
Badanie stosunku produkji protonów do pionóww zale»no±i od p ιedu poprzeznegow zderzeniah j ιadro-j ιadroprzy energii √sNN = 62.4 GeV oraz 200 GeVw eksperymenie BRAHMSNatalia Katry«skaPraa doktorskapod kierunkiemProf. dr. hab. Zbigniewa MajkiorazDr. Pawªa Staszla

Wydziaª Fizyki, Astronomii i Informatyki StosowanejUniwersytetu Jagiello«skiegogrudzie« 2009





The BRAHMS results onthe proton-to-pion ratio pT -dependenein nuleus-nuleus ollisionsat √
sNN = 62.4 GeV and 200 GeV

DissertationbyNatalia Katry«skaSupervisors:Prof. Zbigniew MajkaandPh. D. Paweª Staszel

Faulty of Physis, Astronomy and Applied Computer SieneJagiellonian UniversityDeember 2009





Abstrat
High performane of measurements at RHIC by four experiments:BRAHMS, PHENIX, PHOBOS and STAR allows to provide omprehensive re-searh, the deepest insight on mesons and baryons prodution in heavy ions reationsat ultra-relativisti energies among others. This thesis presents proton-to-pion ratiomeasurements in Au+Au and p+p interations at √sNN = 62.4 GeV and 200 GeVas a funtion of transverse momentum and ollision entrality within the pseudo-rapidity range 0 ≤ η ≤ 3.65. The data were measured over a broad rapidity and

pT overage by BRAHMS Collaboration using two unique spetrometers. For theindiated heavy ion ollisions the baryo-hemial potential, µB, spans from µB ≈ 25MeV (√sNN = 200 GeV, η = 0) to µB ≈ 260 MeV (√sNN = 62.4 GeV, η ≈ 3). Thetop value of p/π+(pT ) ratio for Au+Au ollisions at √sNN = 200 GeV does not gobeyond 3 at intermediate transverse momentum at η ≈ 3. The p/π+ ratio inreaseswith entrality in the overed pT range. The ratio of p̄/π− reahes the maximum of0.5 at η ≈ 2.3 for Au+Au system at the top RHIC energy and dereases for moreforward pseudorapidities. For Au+Au reations at √
sNN = 62.4 GeV p/π+ ratioreahes large value of 8-10 at pT = 1.5 GeV/c. Weak entrality dependene of p/π+ratio in heavy ions reations for η > 2.5 at lower olliding energy is observed. More-over, a striking agreement between p/π+(pT ) ratio measured for Au+Au ollisionsat √sNN = 200 GeV (η ≈ 2.2) and at √sNN = 62.4 GeV (η ≈ 0) is noted, where theproperties of the bulk medium an be desribed with the ommon value of µB = 62MeV. The desription of hadronization of the strongly interating matter formed inheavy ion ollision at ultra-relativisti energies by parton oalesene and expand-ing �reball with olletive �ow is presented and ompared with measured p/π+ and

p̄/π− ratios at di�erent beam energies and rapidities. The oalesene model utilizesthe dynamis of transforming partons into hadroni bound states in the presene ofpartoni medium. The non-boost-invariant single-freezeout approah aptures thebasi features of hadron abundanes imposed on the Hubble-type �ow expansion.
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Chapter 1Introdution
1.1 New eraof relativisti heavy ion ollision physisIn 2000, the Relativisti Heavy Ion Collider (RHIC), loated inBrookhaven National Laboratory, started delivering beams of protons and ions tothe four experiments: BRAHMS, PHENIX, PHOBOS and STAR. The main goalof the researh was to deliver evidenes for reation of new state of matter, alledQuark Gluon Plasma (QGP) [1, 2℄ in heavy ion ollisions at ultra-relativisti ener-gies. During reent nine years at RHIC, p+p, p↑+p, d+Au, Cu+Cu and Au+Auinterations were investigate at √

sNN = 22, 62.4, 130 and 200 GeV and a lot ofnew issues have been brought up [3, 4, 5, 6℄. The unique BRAHMS experimentalsetup allows to measure produed hadrons in the wide range of rapidity what givesthe possibility to investigate properties of reated matter versus the longitudinaldiretion. Although disovery of QGP at RHIC might be questioned, new equili-brated partoni state of matter with typial perfet �uid properties has undoubtedlybeen found [7℄. The data of ellipti �ow [8℄ and p/π+(pT ) ratio around midrapidity[9℄ have shown that the �nal hadroni state remembers the partoni �uid features.This is re�eted in onstituent quark saling of ellipti �ow oe�ient, v2, and anenhanement of baryon-to-meson ratios that sales with the size of the reated sys-tems. 1



The ellipti �ow oe�ient is de�ned by Fourier oe�ient as follows:
νn ≡ 〈exp (in (φ − ΦR))〉 = 〈cos (n (φ − ΦR))〉 (1.1)where:

φ - azimuthal angle of an emitted partile, ΦR - azimuth of the reation plane [10℄.The results of the ellipti �ow ν2 measurements [8℄ strongly suggest thatat RHIC in nuleus-nuleus ollisions at top energy the new state of strongly in-terating matter is observed. These observations orrespond with the perfet �uidhydrodynamial model alulations [11, 12℄. The PHENIX [8℄, PHOBOS [14℄, STAR[13℄ data show that the ellipti �ow oe�ient ν2 sales almost perfetly with een-trity (see the de�nition in [11℄), system size and transverse energy.The evidenes of new state of matter are:1. The ellipti �ow oe�ient sales with the number of valene quarks for mesonsand baryons (π, K, p, d, φ, Λ, Ξ, Ω).2. The saling of the �ow of partiles whih ontain heavy quarks - espeially Dmeson with harm quark as the omponent.3. Studies of the pre-hadroni phase on the basis of the ellipti �ow measure-ments.4. The observed jet quenhing as the evidene of parton energy loss (inter aliahadron formation time, momentum dependene of hadron suppression, en-trality dependene of hadron suppression, jet-like hadron orrelation, high pTazimuthal anisotropy, data at lower olliding energy) [15℄.The observations of ellipti �ow behaviour are also supported by theBRAHMS results [16℄ whih data span to the value of pseudorapidity η = 3.4.The theoretial hydrodynamial desription [12℄ together with forward ellipti �owresults suggest that the expansion of the produed medium along longitudinal dire-tion is even greater than previously has been thought [17℄. The onstituent quarksaling is observed.At RHIC the signi�ant jet quenhing is exposed for entral nuleus-nuleus ollisions. The results of suppression high-pT single inlusive hadron spetraand suppression of bak-side jet-like orrelations tell about the �nale state intera-tions with the medium. As highlighted in [15℄ these measurements strongly indiatethat it is an e�et of partons loosing their energy in the dense, olour medium andde�nitely is not related to hadron absorption.2



The experimental data of proton-to-pion ratio vs. transverse momentumin the wide range of pseudorapidity for heavy ion system onstitute a testing groundof apturing the properties of bulk medium. Unquestionably, the features of partileprodution are driven with the value of baryo hemial potential, µB. The studies of
η dependene of p/π(pT ) deliver information how hadronization proess goes throughin the wide range of µB. With these results we want to �nd out whih reombinationor hydrodynami senario is followed in the �nal state of strongly interating matter.
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1.2 Basi issues studiedusing the BRAHMS Experiment's setup1.2.1 Net-baryon density distributionWide rapidity aeptane of the BRAHMS spetrometers providesunique opportunity to study nulear stopping in the ultra-relativisti nuleus-nuleusreations. The average rapidity loss, <δy> = yb - <y>, quanti�es stopping in heavyions ollisions:
< δy >= yb −

2

Npart

∫ yb

0
y
dNB−B̄

dy
dy (1.2)where:

yb - rapidity of inoming beam (ybeam = 4.2 for Au+Au at √sNN = 62.4 GeV, ybeam= 5.4 for Au+Au at √sNN = 200 GeV), Npart - number of nuleons partiipating inthe ollisions, dNB−B̄

dy
- net-baryon rapidity density. If initial baryon partiipants loseall the kineti energy (<δy>= yb) we observe full stopping, for <δy> = 0 the systemis ompletely transparent. Before RHIC era, at Shwerionen Synhrotron (SIS18)in Darmstadt, Alternating Gradient Synhrotron (AGS) in Brookhaven NationalLaboratory and Super Proton Synhrotron (SPS) in CERN, it was notied that<δy> is linearly proportional to the beam rapidity. The BRAHMS results [19℄show that this linear saling is broken above top SPS energies - Fig. 1.1. Assumingthat underlying physis is the same at highest attainable energies, the extrapolationof <δy> to the beam rapidity for Large Hadron Collider (yb ≈ 8.7) is depited asthe solid blak line in Fig. 1.1.While the nulei are olliding, the nuleons lose their kineti energy. Theenergy loss per partiipant baryon an be expressed:

< δE >= Eb −
2

Npart

∫ yb

0
〈mT 〉 coshy

dNB−B̄

dy
dy (1.3)where:

Eb - initial energy of beam.It is estimated that < δE > = 21 ± 2 GeV for Au+Au at √sNN = 62.4 GeV[19℄ and <δE> = 73 ± 6 GeV for Au+Au at √sNN = 200 GeV for the most (0-10%) entral ollisions [20℄. For two olliding nuleons the alulated energy loss is2<δE>, whih is 70% of the initial energy of beam. This energy loss is transformedmainly into partile prodution and random (thermal) motion of produed partonsand partiles. 4



Figure 1.1: The rapidity loss as a funtion of beam rapidity for heavy ions ollisionsat AGS, SPS and RHIC. The solid line represents the �t to the SPS and RHIC data.The grey band is the statistial unertainty. The dashed line is linear �t to the AGSand SPS results [21℄. The plot is published in [19℄.From BRAHMS measurements at top RHIC energy one an onlude thatthe midrapidity region of the ollision is almost net-baryon-free. It orresponds topiture of interating matter proposed by Bjorken [22℄ with near free net-baryonontent at midrapidity. At lower energy, √sNN = 62.4 GeV, for Au+Au reationsat y ≈ 0 the net-proton dN
dy

indiates that the medium is also quite transparentompared with data at SPS and AGS energy [21℄.1.2.2 Nulear Modi�ation FatorAt extremely high energy density, whih is supposed to be obtainedduring heavy ions ollisions at ultra-relativisti energies, one an expet that in theolour harged medium the suppression of the produed partiles might be signi�-ant. Due to energy loss of high-pT partons aused by the gluon radiation, partileprodution in Au+Au ollisions at RHIC energies is regarded to be suppressed withreferene to the p+p reations yield. The measure used to explore the medium ef-fets is alled nulear modi�ation fator, RAA. The RAA is de�ned as the ratio ofthe partile yield produed in the nuleus-nuleus ollision, saled with the number5



of binary ollisions, and the partile yield produed in nuleon-nuleon reation:
RAA =

1

〈Ncoll〉
d2NA+A/dpT dy

d2Np+p/dpTdy
(1.4)where:

Ncoll - the number of binary ollisions at given entrality ut.At low pT , where the prodution sales with the number of partiipants,
Npart, RAA should onverge to Npart/Ncoll whih is 1/3 for heavy ions systems. Par-tiles with high pT are primarily produed in hard sattering, early in the ollision.In nuleus-nuleus reations hard sattered partons might travel in the medium. As-suming that the partons traverse through QGP, they loose a large fration of theirenergy by indued gluon radiation, suppressing the jet prodution. Experimentally,knowing as the jet quenhing [15℄, it an be observed as a depletion of the high pTregion in hadron spetra. For Au+Au reations at √sNN = 200 GeV it is observed[24℄ that, in fat, mesons and baryons are suppressed for nuleus-nuleus ollisionsin referene to the elementary (p+p) reations in the whole rapidity range at pT <1.5 GeV/c. At larger transverse momentum the nulear modi�ation fator at mid-and forward rapidity for pions is RAA < 0.6 and RAA < 0.4, respetively. Though,for protons the value of RAA suessively inreases with rising pT . These outomesmight indiate that the dense state of quarks and gluons produed at midrapidityremains right up to the forward region. The inrease of RAA for protons may berelated to radial �ow of medium reated in Au+Au reations that boost produedprotons to larger pT . This phenomenon an be also explained by quark oalesenemodels [51, 25℄. Considering the above presented srutiny it is also additional mo-tivation to study the pion and proton prodution ratio in onjuntion with rapiditydependene.1.2.3 Color Glass CondensateThe observations for d+Au ollisions at √

sNN = 200 GeV, whihmight indiate the existene of Color Glass Condensate state, were one of the mostexiting results obtained by BRAHMS experiment at RHIC. It is disussed widelyin [18, 27℄.From equation 1.4 one an onlude, in the absene of nulear e�ets,the nuleus-nuleus ollisions an be interpreted as a superposition of hard nuleon-nuleon interations at high pT (RAA ≈ 1). At RHIC energies, for d+Au ollisionswe do not expet to produe an extended hot and dense medium. The nulearmodi�ation fator for hadrons measured for d+Au ollisions exhibits at y ≈ 0 typ-6



ial Cronin enhanement [26℄. This enhanement is known from SPS measurementsas the Cronin e�et and is assoiated with partoni multiple sattering - an initialstate broadening of the distribution of quark momenta. When we go to more forwardrapidities BRAHMS has observed [18℄ a signi�ant suppression at high pT startingalready at η = 1 and inreasing with inreasing pseudorapidity. The existene of theColor Glass Condensate might be an explanation of this e�et in forward regime [28℄.The ground state nulei has a large number of low-x gluons - where x is the frationof the longitudinal nuleon momentum arried by parton. As a result of interatinggluons with eah other an augmenting of gluons takes plae with dereasing x. Ithappens until the harateristi momentum sale, known as the saturation sale Qs,is reahed. Preisely, not the whole amount of gluons stop inreasing, but only thatone with gluon size larger than 1/Qs. This state is seen in d+Au interations wherethe low-x omponents (mostly gluons) of the wave funtion of the gold nulei areprobed by deuteron parton resattered at forward region.Comparing the nulear modi�ation fator for pions, kaons and protonsfor entral and peripheral entrality at the same rapidity for d+Au reations at
√

sNN = 200 GeV there is notieable di�erene [18℄. In the ase of y = 0 we anobserve a signi�ant enhanement, espeially for protons near pT ≈ 2 GeV/c. Forentral ollisions at forward rapidity the suppression of RAA is evident for all kindsof hadrons. For peripheral reations the e�et is not so appreiable.On the other hand, in Dual Parton Model the addition of dynamialshadowing orretion has been inorporated to desribe the RdAu behaviour [29℄.1.2.4 Elementary ollisionsThe p+p ollisions at√s = 200 GeV and 62.4 GeV are often treated asthe referene to the heavy ions interations to extrat the nulear e�ets. At RHICit has been shown that partile prodution in p+p reations at ultra-relativistienergies onveys new tasks to aomplish, espeially in the ontext of rapidity de-pendene. The single-transverse-spin asymmetries AN or net-baryon distributionissues are worth pointing out [31, 35℄.The BRAHMS measurements at forward rapidity are exeptionally inter-esting. At forward rapidities in p+p reations the produed partiles are from thekinemati region where large-x valene quarks (0.3 < x < 0.7) from the beam sideresatter on small-x gluons (0.001 < x < 0.1). In 2007, BRAHMS Collaborationpublished data for π−, K+, p, p̄ for p+p ollisions at √s = 200 GeV for y ≈ 3 andompared them with the Next-to-Leading-Order perturbative Quantum Chromody-namis (NLO pQCD) alulations [32, 33℄. The alulations utilized set of frag-7



Figure 1.2: The net-proton distribution in p+p ollisions as a funtion of rapidityshifted by ybeam, y − ybeam, ompared with data from NA49 at √sNN = 17.2 GeV.The piture has been published in [35℄.mentation funtions (FFs), namely the modi�ed 'Kniehl-Kramer-Potter' (mKKP)fragmentation funtions (FFs), a 'Kretzer' (K) and 'Albino-Kniehl-Krame' (AKK)funtions. For pions and kaons the agreement is remarkable for mKKP FFs and itis interpreted as an evidene of the domination of gluon-gluon and gluon-quark pro-esses at y ≈ 0. This observation at forward regime is supported by the omparisonwith neutral pion and diret photon spetra obtained by STAR experiment [30℄.At high rapidity a good desription of baryon yield is provided by AKK funtionsrevealing that the ontribution of gluons fragmenting into protons (antiprotons) isdominant (80% for pT < 5 GeV/c). One an say that NLO pQCD alulationsdesribes the BRAHMS results very well and it is a milestone in understandingelementary interations.In elementary ollisions, at midrapidity regime Bjorken senario [22℄ pre-dits the antipartile-to-partile ratio to be lose to 1. In turn, at forward rapidity8



the leading partiles and projetile fragments dominate in the ross setion [34℄. Thenet-proton distribution in proton-proton ollisions at both energies: √s = 62.4 GeV(ybeam = 4.2) and √
s = 200 GeV (ybeam = 5.3) as a funtion of rapidity shifted by

ybeam is presented in Fig. 1.2. The results of NA49 experiment [36℄ are also shown.As it has been observed the inreasing di�erene between antiproton and protonyield with inreasing rapidity, viewing from the rest frame of one of the protons,does not depend on the inident beam energy. The remarkable overlap of experi-mental data strongly suggests that we should not expet any new mehanisms inproton-proton reations in the overed olliding energy interval.1.3 Organization of the thesis1. Chapter 2 inludes the theoretial interpretation of p/π ratio pT -dependenein the RHIC range of baryo hemial potential.2. Chapter 3 presents the BRAHMS experimental setup used to measure datapresented in this thesis.3. Chapter 4 desribes the details of the data analysis.4. Chapter 5 displays the obtained results on p/π ratios and ompares them withdi�erent hadronization senarios.5. Chapter 6 presents the summary of analysis.6. Appendix 1 introdues the main kinematial variables.7. Appendix 2 lists the numbers of runs for partiular settings for eah ollidingsystem and energy. The spei�ation of working triggers during measurementsis displayed.
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Chapter 2Motivations
2.1 Nuleus-nuleus ollisions at RHIC energiesAt RHIC, where the gold and opper nulei are ollided, the heavyions reations give the great opportunity not only to searh for evidenes of QGPreation, but also to explore properties of hot and dense medium.Heavy ions ollision at relativisti energies is often displayed as two �at-ten "panakes" passing through one another [43℄. That �attening appears due toLorentz ontration. In the wake of nulei is left melting oloured glass, whih�nally materializes as partons (quarks and gluons) [27℄. These partons would natu-rally emerge in their rest frame, harateristi for saturated olour glass, mirosopitime sale whih at RHIC is 1

Qs
≈ 0.2 fm

c
(where Qs - saturation momentum [44℄).With rapidity along beam axis and beause of the Lorentz time sale dilation par-tiles with small rapidity (low momentum) are produed in the enter of ollisionsand with large y - away from entre, lose to the beam fragmentation regime. Thatview is lose to the Bjorken senario [22℄ whih is a desription of hydrodynamialexpansion on whih, nowadays, a lot of hydrodynamis alulations are based [12℄.The hydrodynamis approahes delineate the spae time evolution of perfet �uidsystem with visosity lose to 0. The very good agreement of the omputations withexperimental data [8℄ - the momentum distribution and olletive �ow - indiate thatat the very beginning of the interation the strongly oupled Quark Gluon Plasmais formed [7℄.The expansion of the interating matter during ollision is shematiallyskethed in Fig. 2.1. Just after the moment of ollision the hot and dense systemstarts to expand and ool down. It is supposed that in the moment of interationthe energy density of matter is ǫ ∼ 5 GeV/fm3 [6℄. At the pre-equilibrium statethe quasi quarks and gluons our and afterwards it might lead to the loal thermal10



Figure 2.1: Shemati spae-time piture of nuleus-nuleus ollision.equilibrium with well-de�ned spae-time expansion. The partons may thermalizeafter 0.2 fm
c
. If the loal equilibrium is reahed in the system before 1 fm

c
, theolletive �ow of QGP an be haraterized by the hydrodynami evolution. Withinreasing time, dereasing energy density and temperature the Quark Gluon Plasmastate turns into the mixed phase of quarks, gluons and hadrons - QGP starts tohadronize. The produed hadrons might deay into stable partiles and interat witheah other. Eventually, the produed partiles are being deteted in the experimentalounters.2.2 QCD phase diagramPhase transitions are ommon phenomena related not only to wateror widespread substanes, but also to nulear matter. Almost everybody knows thetransitions between ie→ water→ steam while adding heat to the system. A similarproesses are expeted to our when we add heat to the system of nulear matter (orgoing in reverse) [43℄. In the heavy ion ollisions where the strong interations playthe most important role we an monitor the proess of �emerging� of the partiles11



Figure 2.2: The sheme of QCD phase diagram: the dashed-dotted red line em-blematizes the rossover between Quark Gluon Plasma and hadroni phase. Thered solid line symbolises the 1st order phase transition. The dotted blue urverepresents the hemial freezeout. The arrows denote the value of baryo hemialpotential for de�nite olliding systems.
12



from the hot and dense nulear matter.In general, in thermodynamial framework one omponent system an bedesribed using three variables whih only two of them are independent. The QCDphase diagram is a plot of two independent thermodynami variables, temperature
τ and baryo hemial potential µB. The points (τ , µ), where a phase transitionours, trae a line in the phase diagram thus a phase transition plot beomes aspei� map of the di�erent phases of interating matter.In the last deades, the intense theoretial and experimental investigationsof the QCD phase diagram in the regime of partoni and hadroni gas phases led usto the piture depited in Fig. 2.2 [46, 47, 48℄. The dashed-dotted red line representsthe rossover from Quark Gluon Plasma to the hadroni state proured from thelattie QCD alulations [37℄. The omputations show that the smooth rossoverbetween the quark-gluon state and hadroni state should our below µB ≈ 400MeV (although, for in�nitely large strange quark mass the models predit µB ≤ 700MeV [38℄) and above that value the �rst order transition of partoni and hadronimatter is predited. Moreover, the theory predits the ritial point at the endof �rst order phase transition line. The ritial point ours for the seond orderphase transition and the value of ritial temperature τc varies from 160-170 MeV[12, 37, 48℄. The experimental measurements of hadroni speies abundanes allowus to outline the dotted blue line as the hemial freezeout of the hadroni gas. It isremarkable that at low baryo hemial potential the rossover and hemial freezeouturves overlap, albeit at large µB a signi�ant gap between the temperature of thetransition from the partoni to the hadroni phase, τc, and the temperature ofhemial freezeout is predited. At very high baryon density and low temperaturesthe olour superondutivity domain is predited. It is also expeted that the oreof neutron stars an be haraterized by high value of µB and low τ .In this thesis I study the p/π(pT ) ratio in nuleon-nuleon and nuleus-nuleus ollisions at di�erent olliding energy in the wide range of pseudorapidity.This researh gives the possibility to answer the question how the properties of bulkmedium arry out in the system with the inreasing value of baryo hemial po-tential. As it has been show at low value of µB the reombination of partons ismaintained [9℄. To determine the essene of �nal state interations the new explo-ration is desired. For studied experimental data the baryo hemial potential variesin the range: 26 MeV < µB < 260 MeV (see Fig. 9 in [6℄).
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2.3 Theoretial DevelopmentsThe intention of the next two setions is to present seleted theoretialmodels that an be onfronted with experimental approah of baryon and mesonprodution.2.3.1 Thermodynamial desriptionIn order to apply thermodynamial approah to the nulear matterprodued in relativisti heavy ion ollisions the following onditions must be ful�lled:1. the system must be omposed of many partiles and its dimensions must belarger than the typial strong interation sale (∼ 1 fm)2. the interating matter is in the thermodynamial (thermal and hemial) equi-librium3. the lifetime of system, t, is longer than the typial relaxation time (t ≫ 1fm/).In statistial physis there are three possible grasps of the haraterization ofthe system: miroanonial, anonial and grand anonial ensemble [39℄. Assumingthe requirement of the variable number of partiles during the ollision, the grandanonial ensemble is the most appropriate. It inludes opportunity to exhangethe partiles and energy for the loal subsystem with the reservoir i.e. the wholesystem. In this ase, we �x the temperature τ , volume V and hemial potential µas a loal ondition. Consequently, if the system is desribed by a Hamiltonian Hwith a set of onserved number operators N̂i, the statistial density of matrix mightbe presented as:
ρ̂ = exp[−1

τ
(H − µiN̂i)] (2.1)whih results in the grand anonial partition funtion as follows:

Z = Trρ̂ → Z =
∑

n

< n|e−(H−µN̂)/τ |n > . (2.2)Other thermodynami properties an be derived from Z = Z(V, τ, µ1, µ2, ....):
P = τ

∂lnZ

∂V
→ P =

τ

V
lnZ (V → ∞)14



Ni = τ
∂lnZ

∂µi

s =
∂(τ lnZ)

∂τ
ǫ = −PV + τs + µiNiwhere:

P - pressure, Ni - number of partiles, s - entropy, ǫ - energy. Aording to that,we an get statistial multipliity distribution, assuming that neither bosons norfermions interat with eah other when they are put in a box with sides of L [39℄.On the other hand we should not forget that the thermal equilibrium is requiredwhih implies that the interations of partiles must exist. In this ase the grandpartition funtion takes form:
lnZ = V

∫ d3p

(2π)3
ln(1 ± e−(ǫ−µ)/τ )±1 (2.3)refering the (+) to fermions and (-) to bosons. Eventually, the number of partilesan be desribed as:

N = V
∫

d3p

(2π)3

1

exp[−(ǫ − µ)/τ ] ± 1
(2.4)from whih the di�erential multipliity is easy to obtain:

d3N

dp3
=

V

(2π)3

1

exp[−(ǫ − µ)/τ ] ± 1
. (2.5)At RHIC the hemial potential (µ ∼ MeV) is inomparably smaller than theenergies (ǫ ∼ GeV), so → exp[(ǫ − µ)/τ ] ≫ 1. Thus in Boltzmann limit it leads to:

d3N

dp3
=

V

(2π)3
exp[(µ − ǫ)/τ ] → exp[−ǫ/τ ]. (2.6)The last expression is used with the assumption of the �xed value of the hem-ial potential. This equation is just the Boltzmann distribution of the many bodysystem, being in priniple the root for the hadroni spetra deliberations.Through the exploration of the proton-to-pion prodution it might bestudied the main di�erene between prodution of baryon - as a partile ontainingthree valene quarks - and meson building up from quark and antiquark. Fromthat point of view it is important to introdue variables suh as strange and baryohemial potential. In thermodynamis the hemial potential an be expressed as:
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µi = −τ

(

∂S

∂Ni

)

U,V,Nj 6=i

(2.7)with the de�nition of entropy S = S(U, V, N1, ..., Nk) → U - internal energy,
N1, ..., Nk - the number of i partiles. In high energy physis the hemial potentialis assigned with the symmetries and harges and ful�lls the ondition of the quantityonservation. For every onserved quantum number we have a hemial potentiali.e. baryon quantum number - baryo hemial potential, µB, strangness - strangehemial potential, µS, harge onservation - hemial potential onneted with thirdomponent of isospin, µI3. In the simplest way the baryo hemial potential, µB,an be interpreted as the energy indispensable to reate the partile in the system.In strong interations the net-baryon density is onserved and in ase ofnuleus-nuleus ollisions 6= 0. The total net-strangness is also onserved and equals0. With the assumption that hemial and thermal equilibrium has beenobtained, the thermodynamial models desribe the AGS and SPS experimentaldata quite well [41, 46℄. The baryo hemial potential varies for that data from 200to 600 MeV, for AGS and SPS, respetively. Studying partiles yields and theirratios we an only onlude about the proess of hadronization and the value oftemperature and baryo hemial potential. With the thermodynamial approahesit is not possible to say if the Quark Gluon Plasma state has been reated.2.3.2 Quark reombination modelBelow I give the brief introdution of the quark reombination model(omplete desription an be found in [49℄, [51℄, [52℄, [53℄, [54℄, [55℄, [56℄, [57℄).In Rudolph C. Hwa's grasp, the ongoing proess of hadronization isdivided into two parts depending on how the partons reombine. One touhes on themidrapidity regime (here primarily onsidered at intermediate pT beause BRAHMSsetup does not identify partiles beyond pT > 8 GeV/c) where the partons at high
pT are the soure of thermal and shower partons whih undergo oalesene. Thewhole alulations are done in the 1D-momentum spae where the momentum pof measured hadron is de�ned in appointed diretion. The R. Hwa's deliberationsstart with the distribution of quarks and antiquarks just before the proess of re-ombination that indiates that initial proesses whih ome out from dynamialorigins are not taken into aount. The spei� reombination an only yield quarksand antiquarks, however gluons hadronize by onversion to qq̄ pairs. The quark(q)-antiquark(q') (quark-quark-quark), in ase of meson (baryon), an reombine in the16



Figure 2.3: Transverse momentum distribution of pions π0 (left-hand side) and pro-tons (right-hand side) for Au+Au ollisions at √sNN = 200 GeV at the midrapidityregion. Di�erent ontributions to the reombination of partons are depited. Theplots are taken from [53℄.medium only if these partons are ollinear (e.g. for mesons - quarks momentum:
pq = pq

′ = p; azimuthal angle of emitted quarks from the ollision: φq = φq
′ = φ).Moreover, the hard sattering proves the inrease of the number of partons withhigh pT , but in presene of matter reated after the ollision, that number dereasesdue to the interations with the olour harged medium induing the energy loss.This e�et is implemented phenomenologially by use of e�etive parameter ξ.For y = 0 the inlusive distribution for a produed pion with momentum

p an be written:
p
dNπ

dp
=
∫

dp1

p1

d(p − p1)

p − p1

Fqq̄′ (p1, p − p1)Rπ(p1, p − p1, p) (2.8)where:
Fqq̄′ is the joint distribution of a quark q at p1 and antiquark q̄

′ at p − p1 whihreombine and Rπ(p1, p − p1, p) designates the reombination funtion for qq̄
′ → πde�ned as follows:

Rπ(p1, p − p1, p) =
p1(p − p1)

p2
δ

(

p1

p
+

(p − p1)

p
− 1

)

. (2.9)In the reombination funtion it is introdued almost 'by-hand' the Kroneker δfuntion to guarantee the onservation of momentum in the reombination proess.That is the major weakness of all of the reombination (other name: oalesene)models where the onservation of momentum and energy does not ensue in naturalway. In addition, as it is highlighted in [53℄, it is the reason why the pion wave17



funtion in the momentum spae is very broad.For mesons the joint distribution funtion might be expressed shemati-ally:
Fqq̄′ = TT + TS + (SS)1 + (SS)2 (2.10)where:

TT - represents ontribution where two thermal (soft) partons eventually produethe thermal hadron
TS - stands for the thermal-shower pairs of quarks (onsidered in the 3 < pT < 8GeV range)
(SS)1 - represents the ontribution of two shower partons having originated fromone hard parton
(SS)2 - ontribution of two shower partons but oming from separate hard partons(at RHIC energies this ontribution is negligible).Eah of these frations ontribute to the invariant inlusive pion distri-bution shown in Fig. 2.3 (left hand). Even at the highest RHIC's energy theshower-shower (2-jet)-(SS)2 omponent ontributes at least one order of magnitudeless than the other omponents. Eah ontribution whih inludes the shower partis suppressed by the ξ fator haraterizing fration of existing partons whih anhadronize going outside the reation. In other words, it is de�ned as the fration ofthe energy loss. At low pT the most signi�ant ontribution in the joint distributionseems to be the thermal-thermal TT fration usually onneted with the soft ompo-nent of pion spetra. For larger pT the thermal-shower TS part plays an importantrole.For baryons the invariant inlusive distribution goes as follows:

p
dNp

dp
=
∫

dp1

p1

dp2

p2

dp3

p3
Fqq′q′′ (p1, p2, p3)Rp(p1, p2, p3, p) (2.11)where:

Rp(p1, p2, p3, p) - the reombination funtion of proton,
Fqq′q′′ is the joint distribution of three relevant quarks whih form a proton.For baryon the joint distribution funtion may be depited in the shemati way:
Fqq′q′′ = TTT +TTS+T (SS)1+T (SS)2+(S(SS)1)2+(SSS)3 where at RHIC rangeof energy only the �rst four ontributions there are meaningful where, at most, theshower originate one hard parton.All the frational ontributions to the proton spetrum are presented on18



the right panel of Fig. 2.3. When pT < 2 GeV/c the mass e�et beomes important.The dominane of thermal-shower-shower (1-jet)-T (SS)1 is observed espeially athigh pT , but at lower value of transverse momentum the thermal-thermal-thermal
TTT omponent is also valid. The reombination of the thermal and shower partonsdominates at the intermediate pT . The pion and proton spetra, obtained from themodel alulations, have been used in attempt to get the proton-to-pion ratio vs.transverse momentum. This results are onsistent with the p/π+ ratio obtainedexperimentally and they are presented in setion 5.1.The revision of the forward hadron prodution in the framework of thequark reombination model has been done reently [49℄. It was inspired by thepresented experimental data of p/π+ ratio for Au+Au ollisions at √

sNN = 62.4GeV [58℄. In forward prodution of hadrons one an distinguish two mehanismswhih ontribute to the reombination. One of them is related to the valene quarkdistribution, taking into aount the three (for baryons, two - for mesons) ollinearnuleons, oming from the projetile introdued as the tube with the same impatparameter |~s−~b| in the target (~s - on�guration of nuleons in the target, ~b - impatparameter; notations the same as used in the Glauber model [59℄). Of ourse, thosethree (two) nuleons, from whih the ontributing onstituent quarks ome, passthrough the reating zone and undergo ollisions with the target whih is implied inthe sense of the degradation parameter κ. Moreover, the e�et of suessive ollisionsis in an indissoluble manner onneted with the seond ontribution to meson andbaryon prodution - regeneration. After ν ollisions (notations like in [56℄), the netmomentum fration lost de�ned as 1 − κν is gone in for onversion to soft partons(quarks+gluons) assisting the regeneration of the sea quark distribution. Similarly,as in the midrapidity regime, gluons an not reombine diretly into hadrons, but�rstly they are onverted to qq̄ pairs.The way how both proesses ontribute to the hadron prodution dependson the speies of partile. For protons, the valene quark fration dominates oversea quarks at Feynman's variable x. Due to that impat the enhanement of protonover pion yield in the fragmentation region an be generated.2.3.3 Hydrodynamial modelsThe hydrodynamial approahes [12, 65℄ are based on the followingassumptions:1. the system inludes a large number of partiles, as in the typial statistial19



desription2. the interating matter is treated as the ontinuous system where the dimen-sions are muh larger than the distane between partiles (in the sense of thesale of strong interations ≫ 1 fm)3. as the dynamis of the medium we understand the dynamis of units of theontinuous system-�uid4. marosopi variables are used to desribe the thermodynamis of the system(i.e. entropy, initial energy); the olletive motions of the units of the �uid areharaterized by typial kinematial variables (i.e. ~p)5. the evolution of the �uid is desribed by the following equations:(a) energy and momentum tensor of ideal �uid
T µν = (ǫ + P )uµuν − Pgµν (2.12)where:

uµ - four-veloity of the unit of the medium, gµν - metri tensor(b) energy and momentum onservation
∂µT

µν = 0 (2.13)() the thermodynamial variable an be expressed as the funtion of theproper time: ǫ = ǫ(t), p = p(t), τ = τ(t) with the thermodynamialrelations
ǫ + P = τs; dP = sdτ ; dǫ = τds (2.14)where:

ǫ - energy density, P - pressure, τ - temperature, s - entropy(d) for boost-invariant expansion in the longitudinal diretion the equationof motion takes form:
∂ǫ

∂t
+

ǫ + P

t
= 0 → ǫt4/3 = constant. (2.15)6. initial onditions of evolving system

• loal thermodynami equilibrium20



• entropy and baryon density are proportional to the partiipating nuleondistribution
s(x, y, τ0) =

Cs

τ0

dNp

τ0dxdy
; nB(x, y, τ0) =

CnB

τ0

dNp

dxdy
(2.16)

• equation of state - [12, 61, 62℄The equation of state is assoiated with the state variables suh as tem-perature, pressure, baryon density, energy density. In general the state ofnulear matter might be deliberated with di�erent assumptions: 1) thematter is treated as ideal relativisti gas with massless partiles or 2) thephase transition between partoni and hadroni state ours and �nallypartiles with mass are produed or 3) going from high energy densitystate desribed by bag model to low energy density matter where the gasof hadroni resonanes is onerned.
• while the �reball of �uid is evolving, the temperature and density dereaseunless the system aomplishes freezeout stage; the invariant single-partiledistribution from freezeout surfae is alulated aording to the Cooper-Fry's formula [63, 64℄:

E
dN

d3p
=
∫

f(x,p)pν · dσν =
d

(2π)3

∫

pν · dσν

exp[(pν · uν − µ(x))/T (x)] ± 1(2.17)where:
E - energy of the partile, p - momentum of the partile, f(x,p) - Lorentz-invariant distribution funtion, u - four-veloity, dσν = (d3x,~0) - freezeout(hyper)surfae, µ - hemial potential, d - degeneration omponent (e.g.
d=3 for pions), T - freezeout temperature.2.3.3.1 The non-boost-invariant single-freezeout modelThe desription of the non-boost-invariant single-freezeout approahis presented in [50, 65℄. The model utilizes only the spae-time hadron distributionafter the simultaneously kinematial and thermal freezeout, hene it is so-alledsingle-freezeout model. The produed hadrons evaporate from hypersurfae, Σ,at the suessive stage of the expansion of the �reball. It does not inlude thejet prodution, so it onerns only the "after-freezeout" omponent of produed21



Figure 2.4: The evolution of the �reball along longitudinal axis (red arrows) withdepited traks of produed hadrons for partiular value of pseudorapidity η (dashedlines). The piture is taken from [50℄.partiles in relativisti heavy ion ollisions. The non-boost-invariant dynamis ofthe system are partiularly interesting with taking into aount its simpliity. Withall typial hydrodynamial initial onditions, the evolution of the interating matteris shown as the evolving �reball (as presented in Fig. 2.4) with the well-de�ned3+1-dimensional hypersurfae Σ from whih the olletive emission of hadrons takesplae. In every step of iteration of partiles "evaporation", the produed hadronsoupy states desribed by Fermi-Dira or Bose-Einstein distribution (with regard topartile speie). The determined thermodynami parameters are temperature τ andhemial potentials: µB (baryon), µS (strange), µI3 (onneted with third omponentof isospin) depending on the position of freezeout hypersurfae Σ. The Hubble-type�ow of produed partiles has two - longitudinal and transverse - omponents:
longitudinal flow: vz = tanhα‖ =

z

t
(2.18)

transverse flow: vρ = tanhα⊥. (2.19)Hene, the spatial rapidity an be de�ned as follows:
α‖ = arc tanh

z

t
. (2.20)22



In the model the parametrization of freezeout hypersurfae is inluded with thetransverse radius expressed as follows:
ρ =

√

x2 + y2 = τ1sinhα⊥. (2.21)Moreover, three parameters: τ1, ρ(0)
max, ∆ are introdued to deliberate the spatialevolution of the �reball where the �rst one haraterizes the proper time, seondone - the transverse size at midrapidity and the third parameter is used to ontrolthe spatial rapidity α⊥.If the �reball expands in the longitudinal diretion (z-axis on the Fig. 2.4)

α‖ inreases. The maximum spatial rapidity an be expressed as:
0 ≤ α⊥ ≤ αmax

⊥ (α‖) ≡ αmax
⊥ (0)exp

(

−
α2
‖

2∆2

)

. (2.22)In this equation the ∆ parameter desribes derease of hypersurfae Σ in trans-verse dimension with α‖. It is also introdued the dependene of hemial potentialon spatial rapidity α‖:
µ(α‖) = BµB(α‖) + SµS(α‖) + I3µI3(α‖). (2.23)It entails some onsequenes. The standard performane in the thermal modeladopts the hemial and thermal values of temperature (τchem ≥ τkin) onsistent withhemial and kinematial freezeout [41, 67, 68℄. In the single-freezeout model theonstant value of the temperature is set for both hemial and kinematial freezeout -

τ = 165 MeV (for 0 < µB < 250 MeV). Moreover, the hadrons resonanes are appliedin the alulations. It is estimated that at relativisti energies 75% of pions originsfrom the deays of resonanes. Additionally, it is an e�etive way to ontribute toderease the temperature of spetra ∼ 35-40 MeV and in�uenes the slope of thepartiles spetra.The model inludes ten parameters whih should be �t to the experimen-tal data (the details of �tting proedure is presented in [66℄). The simulations aredone using the THERMal heavy IoN generATOR (THERMINATOR) to get theMonte Carlo events. As the result of the alulations one an get the net-strangnessof the system equals 0 for gold-gold ollisions that is a suess of the model.The main attainment of the single-freezeout model is good agreementwith the BRAHMS spetra of mesons and baryons for Au+Au ollisions at √sNN= 200 GeV in the wide range of rapidity [50℄. The results of single-freezeout modelobtained for Au+Au ollisions at √sNN = 200 GeV and 62.4 GeV [66℄ an be foundin the hapter 5 setion: 5.1 and 5.2. 23



Chapter 3Broad RAnge Hadron MagnetiSpetrometers at RHIC
3.1 Relativisti Heavy Ion ColliderThe Relativisti Heavy Ion Collider is loated in Brookhaven NationalLaboratory on Long Island in the USA [43℄. It is dediated to ondut researh ofheavy ion reations at the ultra-relativisti highest available energies. At the mainaeleration rings there are situated four experiments whih engage various aspetsof the strong interating matter. STAR and PHENIX experiments have the abilityto detet the wide spetrum of the partiles at midrapidity with high momentumoverage. The PHOBOS experiment is designed to explore the low pT regime ofthe interations with the overall look of the ollisions. The BRAHMS experiment,in turn, an identify partile over the widest range of rapidity, y, and transversemomentum, pT .The RHIC faility - depited in Fig. 3.1 - is omposed of the apparatureswhih are used in the suessive steps of nulei aelaration. The �rst step is toprepare the bunhes of the ions in the Tandem Van der Graa�. The Tandem �peelso�� the eletrons from the atoms (gold or opper) and boost positive harged ionsto the of 385 MeV. Afterwards, bunhes are transferred by the Tandem-to-Boosterline to the Booster synhrotron. The Booster synhrotron and then the AlternatingGradient Synhrotron are apable to propel the ions to the energy of 1 GeV/nuleonand 10 GeV/nuleon, respetively. The speial design of the magneti �eld gradi-ent of the aelerator's magnets allows to be foused in the vertial and horizontaldiretion. It auses that the transfer of energy might be larger and the �eld makespossible to onentrate the beam in the little tight spae. It is worth mentioningthat proton beam with maximum energy of 200 MeV is delivered to the AGS from24



Figure 3.1: Overview of Relativisti Heavy Ion Collider in Brookhaven NationalLaboratory. 25



the LINAC (linear aelerator) where the protons are arried through the nine a-elerator radiofrequeny avities. From the AGS the bunhes of the nulei migrateto the AGS-to-RHIC rossroads where some of the ions are direted to lokwiseRHIC ring and the other part goes to the ounter-lokwise RHIC ring (it is oftendesribed as blue and yellow beam). The beams are irulated and are rumped upto desired energy in the RHIC ring where the ions are ollided in the four so-alledbeam intersetion regions: BRAHMS, PHENIX, PHOBOS and STAR failities.I fous on the data for Au+Au ollisions and p+p reations at √sNN =62.4 GeV and 200 GeV whih were olleted in 2004 (Au+Au) and 2005/2006 (p+p).The number of runs taken during three BRAHMS experiment ampaigns togetherwith information of olliding system, beam energy and spetrometer settings arelisted in Appendix 2.3.2 BRAHMS detetor setupThe BRAHMS detetor setup - Fig. 3.2 - onsists of two movablespetrometer arms: the Midrapidity Spetrometer (MRS) whih operates in thepolar angle interval from 30◦ ≤ Θ ≤ 90◦ (that orresponds with the pseudorapidityinterval 1.3 ≥ η ≥ 0) and the Forward Spetrometer (FS) that operates in thepolar angle range from 2.3◦ ≤ Θ ≤ 15◦ (4 ≥ η ≥ 2). Moreover, the overall partilemultipliity, ollision vertex and entrality are determined using the global detetors.Although both of the spetrometers are very narrow, by the rotation of arms thespetrometer an over a lot of phase spae (see Fig. 5.1 in setion 5.1).The Midrapidity Spetrometer is loated perpendiular to beam axis,lose to the nominal reation vertex. In the MRS the partiles are registered in thetransverse diretion to the beam axis. The single dipole magnet, D5 (notations likein the Fig. 3.2), plaed between two Time Projetion Chambers, TPM1 and TPM2,whih ompose the midrapidity arm, are used for traking. Cherenkov detetor (C4)and Time of Flight Wall (TOFW) measurements allow to identify partiles with theseparation of π/K and p/K up to 2 GeV/c and 3.5 GeV/c, respetively.The front forward arm is omposed of two Time Projetion Chamber(TPCs), T1 and T2 (onstituting trak reognition in the high multipliity environ-ment), the bak part - of three Drift Chambers (T3, T4, T5). All the hambers - T1,T2, T3, T4, T5 - operate in a high momentum mode. The forward going partilesare swept by the two dipoles (D3, D4) toward the bak end of the spetrometerwhere they are traked in Drift Chambers - Fig. 3.3. The partile momenta aredetermined by these measurements and requirement of passing through another two26



Figure 3.2: BRAHMS detetors layout.
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dipoles (D1, D2). Partile identi�ation (PID) is provided via the H2 hodosopeand Ring Imaging Cherenkov detetor (RICH, situated behind H2 detetor) for lowand high momentum partiles, respetively.Let introdue a notation used to desribe partiular spetrometers set-tings, taking as an example "3A3450". The number before the apital letter, inthis ase "3", means the angle between the arm of the spetrometer relative tothe beampipe. Further, the letter signi�es the polarity of the magneti �eld in thedipole magnets what simultaneously is linked with the measurement of the partileharge. With the polarity "A" the negatively harged partiles an be measured(e.g e−, π−, K−, p̄), with "B" - the positive ones (e.g. e+, µ+, K+, p). The last set ofnumbers is onneted with the value of the magneti �eld in the dipole magnet D5,in ase of MRS, or in the �rst magnet of the forward layout of detetors, D1. It ispresented in the units of urrent in that magnets [A℄.Moreover, in the following setions we aept the ensuing oordi-nate system: z is the diretion along the longitudinal axis of the spetrometer, y isthe axis determined as perpendiular to the surfae inluding the z diretion andbeam axis, x - perpendiular to y axis in the dispersive diretion.The details of the BRAHMS experimental setup an be found in the [69℄.3.2.1 Time Projetion ChambersIn the BRAHMS layout the Time Projetion Chambers are the T1and T2 detetors loated just at the beginning of the forward arm and TPM1 andTPM2 in the MRS. Beause of the loation of the beginning of the spetrometersarms the intensity of traks is extremely high.The TPCs are used to trae the partile in 3-dimensions. All four ham-bers are segmented where in eah part of the hamber the drift time is used to setthe y position and determine the position of the indued signal in the x − z plane.While the primary harged partile is passing through the ative area of hamber,it auses the ionization of gas. The produed eletrons drift in the homogenouseletrial �eld inite the avalanhe whih is registered by the read-out eletronis.In BRAHMS TPCs the minimum ionizing harged partile gives the 90 eletronsper entimeter. The stroke of the voltage between the anode and athode plane isnear 5000 V. The drift length is equal 21.8 m and the �eld - 229 V/m.The pad planes (see Fig. 9 and 10 in [69℄) whih onstitutes the ativezone of the hambers were planned in way that the three to �ve pads should olletthe harge generated by the primary harged partile. Therefore, the signal is am-28



Figure 3.3: The photo of the bak part of the Forward Spetrometer with the drifthamber T3 at the front right side of the piture. The D3 and D4 dipole magnetsare also shown.pli�ed and integrated by low-noise, low-input impedane harge-sensitive ampli�erfollowed by the shaping ampli�er. The amplitude of the pad signal and its time his-tory, overing the maximal drift time, are fed to a swithed apaitor array analogmemory loked at 10 MHz.The ative volumes (x, y, z) of the T1 and TPM1 detetors are quitesimilar (33 × 22 × 56 cm3 and 37.5 × 21 × 36 cm3, respetively), however the T2ative size is dupliated due to its spei� loalization in the spetrometer. In aseof TPM2 the dimensions are: 50 × 22 × 67.5 cm3. The gas mixture, whih wasaknowledged as the most appropriate, is 90% Ar and 10% CO2 due to its slow driftveloity, low transverse and longitudinal di�usion onstants.In general, the resolution of the TPCs in BRAHMS setup was obtained< 390 µm in x-position and between 390-490 µm in y diretion. With that intrinsipreision one is able to di�er two hadron traks better than 15 mm.29



X view V viewY view

Figure 3.4: Two traks (solid lines) identi�ation using three di�erent "views" ofthe detetion planes. The third detetion plane ("V view") allows to rejet spurioustraks (dashed lines).3.2.2 Drift ChambersThe Drift Chambers - T3, T4, T5 - used for traking harged hadronsare situated in the bak part of the Forward Spetrometer. Near the end of the FS,where detetor T5 is loated the expeted multipliities are quite low, with typialnumber of harged partiles being smaller than 1 per event. It sets only modestrequirements for traking and partile identi�ation at this position. On the otherhand, the harged partile multipliities in T3 are higher and reah values of up to8/event. The very high bakground rate in T3 is due to the seondary emission inthe beamline magnet DX. In order to meet the neessary traking requirements, thedetetor T3 is onstruted with a higher density of sense wires than the detetorsT4 and T5. These latter share idential onstrution.A single T3 prototype module as well as all three drift hambers withfront end eletronis were designed and built in the Division of Hot Matter Physisat Jagiellonian University. The Polish group was responsible for performane andmaintenane of those detetors during all data taking ampaigns of BRAHMS ex-periment. The drift hambers are onstruted as a set of drift ells whih forma detetion plane. Eah detetion plane is built from three frames made of epoxy-�berglass. One frame ontains the alternately ordered anode and athode wires. Twoframes with the �eld shaping wires are plaed on both sides of the anode/athodewires frame. The outer dimension of T3 detetors frames are 49 m × 59 m while30



Figure 3.5: Single module of the T3 detetor.the inner dimensions (ative area) are 31 m × 41 m. The T4 and T5 detetors arelarger and their outer frame dimensions are 54 m × 69 m and the inner dimensionsare 36 m × 51 m.The drift ell measures the time-of-�ight of ionization eletrons from theposition of the deteted partile trak to the nearest anode wire. The drift hamberwhih onsists only of one detetion plane of drift ells measures hit positions alongone oordinate (e.g. the x-plane, whose wires are vertial, measures distane alongthe horizontal x-axis between a hit and some referene point). In order to determinehit positions in two dimensions, at least three detetion planes with di�erent anodewire angles (di�erent "views") must be used whih is illustrated in Fig. 3.4.The minimal thikness of the drift ell is limited by the possible hit lossesaused by the statistial �utuations in the eletron olletion proess. The hosenell thikness of 10 mm provides an average of 20 primary ionizations for minimumionizing partiles. The distane between the �eld shaping wires of 2 mm was hosenfor this ell thikness.The gas mixture used in all three drift hambers is 75% Ar, 25% C4H10and 2% ethyl alohol. The trak position determination auray of about 100 µmis ahieved for T3, T4 and T5 hambers. Fig. 3.5 and 3.6 show photographs ofsingle module of T4 detetor and omplete T3 detetor assembled with front-endeletronis in the BRAHMS experiment hall.
31



Figure 3.6: The photo of the drift hamber T3 with omplete setup of front-endeletronis read-out boards.One of the important experimental issues is determination of the trakreonstrution e�ieny. The total reonstrution e�ieny in Forward Spetrom-eter is based on the estimation of e�ienies of individual traking detetors: T1,T2 in the front arm and T3, T4 and T5 in the bak part. Beause the forward armis built from �ve traking detetors one an onstrut the referene trak for parti-ular detetor using the four left hambers whih ensures that the referene trak isnot orrelated with traks in the probed hamber. The de�nition of referene trakrepresents partile that passed through the tested detetor. The e�ieny of thedetetor an be expressed as follows:
Ti =

Nlocal

Nreference
i = 1, 2, 3, 4, 5. (3.1)where:

Nreference - number of referene traks, Nlocal - number of referene traks that math,in the given event, to any of the loal trak. By de�nition Nlocal ≤ Nreference →
Ti ≤ 1. The de�nitions of the referene trak for studied traking hamber is32
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Figure 3.7: The e�ieny of the traking detetors: T1, T3, T5 as a funtion of x position (upper row), trak x-slope (middle row)and momentum (bottom row). The results are shown for p+p ollisions at √
s = 62.4 GeV, settings: 3A1723 (green stars) and3B1723 (grey rhombuses).
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given below:1. T1 and T2 detetors: the referene trak is determined by traks in T3, T4and T5 drift hambers; the extrapolated trak has mathed to the ollisionvertex2. T3 detetor (loated between T2 and T4 hambers): the referene trak isde�ned by the T1, T2, T4 and T5 detetors3. T4 detetor: the referene trak is onstruted from the loal traks in T1 andT2 swimmed forward to the bak of spetrometer; in addition the extrapolatedtrak should math to any of the loal traks in T5 detetor4. T5 detetor: the referene trak is de�ned by T1, T2, T3 and T4 detetors,although the transported trak must be swimmed forward through the D3 andD4 dipole magnets and math to any of hits in H2 detetor.In Fig. 3.7 the derived e�ienies of T1, T3 and T5 detetor are presentedvs. x position in the detetor, trak slope in x diretion and trak momentum. Thetotal trak reonstrution e�ieny in FS is taken as a produt of all individualhambers e�ienies used in the reonstrution. The detailed desription of proe-dure used to determine the e�ieny an be found in [70, 71℄.3.2.3 Time of Flight detetorsIn BRAHMS experiment the Time of Flight detetors deliver partileidenti�ation in the low and intermediate momentum ranges.The ToF devies are made up of the perpendiular plasti sintillatorslats. The position of the TOFW is 4.3 m from the nominal vertex ollision andit was built up from 125 slats. The H1 and H2 are plaed 8.6 m and 18.9 m fromthe nominal vertex and ontain 40 and 32 slats, respetively. Eah sintillator slatis equipped with two photomultipliers (PMTs) as the read-out appliane. There-fore, the eletrial signal, obtained from one photomutliplier, is provided throughdisriminators where in the meanwhile it is generated as the timing signal, delayedand guided to the CAMAC TDC. Conurrently, the signal from the seond end ofPMT is also delayed during routing to the FATSBUS ADC. The ToF measurementsare triggered by the Beam-Beam ounters (see setion 3.2.5) whih are also used todetermine the ollision vertex. The auray of the PID is based on the timing res-olution of the separate slats, resolution of the BB ounters used as start detetors34
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tion. RICH gives the possibility to separate pions and kaons up to momentum of 25GeV/c and kaons and protons up to 40 GeV/c.The fundamental part of the Cherenkov detetor is gas radiator that haslength of 150 m and in this ase is �lled with the mixture of C4F10 and the C5F12at the pressure of the 1.25 atm (details an be found in [72℄). The refration indexis n - 1 = 1700 ×10−6. Inside the gas mixture there is plaed the spherial mirrorwith radius of 3 m. The photomultipliers ompose an array of 80 devies on thefoal plane of the mirror.
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alulated for all signals and averaged.The partile identi�ation is based on the �tting the multi-Gaussian fun-tion to the partiles distribution. The enter of the single Gaussian �t should beequal the value of squared invariant mass for a given partile type. We determinethe bounds of PID and we �nd that the ± 3 σm2 ut is the most appropriate. In thatway we reeive eletron, muon, pion, kaon and proton bounds. In the region wherethe bounds overlap it is di�ult to distinguish muons and pions, pions and kaons orkaons and protons (p ≈ 2.3 GeV/c, p ≈ 25 GeV/c and p ≈ 35 GeV/c, respetively).The PID is assoiated aording to the probability distribution determined by theGaussian �t. In Fig. 3.9 the example of the Gauss �t overlapping is shown - formuons and pions - in the momentum range: 3.31 GeV/c < p < 4.75 GeV/c.3.2.5 Global detetorsThe global detetors: Beam-Beam ounters (BB's), Zero-DegreeCalorimeters (ZDCs), Multipliity Array (MA), are assigned to haraterize theinitial value of harged partile multipliity and the global ollision features likeloation of the ollision vertex. Measurements by ZDCs deliver information aboutthe number of spetators.The Multipliity Array is a typial barrel shape detetor situatedaround the nominal vertex. It is made up of Si strips inside the ask and externalsintillator elements. It allows to measure the partile multipliity by registeringthe energy loss of harged partiles whih pass through the pads. The multipli-ity is estimated from the deposited energy for individual partile that an be leftin the single element divided by total energy reorded in that element (GEANTsimulations).The distane of the Si pads from the ollision nominal vertex is 5.3 m,for the sintillator tiles - 13.9 m. Both silion and sintillator planes are formedinto hexagonal, oaxial to the beam axis, shape segmented into pads, hung on thealuminum onstrution. The inner and outer parts of the array are omplementary,however the intrinsi detetor is favoured beause of the greater segmentation (42slies) that allows to set the polar angle with better preision. The orretion dueto the seondary interations equals 6-30% whereas the sintillator tiles are neededto be orreted by a fator of 20-40%. Nevertheless, the setup of the sintillator tilesis used as the �rst level trigger in BRAHMS experiment.The overage of pseudorapidity range of Multipliity Array is |η| < 2.2.37



The Beam-Beam ounters are used to determine the time zerosignal of the interation that an be easily translated into alulation of the primaryvertex ollision. The left BB array has 44 modules (36 small and 8 big tubes)and the right one onsists of the 30 small and 5 big tubes. In ase of BB's, theauray of the measurement is better than 1.6 m. The BB arrays are used as zerolevel trigger and deliver start time signal for ToF detetors. The typial Cherenkovdetetors are onsisted of BB arrays whih are situated on the opposite sides of thenominal interation point at the distane of the 220 m. Ful�lling the ondition ofthe zero level trigger they are dediated to register partiles with β ≈ 1, very loseto the beam rapidity regime, so they were designed to "surround" the RHIC's beampipe. Due to high multipliity of the partiles two kinds of modules di�ering onlyin geometrial solid angles are used. Both the small ones and large tube modulesare built from a Cherenkov luite radiator with the photomultiplier at the end. Thehoie of the radiator was driven by the possible seletion between partiles whihenter the front surfae at large angles and that ones whih give the redued signalfrom the side or bak.With the assumption that the veloity of the deteted partiles is β = 1,the position of the ollision vertex an be alulated:
zvertex =

c

2
(tleft − tright) (3.2)where:

c - the speed of light, tleft (tright) - the �ight time to the left (right) detetor.The Beam-Beam ounters an measure the partiles in the pseudorapidityrange: 3.1 < |η| < 3.6.The Zero-Degree Calorimeters are the same for all four experi-ments at RHIC [73℄. One of the most important measurement is to estimate theluminosity as well as setting the time di�erene between two ZDCs to evaluate theimpat parameter of the event. The preliminary seletion based on the amplitudeand di�erene in time of the signals from di�erent modules allows to rejet some ofthe bakground events.During the reation the high energeti neutrons, whih do not partiipatein the ollision, usually evaporate from the nulei surfae and an be easily registeredin the area lose to the beam fragmentation region. Putting the detetors in thatregime enables to measure spetator neutrons and then takes the opportunity toset the minimum bias events, the luminosity or the entrality of the ollision. Thealorimeters are loated on the both sides of the ollision point 36 meters away38



from eah other. The alorimeter is made up from the tungsten as the absorberand uses quartz optial �bers to register partiles whih produe the Cherenkovlight. One detetor is omposed of three modules. Suh onstrution allows todetermine whether the partile hits from the front or bak side of the alorimeter.ZDs provide supplementary information of ollision vertex. The time resolutionahieved in detetor is 170 ps.
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Chapter 4Data AnalysisThis thesis presents the omparison of pion and proton yields as afuntion of pT for some η intervals. Nominally, the BRAHMS setup an measureprodued partiles up to η = 4. The analysis utilizes the feature of the same πand p aeptane in the η vs. pT spae. For a given η − pT bin the p/π(pT )ratio is alulated on setting by setting basis. The ratios are alulated separatelyfor the ToF PID and RICH PID, so all fators suh as geometrial aeptaneorretions, traking e�ienies, trigger normalization anel out in the ratio. Theonly remaining orretions related to the speie of partile are PID e�ieny andpartiles deays within interations with the material budget orretion.The presented results are shown for large value of pseudorapidity whihimplies that the following analysis touhes on the data registered using the ForwardSpetrometer in the BRAHMS detetor setup.The sope of the studying numbers of runs for partiular settings for eaholliding system and energy is listed in Appendix 2.4.1 Data reonstrutionThe data reonstrution is based on C++ framework developed inBRAHMS Collaboration alled BRahms Analysis Toolkit (BRAT). The reonstru-tion is proessed in three steps:1. loal traking (ltr) - reonstrution of trak segments in individual detetors2. global traking (gtr) - global traks are onstruted from loal traks and traksegments with putting the attention on proper desription of traking deviesgeometry 40
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Figure 4.1: The ZDCs and BB's layout (left olumn). On the right-top the x−y mapreeived from the Beam-Beam ounters is displayed. The right-bottom plot showsthe di�erene between the vertex determination from the BB's and extrapolationof the reonstruted trak in FS. The analysis refers to Au+Au ollisions at √sNN= 62.4 GeV, setting: 8A1219.3. Data Summary Tape (dst) - at the "ltr" and "gtr" level the information isstored for individual detetors separately; at dst level the assoiation of globaltraks with mathed information from PID detetors is performed; piees ofinformation are organized in the form of global storage with detailed trak bytrak information.At eah step the reonstruted data are reorded on disk and used as an inputin the subsequent step.The data reonstrution is performed up to dst level aording to the of-�ial ollaboration proedure and are the �foreword� to the spei� physis analysis.The below paragraphs aim at desription of global haraterization of the ollisionas well as loal and global partile traking in BRAHMS Forward Spetrometer.Global parameters of ollisionThe essential event haraterization is, �rstly, the determination of vertexposition of the reation, as well as the ollision entrality. As it was depited in the41



previous hapter, ZDCs and BB ounters allow to determine the interation point.In Fig. 4.1 one an see the orrelation between ZDCs and BB's vertex position in zdiretion - left olumn. The e�ieny of ollision event detetion of ZDCs is almost100% and the ZDC devies are used to determine the vertex position for minimumbias events. Almost 100% e�ieny of vertex position determination for the entralinterations allows to use BB ounters as the base. However it is not so e�etive forperipheral ollisions, ≈ 40%, for whih usually the ZDCs measurements are applied.The determination of the vertex is estimated in the same manner for ZDCs and BBounters using the di�erene in time of partiles �ight measured by left and rightdevies aording to the (3.2) formula. If ollision ours the detetors measure thetwo �ight times of whih oinidene is estimated every time to hek if the signalsoriginate from the same ollision. The vertex resolution is established on the basis oftiming resolution measurements. It is important to preisely set the vertex loationbeause the multipliity distribution done by Multipliity Array depends on thatvalue. The present vertex resolution for BB ounters is 0.9 m, for ZDCs - 2.0 m.Charged partile multipliity is a ontinuous funtion used to determinethe ollision entrality. Applying minimum biased trigger we an assoiate full rangeof multipliity distribution with total Au+Au interation ross setion. To set theentrality of the ollision we use the orrelation that if the more entral ollisionhappens the higher value of event multipliity is observed. In BRAHMS setup theentrality estimation is based on the Multipliity Array measurements averagingthe registered hits from the silion and sintillator pads [76℄. From orretly ali-brated measurements we should get the symmetri distribution whih, additionally,an be ompared with the GEANT simulations to exlude the possible misleadinginformation. The GEANT alulations are also applied to onlude the orrespon-dene between the entrality seletion and real impat parameter of the ollision.The harged multipliity, de�ned using BB ounters, is essential in the entralitydetermination for wide range of pseudorapidity. Beause the aeptane of the BBounters is muh better, even for wide range interval of vertex, for the most for-ward rapidities the entrality is determined using Cherenkov detetors. Applyingthe harged partile multipliity distribution the entrality intervals are delimited.The multipliity of an event used for the vertex and entrality determi-nation is evaluated from the Multipliity Array and BB ounters. By registeringthe energy loss of harged partile passing through the detetor elements we an es-tablish the multipliity distribution by summing the multipliity from eah element.The ounted event multipliity distribution are orreted for aeptane whih de-pends on vertex loation - the details of the multipliity analysis an be found in42



[76℄.Loal trakingThe loal traking is done using the o�ial BRAHMS "o�ine" algorithmsfor partile traking. The software is used to onvert raw data into hits. TheForward Spetrometer algorithms are made for T1, T2, T3, T4 and T5 hambers.Plausibly, hits deliver details about a position in the oordinate system through-out the amplitude and drift time information. In ase of TPCs we an get the3-dimensional information about hit position. In turn, we mix readout informationfrom the three detetion planes in the drift hambers to get the full 3-dimensionalpoint position. Before the loal traking algorithms are applied, the alibrationmust be done. The alibration proess inludes: spei�ation whih of the padsin TPCs (ells in DCs) worked improperly, orreting the non-linearities of timemeasurements, exluding the drift veloity �utuations with time.The loal traking proedure takes following steps:
• the raw data arranged �rstly in the sequenes whih next are assembled intolusters
• it might happen that the newly resultant lusters an overlap, so at �rst thedeonvolution of these lusters is done; therefore the deonvolution of lustersinto hits is applied getting well-de�ned spae position, its variane and lusterADC sum (or energy loss)
• the hits are grouped and �tted to get 3-dimensional line.In the traking proedure the bakground partiles must be taken into aount.To ensure that the traks ome from "true" events the traks in the neighboringdetetors are extrapolated to the hamber and next projeting in the partiulardetetor. Around the projeted trak a small tube is reated that allows to avoidleft-right ambiguity of the hits. Note that this projeted traks is not neessaryonsistent with the real partile trak. The algorithm used to assign the traks isbased on hoosing the hits in the tube estimating distanes between the projetedtraks and the hits. The distanes are ounted in x and y diretion as well in the

x- and y-slope of the trak. The hits are aepted with 3σ range. Additionally,the following requirements must be ful�lled to approve the event: the amount ofapproved hits whih is equivalent to the number of aepted hits in the tube, number43



of views with the hit, the amount of approved hits per view. All steps of theproedure guarantee the auray of the reonstruted trak.Global trakingIn global traking proedure the loal traks should be mathed throughthe dipole magnets. The trak urvature inside the magnet attend to determine themomentum using the formula:
p =

Bl

(sinφb − sinφf)
√

1 − α2
y

(4.1)where:
B - magnitude of vertial magneti �eld, l - magnet length, φb - the angle betweenthe tangent line of the urvature and z axis measured in front of the magnet,φf -the angle between the tangent line of the urvature and z axis measured in bak ofthe magnet, αy - the averaged vertial slope of the traks.At the very beginning we register hits whih are deteted in the hambersand from whih the lines of the traks in the detetor are restored. Afterwards,mathing the loal traks allows us to reonstrut the full traks of the partilesthat run aross the forward arm (global traking). The traks reonstruted in thehambers onstitute of the front and bak traks of the dipole magnets through whihthe mathing proedure is applied. In the mathing algorithm three parameters areused: the di�erene of the angles related to the φb and φf , the vertial slope αy, thequantity of the intersetion of front and bak traks with the mathing plane ∆y.Without the imperfetions of the experimental setup and reonstruting proedurethe parameters should be equal 0. During mathing, at �rst step the Gauss �t isused, therefore the ellipti uts. In the FS the traks are grouped into Bak-Forward-Spetrometer (BFS) and Front-Forward-Spetrometer (FFS) traks to avoid "ghost"traking. The �rst group ontains traks reonstruted using mathing between D3and D4 (T2/T3-D3-T4 and T4-D4-T5 ombination). To estimate the FS traks theseond one is required to math with reonstruted BFS traks. It is done in twoways: using geometrial mathing algorithm (in ase of T3-D3-T4 ombination) ormathed traks between T1 and T2 detetor (for T2-D3-T4). Eventually, the fullFS traks are reonstruted with the minimizing of false ombination.Additionally, in the spetrometer, the traks are extrapolated to the ver-tex area and mathed to its position determined by the BB ounters. It is worth44
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Figure 4.2: The PID proedure is based on �tting of multi-Gaussian distribution to separate the partiular speie of partiles (e−/+,

µ−/+, π−/+, K−/+, p/p̄ ). Here, the series of histograms inluding lines representing �ts with multi-Gaussian funtion (blak solidline) are displayed for Au+Au reations at √
sNN = 200 GeV, setting: 4B2442. The Gaussian funtion for pions is marked withdashed green line, for kaons - dashed orange line, for protons - dashed pink line. The blue line represents experimental data. Themean of squared invariant masses, <m2

X> (X = e, µ, π, K, p), are displayed for indiated momentum ranges (∆p).
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Figure 4.3: The same as Fig. 4.2, but obtained for the p+p ollisions at √s = 62.4 GeV, setting: 4A608. The Gaussian funtion foreletrons is depited with dashed red line, for muons - dashed yellow line, for pions - dashed green line. The overlapping of muonsand pions for p > 4 GeV/c is learly visible.
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pointing out that this method let us not only ontrol the vertex parameters, but alsohek if the trak originates from the nuleus-nuleus reations or from other soures.The x− y vertex distribution ahieved from the extrapolated traks positions is dis-played in the Fig. 4.1 on the right-top panel. Moreover, on the right-bottom plotthe di�erene between BB ounters and trak vertex determination is shown.Further steps of analysisObviously, to ensure the appropriate traks reonstrution and ohesionof the partile traking the additional requirements are applied in the Forward Spe-trometer analysis:1. The �duial ut on D1 in x dimension is heked for every trak.2. Beause of the Time of Flight measurements (for Au+Au ollisions de�ned as"Trigger 2") the hits in left and right tubes of BB ounters are required forevery trak in the analysis. Additional restritions determining the triggersondition are listed in the Appendix 2.3. The ut on χ2 evaluated from the GEANT simulations is imposed on eahtrak. The value of ut is alulated from the equation χ2
cut = A + B

p
(p -momentum of the partile).4. The following ollision vertex range is taken into aount:(a) Au + Au at √sNN = 200 GeV → z ∈ ( -40 m - 40 m)(b) Au + Au at √sNN = 62.4 GeV → z ∈ ( -60 m - 40 m)() p + p at √s = 200 GeV → z ∈ ( -50 m - 50 m)(d) p + p at √s = 62.4 GeV → z ∈ ( -50 m - 50 m).The restrition whih is additionally introdued to ensure the appropriateH2 and RICH e�ienies in partile identi�ation is de�ned by the imposed �duialuts in x and y diretion in RICH detetor: x ∈ ( -21 m - 21 m) and y ∈ ( -15 m- 16 m).4.2 Partile identi�ationPartile identi�ation in the Forward Spetrometer depends on thedata taken using the H2 Time of Flight detetor and the Ring Imaging Cherenkov47
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detetor. The H2 data are used to identify partiles with lower momenta: p < 9GeV/c (see right-top plot in Fig. 4.4). For higher momenta hadrons the RICHdetetor is used.Generally, in both ases - H2 and RICH detetor measurements - the PIDproedure is done for small momentum bins by �tting multi-Gaussian funtion intothe squared invariant mass m2 distribution and applying the ± 3σm2 uts to seleta given partile type. In ase of H2 PID, below kaon Cherenkov threshold , p < 9GeV/c, a veto is imposed on RICH detetor to separate kaons - in the range of m2where they overlap with pions (p > 3.5 GeV/c). Thus, we reeive a pion samplewith a slight ontamination of kaons whih have miss-identi�ed rings assoiated inCherenkov detetor. The example of the results of pions (green points) and kaons(pink points) separation is displayed in the right-top plot on Fig. 4.4.The RICH identi�ation proedure is used for muons, pions, kaons and"lear" sample of protons above proton Cherenkov momentum threshold, p > 15GeV/c. In most ases, the partiles are enough energeti to reate Cherenkov radia-tion in the detetor. The ring is registered in the detetor whih allows to reognizethe speie of partile aording to the reorded ring radius. In the range, 9 GeV/c< p < 15 GeV/c, the additional proton identi�ation must be applied. Sometimesit might happen that the traks are registered, but the rings are not formed. Thisriterion is ful�lled by protons and kaons (in a lesser degree) and, ustomarily, theyare alled veto partiles. In the RICH PID proedure, RICH ine�ieny orre-tion is estimated to orret the veto proton yield. The RICH ine�ieny orretionproedure is desribed in the next setion.Eventually, the results of �t with the multi-Gaussian funtion used in thePID proedure is shown in the Fig. 4.2 (Au+Au at √
sNN = 200 GeV) and 4.3(p+p at √s = 62.4 GeV). The averaged values of squared invariant mass, <m2

X>,are depited for partiular momentum bins. As one an see the pions, kaons andprotons an be learly separated. In Fig. 4.3 the PID proessing of e−, µ−, π− arepresented for di�erent momentum gaps. The e− an be well separated from µ−and π−. The overlapping of muons and pions an be notied. In general, in theregion where the m2 distributions overlap, the PID is assoiated aording to theprobability distribution determined by the Gaussian �t. In ase of muons and pionsat p ≥ 4 GeV/c majority of muons omes from π deays, so the muons are assoiatedwith pion yield. In Fig. 4.5 the outome of the partile identi�ation proedure isdisplayed for heavy ions ollisions in left olumn and on right for p+p reations.
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4.3 Corretions4.3.1 RICH e�ieny
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Figure 4.5: The RICH ine�ieny orretion as a funtion of momentum and ringradius for Au+Au ollisions at √sNN = 200 GeV. The funtion and obtained �ttingparameters displayed in the right-hand inset are reeived in aordane with theequation 4.3. The idea of evaluating the RICH detetor e�ieny is mainly basedon studying partiles ontamination in H2 hodosope. We assume that produedCherenkov radiation depends only on partile γ fator. The ine�ieny of Cherenkovdetetor (1 - T ) is de�ned as the ratio of pions measured in Time of Flight detetor,but without signals in RICH detetor that would allow to reonstrut rings (vetopions), to all pions reorded in H2. The RICH e�ieny onept is exposed:
pions registered in H2, having no ring in RICH

all registered pions in H2
= 1 − T (4.2)where:

T - RICH e�ieny.In Fig. 4.5 one an see the dependene of pion ine�ieny as a funtionof momentum for low magneti �eld for Au+Au ollisions at √sNN = 200 GeV. Thepion Cherenkov momentum threshold, pth
π , is equal 2.22 GeV/c. We desribe thevalue of RICH ine�ieny for pions in the given momentum range using funtion:50



Figure 4.6: The RICH ine�ieny orretion as a funtion of p/pth for Au+Au ol-lisions at √sNN = 200 GeV for low (blak line) and high (red line) magneti �eldsettings. The piture presents the onsisteny of applied proedure of RICH ine�-ieny orretion - the points for p < 3 GeV/c stands for pions from low magneti�eld data and protons from high magneti �eld data, the points for p > 7 GeV/c -pions from high magneti �eld data.
T̄ (p) ≡ 1 − T (p) = p0 + (1 − p0)exp[p1(pπ − pth

π )p2] (4.3)where the momentum is de�ned as:
p = mγβ. (4.4)Afterwards, we extrapolate the ine�ieny to the higher momentum. The rela-tion of momentum between pions and other speies (muons, kaons) having the same

γ fator is:
pπ =

mπ

mx

px x = µ, K. (4.5)On the basis of the assumption that RICH response depends only on partile γfator, the RICH ine�ieny for other speies, i.e. muons, kaons, is derived from(4.3) formula by replaing pπ using (4.5) expression.The yield of veto protons is orreted for pions and kaons ontamination.The yield of proton ontamination is alulated as follows:51



yproton_contamination(p) = yπ(p)
T̄π(p)

1 − T̄π(p)
+ yK(p)

T̄K(p)

1 − T̄K(p)
(4.6)where �rst and seond term represent π and K ontamination, respetively.The above proedure an be applied for settings with lower magneti �eldwhere the good pion and kaon separation in H2 detetor is ahieved (p < 4 GeV/c).At pion momentum threshold, pth

π ≈ = 2.22 GeV/c, the ine�ieny of RICH detetoris ∼ 100% and dereases with larger momentum (see Fig. 4.5). However, the RICHine�ieny does not sale with partile momentum in the whole overed p range- the lear dependene on setting is seen. For settings with the lowest value ofmagneti �eld (430 [A℄) the Cherenkov threshold proximity dominates. For highermagneti �eld settings the geometrial e�ets are introdued. It impliates that thebest hoie of parameter regarding ine�ieny dependene is x-slope of trak in T5detetor. It is losely related to the geometry of the traking stations and RICHdetetor. In the analysis, it was found that for the high magneti �eld settings it isenough to onern only geometrial e�et beause the partiles momenta are muhhigher than the proton threshold. In this range of p (p > 18 GeV/c) we an estimatethe ine�ieny orretion de�ned as follows:
particles having no ring in RICH

all registered particles in RICH
= 1 − T. (4.7)Moreover, as it was mentioned in the previous hapter, in T5 drift hamber thetraks multipliity is very low. It allows us to study how the ine�ieny hangeswith the multipliity of registered traks in FS (trak resolution e�et). Fig. 4.6shows the RICH ine�ieny obtained for low and high magneti �eld runs. To avoiddependeny of partile speies the ine�ieny is plotted vs. p/pth.Additional issue is the dependene of value of ine�ieny orretion onpolarity of magneti �eld. So, it depends if we measure π−, K−, p̄ or π+, K+, p. Itours due to lower statistis of the data for negatively harged partiles.Let me summarize how the orretion is evaluated. Generally, the threee�ets are taken into aount: partile γ fator, geometrial e�et revealed as theT5 trak x-slope dependene and two trak resolution e�et. So, if the partialine�ienies are small, the RICH ine�ieny an be de�ned as follows:

T̄ ≈ 1 − (1 − T̄γ)x(1 − T̄T5_x−slope)x(1 − T̄track_resolution) (4.8)where:
T̄γ - the γ fator omponent, T̄T5_x−slope - the geometrial e�et ontribution with52



the T5 trak x-slope dependene, T̄track_resolution - two trak resolution e�et om-ponent.
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Figure 4.7: The p̄/π− ratio vs. transverse momentum for the most entral (0 - 10%)Au+Au ollisions at √
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Chapter 5Results
5.1 P/π ratio in Au+Au ollisionsat √

sNN = 200 GeVIn the previous hapter the detailed desription of analysis togetherwith applied orretions were presented. The desribed steps are taken for everysetting of Au+Au and p+p system at √sNN = 62.4 GeV and 200 GeV. Finally, weobtain the proton-to-pion ratio starting from the η − pT maps of identi�ed hadronsdepited in Fig. 5.1. These are two dimensional plots whih show partile yieldsversus transverse momentum and versus pseudorapidity. In Fig. 5.1 the partiularsettings are marked with various olours. Subsequently, the p/π(pT ) ratios areobtained for narrow pseudorapidity intervals - de�ned by limits imposed on theattainable pseudorapidity range. At this stage the proton yield is divided by pionyield. We take that orretions for geometrial aeptane and traking e�ienyanel out in the ratio.Let me start from alling the published p/π+(pT ) ratio obtained at midra-pidity for Au+Au at√sNN = 200 GeV (µB = 26 MeV) [9℄ ompared with theoretialpreditions based on parton reombination model [52℄ and hydrodynamial desrip-tion [12℄ - Fig. 5.2. The harateristi growth at intermediate pT region, preditedby models, seems to be more onsistent with the depition of reombination model.The hydrodynami senario, proposed in [12℄, desribes properly only low transversemomentum data assoiated for pT < 1.8 (pions) and 3.5 (protons) GeV/c. Theseresults might suggest that at low value of baryo hemial potential the hadronizationproess is well aptured by the oalesene model.This thesis onentrates on proton and pion prodution for partiles emit-ting in the forward diretion. Using the BRAHMS experiment unique opportunity55
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Figure 5.2: Proton-to-pion ratio as a funtion of pT for Au+Au reations at √sNN= 200 GeV for midrapidity regime. The �gure is taken from [9℄. The PHENIXexperiment results are shown in [77℄. The reombination model preditions arepresented in [53℄. The hydrodynamial alulations are inluded in [78℄.56
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sNN = 200 GeV are ompared with the non-boost-invariant single-61



0.5 1 1.5 2 2.5 3

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 2.3η 

0.5 1 1.5 2 2.5 3

- π/p

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 2.9η 

0.5 1 1.5 2 2.5 3

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 3.4η 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 2.6η 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 3.05η 

0.5 1 1.5 2 2.5 3

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 3.5η 

0.5 1 1.5 2 2.5 3

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

 = 2.8η 

0.5 1 1.5 2 2.5 3

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 3.3η 

 [GeV/c]
T

p
0.5 1 1.5 2 2.5 3

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 = 3.65η 

0-10%

40-80%

p+p      

Figure 5.8: The same as Fig. 5.6, but for entrality intervals: 0-10% (blue triangles)and 40-80% (open green squares).freezeout-model (with events generated with THERMINATOR) [50℄. The modeldoes not inlude the prodution of jet, so the alulations [66℄ are depited up to
pT = 3 GeV/c. The single-freezeout model inludes the hydrodynamial �ow ofprodued partiles together with the exited states. The statistial partile produ-tion ontains the rapidity dependene. The model desribes the experimental datasurprisingly well in the whole range of pseudorapidity at transverse momentum <2 GeV/c for both harges of hadrons. For larger momenta theoretial preditionsseems to deviate slightly from the BRAHMS data, partiularly, for positive hargedpartiles for η > 3. It is supposed to be due to the lak of jet prodution in themodel. It seems that the data are in good agreement with the piture of evapora-tion of partiles from the hypersurfae of �reball, with the ommon loal olletiveveloity �eld.
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Figure 5.11: The p/π+ ratio vs. transverse momentum for Au+Au and p+p olli-sions at √sNN = 62.4 GeV for η ≈ 2.67, η ≈ 3.2 and η ≈ 3.5.5.2 P/π+ ratio in Au+Au ollisionsat √
sNN = 62.4 GeVThe p/π+ ratio for Au+Au ollisions at √

sNN = 62.4 GeV for η ≈2.67, 3.2, 3.5 is depited in Fig. 5.11 (at η ≈ 3.2 for Au+Au ollisions at √sNN =62.4 GeV µB ≈ 250 MeV, [79℄). Additionally, the p+p results at the same energyand η bins are shown. At all pseudorapidities unexpeted high value of 10 at pT= 1.5 GeV/c of proton-to-pion ratio is observed [56℄. There is remarkably littledi�erene in the p/π+ ratios for a very wide range of systems. This is in ontrastto the trends at midrapidity and forward rapidity regimes for Au+Au at √
sNN= 200 GeV where signi�ant medium e�et re�eted in dependene of p/π+ ratioson system size is observed [80℄. However, the observed onsisteny between theresults of p+p reations and Au+Au system for all entrality bins for η ≈ 3.2 isrekoned as the rossing point in pseudorapidity. These results indiate that thenulear modi�ation fator for protons and pions are equal in the observed pT rangeat the same entrality bin, as shown in Eq. 5.1 (see the de�nition of RAA in setion:1.2.2):

Rprotons
AA

Rpions
AA

=

d2NA+A
protons/dpT dy

d2Np+p
protons/dpT dy

d2NA+A
pions

/dpT dy

d2Np+p
pions

/dpT dy

=

d2NA+A
protons

/dpT dy

d2NA+A
pions

/dpT dy

d2Np+p
protons/dpT dy

d2Np+p
pions

/dpT dy

= 1. (5.1)The energy available from the rapidity loss of the beam dissipates and ontributesthrough oalesene mehanism to inreased proton yield at intermediate pT . Atvery forward rapidities one an expet less power of nulear stopping whih might64
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5.3 Comparison of p/π+ ratio in Au+Au ollisionsat √
sNN = 62.4 and 200 GeVIn Fig. 5.13 the results for Au+Au ollisions for η = 0.0 at √sNN =62.4 GeV and for Au+Au reations for η = 2.2 at √sNN = 200 GeV are displayed.The seletion of pseudorapidity intervals, namely η = 0.0 for Au+Au � 62.4 GeVand η = 2.2 for Au+Au � 200 GeV allow to obtain overlap in p̄/p, thus µB, forthe observed systems at various energies. The value of p̄/p is 0.45. It is indiatedin Fig. 2.2 in setion: 2.1 that suh seletion imposes that the data are measuredat µAu+Au@200GeV

B = µAu+Au@62.4GeV
B = 62 MeV. Considerably lower value depitedby green triangles displays the p/π+ ratio for p+p system at √s = 200 GeV. The

p/π+ ratios for heavy ion ollisions are remarkably similar. The great overlap ofproton-to-pion ratios for ollate heavy ions ollisions evidenes that the baryon andmeson prodution at the overed pT interval is dominated by hemial properties.The strong medium e�ets are also seen throughout the observed enhanement of
p/π+(pT ) for nuleus-nuleus systems with referene to the results for elementaryinterations. The data infer possible saling of baryon-to-meson ratio with baryohemial potential for dense systems. In addition, the experimental results for η ≈2.2 are ompared with the alulations of single-freezeout model. The good agree-ment of data with the theoretial desription re�ets that, at forward region, one anexpet that the partile prodution follows rather senario with olletive expansionbased on the Hubble-type �ow.
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Chapter 6ConlusionsThe main goal of this work was to obtain the experimental data onproton-to-pion ratio in Au+Au and p+p ollisions at√sNN = 62.4 GeV and√
sNN =200 GeV as a funtion of transverse momentum in the wide range of pseudorapidity.The presented results are based on the data olleted by BRAHMS experimentduring 2004, 2005 and 2006 ampaigns.This thesis was primarily onerned with the analysis of partile pro-dution in forward regime utilizing BRAHMS experimental setup. The analysisonsisted of loal and global traking algorithms as well as global detetion pro-edures. The Data Summary Tape proessing ontained the trak reonstrution,the global storage and detailed information of ollision geometry. In addition, inthe analysis the indispensable restritions were applied e.g. �duial uts on dipolemagnets, the triggers requirements, χ2 ut. The determination of the ollision ver-tex position, entrality and total harged partile multipliity were obtained usingglobal detetors (Multipliity Array, Beam-Beam ounters, Zero-Degree Calorime-ters) measurements.The BRAHMS partile identi�ation (PID) was exploited to distinguisheletrons, muons, pions, kaons and protons in the broad range of momentum: 0 < p <40 GeV/c. The proedure was followed separately for Time of Flight (H2) and RingImaging Cherenkov detetor. The PID was performed by �tting the multi-Gaussianfuntion into the squared invariant mass (m2) distribution in small momentum bins.The ± 3 σm2 uts were applied to separate partile speies. The diret PID by RICHdetetor was obtained above pion, kaon and proton Cherenkov threshold p ≈ 2.2,9, 15 GeV/c, respetively. In the momentum range from 3.5-9 Gev/c, where thepion and kaon overlap in m2 distribution, RICH detetor veto signal was used toselet kaons with momenta p < 9 GeV/c. Additionally, above the kaon thresholdthe proton identi�ation was possible in this momentum range by assoiation traks68



with veto signal in RICH detetor. The RICH provided pion and proton separationup to p ≈ 40 GeV/c.The p/π ratio was performed by dividing proton and pion yields obtainedseparately at eah η and pT bins. Beause the yields were proured from the realtime measurements, the fators related to trigger normalization, traking e�ieny,entrality seletion and aeptane aneled out in the ratio. Thus, the remainingorretions were the ones related to the partile-type, namely RICH PID orretion,deays-in-�ight and interations with material budget orretion.The RICH e�ieny was derived by omparing pion traks registered inH2 detetor having no assoiated rings in RICH detetor with all traks identi�edas pions in ToF detetor. It was found that the pion e�ieny equals 0 at thepion Cherenkov threshold (p ≈ 2.2 GeV/c) and rapidly inreases at larger momentareahing 97% at p ≈ 4.0 GeV/c. The RICH e�ieny was estimated for pionsassuming that the Cherenkov radiation depended on γ fator. The detailed analysisshowed that the RICH e�ieny depended on three e�ets: partile γ fator, geo-metrial e�et, multipliity of traks reonstruted in T5 detetor. The e�ienywas used to orret veto proton yield for the pion and kaon ontamination.The orretion for absorption and in-�ight deays was determined bysimulations of single pion and proton partiles that were fed up as an input to arealisti GEANT model desription of the BRAHMS experimental setup. In theanalysis the orretion was determined by momentum dependene.Our results indiated the experimental observable, namely p/π ratio thatwould be sensitive to the hadronization mehanism and olletivity of the bulkmedium reated in the relativisti heavy ion reations. I presented the data for p/πratio in the wide pseudorapidity range as funtion of transverse momentum, ollisionentrality and beam rapidity. I reported the p/π+ and p̄/π− ratio as a funtion of
pT for the Au+Au and p+p systems at √

sNN = 62.4 GeV and 200 GeV. Thesedata ould be important for onstraints on di�erent model senarios for baryon andmeson prodution at low and intermediate pT , in partiular at forward rapidities.For positively harged hadrons at the top RHIC energy of olliding nulei,the proton and pion prodution seemed to be omparable at midrapidity at 2.5GeV/c < pT < 4 GeV/c. It was shown that with inreasing η at low pT the ratiosmeasured in Au+Au ollisions at √
sNN = 200 GeV exhibited a rising trend forboth harges of hadrons. The maximum of the p/π+ ratio reahed 3 in the forwardregime for the most entral ollisions. The ratio of p̄/π− equaled 0.5 for 0-10%Au+Au system at the same olliding energy. The entrality dependene of p/π+ratio suggested that the p/π+ ratios at intermediate transverse momenta saled with69



the size of the reated medium. For p/π+ and p̄/π− ratios for heavy ion reationsat √sNN = 200 GeV the dependene of ollision entrality was notieable at largertransverse momenta, pT > 1 GeV/c. For pT ≤ 1 GeV/c the overlap of data for allentrality intervals was onspiuous.In the overed pseudorapidity interval, 2.3 < η < 3.65, the value of p/π+ratio slightly inreased going to more forward rapidities and a little shift of the peakvalue to larger transverse momenta was noted. For negative partiles the inversebehaviour of the p̄/π− ratio was observed - at η ≈ 2.3 the p̄/π− was 0.5 and droppingto 0.2 at the largest pseudorapidity bin, η ≈ 3.65.For elementary ollisions at √s = 200 GeV the p/π+ ratio inreased withinreasing pseudorapidity at intermediate transverse momenta. For larger pT thevalue of ratios reahed a ommon value of 0.4 that was in aordane with pQCDpreditions. Compared to positive harged hadrons the shift of the peak of p̄/π−ratio to the lower pT was notieable, as well as the fat that the maximum of theratio was smaller by a fator of 5. Moreover, the inverse tendeny prevailed - thevalue of p̄/π− ratio was < 0.2 and dereased for larger pseudorapidity.The striking property of p̄/π− in p+p ollisions at √
s = 200 GeV wasthe di�erene in the shape of the ratio ompared to heavy ion results. What wasexeptional a larger value of the ratios for elementary reations at the same energyat low transverse momentum, p < 0.9 GeV/c, was observed. That behaviour ofexperimental data learly suggested the existene of medium e�ets in heavy ionsinterations.The omparison of entral (0-10%) Au+Au ollisions at √

sNN = 62.4GeV at midrapidity and at √sNN = 200 GeV for η ≈ 2.2 showed remarkable on-sisteny of the ratios. It implied that the hemial bulk medium properties hadtangible in�uene on the partile prodution. The trend was quite di�erent for re-sults in nuleon-nuleon reations (p+p) at √sNN = 62.4 GeV at η ≈ 0 where themaximum value of the ratio equaled 0.4 and it was muh lower than for nuleus-nuleus ollisions.For Au+Au and p+p reations at √
sNN = 62.4 GeV at forward pseu-dorapidity region, the large value of p/π+(pT ) ratio was noted. At this energy andpseudorapidity interval the weak entrality dependene of p/π+ ratio was observed.Furthermore, the proton-to-pion ratio of nuleus-nuleus data was onsistent withresults obtained for elementary p+p reations. The latest alulations of R. Hwa'smodel indiated that the reombination of the quarks was a possible senario toexplain the Au+Au ollisions at η ≈ 3.2 at √
sNN = 62.4 GeV. The onsistenywith the results for elementary reations indiated that we observed the rossing70



point of ratio in pseudorapidity. The lak of entrality dependene of the ratios innuleus-nuleus ollisions at η ≈ 3.2 implied the equal nulear modi�ation fatorfor protons and pions (RAA) at the overed pT interval if ompared at the same en-trality bin. This indiation was losely related to the baryon transport proess andenergy dissipation in nulear reation. The loation of the rossing point would pro-vide strong onstraints on the theoretial desriptions of baryon number transportand assoiate energy dissipation in relativisti nulear reations.
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Chapter 7Appendix 1It is indispensable to introdue a set of variables used to desribepartiles produed in relativisti nuleus-nuleus reations.1. Rapidity(a) partile rapidity is de�ned:
y ≡ 1

2
ln

E0 + pz

E0 − pz
(7.1)where:

E0 - partile energy, pz - partile momentum in the longitudinal diretioninvariant mass of a free partile: E2
0 − ~p2 = m2transverse mass of a free partile: m2
⊥ = m2 + p2

⊥Feynman's variable:
x =

pz

pmax
z

≈ E0 + pz

(E0 + pz)max

≈ 2pz√
s

(7.2)(b) Lorentz transformation:
y′ = y − tanhβ (7.3)() relations:
y = ln

E0 + pz

m⊥
(7.4)72



E0 = m⊥coshy; pz = m⊥sinhy (7.5)
ymax = ln

√
s

m
(7.6)

x ≈ 2m⊥shy√
s

. (7.7)2. Pseudorapidity(a) partile pseudorapidity is de�ned:
η ≡ −lntan

θ

2
(7.8)where:

θ - angle between momentum of partile, ~p, and the beam diretion(b) relations:when p ≫ m and θ ≫ 1
γ
:

y =
1

2
ln

E0 + pz

E0 − pz

≈ 1

2
ln

cos2 θ
2

+ m2

4p2

sin2 θ
2

+ m2

4p2

≈ −lntan
θ

2
≡ η. (7.9)3. Cross setion(a) inlusive ross setion:
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π

d3σ

dp2
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2√
sπ

d3σ

dp2
⊥dx
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1

πE0

d3σ

dp2
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(7.10)(b) invariant inlusive ross setion:
E

d3σ

dp3
=

2E

π
√

s

d3σ

dp2
⊥dx
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1

π

d3σ

dp2
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(7.11)
E

d3N

dp3
=
∫

f(x, p, t)dσ =
d

2π3

∫

pdσ(x)

exp[(pu(x) − µ(x))/T (x)] ± 1
(7.12)
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4. Partile identi�ation proedure - ounting the m2 parameterThe suessive steps of estimating m2 value using in m2 − p maps:(a) Time of Flight measurements
m2 an be alulated from momentum, p, and ToF(β) measurements.The resolution, σ(m2), depends on partile momentum. Partile iden-ti�ation is performed applying momentum dependent uts on m2 - pmaps.

p = γβm → p2 = γ2β2m2→ p2 =

(

1√
1 − β2

)2

β2m2 (7.13)
m2 = p2

(

1

β2
− 1

) (7.14)(b) Ring Imaging Cherenkov detetor measurementsIn ase of RICH we measure the partile momentum, p, and ring radius,
R. As for H2 data the resolution depends on the momentum. PID isperformed in the same way.

cosθ =
1

nβ
(7.15)

m2 = p2
(

n2cos2θ − 1
) (7.16)

θ = arctg
(

R

L

) (7.17)where:
β = v

c
- the speed of the partile refering to the speed of the light, θ - theangle of emission Cherenkov radiation, R - ring radius, L = 150 m - thefoal length of the RICH detetor mirror, n - refration index.
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Chapter 8Appendix 2The lists of settings with itemized runs for partiular speies and en-ergies of the olliding systems are introdued in details:
period: run 04 setting: 2A1723speie: Au + Au runs: 10209, 10210, 10211, 10212, 10213, 10216energy: √

sNN = 200 GeV setting: 2B1723runs: 10201, 10202, 10206setting: 2A2442runs: 10220, 10221, 10222, 10234, 10235setting: 2B2442runs: 10192, 10193, 10198, 10200setting: 2A3450runs: 10240, 10244, 10245, 10249, 10250setting: 2B3450runs: 10190, 10191setting: 3A1723runs: 10496, 10497, 10498, 10501, 10524, 10525, 10535,10536, 10537, 10538, 10549setting: 3B1723runs: 10493, 10494
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period: run 04 setting: 3A3450speie: Au + Au runs: 10036, 10037, 10038, 10039, 10040energy: √
sNN = 200 GeV setting: 3B3450runs: 10047, 10049, 10050, 10051, 10060setting: 4A861runs: 10438, 10443, 10444, 10445setting: 4B861runs: 10302, 10305setting: 4A1219runs: 11206, 11207, 11212, 11213, 11214setting: 4B1219runs: 11193, 11201, 11204, 11205setting: 4A1723runs: 10275, 10276, 10277, 10281, 10282, 10283, 10284,10285, 10425, 10426, 10427, 10428, 10434, 10435, 10436,10437setting: 4B1723runs: 10289, 10294, 10295, 10296, 10299, 10300, 10301,10350, 10351, 10352, 10358, 10484, 10485, 10486, 10487,10488setting: 4B2442runs: 10310, 10311, 10312, 10313, 10314, 10315setting: 4A3450runs: 10254, 10255, 10256, 10257, 10260, 10262, 10263,10264, 10273, 10359, 10360, 10361, 10362, 10366, 10367,10368, 10369, 10372, 10374, 10375, 10376, 10377, 10378,10379, 10382, 10383, 10384, 10385, 10386, 10392, 10394,10395, 10396, 10398, 10400, 10405, 10406, 10407, 10414,10415, 10416, 10421, 10422, 10423, 10424setting: 4B3450runs: 10316, 10318, 10319, 10320, 10321, 10326, 10327,10328, 10329, 10330, 10331, 10332, 10336, 10337, 10338,10339, 10342, 10343, 10344, 10345, 10346, 10347, 10446,10447, 10448, 10449, 10453, 10454, 10455, 10456, 10457,10458, 10459, 10460, 10464, 10465, 10469, 10470, 10471,10472, 10476, 10477, 10478, 10479, 1048376



period: run 04 setting: 6A1219speie: Au + Au runs: 10003, 10004, 10005, 10011, 10012, 10014, 10017energy: √
sNN = 200 GeV setting: 6B1219runs: 9981, 9982, 9988setting: 6A1723runs: 10018, 10019, 10022, 10023, 10024setting: 6B1723runs: 9961, 9975, 9976, 9977, 9978, 9979setting: 6A861runs: 9996, 9997, 9998, 9999, 10002setting: 6B861runs: 9989, 9990, 9995setting: 8A608runs: 9890, 9891, 9892, 9893, 9894, 9895, 9898setting: 8B608runs: 9929, 9930, 9931, 9934, 9935setting: 8B861runs: 9936, 9940, 9941, 9944, 9945setting: 8A1219runs: 9918, 9921, 9922, 9923, 9927, 9928setting: 8B1219runs: 9946, 9947, 9948, 9949, 9952, 99539954setting: 8A1723runs: 10573, 10577, 10578, 10579, 10580, 10581,10584, 10585, 10586, 10587, 10588, 10591, 10592,10593, 10594, 10596, 10597, 10598, 10599, 10600,10603, 10604, 10605, 10606, 10613, 10614, 10615,10616, 10620, 10621, 10622, 10623, 10626, 10627,10628, 10632, 10633, 10634, 10635, 10636, 10640,10645, 10646, 10647, 10648, 10652, 10653, 10654setting: 8B1723runs: 10167, 10168, 10169, 10170, 10183, 10184,10190, 10191, 10192, 10193, 10198, 10199, 10200,10201, 10202, 10205, 10206, 10209, 10210, 10211,10212, 10213, 10216, 10219, 10220, 10221, 10222,10234, 10235, 10236, 10240, 10241, 10242, 10243,10244, 10245, 10249, 10250, 10251, 10254, 10255,77



period: run 04 setting: 8B1723speie: Au + Au runs: 10256, 10257, 10260, 10262, 10263, 10264energy: √
sNN = 200 GeV setting: 8A3450runs: 10816, 10817, 10818, 10819, 10822, 10823,10824, 10832, 10834, 10835, 10841, 10842, 10843,10844, 10845, 10846, 10850, 10854, 10855, 10856,10857, 10870, 10871, 10874, 10875, 10876, 10877,10896, 10897, 10898, 10899, 10903, 10904, 11002,11003, 11004, 11007, 11008, 11015, 11016, 11021,11022, 11023, 11028, 11029, 11030, 11035, 11036,11037, 11039, 11058, 11059, 11061, 11062, 11064,11065, 11066, 11072, 11077, 11078, 11079, 11081,11083, 11087, 11088, 11089, 11090, 11095, 11096,11103, 11104, 11105, 11107, 11115, 11116, 11117,11129, 11130setting: 8B3450runs: 10726, 10727, 10728, 10729, 10731, 10732,10742, 10743, 10744, 10745, 10746, 10749, 10750,10751, 10753, 10754, 10755, 10756, 10757, 10758,10759, 10760, 10765, 10766, 10780, 10781, 10782,10784, 10785, 10787, 10788, 10794, 10795, 10796,10797, 10799, 10800, 10801, 10802, 10807, 10808,10809, 10812, 10813, 10814, 10815, 11138, 11139,11140, 11147, 11153, 11154, 11222, 11223, 11224,11225, 11226, 11227, 11232, 11233, 11234, 11236,11237, 11238, 11244, 11248, 11251, 11257, 11265,11268, 11269, 11282, 11283, 11288, 11290, 11291setting: 10A430runs: 9762, 9763, 9768, 9769, 9771, 9772, 10962setting: 10B430runs: 9822, 9825, 9826, 9829, 9830, 9857, 9858,9860setting: 10A608runs: 9773, 9774, 9778, 10940, 10941setting: 10B608runs: 9831, 9832, 9833, 9836, 9837, 9838, 9839setting: 10A861runs: 9780, 9781, 9782, 9783, 9784, 10911,78



period: run 04 setting: 10A861speie: Au + Au runs: 10912, 10913, 10916, 10928, 10929, 10930,energy: √
sNN = 200 GeV 10933, 10935, 10936setting: 10B861runs: 9840, 9841, 9842, 9844, 9845, 9846setting: 10A1219runs: 9790, 9813, 9814, 9815, 9816, 9817, 9818,9820, 9821setting: 10B1219runs: 9847, 9850, 9851, 9852, 9853setting: 12A430runs: 9751, 9754, 9755, 9757, 9758, 9759, 9760,9761setting: 12B430runs: 9751, 9754, 9755, 9757, 9758, 9759, 9760,9761setting: 12A861runs: 9735, 9736, 9737, 9738, 9739, 9742, 9743,9744, 9745, 9746, 9747, 9748setting: 12B861runs: 9709, 9712, 9716, 9717, 9718, 9719, 9720,9721, 9725, 9732
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period: run 04 setting: 3A1723speie: Au + Au runs: 11311, 11312, 11323, 11324, 11325, 11326,energy: √
sNN = 62.4 GeV 11327, 11329, 11330, 11331, 11332, 11333, 11337setting: 3B1723runs: 11338, 11344, 11345, 11346, 11349, 11351, 11352,11353, 11354, 11355, 11359, 11360, 11361, 11365,11367, 11369setting: 4A608runs: 11476, 11480, 11485, 11490, 11491, 11492,11501setting: 4B608runs: 11450, 11455, 11459, 11460, 11466, 11467,11473, 11474setting: 6A861runs: 11375, 11376, 11377, 11378, 11379, 11383,11386, 11387, 11388, 11389, 11390, 11396, 11397,11399, 11410, 11411, 11414, 11415, 11419, 11420setting: 6B861runs: 11422, 11423, 11424, 11426, 11434, 11437,11438, 11439, 11441, 11442, 11443, 11447, 11449setting: 8A861runs: 11547, 11549, 11554, 11565, 11566, 11567,11568, 11570, 11575setting: 8B861runs: 11299, 11300, 11301, 11302, 11303, 11305setting: 8A1219runs: 11509, 11510, 11511, 11513, 11520, 1152111523, 11532, 11540, 11541setting: 8B1219runs: 11544, 11545, 11546
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period: run 05 setting: 4A1723speie: p + p runs: 14071, 14074, 14075, 14076, 14077, 14078,energy: √
sNN = 200 GeV 14110, 14114, 14115, 14116setting: 4B1723runs: 14179, 14181, 14182, 14186, 14187, 14188,14189, 14190setting: 4A3450runs: 14889, 14890, 14891, 14892, 14893, 14894,14895, 14896, 14897, 14898, 14901, 14902, 14903,14904, 14905, 14906, 14907, 14908, 14909, 14910,14911, 14917, 14918, 14919, 14920, 14921, 14922,14923, 14924, 14925, 14926, 14927, 14928, 14929,14930, 14931, 14932, 14933, 14934, 14935, 14939,14944, 14945, 14946, 14948, 14950, 14954, 14955,14956, 14957, 14958, 14960, 14961, 14962, 14963,14971, 14972, 14975, 14976, 14977, 14978, 14979,14980, 14981, 14990, 14991, 14992, 14993, 14994,14995, 14996, 14997, 14998, 15004, 15005, 15006,15007, 15008, 15009, 15012, 15013, 15014, 15015,15016, 15020, 15021, 15022, 15023, 15026, 15027,15030, 15031, 15032, 15033, 15034, 15036, 15037,15038, 15039, 15040, 15043, 15044, 15045, 15046,15047, 15048, 15051, 15052, 15053, 15054, 15055,15056, 15057, 15060, 15061, 15062, 15063, 15064,15065, 15066, 15067, 15068, 15069, 15111, 15112,15116, 15117, 15118, 15119, 15120, 15121, 15122,15123, 15124setting: 4B3450runs: 15545, 15546, 15547, 15548, 15549, 15550,15551, 15552, 15553, 15554, 15555, 15556, 15557,15558, 15559, 15560, 15561, 15565, 15566, 15567,15568, 15569, 15570, 15571, 15572, 15573, 15575,15576, 15579, 15580, 15581, 15582, 15583, 15584,15585, 15586, 15587, 15588, 15589, 15590, 15591,15592, 15593, 15594, 15595, 15596, 15597, 15598,15599, 15600, 15601setting: 4A430runs: 1419981



period: run 05 setting: 4B430speie: p + p runs: 14195, 14196energy: √
sNN = 200 GeV setting: 4A861runs: 14118, 14120, 14123setting: 4B861runs: 14152, 14153, 14154, 14155, 14158, 14159,14160setting: 4A1219runs: 14200, 14201, 1420213245setting: 4B1219runs: 14162, 14163, 14167, 14168, 14175, 14176setting: 4A2442runs: 15145, 15146, 15147, 15148, 15149, 15150,15151, 15152, 15153, 15154, 15155, 15156, 15157setting: 4B2442runs: 15170, 15171, 15172, 15174, 15175setting: 2A3450runs: 15699, 15700, 15701, 15702, 15703, 15704,15705, 15706, 15707, 15713, 15714, 15715, 15717,15718, 15719, 15720, 15721, 15722, 15723, 15729,15731, 15734, 15735, 15736, 15737, 15738, 15739,15740, 15741, 15742, 15743, 15744, 15745, 15746,15748, 15749, 15750, 15751, 15752, 15753, 15760,15761, 15762, 15763, 15764, 15765, 15767, 15768,15769, 15770, 15773, 15774, 15775, 15776, 15777,15778, 15779, 15780, 15781, 15783, 15784, 15785,15786, 15794, 15797, 15798, 15800, 15801setting: 2B3450runs: 14555, 14556, 14558, 14559, 14560, 14561,14562, 14563, 14564, 14565, 14566, 14567, 14568,14569, 14570, 14571, 14604, 14605, 14606, 14607,14608, 14609, 14610, 14611, 14612, 14613, 14614,14615, 14616, 14617, 14618, 14619, 14620, 14621,14622, 14623, 14624, 14625, 14669, 14670, 14671,14672, 14678, 14679, 14680, 14681, 14682, 14683,14684, 14685, 14686, 14687, 14688, 14689, 14690,82



period: run 05 setting: 2B3450speie: p + p runs: 14691, 14692, 14693, 14695, 14698, 14699,energy: √
sNN = 200 GeV 14700, 14701, 14702, 14703, 14704, 14705, 14706,14707, 14708, 14709, 14710, 14711, 14712, 14713,14714, 14715, 14716, 14717, 14718, 14719, 14720,14721, 14722, 14723, 14725, 14726, 14727, 14728,14729, 14731, 14732, 14733, 14734, 14737, 14738,14739, 14743, 14744, 14745, 14750, 14752, 14754,14755, 14756, 14757, 14758, 14759, 14762, 14763,14764, 14765, 14766, 14767, 14768, 14769, 14770,14774, 14775, 14776, 14777, 14778, 14779, 14780setting: 2A861runs: 15220, 15221, 15222, 15223, 15224, 15225,15226, 15227, 15228, 15231, 15235setting: 2B861runs: 15200, 15201, 15204, 15205, 15206, 15207,15208, 15209, 15210, 15211, 15212, 15213, 15214,15215, 15216setting: 2A1723runs: 15240, 15241, 15242, 15243, 15244, 15245,15246, 15247, 15248setting: 2B1723runs: 15179, 15180, 15181, 15185, 15188, 15189,15190setting: 8A608runs: 14208, 14209, 14212, 14213, 14214, 14215setting: 8B608runs: 14342, 14344, 14345, 14346, 14347, 14348setting: 8A1219runs: 14216, 14224, 14228, 14229, 14233setting: 8B1219runs: 14351, 14353, 14354setting: 8A1723runs: 14330, 14331, 14332, 14335, 14336, 14337,14338setting: 8B1723runs: 14355, 14359, 14364, 14365, 1436883



period: run 05 setting: 8A2442speie: p + p runs: 14303, 14306, 14307, 14328energy: √
sNN = 200 GeV setting: 8B2442runs: 14373, 14379, 14384, 14386, 14389, 14390
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period: run 06 setting: 2A1723speie: p + p runs: 16213, 16214, 16215, 16216, 16217, 16218,energy: √
sNN = 62.4 GeV 16219, 16220, 16221, 16222, 16229, 16231, 16232,16233, 16234, 16235, 16236, 16237, 16238, 16239,16240, 16241, 16242, 16243, 16244, 16245, 16246,16247, 16248, 16261, 16262, 16263, 16264, 16265,16266, 16267, 16268, 16269, 16271, 16272, 16273,16274, 16277, 16278, 16279, 16280, 16281, 16282,16283setting: 2B1723runs: 16249, 16250, 16251, 16252, 16255, 16256,16257, 16258, 16259, 16260setting: 3A1723runs: 16048, 16050, 16051, 16052, 16053, 16054,16055, 16056, 16057, 16058, 16059, 16062, 16064,16065, 16066, 16067, 16068, 16069, 16070, 16071,16072, 16073, 16074, 16075, 16076, 16078, 16079,16080, 16081, 16082, 16084, 16085, 16086, 16087,16090, 16091, 16092, 16093, 16094, 16097, 16098,16100, 16101setting: 3B7123runs: 16109, 16111, 16112, 16113, 16114, 16115,16116, 16118, 16119, 16124, 16125, 16126, 16127,16128, 16129, 16130, 16131, 16132, 16133, 16134,16135, 16138, 16139, 16140, 16141, 16142, 16143,16144, 16145, 16146, 16147, 16148, 16149, 16150,16151setting: 4A608runs: 16030, 16031, 16034, 16035, 16036, 16037,16040, 16041, 16042, 1604313245setting: 4B608runs: 15988, 15989, 15990, 15991, 16006, 16007,16008, 16009, 16017, 16018, 16019, 16020, 16021,16022, 16025, 16026, 16027
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period: run 06 setting: 6A861speie: p + p runs: 16185, 16186, 16187, 16192, 16193, 16195,energy: √
sNN = 62.4 GeV 16196, 16197, 16198, 16199, 16200, 16201, 16202,16203, 16204, 16205, 16206, 16207, 16208, 16209,16210, 16211, 16212setting: 6B86116166, 16167, 16168, 16169, 16170, 16171, 16175,16176, 16177, 16178, 16179, 16180, 16181, 16182
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The spei�ation of used triggers during all measurements is listed below:
period: run 04 Trigger Desriptionspeie: Au + Au 1 Beam-Beam Countersenergy: √

sNN = 200 GeV (left and right array hit ≥ 2)2 Forward Spetrometer trigger: ZDC,TRFS, H1 and H2 hodosopes3 Midrapidity Spetrometer trigger: ZDC,TRMRS, Time of Flight Wall4 ZDC: RHIC lok5 ZDC vertex: RHIC lok6 Front Forward Spetrometer: ZDC,TRFS, H1 hodosope
period: run 04 Trigger Desriptionspeie: Au + Au 1 Beam-Beam Countersenergy: √

sNN = 62.4 GeV (left and right array hit ≥ 1)2 Front Forward Spetrometer trigger:TRFS, BB ounters, H1 hodosope,RHIC lok3 Midrapidity Spetrometer trigger: ZDC,TRMRS, Time of Flight Wall4 ZDC: RHIC lok5 ZDC vertex: RHIC lok6 Front Forward Spetrometer: ZDC,TRFS, H1 hodosope, RHIC lok
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period: run 05 Trigger Desriptionspeie: p + p 1 Beam-Beam Countersenergy: √
sNN = 200 GeV (overlapping signals in left and right tubes)2 Forward Spetrometer trigger: TRFS,RHIC lok, H1 and H2 hodosopes3 Midrapidity Spetrometer trigger: TRMRS,RHIC lok, Time of Flight Wall4 CC: RHIC lok5 ZDC vertex: RHIC lok6 Front Forward Spetrometer: ZDC,TRFS, H1 hodosope

period: run 06 Trigger Desriptionspeie: p + p 1 Beam-Beam Countersenergy: √
sNN = 62.4 GeV (overlapping signals in left and right tubes)2 Forward Spetrometer trigger: RHIC lok,TRFS, H1 and H2 hodosopes3 Midrapidity Spetrometer trigger: TRMRS,RHIC lok, Time of Flight Wall4 CC: RHIC lok5 ZDC vertex: RHIC lok6 Front Forward Spetrometer: ZDC,TRFS, H1 hodosope
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