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Abstra
tNu
leon-nu
leon intera
tions have been studied intensely in the last de
ades.With the advent of high energy measurements, boosted espe
ially by the RHIC
ollider at Brookhaven, even those high transverse momentum parti
les be
amea

essible, whi
h 
an 
arry information on the quark-level of the intera
tions.At RHIC, in 
entral Au+Au intera
tions at 200 GeV 
enter-of-mass energy, hightransverse momentum parti
le produ
tion proved to be redu
ed relative to themore elementary p+p, or d+Au, and even peripheral Au+Au intera
tions. Itwas argued that this phenomenon is a QCD-indu
ed parton energy loss in theintera
tingmatter. The energy dependen
e of this suppression is a 
ru
ial issue inunderstanding whether the intera
ting matter, probed by the parton, undergoesphase transition or exhibit sharp 
hange as a fun
tion of the available energy. Theaim of the present study is to answer this question by analyzing the 17.3 GeVnu
leon-nu
leon 
ollision energy Pb+Pb data, re
orded by the experimentCERN-NA49.The main results are the transverse momentum spe
tra (up to 4.5 GeV/c)around midrapidity of π±, p, p̄, K± parti
les in Pb+Pb (at various 
entralities),p+Pb, and p+p rea
tions. The details of the measurement and analysis methodsare dis
ussed. An other important out
ome of the work is an unfoldingmethod forsignal pro
essing, whi
h was developed during the π0 spe
trum analysis surveys.The analysis shows that the amount of parti
le suppression does not exhibit asudden vanishing when going down to 17.3 GeV nu
leon-nu
leon 
ollision energy,however the amount of suppression is redu
ed.
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71 Introdu
tionThis thesis is an experimental study on the evolution of the single parti
le produ
tionspe
tra, when going from proton-proton through proton-nu
leon to nu
leon-nu
leon
ollisions, at di�erent 
ollision energies, and at di�erent 
ollision 
entralities. Fora
hieving su
h a 
omprehensive pi
ture, an analysis of the data of the experimentCERN-NA49 was ne
essary, and the results of this analysis were 
ompared to thehigher energy results of the experiments at the RHIC a

elerator. A remarkable partof the thesis 
on
erns the details of the analysis pro
edures applied on the NA49 data.Most of these methods are the 
ontributions of the author.The existing 
umulative experimental data, ne
essary for su
h a 
omprehensivestudy on proton-proton, proton-nu
leus and nu
leus-nu
leus 
ollisions, do not 
over theenergy region below 62.4GeV at high transverse momentum (above 2GeV/c), thereforethe �lling of this energy gap in in
lusive parti
le produ
tion data is of importan
e.The primary intention of this thesis is to provide pre
ision data (systemati
 errorssmaller than ≈ 5%) on the parti
le produ
tion spe
tra at 17.3GeV nu
leon-nu
leon
ollision energy proton-proton, proton-nu
leus and nu
leus-nu
leus rea
tions, on thein
lusive level. A next iteration 
ould be a sub-in
lusive level study. Su
h studies arein progress in the NA49 experiment, and there is a wide range of su
h results by theRHIC experiments, however the sub-in
lusive level is out of the s
ope of this thesis.Throughout this study, the possible interpretations of the features of the measureddata is tried to be kept as model independent as possible, or at least, the amount ofmodel dependen
e is emphasized.1.1 QCD and its Consequen
esQuantum Chromodynami
s (QCD) is part of the Standard Model of elementary inter-a
tions, whi
h des
ribes the intera
tions of the elementary parti
les with a high a

u-ra
y, to our present knowledge. QCD is responsible for the realization of the `strongintera
tion' among the Standard Model parti
les, from whi
h the hadroni
 intera
tionsoriginate.The QCD is a gauge theory (Yang-Mills theory) with SU(3) as the gauge group,a
ting on the `
olor' degrees of freedom of the fermioni
 matter �elds. The 8 indepen-dent gauge �elds are 
alled gluons, and the matter �elds are 
alled quarks in the QCD



8 1 INTRODUCTIONtheory. The Lagrangian density of the QCD may be written as
LQCD = −1

2
TrFµνF

µν +

nf
∑

j=0

q̄j (γµiDµ −mj) qj,where Dµ is the 
ovariant derivation de�ned by the gauge �elds (may be expressedas Dµ = ∇µ − igAµ, ∇µ being the spa
etime derivative, Aµ being the SU(3) Liealgebra representation valued gauge potential, and g being the 
oupling fa
tor), Fµν =

∇µAν − ∇νAµ − ig [Aµ, Aν] is the 
urvature of Dµ, and qj are the fermioni
 matter�elds, on whi
h the gauge group a
ts by the fundamental representation. There are nfindependent generations of the matter �elds, the `�avors'.There are di�erent known te
hniques in QCD to solve for the measurable quantities(
ross-se
tions, de
ay rates et
.) of various pro
esses. The most traditional approa
h isthe perturbative QCD: perturbative 
al
ulations may be applied in any quantum �eldtheory. Su
h 
al
ulations are based on the idea of getting the propagators of the parti-
les by means of a power series expansion in the 
oupling fa
tor g. These 
al
ulations,however, lead to divergent results. This phenomenon is treated by the renormalizationmethods, whi
h subtra
t the divergen
es to obtain physi
ally meaningful results. Afterthe renormalization pro
edure, the 
oupling fa
tor g is repla
ed by an e�e
tive 
ouplingfa
tor ḡ, depending on the momentum s
ale µ, whi
h 
an be thought of as a typi
almomentum transfer in a given pro
ess. The �rst order perturbative 
al
ulation showsthat the µ dependen
e of the strong 
oupling fa
tor αs := ḡ2

4π
is

αs(µ) =
4π

(11− 2
3
nf ) ln(µ2/Λ2QCD)

,where ΛQCD is the momentum s
ale of the strong intera
tions. By 
omparing �rst orderperturbative QCD results to experiments, ΛQCD was determined to be about 200MeV.The µ dependen
e of the αs un
overs an important property of the QCD theory: theasymptoti
 freedom. This means that the strong 
oupling fa
tor αs tends to zero as themomentum s
ale µ tends to in�nity. This implies that in the high momentum transferlimit (`hard' pro
esses), the perturbative QCD be
omes appli
able. However, in thelow momentum transfer limit (`soft' pro
esses), the non-perturbative e�e
ts be
omepronoun
ed, as the strong 
oupling fa
tor αs diverges as µ tends to ΛQCD.There is no 
learly drawn boundary, from where the purely perturbative 
al
ula-tions may be su

essfully applied in pra
ti
e. For soft pro
esses, phenomenologi
almodels were set up, whi
h try to grab the most important momentum and 
harge



1.1 QCD and its Consequen
es 9transfer me
hanisms of a given rea
tion. Some examples of su
h models whi
h re-
eived widespread attention are the VENUS [65℄, based on the Gribov-Regge theory ofhadroni
 intera
tions; the UrQMD [24℄, whi
h is mainly based on string ex
itation andfragmentation model 
ombined with transport models; the HIJING/BB̄ [62, 47℄, basedon nu
leon-nu
leon intera
tions in terms of 
lassi
al strings, and in
ludes the jun
tionme
hanism, whi
h 
an a

ount for the high baryon stopping in nu
leus-nu
leus 
olli-sions as opposed to a naive partoni
 pi
ture; the ALCOR [30℄, whi
h is non-dynami
almodel designed for the des
ription of nu
leus-nu
leus 
ollisions, based on redistribu-tion of quarks into hadrons, and is basi
ally examining the formation of 
hemi
alequilibrium; the Nova [37℄, based on nu
leon resonan
e ex
itation and de
ays, pri-marily designed to des
ribe proton-proton 
ollisions, based on the Hagedorn pi
ture.These models, however, are not fundamental in the sense that they 
annot be dire
tlyinferred from pure QCD. Due to the re
ent great in
rease of the 
al
ulation power of
omputer ma
hines, purely QCD-based fundamental non-perturbative approa
hes alsoevolved: the latti
e QCD. This approa
h is based on the idea of 
al
ulating the QCDFeynman integrals on dis
retized spa
etime, and getting a 
ontinuum limit by re�ningthe spa
etime mesh. These numeri
al 
al
ulations suggest that the QCD possesses dif-ferent thermodynami
al phases, and a phase transition may o

ur at temperatures inthe order of about 200MeV. Su
h result is shown in Figure 1, whi
h depi
ts the phasediagram of the QCD on the temperature (T ) and baryo
hemi
al potential (µB) plane(
al
ulation from [36℄). The �gure shows that there is a �rst order phase transitionline between the (
on�ned) hadroni
 and a de
on�ned phase (
alled the quark-gluonplasma phase), with a 
riti
al endpoint (se
ond order phase transition), after whi
hthe transition be
omes 
ross-over type. Many experiments in high energy heavy-ionphysi
s were driven by this �nding: experimental veri�
ation of su
h a phase transitionphenomenon was of great 
hallenge.The 
al
ulations predi
t experimentally veri�able signatures of the quark-gluonplasma formation (see e.g. [25℄). The most important su
h potentially observable e�e
tsare 
onsidered below.1. Strangeness enhan
ement. In the de
on�ned quark-gluon plasma, the 
hi-ral symmetry is restored, therefore the quark masses are largely redu
ed in themedium, whi
h results in enhan
ed strange hadron yields.2. Suppression of J/ψ yield. In the de
on�ned quark-gluon plasma phase, theformation of 
harm � anti-
harm quark bound state (J/ψ meson) is less probable,



10 1 INTRODUCTION
Figure 1: The phase diagram of the QCD from latti
e 
al
ulations (�gure from [36℄).as the 
olor 
harges are being shadowed, resulting in a redu
ed amount of J/ψprodu
tion.3. In
reased apparent sour
e size. Due to the expe
ted long lifetime of theformed system, the apparent sour
e size is expe
ted to be in
reased. The sour
estru
ture 
an be surveyed by Bose-Einstein 
orrelation studies.4. Suppression of high transverse momentum parti
les. In a de
on�nedquark-gluon plasma phase, the high transverse momentum parti
les originatefrom the fragmentation of high transverse momentum partons. If the system sizeis large enough (e.g. in a nu
leus-nu
leus 
ollision as opposed to a proton-proton
ollision), the partons are expe
ted to su�er radiative energy loss in the medium,leading to a redu
tion of high transverse momentum parti
le yields relative tothat of s
aled elementary (e.g. s
aled proton-proton) rea
tions.5. Dire
t photon spe
tra. The dire
t photons, produ
ed in bremsstrahlung pro-
esses, quark anti-quark annihilations, quark-gluon Compton s
atterings, 
antraverse the de
on�ned matter without modi�
ation, as they are una�e
ted bythe strong intera
tions, thus they 
arry information on the temperature of theearly stage of the 
ollision.6. Flu
tuations in hadroni
 observables. If the thermodynami
al evolution



1.2 Proton-Proton, Proton-Nu
leus and Nu
leus-Nu
leus Collisions 11of a hadroni
 or nu
lear 
ollision passes near the 
riti
al point, long wavelength�u
tuations are expe
ted to appear, whi
h 
ould be observed in the �nal hadroni
state as in
reased amount of �u
tuations in the hadroni
 observables, su
h asmultipli
ity and transverse momentum �u
tuations.This thesis mainly fo
usses on the e�e
t of the suppression of high transverse momen-tum parti
les. The main question is whether this e�e
t, dis
overed in 130 and 200GeVnu
leon-nu
leon 
ollision energy Au+Au rea
tions at RHIC, also exists at lower ener-gies? This question is intended to be answered by using the 17.3GeV nu
leon-nu
leon
ollision energy data of the experiment CERN-NA49 at the SPS a

elerator.1.2 Proton-Proton, Proton-Nu
leus and Nu
leus-Nu
leus Col-lisionsWhen 
onsidering proton-proton, proton-nu
leus and nu
leus-nu
leus rea
tions, impor-tant 
onditions of these 
ollisions are largely di�erent, whi
h e�e
t the parti
le produ
-tion spe
tra. Su
h primary e�e
t is the di�eren
e between the 
ollision geometry. Theproton-proton 
ollisions are 
onsidered as elementary rea
tions, be
ause the 
ollision
entrality 
annot be resolved experimentally, as opposed to proton-nu
leus and nu
leus-nu
leus 
ollisions, in whi
h 
ase the event 
entrality may be determined in semi-dire
tways. The simple geometri
al pi
ture of proton-nu
leus and nu
leus-nu
leus 
ollisionsis shown in Figure 2. Mi
ros
opi
ally, 
entrality 
an be 
hara
terized by the impa
tparameter b, whi
h is the transverse distan
e of the 
olliding nu
lei before impa
t. Asdepi
ted in Figure 2, the amount of nu
lear material, parti
ipating in the 
ollision, isuniquely determined by the 
ollision 
entrality. The nu
leons, not parti
ipating in therea
tion are 
alled spe
tators. It is seen, that the amount of parti
ipating nu
lear mat-ter is the largest for 
entral nu
leus-nu
leus 
ollisions, while in the proton-nu
leus 
ase,the proton probes the stru
ture of the nu
leus as it were a single parti
ipating nu
leonfrom a nu
leus-nu
leus 
ollision. Although, the impa
t parameter b 
annot dire
tlybe measured, it is possible to resolve the 
ollision geometry by experimental methods:e.g. by measuring the spe
tator energy in the nu
leus-nu
leus 
ase1, or by measuringthe number of slow nu
leons, produ
ed by the break-up of the nu
leus in a proton-nu
leus 
ollision2. The 
entrality of su
h events 
an be 
onstrained by upper thresholdfor spe
tator energy or lower threshold for slow nu
leon number, and the 
ross-se
tion1The lower the beam energy fra
tion of the spe
tator matter is, the more 
entral is the 
ollision.2The higher the number of slow nu
leons is, the more 
entral is the 
ollision.
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tion, sele
ted by the imposed event 
ut, 
an be measured experimentally. Theevent 
entrality is then 
hara
terized by this fra
tion of total (inelasti
) 
ross-se
tion,whi
h is independent from the way of the 
entrality determination, provided that thequantity, whi
h is experimentally used for 
entrality measurement (spe
tator energy,number of slow nu
leons et
.) is strongly 
orrelated to the impa
t parameter, i.e. is a�good� measure of the 
ollision 
entrality.
b

Spectator matter Spectator matter

b

Spectator matterFigure 2: Spe
tator matter in nu
leus-nu
leus (left), and proton-nu
leus (right) 
ollisions.It is also important to note, that the basi
 stru
ture of 
ollision kinemati
s doesnot only 
hange with 
ollision geometry, but also with 
ollision energy. The longitudi-nal stru
ture of 
ollisions 
an be 
hara
terized by the distribution of the longitudinalkinemati
 variables of produ
ed parti
les, su
h as the longitudinal rapidity y (for anoverview on 
onventions of kinemati
 variables, see Appendix A). As shown in Fig-ure 3, the produ
ed system in a low energy nu
leus-nu
leus 
ollision tends to formrather a spheri
ally symmetri
 system, emitting parti
les isotropi
ally (`Landau pi
-ture'), while with in
reased 
ollision energy, the formed system is rather elongated inthe longitudinal dire
tion, and is emitting parti
les 
ylindri
ally (`Bjørken pi
ture').In parti
ular, the produ
ed parti
les (e.g. mesons) have a tenden
y of being emitted inthe 
entral regions, while the net-baryons (baryon 
ontent, inherited from the initialsystem) is rather emitted at the two longitudinal ends of the system. This phenomenonis 
ommonly referred to as the de
rease of `baryon stopping' at higher 
ollision ener-gies. Therefore, in a thermodynami
al pi
ture it is plausible to state that at higherenergies (at SPS and at RHIC), the `sour
e' of the produ
ed parti
les is an expanding
ylindri
al stru
ture rather than an expanding spheroid.
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Figure 3: Top panel: qualitative overview of Landau and Bjørken pi
ture of parti
le produ
tion innu
leus-nu
leus 
ollisions. Bottom left panel: a 
ompilation on the variation of the rapidity distribu-tion of π− parti
les in nu
leus-nu
leus 
ollisions, with in
reasing 
ollision energy per 
olliding nu
leonpair (data from NA49 and BRAHMS, [26℄). Bottom right panel: a 
ompilation on the variation ofthe rapidity distribution of net-baryons in nu
leus-nu
leus 
ollisions, with in
reasing 
ollision energyper 
olliding nu
leon pair (�gure from [31℄).



14 1 INTRODUCTIONThe blast-wave parameterization des
ription [50℄ was designed to fa
torize out thekinemati
 e�e
t of su
h a sour
e stru
ture: in the framework of this model, the lowtransverse momentum parti
le spe
tra are explained by a 
ommon thermal spe
trum,blue-shifted by the boost of su
h an expanding sour
e of 
ylindri
 geometry, as sug-gested by the Bjørken pi
ture. This parameterization is indeed su

essful in des
ribingthe low transverse momentum data both at RHIC and at top ion-SPS energies (see[13℄).A further major di�eren
e o

urs between the proton-nu
leus and the proton-proton, nu
leus-nu
leus rea
tions: the asymmetry. In the 
ase of proton-nu
leus rea
-tions, the maximum of the parti
le produ
tion rapidity distribution is shifted towardthe hemisphere of the outgoing spe
tator matter, both for meson and for baryon pro-du
tion. When 
omparing proton-nu
leus parti
le produ
tion spe
tra to the spe
tra ofproton-proton or nu
leus-nu
leus 
ollisions, 
are has to be taken that su
h elementarykinemati
 e�e
ts do not mislead our 
on
lusions.1.3 High Transverse Momentum Parti
le SuppressionOne of the most striking physi
al results of the RHIC experiments was the dis
overy ofthe suppression of high transverse momentum parti
les in high energy 
entral nu
leus-nu
leus 
ollisions, relative to that of s
aled proton-proton rea
tions. This phenomenonwas �rst dis
overed in the Au+Au RHIC data at 130GeV 
ollision energy per 
ollidingnu
leon pair (√s
NN

= 130GeV). The suppression e�e
t was then found to be absent ind+Au 
ollisions. The result was therefore often interpreted as an experimental eviden
efor the parton energy loss in the formed quark-gluon plasma.The parti
le spe
trum modi�
ation e�e
t on a parti
le type t in a nu
leus-nu
leus
ollision A+B, relative to a rea
tion C+D, is measured by the nu
lear modi�
ationfa
tor, de�ned as
RA+B/C+D(t) :=

NC+D

NA+B
· Invariant yield(A +B → t+X)Invariant yield(C +D → t+X)

,i.e. it is the s
aled ratio of the invariant yields of parti
le type t in the given rea
tions(see Appendix A for the de�nition of invariant yield). The s
aling fa
tors, denotedby NA+B and NC+D in the formula, take 
are of the parti
le produ
tion s
aling fromthe C+D rea
tion to the A+B, i.e. they strongly depend on the assumed parti
leprodu
tion s
enario. If the parti
le produ
tion s
heme is assumed to be perturbativeQCD-like, then the s
aling fa
tor should be the average number of binary parton-parton
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atterings, as in this pi
ture, the parti
les are produ
ed in the binary parton-partonintera
tions. This number is proportional to the number of nu
leon-nu
leon 
ollisions,whi
h is 
al
ulable by geometri
 Monte Carlo simulations (Glauber models). Thenu
lear modi�
ation fa
tors are often taken relative to p+p rea
tions. An in-mediumenergy loss of the parti
les would be revealed by a nu
lear modi�
ation fa
tor belowunity.Figure 4 shows the nu
lear modi�
ation of 
entral Au+Au and d+Au rea
tion rel-ative to p+p with binary 
ollision s
aling, at √s
NN

= 200GeV, as a fun
tion of thetransverse momentum p
T
, for unidenti�ed parti
les (�gure from [3℄). It is seen thatthe parti
le yield relative to that of s
aled p+p is suppressed in 
entral Au+Au (the
urve is below unity), while in the d+Au 
ase, the parti
le yield is enhan
ed (the
urve is above unity).3 The arising di�
ulty 
on
erning interpretation of the nu
learmodi�
ation fa
tors is that the s
aling fa
tor is largely model dependent. Of 
ourse,a possible extreme 
ase 
ould be a fully hard pro
ess dominated parti
le produ
tions
enario, whi
h would impose binary 
ollision s
aling. A fully hard (partoni
) s
enariois expe
ted to take over at large momentum transfer, therefore the yields of high trans-verse momentum parti
les are expe
ted to be primarily e�e
ted by su
h a produ
tions
enario. However, there is no 
learly known boundary, from where hard pro
essesbe
ome dominant, therefore other produ
tion models are also ne
essary to 
onsider.An extreme 
ase of alternative parti
le produ
tion would result in parti
le yields pro-portional to the number of nu
leons, parti
ipated in the rea
tion (wounded nu
leons
aling). Su
h model was proposed in [27℄, and 
an des
ribe the multipli
ity distribu-tions well, and also turned out to be su

essful in des
ribing the RHIC d+Au rapidityspe
tra, as shown in [28℄. A wounded nu
leon s
aling 
ould arise from a resonan
ede
ay s
heme for parti
le produ
tion: the nu
leons are ex
ited in the �rst 
ollision,and then they go through subsequent de
ay.The amount of model dependen
e was tried to be redu
ed by the RHIC experiments(PHENIX), by determining the ratio of the unknown s
aling fa
tors NC+D/NA+B ex-perimentally. Their idea was to measure the nu
lear modi�
ation fa
tors of the dire
tphoton spe
tra, whi
h should s
ale with the number of binary 
ollisions in a hardparti
le produ
tion s
heme, and do not su�er modi�
ation in the possibly formed3Su
h enhan
ement phenomenon in proton(deuteron)-nu
leus 
ollisions are often referred to as the`Cronin e�e
t'. Su
h e�e
t was �rst outlined in the experimental results of [20℄, whi
h is believed tobe a 
onsequen
e of multiple s
attering of initial partons or hadrons, depending on the produ
tionpi
ture. An initial multiple s
attering would pump energy from the longitudinal degrees of freedomto the transverse degrees of freedom, resulting in the observed higher yield.
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entral nu
leon-nu
leon and minimum-bias deuteron-nu
leon nu
lear modi�
ationfa
tors (with binary 
ollision s
aling assumption), measured by the PHENIX experiment at √sNN =

200 GeV (�gure from [3℄).quark-gluon plasma, as they do not intera
t strongly. Results, 
on�rming binary 
ol-lision s
aling, has been published in [5℄, however it is far from 
onvin
ing from theexperimental point of view.4 A dedi
ated measurement would be needed to answerthis question.The model dependen
e 
an, however, be redu
ed, if the disappearan
e of parti
lesis shown in a sub-in
lusive level. The momentum 
orrelations in an event is often mea-sured by the two parti
le azimuthal 
orrelation fun
tion. Su
h 
orrelation fun
tionsare de�ned by the two parti
le di�erential yields, normalized by the single parti
leprodu
tion. The two parti
le azimuthal 
orrelation fun
tions 
an be measured by se-le
ting a so 
alled trigger parti
le in an event (being of a 
hosen type, and residingin a pres
ribed momentum spa
e region), and re
ording the azimuthal distribution ofthe so 
alled asso
iated parti
les relative to this (asso
iated parti
les are all the other4Only integrated modi�
ation fa
tor is shown, and the referen
e p+p spe
trum is model 
al
ulation,whi
h is tuned to data. If one tries to 
al
ulate the 
entral to peripheral modi�
ation fa
tor (whi
hshall be introdu
ed later), the errors (whenever known) are mu
h too large, and allow a wide rangeof s
aling assumptions.



1.3 High Transverse Momentum Parti
le Suppression 17parti
les, being of 
hosen type, and residing in a pres
ribed momentum spa
e region).Typi
ally, the a

epted transverse momentum and rapidity of the trigger and asso
i-ated parti
les are restri
ted to some interval, and the 
orrelation is studied di�erentiallyalso in these quantities. To remove arti�
ial 
orrelations form the measured raw az-imuthal distribution, 
aused e.g. by non-
omplete a

eptan
e, event mixing te
hniquesare used: trigger and asso
iated parti
les are taken from di�erent events, providingmi
ros
opi
ally un
orrelated samples. The azimuthal 
orrelation fun
tions are usefulto visualize the (average) jet-stru
ture of the events. To remove 
ontributions of 
ol-le
tive motion (ellipti
 �ow) as a ba
kground, the jet-pro�le 
orrelation fun
tions arede�ned by dis
arding the Fourier 
omponents less or equal to 2 from the 
orrelationfun
tions. The jet-pro�le 
orrelation fun
tions of 
harged parti
les in √s
NN

= 200GeV
entral Au+Au and p+p rea
tions are shown in Figure 5 (�gure from [1℄). Both thetrigger and the asso
iated parti
les are restri
ted to 3GeV/c ≤ p
T
≤ 4GeV/c, and toa y interval around midrapidity. It is seen that the away-side jet is suppressed withrespe
t to p+p. The jet-suppression pi
ture, however is not su
h 
lear in all momentumbins: the jet-pro�le 
orrelation fun
tion develops odd stru
tures, whi
h are likely tobe proje
tions of 
oni
 
on�gurations, the origin of whi
h is not 
ompletely 
lear, yet.For a di�erential study on the transverse momentum evolution of jet pro�le of 
hargedparti
les around midrapidity at √s

NN
= 200GeV 
entral Au+Au and p+p 
ollisions,we refer to [1℄.5
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Figure 5: The away-side jet suppression in 
entral nu
leus-nu
leus 
ollisions, measured by PHENIXat √sNN = 200 GeV (�gure from [1℄).5Similar studies are ongoing also in the experiment NA49.



18 1 INTRODUCTIONThe primary aim of this thesis is to 
al
ulate the nu
lear modi�
ation fa
tors as afun
tion of p
T
around midrapidity for identi�ed parti
les, in √s

NN
= 17.3GeV Pb+Pband p+Pb rea
tions, thus providing an energy dependen
e pi
ture of the on the nu
learmodi�
ation phenomena. In order to avoid bias through the model dependen
e of thenormalization fa
tors, both extreme s
aling s
enarios (binary 
ollision and woundednu
leon s
aling) are 
onsidered. The results of sub-in
lusive level studies are not yet�nalized in our experiment, therefore this thesis shall only fo
us on the information,whi
h 
an be extra
ted from the identi�ed single parti
le spe
tra. The parti
le identi-�
ation is 
ru
ial when 
omparing quantities derived from the single parti
le spe
tra atSPS and at RHIC energies, as the 
omposition of the out
oming parti
les is 
ompletelydi�erent at these energies. This di�eren
e was depi
ted for the longitudinal degrees offreedom in Figure 3, from whi
h we learn that the majority of the out
oming parti
lesaround midrapidity at RHIC are pions, whereas the parti
le yield at SPS is largelydominated by the net-baryons.1.4 Experimental Possibilities at CERN-NA49The CERN-NA49 experiment [8℄ is a �xed-target large a

eptan
e hadron spe
trome-ter. It has an advantage of being able to di�erentiate events and parti
les by means ofa large variety of observables, some of whi
h are summarized below.

• Wide range of rea
tion types. The SPS a

elerator is 
apable of produ
ing alarge variety of parti
le beams, either dire
tly, or by 
onversion on a produ
tiontarget. Possible beams are pion, proton, muon, ele
tron beams, or heavy-ionbeams su
h as lead-ion beams. The maximal beam energy of the a

elerator inheavy-ion produ
tion is 158GeV/nu
leon. The target material of the experiment
an pra
ti
ally be 
hosen arbitrarily.
• Centrality 
ontrol. Due to the �xed-target setup, all the spe
tator energy of aproje
tile nu
leus 
an be measured by a downstream 
alorimeter, providing a pre-
ise 
ontrol on 
entrality of nu
leus-nu
leus 
ollisions. (In a 
ollider experiment,su
h task his hard to realize, as an un
ontrolled amount of the 
harged spe
tatorfragments are swept out by the magneti
 �eld of the 
ollider.) For proton-nu
leus
ollisions, the 
entrality 
an be 
ontrolled by measuring the number of the slownu
leons, emitted by the fragmented target nu
leus.
• Large momentum spa
e 
overage. The NA49 experiment was designed to



1.5 Thesis Obje
tives 19have almost 
omplete angular 
overage for midrapidity or forward going 
hargedparti
le tra
ks with low transverse momentum (p
T
≤ 2GeV/c). Although, theangular 
overage is redu
ed for higher transverse momentum tra
ks, it is still farsu�
ient for the dete
tion of high transverse momentum parti
les, with a goodstatisti
s.

• Parti
le identi�
ation. The key part of the experiment, the Time Proje
tionChambers, are able to provide a very good quality parti
le identi�
ation infor-mation via spe
i�
 ionization. The experiment is also equipped with Time ofFlight dete
tors, to 
over those momentum spa
e regions, where the 
harge, themomentum and the spe
i�
 ionization is not enough information to disentangleparti
le types from ea
h-other.
• High statisti
s. Although it is not easy to 
ompete with the event statisti
s ofthe modern RHIC experiments, NA49 has one of the highest statisti
s, 
overingmany rea
tion types (su
h as p+p, p+Pb, Pb+Pb) at the energy range of theSPS a

elerator.Besides the advantages, there are also some disadvantages of su
h an experimentalsetup, whi
h mainly follow from the nature of �xed-target experiments.
• High tra
k density at midrapidity. Due to the �xed target setup, the midra-pidity tra
ks (whi
h are of interest) reside in a high o

upan
y dete
tor volume,as argued in Appendix A. Due to this kinemati
 e�e
t, one has to deal with amu
h higher ba
kground of 
rossing tra
ks et
., 
ompared to 
ollider experiments,where the dete
tor o

upan
y is minimal at midrapidity. The main analysis is-sue of this thesis is to redu
e the 
ontribution of this ba
kground without losingtra
king e�
ien
y.1.5 Thesis Obje
tivesThe study, presented in this thesis, 
on
entrates on the experimental methods ne
es-sary for the measurement of the in
lusive spe
trum of π+, π−, p, p̄, K+, K− parti-
le produ
tion up to high transverse momenta in p+p, p+Pb and Pb+Pb 
ollisions.Our analysis opens the analyzable transverse momentum region of NA49 data from

0GeV/c ≤ p
T
≤ 1.5− 2GeV/c to a mu
h larger 
overage of 0GeV/c ≤ p

T
≤ 5GeV/c,around midrapidity. The extra
ted parti
le spe
tra are used to determine the energy
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e of 
ertain properties of identi�ed single parti
le spe
tra, su
h as nu
learmodi�
ation. The aims of this thesis 
an be summarized as follows.
• Provide high p

T
parti
le spe
tra. In the world data, there exists no 
om-prehensive study on identi�ed parti
le produ
tion at high transverse momenta inp+p, p+Pb, Pb+Pb 
ollisions at the same energy, in the SPS energy range.

• Energy dependen
e of nu
lear modi�
ation. By 
omparing our data tothe higher energy RHIC results, an energy dependen
e pi
ture of the nu
learmodi�
ation e�e
ts is obtained. The presen
e of the high transverse momentumparti
le suppression at lower energy 
ollisions is investigated.
• Comparison to perturbative QCD 
al
ulations. The resulting high p

Texperimental data are 
ompared to predi
tions of perturbative QCD-based in-medium energy loss models. Su
h 
omparisons may help in evaluating the `hard-ness' of the elementary pro
esses involved.As the desired systemati
 errors to be rea
hed were below ≈ 5%, 
onsiderable e�ortwas invested in �netuning data extra
tion, 
alibration, simulation, and in 
orre
tionmethods for known systemati
 distortions.The rest of the thesis is organized as follows.Chapter 2 provides a brief des
ription of the NA49 experiment. The basi
 prin
iplesof the dete
tor operation and data redu
tion is also dis
ussed.Chapter 3 gives an overview of issues 
on
erning the event 
uts. Also 
entralitymeasurement is dis
ussed here.Chapter 4 deals with the problem of the large fake tra
k ba
kground at high trans-verse momentum. This is a key part of our analysis.Chapter 5 dis
usses the methods 
on
erning parti
le identi�
ation by spe
i�
 ion-ization.Chapter 6 provides a detailed overview on 
orre
tion methods, applied for redu
ingthe e�e
ts of known systemati
 distortions.Chapter 7 summarizes the main results of the thesis. Also the related publi
ationsof the author are listed there and dis
ussed.Appendix A gives an overview on the used kinemati
 variables and 
oordinate
onventions.Appendix B dis
usses an important result on an unfolding method in signal pro-
essing, developed by the author during the analysis.



1.5 Thesis Obje
tives 21Appendix C lists the measured experimental data in the form of summary tables.Appendix D provides a list of notations and terms with their explanations, possiblynot all known for a reader, who is not spe
ialized in the �eld of experimental highenergy heavy-ion physi
s.
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232 Experimental SetupThe experiment CERN-NA49 is a �xed-target experiment, lo
ated at the H2 beamoutput line of the CERN-SPS a

elerator at the so 
alled North Area of CERN. TheSPS a

elerator is 
apable of produ
ing proton and heavy-ion beams (Pb, In, S, Cet
.), furthermore by using a fragmenter target, it is also 
apable of produ
ing hadron,muon, and ele
tron beams at redu
ed energy, as se
ondary beams. In 
ase of se
ondarybeams, the desired parti
le type is sele
ted by tagging the produ
ed parti
les using theCEDAR Ring �erenkov 
ounter [32℄, whi
h tags the beam parti
les a

ording to theirvelo
ity (and thus, a

ording to their mass, due to the �xed beam momentum). The topbeam energy for heavy-ion a

eleration is 158GeV/nucleon. The data analyzed in thisthesis were re
orded by using this top ion-SPS beam energy Pb and p beams. Whendire
ting su
h a beam on a �xed target material, the resulting nu
leon-nu
leon 
ollisionenergy inside the 
olliding nu
lei is √s
NN

= 17.3GeV. The used target materials wereeither Pb (thin lead foil) or p (liquid hydrogen 
ontainer) during the data taking. Thedata, analyzed in this thesis are therefore √s
NN

= 17.3GeV Pb+Pb, p+Pb and p+prea
tions.2.1 OverviewThe NA49 dete
tor [8℄ is a wide a

eptan
e hadron spe
trometer for the study ofhadron produ
tion in 
ollisions of hadrons or heavy-ions at the CERN-SPS. The main
omponents are four large-volume Time Proje
tion Chambers (TPCs), as outlined inFigure 6.The momentum spa
e 
overage is about 80% of some 1500 
harged parti
les 
re-ated in a 
entral Pb+Pb 
ollision at 158GeV/nucleon beam energy. Two 
hambers,the Vertex TPCs (VTPC-1 and VTPC-2), are lo
ated in the magneti
 �eld of twosuper-
ondu
ting dipole magnets (VTX-1, VTX-2; 1.5T and 1.1T, respe
tively), whilethe two others (MTPC-L and MTPC-R) are positioned downstream of the magnetssymmetri
ally to the beam line. The setup is supplemented by Time of Flight (ToF)dete
tor arrays, whi
h are not used in the present analysis, and a set of 
alorime-ters (RCAL, LCG and VCAL � only VCAL is used in the present analysis). TheNA49 TPCs allow pre
ise measurement of parti
le momenta p with a resolution of
∆(p)/p2 ≈ (0.3− 7) · 10−4 (GeV/c)−1.Thin Pb foils are used as target for Pb+Pb and p+Pb 
ollisions (target arrange-ments a) and b) in Figure 6), and a liquid hydrogen 
ylinder of 20 cm length is used for
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2.2 The Trigger System 25p+p intera
tions (target arrangement c) in Figure 6). The target is positioned about
80 cm upstream of VTPC-1. The target thi
kness is adjusted in su
h a way that theintera
tion probability of an in
oming beam parti
le always kept to be ≈ 1%, thusthe amount of multiple 
ollisions in target is pra
ti
ally zero. In the 
ase of the liquidhydrogen target, spe
ial 
are was taken to minimize the non-target material in thebeamline: the 
ontainer has 50µm thin Mylar windows. There is also an additionalwindow of 100µm Mylar, whi
h has to be traversed by the beam parti
le: the liquidhydrogen 
ontainer is situated in a va
uum 
ontainer for heat insulation.2.2 The Trigger SystemThe trigger systems for di�erent rea
tions are outlined in Figure 6 a), b), c).If the beam is se
ondary (p beams in our 
ase), the appropriate parti
le type issele
ted by the CEDAR �erenkov dete
tor far upstream of the experiment (not shownin Figure 6): its signal tags the parti
le if it is of the desired parti
le type. For primarybeams (Pb beam in our 
ase), su
h tagging is not needed, as the beam is not a mixtureof di�erent parti
le types.The in
ident beam parti
le �rst traverses the S1 s
intillator, whi
h is 34m upstreamof the target. This 
ounter sets the timing of the experiment. For p beams 5mm thi
ks
intillator is applied with 4 readout photomultipliers to improve time resolution. ForPb beams the s
intillator is repla
ed by a 200µm quartz wafer (light produ
tion by�erenkov e�e
t) to redu
e the amount of material in the beamline.The parti
le then traverses S2, whi
h is 10m upstream of the target. For p beamthis is a 2mm thi
k s
intillator. For Pb beams, this is repla
ed by the S2', whi
h isa Helium Gas-�erenkov 
ounter, and is adjusted to sele
t su
h pulse height, whi
h
orresponds to the Pb82+-ion's 
harge magnitude: by this sele
tion the beam parti
leis validated as Pb82+-ion, thus possible ba
kground, 
aused by upstream 
ollisions onthe beamline, is dis
arded.To redu
e the 
ontamination by rea
tions upstream of the target, a veto s
intillatorV0 is applied between S1 and S2. This is a s
intillator 
ounter, with a hole in themiddle of it for the beam, for vetoing de�e
ted parti
les (possibly originating fromupstream intera
tions on the beamline).For a valid beam parti
le, the S1 · S2 · V0 has to be true, furthermore if se
ondarybeam is applied (p beam), then this has to be in 
oin
iden
e with the CEDAR to sele
tthe appropriate beam parti
le type.



26 2 EXPERIMENTAL SETUPTo sele
t the intera
tions in the target, a so 
alled intera
tion trigger is used. Forp-indu
ed rea
tions, the intera
tions in the target are sele
ted by anti-
oin
iden
e ofthe in
oming beam parti
le with a small s
intillation 
ounter (S4) pla
ed on the beamline between the two vertex magnets VTX-1 and VTX-2, 4m downstream of the target.For p+p intera
tions, this 
ounter sele
ts a trigger 
ross se
tion of 28.5mb out of the
31.6mb total inelasti
 
ross se
tion. This event loss is due to the so 
alled triggerbias: if an event 
ontains parti
le tou
hing the S4 
ounter, then the event is lost. Thetrigger bias e�e
t is small, and the data 
an be 
orre
ted for it. For Pb-ion beams,the intera
tion trigger is provided by anti-
oin
iden
e with a Helium Gas-�erenkov
ounter (S3) dire
tly downstream of the target. The S3 
ounter (see also Figure 7)is used to sele
t minimum-bias 
ollisions by requiring a redu
tion of the �erenkovsignal. Sin
e the �erenkov signal is proportional to Z2, this requirement ensures thatthe Pb proje
tile has intera
ted with a minimal 
onstraint on the type of intera
tion.This setup limits the triggers on non-target intera
tions to rare beam-gas 
ollisions,the fra
tion of whi
h proved to be small, and the data 
an be 
orre
ted for it. Theresulting minimum-bias trigger 
ross se
tion for Pb+Pb is about 80% of the 7.15btotal inelasti
 
ross se
tion.The beam alignment is pre
isely 
ontrolled by the beam-position dete
tors (BPD-1,2,3 in Figure 6). These are planar proportional 
hambers, with 
athode strip readout.They are able to measure the beam parti
le hit position 
oordinates in the transverseplane with ≈ 170µm and ≈ 40µm pre
ision for p and Pb beams, respe
tively. For pbeams, these are also used for further redu
tion of ba
kground, 
aused by upstreamintera
tions: the BPD-3 
oordinates of the beam parti
le has to be 
onsistent with theextrapolation of the BPD-1,2 hit 
oordinates, and with the nominal beam position.This way, the amount of de�e
ted beam parti
les (possibly su�ered upstream 
ollisions)
an be largely redu
ed.2.3 Event Centrality DeterminationFor Pb+Pb rea
tions, the 
entrality of a 
ollision is sele
ted (on-line for 
entral Pb+Pb,o�-line for minimum-bias Pb+Pb intera
tions) by a trigger using information from adownstream 
alorimeter (marked VCAL on Figure 6), whi
h measures the energy ofthe proje
tile spe
tator nu
lear matter (see [48℄). The ar
hite
ture of the dete
tor isshown in Figure 8.The spe
tator part of the nu
lei travel along the beamline and leave a fra
tion of
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Figure 7: The s
hemati
 of the S3 Gas-�erenkov intera
tion trigger for Pb beams.the beam energy there (the spe
tator energy), whi
h is proportional to the the volumeof the spe
tator matter (or equivalently: the number of spe
tator nu
leons), thus the
entrality of the events 
an be determined (see also left panel of Figure 2). To redu
ethe ba
kground, 
aused by the produ
ed parti
les at very forward angles, potentiallyhitting the surfa
e of the VCAL dete
tor, an iron 
ollimator (marked COLL in Figure6) is applied dire
tly upstream of the VCAL, to absorb these parti
les. The pre
isesetting of the 
ollimator opening was 
arefully investigated in [21℄.For p+Pb 
ollisions, the 
entrality determination is not su
h dire
t as for Pb+Pbrea
tions. It is determined via the Centrality Dete
tor (CD on Figure 6), whi
h is anabsorber foil around the target, surrounded by a 
ylindri
al ensemble of proportional
hambers, whi
h measure the number of emitted slow parti
les (so 
alled grey protons)via absorption (an extensive des
ription 
an be found in [55℄). This method uses theknowledge that the 
entrality of a proton-nu
leus event is 
orrelated to the number of
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Figure 8: The s
hemati
 of the VCAL, used for 
entrality determination in nu
leus-nu
leus 
ollisions.emitted slow nu
leons, evaporating from the surfa
e of the hitted target nu
leus (alsodis
ussed in [56℄). An outline of the CD dete
tor is shown in Figure 9. The proportionaltubes have segmented 
athode readout, thus the 
lusters of parti
les 
an be dete
ted.The very slow parti
les (so 
alled bla
k protons) are 
ut o� by the 200µm 
opperabsorber foil at ≈ 0.15GeV/c momentum, while the high energy parti
les are 
uto� by setting an ele
troni
al threshold to limit the momentum range from above by ≈
0.8GeV/c momentum. The number of 
lusters (parti
le hits) are 
ounted ele
troni
ally,and 
an also be used for on-line triggering on 
entrality for proton-nu
leus rea
tions,besides for o�-line triggering.2.4 Charged Parti
le Tra
kingThe tra
ker devi
es are the most important 
omponents of the dete
tor setup. These
onsist of four large TPC (Time Proje
tion Chamber) volumes. Two of these (VTPC-1,VTPC-2 on Figure 6) are situated inside the �eld of two large super
ondu
ting dipolemagnets (VTX-1, VTX-2 on Figure 6), the standard setting of whi
h are 1.5T and
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Figure 9: The s
hemati
 of the CD, used for 
entrality determination in proton-nu
leus 
ollisions.(Copper absorber foil between the target and the proportional tubes is not shown.)
1.1T (maximum 5000A), respe
tively, with 100 cm verti
al gaps between the poles,where the VTPC-1 and VTPC-2 reside. These two TPC 
hambers are responsiblefor momentum measurement. The 
ombined total bending power is 9Tm over about
7m, whi
h is needed for the pre
ise momentum measurement. The magneti
 �eld isverti
al: the nominal bending plane is the he z − x plane, where the z axis is de�nedto be the beam axis, and x is perpendi
ular to z, both residing in the horizontal plane(thus the magneti
 �eld is approximately parallel to the y axis). The magneti
 �eld is
ontrolled by Hall probes, and the inhomogeneities, mostly o

urring at the side of the�eld and away from the nominal bending plane, are pre
isely logged, and are taken intoa

ount in the parti
le tra
king software, as the parti
le tra
king is very sensitive tothe lo
al variations of the magneti
 �eld. The remaining two TPC volumes (MTPC-Land MTPC-R) are residing outside of the magneti
 �eld, however, they play a veryimportant role in the experiment: they extend the tra
king volume, and perform a verysigni�
ant task, namely due to their large 
overage, they allow a pre
ise measurementof the spe
i�
 ionization (
ommonly denoted as dE

dx
) of the parti
les, whi
h is used forparti
le identi�
ation.The operation prin
iple of a TPC is outlined in Figure 10. A TPC dete
tor is a



30 2 EXPERIMENTAL SETUP3 dimensional parti
le tra
k dete
tor: in 2 dimensions, it is basi
ally operated as amultiwire proportional 
hamber, while in the 3-rd dimension, the drift time is used toget the position information, knowing the drift velo
ity with high pre
ision.A highly uniform large ele
tri
 �eld (typi
ally ≈ 200V/m) is applied to the gasvolume of a TPC 
hamber, whi
h is 
ontrolled by the HV Plate (at large negativeele
tri
 potential), the Cathode Grid (at ground potential; also 
alled Fris
h Grid),and the Field Cage, whi
h avoids the non-uniformity at the �eld borders (the stripsof the Field Cage admit uniformly de
reasing ele
tri
 potential magnitude towards theCathode Grid). The gas volume is �lled with atmospheri
 noble gas mixture, in whi
hthe parti
les leave an ionization 
hannel along their tra
ks. The produ
ed ele
trons drifttowards the Cathode Grid with a typi
al velo
ity of 1.5−2.4 cm/µs. The ele
trons �rsttraverse the Gating Grid, whi
h may be set to a negative potential, preventing ele
tronsfrom arriving at the readout region: this fa
ility is used to make the dete
tor blind,when desired. The ele
trons then traverse the Cathode Grid (at ground potential).In the Sense/Field Wire plane, every se
ond wire is set to a positive potential (SenseWire) to attra
t ele
trons, the others are at ground potential (Field Wire) to shapethe ele
tri
 �eld. In the 
lose neighborhood of the thin Sense Wires (typi
ally of 20µmdiameter) the �eld strength is high enough that the drifting ele
trons initiate furtherionizations, thus the 
harge signal is ampli�ed by the working gas. In order to limit theampli�
ation (i.e. to avoid dis
harges through sparks), a quen
hing gas is also added tothe gas mixture (this is typi
ally CO2). A very 
ommonly used working gas is the 70%-30% Ar-CO2 mixture. The ionization avalan
he, released near the Sense Wire indu
esa signal on the Pad Plane via 
apa
itive 
oupling, thus �nally the 
harge signal 
an beread out on the Readout Pads.The parameters of the NA49 TPCs were primarily designed and optimized for largea

eptan
e (total tra
king volume is about 45m3) and for good two-tra
k resolution(optimized gas mixture: 90%-10% Ne-CO2 in the VTPCs, and 90%-5%-5% Ar-CH4-CO2 in the MTPCs). For parti
les with transverse momentum below 2GeV/c in theforward hemisphere, the 
overage is almost 2π. With in
reasing transverse momentum,this de
reases to a narrower azimuth interval. In 2001, the forward 
overage wasextended by a small supplementary TPC volume, the GTPC (not shown in Figure 6),between the VTX-1 and VTX-2 magnets (see an extensive study in [58℄). This wasonly used for non-ion beams, due to the large ionization signal of the heavy-ions (theGating Grid 
an be used in this 
ase to make the 
hamber blind). In order to in
reasetwo-tra
k resolution, the Readout Pads were 
hosen to be about 4 − 6mm wide and
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1.5−4 cm long, approximately being perpendi
ular to the beamline. The setup providesabout 100µm spatial resolution. The VTPCs 
ontain 72 pad rows, while the MTPCs
ontain 96 of them. Thus the maximum number of pads 
rossed by a full-length tra
k
an be 168.The main te
hni
al issues 
on
erning TPC operation are mostly in 
onne
tion withthe 
ontrol of the drift velo
ity. As the drift velo
ity is very sensitive to the pressureand temperature, the NA49 TPCs are lo
ated in an air-
onditioned hut with temper-ature variations less then ±0.1 ◦C, furthermore the atmospheri
 pressure is 
onstantlymonitored, for the pre
ise 
al
ulation of drift velo
ity. An other very important taskis to get rid of ele
tro-negative gas 
ontaminations, whi
h if present, simply kill thesignal due to ele
tron absorption. Su
h a typi
al ele
tro-negative gas 
ontamination isO2 from the air. A dedi
ated gas �ltering and 
ir
ulating system ensures the qualityof the working gas: the O2 
ontent is kept below 2 − 4ppm. An other prevention ofO2 
ontamination is an N2 gas envelope around the TPC 
hambers, whi
h is shown forthe VTPCs as an example in Figure 11.The pre
ise geometri
al alignment of the dete
tor volumes are performed via opti
alalignment to a 0.2mm pre
ision. Further �netuning is possible by dete
ting the SPSmuons, travelling parallel to the beam axis, when the magneti
 �eld is swit
hed o�.2.5 Other ComponentsFurther devi
es are the ToF (Time of Flight) walls, the VPCs (Veto Proportional Cham-bers), the RCAL (Ring Calorimeter), and the LGC (Leadglass Gamma Calorimeter),whi
h are not used in the analysis to be presented. The ToF walls were built for par-ti
le identi�
ation by �ight time measurement (whi
h tells the parti
le mass, knowingthe �ight path length and the parti
le momentum from the tra
k re
onstru
tion), theVPCs are built for tagging 
harged parti
les rea
hing the surfa
e of RCAL, and RCALis typi
ally used for neutron dete
tion in proton-proton and proton-nu
leus rea
tions,together with the VPCs. The LGC is a new 
omponent of the dete
tor, whi
h wasinstalled to be able to trigger on high transverse momentum π0 parti
les (see [38℄).2.6 Event Re
onstru
tionAs in most parti
le physi
s experiments, the issue of data redu
tion is a 
ru
ial problemat NA49. A typi
al raw event 
an rea
h the size of 100Mbyte before any redu
tion.The major part of a raw event 
onsists of the data from the tra
king devi
es. These are
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34 2 EXPERIMENTAL SETUPthe ADC 
ounts of the 
harges, measured on the TPC pads. The 
harges are pi
kedup from the Readout Pads by the Front End 
ards, the signals are ampli�ed, shaped,and digitized. The total 50µs drift time is subdivided into a time series of 512 timebu
kets of deposited 
harges for ea
h pad. This makes it possible to re
onstru
t theverti
al (y) tra
k 
oordinates from the time delay (drift time) of the signal, knowingthe drift velo
ity. The digitized 
harges are then moved to the Control and Transferboards, whi
h are responsible for the transfer of the data from the readout 
hambersto the Control Room. The transfer is realized by a serial opti
al �ber link. In theControl Room the VME based re
eiver board pro
ess the data: it performs noise andzero suppression to redu
e the data to about 1.5− 8Mbyte/event. This redu
ed datais then transfered to the 
entral Data A
quisition system, and are re
orded on RawData Tapes. The apparatus is 
apable of storing about 20−30 events/spill in ea
h SPSspill, where a typi
al beam spill is of 2− 4 s duration, repeated in about 14− 16 s long
y
les.For permanent storing and pro
essing, the data need further redu
tion. The events,stored on the Raw Data Tapes, are pro
essed o�-line by an event re
onstru
tion soft-ware. The key part of the software is the 
harged parti
le tra
k re
onstru
tion fromthe TPC hits. This is performed a

ording to the following philosophy.1. Cluster �nding. The 
lose-by TPC pads with high ADC values are 
olle
tedand merged to form a spa
e point.2. The ~E × ~B 
orre
tion. The point 
oordinates are 
orre
ted for the so 
alled
~E× ~B e�e
t ( ~E being the ele
tri
 and ~B being the magneti
 �eld strength ve
tor),whi
h is 
aused by the Lorentz for
e on the drifting ele
trons, proportional tothe previous quantity. This e�e
t distra
ts the drifting ele
trons from the ~E �eldlines, and 
an be up to a few cm-s.3. Lo
al tra
king. The individual spa
e points are 
olle
ted into lo
al tra
k pie
es.4. Global tra
king. The lo
al tra
k pie
es are mat
hed to form global tra
ks.5. Main-vertex �nding. The most likely position of the rea
tion point is deter-mined by using the global tra
ks.6. Se
ondary-vertex �nding. Se
ondary verti
es, potentially belonging to neu-tral weakly de
aying parti
les, are determined by those tra
ks, whi
h do not startfrom the main-vertex.



2.6 Event Re
onstru
tion 357. Momentum �tting. The momentum of ea
h tra
k at its mother vertex point(at the main-vertex, or at a se
ondary vertex) is �tted.The re
onstru
ted events are �nally stored on Data Summary Tapes, after whi
h theevents are ready for statisti
al analyses.
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373 Used Events and Event Sele
tionThe present analysis is performed on the full available Pb+Pb, p+Pb and p+p data at
158GeV/nu
leon beam energy, whi
h whi
h 
orresponds to 17.3GeV nu
leon-nu
leon
ollision energy in the nu
leon-nu
leon 
enter of mass system. The used event datasetsare listed in Table 1. The events inside a dataset are grouped into runs, whi
h are ap-proximately 10 k su

essively 
olle
ted events, and are labeled by a unique run number.The data are 
olle
ted with the full strength standard magneti
 �eld setup, however,for some datasets the dire
tion of the magneti
 �eld was swapped for di�erent stud-ies (std+ 
orresponds to normal �eld dire
tion and std− 
orresponds to the oppositedire
tion).Tag Rea
tion EBeam/ABeam Centrality Magn.�eld Year Events00B Pb+Pb 158GeV Central std+ 1996 400 k00M Pb+Pb 158GeV Min-bias std+ 1996 256 k00N Pb+Pb 158GeV Min-bias std− 1996 150 k00O Pb+Pb 158GeV Central std− 1996 530 k01I Pb+Pb 158GeV Central std+ 2000 3M01J Pb+Pb 158GeV Min-bias std+ 2000 340 k00E p+Pb 158GeV Min-bias std+ 1999 1.3M02D p+Pb 158GeV Central std+ 2001 1.6M00D p+p 158GeV Min-bias std+ 1999 1.2M00R p+p 158GeV Min-bias std+ 2000 2.7M02G p+p 158GeV Min-bias std+ 2002 2.9MTable 1: The used datasets.As a minimum requirement, a �ltering was done for dupli
ate events, i.e. eventshaving identi
al (run_number, event_number) identi�er were analyzed only on
e. Thedupli
ate events most probably originate from a

idental multiple re
onstru
tion ofsome events. Dupli
ate events make only a negligible 
ontribution: the fra
tion ofdupli
ate events is well under 1%, therefore this �ltering does not make a remarkable
hange.Events and tra
ks only with good iflag were analyzed. This �ag determineswhether the event re
onstru
tion and momentum �tting was su

essful.



38 3 USED EVENTS AND EVENT SELECTION3.1 Pb+Pb Events3.1.1 Main-Vertex Longitudinal Position CutAs 
an be seen from the experimental setup, the beam parti
les have to travel a shortpath in the air before they rea
h the Pb target foil, used in Pb+Pb events. Therefore,among the real Pb+Pb `target' events, there is a 
ertain amount of Pb+gas `gas' event
ontamination, whi
h are mostly Pb+N or Pb+O rea
tions in the air. To investigatethe possible non-target 
ontamination in our event samples, the distribution of there
onstru
ted longitudinal main-vertex6 position Vz was measured for di�erent totalmultipli
ities7. This is shown in Figure 12. The largest amplitude peak 
orresponds tothe target-peak, the smaller amplitude peak 
orresponds to the mylar foil 
losing theva
uum beam pipe, and the �at ba
kground 
orresponds to intera
tions in the air.As 
an be seen from the �gure, the lowest multipli
ity events have the largest width
Vz peak, as the main-vertex is less 
onstrained when the number of tra
ks is smaller. Ifa 
ut is imposed on the Vz to sele
t the target-peak, the 
ut window should be at least
±3· standard deviation of the Vz peak of the lowest multipli
ity events, i.e. should be
±3 · 0.75 cm. Otherwise, a 
ertain amount of low multipli
ity events will be lost due tothe too narrow Vz window. We shall refer to the ±3 · 0.75 cm as the `wide Vz-
ut'. Inthe 
ase of the wide Vz 
ut, the target event loss is negligible. Then residual non-targetevent 
ontamination 
an be estimated by the �at beam+gas ba
kground situated infront of the target-peak. The Vz window 
overing this �at region, sele
ting purelythe beam+gas 
ontribution, shall be 
alled the `gas Vz-
ut'. Later, in the parti
leyield studies we shall use the ±1 · 0.75 cm 
ut (±1· standard deviations in the 
ase forlowest multipli
ity events), whi
h we will refer to as the `narrow Vz-
ut'. In this 
ase,the target event loss in the 
ase of low multipli
ity events, 
aused by the narrow Vzwindow, also has to be 
onsidered. If not otherwise stated, the wide Vz-
ut shall beapplied.3.1.2 Centrality Sele
tionIn our experiment, the 
entrality of the Pb+Pb events are 
ontrolled by the fra
tionof the beam energy deposited in the VCAL (spe
tator energy).Before using the VCAL response as a measure of 
entrality, it has to be 
orre
ted forsome e�e
ts. First of all, it turned out that the ampli�
ation and the o�set of VCAL6The re
onstru
ted 
ollision point is 
alled the main-vertex.7The total number of 
harged tra
ks in an event is 
alled the total multipli
ity.
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Figure 12: Distribution of main-vertex longitudinal position in low multipli
ity Pb+Pb events.



40 3 USED EVENTS AND EVENT SELECTIONwas slowly varying in time, i.e. the energy response s
ale of the VCAL was slightlydi�erent on a run-by-run basis on a large time s
ale. Therefore, a time-dependento�set and ampli�
ation 
orre
tion was applied on the VCAL response on a run-by-runbasis (see [39℄).The time-dependen
e 
alibration is based on the idea of making the 
orrelation ofthe VCAL energy to multipli
ity to be time-independent. For simpli
ity of implemen-tation, the pro
edure exploits the fa
t that the 
orrelation of the VCAL energy to totalmultipli
ity may be approximately parameterized by a straight line, as it is shown inFigure 13. PSfrag repla
ements
VCAL energy [response℄0 10000 20000 30000 40000Totalmultipli
ity 0250500750100012501500 Target-
ut eventsGas-
ut events

Figure 13: Correlation of VCAL energy and total multipli
ity.As the tra
k density in a heavy-ion 
ollisions 
an be pretty large, the fra
tion offake tra
ks in an event 
an be rather high. To be safe from mis
ounting the totalmultipli
ity be
ause of the high number of the fake tra
ks, a stable set of tra
ks wassele
ted for 
ounting the multipli
ity for time-dependen
e 
alibration purposes. The
uts, sele
ting the stable tra
k set, were the following:



3.1 Pb+Pb Events 41iflag==0,only right-side tra
ks,potpoints in VTPC1+VTPC2 > 20, and in MTPC > 20,points/potpoints in VTPC1+VTPC2 > 0.5, and in MTPC > 0.5,�t impa
t parameter x-
oordinate < 4 cm, and y-
oordinate < 4 cm,transverse momentum < 2GeV/c.As this se
tion is not dedi
ated for the details of the tra
king analysis, the dis
ussionof these notions will 
ome later in Chapter 4.The time-dependen
e 
alibration pro
edure went as follows: the s
atter plot of theVCAL energy and the multipli
ity of this stable tra
k set was re
orded for ea
h run.A straight line of the form
EVCAL(run) 7→ arun · EVCAL(run) + brunwas �tted to the EVCAL(run) 7→ Multiplicity 
orresponden
e of ea
h run in the non-peripheral region. This is shown in Figure 14. The peripheral region was avoided by a
ut in the EVCAL s
ale: only the lower half of the EVCAL s
ale was used for the �t torule out the e�e
ts of the peripheral region (e.g. beam+gas 
ontamination).After this run dependent parameterization of the EVCAL(run) 7→ Multiplicity 
or-responden
e, the time-dependen
e 
alibrated EVCAL was obtained by the formula

EVCAL,corr(run) =

(

EVCAL(run)− bref − brun

arun

)

· arun

aref
,to make the EVCAL,corr(run) 7→ Multiplicity 
orresponden
e run independent (o�setand ampli�
ation 
orre
tion). This re
alibration ensures, that the EVCAL s
ale of ea
hrun is identi
al to the s
ale of the arbitrarily 
hosen referen
e run `ref'. (In our analysisthis run was 1468, a Pb+Pb minimum-bias run, whi
h had the most permissive trigger
ondition.) The re
alibration 
oe�
ients are shown in Figure 15.The s
atter plot and straight line �t for ea
h run was 
he
ked by eye to ensure thatthe rapid 
hanges in 
alibration parameters are not due to bad �t quality or 
orruptedruns.To obtain the event 
entrality from the VCAL energy, further investigations areneeded. The `
entrality' of an event with EVCAL energy deposited in VCAL is de�ned
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Figure 14: Time-dependen
e 
alibration of VCAL energy s
ale.by the running integral
∫ EVCAL

0

1

σInel

dσ(E
′

VCAL)

dE
′

VCAL

dE
′

VCAL,where σInel is the total inelasti
 
ross-se
tion of the Pb+Pb events, and EVCAL 7→
dσ(EVCAL)

dEVCAL
is the di�erential 
ross-se
tion as a fun
tion of the VCAL energy. In otherwords: 
entrality is de�ned to be the fra
tion of total inelasti
 
ross se
tion belowthe VCAL energy value EVCAL. The total inelasti
 
ross-se
tion of Pb+Pb events wasmeasured previously (see [35℄) with an extrapolation of a series of trigger 
ross-se
tionmeasurements: the measured value is σInel = 7.15b. The di�erential 
ross se
tion as afun
tion of EVCAL is de�ned by the probability density fun
tion of EVCAL multiplied by
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ements
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Figure 15: Time-dependen
e 
orre
tion parameters of VCAL energy s
ale.the trigger 
ross-se
tion, thus 
an be measured experimentally. This is also dis
ussedin [43℄.The probability density fun
tion of EVCAL 
an simply be obtained by histograming

EVCAL, and by normalizing the area of the histogram to 1. To avoid 
ontaminationby beam+gas events, the beam+gas 
ontribution to the EVCAL histogram was also
olle
ted by applying the gas Vz-
ut, then it was subtra
ted from the EVCAL histogram,obtained by the wide Vz-
ut around the target peak. Before the subtra
tion, the gas
ontribution was s
aled by the ratio of the Vz window sizes of the wide Vz-
ut and thegas Vz-
ut, as the width of the two windows are not equal. This non-target subtra
tionpro
edure is shown in Figure 16. Thus, the probability density fun
tion of EVCAL 
anbe obtained.
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ements
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Figure 16: Subtra
tion of non-target 
ontamination from the VCAL energy spe
trum.To measure the trigger 
ross-se
tion, the following pro
edure was used. The trigger
ross-se
tion 
an be determined by σTrig = pTrig · M

NA·ρd
, where M is the molar mass ofthe target material, NA is the Avogadro number, ρ is the density of the target mate-rial, and d is the thi
kness of the target foil, furthermore pTrig is the trigger probability(probability of having a re
orded rea
tion indu
ed by the beam parti
les). AsM , ρ and

d is known, only the trigger probability has to be measured to determine the trigger
ross-se
tion. The trigger probability 
an be measured by the distribution of the num-ber of non-trigger gated events ∆NGated passed between subsequent triggered events(∆NGated: the number of beam parti
les whi
h did not trigger re
orded rea
tions be-tween two subsequent re
orded rea
tions). ∆NGated 
an take any non-negative integervalue. This quantity is also measured by our DAQ system. If the probability densityfun
tion ∆NGated 7→ P (∆NGated) of ∆NGated is known, then the trigger probability pTrig
an be determined as pTrig = P (0), i.e. the probability of having immediately a triggerevent following a trigger event. For the probability density fun
tion P physi
ally oneexpe
ts that P (∆NGated + 1) = P (∆NGated) · (1 − p) for some 
onstant parameter p,i.e. the o

urren
e of one more non-trigger beam parti
le is always (1− p) times lesslikely. There is only one probability density fun
tion solution satisfying this re
ursion,whi
h is the geometri
 distribution with parameter p: P (∆NGated) = p · (1− p)∆NGated .As for this probability density fun
tion P (0) = p holds, the we infer that pTrig = p.



3.1 Pb+Pb Events 45The parameter p 
an be determined from the data by �tting an exponential fun
tionto the measured distribution of ∆NGated. This is done separately for the wide Vz-
utand for the gas Vz-
ut as is shown in Figure 17, and then the latter trigger probabilitywas subtra
ted from the former one after a s
aling by the ratio of the Vz window sizeof the wide Vz-
ut and the gas Vz-
ut. Thus, the trigger probability is also 
orre
tedfor the non-target 
ontamination. The resulting trigger 
ross-se
tion is σTrig = 5.643b.PSfrag repla
ements
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Figure 17: Measurement of trigger probability.After the dis
ussed pro
edures, the 
orresponden
e
EVCAL 7→

∫ EVCAL

0

1

σInel

dσ(E
′

VCAL)

dE
′

VCAL

dE
′

VCALof the VCAL energy (understood in the s
ale of the referen
e run) and the event
entrality 
an be 
al
ulated, thus the desired event 
entrality regions may be sele
tedvia VCAL energy windows. The 
onversion between the VCAL energy (understood inthe s
ale of the referen
e run 1468) and event 
entrality is listed in Table 2 for some
entrality values.For drawing physi
al 
on
lusions, the average value of 
ertain 
ollision parametersare also needed in the used 
entrality windows, whi
h may be determined by geometri
Monte Carlo models (see [43℄). The 
ollision parameters of interest are the number of
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σ/σInel EVCAL/EBeam

0% 0.000
5% 0.280 (↑ 
entral)

12.5% 0.452
23.5% 0.659
33.5% 0.799 (↓ peripheral)
43.5% 0.901
78.5% 1.150 (← the trigger 
entrality)Table 2: Conversion between VCAL energy (run 1468) and event 
entrality.parti
ipant nu
leons8 NP , the number of wounded nu
leons9 NW , the number of binary
ollisions10 N

BC
, and the impa
t parameter11 b. The utilized geometri
 Monte Carlomodel was VENUS-4.12 (see [65℄).In order to imitate the experimental situation pre
isely in the Monte Carlo simu-lation, we introdu
ed an a

urate model of the VCAL: the model takes into a

ountall known physi
al e�e
ts, ex
ept for the nu
leus fragmentation, as very little is knownabout this. Namely, the VCAL model was set up from the following ingredients.1. Spe
tator nu
leons were de�ned by those VENUS nu
leons, whi
h had smallermomentum than 0.270GeV/c in the rest frame of its mother nu
leus.2. Momentum of the spe
tator nu
leons were smeared by the Fermi motion, asVENUS does not take Fermi motion into a

ount.3. All nu
leons were tra
ked down in the magneti
 �eld to the 
ollimator of theVCAL, lo
ated 25m downstream of the target foil. The same 
ollimator windowopening was assumed as in the measurement: −5 cm ≤ x ≤ 38 cm, −5 cm ≤ y ≤

5 cm.4. Nu
leons a

epted by the 
ollimator were assumed to generate a response of theform: (non-uniformity fun
tion) · (energy of the parti
le),8Parti
ipant nu
leon: nu
leon whi
h went through at least one s
attering.9Wounded nu
leon: nu
leon whi
h went through at least one inelasti
 s
attering.10Binary 
ollision: an inelasti
 nu
leon-nu
leon 
ollision.11Impa
t parameter: distan
e of the 
enters of the nu
lei in the transverse plane.



3.1 Pb+Pb Events 47where the parameterization of the non-uniformity fun
tion is
EVCAL(x, y)

EInput
= 2.305− 1.385

1 + exp
((

√

x2 + y2 − 21.66 cm
)

/7.52 cm
) ,see [52℄.5. These values for the a

epted nu
leons were summed up for the event.6. The summed dete
tor signal was smeared by the dete
tor resolution

σ(E)/E = 0.03 + 2.0/
√

E/1GeV,see [48, 52, 53℄.The 
entrality sele
tion of the VENUS events was performed similarly to the ex-perimental data, by using the simulated VCAL energy signal. However, an importantdi�eren
e is that the VENUS total 
ross-se
tion σVENUS was used for the trigger 
ross-se
tion σTrig, furthermore also σVENUS was used for the total inelasti
 
ross-se
tion σInelin the 
entrality determination formula. In this 
ase, the VENUS total 
ross se
tion
an
els in the 
entrality determination formula. Using the obtained 
onversion fun
tionbetween VCAL energy and 
entrality, the mean values of the 
ollision parameters were
al
ulated in the 6 standard 
entrality bin of NA49, by using 100 k VENUS events.Statisti
al errors are negligible (0.1%). The systemati
 errors, 
aused by the detailsof the VCAL simulation was studied by swit
hing on/o� the various ingredients ofthe dete
tor model (Fermi motion, non-uniformity, energy resolution). The systemati
errors 
aused by these e�e
ts turned to be of the order of the statisti
al errors (0.1%),therefore they are negligible. The systemati
 errors originating from the weak knowl-edge of the total inelasti
 
ross-se
tion was also investigated by using the σInel = 7.15bexperimental value instead of σInel = σVENUS. This systemati
 error, 
aused by the
ross-se
tion 
hange turned out to be a larger e�e
t (up to 6%).For the investigation of systemati
 errors 
aused by the weak knowledge on thetotal inelasti
 
ross-se
tion, the VENUS total 
ross-se
tion had to be also determinedfrom the VENUS data. This is done by the following probability theory argument. Let
(b, r) 7→ ρ(b, r) be a probability density fun
tion over the set [0, bmax] × {0, 1}, where
bmax is a positive real number. A value b ∈ [0, bmax] represents an impa
t parametervalue between 0 and a maximal impa
t parameter bmax, while r is a Boolean variable
r ∈ {0, 1} determining that whether a rea
tion happened or not, thus a pair (b, r) ∈
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[0, bmax]×{0, 1} represents an impa
t parameter value together with a �ag determiningthe o

urren
e of a rea
tion. We shall interpret (b, r) 7→ ρ(b, r) as the probabilitydensity fun
tion of rea
tion o

urren
e/not o

urren
e in 
ollision with given impa
tparameter. By 
onstru
tion, we have∑1

r=0

∫ bmax

0
ρ(b, r) db = 1. The probability densityfun
tion b 7→ ρBeam(b) over [0, bmax] de�ned by ρBeam(b) := ρ(b, 0) + ρ(b, 1) 
orrespondsto the beam impa
t parameter distribution (i.e. beam pro�le in the impa
t parametervariable), as it is not sensitive to the o

urren
e of a rea
tion. Naturally, VENUSassumes homogeneous beam pro�le. A homogeneous 
ylindri
al beam pro�le, viewedin polar 
oordinates (i.e. in impa
t parameter variable) 
orresponds to the probabilitydensity fun
tion b 7→ 2·b

b2max
·χ

[0,bmax]
(b), due to simple integral substitution (as the Ja
obideterminant of 
hanging variables from Des
artes 
oordinates to polar 
oordinates isproportional to the radius). The total 
ross-se
tion, de�ned as the useful beam 
ross-se
tion in the limit of in�nite beam size, 
an be 
al
ulated via the formula σVENUS =

lim
bmax→∞

πb2max ·
∫ bmax

0
ρ(b, 1) db. However, by simply histograming the impa
t parameter

b from the VENUS events, one only 
an determine the 
onditional probability densityfun
tion ρ(b|1) = ρ(b, 1)
/

∫ bmax

0
ρ(b

′

, 1) db
′ , as the events when rea
tions do not happenare not stored by VENUS. Therefore, we are la
king a proper normalization. Thisnormalization, however, 
an be obtained by using the knowledge that a rea
tion alwayshappens at low impa
t parameter values, i.e. ρ(b, 1) ≈ ρBeam(b) when b ≈ 0. In otherwords: the nu
lear pro�le fun
tion b 7→ ρ(1|b) = ρ(b, 1) /ρBeam(b) starts from 1 inthe b = 0 limit (or at the small b limit). Therefore, by s
aling our b histogram tothe b 7→ 2·b

b2max
· χ

[0,bmax]
(b) beam pro�le probability density fun
tion at small impa
tparameter values via �tting, one 
an obtain the desired probability density fun
tion

b 7→ ρ(b, 1), needed for the 
ross-se
tion 
al
ulation. The �tting pro
edure is shown inFigure 18. The resulting 
ross-se
tion is σVENUS = 7.347b.In the non peripheral region (0-33.5% 
entrality interval), the mean values of the 
ol-lision parameters 
an simply be 
al
ulated by statisti
al averaging, and the mentionedsystemati
 studies 
an be performed. However, in the peripheral regions (33.5-80%
entrality interval) an other e�e
t also sets on: the S3 trigger does not behave like asharp 
ut in the VCAL energy, neither in the impa
t parameter. As the S3 trigger
an not be modelled a

urately on the mi
ros
opi
 level, a semi-empiri
 approa
h wasdeveloped for the peripheral region. The method is based on the idea of taking the
orresponden
e of the VCAL energy and the 
ollision parameters from the VENUS sim-ulation, and the VCAL probability density fun
tion, needed for the averaging, shouldbe taken from measurement to avoid the need for a pre
ise model for the S3 trigger.
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ements
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Cal
ulating VENUS total 
ross se
tion
bmaxFigure 18: Measurement of VENUS total 
ross se
tion.As the VCAL energy s
ale is la
king an a

urate absolute 
alibration, the empiri
 andVENUS VCAL energy s
ales 
an not be dire
tly mat
hed. The empiri
 s
ale has tobe 
ross 
alibrated with the VENUS VCAL s
ale. This is done by re
ording the em-piri
 VCAL energy di�erential 
ross-se
tion, by re
ording the VENUS VCAL energydi�erential 
ross se
tion, by assuming an unknown o�set and ampli�
ation 
orre
tionparameter in the empiri
 VCAL s
ale, and by �tting the linearly interpolated empiri

urve to the VENUS 
urve in the non-peripheral region with the 
onstraint of area
onservation (thus, the trigger 
ross-se
tion is not distorted by the 
alibration). Theresult of this �tting method is shown in Figure 19.The resulting mean values and standard deviations of 
ollision parameters are listedin Table 7 in Appendix C. The values after the ± signs are the systemati
 errors 
ausedby the error of the total inelasti
 
ross-se
tion. All the other errors are negligible. Forthe 
entralities below 33.5%, simple statisti
al averaging was used, while for the regionsabove this threshold (i.e. in the peripheral region), the semi-empiri
 averaging methodwas used, as dis
ussed, to take the trigger distortions into a

ount.A summary plot on 
entrality sele
tion for Pb+Pb events is shown in Figure 20.The 
al
ulated average 
ollision parameters are also shown on the �gure. A summarytable on the available event statisti
s after 
uts in the used 
entrality bins is listed inTable 3.
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22.5 Centrality sele
tion with VCAL

σ
σInel

=

0% 5% 12.5% 23.5% 33.5%43.5% ≈ 80%

〈NW 〉 357 288 211 146 87⋆ 40⋆

〈NP 〉 385 343 280 215 146⋆ 76⋆

〈NBC 〉 742 565 379 234 120⋆ 46⋆

〈b〉 2.31 4.46 6.44 8.14 9.87⋆ 11.90⋆

〈NW 〉 267 56⋆

〈NP 〉 322 99⋆

〈NBC 〉 516 70⋆

〈b〉 4.93 11.22⋆Figure 20: Centrality sele
tion by VCAL energy together with the mean values of 
ollision param-eters. ⋆: These values are semi-empiri
 averages, 
al
ulated on the full minimum-bias dataset.3.2 p+Pb and p+p Events3.2.1 Main-Vertex Longitudinal Position CutThe p+Pb and p+p events are largely di�erent from the Pb+Pb events, as their totalmultipli
ity is mu
h smaller. Therefore the Vz resolution is worse than for Pb+Pb



3.2 p+Pb and p+p Events 51Centrality Events0-5% 830 k12.5-23.5% 1.4M33.5-80% 200 kTable 3: Available Pb+Pb statisti
s in the used 
entrality bins.events. The target setups are also more sophisti
ated: in the p+Pb 
ase, the targetfoil is 
ontained within the CD, while in the p+p 
ase, the target is a 20 cm long liquidhydrogen 
ylinder.The non-target events, just as in the Pb+Pb 
ase, are suppressed by Vz 
uts. Forthe estimation of non-target 
ontamination, also `empty-target' events were re
orded,whi
h delivers the yield of the extra events, not being beam+target 
ollisions. Thesewere re
orded with un
hanged setup, only the target material was removed from thebeamline (target 
ontainers et
. were left untou
hed).The Vz distribution for p+Pb events, together with the empty-target 
ontributionand the applied Vz-
ut is shown in Figure 21. The same plot for p+p is shown in Figure22. A detailed study of p+p events 
an be found in [11℄, while for a situation like thep+Pb rea
tion is worked out in [12℄. PSfrag repla
ements
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Figure 21: Distribution of main-vertex longitudinal position in p+Pb events.
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Figure 22: Distribution of main-vertex longitudinal position in p+p events.3.2.2 Centrality Sele
tionIn p+p rea
tions, no 
entrality di�erentiation is done. In p+Pb rea
tions, the numberof slow parti
les (grey protons), measured by the CD dete
tor, is used to 
lassifyevents with respe
t to 
entrality. For a detailed study on CD, we refer to [55℄. TheCD response distribution is shown in Figure 23 for p+Pb minimum-bias events.The CD response 
an be used to di�erentiate events by 
entrality just like theVCAL for Pb+Pb events. However, due to the limited statisti
s of our p+Pb events,we use the full event sample, whi
h is a mixture of events, re
orded by CD ≥ 1, 3, 7trigger 
riteria. For drawing physi
al 
on
lusions, the 
al
ulation of the average 
ol-lision parameters via geometri
 Monte-Carlo models, just like in the Pb+Pb 
ase, isessential. As our event sample was re
orded with varied trigger CD threshold, theaverage values were 
al
ulated by a similar semi-empiri
 approa
h as in the 
ase of thePb+Pb(Peripheral) events: the probability density fun
tion of the CD response wastaken from measurement, while the mapping from the CD response to various 
ollisionparameters was taken from the VENUS-based simulation, for the averaging. This alsohelps to take the trigger bias into a

ount without mi
ros
opi
 simulation, just as inthe Pb+Pb(Peripheral) 
ase. The ne
essary mapping is also presented in [22℄. Theresulting average values are listed in Table 8 in Appendix C. A summary table on the
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Figure 23: Distribution of the CD response for p+Pb minimum-bias events.available p+Pb and p+p event statisti
s after 
uts is listed in Table 4.Rea
tion Eventsp+Pb 1.8Mp+p 4.8MTable 4: Available p+Pb and p+p statisti
s.
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554 Tra
k Sele
tionThe experiment NA49 originally was designed and optimized for the tra
king of par-ti
les in the transverse momentum domain below 2GeV/c. However, due to the in-teresting experimental results on the parti
le suppression at high transverse momentaaround midrapidity12 � dis
overed at the PHENIX, STAR, PHOBOS and BRAHMS
ollider experiments at the RHIC a

elerator at 200GeV nu
leon-nu
leon 
ollision en-ergy �, the transverse momentum region above 2GeV/c be
ame also interesting forour experiment. The physi
al question naturally arises: does the parti
le suppressionat high transverse momentum show a strong energy dependen
e, when varying thenu
leon-nu
leon 
ollision energy from 200GeV to 17.3GeV?We shall parameterize the parti
le momentum spa
e in a form of 
ylindri
 
oordi-nates in the nu
leon-nu
leon 
enter of mass system, where the 
ylinder axis is 
hosen tobe the 
ollision axis. The longitudinal 
oordinates may be the longitudinal momentum
p

L
, the Feynman-x variable x

F
, the polar angle θ between the longitudinal axis and theparti
le momentum dire
tion in the longitudinal plane, the longitudinal rapidity (orsimply: rapidity) y, or the longitudinal pseudorapidity (or simply: pseudorapidity) η.Mostly, we shall use the y variable. The transverse 
oordinates may be the transversemomentum p

T
, or the transverse energy (synonym: transverse mass) E

T
. Mostly, weshall use the p

T
variable. The remaining degrees of freedom is the azimuthal 
oordinate

ϕ, whi
h is irrelevant for the single-parti
le spe
tra: the parti
le produ
tion is axiallysymmetri
. For overview on the used 
onventions on these kinemati
 variables, seeAppendix A.4.1 Tra
ks without Sele
tionThe main problem of midrapidity high transverse momentum tra
king in NA49 is thatthe experiment is a �xed target experiment, not a 
ollider experimental setup. In a
ollider experiment, the midrapidity high transverse momentum tra
king would notneed mu
h further �ne tuning: due to simple kinemati
 reasons (see Appendix A),the tra
k density in a 
ollider experiment is minimal around midrapidity, whereas ina �xed-target experiment, the tra
k density stays high at midrapidity, and the tra
kstend to 
ross ea
h-other, whi
h makes the tra
king pro
edure more di�
ult.In our experiment, above about p
T
≥ 2GeV/c, the majority of tra
ks turn out to12In the nu
leon-nu
leon 
enter of mass system the purely transversal parti
le momenta are 
alledmidrapidity (parti
le momenta with zero longitudinal rapidity).



56 4 TRACK SELECTIONbe fake. This is demonstrated by Figure 24. It is seen that the distribution has alarge, power-law like tail at large values. However, it is known that at SPS energiesthe distribution of transverse momentum follows a rapid, approximately exponential,fall-o� property. Therefore, it 
an be said that the tra
k yield at large transversemomentum is dominated by fake tra
ks. One reason is, that the tra
ks of se
ondaryparti
les and the split tra
ks tend to fake high transverse momentum tra
ks, whenthe tra
k 
olle
tion erroneously mat
hes a straight MTPC tra
k pie
e to some residualpoints in VTPC1 or VTPC2. A further reason is the high tra
k density of the heavy-ion events (a 
entral Pb+Pb event 
ontains about 1500 re
onstru
ted tra
ks), whi
hmakes the situation worse for the Pb+Pb events. Therefore, e�orts were made in thepast to develop su
h tra
k sele
tion methods, whi
h redu
es this high fake rate at hightransverse momentum in our experiment (see e.g. [61℄), however, these e�orts provednot to be satisfa
tory. The aim of this se
tion is to investigate the pre
ise origin ofthese tra
ks, and to show a tra
k sele
tion 
riterion, whi
h 
leans the tra
k sample.(Detailed dis
ussion 
an also be found in [44℄.)A self-suggesting idea would be to look at the ratio of the measured spa
epoints(
alled points) and predi
ted spa
epoints (
alled potential points � or simply: pot-points) of these tra
ks (the predi
tion is done by extrapolating a tra
k with the �ttedmomentum from the target). The point/potpoint ratio should be 
lose to 1 for anideally re
onstru
ted tra
k. An other idea 
ould be to look at the �t impa
t parameter
oordinates Bx, By.13 Bx and By should be 
lose to 0 for an ideally re
onstru
ted tra
k.The distribution of the measured point per potential point quotient is shown in Figure25, whereas the Bx, By distributions are shown in Figure 26, 27 � for high transversemomentum parti
les.The point/potpoint spe
trum suggests a threshold: a tra
k 
an be 
onsidered tobe badly �tted, if this quotient is under e.g. 0.6. A possible 
hoi
e would be toreje
t these tra
ks dire
tly. However, this 
ut would result in an un
ontrolled tra
kinga

eptan
e14 and re
onstru
tion e�
ien
y, whi
h may depend on many unknown eventor tra
k parameters (e.g. event multipli
ity et
.). To avoid this situation, 
uts are notapplied on the tra
k quality quantities dire
tly. Instead, the strategy was investigatedif there exists a momentum spa
e region, where the fra
tion of badly �tted tra
ks(i.e. tra
ks having point/potpoint ratio worse than 0.6) is low. Then, by an expli
it13The di�eren
es between the main-vertex x, y 
oordinates and the x, y 
oordinates of the tra
kinterse
tion point with the target plane are 
alled the �t impa
t parameter x, y 
oordinates of thetra
k.14The momentum spa
e region from where dete
table tra
ks originate is 
alled the a

eptan
e.
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Figure 24: Transverse momentum distribution � all tra
ks.PSfrag repla
ements
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Figure 25: Point/potpoint distribution of pT ≥ 2 GeV/c tra
ks.sele
tion of this 
lean momentum spa
e region by a 3 dimensional momentum spa
e
ut, one would dire
tly 
ontrol the a

eptan
e, and the re
onstru
tion e�
ien
y 
ouldbe guaranteed to be 
lose to 1. Therefore, a 3 dimensional di�erential study of the



58 4 TRACK SELECTIONPSfrag repla
ements
Bx [
m℄-10 -5 0 5 10Entries

104

105

106

107 All pT ≥ 2 GeV/c tra
ksPb+Pb (
entral)
Figure 26: Bx distribution of pT ≥ 2 GeV/c tra
ks.PSfrag repla
ements

By [
m℄-10 -5 0 5 10Entries
103

104

105

106

107 All p
T
≥ 2 GeV/c tra
ksPb+Pb (
entral)

Figure 27: By distribution of p
T
≥ 2 GeV/c tra
ks.tra
ks quality as a fun
tion of momentum spa
e is needed.In our momentum spa
e study, we shall parameterize tra
k momentum by rapidity

y (with di�erent parti
le mass hypotheses: assuming π±, p and K± masses), 
harge-



4.2 Reje
tion of Dis
ontinuous Tra
ks + Momentum Spa
e Cut 59re�e
ted azimuth φ, and transverse momentum p
T
. The 
harge-re�e
ted azimuth isde�ned as follows: if the re
onstru
ted momentum ve
tor in the laboratory systemof the given tra
k is (px, py, pz), then the 
harge-re�e
ted azimuth is de�ned to be theazimuth of the ve
tor (stdmsgn·
hargesgn ·px, py, pz), where `stdmsgn' is the sign of themagneti
 �eld dire
tion (±1), `
hargesgn' is the sign of the 
harge of the parti
le (±1).This 
harge-re�e
tion allows us to treat the two di�erent magneti
 �eld dire
tions andthe two 
harge signs in a uniform way, due to the x-re�e
tion symmetry of the dete
tor.(The dete
tor has an x-re�e
tion symmetri
, however it does not have an y-re�e
tionsymmetry. For our purposes, the x-re�e
tion symmetry is su�
ient, as x happens tobe the parti
ular transverse dire
tion whi
h is perpendi
ular to the magneti
 �eld.)We shall de�ne the fra
tion of bad tra
ks in a given momentum spa
e bin to bethe fra
tion of point/potpoint< 0.6 tra
ks. The fra
tion of bad tra
ks as a fun
tionof momentum spa
e is shown in Figure 28. (This is an example plot, where y is
al
ulated with π± mass hypothesis. The survey was also performed with p and K±mass hypothesis.) The number of potential points is shown as a fun
tion of momentumby the 
olor map. This was 
al
ulated from the geometry of the dete
tor. The fra
tionof bad tra
ks is shown by the s
aled boxes (the box size range 
orresponds to thefra
tion range from 0 to 1). The 
lean region of momentum spa
e 
an be identi�ed:those regions, whi
h have potpoints≥ 50, and are not populated by the boxes, showing
ontamination of the tra
k sample by badly �tted tra
ks. It is seen that the only
lean regions are 
ertain low |φ| domains with p

T
≤ 2GeV/c, no 
lean high p

T
regionis revealed. These plots were obtained by populating the momentum spa
e with thetra
ks of our full Pb+Pb database.Due to the used parameterization, the tra
ks whi
h do not 
ross the plane de�nedby the beamline and the magneti
 �eld dire
tion ( right-side tra
ks) 
an be found inthe middle of the �gures (low |φ| regions), while the tra
ks whi
h do 
ross the givenplane ( wrong-side tra
ks) populate the left and right ends of the �gures. Due to thenature of the tra
k �tting pro
edure, the wrong-side tra
ks are more likely to generatefake tra
ks (however, no di�eren
e 
an be seen between right-side and wrong-side, yet,in Figure 28).4.2 Reje
tion of Dis
ontinuous Tra
ks + MomentumSpa
e CutAs the 3 dimensional momentum spa
e survey shows, the high transverse momentumregion is populated by mis�tted tra
ks, even in the interior of the a

eptan
e (i.e. far
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Figure 28: Fra
tion of bad tra
ks (s
aled boxes) as a fun
tion of momentum � no previous tra
ksele
tion. (Box size range: 0 ≤fra
tion≤ 1.)
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tion of Dis
ontinuous Tra
ks + Momentum Spa
e Cut 61from the edges). The origin of these fake tra
ks inside the a

eptan
e is be investigatedbelow.Ea
h tra
k may 
onsist of three dis
onne
ted 
omponents: a VTPC1 pie
e, aVTPC2 pie
e and an MTPC pie
e. Eyes
an results showed that most of the hightransverse momentum (i.e. fake) tra
ks have the property of possessing a remarkableamount of potential points in a given TPC dete
tor (i.e. VTPC1 or VTPC2 or MTPC),but possessing zero measured points there. This means that most of the high trans-verse momentum (i.e. fake) tra
ks are su
h, that at least one of its TPC segments,whi
h should have been dete
ted if it was a real parti
le tra
e, are missing. We 
allthese dis
ontinuous tra
ks. Obviously, these tra
ks 
annot be real parti
le traje
tories,rather they are su
h tra
k 
andidates, whi
h are 
omposed of mismat
hed MTPC andVTPC1, VTPC2 pie
es. Mostly, they 
onsist of large MTPC pie
es, mat
hed to someresidual points either in VTPC1 or in VTPC2, thus leading to zero measured pointsin the other VTPC.The basi
 idea of our tra
k sample 
leaning method was to �rst reje
t these ob-viously bad tra
ks 
andidates. The 
ut was formalized by reje
ting tra
ks with p
T
≤

2.2GeV/c if the tra
k has at least 40 potential points in a TPC dete
tor, but has 0measured points there. For p
T
> 2.2GeV/c, a slightly stri
ter 
riterion was used: thetra
k was reje
ted if it has 10 potential points in a TPC dete
tor, but has 0 measuredpoints there. The 
hoi
e of these parti
ular 
ut values were optimized via Monte Carlosimulations by maximizing tra
king e�
ien
y around low |φ| values.After this 
leaning pro
edure, the fra
tion of bad tra
ks as a fun
tion of momentumspa
e is shown in Figure 29. (This is an example plot, where y is 
al
ulated with π±mass hypothesis. The survey was also performed with p and K± mass hypothesis.) A
lean momentum spa
e region, whi
h is free of bad tra
k 
andidates, 
an be identi�edaround low |φ| values, whi
h extends up to high transverse momenta. By sele
ting this
lean momentum spa
e region, one obtains a 
lean tra
k sample, where the fake tra
k
ontamination is low, and the tra
king e�
ien
y is high. The momentum spa
e 
ut isdone by a 
ut surfa
e, whi
h is guided by potential point isosurfa
es, and is shown onthe �gure by the dotted lines. The φ distribution in an example transverse momentumsli
e 2.6GeV/c ≤ p

T
< 2.7GeV/c is shown in Figure 30.The �gures show that, after the reje
tion of dis
ontinuous tra
ks, the interior ofthe right-side a

eptan
e is not populated by bad tra
ks anymore. The lo
al azimuthalsymmetry of the spe
trum also holds there around low |φ| values. As the parti
le pro-du
tion is axially symmetri
, the φ distribution should be �at in ideal 
ase. However,
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Figure 29: Fra
tion of bad tra
ks (s
aled boxes), as a fun
tion of momentum � dis
ontinuous tra
ksreje
ted. (Box size range: 0 ≤fra
tion≤ 1.) Dotted line: momentum spa
e 
ut.
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64 4 TRACK SELECTIONas 
an be seen in Figure 30, this property does not extend up to higher |φ| values inthe available dete
tor a

eptan
e due to e�
ien
y holes and fake tra
k 
ontaminationat the edges of the a

eptan
e. To avoid these, the momentum spa
e 
ut surfa
e wasnot only guided by potential points, but the 
ut was more restri
tive. Namely, at given
(y, p

T
) sli
e, the deviations of the φ distribution from the φ = 0◦ value was wat
hed.A φ s
an was started from φ = 0◦ to the φ < 0◦ and to the φ ≥ 0◦ region, and if thevalue of the φ distribution at the given φ position was deviating from the φ = 0◦ valueby more than 5 standard deviations, then the momentum spa
e 
ut was pla
ed at thatparti
ular φ value to avoid e�
ien
y holes and other variations in the φ distribution by
onstru
tion. As at larger p

T
-s our tra
k statisti
s died out, a φ = 
onst extrapolationwas used, to extend this restri
tion to higher p

T
-s. (The potential point iso
urves atthe y = 
onst sli
es are φ ≈ 
onst 
urves at p

T
≥ 2GeV/c.)For 
ross-
he
king purposes, we show some further �gures about the performan
eof the introdu
ed tra
k sele
tion method.In Figure 31 the transverse momentum distribution is shown in a given y sli
e, withdi�erent φ 
uts � here the dis
ontinuous tra
ks are reje
ted. It is 
learly seen, that thehigh p

T
tail suddenly appears when approa
hing toward the border of the a

eptan
e,i.e. at more permissive |φ| 
uts. In Figure 32 the evolution of the point/potpointdistribution for high p

T
tra
ks is shown during a similar |φ| s
an.In Figure 33 the point/potpoint and �t impa
t parameter 
oordinate distributionsare shown, at given y, p

T
and φ bin � no tra
k 
leaning and the reje
tion of dis
ontinuoustra
ks is 
ompared. The entries at low point/potpoint values and at large �t impa
tparameter values are 
learly due to the dis
ontinuous tra
ks. The large point loss inVTPC1 is due to the large tra
k density. However, the tra
k re
onstru
tion still provesto work well.As shall be shown in a next se
tion, the good quality (low fakerate, high tra
kinge�
ien
y) of the tra
ks, sele
ted by our 
uts is also 
on�rmed by extensive Monte Carlostudies. However, it is important to note, that our 
uts were �ne-tuned by using realdata and not Monte Carlo data, whi
h makes the tra
k sele
tion method more safe andstable.
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675 Parti
le Identi�
ationOur main goal is to measure the nu
leon-nu
leon 
ollision energy dependen
e of thetransverse momentum spe
tra of parti
les at midrapidity. As the transverse momentumspe
tra of the various parti
le spe
ies are rather di�erent, the identi�
ation of parti
letypes is 
ru
ial in our analysis.The NA49 dete
tor has two fa
ilities for parti
le type identi�
ation. One is twoToF (Time of Flight) dete
tors after the MTPC 
hambers as was shown in Figure 6.These dete
tors measure the elapsed parti
le �ight time in the laboratory frame fromthe 
ollision instant to the arrival at the ToF walls along the parti
le traje
tories. Thetra
k re
onstru
tion measures the parti
le 
harge sign and momentum, furthermorethe length of the tra
ks from the target to the ToF walls. By using the additional timeinformation of the ToF walls, the parti
le velo
ity in the laboratory frame, and thusthe parti
le mass 
an be determined, whi
h (together with the 
harge sign information)allows the identi�
ation of parti
le type. An other possibility is to measure the spe
i�
energy loss (
ommonly denoted by dE
dx
) in the TPC gas volume, 
hara
teristi
 to ea
hparti
le traje
tory. As the spe
i�
 energy loss is known to depend only on the parti
levelo
ity (and not on momentum) in the rest frame of the traversed material, the dE

dxinformation 
an be used indire
tly for mass measurement together with the momentuminformation, supplied by the tra
k re
onstru
tion.As the a

eptan
e of the ToF walls do not 
over the momentum spa
e region ofinterest, the parti
le type determination shall be performed via dE
dx

measurement in ourpresent analysis.5.1 Parti
le Identi�
ation by Spe
i�
 Energy LossThe parti
le identi�
ation by dE
dx

is based on the knowledge that the distribution ofthe dE
dx

for a parti
le with given 
harge magnitude in a given traversed material onlydepends on the velo
ity of the parti
le in the rest frame of the material. This is knownas the Bethe-Blo
h rule, and is des
ribed in the 
lassi
 literature. For referen
e, seee.g. [10, 29℄. The most probable value15 of the dE
dx

quantity for a given parti
le with
harge number z, and velo
ity β relative to the speed of light (in the rest frame of the15The position of the maximum of the probability density fun
tion.



68 5 PARTICLE IDENTIFICATIONtraversed medium) is given by the well known Bethe-Blo
h formula
(

dE

dx

)

(β)Most prob. = 2πNr2
emec

2z2

β2

(

ln
2mec

2β2γ2(β)Emax(β)

I2
− 2β2 − δ(β)

)

,where N is the ele
tron density of the material, me is the ele
tron mass, re is the
lassi
al ele
tron radius, 
 is the speed of light, furthermore I is the average ionizationenergy of the material, Emax(β) = 2mec2β2γ2(β)
1+2γ(β)me/m+(me/m)2

is the maximum energy transferin the ionization pro
ess, δ(β) des
ribes the shadowing e�e
ts of the polarization,and γ(β) = (1 − β2)−1/2 is the relativisti
 gamma fa
tor, while m is the mass of thein
ident parti
le. If the relation 2γme/m≪ 1 holds (low-energy approximation), thenthe maximal energy transfer Emax(β) ≈ 2mec
2β2γ2(β) is independent of the mass m,thus only depends on the velo
ity, not on momentum (indeed, this approximationholds up to about 100GeV for pions). Note that if the parti
le momentum is p, then

β = p/(mc)√
1+(p/(mc))2

and βγ = p/(mc), thus (dE
dx

)Most prob. 
an be expressed purely as afun
tion of p/(mc). In fa
t, this is also true for the dE
dx

distribution: the shape ofthe dE
dx

probability density fun
tion for a parti
le only depends on the velo
ity. TheBethe-Blo
h fun
tion has four important regions: at low velo
ities the most probableionization energy loss de
reases with growing velo
ity ( 1
β2 dominates), then it rea
hes aminimum value (so 
alled minimum ionization parti
le � MIP � region; at p/(mc) ≈ 3),then it starts to rise again (relativisti
 rise range; lnβγ dominates), �nally it showsa saturation (Fermi plateau) at very high speeds. Due to the �xed target setup, ourparti
les around midrapidity are fast, therefore we 
over the relativisti
 rising rangefor π±, p, p̄, K±, while for e± we are already in the plateau region.As the momentum spa
e 
ut impli
itly guarantees high number of spa
epoints,parti
le identi�
ation by spe
i�
 energy loss 
an be performed. Due to our momentumspa
e 
ut, the minimal number of potential points is 40 at low transverse momentum(p

T
≤ 2GeV/c), while it is 80 at high transverse momentum (p

T
> 2GeV/c). The dE

dxvalue, 
hara
teristi
 to a tra
k, 
an be estimated from the dE
dx

samples at the dete
tedspa
epoints. However, the dE
dx

distribution at �xed velo
ity is known to follow Landaudistribution, whi
h grows until the most probable value and then de
ays with a dE
dx
7→

(

dE
dx

)−2 powerlaw-like tail, thus the expe
tation value of the dE
dx

distribution does notexist. Therefore, the 
al
ulation of a 
hara
teristi
 spe
i�
 energy loss value from theavailable samples is not trivial. E.g. a simple statisti
al mean would not give a dE
dxresponse 
lose to the most probable value, it would also be sensitive to the numberof samples. An adequate solution would be a maximum-likelihood �t to the available



5.1 Parti
le Identi�
ation by Spe
i�
 Energy Loss 69sample values, whi
h 
ould extra
t an estimate for the most probable value out ofthe available point samples, along a given tra
k. However, given the large number ofpoint samples along tra
ks and the large number of tra
ks in heavy-ion events, thiswould have been an unbeatable 
omputing 
hallenge at the time of the data takingand re
onstru
tion (1996 and 2000). Therefore, a mu
h less CPU-intensive method wasused, namely the method of trun
ated means. This method atta
hes a 
hara
teristi
 dE
dxvalue to the given tra
k from the available point samples by 
al
ulating the statisti
almean value of the lower half of the samples and by applying some further 
orre
tionsto them (see: [59, 60℄). A typi
al dE

dx
spe
trum as a fun
tion of momentum 
an be seenin Figure 34, together with the most probable values of various parti
les, predi
ted bythe Bethe-Blo
h formula. The Bethe-Blo
h rule 
an be observed: the dE

dx
distributionsonly depend on the parti
le velo
ity, thus the dE

dx
information together with the parti
le
harge and momentum 
an be used for parti
le type identi�
ation.
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Figure 34: The 
orrelation of the momentum and the spe
i�
 energy loss for di�erent parti
le types,together with the most probable energy loss values.As was dis
ussed in Se
tion 4.2, the a

epted momentum spa
e region is lo
atedaround midrapidity, and is elongated in the transverse momentum dire
tion. Thea

epted region was sli
ed up in the transverse momentum dire
tion, and the resultingmomentum spa
e bins are indexed by the p
T
values of their 
enters in the p

T
proje
tion.We shall refer to these bins as the transverse momentum bins or p

T
bins. However, wehave to emphasize, that the resulting bins also extend signi�
antly in the longitudinal



70 5 PARTICLE IDENTIFICATIONrapidity and 
harge-
orre
ted azimuth dire
tions in a p
T
-dependent way. This shallbe treated by the a

eptan
e 
orre
tion, later in Se
tion 6.4. It also has to be noted,that the de�nition of the longitudinal rapidity depends on the mass hypothesis (π±,

p, p̄, K± masses), therefore the a

epted momentum spa
e region is slightly di�erentat low p
T
for the di�erent mass assumptions. To treat ea
h parti
le with its rightmass hypothesis, the momentum spa
e 
ut and parti
le identi�
ation pro
edure wasperformed with all the three mass hypotheses, and the yield of ea
h parti
le type was�nally taken from the results of the a

ording analysis, whi
h assumes the 
orre
t massfor it.In every transverse momentum bin, a �t to the spe
i�
 ionization spe
trum wasperformed, assuming the presen
e of the parti
le types π±, p, p̄, K±, e±. The �t wasdone separately for both 
harge signs. The dE

dx
response fun
tion of ea
h parti
le type isknown a

urately, however the weights of the response fun
tions (the parti
le entries)are unknown, and was kept as free parameters during the �ts. In this way, the entriesof ea
h parti
le kind 
an be determined in ea
h transverse momentum bin, thus theraw parti
le spe
tra are obtained as a fun
tion of transverse momentum. This methodis known as in
lusive parti
le identi�
ation, i.e. parti
le identi�
ation on the spe
trumlevel: we 
annot tag the re
onstru
ted tra
ks with parti
le types, instead we are ableto tell the amount of ea
h parti
le type in a given momentum spa
e bin. This methodis also used in many NA49 publi
ations (for referen
es see e.g. [51, 58, 59, 60℄).For the dE

dx
response fun
tions, the following parameterization (see e.g. [58℄) wasused for parti
les having tra
ks with �xed number of spa
epoints N , having a �xedmomentum p and 
orresponding to a �xed parti
le type (namely: π±, p, p̄, K± or e±).The 
onditional probability density fun
tion of spe
i�
 ionization (the 
ondition is N ,

p and the parti
le type) is assumed to be Gaussian with mean value M and standarddeviation σ(C,M,N) = C√
N
·M0.625. Here C is a 
ommon global phenomenologi
al
onstant, and M is the most probable value of the spe
i�
 ionization distribution forparti
les with the given momentum p and type. The value M should 
orrespond inideal 
ase to the nominal value given by the Bethe-Blo
h fun
tion, however it is kept asa free parameter in the �ts, be
ause dete
tor distortions 
an make the spe
i�
 energyloss distributions slightly di�erent from the Bethe-Blo
h predi
tion. Thus, for a singleparti
le type with �xed momentum and number of spa
epoints, the theoreti
al fun
tion�tted to data would look like

dE

dx
7→ Entries ·∆ · 1

√

2πσ2(C,M,N)
exp

(

−
(

dE
dx
−M

)2

2σ2(C,M,N)

)

,



5.1 Parti
le Identi�
ation by Spe
i�
 Energy Loss 71where Entries is the number of entries of the parti
le type, and ∆ is the binwidth ofthe spe
i�
 ionization histogram. Thus, nine parameters are free in the �t, namelyEntries and M for the four parti
le type, and the 
ommon width parameter C.Ea
h p
T
bin is a rather large momentum spa
e bin: belonging to a p

T
bin 
annot beviewed as a momentum �xing 
ondition (and thus as a potential point �xing 
ondition).The most probable value M varies with momentum p approximately a

ording to theBethe-Blo
h formula. As the parti
le sample of a p

T
bin is a mixture of a wide rangeof momenta, the variation of M with p introdu
es an additional smearing e�e
t. This
an be partly fa
torized out, as for pion, proton and Kaon M(p) ≈ a+ 0.13 · ln p

GeV/c
,while for ele
tron M(p) ≈ a holds in the relativisti
 rising bran
h, where the o�setparameter a only depends on the parti
le type.16 In order to make the most probablevalues of the dE

dx
distributions of pion, proton and Kaon to be momentum independent,we transform our data, and 
onsider the quantity dE

dx
−0.13· ln p

GeV/c
instead of dE

dx
. Themost probable value of this quantity will be approximately momentum independent(it is the o�set parameter a) for pion, proton and Kaon, but the width will sill bemomentum dependent (it is C√

N
·
(

a+ 0.13 · ln p
GeV/c

)0.625). For ele
tron, the mostprobable value will be momentum dependent (it is a − 0.13 · ln p
GeV/c

), but the widthwill be momentum independent (it is C√
N
·a0.625). The momentum independen
e of themost probable value of the quantity dE

dx
− 0.13 · ln p

GeV/c
guarantees that the resultinghadron peaks will be sharper (better resolution), thus the �ts will be safer.A single transverse momentum bin 
ontains a mixture parti
les with di�erent mo-menta and number of spa
epoints. The variation of the momentum and of the numberof spa
epoints in a single transverse momentum bin 
an be rather large (e.g. 30%).Therefore, the realisti
 �t fun
tion for a single transverse momentum bin and parti
letype should be taken to be a superposition of the above Gaussian distributions withappropriate weights: the resultant probability density fun
tion of the spe
i�
 ioniza-tion is obtained by mixing the dis
ussed 
onditional probability density fun
tion withthe observed density fun
tion of the ( 1√

N
, ln p

GeV/c

) pair in ea
h transverse momentumbin. This latter density fun
tion is obtained form the data (in ea
h given transversemomentum bin) by histograming, as shown in Figure 35.The used �tting algorithm is not the usual χ2 minimization, be
ause it underesti-mates the area, when �tting histograms with low number of entries. The reason is thatthe χ2 method is only equivalent to a maximum-likelihood �tting, when the numberof entries in the histogram bins follow Gaussian distribution. However, the entries in16This approximate parameterization was determined from the data.
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) distribution.a histogram bin obey Poisson distribution (whi
h is approximately Gaussian only forlarge number of entries). Therefore, a maximum likelihood �t with Poisson hypothesisis the exa
t solution, whi
h 
an be transformed to a usual minimization problem asin the Gaussian 
ase. The fun
tion to be minimized, whi
h is −2 times the naturallogarithm of the likelihood fun
tion with Poisson hypothesis is (see [23℄):
2
∑

i

(yi(λ) − ni + ni ln (ni/yi(λ)))instead of the naive (Gaussian hypothesis) χ2 expression
∑

i

(ni − yi(λ))
2

ni
,where i 7→ ni are the measured entries of the histogram, i 7→ yi(λ) are a model forthese, while λ is some parameter set of the model. The latter χ2 formula would onlybe valid for histograms with large number of entries, i.e. in the large statisti
s limit.The minimization pro
edure was performed with the Levenberg-Marquardt method(see e.g. [49℄).In order to show the quality of the parti
le identi�
ation �ts, a few example plots are



5.1 Parti
le Identi�
ation by Spe
i�
 Energy Loss 73presented in Figure 36. The quality of the parti
le identi�
ation �ts varies in transversemomentum: it is good in the low transverse momentum region, and be
omes very goodat high transverse momentum (p
T
≥ 1GeV/c), as the tra
ks be
ome longer.It is a rather important question to estimate the parti
le yield loss by the parti
leidenti�
ation �ts. Therefore, an e�
ien
y notion of the �ts was introdu
ed in thefollowing way. The entries in ea
h dE

dx
− 0.13 · ln p

GeV/c
histogram was 
ounted, thenthe �tted entries for the four parti
le type (pion, proton, Kaon, ele
tron) for the givenhistogram was summed. The e�
ien
y was de�ned by the relative di�eren
e of this�tted entries to the 
ounted entries. As observed, this results in at most about 1%systemati
 underestimation (negligible).
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756 Corre
tionsIn the next se
tions, the applied 
orre
tions to the raw parti
le spe
tra are dis
ussedin detail.6.1 Corre
tion for Non-Target Contamination and Loss by theMain-Vertex CutThe Pb+Pb parti
le yield studies were performed by using the narrow Vz-
ut, whi
hmeans a ±1 standard deviation 
ut in the Vz distribution for the lowest total multipli
-ity events. The reason for the use of su
h a stri
t Vz-
ut instead of the more permissivewide Vz-
ut is that in the 
ase of the wide Vz-
ut, a remarkable amount of non-targetevents 
ontaminate our peripheral event sample (we refer to Figure 12). In prin
iple,this 
ould be 
orre
ted by subtra
ting the non-target parti
le yields, 
olle
ted by usingthe gas Vz-
ut, as shown before. However, as the non-target event sample is ratherlimited in statisti
s, this is not feasible at high p
T
, be
ause the tra
k statisti
s of thenon-target ba
kground vanishes at about p

T
≥ 2GeV/c. Therefore, to redu
e thenon-target 
ontamination, we 
hose a stri
ter Vz-
ut, the narrow Vz-
ut, to limit thenon-target 
ontamination at the pri
e of losing some low multipli
ity (ultraperipheral)target events.The remaining non-target 
ontamination 
an dire
tly be estimated by the gas Vz-
ut event sample, as in the 
ase of the wide Vz-
ut. The lost target event sample
an be estimated by doing the same analysis also with the wide Vz-
ut, 
orre
ting fornon-target, whi
h delivers the true event and tra
k 
ounts. Then, by subtra
ting thenon-target 
orre
ted 
ounts obtained with the narrow Vz-
ut, delivers the amount oftarget events and tra
ks, whi
h were erroneously thrown away by the narrow Vz-
ut.The remaining non-target 
ontamination among the re
orded events in the (33.5−80%)
entrality interval turned out to be 5%, while the lost target events are also about 5%,
an
elling ea
h-other17. The non-target tra
k 
ounts are about 4%, p

T
-independently,while the amount of lost tra
ks starts from about 3% and gradually vanishes with p

T
,as 
an be seen in Figure 37. Clearly, the vanishing of the tra
k 
ount loss with p

T
isdue to the fa
t that events with high-p

T
tra
k(s) have better Vz resolution, thus it isnot reje
ted by the narrow Vz-
ut a

identally.17This 
an
ellation means that we repla
e the lost target events by non-target events. Fortunately,as the non-target events are mainly Pb+O and Pb+N rea
tions, these events are not expe
ted todi�er largely form the Pb+Pb(Peripheral) events around midrapidity.
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Figure 37: The systemati
 errors 
aused by the residual non-target 
ontamination and the lostevents on the tra
k 
ount level, in Pb+Pb(33.5− 80%), with π± mass hypothesis.By s
aling down the parti
le yields in 
entrality interval (33.5 − 80%) with 1+the di�eren
e of the 
urves, presented in Figure 37, these systemati
 errors 
an be
orre
ted. (The 
urve of event loss 
an be extrapolated by zero at p
T
≥ 2.4GeV/c,while the 
urve of non-target 
ontamination 
an be extrapolated by 
onstant valuefrom p

T
≥ 2.8GeV/c.)A similar 
orre
tion was to be done for the p+Pb and the p+p parti
le spe
tra.The di�eren
e is that for the determination of the non-target 
ontribution, dedi
atedempty-target runs were used, whi
h were identi
al to the normal runs, ex
ept that thetarget material was temporarily removed from the beamline. With the used Vz 
uts,the non-target 
ontamination and the event loss fra
tions were the following: in the
ase of p+Pb runs, 1% event loss was en
ountered, and the non-target 
ontaminationwas 4% on the event 
ount level, while for p+p, 2% event loss was registered, and thenon-target 
ontamination proved to be 6.5% on the event 
ount level. The event 
ountswere 
orre
ted for these e�e
ts. The tra
k mis
ount, 
aused by the same e�e
ts forp+Pb and p+p are shown in Figure 38. The raw identi�ed parti
le spe
tra were also
orre
ted for these tra
k mis
ount e�e
ts, just like in the 
ase of peripheral Pb+Pbrea
tions.
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 errors 
aused by the residual non-target 
ontamination and the lostevents on the tra
k 
ount level, in p+Pb (left) and p+p (right), with π± mass hypothesis.6.2 Trigger Bias Corre
tionThis 
orre
tion is only relevant for the p+p and p+Pb spe
tra. In these 
ases the in-tera
tion trigger is a small (1 cm radius) downstream s
intillator (4m from the target),the S4, whi
h if hit by a parti
le, reje
ts the event. With this 
on
ept, events fallinginto about 85% of the total inelasti
 
ross-se
tion are re
orded, the rest is reje
ted asthe S4 s
intillator (erroneously) vetoes them. This is 
alled the trigger bias. This dis-tortion was studied by making o�-line sele
tion by using the GTPC (lo
ated dire
tlybehind the S4), simulating di�erent S4 sizes. An extrapolation to the zero S4 size givesthe undistorted 
ross-se
tions (detailed study was performed in [11, 12, 58℄).The biased events are mainly 
hara
terized by fast forward going parti
les, typi
alto di�ra
tive events. The shape of the trigger bias fun
tion as a fun
tion of parti
lemomentum is also qualitatively well understood. The loss is small for fast forward goingparti
les, as if su
h a parti
le is dete
ted in a re
orded event, then it must have passedin the dete
tor a

eptan
e, and it must have missed the S4 
ounter. Due to momentum
onservation, it is not possible to produ
e an other fast forward going parti
le in theevent, hitting the S4, whi
h 
ould 
ause vetoing. Thus, losing su
h an event 
anonly be due to slow parti
le hits, whi
h are very unlikely, as they are bent out from thebeamline by the magneti
 �eld. The trigger bias 
an grow up to about 16% towards theba
kward region, as the previous argument may be reverted: due to the two-
omponentpi
ture, it is very likely that a fast ba
kward parti
le is asso
iated to a fast forwardparti
le, whi
h is likely to hit the S4 
ounter. Around midrapidity, the 
orre
tion is



78 6 CORRECTIONSabout 8% for p+p and about 3.5% for p+Pb, approximately p
T
-independently aboveabout p

T
≥ 0.5GeV/c.6.3 Corre
tions from Monte CarloSome further 
orre
tions need Monte Carlo simulation of the dete
tor. The full simu-lation of the apparatus is available in GEANT. Thus, one is able to follow the parti
lere
onstru
tion from the signal generation level to the tra
k �tting level. For MonteCarlo surveys, various event generation methods are used. One 
an use physi
al mod-els, like VENUS-4.12, or one 
an prepare hand-made events. A spe
ial king of MonteCarlo event is an embedded event: su
h an event 
onsists of a real measured event, ontowhi
h one embeds hand-made parti
les (e.g. a single proton tra
k, whose momentumis known). Embedded events 
an be used to measure 
onditional probability values in
onne
tion with parti
le re
onstru
tion in a very realisti
 way, the 
ondition being theparti
le type and momentum.To be able to follow the parti
le re
onstru
tion pro
edure with the simulation, onedoes not only need generation, simulation and re
onstru
tion of parti
les, but one alsohas to be able to pair the Monte Carlo parti
les to the re
onstru
ted tra
ks. This isdone by a 5mm × 5mm sear
hing tube around the simulated tra
k: a re
onstru
tedtra
k is de�ned to be asso
iated to a simulated (input) tra
k if the re
onstru
ted tra
khas a point in this sear
hing tube. Of 
ourse, this does not ne
essarily lead to aone-to-one 
orresponden
e between simulated tra
ks and re
onstru
ted tra
ks: theremay be simulated tra
ks with no asso
iated re
onstru
ted tra
ks (lost tra
ks), theremay be re
onstru
ted tra
ks not asso
iated to any simulated tra
k (fake tra
ks), orthere may be more than one re
onstru
ted tra
ks asso
iated to a single simulatedtra
k (multiply re
onstru
ted split tra
ks, or 
rossing tra
ks). To have only at mostone valid re
onstru
ted tra
k asso
iated to ea
h simulated tra
k, only the best mat
his 
onsidered (highest re
onstru
ted points / simulated points ratio). This approa
hleaves the set of well re
onstru
ted tra
ks inta
t, it is not disturbed by the 
rossingtra
ks, does not tou
h the original set of fake tra
ks, and ea
h 
opy of a multiplyre
onstru
ted split tra
k, whi
h is not a best mat
h to a simulated tra
k, is 
onsideredas a fake tra
k. It has to be noted, that by this 
lassi�
ation, we do not lose any 
aseof imperfe
tly re
onstru
ted tra
ks, i.e. the bookkeeping of tra
ks by this method is
orre
t: all the re
onstru
ted tra
ks, whi
h are not best mat
hes are 
ontributing tobe fake tra
k 
ounts, i.e. any deviant way of tra
k re
onstru
tion 
an be immediatelyspotted out by an in
reased amount of fake tra
k 
ounts or by an in
reased amount



6.3 Corre
tions from Monte Carlo 79of tra
k loss 
ounts. After this pairing, the distribution of number of re
onstru
tedpoints / number of simulated points 
an be seen in Figure 39. The �gure was preparedby embedding single proton tra
ks into real Pb+Pb(0-5%) 
entral events, uniformly inthe a

epted momentum spa
e region.18 As 
an be seen: the quality of the mat
hingof re
onstru
ted to simulated tra
ks is very good, independently of the transversemomentum, whi
h demonstrates that the tra
k mat
hing pro
edure works properly.
PSfrag repla
ements

Pb+Pb(0-5%), embedded p

050100150200250300 Entries
pT [GeV/
℄0 1 2 3 4 5REC/MCpointmat
hratio 00.250.50.7511.25

Figure 39: Quality of the mat
hing of the Monte Carlo tra
ks to the re
onstru
ted tra
ks inPb+Pb(0 − 5%), π± mass hypothesis.Now we are able to mat
h re
onstru
ted tra
ks to simulated tra
ks if the re
onstru
-tion was su

essful. It has to be 
he
ked that whether the re
onstru
ted momentumis 
lose to the input momentum, i.e. the momentum resolution is good. The relativedi�eren
e of re
onstru
ted momentum ve
tors to the input momentum ve
tors is shownin Figure 40. The points show the statisti
al mean value of this quantity, while theerrorbars show the statisti
al standard deviation (and not the statisti
al error of themean values). The �gure was prepared by embedding single proton tra
ks into realPb+Pb(0-5%) 
entral events, uniformly in the a

epted momentum spa
e region. As
an be seen, the re
onstru
ted momentum ve
tors reprodu
e the input values a

u-rately.18The pro
edure of superimposing an arti�
ial parti
le tra
k onto a real event is 
alled embedding.This is a widely applied te
hnique in our experiment to take the a
tual tra
k density environmentinto a

ount in a realisti
 way.
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Figure 40: Momentum re
onstru
tion quality in Pb+Pb(0 − 5%), π± mass hypothesis.Finally, it has to be 
he
ked that the amount of fake tra
ks among the re
onstru
tedtra
ks is negligible. For this, embedding 
annot be used, realisti
 pure Monte Carloevents have to be applied: the fake tra
ks are de�ned by those re
onstru
ted tra
ks,whi
h 
annot be paired to any simulated tra
k (note that also multiply re
onstru
ted
opies of split tra
ks, whi
h are not best mat
hes to their input tra
ks, are also 
ountedby this de�nition, thus all �deviant� re
onstru
ted tra
ks stay in our s
ope). For thispurpose, 100 k VENUS-4.12 events were used, whi
h reprodu
e the tra
k density ofPb+Pb events quite realisti
ally. The fra
tion of fake tra
ks 
an be seen in Figure 41.As 
an be seen, the fake tra
k 
ontamination is negligible in our a

epted momentumspa
e region, after our tra
k 
uts, dis
ussed in Se
tion 4.2.6.3.1 Feed-Down Corre
tionThe feed-down 
ontamination means 
ontribution of se
ondary parti
les, i.e. parti
leswhi
h are de
ay produ
ts of other parti
les, a

identally re
onstru
ted as primaryparti
les. The main sour
e of feed-down 
ontributions are the de
ay 
hannels, listed inTable 5.To 
al
ulate the de
ay 
ontributions, the table of 
onditional probabilities of re
on-stru
ting a 
hild parti
le (with given type and momentum) as a primary parti
le from a
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Figure 41: Fra
tion of fake tra
ks in Pb+Pb (VENUS-4.12), π± mass hypothesis.
K0

s → π+ π− ≤ 5% to π±

Λ → p π− ≤ 30% to p
Λ̄ → p̄ π+ ≤ 30% to p̄
Σ+ → p π0 ≤ 6% to p
Σ+ → n π+

Σ− → n π−

Σ̄− → p̄ π0 ≤ 6% to p̄
Σ̄− → n̄ π−

Σ̄+ → n̄ π+Table 5: The list relevant feed-down 
hannels.mother parti
le (with given type and momentum) was measured by embedding motherparti
les into empty events. (The feed-down 
ontribution is mainly of kinemati
 na-ture, and is expe
ted to have very weak dependen
e on tra
k density, therefore emptyevents were used, to redu
e the need for 
omputing power.) Given the yield of motherparti
les as a fun
tion of parti
le type and momentum
(tm, ~pm) 7→ fm(tm, ~pm),one 
an 
al
ulate the feed-down yield of 
hild parti
les as a fun
tion of parti
le type



82 6 CORRECTIONSand momentum by the integral
(tc, ~pc) 7→ fc(tc, ~pc) =

∑

tm

∫

ρ(tc, ~pc|tm, ~pm) fm(tm, ~pm) d3pm,on
e the 
onditional probabilities
(tc, ~pc, tm, ~pm) 7→ ρ(tc, ~pc|tm, ~pm)are measured by simulation. The parti
le spe
tra are then 
orre
ted for feed-down bysubtra
ting these 
al
ulated yields from the raw parti
le spe
tra.The yields of relevant mother parti
les K0

s , Λ and Λ̄ were obtained by parame-terizations of yields, measured previously in our experiment (see [22, 31, 34℄). Theparameterizations themselves are presented in detail in [44℄. The Λ, Λ̄ spe
tra alsoin
lude the Σ0 → Λγ and the Σ̄0 → Λ̄γ 
ontributions, however they are feed-down
orre
ted for the Ξ0 → Λπ0, Ξ− → Λπ− and the Ξ̄+ → Λ̄π+, Ξ̄0 → Λ̄π0 de
ays.Despite of this fa
t, their missing 
ontribution to the Λ, Λ̄ produ
tion is small, as the
Ξ0,Ξ−, Ξ̄+, Ξ̄0 yields are below the 20% of the Λ, Λ̄ yields, respe
tively. The K0

s arenot 
ontaminated by feed-down 
ontributions.For π+ the only sizeable 
ontribution is given by the K0
s → π+ π− 
hannel, whilefor π− also the Λ→ pπ− de
ay has to be taken into a

ount. The p (p̄) yield is mostly
ontaminated by Λ (Λ̄) de
ays, however there are also other sour
es (Σ+, Σ̄−). The

K± yields are pra
ti
ally not 
ontaminated by feed-down.The p̄ feed-down yield largely depends on the measured Λ̄ temperatures, whi
hbear a relatively large error. To quantify the systemati
 errors of the p̄ feed-downyields, the analysis was redone by assuming the Λ̄ temperatures to be equal to the Λtemperatures. This provides an upper estimate for the Λ̄ temperatures. The resultingsystemati
 error of the feed-down 
orre
ted p̄ spe
tra is 5%.The 
ontribution of Σ+ and Σ̄− was taken into a

ount by s
aling up the Λ and Λ̄yields by 20%. This treatment was suggested by the VENUS-4.12 model: the relativeintensity of the Σ+ 
hannel to the Λ 
hannel, furthermore the relative intensity of the
Σ̄− 
hannel to the Λ̄ 
hannel was predi
ted to be about 
onstant 20% by this model.Assuming an 50% un
ertainty of this s
aling, we end up with at most 3% systemati
un
ertainty of the feed-down 
orre
ted p, p̄ yields, originating from this error sour
e.The resulting feed-down 
ontributions are shown in Figure 42 relative to the mea-sured raw parti
le spe
tra. As 
an be seen, this 
orre
tion is the most relevant for
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eptan
e Corre
tion 83the p, p̄ parti
les, be
ause of the feed-down from Λ, Λ̄ de
ays. (Due to the small massdi�eren
e between p and Λ or between p̄ and Λ̄, the dominant part of the momentumof the mother Λ or Λ̄ is inherited by the resulting p or p̄, whi
h fakes primary p or
p̄ tra
ks.) For π±, the feed-down 
orre
tion is under about 7% and vanishing with
p

T
, while for p, p̄, this 
orre
tion 
an be up to 30%, de
reasing with p

T
. Thus, thesystemati
 errors of the feed-down estimation dominates the systemati
 errors of theparti
le spe
tra.6.3.2 Tra
king Ine�
ien
y Corre
tionThe spe
tra are also 
orre
ted for tra
king ine�
ien
y. The ine�
ien
y 
orre
tionwas determined by measuring the 
onditional probability of losing a tra
k during there
onstru
tion (the 
ondition being the parti
le type and momentum). This study wasperformed by embedding single parti
les into real events, as this 
orre
tion is expe
tedto depend largely on the tra
k density. For de
aying parti
les (π± and K±), thisapproa
h ensures that the failure of tra
k re
onstru
tion due to early de
ay of parti
lesis also taken into a

ount (de
ay loss 
orre
tion). The resulting tra
king ine�
ien
ies
an be seen in Figure 43. The tra
king ine�
ien
y is on the level of 10% for Pb+Pbevents. The de
ay loss 
orre
tion is negligible for π±, and it varies between 30% and

0% for K±. For p+p and p+Pb events, the tra
king ine�
ien
y is negligible, andthe de
ay loss 
orre
tion is the same as for Pb+Pb, as the de
ay loss is of purelykinemati
/geometri
al origin.The spe
tra are 
orre
ted for tra
king ine�
ien
y and de
ay loss by dividing themby 1− the 
umulative ine�
ien
y 
urves (whi
h depend on parti
le type due to di�erentde
ay loss 
urves).6.4 A

eptan
e Corre
tionAn ideal goal for parti
le spe
trum measurement 
an be to determine the spe
tra ofidenti�ed parti
les as a fun
tion of all kinemati
 degrees of freedom, e.g. as a fun
tionof (y, p
T
) (the azimuthal degree of freedom is irrelevant, as the single parti
le spe
traare axially symmetri
). This is the largest possible amount of knowledge, whi
h one
an extra
t on single parti
le produ
tion. (Of 
ourse, parti
le 
orrelation studies 
angive further insights to the stru
ture of events, but this is not in the s
ope of ouranalysis.) A 
ommonly used quantity for yield measurement is the `invariant yield'
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Figure 42: Feed-down 
ontributions to the π± and p, p̄ 
hannels. (K± are omitted, as they have donot have signi�
ant feed-down 
ontributions.)
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Figure 43: Tra
king ine�
ien
y for π±, p, p̄ and K±. (For π± and K± de
ay loss 
orre
tion is alsoin
luded.)



86 6 CORRECTIONS(see Appendix A), whi
h is de�ned by
(y, p

T
) 7→ 1

2π · p
T

· d2n

dy dp
T

,where the quantity d2n
dy dpT

means the parti
le yield per event, di�erentiated in y and p
T
.The name invariant yield 
omes from the fa
t, that this quantity means a di�erentialyield on the mass shell of the given parti
le, with respe
t to the Lorentz invariantvolume measure of the mass shell p

T
dy dp

T
dϕ (ϕ being the azimuth 
oordinate). Thisquantity is also invariant in the sense that the a
tion of a longitudinal boost with arapidity value ∆y on the invariant yield is merely a translation in the y dire
tion by

∆y.A both longitudinally and transversally di�erential study was performed e.g. in[11, 12℄ for p+p and p+C, furthermore there is su
h a study for p+Pb in preparation.However, the available tra
k statisti
s of our experiment is not enough to go to p
T
≥

2GeV/c if the single parti
le spe
tra are also di�erentiated longitudinally (this is alsothe 
ase for most experiments). Furthermore, due to the high tra
k density, the Pb+Pbrea
tions 
annot be studied in a too wide y range, be
ause of the di�
ulties of high
p

T
tra
k re
onstru
tion, as was dis
ussed in Se
tion 4.2: the region of high p

T
studiesis limited to the −0.3 ≤ y < 0.7 rapidity interval. As a fall-ba
k, our goal shallbe to measure the identi�ed parti
le spe
tra (invariant yields) as a fun
tion of p

T
atmidrapidity, i.e. at the y = 0 sli
e.To measure the d2n

dy dp
T
quantity at y = 0, we use the raw d2n

dy dp
T
, measured on thea

epted momentum spa
e region as a fun
tion of p

T
, whi
h we measure for π±, p, p̄and K± as a result of the parti
le identi�
ation �ts in the p

T
bins, des
ribed in Se
tion5.1. As the parti
le spe
tra of Pb+Pb and p+p rea
tions are 
hanging very little onthe −0.3 ≤ y < 0.7 interval (see e.g. the rapidity spe
tra published in [7℄), the rapiditydistributions may assumed to be approximately �at in this given rapidity window.19Therefore, to gain tra
k statisti
s, the full −0.3 ≤ y < 0.7 rapidity interval may be usedto approximate the y = 0 sli
e. (This approximation 
auses about a 2% systemati
underestimation of identi�ed parti
le yields.) However, as was shown in Figure 29, thea

epted φ region is (y, p

T
) dependent. As our goal is to measure the d2n

dy dpT
integratedon the full −180◦ ≤ φ < 180◦ domain, we have to extrapolate the parti
le yields19The Pb+Pb and p+p rea
tions are symmetri
, thus their parti
le spe
tra are also symmetri
 in

y. As the rapidity spe
tra of these rea
tions are known to have an at most paraboli
 maximum at
y = 0, they are approximately �at around midrapidity. This region around the maximum, where thevariation of the parti
le spe
tra is small, is known to be very broad in y.
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eptan
e Corre
tion 87from our limited φ 
overage to the full −180◦ ≤ φ < 180◦ 
overage. This is handledby the a

eptan
e 
orre
tion: the parti
le spe
tra at ea
h p
T
bin are divided by thea
tual volume of the p

T
bin and are multiplied by the volume of the p

T
bin assuming

−180◦ ≤ φ < 180◦ 
overage. As the φ distribution is �at in an exa
t manner, thisapproa
h delivers the a

eptan
e 
orre
ted spe
tra, provided that the y distribution inthe region is approximately also �at.As the p+Pb rea
tion is not symmetri
, its rapidity spe
tra are also not symmetri
:they have a signi�
ant slope around y = 0. Therefore, the y spe
tra of p+Pb rea
tion
annot be approximated as �at around y = 0: if one uses the whole −0.3 ≤ y < 0.7interval for the approximation of the p
T
spe
tra at y = 0, one also has to 
orre
t for the

y dependen
e. This is simply treated by measuring the y spe
trum at ea
h p
T
-bin (bytaking a very narrow y- and p

T
-independent φ sli
e around 0◦), and using this shapeinstead of �at y distribution in the above dis
ussed 
orre
tion pro
edure: instead of thevolume of the p

T
bin, one has to take the (y, φ) distribution (normalized to 1 at y = 0)integrated on the p

T
bin. Of 
ourse, the needed 
omputing power in
reases by thisdouble di�erentiating, plus the tra
k statisti
s dies out qui
ker. Therefore, the shapeof the y distributions was extrapolated in p

T
from the p

T
= 2GeV/c y distribution
urves. As was observed, the 
hange of the y spe
trum shape is very small (negligible)when evolving in p

T
, therefore this extrapolation is meaningful.As an example, the a

eptan
e 
orre
tion 
urve for symmetri
 rea
tions (Pb+Pband p+p) is shown in Figure 44. Although this 
orre
tion is large and rapidly varying,it 
an be 
al
ulated with high a

ura
y, as it is only in�uen
ed by the dete
tor geometryand kinemati
s, and 
an be determined without Monte Carlo. The large steps in the
orre
tion 
urve are due to 
hanges in the p

T
binsize at p

T
= 2GeV/c and p

T
=

3GeV/c, the 
orre
tion for whi
h is in
luded in the a

eptan
e 
orre
tion 
urve.The fully 
orre
ted parti
le spe
tra in Pb+Pb 
arry the 
umulative systemati
 un-
ertainties, listed in Table 6, while the p+Pb and p+p parti
le spe
tra 
arry additional
5% systemati
 errors, originating from the un
ertainties of the trigger bias, dis
ussedin Se
tion 6.2. The systemati
 errors of p and p̄ spe
tra are larger due to the la
k ofa

urate knowledge on the Λ and Λ̄ yields.
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orre
tion 
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parti
le a

eptan
e feed-down feed-down quadrati
type 
orre
tion yields shapes sum
π± 2% 2.0%
p 2% 3% 3.6%
p̄ 2% 3% 5% 6.2%
K± 2% 2.0%Table 6: Systemati
 error sour
es for Pb+Pb parti
le produ
tion spe
tra.



897 Results and Dis
ussionIn the next se
tions, we shall present the π±, p, p̄, K± single parti
le spe
tra, ob-tained by the dis
ussed pro
edures, for the √s
NN

= 17.3GeV Pb+Pb, p+Pb and p+prea
tions. A new method, developed by the author for the purpose of π0 spe
trumextra
tion, is also introdu
ed.The derived quantities of the parti
le produ
tion spe
tra are also shown and dis-
ussed. The underlying physi
al pi
ture is elu
idated by 
omparing data to the√s
NN

=

200GeV RHIC results [4, 6℄, to blast-wave parameterization published in [13℄ basedon [50℄, and to perturbative QCD 
al
ulations [64℄ based on [63℄. The 
omparison toRHIC data is used to extra
t an energy dependen
e pi
ture on the elementary proper-ties of the single parti
le spe
tra. The 
onsisten
y 
he
k to blast-wave parameterizationshall evaluate, whether the di�erent temperatures of the low p
T
parti
le spe
ies 
anbe explained by a 
ommon temperature, and a boost introdu
ed by an expandingsour
e. The 
omparison to the predi
tions of the perturbative QCD based in-mediumenergy loss model shall provide information on whether the involved high p

T
parti
leprodu
tion pro
esses are already in the perturbative region.The related publi
ations of the author on the stated results are also emphasizedin the text. These referen
e entries are typeset with bold fa
e 
hara
ters for trans-paren
y.7.1 Identi�ed Charged Hadron Spe
tra in Pb+Pb, p+Pb andp+p Rea
tionsThe main result of our analysis, the identi�ed 
harged hadron in
lusive spe
tra (π±,

p, p̄, K±) in √s
NN

= 17.3GeV Pb+Pb, p+Pb and p+p 
ollisions, are shown in Figure45 and are listed in Table 9, 10, 11, 12, 13 in Appendix C. In Figure 45, the formerlypublished NA49 produ
tion spe
tra from [7, 16, 11℄ are also drawn on top of thenewly obtained data, by solid bands, for 
omparison. It is seen that the agreementto the formerly published low p
T
spe
tra is ex
ellent. It also has to be noted, thatthe p

T

overage of the presented new analysis is far larger than that of the formerlypublished spe
tra, espe
ially for the 
entral Pb+Pb 
ase, for whi
h the p

T

overagewas extended from 0− 1.5GeV/c to 0− 4.5GeV/c. Also the variety of the presentedparti
le spe
ies is larger. The simple reason for the larger p

T

overage is that withoutthe tra
k sele
tion method, presented in Se
tion 4.2, the very high fake rate makes
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le spe
trum extra
tion impossible, as was shown in Figure 24. Sin
ethis 
leaning method, developed by the author, was not known at the time of thepubli
ation of [7, 16, 11℄, the measurement of the single parti
le spe
tra at higher p
Twas not feasible.The presented parti
le spe
tra 
arry at most about 5% systemati
 un
ertainty inthe Pb+Pb 
ase, and about 8% in the p+Pb and p+p 
ase. This di�eren
e 
an bea

ounted for the un
ertainties of the trigger bias 
orre
tion in the p+Pb and p+p
ase, dis
ussed in Se
tion 6.2. The un
ertainty is slightly larger for p, p̄, and smallerfor π±, K± parti
les, due to the larger un
ertainty in the p, p̄ feed-down 
orre
tionfrom Λ, Λ̄ de
ays, as dis
ussed in Se
tion 6.3.1. From the experimental point of view,the stated high a

ura
y is a result of the following philosophy of the applied datahandling:(a) either the 
uts (event and tra
k sele
tion methods) were optimized in su
h a waythat the 
orre
tions be
ome small (non-target and event loss 
orre
tion, triggerbias 
orre
tion, ine�
ien
y 
orre
tion), or when this was not possible,(b) the 
uts were optimized in su
h a way that the large 
orre
tions 
an be 
al
ulatedwith a high a

ura
y, e.g. be
ause the given 
orre
tions are of geometri
al or ofkinemati
 nature (a

eptan
e 
orre
tion, de
ay loss 
orre
tion, and partly alsothe feed-down 
orre
tion20).Preliminary versions21 of the presented parti
le spe
tra were published by the au-thor for the NA49 Collaboration in [40, 54, 45℄. These spe
tra were also used in theargumentation of [17, 18, 19, 46℄, written by the author for the NA61 Collaboration.The �nal form of the Pb+Pb spe
tra were published in the experimental arti
le [15℄,together with a brief overview of the experimental methods, dis
ussed in Chapters 3,4, 5, 6.The physi
al information, whi
h dire
tly 
an be seen from Figure 45, is that thebaryon spe
tra are harder than the meson spe
tra (harder spe
trum: the fall-o� slopeis smaller). Later, this shall be shown more expli
itly by parti
le produ
tion ratios.20Despite of the fa
t that the feed-down 
orre
tion is of kinemati
 kind, the largest un
ertainty isintrodu
ed by this 
orre
tion, due to the insu�
ient knowledge on the double di�erential yields of themother parti
les.21Only with a

eptan
e 
orre
tion. Also the 
al
ulation of the average 
ollision parameters was notas a

urate as for the �nal version.
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Figure 45: The fully 
orre
ted invariant yields at y = 0 of π±, p, p̄, K± parti
les in √sNN = 17.3 GeVPb+Pb, p+Pb and p+p rea
tions.



92 7 RESULTS AND DISCUSSION7.2 A New Method for π0 Spe
trum MeasurementBesides of 
harged hadrons, the behavior of the neutral hadron spe
tra is also inter-esting. Therefore, an attempt was made by the author to extra
t p
T
spe
tra for π0parti
les at midrapidity from the NA49 data. Although dedi
ated π0 measurementswere made at the CERN SPS by the WA98 
ollaboration [9℄, these results are not inperfe
t 
onsisten
y with the presented π± results. Similar phenomenon 
an be observedon data of the RHIC experiments [4, 2℄ (see a 
omparison plot in [15℄). A very likelyexplanation of the di�eren
e between the π± and π0 spe
tra may be the short
omingsof the 
alorimetri
 dete
tion method of π0 parti
les via their π0 → γγ de
ay 
hannel:even the best 
alorimeter has mu
h worse momentum resolution than a 
harged par-ti
le tra
king dete
tor.22 There is a possibility at NA49 to dete
t π0 parti
les with anon-
alorimetri
 method. The idea of dete
tion is based on the fa
t, that the γ → e+e−
onversion probability, for γ-s formed inside the target, is about 1%. The γ photonsmay be re
onstru
ted via the tra
ks of the e+ and e− parti
les in the TPC volumes,and the π0 parti
les may be re
onstru
ted from the γ 
andidate pairs. Indeed, the

π0 signal 
an be seen by this method at NA49, as shown in Figure 56 in AppendixB, however the statisti
s is too low for momentum spe
trum extra
tion, due to thevery low γ pair dete
tion probability. Motivated by the statisti
al short
omings of thedire
t π0 spe
trum measurement method by γ pairs, a theory for indire
t π0 spe
trummeasurement was developed by the author, whi
h only needs the dete
tion of single γparti
les. The philosophy of this indire
t method is to measure the single γ momen-tum spe
trum, and (assuming that all the γ parti
les originate from π0 de
ays) the π0momentum spe
trum is re
onstru
ted from this, by unfolding. The unfolding meansthe inversion of 
ertain integral operators in probability theory.23 Unfortunately, thereis no generally appli
able method known in literature, for solving a general unfold-ing problem. Seeing this theoreti
al short
oming, the author developed a generally22The smearing e�e
t of the non-ideal resolution of a 
alorimeter 
an largely 
hange the shape ofthe measured parti
le spe
tra. As was shown by the author in [42℄, this 
an be a large e�e
t evenwith the best 
alorimeters, and not ne
essarily only dominant at low momenta (as one would naivelythink), where the resolution gets poor. The smearing has in
reasing e�e
t with growing momentum,and 
annot be 
orre
ted by naive Monte Carlo.23Let two probability density fun
tions be g and f over some �nite dimensional ve
tor spa
e X, anda 
onditional probability density fun
tion be ρ over X×X, and assume that g(y) =
∫

x∈X

ρ(y|x) f(x) dxfor all y ∈ X. The unfolding means the re
onstru
tion of the unknown `initial' f from the known`measured' g and the known `response fun
tion' ρ. A spe
ial 
ase of unfolding is the de
onvolution,when ρ is translation invariant in the sense that for all x, y, z ∈ X we have ρ(y + z|x) = ρ(y|x − z).In that 
ase ρ(y|x) = ρ(y − x|0), i.e. ρ may be expressed by a single probability density fun
tion
x 7→ ρ(x|0).
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le/Parti
le Asymmetry 93appli
able iterative method for unfolding (see Appendix B). This theoreti
al result,whi
h has a general relevan
e in signal pro
essing, was published by the author in themathemati
al arti
le [41℄.7.3 Anti-parti
le/Parti
le AsymmetryThe anti-parti
le/parti
le yield asymmetry is shown in Figure 46. For 
omparison,
√
s

NN
= 200GeV RHIC results are also shown. It is seen, that the produ
tion oflightest mesons (π−/π+) is already approximately symmetri
 at SPS energy. This isdue to the fa
t that the π± produ
tion threshold is far lower than the given nu
leon-nu
leon 
ollision energy. The yields of the heavier hadrons do not admit su
h anti-parti
le/parti
le symmetry at SPS energy. As the √s

NN
= 200GeV is far larger thanthe produ
tion threshold of π±, p, p̄, K±, the anti-parti
le/parti
le yields are approxi-mately symmetri
 at RHIC. Both the K−/K+ and p̄/p ratios de
rease with p

T
at SPSenergy. This means that the K+ spe
tra are harder than the K− spe
tra, and the pspe
tra are harder than the p̄ spe
tra.The small but well visible di�eren
e of π− relative to π+ yields 
an be a

ountedfor the isospin asymmetry of the initial state. This is most pronoun
ed for the p+p
ollisions: as the initial system is maximally non-isospin symmetri
, the asymmetry inthe π−/π+ ratio is the most pronoun
ed. The π− parti
les are suppressed relative to

π+ parti
les, as the isospin of the initial state is positive. As the p+Pb and Pb+Pbsystems are far less asymmetri
 in isospin, their π−/π+ ratios are mu
h 
loser to one.In these 
ases, the π− produ
tion is slightly enhan
ed relative to the π+ produ
tion,as the initial system has negative isospin.The p, p̄ yields are highly asymmetri
 at SPS energy. The two reasons are:(a) the energy threshold for baryon produ
tion is not too far from the 
ollision energy,leading to a low baryon produ
tion 
ross-se
tion, i.e. the dominant part of the�nal state baryons are inherited from the initial state, and(b) the initial state is highly asymmetri
 in the anti-baryon/baryon 
ontent, as itpurely 
onsists of baryons, thus the baryon number 
onservation implies a largebaryon ex
ess over anti-baryons (as was already depi
ted in Figure 3).This spe
trum asymmetry be
omes less pronoun
ed with in
reasing 
ollision energy, asthe baryon produ
tion 
ross-se
tion in
reases: at higher energies, the produ
ed baryonsdominate the yield at midrapidity, and not the inherited (net-) baryons.
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Figure 46: Anti-parti
le/parti
le ratios at y = 0 in √sNN = 17.3 GeV Pb+Pb, p+Pb and p+prea
tions. Similar data for √sNN = 200 GeV Au+Au, d+Au and p+p rea
tions are also shown. BW:blast-wave parameterization. pQCD: perturbative QCD 
al
ulation.



7.3 Anti-parti
le/Parti
le Asymmetry 95The K± yields are also not symmetri
. A primary reason for this e�e
t is thatthe K+ and K− mesons are not isospin partners, so the isospin 
onservation does notimpose any 
onstraint on the produ
tion symmetry. Despite of this fa
t, the K± yieldis expe
ted to be symmetri
 for those Kaons, whi
h originate from pair produ
tion, asthey are the anti-parti
les of ea
h-other. The ex
ess of K+ over K− produ
tion 
an beexplained by a gluoni
 ū+u→ s̄+s and d̄+d→ s̄+s transition, whi
h is able to openother 
hannels than pair produ
tion: the `asso
iated produ
tion' 
hannels. Taking intoa

ount the valen
e quark stru
ture, su
h rea
tions 
an be e.g. the π+ +p→ K+ +Σ+,
π++n→ K++Λ, or π−+p→ K0+Λ, π−+n→ K0+Σ− asso
iated produ
tions. Alsosu
h asso
iated produ
tion pro
esses 
an exist, where the u, d valen
e quarks of the
olliding baryoni
 matter is paired with an s̄ sea quark (resulting in K+ and K0 pro-du
tion), and its s pair is pi
ked up by other u, d valen
e quarks (resulting in strangebaryon produ
tion). Also `asso
iated absorption' pro
esses 
an exist: K− parti
lesmay be absorbed in the baryoni
 matter, based on a strangeness ex
hange of the form
K− + p → π− + Σ+, K− + n → π− + Λ, or K̄0 + p → π+ + Λ, K̄0 + n → π+ + Σ−.These asso
iated rea
tions are driven by the baryon (or u, d) ex
ess of the initial state.The similar asso
iated 
hannels of the 
harge-
onjugated parti
les are suppressed bythe low amount of anti-baryon (or ū, d̄) 
ontent of the formed matter. It is seen thatthe K± asymmetry vanishes with in
reasing 
ollision energy. This fa
t 
an be a
-
ounted for the in
reased amount of produ
ed anti-baryon 
ontent, whi
h opens theasso
iated produ
tion/absorption 
hannels also for the anti-Kaons. Both asso
iatedprodu
tion and absorption s
enarios enhan
e K+ yields relative to K−, and in
reasethe strange baryon yield, therefore the dominan
e of asso
iated produ
tion versus ab-sorption 
annot be judged a priori. However, asso
iated absorption is expe
ted to needhigher net-baryon density. It is seen from Figure 46, that the K± asymmetry at SPSenergy is independent of the 
olliding system (Pb+Pb(Central), Pb+Pb(Mid
entral),Pb+Pb(Peripheral), p+Pb and p+p), whi
h suggests that the Kaon produ
tion me
h-anism is similar for all the shown rea
tions. This would mean that the asso
iatedprodu
tion is dominant, as in p+p the net-baryon density is only high at very forwardand very ba
kward regions, furthermore there is no �nal state res
attering, thus theasso
iated absorption is �
hemi
ally� not supported.The blast-wave parameterization predi
ts 
onstant anti-parti
le/parti
le ratios24,agreeing well to our data in the region p

T
≤ 1.5GeV/c, as expe
ted: the blast-waveresult of [13℄ was obtained by �tting the blast-wave parameterization [50℄ simultane-24In the blast-wave des
ription, the shape of the parti
le spe
tra only depends on parti
le mass,therefore the spe
trum shape for parti
les and anti-parti
les are the same.



96 7 RESULTS AND DISCUSSIONously to the m
T
spe
tra of [7℄ (low p

T
NA49 results) and to the measured sour
e radii,obtained by the two-boson 
orrelation analysis, presented in [13℄. The good agreementto the blast-wave parameterization at low p

T
means, that the parti
le spe
tra (at lowtransverse momentum) are 
onsistent to a physi
al pi
ture, assuming 
olle
tive behav-ior of parti
les, thermally emitted from an expanding 
ylindri
al sour
e. In the region

p
T
≥ 1.5GeV/c the blast-wave parameterization slightly overpredi
ts the ratios. Thisis not surprising, as good agreement to 
olle
tive models at high p

T
is not expe
tedto hold: the high p

T
part of the spe
trum is rather expe
ted to originate either fromhard QCD pro
esses, or from ex
ited nu
leon de
ays, both of whi
h are not ne
essarilyexpe
ted to be 
olle
tive.The perturbative QCD 
al
ulation does not seem to be 
onsistent with the measured

p̄/p and K−/K+ ratios, as it highly underpredi
ts the asymmetry for K± and p, p̄. The
π−/π+ ratios are well reprodu
ed, however this is expe
ted, as approximate symmetryalready holds for π± produ
tion at SPS energy. An in
onsisten
y to perturbative QCD
al
ulation at intermediate energies or momenta may always be explained by assumingsoft pro
esses being responsible for the given intera
tion, i.e. with the assumptionthat the elementary momentum transfers are not su�
iently large 
ompared to themomentum s
ale of QCD, leading to large e�e
tive 
oupling fa
tor. Most probably, thenet-baryon number transfer is not a purely perturbative QCD pro
ess at SPS energiesin the 
overed momentum region, whi
h 
an give rise to wrong p̄/p predi
tions (e.g.some of the baryon 
ontent may simply be inherited from the initial state). However,as we shall show, purely this assumption is not enough to explain this dis
repan
y, asthe produ
ed p̄ spe
tra 
arry most of this e�e
t (see later in Se
tions 7.5, 7.6). Thedisagreement to the measured K−/K+ ratio may also be explained by su
h s
enario:most probably the asso
iated K+ produ
tion is not a hard pro
ess, thus it need notbe des
ribed well by perturbative QCD at SPS energies. However, also for this 
asewe shall show, that purely this assumption is not enough to explain the dis
repan
y,as the K− spe
tra 
arry most of this e�e
t (see later in Se
tion 7.4).7.4 Strange Meson Produ
tionThe K+/π+ and K−/π− ratios are shown in Figure 47. Similar quantities at √s

NN
=

200GeV are also shown for 
omparison. The �net asso
iated K+� yield relative to theaverage π± yield (de�ned by 2(K+−K−)
π++π− ) is also shown, whi
h should depi
t the produ
-tion of the asso
iated K+ parti
les relative to π±. This latter quantity 
an be easily
al
ulated from the NA49 data, but 
annot be extra
ted with reasonable statisti
al
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tion 97errors from the PHENIX data, nevertheless the obtained RHIC result is also shownfor 
omparison. (The physi
al meaning of the 2(K+−K−)
π++π− ratio is di�erent at RHIC,as the K− parti
les are also expe
ted to in
lude asso
iated produ
tion 
ontribution,therefore at RHIC energy, this ratio 
annot be interpreted as purely the asso
iated K+produ
tion 
ontribution.)Some features of the data 
an immediately be observed. Due to the behavior ofthe K± asymmetry and π± symmetry, the K+/π+ and K−/π− ratios di�er from ea
h-other at SPS energy, and be
ome very similar at higher energies, as the K± yieldsbe
ome symmetri
 with in
reasing 
ollision energy. It is seen, that the produ
tion of

K± relative to π± shows a monotoni
 in
rease with p
T
, i.e. the K± spe
tra are harderthan the π± spe
tra. The K−/π− ratio shows a saturation at p

T
= 1.5GeV/c at SPSenergy. The RHIC K+/π+ and K−/π− data resemble more to the K+/π+ at SPS,whi
h 
an be explained by the presen
e of asso
iated Kaon produ
tion. The largedi�eren
e between the K−/π− ratios at SPS and RHIC 
an be explained by the la
kof asso
iated K− produ
tion at SPS: it is seen that the K−/π− ratio shows an ex
essat RHIC over the SPS values. It is surprising, however, that the K+/π+ produ
tion atRHIC is pra
ti
ally the same for p+p, d+Au and Au+Au (
entrality independently),and is very similar to the 
orresponding SPS data in p+p, whereas the SPS K+/π+ratio shows an ex
ess over the RHIC results in nu
leus-nu
leus 
ollisions (
entralityindependently).The dis
ussed e�e
ts are better seen in Figure 48, where we show the energy de-penden
e of the results by double ratios. It is 
learly seen, that the K+/π+ ratio atSPS energy (whi
h also 
ontains the 
ontribution of asso
iated produ
tion just like thehigher energy RHIC data) shows an ex
ess over the RHIC result in nu
leus-nu
leus
ollisions, p

T
and 
entrality independently. For proton-proton and proton(deuteron)-nu
leus 
ollision, the RHIC to SPS ratio of K+/π+ is approximately 
onstant onewithin errors. The surprising phenomenon of K+/π+ integrated yield ex
ess at SPSnu
leon-nu
leon 
ollisions was already a known fa
t (see [14℄ Figure 4, left panel), andis 
ommonly referred to as �the horn�. A possible interpretation of this phenomenon isthe onset of de
on�nement. The K+/π+ peak, presented in [14℄, 
an be qualitativelyexplained in the framework of statisti
al models, assuming the 
hange of degrees offreedom from hadroni
 to partoni
 at the 
ollision energy, 
orresponding to the peakposition. An alternative explanation assumes purely hadroni
 s
enario, and the peakis explained by the opening of the K+ asso
iated produ
tion 
hannel at SPS energies(resulting in the rise), and the de
rease of the net-baryon rapidity density at higher
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Figure 47: K+/π+, K−/π−, and 2(K+−K−)
π++π− ratios at y = 0 in √sNN = 17.3 GeV Pb+Pb, p+Pband p+p rea
tions. Similar data for √sNN = 200 GeV rea
tions are also shown. BW: blast-waveparametrization. pQCD: perturbative QCD 
al
ulation.
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tion 99energies (resulting in the fall). This s
enario is suggested by the fa
t that the K−/π−integrated yield ratio does not show su
h yield ex
ess peak, instead it admits a smoothevolution. A possible 
ounter-argument for this 
an be that the K−/π− ratio is, in fa
t,arti�
ially suppressed by asso
iated absorption. However, due to the similarity of the
K−/K+ ratios in p+p, p+Pb and Pb+Pb (
entrality independently), the asso
iatedabsorption s
enario is not very likely, as this 
ontribution is expe
ted to be very lowin p+p, as there is no �nal state res
attering. PSfrag repla
ements
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100 7 RESULTS AND DISCUSSIONThe blast-wave parameterization has proved again to be 
onsistent to the low trans-verse momentum data, whereas at high transverse momenta (above 1.5GeV/c) it de-viates from the data, as expe
ted.The perturbative QCD 
al
ulation seems to be 
onsistent with the K+/π+ ratio,however it fails to des
ribe the K−/π−. This is surprising, as the K− parti
les areexpe
ted to be the �real�, �produ
ed� parti
les, whereas the K+ yield is expe
ted to
ontain also asso
iated produ
tion whi
h is not expe
ted to be a hard pro
ess. Thephysi
al expe
tation would be that the K−/π− is des
ribed better by a perturbativeQCD based model than the K+/π+ ratio.7.5 Baryon/Meson RatiosThe p/π+, p̄/π− ratios are shown in Figure 49. Similar quantities at √s
NN

= 200GeVare also shown for 
omparison. The ratio of net-proton yield relative to the average
π± yield (de�ned by 2(p−p̄)

π++π− ) is also shown.The extra
ted data allow the following immediate observations. The p/π+ and
p̄/π− ratios di�er from ea
h other at SPS energy, as the p, p̄ yield is highly asymmetri
,whereas at RHIC energy, the ratios are mu
h more similar due to the approximate p, p̄symmetry. This is a result of higher p, p̄ produ
tion with in
reased energy, and the de-
reased net-baryon rapidity density around midrapidity with in
reased 
ollision energy(as was outlined in Figure 3). The p/π+ ratios are largely di�erent for proton-proton,proton(deuteron)-nu
leus and nu
leus-nu
leus (
entrality dependently), both at SPSand RHIC energies, and their evolution with the rea
tion types is rather di�erent. The
p̄/π− ratios are largely di�erent at SPS and at RHIC, whi
h is due to the in
reasedamount of p̄ produ
tion at higher energies. The rea
tion type (and 
entrality) depen-den
e of p̄/π− ratio is mu
h weaker at SPS energies than at RHIC. The produ
tionof net-protons (p− p̄) is also 
al
ulated. The net (�inherited�) proton to 
harged pionratio shows an interesting feature: the shape and 
entrality evolution of these ratiosare quite similar at the two extreme energies, up to a normalization fa
tor. This isbetter seen in Figure 50, where the energy evolution of the p/π+, p̄/π− and 2(p−p̄)

π++π−ratios are shown via double ratios. It is seen, that the double ratios of p/π+, p̄/π− arenot 
onstant in p
T
, and they are rea
tion type and 
entrality dependent. The 2(p−p̄)

π++π−double ratio is approximately 
onstant in p
T
, therefore the net-proton to pion ratio onlydepends on the 
ollision energy through a normalization fa
tor. The normalization fa
-tor should be dire
tly in�uen
ed by the ratio of the net-baryon and the pion rapidity
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Figure 49: Proton/pion ratios at y = 0 in √sNN = 17.3 GeV Pb+Pb, p+Pb and p+p rea
tions.Similar data for √sNN = 200 GeV rea
tions are also shown. BW: blast-wave parametrization. pQCD:perturbative QCD 
al
ulation.



102 7 RESULTS AND DISCUSSIONdensity around midrapidity. This fa
torization would also explain the observed veryweak 
entrality dependen
e of the 2(p−p̄)
π++π− double ratio in nu
leus-nu
leus 
ollisions, asthe rapidity density ratio at midrapidity of net-protons to pions in nu
leus-nu
leusrea
tions is not expe
ted to have very strong 
entrality dependen
e (not 
onsideringultraperipheral events), whereas in proton(deuteron)-nu
leus and proton-proton 
olli-sions, the net-proton rapidity density is largely di�erent than that of nu
leus-nu
leus.The extra
ted ratios, again, are seen to be 
onsistent to the blast-wave parameter-ization at p

T
≤ 1.5GeV/c, and the parameterization largely overpredi
ts the data athigher transverse momenta, showing that the 
olle
tive behavior pi
ture is not 
onsis-tent to the data there.The perturbative QCD 
al
ulation seems to be 
onsistent with the p/π+ ratio,both in the 
entral and in the peripheral 
ase, however it largely overpredi
ts the p̄/π−data for the peripheral 
ase. This is surprising, as the p̄ parti
les are expe
ted to bethe purely �real�, �produ
ed� parti
les, whereas the p yield is mainly driven by thenet-baryons, where the net-baryon produ
tion is not ne
essarily expe
ted to be hardpro
ess. The physi
al expe
tation would be that the p̄/π− is des
ribed better by aperturbative QCD based model than the p/π+ ratio.7.6 Nu
lear Modi�
ation Fa
torsAs outlined in Se
tion 1.3, the in-medium modi�
ation of the single parti
le spe
traof a given rea
tion, relative to a referen
e rea
tion, may be measured by the nu
learmodi�
ation fa
tor, de�ned as the s
aled parti
le yield ratio of the two in
lusive re-a
tion type. If the 
onsidered rea
tion is A + B → t + X in
lusive t produ
tion, andthe referen
e rea
tion is C + D → t + X (t being a parti
le type and X being anun
onstrained ensemble of produ
ed parti
les), then the nu
lear modi�
ation fa
tor is
RA+B/C+D(t) :=

NC+D

NA+B
· Invariant yield(A +B → t+X)Invariant yield(C +D → t+X)

.Here NA+B and NC+D denote s
aling fa
tors, the ratio of whi
h is used to s
ale up thereferen
e yield C+D → t+X to A+B→ t+X yield, assuming that the A+B rea
tion isa simple superposition of many elementary C+D rea
tions. Typi
ally, A+B is 
hosen tobe a nu
leus-nu
leus or proton-nu
leus 
ollision (possibly with 
onstrained 
entrality),and C+D is e.g. a same energy proton-proton referen
e rea
tion. The 
hoi
e of thes
aling fa
tors NA+B and NC+D strongly depends on the assumed parti
le produ
tion
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ollision energy.
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hanism. A perturbative QCD based parti
le produ
tion me
hanism would suggests
aling with the number of binary nu
leon-nu
leon 
ollisions (
al
ulable from geometri
Monte Carlo models), as in a partoni
 pi
ture, the parti
les are produ
ed by the binaryparton-parton rea
tions, the number of whi
h being a 
onstant multiple of the numberof nu
leon-nu
leon binary 
ollisions, where the unknown 
onstant multiplier 
an
elsin the 〈N
BC
〉 (C + D)/ 〈N

BC
〉 (A + B) ratio of the number of binary nu
leon-nu
leon
ollisions. The basi
 idea of using the nu
lear modi�
ation fa
tor for testing in-mediummodi�
ation is that if the assumed parti
le produ
tion s
heme holds, and there is anin-medium modi�
ation e�e
t, the nu
lear modi�
ation fa
tor shall be di�erent fromunity.There are 
ertain di�
ulties in working with nu
lear modi�
ation fa
tors. Theseare mainly posed by the la
k of knowledge on the relevant elementary parti
le produ
-tion me
hanism, whi
h should provide the appropriate s
aling fa
tor. As dis
ussed, apartoni
 pi
ture would suggest binary 
ollision s
aling. However, a typi
al soft produ
-tion s
heme would suggest di�erent s
aling. Consider for example, that the parti
leprodu
tion is governed by a nu
lear resonan
e de
ay pi
ture. In this 
ase, the in
om-ing nu
leons are ex
ited in the �rst 
ollision (be
oming so 
alled `wounded nu
leons'),propagate through the medium, and subsequently de
ay. In this 
ase, the s
aling fa
torshould be the number of wounded nu
leons.25 To avoid a strong bias, introdu
ed by thedis
ussed model dependen
e, both extreme s
aling s
enarios, the binary 
ollision s
al-ing and the wounded nu
leon s
aling, are 
onsidered. The 
orresponding modi�
ationfa
tors shall be dis
riminated by the supers
ripts BC and W , respe
tively.The nu
lear modi�
ation fa
tors of proton(deuteron)-nu
leus and nu
leus-nu
leusrea
tions relative to proton-proton are shown in Figure 51 and Figure 52, with binary
ollision and with wounded nu
leon s
aling, respe
tively. The p+W/p+p data from[20℄, measured at s

NN
= 19.4GeV, are also shown for 
onsisten
y 
he
k.Assuming binary s
aling (Figure 51), the proton(deuteron)-nu
leus 
urve startsfrom below one, and ex
eeds unity above about p

T
= 1.5GeV/c, meaning a parti
leyield ex
ess at high p

T
, at both energies. The nu
leus-nu
leus 
urve, however, staysbelow unity at RHIC energies for π±, K± parti
les, and start to even de
rease aboveabout p

T
= 1.5GeV/c (`high p

T
parti
le suppression'). The p, p̄ 
urves do not showa suppression at RHIC energy at high p

T
, but they stay below the proton(deuteron)-25The wounded nu
leon s
aling su

essfully des
ribes multipli
ity distributions and parti
le spe
train d+Au 
ollisions, as dis
ussed in [27, 28℄. It is widely believed, that at low p

T
, the parti
le spe
tras
ale with the number of wounded nu
leons. This pi
ture is also supported by the observed woundednu
leon s
aling of the total multipli
ities.
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Figure 51: Pb+Pb(0-5%)/p+p and p+Pb/p+p nu
lear modi�
ation fa
tors at y = 0 in √sNN =
17.3 GeV 
ollisions, with binary 
ollision s
aling. Similar data for √sNN = 200 GeV rea
tions arealso shown. ⋆: p+W/p+p data at sNN = 19.4 GeV from [20℄. (Errorbars around unity indi
atenormalization errors.)
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Figure 52: Pb+Pb(0-5%)/p+p and p+Pb/p+p nu
lear modi�
ation fa
tors at y = 0 in √sNN =
17.3 GeV 
ollisions, with wounded nu
leon s
aling. Similar data for √sNN = 200 GeV rea
tions arealso shown. ⋆: p+W/p+p data at sNN = 19.4 GeV from [20℄. (Errorbars around unity indi
atenormalization errors.)
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leus 
urves. The p
T
evolution of the 
orresponding SPS energy 
urves are largelydi�erent. Neither 
urve shows a suppression at high p

T
: there is a strong ex
ess in ea
hparti
le 
hannel. The nu
leus-nu
leus 
urves are bound by the proton-nu
leus meson
urves (π±, K±), whereas the p, p̄ 
urves of the nu
leus-nu
leus rea
tion shows an ex
essover proton-nu
leus at high p

T
. The 
onsisten
y to the similar energy (s

NN
= 19.4GeV)p+W/p+p measurement of [20℄ is good, however there is a 
lear di�eren
e for the

π±, K± parti
les. This is explained by the strong energy dependen
e of the parti
leprodu
tion in p+p at the low 
ollision energies is in question (see also [45℄, or [46℄Figure 4), due to the 
loseness of the momentum spa
e boundary.In the wounded nu
leon s
aling pi
ture (Figure 52), the nu
leus-nu
leus parti
leyields are in ex
ess over the proton(deuteron)-nu
leus, for all produ
ed parti
les, onthe whole p
T
region, for both extreme 
ollision energies.The parti
le ex
ess of proton(deuteron)-nu
leus relative to s
aled proton-protonrea
tions is often referred to as the `Cronin e�e
t'. Its qualitative explanation in apartoni
 pi
ture is given by the initial multiple s
attering of partons, transferring mo-mentum from the longitudinal degrees of freedom to the transverse degrees of freedom.In a soft produ
tion pi
ture (e.g. nu
lear resonan
e s
heme) the explanation wouldbe similar: the momentum of the wounded nu
leon is modulated by the further 
ol-lisions in the medium, whi
h would also transfer momentum from the longitudinaldegrees of freedom to the transverse degrees of freedom. Both pro
esses should alsobe present in nu
leus-nu
leus 
ollisions, therefore when seeking for signatures of high

p
T
parti
le suppression, the suppression of nu
leus-nu
leus yields should be taken rel-ative to the proton(deuteron)-nu
leus yields. The nu
lear modi�
ation fa
tors withproton(deuteron)-nu
leus referen
e spe
trum are shown in Figure 53.The nu
lear modi�
ation fa
tors, with proton(deuteron)-nu
leus referen
e spe
-trum, show the following properties. When assuming binary 
ollision s
aling (Figure53 left 
olumn), the meson ratios both at SPS and at RHIC are very similar at low

p
T
. The π± modi�
ation 
urve also stays below one at SPS energy, however, the RHIC
urve shows far larger suppression. The p and p̄ RHIC 
urves show a saturation tounity from below, whereas the SPS p, p̄ 
urves go above one. When assuming woundednu
leon s
aling (Figure 53 right 
olumn), the remarkable relations between the mod-i�
ation 
urves at the two energies are: the p modi�
ation at SPS energy shows anex
ess over RHIC modi�
ation, whi
h 
an be explained by the mu
h higher net-baryonrapidity density at SPS, and the K± modi�
ation 
urves at SPS also bound the RHIC
urves, showing a stronger strangeness enhan
ement with larger system size at SPS
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ation fa
tors at y = 0 in √sNN = 17.3 GeV 
olli-sions. Similar data for √sNN = 200 GeV rea
tions are also shown. (Errorbars around unity indi
atenormalization errors.)
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tors 109energy than at RHIC. The large di�eren
e between the net-baryon rapidity densityof the RHIC and SPS energy nu
leus-nu
leus and proton(deuteron)-nu
leus rea
tionsmakes the 
omparison of the p 
urves very hard. Also the relevan
e of the asymmetryof the proton(deuteron)-nu
leus rea
tions is hard to judge. Therefore, a similar quan-tity, the 
entral to peripheral nu
lear modi�
ation ratio, the RCP , is also extra
tedfrom the data. In this 
ase, peripheral nu
leus-nu
leus 
ollisions are taken as referen
edata, whi
h has the advantage, that peripheral nu
leus-nu
leus 
ollisions are symmet-ri
 rea
tions, but in other means they are very similar to proton(deuteron)-nu
leus
ollisions. The nu
lear modi�
ation fa
tors RCP are shown in Figure 54.The 
entral to peripheral nu
lear modi�
ation fa
tors are observed to have the fol-lowing energy dependen
e properties. When assuming binary 
ollision s
aling (Figure54 left 
olumn), the modi�
ation 
urves at SPS and RHIC energy are surprisingly sim-ilar. The only visible di�eren
e is the behavior of the p̄ 
urve, and that for π±, theamount of suppression is mu
h smaller at SPS. When using wounded nu
leon s
aling(Figure 54 right 
olumn), these spe
ta
ular similarities seem to be redu
ed, howeverthe p modi�
ation 
urve at the two energies remains very similar. Summarizing the re-sults on the energy dependen
e of the nu
lear modi�
ation fa
tors: provided that theparti
le spe
tra s
ale with the number of binary 
ollisions, the A+A(Central)/p+Aand the A+A(Central)/A+A(Peripheral) nu
lear modi�
ation fa
tors show a similar(parti
le type dependent) suppression pattern at SPS and at RHIC energies, howeverthe amount of π± suppression at high p
T
is signi�
antly smaller at SPS. The asymp-toti
 behavior of the modi�
ation fa
tors are not 
lear due to the small statisti
s ofthe referen
e p+p, p+Pb or Pb+Pb(Peripheral) data at SPS. Also, the validity of bi-nary 
ollision s
aling is not justi�ed. The interest in the asymptoti
 behavior of thenu
lear modi�
ation fa
tors initiated further measurements: the most re
ent CERNexperiment, the NA61 (a 
ontinuation of NA49), has begun its �rst data taking period,and shall 
ontinue to take data in the future. An important motivation for this newexperiment was the extension of the p

T
domain for modi�
ation fa
tor measurementsat SPS energy, and was partly initiated by the author [17, 18, 19, 46℄.The 
omparison to the perturbative QCD based energy loss 
al
ulation shows agood agreement to the data, ex
ept for p and p̄. The former may be explained by thehigh net-baryon density around midrapidity, the transfer of whi
h is not ne
essarilydes
ribed by perturbative QCD. The good agreement to the nu
lear modi�
ation data issurprising, as the perturbative QCD based model seemed to fail in des
ribing importantfeatures of the data, namely the produ
tion of K− and p̄ relative to π−.
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lear modi�
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ollisions. Similar data for √sNN = 200 GeV rea
tions are also shown. pQCD: perturbativeQCD 
al
ulation. (Errorbars around unity indi
ate normalization errors.)



7.6 Nu
lear Modi�
ation Fa
tors 111An outlook to further high p
T
measurements at SPS energy has been presented in[57℄, whi
h 
ould extend the studies also to the sub-in
lusive level (
orrelation studies).The preliminary result, presented in [57℄ indi
ates qualitatively similarly stru
tures tothe observations in Figure 5.
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115A Kinemati
 Variables and Parti
le DistributionsThis se
tion des
ribes the used kinemati
 notations and 
onventions. In the followings,
m shall denote parti
le mass, and c will be the speed of light. The 
oordinate axisdire
tions shall be the following: z shall be the dire
tion of the 
ollision axis (beamaxis, longitudinal dire
tion), while x and y are perpendi
ular to z (transverse dire
tions)and to ea
h other. The orientation of the 
oordinate system is 
hosen to be positive.The outline of the 
oordinate dire
tion 
hoi
es is shown in Figure 55. The large arrowsshow the dire
tion of the momenta of the 
olliding parti
les, and the marks L and Tindi
ate the longitudinal or transverse 
hara
ter of the 
oordinate axes. The θ and ϕsymbols mean polar angles in the longitudinal and transverse plane, respe
tively (ϕshall be also referred as azimuth).

y (T)y (T)

x z
x (T)z (L)

ϕθFigure 55: The s
hemati
 of the used 
oordinate axis 
onvention.If the 
oordinate 
omponents of a parti
le momentum ~p are (px, py, pz), then thelongitudinal momentum is de�ned to be p
L

= pz , the transverse momentum is de�nedto be p
T

=
√

p2
x + p2

y, and the momentum magnitude is p =
√

p2
L

+ p2
T
, while itsenergy is E =

√

m2c4 + p2c2. The quantity, 
alled transverse energy, is de�ned as
E

T
:=
√

m2c4 + p2
T
c2 (sometimes, a similar quantity, 
alled transverse mass, is usedinstead: m

T
:= E

T
/c2). The rapidity of the parti
le in a dire
tion ~n (being a unitve
tor) is de�ned to be ω~n := atanh

(

~n·~p c
E

). If ~n 
orresponds to the unit ve
tor in the
z dire
tion, then this quantity is 
alled longitudinal rapidity (or simply rapidity), andis denoted by y. Useful formulae are y = atanh

(pLc

E

)

= 1
2
ln
(

E+pLc

E−pLc

)

= ln
(

E+pLc

ET

),and E = E
T

cosh y, p
L

= E
T
/c sinh y. A Lorentz boost in the longitudinal dire
tionby a rapidity value ∆y leaves the 
oordinates of the transverse plane inta
t, and thetransformation of the (longitudinal) rapidity 
oordinate is simply a translation by ∆y.The y quantity in the m = 0 limit may be written as η := ym=0 = atanh cos θ =

− ln tan θ
2
, and is 
alled pseudorapidity. It is seen that when p ≫ mc, y ≈ η follows,thus the parti
le rapidity in the large momentum limit only depends on the emissionangle θ.



116 A KINEMATIC VARIABLES AND PARTICLE DISTRIBUTIONSIf the four momenta of the 
olliding parti
les are (E1, ~p1) and (E2, ~p2), then the 
ol-lision energy in the 
enter of mass system26 
orresponds to the Minkowski pseudolengthof the summed four momenta of the system: Ecm =
√

(E1 + E2)2 − (~p1 + ~p2)2c2, whi
his also denoted by √s. If the 
olliding systems are 
omposite, and the binding energyof the systems are mu
h smaller than the 
ollision energy, the 
ollision energy of the
onstituent pairs is the good measure of the hardness of the rea
tion, instead of the
ollision energy of the 
omposite systems. Su
h situations are high energy nu
lear 
ol-lisions, where the hardness of the rea
tion is 
hara
terized by the 
ollision energy per
olliding nu
leon pairs: √s
NN

, where the two nu
leus are 
onsidered as a 
olle
tion offree nu
leons, travelling with the same velo
ity.A further 
ommonly used longitudinal 
oordinate is the Feynman x variable, x
F

=
pL

pL max
, where the momentum 
omponents are understood to be in the 
enter of massframe of the 
olliding parti
les. If the masses of the 
olliding parti
les are m1 and m2,respe
tively, then

p
L max

=
1

c

√

(

1

2

√
s

)2

− 1

2
(m2

1 +m2
2)c

4 +

(

(m2
1 −m2

2)c
4

2
√
s

)2

.In 
ase of high energy nu
lear 
ollisions, m1 ≈ m2 is the nu
leon mass m
N
, thus

p
L max

≈ 1
c

√

(

1
2

√
s
)2 −m2

N
c4. When the nu
leon-nu
leon 
ollision energy is mu
h higherthan the nu
leon mass, i.e. √s

NN
≫ m

N
c2 holds, then p

L max
≈ 1

2

√
s

NN
/c follows.The single parti
le produ
tion momentum distributions are measured by the in-variant di�erential 
ross-se
tions. The invariant di�erential 
ross-se
tion is de�nedby the invariant di�erential parti
le yield multiplied by the total 
ross-se
tion of thepro
ess. The total 
ross-se
tion is a normalization fa
tor, and is de�ned to be the use-ful beam 
ross-se
tion in the in�nite beam size limit, assuming spatially homogeneous,monoenergeti
 beam. The invariant di�erential parti
le yield is the momentum densityfun
tion of the parti
le produ
tion (per event), with respe
t to the Lorentz invariantvolume measure of the mass shell of the produ
ed parti
le.27 The Lorentz invariantvolume measure of the mass shell is

1

E/c
d3p = p

T
dy dp

T
dϕ = E

T
/c dy dE

T
/c dϕ =

p
T
p

L max

E/c
dx

F
dp

T
dϕ,26The 
enter of mass frame is de�ned by the 
ondition, that the sum of the spatial momentum ofthe 
olliding parti
les is zero.27The word `invariant' refers to the 
onvention of di�erentiating with respe
t to the Lorentz invariantmeasure.



117as viewed in di�erent parameterizations of the momentum spa
e. Thus, the invariantdi�erential parti
le yield is
E/c

d3n

d3p
=

1

p
T

d3n

dy dp
T

dϕ
=

1

E
T
/c

d3n

dy dE
T
/c dϕ

=
E/c

p
T
p

L max

d3n

dx
F

dp
T

dϕ
,as viewed in di�erent parameterizations of the momentum spa
e, nmeaning the numberof parti
les per event (of the type of interest). For an unpolarized beam, the singleparti
le produ
tion is axially symmetri
, thus the ϕ 
oordinate may be suppressed: thesingle parti
le distributions do not depend on that 
oordinate.It is observed, that in nu
lear rea
tions, the parti
le distributions

(y, p
T
) 7→ 1

2π · p
T

· d2n

dy dp
Tare approximately �at in y at y = 0 in the 
enter of mass system, i.e. at midrapid-ity.28 Viewed from a frame, moving parallel to the beam axis with a rapidity value

y0, the parti
le distribution fun
tion is the same, but translated by y0, i.e. midrapidity
orresponds to y = y0. Changing 
oordinates to (η, p
T
), this may be written as

(η, p
T
) 7→

E
T
/c

√

1 +
(

pT sinh η

E
T

/c

)2

p
T

cosh η
· 1

2π · p
T

· d2n

dη dp
T

,where η and y now are understood in the moving frame. In the large momentum limit,
η approximates y and the Ja
obi determinant p

T
coshη

E
T

/c

s

1+

„

pT sinh η

E
T

/c

«2
approximates 1, so itmay be omitted. A

ording to the previous statement: the distribution

(η, p
T
) 7→ 1

2π · p
T

· d2n

dη dp
Tis �at in η around η ≈ y0. If the longitudinal 
oordinate is 
hanged to the θ polar angle(also measured in the moving frame), the produ
tion momentum density be
omes

(θ, p
T
) 7→ 2 tan(θ/2)

1 + tan2(θ/2)
· 1

2π · p
T

· d2n

dθ dp
T

,whi
h (a

ording to our previous observation) should be �at around midrapidity, i.e.around θ = 2arctan exp(−y0). The Ja
obi determinant 1+tan2(θ/2)
2 tan(θ/2)

has a �at minimum28The y = 0 
oordinate sli
e in the 
enter of mass system is often referred to as `midrapidity'.



118 A KINEMATIC VARIABLES AND PARTICLE DISTRIBUTIONSat θ = 90◦, and tends rapidly to in�nity at θ = 0◦, 180◦. Thus the parti
le numberdensity
(θ, p

T
) 7→ 1

2π · p
T

· d2n

dθ dp
Tis �at around θ = 2arctan exp(−y0) (
orresponding to midrapidity), if y0 = 0. How-ever, if y0 takes a large value, then the Ja
obi determinant takes a large value andhas a large derivative at θ = 2arctan exp(−y0), thus the parti
le number density in

θ be
omes large and rapidly varying with θ, for midrapidity parti
les. This impliesthat in 
ollider experiments (whi
h 
orrespond to the y0 = 0 
ase), the parti
le tra
kdensity observed in the laboratory frame, is minimal and slowly varying with θ aroundmidrapidity, while in �xed target setups (large y0 value), the parti
le tra
k density
an be very high and rapidly varying with the θ angle, for midrapidity tra
ks. Dueto this high parti
le tra
k density in 
oordinate spa
e around midrapidity, the tra
kre
onstru
tion in �xed target experiments has to deal with a mu
h higher ba
kground,
aused by the 
rossing tra
ks and by the high population of the dete
tor volume.



119B π0 Spe
tra and a Robust Unfolding MethodBesides the measurement of 
harged parti
le spe
tra, the spe
trum of neutral parti
les,espe
ially of neutral mesons like π0, are also of interest. However, in some experimentalsetups, like NA49, the dete
tion of π0 parti
les is not straightforward. The π0 parti
lesare most 
ommonly dete
ted via their de
ay 
hannel π0 → γγ (98.798% bran
hingratio), or more rarely via the Dalitz de
ay 
hannel π0 → γe+e− (1.198% bran
hingratio). In dedi
ated π0 experiments, the parti
les are re
onstru
ted by pairing the γmomenta29 in all possible 
ombinations in an event, and by 
al
ulating the mass of thetwo-γ system. The erroneously paired unrelated γ ba
kground is simulated via taking
γ-s from separate events (event mixing te
hnique), and this simulated ba
kground isthen subtra
ted. There 
an be some 
ir
umstan
es, when this dire
t method is notusable. A possible reason 
an be limited γ dete
tion a

eptan
e or e�
ien
y. Theformer simply arises from low geometri
al 
overage, while the latter may be a result ofhigh population of the dete
tor volume (e.g. in heavy-ion events), or 
an be a featureof the applied γ dete
tion te
hnique. If for any of the previous reasons, the γ dete
tionprobability is low, the π0 dete
tion probability will be even worse, as the dete
tion oftwo valid γ signals is ne
essary. Therefore, experiments already in the 1970's be
ameinterested in the development of su
h methods, whi
h 
ould obtain the π0 momentumdistribution from the measured single γ momentum distribution, assuming that themain sour
e of the γ parti
les are π0 de
ays (in fa
t, this assumption is valid to areasonable a

ura
y). Su
h a method was proposed in [33℄, whi
h at the pri
e of twoapproximations, provides a formula to obtain the π0 spe
trum from the γ spe
trum.However, the nature of the two approximations is quite un
lear, whi
h makes thismethod quite ill de�ned. In fa
t, it shall be shown on realisti
 toy examples, that thismethod gives wrong answer: it does not 
orre
tly re
onstru
t the input π0 spe
trumfrom the generated γ spe
trum.In NA49, the γ dete
tion 
an be performed by using γ → e+e− 
onversion in thetarget material, the probability of whi
h turned out to be about 1% for the used Pbtarget. The γ-s are dete
ted by pairing the e+, e− tra
ks with all possible 
ombina-tions in an event, and the 
ombinatorial ba
kground is subtra
ted by the event mixingte
hnique as in the π0 
ase. The π0 parti
les 
an be re
onstru
ted by pairing the
γ 
andidates, and also subtra
ting the 
ombinatorial ba
kground, obtained via eventmixing. However, due to the low γ dete
tion probability (below 1%), the π0 dete
tion29The γ-s are usually dete
ted by 
alorimeters.



120 B π0 SPECTRA AND A ROBUST UNFOLDING METHODprobability be
omes very low (below 0.01%), whi
h redu
es the statisti
s of dete
table
π0 parti
les, as is shown in Figure 56. It is seen, that the available π0 statisti
s,extra
ted by this dire
t method, is highly not enough to re
ord a momentum distri-bution. To over
ome this problem, a method whi
h re
onstru
ts the π0 momentumdistribution from the single γ momentum distribution would be of great use. As shallbe shown, it turned out, that the method, proposed in [33℄ is not 
ompletely 
orre
t.Therefore, an other approa
h was developed by us, based on an iterative unfoldingmethod, whi
h also 
an be used quite generally in signal pro
essing (the des
ription ofour method has been published in [41℄). Although it turned out in the end, that evenwith this indire
t method, the dete
table π0 statisti
s of NA49 would not be enoughto go beyond 2GeV/c in transverse momentum, the introdu
ed method is interestingfor future experiments, and 
an be of general interest in signal pro
essing. A possiblefuture appli
ation 
an be the CMS experiment, where the method 
an be applied inthose regions of the momentum spa
e, where the γ dete
tion probability is not highenough to use the dire
t π0 dete
tion method.To formulate our indire
t method, �rst one has to re
ognize that the γ momen-tum density fun
tion ~k 7→ ργ(~k) 
an be written as a folding of the initial π0 momen-tum density fun
tion ~p 7→ ρπ0(~p) by a known 
onditional probability density fun
tion
(~k, ~p) 7→ ρπ0→γγ(~k|~p):

ργ(~k) =

∫

ρπ0→γγ(~k|~p) ρπ0(~p) d3p,where the 
onditional probability density fun
tion ρπ0→γγ is known from kinemati
s.To obtain the initial probability density fun
tion ρπ0 , one has to invert this integraloperator. The inversion (i.e. unfolding) of su
h integral operators is of general interestin signal pro
essing, however there is no known generally appli
able method for su
ha problem. We proposed an iterative method, for whi
h in some quite general 
ases,
onvergen
e to the initial probability density fun
tion 
ould be proved. For detaileddes
ription of the developed unfolding method, we refer to [41℄, where also some quitegeneral 
onvergen
e 
riteria are shown.The iteration s
heme is de�ned as follows. Let Aρ denote the folding operator bya 
onditional probability density fun
tion ρ, and f be the initial probability densityfun
tion of interest, furthermore let g := Aρf be the folded (i.e. measured) probabilitydensity fun
tion. The n-th order approximation of f is obtained by:
f0 := g, fn+1 := fn + (f0 − Aρfn).
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Figure 56: The mass spe
trum of γ parti
les, re
onstru
ted from e+, e− tra
k pairs (upper panels),and of π0 parti
les, re
onstru
ted from γγ 
andidate pairs (lower panels), in p+Pb events.One main result in the paper [41℄ is, that if the folding operator is a 
onvolution, thenthis iteration always 
an be made 
onvergent to the input probability density fun
tion
f by folding g �rst with the re�e
ted version of the 
onvolution operator, and then byapplying the iteration s
heme for the obtained double 
onvolution problem. A se
ondmain result is, that even if the folding operator is more general than a 
onvolution,a quantity 
alled Cau
hy index 
an be used to test the 
onvergen
e. This test showsthat in the π0 unfolding 
ase, the proposed iterative s
heme 
an be used to invert this



122 B π0 SPECTRA AND A ROBUST UNFOLDING METHODintegral operator.To show the performan
e of the method, a toy example π0 unfolding problem ispresented in Figure 57. The top left panel shows the input π0 distribution togetherwith the resulting γ distribution. In the top right panel, the input π0 distribution isshown together with the unfolded π0 distribution. Good agreement 
an be seen. Inthe middle left and right panels, the input π0 distribution, the resulting γ distribution,and the unfolded π0 distribution is shown at the η = 0 and η = 0.4 sli
e. In thebottom panels, input π0 distribution, the resulting γ distribution, and the unfolded π0distribution by the method proposed in [33℄ is shown at the η = 0 and η = 0.4 sli
e.It is seen that the method des
ribed in [33℄ does not re
onstru
t the 
orre
t inputdistribution, whereas the iterative unfolding method provides the right answer.
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125C Data TablesCentrality 〈NW 〉 〈NP 〉 〈N
BC
〉 〈b〉 [fm]

0− 5% 357± 1 385± 1 742± 3 2.309± 0.030
5− 12.5% 288± 2 343± 2 565± 5 4.460± 0.060

12.5− 23.5% 211± 3 280± 3 379± 8 6.444± 0.100
23.5− 33.5% 146± 4 215± 5 234± 9 8.139± 0.100
33.5− 43.5% 87± 7 ⋆ 146± 10 ⋆ 120± 13 ⋆ 9.871± 0.244 ⋆

43.5%− 80% 40± 4 ⋆ 76± 5 ⋆ 46± 5 ⋆ 11.897 ± 0.535 ⋆

33.5− 80% 56± 7 ⋆ 99± 10 ⋆ 70± 13 ⋆ 11.223 ± 0.244 ⋆Centrality σ(NW ) σ(NP ) σ(N
BC

) σ(b)[fm]

0− 5% 22± 1 12± 1 68± 1 0.908± 0.010
5− 12.5% 28± 1 20± 1 78± 1 0.808± 0.005

12.5− 23.5% 30± 1 27± 1 75± 1 0.825± 0.005
23.5− 33.5% 25± 1 27± 1 57± 1 0.765± 0.005
33.5− 43.5% 18± 2 ⋆ 23± 2 ⋆ 35± 2 ⋆ 0.693± 0.030 ⋆

43.5%− 80% 15± 1 ⋆ 24± 2 ⋆ 23± 2 ⋆ 0.981± 0.040 ⋆

33.5− 80% 16± 2 ⋆ 24± 2 ⋆ 27± 2 ⋆ 0.896± 0.040 ⋆Table 7: Average values and standard deviations of various 
ollision parameters as a fun
tion of
entrality in Pb+Pb 
ollisions at √sNN = 17.3 GeV. ⋆: These values are semi-empiri
 averages,
al
ulated on the full minimum-bias dataset, as dis
ussed in the end of Se
tion 3.1.2.Centrality 〈NW 〉 〈N
BC
〉Full dataset 5.58± 1 ⋆ 4.58± 1 ⋆Table 8: Average values of various 
ollision parameters in p+Pb rea
tions at √sNN = 17.3 GeV. ⋆:These values are semi-empiri
 averages, 
al
ulated on the full dataset, as dis
ussed in Se
tion 3.2.2.
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131D Glossary of Notations and Terms
:= � De�ning equality. E.g.: x := y means that the quantity x is de�ned to be theexpression y.
= � Claiming equality. E.g.: x = y means that the quantity x is equal to theexpression y.
7→ � Mapping. E.g.: x 7→ f(x) is a des
ription of a fun
tion f .
χ

A
� Chara
teristi
 fun
tion of a set A.a

eptan
e � The inverse image of the sensitive dete
tor volume in the momentumspa
e, by the equation of motion of produ
ed parti
les.bias � Distortions of measured quantities, introdu
ed either by the measurementapparatus, or by the analysis pro
edures.BNL � Brookhaven National Laboratory (a parti
le physi
s laboratory in theUSA).BRAHMS � An experiment at RHIC, mainly for measurement of forward pro-du
tion.
entrality � The fra
tion of total inelasti
 
ross-se
tion. This measures how head-on is a 
ollision.CERN � The largest European parti
le physi
s laboratory.DAQ � Data a
quisition system.empty-target � Runs in �xed-target experiments, when the target is removed.Used for ba
kground determination.in
lusive � Parti
le spe
tra is 
alled in
lusive if the dete
tion of a given parti
letype is required, but the other out
omes are 
onsidered as indi�erent.main-vertex � The re
onstru
ted 
ollision point.minimum-bias � Dataset re
orded with the least possible bias.multipli
ity � The number of produ
ed parti
les.



132 D GLOSSARY OF NOTATIONS AND TERMSNA49 � An experiment at the CERN SPS (North Area 49).PHENIX � An experiment at RHIC.PHOBOS � An experiment at RHIC.points � An NA49 term for dete
ted parti
le traje
tory hits in the dete
tor.potpoints � An NA49 term for su
h parti
le hit points, whi
h should be presentif the given tra
k 
orresponds to a real parti
le.RHIC � A high energy parti
le a

elerator at BNL.right-side tra
ks � Su
h tra
ks in a �xed-target experiment, whi
h do not 
rossthe plane, de�ned by the beamline and the magneti
 �eld dire
tion.run � A series of subsequent events, taken at a time. Events are usually re
ordedin runs.SPS � An a

elerator at CERN (Super Proton Syn
hrotron).STAR � An experiment at RHIC.VENUS � A high energy parti
le produ
tion model, whi
h is widely used forGlauber 
al
ulations.wrong-side tra
ks � Su
h tra
ks in a �xed-target experiment, whi
h do 
ross theplane, de�ned by the beamline and the magneti
 �eld dire
tion.
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SummaryIn the dissertation, the experimental methods and results are dis
ussed, 
on
erningthe evolution of the single parti
le spe
tra at high transverse momentum, when goingfrom proton-proton through proton-nu
leus to nu
leus-nu
leus 
ollisions, at 17.3GeVnu
leon-nu
leon 
ollision energy. The presented results are based on the p+p, p+Pband Pb+Pb data of the CERN-NA49 �xed target experiment at 158GeV/c beammomentum per nu
leon.The produ
tion of the high transverse momentum parti
les is well 
hara
terized bytheir yields in nu
leus-nu
leus 
ollisions, relative to elementary rea
tions s
aled up on ageometri
al basis (e.g. s
aled p+p), whi
h is 
alled nu
lear modi�
ation. The results ofthe experiments at the RHIC a

elerator at Brookhaven show, that this modi�
ation at
200GeV nu
leon-nu
leon 
ollision energy is a suppression, whi
h may be a signatureof the quark-gluon plasma formation. To look for a possible phase transition usingthis e�e
t, the energy dependen
e of the amount of suppression has to be studied. Aspresently only the NA49 experiment re
orded appropriate data for this study at abouta fa
tor of 10 lower 
ollision energy than at RHIC, the analysis of the existing NA49data from this aspe
t is of natural 
hoi
e.A brief des
ription of the setup and operation of the NA49 dete
tor is given. Anoverview of the data redu
tion pro
edure is also presented. The main parts of thedissertation 
over the details of the analysis pro
edures, whi
h mostly 
on
erns 
ali-bration, 
ut, and 
orre
tion methods, many of whi
h were developed by the author.The results may be grouped into the following des
ription.
• The fully 
orre
ted single parti
le transverse momentum spe
tra of π±, p, p̄,
K± around midrapidity were obtained for p+p, p+Pb and Pb+Pb 
ollisions,at 17.3GeV nu
leon-nu
leon 
ollision energy. The 
overed transverse momentumregion extends to about 4.5GeV/c.
• As an result of the π0 analysis surveys, a robust iterative unfolding method,for general appli
ations in signal pro
essing, was developed. Examples for theperforman
e of this method are given.
• By 
omparing to the published 200GeV RHIC results, a 
omplete energy s
anof various quantities, derived from single parti
le spe
tra, are shown. The net-baryon/meson ratios show a fa
torization in energy and transverse momentum.They are well reprodu
ed by the blast-wave model des
ription. The derivednu
lear modi�
ation fa
tors show that the energy dependen
e of the high trans-verse momentum parti
le suppression is surprisingly small, although the amountof suppression is less than at 200GeV for π±. The data do not show a suddendisappearan
e of suppression with de
reasing 
ollision energy.





ÖsszefoglalóA dolgozat azon kísérleti módszereket és eredményeket tárgyalja, amelyek az egy-része
ske-spektrumok nagy transzverz impulzusoknál való fejl®désével kap
solatosak,ahogy egyre bonyolultabb rendszereket vizsgálunk kezdve az elemi proton-proton, majdproton-mag, illetve mag-mag ütközéseket tekintve, 17.3GeV nukleon-nukleon ütközésienergián. A bemutatott eredmények a �x-
éltárgyas CERN-NA49 kísérlet 158GeV/cnukleononkénti nyaláb impulzusnál felvett p+p, p+Pb és Pb+Pb adatain alapulnak.A nagy transzverz impulzusú része
skék hozamát jól jellemzi, hogy miképpen alakulmag-mag ütközésekben, geometriai alapon felskálázott elemibb reak
iókhoz (pl skálá-zott p+p) képest, melyet nukleáris modi�ká
iónak nevezünk. A brookhaveni RHICgyorsító eredményei azt mutatják, hogy 200GeV nukleonpáronkénti ütközési energián,a modi�ká
ió egy elnyomásként jelentkezik nagy transzverz impulzusnál, ami a kvark-gluon plazma kialakulásának egyik jelz®je lehet. Ha e jelenség segítségével fázisátme-netet szeretnénk feltérképezni, akkor az elnyomódás mértékének energiafüggését kellmeghatároznunk. Jelenleg egyedül az NA49 kísérlet rendelkezik a 
élnak megfelel®adatsorral, melyet kb 10-szer ala
sonyabb ütközési energián rögzített. Ezért az NA49adatok ilyen aspektusból való tanulmányozása természetes módon kínálja magát.A dolgozat az NA49 kísérlet felépítésének, m¶ködésének és adatreduk
iós módsze-reinek áttekintése után részletesen tárgyalja a �zikai analízis kalibrá
iós, vágási, illetvekorrek
iós eljárásait, melyeket dönt® részben a szerz® dolgozott ki.A dolgozat eredményei a következ® pontokban foglalhatók össze.
• Meghatároztam a teljesen korrigált π±, p, p̄, K± egyrésze
ske transzverz impul-zus spektrumokat nulla rapiditás körül, p+p, p+Pb és Pb+Pb ütközésekben,

17.3GeV nukleon-nukleon ütközési energián. A lefedett transzverz impulzus tar-tomány kiterjed egészen 4.5GeV/c-ig.
• A π0 része
skehozam vizsgálata során kifejlesztésre került egy a jelfeldolgozásbanáltalánosan alkalmazható iteratív spektrum-visszafejtési módszer. Hatékonyságabemutatásra kerül.
• A 200GeV-es RHIC eredményekkel végzett összehasonlítás egy teljes energiafüg-gési képet nyújt a spektrumokból nyerhet® mennyiségekre vonatkozóan. A nettó-barion/mezon arányok egy energia - transzverz impulzus faktorizá
iót mutatnak.Ezen arányokat a lökéshullám-leírás jól visszaadja. A spektrumokból nyert nuk-leáris modi�ká
iós faktorok meglep® módon nem mutatnak er®s energiafüggést,bár a π± elnyomás mértéke határozottan kisebb a 200GeV energián mértnél.Az adatok azonban nem utalnak a nagy transzverz impulzusú része
skeelnyomás
sökken® ütközési energiával való hirtelen megsz¶nésére.




