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Abstra
t
High performan
e of measurements at RHIC by four experiments:BRAHMS, PHENIX, PHOBOS and STAR allows to provide 
omprehensive re-sear
h, the deepest insight on mesons and baryons produ
tion in heavy ions rea
tionsat ultra-relativisti
 energies among others. This thesis presents proton-to-pion ratiomeasurements in Au+Au and p+p intera
tions at √sNN = 62.4 GeV and 200 GeVas a fun
tion 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 spe
trometers. For theindi
ated heavy ion 
ollisions the baryo-
hemi
al 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 in
reaseswith 
entrality in the 
overed pT range. The ratio of p̄/π− rea
hes the maximum of0.5 at η ≈ 2.3 for Au+Au system at the top RHIC energy and de
reases for moreforward pseudorapidities. For Au+Au rea
tions at √
sNN = 62.4 GeV p/π+ ratiorea
hes large value of 8-10 at pT = 1.5 GeV/c. Weak 
entrality dependen
e of p/π+ratio in heavy ions rea
tions 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 des
ribed with the 
ommon value of µB = 62MeV. The des
ription of hadronization of the strongly intera
ting matter formed inheavy ion 
ollision at ultra-relativisti
 energies by parton 
oales
en
e and expand-ing �reball with 
olle
tive �ow is presented and 
ompared with measured p/π+ and

p̄/π− ratios at di�erent beam energies and rapidities. The 
oales
en
e model utilizesthe dynami
s of transforming partons into hadroni
 bound states in the presen
e ofpartoni
 medium. The non-boost-invariant single-freezeout approa
h 
aptures thebasi
 features of hadron abundan
es imposed on the Hubble-type �ow expansion.
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Chapter 1Introdu
tion
1.1 New eraof relativisti
 heavy ion 
ollision physi
sIn 2000, the Relativisti
 Heavy Ion Collider (RHIC), lo
ated inBrookhaven National Laboratory, started delivering beams of protons and ions tothe four experiments: BRAHMS, PHENIX, PHOBOS and STAR. The main goalof the resear
h was to deliver eviden
es for 
reation of new state of matter, 
alledQuark Gluon Plasma (QGP) [1, 2℄ in heavy ion 
ollisions at ultra-relativisti
 ener-gies. During re
ent nine years at RHIC, p+p, p↑+p, d+Au, Cu+Cu and Au+Auintera
tions 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 produ
ed hadrons in the wide range of rapidity what givesthe possibility to investigate properties of 
reated matter versus the longitudinaldire
tion. Although dis
overy of QGP at RHIC might be questioned, new equili-brated partoni
 state of matter with typi
al perfe
t �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�e
ted in 
onstituent quark s
aling of ellipti
 �ow 
oe�
ient, v2, and anenhan
ement of baryon-to-meson ratios that s
ales 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 parti
le, ΦR - azimuth of the rea
tion plane [10℄.The results of the ellipti
 �ow ν2 measurements [8℄ strongly suggest thatat RHIC in nu
leus-nu
leus 
ollisions at top energy the new state of strongly in-tera
ting matter is observed. These observations 
orrespond with the perfe
t �uidhydrodynami
al model 
al
ulations [11, 12℄. The PHENIX [8℄, PHOBOS [14℄, STAR[13℄ data show that the ellipti
 �ow 
oe�
ient ν2 s
ales almost perfe
tly with e

en-trity (see the de�nition in [11℄), system size and transverse energy.The eviden
es of new state of matter are:1. The ellipti
 �ow 
oe�
ient s
ales with the number of valen
e quarks for mesonsand baryons (π, K, p, d, φ, Λ, Ξ, Ω).2. The s
aling of the �ow of parti
les whi
h 
ontain heavy quarks - espe
ially 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 quen
hing as the eviden
e of parton energy loss (inter aliahadron formation time, momentum dependen
e of hadron suppression, 
en-trality dependen
e 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℄ whi
h data span to the value of pseudorapidity η = 3.4.The theoreti
al hydrodynami
al des
ription [12℄ together with forward ellipti
 �owresults suggest that the expansion of the produ
ed medium along longitudinal dire
-tion is even greater than previously has been thought [17℄. The 
onstituent quarks
aling is observed.At RHIC the signi�
ant jet quen
hing is exposed for 
entral nu
leus-nu
leus 
ollisions. The results of suppression high-pT single in
lusive hadron spe
traand suppression of ba
k-side jet-like 
orrelations tell about the �nale state intera
-tions with the medium. As highlighted in [15℄ these measurements strongly indi
atethat it is an e�e
t 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 parti
leprodu
tion are driven with the value of baryo 
hemi
al potential, µB. The studies of
η dependen
e of p/π(pT ) deliver information how hadronization pro
ess goes throughin the wide range of µB. With these results we want to �nd out whi
h re
ombinationor hydrodynami
 s
enario is followed in the �nal state of strongly intera
ting matter.

3



1.2 Basi
 issues studiedusing the BRAHMS Experiment's setup1.2.1 Net-baryon density distributionWide rapidity a

eptan
e of the BRAHMS spe
trometers providesunique opportunity to study nu
lear stopping in the ultra-relativisti
 nu
leus-nu
leusrea
tions. 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 in
oming 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 nu
leons parti
ipating inthe 
ollisions, dNB−B̄

dy
- net-baryon rapidity density. If initial baryon parti
ipants loseall the kineti
 energy (<δy>= yb) we observe full stopping, for <δy> = 0 the systemis 
ompletely transparent. Before RHIC era, at S
hwerionen Syn
hrotron (SIS18)in Darmstadt, Alternating Gradient Syn
hrotron (AGS) in Brookhaven NationalLaboratory and Super Proton Syn
hrotron (SPS) in CERN, it was noti
ed that<δy> is linearly proportional to the beam rapidity. The BRAHMS results [19℄show that this linear s
aling is broken above top SPS energies - Fig. 1.1. Assumingthat underlying physi
s is the same at highest attainable energies, the extrapolationof <δy> to the beam rapidity for Large Hadron Collider (yb ≈ 8.7) is depi
ted asthe solid bla
k line in Fig. 1.1.While the nu
lei are 
olliding, the nu
leons lose their kineti
 energy. Theenergy loss per parti
ipant 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 nu
leons the 
al
ulated energy loss is2<δE>, whi
h is 70% of the initial energy of beam. This energy loss is transformedmainly into parti
le produ
tion and random (thermal) motion of produ
ed partonsand parti
les. 4



Figure 1.1: The rapidity loss as a fun
tion 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 statisti
al un
ertainty. 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 
on
lude thatthe midrapidity region of the 
ollision is almost net-baryon-free. It 
orresponds topi
ture of intera
ting matter proposed by Bjorken [22℄ with near free net-baryon
ontent at midrapidity. At lower energy, √sNN = 62.4 GeV, for Au+Au rea
tionsat y ≈ 0 the net-proton dN
dy

indi
ates that the medium is also quite transparent
ompared with data at SPS and AGS energy [21℄.1.2.2 Nu
lear Modi�
ation Fa
torAt extremely high energy density, whi
h is supposed to be obtainedduring heavy ions 
ollisions at ultra-relativisti
 energies, one 
an expe
t that in the
olour 
harged medium the suppression of the produ
ed parti
les might be signi�-
ant. Due to energy loss of high-pT partons 
aused by the gluon radiation, parti
leprodu
tion in Au+Au 
ollisions at RHIC energies is regarded to be suppressed withreferen
e to the p+p rea
tions yield. The measure used to explore the medium ef-fe
ts is 
alled nu
lear modi�
ation fa
tor, RAA. The RAA is de�ned as the ratio ofthe parti
le yield produ
ed in the nu
leus-nu
leus 
ollision, s
aled with the number5



of binary 
ollisions, and the parti
le yield produ
ed in nu
leon-nu
leon rea
tion:
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 produ
tion s
ales with the number of parti
ipants,
Npart, RAA should 
onverge to Npart/Ncoll whi
h is 1/3 for heavy ions systems. Par-ti
les with high pT are primarily produ
ed in hard s
attering, early in the 
ollision.In nu
leus-nu
leus rea
tions hard s
attered partons might travel in the medium. As-suming that the partons traverse through QGP, they loose a large fra
tion of theirenergy by indu
ed gluon radiation, suppressing the jet produ
tion. Experimentally,knowing as the jet quen
hing [15℄, it 
an be observed as a depletion of the high pTregion in hadron spe
tra. For Au+Au rea
tions at √sNN = 200 GeV it is observed[24℄ that, in fa
t, mesons and baryons are suppressed for nu
leus-nu
leus 
ollisionsin referen
e to the elementary (p+p) rea
tions in the whole rapidity range at pT <1.5 GeV/c. At larger transverse momentum the nu
lear modi�
ation fa
tor at mid-and forward rapidity for pions is RAA < 0.6 and RAA < 0.4, respe
tively. Though,for protons the value of RAA su

essively in
reases with rising pT . These out
omesmight indi
ate that the dense state of quarks and gluons produ
ed at midrapidityremains right up to the forward region. The in
rease of RAA for protons may berelated to radial �ow of medium 
reated in Au+Au rea
tions that boost produ
edprotons to larger pT . This phenomenon 
an be also explained by quark 
oales
en
emodels [51, 25℄. Considering the above presented s
rutiny it is also additional mo-tivation to study the pion and proton produ
tion ratio in 
onjun
tion with rapiditydependen
e.1.2.3 Color Glass CondensateThe observations for d+Au 
ollisions at √

sNN = 200 GeV, whi
hmight indi
ate the existen
e of Color Glass Condensate state, were one of the mostex
iting results obtained by BRAHMS experiment at RHIC. It is dis
ussed widelyin [18, 27℄.From equation 1.4 one 
an 
on
lude, in the absen
e of nu
lear e�e
ts,the nu
leus-nu
leus 
ollisions 
an be interpreted as a superposition of hard nu
leon-nu
leon intera
tions at high pT (RAA ≈ 1). At RHIC energies, for d+Au 
ollisionswe do not expe
t to produ
e an extended hot and dense medium. The nu
learmodi�
ation fa
tor for hadrons measured for d+Au 
ollisions exhibits at y ≈ 0 typ-6



i
al Cronin enhan
ement [26℄. This enhan
ement is known from SPS measurementsas the Cronin e�e
t and is asso
iated with partoni
 multiple s
attering - 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 in
reasing with in
reasing pseudorapidity. The existen
e of theColor Glass Condensate might be an explanation of this e�e
t in forward regime [28℄.The ground state nu
lei has a large number of low-x gluons - where x is the fra
tionof the longitudinal nu
leon momentum 
arried by parton. As a result of intera
tinggluons with ea
h other an augmenting of gluons takes pla
e with de
reasing x. Ithappens until the 
hara
teristi
 momentum s
ale, known as the saturation s
ale Qs,is rea
hed. Pre
isely, not the whole amount of gluons stop in
reasing, but only thatone with gluon size larger than 1/Qs. This state is seen in d+Au intera
tions wherethe low-x 
omponents (mostly gluons) of the wave fun
tion of the gold nu
lei areprobed by deuteron parton res
attered at forward region.Comparing the nu
lear modi�
ation fa
tor for pions, kaons and protonsfor 
entral and peripheral 
entrality at the same rapidity for d+Au rea
tions at
√

sNN = 200 GeV there is noti
eable di�eren
e [18℄. In the 
ase of y = 0 we 
anobserve a signi�
ant enhan
ement, espe
ially for protons near pT ≈ 2 GeV/c. For
entral 
ollisions at forward rapidity the suppression of RAA is evident for all kindsof hadrons. For peripheral rea
tions the e�e
t is not so appre
iable.On the other hand, in Dual Parton Model the addition of dynami
alshadowing 
orre
tion has been in
orporated to des
ribe the RdAu behaviour [29℄.1.2.4 Elementary 
ollisionsThe p+p 
ollisions at√s = 200 GeV and 62.4 GeV are often treated asthe referen
e to the heavy ions intera
tions to extra
t the nu
lear e�e
ts. At RHICit has been shown that parti
le produ
tion in p+p rea
tions at ultra-relativisti
energies 
onveys new tasks to a

omplish, espe
ially in the 
ontext of rapidity de-penden
e. The single-transverse-spin asymmetries AN or net-baryon distributionissues are worth pointing out [31, 35℄.The BRAHMS measurements at forward rapidity are ex
eptionally inter-esting. At forward rapidities in p+p rea
tions the produ
ed parti
les are from thekinemati
 region where large-x valen
e quarks (0.3 < x < 0.7) from the beam sideres
atter 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 and
ompared them with the Next-to-Leading-Order perturbative Quantum Chromody-nami
s (NLO pQCD) 
al
ulations [32, 33℄. The 
al
ulations utilized set of frag-7



Figure 1.2: The net-proton distribution in p+p 
ollisions as a fun
tion of rapidityshifted by ybeam, y − ybeam, 
ompared with data from NA49 at √sNN = 17.2 GeV.The pi
ture has been published in [35℄.mentation fun
tions (FFs), namely the modi�ed 'Kniehl-Kramer-Potter' (mKKP)fragmentation fun
tions (FFs), a 'Kretzer' (K) and 'Albino-Kniehl-Krame' (AKK)fun
tions. For pions and kaons the agreement is remarkable for mKKP FFs and itis interpreted as an eviden
e 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 dire
t photon spe
tra obtained by STAR experiment [30℄.At high rapidity a good des
ription of baryon yield is provided by AKK fun
tionsrevealing that the 
ontribution of gluons fragmenting into protons (antiprotons) isdominant (80% for pT < 5 GeV/c). One 
an say that NLO pQCD 
al
ulationsdes
ribes the BRAHMS results very well and it is a milestone in understandingelementary intera
tions.In elementary 
ollisions, at midrapidity regime Bjorken s
enario [22℄ pre-di
ts the antiparti
le-to-parti
le ratio to be 
lose to 1. In turn, at forward rapidity8



the leading parti
les and proje
tile fragments dominate in the 
ross se
tion [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 fun
tion 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 in
reasing di�eren
e between antiproton and protonyield with in
reasing rapidity, viewing from the rest frame of one of the protons,does not depend on the in
ident beam energy. The remarkable overlap of experi-mental data strongly suggests that we should not expe
t any new me
hanisms inproton-proton rea
tions in the 
overed 
olliding energy interval.1.3 Organization of the thesis1. Chapter 2 in
ludes the theoreti
al interpretation of p/π ratio pT -dependen
ein the RHIC range of baryo 
hemi
al potential.2. Chapter 3 presents the BRAHMS experimental setup used to measure datapresented in this thesis.3. Chapter 4 des
ribes the details of the data analysis.4. Chapter 5 displays the obtained results on p/π ratios and 
ompares them withdi�erent hadronization s
enarios.5. Chapter 6 presents the summary of analysis.6. Appendix 1 introdu
es the main kinemati
al variables.7. Appendix 2 lists the numbers of runs for parti
ular settings for ea
h 
ollidingsystem and energy. The spe
i�
ation of working triggers during measurementsis displayed.

9



Chapter 2Motivations
2.1 Nu
leus-nu
leus 
ollisions at RHIC energiesAt RHIC, where the gold and 
opper nu
lei are 
ollided, the heavyions rea
tions give the great opportunity not only to sear
h for eviden
es of QGP
reation, but also to explore properties of hot and dense medium.Heavy ions 
ollision at relativisti
 energies is often displayed as two �at-ten "pan
akes" passing through one another [43℄. That �attening appears due toLorentz 
ontra
tion. In the wake of nu
lei is left melting 
oloured glass, whi
h�nally materializes as partons (quarks and gluons) [27℄. These partons would natu-rally emerge in their rest frame, 
hara
teristi
 for saturated 
olour glass, mi
ros
opi
time s
ale whi
h at RHIC is 1

Qs
≈ 0.2 fm

c
(where Qs - saturation momentum [44℄).With rapidity along beam axis and be
ause of the Lorentz time s
ale dilation par-ti
les with small rapidity (low momentum) are produ
ed in the 
enter of 
ollisionsand with large y - away from 
entre, 
lose to the beam fragmentation regime. Thatview is 
lose to the Bjorken s
enario [22℄ whi
h is a des
ription of hydrodynami
alexpansion on whi
h, nowadays, a lot of hydrodynami
s 
al
ulations are based [12℄.The hydrodynami
s approa
hes delineate the spa
e time evolution of perfe
t �uidsystem with vis
osity 
lose to 0. The very good agreement of the 
omputations withexperimental data [8℄ - the momentum distribution and 
olle
tive �ow - indi
ate thatat the very beginning of the intera
tion the strongly 
oupled Quark Gluon Plasmais formed [7℄.The expansion of the intera
ting matter during 
ollision is s
hemati
allysket
hed 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 intera
tionthe energy density of matter is ǫ ∼ 5 GeV/fm3 [6℄. At the pre-equilibrium statethe quasi quarks and gluons o

ur and afterwards it might lead to the lo
al thermal10



Figure 2.1: S
hemati
 spa
e-time pi
ture of nu
leus-nu
leus 
ollision.equilibrium with well-de�ned spa
e-time expansion. The partons may thermalizeafter 0.2 fm
c
. If the lo
al equilibrium is rea
hed in the system before 1 fm

c
, the
olle
tive �ow of QGP 
an be 
hara
terized by the hydrodynami
 evolution. Within
reasing time, de
reasing energy density and temperature the Quark Gluon Plasmastate turns into the mixed phase of quarks, gluons and hadrons - QGP starts tohadronize. The produ
ed hadrons might de
ay into stable parti
les and intera
t withea
h other. Eventually, the produ
ed parti
les are being dete
ted in the experimental
ounters.2.2 QCD phase diagramPhase transitions are 
ommon phenomena related not only to wateror widespread substan
es, but also to nu
lear matter. Almost everybody knows thetransitions between i
e→ water→ steam while adding heat to the system. A similarpro
esses are expe
ted to o

ur when we add heat to the system of nu
lear matter (orgoing in reverse) [43℄. In the heavy ion 
ollisions where the strong intera
tions playthe most important role we 
an monitor the pro
ess of �emerging� of the parti
les11



Figure 2.2: The s
heme 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 
hemi
al freezeout. The arrows denote the value of baryo 
hemi
alpotential for de�nite 
olliding systems.
12



from the hot and dense nu
lear matter.In general, in thermodynami
al framework one 
omponent system 
an bedes
ribed using three variables whi
h only two of them are independent. The QCDphase diagram is a plot of two independent thermodynami
 variables, temperature
τ and baryo 
hemi
al potential µB. The points (τ , µ), where a phase transitiono

urs, tra
e a line in the phase diagram thus a phase transition plot be
omes aspe
i�
 map of the di�erent phases of intera
ting matter.In the last de
ades, the intense theoreti
al and experimental investigationsof the QCD phase diagram in the regime of partoni
 and hadroni
 gas phases led usto the pi
ture depi
ted in Fig. 2.2 [46, 47, 48℄. The dashed-dotted red line representsthe 
rossover from Quark Gluon Plasma to the hadroni
 state pro
ured from thelatti
e QCD 
al
ulations [37℄. The 
omputations show that the smooth 
rossoverbetween the quark-gluon state and hadroni
 state should o

ur below µB ≈ 400MeV (although, for in�nitely large strange quark mass the models predi
t µB ≤ 700MeV [38℄) and above that value the �rst order transition of partoni
 and hadroni
matter is predi
ted. Moreover, the theory predi
ts the 
riti
al point at the endof �rst order phase transition line. The 
riti
al point o

urs for the se
ond orderphase transition and the value of 
riti
al temperature τc varies from 160-170 MeV[12, 37, 48℄. The experimental measurements of hadroni
 spe
ies abundan
es allowus to outline the dotted blue line as the 
hemi
al freezeout of the hadroni
 gas. It isremarkable that at low baryo 
hemi
al potential the 
rossover and 
hemi
al freezeout
urves 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 of
hemi
al freezeout is predi
ted. At very high baryon density and low temperaturesthe 
olour super
ondu
tivity domain is predi
ted. It is also expe
ted that the 
oreof neutron stars 
an be 
hara
terized by high value of µB and low τ .In this thesis I study the p/π(pT ) ratio in nu
leon-nu
leon and nu
leus-nu
leus 
ollisions at di�erent 
olliding energy in the wide range of pseudorapidity.This resear
h gives the possibility to answer the question how the properties of bulkmedium 
arry out in the system with the in
reasing value of baryo 
hemi
al po-tential. As it has been show at low value of µB the re
ombination of partons ismaintained [9℄. To determine the essen
e of �nal state intera
tions the new explo-ration is desired. For studied experimental data the baryo 
hemi
al potential variesin the range: 26 MeV < µB < 260 MeV (see Fig. 9 in [6℄).
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2.3 Theoreti
al DevelopmentsThe intention of the next two se
tions is to present sele
ted theoreti
almodels that 
an be 
onfronted with experimental approa
h of baryon and mesonprodu
tion.2.3.1 Thermodynami
al des
riptionIn order to apply thermodynami
al approa
h to the nu
lear matterprodu
ed in relativisti
 heavy ion 
ollisions the following 
onditions must be ful�lled:1. the system must be 
omposed of many parti
les and its dimensions must belarger than the typi
al strong intera
tion s
ale (∼ 1 fm)2. the intera
ting matter is in the thermodynami
al (thermal and 
hemi
al) equi-librium3. the lifetime of system, t, is longer than the typi
al relaxation time (t ≫ 1fm/
).In statisti
al physi
s there are three possible grasps of the 
hara
terization ofthe system: mi
ro
anoni
al, 
anoni
al and grand 
anoni
al ensemble [39℄. Assumingthe requirement of the variable number of parti
les during the 
ollision, the grand
anoni
al ensemble is the most appropriate. It in
ludes opportunity to ex
hangethe parti
les and energy for the lo
al subsystem with the reservoir i.e. the wholesystem. In this 
ase, we �x the temperature τ , volume V and 
hemi
al potential µas a lo
al 
ondition. Consequently, if the system is des
ribed by a Hamiltonian Hwith a set of 
onserved number operators N̂i, the statisti
al density of matrix mightbe presented as:
ρ̂ = exp[−1

τ
(H − µiN̂i)] (2.1)whi
h results in the grand 
anoni
al partition fun
tion 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 parti
les, s - entropy, ǫ - energy. A

ording to that,we 
an get statisti
al multipli
ity distribution, assuming that neither bosons norfermions intera
t with ea
h 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 requiredwhi
h implies that the intera
tions of parti
les must exist. In this 
ase the grandpartition fun
tion 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 parti
les
an be des
ribed as:

N = V
∫

d3p

(2π)3

1

exp[−(ǫ − µ)/τ ] ± 1
(2.4)from whi
h the di�erential multipli
ity is easy to obtain:

d3N

dp3
=

V

(2π)3

1

exp[−(ǫ − µ)/τ ] ± 1
. (2.5)At RHIC the 
hemi
al potential (µ ∼ MeV) is in
omparably 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-i
al potential. This equation is just the Boltzmann distribution of the many bodysystem, being in prin
iple the root for the hadroni
 spe
tra deliberations.Through the exploration of the proton-to-pion produ
tion it might bestudied the main di�eren
e between produ
tion of baryon - as a parti
le 
ontainingthree valen
e quarks - and meson building up from quark and antiquark. Fromthat point of view it is important to introdu
e variables su
h as strange and baryo
hemi
al potential. In thermodynami
s the 
hemi
al potential 
an be expressed as:

15



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 parti
les. In high energy physi
s the 
hemi
al potentialis assigned with the symmetries and 
harges and ful�lls the 
ondition of the quantity
onservation. For every 
onserved quantum number we have a 
hemi
al potentiali.e. baryon quantum number - baryo 
hemi
al potential, µB, strangness - strange
hemi
al potential, µS, 
harge 
onservation - 
hemi
al potential 
onne
ted with third
omponent of isospin, µI3. In the simplest way the baryo 
hemi
al potential, µB,
an be interpreted as the energy indispensable to 
reate the parti
le in the system.In strong intera
tions the net-baryon density is 
onserved and in 
ase ofnu
leus-nu
leus 
ollisions 6= 0. The total net-strangness is also 
onserved and equals0. With the assumption that 
hemi
al and thermal equilibrium has beenobtained, the thermodynami
al models des
ribe the AGS and SPS experimentaldata quite well [41, 46℄. The baryo 
hemi
al potential varies for that data from 200to 600 MeV, for AGS and SPS, respe
tively. Studying parti
les yields and theirratios we 
an only 
on
lude about the pro
ess of hadronization and the value oftemperature and baryo 
hemi
al potential. With the thermodynami
al approa
hesit is not possible to say if the Quark Gluon Plasma state has been 
reated.2.3.2 Quark re
ombination modelBelow I give the brief introdu
tion of the quark re
ombination model(
omplete des
ription 
an be found in [49℄, [51℄, [52℄, [53℄, [54℄, [55℄, [56℄, [57℄).In Rudolph C. Hwa's grasp, the ongoing pro
ess of hadronization isdivided into two parts depending on how the partons re
ombine. One tou
hes on themidrapidity regime (here primarily 
onsidered at intermediate pT be
ause BRAHMSsetup does not identify parti
les beyond pT > 8 GeV/c) where the partons at high
pT are the sour
e of thermal and shower partons whi
h undergo 
oales
en
e. Thewhole 
al
ulations are done in the 1D-momentum spa
e where the momentum pof measured hadron is de�ned in appointed dire
tion. The R. Hwa's deliberationsstart with the distribution of quarks and antiquarks just before the pro
ess of re-
ombination that indi
ates that initial pro
esses whi
h 
ome out from dynami
alorigins are not taken into a

ount. The spe
i�
 re
ombination 
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 re
ombine 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 re
ombination of partons are depi
ted. 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 s
attering proves the in
rease of the number of partons withhigh pT , but in presen
e of matter 
reated after the 
ollision, that number de
reasesdue to the intera
tions with the 
olour 
harged medium indu
ing the energy loss.This e�e
t is implemented phenomenologi
ally by use of e�e
tive parameter ξ.For y = 0 the in
lusive distribution for a produ
ed 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 whi
hre
ombine and Rπ(p1, p − p1, p) designates the re
ombination fun
tion 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 re
ombination fun
tion it is introdu
ed almost 'by-hand' the Krone
ker δfun
tion to guarantee the 
onservation of momentum in the re
ombination pro
ess.That is the major weakness of all of the re
ombination (other name: 
oales
en
e)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



fun
tion in the momentum spa
e is very broad.For mesons the joint distribution fun
tion might be expressed s
hemati-
ally:
Fqq̄′ = TT + TS + (SS)1 + (SS)2 (2.10)where:

TT - represents 
ontribution where two thermal (soft) partons eventually produ
ethe 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).Ea
h of these fra
tions 
ontribute to the invariant in
lusive 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. Ea
h 
ontribution whi
h in
ludes the shower partis suppressed by the ξ fa
tor 
hara
terizing fra
tion of existing partons whi
h 
anhadronize going outside the rea
tion. In other words, it is de�ned as the fra
tion ofthe energy loss. At low pT the most signi�
ant 
ontribution in the joint distributionseems to be the thermal-thermal TT fra
tion usually 
onne
ted with the soft 
ompo-nent of pion spe
tra. For larger pT the thermal-shower TS part plays an importantrole.For baryons the invariant in
lusive 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 re
ombination fun
tion of proton,
Fqq′q′′ is the joint distribution of three relevant quarks whi
h form a proton.For baryon the joint distribution fun
tion may be depi
ted in the s
hemati
 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 fra
tional 
ontributions to the proton spe
trum are presented on18



the right panel of Fig. 2.3. When pT < 2 GeV/c the mass e�e
t be
omes important.The dominan
e of thermal-shower-shower (1-jet)-T (SS)1 is observed espe
ially athigh pT , but at lower value of transverse momentum the thermal-thermal-thermal
TTT 
omponent is also valid. The re
ombination of the thermal and shower partonsdominates at the intermediate pT . The pion and proton spe
tra, obtained from themodel 
al
ulations, 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 se
tion 5.1.The revision of the forward hadron produ
tion in the framework of thequark re
ombination model has been done re
ently [49℄. It was inspired by thepresented experimental data of p/π+ ratio for Au+Au 
ollisions at √

sNN = 62.4GeV [58℄. In forward produ
tion of hadrons one 
an distinguish two me
hanismswhi
h 
ontribute to the re
ombination. One of them is related to the valen
e quarkdistribution, taking into a

ount the three (for baryons, two - for mesons) 
ollinearnu
leons, 
oming from the proje
tile introdu
ed as the tube with the same impa
tparameter |~s−~b| in the target (~s - 
on�guration of nu
leons in the target, ~b - impa
tparameter; notations the same as used in the Glauber model [59℄). Of 
ourse, thosethree (two) nu
leons, from whi
h the 
ontributing 
onstituent quarks 
ome, passthrough the rea
ting zone and undergo 
ollisions with the target whi
h is implied inthe sense of the degradation parameter κ. Moreover, the e�e
t of su

essive 
ollisionsis in an indissoluble manner 
onne
ted with the se
ond 
ontribution to meson andbaryon produ
tion - regeneration. After ν 
ollisions (notations like in [56℄), the netmomentum fra
tion 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 re
ombine dire
tly into hadrons, but�rstly they are 
onverted to qq̄ pairs.The way how both pro
esses 
ontribute to the hadron produ
tion dependson the spe
ies of parti
le. For protons, the valen
e quark fra
tion dominates oversea quarks at Feynman's variable x. Due to that impa
t the enhan
ement of protonover pion yield in the fragmentation region 
an be generated.2.3.3 Hydrodynami
al modelsThe hydrodynami
al approa
hes [12, 65℄ are based on the followingassumptions:1. the system in
ludes a large number of parti
les, as in the typi
al statisti
al19



des
ription2. the intera
ting matter is treated as the 
ontinuous system where the dimen-sions are mu
h larger than the distan
e between parti
les (in the sense of thes
ale of strong intera
tions ≫ 1 fm)3. as the dynami
s of the medium we understand the dynami
s of units of the
ontinuous system-�uid4. ma
ros
opi
 variables are used to des
ribe the thermodynami
s of the system(i.e. entropy, initial energy); the 
olle
tive motions of the units of the �uid are
hara
terized by typi
al kinemati
al variables (i.e. ~p)5. the evolution of the �uid is des
ribed by the following equations:(a) energy and momentum tensor of ideal �uid
T µν = (ǫ + P )uµuν − Pgµν (2.12)where:

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

µν = 0 (2.13)(
) the thermodynami
al variable 
an be expressed as the fun
tion of theproper time: ǫ = ǫ(t), p = p(t), τ = τ(t) with the thermodynami
alrelations
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 dire
tion the equationof motion takes form:
∂ǫ

∂t
+

ǫ + P

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

• lo
al thermodynami
 equilibrium20



• entropy and baryon density are proportional to the parti
ipating nu
leondistribution
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 asso
iated with the state variables su
h as tem-perature, pressure, baryon density, energy density. In general the state ofnu
lear matter might be deliberated with di�erent assumptions: 1) thematter is treated as ideal relativisti
 gas with massless parti
les or 2) thephase transition between partoni
 and hadroni
 state o

urs and �nallyparti
les with mass are produ
ed or 3) going from high energy densitystate des
ribed by bag model to low energy density matter where the gasof hadroni
 resonan
es is 
on
erned.
• while the �reball of �uid is evolving, the temperature and density de
reaseunless the system a

omplishes freezeout stage; the invariant single-parti
ledistribution from freezeout surfa
e is 
al
ulated a

ording 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 parti
le, p - momentum of the parti
le, f(x,p) - Lorentz-invariant distribution fun
tion, u - four-velo
ity, dσν = (d3x,~0) - freezeout(hyper)surfa
e, µ - 
hemi
al potential, d - degeneration 
omponent (e.g.
d=3 for pions), T - freezeout temperature.2.3.3.1 The non-boost-invariant single-freezeout modelThe des
ription of the non-boost-invariant single-freezeout approa
his presented in [50, 65℄. The model utilizes only the spa
e-time hadron distributionafter the simultaneously kinemati
al and thermal freezeout, hen
e it is so-
alledsingle-freezeout model. The produ
ed hadrons evaporate from hypersurfa
e, Σ,at the su

essive stage of the expansion of the �reball. It does not in
lude thejet produ
tion, so it 
on
erns only the "after-freezeout" 
omponent of produ
ed21



Figure 2.4: The evolution of the �reball along longitudinal axis (red arrows) withdepi
ted tra
ks of produ
ed hadrons for parti
ular value of pseudorapidity η (dashedlines). The pi
ture is taken from [50℄.parti
les in relativisti
 heavy ion 
ollisions. The non-boost-invariant dynami
s ofthe system are parti
ularly interesting with taking into a

ount its simpli
ity. Withall typi
al hydrodynami
al initial 
onditions, the evolution of the intera
ting matteris shown as the evolving �reball (as presented in Fig. 2.4) with the well-de�ned3+1-dimensional hypersurfa
e Σ from whi
h the 
olle
tive emission of hadrons takespla
e. In every step of iteration of parti
les "evaporation", the produ
ed hadronso

upy states des
ribed by Fermi-Dira
 or Bose-Einstein distribution (with regard toparti
le spe
ie). The determined thermodynami
 parameters are temperature τ and
hemi
al potentials: µB (baryon), µS (strange), µI3 (
onne
ted with third 
omponentof isospin) depending on the position of freezeout hypersurfa
e Σ. The Hubble-type�ow of produ
ed parti
les has two - longitudinal and transverse - 
omponents:
longitudinal flow: vz = tanhα‖ =

z

t
(2.18)

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

z

t
. (2.20)22



In the model the parametrization of freezeout hypersurfa
e is in
luded with thetransverse radius expressed as follows:
ρ =

√

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

α‖ in
reases. 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 des
ribes de
rease of hypersurfa
e Σ in trans-verse dimension with α‖. It is also introdu
ed the dependen
e of 
hemi
al potentialon spatial rapidity α‖:
µ(α‖) = BµB(α‖) + SµS(α‖) + I3µI3(α‖). (2.23)It entails some 
onsequen
es. The standard performan
e in the thermal modeladopts the 
hemi
al and thermal values of temperature (τchem ≥ τkin) 
onsistent with
hemi
al and kinemati
al freezeout [41, 67, 68℄. In the single-freezeout model the
onstant value of the temperature is set for both 
hemi
al and kinemati
al freezeout -

τ = 165 MeV (for 0 < µB < 250 MeV). Moreover, the hadrons resonan
es are appliedin the 
al
ulations. It is estimated that at relativisti
 energies 75% of pions originsfrom the de
ays of resonan
es. Additionally, it is an e�e
tive way to 
ontribute tode
rease the temperature of spe
tra ∼ 35-40 MeV and in�uen
es the slope of theparti
les spe
tra.The model in
ludes ten parameters whi
h should be �t to the experimen-tal data (the details of �tting pro
edure is presented in [66℄). The simulations aredone using the THERMal heavy IoN generATOR (THERMINATOR) to get theMonte Carlo events. As the result of the 
al
ulations one 
an get the net-strangnessof the system equals 0 for gold-gold 
ollisions that is a su

ess of the model.The main attainment of the single-freezeout model is good agreementwith the BRAHMS spe
tra 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 se
tion: 5.1 and 5.2. 23



Chapter 3Broad RAnge Hadron Magneti
Spe
trometers at RHIC
3.1 Relativisti
 Heavy Ion ColliderThe Relativisti
 Heavy Ion Collider is lo
ated in Brookhaven NationalLaboratory on Long Island in the USA [43℄. It is dedi
ated to 
ondu
t resear
h ofheavy ion rea
tions at the ultra-relativisti
 highest available energies. At the maina

eleration rings there are situated four experiments whi
h engage various aspe
tsof the strong intera
ting matter. STAR and PHENIX experiments have the abilityto dete
t the wide spe
trum of the parti
les at midrapidity with high momentum
overage. The PHOBOS experiment is designed to explore the low pT regime ofthe intera
tions with the overall look of the 
ollisions. The BRAHMS experiment,in turn, 
an identify parti
le over the widest range of rapidity, y, and transversemomentum, pT .The RHIC fa
ility - depi
ted in Fig. 3.1 - is 
omposed of the apparatureswhi
h are used in the su

essive steps of nu
lei a

elaration. The �rst step is toprepare the bun
hes of the ions in the Tandem Van der Graa�. The Tandem �peelso�� the ele
trons from the atoms (gold or 
opper) and boost positive 
harged ionsto the of 385 MeV. Afterwards, bun
hes are transferred by the Tandem-to-Boosterline to the Booster syn
hrotron. The Booster syn
hrotron and then the AlternatingGradient Syn
hrotron are 
apable to propel the ions to the energy of 1 GeV/nu
leonand 10 GeV/nu
leon, respe
tively. The spe
ial design of the magneti
 �eld gradi-ent of the a

elerator's magnets allows to be fo
used in the verti
al and horizontaldire
tion. It 
auses that the transfer of energy might be larger and the �eld makespossible to 
on
entrate the beam in the little tight spa
e. 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 a

elerator) where the protons are 
arried through the nine a
-
elerator radiofrequen
y 
avities. From the AGS the bun
hes of the nu
lei migrateto the AGS-to-RHIC 
rossroads where some of the ions are dire
ted to 
lo
kwiseRHIC ring and the other part goes to the 
ounter-
lo
kwise RHIC ring (it is oftendes
ribed as blue and yellow beam). The beams are 
ir
ulated and are rumped upto desired energy in the RHIC ring where the ions are 
ollided in the four so-
alledbeam interse
tion regions: BRAHMS, PHENIX, PHOBOS and STAR fa
ilities.I fo
us on the data for Au+Au 
ollisions and p+p rea
tions at √sNN =62.4 GeV and 200 GeV whi
h were 
olle
ted 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 spe
trometer settings arelisted in Appendix 2.3.2 BRAHMS dete
tor setupThe BRAHMS dete
tor setup - Fig. 3.2 - 
onsists of two movablespe
trometer arms: the Midrapidity Spe
trometer (MRS) whi
h operates in thepolar angle interval from 30◦ ≤ Θ ≤ 90◦ (that 
orresponds with the pseudorapidityinterval 1.3 ≥ η ≥ 0) and the Forward Spe
trometer (FS) that operates in thepolar angle range from 2.3◦ ≤ Θ ≤ 15◦ (4 ≥ η ≥ 2). Moreover, the overall parti
lemultipli
ity, 
ollision vertex and 
entrality are determined using the global dete
tors.Although both of the spe
trometers are very narrow, by the rotation of arms thespe
trometer 
an 
over a lot of phase spa
e (see Fig. 5.1 in se
tion 5.1).The Midrapidity Spe
trometer is lo
ated perpendi
ular to beam axis,
lose to the nominal rea
tion vertex. In the MRS the parti
les are registered in thetransverse dire
tion to the beam axis. The single dipole magnet, D5 (notations likein the Fig. 3.2), pla
ed between two Time Proje
tion Chambers, TPM1 and TPM2,whi
h 
ompose the midrapidity arm, are used for tra
king. Cherenkov dete
tor (C4)and Time of Flight Wall (TOFW) measurements allow to identify parti
les with theseparation of π/K and p/K up to 2 GeV/c and 3.5 GeV/c, respe
tively.The front forward arm is 
omposed of two Time Proje
tion Chamber(TPCs), T1 and T2 (
onstituting tra
k re
ognition in the high multipli
ity environ-ment), the ba
k 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 parti
lesare swept by the two dipoles (D3, D4) toward the ba
k end of the spe
trometerwhere they are tra
ked in Drift Chambers - Fig. 3.3. The parti
le momenta aredetermined by these measurements and requirement of passing through another two26



Figure 3.2: BRAHMS dete
tors layout.
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dipoles (D1, D2). Parti
le identi�
ation (PID) is provided via the H2 hodos
opeand Ring Imaging Cherenkov dete
tor (RICH, situated behind H2 dete
tor) for lowand high momentum parti
les, respe
tively.Let introdu
e a notation used to des
ribe parti
ular spe
trometers set-tings, taking as an example "3A3450". The number before the 
apital letter, inthis 
ase "3", means the angle between the arm of the spe
trometer 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 parti
le
harge. With the polarity "A" the negatively 
harged parti
les 
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 
onne
ted 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 dete
tors, D1. It ispresented in the units of 
urrent in that magnets [A℄.Moreover, in the following se
tions we a

ept the ensuing 
oordi-nate system: z is the dire
tion along the longitudinal axis of the spe
trometer, y isthe axis determined as perpendi
ular to the surfa
e in
luding the z dire
tion andbeam axis, x - perpendi
ular to y axis in the dispersive dire
tion.The details of the BRAHMS experimental setup 
an be found in the [69℄.3.2.1 Time Proje
tion ChambersIn the BRAHMS layout the Time Proje
tion Chambers are the T1and T2 dete
tors lo
ated just at the beginning of the forward arm and TPM1 andTPM2 in the MRS. Be
ause of the lo
ation of the beginning of the spe
trometersarms the intensity of tra
ks is extremely high.The TPCs are used to tra
e the parti
le in 3-dimensions. All four 
ham-bers are segmented where in ea
h part of the 
hamber the drift time is used to setthe y position and determine the position of the indu
ed signal in the x − z plane.While the primary 
harged parti
le is passing through the a
tive area of 
hamber,it 
auses the ionization of gas. The produ
ed ele
trons drift in the homogenousele
tri
al �eld in
ite the avalan
he whi
h is registered by the read-out ele
troni
s.In BRAHMS TPCs the minimum ionizing 
harged parti
le gives the 90 ele
tronsper 
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℄) whi
h 
onstitutes the a
tivezone of the 
hambers were planned in way that the three to �ve pads should 
olle
tthe 
harge generated by the primary 
harged parti
le. Therefore, the signal is am-28



Figure 3.3: The photo of the ba
k part of the Forward Spe
trometer with the drift
hamber T3 at the front right side of the pi
ture. The D3 and D4 dipole magnetsare also shown.pli�ed and integrated by low-noise, low-input impedan
e 
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 swit
hed 
apa
itor array analogmemory 
lo
ked at 10 MHz.The a
tive volumes (x, y, z) of the T1 and TPM1 dete
tors are quitesimilar (33 × 22 × 56 cm3 and 37.5 × 21 × 36 cm3, respe
tively), however the T2a
tive size is dupli
ated due to its spe
i�
 lo
alization in the spe
trometer. In 
aseof TPM2 the dimensions are: 50 × 22 × 67.5 cm3. The gas mixture, whi
h wasa
knowledged as the most appropriate, is 90% Ar and 10% CO2 due to its slow driftvelo
ity, 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 dire
tion. With that intrinsi
pre
ision one is able to di�er two hadron tra
ks better than 15 mm.29



X view V viewY view

Figure 3.4: Two tra
ks (solid lines) identi�
ation using three di�erent "views" ofthe dete
tion planes. The third dete
tion plane ("V view") allows to reje
t spurioustra
ks (dashed lines).3.2.2 Drift ChambersThe Drift Chambers - T3, T4, T5 - used for tra
king 
harged hadronsare situated in the ba
k part of the Forward Spe
trometer. Near the end of the FS,where dete
tor T5 is lo
ated the expe
ted multipli
ities are quite low, with typi
alnumber of 
harged parti
les being smaller than 1 per event. It sets only modestrequirements for tra
king and parti
le identi�
ation at this position. On the otherhand, the 
harged parti
le multipli
ities in T3 are higher and rea
h values of up to8/event. The very high ba
kground rate in T3 is due to the se
ondary emission inthe beamline magnet DX. In order to meet the ne
essary tra
king requirements, thedete
tor T3 is 
onstru
ted with a higher density of sense wires than the dete
torsT4 and T5. These latter share identi
al 
onstru
tion.A single T3 prototype module as well as all three drift 
hambers withfront end ele
troni
s were designed and built in the Division of Hot Matter Physi
sat Jagiellonian University. The Polish group was responsible for performan
e andmaintenan
e of those dete
tors during all data taking 
ampaigns of BRAHMS ex-periment. The drift 
hambers are 
onstru
ted as a set of drift 
ells whi
h forma dete
tion plane. Ea
h dete
tion 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 pla
ed on both sides of the anode/
athodewires frame. The outer dimension of T3 dete
tors frames are 49 
m × 59 
m while30



Figure 3.5: Single module of the T3 dete
tor.the inner dimensions (a
tive area) are 31 
m × 41 
m. The T4 and T5 dete
tors 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 ele
trons from theposition of the dete
ted parti
le tra
k to the nearest anode wire. The drift 
hamberwhi
h 
onsists only of one dete
tion plane of drift 
ells measures hit positions alongone 
oordinate (e.g. the x-plane, whose wires are verti
al, measures distan
e alongthe horizontal x-axis between a hit and some referen
e point). In order to determinehit positions in two dimensions, at least three dete
tion planes with di�erent anodewire angles (di�erent "views") must be used whi
h is illustrated in Fig. 3.4.The minimal thi
kness of the drift 
ell is limited by the possible hit losses
aused by the statisti
al �u
tuations in the ele
tron 
olle
tion pro
ess. The 
hosen
ell thi
kness of 10 mm provides an average of 20 primary ionizations for minimumionizing parti
les. The distan
e between the �eld shaping wires of 2 mm was 
hosenfor this 
ell thi
kness.The gas mixture used in all three drift 
hambers is 75% Ar, 25% C4H10and 2% ethyl al
ohol. The tra
k position determination a

ura
y of about 100 µmis a
hieved for T3, T4 and T5 
hambers. Fig. 3.5 and 3.6 show photographs ofsingle module of T4 dete
tor and 
omplete T3 dete
tor assembled with front-endele
troni
s in the BRAHMS experiment hall.
31



Figure 3.6: The photo of the drift 
hamber T3 with 
omplete setup of front-endele
troni
s read-out boards.One of the important experimental issues is determination of the tra
kre
onstru
tion e�
ien
y. The total re
onstru
tion e�
ien
y in Forward Spe
trom-eter is based on the estimation of e�
ien
ies of individual tra
king dete
tors: T1,T2 in the front arm and T3, T4 and T5 in the ba
k part. Be
ause the forward armis built from �ve tra
king dete
tors one 
an 
onstru
t the referen
e tra
k for parti
-ular dete
tor using the four left 
hambers whi
h ensures that the referen
e tra
k isnot 
orrelated with tra
ks in the probed 
hamber. The de�nition of referen
e tra
krepresents parti
le that passed through the tested dete
tor. The e�
ien
y of thedete
tor 
an be expressed as follows:
Ti =

Nlocal

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

Nreference - number of referen
e tra
ks, Nlocal - number of referen
e tra
ks that mat
h,in the given event, to any of the lo
al tra
k. By de�nition Nlocal ≤ Nreference →
Ti ≤ 1. The de�nitions of the referen
e tra
k for studied tra
king 
hamber is32
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Figure 3.7: The e�
ien
y of the tra
king dete
tors: T1, T3, T5 as a fun
tion of x position (upper row), tra
k 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 dete
tors: the referen
e tra
k is determined by tra
ks in T3, T4and T5 drift 
hambers; the extrapolated tra
k has mat
hed to the 
ollisionvertex2. T3 dete
tor (lo
ated between T2 and T4 
hambers): the referen
e tra
k isde�ned by the T1, T2, T4 and T5 dete
tors3. T4 dete
tor: the referen
e tra
k is 
onstru
ted from the lo
al tra
ks in T1 andT2 swimmed forward to the ba
k of spe
trometer; in addition the extrapolatedtra
k should mat
h to any of the lo
al tra
ks in T5 dete
tor4. T5 dete
tor: the referen
e tra
k is de�ned by T1, T2, T3 and T4 dete
tors,although the transported tra
k must be swimmed forward through the D3 andD4 dipole magnets and mat
h to any of hits in H2 dete
tor.In Fig. 3.7 the derived e�
ien
ies of T1, T3 and T5 dete
tor are presentedvs. x position in the dete
tor, tra
k slope in x dire
tion and tra
k momentum. Thetotal tra
k re
onstru
tion e�
ien
y in FS is taken as a produ
t of all individual
hambers e�
ien
ies used in the re
onstru
tion. The detailed des
ription of pro
e-dure used to determine the e�
ien
y 
an be found in [70, 71℄.3.2.3 Time of Flight dete
torsIn BRAHMS experiment the Time of Flight dete
tors deliver parti
leidenti�
ation in the low and intermediate momentum ranges.The ToF devi
es are made up of the perpendi
ular plasti
 s
intillatorslats. 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 pla
ed 8.6 m and 18.9 m fromthe nominal vertex and 
ontain 40 and 32 slats, respe
tively. Ea
h s
intillator slatis equipped with two photomultipliers (PMTs) as the read-out applian
e. There-fore, the ele
tri
al signal, obtained from one photomutliplier, is provided throughdis
riminators where in the meanwhile it is generated as the timing signal, delayedand guided to the CAMAC TDC. Con
urrently, the signal from the se
ond end ofPMT is also delayed during routing to the FATSBUS ADC. The ToF measurementsare triggered by the Beam-Beam 
ounters (see se
tion 3.2.5) whi
h are also used todetermine the 
ollision vertex. The a

ura
y of the PID is based on the timing res-olution of the separate slats, resolution of the BB 
ounters used as start dete
tors34
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Figure 3.8: The number of 
ounts of the hits registered in the parti
ular slats in H2Time of Flight dete
tor is displayed (on the left side). On the right, the y resolutionof the tra
k position between y position of H2 hit and extrapolated FS tra
k up toH2 dete
tor plane is presented. The results are for p+p 
ollisions at √s = 62.4 GeV.as well as the a

ura
y of determination of the parti
le path length and 
ollisionvertex. Calibration of the timming signal is done using the assumption that, after
ounting a large number of events, the largest peak in the time spe
trum is related topion �ying with the speed of light, β = 1. The e�e
tive resolution of ToF dete
torsis estimated to be 100 ps within good separation of K/π at p = 9 GeV/c in FSspe
trometer.In the Fig. 3.8 the left-side plot illustrates whi
h of the H2 slats workedproperly during data taking in 2006. The right panel of Fig. 3.8 presents distributionof di�eren
e between y lo
ation of FS tra
ks proje
tion in H2 dete
tor plane and ylo
ation of H2 hit.3.2.4 Cherenkov dete
torThe Ring Imaging Cherenkov dete
tor is lo
ated at ≈ 20 m from thenominal vertex point at the end of the ba
k part of the Forward Spe
trometer.RICH dete
tor measurements deliver high momentum parti
le identi�
a-35



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 dete
tor 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 refra
tion indexis n - 1 = 1700 ×10−6. Inside the gas mixture there is pla
ed the spheri
al mirrorwith radius of 3 m. The photomultipliers 
ompose an array of 80 devi
es on thefo
al plane of the mirror.
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Figure 3.9: Parti
les distributions of RICH ring radius (blue solid line). The plottedlines represent the Gaussian �t to muons (magenta dashed line) and pions (greendashed line) distributions. The bla
k solid line marks the sum of Gaussian fun
tionsused in the PID analysis. The data are displayed for Au+Au 
ollisions at √sNN =200 GeV, setting: 10B430.The expe
ted number of photon measured by PMTs and originating from thepath length of the gas radiator was estimated in the following: Ndetected = N0Lsin2θwhere N0 is 
losely related to the parameters of the RICH dete
tor and equals 137.5
cm−1. In the photo-dete
tor the ring is 
reated with radius of ea
h parti
le withvelo
ity greater than the speed of light. For more than one tra
k in dete
tor we
hoose the tra
k with the largest momentum and de�ne the nominal 
enter of thering. Then, the length between the pixel 
enter and the estimated ring 
enter is36




al
ulated for all signals and averaged.The parti
le identi�
ation is based on the �tting the multi-Gaussian fun
-tion to the parti
les distribution. The 
enter of the single Gaussian �t should beequal the value of squared invariant mass for a given parti
le type. We determinethe bounds of PID and we �nd that the ± 3 σm2 
ut is the most appropriate. In thatway we re
eive ele
tron, 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, respe
tively).The PID is asso
iated a

ording 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 dete
torsThe global dete
tors: Beam-Beam 
ounters (BB
's), Zero-DegreeCalorimeters (ZDCs), Multipli
ity Array (MA), are assigned to 
hara
terize theinitial value of 
harged parti
le multipli
ity and the global 
ollision features likelo
ation of the 
ollision vertex. Measurements by ZDCs deliver information aboutthe number of spe
tators.The Multipli
ity Array is a typi
al barrel shape dete
tor situatedaround the nominal vertex. It is made up of Si strips inside the 
ask and externals
intillator elements. It allows to measure the parti
le multipli
ity by registeringthe energy loss of 
harged parti
les whi
h pass through the pads. The multipli
-ity is estimated from the deposited energy for individual parti
le that 
an be leftin the single element divided by total energy re
orded in that element (GEANTsimulations).The distan
e of the Si pads from the 
ollision nominal vertex is 5.3 
m,for the s
intillator tiles - 13.9 
m. Both sili
on and s
intillator planes are formedinto hexagonal, 
oaxial to the beam axis, shape segmented into pads, hung on thealuminum 
onstru
tion. The inner and outer parts of the array are 
omplementary,however the intrinsi
 dete
tor is favoured be
ause of the greater segmentation (42sli
es) that allows to set the polar angle with better pre
ision. The 
orre
tion dueto the se
ondary intera
tions equals 6-30% whereas the s
intillator tiles are neededto be 
orre
ted by a fa
tor of 20-40%. Nevertheless, the setup of the s
intillator tilesis used as the �rst level trigger in BRAHMS experiment.The 
overage of pseudorapidity range of Multipli
ity Array is |η| < 2.2.37



The Beam-Beam 
ounters are used to determine the time zerosignal of the intera
tion that 
an be easily translated into 
al
ulation 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, thea

ura
y of the measurement is better than 1.6 
m. The BB arrays are used as zerolevel trigger and deliver start time signal for ToF dete
tors. The typi
al Cherenkovdete
tors are 
onsisted of BB arrays whi
h are situated on the opposite sides of thenominal intera
tion point at the distan
e of the 220 
m. Ful�lling the 
ondition ofthe zero level trigger they are dedi
ated to register parti
les with β ≈ 1, very 
loseto the beam rapidity regime, so they were designed to "surround" the RHIC's beampipe. Due to high multipli
ity of the parti
les two kinds of modules di�ering onlyin geometri
al solid angles are used. Both the small ones and large tube modulesare built from a Cherenkov lu
ite radiator with the photomultiplier at the end. The
hoi
e of the radiator was driven by the possible sele
tion between parti
les whi
henter the front surfa
e at large angles and that ones whi
h give the redu
ed signalfrom the side or ba
k.With the assumption that the velo
ity of the dete
ted parti
les is β = 1,the position of the 
ollision vertex 
an be 
al
ulated:
zvertex =

c

2
(tleft − tright) (3.2)where:

c - the speed of light, tleft (tright) - the �ight time to the left (right) dete
tor.The Beam-Beam 
ounters 
an measure the parti
les 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�eren
e between two ZDCs to evaluate theimpa
t parameter of the event. The preliminary sele
tion based on the amplitudeand di�eren
e in time of the signals from di�erent modules allows to reje
t some ofthe ba
kground events.During the rea
tion the high energeti
 neutrons, whi
h do not parti
ipatein the 
ollision, usually evaporate from the nu
lei surfa
e and 
an be easily registeredin the area 
lose to the beam fragmentation region. Putting the dete
tors in thatregime enables to measure spe
tator neutrons and then takes the opportunity toset the minimum bias events, the luminosity or the 
entrality of the 
ollision. The
alorimeters are lo
ated on the both sides of the 
ollision point 36 meters away38



from ea
h other. The 
alorimeter is made up from the tungsten as the absorberand uses quartz opti
al �bers to register parti
les whi
h produ
e the Cherenkovlight. One dete
tor is 
omposed of three modules. Su
h 
onstru
tion allows todetermine whether the parti
le hits from the front or ba
k side of the 
alorimeter.ZD
s provide supplementary information of 
ollision vertex. The time resolutiona
hieved in dete
tor is 170 ps.
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Chapter 4Data AnalysisThis thesis presents the 
omparison of pion and proton yields as afun
tion of pT for some η intervals. Nominally, the BRAHMS setup 
an measureprodu
ed parti
les up to η = 4. The analysis utilizes the feature of the same πand p a

eptan
e in the η vs. pT spa
e. For a given η − pT bin the p/π(pT )ratio is 
al
ulated on setting by setting basis. The ratios are 
al
ulated separatelyfor the ToF PID and RICH PID, so all fa
tors su
h as geometri
al a

eptan
e
orre
tions, tra
king e�
ien
ies, trigger normalization 
an
el out in the ratio. Theonly remaining 
orre
tions related to the spe
ie of parti
le are PID e�
ien
y andparti
les de
ays within intera
tions with the material budget 
orre
tion.The presented results are shown for large value of pseudorapidity whi
himplies that the following analysis tou
hes on the data registered using the ForwardSpe
trometer in the BRAHMS dete
tor setup.The s
ope of the studying numbers of runs for parti
ular settings for ea
h
olliding system and energy is listed in Appendix 2.4.1 Data re
onstru
tionThe data re
onstru
tion is based on C++ framework developed inBRAHMS Collaboration 
alled BRahms Analysis Toolkit (BRAT). The re
onstru
-tion is pro
essed in three steps:1. lo
al tra
king (ltr) - re
onstru
tion of tra
k segments in individual dete
tors2. global tra
king (gtr) - global tra
ks are 
onstru
ted from lo
al tra
ks and tra
ksegments with putting the attention on proper des
ription of tra
king devi
esgeometry 40
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Figure 4.1: The ZDCs and BB
's layout (left 
olumn). On the right-top the x−y mapre
eived from the Beam-Beam 
ounters is displayed. The right-bottom plot showsthe di�eren
e between the vertex determination from the BB
's and extrapolationof the re
onstru
ted tra
k 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 dete
tors separately; at dst level the asso
iation of globaltra
ks with mat
hed information from PID dete
tors is performed; pie
es ofinformation are organized in the form of global storage with detailed tra
k bytra
k information.At ea
h step the re
onstru
ted data are re
orded on disk and used as an inputin the subsequent step.The data re
onstru
tion is performed up to dst level a

ording to the of-�
ial 
ollaboration pro
edure and are the �foreword� to the spe
i�
 physi
s analysis.The below paragraphs aim at des
ription of global 
hara
terization of the 
ollisionas well as lo
al and global parti
le tra
king in BRAHMS Forward Spe
trometer.Global parameters of 
ollisionThe essential event 
hara
terization is, �rstly, the determination of vertexposition of the rea
tion, as well as the 
ollision 
entrality. As it was depi
ted in the41



previous 
hapter, ZDCs and BB 
ounters allow to determine the intera
tion point.In Fig. 4.1 one 
an see the 
orrelation between ZDCs and BB
's vertex position in zdire
tion - left 
olumn. The e�
ien
y of 
ollision event dete
tion of ZDCs is almost100% and the ZDC devi
es are used to determine the vertex position for minimumbias events. Almost 100% e�
ien
y of vertex position determination for the 
entralintera
tions allows to use BB 
ounters as the base. However it is not so e�e
tive forperipheral 
ollisions, ≈ 40%, for whi
h usually the ZDCs measurements are applied.The determination of the vertex is estimated in the same manner for ZDCs and BB
ounters using the di�eren
e in time of parti
les �ight measured by left and rightdevi
es a

ording to the (3.2) formula. If 
ollision o

urs the dete
tors measure thetwo �ight times of whi
h 
oin
iden
e is estimated every time to 
he
k if the signalsoriginate from the same 
ollision. The vertex resolution is established on the basis oftiming resolution measurements. It is important to pre
isely set the vertex lo
ationbe
ause the multipli
ity distribution done by Multipli
ity Array depends on thatvalue. The present vertex resolution for BB 
ounters is 0.9 
m, for ZDCs - 2.0 
m.Charged parti
le multipli
ity is a 
ontinuous fun
tion used to determinethe 
ollision 
entrality. Applying minimum biased trigger we 
an asso
iate full rangeof multipli
ity distribution with total Au+Au intera
tion 
ross se
tion. To set the
entrality of the 
ollision we use the 
orrelation that if the more 
entral 
ollisionhappens the higher value of event multipli
ity is observed. In BRAHMS setup the
entrality estimation is based on the Multipli
ity Array measurements averagingthe registered hits from the sili
on and s
intillator pads [76℄. From 
orre
tly 
ali-brated measurements we should get the symmetri
 distribution whi
h, additionally,
an be 
ompared with the GEANT simulations to ex
lude the possible misleadinginformation. The GEANT 
al
ulations are also applied to 
on
lude the 
orrespon-den
e between the 
entrality sele
tion and real impa
t parameter of the 
ollision.The 
harged multipli
ity, de�ned using BB 
ounters, is essential in the 
entralitydetermination for wide range of pseudorapidity. Be
ause the a

eptan
e of the BB
ounters is mu
h better, even for wide range interval of vertex, for the most for-ward rapidities the 
entrality is determined using Cherenkov dete
tors. Applyingthe 
harged parti
le multipli
ity distribution the 
entrality intervals are delimited.The multipli
ity of an event used for the vertex and 
entrality determi-nation is evaluated from the Multipli
ity Array and BB 
ounters. By registeringthe energy loss of 
harged parti
le passing through the dete
tor elements we 
an es-tablish the multipli
ity distribution by summing the multipli
ity from ea
h element.The 
ounted event multipli
ity distribution are 
orre
ted for a

eptan
e whi
h de-pends on vertex lo
ation - the details of the multipli
ity analysis 
an be found in42



[76℄.Lo
al tra
kingThe lo
al tra
king is done using the o�
ial BRAHMS "o�ine" algorithmsfor parti
le tra
king. The software is used to 
onvert raw data into hits. TheForward Spe
trometer 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 dete
tion planes in the drift 
hambers to get the full 3-dimensionalpoint position. Before the lo
al tra
king algorithms are applied, the 
alibrationmust be done. The 
alibration pro
ess in
ludes: spe
i�
ation whi
h of the padsin TPCs (
ells in DCs) worked improperly, 
orre
ting the non-linearities of timemeasurements, ex
luding the drift velo
ity �u
tuations with time.The lo
al tra
king pro
edure takes following steps:
• the raw data arranged �rstly in the sequen
es whi
h next are assembled into
lusters
• it might happen that the newly resultant 
lusters 
an overlap, so at �rst thede
onvolution of these 
lusters is done; therefore the de
onvolution of 
lustersinto hits is applied getting well-de�ned spa
e position, its varian
e and 
lusterADC sum (or energy loss)
• the hits are grouped and �tted to get 3-dimensional line.In the tra
king pro
edure the ba
kground parti
les must be taken into a

ount.To ensure that the tra
ks 
ome from "true" events the tra
ks in the neighboringdete
tors are extrapolated to the 
hamber and next proje
ting in the parti
ulardete
tor. Around the proje
ted tra
k a small tube is 
reated that allows to avoidleft-right ambiguity of the hits. Note that this proje
ted tra
ks is not ne
essary
onsistent with the real parti
le tra
k. The algorithm used to assign the tra
ks isbased on 
hoosing the hits in the tube estimating distan
es between the proje
tedtra
ks and the hits. The distan
es are 
ounted in x and y dire
tion as well in the

x- and y-slope of the tra
k. The hits are a

epted with 3σ range. Additionally,the following requirements must be ful�lled to approve the event: the amount ofapproved hits whi
h is equivalent to the number of a

epted hits in the tube, number43



of views with the hit, the amount of approved hits per view. All steps of thepro
edure guarantee the a

ura
y of the re
onstru
ted tra
k.Global tra
kingIn global tra
king pro
edure the lo
al tra
ks should be mat
hed throughthe dipole magnets. The tra
k 
urvature inside the magnet attend to determine themomentum using the formula:
p =

Bl

(sinφb − sinφf)
√

1 − α2
y

(4.1)where:
B - magnitude of verti
al 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 ba
k ofthe magnet, αy - the averaged verti
al slope of the tra
ks.At the very beginning we register hits whi
h are dete
ted in the 
hambersand from whi
h the lines of the tra
ks in the dete
tor are restored. Afterwards,mat
hing the lo
al tra
ks allows us to re
onstru
t the full tra
ks of the parti
lesthat run a
ross the forward arm (global tra
king). The tra
ks re
onstru
ted in the
hambers 
onstitute of the front and ba
k tra
ks of the dipole magnets through whi
hthe mat
hing pro
edure is applied. In the mat
hing algorithm three parameters areused: the di�eren
e of the angles related to the φb and φf , the verti
al slope αy, thequantity of the interse
tion of front and ba
k tra
ks with the mat
hing plane ∆y.Without the imperfe
tions of the experimental setup and re
onstru
ting pro
edurethe parameters should be equal 0. During mat
hing, at �rst step the Gauss �t isused, therefore the ellipti
 
uts. In the FS the tra
ks are grouped into Ba
k-Forward-Spe
trometer (BFS) and Front-Forward-Spe
trometer (FFS) tra
ks to avoid "ghost"tra
king. The �rst group 
ontains tra
ks re
onstru
ted using mat
hing between D3and D4 (T2/T3-D3-T4 and T4-D4-T5 
ombination). To estimate the FS tra
ks these
ond one is required to mat
h with re
onstru
ted BFS tra
ks. It is done in twoways: using geometri
al mat
hing algorithm (in 
ase of T3-D3-T4 
ombination) ormat
hed tra
ks between T1 and T2 dete
tor (for T2-D3-T4). Eventually, the fullFS tra
ks are re
onstru
ted with the minimizing of false 
ombination.Additionally, in the spe
trometer, the tra
ks are extrapolated to the ver-tex area and mat
hed to its position determined by the BB 
ounters. It is worth44
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Figure 4.2: The PID pro
edure is based on �tting of multi-Gaussian distribution to separate the parti
ular spe
ie of parti
les (e−/+,

µ−/+, π−/+, K−/+, p/p̄ ). Here, the series of histograms in
luding lines representing �ts with multi-Gaussian fun
tion (bla
k solidline) are displayed for Au+Au rea
tions at √
sNN = 200 GeV, setting: 4B2442. The Gaussian fun
tion 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 indi
ated 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 fun
tion forele
trons is depi
ted 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 also
he
k if the tra
k originates from the nu
leus-nu
leus rea
tions or from other sour
es.The x− y vertex distribution a
hieved from the extrapolated tra
ks positions is dis-played in the Fig. 4.1 on the right-top panel. Moreover, on the right-bottom plotthe di�eren
e between BB 
ounters and tra
k vertex determination is shown.Further steps of analysisObviously, to ensure the appropriate tra
ks re
onstru
tion and 
ohesionof the parti
le tra
king the additional requirements are applied in the Forward Spe
-trometer analysis:1. The �du
ial 
ut on D1 in x dimension is 
he
ked for every tra
k.2. Be
ause 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 tra
k in the analysis. Additional restri
tions determining the triggers
ondition are listed in the Appendix 2.3. The 
ut on χ2 evaluated from the GEANT simulations is imposed on ea
htra
k. The value of 
ut is 
al
ulated from the equation χ2
cut = A + B

p
(p -momentum of the parti
le).4. The following 
ollision vertex range is taken into a

ount:(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 restri
tion whi
h is additionally introdu
ed to ensure the appropriateH2 and RICH e�
ien
ies in parti
le identi�
ation is de�ned by the imposed �du
ial
uts in x and y dire
tion in RICH dete
tor: x ∈ ( -21 
m - 21 
m) and y ∈ ( -15 
m- 16 
m).4.2 Parti
le identi�
ationParti
le identi�
ation in the Forward Spe
trometer depends on thedata taken using the H2 Time of Flight dete
tor and the Ring Imaging Cherenkov47
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Figure 4.4: The results of PID analysis in 
ase of using H2 and RICH dete
tor forlow (608 [A℄) and high (2442 [A℄) magneti
 �eld in the D1 magnet of Forward Spe
-trometer. Ele
trons are highlighted with the violet points, muons - yellow points,pions - green points, kaons - pink points and protons - orange points. In the left
olumn the results for Au+Au 
ollisions at √sNN = 200 GeV are depi
ted (setting:4B2442). The left-top �gure shows the identi�ed spe
ies momentum dependent 
utsapplied on ring radius vs. parti
le momentum map. The left-bottom pi
ture dis-plays the identi�ed pions, kaons and protons applying the squared invariant mass,
m2, vs. parti
le momentum map. In the right 
olumn the �gures present the out-
ome of PID pro
edure (H2 PID - top panel, RICH PID - bottom panel) for lowmagneti
 �eld (setting: 4A608) for elementary 
ollisions at √s = 62.4 GeV. In thebottom row the veto antiprotons are marked with the orange points at m2 = - 0.1
GeV2/c4. 48



dete
tor. The H2 data are used to identify parti
les with lower momenta: p < 9GeV/c (see right-top plot in Fig. 4.4). For higher momenta hadrons the RICHdete
tor is used.Generally, in both 
ases - H2 and RICH dete
tor measurements - the PIDpro
edure is done for small momentum bins by �tting multi-Gaussian fun
tion intothe squared invariant mass m2 distribution and applying the ± 3σm2 
uts to sele
ta given parti
le type. In 
ase of H2 PID, below kaon Cherenkov threshold , p < 9GeV/c, a veto is imposed on RICH dete
tor to separate kaons - in the range of m2where they overlap with pions (p > 3.5 GeV/c). Thus, we re
eive a pion samplewith a slight 
ontamination of kaons whi
h have miss-identi�ed rings asso
iated inCherenkov dete
tor. 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 pro
edure is used for muons, pions, kaons and"
lear" sample of protons above proton Cherenkov momentum threshold, p > 15GeV/c. In most 
ases, the parti
les are enough energeti
 to 
reate Cherenkov radia-tion in the dete
tor. The ring is registered in the dete
tor whi
h allows to re
ognizethe spe
ie of parti
le a

ording to the re
orded 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 tra
ks are registered, but the rings are not formed. This
riterion is ful�lled by protons and kaons (in a lesser degree) and, 
ustomarily, theyare 
alled veto parti
les. In the RICH PID pro
edure, RICH ine�
ien
y 
orre
-tion is estimated to 
orre
t the veto proton yield. The RICH ine�
ien
y 
orre
tionpro
edure is des
ribed in the next se
tion.Eventually, the results of �t with the multi-Gaussian fun
tion used in thePID pro
edure 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 depi
ted for parti
ular momentum bins. As one 
an see the pions, kaons andprotons 
an be 
learly separated. In Fig. 4.3 the PID pro
essing 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 noti
ed. In general, in theregion where the m2 distributions overlap, the PID is asso
iated a

ording to theprobability distribution determined by the Gaussian �t. In 
ase of muons and pionsat p ≥ 4 GeV/c majority of muons 
omes from π de
ays, so the muons are asso
iatedwith pion yield. In Fig. 4.5 the out
ome of the parti
le identi�
ation pro
edure isdisplayed for heavy ions 
ollisions in left 
olumn and on right for p+p rea
tions.
49



4.3 Corre
tions4.3.1 RICH e�
ien
y
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Figure 4.5: The RICH ine�
ien
y 
orre
tion as a fun
tion of momentum and ringradius for Au+Au 
ollisions at √sNN = 200 GeV. The fun
tion and obtained �ttingparameters displayed in the right-hand inset are re
eived in a

ordan
e with theequation 4.3. The idea of evaluating the RICH dete
tor e�
ien
y is mainly basedon studying parti
les 
ontamination in H2 hodos
ope. We assume that produ
edCherenkov radiation depends only on parti
le γ fa
tor. The ine�
ien
y of Cherenkovdete
tor (1 - T ) is de�ned as the ratio of pions measured in Time of Flight dete
tor,but without signals in RICH dete
tor that would allow to re
onstru
t rings (vetopions), to all pions re
orded in H2. The RICH e�
ien
y 
on
ept is exposed:
pions registered in H2, having no ring in RICH

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

T - RICH e�
ien
y.In Fig. 4.5 one 
an see the dependen
e of pion ine�
ien
y as a fun
tionof 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 des
ribe thevalue of RICH ine�
ien
y for pions in the given momentum range using fun
tion:50



Figure 4.6: The RICH ine�
ien
y 
orre
tion as a fun
tion of p/pth for Au+Au 
ol-lisions at √sNN = 200 GeV for low (bla
k line) and high (red line) magneti
 �eldsettings. The pi
ture presents the 
onsisten
y of applied pro
edure of RICH ine�-
ien
y 
orre
tion - 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�
ien
y to the higher momentum. The rela-tion of momentum between pions and other spe
ies (muons, kaons) having the same

γ fa
tor is:
pπ =

mπ

mx

px x = µ, K. (4.5)On the basis of the assumption that RICH response depends only on parti
le γfa
tor, the RICH ine�
ien
y for other spe
ies, i.e. muons, kaons, is derived from(4.3) formula by repla
ing pπ using (4.5) expression.The yield of veto protons is 
orre
ted for pions and kaons 
ontamination.The yield of proton 
ontamination is 
al
ulated 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 se
ond term represent π and K 
ontamination, respe
tively.The above pro
edure 
an be applied for settings with lower magneti
 �eldwhere the good pion and kaon separation in H2 dete
tor is a
hieved (p < 4 GeV/c).At pion momentum threshold, pth

π ≈ = 2.22 GeV/c, the ine�
ien
y of RICH dete
toris ∼ 100% and de
reases with larger momentum (see Fig. 4.5). However, the RICHine�
ien
y does not s
ale with parti
le momentum in the whole 
overed p range- the 
lear dependen
e on setting is seen. For settings with the lowest value ofmagneti
 �eld (430 [A℄) the Cherenkov threshold proximity dominates. For highermagneti
 �eld settings the geometri
al e�e
ts are introdu
ed. It impli
ates that thebest 
hoi
e of parameter regarding ine�
ien
y dependen
e is x-slope of tra
k in T5dete
tor. It is 
losely related to the geometry of the tra
king stations and RICHdete
tor. In the analysis, it was found that for the high magneti
 �eld settings it isenough to 
on
ern only geometri
al e�e
t be
ause the parti
les momenta are mu
hhigher than the proton threshold. In this range of p (p > 18 GeV/c) we 
an estimatethe ine�
ien
y 
orre
tion 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 thetra
ks multipli
ity is very low. It allows us to study how the ine�
ien
y 
hangeswith the multipli
ity of registered tra
ks in FS (tra
k resolution e�e
t). Fig. 4.6shows the RICH ine�
ien
y obtained for low and high magneti
 �eld runs. To avoiddependen
y of parti
le spe
ies the ine�
ien
y is plotted vs. p/pth.Additional issue is the dependen
e of value of ine�
ien
y 
orre
tion onpolarity of magneti
 �eld. So, it depends if we measure π−, K−, p̄ or π+, K+, p. Ito

urs due to lower statisti
s of the data for negatively 
harged parti
les.Let me summarize how the 
orre
tion is evaluated. Generally, the threee�e
ts are taken into a

ount: parti
le γ fa
tor, geometri
al e�e
t revealed as theT5 tra
k x-slope dependen
e and two tra
k resolution e�e
t. So, if the partialine�
ien
ies are small, the RICH ine�
ien
y 
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 fa
tor 
omponent, T̄T5_x−slope - the geometri
al e�e
t 
ontribution with52



the T5 tra
k x-slope dependen
e, T̄track_resolution - two tra
k resolution e�e
t 
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 √
sNN = 200 GeV without (left-hand) and with (right-hand)applied RICH ine�
ien
y 
orre
tion.In the analysis it is assumed that all three e�e
ts are independent there-fore the ine�
ien
y 
orre
tion is 
ounted as a sum of three 
omponents. The ine�-
ien
y of RICH dete
tor in 
ase of measuring positive parti
les is less than 5%, fornegative hadrons - T̄ < 3%.The Fig. 4.7 presents the p̄/π− ratio without and with applying RICHe�
ien
y 
orre
tion.4.3.2 Absorption and in-�ight de
ays 
orre
tionsIn the analysis, where the 
orre
tions 
onne
ted with the parti
lespe
ie are in
luded, implementing the 
ontribution 
on
erning the multiple s
at-tering and in-�ight de
ays is signi�
ant. In the Fig. 4.7 the value of correction−1is presented as a fun
tion of momentum. The depre
iation 
ontribution is observedwith in
reasing p. Moreover, the most signi�
ant 
orre
tion is applied in 
ase of thekaon yield, the smallest one - for pions. Here, the feeddown 
orre
tion for Λ and Λ̄weak de
ays are not in
luded. The polar angle of produ
ed emitted parti
les playsan important role of evaluating 
orre
tion value.This kind of 
orre
tion is generated using GEANT pa
kage [75℄. TheGEANT 
orre
tion studies are based on geometry of BRAHMS experimental setup53
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Figure 4.8: Absorption and weak-de
ays 
orre
tions for pions, kaons and protons asa fun
tion of momentum obtained by GEANT simulations.and tra
king 
apabilities. The intera
tions with dete
tors or beampipe materials aretaken into a

ount. The simulated data are re
onstru
ted in the same manner as realre
orded data, i.e. the 
ut on χ2. The χ2 
ut 
omes from the global �t to the tra
ksin x − y plane for all tra
king 
hambers. Using the dependen
e of momentum weapply the 
ut on χ2. Mostly, the tra
ks, whi
h are reje
ted, originate from multiples
attering or de
ays for pions. Both absorption and in-�ight de
ays 
orre
tions areexpe
ted to be di�erent for p/p̄ and π+/−, thus are relevant in proton-to-pion ratiosanalysis.
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Chapter 5Results
5.1 P/π ratio in Au+Au 
ollisionsat √

sNN = 200 GeVIn the previous 
hapter the detailed des
ription of analysis togetherwith applied 
orre
tions were presented. The des
ribed 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 hadronsdepi
ted in Fig. 5.1. These are two dimensional plots whi
h show parti
le yieldsversus transverse momentum and versus pseudorapidity. In Fig. 5.1 the parti
ularsettings 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 
orre
tions for geometri
al a

eptan
e and tra
king e�
ien
y
an
el 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 theoreti
alpredi
tions based on parton re
ombination model [52℄ and hydrodynami
al des
rip-tion [12℄ - Fig. 5.2. The 
hara
teristi
 growth at intermediate pT region, predi
tedby models, seems to be more 
onsistent with the depi
tion of re
ombination model.The hydrodynami
 s
enario, proposed in [12℄, des
ribes properly only low transversemomentum data asso
iated for pT < 1.8 (pions) and 3.5 (protons) GeV/c. Theseresults might suggest that at low value of baryo 
hemi
al potential the hadronizationpro
ess is well 
aptured by the 
oales
en
e model.This thesis 
on
entrates on proton and pion produ
tion for parti
les emit-ting in the forward dire
tion. Using the BRAHMS experiment unique opportunity55
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Figure 5.1: η−pT maps for pions (left-hand pi
ture) and protons (right-hand pi
ture)for p+p 
ollisions at √s = 62.4 GeV. The plots show the 
overage of pseudorapidityand transverse momentum of experimental data. The transverse momentum 
anbe expressed as a fun
tion of η: pT = p sin [2 arctgh [exp (−η)]]. In the pi
ture thelines represent this fun
tion with 
onstant value of momentum: p = 2.3, 9 and 15GeV/c whi
h 
orrespond with the initial value of momentum for ToF (red line),RICH (bla
k line) and veto-RICH PID (blue line) pro
edure.

Figure 5.2: Proton-to-pion ratio as a fun
tion of pT for Au+Au rea
tions at √sNN= 200 GeV for midrapidity regime. The �gure is taken from [9℄. The PHENIXexperiment results are shown in [77℄. The re
ombination model predi
tions arepresented in [53℄. The hydrodynami
al 
al
ulations are in
luded in [78℄.56
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Figure 5.3: The p/π+(pT ) for Au+Au 
ollisions√sNN = 200 GeV for di�erent valuesof pseudorapidity for two intervals of 
entrality: 0-10% (blue triangles) and 10-20 %(dark grey open 
rosses). The proton-to-pion ratios for p+p rea
tions√s = 200 GeVare shown (orange open 
ir
les). The data for the most 
entral heavy ion rea
tionsare 
ompared with single-freezeout model 
al
ulations [66℄ (red 
rosses).to measure parti
les produ
ed in heavy ions and elementary 
ollisions for pseudora-pidity interval: 2 ≤ η ≤ 4, we 
an follow the behaviour of p/π ratio with in
reasingbaryo 
hemi
al potential, µB.It has been already shown that the p/π+ ratios at the intermediate pTrange 
an vary very strongly depending on both 
harge and pseudorapidity of in-di
ated spe
ies, as well as on energy and size of 
olliding system. In Figs. 5.3, 5.4and 5.5 the p/π+(pT ) ratio is displayed for Au+Au 
ollisions at √sNN = 200 GeVfor 0-10% and 10-20%, 20-40%, 40-80% 
entrality, respe
tively, for di�erent valuesof pseudorapidity indi
ated on the plots. Additionally, the proton-to-pion ratios forelementary rea
tions at the same 
olliding energy are presented (with ex
eption for
η = 2.8 and η = 2.9 due to la
k of experimental data). For all 
entrality intervals,the striking observed property is 
onsisten
y of heavy ions results with the out
ome57
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Figure 5.4: The same as Fig. 5.3, but for 
entrality intervals: 0-10% (blue triangles)and 20-40% (dark blue rhombuses).for p+p system below pT < 1 GeV/c. In the whole range of pseudorapidity, atlow pT < 1 GeV/c the ratios for both systems rise su

essively. At pT > 1 GeV/cthe results for p+p 
ollisions starts noti
eably to deviate from results for Au+Aurea
tions. Additionally, above pT ≥ 1.3 GeV/c the 
entrality dependen
e begins forAu+Au system. For heavy ions rea
tions the maximum of the ratio is equal ≈ 2.5for the 0-10% 
entrality and for semi-peripheral 
ollisions it is ≤ 2. The enhan
e-ment of p/π+ ratio for 
entral Au+Au rea
tions in respe
t to p+p indi
ates thatthe properties of the produ
ed matter in Au+Au 
ollisions are 
ompletely dissimilarthan of that produ
ed in p+p. The shift of the p/π+ ratio peak to larger pT aswell as overall in
rease of ratio at intermediate pT by fa
tor of 4 in 
entral Au+Au
ollisions as 
ompared to p+p rea
tions give an eviden
e of existen
e of hot anddense medium 
reated in heavy ions 
ollisions [12, 53℄.The Figs. 5.6, 5.7, 5.8 present the proton-to-pion ratios for di�erentvalues of pseudorapidity for negatively 
harged parti
les. In general the p̄/π− ratios58
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Figure 5.5: The same as Fig. 5.3, but for 
entrality intervals: 0-10% (blue triangles)and 40-80% (open green squares).represent quite opposite trend than the ratios for positive hadrons. For Au+Ausystem for the most 
entral rea
tions the highest value of p̄/π− is equal 0.5 for η =2.3 and pT ≈ 1.7 GeV/c and de
reases towards more forward rapidities. However,the shape of the ratio and position of the peak is the same for all pseudorapiditybins. That tenden
y is also followed by semi-peripheral 
ollisions, but the value ofthe ratios is a bit lower, espe
ially for the 40-80% 
entrality interval. For Au+Aurea
tions the dependen
e on 
entrality 
ollision begins at pT ≈ 0.9 GeV/c. Abovethat value a weak dependen
e of 
entrality is observed.Fig. 5.9 shows the p/π+ ratios as a fun
tion of pT in the pseudorapidityrange 2.6 ≤ η ≤ 3.8 extra
ted from p+p rea
tions at √s = 200 GeV. The behaviourof p/π+(pT ) ratio for p+p system reveals the 
hara
teristi
 tenden
y, namely thein
rease of peak value with in
reasing pseudorapidity. A very 
lear di�eren
e isfound as the pseudorapidity 
hanges from η = 2.6 to η = 3.8. The value of ratiogrows systemati
ally with rising η from 0.4 at η = 2.3 rea
hing almost 1 at the59
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Figure 5.6: The p̄/π−(pT ) for Au+Au 
ollisions√sNN = 200 GeV for di�erent valuesof pseudorapidity for two intervals of 
entrality: 0-10% (blue triangles) and 10-20% (dark grey open 
rosses). The proton-to-pion ratios for p+p rea
tions √s = 200GeV are presented (orange open 
ir
les). The single-freezeout model predi
tions areshown for Au+Au system for 0-10 % 
entrality interval (red 
rosses).most forward pseudorapidity interval, η ≈ 3.8. That high value of p/π+ ratio isindispensable related to the large proton yield at high pT . If we look 
arefully,espe
ially for η = 2.6, 3.1, 3.3 the proton-to-pion ratio at highest 
overed pT seemsto have a 
ommon value of 0.4 whi
h is 
onsistent with perturbative QCD predi
tions[12℄. For negatively 
harged hadrons, the value of proton-to-pion ratio for ele-mentary rea
tions in the measured pseudorapidity interval rea
hes maximum valueof ∼ 0.15 - Fig. 5.10. The p/π+ ratio ex
eeds the p̄/π− ratio by a fa
tor of 5. Thepeak value is less than 0.3 for η = 2.3 and dropping to < 0.1 for η = 3.8. Moreover,the maximum of p̄/π− ratio is shifted to the lower transverse momentum (pT ≈ 1GeV/c) 
ompared with the positive parti
les.An interesting feature of p̄/π− ratios is also revealed at low pT . On the60
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Figure 5.7: The same as Fig. 5.6, but for 
entrality intervals: 0-10% (blue triangles)and 20-40% (dark blue rhombuses).right in Fig. 5.10 the 
omparison of p̄/π− ratio in Au+Au and in p+p at √
sNN= 200 GeV is shown. The data at the 
overed pseudorapidity interval, 2.6 ≤ η ≤3.8, expose the same feature and the value of η ≈ 3.3 has been sele
ted for showing
entrality dependen
e of the ratios. The p̄/π− ratios in
rease with pT for 
entraland peripheral Au+Au 
ollisions, while the ratio maximizes at ∼ 0.9 GeV/c for p+p
ollisions. The ratios for Au+Au for di�erent 
entrality 
lasses and for p+p system
ross ea
h other at approximately pT ≈ 0.9 GeV/c. The higher value of p̄/π− forp+p than for Au+Au 
ollisions at the soft pT region might be due to medium e�e
tsin heavy ions 
ollisions at relativisti
 energies. The high level of 
hallenge 
ombinedwith the sensitivity of the models are asso
iated with the proper des
ription of data[12, 49, 50℄. The theoreti
al basis is needed indi
ating the 
omponents whi
h bringout the properties of parti
le produ
tion at low pT .The results presented in Figs. 5.3 and 5.6 for 0-10% 
entral Au+Au
ollisions at √

sNN = 200 GeV are 
ompared with the non-boost-invariant single-61
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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 in
lude the produ
tion of jet, so the 
al
ulations [66℄ are depi
ted up to
pT = 3 GeV/c. The single-freezeout model in
ludes the hydrodynami
al �ow ofprodu
ed parti
les together with the ex
ited states. The statisti
al parti
le produ
-tion 
ontains the rapidity dependen
e. The model des
ribes the experimental datasurprisingly well in the whole range of pseudorapidity at transverse momentum <2 GeV/c for both 
harges of hadrons. For larger momenta theoreti
al predi
tionsseems to deviate slightly from the BRAHMS data, parti
ularly, for positive 
hargedparti
les for η > 3. It is supposed to be due to the la
k of jet produ
tion in themodel. It seems that the data are in good agreement with the pi
ture of evapora-tion of parti
les from the hypersurfa
e of �reball, with the 
ommon lo
al 
olle
tivevelo
ity �eld.
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Figure 5.9: The proton-to-pion ratio for set of η bins in the range 2.6 ≤ η ≤ 3.8 forp+p rea
tions at √s = 200 GeV.
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Figure 5.10: The p̄/π− ratio vs. transverse momentum for 2.6 ≤ η ≤ 3.8 for p+p
ollisions at √s = 200 GeV (left). On the right the results of ratio for p+p rea
tionsare 
ompared with the one for 0-10% and 40-80% 
entral Au+Au 
ollisions at √sNN= 200 GeV at the same value of pseudorapidity, η = 3.3.
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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 depi
ted 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 unexpe
ted high value of 10 at pT= 1.5 GeV/c of proton-to-pion ratio is observed [56℄. There is remarkably littledi�eren
e 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�e
t re�e
ted in dependen
e of p/π+ ratioson system size is observed [80℄. However, the observed 
onsisten
y between theresults of p+p rea
tions and Au+Au system for all 
entrality bins for η ≈ 3.2 isre
koned as the 
rossing point in pseudorapidity. These results indi
ate that thenu
lear modi�
ation fa
tor 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 se
tion: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 
oales
en
e me
hanism to in
reased proton yield at intermediate pT . Atvery forward rapidities one 
an expe
t less power of nu
lear stopping whi
h might64
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Figure 5.12: The results of re
ombination (upper plot) and single-freezeout (bot-tom plot) model 
al
ulations 
ompared with BRAHMS results for the most 
entralAu+Au 
ollisions at √
sNN = 62.4 GeV for η ≈ 3.2. The upper pi
ture has beentaken from [49℄.be observed as a result of enhan
ement of proton produ
tion to pion produ
tionthat, parti
ularly, is seen for elementary rea
tion. The higher value of p/π+ for η ≈3.5 for p+p 
ollisions might a
knowledge this argumentation. The 
rossing pointwas predi
ted by UrQMD [81℄, HIJING [82℄ and AMPT [17℄ 
al
ulations, but almostlower one unit of rapidity as experimental data indi
ate. It is a part of hadronizationjigsaw implementing additional 
onstraints on baryon number transport.The p/π+ results for Au+Au 
ollisions at √

sNN = 62.4 GeV has beentried to sort out by R. Hwa within re
ombination model [49℄. In top panel of Fig.5.12 the 
omparison of experimental results and theoreti
al approa
h are displayed.The BRAHMS data are quite well des
ribed. It might be worth introdu
ing thatBRAHMS out
ome was �rstly referred to the predi
tions in
luded in [56℄. That 
on-siderations indi
ate that the p/π+(pT ) should be below 4 with assumption that p̄/p65
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Figure 5.13: The p/π+ ratio vs. transverse momentum for p+p and 
entral (0-10%) Au+Au 
ollisions at √sNN = 62.4 GeV and 200 GeV for midrapidity and η ≈2.2, respe
tively. The 
al
ulations of single-freezeout model for Au+Au rea
tions at√
sNN = 200 GeV and η ≈ 2.2 are also shown.ratio is equal 0.031. The most re
ent value of p̄/p ratio at η = 3.2 at √sNN = 62.4GeV is 0.023 [79℄. To des
ribe the data, in [49℄ it has been proposed the additional
ontribution that in
orporates modi�
ation of parton distribution fun
tion in 
ol-liding nu
leons. This modi�
ation is related to momentum degradation and quarkregeneration whi
h are argued to be signi�
ant for des
ription of forward produ
tionof hadrons. On the other hand, this retrospe
t suggests that forward produ
tion ofhadrons in heavy ions 
ollisions at ultra-relativisti
 energies is not fully understood.R. Hwa has made an attempt to des
ribe BRAHMS experimental data in the widerange of pseudorapidity within the re
ombination model. Capturing all importantingredients of R. Hwa's model the overall testing ground of re
ombination devel-opments might be 
entrality dependent des
ription of p/π+(pT ) ratio for Au+Aurea
tions at √sNN = 62.4 GeV.In Fig. 5.12 the data has been also 
ompared with the 
omputationsof single-freezeout model. The single-freezeout model with well-de�ned 
olle
tiveexpansion and su

essive evaporation of hadrons from the hypersurfa
e of the �reball[50℄ des
ribes the BRAHMS results only qualitatively in the whole 
overed range oftransverse momentum.
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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 rea
tions for η = 2.2 at √sNN = 200 GeV are displayed.The sele
tion 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 indi
atedin Fig. 2.2 in se
tion: 2.1 that su
h sele
tion imposes that the data are measuredat µAu+Au@200GeV

B = µAu+Au@62.4GeV
B = 62 MeV. Considerably lower value depi
tedby 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 eviden
es that the baryon andmeson produ
tion at the 
overed pT interval is dominated by 
hemi
al properties.The strong medium e�e
ts are also seen throughout the observed enhan
ement of
p/π+(pT ) for nu
leus-nu
leus systems with referen
e to the results for elementaryintera
tions. The data infer possible s
aling of baryon-to-meson ratio with baryo
hemi
al potential for dense systems. In addition, the experimental results for η ≈2.2 are 
ompared with the 
al
ulations of single-freezeout model. The good agree-ment of data with the theoreti
al des
ription re�e
ts that, at forward region, one 
anexpe
t that the parti
le produ
tion follows rather s
enario with 
olle
tive expansionbased on the Hubble-type �ow.
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Chapter 6Con
lusionsThe 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 fun
tion of transverse momentum in the wide range of pseudorapidity.The presented results are based on the data 
olle
ted by BRAHMS experimentduring 2004, 2005 and 2006 
ampaigns.This thesis was primarily 
on
erned with the analysis of parti
le pro-du
tion in forward regime utilizing BRAHMS experimental setup. The analysis
onsisted of lo
al and global tra
king algorithms as well as global dete
tion pro-
edures. The Data Summary Tape pro
essing 
ontained the tra
k re
onstru
tion,the global storage and detailed information of 
ollision geometry. In addition, inthe analysis the indispensable restri
tions were applied e.g. �du
ial 
uts on dipolemagnets, the triggers requirements, χ2 
ut. The determination of the 
ollision ver-tex position, 
entrality and total 
harged parti
le multipli
ity were obtained usingglobal dete
tors (Multipli
ity Array, Beam-Beam 
ounters, Zero-Degree Calorime-ters) measurements.The BRAHMS parti
le identi�
ation (PID) was exploited to distinguishele
trons, muons, pions, kaons and protons in the broad range of momentum: 0 < p <40 GeV/c. The pro
edure was followed separately for Time of Flight (H2) and RingImaging Cherenkov dete
tor. The PID was performed by �tting the multi-Gaussianfun
tion into the squared invariant mass (m2) distribution in small momentum bins.The ± 3 σm2 
uts were applied to separate parti
le spe
ies. The dire
t PID by RICHdete
tor was obtained above pion, kaon and proton Cherenkov threshold p ≈ 2.2,9, 15 GeV/c, respe
tively. In the momentum range from 3.5-9 Gev/c, where thepion and kaon overlap in m2 distribution, RICH dete
tor veto signal was used tosele
t kaons with momenta p < 9 GeV/c. Additionally, above the kaon thresholdthe proton identi�
ation was possible in this momentum range by asso
iation tra
ks68



with veto signal in RICH dete
tor. 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 ea
h η and pT bins. Be
ause the yields were pro
ured from the realtime measurements, the fa
tors related to trigger normalization, tra
king e�
ien
y,
entrality sele
tion and a

eptan
e 
an
eled out in the ratio. Thus, the remaining
orre
tions were the ones related to the parti
le-type, namely RICH PID 
orre
tion,de
ays-in-�ight and intera
tions with material budget 
orre
tion.The RICH e�
ien
y was derived by 
omparing pion tra
ks registered inH2 dete
tor having no asso
iated rings in RICH dete
tor with all tra
ks identi�edas pions in ToF dete
tor. It was found that the pion e�
ien
y equals 0 at thepion Cherenkov threshold (p ≈ 2.2 GeV/c) and rapidly in
reases at larger momentarea
hing 97% at p ≈ 4.0 GeV/c. The RICH e�
ien
y was estimated for pionsassuming that the Cherenkov radiation depended on γ fa
tor. The detailed analysisshowed that the RICH e�
ien
y depended on three e�e
ts: parti
le γ fa
tor, geo-metri
al e�e
t, multipli
ity of tra
ks re
onstru
ted in T5 dete
tor. The e�
ien
ywas used to 
orre
t veto proton yield for the pion and kaon 
ontamination.The 
orre
tion for absorption and in-�ight de
ays was determined bysimulations of single pion and proton parti
les that were fed up as an input to arealisti
 GEANT model des
ription of the BRAHMS experimental setup. In theanalysis the 
orre
tion was determined by momentum dependen
e.Our results indi
ated the experimental observable, namely p/π ratio thatwould be sensitive to the hadronization me
hanism and 
olle
tivity of the bulkmedium 
reated in the relativisti
 heavy ion rea
tions. I presented the data for p/πratio in the wide pseudorapidity range as fun
tion of transverse momentum, 
ollision
entrality and beam rapidity. I reported the p/π+ and p̄/π− ratio as a fun
tion 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 s
enarios for baryon andmeson produ
tion at low and intermediate pT , in parti
ular at forward rapidities.For positively 
harged hadrons at the top RHIC energy of 
olliding nu
lei,the proton and pion produ
tion seemed to be 
omparable at midrapidity at 2.5GeV/c < pT < 4 GeV/c. It was shown that with in
reasing 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 rea
hed 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 dependen
e of p/π+ratio suggested that the p/π+ ratios at intermediate transverse momenta s
aled with69



the size of the 
reated medium. For p/π+ and p̄/π− ratios for heavy ion rea
tionsat √sNN = 200 GeV the dependen
e of 
ollision 
entrality was noti
eable at largertransverse momenta, pT > 1 GeV/c. For pT ≤ 1 GeV/c the overlap of data for all
entrality intervals was 
onspi
uous.In the 
overed pseudorapidity interval, 2.3 < η < 3.65, the value of p/π+ratio slightly in
reased going to more forward rapidities and a little shift of the peakvalue to larger transverse momenta was noted. For negative parti
les 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 in
reased within
reasing pseudorapidity at intermediate transverse momenta. For larger pT thevalue of ratios rea
hed a 
ommon value of 0.4 that was in a

ordan
e with pQCDpredi
tions. Compared to positive 
harged hadrons the shift of the peak of p̄/π−ratio to the lower pT was noti
eable, as well as the fa
t that the maximum of theratio was smaller by a fa
tor of 5. Moreover, the inverse tenden
y prevailed - thevalue of p̄/π− ratio was < 0.2 and de
reased for larger pseudorapidity.The striking property of p̄/π− in p+p 
ollisions at √
s = 200 GeV wasthe di�eren
e in the shape of the ratio 
ompared to heavy ion results. What wasex
eptional a larger value of the ratios for elementary rea
tions at the same energyat low transverse momentum, p < 0.9 GeV/c, was observed. That behaviour ofexperimental data 
learly suggested the existen
e of medium e�e
ts in heavy ionsintera
tions.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-sisten
y of the ratios. It implied that the 
hemi
al bulk medium properties hadtangible in�uen
e on the parti
le produ
tion. The trend was quite di�erent for re-sults in nu
leon-nu
leon rea
tions (p+p) at √sNN = 62.4 GeV at η ≈ 0 where themaximum value of the ratio equaled 0.4 and it was mu
h lower than for nu
leus-nu
leus 
ollisions.For Au+Au and p+p rea
tions 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 dependen
e of p/π+ ratio was observed.Furthermore, the proton-to-pion ratio of nu
leus-nu
leus data was 
onsistent withresults obtained for elementary p+p rea
tions. The latest 
al
ulations of R. Hwa'smodel indi
ated that the re
ombination of the quarks was a possible s
enario toexplain the Au+Au 
ollisions at η ≈ 3.2 at √
sNN = 62.4 GeV. The 
onsisten
ywith the results for elementary rea
tions indi
ated that we observed the 
rossing70



point of ratio in pseudorapidity. The la
k of 
entrality dependen
e of the ratios innu
leus-nu
leus 
ollisions at η ≈ 3.2 implied the equal nu
lear modi�
ation fa
torfor protons and pions (RAA) at the 
overed pT interval if 
ompared at the same 
en-trality bin. This indi
ation was 
losely related to the baryon transport pro
ess andenergy dissipation in nu
lear rea
tion. The lo
ation of the 
rossing point would pro-vide strong 
onstraints on the theoreti
al des
riptions of baryon number transportand asso
iate energy dissipation in relativisti
 nu
lear rea
tions.

71



Chapter 7Appendix 1It is indispensable to introdu
e a set of variables used to des
ribeparti
les produ
ed in relativisti
 nu
leus-nu
leus rea
tions.1. Rapidity(a) parti
le rapidity is de�ned:
y ≡ 1

2
ln

E0 + pz

E0 − pz
(7.1)where:

E0 - parti
le energy, pz - parti
le momentum in the longitudinal dire
tioninvariant mass of a free parti
le: E2
0 − ~p2 = m2transverse mass of a free parti
le: 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) parti
le pseudorapidity is de�ned:
η ≡ −lntan

θ

2
(7.8)where:

θ - angle between momentum of parti
le, ~p, and the beam dire
tion(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 se
tion(a) in
lusive 
ross se
tion:

d3σ

dp3
=

1

π

d3σ

dp2
⊥dpz

=
2√
sπ

d3σ

dp2
⊥dx

=
1

πE0

d3σ

dp2
⊥dy

(7.10)(b) invariant in
lusive 
ross se
tion:
E

d3σ

dp3
=

2E

π
√

s

d3σ

dp2
⊥dx

=
1

π

d3σ

dp2
⊥dy

(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. Parti
le identi�
ation pro
edure - 
ounting the m2 parameterThe su

essive steps of estimating m2 value using in m2 − p maps:(a) Time of Flight measurements
m2 
an be 
al
ulated from momentum, p, and ToF(β) measurements.The resolution, σ(m2), depends on parti
le momentum. Parti
le 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 dete
tor measurementsIn 
ase of RICH we measure the parti
le 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 parti
le refering to the speed of the light, θ - theangle of emission Cherenkov radiation, R - ring radius, L = 150 
m - thefo
al length of the RICH dete
tor mirror, n - refra
tion index.
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Chapter 8Appendix 2The lists of settings with itemized runs for parti
ular spe
ies and en-ergies of the 
olliding systems are introdu
ed in details:
period: run 04 setting: 2A1723spe
ie: 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: 3A3450spe
ie: 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: 6A1219spe
ie: 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: 8B1723spe
ie: 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: 10A861spe
ie: 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: 3A1723spe
ie: 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: 4A1723spe
ie: 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: 4B430spe
ie: 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: 2B3450spe
ie: 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: 8A2442spe
ie: 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: 2A1723spe
ie: 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: 6A861spe
ie: 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 spe
i�
ation of used triggers during all measurements is listed below:
period: run 04 Trigger Des
riptionspe
ie: Au + Au 1 Beam-Beam Countersenergy: √

sNN = 200 GeV (left and right array hit ≥ 2)2 Forward Spe
trometer trigger: ZDC,TRFS, H1 and H2 hodos
opes3 Midrapidity Spe
trometer trigger: ZDC,TRMRS, Time of Flight Wall4 ZDC: RHIC 
lo
k5 ZDC vertex: RHIC 
lo
k6 Front Forward Spe
trometer: ZDC,TRFS, H1 hodos
ope
period: run 04 Trigger Des
riptionspe
ie: Au + Au 1 Beam-Beam Countersenergy: √

sNN = 62.4 GeV (left and right array hit ≥ 1)2 Front Forward Spe
trometer trigger:TRFS, BB 
ounters, H1 hodos
ope,RHIC 
lo
k3 Midrapidity Spe
trometer trigger: ZDC,TRMRS, Time of Flight Wall4 ZDC: RHIC 
lo
k5 ZDC vertex: RHIC 
lo
k6 Front Forward Spe
trometer: ZDC,TRFS, H1 hodos
ope, RHIC 
lo
k
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period: run 05 Trigger Des
riptionspe
ie: p + p 1 Beam-Beam Countersenergy: √
sNN = 200 GeV (overlapping signals in left and right tubes)2 Forward Spe
trometer trigger: TRFS,RHIC 
lo
k, H1 and H2 hodos
opes3 Midrapidity Spe
trometer trigger: TRMRS,RHIC 
lo
k, Time of Flight Wall4 CC: RHIC 
lo
k5 ZDC vertex: RHIC 
lo
k6 Front Forward Spe
trometer: ZDC,TRFS, H1 hodos
ope

period: run 06 Trigger Des
riptionspe
ie: p + p 1 Beam-Beam Countersenergy: √
sNN = 62.4 GeV (overlapping signals in left and right tubes)2 Forward Spe
trometer trigger: RHIC 
lo
k,TRFS, H1 and H2 hodos
opes3 Midrapidity Spe
trometer trigger: TRMRS,RHIC 
lo
k, Time of Flight Wall4 CC: RHIC 
lo
k5 ZDC vertex: RHIC 
lo
k6 Front Forward Spe
trometer: ZDC,TRFS, H1 hodos
ope

88



Referen
es[1℄ E.V. Shuryak, Phys. Lett. B 78, 150 (1978).E.V. Shuryak, Phys. Rep. 61, 71 (1980).[2℄ B. A. Freedman, L. D. M
Lerran, Phys. Rev. D 16, 1196 (1977).J. Kapusta, Nu
l. Phys. B 148, 461 (1979).[3℄ STAR Collab., Nu
l. Phys. A 757, 102 (2005).[4℄ PHENIX Collab., Nu
l. Phys. A 757, 184-283 (2005).[5℄ PHOBOS Collab., Nu
l. Phys. A 757, 28 (2005).[6℄ BRAHMS Collab., Nu
l. Phys. A 757, 1-27 (2005).[7℄ M. Gyulassy, L. M
Lerran, Nu
l. Phys. A 750, 30-63 (2005).[8℄ R. A. La
ey, A. Taranenko, The 2nd Edition of International Workshop - Cor-relations and Flu
tuations in Relativisti
 Nu
lear Collisions, Galileo GalileiInstitute, Floren
e, Italy, July 7-9, 2006.[9℄ E. J. Kim (BRAHMS Collab.), Nu
l. Phys. A 774, 493-496 (2006).[10℄ S. Voloshin, Y. Zhang, Z. Phys. C 70, 665 (1996).[11℄ M. Gyulassy, T. Matsui, Phys. Rev. D 29, 3, (1984).[12℄ T. Hirano, Y. Nara, Nu
l. Phys. A 743, 305 (2004). T. Hirano, Y. Nara, Phys.Rev. C 69, 034908 (2004).[13℄ STAR Collab., Phys. Rev. Lett. 99, 112301 (2007).[14℄ PHOBOS Collab., Phys. Rev. C 72, 051901, (2005).[15℄ X.-N. Wang, Phys. Lett. B 579, 299-308, (2004).[16℄ S. Sanders (BRAHMS Collab.), Hadron Physi
s and Properties of High BaryonDensity Matter, Xi'an, China, November 22-25, 2006.89



[17℄ Z. W. Lin, C. M. Ko, S. Pal, Phys. Rev. Lett. 89, 152301 (2002).[18℄ BRAHMS Collab., Phys. Rev. Lett. 93, 242303 (2004).[19℄ BRAHMS Collab., Phys. Lett. B 677, 267-271 (2009).[20℄ BRAHMS Collab., Phys. Rev. Lett. 93, 102301 (2004).[21℄ F. Videbæk, O. Hansen, Phys. Rev. C 52, 2684 (1995).C. Blume (NA49 Collab.), J. Phys. G 34, 951-954 (2007).[22℄ J. D. Bjorken, Phys. Rev. D 27, 140-151 (1983).[23℄ BRAHMS Collab., Phys. Rev. Lett. 91, 072305 (2003).[24℄ BRAHMS Collab., Phys. Lett. B 650, 219 (2007).R. Karabowi
z, Quark Matter 2005, Budapest, Hungary, August 4-9, 2005,BRAHMS parallel talk.[25℄ V. Gre
o, C.M. Ko, P. Levai, Phys. Rev. Lett. 90 022302 (2003).[26℄ J. W. Cronin, H. J. Fris
h, M. J. Sho
het, Phys. Rev. D 19, 764 (1979).[27℄ L. M
Lerran, J. Phys. Conf. Ser. 5, 127-147 (2005) and referen
es therein.[28℄ D. Kharzeev, Y. Kov
hegov, K. Tu
hin, Phys. Rev. D 68, 094013 (2003).[29℄ A. Capella, E. G. Ferreiro, A. B. Kaidalov, D. Sousa, arXiv:hep-ph/0403081.[30℄ STAR Collab., Phys. Lett. B 637, 161 (2008).[31℄ BRAHMS Collab., Phys. Rev. Lett. 101, 042001 (2008).[32℄ BRAHMS Collab., Phys. Rev. Lett. 98, 252001 (2007).[33℄ S. Albino, B. A. Kniehl, G. Kramer, Nu
l. Phys. B 803, 42-104 (2008).[34℄ J. Bene
ke, T. T. Chou, C. N. Yang, E. Yen, Phys. Rev. 188, 2159 (1969).[35℄ N. Katry«ska (BRAHMS Collab.), Di�ra
tion 2008 AIP Conferen
e Pro
eed-ings 1105, (2009).[36℄ NA49 Collab., Phys. Rev. Lett. 82, 2471 (1999).[37℄ Z. Fodor, S. Katz, J. High Energy Phys., 050, (2004) and referen
es therein.
90



[38℄ M. A. Halasz, A. D. Ja
kson, R. E. Shro
k, M. A. Stephanov, J. J. M. Ver-baars
hot, Phys. Rev. D 58, 096007 (1998).[39℄ J. Kapusta, �Finite-temperature �eld theory�, (1993).[40℄ M. Bella
, �Thermal Field Theory�, (2000).[41℄ J. Cleymans, H. Satz, Z. Phys. C 57, 135 (1993).[42℄ D. Ris
hke, arXiv:nu
l-th/0305030.[43℄ http://www.bnl.gov/rhi
, June 2009.[44℄ D. Kharzeev, M. Nardi, Phys. Lett. B 507, 121 (2001).[45℄ R. Debbe, Quark Matter 2008, Jaipur, India, February 3-10, 2008, BRAHMSplenary talk.[46℄ J. Cleymans, H. Oes
hler, K. Redli
h, S. Wheaton, Phys. Rev. C 73, 034905(2006).[47℄ P. Braun-Munzinger, Nu
l. Phys. A 681, 119
-123
 (2001).[48℄ J. Cleymans, K. Redli
h, Phys. Rev. Lett. 81, 5284 (1998).[49℄ R. Hwa, Li-Lin Zhu, Phys. Rev. C 78, 024907 (2008).[50℄ W. Broniowski, B. Biedro«, Phys. Rev. C 75, 054905 (2007).[51℄ R. Hwa, C. B. Yang, Phys. Rev. C 67, 034902 (2003).[52℄ R. Hwa, C. B. Yang, Phys. Rev. C 70, 024904 (2004).[53℄ R. Hwa, C. B. Yang, Phys. Rev. C 70, 024905 (2004).[54℄ R. Hwa, C. B. Yang, Phys. Rev. C 73, 044913 (2006).[55℄ R. Hwa, C. B. Yang, Phys. Rev. C 73, 064904 (2006).[56℄ R. Hwa, C. B. Yang, Phys. Rev. C 76, 014901 (2007).[57℄ R. Hwa, J. Phys. G: Nu
l. Part. Phys. 35, 104017 (2008).[58℄ N. Katry«ska, P. Staszel (BRAHMS Collab.), poster presentation at QuarkMatter 2008, Jaipur, India, 4-10 February 2008, arXiv:nu
l-ex/0806.1162.[59℄ A. Biaªas, M. Bleszy«ski, W. Czy», Nu
l. Phys. B 111, 461-476, (1976).91



[60℄ T. Hirano, arXiv:nu
l-th/0601006.[61℄ Sollfrank, et al., Phys. Rev. C 55, 392 (1997) and referen
es therein.[62℄ D. Srivastava, et al., Phys. Rev. C 56, 1064 (1997) and referen
es therein.[63℄ F. Cooper, G. Frye, Phys. Rev. D 10, 186 (1974).[64℄ J. Cleymans, K. Redli
h, Phys. Rev. C 60, 054908 (1999).[65℄ W. Broniowski, B. Biedro«, Phys. Rev. Lett. 87, 272302 (2001).[66℄ A. Mar
inek, Master's thesis, Jagiellonian University, (2009).[67℄ P. Braun-Munzinger, D. Magestro, K. Redli
h, J. Sta
hel, Phys. Lett. B 518,41 (2001).F. Be

atini, M. Ga¹dzi
ki, A. Keranen, J. Manninen, R. Sto
k, Phys. Rev. C69, 024905 (2004).[68℄ E. S
hnedermann, J. Sollfrank, U. Heinz, Phys.Rev. C 48, 2462 (1993).U. Heinz, Nu
l. Phys. A 661, 140 (1999).[69℄ BRAHMS Collab., Nu
l. Instr. Meth. A 499, 437 (2003).[70℄ BRAHMS analysis note: Tra
k Re
onstru
tion E�
ien
y in FS Tra
king De-te
tors, http://www4.r
f.bnl.gov/brahms/WWW/, November 2001.[71℄ BRAHMS analysis note: E�
ien
y Corre
tion for Forward Spe
trometerTra
ks, http://www4.r
f.bnl.gov/brahms/WWW/, O
tober 2009.[72℄ R. Debbe, C. E. Jorgensen, J. Olness, Z. Yin, Nu
l. Instr. Meth. A 570, 216-222(2007).[73℄ C. Adler, A. Denisov, E. Gar
ia, M. Murray, H. Strobele, S. White, Nu
l. Instr.Meth. A 499, 433 (2002).[74℄ P. Staszel, postdo
toral thesis, in preparation.[75℄ http://wwwasd.web.
ern.
h/wwwasd/geant, June 2009.[76℄ BRAHMS Collab., Phys. Rev. C 72, 014908 (2005) and referen
es therein.[77℄ PHENIX Collab., Phys. Rev. Lett. 91, 172301 (2003).[78℄ T. Hirano, Y. Nara, Phys. Rev C 69, 034908 (2004).92



[79℄ I. Arsene, (BRAHMS Collab.), oral presentation at Quark Matter 2008, Jaipur,India, 4-10 February 2008.[80℄ BRAHMS Collab, submitted Phys. Lett. B, arXiv:nu
l-ex/09112586.[81℄ http://th.physik.uni-frankfurt.de/�urqmd, July 2009.[82℄ http://www-nsdth.lbl.gov/�xnwang/hijing, July 2009.

93


