhigh-energy experiments.and down quarks. Hadrons are 
lassi�ed a

ording to their hadroni
 spins and paritiesand ea
h group is further arranged a

ording to their strangeness and isospin quantumnumbers, as shown in Figure 1.2. This simple model gained 
redibility due to its abilityto predi
t previously unknown parti
le states.Dire
t experimental eviden
e for quarks as 
onstituent parti
les 
ame in 1968 fromthe results of inelasti
 s
attering of high energy ele
trons o� protons [4℄. As 
an be seenin Figure 1.3, most of the 
ross-se
tion is due to the ele
tron elasti
ally s
attering o� theproton. There are also smaller mid-energy inelasti
 s
attering peaks, whi
h 
orrespondto the 
reation of short-lived nu
leon like states. Cru
ially however, below these peaks,the 
ross-se
tion remains large. Feynman's quark-parton model helped explain this resultand others from deep inelasti
 s
attering experiments, by proposing that these data were
onsistent with the idea of an ele
tron elasti
ally s
attering o� smaller, non-intera
tingpoint like 
onstituents [5℄. Later experiments showed that Feynman's assumption of non-intera
ting quarks was in
orre
t. A better des
ription of the internal dynami
s of theproton is given by Quantum Chromo-Dynami
s (QCD) [6℄, whi
h des
ribes intera
tions2



Figure 1.2: a) The o
tet of spin 1/2 even parity baryons, b) The o
tet of spin 0 odd paritymesons, 
) The de
uplet of spin 3/2 even parity baryons.
3



Figure 1.3: The �rst eviden
e for quarks 
ame from measurements of s
attered ele
tronso� protons (taken from [4℄). In the Figure, E' is the energy of the s
attered ele
tron,measured at 10Æ, and W is the mass of the re
oiling hadroni
 state. The 
ross-se
tion forele
tron proton s
attering remains large for low s
attered ele
tron energies (E'), indi
ating�ner stru
ture within the proton.between the quarks by gluon ex
hange.Intera
tions in QCD require the ex
hange of 
olour between quarks and gluons (whi
h
olle
tively be
ame known as partons). Gell-Man saw the need for this additional `
olour'quantum number in order to explain the existen
e of spin 3/2 hadrons su
h as the ��(ddd), the �+ (uuu) and the 
� (sss) as the Pauli ex
lusion prin
iple forbids two identi
alparti
les to be in the same quantum state. To satisfy the ex
lusion prin
iple ea
h ofthe 
onstituent quarks are postulated to have di�erent 
olour 
harge. For baryons a
ombination of red (r), blue (b) and green (g) quarks makes a 
olourless state, where asfor mesons a 
ombination of a 
oloured quark and an anti-
olour anti-quark (r, b, or g)is required. Isolated quarks have never been observed in nature, whi
h leads to the ideathat all physi
al states must be 
olourless. Most importantly, QCD requires the gluonto 
arry a net 
olour 
harge, in order to enable 
olour ex
hange between quarks. Forexample, a blue quark may 
hange into a red quark, by ex
hanging a blue anti-red gluon4



Figure 1.4: A

ording to QCD, quarks 
hange 
olour when they intera
t by ex
hanging
oloured gluons.with a neighbouring quark as shown in Figure 1.4.Parti
les with 
onstituent strange quarks, su
h as the � were found to be heavier thanthose whi
h 
ontain just u and d quarks, indi
ating that quarks of di�erent 
avour do nothave the same mass. Heavier quarks have been made in high energy parti
le 
ollisionsand to date six 
avours of quarks have been 
on�rmed as existing in nature. In additionto the ones postulated by Gell-Mann, these are 
harm (
), bottom (b) and top (t), listedin Table 1.1.The 
urrent theory of fundamental parti
les is 
alled the Standard Model, whi
h de-s
ribes the strong intera
tion between quarks and gluons, and also des
ribes the 
ombinedtheory of the ele
tromagneti
 and weak intera
tions. In the standard model the entirematerial world 
onsists of 24 matter parti
les 
omprising six quarks and six leptons, andName Constituent Bare Charge(e) QuantumMass (MeV) Mass (MeV) NumberUp(u) �310 1.5 ! 5 +23 -Down(d) �310 5 ! 9 �13 -Strange(s) �500 80 ! 155 �13 Strangeness = -1Charm(
) �1; 600 1000 ! 1400 +23 Charm = +1Bottom(b) �4; 500 4000 ! 4500 �13 Bottom = -1Top(t) �175; 000 174 300 � 5 100 +23 Top = +1Table 1.1: A summary of the properties of the 3 families of quarks taken from [7℄. Ea
hof the quarks listed in the above table has an asso
iated anti-quark.5



their asso
iated anti-matter equivalents, and four types of for
e parti
les (
, Z0, W�, g).1.2 Con�nementThe fa
t that gluons 
arry 
olour leads to some 
ru
ial di�eren
es between QCD and theanalogous theory of the ele
tromagneti
 intera
tion, Quantum Ele
tro-Dynami
s (QED).In QED the potential between two test 
harges, separated by a distan
e r is given by,V (r) = �em(r)r (1.1)where �em is the ele
tromagneti
 
oupling `
onstant'.In QED it is postulated that an isolated ele
tron is surrounded by many virtual e+e�pairs. Su
h virtual pairs will be polarised due to the presen
e of the ele
tron. In thismanner the va
uum a
ts like a diele
tri
 medium, shielding the 
harge of the ele
tronfrom a test 
harge. The ele
tromagneti
 
oupling `
onstant' therefore varies weakly withr, and may be regarded as a running 
oupling 
onstant.In QCD gluon-gluon pairs 
an exist in addition to the qq pairs. An individual quarkis surrounded by qq pairs, whi
h are analogous to the e+e� pairs in QED, and also have as
reening e�e
t on the quark's 
olour 
harge. However the gluon pairs, whi
h 
arry a net
olour 
harge, are more 
ommon than the quark loops and have an anti-s
reening e�e
t.The overall e�e
t is for there to be net anti-s
reening of the 
olour 
harge. The net 
olour
harge observed by a test 
harge is therefore found to de
rease as its distan
e to the realquark de
reases.The strong 
oupling 
onstant has been experimentally measured to be a stronglyvarying fun
tion of distan
e or Q2 of the form [8℄,�s(Q2) = 12�(33� 2nf ) ln � Q2�QCD � (1.2)where Q2 = -q2 (q is the momentum transfer and is inversely proportional to r), nf isthe number of quark 
avours, and �QCD is a 
onstant. The behaviour of �s is 
ru
ialto understanding the nature of 
on�nement, as unlike �em, the value of �s varies very6



strongly with Q2.At high Q2(� �QCD), �s < 1, and the inter-quark for
e may be 
onsidered similar toa QED like one. At low Q2 (� �QCD) �s � 1, and gluon self-intera
tion be
omes thepredominant pro
ess when 
onsidering the for
e between two quarks. At large distan
es,the gluons intera
ting between two quarks will attra
t ea
h other. Consequently, thepotential between 2 quarks may be 
onsidered as the sum of a 
oulomb like, 1/r typeterm, and a term whi
h is linear in r, as given by,Vs = �43�sr + �r (1.3).where �s is the strong 
oupling 
onstant, � is the string 
onstant (� 1 GeV/fm) and r isthe separation of the quarks [9℄.At low Q2, as r ! 1, Vs ! 1; this explains why free partons are not observedin isolation. However at high Q2 or small r, �s ! 0 faster than r itself, 
ausing theintera
tion potential to drop to zero in this high Q2 (low r) regime.The �QCD 
onstant, referred to in equation 1.2 is regarded as de�ning the s
ale ofthe strong intera
tion, and has been measured to be � 200 MeV [10℄. It is important ase�e
tively it di�erentiates between a system of 
on�ned hadrons, and a system where thepartons no longer feel the strong for
e (Q2 � 200 MeV). The latter state 
orresponds tothe asymptoti
ally free regime where the separation of the partons is � 1fm with �s !0. It has been suggested that an asymptoti
ally free system of quarks and gluons may bedes
ribed as an ideal gas of partons, with thermo-dynami
al properties su
h as tempera-ture and pressure [11℄. It was the notion of a thermally equilibrated asymptoti
ally freesystem of partons that �rst led to the idea that a Quark-Gluon Plasma (QGP) may exist.
1.3 Debye S
reeningA di�erent route to the 
reation of a Quark-Gluon Plasma is predi
ted if one 
onsiders theme
hanism of Debye s
reening [12℄, whi
h 
an be understood by examining an analogous7



Figure 1.5: If the energy density of normal hadroni
 matter (a) is in
reased suÆ
iently,hadron boundaries will begin to overlap (b). As quarks and gluons be
ome de-lo
alisedthroughout this extended medium, Quark-Gluon matter is formed.pro
ess in 
ondensed matter. If one 
onsiders the hypotheti
al 
ase of an array of hydrogenatoms, in an insulating state, then ea
h ele
tron is bound to its proton by the Coulombintera
tion. However an ele
tron is not only attra
ted to its atomi
 proton, but also toneighbouring protons. This has the e�e
t of modifying the potential between the ele
tronand its proton to give, V (r) = �e24��0r exp(�rRD ) (1.4)where the ele
tron binding radius is r, and the Debye s
reening radius, RD is related tothe number density of atoms, ND by, RD � 13pND (1.5)As the number density is in
reased, RD be
omes smaller than the ele
tron bindingradius, and the exponential term in equation 1.3 tends to zero. The ele
trons be
omede-lo
alised, turning the insulating array of atoms into an ele
tri
al 
ondu
tor.In QCD the Debye s
reening radius should also de
rease with the parton number8



density so that the long range potential between partons within a nu
leon may be s
reenedby their neighbouring nu
leons. This represents the transition of a 
olour insulator intoa 
olour 
ondu
tor, as the 
oloured partons be
ome free to propagate throughout anextended volume, as shown in Figure 1.5. The pro
ess of Debye s
reening is importantfor 
al
ulating the 
onditions ne
essary for de
on�nement, as it o

urs at mu
h lowerenergy densities than those required for an asymptoti
ally free plasma [13℄.1.4 The Phase Diagram of Nu
lear MatterClues as to how a Quark-Gluon Plasma may exist are given by astro-physi
al observations.For example modern theories of super-dense nu
lear matter predi
t that a neutron starmay have a net baryon density of 3 to 5 times that of nu
lear matter, whi
h may besuÆ
ient for the QGP to exist [14℄.The measurements of 
osmi
 ba
kground radiation and of the 
osmologi
al red shift,suggest that the universe is expanding and has been 
ooling sin
e the big bang. The stateof matter in the early universe is utterly di�erent to that of a neutron star, be
ause itwould have 
onsisted of nearly equal amounts of very hot matter and anti-matter, forminga high temperature, low net baryon number plasma.The 
riti
al temperature, T
 above whi
h the early universe may have 
onsisted of aQuark-Gluon Plasma, 
an be 
al
ulated by using Latti
e QCD [15℄,[16℄. Latti
e QCD 
al-
ulations indi
ate that T
 is between (154 � 8) MeV and (173 � 8) MeV [17℄. These tem-peratures 
orrespond to energy densities of between � 0.8 GeV/fm3 and � 1.4 GeV/fm3.Using these temperatures, it is predi
ted that when the universe was less than 10 �s oldit was hot enough and dense enough to be 
omposed of de
on�ned quark gluon matter[18℄.It is useful therefore to 
hara
terise Quark-Gluon and hadroni
 matter in terms oftemperature, T and the net baryon density [19℄. The state of nu
lear matter may bedes
ribed by a phase diagram in the plane of T and net baryon density, where its twophases are hadroni
 or nu
lear matter and Quark-Gluon Matter as shown in Figure 1.6.The QGP phase transition is expe
ted to 
oin
ide with a partial restoration of Chiral9



Figure 1.6: The Phase diagram of nu
lear matter.symmetry. This is important as the mass of the quark e�e
tively has two parts, the �rstpart of whi
h is the intrinsi
 `bare mass' whi
h 
omes from the quark's intera
tion withthe Higgs �eld, and a se
ond part due to the quarks intera
tion with its surroundingmedium. A partial restoration of Chiral symmetry is believed to redu
e the latter quarkmass 
ontribution to zero, leaving only the bare quark mass. Consquently less energy isrequired to produ
e new quark anti-quark pairs in the QGP s
enario, than in a hadrongas.1.5 Kinemati
s of Relativisti
 Heavy Ion CollisionsThe best prospe
ts for 
reating a terrestrial Quark-Gluon Plasma are in the study ofrelativisti
 heavy ion 
ollision experiments. Su
h experiments have been performed sin
e1986 at the Alternating Gradient Syn
hrotron (AGS), and are presently being 
ondu
tedat the CERN Super Proton Syn
hrotron (SPS) and at the Relativisti
 Heavy Ion Collider(RHIC) at Brookhaven National Laboratory. One of the main distinguishing featuresbetween these experiments is the energy 
ontent available to the nu
lear 
ollision, repre-10
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ollision energy (ps). Taken from [20℄.sented by the 
entre of mass 
ollision energy, ps.Experiments at the SPS and the AGS involved 
olliding a beam onto a �xed target,where as at RHIC two syn
hrotron beams are made to 
ollide. Therefore when 
omparingresults between experiments the longitudinal 
omponent of momentum, pl is in
onvenientas it depends on the velo
ity of the 
entre of mass frame with respe
t to the lab frame.Spe
tra of parti
les produ
ed in relativisti
 parti
le 
ollisions are presented as fun
tions ofthe transverse 
omponent of momentum, pT , within a 
ertain rapidity a

eptan
e, whererapidity, y, is de�ned as, y = 12 ln E + plE � pl! (1.6)where E is the beam energy. A summary of the maximum beam energies, ps and beamrapidities available at the AGS, SPS, RHIC and that planned for the LHC is shown inTable 1.2. The mid-rapidity region, ymid, is important as it is here that the numberof newly 
reated parti
les is largest, and so is the window of rapidity that most RHIexperiments tend to fo
us on. As rapidity is Lorentz additive the mid-rapidity regions forall the 
ollisions indi
ated in Table 1.2 are 
omparable.Rapidity is mass dependent, and often, parti
ularly when quoting dete
tor a

eptan
es11



it is useful to use the mass independent version of equation 1.6, pseudo-rapidity, � de�nedas, � = 12 ln p+ plp� pl! (1.7)
Fa
ility Max. Beam ps �y=2 ymidName Energy(GeV/A) (GeV/A)AGS 11 4.6 1.6 1.6SPS 158 17.2 3.0 3.0RHIC 100 200 5.4 0LHC 3500 7000 8.8 0Table 1.2: A summary of the maximum beam and 
entre of mass 
ollision energies forheavy ions at RHI fa
ilities.

As shown in Figure 1.7, as the 
entre of mass 
ollision energy in
reases, the net baryondensity of the system de
reases, with the number of baryons and anti-baryons 
reated atmid-rapidity at ps = 200 GeV being approximately equal. At RHIC energies, roughlyequal numbers of baryons and anti-baryons are produ
ed and the net baryon density isapproximately zero. Thus �reballs 
reated in RHIC 
ollisions are in the low net baryondensity, high temperature regime of the phase diagram displayed in Figure 1.6.Out of the many heavy ion events measured by experiments, the most `
entral' aremost likely to produ
e a �reball with suÆ
ient energy density to make a QGP. Centralityis related to impa
t parameter, as dis
ussed in Appendix A. The energy density, assuminga 
entral 
ollision and zero net baryon density at mid-rapidity is given by Bjorken [21℄,"(�) = 1�A dETdy ����y=0; (1.8)where A is the transverse area of the in
ident nu
lei and � is the formation time (assumedto be 1fm/
 - the time for light to traverse a nu
leon). ET is transverse energy and is ameasured quantity. 12



1.6 Strangeness Enhan
ement as a QGP SignatureThe enhan
ement of strangeness as a Quark-Gluon Plasma signature was originally sug-gested by Rafelski [22℄. Rafelski proposed that ss pairs will be easier to produ
e in theQGP than in a hadroni
 gas, both be
ause they are mu
h lighter due to paritial 
hiralsymmetry restoration and be
ause of the mu
h higher density of gluons, whi
h opensup new formation pro
esses su
h as gluon fusion (gg ! ss). Perhaps more importantlythe time taken for strangeness equilibration via strong intera
tions (eg gg, qg, qq) in aQGP should be less than for a purely hadroni
 s
enario [23℄. The in
reased produ
tionof strangeness should manifest itself as an in
rease in the produ
ed numbers of strangeparti
les and anti-parti
les, su
h as the singly-strange �, the doubly-strange � and thetriply-strange 
.Of 
ourse, when 
onsidering enhan
ement of strangeness in heavy ion 
ollisions, onehas to 
onsider also a 
ontrol measurement to whi
h strange yields from heavy ion 
ol-lisions 
an be 
ompared. The CERN NA57 and WA97 experiments measured yields ofstrange parti
les from 
ollisions of lead on lead for whi
h a maximum energy density of3.2 GeV/fm3 was a
hieved, above that predi
ted for a QGP [24℄, [25℄. The CERN exper-iments also measured strange yields from 
ollisions of protons on Beryllium and protonson lead, whi
h form the 
ontrol measurements. Pb + Pb 
ollisions will naturally produ
emore parti
les than 
ollisions of lighter ions, due to the fa
t that usually Pb + Pb 
olli-sions 
ontain more parti
ipating pairs of nu
leons than either p + Be or p+Pb 
ollisions.Therefore strange yields are usually normalised by the number of parti
ipating pairs ofnu
leons whi
h will vary a

ording to the 
entrality of the event. The number of parti
i-pant pairs is estimated using Glauber Monte Carlo Models (See Appendix A). Strangenessenhan
ement may be de�ned as,Enhan
ement = � Y ieldNpart�A+A� Y ieldNpart�CONTROL (1.9)where A+A represents the heavy ion system (Pb + Pb for NA57), 
ontrol representsthe 
ontrol measurement (either p + Be, or p+Pb for NA57) and Npart is the numberof parti
ipating nu
leons, whi
h varies as a fun
tion of 
ollision 
entrality. Figure 1.813



shows enhan
ement fa
tors 
al
ulated using equation 1.9 from NA57 data, for 5 bins of
entrality [25℄. In Figure 1.8 enhan
ement is measured relative to p + Be 
ollisions, andstrangeness is shown to be enhan
ed for all hyperons shown in the Figure. Signi�
antly,the enhan
ement is in hierar
hi
al order of strangeness 
ontent, with 
� + 
� enhan
edby an order of magnitude. This dis
overy of strangeness enhan
ement was one of thepie
es of eviden
e mentioned in the CERN press statement of 2000, 
laiming 
ompellingeviden
e for the dis
overy of the QGP.
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Figure 1.8: Strangeness enhan
ement fa
tors, as a fun
tion of mean number of parti
i-pating nu
leons (Nwound=Npart), as measured by the NA57 experiment at CERN at ps= 17.2 GeV (Figure taken from [87℄).The Solenoidal Tra
ker at RHIC (STAR) experiment began taking its �rst data in2000, and during its se
ond run (2001-2002) measured both Au + Au 
ollisions and p + p
ollisions atps = 200 GeV. The PHENIX 
ollaboration have measured the energy densityfor Au + Au 
ollisions at ps = 200 GeV to be 5.4 � 0.6 GeV/fm3 [26℄, this is well abovethe 
riti
al � for a QGP phase transition, determined by the latti
e QCD 
al
ulations.The p + p 
ollisions a
t as the 
ontrol or baseline measurement, a
ting in a similar roleas the p + Be 
ollisions in the NA57 experiment.However, although RHIC was the �rst experiment to 
ollide heavy nu
lei with 
entre ofmass energies of 200 GeV, there are other similar p + p 
ollider fa
ilities su
h as the Super14



Proton Syn
hrotron (SPS) at CERN, and the Tevatron at Fermilab. As it is known thatthe mid-rapidity regime at RHIC is net-baryon number free, it is reasonable to assumethat measured yields in p + p 
ollisions at ps = 200 GeV will be similar to those fromp + p at the same energy. Indeed proton and anti-proton yields from p + p and p + p
ollisions have been 
ompared dire
tly at a lower energy of ps = 53 GeV, and were foundto be similar [27℄.There are good reasons for RHIC experiments to make their own p + p measurement.The rapidity a

eptan
e for �,� and K0S of the STAR dete
tor is limited to -1 < y < 1,where as strange parti
le results, from for example, the UA5 experiment are quoted overlarger rapidity intervals. Any 
onversion to make the STAR heavy ion results 
over theUA5 rapidity interval would be model dependent. The statisti
s available to some of theearlier p + p work, parti
ularly the strange parti
le UA5 results were also poor, with largeerrors being quoted on the �nal yields [28℄. Also UA5 was unable to distinguish betweenstrange parti
les and anti-parti
les.The obje
tive of the work des
ribed herein is to measure singly strange parti
les (�,� and K0S) from p + p 
ollisions at ps = 200 GeV at RHIC. One of the purposes ofthis is to extra
t the yields (dN=dy) in order to determine the strangeness enhan
ementfa
tors, relative to Au+Au 
ollisions for � and �. However, the spe
tra 
an also be usedto help verify and tune various models and 
al
ulations, some of whi
h are dis
ussed inthe following Chapter.
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Chapter 2
Theory
If 
omparisons are to be made to results from heavy ion 
ollisions it is important to under-stand the baseline p + p measurement. Unfortunately although the theory of QCD is wellestablished, it 
annot be used to give a 
omplete des
ription of parti
le produ
tion fromnu
lear 
ollisions. This se
tion des
ribes some of the models whi
h have been formulatedin an attempt to des
ribe parti
le produ
tion in proton + proton (p + p) and also proton+ anti-proton (p + p) 
ollisions. Also des
ribed are some of the earlier p + p experimentalresults, together with some of the model 
omparisons.2.1 Mi
ros
opi
 Models2.1.1 Hard Pro
essesEviden
e for the form of the potential between two quarks given in equation 1.3 is providedby the observation of high pT jets from high energy 
ollisions [29℄. As su
h events involvevery high momentum transfers the strong 
oupling 
onstant �s is less than unity, allowingperturbation theory to be used to 
al
ulate the 
ross-
ross se
tion.
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The prin
iple of fa
torisation 
an be used to de
onstru
t the invariant 
ross se
tion forhard pro
esses into 3 separate 
ontributions. Taking, for example, the in
lusive rea
tionA+B ! C + anything, where A, B and C are hadrons, the 
ontributions are:1) The initial state intera
tion is between two quarks, a and b belonging to hadronsA and B. This initial intera
tion is linked to the momentum distributions of the quarkswithin the hadrons, represented by the stru
ture fun
tions Ga=A(xa; aT ) and Gb=B(xb; bT ).Here aT and bT represent the transverse momenta of partons a and b (whi
h are 
on-stituents of A and B), and x is the Bjorken x variable de�ned by,x = q22M� (2.1)where q is the 4 momentum transfer, M is the mass of the proton and � is the energytransferred to the proton. Bjorken x is a measure of the inelasti
ity of the 
ollision, andfor a totally elasti
 
ollision it is equal to 1.2) The Feynman diagram for the quark-quark s
attering, a+b! 
+x where x 
an beanything. From the Feynman diagram, and knowledge of the strong 
oupling 
onstant,�s, the 
ross se
tion for the partoni
 s
attering pro
esses, a+ b! 
+x 
an be evaluated.3) The 
han
e for quark 
 to fragment into a hadron of type C, GC=
. Fragmentationis a poorly understood pro
ess, as all fragmentation takes pla
e at large r, (�s > 1).Therefore jet fragmentation fun
tions are empiri
ally derived from experimental data[30℄.A simpli�ed 
ross se
tion 
al
ulation 
an be written as,d�dy =Xab
 Z 10 Ga=A(xa; aT )Gb=B(xb; bT )d�ab!
xdy GC=
(x
; 
T )x
 dxadxbdx
 (2.2)These types of equations have been su

essfully used to des
ribe jet produ
tion at theTevatron [31℄. Attempts have also been made to des
ribe parti
le spe
tra (not just jets)using pQCD models. The UA1 K0S spe
tra at ps = 630 GeV [32℄, and K0S spe
tra fromthe Collider Dete
tor at Fermilab (CDF) [33℄ are plotted in Figure 2.1. Also shown are 3parameterisations of a next to leading order pQCD 
al
ulation by Borzumati et al. [34℄.The 
al
ulation made by Borzumati agrees well with the 630 GeV spe
tra for pT > 2 GeV,17



Figure 2.1: A 
omparison of K0S and K� spe
tra as a fun
tion of pT from UA1 [32℄ andCDF [33℄. The �tted lines are pQCD 
al
ulations made by Borzumati, whi
h des
ribethe UA1 data well at high pT .but is not expe
ted to agree at low pT , as parti
le produ
tion at low pT is dominated bynon-pQCD (soft) pro
esses. As stated by Hagedorn [35℄, the spe
tral shape at high pTbe
omes 
atter, and an empiri
al power law fun
tion (equation 2.3) is expe
ted to �t thehigh pT part of the spe
tra where the power law is de�ned as,Ed3Ndp3 = 12�pT d2NdydpT = B(1 + pTp0 )�n (2.3)where n (the power fa
tor), B and p0 are �t parameters. The power law parameterisationis widely used to des
ribe K0S and � spe
tra from high energy p + p and p + p 
ollisions(see for example [36℄).Cal
ulations involving QCD perturbation theory are very 
ompli
ated (see for example[37℄) and 
annot be expe
ted to agree at low pT . Also pQCD 
al
ulations 
annot be used to18



q q

Figure 2.2: Over large distan
es the gluons attra
t ea
h other and form a `
ux tube'.This is in 
ontrast to QED, as the �eld lines do not spread out to form a dipole pattern.des
ribe the underlying event in hadron hadron 
ollisions, whi
h is essentially everythingelse ex
ept the outgoing parti
les from the hard s
atter.2.1.2 Soft Pro
essessThe features of p + p and p + p 
ollisions at lower energies (ps < 1 TeV) are dominatedby small q2 
ollisions, where �s > 1. Therefore unfortunately, the majority of parti
lesgenerated in 
ollisions at RHIC energy (ps = 200 GeV) and below, are produ
ed in
ollisions where pQCD is not appli
able. It has so far proved impossible to 
al
ulate from�rst prin
iples the low pT part of parti
le spe
tra produ
ed from su
h `soft' 
ollisions.This is why a phenomenologi
al approa
h has to be applied in the analysis of parti
lesprodu
ed in soft 
ollisions. One of the most 
ommonly used models is the Lund stringmodel [38℄. The string model is a semi-
lassi
al model, based on the observation that the
olour �eld between two 
olour 
harges does not extend radially throughout spa
e, likefor two ele
tromagneti
 
harges. Instead, be
ause of the self intera
tion of the gluons the�eld is 
on
entrated into a 
olour 
ux tube, as illustrated in Figure 2.2. The tube has a
onstant linear energy density of � � 1 GeV/fm, thus the potential energy between the
olour 
harges grows with distan
e [39℄. If the distan
e be
omes too large the tube willbreak by the produ
tion of a qq pair from the �eld energy, produ
ing two new strings.Ea
h string fragments into hadrons, breaking up repeatedly, as long as the invariant massof the string pie
es ex
eeds the mass of a hadron.19



Figure 2.3: S
hemati
 diagram of the string fragmentation pro
ess. A d-quark + d-quark
ollision o

urs between the two red protons, resulting in a string being pulled between theseparated (ud) di-quark and a d quark, (formally the lower udd proton in the diagram).In the example shown, the string fragments into a ss pair, 
reating 3 new �nal stateparti
les (blue), a proton, a � and a K0S. If the 
ollision is suÆ
iently violent, the stringmay fragment into mu
h more than one qq pair.A simple example of Lund string fragmentation is given in Figure 2.3, where thepro
ess, p+ p! p+ �+K+: (2.4)is des
ribed at the level of the 
onstituent quarks.In the Lund string model the probability for 
reating the qq pairs de
reases exponen-tially with the transverse mass squared, m2T of the qq system, where the transverse massis de�ned as, mT 2 = m2 + pT 2 (2.5)20



Therefore the produ
tion of heavier quarks, is suppressed relative to the lighter u andd quarks, with for example strange quark produ
tion estimated to be three times lesslikely than u or d quark produ
tion [38℄.There are event generators su
h as PYTHIA [40℄ and HIJING [41℄ whi
h des
ribeprodu
tion of parti
les via the strong intera
tion using a Monte Carlo model. As well asbeing based on the Lund model, they in
orperate leading order pQCD 
al
ulations forthe hard parton-parton s
attering pro
ess. Collisions are simulated many times in orderto build up suÆ
ient statisti
s to enable a 
omparison with experimental data.However, su
h event generators are also 
ontrolled by a series of adjustable parameters.The default PYTHIA parameters 
orrespond to those whi
h a
hieve good agreement withhigh energy e+e- 
ollision data. The parameters 
an be further tuned, for example, inorder to make the minimum-bias 
harged parti
le spe
tra from p + p 
ollisions at ps =546 GeV agree with PYTHIA [42℄. Interestingly a parameter whi
h provides multipleparton-parton 
ollisions needs to be in
orporated to a
hieve the agreement. This ba
ksup earlier experimental observations (for example [43℄), that for ps greater then a 100GeV or so, 
ollisions between protons and anti-protons largely 
onsist of more than asingle parton-parton intera
tion.
2.2 Proton + Proton (p + p) and Proton + Anti-proton(p + p) CollisionsThere is a wealth of p + p and p + p data from 
ollisions with ps from a few GeV, to �2 TeV [33℄. Mu
h of the data 
on
erns the measurement of pions, or other light mesons,sin
e these are the most 
opiously produ
ed parti
les in relativisti
 
ollisions. Su
h data,in
luding those from the 
omparatively rarer strange parti
le analyses, 
an then be usedto help tune models su
h as PYTHIA, and help improve our understanding of the strongfor
e.At CERN Interse
ting Storage Rings (ISR) energy regions (ps � 65 GeV) a numberof features of hadroni
 
ollisions are observed to have s
aling properties su
h as 
onstant21



Figure 2.4: The UA1 trigger 
ross se
tion �trig as a fun
tion of ps. The �tted line is
onsistent with the 
on
lusions of Gaisser and Halzen and L. Durand and H. Pi, thatthe observed rise in the inelasti
 
ross se
tion may be asso
iated with the jet event 
rossse
tion. (Taken from [45℄).hpT i and total 
ross se
tion, �tot [44℄. As ps is in
reased beyond 65 GeV one of thephenomena en
ountered is the in
rease of the inelasti
 
ross se
tion �tot, with ps of p + p
ollisions, as indi
ated in Figure 2.4. One explanation for this behaviour is presentedby Gaisser and Halzen [46℄, where, due to the diÆ
ulties in 
al
ulating non-pQCD 
rossse
tions, �tot is split into two 
omponents,�tot = �0 + �jet(pTmin) (2.6)where �0 is the p+ p 
ross se
tion at low energy and �jet(pTmin) is 
al
ulated using pQCD.The 
al
ulated value of �jet in
reases with ps, indi
ating that the in
reasing 
ross se
tionmay be des
ribed by an in
reasing 
ontribution from a hard, pQCD based 
omponent.This simple model has sin
e been re�ned [47℄, but the basi
 
on
lusion remains thatthe overall 
ross se
tion 
an be des
ribed by soft and hard 
omponents, with the pQCD
omponent in
reasing with ps. 22



Another remarkable phenomena is the in
rease of hpT i with measured multipli
ityin p + p 
ollisions, observed at Fermilab for ps = 1.8 TeV for 
harged kaons, pionsand protons [33℄ and also for (� + �) and K0S at ps = 630 GeV, measured by theUA1 
ollaboration (see Figure 2.5)[32℄. The dependen
e is interesting, be
ause a naiveexpe
tation might be for there to be less kineti
 energy available to the parti
les, as more ofthe 
ollision energy has been used in 
reating new parti
les (in
reased multipli
ity). Wangand Hwa have used a semi-empiri
al model to reprodu
e the in
rease of hpT iwith 
hargedmultipli
ity [48℄. This model indi
ates that the in
rease of hpT i is related to a growing
ontribution from parti
les produ
ed by so 
alled `mini-jets'. A mini-jet is produ
ed fromsemi-hard events involving parton s
atters whi
h 
an be treated perturbatively, but whi
hdo not produ
e jets of parti
les with pT > 5GeV. Instead these high q2 s
atters produ
e`mini-jets' of parti
les with pT between approximately 1 and 5 GeV. Using this modelWang also shows that the in
rease of mean multipli
ity with ps 
an be explained by agrowing mini-jet 
ontribution [49℄. At RHIC energies and lower the model indi
ates thatparti
le produ
tion is dominated by the soft pro
esses and is able to reprodu
e the slowlogarithmi
 in
rease of mean parti
le multipli
ity with ps seen in the data [50℄. Themultipli
ity 
ontribution from the pQCD mini-jet pro
esses rises mu
h more qui
kly withps, but does not be
ome dominant until ps > 4TeV [49℄.
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Figure 2.5: hpT i as a fun
tion of 
harged tra
k multipli
ity per unit pseudo-rapidity for
harged hadrons, K0S and � +�, as measured by the UA1 experiment [32℄.
A model by Giovannini and Ugo

ioni des
ribes the multipli
ity distributions in termsof a weighted superposition of the multipli
ity distributions from soft events and semi-hard events (events with mini-jets), where the semi-hard 
omponent is 
hara
terised bylarger mean multipli
ity [51℄. Their results indi
ate that parti
le produ
tion is dominatedby hard pQCD pro
esses in the ps � TeV region, but by soft non-pQCD pro
esses inthe ps � GeV region and therefore are 
onsistent with the 
on
lusions by Wang and his
ollaborators.These observations provide eviden
e for 
ontributions from two separate 
omponentsto spe
tra from p + p and p + p 
ollisions; a soft non-pQCD 
omponent and a hard pQCD
omponent, with the hard part part in
reasing both with ps (resulting in an in
rease in
ross se
tion), and also with the measured multipli
ity.24



2.3 Ma
ros
opi
 ModelsWhere as mi
ros
opi
 models su
h as a pQCD 
al
ulation or a PYTHIA simulation at-tempt to model parti
le intera
tions in detail, thermal models 
an be used to predi
t sim-pler 
hara
teristi
s, su
h as the overall yield, dN=dy for individual parti
les, or 
hemi
alfreeze out temperature. Generally statisti
al models assume a thermally and 
hemi
allyequilibrated system where all inelasti
 pro
esses have 
eased but make no predi
tionsabout how the system arrived in su
h a state, or for long the system lives for.2.3.1 Thermalisation and the QGPThe Quark-Gluon Plasma has been de�ned as [53℄,`A (lo
ally) thermally equilibrated state of matter in whi
h quarks andgluons are de
on�ned from hadrons, so that 
olour degrees of freedom be
omemanifest over nu
lear, rather than merely nu
leoni
 volumes.'The question of whether the system 
reated in nu
lear 
ollisions is relevant not just indetermining the appli
ability of thermal models, but also in de
iding if the Quark-GluonPlasma exists, and is therefore worth attempting to answer.If one assumes that a Quark-Gluon Plasma is produ
ed in relativisti
 heavy ion 
ol-lisions, then the system may be 
onsidered as evolving over time. This evolution startswith the initial state intera
tions between the individual 
onstituent partons, within theheavy nu
lei. The number of partons in
reases rapidly as new partons are 
reated viafragmentation pro
esses. If the energy density is large enough it is believed that the mat-ter 
reated in su
h 
ollisions 
ould undergo a phase transition to a new de
on�ned stateknown as the Quark-Gluon Plasma. If this is so then, as the system is rapidly expanding,the QGP will only last a very short time before it 
ools and re-hadronises. One very im-portant 
onsideration is that whether the QGP lives long enough in order for equilibriumto be obtained. Indeed, as new types of quark, su
h as strange quarks and anti-quarksare produ
ed in the 
ollisions, there are infa
t two types of equilibrium relevant: thermalequilibrium and 
hemi
al equilibrium. The fa
tors governing whether these two types of25



equilibrium are attained are the rates at whi
h equilibrium is a
hieved and the time theQuark-Gluon plasma lives for.Thermal equilibration takes pla
e via both elasti
 and inelasti
 
ollisions betweengluons and quarks. A model by Biro et al., whi
h uses a pQCD based Monte Carlo modelto predi
t the strong intera
tions between partons is able to determine the time it takesfor a purely partoni
 system to rea
h thermal equilibrium [54℄. It is predi
ted that theQGP is dominated by gluons, whi
h have a fa
tor of 2-3 larger intera
tion 
ross se
tionthan the quarks; hen
e the gluons thermalise very qui
kly (� 0:3fm=
) with the wholesystem thermalising after 1 fm=
.At RHIC this initial plasma temperature is expe
ted to be � 300 MeV; the plasmatherefore lives for as long as it takes for it to 
ool down to the phase transition temperatureof 160 MeV. Assuming, the longitudinal expansion rate of the separating quarks andgluons, the plasma at RHIC is expe
ted to last � 10 fm=
 [55℄.As there are no strange valen
e quarks in the original heavy nu
lei, they must beprodu
ed via inelasti
 
ollisions. The equilibration of strangeness o

urs on a mu
h longertime s
ale than thermalisation [56℄. Thus even though the QGP may be in thermalequilibrium, strangeness may not be fully equilibriated.As the system 
ontinues to expand there will 
ome a point where there is insuÆ
ientenergy for 
avour 
hanging inelasti
 intera
tions; this is known as 
hemi
al freeze out. Asthe system expands further, it will be
ome suÆ
iently di�use so that elasti
 intera
tions
ease; this is known as thermal freeze out.2.3.2 The Temperature ParameterThe thermodynami
 approa
h to hadron produ
tion in hadroni
 
ollisions was originallyintrodu
ed by Hagedorn [35℄. The most important indi
ation of thermal hadron produ
-tion in high energy rea
tions was 
onsidered to be the `slope' or temperature parameter,T of the transverse mass, (mT ) spe
tra, where mT was by de�ned equation 2.5. However,here the parameters from equation 2.5, m and pT relate to the mass and transverse mo-mentum for a parti
ular parti
le respe
tively. Assuming the hadrons exist in an in�nitely26



extended hadron gas in equilibrium, then it has been shown that the spe
trum 
an bedes
ribed by, 12�pT d2NdydpT = AmT e�mTT (2.7)where A is a 
onstant. The temperature parameter, is e�e
tively used to des
ribe thespe
tral shape, whi
h re
e
ts not only the apparant temperature after thermal freeze out,but also the velo
ity of the expanding �reball.2.3.3 Thermal ModelsFor systems involving large numbers of produ
ed parti
les the thermal model 
an be
onsidered within the 
ontext of the grand 
anoni
al ensemble. Given a set of inputparameters, su
h as the slope parameter, T and the 
hemi
al potentials, the numberdensity for a parti
ular spe
ies may be 
al
ulated. A thermal model determines meanparti
le multipli
ities, hnii, of type i, by assuming a Boltzmann distribution of the form,hnii = (2Ji + 1) V(2�)3 Z d3p 1
�sis exp [(Ei � (�b + �s))=T ℄� 1 (2.8)where Ji is the spin of hadron i, si is the number of strange quarks and the temperature,T and the 
hemi
al potentials ub, and us 
an be regarded as free parameters. The 
sfa
tor was introdu
ed by Rafelski [57℄ in order to a

ount for the amount of strangeness
hemi
al equilibration, where 
s 
an be between 0 and 1, and full strangeness equilibrationis represented by 
s = 1. Some models, su
h as Braun-Munzinger's [58℄ assume 
omplete
hemi
al equilibration (
s = 1), and, initially an in�nite volume. The measured meanparti
le yields are used as a basis to apply thermal model �ts using variables su
h as Tand ub as the �t parameters. The su

ess of the thermal model is in being able to tunethe �t in order to agree with a number of di�erent measured parti
le abundan
es. Goodagreement is obtained between the relativisti
 heavy ion data and the thermal model �tsusing both the Braun-Munizinger approa
h and also the model by Be
attini and Cleymans[59℄ (shown in Figure 2.6). At energies below 200 GeV energy 
s is < 1, but at RHICenergies it has been shown that 
s � 1 [60℄.27
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Figure 2.6: Thermal model multipli
ities as 
al
ulated by Be
attini and Cleymans modelagree with experimentally measured yields from heavy ion 
ollisions (with beam energiesbetween 1.7 GeV/A and 158 GeV) well (taken from [59℄).It has therefore been shown that parti
le yields and ratios from the relativisti
 heavyion experiments agree well with thermal model based model predi
tions, where the 
on-dition of 
omplete thermal equilibration is impli
it. It is important to address if thisagreement is unique to just the heavy ion data. A

ordingly thermal model analyses havealso been 
ondu
ted on results involving smaller systems (eg p + p), where a thermalsystem is not expe
ted.When thermal model type analyses are applied to results from p + p and p + p it isimportant to point out that the number of produ
ed parti
les is redu
ed so that the grand
anoni
al ensemble is no longer appli
able. Instead, the 
anoni
al ensemble is used, whi
hrequires for exa
t 
onservation of quantum numbers (rather than global 
onservationof quantum numbers as in the grand 
anoni
al ensemble). The requirement for exa
t
onservation of quantum numbers pla
es a 
onstraint on the thermal model, so that28



results obtained using the grand 
anoni
al ensemble will di�er from results obtained usinga 
anoni
al ensemble. However it has been shown that results obtained using grand
anoni
al and 
anoni
al approa
hes 
onverge in the limit of high multipli
ity [23℄.Thermal models have been applied to a wide range of results from p + p and p + p
ollisions from ps = 19.4 GeV to ps = 900 GeV by Be
attini and Heinz [61℄. Themultipli
ities extra
ted from the thermal model agree well with the measured values, asshown in Figure 2.7. However it is worth pointing out that agreement 
ould only bea
hieved by using a 
s value of � 0.58 or less.
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tions (taken from [61℄).The analysis des
ribed herein is 
on
erned with the measurement of K0S, � and �parti
les from p + p 
ollisions at ps = 200 GeV, for whi
h there is a similar measurementmade by UA5. A Be
attini thermal model analysis has also been performed for the UA5experimental results of p + p 
ollisions at ps = 200 GeV [62℄. The results indi
ate good29



agreement between the yields of K0S and � and the thermal model �t predi
tion, as shownin Table 2.1. Parti
le Measured Thermal ModelYield Predi
tionAll Charged 21.4 � 0.4 � 0.72 21.27K0S 0.75 � 0.09 � 0.009 0.783� (�) 0.23 � 0.06 � 0.008 0.194�� 0.015 � 0.015 � 0.0002 0.0123Table 2.1: Be
attini's thermal model analysis agrees with the strange parti
le data takenby the UA5 data for p + p at ps = 200 GeV. The displayed yields are extrapolated overthe full rapidity range (taken from [62℄).Thermal model analyses thus give very good agreement with experimental data, bothfor heavy ion data, where 
hemi
al and thermal equilibrium may be attained throughre-s
attering pro
esses, and also in 
ollisions of protons and anti-protons, where thereis 
onsidered to be no re-s
attering. Agreement with thermal models therefore 
annotindi
ate that thermalisation has taken pla
e. It has been argued that `parti
les maybe born thermal' and that the agreement of the data with thermal models is due to astatisti
al �lling of the available phase spa
e [23℄. Indeed, the Hagedorn `temperature'for proton+proton 
ollisions has been shown to represent the Lund model's string tension[64℄.
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Chapter 3
Experimental Setup
The Relativisti
 Heavy Ion Collider (RHIC) ia situated at Brookhaven National Labo-ratory, on Long Island in the USA. The 
ollider 
omprises two super-
ondu
ting syn-
hrotrons whi
h a

elerate heavy ions in opposite dire
tions, with beam energies from 30GeV/A up to 100 GeV/A [65℄. Therefore, the maximum 
entre-of-mass heavy ion 
olli-sion energy (ps) available at RHIC is between 60 GeV/A and 200 GeV/A. Experimentsat RHIC are mainly devoted to the sear
hes for the Quark-Gluon Plasma, but as well as
olliding heavy ions, RHIC is able to 
ollide lighter ions su
h as protons on protons, anddeuterons on gold. The maximum proton beam energy is 250 GeV.The RHIC began operating in 2000, and to date, there have been four main experi-mental runs, whi
h are summarised in Table 3.1. The p + p run, whi
h is the subje
t ofthis analysis, was undertaken between De
ember 2001 and January 2002. Collisions wereanalysed using the Solenoidal Tra
ker at RHIC (STAR) dete
tor whi
h forms one of the4 four main experiments pla
ed at the beam interse
tion points around the ring.Run Year CMS energy Collisionps Spe
ies1 2000 130 GeV Au + Au2 2001-2002 200 GeV Au + Au2 2001-2002 200 GeV p + p3 2003 200 GeV d + Au4 2004 200 GeV Au + AuTable 3.1: A summary of the major runs at RHIC.
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3.1 The Relativisti
 Heavy Ion Collider Fa
ilityThe Relativisti
 Heavy Ion Collider Fa
ility is depi
ted s
hemati
ally in Figure 3.1. TheCollider 
annot a

elerate ions from rest, so several pre-a

elerators are used in orderto provide ions for RHIC inje
tion [65℄. For protons the a

eleration to RHIC inje
tionenergy is a three stage pro
ess. Protons from a sour
e of hydrogen gas are a

eleratedto 200 MeV by a proton Linear A

elerator (LINAC). The 200 MeV protons are theninje
ted into a booster syn
hrotron, whi
h further a

elerates the protons to 1.5 GeV.The booster infa
t in
orporates two inje
tion lines; one for protons and another for heavyions. When used to a

elerate heavy ions the booster's main purpose is to strip theremaining ele
trons o� the ions.The 1.5 GeV protons are transferred to the Alternating Gradient Syn
hrotron (AGS).The AGS has been operating sin
e the 1960's, and was itself used for the �rst Relativisti
Heavy Ion experiments, starting in 1986. The AGS gets its name from the fa
t that itsbending magnets are arranged into se
tors, with alternately in
reasing and de
reasingradial gradients. These alternating gradients help to fo
us the beam. Protons in the AGSare a

elerated from 1.5 GeV to the RHIC inje
tion energy of 25 GeV.As is 
ommon with syn
hrotrons, the ions are a

elerated in bun
hes, with ea
h bun
h
ontaining � 1011 ions. Ions are transferred to the RHIC via the AtR (AGS to RHIC)transfer line, whi
h 
an supply both rings separately with ion bun
hes, one bun
h at atime.
3.2 The Relativisti
 Heavy Ion ColliderThe Relativisti
 Heavy Ion Collider 
onsists of two interse
ting syn
hrotron rings, ea
h3.8 km in 
ir
umferen
e. Bending and fo
using of the beam is a
hieved by 1740 super-
ondu
ting magnets, arranged in 6 segments around ea
h ring. The magnets must be runat � 5 Kelvin, so they are 
ooled with liquid helium and nitrogen. The two rings areidenti�ed as yellow, where the ions travel anti-
lo
kwise, and blue, where the ions travel
lo
kwise. 32



Figure 3.1: A s
hemati
 diagram showing the passage of parti
les as they pass from asour
e (the proton LINAC or the Tandem Van de Graaf generator) to the AlternatingGradient Syn
hrotron (AGS) and �nally to the Relativisti
 Heavy Ion Collider (RHIC)[66℄.
Protons of energy 25 GeV are inje
ted into the rings and need to be a

elerated byRHIC up to 100 GeV. The energy of the parti
les is in
reased by using RF 
avities whi
hprovide an a

elerating alternating potential, operating at radio frequen
y (RF). Duringthe a

eleration stage it is advantageous to 
apture the inje
ted ions from the AGS inbun
hes, as it is mu
h easier to a

elerate small ion bun
hes, 
ompared to 
ontinuousbeams. The bun
h 
on�guration for the year 2 p + p run is detailed in Table 3.2.Collision Number Mean Number of Minimum TimeType of Bun
hes Ions per bun
h Between Bun
h Crossings (ns)p + p 60 100 x 109 213 nsTable 3.2: Bun
h 
on�guration for year 2 p + p running.
Collisions are made by steering ea
h of the 
ounter rotating beams into a 
ommonbeam pipe, by using a `ki
ker' magnet. The beams are diverted ba
k into their ownrespe
tive rings by another ki
ker magnet, at the opposite end of the beam pipe.33
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Figure 3.2: Average luminosity vs run day.3.3 Maximising Beam LuminosityAlthough the main advantage of 
olliders is the potential maximum use of all of theavailable beam energy, it 
omes at the expense of the experimental diÆ
ulty of a
hievinga

eptable 
ollision rates. This is be
ause the density of ions available in a beam is lessthan for a �xed solid target.On
e the bun
hes have been a

elerated to the required energy, RHIC operates in itsstorage ring mode. In this mode all of the ions in RHIC 
ir
ulate with a frequen
y, f , of78 kHz. The length of a typi
al store may be ten or so hours, so bun
hes of ions havemany opportunities to intera
t over the time of a store.The 
ollision rate, R, obtainable at RHIC is determined by,R = L� (3.1)where � is the nu
lear intera
tion 
ross se
tion and L is the beam luminosity, whi
h isde�ned by, L = f � nbun
h �Nblue �Nyellow(4��x�y) (3.2)where N is the number of ions in either the blue or yellow ring (� 1011), nbun
h is thenumber of �lled bun
hes, and 4��x�y is the beam 
ross se
tional area. It is importantto try and minimise the beam 
ross se
tional area (4 ��x�y) in order to maximise the34



luminosity. In RHIC this is a
hieved via the use of fo
using magnets. However intra-beam s
attering due to Coulomb intera
tions between parti
les in the same bun
h [67℄,introdu
es a defo
using e�e
t, and this pla
es a limit on the maximum luminosity whi
h
an be a
hieved.The luminosity 
an also be in
reased by in
reasing the average number of ions in theblue and yellow rings, Nblue and Nyellow. This number varied throughout the length of the30 day p + p running period, leading to luminosity variations as shown in Figure 3.2.Over the time of a store, the luminosity be
omes redu
ed as ions are removed fromthe beam, and it is ne
essary to dump the beam by magneti
ally steering it out of therings. It is useful therefore for some (� 4) of the bu
kets to be left empty as this gives atime gap of a few =mus and allows for easier beam steering. As the beam luminosity wasgradually redu
ed throughout ea
h run, average luminosity values are used in Figure 3.2.3.4 The STAR Dete
torThe Solenoidal Tra
ker at RHIC (STAR) dete
tor is primarily a hadron spe
trometer.It 
onsists of many subsystems, used for event triggering, parti
le tra
king and parti
leidenti�
ation. STAR gets its name from the fa
t that its main tra
king dete
tor is alarge 
ylindri
al gas-�lled Time Proje
tion Chamber (TPC), whi
h is inside a solenoidmagnet, designed to produ
e a uniform magneti
 �eld within the dete
tor of up to 0.5 T.A s
hemati
 diagram of the STAR dete
tor is presented in Figure 3.3. The sub-systemsparti
ular to the analysis of strange parti
les produ
ed in p + p 
ollisions are dis
ussedin the next se
tions, and are des
ribed in greater detail elsewhere [68℄,[69℄.3.4.1 Parti
le Tra
king Using the TPCThe main dete
tor is the Time Proje
tion Chamber (TPC), and its job is to measure thetraje
tory of parti
les whi
h are 
reated in the p + p 
ollisions. A s
hemati
 diagram ofthe Time Proje
tion Chamber (TPC) [70℄ is shown in Figure 3.4. It is a large 
ylindri
aldete
tor with an outer radius 2 m and is 4.2 m long, with the beam line passing throughthe 
entre of it. The TPC 
an provide tra
king for 
harged parti
les with pseudo-rapidity35



Figure 3.3: S
hemati
 diagram of the STAR dete
tor [66℄.j�j up to < 1.8 and has full azimuthal 
overage and symmetry.The inner part of the TPC through whi
h the beam pipe runs has a radius of 50
m,meaning that the a
tive regions of the TPC (radially) are from 50
m to 200
m. Thea
tive region is �lled with P10 gas (10% methane and 90% argon). As 
harged parti
lesprodu
ed in p + p 
ollisions traverse the a
tive regions, they ionise the P10 gas withread-out from the TPC being based on dete
ting the ionisation ele
trons.The ele
trons drift through the gas under the in
uen
e of an ele
tri
 �eld. The �eldis produ
ed by a 
entral membrane 
athode held at 28 kV, and the shield grids at theend 
aps whi
h are held at ground. Thus the TPC may be envisaged as two independentdete
tors, joined at the 
entre, with ele
trons in ea
h half drifting in opposite dire
tionstowards the outer read-out planes. As the ele
trons 
an drift by distan
es of up to 2m,the 
hoi
e of gas is very important. As well as having small ele
tron absorption, P10 gashas a low di�usion 
onstant whi
h limits 
harge spreading, whi
h ultimately results ingood two tra
k resolution. The P10 gas is held at slightly above atmospheri
 pressure, inorder to stop impurities from leaking into the dete
tor.36



Figure 3.4: A diagram of the TPC. The east and west halves of the TPC are divided bya 
entral high voltage membrane. Both ends of the TPC are split into 12 super-se
torswhi
h 
ontain pad rows whi
h are used to read out parti
le hits [66℄.As the drifting ele
trons rea
h the read-out planes they approa
h a gating grid asshown in Figure 3.5. The gating grid is an ele
troni
 shutter 
omposed of anode wireswhi
h 
ontrols whether the drifting ele
trons are allowed to be dete
ted at the pad plane.When the grid is in the 
losed state the wires are alternately held at +75 V and - 75V, to
olle
t both the drift ele
trons and any remaining positive ions. The grid is only opened(ie set to 0 V) when a valid trigger signal is re
eived and when the data a
quisition systemis not already pro
essing a previous event.When the gated grid is open the ele
trons are dete
ted by a Multi Wire ProportionalCounter (MWPC). This is to say the ele
trons are a

elerated by anode wires held at highpotential (� 1 kV) so as to produ
e an avalan
he of ele
tron+ion pairs. The avalan
he
harge is proportional to the initial amount of ionisation whi
h is important for 
al
ulatingthe energy loss of the parti
le as a fun
tion of distan
e traveled, dEdx . Charge is preventedfrom re-entering the TPC by the shield grid. The positive ions 
reated by the avalan
hemove qui
kly away from the anodes, and their movement indu
es a read out signal on anarray of 
athode pads underneath the anode wires as shown in Figure 3.5.The 
athode pads are arranged into straight lines as shown in Figure 3.6 whi
h are
on�gured into 12 radial super-se
tors, as shown in Figure 3.4. Ea
h super se
tor isdivided into an inner se
tor of 13 pad rows and an outer se
tor of 32 pad rows giving a37



Figure 3.5: A diagram of the region between the gating grid and the read-out pads forpart of a pad row. Diagram a) is for when the gating grid is 
losed, and b) is when thegating grid is open. The region between the shield grid and the anode wires operates likea proportional 
ounter, as ele
trons are a

elerated towards the high voltage anode wires.The movement of positive ions, 
reated in the proportional region indu
es a voltage onthe 
athode pads. A 
onstant ele
tri
 �eld exists beyond the gating grid whi
h extendsto the 
entral high voltage membrane shown in Figure 3.4 and de�nes the drift region(taken from [73℄).total of 45 pad rows whi
h is the maximum number of spa
e points whi
h 
an be used tore
onstru
t a parti
le's traje
tory.The size and spa
ing of the pads is important as it determines the hit resolution. Thepads in the inner se
tor, at small radial distan
e from the TPC 
entre are smaller (2.85mmx 11.5mm) than in the outer se
tor (6.2 x 20mm) in order to improve hit resolution wherethe tra
k density is largest. The spa
ing between pad rows in the inner se
tor (� 50mm)is however larger than in the outer se
tor (� 20mm) be
ause of the limited available spa
einto whi
h the read out ele
troni
s 
an be installed.In order to a
hieve tra
k re
onstru
tion in 3 dimensions, a 3rd ordinate is needed, inaddition to the 2 whi
h 
an simply be found from the physi
al lo
ations of the 
athodepads. The third ordinate is found from the time it takes for ele
trons to drift to the
athode pads, using the trigger time as a referen
e point. The pad signal is sampled byan ADC every 100 ns, and the third ordinate is 
al
ulated by dividing the drift time bythe average drift velo
ity of ele
trons within the TPC. Laser beams are used to makeregular drift velo
ity 
al
ulations, whi
h varies as a fun
tion of temperature and pressurebut is typi
ally 5 
m/�s; the maximum drift time is therefore 40 �s.38



Figure 3.6: A diagram showing the 32 outer 
athode pad rows and the 13 inner pad rows,whi
h make up the 45 pad rows in ea
h of the 24 super-se
tors (taken from [68℄).The analogue signal from the pads is pro
essed by Front-End Ele
troni
s (FEE) 
ards.Ea
h FEE 
ard 
ontains an Analogue to Digital Converter 
hip whi
h samples the 
athodepad voltage every 100ns, 
onverting it into a 12 bit digital number. The outputs from allof the FEE 
ards are gathered by readout boards, and are sent to the Data A
quisitionsystem (DAQ). The DAQ system builds the event from the read out boards and writes itto dis
, with the whole pro
ess taking about 1 se
ond.3.4.2 The MagnetThe TPC is situated inside a large solenoidal water 
ooled aluminium magnet, whi
h hasan outer diameter of 7.3m. When operating in full �eld mode it generates a magneti
�eld, B, of 0.5 T, parallel to the ele
tri
 �eld. The magneti
 �eld is very important asit enables the transverse momentum, pT (in GeV/
), of the tra
ks to be 
al
ulated fromtheir radius of 
urvature, R using, pT = 0:2998� qBR (3.3)where q is the 
harge of the parti
le. The magnet is able to operate in either Forward39



(Full) Field (FFF), or Reverse (Full) Field mode (RFF), whi
h is useful when trying to
al
ulate systemati
 errors.3.4.3 Triggering using the Beam-Beam Counters (BBCs)Even though there is only a small probability (< 0.5%) of a p + p bun
h 
rossing yieldingan a
tual 
ollision, the maximum frequen
y of bun
h 
rossings is large (� 4.7 million perse
ond). The rate at whi
h data 
an be re
orded from STAR is limited to � 1 event perse
ond. It is therefore important to determine when a 
ollision event has taken pla
e.The STAR p + p trigger is a pair of Beam-Beam Counter (BBC) dete
tors, situatedat � 3.5m from the intera
tion region. Ea
h BBC dis
 is 
omposed of 
losely pa
keds
intillating tiles whi
h surround the beam pipe and are sensitive to 
harged parti
les.The s
intillator tiles are arranged in a 
ir
le around the beam pipe, and 
over a pseudo-rapidity range 3.3 < j�j < 5.0. The s
intillation light is 
onverted into voltage by photo-multiplier tubes, and this voltage is sent to an ADC whi
h sums the output of all of thetiles arranged around the beam pipe. If both of the BBCs register a signal within the
oin
iden
e window of 17 ns, then other dete
tors, su
h as the Time Proje
tion Chamberare triggered.Triggering for p + p 
ollisions at ps = 200 GeV is thus reliant on the the break up ofboth in
ident protons. As illustrated in Figure 3.7 this 
an be 
aused by a non-di�ra
tivep + p 
ollision. When a nu
leon su�ers a di�ra
tive s
atter it may be
ome only slightlyex
ited, and lose a relatively small amount of its energy, produ
ing only a small numberof parti
les 
ompared to a non-di�ra
tive 
ollision [71℄. The trigger will be sensitive todoubly di�ra
tive events, but not singly di�ra
tive events. Thus the trigger is sensitive tothe Non-Singly Di�ra
tive (NSD) part of the total inelasti
 
ross se
tion, whi
h has beenmeasured to be 31.1 � 3.7 mb [73℄.The STAR dete
tor 
an also be made to re
ord events involving the 
ollisions of emptybu
kets (used for beam steering). In this instan
e the RHIC 
lo
k is used to determinewhen 
rossings involving empty bun
hes may take pla
e. Su
h events are known as `abortgap' events. 40



Figure 3.7: A Non-Singly di�ra
tive event is 
hara
terised by the break up of both in
om-ming protons, and is the part of the overall p + p 
ross se
tion whi
h the BBC is sensitiveto [71℄.
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3.4.4 The Central Trigger Barrel (CTB)The CTB 
onsists of a Barrel shaped array of 240 s
intillator slats, arranged aroundthe outside of the TPC at a radius of 2.14m. Ea
h 1m long slat 
overs 6 degrees inazimuth. The CTB has 
omplete azimuthal 
overage for 
harged parti
les, with j�j < 1.The s
intillator slats are sensitive to 
harged parti
les, with the photo-multiplier tube andele
troni
s being lo
ated on the slats themselves. The CTB has a fast (< 100ns) responsetime.The maximum drift time for ele
trons in the TPC is 40 �s, but, if every bun
h 
rossingwere to yield an event, 
ollisions may o

ur every 0.2 �s. Therefore there is some 
han
efor ele
trons produ
ed in events both before and after the triggered event to be mixed inwith ele
trons produ
ed by parti
les from the triggered event. A re
onstru
ted event maybe pi
tured as being 
omposed of tra
ks from both the triggered event and a ba
kgroundof so 
alled `pile-up' tra
ks, from other 
ollisions whi
h may o

ur within the drift timeof the TPC.The fast response time of the CTB is parti
ularly useful for the p + p analysis, as itsresponse time is mu
h less than the time between bun
h 
rossings. If a tra
k is mat
hedba
k to a hit in an individual CTB panel, then there is a high probability that su
h atra
k 
ame from the triggered event, and not a `pile-up' event.
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Figure 3.8: A diagram of the Central Trigger Barrel (CTB), and one its trays. Ea
h of 120plasti
 trays 
ontain 240 s
intillator slats, whi
h are arranged in a barrel shape aroundthe outside of the TPC.
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Chapter 4
Event Re
onstru
tion
In order to analyse the parti
les generated in a p + p 
ollision event the digital outputfrom the STAR dete
tors must be re
onstru
ted into parti
le tra
ks. An example of afully re
onstru
ted p + p event is shown below in Figure 4.1.

Figure 4.1: A re
onstru
ted p + p 
ollision at ps =200 GeV within the STAR TPC.44



The re
onstru
ted tra
ks (Figure 4.1) from millions of events form the basis of the�, � and K0S analysis presented in this thesis. Essentially, event re
onstru
tion for p + p
ollisions 
onsists of 4 steps:1) Spa
e point (or `Hit') �nding. The ADC values, whi
h are the output of theread out pads at either end of the TPC are 
onverted into 3 dimensional spa
e points.2) Tra
k re
onstru
tion. Hit points are joined together to make global tra
ks.3) Primary vertex �nding. The intera
tion point or primary vertex is found bydetermining the best 
ommon point of origin for all of the global tra
ks. Global tra
ksmay be re�t using the primary vertex as an extra hit point to form primary tra
ks.4) V0 �nding. Neutral strange parti
les are re
onstru
ted from their 
harged de
ayprodu
ts.The following se
tions fo
us on ea
h of the above pro
edures in more depth.4.1 Spa
e Point DeterminationTra
ks are re
onstru
ted from spa
e points whi
h are 
lusters of 
harge indu
ed on the
athode read out pads at either end of the TPC. Su
h 
lusters are formed from the rawADC outputs from the 
athode pads, lo
ated on the TPC end-
aps. Therefore the physi
allo
ation of the pad-rows determines the radius and azimuth of the original ionisation
aused by the tra
k.Only those ADC values that are above a threshold `pedestal' value are written out.For ea
h new data a
quisition period and before applying the high voltage to the STARTPC, pedestal ADC values are measured.The ADC readouts are arranged into time ordered sequen
es for ea
h pad in a row.Clusters are sequen
es of ADC values from adja
ent 
athode pads both along the padrow (the y dire
tion), and in adja
ent time bu
kets (the z dire
tion, parallel to the beamline). An example of how a 
luster may look in terms of ADC values is shown in Figure4.2. The 
entroid of the 
luster is de�ned as a hit point, and is found from �tting a 2dimensional Gaussian fun
tion in order to derive the y and z ordinates of the 
luster.45



Figure 4.2: S
hemati
 depi
tion of how ADC readout values make a 
luster, the 
entroidof whi
h makes a hit point, from whi
h tra
ks 
an be re
onstru
ted.The third ordinate (x) runs radially out from the 
entre of the TPC and is de�ned asthe 
entre of the pad row in whi
h the 
luster was found.
4.2 Tra
k FindingTra
k �nding in the TPC is performed by the TPC tra
king pa
kage (TPT) [72℄. TPT isthe same tra
king pa
kage used for the Au + Au analyses and, therefore, it is very robustas it must be 
apable of re
onstru
ting thousands of tra
ks from a single event.Tra
k �nding is a

omplished by �rst 
onsidering those hits in the outermost pad rows,where the hit density is lowest. Every hit on the outermost pad row is 
onsidered as apotential starting point for a tra
k and are therefore 
alled \roots". Using an assumedposition for the intera
tion point (or primary vertex) as a guide, 3 point links are madebetween one root and the adja
ent spa
e points by assuming a simple linear �t. Su
h linksare made into longer segments by extrapolating radially inwards, using the lo
al slope ofthe segment as a guide. The longest segment for this root is stored, and its hit pointsremoved from the hit pool. On
e all roots on the outermost pad row have been extended46



into segments, roots are made using the more innermost pad rows, until all root sour
eshave been exhausted.For 
harged parti
les a heli
al traje
tory is expe
ted due to the magneti
 �eld. There-fore, on
e a segment has been assigned to ea
h root, a helix �t is applied to the segmentswith spa
e points being removed or added to the tra
k a

ording to the �t.Low momentum tra
ks will spiral several times and, therefore, have large path lengths.A tra
k merging algorithm 
ompares helix parameters from di�erent tra
ks and, if theyagree, performs tra
k merging. The minimum number of hits required to make a tra
k is5. However, sometimes, parti
ularly when there may be missing hits on a tra
k traje
tory,a single tra
k may be re
onstru
ted as two split tra
ks; this is known as tra
k splitting.Generally a larger number of hits (15 for this analysis) is used for the �nal analysis, as thishelps to minimise the 
han
e of tra
k splitting. The position resolution in the pad-rowand drift dire
tions is between 0.5 and 3 mm.The number of re
onstru
ted tra
ks for ea
h event may be 
ounted to give the globaltra
k distribution, as shown in Figure 4.3 (j�j <1). The global tra
k distributions aredi�erent for the two luminosity runs due to the additional 
ontributions of tra
ks from`pile-up' events, whi
h is dis
ussed next.
4.3 Pile-up Within the TPCPerhaps the most 
hallenging aspe
t of the p + p analysis is how to deal with multipleevents, or `pile-up' o

urring within the relatively slow TPC drift time. The TPC readout is integrated over a 40 �s time period, but the proton beams 
an 
ross every 213ns.Therefore nearly 200 p + p events 
an o

ur during the drift time of the TPC, and there
an also be 200 p + p events depositing 
harge in the TPC at the instant before the BBCtrigger o

urs.However, the probability for a single bun
h 
rossing produ
ing an NSD p + p event isvery low, being dependent on the luminosity, L, and the 
ross se
tion, �NSD. The numberof minimum bias events o

urring per se
ond, R, is given by,47



R = L�NSD (4.1)where �NSD has been measured to be 31.1 � 3.7 mb [73℄. Thus the number of 
ollisionsper se
ond varies between � 2500 s�1 and � 20,000 s�1. The number of pile-up eventswhi
h 
an exist within the TPC is thus roughly between 0.2 and 1.6. These numbersapproximately 
orrespond to the variation in the observed mean number of global tra
ksshown in Figure 4.4, and so is a very strong indi
ation of pile-up e�e
ts within the TPC.The e�e
t of pile-up must be removed if a stable measure of multipli
ity is to be a
hieved.4.4 V0 FindingNeutral strange parti
les su
h as �, � and K0S do not produ
e ionisation and are thereforenot possible to dete
t dire
tly using the TPC. Fortunately �, � and K0S parti
les 
anundergo a weak de
ay into two oppositely 
harged parti
les, as shown in Table 4.1.As was found in the early 
loud 
hamber experiments (see Figure 1.1), the oppositely
harged daughter tra
ks of neutral strange parti
les make a 
hara
teristi
 `v' shape, andpairs of su
h daughters may be 
ombined to make a `v0 
andidate', with the `0' indi
atingthat the 
andidate is ele
tri
ally neutral. The STAR re
onstru
tion 
ode uses a v0 �nderthat sear
hes for pairs of oppositely 
harged global tra
ks, 
ompatible with having origi-nated from a se
ondary de
ay vertex. In this initial v0 �nding stage all global tra
k pairswith a distan
e of 
losest approa
h of < 1.2
m are saved for later analysis. Although themajority of v0 de
ays o

ur before the a
tive volume of the TPC (at a radius of 50
m),v0 
andidates may be formed in this region as tra
ks are extrapolated ba
k a

ording toa helix �t.Parti
le Re
onstru
ted De
ay quark Mass (GeV)Mode [bran
hing fra
tion℄ 
ontent� �! �� + p [63:9� 0:5%℄ uds 1.1156� �! �+ + p [63:9� 0:5%℄ uds 1.1156K0S K0S ! �+ + �� [68:95� 0:14%℄ 1p2 jds+ dsj 0.498Table 4.1: A summary �, � and K0S 
hara
teristi
s. Only the most predominant de
aymode was used to identify � and �s [7℄. 48



It is impossible to determine from the de
ay topologies alone if the v0 
andidate isa de�nite �, � or K0S, or more likely just a 
ombination formed from random 
rossingof 
harged ba
kground. In order to help determine the identity of a v0 
andidate itsinvariant mass MV 0 
an be 
al
ulated from the measured properties of the two daughterparti
les with mass m1 and m2, and momentum ~p1 and ~p2,M2V 0 = m21 +m22 � 2(E1E2 � ~p1: ~p2) (4.2)where the momentum of the daughters is found from their 
urvature in the magneti
 �eld.The mass of the daughters must be hypothesised if the invariant mass of the parent isto be 
al
ulated. The invariant mass of the �, the � and the K0S at the v0 �nding stageis shown in Figure 4.5. Peaks 
orresponding to the published [7℄ �, � and the K0S massvalues (see table 4.1) are visible, and have been highlighted in blue. The peaks lie on topof a large ba
kground, produ
ed from the large number of pairs whi
h are formed from the`
ombinatorial' ba
kground formed by random tra
k 
rossings. A signi�
ant part of theanalysis is the minimisation of the ba
kground regions (shaded red in Figure 4.5), and themaximisation of the blue signal region, whi
h ultimately helps to redu
e the un
ertaintyon the yield. Pile-up also has the e�e
t of in
reasing the number of v0 
andidates withluminosity, as shown in Figures 4.6 and 4.7
4.5 Vertex FindingIt is important to a
hieve an a

urate determination of the intera
tion position (primaryvertex) for ea
h individual p + p 
ollision. The primary vertex enables us to distinguishbetween primary tra
ks, whi
h originate dire
tly from the 
ollision, and se
ondary tra
ks,whi
h originate from, for example, weak de
ays of neutral strange parti
les. Moreover,suitable tra
ks 
an be re�t using the primary vertex position as an extra hit point, allow-ing better momentum 
hara
terisation of the tra
k. In parti
ular for the p + p analysismat
hing tra
ks ba
k to the primary vertex may be used to eliminate the e�e
ts of pile-up. 49
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Unfortunately, previous re
onstru
tion of Au + Au events at ps = 130 GeV, showedthat the primary vertex re
onstru
tion eÆ
ien
y dropped appre
iably when the numberof global tra
ks within the TPC dropped below 50 [74℄. This fa
t is parti
ularly truein p + p 
ollisions, whi
h have mean global tra
k multipli
ities of between 10 and 20.The eÆ
ien
y for primary vertex �nding drops simply be
ause of the small number oftra
ks available within the TPC for primary vertex re
onstru
tion. A spe
ial pie
e ofsoftware, the proton-proton low multipli
ity vertex �nder, PPLMV, was designed to �ndthe primary vertex in low multipli
ity environments [75℄.PPLMV 
onstrains the vertex to lie somewhere along the beam axis and, in e�e
t,only one ordinate, z (the position along the beam line) is therefore determined. Theprimary vertex �nding 
ode fun
tions by only 
onsidering those tra
ks whi
h mat
h tospe
i�
 Central Trigger Barrel dete
tor (CTB) slats. This is 
ru
ial, as the response ofthe CTB is suÆ
iently fast so as to only be sensitive to those tra
ks whi
h originate fromthe primary vertex.All the CTB mat
hed tra
ks are used to 
al
ulate the z ordinate of the primaryvertex. The z ordinate is determined as being that value for whi
h the �2, 
al
ulatedusing the distan
e of 
losest approa
h of the tra
ks to the re
onstru
ted primary vertex,is minimised.Higher momentum tra
ks are given greater weight than the lower momentum tra
ks,whi
h have a larger 
han
e of s
attering o� dete
tor materials. Individual outlier tra
ksare iteratively reje
ted, and the vertex re
al
ulated until there are no outlier tra
ks left.All Global tra
ks found within the TPC 
an be re-�t, using the primary vertex asan extra, heavily weighted �t point, if the global tra
k passes within 3
m of the re
on-stru
ted primary vertex. Tra
ks whi
h undergo the re-�t are designated primary tra
ks,and the number of re
onstru
ted primary tra
ks will always be less than the number ofre
onstru
ted global tra
ks, as not all global tra
ks pass through the intera
tion point. Aprimary tra
k does not have to have a CTB mat
h, be
ause low momentum tra
ks maynever hit the CTB, and be
ause the CTB mat
hing eÆ
ien
y is �nite, and drops for lowpT parti
les [73℄.There are a maximum of two 
opies of ea
h tra
k per event, the `global tra
k', and51



the `primary tra
k'. Signi�
antly, though the global tra
k multipli
ity was observed toin
rease with luminosity (Figure 4.4), the primary tra
k multipli
ity remains stable within
reasing luminosity as shown in Figure 4.9. Thus mat
hing ba
k to the primary vertexwas deemed to be a good method of eliminating pile-up, as the multipli
ity for those runswhi
h are hardly e�e
ted by pile-up (those whi
h on average have 0.2 pile-up events), isthe same as for those runs whi
h are strongly e�e
ted by pile-up (having on average 1.6pile-up events).4.6 Data StorageAs ea
h event is pro
essed, it is stored as part of a 
ommon Data Storage Tape (DST).A few hundred events are stored in detail individually on the DST in the form of a set ofC++ 
lasses. There are many thousands of DST �les, as the total amount of p + p dataavailable for analysis is 14 million events. The DST information is used by the whole ofthe STAR 
ollaboration for many di�erent analyses, and for an analysis involving just thev0 and tra
k information it would be impra
ti
able to run over the all of the DSTs.The p + p analysis relies on the strangeness 
lasses, whi
h store the number of v0
andidates found for ea
h event, as well as other information su
h as fun
tions pertainingto the de
ay topology of the v0 daughter tra
ks. Thus the DSTs are 
ondensed into aset of 
ommon Mi
ro-DSTs, ea
h � 15 MBytes in size, whi
h 
ontain the event and v0information relevant to this analysis. The analysis presented herein was performed usingthe 
ommon Mi
ro-DSTs.
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Chapter 5
Analysis
The end produ
t of the analysis must be pT spe
tra for �, � and K0S, from whi
h mid-unitrapidity yields (dN=dy , with jy j < 0.5) 
an be extra
ted. The �rst stage of the analysisis the determination of the raw �, � and K0S yields dire
tly from the Mi
ro-DSTs. Aswas shown in Figure 4.5, the invariant mass spe
tra are dominated by ba
kground fromrandom 
ombinatorial 
rossings of tra
ks. The method of redu
ing this ba
kground isdis
ussed in se
tion 1.Although it was shown in Figure 4.7 that the mean number of v0 
andidates in
reaseswith beam luminosity due to pile up, it was shown in Figure 4.9 that the mean numberof primary tra
ks (those tra
ks whi
h 
an be mat
hed ba
k to the primary vertex) isstable with beam luminosity. Therefore mat
hing v0s ba
k to their primary vertex shouldprovide a good method of dis
riminating against any pile up v0s. Unfortunately theeÆ
ien
y of the vertex �nder is redu
ed for low multipli
ity events. The performan
e ofthe vertex �nder, and the method used to 
orre
t for v0s whi
h may erroneously fail thev0 to primary vertex mat
hing method are dis
ussed in se
tion 2.The third se
tion des
ribes how �, � and K0S spe
tra are binned as a fun
tion of trans-verse momentum, pT . Finally the fourth se
tion dis
usses the total eÆ
ien
y 
orre
tion,whi
h 
orre
ts for losses due to v0 �nding eÆ
ien
y and TPC a

eptan
e.
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5.1 V0 Signal Extra
tionIn Figure 4.5 it was shown that the �, � and K0S invariant mass spe
tra are dominated bya large ba
kground, produ
ed from random pairs of positive and negative tra
ks. Therewere two te
hniques used to enhan
e the signal region with respe
t to the ba
kground.The rate of energy loss with respe
t to distan
e travelled (dEdx ) was used to provide Parti
leIDenti�
ation (PID) whereby the identity of the v0 daughter tra
ks (see Table 4.1) 
ouldbe more easily determined. In addition, a number of geometri
al 
uts were applied to thev0s and daughter tra
ks found by the v0 �nder. One of these 
uts, the Distan
e of ClosestApproa
h (DCA) of a v0 to the primary vertex is parti
ularly important, as it provides ameans of eliminating the e�e
ts of pile-up. Both of these te
hniques are des
ribed in thefollowing subse
tions.5.1.1 Parti
le Identi�
ation by Rate of Energy Loss with Re-spe
t to Distan
e Travelled (dEdx )As a 
harged parti
le traverses through the TPC it 
auses ionisation of the gas, losingenergy in the pro
ess. The rate of energy loss with respe
t to distan
e travelled, dEdx 
anbe used to identify parti
les as the shape of the dEdx 
urve as a fun
tion of the tra
ksmomentum is 
hara
teristi
 for parti
les of a given mass. Figures 5.1 and 5.2 show dEdx vsmomentum, p, for all positive and negative parti
les respe
tively dete
ted in the TPC. Inthese �gures dEdx bands 
hara
teristi
 of 
harged Kaons (K�), 
harged pions (��), protonsand anti-protons, (p,p) and deuterons (d) 
an be observed.The dEdx for a parti
ular tra
k 
an be determined from the Bethe-Blo
h equation [76℄whi
h takes the form,�dEdx = e2 (Ze)2 ne4��20 me
2�2 "ln 2me
2�2
2I !� ln(1� �2)� �2# (5.1)where e is the 
harge on an ele
tron, and me is its mass, � and 
 have their usualrelativisti
 meanings, Z is the hadron 
harge, ne is the ele
tron number density, and Iis the mean ionisation energy of the P10 gas. Equation 5.1 
an be used to des
ribe the55



expe
ted energy loss with respe
t to distan
e, dEdx Bethe�Blo
h as a fun
tion of momentumfor a parti
ular type of 
harged parti
le. The dEdx 
al
ulated from equation 5.1, and themeasured dEdx for a parti
ular tra
k were 
ompared and if they agree within N(�) thattra
k is said to pass the dEdx 
ut. Here N(�) may be de�ned as,N(�) = dEdx measured � dEdx Bethe�Blo
h(R=pNhits)dEdx measured (5.2)where R is a resolution fa
tor determined by 
alibration, and Nhits is the number of hitor spa
e points on the tra
k. Identi�
ation of 
harged hadrons is only possible for tra
kswith momentum below � 1 GeV, be
ause the dEdx bands tend to merge at high pT . It isimportant to mention that there is no 
orre
tion for tra
ks whi
h may be erroneously lostdue to failing the dEdx 
ut. Therefore, as the measured dEdx values depend on a 
alibration,a N(�) = 5 
ut was used to identify the v0 
harged daughter tra
ks. The dEdx bands afterthe N(�) = 5 
uts for the positive and negative � daughters are shown in Figures 5.3 and5.4 respe
tively.
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Figure 5.1: dEdx as a fun
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tion of momentumfor all negative tra
ks within the TPC.
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V0 candidate

Primary
vertex

DCAV0 daughters
Decay Length

DCA V0 to

 primary vertex DCA = Distance of Closest ApproachFigure 5.5: Topologi
al 
uts used for v0 (�+ and �� from a K0S de
ay in the diagram)identi�
ation.5.1.2 Geometri
al CutsGeometri
al 
uts are an e�e
tive way of redu
ing ba
kground, as v0 
andidates formedfrom the random 
ombinatorial 
rossing of tra
ks have di�erent properties to true v0s.The 
uts whi
h were applied are shown de�ned diagrammati
ally in Figure 5.5. Ea
h 
utis des
ribed below:� Distan
e of Closest Approa
h (DCA) of the v0 daughtersThis is the only 
ut whi
h is applied at the initial v0 �nding stage, and is initiallyset to 1.2 
m. The two hit resolution in the TPC is of the order of � 1
m and there
onstru
ted daughter tra
ks may therefore be separated by some �nite distan
e atthe v0 de
ay vertex [70℄. The amount of 
ombinatorial ba
kground in
reases withthe size of this 
ut.� Cylindri
al De
ay LengthThe tra
k density redu
es with distan
e from the primary vertex. Near the primaryvertex the number of randomly o

uring tra
k 
rossings will be large simply due tothe in
reased tra
k density. The de
ay length is the distan
e between the primaryvertex and the de
ay vertex (see Figure 5.5), and the de
ay length 
ut requires for58



Figure 5.6: (left) A 
onventional 3 dimensional de
ay length 
ut will ex
lude 
ombinatorialpairs from the triggered event, but not from any pile-up events within the TPC. Applying aradial de
ay length 
ut (right) ex
ludes 
ombinatorial ba
kground from both the triggeredevent and any pile-up events within the TPC.the measured de
ay length to be greater than this 
ut. The amount of 
ombinatorialba
kground de
reases with the size of the de
ay length 
ut. The de
ay length 
utinevitably ex
ludes some signal v0s (�,�,K0S) as well as ba
kground v0s. However,the redu
tion in noise is signi�
antly more bene�
ial than the de
rease in signal.Parti
ular to this p + p analysis was the fa
t that a 
ylindri
al (or 2d) de
ay length
ut was applied, rather than the 3d de
ay 
ut (Figure 5.6). The 
ylindri
al de
aylength 
ut is also des
ribed in Figure 5.6, and ex
ludes a tubular region of v0
rossings along the beam line. The 
ylindri
al de
ay length 
ut was shown to bemore e�e
tive than the 3 dimensional version, as it also helps eliminate ba
kgroundfrom pile-up events, whi
h 
an be envisaged as another event also o

urring alongthe beam line. A 3 dimensional de
ay length 
ut would ex
lude all 
ombinatorialba
kground from the triggered event, but in
lude 
ombinatorial pairs from pile-upevents.� Distan
e of Closest Approa
h (DCA) of the v0 to the primary vertexThe momentum ve
tor of the v0 
an be re
onstru
ted from its daughter tra
ks.The ve
tor 
an be extrapolated ba
k to �nd its Distan
e of Closest Approa
h to theprimary vertex (see Figure 5.5). All genuine primary v0 
andidates should pointba
k towards the primary vertex, and therefore have a small DCA. The appli
ationof this 
ut is expe
ted to stabilise the v0 yield with respe
t to luminosity, as was59



shown for the primary tra
ks (Figure 4.9).There is no reason for all of the 
ombinatorial v0s to point ba
k to the primaryvertex, therefore the number of ba
kground tra
ks in
reases with this Distan
e ofClosest Approa
h 
ut.Due to re
onstru
tion e�e
ts, neither the position of the primary vertex, nor the v0momentum are known pre
isely. Indeed o

asionally the vertex is not found at all,or found in the wrong pla
e, in whi
h 
ase no genuine v0s will be found. Corre
tionsfor these losses, as well as primary vertex resolutions, are dis
ussed in se
tion 5.2.� Minimum number of tra
k hits used to re
onstru
t a tra
kTra
ks may be mis-re
onstru
ted and split into smaller segments, su
h that theyare not a proper representation of the full tra
k. This 
ut is essentially meant toensure tra
k quality by ex
luding the split tra
k segments whi
h have low numbersof hits.In order to apply the dEdx 
ut, the identity of the v0 must be hypothesised. Thusthe initial stage of 
ut optimisation involved plotting individually for �, � and K0S, twodimensional histograms of 
ut parameter versus invariant mass, as shown for � in Fig-ure 5.7 and for K0S in Figure 5.8. Using plots su
h as these initial 
ut values 
ould beapproximated by eye.In order to further optimise the 
uts a simple bin 
ounting te
hnique was employedto determine the amount of Signal relative to the amount of Ba
kground, where Signalis de�ned simply as, Signal = Total �Ba
kground (5.3)where the Total and Ba
kground regions are de�ned in Table 5.1, and relate to the blue(Total) and red (Ba
kground) regions in Figures 4.5 and 5.9.Impli
it to the bin 
ounting te
hnique is that the ba
kground under the mass peak
an be des
ribed by a linear fun
tion, thus one of the 
riteria for optimising the 
uts wasto obtain a linear ba
kground. It is evident from Figures 5.7 and 5.8 that very tight 
uts60
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Figure 5.7: The initial stage of 
ut optimisation involved plotting the 
ut parameters vs� invariant mass. The signal region is 
entred on the � mass (1.116 GeV/
2).
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Figure 5.8: The initial stage of 
ut optimisation involved plotting the 
ut parameters vsK0S invariant mass. The signal region is 
entred on the K0S mass (0.498 GeV/
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Mon Oct 25 22:15:50 2004Figure 5.9: V0 masses after 
uts. The blue shaded area indi
ates the signal region, andthe red shaded area indi
ates the ba
kground regions, used for bin 
ounting.would eliminate almost all of the ba
kground; however, the 
onsequen
e of this would be toredu
e the signal region to a level where the statisti
al error is unsatisfa
torily large. Thusoptimisation involved 
hanging 
uts (the DCA of the daughters and the 
ylindri
al de
aylength) so as to maximise both the extra
ted signal and the signal to ba
kground ratio.The �nal 
ut values are summarised in Table 5.2. The errors on Total and Ba
kgroundare assumed to be independent and Poissonian, thus allowing a statisti
al error to be
al
ulated for Signal.Parti
le Lower Total(Signal+Ba
kground) Upperba
kground region region ba
kground region� 1.092 ! 1.102 GeV/
2 1.106 ! 1.126 GeV/
2 1.130 ! 1.140 GeV/
2� 1.092 ! 1.102 GeV/
2 1.106 ! 1.126 GeV/
2 1.130 ! 1.140 GeV/
2K0S 0.440 ! 0.465 GeV/
2 0.47 ! 0.52 GeV/
2 0.525 ! 0.550 GeV/
2Table 5.1: The regions of ba
kground and signal used to extra
t raw yields from theinvariant mass histograms. Ba
kground is the sum of 
ounts in the upper and lowerregions.
Cut Type Initial Value Final value(�,� and K0S)Number of Tra
k hits >10 > 15DCA between v0 and Pr'y Vertex none < 2
mDCA between daughters < 1.2
m <0.9
mCylindri
al De
ay Length none >2
mDaughter dEdx identi�
ation none < 5 �Table 5.2: Optimised Cut parameters for �, � and K0S.62



As shown in Table 5.3 the ba
kground redu
tion te
hniques des
ribed in this se
tionhave improved the signal to noise ratio while maintaining reasonable populations of �,� and K0S. However, Table 5.3 also shows that a signi�
ant fra
tion of the total signalis ex
luded by the 
uts. These `lost' �, � and K0S are 
orre
ted for by using embeddingte
hniques whi
h are des
ribed in se
tion 5.4.Parti
le SignalBa
kground SignalBa
kground Net Signal Per
entage Netbefore 
uts after 
uts after 
uts Signal remaining� 1.24 3.77 57317 � 319 19%� 1.20 3.57 47127 � 285 22%K0S 1.20 2.8 173194 � 594 28%Table 5.3: A summary of the signal to ba
kground ratios obtained before and after ap-plying the optimised 
uts. The fra
tion of signal remaining (derived from Figures 4.5 and5.9) and total net number of �, � and K0S after 
uts is also shown.
5.1.3 Reje
tion of Pile-upThe distan
e of 
losest approa
h of the v0 to the primary vertex 
ut should in prin
ipleremove the e�e
ts of pile up from the analysis. The number of net �, � andK0S 
andidates(
al
ulated a

ording to equation 5.3) per event as a fun
tion of luminosity is shown inFigures 5.10, 5.11 and 5.12. From these �gures it 
an be seen that the net number of�, � and K0S 
andidates is now stable with luminosity, with the number of 
andidatesper event for the runs whi
h 
ontain very little pile up (0.2 pile up events / event) equalto the number of 
andidates per event for where the pile up rates were far greater (1.6pile-up event/event). These plots indi
ate that the �, � and K0S net yields (Signal) areno longer a�e
ted by the pile-up problem.
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Figure 5.10: Re
onstru
ted � 
andidates ver-sus luminosity after all 
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ted � 
andidates ver-sus luminosity after all 
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5.2 Vertex Corre
tionsIt was shown in the previous se
tion that the e�e
ts of pile up 
an be removed by requiringthe v0 
andidates to point ba
k to the primary vertex (Figures 5.10, 5.11 and 5.12). Inthe event of the vertex not being found at all or the re
onstru
tion of a false vertex, thatis to say a primary vertex whi
h is far from the real vertex, v0s will be lost to the analysis.This se
tion details a study of the primary vertex �nding eÆ
ien
y and the subsequentsteps whi
h were taken to estimate the number of �, � and K0S whi
h were lost due tothe primary vertex being in
orre
tly determined.5.2.1 Determining Vertex EÆ
ien
y by SimulationThe eÆ
ien
y of the primary vertex �nding software was investigated by embedding HI-JING Monte-Carlo (MC) generated p + p events into abort-gap events (see se
tion 3.4.3).The embedding pro
ess works by initially propagating the MC produ
ed parti
les througha model of the STAR dete
tor system using the GEANT 
ode [77℄. GEANT models theintera
tion with the dete
tor materials and propagates 
harged parti
les a

ording to theapplied magneti
 and ele
tri
 �elds. It 
ontains a

urate information on the surroundingmaterials, su
h as the dete
tors and P10 gas, through whi
h the parti
les may propa-gate. As the daughter tra
ks propagate the amount of ionisation, and subsequent drift ofthe liberated ele
trons through the P10 gas is simulated. The e�e
t of these ionisationele
trons arriving at the read out plane is modelled by the TPC Response Simulationsoftware (TRS). TRS also models the 
harge 
olle
tion pro
ess at the 
athode pads, aswell as the digital signal generation. The purpose of this thorough simulation pro
edure isto 
onvert the tra
ks made by the MC parti
les into simulated ADC 
ounts; the hit-pointsthat 
orrespond spe
i�
ally to the MC daughter parti
les are known at this stage.The simulated ADC 
ounts are embedded into abort-gap events. The abort-gap eventprovides a more realisti
 ba
kground environment, as in a
tuality v0 �nding is done with aba
kground of pile up tra
ks. The full re
onstru
tion 
hain is then invoked, to 
onvert thereal and simulated ADC hits into a set of global and primary tra
ks. Event re
onstru
tionis done using the same methods as des
ribed in Chapter 4. This leaves two versions of65



an event, the Monte-Carlo generated event and the embedded re
onstru
ted event, whi
hin
ludes ba
kground (or pile-up) tra
ks from pre
eding and following 
ollisions. The zpositions of the MC and re
onstru
ted verti
es were 
ompared and a quantity � de�nedsu
h that, � = zMonte�Carlo � zRe
onstru
ted (5.4)where z relates to the primary vertex ordinate whi
h runs parallel to the beam line. �is plotted in Figures 5.13 and 5.14. As 
an be seen in Figure 5.13 the overall range ofpossible � values is very large, indi
ating that the vertex �nding software is not totallyreliable. However, Figure 5.14 shows that most of the primary verti
es are re
onstru
tedwell. Thus in most 
ases the found vertex is a good one, where good verti
es were de�nedas those with � � 2
m (this number is determined by where the ba
kground be
omesapproximately 
at), shaded in blue in Figure 5.14. However, in a small number of instan
es� > 2
m, and these were designated as `fake' verti
es. There are also 
ases where novertex is found, and these are designated as `not-found' verti
es. The probability for thesepro
esses is summarised in Figure 5.15.When no primary vertex is found the event is not fully re
onstru
ted. Therefore it isimportant to draw a distin
tion between events where the vertex is fake, and not-found,as the v0 �nder does not run in the latter instan
e. There is thus a known number ofevents for whi
h there was a trigger, but for whi
h it was impossible to 
ount the numberof v0s. The 
orre
tion for the not-found verti
es must add ba
k in both the number oflost events and the number of lost v0s. If the vertex is fake, then a genuine v0 will fail topoint ba
k to the primary vertex. However, there is no way of telling if, in the real datathere was a fake vertex or not, and so fake vertex events are always 
ounted. The fakevertex 
orre
tion must therefore only add ba
k in the number of lost v0s.5.2.2 Vertex Corre
tions as a Fun
tion of Multipli
ityAlthough the proportions of lost and fake verti
es have been determined, simply s
alingthe measured v0 yields by the fa
tors indi
ated in Figure 5.15 will not work, as the Monte-66
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Figure 5.13: A plot of � as de�ned by equation 5.4. Although most primary verti
es seemto be well re
onstru
ted, there remain a signi�
ant number of events where the vertexre
onstru
tion software, PPLMV, re
onstru
ts the vertex falsely.
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Figure 5.15: Probability for a
hieving an event with good, fake or not found vertex.Carlo study showed that the vertex �nding eÆ
ien
y was strongly dependent on the eventmultipli
ity. The number of �, � and K0S also in
rease with the event multipli
ity and sothe aim of the vertex 
orre
tion is to determine the vertex �nding eÆ
ien
y as a fun
tionof multipli
ity.It is expe
ted that the vertex �nding eÆ
ien
y varies as a fun
tion of the number ofglobal tra
ks from the triggered event, rather than the overall number of tra
ks (in
ludingpile up tra
ks). Those re
onstru
ted tra
ks that belong to the MC generated parti
lesmust therefore be separated from the abort-gap (ba
kground) tra
ks. Unfortunately theMC tra
ks present in the embedded event are indistinguishable from all the other tra
ks.Therefore tra
k hit-point mat
hing was performed to determine whi
h MC generated hit-point 
orresponds to a hit-point on a re
onstru
ted tra
k. Hit-points were mat
hed ifthe measured point is within 5mm of the Monte-Carlo point and tra
ks are said to bemat
hed if they 
ontain more than 15 mat
hes.The fra
tion of real events where the vertex is not found is plotted as a fun
tion ofluminosity in Figure 5.16. This 
an be measured from the real data as the vertex �nderreturns a default value if the vertex is not found. The spread is mu
h larger than thestatisti
al error allows and it is interesting to note that the fra
tion does not appear tobe 
orrelated with luminosity. The abort gap events into whi
h the Monte-Carlo parti
les68
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Figure 5.16: Fra
tion of events where the primary vertex was not found vs luminosity.were embedded 
orresponded to those with a 14% not found fra
tion, approximately inthe middle of the distribution indi
ated in Figure 5.16. This indi
ates that the sample ofabort-gap events embedded into to derive the vertex 
orre
tion was representative of theentire p + p run, although there may be some error in the overall event re-normalisation.The Monte-Carlo mat
hed global tra
k distributions for various types of events areplotted in Figure 5.17. The probability for a
hieving a given type of event as a fun
tion ofmultipli
ity is given by dividing plot a (fake vertex), b (not found vertex) or 
 (good vertex)by plot d (all types of event). The division is shown in Figure 5.18 whi
h demonstratesthat signi�
ant vertex re
onstru
tion losses o

ur for events with low multipli
ity. Anempiri
al �t was used to parameterise the vertex re
onstru
tion probabilities.As v0s fail the DCA 
ut when the primary vertex is fake, and are not re
onstru
tedwhen the primary vertex is not-found they must be added ba
k into the analysis. Ifthis number is to be estimated from those v0s determined when there is a good vertex weassume that there is an equal probability of generating a �, � orK0S in fake, not found andgood vertex events of a given multipli
ity. To 
he
k the assumption the average numberof Monte-Carlo generated �, � and K0S for fake, not found, and good vertex events as afun
tion of multipli
ity were 
ompared. An example for the � is shown in Figure 5.19where the number of generated �s per event with a 
ertain multipli
ity is 
ompared for69
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Figure 5.17: MC mat
hed tra
k distributions for the no vertex 
ase (a), the fake vertex
ase (b), the good vertex 
ase (
) and for all events (d).fake and good verti
es (a), and not found and good verti
es (
). The number of goodvertex �s per number of events for that multipli
ity is divided by the number of �sprodu
ed in fake (Figure 5.19(b)) or not found vertex (Figure 5.19(d)) events. This givesa measure of the relative probability of produ
ing �s in good vertex events, 
ompared tofake or not found vertex events. If the equal probability assumption is valid then the ratioplots in Figure 5.19(b) and 5.19(d) should be � 1 as a fun
tion of multipli
ity. Given thestatisti
al error, the ratio is indeed 
lose to unity. This suggests that the � yield derivedfrom events with a good primary vertex 
an be used to 
orre
t for the missing yield infake vertex and not found vertex events. This was also shown to be true for the � andK0S. 70
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Figure 5.19: � generation in events with good, fake and not found verti
es. Plots a) and
) 
ompare the average number of �s produ
ed in fake vertex (a) or not found vertex(
) events with the average number produ
ed in events with a good primary vertex. The
orresponding ratio of good/fake and good/not found are displayed in plots b) and d).The ratios are � 1 as a fun
tion of multipli
ity indi
ating that the 
orre
tion 
an beundertaken as a fun
tion of multipli
ity using the � yield from events where a goodvertex is measured.
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5.2.3 Mapping Global Tra
ks to Primary Tra
ksUnfortunately, as shown in Figure 4.4 the number of global tra
ks is sus
eptible to thee�e
ts of pile-up, and a more reliable measure of multipli
ity is the number of primarytra
ks whi
h appears to be stable as a fun
tion of luminosity (Figure 4.9). The number ofprimary tra
ks is therefore adopted as a measure of multipli
ity, and a vertex 
orre
tionmust be applied as a fun
tion of primary tra
ks. However, as shown in Figure 5.18 the ver-tex 
orre
tion is 
al
ulated as a fun
tion of global tra
ks be
ause, predi
tably, the numberof primary tra
ks asso
iated with fake and not found verti
es is always (approximately)zero.The primary tra
k multipli
ity is 
orrelated to the global tra
k multipli
ity, and thisfa
t is used as the basis of a `Tra
k Map', whi
h 
an be used to relate MC mat
hed globaltra
ks to MC mat
hed primary tra
ks.The �rst stage in relating global tra
ks to primary tra
ks is to plot a two dimensionalhistogram of MC mat
hed primaries vs MC mat
hed globals for only those events wherea good primary vertex is found, as shown in Figure 5.20. This type of plot 
an be usedto 
al
ulate the average number of globals, whi
h 
orrespond to an integer number ofprimary tra
ks for all events with a good primary vertex. However, Figure 5.20 would notbe 
omplete without also a

ounting for those events whi
h give `fake' and `not-found'verti
es. In ea
h bin of the primary tra
k distribution shown in Figure 5.20, the globaltra
k distribution must be 
orre
ted by the `not-found' and `fake' vertex 
orre
tion fa
tors(shown in Figure 5.18). The weighting is important, as without it a signi�
ant numberof low multipli
ity events are missing from the map. After the weighting pro
ess it ispossible to 
al
ulate the average number of global tra
ks that map to an integer numberof primary tra
ks for all triggered events, as shown in Figure 5.21.An empiri
al �t was used to parameterise the relationship between the number of pri-mary tra
ks and the mean number of global tra
ks, in Figure 5.21. This �t was used in
onjun
tion with the empiri
al �ts to Figure 5.18 (Vertex �nding probabilities as a fun
-tion of global tra
ks) in order to determine �nal vertex �nding probability distributionsas a fun
tion of mat
hed primary tra
k multipli
ity, as presented in Figure 5.22.73
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Figure 5.20: MC mat
hed primary tra
ks vs MC mat
hed global tra
ks.5.2.4 Applying the Vertex Corre
tionThe probability for a
hieving a good vertex is simply given by,pgood(nprimary) = 1� pfake(nprimary)� pnotfound(nprimary) (5.5)where nprimary is the primary tra
k multipli
ity, with the good, fake, and not-found vertexprobabilities, pgood(nprimary), pfake(nprimary) and pnotfound(nprimary) all represented in Fig-ure 5.22. It is assumed that all genuine v0s in fake vertex events fail the DCA 
ut. Thereis, however, some probability that the fake vertex will be separated by less than 2
mfrom the true event vertex. By assuming the ba
kground pro�le in Figure 5.13 remains
onsistent underneath the main peak, it 
an be estimated that no more than 2% of \fake"verti
es fall within the peak region, whi
h was 
onsidered a negligibly small amount. Thenet yields for �, � and K0S are therefore 
orre
ted by only one fa
tor, pgood(nprimary).The good vertex 
orre
tion fa
tor is used to 
al
ulate a fa
tor, f(nprimary), by whi
hto multiply the re
onstru
ted number of �, �, and K0S, in ea
h primary tra
k multipli
ity
lass (ie events with 0,1,2,3... et
 primary tra
ks), where f(nprimary) is given by,f(nprimary) = 1pgood(nprimary) (5.6)Finally the vertex probability distributions shown in Figure 5.21 were originally deter-74
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mined as a fun
tion of the number of mat
hed primary tra
ks in MC embedded events.The 
orre
tions are to be applied as a fun
tion of the number of primary tra
ks as mea-sured from the real data. Therefore it is important to show that the number of MCmat
hed primary tra
ks mat
hes the primary tra
k distribution in the real data. The
omparison was favourable as shown in Figure 5.23.
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Figure 5.23: Comparison of re
onstru
ted number of MC mat
hed primary tra
ks fromHIJING, and from real data
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5.2.5 Event Sele
tionThe number of events available for analysis is summarised in Table 5.4. Before an eventwas analysed, a series of 
uts were made to ensure event quality:� A \trigger word" 
ut was made to ensure a valid trigger.� A primary vertex quality 
ut was made to ensure that the event was only a

eptedif a valid (found or fake) vertex was obtained.� The event had to o

ur within � 100
m of the TPC 
entre, in order to ensure goodTPC a

eptan
e.Repla
ing �, � and K0S that are lost be
ause of primary vertex �nding ineÆ
ien
yis the �rst step of the 
orre
tion. The se
ond, more basi
 step is in simply 
onsideringthe number of lost events for whi
h there was a trigger but for where the vertex wasnot found. These lost events must also be 
onsidered, as they form a valid part of thenon-singly di�ra
tive 
ross se
tion for p + p 
ollisions. The overall event re-normalisationfa
tor was determined from the MC study to be 85.69%, and the 
orre
ted number ofevents, as applied when determining the �nal yield, is shown in Table 5.4.No. events No. events Corre
tedbefore event 
uts after event 
uts No. Events14.05 x106 10.03 x106 11.70 x106Table 5.4: A summary of the total number of events available before and after event 
uts.
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5.3 Signal Extra
tion as a Fun
tion of pTIt is useful to extra
t the yield as a fun
tion of pT , as the pT distribution gives informationon the parti
le produ
tion me
hanisms. Furthermore, 
orre
tions for dete
tor a

eptan
eand eÆ
ien
y must be applied as a fun
tion of pT , as dete
tor a

eptan
e is redu
ed forlow pT parti
les.Invariant mass spe
tra for �, � and K0S were initially produ
ed in pT bins of 100 MeV;this was largely determined by statisti
s as the pT resolution for � and K0S was foundto be less than 100 MeV for pT < 2GeV. At pT > 1 GeV this binning proved to be too�ne, as yield de
reases with in
reasing pT , and the 100 MeV bins were later re
ombinedto produ
e data points with 
omparable statisti
s. Negligible statisti
s were availablebeyond 5 GeV.Although the bin 
ounting te
hnique uses `side bands' either side of the mass peakto estimate a linear ba
kground, it was observed that for some of the lowest pT bins theba
kground is non-linear. An alternative method is to �t the invariant mass peak, usinga Gaussian + non-linear (polynomial) ba
kground fun
tion of the form,f = A�p2�e� (x��)22�2 + a + bx + 
x2 + dx3 + ex4 (5.7)where �, � and A are the width, mean and area of the Gaussian peak respe
tively. The�t des
ribed by equation 5.7 is shown for the nine lowest 100 MeV pT bins (from 0 to900 MeV) for � and K0S, in Figures 5.24 and 5.25 respe
tively. In Figures 5.24 and 5.25the ba
kground under the peaks is shown to 
hange from being des
ribed by a non-linearfun
tion, to being linear.Unfortunately a requirement of the primary vertex 
orre
tion te
hnique is that the v0smust not only be binned into pT bins, but also into multipli
ity bins. The vertex 
orre
tionis applied as a fun
tion of multipli
ity, and then the multipli
ity bins are re
ombined ba
kinto pT bins. However, the prospe
ts of su

essfully applying meaningful �ts to all binswith su
h low statisti
s are poor. As a result the bin 
ounting te
hnique, where the linearba
kground assumption is impli
it had to be used for this analysis. With bin 
ountingthe 
ounts from the Signal and Ba
kgound regions for the many pT and multipli
ity bins78




ould simply be added ba
k together, on
e the vertex 
orre
tion had been applied.Furthermore, it was dis
overed that for the K0S the Gaussian mass peak 
entre, �,in
reases as a fun
tion of pT , gradually approa
hing the published K0S mass value of 0.498GeV/
2 [7℄. This is shown in Figure 5.26.Clearly then it is important to examine how the net extra
ted signal 
hanges withthe assumption of a linear or non-linear ba
kground fun
tion. This di�eren
e betweennet signal extra
ted with the two di�erent ba
kground assumptions is shown for the �in Figure 5.27. For the K0S the signal and ba
kground regions for the low pT bins wereadjusted so as to allow for the shift in the peak 
entroid, �. The 
omparison of net signalextra
ted with linear and non-linear ba
kground assumptions for the K0S is displayed inFigure 5.28. Figures 5.27 and 5.28 indi
ate a small (relative to the statisti
al error) butsystemati
 di�eren
e, espe
ially for the �, that 
ould have been 
onsidered as an errorsour
e (However, ultimately it proved insigni�
ant 
ompared to the overall systemati
error).It is also evident from Figures 5.24 and 5.25 that there is a low pT 
ut o� at 300MeV for � and 100 MeV for K0S. This 
ut o� is due to dete
tor a

eptan
e, and anextrapolation must be made in order to determine the yield from pT = 0.
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Figure 5.24: Gaussian + polynomial �ts (equation 5.7) applied to � invariant mass spe
trafor the nine lowest pT bins. Ea
h bin is 100 MeV wide, and it is shown that the lowestavailable pT bin for � is 300 - 400 MeV. The Polynomial ba
kground fun
tion is shownin blue, and is non-linear for bins 4,5, 6 and 7.
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Figure 5.25: Gaussian + polynomial �ts (equation 5.7) applied to K0S invariant massspe
tra for the nine lowest pT bins. Ea
h bin is 100 MeV wide, and it is shown that thelowest available pT bin for K0S is 100 - 200 MeV. The Polynomial ba
kground fun
tion isshown in blue, and some non-linearity is observed at low pT .
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Figure 5.26: A shift in the mean K0S invariant mass was observed as a fun
tion of pT . Themass value (given by the � parameter, de�ned in equation 5.7) is observed to in
rease tothe quoted value of 0.49765 GeV/
2 (red line) [7℄.
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Figure 5.27: The di�eren
e as a per
entage of the net signal, for the � by assuming alinear ba
kground 
ompared to a polynomial ba
kground (blue bars). The statisti
al erroris also shown.

Figure 5.28: The di�eren
e as a per
entage of the net signal, for the K0S by assuminga linear ba
kground 
ompared to a polynomial ba
kground (blue bars). The statisti
alerror is also shown.
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5.4 Embedding Corre
tionsThe number of v0s whi
h are re
onstru
ted experimentally is not the total number pro-du
ed in the 
ollision, as the geometri
al a

eptan
e of the TPC and v0 re
onstru
tioneÆ
ien
y is limited. Additionally, the geometri
al 
uts whi
h are applied in order toredu
e the 
ombinatorial ba
kground also redu
e the raw v0 signal as shown in Table5.3. The determination of the `Total-eÆ
ien
y' 
orre
tion (the e�e
ts of a

eptan
e andeÆ
ien
y 
ombined) as a fun
tion of pT is dis
ussed in this se
tion.As with determining the vertex �nding eÆ
ien
y the total 
orre
tion is found byMonte-Carlo (MC) simulation. Monte Carlo parti
les (�, � and K0S) were randomlygenerated a

ording to a 
ertain pT slope, using GENTX. In order to 
onserve 
omputingresour
es, only parti
les whi
h de
ay via the measurable de
ay 
hannels (see Table 4.1),and whi
h are within the STAR rapidity a

eptan
e (y� 1) are generated.The 
orre
tion is ultimately applied on a bin by bin basis as a fun
tion of pT andtherefore it is not vital for the pT distribution of the MC parti
les to resemble that of thereal parti
les. Two populations, with slopes whi
h are exponential in mT , one of low pTparti
les and one of high pT parti
les, were generated in order to provide good embeddingstatisti
s over the full range of measurable pT .For the vertex 
orre
tion a realisti
 ba
kground environment was provided by theabort gap events, as entire HIJING p + p events were embedded into them. However, thev0 embedding 
orre
tion is di�erent as only �, � and K0S are required to be embeddedin order for their eÆ
ien
y to be determined. For the embedding 
orre
tion real p + pevents, whi
h 
ontain genuine and 
ombinatorial v0 
andidates as well as pile-up eventsare used to provide a ba
kground environment. It is important to note that all of thetra
ks from su
h real events are treated as ba
kground tra
ks. Ea
h MC parti
le is madeto originate from the re
onstru
ted primary vertex position of an event. For real datait is impossible to know if the re
onstru
ted vertex is fake or not, and so all MC v0swill point ba
k to the re
onstru
ted primary vertex, where as all genuine data v0s maynot. Thus the `Total eÆ
ien
y' 
orre
tion 
annot a

ount for lost v0s due to fake vertexre
onstru
tion, whi
h is why a seperate primary vertex 
orre
tion was ne
essary.84
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Figure 5.29: Total eÆ
ien
y 
orre
tion fa
tors derived from embedding, for �, � andK0S (running from left to right). These 
orre
tion fa
tors have been multiplied by theappropriate bran
hing fra
tion.The MC parti
les are de
ayed and propagated from the re
onstru
ted primary vertex,through the STAR dete
tor system using the GEANT simulation 
ode. The next stage isthe a
tual \embedding" pro
ess, where the simulated ADC 
ounts are mixed with thoseADC 
ounts from the real event. This new embedded event is then re
onstru
ted in thesame way as any normal real event (Chapter 4). As with the vertex 
orre
tion, the MCtra
ks present in the embedded event are indistinguishable from all the other tra
ks. Thepro
ess of hit mat
hing, mentioned in se
tion 5.2 is used to relate the original MC hitpoints and the re
onstru
ted hit points. In order to mat
h with an MC v0 parti
le, are
onstru
ted v0 must have a minimum of 15 mat
hed hits on both of its daughter tra
ks;su
h a mat
hed v0 is 
alled an asso
iated v0.The real event, and the embedded event should be very similar, as essentially theydi�er by only the one MC embedded v0, with the properties of both the original MC v0sand asso
iated v0s known. The same 
uts whi
h are applied to the data were applied tothe asso
iated v0 daughters (Table 5.2). The number of asso
iated v0s whi
h pass thegeometri
al 
uts, N(y; pT ), and the number whi
h were originally generated, MC(y; pT ),are then used to determine the total eÆ
ien
y 
orre
tion fa
tor, C(y; pT ),C(y; pT ) = N(y; pT )MC(y; pT ) (5.8)In order to a

ount for the other de
ay modes, C(y; pT ) should be multiplied by the85



�,� or K0S bran
hing fra
tion (see Table 4.1). Approximately 200,000 `Low pT ' and100,000 `High pT ' p + p minimum-bias events were embedded into for �, � and K0S. Thetotal 
orre
tion fa
tors for �, � and K0S are shown in Figure 5.29.The 
orre
tion fa
tors were shown to not vary with event multipli
ity for �, � andK0S. This 
onsiderably simpli�ed the analysis, as the same total 
orre
tion fa
tor (thoseshown in Figure 5.29) 
ould be used to 
orre
t the data as a fun
tion of pT , regardless ofevent multipli
ity.
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Chapter 6
Consisten
y 
he
ks, Errors and Fits
This 
hapter des
ribes 
he
ks made to ensure the validity of 
orre
tions applied to theraw data. Also des
ribed are the �ts made in order to estimate the unmeasured yieldat low pT and the treatment of statisti
al and systemati
 errors in
urred by 
orre
tingand �tting the data. Finally a 
orre
tion is made for � `feed-down', where the yield ofmeasured � and � is enhan
ed due to the de
ay of the doubly strange � parti
le into`se
ondary' �s.
6.1 Che
king the Corre
tionAlthough a similar embedding te
hnique had been used for analyses of strange parti
lesprodu
ed in high energy Au + Au 
ollisions using the STAR dete
tor (see for example[78℄), it was important to 
on�rm that the embedding 
orre
tion was appli
able to p + p
ollisions. In parti
ular it was thought that by adding one extra MC v0 to the p + pevents and then re
onstru
ting that event that the re
onstru
ted primary vertex may beshifted relative to the original primary vertex. This is be
ause the MC v0 daughter tra
ksare se
ondary and do not point ba
k to the primary vertex. For Au + Au 
ollisions noshift was observed, but in that instan
e the new MC tra
ks were being added to manyhundreds. For p + p 
ollisions one MC v0 is embedded per event and so two new MC
harged tra
ks, whi
h do not point ba
k to the primary vertex, are being added to eventswhere the average multipli
ity is � 5. 87



Figure 6.1: Primary vertex resolutions (in 
m) in x, y and z (running from left to right).These plots show that adding one extra MC V0 to an event does not signi�
antly perturbthe vertex �nding pro
ess.The di�eren
es in x, y and z, between the primary vertex that was originally re
on-stru
ted and the primary vertex re
onstru
ted from the embedded event 
ontaining theMC v0 are shown in Figure 6.1. Geometri
 
uts whi
h utilise the primary vertex informa-tion, su
h as the de
ay length and distan
e of 
losest approa
h to the primary vertex 
utsmay be a�e
ted by an in
orre
tly determined primary vertex. Both of these 
uts were setto 2
m, mu
h larger than the widths of the peaks displayed in Figure 6.1. Although theapparent shift in the distribution for z was not fully understood, it was believed that asit was small in 
omparison to the 
ut values, its e�e
t would be insigni�
ant. However,
ut studies were performed in order to determine how sensitive the �nal 
orre
ted yieldwas to 
hanges in the the de
ay length and distan
e of 
losest approa
h to the primaryvertex 
uts (see se
tion 6.5).The embedding 
orre
tion is supposed to a

ount for those �, �, and K0S 
andidateswhi
h are lost due to eÆ
ien
y and dete
tor a

eptan
e e�e
ts and also be
ause of thegeometri
al 
uts whi
h are applied (see Table 5.3). Therefore it is important that the
ut distributions of the asso
iated v0s from the embedding mat
h those from the realdata. Of 
ourse it is impossible to know if a �, � or K0S from the real data is genuineas there is always ba
kground 
ontribution under the peak. When 
omparing the 
utdistributions, the 
ut distribution from the ba
kground regions of the invariant massspe
tra have been subtra
ted from the 
ut distributions from the signal regions. Examplesof the 
omparisons made are shown in Figures 6.2 and 6.3 (for �). The data and embeddedv0 
ut distributions are in very good agreement apart from the distan
e of 
losest approa
h88



(DCA) of the v0 to the primary vertex. This 
an perhaps be explained by the fa
t thatin the real data sample, there are 
ontributions from se
ondary v0s from weak de
ayswhi
h are not present in the embedding. This e�e
t is 
alled feed-down, and for the �
omes from the de
ay of doubly and triply strange hyperons su
h as the ��, �0 and the
. Feed-down e�e
ts are dis
ussed in se
tion 6.7.
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Figure 6.2: Comparison of 
ut distributions from data and embedding for �.
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Figure 6.3: Comparison of no. of hit points on v0 daughters from data and embeddingfor �.
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6.2 Lifetime Che
ksA further self 
onsisten
y 
he
k is to determine the mean lifetime (
�) of �, � and K0S, asthis is a well known quantity [7℄, and requires the use of the embedding to 
orre
t the rawdata. The mean lifetime of a parti
le, 
� (measured in 
m) may be 
al
ulated a

ordingto, 
� = mDLp (6.1)where m is the parti
le mass, DL is the de
ay length and p is the total momentum. Theraw data is 
orre
ted as a fun
tion of momentum and lifetime 
� , as the measured 
�of a parti
le depends on momentum, and the momentum distributions are di�erent inthe real data and the embedding. An example of a 
orre
ted momentum vs 
� plot isshown in Figure 6.4. A proje
tion 
an be made to the lifetime axis, in order to get thelifetime distribution for K0S, � and �, as shown in Figure 6.5. An exponential �t is thenapplied over the range where the 
overage in momentum-lifetime spa
e (Figure 6.4) ismost uniform, and the slope gives the value of 
� .

Figure 6.4: Corre
ted plot of � momentum, p, vs lifetime (
�).90



The 
orre
ted 
� is 8.76 � 0.18 
m for � and 8.40 � 0.28
m for �. Both values aremore than 1 � from the established value of 7.89
m [7℄. The measured K0S lifetime of 2.66� 0.06 
m agrees mu
h better with the measured lifetime of 2.68 
m [7℄. This �nding
on
urs well with the above postulate that the real � and � spe
tra in
ludes 
ontributionsfrom se
ondary �s and �s, whi
h will in
rease the apparent lifetime of the � and � iftheir de
ay length is 
al
ulated with respe
t to the primary vertex.
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Figure 6.5: Corre
ted lifetime (
�) distributions (in 
m) for K0S, � and �.
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6.3 Strange Parti
le Spe
traThe yield (dN=dy over jy j < 0.5) of K0S and �, � as a fun
tion of pT are plotted inFigures 6.6, 6.7 and 6.8 respe
tively. These �gures are derived by �rst applying the vertex
orre
tion as a fun
tion of multipli
ity, and then applying the embedding 
orre
tion asa fun
tion of pT . The point to point errors in Figures 6.6 to 6.8 are statisti
al only, anddetermined by assuming Poissonian statisti
s for the net yields and embedding 
orre
tionfa
tors extra
ted using the bin 
ounting te
hnique. This is to say that if N 
ounts are
ounted in either a Signal or Ba
kground bin then the error on that 
ount is pN , withstandard methods of error propagation being used to derive the �nal statisti
al error [79℄.The simplest results whi
h 
an be determined from su
h spe
tra are the yield andhpT i determined by only 
onsidering the 
orre
ted yield in those pT bins whi
h weremeasurable as shown in Table 6.1. It is useful to present the results in this way as theyare independent of any assumptions made by �ts whi
h may be used to extrapolate overthe unmeasured pT region. As this was the �rst analysis within the STAR 
ollaborationto employ a vertex 
orre
tion for v0s, Table 6.1 also shows the yield and hpT i if estimated`lost' numbers of �, � and K0S are not added ba
k in to the analysis.Parti
le dNdy hpT i (GeV/
) dNdy NoV TXCOR hpT i NoV TXCOR� (0.3 ! 5.0 GeV) 0.0352 �0:0007 0.877 �0:015 0.0324 �0:0006 0.883 �0:015� (0.3 ! 5.0 GeV) 0.0316 � 0:0007 0.864 � 0:015 0.0301 � 0:0006 0.869 �0:015K0S (0.1 ! 5.0 GeV) 0.124 � 0:003 0.637 � 0:014 0.113 � 0:003 0.642 � 0:014Table 6.1: A summary of the Yield and hpT i over the measured pT range (jy j < 0.5).The numbers are from the non feed-down 
orre
ted spe
tra, and the errors quoted arestatisti
al only.
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Figure 6.6: K0S yield as a fun
tion of pT (jy j < 0.5).
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Figure 6.7: � yield as a fun
tion of pT (jy j <0.5).  (GeV/c)Tp
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Figure 6.8: � yield as a fun
tion of pT (jy j <0.5).
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6.4 Vertex Corre
tion ErrorThe results summarised in Table 6.1 indi
ate that the vertex 
orre
tion has only a small,� 5% to 10%, e�e
t on the �nal dN=dy values. However, the largest systemati
 involvedin applying the vertex 
orre
tion is the total event re-normalisation. The re-normalisednumber of events, determined from the MC study is shown in Table 5.4. However, Figure5.16 suggests an un
ertainty in the overall re-normalisation fa
tor. The spread is not 
orre-lated with luminosity, and is not fully understood. Thus the error in the re-normalisationfa
tor was estimated by using, �sys = s(xdefault � x)2N � 1 (6.2)where xdefault is the 0.143 fra
tion from the MC study, and the x values are those obtainedfrom the data (Figure 5.16). The systemati
 error on dN=dy indi
ated by the overall eventre-normalisation is � 4.1%.6.5 Cut StudiesVarious dete
tor and re
onstru
tion e�e
ts whi
h are not a

ounted for in the re
onstru
-tion 
hain may be the sour
e of additional error. For example, although the embedding
orre
tion pro
ess is designed to faithfully reprodu
e every aspe
t of v0 re
onstru
tion,the 
orre
tion is inevitably imperfe
t. This is indi
ated in the se
tion 5.4, where althoughthe embedding tests gave satisfa
tory results, reprodu
ing the 
ut distributions seen inthe data, there were notable dis
repan
ies; parti
ularly in the 
omparison of the DCAof the v0 to the primary vertex distributions (Figure 6.2) and also in the 
al
ulation of� and � lifetimes. Although these e�e
ts may be due to feed-down, it is important totest the sensitivity of the yield and hpT i to variations in the 
ut parameters. Also, someindi
ation of the systemati
 error may be given by determining the dN=dy and the hpT i ,over the measurable pT range for a variety of di�erent 
uts sets, shown in Table 6.2.Exploiting the azimuthal symmetry of the TPC, the dN=dy and hpT i was studied asa fun
tion of azimuthal angle �, in four quadrants around the TPC's major axis. The94



Cut DCA of Radial DCA of v0 to Number of tra
kset daughters(
m) de
ay length(
m) primary vertex(
m) hit points1 (default) 0.9 2.0 2.0 152 0.9 0.0 2.0 153 1.5 2.0 2.0 154 0.5 2.0 2.0 155 0.9 4.0 2.0 156 0.9 2.0 1.8 157 0.9 2.0 2.2 158 0.9 2.0 2.0 179 0.9 2.0 2.0 1310 0.9 1.0 2.0 15Table 6.2: Di�erent 
ut parameters used for determining systemati
 error.dN=dy and hpT i were also measured with the TPC magnet operating in forward (FFF)and reverse full �eld (RFF) mode. The yield and dN=dy were expe
ted to be the samein all quadrants, and for all �eld settings, and so the variations should give a measure ofsystemati
 error. The variations in dN=dy for K0S and � are plotted in Figures 6.9 and6.10.Although the variations in dN=dy and hpT i due to these systemati
 are all within 3 � ofthe statisti
al error, one may expe
t there to be mu
h less variation, as all measurementsare derived from the same data set. Therefore the systemati
 error on dN=dy and hpT i (aquantity x) were determined a

ording to equation (6.2) with xdefault representing thatvalue of hpT i or dN=dy 
orresponding to that value measured using the optimised (default)
ut set. The systemati
 errors 
al
ulated for K0S and non feed-down 
orre
ted � aresummarised in Table 6.3. The systemati
 error for the � was assumed to be equal to thatof the �, due to the similar nature of the analyses.Parti
le dNdy hpT i� (0.3 ! 5.0 GeV) 2.8 % 0.8 %K0S (0.1 ! 5.0 GeV) 2.6 % 1.1 %Table 6.3: A summary of systemati
 errors for � and K0S, in
urred by 
hanging 
uts, byusing di�erent �eld settings, and by restri
ting a

eptan
e to ea
h of the 4 TPC quadrantsin turn.
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Figure 6.9: K0S yields for di�erent 
ut sets, � and magneti
 �eld settings.

Figure 6.10: � yields for di�erent 
ut sets, � and magneti
 �eld settings.
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6.6 Fitting the DataFitting the pT spe
tra is a vital part of the analysis, as it enables extrapolations to bemade over the low pT region of the spe
tra where there was no a

eptan
e. However, inorder to believe the extrapolation the �t must have some theoreti
al basis. In heavy ionanalyses it is 
ommon to use anmT exponential fun
tion inspired by a thermal des
riptionof the emitting sour
e [35℄, 12�pT d2NdydpT = Ae�mTT (6.3)where A is a 
onstant and T is the temperature. There is also the pQCD inspired powerlaw fun
tion des
ribed by equation 2.3. Hagedorn showed that equation 2.3 may bere-written as [35℄, 12�pT d2NdydpT = B  1 + 2pT(n� 3)<pT>!�n (6.4)where B and n are 
onstants. The UA1 experiment observed that, for � and � thepT spe
tra is harder than that of K0S, with the e�e
t of pushing n in the power law(equation 6.4) to 1. This was also observed for this analysis and so, therefore, in e�e
tan exponential in pT , as shown in equation 6.5 was used to �t the � and � spe
tra,12�pT d2NdydpT = Ae�pTT (6.5)As pointed out by Hagedorn [35℄, spe
tra may 
ontain 
ontributions from both thermalemission, represented by equation 6.3 and the pQCD inspired power law model representedby equation 6.4. As su
h a 
omposite equation is represented by,12�pT d2NdydpT = Ae�mTT +B 1 + 2pT(n� 3)<pT>!�n (6.6)as for the � and � n !1 and equation 6.6 be
omes,12�pT d2NdydpT = Ae�mTT +Be�pTT (6.7)97



A variation to the 
omposite �t, is the 2 
omponent �t, whi
h is of the form,12�pT d2NdydpT = (A:e�mTT )pT<x + 0�B 1 + 2pT(n� 3)<pT>!�n1ApT>x (6.8)where only the mT exponential (equation 6.3) is applied at low pT values ( < x) and onlythe pQCD inspired power law (equation 6.4) is applied at large pT values ( > x). Theparameter x is made to vary as a free parameter. Equation 6.8 requires the additional
ondition that the slopes of its two 
omposite parts are 
ontinuous at the join point, x.The n parameter does not tend to 1 for equation 6.8.The �ts were performed using a �2 minimisation pro
edure [81℄, and are displayed inFigures 6.11 to 6.16. The mid-rapidity yield for jyj < 0.5 was extra
ted by integrating,from pT = 0, the �t fun
tion f(pT ),dN=dy = 2� Z 10 pTf(pT )dpT (6.9)and similary the hpT i was extra
ted by using,<pT> = R10 pTf(pT )dpTR10 f(pT )dpT (6.10)ex
ept for equation 6.4 where hpT i is one of the �t parameters. The dN=dy and hpT iwere extra
ted from the best �ts of equations 6.3 to 6.8 to the spe
tra and are presentedin Table 6.4, together with the �2=DF , where DF is the number of degrees of freedom.It 
an be seen that equations 6.3 and 6.4, previously used to des
ribe heavy ion and p + pspe
tra do not des
ribe the data as well as the 
omposite forms des
ribed by equations6.6, 6.7 and 6.8.The 
omposite fun
tions des
ribed by equations 6.6, 6.7 and 6.8., gave similar �2=DFand so were used to determine an estimate of the error in the extrapolation over theunmeasured pT region. The extrapolation over these pT regions is shown more 
learly inFigures 6.17, 6.18 and 6.19. The systemati
 error estimated from taking the di�eren
ebetween these �ts is summarised in Table 6.5. The seperate 
ontributions to systemati
error (from the vertex 
orre
tion (4.1% to dN=dy), the 
ut study (Table 6.3) and the �t98



mT Exp `Power Law' 2 Component CompositeParti
le (Eq'n 6.3) (Eq'n 6.4 (K0S)) (Eq'n 6.8) (Eq'n 6.6 (K0S))(Eq'n 6.5) (�,�) (Eq'n 6.7 (�,�))� �2=DF 193=19 73=19 27=15 20=17� �2=DF 166=19 77=19 23=15 21=17K0S �2=DF 425=21 52=20 23=17 18=18� dN=dy 0.0366 0.0476 0.0403 0.0414� dN=dy 0.0342 0.0446 0.0376 0.0389K0S dN=dy 0.107 0.138 0.126 0.129� hpT i (GeV/
) 0.833(T=0.272) 0.692 0.776 0.762� hpT i (GeV/
) 0.819(T=0.273) 0.679 0.766 0.749K0S hpT i (GeV/
) 0.702(T=0.291) 0.581 0.626 0.612Table 6.4: Results from �tting equations 6.3 to 6.8 to pT spe
tra. All yields and hpT i arefor jy j < 0.5. Parti
le dNdy hpT i� 2.7 % 1.8 %� 3.3 % 2.3 %K0S 2.3 % 2.3 %Table 6.5: Systemati
 error in
urred by extrapolating the 
omposite �t equations overthe un-measurable pT regions for �, � and K0S.extrapolation (Table 6.5)) are assumed as being independent and are therefore added inquadrature in order to derive the �nal systemati
 for the �nal dN=dy and hpT i of K0S andnon-feed-down 
orre
ted � and �, summarised in Table 6.6.Parti
le dN=dy hpT i (GeV/
)� 0.0414 �0:0008stat � 0:0024syst 0.762 �0:022stat � 0:015syst� 0.0389 �0:0008stat � 0:0023syst 0.749 �0:022stat � 0:018systK0S 0.129 �0:003stat � 0:007syst 0.612 �0:020stat � 0:015systTable 6.6: A summary of dN=dy and hpT i for �, � (non feed-down 
orre
ted) and K0S (jy j< 0.5).
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Figure 6.11: K0S spe
trum as a fun
tion of pT (jy j< 0.5). ThemT exponential �t (equation6.3) is red and power law �t (equation 6.4) is blue.
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Figure 6.12: � spe
trum as a fun
tion of pT(jy j< 0.5). ThemT exponential �t (equation6.3) is red and power law �t (equation 6.4)is blue.
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Figure 6.13: � spe
trum as a fun
tion of pT(jy j < 0.5). ThemT exponential �t (equation6.3) is red and power law �t (equation 6.4)is blue.
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Figure 6.14: K0S spe
trum as a fun
tion of pT (jy j < 0.5). The 
omposite form (equation6.6) is bla
k, and the 2 
omponent �t (equation 6.8) is green.
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Figure 6.15: � spe
trum as a fun
tion of pT(jy j < 0.5). The 
omposite form (equation6.7) is bla
k, and the 2 
omponent �t (equa-tion 6.8) is green.
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Figure 6.16: � spe
trum as a fun
tion of pT(jy j < 0.5). The 
omposite form (equation6.7) is bla
k, and the 2 
omponent �t (equa-tion 6.8) is green.
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Figure 6.17: K0S spe
trum as a fun
tion of pT (jy j < 0.5). The 
omposite form (equation6.6) is bla
k, and the 2 
omponent �t (equation 6.8) is green. Fit extrapolation error overthe range 0 < pT < 0.1 was determined from the di�eren
e between these fun
tions.

 (GeV/c)Tp
0 0.2 0.4 0.6 0.8 1

d
y

T
N

/d
p

2
)d

T
pπ

1/
(2

-310

-210

-110

Figure 6.18: � spe
trum as a fun
tion of pT(jy j < 0.5). The 
omposite form (equation6.7) is bla
k, and the 2 
omponent �t (equa-tion 6.8) is green. Fit extrapolation errorover the range 0 < pT < 0.3 was determinedfrom the di�eren
e between these fun
tions.
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Figure 6.19: � spe
trum as a fun
tion of pT(jy j < 0.5). The 
omposite form (equation6.7) is bla
k, and the 2 
omponent �t (equa-tion 6.8) is green. Fit extrapolation errorover the range 0 < pT < 0.3 was determinedfrom the di�eren
e between these fun
tions.
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6.7 Feed-down Corre
tionsThe measured � and � spe
tra have 
ontributions from primary �s (dire
tly produ
ed)and se
ondary �s from the de
ay of heavier hyperons. Some parti
les su
h as the �0undergo strong de
ays, making the �0 de
ay vertex indistinguishable from the primaryvertex. It is thus impossible to isolate the �0 
ontribution to the total � yield using atopologi
al analysis alone. Most quoted � yields therefore in
lude the 
ontribution of �baryons.Another 
ontribution 
omes from the de
ay of doubly strange �� and �� whi
h un-dergo weak de
ays into � (and �) as shown in equations 6.11 and 6.12. The �s and �s
an be re
onstru
ted using the v0 �nding te
hnique then paired with a 
harged pion, soas to 
reate an � 
andidate. The invariant mass of the � and � pair 
an be 
omputed,and topologi
al ba
kground redu
tion te
hniques similar to those des
ribed in se
tion 5.1be applied in order to extra
t the �� spe
tra.�� ! � + ��(b = 0:999, 
� = 4:9
m) (6.11)
�� ! � + �+(b = 0:999, 
� = 4:9
m) (6.12)The analysis of �� and �� was performed by another member of the STAR 
ollab-oration and is des
ribed elsewhere [80℄. These measured mid-rapidity yields for �� and�� (shown in Table 6.7) are used as the basis for a � and � feed-down 
orre
tion.An additional sour
e of feed-down 
omes from the �0 and �0 de
ays,�0 ! � + �0(b = 0:995, 
� = 8:7
m) (6.13)�0 ! � + �0(b = 0:995, 
� = 8:7
m) (6.14)whi
h are not measured. For the purposes of 
al
ulating the feed-down, the �� yield isassumed to be equal to the �0 yield and the �� yield equal to the �0 yield.Although virtually every � or � feeds down into a � or �, one 
annot simply subtra
t103



Parti
le dN=dy hpT i (GeV/
)�� 0.00181 � 0.00008 0.97 � 0.02�+ 0.00178 � 0.00008 0.95 � 0.02Table 6.7: A summary of dN=dy and hpT i for �� and �+ in p + p at ps = 200 GeV withjyj < 0.5 [80℄.the � yields in order to obtain the feed-down 
orre
ted � yields. This is be
ause theeÆ
ien
y of re
onstru
ting se
ondary � and � may not be the same as the primary �and � eÆ
ien
y. This is expe
ted as the mean de
ay length of se
ondary � and � (from� de
ay) is longer than for primary parti
les. Therefore a larger proportion of se
ondary� (�) may be expe
ted to pass the de
ay length 
ut. On the other hand more mayfail the DCA to the primary vertex 
ut, as the se
ondary �s do not originate from theprimary vertex. The importan
e of feed-down 
orre
tions thus be
omes apparent as theun
orre
ted spe
tra is a mixture of both primary and se
ondary �s with only the primary� eÆ
ien
y being used to 
orre
t the spe
tra.As the eÆ
ien
y 
orre
tion varies as a fun
tion of pT , the feed-down 
orre
tion mustalso be applied as a fun
tion of pT . Not only does the se
ondary � eÆ
ien
y have to befound, but also the pT spe
tra for the se
ondary � parti
les has to determined, as it isnot equal to the � pT distribution.The se
ondary � eÆ
ien
y was investigated by embedding Monte Carlo generated ��into real events, as des
ribed in the embedding se
tion. The 
omparison between theeÆ
ien
y for primary �, 
ompared to se
ondary � from �� de
ays, for the optimised setof 
uts shown in Table 5.2 is shown in Figure 6.20. A quantity Reff was de�ned whi
h isthe ratio of se
ondary and primary eÆ
ien
ies su
h that,Reff = C(pT )se
ondaryC(pT )primary (6.15)where C(pT )se
ondary and C(pT )primary are the se
ondary and primary � �nding eÆ
ien
iesrespe
tively.This analysis utilised the same embedding generated for the separate �� analysis[80℄, in order to determine C(pT )se
ondary. However, no embedding was available in order104
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Figure 6.20: A 
omparison of primary and se
ondary � eÆ
ien
y (jy j < 0.5), assumingthat all se
ondary � 
ome from �� de
ay.to determine the eÆ
ien
y for se
ondary � whi
h originate from �0 de
ay. Instead theeÆ
ien
y for se
ondary � from �0 de
ays was dedu
ed by generating Monte Carlo �0and ��, and propagating the de
ay parti
les through the STAR dete
tor system usingGEANT. After the geometri
 
uts had been applied, the ratio of � from �0 de
ay to thosefrom �� de
ay (with jy j < 0.5) was found to be � 0.9, and 
at as a fun
tion of pT . Thisindi
ated that although the �0 and �� posses di�erent de
ay lengths, they 
ontributeequal numbers of se
ondary � to the �nal measured yield, assuming equal yields of �0and ��. Therefore the se
ondary � �nding eÆ
ien
y was assumed to be the same forboth the �� and �0 feed-down 
orre
tions.As well as knowing the se
ondary � �nding eÆ
ien
y, a se
ondary � distribution as afun
tion of pT must be reprodu
ed. It is impossible to get su
h a distribution from the realdata, so the �� embedding was used as shown in Figure 6.21. In Figure 6.21 the pT spe
-trum of the measured �� is shown, together with a Monte Carlo generated �� spe
trum.The Monte Carlo �� spe
trum is made to have approximately the same pT distributionas the data and is re-normalised a

ording to the measured �� yield. The se
ondary �105
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Figure 6.21: Comparison between the measured �� spe
trum [80℄, and the Monte CarloSimulated �� and se
ondary � spe
tra (jy j < 0.5).distribution, Simu(pT ) also shown in Figure 6.21 
an be used to feed-down 
orre
t themeasured � spe
tra. Ultimately a feed-down 
orre
ted spe
trum, Corre
ted(pT ), is madefrom the measured pT spe
trum (after eÆ
ien
y 
orre
tions), Measured(pT ) a

ordingto, Corre
ted(pT ) = Measured(pT )� Simu(pT )�Reff (pT ) (6.16)As the same 
uts were used for � and �, the Reff fun
tion as determined for � wasalso used for the � feed-down 
orre
tion.
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6.8 Feed-Down Corre
ted � and � spe
traFeed-down 
orre
tions were applied on a pT bin by pT bin basis a

ording to equation 6.16.Composite �ts were applied to the � and � spe
tra, as shown in Figures 6.22 and 6.23respe
tively. The feed-down 
orre
ted dN=dy and hpT i as extra
ted from the 
omposite�ts are shown in Table 6.8.Parti
le dN=dy hpT i (GeV/
)� 0.0368 �0:0008stat � 0:0028syst 0.759 �0:024stat � 0:021syst� 0.0335 �0:0008stat � 0:0026syst 0.747 �0:023stat � 0:023systTable 6.8: A summary of dN=dy and hpT i for feed-down 
orre
ted � and � (jy j < 0.5).
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Figure 6.22: � spe
trum as a fun
tion of pTwith 
orre
tion for �0 and �� feed-down (jy j< 0.5).
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Figure 6.23: � spe
trum as a fun
tion of pTwith 
orre
tion for �0 and �� feed-down (jy j< 0.5).
If the results in Table 6.8 are 
ompared to the non-feed-down 
orre
ted yield andhpT i for � and � shown in Table 6.6, it 
an be observed that applying the feed-down
orre
tion makes little di�eren
e to the hpT i . However, the � yield is shown to drop by� 11 % with the � yield dropping by � 14 %.
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Chapter 7
Results
As was dis
ussed in Chapter 6, the �nal yields and hpT i for �, � and K0S are derived byusing �ts to extrapolate the spe
tra to pT = 0. For 
onvenien
e the feed-down 
orre
tedresults are summarised in Table 7, below.Parti
le dN=dy hpT i (GeV/
)� 0.0368 �0:0008stat � 0:0028syst 0.759 �0:024stat � 0:021syst� 0.0335 �0:0008stat � 0:0026syst 0.747 �0:023stat � 0:023systK0S 0.129 �0:003stat � 0:007syst 0.612 �0:020stat � 0:015systTable 7.1: A summary of dN=dy and hpT i for feed-down 
orre
ted � and � and also K0S(jyj < 0.5).

The �tting te
hniques des
ribed in se
tion 6.6 
an be utilised so as measure �, � andK0S yield and hpT i over di�erent rapidity intervals or for events of di�erent multipli
ity. Asshown in the next se
tion, this is useful when making 
omparisons to other experiments.Results are also 
ompared to pQCD model predi
tions. In the �nal se
tion the � and� yields determined by this analysis, and also the yields of �� and �� (see [80℄) are
ompared to 
orresponding yields from Au + Au 
ollisions at ps = 200 GeV, in order todetermine if yields of � and � are enhan
ed in heavy ion 
ollisions.108



7.1 Comparisons to Other ExperimentsThe UA5 experiment measured mid-rapidity yields for � + � andK0S from p + p 
ollisionsalso at ps = 200 GeV [28℄. It is expe
ted that the yield from p + p experiments will bequite similar to p + p experiments at ps = 200 GeV, thus the UA5 result will forma useful 
omparison. Unfortunately, the UA5 experiment measured strange yields overa mu
h wider rapidity range (jyj < 2) than the rapidity range (jyj < 0.5) over whi
hyields are quoted in this thesis. The rapidity distribution is known to be roughly 
at atmid-rapidity [82℄, so an initial 
omparison with UA5 results may involve multiplying themeasured yield by 4.The results of Dawson et al. [42℄ show that it is possible to tune the PYTHIA eventgenerator [40℄ in order to a
hieve agreement with 
harged parti
le spe
tra from highenergy p + p 
ollisions. PYTHIA simulations of p + p and p + p 
ollisions at ps = 200GeV were made in order to determine appropriate s
aling fa
tors by making 
omparisonsbetween the rapidity distributions of �, � and K0S.In order to test the shape of the rapidity distributions from PYTHIA the distributionsgenerated for p + p 
ollisions were 
ompared to STAR yields, measured over the availableSTAR dete
tor a

eptan
e (jyj < 1). In order to determine a rapidity extrapolation fa
torit is only ne
essary to use the shape of the rapidity distribution. Thus the mid-rapidityPYTHIA points are made to agree with the measured yields (Table 7), by normalisingthe PYTHIA distribution to the data at y=0. As expe
ted, no signi�
ant variation wasobserved in the �, � and K0S yield over the limited range of (jyj< 1), thus agreeing withthe PYTHIA rapidity distributions shown for K0S, � and � in Figures 7.1, 7.2 and 7.3respe
tively.Although the �, � and K0S yields from p + p and p + p 
ollisions are expe
ted tobe approximately equal at ps = 200 GeV, it is interesting to test this assumption, usingPYTHIA. The PYTHIA generated p + p rapidity distributions for K0S, � and � are shownin Figures 7.4, 7.5 and 7.6. Here the PYTHIA p + p distributions are multiplied by thesame normalising fa
tor used for the PYTHIA p + p distributions. As the measured yieldsalso agree with the p + p rapidity distributions over (jyj< 1), PYTHIA also indi
ates that109
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Figure 7.1: Measured K0S yield, and normalised PYTHIA rapidity distribution for p + pat ps = 200 GeV.

Wed Nov 24 05:44:01 2004 Rapidity
-6 -4 -2 0 2 4 6

Rapidity
-6 -4 -2 0 2 4 6

N
o

rm
al

is
ed

 Y
ie

ld
 p

er
 u

n
it

 r
ap

id
it

y

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Figure 7.2: Measured � yield, and nor-malised PYTHIA rapidity distribution forp + p at ps = 200 GeV. Rapidity
-6 -4 -2 0 2 4 6

Rapidity
-6 -4 -2 0 2 4 6

N
o

rm
al

is
ed

 Y
ie

ld
 p

er
 u

n
it

 r
ap

id
it

y

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Figure 7.3: Measured � yield, and nor-malised PYTHIA rapidity distribution forp + p at ps = 200 GeV.
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Figure 7.5: Measured � yield (p + p), andnormalised PYTHIA rapidity distributionfor p + p at ps = 200 GeV. Rapidity
-6 -4 -2 0 2 4 6

Rapidity
-6 -4 -2 0 2 4 6

N
o

rm
al

is
ed

 Y
ie

ld
 p

er
 u

n
it

 r
ap

id
it

y

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Figure 7.6: Measured � yield (p + p), andnormalised PYTHIA rapidity distributionfor p + p at ps = 200 GeV.
111



the measured �, � and K0S yields should agree with UA5. The PYTHIA p + p rapiditydistributions shown in Figures 7.1, 7.2 and 7.3 were used to generate s
aling fa
tors, bysimply dividing the PYTHIA yield for parti
les with rapidity jyj < 2 by the PYTHIAjyj < 0:5 yield. A fa
tor of � 3.6 was determined for (� +�) and also K0S; suÆ
ientlydi�erent from 4 to justify the PYTHIA simulation. The UA5 yield and the s
aled STARyields are shown in Table 7.2. As anti
ipated, good agreement was a
hieved between theSTAR exrapolated dN=dy and the UA5 measured dN=dy .Parti
le STAR dN=dy UA5 dN=dy STAR dN=dyjyj < 0.5 jyj < 2.0 jyj < 2.0� + � 0:0703� 0:0011stat � 0:0038syst 0.27 � 0.07 0.252 �0:0039stat � 0:0136systK0S 0.129 �0:003stat � 0:007syst 0.44 +/- 0.09 0.466 �0:011stat � 0:025systTable 7.2: A summary of dN=dy for � + � and K0S (�, � feed-down 
orre
ted) measuredby the UA5 [28℄ and STAR experiments.As was dis
ussed in se
tion 2.1.2, an in
rease of �, � and K0S hpT iwith multipli
ity wasobserved by UA1 at ps = 630 GeV, and for K0S by E735 at ps = 1.8 TeV [32℄,[33℄. As thespe
tra had to be divided into multipli
ity bins in order to apply the vertex 
orre
tion,it is 
onvenient to extra
t the yield and hpT i from the multipli
ity divided spe
tra. Sixmultipli
ity bins were 
reated, where multipli
ity is de�ned as all primary tra
ks whi
hhave j�j < 1.Mult. No. primary
lass tra
ks (a!b) Y ield�(a!b)Nevents(a!b) Y ield�(a!b)Nevents(a!b) Y ieldK0S(a!b)Nevents(a!b) Nevents(a!b)1 0 ! 2 0.0083 � 0.0011 0.0072 � 0.0009 0.0322 � 0.0043 4.12�1062 3 ! 4 0.0299 � 0.0031 0.0268 � 0.0028 0.1009 � 0.0106 2.86�1063 5 ! 6 0.0479 � 0.0048 0.0440 � 0.0045 0.1544 � 0.0158 1.96�1064 7 ! 8 0.0695 � 0.0072 0.0629 � 0.0065 0.2160 � 0.0228 1.19�1065 9 ! 12 0.1030 � 0.0010 0.0987 � 0.0096 0.2960 � 0.0289 1.13�1066 > 13 0.1798 � 0.0186 0.1775 � 0.0184 0.5019 � 0.0529 4.63�105SUM 0.0423 0.0393 0.132 11.7�106Mean 4.90 7.96 8.12 7.60Tra
ksTable 7.3: A table showing yields of �, � and K0S (jyj <0.5), in ea
h of the six multipli
ity
lasses whi
h are de�ned as all those events whi
h have primary tra
k multipli
ity (j�j < 1)from a to b in
lusive. 112



As 
an be seen in Table 7.3, the yield of �, � and K0S in
reases with multipli
ity, with� or � being � 22 times more abundant in high multipli
ity 
ollisions (> 13 tra
ks), 
om-pared to low multipli
ity 
ollisions (0! 2 tra
ks). The lighter K0S is only 15 times moreabundant in high multipli
ity 
ollisions, 
ompared to 
ollisions of the lowest multipli
ity
lass, suggesting that � and � produ
tion in the lowest multipli
ity 
lass is suppresseddue to their larger mass. Interestingly the ratio of � to � in
reases from 0.86 in the lowestmultipli
ity 
lass (0! 2), to 0.99 in the > 13 
lass, suggesting that the relative propor-tions of qq pairs 
ompared to original valen
e quarks (at y=0) grow with multipli
ity.This may be 
aused by harder 
ollisions at the partoni
 level, whi
h in turn might 
reatemore energeti
 (or `longer') strings, whi
h then fragment into more qq pairs.The behaviour of �, � and K0S hpT i as a fun
tion of multipli
ity is shown in Figure7.7. As for the UA1 results (Figure 2.5) the same trend of in
reasing hpT i as a fun
tionof multipli
ity is observed. However, where as the UA1 (and for the K0S, E735) resultsindi
ate a linear relationship between hpT iand multipli
ity, in Figure 7.7 there is, perhaps,the hint of a `step' in the relationship between hpT iand multipli
ity for � and �, at around7 primary tra
ks. Also the hpT i in
rease for the � and � does not appear to be as steepas the trend observed by UA1.The overall value of hpT iobtained for the K0S by UA1 (p + p at ps = 630 GeV) is lessthan measured by this analysis. Table 7.4 shows a 
omparison with the (� +�) and K0ShpT i as measured by the UA5 
ollaboration, and the K0S hpT i is again shown to be lessthan the measured value. A possible explanation may be in the fa
t that both UA1 andUA5 �t power laws (equation 2.3) to their K0S spe
tra, whi
h has (as shown in Table 6.4)the e�e
t of redu
ing hpT i .Parti
le STAR hpT i (GeV/
) UA5 hpT i (GeV/
)jyj < 0.5 jyj < 2.0� + � 0.753 �0:033stat � 0:068syst 0:8+0:2�0:14K0S 0.612 �0:020stat � 0:015syst 0:53+0:08�0:06Table 7.4: A summary of hpT i for � + � (feed-down 
orre
ted) and K0S measured by theUA5 [28℄ and STAR experiments.It is revealing to brie
y 
ompare the behaviour of hpT iand �� with the trends observed113
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Figure 7.7: Plot of hpT i vs measured primary tra
k multipli
ity (j�j < 1) for �, � andK0S (jy j < 0.5).in high energy Au + Au 
ollisions. For relativisti
 heavy ion 
ollisions, multipli
ity is usedas a measure of 
ollision 
entrality (see Appendix A), and for Au + Au 
ollisions at ps =130 GeV both �� and the Hagedorn temperature parameter, T (hpT i ), were observed tobe approximately 
onstant with multipli
ity [78℄. Given that a single p + p 
ollision may
onsist of multiple parton+parton intera
tions [43℄, it is not unreasonable to 
onsider thatmultipli
ity may have also been related to the `
entrality' of a p + p 
ollision. However,the observations of in
reasing hpT i and �� with multipli
ity in p + p 
ollisions stronglysuggest that the in
rease in multipli
ity is 
aused by harder intera
tions between the
onstituent partons, unlike for high energy heavy ion 
ollisions.7.2 Comparisons with ModelsAs dis
ussed in Chapter 2, 
omparison with various model predi
tions remains a goodreason for studying the p + p data in its own right. Cal
ulations based on next to leadingorder pQCD have been made for the K0S spe
tra by Albino, Kniehl and Kramer (AKK)114
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Figure 7.8: A 
omparison of the K0S spe
tra with next to leading order pQCD 
al
ulations[83℄,[84℄. For 
larity the STAR K0S, determined by this analysis have been divided by 30.For the AKK predi
tion, the three solid lines represent three di�erent parameterisationsof the pQCD 
al
ulation.[83℄, and also Kniehl, Kramer and P�otter (KKP) [84℄. Figure 7.8 
ompares the pQCD
al
ulations with the measured K0S spe
tra. Even at high pT there are dis
repan
iesbetween the 
al
ulations and the data, with the KKP results in parti
ular favouring theUA1 data. However, the K0S from this analysis appear to a
hieve better agreement withthe more re
ent AKK 
al
ulation 
ompared to the KKP predi
tion.Dumitru has also studied p + p 
ollisions within the 
ontext of the PYTHIA model[52℄. Dumitru states that at RHIC energies, the 
olour 
ux tubes may no longer be orien-tated longitudinally (as in non-pQCD pro
esses), but instead a
quire signi�
ant transversemomentum, due to perturbative intera
tions. Although hadrons are still being produ
edvia a fragmentation me
hanism, the fragmenting strings 
an be rotated with respe
t tothe lab frame, and 
an be regarded as `mini jets'. Therefore this pi
ture is 
onsistent115
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Figure 7.9: Strangeness enhan
ement fa
tors at ps = 200 GeV a

ording to equation 7.1,plotted as a fun
tion of the number of parti
ipating nu
leons (Npart).with the model of Wang and Hwa [48℄, and explains the in
rease of hpT iwith multipli
ityobserved elsewhere [33℄, [32℄, and also by this analysis as shown in Figure 7.7.
7.3 Strangeness Enhan
ementThe �, �, �� and �� yields in Au + Au 
ollisions atps = 200 GeV measured by the STARexperiment [86℄ are 
ompared with the p + p yields to derive strangeness enhan
ementfa
tors, by using equation 7.1,Enhan
ement = � Y ieldNpart�Au+Au� Y ieldNpart�p+p (7.1)where Npart is the number of parti
ipating nu
leons in the Au + Au 
ollisions. Details ofthe 
al
ulation of Npart are des
ribed in Appendix A. The resulting strangeness enhan
e-ment fa
tors are displayed below in Figure 7.9.An enhan
ement is observed for all 
entralities, with the doubly strange ��s beingenhan
ed more than the �s, in a

ordan
e with Rafelski's original predi
tion. However,116
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Figure 7.10: Strangeness Enhan
ement fa
tors as a fun
tion of ps for � and �� in onlythe most 
entral bins.when these enhan
ement fa
tors are 
ompared to the enhan
ement measured at the CERNSPS at ps = 17.3 GeV, and a more re
ent CERN SPS ps = 8.8 GeV measurement [87℄,it is found that enhan
ement at RHIC energies is a
tually less than at the lower SPSenergies. This is shown for the most 
entral � and �� yields in Figure 7.10. One possibleexplanation for the de
rease in the enhan
ement fa
tors as ps in
reases has been putforward by Tounsi, Mishke and Redli
h [89℄. It is argued that strangeness enhan
ementmay be explained by the di�erent ways in whi
h thermal model 
al
ulations have to beapproa
hed if they are to su

essfully des
ribe the experimentally measured yields andratios of parti
les. For small systems, su
h as p + p or p + Be, the 
anoni
al ensemblemust be used; this means that all quantum numbers have to be 
onserved lo
ally. Theresult is that there not only has to be suÆ
ient energy to 
reate strangeness in smallsystems, but also suÆ
ient phase spa
e. The volume of the system 
reated by 
ollisionsat 
onstant ps is believed to be dire
tly proportional to the number of parti
ipants, Npart.Figure 7.11 shows the expe
ted enhan
ement fa
tors for 
s, �s, and �s as a fun
tion ofNpart 
al
ulated using statisti
al models for 
ollision energies ofps = 8.8 GeV. Cru
ially ithas been shown that in
reasing the 
ollision energy, also in
reases the available phase spa
e117



Figure 7.11: Centrality dependen
e of therelative enhan
ement of parti
le yields perparti
ipant in 
entral Pb + Pb to p + p
ollisions at ps = 8:73 GeV [89℄. Figure 7.12: Centrality dependen
e ofthe relative enhan
ement of parti
leyields/parti
ipant in 
entral Pb + Pb top + p 
ollisions at ps = 130 GeV [89℄.for parti
le produ
tion in small systems su
h as p + p or p + Be. Thus the enhan
ementfa
tors are predi
ted to de
rease with in
reasing ps, as the baseline measured (p + por p + Be) be
omes less `
anoni
ally' suppressed with respe
t to the larger Au + Au orPb + Pb system. This is indi
ated by the 
omparison of Figure 7.11 with Figure 7.12whi
h shows the expe
ted enhan
ement fa
tors for 
s, �s and �s as a fun
tion of Npart
al
ulated using statisti
al models for 
ollision energies of ps = 130 GeV; enhan
ementat ps = 8.73 GeV (Figure 7.11) is shown to be greater than at ps = 130 GeV (Figure7.12). No 
al
ulation was available for the 200 GeV data.In both Figures 7.11 and 7.12 the expe
ted enhan
ement rapidly in
reases with thevolume (Npart), and for the � and � saturates as Npart > 30. Conversley, as shown inFigure 7.9, the trend for the experimentally measured enhan
ement fa
tors is for a smoothin
rease in enhan
ement with Npart, and is not reprodu
ed in the statisti
al model byTounsi, Mishke and Redli
h (Figure 7.12). One possible explanation for this 
ould bethat models show that the strangeness saturation fa
tor, 
s is � 1 for only the most
entral Au + Au data, but is less than 1 for all other 
entralities. The model by Tounsi,Mishke and Redli
h assumes full strangeness equilibration for all 
entralities [89℄.Another possible explanation 
ould be in the 
al
ulation of the s
aling fa
tor, Npart.118



At RHIC energies one parti
ipating nu
leon 
ould have suÆ
ient energy to make further
ollisions, thus further in
reasing the strangeness yield with in
reasing number of par-ti
ipants. A 
ombination of Nbinary (see Appendix A) and Npart s
aling may be better[86℄.
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Figure 7.13: Strangeness enhan
ement fa
tors as a fun
tion of ps for � and �� in onlythe most 
entral bins.As was shown in Figure 1.7 (in Chapter 1) the anti-baryon to baryon ratio in
reases asa fun
tion of ps. This may be interpreted as a de
rease in the baryo-
hemi
al potentialas ps in
reases, as the system gets 
loser to be
oming net baryon free. Thus, when
onsidering the enhan
ement for di�erent ps of anti-strange parti
les, su
h as the � and�� the additional e�e
t of the 
hanging baryo-
hemi
al potential plays an important role,as anti-baryons be
ome enhan
ed with respe
t to baryons as ps in
reases. Thus while �and �� be
ome suppressed with in
reasing ps (Figure 7.10), the � and �� are enhan
edas shown in Figure 7.13.
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Chapter 8
Con
lusions and Outlook
The analysis of �, �, and K0S from p + p 
ollisions at ps = 200 GeV have been dis
ussedand the parti
le spe
tra as a fun
tion of pT have been presented. The spe
tra 
an beused to better 
onstrain mi
ros
opi
 QCD and phenomenologi
al models and ma
ros
opi
thermal models, and hen
e improve the understanding of parti
le produ
tion in highenergy physi
s. Clues to how theorists 
an go on and use this data are given by the fa
tthat two 
omponent �ts best des
ribe the data, and also by the in
rease in hpT i and yieldwith multipli
ity, whi
h may be due to a growing mini-jet 
ontribution.A pQCD inspired power law �t is needed to des
ribe the high pT part of the �, � andK0S spe
tra, where as a Hagedorn mT exponential is needed at low pT . It is interestingto note that for Au + Au 
ollisions at ps = 200 GeV the Hagedorn mT exponential givesa good �t to the spe
tra over the full range of measured pT for (� + �) [88℄. Thismay suggest that 
olle
tive e�e
ts (whi
h result in thermalisation and bulk 
ow) play agreater role in Au + Au 
ollisions. Intriguingly, for the K0S spe
trum a power law like tailis observed for pT > 4 GeV in Au + Au 
ollisions; the fa
t that the pQCD-like part ofthe K0S spe
trum is shifted to higher pT in Au + Au may indi
ate that a two 
omponent�t should work best for neutral strange parti
le produ
tion in heavy ion 
ollisions, shouldsuÆ
ient statisti
s be
ome available to extend the high pT rea
h of the spe
tra.Strangeness enhan
ement has long been used as a signature for a Quark-Gluon Plasmaphase of matter. However, when the STAR enhan
ement result is 
ompared with thoseresults from SPS, enhan
ements of � and �� are observed to de
rease with energy for the120



Figure 8.1: Hadroni
 jet 
orrelation studies from from 
ollisions of Au + Au, d + Auand p + p 
ollisions at ps = 200 GeV. Figure (a) 
ompares 
orrelations from d + Au
ollisions with p + p 
ollisions, where no QGP is expe
ted, and no suppression is observed.Suppression of the away side jet is observed only for Au + Au 
ollisions (b), suggestingthe formation of a de
on�ned state of matter [90℄.
most 
entral data. It is argued that this is due to the baseline 
omparison measurement(p + p 
ollisions at RHIC and p + Be at the SPS) be
oming less 
anoni
ally suppressedas the 
ollision energy in
reases [89℄. Although su
h models 
laim to be able to predi
tthe level of 
anoni
al strangeness enhan
ement, any su
h `
orre
tion' would be stronglymodel dependent. Although strangeness enhan
ement may still be a 
hara
teristi
 ofQGP formation, the wealth of new data to 
ome from the experiments at RHIC over thelast three years have resulted in the dis
overy of new QGP signatures.One of the most striking signatures to 
ome from the STAR 
ollaboration is in thesuppression of high pT parti
les from 
entral Au + Au 
ollisions 
ompared to p + p andd + Au 
ollisions at ps = 200 GeV [90℄. In these studies a statisti
al approa
h is adoptedin order to 
orrelate (as a fun
tion of azimuth) two high pT parti
les. Here Ntrigger is thenumber of `trigger' parti
les with 4 < pT < 6 GeV/
. The distribution of other tra
ksin the event, with 2 < pT < pT (trig) GeV/
 is made with respe
t to the trigger tra
k(with pT = pT (trig)) as a fun
tion of azimuth. The distribution is built up over a largenumber of events, with di-jets (whi
h are ba
k-to-ba
k) being 
hara
terised by peaks at 0and � radians in azimuth, as shown for p + p and d + Au 
harged hadron 
orrelations in121



Figure 8.1. Conversely, and as also illustrated for Au + Au in Figure 8.1, jet suppressionis indi
ated by a peak at 0, and no 
orresponding peak at � radians. pQCD inspiredmodels suggest that high energy partons that are responsible for jet produ
tion may loseenergy by indu
ed gluon radiation if they travel through a 
olour de-
on�ned system [91℄.Thus it may be possible for one of the jet-produ
ing partons to es
ape the QGP (the`trigger'), but for its partner to en
ounter a region of de-
on�ned 
olour (the QGP), andbe absorbed. E�e
tively the formation of the Quark-Gluon Plasma is believed to dissipatethe energy of one of the jets, thus removing the ba
k-to-ba
k 
orrelation observed in p + pand d + Au 
ollisions. Showing that ba
k-to-ba
k 
orrelations o

ur for 
harged hadronsin d + Au 
ollisions was important, as it demonstrated the suppression was not due tonu
lear modi�
ation of the parton distribution fun
tions [92℄.
8.1 OutlookAlthough strangeness appears to be enhan
ed at ps = 200 GeV, the de
rease in enhan
e-ment as a fun
tion of ps must be properly understood, if strangeness enhan
ement isto be regarded as a signi�
ant QGP signature. This indi
ates how important it is tounderstand the 
ontrol measurement. Signi�
antly, the suppression of high pT parti
lesrepresents one of the most 
ompelling pie
es of eviden
e for the formation of a de-
on�nedstate of matter. However, su
h analyses do not indi
ate a de�nitive `dis
overy' of the QGP,as they are not sensitive to whether the system is thermalised. Although, as dis
ussed inChapter 2, the plasma should theoreti
ally last suÆ
iently long for it to thermalise, themain experimental eviden
e for thermalisation remains in the �ts obtained by thermalmodels, where the assumption of thermalisation is impli
it. However, thermal models 
analso be used to su

esfully �t results from p + p 
ollisions where thermalisation 
annoto

ur.Approximately 100 million minimum bias Au + Au 
ollisions at ps = 200 GeV havebeen 
olle
ted in the latest 
ompleted RHIC run (Year 4). The in
reased statisti
s willenable the study of the rarer high pT parti
les, allowing the pT spe
tra for �, � and K0Sto rea
h further out to higher pT . It may then be
ome more obvious that the heavy ion122



spe
tra also need to be 
hara
terised by 
omposite �ts, with the power law needed toexplain the high pT tail.RHIC has been operating sin
e July 2000, but the Large Hadron Collider (LHC) atCERN is s
heduled to be
ome operational in 2007. At the LHC p + p 
ollisions withmaximum ps = 14 TeV will be possible; almost an order of magnitude larger than at theTevatron, and almost two orders of magnitude than at RHIC. As 
al
ulated by Wang [49℄,at this energy (ps > 4 TeV) parti
le produ
tion is dominated by mini-jet fragmentation,and the �, � and K0S spe
tra determined by this analysis (where, at ps = 200 GeV softparti
le produ
tion still dominates), will form a useful 
omparison.At the LHC heavy ion 
ollisions with ps = 5.5 TeV will be possible. At these energies,the Quark-Gluon Plasma is expe
ted to live longer, and so the analyses may be morefo
used on exploring the properties of the de-
on�ned phase, that has been glimpsed atthe Relativisti
 Heavy Ion Collider.
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Appendix A
Determination of NpartAs indi
ated in Figure A.1, the number of intera
ting nu
leons, Npart in heavy ion 
ollisions
an be between two (for the most peripheral 
ollisions) and 2A (for the most 
entral
ollisions), where A is the nu
leon mass number. Therefore, unless the heavy ion yieldsare s
aled down, a 
omparison of yields from p + p and heavy ion 
ollisions will not beuseful. This se
tion dis
usses this s
aling pro
ess.

Figure A.1: In heavy ion 
ollisions, 
ollision 
entrality is related to impa
t parameter. En-ergy densities and temperatures are expe
ted to be greatest where the impa
t parameter,b, is smallest and the number of produ
ed parti
les is largest.For heavy ion 
ollisions the 
entrality of an event determines the number of nu
leonswhi
h have intera
ted. The lowest impa
t parameter 
ollisions are 
alled the most 
entral124



Figure A.2: The measured primary tra
k multipli
ity from Au + Au 
ollisions at ps =200 GeV. For Au + Au 
ollisions multipli
ity is used to de�ne event 
entrality.events, with 
entrality de
reasing with in
reasing impa
t parameter.A dire
t measure of impa
t parameter is not possible, and instead, the experimen-tally measured parti
le multipli
ity, as shown in Figure A.2 is used to give a measureof 
entrality. This is possible as the number of produ
ed parti
les will in
rease with thenumber of intera
ting nu
leons and therefore the 
entrality. The 
ross-se
tion is dividedinto di�erent 
entrality bins, with, for example, the most 
entral 
ollisions 
orrespondingto those 5% of events with the largest multipli
ity.The number of intera
ting nu
leons, 
orresponding to a parti
ular 
entrality bin, mustbe theoreti
ally 
al
ulated if yields from Au + Au and p + p 
ollisions are to be 
ompared.To do this STAR uses a Monte-Carlo based Glauber model [93℄. In Glauber theory allof the nu
leons are assumed to have only straight-line traje
tories, and have the sameintera
tion 
ross-se
tion.In the Monte Carlo model, two nu
lei are generated with impa
t parameter, b, and thenumber of individual nu
leon intera
tions are 
ounted for that b. This pro
ess is repeatedfor many di�erent randomly generated values of b.125



Centrality Npart0-5% 352 +3�45-20% 256 +7�820-40% 141 +9�1140-60% 62 +8�1060-80% 21 +5�7Table A.1: Table of number of parti
ipants and 
entrality determined using Glaubermodel 
al
ulations (taken from[94℄). The numbers in this table were used in order todetermine strangeness enhan
ement per parti
ipating nu
leon (For Au + Au 
ollisions atps = 200 GeV).The mean number of parti
ipating pairs of nu
leons, Npart, is the number of nu
leonsthat were hit, or intera
ted in some sense, whi
h is why they are often also referred toas the number of wounded nu
leons. When a nu
leon pair has intera
ted on
e it 
annotbe 
ounted again for Npart. The maximum value of Npart is 2 � 197, and will o

ur fora perfe
tly 
entral Au + Au 
ollision. Alternatively, the number of binary 
ollisions, Nbin(where a nu
leon 
an be 
ounted as undergoing more than one 
ollision) 
an be used tos
ale the yields, where for a perfe
tly 
entral 
ollision, the maximum value of Nbin =1972. Binary 
ollision s
aling is expe
ted to work best for high pT parti
les (> 2 GeV[73℄), where as Npart s
aling is expe
ted to work at low pT .The measured multipli
ity 
an be 
orrelated with the Monte Carlo generated parti
lemultipli
ity. As the number of parti
ipating nu
leons is related to the 
ollision 
entrality(whi
h 
an be inferred from the multipli
ity), the number of parti
ipants as a fun
tionof 
entrality, 
an be determined (Table A.1) [94℄. The values of Npart shown in TableA.1 were used to help determine the strangeness enhan
ement fa
tors as a fun
tion of
entrality shown in Figure 7.9.
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