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1 Introdu
tionQuantum Chromodynami
s (QCD) is part of the Standard Model of elementary intera
-tions, whi
h des
ribes the intera
tions of elementary parti
les up to a very high a

ura
y,to our present knowledge. QCD is responsible for the realization of `strong intera
tions'between Standard Model parti
les. The intera
tions between hadroni
 parti
les is a 
on-sequen
e of this. An important property of QCD is the asymptoti
 freedom, whi
h meansde
reasing e�e
tive 
oupling fa
tor with in
reasing elementary momentum transfer. Atlarge momentum transfers, a series expansion in the small 
oupling fa
tor be
omes possi-ble, thus the QCD predi
tions be
ome 
al
ulable in a perturbative way. However, at smallmomentum transfers this approa
h fails due to the large 
oupling fa
tor, therefore otherstrategy has to be 
onsidered. A possible strategy is the appli
ation of phenomenologi
almodels, whi
h try to grab the most important aspe
ts of momentum and 
harge transfersin an e�e
tive way. Unfortunately, most phenomenologi
al models 
annot be dire
tly de-rived form the basi
 prin
iples of QCD. Also other approa
hes exist for non-perturbative
al
ulations: the latti
e QCD. Su
h 
al
ulations are performed on a spa
e-time mesh, andare based on the numeri
al evaluation of the Feynman integral of QCD. These 
al
ula-tions predi
t a phase transition: at su�
iently high temperatures, the formation of thequark-gluon phase is predi
ted by the model. Most high energy heavy ion experiments aredesigned for the veri�
ation of this predi
tion. The formation of the quark-gluon plasma isexpe
ted to be indi
ated by the sudden 
hange of 
ertain important observables, showinga deviation from the ordinary hadroni
 behavior.The analysis of the 200 GeV per nu
leon pair (√s
NN

= 200 GeV) data, re
orded atthe RHIC experiments (Brookhaven), revealed an interesting phenomenon: the amountof produ
ed parti
les at high transverse momentum in 
entral nu
leus-nu
leus 
ollisions isobserved to be relatively smaller than that of in elementary rea
tions (peripheral nu
leus,deuteron-nu
leus or proton-proton).1 This is 
alled the high transverse momentum parti-
le suppression. After the dis
overy of this phenomenon, it was believed to be a signatureof the quark-gluon plasma formation, as a possible interpretation is parton energy loss inthe strongly intera
ting plasma, before their fragmentation into hadrons.The question naturally arises: if the 
ollision energy is signi�
antly de
reased, dowe observe a sudden vanish of this suppression phenomenon? If this question is to beanswered, su
h an experiment is needed, whi
h has re
orded the ne
essarily high statisti
sof the mentioned rea
tions, and has parti
le identi�
ation. The latter is ne
essary, be
ausea �ner survey at RHIC shows that the amount of suppression is strongly parti
le typedependent; furthermore the 
omposition of parti
le produ
tion at lower energies is largelydi�erent from what is observed at 200 GeV.A very good 
andidate for su
h an experiment is the NA49 at CERN, whi
h is ba-si
ally a large a

eptan
e hadron spe
trometer. The experiment NA49 has re
orded asu�
iently large low energy (√s
NN

= 17.3 GeV) data sample for proton-proton, proton-nu
leus and nu
leus-nu
leus 
ollisions. Furthermore, it has good parti
le identi�
ation onthe spe
trum level, and has large a

eptan
e and tra
king e�
ien
y.1Provided that binary 
ollision s
aling of parti
le produ
tion holds. This is suggested by a partoni
produ
tion s
enario: it assumes that the parti
les are produ
ed in the binary parton-parton intera
tions.3



The s
ienti�
 interest in this question is well illustrated by the fa
t, that the youngestCERN experiment, the NA61, a 
ontinuation of the experiment NA49, has begun datataking this year, and shall 
ontinue over the next years. One of the main motivations forthe experiment NA61 is the pre
ise measurement of the energy dependen
e of the hightransverse momentum parti
le suppression [6, 7, 8, 12℄, the interest for whi
h is partlydue to the resear
h work of the author in the experiment NA49.The motivation of the dissertation is twofold.
• To provide pre
ision data on single hadron produ
tion spe
tra at low energy (√s

NN
=

17.3 GeV) and at high transverse momentum (up to about 4.5 GeV/c), in proton-proton, proton-nu
leus and nu
leus-nu
leus 
ollisions, by using the NA49 data. Thistask is important be
ause the existing experimental data do not fully 
over this kine-mati
 region.
• To measure the nu
lear modi�
ation at √

s
NN

= 17.3 GeV, for di�erent parti
letypes, and at high transverse momentum (approximately at 2 − 4.5 GeV/c), usingthe NA49 data. A 
omparison to the 200 GeV RHIC data would reveal, whetherthe nature of nu
lear modi�
ation admits a sudden 
hange with 
ollision energy, i.e.whether the high transverse momentum parti
le suppression vanishes with de
reas-ing 
ollision energy.2 Obje
tivesAn important aim of the present experimental study was to extend our knowledge aboutthe parti
le produ
tion me
hanisms over the kinemati
 range in question.One of the most important aims was the measurement of single hadron produ
tionspe
tra up to a high a

ura
y in this poorly 
overed kinemati
 region, and espe
ially athigh transverse momentum (above 2 GeV/c). The studied rea
tions are in
lusive parti
leprodu
tion (with identi�ed �nal state parti
le) in inelasti
 proton-proton, proton-nu
leusand nu
leus-nu
leus rea
tions. The desired high a

ura
y (≈ 5%) demanded signi�
ante�ort invested in the �ne-tuning of data handling, 
alibration, 
ut and 
orre
tion pro
e-dures.A further aim was the measurement of in
lusive neutral pion produ
tion momentumspe
trum, whi
h demanded the solution of a problem in fun
tional analysis / probabilitytheory. Although the statisti
s of the experiment proved not to be enough for hightransverse momentum π0 spe
trum measurement, the developed signal pro
essing methodhas numerous potential appli
ation �elds.A

ording to the motivations, I dis
uss the properties of the measured parti
le pro-du
tion spe
tra in detail, with a spe
ial emphasis on the nu
lear modi�
ation and theenergy dependen
e of the high transverse momentum parti
le suppression.
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3 Applied MethodsThe methods, developed by the author spe
ially for the measurement of high transversemomentum identi�ed 
harged hadron spe
tra, are dis
ussed in detail in the dissertation.NA49 is a �x-target experiment at a beam outlet of the SPS a

elerator. The 
hargedparti
les are dete
ted by the four large volume Time Proje
tion (TPC) 
hambers, whi
hre
ord a 3 dimensional image of the parti
le traje
tories, bent in the �eld of the dipolemagnets of the experiment. Momentum and 
harge re
onstru
tion is possible from the
urvature by o�-line pro
essing of the data, furthermore the pulse heights, left in the TPC
hambers, provide information on the spe
i�
 ionization of the parti
les. As the latteronly depends on the parti
le velo
ity, the parti
le mass and thus the parti
le type 
an bedetermined, by knowing the 
harge and momentum.Due to the �xed-target setup, the un
ollided (spe
tator) part of the proje
tile nu
leusin nu
leus-nu
leus 
ollisions remains available for measurements, as it traverses the ex-periment undistorted. The beam energy fra
tion, 
arried away by the proje
tile spe
tatormatter, is measured by the Veto Calorimeter, whi
h makes the measurement of event
entrality possible (the smaller the spe
tator energy is, the more 
entral is the 
ollision,as the spe
tator energy fra
tion equals to the spe
tator volume fra
tion). Due to the largeexposition, the Veto Calorimeter su�ers remarkable degradation in time, 
aused by the ra-diation damage. As the experimental results are rather sensitive to this e�e
t, I developeda 
alibration method to 
orre
t for this. The method is based on the time-independen
eof the 
orrelation between the Veto energy and the measured number of 
harged parti
les.Furthermore, I developed an a

urate absolute 
alibration method, after whi
h the Vetoresponses are dire
tly 
omparable to Glauber 
al
ulations, thus the geometri
 propertiesof the 
ollisions be
ome well 
al
ulable.As a side-e�e
t of the �xed-target setup, the produ
ed parti
les are strongly fo
usedin the forward dire
tion. This 
auses large tra
k density, and thus low re
onstru
tione�
ien
y and high fake tra
k yield in the TPC volumes. This latter is even more seriousissue for the high transverse momentum region, as there the amount of produ
ed parti
lesis very low, thus the signal 
ompletely disappears in the high fake tra
k ba
kground.This was an unresolved issue in the experiment, whi
h prevented the analysis at the hightransverse momentum region (> 2 GeV/c). The key step of my work was to investigatethis problem, and �nd a tra
k sele
tion 
riterion, whi
h solves this issue. The solution wasthe reje
tion of dis
ontinuous tra
ks, and a stri
t, optimized 3 dimensional momentumspa
e 
ut. The appli
ation of the developed method resulted in a fake tra
k yield of theorder of permil in the available momentum spa
e region, and the re
onstru
tion e�
ien
ywas still well above 90%, even in the ultra high tra
k density environment of 
entrallead-lead 
ollisions. An important advantage of the method is, that the a

eptan
e isexpli
itly 
ontrolled, thus the a

eptan
e 
orre
tion 
an be performed without MonteCarlo methods.Besides the 
harged hadrons, the momentum spe
tra of neutral hadrons, e.g. of neutralpions, are also interesting. The experiment NA49 
an only dete
t π0 parti
les via gamma
onversion in the target material, whi
h redu
es the statisti
s of the dete
table π0-s tothe amount of produ
ed π0-s times the square of the 
onversion probability. Therefore, I5



developed a method, whi
h re
onstru
ts the π0 momentum distribution from the observedsingle gamma distribution, thus redu
ing the statisti
s only by the �rst power of the
onversion probability. For this method, the solution of a mathemati
al problem be
omesne
essary, namely the inversion of a probability mixing (folding) operator. I developedan iterative method for solving this fun
tional analysis / probability theory problem, forwhi
h I 
ould prove 
onvergen
e in an analyti
al way, in 
ertain 
ases.
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4 Ex
erptsI group the results, presented in my dissertation, a

ording to the following des
ription.1. The 
alibration of the Veto Calorimeter. I developed a time-dependen
e
alibration pro
edure to 
orre
t for the degradation of the Veto Calorimeter, whi
his based on the absoluteness of the 
orrelation of the spe
tator energy and thenumber of dete
ted 
harged parti
les [11℄. Furthermore, I developed an a

urateabsolute 
alibration method, after whi
h, the agreement to the spe
tator energypredi
ted by the Glauber model based VENUS simulation was very good. Dueto this fa
t, the quantities used in physi
al argumentation in 
onne
tion to the
entrality, bear su�
iently small systemati
 errors [10℄. These results are used bymany NA49 publi
ations, su
h as [1, 5, 6, 7, 8, 12℄.2. The re
onstru
tion of high transverse momentum parti
les. The re
on-stru
tion of 
harged parti
les above 2 GeV/c transverse momentum in NA49 wasnot perfe
t: the re
onstru
tion ine�
ien
ies and the high fake tra
k ba
kgroundposed a 
hallenge. I found a solution for this problem, whi
h is based on the reje
-tion of dis
ontinuous tra
ks and a stri
t, optimized 3 dimensional momentum spa
e
ut [9℄. This is the key step of the dissertation, whi
h is used pra
ti
ally by all thepubli
ations related to the ex
erpts [1, 3, 4, 5, 6, 7, 8, 12, 13, 15, 16℄, after whi
h theparti
le produ
tion be
ame measurable up to the statisti
al limit of the experiment(4.5 GeV/c transverse momentum, in the 
ase of 
entral Pb+Pb events).3. Extra
tion of identi�ed 
harged hadron spe
tra. I developed �ne-tuned 
or-re
tion methods to 
orre
t the raw π±, p, p̄, K± spe
tra for various e�e
ts, afterwhi
h the transverse momentum spe
tra of the above parti
les be
ome available atzero rapidity in p+p, p+Pb and Pb+Pb rea
tions, at √s
NN

= 17.3 GeV 
enter ofmass energy [9℄. The fully 
orre
ted results, whi
h are a

urate approximately upto 5%, are pulished in the experimental arti
le [1℄.4. Extra
tion of neutral pion spe
trum. I developed an indire
t method for themeasurement of in
lusive π0 produ
tion, whi
h is based on the inversion of proba-bility mixing (folding) operators. I developed a robust iterative solution method forthis general probability theory / fun
tional analysis problem, for whi
h I 
ould prove
onvergen
e in analyti
 way in 
ertain 
ases. The results 
on
erning this methodare published in the mathemati
al arti
le [2℄. Furthermore, in the talk [14℄ I drewthe attention to the problems of high energy 
alorimetri
 measurements: althoughthe energy resolution gets ideal in this limit, steep spe
tra are nevertheless distortedby the 
alorimeter, however this 
an be 
orre
ted by the method, proposed in [2℄. Ialso investigated the possible e�e
ts of non-ideal momentum resolution in the 
ase ofmy high transverse momentum 
harged parti
le analysis, whi
h is a potentially dan-gerous sour
e of systemati
 error for steep spe
tra, however I found the estimateddistortion to be less than other systemati
 errors.5. Colle
tive behavior at low transverse momentum. I observed, that the par-ti
le produ
tion at low transverse momentum ( < 1.5 GeV/c) is well reprodu
ed7



by the blast-wave pi
ture [3, 13, 15℄, whi
h assumes a thermal-like parti
le produ
-tion, originating from a 
ylindri
ally expanding sour
e. However, at high transversemomentum, this pi
ture predi
ts too high baryon/meson ratio, whi
h indi
ates thede
reased role of 
olle
tive motion at the higher transverse momentum region.6. Test for the appli
ability of perturbative QCD approximation at hightransverse momentum. After the extra
tion of produ
ed-baryon/meson spe
-trum ratios, I 
ompared the results to perturbative QCD predi
tions [3, 13, 15℄.The 
omparison indi
ates, that the parti
le produ
tion at √s
NN

= 17.3 GeV energyis not purely perturbative event at around 4 GeV/c transverse momentum, as theperturbative QCD 
al
ulation leads to rather di�erent baryon/meson ratios. The
omparison of the experimental results to the √
s

NN
= 200 GeV RHIC measure-ments suggests, that the net-baryon/meson ratios admit a 
entrality independentenergy and transverse momentum fa
torization.7. The energy dependen
e of parti
le suppression at high transverse mo-mentum. Perturbative QCD predi
tions reprodu
e the observed qualitative prop-erties of the nu
lear modi�
ation fa
tors. I 
ompared my analysis results to the

√
s

NN
= 200 GeV RHIC results, and the 
omparison shows that the 
entral / pe-ripheral suppression does not vanish toward √

s
NN

= 17.3 GeV. On 
ontrary: themeasured modi�
ation 
urves are rather similar at this two very di�erent energies[1℄, although the amount of 
harged pion suppression is redu
ed at lower energy.
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