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Prefa
eIn the 
ourse of a 
entral ultra{relativisti
 heavy ion 
ollision, a short{lived state of high energydensity (& 1 GeV=fm3 for � 10�23 s) is formed. As a result of this high ex
itation, thousands of
harged parti
les are produ
ed. It is this environment whi
h is thought to re
reate 
onditionsprevailing early in the universe. During the summer and fall 2001, the Relativisti
 Heavy IonCollider (RHIC) 
ollided gold ions at p sNN = 200 GeV, i.e. the highest 
enter of mass energya
hieved so far by a heavy ion a

elerator.The BRAHMS dete
tor, lo
ated in the RHIC experimental area, has made unique measure-ments, among the four RHIC experiments, of 
harged hadrons over a broad range of rapidityand transverse momentum (�0:1 < y� < 3:6 and 0:1 < pT . 5 GeV=
). The hadrons produ
ed
onsist to a large extent of pions and kaons. These unstable parti
les survive long enough tobe dire
tly observed. Therefore, they serve as a probe of the 
ollision dynami
s. Of spe
ialinterest are the kaons, whi
h 
arry the quark 
avor 
alled strangeness, not present in theinitial state.The thesis is divided into eight 
hapters. After an introdu
tion reviewing the �eld of rela-tivisti
 heavy ion 
ollision physi
s, Chap. 2 fo
uses on pions and kaons produ
ed in heavyion 
ollisions. The existing data, from SIS to RHIC energy ranges, are introdu
ed in order tostart a dis
ussion on the evolution of the 
ollision dynami
s with p sNN . This is followed bytheoreti
al des
riptions of meson produ
tion (statisti
al models and parton 
as
ade models).Chap. 3 is devoted to the BRAHMS experimental setup while details on parti
le identi�
ationare given in Chap. 4. In Chap. 5 is explained how invariant transverse momentum spe
tra are
onstru
ted. From there, results are presented in Chap. 6, where pion and kaon distributionsare investigated as a fun
tion of rapidity, together with estimations of systemati
 errors. InChap. 7, the energy systemati
s introdu
ed in Chap. 2 is fully dis
ussed in the light of theresults given in Chap. 6. Theoreti
al predi
tions are then 
ompared to the data. A 
on
lusionin Chap. 8 puts an end to the thesis.The results presented in this thesis are preliminary, and as su
h, not oÆ
ial published BRAHMSresults. Before quoting the results, please 
onta
t the author 1 and the spokespersons of theBRAHMS 
ollaboration 2.Resear
h 
arried out in part at the Relativisti
 Heavy Ion Collider, Brookhaven NationalLaboratory, whi
h is supported by the U.S. Department of Energy, Division of Nu
lear Physi
sof the OÆ
e of S
ien
e, under 
ontra
t with BNL (No. DE{AC02{98CH10886).1Djamel Ouerdane, ouerdane�nbi.dk2Flemming Videb�k, videbaek�bnl.gov and Jens J�rgen Gaardh�je, gardhoje�nbi.dki
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Chapter 1Introdu
tionUltra{relativisti
 heavy ion 
ollisions are a powerful tool for probing properties of matterunder extreme 
onditions. The main goal is to 
hara
terize the properties of highly dense andhot states that matter under ordinary 
onditions does not exhibit, and measure a transitionto a phase 
alled the Quark Gluon Plasma, not yet 
learly put in eviden
e. This 
hapterintrodu
es the �eld of relativisti
 heavy ion 
ollisions by reviewing relevant theoreti
al toolsand some key experimental data.1.1 Heavy Ion Collisions and Phase TransitionsThe goal of heavy{ion 
ollisions is to study
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Fig. 1.1: Calori
 
urve 
onstituted by the nu-
lear temperature as a fun
tion of the ex
ita-tion energy per nu
leon [1℄.

hot and dense states of hadroni
 matter. Theorder of magnitude of temperatures and pres-sures rea
hed in su
h 
ollisions bears no 
om-parison with everyday life 
onditions due tothe strong binding energy existing in the heartof atomi
 nu
lei in 
ontrast with the weakbonds between e.g. water mole
ules. Nev-ertheless, like water be
oming steam whenheated up above a 
riti
al temperature, nu-
lear matter undergoes phase transitions. Thenature of the phase transition depends on theinitial energy 
onverted into matter ex
ita-tion. For example, the liquid{gas phase tran-sition happens when the energy is above theCoulomb barrier of the 
olliding nu
lei (a fewtens of MeV per nu
leon). It has been ex-perimentally put in eviden
e, as 
an be seenin Fig. 1.1 showing the 
orrelation betweenthe temperature and the ex
itation energyper nu
leon, 
alled 
alori
 
urve. The uni-versality of the data as well as the plateau{like shape are 
hara
teristi
 of a �rst order1liquid{gas phase transition [1, 2℄. Another phase{transition from hadron gas to a more exoti
1i.e. showing a dis
ontinuity. 1



2 Chapter 1. Introdu
tionstate is predi
ted to happen when mu
h higher temperature and pressure are rea
hed. Thenext se
tions give an overview of the theoreti
al framework and predi
tions of this \new"form of matter and its impli
ation in the 
urrent knowledge of the fundamental properties ofmatter.1.2 The Quark Gluon PlasmaHadroni
 matter is made of quarks. Hadrons are divided into two groups, the baryons 
onsist-ing of three quarks like the nu
leons (qqq), and mesons 
onsisting of a quark and anti{quarklike pions and kaons (q�q). Quarks are 
hara
terized by the 
avor quantum number. Thereare six 
avors: u (up), d (down), s (strange), 
 (
harm), b (bottom) and t (top). Quarks also
arry a 
harge 
alled 
olor, together with the well known ele
tri
al 
harge2. Color 
hargesare red, green and blue + anti{
olors. It happens that only 
olor neutral obje
ts have beenobserved in nature so far. A baryoni
 
olor state is always (qrqbqg), a mesoni
 
olor state is(q
�q�
) while 
avor 
ombinations are not so mu
h restri
ted (the total ele
tri
al 
harge has tobe a multiple of the unit 
harge e). The intera
tion between 
olor 
harges is 
alled the strongintera
tion, formally des
ribed by the Quantum{Chromo{Dynami
s (QCD), a gauge theorylike Quantum{Ele
tro{Dynami
s (QED) des
ribing the ele
tromagneti
 intera
tion, but basedon the symmetry of the spe
ial unitary group SU(3). The generators of this symmetry group3are related to the physi
al gluons, the ve
tors of the strong intera
tion binding quarks withea
h other. There is a fundamental di�eren
e between gluons (QCD) and photons (QED):although massless like photons, gluons 
arry 
olor 
harges. This remarkable fa
t leads to 
olor
on�nement.1.2.1 QCD Con�nementSin
e gluons 
arry 
olor 
harges, they are subje
t to a 
olor self{intera
tion. This gives riseto a 
oupling 
onstant �s, indi
ator of the strength of the intera
tion, whi
h 
an be writtenas follows:�s �jQj2� = �01 + �012� (11n
 � 2nf) log jQj2�2 (1.1)where Q is the four{momentum transfer involved in the intera
tion pro
ess, � a s
ale 
onstantsu
h that � � jQj, n
 the number of 
olor 
harges (3) and nf the number of 
avors (seeFig. 1.2). From this formula, it 
an be seen that if Q is small, �s is large and vi
e-versa. Thisa�e
ts the form of the potential between two heavy quarks (Vqq) as a fun
tion of their relativedistan
e:Vqq(r) = �A(r)r + a r (1.2)where A(r) is proportional to 1 = log (1=r) and a is a 
onstant 
alled the string tension whi
his the slope of the linear part of the potential, whose value is � 1 GeV/fm (see Fig. 1.3). Theform of the potential Vqq implies that as the distan
e r between quarks in
reases, the potentialin
reases as well and a
ts against the separation, this is the 
olor 
on�nement. Due to the2Constituent quarks 
arry fra
tions of the unit ele
tri
al 
harge e.3from the Lie algebra formalism
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4 Chapter 1. Introdu
tiongluon self{intera
tion, the 
olor �eld between the quarks is 
on�ned in a narrow 
ux tube,so the system reminds of a string. When r be
omes large, i.e. quarks are separated, it isenergeti
ally possible to form a pair or more of quark and anti{quark from the large potentialenergy between them. The 
olor string eventually breaks up and new hadrons are formed.This is why no \free" quarks have been yet observed at normal temperatures (T � 0) anddensities (� � 0:17 GeV=fm3). But if the distan
e r gets small, the bond between quarksbe
omes loose, this is the so{
alled asymptoti
 freedom.1.2.2 De
on�nement and QGPIn heavy{ion 
ollisions, the nu
lear material gets 
ompressed for a short while (� 10�23 s).The nu
leons overlap in su
h a way that their 
onstitutive quarks 
ould intera
t dire
tly androam freely inside the nu
lear volume: the hadrons \melt" (see Fig. 1.4).
compression

heating

Fig. 1.4: Simple pi
ture of nu
lear matter matter melting into QGP.If this de
on�ned phase is thermally equilibrated, meaning that it 
an be 
hara
terized by athermodynami
al temperature (
f. Chap. 2), it is 
alled the Quark Gluon Plasma (QGP). Ifthe transition from 
on�ned to de
on�ned matter is a �rst order transition, it is 
hara
terizedby a 
riti
al temperature T
.Latti
e QCDThe number of degrees of freedom is expe
ted to in
rease dramati
ally at the phase transitionfrom the hadroni
 (hadron gas) to partoni
 phase (QGP). Sin
e QCD be
omes perturbativeonly at very large values of Q (or small �s), it is not possible to get an analyti
al derivationof the phase transition. However, numeri
al methods are used su
h as Latti
e QCD [5, 6℄ toinvestigate the evolution of the nu
lear matter states. Figure 1.5 illustrates results from su
h
al
ulations. As 
an be seen, the energy density shows a sharp rise when the temperaturein
reases above the 
riti
al temperature T
 and vary very little at T well above T
. Latti
eQCD therefore does predi
t the phase transition hadron gas{QGP. The 
al
ulated 
riti
altemperature is T
 � 172�3 MeV at vanishing baryo{
hemi
al potential �B4. The same latti
e
al
ulations estimate the evolution of the heavy quark{quark potential Vqq with temperature.As 
an be seen from the right panel of Fig. 1.5, the potential de
reases at distan
es beyondr � 0:25 fm and eventually 
attens for T > T
. This means that the 
olor 
harge getss
reened at distan
es of this order, dissolving the bound state of quarks. From an experimental4see de�nition of �B in Chap. 2.
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1.15TcFig. 1.5: Left: Evolution of the energy density with temperature predi
ted by Latti
e QCD
al
ulations. For all 
al
ulations, the sharp energy in
rease around a temperature T = T
reveals a phase transition to QGP. Right: Evolution of the QCD potential with temperature.As T in
reases, the potential 
attens o�. At T > T
, the potential is negligible, the 
olor
harge is s
reened and quarks evolve freely (�gure from [5℄).point of view, ultra{relativisti
 heavy{ion 
ollisions are the sole existing laboratory tool toapprehend su
h high temperatures and measure this phase{transition. It also gives the uniqueopportunity to 
hara
terize the properties of \extended spa
e{time regions 
ontaining a lo
allymodi�ed va
uum state" [7℄.1.3 Relativisti
 Heavy Ion CollisionsIn this se
tion are given some 
entral \pi
tures" of relativisti
 heavy{ion 
ollisions. Thevariables used are de�ned in Appendix B. Figure 1.6 illustrates a s
hemati
 view of twonu
lei of the same kind approa
hing ea
h other in the 
enter of mass (CM) frame of thesenu
lei. The nu
lei are Lorentz 
ontra
ted in their dire
tion of motion due to their relativisti


b fireball

spectators

spectators

Fig. 1.6: S
hemati
 view of a relativisti
 heavy ion 
ollision : two nu
lei approa
hing ea
hother at an impa
t parameter b (left), spe
tators 
ying away and expanding �reball (right).speed. The transverse distan
e between their traje
tories (de�ned by the motion of theirrespe
tive 
enters) is 
alled the impa
t parameter b. In the region of overlap, nu
leons are
alled parti
ipants, they intera
t strongly and give rise to an expanding volume of high energydensity 
alled the �reball. Outside this overlap, non intera
ting nu
leons are spe
tators, theykeep their original momentum and 
y away from the hot zone without \parti
ipating".



6 Chapter 1. Introdu
tion1.3.1 Collision CentralityThe spe
tator{parti
ipant pi
ture is used to 
hara
terize the 
entrality C. The latter is relatedto the overlap surfa
e in the transverse plane of the 
olliding nu
lei and is de�ned asC = �Z b
0 d�in(b0)db0 db0� =�in (1.3)where �in is the total inelasti
 
ross{se
tion and b
 the impa
t parameter 
ut{o�. From thisde�nition, C is the probability that a 
ollision o

urs at b � b
. For two identi
al 
ollidingsolid spheres, d�in(b)db = 2�bdb. Therefore, sin
e bmax = 2R, where R is the sphere radius, oneobtains C = b2
4R2 . For gold nu
lei with 197 nu
leons ea
h, R = 1:2 � 1971=3. Therefore, the
entrality range 0{5% 
orresponds to impa
t parameters ranging from 0 to 3.1 fm.Sin
e the impa
t parameter b is not dire
tly measurable, one uses experimental observableslike the number of produ
ed 
harged parti
les. Indeed, this number is 
orrelated to thenumber of parti
ipants. Quantitatively, the number of parti
ipants is estimated by the Glaubermodel [8, 9℄. Figure 1.7 shows the 
orrelation between the number of parti
ipating nu
leonsand the impa
t parameter for Au+Au 
ollisions, based on the Glauber parametrization (usede.g. by the event generator HIJING [10℄). In this model, three assumptions are made:

b [fm]
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Fig. 1.7: Number of parti
ipants versus impa
t parameter based on the Glauber model.!nu
leons are distributed a

ording to a density fun
tion (e.g. Wood{Saxon),!nu
leons travel in straight lines and are not de
e
ted by intera
tions,!nu
leons intera
t with the inelasti
 
ross{se
tion �NN measured in p+p 
ollisions at thesame initial energy even after multiple intera
tionsThere are two pra
ti
al ways to use the Glauber model. One is a Monte Carlo (MC) 
al
ulationwhere nu
leons are distributed in the nu
lei a

ording to the density fun
tion while the other
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al{limit approa
h where the problem is solved by numeri
al integrals. Bothmethods agree in the number of parti
ipants 
al
ulated at a given impa
t parameter butdi�er in the total 
ross{se
tion be
ause the opti
al{limit approa
h imposes a 
ut{o� in themaximum impa
t parameter. Therefore, large di�eren
es exist between the two 
al
ulationsin peripheral 
ollisions.1.3.2 Collision Transparen
yThe 
on
ept of transparen
y is linked to the baryon stopping. It is illustrated in Fig. 1.8.A 
ollision is 
alled transparent when the original nu
leons left little of their initial kineti

t1 t2 t3 t4Fig. 1.8: Simplisti
 view of a transparent 
ollision. The parti
ipant nu
leons keep most oftheir initial momentum but leave a highly ex
ited zone between the nu
lei (ex
ited 
olor �elds)that give rise to a net{baryon poor �reball.energy during the interpenetration of the 
olliding nu
lei. In that 
ase, as the original nu-
leons move away from the intera
tion zone at a barely altered rapidity5, the mid-rapidityzone is 
hara
terized by a net{baryon density (Nnet = NB �N �B) 
lose to zero due to baryonnumber 
onservation, meaning that the baryons and anti-baryons dete
ted at mid-rapidity areall produ
ed.Conversely, the full{stopping s
enario implies that the original nu
leons are mostly distributedaround mid-rapidity, with a maximum at y = yCM (see Fig. 1.9). In that 
ase, Nnet is greater

t1 t2 t3 t4Fig. 1.9: Simplisti
 view of the nu
leon stopping. The parti
ipant nu
leons lose most of theirinitial momentum, they are stopped. In that 
ase, the �reball is net{baryon ri
h.than zero at yCM and the �reball is net{baryon ri
h. The 
on
ept of transparen
y and stoppingwere investigated by Bjorken in 1983 [11℄. He des
ribed the evolution of the 
entral rapidityregion in heavy{ion 
ollisions based on observations from p+p 
ollisions and hydrodynami
s.The assumptions in the Bjorken pi
ture are:5The 
on
ept of rapidity density is explained in appendi
es B and E.
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tionBoost invarian
e Sin
e rapidity densities dN=dy are independent of rapidity for at leasta few units of rapidity around mid{rapidity in p+p and p+A 
ollisions,it is assumed to be true in A+A 
ollisions as well.Transparen
y Fragments of the original nu
lei do not end up in the 
entral rapidityregion, solely populated by parti
les produ
ed from the breaking of
olor strings.2D{problem The transverse expansion of the sour
e is ignored be
ause of the largeinitial transverse s
ale of the sour
e 
ompared to its longitudinal s
ale.This is at least true from 
entral 
ollisions and redu
es the problem tothe 
oordinate z (ion dire
tion of motion) and t (time).Expansion At some early time, assumed to be of the order of the 
hara
teristi
hadroni
 formation time s
ale t � 1 fm=
, the system thermalizes andhydrodynami
s governs the evolution and expansion of the sour
e.The boost invarian
e assumption implies that the initial energy density is the same in di�erentLorentz frames at the same lo
al time. Due to the homogeneity of the sour
e in all frames,there is no pressure gradient to 
hange the longitudinal 
ow and the velo
ity of ea
h 
uidelement remains the same. If at t = 0, right after the nu
lei have 
ollided, the longitudinalextent of the sour
e is negligible, the relation z = �t holds true at all times t > 0. The propertime � is then� = t
 = st2 �1� z2t2 � = pt2 � z2 (1.4)As the evolution looks the same in all mid{rapidity like frames, energy density and pressureonly depend on � . Isoenergy and density 
urves are therefore hyperbolas in the (z; t) spa
e and
an be used to distinguish between the di�erent phases of the 
ollision evolution. A possibleevolution of A+A 
ollisions is illustrated in Fig. 1.10.During hydrodynami
al expansion, entropy6 is preserved. Therefore, the entropy at thermal-ization is the same at freeze{out, when no more intera
tions between parti
les o

ur. If theinitial entropy 
an be 
al
ulated, the �nal multipli
ities 
an be predi
ted. Hen
e, the initialenergy density � 
an be dedu
ed from the measured multipli
ities dN=dy:� = hEiV = hmT i 
osh (y) dNdy �yA�z = hmT iA� 32 dN 
hdy (1.5)where � is the initial formation time, usually taken to be the thermalization time{s
ale 1 fm/
and A is the transverse area of the zone (the relation z = � sinh (y) is used to get the �nalterm).1.4 Experimental Highlights(Ultra)relativisti
 heavy{ion 
ollision experiments 
arried out at the Heavy{ion Syn
hrotron(SIS), Alternating Gradient Syn
hrotron (AGS), Super Proton Syn
hrotron (SPS) and theRelativisti
 Heavy{Ion Collider (RHIC) have provided an outstanding amount of interestingdata. This se
tion reviews a few of them illustrating the potential of this �eld for \newphysi
s" like the existen
e of the QGP.6
f. Chap. 2 for details on entropy produ
tion.
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Fig. 1.10: Possible spa
e{time evolution of a relativisti
 heavy ion 
ollision a

ording to theBjorken pi
ture.1.4.1 Results prior to RHICIn this se
tion are presented a few published results from relativisti
 heavy ion 
ollision ex-periments prior to RHIC. Note that this is not an exhaustive review.In{medium E�e
ts Near Kaon Produ
tion ThresholdMean{�eld 
al
ulations [12℄ predi
t a 
hange of the K+ and K� masses when the nu
leardensity � in
reases above its value at saturation �0. This e�e
t is 
aused by a repulsiveK+N potential and an attra
tive K�N potential. A dire
t 
onsequen
e is a 
hange of thekaon produ
tion energy threshold psth whi
h in
reases for K+ and de
reases for K�. TheKaoS 
ollaboration [13℄ (SIS) has measured the K+ and K� multipli
ities per number ofparti
ipating nu
leons in C+C / Ni+Ni as a fun
tion of Q = p sNN � psth (left panel ofFig. 1.11), and Au+Au / C+C 
ollisions as a fun
tion of the beam energy (right panel ofFig. 1.11). The solid lines on the left panel represent parameterizations of the available ppdata (see [14℄ and referen
es therein). In NN 
ollisions, the K+ multipli
ity ex
eeds the K�multipli
ity by one or two orders of magnitude at the same Q value. This large di�eren
e isnot seen in AA 
ollisions where kaon data nearly fall on the same 
urve, showing a strong
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0.6 0.8 1 1.2 1.4 1.6 1.8 2Fig. 1.11: Left: K+ and K� multipli
ities per parti
ipant as a fun
tion ofQ (see text) [13, 14℄.Right: K+ multipli
ity per parti
ipant in C+C and Au+Au 
ollisions as a fun
tion of beamenergy where lines represent IQMD simulations with in{medium e�e
ts (solid) and without(dashed).enhan
ement of K� interpreted as a lowering of psthK� due to in{medium e�e
ts. On theright panel is shown a 
omparison between K+ data and IQMD predi
tion with and withoutin{medium e�e
ts. The data is reprodu
ed if in{medium e�e
ts are in
luded. Note also thatthe di�eren
e data{simulation with bare K+ mass is larger in Au+Au than in C+C be
auseof a mu
h ri
her baryoni
 environment. The nu
lear density is therefore higher in Au+Auwhere the K+ mass is more a�e
ted by in{medium e�e
ts. psthK+ is therefore in
reased morestrongly than in C+C, leading to a larger K+ suppression.Transverse FlowThe transverse 
ow reveals its print on the transverse mass spe
tra. The latter 
an be des
ribedby the Boltzmann{like distribution, as long as the parti
le sour
e is thermalized and has atemperature T & 50 MeV, where bosoni
 and fermioni
 e�e
ts 
an be ignored:dNm?dm? / exp ��m? �mT � (1.6)where T is the inverse slope parameter or apparent temperature of the emitting sour
e. Foran ideal sour
e at rest where parti
le motions are purely thermal, the slope parameter isexpe
ted to be the same for all parti
le types. When the inverse slope parameters obtainedfrom �ts are plotted against the 
orresponding mass, one sees a quasi{linear dependen
e up tom � 1 GeV=
2, as 
an be seen on Fig. 1.12. Moreover, the magnitude of this linearity dependson the system size: the bigger the system, the bigger the slopes [15℄. On the other hand, forhyperons whi
h 
arry a 
ertain amount of strangeness, the linearity slope{mass does not holdanymore. This feature is interpreted as an early (
hemi
al) de
oupling of the heavy hyperonsfrom the system before thermal freeze{out, when parti
les have built up the full 
ow throughsubsequent elasti
 
ollisions [18, 19℄. Nevertheless, sin
e the inverse slope parameters reveal
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Fig. 1.12: Inverse slope parameter as a fun
tion of mass from the rea
tion Pb+Pb at158 AGeV [15℄.
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Fig. 1.13: Energy dependen
e of the thermal freeze{out temperature T and average transverse
ow velo
ity h�?i from SIS to SPS (see [16, 17℄ and referen
es therein).
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tionthe state at thermal freeze{out, populated mostly by light hadrons, it has been suggested tosplit the parameter T into two 
omponents, a thermal part Tfo and a part resembling the
olle
tive expansion:T = Tfo +m h�?i2 (1.7)with h�?i de�ned as the average transverse 
ow velo
ity, owing to the �reball pressure. Analternative to this simple parametrization was proposed in [20℄, whi
h aims at des
ribing thetransverse 
ow by a hydrodynami
al ansatz. Transverse mass spe
tra are modeled as follows:dNm?dm? / Z R0 r drm? I0 �p? sinh �Tfo � K1 �m? 
osh �Tfo � (1.8)where � = tanh�1 �?(r) and �?(r) = � (r=R)�. I0 and K1 are modi�ed Bessel fun
tions. Theexponent � des
ribes the evolution of the 
ow velo
ity (or 
ow pro�le) from any radius r tothe freeze{out radius R. Figure 1.13 
ompiles the in
ident energy dependen
e of Tfo and h�?ifrom SIS to SPS energy regimes, whether the exponential or blast{wave des
ription was used.As the in
ident energy in
reases, the freeze{out temperature in
reases rapidly (low p sNN)but tends to level as p sNN enters the SPS regimes. This behavior is seen in the general trendof the energy dependen
e of h�?i within the systemati
 errors of all experiments.J= suppressionIn early spring 2000, a CERN press re-

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 0.5 1 1.5 2 2.5 3 3.5

ε  (GeV/fm3)

M
ea

su
re

d 
/ E

xp
ec

te
d 

 J
/ψ

 s
up

pr
es

si
on

p - p(d)  NA51
p - A     NA38
S - U     NA38
Pb - Pb 1996
Pb - Pb 1996 with Minimum Bias
Pb - Pb 1998 with Minimum Bias

Fig. 1.14: J= suppression measured byNA50 [21, 22℄.

lease announ
ed that a \new state of mat-ter" was observed in Pb+Pb 
ollisions atp sNN = 17:2 GeV. Su
h enthusiasm ismainly motivated by a study of the J= multipli
ity 
arried out by the NA50 ex-periment. J= is a tightly bound state of
harm and anti{
harm quarks (
�
). It ispredi
ted [21℄ that its yield is suppressedin a de
on�ned medium due to the s
reen-ing of the attra
tive 
olor intera
tion whi
hnormally binds the 
 and �
 quarks to-gether. Moreover, J= is parti
ularly in-teresting be
ause it probes the state ofmatter in the earliest stages of the 
olli-sions sin
e 
�
 pairs 
an only be produ
edat that time (J= intera
ts little with thehadroni
 medium due to its large bind-ing energy of the order of 600 MeV, andtherefore 
an survive the di�erent 
ollisions stages until it weakly de
ays). The J= produ
-tion is studied via its de
ay into two muons �+��. The suppressed J= produ
tion is visiblein Fig. 1.14 whi
h shows the ratio between the measured J= multipli
ity normalized to theyields expe
ted if nu
lear absorption is the only sour
e of suppression, as a fun
tion of theenergy density. As 
an be seen, a 
lear suppression is visible above � � 2:3 GeV=fm3, whi
h is
onsistent with the formation of a QGP (see [21, 22℄).



1.4. Experimental Highlights 13Strangeness Enhan
ementAnother possible signature of the QGP existen
e is the enhan
ed produ
tion of strangeness. Itis predi
ted that the strange quark and anti-quark s�s produ
tion is enhan
ed in a de
on�nedmedium ([7℄ and referen
es therein) by thermal glue based pro
esses. Indeed, the gluon densityin a QGP is high while 
hiral symmetry might be (partly) restored [23, 24℄. The latterpoint leads to a de
rease between the mass di�eren
es between the various (anti)quarks.Consequently, a relative enhan
ement of the produ
tion of heavy quarks 
omparatively with
on�ned medium produ
tion is expe
ted. This enhan
ed heavy quark 
ontent has to bere
e
ted in the �nal 
hemi
al state of the 
ollision. On the other hand, se
ondary pro
esseslike � + n ! K + � 
an also lead to strangeness enhan
ement when the produ
tion pro
essapproa
hes equilibrium 
onditions but this hadroni
 pro
ess would require a mu
h longerequilibration time due to the energy required (& 100 fm=
) than in a QGP s
enario (in theorder of a few fm/
) for (multi)strange baryons. For these resonan
es, the enhan
ementis relative to the produ
tion yields measured in pA 
ollisions. Figure 1.15 shows the ratiobetween measured yields of (multi)strange baryons from p+Pb, Pb+Pb and p+Be 
ollisionsat p sNN = 17:3 GeV as a fun
tion of the number of parti
ipants (
entrality) [25℄.
|y−yNN|≤0.5, pT≥0 GeV/c
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Fig. 1.15: (Multi)strange baryon enhan
ement relative to pA 
ollisions [25℄.As 
an be seen, while the ratio is 
onsistent with unity for p+Pb yields, a 
lear enhan
ementis seen in Pb+Pb, dire
tly related to the strangeness 
ontent on the baryon spe
ie (s� =1 < s� = 2 < s
 = 3). Another way to address the strangeness enhan
ement is to studythe produ
tion of (anti)kaons (
omposed of u; �u and s; �s quarks) relative to pioni
 produ
tion(u; �u and d; �d). These observables are dis
ussed in details in this thesis (
f. Chap. 2, 6 and 7).
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tion1.4.2 News from RHICAfter only three years of operation, the four RHIC experiments, BRAHMS, PHOBOS, PHENIXand STAR, have provided a wealth of new results 
ontributing to the understanding of hotand dense matter properties, and more results are to 
ome (the following items only representa small fra
tion of the most re
ent results).Apparent Chemi
al EquilibriumParti
le abundan
es and ratios are su

essfully des
ribed by the statisti
al model from SISto RHIC energies [26, 27, 28℄. The pi
ture emerging from this model is that the �reballrea
hes 
hemi
al equilibrium and then freezes out 
hemi
ally (no more inelasti
 s
atteringso

ur). This model is 
hara
terized by a remarkable simpli
ity, two or three parameters areenough to des
ribe most of all existing data on ratios and multipli
ities from SIS to RHIC:
hemi
al freeze{out temperature Tfo and baryo{
hemi
al potential �B, a quantity that 
anbe understood as the aÆnity of the medium to 
reate a baryon at a 
ertain energy andtemperature (see details in Se
. 2.4.1). A third parameter is sometimes used to a

ount forthe failure of the model to des
ribe the amount of strangeness but the most re
ent models donot use su
h a parameter. The right panel of Fig. 1.16 shows statisti
al model 
al
ulations
onfronted to experimental parti
le ratios measured from Au+Au at p sNN = 130 GeV [26℄.
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Fig. 1.16: Left: Hadron multipli
ities from 
entral Pb+Pb 
ollisions at p sNN = 17:3 GeVmeasured by NA49 
onfronted with the grand{
anoni
al statisti
al model [28, 29℄. Right:Experimental parti
le ratios measured in Au+Au 
ollisions atp sNN = 130 GeV and statisti
almodel 
al
ulations with T = 174 MeV and �B = 46 MeV [26℄.Note that the ratios reported in Fig. 1.16 are measured at mid{rapidity. Total multipli
itiesof identi�ed parti
les measured at SPS are also presented here to stress the good agreementbetween the model and the data. Total multipli
ity 
al
ulation at RHIC energies 
annot yet be
ompared with experimental measurements. However, this thesis presents the �rst estimationof total multipli
ities of pions and kaons produ
ed in Au+Au 
ollisions at p sNN = 200 GeV(
f. Chap. 6 and 7).Net{Baryon, Transparen
y and Degree of StoppingAs mentioned in Se
. 1.3.2, the transparen
y, related to the degree of stopping, is investigatedby measuring the net{baryon multipli
ities: transparent 
ollisions are devoid of net{baryon in
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entral rapidity region. The initial 
onditions of the hot and dense �reball are thereforedriven by the net{baryon density whi
h leads to di�erent QGP s
enarios: on one hand a hightemperature and low �B (transparen
y) reminding of the early universe 
onditions, on theother a large �B and lower temperature (stopping) reminding of 
onditions existing insidedense stellar obje
ts like neutron stars. Figure 1.17 shows the net{proton rapidity density asa fun
tion of rapidity measured at three energy domains (AGS, SPS and RHIC). As p sNN
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Fig. 1.17: Net{proton rapidity density as a fun
tion of rapidity at three energy domains. Ahigher 
ollision transparen
y is a
hieved at higher p sNN , revealed by an in
reasing depopu-lation of net{protons at mid-rapidity. Figure is from [30℄.in
reases, the mid-rapidity densities de
rease quite dramati
ally, showing that more trans-paren
y is a
hieved. This explains why heavy{ion 
ollisions at RHIC are sometimes referredto as \mi
ro{bangs". More details 
an be found in [30℄.High-pT Jet SuppressionParti
les with transverse momenta above 2 GeV/
 are primarily produ
ed by hard s
atterings,i.e. with large momentum transfer Q, domain of perturbative QCD. Su
h high pT parti
les areprodu
ed when the nu
lei start intera
ting and hen
e serve as a probe of the early dense phaseof the system. In order to study the e�e
t of the dense medium, p+p data atp sNN = 200 GeVhave been 
olle
ted in 2001 by the RHIC experiments. Sin
e hard s
atterings are likely tohappen no more than on
e per hard nu
leon early in the rea
tion, their number is expe
tedto s
ale with the number of binary 
ollisions N
oll. The nu
lear modi�
ation fa
tor is thusde�ned asRAA(pT ) = (Yield per A+A 
ollision)hN
olli (Yield per p+p 
ollision) (1.9)Figure 1.18 shows RAA obtained from mid{rapidity �0 as a fun
tion of pT , measured byPHENIX [31℄. RAA is 
onsistent with unity within the 
overed pT range in peripheral 
ollisions,
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1.4. Experimental Highlights 17meaning that peripheral 
ollisions 
onsist of a bare superposition of binary NN 
ollisions. But
entral 
ollisions exhibit a strongly suppressed nu
lear modi�
ation fa
tor, de
reasing from 0.4to 0.15 with in
reasing pT . This strong suppression indi
ates that produ
ed high pT parti
lesloose energy while traversing a very dense medium, possibly a QGP.BRAHMS has also measured su
h a suppression at y = 0 and y � 2 from Au+Au 
ollisions atp sNN = 200 GeV. Results are shown in Fig. 1.19 (from [32℄). It shows that the suppressionof high pT parti
les extends at least to � � 2. Conversely, in 
ollisions between deuteronsand gold ions (d+Au) at the same 
enter of mass energy (p sNN = 200 GeV), no high pTsuppression is observed, as 
an be seen in Fig. 1.20.
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Fig. 1.20: Nu
lear modi�
ation fa
tor measured by BRAHMS at mid-rapidity from d+Au
ollisions at p sNN = 200 GeV, 
ompared with Au+Au 
ollisions (�gure from [32℄).Thus, high pT suppression appears to be dire
tly 
orrelated with the size of the parti
ipantvolume. It is \reasonable to surmise that [the suppression℄ is related to medium e�e
ts tiedto a large volume with high energy density" [32℄. In other words, this signal 
an be seen as asignature of the o

urren
e of a QGP phase in 
entral Au+Au 
ollisions at the topmost RHICenergy. ||||||
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Chapter 2Charged Pion and Kaon Produ
tionMesons are the lightest hadrons. Therefore, the large energy density a
hieved in the 
ourse ofrelativisti
 heavy ion 
ollisions is mostly 
onverted into pion and kaon produ
tion by strongintera
tions. Unlike pions, kaons 
arry strangeness, a quark 
avor that is not present in theinitial system. Kaons are therefore the most abundant out
ome of the produ
ed strangenessand 
onstitute an interesting probe of the hot and dense 
onditions.Chapter ContentAfter an introdu
tion on pions and kaons, a review of existing data from relativisti
 heavy ion
ollisions is presented. Then follows the introdu
tion of two families of theoreti
al models aim-ing at predi
ting parti
le multipli
ities: the thermodynami
al models (hadron resonan
e gasand statisti
al model of the early stage), and two mi
ros
opi
 models (HIJING and AMPT),des
ribing ultra{relativisti
 
ollisions from the dynami
s of partons (quarks and gluons).2.1 Properties of Charged Mesons2.1.1 Some HistoryPions (�) were dis
overed experimentally in 1947 [33, 34℄ by investigating pi
tures 
apturingtra
ks of de
aying parti
les. This dis
overy was wel
omed with a great enthusiasm: pions hadbeen predi
ted to be the 
arriers of the strong for
e by H. Yukawa in 1935 [35℄. The kaon (K)dis
overy [36℄ 
ame shortly after the pion dis
overy during the same year (Fig. 2.1). Kaonsseemed to de
ay more slowly than would have been expe
ted from the large amount of energyreleased in the pro
ess. M. Gell-Mann assigned them a quantum number s with no physi-
al meaning to a

ount for this \strange" behavior. As parti
le a

elerators provided higherand higher 
ollision energies, many new exoti
 and \strange" parti
les were dis
overed whosesystemati
s was not understood until Gell-Mann again and Zweig proposed the quark modelto unify and des
ribe the whole hadron family. Pions and kaons belong to the meson group,parti
les made of a quark and anti{quark (q�q) a

ording to the prin
iple that hadrons haveto be 
olor neutral. As the understanding of the strong for
e improved with the developmentof the formalism of non abelian gauge theories from whi
h QCD derives, the pion was �nallyrepla
ed by the gluons as ve
tors of the strong for
e, and the strangeness s a
quired a realphysi
al meaning as being one of the six quark 
avors.19
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Fig. 2.1: First pi
ture showing the de
ay of a neutral kaon, 
alled at that time \V" parti
ledue to its de
ay topology (left), and of a 
harged kaon, 
hara
terized by a kink along the tra
kpath (right).2.1.2 Basi
 PropertiesThe pion is an isospin triplet (I = 1 with degenera
y gI = 2I + 1 = 3), 
omponents are �+,�� and the 
harge neutral �0. The kaon is also isospin degenerated (I = 1=2), 
omponentsare K+, K0 (u $ d) and K�, �K0 (�u $ �d). Note that two neutral linear 
ombinations areobserved, K0S = 12 ��K0 + �K0� (short lifetime) and K0L = 12 ��K0 � �K0� (long lifetime), but it isnot dis
ussed in this thesis. These parti
les are unstable, they de
ay into lighter parti
les dueto the weak intera
tion that does not 
onserve the quark 
avor (unlike the strong intera
tion).The de
ay is 
hara
terized by the mean lifetime � (de�ned in the referen
e frame of thede
aying parti
le), 
ommonly expressed as 
� with 
 the speed of light. Table 2.1 summarizesthe main 
hara
teristi
s of 
harged pions and kaons in the va
uum.Quarks mass Q B S I J 
� De
ay modes Br. ratio(GeV=
2) (
m)�� u �d (�ud) 0.1396 �1 0 0 1 0 780.4 �+ + �� (
.
.) 99.99%K� u�s (�us) 0.4937 �1 0 �1 1/2 0 371.3 �+ + �� (
.
.) 63.51%�+ + �0 (
.
.) 21.16%�+ + �+ + �� (
.
.) 5.59%�0 + e+ + �e (
.
.) 4.82%�0 + �+ + �� (
.
.) 3.18%Tab. 2.1: Charged pion and kaon 
hara
teristi
s in the va
uum, where Q, B S, I and Jare the ele
tri
al 
harge, baryon, strangeness, isospin and spin quantum numbers respe
tively.Negatively 
harged mesons are 
harge 
onjugates { 
.
. { of positive mesons. Only the mainde
ay modes and their respe
tive bran
hing ratio are tabulated.



2.2. Charged Meson Produ
tion 212.2 Charged Meson Produ
tion2.2.1 Basi
 NN Rea
tionsIn elementary nu
leon{nu
leon 
ollisions, 
harged pions and kaons are produ
ed either dire
tlyNN ! �=K, or indire
tly NN ! ::: ! �=K. The basi
 produ
tion rea
tions governedby the strong for
e 
onserve ele
tri
al, baryoni
 and strange quantum numbers. From theserules, the following rea
tions are derived:n+ n ! �� + n+ p (u�u 
reation with rearrangement)p+ n ! �� + p+ p (u�u 
reation with rearrangement)p+ p ! �+ + n+ p (d �d 
reation with rearrangement)n + p ! �+ + n+ n (d �d 
reation with rearrangement)p+ p ! K+ + � + p (s�s 
reation with rearrangement)N +N ! K+ +K� + N +N (s�s and u�u 
reation without rearrangement)Tab. 2.2: Meson produ
tion from NN rea
tions.The produ
tion energy threshold psth in the NN 
enter of mass is dedu
ed by summing themass of the produ
ts:psth = 2mp �Q = 2mp � �2mp �Xmprodu
ts� = Xmprodu
ts (2.1)For example, psthK+ = mK+ + m� + mp = 2:55 GeV. The other meson threshold energiesin NN intera
tions are psth�� = 2:01 GeV and psthK� = 2:87 GeV. As an illustration, theexperimental pp rea
tion 
ross{se
tion is shown in Fig. 2.2. Above p sNN � 2mp + m�, the

Fig. 2.2: pp 
ross{se
tion as a fun
tion of p sNN (�gure from [37℄).
ross{se
tion is dominated by inelasti
 pro
esses, i.e. parti
le produ
tion. At RHIC, in
identenergies are mu
h higher than the threshold energies psth (about 100 times higher).
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tionAsso
iated Produ
tion, Pair Produ
tion and String FragmentationPrior to the quark model, it had been noti
ed in NN 
ollisions that the produ
tion of apositive kaon o

urred together with the 
reation of a � or � parti
le. This phenomenon is
alled asso
iated produ
tion and is 
hara
teristi
 of the 
onservation of a 
harge{like quantitythat was then named strangeness. With the quark model in mind, asso
iated produ
tion isstraightforward to understand. By examining the rea
tions listed in Tab. 2.2, the 
reation ofa single s�s pair is enough to produ
e a K+ if the quarks re
ombine into � (�) and N . This isnot the 
ase for K� sin
e its produ
tion requires the 
reation of an extra u�u pair. Therefore,an asymmetry exists between the produ
tion of K+ and K� in a baryon ri
h environment:N(K+) � N(K+)p:p: +N(K+)a:p:N(K�) � N(K�)p:p:where a:p: refers to asso
iated produ
tion and p:p: to pair produ
tion. Moreover, K� 
an bereabsorbed by the medium via a (reversible) pro
ess 
alled strangeness ex
hange rea
tion:K� + n $ �� + ��us+ udd $ �ud+ udswhere the s quark of the K� repla
es a d quark of the neutron and vi
e{versa. Again, ina baryon ri
h environment (no anti{nu
leons), this 
hannel is forbidden to K+, whi
h leadsto an ex
ess of K+ w.r.t. K�. For pions, one does not talk about asso
iated produ
tionbut 
harge ex
hange rea
tion between the isospin states of the nu
leon (neutron and proton).Unlike kaons, both �� and �+ 
an be produ
ed by 
harge ex
hange rea
tion (
f. Tab. 2.2).Pair produ
tion means that a parti
le is 
reated together with its antiparti
le. For example, therea
tion p + p! K+ +K� + p + p is a pair produ
tion rea
tion, in 
ontrast with asso
iatedprodu
tion. Note that in both 
ases, quarks are produ
ed by pair q�q in order to respe
t
avor 
onservation. For pions, pair produ
tion is not the dominant me
hanism. Indeed, theyare mainly produ
ed by strangeness ex
hange rea
tion in a baryon ri
h environment (lowerenergy threshold than pair produ
tion), higher mass string break{up or, as is detailed below,by resonan
e de
ays. The last two pro
esses 
an produ
e many pions at on
e. For kaons, pairprodu
tion should play a more important role than for pions due to the absen
e of asso
iatedprodu
tion of K�. Produ
tion by string fragmentation is expe
ted to be dominant at RHICaround mid{rapidity, where the net{baryon densities are low [30, 38℄. The model des
ribingstring break{up is based on the formalism of strings [39℄. The dynami
s of the 
olor 
uxbetween two quarks q�q is modeled by a relativisti
 string [40℄. When the tension rea
hesenough potential energy by stret
hing, it fragments into pairs of quark{antiquark. Thesequarks 
annot evolve freely, unless a QGP is formed for a short while during the phase of highdensity and temperature, and hadronize by 
avor and 
olor re
ombination.2.2.2 Meson Produ
tion by Hadroni
 De
aysCharged mesons are also produ
ts of resonan
e de
ays. Resonan
es are ex
ited hadroni
states. Ea
h resonan
e is 
hara
terized by its Breit{Wigner width � that 
an be related tothe resonan
e lifetime � and mass width �m by the following equations :�m = � = 
2 (2.2)� = ~ =� (2.3)



2.3. Data Review 23For this reason, resonan
es are 
onsidered as quasi{parti
les sin
e their mass is not 
ompletelywell{de�ned. One distinguishes between mesoni
 and baryoni
 resonan
es. A 
ommon bary-oni
 resonan
e is the �(1232) of width � = 120 MeV. It o

urs in NN intera
tions and de
aysinto a pion and a nu
leon:NN ! N� ! NN�Hyperons, whi
h are not resonan
es but baryons 
ontaining one strange quark (�'s) up tothree strange quarks (
's) are also unstable. Their lifetime is mu
h shorter than that of kaonsand therefore de
ay very 
lose to the primary intera
tion point (vertex). Kaons are thereforethe only strange 
harged parti
les surviving long enough to leave tra
ks in dete
tors. Thispoint, together with their relatively high multipli
ity, makes kaons the most handy strangenessprobe in the experimental point of view.The produ
ts from hyperon de
ays often 
ontain a 
harged meson, e.g:� ! p+ ��In Appendix C are listed the most 
ommon resonan
es and hyperons with their main de
aymodes 
ontaining a 
harged meson.2.3 Data ReviewThe energy systemati
 of 
harged meson produ
tion, via the study of their rapidity densities,total multipli
ities and transverse momentum spe
tra, is a powerful probe of the 
ollisiondynami
s. In this se
tion are reviewed the existing data of 
harged pion and kaon produ
tionfrom p sNN = 1 GeV (SIS) to p sNN = 130 GeV (RHIC), two orders of magnitude in energy.The SPS data are from 
entral Pb+Pb 
ollisions, i.e. 2 � 208 nu
leons (5% more nu
leonsthan in the Au+Au system). AGS and SIS data are from Au+Au 
ollisions. A spe
ial fo
us isput on the relative abundan
e of kaons with respe
t to pions. Indeed, an anomalous in
reaseof the kaon to pion ratio with in
reasing p sNN has been proposed as a signature of hadronde
on�nement in the early phase of the �reball [7℄, as was already mentioned in Se
. 1.4.1.The dis
ussion opened in this se
tion will be 
arried along in Chap. 7 where these data are
ompared to the results of this thesis.2.3.1 Pion Produ
tionFigure 2.3 shows the rapidity distribution of �� for the top 5% 
entral 
ollisions measuredby di�erent experiments. The overall multipli
ity systemati
ally in
reases with in
reasingin
ident energy. At RHIC, only mid{rapidity data have been available so far. Figure 2.4shows the mid{rapidity and 4� multipli
ities of positive and negative pions as a fun
tion ofp sNN (top panel). Ratios are shown in the bottom panel of this �gure. It reveals thatthe isospin asymmetry visible at SIS energy, where produ
ed pions are dominated by the�(1232) resonan
e de
ay and 
harge ex
hange rea
tions [46℄, is redu
ed with in
reasingp sNN .The evolution of the ratio N�=(dN�=dy)y=0 shows that the total multipli
ity of positive andnegative pions is less and less dominated by the mid{rapidity multipli
ity as p sNN in
reases.It 
an be explained by an in
reasing longitudinal 
ow with p sNN .
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2.3. Data Review 252.3.2 Kaon Produ
tionIn Fig. 2.5 are plotted rapidity density distributions of K+ and K� at di�erent p sNN . Theoverall feature that pion distributions exhibit is also visible for kaons, i.e. a substantial in
reaseof the multipli
ities with p sNN , but there is a signi�
ant di�eren
e de visu between pions andkaons: the K� multipli
ities are signi�
antly lower than that ofK+, even atp sNN = 130 GeV.These di�eren
es are quanti�ed and plotted in Fig. 2.6. Like for pions, the big dis
repan
iesseen at low energy between K+ and K� de
rease as p sNN approa
hes the RHIC top energy.The ratios hKi = (dN=dy)y=0 also show (together with pion ratios) that the sour
e is more andmore elongated as p sNN in
reases.Another remarkable feature that goes along with this statement is the energy systemati
sof the inverse slope parameter extra
ted from kaon transverse momentum spe
tra at mid{rapidity1. At all energies, the kaon spe
tra 
ould be �tted with a exponential fun
tion in mT .Inverse slope parameters are plotted as a fun
tion of p sNN in Fig. 2.7. As 
an be seen, thetransverse a
tivity 
hara
terized by a fast in
rease at low energies be
omes smoother fromSPS to RHIC energies, meaning that the longitudinal expansion is taking over the transverseexpansion. In a re
ent preprint [52℄ is reported an anomaly in this transverse a
tivity: \Theinverse slopes of the spe
tra in
rease with energy in the AGS and RHIC domains, whereasthey are 
onstant in the intermediate (SPS) energy range". The authors \argue that thisanomaly is probably 
aused by a modi�
ation of the equation of state in the transition regionbetween 
on�ned and de
on�ned matter". Indeed, a plateau stru
ture is visible in the SPSenergy range. But in order to follow the argument of these authors, a systemati
 energy s
anis needed between the top SPS energy and the intermediate RHIC energy. In this thesis, anevaluation of the kaon slope is given at p sNN = 200 GeV and gives new information on thisintriguing systemati
.2.3.3 Kaons versus PionsThe previous se
tions des
ribe the pion and kaon energy systemati
s independently. Thisse
tion reviews the energy dependen
e of the 
orrelation between kaon and pion multipli
ities.Sin
e pions are non{strange and made of the lightest quarks (u�ud �d) with u's and d's present inthe initial state, 
orrelating kaon multipli
ities with pion multipli
ities as a fun
tion of p sNNis relevant for investigating 
u
tuations of strangeness produ
tion w.r.t. lighter 
avors, andprobe anomalies that 
an be interpreted as a signature of an early de
on�ned state of thesystem [7, 53℄. Figure 2.8 shows the kaon multipli
itiesNK+ +NK� as a fun
tion of N�+ +N��at mid{rapidity. The behavior is similar to the evolution of the kaon slope. At low energy, thekaon multipli
ity rises qui
kly within a small energy domain (1 to � 8 GeV), not mu
h higherthan the kaon produ
tion threshold. Then, a plateau stru
ture at the SPS energy range, likethe one seen in Fig. 2.7 is visible in the ratio NK++K�=N�++��. At RHIC, the relative amountof kaon is in
reased from SPS. However, one needs to investigate the total strangeness byin
luding the multipli
ity of strange baryons. Moreover, the expe
ted de
on�nement signatureis a strangeness enhan
ement relative to non strange quarks. The observation of the SPSplateau does not go in this dire
tion. It 
an be in fa
t explained by studying the signed ratios.Sin
e K+ (K�) 
ontains a �s (s) quark, K+ produ
tion in a dense baryoni
 medium should befavored, as 
an be expe
ted from rea
tions listed in Se
. 2.2.1. Figure 2.9 shows the kaon to pionratios obtained from mid{rapidity multipli
ities. The expe
tation is veri�ed: as the baryon1
f. Appendix E for de�nitions.



26 Chapter 2. Charged Pion and Kaon Produ
tion

y
-6 -4 -2 0 2 4 6

 d
N

/d
y

+
K

0

10

20

30

40

50

RHIC RHICSPS SPSAGS AGS

 0%-5% centrality+K

y
-6 -4 -2 0 2 4 6

0

10

20

30

40

50

 dN
/dy

-
K

RHIC RHICSPS SPSAGS AGS

 0%-5% centrality-KPHENIX 130 GeV

 NA49 17.3 GeV

 NA49 12.2 GeV

 NA49 8.8 GeV

 E917/E866 10.8 GeV

 E917/E866 8 GeV

 E917/E866 6 GeV

Fig. 2.5: Kaon rapidity density as a fun
tion of rapidity and p sNN . RHIC and SPS dataare from the same referen
es as in Fig. 2.3. The AGS data are taken from [47, 48, 49℄.

M
ul

tip
lic

ity

-110

1

10

210

>+K
 <N

>-K <N

 y = 0+K N
 y = 0-K N

 [GeV]NNs
10 210

R
at

io
s

0

5

10

15
>-> / <K+ <K

 y = 0- / K+ K

y=0
-> / K- <K

y=0
+> / K+ <K

Fig. 2.6: Energy systemati
 of positive and negative kaon multipli
ities and ratios. Solidlines are drawn to guide the eye. Errors are systemati
.



2.3. Data Review 27

 [GeV]NNs
10 210

 [
M

eV
]

K
,y

=
0

T

0

50

100

150

200

250

300

350

(+)   (-)

SIS 1.91 / 2.3 GeV

 4.7 GeV→AGS 2.4 

 17.3 GeV→NA49 8.8 

PHENIX 130 GeVNi+Ni
 = 2.3 GeVs
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reases to its maximum at the top AGS energy, the K+=�+ ratio in
reases sharplyfrom threshold to � 21% at p sNN � 8 GeV. Beside in
reasing pair produ
tion, the sharpin
rease is explained by an important 
ontribution from asso
iated produ
tion. Indeed, thenet{baryon multipli
ity rea
hes a maximum at the top AGS energy. In Fig. 1.17), one 
an note� 60 net{protons at mid{rapidity. The K�=�� ratio also in
reases but not so dramati
ally:negative kaons are mainly 
reated by pair produ
tion that the strangeness ex
hange rea
tiontends to attenuate. As p sNN enters the SPS energy regime, the positive ratio starts droppingsteadily with p sNN but mu
h more smoothly than the initial fast in
rease. Indeed, the ratioranges between � 20% to � 16% between p sNN = 8 GeV and p sNN = 130 GeV. In 
ontrast,the negative ratio keeps on in
reasing, 
onsequen
e of a de
reasing net{baryon multipli
ity(less strangeness ex
hange and more string fragmentations).
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2.4. Theoreti
al Views 292.4 Theoreti
al ViewsMany theoreti
al approa
hes exist that try to explain and des
ribe the dynami
s and mul-tipli
ities of parti
le produ
ed in relativisti
 heavy ion 
ollisions. The nu
lear matter underextreme 
onditions 
an be des
ribed e.g. as an expanding relativisti
 
uid, main assumptionof hydrodynami
al models, or as a 
lassi
al hadron gas governed by thermodynami
al laws,whi
h is the statisti
al model assumption. More ambitious approa
hes try to explain 
olli-sions from the elementary rea
tions between the 
onstituents. The models derived are 
alledmi
ros
opi
. Some models su
h as the event generator RQMD [54℄, UrQMD [55℄, VENUS [56℄or HSD [57℄ follow the spa
e{time evolution of parti
les through the dense medium a

ordingto known elementary intera
tion 
ross{se
tions, they take into a

ount s
attering between theprodu
ed parti
les. Other models do not do this, like FRITIOF [58℄ or LEXUS [59℄. How-ever, they have the ambition to treat 
ollisions at the partoni
 level, they use the Lund stringfragmentation model [60℄ as the basis of parton intera
tion and hadronization.In this se
tion, the statisti
al models are �rst presented. Then follows an introdu
tion on par-ton 
as
ade models HIJING [10℄ and AMPT [61, 62℄. This 
hoi
e is motivated by the relativelygood agreement they show with the measured proton and anti{proton data of referen
e [30℄.2.4.1 Statisti
al ModelsIn relativisti
 NN or AA 
ollisions, experien
e shows that the strongly intera
ting mattereventually rea
hes a hadron gas state whose 
omposition is governed by statisti
al laws. Thepopulation of this gas is not uniformly distributed among parti
le spe
ies. Indeed, the systemhadronizes2 more easily by produ
ing pions and kaons than a heavy baryon, e.g. 
 (sss).Therefore, the �nal hadroni
 spe
trum is populated in the order of mass of the hadrons. Thehadron gas is hen
e an ensemble of maximum entropy, i.e. a de-
oherent, 
lassi
al system whi
hexhibits a 
hara
teristi
 ordering pattern 
on
erning the relative abundan
e of the hadroni
spe
ies [63℄.The Hadron Resonan
e Gas ModelThe hadron resonan
e gas model aims at des
ribing the multipli
ities and energy density ofhadrons produ
ed in parti
le 
ollisions prevailing \at birth of the multi-hadroni
 �nal state,i.e. the point in the �reball dynami
s where it de
ouples, by de-
oheren
e, from the stateof high energy density/temperature 
reated in the early phase of the 
ollisions" [64℄, be theyleptoni
 su
h as e+e� or hadroni
 like pp or AA. The term \resonan
e" means here that ha-droni
 resonan
es are taken into a

ount by the model 3. In the 
ontext of statisti
al physi
s,the hadron gas is seen as a statisti
al ensemble (or Gibbs ensemble). It is either the 
anon-i
al ensemble where 
onservation laws are exa
tly satis�ed, i.e. parti
les produ
ed in pairs
lose in phase{spa
e, or the grand{
anoni
al ensemble where 
onservation laws are respe
tedonly on average in the total volume of the system, i.e. parti
les produ
ed independently inphase{spa
e. The 
anoni
al ensemble is typi
al of low multipli
ity rea
tions, e.g. pp, p�p ore+e� 
ollisions whose multipli
ities are su

essfully des
ribed by the modern version of theHagedorn model [66℄. Conversely, 
entral Au+Au 
ollisions are 
hara
terized by large multi-pli
ities, typi
al example of a grand{
anoni
al ensemble. In summary, the model 
aptures the2regardless of the phase from whi
h it does it (partoni
 or highly 
ompressed hadroni
 state)3If resonan
es were not in
luded, the model would not reprodu
e the data [65℄.
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tionimage of the instant where the unknown state of high density and temperature of the �reballde
ays into a de-
oherent, 
lassi
al hadron gas. The 
onditions of temperature, energy densityand net{baryon number density are thus 
ommon to all hadrons emerging from the �reball.The last statement is the fundamental postulate of the model4.Formally, the grand{
anoni
al statisti
al analysis starts from the formulation of the partitionfun
tion whi
h spe
i�es the weight Zi (sum of possible states) for ea
h parti
le or resonan
espe
ie i in the multi-hadroni
 mixed gas at temperature T :lnZi = giV6�2T Z 10 k4dkEi(k) exp [(Ei(k)� �i)=T ℄� 1 (2.4)where gi is the statisti
al Lande or \degenera
y" fa
tor of spe
ie i, V the total 
ommon vol-ume shared by all spe
ies, E2i (k) = k2 + m2i the total energy of spe
ie i at momentum k,and �i = �BBi + �SSi + �IIi, the \
hemi
al potential" of spe
ie i. The latter quantity arisesfrom the need to enfor
e global 
onservation of net quantum numbers that are spe
i�
 to thetotal system 
ontained in volume V . In this 
ase, these are the net quantum numbers initially
arried into the �reball by the in
ident nu
lei. The total baryon number B, strangeness Sand isospin I (its third 
omponent) are B = 2 � (N + Z), S = 0 and I = (Z � N)=2 (sin
eI = 1=2 for nu
leons) in AA 
ollisions. The exponential term is a \penalty" fa
tor, dependingon the total energy of spe
ie i (if this term is big, the weight Zi is low and vi
e{versa). Itthus expresses the 
ost of realizing a hadron of energy Ei(k) within a bath of temperature T .The 
hemi
al potential �i modi�es the penalty fa
tor by taking into a

ount the \aÆnity"that the medium o�ers to spe
ie i, it a
ts like an average potential, modifying the va
uumenergy Ei(k) of spe
ie i. The medium is 
alled \aÆne" when �i is positive sin
e it in
reasesthe statisti
al weight Zi.From Eq. 2.4, the distribution of number density of spe
ie i (i.e. the multipli
ity divided byvolume V ) and energy density �i are derived:ni = gi2�2 Z 10 k2dkexp [(Ei(k)� �i)=T ℄� 1 (2.5)�i = gi2�2 Z 10 Ei(k) k2dkexp [(Ei(k)� �i)=T ℄� 1 (2.6)where � distinguishes between bosons (-1) and fermions (+1). The total multipli
ity of spe
iei in a 
ollision is thus Ni = ni � V (same for the energy). The experimental quantities arethe multipli
ities and ratios of parti
le spe
ies. From this information, the parameters of themodel, T , V and �B;S;I 
an be determined. It turns out that the three 
hemi
al potentials�B;S;I are not independent. From baryon, strangeness and isospin 
onservation, �S and �I 
anbe expressed in terms of �B. Indeed, 
onsidering the quark 
hemi
al potentials �u, �d and �sof quarks u, d and s respe
tively, it follows that�u = �B3 + 23�I (2.7)�d = �B3 � 13�I (2.8)�s = �B3 � 13�I � �S (2.9)4whi
h does not explain why the de-
oherent hadroni
 state exhibits an apparent 
hemi
al and thermalequilibrium (statisti
s of Gibbs ensembles).
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al Views 31The potential �s is set to zero due to total strangeness S = 0 (not to be 
onfused with �S).In isospin symmetri
 system, �I is zero. In general, it is a small quantity (a few MeV) andde
reases with 
ollision energy [67℄, therefore �u and �d are set to the same value. EstimatingT and �B are done �rst (V requires a se
ond iteration) by investigating parti
le to antiparti
leratios. For high temperatures, the Bose or Fermi statisti
s 
an be repla
ed by the Boltzmannstatisti
s by dropping the �1 in the integral denominator of Eq. 2.5. The multipli
ity ratiofor parti
le and antiparti
le spe
ies i isNi�Ni = ni V�ni V = ni�ni (2.10)By using Eq. 2.5 in the Boltzmann approximation and noti
ing that statisti
s and phase{spa
eare identi
al for parti
les and antiparti
les, it follows thatNi�Ni = exp �i � ��iT = exp 2�iT (2.11)Doing this for several measured ratios like �+=��, K+=K�, p=�p, et
, a set equations is ob-tained from whi
h, by maximum likelihood, �B and T are 
al
ulated. In a se
ond step, thevolume parameter V is �xed by �tting Eq. 2.5 to the total pion multipli
ity N� with knownT and �B. A 
ompli
ation arises from parti
les produ
ed by resonan
e de
ays. At 
hemi
alfreeze{out, the hadron gas 
ontains hadroni
 resonan
es like �, N�, K�, �, !, et
. Eq. 2.5 de-s
ribes their population and not spe
i�
ally the �nal state hadrons �, K, p, �, et
. The latterserve as an observational input to a grand{
anoni
al ensemble �t via a pro
edure invented byWroblewski [68℄ whi
h relates the �nal observed set of hadron multipli
ities to a set of ex
itedhadron and resonan
e multipli
ities, via the known de
ay bran
hing ratios.The hadron resonan
e gas model has been su

essful at des
ribing parti
le ratios and mul-tipli
ities from SIS to RHIC 
ollisions (p sNN = 2 GeV to p sNN = 200 GeV). Figure 2.10shows parti
le ratios des
ribed by the model (from [26℄) at di�erent RHIC 
ollision ener-gies 
orrelated to the experimentally measured observables. The temperatures derived areT = 176 MeV at p sNN = 130 GeV and 177 MeV at p sNN = 200 GeV with a baryo{
hemi
alpotential �B = 41 MeV and 29 MeV respe
tively. Figure 2.11 and 2.12 shows multipli
itiesand ratios from Pb+Pb 
ollisions at p sNN = 8:8 and 17:3 GeV (SPS). From �ts performed ondata at all available energies, the phase diagram of nu
lear matter 
an be drawn by 
orrelatingT and �B (
hemi
al freeze{out points). It is shown in Fig. 2.13. At low beam energies, thefreeze{out points are far from the phase boundary, indi
ating that the system has probablynot been dense enough for QGP formation. As the beam energy in
reases up to SPS andRHIC energies, the temperatures are 
lose to the transition temperature as obtained fromLatti
e QCD [70, 71℄ and Bag Model [72℄. Is it a 
oin
iden
e that the 
orrelation T � �Bderived from relativisti
 heavy{ion data approa
hes the independent predi
tions of the tran-sition 
urve 
al
ulated from Latti
e QCD and the Bag Model? It 
an be spe
ulated that atRHIC the �reball experien
es higher temperatures during its early evolution. The statisti
aldes
ription of the early stage of the �reball is presented in the next se
tion.Statisti
al Model of the Early StageThe hadron resonan
e gas model only des
ribes the 
ollision in terms of the hadroni
 degreesof freedom. It does not explain why the system exhibits this thermodynami
al ordering inthe abundan
es of parti
les. Moreover, it does not make predi
tions but �ts the data. The
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ollisions at p sNN =130 GeV and p sNN = 200 GeV. See data referen
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Fig. 2.11: Statisti
al model des
ription of parti
le ratios from Pb+Pb 
ollisions at p sNN =8:8 GeV (from [26℄).
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Fig. 2.12: Statisti
al model des
ription of parti
le multipli
ities at p sNN = 17:3 GeV(from [69℄).
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tionStatisti
al Model of the Early Stage (SMES) [73℄ is an alternative statisti
al des
ription. Itassumes a QGP phase in statisti
al equilibrium where quarks and gluons are the degrees offreedom. A spe
ial role is played by the the entropy, mainly 
arried by produ
ed pions andheavy quark 
avor produ
tion (strangeness and 
harm). The hadroni
 (
on�ned) state of the�reball that follows the early de
on�ned phase is parameterized a

ording to the available AA
ollision data. Comparing the evolution of entropy as a fun
tion of p sNN to data with andwithout the QGP phase assumption is the SMES strategy for probing su
h phase in the data.The SMES is based on the pioneer work of Fermi [74℄ and Landau [75℄, extended by VanHove [76℄ to heavy ion 
ollisions. In a QGP, the 
olor degrees of freedom of the liberatedpartons introdu
e a signi�
ant number of new energy states unavailable in a hadron gas. Dis-
ontinuities in the observed pion or strange parti
le multipli
ities as a fun
tion of p sNN mightindi
ate the onset of QGP formation. Fermi introdu
ed an analogy between the thermody-nami
al model of a relativisti
 photon gas, where the energy density � is proportional to thefourth power of the temperature � � T 4, and the (massless) pion gas produ
ed in NN 
olli-sions, whose equation of state is p = 1=3 � where p is the pressure. Landau developed theseideas, applying hydrodynami
s of an ideal 
uid to the (expanding) system of high density andtemperature. In this approa
h, if SE is the total entropy at an early stage (before expansion),it 
an be related to the so{
alled Fermi variable F (see Appendix F):SE � �p sNN � 2mN� 34�p sNN� 14 � F (2.12)where mN is the nu
leon mass. Landau further assumed that the �reball expansion is isen-tropi
, so that the �nal entropy S is equal to SE. This entropy model was 
onfronted to NN
ollision data [77℄. It is shown that the measured pion multipli
ities h�i are proportional toF up to p sNN � 20 GeV. At higher energies, the proportionality tends to break down. It isdue to the fa
t that more and more initial energy goes into leading parti
les, i.e. there is notfull stopping anymore.In AA 
ollisions, Landau 
al
ulated that S � hhi � A3=4 where hhi is the hadron multipli
ity.He assumed that all nu
leons parti
ipate and are stopped. The analysis done from NN
ollisions has been 
arried out for heavy{ion 
ollisions [78, 79, 80℄ with a modern version ofthe SMES [73℄, where A3=4 has been repla
ed by the number of parti
ipants stopped a

ordingto the measured AGS and SPS net{baryon. The approximation used isSE � S � hNparti � F (2.13)where hNparti is the average number of parti
ipating nu
leons. The entropy also in
ludes
ontributions from parti
les other than pions, notably kaons, and the energy required to heatthe in
ident nu
leons up to the thermalized system temperature [78℄:SE � S = 4S� = h�i+ � hKi+ Æ hNparti � hNparti � F (2.14)where S� is the entropy in units of pion entropy. The fa
tor 4 is the 
onversion from the totalentropy to entropy in units of pion entropy [73℄. The fa
tor � is approximately 1.45, dedu
edfrom measurements of the AGS experiment E917 [81℄. From di�eren
es between h�=NpartiAAand h�=NpartiNN data (Npart = 2) at lower energies (SPS and below), Æ is determined to be0.35 [78℄. It is found that the entropy per parti
ipating nu
leon in AA rea
tions is di�erent
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Fig. 2.14: Pion multipli
ity, de�ned as h�i = 32 (h�+i+ h��i), per wounded nu
leons (parti
-ipants) as a fun
tion of the Fermi energy variable F for 
entral A+A 
ollisions (solid symbols)and p+p (�p) rea
tions (open symbols).than that inNN 
ollisions and lies on a steeper slope (about a fa
tor of 1.33 in
rease), as shownin Fig 2.14. The assumption S � g1=4�hNparti�F where g is the e�e
tive number of degrees offreedom implies an in
rease of about a fa
tor of 3 of g. This result is interpreted as an \unusualin
rease of the entropy density at the early stage" of the 
ollision, whi
h 
an be related tothe existen
e of a de
on�ned phase in AA 
ollisions that doesn't o

ur in NN 
ollisions.However, this result relies on the RHIC data, where the model parameters valid for AGS andSPS are assumed to be valid. It is known that 
ollisions are more transparent [38℄ (the nu
leonrapidity loss has been estimated in [30℄) at RHIC. Furthermore, the entropy estimated from thePHOBOS data plotted in Fig. 2.14 is a rough estimation based on the total number of 
hargedparti
les, 
orre
ted after the parti
le ratios measured at RHIC. The PHOBOS experiment
annot provide an estimation of the total multipli
ity of identi�ed pions and kaons. However,this thesis presents a �rst and unique measurement of the total multipli
ity of 
harged pionsand kaons by studying the rapidity dependen
e of meson yields. The results are dis
ussed inChap. 7 in the 
ontext of the SMES.2.4.2 Strangeness: Enhan
ement and QGPStrangeness as a probe for early de
on�nement in the dense �reball in AA 
ollisions has beensuggested by Rafelski and Letessier (see full reviews [7, 53℄). The term \enhan
ement" 
an beunderstood in two ways: enhan
ement with respe
t to NN 
ollisions or enhan
ement relativeto non strange parti
les with in
reasing p sNN (or energy density). The SPS experimentNA57 measured yields of strange and multi{strange baryons in pp, pA and AA 
ollisions [25℄,as mentioned in the thesis introdu
tion (
f. Fig. 1.15). Rather than reviewing all theoreti
alarguments, strangeness enhan
ement is dis
ussed here in the 
ontext of the statisti
al models
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tionintrodu
ed above.Strangeness...SuppressionThe relative enhan
ement of the K=� ratio from pp to AA 
ollisions is explained in thehadron resonan
e gas model by a 
anoni
al suppression from AA to pp. Remember thatthe 
hemi
al potential �i of spe
ie i is introdu
ed to enfor
e 
onservation of the quantumnumbers. However, the equation �i = �BBi + �SSi + �IIi is an approximation that is onlyvalid when the number of parti
les 
arrying the 
onserved quantum numbers is large (grand{
anoni
al statisti
s). Indeed, the 
al
ulation of the Boltzmann distribution in
ludes states ofthe system whi
h violate the 
onservation laws. It 
an be shown that if a system 
ontains alarge number of parti
les 
arrying the 
onserved quantum numbers, the 
ontribution of su
hstates is small, whi
h makes the approximate treatment valid. In 
ontrast, when the numberof parti
les is small, the 
onservation laws must be expli
itly taken into a

ount, using the
anoni
al formalism. Following referen
es [82, 83℄, the 
anoni
al kaon yield NCK is derivedfrom the grand{
anoni
al yield NGCK a

ording to the following equation:NCK = NGCK NS=1pNS=1NS=�1 � I1(x1)I0(x1) (2.15)where NS=1 (NS=�1) is the total number of parti
les with strangeness 1 (-1), mainly K+ (K�)and �� (�), 
al
ulated using the grand{
anoni
al formalism (from Eq. 2.5). I0 and I1 aremodi�ed Bessel fun
tions and x1 � 2pNS=1NS=�1. The ratio I1=I0 determines the di�eren
ebetween 
anoni
al and grand{
anoni
al yields and is 
alled the '
anoni
al suppression fa
tor'.This ratio depends on the system size through x1. The general expression for the strangeness
anoni
al suppression fa
tor is Is(x1)=I0(x1). It is shown in Fig. 2.15 as a fun
tion of thenumber of wounded nu
leons (number of parti
ipants) for two 
ollision energies and s = 1; 2; 3(one, two and three strange quarks). At large number of parti
ipants, the 
anoni
al suppressionfa
tor is 
lose to unity (grand{
anoni
al limit). For kaons (s = 1), the fa
tor is 0.5 at Nw = 2,i.e. pp 
ollisions. A

ording to this model, the produ
tion of kaons is suppressed in NN w.r.tAA due to exa
t strangeness 
onservation (
anoni
al statisti
s). The statisti
al argumentsexplaining pp and AA di�eren
es have been used in [84℄ and predi
tions turn out to reprodu
ethe data on the relative enhan
ement of strange baryons w.r.t to yields measured from p+Be
ollisions (see Fig. 2.16). However, the hadron resonan
e gas model fails at des
ribing theevolution of the hK+i = h�+i ratio as a fun
tion p sNN , as 
an be seen on Fig. 2.17. Thestatisti
al model of the early phase (SMES) has the ambition to des
ribe and predi
t theevolution of the strangeness to entropy ratio as a fun
tion p sNN .Statisti
al Model of the Early StageThe approa
h of the SMES for predi
ting the strangeness evolution with p sNN does notfo
us on the strangeness enhan
ement, seen in this 
ontext as a 
hange of the statisti
alorder (
anoni
al to grand{
anoni
al) as mentioned before. The SMES aims at showing thatthe strangeness to entropy ratio exhibits a dis
ontinuity as p sNN in
reases. The modelexpli
itly introdu
es a statisti
ally equilibrated QGP where all the entropy S and strangenessare produ
ed. At hadronization, entropy and strangeness 
ontent do not evolve anymore(adiabati
 expansion of the �reball). For the QGP state, the model 
onsiders 6 number ofdegrees of freedom per quark u, d, s and anti{quarks (3 
olor states � 2 spin states). Light nonstrange quarks are taken massless while ms = 175 MeV=
2. The gluoni
 degrees of freedom
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Fig. 2.15: Strangeness 
anoni
al fa
tor expressing the di�eren
e in strangeness produ
tionbetween large 
ollision systems (grand{
anoni
al ensembles) and small rea
tions like pp or pA(
anoni
al treatment), as a fun
tion of the number of wounded nu
leons.
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Fig. 2.17: The hadron gas model does not des
ribe the details of the measured hK+i = h�+iratio as a fun
tion of p sNN (�gure from [85℄).amount to 16 (8 
olor states � 2 spin states). For the hadroni
 state (after hadronization),the number of degrees of freedom is 
hosen three times lower than that of the QGP state(based on experimental measurements [78℄). The mass of strange hadroni
 degrees of freedomis taken to be 500 MeV (kaon mass). For all other assumptions and initial 
onditions, see [73℄.Figure 2.18 shows two relevant results that 
an be 
ompared to the data already shown inSe
. 2.3. The strangeness to entropy ratio is de�ned as follows:Es = 
� + ���+ 
K + �K�h�i (2.16)In the model, the initial temperature keeps in
reasing with beam energy. At high temperatureand energy density, when the strange degrees of freedom be
ome e�e
tively massless, thestrangeness to entropy ratio saturates at a value ofN�ssS = 14 gsg (2.17)where g and gs are the total and strange number of degrees of freedom. The fa
tor of 1=4
omes from the fa
t that ea
h massless quark 
arries 4 units of entropy [73℄. The ratio gs=gis expe
ted to be equal to � 0.22 in a QGP state and 0.5 in a hadroni
 state. Therefore,a transition from a hadroni
 to partoni
 state should lead to a de
rease of the strangenessto entropy ratio by a fa
tor of 2. The dis
ontinuity in the strangeness to entropy ratio ofFig. 2.18 is due to the phase transition. Note also the temperature evolution, the plateaustru
ture of Fig. 2.7 looks like it, although the inverse slope parameters reported in Fig. 2.7are 
hara
teristi
 of the �nal kineti
 freeze{out and 
onsequently modi�ed by transverse 
ow.2.4.3 Mi
ros
opi
 ModelsThe heavy ion 
ollision dynami
s at a mi
ros
opi
 level is so 
omplex that a 
omplete analyti
aldes
ription is not possible. An alternative way is to use Monte Carlo event generators, based
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Fig. 2.18: Left: Energy systemati
s of strangeness to entropy ratio predi
ted by the statisti
almodel of the early stage (�gure from [85℄). Right: Evolution of the temperature with F.on the generation of random numbers. They 
onsist of 
omputer programs with three distin
tparts: the input 
onditions, parti
le intera
tions and propagation, and the �nal state (output).Two models are presented here, with similar inputs but di�erent �nal state treatment.HIJINGThe Heavy Ion Jet Intera
tion Generator (HIJING) [10℄ is a model that in
orporates per-turbative QCD (pQCD) mini{jet produ
tion and quen
hing that o

ur in 
ollisions at RHICenergies and above.� Motivation: Mini{Jet produ
tion:Hard parton s
attering is well established in hadroni
 intera
tions and play a major role in p�p
ollisions at SPS and Tevatron at Fermilab [86℄. Experimentally, when the transverse energyET of a jet be
omes smaller than ET < 5 GeV=
, it is diÆ
ult to resolve it from the ba
k-ground of soft parti
les. These jets are referred to as mini{jets. At RHIC, mini{jets have beenestimated to produ
e 50% of the transverse energy in 
entral heavy{ion 
ollisions [87, 88, 89℄.While not resolvable as distin
t jets, they would \lead to a wide variety of 
orrelations, as inNN 
ollisions, among observables su
h as multipli
ity, transverse momentum, strangeness and
u
tuations that 
ompete with the expe
ted signatures of a QGP" [90℄. The other motivationfor 
al
ulating mini{jet produ
tion is to address the issues of thermalization and equilibrationof a QGP. Thus the a
tual interest of high pT jet{quen
hing (
f. 1.4.2).� How It Works:In this model, multiple mini{jet produ
tion is 
ombined together with a Lund{type model forsoft intera
tions (pT < 2 GeV=
). The typi
al intera
tion in string models is diquark{quarkor quark{anti{quark strings, but some models also in
lude sea{quarks to simulate multiple
ollisions. The number of binary 
ollisions at a given impa
t parameter is determined from
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tiona Glauber 
al
ulation. The possibility of hard pQCD s
attering is 
onsidered �rst. Aftersubtra
ting the energy loss due to hard s
atterings, the soft intera
tions are 
al
ulated fromthe number of 
ollisions whi
h, in turn, is 
al
ulated a

ording to geometri
 probabilities. The�rst 
ollision between two nu
leons 
reates diquark{quark strings that are assumed to de
aywithin a time{s
ale larger than the 
ollision time. The wounded nu
leon strings 
an intera
tin the same way with other nu
leon strings, but the probability of ex
iting them further ordeex
iting them is modi�ed. On
e the strings de
ay, the produ
ed parti
les do not res
atteranymore (no spa
e{time evolution).� Results:The su

ess of HIJING is the predi
tion of the 
harged parti
le multipli
ity dN=d� at mid{rapidity in 
ollisions at p sNN = 56 and 130 GeV [91℄ but it should be noted that the physi
s
onditions of the model 
an be tuned in order to reprodu
e the results [92℄. The re
ent mea-surement of nu
lear stopping [30℄ is also 
ompared to several mi
ros
opi
 models. Figure 2.19shows the net{proton rapidity density in 
entral Au+Au 
ollisions at p sNN = 200 GeV. The
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Fig. 2.19: Model 
omparison of net{proton rapidity densities. HIJING is the best des
ription(from [30℄).best agreement is a
hieved by HIJING. Therefore, the model predi
tions on 
harged mesonprodu
tion are investigated. A 
omparison with the results of this thesis is detailed in Chap. 7.AMPTAMPT is A Multiple Phase Transport model [61℄. AMPT uses the HIJING model for gen-erating the initial parton phase{spa
e generation, and the ZPC model [93℄ to follow theirres
atterings. The hadronization is taken 
are of by HIJING again. The main di�eren
e withHIJING is the treatment of the evolution of the produ
ed hadrons within the framework ofthe ART transport model [94℄.� Partoni
 phase:After the parton phase{spa
e is populated using the HIJING engine, the parton 
as
ade is
arried out using the ZPC model whi
h in
ludes only gluon{gluon elasti
 s
attering. On
e
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al Views 41parton stop intera
ting, they are 
onverted into hadrons using the HIJING fragmentations
heme. While HIJING treats diquarks as a single entity, whi
h leads to an average rapidityshift of about one unit in the net{baryon distribution [30℄, AMPT modi�es the fragmentations
heme to allow the formation of diquark{antidiquark pairs. In addition, the baryon{meson{antibaryon formation probability is taken to be 80% for the produ
ed diquark{antidiquarkpairs, while the rest 
onsists baryon{antibaryon produ
tion. The resulting e�e
t is a rea-sonable des
ription of the measured net{baryon rapidity distribution in Pb+Pb 
ollisions atp sNN = 17:3 GeV.� Hadroni
 phase:The evolution of hadrons is pro
essed by the ART model, whi
h is su

essful at des
ribingheavy ion 
ollisions at AGS energies. The extension of the model to RHIC 
onsists of theintrodu
tion of nu
leon{antinu
leon annihilation 
hannels, inelasti
 intera
tions of kaons andantikaons, and neutral kaon produ
tion. In the ART model, multiparti
le produ
tion is mod-eled through the formation of resonan
es.� Predi
tions:The �p=p ratio predi
ted by AMPT for 
entral Au+Au 
ollisions at p sNN = 130 GeV is
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Fig. 2.20: Charged meson yields and ratios as a fun
tion of p sNN 
al
ulated by AMPT [62℄for the top 5% 
entral Au+Au and Pb+Pb 
ollisions.0.6 [61℄. The experimental measurement amounts to 0.62 � 0.04 [95℄. The meson rapiditydistributions have also been 
al
ulated as a fun
tion of p sNN for 
entral Au+Au and Pb+Pb
ollisions. Figure 2.20 shows the pion and kaon yields as well as their relative ratio as afun
tion of p sNN . The data presented in this thesis will 
on�rm or in�rm the predi
tion atp sNN = 200 GeV. ||||||
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Chapter 3The BRAHMS ExperimentThe data presented in this thesis were 
olle
ted by the Broad Range Hadron Magneti
 Spe
-trometers (BRAHMS), during the �rst full energy Au+Au run at the Relativisti
 Heavy IonCollider (RHIC). BRAHMS is one of the four experiments at RHIC. This 
hapter gives ades
ription of the BRAHMS experimental setup, as well as the RHIC a

elerator 
omplex.3.1 The Relativisti
 Heavy Ion ColliderThe Relativisti
 Heavy Ion Collider at the Brookhaven National Laboratory (BNL) beganrunning in 2000, after a twenty year period of design and 
onstru
tion.3.1.1 RHIC: A Signi�
ant Energy BoostPrior to RHIC, only light parti
les were a

elerated in the existing 
olliders like the LargeEle
tron Positron Collider (LEP) at CERN or the Tevatron proton anti{proton 
ollider atFermi Lab. Pre{RHIC heavy ion 
ollision experiments were 
arried out with an a

eleratedbeam and a �xed target at a

elerators like the Heavy Ion Syn
hrotron (SIS) at the GSI,the Alternating Gradient Syn
hrotron (AGS) at BNL or the Super Proton Syn
hrotron (SPS)at CERN. A simple kinemati
 study of a mass symmetri
 
ollision system (Aproj = Atarget)shows that the available energy for parti
le produ
tion p sNN (nu
leon{nu
leon 
enter of massenergy) is not the total energy in the laboratory frame (see end of appendix B). Table 3.1summarizes the various values of p sNN and 
orresponding beam energy per nu
leon in thelaboratory Elab=A a
hieved at the di�erent fa
ilities.Fa
ility SIS AGS SPS RHIC LHCp sNN (GeV) 1.9 2.3 { 3.0 { 3.6 { 4.8 8.8 { 12.2 { 17.3 22 { 130 { 200 7000Elab=A (GeV) 1 2 { 4 { 6 { 11.6 40 { 80 { 158 11 { 65 { 100 3500Tab. 3.1: Center of mass energy p sNN a
hieved or planned (LHC) at various internationalheavy{ion fa
ilities.The powerful 
on
ept of 
olliders is to make all in
ident energy available for the rea
tionby having the 
enter of mass frame 
oin
ide with the laboratory frame (for mass symmetri

ollision systems). 43



44 Chapter 3. The BRAHMS Experiment3.1.2 A Short Des
riptionA s
hemati
 view of RHIC is shown in Fig. 3.1. The AGS a

elerator 
omplex (Tandem,

Fig. 3.1: S
hemati
 view of RHICBooster and AGS) is used as a pre{a

elerator of gold ions. From the AGS exit, a goldion beam of 10.8 AGeV is dire
ted toward the RHIC entran
e where it is split into a \blue"beam and \yellow" beam. These are inje
ted into RHIC and travel through two separaterings of 4 km 
ir
umferen
e, 
lo
kwise and 
ounter{
lo
kwise. The beam storage is assuredby quadrupole magnets lo
ated along the rings. The maximum energy yellow and blue beams
an a
quire is E=A = 100 GeV, whi
h implies a nu
leon velo
ity �N equal to�N = q(E=A)2 �m2NE=A = 0:999956The maximum RHIC design energy p sNN amounts to 200 GeV. It is the �rst time in theworld that heavy ions 
ollide at su
h a high 
enter of mass energy, about ten times higherthan the top SPS energy.There are six experimental areas where beams 
an interse
t for 
ollision produ
tion. BRAHMSis lo
ated at the 2 o'
lo
k hall while PHOBOS, PHENIX and STAR, the other RHIC exper-iments, are lo
ated at the 10 o'
lo
k, 8 o'
lo
k and 6 o'
lo
k halls respe
tively (whi
h leavestwo lo
ations empty).3.1.3 LuminosityThe gold beams are designed to be divided in sixty bun
hes per ring, ea
h bun
h 
ontainingapproximately 109 ions. The design luminosity L amounts to 2:1026 
m�2s�1, whi
h gives area
tion rate R = L�� ' 1200 Hz, where � is the intera
tion 
ross{se
tion. This gives a rate
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h Rbun
h ' 20 Hz. Sin
e a bun
h makes � 100, 000 revolutions per se
ond, assuming ittravels at the speed of light in a ring of 4 km, the intera
tion probability is � 0.02 %. Thus, theratio between multiple 
ollisions and single 
ollisions is of the order of 0.02 % (the intera
tionprobability is assumed to follow a Poisson law distribution). More details about RHIC andother experiments 
an be found on the dedi
ated web{site http://www.bnl.gov/rhi
 and inreferen
e [96℄.3.2 BRAHMS OverviewThe goal of the BRAHMS experiment is to measure 
harged hadrons over a broad range ofrapidity and momentum. BRAHMS started systemati
 measurements during summer and fall2001 where identi�ed 
harged parti
les (��, K� and p�p) have been measured over the rapidityrange 0 . y . 3:6 and momentum range 0.2 up to 25 GeV/
 for the highest rapidity parti
les.Su
h measurements are only possible with high resolution dete
tors for tra
king and parti
leidenti�
ation (PID). This se
tion reviews the BRAHMS dete
tors.A Flexible ExperimentBRAHMS is 
omposed of three distin
t groups of dete
tors. The �rst group is devoted tothe rea
tion 
hara
terization, namely the 
ollision intera
tion point (IP) 
ommonly 
alled theprimary vertex, and the 
ollision 
entrality (
f. Se
 1.3.1). The two other groups are spe
-trometers whi
h by design tra
k 
harged parti
les and allow their identi�
ation. A s
hemati
pi
ture of the BRAHMS dete
tor system is shown in Fig. 3.2. The parti
ularity of the spe
-

Fig. 3.2: S
hemati
 pi
ture of the BRAHMS dete
tor system (top view). The spe
trometerarms are independent and 
an rotate in the horizontal plane in order to 
over a polar anglerange of �=2 rad.trometers is their 
apability to rotate around a verti
al axis (y dire
tion) passing through the



46 Chapter 3. The BRAHMS Experimentnominal IP (z; x) = (0; 0) where z is the dire
tion of the beam line and x an axis perpendi
u-lar to z and y (
f. Appendix B). This rotation allows a 
overage of the polar angle � (anglebetween the spe
trometer own axis and z) that amounts to nearly �=2 rad. This 
apability isnot shared by the other RHIC experiments.The Mid-Rapidity Spe
trometer MRSOne of the spe
trometers (MRS) is assigned the 
overage of mid-rapidity regions. It is 
om-posed of two time proje
tion 
hambers (TPC) whi
h measure the traje
tories of 
hargedparti
les within the TPC a
tive volume. Between the two TPC's, there is a dipole magnetfor momentum determination, and a time{of{
ight dete
tor (TOF) for parti
le identi�
ation(see Fig. 3.3).

Fig. 3.3: Pi
ture of the Mid-Rapidity Spe
trometer.The MRS 
an rotate from 30 Æ to 90 Æ. The solid angle 
overed at e.g. 90 Æ is � 6 msr. The
lose proximity of the front TPC TPM1 to the beam line 
an be problemati
 at more forwardangles (around 30 Æ) due to high tra
k densities. Therefore, the MRS was designed in su
h away that the platform bearing TPM1, D5 and TPM2 
an be moved ba
kward to de
rease thespe
trometer a

eptan
e. The data presented in this thesis were 
olle
ted from spe
trometersettings where the MRS was positioned at 90 Æ, 60 Æ, 52 Æ, 45 Æ, 40 Æ, 35 Æ and 30 Æ.The Forward Spe
trometer FSThe forward spe
trometer (FS) measures 
harged parti
les emitted at very forward angles.The FS is by design more 
omplex than the MRS in order to 
over a very broad momentumrange for PID. It is 
omposed of two independent se
tions, the front{forward and ba
k{forward spe
trometers (FFS and BFS). The FFS 
an rotate from -2.3 Æ to -30 Æ. Its platformis positioned at a greater distan
e from the nominal IP than the MRS and presents a dipolemagnet (D1) to the intera
tion region in order to both sweep away low momentum parti
les(typi
ally below 1 GeV/
) and sele
t only one parti
le 
harge sign at a time, depending onthe magneti
 �eld polarity applied during data taking. The rest of the FFS 
omposition isidenti
al to the MRS: two TPC's at the front and ba
k of a dipole magnet, 
ompleted by a



3.3. Rea
tion Chara
terization 47hodos
ope for PID. A �Cerenkov threshold 
ounter is lo
ated behind the hodos
ope to extendPID 
apabilities (
f. Se
 3.5.2). A pi
ture of the FS is shown in Fig. 3.4.

Fig. 3.4: Pi
ture of the Forward Spe
trometer.The BFS se
tion is able to rotate from -2.3 Æ to \only" -15 Æ due to the limited area of theexperimental hall. Its primary purpose is the identi�
ation of very high momentum parti
les.To a
hieve this goal, the FS is 
omposed of no less than three drift 
hambers (DC), two dipolemagnets, one hodos
ope and a ring imaging �Cerenkov dete
tor at the far end of the BFS. Thedata presented in this thesis was 
olle
ted from spe
trometer settings where the FFS and BFSse
tions were aligned, 
overing the angular range �12 � � � �3 (i.e. -3 Æ, -4 Æ, -8 Æ and -12 Æ).Details on individual dete
tors are given below. The PID design a

eptan
e in the transversemomentum versus rapidity spa
e (y,p?) is shown at the end of the 
hapter.3.3 Rea
tion Chara
terizationThe rea
tion 
hara
terization is a key measurement. The multipli
ity/
entrality determina-tion is 
ru
ial for probing the parti
le and energy densities a
hieved at various 
ollision impa
tgeometry, while the primary vertex together with the start{time of all timing devi
es are im-portant quantities for PID (
f. Chap. 4). Three dete
tors, referred to as global, are devotedto the determination of the vertex/start{time and multipli
ity/
entrality measurements: thebeam{beam 
ounters (BBC), the zero{degree{
alorimeters (ZDC) 
ommon to all RHIC ex-periments, and the multipli
ity arrays (MA).3.3.1 The Beam-Beam CountersIn Fig. 3.2 is shown an obje
t 
alled DX whi
h does not belong to BRAHMS but RHIC. Itis a beam fo
using magnet, whose purpose is to bring the beams to 
ollisions around thenominal IP. The blue and yellow beams are steered to be very nearly parallel in the dedi
atedintera
tion zone. The distribution of primary vertex lo
ations along z depends on the shapeand length of the ion bun
hes. The measured width of this distribution amounts to �z � 20 
m(
f. Chap. 4). The BBC's are designed to measure the primary vertex lo
ation along axisz. They 
onsist of two arrays of fast �Cerenkov radiators (tubes) 
oupled to photo{multiplier



48 Chapter 3. The BRAHMS Experimenttubes (PMT) (see pi
tures on Fig. 3.5). The arrays are positioned at 2.19 m on ea
h side ofthe nominal IP.

Fig. 3.5: Pi
tures of the beam-beam 
ounters with the left (right) array on the left (right)panel. Note that half of the right array is missing for letting parti
les 
y to the forwardspe
trometer.Ea
h array (left and right) is 
omposed of two types of tubes: small tubes for a �nely segmenteddete
tion and larger sized tubes whi
h dete
t on average more parti
les at a time than smalltubes. Half of the right array is missing in order to let parti
les 
y toward the FS. Thepseudo{rapidity � 
overed by the BBC's is 2:2 . j�j . 4:6. When 
harged parti
les hit theBBC radiators, they produ
e �Cerenkov photons if their velo
ity � is above 
=n with n � 1:5.Dete
ted parti
les have therefore a velo
ity � & 0:67. BBC tube have an intrinsi
 timeresolution of 50 ps. The vertex/start{time determination algorithm and BBC performan
e aredes
ribed in details in Chap 4. Another sour
e of information 
an be found in [97℄. Table 3.2gives the main 
hara
teristi
s of the BBC's.Tubes Type Diameter (
m) Length (
m) Distan
e to beam (
m)(Hamamatsu)ring 1 1 to 8 R3478 1.9 4.0 6.5Left ring 2 9 to 24 R3478 1.9 4.0 10.0Array ring 3 25 to 28 R3478 1.9 4.0 14.9ring 4 29 to 36 R3478 1.9 4.0 21.5ring 5 37 to 44 R2083 5.1 3.0 16.0ring 1 1 to 5 R3478 1.9 4.0 6.5ring 2 6 to 9 R3478 1.9 4.0 8.3ring 3 10 to 11 R3478 1.9 4.0 10.6Right ring 4 12 to 15 R3478 1.9 4.0 14.9Array ring 5 16 to 19 R3478 1.9 4.0 18.5ring 6 20 to 30 R3478 1.9 4.0 21.5ring 7 31 to 33 R2083 1.9 4.0 12.6ring 8 34 to 35 R2083 5.1 3.0 19.8Tab. 3.2: Beam{beam 
ounter 
hara
teristi
s.



3.3. Rea
tion Chara
terization 493.3.2 Zero{Degree CalorimetersBRAHMS owns a pair of ZDC. These are lead{tungsten 
alorimeters positioned at 18 m on ea
hside of the nominal IP, behind the fo
using DX magnets. The 
onsequen
e of su
h a positionis that 
harged parti
les emitted from the rea
tion along z 
annot rea
h the ZDC's sin
e theyare bent away by the DX's. Only 
harge neutral parti
les, mainly spe
tator neutrons, aremeasurable by the ZDC's. A pi
ture is shown in Fig. 3.6. The ZDC's provide both energyand time signals. Like for the BBC's, a vertex estimation along z 
an be estimated with aresolution �z ' 2 to 3 
m (read more on vertex in Chap. 4). The energy signal has been usedto study mutual Coulomb disso
iation in Au+Au 
ollisions [98℄. The neutrons measured inone 
alorimeter in that 
ase show nearly no 
orrelations with neutrons measured in the other
alorimeter, whi
h di�ers from inelasti
 
ollisions where both numbers are 
orrelated sin
ethe number of spe
tators is the same (symmetri
 
ollisions). It should be mentioned thatall RHIC experiments own their set of ZDC's built after the same model. The purpose is tohave a 
ommon measurement from the four experiments as well as to provide the RHIC main
ontrol the possibility to monitor the beam intensity in the di�erent experimental halls.

Fig. 3.6: Pi
ture of one of the two zero{degree{
alorimeters surrounded by the beam pipes.3.3.3 Multipli
ity ArraysThe multipli
ity arrays (MA) measure the energy deposited by 
harge parti
les when theytraverse the dete
tor elements. Su
h measurement leads to 
harged parti
le multipli
ities and
ollision 
entrality. The MA's are positioned around the beam{pipe (see left panel of Fig. 3.7).They 
onsist in a two{layer 
ylinder of hexagonal base, with an inner part 
omposed of sili
onstrip dete
tors (SMA) and an outer part of plasti
 s
intillator tiles (TMA). Note that thetile 
overage along the beam axis has been deliberately limited in the plane fa
ing the MRSin order to let parti
les from the 
ollision 
y freely toward the spe
trometer. The MA'sdesign and software are des
ribed in great details in [99℄. The pseudo{rapidity 
overage is�2:2 . � . 2:2 and is therefore 
omplementary to the BBC � a

eptan
e. The 
harged parti
lemultipli
ity dn=d� has been measured by BRAHMS at p sNN = 130 and 200 GeV [100, 101℄.



50 Chapter 3. The BRAHMS ExperimentIn the right panel of Fig. 3.7 is shown the published result at p sNN = 200 GeV. Event{by{
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Fig. 3.7: Left: MA's pi
ture. Right: Charged parti
le pseudo{rapidity density distribution atp sNN = 200 GeV [101℄. Cir
les (triangles) are MA (BBC) measurements. Centrality 
lassesare (from the top): 0{5%, 5{10%, 10{20%, 20{30%, 30{40% and 40{50%.event multipli
ity 
u
tuation analyzes have also been 
arried out from MA data at p sNN =200 GeV [102, 103℄. In the present analysis, the multipli
ity obtained from the MA's is usedto make 
entrality 
uts. Centrality determination pro
edures are detailed in [99℄.3.3.4 Event TriggerThe BRAHMS trigger system, or simply trigger, determines if an event 
an be re
orded bythe Data A
quisition (DAQ) or dis
arded. For the Au+Au 2001 run, the implemented triggerlogi
 is only based on inputs from the global dete
tors, due to the relatively low event rate (thebeam luminosity a
hieved was about 15% of the design luminosity). Table 3.3 summarizes theevent trigger 
onditions applied during the data taking.Trigger Id Condition1 BBC 
oin
iden
e NL > 2 AND NR > 22 BBC 
oin
iden
e NL > 1 AND NR > 13 Multipli
ity trigger (TMA energy threshold)4 ZDC 
oin
iden
e and energy threshold5 Vertex trigger (ZDC) ! jzIP j . 25 
m6 Vertex AND Multipli
ity7 Pulser trigger for pedestal runs8 1Hz syn
hronization triggerTab. 3.3: Trigger 
onditions used during data taking. NL and NR are the numbers of tubeswith hits in the left and right array of the BBC's respe
tively.Thus, a re
orded event is 
hara
terized by a trigger word whose bits are on or o� dependingon whi
h trigger 
ondition is ful�lled (the 
onditions listed in Tab. 3.3 are not ex
lusive).



3.4. Tra
king Devi
es 513.4 Tra
king Devi
esCharged parti
le tra
king is one of the main steps for parti
le identi�
ation. Charged parti
lestraversing a medium leave energy to the medium. By measuring where this energy is deposited,one 
an re
onstru
t the path of the parti
le through the medium. This re
onstru
ted path isreferred to as the parti
le tra
k, hen
e \tra
king" dete
tors. All tra
king dete
tors utilizedin BRAHMS are based on this prin
iple. The out
ome of this intera
tion is read out byappropriate devi
es in order to lo
ate where in the rea
tive volume the parti
le intera
ted.These spots are 
alled hits that, when properly 
ombined, 
onstitute a \lo
al" tra
k.3.4.1 Time-Proje
tion ChambersBRAHMS has four TPC's. Two are lo
ated in the MRS (TPM1 and TPM2), the two othersin the FS (T1 and T2). TPC's are designed to provide a three{dimensional measurement of
harged parti
le traje
tories with high position resolution. The BRAHMS TPC's are squaredboxes positioned along the axis of the MRS and FFS outside any magneti
 �eld. These boxesare �lled with gas mixtures like Ar{CO2 or Ne{CH4 that are easily ionized as a 
harged parti
lepasses through. Ele
trons 
reated by ionization along the parti
le traje
tory drift toward thepad{plane due to a homogeneous ele
tri
al �eld inside the TPC rea
tive volume. The pad{plane is the side of the TPC 
overed by read{out pads gathered in rows and strung with anodewires (see Fig. 3.8).
Field wireAnode wire

Cathode grid

Gating grid

Particle trajectory

E

Read out pad

Fig. 3.8: S
hemati
 pi
ture of the TPC readout plane and ele
tron drift lines.The anode wires 
olle
t these ele
trons and indu
e a signal 
reated by ele
tromagneti
 avalan
hestriggered by ele
tron a

eleration 
lose to the wires. When the velo
ity vdrift of the driftingele
trons is 
onstant, the drift time is proportional to the drift distan
e. The mapping of row,pad and time leads to three{dimensional spa
e points. Table 3.4 gives the main 
hara
teristi
sof the four BRAHMS TPC's. Details 
an be found in [30, 104, 105, 106℄.3.4.2 Drift ChambersFor the BFS, BRAHMS opted for three drift 
hambers (DC). These are wire 
hambers, ea
hof them 
omposed of three modules with 8{10 planes arranged in 1{4 \views" (azimuthal wireorientation). Like TPC's, DC's are also gas dete
tors but the di�eren
e lies in the absen
e of



52 Chapter 3. The BRAHMS ExperimentName L W H Gas mixture Nrow Npads=row hvdrifti h�xi h�yi(
m) (
m) (
m) 90{10% (
m/�s) (mm) (mm)T1 56.0 33.6 19.8 Ar{CO2 10 (14) 96 1.8 0.38 0.40T2 75.5 39.6 19.8 Ar{CO2 8 (14) 112 1.8 0.37 0.41TPM1 36.6 38.4 20.0 Ar{CO2 12 (12) 96 1.7 0.31 0.43TPM2 50.0 67.7 19.8 Ar{CO2 10 (20) 144 1.6 0.39 0.49Tab. 3.4: Main 
hara
teristi
s of the four BRAHMS TPC's. L, W and H are respe
tively thelength (z), width (x) and height (y) of the rea
tive volume, Nrow the number of instrumented(total) pad rows, Npad=row the number of pads per row, hvdrifti is the measured averageele
tron drift velo
ity along the drift lines (y dire
tion) and the h�i's are the average hitposition resolutions. The gas mixture is in the proportion 90%{10%.homogeneous ele
tri
al �eld. Instead, ele
trons 
reated by gas ionization are attra
ted by aset of anode and �eld wires. When the 
orresponden
e between drift time and drift distan
eto the wire has been established, ea
h hit in a view gives a line parallel with the view dire
tion(wires), as shown in Fig. 3.9. Sin
e there is an ambiguity on the side of the wire the 
harged

Fig. 3.9: DC tra
king in an ideal situation with two tra
ks 
rossing a wire plane 
ontainingfour views. The DC is shown from its front and views are x (horizontal), y (verti
al), u and v(intermediate angles). Ea
h hit gives rise to two lines before the left/right ambiguity is solved(see text). The solid lines are the true ones. The green dots, interse
tions between the solidlines, belong to the two parti
le tra
ks.parti
le passed, at least two planes of the same view are needed. When the di�erent viewsare 
ombined, tra
ks 
an be determined by interse
tion of wires that were hit (see Fig. 3.9).More details on the DC design, tra
king and performan
e 
an be found in [104, 107, 108℄.3.4.3 Dipole MagnetsTPC's and DC's provide lo
al tra
ks, i.e. straight pie
es of parti
le traje
tories. In orderto determine the momentum, magnets are needed (
f. Se
. 4.3.2). BRAHMS has four dipolemagnets (D2 to D5) lo
ated between tra
king 
hambers and an extra one in front of the FFS as
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es 53mentioned in Se
. 3.2. The magnets in BRAHMS are all 
onventional ele
tromagnets. Insidethe magnet gaps, the magneti
 �eld is, to a very good approximation, verti
al and de
e
tsparti
les in only the x dire
tion. The magnets are pla
ed along an ar
 de�ned by a parti
leof unit 
harge with the maximum momentum whi
h 
an pass through all magnets (parti
leswith larger momenta will not be de
e
ted suÆ
iently to enter the subsequent magnet).Magnet gap dimensions and �eld intensity determine the spe
trometer a

eptan
e. The �eldis determined by two experimental parameters: the 
urrent intensity and 
urrent polarity.Ideally, the �eld ve
tor ~B has only one 
omponent along axis y (verti
al dire
tion). Its ori-entation (up or down) depends on the polarity (\A" and \B"). In the FS, an A (B) �eld
orresponds to negatively (positively) 
harged parti
le dete
tion. In the MRS, both 
hargesigns are dete
ted in a single polarity setting. This is due to the fa
t that there is only onemagnet, and the dete
tors behind it are large enough to a

ept these parti
les. The experi-mental magneti
 �eld has been mapped for ea
h magnet in order to determine the ex
itation
urve j ~Bj(I) where I is the 
urrent in Amp. The experimental points have been �tted with ase
ond degree polynomial. Figure 3.10 shows the ex
itation 
urves of the BRAHMS magnets.Ea
h magnet is 
hara
terized by a maximum value of the 
urrent. Therefore, magneti
 �eld
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 D5Fig. 3.10: Magnet ex
itation 
urves obtained from experimental �eld mappings. The �tfun
tion used is a se
ond degree polynomial.settings are fully determined by their polarity and the fra
tion of the maximum 
urrent usedduring data taking. Table 3.5 shows the main 
hara
teristi
s of the magnets and settings usedduring data taking.3.5 Parti
le Identi�
ation Devi
esPID is a
hieved by 
orrelating the parti
le momentum (obtained from tra
k bending insidethe magnet gaps) and the time of 
ight (TOF) measured in the hodos
opes or the responseof the �Cerenkov dete
tors.3.5.1 The Hodos
opesBRAHMS has three TOF walls. One 
alled TOFW is lo
ated in the MRS, while two ho-dos
opes, TOF1 and TOF2, are positioned in the FS. Ea
h of the TOF walls 
onsists of a



54 Chapter 3. The BRAHMS ExperimentName Gap dim. (
m) Imax (A) Bmax (T ) Average momentum hpi (GeV/
)per settingL W H 1/8 1/5 1/4 1/3 1/2D1 200 8.0 20.0 3450 1.26 p not determinedD2 160 30.0 13.5 3000 1.68 2.0 3.0 3.5 5.0 6.5D3 200 40.0 25.4 3000 1.22 3.0 4.5 5.5 7.2 10.0D4 183 44.6 32.1 2750 1.19 3.0 4.5 5.5 7.2 10.0164 350 500 700 1000D5 76.2 35.0 10.0 2500 1.45 0.30 0.35 0.40 0.45 0.55Tab. 3.5: Chara
teristi
s of the BRAHMS magnets. Imax is the maximum 
urrent intensityvalue. MRS 
urrent settings are in Amp (not fra
tional like for the FS).row of re
tangular s
intillator slats wrapped in aluminum foil for guiding light, and dark tapefor light insulation. Ideally, slats are positioned in the hodos
ope frame so that dead zones,i.e. areas of non dete
tion between slats, are minimized. Ea
h s
intillator slat is 
oupled to aPMT at ea
h end (top and bottom) that provides an energy signal, and a time signal whi
h isused as a stop signal for TDC devi
es (
f. Chap. 4). In Fig. 3.11 is shown a s
hemati
 pi
tureof TOF1.

Fig. 3.11: The hodos
ope TOF1. Only s
intillator slats (blue) and PMT's (yellow) are drawn.Charged parti
le dete
tion using s
intillators is based on the physi
s of s
intillation. A 
hargedparti
le traversing a s
intillating medium ex
ites the atoms along its path. These atomsdeex
ite by produ
ing a light. The intensity of the produ
ed 
ash of light has a sharp in
reasebut slower de
rease, whi
h makes s
intillators well suited to timing measurements. In �rstapproximation, the energy deposited per unit of length dE=dx is proportional to dI=dx whereI is the intensity of the produ
ed light. The light propagates through the slat at an e�e
tivespeed lower than 
 due to the index of refra
tion n > 1. It is eventually 
olle
ted by thePMT's whi
h amplify the signal and transmit it to the data a
quisition system (DAQ). Thispro
ess is illustrated in Fig. 3.12.Charged parti
les above � � 0:9 are minimum ionizing parti
les (MIP). This means that theamount of energy deposited through the ionization pro
ess of the s
intillating material (�E)is at its lowest. Moreover, it depends very little on the parti
le momentum p for parti
les
arrying the same 
harge fra
tion Z (�E � Z2). This implies that �E, although used for
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H/2−H/2 yhitFig. 3.12: S
intillation in a TOF slat due to the passage of a 
harged parti
le.parti
le identi�
ation for low momentum parti
les (not MIP's), 
annot dis
riminate parti
lemasses for momenta above the minimum ionization momentum. However, for these parti
les,identi�
ation 
an be a
hieved via a timing pro
edure. In BRAHMS, determining the timeof 
ight of the dete
ted parti
les requires a \start{time" devi
e (BBC's) and a stop{timemeasurement provided by the hodos
opes. The TOF PID pro
edure and performan
e areexplained in details in Chap. 4. The main 
hara
teristi
s of the BRAHMS hodos
opes aregiven in Tab. 3.6.Name Distan
e Nslat Slat dim. (
m) Material �t (ps) pmax (GeV/
)from IP (m) L W H (bi
ron) �=K K=pTOF1 8.7 40 1.00 1.00 20 BC420 65 3.8 6.5TOF2 18.6 32 1.00 1.50 40 BC420 65 5.8 9.7TOFW 4.3 125 1.27 1.25 22 BC404 65 2.5 4.3Tab. 3.6: Chara
teristi
s of the BRAHMS hodos
opes. �t is the nominal time resolution ofea
h tube, pmax is the nominal PID 
apability in a 3� 
ut assuming the overall TOF resolutionequals 75 ps, i.e. the maximum momentum below whi
h the parti
le 
an be identi�ed (to be
ompared with the experimental values in Chap. 4).3.5.2 The �Cerenkov Dete
torsThe FS has two �Cerenkov dete
tors in order to extend the PID 
apability to high momen-tum parti
les. The dete
tion is based on the �Cerenkov e�e
t (after the Russian physi
istP. A. �Cerenkov), i.e. radiated light during the passage of a 
harged parti
le through a mediumof index of refra
tion n > 1, when the parti
le velo
ity � is greater than 
=n (speed of light inthe medium). The latter 
ondition implies a momentum threshold pth (that depends on theparti
le type) above whi
h parti
les 
an be observed. More details are given in Chap. 4.The Threshold Dete
tor C1In the FFS, a threshold dete
tor is lo
ated behind TOF1. It 
onsists of a box with radiatorgas (C4F10), two mirrors and 32 (2� 2� 8) PMT's. In the left panel of Fig. 3.13 is shown as
hemati
 pi
ture of C1. The mirrors are lo
ated in the ba
k plane of the gas vessel. Theirorientation is � 45 Æ in order to re
e
t the �Cerenkov light to PMT's, where photo{ele
trons are
reated. Their 
ux is ampli�ed and the signal is transmitted to the ele
troni
s. The numberof photons that produ
ed photo{ele
trons 
an be estimated via proper 
alibrations. C1 is



56 Chapter 3. The BRAHMS Experiment

Fig. 3.13: Left: the �Cerenkov dete
tor C1. Right: the Ring Imaging �Cerenkov dete
torRICH.used for pion identi�
ation due to the relatively low pion momentum threshold and high kaonthreshold (
f. Tab. 3.7). The TOF1 PID 
an be extended for kaons if pions with a positiveC1 signal are vetoed.The Ring Imaging �Cerenkov RICHRICH is a ring imaging �Cerenkov dete
tor and is positioned behind TOF2 at the end of theBFS (� 20 m from the nominal IP). Its PID is based on the same physi
al prin
iple as C1 butits design is di�erent. RICH has a fo
using mirror at the ba
k of the gas vessel. Therefore, thein
ident light 
one be
omes a ring at a plane lo
ated at a distan
e equal to the fo
al distan
eof the mirror. The ring radius is determined by the momentum and mass of the parti
le (
f.Chap. 4). In order to have a good ring resolution, the fo
al plane is highly segmented, itbears 80 PMT's, ea
h divided in four pixels (320 pixels). A pi
ture is shown in the rightpanel of Fig. 3.13. RICH is primarily designed for high momentum parti
les. The momentumthresholds are similar to that of C1 (
f. Tab. 3.7).Ntube Gas n p� p� pK ppC1 32 C4H10 1.00138 2.01 2.65 9.39 17.85RICH 4� 80 C4H10 1.00202 1.66 2.19 7.76 14.75Tab. 3.7: Chara
teristi
s of the BRAHMS �Cerenkov dete
tors. The p's are the momentumthresholds of the listed parti
les.3.5.3 BRAHMS Design A

eptan
eFor a given spe
trometer setting (angle and �eld), the a

eptan
e is rather small (� 6 msr inthe MRS and 0.5 msr in the FS). The for
e of BRAHMS is to map out the parti
le phase{spa
e by 
olle
ting data with many di�erent spe
trometer settings. Su
h a map is given inFig. 3.14 for pions, kaons and protons, with a distin
tion between the a

eptan
e 
overageof the di�erent PID dete
tors. By design, the BRAHMS spe
trometers 
an identify pions
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Fig. 3.14: BRAHMS design a

eptan
e for pions, kaons and protons. The individual PIDdete
tor a

eptan
es are highlighted with di�erent �ll styles.and kaons over the rapidity range �0:1 < y < 3:8 by 
ombining data from all spe
trometersettings. At mid{rapidity, the momentum limit below whi
h kaons and pions 
an be separatedis 2.5 GeV/
 if the TOFW resolution is 75 ps (2� 
ut around the expe
ted time of 
ight). Thisimplies that the transverse momentum pT limit for pion and kaon identi�
ation in the MRSde
reases with in
reasing rapidity. It is also true in the FS with TOF1 and TOF2. However,the additional �Cerenkov information extends the PID 
apability up to � 6 GeV/
 (RICH) aty � 2:2 and � 1.5 GeV/
 at y � 3:5. In the following 
hapters, data from the hodos
opes andthe RICH are presented and dis
ussed. Figure 3.14 must be 
ompared to the experimentalresults dis
ussed in Chap. 6 and 7. ||||||
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Chapter 4Parti
le Identi�
ationAmong the RHIC experiments, BRAHMS has the unique 
apability to identify 
harged par-ti
les over a broad range of rapidity and momentum, using time of 
ight and �Cerenkov te
h-niques. This 
hapter des
ribes how the \raw" information from the dete
tors is 
onverted toparti
le four{momenta.4.1 Basi
 Prin
iples and RequirementsBRAHMS measures the momentum of 
harged parti
les whi
h traverse the spe
trometers,together with their time of 
ight (TOF). Additional �Cerenkov information is provided in theFS. By 
ombining the momentum and the 
orresponding TOF or �Cerenkov signal appropri-ately, one 
an determine the parti
le mass. Indeed, the momentum p is given by the followingequation:p = 
m�
 = m�
p1� �2 (4.1)with m the parti
le mass, � = v=
 = L=
t the parti
le velo
ity, L and t the 
ight path and
orresponding TOF. In BRAHMS, L is in the order of a few meters (� 4 to 20 m) with TOF'sranging between � 14 ns (MRS) to 60 ns (full FS) for the fastest parti
les.In Se
. 4.3.1 is brie
y reviewed how time proje
tion 
hambers (TPC) measure tra
k segments.The momentum is dedu
ed by mat
hing tra
k segments inside magnet gaps (Se
. 4.3.2).4.1.1 Time of FlightIn BRAHMS, TOF means time of 
ight between the 
ollision vertex and the s
intillator slatsof the hodos
opes. Sin
e the intera
tion point (IP) 
hanges on an event by event basis, sodoes the start{time, whi
h is the time when the main trigger of the data a
quisition system(DAQ) gives time devi
es (TDC) the order to start \
ounting time". The latter stop 
ountingwhen 1- a stop{time is triggered by a signal issued by ele
troni
 devi
es 
alled dis
riminators,or 2- after a �xed time (timeout) when no signals were sent by dis
riminators. Dis
riminatorsrea
t to analog pulses indu
ed by 
harged parti
les passing through the s
intillator slats andampli�ed by photomultiplier tubes (PMT), if the amplitude of the signals is above a threshold59



60 Chapter 4. Parti
le Identi�
ation(150 mV). Ea
h PMT is linked to a TDC 
hannel than 
an be stopped independently1. As
heme is shown in Fig. 4.1.
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TDC

TRIGGER

MAIN
other time devicescommon start

BBC

ZDC

DISC.
Slats

stop

stop

stop

stop

vertex

flight path (L, t)

start

PMT

Fig. 4.1: Time of 
ight te
hnique. Time devi
es (TDC) start 
ounting until the dis
riminators(DISC) send a logi
al signal if the original analog signals ful�ll 
ertain 
onditions (see text).Figure 4.1 does not show all details of the start-time logi
, the signals from the slat PMT's arein reality dis
riminated twi
e, a �rst time inside the 
ave, a se
ond time in the Fast Ele
troni
Hut outside the 
ave in order to refresh the dis
riminated signals transported through thedelay lines. However, this �gure provides a rough illustration of the timing pro
edure. Themeasured quantities (TDC output) are given by the following equations (for a given slat):ttop = TOF + ttop? +HWtop � tstart (4.2)tbot = TOF + tbot? +HWbot � tstart (4.3)where subs
ripts top and bot refer to the top and bottom tubes of the slat, subs
ript ? to thee�e
tive time it takes for the light to travel from the tra
k interse
tion with the slat to thePMT's, and HW to all e�e
ts introdu
ed by delay 
ables, ele
troni
s (dis
riminators), et
.The primary vertex and start{time are estimated with the beam{beam 
ounters. Calibrationand 
onstru
tion pro
edures are des
ribed in Se
. 4.2. For the stop{time, hodos
ope hits are�rst mat
hed to spe
trometer tra
ks (Se
. 4.4.1). The following step 
onsists of 
alibrating thehodos
ope data in order to remove hardware e�e
ts from the raw time signal. The hodos
ope
alibration and PID determination are des
ribed in Se
. 4.4.2 and 4.4.3 respe
tively. As 
analso be seen from Fig. 4.1, ea
h slat has two PMT's leading to two measurements 
ontainingthe parti
le TOF. This design is explained when hodos
ope 
alibrations are presented.On
e the parti
le velo
ity � and momentum p are known, the 
orrelation between thesevariables reveals the parti
le mass. Figure 4.2 shows expe
tation 
urves for di�erent parti
lemasses.1In a high ba
kground environment, the stop{time signal and tra
k pointing to the 
orresponding slat 
anbe un
orrelated. Data are therefore sele
ted in su
h a way that un
orrelated tra
k{TOF 
ombinations areminimized (Se
. 4.4.1 and 4.4.2).
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Fig. 4.2: Expe
ted TOF PID 
urves (1=� vs p) for pions, kaons and protons, based on Eq. 4.1.4.1.2 �Cerenkov E�e
tIt has been known sin
e 1934 [109℄ that a 
harged parti
le traversing a medium of index ofrefra
tion n > 1 emits ele
tromagneti
 radiation if its velo
ity � is greater than the speed oflight in the medium 
=n. The emission angle �
 of the radiated light along the parti
le pathis 
onstant, it is given by the equation :
os �
 = 1n� (4.4)Therefore, the light emitted by one 
harged parti
le belongs to a 
one of angle �
. The�Cerenkov e�e
t is illustrated in Fig. 4.3.
θc

c t
n

charge particle trajectory

Radiation

RadiationFig. 4.3: �Cerenkov e�e
t. A 
harged parti
le of velo
ity � > 
=n emits light at a well de�nedangle �
 along its path through the medium.Charged parti
les produ
e �Cerenkov light above well de�ned momentum thresholds pth, given
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le Identi�
ationby the equation:pth = mpn2 � 1 (4.5)The momentum threshold pth depends on the parti
le mass m and the index of refra
tion n.Figure 4.4 shows the 
orrelation between �
 and the parti
le momentum p for di�erent parti
letypes.
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le momentum with n = 1:00138.The �Cerenkov e�e
t is very powerful for identifying high momentum parti
les. The RICHdete
tor was used for the data presented in this thesis. Se
tion 4.5 des
ribes how PID wasa
hieved by using the �Cerenkov light fo
using te
hnique whi
h is the design 
on
ept of theRICH.4.2 Collision Vertex and Start{TimeCollision vertex and start{time are measured by the beam{beam 
ounters (BBC's). Thesedete
tors, 
onsisting of two arrays of �Cerenkov radiators 
oupled to PMT's and lo
ated fromea
h side of the nominal intera
tion point (IP), need �rst to be 
alibrated. Raw data 
onsistof hits (one per tube) 
ontaining information in the form of integers. Those are 
alled ADC,whi
h in the 
ase of the BBC's are related to the number of parti
les hitting the radiators,and TDC digits related to the stop{time. Calibrations 
onsist of 
onverting these integers intothe 
orresponding physi
al quantities.4.2.1 Beam-Beam Counter CalibrationsAn exhaustive study of the BBC's 
an be found in [97℄. This se
tion des
ribes the main
alibrations performed for the data presented in this thesis, they are listed in Tab. 4.1:Pedestal CalibrationsThe BBC PMT's deliver signals to the DAQ if 
harged parti
les produ
ed photons inside theBBC radiators. The analog to digital 
onverter (ADC) is an ele
troni
 devi
e that 
onvertsthese signals into integers ranging between 0 and 2048, 4096 or more depending on the devi
e.To ea
h BBC tube 
orresponds an ADC spe
trum whi
h sharply rises around an ADC value



4.2. Collision Vertex and Start{Time 63Calibration Type PurposeADC pedestal ADC spe
trum alignmentADC gain Conversion ADC digits to number of parti
lesTDC gain Conversion TDC digits to timesTime delay Time o�set removal between tubesSlewing 
orre
tion Removal of energy dependen
e in time signalTab. 4.1: BBC 
alibrations prior to vertex and start{time determination.
alled pedestal. The pedestal re
e
ts low amplitude ele
troni
 noise and 
orresponds to the\zero volt" of the ADC (null pulse amplitude). This means that pedestals are ADC o�setsand they 
an di�er from spe
trum to spe
trum. In pra
ti
e, pedestal are 
hara
terized by anarrow distribution (see Fig. 4.5).
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Fig. 4.5: BBC pedestal 
alibration with a typi
al pedestal (top left), a noisy pedestal (bottomleft), a pedestal summary (top right) and a summary of pedestal width (bottom right).In order to have a 
ommon start for all ADC spe
tra, pedestals must be evaluated and sub-tra
ted. Spe
ial runs are devoted to the measurement of pedestals. To ea
h BBC tube 
orre-sponds a one dimensional histogram �lled with ADC pedestal data. Sin
e the pedestals areassumed to originate from random noise, they are �tted to a Gaussian, whose mean and widthare stored in the BRAHMS database. Figure 4.5 illustrates this pro
edure. Bad pedestalslike the one shown in the bottom left panel of Fig. 4.5 are indi
ators of ele
troni
 drift orother malfun
tion. They are tagged by assigning them a spe
ial 
alibration 
onstant so thatdata from 
orresponding tubes are not used in the analysis. The knowledge of these bad
alibrations is essential when dete
tor eÆ
ien
y and a

eptan
e are to be 
al
ulated.TDC Gain CalibrationBBC PMT's also deliver signals used for time determination. The time to digital 
onverter(TDC) is the ele
troni
 devi
e 
onverting these signals to integers ranging between 0 and e.g.
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le Identi�
ation4096. These data have to be 
onverted to a time unit (nanose
ond). The goal of the TDC gain
alibration is to determine the 
onversion fa
tor of the TDC devi
e. Like for the ADC data,ea
h BBC tube is asso
iated to an ele
troni
 TDC unit. It is important for all pro
eduresdealing with time (TOF PID or primary vertex determination) that TDC devi
es are linear.In pra
ti
e, spe
ial data runs are also devoted to TDC gains. An ele
troni
 pulser triggers theTDC devi
e every 10 ns for ea
h unit 
onne
ted to a BBC tube (the time step depends on thepulser used). This gives TDC spe
tra a \
omb" shape: ea
h peak 
orresponds to a pulse ata pre
ise time (see Fig. 4.6). The peak positions (in TDC digits) are plotted as a fun
tion ofthe time the 
orresponding pulses were emitted (the error on the time interval between twopulses 
an be negle
ted), as illustrated on Fig. 4.6.
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alibration, with a typi
al 
omb shape TDC spe
trum of a singleTDC unit (top left), a �t of the peak positions versus pulse time (top right) and a summaryof the TDC gains (bottom).The pro�le in the top right panel, whi
h demonstrates the TDC linearity, is �tted with a linearfun
tion. The inverse of the slope of this fun
tion is the TDC gain. The summary plot in thebottom panel reveals some deviations from the nominal gain (25 ps=
han).ADC Gain CalibrationThe ADC 
onverts the amplitude of the PMT signal into digits whose values primarily dependon the number of parti
les that hit the radiators. Figure 4.7 illustrates how an ADC spe
trumis obtained. The peak positions are also dependent on the energy gain of the tube, mainlyrelated to the applied high-voltage (HV). Be
ause tubes di�er in gain, parti
le peaks are notlo
ated at the same values from spe
trum to spe
trum. The goal of the ADC gain 
alibration
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Fig. 4.7: Raw signal 
onversion. Depending on the number of parti
les hitting a tube, the
orresponding ADC spe
trum shows a su

ession of peaks.is to �nd a fa
tor for 
onverting the ADC values into a number of parti
les for ea
h spe
trum.An example of raw spe
trum (ADC digits pedestal{subtra
ted) is shown in the top left panelof Fig. 4.8 (the gap in the middle of the distribution is due to the dual ranged ADC devi
esused).
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le peak. Note that it is ne
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t events that are not dominantly
entral, otherwise multiple parti
le peaks would be populated to the detriment of the single



66 Chapter 4. Parti
le Identi�
ationparti
le peak. On
e histograms are �lled, the top of the single parti
le peak is �tted with aGaussian fun
tion, although one 
an argue that these peaks are not Gaussian-like. But asfar as the ADC 
alibration is 
on
erned, only a reasonable estimation of the peak lo
ationis needed. The top right panel of Fig. 4.8 shows the same ADC spe
trum 
onverted aftergain 
alibration (npart = ADC=ADCsingle). The bottom panel is a summary of ADC gainsfor all BBC tubes (the non-linearity of the small tubes is dis
ussed in [99, 97℄). When ADCsignals are 
alibrated, one 
an obtain parti
le distributions from the BBC. The one presentedin Fig. 4.9 is not normalized but reveals the geometry of the BBC arrays. Tubes are positionedon rings of di�erent radii.
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Fig. 4.9: BBC hit distribution. A BBC raw digit is a hit if its 
alibrated ADC is above 0.7.Note how uniform the hits are distributed in ea
h ring (a 
ouple of tubes are missing in theright array due to bad pedestals). The 
losest tubes to the beam line dete
t more parti
lesthan outer tubes. Big tubes, although not very 
lose to the beam line, are also among themost e�e
tive. This is due to their larger geometri
al a

eptan
e.Time CalibrationAs mentioned before, the time signal related to a 
harged parti
le dete
tion is provided bythe TDC measurement. For a BBC tube i in a given event, the measurement (in nanose
ond)follows Eq. 4.6:td
i = tofi + toff;i + tslew;i � tstart (4.6)where tstart is the start{time, tofi the parti
le time of 
ight (from its vertex to tube i), toff;i andtslew;i the time o�set, delay and energy dependen
e of the TDC measurement (it is impli
itlyassumed that the 
ollision o

urs at the time origin t = 0).� Time O�sets:Most of the parti
les dete
ted by the BBC tubes are pions traveling at a speed 
lose to thespeed of light. Therefore, their TOF's from the 
ollision vertex to the tubes (of a given array)are approximately equal (the di�erent tube lo
ations on ea
h BBC array 
an be negle
ted).Consequently, time spe
tra obtained from tubes of a given BBC array show no signi�
ant
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e. In pra
ti
e, there are time o�sets between these spe
tra, i.e. a 
onstant timedi�eren
e �tij between spe
tra of tube i and j. These o�sets are due to various fa
tors likedi�erent delay 
able lengths, temperature variations, et
, they are a property of the hardware
hain between the tubes and the TDC devi
e. It is essential to remove these o�sets sin
e thevertex and start{time resolution 
an be a�e
ted if o�sets remain.A referen
e tube is 
hosen in ea
h BBC array, preferably a big tube whose hit probability isgreater than that of small tubes. In ea
h event, the hit of the referen
e tube is sele
ted ifjADC=ADCsingle � 1j < 0:1 (4.7)10 
han < TDCref < 3500 
han (4.8)Condition 4.7 implies that only single hits are sele
ted. It prevents the 
orresponding timefrom being a�e
ted by the slewing e�e
t of the referen
e tube. Condition 4.8 is used in orderto sele
t hits with valid times (mainly ex
ludes TDC over
ows). For all other tubes i of agiven array, histograms are �lled with time di�eren
es ti� tref (where the 
ommon start-timetstart 
an
els out event by event). The top panel of Figure 4.10 shows typi
al histograms. The
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alibration. Top panel: examples of time di�eren
es; Bottompanel: time o�set summary.mean value of the peak is dedu
ed from a Gaussian �t and is used as the time o�set betweentube i and the referen
e tube. A summary is presented in the bottom panel of the �gure. As
an be seen, o�sets 
an be as large as a few nanose
onds while the intrinsi
 time resolution ofea
h tube is in the order of 50 ps.



68 Chapter 4. Parti
le Identi�
ationSlewing Corre
tionThe time o�set 
alibration is re�ned by the slewing 
orre
tion. The slewing e�e
t manifestsitself as an ADC dependen
e of the TDC signal and originates from the triggering mode ofthe dis
riminators (leading edge triggering), illustrated in Fig. 4.11.
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Fig. 4.11: Slewing e�e
t 
aused by the dis
riminator threshold and leading edge triggeringmode.As 
an be seen from Fig. 4.11, the smaller the pulse amplitude (and 
onsequently the ADCvalue), the later the dis
riminator triggers, i.e. the larger the TDC. The goal of the 
orre
tionis to quantify and remove the TDC dependen
e on the ADC. For the BBC's, it is done byusing a pro�le method for ea
h pair (tube i, tuberef) of a given array. The referen
e hit issele
ted like for the time o�sets (
onditions 4.7 and 4.8). Pro�les are �lled with time di�eren
es�ti = td
i� td
ref � to�;i = ti� td
ref versus hEii, where hEii and to�;i are the ADC and timeo�set of tube i previously 
alibrated. A typi
al pro�le is shown in the top panel of Fig. 4.12.The empiri
al �t fun
tion used to des
ribe the slewing behavior is�ti = ti � tref = a + bp hEii + 
hEii (4.9)where t means 
alibrated time and a, b and 
 are the 
alibration parameters to be determined.
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Fig. 4.12: BBC slewing 
orre
tion.The �t is shown in the top panel of Fig. 4.12. For ea
h tube, the set of parameters a, b and 
is stored in the BRAHMS database2. When the raw time information td
i from tube i is readout in an event, the 
alibrated time ti is 
onstru
ted by subtra
ting time o�set and slewinge�e
t:ti = td
i � to�;i � a + bp hEii + 
hEii! (4.10)In the bottom panel is shown �t for PMT's 5 and 37 of the left array, before and after slewing
orre
tion. Note that this pro
edure implies that ea
h BBC array is 
alibrated w.r.t. onereferen
e tube per array. It means that there remains some overall o�set between both arrays.This is taken 
are of when the \raw" vertex 
al
ulated from the BBC's is 
ompared to TPM1tra
ks. Moreover, one 
an now ask about the slewing 
orre
tion of the referen
e tubes. Thereare two options: they 
an either be left without 
orre
tion sin
e there are only two tubesamong many or some other referen
e hit from another dete
tor 
an be used (like ZDC hits).Su
h improvements are under investigation.4.2.2 Vertex and Start{Time DeterminationThis se
tion des
ribes how the 
ollision start-time and primary vertex are re
onstru
ted fromthe 
alibrated BBC data. These quantities are 
ru
ial for the rest of the analysis (TOF PID,2For the referen
e tube, all parameters are set to 0.



70 Chapter 4. Parti
le Identi�
ationevent and tra
k sele
tion, a

eptan
e 
orre
tion, spe
trum normalization, et
).The primary vertex and start{time are 
al
ulated a

ording to the following equations:tstart = 12 ��D � zo�
 �� htLi � htRi� (4.11)zvtx = 
2 [htLi � htRi℄� zo� (4.12)Their derivation is detailed in Appendix D. The quantities htL;Ri are the average (
alibrated)times measured in the left and right arrays respe
tively:hti = Pi (td
i � o�i � slewi)nhits (4.13)zo� is the vertex o�set along the beam axis, originating from the overall time o�set betweenthe left and right arrays, D is the distan
e between left and right arrays (219 
m). For ea
harray, hits are sele
ted a

ording to the 
onditionshEii > 0:7 parti
les (4.14)10 < TDCi < 3500 (4.15)Condition 4.14 ensures that \real" parti
les are sele
ted (the single parti
le peak has a widthof 0.1 parti
le after a �t to a Gaussian, therefore the lower 
ut of 0.7 ex
ludes hits with ADC'sbelow 1 � 3� parti
les). Condition 4.15 rules out hits with over
ow TDC digit (abnormallylong times). On
e sele
ted, hits are sorted in three groups: small tube hits, big tube hits,fastest tube hits (in the latter 
ase, there are only two hits, one left and one right). This sortingleads to three verti
es (zst, zbt and zft) and start-time estimations (the algorithm remains thesame, although the third method does not require building a time average). In a �rst pass,for ea
h array and ea
h group of hits, 
alibrated times ti = td
i� o�i� slewi are summed andaveraged over the number of hits of the sumhtLi1 = Pi;L tinL (4.16)htRi1 = Pi;R tinR (4.17)In a se
ond pass, individual times ti are 
ompared to the average of �rst pass hti1. If a timedi�eren
e jti � hti1j is greater than 0.5 ns, hit i is reje
ted (a window of 0.5 ns is large enoughto keep the eÆ
ien
y and time average 
on�den
e high). The remaining hits are used to
onstru
t a �nal time average htLi and htRi. Using Eq. 4.12, Figure 4.13 shows the vertexdistribution obtained by the three groups of tubes, before the o�set zo� is determined. Thesedistributions are slightly shifted toward the positive z's. It is 
learly demonstrated on Fig. 4.14whi
h shows the di�eren
e between TPM1 tra
ks and the three vertex estimations along thez axis of plane x = 0.Vertex EÆ
ien
y and ResolutionThe vertex determined by the small tubes shows the best resolution be
ause a large numberof tubes 
ontribute to its 
onstru
tion (time averages are better determined). The width re-ported on Fig. 4.14 is a 
ombination between the vertex and tra
king resolution. It 
u
tuates



4.2. Collision Vertex and Start{Time 71

 [cm]stz
-100 -50 0 50 100

C
ou

nt
s 

[a
.u

.]

0

20

40

60

80

100

120 Small tubes

 [cm]btz
-100 -50 0 50 100

Big tubes

 [cm]ftz
-100 -50 0 50 100

Fastest tubes

Fig. 4.13: BBC vertex distribution determined by the small tubes (left panel), big tubes(middle) and the fastest tubes (right).

 [cm]trk - zBBCz

0 10 20 30 40

C
ou

nt
s 

[a
.u

.]

0

5

10

15

20
small tubes

 0.6 cm≈ zδσ

 17 cm≈ offz

 [cm]trk - zBBCz

0 10 20 30 40

 2 cm≈ zδσ

 18.4 cm≈ offz

big tubes

 [cm]trk - zBBCz

0 10 20 30 40

 = ?zδσ
 20 cm≈ offz

fastest tubes

Fig. 4.14: BBC vertex o�set determined with the help of TPM1 tra
ks.



72 Chapter 4. Parti
le Identi�
ationlittle with time and ranges between 0.55 
m to 0.8 
m, depending on the MRS position3 aslong as 
entral events are sele
ted. Figure 4.15 shows the variation of �Z (top panel) and��Z (bottom panel) with the number of small tubes used. As the events be
ome peripheral,
Z

 (
B

B
C

 -
 T

PM
1)

 [
cm

]
∆ -6

-4

-2

0

2

4

6
 envelopσ3

Number of small tubes
0 10 20 30 40 50 60

Z
) 

[c
m

]
∆(σ

0.6

0.8

1

1.2

1.4

1.6

Small tube vertex

Fig. 4.15: Small tube vertex resolution as a fun
tion of the number of tubes used. The solidlines delimit a 3� region.fewer tubes 
ontribute to the vertex re
onstru
tion. At the same time, the tra
k density de-
reases. Therefore, the vertex un
ertainty in
reases while statisti
al 
u
tuations on the tra
kinterse
tion are more important. Note also the small variation of �Z. Ideally, the mean h�Zishould be equal to 0. This is due to the slewing 
orre
tion. Indeed, parameter a of Eq. 4.9does not depend on the ADC, it is therefore an extra time o�set (asymptoti
 limit of the �tfun
tion). Consequently, a is not estimated with the best 
on�den
e sin
e the ADC range ofthe small tubes is not broad enough. Therefore, when time averages are 
onstru
ted, there
ould be small di�eren
es depending on the 
ombination of tubes used in the summation. Inorder to remove this e�e
t, the vertex o�set 
ould be 
al
ulated as a fun
tion of 
entrality.Alternatively, the slewing 
orre
tion pro
edure 
an be improved: if it is done before the timeo�set 
alibration, one 
an ignore a during this step, parameters b and 
 are enough to des
ribethe relative shape of the slewing. The �nal time o�set would in
lude all o�sets at the sametime.The \big tube" vertex resolution is also quite stable around 2
m . The number of big tubes(left + right) is 14, while the total number of small tubes is 65. Their dynami
al range is alsolarger than that of the small tubes but are known to have a poorer intrinsi
 time resolution.3he un
ertainty of the tra
k interse
tion with axis z depends on the spe
trometer angle with the beam line.
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le Tra
king 73These properties lead to a worse resolution but still a

eptable (the ZDC vertex resolutionamounts to � 2 to 3 
m).Regarding the fastest tube method, there are two visible peaks. It might be that 
ondi-tions 4.14 and 4.15 are not stringent enough sin
e this parti
ular vertex requires only twotubes, one in ea
h array, with the assumption that the dete
ted parti
les travel at the speedof light (fastest tubes mean that the lowest TDC values in ea
h array are sele
ted). Thedouble peak 
ould be explained if the lowest TDC value always originates alternatively fromtwo tubes of one of the arrays. The non optimal slewing 
orre
tion would therefore be the
ause. This e�e
t is under investigation but the \fastest tube" vertex is almost never used.The three di�erent resolutions impose a simple quality s
ale for the 
hoi
e of the event vertex:if all three methods provide a vertex estimation in an event, the \oÆ
ial" event vertex is zst.If only zbt and zft 
ould be estimated, then zbt is the \oÆ
ial" event vertex. Figure 4.16 showshow often the di�erent vertex methods are used in an ordinary Au + Au run. The right
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 fastest tubesFig. 4.16: BBC vertex method statisti
s averaged over all triggers and 
entralities (left) andversus 
entrality (right).panel of Fig. 4.16 shows the 
entrality dependen
e of the vertex method used. As expe
ted,the eÆ
ien
y of the small tube method de
reases as the events be
ome more peripheral sin
efewer parti
les happen to hit the small tubes. At the same time, the other two methods aresoli
ited more and more, big tubes have more 
han
e to dete
t parti
les than small tubes andthe last method always works as long as the BBC's dete
t parti
les respe
ting 
onditions 4.14and 4.15. Note that requiring a 
entrality estimation limits the vertex distribution to roughlyjzvtxj < 50 
m (multipli
ity array a

eptan
e).4.3 Parti
le Tra
kingAfter a brief review of the TPC lo
al tra
king (the DC tra
king is explained elsewhere [108℄),this se
tion des
ribes how the parti
le momentum is determined by mat
hing tra
k segmentsinside magnet gaps, using basi
 geometri
al prin
iples. The parti
le 
ight path length isthen estimated by straight extrapolations (outside the regions with no magneti
 �eld) to theprimary vertex at one end and to the hodos
ope plane at the other end.
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le Identi�
ation4.3.1 Lo
al Tra
kingThe BRAHMS tra
king 
hambers measure pie
es of 
harged parti
le traje
tories that 
onsistof sets of points 
alled tra
k hits. The lo
al tra
king is by de�nition the 
onstru
tion of thesepoints and the subsequent linear �t leading to straight three dimensional segments in the
hamber.Tra
king with Time Proje
tion ChambersA TPC row 
onsists of read{out pads.
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Fig. 4.17: For a given row and pad, a TPC seg-ment is a set of time bins with non zero ADC values(zeros are removed).
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Fig. 4.18: A TPC 
luster.

Rows and pads 
over the (x; z) plane of aTPC. The y information is obtained fromthe drift of se
ondary ele
trons 
reatedby the passage of a 
harged parti
le ion-izing the TPC gas. The signal of theseele
trons (ADC) is distributed over morethan one pad and time bin. The rawTPC data are 
alled TPC sequen
es, il-lustrated in Fig. 4.17. The TPC tra
kingalgorithm starts �rst by s
anning padsand rows and grouping sequen
es into 
lus-ters. Figure 4.18 shows how a 
lusterlooks in the (pad, time, ADC) spa
e. Whentwo tra
ks are 
lose, 
lusters 
an over-lap. The se
ond step is therefore the de-
onvolution of su
h 
lusters into two ormore 
lusters. The pro
ess is illustratedin Fig. 4.19. The next step is the 
on-version of the de
onvoluted 
lusters intoTPC hits 
ontaining spa
e position, vari-an
e on this position and 
luster ADCsum (or energy loss). The �nal step 
on-sists of 
arefully grouping hits togethervia an algorithm 
alled \tra
k follow �nder" and �tting them in order to get a three dimen-sional line. These steps are des
ribed in [30, 105℄. Figure 4.20 summarizes this algorithm.Figures 4.17 to 4.20 show ideal 
ases. In pra
ti
e, a TPC needs some 
alibrations before goingthrough these tra
king steps. The main 
alibrations are :pad status : noisy or dead pads are identi�ed and ruled out during tra
kingtime 
orre
tion : the drift velo
ity in the pad{rows 
losest to the sides of theTPC shows some non{linearities that are 
orre
teddrift velo
ity drift : gas pressure 
hanges make the drift velo
ity 
u
tuate with timeAn example of drift velo
ity 
u
tuation with time is shown in Fig. 4.21 for TPM2.Figure 4.22 shows the average number of tra
ks per event for the top 20% 
entral events, asa fun
tion of spe
trometer setting. It also shows the stability of the spe
trometer with time(the event range 
onsists of several runs).
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onvolution algorithm.
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h row (see [30℄).
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Fig. 4.21: Measured TPM2 drift velo
ity as a fun
tion of run number. The 
u
tuation aredue to 
hanges of the TPC gas pressure.4.3.2 Momentum DeterminationBasi
 Prin
iplesTo determine the parti
le momentum, BRAHMS utilizes the 
ombination of a tra
king 
ham-ber at the front of a dipole magnet and a tra
king 
hamber at its ba
k. Figure 4.23 is anillustration of the geometri
al framework. The momentum determination algorithm is basedon the formula~p = q ~B � ~� (4.18)where ~p is the momentum of the parti
le, q its ele
tri
al 
harge, ~B the magneti
 �eld and ~�the 
urvature of the parti
le traje
tory due to the a
tion of the �eld. For ea
h dipole magnet,the �eld a
ts in a squared gap. The axis of the �eld is parallel to the verti
al axis of the gap(y) while the 
urrent polarity governs the dire
tion of the �eld ve
tor ~B (up or down). Thelongitudinal axis of the gap is z whereas x is the dire
tion along its width. Sin
e the parti
letraje
tory inside the gap is a helix of axis y, its proje
tion on the plane (x; z) is a 
ir
le (seeFig. 4.23).If ~p = ~pxz + ~py, Eq. 4.18 proje
ted to the (x; z) plane be
omespxz = qBy r (4.19)sin
e ~� = ~r + ~y. In prin
iple, ~B is uniformly distributed inside the magnet gap and has onlyone 
omponent By. This 
on�guration implies that the �eld has no a
tion on the parti
le inthe y dire
tion. In pra
ti
e, By (or simply B) does not exa
tly vanish at the edges of the gap.Therefore, the magneti
 �eld has been measured as a fun
tion of z (and x for se
ond order
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Fig. 4.22: Average number of TPC tra
ks per event (20% most 
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78 Chapter 4. Parti
le Identi�
ation
θf

θb

b
ψ

GAP

(z)

(x)

ρf

b
ρ

ω

ψ
f

F BM

θ

ω

����������
����������
����������
����������

����������
����������
����������
����������

����������
����������
����������
����������
����������
����������
����������
����������

����������
����������
����������
����������
����������
����������
����������
����������

MAGNET

front track

back track

m
atch

in
g

 p
lan

e

Fig. 4.23: Top view of a 
harged parti
le traje
tory. The relative s
ale between magnet andtra
king 
hambers is not respe
ted for 
larity.deviations, although this is not used here) in order to 
al
ulate the following integral:I = Z +1�1 B(z) dz (4.20)� 2B ze� (4.21)= B�L (4.22)where ze� is the z 
oordinate of the edge planes of the gap, with ze� > zgap, and �L = 2ze�.Figure 4.24 illustrates the e�e
tive edge approximation.
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−zgap +zgap

(y)
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∆ L

|B|

Fig. 4.24: Magneti
 �eld intensity along the longitudinal axis of the magnet gap (solid blueline) and e�e
tive approximation (red dashed line). Both integrals are equal.
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king 79This integral appears in the equation used for momentum estimation. Indeed, using thenotation of Fig. 4.23, if �f (�b) is the angle between the dire
tion of the front (ba
k) tra
k andthe z axis, ! the angle between the z axis and the line linking point F to B, and l the lengthof segment [FB℄, it follows that�f = ! +  f = ! + �=2 (4.23)�b = ! �  b = ! � �=2 (4.24)�L = l 
os! (4.25)r = l2 sin �=2 (4.26)Therefore, after some trigonometry, it follows thatr = �L2 sin� �f��b2 � 
os� �f+�b2 � = �Lsin �f � sin �b (4.27)Finally, the momentum 
omponent pxz is given by the following equationpxz = q B�Lsin �f � sin �b (4.28)where the integral 4.22 is revealed expli
itly and justi�es the e�e
tive edge approximation.The full momentum is 
ompleted thanks to the slope �y of the tra
k dire
tion (
f. Fig. 4.25).Using Pythagoras's rule p2 = p2xz + p2y with the fa
t that there is no �eld a
tion along the ydire
tion and that jpj and jpxzj are 
onstant, it followsp = pxzp 1� �2y (4.29)
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Fig. 4.25: Side view of a parti
le traje
tory.Mat
hing parametersIn a 
entral Au + Au 
ollision event, many lo
al tra
ks are re
onstru
ted in the tra
king 
ham-bers. Mat
hing a pair of front and ba
k tra
ks therefore requires some 
riteria. From the pre-vious equations, three mat
hing parameters 
an be dedu
ed. The �rst one is given by Eq. 4.23and 4.24: when the front and ba
k tra
ks mat
h with ea
h other, � =  f� b = �=2��=2 = 0.The other mat
hing parameters are related to the y axis. Sin
e the �eld has no e�e
t along
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ationthis dire
tion, the front and ba
k tra
ks must have the same slope �y. Therefore, the se
ond
riterion is ��y = �y;f ��y;b = 0. Moreover, a mat
hing plane is de�ned for ea
h pair of frontand ba
k tra
ks: its origin is the 
enter of segment [FB℄ and its base ve
tors are (~un; ~uy) with~un a unit ve
tor normal to segment [FB℄ and ~uy the unit ve
tor along y. The interse
tionsof the front and ba
k tra
k lines with this plane are 
al
ulated (giving points Pf and Pb) andthe quantity �y = Pf;y � Pb;y is equal to zero for mat
hing tra
ks (point M on Fig 4.23 and4.25).In summary, front and ba
k tra
ks are perfe
tly mat
hed if� = 0 (4.30)��y = 0 (4.31)�y = 0 (4.32)Experimentally, due to the �nite tra
king resolution, geometri
al imperfe
tions and �eld ap-proximations, the mat
hing 
onditions are more loose. Figure 4.26 shows the distributions� , ��y and �y for [T1{D2{T2℄. The three histograms show a 
lear signal on top of a 
om-
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Fig. 4.26: Distributions of the three mat
hing observables in the FFS. The signal is visibleon top of a 
ombinatorial ba
kground. Mat
hed tra
ks (�lled histograms) ful�ll 
ondition 4.33(see text).binatorial ba
kground. Sin
e small o�sets are present for the reasons 
ited above, a �rst pass isneeded to evaluate o�sets and widths for ea
h run. Although distributions are not Gaussian{like due to multiple s
attering, they are �tted to a Gaussian in a �rst approximation. In ase
ond pass, pairs of tra
ks are sele
ted a

ording to the following ellipti
al 
ut:�� �� off�� �2 + ���y ���off���y �2 + ��y ��yoff��y �2 < n2� (4.33)with � the width of ea
h distribution (evaluated by �tting the signal with a Gaussian fun
tion)and n� = 3 (user's 
ut). It is interesting to 
he
k how the mat
hing parameters evolve withtime. Figure 4.27 shows this evolution as a fun
tion of the run number for the MRS. It revealsa few noti
eable fa
ts : the quantity � is rather stable in width and o�set. The parameters
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Fig. 4.27: Time evolution of the mat
hing parameters in the MRS. Error bars are the widthsgiven by the �t.��y and �y are not as stable as �	 but are anti{
orrelated. Nevertheless, their respe
tivewidth does not 
hange. This is explained by the TPC drift velo
ity 
u
tuations. It is thereforene
essary to investigate and evaluate mat
hing parameter o�sets and widths on a run by runbasis before mat
hing 
uts are applied.Ghost tra
ksThe drawba
k of su
h a mat
hing pro
edure is the 
reation of \fake" tra
ks or \ghost" tra
kswhi
h o

urs when un
orrelated tra
ks happen to fall within the user's 
uts. In that 
ase,there 
an be two or more front tra
ks mat
hing a single ba
k tra
k (the opposite 
an alsohappen but is more rare, the number of ba
k tra
ks is usually mu
h smaller than the numberof front tra
ks). For su
h groups of multiple mat
hings, mat
hed tra
ks are tagged a

ordingto the quality of the mat
hing. Ea
h of them is assigned a 
on�den
e level a

ording to the
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ationfollowing equation :�2 = "�� �� off�� �2 + ���y ���off���y �2 + ��y ��yoff��y �2# = 3 (4.34)In a given group of multiple mat
hings, the one with the smallest �2 is 
onsidered as a realmat
hing whereas the others are ghost 
andidates. Figure 4.28 shows the number of mat
hedtra
ks per event before and after ghostbusting. All events with more than one mat
hedtra
k are generally 
ontaminated. The \ghostbusting" pro
ess aims at eliminating fake tra
k
ontamination.
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Fig. 4.28: Tra
k ghostbusting in the MRS.Finally, Figure 4.29 shows examples of momentum distributions obtained from this pro
edurefor the MRS, FFS and BFS. The di�eren
e between the FS and the MRS is striking: thedynami
al range is mu
h broader in the FS but at the same time, only one 
harge signis dete
ted for a given �eld polarity. In the FFS (D2 momenta), some parti
les have theopposite 
harge sign but in relatively low amount. Most of these parti
les are reje
ted if themat
hed tra
ks are required to \swim ba
k" through D1 without hitting the magnet gap sides.It means that they are mainly 
reated inside D1 by s
attering and are thereby 
onsidered asba
kground tra
ks.Advan
ed mat
hing in the FSIn the FS, on
e the lo
al tra
k mat
hing is done, another level of mat
hing takes pla
e in orderto build full FS tra
ks. The �rst and easiest step is done in the BFS. Indeed, lo
al tra
ks in T4are shared by D3 and D4 mat
hed tra
ks. Therefore, these two groups of mat
hed tra
ks aremat
hed by 
he
king whi
h ones share the same T4 tra
ks. Sin
e some prior ghostbusting wasapplied independently to both groups, there is no ghost tra
k 
reation when mat
hing thesetwo groups. Resulting tra
ks are 
alled BFS tra
ks. Figure 4.30 illustrates the BFS mat
hing.The se
ond and last step 
onsists of mat
hing BFS and FFS tra
ks. There are two possibilities.If mat
hed tra
ks in D3 were obtained from the 
ombination [T2{D3{T4℄, the same prin
ipleis applied sin
e the D2 and D3 mat
hed tra
ks have T2 in 
ommon. In the 
ase D3 mat
hedtra
ks were obtained with [T3{D3{T4℄, a geometri
al mat
hing similar to the lo
al tra
k
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Fig. 4.29: Momentum distributions from all BRAHMS magnets. Top left: D5, top right:D2, bottom left: D3, bottom right: D4.
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Fig. 4.30: Drawing illustrating the mat
hing between D3 and D4 mat
hed tra
ks in the BFS,done via T4 tra
ks.mat
hing pro
edure is performed between T2 and T3. But here, there is no magnet in between,therefore the mat
hing 
ondition is��x��xoff��x �2+��y ��yoff��y �2+���x ���x;off���x �2+���y ���y;off���y �2 < n2� (4.35)with �x and �y the di�eren
es along (x) and (y) between the interse
tion of the T3 tra
kline, with a plane 
ontaining the middle point of the T2 tra
k segment, and the latter (thisplane is normal to the z axis of T2). ��x and ��y are the slope di�eren
es along axes (x)and (y). When multiple mat
hings o

ur, the same �2 prin
iple as before is applied, with the
orresponding mat
hing variables.
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le Identi�
ation4.3.3 Parti
le Flight PathTra
k VertexThe determination of the parti
le path length needs an estimation of the tra
k origin (or tra
kvertex). In BRAHMS, tra
k vertex means the tra
k line interse
tion with a \vertex" plane,de�ned below. Stri
tly speaking, real tra
k verti
es 
annot be measured in BRAHMS, unlessparti
les de
ay inside a tra
king 
hamber4. This information is eventually be used for sele
tingprimary parti
les. Figure 4.31 illustrates the pro
edure for FS and MRS tra
ks. The planes
r

ck
a

v
tex

er

t

MRS

TPM1

z = 0

beam lineD1 gap

FS track

(z)

BBC vertex plane

(x)

(y) FS track vertex

MRS track

plane x = 0

Fig. 4.31: Tra
k proje
tion to primary vertex planes. The interse
tion point is used as thetra
k vertex. For FS tra
ks, the plane is z = zBBC . For MRS tra
ks, the plane is x = 0.are x = 0 for MRS tra
ks and z = zBBC for FS tra
ks. It is a natural 
hoi
e sin
e the MRSrotates with the angular range 30 Æ{ 90 Æ whereas the FS 
overs � = 2.3 Æ{ 30 Æ. In the MRS,this implies that the x position of the tra
k vertex is �xed to x = 0 but at the same time,the 
oordinates in y and z are dire
tly 
omparable to the vertex lo
ation obtained from theBBC's (zBBC ; 0; 0).In the FS, the situation is di�erent. The BBC vertex is by 
onstru
tion de�ned along axis (z)only. Unfortunately, trying to evaluate a z 
oordinate for FS tra
k verti
es (e.g. by 
al
ulatingthe 
losest point of the tra
k line to the beam line) is useless, the tra
k angles � relative tothe beam axis are so small that the un
ertainty on z is big (roughly proportional to 1= sin �).However, FS tra
k verti
es are de�ned on a plane transverse to the beam line. This preventsfrom dealing with su
h angle e�e
t. Note that proje
ting FS tra
ks to the primary vertex4But even in this 
ase, sin
e the lo
al tra
king algorithms lead to straight lines within the whole volume ofthe 
hamber, deviations from straight lines, 
hara
teristi
 of a de
ay topology, 
annot be re
onstru
ted.
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king 85plane requires the knowledge of their momentum sin
e D1 is in front of T1. The momentumis used to 
al
ulate the traje
tory inside the D1 gap. The slope and the interse
tion of thetraje
tory at the front plane of D1 are used to extend the tra
k path straight to the vertexplane. A typi
al tra
k vertex estimation is shown on Fig. 4.32.
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Fig. 4.32: Tra
k extrapolation to primary vertex planes. The 
ontour level s
ale is logarith-mi
. In both the FS (left) and the MRS (right), tra
ks are distributed around the 
ollisionpoint with a maximum at the primary vertex lo
ation, surrounded by a s
attered ba
kgroundof se
ondary tra
ks.Tra
k End PointThe knowledge of the tra
k length is only useful for the TOF PID. The other end of the tra
kis therefore the tra
k line interse
tion with a plane de�ned by the hodos
ope axes. In theMRS, TOFW slats are grouped in six panels arranged on a 
ir
le ar
. In ea
h panel, slats arepositioned on the same line. Tra
ks are extrapolated from TPM2 to TOFW panel planes (seeFig. 4.33). The interse
tion point with the (x; y) plane of the interse
ted slat as well as the

(z)

(x)

(z)

(x)

Fig. 4.33: Tra
k line extrapolation to TOFW slats in the MRS. Panels stand on a di�erentline unlike slats in ea
h panel.
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le Identi�
ationslat index number are kept for tra
k{TOF hit mat
hing.In the FS, the tra
k extrapolation is more 
omplex. Slats with odd and even indi
es are noton the same line. Therefore, an FS tra
k 
an interse
t zero, one or two slats (see Fig. 4.34).When two slats are interse
ted, the path lengths inside the slat volumes are 
ompared. Thelongest path determines the best slat 
andidate.
1 5 7 9 113

2 6 84 1210

(z)

(x)

Fig. 4.34: Tra
k line extrapolation to hodos
ope slats in the FS (TOF1 and TOF2) seen fromtop. Lines 
an 
ross zero, one or two slats. Sin
e the in
ident angle of \good" FS tra
ks onthe hodos
ope plane is 
lose to 90 Æ, the probability to hit one slat only is by far the highest(see text).Although the primary vertex lo
ation 
hanges event by event, the tra
k length between thespe
trometer front planes and the hodos
ope slats is approximately 
onstant. An example isshown in Fig. 4.35 where the spe
ial slat arrangement in TOF1 is re
ognized (double peak)whereas a single peak is visible for MRS tra
ks.Unfortunately, the tra
k length resolution 
annot be rigorously investigated without a simu-lation reprodu
ing the experimental resolutions of the dete
tors, espe
ially due to the tra
kvertex as de�ned in the previous se
tion. The tra
k length resolution goes into the error onthe parti
le velo
ity �. Nevertheless, an empiri
al approa
h is used when the PID resolutionis investigated (Se
. 4.4.3).4.4 The Time of Flight PIDTOF PID is done by �rst mat
hing TOF hits to tra
ks whose momenta are known. Onlytra
ks that survived the ghostbusting step are 
onsidered. Slats interse
ted by sele
ted tra
ksare inspe
ted to 
he
k if they 
ontain valid TOF hits. On
e hits are mat
hed to tra
ks, ADCand TDC 
alibrations 
an be performed. The ADC (or energy loss) 
alibration is useful forsele
ting minimum ionizing parti
les (MIP) by applying an energy threshold that rules outvery low ADC hits. The TDC 
alibration, unlike for the BBC's, leads to \absolute" parti
letime of 
ight. From there, PID 
an be done by using Eq. 4.1.
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Fig. 4.35: Tra
k path length between spe
trometer front planes and interse
ted hodos
opeslats. The double peak stru
ture for FFS tra
ks re
e
ts the slat positioning in TOF1.4.4.1 Mat
hing TOF hits and Tra
ksThe purpose of this mat
hing is twofold: PID and ba
kground removal for TOF 
alibration.The mat
hing is done by investigating hits in slats interse
ted by tra
ks. A TOF hit is de�nedby four digits. Ea
h slat has a bottom and a top PMT's, ea
h of them produ
ing ADC andTDC signals. In order to 
orrelate TOF hits with tra
ks, the top and bottom ADC digits ofea
h hit are imposed a threshold ADCped+ 10�PEDwidth while the TDC digits are restri
tedto the range [10, 4000℄, insuring that pedestal hits are reje
ted. In the MRS, if a slat asso
iatedto an MRS tra
k does not have a valid hit, the neighboring slats are 
he
ked. If valid hits arepresent, the sele
tion is done by imposing the 
ondition �x = jxtra
k � xhitj < 1:2 
m wherexhit is de�ned as the middle of the slat along axis x of the hodos
ope plane (1.2 
m, whi
his the slat width, is large enough to take into a

ount the tra
k extrapolation un
ertainty).Multiple mat
hings 
an be introdu
ed (two tra
ks sharing the same hit). This is dis
ussedbelow.In the FS, the pro
edure is more 
omplex sin
e an FFS or BFS tra
k 
an be asso
iated to twoslats. Several passes are ne
essary. They are summarized in Tab. 4.2.1 slat 
andidate 2 slat 
andidates s1 (best) and s21st pass mat
hed if valid hit, else 2nd pass both saved if valid hits in both, else 2nd pass2nd pass 
he
k neighboring slats ala MRS if no hit in s1 but hit in s2, s2 be
omes s1if neither hit in s1 nor s2, 3rd pass3rd pass 
he
k neighboring slats �a la MRSTab. 4.2: Tra
k{TOF hit mat
hing in the FS.Figure 4.36 shows the distribution �x = xtra
k�xhit obtained for all hodos
opes (left panels).The tra
k un
ertainty is visible in the di�eren
e between the slat number the mat
hing hitbelongs to, and the slat number the tra
k points to (right panels).
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Fig. 4.36: Tra
k TOF hit mat
hing distributions in the MRS (top), FFS (middle) andBFS (bottom). The left panels show the di�eren
e between the hit positions and the tra
kinterse
tion along axis x of the hodos
opes. Hashed areas are reje
ted 
ombinations. Sele
tedareas are wider than slat widths due to tra
k extrapolation un
ertainties. The right panelsshow the di�eren
e between the slat index of the TOF hit and the index of the slat interse
tedby the tra
k (mat
hings only).Note that the TOFW histogram (MRS) is the sum of all panels. However, the sele
tion 
ut isdone for ea
h panel. Depending on the TOF hit and tra
k density, the level of 
ombinatorialba
kground di�ers. Another mat
hing pro
edure (along y) will be applied when the TOF hitposition along this axis is available after some 
alibrations.Multiple hitsIt 
an happen that two or more tra
ks are mat
hed to the same TOF hit. The probability ofsu
h an event depend on the tra
k density whi
h is 
orrelated to the spe
trometer position.Figure 4.37 shows the ratio between multiple and single mat
hings as a fun
tion of slat andspe
trometer setting. For TOF1, the multiple mat
hings do not 
onstitute more than � 5%of the total number of mat
hings, with a fast drop as the FS angle in
reases. In the BFS, thedensity of tra
ks rea
hing TOF2 is lower than FFS tra
ks interse
ting TOF1, a maximum of1% only has been noti
ed. In the MRS, no more than 2% of the tra
ks share the same TOF
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hing distributions as a fun
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es and spe
trometer settings (0{20% 
entral events).hits. These multiple mat
hings are not removed but tagged and saved with the rest of thedata. They are not in
luded in the hit sample used for TOF 
alibrations.Finally, Figure 4.38 shows TOF hit distributions before and after mat
hing as a fun
tion ofslat. As 
an be seen, the mat
hing pro
edure rule out a lot of ba
kground hits. The TOF{
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alibration. Moreover, thetra
k information is needed for timing 
alibration, whi
h is 
ru
ial for parti
le identi�
ation.
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le Identi�
ation4.4.2 Hodos
ope CalibrationsThe hodos
ope 
alibration is done in four steps (pedestals and TDC gains ex
luded, they aresimilar to the BBC pro
edure). They are listed in Tab. 4.3.Calibration Type PurposeADC gain Conversion of ADC digits to average MIP energy lossRelative Delay Removal of delay between bottom and top PMT'sTime o�set \Absolute" time o�set removalSlewing 
orre
tion Removal of energy dependen
e in time signalTab. 4.3: Hodos
ope 
alibrations prior to PID.Energy depositedThe goal of the ADC gain 
alibration is the 
onversion of the ADC data to a number ofparti
les �a la BBC's. However, in the 
ase of the hodos
opes, the raw signal originates froma di�erent physi
al pro
ess (
f. Se
. 3.5.1 and Fig. 3.12).The intensity of the 
olle
ted light is related to
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Fig. 4.39: Dis
rimination of ba
kgroundsignals.

the energy that the 
harged parti
le deposited in-side the medium. Although slats are wrapped toprevent external sour
es of light from pollutingthe signals, there is always some ele
troni
 noisein PMT's, ampli�ers and 
ables produ
ing a lowvoltage 
onverted to ADC data. Some ele
troni
devi
es 
alled dis
riminators are used to ignoresignals below a 
ertain voltage (see Fig. 4.39).Sin
e dete
ted parti
les are mainly MIP's, the en-ergy dE deposited within a distan
e dx throughthe medium varies little with momentum. A typ-i
al MIP ADC spe
trum has a Landau shape dueto Landau 
u
tuations in the number of ex
itedatoms inside the s
intillator. Sin
e dE=dx is pro-portional to Z2, Z being the 
harge number of the parti
le, ADC data 
annot be used foridentifying parti
les of 
harge Z = �1 (e.g. pions and kaons). However, it is used for tra
ksele
tion (above a 
ertain ADC threshold). Figure 4.40 illustrates the pro
edure applied toTOF1.Figure 4.40 shows a �rst order 
alibration. Indeed, sin
e the slat height is not negligible (�20 
m for TOF1 and TOFW, 40 
m for TOF2), light propagating from the hit lo
ation to thePMT's undergoes an intensity attenuation. The intensity of the light 
olle
ted by the PMT'sfollows the equationsItop = IÆ exp [�(H=2� yhit)=Latt℄ (4.36)Ibot = IÆ exp [�(H=2 + yhit)=Latt℄ (4.37)with IÆ the initial light intensity, H the height of the slats and Latt the attenuation length,property of the s
intillating material. Hen
e, the ADC spe
trum of a given top or bottomPMT of a slat has a dependen
e on the hit position along the slat y axis. A good estimation of
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trum (top left), 
alibrated (top right)and a summary for all top and bottom PMT's. Only good mat
hed tra
ks have been used.this position is given by the 
rossing of the asso
iated tra
k. Figure 4.41 shows the attenuatione�e
t in a TOF1 slat. Given equations 4.36 and 4.37, the attenuation e�e
t is removed by
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Fig. 4.41: Correlation between ADC data and hit y positions along the slat, re
e
ting theenergy loss attenuation through the s
intillator.
al
ulating the geometri
al average of the top and bottom PMT signals:hnMIP i = q hnMIP itop � hnMIP ibot (4.38)The result 
an be seen on Fig. 4.42 whi
h shows the geometri
al average hnMIP i as a fun
tionof the y position of the hit along the slat. The multiple mat
hings observed in Fig. 4.37 arerevealed by the 
alibrated ADC data. Indeed, if two or more tra
ks mat
h a hit, the energyloss or average number of MIP's hnMIP i must be on average larger than 1. Figure 4.43 showsthe 
alibrated energy loss for multiple mat
hings. As expe
ted, the main peak is lo
ated at a
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4.4. The Time of Flight PID 93value greater than 1. However, there is a se
ondary peak at exa
tly 1. A possible explanation
ould be that the hits are mat
hed with tra
ks that are either \ghosts" that 
ould not beremoved from ghostbusting, or tra
ks of un
ertain dire
tion, in whi
h 
ase they point to thewrong slat. It has been 
he
ked that for a given spe
trometer setting, although the numberof multiple mat
hings in
rease with the tra
k density, the ratio between the height of the twomain peaks remains 
onstant. This would indi
ate that the geometri
al un
ertainty on thetra
k dire
tion is the most probable explanation.PMT's Relative O�set : a New Mat
hing ConditionThe ADC gain 
alibration is used during all subsequent steps in order to sele
t hits a

ordingto the following 
ondition:hÆEi � hnMIP i > 0:5 (4.39)For the rest of the TOF 
alibration, the fo
us is on the TDC data. This se
tion des
ribesa 
alibration that leads to another 
ondition for hit sele
tion. Indeed, using notations ofFig. 3.12, the light propagation from the hit to the top (bottom) PMT takes a 
ertain timettop? (tbot?). Therefore, a 
orrelation exists between the hit position yhit and these times. Ifttop and tbot are the measured TDC digits, it follows thatttop = tof + ttop? + o�top + slewtop � tstart (4.40)tbot = tof + tbot? + o�bot + slewbot � tstart (4.41)where tof is the parti
le time of 
ight, tstart the 
ommon TDC start-time, t? the propagationtime from the TOF hit to the PMT, o� and slew the time o�set and slewing e�e
t. If oneignores the slewing e�e
t and subtra
ts Eq. 4.40 to Eq. 4.41, thentbot � ttop = (tbot? � tbot?) + �o�bot � o�top� (4.42)�t = �t? + �o� (4.43)The s
intillator used for the hodos
ope slats is a highly homogeneous medium: the speed ofthe light traveling through is approximately 
onstant within most of the s
intillator slat. It istherefore 
alled the e�e
tive speed of light 
e�. Given the slat height H, PMT's are 
onne
tedat y = �H=2. Consequently:tbot? = (H=2 + yhit)=
e� (4.44)ttop? = (H=2� yhit)=
e� (4.45)�t = 2
e� yhit + �o� (4.46)In pra
ti
e, yhit is given by the tra
k{slat interse
tion along y (ytra
k). The 
alibrations of
e� and �o� are based on pro�les where �t is 
orrelated to ytra
k for ea
h slat. Figure 4.44illustrates the pro
edure. The bottom right panel of Fig. 4.44 shows how important the timeo�set between the top and bottom PMT's of a slat 
an be. At the same time, it is obviousthat the e�e
tive speed of light 
annot be determined with a high a

ura
y due to 
hanges ofthe T2 drift velo
ity, unless the latter is well 
alibrated on a run by run basis. But sin
e 
e�is a property of the s
intillating material, a 
onstant 
an be assigned to all slats and all runs.To prove su
h a statement, the same 
alibration is done to TOF2 with T5 tra
ks. By design,drift 
hambers are not a�e
ted by drift velo
ity 
hange. Sin
e TOF2 slats are made with the
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e� amounts to the value observed in TOF1. Figure 4.45 demonstrates the laststatement.In TOFW, the e�e
tive speed of light is � 13.4 
m/ns (slats are made of a di�erent s
intillatingmaterial). The most important point of this 
alibration is the delay removal between thebottom and top PMT's on a slat by slat basis. The knowledge of 
e� and �o� leads to anew tra
k{hit mat
hing 
ondition jytra
k � yhitj =��y < n with n = 3 (user's 
ut). Figure 4.46shows �y distributions for all hodos
opes.
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Fig. 4.46: �y tra
k - hit after relative delay and e�e
tive speed of light 
alibrations.Time O�setWhile time o�sets between BBC tubes were 
alibrated relatively to an arbitrary time referen
e,the hodos
ope time o�sets are \absolute", i.e. the 
orre
ted TDC measurement leads tothe parti
le TOF from the 
ollision vertex to the hodos
ope. Sin
e BRAHMS is a 
olliderexperiment, it is almost impossible to remove time o�sets by solely investigating raw timespe
tra due to the primary vertex and start{time spreads. The strategy is to use the tra
kinformation: sin
e most of dete
ted parti
les are pions, an expe
ted time of 
ight is 
al
ulatedgiven the 
ight path L, the momentum p and the mass m�:t
al
 = L
 p p2 +m2�p (4.47)The 
al
ulated time t
al
 is 
ompared to the experimental one, derived from Eq. 4.41 and 4.40.Ignoring the slewing e�e
t, it follows thattof + topXbot (toff + t?) = 12 (ttop + tbot) + tstart (4.48)The term P t? is a 
onstant and equal to H=
e� (
f. Eq. 4.44 and 4.45). It 
an be safelyin
luded in P toff , from now on 
alled o�slat. Repla
ing tof by t
al
 leads too�slat = 12 (ttop + tbot) + tstart � t
al
 (4.49)Histograms are �lled with this quantity and �tted with a Gaussian fun
tion whose mean valueis the time o�set. Figure 4.47 shows time o�sets as a fun
tion of slat in all hodos
opes.
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tionThe TOF slewing 
orre
tion algorithm is di�erent from that of the BBC's. The pro�le pro-
edure is 
ompli
ated by the terms t?. The slewing 
annot be averaged between the top andbottom PMT's be
ause the top and bottom analog pulses 
an have di�erent amplitudes andtherefore 
ross the dis
riminator threshold at slightly di�erent times. Therefore, 
onstru
tinga pro�le pro
edure for ea
h PMT requires an a

urate estimation of t? (either top or bottom).To remedy this diÆ
ulty, the slewing 
orre
tion utilizes a minimization pro
edure based onthe MINUIT pa
kage. The slewing e�e
t is des
ribed as follows :slewslat = dt+ 12 botXtop spADC (4.50)There are therefore three parameters: stop, sbot and dt. The minimization is done for ea
h slaton the following fun
tion:12 (ttop + tbot) + tstart � o�slat � slewslatt
al
 (4.51)The numerator of fun
tion 4.51 is ideally equal to t
al
. The result of this pro
edure is shownon Fig. 4.48 where the parti
le TOF is 
orrelated to the 
alibrated ADC before and afterslewing 
orre
tion.
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Fig. 4.48: Slewing 
orre
tion in TOF1.The remaining energy dependen
e visible in the right panel of Fig. 4.48 (bla
k markers) is anartifa
t of the �t due the non uniform distribution of slow parti
les.
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le Identi�
ation4.4.3 Parti
le Identi�
ationThe parti
le 
ight times are now fully determined. Using Eq. 4.1, the ability to identifyparti
les is investigated by examining �rst how � 
orrelates with p. The PID quality stron-gly depends on momentum, time and tra
k path length resolutions. Due to the primaryvertex/start{time and tra
k vertex pro
edures, it 
an also be improved by eliminating se
-ondary tra
ks produ
ed far from the primary vertex, multiple TOF hits and un
orrelatedtra
k{TOF hit pairs. Figure 4.49 shows � vs p s
atter plots with di�erent quality 
uts.
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Fig. 4.49: Parti
le velo
ity versus momentum with di�erent quality 
uts. Note that 1=� andmomentum ranges are di�erent in the FS and MRS.As 
an be seen from this �gure, pions, kaons and protons are 
learly separated until a momen-tum limit whi
h is determined a

ording to the PID resolution (see below). Figure 4.50 showsparti
le mass squared m2 distributions from di�erent spe
trometer settings and momentumranges. As expe
ted, the m2 resolution in the FS is better at relatively large angles (� > 8Æ)where the tra
k density is lower. The same behavior is noti
ed in the MRS.Figure 4.51 showsthe a
hieved TOF resolution in TOF1 as a fun
tion of slat for a few sele
ted settings. Notethat it is only a rough estimation. Indeed, the experimental measurement is in fa
t �, whi
hprimarily depends on L, tstart, tbot and ttop. Sin
e the vertex distribution is broad, so is the
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h 
olored distribution 
orresponds to parti
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Fig. 4.51: TOF resolution as a fun
tion of slat in TOF1 for three di�erent spe
trometersettings. The resolution is better as the spe
trometer angle in
reases (lower tra
k density).TOF distribution. Figure 4.51 shows the width of the time distribution evaluated by �xingthe 
ight distan
e to 9 m without momentum 
ut (the distributions are dominated by pionvelo
ities 
lose to the speed of light). The dashed lines are zero polynomial �ts.It is also 
lear that the PID quality is momentum dependent. In order to quantify the PIDresolution, the equation expressing the mass squared as a fun
tion of p and � is di�erentiatedw.r.t. p and �. It then follows from error propagation that��m2m2 �2 = 4�2pp2 + 4
4 �2��2 (4.52)If �t � �2�=�2, �2p=p2 = p2�ang + (1 + m2=p2) �2mult where �ang depends on tra
k angularresolution and �eld setting, �mult takes into a

ount multiple s
attering (
f. [110℄), Eq. 4.52
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omes (using 
 = E=m)�2m2 = 4 �m4p2�2ang +m4�1 + m2p2 � �mult + (m2 + p2)2�2t � (4.53)The m2 versus p distributions are �rst sli
ed into narrow momentum intervals. Ea
h sli
e is�tted with a Gaussian fun
tion in order to evaluate the sli
e width. The latter is plotted as afun
tion of momentum and �tted with Eq. 4.53. An illustration of the resulting �ts is givenin Fig. 4.52.
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Fig. 4.52: Example of m2 versus p resolution obtained by a simultaneous �t using Eq. 4.53.The data set is 90 ÆB 1000 (MRS). The 
urves delimit a 2� area.The parameters �ang, �mult and �t are tabulated in Tab. 4.4 (FFS), 4.5 (BFS) and 4.6 (MRS).FFS Setting 4 Æ1/5 8 Æ1/5 8 Æ1/8 12 Æ1/4 12 Æ1/8�ang � 102 1.2 0.9 1.0 0.8 0.9�mult � 102 0.0 0.0 1.2 0.0 1.7�t � 103 3.7 3.1 2.9 2.9 3.0Tab. 4.4: PID resolution parameters in the FFS.The parameter �mult is often equal to 0 in the FS. This is due to the absen
e of low momentumparti
les in the data sets, unlike in the MRS.4.5 RICH or the High Momentum PIDThe RICH dete
ts 
harged parti
les above a momentum threshold given in Tab. 3.7. Thedete
tion is based on the fo
using of light 
ones into rings on a fo
al plane 
onsisting of
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le Identi�
ationBFS Setting 4 Æ1/5 8 Æ1/5 8 Æ1/8 12 Æ1/4 12 Æ1/8�ang � 102 0.8 0.5 0.7 0.4 0.4�mult � 102 0.0 0.0 0.0 0.0 0.0�t � 103 1.8 1.6 1.6 1.6 1.5Tab. 4.5: PID resolution parameters in the BFS.MRS Setting 90 Æ350 90 Æ1000 60 Æ500 52.5 Æ500 45 Æ700 40 Æ500 40 Æ1000 35 Æ700Polarity A�ang � 102 3.1 0.01 1.4 0.9 1.3 1.7 1.1 1.1�mult � 102 2.7 2.9 2.2 2.4 1.8 2.5 1.3 2.1�t � 103 6.2 5.8 6.4 6.4 7.5 8.8 8.8 8.6Polarity B�ang � 102 3.1 1.5 1.6 1.6 0.8 1.5 1.2 1.9�mult � 102 2.6 0.7 2.3 2.2 1.8 2.4 1.0 2.2�t � 103 6.0 6.6 6.5 6.4 7.8 8.6 8.2 8.5Tab. 4.6: PID resolution parameters in the MRS.PMT's. When 
orrelated to the momentum, ring radii allow parti
le identi�
ation up to highmomentum limits. It is also possible to use the RICH as a parti
le veto in 
ertain 
ases. TheRICH is des
ribed in details elsewhere [111℄. This se
tion only reviews the PID algorithm andperforman
e.4.5.1 Light Fo
usingWhen a 
harged parti
le above momentum threshold emits light inside the RICH gas of re-fra
tive index n = 1:00202, the light is fo
used on the spheri
al mirror and re
e
ted to thePMT plane oriented at twi
e the mirror fo
al angle (2� 9 Æ) and lo
ated at a distan
e equalto the mirror fo
al length (150 
m). Figure 4.53 shows the light fo
using geometry.

(z)

(y)

Fig. 4.53: Light fo
using in the RICH. The tra
k path is drawn in red (but it is not physi
allyre
e
ted to the image plane), sample photon paths are shown in blue.The high segmentation of the image plane allows the 
onstru
tion of photon rings. Ea
h PMT
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an indu
e an ADC signal whose value depends on the number of photons dete
ted. Witha proper ADC pedestal 
alibration, hits are sele
ted if their ADC digit is above a thresholdof 3.5 times the pedestal width above pedestal. Fired pixels are then investigated by the ring�nding algorithm des
ribed in Fig. 4.54.
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Fig. 4.54: RICH PID algorithm diagram.This algorithm works if the interse
tion of the re
e
ted tra
k line with the fo
al plane is withinthe pixel area. The left panel of Fig. 4.55 shows these interse
tion points in a typi
al run.A ring is shown in the right panel of Fig. 4.55 where the bla
k box areas are proportional tothe magnitude of the ADC value. On
e rings are measured, the PID is done by utilizing thefollowing equations:�
 = ar
tan rLfo
 (4.54)1� = p p2 +m2p = n 
os �
 (4.55)where Lfo
 is the fo
al length of the spheri
al mirror. Hen
e, there exists a dire
t relationbetween the ring radius r, the momentum p and the mass m.
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e
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k line interse
tion with the pixel plane(left) and a typi
al ring (right).
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eFigure 4.56 shows su
h a 
orrelation for two di�erent �eld settings (low and high �eld). Itshows an ex
ellent separation between pions and kaons up to � 25 GeV/
. In the low momen-tum region, muons and ele
trons 
an also be identi�ed up to � 4-5 GeV/
. Figure 4.57 showsthe mass squared distributions obtained from the RICH. In the low �eld setting, the RICH
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Fig. 4.57: RICH mass squared distributions obtained from two di�erent data sets.identi�es e, � and � but not kaons and protons. Those are positively identi�ed when the�eld is high enough for measuring parti
les above �Cerenkov threshold. At the same time, themuon and ele
tron separation is not evident if jpj & 4� 5 GeV=
. Note also the ba
kground.It 
orresponds to un
orrelated tra
k{radius 
ombinations. The ba
kground 
ontamination isevaluated when parti
le spe
tra are 
onstru
ted. This topi
 is des
ribed in the next 
hapter.
||||||
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Chapter 5Parti
le Spe
traThis 
hapter des
ribes the many steps ne
essary to 
onstru
t normalized spe
tra. The empha-sis is on spe
tra of 
harged pions and kaons. Parti
le spe
tra are built by 
ombining data setsthat are 
olle
ted at various angle and �eld settings. From ea
h set, data are �rst sele
ted and
orre
ted for various experimental biases, before being 
ombined with other sets in order toform spe
tra at well de�ned rapidity intervals as a fun
tion of transverse momentum. Theseanalysis steps are:! Data sele
tion (events, tra
ks and PID)! Corre
tions (dete
tor eÆ
ien
y, geometri
al a

eptan
e, se
ondary rea
tions)! Normalization (data set 
ombining and weighting)5.1 Event Sele
tion5.1.1 Centrality and TriggerThe sele
ted events are trigger 6 events, as de�ned in Se
. 3.3.4 and Tab. 3.3. This trigger isbased on an energy threshold in the tile multipli
ity array (TMA) 
orresponding to the � 20%most 
entral events, and a beam{beam vertex restri
tion 
onsisting of a narrow time di�eren
ebetween left and right arrays, 
orresponding to jvtxj . 25 
m. Trigger 6 events have not beendown{s
aled during data 
olle
tion, meaning that all events ful�lling the trigger 
onditionhave been re
orded. The 
entrality distribution of su
h events is shown in Fig. 5.1. Thedistribution is rather 
at from 0% to � 20% and drops rapidly for more peripheral events dueto the trigger de�nition, as expe
ted from the TMA energy requirement. The 
entrality sli
es0{5%, 5-10% and 10{15% 
ontain approximately the same number of events, the di�eren
ebetween the most 
entral 
lass (0{5%) and the 10{15% 
lass amounts to � 5%. It shows thatthe 
entrality determination has a minimum relative error of 5% when trigger 6 events aresele
ted. The analysis 
on
entrates on the top 5% events only.5.1.2 Collision VertexA 
ut on the lo
ation of the 
ollision vertex must also be done. This sele
tion is de�nedas a �3� 
ut around the mean di�eren
e between the independent ZDC and BBC vertexmeasurements. It is motivated by the fa
t that requiring a good 
orrelation between bothmeasurements assures that well de�ned events in terms of vertex but also TDC start-timeare sele
ted. Figure 5.2 illustrates the vertex 
onsisten
y 
ut. The number of events with107
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onsistent vertex measurements, reje
ted by this 
ut, amounts to 1% of the total numberof events. A �nal 
ut has been applied to the vertex distribution itself: only events withjvtxj < 20 (15) 
m for the FS (MRS) analysis are kept due to an eÆ
ien
y de
rease of thetrigger 6 beyond these limits. This 
ut is also motivated by the spe
trometer a

eptan
e
orre
tion, as explained in Se
. 5.4.3. The di�eren
e between the MRS and FS is due to alarger a

eptan
e of the FS. The e�e
t of this 
ut is shown on Fig. 5.3.
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Fig. 5.3: Vertex distribution as measured by the BBC with and without a 0%{10% 
entrality
ut and a user 
ut of [-20 
m, -20 
m℄5.2 Tra
k Sele
tionThe tra
k sele
tion aims at removing ba
kground tra
ks or tra
ks too 
lose to the magnetsides. The sele
tion is done by introdu
ing magnet �du
ial 
uts, 
he
ks of momentum statusand tra
k verti
es.5.2.1 Cuts in the Magnet GapsMagnet �du
ial 
uts forbid a volume around the physi
al magnet gap where the 
on�den
e ontra
k 
ombination is low due to tra
k dire
tion un
ertainties, espe
ially along the y dire
tionbe
ause the drift velo
ity 
lose to the TPC edges is not perfe
tly uniform. A width of 1 
m isremoved from the gap sides { x and y axes of the magnet gap { uniformly along the longitu-dinal axis z (in the lo
al 
oordinate system of the magnet). This forbidden volume is takeninto a

ount when spe
trometer a

eptan
e 
orre
tions are 
al
ulated. Figure 5.4 illustratestypi
al �du
ial 
uts in D5. As seen in Fig. 5.4, some of the reje
ted tra
ks are within thesele
tion area. This is be
ause the �du
ial 
ut is applied along the whole volume. Therefore,some tra
ks already reje
ted 
lose to the front plane of D5 and transported geometri
ally tothe magnet ba
k plane fall within the sele
tion area.As mentioned in Se
. 4.3.2, traje
tories of tra
ks that survived tra
k ghostbusting (
f. Fig. 4.28)and �du
ial 
uts are extrapolated from T1 to the entran
e plane of D1 (fa
ing the 
ollisions)by using the tra
k momentum and D1 �eld, be
ause there is no tra
king devi
e at the front
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Fig. 5.4: Magnet �du
ial 
uts in D5. Dots are tra
k interse
tions with the e�e
tive edge ba
kplane of D5.of D1. Tra
ks are not sele
ted for the analysis if they interse
t the magnet gap sides. Therelative fra
tions of tra
ks removed by su
h 
uts are tabulated in Tab. 5.1 and 5.2 for a fewspe
trometer settings.FS setting 12 ÆA 1/8 12 ÆB 1/4 8 ÆB 1/5 4 ÆB 1/5 3 ÆB 1/3 3 ÆB 1/2D2 ghost (%) 0.17 0.13 1.54 0.38 2.15 1.55D2 �du
. 
uts (%) 3.91 7.84 8.42 9.48 10.23 10.53D1 swim status (%) 10.87 8.76 11.62 7.32 8.38 8.20Tab. 5.1: Fra
tion of tra
ks removed by the di�erent magnet 
uts in the FFS. The ghost tra
kfra
tion is evaluated with tra
ks within the mat
hing parameter 
uts (
f. Se
. 4.3.2). The�du
ial 
ut fra
tion is evaluated w.r.t. tra
ks that survived the ghostbusting. The fra
tionof tra
ks extrapolated ba
k through D1 and that hit the magnet sides, are 
al
ulated w.r.t.tra
ks that survived all D2 
uts.As 
an be seen from Tab. 5.1, the fra
tion of tra
ks removed from the D2 �du
ial 
uts isgrowing with de
reasing spe
trometer angle and in
reasing magneti
 �eld. The status 
he
kin D1 also implies a stringent 
ut. In the MRS, the D5 �du
ial 
ut removes � 20% of tra
ksregardless of the setting while the ghost tra
k removal is more important as the spe
trometerangle de
reases (tra
k density dependen
e).MRS setting 90 ÆB 1000 60 ÆB 500 45 ÆA 700 35 ÆA 700 30 ÆB 700 (ba
k)D5 ghost (%) 0.18 0.52 1.12 1.49 0.48D5 �du
. 
uts (%) 22.05 21.66 22.43 19.55 21.17Tab. 5.2: Fra
tion of tra
ks removed by the di�erent magnet 
uts in the MRS.The total fra
tion of tra
ks removed is quite large due to the small geometri
al a

eptan
e ofthe magnets 
ompared to that of the tra
king devi
e. Moreover, the width of the �du
ial 
uts



5.2. Tra
k Sele
tion 111is 1 
m from the sides in both the x and y dire
tions of the magnets. Therefore, the fra
tionof the magnet volume outside the �du
ial 
uts is 24.6% of the total magnet volume for D5,10.4% for D4, 12.5% for D3 and 20.5% for D2 (no �du
ial 
uts in D1).5.2.2 Tra
k Vertex Sele
tionA fra
tion of the parti
les dete
ted by the spe
trometers 
ome from sour
es other than theprimary 
ollisions. By 
omparing the tra
k vertex (as de�ned in Se
. 4.3.3) with the primaryvertex, it is possible to reje
t most of these se
ondary parti
les. Figure 5.5 shows the sele
tionpro
edure. For both FS and MRS, a peaked distribution of tra
k interse
tions 
entered around

x [cm]
-10 -5 0 5 10

y 
[c

m
]

-10

-5

0

5

10

x [cm]
-10 -5 0 5 10

C
ou

nt
s 

[a
.u

.]

0

50

100

150

 0.8 cm≈ xσ

y [cm]
-10 -5 0 5 10

 0.66 cm≈ yσ

 [cm]BBC - ztrkz
-10 -5 0 5 10

y 
[c

m
]

-10

-5

0

5

10

 [cm]BBC - ztrkz
-6 -4 -2 0 2 4 6

C
ou

nt
s 

[a
.u

.]

0

200

400

600  0.7 cm≈ z∆σ

y [cm]
-3 -2 -1 0 1 2 3

 0.25 cm≈ yσ

Fig. 5.5: Interse
tion of parti
le tra
k lines with primary vertex planes in the FS (left), andMRS (right). A 4� 
ut is applied (ellipti
al 
ut).the 
ollision vertex is obtained. The proje
tions on the axes are �tted with Gaussian fun
tionswhose means (xoff , �zoff , yoff ) and widths (�x, ��z, �y) are used to apply a two dimensionalellipti
al 
ut, based on the inequalities�x� xoff�x �2 + �y � yoff�y �2 � n2� (FS 
ut) (5.1)��z ��zoff��z �2 + �y � yoff�y �2 � n2� (MRS 
ut) (5.2)where x; y; z refer to the laboratory frame, the subs
ript o� means o�set (these o�sets aremostly present along the y axis due to TPC drift velo
ity 
u
tuations) and n� is the user 
ut,set to 4 for this analysis. Note also that the 
ut is applied on a run by run basis in order tominimize the e�e
t of the 
u
tuations in y.
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le Spe
tra5.3 PID CutsOn
e parti
le tra
ks are sele
ted, PID 
uts are applied in order to sele
t pions and kaons overthe broadest momentum range that the PID resolution allows. In the MRS, PID 
uts arebased on the m2 resolution a
hieved by TOFW. In the FS, beside the TOF PID, the RICHis used in two ways: positive K and � identi�
ation, and � veto to improve kaon sele
tion inH2, as explained below.5.3.1 Time of FlightTwo methods have been investigated for the MRS. One is based on the PID resolution pre-sented in Se
. 4.4.3. The other 
onsists of applying a �xed 
ut in the m2 distributions. Inboth 
ases, parti
les with momenta jpj > 2 GeV=
 were ignored as this is the limit of the PID
apabilities. Figure 5.6 shows how both methods 
ompare on two di�erent data sets ( 90 Æand 35 Æ) where the PID performan
e are slightly di�erent be
ause of a larger ba
kground at35 Æ. In the momentum dependent sele
tion, the sele
tion is based on Eq. 4.53 and parameterstabulated in Tab. 4.6. Curves drawn in Fig. 5.6 
orrespond to a 2� 
ut around the mean masssquared as a fun
tion of momentum. At 90 Æ the di�eren
e in the number of pions (kaons)amounts to 5.5% (5%). Considering that a 2� 
ut around the mean of a Gaussian fun
tionrepresents 95.5% of its integral, the ba
kground introdu
ed by the �xed m2 
ut represents1% (0.5%). At 35 Æ the di�eren
e is 8% (6%), implying a ba
kground of 3.5% (1.5%). OtherMRS settings are in{between these two 
ases. The apparent asymmetry of the kaon sampleis due to pion 
ontamination at relatively high momentum (the � and K 2� areas overlapabove 1.7 GeV/
 at 35 Æ). It is estimated by re
e
ting the 
lean half of the kaon distributionand 
al
ulating the quantity �N 12 real �N 12 ref� =Ntot. It amounts to less than 1% (4%) at 90 Æ(35Æ) for both pro
edures. In 
on
lusion, the momentum dependent 
ut is preferred in generalbe
ause less ba
kground is introdu
ed, and the method takes into a

ount the momentumdependent resolution of the PID. Note also the 
rossing of the 
urves at p � 1:7 GeV=
 for the35 Æ setting. Parti
les between this momentum limit and 2 GeV/
 do not a�e
t the �nal results.In the FS, a momentum dependent 2� 
ut was applied to TOF1 and TOF2 data where PID waspossible (low �eld settings), based on parameters listed in Tab. 4.4 and 4.5. The momentumlimit is 3(4.5) GeV/
 for TOF1 (TOF2). The m2 distributions obtained from these 
uts areshown in Fig. 5.7 for a 
ouple of settings. The 3 Æ and 4 Æ settings have been in general ignoreddue to a large ba
kground in the hodos
ope ex
ept low momentum pions in TOF2 at 4 Æ.5.3.2 �CerenkovAs 
ould be seen before, TOF PID is only possible to relatively low momentum. Highermomentum parti
les are identi�ed with the RICH. Figure 5.8 shows the sele
tion (delimitedby solid 
urves) . The dashed 
urves are the expe
ted ring{radius vs momentum. 
orrelationfor pions and kaons.The expe
tation 
urves are de�ned by the following equation:r = L tan"
os �1 1ns 1 + m2p2 # (5.3)
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Fig. 5.6: Pion and kaon sele
tion in the MRS at 90 Æ (left) and 35 Æ (right). The momentumdependent 
urves delimit a 2� area around the mean mass squared.
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Fig. 5.7: Pion and kaon sele
tion in the FS at 12 Æ (left) and 8 Æ (right). The sele
ted parti
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ted to a momentum dependent 
ut of 2� around the mean mass squared. The uppermomentum limit is 3 (4.5) GeV/
 in the FFS (BFS), upper and lower panels respe
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Fig. 5.8: RICH PID sele
tion. Solid 
urves are de�ned by Eq. 5.4 and 5.5 (see text). Thedashed lines are expe
ted ring radius{momentum 
orrelations.where r is the ring radius, L the fo
al length of the spheri
al mirror, n the index of refra
tionof the gas, m the mass of the parti
le and p its momentum. The 
al
ulation of the sele
tionenvelop is based on the following equations:r+ = L tan"
os �1 1ns1 + m2(p+ Æp)2#+ Ær (5.4)r� = L tan"
os �1 1ns1 + m2(p� Æp)2#� Ær (5.5)The ring radius is assumed to have an un
ertainty Ær = 0:45 
m. The values for Æp are 0.4and 0.6 GeV/
 for pions and kaons respe
tively. They \mimi
" the RICH PID resolution butrather 
onsist of guesses of the PID performan
e. The method 
an be further improved byintrodu
ing resolution parameters that depend on the tra
k momentum and the number ofphotons of �Cerenkov rings. Figure 5.9 shows the mass squared (m2) measured by the RICHbefore and after this 
ut is applied.The RICH parti
le sele
tion applied to the data presented in this thesis is little 
ontaminatedby the ba
kground seen in Fig. 4.57. The ba
kground has been estimated as a fun
tion ofmomentum, as 
an be seen in Fig. 5.10. It is found that the ba
kground falling inside the PID
ut is less than 1% over the entire momentum range, and de
reases with in
reasing momentum.The RICH is also used to extend the kaon sele
tion in TOF2. Indeed, sin
e the RICH 
anreasonably identify low momentum e=�=�, these parti
les 
an be vetoed in the H2 data. Thisallows a 
learer identi�
ation of kaons, below a momentum limit of 7 GeV/
 (see Fig. 5.11).One should keep in mind that a small fra
tion of kaons de
ay between TOF2 and RICH into
harged muons and pions (total bran
hing ratio of � 90%). However, the pro
edure requiresalso that the parti
le velo
ity measured in TOF2 is 
onsistent with that of kaons (2� 
ut
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ation in TOF2 by vetoing pions, muons and ele
trons in the RICH.around the expe
ted velo
ity). This ensures that if a vetoed parti
le 
omes from the de
ay ofa kaon between TOF2 and RICH, the parent kaon is still identi�ed by TOF2 if the 
onsisten
y
he
k of the parti
le velo
ity is positive. In Fig. 5.11, the remaining pion peak seen after veto ispopulated with pions below RICH momentum threshold or missed by the RICH (ineÆ
ien
y).The latter is dis
ussed in the next se
tions.5.4 Data Corre
tionConstru
ting parti
le spe
tra requires data 
orre
tions of many kinds. The 
orre
tions appliedto the data presented in this thesis are :! Dete
tor eÆ
ien
y �det! Spe
trometer a

eptan
e 
orre
tion Ca

! Other 
orre
tions (parti
le de
ay Cdk, multiple s
attering Cms)Corre
tion fa
tors 
an be spe
trometer setting dependent (e.g. a

eptan
e) or only momentumdependent (e.g. parti
le de
ay). However, for ea
h spe
trometer setting, a 
orre
tion map is
onstru
ted in the (pT ; y) spa
e so that the data are 
orre
ted for ea
h 
ell in this spa
e,a

ording to the following equation:data
orr(pT ; y) = dataraw(pT ; y) � Corr (5.6)Corr = Ca

 � Cdk � Cms�det (5.7)Normalization follows data 
orre
tion, this is des
ribed in Se
. 5.5.1.5.4.1 Tra
king EÆ
ien
yFor this analysis, two types of eÆ
ien
y have been investigated: the tra
king and PID eÆ-
ien
ies. The fa
tor �det has been split into two fa
tors: �tra
k � �PID. The tra
king eÆ
ien
y
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tion 117has been studied by using embedding of simulated tra
ks into a set of experimental tra
ks inthe MRS and FFS [112℄. The method is brie
y des
ribed below. An alternative method hasbeen developed for the FS tra
king [107℄: the eÆ
ien
y of a tra
king devi
e is studied by areferen
e tra
k 
onstru
ted using tra
k segments seen in possible tra
king 
hambers ex
eptthe one under study.Tra
k EmbeddingThe tra
k embedding method has been used for the TPC's. The underlying 
on
ept is asfollows: simulated tra
ks with well de�ned momentum and identity are digitized, meaningthat the hit 
hara
teristi
s on a dete
tor plane is made to look like raw TPC data (TPCsequen
es). It is then inserted to real TPC data. The tra
king software is used normallyand studies are made of how often simulated tra
ks 
ould be found, as a fun
tion of thenumber of hits in the TPC. The re
onstru
ted tra
ks are 
ompared to the simulated inputtra
k as follows: to ea
h tra
k is asso
iated a 
ylinder with a radius of 0.4 
m 
entered onthe tra
k so that the overlap volume between the simulated tra
k 
ylinder and other 
ylindersis 
al
ulated. If a tra
k has an overlap volume greater than 60% of the simulated tra
k
ylinder, the latter is 
onsidered as su

essfully re
onstru
ted. Figure 5.12 shows the resultingMRS tra
k re
onstru
tion eÆ
ien
y as a fun
tion of the number of TPC hits for pions andkaons. The eÆ
ien
y 
urves turn out to be linear and de
rease as the number of hits in
rease.Using them as is implies no momentum dependen
e. The latter has been studied in [112℄and related to multiple s
attering. Note that these eÆ
ien
y 
urves are used regardless of theevent 
entrality (sin
e the number of TPC hits is related to the event 
entrality).Referen
e Tra
k MethodThe referen
e tra
k approa
h 
onsists of the 
onstru
tion of a referen
e tra
k using N � 1tra
king dete
tors and 
he
king whether tra
king dete
tor N 
ontains a tra
k segment that
an be mat
hed to the referen
e tra
k. For this N th dete
tor, the resulting eÆ
ien
y is de�nedas � = Nmat
hNref (5.8)A detailed study of the referen
e tra
k 
onstru
tion and of the eÆ
ien
y estimation 
an befound in [107℄. In substan
e, the referen
e tra
k is 
onstru
ted by mat
hing tra
k segmentsin x and y in the same way tra
ks are mat
hed for momentum re
onstru
tion (
f. 4.3.2), e.g.if the T1 tra
king eÆ
ien
y is studied, the referen
e tra
k is 
onstru
ted by mat
hing T2 toT3 tra
ks, T3 to T4 tra
ks and T4 to T5 tra
ks. It is important that the user's 
uts appliedduring tra
k mat
hing for momentum 
al
ulation, out of the eÆ
ien
y 
al
ulation 
ontext,
orrespond to the mat
hing 
uts used for the referen
e tra
k for eÆ
ien
y estimations, i.e.if a 3� 
ut around the mat
hing parameters was applied for momentum determination, thesame 
ut has to be applied when the referen
e tra
k is 
onstru
ted. Referen
e [107℄ 
ontainsa study of the sensitivity to the user's 
uts and of the resulting ba
kground 
ontamination.On
e the referen
e tra
k is made, it is extrapolated to the middle plane of T1 whose tra
ksegments are 
ompared in position and slope with the extrapolated tra
k. This pro
edure hasbeen applied for ea
h data set and studied as a fun
tion of the event 
entrality and horizontaltra
k position and slope (x axis of the tra
king dete
tor). Note that this pro
edure is parti
letype independent. Figure 5.13 shows the eÆ
ien
y estimated for di�erent FS settings as afun
tion of momentum for the top 5% 
entral events.



118 Chapter 5. Parti
le Spe
tra

TPM2 + NTPM1N
0 200 400 600 800 1000 1200

M
R

S 
E

ff
ic

ie
nc

y

0.75

0.8

0.85

0.9

0.95

1
π 
 KTrack embedding method

Fig. 5.12: MRS global tra
king eÆ
ien
y estimated by the tra
k embedding method (see textand [112℄).
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tion 1195.4.2 PID EÆ
ien
yHodos
opesThe hodos
ope eÆ
ien
y is related to the the way slats are sta
ked. In the MRS, TOFW slatsare positioned on the same line in ea
h panel. Su
h positioning introdu
es edge e�e
ts, i.e.tra
ks passing through 
lose to slat edges, thereby depositing very little energy, or even in thewrapping material, in whi
h 
ase no signal is dete
ted. In the FS, TOF1 and TOF2 have twosta
ks of slats, as seen before. The advantage is to remedy the e�e
t present in the MRS andto give room to the PMT's. However, a few tra
ks 
an traverse the hodos
ope without hittingany slats. In order to estimate the overall slat eÆ
ien
y, the distribution of hits asso
iated tovalid tra
ks is divided by the distribution of the number of times valid tra
ks interse
t slats. Itis illustrated for TOF1 in Fig. 5.14. In the MRS, due to low tra
k statisti
s hitting the outerpanels of TOFW, the 
alibration of the 
orresponding slats is not optimal. These panels arenot 
onsidered in this analysis. The remaining slats show a 
onstant eÆ
ien
y that amountsto � 93%. TOF2, due to little ba
kground, is the most eÆ
ient hodos
ope with a 
onstanteÆ
ien
y of � 98%.Another 
orre
tion is added due to the presen
e of multiple hits (
f. Fig. 4.37) sin
e twotra
ks asso
iated to the same hit are ignored in this analysis. The fra
tion of multiple hitsestimated in Se
. 4.4.1 is underestimated for the reason that only fully re
onstru
ted tra
kswere 
onsidered. However, parti
le tra
ks whi
h 
ould not be fully determined have to betaken into a

ount. A preliminary analysis showed that the fra
tion of multiple hits in TOF1at 4 Æ is twi
e higher if T2 tra
k segments that were not sele
ted for momentum determinationare also mat
hed to TOF hits (see [113℄). This 
orre
tion is not yet available.RICH EÆ
ien
yIdeally, the RICH eÆ
ien
y should be estimated with a simulation reprodu
ing the responseof this dete
tor. Sin
e it is not yet fully implemented, the eÆ
ien
y is evaluated by usingidenti�ed pions in TOF2. The eÆ
ien
y is not mass dependent but solely depends on �.There are at least two drawba
ks inherent to this pro
edure: one is the pion de
ay betweenTOF2 and RICH (see Se
. 5.4.4), the other is the limited PID momentum range 
ommon toTOF2 and RICH. Only pions between 2 and 4.5 GeV/
 
an be used. The estimated eÆ
ien
yis shown in Fig. 5.15. It is assumed in this analysis that the RICH eÆ
ien
y is 
onstantabove a momentum of 2.8 GeV/
 for pions. The 
orresponding value for kaons (at equal �) istherefore � 9.9 GeV/
.5.4.3 A

eptan
e Corre
tionFigure 5.16 shows raw p? spe
tra of identi�ed �+ (RICH PID) from three data sets withouta

eptan
e 
orre
tion nor normalization. As 
an be seen, the raw spe
tra show signi�
ant dis-
repan
ies with ea
h other (a

eptan
e edges, slopes). The goal of the a

eptan
e 
orre
tionis to remove the geometri
al bias introdu
ed by the small phase{spa
e 
overage of the spe
-trometers. By de�nition, the geometri
al a

eptan
e is the ratio A

 between the distributionof parti
les that 
ould be tra
ked throughout the spe
trometer and the input distribution(Eq. 5.9). This ratio is 
al
ulated in the (p?,y) spa
e.A

 = dete
ted parti
lesall parti
les (5.9)
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Fig. 5.16: Raw transverse momentum distributions of positive pions for three di�erent mag-neti
 �eld settings at �FS = 4 Æ.For a given spe
trometer, a parti
le is a

epted if it 
ould be tra
ked until the PID dete
tor,in the same fashion as what is done with real data.A

eptan
e SimulationThe pro
edure used for this analysis is to simulate the response of the spe
trometers for givenposition and magneti
 �eld settings: a parti
le distribution is sent through the spe
trometerwhere all physi
s pro
esses are swit
hed o�, ex
ept for energy loss through material1 in order totra
k the parti
les through the spe
trometer. Simulations are performed with a pa
kage 
alledbrag, based on GEANT3, whi
h reprodu
es the BRAHMS spe
trometer properties. The inputdistribution 
ontains only pions of a given ele
tri
al 
harge sign (depending on the simulatedmagneti
 �eld setting). To avoid redoing long simulations for kaons, the pion 
al
ulations areutilized with the pion mass repla
ed by the kaon mass to evaluate y, p? or mT for a 
orre
tkaon a

eptan
e mapping. A pi
ture of the brag simulation is shown in Fig. 5.17. Momentaof input parti
les are uniformly distributed within a momentum range broader than the rangewhere PID is a
hieved. Parti
les are also 
hosen in a given azimuthal angle range �� < 2�but broad enough so that the spe
trometer aperture lies within this range. Idem with �. Themagnitude of the input distribution is then res
aled by a fa
tor 2�=�� before a

eptan
e is
al
ulated2. The a

eptan
e fa
tor is thereforeA

 (y; pT ) = a

epted parti
lesthrown parti
les � ��2� (5.10)The number of parti
les thrown within the phase{spa
e �����p is 15,000,000 for ea
h spe
-trometer setting.1Energy losses though material have pra
ti
ally no e�e
t on parti
le momenta at so high momentum ranges(MIP).2Parti
les produ
ed in heavy ion 
ollisions are uniformly distributed in � over a large set of events.
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Fig. 5.17: Simulation for a

eptan
e 
orre
tion, with a side (top) view of the MRS in the left(right) panel. Only a small fra
tion of the in
ident parti
les rea
h TOFW via TPM1, D5 andTPM2. Note also the e�e
t of the vertex position on the a

eptan
e (see dis
ussion in text).Other Geometri
al BiasesApart from the global geometry of the spe
trometer, there exists some spe
i�
 dete
tor geo-metries that 
annot be negle
ted at the simulation level. The TPC's have ina
tive rows, TPM2has an asymmetri
 readout plane. These e�e
ts are taken 
are of by a software designed to
onvert GEANT tra
ks to TPC tra
ks. The hodos
opes have invalidated slats (bad 
alibra-tions). Those are therefore disabled in the simulation when the parti
le sele
tion is basedon a TOF PID like in the MRS. The DC tra
ks are fully digitized and tra
k segments arere
onstru
ted ala real data. The lo
al tra
ks are 
ombined using the standard global tra
kingsoftware. Likewise, magnet �du
ial 
uts applied to real data are used in the simulation.Collision vertexThe spe
trometer a

eptan
e slightly di�ers from one event to the next due to the 
hangingvertex lo
ation. Figure 5.18 illustrates this e�e
t. To minimize this bias, the vertex range(� 20 
m for the FS and � 15 
m for the MRS) is divided into bins of 5 
m. An a

eptan
emap is 
onstru
ted for ea
h vertex bin. The data are also treated in the same way. Sin
e theexperimental vertex distribution is not uniform even in the sele
ted range of jvtxj < 20 (15) 
mfor FS (MRS) data, an overall event normalization would bias the results. This method takesinto a

ount the variation of the number of events with the vertex lo
ation (see Se
. 5.5.1). The
hosen bin width (5 
m) is a 
ompromise between statisti
al errors (too small bins would implyfew tra
ks per vertex bin and therefore large statisti
al un
ertainties) and the dependen
e ofthe a

eptan
e on the vertex position (too large bins would hide this a

eptan
e e�e
t). Anexample of K and � a

eptan
e map is shown on Fig. 5.19 (FS setting 3 Æ B{1/2). Threeremarkable points:1- the data (bla
k boxes) and the simulation (
olored histogram) ni
ely overlay,2- the a

eptan
e magnitude is not 
onstant in p?3- the a

eptan
e edges have a lower magnitude
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Fig. 5.18: The spe
trometer a

eptan
e is vertex dependent.
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eptan
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olor 
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eptan
e maps. The panels on the right showaveraged proje
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124 Chapter 5. Parti
le Spe
traThe se
ond point is important: the slope of the raw spe
tra 
hanges after FS a

eptan
e
orre
tion. In the MRS, the a

eptan
e is 
onstant ex
ept at very low pT . The third point istaken 
are of by removing edges below half of the average a

eptan
e in the MRS and 1/3 inthe FS. In Fig. 5.20 are plotted a

eptan
e maps of all settings.
 [

G
eV

/c
]

Tp

1

2

3

4

5

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04
Pion = 2 GeV/cmax TOFW : p

 = 3 GeV/cmax TOF1 : p

 = 4.5 GeV/cmax TOF2 : p

 = 3 GeV/cmin RICH : p

 = 25 GeV/cmax RICH : p

Rapidity
0 0.5 1 1.5 2 2.5 3 3.5

 [
G

eV
/c

]
Tp

0

1

2

3

4

5

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04Kaon = 2 GeV/cmax TOFW : p

 = 3 GeV/cmax TOF1 : p

 = 7 GeV/cmax TOF2 : p

 = 9.5 GeV/cmin RICH : p

 = 25 GeV/cmax RICH : p

Fig. 5.20: � and K a

eptan
e maps for all spe
trometer settings (vertex bin 0{5 
m). Theisomomentum lines represent PID limits.The 
olor 
ontours represent the a

eptan
e magnitude A

. The isomomentum lines indi
atewhere PID limits are rea
hed. Note that the low momentum limit in the RICH is about1 GeV/
 above threshold in order to avoid identi�
ation ineÆ
ien
y. Figure 5.21 representsthe relative statisti
al error introdu
ed by the pro
edure. In all settings, it is at most �4%, depending on the (pT ; y) 
ell (edges ex
luded). When proje
tions are made over rapidityintervals, the error is lowered by summing.
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Fig. 5.21: A

eptan
e map relative statisti
al error. The error is at most � 4% in ea
h(pT ; y) 
ell, edges ex
luded.5.4.4 Se
ondary Rea
tionsTwo types of se
ondary rea
tions are taken into a

ount in this analysis. One is multiples
attering whi
h is the e�e
t of repeated elasti
 Coulomb s
atterings that 
an de
e
t parti
lesin and out of the a

eptan
e. The other type is pion and kaon weak de
ay and has a largere�e
t. In order to evaluate their e�e
t, brag was used with and without these e�e
ts. Unlikethe a

eptan
e 
orre
tion, parti
le tra
ks were fully digitized, re
onstru
ted and sele
ted alareal data (�du
ial 
uts, mat
hing 
uts and PID 
uts were applied). The motivation is that akaon (pion) 
an de
ay before e.g. the hodos
ope but still be identi�ed as a kaon (pion) due tolittle momentum and 
ight path 
hange of the leading daughter parti
le (muon). Figure 5.22shows the kaon multiple s
attering 
orre
tion and de
ay in the MRS at 90 Æ and 40 Æ as afun
tion of momentum. As 
an be seen, the 
orre
tions are independent of the spe
trometersetting. They were �tted with the following fun
tionCorr�1 = a� b exp (�
 p) (5.11)The parameters a, b and 
 are listed in Tab. 5.3 for all spe
trometers.The parameters have been found to be independent of the spe
trometer angle. However, 
or-re
tion maps are 
onstru
ted in the way a

eptan
e maps are: the momentum dependen
eof the 
orre
tion is 
onverted into a (pT ; y) dependen
e in the form of two-dimensional his-tograms for ea
h spe
trometer setting. These histograms have of 
ourse the same binning asthe a

eptan
e maps so that they 
an be multiplied with ea
h other 
ell by 
ell in (pT ; y).5.5 Last Steps before Parti
le Spe
traRemember that ea
h data set has been divided into vertex bins of 5 
m. Therefore, ea
h dataset is �rst treated in order to remove the vertex dependen
e. The following step 
onsists of
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Fig. 5.22: Kaon multiple s
attering and weak de
ay e�e
ts in the MRS. No dependen
e onspe
trometer setting was found.MRS FFS FSPions De
ay M. S
att. De
ay M. S
att. De
ay M. S
att.a 0.986 ignored 1.000 ignored 0.993 ignoredb 0.437 0.250 1.130
 2.671 0.689 1.535Kaons De
ay M. S
att. De
ay M. S
att. De
ay M. S
att.a 0.986 0.998 0.9409 ignored 0.9092 ignoredb 0.437 10.546 0.6748 0.723
 2.671 14.199 0.3179 0.2259Tab. 5.3: De
ay and multiple s
attering �t parameters (using Eq. 5.11). Multiple s
atteringis negle
ted in most 
ases, the main 
orre
tion is from the de
ay 
orre
tion.
ombining sets together by 
onstru
ting a weighted average. Finally, normalized di�erentialyields in the (pT ; y) spa
e are binned along the rapidity axis in order to 
onstru
t parti
lespe
tra by proje
ting ea
h rapidity bin to the pT axis.5.5.1 Data Set Corre
tion and NormalizationAs mentioned before, pion or kaon data and 
orresponding a

eptan
e and 
orre
tion maps aretwo{dimensional histograms in (pT ; y) (the histogram binning is bpT = 50 MeV, by = 0:01 inthe MRS and bpT = 50 MeV, by = 0:02 in the FS). The a

eptan
e and 
orre
tion histogramsare merged a

ording to the following equation:CORRjv;pT ;y = CorrjpT ;y2�Nev(v)A

jv;pT ;y � bpT � by (5.12)where subs
ript v identi�es the vertex bin and Nev(v) the 
orresponding the number of events.Therefore, the 2D{histogram CORR 
ontains all 
orre
tion and normalization for vertex bin
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tra 127v. Then, for ea
h data set 
hara
terized by a spe
trometer angle and a magneti
 �eld, allvertex bins are summed up as follows:DATAjpT ;y = Xv DATAjv;pT ;y (5.13)(CORRjpT ;y)�1 = Xv (CORRjv;pT ;y)�1 (5.14)where the sum is running over the vertex bin v. The last term is then inversed for ea
h (pT ; y)
ell, so that the normalized and 
orre
ted di�erential yield readsdN jpT ;y = (DATAjpT ;y)� (CORRjpT ;y) (5.15)5.5.2 Combining Data SetsCombining data sets is ne
essary in order to 
over enough pT range at ea
h rapidity bins.Following referen
e [30℄, index s is used to identify a given spe
trometer setting. The averagenormalized di�erential yield be
omes:hdN jpT ;yi = Ps dN js;pT ;y �W js;pT ;yPsW js;pT ;y (5.16)where the weight W js;pT ;y is de�ned asW js;pT ;y = 1CORRjs;pT ;y (5.17)to ensure that (pT ; y) 
ells with large 
orre
tions 
arry low weights. With these de�nitions,Eq. 5.16 
an be rewrittenhdN jpT ;yi =  Xs DATAjs;pT ;y!� Xs 1CORRjs;pT ;y!�1 (5.18)i.e. a form that 
onserves the statisti
al distribution DATAjs;pT ;y. Other 
hoi
es for the weightswould not give this fa
torized form and hen
e not the straight sum of 
ontributing 
ounts.In this form, weights W 's 
an be interpreted as an e�e
tive number of events. When theresulting yield is zero in a 
ell, there 
an be two explanations: either the 
orre
tion fa
tor iszero, in whi
h 
ase the 
ell was ex
luded from the a

eptan
e from the beginning, or therewas no parti
le (data) in the 
ell. In the latter 
ase, the measurement is still valid (as well asthe weight fa
tor) and keeping zero 
ells is important when 
ells are averaged over to makeproje
tions to the pT axis. A dis
ussion on the subje
t 
an be found in [30℄. The presentanalysis derives from the pro
edures implemented in this referen
e. Another dis
ussion aboutthe way 
orre
tions are applied 
an also be found. In substan
e, be
ause of the relatively lowstatisti
s of most spe
trometer settings, it has been 
hosen to apply 
orre
tions on averageinstead of doing it tra
k by tra
k. In the present analysis, tra
k by tra
k and momentum av-eraged 
orre
tion methods agree thanks to the relatively high pion statisti
s (
ompared withthe proton statisti
s in [30℄). However, sin
e the kaon statisti
s is in the order of the protonstatisti
s, the average method has been preferred for 
oheren
e. Errors are dis
ussed in Se
. 6.4Figure 5.23 shows the kaon and pion normalized di�erential yields after setting averaging. The
olor 
ontours are logarithmi
.
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Fig. 5.23: Kaon and pion normalized yields after all data sets were 
orre
ted and 
ombined.5.5.3 Proje
tion to Normalized Parti
le Spe
traFrom histograms shown in Fig. 5.23, parti
le spe
tra are 
onstru
ted by �rst 
hopping therapidity axis into intervals of width �y = 0:1 or 0:2, depending on the available statisti
s. ApT spe
trum at a given rapidity y is the averaged proje
tion over the rapidity bins that therapidity interval �y 
ontains, a

ording to the following equations:N(pT ) =  Xy Xs DATAjs;pT ;y!� Xy Xs 1CORRjs;pT ;y!�1 (5.19)with y ��y=2 � y � y + �y=2 and12�pT d2NdpTdy (pT ) � N(pT )pT�y (5.20)where pT in the denominator is the 
enter of the histogram bin. Figure 5.24 shows an exam-ple of su
h a proje
tion. The pro
edure is applied to all rapidity intervals where enough pT
overage is a
hieved. The obtained results are presented in the next 
hapter.||||||
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Fig. 5.24: Averaged proje
tion of data within interval �y to the pT axis. The histograms inthe right panels are normalized parti
le spe
tra.
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Chapter 6ResultsNormalized parti
le spe
tra are investigated from rapidity -0.1 to rapidity 3.6 for the top 5%
entral events. The invariant yields are dedu
ed from extrapolation to un
overed a

eptan
eregions. The 
hoi
e of the �tting fun
tion is dis
ussed, as well as sour
es of systemati
 errors.All results are tabulated at the end of the 
hapter.6.1 Normalized Parti
le Spe
traNormalized parti
le spe
tra from the top 5% 
entral 
ollisions of the rea
tion Au+Au atp sNN = 200 GeV are presented as a fun
tion of rapidity. The rapidity intervals are shownin Fig. 6.1. Filled gray areas are phase{spa
e regions not 
overed in this analysis. The MRS
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Fig. 6.1: Rapidity sele
tion. A di�eren
e between K+ and K� exists at y � 2:3 due to aspe
trometer setting that was not applied for positive kaons.
overs rapidities from -0.1 to 1.4 (1.2) for pions (kaons). The FS, by 
ombining FFS and BFS131



132 Chapter 6. Resultssettings, 
overs from y = 2.1 (2.) to 2.6 (2.5) and 3.0 (2.9) to � 3.65 (3.4). The relativelybroad pT 
overage around y � 2.3 is possible by using the RICH as a dire
t pion identi�er.The error originating from dis
repan
ies between data sets 
overing the same phase spa
e isdis
ussed in Se
. 6.4. Note also that the presented spe
tra are in
lusive, i.e. no attempt wasdone in order to disentangle pions from resonan
e de
ays to primary pions due to absen
e ofresonan
e studies as a fun
tion of rapidity at RHIC. Similarly, kaons from �, 
 or K� de
aysare not dis
ussed sin
e no estimation of their yields is yet available as a fun
tion of rapidity.A possible estimation would be given by 
al
ulations from an event generator �ltered by theGEANT simulation dis
ussed in the pre
edent 
hapter, although this estimation would re-main model dependent. Alternatively, one 
an assume that the yields of strange resonan
esinvestigated at mid{rapidity by the STAR or PHENIX experiments s
ale with kaon yields asa fun
tion of rapidity1.Figure 6.2 shows pion transverse mass mT �m� spe
tra as a fun
tion of rapidity for the top5% 
entral events. The error bars are statisti
al. The spe
tra show a remarkable similarity in
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Fig. 6.2: Normalized pion transverse mass spe
tra as a fun
tion of rapidity. The magnitudeof spe
tra have been res
aled by 100, 10�1, 10�2, et
, from the top to the bottom. Errors arestatisti
al. The marker size 
an be larger.shape at all rapidities for both �+ and ��. The mT range 
overed depends on magneti
 �eld1In referen
e [85℄, it is shown that the ratio h�i = hK�i as a fun
tion of p sNN is 
onstant at � 0.13.



6.2. Extra
ting Spe
tral Information 133settings, thus some dis
repan
ies between ranges 
overed at di�erent rapidity intervals.Figure 6.3 shows kaon spe
tra at the sele
ted rapidities. Again, no strong di�eren
es in
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Fig. 6.3: Normalized kaon transverse mass spe
tra as a fun
tion of rapidity. S
ale fa
torshave been applied like in Fig. 6.2.the spe
tral shape are qualitatively visible between spe
tra. The next se
tion des
ribes howspe
tral features are quanti�ed.6.2 Extra
ting Spe
tral InformationOn
e parti
le spe
tra are 
onstru
ted, yields are evaluated at ea
h rapidity interval by in-tegrating the 
overed pT or mT range and extrapolating to regions outside the a

eptan
e.Remember that the di�erential yield at a given rapidity y, if des
ribed by fun
tion f(mT ),reads 12�mT d2NdmTdy = f(mT ) (6.1)where mT 
an be 
hanged by pT without any modi�
ation. Therefore, the integrated yield ata given rapidity y isdNdy = Z 1m 2�mT � 12�mT d2NdmTdy� dmT = 2� Z 1m mT f(mT ) dmT (6.2)



134 Chapter 6. ResultsIn pra
ti
e, integrated yields over the full pT or mT range depend on the 
hoi
e of f(mT ).Sin
e the extrapolated yield outside the a

eptan
e (in parti
ular at low pT ) depends on the
hoi
e of the �t fun
tion, a systemati
 error is introdu
ed. The �t fun
tion is 
hosen so that it
an �t all spe
tra with a good 
on�den
e level. The systemati
 errors are dis
ussed in Se
. 6.4.6.2.1 Fit Fun
tionThe most 
ommon �t fun
tions are listed in Tab. 6.1. The T parameters in the denominatorsName FormulaBoltzmann in mT B �mT � exp [�(mT �m)=T ℄Exponential in pT Ap exp [�pT=Te�℄Exponential in mT Am exp [�(mT �m)=Te�℄Power law in pT C(1 + pT=p0)�nSum of two exponentials D1 exp [�(mT �m)=T1℄ +D2 exp [�(mT �m)=T2℄Tab. 6.1: Most 
ommon �t fun
tions des
ribing 
harged parti
le spe
tra.of the exponential fun
tions are 
alled the inverse slope parameter or e�e
tive temperature ofthe parti
le sour
e. CoeÆ
ients A to D are normalization fa
tors from whi
h integrated yields
an be dedu
ed (see Appendix E). The Boltzmann fun
tion des
ribes the parti
le distributionemitted from a 
lassi
al thermalized sour
e at temperature T , i.e. when parti
les in the sour
eare moving randomly (sto
hasti
 motion) a

ording to 
lassi
al statisti
al laws2. The otherlisted fun
tions are empiri
al fun
tions. They are used without solid theoreti
al bases but turnout to des
ribe spe
tra better than the theoreti
al ones in some 
ases (as will be evident inthe next se
tion). They 
an be seen as e�e
tive distributions, i.e. experimental distributionsare the result of several 
ontributions, ea
h of them following a di�erent statisti
al law.In the following se
tions, only three fun
tions are dis
ussed in details, the exponential fun
tionin mT , the sum of exponential fun
tions in mT and the power law in pT . The Boltzmannfun
tion is ruled out be
ause a �rst attempt showed that it was not adequate.6.2.2 Fitting Spe
traIn pra
ti
e, �ts are done in ROOT [114℄ by using the minimum �2 method. Note that theintegral of the fun
tion is used as a �t parameter for a 
orre
t error treatment. Indeed, thenormalization parameters 
an be analyti
ally expressed (
f. Appendix E):Am = 12� dN=dyT (T +m) (single expo.) (6.3)D1 = 12� dN=dy �N2T1(T1 +m) (sum of 2 expo.) (6.4)D2 = 12� N2T2(T2 +m) (sum of 2 expo.) (6.5)C = (n� 1)(n� 2)2�p20 dNdy (power law) (6.6)2Sin
e mesons are bosons, one 
an use the Bose{Einstein statisti
s but the Boltzmann statisti
s is a goodapproximation.



6.2. Extra
ting Spe
tral Information 135Figure 6.4 shows the three test fun
tions applied to pion data in the MRS and the FS. Thespe
tra are all expressed in pT for 
oheren
e. The exponential fun
tion in mT in this repre-
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Fig. 6.4: Fit tests of pion spe
tra at two di�erent rapidities. On the top (bottom) panelsis shown an MRS (FS) spe
trum (y = 0:5 (3:05) � 0:1 (0:05)). In both 
ases, the sum ofexponential fun
tions and the power law are equally good at des
ribing spe
tra, unlike thesingle exponential.sentation be
omesexp ���qp2T +m2 �m� =Te�� (6.7)Both the sum of exponential fun
tions and power law give a good des
ription of the spe
trawithin the �t range, at mid{rapidity and most of the high rapidity intervals (see power lawresults in Tab. 6.7). In 
ontrast, the single exponential poorly des
ribes MRS spe
tra, and FSspe
tra when there is a good low pT 
overage. This deviation from a simple exponential is dueto the strong \
ontamination" of pions from resonan
e de
ays at low pT . The extrapolatedyields dedu
ed from the �ts are:Fun
tion MRS (y = 0:5) FS (y = 3:05)Single exponential 271.5 � 2.2 117.1 � 1.4Exponential sum 287.9 � 3.2 130.1 � 6.0Power law 297.8 � 3.3 129.3 � 2.7The extrapolated yield of the single exponential is systemati
ally � 10% lower than the otherextrapolations. Indeed, this �t underestimates the di�erential yield of the low pT bins. Thisis visible in Fig. 6.5 that shows the same data as Fig. 6.4 but where ea
h bin 
ontent has beenmultiplied by the normalization fa
tor 2� pT in order to have the (non invariant) di�erentialyield d2N=dpTdy.



136 Chapter 6. Results
dy

T
dp

N2 d

10

20

30

40

50
dy

T
dp

N2 d

5

10

15

20

+π

MRS

y = 0.5

+π

FS

y = 3.05

0 0.5 1 1.5 2

R
at

io
 d

at
a 

/ f
it

0.4

0.6

0.8

1

1.2

1.4

1.6

0.5 1 1.5 2 0.5 1 1.5 2

single expo expo. sum power law

Fig. 6.5: Same as Fig. 6.4 but multiplied by 2� pT . The single exponential �t fails at des
ribingthe lower pT region.At high rapidities, the e�e
t is less visible due to a worse 
overage of the low pT region. Re-garding the di�eren
e between the exponential sum and the power law �ts, it de
reases asthe rapidity in
reases. Nevertheless, the 
on�den
e level of sum of exponential �t be
omesworse at high rapidities, the �t fails sometimes to separate the two a priori distin
t exponen-tial 
ontributions. The power law �t has shown a rather stable behavior, in the sense thatall spe
tra 
ould be �tted with this fun
tion. Therefore, in the rest of the 
hapter, if notexpli
itly mentioned, extrapolated pion yields are those estimated by the power law �t. In thetop panel of Fig. 6.6 are shown all �tted pion spe
tra. Results are listed in Tab. 6.7.Kaon spe
tra are subje
t to less ambiguities. They are best des
ribed by the single exponentialin mT (power law and exponential sum fail to des
ribe kaon spe
tra). The kaon resultsdis
ussed further are therefore solely based on the single exponential �t. The �ts are shownin the bottom panel of Fig. 6.6, and results listed in Tab. 6.8.6.3 ResultsIn this se
tion are presented results obtained from the �ts dis
ussed in the previous se
tion.The fo
us is on the rapidity dependen
e of parti
le yields and other spe
tral features. Theanalysis fo
uses on the top 5% 
entral events only.
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Fig. 6.6: Power law �ts to pion spe
tra (top) and exponential �t to kaon spe
tra (bottom).Spe
tra have been s
aled by 100, 10�1, 10�2, et
, from the top to the bottom.



138 Chapter 6. Results6.3.1 Spe
tral Slopes and Mean Transverse MomentumThe pion and kaon slope parameters are obtained from the single exponential �t. It has beenmentioned in the previous se
tion that this �t poorly des
ribes the overall shape of the pionspe
tra. Nevertheless, it is still valuable to sele
t a pT range 
ommon to all pion spe
tra, �t itwith this fun
tion and study the systemati
 of the extra
ted slope with rapidity. The inverseslope parameter systemati
 is shown in Fig. 6.7.
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Fig. 6.7: Inverse slope parameter as a fun
tion of rapidity. The pT range for pions is 
ommonto all spe
tra. Error bars are statisti
al.The pion slopes have a remarkably small rapidity dependen
e. The di�eren
e between thetwo extremes is � 20 MeV, so 10% of the estimated slopes. Kaon slopes show a strongerrapidity dependen
e. The mid{rapidity values (0 � y � 1:1) amount to � 300 MeV but startdropping as y & 2. They �nally rea
h values as low as � 230 MeV at y & 3. The de
reasetherefore amounts to � 25% from mid{rapidity to the highest rapidities. Su
h a systemati

an be interpreted as a smooth de
rease of 
olle
tive transverse 
ow as the rapidity in
reases.Together with the proton data of referen
e [30℄, a blast{wave analysis 
ould be 
arried out inorder to quantify the transverse 
ow systemati
 with rapidity.Figure 6.8 shows the mean transverse momentum hpT i of pions and kaons as a fun
tion rapidity.Using Eq. 6.1, this quantity is de�ned as follows:hpT i = R10 pT d2NdpT dy dpTR10 d2NdpT dy dpT = R10 2� p2T f(pT )dpTdNdy (6.8)where f(pT ) is the power law for pions (the other �t fun
tions give the same results) and thesingle exponential for kaons.
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Fig. 6.8: Mean transverse momentum as a fun
tion of rapidity.The 
orrelation exhibits the same trend as seen in Fig. 6.7. The pion mean transverse momen-tum varies little with rapidity from � 460 MeV/
 at mid{rapidity down to 420 MeV/
 at y > 3(less than 10% di�eren
e) while kaons drop from � 710 MeV/
 to � 580 MeV/
. Also remark-able is the equality between spe
tral features of positive and negative parti
les of the samekind. This indi
ates that sour
es of parti
les and anti{parti
les have similar 
hara
teristi
s atall rapidities 
overed in this analysis.6.3.2 Extrapolated YieldsParti
le yields as a fun
tion of rapidity are 
al
ulated by extrapolating the �t fun
tions tothe full pT range. The results are shown in Fig. 6.9. Both kaon and pion multipli
ities showa maximum at mid{rapidity and de
rease more and more rapidly with in
reasing rapidity(bell{shape). Negative and positive pions are equally distributed within the statisti
al errors,dN=dy amounts to � 300 at y = 0 and drops to � 90 at y � 3:5, i.e. a de
rease of morethan 2/3. Kaons are redrawn in the bottom panel of Fig. 6.9 for better visualization. It isfound that dN=dy(K�) are systemati
ally lower than dN=dy(K+) at all rapidities. At y < 1,positive (negative) kaon yields amount to � 47 (44) while high rapidity yields are in the orderor 18 (10). The drop between these two extremes � 62% (77%).Although the present data do not 
over the whole rapidity range, there is enough rapidity
overage to estimate the total integral after re
e
tion of the data around y = 0 (sin
e Au+Auis a mass symmetri
 system). This is done by �tting the rapidity density distribution by aneven fun
tion. Figure 6.10 shows three di�erent estimations. The �rst one (top) is based on aGaussian �t whose mean is �xed to y = 0, the se
ond �t (middle) uses a sum of two Gaussianfun
tions pla
ed symmetri
ally with respe
t to mid{rapidity (both Gaussian fun
tions have
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Fig. 6.9: Pion and kaon rapidity densities as a fun
tion of rapidity. Error bars are statisti
al.
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Fig. 6.10: Fits of pion and kaon rapidity distributions: single Gaussian (top), symmetri
 sumof Gaussian (middle) and symmetrized Wood-Saxon (bottom). Only measured data pointsare �tted. In
luding re
e
ted data points in the �t do not 
hange the results. Fits are equallygood in terms of �2=Ndof (� 0.6 and 1 for positive and negative parti
les respe
tively in allthree 
ases).



142 Chapter 6. Resultsthe same width and opposite means) that is referred to as \Gaussian sum" in the rest of thethesis, the last one (bottom) 
onsists of a symmetrized Wood{Saxon fun
tion:Gaussian: N�yp2� exp ��y2=2�2y� (6.9)Sum of Gaussian: N2�yp2� �exp ��(y + y0)2=2�2y� + exp ��(y � y0)2=2�2y�	 (6.10)Wood{Saxon: a= f1 + exp [(y � y0)=�y℄ + exp [�(y + y0)=�y℄g (6.11)where N is the total yield (set as a parameter when possible), �y the rapidity width andy0 the (positive and negative) mean rapidity. For the Wood-Saxon �t, it is not possible toanalyti
ally derive the normalization fa
tor a. In order to evaluate the statisti
al error onthe total yield, ea
h data point has been randomly moved within the 
orresponding statisti
alerror (a

ording to a Gaussian distribution). At ea
h throw, the Wood-Saxon �t has beenpro
essed and the integral 
al
ulated in ROOT has been stored in a histogram. After 5000throws, the histogram has shown a Gaussian distribution whose mean and width are the valuestabulated in Tab. 6.2. There is good agreement between the di�erent �ts, only � 2% (3%)Single Gaussian Gaussian sum Wood-SaxonN �y N y0 �y N y0 �y�+ 1743�11 2.28�0.02 1722�13 1.22�0.09 1.81�0.12 1762�9 2.35�0.16 1.06�0.08�� 1770�11 2.33�0.02 1741�12 1.27�0.08 1.81�0.11 1777�8 2.44�0.16 1.06�0.09K+ 286�4 2.42�0.06 286�4 0.02�3.57 2.42�0.25 294�6 1.59�1.81 1.48�0.54K� 242�3 2.12�0.04 239�2 1.19�0.13 1.60�0.21 243�2 2.24�0.26 0.96�0.16Tab. 6.2: Total yield estimation and �t parameters. Errors are statisti
al.di�eren
e at most is noti
ed for pion (kaon) yields. Note that there was no requirement thatdN=dy should be zero at the beam rapidity. Moreover, the integrals have been 
al
ulatedfrom y = �1 to +1. Restri
ting integrals to the range jyj < 5:36 (beam rapidity) redu
esyields by at most 2%. Errors remain una�e
ted. Note also that �tting measured data pointsor measured + re
e
ted data points does not signi�
antly a�e
t the results (less than 2%).6.3.3 Parti
le RatiosFrom parti
le yields, ratios are derived where rapidity intervals are 
ommon between kaonsand pions. The rapidity dependen
e of ratios quanti�es di�eren
es and similarities of parti
lesour
es (see dis
ussion in Chap. 7).Like{parti
le RatiosFigure 6.11 shows like{parti
le ratios as a fun
tion of rapidity. These ratios are de�ned asdN=dy(�) = dN=dy(+). The dashed lines represent ratios between the �t fun
tions obtainedin the previous se
tion. As 
an be seen, the pion ratio is 
onsistent with unity along the
overed rapidity range. The �ts hint toward a slight in
rease with rapidity, whi
h would notbe surprising be
ause of isospin 
onservation (see Chap. 7). The kaon ratio behaves di�erently.While the ratio is 
onstant from mid{rapidity to y � 1:1 and amounts to � 0.94, a drop o

ursaround y � 2, des
ribed by the last two �ts. The kaon ratio de
reases down to � 0.6 at thehighest rapidity (y = 3:3). Su
h a behavior is dis
ussed in Chap. 7.
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Fig. 6.11: Like{parti
le ratios as a fun
tion of rapidity. The dashed lines are ratios between�ts obtained in the previous se
tion. The solid line is to mark the di�eren
e with unity.



144 Chapter 6. ResultsKaon to Pion RatioThe kaon to pion ratio is shown in Fig. 6.12 as a fun
tion of rapidity. At y � 2 and y � 3:3,kaon and pion rapidity intervals slightly di�er. Therefore, an interpolation has been madebetween the kaon points in order to 
al
ulate a value at y = 2:2, where pion data exists, andbetween the pion points so as to 
ompare with the kaon rapidity density at y = 3:3. Bothpositive and negative ratios show the mid{rapidity plateau stru
ture already seen in the like{parti
le ratios. In this region, they amount to � 0.156 and 0.147 respe
tively. As the rapidityin
reases, the positive ratio remains 
onstant within the statisti
al errors although dN=dy �tratios tend to in
rease at y & 2 up to � 0.17 whereas the negative ratio drops signi�
antly andrea
hes � 0.10 at y = 3:3. In Chap. 7 is detailed a 
omparison with lower energy experiments.The statisti
al model \predi
tions" at p sNN = 200 GeV are also dis
ussed, together with
al
ulations from parton 
as
ade models.6.4 Systemati
 ErrorsIdeally, a detailed Monte{Carlo study of all steps (from PID to �nal spe
tra) would give anestimation of the �nal systemati
 errors. Sin
e it 
ould not be a
hieved due to la
k of time,systemati
 errors are evaluated from the data. Following referen
e [30℄, the errors are dividedinto two 
ategories:! Error introdu
ed by �tting spe
tra and extrapolating yields,! Error on the normalization of settings measuring the same phase{spa
e.6.4.1 Error from FitThe stability of the �t has been studied by:! varying the �t range (in
reased lower limit by 1 bin and de
reased upper limit by 1 bin,alternatively),! varying the pT bin size,! removing edge bins from the rapidity interval (alternatively),! �tting with other �t fun
tions that 
ould des
ribe the spe
tra (sum of exponentials for pionsand exponential in pT for kaons).The average systemati
 error introdu
ed by the �t is then estimated as�fit = sXi (x� xi)2 (6.12)where xi is the extrapolated dN=dy after variation i and x is the original result. Results arelisted in Tab. 6.3.y -0.05 0.05 0.50 0.70 0.90 1.10 1.30 2.20 2.50 3.05 3.15 3.25 3.35 3.53�� 1.2% 0.9% 1.1% 1.4% 0.9% 0.8% 1.7% 2.8% 3.8% 4.3% 4.2% 3.0% 4.8% 3.1%�+ 1.5% 1.5% 0.9% 1.2% 0.9% 0.5% 1.5% 3.4% 2.9% 2.6% 6.5% 3.4% 3.9% 3.4%Tab. 6.3: Estimated systemati
 errors of pion �ts. The high rapidity data are more sensitiveto small variations (see text).
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Fig. 6.13: Comparison between exponential in pT and mT �ts on kaon data (MRS data).As 
an be seen from Tab. 6.3, the errors on the FS data are systemati
ally larger than theMRS errors. This is due to the better low pT 
overage of the MRS, whi
h 
onstrains the �tsmore e�e
tively. Kaon �tting systemati
 errors are shown in Tab. 6.4.y -0.05 0.05 0.50 0.70 0.90 1.10 2.10 2.30 (2.40) 2.95 3.05 3.15 3.3K� 1.6% 1.0% 0.8% 0.4% 0.3% 0.5% 3.0% 4.0% 4.0% 5.3% 2.4% 5.6%K+ 2.5% 2.9% 0.8% 0.5% 1.7% 1.4% 4.8% 5.6% 3.3% 4.8% 5.3% 4.4%Tab. 6.4: Estimated systemati
 errors of kaon �ts.The errors on kaon data tabulated in Tab. 6.4 are evaluated without taking into a

ount theyield estimation from exponential in pT �ts. These errors are in
reased by a fa
tor rangingbetween 2 and 4 (rapidity dependent) when this �t is in
luded in Eq. 6.12. Figure 6.13 showsthe ratio between data and �ts, and the di�eren
e in yield extrapolation at low pT . In theMRS, the low pT 
overage allows to disregard the pT �t. This is not obvious for high rapiditydata where the lowest pT bin is often too high to rule out the exponential in pT but therelatively smooth dependen
e of the slope parameter with rapidity (Fig. 6.7) gives 
on�den
ethat the exponential in mT is a better 
hoi
e and therefore that the yield extrapolation froma pure exponential in pT �t 
an be ex
luded from the error estimation.6.4.2 Error From Dis
repan
ies between Data SetsParti
le spe
tra are often obtained by the 
ombination of several data sets that 
over thesame phase{spa
e or so. In order to evaluate the systemati
 error introdu
ed by dis
repan
iesbetween data sets, spe
tra are 
onstru
ted for ea
h of them within the 
ommon a

eptan
e.Yields are then 
al
ulated by 
ounting parti
les in the overlapping region. This leads to dif-ferent measurements of the same quantity dN=dyjs;a

. A weighted average over the individualmeasurements and 
orresponding �2 are derived:hYa

i = �dNdy �a

 = Psws � dN=dyjs;a

Psws (6.13)
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 Errors 147with weight ws de�ned as ws = 1=�s so that large statisti
al errors 
arry less weight, and�2measured = Xs (hYa

i � dN=dyjs;a

)2�2s (6.14)The number of degrees of freedom is equal to Nsets � 1. When �2measured=Ndof � 1, thestatisti
al errors are not enough to explain the di�eren
e between settings. A systemati
error that s
ales with the statisti
al error is added so that the redu
ed �2 in the 
onsideredphase{spa
e region be
omes 1. It reads:�2 = Xs (hY +i � Y +s )2�2Y +s (1 + �2) +Xs (hY �i � Y �s )2�2Y �s (1 + �2) (6.15)where Y +(�) is the positive (negative) pion or kaon dN=dy. This equation is used for theMRS data sets where both 
harge signs are dete
ted in ea
h setting. For FS data sets, onlynegative or positive parti
les are 
onsidered in the modi�ed �2. Requiring that �2=Ndof = 1determines the s
ale fa
tor �. The systemati
 error is then � = � � �stat. The resultingsystemati
 error depends on the yield in the 
overed range, i.e. it s
ales with the yield. Thetotal systemati
 error originating from data set 
omparison is therefore s
aled with the totalyield of the 
orresponding rapidity interval as follows�s
aled = � �stat � dN=dytotdN=dyja

� (6.16)(although the total yield only gives a rough s
ale fa
tor due to error on the extrapolation thatled to it). The total systemati
 error is then de�ned as �2syst = �2fit + �2s
aled, assuming thaterrors from �tting and from 
ombining data sets are independent. Note that only a limitedpT range at ea
h rapidity interval is 
ommon to FS data sets, whi
h do not in
lude the mostpopulated bins (low pT ). Therefore, the assumption is that the s
aling is valid for the wholerange. In Tab. 6.5 and 6.6 are listed the relevant quantities that lead to the �nal systemati
errors.6.4.3 Other Sour
es of Systemati
 ErrorsSome sour
es of systemati
 errors do not depend on rapidity, like errors introdu
ed by tra
kmat
hing in the magnets, PID pro
edures, or eÆ
ien
y estimations. For example, the tra
kingeÆ
ien
y estimated by the tra
k embedding and referen
e tra
k methods dis
ussed in Se
. 5.4.1disagree by up to 10% in the FS. Another main sour
e of systemati
 error is the parti
leyield extrapolation at low pT . In order to verify the behavior of the �t fun
tions, transversemomentum spe
tra 
al
ulated by the event generator HIJING [10℄ have been �tted with thethree test fun
tions within pT ranges 
orresponding to the experimental a

eptan
e. HIJINGspe
tra are not a priori des
ribed by these fun
tions. The extrapolated yields have been
ompared with yields 
al
ulated by HIJING. The di�eren
e found are not signi�
ant (in theorder of 1%) for the �t fun
tions 
hosen in this analysis.
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Rapidity pT range [GeV/
℄ dN=dya

 weighted �2=Ndof � �s
aled = (dN=dytot)�+ -0.05 0.7{1.9 64.2 � 1.8 53.6 / 11 3.1 8.4%�� 0.7{1.8 63.3 � 1.4 50.3 / 11 6.8%�+ 0.05 0.7{2.0 64.2 � 1.1 35.2 / 9 3.0 4.9%�� 0.7{1.7 62.0 � 2.4 44.0 / 9 11.8%�+ 0.50 0.3{1.6 197.0 � 2.2 62.6 / 3 6.1 6.9%�� 0.3{1.7 201.7 � 2.5 14.4 / 3 7.8%�+ 0.70 0.5{1.5 93.3 � 1.6 14.6 / 6 2.2 3.9%�� 0.5{1.5 92.9 � 1.6 14.8 / 6 3.7%�+ 0.90 0.8{1.3 35.4 � 1.3 61.2 / 9 3.9 14.7%�� 0.8{1.3 35.3 � 1.2 68.9 / 9 13.3%�+ 1.10 0.5{1.1 87.8 � 1.3 117.1 / 9 5.7 8.7%�� 0.5{1.0 88.8 � 1.4 147.6 / 9 8.9%�+ 1.30 0.2{1.1 177.9 � 2.3 147.2 / 4 8.9 11.7%�� 0.4{1.1 101.9 � 1.4 91.9 / 4 12.7%�+ 2.20 0.8{1.2 17.4 � 0.6 76.6 / 4 4.2 15.3%�� 0.8{1.2 16.5 � 0.4 51.4 / 4 3.4 9.6%�+ 2.50 0.5{0.9 39.0 � 1.3 2.1 / 2 < 1 3.1% (�stat)�� 0.5{0.9 36.9 � 0.5 165.1 / 3 7.35 10.4%�+ 3.05 1.0{1.5 5.4 � 0.3 11.8 / 2 2.2 13.8%�� 1.0{1.6 6.1 � 1.1 1.2 / 2 < 1 17.8% (�stat)�+ 3.15 1.0{1.6 4.1 � 0.2 11.1 / 2 2.1 11.5%�� 0.7{1.8 3.9 � 0.2 10.7 / 2 2.1 13.7%�+ 3.25 0.7{1.2 17.6 � 0.4 31.0 / 1 5.5 13.9%�� 0.7{1.2 18.1 � 0.4 81.8 / 1 9.0 21.4%�+ 3.35 0.7{1.1 14.1 � 0.5 23.7 / 2 3.3 11.6%�� 0.7{1.1 14.9 � 0.5 30.7 / 2 3.8 12.3%�+ 3.53 0.4{0.7 20.9 � 0.6 6.4 / 1 2.3 6.6%�� 0.4{0.7 22.1 � 1.2 9.9 / 1 3.0 15.6%Tab. 6.5: Estimated systemati
 error from pion data set 
omparison.
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Rapidity pT range dNdya

 (weighted) �2=Ndof � �s
aleddN=dytot[GeV/
℄K+ -0.05 0.8{1.6 15.9 � 1.1 27.3 /10 1.3 9.4%K� 0.7{1.7 16.1 � 0.8 8.4 /10 < 1 5.0% (�stat)K+ 0.05 0.7{1.7 19.7 � 0.7 45.3 / 8 2.2 7.6%K� 0.7{1.5 18.5 � 0.7 6.2 / 8 < 1 3.8% (�stat)K+ 0.50 0.5{1.5 28.7 � 0.9 2.5 / 3 < 1 3.1% (�stat)K� 0.5{1.5 27.2 � 0.9 0.9 / 3 < 1 3.3% (�stat)K+ 0.70 0.8{1.1 7.9 � 0.6 1.7 / 6 < 1 7.6% (�stat)K� 0.8{1.1 7.2 � 0.6 13.6 / 6 1.2 10.3%K+ 0.90 0.6{1.3 19.1 � 0.5 5.9 / 7 < 1 2.6% (�stat)K� 0.6{1.2 16.9 � 0.6 8.5 / 7 1.0 3.5%K+ 1.10 0.6{1.1 14.8 � 0.6 17.3 / 4 3.0 12.6%K� 0.6{1.1 14.0 � 0.5 23.3 / 4 10.9%K+ 2.10 0.8{1.6 10.0 � 1.1 � 1 < 1 11.8% (�stat)K� 0.8{1.5 5.9 � 0.3 0.3 / 1 < 1 5.2% (�stat)K+ 2.40 0.5{0.9 11.3 � 0.5 1.7 / 1 < 1 4.4% (�stat)K� 2.30 0.4{0.8 11.9 � 0.4 20.8 / 2 3.1 11.2%K+ 2.95 1.0{2.0 2.7 � 0.2 3.8 / 1 1.7 12.1%K� 1.0{1.7 2.1 � 0.3 � 1 < 1 16.8% (�stat)K+ 3.05 0.7{1.8 6.8 � 0.3 22.9 / 1 4.7 20.8%K� 0.7{1.6 5.0 � 0.2 13.4 / 1 3.5 18.0%K+ 3.15 0.7{1.3 5.7 � 0.2 10.1 / 2 2.0 9.2%K� 0.7{1.3 4.0 � 0.2 2.1 / 2 < 1 4.9% (�stat)Tab. 6.6: Estimated systemati
 error from kaon data set 
omparison. The multipli
ity at thehighest rapidity interval (y = 3:3) has been obtained with only one data set. The systemati
error is set to 20%.



150
Chapter6.

Results y interval �t range dN=dy hpT i�t (MeV/
) �2=Ndof (dN=dy)
ounting�trange (dN=dy)�t�trange Fra
tion�+ �0:10 � y � 0:00 0:2 � pT � 2:0 302.5 � 4.3 455.1 � 3.7 27.7 / 15 229.6 227.6 75.9%�� 299.4 � 4.4 455.3 � 4.1 20.5 / 15 226.7 227.1 75.7%�+ 0:00 � y � 0:10 0:2 � pT � 2:0 306.6 � 4.8 450.0 � 4.2 15.7 / 15 229.4 220.1 74.8%�� 295.1 � 6.7 453.9 � 3.9 25.4 / 15 224.4 221.3 75.7%�+ 0:40 � y � 0:60 0:1 � pT � 1:8 297.8 � 3.7 448.7 � 4.0 14.7 / 14 266.8 271.0 89.5%�� 300.3 � 3.8 452.3 � 4.1 26.3 / 14 268.1 273.5 89.2%�+ 0:60 � y � 0:80 0:1 � pT � 1:7 290.4 � 2.8 446.2 � 3.8 13.7 / 13 257.9 263.8 88.9%�� 0:2 � pT � 1:6 288.0 � 2.4 449.7 � 3.6 9.6 / 12 249.8 262.0 86.7%�+ 0:80 � y � 1:00 0:2 � pT � 1:5 288.6 � 2.0 438.0 � 2.6 12.8 / 10 213.5 213.5 74.0%�� 293.1 � 2.1 436.1 � 2.7 12.3 / 10 215.7 215.7 73.6%�+ 1:00 � y � 1:20 0:1 � pT � 1:3 273.3 � 3.1 431.0 � 5.6 17.9 / 9 246.8 244.6 90.4%�� 0:2 � pT � 1:3 272.0 � 2.7 431.4 � 4.2 4.5 / 8 198.4 198.2 72.9%�+ 1:20 � y � 1:40 0:1 � pT � 1:1 256.6 � 1.8 418.1 � 3.8 20.3 / 7 224.2 226.4 87.4%�� 259.7 � 2.1 420.5 � 3.4 16.2 / 7 225.6 229.5 86.9%�+ 2:10 � y � 2:30 0:2 � pT � 2:4 198.2 � 3.5 438.1 � 5.4 40.5 / 19 151.5 150.2 77.4%�� 0:2 � pT � 2:3 204.5 � 2.9 423.2 � 10.0 48.6 / 18 149.4 151.0 73.0%�+ 2:40 � y � 2:60 0:3 � pT � 2:1 167.2 � 3.3 419.5 � 6.4 30.5 / 15 97.0 97.4 57.3%�� 0:4 � pT � 1:9 177.2 � 4.9 405.4 � 7.2 24.3 / 12 75.8 74.6 42.6%�+ 3:00 � y � 3:10 0:3 � pT � 2:0 129.0 � 2.7 419.3 � 5.4 21.7 / 16 73.4 73.4 56.9%�� 0:3 � pT � 2:1 131.1 � 4.1 405.4 � 7.2 11.1 / 15 71.0 71.3 54.2%�+ 3:10 � y � 3:20 0:4 � pT � 1.6 120.0 � 4.0 425.7 � 10.5 17.2 / 9 50.7 51.0 42.2%�� 122.3 � 2.6 415.6 � 5.9 14.2 / 9 51.5 51.7 42.1%�+ 3:20 � y � 3:30 0:2 � pT � 1:2 110.4 � 1.2 432.5 � 6.1 44.3 / 7 83.7 81.4 75.9%�� 117.5 � 1.6 432.1 � 5.5 60.0 / 7 87.4 86.7 74.4%�+ 3:30 � y � 3:40 0:2 � pT � 1:5 96.5 � 1.9 408.6 � 10.7 26.3 / 10 70.2 71.1 72.7%�� 0:2 � pT � 1:6 98.0 � 1.6 410.5 � 4.9 50.9 / 11 76.6 72.7 78.1%�+ 3:40 � y � 3:66 0:3 � pT � 1:1 91.6 � 2.6 408.1 � 10.7 14.1 / 5 49.0 49.0 51.8%�� 94.7 � 1.6 399.3 � 4.5 46.3 / 5 50.9 50.3 53.7%Tab. 6.7: Results of the power law �ts to pion spe
tra for the top 5% 
entral events. The errors are statisti
al. The last three 
olumnslist the yields 
al
ulated from the data within the �t range, the yield estimated from the �t within the �t range and the fra
tion of the
ounted yield to the total yield, i.e. the 
overage of the setting.
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y interval �t range dN=dy Te� (MeV) hpT i�t (MeV/
) �2=Ndof (dN=dy)
ounting�trange (dN=dy)�t�trange Fra
tionK+ �0:10 � y � 0:00 0:2 � pT � 2:0 47.6 � 0.9 295.2 � 4.0 709.8 � 10.8 17.7 / 16 41.2 43.0 86.5%K� 43.1 � 1.1 295.3 � 4.6 710 � 13.2 19.0 / 16 37.8 38.9 87.8%K+ 0:00 � y � 0:10 0:2 � pT � 2:0 46.8 � 1.3 296.5 � 5.5 712.4 � 15.5 22.7 / 16 42.0 42.3 89.7%K� 44.0 � 0.9 293.1 � 4.3 705.9 � 11.6 18.7 / 16 39.3 39.8 87.8%K+ 0:40 � y � 0:60 0:1 � pT � 1:8 46.7 � 0.9 288.7 � 4.9 697.5 � 14.2 11.4 / 15 44.3 44.6 94.7%K� 44.3 � 0.8 280.7 � 4.8 682.0 � 14.2 21.6 / 15 42.8 42.4 96.5%K+ 0:60 � y � 0:80 0:3 � pT � 1:6 45.6 � 0.5 301.3 � 4.4 727.2 � 12.6 24.4 / 11 35.9 35.9 78.6%K� 0:1 � pT � 1:7 44.1 � 0.6 284.8 � 4.3 686.8 � 11.6 9.0 / 14 41.3 41.7 94.0%K+ 0:80 � y � 1:00 0:2 � pT � 1:5 44.4 � 0.6 305.3 � 5.3 728.2 � 10.8 17.4 / 11 38.1 38.0 85.7%K� 0:2 � pT � 1:4 42.1 � 0.5 288.1 � 4.6 696.4 � 9.6 4.9 / 10 35.1 35.5 83.3%K+ 1:00 � y � 1:20 0:3 � pT � 1:3 42.8 � 0.8 281.8 � 8.2 683.8 � 14.4 6.1 / 8 30.7 31.4 71.7%K� 0:3 � pT � 1:2 40.6 � 0.8 305.0 � 11.1 728.7 � 22.6 2.8 / 7 27.7 28.2 68.1%K+ 2:00 � y � 2:20 0:5 � pT � 1:7 33.3 � 2.9 270.8 � 15.8 666.5 � 38.2 10.9 / 10 19.1 18.8 57.4%K� 0:2 � pT � 1:6 29.2 � 1.1 261.6 � 9.5 645.4 � 24.3 10.7 / 12 25.0 25.6 85.6%K+ 2:30 � y � 2:50 0:6 � pT � 1:3 27.6 � 1.2 263.2 � 20.7 645.8 � 37.4 2.4 / 5 11.4 10.9 41.3%K� 2:20 � y � 2:40 0:4 � pT � 1:2 24.6 � 1.1 259.2 � 18.7 640.9 � 46.2 9.6 / 6 14.4 14.6 58.6%K+ 2:90 � y � 3:00 0:8 � pT � 2:1 23.7 � 2.2 241.5 � 10.1 606.8 � 39.2 7.3 / 11 6.0 5.9 25.3%K� 0:7 � pT � 2:1 18.0 � 0.5 227.1 � 6.3 577.0 � 32.8 1.6 / 12 5.3 5.4 29.7%K+ 3:00 � y � 3:10 0:7 � pT � 2:1 22.2 � 1.8 241.0 � 11.4 608.9 � 32.6 33.8 / 12 7.7 7.3 34.7%K� 0:6 � pT � 1:8 16.4 � 1.0 231.0 � 9.5 578.5 � 22.8 23.3 / 10 6.5 6.6 39.6%K+ 3:10 � y � 3:20 0:6 � pT � 1:9 20.1 � 1.0 233.2 � 7.6 590.9 � 20.7 14.8 / 11 7.9 8.1 39.6%K� 0:6 � pT � 1:8 15.3 � 0.8 219.2 � 7.0 563.8 � 19.3 12.7 / 10 5.8 5.8 37.6%K+ 3:20 � y � 3:40 0:5 � pT � 1:7 18.1 � 0.6 245 � 9.1 613.5 � 16.7 20.3 / 10 10.0 9.6 55.0%K� 0:4 � pT � 1:7 11.4 � 0.4 228.5 � 7.6 581.8 � 16.3 9.2 / 11 7.3 7.2 64.2%Tab. 6.8: Results of the mT{exponential �ts to kaon spe
tra for the top 5% 
entral events. The errors are statisti
al.
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Chapter 7Dis
ussionEnergy systemati
s of kaon and pion produ
tion are presented and reveal a remarkable 
onti-nuity from SPS to RHIC. The rapidity dependen
e of kaon and pion observables are 
omparedto HIJING and AMPT predi
tions. Finally, the statisti
al models are investigated and reveala very good agreement with the data.7.1 Energy systemati
sThe results presented in the previous 
hapter are 
ompared with lower energy data from SIS(p sNN � 1 GeV) to RHIC. This follows the dis
ussion introdu
ed in Se
. 2.3.7.1.1 PionsFigure 7.1 shows the rapidity distribution of �� ( (�+ rapidity distributions from SPS arenot available). The overall multipli
ity in
reases with in
reasing in
ident energy while theshape of the distribution does not show a drasti
 
hange and s
ales with the beam rapidity.In Tab. 7.1 are listed the �t parameters from the Gaussian sum (as dis
ussed in the previous
hapter) applied to all �� distributions. As 
an be seen, the mean y0 is shifted toward higherp sNN (GeV) ybeam (CM) y0 �y1.9 0.46 0.44 � 0.16 0.62 � 0.192.3 0.75 0.06 � 2.18 0.64 � 0.213.0 1.08 0.37 � 0.10 0.65 � 0.093.6 1.28 0.06 � 1.44 0.81 � 0.124.1 1.42 0.04 � 0.75 0.85 � 0.048.8 2.22 0.67 � 0.01 0.87 � 0.0112.2 2.57 0.76 � 0.01 0.97 � 0.0117.3 2.91 0.72 � 0.02 1.18 � 0.02200 5.36 1.27 � 0.08 1.81 � 0.11Tab. 7.1: Gaussian sum �t parameters on �� rapidity distributions from SIS to RHIC energies(the �t is not always adequate on low energy data).rapidities and the width �y is signi�
antly broader at RHIC than at all lower energies.153
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Fig. 7.1: Pion rapidity density as a fun
tion of rapidity and p sNN from SIS to the top RHICenergies. The NA49 data are taken from [42℄, the AGS data from [43, 44℄ and the SIS datafrom [45, 46℄.Figure 7.2 shows the positive and negative pion mid{rapidity and 4� multipli
ities (toppanel) and ratios (bottom panel) as a fun
tion of p sNN . Both �� and �+ multipli
ities,whether total or only at mid{rapidity, show a systemati
 in
rease with p sNN but the in-
rease from SPS to RHIC is less pronoun
ed than from SIS to the top SPS energy. The ratioN(��)RHIC=N(��)SPS is � 2.8 (also for �+) while the ratio N(��)SPS=N(��)SIS is � 46 (95for �+). At mid{rapidity, these ratios are 1.7 (1.8) and 37.3 (70.8). Another noti
eable featureis the in
reasing ratio N�=(dN�=dy)y=0. It shows that the total multipli
ity of positive andnegative pions is less and less dominated by the mid{rapidity multipli
ity. It points to the fa
t,together with parameters of Tab. 7.1, that the shape of the mid{rapidity region 
attens moreand more and tends to the Bjorken pi
ture [11℄ where yields are boost invariant over a fewunits of rapidity. At the same time, the ��=�+ ratio de
reases from � 1.9 at p sNN = 1:9 GeVto � 1.0 at p sNN = 200 GeV, with the same magnitude at mid{rapidity and over the fullrapidity range. This leads to the 
on
lusion that u�u and d �d quark pairs are produ
ed in equalamount at RHIC (string break{up) in 
ontrast with low energy data, where it has been shownthat pion produ
tion is dominated by the �(1232) resonan
e de
ay [46℄ and 
harge ex
hangerea
tion NN ! NN�. Indeed, at p sNN . 2 GeV, the ratio ��=�+ ratio 
an be dedu
ed bystudying the isospin bran
hing ratios of these produ
tion modes [43, 115℄:�� �0 �+nn 5 1 0pp 0 1 5np = pn 1 4 1The bran
hing ratios go like the absolute square of the s
attering amplitudes, whi
h aredetermined by the Clebs
h{Gordan 
oeÆ
ients for the 
orresponding isospin 
ombinations
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Fig. 7.2: Energy systemati
 of positive and negative pion multipli
ities and ratios. Solid linesare drawn to guide the eye. The errors are systemati
.(I� = j1 > and IN = j1=2 >). Sin
e the measured ratios are in
lusive, they in
lude allpro
esses, be they NN ! NN� or from nu
leoni
 resonan
e de
ays su
h as �(I� = j3=2 >)or N�(IN� = j1=2 >). In Au+Au, there are 2 � 118 neutrons and 2 � 79 protons. In themost 
entral 
ollisions, assuming that all nu
leons parti
ipate, there are a maximum of 1182,792 and 2 � 118 � 79 nn, pp and pn 
ollisions respe
tively that 
ould to the produ
tion ofpions. By summing these produ
tion ratios weighted a

ording to the pion bran
hing ratios,the 
harged pions are expe
ted to be produ
ed in the ratiohN��ihN�+i � 5N2 +NZ5Z2 +NZ = 1:95 (7.1)whi
h is the measured value at SIS. The de
reasing of this ratio quanti�es the in
reasing roleof pair produ
tion.
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ussion7.1.2 KaonsDo kaons exhibit the same features as pions ? It has already been noti
ed in the previous
hapter how K+ and K� rapidity distributions and ratio are strongly rapidity dependent.This is explained by the net{proton evolution with rapidity. Figure 7.3 is a 
ompilation ofrapidity density distributions of K+ and K� at di�erent p sNN .
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Fig. 7.3: Kaon rapidity density as a fun
tion of rapidity and p sNN . The NA49 data aretaken from [42℄, the AGS data from [47, 48, 49℄. The very low multipli
ities are not drawn for
larity.De visu, the relative di�eren
e between K+ and K� multipli
ities at p sNN = 200 GeV isnot as pronoun
ed as with lower energy data. For the latter, the negative kaon distributionsare mu
h lower than the positive distributions even at SPS energies. The single Gaussian �tparameters of the distributions are listed in Tab. 7.2. Note that in referen
e [42℄ (NA49), the�t fun
tion is the Gaussian sum as de�ned in Chap. 6. The 
hoi
e of the single Gaussian �tused here is for qualitative 
omparison sin
e the AGS data are not well des
ribed by the NA49�t fun
tion. p sNN (GeV) ybeam(CM) �y(K+) �y(K�)2.3 0.75 0.82 � 0.04 below produ
tion threshold3.0 1.08 0.95 � 0.03 0.74 � 0.023.6 1.28 0.96 � 0.03 0.74 � 0.034.1 1.42 0.97 � 0.05 0.75 � 0.044.7 1.57 0.96 � 0.06 0.71 � 0.048.8 2.22 1.15 � 0.03 0.91 � 0.0212.2 2.57 1.28 � 0.03 1.13 � 0.0317.3 2.91 1.51 � 0.04 1.26 � 0.03200 5.36 2.40 � 0.04 2.12 � 0.02Tab. 7.2: Distribution width from single Gaussian �t on kaon rapidity distributions fromAGS to RHIC energies.
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s 157Like for pions, the width in
reases with in
reasing p sNN but only at energies above the AGSenergy range. Figure 7.4 shows the dependen
e of the width of the kaon multipli
ity distri-butions with the beam rapidity in the 
enter of mass frame. There is no signi�
ant width
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Fig. 7.4: Width of kaon rapidity distribution as a fun
tion of beam rapidity (in the 
enter ofmass frame) for the top 5% 
entral 
ollisions. Widths are obtained from a Gaussian �t, errorsare statisti
al.in
rease in the AGS energy domain but then, a sharp and linear in
rease o

urs from the topAGS energy to RHIC energy. A linear �t have been performed within this parti
ular range(red dashed lines). The slope of the linear �t is similar for K+ and K�, and amounts to � 0.4.The pi
ture emerging is that of a system with in
reasing longitudinal 
ow, a more and moreelongated �reball along the beam axis with in
reasing transparen
y. It is indeed observedthat the maximum stopping measured in 
entral Au+Au 
ollisions is a
hieved at the top AGSenergy (see [30℄ and referen
es therein). By studying the net{
harge N(K+) � N(K�), the
orrelation between net{kaons and net{baryons is even more remarkable, as 
an be seen inFig. 7.5, dire
tly 
omparable to Fig. 1.17 of Se
. 1.4.2. Note that the BRAHMS kaon datapresented here do not 
over the full fragmentation region, the spe
trometer a

eptan
e 
easesjust before this region. The other main noti
eable thing is the relatively low net{
harge atthe top RHIC energy in 
omparison with the lower energy data, although kaon multipli
itiesare mu
h higher at p sNN = 200 GeV.The elongation along the longitudinal dire
tion, o

urring from the top AGS energy, is seenin the transverse a
tivity of kaons, already mentioned in Se
. 2.3 and illustrated Fig. 2.7. InFig. 7.6 is summarized the slope information with the addition of the measured inverse slopeat p sNN = 200 GeV. On the left panel, data points are plotted on a logarithmi
 energy s
ale.Indeed, a plateau stru
ture is visible in the SPS energy range, as reported in [52℄. But theright panel of this �gure shows the data points plotted on a linear energy s
ale. It is 
learthat the dis
ussion on the plateau stru
ture ([52℄) requires more data at energies intermediatebetween SPS and RHIC. The other important thing to noti
e is the sharp 
hange in the



158 Chapter 7. Dis
ussion

y
-4 -3 -2 -1 0 1 2 3 4

-
K

 -
 N

+
K

N
et

-K
ao

ns
 N

0

2

4

6

8

10

12

14

16  BRAHMS 200 GeV

 NA49 17.3 GeV

 E917/E866 4.7 GeV

Fig. 7.5: Net{kaon multipli
ity versus rapidity and p sNN . Errors are statisti
al.
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Fig. 7.6: Inverse slope parameter extra
ted from an exponential in mT �t on kaon spe
traas a fun
tion of p sNN . SIS data are taken from [50, 51℄, AGS data from [48, 47℄, SPS datafrom [42℄ and RHIC at p sNN = 130 GeV from [116℄. Error bars are full errors (syst. + stat).The data in the right panel (same as left) are plotted on a linear energy s
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7.1. Energy systemati
s 159slope in
rease around the energy between AGS and SPS. It supports the statement about thestrength of the longitudinal 
ow taking over the transverse expansion. The question is: whydoes it happen so sharply? Sin
e pions 
annot be �tted to a single exponential in mT , su
han analysis is not straightforward. However, one 
ould investigate mean transverse momentahpT i� as a fun
tion of p sNN . An alternative slope measurement of the singly strange baryon� at mid{rapidity [117℄ is shown in Fig. 7.7 as a fun
tion of logp sNN . The systemati
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Fig. 7.7: Inverse slope parameter extra
ted from an exponential in mT �t on � spe
tra as afun
tion of p sNN (�gure from [117℄).
onsists of a steady in
rease from AGS energies (but with large errors) to RHIC, no plateauis visible.Multipli
ities and RatiosMultipli
ities and ratios are 
orrelated to p sNN in Figure 7.8. Like for pions, the big dis-
repan
ies seen at low energy between K+ and K� tend to disappear as p sNN approa
hesthe RHIC top energy. The energy systemati
 between the AGS and SPS energy domains issomewhat a turning point in the rea
tion dynami
s, as has been already noti
ed from Fig. 7.4.It is also visible in the multipli
ities (4� and at mid{rapidity). The ratios hKi = (dN=dy)y=0also show (together with pion ratios) that the sour
e is more and more elongated as p sNNin
reases.7.1.3 Kaons versus PionsIn this se
tion, the study of kaons w.r.t. pions, started in Chap. 2 is 
arried along. Here isreviewed the energy dependen
e of the 
orrelation between kaon and pion multipli
ities. Aswas mentioned in Chap. 2, kaons 
arry a large fra
tion of the produ
ed strangeness and di�erfrom pions in that respe
t.
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Fig. 7.8: Energy systemati
 of positive and negative kaon multipli
ities and ratios. Solidlines are drawn to guide the eye. Errors are systemati
. Note the similitude between thehNKi =Ky=0 ratio and the energy systemati
 of the rapidity distribution width (Fig. 7.4).Multipli
ity CorrelationFigure 7.9 shows the kaon multipli
itiesNK++NK� as a fun
tion of N�++N��. The BRAHMSdata points 
orrespond to the di�erent rapidity intervals 
overed in this analysis. The datapoint at the topmost pion multipli
ities represents the extrapolated 4� multipli
ities andratio. There is a remarkable linearity between the BRAHMS data points. A linear �t givesNK++K� / 0:16N�++��, with a 
on�den
e level �2=Ndof = 10:2=10. The SPS data 
an also bedes
ribed by a linear fun
tion. A �t gives NK = 0:12N� + 3:90. The AGS data points 
annotbe des
ribed this way sin
e 
onne
ting mid{rapidity data to 4� data does not lead to a linear
orrelation. It is also interesting to note that high rapidity regions in Au+Au 
ollisions atp sNN = 200 GeV re
over the mid{rapidity physi
s of Pb+Pb 
ollisions at low SPS energies.This is supported by the kaon inverse slope parameters, in the order of � 230 MeV in both
ases. The 
on
lusion is that there is a total 
harged kaon multipli
ity enhan
ement fromSPS to RHIC, relative to 
harged pion multipli
ity. However, saying that it is a strangeness
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ities. The dashed line in the toppanel is a linear �t on the BRAHMS data. In the bottom panel, the �t is divided by the pionmultipli
ity. Solid lines are drawn to guide the eye. Errors are statisti
alenhan
ement needs a study of neutral kaon, pion1 and strange baryon produ
tion.Charged Kaon to Pion RatiosThe other relevant 
orrelation is the signed kaon to pion multipli
ity ratios. Both are mesons,pions are the lightest non{strange hadrons while kaons are the lightest strange hadrons and
arry a good fra
tion of the strangeness produ
ed during 
ollisions. The ratio between the mul-tipli
ities of these parti
les therefore 
hara
terizes strangeness produ
tion w.r.t. non strangelight quarks. Figure 7.10 shows the kaon to pion ratios obtained from mid{rapidity multi-pli
ities. The ratios obtained at p sNN = 200 GeV from the present analysis show how they
onverge toward the same value (� 15%). The measured values are 15.5% � 0.3% (stat) and14%.6 � 0.3% (stat) respe
tively. Do full multipli
ity ratios follow this trend? In Fig. 7.11 are1From isospin 
onsideration, K0S (�0) total multipli
ities 
an be taken as the average between 
harged kaons(pions).
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Fig. 7.10: Mid{rapidity kaon to pion ratio as a fun
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7.2. Model Comparison 163plotted the 4� ratios, after the estimates of the total multipli
ities. The positive ratio sharplyrises within the AGS energy domain up to � 20% here too but remains remarkably 
onstantat 16.6% from the top SPS energy to RHIC. This is partly due to the 
ontributions of nonmid{rapidity kaon multipli
ities whi
h 
annot only be a

ounted for dire
t pair produ
tion(
f. Fig. 6.12). The negative ratio is 
omparable with the ratio restri
ted to mid{rapidity butis still somewhat lower than the latter, even at p sNN = 200 GeV where it amounts to 13.4%� 0.1% (stat), again be
ause of high rapidity e�e
ts like K� absorption (higher net{baryonthan at y = 0).7.2 Model ComparisonThe models 
hosen for 
omparison are HIJING, AMPT and two versions of the statisti
almodel (the hadron gas model and the statisti
al model of the early stage), introdu
ed inChap. 2.7.2.1 Mi
ros
opi
 ModelsThe event generators HIJING and AMPT have been used to simulate the most 
entral Au+Au
ollisions at p sNN = 200 GeV. The 
entrality determination is a
hieved by requiring an im-pa
t parameter lower than 3.1 fm. This value 
omes from a 
ut on the total distribution ofthe impa
t parameter (5% of the distribution)2. Sin
e hyperons 
an 
ontribute to pion andkaon multipli
ities, two simulations, with and without hyperon de
ay, have been performedwith HIJING, but AMPT 
al
ulations are without weak de
ay3. Quantum number 
onserva-tion has been 
he
ked. It is found that the total energy, total ele
tri
al 
harge and baryoni
numbers are 
onserved. However, from the 
al
ulations without weak de
ay, it has been foundthat total strangeness is 
onserved in AMPT but not in HIJING. The deviation from zerostrangeness is shown in Fig. 7.12. The 
omparison between HIJING and experimental data
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Fig. 7.12: Strangeness is not 
onserved in HIJING. In the left panel is shown the totalstrangeness versus the number of strange parti
le per event. In the right panel is shown theproje
tion onto the total strangeness axis. The mean total strangeness found is 14 � 14.2Cutting on the 
harged parti
le multipli
ity distribution does not a�e
t the results.3The 
al
ulated data were kindly provided by the authors sin
e the 
ode is not yet available.
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ussionsu�ers from this error. The authors of this model suspe
t a weak de
ay leak even when weakde
ay is swit
hed o�.Rapidity distributionsFigure 7.13 shows the rapidity density distributions of 
harged kaons and pions predi
tedby HIJING and AMPT, together with the experimental data of this analysis. Overall, the
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Fig. 7.13: Charged pion and kaon distribution 
al
ulated by HIJING and AMPT for the top5% 
entral 
ollisions. The dashed histograms represent the simulation with weak de
ay. Themarkers represent the data. Errors are statisti
al.event generators do not reprodu
e the rapidity distributions. Pions are overestimated by bothAMPT and HIJING while kaons are underestimated by HIJING and overestimated by AMPT.The high rapidity data (2 . y . 4) are reasonably reprodu
ed by HIJING ex
ept for K+.AMPT predi
ts distributions systemati
ally too broad. At mid{rapidity, HIJING and AMPTdo not reprodu
e the data for all 
harged mesons, with or without weak de
ay. The dis-agreement seen for high rapidity K+ 
an be explained by the absen
e of res
attering betweenhadrons in the model (no asso
iated produ
tion resulting from multiple NN intera
tions).However, AMPT whi
h does 
ontain hadroni
 res
attering, slightly over-predi
ts the K+ mul-tipli
ities at jyj > 3. At mid{rapidity, the plateau (pions) and even depletion (kaons) seen in
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le ID hNi �y�+ HIJING no de
ay 1901 � 20 1.54 � 0.02HIJING weak de
ay 2053 � 20 1.53 � 0.02AMPT no de
ay 2046 � 20 1.56 � 0.02data 1733 � 13 1.81 � 0.12�� HIJING no de
ay 1925 � 20 1.60 � 0.03HIJING weak de
ay 2094 � 20 1.60 � 0.03AMPT no de
ay 2050 � 20 1.57 � 0.02data 1769 � 13 1.81 � 0.11K+ HIJING no de
ay 229 � 7 1.29 � 0.05HIJING weak de
ay 224 � 7 1.29 � 0.05AMPT no de
ay 337 � 8 1.31 � 0.03data 286 � 4 2.40 � 0.04K� HIJING no de
ay 214 � 6 1.28 � 0.04HIJING weak de
ay 209 � 6 1.29 � 0.04AMPT no de
ay 325 � 8 1.25 � 0.03data 239 � 2 2.12 � 0.02Tab. 7.3: Comparison between HIJING and experimental data rapidity distributions. Theparameters are from a �t to the Gaussian sum.the HIJING distributions are not experimentally measured. On the other hand, AMPT failsalso at des
ribing the width of the distributions. In Tab. 7.3 are listed the widths of the ra-pidity distributions after �ts to a Gaussian sum (
f. Chap. 6). The widths estimated from �tsto HIJING and AMPT data are systemati
ally narrower then the experimental widths. Thedis
repan
y with the data is more visible when looking at the ratio as a fun
tion of rapidity(
f. Fig. 7.14). The ��=�+ ratio is very well reprodu
ed along the rapidity range 
overed bythe data despite the dis
repan
y in the absolute yields. The K�=K+ is well des
ribed overthe rapidity range jyj . 2 but fails at higher rapidities: HIJING predi
ts an in
rease towardunity while the data show a signi�
ant de
rease, AMPT does predi
t a de
rease but startingat a higher rapidity (between 3 and 3.5). The kaon to pion ratios are not reprodu
ed at allex
ept for the highest rapidity intervals of the negative ratio (AMPT). The 
on
lusion is thatHIJING needs to in
lude some res
attering between hadrons following partoni
 
as
ade whileAMPT has to de
rease it.Transverse PropertiesHIJING and AMPT are 
ompared to the mean pT data as a fun
tion of rapidity. The simu-lated spe
tra have been 
onstru
ted at the rapidity intervals used for the experimental mea-surements. Figure 7.15 shows the 
omparison with the experimental data. As 
an be seen,the mean transverse momentum from HIJING is systemati
ally lower than the measured hpT iat all rapidities. The same goes for AMPT but the latter shows a higher mean transversemomentum than HIJING for kaons. The HIJING kaon (pion) values are � 35% (15%) loweron average while AMPT values are 15% (10%) lower. This shows that these event generatorsdo not in
lude 
olle
tive transverse 
ow. However, the trend of the rapidity dependen
e isreasonably reprodu
ed, a mid{rapidity plateau followed by a small de
rease at high rapidities(� 20%). In 
on
lusion, although HIJING and AMPT reasonably des
ribe the proton dataof referen
e [30℄ and the overall 
harged parti
le multipli
ity [100, 101℄, the 
harged mesonabundan
es are not well reprodu
ed.
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7.2. Model Comparison 1677.2.2 Statisti
al ModelsIn this se
tion are dis
ussed the main \predi
tions" of the statisti
al model, although pre-di
tion is not really the right word for the hadron gas model sin
e it aims at �tting theexisting data in order to extra
t a 
ommon temperature identi�ed as the 
hemi
al freeze{outtemperature, and the baryo{
hemi
al potential �B (
f. Se
. 2.4.1).Hadron Gas ModelIn the Boltzmann approximation, the rapidity distribution of parti
les emitted from a ther-malized sour
e of temperature T, at rest in the 
enter of mass frame of the system is given bythe equation:dNdy = 2�A �m2T � + 2mT �2 + 2T �3� (7.2)where T � is the apparent temperature or inverse slope parameter of parti
le spe
tra and A anormalization 
onstant. In this 
ase, T � = T= 
osh y. A qui
k inspe
tion of Fig. 6.7 showsthat the rapidity dependen
e of T � is very small, i.e. T (stati
 sour
e) 
hanges with rapidity,in 
ontradi
tion with a thermalized stati
 sour
e. Figure 7.16 shows the measured rapiditydistributions 
ompared to the Boltzmann des
ription, using the measured mid{rapidity T � asthe sour
e temperature T (sin
e 
osh (0) = 1). The distributions are 
learly not des
ribed by
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Fig. 7.16: Expe
ted thermal rapidity distributions (Boltzmann) from a sour
e at rest atmid{rapidity with a temperature equal to that measured at y = 0.the Boltzmann approximation as expe
ted. Nevertheless, a study on parti
le ratios 
ondu
ted
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ussionby BRAHMS [38℄ has shown that when 
orrelated with the �p=p ratio, the kaon ratio K�=K+at p sNN = 200 GeV within the rapidity range 
overed, strikingly follows the 
al
ulated
orrelation from the thermal model developed by Be
attini et al [27℄, illustrated in Fig. 7.17.The di�eren
e between the dashed line and the predi
tion from Be
attini is the introdu
tion
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Fig. 7.17: Kaon ratio versus proton ratio. The BRAHMS data points from Au+Au atp sNN = 200 GeV 
orrespond to di�erent rapidity interval. The dashed line is obtained byquark 
ounting. The solid line is a predi
tion from Be
attini et al [27℄.of a strangeness suppression fa
tor in the latter, as mentioned in 2.4.1. The model 
urve is ata 
onstant temperature, here T = 170 MeV. The good agreement between the data and themodel suggests that the system looks 
hemi
ally equilibrated with a 
ommon temperature,although not as a thermalized sour
e at rest at y = 0. Pion and kaon data presented here
an qualitatively support this statement. Indeed, from the e�e
tive temperatures plottedin Fig. 6.7, one 
an 
he
k if there is a 
ommon temperature at ea
h rapidity interval afterhaving removed the transverse 
ow 
ontribution (Teff � Tfo + m h�i2 for m . 1 GeV=
2).The resulting temperature is by no means the 
hemi
al freeze{out temperature nor even thekineti
 freeze{out temperature, the latter would require a real blast{wave analysis (like e.g.in [16℄) in
luding all parti
le spe
ies, but it would hint to a 
onstan
y of these temperatureswith rapidity. Figure 7.18 shows the e�e
tive temperatures of Fig. 6.7 as a fun
tion of mass forea
h rapidity interval. By �tting the data points with a linear fun
tion and extrapolating thelatter to the zero mass axis, it 
an be seen that the resulting temperature is 
onsistent with a
onstant along the rapidity axis. This suggests that despite the strong dynami
s (transverseand longitudinal 
ows) and di�erent parti
le produ
tion me
hanisms, the system has probablyfrozen out at the same time over almost 7 units of rapidity! Moreover, it suggests that the pionand kaon rapidity distributions 
an be des
ribed by a sum of folded thermal distributions, asproposed by Cleymans and Redli
h in [118℄. These authors propose to explain the observed
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Fig. 7.18: E�e
tive temperatures versus mass and rapidity. From linear �ts at ea
h rapidityinterval, the extrapolated temperature at zero mass (no 
ow) is 
onsistent with a 
onstant asa fun
tion of rapidity.rapidity distribution as a superposition of \�reballs" along the rapidity axis:ni = Z 1�1 dy Z Y�Y dYFB �(YFB)dn0idy (y � YFB) (7.3)where ni is the total multipli
ity of parti
le spe
ie i, n0i the same restri
ted to the �reball FBat rapidity y. The integration over the �reballs depends on the distribution of �reballs �(YFB)along the rapidity axis. Sin
e it is possible to inter
hange the integration limits, it follows thatni = n0i Z Y�Y dYFB �(YFB) (7.4)When �reballs have the same temperature, parti
le ratios ni=nj do not anymore depend on thedynami
s, whi
h 
an
els out, but resemble that of a purely thermal Boltzmann distribution.This might explain the su

ess of the statisti
al model in reprodu
ing the parti
le ratios and4� multipli
ities (in whi
h 
ase, the dynami
s 
an be ignored). In referen
e [26℄ are givenpredi
tions of parti
le ratios at p sNN = 200 GeV, assuming a temperature of 177 MeV and abaryo{
hemi
al potential �B = 29 MeV. The 
harged meson ratios amount to ��=�+ = 1:004,K�=K+ = 0:932 and K�=�� = 0:147. From these values, the K+=�+ ratio is derived:K+�+ = K+K� � K��� � ���+ (7.5)



170 Chapter 7. Dis
ussionwhi
h leads to K+=�+ = (1=0:932) � 0:147 � 1:004 = 0:158. Note that the authors tunedthe model parameters in order to des
ribe the 
entral region jyj < 0:5. The experimentalratios presented here, averaged over the mid{rapidity region4 jyj < 1:3, are listed in Tab. 7.4.A remarkable agreement is noti
ed between the experimental measurements and the model��=�+ K�=K+ K+=�+ K�=��Model [26℄ 1.004 0.932 0.147 0.158Measurements (this work) 1.012 � 0.004 0.937 � 0.007 0.147 � 0.001 0.156 � 0.001Tab. 7.4: Comparison between 
harged meson ratios from this analysis and statisti
al modelpredi
tions from [26℄. Errors are statisti
al.predi
tions. Therefore, it is tempting to 
on
lude that the system is indeed in 
hemi
alequilibrium. However, one needs to investigate multipli
ities from other parti
le spe
ies. The�p=p reported in [38℄ amounts to 0.75 � 0.04, very 
lose to the predi
tion from [26℄ equal to0.752. But using yields reported in [30℄, the �p=�� ratio is equal to 0.068 � 0.001 (stat) whilethe predi
tion is 0.089. Nevertheless, the systemati
 error on this ratio makes the predi
tionand the measurement 
onsistent.The Statisti
al Model at the Early StageThe SMES predi
ts an enhan
ement of the e�e
tive degrees of freedom from NN to AA
ollisions o

urring around the SPS energy range, visible when the ratio of entropy S tonumber of parti
ipants Npart is 
orrelated with the Fermi variable F. It has been mentioned inSe
. 2.4.1 that the observed in
rease from experimental data is dedu
ed from a linear �t fromSPS to RHIC energy domains on AA and NN data. The problem dis
ussed then 
on
ernsthe AA data from RHIC. The entropy is dedu
ed from the total number of 
harged parti
les(unidenti�ed) 
orre
ted after the measured parti
le ratios at RHIC and isospin to a

ountfor non measured �0 and K0's. Here is the opportunity to 
onfront the model with yields ofidenti�ed pions and kaons (multiplied by respe
tively 1.5 and 2 for non dete
ted neutral pionand kaon yields). The model identi�es the entropy per unit of pion entropy as beingS� � h�i+ � 
K + �K�+ Æ hNparti � hNparti � F (7.6)with � = 1:45 and Æ = 0:35 [73, 78℄. The number of parti
ipants Npart has been estimatedfrom a Glauber 
al
ulation (HIJING and AMPT) for the top 5% 
entral events and amountsto 366 � 11 for AMPT and 360 � 15 for HIJING (in both 
ases, the number of parti
ipantsis 
al
ulated numeri
ally). For the present exer
ise, the average is 
hosen: Npart = 363� 9:3.Figure 7.19 shows the SMES entropy as a fun
tion of the Fermi variable F . The entropyderived from the total pion and kaon yields shows a very good agreement with the estimationdedu
ed from PHOBOS data at p sNN = 200 GeV and 
on�rms the divergen
e between AAand NN 
ollisions. However, the parameter Æ �xed at a value of 0.35 has been dedu
ed fromthe net{baryon data from SPS and is assumed to be the same at RHIC energies. From datareported in [30℄, it is 
lear that the stopping measured at SPS is signi�
antly from what isreported at p sNN = 200 GeV. One needs to 
al
ulate Æ from this re
ent measurement onstopping.4This �t range is 
hosen in order to minimize the error sin
e the ratios are rapidity boost invariant withinthis range.
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Fig. 7.19: Entropy as de�ned by the SMES model [73℄ as a fun
tion of the Fermi variable F .Errors are stat. + syst. The result of the present analysis has been shifted along the F axisfor 
larity.The SMES model also predi
ts the ratio \strangeness to non{strange entropy". This ratio isde�ned asR� = 4 N�s +NsS � 
� + ���+ 
K + �K�h�i (7.7)where h�i is the total yield of hyperon � (other hyperon yields are negle
ted). This ratio ispredi
ted to saturate at gs=g in the massless limit with gs=g ' 0:22 in 
ase of a thermalizedQGP, and ' 0:5 if no QGP was formed at an early stage (
f. Se
. 2.4.1). Unfortunately, thetotal yields of � and �� are not known. The STAR and PHENIX experiments measure onlymid{rapidity yields. Therefore, only model dependent estimations 
an be given here. Themodels predi
t the following yields (Tab. 7.5):HIJING AMPTTotal � 56 45�� 32 42Tab. 7.5: � and �� yields from Au+Au at p sNN = 200 GeV 
al
ulated by HIJING andAMPT over the full rapidity rang..There are dis
repan
ies between HIJING and AMPT in individual � yields but the sum oftotals are 
onsistent with ea
h other. Therefore, the strangeness to entropy ratio leads toR� � (42 + 45) + 2� (294 + 243)1:5� (1774 + 1809) = 0:22� 0:05 (7.8)Consequently, gs=g is 
onsistent with the expe
tation for the ideal gas of massless parti
les ifa thermalized QGP existed at the early stage of the 
ollisions. But it should be re
alled thatthis estimation relies on HIJING or AMPT predi
tion on total hyperon yields and that theSMES parameters have to be tuned for the RHIC energy domain.||||||
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Chapter 8Summary and Con
lusionIn
lusive invariant yields dN=dy of 
harged pions and kaons have been measured by theBRAHMS experiment over the rapidity range �0:1 < y < 3:6 from the top 5% 
entral Au+Au
ollisions at p sNN = 200 GeV. Both kaons and pions show a signi�
ant multipli
ity de
reasefrom mid{rapidity to the highest rapidity interval 
overed. Pion rapidity densities amountto 300 � 3 � 8% for �+ and �� over the rapidity range jyj < 0:6, and 94:5 � 5:4 � 10% and97:2 � 1:7 � 15% at y = 3:5 respe
tively. The pion ratio is found 
onsistent with unity overthe full rapidity range and amounts to 1.015 �0:004� 0:05. The estimated di�eren
e betweennegative and positive pion yields is not more than 2% in favor of an ex
ess of �� when summedover the rapidity range and extrapolated to rapidities outside the spe
trometer a

eptan
e.The estimated total yields are 1774� 9� 15% for �+ and 1809� 9� 15% for ��. The meantransverse momentum is found nearly 
onstant as a fun
tion of rapidity and amounts to �460 MeV/
 at mid{rapidity and � 420 MeV/
 at y > 3. The di�eren
e between K+ and K�is signi�
ant. K� yields shows no signi�
ant di�eren
e over the rapidity range jyj < 0:8 andamount to 44:0�0:4�7% while K+ yields amount to 47:1�0:6�10% over the range jyj < 0:6.As the rapidity in
reases, the di�eren
e between K+ and K� in
reases. At y = 3:3, yieldsare 18:1 � 0:6 � 10% and 11:4 � 0:4 � 8% respe
tively. The estimations of the total yieldsare found to be 294 � 6 � 15% and 243 � 2 � 15%. The mean transverse momentum varieswith rapidity more than for pions. At mid{rapidity, hpT i amounts to � 710 MeV/
 over therange jyj < 1:1 and de
reases down to � 580 MeV/
 at y > 3. The kaon to pion ratios alsoshow a signi�
ant di�eren
e between positive and negatively 
harged mesons , related to theK+ and K� di�eren
es. At mid{rapidity, K+=�+ is 0:155 � 0:003 � 12% while K�=�� is0:146� 0:003� 11%. The ratios between total yields are found to be 0:166� 0:003� 15% and0:134� 0:002� 15%.The energy systemati
s between SIS and topmost RHIC energies has been studied. It has beenfound that between the top AGS and low SPS energy (around p sNN = 8 GeV), a signi�
ant
hange in the dynami
s o

urs. Below this energy, the system does not seem to be driven bylongitudinal expansion, whi
h is proved by a study of net{proton rapidity density [30℄. Thenet{baryon density is maximum 
lose to the top AGS energy, the rapidity distributions ofpions and kaons show no signi�
ant in
rease in width along the rapidity axis. But for higherp sNN , the 
hange in stopping is fast, the system undergoes a strong longitudinal 
ow whi
hbroadens the meson rapidity distributions. The kaon distribution widths are proportional tothe beam rapidity. It shows how the net{baryon density de
reases regularly, whi
h redu
es theimportan
e of the strangeness asso
iated produ
tion while string break{up and pair produ
-tion are favored. This dynami
s is re
e
ted in the energy systemati
s of kaon to pion ratios,173



174 Chapter 8. Summary and Con
lusionwhere a maximum of the positive ratio is found between top AGS and SPS energy, while thenegative ratio in
reases steadily from AGS to RHIC energies. However, an intriguing behaviorof the kaon inverse slope parameter with p sNN is noti
ed. A plateau stru
ture is visible be-tween the top AGS and top SPS energies, while an in
rease is measured from medium and topRHIC energies. An energy s
an between SPS and RHIC is needed to investigate this behaviorinterpreted as a signature of de
on�nement o

urring at SPS [52℄.The data of the present analysis have been 
ompared to model predi
tions. It is found that theparton 
as
ade models HIJING and AMPT fail at des
ribing the data ex
ept for the ��=�+ratio. HIJING underestimates mid{rapidity yields but des
ribe high rapidity yields reasonablywell within the full error of the data. AMPT systemati
ally over-predi
ts multipli
ities, espe-
ially for kaons (20% higher). The longitudinal and transverse dynami
s are not reprodu
edeither. HIJING and AMPT do not 
ontain 
olle
tive transverse 
ow and fail at des
ribingthe width of the rapidity distribution. Sin
e the di�eren
e between the two models is mainlyhadron res
attering in AMPT, the latter, based on resonan
e studies from AGS data (ARTtransport model), is probably not tuned properly for RHIC. Statisti
al models on the otherhand turn out to des
ribe the data in very good agreement with the measured ratios (hadrongas model) and entropy (model of the early stage). Sin
e the hadron gas model does notmake any assumption of the early stage, the apparent 
hemi
al equilibrium is not explained.The SMES, whi
h introdu
es an early de
on�ned phase in 
hemi
al and thermal equilibrium(QGP), predi
ts an in
rease of entropy driven by the multipli
ity of pions and kaons fromNN to AA 
ollisions. Indeed, the entropy dedu
ed from the present data does �t with thepredi
tion. The model also gives the strange to non strange entropy ratio at the high energyand density limit (vanishing mass of strange degrees of freedom). By in
luding the total yieldsof � and �� predi
ted by HIJING or AMPT (found equal in both 
ases), this ratio measuredwith the present data is found to be 
onsistent with the predi
tion in 
ase of a QGP phase atthe early stage.
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Appendix BVariables and Coordinate SystemsKinemati
 VariablesThe notation given in Tab. B.1 is used in the entire thesis.De�nition Notationion beam axis (dire
tion of motion) ztransverse axes to z x (horizontal) and y (verti
al)angle between parti
le momentum dire
tion and z �parti
le momentum length pparti
le transverse momentum length pT = p j sin �jparti
le rest mass mparti
le transverse mass mT = p p2T +m2angle between dire
tion of pT and x �parti
le rapidity y (not to be 
onfused with axis y)parti
le pseudo-rapidity �Tab. B.1: List of de�nitions and notations of the most 
ommon kinemati
 variables en
oun-tered in heavy-ion 
ollision analyzes.Sin
e parti
les evolve at velo
ities � = v=
 
lose to 1, it is more 
onvenient to deal with therapidity y, whi
h is an additive quantity (Galilean transformation) under a Lorentz boost:y0 = y + yboost. The rapidity is expressed as follows:y = 12 ln�E + pzE � pz� = 12 ln�1 + � 
os �1� � 
os �� (B.1)with E the total energy of the parti
le (E2 = p2 +m2).Another useful quantity is the pseudo-rapidity �, whi
h is the in�nite momentum limit or zeromass limit of y :� = m!0limp!1 y = 12 ln�p+ pzp� pz� = 12 ln�1 + 
os �1� 
os �� = � ln�tan �2� (B.2)With these de�nitions, the energy 
an be rewritten E = mT 
osh y.182



183Center of Mass EnergyFor �xed target experiments, the rea
tion energy is denoted Elab, whi
h is the beam energyper proje
tile nu
leon (the target is at rest) in the laboratory frame. The other natural frameis the 
enter of mass (CM), where the energy is ps, su
h that s = (Eproj + Etarg)2jCM ,whi
h represents the true energy available for the rea
tion. In order to 
al
ulate the beamenergy ECM as a fun
tion of Elab, the invarian
e of the s
alar produ
t under a Lorentz boostis used. For symmetri
 systems (mproj = mtarg), the nu
leus{nu
leus CM 
orresponds tothe NN CM . Therefore, if p�p = (Elab; ~pp) and p�t = (mN ; ~0) are respe
tively the proje
tileand target momentum four{ve
tors in the laboratory frame (where mN is the nu
leon mass),p�p = (ECM ; ~pp) and p�t = (ECM ; ~pt) = (ECM ; �~pp) in the CM frame, it follows thatp�p � p�;t jlab = p�p � p�;t jCM (B.3)mN Elab = E2CM + ~p 2p = 2E2CM �m2N (B.4)ECM = pmN (Elab +mN )=2 (B.5)Consequently, p sNN = 2ECM = p 2mN (Elab +mN ). For 
ollider experiments, like BRAHMSat RHIC, 
ollisions o

ur between two Au beams a

elerated to the same energy but in oppo-site dire
tion so that the laboratory frame 
oin
ides with the 
enter of mass frame. In that
ase, ps is simply the sum of both beam energies in the laboratory frame.Coordinate SystemsThere are two 
oordinate systems used in the analysis. One is de�ned with respe
t to thebeam line and is 
alled the global 
oordinate system. The other 
oordinate system is lo
al toa given dete
tor. The origin is de�ned as the 
enter of the rea
tive volume (most of the timea squared box), axes are de�ned a

ording to the natural axes of the box. Coordinate systemsare illustrated in Fig. B.1.
y

x

z

y’

z’x’

Fig. B.1: Global and lo
al 
oordinate systems used in the analysis.



Appendix CHyperon and Resonan
e De
aysMass (MeV=
2) Full width � (MeV ) De
ay produ
ts Bran
hing ratioMesoni
 resonan
es� 547.3 0.00118 �+ �� �0 23.1%�+ �� 
 4.77%� 770.0 150.7 � � � 100%! 781.9 8.41 �+ �� �0 88.8%�+ �� 2.2%�0 957.8 0.203 �+ �� � 43.8%� 1019.4 4.43 K+K� 49.1%�� �+ �� �0 15.5%K� 892 50.8 K � � 100%Baryoni
 resonan
es� � 1232 � 120 N � >99%N � 1440 � 350 N � 60{70%N � � 30{40%N �� 20{30%N � 1520 � 120 N � 50{60%N � � 40{50%N �� 15{25%Hyperons� 1115.7 
� = 7:89 
m p �� 63.9%� 1407 50 �� 100%� 1519.5 15.6 N �K 45%�� 42%�� � 10%�+ 1189.4 
� = 2:396 
m n�+ 48.31%�� 1197.4 
� = 4:43 
m n�� 99.8%� � 1385 � 37 �� 88%�� 12%�� 1321.32 
� = 4:91 
m ��� 99.89%
� 1672.45 
� = 2:46 
m �K� 67.8%�0 �� 23.6%Tab. C.1: Hadroni
 resonan
es and hyperons with at least one 
harged meson in the de
ayingprodu
ts. Data are taken from [119℄.
184



Appendix DBeam{Beam Counter VertexA 
ollision o

urs at zvtx between the BBC arrays. Parti
les are emitted and a few are dete
tedby some BBC tubes. A sket
h is shown on Fig. D.1.
−D/2 +D/2

left array

vertex
z = 0

right array

tube i,L

tube j,R

(z)

(x)

21.5 cm

6.5 cm
beam linedi

dj

D = 2 x 219 cm

Fig. D.1: BBC vertex re
onstru
tion s
heme (top view). Dashed lines are parti
le paths.If tube i from the left array and j from the right array deliver signals, a

ording to Eq. 4.6, itfollows thattd
Li = tofLi + o�Li + slewLi � tstart (D.1)td
Rj = tofRj + o�Rj + slewRj � tstart (D.2)Subs
ripts L and R are now removed for readability. The parti
le 
ight time tof is equal tod=(�
) but 
an be approximated by dz=
 where dz is the longitudinal distan
e from zvtx tothe tube due to the high momentum of forward s
attered parti
les. With zIP = 0 and the left(right) array lo
ated at z = �(+)D=2 with D the distan
e between the BBC arrays, it followsthat td
i = (zvtx +D=2)=
+ o�i + slewi � tstart (D.3)td
j = (D=2� zvtx)=
+ o�j + slewj � tstart (D.4)If Eq. D.4 is summed with and subtra
ted to Eq. D.3,td
i+j = D
 + o�i+j + slewi+j � 2tstart (D.5)�td
ij = 2
 zvtx + �o�ij + �slewij (D.6)185



186 Appendix D. Beam{Beam Counter VertexConsequently,tstart = 12 ��o�i+j + slewi+j�+ D
 � td
i+j� (D.7)zvtx = 
2 ��td
ij ��o�ij ��slewij� (D.8)But for any tube i, td
i � o�i � slewi = ti, the 
alibrated time. The equations �nally be
ometstart = 12 �D
 � ti+j� (D.9)zvtx = 
2 �tij (D.10)The last equations reveal that given any pair of hits (iL; jR), vertex and start{time 
an bederived by respe
tively subtra
ting and summing the 
alibrated times of these two hits. Butusing only one pair of hits would not lead to the best resolution. That is why a time averageis built for ea
h array. Eq. D.9 and D.10 
an be writtentstart = 12 �D
 � htLi � htRi� (D.11)zvtx = 
2 (htLi � htRi) (D.12)



Appendix EMomentum Spe
tra
De�nitionParti
le transverse momentum spe
tra are by de�nition the number of parti
les of transversemomentum (mass) pT (mT ) as a fun
tion pT (mT ) per unit of rapidity. This number is relatedto the di�erential 
ross se
tion by the following equation (identi
al in pT or mT ) :dN2�mTdmTdy = E d3�� dp3 (E.1)where � is the total 
ross{se
tion. The right member of this equation, and 
onsequently theleft one, is boost invariant. The equality 
omes from the transformation of the momentumspa
e dpxdpydpz to the spa
e dmTdyd�. The fa
tor 1=2� is a normalization 
oming fromthe integration over � be
ause parti
le distributions from 
entral heavy ion 
ollisions exhibitan azimuthal symmetry (isotropy in �). The transverse mass di�erential d =mTdmT 
an berepla
ed by d =pTdpT . Indeed, a

ording to the de�nition of mT :m2T = p2T +m2 (E.2)d �m2T � = d �p2T �+ 0 (E.3)2mTdmT = 2pTdpT (E.4)mTdmT = pTdpT (E.5)Fit Fun
tionsThe �t fun
tions used in the analysis are meant to des
ribe the momentum spe
tra over the pTrange 
overed. They are then used to estimate the total yield by extrapolating to pT regionsoutside the a

eptan
e. The fun
tions used in this thesis areExponential in mT : A exp ��(mT �m)T �Sum of exponentials in mT : B1 exp ��(mT �m)T1 �+B2 exp ��(mT �m)T2 �Power law in pT : C �1 + pTp0 ��nThe T parameters are 
alled the inverse slope parameters and are identi�ed as the apparenttemperature of the parti
le sour
e. This jargon originates from statisti
al physi
s, where187



188 Appendix E. Momentum Spe
tradistribution fun
tions are given by the Fermi or Bose statisti
s (quantum 
ase) or Boltzmannstatisti
s (
lassi
al 
ase, high temperature limit of the quantum distributions). The 
oeÆ
ientsA, B1;2 and C are normalization fa
tors that 
an be related to the integrated yield at rapidityy. For example, the 
oeÆ
ient A is obtained as follows:dNdy = Z 1m 2�mT A exp ��(mT �m)T � dmT= 2�A Z 1m mT exp ��(mT �m)T � dmT= 2�A��T mT exp ��(mT �m)T ��1m + 2�AT Z 1m exp ��(mT �m)T �= 2�ATm+ 2�AT ��T exp ��(mT �m)T ��1m= 2�AT (m+ T ), so thatA = dN=dy2� T (m+ T )B1 and B2 are also obtained in the same way. For the power law, it readsdNdy = Z 10 2�pTC �1 + pTp0 ��n dpT= 2�C Z 10 pT �1 + pTp0 ��n dpT= 2�C " p0 pT1� n �1 + pTp0 �1�n#10 � 2�C Z 10 p01� n �1 + pTp0 �1�n dpT= 0 (if n > 1) � 2�Cp0 " p0(1� n)(2� n) �1 + pTp0 �2�n#10= 2� Cp20(1� n)(2� n) , if n > 2, so thatC = (n� 1)(n� 2)2� p20 dNdyThe power n has to ful�ll the 
ondition n > 2. Experimentally, �ts on pion spe
tra given & 20.



Appendix FFermi VariableThe Statisti
al Model of the Early Stage (SMES) predi
ts the produ
tion of entropy in 
entralAA 
ollisions, introdu
ed by Fermi [74℄ and Landau [75℄, revisited by Ga�zdzi
ki [73℄. In thismodel, the entropy is produ
ed at the early stage of the 
ollision when all in
ident matter ishighly ex
ited. The thermalized matter is assumed to expand adiabati
ally to the freeze{outpoint, preserving the early stage entropy. The energy density � available for parti
le produ
tionis estimated from the Lorentz 
ontra
ted volume of the overlapping nu
lei and p sNN :V � V0
 = 2mNV0p sNN� = EV � (p sNN � 2mN)p sNN2mNV0In order to relate the entropy density � to the energy density �, an equation of state is needed.Sin
e most of the produ
ed parti
les are pions, the entropy is nearly proportional to the pionmultipli
ity. This led Landau to 
hoose the equation of state of a relativisti
 gas of masslesspions as a �rst order approximation, p = �=3, where p is the pressure. For a relativisti
 bla
kbody with � � T 4, with T the temperature, the relation between � and � reads:T� = �+ p� �n = 43�The 
hemi
al potential � is zero for massless pions, whi
h implies � � �4=3. Therefore, theearly stage entropy SE is:SE = � V� V [(p sNN � 2mN)p sNN ℄3=4In pra
ti
e, even in 
entral 
ollisions, not all nu
leons parti
ipate. The volume has to bes
aled a

ording to the average number of parti
ipant nu
leons. By using a geometri
 Glauber
al
ulation and the inelasti
 
ross{se
tion for nu
leon intera
tion �NN , the average numberof parti
ipants at a given impa
t parameter is [9℄:hNparti = �pA�AA (A+ A)where �pA and �AA are produ
tion 
ross{se
tion in nu
leon{nu
leus and nu
leus{nu
leus 
ol-lisions respe
tively. The parti
ipant volume V 
an now be expressed in terms of hNparti. The189



190 Appendix F. Fermi Variableearly stage entropy be
omesSE � hNparti �p sNN � 2mN�3=4p sNN 1=4The dependen
e of SE on p sNN was obtained by Fermi [74℄ for high energy 
ollisions, whi
hled him to de�ne the variable F :F � �p sNN � 2mN�3=4p sNN1=4


