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Chapter 1

Intro duction

The aim of research in the �eld of high energy nuclear collisions (`Heavy Ion Physics')
is to study nuclear matter under conditions of extremetemperature and pressure,which
shouldultimately leadto the formation of a newstate of matter, the Quark Gluon Plasma,
wherequarks and gluonsare decon�ned. This state of matter is thought to have existed
in the �rst few microsecondsafter the Big Bang and possibly still exists in the coresof
heavy neutron stars.

It is expected that such a state of matter can be created in the laboratory, albeit
brie
y , by colliding heavy nuclei at high energies.Such collisionshave beenstudied over
the last twenty yearsat increasinglyhigh energies.

The experiments described in this thesis were performed using the NA49 detector,
a large acceptancespectrometer with particle identi�cation capabilities. The detector
is situated at CERN, Geneva, where the Super-Proton Synchrotron provides a beam of
lead nuclei with energiesup to 158GeV per nucleon,which are collided with a �xed lead
target.

The work in this thesis concernsthe study of strange and charm quark production
in Pb-Pb collisions. These quarks are heavier than the more abundantly produced up
and down quarks and it is expectedthat the fraction of thesequarks in the �nal state is
sensitive to whether the relevant degreesof freedomin the collision are quarksand gluons
or hadrons.

In the next chapter, several models for strangenessand charm production at SPS
energiesare discussed.

The experimental setup and the reconstruction software are described in Chapters 3
and 4. Special attention is given to modi�cations to the experimental procedureswhich
were introducedfor the charm measurement.

The measurement of the momentum spectra of kaons,which are the dominant carriers
of strangequarks, is presented in Chapter 5. The measurements wereperformedat three
di�eren t beamenergiesand the resulting energydependendenceof strangenessproduction
is discussedin Chapter 6.

The search for the D meson,which is much lessabundantly producedthan the kaon,
in a largesampleof events at the highestavailable beamenergyis described in Chapter 7
and the result is discussedin Chapter 8.

A brief overview of the generalpicture emergingfrom thesemeasurements concludes
the thesis.
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Chapter 2

Theory

The goalof research in high-energynuclearcollisionsis to investigatethe dynamicsof the
strong interaction in large systemsat high energydensity, when quarks and gluons are
expected to be quasi-free. In the following sectionsan overview of someof the relevant
theoretical ideas will be given. We will �rst explain why we think quarks and gluons
behave as free particles if the energy density is high enough. A number of di�eren t
approachesto the experimental veri�cation of theseideaswill bebrie
y described, followed
by a moredetailed discussionof strangenessand charm production in high energynuclear
collisions,which is the subject of this thesis.

2.1 Quarks, gluons, and hadrons

According to our present understandingof particle physics, there are two basic typesof
matter particles: leptons and quarks. The di�erence betweenboth types of particles is
that leptonsareonly subject to electro-magneticand weakinteractions, while quarksalso
participate in the strong interaction.

A very speci�c property of the strong interaction is that it binds quarks into hadrons
in such a way that it is impossibleto liberate a quark from a hadron. This property is
called con�nement.

Two di�eren t typesof hadronsare observed in nature: mesons,which carry the quan-
tum numbers of a quark-anti-quark pair and (anti-)bary ons, which carry the quantum
numbersof an (anti-)quark triplet.

All known hadronsare formedfrom the six basictypes(
a vours) of quarks. The light-
est quarks, the up and down quark, form the lightest hadrons. Theseare the proton and
the neutron, with a massof about 1 GeV, and the � -meson(m = 0:14 GeV). Due to their
small mass,the pions are the most abundant particles producedin hadronic interactions.
The strangeand charm quark aresomewhatheavier and form heavier mesons,such asthe
kaon (m = 0:5 GeV) and the D meson(m = 1:9 GeV). The production of theseparticles
in Pb-Pb collisions is the subject of this thesis. Even heavier are the bottom and top
quarks,but their massesaresolarge(5 and 175GeV, respectively), that their production
can be neglectedhere.

The theory of the strong interaction is called Quantum Chromodynamics(QCD) and
is part of the Standard Model of particle physics. The gaugeparticle of QCD, which
mediatesthe strong interaction, is the gluon. Both quarks and gluons carry a quantum
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Theory

number called colour, which is a charge corresponding to the SU(3) symmetry group in
the sameway asthe electric chargecorrespondsto the U(1) symmetry group. Due to the
fact that gluonscarry colour, the coupling constant of QCD becomeslarge for processes
at largedistancescalesor, equivalently, involving small momentum transfers. As a result,
perturbation theory canonly be usedto make quantitativ e predictions for hard processes,
such as jet production, which involve large momentum transfers.

The only way to quantitativ ely treat soft processes,which take placeat a typical scale
of 1 fm (10� 15 m) or 200MeV, is lattice QCD. In particular, this technique hasbeenused
to calculate the decon�nement phasetransition, as described in the next sections.

Soft particle production, however, cannot yet be calculated from �rst principles in
QCD. We therefore have to rely on a number of phenomenologicalmodels. Here we
distinguish microscopicmodels, which involve QCD-inspired dynamical simulations of
the collision process,and thermodynamical models which do not treat the dynamics in
detail. Both classesof modelsare presented in more detail in Sections2.6.1and 2.7.

2.2 The Quark Gluon Plasma

Although quarks are normally con�ned in hadrons,lattice QCD calculationshave shown
that at high energydensitiesthe quarks behave as if they were free. In a simple picture,
one might imagine that this can be achieved by compressinghadrons until such a high
density is reached that the hadrons start to overlap in spaceand quarks are no longer
con�ned to single hadronsbut can move freely through the whole system. This state is
called the Quark Gluon Plasma(QGP). In the next section,a phenomenologicalmodel,
the MIT bag model, will be usedto estimate the energydensity and temperature which
are neededto achieve this state.

2.2.1 The MIT bag model

A convenient phenomenologicalmodel of hadronsis the MIT bagmodel [1]. In this model,
the quarks move freely inside a bag from which they cannot escape. The sizeof the bag
is determinedby an e�ectiv e pressure,which is exertedon the bag by the vacuum. This
pressureis assumedto be a universal constant for all hadrons, the bag constant B , and
can, for example,be estimated from the radius of the proton. Using a proton radius of
0.9 fm in a calculation basedon the Dirac equation for masslessparticles, a bag pressure
of B = 234MeV fm� 3 is obtained [2].

In this simple model, a Quark Gluon Plasmawould be a state of matter which exerts
a pressureon the vacuumwhich exceedsthe bagpressure.Such a state, if it exists,canbe
arbitrarily large,and canconsistof a largenumber of quarksand gluons. The equilibrium
statesof the systemcan then be described using thermodynamics.

In thermodynamics the state of a system is completely speci�ed by a small number
of macroscopicparameters. Examplesof thesequantities are the temperature, pressure,
energydensity and entropy density. The relation betweenthesequantities is given by the
equation of state.

For a non-interacting gasof particles, the energy(density) can be calculatedby mul-
tiplying the energyby the number (density) of particles in each state and taking a sum
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The Quark Gluon Plasma

over all possibleparticle states. The number densities of particles nk in each state k
are given by the Fermi-Dirac (FD) distribution for fermionsand the Bose-Einstein(BE)
distribution for bosons(seefor example[3]):

nF D
k =

1
eEk =T + 1

and nB E
k =

1
eEk =T � 1

; (2.1)

whereEk is the energyof the state and T the temperature.1

Multiplying the number densitiesby the energyof each state and taking the continuum
limit, the energydensity � is obtained:

� =
g

(2� )3

Z
E

1
eE =T � 1

d3p: (2.2)

The integral runs over all possiblemomenta ~p of the particles. The factor g is the de-
generacyof the statesdue to internal degreesof freedomsuch as spin, colour, and quark

a vour.

The integral can be evaluated analytically for masslessparticles. We will for the
moment only include gluonsand the up and down quarks in our calculation and take the
quarks to be massless.This is a good approximation at high temperatures, when the
typical energiesof the quarks are much larger than their masses.The resulting energy
density is:

� =
�

7
8

gq + gg

�
� 2

30
T4; (2.3)

wheregq is the degeneracyof the quark statesand gg the degeneracyof the gluon states.
There are two states of polarisation for each of the eight colour states of gluons, so
the degeneracyof the gluon states is 16. Each quark 
a vour has 6 states, two spin
states and three colour states. This leads to a total degeneracyof the quark states of
gq = 2 � 2 � 6 = 24 for the two 
a vours, including the anti-quarks.

The pressureP exertedby a gason its surroundingscan be calculatedusing an equa-
tion analogousto Eq. 2.2, but averaging the momentum components perpendicular to a
surface.For masslessrelativistic particles, the resulting pressureP is simply onethird of
the energydensity [3]:

P =
1
3

� =
�

7
8

gq + gg

�
� 2

90
T4: (2.4)

In the bag model, the transition to the Quark Gluon Plasmaoccurswhen the pressureof
the quark gluon gasbecomesequal to the bag constant. Using B = 234 MeV fm� 3, we
obtain � = 3B = 702MeV fm� 3 and, from Eq. 2.3, T = 144MeV.

Just below the transition, the gas consistsmainly of pions which have no spin and
three charge states (positive, negative and neutral). The degeneracyof states in a pion
gasis thereforeonly three, approximately ten times lessthan in the quark gluon gas. The
energydensity therefore increasesby a factor of ten at the transition from a pion gasto
the QGP.

1Note that the temperature is expressedin units of energy by absorbing the Boltzmann constant k
in the temperature. This convention will be usedthroughout this thesis. The conversion factor between
MeV and Kelvin is 1=k = 1:2 � 1010 K/MeV.
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Figure2.1: Dependenceof P=T4 on the reducedtemperatureT=Tc ascalculatedusinglattice
QCD [4].

2.2.2 Lattice QCD

Numerical calculationsstarting from the QCD Lagrangianare usedto check whether the
theory really allows the formation of a state wherequarks and gluonsare e�ectiv ely free
and to estimate the transition temperature and energy density in more detail. These
calculationsare performedon a lattice in four-dimensionalspace-time,with a typical size
of 16 cells in each spatial direction and 32 cells in (imaginary) time. Technically, these
calculationsare very involved and in many casesapproximations must be madeto reduce
the neededcomputing power.

As an exampleof the results obtained from lattice QCD, the calculated dependence
of P=T4 on the reducedtemperature T=Tc is shown in Figure 2.1 [4]. The di�eren t lines
indicate calculationswith di�eren t numbersof quark 
a vours. The two and three 
a vour
calculationsinclude only light 
a voursof massm=T = 0:4, while a heavier 
a vour of mass
m=T = 1 is included in the 2+1 
a vour calculation. The 2+1 
a vour calculation has the
more realistic quark masses,representing light up and down quarksand a heavier strange
quark.

At the critical temperature Tc the ratio P=T4 suddenlystarts to increase,due to the
phasetransition. The ideal gas limit, which is indicated by arrows in the plot, is never
completely reached, even at four times the critical temperature.

Both the critical temperature and the order of the phasetransition ascalculatedwith
lattice QCD depend on the number of quark 
a vours in the calculation and their masses.
For the critical temperature, valuesbetween150and 170MeV are given in the literature,
see[5] for instance.

2.3 The Quark Gluon Plasma in the laboratory

Heavy nuclei are collided at high energiesto achieve the high energy density which is
neededto investigate the Quark Gluon Plasma in the laboratory. Over the last twenty
years, high energy collisions of nuclei have been studied in a seriesof experiments at
di�eren t acceleratorsand beam energies. The main sites for theseexperiments are the
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Alternating Gradient Synchrotron (AGS) in Brookhaven, the Super-Proton Synchrotron
(SPS) at CERN, and the Relativistic Heavy Ion Collider (RHIC), the new acceleratorin
Brookhaven. RHIC provides the highest collision energiesfor nuclei so far, with a max-
imum centre-of-momentum energy

p
s = 200 GeV per nucleon,approximately ten times

the maximum energyat the SPS.The new LHC acceleratorwhich is under construction
at CERN will provide lead-leadcollisionsat

p
s = 5:5 TeV per nucleon,morethan twenty

times the maximum RHIC energy.
Most of the experimental results obtained so far indicate that, indeed, high energy

densities are reached. For example, it is estimated that the initial energy density is
3.2 GeV/fm 3 in central lead-leadcollisionsat the highest SPSenergyof

p
s = 17:3 GeV

per nucleon[6]. This is well above the critical energydensity of approximately 1 GeV/fm 3.
The experimental results do not yet have a clear-cut interpretation in terms of whether
or not a Quark Gluon Plasma was formed. The main di�cult y in the interpretation of
the results is that the �nal state is determinedby the full time evolution of the colliding
system. In particular, due to our relatively poor theoretical understandingof the hadro-
nisation process,it is di�cult to study the initial dynamics in detail by detecting only
�nal state hadrons.

A number of di�eren t signals which are sensitive to the initial energy density and
the state of matter have beenproposedover the years. A brief overview of the present
experimental situation and the theoretical understanding of the results is given in the
next paragraphs.

Leptons and photons, which are produced much lessabundantly than hadrons, are
expected to be mainly sensitive to the initial stagesof the collision, becausethey do
not participate in the strong interaction and therefore do not have a large probability
to interact after their formation. If the early stage is really hot and dense,and has a
large enoughlife-time, one would expect to observe thermal radiation of both photons
and electrons. The measurement of their spectra at the SPShas provided a number of
interesting observations, but the interpretation of theseresults is not yet clear [7].

Another probeof Quark Gluon Plasmaformation is the production of the J= particle,
which is a bound state of a charm and an anti-charm quark. In a QGP, J= production
is expected to be suppresseddue to the screeningof the binding potential between the
quark-anti-quark pair by the colour chargesin the QGP. Such a suppressionhas indeed
beenobserved, but a number of alternative explanationsexist [8].

A di�eren t classof measurements which should be more sensitive to the dynamics
in the system, are correlation measurements. Event-by-event 
uctuations in a number
of variables,such as the mean transversemomentum, the kaon-to-pion ratio and charge
ratios, have beenstudied to search for signsof a �rst order phasetransition (co-existing
phases),but no indication of such dynamical 
uctuations was found. The measurement
of azimuthal correlations,or elliptic 
o w, hasshown that the densitiesof particles become
high enoughto build up somepressurein the collision. It is very likely that, at RHIC,
this pressurealready exists before hadronisation implying collective behaviour or even
thermalisation already in the partonic phase. The observed elliptic 
o w at the SPS is
much smaller and it is not yet clear at which point it develops.

The idea that the production of strangenessshould be enhancedin a Quark Gluon
Plasmais already some20 yearsold [9]. It is expectedthat the strangequark, which has
a masscomparableto the expectedphasetransition temperature, will be as abundantly
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producedas the light quarks if a QGP is createdin the collision. This represents an en-
hancement of the strangenessproduction comparedto proton-proton collisions,in which
strangequarks are much lessabundantly producedthan the light quarks. A lot of exper-
imental and theoretical activit y has followed the introduction of this idea. A selectionof
theoretical models is presented in the next sectionstogether with an extensionto charm
production.

Beforegoinginto the moredetaileddiscussionof strangenessproduction, somerelevant
kinematic variablesare de�ned in the next section.

2.4 Kinematics

For �xed target experiments, the initial state energy is usually speci�ed as the beam
energyper nucleon. The total energyof a 158A�GeV lead beamis 33 TeV. The collision
energyin the centre-of-momentum system

p
s is usually speci�ed per nucleonpair, givingp

s = 17:3 GeV for a 158A�GeV beamcolliding with a �xed target.
The �nal state is fully characterisedby the momenta ~p = (px ; py; pz) and the massm

or the energyE of all particles. The relation betweenmass,energyand momentum is 2

E =
p

m2 + p2; (2.5)

wherep = j~pj.
Usingthe (approximate) azimuthal symmetryaroundthe beamdirection, andchoosing

the z-axis along the beamdirection, longitudinal and transversemomentum pz and pt =p
p2

x + p2
y are usedto characterisethe �nal state. Alternativ ely, transversemassmt and

rapidit y y can be used. Rapidity is de�ned by

y =
1
2

ln
�

E + pz

E � pz

�
(2.6)

and hasthe convenient property that it is additiveunderLorentz boostsin the z-direction.
The transversemass

mt =
p

m2 + p2
t (2.7)

is obviously invariant under such boosts.
The relations betweenE, pz and mt , y are

E = mt coshy and pz = mt sinhy: (2.8)

Particle spectra are distribution functions in momentum space. A Lorentz-invariant
distribution function is obtained by multiplying the momentum spacedistribution func-
tion by the energy. The relation betweenthis distribution in longitudinal and transverse
momentum and in rapidit y-pt spaceis

E
d2N

pt dpt dpz
(pt ; pz) =

d2N
pt dpt dy

(pt ; y): (2.9)

2Throughout this thesis, natural units are used, setting the velocity of light c and Planck's constant
~ to one. Thesequantities therefore do not appear in equations.
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projectile
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b
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Figure2.2: The geometricalpictureof the collision(as seenin the centre-of-momentumsys-
tem) at the basisof Glauber models.

2.5 Glauber models

In order to recogniseQGP formation in nucleus-nucleuscollisions,a referencemodel for
nucleus-nucleusevents without a QGP is needed. Sincesoft particle production cannot
be calculated from �rst principles, the referencemodel must be basedon experimental
information on nucleon-nucleon cross-sections.Nuclear collisionscan then be described
as a superposition of more or less independent nucleon-nucleon interactions. Such a
superposition model is called a Glauber model [10].

Glauber models start from a geometricalpicture of the collision, as sketched in Fig-
ure 2.2. The distance between the tra jectories of the centres of the nuclei is called the
impact parameterb. The sizeand shapeof the regionwherenucleonsof both nuclei collide
is determinedby this parameter.

In general,whentwo nucleonsmeetthey caneither have an interaction, be it elasticor
inelastic,or they cangoon without interacting. Sinceonly inelastic interactionscontribute
to particle production, we will, for the moment, disregardelastic interactionsand say that
two nucleonscollide if and only if they have an inelastic interaction.

Three di�eren t ways of counting the number elementary interactions in a nucleus-
nucleusevent areusedin the literature. The �rst two arebasedon counting the number of
nucleonswhich participated in the interaction. From the purely geometricalinterpretation
as illustrated in Figure 2.2, the total number of nucleonswhich collided with a nucleon
from the other nucleus can be computed. We will call this the `number of wounded
nucleons'Nw . Using an event generator,onewill in addition �nd nucleonswhich collided
with particles which were produced in the interaction. By including these nucleons,a
slightly larger number of `participating' nucleonsNpar t is obtained. Sincethe probability
for a nucleonto collidewith a producedparticle is relatively small, the distinction between
Nw and Npar t is mainly important for very peripheral collisions(large b), wherethere are
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many spectator nucleons.The maximum number of woundednucleonsand the maximum
number of participants are both equal to the total number of nucleonsin the colliding
nuclei.

Each nucleon, however, may have more than one interaction. The total number of
binary collisions Ncoll is therefore also used to characterise nucleus-nucleus collisions.
This number includesall collisionsbetweentwo nucleons,whether they were already hit
by another nucleon or not. It can therefore be much larger than the total number of
nucleonsin the colliding nuclei.

The simplest geometricalmodel of a nucleusis the `hard sphere'geometry: a sphere
with a uniform density of nucleons,with a radius RA which dependson the atomic number
A like

RA = 1:12 A1=3: (2.10)

With this simplegeometry, the valuesof Nw and Ncoll for central collisionswith b = 0 can
be analytically calculated. In such collisions,all nucleonswill be hit, so Nw = 2A. The
number of elementary collisionsin a central collision (b = 0) is [11]

Ncoll =
9
8

A2

� R2
A

� coll = 0:29 fm� 2A4=3� coll ; (2.11)

for a processwith an interaction crosssection� coll . Usingthe total inelasticproton-proton
crosssectionof 30 mb, onearrivesat Ncoll � A4=3 for central collisions.

A more realistic model of the nuclear density is the Woods-Saxondistribution

� (r ) =
� 0

1 + e(r � RA )=d
; (2.12)

whereRA is the radius of the nucleus,as given by Eq. 2.10, � 0 a normalisation constant
and d the thicknessof the region in which the density goes to zero. For 208Pb, these
parametersare RA = 6:62 fm (RA = 6:64 fm using Eq. 2.10) and d = 0:546 fm [12], as
obtained from low-energyelectron scattering experiments. The resulting normalisation
density is � 0 = 0:160 fm� 3. Using this distribution, the dependenceof the number of
woundednucleonsand the number of binary collisionson the impact parameterb can be
numerically calculated.

2.6 Particle production in superposition models

The simplest model for particle production in nucleus-nucleuscollisions is a superposi-
tion of independent nucleon-nucleon collisionsat the samecentre-of-momentum energy.
More complicatedmodels,which take into account coherencee�ects or the energylost by
nucleonsin subsequent interactions and the interactions betweenproducedparticles are
implemented in event generators. First, the most simple, analytically calculablemodels
are discussed.

The �rst is the wounded nucleon model [13], which was inspired by measurements
of the total multiplicit y in proton-nucleusinteractions. The assumptionhere is that the
yields in nucleus-nucleus collisions are simply Nw times the yields in nucleon-nucleon
collisions. This would imply that nucleonswhich undergoseveral collisionsproduce the
same�nal state as nucleonswhich are hit only once.
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Figure2.3: Energydependenceof thekaonto pionratio in proton-proton(full line)andnucleus-
nucleus(dashedline) collisionsin RQMD.The left panelshowsthe ratio for negativeparticles,
the right panelfor positives.The predictionsare comparedto experimentalresultson nucleus-
nucleuscollisionsat theAGS(triangles)andcollecteddataonproton-protoncollisions(circles).
Also shown is the predictionfor nucleus-nucleuscollisionsby RQMD without rescatteringof
hadronsandcolourrope formation (dotted line), whichare speci�c to nuclear collisions.

It is, however, alsoreasonableto assumethat particle production scaleswith the num-
ber of binary collisionsNcoll . This is in particular expectedfor rare processes,wherethe
probability for the processto occur in a nucleon-nucleoncollision is small. For instance,
it has experimentally beenshown that muon pair production in the Drell-Yan processis
proportional to Ncoll [14].

More detailed extrapolation from nucleon-nucleon collisions to nucleus-nucleuscolli-
sions are implemented in a number of event generators. A large number of generators
is available, basedon a variety of assumptions. In particular, there is a classof models
which doestake into account scatteringbetweenproducedparticles,and a groupof models
which doesnot do this. Modelssuch asFRITIOF [15], LEXUS [16] and HIJING [16] fall
in the last category, while VENUS [17], RQMD [18], UrQMD [19] and HSD [20] belong
to the �rst category. Thesemodelswill not be dicussedin detail, but we will useRQMD
as an exampleto illustrate the implications of scattering betweenproducedparticles for
strangenessproduction in Pb-Pb collisions.

Not all of the mentioned event generatorscalculatecharm production and thosewhich
do (HIJING, FRITIOF), arebasedon older versionsof PYTHIA. Insteadof thesegenera-
tors, a recent versionof PYTHIA is usedto generateproton-proton events and the result
is scaledby Ncoll to obtain predictions for Pb-Pb collisions.

2.6.1 RQMD

The RQMD (Relativistic Quantum Molecular Dynamics) event generator [18] is based
on a Glauber model calculation in which excited strings are formed when two nucleons
meet in a nucleus-nucleuscollision. Thesestrings subsequently decay into hadrons. In the
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model, the momentum transfer betweenthe interacting nucleonsis absorbedby onequark
in each nucleon,which causesa quark-anti-quark pair to be polarized out of the sea. A
string is formed betweenthe interacting valencequark and the anti-quark from the sea,
and another string stretchesbetweenthe spectator di-quark and the quark from the sea.
This processis repeatedin subsequent interactionsand several strings canbe formedfrom
each nucleonin a nuclearcollision. In RQMD therefore,all particle production scaleswith
the number of binary proton-proton collisionsNcoll in the high energylimit. At the SPS,
however, the scalingis closeto woundednucleonscalingdue to energylossin subsequent
collisions.

The formation of hadronsfrom strings in RQMD is basedon the Lund string fragmen-
tation scheme[21]. The probability to form a light quark-anti-quark pair in this scheme
is approximately three times higher than the probability to form a strange-anti-strange
pair. Theseprobabilities do not depend on the total string energy, but are determined
by the local energy density in the string and by the quark masses.The ratio between
strange and non-strangequark production in string fragmentation is the main parame-
ter which determinesthe kaon to pion ratio in the �nal state. This is demonstratedin
Figure 2.3, whereit is seenthat the kaon to pion ratio for proton-proton collisions(solid
line) is similar to the ratio in nucleus-nucleuscollisionswithout colour rope formation (see
below) and rescattering (dotted line). This observation holds for the negative particles
(left panel) as well as for the positive particles (right panel).

In the full RQMD model, the kaon to pion ratio for nuclear collisions is higher due
to colour rope formation and rescatteringof producedparticles. Colour ropesare formed
when two strings overlap in spaceand time. A colour rope is similar to a string but has
higher colour chargesat its ends. As a result, the colour �eld in the rope is strongerand
the probability to form a strange-anti-strange quark pair is larger.

Scattering between produced particles is treated in detail by tracking all produced
particlesthrough space.When particlescomecloseenough,they havea certain probability
to interact. The cross-sectionsfor rescattering used in RQMD are basedon relatively
simpleresonancemodels,which havebeenveri�ed usingexperimental data whenavailable
(e.g. data on pion-nucleonand kaon-pionscattering).

The decay of heavy resonanceswhich can be formed by subsequent inelastic collisions
in densesystemsleads to an increaseof kaon production. The kaon to pion ratios as
calculated using RQMD, including e�ects of rescattering and colour rope formation are
in good agreement with experimental results at the AGS, as shown in Figure 2.3. In
Chapter 6, the RQMD calculations will be comparedto the results of the kaon analysis
as described in this thesis.

2.6.2 Open charm production in PYTHIA

The PYTHIA [24] event generatorcalculatescharm production using leading order per-
turbativ e QCD calculations and subsequent string fragmentation for the hadronisation.
In Figure 2.4 the total crosssection for D 0 and �D 0 production in proton-proton colli-
sions as predicted by PYTHIA is comparedto experimental results [22]. Note that all
measurements are at energiesabove the maximum SPSenergy(

p
s = 17:3 GeV for lead

nuclei). The PYTHIA calculation is taken from [23], where the calculated leading order
cross-sectionwasmultiplied by a factor 3.5(K-factor) to reproducethe experimental data.
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PYTHIA calculation[23] (full curve).

This curve will be usedto extrapolate the open charm production cross-sectionto SPS
energies.

For comparison,the result of a next-to-leadingorder (NLO) perturbative QCD calcu-
lation [22] is indicated by dashedlines in Figure 2.4. Two resultsusingdi�eren t valuesfor
the renormalisation scale� r are shown to indicate the theoretical uncertainty. A simple
hadronisation scenariowas usedto convert the calculated total charm production cross-
sectioninto a neutral D mesoncross-section.Basedon measurements at 350GeV beam
energy [25], it was assumedthat the yields of � +

c and Ds are 50% of the non-strange
open charm yield. The chargedD yield is 30% of the neutral D yield, becausemost of
the D mesonsare producedin decays of D resonances.Theseresonances(D � (2007)0 and
D � (2010)+ ), areclosein massto the D mesonsbut have three polarisation states,and will
thereforebe approximately three times more abundant. The resonancespreferably decay
into D 0. Theseratios betweenthe di�eren t charmed particles, which are approximately
reproduced by PYTHIA, are assumedto be independent of beam energy. For a more
detailed discussion,see[22]. It can be seenin Figure 2.4 that when the measuredopen
charm yields are used to normalise the NLO calculation, the expected crosssection at
SPSenergieswill be very closeto the valuesfrom PYTHIA calculation.

The total neutral D meson cross-sectionextrapolated to 158 A�GeV is 4.4 � b in
proton-proton events leading to a multiplicit y of (using a total inelastic cross-sectionof
30mb) 1.5�10� 4 D 0+ �D 0 per event. From Eq. 2.11we�nd that the expectedmultiplicit y in
central Pb+Pb events is 0.18per event. In this calculation, it is assumedthat the charm
production mechanismin nucleus-nucleuscollisionsis exactly the sameasin proton-proton
collisions. The experimentally observed J= suppression(seeSection2.3), for example,
is relative to this expectation.

In the previous section it was shown that collisionsbetweenproduced particles con-
tribute signi�cantly to the kaon yield in RQMD. It is not expected that theseprocesses
will contribute much to the open charm yield, becausethe energyavailable in �nal state
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collisions is too small to produce D mesons. Colour rope formation might increasethe
open charm yield similarly to the strangenessyield, but this cannot be veri�ed quantita-
tively, sincea calculation of charm production is not available in the RQMD model.

2.7 Thermo dynamical models

A completely di�eren t approach to the description of heavy ion collisionsare thermody-
namical models. Thesemodelsdo not treat the collisionsbetweenparticles in detail, like
RQMD and PYTHIA, but assumethat the �nal state is that with the largest entropy.
This idea wasoriginally brought forward by Fermi [26] and Landau [27]. Later on, Hage-
dorn [28] revived interest in this model. Their work is the basisof what is now known
as the thermodynamical Hadron Gas Model, which is widely applied to describe hadron
production in nucleus-nucleuscollisions. A number of slightly di�eren t formulations exist,
someof which will be explainedin the next section.

The Hadron Gas Model gives a reasonabledescription of the yields of all particles
producedin nucleus-nucleuscollisions,as well as in elementary collisions(e+ e� and p�p),
in terms of only a few parameters. This should be contrasted with microscopicmodels
which have a large number of free parameters. Even if these parametersare tuned on
proton-proton collisions, it is by no meansclear how to extend the models to nucleus-
nucleuscollisions.

A di�eren t type of thermodynamical model is the Statistical Model of the Early Stage
(SMES). In this model it is assumedthat the quarksand gluonswhich dominate the early
stageof the collisionarealreadythermalised,forming a QGP asdescribedin Section2.2.1.
A more detailed description of the model will follow in Section2.7.2.

2.7.1 Hadron Gas Mo del

The basicideaof the Hadron GasModel is to describe the �nal state of a collisionasa gas
of hadronsand resonances.In such a description, the number densitiesand momentum
distributions of particlesaredeterminedby the list of available states,which is completely
determinedby the existing typesof hadronsand resonances,and by the number density
of particles in each state, which for each state dependson its energyand the temperature.
For simplicity, the Boltzmann distribution

nB
k = e� E =T (2.13)

is often usedfor thesecalculations. The Boltzmann distribution is a good approximation
of both the Fermi-Dirac and Bose-Einsteindistributions of Eq. 2.1, when the energiesof
most occupiedstatesare larger than the temperature, which is true for all particles at the
relevant temperatures. The resulting particle density n i for a speciesof particles i with
massmi and degeneracygi is [29]

ni = gi

Z
d3p

(2� )3
e� (E i � � i )=T =

gi m2
i T

2� 2
K 2(mi =T) e � i =T ; (2.14)

whereK 2 is the modi�ed Besselfunction and the chemicalpotential � i is introduced. From
Eq. 2.14it is clearthat the chemicalpotential e�ectiv ely shifts the energiesof all states. It
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canbe interpreted asthe minimum energywhich is neededto add a particle to the system.
In the Hadron Gas Model, the chemical potential is usedto imposethe conservation of
the baryon number of the incoming particles and to ensurethat the produced particles
carry no net strangenessor charm. This is achieved by making the chemicalpotential for
each particle speciesdependon the baryon number bi and the strangeand charm quantum
numberssi and ci . Each quantum number hasa corresponding chemical potential:

� i = bi � B + si � S + ci � C : (2.15)

Sincethe strangenessand charm chemical potentials � S and � C are determinedfrom
the requirement that the �nal state has zero net strangenessand charm content, the
number densitiesof the di�eren t particles are completelydeterminedby the temperature
T and the baryon chemical potential � B . The measuredparticle yields can thereforebe
usedto determinetheseparametersand a normalisation volume V. The valuesof T and
� B , the so-calledfreeze-outpoints, as obtained from �ts to the particle yields measured
in a number of experiments at di�eren t energies[29] are shown in Figure 2.5. The grey
band indicates the phaseboundary from recent lattice QCD calculations[30]. According
to thesecalculationsthe phasetransition at � B = 0 is neither �rst- nor second-orderbut
a cross-over transition. The phaseboundary was only calculated up to the end-point,
where the nature of the transition changes,probably to a �rst-order phasetransition.
The continuation of the phaseboundary beyond the end-point is not well known.

The temperature obtained from the �ts of the Hadron GasModel to the experimental
data clearly increaseswith beam energy, while the baryon chemical potential decreases.
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Nw

Figure 2.7: Dependenceof the canonicalsuppressionfactor on the number of wounded
nucleons,at a beamenergyof 158A�GeV.[33]

The dashedline in Figure 2.5 is a parametrisation of the freeze-outcurve, which is de-
�ned by imposing the requirement that the averageenergyof the produced particles is
1 GeV [29]. At low beamenergies,the freeze-outpoints are far from the phaseboundary,
indicating that the systemhasprobably not beendenseenoughfor QGP formation. For
158 A�GeV Pb-Pb collisions, the temperature is closeto the transition temperature as
obtained from lattice QCD. Note that due to the phasetransition, a hadron gascannever
reach a temperature above the critical temperature. It is therefore not excluded that
at the highest SPS energy the system has reached higher temperatures during its time
evolution, thereby crossingthe phasetransition.

The Hadron Gas Model was recently extendedby parametrising the dependenceof
the temperature and baryon chemical potential on the collision energy and using the
parametrisation to calculateparticle yields as a function of energy. The resulting energy
dependenceof the K + =� + ratio [29] is shown in Figure 2.6 and comparedto AGS data
(seereferencesin [32]).

Introducinga chemicalpotential such asEq. 2.15is a convenient way to imposeconser-
vation laws. Strictly speaking,however, this is an approximation which is only valid when
the systemcontains a largenumber of particles carrying the conserved quantum numbers,
becausethe calculation of the Boltzmann distribution includesstatesof the systemwhich
violate the conservation laws. It can be shown that if a systemcontains a large number
of particles with the conserved quantum number, the contribution of stateswhich violate
the conservation laws is small, and the approximate treatment is valid. If, however, the
number of particles carrying the conserved quantum number is small, the conservation
lawsmust beexplicitly taken into account, usingthe canonicalformalism. As an example,
we quote the kaon yield NK , as obtained from the canonicalcalculation [33]

NK = N GC
K

NS=1p
NS=1 NS= � 1

I 1(x1)
I 0(x1)

; (2.16)

where NS=1 is the total number of particles with strangeness1 (mainly anti-lambdas
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and kaons) and NS= � 1 is the total number of particles with strangeness� 1 (mainly
lambdasand anti-kaons),calculatedusing the grand canonicalapproach (using Eq. 2.14).
The di�erence between the yield N GC

K in the grand canonicaland NK in the canonical
calculation is determined by the ratio of the modi�ed Besselfunctions I 0 and I 1. This
ratio is therefore called the `canonical suppressionfactor'. The canonical suppression
factor depends on the system size through the arguments x1 � 2

p
NS=1 NS= � 1 of the

modi�ed Besselfunctions.
The generalexpressionfor the canonicalsuppressionis I s(x1)=I0(x1) for particles with

strangenesscontent s. In Figure 2.7, the dependenceof the canonicalsuppressionfactor
on the number of wounded nucleonsNw for nuclear collisions at 158 A�GeV is shown
for particles with one, two and three strange quarks. At large numbers of participants
the canonicalsuppressionfactor approaches1, indicating that the di�erence betweenthe
canonicalcalculation and the grand-canonicalcalculation vanishes. The deviation from
the grand-canonicallimit for kaons is already below 10% at approximately 20 partici-
pants. For proton-proton collisions,with 2 woundednucleonsthe strangenesssuppression
factor is 0.5. Within this model, the production of kaons in proton-proton collisions is
suppresseddue to strangenessconservation. This explains,at least qualitativ ely, the dif-
ferencebetweenthe kaon to pion ratio in proton-proton and nucleus-nucleuscollisionsas
seenin Figure 2.3.

Someauthors introducea strangenesssuppressionparameter
 s, allowing the strange-
nessyield to deviate from the equilibrium value. The yields of particles containing one
strange quark are lower by a factor 
 s than calculated from Eq. 2.16 (or Eq. 2.14) and
particleswith two strangequarksaresuppressedby 
 2

s . A similar approach canbeusedto
describe charm production. Using the J= yields as measuredby NA50 as input, charm
enhancement factorsof 
 c = 1:3{1.9 have beencalculated[34], leadingto total charm pair
yields of 0.5{0.6 per event in central 158A�GeV Pb-Pb collisions.

2.7.2 Statistical Mo del of the Early Stage

Sincethe Hadron GasModel only describesthe collision in terms of the hadronic degrees
of freedom,it doesnot givemuch insight into the questionwhethera Quark Gluon Plasma
is formed. In this section a model will be described which explicitly introducesa QGP
state, much along the lines of the discussionin Section2.2.1. This `Statistical Model of
the Early Stage'(SMES) [35] is basedon a thermodynamical treatment of the initial state
in the collision, using quarks and gluonsas the degreesof freedom.

A basic assumptionin the model is that the total energyE in the collision area is a
�xed fraction � of the available energy, which is the centre of massenergyof the colliding
nuclei minus the energycarried away by the participating baryons (i.e. their massmN ):

E = � (
p

s � 2mN )Nw : (2.17)

The energyis deposited in the Lorentz contracted volume of the nuclei. Assuming that
the non-contracted volume is proportional to the number of woundednucleonsNw , the
contracted volume is proportional to Nw=
 . The resulting energydensity � is then

� / (
p

s � 2mN )
 =
(
p

s � 2mN )
p

s
mN

: (2.18)
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Figure2.8: The energydensity � in the early
stageasfunctionof the collisionenergy[35].

Figure2.9: The strangenessto entropy ratio
in the statistical model of the early stage.
The full line is the expecteddependenceon
the collisionenergyfor a phasetransition at
a temperatureof 200 MeV. The dotted line
is the continuationof the behaviourof the
hadronphase[35].

The relation betweenthe calculatedenergydensity and the collision energyexpressed
using Fermi's collision energyvariable

F =
(
p

s � 2mN )3=4

(
p

s)1=4
� s1=4 (2.19)

is shown in Figure 2.8. The particle content at the early stagecan be calculated from
the energydensity using the equation of state. At high initial energydensity, the `bag
equationof state' is used,meaningthat the energydensity is the sumof the energydensity
of an ideal quark-gluon gasand the bag constant B . At lower energies,the equation of
state is basedon a calculation with e�ectiv e degreesof freedom. Sincethe equilibrium
state at each temperature is the state with the highest entropy, the transition between
both statesoccursat the temperature wherethe entropy in the low-energystate is equal
to the entropy in the QGP-state. This temperature is �xed at 200 MeV in the model,
by using a bag constant B of 600MeV/fm 3. The resulting phasetransition is �rst-order,
becausethe energydensity in the di�eren t statesis di�eren t at the transition temperature.

Finally, to calculate the yields of hadrons, it is assumedin the SMES that the total
number of strangeand charm quarks and the total entropy are the samebeforeand after
hadronisation.

In an ideal gas of masslessparticles, each particle carries approximately 4 units of
entropy [2]. The model therefore assumesthat the entropy in the �nal state is propor-
tional to the total number of pions. The pion multiplicit y per woundednucleon is then

18



Thermodynamical models

proportional to the entropy density � , divided by 
 due to the Lorentz contraction of the
initial volume. Using the thermodynamical relation � / g1=4� 3=4, the simple relation

N (� )
Nw

/
�



/
g1=4� 3=4



/ g1=4 (

p
s � 2mN )3=4

(
p

s)1=4
= g1=4F; (2.20)

is obtained. The pion multiplicit y per wounded nucleon is proportional to F , with a
constant of proportionalit y which dependson the number of degreesof freedomg in the
early stage.

The energydependenceof the ratio of the total number of strange and anti-strange
quarksNs�s to the total entropy S ascalculatedin the full model [35] is shown in Figure 2.9.
The full model calculation involvesthe numerical evaluation of integralsover Fermi-Dirac
and Bose-Einsteindistributions (seeEq. 2.1), including the e�ects of the massesof the
strange degreesof freedom. At low energiesthe model uses16 e�ectiv e masslessnon-
strange degreesof freedomand 14 e�ectiv e massive (m = 500 MeV) strange degreesof
freedom. Due to the large massof the strange degreesof freedom, the strangenessto
entropy ratio increasesrapidly with collision energyat low energies.

When the phasetransition temperature of T = 200MeV is reached, at F � 2 GeV1=2,
a mixed phaseis formedwith an increasingfraction of QGP, which causesthe drop in the
strangenessto entropy ratio. The massesof the strangeand charm quarks in this phase
are ms = 175 MeV and mc = 1:5 GeV respectively. Above F � 2:7 GeV1=2, the initial
state is purely QGP. In the model, the initial temperature keepsincreasingwith beam
energy. At high temperature and energy density, when the strange degreesof freedom
becomee�ectiv ely massless,the strangenessto entropy ratio Ns�s=S saturatesat a value
of

Ns�s

S
=

1
4

gs

g
; (2.21)

where g and gs are the total and strange numbers of degreesof freedomand the factor
1/4 stemsfrom the fact that each masslessquark carries 4 units of entropy. Note that
Eq. 2.21 is almost model-free,the only assumptionbeing that the quarks and gluons in
the initial state form a thermalisedQGP.

The sharppeakin the strangenessto entropy ratio, which is dueto the phasetransition,
is a characteristic featureof this model. Other modelsexpect a smoother evolution of this
quantit y. The energydependenceof the strangenessto entropy ratio will be comparedto
experimental data in Chapter 9.

The initial temperature of 264MeV for 158A�GeV collisionsat the SPSgivesan esti-
mated yield of a total of 17charm quarksand anti-quarks in a central Pb-Pb collision [35].
Due to the large massof the charm quark, this yield is strongly dependent on the initial
temperature.

The expectedcharm yield within the SMESis much higher than the expectatedyields
from the Hadron GasModel and the value obtained by scalingthe expectedmultiplicit y
in proton-proton collisionsby the number of binary collisionsNcoll . The result of charm
analysispresented in Chapter 7 is confronted with theseexpectations in Chapter 8.
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Chapter 3

Experiment

The measurements described in this thesis are part of the experimental program of the
NA49 collaboration. The NA49 detector is located in the North Area of the European
Centre for Nuclear Research (CERN) in Geneva. The experiment usesbeamsfrom the
Super Proton Synchrotron (SPS), a circular acceleratorwith a circumferenceof 6.9 km.

The detector hasbeendesignedto measurea large fraction of the approximately two
thousandchargedparticles producedin lead-leadcollisions. The experimental setup con-
sistsof a largeacceptancemagneticspectrometer,using largeTime Projection Chambers
(TPCs) which combine a momentum measurement with particle identi�cation capabili-
ties through a measurement of the ionisation energyloss. Additional detectorsprovide a
measurement of the incoming beam, the centralit y, and of the time-of-
igh t of produced
particles. The di�eren t detector components will be brie
y described in this chapter,
with someemphasison the special con�guration of the detector read-out which wasused
to increasethe event rate for the search for open charm in the year 2000. A detailed
description of the detector can be found in [36].

3.1 Accelerator and beams

The SPSacceleratordeliversbeamsto several experiments in the North and West exper-
imental Areas at CERN. During normal operation with proton or ion beams,a beam is
received from the Proton Synchrotron and acceleratedto the desiredenergyevery 15{20
seconds.During the last 2{5 secondsof the machine cyclethe beamis gradually extracted
and delivered to the experiments.

The maximum attainable energy, which is determined by the magnetic �eld in the
bending magnets, is 400 GeV for protons. The maximum energy per nucleon for ions
scaleswith the charge-to-massratio Z=A and thus dependson the type of nucleus. Most
of the data were taken with a lead beamat the maximum energyof 158A�GeV. Part of
the data weretakenwith lower beamenergiesof 40and 80A�GeV. Even lower energies,of
20 and 30 A�GeV, weredeliveredin the year 2002. The analysisof thesedata is presently
in progress.

NA49 has also taken data with beamsof protons, pions, deuterons,carbon and sili-
con. Thesebeamsare obtained by fragmenting the primary beam from the accelerator
(400 GeV protons or 158A�GeV lead nuclei) in a target which is placedin the beamline,
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Figure3.1: Schematicoverviewof the NA49experimentalsetup.

betweenthe acceleratorand the experiment. Results obtained with thesebeamscan be
found in [37].

3.2 Detecto r overview

The NA49 experimental setup is shown in Figure 3.1 (top view) and Figure 3.2 (perspec-
tive view). The main detectors which are depicted in the �gures are two main TPCs
(MTPC-L and MTPC-R) and the two super-conductingmagnetswhich contain the two
vertex TPCs (VTPC-1 and VTPC-2). Both VTPCs consistof two separatesensitive vol-
umes,which are positioned left and right of the beam. Two large time-of-
igh t (TOF)
detector arrays provide additional information for particle identi�cation in a restricted
acceptance.In addition, there areseveral detectorsin the beam-lineto measurethe beam
position and composition. The veto calorimeter (VCAL), which is placed further down-
streamin the beamtra jectory, is usedfor centralit y selection.The di�eren t detectorsare
described in more detail in the next sections.

The ring calorimeter (RCAL), which is alsoshown in Figure 3.1, will not be discussed
in this thesis. It has beenusedto measuretransverseenergyproduction at mid-rapidit y
in lead-leadinteractions in a dedicatedrun [6]. Nowadays it is usedto detect neutrons in
proton-proton collisions.

The generalNA49 coordinate systemis indicated in Figure 3.2. The z-axis is alongthe
beam direction. When looking downstream, the x-axis points to the left and the y-axis
upwards. The origin of the coordinate systemlies approximately on the beamtra jectory,
in the middle of VTPC-2.

3.3 Beam detectors and trigger

Before arriving at the target, the beam passesthrough three beam position detectors
(BPDs), which are small wire chamber detectorsat distancesof up to 30 m upstream of
the target. Thesedetectors accurately determine the tra jectory of each beam particle.
The intersection point of the extrapolated beam tra jectory with the target is used as
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Figure 3.2: Perspective view of the NA49 detector. Clearly visibleare the TOF detectors,
main TPCs and the super-conductingmagnetsaround the vertexTPCs. The generalNA49
coordinatesystemis alsoindicated.
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the primary event vertex in the reconstruction. The accuracy of the vertex position
determination with thesedetectorsis 40 � m [36].

The target is a lead foil of natural isotopic composition (52.4% 208Pb). The target
thicknessis 200 � m (224 mg/cm2), which corresponds to a 0.5% interaction probability
for lead nuclei.

For trigger purposes,the presenceof a beam particle is also detected by a helium
gasCherenkov counter which is placed in the beamupstream of the target (not shown).
This detector has a charge resolution of a few times the elementary charge and is used
to reject contamination of the beamwith lighter nuclei. The interaction trigger requires
an anti-coincidenceof this detector with another gasCherenkov detector placed behind
the target. The beam detector also provides the start-signal for the time measurement
in the TPCs. And additional quartz Cherenkov detector provides the start-signal for the
time-of-
igh t measurement.

The energymeasuredin the veto calorimeter (VCAL) is usedby the trigger systemto
selectcentral events.

3.4 Veto calorimeter and centralit y selection

The Veto Calorimeter is usedto determinethe centralit y of the lead-leadcollisionsin the
target. It is placedin the beamtra jectory approximately 14 m downstreamof the target
and measuresthe total energyof the projectile spectators. Thesespectator particles are
a mix of protons, neutrons and nuclei, with an energy per nucleon close to the beam
energy. There is someintrinsic spreadin the energies(several hundred MeV) due to the
Fermi motion of the nucleonsin the nucleus. Due to the magnetic �eld, the protons and
neutrons are separatedin spacewhen entering the calorimeter. A collimator (COLL) is
placed in front of the calorimeter to reject particles which are produced in the reaction
by the participants. The aperture of the collimator is adjusted at each beamenergyand
magnetic �eld setting to acceptmost of the spectator particles. For very central events,
there is a signi�cant contamination of the calorimetersignalwith particlesproducedby the
participants in the interaction. A detailed study of this contamination and the centralit y
determination with the Veto Calorimeter is described in [38].

To illustrate that the energymeasuredin the Veto Calorimeter is indeeda measureof
the centralit y of the events, the relation betweenthe Veto Calorimeter energyEveto and
the reconstructedtrack multiplicit y for minimum bias158A�GeV Pb+Pb events is shown
in Figure 3.3. There is a clear anti-correlation between both quantities. The (almost)
linear dependencebetweenthe veto calorimetersignaland the event multiplicit y suggests
that both quantities are linearly dependent on the number of woundednucleons.

The determination of the impact parameter b from the energymeasuredin the Veto
Calorimeter requiresthe useof a model. As an example,the relation betweenthe energy
measuredin the Veto CalorimeterEveto and the impact parameterbascalculatedusingthe
VENUS event generator[17] is shown in Figure 3.4. The correlation betweenthe impact
parameter and the Veto Calorimeter energy is mainly determined by the Woods-Saxon
nuclear density pro�le which is usedin VENUS.
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Figure3.5: Schematicdrawing of the read-outchambersof the TPCs.

3.5 Magnetic �eld

The magnetic�eld is producedby two super-conductingdipole magnetswhich have com-
bined maximum bending power of 9 Tm. In the standard con�guration, the �eld is
directed downwards, bendingpositive particles to the + x direction (left) and negativesto
� x (right). The magnetic �eld is homogeneousin the central parts of both vertex TPCs,
but inhomogeneitiesat the edgesof the vertex TPCs result in non-vertical orientations of
the �eld lines. The strongestinhomogeneitiesareexperiencedby tracks which go through
VTPC-1 and oneof the MTPCs, sincethesepassthrough the secondmagnet far from its
centre.

The magnetic�eld map which is usedin the reconstructionwasmeasuredon a 4� 4�
4 cm lattice using Hall probesbeforeinstallation of the detector elements. The measured
�eld agreeswith results from detailedmagnetic�eld calculationsto within 0.5%[36]. The
calculatedmap is usedto extend the �eld map into unmeasuredregions.

To maintain a constant magnetic�eld throughout each data-taking period, the current
in the magnetsis kept stable to approximately 0.01%. In addition, the �eld is monitored
by Hall-probe measurements, which also indicate that the �eld is stable to 0.01%.

At 158A�GeV beamenergythe magnetic�eld is setto 1.5T in the magnetsurrounding
VTPC-1 and to 1.1 T in the VTPC-2 magnet. At lower beamenergies,the magnetic�eld
is scaleddown proportional to the energy, to ensurea comparableacceptanceof tracks
at the di�eren t energies.Becausethe �eld map was not measuredat the lower energies,
the �eld wascalibrated using the reconstructedmassesof the � and K 0

s to a precisionof
better than 1%.
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3.6 Time projection chambers

The four Time Projection Chambers(TPCs) provide a momentum measurement through
particle tracking anda measurement of the ionisationenergylossfor particle identi�cation.
The two VTPCs, which have a gasvolume of 200� 250� 67 cm each, provide tracking
information throughout the magnetic volume of the experiment. The MTPCs are much
larger (390� 390� 112cm) and provide most of the sensitivity for the ionisation energy
lossmeasurement in the relativistic rise.

The most important constraint in the design of the TPCs is the large number of
tracks in central lead-leadevents. The very high track density of up to 0.6 particles per
cm2 requires a design which is optimised for two-track separation. This was achieved
by selectinga drift-gas and a designof the read-out planeswhich minimise the width of
the measuredchargeclusters. In addition, a minimum amount of material surroundsthe
active volume of the detectors, to minimise the production of secondaryparticles in the
detector material.

The detectorsconsist of a top plate supporting the read-out planes, the electronics,
and the framesfor the �eld cageand the surrounding gasbox. The gasbox consistsof
two layers of mylar foil supported by a �breglass-epoxy frame. The spacebetween the
two foils is 
ushed with nitrogen to minimise contaminations of the detector gas. The
�eld cage,which provides the uniform drift �eld inside the gasenvelope is madeof strips
of aluminisedmylar foil which are supported by ceramicrods at the corners.Each VTPC
contains two separate�eld cages,left and right of the beam. The highly-chargedlead ions
do not passthrough the sensitive volume of the detector.

The detector gaseshave beenselectedfor their low chargedi�usion coe�cien ts, pro-
viding narrow cluster chargedistributions at the read-out plane. The gasof choicefor the
VTPCs is a mixture of 90%Ne and 10%CO2, while for the MTPCs a mixture of 90%Ar,
5% CH4 and 5% CO2 has beenused. Drift �elds of 200 V/m (175 V/m) in the vertex
(main) TPCs result in a drift velocity of 1.4 cm/ � s (2.4 cm/ � s) and chargedistributions
with a 5 mm FWHM in all TPCs. The drift velocities are such that the maximum drift
times in the VTPC and MTPC are approximately equal.

The read-out planes,depicted in Figure 3.5, are mounted on the support plate at the
top of the TPCs. The drifting charge is ampli�ed in a proportional chamber which is
formed by the cathode wires, the pad-planeand the sense-wires.The gating grid only
allows the drifting chargesto reach the read-out chambers when a trigger was received.
The distance between the sense-wiresand the pads was kept relatively small (down to
2 mm) to ensurenarrow inducedchargedistributions on the pads. Due to the high track
density, it is necessaryto read out all the pads, instead of the more customary wire
read-out.

The pad read-out is organisedin sectors,which each have separatesetsof wires. Each
sector contains several rows of pads, which are parallel to the entrance window of the
TPCs. The distance between the rows of pads is typically 2.8 cm in the VTPCs and
3.95 cm in the MTPCs. Each row contains 128 or 192 pads, depending on the expected
track density, with a width between 3.5 and 5.45 mm. To ensureoptimum two-track
separation, the pads are tilted to be aligned to the tracks passingover them. The tilt
anglesvary between0 and 55 degrees,with the largest anglesin VTPC-1. The width of
the padsis such that each track leavesa signal in more than onepad. The resulting space
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point resolution is of the order of a few hundred microns in the direction perpendicular
to the track. The total number of pads in the TPCs is slightly over 182000.

The TPCs operate in the regime where the drift velocity and gas gain are strongly
dependent on the temperature and pressure.In order to minimise temperature variations,
the TPCs areplacedinsidea thermally insulatedroom, wherethe temperatureis stabilised
to better than 0.1 � C. The temperature and air pressureare continuously monitored
and the measuredvaluesare used to calculate the drift velocity for the reconstruction.
An independent measurement of the drift velocity has shown that the precision of the
calculateddrift velocity is better than 0.1%[36].

The charge signal on each pad is �rst fed through an ampli�er and shaper and then
stored in an analogmemory which samplesthe signal each 100ns and holds 512samples
per event. Theseelectronicsare mounted on the TPC, together with the 8-bit analog-
to-digital converter (ADC) which digitises the charge measurement. The half-time of
the shaper is such that each track occupiesa number of time samples,for an accurate
determination of the position in the drift direction. The electronicson the TPC could
be recon�gured to only digitise every secondsamplein the analogmemory. This option
hasbeenusedto reducethe event sizeand increasethe event rate during the data-taking
period in the year 2000when large statistics were accumulated to measurerare signals
such as charm production.

3.7 TOF detectors

The experimental setup includes time-of-
igh t (TOF) detectors to extend the particle
identi�cation capabilities at low momenta. There are several sets of TOF detectors in
the experiment, but only the two main TOF arrays which are indicated by TOF-L1 and
TOF-R1 in Figure 3.1 are used in the analysis presented in this thesis. Each of the
two TOF arrays contains about 1000 scintillator detectors which are read out by two
photomultiplier tubes each. The detector measuresthe arrival time of particles at the
wall relative to a start-counter which measuresthe passageof the beam particle. The
time-of-
igh t measurement has a resolution of approximately 60 ps. The total deposited
chargeis alsomeasuredto distinguish doublehits. The measuredhits are assignedto the
closesttrack measuredin the main TPCs. The acceptanceof the TOF detector is limited
to mid-rapidit y for kaonsat the three di�eren t beamenergies.

3.8 Data acquisition and event rates

The data taking rate is determinedby a number of factors. First of all, the spill structure
of the SPS accelerator. The SPS delivers spills of 5 s for 158 A�GeV lead beams. The
time between spills is 10{15 s depending on the exact con�guration of the accelerator
complex. During each spill some 150k lead ions pass through the target. The total
interaction probability in the target of 0.5%and the centralit y trigger at 10%of the total
crosssectionprovide about 75 potential triggers per spill. Increasingthe beamintensity
to beyond 300k per spill leads to a large contamination of events by � -electronswhich
are produced by the beam when it passesthrough the gas volumes in the experiment.
The probability to have two interactions in the target during the drift time alsoincreases
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with beamintensity. The TPC electronicstake about 60 ms to digitise a singleevent and
transfer it to the receiver boards,where it is stored. This amounts to a maximum of 80
events per spill. Both e�ects together, the maximum number of triggers deliveredby the
beam and the maximum acceptablenumber of events due to dead-time, result in 40{60
usableevents per spill.

The receiver boardsin the counting-househave bu�ers which can hold 32 raw events.
The input bu�ers are read out by a digital signal processor(DSP) which applies a zero
suppressionalgorithm. The bu�ers arenot accessiblefor the DSP whendata is transferred
from the TPC electronics.As a result, the number of events which aretreated by the DSP
and sent to tape during the spill is limited and most of the processingof the events takes
placein the 10{15 secondperiod betweenspills. For normal central lead-leaddata taking
the resulting data rate is 28{30 events per spill. This number increaseswith decreasing
event sizeand/or increasingspill length.

During the year 2000 data-taking period, the detector was operated with 256 time
sampleread-out to decreasethe event size, and increasethe event rates to accumulate
as many events as possibleto study rare observables. The electronicson the detector
were recon�gured to only digitise and send every secondtime sample to the receiver
boards. This reducesthe dead-time of the TPC read-out by a factor of two. Moreover,
the reduction of the total raw event size by a factor of two allowed to con�gure the
input bu�ers on the receiver boardsto storea maximum of 64 events per spill. In order to
furthermore reducethe data streamto the tape,a compressionalgorithm wasprogrammed
into the DSPs, reducing the event size from 8 to 3 Mb. In order to saturate the data-
acquisition in this con�guration, the beam intensity was slightly increased,the target
thicknesswas increasedto 300 � m and the centralit y trigger was set to approximately
20%. The total result of these measuresis to increasethe event rate to 48 events per
spill. The main reasonsfor not reaching the maximum of 64 events per spill are the
transfer speedsbetween the receiver boards and the tape drive and the dead-timesof
other detector systems,which vary between30 and 50 ms.

3.9 Data samples

The data sampleswhich are usedin the analyseswerecollectedover the courseof several
years(1996{2000).

For the measurement of the energydependenceof kaon production, data were taken
at 40, 80 and 158 A�GeV. The target thicknesswas 200 � m, leading to an interaction
probability of 0.5% for a lead nucleus. The on-line centralit y trigger was set at 7.2% of
the total inelastic crosssectionfor the 40 and 80 A�GeV data and 10%for the 158A�GeV
data sample. At each energy, 200{400k events were used for the analysis. At 40 and
158 A�GeV additional data sampleswere taken with reversed magnetic �eld polarity.
Thesedata samplesalsoconsistof 200{400kevents and werepartly analysedto check for
systematicerrors.

In 2002a large sampleof 3 million central Pb+Pb events was collectedto study rare
observables such as open charm production. The running conditions were adapted to
maximisethe number of events, as described in Section3.8.
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Chapter 4

Reconstruction procedure

The reconstruction software performs the task of track recognition, momentum deter-
mination by track �tting, the calculation of the ionisation energy loss dE=dx and the
calculation of the particle massesfrom the time-of-
igh t measurements. The di�eren t
stepsin the reconstruction procedureare described in the following sections.

4.1 Track reconstruction

The three main steps in the track reconstruction are cluster �nding, track �nding and
track �tting. A description of the proceduresimplemented in the reconstructionsoftware
is given in the next sections. As an example,a typical reconstructedlead-leadevent is
shown in Figure 4.1. The �gure showsall points and the reconstructedparticle tra jectories
for a thin horizontal slice through the event.

4.1.1 Cluster �nding

The �rst step in the reconstruction is the cluster �nding. Signalsin adjacent pads and
time slicesare collected into clusters. The cluster �nder requiresthat the cluster is not
too elongatedin the pad or the time direction and has the maximum measuredcharge
closeto its geometricalcentre. Theserequirements are imposedto suppressnoise. In the
vertex TPCs, where the track density is higher, mergedclusters, i.e. clusters with two
distinct maxima, are identi�ed and split in two by the clustering algorithm. For each
cluster the averagetime and pad position is calculated. These coordinates de�ne the
points which are usedby the tracking algorithm. The position of the points in spaceis
calculatedusing the known geometryand the pressureand temperature dependent drift
velocity. The total deposited charge is also calculated for each point and used for the
dE=dx measurement.

The main force exerted on the drifting electronsis due to the uniform electric drift
�eld, which makesthem drift upwards in the TPC. When the magneticand electric �eld
lines are not completely parallel, however, the force on the drifting electronswill not be
completelyvertical. This leadsto de
ections of the drifting clusters,most notably at the
edgesof the VTPC where the magnetic �eld is not uniform and closeto the sense-wires
where the electric �eld is not uniform. The measuredcluster positions are correctedfor
thesede
ections.
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Figure4.1: A horizontalslicethrougha singlecentrallead-leadevent,in all TPCs. All clusters
within 1 cm from the horizontalplaneat y = 0 are shown for the vertexTPCs. For the main
TPCsthe rangeis � 2 cm from the centralplane.Greypoints indicateclusterswhichare not
assignedto tracks,mostlynoise.The linesindicatethe trajectoriesof tracks�tted to the main
vertex.
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After thesecorrections,it was found that the points still systematically deviate from
the ideal track tra jectories. Thesedeviationsare generallysmall, of the order of 100� m,
but can reach values of up to 500 � m at the edgesof the sectors. The deviations are
probably due to the imperfect correction for the de
ection of the clustersdue to the non-
uniform �elds and possiblysomeadditional e�ects due to truncation of the clustersclose
to sectoredges.A correction is determinedfrom the observed deviations in the data and
applied in the reconstruction.

4.1.2 Tracking

The next step in the track reconstructionis the pattern recognitionto �nd the tra jectories
of the particles. The tracking algorithm is organisedin several steps,starting with the
simplesttrack geometries,removing the points from the list of availablepoints, and ending
with the more complicatedgeometrieswhich are easierto recognisein the remaining set
of points. The �rst step is thereforeto �nd tracks in the MTPCs, wherethe track density
is relatively low and the tracks are straight.

The tracks from the MTPC are extrapolated to the target plane, using the magnetic
�eld map. Points in VTPC-2 which are closeto the extrapolated track tra jectory are
assignedto the track, provided the extrapolated track tra jectory is closeenoughto the
main vertex. MTPC tracks with no corresponding track segment in VTPC-2 are released
for usein later stagesof the tracking.

The remaining points in VTPC-2 are used to form tracks in this TPC only. These
tracks are extrapolated to the main TPC and points are assignedif found. All MTPC
and VTPC-2 tracks are then extrapolated to the main vertex and points in VTPC-1 along
the extrapolated tra jectoriesare collected. Again, if points are expectedin VTPC-1 and
noneare found, the clusterson the MTPC track are released.

The remaining clusters in VTPC-1 are usedfor tracking in this TPC and the found
tracks are extrapolated to collect points in the MTPC. The �nal step of the tracking
procedure is to �nd all remaining tracks in the MTPCs, including tracks of particles
which have a kink in their tra jectory due to a decay.

4.1.3 Track �tting

All found track tra jectoriesare �tted to determinethe momentum. The momenta which
are used in the analysesare determined assumingthat each track starts from the main
vertex, which is accurately determined by the beam position detectors and the known
z-coordinate of the target. In Figure 4.1 a small sampleof the resulting tracks for a single
event, with points within 1 (in the VTPC) or 2 cm (in the MTPC) above or below the
beam tra jectory are shown. The thicknessof this slice corresponds to approximately 16
time slices.

The reconstruction software also recognisestracks which do not comefrom the main
vertex, such as those from weak decays of strange particles. A fraction of the tracks in
the main TPC alsoresults from conversionsof photonsand from hadronic interactions in
the detector material (mainly in the ceramicrods at the exit planesof the VTPCs).

Each track is also �tted without assumingthat it comesfrom the main vertex. The
distancesin the horizontal x-direction and vertical y-direction betweenthe extrapolation
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Figure4.2: Distributionof the number of pointson reconstructedtracks(full histograms)and
the maximumnumber of points (dashedhistograms)on eachtrack for central40 A�GeVdata
on the left and158A�GeVdata in the right panel.

of the track to the target and the position of the main vertex arethe so-calledtrack impact
parametersbx and by . The overall resolution on thoseparametersis of the order of a few
millimeters, which is not accurate enoughto identify secondaryvertices from decays of
charmedparticles. The impact parameterdetermination can in principle be usedto reject
tracks which originate from weak decays of strangeparticles, but this requiresa detailed
treatment of the dependenceof the impact parameter resolution on the track topology.
Since the expected fraction of kaonsoriginating from such decays is very small, such a
cut was not applied in the analysis.

In Figure 4.2the distribution of the number of points on reconstructedtracks (full line)
is comparedto the distribution of the potential number of points on each track (dashed
line). The potential number of points is calculated for each track during the reconstruc-
tion, using the �tted track tra jectory and the detector geometry. The distribution of the
number of potential points has sharp peaksat 72, 90, and 162 points. This corresponds
to tracks traversing only VTPC-1 (72 points), only MTPC (90 points) and tracks going
through VTPC-2 and MTPC (162 points). Only a small fraction of tracks traverseall
three TPCs and have a maximum of 234points.

From Figure 4.2 it is seenthat in central collisionsat 158A�GeV most reconstructed
tracks have less points than the expected number, due to the high occupation of the
detector. This e�ect is lesspronouncedat 40 A�GeV.

4.2 Ionisation energy loss measurement

The ionisation energylossper unit length traveledin the detectorgas(dE=dx) dependson
the velocity of the particle rather than the momentum and thereforeprovidesan indirect
measurement of the particle mass. The relation between the averageionisation energy
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Figure4.3: Ionisationenergylossversustotal momentumfor positivetrackswith more than
30 points in 158A�GeVcentralevents.

losshdE=dxi and the velocity � = v=c of a particle is given by
�

dE
dx

�
=

4� N e4

me� 2

�
ln

2me� 2

I (1 � � 2)
� � 2 � � (� )

�
; (4.1)

wheree is the chargeof the electron,me its mass,N is the number density of electronsin
the detector gasand I the meanexcitation potential. The �rst two terms are the original
Bethe-Bloch formula [39]. The �rst term, however, goesto in�nit y when � ! 1, which is
not observed in reality. The reduction of the ionisation at largevelocities, due to coherent
polarisation of the surrounding atoms which shieldsthe �eld of the traversingparticle, is
parametrisedby the function � [40]:
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The parametersb, c and d in this equation are tabulated for many materials, but will be
�tted to the data in our case.The valesof a1 and a2 arecalculatedto make � a continuous
function of � .

The measuredionisation energylossfor central 158A�GeV lead-leadevents is shown
in Figure 4.3. Also shown is a �t of Eq. 4.1 to the data. Becausemost of the measured
tracks are in the `relativistic rise' region(p & 10 GeV) wherethe ionisation energylossof
kaons,pions and protons are relatively closetogether it is very important to achieve the
best possibleresolution on the dE=dx measurement by applying a number of corrections
and performing accuratecalibrations.

4.2.1 Corrections and calibrations

A brief description of the correctionswhich are applied to the measuredcluster charges
in the reconstruction software is presented in the next paragraphs. A more extensive
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discussioncan be found in [41].

Pad gain calibration

The TPCs are calibrated pad-by-pad using radioactive 83Kr which is injected in the de-
tector gasduring dedicatedcalibration runs (without beam). This method wasdeveloped
by the ALEPH collaboration [42]. The Krypton isotope hasa half life of 1.9h and emits a
well-known spectrum of electronswith energiesup to 41.6keV. The pad gain is determined
for each pad separatelyto obtain a uniform responseto this signal.

Since the krypton calibration is done with di�eren t voltages on the sensewires of
the readout chambers than the actual data taking, an additional calibration constant
is determined for each sector individually. Theseconstants are adjusted such that the
measureddE=dx for pions follows the Bethe Bloch formula (Eq. 4.1) with a �xed set of
parameters.

Hardware corrections

Each measuredclustergivesriseto a pattern of undershoots and overshoots and a baseline
drop due to the electronicsresponseand the late arrival of the ions at the bottom plate
of the TPC. For high track densities,such as in 158 A�GeV central collisions, this leads
to a signi�cant dependenceof the measureddE=dx signal on the local track-density. In
addition there are cross-talke�ects on the read-out. Thesee�ects weredeterminedusing
laser tracks [41] and the resulting responsefunctions are used to correct the measured
charge.

Threshold correction

To suppressnoisein the TPCs and to reducethe data volumewritten to tape, a threshold
cut of 5 ADC counts is appliedto the digitised data.1 The thresholddoesnot only suppress
noise,but it alsoremovesthe tails of the chargeclusters. The resulting chargelossdepends
on the total measuredcharge and the shape of the clusters, which is determined by the
anglesof the track with respect to the pads. The width of the clustersalso dependson
the vertical coordinate in the TPC due to di�usion e�ects. To correct for the losses,the
measuredclustersare �tted with a cluster shape which is a product of a Gaussianin the
time direction and a Gaussianin the direction alongthe pad-row. The widths of the �tted
Gaussiansare calculatedfrom the track anglesand the y-coordinate as described in [41].
In this way, the only free parameter in the �t is the total chargeof the cluster.

The procedureis adequatefor the main TPCs, where the anglesbetweenthe tracks
and the pads are relatively small, and the cluster shape is well described as a product
of two Gaussians.In the vertex TPCs, the anglesbetweenthe tracks and the pads can
be large, leading to broad clusters,with a non-Gaussianshape. The correction using the
cluster �t was therefore only applied in the main TPCs and no correction is applied in
the vertex TPCs.

For the data taken with the reduced sampling frequency (256 instead of 512 time
slices),the number of measuredchargesis reducedby about a factor of two, which makes

1In fact a simple �ltering algorithm is applied, but the details are not essential here.
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Ionisation energylossmeasurement

it more di�cult to apply the Gaussian�t to thesedata. Instead, the averagechargeloss
was determined by a simple simulation of the e�ect of the threshold on the measured
charge. The cluster shape in this simulation was basedon a sum of three Gaussiansin
both the time and pad direction, which include the e�ect of the undershoot immediately
after the cluster arrivesat the read-outplane. The product of both setsof three Gaussians
represents the cluster shape in a very thin slice of the detector. Due to the �nite length
of the read-out pads, the cluster is smearedout. The �nal shape therefore dependson
the anglesof the cluster with respect to the read-out plane and the depth in the TPC
(due to di�usion e�ects). The charge lossdue to the threshold cut was calculated using
this shape for a number of di�eren t track anglesand y-coordinates and the result was
stored in a lookup table. This table is then usedto correct the measuredcluster charges
for the charge loss due to the ADC threshold in all TPCs. The development of this
procedure for application in events recorded with proton and pion beams, where the
hardware correctionsare not applied, is described in [43]. The procedurewasadaptedfor
usein the nucleus-nucleusdata with the 256 time slice read-out including the hardware
corrections.

Drift length dependence

The measuredtotal cluster chargeafter correctionsstill dependson the distancebetween
the track and the read-outplane. This is partly dueto captureof electronsby the detector
gas (approximately 2% charge loss per metre [41]). The combined e�ect of broadening
of the clusters due to di�usion and the ADC threshold also gives rise to a drift-length
dependent charge loss. The y-dependenceof the cluster chargesin the data is used to
determine the charge lossper unit drift length and the cluster chargesare correctedfor
this e�ect.

4.2.2 Truncated mean calculation

The cluster chargedistribution in a main TPC sectoralonga track is shown in Fig. 4.4 for
tracks with momenta between10 and 11 GeV. The distribution contains chargemeasure-
ments from di�eren t typesof particles, but most of the tracks (about 90%)arepions. The
distribution of cluster chargeshas a long tail to high charge losses.This is an intrinsic
property of the ionisation process,as has been calculated by Landau [44]. In order to
reducethe tail of the distribution of averagetrack dE=dx, a truncated meanis calculated
from the lowest 65% of the cluster charges. To illustrate the e�ect of this procedure,
tracks weregeneratedwith 80 chargemeasurements, distributed accordingto Figure 4.4.
The resulting distributions of the meanand truncated meanchargeper track are shown
in Figure 4.5. The distributions are �tted with an asymmetricGaussian:

f (x; C; x0; � ; � ) =

8
>>>><

>>>>:

C

�
p

2�
exp�

1
2

�
x � x0

(1 + � )�

� 2

for x � x0

C

�
p

2�
exp�

1
2

�
x � x0

(1 � � )�

� 2

for x < x0

: (4.3)

The asymmetry parameter � determinesthe di�erence between the width of the right
half and left halvesof the Gaussian. The relative width � r el = � =x0 is much smaller for
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the truncated meanthan for the meanof all measuredcharges.The asymmetry � is also
smaller for the truncated mean.

4.2.3 Global dE =dx

Most NA49 analysesusingdE=dx for particle identi�cation arebasedon the measurement
of the ionisation energylossin the MTPC only. The reasonis that the dE=dx measure-
ment in the MTPC is superior, becauseof the 4 m track-length, comparedto the 2 m in
the VTPC. As a result, the MTPC performanceis well-studied and the correctionsare
optimised for performancein the MTPCs.

To further optimise the dE=dx resolution, it is possibleto combine the measurements
in the di�eren t TPCs to a single dE=dx value for each track. The dependenceof the
ionisation energy losson the particle momentum, however, is di�eren t in the main and
vertex TPCs, due to the di�eren t gas-composition. To combine the measurements in the
di�eren t TPCs, the measureddE=dx in the VTPC is thereforescaledto be comparable
to the MTPC dE=dx, using the ratio of the parametriseddE=dx (using Eq. 4.1) in the
vertex and main TPCs. The weighted averageof the measurements in the di�eren t TPCs
is usedas the global dE=dx.

Global dE=dx (MTPC and VTPC combined) hasnot often beenusedin NA49 because
important corrections, such as the threshold correction, were not routinely applied for
the VTPCs. A more uniform treatment of the dE=dx measurements in all TPCs was
introduced along with the modi�cations of the reconstruction software for the 256 time
slicedata. The procedureincludesthe removal of points closeto track crossingsfrom the
dE=dx calculation, which is especially important in the high track density environment of
the VTPCs. The e�ect of thesemodi�cations on the dE=dx measurements in the MTPCs,
VTPCs, and the global dE=dx is further illustrated in Section7.3.1.
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Chapter 5

Kaon spectra at 40,
80 and 158 A �GeV

In this chapter the measurement of kaon production in central lead-leadcollisionsat 40,
80 and 158A�GeV will be presented. At SPSenergies,kaonsare the dominant carriersof
(anti-) strangequarksin the �nal state of nuclearcollisions. As discussedin Chapter 2, the
production of strangenessis expectedto be in
uenced by the formation of a QGP in the
early stageof the collision. The measuredenergydependenceof strangenessproduction
will test our understandingof strangenessproduction and might show signsof the onset
of decon�nement with increasingbeamenergy.

The analysis presented here usesthe measuredionisation energy loss dE=dx of the
tracks in the main TPCs to identify kaons. For this purpose, the tracks are divided
in bins of total and transversemomentum and the kaon yield is obtained in each bin
from a �t to the dE=dx distribution. Theseyields are then correctedfor acceptanceand
e�ciency . The total yieldsof kaonsarecalculatedby integrating the measuredmomentum
distributions and applying a relatively small extrapolation to unmeasuredregions.

The procedurefor obtaining the spectra and the total yields, including the �ts to the
dE=dx distributions and the correctionsfor acceptanceand e�ciency aredescribed in this
chapter. A comparisonof the results with the di�eren t modelsdescribed in Chapter 2 is
presented in Chapter 6.

5.1 Event cuts

For a small fraction of events (lessthan 1%) it is not possibleto properly determine the
main vertex position, mainly due to noisein the beam position detectors,or a problem
with the raw event information. These events were rejected from the analysis. The
reconstruction software alsoperformsa vertex �t using the reconstructedtracks and the
beam tra jectory as measuredby the beam position detectors. The vertex position as
determinedin this way is usedto identify events which have the main vertex outside the
target (beam-gasinteractions). The contamination of the central event samplewith these
non-target events is found to be negligible (below 0.1%).

For the 158A�GeV data samplean additional cut on the energymeasuredin the Veto
Calorimeter was applied to selectthe 5% most central events (approximately half of the
total central event sampleat this energy).
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Figure5.1: Geometricalacceptanceafter analysiscuts for the three analysedenergies.Also
includedare lossesdueto in-
ight decay of kaons.The acceptancescaleis color-codedusing
eight di�erent greylevels,rangingbetween0 and10%acceptance.The dashedline indicates
mid-rapidity for kaonsat eachenergyandthe full linesindicatethe lowestandhighestrapidity
usedin the analysis.

5.2 Track cuts

The main motivation for selectingthe track cuts is not to maximise the acceptancebut
to optimise the track �nding e�ciency and the dE=dx resolution. The cuts usedin the
analysisare therefore:

� Each track must have at least 50 potential points in the main TPC. This excludes
short tracks which go through a corner of the detector.

� Tracks were required to have at least 50% of their potential points found in the
MTPC. This cut removespossiblenoisetracks and kaonswhich decay beforetravers-
ing half the MTPC.

� Tracks which have more than 10 potential points in one of the VTPCs must have
somepoints found in theseTPCs. This cut removes tracks resulting from photon
conversionsin the detector material upstreamof the main TPCs.

� Only `right-side' tracks with leave the main vertex at an azimuthal angle � of less
than 30� with the horizontal plane have been used. These right-side tracks are
tracks which leave the primary vertex in the direction in which they are bent by the
magnetic �eld (for the normal magnetic �eld this meanspx > 0 for positive tracks
px < 0 for negatives). The TPCs are designedto have the pads approximately
parallel to the tra jectories of these tracks, resulting in relatively narrow clusters
and small threshold corrections. Furthermore, the cut on � excludesmost of the
tracks which leave the detector at the top and bottom planes.

The acceptanceafter application of these cuts is shown in Figure 5.1. The �gure
shows the acceptedfraction of tracks in each bin, including lossesdue to in-
igh t kaon
decay. The acceptancewasdeterminedusing a Monte Carlo simulation with an accurate
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description of the detector geometry, as further described in Section 5.5. The dashed
lines in the �gure indicate mid-rapidit y for kaonsat each energy. The full lines indicate
the region in which the analysiswas performed. The lower boundary for this region is
set at y = 2:9 for all three energies.At lower rapidities the number of kaonscannot be
accurately determined using the dE=dx measurement, becausethe di�erence in energy
lossof pions, kaonsand protons becomessmall (seeFigure 4.3). For this samereason,no
reliable results could be obtained for y > 4:7. At 40 and 80 A�GeV, the highest rapidit y
value for the analysisis limited by statistics.

The geometricalacceptanceis mainly determined by the requirement to have 50 or
more potential points in the MTPC. Low momentum tracks do not reach the MTPC,
becausetheir tra jectories in the magnetic �eld are strongly curved, while most very high
momentum particles escape along the beam-line, undetected by the two MTPCs. An
additional reduction of the acceptanceby up to 30%is seenin Figure 5.1 at low momenta
due to in-
igh t decay of the kaons.

5.3 Combined TOF- dE =dx measurement

In part of the detector acceptance(closeto mid-rapidit y), both the energylossand the
time-of-
igh t (TOF) aremeasuredto identify particles. In Figure 5.2, the two-dimensional
TOF-dE=dx distribution and projections on the TOF and dE=dx axes are shown for
tracks with momenta closeto mid-rapidit y (0:85 < log10 p/GeV < 0:90) and 0:4 < pt <
0:5 GeV. It is clearly impossibleto separatekaonsand protons usingonly dE=dx or TOF
information. The combined measurement does allow this separation and was used to
determine the width of the proton and pion dE=dx distributions separately.

The relation betweenthe position and width of the dE=dx peakswasparametrisedas

� i = � x �
i ; (5.1)

where� i is the width of the peakof particle speciesi and x i the position of the peak. The
value of the scalingparameter � for NA49 is determined by �tting the two-dimensional
TOF-dE=dx distributions with a product of Gaussiansin m2 and asymmetricGaussians
of Eq. 4.3 in dE=dx, assumingscaling of the widths according to Eq. 5.1. The results
on � of these �ts for 40, 80 and 158 A�GeV data are shown in Figure 5.3. There is no
indication that � dependson momentum, transversemomentum, or beam energy. For
the analysis, � = 0:625 was usedand the sensitivity to changesin � of � 0:125 (dashed
lines in Figure 5.3) is described in Section5.7.

5.4 Spectra analysis

The data were divided in bins of the logarithm of total and transversemomentum, as
shown in Figure 5.1. In each bin the dE=dx distribution was�tted to obtain the yields of
the di�eren t particle species(protons, kaons,pionsand electrons). Thesemeasuredvalues
were corrected for acceptance,decays and e�ciency , as described in the next section.
An interpolation procedure is used to determine the yields as a function of transverse
momentum and rapidit y.
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The function which is �tted to the dE=dx distributions to extract the yields is a sum
of four asymmetricGaussians(seeEq. 4.3); onefor each particle species.The asymmetry
parameter� is taken to be the samefor all species.The width of the dE=dx-peakfor each
speciesdependson the position asde�ned Eq. 5.1, with � = 0:625. Sincethe width is also
dependent on the number of clusterson each track, a sumwastaken over the track-length
distribution in each bin. It wasassumedthat the width scaleswith the squareroot of the
number of samplesl on a track, leading to the following function for a singlepeak:

gi (x; A i ; x i ; � ; � ; � ) = A i

X

l

nl

N tot
exp�

1
2

�
x � x i

(1 � � )� i;l

� 2

; with � i;l =
� x �

ip
l

(5.2)

In the sum, each Gaussianis weighted with the fraction of tracks with length l : n l=N tot .
The parametrisation of the dE=dx distribution has in total 10 parameters: 4 am-

plitudes, 4 positions, the width � and the asymmetry parameter � . It is impossibleto
determine all of theseparametersreliably in each bin becausesomeparticle speciesare
rare in certain bins. To constrain the �ts, it wasassumedthat ratios of the positionsof the
proton and kaon peaksto the positions of the pion peak doesnot depend on pt and also
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Figure5.5: Momentumdependenceof the �tted peakpositionsof the kaonandproton dE=dx
peaksat the three beam energies.Also shown is a �t of the Bethe-Bloch parametrisation
Eq. 4.1 to the obtainedpositions. The right panelshows the di�erence betweenthe �tted
kaonandproton positionsand the Bethe-Bloch parametrisation.

that the asymmetryparameteris independent of pt . Theseparametersarealsoassumedto
be equal for positive and negative particles. To test theseassumptions,separate�ts were
performedto the bins with the highestnumbersof tracks and the resultsare comparedto
the combined �t. The result of this procedureis shown for a singlemomentum bin (1 <
log10p= GeV < 1:05) at 158 A�GeV in Figure 5.4. It can be seenthat the parametersof
the �ts in the singlept -bins are compatible with the result of the combined �ts and that
the parametersfor negative and positive particles are alsocompatible.

The resulting valuesof the proton and kaon peak positions relative to the pion peak
and the asymmetryparameterasdeterminedby the �t in each momentum bin are shown
in Figures5.5 and 5.6. The peakpositionsare well described by the Bethe Bloch formula
(Eq. 4.1) as shown in the left panel of Figure 5.5. The di�erences between the �tted
positions and the Bethe-Bloch formula which are shown in the right panel of Figure 5.5
are below 0.2%for most momentum bins. The di�erences betweenresultsat the di�eren t
energiesare of similar size.

For completeness,the asymmetry parameters � as obtained from the �ts are also
shown, in Figure 5.6. A somewhatdi�eren t dependenceof � on the total momentum is
found for the di�eren t beamenergies,probably dueto the di�eren t track-lengthsresulting
from the scalingof the magnetic �eld.

5.5 Acceptance and e�ciency

The kaon yields as determined from the �ts to the dE=dx spectra were corrected for
geometrical acceptance,decay lossesand reconstruction e�ciency . The correction for
geometricalacceptanceand kaon decays is purely determined by the detector geometry
and the magnetic �eld, while the reconstruction e�ciency also depends on the track
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density.
The correction for acceptanceand kaon decay losseswas determined using a large

sampleof tracks in a purely geometricalsimulation. The e�ciency correction was deter-
mined separately, using a smaller sampleof simulated tracks which were combined with
real events to obtain a realistic track density; the so-calledembedding procedure. In or-
der to reducethe number of tracks neededfor the e�ciency calculation, the tracks were
pre-selectedby a geometricalcuts which are somewhatlessrestrictive than the cuts in
the analysis.

The acceptanceand decay correctionswerecalculatedby generatinga sampleof tracks
which are distributed uniformly in logp and pt in an areawhich is larger than the MTPC
acceptancewithin the 30� � -cut used in the analysis. The generatedtracks are tracked
through the magnetic�eld usingGEANT [45] and the number of hits in each of the TPCs
is counted. A track is acceptedif it leaves 50 or more points in the MTPC. Decaying
kaonsare alsorejectedif they decay beforereaching half of their potential track-length in
the MTPC. The ratio of acceptedand generatedtracks in each logp;pt bin is calculated
and usedto correct the measuredkaon yields. Up to onemillion tracks wereusedin this
procedureat each energy. The calculatedacceptanceis shown in Figure 5.1.

For the e�ciency calculation, events were generatedcontaining up to three K + and
K � . Only tracks with 30 or morepoints in the main TPC and well separatedtra jectories
were used. The generatedtracks are tracked through the TPCs using GEANT and the
hits as generatedby GEANT are converted into raw NA49 data using a program which
simulates the responseof the TPC [38, 46]. The generatedraw data are then combined
with a real event and the combined event is reconstructedusing the normal reconstruc-
tion procedure. This procedureensuresa realistic track density including possiblenoise
hits, but doesnot take into account correlations betweenthe tracks in the event. Some
correlations are known to exist in lead-leadevents (Bose-Einsteincorrelations and ellip-
tic 
o w) but the e�ect of these correlations on the overall e�ciency is expected to be
small. Note alsothat for every six simulated tracks a full event is reconstructed(contain-
ing approximately 1500chargedparticles). Between20 and 30 thousand of theseevents
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with multiplematches(dotted line).

were processedat both 40 and 158 A�GeV. The e�ciency correctionsat 80 A�GeV were
determinedusing an interpolation procedure.

To determine which of the generatedtracks were properly reconstructed,all recon-
structed tracks are comparedto generatedtracks on a point-by-point basis. Due to the
high track density, a singlegeneratedtrack can have a number of matching reconstructed
tracks. In the analysisof the embeddedevents, a cut is applied on the fraction of gener-
ated points which is assignedto the reconstructedtrack. In Figure 5.7 the dependence
of the overall ine�ciency on this cut is indicated by the dashedline. The fraction of
generatedtracks with a single match (full line) and with multiple matches(dotted line)
are separatelyindicated. The e�ciency is stable up to a cut value of 0.4. A value of 0.2
was usedin the further analysis.

The e�ciency was calculated in each analysis bin by dividing the number of tracks
with at least one match which satis�es the analysis cuts by the number of generated
tracks, which have enoughpoints to be acceptedin the analysis. The e�ciency depends
on the track density, and is thereforehigher at 40 than at 158A�GeV. For the 158A�GeV
data the e�ciency was found to be between95 and 100%in all bins. About half of the
bins have an e�ciency above 98%. For the 40 A�GeV data the e�ciency is better than
98%in all bins.

5.6 Results

The measuredyieldsasa function of logp andpt arecorrectedfor acceptanceande�ciency
losses.The resulting correctedyields are still on a rectangular grid in logp and pt . This
grid was transformedto a grid of rapidit y and transversemomentum, using the following
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equation:
d2N

dpt dy
= E

d2N
dpt dpz

= E
pz

p
d2N

dpt dp
; (5.3)

whered2N=(dpt dp) is the correctedyield as determined from the �ts in each bin. Since
linesof equalrapidit y arecurved in the p;pt -plane(seeFigure 5.1), the rectangulargrid in
p;pt is transformedinto a non-rectangulargrid. A linear interpolation in rapidit y wasused
to obtain pt spectra at di�eren t rapidities. To avoid correlationsbetweenthe pt -spectra,
they weredeterminedat intervals of 0.2 units of rapidit y, corresponding to approximately
twice the width of the logp-bins. The systematicerror associated with the interpolation
is expectedto be neglegible.

The measuredtransversemomentum distributions are shown in Figure 5.8. The spec-
tra are parametrisedusing an exponential distribution in mt

d2N
pt dpt dy

=
dN=dy

Tef f (m + Tef f )
e� (m t � m)=Tef f ; (5.4)

where Tef f is the inverseslope parameter (`e�ective temperature', seesection 6.1) and
mt =

p
m2 + p2

t .
The inverseslope parametersas obtained from the �ts are shown in Figure 5.9. For

comparison,the result of the combined TOF-dE=dx analysis,which is a separateanalysis,
not described in this thesis, is also shown (open symbols). The slope parametersfor the
K � are systematically lower than for K + , but the di�erences are small. At 80 and
158 A�GeV, the slope parametersare approximately constant in a region of up to more
than oneunit of rapidit y aroundmid-rapidit y. The slopeparametersdecreaseslightly (less
than 25%) at higher rapidities. At 40 A�GeV, the slope parameter is almost constant in
the region from mid-rapidit y (the TOF-dE=dx analysisresult) to the �rst rapidit y point
of the dE=dx-only analysis,at y � 0:7, and decreasesto higher rapidities.

To obtain rapidit y distributions, the measuredpoints of the pt distribution were
summed and the spectra were extrapolated into the unmeasuredrange using the ex-
ponential �ts. The extrapolation represents lessthan 5% of the yield in most bins, but
reachesup to 20%at the edgesof the measuredrapidit y interval. The rapidit y distribu-
tions for K + and K � at the three di�eren t energiesare shown in Figure 5.10. The results
of the separatelyperformed TOF-dE=dx analysis at mid-rapidit y are indicated by full
circles.

The total yieldsof kaonsat the di�eren t energieswereobtainedby �tting the measured
rapidit y distributions with a double Gaussian(curvesin Figure 5.10):

dN
dy

=
N

2�
p

2�
�
�
exp

�
�

(y � y0)2

2� 2

�
+ exp

�
�

(y + y0)2

2� 2

��
: (5.5)

The total yields N (K + ), N (K � ) and widths of the spectra are given in Table 5.1. The
width of the �tted spectra is determinedby both y0 and � in Eq. 5.5and is given in terms
of the full width at half the maximum (FWHM) in Table 5.1. Clearly, the widths of the
spectra increasewith beam energy, the K � distribution being somewhatnarrower than
the K + distribution at each energy. Both the K + and the K � multiplicit y increasewith
energy.
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40 A�GeV 80 A�GeV 158A�GeV

N (K + ) 59:1 � 1:9 76:9 � 2 103:0 � 5

FWHM (K + ) 2.8 3.0 3.4

N (K � ) 19:2 � 0:5 32:4 � 0:6 51:9 � 1:9

FWHM (K � ) 2:3 2:7 3:0

Table5.1: Total yieldsand width of the rapidity distribution for positiveand negativekaons
at all threeenergies.The quotederrors only includestatisticalerrors.

5.7 Systematic errors

In this sectiona number of sourcesof systematicuncertainties is describedand an estimate
is given of the magnitude of resulting uncertainties.

General checks

An important check for the general analysis procedure is the comparisonbetween the
results from the dE=dx-only analysis,as presented in this chapter and the results from
the TOF-dE=dx analysis,which is a separateanalysis,usingdi�eren t cuts and separately
calculated correctionsfor acceptanceand decays. Both the yields (seeFigure 5.10) and
the inverse slope parameters (see Figure 5.9) from both analysesagree to within 5%
at 158 A�GeV, where the acceptancefor the dE=dx analysisand the combined analysis
overlap.

In addition, the data takenwith reverse�eld polarity wereanalysedand the raw yields
from the dE=dx �ts werecompared.Again, the resultsagreeto better than 5% and there
are no indications of systematicdeviations.

The e�ciency correctionsusing the embeddingprocedurewerechecked by applying a
cut on the track impact parametersbx and by. This resulted in a relatively large decrease
of the calculated e�ciencies of up to 7%, but the corrected yields stayed within the
statistical errors.

Fitting procedure

One of the sourcesof systematic uncertainty are the assumptionswhich go into the �t
of the dE=dx spectra, such as the value of � and the assumptionthat certain �t param-
eters are independent of pt . It has beenshown in Section 5.4 that the assumptionsare
reasonablewithin the statistical accuracywe can achieve. The largest uncertainty is in
the value of � . To investigate the e�ect of this uncertainty, the value of � used in the
analysiswas varied by � 0:125, resulting in changesof the �tted yields of 2% or less.

Acceptance and kaon decay correction

The acceptanceasshown in Figure 5.1 is independent of total and transversemomentum
in most of the analysedbins and closeto 100%. The edgesof the detectors where the
acceptancedrops are excluded from the analysis by appropriate cuts. The remaining
correctionfor the decay of kaonsreachesvaluesup to 30%at low momenta. The associated
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uncertainty, however, is much smaller, sincethe kaon life time is very well known (� =
(1:2386� 0:002)� 10� 8 s [47]).

The main uncertainty in the decay lossesis to determine when exactly a decaying
kaon is lost for the analysis. If the kink in the track tra jectory at the decay point is
recognisedby the reconstructionsoftware, the reconstructedkaon track endsat the decay
point. As a result, kaons which decay during the �rst half of their tra jectory through
the MTPC are rejected from the analysisby the cut on the ratio of reconstructedand
potential points in the MTPC. Simulations using the embedding procedurehave shown
that the e�ciency to recognisekinks occurring inside the MTPC is above 95%. If the
decay kink is not recognised,but the decay occurs before the track reaches the MTPC,
the measureddE=dx value is closeto the pion dE=dx, and the track will not be counted
as a kaon track either.

We concludethat only for tracks which decay in the secondhalf of their tra jectory
through the MTPC, it is not completely certain whether they are acceptedin the anal-
ysis. The fraction of tracks which decays in the secondhalf of their MTPC tra jectory
is negligible in most bins, but reaches up to 4% in a few bins at low momentum. The
uncertainty in the kaon decay correction is certainly below this value for all bins.

Tracking e�ciency correction

The correction for tracking e�ciency wasdeterminedusingthe embeddingmethod, which
ensureda realistic track density in the simulation. The obtained e�ciency is above 95%
in all bins. It is di�cult to quantitativ ely estimate the associated error, but we assume
that it is of the order of 2% or less.

Extrapolation errors

To obtain the rapidit y spectra, the transversemomentum spectra wereextrapolated using
a �t to the measuredpoints. The statistical error on these extrapolations was taken
into account in the total statistical error. The extrapolation amounts to lessthan 5%
in most of the bins. It can be seenfrom Figure 5.8 that there is not much freedom
in choosing an alternative extrapolation procedure. The associated systematic error is
thereforeestimated to be very small (below 1% for most bins).

The extrapolation in rapidit y represents lessthan 10% of the total yield in all cases.
Sincethe measurements extend relatively closeto the kinematic limit (which is just be-
yond beamrapidit y for proton-proton collisions), there is again not much freedomin the
extrapolation. Using a linear extrapolation, for instance,we observed that the di�erences
are within 5%.

Taking into account the above systematicerrors, the total systematicerror is estimated
to beapproximately 5%on each point. The systematicerror on the total yield is of similar
size.
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Chapter 6

Discussion of the kaon analysis results

6.1 Shapes of the spectra

In this section,the shapesof the measuredkaonspectra arecomparedto the expectations
for a thermalised hadron gas, the Boltzmann distribution of Eq. 2.13. The Boltzmann
distribution can be rewritten in terms of rapidit y y and mt , using the relation E =
mt coshy

d2N
mtdmtdy

= E
d3N
dp3

/ Ee� E =T = mt coshy exp�
mt coshy

T
: (6.1)

Clearly, the expected mt -distributions at di�eren t valuesof y are exponential in mt . In
Figure 5.8 it was already shown that the measuredpt -spectra are well described by the
exponential parametrisation of Eq. 5.4. From Eq. 6.1, however, we not only expect the
exponential shape of the mt -spectra, but a speci�c relation between the inverse slope
parameteror e�ectiv e temperature Tef f and the temperature T of the hadron gas:1

Tef f � T=coshy: (6.2)

In Figure 5.9 it is seenthat the measuredinverseslope parametersdo not decreaseas
1=coshy, but are almost independent of rapidit y within � 1 unit around mid-rapidit y
(slightly lessat 40A�GeV). Wecanconcludethat the momentum distribution of produced
particles is not sphericallysymmetric, like the Boltzmann distribution, but is rather elon-
gated. This implies that either the hadronsare not thermalised,or they are thermalised
but experiencea collective velocity along the beamdirection.

By integrating Eq. 6.1 over mt , the rapidit y distribution for a Boltzmann gas is ob-
tained:

dN
dy

/ T3

�
m2

T2
+

2m
T coshy

+
2

cosh2 y

�
exp

�
�

m
T

coshy
�

: (6.3)

This distribution was calculatedusing T = 220 MeV for K � and T = 230 MeV for K + ,
which are consistent with the �ts to the mt -spectra in Figure 5.8. The resulting distribu-
tions are indicated by the dashedcurves in Figure 6.1, where they are comparedto the
experimental data at 158 A�GeV. Clearly, the Boltzmann distribution is much narrower

1Comparing Eq. 6.1 and Eq. 5.4 shows that onepower of m t is missing in Eq. 5.4, but this only results
in a small o�set in the slope parameters.
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Figure6.1: Rapidity spectraof kaonsat 158A�GeV,compared to the thermaldistributionof
Eq. 6.3 (dashedcurve).

than the measureddistributions. This again implies that the momentum (and veloc-
it y) distribution of producedparticles is not spherically symmetric, but rather elongated
along the beam direction. Again, we concludethat if the hadronsare thermalised, they
experiencea collective 
o w velocity along the beamdirection.

By using somesimplifying assumptions,it is possibleto analytically solve hydrody-
namical transport equationsto quantify collective 
o w in the transversedirection. The
main assumptionin the calculation is that particle production is boost-invariant, meaning
that the spectral shapesand yields are independent of rapidit y. This is of coursenot ex-
actly true, but it is generallyconsidereda reasonableapproximation, becausethe spectral
shapes as characterisedby the inverseslope parameter are almost constant in a rather
large region around mid-rapidit y. Using a boost-invariant superposition of Boltzmann
spectra, with the Cooper-Frye freeze-outcondition [48], onearrivesat [49]

d2N
mtdmtdy

/ mt K 1

�
mt cosh�

T

�
I 0

�
pt sinh�

T

�
; (6.4)

for a radially symmetric expandingsource,with expansionvelocity � T and � = atanh � T .
K 1 and I 0 are modi�ed Besselfunctions. The function of Eq. 6.4 is �tted to the measured
transversemomentum spectra to determinethe temperatureT and transverse
o w velocity
� T . Only a simultaneous�t to the mt -distributions of di�eren t particle speciesallows to
reliably determineboth T and � T , sincea �t to a singlespeciesleadsto a largecorrelation
between T and � T . A simultaneous �t to several speciesalso tests whether all spectra
give the samevaluesof T and � T .

The �t wasthereforeperformedusing asmany speciesaspossibleat each of the three
beam energiesand the result is shown in Figure 6.2. Data from many di�eren t analyses
performedby the NA49 collaboration are collectedin this �gure. Most of the spectra are
measuredin a narrow region around mid-rapidit y, but someare integrated over a larger
rapidit y interval. For details, see[50]. The pion spectra shown in the �gure werenot used
in the �t, becausea large fraction of pions is not directly produced but originates from
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Figure6.2: Compilationof all transversemomentumspectra measuredby NA49 in 40, 80,
and158A�GeVcentrallead-leadcollisions.The linesindicatethe resultof a simultaneous�t
of Eq. 6.4 to the spectra. The �ts were performed separately in eachpaneland the values
obtainedfor T and � T are given.
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resonancedecays. The deuteronswerealsoexcludedfrom the �t sincetheseare probably
formed by coalescenceof a proton and a neutron instead of being produced directly at
hadronisation.

According to Eq. 6.4, the spectral shapesof particles and anti-particles are identical,
since they have the samemass. To investigate this, the spectra of particles and anti-
particles were �tted separately(left and right panels).

Only statistical errors wereusedin the �t and the resulting errors on the parameters
are thus statistical only. Obviously, the model is too simple to expect a perfect �t to
the data, but the overall agreement betweenthe data and the �ts is striking. No single
particle speciesdeviates from the �ts in a systematic way (except pions and deuterons
which were not included in the �t, seeabove). The obtained values are in the range
T = 120� 140MeV, � T = 0:45� 0:5, with reasonableagreement betweenthe parameters
for the particles and anti-particles and no large energydependence.

The successof the �t in describingthe data could indicate that the particle densities
are so large that the dynamics are approximately described by hydrodynamics, and all
particles develop a commontransverse
o w velocity.
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Figure6.3: Freeze-outpoints from HadronGasModel �ts to particle yieldsat severalbeam
energies,includingthe threeSPSenergies[51]. Alsoshown is the phaseboundary from lattice
QCD [30] anda parametrisationof the freeze-outcurve[29].

6.2 Hadron Gas Mo del �t

The measuredkaon yields were used to also determine the temperature T and baryon
chemical potential � B from a Hadron Gas Model �t as outlined in Section2.7. This �t
wasperformedby Becattini [52], usingthe canonicalformalism for strangenessproduction
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yields.The resultsfrom Chapter5 are indicatedby squares. The statisticalerrors are indicated
by an error bar, whichis smallerthan the marker sizein somecases,whilethe horizontal lines
representthe systematicandstatisticalerrors, addedin quadrature.The AGSresultsare given
by trianglesand the preliminary BRAHMSresult is indicatedby a full circle.

and a strangenesssuppressionfactor 
 s, as described in [51]. The resulting T and � B

are compared to the parameters obtained at other energiesin Figure 6.3 and to the
parametrisedfreeze-outcurve from [29]. It can be seenthat the temperature increases
only slightly, from T � 150MeV at 40 A�GeV to T � 160MeV at 158A�GeV, while the
baryon chemicalpotential strongly decreaseswith beamenergy. The freeze-outpoints are
closeto the phase-boundary from lattice QCD at all three energies.

It is often argued that the temperaturesobtained from these�ts are expected to be
higher than the temperaturesobtained from radial 
o w �ts as described in the previous
section, since the particle yields can only be changed by inelastic collisions while the
spectra are also changedby elastic collisions. Below a certain temperature, most of the
collisions will be elastic, allowing the spectral shapes to stay in equilibrium, while the
particle yields are already frozen-out.

6.3 Energy dependence of kaon yields

In Figure 6.4 the energydependenceof the K =� ratio is presented. The squaresindicate
the results on total K + (right panel) and K � (left panel) production from Chapter 5,
normalisedby the NA49 results on pion yields. The data are comparedto results from
the AGS at lower energiesand a preliminary result from BRAHMS at

p
s = 200 GeV.

The pion yields from NA49 are published together with the kaon results in [32], where
referencesto AGS results can also be found. For BRAHMS, the total yields were deter-
mined by �tting their measuredpoints [53] with a Gaussianas shown in Figure 6.5 and
taking the areaunder the curve in the rangejyj < 5:32.

The most striking featureof the data is that the K � =� � ratio increasesmonotonically
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Figure6.5: Rapidity spectra for kaons(left) and pions(right) as measuredby BRAHMSforp
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whichwereusedto determinethe total multiplicities.

with collision energy up to RHIC energies,while the K + =� + ratio becomesapproxi-
mately constant above

p
s = 10 GeV. In fact, the highest K + =� + ratios are measuredat

the highest AGS energyand the lowest SPSenergy(10.74 and 40 A�GeV beam energy,
respectively).

Also shown in Figure 6.4 are the expected kaon to pion ratios from RQMD, with
colour ropes and rescattering included (seeSection 2.6.1) and the Hadron Gas Model
(Section 2.7) using the parametrisedenergydependenceof the temperature and baryon
chemicalpotential, as indicated in Figure 6.3. Both modelscorrectly reproducethe over-
all behaviour of the data (constant rise of the K � =� � ratio and the 
attening energy
dependenceof the K + =� + ratio), but the suddendrop in the K + =� + ratio between40
and 80 A�GeV is not reproduced. At the moment, it is imossibleto quantify the signi�-
canceof this drop, sincethe largest contribution to the uncertainties are the systematic
errors (indicated by the horizintal lines in Figure 6.4), which are expectedto be strongly
correlated between the di�eren t NA49 points. The drop in the K + =� + ratio is much
larger than the statistical uncertainties, which are indicated by the (inner) error bars.

ComparingFigure 6.4to Figure 2.3showsthat the kaonto pion ratio in nucleus-nucleus
collisions is considerablyhigher than in nucleon-nucleon collisions. This enhancement
of the strangenessproduction in nucleus-nucleuscollisionscomparedto nucleon-nucleon
collisions is observed down to the lowest AGS energies,where the initial energydensity
is not high enoughto createa QGP.

Thusstrangenessenhancement by itself cannotbea signalof QGP formation ashasof-
ten beenadvocated[9]. The observation of strangenessenhancement, however doesimply
that nucleus-nucleus collisions are not a superposition of independent nucleon-nucleon
collisions. In RQMD this is modelled by rescattering of produced particles and colour
rope formation, while in the Hadron GasModel it is the result of the vanishingcanonical
suppressionin large systems. The disappearanceof canonical suppressionimplies that
the systemis in equilibrium over volumesmuch larger than the sizeof a proton. In other
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words, this indicates that a hot and densesystemis formed, but it doesnot excludethat
hadronsare still the relevant degreesof freedom,not quarks.

6.4 Statistical Mo del of the Early Stage

In the Statistical Model of the Early Stage (SMES, seeSection 2.7.2) the pion multi-
plicit y is a measureof the initial entropy density. In Figure 6.6 measurements of the
pion multiplicit y in nucleus-nucleuscollisions at AGS, SPSand RHIC are comparedto
measurements in proton-proton collisions. The inset shows the di�erences between the
measuredpion production in nucleus-nucleuscollisionsand the parametrisedenergyde-
pendencein proton-proton collisions. Above a certain energy, closeto 40 A�GeV, the
pion multiplicit y per woundednucleon increasesfaster with the collision energythan in
proton-proton interactions. Within the SMES,this is interpreted asa changeof the num-
ber of degreesof freedomin the early stage,seeEq. 2.20. At lower energies,the energy
dependenceof pion production in proton-proton and nucleus-nucleuscollisionsare simi-
lar, with a constant di�erence betweenthe two. This di�erence might be due to entropy
being carried by baryons instead of pions.

The other observable in the model is the ratio of the total number of strangeand anti-
strangequarks to the total entropy. A phenomenologicalcorrection is usedto calculate
the total strangenessyield from the yields of kaons,which are the dominant carriers of
strangequarks. The total strangenessis calculatedas:

Ns�s = 2(K + + K � ) + (K + � K � )=0:8;
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wherethe factor of 2 multiplying the K + and K � yields takesthe production of neutral
kaonsinto account and (K + � K � )=0:8 is an estimate for the hyperon yield (mostly �).
The ratio of the total strangenessand total pion yields Es = Ns�s=N (� ) is comparedto
the strangenessto entropy ratio ascalculatedin the SMESin Figure 6.7. The peakvalue
in the model curve is causedby a phasetransition at T = 200MeV, just below 40 A�GeV
beamenergy. The measuredvaluesof ES at the two highestenergies(80 and 158A�GeV)
correspond to the strangenessto entropy ratio for an ideal gas of (e�ectiv ely) massless
quarks and gluons.

Comparing the curvesin Figure 6.7 and Figure 6.4 we concludethat at beamenergies
of 158 A�GeV and above, the expectedkaon to pion ratios from the Hadron Gas Model
and the strangenessto pion ratio as expected from a thermalised Quark Gluon Plasma
are in approximate agreement, making it di�cult to decidewhether quarks or hadrons
are the relevant degreesof freedomat the early stage. The sharp peak in the strangeness
to entropy ratio at F � 2:1, or a beamenergyof 25 A�GeV, however, is a distinguishing
feature of the Statistical Model of the Early Stage. The NA49 data taken at 20 and
30 A�GeV will allow to detect the peak if it exists.
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Chapter 7

Open charm analysis

Due to their larger mass,charm quarks are much lessabundantly producedthan strange
quarks in hadronic collisions. Like strange quarks, however, the production of charm
quarks is expectedto be enhancedby the high energydensitiesin a Quark Gluon Plasma.
In this chapter the search for D mesonsin central Pb-Pb events at 158A�GeV is presented.
The D meson,which carriesonecharm quark, is often called the `open charm' mesonto
distinguish it from the `hidden charm' J= which consistsof a charm-anti-charm pair.

The D mesonlifetime is soshort that mostof them decay within a fewmillimeters from
the target. This distance is too short to reconstruct the decay point from the tracking
information from the TPCs. All tracks werethereforeusedin an invariant massanalysis.
The largemultiplicit y in central lead-leadevents causesa largecombinatorial background,
which was reducedas much as possibleby suitable cuts.

7.1 Invariant mass analysis

The D decay channel which was selectedfor the analysis

D 0 ! K � + � +

�D 0 ! K + + � � (7.1)

is the decay channel with the largest branching fraction into two chargedparticles. The
branching fraction is 3.83%[47]. Other decay channelswith a large branching fraction,
but three particles in the �nal state, for example the widely used D � ! D � ! K � � ,
have alsobeenconsideredbut the increasein combinatorial background is such that the
overall sensitivity in thesechannelsis smaller than in the selectedchannel (7.1).

The invariant massm is calculated using all pairs of positive and negative tracks in
the event, from

m2 = m2
1 + m2

2 + 2E1E2 � 2~p1 � ~p2 (7.2)

where ~p1 and ~p2 are the momentum vectors, m1; m2 the massesand E1; E2 the energies
of the decay particles. The massesare not measureddirectly in the experiment, but the
kaon and pion massare assignedto the negative and positive track respectively for the
D 0 decay and vice versa for the �D 0 candidates. The massdistribution of pairs which
originate from a true D decay peaksat the D massof 1.8646GeV [47].
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The approximately 1400chargedparticles which are reconstructedin each event lead
to a total of 49000 D 0 candidate pairs and an equal amount of �D 0 candidate pairs,
while the expected signal is between 0.1 and 10 total neutral D mesonsper event (see
Chapter 2), of which only 4% decay in the K � channel. A major issuein the analysisis
thereforeto optimise the sensitivity by using asmany events aspossibleand by applying
suitable cuts.

The sensitivity � of the measurement can be expressedas the ratio of the expected
signal Nsig and the error on the background (the square root of Nbkg, the number of
background pairs below the masspeak):

� =
Nsigp
Nbkg

: (7.3)

Both the number of expected signal pairs and the number of background pairs are pro-
portional to the number of events Nevt used in the analysis, so that the sensitivity will
increaselike

p
Nevt .

From Eq. 7.3 it is obvious that if a cut reducessignal and background by similar
amounts, the sensitivity decreases.It is thereforevery important not to reducethe accep-
tanceof the detector by any cuts. This considerationalsorestricts the possiblechoicesof
cuts to reducethe background.

In the analysis, a dE=dx particle identi�cation cut is applied to select kaons. The
dE=dx resolution for short low momentum tracks, however, is not su�cien t to select
kaons. Rejecting all these tracks from the analysis would represent a large acceptance
loss,greatly reducing the sensitivity. Thesetracks are thereforeseparatelyanalysedand
the results of both samplesare combined.

7.2 Data samples and cuts

In order to maximisethe sensitivity of the analysis,all available samplesof central lead-
lead events at 158A�GeV, mentioned in Section3.9, wereusedin the analysis.

The large data sampleof 3M Pb-Pb events which weretaken in the year 2000,with a
reducednumber of time samplesin the TPCs (256 instead of 512), constitutes the main
event samplefor the analysis. An on-line centralit y selectionat approximately 20%of the
inelastic crosssectionwas applied.

The 800k central Pb-Pb events which were recordedin 1996at the two di�eren t �eld
polarities are also included in the analysis. Thesedata were taken using the standard
read-out with 512 time bins and a centralit y selectionat 10%of the total inelastic cross
section.

The data sampleswere usedwith the centralit y cut as de�ned by the trigger and no
o�-line cut wasapplied on the energyin the Veto Calorimeter. Like in the kaon analysis,
the standardevent cut requiring that the main vertex could be determinedfrom the beam
position detector information was applied.

A minimal set of track cuts was applied, to only remove tracks which have a large
probability of either being non-vertex tracks or not being correctly reconstructed. The
main requirement is that a track should have a total of 30 or more points in the TPC.
Shorter tracks were rejected,becausethey contain a large fraction of noisehits and have
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a worsemomentum resolution. To remove tracks which result from hadronic interactions
and photon conversionsin the detector material downstreamof the MTPC, the di�erence
betweenthe potential and the reconstructednumber of points was required to be 20 or
lessin VTPC-1. This cut doesnot much reducethe reconstruction e�ciency for tracks
which originate from the main vertex, but gives a signi�cant suppression(10{20%) of
tracks in the regionsof the detector which contain many conversiontracks.

The remainingsampleof kaoncandidateswasdivided in two separatesetsasexplained
in the next section.

7.3 dE =dx selection of kaons

As discussedin Section4.2.1, the calculation of the the track dE=dx has beenmodi�ed
for the data taken in the year 2000 to accommodate the change of the read-out from
the standard 512 time slicesto 256 time slices(seeSection 3.8). The most important
changesconcernthe threshold losscorrection,which wasadaptedfrom a procedurebased
on a two-dimensional�t to each cluster to a procedureusing a lookup table and a more
complicatedcluster shape. The cluster-�t procedureusedin the 1996data is not suitable
the VTPCs and the correction wasonly applied in the MTPCs. The threshold correction
basedon the lookup tables, as usedin the reconstruction of the 2000data, was applied
for all TPCs.

To demonstratethe e�ect of thesechanges,a brief comparisonof the dE=dx resolution
in the di�eren t data setsis presented.

7.3.1 Comparison of the di�erent data samples

In Figure 7.1, the dE=dx measurements for a selectedtrack sampleof data taken in 1996
and 2000 are compared. An o�-line centralit y selection was applied to the 2000 data
to reproduce the centralit y selectionof the 1996data. From left to right, three panels
show the dE=dx measurement in the VTPCs, MTPCs and the combined measurement.
The di�eren t rows show the distribution for the 512time slicedata taken in 1996(upper
two rows) and the 256 time slice data taken in 2000 (lower rows). The tracks in the
plots have total momenta between8 and 12 GeV, transversemomenta between0.6 and
0.9 GeV, an angle� < 30� with the horizontal planeand 30 or morepoints in the MTPC.
Separatedistributions are given for right side tracks (j� j < 30� ), which leave the main
vertex in the direction in which they arebent by the magnetic�eld, and wrong sidetracks
(150� < � < 210� ). The pads in the TPCs are tilted to be approximately parallel to the
right side tracks which leads to relatively small corrections for charge loss due to the
threshold in the digitisation. Thesecorrectionsare larger for wrong side tracks.

For a qunatitativ e comparison,the widths of the dE=dx distributions arecharacterised
by a track length averagedwidth h� i which is calculatedfrom the track-length dependent
widths � l = � =

p
l as

h� i =
1

P
nl

X

l

nl
�

p
l
; (7.4)

wherel is the number of points on the track and nl is the number of tracks with length l .
The value of � is determinedby �tting the spectra with the parametrisation of Eq. 5.2.
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Figure7.1: Comparisonof the dE=dx performancein the 2000datawith 256time slices(lower
panels)and the 1996 data with 512 time slices(upper panels). Shown are the measured
dE=dx in the VTPCs(left), the measureddE=dx in the MTPC (middle) and the combined
dE=dx(right), for positivetrackswith 8 < p < 12 GeV,0:6 < pt < 0:9 GeVand 30 or more
points in the main TPC. The distributionsfor trackswith azimuthalanglesj� j < 30� (right
sidetracks) and 150� < � < 210� (wrong sidetracks) are shown separately. Also indicated
are �ts to the spectraandaverageresolutionh� i asde�ned in the text.
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Figure 7.1 shows that in all four cases,the averageresolution using global dE=dx is
better than the resolution for main TPC dE=dx only. The increasein resolution when
using global dE=dx instead of MTPC dE=dx is much larger in the 2000data than in the
1996 data. This is due to the better resolution of the vertex TPC dE=dx in the new
data sample. The di�erence in resolution for the VTPC dE=dx can be seenin the left
panelsof Figure 7.1. Sincethe tracks in the VTPCs are relatively short, it is impossible
to reliably �t the dE=dx distribution to quantify this di�erence. The better resolution in
the VTPC dE=dx is probably due to the application of the threshold losscorrection (see
Section4.2.1) to the cluster charges.

The VTPC dE=dx distribution for wrong side tracks in the 1996data has a tail to
high dE=dx values. This is probably due to the merging of clusters at track crossings.
In the 2000data theseclustersare not usedin the dE=dx calculation and the tail is less
pronounced.

It is also visible in Figure 7.1 that the resolution of the MTPC dE=dx measurement
in the 512time slice(1996) data is slightly better than in the 256time slice(2000) data.
This is probably due to the fact that the hardwarecorrectionswereoptimised for the data
with 512 time slices.

7.3.2 Selection procedure

In view of the di�erences between the dE=dx calculation in the di�eren t data samples,
we have chosento useglobal dE=dx for the 256 time slice data taken in the year 2000
and main TPC dE=dx for the 512time slice (1996) data.

The tracks were divided in bins of charge, total momentum, transversemomentum
and azimuthal angle � at the main vertex. The dE=dx distributions were �tted with
Eq. 5.2 in each bin separately. This choice of binning ensuresthat the track sample is
su�cien tly uniform with respect to the track anglesand the number of points on the
tracks in each bin. Possibleresidual e�ects of the track anglesand number of points on
the dE=dx distributions can thereforebe absorbed in the �tted parameters.To make the
�t morerobust, the asymmetryparameter� in Eq. 5.2was�xed at 5%. Separate�ts were
performed for the di�eren t datasets(two �eld polarities in 1996and the 2000sample),
and the relative proton and kaon positions were taken to be independent of pt .

Inspectionof the �tted parametersshowedthat the lessstrict track cuts in this analysis
as comparedto the kaon analysis,especially the inclusion of wrong side tracks, lead to
unreliable �ts of the dE=dx distributions for tracks with momenta above 30{35 GeV. The
dE=dx particle selectionwill therefore only be applied to tracks with lessthan 30 GeV
total momentum. The lower limit of the applicability of the dE=dx cuts is taken to be
y = 2:9, asin the kaonanalysis. The tracks outsidethis interval, and tracks with lessthan
30 points in the MTPC, wereseparatelyanalysed,without using the dE=dx information.

In the samplewherethe dE=dx cuts wereapplied,only tracks within [� 2(1� � )� l ; 2(1+
� )� l ] of the kaonpeakposition wereused. The dE=dx resolution � l = � =

p
l for each track

was calculated taking into account the track length l (seeEq. 5.2). Lessthan 1% of the
kaon tracks fall outside this window and the corresponding ine�ciency is neglected.
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Figure 7.2: Rapidity and transversemassdistribution as generatedusing PYTHIA [24] for
D 0 and �D 0. The full lines indicate a doubleGaussian�t for the rapidity spectra and an
exponential �t for the mt -spectra. Also indicated(dashedline) is the expectation from a
thermalproductionprocess.

7.4 Rapidity and transverse momentum distribution

To calculate the acceptanceand e�ciency for D mesondetection, the momentum distri-
bution of the producedD mesonmust be known. Sincethis distribution cannot, with the
present statistics, be determinedfrom the data it is calculatedusing PYTHIA 6.131[24].
The resulting rapidit y and mt distributions of D 0 and �D 0 mesonsareshown in Figure 7.2.
The generateddistributions are well described by a double Gaussianin rapidit y and an
exponential mt distribution as indicated by the full curvesin Figure 7.2.

The most striking feature of the distributions generatedby PYTHIA is that the D 0

rapidit y distribution has maxima at forward and backward rapidities, while the �D 0 dis-
tribution is peaked at mid-rapidit y. The di�erence between the D 0 and �D 0 rapidit y
distributions arisesbecausecharmed quarks form strings with valencedi-quarks, which
carry a large fraction of the beammomentum, while charm anti-quarks form strings with
singlevalencequarks, which have smaller momenta [23].

Thesedistributions from PYTHIA cannot be checked against measurements, because
no data exist for proton-proton collisionsat this energy. Moreover, the momentum distri-
butions could be di�eren t in nucleus-nucleuscollisionsand in proton-proton collisions. In
order to investigatethe sensitivity of the e�ciency correction to the momentum distribu-
tions of the D mesons,the correctionswill alsobeevaluatedusinga `thermal' distribution.
The choice of this distribution is motivated from the observation that the width of the
rapidit y distribution generally decreaseswith particle mass,while the inverseslope pa-
rameter increaseswith mass.A Gaussianrapidit y distribution with a width � = 0:6 is a
reasonableestimatefor the rapidit y distribution of particles with a massof almost 2 GeV.
For the inverseslope parametera valueof T = 300MeV is taken. Thesedistributions are
indicated by a dashedline in Figure 7.2.

All distributions areparametrisedasthe product of a doubleGaussianin rapidit y and
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E�ciency and acceptance

� y � y T (MeV)
�D 0 PYTHIA 0.443 0.486 128

D 0 PYTHIA 0.688 0.419 146

thermal 0 0.6 300

Table7.1: Parametersof the di�erent expectedmomentumdistributionsfor D mesons.

an exponential in mt :

d2N
dymt dmt
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exp�
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�
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� 2
#

exp
�

�
mt

T

�
(7.5)

with parameters� y, � y and T as presented in Table 7.1.

7.5 E�ciency and acceptance

In the charm analysis,the acceptanceand e�ciency were not determinedseparatelybut
calculatedtogether using the embedding procedurewhich is described in Section5.5. To
increasethe number of simulated D, up to 5 D mesondecays were embedded in each
event. The D mesonswere generatedwith a 
at distribution in rapidit y and a thermal
pt distribution with a slope of 300MeV. In order to make sure that the generatedtracks
do not contribute signi�cantly to the track density, decay pairs were removed from the
samplewhen oneof the decay tracks camecloserthan 5 cm to the decay track of another
D mesoninside the sensitive volume of the detector.

y
-2 0 2

 (
G

eV
)

Tp

0

1

2

y
-2 0 2

 (
G

eV
)

Tp

0

1

2

Figure7.3: Dependenceof the product of acceptanceande�ciency on rapidity andpt . The
generateddistributionwas 
at in rapidity between-1.6 and 1.6, and exponentialin m t . The
left panelshowsthe resultfor decay pairswherethe kaoncouldbe selectedby dE=dx andthe
right panelshows the result for decay pairswheredE=dx particle identi�cation couldnot be
used.
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The generatedtracks were matched to reconstructed tracks and the e�ciency was
determined using the samecuts as in the analysis. The dependenceof the e�ciency
on rapidit y and transverse momentum is shown in Figure 7.3. The left panel shows
the e�ciency for decay pairs with dE=dx selectedkaonsand the right panel shows the
e�ciency for pairs where the dE=dx measurement could not be used to identify kaons.
Clearly, the pairs for which the kaon could be identi�ed using the dE=dx measurements
occupy a relatively narrow rangein rapidit y, just forward of mid-rapidit y, while the pairs
for which no dE=dx cut could be applied have a rather 
at distribution, with a peak
at very forward rapidities (due to the inclusion of all particles with p > 30 GeV in this
sample).

Separatesamplesof embeddedevents were generatedusing data taken in 1996and
in 2000,with the reducednumber of time slices. All histogramswhich are shown in the
following are producedusing the events embeddedin 256time slicedata, but the results
using the 512time slicedata aresimilar. The generatedevents contain mainly �D 0 decays,
but it waschecked that the e�ciencies for D 0 and �D 0 are equalwithin errors, due to the
left-right symmetry of the experimental setup.

To determine the total e�ciency for the di�eren t momentum distributions as shown
in Figure 7.2 the distributions usedfor the embedding procedurewere reweighted. The
generatedDs weredivided in bins of rapidit y and pt . For each bin, a weight w(y; pt ) was
calculatedby dividing the integral of the parametrisedmomentum distribution (Eq. 7.5)
by the number of generatedD mesonsin that bin. The overall e�ciency � is calculated
as

� =

P
accepted pair s w(y; pt )

P
generated pair s w(y; pt )

: (7.6)

The error on the calculatede�ciency � � is given by

� � =

q P
accepted pair s w(y; pt )2

P
generated pair s w(y; pt )

; (7.7)

assumingPoissonstatistics for the number of acceptedpairs in each bin. The obtained
e�ciencies after all cuts are given in Table 7.2.

In Figure 7.4, the expected rapidit y and pt distributions of produced D 0 (open his-
tograms) are comparedto background distributions obtained from the data (shadedhis-
tograms). The expectedsignal distributions wereobtained by reweighting the embedded
D decays with the thermal distribution. The background distributions contain all pairs
with an invariant mass � 50 MeV from the D mass in a small sample of data events
and were scaleddown to allow a comparisonof the shapeswith the simulated distribu-
tions. Again the samplewith dE=dx selectedkaons(dotted line, dark shadedhistogram)
is shown separately from the sample where the dE=dx information could not be used
(dashedline, light shadedhistogram).

It is clear from Figure 7.4 that the shapesof the rapidit y and pt distribution in the
data are comparableto the expected distributions from true D decays. It is therefore
impossibleto separatesignal and background using thesevariables.
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Figure7.4: Distribution of y and pt for D 0 candidates.The open histogramsrepresentthe
expectedsignalfor a singleD-mesondecaying to a kaonanda pion. Thesedistributionswere
calculatedusingthe embeddingprocedureand reweighting the e�ciencies with the thermal
distribution(dashedline in Figure7.2). The sampleswith the kaonin the mainTPC (dotted)
and with the kaon not reachingthe main TPC (dashed)are drawn separately. The �lled
histogramsare the corresponding distributionsobservedin the data (mostly background).
Thesehavebeenscaledto be comparableto the simulateddistributions.The relativeamounts
of pairswith particle identi�cation for thekaon(light shaded)andwithout particle identi�cation
(dark shaded)are correctly represented.
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Figure7.5: Exampleof the distributionof signal(left) and background(right) in cos� and
� . The distributionsare for D 0 candidatepairsin a window of � 50 MeV aroundthe D 0 mass
with pt between0.8 and1.2 GeV,andthe track samplewithout kaonidenti�cation. The cuts
whichwereusedin the analysisare alsoindicated.

7.6 Decay angle cuts

Each pair of tracks usedin the analysisalsoallows to calculate the 
igh t direction of the
decay particles in the decay rest system,where they have equal and opposite momenta.
The decay direction can be speci�ed using the polar angle � betweenthe beamdirection
and the kaon 
igh t direction and the azimuthal angle � betweenthe kaon and the 
igh t
direction of the D in the plane perpendicular to the beam.

An exampleof the distribution of the background from data and the expectedsignal in
thoseparametersis shown in Figure 7.5. The distribution for the backgroundclearly peaks
at high valuesof cos� , while the signal distribution is more or less
at. The distribution
in cos� and � changeswith the transversemomentum of the decaying D, and is di�eren t
for the sampleswith and without particle identi�cation.

In the analysis, cuts are de�ned on cos� and � which optimise the sensitivity � of
the measurement, assumingthe thermal distribution for the D mesons.The cuts are a
combination of a minimum and maximum valueof cos� and two cuts alonga straight line
in the cos� � � plane, as shown in Figure 7.5. The cuts are de�ned by six parameters
(two for each of the straight line cuts and a minimum and maximum for cos� ) in �v e
transversemomentum bins of 400 MeV. Separatecuts were determined for the samples
with and without particle identi�cation for the kaon.

7.7 E�ciency and invariant mass peak shape

The acceptanceand e�ciency werecalculatedby reweighting the generatedsampleof D 0

and �D 0 decays embeddedin data events, as described in Section 7.5 and are presented
in Table 7.2. Separatevalues are given for the samplewith and without kaon particle
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with PID

256 time slices 512 time slices

w/cuts wo/cuts w/cuts wo/cuts
�D 0 PYTHIA 9.6� 0.3 13.5� 0.4 9.1� 0.4 12.7� 0.4

D 0 PYTHIA 10.1� 0.3 14.1� 0.4 9.6� 0.4 13.4� 0.4

thermal 8.4� 0.3 11.6� 0.3 7.6� 0.3 10.5� 0.3

without PID

256 time slices 512 time slices

w/cuts wo/cuts w/cuts wo/cuts
�D 0 PYTHIA 11.9� 0.4 19.9� 0.5 7.9� 0.3 14.9� 0.5

D 0 PYTHIA 11.5� 0.3 19.8� 0.4 8.2� 0.3 15.5� 0.4

thermal 12.0� 0.3 19.5� 0.4 8.0� 0.3 14.6� 0.4

Table7.2: Tableof the e�ciencies (in %) for D detectiondeterminedfrom embeddedevents.

identi�cation and for embedding in 512 time slice data and 256 time slice data. Both
the e�ciency with and without the cuts on the decay anglesare given in each case.The
reduction of the acceptancedueto the decay anglecuts is somewhathigher for the sample
whereno particle identi�cation is available than for the samplewith particle identi�cation.
The overall e�ciency only weakly dependson the rapidit y and pt distribution of the D
mesons.The e�ciency for the 256 time slice data taken in the year 2000is comparable
to the e�ciency for the 512 time slice data for the samplewith particle identi�cation.
For the samplewithout particle identi�cation, the e�ciency is somewhathigher for the
256 time slice data. This is not the result of the reduction of the number of time slices,
but is due to a small changein the tracking code, which treats the sector boundariesin
a more accurateway. As a result, many tracks have a few more points, which increases
the acceptancefor short tracks.

The embeddedD decays werealsousedto determinethe shape of the expectedinvari-
ant massdistribution. The shape of this distribution is entirely determined by detector
resolution, since the natural width of the D mesonis very small. The distribution as
obtained from unweighted embeddedevents is shown in Figure 7.6. The observed distri-
bution can be parametrisedusing a Breit-Wigner distribution

dN
dm

/
�

m2 + 1
4 � 2

(7.8)

with � = 6:2 MeV. The shape of the massdistribution is only weakly dependent on the
momentum of the decaying particle.
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Figure7.6: Invariant massdistribution of simulatedD decays embeddedin raw data events
taken in the year 2000,with the 256time slicesettingof the detector. The line indicatesa �t
with a Breit-Wignerdistributionfunction (seetext).

7.8 Results

The invariant massdistributions resulting from the analysisof 3.7M events are shown in
Figure 7.7. The open histograms represent the massdistribution before application of
the decay anglecuts, the shadedhistogramsare the distributions after application of the
decay angle cuts. All valueshave beenscaledto represent the averagepair density per
event, corrected for the calculated e�ciencies, using the thermal distribution functions
and the branching ratio for the decay into a kaon and a pion. Separatehistogramsare
given for the samplewhere the kaon could be identi�ed using dE=dx (right panels)and
where no kaon identi�cation cut could be applied (left panels). Clearly, the number of
pairs without particle identi�cation is larger than the number of pairs where the kaon
could be identi�ed. The upper panelsare the distributions for the D 0 candidates,while
the lower panelsare for �D 0 candidates.There are more �D 0 candidatesbecausethere are
more positive than negative kaons. In addition, the sampleof identi�ed positive kaonsis
contaminated by protons. It can also be seenthat the decay angle cuts strongly reduce
the background in the samplewithout particle identi�cation.

The invariant masshistogramsaresmooth enoughto parametrisethe background with
a polynomial in the region around the D mass.The amount of signal pairs will therefore
be determined by �tting the invariant masshistogram with the sum of a polynomial to
parametrisethe background and the peakshape asparametrisedby Eq. 7.8. The stabilit y
of the result asa function of the �tted rangeand the order of the background polynomial
is demonstrated in Figure 7.8. The test was performed using D 0 candidate pairs with
particle identi�cation (upper right panel in Figure 7.7). The invariant massdistribution
was �tted with the sum of the background polynomial and the signal shape, Eq. 7.8, in
the range [mD 0 � � m; mD 0 + � m]. The obtained signal is shown in the upper panel of
Figure 7.8. The resultsof the �t with a third order polynomial are indicated by the circles
and the light shadedband, while the squaresand the dark shadedband are the result
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Figure7.7: Invariant massdistributionsof kaon-pionpairs. The upper panelsshow D 0 can-
didatesand the lower panelsshow �D 0 candidates.The left panelsare pairswithout particle
identi�cation for the kaon,and the right panelsare pairswherethe kaonwas identi�ed using
dE=dx. Thehistogramsarenormalisedto representaveragepairdensitiesperevent,corrected
for detectione�ciency andthe branchingratio for the kaon-piondecay. The opendistribution
includesall kaon-pionpairs,while the shadeddistributiononly containspairswhichpassthe
decay anglecuts asdescribed in Section7.6.
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Figure7.8: The dependenceof the �tted total signalon the masswindow usedfor the �t. The
upper right distributionof Figure7.7 wasusedto determinethe total signalwith a third (light
shade)andfourth (dark shade)order polynomial.The upper panelshows the obtainedsignal
asa functionof half the width of the masswindow in whichthe �t wasperformed. The lower
panelshows the � 2-probability of the �t.

using a fourth order polynomial. The lower panel of Figure 7.8 shows the � 2-probability
which is a measureof how well the �t describesthe data. It is de�ned as the probability
to �nd the observed � 2 or a larger value, given the data. The � 2-probability of the third
order polynomial �t is relatively stable up to � m � 0:08 GeV. Only at � m � 0:16 GeV,
the third order polynomial doesnot properly describe the data and the extracted signal
starts to deviate from the signal extracted using the fourth order polynomial. A value of
� m = 0:09 GeV is usedin the analysis.

In Figure 7.9 the invariant massdistributions are shown after subtraction of the back-
ground parametrisation. The distributions were �tted with the sum of a third order
polynomial and the signal parametrisation, in the displayed region. The four leftmost
panels correspond to the four panels of Figure 7.7, showing the results of the samples
with and without dE=dx particle identi�cation separately. Those results were combined
by taking a weighted average,with weights determinedfrom the averageerror in the dis-
played region. The combined D 0 and �D 0 resultsaregiven in the rightmost panel. Clearly,
no signi�cant signal is observed. The valuesobtainedfrom the �ts to the combined results
are N (D 0) = � 0:41� 0:51 and N ( �D 0) = 0:05� 0:54.

The massdistribution obtained by summingthe D 0 candidatepairs and �D 0 candidate
pairs is shown in Figure 7.10. Again, no signal is observed and the �tted integral of the
signal distribution is N (D 0 + �D 0) = � 0:36 � 0:74. These results will be comparedto
model expectations in the next chapter.
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Figure 7.9: The invariant massdistributionsfrom Figure 7.7 after backgroundsubtraction.
The right panelsshow the resultsafter combiningthe sampleswith and without particle
identi�cation.

,K) (GeV)pm(
1.8 1.9

)
-1

dN
/d

m
 (

G
eV

-500

0

500  total
0

D+0D

Figure 7.10:Summedinvariant massdistribution for D 0 and �D 0, after subtractionof the
backgroundparametrisation.The line indicatesthe �tted signaldistribution.
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Chapter 8

Discussion of the charm result

The open charm analysispresented in Chapter 7 has shown that the neutral D mesons
are not producedfrequently enoughto be detectablein the present data sample. In this
chapter the result is comparedto di�eren t models.

8.1 Comparison to models

In Figure 8.1 the sum of the invariant massdistributions for D 0 and �D 0 candidatesis
shown, after background subtraction and comparedto three di�eren t model expectations.
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Figure 8.1: Summedinvariant massdistribution for D 0 and �D 0 pairs after subtractionof
the parametrisedbackground. The curvesindicate expected distributionsfor the QGP at
T = 265 MeV (dotted line), the Hadron Gas Model (dashedline) and a Glauber-model
superpositionof independentnucleon-nucleoncollisions(full line, almostcoincidingwith the
line at dN=dm = 0).
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model N (D 0) N ( �D 0) N (D 0 + �D 0)

Glauber Model 0.033 0.051 0.084

Hadron Gas 0.26 0.41 0.67

SMES 4.1 6.4 10.5

exp. result � 0:41� 0:51 0:05� 0:54 � 0:36� 0:74

Table8.1: The expectedyieldof neutralD mesonsfor di�erent modelsof the collisions(see
text). An error of at least20%shouldbe assignedto theseexpectations.

The three di�eren t models are the Statistical Model of the Early Stage (dotted line),
the Hadron Gas Model (dashedline) and a Glauber-model superposition of independent
nucleon-nucleoncollisions(full line, coinciding with the line at dN=dm = 0).

A more quantitativ e comparisonof the results to the di�eren t models is presented in
Table 8.1, whereexpectations for D 0 and �D 0 are alsoquoted separately.

Within the Hadron Gas Model and the SMES, only total (open) charm yields are
calculated. According to PYTHIA, 48%of the charm quarks hadronisesinto a D 0, while
75% of the anti-charm quarks form a �D 0 meson. The hidden charm yield is only a
very small fraction (< 10� 3) of the total charm yield and can therefore be neglected.
These values are used to calculate the expected D mesonyields from the Hadron Gas
Model (0.55 open charm pairs per event) and the SMES yield (17 charm quarks). For
the Glauber calculation, the total neutral D mesonyield of 1:5 � 10� 4 was usedand an
averagenumber of collisionsNcoll = 561 per event, which was calculated using a simple
Monte Carlo program basedon the Woods-Saxondistribution. The resulting yields are
presented together with the experimental results in Table 8.1. An error of at least 20%
should be assignedto the di�eren t model expectations,arising from several uncertainties
in the calculation.

Note that the di�erence between the kaon yields in the Hadron Gas Model and the
SMES are not very large, while the di�erence in charm production is more than a factor
of 10. This is mainly due to the much higher temperature in the SMES, which is the
initial temperature and not the hadronisation temperature.

The expected yield of charm quarks in the SMES is much higher than the observed
number, which either meansthat no QGP is formed or that it doesnot exist long enough
to reach the equilibrium charm content. The present sensitivity is not enoughto decide
whether the charm yield is compatible with a Glauber-model superposition of nucleon-
nucleoncollisionsor rather with the equilibrium Hadron Gas.

Comparingtheseresult to the strangenessresults,weconcludethat while the strangeness
yield is compatible with the equilibrium QGP expectation, the charm yield is not. The
equilibration time in the QGP generally depends on the massof the particle and the
temperature [9]. It is therefore not excluded that the charm yield does not reach the
equilibrium value, even if a QGP brie
y exists, while the strangenessyield does.
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Figure8.2: Transversemomentumspectra of electronsafter subtractionof contributionsof
light hadrondecays andgammaconversions,asmeasuredby PHENIX[55]. Indicatedare the
measuredspectra in minimumbiasand centraleventsand the contributionsto thesespectra
from charm, beauty andphotonproductionaccording to PYTHIA.

8.2 Open charm at RHIC

The SMES clearly provides a reasonabledescription of strangenessproduction but fails
to predict charm production at the SPS.As discussedin the previoussection,this could
be due to the longer equilibration time for charm production comparedto strangeness
production. At RHIC, the estimatedenergydensitiesare higher, leading to shorter equi-
libration times. This, in combination with the expected longer time to hadronisation,
possiblyallows the charm content to reach the equilibrium value. If an equilibrium QGP
is formed at RHIC energies,even a relatively moderate temperature of 185 MeV would
already give an enhancement of a factor of two over the Glauber-model calculation [54].

A �rst result on charm production at RHIC energieswas obtained by the PHENIX
collaboration [55]. They measuredthe transversemomentum spectrum of electronspro-
duced in central gold-gold collisionsat

p
s=130 GeV. At high transversemomentum, a

largefraction of the electronscomesfrom decays of D mesons.The transversemomentum
spectra of electronsafter subtraction of the contributions from decays of light mesonsand
photon conversionsare shown in Figure 8.2, for both central and minimum bias gold-gold
collisions. For comparison,the expectedcontributions from charm and beauty decays and
direct photons as calculatedwith PYTHIA are alsoshown.

The charm yield wasdeterminedusinga �t of the measuredelectronspectrum with the
electronspectrum expectedfrom semileptonicdecays of open charm ascalculatedunsing
PYTHIA, in the range pt > 0:8 GeV. The result was scaleddown using the number of
binary collisionsNcoll and is comparedto expectations for proton-proton collisionsfrom
PYTHIA and next-to-leadingorderQCD calculationsin Figure 8.3. Clearly, the measured
value is compatible with a Glauber-model scaling of the expected proton-proton cross
section. The present result, however, still has large errors, both due to uncertainties in
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Figure8.3: Comparison of the total crosssectionfor charm production in Au-Au collisions
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number of elementary collisionsNcoll in Au-Au collisions. Also shown are the expectations
from PYTHIA anda next-to-leading-orderQCDcalculation.Thesquares,circles,andtriangles
indicatethe measuredcrosssectionfor electronproduction,andthe lowersetof curvesindicate
the electronproductionexpectedfrom open charm production. [55]

the analysisand due to the extrapolation to full phasespace.In the next few years,more
accurate measurements of open (and hidden) charm will becomeavailable, eventually
allowing to distinguish betweenthe di�eren t models for charm production.
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Chapter 9

Conclusion

From the data as presented in Chapters 5 and 7 and the comparisonsto models and
data at other energies,as presented in Chapters 6 and 8, we would like to concludethe
following. First of all, the observation that the transverse momentum spectra can be
described by a radially expanding thermal sourceand the fact that the K =� ratios are
higher in nucleus-nucleuscollisions than in elementary collisions certainly indicate that
the particle densitiesin the collisionsare very high and that scattering betweenproduced
particlesplaysan important role in the evolution of the system. The particle yieldsand the
transversemomentum spectra can even be described using equilibrium thermodynamics.

These observations can all be made within a hadronic picture of the dynamics in
the system, be it the Hadron Gas Model, based on thermodynamics, or microscopic
models basedon scattering dynamics betweenhadrons. In fact, the Hadron Gas Model
describes both the AGS data at low collision energiesand the results at higher SPS
energiespresented in this thesis. At low energies,the thermodynamic parametersT and
� B determinedfrom �ts to the data, turn out to be relatively far from the phaseboundary
ascalculatedwith lattice QCD. At SPSenergies,however, the thermodynamicparameters
are closeto, or even at, the phaseboundary. Unfortunately, theseresults do not tell us
whether the phaseboundary hasactually beencrossedduring the evolution of the system.

According to the Statistical Model of the Early Stage(SMES), the observed energy
dependenceof strangenessproduction is compatible with a phasetransition to a QGP
at collision energiesjust below 40 A�GeV. At higher energies,the strangenessto entropy
(or pion) ratio in this model is very closeto valuesexpectedfrom the Hadron GasModel
with small baryon chemicalpotential and a temperature of approximately 170MeV. This
makes it di�cult to distinguish between both scenariosby measuringstrange particle
production at higher energies.Within the SMES, the strangenessto entropy ratio will,
however, sharply peak around the phasetransition. The present data are in agreement
with this expectation, but the upcomingmeasurements by NA49 at 20 and 30 A�GeV will
test this prediction more precisely.

The upper limit as obtained for open charm production in central 158A�GeV Pb-Pb
collisionsis clearly not compatible with equilibrium production in a hot (T = 264MeV)
QGP, as expectedby the SMES. This could meaneither that no QGP is formed or that
the temperature and life-time of the QGP are such that the charm quark doesnot reach
equilibrium, while the strange quark does. In a QGP scenario,one would expect that
at higher energies,for example at RHIC, the equilibrium charm yield can be reached.
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Conclusion

First data from RHIC do not point in this direction, but more detailed measurements
and theoretical calculationsare neededto draw �rm conclusions.

The data presented in this thesis,will, together with new measurements of kaon and
pion production at 20and 30A�GeV and moredetailed investigationsof charm production
at RHIC, allow to resolve many of the remaining questions.
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Samenvatting

Dit proefschrift beschrijft eenonderzoek naar deeltjesproductie in botsingenvan atoom-
kernenbij hogeenergie.Het doel van eendergelijk onderzoek is het bestuderenvan kern-
materie bij hogedichtheid en temperatuur. De fundamentele bouwstenenvan de atoom-
kern, quarks en gluonen, komen niet vrij in de natuur voor maar zijn altijd opgesloten
in hadronen, zoals het proton en het neutron. Uit rooster-ijkberekening van de sterke
wisselwerking verwacht men dat kernmaterie bij een temperatuur van ca. 170 MeV en
een energiedichtheid van ca. 1 GeV/fm 3 een faseovergang doormaakt naar een quark-
gluonplasma(QGP), waarin quarks en gluonenvrij kunnen bewegenover afstandendie
veelgroter zijn dan de typische straal (ca. 1 fm) van eenhadron. Dezetoestandis verge-
lijkbaar met de toestandvan het heelal in de eerstemicrosecondenna de Oerknal.

In het proefschrift worden twee verschillende metingen aan lood-loodbotsingen be-
schreven, namelijk eenmeting van de energieafhankelijkheid van strangenessproductie en,
bij de hoogstebundelenergievan 158 A�GeV (

p
s = 17:3 GeV per nucleon), eenmeting

van charmproductie. Dezemetingen zijn verricht met de NA49-detector aan het Super
Proton Synchrotron (SPS) te CERN.

De detector bestaat uit vier grote Time Projection Chambers (TPC), waarmeede
sporen van de geproduceerde(geladen)deeltjesgemetenworden. In elke loodkernbotsing
worden ongeveer duizend sporen gedecteerdin de TPC's. Voor ieder deeltje wordt de
impuls berekend uit de kromming van het spoor in eenmagneetveld. De NA49-detector
kan elektronen, pionen, kaonen en protonen gedeeltelijk onderscheiden door de meting
van het energieverlies(dE=dx) door ionisatie van het detectorgasin de TPCs en door een
meting van de vluchttijd met specialescintillatiedetectoren. Centrale botsingenworden
geselecteerdmet eencalorimeter die de totale energiemeet van alle (bundel-)nucleonen
die geendeelhebben genomenaan de interactie.

De dE=dx-meting in de detector is gebruikt voor de identi�catie van kaonen,die het
grootste deelvan degeproduceerdestrangequarksbevatten. Het resultaat van deanalyse
zijn verdelingenin rapiditeit en tranversaleimpuls pt van zowel positieve als negatieve
kaonenbij 40, 80 en 158A�GeV bundelenergie.

De analysevan de pt -spectra in het kader van eenhydrodynamisch model, zoalsbe-
schreven in het proefschrift, toont aan dat de spectra redelijk goed beschreven worden
door aante nemendat dedeeltjesvoortkomenuit eenradi•eeluitzettende thermischebron.

De acceptantie van de detector is zodanig dat slechts een kleine extrapolatie naar
ongemetengebiedenin rapiditeit enpt nodig is om het totale aantal positieve ennegatieve
kaonendat in elke botsing geproduceerdwordt te berekenen. Het door NA49 gemeten
aantal pionen (het meest-geproduceerdedeeltje) is gebruikt om bij elke energiede ver-
houding tussenhet totaal aantal kaonenen pionen te bepalen. Uit eenvergelijking van
dezeresultatenmet resultatenbij lagere(AGS) en hogere(RHIC) energie•en, blijkt dat de
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verhoudingvan het aantal negatieve kaonentot pionen monotoon toenoemt met de bot-
singsenergie.De verhoudingvan positieve kaonenen pionen daarentegen,stijgt sterk bij
AGS-energie•en, daalt dan weertusssen40 en 80 A�GeV (SPS) en is min of meerconstant
vanaf 80 A�GeV bundelenergietot aan de RHIC-energievan

p
s = 200GeV per nucleon.

In het proefschrift wordendemetingenvergelekenmet tweemodellendie debotsingbe-
schrijv en zonderaan te nemendat eenfaseovergangnaar eenQGP plaatsvindt, namelijk
het Hadron Gas Model en het microscopisch transportmodel RQMD. Beide modellen
beschrijv enruwwegdewaargenomenenergieafhankelijkheid van dekaon-pionverhoudingen,
maar zijn vooralsnogniet in staat de gemetenafnamevan de K + =� + -verhouding tussen
40 en 80 A�GeV te reproduceren.

Het \Statistical Model of the Early Stage" (SMES), dat expliciet eenquark-gluonfase
introduceert in de beschrijving van kernbotsingen, reproduceert wel de gemetenafname
in de verhouding tussen strangeness-en pionproductie bij SPS-energie•en. Volgenshet
model neemt de relatieve strangenessproductie toe met de bundelenergietot de faseover-
gangstemperatuur wordt bereikt, bij een bundelenergietussen de 20 en 30 A�GeV. De
afname in de verhouding tussenstrangeness-en pionproductie bij SPS-energie•en is een
direct gevolg van de overgangvan (e�ectieve) hadronische naar quarkvrijheidsgradenbij
de faseovergang. Dit model is vooralsnoghet best in overeenstemmingmet de experi-
mentele resultaten,maar om andereverklaringenuit te sluiten zijn metingennodig tussen
de hoogsteAGS-energieen de laagstedoor onsgemetenenergie.Als inderdaadeensterk
verhoogde strangenessproductie wordt waargenomenin dergelijke metingen, is dat een
sterke aanwijzing dat de faseoverganginderdaadplaatsvindt.

De productie van charm quarksin eenQGP in thermisch evenwicht, zoalsgeformuleerd
in het SMES, is 10 tot 100 keer groter dan verwachtingen gebaseerdop het Hadron
Gas Model of op extrapolaties van charmproductie in proton-protonbotsingen. Om deze
voorspelling voor charmproductie te veri� •eren is, door middel van eeninvariante-massa-
analysegezocht naar het verval van neutrale D-mesonenin eenkaon en eenpion. Om
het signaal zo goed mogelijk van de grote combinatorische achtergrond te kunnen on-
derscheiden, is de analyseuitgevoerd met alle ca. 4 miljoen door NA49 geregistreerde
lood-loodbotsingen. Het signaal van het D-mesonverval blijkt echter toch te zwak om
detecteerbaarte zijn. De gevondenbovenlimiet voor charmproductie is beduidendlager
dan de voorspelling van het SMES,gebaseerdop thermische charmproductie in eenQGP
met eentemperatuur van 264MeV. Dit betekent, in het kadervan het SMES,dat er geen
QGP gevormd wordt, ofwel dat het te kort bestaat om de charmproductie tot thermisch
evenwicht te laten komen.
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