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Introduction 11

Introduction

On the 10th of September 2008, at 10:25 CEST, the rst beam culated through
the Large Hadron Collider (LHC) at the European Organizatia for Nuclear Research
(CERN) in Geneva, Switzerland. An event in science that wasoflowed by an un-
precedented number of people around the Globe; more than 300rnalists and 30 TV
stations were present on the CERN site, 500 TV companies patk up the live feed, and
CERN's web page recorded 100 million hits during the day. Thstart of the LHC, the
largest particle accelerator in the world, fascinated pe&pworld-wide across profession
and age. Particle physics and science in general have prowenbe of special interest
for everybody. Science may be on the way to becoming a mairesim topic again.

The LHC with an energy that has never been achieved before inparticle accelerator
experiment represents a milestone, not only of high-energhysics and the research
therein, but also for human knowledge. Research that focisen the properties and
origin of matter addresses basic questions driven by mankis curiosity since the very
beginning. Questions about the World, the Universe, and espially about the Uni-

verse's birth, the Big Bang.

LHC's physics goals are ambitious, ranging from the veri dgon of the Standard Model
via the discovery of the Higgs boson, over extensions of theaBdard Model, like super-
symmetry and extra-dimensions as well as the study of CP vation, to the recreation
of the state that existed microseconds after the Big Bang, ¢hquark{gluon plasma.
To achieve these physics goals a detailed understanding dfiC collisions has to be
acquired which in turn requires a deep knowledge of the detecs used. In particular
the study of rare signals and signatures needs the understiimg of the bulk part of
the collisions. This includes the understanding of multiptity and momentum spec-
tra, particle abundances, as well as correlations betweenetse observables. These basic
measurements in p+p collisions are required by all LHC expienents and also as a
reference point for the study of heavy-ion collisions that M be performed at the LHC.
Many of the signatures of the quark{gluon plasma reveal theselves through com-
parison of heavy-ion and proton collisions and make thereta precise and profound
understanding of p+p collisions essential.

The ALICE detector at the LHC is optimized for collisions of keavy ions with the
aim of studying strongly-interacting matter, especially he quark{gluon plasma and
the associated phase transition. In the context of the LHC @eriments, ALICE also
plays a special role in p+p collisions. Its sensitivity at vey low transverse momentum
pr and excellent particle identi cation allow measurementsd be performed that are
not possible for the other LHC experiments but in turn contrbute to understanding
their results.
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This thesis describes my Ph.D. work as part of the ALICE collaoration. My main
contribution is the preparation of two analyses that can be @rformed with early data,
the charged-particle pseudorapidity densitydN.,=d and the multiplicity distribution

of charged particles. The analysis procedures are fundartedly di erent because the
former produces an average while the latter obtains a disbution and requires the
unfolding of the measured spectrum. The aim is to have a fuleveloped analysis before
the start of data-taking. Thus ALICE will be able to produce ameasured spectrum
on a very short time scale once data-taking has started. Theswo measurements are
planned to be among the rst publications of the ALICE collalwration. The analyses
have been developed with and tested extensively on simuldtelata. Care has been
taken to divide the available data such that a realistic casef measured data versus data
for corrections is made. The associated systematic unceanies have been evaluated,
aided by the use of two di erent event generators to allow fodi erent input spectra.

Some of the technical aspects that were part of my Ph.D. workr@ also described in
this thesis. | have set up the CERN Analysis Facility (CAF), aPROOF cluster that

allows fast analysis for ALICE collaborators. It has also B used to produce the
analysis results presented in this thesis. My work includedxtensions of the ALICE

O ine software framework and contributions to the PROOF dewelopment. | developed
the Shuttle framework, a system for automatic readout of calitions data from the

di erent subdetectors of the experiment. This system has le& successfully integrated
in the experimental setup of ALICE and has been used during smic ray data-taking

since 2007 and during the LHC startup. It is described in theppendix.

The thesis is divided into two parts. The rst part (Chapter [dlto 4) introduces the theo-
retical framework, presents models and previous chargedsficle multiplicity measure-

ments, and describes the LHC and the ALICE detector. The secd part (Chapter

to [7]) starts o with practical aspects of the analysis like tigger, event and track se-
lection, and describes the two analysis procedures incladi the systematic studies. It
then concludes with a summary of event generator and modelaatictions for LHC's

energy. The reader who is familiar with the LHC and the ALICE e@tector may start

reading the second part directly.

In detail the outline is the following: Chapter[1 introducesthe theoretical concepts
that are important for the measurements. A synopsis of pseacapidity density and
multiplicity distribution measurements that have been peformed prior to the start of
the LHC at s = 6GeV { 1.8TeV is given in Chapter[2. The subsequent chapters
describe the LHC (Chapter[B) and the ALICE experiment (Chaper [4). Chapter[5
introduces the event and track selection as well as the dats used in this thesis. The
measurement of the pseudorapidity densityfdN.,=d and the associated systematic
uncertainties are detailed in Chaptef 6. Chaptel17 descrisethe measurement of the
multiplicity distribution including the systematic studi es. In the last chapter event
generator and model predictions foP s=10TeV and 14 TeV are summarized.



Chapter 1

Theoretical Framework

This chapter gives a brief introduction into the theoretich concepts that are relevant
for the charged-particle multiplicity measurement. The chpter begins with general
concepts about multiple-particle production in high-enagy collisions. Subsequently,
theoretically- and phenomenologically-based descriptie of the multiplicity distribu-
tion are discussed.

The Standard Model that is very successful in the descriptio of the fundamental
forces and the composition of matter is introduced. The quifgluon plasma, its sig-
natures and their relation to p+p measurements are detailedhe concepts of models
based on the dual topological unitarization, i.e. the QuafGluon String Model and the
Dual Parton Model are brie y outlined. A discussion of the aproaches of two event
generators, Pythia and Phojet, to describe high-energy disions follows. Theoretical
descriptions of the multiplicity distribution are outlined. These are applied to existing
data in the subsequent Chaptef]2.

13



14 1.1. The Standard Model

) Quarks Leptons
Family
Name | Charge Mass Name | Charge Mass

1 u 23 e | 15 33 Mev=C e e 0.511 Me\=e
d 1=3e| 35 6.0 MeV=C R 0 < 2e\=2
c 213 e | 127%% Gev=¢ e 106 Me\=¢

2 s 1=3e| 1047 MevV=C 0 < 0.19 Me\=¢
t 2/3e | 1712 211 GeV=C e 1.78 Ge\x¢&

3 b 1=3e| 42%% Gev=C 0 < 18.2 Me\=¢

Table 1.1: Constituents of matter in the Standard Model JAmM&8].

The table shows the constituents of matter divided into quarks and leptons, each in
three families with two members.

1.1 The Standard Model

The Standard Model describes the fundamental forces and themposition of matter. It
is a gauge theory including the strong, weak, and electromaefic force and the related
interactions; gravity is not part of the Standard Model and ot further addressed.
Matter is constituted out of point-like particles which hawe a spin of 1/2 and are
grouped into three families. Each family has twaguark and two lepton members; these
are listed in Table[I.1l. Leptons are a ected by the weak forcand the charged ones in
addition by the electromagnetic force. Quarks have a propgrcalled color playing the
role of charge in the strong force. The color can take one out thhree possible values
(conventionally red, green and blue). They do not appear freely, they are con ned
and appear in the form ofhadrons that are colorless (also calledvhite), i.e. in the
corresponding SU(3)-algebra the colors of the constitueuarks sum to O (note that
red + green + blue = white). Hadrons are grouped intobaryons and mesons Baryons
consist of three quarksgqgqor qqq (e.g. the proton:uud). Mesons consist of two quarks,
gg (e.g. the *:ud). Quarks are a ected by the strong, weak, and electromagnietforce.

The forces are mediated by the exchange of gauge bosons wiaich listed in Table[1.2
together with their relative coupling strengths. Part of the Standard Model is the strong
force which is mediated by gluons that have a color charge,dftheoretical framework
is Quantum Chromodynamics (QCD) The theory of Quantum Electrodynamics (QED)
describes the electromagnetic force, mediated by the exdge of photons. The weak
force governed by the exchange &% s andZ®s is described by theelectroweak theory
that includes the electromagnetic force. It has thus four gme bosons (, W , and Z°)
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Force Strength | Gauge Boson(s) Applies on
Strong force 1 8 Gluons @) Quarks, gluons
Electromagnetic force 10 ? Photon ( ) All charged particles
Weak force 10 / w , z° Quarks, leptons
Gravitation 10 39 Gravitons All massive particles

Table 1.2: Fundamental forces [Per(00].
All forces, except gravitation, are described by the Standad Model. Their strength
is given relative to the strength of the strong force for two protons at a distance
of about 0.5fm. The gravitons, the gauge bosons of the gravétion, are postulated
but have not been found yet.

being the rst successful theory that treats some of the furamental forces that are
di erent at low energies on an equal footing.

The Standard Model has also, however, limitations that reqee extensions to keep
the theory consistent. The most prominent example being thdahe masses of the elec-
troweak gauge bosons evaluate to zero within the theory. Sething that is clearly
inconsistent with experiment. This situation can be resokd by an additional gauge
boson added to the theory, theHiggs boson [Hig64]. The Higgs mechanism generates
the masses for thaV and Z° while the remains massless. The puzzle about the ex-
istence of the Higgs boson may soon be resolved by the ATLAS&aGMS experiments
at the LHC.

1.2 The Quark{Gluon Plasma

Quark-based matter appears at ‘low temperature' as con neldadrons that are quark-
antiquark-pairs or compounds of three quarks or antiquarksThese quarks cannot be
isolated by pulling them apart; the potential energy betwer the quarks increases with
the distance. Once the energy is above the threshold fgo-pair production, such a pair
is created (see e.g. [Perl'.)a])However, at high temperatureT or high baryochemical
potential g a phase transition is predicted to a state where quarks andugins are not
con ned [Cab75]. In the so-calledjuark{gluon plasma (QGP)quarks and gluons are not
bound in hadrons. Long-range interactions are screened. &ks and gluons are only
subject to short-range interactions. The coupling constarat short distances is small
leading to just weak coupling between the quarks and gluonsattice QCD calculations
predict the phase transition to the QGP for g 0 at approximately 150 MeV [[Aok06]

1Quark pair creation by string breaking is also discussed in &ction[1.5.1.
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Figure 1.1: The phase diagram of hadronic matter.
Chemical freeze-out points measured by various experimesatare also shown. The ex-
istence and position of the critical point as well as the natue of the phase transition
are only indicative and still under intensive study and disaussion.

to 190 MeV [Che06]. A simpli ed approach is the so-callebag modelwhere quarks
are considered massless in a nite area around them, calledd and in nitely massive
outside that bag. Quarks and gluons are con ned due to a bagegssure that acts upon
the bag. They get decon ned when their kinetic energy is lagg than the bag pressure.
Calculations based on the bag model yield a phase transiti®@mperature of 144 MeV
at g =0 [Won94]. Figure[l.l shows the phase diagram with the regis of hadronic
matter and of the QGP. Also shown are the hadronization (cheiral freeze-out) points
measured by various experiments.

A QGP is expected to have existed shortly after the Big Bang. @rently it may exist in
the very dense cores of neutron stars (see elg. [AlIf03]). Tamduce a QGP in an exper-
iment, very high-energy densities are needed that can be @bed in ultra-relativistic
heavy-ion collisions at the LHC. The spatial extension of #n QGP phase in a heavy-ion
collision is expected to be of the order of a few fm and the lifime of the order of a few
fm/ c. The incoming particles may not overlap completely: it is ditinguished between
participating nucleons in the so-calledreball and spectator nucleons. While the quarks
and gluons move apart the temperature decreases. When thestgm reaches thehem-
ical freeze-ouf the quarks and gluons form hadrons. At this stage the abundaes of
di erent particle species are xed. Non-strongly interacing particles produced in the
plasma like photons and leptons pass unin uenced through ith freeze-out. Particles
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still interact elastically with each other until the system reaches thethermal freeze-
out (also calledkinematic freeze-ouj. At this point the composition and momentum
spectra are essentially xed, signi cant interactions nodnger occur. These are the par-
ticles that are then measured in the experiment which prove only indirect evidence
for the QGP. These signatures may already have been distadt®y interactions during
and after the freeze-out. In conclusion, a QGP phase cannoe ldetected directly in
a high-energy physics experiment. Instead a set of signaégr provides evidence; these
are discussed in the following.

Many of the signatures require the comparison of collisiomghere a QGP is suspected to
have formed and collisions where no QGP is expected. The ealive e ects in heavy-ion
collisions need to be disentangled from e ects already pea# in light collision systems
like p+p or p+heavy-ion (where no QGP is expected to form). Fothis purpose the same
observables in heavy and light collision systems are usyatlirectly compared. A further
possibility is the comparison of central and peripheral heg-ion collisions. For example
for particle yields so-callechuclear modi cation factors Raa are calculated. These are
the ratios of yields in heavy-ion collisions Naa) and in light collision systems like
p+p (Npp) Nnormalized to the number of independent binary nucleon-raleon collisions

(Ncoll):

1 d®Npa=d d?pr
Neon d®Npp=d d?pr
Depending on the compared systems an isospin correction tade taken into account
owing to the di erent mixture of protons and neutrons in the wo systems. In the same
manner, the factorRcp denotes the ratio of central and peripheral collisions. Haver, it
is model-dependent to estimate the number of participantsiperipheral collisions that
is needed for the above-mentioned normalization. Therefrthe systematic error in
this comparison is larger than for the comparison to a lightadlision system. Generally,
it is of big advantage to take both measurements in the same gariment thus under
identical experimental conditions. Many systematic uncéainties that are present in
the measurements cancel when data is used from the same ekpent taken at the
same energy.

(1.1)

Raa (pr) =

The detailed understanding of the properties of a light caflion system like p+p is
therefore a precondition for a successful heavy-ion progna In the following para-
graphs, signatures of the QGP are outlined with special fosuwon the need for p+p
reference data.

Kinematic Probes. The behavior of the energy density, pressurep, and entropy
density s as a function of the temperatureT is studied with the aim of observing a
behavior characteristic for the rapid change in the degrees freedom, indicating a
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phase transition. However, a rst-order phase transitionyhich would result in a non-
smooth dependence between the variables, is most likely notcurring at vanishing
baryochemical potential and thus under the experimental calitions at the LHC.

With a few assumptions,T, s, and can be determined by measuring the average trans-
verse momentum, the hadron rapidit@ density, and the transverse energy, respectively
[Har96]. However, the measurement of thermodynamical vables is a ected by the
late stages of the evolution of the system, i.e. after the ®ee-out, and thus conclusions
about the earlier stages are not straightforward.

Particle Yields and Ratios. Particle yields and ratios depend on the state of the
system at the chemical freeze-out. Statistical models [B?&] allow the calculation of
hadron yields of an equilibrated system. In turn, the meased yields can be used to
calculate the parameters of the equilibrated system, in pacular the chemical freeze-
out temperature and the baryochemical potential.

Data from the SPS (Super Proton Synchrotron) and RHIC (Relavistic Heavy-lon
Collider) suggest that approximate chemical equilibriumd achieved foru, d, and s
qguarks in their collisions [Bra96| Bra99, Let00, Bec03, Ad&].

Strangeness Enhancement.  The ratio between produceds and u quarks does not
show a signi cant™ s-dependence in p+p collisions. Contrarily, the number of sange
particles is enhanced in heavy-ion collisions. This is exgshed by the lower threshold
energy of the production of strange particles in decon ned atter compared to hadronic
matter: the e ective masses of the quarks change from cornsient masses in hadronic
matter to bare masses in decon ned matter. As an example thessociated production
of strange particles and quarks can be compared: in hadrommatter the lightest strange
particle is the kaon, thus the production of a kaon pair has areshold energy of about
987 MeV. In the decon ned medium the production of ass-pair has a threshold of only
about 140 { 260 MeV and the strange quark content is expectea treach equilibrium
quickly [Raf82, Hei94]. Strangeness enhancement has bekardy observed in collisions
at the SPS [And99, Ant02 | Alt04] and at RHIC [Ada05].

Quarkonia Yields.  Quarkonia 3=, % , 9 ° are made ofcc- and bb-pairs
that are created in the initial phase of the collision. Coloscreening in the decon ned
phase leads to melting of quarkonia states [Mat36, Sat90]h& freedc and b quarks are
unlikely to recombine to quarkonia states during freeze-ouf their concentrations are

2Kinematic variables that are commonly used in high-energy fysics are de ned in Appendix[Al
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Figure 1.2: Constituent-parton scaling of elliptic ow.
Transverse momentum dependence of the event elliptic anismpy parameter (v»)
for various hadron species (minimum-bias Au+Au collisionsat = Syn = 200 GeV
measured by STAR). Both axes are scaled with the number of costituent valence
quarks (ng) in the given hadron indicating that the amount of ow depend s only on
the quark content and not on the hadron con guration. Figure taken from [Don04].

small. In this case, the quarkonia yield in the presence of aGf compared to p+p col-

lisions should be suppressed with a characteristic depende on the size of the specic
guarkonium. This has been observed at the SPS [Ram06]. Sstittal hadronization

assesses the probability for recombination intec- and bb-pairs (so-calledquarkonia

regeneration) [And07]. At much higher energiesc and b quarks are produced in large
abundances and statistical hadronization may even lead taleanced quarkonia pro-
duction at freeze-out.

The formation of a cc-bound state takes about 1fm/c. Thuscc-pairs with a large pr
may be able to escape the reball before they separate resaly in a pr-dependent
suppression factor.

Flow. Radial ow is caused by the matter-density gradient betweerthe center of

the reball and the boundary region. Additionally, elliptic ow occurs in non-central

collisions due to the asymmetric, almond shaped, collisiaegion which results in an
anisotropic expansion. This e ect is self-quenching in theense that the expansion
reduces the anisotropy and thus the elliptic ow. Thereforgthe measurement of elliptic
ow carries signatures of the earlier collision stages [K@d]. The analysis of transverse
momentum spectra at central rapidity with respect to the reation plane in an event

allows elliptic ow occurring in the collision to be analyzé.
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RHIC results on elliptic ow agree with hydrodynamic calcuétions that assume an
ideal relativistic uid consisting of strongly-interacting matter with very short mean
free paths that ows free of viscosity[[Ada05]. Contrarily,calculations assuming a pure
hadron gas (and no decon ned phase) underpredict the measuar elliptic ow. The
level of ow that is measured at RHIC and the fact that the measred elliptic ow of
identi ed hadrons scales with the constituent quarks, showin Figure[1.2, is at present
one of the strongest arguments for the discovery of the QGP.

Identical Particle Interferometry. Two (or more) particle momentum correla-
tions reveal information about the space{time dynamics offte collision. This proce-
dure is analogous taHanbury-Brown and Twiss (HBT) interferometry that has been
successfully used in astrophysics to determine the anguldiameter of stars [[Han56].
In high-energy physics these correlations allow the sizéfetime, and ow patterns of
the reball at the moment when the hadronization occurs to beneasured.

Jet Quenching.  Partons traversing the dense medium scatter and predominiy
lose energy by radiating gluons. This energy loss results ansuppression of higtpr
particles, the so-called jet quenching [Gyu90]. It can be ebrved via apr dependence
of Raa Which requires, as mentioned earlier, the p+p measuremens aeference. Model
comparisons allow the gluon density in the medium to be extcéed from the observed
jet quenching.

The back-to-back correlation that can be usually observeditwo-jet events due to
momentum conservation in the hard parton{parton interacton is strongly in uenced
by the medium. This correlation is broadened; one jet may endoe completely absorbed.
Jet production rates measured in p+p collisions, again, pvwide an essential reference
here.

Dilepton and Photon Spectra. Leptons and photons are produced throughout the
entire evolution of the collision. However, leptons and plions produced in the earliest
and hottest phase of the collision do not interact strongly ith the reball. Therefore,
they are a probe of the phase at its highest temperature. In éhmeasurement, both of
them are dominated by large backgrounds from hadronic progses, for example from
pions, kaons, , and °. The yields of dileptons and photons are compared between
heavy-ion and p+p collisions to extract signals from the edy collision phase.

Dileptons are a signal of medium modi cations of hadronic niter, e.g. of the mass of
the -meson (see next paragraph). Furthermore, dileptons frontharm decay allow the
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total charm yield to be accessed, which is important for the easurement of the total
production cross-section of thel=.

Chiral-Symmetry Restoration. The Lagrangian of QCD implies approximate chi-
ral symmetry. As a consequence the baryon number should benserved for right-
handed and left-handed quarks separately. In nature only étotal baryon number is
conserved thus chiral symmetry is broken. The symmetry br&ang is twofold: to start

with the symmetry is only approximate due to the nite, howewer small, bare quark
masses that cause a so-called explicit symmetry breakingurthermore, the quarks
acquire their constituent masses in the interaction with te QCD vacuum at lowT

which is a spontaneous breaking of the symmetry [PokOO]. I ipredicted that the
spontaneous breaking of chiral-symmetry is restored at tgeratures prevailing in the
QGP phase. As a consequence the position and width of the mas®f the light vector
mesons (, ! , and ) may change (see e.g. [PisB2]). Indications have been seetha

SPS [Ada03] DamQ7].

Further discussion of the signatures of the QGP can be found {Won94,Har96]. A
synopsis of results from the SPS is in_[HeiD0]. The experimiahevidence from RHIC
is comprehensively discussed in [Ada05].

A central aspect of the ALICE research program is to analyzeelavy-ion collisions to
strengthen the evidence for the existence of the QGP, to stuydts properties as well
as the phase transition between hadronic matter and the plag. As outlined above
many of the signatures require a solid p+p reference. Thew€, the measurement of
p+p collisions is crucial for the study of the QGP and the phas transition.

It should be pointed out that the measurements of p+p colligins atp s=10TeV or

14 TeV cannot be directly used as reference for Pb+Pb collgsis that will be performed

at P syn Of 5.5 TeV. Instead the measurements at higher energies ased to interpolate

to the energy in heavy-ion collisions. Ultimately, the measement of p+p collisions at
s=5:5TeV is the preferred reference.

1.3 High-Energy Collisions

In a high-energy collision the two colliding particles havan energy much larger than
their rest mass. At the moment of the collision the transfeed momentum can be
very small and essentially just change the con guration oftte incoming particles. The
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Figure 1.3: Schematic view of a high-energy collision.

transferred momentum can also be so large that the particle® not act as compound
objects, instead the constituent partons participate in tle collision.

Although the basic process that is to be studied might be sintg in itself (e.g. a two
photon decay of a Higgs particle, one of the channels the ATISA\and CMS experiments
are looking for: p+p! H+ X! + + X), the overall interaction (in the example:
the X ") is usually much more complex. Apart from the main parton iteraction (of
which there could be several), many other e ects in uence # process and the sur-
rounding. These e ects include initial- and nal-state radation, bremsstrahlung-type
modi cations, higher-order corrections that involve loopgraphs, as well as con nement
e ects. The complex structure of a high-energy physics cdlon is illustrated in Fig-
ure [1.3. A typical event, e.g. originating from two protonsresults therefore in tens
to hundreds of nal-state particles. The understanding of he underlying physics, i.e.
multiple-particle production, is the common aim of many phgics topics studied at the
LHC. Speci c parts of the interaction are understood very wieand can be calculated
precisely (e.g. parton scattering at large momentum tranef); the understanding of
other e ects is based on phenomenology (e.g. string fragmation and decay) and
gives rise to uncertainties. These various steps of a cabis will be discussed in more
detail in Section[I.51 using as an example the Pythia evenegerator.

The description of high-energy collisions within the parto model renders p+p collisions
very similar to p#p collisions. Therefore, in the following, p+p collisions also refer to
pip collisions, unless otherwise stated.
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Figure 1.4: Rapidity distributions of di erent processes.
The rapidity y is chosen here to prevent a broadening of the structures thatvould
appear if instead the pseudorapidity is used. is usually used experimentally
due to its independence of the particle's mass. The distribtions are obtained with
Pythia at P S =900GeV.

1.3.1 Physics Processes

A common classi cation of inelastic p+p collisions is intonon-di ractive (ND) , single-
di ractive (SD) , and double-di ractive (DD) events. In diractive events an incident
particle is excited. A so-called di ractive system is cread that carries the quantum
numbers of the respective incoming particle (except possibthe spin). Subsequently
it evolves and decays. A diractive system is characterizetly its massM (also called
di ractive mass). In single-di ractive events only one such system is creatl and the
second particle remains intact; double-di ractive event$eature two of them. Among the
non-di ractive events are parton{parton interactions with medium to large momentum
transfers of a few GeVCt.

The distribution of the particles in the nal state are signicantly di erent between
these processes. The rapidity distributions of the di ereinprocess types are shown in
Figure[1.4 (900 GeV, Pythia). Non-di ractive collisions (eft panel) have many particles
in the central region, steeply falling to higher rapiditiesin a single-di ractive collision
only one of the beam particles breaks up and produces parésl at high rapidities on
one side. In the center panel only those single-di ractiveatlisions are shown where
the particle going to positivey breaks up. The other incoming particle, nearly unin-
uenced, is found at the rapidity of the beam. In a double-diractive collision (right
panel) both beam particles break up and produce particles gtositive and negative
high rapidities. A dip can be seen in the central region. Thei@rent scales of the
three distributions should be noted. Integrating the histgrams demonstrates that the
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Process type 900GeV| 10TeV | 14TeV
Non-di ractive (ND) 34.9mb| 52.1mb| 55.2mb
Single-di ractive (SD) 11.7mb| 14.0mb| 14.3mb
Double-di ractive (DD) 59mb| 9.3mb| 9.8mb
Non single-di ractive (NSD) | 40.8mb| 61.4mb| 65.0mb
Inelastic (INEL) 52.5mb| 75.4mb| 79.3mb

Table 1.3: Cross-sections aE[) s=900GeV, 10TeV, and 14 TeV (Pythia).

average total multiplicity is about a factor four higher in ron-di ractive collisions than
in di ractive collisions.

Integrated over many events these distributions look clelyr di erent. Nevertheless,
ALICE has only very limited capabilities to distinguish betveen the di erent process
types on an event-by-event bas@.Thus results are presented for two combinations
of the process types: for inelastic events which requiresetbiowest correction factors,
as well as fornon single-di ractive (NSD) events. The latter have been measured in
many previous experiments because their triggering detecs used to be selective on
this kind of events.

Table [1.3 shows the cross-sections of the di erent procesgeés at P s = 900 GeV,

10TeV, and 14 TeV (Pythia). Non-di ractive collisions dominate compared to the di -
ractive processes.

1.4 The Quark{Gluon String Model and the
Dual Parton Model

Most processes in high-energy hadronic collisions are oftsmature, the momentum

transfer is small and the strong coupling constant accordyly too large to apply per-
turbative QCD for their description. The Quark{Gluon String Model (QGSM) [Kai03

and the Dual Parton Model (DPM) [Cap94] describe high-eneygecollisions by combin-
ing the topological expansion in QCD with Regge Field Theor{RFT, see e.qg./[Col77])
making use of the parton structure of hadrons.

Hadron{hadron scattering amplitudes are calculated in theéopological expansion by
considering planar diagrams, which are associated with sedary-Reggeon exchange

3Trigger e ciencies for the di erent process types are discussed in Sectior 5. 1]1.
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Figure 1.5: Feynman diagram represent- Figure 1.6: Chew-Frautschi plot showing
ing a Regge-pole exchange. the -,!-andf -trajectories.

in RFT, and cylinder-type diagrams, associated with Pomeroexchange in RFT (dis-
cussed below). The expansion parameter issM, where N refers to the number of
colors or avors. Therefore, the topological expansion islso called EN expansion.
The expansion is dynamical in the sense that the speed of cenyence depends on the
kinematic region of the process under study and thereforey general, all terms need
to be taken into account.

RFT describes scattering amplitudes (in thes-channel) by singularities of the amplitude
in the t channeIH The simplest singularity is the so-calledRkegge-polevhich corresponds
to the exchange of an object with "spinJ that can be complex, the corresponding
diagram is shown in Figurd_1J5J depends on the transferred momenturh and thus
J = (1) is de ned as a so-calledReggeon trajectory For values oft where (t) is
half-integer or integer, the object may correspond to a phisal particle with massm;
and a spin ofJ = (m3). RFT associates particles with the same trajectory that hee
identical quantum numbers but a di erence in spin in units of2. This can be visualized
in a so-calledChew-Frautschi plot [Col77] showing the spinJ as a function of the
squared massn3. Figure[1.6 shows the -, ! - and f -trajectories that are named after
the particle family on the trajectory. These trajectories ae parameterized in RFT by
expressions of the linear form:

t)= o+ % (1.2)

o and Care calledintercept and slope respectively.

4See Appendix(A for the de nition of the Mandelstam variables s and t.



26 1.4. The Quark{Gluon String Model and the Dual Parton Modke
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Figure 1.7: Feynman diagram for single Pomeron exchange.
The diagram is shown before (a) and after (b) cutting. For claity, in (b) only one
part after the cut is shown. g, g and ¢ are the quarks of the rst proton; q, om
and g, the quarks of the second. Figure taken from[[Won94].

A Regge-pole exchange contributes to the scattering amplide in the following form
for large s:
A(s;t)y/ s ©: (1.3)

The contribution from the Regge-pole to the total cross-séon can be calculated using
the optical theorem which for larges can be written as[[Col77]:

1
ot = §=(A(S;O))/ s @ l=gol (1.4)

In this approximation . increases withs ° 1. However, for the shown Regge trajec-
tories (Figure[1.6) o is less than one, which is the case for all trajectories assded
with physical particles [Col77]. To allow for the increasefdhe cross-section withp 5
which is found experimentally, an object with o > 1 is needed, that has been named
Pomeron. The Pomeron's nature in QCD is not fully clear [Kur@] and in the following
it is associated with cylinder-type diagrams, shown in Fige [1.7a. Such an object,
however, results in the fact that the cross-section increas following a power law. This
is in contradiction with the Froissart bound [Col77] which &ates that for s!1  the
cross-section does not grow faster than3s. This discrepancy is resolved by taking
into account also multiple Pomeron exchanges (a proceduralled eikonalization), the
scattering amplitude is unitarized which yields the total coss-section proportional to
In?s [Ter8s].
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CuttingH the cylinder diagram associated with single Pomeron exchge, see Fig-
ure [1.7b, shows that the multiple-particle production is geerned by two chains (or
strings) of particles. One stretches between the quark (e.qg) of the incoming par-
ticle and the diquark (e.g.gnq,) of the other incoming particle and vice versak
cut-Pomerons thus produce R chains. The fragmentation of these chains results in
multiple-particle production.

To calculate multiplicity spectra, the cross-section fok cut-Pomerons, «( ), as well
as the distribution of particles produced by the chains, as &unction of rapidity v,
fk(;y), and of multiplicity N, W( ;N ), are needed. denotes the energy dependence
that is usually expressed as = In( s=g) with the scale sy (typically set to the square
of the mass of the proton to allow for a physical scale). Fronhése pseudorapidity and
multiplicity distributions can be obtained:

3—y( ) (O FeCoy): (15)

(:N) k() W(N): (1.6)

k
For the calculation of the multiplicity distributions, a di stribution needs to be assumed
for W( ;N ). Typically a Poisson distribution is chosen. Its paramete the average
number of particleshNi, is determined from the rapidity densityd =dy.
1 z d
W(N)= W(Ni();N); MNi()=— G ()dy: (1.7)
tot y
The probability for the production of a particle with rapidity y from the two chains of
a single cut-Pomeron in a p+p collision, see Figuiie 1.7b, cdre written as:
Z Z

f1(5y)= dyr  dywd(Gy)wm T (Gy2)F(yr Yy Yz) +second chain  (1.8)

A single chain has only a fraction of the total energy of the toming proton:w%( ;y)
is a structure function giving the probability to nd a quark ¢ with rapidity y; in the
incoming proton. w9 % ( ;y,) is de ned analogously for the diquark.F(y: VY;y Vo)
is the fragmentation function of the chain and depends on thepidity di erence of the
produced patrticle and the rapidities of the quark and diqudr (the ends of the chain).
The term for the second chain in Eq.[{1I8) is identical to the rst term with g and
OnGh replaced byq o and g, respectively.

SUnitarity allows the forward elastic scattering amplitude to be related with the interaction cross-
section. An elastic reactioni ! j takes place via various intermediate states ! n! j. Cutting' the
process diagram results in! nand (j ! n) (the complex conjugate ofn! j).
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Figure 1.8: QGSM cross-sections fok  Figure 1.9: Comparison of QGSM calcu-

cut-Pomerons. lations with UA5 data.
The lines show the cross-sections for k Shown are distributions in full phase
cut-Pomerons. The top dashed line is the space; the dierent energies are scaled
sum of the contributions (up to k = 40), for visibility. Figure taken from [Pog08]
that is the cross-section for ND colli- (UA5 data from [AIn87] Ans89]).
sions.

In case ofk cut-Pomerons, the chains of one cut-Pomeron stretch betweealence
guarks and diquarks, as before, the others stretch betweeaasquarks and diquarks
which is expressed by:

fr(iy) = 1270 y) + (k- DFF(sy) (1.9)

wheref ya€nce and f 5¢2 are given by Eq. [1.8) with structure functionsw corresponding
to valence and sea quarks, respectively.

In the calculations of physical observables, QGSM and DPM dmte because they use
di erent sets of diagrams as well as di erent parameterizabns for the structure and
fragmentation functions in Eq. (I1.8). More details can be find in [Cap94, Kai03]. In
the following some calculations using QGSM are presented.

For the calculation of the cross-section fok cut-Pomerons it is important to consider
that k cut-Pomerons can be accompanied by an arbitrary number of cat Pomerons.
This cross-section can be derived with the Gribov-Regge calus [Gri68] using the
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AGK-cutting rules [Abr73]. Neglecting interactions betwen Pomerons in quasi-eikonal
approximation it is found to be [Ter86]:
#
X1

()= =(RE+ 2) 1 exp( 2) & (1.10)

with

z c P—exp C =15: (1.11)

TRE
= p(0) 1and ¢ characterize the Pomeron trajectory (see EqL(1.2));» and R3

are parameters of the Pomeron residue. They are extracteaifn ts to data measured
at ISR and SpS [Ter86]. The values are:

=0 :12 001 p=2:14 0:.03GeV ? (1.12)
$=0:22 0:02GeV ? R2 =3:30 0:02GeV (1.13)

Figure [1.8 shows the energy dependence of cross-sectionk ofit-Pomerons and the
sum of the terms. The cross-section of terms with highé&rfalls steeply. Atp s=50GeV
the contribution of one cut-Pomeron dominates, while at cear-of-mass energies around
1TeV the mean is about 2. Atp s = 10TeV three cut-Pomerons are expected on aver-
age and the rst nine terms contribute with at least 1 mb. Genglly, in the energy range
considered here the exchange of Pomerons dominates the mpldt-particle production.

Calculated rapidity and multiplicity distributions successfully reproduce spectra mea-
sured by UA%, see e.g./[Kai99, Kai(3]. Figuré_1.9 shows the comparison@GSM
calculations with UA5 data. Depicted are multiplicity distributions in full phase space
in KNO variables@.

In summary, both models, QGSM and DPM, describe almost all aitable data starting
from p§ 10 GeV (cross-sections and distributions) on soft hadronikigh-energy
interactions with only a few free parameters that are xed bydata.

1.5 Event Generators

Event generatorsprovide simulated events that are as close as possible to Ir@#er-

actions as occur at the collision point. Naturally, this isimited by the present under-
standing of the underlying physics. Event generators comi@ perturbative solutions for
well-understood areas and phenomenological approaches dther areas that can yet
only be modeled. Generated events are used to obtain an unstanding of the data and

SPrevious experiments and their results are discussed in detl in Chapter
"For the de nition of KNO variables see Section[L.8.
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signals that are to be expected, for preparing the analysigrategies and implementing
the needed analysis code, as well as for estimating the neddm®rrections to obtain
from the raw measured result the underlyingrue signal. In addition, results of event
generators together with further simulation software are sed to plan and optimize the
detector design. Ultimately, although only to a limited exent, comparing results from
event generators to events measured in an experiment allothe underlying physics to
be understood. Event generators are also callédonte Carlo (MC) event generators
due to the fact that they make extensive use of random numbeegerators: they “roll
the dice'.

Interactions in high-energy proton collisions can be desbed using a combined ap-
proach: perturbative QCD is very successful in describingapton interactions with
large momentum transfer, so-callettard interactions. In the region of soft interactions
the coupling constant ¢ of the strong force approaches unity, thus the perturbative
approach is not valid. Nevertheless, many of the particless@duced in LHC collisions
and especially in events triggered by minimum-bias trigg@ originate from soft inter-
actions. Furthermore, soft interactions are also present ian event that initially had a
hard interaction. An approach to work around this problem idy combining perturba-
tive QCD with a phenomenological approach that describes fs@rocesses in the region
where perturbation theory is not applicable.

The charged multiplicity, studied in this thesis, is very sasitive to the number of
parton{parton scatterings. This is due to the fact that eachparton interaction trans-
fers energy from the collision system, i.e. in forward/baekard longitudinal direction,
to low-pr particles in the central region. An event generator that aire at a correct de-
scription of the pseudorapidity and multiplicity distributions therefore has to estimate
the correct amount and strength of partonic interactions [MrO7].

The following introduces two event generators, Pythia and Rojet, which have been
used to estimate the corrections and systematic uncertaies for the measurements
described in this thesis.

15.1 Pythia

Pythia [Sjo01] is an event generator that combines perturlti@e QCD and sophisti-
cated, mostly phenomenologically motivated models. Thesee connected at a tunable
cut-o parameter pr.min, Wherepr is the momentum transfer in the hard interaction.
In general, Pythia's approach results in many tunable parapters especially from phe-

8A minimum-bias trigger imposes the least possible bias on th triggered sample compared to “all'
available collisions. See Sectiof 5.1 for more details.
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nomenological models. These have a signi cant in uence ohe generated distributions.
For example thedN¢,=d distribution is extremely sensitive to changes in th@r.min
parameter. A change from 1.8 GeV (the value used in ALICE's Rlgia tune) to 1.7 GeV
increases thedN¢,=d | oo by about 5% at P s =900GeV. In turn dNg=d j o is an
important observable to tune especially thegr.,in parameter for a new energy regime.

The total p+p interaction cross-section used in Pythia is peameterized by:
o1 (8) = 21:758% %% + 56:1s %452 (1.14)

where the rst term is arising from the aforementioned Pomemn exchange, the second
from Reggeon exchange. The constants are found by tting mesared data [Don92].

The total cross-section is comprised of di erent partial arss-sections:

PP — PP, PP, PP L PP.
ot = e * sot bo T ND (1.15)

The optical theorem is adopted to obtain the elastic contribtionH PP and expressions
calculated by Regge theory to determine the diractive crassections 2 and 2.
The remaining cross-section is{P . At LHC energies this is the largest contribution
(see Table[1.B on pagé_24). Pythia de nes hard interactionssanteractions with a
momentum transfer larger thanpr.min . Thus, by construction, all ND events are handled
within the QCD expressions for hard interactions.

Due to the probabilistic nature of quantum mechanics, the st step in the event

generation procedure is to randomize the process to be siamgld. The selection is

governed by the previously introduced cross-sections. Tsabsequent step depends on
the kind of selected process. For the case of a hard interawti the procedure is the

following:

Two beams (speci cally, two beam particles) move towards eh other. Each of
them consists of many partons (quarks, antiquarks, and glag) whose distri-
bution can be characterized by parton distribution functims (PDFs). A PDF

fi(x; Q?) describes the probability of nding a partoni with the momentum frac-

tion x of the total momentum of the beam particle probed at a scal@2 PDFs

are parameterizations of experimental data. Several paraterizations exist; thus,
the generated events also depend on the choice of the PDFseTdefault setup for
PDFs in Pythia is CTEQSL [LaiOQ]. This parametrization results from a global
t to high-energy lepton{hadron and hadron{hadron collision measurements.

9Elastic processes are not of interest for ALICE since they canot be measured by the experiment.

They will not be further discussed.
0Probabilities of PDFs are given in the in nite momentum fram e of the incoming particle, i.e.

E jPj] m.
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Partons from each of the beams may branch before the interamt (e.g.q! qg),
this is called initial-state shower (see also the descripth of nal-state shower
below).

The hard interaction (e.g.qg! qgorgg! g ) occurs between two partons and
produces outgoing partons. In this process short-lived m@sances (e.gZ° may
appear whose decay has to be considered by the event genatdfbe partons that
undergo the hard interaction contain only a fraction of the otal beam energy.
The remaining partons are called beam remnants (e.g. in a p+gollision: au
guark that took part in an interaction results in a ud diquark remnant). Possibly
two further partons interact in the same collision (multipke-parton interaction).

The choice of partons that interact with a particular momentim transfer is gov-
erned mainl)@ by the di erential cross-section for 2! 2 parton scattering, which
in perturbative QCD is

d__ x £ dx ’ dx ’ dff ; (x1; Q3)f (x 'Qz)dAilf 2
dp% " 1 2 i (X1, i (X2, aF P

i andj sum over all partons available in the incoming particled.; and f; are the
PDFs of partoni andj, respectively.f, 0, and $are the Mandelstam variables (see
Appendix [A) of the parton scattering, d"i'j‘ =df'is the di erential hard-scattering
cross-section between partonsand j for the kth available subprocess between
these partons. The argumenQ? to f; and f; is p3.

% (1.16)

The total interaction cross-section i is found by integrating Eq. (I1.16) starting
from the mentioned parametempr.min. inr May become larger than yp, which is
interpreted as a multiple-parton interaction. Thus the aveage number of parton{
parton interactions per event is directly given by the ratioof the cross-sections:

N partonfparton = . (1.17)
ND

The number of parton interactions in a given event is sampledn the case that

this procedure yields zero parton interactions, the caseti®ated in a special way:

a very soft gluon is exchanged between the two incoming pattiés which changes
the color con guration but essentially does not transfer mmentum.

Simultaneously to the hard process, other semi-hard proses can occur between
the other partons.

112 1 N parton scattering with N dierent from 2 is also available in Pythia, but not further
discussed here.
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After the interaction the outgoing partons may branch whichis called nal-

state shower. This process becomes more important with langenergies and
its realization has signi cant in uence on the structure ofjets. Pythia uses the
so-called parton shower approach. Partons undergo a sermsbranchings, e.g.
g! ggq! q,andg! gg Eachis described by a branching kerné (z) where

z denotes the sharing of the energy and momentum between theotwdaughter
products. These kernels are approximations of the matrixements that describe
the branching processes (in the leading-logarithmic picta used, they contain
no terms in O( 2)). Daughters can undergo further branching. The proceduris

initiated with an energy matched to the hard interaction andterminates when
the remaining energy is below a threshold of about 1 GeV.

Strings span between the outgoing quarks and gluons that ssdmjuently frag-
ment to colorless hadrons due to QCD con nement. The stringopologies are
in principle found by decomposing the basic QCD cross-semti into the de -
nite color states. The fragmentation process (sometimessalcalled hadronization
process) is not yet understood from rst principles. Therefre, phenomenological
approaches are used; Pythia implements the so-called Luntbdel. An example
for a fragmentation process in the Lund-model is of the typestring ! hadron
+ remaining-string. The string is stretching e.g. between & and ag; while the
quarks move apart the potential energy in the string incre&s due to con ne-
ment that holds them together. If the energy is large enoughhe string breaks
producing an additional qg*pair. The two resulting strings ©f o° and g¥q) con-
tinue to fragment. If the energy of a pair is low enough, a mesas formed. In
an analog way, a diquark{antidiquark-pair may be created wén a string breaks
(e.g9.o{q! ofq’+ g¥q). Eventually, this results in the forming of baryons.

Hadrons that are produced in the previous step may be instabland decay fur-
ther. Therefore, Pythia contains lists of decay propertiefranching ratios, decay
products, life times) of relevant instable particles. Altlough a signi cant amount
of experimental data on decay properties exists (see e!gni808]), the informa-
tion about many particles is still incomplete, especiallydr charm and bottom
mesons. This results in uncertainties in the event propeds.

If a diractive process was chosen for the event generatiom, di ractive mass M is
selected guided by the formulas that are used for the crossetion calculation. The
di ractive system is then handled as a string (see above) th&as the quantum numbers
of the original hadron. Two di erent Pomeron couplings thatmay occur are used and
mixed in equal proportions. The rst coupling stretches thePomeron between a quark
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Parameter Value Comment
ISUB 11{13, 28, 53, 68 Hard QCD processes
(active 92, 93 Single di raction
processes) 94 Double di raction
95 Low-pr production
PARP(82) 1.8 GeV/c PT:min
MSTP(82) 4 Complex scenario of multiple-parton interactions
using the double Gaussian matter distribution in
the hadron
PARP(84) 0.5 Setting for the double Gaussian matter distribu-
tion: the core radius is 50% of the hadronic radiugs

Table 1.4: Pythia parameters in the ALICE simulation. Only ron-default values are
listed.

and a diquark; the second between a quark, via a gluon, then tioe diquark. Produced
hadrons can decay further as in the case of hard interactians

ALICE's Pythia tune

ALICE uses Pythia 6.2.14 with a tune that was developed by th&TLAS experiment,
hence it is sometimes referred to as "ATLAS tune’ [Mor07]. Entune was obtained
by changing the Pythia settings to match multiplicity distributions in full phase space
and dN.,=d distributions of NSD events at center-of-mass energies o200 GeV to
1.8 TeV. Furthermore, IN¢ni and hpr.qumi in the underlying even[% as a function of
the pr of the leading jet at* s = 1:8TeV has been considered. Data from various
experiments has been used: UAB G = 200 GeV, 546 GeV, and 900 GeV), CDF1(s =
1.8 TeV), and E735 P§ = 1:8TeV). Details can be found in[[Mor07].

The values that are di erent from the default Pythia settings are given in Tabld_T.4.

1.5.2 Phojet

The event generator Phojet/[Eng95] is based on a two-compabh@pproach that de-
scribes high-energy collisions with a soft and a hard compeamt. These are split in the

2The underlying event is in this context de ned as the particles emitted transverse to the leading
jet,i.e. 60 < j 'j < 120, ' isthe azimuthal angle from the leading jet.
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calculation at a pr.cuo parameter and their results are combined by a unitarization
procedure. The ideas of the Dual Parton Model are employedrfthe soft compo-
nent (see Section 114). The hard component is calculated bengpurbative QCD like in
Pythia.

Phojet calculates the total cross-section as well as the sssections for di erent pro-
cesses using unitarized scattering amplitudes. These aerigded using Regge arguments
in the soft region and perturbative QCD in the hard region. Oty considering rst order
graphs the cross-section can be written as:

tot = RT PsT hard (1-18)

with the cross-sections for Reggeon exchangg, soft Pomeron exchangep,, and the
hard component 1,4. In the color- ow picture the hard cross-section is identied with
the hard part of the single Pomeron exchange cross-sectiorhich allows a uni ed
treatment. Multiple-Pomeron exchanges are taken into acoat to prevent deviation of
the total cross-section (eikonalization, see also Sectii). For details see [Eng97].

Phojet samples the number of soft and hard interactions in aavent governed by the
relative contributions of the amplitudes:

Z
R o CIE) e C D
(Nng;np;s) =  dB ~ -

exp[ 2( s+ w)l: (1.19)

s(s;B) and (s;B) are eikonal functions in impact parameter representatioriB)
that are a function of the amplitudes for the soft and hard par respectively.

The soft interactions are then distributed among the varios soft processes (single or
multiple Pomeron exchange and di raction). Due to this appoach a di ractive and a
hard interaction can be present in the same event. Also muyttie-parton interactions
are taken into account by several hard interactions.

In ND events the momentum transfer is sampled below thgr....o from an exponential
distribution, above pr.cu.o from the perturbative QCD cross-section. It is required
that the transition between the soft and hard region is contiuous which xes the
slope of the mentioned exponential distribution. In a diractive event the di ractive
mass and the momentum transfer are sampled from cross-sen8 derived with the
triple-Pomeron approximation [Eng97]. The multiple-paricle production is generated
by simulating Pomeron-proton and Pomeron-Pomeron interdion with = s equal to
the sampled di ractive mass. Due to this treatment also hardnteractions can occur
between the Pomeron and the proton. This is di erent from thePythia approach for
di ractive events. The fragmentation process of the chainsbtained by the cutting of
the Pomerons as well as the hard scattered partons is treatadthin the Lund-model
that is also in use by Pythia and has been described above.
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Figure 1.10: Comparison of Pythia and Phojet with UA5 data (dta points from
[Ans89]) for NSD events atp s =900GeV.

Only a few parameters are adjustable in Phojet, most importaly the pr.cio and
parameters that describe the couplings of the proton to the deron and Reggeon.
These are determined by ts to experimental data. These panaeters cannot be changed
individually without adjustment of the other parameters. The individual soft and hard
cross-sections are dependent @®....o , however, their sum is almost independent of
Pr-cuto [ENG97]. Phojet includes a process called central dirach ( s 1mb), a
process with double Pomeron exchange, that is not included Pythia.

1.5.3 Comparison of Pythia and Phojet Predictions with UA5
Data

The simulation results of Pythia and Phojet have been verid by comparing their
results to multiplicity measurements performed aP S =900 GeV by UA5. Exemplarily,
the comparison of the multiplicity distribution is shown in Figure [1.T0.

Pythia agrees with UA5 except for the bin with O tracks in the egion considered. The
majority of events in this bin are of diractive type. The 2=ndf is 343=45 = 0:76
without the rst bin (85 :9=46 = 1:87 including the rst bin).
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Phojet agrees slightly better with UA5, but also exhibits dscrepancies in the low-
multiplicity bins (0 { 2). The deviation in the 0-bin' is, however, lower. The 2=nd is
30.:6=46 = 0:67 (same ?=nd without the rst bin).

1.6 Charged-Particle Multiplicity

The charged-particle multiplicity, being one of the basic pperties of high-energy col-
lisions, has been studied by many previous experiments atri@us energies. Usually it
was among the rst publications, but has been studied againta later stage, when
higher statistics and a more thorough understanding of theadector was available.

Observables are the pseudorapidity density, i.e. the chagd-particle multiplicity as
a function of pseudorapiditydN,=d vs. (or as a function of rapidity y) and the
charged-particle multiplicity distribution P(Ncn) vs. N¢p, usually in a limited -range,
depending on the acceptance of the detector. Extrapolatisnto full phase space can
be found in publications but these extrapolations are usugl model-dependent due to
the limited acceptance, especially of modern detectors. ®udy the scaling behavior
P(N¢h) is expressed a$NqniP(z) vs. z with z = Ng,=Neni (KNO variables see Sec-
tion [.6.2). The energy dependence is studied by investigag the behavior ofdN.,=d

at =0 as a function of " s and the average multiplicity in full or limited phase space

MNchi VS. P S.

The following gives an introduction to the theoretical conepts and models that describe
the charged-particle multiplicity in p+p collisions. These partly fail to explain data at
higher energies. In the subsequent chapter these models applied to measurements
that have been performed at energies betwegré = 6GeV and 1.8 TeV. The following
concepts are introduced:

Feynman postulated in 1969 that the invariant cross-sectiocan be written utilizing a
scaling function that is independent of the collision eneygso-calledFeynman scaling
As a consequence, he concluded that the mean total number a@iyskind of particle is
proportional to In " s,

Based on Feynman scaling Koba, Nielsen, and Olesen derivéeadretically in 1972 that
multiplicity distributions should follow so-called KNO scaling Deviations are observed
for inelastic events at center-of-mass energies above ab80 GeV, for NSD events
starting from 200 GeV.

In 1985, it was found by UAS5 that the multiplicity distributi on at P s =540GeV can

be well described by degative Binomial Distribution (NBD). Keeping a parameter of
the NBD xed implies KNO scaling (see discussion in Sectidn.@3).
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Deviations of data from the NBD were discovered é% s =900 GeV which led to atwo-
component modelby Giovannini and Ugoccioni in 1999 who described the measgual
data by the combination of two NBDs, interpreting one as a sband one as a semi-hard
component. An alternative description interprets the resiis in favor of multiple-parton
interactions which become more important at higher energie The superposition of
several interactions has in uence on the multiplicity distibution and therefore explains
the deviation from the scaling found at lower energies.

In case the underlying production process can be describey tncorrelated emission,
i.e. the production of an additional particle is independenfrom the already produced
particles, the multiplicity distribution is expected to be of Poissonian form. Any di er-

ence to this, indicates correlations between the producednicles. Forward{backward

correlations have in fact been measured by UA5S in p+p collisns (e.g. [Alp83]) but are
not further discussed here.

1.6.1 Feynman Scaling

Feynman derived that the mean total number of any kind of paitle rises logarithmi-
cally with P s [Fey69]. His argument is based on the fact that in two-body eetions
exchanges of quantum numbers occur, e.g. an exchange ofpsusin the exchange,
the current (here: of isospin) must reverse from the direan of one particle (+z) to
the direction of the other ( z) with z being the beam axis. Currents are based on
elds as sources, and these elds radiate during the curremhange, similar to the case
of bremsstrahlung. Going to higher energie®/ = =~ s=2, the elds get narrower in z,
leading to a distribution close to a -function in z. In turn the eld's energy, dp,, is
evenly distributed, as can be found by Fourier transformatin. The number of particles
with a given energyE is thus distributed like:

dp; .
= (1.20)

Feynman extended this to the probability of nding a particle of kind i with massm
and transverse and longitudinal momentunpy and p,:

d
fi(pr: p.=W) Py (1.21)

with the energy of the particle:

q___
E= m2+p2+pZ (1.22)

fi(pr;x = p,=W) is a structure function and Feynman's hypothesis is that; is inde-
pendent ofW. This assumption is theFeynman scalingand f; is called scaling function
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or Feynman function.x = p,=W is the fraction of the longitudinal momentum of the
particle p, and the total energy of the incident particleW. x is now calledFeynman-x

In his paper [Fey69], Feynman concludes that the mean numbef particles rises loga-
rithmically, but does not give a mathematic proof. Howeverpne can assess the asymp-
totic behavior by rewriting Eq. (L.Z1) in the form of the invariant cross-sectio@:

EEL—f-( ) X): (1.23)
dp,d?pr Pr %) '
f; factorizes approximately (found experimentally) and a nanalization of g; is chosen
such that Z Z
fi(pr;x)dpr = fi(x)  g(pr)d®pr = fi(x): (1.24)
| —{z—}
=1
Integration of Eq. (I.2Z3) and application of Eq. [T.24) yidls:
Z Z Z
1_ & d&EPp_ .. L @p . dpz
_EdpszT? = INi = f,(pT,x)F = fix)p Woxz s m2 (1.25)

where on the left side the de nition of the invariant cross-sction is used with the
average particle multiplicity N i, and for mr an e ective averagepr is used.

Rewriting in x yields the expression used to prove Feynman's hypothesis:

Z 1
N = fi(x)qd%z: (1.26)
1 X2 + %

The integral is symmetric becausé;(x) is symmetric for collisions of identical particles.
For other collision systems the integration can be perforrdeseparately for negative
and positive x and yields the same result. Partial integration results in:

r 72! 1z, r 72!
m X m

2i(x)In x+  x2+ W—TZ 2 ) @(gx) In x+ x2+ W—TZ dx: (1.27)
0

The rst term is:

r !
2

m m
=2f(1)In 1+ 1+W—T 2fi(0)InWT: (1.28)

2

3The de nition of the Feynman function is di erent in some pub lications (e.g. [Loh05]), not consid-
ering the 1= term in Eq. (L. Z3). This approach, however, results in condlisions that are not con rmed
by experiment. In detail compared to the results of the calcdation presented in the following, the left
sides of Egs. [1.3b) and[(1.37) have to be multiplied by .
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The asymptotic behavior can be assessed with

r !
2

. m: _ _
VJl!rln In 1+ 1+ Wi - In2 = const: (1.29)
2t;(0)In % =2f5;0)(InW  Inmy) (1.30)
In mt = const: fi(0) = const: (1.32)

and the requirement thatf;(0) > 0. For smallx Feynman assumes that;(x) ! B with
a small and positiveB, but for the given argument it is su cient that this is reached
for x = 0.

In summary, for largeW the rst term of Eq. (I.2Z7) is proportional to:
In W: (1.32)

The second term of Eq.[(1.27) converges for any/ (alsoW ! 1 ), which is shown
in the following. f;(x) is nite and bounded due to energy conservation, the same is
assumed for the derivative@f(x)=@x < Afor 0 x 1. The integral is split into two
parts:

r

Z 1
& i o
= a(x) 5
_ @f(x) L @f(x)
= . @( a(x))dx + @x a(x)dx (1.33)

with de ned by a( ) = 0. In this way both terms involving a(x) are positive ( a(x)
Ofor0 x and a(x) O for x 1) and it can be estimated:

Z
@f(x)
O “ax (| a0Ndx< O A( a(x))dx (1.34)
and Z z
1@2;))(() a(x)dx < 1Aa(x)dx: (1.35)

R
a(x)dx exists, both integrals can be calculated. Fow ! 1 |, Eq. (1.33) evaluates to
In 2. Thus, the second term has no in uence on the asymptoticdtavior.

In consequence, Feynman scaling implies that the averagdabmultiplicity scales as

Wi/ Inw/ In"s: (1.36)
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Considering that the maximum reachable rapidity in a collimns increases also with
In P s, and under the further assumption that the particles are evdy distributed in
rapidity, it follows that:

dN

— = : 1.37
dy const (1.37)
The same is obtained, however under less general assumpioby directly writing
Eq. (1.Z3) with Eq. (T.23) in the rapidity variabley (Wdx = dp, = Edy). Feynman's
assumption is thatf;(x) = B = const: for small x. For the region of smallx (where
the bulk of particles is found) the following expression iskhdained:

1 W dx
—d =f;(x)p v I Bdy (1.38)
which is the same as 1d dN
= __ =B = : 1.
dy - dy const (1.39)

The height of the rapidity distribution around mid-rapidity, the so-called plateau, is
independent of  s. Equivalently, the pseudorapidity at mid-rapidity dN=d j - is ap-

proximately constant when Feynman scaling applies. Here ¢htransformation fromy

to has to be taken into account. It depends on the averager which, however, is
only weakly energy-dependent (a rough estimate of the chamgn the transformation

factoris 1 { 2% from" s=100GeV to 1 TeV).

1.6.2 Koba{Nielsen{Olesen (KNO) Scaling

KNO scaling was suggested in 1972 by Koba, Nielsen, and Olesen [Kab72jeif main
assumption is Feynman scaling.

KNO scaling is derived by calculating the expression
Z

. dp,. dp,.
min 1)::(n g 1)i= f(‘*)(xl;pm;:::;xq;m;q)%dp%;liii%dp%;q (1.40)
q

which is similar to Eq. (I.Z6) but for ag-dimensional Feynman scaling functiorf (9
(q particles with energy E,, longitudinal momentum p,.q, transverse momentumpr.q,
and Feynmanx Xq). Integration by parts is performed for allx; and it is proven that
the resulting function is uniquely de ned by moments. This jelds a polynomial in Ins.
With a substitution of the form i/ Ins the multiplicity distribution P (n) is found

to scale as

1 n 1
W( m)+ o — (1.41)

P(n) = —
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where the rst term results from the leading term in Ins, that is (In s)9. The second
term contains all other terms in Ins, i.e. (In s)qo for ®< g. ( z := n=mi) is a uni-
versal function and energy-independent. This means that rttiplicity distributions at
all energies fall onto one curve when plotted as a function af However, ( z) can be
di erent depending on the type of reaction and the type of mesured patrticles.

The momentsc, de ne ( z) uniquel [Kob72]:
Z 1
Cq = z9( z)dz: (1.42)
0

Substituting z = n=mi results in
Cq = =i (1.43)

Studying the moments of the distribution shows if the scalig hypothesis holds; in this
case the moments are independent of energy. For example apenmentally accessible
possibility is to calculate the standard deviation 2 = m?i h ni?; the relation =i =
const: follows from Eq. (T.41) (if ( z) is not a -function, seel[Kob72]).

1.6.3 Negative Binomial Distributions

The Negative Binomial Distribution (NBD) is de ned as
!

Pip= "t @ et (1.44)

It gives the probability for n failures andk 1 successes in any order in the rst
k+ n 1 trials and a success in the lask + nth, trial of a Bernoulli experiment with a
success probabilityp. The NBD is a Poisson distribution fork 1! 0 and a geometrical
distribution for k = 1.

Multiplicity distributions have been found to follow NBDs with p * = 1 + hi=k,
wherei is the average multiplicity andk a parameter having in uence on the shape

[AIn85), IAIn864a]:
!
n+k 1 mi=k " 1 _
n 1+ mi=k (1+ hi=k)k’

P(n;mi:k) = (1.45)

14Some authors (e.g.[[Zaj86]) point out that the conclusion that the multiplicity distribution follows
a universal function is only an approximation (neglecting the second term in Eq. [L.41l)). The exact
result is that the factorial moments (m(n  1)::(n q 1)i/mi%) are required to be constant, not
the reduced moments in Eq. [1.4B).
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Figure 1.11: Examples of negative binomial distributions.

Figure[1.11 shows normalized NBDs with three di erent setsfgparameters.P (n; mi; k)
follows KNO scaling ifk is constant (energy-independent). Therefore, studying as a
function of P s, of multiplicity distributions that are described by NBDs, directly shows
whether KNO scaling is ful lled.

The physical motivation of a multiplicity distribution fol lowing a negative binomial
shape has not been ultimately understood. One approach is tse the recurrence
relation of collisions of multiplicitiesn and n+ 1 [Gio86]. The particles are in principle
distinguishable, e.g. by their momenta, therefore it has tbe taken into account that
a collision of multiplicity n + 1 can be related ton + 1 collisions of multiplicity n (by
removing any single one of the + 1 particles). Thus a g(n) is de ned by:

(n+1)P(n+1)
P(n) '

g(n) = (1.46)

Evaluating g(n) for a Poisson distribution P(n) = "e =nl, yields that g(n) = =
const: The recurrence relationg(n) is independent ofn which means that the produc-
tion of an additional particle is independent of the number balready present particles.
This independent particle emission is expected for the Psisn distribution.

For NBDs, Eq. (1.46) can be written as
g(n) = a+ bn (1.47)

with
k = a=bandmi = aH1 b): (1.48)
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A model of partially stimulated emission identi esa in Eq. (L.44) with the production
of particles which is independent of the already present pasles andbn with emission
that is enhanced by already present particles (Bose{Einste interference). Following
these rather simple assumptions results in two facts that arffound experimentally: 1)
k increases when the consideredinterval is enlarged; 2)k decreases with increasing
P5 [Giose).

The multiplicity distribution can be deduced as being of negfive binomial shape within
the so-calledclan model [Gio86, (Gio88]. It describes the underlying production by
cascades of particles. In the clan model a particle can emi@itional particles, e.g. by
decay and fragmentation. A clan (or cluster) contains all paicles that stem from the
same ancestor or from its o spring. The ancestors are proded independently.

The production of ancestors, and thus clans, is governed byPaisson distribution. The
probability to produce N clans is given byP (N; iNi) with the parameter INi being
the average number of produced clans.

The probability to produce n. particles in one clanF.(n.) can be derived by de ning
that without particles there is no clan:

F.(0)=0 (1.49)

and assuming that the production of an additional particlen a clan is proportional to
the number of already existing particles with some probaliiy p (see also Eq.[{(1.46)):

(nc+1)Fc(ne +1)

Fo(ng) = pnc: (1.50)
Cc C
By iteration, the following expression is obtained:
pnc 1
Fe(ne) = Fe(2) - : (2.51)
Cc

The multiplicity distribution that takes into account the d istribution of clans and the
distribution of particles among the di erent clans is:

X X
P(n) = P(N; hNi) Fc(ny)Fe(n2):iFe(nn); (1.52)
N=1

P L . P . .
where runs over all combinationsn; for which n = iN=1 n; is valid. It can be shown

that Eq. (L.52) is an NBD, identifying i = INiF,(1)=(1 p) and k = WNiF¢(1)=p
[Gio86].
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1.6.4 Two-Component Approaches
Combination of two NBDs

Multiplicity distributions measured by UA5 have been succssfully tted with a com-
bination of two NBD-shaped components [Fug89]. A systematinvestigation has been
performed by Giovannini and Ugoccioni who interpret the twocomponents as a soft
and a semi-hard one [Gio99a]. These can be understood as &vevith and without
minijet, respectively: the fraction of semi-hard events found casponds to the frac-
tion of events with minijets found by UAL. It is important that this approach combines
two classes of evenisiot two di erent particle-production mechanisms Therefore, no
interference terms have to be considered and the nal disbution is the sum of the
two independent distributions.

In this_ approach, the multiplicity distribution depends on ve parameters, that may
all be = s-dependent:

P (ﬂ) = soft P (ﬂ; m' softs ksoft) + (1 soft) P (ﬂ; m' semi-hard s ksemi—hard): (1-53)

The parameters and their dependence é)né are found by tting data from experimen-
tal measurements. The authors of [Gio99a] use data from UA&Ken at™ s = 200 GeV,
546 GeV, and 900 GeV in full phase space and yielg ¢ in units of 1 GeV):

Misot = 5:54+4:72 In(p S); (1.54)
. . p -
i semi-hard 2i soft [1 +0:1 |n2( S)]: (1'55)

Note that ni is about two times larger in the semi-hard component than inhe soft
component. The second (Irdependent) term in Eq. [I.55) is suggested by data, but
optional in the two-component approach. Furthermore, the ts show that the soft
component follows KNO scalingKsot 7 = const;), while the semi-hard component
violates KNO scaling. Extrapolation of these t results obtins predictions for higher
energies which is discussed in Sectibn18.3.

A third, hard, component is proposed for Iargg s, wheremi is 3 { 10 times the average
total multiplicity [Gio03]. This aspect still awaits experimental veri cation.

Interpretation in the Framework of Multiple-Parton Intera ctions

A di erent approach to identify a second component is by plding the multiplicity
distribution in KNO variables and subtracting the part of the distribution for which

5The authors of [Gio994] use a de nition from the UAL collaboration: a minijet is a group of
particles having a total transverse energy larger than 5 GeV
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KNO scaling holds [Ale98]. This is done by comparing the disbution to a KNO
t that is valid at ISR energies. Due to the large errors in thelow-multiplicity bins,
i cannot be satisfactorily determined. Therefore, it is fowh by using the empirical
relation i 1:25nmax Which is inferred from the KNO t at ISR energies. The
authors nd an interesting feature when the part that follows the KNO t is subtracted
and the remaining part plotted (not shown here). The remaimg part does not follow
KNO, its most probable value is 2, and its width is about 2 times the width of the
KNO distribution. This procedure to identify the second corponent is similar to the
one described in the previous section. The fact that the mogtrobable value of the
remaining part is 2 is re ected in the factor 2 in Eq. [1.5b).

The authors conclude that the second part of the distributio is the result of two
independent parton{parton interactions within the same cllision. The cross-sections
of the two contributions ( ;; ,) can be calculated as a function o[? s (data between
200GeV and 1.8 TeV is used). It is found that ; is almost independent oP s, while
increases withp s. However, it is unclear if two parton{parton interactions n the same
collision evolve independently to their nal multiplicity due to nal-state interactions.

The same reasoning and data is used in [Wal04] to identify aitd component, three
independent parton{parton interactions. In the frameworkof their calculations the
authors extrapolate that the multiple-parton component (gcond and third component)
starts to contribute to the measured distributions at an engy of = s = 120GeV. A
prediction based on this approach is discussed in Sectioml8.



Chapter 2

Multiplicity Measurements at
Energies Below the LHC Energy

This chapter presents p+pf) measurements that have beengsformed by experiments
at hadron colliders, i.e. the ISR, SpS, and Tevatron. Thentersecting Storage Rings
(ISR), the very rst hadron collider, was operating at CERN ketween 1971 and 1984.
It collided p on p,p, and at a maximum center-of-mass energy of 63 GeV. The Super
Proton Synchrotron (SPS) which has operated at CERN since 16 has accelerated
in its lifetime electrons, positrons, protons, anti-protas, and ions. After modi cation
to a collider, it provided p onp collisions with a maximum P s of 900 GeV, at that
time it was called SpS. The Tevatron at the Fermi National Accelerator Laboratory
EFNAL) came into operation in 1983. It provides p+#p collisions at energies up to

s =1:96 TeV. In addition, results from bubble chamber experimestare included in
the summary plots.

In the following, experiments at these accelerators that masured the charged-particle
multiplicity are brie y introduced, their analysis methods and error treatments are
discussed, and the results are presented. The validity oféhtheoretical descriptions
given in the previous chapter (Section_116) are discussedhd chapter concludes with
a summary that shows the dependence of the multiplicity on #collision energy. Note
that the dN.,=d measurements that can all be presented in the same gure arieosvn
only in the summary section to avoid redundant plots.

The detectors described in this chapter have full azimuthatoverage unless otherwise
stated.
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Figure 2.1: KNO scaling at ISR energies.
The gure shows normalized multiplicity distributions for NSD events in full phase
space vs. multiplicity (left panel) and using KNO variables (right panel). The data
was measured by the Split Field Magnet Detector [[Bre84].

2.1 ISR

The Split Field Magnet detector  at the ISR consisted of two symmetric sections on
either side of the collision point. The two sections had opgde magnetic elds and their
main sensitive elements were 40 multi-wire proportional eémbers. The intersection
region was completely surrounded giving the detector largeghase space acceptance.
More information about the setup can be found in [Del77].

The detector measured the multiplicity distribution for NSD and inelastic p+p events
at P s =30.4, 44,5, 52.6, and 62.2 GeV [Bre34]. The trigger requitea coincidence of
at least three chambers pointing to the same direction. It aepted about 95% of the
inelastic events. Between 26 000 and 60 000 events were ctaieg for each of the energies
and corrected for decays of strange and neutral particles.h&@ SD component was
removed from the sample by means of its topology: events arensidered SD when in
one of the hemispheres no track or only one track carrying 808bthe incident proton's
energy is found. The multiplicity spectrum was unfolded usg 2-minimization. It is
not mentioned in [Bre84] that a regularization procedure waused, which is surprising
because 2-minimization without regularization usually fails to produce a unique nor
a correct solution ( 2-minimization and regularization will be discussed in dei&in
Section[7.Z.R).
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Figure[Z1 shows multiplicity distributions in full phase pace for NSD events, the er-
rors combine statistical and systematic uncertainties. Téa systematic errors include the
error that arises from the corrections and in the low-multipcity region from the sub-
traction of elastic events. By analyzing the moments of theistribution it is shown that
KNO scaling holds for the NSD event sample (see also the rigbtinel of Figure[Z.1),
but is broken for the inelastic event sample [Bre84].

A detector based on streamer chambers  [Tho77] at the ISR with a limited accep-
tance ofj j < 3:5 measured pseudorapidity and multiplicity distributionsfor inelastic
events at center-of-mass energies of 23.6 { 62.8 GeV. Betw&t300 and 5900 events
were measured for each energy. In the analysis corrections the acceptance, the low-
momentum cut-o (about 45MeV/c), and secondary patrticles (called secondaries in
the following) due to interactions with the material are talen into account. Contribu-
tions from -conversions, °, and strange-particle decays are subtracted. Results are
included in Figures[Z.8 (pagé 57) an2.9. It was found that ia limited region of

j ] < 1.5, KNO scaling is con rmed. The authors ofl[[Tho7i7] extrapole their result
to full phase space and analyze the moments of the distriboti. They nd that KNO
scaling is broken for inelastic events, consistent with theesult presented above.

The UA5 (Underground Area 5) experiment , designed for the SpS and there-
fore described in the subsequent section, has operated adddhe ISR. A comparison
of data taken in p+p and p+p collisions at p§ = 53 GeV was made|[[Alp82]. 3600
p+p events and 4000 pt# events were used. The analysis coots for e ects of de-
cays, -conversions, and secondaries. Trigger and vertex ndingcgncies as well as
acceptance e ects have been evaluated with a MC simulatiomat was tuned to repro-
duce ISR data. ThedN.,=d distribution was measured for both collision systems and
compared. The comparison was done using the uncorrected d@and only for events
with at least two tracks. In this way the authors attempted to achieve lower system-
atic errors on the result. A ratio of X015 0:012 (p#p vs. p+p) has been concluded.
Furthermore, the multiplicity distributions were compared. It is concluded that these
distributions agree within errors. The authors summarizehat the di erences between
p+p and pp collisions are less than 2%.
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Figure 2.2: Normalized multiplicity distributions by UAl inj j < 2:5.

The distributions of NSD events measured atp s =200, 500, and 900 GeV are shown
vs. multiplicity (left panel) and in KNO variables (right pa nel) [Alb90].

2.2 SppS

The UA1 (Underground Area 1) experiment [Ala78] that operated at the SpS
collider consisted of a tracking detector covering j < 3:5 and a calorimeter covering
] ] < 6. The minimum-bias trigger was based on a set of hodoscopéstt required
at least one particle on both sides of the detector. This triger accepted 96% 2%
of the ND events [[Ast85]. Results from UAL together with redts from UA2 showed
the existence of the gauge bosons of the weak force, iWe and Z°, which led to the
Nobel Prize in physics for Carlo Rubbia and Simon van der Meer

Figure 2.2 shows the multiplicity distribution for NSD evelts in the interval j j < 2:5
measured by UAL atp s = 200, 500, and 900 GeV_[Alb90]. 188000 events were used,
out of which 34% were recorded at the highest energy. The Sfpwas operated in a
pulsed mode where data was taken during the energy ramp frofi@GeV to 900 GeV
and vice versa. Therefore the data at 500 GeV is in fact takem ian energy range
from 440 GeV to 560 GeV. The result is corrected for the acceptce and contributions
from -conversions, strange-particle decays, and secondariegioating from interac-
tions with the beam pipe. Only tracks with apr larger than 150 MeV/c are considered
for the analysis to reduce the contamination by secondarielthough not explicitly
mentioned in the publication, it is assumed for this thesishat the low-momentum
cut-o correction is part of the acceptance correction. UAlquotes the overall system-
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atic error to be 15%: contributions are strange-particle amys, photon conversions and
secondary interactions (3%), as well as the uncertainty irhe acceptance (4%). Other
contributions arise from the selection criteria and uncedinties in the luminosity mea-

surement (10%ﬂ The distributions for j j < 2.5 are consistent with KNO scaling up
to P s =900 GeV (see the right panel of Figuré2]2).

UA1 measured thedN.,=d distribution at p§ = 540 GeV [Arn83]. The results are
included in Figure[2.8. The analysis used 8000 events thatuebeen taken without
magnetic eld which reduced the amount of particles lost atdw-momenta to about
1%. The data has been corrected for acceptance and secoreigrias described in the
previous paragraph. The systematic error of the applied cactions is estimated by the
authors to be 5% without enumerating the contributions.

The UA5 (Underground Area 5) experiment [Rus81] at the SpS consisted of two
streamer chambers, one above and one below the beam pipehveih acceptance of 95%
for particles insidej j < 3. The trigger was provided by scintillating-counter hodasopes
on either side (coverage of 2 | j < 5:6); it has been evaluated to accept 95% (91%)
of NSD events at s = 900 (200) GeV. At the same time almost all elastic and SD
events were rejected [Ans89]. Naturally, the trigger e ciacy was depending on the
multiplicity and is only 30% for low multiplicities [AIn85]. Upon a trigger the chambers
were photographed from both sides and the pictures were selgsiently evaluated.

Figure[2.8 includes thedN,=d distribution at P s =200 and 900 GeV for NSD events
measured by UAS[JAINn86b, Aln87]. 3500 (2100) events have bagsed for the analysis
at 900 (200) GeV. It should be noted that the corrections areased on a MC simula-
tion that has been tuned to reproduce data measured 5)'[5 = 546 GeV. The results
of the simulation were parameterized and scaled t%§ = 200 and 900 GeV in order
to estimate the corrections for acceptance and contaminat by secondaries. Unfortu-
nately, the authors only mention statistical errors explitly and therefore only these
are included in the gure.

Measurements of the multiplicity distribution have been pesented in [[AIn84/ AIn85,
Aln864, AnsSSﬁ. Figure[Z.3 shows the multiplicity distribution at P s = 200, 540, and
900GeV inj j < 1.5 for NSD events measured with UA5S. The publications also ment
distributions in other -ranges and extrapolated to full phase space. The analysised

1The luminosity measurement uncertainty only applies to the cross-section measurement, not to
the normalized distribution. The uncertainty due to the selection criteria is not quoted. Therefore,
assuming that the systematic uncertainties were summed in gadrature, this uncertainty is 10% and
the overall systematic error without the uncertainty on the luminosity is 11% which is the value
applicable to Figure[Z.2.

2[Ans89] partially revised the method to obtain the distribution and thus the results. Therefore,
the results from [Ans89] are used instead of [AIn86a].
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Figure 2.3: Normalized multiplicity dis- Figure 2.4: Multiplicity distribution of
tributions of NSD events inj j < 1.5 NSD events measured by UA1 and UA5
at p§ = 200, 540, and 900GeV by UA5 in j j < 1.5 shown in KNO variables
(data from [AIn85, [Ans89]). [Arn83,, |AIn85].

4000, 7000, and 9000 events at 200, 540, and 900 GeV, respelti In all cases the
unfolding of the measured spectrum was performed by mininmigy a 2-function. For
the case ofp§ = 540 GeV [AIn85] it was required that the resulting functionis an
NBD which is regarded as a strong constraint. This has to be kan into account when
interpreting the result at 540 GeV. The distributions at 200and 900 GeV were unfolded
using the maximum-entropy method[[Ans89] which is consided to be a less restrictive
assumption. The assessment of the systematic errors is nary comprehensive and
concludes an uncertainty of about 2%.

UADS reports the breaking of KNO scaling forJO s = 200 { 900 GeV in the NSD sam-
ple for the extrapolation to full phase spacek is found to followk '/ Ins but is
supposed to be independent £‘§ for exact KNO scaling [AIn86a]. Furthermore, only
approximate scaling at' s = 540GeV inj j < 1.5 is seen[[AIn84]. This observation
has been questioned by UAIL JAIb90]. A direct comparison beden UAL1 and UAS at
s = 540GeV in limited regions and in KNO variables shows that te two experi-
ments agree in the intervalj j < 0:5 (both con rm KNO scaling) and disagree in the
interval j j < 1.5, but the violation of KNO scaling in the UA5 data is only due b an
excess of events witltz > 3.5, i.e. events that have more then 3.5 times the average
multiplicity. This comparison has been performed in [Alb9Pand is shown foyj j < 1.5
in Figure [Z4. Although not explicitly mentioned by the authors, by studying the mo-
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ments of the distribution in [Ans89] it can be seen that KNO saling is con rmed in a
limited region ofj j < 0:5 at P s =900GeV.

The multiplicity distribution is described by an NBD at p§ = 200 and 540GeV in

full phase space as well as in dierent -ranges. This behavior is not continued for

s =900 GeV [Ans89]. FigurdZb shows the multiplicity distrilution together with an
NBD tin increasing pseudorapidity ranges at 900 GeV (top |& panel). The respective
normalized residuals are also shown (top right panel). TheBD t works very well for
theinterval j j < 0:5, but gets worse for larger -ranges; it is more and more pronounced
that the region around the most probable multiplicity is notreproduced. The structure
found around the peak gave rise to the two-component apprdaaiscussed previously,
that suggests to t the data with a combination of two NBDs. The bottom left panel
of Figure[Z5 shows this t, Eq. (1.58), and normalized resighls (bottom right panel)
to the same data which yields good t results for all pseudogdity ranges.

A Forward Silicon Micro-Vertex detector that was tested in the context of a

proposed hadronic B-physics experiment (P238) measuredetdN.,=d distribution

in forward rapidities at = s = 630 GeV [Har97]. The detector consisted of six planes
with two silicon micro-strip detectors each (one for the mesaurement of each of the

coordinatesx andy). The overall detector size was 4.5cm x 4.5cm x 20 cm and alkmxlv

a measurement of charged particles in3.< j j < 5:5 due to the varying vertex position.

5 million events were recorded with a scintillator counterrigger located 3 m from
the interaction region. A coincidence between both sides waequired. Only events for
which a vertex position was found have been considered foretlanalysis. The sample
is corrected for tracks from secondaries (2%) and SD event3.5%). Acceptance and
resolution e ects are corrected by using MC simulations tued to UAS5 data. Their
magnitude as well as the magnitude of the trigger- and verte ciency correction are
not mentioned. A normalization error of 5% dominates the sysmatic error that stems
from inconsistent results when only thex or y tracking information is used compared
to when both of them are used. Other e ects such as detector eiency, misalignment,
and the SD cross-section are considered by the authors to reani cantly contribute
to the systematic uncertainty. Figure[Z.8 includes the meased dN.,=d distribution.
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Figure 2.5: Multiplicity distributions of NSD events at P s =900GeV.
Normalized multiplicity distributions in various rapidit y intervals are shown t-
ted with single NBDs (top left panel) or a combination of two NBDs (bottom
left panel). The two contributing NBDs (dashed lines) are shown exemplarily for
j ] < 3:0 and 50. The right panels show the normalized residuals with respet to the
corresponding ts de ned by (1=¢)(P(N¢,) t) with e being the error onP (Ngp).
These are smoothed over four data points to reduce uctuatims. The data has been
measured by UA5 [Ans89].



Chapter 2. Multiplicity Measurements at Energies Below theeHC Energy 55

2.3 Tevatron

The CDF (Collider Detector at Fermilab) experiment [Abe88], a detector at the
Tevatron collider, consists of eight time-projection chatwers (called VTPC for vertex
time-projection chamber) that cover the central rapidity region inj j < 3.5, a central
tracking chamber coveringj j < 1.0, and beam{beam counters on either side of the
detector as trigger at higher rapidities (2 < j j < 5:9). The detector is contained in a
1.5T magnetic eld. The detector was upgraded after years aperation replacing the
VTPCs by a silicon detector.

Figure [2.8 includes thedN,=d distribution at P S =630GeV and 1.8 TeV measured
by CDF with their VTPCs [Abe90]. Unfortunately, the authors do not mention if their
corrections correspond to NSD or inelastic events. Howeyehe trigger con guration
requires a hit on both sides. This points to the fact that the tigger is insensitive to the
majority of SD events. Furthermore, the authors compare themeasurement to NSD
data from UA5 which con rms that the CDF data is for NSD events 2800 (21 000)
events have been used for the analysis at 630 (1800) GeV. Oalyents with at least 4
tracks are considered to reduce the beam-gas background.eTduthors stated that they
\do not correct for events missed by the trigger or selectioprocedure™ and estimated
that the selection procedure misses 13%6% of the events. This is surprising because
the normalization for dN¢.,=d would be signi cantly distorted if this correction was
not applied. This is not the case shown in the comparison to WAdata. Tracks with
pr < 50 MeV=c are not found due to the magnetic eld and a correction of 3% 2% is
applied to account for this loss. Contamination by photon aoversions and secondaries
from hadrons are estimated to be less than a few percent. A sy$atic error assessment
is made; the error is dominated by uncertainties in the tragkg e ciency and ranges
from 3% (at =0)to 15% (at | j = 3:25).

CDF measured the multiplicity distribution in various -intervals for NSD events at
P s = 1:8TeV |Rim93]. Figure[Z6 shows the distribution for two psedbrapidity in-
tervals. No errors can be shown as the data points were exttad from a plot with
a very poor resolution. The publication does not mention theaumber of events used
in the analysis. A systematic-error assessment is reportéal be ongoing, but has not
yet been published. The result has been corrected forconversions, neutral decays,
and secondaries. It is unclear if an unfolding method was wukeThe authors nd that
the data can be described by an NBD in the most central regionf,j < 0:5, but not
in other pseudorapidity windows. A weak KNO scaling violabn is observed but the
authors suggest waiting for the detailed assessment of thgsgeematic errors to make a
nal conclusion. The data can be tted well by the combination of two NBDs which is
shown superimposed in Figure_2.6.
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Figure 2.6: Multiplicity distributions by
CDFat  s=1:8TeV.

The gure shows multiplicity distribu-
tion in jj < 1.0 (red squares) and
j J < 15 (black circles) [Rim93]. The
data is tted with the combination of
two NBDs, the contributing NBDs are
also shown (dashed lines).

The E735 experiment

E735: NSD events, 1.8 TeV
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Figure 2.7: Multiplicity distributions by
E735at s=1:8TeV.
The gure shows multiplicity distribu-
tion of NSD events in full phase space
[Ale98]. The data is tted with the com-
bination of two NBDs, the contributing
NBDs are also shown (dashed lines).

[Lin92] at the Tevatron collider measured the multiplicity

distribution at energies up to’ s = 1:8 TeV. The experiment combined a multiplicity
hodoscope covering | < 3:25, two trigger hodoscopes in the pseudorapidity interval
39 < jj< 45, as well as a TOF system and a magnetic spectrometer coveria
smaller region of phase space.

Figure [Z.7 shows the multiplicity distribution of NSD evens in full phase space at

s = 1:8TeV [Ale9€]. Like before, the distribution is tted with th e combination of
two NBDs. The extrapolation to full phase space has been doig the authors based
on Pythia simulations. They provide no further informationabout the statistics used,
the corrections, and in particular the question whether an nfolding was used. This
has to be taken into account when the result is interpreted.
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Figure 2.8:dN.,=d at di erent p§.

Data points from [Tho77| [Arn83| [AIn85| Ans89, [Abe90, Har97]

2.4 Summary and Critical Assessment

Figure [2.8 showsdN ,=d at energies ranging over about two orders of magnitudes,
from ISR (IO s = 23:6 GeV) to CDF (' s = 1:8TeV). Increasing the energy shows an
increase in multiplicity. The multiplicity of the central p lateau increases together with
the variance of the distribution. Note that the data points d the lowest energy are for
inelastic events, the other data points refer to NSD events.

Figure[2Z.9 showsdN,=d | -9 as a function ofIO s. Filled symbols are data for inelastic
events; open symbols for NSD eventsiN,=d j - increases with increasiné) s. Two

ts are shown for the NSD datﬁ: a twith a+ bins (solid black line) anda+ blns+
cln?s (dashed red line). The Irs dependence was used to describe the data at center-
of-mass energies below 1TeV. Data at a higher energy from CDBowed that the

t is no longer satisfactory [Abe90]. The additional Irf s term yields a much better
result and shows that the multiplicity increases faster tha In s. The functional ts are

3Due to the fact that di erent published values include dier ent errors, e.g. no systematic errors
for the UAS data, the errors are not used for the t.
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extrapolated up to the nominal LHC energy,p s=14TeV. Theincrease ofiN¢,=d j -9,

the plateau of the pseudorapidity distribution, is violathg Feynman scaling.

Figure [2.10 shows the average multiplicithN¢,i as a function ofp s. Data is shown
for full phase space and for a limited rapidity range of j < 1.5. In publications two
di erent approaches are found to obtain average values in arited -range. The rst
uses a normalization to all events having at least one track ithe considered phase
space. The second approach uses a normalization to the totainsidered cross-section
(inelastic or NSD) including events without any particle inthe considered range (data
shown here). While the latter is the more evident physical aervable, the former is not
dependent on the e ciency to measure the total cross-sectio Thus the former is less
dependent on model assumptions used in the evaluation of ttrggger e ciency. Data
from bubble chambers at Iovﬁ sis included in Figure2.10D: from the Mirabelle chamber
at Serpukhov, Russial[Sla72] and from several bubble chambet FNAL [Whi74].
Owing to their design, bubble chambers see the full collisipi.e. have full phase space
acceptance. Both sets of NSD data are tted, as before, In ard-dependent. For full
phase space the logarithmic dependence does not reproduoe data and is only shown
to demonstrate the violation of Feynman scaling; the fhdependence ts the data well.
For limited phase space the t containing the If-term is preferred, but deviations from
both ts are visible. The functional ts are extrapolated to P s=14TeV.
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In summary, for NSD events, KNO scaling has been observed dtet ISR from P s =
304 GeV to 62.2 GeV. This scaling has been reported to fail stang at about 200 GeV
up to the highest measured energy of 1.8 TeV in full phase sgafJA5, E735). In the
central region KNO scaling holds up to 900 GeV (UAlip j< 25and UA5inj j< 0:5),
but UAS notices a departure from KNO scaling already at 540 G£in j j < 1.5. UAl
and UADS yield contradictory results with regard to this poirt. Measurements in limited
phase space of CDF do not allow for a nal conclusion. Howevseit is interesting to
mention a study of CDF at 1.8 TeV using only tracks with apr above 0.4 GeVt
[Aco02]. Here, a weak KNO scaling violation is reported in j < 1:0. Furthermore,
when they divide their data sample into two parts, they can corm KNO scaling
for the soft part of their events and at the same time rule it oufor the hard part.
In [Aco0Z2] soft events are de ned as events without clustersf tracks with a total
transverse energy above 1.1GeV, regarded as jets. Two fuethinteresting features
are observed together with the onset of KNO scaling violatis [Alb9Q]: the average
transverse momentum that was about 360 Me\W at ISR energies starts to increase.
Furthermore, ap s-dependent correlation between the averags- and the multiplicity
is discovered. Both observations point to the fact that thern uence of hard scattering
becomes important at these energies.

For inelastic events, KNO scaling has been observed jin < 1.5 for 23.6 { 62.8 GeV
(ISR). For full phase space it has not been found from s = 30:4 GeV. However,
inelastic events taken at bubble-chamber experiments hadeeen reported to follow
KNO scaling at low P s (10 { 24 GeV) [Sla72] which is not further discussed because
this energy regime is not considered important for the meaements at the LHC.

For NSD events, the multiplicity distribution can be descrbed by an NBD up to
P s = 540 GeV in full phase space (ISR, UA5) and in the central regh (UA5). The
NBD succeeds to describe data up to 1.8 TeV inj < 0.5 (UA5, CDF), but fails for
larger -intervals and full phase space (UA5, CDF). NBDs also reprae multiplicity
distributions of €" e collisions (see e.gl [Bra89] for data iR s=14 436 GeV). How-
ever, ALEPH (Apparatus for LEP Physics) reported that alrealy at P s =91:2GeV
the charged-particle multiplicity distribution cannot be described by a single NBD
for both, full phase space and restricted rapidity interva (smallest analyzed region:
jyj < 0:5) [Bus95].

The t following the two-component model with two NBDs succeds in full phase space
and in the central region for NSD events at all mentioned engies underlining the likely
importance of multiple-parton dynamics of the higher eneigs.
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Chapter 3

The Large Hadron Collider

The Large Hadron Collider (LHC) [Pet95, LHCO4] at CERN is thebiggest particle
accelerator world-wide. First discussions that led to therpject started in 1984. The
LHC project was approved in 1994 and construction work in thenderground tunnel
started in 2001 after dismantling of the LEP coIIideﬁ]. LEP was previously built into
the tunnel which is located under the Swiss-French border @a close to Geneva at a
depth of 50 to 175m. The LHC has a circumference of 27 km. Itsr¢gest achievable
acceleration energies are 7 TeV for protons and 2.76 TeV peuateon for lead ions,
therefore providing collisions aP s=14Tevand” Syn = 5:5TeV, respectively. These
are the largest energies that have ever been accessible irtipke collision experiments.

3.1 Design

The LHC is a synchrotron that accelerates two counter-rotag beams in separate
beam pipes. In each of them bunches of particles travel manynes around the acceler-
ator ring before the collision energy is reached. The acaa®r has to bend the beams
around the ring, keep the bunches focused and acceleraterthto their collision energy.
Finally, the spatial dimension of the bunches has to be miniired to provide a high
number of collisions per time interval at the collision poits, i.e. a high Iuminosit)@. A

combination of magnetic and electric eld components perfms the mentioned tasks.

1The Large Electron-Positron (LEP) Collider operated in the years 1989 to 2000 with a maximum

center-of-mass energy of 209 GeV.
2For a particle accelerator experiment, the luminosity is dened by: L = fnN 2=A with n bunches

in both beams, N particles per bunch, cross-sectional are&@ of the beams that overlap completely,
and revolution frequency f . The frequency of interactions (or in general of a given proess) can be
calculated from the corresponding cross-section and the luminosity: dN=dt= L .

61



62 3.1. Design

Figure 3.2: Photograph taken inside the
LHC tunnel. Visible are several of the
main LHC dipoles (blue); the two (not yet
connected) beam pipes can be seen in the
front.

Figure 3.1: Schematic view of the LHC.

The layout of the LHC is shown in Figure[3.1L. It is segmented o octants, each has
a straight section in its center, referred to agoints. The arcs are called Sectoky

wherex and y are the numbers of the corresponding octants in clock-wiseder, e.g.

Sector 34. Four of the straight sections contain the experients (points 1, 2, 5, and 8)
which are the only locations where the beams cross. Partislare injected before point
2 and 8. The radio-frequency (RF) system that accelerates ¢hparticles is located at
point 4; the beam dumping system is located at point 6. At poin3 and 7 collimation

systems are placed that clean' the beam by removing partd that have either a too
large spatial distance to their bunch (particles in the soalled beam-halo) or are too
fast or too slow, thus separated in momentum-space. The cieag prevents particles
from being lost in an uncontrolled fashion within the accetator.

The main components of the machine are 1232 dipoles that betie beam trajectories.
An LHC dipole has a length of 14.3m and contains superconduagg magnets which
operate at a temperature of 1.9 K, notably 0.8 K lower than thdackground tempera-
ture of the Universe. Powered by a maximum current of 11.7 kAhe dipoles provide a
magnetic eld from 0.535 T during injection (beam energy of30 GeV) to 8.33 T during
nominal collisions (beam energy of 7 TeV). Several dipoleseashown in the photograph
in Figure [3:2. Eight RF cavities per beam deliver radio-frequency power to accelerate
the beams, keep the bunches of particles well-localized acmimpensate for energy loss
due to synchrotron radiation. The cavities produce a eld 06.5MV/m.
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Despite the high luminosity reached, only a very small fracn of the particles of two
bunches collides in a single bunch crossing. The others leathe interaction region
essentially unin uenced, are defocused, and continue torculate in the accelerator.

Injection of bunches into the LHC is preceded by acceleratioin the LINAC2, PS
booster, PS, and SPS accelerators. The acceleration seqers slightly di erent for
heavy ions, bunches pass the LINACS3, LEIR, PS, and SPS accalers (more informa-
tion can be found in [LHCO4, Chapter I-21]). Several injeabns to the LHC are needed
until all bunches of both beams are lled. The design paramets foresee nominal opera-
tion, where each beam is lled with 2 808 bunches each congigf of 1:15 10 protons.
Bunches have a r.m.. length between 11.24 cm at injection and 7.55cm at collision
They are separated by 25 n$LHC's design luminosity is 18*cm 2 s * for protons and
10°"cm 2 s ! for Pb ions. However, the LHC will deliver a signi cantly lower lumi-
nosity to the ALICE experiment during proton collisions (amut 3 10*°cm 2 s 1) by
means of defocusing or displacing the beams. At nominal lunaisity about 24 1C°
p+p collisions are estimated to occur per second in the LHC wdh corresponds to
about 2 10 produced particles per second. These are recorded by six esiments
that operate at the LHC:

ALICE (A Large lon Collider Experiment) [ALI95] is a dedicated heavy-ion
experiment designed to study strongly-interacting matterlt explores the phase tran-
sition to the quark{gluon plasma, its phase diagram, and itproperties. Furthermore,

ALICE will also study collisions of protons, on the one hand saa baseline for heavy-
ion measurements and on the other hand it contributes to tops involving its supreme
particle identi cation capabilities and its acceptance atvery low transverse momenta.
This thesis is based on the ALICE experiment described in dat in Chapter [4.

ATLAS (A Toroidal LHC ApparatuS) [ATL94] and CMS (Compact Muon
Solenoid) [CMS94] are general-purpose proton{proton detectors thaire built to cover
the widest possible range of physics at the LHC. Specic togs are the search for
the Higgs boson and physics beyond the Standard Model, e.cew heavy particles
postulated by supersymmetric extensions (SUSY) of the Stdard Model and evidence
of extra dimensions.

LHCb (The Large Hadron Collider beauty experiment) [LHC98] studies CP-
symmetry violation processes in heavip-quark systems.

3R.m.s. = Root mean square.
4For the acceleration of heavy ions the machine contains 592umches with 7 10’ Pb ions each.

However, recent discussions indicate possible changes diese values.
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Figure 3.3: The rst turn of a beam in  Figure 3.4: Captured beam with the RF

the LHC (10.09.2008, 10:25). The two red (11.09.2008, 22:43). Each line is one turn
spots show the beam at injection and after of one bunch in the LHC.
the rst turn.

LHCf (Large Hadron Collider forward experiment) [LHCO5] measures forward
particles created during LHC collisions to provide furtheunderstanding of high-energy
cosmic rays. The detector is placed close to the ATLAS experent.

TOTEM (TOTal Elastic and di ractive cross-section Measure ment) [TOT99]
measures the total cross-section, elastic scattering, anddractive processes. The de-
tector is located close to the CMS experiment.

3.2 Startup and Status

LHC started on the 10th September 2008 with great success. less than an hour after
the rst injection the rst beam had been sent successfully @und the entire ring.
Figure[3.3 shows a beam monitor of the rst bunch that passedtough the entire LHC.
During the same day the second beam in the opposite directiGuccessfully passed
through the ring. In a few days commissioning made spectaaulprogress. The RF
captured the beam successfully soon after and a stable cilaing beam was achieved
on the 12th of September. The monitoring of one of the rst RFeaptured bunches
circulating can be seen in Figuré_3l4.
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Unfortunately, a transformer failure in point 8 stalled the commissioning for about a
week. On the 19th September when LHC was basically ready fooliisions at P S =
900 GeV, an accident occurred during the 10 TeV magnet comrsigning without beam
in Sector 34, the last sector that was commissioned to this emyy [Leb08]. To repair
the damage that occurred in the machine the sector had to be waed up, which delays
LHC operations at least until late Summer 2009 (status of Jarary 2009).

3.3 Collision Parameters

The startup scenario for rst collision [LHCO8] foresees:atlisions at P s = 900 GeV

with four bunches per beam at a bunch intensity of 4 10 particles and a luminosity

of 6:6 10°”cm 2s !. Similarly, the rst collisions at © s =10 TeV are planned with 12

bunches per beam at an intensity of 3 10'° particles per bunch, yielding a luminosity

of .7 10®cm 2 s 1. These numbers correspond to a probability of a collision pe
bunch crossing of Z 10 *and 9 10 2 for P 5=000GeV and 10 TeV, respectively.
The probability of having a second or more collisions in a bweh crossing in which

a collision occurred is 0.37% and 4.9% for the two energiesspectively. Clearly, the

conditions under which rst measurements will be performedan only be estimated at
the present stage and thus these scenarios are only tentaiv

Nominal collisions are most likely to be reached initially tap s =10TeV and with the

following parameters: a luminosity of 3 10*°cm 2 s ! in ALICE with 2808 bunches
per beam with an intensity of 115 10 protons per bunclﬁ Due to the increased
number of bunches the probability for a collision per bunchrossing is lower than
before: 71 10 3. The probability of having a second or more collisions in a Imgh
crossing in which a collision occurred is then 0.36%.

Numbers that depend on collision parameters use these saeos, referred to as startup
scenario and nominal running conditions.

5The change of other beam parameters between the startup scarnio and nominal collisions results
in a smaller increase in luminosity than the one that may be asumed from the number of bunches
and their intensity.
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Chapter 4

The ALICE Detector

ALICE (A Large lon Collider Experiment) [ALI95] is a generalpurpose particle de-
tector designed to study heavy-ion collisions. It has beerpomized for the very high-
multiplicity environment that is created in central heavy-on collisions. The design was
developed fordN¢,=d = 4000, but tested up todN,,=d =8 OOOH ALICE is built and
operated by a collaboration of more than 1000 members from @it 30 countries.

The detector's unique features are the tracking and partielidenti cation over a large
range of momenta, from tens of MeW to over 100 GeVL, therefore accessing physics
topics starting from soft to jet physics and highpr particle production. The detector
consists of a central barrel j(j < 0:9) contained in a magnetic eld of 0.5T and
optimized for the detection of hadrons, electrons, and phohs; a muon spectrometer
at forward rapidities; as well as additional forward and trgger detectors. Figureé 4]1
shows a schematic view of the detector. Note that the ZDC (dettor abbreviations
de ned in the following sections) is shown only on the C sidena at a position much
closer to the experiment than installed. The positions of FE, TO, and VO are only
indicative, see the following sections for their exact pdsns. Figure[4.2 presents the
acceptance in of the various subdetectors. A picture of the detector in theavern is
shown in Figure[4.3.

This chapter will introduce the various subdetectors of ALCE with a special focus on
the subdetectors that are used for the analysis describedtims thesis. In the discussion
of the subdetectors the variables introduced in Appendix]Arad the ALICE coordinate
system (see AppendixB) are used.

!Results from RHIC indicate that the expected multiplicity a t LHC energies is lower than assumed
during the design stage,dN¢,=d =1500 4000 [AamO08].
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Figure 4.1: Schematic view of the ALICE detector.
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Figure 4.2: ALICE acceptance.

The gure shows the pseudorapidity acceptance of the subdetctors with an over-
layed dN.n=d prediction for p+p collisions by Pythia. The subdetectors have full

coverage in azimuth except for the ones marked with an astesk. SPD, SDD, and
SSD are the subsystems of the ITS (see Sectidn 4.1.1). Two rgas are given for
the TPC, depending on the conditions imposed on the track legth (full and re-

duced; see Section 4.712). ZN, ZP, and ZEM are the di erent pés of the ZDC (see
Section[4.2.5).

4.1 The Central Barrel

A set of detectors covers the central region of ALICE. Theseae in order of increas-
ing radii: the Inner Tracking System (ITS), the Time-Projet¢ion Chamber (TPC), the
Transition-Radiation Detector (TRD), and the Time-Of-Flight (TOF). These four de-
tectors cover the central regionj(j < 0:9) and partly a larger acceptance which will
be mentioned in the following. Their tasks are tracking and guticle identi cation in
the very high-multiplicity environment.

Additional detectors are located centrally but cover a sigrcantly smaller region of
phase space than the previously mentioned central regionhdse are the Photon Spec-
trometer (PHOS), the Electromagnetic Calorimeter (EMCal) the High-Momentum
Particle Identi cation Detector (HMPID), and the ALICE Cos mic Ray Detector
(ACORDE).
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Figure 4.3: View of the ALICE detector with open L3 magnet takn in early 2008.

The central barrel is contained in theL3 magnetinherited from the LEP experiment
L3. It has an inner length of 12.1 m and a radius of 5.75m. Thisom-superconducting
magnet was rst operated in 1988.

4.1.1 The Inner Tracking System (ITS)

The ITS, shown in Figure[4.4, consists of six layers of silicodetectors with radii
from 3.9cm to 43 cm. The two innermost layers have an extendedverage to provide
a measurement of the charged-particle multiplicity whichtogether with the FMD
(see Sectiori"4.212), results in a continuous coverage in The tasks of the ITS are
the reconstruction of the primary vertex of the collision asvell as the reconstruction
of secondary vertices of heavy-quark decays (B and D mesoms)d hyperons with
a resolution better than 100 m in transverse direction. The ITS contributes to the
particle identi cation through the measurement of the speicc energy loss dE=dx)
and to the tracking. It can be used to perform stand-alone trgking for low-momentum
particles that do not reach the TPC (see subsequent sectio)he pr cut-o at nominal
eld for the two innermost layers is about 35 MeVk. These two layers have to sustain
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Figure 4.4: Schematic view of the ITS.

a very high rate of up to 50 particles per crh For the outer layers the rate is below one
particle per cn?. The material budget is low, the total thickness in terms of adiation
length X=X, is less than 8%; each layer contributes with about 1%, the reaming
material is thermal shielding and support structures.

The two innermost layers, called Silicon Pixel Detector (SP), are based on hybrid sil-
icon pixels which consist of silicon detector diodes with dickness of 200m. The rst
and the second layer are placed at 3.9cm and 7.6 cm with an gui@ace ofj | < 2.0
andj j < 1.4 (for the nominal interaction point), respectively. In total 9.8 million chan-
nels are read out in a binary fashion, thus no energy-loss anfation is available and
therefore the SPD does not contribute to particle identi céion. The information from
the SPD alone is su cient to form so-called tracklets and th to measure the charged-
particle multiplicity. The tracklet reconstruction is explained in detail in Section[4.6.B.

The SPD can be used as LO trigﬁrFor this purpose each of the 1200 readout chips
provides a so-calledast OR signal indicating that at least one pixel of a given chip
produced a signal. These signals are sent to an FP&A}which is able to implement
boolean logic functions upon them. This allows trigger podslities that range from

a minimum-bias trigger to very complex trigger patterns. Anexample is to require a

2Triggers in ALICE are divided into levels (LO, L1, L2) depending at what latency after the collision
they are issued. The ALICE trigger system is discussed in deil in Section[4.5.

3A Field-Programmable Gate Array (FPGA) is a microchip that p erforms prede ned calculations
based on a programmable logic. Thus the SPD FPGA is adaptablgo allow for dierent trigger
patterns.
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certain number of two-chip combinations which resemble tcks pointing to the same
vertex. This allows interactions to be triggered with an impoved background rejection.
The SPD integrates the trigger signal over 100 ns correspand to four bunch crossings
in nominal p+p runsﬂ, therefore the bunch crossing that caused the trigger neetts
be identi ed with another detector, e.g. the VO (discussed éow).

The third and fourth layer, called Silicon Drift Detector (SDD), consist of a 300 m
thick layer of homogeneous high-resistivity silicon. Cordrrily to the rst two inner
layers, the readout is analog, therefore energy-loss infaation for particle identi ca-
tion is provided. The SDD has 133000 channels. The detectomploys a drift time
measurement resulting in a similar granularity as the SPD ahSSD.

The two outermost layers, called Silicon Strip Detector (93), consist of sensors equip-
ped on both sides with silicon micro-strips. These are arrged under a stereo angle
of 35 mrad allowing for a two-dimensional measurement of thieack position together
with an energy-loss measurement for particle identi catin. The SSD has about 2.6
million channels.

4.1.2 The Time-Projection Chamber (TPC)

The TPC is the main tracking device of the ALICE detector and$ located between radii
of 0.85m and 2.5 m (sensitive volume); it has a length of 5 m.provides, in combination
with the other central barrel detectors, the measurement atharged-particles, i.e. their
momentum, particle identi cation, and production vertex. The TPC is able to track
particles inj j < 0:9 for full radial Iengtrﬁ and up toj j < 1.5 for 1=3 radial length
(with reduced or no matching with the other detectors). Paricles with a pr from
about 200 MeV/c (at nominal eld) up to 100 GeV/ c can be measured. The momentum
resolution of the tracks is better than 2.5% for tracks with anomentum below 4 GeVEt.
The material budget of the ITS and TPC is on average less thanl% of a radiation
length.

Figure[4.3 shows a schematic picture of the TPC: it is a gas dstor with a volume of
90 m? (the biggest TPC in the World), lled with a Ne/CO »/N , gas mixture. A drift
eld of 100kV stretches between the central electrode (at = 0) and the two readout
planes atz = 2:5m. A maximum of 160 clusters can be measured for a typical tla
which allows up to 20000 tracks in one event to be reconstrgct and identi ed. The

4Data-taking is organized in runs. A run is the collection of the data taken for a few hours under
the same experimental conditions. Runs are marked with an ioremental number.
SA track without full radial length traverses the TPC in a way t hat it leaves the TPC before

reaching the outer radius; therefore it produces less tradkg information than a track with full radial
length.
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Figure 4.5: Schematic view of the TPC (adapted from_[Aam08])

readout plane consists of multi-wire proportional chamberthat are mounted on the
end-caps of both sides of the TPC. Electrons arriving from # drift volume have to
pass a gating grid that is only opened upon a L1 trigger for thdrift time interval
(about 90 s). The readout comprises about 560 000 channels. It is segweel into 18
sectors on each side (see Figure 4.5) and is insensitive a¢ $ector boundaries, which
results in a total insensitive area of about 10% [Aam08]. Hawer, the reduction of the
tracking e ciency is less than these 10% because the magneteld bends tracks out
of the insensitive region. This argument does not of cours@ly to high-pr tracks.

The TPC is, due to its drift time of about 90 s, the slowest detector in ALICE. This
has to be taken into account for the trigger: once an event isceepted, usually no
other event is measured with the TPC within the next 90 s. A signi cant amount of

piIe-u;@ is expected: at a luminosity of 3 10*°cm 2 s ! about 30 p+p interactions

are detected together with the triggered event. Still the ttal occupancy is much lower
than for Pb+Pb collisions; the tracks from pile-up events ca be eliminated during the
reconstruction because those point to di erent vertices thn the vertex of the triggered
event.

The large number of measured clusters allows the specic ege loss E=dx) of
traversing particles to be calculated without being a ectd by the tails of the energy-

SpPile-up refers to the situation where more than one collisio occurs during the readout time of a
detector. These collisions can be in the same or in di erent binch crossings.
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loss (Landau) distribution. The truncated meanmethod is applied which uses only part
of the clusters by skipping a fraction of clusters that havehe largest values (and are
thus likely to be from the tail of the distribution). The measured total energy loss is
therefore nearly distributed like a Gaussian. The TPC aimstaan energy resolution

of 5.5% for tracks that have more than 140 clusters at low pade densities [[ALIO0].

Preliminary studies using data taken during the commissiong with cosmic rays show
that this is achieved [Kal08]. The TPC provides a 3 =K - and K=p-separation in

the region ofpr . 1GeV/c, =K -separation forpr . 0.5GeV=c, as well as good
electron-pion separation up to a few Ge\W.

4.1.3 The Transition-Radiation Detector (TRD)

The TRD's task is to distinguish electrons from pions, esp&dly at higher momenta
above 1GeVck. Furthermore, it contributes to the tracking of particles and acts as
a trigger on high-momentum electrons. The detector is basemh transition radiation
(TR) which are photons with, in this case, wavelengths in theegion of soft X-rays.
TR occurs when a charged particle propagates through bourniies between media
that have dierent dielectric constants. The probability for the creation of such a
photon is linearly dependent on the particle's Lorentz facr ; e.g. for particles with
p=1GeV=c. (e )=( ) 200G7. However, the overall probability to create TR
at one media boundary is still low, thus many layers of mediadundaries are used, so
that on average more than one detectable X-ray photon is proaded for particles with

> 1000 [AamO08]. The achieved pion rejection is better than 1G6r particles above
1 GeV/c at an electron e ciency of 90% [And04 | AdIO5, WiIOS)ﬂ

The detector is located at radii from 2.9m to 3.7m. It is segnmted into 18 sectors
where each consists of six layers. Figure %.6 shows one ldpat combines a radiator, a
drift chamber, and readout electronics. The radiator fadtiates the production of TR.
In the Xe/CO , gas mixture, TR is converted at the beginning of the drift regpn into an
electron cluster which is subsequently detected. Averageiftispectra for electrons and
pions are shown in Figuré 4]7. The readout electronics feags 1.18 million channels.

A built-in tracklet processor combines the information fran the six layers to form
tracklets: these are used to identify high-momentum eleans which in turn provide a
L1 trigger. Such a trigger is for example useful to increaséd yield of s and high-pr
J=s. The TRD needs a so-called pretrigger to wake up its electmics that is usually
in standby to reduce the power consumption and thus heat pradtion.

A pion rejection of 100 at an electron e ciency of 90% means that while electrons are positively
identi ed with 90%, only 1 pion among 100 is falsely identi ed as an electron.
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4.1.4 The Time-Of-Flight Detector (TOF)

The TOF detector's main task is to identify protons, kaons, ad pions by measuring
the time between the collision and the arrival of the partia@s in the TOF. The K=p

separation up to 4 GeVk and the =K separation up to 2.5 GeVEt are better than 3 .

The TOF system provides the above-mentioned pretrigger sigl to the TRD and an

LO trigger for ultra-peripheral collisions.

The detector consists of 18 sectors and is located at a radio 3.8 m. The 140m
large active area is a high-resolution array of so-called ttigap resistive plate cham-
bers. These are stacks of very thin structures (250n) featuring a high and uniform
electric eld and a C,H,F,4/i-C 4H,0/SF gas mixture so that any traversing particle
immediately triggers an avalanche. The setup achieves a yggood time resolution of
about 40 ps. Combined with other uncertainties, e.g. the uectainty to determine the
exact time of the interaction, the time of ight measurementfor single particles has an
overall resolution of better than 100 ps [Aam(08]. The TOF dettor has about 160 000
channels.
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4.1.5 The Photon Spectrometer (PHOS)

The PHOS is a high-granularity calorimeter measuring photes. It allows for example
the measurement of ° and via their decay photons. For this purpose photons have
to be discriminated against charged hadrons and neutrons wh is partly performed
by topological shower analysis. It features an excellent ergy resolution, for example
for 1 GeV-photons, g=E is about 4% [ALI99b]. The PHOS can provide a LO and L1
trigger.

The detector consists of an electromagnetic calorimeter dénse scintillating crystals
(about 20X o) and detection cells made of lead-tungstate crystal (PbW§). It is located

at a radius of 4.6 m and covers about 3.7% of phase space in tleatcal region. A set of
multi-wire proportional chambers in front of PHOS is used taeject charged particles,
this part of the detector is called Charged-Particle Veto (€V).

4.1.6 The ElectroMagnetic Calorimeter (EMCal)

The EMCal is a Pb-scintillator sampling calorimeter that mesures photons, °, and

via their decay photons like the PHOS detector. It is, howeve larger than PHOS
with an acceptance of about 23% of phase space of the centradjion, but o ers lower
granularity and resolution. The detector is located appraxnately opposite to PHOS. It
can provide a LO and L1 trigger based on sums of deposited egetowers) in sliding
regions of the detector.

The EMCal has been added in a late stage to the experiment's gsign and therefore
its construction only started in 2008.

4.1.7 The High-Momentum Particle ldenti cation Detector
(HMPID)

The HMPID is a proximity focusing Ring-Imaging Cherenkov (RCH) detector for par-
ticle identi cation of high-momentum hadrons. It extends ALICE's capability of =K -
and K=p-separation to 3 and 5 GeV¢, respectively, and therefore allows the inclusive
measurement of charged particles within 15 GeV/c. The detector's acceptance covers
about 5% of the central region phase space. The detector cists of 10 nf of active
Csl photocathode area which represents the largest scaleplgation of a RICH.
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4.1.8 The ALICE Cosmic Ray Detector (ACORDE)

ACORDE consists of 60 large scintillators that are used as Litigger on cosmic rays.
The detection of single atmospheric muons and multi-muon ents allows high-energy
cosmic rays to be studied, which can provide insight into thenergy region of the knee
in the cosmic-ray spectrw%. Furthermore, cosmic-ray events are used for calibration
and alignment. ACORDE has been used during the detector conissioning in 2007 and
2008. The rate of muons reaching the ALICE detector is about3Hz=m?. ACORDE's
scintillators have been used before by the DELPHI (Detectowith Lepton, Photon,
and Hadron Identi cation) experiment.

4.2 Forward Detectors

4.2.1 The Photon Multiplicity Detector (PMD)

The PMD measures the multiplicity distribution of photons (e.g. decay products from

9and ) in the forward region (23 < < 37, full azimuth). It consists of two gas
proportional chambers. Between these a lead converter iscaied. The plane in front
of the converter is used as a veto for charged particles whtlee information from the
second plane is used to identify photons. The detector is ptigned at a 3.64 m distance
from the nominal interaction point. The PMD cannot be used as trigger because of
its slow readout.

4.2.2 The Forward Multiplicity Detector (FMD)

The FMD measures the charged-particle multiplicity over adrge fraction of phase
space, 34 < < 1.7 and 17 < < 50, both in full azimuth. The detector is
composed of silicon strips located in ve rings az = 3.2m, 0.83m, 0.75m, 0:63m
and 0:75m. Due to its slow readout ¥ 1:2 s) it cannot be used as a trigger.

4.2.3 The VO detector

The information from the VO detector is used as minimum-biasigger, to reject beam-
gas events, and to provide a pretrigger to the TRD. It consist of two arrays of seg-

8The ux of cosmic rays as a function of the cosmic-ray energy lsows a power-law behavior. The
slope changes between & 10 eV, which, due to the shape in a double-logarithmic scale, igalled
knee
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mented scintillator counters that are located az = 3.4m (2.8< < 51)and 09m
( 37< < 17). The time resolution is about 1 ns[[Car04] which allows baagas
events that occurred outside of the nominal interaction ragn to be identi ed (dis-
cussed in Sectiofn’5]1).

4.2.4 The TO detector

The TO (‘time 0') detector measures the collision time with grecision of 25 ps. This
information is used as a time reference for the TOF detectond to determine the vertex
position with a precision of about 1.5 cm. If the vertex posion is inside a window where
interactions are expected an LO trigger is issued. A vertexogition outside the region
where collisions should appear is used as a beam-gas regecsignal. Furthermore, the
TO detector can also send a pretrigger to the TRD.

The detector consists of two units that each comprises twevCherenkov counters with
guartz radiators. The units are located around the beam pipat a distance of 3.75m
(positive z) and 0:73 m (negativez) from the nominal interaction point.

4.2.5 The Zero-Degree Calorimeter (ZDC)

The ZDC provides an estimate of the impact parameter of heavign collisions by the
measurement of the number of spectator nucleons which isatdd to the energy carried
forward, i.e. in beam direction. The detector is located ondih sides of the detector, at a
distance of 116 m from the nominal interaction point. The mesaurement is performed by
two calorimeters, one for neutrons (called ZN, j < 8:8) and one for protons (called ZP,
6:5< | j < 7:5). At this distance from the interaction point neutrons andprotons are

separated by the magnets in the beam line. When they are not use, the calorimeters
are moved out of the beam line by a lifting platform to reduceheir exposure to ionizing
radiation. The measurement is complemented by an electrogyeetic calorimeter (called
ZEM, 4.8 < < 57) which measures the total forward energy at = 7:25m. This

allows the distinction of central and very peripheral heawon events: both deposit low
energy in the forward ZDCs. In a central collision only a fewpgctators are emerging
in forward direction; in peripheral collisions big fragmets are produced that do not
reach the ZDCs. The ZDC can provide a L1 trigger.

4.3 The MUON Spectrometer

The task of the MUON spectrometer is to measure the completpactrum of quarkonia
J=, ¢, 2 099 with a mass resolution that is good enough to separate these
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states as well as the meson. The separation of the states requires a resolutionfo
100 MeV/c in the 10 GeV/c? invariant mass region. Furthermore, the production of
open charm and beauty can be studied.

The spectrometer is located on the C side of the ALICE experient. It accepts particles
in 4< < 25 and has full azimuthal coverage for muons witp > 4 GeV=c. This
cut-o is due to the fact that to reach the spectrometer muonsrst have to pass through
the front absorber made of carbon, concrete, and steel. Sassively they are measured
by ve tracking stations with two planes each made of very tm, high-granularity,
cathode strip tracking stations. A dipole magnet with an inegrated magnetic eld
of 3Tm is located outside of the L3 magnet to allow the muons' amenta to be
reconstructed. Two tracking stations are located in front bthe dipole magnet. One
tracking station is in its center; two are positioned behindhe magnet. An iron wall of
1.2m acts as a further muon lter after which two trigger statons with two planes each
of resistive plate chambers are located. The whole spectretar is shielded by means
of a dense absorber tube against particles emerging from theam pipe.

4.4 The Data Acquisition (DAQ)

The tasks of the ALICE DAQ system are the assembly of event fgaents from individ-
ual subdetectors into complete events (event building) asel as bu ering and export
of assembled events to permanent storage. The DAQ is desidrie process a data rate
of up to 1.25 GB/s in heavy-ion runs. Event building is done itwo steps. Data from the
subdetectors is received bjpetector Data Links (DDLs) on Local Data Concentrators
(LDCs). The LDCs assemble the data into sub-events that arehen shipped toGlobal
Data Collectors (GDCs). A GDC receives all sub-events from a given event and-a
sembles them into a complete event. Subsequently, these rgeare stored on a system
called Transient Data Storage (TDS) that provides at present 45TB of data storage.
The export of the data and further processing is described log/ in Section(4.6.1l. The
DAQ has at present 83 LDCs and 43 GDCs while the fully equippedAQ setup will
comprise 200 LDCs and 60 GDCs [Chal8].

ALICE can simultaneously take data in severapartitions, where each partition consists
of a set of subdetectors. Obviously a given subdetector camlp be active in one
partition at a time. The active subdetectors in a given partion are grouped into
clusters for which triggers can be de ned. Therefore, upon tigger only a subset of
the whole partition may be read out. Furthermore, a triggemg detector does not have
to be necessarily part of the partition.
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4.5 The ALICE Trigger System

ALICE has a two-layer trigger architecture [ALIO4]. The lowlevel trigger is a hard-
ware trigger called Central Trigger Processor (CTP). The Hjh-Level Trigger (HLT)
is implemented as a pure software trigger. The CTP combinesguts from di erent
trigger sources, i.e. the various subdetectors. These irtplare single signals like a hit
in the detector. At most, inputs can be fast calculations thaare performed in the
subdetectors. An example is the above-mentioned trackletgcessor in the TRD. The
HLT allows the implementation of sophisticated logic for tle triggering. In contrast to
the CTP, which governs the readout of the subdetectors, the lH receives a copy of
the data read out from the subdetectors and processes it.

4.5.1 The Central Trigger Processor (CTP)

The hardware trigger combines the trigger signals of the viaus subdetectors to decide
if an event is accepted which means that it is read out and wt#n to disk. Several
trigger levels reduce the event rate depending on the inpuggals. The rst level, called
LO, is delivered after 1.2 s, the second, called L1, after 6.5s. The nal trigger, L2,
is delivered after 100 s, upon completion of the drift time in the TPC. Only after an
L2 trigger the event is nally stored. Another task of the hadware trigger is to issue
a pretrigger to wake up the TRD electronics which is needed iess than 900 ns after
the interaction.

A past-future protection ensures that events are not superiposed by too many pile-up
collisions. The readout times of the di erent detectors var signi cantly, therefore the
window in which pile-up is recognized depends on the detectothat are part of the
current partition as well as on the collision system. For exaple in Pb+Pb collisions a
reasonable condition for partitions that contain the TPC isthe following: in a window
of 90 s (the TPC drift time) around the collision time of the event amaximum of four
additional peripheral events and no additional semi-cerait event is allowed[[AamO08].
Di erent conditions are applied for p+p collision where pie-up is always present due
to the higher luminosity. However, in this case more pile-ups acceptable due to the
much lower particle densities.

The trigger logic acts upon numerous inputs: up to 24 LO, 24 L.Jand 12 L2 input
signals. Out of these inputs up to 50 trigger classes can berd. However, not all
the inputs can be connected in an arbitrary way, for more infmation see [[ALIO4].

The rates of di erent trigger classes are very di erent. By @ nition minimum-bias
triggers have the highest rate, other triggers that look forare signals have much lower
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rates. Therefore, downscaling factors can be applied to thegger classes individually,

I.e. only everynth event ful lling the trigger condition is read out. The tot al recording

rate is limited by the maximum bandwidth of data that can be reorded to disk and

tape. To prevent losing precious events due to the fact thatanspace is available on
the temporary memory and disk bu ers in a moment where a triggr that looks for

a rare signal occurs, the trigger system implements an eveptioritization scheme.

Therefore, trigger classes are grouped into common triggeand rare triggers. In the
case that the utilization of the temporary storage is above eertain value (high-water

mark) only rare triggers are accepted; as soon as the utiliman drops below a given
low-water mark all triggers are accepted again. This schensgni cantly increases the

acceptance of rare events.

The minimum-bias triggers available in ALICE and their e ciency are discussed in
Section[5.1.

4.5.2 The High-Level Trigger (HLT)

ALICE's software trigger, called HLT, is a farm of multiproessor computers. The aim
is about 1000 PCs processing the data in parallel allowing amline analysis of the
events. A trigger decision is derived from much more compétinformation than is
available for the hardware trigger. Therefore, it allows fomore sophisticated triggers.
Examples include triggers on high-energy jets or on muon psi Furthermore, the HLT
can signi cantly reduce the event size by selecting regiomd interest (partial readout
of subdetectors) and by further compression of the data.

The HLT receives a copy of the raw data and performs per detertreconstruction,
partly aided by hardware coprocessors. Subsequently, thegiger decision is based on
the global reconstructed event. In the same step a region oterest can be selected. In
the last optional step, if the trigger decision is positivethe data is compressed. The
trigger decision, partial readout information, compressedata, and the reconstruction
output is sent to LDCs and subsequently processed by the DA@ terms of the overall
DAQ architecture, data sent by HLT is treated like stemming fom a subdetector.

4.6 The ALICE O ine Software Framework

The data production of the LHC experiments (about 10 { 15PB peyear) is at a
new scale compared to any previous experiment. In ALICE, arvarage Pb+Pb event
will have a size of about 13.75MB; on average a p+p event is alfol.1 MB. For a
standard running year, of the order of 10 p+p events and 16 Pb+Pb events are
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expected yielding a total raw data volume of 2.5PB. The dataaken with cosmics in
2008 amounts to about 300 TB. Two thirds were taken in so-calll global runs with

several participating subdetectors { a situation similar ¢ real data-taking. The average
size of the reconstruction output is 3 MB for a Pb+Pb event andlO kB for a p+p event.

This only includes high-level information needed for usemalysis. Examples are the
event-vertex position, reconstructed track parameters,ral PID information (see also
Section[4.6.B below). The overall data ow is discussed in @& in the subsequent
Section[4.6.1.

The required computing resources for the reconstruction dranalysis of the raw data
as well as the production of simulated events needed for thaederstanding of the data
exceed the computing power of single institutes and even ters like CERN. There-

fore, institutes that are part of the collaboration also preide storage and computing
resources. At present 80 centers contribute to ALICE's congying resources. Distribu-
tion of the data for reconstruction and analysis cannot be pmrmed manually and this
led to the need for an automated system. The concept of GriddB04] was identi ed
as a solution. ALICE uses theALICE Environment (AliEn) system as a user interface
to connect to a Grid composed of ALICE-speci ¢ services thatre part of the AliEn

framework and basic services of the Grid middleware instal at the di erent sites.

AliEn is brie y described in Section[4.6.2; more informatia can be found in|[Bag08].

A dedicated framework called AliRoot enables simulation ahreconstruction of ALICE
events to be performed. It is also the basis for any analysiefformed on the data. The
AliRoot framework is described in Sectiohi 4.6.3. ALICE o0 es to its users a system
called CERN Analysis Facility (CAF) which enables the pardkl use of a computing
cluster to perform analysis. The CAF system is introduced isection[4.6.4.

4.6.1 Dataow

The raw data taken by the subdetectors has to be processed dref it is available in the
form of reconstructed events for further analysis. This hggens in several stages and
is illustrated in Figure [4.8. Data originating from the subaktectors (denoted by 1 in
Figure[4.8) is processed by LDCs, global events are built byD&s (2); see Sectioi 414
for details. The so-calledpublish agentregisters the assembled events into the AliEn
system (3) and ships them to the CERN computing center wherdng¢y are stored rst
on disks (4) and then permanently on tapes (5) by th€ ASTOR system [Dur04].

During data-taking the subdetectors also produceonditions datathat is relevant for
the calibration of individual detector signals. Conditiors data provides information
about the detector status and environmental variables dung data-taking. Examples
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Figure 4.8: Global view of ALICE's data ow (Figure adapted fom [AamOQ§]).

Condition
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are inactive and noisy channel maps, distributions that desibe the response of a chan-
nel, temperatures and pressure in a detector, and detectoorcguration. Many of the
conditions data could in principle be calculated from the na data and extracted o ine
after data-taking. However, such an approach would requi@ additional pass over the
raw data before the reconstruction which is not feasible due the limited computing
resources. Therefore, conditions data is already extradt@€luring data-taking.

Conditions data is produced by special programs that proceshe raw data stream and
extract the needed values. These programs work in the realrh BAQ, DCS (Detector

Control System), and HLT and store their output on so-called~ile eXchange Servers
(FXS) (6-8 in Figure[4.8). A dedicated program calledShuttle collects these outputs
and makes them available to the reconstruction. Furthermae, it retrieves information

about the run from the ECS logbook (9) and collects continualy monitored values
that are written by DCS into the DCS Archive (10). After processing the data, the
Shuttle registers the produced condition les in AliEn (11)and stores the data in
CASTOR (12). The Shuttle framework, which was developed asapt of the thesis

work, is described in AppendixD.
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With the registration of the raw and conditions data the trarsition from the online to

the oine world has taken place. Online denotes all actions and progns that have
to run in real time. O ine processing is the subsequent steplike for example event
reconstruction, which is executed on worker nodes (WN) of @ sites located around
the Globe.

4.6.2 The AIEn Framework

The Grid paradigm implies the uni cation of resources of disibuted computing cen-
ters, in particular computing power and storage, to providéhem to users all over the
World. It allows computing centers to o er their resources ® a wider community. This
allows resources in large collaborations to be shared.

Software that implements the Grid concept is called Grid midleware. ALICE has
developed a Grid middleware called AliEn [Bag08] since 208n ALICE user employs

AliEn to connect to the ALICE Grid which is composed of a comimation of general
services that are provided by many Grid middleware solutianand ALICE-specic

services provided by AliEn. Part of the ALICE Grid is a global le catalog that is a

directory of les in storage elements distributed over the &be, automatic matching
of jobs for execution to a suitable location in one of the comated sites, a shell-like
user interface, and APH services for the ROOT frameworkl [Bru97].

Currently the ALICE Grid consists of about 80 sites locatedri 21 countries. The
system has been tested extensively with up to 10000 jobs rung concurrently over
several weeks. The simulated data used in this thesis has bgroduced at these sites.
Figure[4.9 shows a map of ALICE's Grid sites.

4.6.3 The AliRoot Framework

AliRoot [Aam08, |ALIO9] is the o ine framework for simulatio n, alignment, calibra-
tion, reconstruction, visualization, quality assuranceand analysis of experimental and
simulated data. It is based on the ROOT framework. Most of theode is written in
C++ with some parts in Fortran that are wrapped inside C++ code.

The AliRoot development started in 1998 and it has been extsively used for the
optimization of the experiment's design. It has been usedrftarge-scale productions,
so-called Physics Data Challenges (PDCs), where millionkavents are produced. These
have been used to estimate the physics performance of ALICEeg [[Car04| Ale(6]).

®An Application Programming Interface (API) of a program is a set of publicly available functions
that can be used to access its functions.
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The gure shows the computing centers that contribute to the ALICE Grid. Most
of them are located in Europe, however, some are in other coirtents which can be
seen in the inset showing the world map in the bottom right comer. Figure taken

from [ALIO8].

Such events are also used to develop analysis procedures tangistimate the associated
systematic errors, as is performed in this thesis. FinalhAliRoot is used to reconstruct
events that occurred in the detector.

For event simulation the framework provides the followingunctionality:

Event generation . A collision is simulated by an event generator that is in-
terfaced with AliRoot (e.g. Pythia [Sjo01], Phojet [Eng95]or HIJING [Gyu94]);
this step produces thekinematics tree containing the full information about the
generated particles (type, momentum, charge, productionrpcess, originating
particle, and decay products).
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Transport . The particles are propagated through the detector materiavhich
is modeled as realistically as possible. In this process,rpees can interact with
matter, decay, and create additional particles. Naturallythese particles have to be
propagated through the detector as well. The total number gbarticles after the
transport is signi cantly larger than the number of particles created in the initial
generation step. During this process all interactions of picles with sensitive
detector parts are recorded asits that contain the position, time, and energy
deposit of the respective interaction. Furthermorefrack referencesare stored
that can be used to follow a track’s trajectory, mainly need# for the debugging
of the reconstruction algorithms. Programs that perform tle transport and are
interfaced with AliRoot are Geant3 [Bru78], Geant4 [AgoO3jand Fluka [Fas03].

Digitization . If a particle produced a signal in a sensitive part (hit), tke cor-
responding digital output of the detector is stored as aummable digittaking
into account the detector's response function. Possible ise is then added to the
summable digit and it is stored as aigit. Summable digits allow events to be
merged without duplication of noise. In the last step, the da is stored in the
speci ¢ hardware format of the detector (raw data).

At this stage the raw data corresponds to the signals that wad be produced by an
interaction of the same kind within the detector. The subseagent reconstruction is
identical, both for simulated as well as real events. It corss of the following steps:

Cluster nding . Particles that interact with the detector usually leave a gnal
in several adjacent detecting elements or in several timensi of the detector.
In this step these signals are combined to forrolusters This allows the exact
position or time of the traversing particle to be determinedand reduces the e ect
of random noise. Overlapping signals from several partiglén a single cluster are
unfolded. This step is performed for each subdetector whedeie to the di erent
nature of the subdetectors the implementations vary signcantly.

Track reconstruction . The clusters are combined to form tracks that allow the
track curvature and energy loss to be calculated with the ainof determining
their momentum and particle type. The tracking is a global tak as well as an
individual procedure per detector. The global central bagl tracking starts from
track seeds in the TPC which are found by combining informadin from a few
outermost pad rows under the assumption that the track origiated from the
primary vertex. Tracks are then followed inwards using a piedure called the
Kalman lter [Bil89]! in each step the track, i.e. the track parameters and the
covariance matrix, is propagated to the next pad row. The caviance matrix is
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SPD Layer 2 y Ao

Figure 4.10: SPD tracklet nding.
The left panel shows the primary-vertex nding. Straight li nes are formed through all
two-cluster combinations (not all shown), the vertex is found where most intersect.
In the right panel the subsequent tracklet nding is shown, combinations are valid
where the vertex is in line with a cluster in the rst and in the second layer. The
di erence in ' between the vertex and the rst and second cluster has to be blew
a threshold and is a quality parameter of the tracklet.

updated adding a noise term that represents the informatiotoss by stochastic
processes such as multiple scattering and energy-loss uations. If a cluster is
found that ts to the track, it is added to the track, updating its parameters and
the covariance matrix. Afterwards the same procedure is repted by starting the
seeding closer to the collision point. In a nal step all clusrs already associated
to tracks are removed and the procedure is repeated withougquiring that the
seeds point to the primary vertex. The result, the so-calledPC-only tracks to
which only TPC information contributed, is saved in the recastruction output.
Subsequently, these tracks are complemented with informan from the ITS,
TRD, and TOF as well as HMPID and the CPV of PHOS if the track is n their
acceptance which produces so-callggbbal tracks Tracks can also be formed out
of information from the ITS only. Tracks are represented byhe parametersy, z,
sin' , tan , and 1=pr, see AppendiX B for more details.

Among the track nding in single detectors is the SPD tracklé nding, illustrated
in Figure [£10. The event vertex as well as the tracklets areeconstructed by
forming straight lines out of a cluster in each of the two SPDalyers. The event
vertex is reconstructed where most of these lines intersedtines that point to
the vertex are identi ed as tracklets. A tracklet is represated by ,', ', and
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the primary-vertex position because tracklets originateyconstruction from the
vertex. The quality parameter ' isdenedby ' ="', ',where' (' ,)Iis
the azimuthal angle between the event vertex position and éhcluster in the rst
(second) layer.

More information about the track nding can be found in [Ale(].

Primary-vertex reconstruction . Various information is used to nd the pri-
mary-vertex position of the interaction. Examples of infamation, each of which is
su cient to produce a vertex position, are clusters in the SB, tracks in the TPC,
and global tracks. When a vertex position is found the trackare constrained to it:
the vertex position is used as an additional point to estima& the track parameters.
The TPC-only tracks are constrained with the vertex positia found with TPC-
only tracks while the global tracks are constrained with theertex position found
with global tracks. Of course this constraint is only used fatracks that actually
pass in vicinity of the vertex.

Secondary-vertex reconstruction . Tracks are combined to nd secondary ver-
tices in order to reconstruct decayed particles like®! p and photon conver-
sions. For this purpose, opposite-sign tracks that origirt@ su ciently far away
from the primary vertex are combined. If the closest approaicand the topology
of the two tracks is consistent with a decay, the pair is accégd as a potential
secondary vertex.

The output of the reconstruction is called Event-Summary D& (ESD) which contains
only high-level information such as the position of the evénertex, parameters of recon-
structed charged particles together with their PID informaion, positions of secondary-
vertex candidates, parameters of particles reconstructed the calorimeters, and inte-
grated signals of some subdetectors. This data is furtherceced to Analysis-Object
Data (AOD) format. These smaller-sized objects contain oplinformation needed for
the analysis. Therefore, the transformation procedure maglready contain a part of
the analysis algorithm, for example track selection. SexarAODs, focusing on di erent
physics studies, can be created for a given event.

4.6.4 The CERN Analysis Facility (CAF)

The processing of large samples of data is performed on theidutilizing the pre-
viously introduced AliEn framework. To allow fast processig of medium-sized data
samples, a system called CERN Analysis Facility (CAF) was seip as part of the
thesis work. Contrary to the batch-type approach of the Grid it allows interactive
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Figure 4.11: Schema of the PROOF system.

processing, thus the execution time is minimized and many d&dopment cycles are
possible in a short period of time. The system's main taskseprompt analysis of p+p
data, pilot analysis of Pb+Pb data, fast event reconstructon, and above all calibration
and alignment. A fraction of the total data recorded by the egeriment as well as some
simulated data will be available on the CAF. After successfyprototyping, the analysis
code can be sent as a Grid job to subsequently process largetssof data.

The Parallel ROOT Facility (PROOF) [Bal03] enables interative parallel data pro-
cessing on a computing cluster. It is part of the ROOT framew&. The system is
particularly suited to process events produced by high-ergy physics experiments:
events can be processed in an arbitrary order and results abted in parallel can be
summed up after processing (event-based parallelism). big[4.11 shows a schematic
view of the system. A user running a ROOT session on a clientrarects to aPROOF
master node which in turn opens a ROOT session on ea€lROOF worker node. The
user sends a query that consists of the analysis code and theame of a dataset known
to the system that is to be processed (step 1). The master nodssigns data fragments
to each worker node which are then processed (step 2). The das$ assigned such that
data local to the worker node is processed rst, then non-latdata, if remaining. After
processing, the results are merged on the master node (stgp @&d returned to the
user (step 4).
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Figure 4.12: Interaction of a beam stray Figure 4.13: Cosmic-ray track used for

particle with the SPD detector. alignment in the ITS.
Real data event recorded on the Real data event recorded on the
11.09.2008 (run 58338). 20.09.2008 (run 60305).

The CAF has been available to ALICE users since May 2006. ThaR®DOF system has
been installed and an automatic staging solution was develed. It stages les residing
on storage elements connected to the AlIEn Grid. At presenflanuary 2009) the system
has 120 CPU cores and 32.5 TB of disk space local to the clust®mce its introduction
hundreds of users have exercised the system and many of theavén been trained in
regular tutorials that take place every 1 { 2 months. The sygm has been well received
and an increasing number of users (at present about 50) usesthystem regularly. More
information about the technical concept, the staging syste, and monitoring can be
found in [Gro08].

4.7 ALICE Startup Con guration

In 2008, ALICE took cosmic-ray data and was ready to detect st collisions. At this

stage most subdetectors had nished their complete installion except for the TRD (4

out of 18 supermodules were installed), PHOS (1 out of 5 PHOSowmules was installed
without CPV), PMD (25% were installed), and EMCal, whose costruction has only
started in 2008.
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Figure 4.14: Particle shower in the TPC.

Real data event recorded on the 02.09.2008 (run 55604).

In 2008, millions of cosmic-ray events and some events dugithe circulating LHC
beams were taken. Figure~4.12 shows an interaction of a strpgrticle of a circulating
LHC beam with the rst layer of the SPD. Figure [4£13 and Figurdd.14 show cosmic-
ray events in the ITS and TPC, respectively. The shower in th& PC was caused by a
high-energy cosmic-ray interaction in the muon absorber.

Further modules are expected to be installed before datakimg starts in 2009. Details
about the progress and the current planning can be found in &009].

4.7.1 Alignment Status

The subdetectors that each consist of many components aretihmcated exactly at their
nominal positions due to the limited precision during mounnhg and due to deformations
caused by other components. A process called survey detenes the detector positions
with ducial marks that have been added to many detector compnents at well de ned
places. Digital images are taken from various angles of thetgp and the exact positions
are calculated. This method achieves a precision of 1 mm whins performed in the
ALICE pit, and somewhat better for measurements done in theab while assembling
a detector. Further alignment has been performed using eusnthat contain tracks
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Figure 4.15: SPD alignment with cosmic-
ray tracks.

Figure 4.16:pr resolution of the TPC.
The gure shows the pr resolution de-

The gure shows the track-to-track dis-
tance (see text) between cosmic-ray
tracks reconstructed in the lower and
upper half of the SPD. The distribution
before (blue solid) and after (black solid)
alignment is shown, as well as the distri-
bution from simulated data without mis-
alignment (red dashed). The inset in the
top right shows a zoom in the central re-
gion. The simulated data is scaled to the
same maximum value as the aligned dis-
tribution. Data points from [Bom09b].

termined from cosmic-ray tracks before
(blue circles) and after (black trian-
gles) preliminary calibration and align-
ment. Additionally, the resolution from
the simulated data used in this thesis
is shown (red squares). Cosmic-ray data
points from [Ilva08].

produced by cosmic rays. For early measurements no otheramniation for alignment
is available.

SPD

The SPD has been aligned with about 55 000 cosmic muons usihg Millepede software
[Blo02a] which performs a global 2-minimization of the residuals of a large number
of tracks [BomQ9b]. It is performed in a hierarchical way, srting with sectors, then
half-staves, modules, and nally aligning the whole SPD bael with respect to the next
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layer of the SSE@ The same cosmic-ray tracks allow the quality of the alignmémto be
checked because each cosmic-ray track is reconstructedcyionce in the upper half of
the detector and once in the lower half. Both tracks appear toriginate from the center
of the detector for the reconstruction software. The track grameters of these two tracks
can be compared, in particular the track-to-track distancei.e. Xy in the direction
normal to the tracks aty = 0. Figure 4.15 shows the xy distribution of cosmic-ray
tracks before and after the alignment procedure, as well asat of simulated data with
ideal geometry. The corresponding resolutions are 5th and 43 m for cosmic-ray data
after alignment and simulated data, respectively. The di eence indicates the e ect of
the residual misalignment. Inz-direction, the residual misalignment has less e ect
because the expected spatial resolution is anyway much lowabout 100 m [Car04]).
A further possibility is to compare the positions of clustes in areas where sensitive
areas in the same layer overlap. This yields the spatial rdation in r' -direction of
clusters to be about 14 m compared to 11 m in simulations with the ideal geometry.
A residual misalignment for clusters of about 8m can be concluded. The obtained
resolution is about 25% higher than the theoretical achietsde value. About 85% of the
SPD are aligned, missing are sectors in positions that are tni@vored by cosmic-ray
tracks, i.e. in the region' 0 and’

TPC

Preliminary calibration and alignment of the TPC has been pdormed with laser tracks
[lva08]. The resolutions are extracted from cosmic-ray tcks in the same way as it is
done for the SPD. The reconstructed tracks in the upper andwer half of the TPC
are compared. This allows the residual misalignment and inagticular the pr and
dE=dx resolutions to be extracted. The resulting track-to-trackresolution is smaller
than 0.1cm in z and smaller than 0.25cm inxy (r' ) direction. The pr resolution
at 1GeV/icis 1 { 2% and 6 { 7% at 10 GeVk. This is shown in Figure[4.1b6 before
and after the preliminary calibration and alignment. Also &own is the pr resolution
extracted from the simulated data used in this thesis (see &®n [E.5) which is close
to, however below, the resolution from cosmic rays after catation and alignment.
The dE=dx resolution was evaluated to 5.7% after a rst calibration wh radioactive
Krypton [Kal08].

10The SPD is structured in 10 sectors, each sector comprises 2ages in the inner layer and 4 staves
in the outer layer. Each stave consists of four modules (alsaalled ladders).
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Chapter 5

Event and Track Selection

This chapter describes the minimum-bias triggers availablin ALICE and evaluates
their e ciencies. It is discussed how a bunch-crossing triger is utilized in early data-
taking. Event and track selection criteria are introduced ad evaluated. These are used
in the multiplicity measurements discussed in the subsequietwo chapters. The speci c
simulated datasets used in this and the subsequent chaptease described in the last
section of this chapter.

5.1 Minimum-Bias Triggers

ALICE's trigger system has been introduced in Section4.5.avious triggers can be
con gured simultaneously and more complex trigger patters can be implemented in
the HLT. Minimum-bias triggers are designed to trigger on &linelastic interactions
occurring in the detector, even when the momentum transferdtween the incoming
particles is small or when only very few nal-state particle are produced. These trig-
gers should impose the least possible bias on the triggereahnple compared to all
inelastic collisions, hence their name. Thus minimum-biatsiggers are the right choice
for analyses discussed in this thesis that produce distribans considering all inelastic
collisions.

In ALICE, information from the VO detector (see Section”4. &) and the SPD (see
Section[4.1.11) are combined to form a set of minimum-bias ggers:

MB1= (VO.ORor SPDOR and not VO.BG

MB2= VQORand SPDORand not VOBG

95
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Figure 5.1: Beam-gas detection in the VO.
The time resolution of the VO allows beam-gas and beam-halowents that occur
outside of the detector to be identi ed: the arrival times of the rst particle on both
sides of the VO are shown with respect to the nominal bunch-assing time for: a) a
normal interaction; b) and c) beam-gas events on either sidef the VO.

MB3= VOANDand SPDORand not VOBG

where:

VQ ORrequires a signal in either of the two VO sides;

VQANDrequires signals on both sides of the VO;

VQBGindicates that a beam-gas or beam-halo collision (de ned lwsv) was de-
tected by the VO which utilizes the timing of the collision (ge Figure[5.1);

SPDORrequires at least one chip that measured a signal in the SPDei the rst
two layers of the ITS. See the de nition of thefast OR trigger in Section[4.1.1.
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Pythia
Process type Ps=900Gev|Ps=10Tev
Non-di ractive (ND) 100.0 100.0
Single-di ractive (SD) 76.6 71.6
Double-di ractive (DD) 91.6 86.2
Non single-di ractive (NSD) 98.7 97.9
Inelastic (INEL) 93.8 93.0
Phojet
Process type P s =900GeV P s=10TeV
Non-di ractive (ND) 100.0 100.0
Single-di ractive (SD) 85.7 78.0
Double-di ractive (DD) 98.0 93.9
Non single-di ractive (NSD) 99.8 99.5
Inelastic (INEL) 97.1 96.6

Table 5.1: MB1trigger e ciency in percent.

5.1.1 Trigger E ciency

Table[5.1 shows the trigger e ciencies of theMBlirigger for the di erent process types
and for NSD and inelastic events at s = 900 GeV and P s = 10 TeV derived from
the detailed detector simulation. Values obtained using # Pythia event generator
and the Phojet event generator are shown. Trigger e ciencgfor di ractive events are
generally higher (up to 10%) for Phojet than for Pythia due tadi erent assumptions of
the kinematics of di ractive events. The di ractive trigger e ciencies reduce towards
higher P S.

Table[5.2 compares the e ciencies of the three minimum-biasiggers at a xed P s=

10 TeV using the Pythia event generator. Also shown are theigger e ciencies for
beam-gas and beam-halo events [Con05]. Note that these \ediare forp s=14TeV,
but should be very close to the ones at 10 TeV. These trigger eiencies denote the
percentage of beam-gas (beam-halo) events that are not idiesd as beam-gas (beam-
halo) events and cause the given trigger.

Beam-gas collisions are collisions between particles oétheam and molecules or atoms
of residual gas in the vicinity of the detector. In the analyis performed in [Con05] they
are de ned as collisions that occur invtx-zj < 20m, where vtxz is the distance in
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Collision type
Trigger | ND | SD | DD | NSD | INEL | Beam-gas| Beam-halo
MB1 | 100.0| 71.6| 86.2| 97.9 | 93.0 7.7 2.3
MB2 | 99.2 | 57.5|66.3| 94.2 | 87.4 2.0 0.3
MB3 | 99.1 | 53.7| 61.5| 93.4| 86.0 | < 0.01 < 0.01
p

Table 5.2: Trigger e ciency in percent at’ s = 10TeV (Pythia).

the z-direction (beam-line) from the nominal interaction point Beam-halo events are
collisions between beam particles and molecules or atomsre$idual gas that occur
outside this region. Their collision products usually do rtadirectly reach the detector,
they are instead transported with the beam (in the beam-haJdence the name) towards
the detector and may cause a trigger. The mentioned study csiders beam-halo events
that occur between vtxz =30m and vtx-z = 50 m, but outsidejvtx-zj < 20m (the
asymmetry is due to technical reasons).

Generally, the beam-gas and beam-halo rates are much lowleanh the collision rates.
For the startup scenario, described in Section_3.3, the exgfed raw beam-gas rate
is negligible, the beam-halo rate is estimated to about 5.42H(at p§ = 900 GeV)
and 12Hz (atIO s=10 TeV).H This has to be compared to the raw collision rates of
about 330Hz {5 = 900GeV) and 13kHz {' s = 10TeV). Together with the trig-
8er e ciencies the ratio beam-halo over proton{%roton colkion is about 1/2500 (at

s = 900 GeV) and approximately 1/42000 (at™ s = 10 TeV) for the MB1trigger.
For nominal running conditions, the beam-gas rate is about2® Hz and the beam-halo
rate is 55kHz. Compared to the raw collision rate includinghte trigger e ciencies,
there is a3 10 “ probability that a MBitriggered event is a beam-gas collision, and a
6 10 3 probability that it is a beam-halo collision. Although thes numbers are low,
it is important to recall that they depend crucially on the asumptions of residual-gas
density and trigger e ciency for such events. Therefore, amssessment from measured
data is needed which is discussed in the following sectionhd induced systematic
uncertainties are discussed in Sectiofs 6.8.5 and 714.7.

1Residual gas estimates are taken from [Ros04, Fig. 4] whichra for the startup scenario 2
10'° H, equivalent=m? in the interaction region (beam-gas) and 4 10'? H, equivalent=m? outside the
interaction region (beam-halo). For nominal running conditions, these are 3 10' H, equivalent=m?
and 2 10'H, equivalent=m?3, respectively. The report only provides estimates for ATLAS and CMS,
numbers are assumed to be equivalent for ALICE.
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In general, the trigger with the lowest bias KB} is preferred for the study of inelastic
events. However, possible beam-gas and beam-halo backgbumight motivate the

use of a trigger with a better background rejection, which & triggers that require
additional coincidences, likeMB2and MB3 Furthermore, it is very useful to perform
an analysis using data collected with di erent trigger selgtions. Together with the

corresponding corrections this should yield the same resuTlhis increases con dence
in the trigger e ciencies that are purely calculated from MC. A detailed evaluation

of further minimum-bias trigger and background rejection apabilities can be found in
[Con05]. TheMBlirigger is used in the following chapters.

5.1.2 Bunch-Crossing Trigger

For rst data the discussed minimum-bias triggers are not ued directly. Instead the
detector is read out upon each bunch crossing. As a consequenmost of the collected
events are without p+p interaction. In such events no collisns occur in the bunch
crossing since the probability for an interaction in a bunclerossing is about 1 { 10%.
Nevertheless, the trigger information as it would be normBl used (rigger bits) is

recorded. Therefore, this method allows the proper functiing of the trigger to be
validated by comparing the trigger bits with the recorded d&a in the subdetectors.

An additional trigger on single bunches, i.e. a passing bumdrom one beam without
the counterpart in the other beam, allows the amount of beargas and beam-halo
events that pass the trigger condition to be measured. This important to estimate

the contamination caused by these events and to verify thetemated rates mentioned
in the previous section.

When the bunch-crossing trigger is used, the minimum-biasiggers introduced above
are adopted during the data analysis in an o ine way. The trigger bits are not used
directly, instead the recorded information in the subdeteors is utilized to determine
whether the event had given rise to a trigger or not. For exan for MB1it is su cient
that either a signal is present in the SPD or in one of the sided the VO detector. In
the following the usage otriggered means either the direct use of the trigger or the
0 ine way.
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5.2 Event Selection

Not all events are used for analysis. Thus, for simulated ews as well as real data
an event selection needs to be applied. These events must leéested by the chosen
trigger for the analysis@ In case of real data the trigger selection for the analysis rta
be the same as that used in the hardware trigger during data @uisition and then this
step is not needed.

Furthermore, to be able to consider the tracks of an event, ghvertex-reconstruction
algorithm must have determined the primary-vertex positia of the collision. The prob-
ability to reconstruct the primary-vertex of an MBitriggered event is 92.5% with the
SPD and 69.4% using only the TPC (for events insid&tx-zj < 10cm atp s=10TeV).

5.3 Primary-Particle De nition

The analyses discussed in the subsequent two chapters yididtributions of primary
charged particles de ned by the following:

Primary particles are all particles produced in the colligin, including products of strong
and electromagnetic decays as well as weak decays of chareed beauty particles, but
excluding feed-down products from strange weak decays arttier secondary particles.
These are for example -conversions and products from secondary hadronic intetaams
with the detector material. In the simulation these are the nal-state particles created
by the event generator, which are then propagated (and deay) in the subsequent
detector simulation.

Non-primary particles including decay products are refeed to by secondary particles
in the following.

5.4 Tracklet and Track Selection

Two goals are achieved by the tracklet and track selectiort:is assured that the tracklet
and track quality is good, which means that the reconstructeproperties (e.g. momen-
tum and distance from the primary vertex) are close to the rdavalues. Furthermore,
certain cuts select tracklets and tracks from primary partles and suppress those from

2For example data has been taken with theMB1trigger but the analysis requires events triggered
by the MB2condition.
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Figure 5.2: ' distribution and cut of SPD tracklets.
The left panel shows the ' distribution of tracklets subdivided into primaries and
secondaries including background. An irregularity is seeraround 0:01rad. It is
probably due to a geometrical e ect but an explanation still needs to be found.
However, it is not relevant for the e ciency and contaminati on because the cut is
applied at a much larger value than 0.01rad. The right panel fiows the e ciency

and contamination of a ' cut.

secondary particles, which in the following sections willdcalledprimaries and secon-
daries, respectively. The aim is a low contamination from secondas while retaining
a high e ciency for primaries.

54.1 SPD-Tracklet Selection

Only a few cuts are useful for SPD tracklets. As quality paraeter the tracklet's
is used (see Section 4.6.3). Already the nominal magneticldecauses ' to be non-
zero; for example by about 14 mrad for a particle withpr = 200 MeV=c. The left
panel of Figure[5.2 shows the ' distribution of SPD tracklets. Separately shown are
primaries and secondaries including combinatorial backound. Note that a tracklet is
also counted as originating from a primary particle when theluster in the outer layer
stems from the primary's daughter particle. The total samm@ comprises about 91%
tracklets from primaries, 6% from secondaries, and 3% frorombinatorial background.
The right panel shows the e ciency and contamination when awat | 'j< 'y is
applied.
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The cutj ' < 0:05rad is chosen in such a way that 99% of the reconstructed tidets
from primary particles are selected. The contamination byexondary particles and
combinatorial background is about 8%. Tracklets are alregdreconstructed with the
event vertex taken into account, therefore no further constint is used to ensure that
tracklets originate from the vertex.

5.4.2 TPC-Track Selection

The reconstruction, described in Sectioh 4.6.3, producesd sets of track parameters
to which the TPC contributes: the rst are the TPC-only tracks for which only TPC
information is used. The second are global tracks to which iaddition information
from the ITS, TRD, and TOF contribute as well as other detectos provided the tracks
are within their acceptance range. Therefore, these globtacks make use of more
tracking information and their reconstruction is more preise. However, global track
nding requires proper alignment between the di erent detetors and an understanding
of the interplay between the information from the di erent detectors during the track
nding. Therefore, for early measurements TPC-only tracksire used and are discussed
in the following. It should be noted that the track-paramete cuts discussed can also
be applied to global tracks, with adjustments to speci ¢ cutvalues.

Quality cuts can be applied to the number of clusters that wer used for the recon-
struction of the given track and the 2 per cluster, which determines the quality of
the t between the track and the contributing clusters. Furthermore, constraints can
be placed on the ve diagonal elements in the track-paramateovariance matri>@: the

resolutions 7, 7, &, &n ,and I .

A charged-particle decay inside the tracking volume can pdoice a kink on the track's
trajectory, for example the decayK * ! * . Due to the fact that the neutrino
is not tracked, the kaon's trajectory appears changed, hemdhe name kink. In the
reconstruction the K* and the * are found as separate tracks that obviously only
correspond to one primary particle. The reconstruction iddi es that the two tracks
are related and ags the rst as thekink mother, the second as th&ink daughter

To assure that the tracks originate from the primary vertex in the following just
called vertex), a cut on the distance between the vertex and the track is afipd. For
this purpose the closest point of the track's trajectory to he vertex is determined
(Distance of Closest Approach { DCA). Either a cut on the abslote DCA (absolute

3See Appendix(B for the de nition of the track parameters.
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DCA cut) or on the DCA divided by its estimated resolution is applied(normalized
DCA cut). The rst approach is more resilient in the case that the vetex position and
the track-parameter resolutions are imprecise. The lattels in principle better as it
uses more of the measured information. The accuracy of thesodutions calculated in
the reconstruction is not well-known in early data-takingtherefore the rst approach
is more extensively discussed here.

Furthermore, the absolute DCA cut can be applied separately two dimensions:
r<d,and z<d, (5.2)

or in combination:
— + — <1 (5.2)

still allowing for di erent values d, and d, in the r and z directions, respectively (elliptic
cut). The choice depends on the status of the calibration analignment and possible
correlations between the two values. For example an insu eint drift-time calibration
in the TPC leads to an imprecise value irz. In this case a narrowr cut could be
combined with a widerz cut.

The optimal cut values are obtained in several steps. Loosedlity criteria are applied in
the rst step to ensure a certain track quality. A track must have at least 50 contributing
clusters and a 2 per cluster of less than 3.5. Furthermore, it is not allowedotbe agged
as a kink daughter. Two cuts are applied to the track parameteresolutions: 3 and

2 have to be both less than 9 c) this corresponds to a positioning error at the DCA
to the vertex of less than 3cm in both directions.

After applying these quality cuts which atp s = 10 TeV, compared to the initial sample,

remove 3.8% of primaries and 18% of secondaries, the sampdatains about 64%
primaries and 36% secondaries. These cuts remove more sdades than primaries due
to the fact that secondaries compared to primaries have typally a lower momentum
and a smaller path length in the TPC. The second step is to rede the amount of
secondaries; this is achieved by the previously mentionetsolute DCA cut. To nd
the opthmal values for the DCA cut, the DCA distribution is studied for tracks inside
ji<1

4Studying this distribution for tracks outside j j < 1 yields signi cantly di erent results due to the
fact that tracks outside this region traverse considerablymore material. To nd optimal values for
tracks for the full accessible -region, the cut values would need to be determined as a funiin of .
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Figure 5.3: Absolute DCA track cut.

The DCA between the vertex and tracks that passed the loose qality-cuts (see
text) is shown. The top left panel shows only the DCA of primary tracks in the r
vs. z plane. The top right panel shows the number of secondary traks divided by
the number of primary tracks in the same plane. The ellipse idicates the applied
cut (see text). In the bottom left and right panel the projectionsin r and z are
shown (integrated within  0:5cm of the other variable), respectively.
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Figure 5.4: Track resolutions after track cuts.

The gure shows the 3 and tzan track resolutions after the quality and DCA track

cuts. Results for primaries and secondaries are shown seely.

In the top left panel of Figure[5.3, the DCA of primary tracks § shown in the r vs.

z plane. The top right panel contains the ratio between the nuiver of secondaries
and primaries. The scaling is set such that the maximum is 1 tmdicate where the
amount of secondaries exceeds the amount of primaries. Iretbottom left panel, r
is shown separately for tracks from primary and secondary g&les inj zj < 0:5cm.
The equivalent for z is shown in the bottom right panel. The yield of primaries and
secondaries are equal at about 2.4cm and 3.2cm for and z, respectively, which
de nes the chosen cut values and enclose well the area whehe tatio is smaller than
unity in the top right panel.

After applying the DCA cut in addition to the track-quality c uts, the sample contains
88% primaries and 12% secondaries, with 93% e ciency to seterimaries. The ques-
tion arises as to whether other cuts could be used to furthemprove the selection of
primaries. Exemplarily, the distributions of 7 and £, are shown in Figure’5.4. No
further removal of secondaries can be achieved without therailtaneous removal of a
signi cant amount of primaries. Furthermore, it can be seenhat although no cut was
applied to 2, , the quality is quite good. More than 99% of the primary track are

within 2 < 0:005, which translates to a < 0:07 at around OH This is smaller

tan

5The given number is an upper limit including more than 99% of the tracks. Comparing the
reconstructed values with the MC information, yields a distribution with a of about 0.005.
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Table 5.3: Track cuts for TPC-only tracks.
Figure 5.5: Normalized DCA cut. The DCA cuts are two separate possi-
The gure shows the normalized DCA of bilities (see text).

the vertex and the track, see Eq. [5.4),
separately for primaries and secondaries.

than the -bin size used in the analysis performed in Chaptéi 6. Note dhthese val-
ues are for TPC-only tracks, the combination with other subetectors is expected to
signi cantly improve the quoted resolutions.

The previously mentioned normalized DCA cut takes into acamt the resolutions of
the track parameters and the vertex position. It cuts on the armalized distance to the
vertex de ned by: S

2 2
d = Ty 2 (5.3)

dca dca
r z

where r= 9@ and z= @ are the normalized distances in the transverse and lon-
gitudinal directions, respectively. 9 and ¢ take into account the resolutions of
the vertex position and the track parameters. The cut accepta number of standard
deviations (N ) of tracks, if they were distributed like a two-dimensionalGaussian
and is thus also called\ -cut. To achieve the usual de nition of N with respect to a
Gaussian (e.g. that a 1-cut includes 68% of all tracks), the following relation vyilels

N fromd :

N =3 erf Y1 exp( d?=2)) (5.4)

(where erf ! denotes the inverse error function). This formula is derivkin Appendix[C.
Figure 5.5 shows the number of tracks, after the loose tracjuality cuts, as function
of N . Tracks from primary and secondary particles are shown sapdely. Between a
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Figure 5.6: Track cut in uence.
The plot summarizes the in uence of the di erent track cuts. The DCA cut has the
highest in uence. Note that one track can fail several cuts ad thus contribute to
several bins.

3 -cut and a 4 -cut the number of tracks originating from primaries equalthe number
of tracks from secondaries.

The values for the di erent cuts used for the analysis in thighesis are summarized in
Table [5.3. From the two options for the DCA cut, the absolute [TA cut is used. Fig-
ure[5.6 shows the in uence of the di erent cuts on tracks fronprimary and secondary
particles. The two rst bins indicate the total number of tracks and the number of
tracks that do not pass the track selection. The remaining hs show the number of
tracks that did not pass the speci ed cuts. A single track carfail to pass several cuts
and therefore can be counted more than once. The DCA cut is tmeost powerful and
reduces the amount of secondaries signi cantly.

In summary, these track cuts remove about 38% of the total reastructed tracks in

j j < 1. About 10% of the tracks from primary particles and 81% of #tracks stemming
from secondary particles are removed. After the cuts the sge has a contamination
with secondaries of about 12%; the e ciency to select primaes is 90%. Figuré 517
shows the distribution of primaries and secondaries as a fttion of pr after the cuts,

as well as the e ciency and contamination.
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Figure 5.7: Track distributions after track cuts.
The number of primaries and secondaries ifi j < 1:0 after the track cuts is shown as
a function of pr (left panel). The right panel shows the e ciency and contamination
when the pr cut-o is set at the given pr.

In the analysis, the values of the cuts have to be varied in oed to assess the sensitivity
to the chosen values. Di erent sets of cuts should result irhe same results. Obviously
the same set of cuts has to be used in the derivation of the cections. Furthermore,
the distribution of each variable that provides the basis foa cut has to be compared
between the simulation and the real data. Incorrect estimast of resolutions (e.g. caused
by wrongly estimated detector alignment and calibration) rnight result in distorted
distributions of selection parameters and thus change theeet of the track selection
cuts in an uncontrolled fashion. Systematic uncertaintieassociated with the track cuts
are discussed in Sectioris 6.8.9 and 7.4.11.

5.5 Datasets Used in this Thesis

Simulated data was used to develop and evaluate the analyseshis thesis. This data
has been produced in the Physics Data Challenge 2008 (PDCO8he following sets of
p+p collision data have been used:

LHCO08c11: 270000 Pythia events art) s =10TeV (AliRoot tag v4-14-Rev-04),

LHCO08c12: 310000 Pythia events ar'g s =900 GeV (AliRoot tag v4-14-Rev-04),
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Figure 5.8: Inactive modules in the SPD.
The gure shows the distribution of active (solid green) and inactive (only LHCO8c:
single shaded red; LHC08c and LHCO08el: crossed shaded redpdules that were
used in the simulation. The left panel shows the rst layer, the right panel shows the
second layer. Note that the spacing between the modules is ameased for visibility.

LHCO08c15: 200000 Phojet events £t§ =10TeV (AliRoot tag v4-14-Rev-04),
LHCO08c16: 220000 Phojet events aPtE =900 GeV (AliRoot tag v4-14-Rev-04),

LHCO08e1l: 470000 Pythia events aFt) s=10TeV (AliRoot tag v4-15-Rev-06).

The data has been produced at the nominal magnetic eld® = 0.5T). The respective
AliRoot version tags are listed for completeness since themsilation environment is
continuously evolving. AliRoot is built with ROOT tag v5-21-01-alice, Geant3 tag
v1-9-6, Pythia 6.2.14, and Phojet version 1.12. For Pythiahie "ATLAS tune', see
Section[I1.5.11, was used. The conditions data in use re ectset status of the installed
hardware and alignment as of August 2008.

In the SPD, the calibration status is di erent between the LHC08c and LHCO8e pro-
ductions because additional modules were found to have doglproblems during com-
missioning. In the LHCO8c productions, 16 modules (out of 4modules) have been
marked inactive, while there are 30 modules marked inactivie LHC08el. Figure[5.8
shows the distribution of these modules in the SPD layers. e rst production, half

of these are in the rst layer (8 out of 80, i.e. 10%) and the ottr half in the second
layer (8 out of 160, i.e. 5%) and they do not overlap. Each tratet needs a signal in
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both layers, therefore these inactive areas result in a reded tracking e ciency for
tracklets by about 15%. In the second production, these numalbs amount to 15% and
11.3% in the rst and second layer, respectively, and causereduction of 22.5% in the
tracking e ciency (some of the inactive modules overlap).

All TPC readout chambers were marked active in the simulatedata, which results in
an expected insensitive area of about 10% (by design; seeodi®ction[4.1.R).

The expected distribution of the z-position of the collision vertex has a r.m.s. width
of 3.8cm atp s = 10TeV and of 7.4cm atp s = 900 GeV and these values are used
in the simulation. Therefore, more events are found at larggzj at 900 GeV than at
10 TeV for two samples of the same size.

The data is stored in the AliIEn Grid le catalog in the directories:

/alice/sim/PDC_08a/LHC08c11
/alice/sim/PDC_08a/LHC08c12
/alice/sim/PDC_08/LHC08c15
/alice/sim/PDC_08/LHC08c16
/alice/sim/PDC_08/LHCO08el

Figures and results in the following discussions correspbio Pythia at P s=10TeV

unless otherwise indicated. Numbers and systematic uncairities are primarily given
for P s =10TeV. In Chapter Bl the data with the tag LHC08c11 has been &sl. Chap-
ter [7l makes use of data with the tag LHCO08el that became availe later and consists
of more events. Comparisons with the Phojet data are made irhé context of the
systematic studies.

To see the e ect of statistical uctuations in the evaluations of the analyses, the avail-
able simulated data is split into two parts. A fraction of the events is taken that
represents the data measured with the experiment, callezhalysis input sample The
remaining events are used to derive the correction factorsalled correction input sam-
ple. E ects of statistical uctuations cannot be seen when an idntical sample is used
for analysis and corrections.



Chapter 6

Pseudorapidity-Density
Measurement

This chapter describes the measurement of the pseudorapydidensity of primary
charged particlesdN.,=d . The analysis input, extracted from the reconstruction out
put, has to be corrected for various detector e ects such asdacking e ciency, vertex
reconstruction and trigger e ciency, as well as physical eects, e.g. secondaries origi-
nating from decays and -conversions. These corrections are derived in this chaptéi-
lizing events produced by the detailed detector simulatioand reconstruction AliRoot.
In addition, the systematic e ects that arise during this masurement are studied.

The analysis is performed using data from the Silicon Pixel é&ector (SPD) and the

Time-Projection Chamber (TPC). This allows the comparisorbetween the results of
two independent detector systems. However, due to the inased acceptance of the
SPD, especially at lowpr, the result using the data from the SPD has intrinsically
smaller statistical and systematic errors.

In Section[6.1 the procedure used to obtain thelN.,=d distribution is presented.
The corrections are described in detail in Section 6.2 and &udy of the systematic
uncertainties is presented in Section 8.3. Sectidbn 6.4 dekes the steps that need to be
followed in order to correct the data measured by the deteatancluding the necessary
veri cations and checks.

The employed simulated dataset (LHC08c11, see Sectlon]5is¥pplit into 50 000 events
as analysis input sample and 220000 events to derive the @mtion factors.

111
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6.1 Procedure Overview

The reconstruction has been described in Sectian 416.3. RAtis analysis, tracklets
reconstructed with information from the SPD and tracks recostructed with TPC
information are used. The event and track selection that ispgplied was described in
the preceding Chapteib.

The goal of the measurement is to determine the number of prary charged particles
per unit of pseudorapidity per collision. This is obtained ¥ counting the number of
tracks and the number of events and applying three correctis.

The rst correction takes into account the di erence betwea the number of measured
tracks and the number of primary charged particles. This dierence is caused by the
limited tracking e ciency, admixtures by secondaries, anddecay of primary particles.

The corresponding correction is calletrack-to-particle correction

The second correction considers the bias that is imposed dyet vertex reconstruction
on the triggered event sample. This bias is caused by the fatiat due to the specic
event properties it may not be possible to reconstruct the pnary vertex position
(in the following referred to asvertex position). This correction is namedvertex-
reconstruction correction

The third correction takes into account the bias imposed byhe trigger used to acquire
the event sample. This correction is calletrigger-bias correction and contains dif-
ferent numerical factors depending on whether the goal of ¢hanalysis is thedN.,=d
distribution for inelastic (in the following called inelastic trigger-bias correction )
or NSD caollisions (in the following calledNSD trigger-bias correction ). Note that
this correction in particular is model-dependent becauseorproperties of not triggered
(and thus not measured) events can be deduced from the mea=idata.

Applying the track-to-particle correction alone, with either the vertex-recon-
struction correction  alone, or with both the vertex-reconstruction correction

and the trigger bias correction , results in three dierent dN¢,=d distributions.
Each of these represents a valid measurement, albeit for aedlent event sample. This
is illustrated in Figure [6.1. Which event sample is measuredepends on the corrections
applied:

applying only the track-to-particle correction leads to thedN¢,=d distribu-
tion of events that are triggered and have a reconstructed &ex (left panel of
Figure[6.1);
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Figure 6.1: Event classes in thelN;,=d analysis.

The full sample of collisions can be divided into sub-sampke 1) collisions that
give rise to a trigger and where the vertex position is reconsucted (left panel),
2) collisions that give rise to a trigger and where the vertexposition could not be
reconstructed (center panel) and 3) all collisions, includng those that do not give
rise to a trigger and where the vertex position evidently camot be reconstructed
(right panel).

applying also the vertex-reconstruction correction results in the dN¢,=d
distribution for triggered events; this is commonly refered to as minimum-bias
event sample (center panel of Figure8.1);

applying in addition the trigger-bias correction  yields thedN.,=d distribution
for all considered collisions, i.e. inelastic or NSD eventsght panel of Figure[6.1).

The track-to-particle correction is applied at the track level. Thevertex-recon-
struction correction as well as thetrigger-bias correction are applied at the
track and event level. The track-level corrections are detamined as a function of
and the z-position of the collision vertex (abbreviated: vtxz). The corrections for the
measurement with the TPC when the magnetic eld is turned on i@ determined also
in a third dimension, the particles' pr. In the following only the case with magnetic
eld is discussed.

The event level corrections are determined as a function ofxvz and the number of
accepted tracklets (SPD) or tracks (TPC) in the event (in thefollowing referred to as

n).

Figure[6.2 shows the procedure on track level in a simpli eebfm as owchart. Depicted
are the di erent steps in the simulation, reconstruction, ad correction procedure. Their
in uence on the number of particles is given.
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and and tracking correction
material inefficiency

Figure 6.2: Flowchart of the analysis procedure.

The gure shows the evolution of the number of particles during propagation
through the detector as well as during the correction procedre. The approximate
percentages of particle loss and increase are given relagivto the initial number
of primary particles. The rst value denotes the value for the SPD analysis, the
second for the TPC analysis. Only particles inj j < 1 of events that occurred in
jvix- zj < 6cm are considered. Only secondaries with pr above 50 MeV/c that are
created within the tracking volume of the corresponding sulzletector are shown. A
combinatorial-background contribution of about 3% for the SPD measurement is
included for simplicity in the number of secondaries (see Sgion 5. 4.7). The accep-
tance and tracking ine ciency contains the py cut-o at 200 MeV/ c for the TPC.
Therefore, the given values cannot be directly compared to e numbers given in
Section[5.4.2 where all tracks inj j < 1 are considered. Thepr cut-o correction is
only applied in the TPC measurement.

6.2 Corrections

This section describes in detail the di erent corrections Wch are applied and gives
estimations of their magnitude.
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6.2.1 Correction Procedure

The procedure used to obtain thedN¢,=d distribution from the data adapting the
corrections is summarized in the following paragraphs. Annalytical description is
given further below. In the analysis, two histograms are caged:

1. each accepted track of each of the accepted events is reeorin an vs. vtx-z
(for the TPC with magnetic eld: vs. vtx-z vs. pr) histogram; the entry in the
histogram is weighted with the corresponding values of theaections (discussed
below);

2. a vix-z vs. n histogram counts the number of accepted events, which is mieg
to normalize to the total number of events; the entries in tts histogram are also
weighted with the values of the corresponding corrections.

In the analysis procedure these two histograms are producéor each of the three
event classes (see Figufe ®.1), which means that all or onlysabset of the corrections
are applied, depending on the event class. After lling the istograms, the dN,=d

distribution is calculated. A vtx-z range is chosen which is-dependent due to the
varying acceptance window at di erent vertex positions. Tle vtx-z and py variables
are then integrated. Each -bin is weighted with the total number of events within
the same acceptance window. The number of events is calceldtfrom the vertex
position distribution histogram, where the multiplicity is integrated using the same
vix-z range. A special correction is applied to account for trigged events without
reconstructed vertex; this is explained in the following dicussion. Optionally, for the
TPC measurement with active magnetic eld, the e ect of thepr cut-o is corrected.

The mathematical description of the procedure outlined alve is given in the following:

Track level

For clarity vtx- z is written as z in the mathematical description. In the following the
three parameters ;z;pt are used in all formulas. For the SPD measurement and the
TPC measurement without magnetic eld, pr is not de ned for obvious reasons and
has to be omitted in all corresponding formulas.

Tracks are weighted by thetrack-to-particle correction Cuk (;Z;pT), by the track-
level vertex-reconstruction correction Cuw (;Z;p1), and the track-level trigger-
bias correction Ciyig ( ;Z;p7) in order to obtain the number of particles.

To de ne these, the following functions are used:

Geventclass( 2, pT) (6.1)
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is the number ofgenerated particles in the bin ;z;pt, and

M eventclass( 2, pT) (6.2)

is the number of reconstructed tracks in the bin ;z;pt in events from a given
event class. The reconstructed tracks are associated withet primary MC particle
that “caused' the reconstructed track. In the case of sucsfgl association, ;z;pt are
the values of the MC particle, not the reconstructed valuesThe consequence of this
treatment is that a reconstructed secondary particle is caued in the bin of the cor-
responding primary. Therefore, the correction includes #hcorrection for secondaries.
The event class can be: all events (abbreviateall), where all events stands for in-
elastic or NSD events; triggered events (abbreviatetlig ); and triggered events with
reconstructed vertex (abbreviatedrigvtx). In addition,

B(;z;pT) (6.3)

denotes the number ofreconstructed tracks in ;z;pr that cannot be clearly as-
signed to a MC particle packground ). The values ; z;pt are the reconstructed ones,
of course. In the case of the SPD, these are typically combtians of two clusters

originating from di erent particles. In practice, no backgound appears in the TPC, all

tracks in the TPC can be uniquely assigned to a MC particle duw the large number

of clusters.

With the given de nitions, the track-level corrections are

C':‘trigvtx ( 1 Z, pT)

Cwk(;z;p7) = Moom (:Z:P1)* B(.Zp7) : (6.4)
. _ Guig(iz5p71) |
Cuc(2:PT) = Gtrig\?tx(;Z;pT) ! (6:5)
Gai( ; z;
Ctrig( ' Z,pT1) = ﬁ : (6.6)

This approach neglects distortions due to resolution and taing. This is justi ed since
the bin sizes are chosen larger than the resolution. The eteaf secondaries is included
as mentioned previously.

Upper limits for the expected resolutions are = 0:005 and , = 0:12 cm for the SPD.
For the TPC the estimated numbers are =0:01;, , =0:25cm, and thepy resolution
is around a few % in thepr-region considered in this analysis (see also Sectlon 4)7.1
Results from cosmic-ray data indicate that the resolutionfor these quantities are even
somewhat better. The given , resolutions are for low-multiplicity events, for high-
multiplicity events values of , =80 m (SPD) and , =0:15cm (TPC) are obtained.

The correction tables are stored in histograms where the mimg can be adjusted. The
choice of the binning should re ect the resolution in the sp® c variable, as well as the
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overall available statistics. For practical reasons nongeidistant bins are used. For the
statistics expected for rst measurements, a reasonablebin width is 0.1. The z-bin
width is 2cm in jzj < 10cm and 5¢m forjzj > 10cm. The smallestpr-bin width (at
low pr where the correction changes rapidly) is 25 Me\¢/ the multiplicity-bin width
is 1 at low multiplicity. Both get larger towards larger momenta and multiplicities.

pr cut-o

The number of particles missed due to th@r cut-o are determined by way of MC
simulations and are applied as an-dependent factor. The correction is determined
as the fraction between the total number of generated parfies and the number of
generated particles above th@r cut-o:

RR
CpT;min( )= RR Gai( ;z;p7)dprdz
= RR :
Gai( ;z;pr)dprdz

(6.7)

cut-o
PT: min

This correction is only applied for the measurement with th&PC and active magnetic
eld.

Event level

In order to obtain the number of collisions, events are weiggd by the event-level
vertex-reconstruction correction Cwix (z; n) and the event-leveltrigger-bias cor-
rection Ciyig (z;n).
With

Eeventclass(Z; n) (6.8)

as the number ofevents in the bin z;n in the given event class, they are de ned by:

.\ _  Euig(z:in)
Cu(z;n) = m (6.9)
Cuig (z;1) % : (6.10)

Distortions due to resolution and binning are neglected, lowing the same argument
as before. Clearly, the resolution is worse than the bin size the case of multiplicity,

which will be discussed in detail in Sectioh 7.2.1, where thfact becomes important
for the measurement of the multiplicity distribution. However, for the measurement
of dN¢y,=d , the measuredmultiplicity is consistently used for n. This variable is later

integrated and therefore the binning has no in uence on thenal result.
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Figure 6.3: Acceptance maps.

The gure shows the acceptance maps of the SPD (left panel) ath TPC (right
panel) in the vs. vtx-z plane. The acceptance in changes depending on the vtxz
position for the SPD. This is not the case for the TPC.

Acceptance

The SPD as well as the TPC do not cover the entire pseudorapigirange . For a
given , particles from collisions from within a certainz-vertex range reach the detector.
Therefore, for each only that particular z range should be considered. This has to be
done at the level of the tracks, which is “intrinsic' becauseithout acceptance there are
no tracks, and at the level of events, which is "not intrinsi@nd thus very important to
obtain the correct number of events for the normalization. fie z range for a given ,
which spans fromzn,in ( ) to znax( ), is determined by requiring the correction factor
Cuxk (;Z;p7) to be smaller than a certain limit Cit (e.9. a limit of 5 means that at
least about 20% of the primary particles are found in that spx ¢ bin). For the purpose
of this de nition pr is integrated considering only the region that is used in thanalysis
(pT > pT;min):

( R] )
( ) m|n Z . R PT: min trigvtx ( 121 p )dp]' - ( )
ZIIIIII - min |V|tl’igvtx ( 1 Z, pT) + B( V2 pT)de C|Imlt y 6 | |
Zmax - ( R pr 3 VX Y4 p )
7 ;mi trig ( A T )dp]'
( ) maX = ;min . ( | )

Muignx (;Z;P7)+ B(;Z;p7)dpr

PT; min

The resulting acceptance maps fo€n: = 5 are shown in Figure[6.8. For the TPC,
the acceptance does not depend on the event vertex. Howevdue to the fact that
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the amount of material that needs to be traversed depends omé polar angle# of
the particle, a dependence of the correction factors on theent vertex position is still
obtained (see Figuré 616 on pade 124).

Application of the corrections to the data

In this section values purely derived from the measured datre marked with an aster-
isk (*). The following quantities are measured: the numberfaracks Mg (;Z;PT),
the number of eventsE,; . (z;n), and the number of triggered events:
z
Etrig (n) = Etrig (z;n)dz: (6.13)

E.ig (z; n) is not available for triggered events without a reconstrued vertex because
is not known. Thus only the integral can be measured; z; pt, and n are the measured
guantities, of course.

The corrected number of particlesd is calculated by:

P(;z;p1) = Myigwx (3Z:P7)  Cu(5Z5P7)  Cux(52Zip1)  Cuig(5Zip7): (6.14)
The corrected number of interactiond (collisions) is calculated by:
1 (z;n) = Egignx (z:N)  Cux(z;n)  Ciig (z;n) for n> O (6.15)

Euigwx (2;0) is not de ned because a reconstructed vertex requires adst one tracklet
(SPD) or one accepted track (TPCﬂ By de nition for n =0, the event does not have
a reconstructed vertex but may still be triggered. Thes&;, (0) triggered events need
to be distributed among the di erent bins in z. The only information available is the
vertex distribution found in events with a reconstructed vetex, and the distribution
of the events has to be based on this quantity by de ning:
P 1 .
(Z) - p . nng‘ Etrigvtx (21 n)

: 6.16
n=1 Etrigvtx (Z; n)dz ( )

The z-vertex distribution of all collisions is independent of mliiplicity. However, this
IS not the case for triggered events as well as triggered etswithout a reconstructed
vertex. These subsets may be biased due to the geometricatetance of the chosen
trigger detectors. This is taken into account by the introdwetion of F(z) which is

LFor the combined ITS and TPC measurement, which is not discused here, the situation is di erent:
the SPD reconstructs the vertex position and the tracks are econstructed with information from the
TPC and ITS. Thus an SPD vertex position may be reconstructedeven without tracks in the TPC.



120 6.2. Corrections

the relation between thez-vertex distribution of triggered events with and without a
reconstructed vertex:

R
Etig (2;0)= D Etig &Z; 0)dz

F(z)= P I =4 : 6.17
( ) r]1-=1 Etrigvtx (Z; n): r]1-=1 Etrigvtx (Z; n)dZ ( )
In practice, the in uence of F (z) is less than 10%.
Egs. (6.16) and [6.17) allowl (z; n) for n = 0 to be obtained:
1(z:0)= Eg(0)  (2) F(2) Cuig(z;0): (6.18)
Finally, dN¢,=d is calculated:
R R
Zmax ( O) 1 Q-
dNCh _ Zmin (,22 pT:minnP( x2 pT)dedZ CPT;min( % (6 19)
- "z o cut-o . .
d .o o) 1 (zin)dz

In practice, the distribution still needs to be normalized i the inverse width of the
bins in the nal histogram to obtain the di erential distrib ution dN.,=d .

Replacing the measured quantities by the values obtainedoim the simulation (e.g.E
by E) shows that Eq. (6.19) is exact. The given formula includedlaorrections and cor-
rects to thedNq,=d for the event class of "all' events (right panel in Figure 6)1For the
other event classes the corresponding formulas are simjlakipping the trigger-bias
correction for the event class of the triggered events; and skipping thegger-bias
and vertex-reconstruction corrections for the event class of triggered events with
reconstructed vertex. Therefore, Eqs[(6.14)[{6.115), an@.18) change correspondingly
(leaving out some of the corrections) for triggered events:

Puig (;Z;P7) = Myigux (5Z;P7)  Cuk(;2Z;p7)  Cux(5Z;p7);  (6.20)
lwig (Z;N) = Egigux (Z:N)  Cux(z;n) for n> 0; (6.21)
liig (2;0) = Eyig (0) (2) F(@; (6.22)

and for triggered events with reconstructed vertex:

Prignx (:Z:P7) = Myig (5Z:P71)  Cuc (5Z5P71); (6.23)
lrigux (Z;N) = Eyigux (z;0) for n> 0; (6.24)
ltignx (2;0) = 0: (6.25)

Prigirigux  and lyigmiguix  @re used to calculatedNg,=d analog to Eq. [6.19).

Results and veri cation

Corrected dN.,=d distributions are shown in Figure[6.4. The left panel showshe
corrected result based only on the reconstruction outputhiat will become also available
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Figure 6.4: Veri cation of the analysis method.

The gure illustrates the result of the analysis using the SPD. The result in the left
panel is based on the reconstruction of 50 000 events (Pythiat P s=10TeV). The
right panel shows the veri cation of the method that makes use of MC information
and a di erent event sample (see text). In the upper part of each panel three di erent
dNcp=d distributions are shown: they are based on 1) events that aretriggered
and have a reconstructed vertex position (blue triangles),2) triggered events (red
squares), and 3) inelastic events (black circles). In the lwer part the ratio of the
MC input over the analysis result for the inelastic event sanple is shown.

with real data. The small deviations in the ratio are attributed to resolution e ects. The
plot shows thedN.,=d for the three event samples, triggered events with reconstted
vertex, triggered events, and inelastic events. The MC inpudistribution for inelastic
collisions and its ratio to the corrected result are also shm.

The method is veri ed with the following analysis procedurethe same event sample
is used as analysis input sample and to derive the correctidactors. In addition, the

measured quantitiesM ;... and Eg,, are determined neglecting resolution e ects.
This is performed by using the MC vertex position instead oftte reconstructed ver-
tex position and the MC particle parameters for all reconstrcted tracks or tracklets.

Furthermore, background is neglected. The result of the veration can be seen in

the right panel of Figure[6.4. The ratio is unity and shows thaithe corrected result

corresponds exactly to the MC input.

In the following sections the corrections introduced in tls section are described in
detail.
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6.2.2 Track-to-Particle Correction

The number of reconstructed tracks di ers from the number oprimary charged par-
ticles. This is due to a number of di erent e ects: e.g. the aceptance of the detector,
the detector and reconstruction e ciency, and secondaries

A further contribution, tracks from background sources (cemic rays or beam-gas
events), is neglected since these tracks have a very smalblpability to point back
to the vertex and they are therefore rejected by the cut requing association with the
primary vertex. The systematic uncertainty arising from bam-gas events that pass the
trigger are nevertheless discussed in Sectibn 613.5.

The track-to-particle correction takes all these e ects into account and is calculated
using the ratio between the number of primary charged parties and the number of
selected tracks after the detailed detector simulation andeconstruction. The track-
to-particle correction  uses the event sample of triggered events where the vertex
position has been reconstructed.

The track-to-particle correction depends in principle on many variables: examples
arepr, , ', particle species, charge, vtz and the multiplicity of the event. In this
analysis, the correction is determined as a function ofand vix-z for the SPD and as a
function of , vix-z, and pr for the TPC and is integrated over the remaining variables.
This integration can of course be subject to systematic em®(i.e. in the case when the
event generator does not describe the data well). In most @& however, these e ects
are expected to be negligible. The integration ovér does not impose any systematic
e ects since the collisions are on average azimuthally synatnic. On average the colli-
sions have the same number of positive and negative partislelherefore di erences in
the track-to-particle correction between positive and negative particles e.g. due to
the di erent absorption cross-sections for protons and amirotons cancel out. However,
the charge dependence could be easily introduced in the awtions for the TPC by
assigning a negativgyr for negatively charged particles.

The detector occupancy of the detector in p+p collisions isery low, which means that
there are negligible saturation e ects even in high-multipcity p+p events. Thus, the

integration over multiplicities does not impose systemati e ects in p+p collisions. On

the contrary, this may not be applicable for heavy-ion measaments where saturation
e ects get signi cant.

The integration over particle species is not as easy to juBti since the correction
will di er signi cantly for the di erent particle species at low pr (see Figure[6.111 on
page12B). This has less e ect for the measurement with the Bfbecause only very few
particles are below thepr cut-o, but becomes important for the measurement with
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Figure 6.5: Track-to-particle correction for the SPD.

The correction is shown in the vs. vtx-z plane (left panel) and as projections on
the (center panel) and the vtx-z axis (right panel).

the TPC. For the TPC the corrections can in principle be appkd independently for
di erent particle species which, however, requires partie identi cation and is therefore
not suitable for the analysis of rst data. Instead the defaii particle composition given
by the event generator is used and systematic uncertaintiesising from the uncertainty
in the particle composition are estimated (see Sectidn_623.

SPD

Figure[6.5 shows therack-to-particle correction for the SPD in the two-dimensional
plane, together with projections on the and vix-z axis. The projections are for visu-
alization purposes only and are not used in the analysis. Theojections only consider
a limited range in the integrated variable to prevent that lage factors outside of the
acceptance region in uence the shown factors.

The correction factor is between 1.1 and 1.25 and increasesvards the edges. The
vertex position in uences the acceptance in, which can be seen in the left panel. The
shape in the center and right panels is caused by the inactimeodules in the SPD (see
Section[5.5): the increased correction factor for positivex- z is explained by the fact
that the inactive areas are predominantly on that side. The @amne reason causes the

-dependence of the correction factor (the positive side corresponds to the positive
vix-z side).
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Figure 6.6: Track-to-particle correction for the TPC.
The correction is determined in three dimensions as a functin of , vitx-z, and pr.
For visibility, projections to the  vs. vix-z (left panel) and pt vs. (right panel)
planes are shown.

TPC

Figure [6.6 shows projections of thérack-to-particle correction for the TPC. In
the left panel the dependence on the-vertex position can be seen. The e ect is much
smaller compared to the SPD case owing to the larger distano&the detector from the
vertex. The dependence is due to the additional material thaneeds to be traversed
depending on the vtxz. The right panel shows that the correction attens at high-
pr where absorption and decay no longer play a signi cant roleflhe TPC measures
high-pr particles up toj j < 1:4, i.e. pr above 750 MeVE (right panel). However, this
is not the case for low-momentum particles. Therefore, witthe TPC the dN.,=d
distribution can only be determined in the regionj j < 1:0. The projection to the pr
vs. vitx-z plane (plot not shown) does not show any signi cant correlabns.

6.2.3 Vertex-Reconstruction Correction

The vertex-reconstruction correction takes into account the bias introduced by
events that are not counted because their vertex position wanot reconstructed by
the vertex-reconstruction algorithm. The correction is dermined at the track level
and the event level. Whether or not the vertex position is remnstructed is an event
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Figure 6.7: Vertex-reconstruction correction for the SPD at the track level (left
panel) and event level (right panel).

property. However, the vertex requirement can bias the kimeatics of the events, which
also requires a track-level correction.

By design, this correction is dependent on the MC simulatiorHowever, when real data
is available it will be possible to compare some of the propms of triggered events
without a reconstructed vertex to the corresponding events the simulation. This
will give an indication for how well the MC describes these ents and may allow the
minimization of the systematic uncertainty.

SPD

Figure [6.7 shows thevertex-reconstruction correction at the track level and the
event level. The event-level correction is unity as soon aka number of tracklets is at
least one. This is due to the fact that the vertex position detrmination is very similar
to the tracklet nding procedure. Without tracklets the correction factor is very high
and correspondingly the vertex reconstruction e ciency isvery low. These bins with a
multiplicity of O (called 0-bins in the following), however are not used in the correction
procedure (see Eqs[(6.15) and(6118)). The track-level cection is negligible. Plots
that contain values of mostly unity, like this one, will be onitted in the following and

will simply be verbally described in the text.
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Figure 6.8: The gure shows projections of the track-leveVertex-reconstruction
correction to the vtx-z axis (left panel), the axis (center panel), and thepy axis
(right panel) for the TPC.

TPC

The event-level vertex-reconstruction correction (plot not shown) is, like in the
case of the SPD, deviating from unity only in the 0-bins, dueat the fact that no tracks
can be accepted without nding a vertex position in the event

However, the vertex reconstruction imposes a bias on the ew&inematics. Events in a
certain kinematical region have a higher probability to hag a reconstructed vertex than
others. This is re ected in the track-level correction show in Figure[6.8 as projections
to their three axes. No dependence on the vertex position, ba kinematic bias with
respect to and pr can be seen. Particles in the central region can contribut® tthe
vertex reconstruction; particles with a highj j cannot contribute to it (because their
tracks are not measured). Therefore, for events containirggich tracks the e ciency to
nd the vertex position is lower than for events with particles in the central region.
Events containing tracks with largepr have a higher chance for the reconstruction of
the vertex position than events containing lowpr tracks.

6.2.4 Trigger-Bias Correction

The trigger-bias correction takes into account the bias arising from the di erence
between the triggered event sample and the collision sampdé interest; this could be
the sample of inelastic or NSD collisions. Both correctionare applied to the data,
yielding the dN¢,=d for the two di erent collision types (INEL and NSD). These two
corrections act in two di erent directions: the correctionto the inelastic sample has to
correct for events that have not been seen by the trigger. Theorrection to the NSD
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Figure 6.9: The gure shows the event-level NSxigger-bias correction as a func-
tion of multiplicity (left panel) and vertex position (righ t panel) for the SPD.

event sample has to correct for unseen events as well as to cnSD events. Therefore,
on average the rst correction is above unity, the latter bedw unity.

The correction is based on the MC simulation and cannot be @s-checked with real
data; this makes it purely model-dependent. However, thelae means to constrain the
contributions of the di erent event classes (ND, SD, and DD)this is explained in the
systematic uncertainty assessment in Sectién 6.8.1.

SPD

The inelastictrigger-bias correction  (plot not shown) is only di erent from unity in
the 0-bins (where it is approximately 2.2). No bias on the kiematics due to the trigger
has been observed.

Figure[6.9 shows the NSDrigger-bias correction : the event-level correction is shown
as a function of the multiplicity and the vertex position. The correction to the NSD
sample requires the removal of SD events which results in a@ction factor lower than

unity for a multiplicity of up to 15. No SD events are found wih a higher multiplicity

(in the Pythia simulation). The track-level correction (plot not shown) does not show
any dependence on or the vix-z. Its average value is 0.95: the average multiplicity in
the triggered sample is higher than in the NSD sample, whicls corrected in this step.
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Figure 6.10: The gure shows projections of the event-lev®lSD trigger-bias correc-
tion as a function of multiplicity (left panel) and vertex position (right panel) for the
TPC.

TPC

Similar to the SPD case, the inelastidrigger-bias correction  (plot not shown) is
only di erent from unity in the 0-bins (where it is approximately 1.3ﬁ. No bias on the
kinematics due to the trigger has been observed.

Figure [6.10 shows projections of the event-level NStdigger-bias correction . The
correction removes SD events which leads to a correction t@csmaller than unity. No
dependence on the vertex position can be seen.

6.2.5 Low-Momentum Cut-O Correction

Particles below a certainpy are lost or measured with very low e ciency. This is on the
one hand due to the magnetic eld. On the other hand it is due tonultiple scattering

which is proportional to 1= p and to energy losses by ionization proportional to=1 ?

[Ams08]. This gives rise to the so callegy cut-o for which a correction is needed.

°This value is smaller than the value for the SPD. The trigger-bias correction at a (recon-
structed) multiplicity of O determines how likely it is for a n event that has no reconstructed tracklets
or tracks to be triggered. The TPC has a smaller acceptance,hterefore this kind of events has a larger
probability to be triggered than events without tracklets i n the SPD, hence the correction factor is
smaller.
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Figure 6.11: Physical tracking e ciency.
The gure shows the physical e ciency to track primary parti cles in the SPD (left
panel) and TPC (right panel) as a function of pr. The e ciency is shown separately
for pions, kaons, and protons (Pythia at™ s = 10TeV).

Naturally, the cut-o is di erent if the measurement is performed with the SPD or the
TPC. The outer layer of the SPD is located at a radius of 7.6 cmnal the outer edge of
the TPC is found atr = 278 cm. However, tracks are accepted already when they have
50 clusters, correspondir%to roughly r = 123 cm. The nominal magnetic eld de ects
tracks in the SPD with a pr of 35 (55) MeV=c in such a way that they are not accepted
by the ' -cut of 0.08 (0.05) rad. For the TPC, tracks spiral at gor 92 MeV=c such
that they cannot reach 50 or more clusters. The rather smalli@rence (compared
to the dierence in radii) is explained by the fact that in the TPC tracks can be
reconstructed even with a quite large curvature, while theeconstruction in the SPD
requires nearly a straight line, however, on a short distaec

Figure[6.11 shows the e ciency to measure particles as a fumen of pr for the SPD
and the TPC in the acceptance regio.Due to their di erent distances from the beam-
line, the behavior is quite di erent. The maximum reached atarge pr is governed by
the fraction of inactive areas (TPC: about 10% and SPD: about5%, see Section 3.5)
and reconstruction ine ciencies. In both cases, it can be s& that the e ciency, espe-

3Approximating a straight line and considering that the pads in the inner chamber of the TPC are
smaller.

4Compared to the track-to-particle correction the e ciency is a few percent lower than the
inverse of the correction factor (Figure[6.% and_6.5). The rason is that secondaries and particles that
are found several times are excluded from the e ciency.
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Detector | Radius || E. pr cut-o (GeV/ ¢) || Particles below cut-o (%)
(cm) K pp K pp Total

SPD 7 005| 013 | 0.20 | 06 | 1.7 | 2.7 0.7
TPC 123 0.15 | 0.35 | 0.35 || 10.4|225|12.3| 11.6

Table 6.1: Low-momentum cut-o0 .
The table shows the e ective pt cut-0 (see text) and the yield of particles sub-
divided into di erent species below the cut-o for the SPD and TPC (Pythia at
P s=10TeV).

cially for kaons and protons, degrades at a highgx than the previously stated values
corresponding to the magnetic eld. Kaons and protons have lsgher mass than pions
and thus a larger £ (1= ?)-factor at the same momentum which gives rise to more
multiple scattering and a larger energy loss. Furthermora&lecays reduce the total kaon
yield. Table [6.1 contains the momentum values where the e eincy drops below 50%
for the di erent particle species (this is referred to as thee ective pr cut-o ). Also
given is the percentage of particles below this cut-o .

For the SPD, the amount of particles below their e ectivepr cut-o is about 0.7%.
This small e ect is included in the track-to-particle correction and a dedicatedpr
cut-o correction is not needed.

For the TPC, the amount of particles lost is much higher: appyximately 11.6% of the
particles are below their e ectivepr cut-o . In the analysis, a pr cut-o is applied with

a pr:min between 0.15GeV¢ and 0.25 GeVEk. Each pr.min Value requires a correspond-
ing correction factor. Several values should be used togethwith the corresponding
correction to check the stability of the result.

The pr cut-o correction is calculated as a function of by dividing the total number
of primary particles by the number of primary particles aboe the pr cut-o. The
correction factors for apr.min of 0.15GeV/c, 0.20 GeV/c, and 0.25GeVEk can be seen
in Figure [6.12. The shape stems from the transformation fromto  which depends
on pr. The correction factor as a function ofy is at. The correction at 0.2 GeV/c is
1:2 1:25 depending on . The systematic uncertainty introduced by this corrections
discussed in Section 6.3.3.

6.2.6 Estimation of the Required Simulated Data

The limited statistics of simulated events used to obtain th correction factors gives
rise to a statistical uncertainty. The number of simulated eents should be su ciently
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Figure 6.12: Low-momentum cut-o correction.

The correction is shown as a function of for inelastic collisions. The py cut-o at
0.2 GeV/c excludes about 20% of the primary charged patrticles.

high such that this uncertainty is much smaller than other cotributions to the uncer-
tainty on the nal distribution like the statistical error o n the measured data and the
systematic uncertainties. This section shows how the statical errors are calculated.
The errors are determined for the available statistics of BO00 events and an estimate
for the required statistics is given.

The variance of a binomial-distributed variablea(r) (the probability for r successes
out of N trials of a Bernoulli-experiment with success-probabiljt p) is

Np(l p): (6.26)
Correspondingly, the variance of(r)=N is
Pl p).
N (6.27)

Consider the calculation of an e ciencyE: M out of N events ful | a given criterion,
the probability to nd an event with the given criterion is

M
E=—: 6.28
S (6.28)

M follows a binomial distribution (N trials with probability p which is the “true’
probability to nd the criterion; in the limit of large N:p M=N). Thus Eq. (&27)

gives the uncertainty onE:
S

s(M;N) = G (6.29)
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which are binomial errors. Note that such an error estimation is only valid in the case
without background and duplicated track (that occur e.g. during the tracking). In
this analysis the binomial-error calculation applies to &lcorrections except:

the track-level track-to-particle correction because of secondaries and dupli-
cated tracks, and

the NSD trigger-bias correction  because here the SD events need to be sub-
tracted. Thus the number of triggered events does not folloa binomial distri-
bution with respect to all NSD events.

The following considerations allow the calculation of the reors on the track-to-
particle correction (Eq. (6.4)):

Gtrigvtx ( ;Z;pT)
Myuigx (;Z;p7)+ B(;Z;p7)

Cuwk(;z;p7) = (6.30)
which for simplicity is now written as C = G=(M + B). For practical reasons the
relative error of C 1 is studied, which is identical to therelative error of C. It can be
written as

M+ B _ M, N M,+ B
G G G
M, refers to tracks of primary particles where even in the casd a duplicated re-
constructed track only one is countedM, contains tracks from secondaries and the
duplicates that have not been considered fdvl,. B is the background, i.e. tracks not
associated to MC particles such as those de ned at the beging of Section[6.2.11.

Ccl= (6.31)

M, is binomially distributed with p = M;=G as the probability to track a single
particle, i.e. the tracking e ciency. The error on the rstt erm of Eq. (6.31) is thus to
be calculated following Eq. [6.29). AlthoughM, and B are both somehow correlated
with G (many primaries will also cause many secondaries) the errcalculation is not
a priori clear. For the second term the error is thus determined based the statistical
error of the numerator:IO M, + B=G, which cap be seen as an upper limit. Note that
basing the calculation upon the denominator ( G) results in a larger absolute error,
but in a smaller relative error, because in practicM, + B <G .

For the available data sample, the left panel of Figure 6.1hews the relative errors on
the rst term of Eq. (631). It can be seen that in the central egion (vtx-zj < 4.cm)
the error is below 0.4%. It increases towards the edges, b still around 1% at

10cm. The increase is due to the-vertex distribution in the simulated events. It can

SUnder certain conditions a track can be reconstructed twice e.g. in the TPC a particle can su er
a large energy loss and continue its path slightly altered. his can be interpreted by the reconstruction
as two separate tracks.
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Figure 6.13: Statistical error of thetrack-to-particle correction
Shown is the relative error on the rst term of Eq. (6:31), which is larger than the
error on the second term. The left panel shows the result fortie SPD and the right
panel for the TPC in the slice 0:2GeV=c < pt < 0:3GeV=c.

be reduced by simulating a at vertex distribution. The erra on the second term of
Eq. (631) is smaller having qualitatively a similar behawr.

Correspondingly for the TPC, Figure[6.1B (right panel) show the relative errors on
the rst term of Eq. (6.31). Due to the fact that this correction is determined in three
dimensions (alsqr), the available statistics in each bin is lower and the relate error
Is consequently larger. In the gure the slice @ GeV=c < pt < 0:3GeV= is shown.
The relative error does not increase for increasingr because the bin size is larger
at higher pr. Data at pr < 0:2GeV=c (pr cut-0) is not considered. Therefore, the
shown gure represents the largest relative error present ithe correction. It is about
1.5% in the central region of vitxz, but increases towards the edges and is relatively
large (3 6%) for vertex positions around 8cm with respect to the nominal vertex
position. The error of the second term of Eq[{6.31) is smaile

The error on the NSDtrigger-bias correction  can be calculated in a similar fashion.
The event-level correction, Eq.[(6.10), can be written as:

Eui Etwignsp | Ewigsp
C,l=—"9 =10 4 0 6.32
M9 Ensp Ensp Ensp ( )

whereEgignsp and Egigsp are the triggered NSD and SD events, respectivelf.yignsp
is distributed binomially, thus the error can be calculatedfollowing Eq. (6.29). The
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Figure 6.14: Statistical error as a function of the size of thevent sample.

Relative statistical error in the region 6 cm < jvtx-zj < 10cm (low statistics region
in the plot above) of the track-to-particle correction of the TPC as a function
of the number of events. Shown are the errors on the rst (cirdes) and the second
term (squares) of Eq. [6.31). The larger errors ( rstterm) are tted and extrapolated
(line).

. p
error of the second term is calculated to be Eyigsp =Ensp. The error on the track-
level correction can be calculated in the same way.

For the SPD, the error on the event-level correction is aboud.5% for vertices near the
nominal interaction point and increases, following the tned described above, to 1 2%

at jvtx-zj  10cm. At the track-level the error is below 0.5%. For the TPCthe error

at the event-level correction is similar. At the track levetthe error is throughout below
1%.

Other non-negligible uncertainties are found only in the sttistical uncertainty on the
inelastic trigger-bias correction . The error on the 0-bins (the other bins are unity)
is 1% in the center and a few percent towards largetx-zj (for both SPD and TPC).

In summary, the statistical errors are all below 1% for the SP in the central region.
Larger values are found at largejvtx- zj. For the TPC the errors are slightly larger;
they also increase towards larggwrtx- zj. Errors of 1% or less are considered negligible
compared to the systematic uncertainties that will be estimted in the following section.
This has to be achieved for all corrections in all consideraegions. The uncertainties
increase towards largejvtx-zj which is due to the vertex distribution in the simulated
data. One solution is to simulate events with a at vertex digribution. Alternatively,
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an increased number of events would be needed if the vertestdbution is required to
match the data. The largest uncertainty arises from thérack-to-particle correction

in the TPC. Figure shows the average relative error in &éregion with the largest
errors as a function of the number of events. From extrapoliaiy it can be seen that
with about 1 { 2 million simulated events, a statistical uncetainty close to 1% even at
the edges can be achieved. For the SPD, 500000 events are sent. Another option
is to exclude events with largeljvtx-zj from the measurement. Such events constitute
only a small fractionjla of the total number of events taken. Furthermore, in the casef
the measurement with the TPC, events with vertices far fromte nominal interaction
point do not increase the accessible-range.

A value of 1% is estimated as an upper limit for the systematigncertainty due to the
corrections.

6.3 Systematic Uncertainties

In this section the systematic uncertainties are discussethd evaluated. Although sys-
tematic uncertainties might be correlated they are studiedndependently to estimate
their size. Dependencies between di erent uncertainties@mentioned where appropri-
ate.

For the evaluation of a given systematic e ect the followingwork ow is used. It is
recalled that the input sample is divided into two parts: thecorrection input sample is
used to create the corrections and the analysis input sampie used as input data for
the analysis. Any change whose e ect is to be studied (e.g. hange of cross-sections)
is applied to the correction input sample. Subsequently, ghcorrection is re-extracted
from that sample. At this stage two corrections exist (one &m the original input
sample and one from the modi ed input sample). The analysisinow performed twice
on the analysis input sample, once for each correction. Thatio is calculated between
the two resulting dN¢,=d spectra and allows the systematic e ect to be estimated. If
applicable this is performed at di erent stages of the cortion procedure.

In certain cases a di erent approach was used; this will be deribed together with its
motivation in the corresponding section.

The following systematic e ects are studied for both analys methods, using data from
the SPD and the TPC:

the uncertainty in the cross-sections of the collision presses in the event gener-

ator;
p

6At " s=10TeV only about 10% of the events are found in 6 cm< jvtx-zj < 10cm.
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Figure 6.15: Systematic uncertainty due to unknown crossstions (SPD, NSD).

The gure shows the ratios between thedN.,=d distribution calculated from the
standard corrections and the distributions calculated fram the corrections estimated
with changed relative cross-sections. The plot is for the N® event sample using data
from the SPD. The changes in the cross-sections are indicadeon the right of the
plot. The systematic uncertainty is about 8%. The lines are dawn only to guide the
eye and statistical errors are omitted.

e ects due to an incorrect assumption concerning the partie species abundances
in the event generator;

the e ect due to the uncertainty in the pr spectrum below thepr cut-o;

further e ects due to di erent assumptions in the event geneator by comparing
Pythia and Phojet;

the e ect of beam-gas, beam-halo and pile-up events;

the in uence of an incorrect estimation of the material budgt in the simulation
software;

the e ect of remaining uncertainties in the alignment of thesubdetectors;

e ects due to the tracklet and track selection cuts.
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SPD TPC

INEL | 2% 2%
NSD | 8% 8%

Table 6.2: Systematic uncertainty due to unknown cross-gems.

6.3.1 Cross-sections of Physics Processes

The trigger e ciency and the vertex-reconstruction e ciency (for triggered collisions)
are di erent for di erent processes (ND, SD, and DD). The corections will therefore
depend on the relative cross-sections of these processdh vaspect to each other. The
absolute values have no in uence because tliN;,=d distribution is normalized to
the number of events. The values predicted by Pythia have beegiven in Table[1.3
(pagel24). In order to study the e ect of a change in the relate cross-sections the
corrections have been calculated by changing the di ractescross-sections to 50% and
150% of the Pythia values,i.e.sp =7 28mband pp =4:6 186mb atp s=10TeV.

A study was done for thevertex-reconstruction  and the trigger-bias correction
together and for each of them independently. The e ect is stingest when both cor-
rections are calculated using the modi ed cross-sectionsié these are the numbers
presented here. Figuré6.15 shows exemplarily the e ect dig changes in the relative
cross-sections on thelN¢,=d distribution for the NSD event sample (SPD). It can be
concluded that changing the relative cross-sections by50% changes the result of the
analysis by about 8%. The e ect is linear, i.e. changing thealues by 25% changes
the e ect to about 4%. For the correction to the inelastic evet sample, the e ect is
only 2% for a change by 50%. All cases are summarized in Table 6.2.

Note that the e ect on the correction for inelastic events deends only on the di erence
in the response of the detector to the di erent processes. Fexample, if the trigger
e ciencies for all processes were the same, no e ect on theroection for inelastic
events would be seen. It is expected that the values for SPD A PC are similar
because the same trigger is used. However, the di erent kimatics of the di erent
process types might have an in uence on the vertex reconsttion. Therefore, it is
necessary to evaluate both cases.

The relative cross-sections can be constrained using infaation from several triggers, a
method that was also used by UAS [AIn86]. The procedure usdsetnumber of triggered
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events Ny;, of several MB triggers and di erent sets of trigger e ciences ('sp, pp,
and ) derived from the detector simulation. Each triggeii contributes an equation:

Niig = Nso 5o+ Noo bp + Nap o' (6.33)

Solving the system of equations (at least three triggers areeded) yields the number
of collisions per process typeNsp, Npp, and Nyp. These numbers are derived for a
given set of trigger e ciencies, i.e. one event generator. dnparing the results using

e ciencies from dierent event generators (e.g. Pythia andPhojet) constrains the

relative cross-sections. More details can be found in [BoBH].

Once the cross-sections at LHC energies are measured, thigertainty will decrease
signi cantly. The TOTEM experiment expects to measure the ND, SD, and DD cross-
sections with a precision of 0.06 mb, 0.6 mb, and 0.1 mb, resgieely [TOTO04], which

is signi cantly smaller than the uncertainties considerechere.

6.3.2 Particle Composition

The relative abundance of di erent particle species have an uence on the corrections.
It is assumed that well-calibrated particle identi cation in ALICE is only available after
the very rst analysis, thus the corrections rely on the abudances given by the event
generator. This may introduce a systematic error on the rekuThe magnitude of this
systematic error can be studied by changing the particle abdances in the generator.

Pions, kaons, and protons (and anti-protons) make up more #&m 98% of all particles
in Pythia events. Therefore, only these have been considérer this study. The recon-

struction e ciency di ers between the particle species whth was shown in Figuré 6.11
(pagel129) as a function opr. Correction factors were determined from events with
modi ed relative pion, kaon, and proton abundances. The nuber of pions was kept
constant, while the number of kaons or protons was increasedreduced by 50%. Sim-
ilar to the cross-sections case, only the relative abunda®s have in uence on the nal

result.

For this study the correction was created in a two-step pross. First, the number of
generated particles and measured tracks are determined &ach of the particle species
( , K, and p). A measured track is considered to belong to a giveparticle species if
it is a) a track of a primary particle of this species ob) a secondary created (e.qg.
decay and hadronic interaction) by a primary particle of ths species. The second step
combines these numbers in which some or all of the particleespes are enhanced or
reduced. Combining the corrections using a factor of unityof all species should result
in exactly the same correction as that which is obtained by #h normal method. This
has been veri ed.
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Figure 6.16: Systematic uncertainty related to assumpti@of the particle yields (TPC).

The gure shows the e ect of signi cantly changing the parti cle composition. The
ratios between thedN¢ ,=d obtained using the standard (Pythia) composition and
particle compositions where the kaons and/or protons are canged by 50% indicate
a systematic e ect of about 1.5%. The lines are drawn only to giide the eye and

statistical errors are omitted.

Various corrections have been created by increasing or rexiugy the amount of kaons,
protons, or both by 50%. The analysis was performed with thesdi erent corrections
and the ratios between the results were calculated. For theeasurement with the SPD,
the e ect is below 0.1% for all cases. For the TPC, the resulsishown in Figure 6.16.

It is concluded that even with the large uncertainty of 50% irthe relative yields, the
resulting uncertainty on the measurement for the SPD is negible. The uncertainty

on the measurement with the TPC is about 1.5%.

6.3.3 pr Spectrum

The pr cut-o correction is only applied in the measurement with tre TPC. Never-
theless, an uncertainty due to thepr cut-o is also present for the SPD measurement.

This is further discussed at the end of the section.

The low-momentum cut-o correction, introduced in Sectiore.Z.5, is model-dependent
because the shape of ther distribution below the cut-o is unknown. To evaluate
the systematic uncertainty imposed by this correction, the cut-o correction was
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Figure 6.17: Uncertainty due to thepy cut-o correction.
The gure shows the pr spectrum inj j < 1 predicted by Pythia as well as two
modi ed spectra. These are obtained by changing the prediotd spectrum from
0% at ptr = 0:2GeV=c to 50% at pr = 0GeV=c. These spectra are used to
determine the systematic uncertainty imposed by a misestimation of the shape of
the pr distribution to less than 3% for a pt cut-o at 200 MeV/ c.

created frompy spectra with di erent shapes below thepr cut-o . Figure 6.17] shows
the pr spectrum predicted by Pythia. Furthermore, two otherpy spectra are shown
that were obtained by changing the spectrum by a percentagedreasing linearly from
0% at the pr cut-o to 50% at 0GeV/c. The gradual increase is motivated by the
fact that the shape of the spectrum can be measured at (and al®) the pr cut-o, but
remains unknown at lowerpr. The result of an extrapolation is therefore expected to
be better close to thepy cut-o than at lower py. The change of the spectrum applied
here is much larger than the di erence in the predictions oftte two event generators
Pythia and Phojet.

Comparing the py cut-o correction factor from the modi ed spectra to that from the
Pythia spectrum indicates the systematic uncertainty on tle pr cut-o correction. It
evaluates to less than 3% for the cut-o apr = 0:2 GeV=c. The e ect depends on thepr
cut-o . For example, for pr.min = 0:15 GeV=c the e ect is 1.5%, forpr.min = 0:25 GeV=c
it is about 4.5%. A lower cut-o increases the contaminatiorby secondaries and the
uncertainty on the other corrections because the trackinga@ency reduces at low pr.
In practice, several cut-o values should be used and the alysis results should be
compared.
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Figure 6.18: Systematic uncertainty due to di erences in tb event generators (SPD).

The left panel compares the NSDtrigger-bias correction derived with Pythia

(black circles) and with Phojet (red squares). The right panel shows the e ect on
a Phojet sample when applying corrections derived from Pytha after each step of
the corrections.

For the measurement with the SPD the corrections are integtad over pr as explained
previously. Thus these corrections rely on the correctnes$ the pr distribution used

in the simulation software. It is feasible to verify from r4 data that the measured

pr distribution is close to the one used in the simulation softare to a certain extent.

However, an uncertainty remains below ther cut-o where the pr spectrum is not

measured. To study this e ect, the change of spectrum shown Figure[6.17 is applied
to the simulated data used to extract the corrections for th&PD. The overall correction
factor changes by about 0.5%, which is correspondingly thesociated systematic error
owing to the uncertainty in the shape of the spectrum at lovpr.

6.3.4 Event-Generator Assumptions

As an estimate of the uncertainty due to di erent assumptios and predictions of the
event generators, correction factors are determined alsmin events obtained with
Phojet!] In this study a sample obtained with Phojet is corrected withthe correction
factors determined with Pythia. The multiplicity distribu tions of Pythia and Phojet
are signi cantly di erent at P s = 10TeV, see Figure[8b (pagé199): the probability

"Di erences between simulated events by Pythia and by Phojetwill be partly discussed in Sec-
tion
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Correction Uncertainty in %
SPD | TPC
Track-to-particle 0 05
pr cut-o | 1.0
Vertex-reconstruction 0 +0:5
Trigger-bias (INEL) +1:0 +2:0
Trigger-bias (NSD) 3.0 3.0
Total (INEL) +1:0 +1:0
Total (NSD) 3.0 4.0

Table 6.3: Integrated di erence between Pythia and Phojet arrection factors.

of high-multiplicity events is larger in Pythia than in Phojet. Therefore, in practice a
Phojet sample can be corrected with Pythia, but a Pythia samp cannot be corrected
with Phojet. Naturally, for measured data it has to be veri e that the maximum
reached multiplicity in the events used to derive the corregion factors is su cient.

The left panel of Figure[6.18 shows exemplarily the NSEigger-bias correction
determined with Pythia and Phojet. This di erence, owing tothe di erent kinematics
of di ractive events of the two event generators, is the largst observed among all the
corrections. The right panel shows a Phojet sample correctevith Pythia for the SPD
measurement. Shown is the in uence on each of the di erent o@ction steps. Tabld6.B
summarizes the in uence of each correction step for both tePD and TPC and gives
the total contributions after all corrections for the inelastic and the NSD sample. Some
of the e ects cancel, such that the total e ect is smaller tha the sum of the single
e ects. The in uence of the vertex-reconstruction correction for the TPC is caused
by the bias on the kinematics imposed by the vertex-reconsittion requirement, see
Section[6.2.B. The largest di erence is due to thérigger-bias corrections . The
opposite e ect occurs on the correction to inelastic and NSBvents.

For the SPD, a systematic uncertainty of 1% (3%) for inelasti (NSD) events is con-
cluded. For the TPC, some of the deviations cancel in this spiec case, but this cannot
be generally assumed. Therefore, for the TPC, a total systatic uncertainty of 4%
(5%) is estimated for inelastic (NSD) events a‘t) s =10TeV. ltis interesting to mention
that for = s =900 GeV the uncertainty is not signi cantly lower. Although, both event
generators reproduce measured distributions ats = 900 GeV, many other properties
di er in the generated events. Note that this uncertainty includes the e ect of changes
in the cross-sections, the particle composition, and ther spectrum which have been
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evaluated separately in the previous three sections. Théoee, this uncertainty cannot
be added to the uncertainties derived for the individual e ets that were studied.

6.3.5 Beam-Gas and Beam-Halo Events

A systematic error on the measurement might be introduced e presence of beam-
gas and beam-halo events. In a typical beam-gas or beam-hai@nt only a few tracks
are in the acceptance of the tracking detectors. Usually theertex position of these
events cannot be reconstructed, thus these events do notdet the reconstruction of
additional tracks. However, these events may cause a triggand thus in uence the
overall normalization for the dN¢,=d measurement.

The probability that a triggered event is a beam-gas or bearhalo collision was esti-
mated in Section5.L11. For the LHC startup scenario it shodlbe less than 4 10 #,
which is negligible. Under nominal running conditions, i.ewith all bunches lled and
at high luminosity, the probability is about 0.6%, which canbe directly interpreted as
systematic uncertainty on the normalization and thereforen the measureddN¢,=d
distribution.

Apart from this estimation, the assessment of the presencaé@the rate of beam-gas
and beam-halo collisions has to be performed from events &kwith a trigger on single
bunches that pass the detector. This has been discussed irct®m 5.1.2.

6.3.6 Pile-Up Events

Pile-up events that occur within the SPD integration time (D0 ns) or the opening time
of the TPC gating grid (90 s) might give rise to systematic uncertainties. Collisions
that occur in di erent bunch crossings can be resolved usinthe VO detector. The
probability for pile-up within the same bunch crossing for he startup scenario was
given in Sectiof-3.B to be 0.37%p(§ =900 GeV) and 4.9% F s =10 TeV); for nominal
running conditions it amounts to 0.36%. Such events can beddti ed due to the
fact that simultaneous collisions have di erent vertices.Events with more than one
reconstructed vertex can be skipped in the analysis. Alteatively, only tracklets and
tracks originating from one of the vertices are considered@hus the uncertainty stems
only from events where two collisions have the same vertexthin the bounds of the
vertex-reconstruction resolution. The probability of sub events can be estimated with
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a two-dimensional Gaussian distribution taking into accont the expected variance in
vtx-z () and the vertex resolution @):
Z 1 Z z;+d
G (z1)G (zp)dzdz: (6.34)
1 z1 d
An upper limit for the resolution of the vertex reconstructon for low multiplicity
events isd = 0:12cm in the case of the SPD and = 0:25cm in the case of the TPC.
The variance at p§ = 10TeV is expected to be 3.8cm. With these numbers, the
percentage of overlapping vertices is 1.2% and 3.7% for the[3and TPC, respectively.
This probability needs to be multiplied with the previously given probability that
a triggered event contains more than one collision. Other rags of separating two
collisions might allow for further reduction of this contanmnation.

In summary, the percentage of unresolved pile-up events ihd same bunch crossing
is larger during startup than for nominal running conditiors. Quantitatively, they are
below 0.1% (SPD) and below 2% (TPC) and are thus negligible for thedN.,=d
measurement.

6.3.7 Material Budget

Secondaries are part of the sample used for the analysis desphe track cuts. This
is corrected by thetrack-to-particle correction . Therefore, any error in the total
number of secondaries produced in the detector simulatioedds to an incorrect result.

Secondaries are decay products and particles created indrdctions with the detector

material. Uncertainties arising from decay products stenrdm a misestimation of the

particle composition in the collision, discussed before iBection[6.3.2. The material
is modeled very carefully in the software following the engeering drawings of the
detector with the aim to describe the material budget in the tacking volume as close
as 5% compared to reality. Methods exist to derive the matex budget from the

data, e.g. by reconstructing -conversions, but results of these studies are not availabl
shortly after the rst run.

To assess the e ect caused by an incorrect estimation of thestéctor material, the
material budget is varied by 10%. For this study the materiabudget is changed in the
simulation step, but not in the reconstruction step. One opbn would be to change the
dimensions of detector components. However, this would tk#o overlapping detector
volumes, which would result in technical di culties in the transport software. There-
fore, an alternative approach is chosen: the density of all aterial types is changed
by 10% which changes the material budget without producing oxepping detector
parts.
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Accepted Tracks 10% material + 10% material
SPD TPC SPD TPC
Primaries no change| (+0:9 0:4)% | no change| ( 0:9 0:4)%
Secondaries | no change| ( 50 1:2)% | no change| (+2:0 1:2)%

Table 6.4: Systematic uncertainty due to uncertainties inlie material budget.

A production of 20000 events was performed for this study. Neect is seen on the
number of measured tracklets in the SPD. This can be explaideby the very low

material budget of the pixel layers k=X, 1% per layer). However, the number of
reconstructed TPC tracks changes due to the change of the &tmaterial budget.

Table [6.4 shows the change in the number of primary and secamy tracks. For the

case of the TPC, only tracks above @ of 0.2GeV/c that pass the track cuts are
considered.

As expected the number of primaries reduces when increasitige material budget,
while at the same time the number of secondaries increaseseltotal e ect on the
correcteddN¢,=d distribution is less than 1%.

6.3.8 Misalignment

The geometry modeled in the simulation framework correspds to the ideal detector
con guration. In reality this ideal geometryis changed, e.g. by uncertainties in the
positioning of the di erent detector elements, productiontolerances, displacements
caused by deformations of support structures due to the wéigof components, and
due to magnetic- eld forces.

Survey and alignment (see Section4.7.1) allows the estin@at of displacements be-
tween the ideal geometry and the installed geometry. The renstruction framework

takes these displacements into account. Global shifts oflsidetectors measured by sur-
vey are included in the ideal geometﬁz Alignment was performed using cosmic-ray
data recorded in 2008. The results from the alignment procetkes are applied and
produce the so-calledealigned geometry

8These are quite signi cant. For example the ITS is shifted by 2.9 mm in the z direction.
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Figure 6.19: Systematic uncertainty without realignment.

An event sample was reconstructed twice, once with ideal gepetry (left panel) and
once with realigned geometry (right panel). Subsequently loth have been corrected
with corrections created from the sample produced with ideageometry. The upper
part presents the corrected result and the MC input for inelastic events. The lower
part shows the ratio between the two.

SPD

The residual misalignment, the remaining uncertainty aftealignment procedures, is
at a level that has been shown to have no e ect on this analysi¥he in uence on the
dN¢h=d distribution is at the level of 10 3, i.e. much smaller than other uncertainties.

However, a question that always remains is to which extent ghalignment procedures
have produced the correct results. Therefore, especiallgrf rst data, it is interest-
ing to study the e ect of the change in the geometry due to theealignment on the
nal analysis result. Detector simulations have been perfmed that use a di erent
alignment in the simulation and reconstruction step. In thesimulation step the ideal
geometry was used. The reconstruction was performed twiamce with the same ideal
geometry and once with the realigned geometry. In principleéhe di erent geometries
should be applied in the simulation step, but the changed gewtry may produce the
above-mentioned overlapping volumes that are problematior the transport code. Fur-
thermore, simulation takes much longer than reconstructig thus this approach needs
less computing time. The case of using a combination of ideshd realigned geometry
resembles the case where the data from the detector is redomsted without applying
any alignment procedures.
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Both reconstruction outputs are corrected with correctionfactors determined using
the ideal geometry. Figurd 6.19 shows the corrected distution of the ideal geometry
(left panel) and the realignment geometry (right panel) forthe SPD. The distribution
is about 3.5% lower than the input distribution, owing to rediced tracking e ciency
caused by the misalignment.

Data measured in the experiment should be reconstructed \wiboth the ideal geometry
and the realigned geometry. This allows the e ect of the pesfmed alignment to be
understood. Ultimately, the result using the realigned gevetry is of course more exact.
The di erence obtained is not a systematic uncertainty thathas to be applied to the
measurement. However, it should be mentioned together withe result.

TPC

The TPC has less alignable objects, but a larger number of dadation constants that
need to be evaluated, like drift velocities and gain factord-urthermore, the residual
imperfections concerning the parallel alignment of the edric and magnetic eld causes
a shift of the drift electrons E B-e ect). The TPC has been stably operated over
long periods of time while taking cosmic-ray data and has siva already remarkable
performance with respect to momentum andE=dx resolutions, see Section 4.7.1. For
this analysis it is su cient that a track is reconstructed within the loose resolution
requirements mentioned previously. It can be shown with thalready recorded cosmic-
ray data that this is the case. No signi cant e ect is therefoe expected on thalN,=d
distribution due to the residual misalignment.

6.3.9 Tracklet and Track Selection
SPD

The selection of tracklets, described in Sectidn'5.4.1, damds on the parameter ' .
Uncertainties in ' may arise from the residual misalignment. The spatial regation
of clusters is estimated from cosmic-ray data to be about 14n in r' -direction, see
Section[4.7.1L. In fact the additional uncertainty due to theresidual misalignment is
expected to be only 8 m. However, as an upper limit for the spatial resolution 14m
is used; this is translated into an uncertainty in ' of 0.36 mrad and 0.18 mrad for
the rst and second layer, respectively. Taking the sum of tese two values provides a
conservative estimate for the change in the number of accept particles when moving
the cut of j 'j < 50mrad by 0:54mrad. It is evaluated to be less than 1G. In
fact a change of 1% in the number of accepted tracklets only @ags when the spatial



148 6.3. Systematic Uncertainties

30 30

25 «  Relative change in yield (%) 25 «  Relative change in yield (%)

20; Contamination (%) 20; Contamination (%)

15[ 15[

E . E - —

108 L T s

5F 5F

oF st - oF et

51 51
-10F -10F
_15:\ L1 1 N I N N I L _15:l\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

-1.0 -0.5 0.0 0.5 1.0 20 25 30 35 40 45 50 55 6.0
Change in absolute DCA cut (cm) N

Figure 6.20: Uncertainty due to DCA cuts.
Shown is the relative yield of accepted tracks and contamintion by secondaries
when the cuts are varied from their default values for the abslute DCA cut (left
panel) and the normalized DCA cut (right panel). Only tracks in j j < 1 and with
pr > 0:2GeV=c are considered.

resolution is as poor as about 180m. The systematic e ect on thedN,=d distribution
from the tracklet selection is therefore negligible.

TPC

It was shown that most tracks are removed by the cut requiringhe track to originate
from the vertex of the interaction. Two possibilities werentroduced, the absolute DCA
cut and the normalized DCA cut. Although the rst was mainly used, in this section
it will be shown how the sensitivity of the measurement on thactual value used in
both these cuts evolves.

In Figure the change in the number of accepted tracks aride contamination
from secondaries is shown as a function of the cut value. Fdne absolute DCA cut
(left panel) the change is relative to the default cut valuegjiven in Section[5.4.2,
d. =2:4cm andd, = 3:2cm. d; and d, are changed by the same value. In both cases,
lowering the cut values reduces the contamination but inceses the slope in the relative
yield and therefore increases the e ect of an uncertainty othe cut value.

The actual uncertainty on these values is di cult to estimate without real data. A
scale for the uncertainty of the absolute DCA cut is the verte resolution 0:25cm,
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Uncertainty SPD TPC
Relative cross-sections (INEL) 2% 2%
Relative cross-sections (NSD) 8% 8%
Particle composition negl. 1.5%
pr spectrum 0.5% 3%
Event-generator assumptions (INEL)] 1% 4%
Event-generator assumptions (NSD)| 3% 5%
Beam-gas events (startup) negl. negl.
Beam-gas events (nominal) 0.6% | 0.6%
Pile-up events < 01% | < 0:2%
Material budget negl. < 1%
Misalignment negl. negl.
Track / tracklet selection cuts negl. | < 1%
Corrections (stat. uncertainty) 1% 1%
Total (INEL) z 2.3% 4.3%
Total (NSD) z 8.1% 8.8%

Table 6.5: Summary of the various systematic uncertainties
The uncertainties marked with an asterisk (*) can be better estimated with mea-

sured data.

z The sum in quadrature does not include the uncertainty due to the event-
generator assumptions because it is mostly included in theross-section, the particle-
composition, and the pr spectrum uncertainties (see Sectioi 6.314). The beam-gas

uncertainty for the startup has been used for the total.

which results in a change in accepted tracks of about 0.5%. rRle normalized DCA
cut no clear estimate can be done. An uncertainty of lresults in a change of the
measured yield of 2 3%. However, the value of 1 is completely arbitrary as it is not
yet known how well the resolutions will be estimated with readata. Therefore, this cut
is not in use for rst data. As previously mentioned, in pracice, several combinations
of cut values need to be evaluated and the invariance of theawgsis result needs to be

veri ed.

6.3.10 Summary of the Systematic Uncertainties

The estimated systematic uncertainties are summarized inable[6.5. The procedure to
estimate the resulting total systematic error is not straigtforward because of correla-
tions among the di erent contributions. Certain e ects carcel one another, e.g. lowering
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the pr cut-o increases the contamination by secondaries but degases the uncertainty
due to the pr cut-o correction. The event-generator assumption uncedinty is mostly
included in the uncertainty on the relative cross-sectionsghe particle composition, and
the pr spectrum. Other correlations are assumed to be small. Summgithe uncertain-
ties for the startup scenario in quadrature (without the unertainty originating from
di erences in the assumptions of the event generators) ydd a total systematic error
of 2.3% for inelastic and 8.1% for NSD events for the SPD measment. The result for
the TPC measurement is 4.3% (inelastic) and 8.8% (NSD). In geral, for NSD events
the largest contribution is the uncertainty on the relativecross-sections. Therefore, the
total uncertainty will signi cantly reduce once the crosssections are constrained or
measured at the LHC.

6.4 Towards the Corrected dNq=d Distribution

This section describes the steps required to obtain the centeddN.,=d distribution
from the measured data. Apart from applying the correctionshat have been outlined
in this chapter, various veri cations and checks have to be ade using the measured
data.

6.4.1 Event and Track Quality

Events taken when single bunches pass the detector shouldused to assess the amount
of beam-gas and beam-halo collisions. The rate of such ewweobmpared to events taken
upon bunch crossings should correspond to the expected raldis depends of course
on the LHC running conditions (luminosity and beam intensi) and the quality of
the vacuum in the beam pipe. The luminosity is most likely noknown precisely at
the beginning of data-taking. When the measured beam-gas calbeam-halo trigger
rates are too large this would be an indication for a di erentrigger sensitivity to such
events.

The following quantities that judge the event and track quaty should be compared
between measured and simulated data. They are expected to tensistent with each
other:

track quality parameter distributions, in particular the values that are used in
the cuts; among these the DCA distribution is of special imptance because the
DCA cut has the largest in uence;
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the resolution of the vertex reconstruction and, in additia, the real vitx-z dis-

tribution can be compared to the simulation, however, due tthe fact that the

corrections are determined as function of the vertex posit, the results should
not depend on the assumed vertex distribution;

the ratio of triggered events with and without reconstructd vertex; here, devi-
ations between the result from measured data and simulatedents indicate a
di erent vertex-reconstruction e ciency;

the pr spectrum; this is relevant for the measurement with the SPChecause the
corrections are integrated ovepr, however, it is su cient if the pr spectra are
roughly similar; for the TPC, the corrections are determine as a function ofpr
and are therefore less sensitive to an incorrept spectrum in the simulation;

properties of triggered events without reconstructed veeix (e.g. hit distributions
etc.).

In case distributions di er signi cantly between measuredand simulated data the rea-
sons need to be understood. It may be necessary to adapt theglation to correctly
reproduce the experimental conditions. As a consequencensoof the above-mentioned
corrections may need to be reevaluated.

6.4.2 Pseudorapidity Distribution

The distribution should be obtained using di erent sets of arrection maps (e.g. Pythia
and Phojet), di erent vix- z ranges, di erent values for thepr cut-o (only TPC), and
di erent tracklet and track cuts. The extracted dN¢,=d distribution should be robust
against these changes for all event classes, i.e. triggem¢eents with reconstructed
vertex, triggered events, inelastic and NSD events, as wals before and after thepy
cut-o correction. The results from the measurement usinghte SPD and the TPC
should lead to the same result in the overlapping-region.

6.5 Summary

An analysis method for the pseudorapidity density of primar charged particles
dN¢,=d for p+p collisions was developed. The procedure takes intoceount and
corrects for detector and reconstruction e ects, namely:he trigger bias, the vertex-
reconstruction e ciency and e ects due to acceptance and tacking e ciency. The
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Figure 6.21: FinaldN.,=d spectrum.

The gure shows the corrected result based on 50 000 simulateevents for the SPD
(left panel) and the TPC (right panel). The grey bars indicat e the estimated sys-
tematic uncertainty. With the given statistics for the SPD, the statistical errors on
the measurement (see Figur€6l4) and on the corrections (s&ection[6.2.6) are too
large for a measurements outsidg j . 1:4 (at large j j only few events that have
large jvtx- zj contribute). Therefore, a smaller -range than in the preceding gures
is shown. A larger number of events will allow to acces$ j. 2 with the SPD.

method has been checked and veri ed extensively using siratéd data at various en-
ergies. The procedure can be applied to data taken with and tout magnetic eld.

The method has also been tested on beam-gas interactions éakduring the LHC
startup.

Uncertainties stemming from assumptions on the charactstics of p+p collisions and
on the detector response have been evaluated. The study giva@n extensive and as
complete as possible description of all systematic unceirties. Uncertainties whose
determination requires measured data have also been dissed.

Figure [6.21 shows a correctedN.,=d spectrum with the SPD (left panel) and the
TPC (right panel). Results for inelastic and NSD events areh®wn. For both event
classes 50 000 simulated Pythia events were used. Assumirgplision rate of only 1 Hz
(startup scenario with bunch-crossing trigger) 50 000 evencan be collected within less
than a day of data-taking time. Therefore, such a spectrum cabe measured within
the rst few days after the start of data-taking.



Chapter 7

Multiplicity Distribution
Measurement

This chapter describes the procedure to measure the chargealticle multiplicity dis-
tribution. It focuses on the measurement in the central bagl using the SPD. Further-
more, the measurement procedure using information from thEPC is outlined.

The following sections discuss in detail the procedure to msure the raw spectrum, the
corrections that need to be applied, as well as the systematiincertainties that arise
during this measurement. The systematic uncertainties argiven for the measurement
of the SPD. It is straightforward to extract the uncertainties for the measurement with
the TPC.

The outline of the chapter is the following: Section 711 intbduces the general correction
procedure. In Sectio 7J2 the unfolding and correction metlls required in this analysis

are described. The subsequent Sectibnl7.3 discusses thaitkebdf the methods and their

evaluation. The systematic uncertainties are evaluated iBection[7.4. The last section
describes the steps needed to obtain the distribution from @asured data.

7.1 Procedure Overview

The multiplicity distribution characterizes the multipli city uctuation for many events.
Therefore, the full multiplicity in the considered region fas to be measured for each
event entering in the distribution. In contrast to the dN.,=d analysis, where arav-
erage value is determined, events with di erentz-vertex positions (and thus with a
di erent acceptance in ) cannot be used to extend the accessiblerange. Therefore,
the desired range in de nes the usable range in vtxz. This can be seen in Figure6l3

153
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SPD TPC
Included events atIO s of
-region Vtx-z range 900 GeV 10 TeV vtx-z range
j < 05| jvtx-zj < 15cm 97% 100% jvtx-zj < 15cm
J J< 10| jvtx-zj < 6cm 59% 89% jvtx-zj < 15cm
jJ< 14| jvtx-zj. 2cm 22% 40% |

Table 7.1: Accessible -regions and corresponding vtz ranges.

(pagel1lB). Tablé 71 indicates the allowed vtx-range for di erent -ranges. The max-
imum vtx-z range given is 15cm. Also given are the fractions of events included in
the corresponding vtxz ranges forIO s =900GeV and 10TeV for the SPD.

In principle the TPC allows a measurement irj j < 1:3. However, forj j> 1 the e -
ciency drops signi cantly and only particles with largepr are measured (see Figuie 6.6
on page124).

Ideally the largest possible region is chosen for the analy$and thus the smallest vixz
range for the SPD). However, this reduces the number of eventhat can be used for
the analysis. The plots in this chapter consider the case pfj < 1.

Reconstructed tracklets (SPD) and tracks (TPC) are used fothe analysis. The re-
construction procedure has been described in Section 4l@&¥ents and tracks have to
ful Il certain criteria which have been explained in Sectias[5.2 and_’5.4. The tracklets
or tracks are counted for each event that occurred in the ches vtx-z range. This step
results in a raw measured multiplicity spectrum. The corrd®n of this spectrum is
not straightforward due to the fact that events with di erent true multiplicities con-
tribute to the same measured multiplicity. The measured spérum has to be unfolded
in order to obtain the true multiplicity spectrum. This problem and its solution will be
discussed in detalil in the following sections. The unfoldespectrum is the multiplicity
distribution of primary particles for the events that have keen triggered and have a
reconstructed vertex.

Subsequently, this spectrum needs to be corrected for theabiintroduced by the vertex
reconstruction as well as the trigger. The spectrum of triggged events is obtained after
correcting for the vertex-reconstruction e ciency. Finaly, the trigger-bias correction
results in the spectrum for inelastic or NSD events. The vesk-reconstruction bias as
well as the trigger-bias correction have been described ietdil in the previous chapter
and are only brie y covered here. Contrary to thedN.,=d analysis, these corrections
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Figure 7.1: Detector response.

The gure shows the response matrix of the SPD. The number of tacklets vs. the
number of generated primary particles inj j < 1 is depicted.

are determined as a function of the true multiplicity since lhey are applied after the
unfolding step.

Distributions are given before the unfolding step as a funicin of measured multiplicity
(in measured variableps After the unfolding step they are given as a function ofin-
folded multiplicity (in unfolded variable$ which is equivalent to the true multiplicity.
Following this terminology a MC input distribution can be given in true or in unfolded
variables.

To evaluate the method and to assess the systematic uncertages the simulated data
sample LHCO08el has been used (see Secfion 5.5). 200 000 s\aettaken as the ana-
lysis input sample; the remainder is used to calculate the wections (270000 events).

7.2 Corrections

7.2.1 Detector Response

The response of the detector can be described by a mat®x The matrix element R
gives the conditional probability that a collision with a true multiplicity t is measured
as an event with the multiplicity m. The response matrix is created using the detailed
detector simulation for a certain and vtx-z range. An example is shown foy j < 1
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Figure 7.2: The need for unfolding.
The left panel shows the measured spectrum superimposed hitthe true distribu-
tion that caused the entries in one single measured bin (exeptarily at multiplicity
30 indicated by the line). Clearly the shape of this true distribution depends on
the shape of the multiplicity distribution given by the mode | used (A suggestive
example is if the true spectrum stopped at a multiplicity of 40: the true distribu-
tion that contributed to the measured multiplicity of 30 wou Id clearly be di erent,
still events at a multiplicity of 30 would be measured). Inversely, in the right panel,
the true distribution is shown superimposed with the measued distribution caused
by events with the true multiplicity 30 (exemplarily). The s hape of this measured
distribution depends only on the detector simulation, i.e. the transport code and
reconstruction, and not on the multiplicity distribution given by the model (only
events with multiplicity 30 contribute to the shown measured distribution).

andjvtx-zj < 6cm in Figure[Z.1. The average measured multiplicity is ab®@.75 times
the true multiplicity; this is due to the detector e ciency t hat is mainly a ected by the
inactive modules in the SPD (see Sectidn5.5). Furthermorthe limited resolution can
be clearly seen: events from a given true multiplicity are spad over several measured
multiplicity bins. The statistics becomes poor around a tre multiplicity of 80 (less than
5 entries per bin), thus in the studied example meaningful selts are only expected
for multiplicities up to 80.

Given a true spectrumT, the measured spectrunM can be calculated by:

M = RT: (7.1)
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The aim of the analysis is to inferT from M. Simple weighting, i.e. assuming that
a measured multiplicity m is caused ‘mostly' by a true multiplicity t, would not be

correct. Analogous, adding for each measured multiplicitthe corresponding row of
the response matrix to the true distribution is incorrect. This is model-dependent and
thus in principle not possible. On the other hand the measudespectrum which is the

result of a given true multiplicity is only determined by the detector simulation and is

model-independent. This is illustrated in Figuré_7J2.

Given a measured spectrum, the true spectrum is formally callated as follows:
T=R M: (7.2)

R 1 cannot be calculated in all cases, becaus® may be singular; e.g. if two true
multiplicities result with equal probabilities in two measired multiplicities. This can
in principle be solved by choosing a more appropriate binrgn But even if R can
be inverted, the result obtained by Eq.[(7Z.R) contains usubl severe oscillations (due
to statistical uctuation caused by the limited statistics of events used to create the
response matrix). This can be illustrated with the followilg example [[Blo84]: a square
response matrix is assumed to describe the detector:

075 025 O
0:25 Q50 025 O
R=B 0 025 Q50 025 : (7.3)
0 025 050

A true distribution T is assumed, and the expected measured distributiovl is cal-
culated with Eq. (Z1). The distribution M is used to generate a sample of 10000
measurementsM . Using Eq. (Z.2) the corresponding true distributionT is calculated.
Figure[7.3 shows these four distributions. Although the redution e ect on the shape
of the measured distribution (left histogram) is very smallthe unfolded solution (right
histogram) su ers from large non-physical uctuations. Cearly, this is not the spectrum
that corresponds to the true one.

The information that is lost due to the resolution cannot be ecovered in principle.
However, constraining the result witha priori knowledge about the smoothness of the
function allows the recovery of the true distribution. Thisis discussed in detail in the
following sections, which present two unfolding methods ttackle this problem. The
rst method leads to the true spectrum by minimizing a 2-function; the second is an
iterative method based on Bayes' theorem.
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Figure 7.3: lllustration of the problem with simple matrix inversion.

The left panel shows a sample of the measured distributiovt with 10 000 entries
(histogram). Using Eq. (Z.2) the corresponding true distribution T is calculated,
which is shown in the right panel (histogram). The overlaid function is the true
shapeT. Although the resolution e ect on the shape of the measured dstribution
(left) is very small, the solution obtained by matrix inversion su ers from large
uctuations.

7.2.2 Unfolding by  2-Minimization

An approach to unfold the measured multiplicity distribution is the minimization of
a 2-function. Using the response matrix, this function gives aneasure of how well
an estimated unfolded spectrum describes the measured dp&m. A minimization
program is used to nd the unfolded spectrum that minimizes lte 2-function. With
e denoting the error on the measuremen , and U the guessed spectrum, a suitable
2-function is:
X Mn © RmU °
/\Z(U) - m emt mt Yt :
m
Eq. (Z4) with Eq. (Z1) results in 7%(T) = 0, as required.

(7.4)

This method is a numerical approach to Eq.[{712) using the imrse of the response
matrix. Therefore, it is not surprising that the previously mentioned uctuations exist
also in the solution found by 2-minimization. In fact, the number of events is always
nite and thus no solution U satis es ~(U) = 0 exactly. As a consequence not only
the true spectrumT minimizes this function. Many other, mostly uctuating, sautions
exist and it is not straightforward to nd the “correct’ spedrum. An example of a
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Figure 7.4: Result of an unfolding minimizing Eq.[{714).

The left panel shows the unfolded spectrum (red) and the truespectrum (black),

the right panel shows the measured spectrum (black histogna) and the response
matrix multiejied with the unfolded spectrum (red crosses). The latter corresponds
to the term | RmtU; in Eq. (Z4). No regularization is used which results in strang

uctuations in the unfolded spectrum. The unfolded spectrum, which is clearly not

the correct solution, still minimizes the 2-function as required.

uctuating solution, that indeed minimizes the 2-function can be seen in Figuré7.4.
The fact that causes such solutions to appear valid is that #h bin size used in the
response matrix is smaller than the resolution of the detemt: events with a given true
multiplicity t are spread (or smeared) over a range of multiplicities in thebserved
distribution (see Figure[Z.2). A solution is to add a constriat to the ?-function that
favors a certain shape of the unfolded spectrum:

“(U)="*)+ P (U): (7.5)

P (V) is called regularization term. It depends only on the unfdled spectrumU (and
not on R and M). determines the weight that is given to the regularization wh
respect to the rst term that governs the agreement with the neasurement. A higher
will lead to an increased 2. Its optimal value needs to be evaluated, but generally it
can already be remarked that a reasonable value ofadjusts the two terms in Eq. [7.5)
in such a way that the introduced bias is negligible comparetb the statistical error
of the measurement.P (U) is also calledpenalty term There are means to verify that
the in uence of the regularization term is not dominant, whch will be outlined in
Section[7.B. Many possibilities exist for the choice of theegularization: these range
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from just requiring a smooth function to preferring a certan shape of the distribution.
Generally, no speci c functions should be used, otherwisdé result is likely to look
very similar to what has been required.

A set of di erent regularizations has been applied and evaiied:

X Ut0 2 X U U ?

PU) = —t = - — = 7.6
(V) o t W) (7.6)
X 00 2 X 2 + + 2
P(U) = 9 Yo 20+ b o (7.7)
t Ut t Uy
|
X ()00 2
PU) = PO :=Ihu)= L
t Ot
_ X InU 1 2InU +1In Uy 2; 7.8)
. In U,
U X 0
PU) = PO := P = J In=: (7.9)
t t t

t

The use of Eq. [7.6) favors a constant function. A linear furion is preferred by apply-
ing Eq. (1), which is also calledeast curvature Eq. (7.8) is motivated by the fact that
the multiplicity distribution has an approximately exponential shape at higher mul-
tiplicities. The denominator is introduced in Egs. [Z.6 {{78) to ensure equal weights
along the steeply falling spectrum. Eq.[(7]19) is the methodfaeduced cross-entropy
[Sch94] allowing the consideration of aa priori distribution that describes the shape
of the spectrum. This method was used e.g. by ALEPH to unfold woftiplicity distri-
butions in restricted rapidity intervals [Bus95]. If 1 is used, Eq.[(7.9) becomes the
method of reduced entropy. In Section 7.3.2 the regularizans (7.6 {[7.9) and the
in uence of the weight parameter are evaluated.

An unfolded distribution using the MINUIT [Jam75] minimization program is shown
in Figure [Z.5. The method reproduces the multiplicity distibution for the event class
of triggered events that have a reconstructed vertex. To ohin the distribution for the
triggered sample, inelastic or NSD events, further correéons, given by the inverse e -
ciency of the vertex reconstruction (or the trigger) as a fuction of the true multiplicity,
have to be applied to the unfolded spectrum. This is discussén Section[7.2.4.

Fit with Prede ned Functions

The number of free parameters in a 2-minimization can be signi cantly reduced by
using a parametrization. It can be chosen following a modelrgxliction or previous
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Figure 7.5: Unfolded distribution using 2-minimization with regularization.

The top panel shows the unfolded distribution (red crosses)superimposed with
the true distribution (black histogram). In the bottom pane | the ratio between
the two is shown. The band indicated by the dashed lines shows 10% deviation.
The oscillations that can be seen will be discussed in Sectid7.4.2. Eq. (Z.5) with
regularization (ZZ8) and = 10° was used (see text).

measurements. In any case signi cana priori knowledge is assumed. Thus such an
approach can only be used twerify a model prediction,not to infer potentially new
properties of collisions at a new energy.

7.2.3 Bayesian Unfolding

An alternative approach to unfold the measured distributio is based on Bayes' theo-
rem. The probability of an event A conditional on another evet B is generally di erent



162 7.2. Corrections

from the probability of B conditional on A. Bayes' theorem dscribes the de nite rela-
tionship between these two conditional probabilities:
P(BjA) P(A).
P(B)

P(A) and P (B) are the prior probabilities for the event A and B, respectiely. P (BjA)
is the probability of event B under the condition that A is true. Given these three
guantities, P(A]jB) (the probability of event A under the condition that B is true) can
be inferred.

P(AjB) = (7.10)

A is identi ed with a collision in the detector with a given true multiplicity and B with a
measured event with a given measured multiplicity. The contional probability P(AjB)
(also known assmearing matrix in the literature) can then be determined using the
knowledge of the detector response matriR (BjA). However, both prior probabilities
P(A) and P(B) need to be known in order to proceed (B) is the measured spectrum
and P (A) is the true distribution which is the distribution that is t o be obtained. This
contradiction is solved by using an iterative method prop@sl in [Ago95/ Ago9P], which
is outlined in the following.

Using the nomenclature of the previous section and using E.1), Bayes' theorem is

expressed
P
R = PO P (7.11)
RmtOPtO
t0

P, is the a priori distribution of the true spectrum. In the case of complete igorance
it can be set to a at distribution. In the present analysis the measured spectrum has
been used as am priori distribution. Other choices are discussed in Sectidn 7.8.5
Having obtained Ry, , the measured spectrum allows the determination of the (ngtet

normalized) unfolded spectrumu;:
X
U= RmMnp: (7.12)

m
U is equal to Py, if P, is the true spectrum; otherwise it is betweerP; and the true
spectrum [Ago95]. For the next iteration,U, is used as the newva priori probability
P;. Optionally a smoothing can be applied at this stage reduamthe in uence of high-
frequency uctuations:

1
J=Q ) U+ é(ut 1+ U+ U ): (7.13)

de nes the weight of the smoothing ( = 0 results in J;  U;) and its optimal value
needs to be evaluated; this is discussed in Section 7.33.is then used as the new

INote, that Eq. (ZZIT) calculates the matrix element tm of Ry, . The right-hand side does not
contain any sums except the explicitly mentioned one.
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a priori probability P;. Note that the smoothing is only applied to the distribution
used as the a-priory probability for the next iteration. It is not applied to the ( nal)
unfolded distribution. These formulas yield the multipligty distribution without e -
ciency correction, which is the distribution for the event ample of triggered events
with a reconstructed vertex.

Bayesian unfolding can also consider an e ciency; which is the detector e ciency

to detect an event with a given true multiplicity. In this analysis . is the vertex-

reconstruction and trigger e ciency. If the true spectrum for the triggered event sample
was to be calculated, ; would contain only the vertex-reconstruction e ciency. Inthe

case of the calculation for the inelastic and NSD event sangsl, ; contains also the
respective trigger e ciency. The introduction of the e cie ncy, requires also that the
e ciency is taken into account in the response matrix. ,%)give event with a true

multiplicity may not contribute to the response matrix, i.e. Ry = ¢

m tm

With
mt — tRmt (714)

Egs. (Z.11) and [Z.IR) can be rewritten as:

Ry = PO i U, = EX Rim M (7.15)
Rmtopto t t mem
t0
These formulas produce the multiplicity distribution with e ciency correction. U, and
P, are the unfolded distributions that have been e ciency-corected. Note that Ry, in
Eq. (ZI5) is identical to the one in Eq.[(Z.11). Thus the iteation steps are identical,
I.e. the speed of convergence is identical. This has the adiage that it is su cient to
evaluate a single case. It is not relevant if the e ciency is laeady applied during the
iteration procedure or afterwards. The only di erence is tht the smoothing is applied
to U;. In the other case it is applied toU, , which can be shown to be not relevant for

the evaluation.

The number of iterations is a free parameter. It can be xed priori or the method
is terminated by convergence of the unfolded distributionFor this purpose a ?-test
is performed betweenU; and P;: if the result drops below a threshold (in use here:
10 ° times the number of bins) the iteration procedure is stoppedHowever, limiting
the number of iterations provides an implicit regularizaton [Blo02b]. Therefore, it is
interesting to study the e ect of using di erent numbers of terations even though
the convergence de nes the number of iterations. This is permed in Section[7.3.3.
An unfolded spectrum compared to the true distribution (MC nput) can be seen in
Figure [Z.6.



164 7.2. Corrections
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Figure 7.6: Example for Bayesian unfolding.
In the top panel the unfolded distribution (red crosses) is fiown, superimposed with
the true distribution (black histogram). The bottom panel s hows their ratio. The
band indicated by the dashed lines shows 10% deviation. The unfolding used 10
iterations with = 1.

The calculation of the uncertainty on the result, i.e. the ceariance matrix, is described
in [Ago95]. Unfortunately it is an O(N’) problem, whereN is the number of bins in
the unfolded spectrum. The calculation cannot be performeith practice, even on fast
computers. Thus the uncertainty is calculated in a di erentway by randomizing the
measured sample. This is discussed in Section 714.2.

In the case of convergence,?-minimization and Bayesian unfolding yield the same
result. With T, being the exact solution of the 2-minimization, i.e. *(T,) = 0, and

Egs. (71), (Z11), and [Z.IR) ; := T,), it can be obtained:
X X
Ut — Mm mt Tt —
RmtOTtO

m {0

Rmt Tt = Tt: (716)

U; = T; is nothing more than the convergence criterion of the Bayesi unfolding.
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Figure 7.7: Trigger-bias and vertex-reconstruction corptions.

Applying only the vertex-reconstruction e ciency correct ion (red squares) leads to
the result for the triggered sample. The combination of both corrections is shown
correcting to the inelastic event sample (black triangles)and to the NSD event

sample (blue circles). The values for the latter correctionare below 1 because the
SD events have to be subtracted. The values in the 0-bin are tge which results in

a large associated error. The e ciency, i.e. the inverse of he correction factor, for

di erent process types is shown in Figure[7. 1D (pagé_182).

7.2.4 Trigger-Bias and Vertex-Reconstruction Correction

Depending on the desired event class, a di erent response tma has to be used in
the unfolding methods. Here a response matrix is used fordgered events that have
a reconstructed vertex. The correction for vertex-reconsiction e ciency and trigger
e ciency is done in a subsequent step. Correcting only for th vertex-reconstruction
e ciency obtains the spectrum for the triggered sample. Depnding on the trigger
e ciency correction, the result is the spectrum for inelasic or NSD events.

Figure [Z.71 shows the correction for the vertex-reconstrucn e ciency alone and its
combination with the correction for the trigger e ciency. T he corrections to the trig-
gered and inelastic event sample di er from unity only in thelow-multiplicity region
below 4. The correction to the NSD event sample subtracts tHeD events, therefore its
values are below 1. The correction in the bin with zero multicity (called 0-bin in the
following) is very large, which raises the question of the ragaingfulness of the result in
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this bin. The correction factors cannot be directly compaito those presented in the
previous chapter because here they are expressed as a funmctf the true multiplicity,
not as a function of the measured multiplicity.

7.3 Evaluation of the Unfolding Methods

It has to be shown that each methods' unfolded spectrum repdlaces the true distri-
bution. The multiplicity distribution at large multiplici ties is of exponential-type that
ranges over several orders of magnitude. The distributionak to be reproduced well
in all areas including where the slope changes and in the regiof limited statistics.
For this purpose simulated events are used, where the inputsttibution is known. A
di erent set of events is used than the one used to generateehresponse matrix to
allow for statistical independence of the samples. Howeyesven these events follow
the same MC distribution. Hence they do not demonstrate thathe method also works
when the true distribution has a di erent shape. To show thedtter, a di erent MC
generator as well as arbitrary input distributions have bee used. One obtains the
"measured distribution' (that would be caused by an arbitrey input distribution) by
a random sample governed by the function that results from # multiplication of the
input distribution and the response matrix, i.e. Eq. [Z.1).

7.3.1 Performance Measure

As a rst indication of the correctness, the unfolded distfbution can be compared to
the input distribution by eye'. However, in order to nd optimal values for the free
parameters, a measure of the performance for the comparisbatween the unfolded
distribution and the input distribution needs to be de ned.

The quality of a result can be described by the di erence bewen the input and the
unfolded distribution, which is a function of the multiplicity. The performance measure
can be de ned as

1 X T,

= (7.17)
00 O
0+l &

Q1

with the unfolded distribution U and the input distribution T (with error €). The
sum is not in quadrature to not overvalue the e ect of deviatons in single bins.Q; is
normalized to allow the comparison of the performance in twieegions with a di erent
number of bins. In other wordsQ); is the average of the absolute residuals of the two
distributions within a certain multiplicity region.
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Region t0 90
Peak 1{10

Constant slope| 20 { 65
Low statistics | 70 { 80

Table 7.2: Performance measurement regions.

The performance of the unfolding methods in di erent regios of the distribution de-
pends on its shape. This is mainly due to the regularizationhich prefers a certain type
of function and the available number of events. Three regisnof interest are chosen
which are characteristic of the shape of multiplicity distibutions.

Peak a region where the slope of the function changes rapidly.

Constant slope a region where the (exponential) slope does not change sign
cantly.

Low statistics: a region where the number of events is low (in the true distsution
around 50 { 100 events per bin).

The positions of these regions depend on the number of eventsed and the -range
that is considered. For the statistics used in this study (2DO00 events), the values in
j ] < 1 (see Figurd_ZJb) are given in Table—4.2. In the following, selts are obtained
for each of the regions and overall optimal values are choskm the free parameters. It
has been veri ed that the optimal parameters depend only wédy on the considered

-region. The qualitative behavior and the optimal choice & similar if the SPD or the
TPC is used.

Furthermore, it is interesting to evaluate the residuals b®veen the measured distri-
bution and the unfolded distribution convoluted with the response matrix. These are

de ned by: p
Mm ¢ Rmt Uy

em
for the measured distributionM with error e and unfolded distribution U. If the only
reason for the residuals to be non-zero is the statistical aertainty, their distribution
should be a Gaussian function with a width of 1. Figure 7.8 st the two distributions
and the residuals exemplarily for Bayesian unfolding. Thesquared sum corresponds

(7.18)
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Measured distribution

Entries

X R A unfolded distribution

Residuals: (1/e) (M-R A U)

Measured multiplicity in| h| <1.0

Figure 7.8: Residuals of the unfolding procedure.
The upper plot shows the measured spectrum (black histogram The unfolded dis-
tribution, which has been convoluted with the response matix (red crosses), is
superimposed. The errors are suppressed for visibility. Th bottom plot shows the
residuals de ned by Eq. (ZI8) with error bars of 1. The smallinsert shows the
distribution of the residuals tted with a Gaussian ( 1.05).

to the part of the 2-function that describes the di erence to the measured sp&gam
(identical to Eq. (Z.4)) and de nes a second performance terion:
P
X Mm  RmU °

Q2= - ; (7.19)

m

In the 2-minimization this term describes the in uence of the reguarization term@

If Q, is of the order of the number of degrees of freedom (the numbef bins in the

measured spectrum), the in uence of the regularization deenot exceed the statistical
uncertainty (see also[[Blo84]). The residuals can also belm#lated with real data and

give an indication of whether the unfolding procedure was saessful.

2Without regularization Q is identical to 0 (neglecting statistical e ects).
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Figure 7.9: lllustration of the in uence of the regularizaton.

Three unfolded distributions are shown which have been unfioed using a di erent

weight parameter for the regularization with Eq. (F.7). A small value of =10

(left panel), a medium value of = 10* (center panel) and a large value of =107

(right panel). In each panel the input distribution (black h istogram) is superimposed
with the result obtained by unfolding (red crosses).

7.3.2 2_Minimization

Several regularizations[{7]6 {7]9) are available for?-minimization whose in uence
can be adjusted with the weight parameter . Figure[7.9 illustrates the in uence of the
regularization. Three unfolded distributions which have ben unfolded with a di erent
weight parameter are shown. The value used in the left panel is too low, henceeth
unfolded distribution uctuates. The result in the right panel uses a too high , thus
the result does not reproduce the input spectrum. The resuih the center panel uses
an optimal value of .

The 2-minimization was performed with each regularization and #road range of
values for . Figure [7.10 summarizes the results by plotting); in the three regions
and Q.. Regularization (Z.9) is not shown because its results habeen unsatisfactory,
neither without using ana priori distribution , nor with the measured distribution as

. Other assumptions for would imply that an unjusti ed constraint is imposed on
the unfolded distribution. Qualitatively the following can be observed:

Peak (top left panel, region 1) : this region has the largesQ; (best values:
1 { 2) due to the higher in uence of the regularization when tle slope changes.
Compared to the other regions, the di erent regularizatios have their minima at
signi cant di erent . Regularization (Z.8) (log) does not achieve a pronounced
minimum in the considered region.
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Q, in region 1

Q, in region 3
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Figure 7.10: Performance of the 2-minimization.
The gure shows Q; for the regularizations (Z.8) (const), (Z4) (linear), and (Z38)
(log) and a range of values for . The di erent panels show the result in the various
regions: peak (top left panel, region 1), constant slope (tp right panel, region 2),
and low statistics (bottom left panel, region 3). The bottom right panel shows the
sum of the squared residualsQ,. The lines are drawn only to guide the eye. To

present the results in the same plot, in regularizations (Z8) and (Z.8) has been
multiplied by a factor 10 2.

Constant slope (top right panel, region 2) : the smallestQ, values obtained
are signi cantly lower than for the rst region. All regularizations reach their

minima at = 10% 1C°. Around the minimum the value of Q; is not very
sensitive to changes of .

Low statistics (bottom left panel, region 3) . the lowest values ofQ; are
achieved in this region. Like the previous region the valuef @; is not very
sensitive to changes of around the minima (also at =10% 10). In this region
signi cantly better results are achieved than in the case oBayesian unfolding
(discussed in the subsequent section).

Residuals (bottom right panel) : as expected, the residuals increase with in-
creasing weight factor. Each curve shows a rapid increase atcertain weight
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Figure 7.11: Veri cation of 2-minimization.

A negative binomial distribution (i = 15;k = 2) has been used as input dis-
tribution. The response matrix created from a dierent input distribution (the
one predicted by Pythia) was successfully used to unfold thespectrum using ?-
minimization. The result is unsatisfactory starting from a multiplicity of about 70;
this is explained by the low statistics in the input spectrum.

parameter. The residuals exceed twice the number of degregsfreedom (80 in
this study) at = 10°, 10%, and 1@ for Eqgs. (Z.6), (Z.T), and [Z.8), respectively.

Proposed combinations that yield good results are EJ.(7.8)ith = 10° and Eq. (Z.1)
with = 103. In the following sections regularization[[7J6) is used wit = 10°. For
the unfolding of measured data several combinations shoube used.

The validity of 2-minimization has been veri ed with di erent input spectra, including
negative binomial distributions with di erent sets of parameters. An example is shown
in Figure[7.11. In this example the number of events at multigities of 60 { 80 is less
than in the Pythia example studied before, therefore uctuéons in this region are
larger.
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Figure 7.12: Convergence of the Bayesian unfolding.

The left panel shows the true distribution (lled histogram ), the measured distri-
bution (crosses), and unfolded distributions after 1, 3, am 10 iterations and after
convergence (histograms). The right panel shows the ratio btween the true distri-
bution and the unfolded distributions. Also shown in the right panel is the ratio
between the true and the measured distribution. = 1 has been used for the
smoothing in the Bayesian unfolding.

7.3.3 Bayesian Unfolding

Bayesian unfolding converges quickly. Figuile 7112 showsettrue distribution and un-
folded distributions after 1, 3, and 10 iterations as well asfter convergence of the
method (30 { 40 iterations). Although the measured distribtion is quite di erent from
the true distribution, the result obtained by unfolding is dose to the true distribution
already after the rst iteration. However, uctuations can be seen especially at higher
multiplicities. These reduce with further iterations. No ggni cant di erence can be
seen between the result after 10 iterations and after conggnce.

The free parameters of the method are evaluated in the follavg: these are the weight of
the smoothing (see Eq. [Z.IB)) and the number of iterations. has been evaluated in
its full range from 0O to 1 in steps of 0.2. The number of iteradins is evaluated, starting
from 2 iterations until the point at which the method terminates by convergence (which
is in practice 30 { 40 iterations). For each of the cases the sptrum has been unfolded
and the performance measure®; in the three regions andQ, have been extracted.
This is presented in Figurd_7.13. Qualitatively the follomng can be remarked:
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Figure 7.13: Performance of Bayesian unfolding.

The performance measureQ for the full range of the smoothing parameter as well
as a dierent number of iterations is shown. The panels show ke results in the
di erent regions: peak (top left panel, region 1), constant slope (top right panel,
region 2), and low statistics (bottom left panel, region 3). The bottom right panel

shows the sum of the squared residual®,. The lines are drawn only to guide the
eye.

Peak (top left panel, region 1) : iterating a few times gives the best result.
The smoothing has only a little in uence for a low number of ierations but the
results become slightly worse with increasing. This is explained by the fact
that the smoothing distorts a spectrum that has a fast changyg slope. For a

large number of iterations, light smoothing ( 0:2) improves the result; further
smoothing has the opposite e ect.

Constant slope (top right panel, region 2) : applying light smoothing (
0:2) improves the result. Only minor improvement can be seen biyrther increas-

ing .5to 10 iterations produce the best result. It becomes worgeth more than
10 iterations.

Low statistics (bottom left panel, region 3) : the in uence of the smoothing
is signi cant. Full smoothing ( = 1) produces the best result. Two iterations
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Figure 7.14: Veri cation of Bayesian unfolding.

A negative binomial distribution (i = 15, k = 2) has been used as the input
distribution. The response matrix created from a di erent i nput distribution (the one
predicted by Pythia) was successfully used to unfold the spetrum applying Bayesian
unfolding. As before, the result is unsatisfactory starting from a multiplicity of about
70; this is explained by the low statistics in the input spectrum.

are insu cient; no other strong dependence on the number otarations can be
seen (except for the convergence result, see below).

Residuals (bottom right panel) : a higher number of iterations reduces the
sum of the residuals. As expected the smoothing increasee ttesiduals slightly.
Still they remain of the order of the number of degrees of frdem (80 in this
study).

In general, the result after convergence is unsatisfactoryithout smoothing. Q; in all
regions is large and the residuals are very small. This is eeqied because for a large
number of iterations the obtained result is close to the rettiof 2-minimization, which
without regularization produces large uctuations (see Fjure[7.4 on pagé_159).
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Figure 7.15: Comparison of 2-minimization and Bayesian unfolding.
The gure shows unfolded distributions for two di erent eve nt samples (100000
events each). Each plot shows the ratio of the unfolded disibution to the input
distribution for  2-minimization (black histogram) and Bayesian unfolding (red
crosses). The errors are suppressed for visibility. The utuations, caused by the
limited statistics, agree mostly with each other for both methods.

For the following studies, 10 iterations with a smoothing pameter of = 1 is con-
sidered optimal. Clearly, a measured distribution needs tbe unfolded with several
parameter combinations to study the stability of the result

Like 2-minimization, the validity of Bayesian unfolding has beeweri ed with di erent
input spectra. An example is shown in Figur€7.14.

7.3.4 Comparison of  ?-Minimization and Bayesian Unfolding

Naturally, the two di erent methods should produce resultghat agree within statistical
errors. FigureZ.1b shows unfolded distributions of two derent event samples of 100 000
events each. Each of the results uctuates due to the limitedtatistics. Naturally,
each sample uctuates in a di erent way. However, the uctudions of the results of
both methods agree mostly with each other, apart from the lowtatistics region where
the error associated with the unfolding method is larger (seSection[7.42). Such a
comparison can be performed with measured data as a crossdahthat the unfolding
works successfully on the measured data.
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2-minimization Bayesian unfolding
Best values
Region Q: | Regularization Q: | Ilterations
Peak 1.44 Eq. (1) 107 1.66 2 0.2
Constant slope|| 0.65 Eq. (Z8) 32 10| 0.78 5 06{1.0
Low statistics || 0.53 Eq. (Z8) 3.2 10*| 1.49]| convergencg 1.0

Chosen parameter set

Eqg. (ZB) with =10° 10 iterations with =1
Peak Q=181 Q=194
Constant slope Q. =0.70 Q;=0.81
Low statistics Q:=0.71 Q=155
Residuals Q. =140 Q=92

Table 7.3: Summary of the performance of the unfolding metis.

The table shows the best performance obtained in the three mgions for both meth-
ods. Furthermore, the performance of the chosen parameteres is presented.

In the previous sections the performance in three regionsatare characteristic for the
shape of the distribution have been evaluated. Table 7.3 sunmarizes the best results.
Note that the results for the di erent regions do not necessdy correspond to the same
set of parameters. Therefore, the results for the chosen paneter set (given in the lower
half of the table) are slightly worse than the optimal ones.tlcan be concluded that
2-minimization performs slightly better, especially in theregion with low statistics.

7.3.5 Sensitivity to Initial Conditions

Both 2-minimization as well as Bayesian unfolding, start from amnitial distribution.
Usually the measured spectrum is used, as it is the only infoation available. However,
the results should be consistent regardless of which initidistribution is chosen.

This has been veri ed by applying each method on the same measd spectrum using
the same response matrix while changing only the initial caiitions. In total six di er-
ent initial distribution have been tried: three di erent measured distributions, the true
distribution (predicted by Pythia), a negative binomial distribution, and a at distri-
bution were used. The unfolded distributions that are prodeed using di erent initial
conditions are compared in Figuré€_7.16: the ratios betweehe unfolded distributions
and the input distribution are shown. It can be seen that thenitial conditions have
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Figure 7.16: E ect of di erent initial conditions on the unfolded distribution.
Shown are the ratios between the input distribution and the unfolded distribution.
The left panel shows 2-minimization (all distributions overlap), the right pane |
Bayesian unfolding. The di erent results have been producd by only changing the
initial conditions. The following initial conditions were used: three di erent mea-
sured distributions, the true distribution (MC input), a ne gative binomial distribu-
tion, and a at distribution. Errors are omitted for visibil ity.

only little in uence on the unfolded distribution. Slight deviations appear for Bayesian
unfolding above a multiplicity of 60.

7.3.6 Conclusions

Two unfolding methods to reconstruct the multiplicity distribution have been intro-

duced and evaluated: the 2-minimization and Bayesian unfolding. Both show good
performance and their results agree within errors. To unfdlreal data both methods

should be used and their results compared in order to increashe con dence in the

unfolded spectrum.

7.4 Systematic Uncertainties

The unfolding methods that have been presented allow a measd spectrum to be un-
folded based on a response matrix obtained from simulatedesys. It was shown that
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the methods work independently of the shape of the multiplity spectrum. Although
the MC generator used to create these simulated events as®sra certain shape, this
shape does not constrain the unfolded spectrum in any way. Wever, the procedure
might be sensitive to other characteristics of the events drthus to assumptions made
in the MC generator. Furthermore, e ects like misalignmenthave an impact on the re-
construction and thus on the response matrix. This sectionilvevaluate the systematic
uncertainty of the multiplicity measurement.

The sources for systematic uncertainties that are discuskare similar to the ones
discussed for thedN.,=d measurement. In detail these are:
the uncertainty of the unfolding method;

the uncertainty in the cross-sections of the collision presses in the event gener-
ator;

e ects due to wrong assumptions of the particle-species atdances in the event
generator;

uncertainties due to the unknownpy spectrum below thepr cut-o;

further e ects due to incorrect assumptions in the event gesrator by comparing
Pythia and Phojet;

the e ect of beam-gas, beam-halo, and pile-up events;

the inuence of a wrong estimation of the material budget in the simulation
software;

the e ect of the uncertainty in the alignment of the detector,

e ects due to the tracklet selection cuts.

7.4.1 Characterization of a Systematic Uncertainty

The result of this measurement, the multiplicity distribution, is a probability distribu-
tion. Compared to the dN,=d distribution, a systematic e ect will neither increase
nor decrease the whole spectrum by a certain value. Insteatet spectrum may be
shifted or distorted. It is always (by construction) normaized to 1. Consequently a
systematic e ect can only be given as a function of multiplity.

An arti cial example can be seen in Figurd_7.17. The gure shes the unfolded dis-
tribution of an event sample that was simulated with 5% lowetracking e ciency in
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Figure 7.17: lllustration of a systematic uncertainty (art cial example).

The gure illustrates a systematic uncertainty by exaggerating an e ect. It shows
the unfolded distribution of an event sample that was simulged with 5% lower
e ciency in the SPD (red circles). Superimposed is the unfoded distribution of
an event sample simulated with unaltered e ciency (blue crosses), and the true
distribution (MC input). The lower part of the gure shows th e ratio of the two
unfolded distributions which indicates the systematic uncertainty. Additionally, the
ratios for the same case but simulated with 1% and 2% lower e dency are shown.

the SPD (by removing 5% randomly selected reconstructed tklets). Superimposed
is the unfolded distribution of an event sample simulated wh unaltered e ciency and
the true distribution (MC input). The response matrix used was created from events
simulated with unaltered e ciency as well. This example ilustrates the e ect on the
unfolded distribution when the detector e ciency is wrongly estimated. However, a
misestimation by 5% was chosen here for illustration onlye$s than 1% is expected
in reality. The lower part of the gure shows the ratio of theg two unfolded distribu-
tions. The di erence from unity characterizes the systemat e ect. As expected the
spectrum is shifted to lower multiplicities. In addition, the e ect of an event sample
simulated with 1% and 2% lower e ciency is shown (only ratios lower part of the
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gure). Clearly, the magnitude of the e ect at a given multiplicity depends on the

shape of the unfolded distribution. Therefore, instead ofpglying the concluded uncer-
tainties as they are found in this section to an unfolded measement, measured data
should be unfolded with several response matrices. Thesetriwes should represent
the di erent systematic uncertainties studied here. The ufolded distributions have to

be subsequently compared and their di erence will be used tantify the systematic

uncertainty for the actual measurement performed.

7.4.2 Uncertainty of the Unfolding Methods

A systematic uncertainty is associated with the unfolding mthod itself. This uncer-
tainty is coupled with the statistical uncertainties of the measurement and of the re-
sponse matrix. It describes how the statistical uncertaints propagate through the
method. Thus the uncertainty derived in this section is linkd to the number of events
used as measurement and the number of events used to create tesponse matrix.

To nd this uncertainty the sample is unfolded about 100 tima, each time the entries
of the measured spectrum, of the response matrix, or of bothhearandomized. Each
bin is lled with a value sampled following a Poisson distrilation using the value of
that speci ¢ bin in the initial (unrandomized') spectrum or matrix as its mean value.
For each unfolded distribution the deviation from the unfadled distribution using the
initial spectrum and matrix is determined. The standard deiation of the distribution
per bin is used as uncertainty for that bin.

The measured value (that is used as mean for the sampling) iFeady randomized
by nature and therefore the obtained error by this method isakger than the true one
(approximately by a factorIO 2). The factor 2 is easily checked in an even more simple
scenario by creating random samples from a parametrizatipriting the sample, and
extracting the widths of the distributions of the tted parameters. If the randomization
is done twice cumulatively, i.e. using the second time theralady randomized value as
mean, the resulting dispersions are a factor 2 larger. The same factor is obtained if
in the outlined procedure in each bin the value is randomizetice.

Figure[7.18 shows the uncertainty of the measurement (dived byp 2) for the statistics
used in this study (response matrix: 270000 events; measidisgample: 200 000 events).
The uncertainty is about 1 { 2% for low multiplicities for both methods. It increases
to 2% for 2-minimization and 4% for Bayesian unfolding at a multiplicly of 60. At
a multiplicity of 80, 2-minimization reaches about 3% and Bayesian unfolding abbu
12%. The uncertainty is dominated by the variation of the mesured spectrum. The
variation of the response matrix gives a signi cantly smadlr contribution. The uncer-
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Figure 7.18: Uncertainty of the unfolding methods.

The gure shows the uncertainty due to the unfolding procedure: Bayesian unfolding
(solid lines) and 2-minimization (dashed lines). The uncertainty that arises due to
the limited statistics of the response matrix (black, bottom line), the measurement
(red) and the combination of the two (blue, top line) are shown for both procedures.
The uncertainty using 2-minimization is lower except for low multiplicities where

the error is similar. For both methods the overall error is daninated by the statistical

error on the measured spectrum.

tainty found by randomizing the measured spectrum can be iatpreted as statistical
uncertainty because it is only caused by the statistical umctainty on the measured
spectrum. However, the combined uncertainty (response mie¢ and measured spec-
trum) is used in this analysis and therefore handled as systatic uncertainty. The
outlined procedure can also be applied to measured data.

A major cause for this uncertainty is the resolution of the dector which results in

oscillations that can be seen in the unfolded distributiond.g. FiguresC7.b[716, and
[7.16). Tests have been performed with arti cial response rréces that show that the

width of the oscillations corresponds to the resolution ofre detector. The resolution
of the detector is multiplicity-dependent, which results m changes in the width of the
oscillations. They have to be accepted as an artifact of the ethod, however, their
magnitude is low and this is already included in the systemat uncertainty derived

here.
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Figure 7.19: Systematic e ect of the unknown cross-sectisn
The gure shows the combined trigger and vertex-reconstrution e ciency for dif-
ferent process types and the combined value (Pythia) which arresponds to the cor-
rection to the inelastic event sample. The relative systeméc uncertainties on the
process types (see text) are shown as histograms (solid hagram: inelastic event
sample; dashed histogram: NSD event sample).

7.4.3 Cross-sections of Physics Processes

Measured events originate from di erent physical processeThe Pythia simulation,
used to generate events to build the corrections, assumestam cross-sections for these
process types. This section evaluates the uncertainty onghapplied corrections due to
the uncertainty on the cross-sections. In order to study the ect of a change in the
relative cross-sections, the corrections have been calted by changing the di ractive
cross-sections to 50% and 150% of the Pythia values, simitarthe procedure described
in Section[6.3.1.

Several response matrices have been built, changing the ri@med cross-sections. The
e ect on the unfolded distribution is negligible (plot not shown). This is expected
because the change of the cross-section basically re ectglange in the multiplicity

spectrum, to which the method is insensitive. However, an ect can be seen on the
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correction of the trigger and vertex-reconstruction e ciency. This correction is applied
after the unfolding ste@ and its numerical factors depend on the process type.

Figure [Z.19 shows the combined trigger and vertex-recongttion e ciency for ND,
SD, and DD events. Also shown is the combination of these ugithe cross-sections
used by Pythia. Several other combinations have been testéy changing the cross-
sections as mentioned before. The maximum deviation betwethese distributions and
the default suggested by Pythia is calculated for each mutticity. These values are
shown as relative errors as histograms in Figute 7119. Thelidohistogram shows the
errors for the inelastic event sample and the dashed hist@gn for the NSD event
sample. For the inelastic event sample the error is small et for the 0-bin where it
is 20%. This is due to the fact that the trigger e ciency for this bin depends largely on
the behavior outside the considered region. At a multiplity of 1 the error is about 1%
and it is below 1% for higher multiplicities. The uncertainy for the correction to the
NSD event sample is larger due to the fact that the SD events Y& to be subtracted.
It is about 35% in the O-bin and drops progressively below 1% a multiplicity of 10.
The values of these histograms are the systematic uncertt@s due to the uncertainty
on the relative cross-sections of the di erent process type

7.4.4 Particle Composition

The simulated events used to obtain the correction factorsnd the response matrix
are produced under the assumption of certain ratios betwedhe dierent particle
species. These ratios will be measured at the LHC, but this gfit only be performed
after the very rst analysis. A study similar to the one for the dN.,,=d measurement
(Section[6.3.2) has been performed to estimate the uncensi introduced by the in-
complete knowledge of the true particle ratios.

For this purpose several modi ed response matrices have Ineereated altering the

ratios between the particle types. Pions, kaons, and (anjprotons, that compose 98%
of all particles in Pythia events, have been taken into corderation. The number of
pions was kept xed, while the number of kaons, of protons, arf both was enhanced
or reduced by 50%. Technically, for each generated particte measured tracklet, the
enhanced or reduced number was counted, to then be lled intihe response matrix.
Eight response matrices have been created by enhancing atueing the yields of kaons
and (anti-)protons. These changes alter the overall e cieay due to the fact that the

3In the case of Bayesian unfolding the trigger and vertex-reonstruction correction can also be
applied during unfolding. However, it can also be applied aerwards and, as previously mentioned,
the results are consistent.
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Figure 7.20: Systematic e ect of changed patrticle ratios.
Plotted is the ratio between the unfolded spectrum obtained with an unaltered
response matrix and unfolded distributions using modi ed response matrices. The
ratios between pions, kaons, and protons have been enhanced reduced by up to
50%.

e ciency to measure a particle depends on its species at lopt (see FigureL6. 111 on
page[12D). Each response matrix was used for unfolding theteameasured spectrum.

Figure [7.20 shows the ratio between the unfolded distribwin using the unmodi ed
response matrix and the other unfolded distributions. The mcertainty is rather small,
apart from the lowest multiplicity bin. It increases up to 6%at a multiplicity of 80.
The oscillation is an e ect of the previously described dettor resolution.

7.4.5 pr Spectrum

The MC simulation assumes a certain shape of thpg spectrum which might be di erent
from the real one. The response matrix is integrated ove¥, which may give rise to
a systematic error. ALICE will measure thepr spectrum, except the region of lowpr
(cut-o at about 200 MeV/ c, see Section 6.215). In the case the multiplicity distribuon
is measured before theg spectrum, some constraints for thegr spectrum are still
available from rst data. A few percent of change of the speatm do not in uence the
unfolded distribution. Therefore, it remains to study the esct of an uncertainty at low

pr.
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Figure 7.21: Systematic e ect of the uncertainty in thepr spectrum.
The gure shows the ratio between the unfolded spectrum obtaned with an unal-
tered response matrix and unfolded distributions using moded response matrices.
The modi ed response matrices have been obtained by changgthe pr spectrum
(see text).

Similar to the procedure described in Sectidn 6.3.3, the sgrum is changed below the
pr cut-o of 0.2GeV/c by up to 50%, see Figuré 6.17 (padge 140). Response matrices
are produced applying the modi edpr spectra. Because only integer particle numbers
are meaningful, this is done in the following way: during thenalysis each primary
particle as well as each reconstructed tracklet is countedouo two times depending
on its pr and the respective change in th@r spectrum. For example when the factor
between the default and modi edpr spectrum is 0.9 for a giverpr, a random number
generator is used to decide whether the particle is counted not. The generator is
con gured in a way that it accepts 90% of the particles and rejcts 10%. In case of
a factor greater than 1, the random number generator decidésa particle is counted
once or twice.

A measured distribution obtained with the unmodi ed pr distribution is unfolded using
an unmodi ed response matrix and the modi ed response mates. Figurd 7.2l shows
the ratios between these unfolded distributions. The resiirhig e ect is below 1% except
for the 0-bin (6%) and increases starting from a multiplicy of 60 to about 6% at a
multiplicity of 80.
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7.4.6 Event-Generator Assumptions

The e ect of the usage of a di erent event generator on the arigsis result is studied
by comparing Pythia and PhojelH These have a signi cantly di erent multiplicity dis-
tribution, as shown in Figure[8.% (pagé_199). Although the nmber of events is similar,
the maximum multiplicity obtained at a given statistics is nuch lower for Phojet. The
unfolding is insensitive to the multiplicity distribution in the simulated events used for
the response matrix. However, the highest multiplicity in he measured distribution has
also to be reached in the response matrix. Therefore, the raweasured distribution
has to be compared to the distribution of the simulated evestbefore the unfolding is
applied. In the example studied here, the consequence is tf@Phojet sample can be
unfolded with a response matrix obtained from Pythia eventbut not the other way
round (unless a signi cantly larger number of Phojet eventsvas to be simulated). Fig-
ure[7.22 shows a Phojet sample unfolded with a Pythia and a Pjeb response matrix.
The comparison between the two unfolded distributions shaathe typical uctuations.
The e ect is at a level of a few percent, but it increases for niiplicities of O { 2 and
also above 40 to about 10%. These numbers cannot be directyngpared to the other
uncertainties due to the di erent input distribution used. This illustrates clearly that
the nal systematic uncertainties have to be extracted by aplying di erent response
matrices on the measured distribution.

7.4.7 Beam-Gas and Beam-Halo Events

The contamination by beam-gas and beam-halo events has beeéiscussed in Sec-
tion 5.1.7. For the startup scenario it has been estimated te negligible. Under nomi-
nal running conditions the probability that a triggered evet is a beam-gas or beam-halo
collision is estimated to be 5%. Such events usually do not have a reconstructed ver-
tex and are therefore not considered in this analysis. Théoge no systematic e ect on
the multiplicity distribution is expected.

However, if they were to be considered (e.g. through a modation of the analysis
method) the mentioned 0.6% that have neither reconstructedertex nor tracklets have
to be seen in relation to the amount of events that have no priary particle in the
considered -range. For example fo j < 1 the probability is 11% (Pythia), thus the
e ect of beam-gas would be about 5% in the rst bin.

4The datasets LHC08c11 and LHC08c15 have been used for thisusty (see Sectiorf 5.5).
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Figure 7.22: E ect of event-generator assumptions.

The gure shows a Phojet sample unfolded with a Pythia resporse matrix (red
circles) and with a Phojet response matrix (blue crosses).r the lower panel the
ratio between the two is shown. Compared to the previous plos, a di erent x-axis
range is shown because the multiplicity distributions of Pythia and Phojet di er:
the number of events that is reached with Pythia at a multipli city of 80, is reached
with Phojet already at a multiplicity of 55.

7.4.8 Pile-Up Events

The rate of unresolved pile-up events was estimated in Semti6.3.6 and it was found

to be negligible for thedN,,=d measurement. However, for the multiplicity distri-

bution pile-up might in uence the high-multiplicity region because two events with

small multiplicity might appear as an event with higher muliplicity. The probabilities

for unresolved pile-up are 4+ 10 ° (startup scenario at’ s =900GeV), 58 10 4

E)startup scenario at’ s = 10TeV), and 4:3 10 ° (nominal running conditions at
s=10TeV).
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Figure 7.23: Pile-up assessment.
The gure shows the multiplicity distribution by Pythia for a single collision (black
histogram) and the distribution of unresolved pile-up, thus two overlapping collisions
(red crosses): the upper one is normalized to 1, the lower onie normalized by the
probability that unresolved pile-up occurs.

Figure [Z.23 estimates the in uence for the case with the laegt probability (startup
scenario atp§ = 10TeV). Shown is the multiplicity distribution in j j < 1 for a
single collision and for two overlapping collisions (thissicalculated by convoluting the
multiplicity distribution with itself). By scaling the con voluted distribution with the
probability of unresolved pile-up events it can be seen thahe in uence increases for
larger multiplicities, but is still below 0.3% at a multiplicity of 80. For the other cases
(startup scenario at” s = 900 GeV and nominal running conditions), the uncertainty
is about an order of magnitude lower. This uncertainty mighbecome more signi cant
if very large multiplicities are accessed.

7.4.9 Material Budget

A study of the e ect of changes of the detectors' material buget was described in
Section[6.3.V. It showed that a change of the material budgef 10% has no e ect
on the number of tracklets measured with the SPD. Thereforéhé systematic e ect by
misestimation of the material budget is negligible.
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Figure 7.24: Systematic e ect of misalignment.

ned from a sample reconstructed with (blue crosses) ahwithout realignment
circles). The lower panel shows the ratio between the ta.

7.4.10

Misalignment

The alignment situation and the residual misalignment has déen described in Sec-
tion B.Z.1. Similar to the dN;,=d measurement, no e ect from the residual misalign-
ment, i.e. after realignment procedures have been applied, expected. This was dis-
cussed in Section 6.3.8. However, as in the previous chaptdie e ect without realign-
ment is studied. Therefore, a sample that has been simulatedth the ideal geometry
but reconstructed with the realigned geometry, is unfoldedvith a response matrix
that used the ideal geometry also in the reconstruction stegrigure [7.24 shows the
unfolded spectrum superimposed with the input distributio. The deviation is small
and increases towards large multiplicities (about 10%); ithe 0-bin it is about 35%.
This e ect only needs to be added to the systematic uncertaiy if the reconstruction
of measured data is performed without realignment; this isat expected for rst data.
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Uncertainty N=0 1 N 80
2-minimization 1.5% 1{3%
Bayesian unfolding 2% 1{12%
Relative cross-sections (INEL) 20% < 1%
Relative cross-sections (NSD) 35% 1{17%
Particle composition 16% 1{6%
pr cut-o 8% 1{6%
Event generator assumptions 10% 1{10%
Beam-gas negligible
Pile-up 0 | < 0:3%y
Material budget negligible
Misalignment negligible
Tracklet selection negligible
Total (INEL) z 26% 2{9%
Total (NSD)z 39% 2{18%

Table 7.4: Summary of the various systematic uncertainties
The uncertainties are determined as a function of multiplidty which is represented
by the spread given. The 0-bin is listed separately due to thdarger uncertainties.
For details see the corresponding sections and Figufe_ZP%he uncertainties marked
with an asterisk depend on the number of events measured andmsulated for the
response matrix.
y Only for the startup scenario at
tion [7.4.8|.
Z The total does not include the event generator assumptions at are mostly in-
cluded in other uncertainties.

p§ = 10TeV, otherwise negligible. See Sec-

7.4.11 Tracklet Selection

Uncertainties in the tracklet selection are similar to unceainties in the e ciency. It has
been discussed in Sectidn 6.8.9 that an uncertainty on the mber of accepted tracklets
of less than 103 is expected. Therefore, the e ect on the multiplicity distibution is
negligible.

7.4.12 Summary of the Systematic Uncertainties

The systematic uncertainties that have been evaluated in th section are summarized
in Table [Z.4. The minimum and maximum values in the multiplicty region up to
80 are quoted. It is more illustrative to show the uncertaint as a function of the
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Figure 7.25: Summary of the various systematic uncertairas.
Summary of the uncertainties that need to be applied to an unblded distribution
using 2-minimization. In the cases of signi cant oscillations dueto the unfolding,
upper limits are used instead of the particular value at a given multiplicity. The
uncertainty due to the event-generator assumptions cannobe displayed in this plot
because it has been obtained with a di erent multiplicity ax is. The small uncertainty
due to pile-up is not shown. The total uncertainty (summed quadratically) is shown
for the inelastic (black crosses) and NSD event samples (redircles).

multiplicity which can be seen in Figure7.25. Also shown ishe resulting uncertainty

when the considered uncertainties are summed quadratigalSome of the uncertainties
will reduce signi cantly when other measurements are penfimed, like the measurement
of the cross-sections and the particle abundances.

7.5 Towards the Corrected Multiplicity Distribu-
tion

The steps that have to be taken to obtain the corrected speatm from measured data
have been discussed in detail in Section 6.4 for tldN.,=d measurement. These steps
apply also to the multiplicity distribution. However, the multiplicity distribution is less
sensitive to beam-gas events (no normalization to the numbef events is applied).
Additionally, it has to be veri ed that the response matrix is populated su ciently for
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Figure 7.26: Final multiplicity distribution.
The gure shows a corrected multiplicity distribution of in elastic events (black line)
and NSD events (red crosses) measured with the SPD.2-minimization has been
used to unfold the measured distribution. The gray band indcates the total system-
atic error based on the uncertainties discussed in this chagr.

all measured multiplicities. It is recalled that most if thesystematic uncertainties have
to be obtained by unfolding the measured distribution with derent response matrices.

/7.6 Summary

The method and the necessary corrections to produce a mulipty distribution with
p+p data taken by ALICE have been described. Two methods to cect the measured
multiplicity distribution have been introduced and evaluded, including their systematic
uncertainties. Figure 7.2b shows a corrected multiplicitdistribution (inelastic and NSD
event samples) with statistical and systematic errors forhe case of the measurement
with the SPD. Such a spectrum can be obtained with 200 000 me&asd events that can
be collected even with the bunch-crossing trigger with abotwo days of data-taking.



Chapter 8

Predictions for LHC Energies

This chapter summarizes existing predictions for pseudgrality density and multiplic-
ity distributions of charged particles for LHC energies. Rxdictions based on QGSM
calculations and results obtained with the event generaterPythia and Phojet are dis-
cussed and given foJ'O s = 10TeV and 14 TeV (where available). Furthermore, three
phenomenological approaches are mentioned: the rst comigis two negative binomial
distributions (NBDs), the second is based on a multiple-p&on interpretation, and the
third is an approach that scales distributions based on obsed trends at lower ener-
gies. The functional ts that have been applied to data at lowr energies in Chaptef]2
are also given. Some predictions are not shown in their regpige sections to avoid
redundant plots. These are included in the summary plots sha at the end of the
chapter.

8.1 Quark{Gluon String Model

The Quark{Gluon String Model (QGSM), introduced in Sectiorl.4, allows the calcula-
tion of predictions for multiplicity and rapidity distribu tions. It is not straightforward
to derive multiplicity distributions in limited pseudorapidity intervals and pseudora-
pidity distributions because QGSM does not predict ther distribution.

The translation from dN.,=dy to dN,=d is done by [Won94:

S
dchh _ m(z) d3Nch ]
d d2py m2 cosify dycPpr’

(8.1)

Thus for largey ( ), dN¢,=d dNcn=dy. For an exact calculation, thedN.,=dy per
particle species (formy and mt) and the py distribution need to be known. These
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translation factors are signi cant. For example Pythia andPhojet simulations show
that the region j j < 0.5 does not include 18% of the particles that are ifgyj <

0:5 due to the fact that particles at low pr may have a small rapidityy but still a

large pseudorapidity (at P s = 10TeV). In order to translate a dN.,=dy prediction

which is integrated over all particle species$ [Kai99], theoaversion factor as a function
of y is derived from simulated Phojet event. The prediction before and after the
transformation is shown in the left panel of Figuré 8I3 (pagé98). The transformed
prediction as a function of should only be considered as an approximation.

The same procedure could in principle be applied to multigdity distributions. However,
correlations betweenhpri and the multiplicity, which were already measured at lower
energies, cannot easily be included within this procedure.

A prediction for the multiplicity distribution in full phas e space|[Pog08] is included in
Figure[8.2 (pagé199). Further predictions up tg s =100 TeV can be found in[[Kai99].

8.2 Pythia and Phojet

The event generators Pythia and Phojet were used to producarailated data for this
thesis. The data was used to evaluate the analysis procedsi@nd to extract systematic
uncertainties. Table[8.1 shows di erences between Pythiait the tune mentioned
in Section[1.5.1 and Phojet atIO s = 10TeV in relevant observables for this thesis.
The Phojet events have a 24% higher ND component than the Pyth events. The
largest di erence is in the DD cross-sections (42%). The ntiplicities predicted by the
Phojet simulation are generally lower than those of the Pytla simulation; this is more
signi cant for NSD events where they are 20% lower. This e ecannot be attributed
to changes in the contributions of the di erent processes. Dl events usually have a
higher multiplicity and therefore their increase should a&o increase the multiplicity.
In fact the opposite occurs, therefore the change in multigity is due to the di erent
kinematics of the two generators.

Although both generators reproduce results aP s = 900 GeV reasonably well (Fig-
ure [1.10 on pagé _36), their predictions di er signi cantly & higher energies. Predic-
tions for dN¢.h=d and multiplicity distributions are included in Figures[8.3 8.4, and
[B.5. The rst multiplicity measurements (even with the erras that are associated with
early analyses) will already provide an indication as to whh (if either) generator will

reproduce the data.

1The result agrees within 1% if Pythia events are used.
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Observable | Pythia | Phojet | Di erence
ND 52.1mb| 64.8 mb 24%
SD 14.0mb| 10.9mb 22%
DD 9.3mb| 5.4mb 42%
NSD 61.4mb| 70.2mb 14%
INEL 75.4mb| 81.1mb 8%
Inelastic events
PN cpi 67.3 59.9 11%
dNch=d j - 5.21 454 13%
dNCh:d jj j<1 5.34 4.65 13%
NSD events
PN cpi 79.2 64.9 18%
dNch=d j - 6.24 4.97 20%
dNch=d j; j<1 6.40 5.09 20%
p

Table 8.1: Pythia and Phojet at™ s=10TeV.
The table shows predicted cross-sections for the dierent pysics processes and
multiplicities in full and limited phase space. The dierence is given as relative
di erence of the Phojet value to the Pythia value.

8.3 Two-Component Approach with NBDs

A two-component approach that uses two negative binomial sliributions was intro-
duced in Sectiori”1.6}4. It is recalled that the multiplicitydistribution is described by:

P(n)= sn P(N;Miges; Ksot) + (1 soft) P (N, Misemihard; Ksemi-hard): (8.2)

The parameters are tted to measured data and extrapolatedat provide a prediction
for higher energies/[Gio99a]. Figure—8.1 shows the ts and texpolations of Mi gy,

Mi semi-hard, @Nd iy @s a function of  s. ¢ can be calculated and falls with
increasing s, thus reducing the fraction of the soft component. While its about 72%
at P s =900GeV, it decreases to about 30% at 14 TeV.

For Keemi-harg three scenarios are proposed in [Gio99a]:

1. Ksemi-narg dO€Ss not change towards larger energies; this is equivaleéatassuming
KNO scaling aboveIO s =900 GeV. Ksemi-nara Stays 13, the value at 900 GeV;

2. the data t is used to extrapolate Kseminarg; the authors use the t (p S in units
of 1GeV):
k.t = 0:082+0:0512 Inp s) (8.3)

total
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and relate it to Kot and Ksemi-nara By SUmming the variances of the two components
(the NBD's variance is 2 = i + mi?=Kk);

3. Ksemi-harg fOllows perturbative QCD in leading order (assuming that tle calculated
width of the distribution is also valid in the non-perturbative regime); remaining
constants are tted with the data, which results in (s in units of 1 GeV):

q
Keominara =038 0:42= In(® 5=10); (8.4)

p

These approaches lead to rather di erent predicted distribtions at = s = 14 TeV, that

are included in Figure[8.4 (labeled "2NBD scenarios 1 { 3').

The comparison of this model to data atp§ = 1:8TeV from the E735 experiment
shows that the second scenario is favored, but there are ktlear deviations at higher
multiplicities [Gio99al].

By tting the parameters in limited pseudorapidity intervals the model allows the
multiplicity distribution in limited intervals to be predi cted [Gi099b]. Predictions for
s=10TeVin j j < 1 are included in Figurd 85.
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8.4 Multiple-Parton Interaction Interpretation

The interpretation of the multiplicity distribution in the framework of multiple-parton

interactions, discussed in Section_1.6.4, assumes that tbestribution can be decom-
posed into contributions from one, two, and more parton cadlions. In practice this is

done for up to three parton collisions. Extrapolation of thecross-sections of the dif-
ferent contributions produces a prediction for higher engres [Wal04]. The predicted
multiplicity distribution at P s =14TeV in full phase space is included in Figuré—8.4.
Furthermore, the cross-sections ngr = 77:4 5mb and nsp = 64:2 6mb are

predicted for P s=14TeV.

8.5 Trends in Multiple-Particle Production

A phenomenological approach is based on trends at lower egies [Bus08]. In particu-
lar, it is observed that the width and height of the pseudoraigdlity distribution grow
with In s (approximately, see Figure_2l9 on page 58). At the same timéé particle
density has to go to O at beam rapidity and the distribution istrapezoidal-shaped.
Consequently, the shape of the distribution is independertf energy, the dependence
of the width and height on Ins allows the extrapolation ofany distribution to another
energy by scaling the vertical and horizontal axes accordjty. This is shown in Fig-
ure [8.2 for NSD events atp s = 14 TeV. The dierent curves are based ondNg,=d
distributions measured atp s =0:2 1:8TeV, each scaled to 14 TeV. The resulting
spread in the expectation is of the order of 20%. The range did prediction is included
in Figure [8.3 for comparison.
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Figure 8.3: Pseudorapidity distribution predictions.

Distributions are given at P s =10TeV (left panel) and 14 TeV (right panel). The

QGSM prediction [Kai99] is shown as a function ofy and transformed to (see
Section[8.1). The two curves in the right panel are the upper ad lower limits of the
prediction by [Bus08], see Figurd_8.2.

8.6 Summary

Figure [8.3 shows predictions for the pseudorapidity distutions at p§ = 10TeV
(left panel) and 14 TeV (right panel). QGSM calculations (Setion B.1), Pythia and
Phojet simulation results (Section[8.2), and the phenometagical approach which
scales distributions from lower energies (Sectidn_8.5) ashown. The QGSM result
agrees with Phojet at large rapidities but not at mid-rapidty. This might be due to the
conversion fromy to  described in Section_8]1. The event-generator predictiondser
by 13% and 20% for the inelastic and NSD event samples, resipay. This di erence

is 2 { 4 times larger than the systematic uncertainties derad in Chapter[6. The
rst measurement of the pseudorapidity distribution will therefore allow an assessment
which event generator will provide the better description bthe data.

Figure[8.4 summarizes predictions of the multiplicity digibution for NSD events in full
phase space at s = 14 TeV. Results from Pythia, Phojet, QGSM, three scenario®f
the two NBD approach, and the multiple-parton interpretation are shown. The distri-
bution in full phase space cannot be measured with ALICE butlws the predictions
mentioned in this chapter to be compared.
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Figure 8.6: Predictions fordN¢,=d j -g and hNcpi .

Predictions for NSD events atp s =10TeV and 14 TeV are shown along with the
extrapolations using data from previous experiments (see gures[2.9 and[Z. 1D on
page[58). The left panel showsiN.p=d j o and the right panel IN¢i in full phase
space andj j < 1:5 [Kai99, [Gio99a, Gio99h, Wal04, Bus08|, Pog(8].

Figure[8.5 shows predictions for the distribution accesséto ALICE in a limited range

of j j < 1 for NSD events atIO s = 10 TeV. Results using Pythia and Phojet, as well
as the three scenarios of the two NBD parametrization are siwa. The distributions

di er by about a factor 2 at multiplicities of 10 to 20 and by mae than an order of
magnitude starting from a multiplicity around 45. The systenatic uncertainty deduced
in Chapter [7 associated with the rst measurement is less tlmal18% for NSD events
for non-zero multiplicities. Thus the rst measurement wil be able to clarify which

prediction matches the data best or to conclude that no prediion properly reproduces
the data.

Figure [B.8 presentsdN,=d j o (left panel) and iNg,i (right panel) as a function of

s together with extrapolations of the functional ts found in Chapter[2. Only the ts
that reproduce the data are shown. The predictions di er up® 30% at mid-rapidity
and about 15% for the average multiplicities in full phase gee.
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Summary

In 2008, the Large Hadron Collider at CERN commenced operati. For the duration
of its operation, it will provide proton and heavy-ion collsions at energies much larger
than those achieved by previous accelerators. An outstamgj and ambitious physics
program is at its beginning and will advance human knowledge the eld of particle
physics and beyond.

The physics programs of all LHC experiments begin with basineasurements to char-
acterize collisions at LHC energies. For this purpose muylicity and momentum dis-
tributions, particle abundances, and correlations are meared. Subsequently, the ob-
tained basic understanding allows the analysis of rare sigls and new physics: the
centerpieces of the physics program.

This thesis has introduced the theoretical framework to desbe multiple-particle pro-
duction. The functioning of two event generators, Pythia ad Phojet, as well as the-
oretical descriptions of the charged-particle multiplicy have been discussed. A sum-
mary of pseudorapidity-density fiIN.,=d ) and multiplicity-distribution measurements
of charged particles has been presented. Existing resultavie been shown in an energy
range of s = 6GeV to 1.8 TeV from bubble chamber experiments and deteats at
the ISR, SpS, and Tevatron. The validity of the introducedmodels was reviewed and
the behavior as function oip s was discussed. Analysis procedures for two basic mea-
surements with ALICE, the pseudorapidity density and the mitiplicity distribution of
charged particles, have been developed. The former allowsrections on a bin-by-bin
basis, while the latter requires unfolding of the measuredddribution. The procedures
have been developed for two independent subdetectors of AIH, the Silicon Pixel
Detector (SPD) and the Time-Projection Chamber (TPC). Thisallows the compar-
ison of the analysis result in the overlapping regions as andependent cross-check
of the measured distribution. Their implementation succesully reproduces di erent
assumed spectra. The procedures have been extensivelyddsin simulated data using
two di erent event generators, Pythia and Phojet. A comprelensive list of systematic
uncertainties was evaluated. Some of these uncertaintigglsequire measured data to
verify or extract their magnitude.

To obtain the pseudorapidity density the analysis correctthe measured data for track-
ing e ciency, acceptance, secondaries, and the low-momemh cut-o as well as the

bias introduced by the vertex reconstruction and the trigge Systematic uncertain-
ties related to the incomplete knowledge about the physice ithe new energy regime
(cross-sections, particle abundances, and spectra) havween studied. Furthermore, ex-
perimental e ects related to LHC conditions and e ects of tle ALICE con guration,

such as beam-gas and pile-up events, track selection cuts,waell as uncertainties in



202 Summary

the material budget and the detector alignment were quantitively evaluated. The
total uncertainty, as it is expected before the start of dataaking, is for the dN.,=d

distribution of inelastic events 2.3% (4.3%) for the measament with the SPD (TPC).
For NSD events the uncertainty is 8.1% and 8.8% for the SPD antPC, respectively.

Two methods have been introduced to unfold the measured miglicity distribution:
one based on a 2-minimization procedure, the other based on Bayes' theorerBoth
reproduce the spectra successfully, independently of thesamed multiplicity distri-
bution. This permits the unfolded distribution to be crossehecked. Furthermore, the
multiplicity distribution is corrected for the bias introd uced by the vertex reconstruc-
tion and the trigger. The previously given systematic uncéainties were also evaluated
for the multiplicity distribution measurement with the SPD and amount for non-zero
multiplicities to 2 { 9% (2 { 18%) for inelastic (NSD) events.

A road map has been presented for the measurement of tddl,,=d and multiplic-
ity distributions. It contains the steps needed to obtain tle corrected distributions
from measured data. This includes the veri cation of the tmgger, the comparison of
properties of simulated and measured data, and the produoti of various corrected
distributions under di erent conditions that should produce consistent results.

Model, event generator, and phenomenological predictiofsr pseudorapidity density
and multiplicity distributions were summarized for LHC enegies. These are signi -
cantly di erent; the dN¢,=d distributions di er by about 13 { 20% and the multiplic-
ity distributions are di erent by a factor of 2 up to more than an order of magnitude.
Therefore the rst measurements outlined in this thesis (vih their associated system-
atic uncertainties) will already be able to di erentiate béween them.

In conclusion, ALICE being ready for data-taking, is also r&dy for rst physics results.
Two important measurements with LHC collisions can be perfmed on a very short
time scale of days. The presented analysis procedures depeld within this thesis
including the already performed systematic studies will pe& the way for a speedy
publication of the results. Furthermore, the introduced aalysis concepts can be used
as a general recipe for studies in the eld of minimum-bias pkics in ALICE and
beyond.



Zusammenfassung 203

Zusammenfassung

Im Jahr 2008 nahm der Large Hadron Collider (gro er Hadrondseschleuniger) am
CERN seinen Betrieb auf. Wahrend der Laufzeit werden Protonen- und Schwerio-
nenkollisionen, bei ®heren Energien als je zuvor an Teilchenbeschleunigern escht,
fur Experimente zur Verkigung gestellt. Ein au ergewohnliches und ehrgeiziges For-
schungsprogramm steht in den Staréichern, welches das menschliche Wissen im Be-
reich der Teilchenphysik und damber hinaus erweitern wird.

Die Forschungsprogramme aller Experimente am LHC beginnemit grundlegenden
Messungen zur Charakterisierung von Kollisionen bei LHC+tergien. Zu diesem Zweck
werden Multiplizit ats- und Impulsverteilungen, Teilchenku gkeiten und Korrelationen
gemessen. Anschlie end erlaubt das gewonnene grundlegeinrsmndnis die Analyse
von seltenen Signalen und Physik jenseits des Standardmbslewelche im Mittelpunkt
der Forschungsprogramme steht.

Die vorliegende Arbeit hat theoretische Grundlagen zur BeBreibung von Mehrteil-
chenproduktion vorgestellt. Die Funktionsweise von zwei rgignisgeneratoren, Pythia
und Phojet, sowie theoretische Beschreibungen der Multipit atsverteilungen von ge-
ladenen Teilchen wurden diskutiert.

Umfassende Messergebnisse voretlieren Experimenten zu Pseudorapidétsdichte
(dNcp=d ) und Multiplizit atsverteilung von geladenen Teilchen wurden vorgestellt.
Dies beinhaltete Ergebnisse von Blasenkammerexperimemtsowie Detektoren am ISR,
SpS und Tevatron bei Schwerpunktsenergien vo§§ = 6GeV bis 1.8 TeV. Die Gul-
tigkeit der vorgestellten Modelle wurdesiberpreft und das Verhalten der Verteilungen
als Funktion der Schwerpunktsenergie diskutiert. Analyserfahren #r die Messung
der Pseudorapidiatsdichte sowie der Multiplizitatsverteilung von geladenen Teilchen
mit ALICE wurden entwickelt. Das Erstere erlaubt Korrekturen auf einer “bin-éir-bin’
Basis, wahrend das Letztere die Entfaltung der gemessenen Vertaily erfordert. Die
Verfahren sind #ir zwei unabhangige Subdetektoren von ALICE, ér den Silicon Pixel
Detector (Silikonpixeldetektor, SPD) sowie die Time-Pragction Chamber (Zeitprojek-
tionskammer, TPC) vorgesehen. Dies eraglicht den Vergleich der Analyseergebnisse
in dem sicheberlappenden Messbereich (in) als unabhangige Uberpreifung der ge-
messenen Verteilung. Die Verfahren wurden auwdfrlich an simulierten Daten zweier
verschiedener Ereignisgeneratoren, Pythia und Phojet, gstet und reproduzieren er-
folgreich verschiedene angenommene Eingangsspektremedimfassende Liste von sys-
tematischen Unsicherheiten wurde evaluiert, wobei jedodainige erst nach Beginn der
Datennahme zusammen mit gemessenen Daten abschlie end teilt werden kennen.
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Fur die Messung der Pseudorapidétsdichte wird der Ein uss von Trackinge zienz,
Akzeptanz, Sekundrteilchen und der Unemp ndlichkeit bei niedrigen Transvesalim-
pulsen sowie von Vertexrekonstruktion und Trigger auf dieegmessene Verteilung kor-
rigiert. Systematische Unsicherheiten, verursacht durcklie unvollstandige Kenntnis
von Kollisionen bei der neuen Energie (Wirkungsquerschiat, Teilchenhau gkeiten
und Spektren), wurden untersucht. Des Weiteren wurde der Eiuss von experimen-
tellen E ekten durch den Beschleuniger und den spezi scheAufbau des ALICE-
Experiments, wie z.B. Kollisionen zwischen Teilchenstradluind Restgas,uberlappenden
Ereignissen, Auswahl der rekonstruierten Spuren sowie Ucitserheiten in Bezug auf
die Materialdichte und der Detektorjustierung quantitativ ausgewertet. Die gesamte
systematische Unsicherheit, abgesatrt vor Beginn der Datennahme, betagt fer die
dN¢n=d -Verteilung der inelastischen Ereignisse 2.3% (4.3%) beerdMessung mit dem
SPD (TPC). Fur NSIﬂ Ereignisse ergibt sich eine Unsicherheit von 8.1% bei der $4e
sung mit dem SPD bzw. 8.8% mit der TPC.

Zwei Verfahren zur Entfaltung der Multiplizit atsverteilung wurden vorgestellt: Eine
auf der Grundlage der Minimierung einer ?-Funktion, die andere auf der Basis des
Theorems von Bayes. Beide Methoden reproduzieren Spektrerfolgreich unabmngig
von der gevahlten Eingangsverteilung. Dies erlaubt den Vergleich ddfrgebnisse der
beiden Methoden. Dawber hinaus werden E ekte der Vertexrekonstruktion und des
Triggers auf die Multiplizit atsverteilung korrigiert. Die oben genannten systematiben
Unsicherheiten wurden auch in Bezug auf die Multiplizétsverteilung fr die Messung
mit dem SPD evaluiert. Far Multiplizit aten gm er als 0 ergeben sich Unsicherheiten
von 2 { 9% fur die Messung von inelastischen Ereignissen bzw. 2 { 186 flie Messung
von NSD Ereignissen.

Ein "Fahrplan' fur die Messung dedN¢,=d - sowie der Multiplizitatsverteilung wurde
vorgestellt. Dieser beinhaltet die notwendigen Schritte m die korrigierten Verteilun-
gen aus den gemessenen Daten zu extrahieren. Im Detail unstas diese die Rifung
des Triggers, den Vergleich von Eigenschaften von simulien und gemessenen Daten
und die Berechnung von verschiedenen korrigierten Verteiigen bei unterschiedlichen
Bedingungen, die konsistente Ergebnisse liefern sollten.

Vorhersagen von Modellen, Ereignisgeneratoren und eamomenologischen Beschreibun-
gen #r Pseudorapidimtsdichte und Multiplizit atsverteilung bei LHC-Energien wurden
zusammengefasst. Diese weichen signi kant voneinander. &hie dN.,=d -Verteilungen
unterscheiden sich um ca. 13 { 20% und die Multiplizetsverteilungen um einen Faktor

2 bis zu mehr als einer G enordnung. Daher werden bereits die ersten Messungen,
selbst mit den damit verbundenen systematischen Unsicheriten, in der Lage sein
zwischen den Vorhersagen zu di erenzieren.

2NSD = Non single-di ractive = Inelastische, jedoch nicht ei nfach-di raktive, Kollisionen.
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Zusammenfassendakst sich sagen, dass ALICE zu diesem Zeitpunkt nicht nuarf die
Datennahme sondern auchefr die ersten Messungen bereit ist. Zwei wichtige Vertei-
lungen von LHC-Kollisionen lennen in einem kurzen Zeitraum von Tagen gemessen
werden. Die in dieser Arbeit entwickelten Analysen einsdbllich der bereits durch-
gekhrten systematischen Studien ebnen den Wegrfeine rasche Ves entlichung der
Ergebnisse. Des Weiterendnnen die Konzepte der vorliegenden Arbeit als allgemeine
Anleitung fur Studien im Bereich der Minimum-Bias-Physik in ALICE und dareiber
hinaus verwendet werden.
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Appendix A

Kinematic Variables

A particle, with the energy E, the rest massmg, and the momentum+, is described by
its four-momentu

P=(E;®)=(E;px;py:P): (A.1)

So-calledMandelstam variablesare used to describe 2 2 particle reactions. With P,
and P, (Ps and P,) being the four-momenta of the incoming (outgoing) parti@s, the
following variables are de ned:

s = (P1+ P)?=(Ps+ Py)? (A.2)
t = (P P3)>=(P2 Py (A.3)
u = (Py Py)?=(P; P3)% (A.4)

P s is the energy of a collision in the center-of-mass of the adlhg particles. P t is the

momentum transfer in the reaction. It can be shown that
S+t+u=mi+mi+m5+ mi (A.5)
Thus s+ t + u = 0 for massless particles.

In the case of ion collisions, the energy of the collision isvgn per nucleon pair and
denoted with P SNN -

The momentum of a particle is divided into itslongitudinal momentump, and trans-
verse momentunpr. Using the coordinate system of ALICE (AppendixB) it is writen
as  is the polar angle):

q
p =  jg= P+ (A.6)
ALICE
p AES P cos# = b (A7)
AED psing = pz+ pe: (A.8)

1The commonly adopted convention of~= ¢ =1 is used.
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Furthermore, the transverse mass is de ned by:
m2 = m3 + p?: (A.9)

The transverse momentum is invariant under Lorentz transfonations. On the contrary,
the longitudinal momentum is not invariant. The rapidity y is de ned by:

E+p
E p

1
y= =In (A.10)
2
The rapidity y is additive under Lorentz transformation. However, the detrmination of
the rapidity is complicated becausd= cannot be easily measured without determining
the particle type. Thus the pseudorapidity is used for the case dE =~ mq:

1 p+ P (ALICE)

#
Intan —: A.11
2 P P 2 ( )

For ultra-relativistic particles the rapidity y approaches the pseudorapidity .

The following expressions relate the speed of a particlewith the speed of light:

— V.
= (A.12)
- p 1 . (A.13)




Appendix B

The ALICE Coordinate System

Figure B.1: The ALICE coordinate system.

The coordinate system of ALICE[[ALIO3], shown in Figuré Bllde nes:

the point of origin  x = y = z =0 at the nominal interaction point;
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the x-axis perpendicular to the mean local beam direction, aligned witthe
local horizontal plane of the LHC and pointing to the accelator center;

the y-axis perpendicular to thex-axis and the mean local beam direction, point-
ing upward;

the z-axis parallel to the mean local beam direction. An observer loakg to
positive z has the accelerator center on the left. The muon arm is at nefjyze z;

the polar angle # which increases fronz (# = 0) passing thex{y plane # =
=2)to z (#= ). At #= =2 the rapidity y is 0; this is calledmid-rapidity ;

the azimuthal angle ' which increases clockwise fromm (' = 0) passingy
(" = =2)to x (" =2 ) with the observer standing at negativez and looking
towards the point of origin.

AliRoot characterizes tracks with ve parametersy, z, sin' , tan , and 1=pr with

= =2 #. These are de ned at a positiork in a local coordinate system of the track
which is rotated by an angle (in the x{y plane, i.e. the' direction) with respect to the
global coordinate system. While ve parameters provide a ocaplete spatial constraint
of a track, the covariance matrix (the precision of the traclparameters) depends on the
current position of the track. Usually, tracks originatingfrom the vertex arepropagated
to the DCA to the vertex. Track cuts, for example, are then apjed using values of
the covariance matrix at that point. The rotation by  which is in the same direction
as' is used in the track reconstruction. It allows for example &ll8 TPC sectors to be
treated in the same way by increasing in steps of =9.



Appendix C

Normalized DCA Cut (N -Ccut)

In Section[5.4.2 a normalized DCA cut is used that considerfe resolutions of the
distance to the vertex. The cut is such that a certain perceage of primary particles
is accepted (particles within a certain number of standard eliations). To achieve the
usual meaning with respect to a Gaussian distribution, i.¢hat a 1 -cut accepts 68% of
the primary particles, Eq. (5.4) is used. This formula is déved in this section. For this

purpose it is assumed that the distribution in the transvers and longitudinal direction

is Gaussian and that no correlation exists between their relsitions.

The error function de ned by:
Z X
erf(x) = 2 exp( t?)dt (C.1)
0

is used.

In the rst step the included fraction (in n ) of an one-dimensional Gaussian distribu-

tion is calculated:
Z

n 1 X2
—p? exp 52 dx
"z, ) (C.2)
1 t n
=2 p—exp — dt=erf p=
o 2 2

: : : . p
For a two-dimensional Gaussian, the integral runs over (x= 1)2+ (y= 2)?> n. After
the transformationt = x= ; ands=y=,

Z
1 x? 1 y?
—pP=exp -5 —P=—exp S dxdy
1 2 21 5 2 23
z ) 5 (C.3)
= ! ex ! ex > dtds
p &P 5 &P 3
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the integral runs overp t2+ s2  n and can be expressed in polar coordinates?(=
t? + s?). It can be solved by substitutinga = r2:

Z 2 Z n 1 r2
= —exp — rdrd
o o 2 2
Z
n r2
= exp — rdr (C.4)
0 2
n2
=1 ex —
P32

The requirement of the cut is that within a given number of the same part of the
distribution is included regardless if one Gaussian or a ntiglication of two Gaussians
is considered. Thus Eqs[(Cl2) and_(Cl4) are combined:

n m?
erf p—é =1 exp - (C.5)
which leads to s
m(n) = 2In 1 erf pn—é (C.6)
and respectively
P~ m?
nmy= 2erf> 1 exp - : (C.7)

The latter is Eq. (5.4) that was to be demonstrated. In written words: if a track has
a normalized distance to the vertex om, it should be included if then(m) is smaller
than the required number of .



Appendix D

The Shuttle Framework

During data-taking various subdetectors interact with several online systems (CTP, DAQ, DCS, EcH
and HLT). Data is read out by DAQ as raw data streams produced ly the subdetectors. At the
same time they also produceconditions data which is information about the detector status and
environmental variables. Most of the conditions data couldin principle be calculated from the raw
data and extracted o ine after data-taking. However, such an approach would require an additional
pass over the raw data before the reconstruction which is nopossible due to the limited computing
resources. Therefore, conditions data is already extractkduring data-taking. More details regarding
the data ow in ALICE can be found in Section 6.1

A method is required that reads the conditions data producedby various subdetector algorithms that
run in the online systems in a coordinated way. The possibity that each subdetector publishes the
produced conditions data by itself is considered too comptiated and not manageable. An additional
technical issue is that the machines in the online systems mducing the data are protected by a rewall
from the public CERN network and the internet.

The Shuttle framework that is described in the following performs the following tasks:

copying of data in any format produced by the online systems [AQ, DCS and HLT for each
subdetector;

preprocessing of the data, e.g. consolidation, tting;
reformatting to ROOT format;
storing in the Grid O ine Conditions DataBase (OCDB);

indicating that a given run has been processed, which is a pmndition to starting the recon-
struction.

The Shuttle development started in 2005 as a summer student ject and has been continued by the
"ALICE o ine group'. It is part of AliRoot.

This chapter describes the structure and implementation ofthe Shuttle framework. Furthermore, it
instructs how to create and test the software class that perérms the processing of the data for a given
subdetector, the so-called preprocessor. A more extensivdescription of the Shuttle framework can be
found in [Col08].

The Shuttle framework has been running successfully sincée rst commissioning exercise that started
in December 2007. It was operating during the LHC startup in Ssptember 2008 and has processed, in
total, more than 50 000 runs.

1ECS = Experiment Control System.
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DIM

%

Figure D.1: Schema of the Shuttle framework.

D.1 Structure

The implementation of the Shuttle system involved the ALICE core o ine team, the experts of the
online systems (DAQ, DCS, ECS and HLT) and the software expets of the subdetectors. Its aim is to
provide a common infrastructure to gather the conditions daa from the experiment and store it in the
OCDB. A general schema of the Shuttle framework and the conngtions among the main components
is presented in Figure[D.].

The core of the Shuttle system has been implemented in AliRop ALICE's o ine framework for
simulation, reconstruction and analysis. Its main features are summarized hereafter; these are discussed
in detail in Section D.1.2:

the Shuttle is triggered upon any end-of-run (EOR) by the ECS system; furthermore, it can be
operated in a self-triggered mode;

it accesses the ECS logbook to read the run parameters (star@nd end time, run type, etc.)
and the list of active subdetectors;

it accesses the online systems and retrieves the conditiordata produced during the run. Ac-
cording to the technique implemented to retrieve them, the e&perimental conditions data can
be divided in two subsets:

{ parameters monitored continuously and archived in the DCS achive are retrieved by
means of a dedicated communication protocol;

{ parameters created during data acquisition by the subdetewrs' “detector algorithms'
(DAs) are stored to les which are moved to a so-called File eXhange Server (FXS), to
which the Shuttle has read access. Each online system prowd its own FXS;

it provides a base class for the implementation of the subdedctor-speci ¢ code (the “preproces-
sors") for the treatment of the conditions data before nal storage to the OCDB;

it accesses the OCDB to store the conditions data and, if neeetl by the detector preprocessors,
to read previously stored conditions data.

Figure shows the sequence diagram of the Shuttle systerit the end of each run the following
actions are performed:
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End of End of Start of
data-taking Run Run
A A
DAQ —i | — -
DCS (FXS) —d -
v,

DCS (Arch. DB) e it
SHUTTLE . ——

Figure D.2: Sequence diagram.

at the end of data-taking the ECS informs the other online sysems (DAQ, DCS and HLT)
that data-taking has stopped. This information is then passd by each online system to the
corresponding detector algorithms (DAS);

the DAs nalize the conditions data observed in the run, store them as les and copy them to
the corresponding FXS;

once all the DAs of a given online system nish processing thie data, the online system indicates
its readiness back to ECS (i.e. the online system's state mduine enters the stateready for data-
taking);

once all the online systems are ready, ECS sends an EOR sigral the Shuttle, which performs
the following tasks per subdetector:

{ querying the monitored data stored in the DCS archive;

{ running the preprocessors. The Shuttle runs them sequentiyy, however the dierent
preprocessors are fully independent of each other, which iprinciple allows parallel pro-

cessing;
{ retrieving the data from the FXSs requested by the detector peprocessors;

{ storing the conditions data produced by the preprocessorsd the OCDB.

The Shuttle framework monitors the resource consumption othe preprocessors and aborts them
if they exceed critical values or if they time out. In the even, of a failure of a preprocessor, it
is restarted at a later stage until a certain number of retries is exceeded.

It is important to note that the Shuttle does not interfere wi th data-taking: as shown in the sequence
diagram (Figure[D.2)), a new run can be started before the proessing of the Shuttle nishes. Therefore,
the Shuttle does not delay data-taking under any circumstarces.

D.1.1 The Shuttle Core Package

A class diagram of the Shuttle is presented in Figurd_D.B. Thesteering part of the Shuttle is the
classAliShuttle . It implements the (pure virtual) interface AliShuttleInterface , Where the base
functions which handle the communication with the detector preprocessors, the online systems and
the OCDB are declared. A second implementation ofAliShuttleInterface is the classAliTest-
Shuttle which steers the ‘lightweight' TestShuttle package. This package allows preprocessors to be
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AliPreprocessor AliShuttleTrigger AliShuttlelnterface
AliDETPreprocessor ——4 AliShuttle AliTestShuttle
AliShuttle-

AliShuttleConfig AliShuttleStatus

LogbookEntry

Figure D.3: Class diagram of the Shuttle framework.

tested without the need of external systems that provide dagf, and is used by the subdetector experts
to test their preprocessors in the development phase. It is éscribed in detail in Section[D.2.

The AliShuttleConfig  class contains the Shuttle con guration which is read from ax LDAP server.
For more details refer to Section D.1.5. TheAliShuttle class holds anAliShuttleConfig  instance.

AliShuttleTrigger  provides the interface to the ECS trigger. It contains an indance of DATENotifier
which implements the DIM noti cation service. AliShuttleTrigger  triggers the collection of the new
(unprocessed) runs at each EOR noti cation from ECS. In the @ase of timeout waiting for the EOR
signal, the Shuttle can run the processing in self-triggeré mode; the timeout value is set in the Shuttle
con guration. Besides listening to the ECS signals,AliShuttleTrigger  allows the Shuttle to be run
manually to collect the data for a speci c run or for all unpro cessed runs.

AliShuttleLogbookEntry  contains the run parameters read from the ECS run logbook fora given
run and the processing status of the subdetector preprocesss read from the Shuttle logbook (see
Section[D.1.2).

AliShuttleStatus  is used by the Shuttle to keep the status of each preprocessavhile iterating over
several runs. This information is used for error recovery (se Sectior D.1.B).

AliPreprocessor is the base class of the speci ¢ subdetector preprocessorasises, whose implemen-
tation is the responsibility of the subdetector experts. The class is namedAliDETPreprocessor where
DETis replaced by the subdetector name (see Sectidn D.1.2).

The Shuttle makes use of the AliRoot OCDB access framework tcstore the conditions data in the
OCDB. The framework provides a transparent API to store the data in the format of ROOT les on
a local disk or on the Grid.

The client side of the DCS archive communication protocol, mplemented in cooperation with the
DCS team, is also part of the Shuttle package. It will be desdbed in detail in Section[D.1.2.

D.1.2 Basic Components
ECS Logbook

The ECS framework writes the relevant information about data acquisition in a database called
“logbook'. The Shuttle uses the logbook to determine which uns have to be processed. Two tables of
this database are accessed by the Shuttle:
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the run logbook holds general information about the run. Among its table elds, the most
relevant for Shuttle operations are the following:

{ run:the run number;

{ DAQime _start : the time when the run started;

{ DAQime _end: the time when the run ended;

{ run_type: a label identifying the type of run (e.g. “physics', "calitration");

the shuttle logbook contains the “global’ processing status of each run as welkghe processing
status of each of the subdetectors that participated in the un. The ECS lIs the table at the
EOR, and the Shuttle updates it during processing. The table elds are:

{ run:the run number;

{ shuttle _done a ‘done' ag that indicates if the Shuttle has processed ths run. It is set
when all subdetectors have been processed. In this case th&atis of all preprocessors is
either JINACTIVE', 'DONE' or "FAILED',

{ update_time : automatically set by the database to the time of the last update of the
information of this run;

{ asetof20 subdetector ' elds (the 18 ALICE subdetectors plus HLT and GRP), written
in the three-letter convention used by the online systems[[[&t03]. The Shuttle uses this
information to determine which subdetectors participated in the run. The Shuttle updates
this information when a given subdetector has been procesdeand is in a nal state which
can be either 'DONE' or "FAILED'. The possible statuses are:

INACTIVE: the subdetector was inactive during the run (set by ECS);
UNPROCESSED: the subdetector was active during the run and i must be pro-
cessed (set by ECS);

DONE: the Shuttle processed the subdetector successfullysét by the Shuttle);
FAILED: the Shuttle failed processing the subdetector (setby the Shuttle);

the trigger con guration logbhook contains the CTP con guration.

The information of the rst two tables is made available in th e Shuttle code through the classAli-
ShuttleLogbookEntry . The Shuttle keeps an array of AliShuttleLogbookEntry  objects, one for each
unprocessed run found in the logbook.

Detector Algorithms

A detector algorithm (DA) is a program that runs in one of the online systems and produces conditions
data. It publishes the collected data in the FXSs of the onlire systems which are accessed by the
Shuttle. There are no other means of communication between Bs and the Shuttle.

More information about the DAQ DA framework can be found at [DAQ9]. Unfortunately, at present,
there is no public documentation available about the DA frameworks in DCS and HLT.

File Exchange Servers

A le exchange server (FXS) is used as a temporary storage fodata produced in a run that is to be
picked up by the Shuttle. It is the “data link' between the DAs and the Shuttle. Each of the three
online systems DAQ, DCS and HLT provides a FXS. A FXS consistsof a database that contains
information about the available data and a storage solution Data is stored in les, each le being
identi ed by:
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Field name Description

run Run number

detector Subdetector name

leld File ID

DAQ: DAQsource Source (usually machine
DCS: { that produced the le)
HLT: DDLnumbers

lePath File path on the FXS

time_created

File creation time

time_processed

Processing time by Shuttle

time_deleted File deletion time
size File size
leChecksum File checksum

Table D.1: FXS MySQL database description.

a run number (the run in which it was produced);
the subdetector that produced the le;
the source, i.e. the producing entity (optional, not used by DCS);

the le ID, i.e. the identifying name of the le. This ID is set in the DA and is subsequently
used by the preprocessor to nd the le.

The combination of these four values (run number, subdeteatr, source, le ID) has to be unique; in
a given run and for a given subdetector only one le per le ID and source exists. This is used to
uniquely identify the le.

The online systems provide framework functions for DAs runiing in their sphere to write to the
FXS. The Shuttle communicates with the FXS, retrieves the awailable les and provides them to the
preprocessors.

Each online system implements its own FXS and associated dabase as well as the software for
creation, handling and transfer of the conditions paramete les (produced by detector-speci c code).
In all the implementations a MySQL database is used to store lhe information about the available
les. Table D.I1shows the description of the elds in each sysem's MySQL database. Successfully
retrieved and processed les are agged by updating the “tine_processed’ eld. This allows the FXS
internal cleanup procedures to operate.

The Shuttle accesses the MySQL database via the ROOT clasEMySQLthe actual transfer from the
FXS to the Shuttle machine is performed with secure copy (scph To assess transfer consistency, the
Shuttle compares the retrieved le size and checksum with tle numbers published in the database.

DCS Archive and the AMANDA Protocol

Certain conditions parameters (e.g. device temperaturesd gas pressures) are monitored and archived
continuously and asynchronously with respect to data acqusition by the DCS system. This data is
stored in an Oracle database using the PVSS framework [ALIO¥ Each monitored value is identi ed
by a datapoint (DP) name (optionally also an alias name). Ead value is associated with a timestamp
that contains the exact moment of time when it was stored.
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A server-client communication protocol was developed in cllaboration with the DCS group with
the goal to make these parameters available to the Shuttle. Tie protocol is described in [[ColOB,
Appendix A]. It describes the communication between a sendge called AMANDA (that is running in
DCS) and the Shuttle. The AMANDA service retrieves conditions data from the archive database and
passes it to the Shuttle.

The implementation of the AMANDA service was provided by the DCS group. Details and down-
load instructions are available at [AMAQ9]. The client has been developed by the o ine group. The
AMANDA client can be found in the AliRoot SVN in SHUTTLE/DCSClientThe folder contains a
stand-alone Make le and can be used without a full build of AliRoot.

The classAliIDCSClient is used to query the AMANDA server. Its host and port are given in the
constructor, as well as thetimeout for the request (in ms) and the number of retries in case of
a failure. The protocol allows several values to be queriedni one request; the maximum number of
values in one request is indicated by the parametemultiSplit

AliDCSClient::AliDCSClient(const char* host, Int _t port,
Ulnt _t timeout = 5000, Int _t retries = 5, Int  _t multiSplit = 100)

A single datapoint or alias can be queried with the functionsGetDPValuesor GetAliasValues , re-
spectively:

Int _t GetDPValues(const char* dpName, Ulint _t startTime,
Uint _t endTime, TObjArray* result)

Int _t GetAliasValues(const char* alias, Ulnt _t startTime,
Ulnt -t endTime, TObjArray* result)

Its parameters are the datapoint (dpName ) or alias name (@lias), respectively, as well as the start
(startTime ) and end time (endTime ) of the query (as UNIX timestamps) and a pointer to a
TObjArray (result ) in which the result is stored. The result is lled with an AliDCSValue (see
below) per retrieved value which have to be deleted by the uge The return value is the number of
values retrieved or negative in case of an error.

The class AliDCSValue contains a single retrieved value. The function GetTimeStampreturns the
point in time when the value was stored; GetType returns the type of the data; GetBool, GetChar,
Getint , GetUInt and GetFloat return the data value in the format Bool_t, Chart, Int _t, Ulnt _t
and Float _t, respectively.

As previously mentioned, several datapoints can be queriect the same time using the functions
GetDPValuesor GetAliasValues , respectively, with a di erent prototype:

TMap* GetDPValues(const TSeqCollection* dpList, Uint  _t startTime,
Uint .t endTime, Int _t startindex = 0, Int -t endindex = -1) ,

TMap* GetAliasValues(const TSeqCollection* aliasList, U Int _t startTime,
Uint _t endTime, Int _t startindex = 0, Int  _t endindex = -1) .

The parameters are aTSeqCollection of the datapoint (dpList ) or alias names @liasList ) that
are to be queried. The list is queried fromstartindex to endindex , by default the whole list is
queried. If the list has more entries than the number of valus that can be queried in one request
(see the previously mentionedmultiSplit  parameter), the request is subdivided into bunches, where
each bunch respects the maximum request size. Furthermoreghe start (startTime ) and end time
(endTime ) of the query have to be passed. The function returns al Mapthat has to be deleted by the
user. The keys of theTMapare the datapoint or alias names, the values ard ObjArrays that contain
the data for each datapoint or alias name (as in the case of aisgle query).
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OCDB framework

The O ine Conditions Database (OCDB) is the location where t he experimental conditions data is
stored. It is not a relational database but a set of entries inthe AliEn le catalog that point to physical
entities (ROOT les stored in various storage elements of the Grid) containing the conditions data.

The organization of the database is handled by the OCDB accesframework, a package included in
AliRoot. The OCDB design follows the following principles:

conditions data stored in ROOT TObjects that are stored in ROOT les;

calibration and alignment objects are run-dependent objets;

the database is of write-once-read-many (WORM) type. Once a object is stored, it is never
removed. However, an object with higher version number can & added (automatic version
control of the stored objects);

the objects in the OCDB are univocally identi ed by:
a (logical) path name (path of the le in the AliEn le catalog );

a validity expressed as a run range;

a main (Grid) version number;

Lt N e T et W )

a subversion number, only for locally stored objects.

The full OCDB is stored under a "base folder', i.e. the logicé path of the folder under which the
conditions parameter les are stored. The "o cial' base folder of the OCDB during data-taking is the
following:

/alice/data/<year>/<LHCPeriod>/OCDB/

The Shuttle composes the path to the OCDB by reading the LHC peiod eld from the ECS logbook
and determining the year through the time when the run started.

Besides in the OCDB, the Shuttle can store data in a second OCB-like database, calledReference
DB. The di erence with respect to the OCDB is that reference data is not used for o ine raw data

reconstruction: the Reference DB is the place to store anyting that may be useful for “'manual’
debugging of the physics data. For these reasons data that istored in the OCDB is replicated to

the various Grid sites where reconstruction takes place sohat the condition les are easily accessible
when the reconstruction is performed. On the contrary the Rderence DB is not replicated.

The Reference DB base folder path is the following:
/alice/data/<year>/<LHCPeriod>/Reference/

It is also possible to select user-de ned OCDB and Referenclease folders, by using the static functions
in AliShuttle

SetMainCDB(const char* uri)

and

SetMainRefStorage(const char* uri)

However, this is not allowed in preprocessors running in theShuttle.

Preprocessor

The preprocessor contains the specic code of the subdeteat that handles the processing of the
conditions data. It allows the subdetector experts to query the conditions data, reformat it into
ROOT format if needed and store it in the OCDB.



Chapter D. The Shuttle Framework 221

The subdetector preprocessor implements thé\liPreprocessor class. Preprocessors are registered at
run time to the manager classAliShuttle . Note that the subdetectors must also be registered in the
Shuttle con guration in order to be run by the program.

Each subdetector must implement at most one preprocessor. Ae preprocessors are distinguished by
the name which they declare in their constructor to the base tassAliPreprocessor . The name follows
the three-letter online convention [Bet03]. Besides the 18subdetectors of the ALICE experiment,
two further preprocessors exist: one to retrieve HLT specic parameters and another for data not
speci ¢ to a particular subdetector but to the whole experiment, called GRP (Global Run Parameters)
preprocessor.

A subdetector preprocessor implements the following methds:

void Initialize(Int 1 run, Ulnt _t startTime, Ulnt _t endTime):

Initialize is called by the Shuttle before the actual processing. It maybe implemented to
initialize the preprocessor (e.g. for histogram booking ad array initialization). The current
run as well as the start (startTime ) and end time (endTime ) of the run are passed to the
function. These values are also available by accessing theamber variablesfRun, fStartTime
and fEndTime of AliPreprocessor ;

Bool_t ProcessDCS():

ProcessDCSs called by the Shuttle before the query to the DCS archive. t may be implemented
to skip DCS data retrieval in case it is not needed for particdar run types (e.g. calibration runs).
By default it returns KTRUE, i.e. the DCS values are queried,;

Uint _t Process(TMap* dcsMap):

The Process function contains the actual preprocessor algorithm. It isa virtual function in the

base class, thus it must be implemented. The parametedcsMap contains the DCS archive
data that is queried by the Shuttle before the execution of the function. This function performs
the preprocessor tasks (retrieval of data from the FXS, dataformatting, storage). The function
must return 0 in case of success and a non-zero positive numbetherwise.

Besides these functions, théliPreprocessor class provides a set of helper functions for retrieval and
storage of the data. Most of these functions are delegated tthe classAliShuttle

void AddRunType(const char* runType) :

adds the run type runType to the list of run types that the preprocessor wants to proces.
The Shuttle will call the preprocessor only for the run types that are given in this list. This
function is only allowed to be used in the constructor of the peprocessor;

TList* GetFileSources(Int  t system, const char* id)

accesses the FXS of the given system and retrieves the list af/ailable online sources that have
stored les. The source names in theTList are wrapped into TObjString s. The parameters
are the online system where to connect to (0=DAQ, 1=DCS, 2=HLT, constants dened i n
AliShuttleinterface ) and the ID (id) of the le that is being searched. With this information
the Shuttle queries the database of the FXS. The current detetor and run number (further
two parameters that are needed to nd a le on a FXS) do not have to be speci ed because
they are known by the Shuttle that executes the preprocessorlt is important to consider the
two possible return values of this function:

{ O (null pointer ) in case of failure connecting the FXS database;

{ avalid but empty list in case the query to the database gave no results, i.e. if nod
is registered with the given le ID.

The action to be taken by the preprocessor in case of an emptyidt depends on the behavior
expected by the correspondent online DA: if it is expected tgproduce les in every run, then the
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preprocessor should return an error if no le is found in the FXS; if on the contrary the DA may
or may not produce les (for instance in case of insu cient statistics), then the preprocessor
should not fail and continue the processing. The returnedTList has to be deleted by the user.

Note that this function is only needed for the retrieval of | es from DAQ and HLT. The DCS
system does not allow di erent sources of les, here the funtion GetFile is used directly;

const char* GetFile(Int  _t system, const char* id, const char* source)

retrieves a le from the FXS. The parameters are the onlinesystem which to connect to (as in
GetFileSource ), the ID (id) of the le that is being searched, and its source . This function is
used together with GetFileSources , which provides the source hames. When this function is
called, the Shuttle rst queries the FXS database to identify the le in the FXS, then it copies
it to the local disk. If the copy is successful it returns the local le name to the preprocessor,
otherwise it returns a null pointer;

const char* GetRunParameter(const char* param)
gueries the run logbook for the given parameter param ), e.g. the trigger mask. If the parameter
is not found in the logbook a null pointer is returned;

AlICDBENtry* GetFromOCDB(const char* pathLevel2, const ¢ har* pathLevel3)

retrieves the most recent object DET/pathLevel2/pathLevel3 'from the current run from the
OCDB where DET is the "0 ine' name of the subdetector (e.g. HM P is "translated' to HMPID).
The retrieved object is returned and has to be deleted by the ger. In case of failure the function
returns a null pointer;

const char* GetRunType() :

returns the type of the current run, read from the run logbook. If the subdetector implements
di erent DAs in di erent run types (e.g. “physics', “calibr ation’), the preprocessor can use this
function to determine which kind of processing has to be pedrmed,;

Bool_t GetHLTStatus() :

indicates if HLT was participating in the run and therefore if the DAs running in HLT have
produced data. The function returns KFALSE if HLT was runnin g in mode A, i.e. HLT was not
active in the current run. It returns KTRUE if HLT was running in other modes;

Bool_t Store(const char* pathLevel2, const char* pathLevel3, TO bject* object,

AliCDBMetaData* metaData, Int _t validityStart, Bool _t validityInfinite)
stores theobject with its OCDB metadata ( metaData ) into the OCDB. The object's path is
‘DET/pathLevel2/pathLevel3 ', where DET is the "o ine' name of the subdetector. The other
two parameters are:

{ validityStart  : sets the start of the object's run validity range to
currentRun - validityStart ;

{ validityIn nite . sets the end of the object's run validity range to in nity (9 99999999).
If the conditions parameter shall be used to reconstruct thecurrent and the “next' runs
(e.g. until the next calibration run), this ag must be set to kTRUE.

This function stores the conditions object temporarily on the local disk. If storage is successful
the function returns KTRUE. The actual transfer to the OCDB i s performed at the end after
the preprocessor nished, and only in the case of successfptocessing (see Section D.11.3);

Bool_t StoreReferenceData(const char* pathLevel2,

const char* pathLevel3, TObject* object, AliCDBMetaData* metaData
stores theobject with its OCDB metadata ( metaData ) into the Reference DB. The parame-
ters and behavior of this function are the same as in the prewusly described functionStore .
The only di erence is the absence of thevalidityStart  and validityln nite parameters: ob-
jects stored in the reference folder can only be valid for thecurrent run;
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Bool_t StoreReferenceFile(const char* localFileName, const ch ar* gridrileName)

is used to copy non-ROOT les to the Grid or if the le cannot be stored using the OCDB
access framework (e.g. due to its size). The le given byocalFileName is copied into the fol-
lowing path: <baseGridReferenceFolder>/DET/<runNumber> <gridFileName>, where DET
is the subdetectors "o ine' name and runNumberis the current run number. The function re-
turns KTRUE if the le was copied successfully. Like the previous two functions, the le is rst
stored locally and transferred after the preprocessor hasnished;

void Log(const char* message) :
writes a message in the subdetector's log le (which is available from the monitoring page).

Two further functions, needed by the GRP preprocessor to maage the transfer of the merged raw tag
les to the Grid, have been added to AliPreprocessor . Only the GRP preprocessor can use them:

TList* GetFilelIDs(Int ~ _t system, const char* source)

is the counterpart of GetFileSources : it retrieves the list of le IDs saved by a given source
on the givensystem . It is needed in case the source may create a variable numbef des with
dierent le IDs;

Bool_t StoreRunMetadataFile(const char* localFileName,

const char* gridFileName)
is used to store the merged raw data tags given byocalFileName to the raw data folder:
/alice/data/<year>/<IhcPeriod>/<run>/raw/gridFileNa me
where the year and LHC period are read from the run logbook;

const char* GetTriggerConfiguration()
returns the trigger con guration that is stored in the DAQ lo gbook.

D.1.3 Shuttle Status and Error Recovering

The Shuttle stores the processing status for each run and ehcsubdetector's preprocessor. This infor-
mation is used for error recovering. Figurd D.# shows the dierent statuses together with the possible
transitions between them. The following statuses and trangtions exist for the processing of one sub-
detector for one run:

1. the Shuttle starts processing the subdetector (status:Started ). First, it is determined if the
preprocessor requires the processing of this run. This is e by verifying if the run type of the
current run is part of the list of run types de ned in the prepr ocessor. If the processing for this
run is not required the status Skipped is set for the current subdetector and the processing is
nished;

2. the program fork€. The preprocessor is run in the child process while the parénmonitors
the child's progress. This method assures that the parent Shttle process cannot crash by
malfunctioning preprocessor code. Furthermore, possiblsmemory leaks in the child preprocessor
do not a ect the parent process;

3. if the preprocessor requires data from the DCS archive, th child process retrieves it (status:
DCS Started). In the event of a failure to retrieve the DCS archive data, the Shuttle sets the
DCS Error status for the current subdetector and the processing is nghed;

4. the Shuttle calls the subdetector's preprocessor (stats: Preprocessor Started ). The possible
exit states of the preprocessor are:

2 A running program that forks is duplicated completely by the operating system. After forking two identical programs
run (called parent and child) that usually branch to di eren t tasks.
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l
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Figure D.4: Preprocessor statuses during the processing.

FXS Error: during the processing a connection to one of the FXSs failedTherefore, the
run is to be reprocessed at a later stage;

Preprocessor Error :the preprocessor failed to process the data for the currentun and
returned an error code;

Preprocessor TimeOut: the preprocessor exceeded the allowed processing timertteout
set in the con guration);

Preprocessor OutOfMemory. the preprocessor exceeded the allowed memory usage
(memory limit set in the con guration);

Preprocessor Done: the processing ended successfully. Conditions data has é&e stored
on the local disc and is ready to be transferred to the Grid.

In case of one of the mentioned error statusesHXS Error, Preprocessor Error , Preproces-
sor TimeOut and Preprocessor OutOfMemory) or if the child process terminates abnormally
(e.g. segmentation violation) the processing is nished,;

5. the Shuttle stores the produced data in the OCDB (status: Store Started ). The following
error states may occur:

if conditions data is supposed to be stored in the OCDB with innite validity it is required
that all previous runs (i.e. runs with a smaller run number) have been processed for this
detector already. If this is not the case the storing of theseobjects is delayed, the status
Store Delayed is set and the processing is nished;

in case of a failure transferring the conditions data to the GCDB, the status Store Error
is set and the processing is nished,;
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6. if storage to the OCDB is successful, the Shuttle sets th®onestatus for the current subdetector
and updates the ECS Shuttle logbook.

Upon failure of a preprocessor, its status in the ECS Shuttlelogbook remains "UNPROCESSED'.
In the next iteration over the same run the program reads the pevious processing exit status. The
subsequent action depends on the previous exit status:

if the status is DCS Erroror FXS Error, the Shuttle restarts the processing without increasing
the ‘retry number'. In other words, the Shuttle tries to query the data from the DCS archive
and the FXSs until the retrieval is successful;

if the status is one of the possible preprocessor error staies Preprocessor Error , Prepro-
cessor TimeOut, Preprocessor OutOfMemory) or Preprocessor Started , which means that
the preprocessor crashed in the previous iteration, the Shitle checks the retry number, which
is saved together with the exit status. If the number of the alowed retries is exceeded (this
parameter is set in con guration) the program declares the pocessing failed and updates the
status and the Shuttle logbook. If the limit is not yet reached, it increases the retry count by
one and restarts the processing;

if the status is Store Delayed or Store Error , the Shuttle retries the transfer of the conditions
data (still available on the local disc) to OCDB, without inc reasing the retry count.

The processing status and retry count are contained in instaces of the clasAliShuttleStatus . The
Shuttle registers the status on the local disc each time it chnges. For these operations the program
uses the AliRoot OCDB access classes in “local' mode.

D.1.4 MonALISA Monitoring

The processing status of the Shuttle is monitored using MonAISA [Leg04]. All status changes are
sent to a MonALISA service and are visualized by the ALICE MonALISA repository. The monitoring
is accessible at

http://pcalimonitor.cern.ch/show?page=shuttle.jsp&i nstance=PROD

The processing status and the history of statuses can be sedor each run and subdetector. Further-
more, the output of the processing (log le) can be accessedeparately by subdetector and run.

Figure shows an excerpt from the monitoring page. For edt run that has been processed by
the Shuttle the following information is available: the run type, the period in which the Shuttle has
processed the run, the overall Shuttle processing status ahthe processing status per subdetect&
which participated in the run (e.g. "Done (1) h'). The number next to the status of the subdetector
indicates the number of retries that have been performed. Gtking on the status opens a window with
the log output for the given run and subdetector. Clicking on the “h' (short for “history') next to the
status opens a window that shows the sequence of status chaeg for the given run and subdetector
(for an example see Figuré D.B).

The Shuttle status is linked with the general log le of the processing for the given run. The Shuttle
column header is linked with the general (run{independent) Shuttle log le. A click on one of the
headers of the subdetector (e.g. TPC) shows only the runs whe the given subdetector has partici-
pated. A click on the run number (rst column) shows the processing statuses as a function of time
for the given run (for an example see Figuré D.I7). This plot ca be used to evaluate the processing
time spent on each subdetector and each action.

MonALISA also monitors whether the Shuttle is running, and sends alert mails to the people in charge
of the service if the Shuttle is not running for more than 15 mnutes.

3For visibility not all subdetector columns are shown in Figu re
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Figure D.5: The main Shuttle monitoring page.

Figure D.6: Status changes of a given subdetector in a giverun.

D.1.5 Con guration

The Shuttle reads con guration parameters from an LDAP database. The con guration consists of
four LDAP classes:

the global con guration which contains the main Shuttle run ning parameters, the ECS logbook
address and the MonALISA monitoring page settings (see Talg D.2);

the system con guration which contains the FXS-speci ¢ information (FXS plus database ad-
dresses - see Table D.3);

the detector con guration which contains the detector preprocessor base parameters (detector
name, responsibles’ email addresses { see Table D.4). The @te processes only the subde-
tectors which are de ned in the con guration. This informat ion has to be provided by the
subdetector;
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Figure D.7: Processing statuses as a function of time for a gén run.

the DCS con guration which contains the detector-speci ¢ settings to access the AMANDA
server(s) and the list of DCS data points to be retrieved { seeTable D.5.

The Tables D.2 - D.5 contain the name of the con guration elds, a short description, if they allow
only a single or multiple values and if they are mandatory. The con guration de nition is written
in the le shuttle _schema kept in the AliRoot SVN repository in the folder SHUTTLE/schemtor
traceability.

The LDAP server which holds the Shuttle con guration is runn ing on pcalishuttle01.cern.ch . Two
di erent con gurations have been created, for the “test seup' and in “production' mode respectively.
The two sets are identi ed by their “distinguished name' (dn):

test mode dn: o=shuttle,dc=cern,dc=ch ;
production mode dn: o=shuttle _prod,dc=cern,dc=ch .
The two con guration sets are stored in the AliRoot SVN repaository, in the subfolders SHUTTLE/schema

(test con guration) and SHUTTLE/schemprod (production con guration). For each subdetector a le
DET.Idif contains its con guration, with DET being the 3 letter onlin e name.

Furthermore, a le is used to store passwords needed to acceshe database servers. The location of
the le is given in the global con guration. The le syntax is described in the following paragraph.
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Global con guration
dn: name=globalCon g, < base-dr»
n Name Description Single Required
value
1 | passwdFilePath | Path to a local le containing database access passt * *
words
2 daqgLbHost DAQ logbook host * *
3 dagLbUser DAQ logbook user * *
4 dagLbDB DAQ logbook database name * *
5 dagLbTable Run table name * *
6 | shuttleLbTable | Shuttle's table name * *
7 | runTypelLbTable | Run type table name * *
8 ppMaxRetries | Number of retries before Shuttle declares processing * *
failed
9 ppTimeOut Preprocessor timeout (in seconds) * *
10 ppMaxMem Maximum memory consumption allowed during * *
processing (in bytes)
11 dcsTimeOut Timeout for DCS AMANDA queries (in seconds) * *
12 nDCSretries Number of retries of DCS AMANDA queries * *
13 monitorHost Monitoring server host * *
14 monitorTable Monitoring server identi er * *
15 dagLbPort DAQ logbook port *
16 triggerWait Timeout before self-triggered processing (in sect *
onds)
17 mode Running mode (test/prod) *
18 | keepDCSMap | Keep DCS map ag (1/0) *
19 | keepTempFolder | Keep temp folder ag (1/0) *
20 | shuttleAdmin Shuttle administrator(s) email address(es)
21| amandaAdmin | AMANDA server administrator(s) email
address(es)
22 sendMail Send mail ag (1/0) *

Password File

Table D.2: Global con guration schema.

The passwords needed to access the databases are not storad_DAP. They are kept in a le on the
Shuttle machine. This allows the content of the LDAP con gur ation to be published without exposing
the passwords.

The syntax of each line of the le is:

key password

where key is one out of

DAQ _LB: the given password is needed to access the DAQ logbook;

DAQ _DB: the given password is needed to access the DAQ FXS databas

DCS_DB: the given password is needed to access the DCS FXS databgs

HLT _DB: the given password is needed to access the HLT FXS databas
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System con guration
dn: system=DAQ/DCS/HLT, <base-dr»
n Name Description Single Required
value

1 system | System name (DAQ, DCS, HLT) * *

2 dbHost | FXS MySQL DB host * *

3 dbUser | FXS MySQL DB user * *

4 | dbName | FXS MySQL DB name * *

5 | dbTable | FXS MySQL DB table * *

6 fxsHost | FXS host * *

7 fxsUser | FXS user * *

8 dbPort FXS MySQL DB port *

9 fxsPort | FXS port *

10 | fxsAdmin | FXS administrator(s) email address(es)

Table D.3: FXS con guration schema.
Detector con guration
dn: det=DET, <base-dr»
n Name Description Single Required
value

1 det Detector name (3-letter convention [Bet03]) * *
2 | strictRunOrder | Run-ordered processing ag (1/0) * *
3 responsible Responsible(s) email address(es)

Table D.4: Detector con guration schema.

and password is the password in plain text.
The le is typically stored in $HOME/.shuttle and should not be world-readable.

Accessing the Shuttle Con guration

The classAliShuttleConfig  contains the Shuttle con guration. Upon creation the con g uration is
read from the LDAP server. The passwords are read from the leindicated in the con guration. The
LDAP server and the base DN of the desired con guration set isspeci ed in the constructor, e.g.:

AliShuttleConfig config
("pcalishuttleOl.cern.ch", 389, "™, ", "o=shuttle _prod,dc=cern,dc=ch")

D.2 The TestShuttle Package

A stand-alone TestShuttle package was created in order to allow the subdetector expestto implement
and test their preprocessors without needing to access thaifl Shuttle system. Unlike the real Shuttle,
the TestShuttle does not access the online systems to fetchhe data queried by the preprocessor.
Instead it returns local data and les that can be con gured by the user which is explained in the
following.
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DCS con guration
dn: dcsHost=< host> ,det=DET, <base-dr>
n Name Description Single Required
value
1| dcsHost | AMANDA server host * *
2 | dcsPort | AMANDA server port * *
3 | dcsAlias | alias name
4 dcsDP data point name
5 | multiSplit | Number of data points to be queried in parallel *

Table D.5: DCS con guration schema.

The TestShuttle package is part of the Shuttle framework in AliRoot (folder: SHUTTLE/TestShuttle).
It is a stand-alone package that does not need external depelencies to be built (except AliRoot).

The manager of the TestShuttle package is the clas@\liTestShuttle . It implements AliShuttle-
Interface like the “real' Shuttle. Besides the interface functions itimplements a set of input functions
to set up the parameters to be returned to the preprocessor:

void SetDCSInput(TMap* dcsMap):

sets a map of DCS archive-like data. The TestShuttle will pas it to the preprocessor as pa-
rameter of the Process function. The data must be of the same format as that which thereal
Shuttle provides?;

void AddinputFile(Int  t system, const char* detector,

const char* id, const char* source, const char* fileName)
sets the input for the functions managing data retrieval from the FXS. The list of le sources
and the le name declared by this function will be returned by GetFileSources and GetFile ,
respectively;

void SetinputRunType(const char* runType)
sets the run type, which is returned by the function GetRunType();

void AddIinputRunParameter(const char* key, const char* va  lue) :
sets the list of ECS logbook-like parameters to be retrievedavith the GetRunParameterfunction
which will return the “value' corresponding to the input “key";

Bool_t AddinputCDBEnNtry(AliCDBEnNtry* entry)
sets an OCDB entry to be returned by GetFromOCDBhe entry is stored locally for this purpose;

SetlnputHLTStatus(Bool t status)
sets the HLT status which is returned to the preprocessor byGetHLTStatus.

The run number and the run start and stop time are set in the AliTestShuttle  constructor. The
TestShuttle processing is started by theProcess function.

Besides the manager class, the TestShuttle package providean example of a preprocessor implemen-
tation (AliTestPreprocessor ) and an example of an analyzer and container class for DCS ahive
data (AliTestDataDCS). Finally, the macro TestPreprocessor.C can be run as a “tutorial' for the
package.

4A TMap lled with alias / datapoint names as keys and  TObjArray s of AliDCSValues as values. For details see the
de nition of the AMANDA protocol in Section D.1.2.
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