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Chapter 1

Intro duction

The aim of researt in the eld of high energy nuclear collisions (Heary lon 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,
where quarks and gluonsare decon ned. This state of matter is thought to have existed
in the rst few microsecondsafter the Big Bang and possibly still existsin the coresof
heary neutron stars.

It is expectedthat sud a state of matter can be created in the laboratory, albeit
brie y, by colliding heary nuclei at high energies.Sud collisionshave beenstudied over
the last twerty yearsat increasinglyhigh energies.

The experimerts descriked in this thesis were performed using the NA49 detector,
a large acceptancespectrometer with particle identi cation capabilities. The detector
Is situated at CERN, Genewa, where the Super-Proton Syndrotron provides a beam of
lead nuclei with energiesup to 158 GeV 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 abundartly produced up
and down quarksand it is expectedthat the fraction of thesequarksin the nal stateis
sensitive to whetherthe relevant degreesof freedomin the collision are quarks and gluons
or hadrons.

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

The experimertal setup and the reconstruction software are descriked in Chapters 3
and 4. Special attention is given to modi cations to the experimertal procedureswhich
wereintroducedfor the charm measuremeh

The measuremenhof the momertum spectra of kaons,which are the dominant carriers
of strangequarks, is presenied in Chapter 5. The measuremets were performedat three
di erent beamenergiesand the resulting energydependendencef strangenesgroduction
Is discussedn Chapter 6.

The seard for the D meson,which is much lessabundartly producedthan the kaon,
in a large sampleof evens at the highestavailable beamenergyis describedin Chapter 7
and the result is discussedn Chapter 8.

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

Theory

The goal of researty in high-energynuclear collisionsis to investigatethe dynamicsof the
strong interaction in large systemsat high energydensity, when quarks and gluons are
expectedto 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
behase as free particles if the energy density is high enough. A number of di erent
approadesto the experimertal veri cation of theseideaswill bebrie y descriked, followed
by a more detailed discussionof strangenessnd charm production in high energynuclear
collisions,which is the subject of this thesis.

2.1 Quarks, gluons, and hadrons

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

A very speci ¢ property of the strong interaction is that it binds quarksinto hadrons
in sud a way that it is impossibleto liberate a quark from a hadron. This property is
called con nemert.

Two di erent typesof hadronsare obsenedin nature: mesonswhich carry the quan-
tum numbers of a quark-arti-quark pair and (anti-)bary ons, which carry the quartum
numbers of an (anti-)quark triplet.

All known hadronsare formed from 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, andthe -meson(m = 0:14 GeV). Dueto their
small mass,the pions are the most abundart particles producedin hadronicinteractions.
The strangeand charm quark are somewhatheavier and form heavier mesonssud asthe
kaon (m = 0.5 GeV) and the D meson(m = 1:9 GeV). The production of theseparticles
in Pb-Pb collisionsis the subject of this thesis. Even heavier are the bottom and top
guarks, but their massesare solarge (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 gluonscarry a quantum
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Theory

number called colour, which is a charge correspnding to the SU(3) symmetry group in
the sameway asthe electric chargecorrespndsto the U(1) symmetry group. Due to the
fact that gluonscarry colour, the coupling constart of QCD becomedarge for processes
at large distancescalesor, equivalertly, involving small momertum transfers. As a result,
perturbation theory canonly be usedto make quartitativ e predictionsfor hard processes,
sud asjet production, which involve large momertum transfers.

The only way to quartitativ ely treat soft processeswhich take placeat atypical scale
of 1 fm (10 > m) or 200MeV, is lattice QCD. In particular, this technique hasbeenused
to calculate the decon nemert phasetransition, asdescriked in the next sections.

Soft particle production, howewer, cannot yet be calculated from rst principles in
QCD. We therefore have to rely on a number of phenomenologicalmodels. Here we
distinguish microscopic models, which involve QCD-inspired dynamical simulations of
the collision process,and thermodynamical models which do not treat the dynamicsin
detail. Both classef modelsare preseried 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 calculations have shavn
that at high energydensitiesthe quarks behare asif they werefree. In a simple picture,
one might imagine that this can be adchieved by compressinghadrons until sud a high
densily is reathed that the hadronsstart 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 phenomenologicamodel,
the MIT bag model, will be usedto estimate the energydensity and temperature which
are neededto adieve this state.

2.2.1 The MIT bag model

A corveniert phenomenologicaimodel of hadronsis the MIT bagmodel[1]. In this model,

the quarks move freely inside a bag from which they cannot escag. The sizeof the bag
Is determined by an e ectiv e pressure,which is exerted on the bag by the vacuum. This

pressureis assumedto be a universal constart for all hadrons,the bag constart B, and

can, for example, be estimated from the radius of the proton. Using a proton radius of

0.9fm in a calculation basedon the Dirac equation for masslesgarticles, a bag pressure
of B = 234MeV fm 2 is obtained [2].

In this simple model, a Quark Gluon Plasmawould be a state of matter which exerts
a pressureon the vacuumwhich exceedghe bag pressure.Sud a state, if it exists,canbe
arbitrarily large, and canconsistof a large number of quarksand gluons. The equilibrium
states of the systemcan then be descriled using thermodynamics.

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

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

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

1 1
FD — BE — .
N = g 1 and n-= ==——~ (2.1)

where E, is the energyof the state and T the temperature.!
Multiplying the number densitiesby the energyof ead state and taking the cortinuum
limit, the energydensity is obtained:
Z
g 1

"oy Ee . dp: (2.2)

The integral runs over all possiblemomena p of the particles. The factor g is the de-
generacyof the statesdue to internal degreesf freedomsud as spin, colour, and quark
avour.

The integral can be evaluated analytically for masslessparticles. We will for the
momert only include gluonsand the up and down quarksin 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 4.
= 8gq+ o8 30T ; (2.3)
where g, is the degeneracyof the quark statesand gy the degeneracyof the gluon states.
There are two states of polarisation for ead of the eight colour states of gluons, so
the degeneracyof the gluon statesis 16. Eadh quark avour has 6 states, two spin
states and three colour states. This leadsto a total degeneracyof the quark states of
0g=2 2 6= 24forthe two avours,including the anti-quarks.

The pressureP exertedby a gason its surroundingscan be calculated using an equa-
tion analogousto Eq. 2.2, but averagingthe momertum componers perpendicularto a
surface. For masslesselativistic particles, the resulting pressureP is simply onethird of
the energydensity [3]: ,

— 1 — 7 4.
P—:—g_ égq+gg %T. (2.4)
In the bag model, the transition to the Quark Gluon Plasmaoccurswhenthe pressureof
the quark gluon gasbecomesequal to the bag constart. Using B = 234MeV fm 3, we
obtain = 3B = 702MeV fm 2 and, from Eq. 2.3, T = 144 MeV.

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

INote that the temperature is expressedin units of energy by absorbing the Boltzmann constart k
in the temperature. This convertion will be usedthroughout this thesis. The conversion factor between
MeV and Kelvin is 1=k = 1:2  10'° K/MeV.
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Figure2.1: Dependencef P=T# on the reducedemperatureT =T, ascalculatedusinglattice
QCD[4].

2.2.2 Lattice QCD

Numerical calculationsstarting from the QCD Lagrangianare usedto chedk whether the
theory really allows the formation of a state where quarks 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 cellsin ead spatial direction and 32 cellsin (imaginary) time. Tednically, these
calculationsare very involved and in many casesappraximations must be madeto reduce
the neededcomputing power.

As an example of the results obtained from lattice QCD, the calculated dependence
of P=T* on the reducedtemperature T=T, is shawvn in Figure 2.1 [4]. The di erent lines
indicate calculationswith di erent numbersof quark avours. The two and three a vour
calculationsinclude only light avoursof massm=T = 0:4, while a heavier a vour of mass
m=T = lisincludedin the 2+1 avour calculation. The 2+1 avour calculation hasthe
more realistic quark massesrepreseting light up and down quarksand a heavier strange
quark.

At the critical temperature T, the ratio P=T* suddenly starts to increase,due to the
phasetransition. The ideal gaslimit, which is indicated by arrows in the plot, is newer
completelyreated, 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 avoursin the calculation and their masses.
For the critical temperature, valuesbetween150and 170MeV are givenin the literature,
see[5] for instance.

2.3 The Quark Gluon Plasma in the laboratory

Heary nuclei are collided at high energiesto acdhieve the high energy density which is
neededto investigate the Quark Gluon Plasmain the laboratory. Over the last twerty
years, high energy collisions of nuclei have been studied in a seriesof experimerts at
di erent acceleratorsand beam energies. The main sites for these experimerts are the
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The Quark Gluon Plasmain the laboratory

Alternating Gradient Syndirotron (AGS) in Brookhaven, the Super-Proton Syndirotron
(SPS) at CERN, and the Relativistic Heavy lon Collider (RHIC), the new acceleratorin
Brookhaven. RHIC provides the highest collision energiesfor nuclei so far, with a max-
imum certre-of-momenium energy s = 200GeV per nucleon, appraximately ten times
the maximum energyat the SPS.The new IpHC acceleratorwhich is under construction
at CERN will provide lead-leadcollisionsat = s = 5:5 TeV per nucleon,morethan twerty
times the maximum RHIC energy

Most of the experimertal results obtained so far indicate that, indeed, high energy
densities are readhed. For example, it is estimated that the initial erbergy density is
3.2GeV/fm?® in certral lead-leadcollisionsat the highest SPSenergyof = s = 17:3 GeV
per nucleon[6]. This is well above the critical energydensity of appraximately 1 GeV/fm 3.
The experimertal results do not yet have a clear-cut interpretation in terms of whether
or not a Quark Gluon Plasmawas formed. The main di cult y in the interpretation of
the resultsis that the nal state is determinedby the full time ewolution of the colliding
system. In particular, dueto our relatively poor theoretical understandingof the hadro-
nisation process,it is di cult to study the initial dynamicsin detail by detecting only
nal state hadrons.

A number of dierent signalswhich are sensitive to the initial energy density and
the state of matter have beenproposedover the years. A brief overview of the presen
experimertal situation and the theoretical understanding of the results is given in the
next paragraphs.

Leptons and photons, which are produced much lessabundartly 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 stageis really hot and dense,and has a
large enoughlife-time, one would expect to obsene thermal radiation of both photons
and electrons. The measuremen of their spectra at the SPShas provided a number of
interesting obsenations, but the interpretation of theseresults is not yet clear [7].

Another probe of 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 expectedto be suppresseddue to the screeningof the binding potertial betweenthe
quark-arti-quark pair by the colour chargesin the QGP. Sud a suppressionhas indeed
beenobsened, but a number of alternative explanationsexist [8].

A dierent classof measuremets which should be more sensitive to the dynamics
in the system, are correlation measuremets. Event-by-evert uctuations in a number
of variables, suth asthe meantransversemomertum, the kaon-to-pionratio and charge
ratios, have beenstudied to seart for signsof a rst order phasetransition (co-existing
phases),but no indication of sudh dynamical uctuations wasfound. The measuremen
of azimuthal correlations,or elliptic ow, 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 obsened elliptic ow at the SPSis
much smallerand it is not yet clear at which point it dewelops.

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 expected phasetransition temperature, will be as abundartly
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producedasthe light quarksif a QGP is createdin the collision. This represets an en-
hancemen of the strangenesgroduction comparedto proton-proton collisions,in which
strangequarks are much lessabundartly producedthan the light quarks. A lot of exper-
imental and theoretical activity hasfollowed the introduction of this idea. A selectionof
theoretical modelsis presered in the next sectionstogether with an extensionto charm
production.

Beforegoinginto the moredetailed discussiorof strangenesgroduction, somerelevant
kinematic variablesare de ned in the next section.

2.4 Kinematics

For xed target experimerts, the initial state energyis usually speci ed as the beam
energyper nucleon. The total energyof a 2358A GeV lead beamis 33 TeV. The collision
Snergyin the certre-of-momenum system' s is usually speci ed per nucleonpair, giving
s= 17:3 GeV for a 158 A GeV beamcolliding with a xed target.
The nal state is fully characterisedby the momerta p = (px;py;p,) and the massm
or the energyE of all particles. The relation betweenmass,energyand momertum is ?

E = P m2 + p?; (2.5)

wherep = jpj.
Usingthe (approximate) azimuthal symmetry aroundthe beamdirection, and choosing
H1e z-axis along the beamdirection, longitudinal and transversemomenum p, and p; =
pZ + py2 are usedto characterisethe nal state. Alternativ ely, transversemassm; and
rapidity y can be used. Rapidity is de ned by

1 E+p,
ey
2" E

y= (2.6)
and hasthe corveniert property that it is additive under Lorentz boostsin the z-direction.
The transversemass P
m¢= m2+ p? (2.7)

is obviously invariant under sud boosts.
The relations betweenE, p, and m¢, y are

E = mycoshy and p, = m¢sinhy: (2.8)

Particle spectra are distribution functions in momertum space. A Lorentz-invariant
distribution function is obtained by multiplying the momertum spacedistribution func-
tion by the energy The relation betweenthis distribution in longitudinal and transverse
momertum and in rapidity-p; spaceis

d’N d’N

E—(pi;p;) = ————(p1y): 2.9
i dn, PP = oy () 2.9)

2Throughout this thesis, natural units are used, setting the velocity of light ¢ and Planck's constart
~ to one. Thesequartities therefore do not appear in equations.
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Figure2.2: The geometricabicture of the collision(as seenin the centre-of-momentunsys-
tem) at the basisof Glauker models.

2.5 Glauber models

In order to recogniseQGP formation in nucleus-rnucleuscollisions, a referencemodel for
nucleus-nucleuseverts without a QGP is needed. Since soft particle production cannot
be calculated from rst principles, the referencemodel must be basedon experimertal
information on nucleon-rucleon cross-sections.Nuclear collisions can then be descriked
as a superposition of more or lessindependent nucleon-rucleon interactions. Sud 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 betweenthe trajectories of the certres of the nuclei is called the
impact parameterb. The sizeand shape of the regionwherenucleonsof both nuclei collide
is determinedby this parameter.

In general,whentwo nucleonsmeetthey can either have aninteraction, be it elasticor
inelastic, or they cangoonwithout interacting. Sinceonly inelasticinteractionscortribute
to particle production, we will, for the momen, disregardelasticinteractionsand say that
two nucleonscollide if and only if they have an inelastic interaction.

Three di erent ways of courting the number elemenary interactions in a nucleus-
nucleusevent are usedin the literature. The rst two are basedon courting the number of
nucleonswhich participated in the interaction. From the purely geometricalinterpretation
asillustrated 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'N,,. Using an evernt 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' nucleonsN 4 is obtained. Sincethe probability
for anucleonto collide with a producedparticle is relatively small, the distinction between
N, and N4 is mainly important for very peripheral collisions(large b), wherethere are
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marny spectator nucleons. The maximum number of woundednucleonsand the maximum
number of participants are both equal to the total number of nucleonsin the colliding
nuclei.

Ead nucleon, however, may have more than one interaction. The total number of
binary collisions N, 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 aradius Ra which dependson the atomic number
A like

Ra = L12AYS: (2.10)

With this simple geometry the valuesof N, and N, for certral collisionswith b= 0 can
be analytically calculated. In sud collisions, all nucleonswill be hit, soN,, = 2A. The
number of elemenary collisionsin a certral collision (b= 0) is [1]]

9 A2 . 2p4=3 .
Neol = 557 coll = 0:29fm “A coll s (2.11)
8 Rai
for a processwith an interaction crosssection o . Usingthe total inelastic proton-proton
crosssectionof 30 mb, onearrivesat N,y A*™ for certral collisions.

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

0

()= T ro=0’ (2.12)

where R, is the radius of the nucleus,as given by Eq. 2.1 o a normalisation constart
and d the thicknessof the region in which the density goesto zero. For 2%Pb, these
parametersare Ry = 6:62 fm (Rp = 6:64 fm using Eq. 2.10 and d = 0:546fm [12], as
obtained from low-energy electron scattering experimerts. The resulting normalisation
density is o = 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-rucleuscollisionsis a superposi-
tion of independen nucleon-rucleon collisionsat the samecertre-of-momenum energy
More complicatedmodels, which take into accourn coherencee ects or the energylost by
nucleonsin subsequehinteractions and the interactions between produced particles are
implemerted in evert generators. First, the most simple, analytically calculable models
are discussed.

The rst is the wounded nucleon model [13], which was inspired by measuremets
of the total multiplicit y in proton-nucleusinteractions. The assumptionhereis that the
yields in nucleus-nucleus collisions are simply N,, times the yields in nucleon-rucleon
collisions. This would imply that nucleonswhich undergose\eral collisions produce the
same nal state as nucleonswhich are hit only once.
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Figure2.3: Energydependenc®f the kaonto pionratio in proton-groton (full line) andnucleus-
nucleugdashedine) collisionan RQMD. The left panelshavsthe ratio for negativeparticles,

the right panelfor positives.The predictionsare compaedto experimentalresultson nucleus-
nucleuscollisionsat the AGS(triangles)andcollecteddataon proton-groton collisiongcircles).
Also shavn is the predictionfor nucleus-nucleusollisionsby RQMD without rescatteringof

hadronsand colourrope formation (dotted line), which are speci ¢ to nuclea collisions.

It is, howeer, alsoreasonablgo assumethat particle production scaleswith the num-
ber of binary collisionsNy. This is in particular expectedfor rare processeswherethe
probability for the processto occur in a nucleon-rucleon collision is small. For instance,
it hasexperimertally beenshovn that muon pair production in the Drell-Yan processis
proportional to Ny [14].

More detailed extrapolation from nucleon-rucleon collisionsto nucleus-rnucleus colli-
sions are implemerted in a number of evert generators. A large number of generators
Is available, basedon a variety of assumptions. In particular, there is a classof models
which doestakeinto accour scatteringbetweenproducedpatrticles, and a group of models
which doesnot do this. Modelssud asFRITIOF [15], LEXUS [16] and HIJING [1€] fall
in the last category while VENUS [17], RQMD [1§], UrQMD [19] and HSD [20] belong
to the rst category Thesemodelswill not be dicussedin detail, but we will use RQMD
as an exampleto illustrate the implications of scattering betweenproduced particles for
strangenesgroduction in Pb-Pb collisions.

Not all of the mentioned event generatorscalculate charm production and thosewhich
do (HIJING, FRITIOF), arebasedon olderversionsof PYTHIA. Instead of thesegenera-
tors, arecert versionof PYTHIA is usedto generateproton-proton everts and the result
Is scaledby No; to obtain predictions for Pb-Pb collisions.

2.6.1 RQMD

The RQMD (Relativistic Quantum Molecular Dynamics) evert generator[18§ is based
on a Glauber model calculation in which excited strings are formed when two nucleons
meetin a nucleus-rucleuscollision. Thesestrings subsequetly deca into hadrons. In the
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model, the momertum transfer betweenthe interacting nucleonsis absorked by onequark
in eat nucleon, which causesa quark-arti-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 processs repeatedin subsequehinteractions and se\eral strings canbe formed from
ead nucleonin a nuclearcollision. In RQMD therefore,all particle production scaleswith
the number of binary proton-proton collisionsNy; in the high energylimit. At the SPS,
howewer, the scalingis closeto woundednucleonscalingdue to energylossin subsequen
collisions.

The formation of hadronsfrom stringsin RQMD is basedon the Lund string fragmen-
tation scheme[21]. The probability to form a light quark-arti-quark pair in this scheme
Is approximately three times higher than the probability to form a strange-arti-strange
pair. These probabilities do not depend on the total string energy but are determined
by the local energydensity in the string and by the quark masses. The ratio between
strange and non-strangequark production in string fragmertation 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 kaonto 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 obsenation holds for the negative particles
(left panel) aswell asfor the positive particles (right panel).

In the full RQMD model, the kaon to pion ratio for nuclear collisionsis higher due
to colour rope formation and rescatteringof produced particles. 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-ari-strange quark pair is larger.

Scattering between produced particles is treated in detail by tracking all produced
particlesthrough space.When particlescomecloseenough,they have a certain probability
to interact. The cross-sectiondor rescattering usedin RQMD are basedon relatively
simpleresonancenodels,which have beenveri ed usingexperimertal data whenavailable
(e.g. data on pion-nucleonand kaon-pion scattering).

The deceg of heary resonancesvhich can be formed by subsequeninelastic collisions
in densesystemsleadsto 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 agreemeh with experimertal results at the AGS, as shown in Figure 2.3 In
Chapter 6, the RQMD calculationswill be comparedto the results of the kaon analysis
asdescriked in this thesis.

2.6.2 Open charm production in PYTHIA

The PYTHIA [24] event generatorcalculatescharm production using leading order per-
turbative QCD calculations and subsequen string fragmertation for the hadronisation.
In Figure 2.4 the total crosssectionfor D° and D° production in proton-proton colli-
sionsas predicted by PYTHIA is comparedto experimertal rei)ults [22). Note that all
measuremetrs are at energiesabove the maximum SPSenergy(" s = 17.3 GeV for lead
nuclei). The PYTHIA calculation is taken from [23], wherethe calculated leading order
cross-sectiorwasmultiplied by a factor 3.5 (K-factor) to reproducethe experimertal data.
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Figure2.4: Energydeendencef the neutralD mesorproductioncrosssection. Experimental
data are compaed to a NLO QCD calculation[22] (dashedcurve) and a scaled(seetext)
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-leading order (NLO) perturbative QCD calcu-
lation [22] is indicated by dashedlinesin Figure 2.4. Two resultsusingdi erent valuesfor
the renormalisationscale , are shown to indicate the theoretical uncertainty. A simple
hadronisation scenariowas usedto corvert the calculatedtotal charm production cross-
sectioninto a neutral D mesoncross-section.Basedon measuremets at 350 GeV beam
energy [25], it was assumedthat the yields of [ and D are 50% of the non-strange
open charm yield. The chargedD vyield is 30% of the neutral D yield, becausemost of
the D mesonsare producedin decgs of D resonancesTheseresonanceg¢D (2007f and
D (2010)"), areclosein massto the D mesonshut have three polarisation states,and will
therefore be approximately three times more abundart. The resonancegpreferably decay
into D°. Theseratios betweenthe di erent charmed particles, which are appraximately
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 usedto normalisethe 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) 1.510 4 D+ D° perewvent. From Eqg. 2.11we nd that the expectedmultiplicit y in
certral Pb+Pb ewerts is 0.18per evert. In this calculation, it is assumedhat the charm
production medanismin nucleus-nucleuscollisionsis exactly the sameasin proton-proton
collisions. The experimentally obsened J= suppression(seeSection?2.3), for example,
is relative to this expectation.

In the previous sectionit was shavn that collisions between produced particles con-
tribute signi cantly to the kaon yield in RQMD. It is not expectedthat theseprocesses
will cortribute much to the open charm yield, becausethe energyavailable in nal state
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collisionsis too small to produce D mesons. Colour rope formation might increasethe
open charm yield similarly to the strangenesgield, but this cannot be veri ed quartita-
tively, sincea calculation of charm production is not available in the RQMD model.

2.7 Thermo dynamical models

A completely di erent approad to the description of heavy ion collisionsare thermody-
namical models. Thesemodelsdo not treat the collisionsbetweenparticlesin detail, like
RQMD and PYTHIA, but assumethat the nal state is that with the largest ertropy.
This ideawas originally brought forward by Fermi [26 and Landau [27]. Later on, Hage-
dorn [2§ revived interest in this model. Their work is the basis of what is now known
as the thermodynamical Hadron Gas Model, which is widely applied to descrile hadron
production in nucleus-nucleuscollisions. A number of slightly di erent 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,aswell asin elemetary collisions(e*e and pp),
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 erent type of thermodynamical model is the Statistical Model of the Early Stage
(SMES). In this model it is assumedhat the quarksand gluonswhich dominate the early
stageof the collisionare alreadythermalised,forming a QGP asdescritedin Section2.2.1
A more detailed description of the model will follow in Section2.7.2

2.7.1 Hadron Gas Model

The basicidea of the Hadron GasModel is to descrikethe nal state of a collisionasa gas
of hadronsand resonances.In sud a description, the number densitiesand momertum
distributions of particles are determinedby the list of available states,which is completely
determined by the existing typesof hadronsand resonancesand by the number density
of particlesin ead state, which for eat state dependson its energyand the temperature.
For simplicity, the Boltzmann distribution

ne = g ET (2.13)

Is often usedfor thesecalculations. The Boltzmann distribution is a good appraximation
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; for a speciesof particles i with
massm; and degeneracyg is [29

‘ *p (B =T gm?T

ni =g We = 7 Ke(mi=T) e I (2.14)

whereK ; isthe modi ed Bessefunction andthe chemicalpotertial ; isintroduced. From
Eq. 2.14it is clearthat the chemicalpotertial e ectiv ely shifts the energiesof all states. It
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Figure2p6: Predictedk "= * ratio asafunc-
tion of = s, usingthe hadrongasmodel, as-
sumingthat T and g evolvesmaothly with
energy[31]. The points are calculatedfrom
total kaon and pion yieldsmeasuredat the
AGS.

sationof the relationbetweenT and g from
the data [29] (seetext for details).

canbeinterpreted asthe minimum energywhich is neededto add a particle to the system.
In the Hadron Gas Model, the chemical potential is usedto imposethe conseration of
the baryon number of the incoming particles and to ensurethat the produced particles
carry no net strangenessr charm. This is achieved by making the chemical potertial for
ead particle speciesdependon the baryon number b and the strangeand charm quartum
numberss; and ¢. Each quantum number hasa correspnding chemical potertial:

i=h g+s stG c: (2.15)
Sincethe strangenessand charm chemical potentials s and ¢ are determinedfrom
the requiremen that the nal state has zero net strangenessand charm cortent, the
number densitiesof the di erent particles are completely determinedby the temperature
T and the baryon chemical potertial . The measuredparticle yields can therefore be
usedto determinetheseparametersand a normalisation volume V. The valuesof T and
s, the so-calledfreeze-outpoints, as obtained from ts to the particle yields measured
in a number of experimerts at di erent energieg[29 are shovn in Figure 2.5. The grey
band indicatesthe phaseboundary from recert lattice QCD calculations[30. According
to thesecalculationsthe phasetransition at g = 0 is neither rst- nor second-ordebut
a cross-oer 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 cortinuation of the phaseboundary beyond the end-point is not well known.
The temperature obtained from the ts of the Hadron GasModel to the experimertal
data clearly increaseswith beam energy while the baryon chemical potential decreases.
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Figure 2.7: Dependenceof the canonicalsuppessionfactar on the numkbker of wounded
nucleonsat a beamenergyof 158 A GeV.[33

The dashedline in Figure 2.5 is a parametrisation of the freeze-outcurve, which is de-
ned by imposing the requiremern that the averageenergy of the produced particles is
1 GeV [29. At low beamenergiesthe freeze-outpoints are far from the phaseboundary,
indicating that the systemhas probably not beendenseenoughfor QGP formation. For
158 A GeV PDb-Pb collisions, the temperature is closeto the transition temperature as
obtained from lattice QCD. Note that dueto the phasetransition, a hadron gascannewer
readh a temperature above the critical temperature. It is therefore not excluded that
at the highest SPS energythe system has readed higher temperatures during its time
ewlution, thereby crossingthe phasetransition.

The Hadron Gas Model was recerily extendedby parametrising the dependenceof
the temperature and baryon chemical potertial on the collision energy and using the
parametrisation to calculate particle yields as a function of energy The resulting energy
dependenceof the K™= * ratio [29 is shown in Figure 2.6 and comparedto AGS data
(seereferencesn [32).

Introducing a chemicalpotertial suc asEg. 2.15is a corveniert way to imposeconser-
vation laws. Strictly speaking,howewer, this is an appraximation which is only valid when
the systemcontains a large number of particles carrying the consered quartum numbers,
becausehe calculation of the Boltzmann distribution includesstatesof the systemwhich
violate the consenration laws. It can be shavn that if a systemcortains a large number
of particles with the consened quantum number, the cortribution of stateswhich violate
the consenation laws is small, and the approximate treatment is valid. If, howewer, the
number of particles carrying the consened quantum number is small, the consenration
laws must be explicitly takeninto accoun, usingthe canonicalformalism. As an example,
we quote the kaonyield Ng , as obtained from the canonicalcalculation [33

e, Ns=1 I1(X1) .
K P NoiNso 1lo(xq)’

where Ng-; is the total number of particles with strangenessl (mainly anti-lambdas

Nk = N (2.16)
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and kaons) and Ns- ; is the total number of particles with strangeness 1 (mainly

lambdasand anti-kaons), calculated using the grand canonicalapproad (using Eq. 2.14).

The di erence betweenthe yield N$€ in the grand canonicaland N in the canonical
calculation is determined by the ratio of the modi ed Besselfunctions Iy and 1. This

ratio is therefore called the “canonical suppressionfactor’. The cBnonicaI suppression
factor dependson the system size through the argumens x; 2 Ns-; Ns- ; of the

modi ed Besselfunctions.

The generalexpressiorfor the canonicalsuppressiornis | s(X1)=lo(X1) for particles with
strangenesgortent s. In Figure 2.7, the dependenceof the canonical suppressionfactor
on the number of wounded nucleonsN,, for nuclear collisions at 158 A GeV is shavn
for particles with one, two and three strange quarks. At large numbers of participants
the canonicalsuppressiorfactor approatesl, indicating that the di erence betweenthe
canonical calculation and the grand-canonicalcalculation vanishes. The deviation from
the grand-canonicallimit for kaonsis already belov 10% at approximately 20 partici-
pants. For proton-proton collisions,with 2 woundednucleonsthe strangenessuppression
factor is 0.5. Within this model, the production of kaonsin proton-proton collisionsis
suppressediue to strangenessonsenation. This explains, at least qualitativ ely, the dif-
ferencebetweenthe kaonto pion ratio in proton-proton and nucleus-nucleuscollisionsas
seenin Figure 2.3

Someauthors introducea strangenessuppressiorparameter g, allowing the strange-
nessyield to deviate from the equilibrium value. The yields of particles cortaining one
strange quark are lower by a factor ¢ than calculated from Eq. 2.16 (or Eq. 2.14 and
particleswith two strangequarksare suppressedy 2. A similar approac canbe usedto
descrike charm production. Using the J= yields as measuredby NA5O asinput, charm
enhancemenfactorsof .= 1:3{1.9 have beencalculated[34], leadingto total charm pair
yields of 0.5{0.6 per evert in certral 158 A GeV Pb-Pb collisions.

2.7.2 Statistical Model of the Early Stage

Sincethe Hadron GasModel only describesthe collision in terms of the hadronic degrees
of freedom,it doesnot give much insight into the questionwhethera Quark Gluon Plasma
is formed. In this sectiona model will be descriked 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 gluonsasthe degreesof freedom.

A basicassumptionin the model is that the total energyE in the collision areais a
xed fraction of the available energy which is the certre of massenergyof the colliding
nuclei minus the energycarried away by the participating baryons(i.e. their massmy):

E= (s 2my)Ny: (2.17)

The energyis deposited in the Lorentz cortracted volume of the nuclei. Assumingthat
the non-cortracted volume is proportional to the number of wounded nucleonsN,,, the
contracted volume s proportional to N, = . The resulting energydensity is then

p_ p_
1 Ps 2my) = LS 2Mu) s,
My

(2.18)
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Figure2.8: The energydensiy inthe ealy Figure2.9: The strangenes$o entroyy ratio

stageasfunctionof the collisionenergy{35].  in the statistical model of the ealy stage.
The full line is the expected dependenceon
the collisionenergyfor a phasetransition at
a temperatureof 200 MeV. The dotted line
is the continuationof the behaviourof the
hadronphaseg[35].

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

p_ —
(s, 2my)*

(V §)1:4

Is shavn in Figure 2.8 The particle cortent at the early stage can 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 sum of the energydensity
of an ideal quark-gluon gasand the bag constart B. At lower energies,the equation of
state is basedon a calculation with e ective degreesof freedom. Sincethe equilibrium
state at ead temperature is the state with the highest ertropy, the transition between
both statesoccursat the temperature wherethe erntropy in the low-energystate is equal
to the ertropy in the QGP-state. This temperature is xed at 200 MeV in the model,
by using a bag constart B of 600 MeV/fm 3. The resulting phasetransition is rst-order,
becausdhe energydensity in the di erent statesis di erent 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 masslesyarticles, eat particle carries appraximately 4 units of
ertropy [2]. The model therefore assumeghat the ertropy in the nal state is propor-
tional to the total number of pions. The pion multiplicit y per wounded nucleonis then

F = (2.19)
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proportional to the entropy density , divided by dueto the Lorentz cortraction of the
initial volume. Using the thermodynamical relation / g** 3=, the simple relation

N()
N | SN GO

1=4 3=4 Ps 3=4
g 1=( S _ 2my) = g*™*F: (2.20)

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

The energy dependenceof the ratio of the total number of strange and anti-strange
guarksNgs to the total ertropy S ascalculatedin the full model [35] is shown in Figure 2.9,
The full model calculation involvesthe numerical evaluation of integrals over 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 ective masslesson-
strange degreesof freedomand 14 e ective massive (m = 500 MeV) strange degreesof
freedom. Due to the large massof the strange degreesof freedom, the strangenesgo
ertropy ratio increasegapidly with collision energyat low energies.

When the phasetransition temperature of T = 200MeV is reaced,at F 2 GeV*?,
a mixed phaseis formed with an increasingfraction of QGP, which causeghe drop in the
strangenesdo ertropy ratio. The massesf the strangeand charm quarksin this phase
arems = 175MeV and m, = 1.5 GeV respectively. Above F 2:7 GeV*™, 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 ectively masslessthe strangenesgo erntropy ratio Ng=S saturatesat a value

of
Nes _ 16

S 49’
where g and gs are the total and strange numbers of degreesof freedomand the factor
1/4 stemsfrom the fact that eatch masslessjuark carries 4 units of ertropy. Note that
Eg. 2.21is almost model-free,the only assumptionbeing that the quarks and gluonsin
the initial state form a thermalised QGP.

The sharppeakin the strangenesso ertropy ratio, which is dueto the phasetransition,
is a characteristic feature of this model. Other modelsexpect a smaother ewvolution of this
quantity. The energydependenceof the strangenesgo ertropy ratio will be comparedto
experimenrtal data in Chapter 9.

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

The expectedcharm yield within the SMESis much higher than the expectatedyields
from the Hadron Gas Model and the value obtained by scalingthe expected multiplicit y
in proton-proton collisionsby the number of binary collisionsN¢,;. The result of charm
analysispresetted in Chapter 7 is confrorted with theseexpectationsin Chapter 8.

(2.21)
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Chapter 3

Experiment

The measuremets described in this thesis are part of the experimertal program of the
NA49 collaboration. The NA49 detector is located in the North Area of the European
Certre for Nuclear Researb (CERN) in Genewa. The experimert usesbeamsfrom the
Super Proton Syndirotron (SPS), a circular acceleratorwith a circumferenceof 6.9 km.

The detector hasbeendesignedto measurea large fraction of the approximately two
thousand chargedparticles producedin lead-leadcollisions. The experimertal setup con-
sistsof a large acceptancemagnetic spectrometer, using large Time Projection Chambers
(TPCs) which combine a momertum measuremehn with particle iderti cation capabili-
ties through a measuremen of the ionisation energyloss. Additional detectorsprovide a
measuremen of the incoming beam, the certrality, and of the time-of- igh t of produced
particles. The dierent detector componerts will be briey descriked in this chapter,
with someemphasison the special con guration of the detector read-out which was used
to increasethe ewent rate for the seart 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 seeral experimerts in the North and West exper-
imental Areasat CERN. During normal operation with proton or ion beams,a beamis
received from the Proton Syndirotron and acceleratedto the desiredenergyevery 15{20
seconds.During the last 2{5 secondsf the madine cyclethe beamis gradually extracted
and deliveredto the experimerts.

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-masgatio Z=A and thus dependson the type of nucleus. Most
of the data were taken with a lead beamat the maximum energyof 158 A GeV. Part of
the data weretakenwith lower beamenergiesof 40and 80 A GeV. Evenlower energiesof
20and 30 A GeV, weredeliveredin the year 2002. The analysisof thesedata is presertly
in progress.

NA49 has also taken data with beamsof protons, pions, deuterons,carbon and sili-
con. Thesebeamsare obtained by fragmerting 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 NA49 experimentalsetup.

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

3.2 Detector overview

The NA49 experimertal setupis shovn 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 cortain 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- ight (TOF)
detector arrays provide additional information for particle iderti cation in a restricted
acceptance.ln addition, there are se\eral detectorsin the beam-lineto measurethe beam
position and composition. The veto calorimeter (VCAL), which is placedfurther down-
streamin the beamtrajectory, is usedfor certralit y selection. The di erent 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 hasbeenusedto measuretransverseenergyproduction at mid-rapidity
in lead-leadinteractionsin a dedicatedrun [6]. Nowadays it is usedto detect neutronsin
proton-proton collisions.

The generalNA49 coordinate systemis indicated in Figure 3.2 The z-axisis 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 beamtrajectory,
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. These detectors accurately determine the trajectory of ead beam particle.
The intersection point of the extrapolated beam trajectory with the target is used as
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coordinate systemis alsoindicated.
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the primary ewert 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% 2%Pb). The target
thicknessis 200 m (224 mg/cm?), which correspndsto a 0.5% interaction probability
for lead nuclei.

For trigger purposes,the presenceof a beam particle is also detected by a helium
gasCherenlov courter which is placedin the beamupstream of the target (not shawn).
This detector has a charge resolution of a few times the elemertary charge and is used
to reject cortamination of the beamwith lighter nuclei. The interaction trigger requires
an anti-coincidenceof this detector with another gas Cherenlov detector placed behind
the target. The beam detector also provides the start-signal for the time measuremen
in the TPCs. And additional quartz Cherenlov detector providesthe start-signal for the
time-of- ight measuremen

The energymeasuredn the veto calorimeter (VCAL) is usedby the trigger systemto
selectcertral everts.

3.4 Veto calorimeter and centrality selection

The Veto Calorimeter is usedto determinethe certralit y of the lead-leadcollisionsin the
target. It is placedin the beamtrajectory approximately 14 m downstream of the target
and measureghe total energyof the projectile spectators. Thesespectator particles are
a mix of protons, neutrons and nuclei, with an energy per nucleon closeto the beam
energy There is someintrinsic spreadin the energies(seweral 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
placedin front of the calorimeter to reject particles which are producedin the reaction
by the participants. The aperture of the collimator is adjusted at eath beamenergyand
magnetic eld setting to acceptmost of the spectator particles. For very certral everts,
thereis a signi cant contamination of the calorimetersignalwith particlesproducedby the
participants in the interaction. A detailed study of this contamination and the certralit y
determination with the Veto Calorimeter is described in [38].

Toillustrate that the energymeasuredn the Veto Calorimeter is indeeda measureof
the certralit y of the ewerts, the relation betweenthe Veto Calorimeter energyE ., and
the reconstructedtrack multiplicit y for minimum bias 158A GeV Pb+Pb ewerts is shovn
in Figure 3.3 There is a clear anti-correlation betweenboth quartities. The (almost)
linear dependencebetweenthe veto calorimeter signaland the evert multiplicit y suggests
that both quartities are linearly dependert 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
measuredn the Veto Calorimeter E ¢, and the impact parameterbascalculatedusingthe
VENUS ewert generator[17] is shovn in Figure 3.4. The correlation betweenthe impact
parameter and the Veto Calorimeter energyis mainly determined by the Woods-Saxon
nuclear density pro le which is usedin VENUS.
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Figure3.3: Carelationbetweeneventmultiplicity andenergymeasuredhn the veto calaimeter
for minimumbiasPb+Pb eventsat 158 A GeV.Indicatedare the on-linecut for the central
trigger andthe 5% cross-sectiorgcut usedin the analysis.
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Figure 3.4: Carelation betweenthe measurecenergyin the veto calaimeter E ¢, and the
impact parameterb as calculatedin [36] usingVenus4.12.
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Figure3.5: Schematiadrawing of the read-outchamtersof 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, bending positive particlesto the + x direction (left) and negativesto

x (right). The magnetic eld is homogeneous the certral parts of both vertex TPCs,
but inhomogeneitiesat the edgesof the vertex TPCs result in non-vertical orientations of
the eld lines. The strongestinhomogeneitiesare experiencedby tracks which go through
VTPC-1 and oneof the MTPCs, sincethesepassthrough the secondmagnetfar from its
certre.

The magnetic eld map which is usedin the reconstructionwasmeasuredona4 4
4 cm lattice using Hall probesbeforeinstallation of the detector elemerts. The measured
eld agreeswith resultsfrom detailed magnetic eld calculationsto within 0.5%[36]. The
calculated map is usedto extendthe eld map into unmeasuredregions.

To maintain a constart magnetic eld throughout ead data-taking period, the current
in the magnetsis kept stable to appraximately 0.01%. In addition, the eld is monitored
by Hall-probe measuremets, which alsoindicate that the eld is stableto 0.01%.

At 158A GeV beamenergythe magnetic eld issetto 1.5T in the magnetsurrounding
VTPC-1 andto 1.1T in the VTPC-2 magnet. At lower beamenergiesthe magnetic eld
is scaleddown proportional to the energy to ensurea comparableacceptanceof tracks
at the di erent energies.Becausethe eld map was not measuredat the lower energies,
the eld was calibrated using the reconstructedmassef the and K2 to a precisionof
better than 1%.
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3.6 Time projection chambers

The four Time Projection Chambers(TPCs) provide a momerium measurementhrough
particle tracking and a measuremenof the ionisation energylossfor particle identi cation.
The two VTPCs, which have a gasvolume of 200 250 67 cm ead, provide tracking
information throughout the magnetic volume of the experimert. The MTPCs are much
larger (390 390 112cm) and provide most of the sensitivity for the ionisation energy
lossmeasuremenin the relativistic rise.

The most important constraint in the design of the TPCs is the large number of
tracks in certral lead-leadeverts. The very high track density of up to 0.6 particles per
cm? requires a designwhich 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 measuredcharge clusters. In addition, a minimum amourt of material surroundsthe
active volume of the detectors,to minimise the production of secondaryparticles in the
detector material.

The detectorsconsistof 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 spacebetweenthe
two foils is ushed with nitrogen to minimise cortaminations of the detector gas. The
eld cage,which providesthe uniform drift eld inside the gaservelope is made of strips
of aluminisedmylar foil which are supported by ceramicrods at the corners. Each VTPC
cortains two separate eld cagesjeft and right of the beam. The highly-chargedleadions
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% CO,, while for the MTPCs a mixture of 90%Ar,
5% CH4 and 5% CO, has beenused. Drift elds of 200V/m (175 V/m) in the vertex
(main) TPCs result in a drift velocity of 1.4cm/ 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 appraximately equal.

The read-out planes,depictedin Figure 3.5 are mounted on the support plate at the
top of the TPCs. The drifting chargeis amplied in a proportional chamber which is
formed by the cathode wires, the pad-plane and the sense-wires.The gating grid only
allows the drifting chargesto read the read-out chambers when a trigger was received.
The distance betweenthe sense-wiresand the pads was kept relatively small (down to
2 mm) to ensurenarrow induced chargedistributions 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-outis organisedin sectors,which eat have separatesetsof wires. Each
sector cortains se\eral rows of pads, which are parallel to the entrance window of the
TPCs. The distance betweenthe rows of pads is typically 2.8 cm in the VTPCs and
3.95cm in the MTPCs. Eadh 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 degreeswith the largestanglesin VTPC-1. The width of
the padsis sud that ead track leavesa signalin morethan onepad. The resulting space
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point resolution is of the order of a few hundred micronsin the direction perpendicular
to the track. The total number of padsin the TPCs is slightly over 182000.

The TPCs operate in the regime where the drift velocity and gasgain are strongly
dependen on the temperature and pressure.In orderto minimise temperature variations,
the TPCs areplacedinsideathermally insulatedroom, wherethe temperatureis stabilised
to better than 0.1 C. The temperature and air pressureare cortinuously monitored
and the measuredvaluesare usedto calculate the drift velocity for the reconstruction.
An independert measuremen of the drift velocity has shavn that the precision of the
calculateddrift velocity is better than 0.1%[36].

The charge signal on eat pad is rst fed through an ampli er and shaper and then
storedin an analogmemory which samplesthe signal ead 100 ns and holds 512 samples
per evert. Theseelectronicsare mounted on the TPC, together with the 8-bit analog-
to-digital converter (ADC) which digitises the charge measuremet The half-time of
the shaper is sud that ead 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 ewvernt sizeand increasethe evernt rate during the data-taking
period in the year 2000when large statistics were accunulated to measurerare signals
sud as charm production.

3.7 TOF detectors

The experimertal setup includes time-of-ight (TOF) detectorsto extend the particle
identi cation capabilities at low momerta. There are seweral setsof TOF detectorsin
the experimert, but only the two main TOF arrays which are indicated by TOF-L1 and
TOF-R1 in Figure 3.1 are usedin the analysis presened in this thesis. Eac of the
two TOF arrays cortains about 1000 scirtillator detectors which are read out by two
photomultiplier tubesead. The detector measuresthe arrival time of particles at the
wall relative to a start-counter which measuresthe passageof the beam particle. The
time-of- ight measuremeh has a resolution of approximately 60 ps. The total deposited
chargeis alsomeasuredto distinguish double hits. The measuredhits are assignedo the
closesttrack measuredin the main TPCs. The acceptanceof the TOF detector is limited
to mid-rapidity for kaonsat the three di erent 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 SPSaccelerator. The SPSdelivers 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 ead spill some 150k lead ions passthrough the target. The total
interaction probability in the target of 0.5%and the certralit y trigger at 10% of the total
crosssection provide about 75 potential triggers per spill. Increasingthe beamintensity
to beyond 300k per spill leadsto a large cortamination of everts by -electronswhich
are produced by the beam when it passesthrough the gasvolumesin the experimert.
The probability to have two interactionsin the target during the drift time alsoincreases
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with beamintensity. The TPC electronicstake about 60 msto digitise a singleevernt and
transfer it to the receiver boards, whereit is stored. This amourts to a maximum of 80
ewerts per spill. Both e ects together, the maximum number of triggers delivered by the
beam and the maximum acceptablenumber of events due to dead-time, result in 40{60
usableewents per spill.

The receiver boardsin the cournting-househave bu ers which canhold 32 raw ewerts.
The input bu ers are read out by a digital signal processor(DSP) which appliesa zero
suppressioralgorithm. The bu ers are not accessibldor the DSP whendata is transferred
from the TPC electronics. As a result, the number of everts which aretreated by the DSP
and sert to tape during the spill is limited and most of the processingof the events takes
placein the 10{15 secondperiod betweenspills. For normal certral lead-leaddata taking
the resulting data rate is 28{30 ewerts per spill. This number increaseswith decreasing
ewvert sizeand/or increasingspill length.

During the year 2000 data-taking period, the detector was operated with 256 time
sampleread-out to decreasethe ewvent size, and increasethe evernt rates to accunulate
as many ewverts as possibleto study rare obsenables. The electronicson the detector
were recon gured to only digitise and send ewvery secondtime sampleto the receiver
boards. This reducesthe dead-time of the TPC read-out by a factor of two. Moreover,
the reduction of the total raw ewent size by a factor of two allowed to con gure the
input bu ers on the receiwver boardsto storea maximum of 64 everts per spill. In orderto
furthermore reducethe data streamto the tape, a compressioralgorithm wasprogrammed
into the DSPs, reducing the event sizefrom 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 certrality trigger was set to approximately
20%. The total result of these measuresis to increasethe ewvert rate to 48 everts per
spill.  The main reasonsfor not reading the maximum of 64 ewverts per spill are the
transfer speedsbetween the receiver boards and the tape drive and the dead-times of
other detector systems,which vary between30 and 50 ms.

3.9 Data samples

The data sampleswhich are usedin the analyseswere collectedover the courseof se\eral
years(1996{2000).

For the measuremen of the energy dependenceof 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 certralit y trigger was set at 7.2% of
the total inelastic crosssectionfor the 40and 80 A GeV data and 10%for the 158A GeV
data sample. At ead energy 200{400k ewerts were used for the analysis. At 40 and
158 A GeV additional data sampleswere taken with reversed magnetic eld polarity.
Thesedata samplesalso consistof 200{400kewens and were partly analysedto ched for
systematicerrors.

In 2002a large sampleof 3 million certral Pb+Pb everts was collectedto study rare
obsenables sudh as open charm production. The running conditions were adapted to
maximisethe number of everts, asdescriked in Section3.8.
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Chapter 4

Reconstruction procedure

The reconstruction software performs the task of track recognition, momertum deter-
mination by track tting, the calculation of the ionisation energyloss dE=dx and the
calculation of the particle massesfrom the time-of- ight measuremets. The di erent
stepsin the reconstruction procedureare descrited in the following sections.

4.1 Track reconstruction

The three main stepsin the track reconstruction are cluster nding, track nding and
track tting. A description of the proceduresimplemerted in the reconstruction software
is given in the next sections. As an example,a typical reconstructedlead-leadevert is
shovnin Figure 4.1 The gure shawvsall points and the reconstructedpatrticle trajectories
for a thin horizortal slicethrough the even.

4.1.1 Cluster nding

The rst stepin the reconstructionis the cluster nding. Signalsin adjacert pads and
time slicesare collectedinto clusters. The cluster nder requiresthat the cluster is not
too elongatedin the pad or the time direction and has the maximum measuredcharge
closeto its geometricalcertre. Theserequiremeris are imposedto suppressnoise. In the
vertex TPCs, where the track density is higher, mergedclusters, i.e. clusters with two
distinct maxima, are identied and split in two by the clustering algorithm. For ead
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
calculated using the known geometry and the pressureand temperature dependert drift
velocity. The total deposited charge is also calculated for ead point and usedfor the
dE=dx measuremen

The main force exerted on the drifting electronsis due to the uniform electric drift
eld, which makesthem drift upwardsin the TPC. When the magneticand electric eld
lines are not completely parallel, howeer, the force on the drifting electronswill not be
completelyvertical. This leadsto de ections of the drifting clusters, most notably at the
edgesof the VTPC wherethe magnetic eld is not uniform and closeto the sense-wires
wherethe electric eld is not uniform. The measuredcluster positions are correctedfor
thesede ections.
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Figure4.1: A haizontalslicethrougha singlecentrallead-leadevent,in all TPCs. All clusters
within 1 cm from the harizontal planeat y = 0 are shavn for the vertexTPCs. For the main
TPCsthe rangeis 2 cm from the centralplane. Greypoints indicateclusterswhich are not
assignedo tracks,mostlynoise. The linesindicatethe trajectaiesof 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 trajectories. Thesedeviations are generallysmall, of the order of 100 m,
but can read valuesof 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 possibly someadditional e ects due to truncation of the clustersclose
to sectoredges.A correction is determinedfrom the obsened deviationsin the data and
applied in the reconstruction.

4.1.2 Tracking

The next stepin the track reconstructionis the pattern recognitionto nd the trajectories
of the particles. The tracking algorithm is organisedin se\eral steps, starting with the
simplesttrack geometriesyemoving the points from the list of available points, and ending
with the more complicated geometrieswhich are easierto recognisein the remaining set
of points. The rst stepis thereforeto nd tracksin 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 trajectory are
assignedto the track, provided the extrapolated track trajectory is closeenoughto the
main vertex. MTPC tracks with no correspnding track segmehin VTPC-2 arereleased
for usein later stagesof the tracking.

The remaining points in VTPC-2 are usedto 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 trajectories are collected. Again, if points are expectedin VTPC-1 and
none are found, the clusterson the MTPC track are released.

The remaining clustersin 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
procedureis to nd all remaining tracks in the MTPCs, including tracks of particles
which have a kink in their trajectory dueto a decy.

4.1.3 Track tting

All found track trajectoriesare tted to determinethe momertum. The momerta which
are usedin the analysesare determined assumingthat ead 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
evert, with points within 1 (in the VTPC) or 2 cm (in the MTPC) above or below the
beamtrajectory are shavn. The thicknessof this slice correspndsto approximately 16
time slices.

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

Ead 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: Distribution of the number of points on reconstructedracks (full histograms)and
the maximumnumker of points (dashedhistograms)n eachtrack for central40 A GeVdata
onthe left and 158 A GeVdatain the right panel.

of the track to the target and the position of the main vertex are the so-calledtrack impact
parametersb, and b,. The overall resolution on those parametersis of the order of a few
millimeters, which is not accurate enoughto identify secondaryverticesfrom decgs of
charmedparticles. The impact parameterdetermination canin principle be usedto reject
tracks which originate from weak decgs of strange particles, but this requiresa detailed
treatment of the dependenceof the impact parameter resolution on the track topology.
Sincethe expected fraction of kaonsoriginating from sud decas is very small, such a
cut was not appliedin 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 ead track (dashed
line). The potential number of points is calculated for ead track during the reconstruc-
tion, usingthe tted track trajectory and the detector geometry The distribution of the
number of potential points has sharp peaksat 72, 90, and 162 points. This correspnds
to tracks traversingonly 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 234 points.

From Figure 4.2t is seenthat in certral collisionsat 158 A 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 lonisation energy loss measurement

The ionisation energylossper unit length traveledin the detector gas(dE=dx) dependson
the velocity of the particle rather than the momertum and therefore provides an indirect
measuremen of the particle mass. The relation betweenthe averageionisation energy
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Figure4.3: lonisationenergylossversustotal momentumfor positivetracks with mare than
30 pointsin 158 A GeVcentralevents.

losshdE=dxi and the velocity = v=cof a patrticle is given by
dE 4 Net 2me 2
— = | 2 : 4.1
x _ m.Z i@ 9 () (4.1)

wheree is the chargeof the electron, m, its mass,N is the number density of electronsin
the detectorgasand | the meanexcitation potential. The rst two terms are the original
Bethe-Bloch formula [39]. The rst term, howewer, goesto innit y when ! 1, whichis
not obsenedin reality. The reduction of the ionisation at large velocities, dueto coherert
polarisation of the surrounding atoms which shieldsthe eld of the traversingparticle, is
parametrisedby the function [40]:

8

< 0 < a
= 2(In H+c@na, In ) a< <a 4.2)
2(In b > a

The parametersb, c and d in this equation are tabulated for many materials, but will be
tted to the datain our case.The valesof a; and a, are calculatedto make acortinuous
function of

The measuredionisation energylossfor certral 158 A GeV lead-leadevents is shavn
in Figure 4.3 Also shavn isa t of Eg. 4.1to the data. Becausemost of the measured
tracks arein the “relativistic rise' region (p & 10 GeV) wherethe ionisation energylossof
kaons,pions and protons are relatively closetogether it is very important to acieve the
best possibleresolution on the dE=dx measuremen by applying a number of corrections
and performing accurate calibrations.

4.2.1 Corrections and calibrations

A brief description of the correctionswhich are applied to the measuredcluster charges
in the reconstruction software is preserted 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 8Kr which is injected in the de-
tector gasduring dedicatedcalibration runs (without beam). This method was deweloped
by the ALEPH collaboration [42]. The Krypton isotope hasa half life of 1.9h and emitsa
well-known spectrum of electronswith energiesup to 41.6keV. The pad gainis determined
for ead pad separatelyto obtain a uniform responseto this signal.

Since the krypton calibration is done with di erent voltageson the sensewires of
the readout chambers than the actual data taking, an additional calibration constart
is determined for ead sector individually. Theseconstarts are adjusted sud that the
measureddE=dx for pions follows the Bethe Bloch formula (Eq. 4.1) with a xed set of
parameters.

Hardware corrections

Eadh measuredcluster givesriseto a pattern of undershamts and overshmts 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,sud asin 158 A GeV certral 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 were determinedusing
laser tracks [41] and the resulting responsefunctions are usedto correct the measured
charge.

Threshold correction

To suppressnoisein the TPCs and to reducethe data volumewritten to tape, a threshold
cut of 5 ADC courts is appliedto the digitised data.> 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 diusion e ects. To correct for the lossesthe
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 descriked in [41]].
In this way, the only free parameterin the t is the total charge of the cluster.

The procedureis adequatefor the main TPCs, wherethe anglesbetweenthe tracks
and the pads are relatively small, and the cluster shape is well descrilked as a product
of two Gaussians.In the vertex TPCs, the anglesbetweenthe tracks and the pads can
be large, leadingto 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

lIn fact a simple ltering algorithm is applied, but the details are not essetial here.
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it moredicult to apply the Gaussiant 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 undershat immediately
after the cluster arrivesat the read-out plane. The product of both setsof three Gaussians
represens 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 diusion e ects). The chargelossdue to the threshold cut was calculated using
this shape for a number of di erent track anglesand y-coordinates and the result was
storedin 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 dewlopmert of this

procedure for application in ewerts recorded with proton and pion beams, where the

hardware correctionsare not applied, is descrited in [43]. The procedurewasadaptedfor

usein the nucleus-rucleusdata 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 capture of electronsby the detector
gas (approximately 2% charge loss per metre [41]). The conbined e ect of broadening
of the clustersdue to di usion and the ADC threshold also givesrise to a drift-length
dependen charge loss. The y-dependenceof the cluster chargesin the data is usedto
determine the chargelossper unit drift length and the cluster chargesare correctedfor
this e ect.

4.2.2 Truncated mean calculation

The cluster chargedistribution in amain TPC sectoralonga track is shavn in Fig. 4.4 for

tracks with momerta betweenl10and 11 GeV. The distribution contains chargemeasure-
merts from di erent typesof particles, but most of the tracks (about 90%) are pions. 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 were generatedwith 80 charge measuremets, distributed accordingto Figure 4.4.

The resulting distributions of the meanand truncated mean charge per track are shavn

in Figure 4.5. The distributionsé are tted with an asymmetric Gaussian:

2

E —pC:exp 1 X X forx  Xo
2 2 (1+)
f(x;Cixo; ; )= : (4.3)
E—pc—ex 1 uzforx<x
S IR 0
The asymmetry parameter determinesthe di erence betweenthe width of the right
half and left halves of the Gaussian. The relative width ¢ = =X is much smaller for
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Figure4.4. Measuredlistributionof cluster Figure4.5: Distributionsof meanchageand

chagesfor tracksbetweenl0 and 11 GeV. truncatedmeanchageasproducedusingthe
distributionin the left panel,for tracksof 80
hits.

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 iderti cation are basedonthe measuremen
of the ionisation energylossin the MTPC only. The reasonis that the dE=dx measure-
mert 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 conbine the measuremets
in the dierent TPCs to a single dE=dx value for ead track. The dependenceof the
ionisation energylosson the particle momernium, howevwer, is di erent in the main and
vertex TPCs, dueto the di erent gas-compsition. To conbine the measuremets in the
di erent TPCs, the measureddE=dx in the VTPC is therefore scaledto 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 measuremets in the di erent TPCs
is usedasthe global dE=dx.

Global dE=dx (MTPC and VTPC conbined) hasnot often beenusedin NA49 because
important corrections, sud as the threshold correction, were not routinely applied for
the VTPCs. A more uniform treatment of the dE=dx measuremets 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 crossingsrom the
dE=dx calculation, which is especially important in the high track density environment of
the VTPCs. The e ect of thesemodi cations onthe dE=dx measuremets 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 measuremeh of kaon production in certral lead-leadcollisionsat 40,
80and 158A GeV will be presened. At SPSenergieskaonsare the dominarnt carriers of
(anti-) strangequarksin the nal state of nuclearcollisions. As discussedn Chapter 2, the
production of strangenesss expectedto be in uenced by the formation of a QGP in the
early stageof the collision. The measuredenergy dependenceof strangenesgroduction
will test our understandingof strangenesgroduction and might shav signsof the onset
of decon nemert with increasingbeamenergy

The analysis preserted 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 transverse momertum and the kaon yield is obtained in eat bin
from a t to the dE=dx distribution. Theseyields are then correctedfor acceptanceand
e ciency . The total yields of kaonsare calculatedby integrating the measuredmomertum
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 aredescritedin this
chapter. A comparisonof the results with the di erent modelsdescriked in Chapter 2 is
preseried in Chapter 6.

5.1 Event cuts

For a small fraction of everts (lessthan 1%) it is not possibleto properly determinethe
main vertex position, mainly due to noisein the beam position detectors, or a problem
with the raw ewernt information. These everts were rejected from the analysis. The
reconstruction software also performsa vertex t using the reconstructedtracks and the
beam trajectory as measuredby the beam position detectors. The vertex position as
determinedin this way is usedto identify evernts which have the main vertex outside the
target (beam-gadnteractions). The contamination of the certral event samplewith these
non-target everts is found to be negligible (below 0.1%).

For the 158 A GeV data samplean additional cut on the energymeasuredn the Veto
Calorimeter was applied to selectthe 5% most certral everts (approximately half of the
total certral evert sampleat this energy).
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Figure5.1: Geometricabcceptancafter analysiscuts for the three analysedenergies.Also
includedare lossegueto in- ight decy of kaons. The acceptancescaleis cola-codedusing
eightdi erent greylevelsrangingbetween0 and 10% acceptanceThe dashedine indicates
mid-rapidiy 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:

Eadh 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 these TPCs. This cut removestracks resulting from photon
cornversionsin the detector material upstream of 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 beenused. These right-side tracks are
tracks which leave the primary vertex in the direction in which they are bernt by the
magnetic eld (for the normal magnetic eld this meansp, > O for positive tracks
px < O for negatives). The TPCs are designedto have the pads approximately
parallel to the trajectories 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 shovn in Figure 5.1 The gure

shaws the acceptedfraction of tracks in ead bin, including lossesdue to in-igh t kaon
decy. The acceptancewas determinedusing a Monte Carlo simulation with an accurate
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Combined TOF-dE=dx measuremeh

description of the detector geometry as further descriked in Section5.5 The dashed
linesin the gure indicate mid-rapidity for kaonsat eat energy The full lines indicate
the region in which the analysiswas performed. The lower boundary for this region is
setat y = 2:9 for all three energies.At lower rapidities the number of kaonscannot be
accurately determined using the dE=dx measuremety 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 highestrapidity
value for the analysisis limited by statistics.

The geometricalacceptanceis mainly determined by the requiremen to have 50 or
more potential points in the MTPC. Low momertum tracks do not read the MTPC,
becauseheir trajectoriesin the magnetic eld are strongly curved, while most very high
momertum particles escag along the beam-line, undetected by the two MTPCs. An
additional reduction of the acceptancedy up to 30%is seenin Figure 5.1 at low momerta
dueto in-igh t decgy of the kaons.

5.3 Combined TOF-dE =dx measurement

In part of the detector acceptance(closeto mid-rapidity), both the energylossand the
time-of- ight (TOF) aremeasuredo 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 momerna closeto mid-rapidity (0:85 < log,, p/GeV< 0:90) and 0:4 < p; <
0:5 GeV. It is clearly impossibleto separatekaonsand protons using only dE=dx or TOF
information. The combined measuremen does allow this separation and was used to
determinethe width of the proton and pion dE=dx distributions separately

The relation betweenthe position and width of the dE=dx peakswas parametrisedas

=X, (5.1)

where ; is the width of the peakof particle speciesi and x; 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 Gaussiansn m? and asymmetric Gaussians
of Eqg. 4.3 in dE=dx, assumingscaling of the widths accordingto Eq. 5.1 The results
on of these ts for 40, 80 and 158 A GeV data are shavn in Figure 5.3 There is no
indication that  dependson momertum, transverse momertum, or beam energy For
the analysis, = 0:625was usedand the sensitivity to changesin of 0:125 (dashed
linesin Figure 5.3) is descriked in Section5.7.

5.4 Spectra analysis

The data were divided in bins of the logarithm of total and transverse momertum, as
shawvn in Figure 5.1 In ead bin the dE=dx distribution was tted to obtain the yields of
the di erent particle species(protons, kaons,pionsand electrons). Thesemeasuredvalues
were corrected for acceptance,decgs and e ciency, as descrited in the next section.
An interpolation procedureis usedto determine the yields as a function of transverse
momertum and rapidity.
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Figure5.3: Valueof the scalingparameter for the width of the dE=dx peaksasa functionof
the position, as determinedn di erent binsof total momentumand p;. The di erent panels
shaw resultsat the threedi erent beamenergies.

42



Spectra analysis
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The function which is tted to the dE=dx distributions to extract the yieldsis a sum
of four asymmetric GaussiangseeEq. 4.3); onefor eat particle species.The asymmetry
parameter istakento bethe samefor all species.The width of the dE=dx-peakfor eat
speciesdependson the position asde ned Eq. 5.1, with = 0:625. Sincethe width is also
dependert on the number of clusterson ead track, a sumwastaken over the track-length
distribution in ead bin. It wasassumedhat the width scaleswith the squareroot of the
number of samplesl on a track, leadingto the following function for a single peak:

X n 1 x x 2 X

OGAGX 5 )= AL T—exp 5 —————  Wwith ) = P 5.2
o ( ) Niot P 2 1 ) ! de ®-2)

|

In the sum, ead Gaussianis weighted with the fraction of tracks with length I: nj=N;.
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 these parametersreliably in eat bin becausesomeparticle speciesare
rare in certain bins. To constrainthe ts, it wasassumedhat ratios of the positionsof the
proton and kaon peaksto the positions of the pion peak doesnot depend on p; and also
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Figure5.5: Momentumdependencef the tted peakpositionsof the kaonandproton dE=dx
peaksat the three beam energies. Also shavn is a t of the Bethe-Bla@h paametrisation
Eg. 4.1 to the obtainedpositions. The right panelshavs the di erence betweenthe tted
kaonand proton positionsand the Bethe-Blah parametrisation.

that the asymmetry parameteris independert of p;. Theseparametersare alsoassumedo
be equalfor positive and negative particles. To test theseassumptions,separate ts were
performedto the bins with the highestnumbersof tracks and the results are comparedto
the combined t. The result of this procedureis shavn for a single momertum bin (1 <
log;op=GeV < 1:05) at 158 A GeV in Figure 5.4. It can be seenthat the parametersof
the ts in the single p;-bins are compatible with the result of the combined ts and that
the parametersfor negative and positive particles are also compatible.

The resulting valuesof the proton and kaon peak positions relative to the pion peak
and the asymmetry parameterasdeterminedby the t in eacr momerium bin are shovn
in Figures5.5and 5.6. The peak positions are well descrited by the Bethe Bloch formula
(Eqg. 4.2) as shawvn in the left panel of Figure 5.5, The di erences betweenthe tted
positions and the Bethe-Bloch formula which are showvn in the right panel of Figure 5.5
are below 0.2%for most momertum bins. The di erences betweenresults at the di erent
energiesare of similar size.

For completenessthe asymmetry parameters as obtained from the ts are also
shown, in Figure 5.6. A somewhatdi erent dependenceof on the total momertum is
found for the di erent beamenergiesprobably dueto the di erent 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,decgy lossesand reconstruction e ciency. The correction for
geometricalacceptanceand kaon decas 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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Figure5.6: The asymmetryparameters asobtainedfrom the ts at the threeenergies.

density.

The correction for acceptanceand kaon decg losseswas determined using a large
sampleof tracks in a purely geometricalsimulation. The e ciency correction was deter-
mined separately using a smaller sample of simulated tracks which were combined with
real everts 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 geometrical cuts which are somewhatlessrestrictive than the cuts in
the analysis.

The acceptanceand deca correctionswere calculatedby generatinga sampleof tracks
which are distributed uniformly in logp and p; in an areawhich is larger than the MTPC
acceptancewithin the 30 -cut usedin the analysis. The generatedtracks are tracked
through the magnetic eld using GEANT [45 and the number of hits in eat of the TPCs
is courted. A track is acceptedif it leaves 50 or more points in the MTPC. Decaing
kaonsare alsorejectedif they decay beforereading half of their potential track-length in
the MTPC. The ratio of acceptedand generatedtracks in ead logp;p; bin is calculated
and usedto correct the measuredkaonyields. Up to one million tracks were usedin this
procedureat eat energy The calculated acceptances shavn in Figure 5.1

For the e ciency calculation, everts were generatedcortaining up to three K* and
K . Only tracks with 30 or more points in the main TPC and well separatedtrajectories
were used. The generatedtracks are tracked through the TPCs using GEANT and the
hits as generatedby GEANT are cornverted into raw NA49 data using a program which
simulates the responseof the TPC [38, 46]. The generatedraw data are then conbined
with a real event and the combined evert is reconstructedusing the normal reconstruc-
tion procedure. This procedureensuresa realistic track density including possiblenoise
hits, but doesnot take into accourt correlations betweenthe tracks in the evert. Some
correlations are known to exist in lead-leadevents (Bose-Einsteincorrelations and ellip-
tic ow) but the e ect of these correlations on the overall e ciency is expectedto be
small. Note alsothat for ewvery six simulated tracks a full evert is reconstructed(contain-
ing approximately 1500charged particles). Between20 and 30 thousand of these everts

45



Kaon spectra at 40,80 and 158A GeV

2
8 | 1
= . single match
5 | |
c L
S
—
U |
o
2
=.
S
® |
r . no match
Qb= R - L L L
0 0.5 1

matched points/MC points

Figure5.7: Dependencefthereconstructiore ciency onthe cut onthe fractionof generated
points whichwerematchedto a reconstructegoint on the matchingtrack(s). Shavn are the
fraction of trackswith exactlyone (full line) and zeromatches(dashedine) andthe fraction
with multiple matches(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 calculatedin ead analysisbin 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 40than at 158A GeV. For the 158 A GeV
data the e ciency wasfound 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 and p; are correctedfor acceptanceand e ciency
losses.The resulting correctedyields are still on a rectangular grid in logp and p;. This
grid wastransformedto a grid of rapidity and transversemomertum, using the following
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equation:
N _ N _p, d®N
dpdy  dpdp p dp dp’
where d?’N=(dp, dp) is the correctedyield as determinedfrom the ts in ead bin. Since
lines of equalrapidity are curvedin the p;p;-plane (seeFigure 5.1), the rectangulargrid in
p; p; is transformedinto a non-rectangulargrid. A linear interpolation in rapidity wasused
to obtain p; spectra at di erent rapidities. To avoid correlations betweenthe p,-spectra,
they were determinedat intervals of 0.2 units of rapidity, correspnding to approximately
twice the width of the logp-bins. The systematicerror asseiated with the interpolation
Is expectedto be neglegible.
The measuredransversemomertum distributions are shown in Figure 5.8 The spec-
tra are parametrisedusing an exponertial distribution in m

(5.3)

#N _ dN=dy
prdpdy  Terr (M + Tesr)

e (m¢ m):Teff; (54)

wherepTeff is the inverseslope parameter ("e ective temperature’, seesection 6.1) and
my=m2+ p.

The inverseslope parametersas obtained from the ts are showvn in Figure 5.9. For
comparison,the result of the conbined TOF-dE=dx analysis,which is a separateanalysis,
not descriked in this thesis, is also shavn (open synbols). 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 appraximately constart in a region of up to more
than oneunit of rapidity around mid-rapidity. The slope parametersdecreassslightly (less
than 25%) at higher rapidities. At 40 A GeV, the slope parameteris almost constart in
the region from mid-rapidity (the TOF-dE=dx analysisresult) to the rst rapidity point
of the dE=dx-only analysis,aty 0.7, and decreaseso higher rapidities.

To obtain rapidity distributions, the measuredpoints of the p; distribution were
summed and the spectra were extrapolated into the unmeasuredrange using the ex-
ponertial ts. The extrapolation represets lessthan 5% of the yield in most bins, but
reachesup to 20% at the edgesof the measuredrapidity interval. The rapidity distribu-
tions for K* and K at the three di erent energiesare shovn in Figure 5.1Q The results
of the separately performed TOF-dE=dx analysis at mid-rapidity are indicated by full
circles.

The total yields of kaonsat the di erent energiesvereobtainedby tting the measured
rapidity distributions with a double Gaussian(curvesin Figure 5.10:

2
IN_ N W

(Y + Yo)?
dy 2°%2 2 2

+ exp >

(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 spectrais determinedby both yo and in Eq. 5.5andis givenin terms
of the full width at half the maximum (FWHM) in Table5.1 Clearly, the widths of the
spectra increasewith beamenergy the K  distribution being somewhatnarrower than
the K * distribution at eat energy Both the K* and the K multiplicit y increasewith
energy
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Figure5.8: Transversenomentumdistributionsfor kaonsat the threedi erent beamenergies.
The resultsare givenfor K in the left panelsand K * in the right panels. Also shavn are
ts to the spectraaccadingto Eq.5.4. The spectrawere scaleddown by subsequentactars
of 10 for display purposes.
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Figure5.9: The inverseslope parametersasobtainedfrom ts to the p;-spectrain all rapidity
bins. The valuesobtainedfrom the t to the spectraobtainedby the combinedTOF-dE=dx

analysisare alsoshavn for compaison (open symiwls).
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Figure5.10: Rapidiy spectra of positiveand negativekaonsat 40, 80 and 158 A GeV.The
closedsquaes and trianglesare the result of the dE=dx analysis,while the open point are
re ected at mid-rapidiy. The full circlesat mid-rapidiy indicatethe resultsfrom the TOF-
dE=dxanalysis.The drawn line is the resultof a doubleGaussiant.
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40A GeV 80A GeV 158A GeV
N (K *) 501 19 769 2 1030 5
FWHM (K *) 2.8 3.0 3.4
N(K ) 192 05 324 06 519 1.9
FWHM (K ) 2:3 27 3.0

Table5.1: Total yieldsand width of the rapidity distributionfor positiveand negativekaons
at all thr