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1. Introduction

In the Large Hadron Collider (LHC) protons and Pb-ions collide at collision energies
which have never been reached before in a collider experiment. It is located at the
European Organization for Nuclear Research (CER). The particle collisions are mea-
sured by seven experiments at four interaction regions of the LHC. These experiments
study the properties of the collision products. Different research topics are addressed
from the analysis of the fundamental forces over particle decays to the properties of
the early universe.

One of the experiments is ALICE (A Large Ion Collider Experiment) which is opti-
mized for the study of Pb—Pb collisions. The main goal is to study the properties
of the Quark-Gluon Plasma (QGP). It is a new state of matter in which quarks and
gluons do not belong to a certain baryon or meson anymore.

In heavy-ion collisions signatures of the QGP were observed. The single particle yield
as a function of transverse momentum is suppressed at high transverse momenta in
Pb-Pb collisions compared to the expectations from pp collisions. Several other ob-
servables measure the energy loss of partons which interact with the new medium.
Before these partons reach the detector, they hadronize. In this process a collimated
shower of particles is created at a small angular distribution. The particles are iden-
tified as jets with dedicated jet finder algorithms which is a non-trivial process in
heavy-ion collisions, because all other hadronized particles from the QGP form the
underlying event.

One example for a QGP signature can be found in di-jet measurements. A di-jet is the
combination of two jets back-to-back in azimuth which are created by the same hard
collision. If a parton with a large transverse momentum is created, due to momentum
conservation a second parton needs to have the same transverse momentum in the
opposite direction. The hadronization of these partons forms a di-jet.

In some di-jets the jets have a different jet transverse momentum. One interpretation
of this difference is that one parton, before it hadronized into a jet, interacted more
with the QGP than the recoiling parton. This way the first parton could transfer
more momentum to the QGP than the second one. In events with such a di-jet the
transverse momentum difference between the jets has been found as additional trans-
verse momentum contained in the underlying event in direction of the lower transverse
momentum jet. Jets which transfered some momentum to the underlying event are
called quenched.

Due to fluctuations in the underlying event the jet momentum analysis is only possible
for high momentum jets. For low momentum jets the jet finders may misidentify a

!The acronym CERN originally stood for Conseil Européen pour la Recherche Nucléaire.
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fluctuation in the underlying event as jet. Additionally the measured jet momentum
has large uncertainties. But other measurements are possible which do not require jet
finders. One example is two particle angular correlations.

Instead of reconstructing a jet, a single particle of a certain transverse momentum is
taken as proxy for a jet and the surrounding particles in the same event are analyzed.
The proxy particle is called a trigger and the other particles in the event are called
associated particles. In the hadronization of a parton multiple particles are created.
Due to the high initial momentum of the parton, the new particles are measured at
a small angular difference compared to the original parton direction. Particles which
were created in the same fragmentation process are obviously correlated with each
other. These particles form the associated particle yield and they are analyzed for
different trigger momenta.

In the next step the associated yield of jets in Pb—Pb and pp collisions can be com-
pared. In Pb—Pb events more particles with a low associated transverse momentum
have been found than in pp events. In a single event the associated particles from the
trigger cannot be compared with the associated particles of the recoil jet because this
recoil jet cannot be identified. It can only be analyzed averaged over many events.
There the averaged recoil jet yield is smaller in Pb—Pb events than in pp events.

In this thesis a further development of the two particle correlation method is presented.
The two plus one particle angular correlations analyze the associated particles around
two trigger particles, which are back-to-back in azimuth. This method allows the
comparison of the associated particle yield from Pb—Pb events with the yield from pp
events and the associated particle yield from one trigger with the associated particle
yield from the recoiling trigger.

This thesis is structured as follows. Chapter [2introduces the basic theoretical concepts.
Several theoretical models are explained together with experimental observations. Part
of these measurements are the above described measurements.

Chapter [ briefly describes the LHC and ALICE. The event and track selection which
are used for the analysis in this thesis are specified in Chapter [4l

In Chapter [ the concept of two particle angular correlations is explained. The practi-
cal measurements are described and illustrated together with a theoretical description
of the observables. This concept is extended into two plus one particle angular corre-
lations in Chapter

The two plus one correlations have been measured in HIJING simulations which is
presented in Chapter [[l HIJING is a MC generator and this analysis is used to cross-
check the new correlation method.

The systematic uncertainties of the data analysis are discussed and evaluated in Chap-
ter 8 In Chapter @ the results of two plus one correlations are presented and discussed.
The associated particle yield and the derived observables are calculated. They are com-
pared with earlier measurements from STAR.

Part of this thesis was the technical work on the LEGO train system which is described
in appendix[Al Several monitoring tools have been developed to identify bottlenecks of
the system. Subsequently the efficiency and the handling of the system were improved.
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This chapter gives a short overview of the basic theoretical concepts and measurements
which are relevant for the analysis in this thesis. The standard model of particle physics
is described in Section 21l Afterwards the Quark-Gluon Plasma (QGP) is introduced
in Section The properties of this medium are the main analysis focus of this thesis.
In Section the effect of the QGP on jet probes is described. This is measured with
high energetic di-jets in heavy-ion collisions. In these systems the energy transfer from
a jet to the medium can be observed.

Apart from the energy loss, in heavy-ion collisions a collective effect exists which is
called particle flow. This effect is part of the background for the correlation analysis
in this thesis. It is briefly described in Section 2.4l

In this thesis events from Monte Carlo (MC) simulations are used to validate a new
particle correlation method. The events are simulated with the HIJING event genera-
tor, which is described in Section

In the comparison of pp and Pb—Pb events a signature of the QGP has been identified.
An observable to quantify the medium effects in heavy-ion collisions is introduced in
Section and results from measurements in ALICE are presented.

In Section 2.7 the particle correlation analysis is introduced which determines the jet
yield at lower energies. Dedicated observables are explained and results from ALICE
are shown.

The further development of the particle correlation method is the two plus one particle
correlation method. The method has been used by the STAR experiment and their
results are presented in Section .8 This analysis method is the main topic of this
thesis. It is further developed and applied on ALICE data in the later chapters of this
thesis.

2.1. The Standard Model

The standard model (SM) of particle physics is a theory which describes the fundamen-
tal particles and forces. They interact via the strong, the weak and the electromagnetic
force. In this chapter a rough overview of the standard model is given. A more de-
tailed description can be found in a text book like [Per00].

The fundamental forces, their mediators and the particles which are affected by the
force are shown in Table 2.1l Additionally to the already mentioned forces, gravity is
a fundamental force as well, but it cannot be explained by the standard model. Due to
the low relative strength it has practically no impact on particles with the dimensions
of fundamental particles. If these particles get very close to each other, gravity has
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Interaction Mediator Applies to Relative Strength
strong gluon, G quarks, gluons 1
electromagnetic | photon, ~ charged particles ~ 1072
weak w=, 20 quarks, leptons ~ 1077
gravity graviton, g | all massive particles ~ 107%

Table 2.1.: The fundamental forces of the standard model. The strong, electromag-
netic and weak force are described by the standard model. The mediator
of gravity, the graviton, is postulated but not yet discovered. Values taken

from [Per00].
u C t
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Figure 2.1.: The standard model of particle physics.
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a non-negligible effect, but the necessary energies are not reached at current particle
accelerators. Gravity is important for macroscopic objects.

In the SM all forces are mediated by gauge bosons which have a spin of 1. The me-
diators couple to different charges. Only particles which carry a charge are affected
by the corresponding fundamental force. In the strong interaction the mediators are
8 different gluons (G) which couple with the color charge. The gluons carry a color
charge themselves which allows them to couple to themselves additionally to the cou-
pling to quarks.

In the electromagnetic interaction the gauge boson is the photon (7). It is massless and
couples to charged particles. The weak interaction is mediated by the charged weak
current W¥ and the charged neutral current Z°. These gauge bosons are massive par-
ticles with a mass of My, = 80.38540.015 GeV/c? and M = 91.1876 +0.0021 GeV/ .
They couple to all weakly charged particles [Par14].

The gauge bosons and the affected particles of the interactions are shown in the
overview of all particles in the SM in Figure 2.1l The quarks and leptons exist both
in six flavors organized in three generations. They all have a spin of % and belong to
the group of fermions. The first generation of the particles are the most stable ones.
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The different quark flavors are up (u), down (d), strange (s), charm (c), bottom (b)
and top (t). This order lists the quarks with increasing mass. They can only decay
via the weak interaction.

The heavier leptons muon (u) and tau (7) decay to electrons (e) and neutrinos
(Ve, vy, v-). In case of the tau, a decay into a muon, an anti muon neutrino and a
tau neutrino is possible as well. This combination of two leptons and one anti-lepton
(for example: @ — e + v, + 1) is required because the lepton number is preserved
in the decay. The electron is stable. The neutrinos have no charge and interact only
via the weak interaction. The mass of the neutrinos is very small and at the time of
writing this thesis not determined on an absolute scale. The square mass difference
between the different flavors has been measured and proves that not all neutrinos can
have a mass of zero [Parl4].

The mass of the particles in the SM is generated by the particles coupling to the Higgs
field. This so-called Higgs mechanism requires the existence of another particle, the
Higgs particle. It was first predicted in 1964 [EB64|Hig64,[GHK64]. In 2012 it was
discovered by ATLAS and CMS [ATLI2/[CMS12d].

Not all particles of the SM can be directly observed. One example are quarks which
are always bound in hadrons. Hadrons are particles which are affected by the strong
interaction. Each quark carries one of the color charges red (r), green (g) or blue (b).
The antiquarks carry the correspondent anti-colors anti-red, anti-green or anti-blue
(r, g, 5). Because of color confinement only particles can be formed which have a
neutral net color charge. This can be achieved with baryons, which consist out of
three constituent quarks (rgb) or antiquarks (#gb). An alternative are mesons which
consist out of one quark and one antiquark. In 2015 measurements from LHCb have
shown that there might be particles consisting out of five quarks [LHCI15].

The only stable hadronic particle which is known at the time of writing this thesis is
the proton. The neutron is only stable if it is bound in a nucleus. Both particles are
baryons. The proton consists out of two up and one down quark, the neutron out of
two down and one up quark.

The mass of particles which are compound out of particles from the SM is mainly cre-
ated out of the binding energy of the constituents and not from the Higgs mechanism.
Because of the gluon self coupling the strong interaction has a special behavior depen-
dent on the 4-momentum transfer () between two interacting particles. The coupling
constant «y is dependent on (). Large momentum transfers mean that the distance
between the particles is small. Low momentum transfers correspond to large distances
between the involved particles. For very large momentum transfers (small distances)
o asymptotically falls to zero. This means the quarks can move practically freely.
This is called asymptotic freedom. As soon as the particles move further away from
each other the coupling constant increases and the particles hold together. The be-
havior of ay as a function of () can be predicted with Quantum-Chromo-Dynamics
(QCD) calculations. The result of these calculations together with a summary of
measurements is shown in Figure
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Figure 2.2.: Summary of the measurements of a; dependent on the 4-momentum trans-
fer (). The curve is from QCD predictions. Figure taken from [Bet09].

2.2. Quark-Gluon Plasma

The strong interaction binds the color charged quarks together into color-neutral
hadrons. This effect is called color confinement (see Section [ZI]). The potential
energy of the strong interaction between two quarks rises with the distance between
them. If they are forced away from each other the potential energy rises until this
energy is sufficient to create a new quark-antiquark pair.

For very high temperatures and/or high baryon densities a phase transition exists from
a matter state with bound quarks and gluons into a new state in which the quarks
and gluons do not belong to a certain baryon or meson anymore. This new state of
matter is called the Quark-Gluon Plasma (QGP). In the QGP particles with a color
charge can move independent of each other. The particles do still interact via the
strong interaction but they are not bound in hadrons.

The order of the phase transition between this kind of matter and hadronic matter
has not been measured. In Figure a sketch of the QCD phase diagram is shown
which is based on the color confinement and in some parts on lattice QCD calculations.
Normal nuclear matter exists at low temperatures and at a baryo-chemical potential
fp,0. This state is inside the hadronic phase. The hadronic phase can be divided into
multiple different states of hadronic matter. At low energies protons and neutrons can
exist and bind to nuclei. For high energies close to the phase transition to the QGP
the hadronic matter consists out of a hadron gas. This phase transition is supposed
to be a cross-over for low p;, and a first order phase transition for high p. In between
there is a critical point. The existence of the critical point has not been experimentally
proven.
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Figure 2.3.: Sketch of the QCD phase diagram. The diagram shows the phase tran-
sition between hadronic matter and the QGP. The phase transitions are
shown as a function of the baryo-chemical potential p;, and the tempera-
ture T'. At high p, it is supposed to be a first order phase transition while
at low p;, a cross-over phase transition. In between there is a critical point.
The evolution of y;, and T" with time in the LHC collisions and in the early
universe are illustrated with red lines. The Figure is taken from [Bat12].

At pp, ~ 0 different lattice QCD calculations exist which predict the phase transi-
tion between the hadronic phase and the QGP at a temperature To =~ 155 MeV
[Bor10, Baz12, Bhal4f!.

At this temperature the QGP in the early universe changed into the hadron gas phase.
The QGP is supposed to have existed in the early universe up to 100 us after the Big
Bang [YHMO05]. The baryo-chemical potential was small compared to normal nuclear
matter. The path trough the phase diagram is shown in Figure 2.3 Additionally
the path for the medium which is created in heavy-ion collisions (at mid-rapidity) is
shown. Both curves illustrate the qualitative trend and not a quantitative statement.
At low temperatures and high baryon densities another state of matter is predicted,
called the color superconductor. In this state of matter color Cooper pairs are supposed

!The more recent calculations determined T = 15449 MeV [Baz12] and To = 155+8 MeV [Bhal4].
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Figure 2.4.: Evolution of the QGP in a particle collision. The kind of matter is pre-
sented at a given position in direction of the beam pipe (z) and a certain
time in the evolution of the fireball. Figure taken from [AKTI].

to be formed out of quarks and gluons. This would lead to superconducting effects for
the color charge. These conditions may exists in the core of neutron stars [BW09].

In Figure 2.4] the evolution of the QGP produced in ultra-relativistic heavy-ion colli-
sions is shown in a light-cone diagram. At the beginning the Pb ions fly to the collision
point. In the collision the so-called fireball is created which evolves through several
evolution steps. The first stage is a pre-equilibrium phase which is not in thermal
equilibrium. It expands quickly in all directions. In the figure this is indicated by the
bigger covered area in z. After the thermal equilibrium is established the medium is
in the QGP phase. In the expansion process it cools further down. At some point the
QGP reaches a low enough temperature that quarks can bind again to other quarks.
During this process the matter is in a mixed phase containing free and bound quarks.
The medium continues to cool down and at some point no free quarks and gluons are
left over and the medium goes from the mixed phase into a hadron gas state. Shortly
after this the chemical freeze-out takes place which means that the particles cannot
interact inelastically anymore. At this time the kind of the particles is fixed.

The expansion and cool down process continues in the hadron gas. In this phase the
particles collide only elastically with each other so that the kinetic energy can change
but not the kind of the particles. Of course instable particles can decay which allows
some changes in the particle kind. After the kinetic freeze-out the particles continue
to fly to the detector without interacting with each other [AKT1I].
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2.3. Jet Quenching

High momentum quarks and gluons (partons) are created by hard scatterings in the
early stage of the QGP. Collisional and radiative energy loss mechanisms cause such
a parton to lose energy while traversing the QGP. This can be compared with the
energy loss of ionizing radiation in baryonic matter. Unlike the Bethe-Bloch energy
loss for ionizing radiation, the energy loss in the QGP is not fully described, yet.

A traversing parton interacts via elastic parton-parton scatterings with the partons of
the QGP. In these interactions the parton transfers some energy to other already exist-
ing quarks or gluons in the QGP. Alternatively the energy loss can be due to radiation
effects like gluon bremsstrahlung. In this parton interaction with the medium new glu-
ons are created. For quarks the gluon radiation is suppressed at angles smaller than
the ratio of the quark mass to its energy. This is the so-called dead-cone effect [DKO1].
Because of the strong dependence on the quark mass it is mostly observed for heavy
quarks.

The collisional and radiative energy loss has been compared for heavy quarks in
Ref. [AGGI3] with multiple models. The radiative energy loss has been found to
dominate the energy loss for particle energies of a few GeV or higher. The two energy
loss mechanisms depend differently on the temperature of the medium and the mass
of the quark. At larger temperatures and lower quark masses the energy loss from
radiative sources dominates already at smaller particle energies.

The energy loss cannot directly be measured because the parton fragments into many
particles. First each parton creates a shower of quarks and gluons which hadronize
afterwards. In the detector the resulting hadrons are measured at small angular dif-
ferences to each other. Such an accumulation of hadrons in the detector is called a jet.
The jet momentum represents the momentum of the parton which fragmented into
this jet. In the measurement jets are identified with dedicated jet finder algorithms.
They combine single particles into jets [CSS12]. The transverse momentum of poten-
tial jets is compared with the average momentum of the underlying event. If the jet
momentum is significantly higher than the expected background, the jet is identified.
One possibility to identify the energy loss in the QGP is to measure two jets back-to-
back and to analyze the energy difference. In case of an energy loss in such a di-jet
system, the jets are expected to have different energies. The effect of lost energy in a
jet due to the QGP is called ’jet quenching’ This is reported for high energy di-jets
in Ref. [CMST1].

Within the CMS collaboration a measurement has been performed to measure the
energy distribution in events with two high energetic jets. The di-jets have to be back-
to-back in ¢. They are required to have a transverse momentum of pr; > 120 GeV/¢
for one jet and prs > 50GeV/c for the other jet. The back-to-back requirement in
azimuth was put on the restriction |A¢ — w| < m/6. At these high energies it is clear
that the jets have been produced in the same hard collision of two partons. So no
combinatoric background due to non-correlated jets is considered. Due to momentum
conservation both jets are expected to have the same transverse momentum. Small
imbalances can be explained by higher order processes, initial state radiations or lim-
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ited cone-sizes. Larger differences pr; —pr 2 could be explained by the presence of the
QGP. In this case the higher energetic jet fragmented directly into the vacuum and
the other one traversed the QGP. But it is possible as well that the energy difference
is created by a fluctuation of the underlying event.

For the found jets the following jet asymmetry is defined with respect to the sum of
the transverse momenta of both jets [CMSI1/CMS12a].

A, = Pri1 — P12 (2'1)
pPr,1+ Pr2
The asymmetry variable A; describes the relative energy difference of the two jets.
The relative energy difference for all jet pairs in an A; bin is the same, but both jets
in a single jet pair may have lost some energy first. In the following A; is used to
categorize the events into different classes of energy losses.
More information about the transverse momentum balance in the di-jet events can be
obtained by using the projection of the jet transverse momentum on the di-jet axis in
the azimuthal plane ¢p;;e;. The direction of each jet is determined with a pp weighted
sum of the single particle directions. Afterwards the di-jet axis is midway between the
axis of the leading jet and the opposite direction of the subleading jet. Because the
axis of these two jets are required to be approximately back-to-back the di-jet axis is
laying closely to the axis from the leading jet. All particles in an event are included
in the calculation of the overall transverse momentum balance.
P =~ cos (pi — Ppijer) (2:2)

(2

The observable pg is negative if more transverse momentum from the event is oriented
in direction of the leading jet than in the direction of the subleading jet. The results
of this calculation are averaged over all events for each A; bin to get the average
transverse momentum balance <]z)¥>

In Figure <]2#> is shown for pp and Pb—Pb collisions. In case of Pb—Pb collisions
this is divided into four centrality classes. For events with an asymmetry A; > 0.11
the side of the leading jet has more energy from particles with pp > 8 GeV, the side
of the subleading jet has more energy from particles with pr < 8 GeV/c. The energy
excess in the different pr ranges balance each other within the uncertainties. This is
shown by the sum over all particles which is plotted with the big symbols. The small
negative trend with increasing A; is a consequence of the pr threshold and the CMS
tracker acceptance. If particles with less than 0.5 GeV /¢ could be included as well this
might balance out better.

In the lower plots of Figure the difference between the Pb—Pb and pp yield is
shown. The overall sum of <]z)|7|~) for all particles with pp > 0.5 is close to zero. So
no energy is lost in Pb—Pb collisions. But these plots do still contain an energy im-
balance. For peripheral collisions the contributions to the imbalance is mainly from
higher energetic particles. Towards more central Pb-Pb events the imbalance of the
jet energy increases and lower energetic particles have a significantly higher contribu-
tion. In the presence of the QGP more hard scattering processes create more particles

10
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Figure 2.5.: In the top row the average transverse momentum balance @#) is shown
for pp (left) and four different Pb—Pb centralities. The jets are identified
with the anti — kr algorithm and a jet radius of R = 0.3. The average
transverse momentum balance is calculated from the whole event (shown
with the black symbols). Further the particles of the event are split into
five momentum ranges (shown with the different colors). The subleading
jets contain more particles with pr < 8 GeV/¢ ((p% is positive) and the
leading jets contain more particles with pr > 8 GeV/¢ ((p% is negative).
In the lower row the difference of <p¥> from Pb-Pb events and pp events is
shown. Error bars and brackets represent statistical and systematic errors
respectively. Figure taken from [CMS16].

with low pr in Pb—Pb events compared to pp events. This is a jet quenching effect in
the QGP [CMS16].

The distribution of the energy relative to the di-jet axis was analyzed in a second
analysis which is shown in Figure 2.6l In the plots on the left side particles within a
radius of R < 0.8 around the leading and subleading jet axis were considered. This
is called in-cone. For the plots on the right side all the other particles in the event
(with R > 0.8 around the jet axes) were considered which is called out-of-cone. In
the top row simulations with PYTHIA and HYDJET are shown while the lower row
shows CMS data analysis. In all plots the momentum loss is shown for five different
pr ranges. The sum of all particles is shown with the solid points.

In the in-cone analysis one can see that the simulations can describe well the momen-
tum imbalance of all particles as well as the imbalance of the sub pt ranges. The sum
of all particles for A; > 0.33 is <p¥) ~ —20 GeV/c. This is canceled by an out-of-cone
imbalance of (pg) ~ 20 GeV. For the other asymmetries A; these values cancel as well.
However, the positive asymmetry in the out-of-cone simulations is mostly created by
particles with pp > 4 GeV /c. Contrary to that the imbalance for the out-of-cone data

11
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Figure 2.6.: CMS analysis of the average missing transverse momentum <p¥) of the
subleading jet compared with the leading jet. The missing momentum is
shown dependent on the di-jet asymmetry A;. The results are shown for
the 30% most central events. On the left side the results are shown for
particles inside a jet radius R < 0.8, on the right side for particles outside
this radius. In the top row the results are obtained from PYTHIA and
HYDJET simulations, in the lower row from data. The missing momen-
tum is shown for several color coded pr ranges. The sum of the missing
energy is shown with solid points. The statistical and systematic uncer-
tainties are shown with vertical bars and brackets, respectively. A further
description of the plots is given in the text. Figure taken from [CMSTI].
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Figure 2.7.: Non-central collision of two ions (blue). The almond shaped interaction
area (red) is shown in the middle. The left over parts of the ions continue
to fly in the original flight direction. The reaction plane is indicated as
the xz plane. The momentum anisotropy (flow) of the particles in the
interaction area is indicated by the arrows. Figure taken from [Snell].

analysis is build up out of particles with pr < 4 GeV/c.

Like the analysis in Figure the data analysis in Figure clearly shows that the
higher energy of the leading jet compared to the subleading jet is created by particles
with pr > 8 GeV /¢ (in-cone). This higher energy in the leading jet can be balanced by
particles with pr < 8 GeV /¢ (in-cone and out-of-cone) from the subleading jet. Many
of the low energetic particles which create this balance are found at large angles with
respect to the jet axis on the side of the subleading jet. Due to this large angles the
particles are not included in the jet reconstruction of the jet finder [CMS14].

2.4. Flow

In heavy-ion collisions a collective effect is observed which is called particle flow. It
is a sign for multiple interactions between the constituents of the medium which was
created in the collision. The interactions of the constituents thermalize the medium.
Therefore, a strong flow signal is a good probe for the thermalization. The tools for
the theoretical description of the flow are hydrodynamics or microscopic transport
models [Snell].

The anisotropic flow is created by the non-spherical distribution of the colliding parti-
cles. In Figure 2.7 a non-central collision of two ions is shown. From the incoming two
ions only some of the nucleons actually collide with some nucleons of the other ion.
The other nucleons continue to fly straight. The colliding nucleons create an almond
shaped interaction volume. In the figure the x-z direction is the reaction plane of this
collision. The reaction plane is defined by the direction of the impact parameter (x)
and the beam direction (z). In the azimuthal direction the reaction plane is described
by the angle 1 relative to the coordinate system. The interaction volume of the colli-
sion is larger transversal to the reaction plane than in direction of it.

The QGP is created in the interaction volume. Due to the stronger pressure gradient
the medium expands quicker in the direction of the reaction plane than transversal to
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it. At the same time the momentum distribution changes in the opposite direction. It
starts symmetrical in azimuth (=spherical) and changes into the preferred direction
of the reaction plane. The azimuthal distribution of the particles with respect to the
reaction plane can be described with Fourier coefficients.

v = (cos[n(p — Pn)]) (2.3)

© represents the azimuthal angle of the particle and ¢, the angle of the reaction plane
of the n-th harmonic order. The first order flow v; is the directed flow. It has been ob-
served [ALI13a] but it is small. The almond shape of two overlapping perfect spheres
creates the elliptic flow vy. This is the dominant flow contribution in heavy-ion col-
lisions [ALIT0]. Due to fluctuations of the initial energy density distribution in the
transverse plane higher order flow coefficients v,, are not zero [ALI11a].

For the analysis of the associated particle yield in the 241 and 1+1 particle correla-
tions in this thesis, the flow is part of the background distributions. The background
subtraction method is explained in Section [G.5l

2.5. HUUING

For simulations of Pb—Pb collisions, Monte Carlo generators are used. In these genera-
tors the collision is simulated including different physics effects. The physical processes
in particle collisions can be investigated by comparing measured particles from real
collisions with particles from MC generators. If the results agree with each other, a
description of the collision may be found. Disagreements between the Monte Carlo
particles and the measured particles show that the simulation is incomplete.

In this thesis one generator called HIJING (Heavy Ion Jet INteraction Generator)
has been used [WGO1,[GW94]. It generates heavy-ion events by overlapping many
parton-parton collisions which can be described by perturbative QCD (pQCD). This
overlapping procedure describes the heavy-ion collision without the QGP medium
properties.

HIJING assumes that events can be generated from independent minijets. It uses
pQCD calculations to determine the number of hard collisions for a nucleon-nucleon
collision. For each collision PYTHIA subroutines [BS87] are used to generate the par-
tons and their momenta.

Besides hard interactions, the interacting particles can have soft interactions. These
are modeled with a phenomenological model. It contains gluon production and soft
radiation. The radiated gluons are restricted to low momentum because at high ener-
gies they are contained in the minijets which are calculated with pQCD. Finally the
produced particles are hadronized with subroutines from JETSET [SB87].

With this generation procedure for parton-parton events, HIJING creates heavy-ion
events. It is assumed that nucleon-nucleon collisions are build up out of a superposi-
tion of binary parton-parton collisions. This is called the binary approximation. Each
parton can only scatter once [GW94].

Dependent on the impact parameter of the collision the amount of superpositioned
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binary parton-parton collision varies. It is possible to restrict the impact parameter
of the collision. A smaller impact parameter corresponds to an enhanced number of
binary collisions which leads to more minijets in the event.

In bound nucleons the effective number of quarks and antiquarks carrying a small
fraction of the particle momentum (= low Bjorken x) is reduced compared to free
nucleons. This effect has been observed in deep inelastic muon scattering [Eur88| and
it is called the nuclear shadowing effect. Although it was not observed for gluons it is
assumed that the effect is identical for them. In HIJING the effect is parametrized as
a function of the impact parameter b.

Due to the binary approximation the simulated events cannot contain any effects from
the QGP. Each new created particle is not affected by the other particles. HIJING has
an option to simulate the energy loss of particles which would interact with the QGP.
If hard scattered partons traverse the dense matter, some energy from the partons is
transfered to other particles in the traversed matter [GW94]. This energy loss option
of HIJING is not used in this thesis because the simulations are used to investigate
the 2+1 correlations method in the absense of QGP effects.

In this thesis the simulated centrality is adjusted to the measured centrality in the
data. The HIJING events are created at two centralities. One centrality is 30-50%.
For more central events at 0-7.5% centrality small differences in the yield of a single
jet compared to the 30-50% most central events have been measured which are partly
created by the nuclear shadowing effect. To study if the analysis has a multiplicity
dependence, a super-position of three events with the centrality 30-50% are used for
the simulation of central events. In this configuration HIJING uses the same single
jet yield at both centralities.

2.6. The Nuclear Suppression Factor Rap

The medium effects of the QGP can be analyzed by comparing the created particles
in Pb—Pb collisions and pp collisions. To quantify these medium effects the nuclear
modification factor Raa is used. It is defined as the ratio of the yield in Pb—Pb and
pp collisions scaled by the average number of binary collisions (Ne)-
(1/N&i)d> NG [ dndpr

evt

<Ncoll> (1/Nf£)d2Nf,f/dnde

Raa = (2.4)
The average number of binary collisions (N.;) is calculated following the Glauber
model [GMT70] by colliding nucleons which are bound in Pb ions. The ions are dis-
placed by the impact parameter b. Each nucleon of the first ion is moved on a straight
track through the second ion. With the inelastic nucleon-nucleon cross section the
amount of collisions with nucleons in the second ion are counted by neglecting any
change of the flight direction of the involved nucleons. This process is repeated for
all nucleons of the first ion. Dependent on the impact parameter a different amount
of nucleons collides with nucleons from the other ion. The sum of all collisions is
Neoit- (Neoy) is calculated by repeating this simulation several times and taking the
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average [Mil07].
The charged particle yields N44 and N* are measured with events from pp and Pb-

Pb collisions. They are normalized with the correspondent number of events N4 and
NPP

evt-
The Raa indicates how many less particles are measured in the heavy-ion collisions

than would be expected from pp collisions. This estimation works only for particles
which have a momentum of a few GeV/c because at lower momenta the created parti-
cles in heavy-ion collisions do not scale with N.,; anymore. Thus Rxa has additional
effects at low momenta.

If Pb—PDb collisions are an incoherent superposition of pp collisions, the R4 is expected
to be 1. Deviations from 1 indicate medium effects. For particles which lose energy in
the QGP this means that the pr dependent Raa falls below 1 with increasing pr. This
can be explained by looking at one single pr bin in the spectrum. This bin is called
pro. In the Pb—Pb collisions some particles which are created with pg lose some of
their energy and they are measured with a lower pr. The same happens for particles
which have a higher energy than prg. They lose some energy in the QGP and then
they are measured with pro. Because the pr spectrum is a strongly falling spectrum
more particles are lost from pry than they are added from higher pr. Compared to the
measurements from pp collisions where no particle loses energy there are less particles
with ppo in Pb—Pb collisions than expected.

With the increasing collision energy /syy at the LHC compared to other accelerators
the QGP has been observed to be hotter, larger and longer-lived [ALIT1b]. Because of
this, larger medium effects are expected in the Rxa. But this effect is partly countered
from the pr spectrum which gets flatter at higher collision energies. Other effects like
gluon shadowing and saturation effects may influence the Raa as well [ALIT1d].

To test this method, probes can be used which do not interact via the strong interac-
tion. One possible probe are photons which interact only electromagnetically. Because
of this no effect from the QGP is expected and the Raa should be unity. CMS has
measured this and within the uncertainties the result is Raa = 1 [CMS12D].

In more central events the QGP is expected to be larger and longer-lived. In these
events the R signal from the QGP is expected to be stronger as well. So different
centralities are analyzed and compared with each other. For peripheral collisions the
nuclear modification factor is expected to be close to unity.

In Figure[2.8the Raa for 9 different centrality bins is shown. For all centrality bins the
Raa is below 1 which shows that there is a medium effect in Pb—Pb collisions and not
just a super position of proton-proton collisions. For peripheral events it can be seen
that the R4 is close to unity and constant. It does not reach unity because the events
contain more than one hard collision. Additionally cold nuclear matter effectsd can
have an effect. At more central collisions a minimum is developed at pr = 6 —7 GeV/c.
For higher pr there is a rise in the spectrum which becomes less steep with rising pr.
At lower momenta than the minimum no further conclusions can be drawn because

2Cold nuclear matter effects describe the difference between nucleon-nucleon collisions and pp colli-
sions because the nucleons are bound in nuclei.
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Figure 2.8.: The nuclear modification factor Raa for 9 different centrality bins at
V/sny = 2.76 TeV. The error bars show the statistical uncertainties while
the boxes show systematic uncertainties dependent on the pr. The sys-
tematic uncertainty related to the normalization of the pp data and (N..;)
is shown as box at Raa = 1. Figure taken from [ALI13b].

the scaling with N.; in the Rap is not valid anymore.

The biggest suppression can be observed for the most central events (0-5%). The
minimum is Raa ~ 0.13 and it reaches Raa =~ 0.4 for pr > 30 GeV/c without any
further significant rise [ALI13D].

The Raa provides a strong signature of the QGP. In this analysis all particles in all
collisions are considered. Other analysis techniques can be used to focus on probes
which may have interacted with the QGP. One example are the jet measurements
which have been introduced in Section That analysis selects events with high
energetic di-jets.
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2.7. Two Particle Correlations in Pb—Pb and pp Events

At low energies the energy loss of jets cannot be measured with reconstructed jets be-
cause of the large fluctuations from the underlying event compared to the jet energy.
For identified jets the average transverse momentum of the underlying event in the
phase space of the jets is a background which has to be subtracted. At small jet trans-
verse momenta this results into a large jet transverse momentum uncertainty. So the
momentum difference between two jets has an even bigger uncertainty. Some jets are
not measured because they vanish in a downward fluctuation of the background. Con-
trary to this, an upward fluctuation of the background can fake a jet. An alternative
measurement is possible with particle correlations. In the following the two particle
angular correlation measurement is briefly explained. A more detailed explanation of
the methods with the mathematical equations describing the yield is given in Chapter
Instead of using a jet finder to identify a jet, a single particle within a certain trans-
verse momentum range is taken as proxy for the jet. Every particle which fulfills the
transverse momentum requirement is called a trigger particle. The angular difference
Ay and An is calculated between the trigger and all other particles in the event and
it is is filled into a histogram. This is done for each trigger and associated transverse
momentum bin pr e and prassoc separately. In this thesis the two particle angular
correlations are denoted as 1+1 correlations. This represents the trigger particle plus
the associated particle.

An example for the resulting angular correlations in one trigger and associated trans-
verse momentum bin is shown in Figure[29l A jet peak can be found at Ap = An = 0.
The away side jet is visible at Ap ~ 7 as a ridge. At low jet momenta pr je, compared
to the collision energy /syy the away side jet is not focused in An. In the center of
mass system of the hard collision which created the two jets, the jets are correlated
back-to-back in n. But in the lab system this interaction is boosted dependent on
the net momentum of the interacting partons. For every collision the strength of the
boost is different. As a consequence jets are not correlated in the An measurement.
The measured yield contains multiple kind of background correlations. Some associ-
ated particles in the event are not correlated at all with the trigger particle. In the
correlation plot these particles appear as flat background. Other associated particles
can be correlated with the trigger due to flow (see Section [Z4]). There are several
methods how this content can be subtracted. In all methods the background is sam-
pled at angular positions far away from the peak.

After the background subtraction, the jet yield is integrated. On the near side the
integration is done within a small range of Ay and An. On the away side the jet ridge
is integrated for all An. This measurement returns the integrated associated jet yield
for a certain trigger particle. To learn if the jet yield is affected by the QGP it has
to be compared to a baseline. So the same measurement has to be done in a system
which does not contain effects from the QGP.

One possible baseline for the measurement can be obtained from pp collisions. The
observable I is defined as the ratio of the yield in Pb—Pb collisions over the yield
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Figure 2.9.: Example for the 141 angular correlations. The near side jet peak can be
observed at Ap = An = 0 and the away side jet ridge at Ay ~ .

from pp collisions. Alternatively the yield from peripheral Pb—Pb collisions can be
used which are expected to contain a much smaller QGP than the more central Pb—
Pb collisions. The advantage of these peripheral collisions is that they were created by
the same kind of colliding particles. The ratio of the yield from central and peripheral
Pb—Pb collisions is called Icp [ALI12].

Pb-Ph(0-5%)
DD

_ Pb-Pb(0-5%)

~ Pb-Pb(60-90%)

Inn = (2.5)

Icp (2.6)
The Ixa (Icp) describes the relative amount of associated particles in (central) Pb—Pb
events compared to pp (peripheral Pb—Pb) events.

In Figure 2.I0] the Ixn measurement from ALICE is shown. On the near side the
Pb-Pb yield is larger than the pp yield. Dependent on the used background method
and the prassoc bin, the enhancement over unity varies between 10% and 40%. It
decreases with increasing prassoc. Only the last bin, which describes an associated
momentum equal to the trigger momentum, shows an increasing trend. The Ixa
measurement indicates that more low energetic jet particles are produced in central
Pb-Pb collisions. The deviation from unity shows that the jets are affected by the
medium effects in these collisions.

On the away side the /x5 shows a suppression of the yield in Pb—Pb events (Ixa =~ 0.6).
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Figure 2.10.: The Ixa is measured with 3 different background subtraction techniques
for 8 < priig < 15GeV/c and multiple prasoc bins. On the left side
the measurements from the near side (Ap = 0) are presented and on
the right side the measurements from the away side (Ay ~ 7). The full
symbols (red) represent the Iy obtained with measurements from pe-
ripheral Pb—Pb events and the open symbols measurements from central
Pb—Pb events. Figure taken from [ALI12).

This suppression is constant over the full momentum range. It is evidence for energy
loss in the QGP.

In the same plot the Ia is presented for peripheral (60-90%) events instead of the
0-5% most central events. The near and away side measurements both agree within
the uncertainties with unity. On the away side the I 4 is for all pr assoc slightly below
unity which indicates the energy loss which has been observed in more central events.
The convergence to unity for more peripheral events is expected because the medium
effects are smaller in more peripheral Pb—Pb collisions.

The Icp has been measured as well. It is very similar to the Iy, with the 0-5% most
central Pb-Pb events [ALI12].

2.8. Two Plus One Particle Correlations at STAR

The STAR (Solenoidal Tracker At RHIC) experiment studied jet medium interactions
in Au-Au and d-Au collisions at a collision energy of \/syy = 200 GeV. The experi-
ment is located at RHIC (Relativistic Heavy Ion Collider) at the Brookhaven National
Laboratory (BNL) near New York in the USA.

STAR uses two plus one particle angular correlation for the analysis of di-jets in Au—
Au and d—Au collisions. This method is explained in detail in Chapter[@l In this thesis
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Figure 2.11.: Sketch of the 241 analysis in azimuthal direction. The trigger 1 particle
with pri uig 18 back-to-back with trigger 2 which has pro trig-

the two plus one angular particle correlations are denoted as 2+1 correlations. A brief
description of the method is given in the following.

The 2+1 correlations method describes the associated particle yield of di-jets which
were produced in heavy-ion collisions. Instead of taking one trigger particle as a proxy
for a jet, two trigger particles are taken back-to-back. This trigger configuration is
a proxy for a di-jet. The momentum ranges in which the two trigger particles are
searched for can be separated, overlapping or identical. But the trigger momentum of
trigger 2 has to be smaller than the momentum of trigger 1. The second trigger par-
ticle has to be within a cone of v around the back-to-back position of the first trigger
|Ap| — 7 < a. In STAR a = 0.2 is used. Afterwards the angular correlations of all
other particles in the event are measured relative to both trigger particles separately.
One plot for the correlation with each trigger particle is filled. The plot with the
angular differences relative to trigger 1 is called the trigger 1 associated yield, and the
plot with the angular differences relative to trigger 2 is called the trigger 2 associated
yield.

This procedure is sketched in Figure 211l The length of the arrows indicate the mo-
mentum of the particles. A longer arrow corresponds to a larger momentum. In this
example the particles T1 and T2 fulfill the trigger requirements. The angular differ-
ences Ayp; and Ay, are measured relative to trigger 1. They are filled into the same
histogram. Respectively Aps and Ap, are filled into another one. These histograms
describe the associated yield of trigger 1 and trigger 2. Qualitatively both look like
the 141 correlations in Figure with a near and an away side. In both histograms
only the near side is analyzed. Instead of analyzing the away side of a trigger particle,
the near side of the other trigger particle is analyzed.

In this measurement the jet yield on the near and away side can both be extracted
from a peak. This improves the background correction at low pr ass0c because these
yields have a high flow contribution.

The trigger combinations that were found are not necessarily correlated with each
other. It is possible that the trigger particles were created independently of each
other. The associated particles of these trigger particles should not be included in the
analysis. The background estimation from these uncorrelated trigger particles in the
STAR analysis is similar to the scaled 1+1 event method which is described in Section
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Figure 2.12.: Measurement of the 241 correlations for the trigger conditions 10 <
Primig < 15 GeV /e, 4 < propig < 10GeV/c and 1 < pragsoc < 10 GeV/c.
The associated particle yield is measured for both trigger particles sep-
arately in the 0-20% most central Au—Au and in d-Au events. The
projections of the 2D correlation functions are shown for Ay (a) and
An (b). In c) the transverse momentum around the trigger particles
is integrated ( |A¢| < 0.5, |An| < 0.5). For comparison the inclusive
hadron spectrum for central Au-Au events (0-10%) is shown. Figure
taken from [STAI3].

6.4l To calculate the 2+1 trigger 1 associated yield, first the 1+1 correlation of the
2+1 trigger 1 and the 2+1 associated particles is calculated. The resulting yield is
scaled to the correct background level and then it is subtracted from the 241 yield.
This is done in the 241 measurement of this thesis as well. STAR additionally sub-
tracts a second 141 correlation measurement. In this 1+1 correlations the 2+1 trigger
2 is used as trigger particle and the 241 associated particles are used as associated par-
ticles. In the subtraction the away side of the 141 correlations is subtracted from the
241 near side. This subtraction removes part of the background ridge around Ay =~ 0.
For the 241 trigger 2 associated yield, the same subtraction is done with the away side
of the trigger 1 associated particles. The remaining ridge contains flow effects. It is
subtracted with a model curve which has been determined in independent STAR mea-
surements. After this background subtraction the remaining di-jet yield is analyzed
by integrating the bin content within |Ag| < 0.5 and |An| < 0.5 [STA11LSTA13].

In Figure 212 the results from STAR for one trigger configuration after the background
subtraction are shown. The associated particle yields are plotted for the trigger 1 asso-
ciated particles (near side) and the trigger 2 associated particles (away side) separately.
The momentum range in which STAR measures the second trigger particle and the
associated particles is very large. The momentum range of trigger 1 and trigger 2 does
not overlap. This creates an asymmetry between the two trigger particles. The idea
of the measurement is that the parton which fragmented into trigger 2 had a longer
path length in the QGP than the parton which fragmented into trigger 1. Due to this
longer path length, trigger 2 suffered a bigger energy loss which results in the smaller
trigger 2 momentum compared to trigger 1. But it is possible that both jets were
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Figure 2.13.: Ratio between the Au—Au and d—Au yield from Figure The trigger
conditions are 10 < prypig < 15GeV/c, 4 < prowie < 10GeV/c. The
shown uncertainties are purely statistical. A systematic uncertainty is
not provided. The data is taken from [STA13].

affected by the same energy loss and the energy difference of the triggers was created
randomly in the hadronization.

For both trigger particles the associated particle yields from Au-Au and d-Au col-
lisions in the Ay and An projections are in a good agreement with each other. In
Figure 212 ¢) the integrated yield for different pr ass0c shows a slightly higher particle
yield from the away side analysis compared to the near side analysis. The relative
difference is independent of pr ass0c [STAL3].

The ratio of the Au—Au and d—Au yield is not part of the original paper presented by
STAR. For a detailed comparison of the Au—Au data points with the respective d—Au
points, the data points are taken from c¢). The ratio between the Au-Au and d—Au
yield was calculated and the result is shown in Figure This ratio is denoted Ixa
because it contains the ratio of the associated particle yield from a heavy-ion collision
and from a small collision system. The uncertainties of the points are purely statistical.
STAR did not provide any systematic uncertainties of the associated particle yields,
so this could not be included.

The near side I is constant and it agrees with unity within the uncertainty. For the
away side Iaa there might be a hint for a decreasing Iya with increasing pr assoc. But
this is not significant within the presented statistics.
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3. The LHC and the ALICE Detector

The Large Hadron Collider (LHC) is a particle accelerator built at CERN in Switzer-
land and France, which can collide the accelerated particles at four interaction regions.
At the time of writing this thesis the LHC is the particle accelerator with the highest
collision energy which has been built by mankind. At present the LHC can run in 3
modes, proton-proton (pp), lead-lead (Pb—Pb) and proton-lead (p—PDb).

One of the experiments at the LHC is ALICE (A Large Ion Collider Experiment).
The ALICE collaboration studies the physics of strongly interacting matter at LHC
energies in all collision types. A special focus is on Pb—Pb collisions in which a new
state of matter is expected, the QGP.

This thesis presents results obtained from ALICE data. In this chapter a brief descrip-
tion of the LHC and its experiments is given. The main focus is on ALICE and its
subdetectors.

3.1. The Large Hadron Collider

With a circumference of 26.7km, the LHC [EB0S] is the biggest particle accelerator
ever built. The collision energy of v/s = 13 TeV for pp collisions and /syy = 5.1 TeV
for Pb—Pb collisions is the highest energy which has ever been achieved by mankind
with a collider.

Before the particles can be accelerated in the LHC, they have to be pre-accelerated.
In the acceleration process the magnetic fields and the acceleration procedure have
to be adjusted to the energy of the particles. For particles which should be acceller-
ated from zero to multiple TeV this is not feasible in one machine. In Figure B.1] the
schematic acceleration steps for the beam are shown. The proton beam is created
and then accelerated through LINAC 2 and the PS BOOSTER to get into the PS
(Proton Synchrotron). From here the beam is further accelerated in the SPS (Super
Proton Synchrotron) and then injected into the LHC. The lead beam is created and
first accelerated in LINAC 3. Afterwards it is accelerated in LEIR (Low Energy Ion
Ring) before it is injected into the PS. From this stage on it is accelerated by the SPS
and the LHC like the proton beam.

The LHC itself is built underground at a depth between 45 and 170 m, with two
counter-rotating beams. In these rings the beams circulate in opposite directions.
The rings contain eight interaction regions (IR). Four of them are used for particle
collisions and the other four are used for beam maintenance. The experiments at the
IR with collisions are; ALICE, ATLAS (A Toroidal LHC ApparatuS), CMS (Compact
Muon Solenoid) and LHCb (Large Hadron Collider beauty experiment). The three
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Figure 3.1.: Schematic view of the LHC and its pre-accelerators. The yellow points
represent the four big experiments at the LHC. Figure from [Lef09)].

smaller experiments, LHCf (Large Hadron Collider forward experiment), MoEDAL
and TOTEM (TOTal cross section, Elastic scattering and diffraction dissociation Mea-
surement) are installed close to ATLAS, LHCb and CMS respectively.

In Table B.1] the experiments and the beam facilities with their corresponding IR are
shown. A brief description of the beam facilities is given in Section B.I.Il A short
overview over the experiments is given in Section The ALICE experiment is
explained in more detail in Section

The approval of the LHC by the CERN council was given in December 1994. It was
built in the existing LEP (Large Electron Positron) tunnel which has been constructed
between 1984 and 1989. At the time of the council decision the LEP collider was still
to be operated until 2000. At the beginning it was planned to build the LHC in two
stages. The second stage would have reached the final energy of 14 TeV. Because of
substantial contributions from non-member states, the LHC was finally built in one
single stage. The decision for this was approved by the council in December 1996.

In the time between 2000 and 2008 the LHC and the experiments were constructed.
The first circulating proton beam occurred on September 10, 2008. Because of a fault
in the electrical connection of two superconducting magnets on the 19th September,
beam operation stopped again. The incident caused some mechanical damage to the
magnets and a leak of liquid helium. After this issue was fixed, the proton beam
circulated again on November 20, 20009.
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ALICE
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RF cavities
CMS, TOTEM
beam dump
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Table 3.1.: Description of the interaction regions (IR) of the LHC. The installation
column describes the experiment [Lef09] or the beam facility [EBO0S].

During the following years, until February 2013, the experiments took the LHC Run
I data. In February 2013 the beams in the LHC stopped for the LS1 (Long Shutdown
1). The LHC was upgraded in the following 2 years so that it can be operated at the
designed higher energy.

The first pp collisions at 13 TeV took place on May 20, 2015. The reason to run with
13 TeV instead of 14 TeV was the reduced time needed to get the magnets ready for
the physics runs. The superconducting magnets of the LHC need some training in
their final configuration to run stably without the risk of a magnet quench. A magnet
quench is a warm up of the magnet, which stops it from superconducting [Cer15].

3.1.1. Design Performance of the LHC

The LHC consists of eight straight sections and eight arcs containing 9600 magnets of
different types (dipoles, quadrupoles, sextupoles, etc) [EBO8,Lef09]. Most of the 1232
dipoles, with a length of 14.3 m each, are used in the arcs to keep the beam on a curved
path. To do so the magnets use a magnetic field of up to 8.33T at a temperature of
1.9K. Some further dipoles are used in the insertion tunnel to the LHC. The other
kind of magnets are used to focus the beam or to guide the beam in the insertion step
or at the interaction regions. The operating temperature of 1.9 K is reached by liquid
helium cooling.

The beam acceleration is done with eight cavities per beam, which are located at the
interaction region 4. The cavities use a radio frequency (RF) of 400 MHz to create an
average electrical field of 5.5 MV /m.

The collider performance can be described by the luminosity which is defined as:

NN,
A

Here f is the frequency with which the particles are circulating the accelerator ring,
n, the number of bunches in the accelerator, N; and Ny the number of particles per
bunch in the different beams. Usually both beams have the same number of particles
per bunch. A is the effective beam cross-section. The designed luminosity of the LHC

L=f np—t2 (3.1)
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is £ = 103 ecm 257! for pp collisions and £ = 10?" cm~2s~! for Pb-Pb collisions re-
spectively. For high luminosities, multiple particle collisions can happen in one bunch
crossing. This effect is called pileup.

The luminosity for Pb—Pb collisions is considerably lower than for pp collisions. Be-
cause of the 82 protons per Pb ion, the repulsion of the ions due to the electromagnetic
force within one bunch is much stronger in Pb bunches than in proton bunches. Con-
sequently the number of Pb ions per bunch is reduced compared to pp bunches. The
design parameters in proton beams are 2808 bunches of 1.1-10* protons each. In the
lead beams up to 592 bunches contain up to 7.0 - 107 nuclei each.

At the interaction regions 3 and 7 several collimators are installed to clean the beam.
At TR3 particles with a high momentum offset are scattered out of the beam, while at
IR7 particles with a large betatron amplitudes are scattered. The betatron amplitude
is the deviation of the particle path from the designed particle path in the accelerator.
The absorption of the scattered particles is done by secondary and tertiary collima-
tors.

At TR6 the beam dump system is installed. Because of the high energy stored in
the LHC during the operation the dumping procedure has to guarantee that the en-
ergy is deposited outside of the area critical for the LHC operation. To do so both
beams are deflected into separate directions and then absorbed by a dedicated beam
dump [EBOS].

3.1.2. The Experiments
ALICE (A Large lon Collider Experiment)

ALICE is the dedicated heavy-ion experiment designed to study the Quark—Gluon
Plasma. The experiment is also studying pp collisions which are, among other things,
used as a baseline for the Pb—Pb collisions. A further detailed description of the
experiment is given in Section [ALIOS].

ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact Muon Solenoid)

ATLAS and CMS are general purpose detectors designed to cover the widest possible
range of physics at the LHC. The biggest discovery up to now is the discovery of a
particle consistent with the Standard Model Higgs boson in 2012 [ATLI12|[CMS12¢].
Among other things the detectors are searching for extra dimensions and supersym-
metry (SUSY).

While ATLAS and CMS have the same research program, the design of the detectors
is different. This allows them to cross check each other [ATLOS,[CMSO0S].

LHCb (Large Hadron Collider beauty experiment)

LHCb is designed to investigate the asymmetry of matter and antimatter in B-particle
productions. This should help investigate why the universe is made of the matter we
observe. Different from the other big experiments at CERN, LHCb does not surround
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the interaction region with one detector but only has detectors to measure particles
in the forward direction [LHCOSD].

LHCf (Large Hadron Collider forward experiment)

LHCf is located at the same interaction region as ATLAS and it investigates particles
created very close to the beam direction. This is used to test models which are used
to estimate the primary energy of ultra high-energetic cosmic rays [LHC08a].

MoEDAL (Monopole & Exotics Detector At the LHC)

MoEDAL is located at the same interaction region as LHCb and it searches for mag-
netic monopoles and other highly-ionizing particles. It is a passive detector which is
read out offline. This means the detector read out is done after the beams in the LHC
stopped. At time of writing this thesis no magnetic monopole has been found [MoE16].

TOTEM (TOTal cross section, Elastic scattering and diffraction dissociation
Measurement)

TOTEM is located at the same interaction region as CMS and studies the proton
structure and the proton-proton interaction cross section. Like LHCf it measures
particles emitted very close to the beam line [TOTO0S].

3.2. ALICE

ALICE [ALIOS8] is the dedicated heavy-ion experiment to study the Quark—Gluon
Plasma. The experiment is operated by a collaboration of over 1000 members. The
detector is located at interaction region 2 of the LHC in Saint-Genis-Pouilly, France.
The detector is 16 x 16 x 26 m?®, and weights approximately 10000t. The ALICE
subdetectors are grouped into the central barrel, the muon arm and the forward de-
tectors. The central barrel, which is inside the magnet, covers a pseudorapidity range
of |n| < 0.9. The muon arm is at —4.0 < n < —2.5. The forward detectors cover
different pseudorapidity ranges and are described below. The positions of the different
subdetectors within ALICE are shown in Figure

3.2.1. Central Barrel

The central barrel contains the main tracking detectors of ALICE. The detectors with
full azimuthal coverage and a pseudorapidity range of |n| < 0.9 are the Inner Track-
ing System (ITS), the Time-Projection Chamber (TPC), the Transition Radiation
Detector (TRD) and the Time-Of-Flight (TOF) detector. The detectors with limited
¢ coverage and different pseudorapidity coverages are the High-Momentum Particle
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Figure 3.2.: Schematic view of ALICE. Figure adapted from [ALI0S].

Identification Detector (HMPID), the PHOton Spectrometer (PHOS) and the Elec-
troMagnetic Calorimeter (EMCal). During LS1 an additional calorimeter was added
to increase the acceptance of the EMCal. The new calorimeter is called the ALICE
Di-Jet Calorimeter (ALICE-DCal). It is installed on the opposite side of the beam
from the EMCal which allows to measure di-jets with both detectors.

These detectors are contained in a room temperature solenoid magnet, the L3 mag-
net. The magnet is reused from the L3 experiment which was operated at the LEP
collider and located in the same cavern before ALICE. The magnet is built out of an
octagonal iron yoke containing an aluminum coil. At the poles it is closed with doors
to be able to access the inner volume. The coil has a length of 11.9m and an inner
radius of 5.9m [L.3.90]. On the outside the magnet has a length of 15.8 m and a width
of 14.1m. The magnet has a nominal flux density of 0.50 T with field variations below
2% [ALIOS].

The magnet creates a magnetic field, which forces the charged particles which are
created in the collision on a curved track. Out of this curvature the momentum of the
particle can be calculated.
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Figure 3.3.: Schematic view of the ITS. Figure from [GO09).

Inner Tracking System (ITS)

The Inner Tracking System (ITS) identifies the primary vertex of the collision with a
resolution better than 100 um. For particles with a momentum less than 200 MeV/¢
the I'TS is the main detector that tracks and identifies the particles. At higher particle
energies it still improves the momentum and angle reconstruction of the TPC [ALI0S].
The ITS consists of six layers of silicon detectors, which surround the beryllium beam
pipe. The beam pipe has a radius of 3 cm and the mechanical support of it is provided
by the ITS. This way no relative movement between I'TS and beam pipe can take place
during operation. The first I'TS layer is at a radial distance of 3.9 cm to the nominal
interaction region and the last layer is at 43 cm. Along the beam axis all layers cover
at least |n| < 0.9 for collisions which take place within the z vertex |z,.| < 5.3 cm.
Azimuthally the ITS has full coverage. To reduce particle scattering and energy loss
the material budget was kept low. In terms of radiation length X/X), it is less than
8%.

For the six I'TS layers three different technologies have been used. In Figure the
schematic construction of the detector is shown.

The two inner most layers form the Silicon Pixel Detector (SPD), which is optimized
to reconstruct the vertex and the impact parameter of the collision. The average dis-
tance of the layers to the interaction region are r = 3.9cm and r = 7.6cm. They
have a larger pseudorapidity coverage of |n| < 2.0 (first layer) and |n| < 1.4 (second
layer) so that they provides together with the Forward Multiplicity detector (FMD)
a continuous 7 coverage. With 3.3 - 10° and 6.6 - 10° channels for the first and second
layer, each SPD layer has more channels than the other layers combined. With this
high amount of channels the vertex determination and impact parameter resolution
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Figure 3.4.: Schematic view of the TPC. Figure from [RSR11].

is improved. The SPD has a digital read out and does not provide any energy loss
measurements.

The third and forth layer are the Silicon Drift Detector (SDD). Contrary to the SPD,
the SDD has an analog read out and it provides energy loss measurements dE /dx. The
first layers is located at an average distance from the interaction region of r = 15.0 cm
and the second layer is at » = 23.9cm. The SDD layers are protected by a heat shield
from heat radiation emitted by the SPD.

The outermost layers form the Silicon Strip Detector (SSD). Like the SDD it has
an analog read out and it provides energy loss measurements. One layer is located
at an average distances from the interaction region of r = 38.0cm and the other
one at r = 43.0cm. These layers are important to match tracks from the ITS and

TPC [ALIOS].

Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) is a cylindrical detector assembled around the
ITS. A schematic view of it is shown in Figure 3.4l The inner and outer radius of
the TPC are 0.6m and 2.8 m while the sensitive volume is between the radii of 0.8
and 2.5m. Along the beam axis the central electrode divides the detector into two
parts, which are both 2.5m long. They cover a pseudorapidity of |n| < 0.9 for tracks
with full radial track length and |n| < 1.5 for tracks with 1/3 radial track length. The
detector was filled with 90m® of Ne/COq/Ny in the ratio 90/10/5 during the LHC
Run I [ALIOS]. After run I the gas mixture was changed to Ar/COs in the ratio 90/10
so that the detector response is more stable at high particle fluxes [ALI15a].

The TPC is used to measure charged particle tracks and their momenta. The gas

32



3.2. ALICE

TRD stack TRD supermodule

TRD chamber

TOF

Figure 3.5.: Schematic view of the TRD on the left side. On the right side a picture
of one supermodule is shown. Figure from [ALIOS].

mixture inside is ionized by charged particles traversing the TPC, and the created
electrons drift to one of the end plates on the sides of the TPC. The electrons drift
with a velocity of 2.7cm/us, which is generated by an electrical field of 400V /cm.
This corresponds to a maximum drift time of 90 us. With this readout time the TPC
is the slowest detector of ALICE and thus determines the time a full detector readout
needs.

On the end plates 18 detector segments are mounted containing multi-wire propor-
tional chambers to measure the drift electrons. Between neighboring sectors are small
inactive areas which add up to a 10% azimuthal angle in which the TPC is not sensi-
tive. This does not reduce the efficiency of detecting particles with the TPC by 10%
because the momentum of a charged particle is measured via the curvature of the track.
Due to this curvature, a particle track can only partly be within a non-sensitive area.
Obviously this is not the case for high pr tracks which are hardly curved. Within the
TPC a large momentum range from 0.1 GeV/c to 100 GeV/c can be measured.

The TPC provides good two-track separation even at high particle densities. It is
designed for a density of up to 20000 tracks within the TPC acceptance. These high
track densities were never reached during operation. The TPC further contributes to
particle identification of the central barrel by measuring the energy loss. With the
TPC tracks the vertex position can be determined and the measurement of the ITS
can be further improved [ALI0S].

Transition Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is assembled in a cylindrical shape around
the TPC. The main purpose of the TRD is to distinguish electrons and pions at
transverse momenta pr > 1GeV/c. At lower energies, energy loss measurements of
the TPC can distinguish these particles.

The TRD can be operated as a fast trigger for high momentum charged particles. This
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Figure 3.6.: Average pulse height of the current measured in the TRD chamber de-
pendent on the drift time. The results are shown for pions (triangles),
electrons without a radiator (squares) and electrons with a radiator (cir-
cles). Figure from [ALIOS].

can be used to enhance the yield from high py decay particles and jets. Together with
the electron identification capabilities of the TRD, it can provide a di-electron trigger.
In Figure on the left side a schematic view of the TRD is shown. It is installed at a
radial distance from the beam of 2.90 m to 3.68 m. It consists of 18 supermodules each
of 7.8 m length, which are installed around the beam. A picture of one supermodule
is shown in Figure on the right side. Each supermodule consists of 30 chambers
which are arranged in six layers and five stacks.

At the bottom of each TRD chamber a radiator is installed. This radiator consists of
many material layers with different dielectric constants. Particles with a high ~ factor
(=~ 1000) create transition radiation while they change from one material to another.
Electrons fulfill this requirement, pions do not. An electron transversing the radiator
produces on average 1.45x-ray photons. These photons are converted into electrons in
the gas directly behind the radiator. The gas mixture is Xe/CO, in a ratio of 85/15.
Both the electrons and pions from the collision ionize the gas and produce ionization
electrons. All produced electrons drift to the anode wires which are mounted on the
other side of the chamber. The measured current induced by pions and electrons
depends differently on the drift time.

In Figure the measured signal is shown for pions and electrons at a momentum
of p = 2GeV/c. The pion measurement has a peak at the beginning and afterwards
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it stays flat. In the electron case the measurement is done once with a radiator and
once without it. Without the radiator the shape is the same as for the pions but at
a higher average pulse height. In this measurement no transition radiation is created.
With the additional radiator, the electrons produce transition radiation which creates
an additional peak at a longer drift time. Due to this two peak structure the electrons
can be identified [ALIOg].

During the LHC Run I 13 TRD supermodules were installed in ALICE. In the LS1
the missing five supermodules were installed so that in Run II the detector covers the
full azimuthal acceptance [ALI16].

Time Of Flight detector (TOF)

Outside of the TRD, the Time Of Flight (TOF) detector is a cylindrical detector,
which is built at a radial distance from 3.77m to 3.99m. The detector is used for
the Particle IDentification (PID) of pions, kaons and protons. The pions and kaons
can be identified up to 2.5 GeV/c and the protons up to 4 GeV/c with a system time
resolution of 80 ps. These measurements are done with a 7/K and the K/p separation
better than 3o [ALI14].

The detector is divided into 18 azimuthal segments (in ¢) and 5 longitudinal segments
(in z), like the TRD. Each of these segments uses so called Multi-gap Resistive-Plate
Chambers (MRPC) to measure the particles. In each of these chambers a high elec-
trical field is used, which is uniform over the full sensitive gaseous volume. Due to
the high field, every ionization induced by particles transversing the TOF immediately
starts a gas avalanche process. The electrons do not first drift towards a region of high
electrical field. To achieve this effect the chambers are realized as thin structures with
a width of 250 pm.

The TOF measures the time for each particle between its creation in the initial colli-
sion and the moment when the particle arrives at the detector. As additional input
the collision time from the TZERO detector (see below) is used. The TOF uses the
effect that different kind of particles with the same momentum have a different veloc-

ity because of the different mass. The momentum of the particles is known from the
curvature in the ITS and TPC [ALI0S].

3.2.2. Forward Detectors
VZERO detector

The VZERO detector consists of the two separate scintillation detectors VOA and VOC.
They are installed on both sides of the interaction region at 2.8 <7 < 5.1 (VOA) and
—3.7 < n < —1.7 (VOC). The VOA side is at 340 cm distance from the interaction
region, while the VOC is at a distance of 90 cm because it is mounted on the front end
of the hadronic absorber of the muon system. Both detectors consist out of four rings
containing 32 elementary scintillation counters.

With a time resolution better than 1ns for the individual scintillation counters, the
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VZERO detectors can be used as a trigger. The VOA and VOC detectors can dis-
tinguish beam-gas interactions from beam-beam interactions by measuring the time
difference between the arrival of charged particles at the detectors. The beam-beam
interactions always take place in between the VOA and VOC detectors while beam-gas

interactions can occur everywhere. The procedure how events from outside this area
are identified is described in Section E.T] [ALI0O4].

TZERO detector

The TZERO detector consists out of two separate arrays of Cherenkov counters. They
are placed on both sides of the interaction region and contain 12 counters each. Be-
cause of the absorber of the muon system the TOC is mounted at a distance of 72.7 cm
while the TOA is mounted at a distance of 375 cm. They cover a pseudorapidity range
of 4.61 <n < 4.92 (TOA) and —3.28 < n < —2.97 (T0OC).

This detector measures the collision time with a precision of 50 ps. It is used as a ref-
erence time for the TOF detector. Further the detector determines the vertex position
and creates a trigger if the position is within an accepted window [ALIOS].

Zero-Degree Calorimeter (ZDC)

The Zero-Degree Calorimeter (ZDC) is a hadronic calorimeter installed at a distance
of 116 m on both sides of the nominal interaction region. It is designed to measure the
nucleons of the particle collision which do not participate in the interaction. These
particles keep flying very close to the beam path. They are called spectators. The
magnetic field of the LHC deflects the protons while the neutrons stay straight. To
measure the neutrons the beam pipe is divided into two pipes and the calorimeter
(ZN) is placed in between these pipes at an angle of 0° from the beam axis. The
calorimeter for the protons (ZP) is installed next to the beam pipe at the position to
which the protons are deflected to.

On the opposite site of the muon arm two electromagnetic calorimeters (ZEM) are
installed on both sides of the beam pipes at a distance of 7m from the interaction
region. The ZEM measures the energy of the particles emitted in the forward direction.
The ZDC provides together with the ZEM the centrality information of the event. The
centrality information from the ZDC can be used as Level 1 trigger [ALIOS].

3.2.3. The ALICE Trigger System

It is not possible to record all collisions in the LHC due to limited available resources
like bandwidth and storage capacities. Additionally the detectors have a dead time
after a collision is recorded. To measure as many interesting physics events as possible
a trigger system is used. This system uses the fast detectors to provide a decision
whether an event should be recorded or not. The decision has to be taken within a
short time frame so that the data which should be recorded is still available in the
detector. In case an event is not recorded the trigger has to be ready for the next
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collision.

The trigger system is implemented in several levels of hardware triggers and one last
software trigger, the HLT (High Level Trigger). This HLT runs on a computing cluster
near the experiment.

Dependent on the trigger level, a different time window is available to get a decision.
Due to the detector requirements the first trigger level 0 (L0) has to arrive at the
detectors at 1.2 us. This time is not sufficient to collect the input from all triggers so
they are included in the level 1 (L1) trigger which arrives after 6.5 us. The decision
time of the L0 trigger is of the order of 100 ns the rest of the time originates from the
trigger generation and cable delays.

The level 2 (L2) trigger decides if the event is finally accepted. This includes a 'past-
future protection” which ensures that the events are not spoilt by pile up events. For
example to record an event in Pb—Pb collisions, no more than 2 additional peripheral
events and no semi-central event are allowed in a time interval of twice the readout
time of the slowest detector. This time interval is centered around the event which
should be recorded. The slowest detector of ALICE is the TPC with a readout time
of 90 us, which consists mainly out of the drift time of the electrons. This means
the above mentioned constrains have to be fulfilled a time window £90 us around the
triggered event [ALIOS].

The so far explained hardware triggers increase the number of recorded events which
can be used for physics analysis. The HLT does not affect the events which are recorded
by the detector. This trigger can decide if an event is saved based on a quick online
analysis. Thus it improves the efficient use of the storage elements. Additionally it
compresses the data without loosing information. These compression algorithms re-
duce the needed storage space and the needed bandwidth to the storage systems. In
the current configuration only the data compression is used and not the online analy-
sis [ALIT4].

The triggers used in this thesis are the minimum-bias trigger and two centrality trig-
gers. The minimum-bias trigger is designed to identify all events which contain an
inelastic scattering of the incoming particles. For this trigger only fast detectors can
be used. In ALICE these are the SPD, the VZERO and the ZDC detectors. In pp
collisions every event which has either a signal in the SPD or in one of the VZERO
detectors is accepted if the VZERO detectors did not detect a beam-gas interaction.
In Pb-Pb collisions an additional signal in both ZDC detectors is required to suppress
the electromagnetic interactions between the Pb ions.

The centrality triggers select high multiplicity events. The centrality concept is ex-
plained in Section It describes the geometry of the collision. With the different
trigger settings different collision geometries are chosen. For this trigger the multi-
plicity in the VZERO detectors is measured. Because the multiplicity is correlated
with the centrality, this makes it possible to identify more central events in the mea-
surement without determining the final centrality. The different trigger configurations
select certain multiplicity ranges in the VZERO detectors which correspond to different
centrality ranges [ALI14].
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3.2.4. Computing Tools

During the LHC run I from 2010 to 2013 the ALICE experiment collected 7.2 PB of
raw data. To analyze this amount of data, a huge amount of computing power is
required, which cannot be provided by a single institute. Hence, the collaborating
institutes provide computing power and storage capacity for the whole collaboration.
For a system of this size the distribution of the data and the analysis on the different
computing centers cannot be done manually. Thus the network is organized as a Grid
in which the different computing centers are loosely coupled. The analysis jobs are
executed in parallel and the user access is realized via central servers at CERN.

In the daily work the Grid structure is hidden from the user by the AliEn (ALICE
Environment) interface. This is the top level Grid software used by ALICE [Bag0§].
The physics analysis is executed by a framework developed by the ALICE collaboration.
This framework is called AHROOTH. It is installed on all Grid nodes. Because of the
automatically installed framework the users do not need to send their code to the
analysis nodes to execute their task. It is sufficient to send the task configuration.
The analysis with the Grid can be done by the user individually or with the help of
the LEGO train system [Alil5f,[ZG14]. The LEGO trains are the centralized Grid
submission system of ALICE. It makes it possible to run the physics analysis on the
Grid in a more efficient way than the individual users could do it themselves. This
system is further explained in Section B.2.4] and in the Appendix [Al

AliEn

AliEn is an interface managing the ALICE Grid resources. The development of this
system started in 2000 and it groups together several services which have been devel-
oped earlier. The primary goal of AliEn is to hide the complexity and heterogeneity
of the underlying systems from the end-user.

The underlying systems and basic services are [Bag08]:

File Catalogue It contains the location of every file on the ALICE computing sites.
The catalogue does not contain the files themselves but the mapping where they
can be found. For most of the files in the catalogue multiple replicas are saved
at different computing sites to ensure data preservation.

Data Management Tools These tools take care of the data access. Dependent from
where in the world a user wants to access a file the easiest to reach replica is
used. These tools further execute the copy and delete operations on the files if
requested.

Authentication and Authorization This makes sure that only authorized people can
access the other AliEn services.

IFor organizational reasons the AiIROOT repository is split into AIROOT and AliPHYSICS. The
first one contains the rarely changed code from the framework and the second one contains the
user code. In the following both frameworks are referenced with AliROOT.
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Workload Management It collects all computing jobs in a central queue and dis-
tributes them to the computing sites in an efficient way. The job description is
done in the Job Description Language (JDL) which is uniform for the system.
This means that the definition is independent of the computing site where the
job will run at the end.

Interface to other Grid Implementations This allows AliEn to not only run as a
standalone Grid but also to connect to other Grid implementations.

Monitoring Services The monitoring is based on the MonALISA framework. This
framework has a hierarchic structure which selects and aggregates important
information. Part of this is the monitoring of the other AliEn services.

AliROOT

The physics analysis within ALICE is done with the framework AIIROOT. It builds
up on top of the ROOT framework which is based on C++. ALIROOT is used for
simulation, alignment, calibration, reconstruction, visualization and analysis of the
experimental data.

AlIROOT was developed starting in 1998 [ALIO8|.The framework contains classes
which are used by many people and individual user analysis classes which are used by
one person. The user classes are organized in different physics working groups. Due to
the high amount of changes in the frameworks no full documentation exists. Several
web pages explain the current status and how to use it [ALI15b,Ber15]. Some base
classes are explained in [ALI0S].

To run on the Grid the framework needs to be tagged, which is usually done once
per day. The AIROOT tag is a name for the version of the framework which existed
at one certain moment. For the users it is mandatory to submit their code to the
framework. With frequent code submission from the users the code repository serves
as a bookkeeping system of the code changes. Additionally the installation of the
framework on the Grid sites is used as main method to deploy user code on the Grid
sites. To use the centralized analysis system, the LEGO trains, the code submission
is a prerequisite.

Grid - LEGO trains

The LEGO (Lightweight Environment for Grid Operations) train system is the cen-
tralized analysis system of ALICE. It provides the users with an easy access system in
form of a webpage to run their analysis. This hides the Grid complexity from the users.
At the same time this system can organize the analysis in a way that the resources
of ALICE are used in an optimal way. Additionally the system provides a uniform
bookkeeping system for all users.

AliEn is a high level job submission management system. But it still requires detailed
knowledge about the JDL and the job submission procedure. The analysis and merg-
ing jobs have to be submitted individually and every error has to be analyzed. This
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means that every user will have to learn these basic concepts of the Grid and the same
mistakes are probably repeated for different users. Additionally it is very difficult for
the users to test their analysis in an environment which is similar to the one on the
Grid.

Apart from the difficulty for the users to execute their analysis, the individual analysis
of many users is CPU inefficient. The reason for this is that most of the jobs spend
more time on reading the data than on computing the results. This is a problem which
originates from the large size of the data and thus the long time necessary to read it
from disk.

Both problems are cured with the concept of the LEGO trains [Alil5f[ZG14]. This
system collects multiple analyses and executes them together in an efficient way.
Following the concept the users commit their code to the AIROOT repository, which
is uploaded to the Grid when it has been tagged. Afterward the user define their task
on a website. This is called a train 'wagon’. In this train wagon only parameters about
the task have to be defined. The Grid parameters are completely transparent for the
user.

For each train, the train operators take care to put multiple train wagons together
into one train run. This is one big advantage of the system. Multiple users who want
to analyze the same dataset can run together in one train run. In such a train run the
data is loaded only once and multiple analysis are executed on them. This improves
the CPU efficiency of the analysis jobs.

Before a train run can be executed on the full dataset, it has to be tested in a special
test environment. This test environment simulates the environment on the grid sites
and runs the code on a reduced number of files. Afterwards the result is validated.
Only if this test is successful the train run can start on the Grid.

The train test system identifies many errors in the code which prevents not working
trains to run to the Grid. This and the increased CPU efficiency improve the efficient
usage of the computing resources within ALICE. Additionally the standardized run
procedure makes it easier for experts to have a look at the analysis of a user and to
help debug it.

Further technical information about the LEGO train system, which was significantly
improved as part of this thesis work, is shown in Appendix [Al
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The events recorded by ALICE are triggered with the trigger system which is explained
in Section B.23. A selection is made which events are used for the analysis of this
thesis. This selection ensures that the recorded events are from the correct kind of
collision. Rejected events can be events which are created by a beam-gas interaction
which is described in Section 4.1l Additionally subsets of the events are used which are
expected to contain a big or small signature of the QGP. The concepts of the centrality
and the longitudinal z-vertex z,, position are explained in the Sections and (4.3
On the basis of these concepts the event cuts used in this thesis are introduced in
Section [4.4]

In the events the particle tracks can based on different track cuts. A short overview
over the track cuts used for this thesis is given in Section (.5

4.1. Beam-Gas-Interactions

In the LHC beam pipe a vacuum of 107! atm is created. Due to this high vacuum the
beam particles rarely interact with gas particles. But these kind of collisions are not
completely avoided. Thus they have to be detected so that the events are not used for
the analysis.

Beam-gas interactions can happen at any position inside the LHC beam pipe. The
beam-beam collisions are only possible at the nominal collision point. The VZERO
detectors (see Section B2.2) can detect if a collision took place around the nominal
interaction area.

All particles created in the collision travel almost with the speed of light to the VOA
and VOC detectors independent in which collision and where they have been pro-
duced. The small difference to the speed of light can be neglected for the following
calculations. Because of the different distance of the VZERO detectors to the nominal
interaction point, the signal arrives at the detector after 11.3 (VOA) or 3ns (VOC).
This is illustrated in Figure @] a). In case the collision takes place outside of the
VZERO detectors (see Figure[I1b) and c¢)) the time the particles arrive at one of the
detectors is negative compared to the nominal bunch-crossing time. This is indepen-
dent how far away from the VOA or VOC detector this collision happened because the
new created particles travel like the colliding particle (proton or Pb-ion) almost at the
speed of light. They arrive at the detector at the same time as the proton or Pb-ion
would have passed it.

In Figure the measured arrival time of the created particles are shown compared to
the nominal bunch-crossing time. This is shown for illustration purposes for the VOA
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Figure 4.1.: Measurement time of the created particles in the VZERO detectors depen-
dent where the collision took place. In a) a beam-beam collision is shown.
The time after which the created particles arrive in the VZERO detectors
is both positive. In b) and ¢) beam-gas collisions outside the interaction
area are illustrated. Figure taken from [GO09).

detector. The measurement with the VOC detector is the same. The peak at —11.3 ns
corresponds to beam-gas interactions outside VOA. This configuration is illustrated
in Figure @11 b). The particles created in normal beam-beam collisions are shown in
the peak at 11.3ns. The small peaks between —11.3 and 11.3 ns origin from satellite
collisions [ALI13d].

4.2. Centrality

In Pb—Pb collisions the Pb-ions can collide in different ways. If the ions collide pe-
ripherally most of the nucleons from both nuclei will continue to fly straight without
interacting with nucleons from the other nucleus. In central Pb-Pb collisions most of
the nucleons will interact with nucleons from the other nucleus. This way a QGP is
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Figure 4.2.: VOA time measurement relative to the nominal bunch-crossing time. The
signal at a negative time originates from beam-gas interactions which
occurred before the VOA detector. Figure taken from |[ALIT3d].

created and medium effects are expected. To be able to correlate measurements with
the size of the QGP, the characterization of the collision geometry in Pb-Pb collisions
is important.

The difference between central and peripheral collisions can be quantified with the im-
pact parameter b which describes the distance between the center of the nuclei at the
moment of collision. But this parameter is not directly accessible in a measurement. To
describe different collision geometries the centrality concept was introduced [ALI13c].
The centrality C' is connected to the impact parameter b and it divides the collisions
into groups with similar impact parameters. This is done dependent on the total
nuclear interaction cross section o.

_ Jydo/dbdy 1 b do

=7 (4.1)

C — _
Joodo/dvdl  oaaJo dY

In Equation 1] the impact parameter distribution do/dl is integrated for all impact
parameters smaller than b. This is divided by the integral of all possible impact
parameters. The ratio defines the centrality of an event with the impact parameter b.
The integration of the cross section does not help to directly measure the centrality of
a single event because the impact parameter b is not accessible. Instead the particle

multiplicity over a given threshold N3#% can be measured. This can be done because
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Figure 4.3.: Correlation between the impact parameter and the particle multiplicity in
Pb-Pb collisions. The values are calculated with a Glauber Monte Carlo
Simulation. Figure taken from [ALI15d].

the multiplicity is directly correlated with the impact parameter. In Figure the
correlation is shown based on a Glauber Monte Carlo simulation. The Glauber model
assumes that a Pb—Pb collision can be simulated as superposition of many nucleon-
nucleon collisions. It can be seen that one multiplicity value is correlated with a
small distribution of impact parameter values. With this correlation the centrality in
Equation [4.1] can be written dependent on the multiplicity.
L oo do ,

C~ oo Jyrin dTéthch (4.2)
This equation allows the determination of the centrality out of known quantities. If
the charged particle multiplicity could be fully measured for all collision centralities
without any background, the hadronic cross section o would not be necessary. In
this case each recorded multiplicity would be compared to all recorded multiplicities.
But the charged particle multiplicity has a large background at low multiplicities from
non-hadronic collisions. So for the centrality definition, one point in the multiplicity
spectrum has to be defined which corresponds to a known point in the hadronic cross
section. This point is called the Anchor Point (AP). With the AP all other measured
values can be assigned to a centrality class.
With the Glauber model a theoretical multiplicity distribution is created which is
fitted to the data. The Glauber model creates a connection between the measured
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Figure 4.4.: The measured VZERO amplitude distribution with the Glauber fit. The
resulting centrality classes are marked. The inset shows a zoom of the
low VZERO amplitudes. Low centralities (0-5%) represent central colli-
sions and high centralities (80-90%) represent peripheral collisions. Figure
taken from [ALI13d].

distribution and the hadronic cross section o. From the model an AP can be deter-
mined which belongs to a defined point in the hadronic cross section. Due to the high
background and big systematic uncertainties for lower multiplicities the AP is defined
at 90% of the hadronic cross section.

The multiplicity measurement can be done with the multiplicity signal from every
detector. To avoid autocorrelations, it has to be done in a different detector than the
physics measurement which should be connected to the centrality. In this thesis the
amplitude from the VZERO detector is used to determine the centrality.

All VZERO amplitudes which are bigger than the AP belong to events which have a
centrality of 90% or lower (= more central). The events are divided into centrality
classes as follows. The highest 5% of amplitudes are put into the centrality class 0—
5%. The next highest 5% of the VZERO amplitude are put into the next centrality
class (5—10%) and so on. This can be continued until the 85-90% highest VZERO
amplitudes are filled into the correspondent centrality bin. More peripheral events
are not cathegorized into a centrality because the they are over the AP. In Figure [4.4]
the VZERO amplitude distribution with the Glauber fit and the centrality classes is
shown [ALI13(].

More central collisions correspond to more nucleons from the Pb ions to interact with
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each other. The number of nucleons which interact with at least one other nucleon
in the collision is called the number of participants Npa. In the heavy-ion collisions
these particles participate in N, nucleon-nucleon collisions. Because a single nucleon
can interact with multiple other nucleons the number of participants is not required
to be twice the number of collisions. The number of participants and collisions can be
calculated out of the Glauber fit with the Glauber model.

4.3. Vertex Selection

The vertex position of the particle collision in the LHC is measured relatively to the
nominal collision point. It can deviate in direction of the beam pipe and perpendicular
to it. During one fill the collisions are only minimally shifted perpendicular to the
beam. This means the collision point in the direction of the beam pipe is the one
which has to be carefully monitored for each collision. The distance of the real collision
point from the nominal collision point in the beam pipe direction is called the z,.
Dependent on the exact z,,, different parts of the ALICE detector measure more or
less particles created in the collision. Because of this effect the detector corrections
in the particle correlations are calculated for the individual z,, bins (see Chapter [Hl).
At large z,, bins the efficiency to detect particles at the border of the n-acceptance
is reduced because parts of the track can be outside of the detector. Additionally the
number of collisions is lower at these large z,;, bins compared to the nominal collision
point. A maximum distance from the nominal interaction point is defined in which
the events are accepted. For the analysis in this thesis it is |z, | < 8 cm.

4.4. Event Selection

ALICE records only events which fulfill a trigger condition. These can be a minimum
bias trigger or an advanced trigger condition. For the minimum bias trigger it is
checked if a collision between the accelerated particles took place. This includes a
rejection of beam-gas interactions. The detection of these events was described in
Section .1l Additionally to the minimum bias trigger the centrality triggers are used
in this thesis.

For the analysis the runs from the LHC 11h dataset are used. This selection bases on
the general Quality Assurance (QA) which is used within ALICE. From the 176 runs
with interactions in the detector, 107 are selected as good runs. Each of these runs
contains between 1.3-10° and 4.4-10° reconstructed events. By selecting only the events
which fulfill the above explained triggers 48.1 - 10° events are used for the analysis of
Pb—Pb collisions in this thesis.

In a second event selection only events are accepted which fulfill the centrality and z,;,
cuts. For the analysis the centralities 0-7.5% and 30-50% are used and the z,, has to
be less than 8 cm away from the nominal interaction point. This reduces the number
of events to 16.6 - 10° events for the 0-7.5% most central events and 8.2 - 10° events for
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Figure 4.5.: Events which passed the QA and event selection. The areas which are
marked with the red boxes are used in the analysis of this thesis.

the 30-50% most central events.
The amount of accepted events per centrality bin is shown in Figure 4.5l For the
analysis the centrality ranges marked with the red boxes are used. The increased

amount of events at the most central events are created by the centrality triggers for
events with centralities > 7.5% and > 50%.

4.5. Track Selection

ALICE measures at \/syy = 2.76 TeV and mid-rapidity an average charged particle
multiplicity of dNg,/dn = 1600 for the 0-5% most central events [ALI11c|. These
particles are mainly tracked with the I'TS and the TPC, but the TRD and TOF (see
Sections [B.2.1]) are included in the tracking if a measurement in these detectors is avail-
able. This thesis analyzes the tracks obtained with these detectors from the central
barrel.

The track reconstruction is done independently from the track cuts. Afterwards all
tracks are analyzed and only the ones which fulfill the track cuts are accepted for
the analysis. To understand some of the cuts, it is essential to understand the track
reconstruction [ALI14].

The ITS and the TPC both read out the signals from their detector cells (for example
pads for the TPC). In the SPD (first layers of the ITS) the signal is digital while the
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signal in the other detectors is analog. Multiple signals from neighboring detector cells
in the same time bin or multiple signals in the same detector cell in consecutive time
bins are called a cluster. A track is the estimated trajectory of a particle through these
clusters. To identify the clusters which are created by the same particle in different
detectors, a fit of the clusters together with the primary interaction vertex is started
at large radii of the TPC. In an iterative process more clusters are added to the track
at smaller radii. If no more clusters in the TPC can be added to the track, this is
extended to the ITS. After all clusters in the ITS have been either rejected or added
to the track, it is again extrapolated to the point of closest approach to the primary
interaction vertex. From there the track is propagated outwards again. In the I'TS and
the TPC the tracks are refitted with the clusters found in the previous stage. Further
outside the tracks are matched with the measurements from the TRD and the TOF.
In the fit procedure several other fit parameter are determined which can be used for
the track cuts. The track cuts are used to reject tracks from other sources than pri-
mary particles from the collision and to ensure a good track quality. For the analysis
of Pb—Pb collisions in this thesis two different kind of track cuts are used. They are
the so-called "hybrid’” and the ’global’ track cuts. The first one is used as default track
cut while the second one is used to estimate the systematic uncertainty of the analysis.
The detailed cuts are shown in Table [£.1]

For all clusters of a track the x? can be defined which determines the quality of the
track fit with respect to each cluster. Each cluster has two degrees of freedom (ndf).
On the average x? over all clusters of a track, a cut is applied. The average y? has
to be smaller than 36 for the I'TS clusters and smaller than 4 for the TPC clusters.
For the ITS value this means that only outliers are cut out. The constraint on the
TPC clusters is equal to x?/ndf < 2 which ensures the high track quality. For the
track fit a minimum number of 70 crossed pad rows out of 159 is required in the TPC.
Additionally the ratio of found clusters per crossed pad row has to be bigger than 0.8.
The number of crossed pad rows is determined out of the fit.

For the hybrid track cuts up to 40% of the TPC clusters are allowed to be shared by
multiple tracks. In other words this means that minimum 60% of the clusters of a
track have to be associated to this track only. This requirement does not exist for the
global track cuts.

For the vertex extrapolation a measurement (=hit) in the innermost layers of the ITS,
the SPD, is helpful. Due to the non-uniform efficiency of the ITS this introduces
a non-uniform particle measurement dependent on . The global track cuts require
either a hit in the SPD or in the first layer of the SDD. For the hybrid track cuts
two categories (bins) have been created. The first one requires a hit in the SPD and
the second one does not require any hit in the I'TS but it excludes all tracks which
have been accepted in the first bin. In case of the second bin the vertex position is
added as point to the track improve the momentum resolution. Due to the I'TS refit
requirement, additional hits in the I'TS are required implicitly.

Another criteria for the track selection is a kink in the track. Such a kink can be
produces by a particle scattering or a particle decay. After the direction change, the
particle no longer represents the properties generated in the collision. Thus the track
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hybrid track cuts
track cut firs tybin second bin global track cuts
TPC refit required required required
ITS refit required required required
x? per ITS cluster < 36 < 36 < 36
x? per TPC cluster <4 <4 <4
minimum crossed pad rows
in the TPC 70 70 70
minimum crossed pad rows
over all possible >0.8 >0.8 >0.8
clusters in the TPC
maximum shared
TPC clusters 04 04 !
ITS hits 1 hit in SPD | not required i tlhiuftirlslz 22% (;;yer
vertex point is included
in track reconstruction 1o yes 1o
kink daughters rejected rejected rejected
DCA longitudinal < 3.2cm < 3.2cm < 2cm
to the vertex
DCA < 924cm < 94em < 0.0105 cm
transversal to the vertex ) ' 40.0350 cm - ptt
special i not accepted i
in first bin

Table 4.1.: Track cuts for the "hybrid” and ’global’ track cuts.

after the kink, which is called the daughter, is not used in the analysis.

Particles from secondary vertices can be further sorted out by requiring the Distance
of Closest Approach (DCA) between the track and the primary vertex position to be
below a certain threshold. The hybrid track cuts use a constant cut of 3.2cm for
the longitudinal (z) and 2.4 cm for the transversal (xy) DCA. The cuts for the global
track cuts are tighter because the required hit in the SPD or the first layer of the
SDD improves the quality of the fit close to the vertex and thus the measurement of
the DCA. In the longitudinal direction a constant cut of 2 cm is applied, while in the
transversal direction it is dependent on the track momentum. The DCA has to be
below 0.0105 cm + 0.0350 cm - p;*' [ALI06).

Tracks fulfilling the global track cuts have a good track quality and a non-uniform ¢
distribution. The tracks obtained with the hybrid track cuts have a uniform ¢ distri-
bution, at the price of a mixed track quality. The transverse momentum resolution
of both track cuts are comparable up to ~ 10 GeV/c. Afterwards the hybrid track
cuts are significantly worse. Both track cuts are standard cuts used within the ALICE
collaboration. More details can be found in Ref. [ALI15¢].
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Additionally to the so far mentioned track cuts for this thesis all tracks have to be
fully contained in the TPC which limits the pseudo-rapidity to |n| < 0.9.

The analysis of pp events was done with a modified version of the hybrid track cuts.
Additionally to the particles which fulfill the here mentioned hybrid track cuts, TPC
stand alone tracks were accepted. For these additional tracks the ITS refit was not
done and the tracks were estimated from TPC clusters only.
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5. Two Particle Correlations

Two particle angular correlations [] can be used to characterize jet and collective ef-
fects. In 1+1 correlations a trigger particle is used as a proxy to find jets. All other
particles in the event are analyzed relative to this trigger particle. By doing this for
many events, the sample averaged properties (yields) of associated particles can be
investigated. With this method jets can be analyzed at lower energies compared to
the analysis with jet finders.

In this chapter the correlation method is explained in detail. The measurement of the
141 yield is identical for different z-vertex cuts z,, and centralities C'. For simplicity
reasons the calculations are presented independent of these variables.

For the development of the measurement method a toy event generator was used. This
toy generator is explained in Section [b.J] and afterwards it is used to illustrate the 141
correlations which are explained in the following sections.

In the Sections and [£.3] the measurement of the correlated yield and the correc-
tion of efficiency and acceptance effects are described. An additional single particle
efficiency correction is presented afterwards in Section .4l This is followed by the
background correction in Section (.5l The last two Sections and .7 explain two
methods by which the correlated yield is measured. The first one is the standard
method which is used in this thesis and the second one is used for the estimation of
the systematic uncertainty.

5.1. Toy Event Generator

The toy event generator was developed to investigate the different contributions in the
2+ 1A associated particle yield. It is used as well to illustrate the 141 correlations. The
generated events from the toy generator are analyzed using the correlation method.
By changing the composition of the initial events, different yield contributions can be
analyzed. Because in the events from the toy generator the signal can be definitely
distinguished from the background, this can be compared to the obtained signal after
using the correlation techniques and the background subtraction.

In the toy generator events are generated with simplified particles. They are defined
by a transverse momentum pr, a pseudo-rapidity 1 and an azimuthal angle ¢.

The event generation is divided into several parts. First the number of mini-jets is
defined. This number can be random or the same for every event. For the illustrations

Tn the following they are denoted by 141 correlations (see Section 7).
2The 241 correlations method was introduced in Section [Z8 It will be explained in more detail in
Chapter
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Figure 5.1.: KKP jet fragmentation function [KKP00] used in the toy event generator.
On the x-axis the relative transverse momentum of a jet particle compared
to the jet momentum is shown. The used KKP fragmentation function
is split into several jet momentum bins from 0 to 120 GeV. For each jet
momentum bin it is normalized to one. Here the average over all these jet
momentum bins is shown.

in this chapter five mini-jets have been used. By increasing this number, the back-
ground for the analysis is increased. Each mini-jet has a transverse momentum which
is determined randomly from a jet transverse momentum spectrum. This function is
defined in the range between 5 and 120 GeV and it follows the power law f(pr) = p;>.
The jet-axis is placed at random ¢ and 7. The position of 7 can be outside of the
defined detector acceptance. Each jet has an away side jet which is back-to-back in ¢.
The n variable of the away side jet is also random. One or even both jets of a di-jet
can be outside of the acceptance.

Both jets can either have the same transverse momentum or the away side jet has half
the transverse momentum of the near side jet. This simulates a quenching effect. For
the quenched jet the lost energy is not redistributed to other particles in the event.
Each jet is fragmented into several particles with the KKP fragmentation function
which is shown in Figure .1l This fragmentation function has been fitted to hadron
distributions measured in e*e™ annihilations. A random number ¢ is generated follow-
ing this distribution and this number is multiplied with the jet transverse momentum.
The result is the particle transverse momentum. Due to the minimum ¢ = 0.05, the
minimum transverse momentum of a particle is 5% of the jet transverse momentum.
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5.2. Correlations within the Same Event

The procedure to determine the transverse momentum of the next particle is repeated
until the momenta of all particles add up to the jet transverse momentum. During
each random number generation the maximum possible ¢ is the ¢ which would create
a new particle transverse momentum equal to the jet transverse momentum minus all
already created particle transverse momenta. If this is less than 5%, one last particle
is created which contains the left over transverse momentum. A more detailed descrip-
tion of the fragmentation function can be found in Ref. [KKP00].

Each particle in the jet gets an azimuthal angle ¢ and a pseudo-rapidity 7. Inde-
pendent of each other, the values are determined randomly from a Gaussian function
which is centered around the jet axis. The width of the Gaussian is equal to the jet
radius. It is identical for both variables and it can be changed in the simulation. A
typical radius in the simulation is 0.3. In real events the angle is smaller for particles
with a high ¢. This effect is neglected in these simulations.

All mini-jets are simulated independent of each other. To guarantee enough events
for the analysis afterwards, at this point the particles are checked if at least one of
them has the required trigger momentum. If all particles have a smaller transverse
momentum, the event is discarded. This does not bias the particle correlation analysis
because events which do not contain a trigger are not included in the analysis. The
mixed events would be biased with this dataset. So a special dataset was created with-
out this bias. This optimization makes it possible to run the analysis on a standard
computer.

Additionally to the jet particles uncorrelated background particles can be introduced
to the event. These particles are following a flat ¢ and n distribution in the event.

It is possible to modulate all particles in the event with elliptic flow. The flow feature
can be deactivated which makes it possible to identify the influence of the flow on the
correlation yield. With the activated flow the particles in an event are shifted towards
cos[2(p — W)]. The angle of the flow reaction plane ¥ is determined randomly with
no preference in any direction. The flow does not influence the direction of the jets.
But the Gaussian distribution of the particles in the jet is modulated with the flow
function.

5.2. Correlations within the Same Event

In the 141 correlations particles within a certain transverse momentum range pr irig
are defined as trigger particles. In every event all particles which have the trigger
momentum are identified. If at least one trigger particle was found in an event, all
particles in that event with a transverse momentum pr ,ss0c are filled into a histogram.
These particles are called the associated particles. The angular difference Ap and An
between the trigger and the associated particles are filled into a histogram.

For a better readability the integration of the differential particle yield over the trig-
ger and associated transverse momentum range is not written in the formulas. The
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integration is denoted with brackets around the transverse momentum variable.

PT,max dN(pT)

T, min de

N(pr)) = [ dpr (5.1)
P

The number of trigger particles V., in the 141 correlations analysis is the sum of all

found trigger particles within the transverse momentum bin pr gig.

27 MNmax d2N
Ntmg(pT trlg / d‘P/ d77 € pT ,trigs @, )d d ([pT trlg] P, 7)) (52)

Nmazx

The measured number of trigger particles is lower than the true number because of
the limited detector efficiency and the limited detector acceptance. These effects are
combined in the detector effects e(pr g, ¥, 7). The single particle efficiency, which
is dependent on prp, is corrected before the integration over pr is executed. This
correction is more precise in py than the pr e and pr assoc binning which is mentioned
in the rest of this chapter.

The particle correlations are described with the following definition of the angular
differences and angular sums. These variables are based on the angular positions of
the trigger (¢1, m1) and the associated particle (@g, 12).

Ap =1 — s

An=mn —n (5.3)
Yo = 1+ P2

Mo ="M + 12

. . . . 2 nFsame
The particle correlations are measured in the same event yield ‘fl AN A7 which depends

on the angular differences Ay and An. This yield includes the partlcle pair distribution
—— &N 4nd the detector effects ¢ which are dependent on the particle positi
Tordnrdoady, A0 e detector effects € which are dependent on the particle positions
©1, M,%2, 2. In the correlation measurement the particle pair distribution should be
extracted. The procedure is explained in this chapter.

In the same event yield in Equation 5.4l the integration of the particle pair distribution

is indicated with the bracket syntax from Equation [5.1l

dQNsame
T rigs assoc) A 7A
dAgodAn (pT7t g pT7 SO n)
2 NMmazx
_/ dyq / dn € pT ;trigs P1, 7]1)

MNmax

NMmazx d4N
d / d o) TNassoesame (g
/ P2 _— n2 €(pr, ©2,12) dprdmdips an([pT,t g] [pr, 1, 01,m, P2, 1m2)

6(Ap — (o1 — p2)) 0(An — (11 — n2))
(5.4)

In the same event yield the particle pair distribution can be rewritten to depend on
the angular sums (¢ and 79) and angular differences (A and An). The angular sums
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5.2. Correlations within the Same Event

describe the position of a particle pair in the detector and the angular difference the
relative position of the particles to each other. The same event yield is independent
of ¢y because the physics is invariant in all azimuthal directions of the detector. For
the pseudo-rapidity 79 no dependence is assumed which is a decent approximation at
mid-rapidity]. Consequently the dependence of the same event yield on the angular
sums is neglected. After the integration over the ¢ functions, the particle distributions
are not dependent on the remaining integrals. Thus they can be put in front of the
integrals. Within the integration the detector effects € remain.

d2Nsame
A IA rigs assoc) A 7A
2 NMmax
—/ d(pl / dnl € pT trigy P1, 771) (pT,assoca ©1 — A‘Pa m— An)
NMmax

d?N,
. assoc,same . asso Ao A
dAQOdAT] ([pT,t g]7 [pT7 ]7 P, 77)

dQNassoc same
_—’([pT,trigL [pT,assoc]7 ASO, A’I])

dApdAn
27 NMmazx
/ ds01 / dnl € pT Jtrigs P1, nl) (pT,assoca ©1 — AQD, m — An)
NMmax
d Nassoc,same
:W([pT,trig]7 [pT,assoc]7 A(pu A'f]) (€<pT,trig> * €<pT,assoc)) (A907 Aﬁ) (55)

The Equation rewrites the ¢ and 7 integration over the detector effects as convo-
lution over the variables Ay and An.

The description of the same event yield with detector effects in Equation can only
be further simplified with an explicit function for the detector effect. In ALICE the
biggest effect in € is the limited detector acceptance. The convolution of two constant
distributions within a limited range (describing the detector acceptance) is a triangle
in A7n. An example is given in the following, assuming that there is no effect dependent
on pr, and .

A for || < Nmaz
() = K (5.6)
0 for 1] > Mmax

Within the acceptance of the detector |n| < 74, the efficiency is constant and equal
to A. With this the yield in Equation can be integrated.

3The pseudo-rapidity 7 of a jet with a small transverse momentum PT,jet compared to the collision
energy /sy is strongly influenced by the initial momenta of the scattering partons. The system
of two scattering partons moves as a whole which shifts the n position of the resulting jets. This
shift is different for every jet. The resulting n distribution of the jets is flat at mid-rapidity. Any
correlated effect of the jet with the 7 position in the detector is lost and a jet can be found at any
7. So the probability of finding a correlated particle pair is constant for every 7y as well.
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5. Two Particle Correlations
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Figure 5.2.: On the left side the limited 7 range is shown. Only in the area with high
efficiency can a particle be detected. On the right side the probability of
finding a trigger-associated particle pair is shown. This is equal to the
convolution of two efficiency functions from the left side. For small An
the probability of finding a particle pair is maximal.

dQNsame d2N Nmazx
L (Ap) = L lassocsame / A
dAgodAn( n) dApdAn (An) s dny€(ny)e(m n)
— M( ) —AWTZZW A-A dnl for — 277max < A77 <0
= dASDdAT/ fnmwc A . A d'l’]l for 0< A,',] < 2nma$

An—nmaz

o dQNassoc,same( ) {A2(2nmam + AT/) for — 277maa: < A’I] <0

dApdAn A2 (2Npmaz — An)  for 0 < An < 29mae
d2NCLSSOC,S(lme
- W(An)AQ(anam — |An|) (5.7)

The calculation shows the convolution of the flat efficiency within a limited range. The
result has the expected triangular shape in An. In Figure the limited n range from
Equation is shown on the left side. On the right side the probability of finding a
trigger-associated particle pair in arbitrary units is shown. This is a pure effect from
the acceptance of the detector. Additional effects containing physics information like
the correlated yield would be multiplicative on top of this signature.

An example of the same event yield is shown in Figure [(.3] in the left panel. The
triangular shape of the yield in An dominates the yield. Additional minor detector
effects depend on the angle ¢, the trigger momentum pr 4, and associated momentum
PT.assoc- Lhe area at |Ap| < 7/2 is called the near side, the area at |Ap| > /2 is
called the away side. On the near side around Ay = An = 0 a peak is visible which
is created by particles from the same jet as the trigger particle.

These effects can be corrected by the mixed event correction which is described in
Section B3]

26



5.3. Correlations within the Mixed Event
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Figure 5.3.: Schematic plot for the same event (left panel) and the mixed event (right
panel) yield. The events used to calculate this yield were produced with
the toy event generator.

In this thesis all charged particles are used for the correlations. The analysis can be
extended to use identified particles for the correlations.

5.3. Correlations within the Mixed Event

2
d Nassoc,same

The mixed event is used to extract the —; ApdAr yield from the same event yield.
This means the same event yield is corrected for the pair acceptance and efficiency
effects. The mixed event is created by taking the trigger particle and the associated
particles from different events. Apart from this, the mixed and same event measure-
ments are created via the same procedure.

The events used for the mixing have the same centrality C' and z-vertex z,,. Of course
the trigger momentum pr i, and the associated momentum pr ass0c are kept identical
to the ones in the same event analysis. This means that the Ap-An distribution of
uncorrelated particle pairs with pr trig, P assoc is identical to the distribution in the
same event. But correlated particle pairs are not measured in the mixed event.

The probability of finding a trigger or associated particle in the mixed event analysis
dzifi\; - ([pr]) is independent of the probability of finding the other particle. Averaged
over many events it is not dependent on the angular positions ¢ and 7. The ¢ functions
are used again to project the yield on Ay and An.

d2 Nmi:ved
m (pT,trigy PT,assoc)

27 NMmazx d2N
—/ d@l/ dm €e(pr trigs ()017771)d7([pT,trig]>

Ay, An)

Nmax (pld'fh
21 Nmaz dQN
d / d assSoCy ) assoC
/ ©2 s T € pT P2 772) dgs an([pT’ ])
“0(Ap — (1 = p2)) 0(An — (m — m2))
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5. Two Particle Correlations

d*N 2N
B m ( [pT,trig] ) m ( [pT,assoc])
2 Nmaz
/ d<,01/ dnl € pT ,trigs ©1, 7]1) (pT,assom Y1 — A()O, ™ — An)
Nmaz
d’N 2N
Tone A, et assoc ri assoc A ,A 5.8
d<p1dn1<[pT’t g])d(denQ([pT, D(e(Pririg) * €(Prassoc)) (Ap, An) (5.8)

The difference between the same event in Equation[b.5land the mixed event in Equation
(.8 is the correlated yield %(gymmg, DT assocs A, An). In the mixed events it
consists only of random combinations which is the background of the same event. The
dependency of the mixed event yield on the angular differences Ay and An is fully
contained in the detector effects e.

To obtain the associated particles in the mixed event analysis any event combination
can be used. This means if N events are measured, N - (N —1)/2 event combinations
can be analyzed for the mixed events which is much larger than the IV events analyzed
in the same event analysis. This makes it possible to increase the statistics so that
the statistical uncertainty is significantly below the uncertainty of the same event.
The obtained yield from multiple considered events for the associated particles has to
be divided by the number of events which were used for the mixing. This way the
associated particles of each trigger represent the particles from one event.

The mixed event analysis is normalized with the factor a(pr trig, DT assoc) SO that the
mixed event yield is unity, %(pmrig,pmassoc, 0,0) =1. At Ap = An =0 the Ay
and An dependent acceptance is one by definition. Further efficiency effects dependent
on the different pr between trigger and associated particle are neglected. With the
normalization of the mixed event the integral over the detector effects is normalized
to one.

d*N d*N

dprdm ([Pr.ase] dpadny

(DT trigs DT ass0c) = < ([pT,assoc])>_ (5.9)

Because of a limited resolution of the An bins a bin width correction has to be applied.
This correction assumes that the yield at An = 0 has to be 1 and not over the full bin
width ba,, close to An = 0. The correction factor is the finite bin correction fbc.

1 bay
L 2an 5.10
2- Nmax 2 ( )

foc=1—

Here 7,4, means the cut which is applied on the tracks in 1. The maximum possible
An correlation value is Anyee = 2 Nmae- The first ratio represents the slope of the
triangle from 1 at An = 0 to 0 at An = 2 - Ynae. The second ratio is the half bin
width which is the distance the middle of the bin is away from An = 0. The product
is subtracted from 1 to get the nominal value at the bin center closest to Anp = 0. The
mixed yield is assumed to be flat in Ay around Ay = 0 so that no further correction
has to be applied there.

The associated particle yield corrected for detector effects can be obtained by dividing
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5.4. Single Particle Efficiency Correction

Equation by and scaling with the « factor.

2 nJsame
ZA]V@dAn (pT trig» pT assoc) AQO, A’I]) . 1 (5 11)
% (pT,trig7 PT,assoc A‘Pa A?]) a(pT7trig7 pT,assoc)
dQN(lSSOC,Same

dApdAn <[pT trig]v [pT,aSSOC]a Ap, An)

d:oljﬁl\;l ([pT trlg]) dzzgh ([pT,assoc])

. ( (pT,trig) * 6(pT,aLssoc)) (A(P, A"]) ) d2N ([th . ]) d2 ([pT ])

(€(Pr,mig) * €(PToassoc)) (Ap, An) - diprdny 5 dipadny ™
dQNassoc same

:—7([pT,t1“ig]7 [pT,assoc]a AQO, A’I]) (512)

dApdAn

The convolutions in the numerator and denominator are identical. This means that

the results of the convoluted detector effects cancel out. The a(pr trig, DT assoc) factor is

adjusted so that it cancels out the particle yield from the mixed event. This leaves the
2

associated particle yield from the same event %([pmmgh (DT assoc)s Ap, An).

This can be divided by the number of triggers from Equation to obtain the associ-

ated yield per trigger particle.

1 d2 Nassoc,same
Ntrig (pT,trig) dA(PdAn

([pT,trig]7 [pT,assoc]a AQO, AT}) (513)

An example for the mixed event is shown in Figure in the right panel. The triangle
which can also be seen in the same event yield in the left panel is well reproduced. By
applying the mixed event correction the associated per trigger yield is obtained and
shown in Figure G4

The important remark about this method is that it only works if the measured particle
correlations are independent of the position in the detector. This is assumed in all
calculations by projecting the yield on the Ay and An variables.

The associated per trigger particle yield has several contributions from different sources
(jet, flow, combinatorics). They are discussed in Section [5.5

5.4. Single Particle Efficiency Correction

The detector effects € contain the single particle efficiency and acceptance effects. Two
particle acceptance effects are created by the correlation of two particles which has
been described in the last sections. These effects are corrected in the mixed event
method.

The probability of detecting an associated particle at the position of the trigger par-
ticle is €. This is a single particle efficiency because the measurement of the trigger
particle proofs that particles can be detected at this angular position.

Every real detector has a finite efficiency. This can be due to a limited phase space
coverage by the detector because of the support frame, cables, holes in the detector
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5. Two Particle Correlations
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Figure 5.4.: The associated particle yield. This is obtained by divided by the same
event yield by the mixed event yield which are both shown in Figure (5.3
This way the limited acceptance of ALICE is corrected.

or broken channels. Some particles might not have enough energy to reach the detec-
tor. Independent of the reason, the detection efficiency can be corrected by scaling
each detected particle with the inverse single-particle efficiency. This efficiency is the
probability of measuring a particle with a certain transverse momentum at a defined
position in the detector. It is determined in MC simulations. For each dataset mea-
sured with ALICE a correspondent MC simulation exists which allows the extraction
of the single-particle efficiency. The efficiency is determined dependent on the angle
7, the particle momentum pr, the centrality C' and the z-vertex z,.

The single particle efficiency correction is applied on the particle level for every corre-
lation measurement. Each measured particle is immediately multiplied by its inverse
single-particle efficiency. This way the measured particle distribution is independent
of the position in the detector.

In case of particle correlations this means that the measured associated particle yield
is scaled with the inverse detection efficiency of the associated particle and the trigger
particle. The trigger particles are only scaled with the inverse efficiency of the trigger
particles. The MC correction uses a finer binning than the trigger and associated
momentum binning in the correlation analysis. By applying the efficiency correction
before doing the particle correlations, the weighting of particles with different mo-
menta within one trigger or associated momentum bin is done correctly.

After this correction, the same and mixed event yields do still contain the pair effi-
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5.5. Background

ciency. This is the efficiency to measure a particle pair. The main contribution are
acceptance effects. By dividing the same and mixed events this pair acceptance drops
out. This was shown in Section Another pair efficiency is a modified efficiency
to measure two particles close to each other. But this is a small effect which is not
significant within the systematic uncertainties of the measurements in this thesis.

The application of the single particle efficiency correction is identical for the num-

ber of trigger particles (22 ([pr.uigl, @, n) in Equation [5.2) and the correlated yield

dpdn
(% in Equation[B.3]). So the effect from the efficiency correction on the trigger

particles cancels out when the per trigger yield is determined.

5.5. Background

Not all particles in an event are correlated with the trigger particle. Uncorrelated
particles show a flat background in the Ay - An plot. The probability of finding such
a particle combination can be described as the product of the probabilities to find
the single particles. The particle pairs which are created by real correlations cannot
be written as product because the correlation is defined as the particles in the event
additionally to these random combinations.

dQNassoc same
’ ([pT,trig]7 [pT,assoc]7 ASO, A"?)

dApdAn
d’N d’>N
- d<P1d771 ([pT,trig]) dQOQdTIQ ([pTvaSSOC])

trigger and associated particle are not correlated
— the yield is isotrop

b Pl (1 DTy A, A) (5.14)
dAQOdAT] DT trig], [PT,assoc], AP, Al :

correlated yield

The flat background is not the only background. Pb-Pb events are affected by the
elliptic flow. This can be described by multiplying the particle distribution in each
event with a collective flow term (1 + 25 cos2(¢ — W)). This does not influence the
calculation of the mixed events because the reaction plane angle V¥ is distributed
isotropically over all events. But in the same event a small effect can appear if the
trigger particle is affected by the flow. The finally measured correlation yield can have
a flow ridge at |Agp| ~ 0 and |Ap| ~ 7. In Equation 514 this is part of %.
So in the jet yield extraction this has to be taken into account.

The jet correlations can be split into two components. The near side jet (|Agp| ~ 0)
and the away side jet (|Ap| ~ 7).

2
d Njet,near

* dApdAn ([pT,trig]7 [pT,assoc]7 A@, AT})
jet particles on the near side focused in one peak(|Ap| ~ 0, |An| ~ 0)
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5. Two Particle Correlations

§§ 120>~
% 3 1 T

=8 1004

o % 1 T

© 80

4/7 . 7
90 5 4

ChsTm po (rad)

Figure 5.5.: The associated particle yield of 141 correlations. The near side jet cor-
relations are visible as peak around Ay = An = 0. The away side jets
are contained in the ridge on the away side at Ay ~ m. The same ridge
contains part of the flow signal. The rest of the flow forms the ridge at
Ay =~ 0.

2
d Njet,away

dApdAn ([pT,trig]7 [pT,assoc]7 A@)
jet particles on the away side in a ridge (|Ap| ~ 7)

d*Niow
* dAapdlAn ([pT,trig], [pT,assoc]a A‘P)
particles affected by flow

d? Nassoc
dApdAn
d2Njet near

A rig]s assoc 7A ,A
dApdAy ([PT trig], [PT ass0c], A, An)

2
A" Njet,away

i A
dASOdA’I] ([pT,trlg]7 [pT,assoc], (p)

dQNflow
dAgdAp P A
dA(PdAT] ([pT,trlg] ) [pT,assoc] y (p)

([pT,trig]7 [pT,assoc]7 A(Pa AT])

(5.15)

In Figure an example of the associated particle yield is shown. In this figure
the different correlation distributions can be seen. The flat background consists of
particles from the uncorrelated background. On the near side a clear peak can be
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5.6. Peak Yield Extraction using a Fit

identified which contains the near side jet particles %%. The jet peak is focused

in Ap and An. Independent of An a ridge can be seen on the away side which contains
the away side jet particles. The flow &N "”1”7 creates an additional ridge on the near
side and part of the away side ridge. While the flow ridge on the near side can be
identified at large An, this is impossible on the away side because the away side jet

ridge overlays the flow ridge.

5.6. Peak Yield Extraction using a Fit

The correlation plot is projected from the two dimensional Ap-An to the one dimen-
sional An plot within |[A¢| < 7/6. This range is sufficient for all trigger configurations
and associated momenta. In the new plot the collective effects, which have a ridge
structure in the two dimensional plot, are equal to a constant background.
The peak is fitted within |A7n| < 1.4 with a Gaussian distribution on top of a constant
background.
Y 1 2
- _—_ o 3(An/o)

f(An) =a+ \/%O_e (5.16)
In this fit the background is modeled by a term a which is constant in An. The
Gaussian is fixed to be centered at An = 0 and the width ¢ has to be within a
reasonable range (0.07 — 0.5). This avoids the peak being very sharp and modeling
only one point. Additionally it avoids the Gaussian being too broad so that it is like
another constant line. The Gaussian can describe a thin peak which covers two bins
(high prassoc) and it can describe peaks which cover almost all bins (low pr assoc)-
The parameter Y is the integral of the Gaussian. In this method the fluctuations have
a smaller influence compared to the bin counting method. But the resulting yield does
still contain a statistical uncertainty for the peak yield of the same order as for the bin
counting method. The advantage of this method is the reduced systematic uncertainty
because the background is not subtracted in a separate step. The fit of the baseline
a contains smaller fluctuations than the An gap subtraction which is described in the
next section.

5.7. Peak Yield Extraction using direct Bin Counting

Before the peak yield can be integrated by adding up the bin content, the background
has to be subtracted with the An gap method. For this the per trigger yield is
sampled at large An and the resulting yield is subtracted from the yield at small An.
It is important to separate the peak area from the area in which the background is
estimated to suppress the jet influence in the background sample. Because of the
ALICE detector acceptance 7,4, = 0.9, the maximum An is 1.8. The largest 2 bins
are excluded because of poor statistics due to the small phase space from which these
angular differences can be obtained. This means that the background yield is sampled
at 0.8 < |An| < 1.4 and then subtracted from the yield at |An| < 0.6.
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5. Two Particle Correlations

pT,assoc |A()0‘ |AT}‘
1.0-5.0 | #/6 | 0.6
5.0-8.0 | 7/9 | 0.6

Table 5.1.: Integration area for the jet peak in 1+1 particle correlations with the bin
counting method.

After the background subtraction the yield from Equation contains only the
yield from the near side jet. The peak yield can be obtained from the bins around
Ay = An = 0. To further reduce the background the peak area is projected on Ay
within |An| < 0.6. This range can be varied dependent on pr asoc because the peak
width changes. But the influence was found to be small.

After the projection a constant baseline is subtracted. It is fitted at 1.0 < |Ap| < 1.4.
This area has the same distance to the jet peak at Ay = 0 as the area which is used
for the An gap subtraction and it is sufficiently far enough away from the away side
ridge. The baseline yield is subtracted from every bin. The yield is expected to be very
small because the An gap subtraction should remove any background. This baseline
subtraction guarantees that no residual baseline is left. This baseline has a smaller
uncertainty because it is created from more An bins than the An gap subtraction.
The peak yield can be integrated from all bins within a defined Ay by summing up
the bin content. To reduce the influence from fluctuations in bins with no jet yield,
the number of bins is kept as small as possible. The used integration area is shown in

Table B.11
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6. Two Plus One Particle Angular
Correlations

To be able to analyze the away side jet yield in 141 correlations at Ay =~ 7 in
more detail the two plus one particle angular correlations have been developed. This
method searches for the associated per trigger yield of back-to-back trigger particles.
The trigger particles stand as proxies for back-to-back jets. At low energies it is
difficult to identify these jets with jet finders.

In this chapter the 2+1 correlations are explained in detail. The technical details
of the correlation measurement are explained in the Sections and 6.2 The 241
correlations contain an additional layer of combinatorial background compared to the
1+1 correlations which is explained in Section[6.4l After this background is subtracted
the signal is extracted the same way as in 1+1 correlations. This is explained in more
detail in Section 6.6l

In Section the statistical uncertainties are discussed and the dependence on the
centrality is investigated.

In 2+1 correlations it is possible to compare the associated particle yield of back-to-
back jets. Derived measurements which contain these comparison are described in the
closing Section

6.1. Correlations within the Same Event

The procedure to obtain the 2+1 same event yield is similar as for the 1+1 correlations.
Instead of one particle, two particles are taken as trigger with the transversal momenta
PT1,trig a0d pro tig. The number of 241 trigger particles can be calculated with the
integrated 1+1 correlated yield within |[Ap — 7| < a.

N, t%jgl (pTl trig) PT2,trig) Oé)
21 Nmax o1+t Nmaz
_/ dgpl/ din €(Priuie; %’771)/ d‘P2/ dny €(pra,uig: P2, 12) (6.1)
NMmaz p1+T—o —Nmazx .

NGSSOC same

W ([pTl mg], [pT2,trig]7 ©Y1,M, P2, 772)

Like for the 141 analysis described in Chapter B the associated yield of the 2+1
correlations cannot be directly measured. Instead the same event yield is measured.
But in 2+1 correlations there are two correlation measurements. In this chapter all
examples are presented for the trigger 1 associated yield.
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6. Two Plus One Particle Angular Correlations

The trigger 1 associated yield of the same event yield is defined as follows.

d2 N same

Tlassoc

W (PT1,trigs PT2,trig» PTassoc; D@, An, a)

27 Nmazx Y1+t Nmaz
_/ d901/ dn € pTl mg,@lﬂh) / d902/ dny E(pTz,trig,<P27772)

Dmag <p1+7l'70£ —TNmax
2w Tmax 62
/ d(pg / 773 € pT assocs ¥3; 713) ( )
NMmazx

d NTlassoc,same ([p ] [ ] [ ] )
d(,OldTthOQd??QdQOgd??g T1,trig)s [PT2,trig)s [PT,assoc)s ¥1, T, P2, 72, ©3, 73

“0(Ap — (1 = 3)) 0(An — (m —n3))

The integration over the position of trigger 2 can be rewritten as dependence over
Ao, Ama, pi? and ni? which are defined as the difference and the sum of the par-
ticle positions (see Equation [0.3]). As in the 1+1 correlations the dependence on the
sums 2 and n¢? can be neglected. Additionally there is no dependence on Ay, be-
cause the trigger particles are not correlated in 7.

As an approximation the dependence on Ag;s is neglected as well. This assumes that
the 1+1 away side yield (= the distribution of trigger 2) is constant within the lim-
ited integration area of trigger 2. Due to the correlations of the trigger particles, the
particle yield of trigger 2 is larger within the integrated area than outside of it.

The dependence of the same event yield on the position of trigger 1 and the associated
particles is rewritten with the new variables (A, An, ©g,n9) as well. Like in the 1+1
correlations the dependence on ¢, and 7, is neglected!

In the final yield the 2+1 associated yield is formulated very similar to the 1+1 cor-

relation yield. The probability of finding a trigger in 1+1 correlations % is

changed to the probability of finding a trigger pair %. Additionally to the con-
volution of the trigger 1 and the associated particle efficiency, the yield is integrated

over the position of trigger 2 and the correspondent efficiency.

d2 N same

Tlassoc

dApdAn

2
o d NTlassoc,same

dA(pdAT] ([pTl,trig]a [pTQ,trig]a [pT,assoc]a AQD, A’I])

2 MNmax T+ 277maz
/ d<P1/ d'fh/ dA@lz/ dAn, 5(pT2,triga 01 — Apra, 1 — AThz)

Nmax —2ZNmax

(pTl,trigv Pr2,trigs PT,assoc) AQO, ATL O‘)

- €(PT1 trig, 1, M) €(PT assocs ©1 — A, m — An)
(6.3)

This formulation of the same event yield factorizes the acceptance and efficiency vari-
ables € for all involved particles. The yield can be corrected for these effects with the
mixed event method.

!This is exact for ¢ and an approximation in 1 like before in the 141 correlations.
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6.2. Correlations within the Mixed Event
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Figure 6.1.: Schematic plot for the same event (left panel) and mixed event (right
panel) trigger 1 associated yield. The events used to calculate this yield
were produced with the toy event generator.

The efficiency integral in Equation creates a structure like the efficiency convo-
lution in the 1+1 correlations (Equation [.5]) because trigger 1 and the associated
particles form the same kind of correlation. The required existence of the second
trigger particle creates an additional effect. The acceptance and efficiency effect
€(pro,trig: Y1 — Ap12, 71 — Anp2) is integrated out over all possible 7 positions and
over a defined ¢ range. Because the phase space of this integration is the same for
all trigger 1, there is no strong acceptance effect like from the limited n acceptance in
two particle correlations.

In the left panel of Figure [6.1] an example for the same event yield for the trigger 1
associated particles is shown. The simulation of these event did not contain particle
flow. The triangular shape in An, which is created out of the convolution of a constant
acceptance in a limited range, can clearly be seen. The yield is very similar to the
141 yield in the left panel of Figure (.3, but it contains the additional requirement of
a second trigger particle.

6.2. Correlations within the Mixed Event

The mixed event of the 2+1 analysis is defined similarly to the 141 mixed event. The
trigger particles are taken from one event and the associated particles are taken from
another event. An alternative mixed event could be created out of three events. In
this case the trigger particles would be from two different events. In this section the
calculation of the first method will be shown. At the end it will be clear that only the
first method is mathematically correct.

For higher statistics multiple events are used to obtain the associated particles. The
resulting yield is scaled down with the number of used events.

Because no correlation exists between the particles from the first and second event
these yields can be factorized in the formulation of the mixed event yield. The proba-
bility of finding an associated particle in the mixed event is independent of the position
in the event. Thus this dependence can be dropped. This assumes that there is no
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6. Two Plus One Particle Angular Correlations

4
Ab (rad)

Figure 6.2.: Same event divided by the mixed event (Figure [61). This way the ef-
ficiency and acceptance effects € on the same event yield are corrected.
This division is done separately for the trigger 1 and trigger 2 associated
particle yield. For the event generation of the used simulation no flow
effects are used. The near side ridge is an effect from uncorrelated trigger
particles.

physics effect dependent on 7 as before in the 1+1 mixed event.
The 2+1 mixed event yield is defined analog to the 141 mixed event. Instead of a single
. . . . . . . . dAN

particle trigger distribution, the trigger pair yield m([pTng], [DT2,trig)s Ap12)
is used. This yield cannot be split in two distributions because it contains the corre-
lated trigger yield. The dependence on Anys, @i and n}? is neglected as it was done in
the 1+1 correlations. Additionally the dependence on Ay, is neglected the same way
as before for the same event (the yield is assumed to be constant within the trigger 2

integration area).
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d2 Nmz:ved

Tlassoc

W (pTl,triga Pr2 trigs PT,assoc) AQO’ An, a)

27 NMmazx
—/ dgol/ dn €(Pr1,trig, 1, M)

NMmax

g01+7'(+a’d NMmax d d4N
‘/<P1+7T N SOQ/UW T2 e(pTQ,triga9027772)m([pT1,trig]7 [PTQ,mg])

2 d Dmax g d2N
/ ¥ / Nmaz s € pT assocs P35 n3)d¢3dn3 ([pT,aSsoC])
- 0(Ap — (1 — p3)) 6(An — (m —13)) (6.4
&N 2N
= m ( [pTl,trig] ) [pTQ,trig] ) m ( [pT,assoc])

2 Nmax T+ 2Nmaw
/ dwl/ d771/ dAﬁPlQ/ dA7712 e(pTQ,triga Y1 — A<P12,771 - A7712)

Nmazx Nmazx
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The mixed event yield is transformed so that the efficiency integrals are isolated. The

trigger particle yield m([pTLtrig]v [PT2.trig]) is calculated per Apio and An bin
but it is not dependent on these bins. So it can be written in front of the efficiency
integrals.

The 241 mixed event yield is normalized with the factor ay.
1

an (pTl,trigvaZtriga pT,assoc) = 22 22
WQ\[AW ( [pTLtrig] ) [pTQ,trig] ) d%—évm ( [pT,assoc] )
After normalizing the mixed event yield from Equation [6.5, the acceptance and detec-
tor effects in Equation can be corrected. This is done like for the 1+1 correlations
in Equation B.1T] by dividing the same and mixed events.
d2 Nsame

Tlassoc

dApdAn - (pTl,trigy P12 trig; PT,assoc» ASO7 Ana Oé) 1
dQNm'Lzed . .
W(ﬁﬂ trig, DT2,trigs PT,assoc Agp’ An, ) aN (pTl,tr1g7 P12 trig, pT,assoc>

d NTlassoc,same

dApdAn ([pT,trig]u [pT,assoc]7 ASO, A?])
2 2
dAspdmidNAm ( [pTl trig] [pTQ trig] ) d:olg,—ilvm ( [pT,assoc])

o depy [Tres dny [T dA@y [25er dAmy €(Promig, 01 — A@ra, m — Ao
2T dpy Jmar - dimy [T dA g, fﬁ%iw dAM2 €(Proig, Y1 — Ap12, 1 — Anpa)
(pTl,trlga ©1, 771) (pT,assoca $1 — A% m — AT’)
6(pTl,trigu ©1, 771)6<pT,assoca $1 — A907 m — Aﬁ)
d>N d>N
m ( [pTl,trig] ) [pT2,trig] ) W ( [pT,assoc])

(6.6)

2
d NTlassoc,same

= dApdAn ([pT,trig]a [pT,aSSOC]a Ay, Aﬁ) (6-7)
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6. Two Plus One Particle Angular Correlations

The integrals over the same and mixed event detector effects e cancel out. If the mixed
event method would have been created from three events, the integral in the mixed
event would be different and the detector effects would not cancel out.

The associated yield can be divided by the number of trigger particles from Equation
to obtain the per trigger yield.

2
1 d NTlassoc,same

Nt%"—;_gl (pTl,trig7 P2 trig) a) dA(PdA’I]

([pTl,trig]a [PTQ,mg], [pT,aSSOC]a A‘Pa Aﬂ) (6'8)

This is the per trigger associated yield of the trigger 1 associated particles in 2+1
correlations. The same calculation can be done for the trigger 2 associated yield.

In the right panel of Figure the mixed event yield for the 2+1 correlations for
trigger 1 associated particles is shown. It is very similar to the 141 mixed event yield
in the right panel of Figure [5.3] but it contains the additional requirement of a second
trigger particle. The 2+1 mixed event yield contains the acceptance and efficiency
effects which can be seen in the same event yield in the left panel of Figure [6.1] as
well. There the correlation effects can be seen multiplicative on top of the background.
After dividing the same and mixed event the background is flat. This is shown in
Figure The simulated events which are used for these correlations do not contain
any flow effect. The ridge like structure at Ap ~ 0 is created by the away side jets
of trigger 2 which are not correlated with the trigger 1 and thus they are found at all
An positions.

In case the mixed event yield would have been created from three events, the correlated
yield M%([pTLtrigL [Pr2,trig)) could be factorized in a yield for trigger 1 and a
yield for trigger 2. Consequently the transverse momentum distribution of trigger
2 would change. So the composition of the acceptance and efficiency factors e in
Equation would change. With these changes the cancellation of the efficiency and
acceptance factors would not be exact anymore.

6.3. Efficiency Correction

The 241 efficiency correction is identical to the 141 efficiency correction presented
in Section B.4l But the efficiency correction is done for three particles instead of two.
The number of trigger particles is scaled with the inverse efficiencies from both trigger
particles. The associated yield is scaled additionally to these two efficiencies with the
inverse detection efficiency of the associated particle.

Due to this correction the same and mixed event particle yields are flat in ¢ and 7.
This makes it possible to execute the mixed event correction.

70



6.4. Background from Uncorrelated Trigger Combinations

6.4. Background from Uncorrelated Trigger
Combinations

In the 241 measurements many correlations are measured which do not represent the
expected associated yield from correlated trigger particles. The measured yield can
be divided into five different contributions dependent which particle is correlated with
which other particle in the measurement.

dQNTlassoc,same
dA(pdAT} ([pTl,trig]a [pTQ,trig]u [pT,assoc]7 A‘P, A?])

i o 10) - T (prassdh 1) -
_d<,01d771 P11 trig)s P1, T dQOQdT]Q P12, trig), P1, T nggd’l’]g

( [pT,assoc] ; P3, 773)

=pu1, triggers are uncorrelated
and the associated particles are not correlated with any trigger particle

N (prving: o ). N

( [pT,assoc] , P3, 773)

=p2, triggers are correlated
and the associated particles are not correlated with any trigger particle

+ﬂ([ ) dll_N
dpadny Pr2 g dprdmdpsdns

=u3, trigger particles are not correlated,
associated particles are correlated with triggerl

d*N ( ) d4—N
dipydryy T e dnadpsdnys

=pa, trigger particles are not correlated,
associated particles are correlated with trigger2

+ dG NTlassoc
dprdndpadnadpsdns

=us, trigger particles are correlated
associated particles are correlated with both triggers

([PTl,mg], [pT,assoc]a ©1, M1, ¥3, 773)

+ ([PTQ,mg], [pT,assoc]a ©2, M2, P3, 773)

([pTl,trig]a [pTQ,trig]a [pT,assoc]v ©Y1,M, P2,12, L3, 773) (69>

The aim of the measurement is to extract the correlated associated particle yield from
correlated trigger particles. This is the yield ps.

The background yields have different contributions. Independent if the trigger parti-
cles are correlated or not, the associated particles can be uncorrelated with both trigger
particles. In this case the associated particle yield is constant. This background ex-
isted already in the 1+1 correlations. In Equation the constant background is
called p1 and uo dependent if the trigger particles are correlated. Independent of this
the associated yield has the same shape.

If the trigger particles are not correlated the associated particles can be correlated
with one of the trigger particles. In case of a correlation of trigger 1 with the asso-
ciated particles this is called us, in case of trigger 2 p4. At small angular distances
Ap ~ 0 and An ~ 0 (near side) this yield looks very similar to the real 2+1 corre-
lation yield because a peak structure is measured. This is observed for both trigger
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Event 1 Event 2
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Figure 6.3.: Schematic overview over the mixed combinatorics method. The events
are projected in the azimuthal plane. The length of the vector indicates
the momentum. The particle marked with pr; is a candidate for a trigger
1, the particle marked with prs is a candidate for trigger 2. Because
both are back-to-back, the trigger combination is accepted for the mixed
combinatorics and the other particles in the events are taken as associated
particles for the correspondent trigger.

particles. But it does not originate from a di-jet, so this associated particle yield has
to be subtracted.

In a single background trigger pair the background yields w1, p3 and pys appear to-
gether. In other words this means, if the trigger particles are not correlated, both
trigger particles have other particles in the events which are correlated with them.
Additionally each event has particles which are not correlated with any trigger at all.
For the trigger 1 associated particle yield it is important to subtract the background
yield p3 because it has the same peak structure as the 2+1 yield. But for the trigger
2 associated yield, the background yield u4 has to be subtracted. There are different
methods how this background subtraction can be executed. In the Section the
concept of the correction is introduced with the mixed combinatorics method. Af-
terwards in Section an alternative method is presented which is mainly used
to determine the rate of background trigger pairs. The difference between these two
methods is discussed and evaluated in Section [6.4.3. One method is chosen for the
determination of the background trigger pairs. At the end in Section [6.4.4] an alterna-
tive approach is introduced to determine the background particle yield if the number
of background pairs is known.

6.4.1. Mixed Combinatorics Method

The mixed combinatorics method uses multiple events to describe the yield of the un-
correlated triggers. In Figure the mixed combinatorics method is illustrated. The
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6.4. Background from Uncorrelated Trigger Combinations

schematic events show the projection on the ¢ plane. Trigger 1 is taken from event 1
and a trigger 2 from event 2. Both have to be back-to-back in ¢. Because the triggers
are from different events, it is guaranteed that they are not correlated.

The number of found trigger combinations N/#¢dComb i5 equal to the number of un-

trig
correlated trigger combinations found in the normal 2+1 same event.

mixedComb
Ntmg (pTl Jtrigy PT2,trigs O[)

2T Nmaz d2N
—/ d@l/nmw dn € pTl trlga(plvnl)dspldnl([pTl,trig]a(plvnl)

Y1+t Nmaz dzN
T s [T di epraaigs 02, )T (o o) (6.10)
p1+T—a —Nmazx d(p2dn2

After the two triggers of a trigger combination were found in two separate events,
the associated yield is filled in two steps. The particles from event 1 are used as
associated particles for trigger 1. Accordingly the particles from event 2 are used
for the calculation of the trigger 2 associated yield. This way the associated yield of
trigger particles is recorded which do not have a second correlated trigger in the same
event but the acceptance allows them to find an uncorrelated trigger.

The mixed combinatorics same event yield is defined the same way as the normal same
event yield in Equation But the trigger 2 yield is not correlated with the trigger 1
or the associated particle yield. This mixed combinatorics yield is measured as a same
event yield like the normal same event yield. It has to be corrected with the mixed
event method as well. To simplify the explanations here the yield is described after
the mixed event correction.

d2 NTlassoc,mixedComb
dA(pdA’l] ([pTl,trig]7 [pTQ,trig]7 [pT,assoc]7 A(,O, A'I], Oé)
dzN dzN dZN
_d901d771 ([pTl,trig]7 1 771) ’ dg02d772 ([pTQ,trig]u Y1, 771) ’ d903d773 ([pT,assoc]v ¥3; 7]3)
>N d*N
-+ dQOQdTIQ ([pTQ,trig]) . m([pTl,trig]a [pT,assoc]a ©1,M, ¥3, 7)3)
=Htps (6.11)

This yield contains the background yield ps which should be subtracted from the
trigger 1 associated same event yield. The additional flat background g is helpful in
the subtraction but not important because it can be subtracted with other methods
afterwards.

The resulting 2+1 per trigger associated yield is computed out of the difference between

2
the same event yield and the mixed combinatorics yield. The yield %

73



6. Two Plus One Particle Angular Correlations

represents the associated particle yield after the mixed event correction.

1 d2 NTlassoc
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=po + g + pis (6.12)

This resulting yield contains the constant background pus and the trigger 2 associated
yield p4. The constant background will be subtracted later and it can be neglected for
the discussion here. The trigger 2 associated background can be split into two parts.
The near side associated yield and the away side associated yield (in both cases with
respect to trigger 2). The near side associated yield of trigger 2 is on the away side of
trigger 1 and it does not matter because only the near side of the trigger 1 associated
yield will be analyzed. The away side associated yield of trigger 2 can be seen as a
near side ridge relative to trigger 1. This means even after the mixed combinatorics
correction the associated yield contains some kind of correlated background. This
background can be subtracted in a separate background subtraction which is further
described in Section

In this section the background subtraction for the trigger 1 associated yield was ex-
plained. The same calculations can be done for the trigger 2 associated yield. The
yield correction is taken from the trigger 2 associated yield in event 2 of the mixed
combinatorics.

The mixed combinatorics method is mathematically a good method to subtract the
background. But it has some disadvantages. Several effects exist which cause the
number of triggers from the mixed combinatorics method to be on average higher or
lower than the background trigger rate in the same event. The effect which causes less
trigger 2 dominates. All these effects are explained in detail in Section
Another problem is connected with the implementation of the code. For the event
mixing, buffers are used which are filled separately for each centrality and z-vertex
bin. The calculation of the mixed combinatorics can only start as soon as the buffers
are filled with some events. To get the correct amount of uncorrelated trigger pairs,
the same event analysis can only start in the moment when the mixed combinatorics
start. The 2+1 method is used for big datasets, which are analyzed with highly paral-
lelized computing methods. This means that a lot of buffers are separately filled and
used for the analysis. Because of the high number of buffers, a not negligible part of
the available data is not analyzed for 2+1 correlations if the analysis would start after
the buffers are filled. This would increase the statistical uncertainty of the analysis.

74



6.4. Background from Uncorrelated Trigger Combinations

6.4.2. Background Same Method

As an alternative to the mixed combinatorics method, the background same method
is introduced.

The trigger 1 particle is obtained as usual. But the trigger 2 is not taken from the
angular difference |Ap — 7| < o but from |Ap £ /2] < a/2. The new areas have half
the size compared to the same event trigger 2 area. But to compensate for this, two
areas are used. The areas are located as far away from the trigger 1 and the correlated
away side particles as possible. This way the background same trigger particles are
uncorrelated with the trigger particles of the same event measurement.

The background same yield is expected to be identical to the mixed combinatorics
yield presented in Equation [6.17]if the considered area around the trigger particles is
small enough@. If in the same event a regular trigger 2 and a background same trigger
2 is found, the phase space can be defined with the minimum distance d in ¢ between
these triggers.

d=7/2—a—a/2
=n/2 —7/8 —7/16
— 5/16m = 0.98.

This calculation assumes the same event trigger 2 and the background same trigger
2 being both at the border of their accepted areas. If no particle in an event should
have the chance to be double counted as possibly belonging to the same event trigger
2 jet and to the background same trigger 2 jet, the maximum integration area in Ay
has to be d/2. This is equal to a maximum integration area of |Agp| < 0.49. This
area is slightly smaller than the used integration area in the peak yield extraction (see
Section [.0]).

In a further analysis (see Section [6.4.3]) it was found out that the number of trigger
particles from the background same method is slightly too big because it contains
trigger particles which are correlated with the trigger 1. The effect is observed to be
small in the Pb—Pb data analysis and it is considered in the analysis of the systematic
uncertainty in Chapter [§l There the effect is identified to be negligible.

6.4.3. Background Components

To validate the background subtraction, the method is employed on HIJING events. It
is observed that the number of background trigger combinations found with the back-
ground same and mixed combinatorics methods events are not identical. In central
events they deviate in the order of 6%. The effect increases to 15% for the 40-50%
most central events.

2In Section it will be shown that there is actually a small difference between the triggers found
in both methods. Accordingly there is a difference in the yields.

3In Section the HIJING event generation has been introduced. Central events are created out
of a super-position of three events with the centrality 30-50%.
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6. Two Plus One Particle Angular Correlations

In the following the background trigger combinations are analyzed and the sources
of the background are identified. At the beginning the background is analyzed in
a theoretical way. Background contributions from different sources are identified as
separate background components. Afterwards the actual background components in
HIJING events are determined and presented. The background analysis can be pre-
sented better based on HIJING events than on the data analysis because of the smaller
statistical uncertainties. But at the end the effects which were observed in HIJING
events are discussed for the data analysis as well.

For the theoretical calculation of the background trigger combinations an average
event is assumed which contains a di-jet trigger pair (T1 - T2) with the probability
Nlj‘\ff'lNO. Here Nj is the number of events which contain a di-jet and Ny is the number
of events which do not contain a di-jet. Events with more than one di-jet trigger pair
are neglected. This approximation is valid because the probability for a di-jet is very
low. Additionally each event contains m T2 and n T1 which are not correlated with
any other particle in the event.

2 NMmaz
m = / dw/ n ([pT2]790777) (6.13)
Nmax d d
2 Timax d2N
n— / di / n 4 (il o) (6.14)

In practice m and n are measured in the 1+1 measurement by dividing the number of
triggers by the number of events. This measurement includes particles which are part
of a (T1 - T2) pair. But the number of correlated trigger pairs is low compared to
the uncorrelated particles with the same transverse momentum, so it can be neglected.
The factor m describes the amount of background trigger 2 and not the rate of trigger
2 which are correlated with a potential trigger 1. If m is measured in the described
way, it is correct for a random event in a dataset. But in case a trigger 1 is present in
the event, the event selection is biased and the average probability of finding a trigger
2 is biased to myy. This rate is slightly higher than m. The difference between m and
mq is explained in the text further below.

Additionally to the back-to-back correlated trigger particles (T1 - T2) and the isotropic
distribution of trigger particles (m and n), the trigger particles can be correlated under
angles other than 7. For the background estimation the particles which are perpen-
dicular to each other (T1 L T2) are important. The number of events which contain
such a correlation is called M;.

For an easier understanding the expected trigger combinations are calculated for a re-
duced event content. The probability of having an event one which contains a trigger
1 is multiplied with the probability of having an event two which has a trigger 2. This
calculation is done for the background same and the mixed combinatorics method. In
the background same method the same event has to contain both trigger particles,
while in the mixed combinatorics method two events are requested to have a trigger
particle each. In both cases these triggers have to be at the correct angular difference
to each other so that they qualify for a trigger pair.
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6.4. Background from Uncorrelated Trigger Combinations

Type A Background

In events with exactly 1 back-to-back trigger particle (T1 - T2) no background trigger
combination is measured in the background same method. In the mixed combinatorics
method the (T1 - T2) trigger combinations in the two events can be arranged in a
way that a background trigger combination is measured. The amount of background
triggers is equal to the squared probability of having an event with a (T1 - T2) trigger

combination ( NITNO)Q multiplied by the phase space factor £. The phase space factor
is the probability that the angular difference of the trigger particles fulfills the trigger
condition. In the mixed combinatoric method this means Ay =~ +x. In this thesis
a = m/8 is used which results in ¢ = 1/8. The described background in the mixed

combinatorics method is called background component A.

Type B Background

In events which contain additionally m trigger 2 particles both background methods
result in an additional background component which is called component B. The
chance for the trigger 1 from the (T1 - T2) trigger combination NIJY:NO is multiplied
with the chance for the trigger 2 to be at the correct phase space m?. But in the
background same analysis the events are biased, because every event has one particle
which fulfills the trigger 1 requirement. In these events the probability of finding a
particle which fulfills the trigger 2 requirement mq; is higher than the probability in

an average event m.

Type C Background

Another type of events is assumed which contains n trigger 1 and m trigger 2. None of
the triggers is correlated with any of the other triggers. The component C' is calculated
by multiplying the probability for an event with a trigger 1 with the probability for an
event with a trigger 2. Again events which have a trigger 1 have an increased chance
for a trigger 2 compared to events which do not contain a trigger 1.

Type D Background

One last event configuration is considered which contains a perpendicular trigger com-
bination (T1 L T2). In the background same method the probability for such an
event Mll‘il]\ﬂo represents directly the amount of background triggers and it is called
component D. In the mixed combinatorics method this probability has to be squared
and multiplied with the phase space factor 2. This is a very small probability because

already the probability for a perpendicular correlated trigger pair is small.

All these background trigger combinations are summarized in Table and the back-
ground components are indicated. To compare the size of these components they are
measured in HIJING events.

For the measurement of my; the 1+1 per trigger associated particle yield is measured
with the 241 trigger 1 transverse momentum as trigger momentum and the 241 trig-
ger 2 transverse momentum as associated particle momentum. The associated particle
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Event Content Background Same Mixed Combinatorics
2
M (T1 - T2) 0 (N NlN) =
N+ No' 1 7
A
N Ny
mTQ@L(Tl-TQ) M N+1ng+<N +1N> =
N, + N, N, + N, T1 . 1 0o 7 1 0 m
B
N a
mT2 & nTl i — e
T N——
C
M M, ( M, )2 o
L -t ) L=
—(T1 L T2
M1+M0( ) My + My My + My T
D ~ 0

Table 6.1.: The number of background trigger combinations is calculated for the back-
ground same and the mixed combinatorics method dependent on the event
content. (T1 - T2) stands for a trigger pair which is back-to-back in ¢. Re-
spectively (T1 L T2) is a trigger pair with perpendicular trigger particles
in (. Four sources of background trigger combinations are identified and

labeled from A to D.

yield has to be integrated at a phase space which does not contain any correlations
between the triggers. This is done at 1.0 < |An| < 1.4 and |Ap| < 0.51. Afterwards
this yield is scaled to the full detector acceptance (|An| < 1.8 and full Ay acceptance).
The result is mp;.

The ratio my.s = "Lt shows the strength of this bias effect for the different centrali-
ties. It is shown in Figure[6.4l At the same centrality, mp;.s is almost constant for the
different trigger configurations.

This bias effect can be explained with an event bias towards higher average centralities.
The average number of nucleon-nucleon collisions (N,,;) is higher in events which have
a trigger 1 compared to events which do not require a trigger 1. The average number
of nucleon-nucleon collisions for events with a trigger 1 is called (NLL). This bias
effect can be interpreted as a slightly higher average centrality within a centrality bin.
The change of the average number of collisions is the bias factor fy;q.s.

(Neoir)

C

<Ncoll>

The particle yield in every transverse momentum bin of these biased events is expected
to be increases by this bias factor compared to the unbiased events. This means the
value should be equal to my,;.s. In Table frias 18 shown for the trigger 1 momentum
8 < Priwig < 12GeV/c. This is compared to the value of my;qs from Figure [6.41 For

Jvias = (6.15)
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Figure 6.4.: Ratio between the background trigger 2 in HIJING events with trigger 1
and all HIJING events. This shows the trigger bias towards more trigger
2 in an event with a trigger 1.

the central events this comparison is difficult because the bias exists only for one of
the three events which are super-positioned to create these events.

For the non-central events the bias in N, explains my;.s qualitatively. Both observ-
ables have the same dependence on the centrality and they have a similar magnitude.
Although fyqs underestimates my;qs slightly. This difference can be explained by a
scaling factor between the changed particle content in the event and the bias of N..;.
The analysis in central events does not contradict these conclusions. Due to the dif-
ferent generation procedure for the events the N.,; bias might be affected. In a cross
check with HIJING events from the centrality 0-5% the correlation of the bias effects

Centrahty <Ncoll> fbias Mpias
central 375.7 | 1.015 | 1.054 £ 0.001
30-40% 159.6 | 1.067 | 1.084 4 0.002
40-50% 91.7 | 1.111 | 1.140 £ 0.004

Table 6.2.: {N,,y;) in all events of a certain centrality and the ratio to (NZ1) which is
only measured in events with a trigger 1 of 8 < pry g < 12GeV/c. If not
otherwise specified the statistical error of all shown observables are smaller
than the shown precision.
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Figure 6.5.: Estimation of the correlated trigger 2 yield perpendicular to the trigger 1
in HIJING events. This yield is divided by the found trigger yield back-
to-back with the trigger particle.

was verified.

To calculate the background component D the rate of perpendicular trigger combina-
tions MIJ\fMO is needed. It is measured in 141 correlations at large An which is called
Yiargeay and at Ay =~ 7/2 which is called Y /. For the large An area the integration
is done within 1.0 < |An| < 1.4 and |Ap| < 0.51. This range is identical to the range
used before to extract mp;. The yield at ~ 7/2 is integrated within 1.40 < Ay < 1.73
and |An| < 1.4. Both yields are normalized to the same phase space and the difference
is calculated. This difference is compared to the away side peak yield Y. which is
measured at 2.80 < Ay < 3.48 and |An| < 1.4. The factor obtained out of this ratio
is called  and it represents the amount of correlated trigger 2 at /2 compared to the

correlated trigger 2 at .

T11T2
. Ntrig . Y7T/2 - }/largeAn 6.16
r= N2+1 - Y. Y, ( . )
trig peak — LlargeAn

After the Y7 5 yield was scaled to the correct phase space, the background is subtracted
with the estimation from the large An area. In Figure the ratio r is shown for all
trigger configurations which are used in this thesis.

With this new factor r the number of perpendicular trigger combinations can be ex-
pressed with the number of back-to-back trigger combinations. The sum of events with
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6.4. Background from Uncorrelated Trigger Combinations

a perpendicular trigger combination and without it M+ M, is equal to all events. The
same number id described with the number of events with and without a back-to-back
trigger pair N7 + Ny.
M,y TN
M, + M, N+ N,

With the described coefficients all components shown in Table can be calculated.
In Figure the components are shown for the background same and mixed com-
binatorics methods in HIJING events at the example centrality of 30-40%. In this
centrality the components B and C differ between background same and mixed com-
binatorics by roughly 8% (my;.s ~ 1.08).

It can be seen that the component A has basically no contribution. In the simple toy
event generator (see Section [0.1]) this component was predicted to be dominant. But
in the toy generator the back-to-back trigger rate per event was much higher. The
component D is small but not negligible.

With these background components, the ratio between the trigger obtained from mixed

(6.17)

combinatorics Nl%’;e‘wgmb and the trigger from background same legsame can be cal-
culated.
NypgwedComb B ivedcomb + CrmizedComb (6.18)
NjBGsame D + Bpasame + CBGsame '

The result of this components calculation is compared in Figure [6.7] with the result
obtained from the measurement in HIJING events. The measured values agree with
the expected values from the components calculation within the uncertainties. The
trigger configuration 6 < priuig < 8GeV/c and 6 < prowig < 8 GeV/c cannot be
compared because the estimation of m is wrong. Due to the overlapping trigger mo-
mentum bins, the maximum possible trigger 2 momentum in each event is equal to
the trigger 1 momentum found in that event and not 8 GeV/c.

The conclusion from the calculations in this section is that no background method
is perfect for estimating the background trigger combinations. The background same
method contains the additional background component D which is not a real back-
ground. Because of this, the background same triggers overestimate the number of
background trigger combinations in the same event. The mixed combinatorics method
underestimates the components B and C because of the missing bias. In the same
event measurement, the background rate of uncorrelated trigger 2 is increased by mp;as
compared to the rate in the mixed combinatorics.

The estimation of my;,s or component D is not possible in the data analysis because
the 1+1 correlations contain a flow signal which prevents the measurement of a base-
line at large An. But in the data analysis the background trigger estimations from
the mixed combinatorics and the background same method do deviate less from each
other than in HIJING events.

In the data events the rate of perpendicular jets M(f\fMl is at least 50%1 smaller than

*This value is estimated from the NjjzedComb/NBGsame patio in the data analysis which is closer

to unity. This ratio is presented in Figure 8. in the systematic uncertainty analysis.
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Figure 6.6.: Background components for the background same and the mixed combi-
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background of all trigger configurations is normalized to one so that the
components can be compared with each other.
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Figure 6.7.: Ratio of the found trigger combinations in the mixed combinatorics and
background same method. The ratio is presented for HIJING events and
the calculation is based on the background components. The background
components calculations include parameters which have been obtained
from other measurements in HIJING events. These measurements have
been presented in this section. The reason for the deviation at the trig-
ger configuration 6 < priuig < 8GeV/c and 6 < proni; < 8GeV/c is
explained in the text.

in HIJING events. Qualitatively this can be observed by comparing the width of
the away side jets in 141 correlations. In Figure the Ap distribution of par-
ticles with a trigger 2 transverse momentum relative to trigger 1 is shown for the
example trigger momentum 8 < pry i < 12GeV/c and the associated momentum
4 < prasoc < 6GeV/c. The distribution of the other trigger momenta follow the
same trend. The background same method takes the trigger 2 from Ay ~ 7/2, which
is illustrated with the green boxes. Both distributions, from data and HIJING, are
normalized so that the average yield at 1.0 < |Ap| < 1.4 is zero because they have a
different baseline. In both centralities the away side distribution from HIJING events
is broader and it has a bigger contribution to the background same yield than the data
distribution.

So the component D has a smaller contribution to the background in the analysis of
data than in the analysis of HIJING events. Because of this smaller effect, the back-
ground trigger number is determined with the background same method, consistently
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Figure 6.8.: 141 correlations from ALICE data and HIJING simulations in the 0-
7.5% (left panel) and 30-50% (right panel) most central events. The
trigger transverse momentum ranges are adjusted so that the distribution
of the 2+1 trigger 2 are shown for a possible trigger 1. The distribution
is normalized to 0 between 1.0 < Ay < 1.4. The green boxes show the
area which is used to find the background same trigger particles for the
241 correlations.

in the analysis of data and HIJING events.

6.4.4. Scaled 141 Events

The background estimation from the background same and the mixed combinatorics
methods have been shown to return good results. The number of background triggers
and the per trigger background yield can be determined with both methods. In this
section a method is introduced which improves the measurement of the per trigger
yield.

The trigger 1 or trigger 2 associated yields which are obtained in the mixed com-
binatorics and in the background same method are expected to be identical to the
141 yield. In both correction methods uncorrelated trigger pairs are taken and the
associated yield of one trigger particle is used for the correction. Because the trigger
particles do not have a correlated trigger 2, the resulting yield per trigger in the 1+1
analysis is identical to the per trigger yield in the 241 background measurements. But
the 141 method has much more statistics.

Some of the trigger particles in 141 correlations fulfill the requirements for 2+1 cor-
relations as well. This means the 141 associated particle yield contains part of the
241 correlated signal yield. But this kind of signal yield is contained in the 2+1 back-
ground yield as well. One trigger from a correlated trigger pair can be matched with
an uncorrelated second trigger. Consequently this yield has to be subtracted in the
background subtraction because it was added due to an uncorrelated trigger combina-
tion.

In this background correction the per trigger 1+1 yield has to be scaled to the correct
number of triggers to be usable for the subtraction. This number can be obtained
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6.4. Background from Uncorrelated Trigger Combinations

from the background same or the mixed combinatorics method. For the background
subtraction in this thesis the background same trigger particles fogsame have been
chosen as background trigger estimation. The scaled 141 yield is subtracted from the

same event yield.

1 d2 NTlassoc
Nirig dA@dAn

([pTl,trig]u [pTQ,trigL [pT,assoc]7 ASO, A??7 Oé)

1 d2 NTlassoc same
== 7 rig]s rig]s assoc 7A 7A )
NI NEG | dApdig ([Pr1,trig), [P2,0rig]s [P assoc); A, A, )
Nthsame d2N 141
— - 2, T, assoc A A 6.19
Ntlr_:_gl dAQOdAT/ ([pTl,t g]a [pT, ]7 w, A, O‘) ( )

The background measurement for trigger 2 works the same way. But the pr of the
1+1 measurement has to be adjusted to pratrig. The number of background triggers
is identical to the number obtained for trigger 1 in the background same method.

The statistical uncertainty of the associated yield in Equation contains several
contributions. For a better readability the dependencies of the yields are not shown
in the following equation. The uncertainty of the same event yield or the 1+1 yield
are indicated with a ¢ in front of the yield like the uncertainty of the trigger numbers.

1 dQNTlassoc
7\ Noiy dApdAn

_ 1 (0_ (dQNTlassoc,same ) ) 2 + (Nggsame . (dQNgsé%iffil ) > ?
Nf%l — Nﬁgs“me dApdAn Ntlrjgl dApdAn
same 2
+ ( O-(Nt%"—l'_gl) [dZNTlassoc,same Ntljg d2Nassoc,1+1] )

NZfE — NBGseme | dApdAn N dApdAn

trig

([pTl,trig]7 [pT2,trig]7 [pT,assoc]7 ASO, AT}, Oé))

BGsame 2 24+1 42 2
+ ( 0<Ntrig ) [d NTlassoc,same Ntrig d Nassoc,1+1 ‘| )

Nf?jgl — NJGsame dApdAn N dApdAn

trig
1/2

N BGsame 5 N1+1 2N 2
+< trig 0'( trzg) assoc,1+1> (620)

(NEI? dBpdAn

rig

The uncertainty contribution proportional to the uncertainty of the 141 trigger par-
ticles or the 1+1 yield can be neglected because the statistics in this measurement is
much higher than all the other contributions in this calculation.

The influence of the other uncertainty contributions vary dependent on the trigger
conditions. For low trigger momenta pr g, the uncertainty of the same event yield
is small because the statistics are big. But the numbers for Nﬁf{; and Nﬁgsam@ are
much bigger than the difference between them. This creates a big contribution which
is proportional to o (Nf?jgl) and o (N,fgsame).

NBGsame

For high trigger momenta pr 4ig, the number of background triggers Ny’ is low
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6. Two Plus One Particle Angular Correlations

and the difference Ntz,f{gl — Nt’fgsame is big compared to the uncertainty of these trig-

ger numbers. But in this case the statistics of the same event yield is small and

2
o (%) has a big contribution to the statistical uncertainty.

The scaled 141 events cannot be used for the background subtraction in a trigger
configuration with overlapping trigger momentum bins. In this thesis this is the case
for the trigger configuration 6 < priuiz < 8GeV/c and 6 GeV/c < prarig < P11 trig-
Because of the requirement that the trigger 2 transverse momentum has to be smaller
than the trigger 1 transverse momentum, the py spectrum of the 241 triggers is
different than the pr spectrum of the triggers in 141 correlations. For this trigger
configuration the mixed combinatorics yield is used.

6.5. Uncertainty as a Function of Jets per Event

In the calculation of the statistical uncertainty in the last section it is not immediately
clear how the number of independent jets per event influence the statistical uncer-
tainty.

With the toy event generator, which was explained in Section B.1], this was analyzed.
By comparing two simulations with the same amount of events and a different number
of jets per event, the simulation with more jets per event contains more trigger com-
binations. This decreases the statistical uncertainty of the same event yield. At the
same time a higher percentage of these trigger pairs are uncorrelated trigger combina-
tions. Thus the uncertainty proportional to AN4™ and ANJG#*™ rises, because the
uncertainty of these values is not negligible compared to the difference of the values.

For different numbers of jets per event several datasets have been produced with the
same number of events. In Table the trigger numbers and the statistical uncer-
tainty of the yield are shown. The relative uncertainties from the table are illustrated
in Figure Without doing the background event subtraction, the uncertainty of
the extracted yield is smaller for events with more jets per event. After doing the
subtraction, the events with less jets per event have a smaller uncertainty because of
less uncorrelated trigger combinations although the absolute number of found corre-
lated triggers is smaller as well. The relative uncertainty can be further reduced for
all measurements by using more events.

6.6. Yield Extraction in the 241 Analysis

After the subtraction of the background events with the scaled 141 events, the asso-
ciated particle yield still contains the backgrounds given in Equation This yield
does still contain the constant background py which exists as well in 1+1 correlations
(see Section B.H). Additionally the residual background contribution from associated
particles correlated to trigger 2 but not correlated to trigger 1 yu4 is contained (see Sec-
tion [6.4.1]). Fortunately this background distribution is independent of An because
there is no 7 correlation between the trigger particles (neither if they are correlated
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number | trigger uncertainty trigger correlated uncertainty
of jets | same before background | triggers (%) after

. BG corr (%) & . | BG corr (%)

5 6405 0.9 2629 59.0 1.8

10 19295 0.6 11585 40.0 2.6

20 65551 0.5 48629 259 5.2

30 137069 0.4 112844 17.7 10.8

40 232575 0.3 208082 10.5 20.5

Table 6.3.: Relative statistical uncertainties of the 241 peak yield dependent on the
number of jets in an event. For each number of jets 50000 events were
simulated with the toy event generator. For events with many jets this
results in more absolute found trigger combinations but at the same time
into a higher background rate. The uncertainties are extracted from the
trigger 1 associated yield for a trigger momentum of 8 < ppy g < 12 GeV/c
and 4 < prouig < 8GeV/c. The associated particles are all particles
which have a smaller transverse momentum than trigger 1 pr assoc < P71, trig-
The relative statistical uncertainty is computed with the ratio out of the
associated particle yield uncertainty and the associated particle yield itself.

nor if they are not correlated). This residual background appears in the correlation as
ridge like the particles which were affected by particle flow. These two ridges overlay
with each other and cannot be distinguished.

It is necessary to subtract all kind of background in the 241 correlations before the
peak yield can be measured. The yield extraction works in 2+1 correlations the same
way as in 141 correlations.

In Section the fitting method is described. It is applied in the 2+1 correlations
the same way as in the 141 correlations. The constant background does represent
additionally the background due to p4 for the trigger 1 associated particles and the
background due to us for the trigger 2 associated particles.

Before the bin counting method is used the background has to be subtracted with the
An gap method first. This is done the same way as for the 141 method which was
explained in Section B.7l For consistency reasons, the same integration range is used
in 241 correlations as in 141 correlations.

6.7. Observables of the 241 Correlation Measurements

With the methods explained so far in this chapter the background corrected per trigger
associated particle yield can be measured. To quantify if this yield is affected by
medium effects it has to be compared to a baseline. In the following sections two
measurements are presented which can be used as baselines.
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Figure 6.9.: Statistical uncertainties before and after the background correction from
Table The uncertainties are measured in events from the toy event
generator in the near side peak of the trigger 1 correlations.

6.7.1. Ratio of the Yield from PbPb and pp Events

In Section 2.7 the results of the I44 and Iop from 1+1 correlations in ALICE were
presented. The same analysis can be repeated with the associated particle yield from
241 correlations. This is done by dividing the 241 yield obtained from central Pb-Pb
events by the 2+1 yield obtained from pp events (or from Pb-Pb events at 30-50%
centrality). For the division the trigger 1 or the trigger 2 near side associated yield is
used.

One advantage of the calculation with the 241 yield compared to the 1+1 yield is
that the former away side yield can be described with the near side yield of trigger 2.
This way the flow effects can be subtracted from the trigger 2 associated yield which
makes it possible to determine the observables at lower pr assoc-

The biggest problem of the 241 analysis is the small statistics. With the presented
statistics, the 241 correlations can be performed up to 50% in centrality. Thus the
Iop is calculated

_ Pb-Pb(0-7.5%)
~ Pb-Pb(30-50%)"

Icp (6.21)
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Instead of two Pb—PDb yields at different centralities the pp yield can be used as baseline.
The ratio is called 144 and it can be calculated for both Pb—Pb centralities.

Pb-Pb(0-7.5%)

Tag = -
22
Pb Pb(30-50%) (6.22)
Tan =
pp

6.7.2. Ratio of the Trigger 1 and Trigger 2 Peak Yield Rti12

To study a potential effect of different path lengths through the medium of the particles
associated to trigger 1 or trigger 2, a new observable is introduced. The ratio between
the associated particle yield of trigger 1 and trigger 2 is called Rpi7s.

T1 assoc

Brirs = T2 assoc (6:23)
This ratio compares the associated particle yield for correlated trigger particles. It can
be used to quantify path length effects in the QGP. Because of the common origin of
the triggers it is expected that unquenched jets have the same transverse momentum.
There are two options how a trigger configuration can be created out of two unquenched
jets. One explanation is a different path length in the QGP for the trigger 1 associated
and the trigger 2 associated particles. Due to the different path length the particles
are quenched differently. Even if both jets fragment identically, a trigger pair can be
measured, because one jet has less energy due to the longer path length in the medium.
Alternatively the trigger requirement can be fulfilled by a different jet fragmentation.
How strong each of these effects contributes is dependent where the triggers were
produced.
The jets can originate from the surface of the fireball and both fragment into the
vacuum. A trigger combination can be found in these jets only due to different jet
fragmentations. In a second scenario for each jet which travels through the QGP
an energy loss is expected. If the path lengths of the jets in the QGP are different,
the resulting jet energy in the detector is expected to be different due to a different
energy loss. In these two jets particles on a different transverse momentum scale are
expected. If a trigger combination is contained in these two jets, the jet with a smaller
energy loss is more likely to contain the trigger 1 and the more quenched jet a trigger
2. From the measurement of a trigger combination itself it is not possible to identify
which scenario caused the energy difference.
Assuming that no energy would be lost to the medium, the jet containing trigger
2 would have more energy available to produce low energetic particles than the jet
containing the trigger 1. This additional available energy is the difference of the
trigger momenta. If this effect dominates, Rri7o would be negative.
But with a stronger energy loss of all particles in the second jet (trigger 2 and the
associated particles) compared to the first jet, the associated particle yield of trigger
2 is expected to be smaller than the trigger 1 associated particle yield. This leads to
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a positive Rrire. These two effects are superimposed in Rpi7o. So this observable
can identify a strong energy loss. But a small energy loss may be shadowed by the
asymmetry of the trigger particles.
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7. Two plus One Particle Correlations
in HIJING Events

The physics content of HIJING events is well known. So they were analyzed with
the 2+1 correlation method to crosscheck and improve the method. One major im-
provement obtained from the HIJING analysis is the understanding of the background
composition which was presented in Section [6.4.3] Additionally the HIJING events
can be used to do the 2+1 analysis without the presence of a quenching signal. The
results are presented in this section.

In Section [7.I] the number of found correlated trigger particles per event is presented
for all used trigger configurations. This is compared with the purity (signal trigger
per background triggers). Afterwards in Section the background subtraction is
demonstrated with one example trigger configuration and one example associated mo-
mentum pr assoc. Lhe projection on An is compared for several analysis configurations.
The obtained integrals from the Gaussian fits are presented in Section [7.3] for multiple
centralities and both trigger particles. These yields are compared with each other in
more detail in the Sections [(.4] and

7.1. Trigger Combinations

For the analysis in this thesis 5-107 HIJING events were simulated for central collisiond]
and at centrality 30-50%.

The number of found trigger pairs per event (trigger rate) for each trigger configuration
and centrality is shown in the lower panel of Figure [[.Il The trigger rate is large at
small trigger pr and decreases with increasing trigger pr. At the highest trigger pr
the trigger rate is the smallest and thus the statistical uncertainty is the largest.

In the top panel of the same figure the purity is shown. It indicates the relative amount
of trigger pairs which are emitted by the same source (the triggers are correlated)
compared to all found trigger pairs. The other trigger pairs are randomly combined
and do not originate from the same hard collision. For low trigger pr the purity is
small and it increases with increasing trigger pr. The statistical uncertainty of the
final yield increases with lower trigger rates.

The trigger combination at 6 < pr1uig < 8 GeV/cand 6 GeV/c¢ < proyig < Priuig has
a small trigger rate and a low purity. This trigger configuration originates preferentially
from di-jets which have the same energy in both jets. Due to the small phase space of

In Section the HIJING event generation has been introduced. Central events are created out
of a super-position of three events with the centrality 30-50%.
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Figure 7.1.: The lower panel shows the trigger rate in HIJING events which represents
the number of found correlated trigger combinations per event. The upper
panel shows the purity of the trigger combinations. It indicates the relative
amount of correlated trigger particles in all found trigger combinations.

the second trigger particle the abundance is small. Nevertheless, all pr ag0c bins allow
the extraction of the signal and the calculation of the Icp and the Rrpirs.

7.2. Signal Extraction

The 241 particle correlations are measured in HIJING following the method described
in Chapter 6l To illustrate the procedure, the 2+1 yield after mixed event correction
is shown in Figure [[.Zh. It contains the yield from many uncorrelated trigger combi-
nations. This is corrected by subtracting the scaled 141 yield which is illustrated in
Figure [.2b. These particle yields correspond to 5.9 - 10° and 5.4 - 10° trigger combi-
nations. The difference is shown in [Z.2k and it represents the associated particle yield
from 5 - 10° correlated trigger particles. This number of trigger particles is the differ-
ence between the number of trigger particles from the same event and the background
same event which were mentioned before.

This is the standard background subtraction which is used for all trigger configurations
but not for the configuration 6 < prj g < 8GeV/c and 6 < pro g < 8GeV/c. In
this special trigger configuration the mixed combinatorics event yield has to be used
instead of the 1+1 yield because both trigger particles are from the same transverse
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Figure 7.2.: The background correction with scaled 141 events is illustrated. In a) the
same event and in b) the scaled 141 yield are shown which are subtracted
from each other. The difference is shown in c¢). The scaled 1+1 yield
measured the associated particles with the same pr as0c relative to all
trigger 1 without requiring a trigger 2.
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Figure 7.3.: The associated particle yield of 241 correlations is shown for both trigger
particles from central events and from the 30-50% most central events.
The baseline of all plots is estimated at 1.0 < |An| < 1.4 and subtracted
from each point of the corresponding distribution.

momentum bin.

Since the subtracted background is large the resulting yield has large statistical uncer-
tainties compared to the same event yield before. In the next analysis step the peak
is projected on the An axis for |Ap| < 7/6. This is shown in the following for several
analysis configurations.

In Figure the associated particle yields from different trigger particles and cen-
tralities are shown. These yields are obtained with the trigger configuration 8 <
Priwig < 12GeV/c and 4 < prowie < 6GeV/c with the associated momentum
2 < prasoc < 3GeV/c. The baseline under the peaks is subtracted so that the
peaks can be directly compared. It is estimated in the range 1.0 < |An| < 1.4.

The associated peak yield is expected to be identical for different centralities because
HIJING events do not contain any medium effects. Within the uncertainties the yield
agrees for the two shown centralities. The yield ratios between two centralities are
further compared in Section [.4]

The trigger 2 associated yield is expected to be slightly larger than the trigger 1 as-
sociated yield. This bias is created due to the trigger bias (see Section [£.7.2]) and no
other effects are expected in HIJING events. Indeed the trigger 2 associated yield is
observed to be a bit larger than the trigger 1 associated yield in central events. But
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Figure 7.4.: The associated particle yield of trigger 1 is compared for two associated
momenta. For illustration purposes the baseline is subtracted from both
plots.

this difference is small. It is further analyzed in Section with more trigger config-
urations and pr assoc bins.

For both centralities the same amount of events were simulated. But it can be ob-
served that the statistical uncertainty of the yield from the more peripheral events is
smaller. This is expected due to the smaller multiplicity in the events (see Section
6.0).

In Figure [T.4] the associated particle yield of the same trigger configuration is com-
pared for different pr assoc. By increasing prassoc the peak yield and the peak width
are reduced. This dependency exists at all trigger configurations, centralities and trig-
ger particles. At higher pry ,ss0c the uncertainty of the yield is reduced because there
are less background particles.

The trigger 1 associated particle yield at 1 < prasoc < 2GeV/c for different trigger
configurations is shown in Figure[Z.5l It is increased if one of the trigger pr is increased.
But this yield increase is not significant within the uncertainty. A similar dependency
can be observed for all pr assoc-
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Figure 7.5.: The associated particle yield of trigger 1 is shown for multiple trig-
ger configuration from central events. The associated momentum is
1 < prassoc < 2GeV/c. For illustration purposes the baseline is subtracted
from all plots.

7.3. The Integrated Correlation Peaks in HIJING

The peak yields from correlated trigger particles are integrated with Gaussian fits (see
Equation BT6]). The integral Y measures the associated particle yield per trigger. In
Figure the associated particle yield is shown for the different centralities (central
or 30-50%) and the different associated triggers (trigger 1 or trigger 2) for six trigger
configurations. For each trigger configuration the trigger 1 associated yield is shown
on the left side of the dashed line and the trigger 2 associated yield on the right side.
The panel on the top left of the Figure corresponds to the lowest trigger pr and the
panel on the lower right to the highest trigger pr.

The trigger 2 associated particle yield is measured for momenta smaller than this pr.
For the trigger 1 associated particles a similar constraint is used. The minimum pry trig
has to be greater then the maximal measured pr assoc. In the top row of the panels
the trigger 1 momentum is 6 < pry g < 8 GeV/¢, this means the highest associated
momentum bin is 5 < Py ass0c < 6 GeV/c. For all other panels the minimum pry 444 is
larger or equal 8 GeV/¢ which is the maximum measured pr assoc-

The associated particle yield depends strongly on pr assoc. At the same time no strong
dependency is observed on the trigger pr, the centrality or which of the two trigger
particles is used for the correlation analysis. Possibly existing dependencies on the
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trigger 2 associated particles from central events and centrality 30-50%.
All events are generated with the HIJING generator.
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centrality and the trigger particle are analyzed in the next sections.

7.4. Centrality Dependence of the Particle Yield

The HIJING simulations do not include any medium effects. The only effect which
the different centralities have on the event are the changed particle multiplicities. The
structure of a single jet is not affected. So the same associated particle yield is ex-
pected at both centralities. The Icp, the ratio between the associated particle yield
from central events and the centrality 30-50% (see Equation [6.21]), is expected to be
unity. It is shown in Figure [Z.7] for the 2+1 analysis in HIJING events. The plots for
the different trigger configurations are arranged the same way as in Figure for the
integrated peak yield.

For all trigger configurations except one the Icp is compatible with unity. No general
dependency of the Icp on prassoc can be observed. In some plots the I¢p is for all
points slightly above or below unity. This can be caused by a statistical fluctuation in
the background subtraction. If the number of background triggers is fluctuating, all
points for the corresponding trigger configuration are shifted.

The trigger configuration 6 < pri iz < 8GeV/c and 6 GeV/c < progrig < Pritig de-
viates from the described behavior. For all associated momenta except 3 < pr assoc <
4 GeV/c the Igp is below unity. The analysis at this trigger configuration may contain
a systematic effect due to the identical momentum bin for both trigger particles. The
background subtraction is different from the subtraction of the other trigger configu-
rations. Probably one of these two reasons causes the the Icp to be systematically
below unity.

The measured constant I¢p at unity for most of the trigger configurations fulfills the
expectations. This is a successful test of the 2+1 correlation method.

7.5. Trigger Dependence of the Particle Yield

In Figure the ratio between the associated particle yield of the first and second
trigger particle Rriro (see Equation [6.23) is shown. The statistical uncertainty of the
yields from central events is bigger than the uncertainty of the yield from the 30-50%
most central events due the lower purity.

For almost all trigger configurations RriTe is below unity. This lowering is created
by the difference of the trigger pr (see Section [.7.2]). The effect is stronger for larger
transverse momentum differences between the trigger particles. At small trigger pr
differences (6 < pr1trig < 8GeV/c, 4 < praotrig < 6GeV/cand 8 < prywig < 12GeV/c,
6 < prouie < 8GeV/c) Rrire is in agreement with unity for some pr ass0c. On average
it is still below unity.

The analysis with HIJING events has shown that Rrpirs is systematically below unity.
This means that there are more associated particles around trigger 2 than there are
around trigger 1. With an increasing pr difference between the trigger particles the
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7.6. Summary

effect gets larger. This sets a baseline for the Rt analysis in data.

7.6. Summary

The 241 correlations can be measured in HIJING events. The associated particle yield
is very similar for different trigger configurations and centralities.

The agreement of the Icp with unity in all trigger configurations, but the one with
symmetric trigger pr ranges, shows that no multiplicity dependency exists in the 241
correlation measurements. This validates the 2-+1 correlations method.

Rri1o is systematically below unity. At larger pr differences between the trigger
particles, RriTo is smaller. The effect is created by the trigger bias which requires
more energy for trigger 1 than for trigger 2. Accordingly more energy is available for
associated particles of trigger 2.

The 2+1 correlations in HIJING events provide an analysis without any medium effects.
This analysis provides a baseline which can be used to compare the results obtained
in data. If they show a different behavior this may indicate medium effects which are
not modeled in HIJING.

101






8. Systematic Uncertainties

In this chapter the systematic uncertainties of the 2+1 analysis are discussed for the
integrated peak yield Y, Igp, Iaa and Rtire. The last three observables are derived
from the integrated peak yield. The existence of systematic uncertainties in an ob-
servable are analyzed with the Barlow checks [Bar02]. In such a check the observable
is calculated twice. These calculations are slightly different to check if this causes a
systematic effect on the observable. If the result agrees within the uncertainties the
Barlow check is passed and no systematic uncertainty is assigned.

The Barlow criteria are checked for the peak yield estimation. If this check is success-
ful, no systematic uncertainty is observed within the available statistics. In this case
the derived observables do not contain a systematic uncertainty either. If the Barlow
check is failed the derived observables are analyzed with the Barlow criteria as well.
The Barlow check procedure is described in Section Rl All analyzed sources of system-
atic uncertainties are described in Section 8.2l This is followed up with the estimation
of the systematic uncertainty for one source of the systematic uncertainties which
failed the Barlow check in Section 8.3

8.1. Check of the Barlow Criteria

The Barlow criteria are used to identify a systematic uncertainty. In this example the
Zute CUt is used as possible uncertainty source. First the 241 analysis is run with the
standard configuration. Then the analysis is repeated with a reduced z-vertex range
| 2otz | < 4 cm.

In Figure Rl the per trigger peak yield is fit for a z-vertex of |z,.| < 4cm and
|zvt] < 8cm. For the shown examples the peak was fitted to Y., = 3.15 £+ 0.54
(reduced z-vertex) and Y,g = 3.19 £0.45 (standard measurement). Out of these values
the ratio Y,4/Y.s = 0.99 £ 0.09 is calculated. The statistical fluctuations from Y4 are
fully contained in Y.s, because the data sample with |z, | < 4cm is a subsample of
the full dataset. So the uncertainty of the ratio has to be calculated with taking into
account the correlation p = o(Y,5)/0(Y,4) [Bar(02)].

- (Yz4> _ Yy | (o(Ya) ? + 7(Vas)\ _ 20(Yis)? (8.1)
Yz8 Yz8 Yz4 Yz8 3/24}/28 .
The standard rules for the uncertainty propagation are used for the ratio. The same
calculation for the ratio and the uncertainty is repeated for all associated particle
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Figure 8.1.: 2+1 peak yield measurement for |z, | < 4 cm (left panel) and |z, | < 8 cm
(right panel).

transverse momentum ranges of this trigger configuration. In Figure the ratios
between the yields from the different z-vertex ranges are shown as function of pr assoc-
Following the Barlow criteria [Bar02] no systematic uncertainty exists if the points are
within their statistical uncertainty compatible with unity. This check is performed by
checking how many standard deviations o the ratio deviates from unity. If a point
agrees with unity within a 1o uncertainty this passes the Barlow 1o check. Statistical
fluctuations on the 20 level are common. If many separate checks are performed, some
30 deviations from unity are expected. Higher order deviations should be analyzed in
detail if they are caused by a systematic effect.

In the example in Figure for the momentum bin 3 < pr assoc < 4 GeV/c a significant
deviation from unity is observed. The value is 1.17 £ 0.05 which represents a 4o
deviation from unity. This bin has been further analyzed and it was found out that
the baseline of the Gaussian fit changed considerably. It is not clear how the change
of the z,, cut caused this. But the other pr .50 bins show a good agreement with
unity and no consistent deviation.

The same plots have been created for all trigger configurations and they are shown
in Figure B3l In two plots a systematic deviation from unity appears. These plots
belong to the trigger configurations 6 < pri g < 8GeV/e, 4 < prowig < 6GeV/c
and 12 < pri g < 16GeV/e, 6 < prowig < 8 GeV/c. In both trigger configurations
a fluctuation of the background triggers appeared. This one fluctuation affects all
DT.assoc Dins of that trigger configuration. But in both plots most of the points pass
the Barlow 20 criterion.

The uncertainty in general can be analyzed by counting the points which pass the
different Barlow confidence levels. In Table Bl the number of points which pass each
Barlow criterion are presented. Each point is listed at the minimum o cut it passes.
A measurement which is within 1o compatible with unity is obviously compatible
within 20 as well. Consequently this point is not mentioned at the 20 level. Most
points are within the confidence interval of 1 or 20. There are two measurements
which differ by 40. One has been mentioned before and the other one belongs to
the trigger configurations 12 < prygig < 16GeV/e, 6 < prowie < 8GeV/c with
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Figure 8.2.: Ratio of the peak yield for |z,,| < 4cm and |z,.| < 8cm as function of

PT,assoc-

5 < Prassoc < 6 GeV/c. Different flucutuations have been identified to cause the failed
Barlow checks. Because all other points fulfill the Barlow criteria, the Barlow check
is accepted. This means no systematic uncertainty is assigned due to the z,, cut.

If for another uncertainty source the Barlow criteria are not passed, a systematic
uncertainty has to be assigned. How this uncertainty is estimated will be explained
for every failed Barlow check individually in the following sections.

o | Barlow criterion passed
1 34
2 18
3 4
4 2
5 0

Table 8.1.: The deviation of each measurement in Figure from unity is divided by
the uncertainty of this measurement. The result is rounded up to the next
full integer which represents the Barlow confidence level.
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Figure 8.3.: Ratio of the peak yields for two different z-vertex ranges. On the left
side the trigger 1 associated yield comparisons and on the right side the
trigger 2 associated yield comparisons are shown. Unity is indicated with
the dashed line.
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PT,assoc (GeV/c) 0*75% 30*50% [CP RT1T2
1-2GeV/c 5.5% 2.5% 3.0% -
2-3GeV/c 10.0% 5.0% 5.0% -
3-8GeV/c 11.5-14.5% | 6.5-7.0% | 4.0-7.5% -

Table 8.2.: Systematic uncertainty in the analysis due to the 2010-2011 track cut un-
certainty.

8.2. Sources of Systematic Uncertainties

The Barlow criteria are checked for many possible systematic uncertainties. All possi-
ble sources except the reduced z,, cut are listed in the text below. The results of the
Barlow checks are presented at the end of this section in Table 8.3l

Track Selection Instead of hybrid track cuts global track cuts are used to select
tracks in the detector. The differences between these track cuts are described in Sec-
tion This track selection analysis has been done for Pb—Pb events but not for pp
events because the used pp data format does not support the global track cut anal-
ysis. It is assumed that the uncertainties are on the same level as for Pb—Pb events.
Because the Barlow criteria are passed for Pb—Pb events this is assumed for pp events
as well.

A systematic difference was found within ALICE for the associated particle yield mea-
sured in the 2010 and 2011. It is explained as a difference in the understanding of the
detector efficiencies in these years [GKM16]. In Table B2 the relative differences of the
associated particle yield in 1+1 collisions from 2010 and 2011 are presented. Because
this is a constant effect in the particle yield of each event, this can be directly used
for 241 correlations as well. These relative differences are directly used as systematic
uncertainties.

The values are determined for the 0-7.5% and for the 30-50% most central events.
The difference of the values at the two centralities can be used as uncertainty on the
Icp. The Rti1e has no effect because the same relative effect is observed for trigger 2
than it is observed for trigger 1.

In pp events a track selection uncertainty much smaller than the Pb—Pb uncertainty
is expected. Thus no systematic uncertainty is assigned to the pp yield. Consequently
the Ixa has an uncertainty equal to the uncertainty of the Pb—Pb yield which is used
for the calculation of the Ixx.

This observed systematic effect is treated as systematic uncertainty in this thesis. As
a conservative approach the maximum values from Table are used.

Bin Position The An bin positions in the peak yield have been changed by half a
bin width. In Figure 8.4] both bin positions are compared. Independent of the bin
position the peak yield is integrated the same way. In this example the peak yield
agrees well with each other. But in the Barlow check many measurements deviate from
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Figure 8.4.: 241 peak yield measurement for two different An bin positions. The
binning in the right panel is used in the standard analysis.

unity by 4 or 50. So this configuration change does not pass the Barlow check and
a systematic uncertainty is found. The absolute systematic uncertainty is determined
with the method described further below in Section

This effect can be avoided by doing the 241 peak yield analysis with a An bin width
of 0.1 which is half the standard bin width. In the smaller bins the systematic effect is
reduced. But the statistical uncertainties increased strongly. So the larger bin width
was chosen to reduce the statistical uncertainties.

The full systematic uncertainty analysis, which is presented in this chapter, was re-
peated for both bin positions shown in Figure 8.4l The bin configuration with bin
edges at Ay = 0 was found to have smaller systematic uncertainties. Consequently
this bin configuration is used.

Yield Extraction The yield extraction method is varied in multiple ways. Instead
of fitting the An plot, the analysis uses the An gap subtraction and the bin counting
method to obtain the peak yield (see Section [6.6]). The bin counting method is used
for the Ap and the An projected distribution.

In Figure the peak yield is compared for both yield extraction methods. The ex-
ample is given for the An projection.

The peak yield from the fit was determined to Yy; = 3.17 £ 0.50 and the peak yield
determined with the bin counting method is Yiincounting = 3.01 £0.63. Even by taking
into account that the statistical uncertainties are correlated, the yield agrees well with
each other. The ratio is determined to be Yiincounting/Yrie = 0.95 £ 0.12.

In the Barlow check this comparison for all trigger configurations and associated mo-
menta agrees well. So no systematic uncertainty is assigned due to this yield extraction
method.

Ay Integration In the integration of the 2+1 peak yield the projection range of Ay
(see Section [6.0]) is varied to analyze the systematic effect of this range. The integration
range is increased by 33% from 7 /6 to 27/9. At this distance to the trigger particle the
peak yield is very small and the fluctuations dominate. For the increased projection
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Figure 8.5.: Example yield extracted with the bin counting method. The peak yield
is determined once with the fit and once by integrating the yield within
|An| < 0.6, which is marked with the green box. The background has
been subtracted with the An gap method.

range the statistical uncertainty of the peak yield is larger. In Figure the points
for both projection ranges are shown for a trigger configuration which has a large
difference. But even there the fit is very similar. The Barlow criteria showed that no
systematic effect is observed.

An Integration In addition to the variation of Ay, the fit range of An is varied.
Instead of using |An| < 1.4 (see Section [6.6]), the smaller fit range |An| < 1.0 is used.
The data points are the same, but the peak yield estimation considers a different range
for the background estimation. An example with a large effect is shown in Figure [R.71
The Gaussian fits are only marginally different. The main effect is on the baseline
which is slightly shifted up. The Barlow check confirms that no systematic effect
exists.

Background Triggers Instead of using the number of background triggers from the
background same method, the background is obtained from the mixed combinatorics
method.

The standard background analysis with the background same method overestimates
the number of background triggers slightly due to correlated trigger particles at Ay =
/2 (see Section [6.43). Alternatively the background trigger combinations can be
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Figure 8.6.: Gaussian fit of the 241 peak yield for two different Ay projections. The
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Figure 8.8.: Ratio of the background triggers determined with the background same
and mixed combinatorics method.

taken from the mixed combinatorics method which underestimates them due to a
missing bias in the events. The correct number is in between these two estimations.
For the uncertainty estimation the 241 correlation yield is determined with the mixed
combinatorics method as background estimation. The result is compared to the analy-
sis with the background same background subtraction. In FigureR.8 the ratio between
the background triggers determined with the two methods are shown. In the 0-7.5%
most central events the ratio is a few percent below unity and in more peripheral
events this increases up to 10%. For the highest momentum trigger configuration and
the centrality 40-50% the deviation goes up to 25%. But this one trigger configuration
has a small background so that there are large uncertainties on this value. Averaged
over all trigger configurations and centralities the deviation below unity in the data
analysis is roughly 1/3 of the deviation measured in HIJING events (see Figure [6.7))
which is in between 5 and 20%.

The number of background triggers deviate more for trigger configurations at higher
transverse momenta. But in these trigger configurations the purity is larger which
reduces the influence of the background on the final measured 241 yield. The Barlow
checks have been passed for both Pb—Pb centrality ranges. So no systematic uncer-
tainty is assigned due to the background trigger number.

In the pp yield the Barlow check shows an increased amount of 4 and 50 deviations
for the different background trigger determinations. This is an effect from a larger
bias effect in the background same method. The bias in pp events is stronger than in
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Figure 8.9.: Per trigger associated particle yield from 1+1 correlations and the mixed
combinatorics method in 2+1 correlations. From both peaks the baseline
has been removed so that they can be compared with each other.

Pb-Pb events at the centrality 40-50%. The analysis presented in Figure has been
repeated with pp events and the trigger ratio is below 0.2. Due to the strong bias
effect the background estimation from the mixed combinatorics method is much worse
than the estimation from the background same method. The value obtained in the
background same method is the correct one which has to be used in the subtraction
and the discrepancy in the Barlow check is explained. Consequently no systematic
uncertainty is assigned.

Background Yield Instead of the scaled 141 event yield (see Section [6.4.4), the
mixed combinatorics event yield (see Section [6.4.7) is used for the background subtrac-
tion. Before the subtraction this event yield is scaled with the number of background
trigger pairs from the background same method.

In Figure the per trigger 141 yield is compared with the per trigger mixed combi-
natorics yield. The baseline of the peaks are subtracted so that they can be compared
with each other. Both yields agree with each other very well. The exchanged yield
used in the background subtraction passed the Barlow criteria. An important re-
mark about the Barlow checks are the missing points for the trigger configuration
6 < priwig < 8GeV/cand 6GeV/c < prorig < Priig- 10 this trigger configuration
the background yield is taken from the mixed combinatorics analysis anyway (see Sec-
tion [6.44). So no uncertainty can be calculated in this bin and the Barlow check is
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8.3. Systematic Uncertainty from the Bin Positions

uncertainty source || Yield from 0-7.5% | Yield from 30-50% Yield from pp

lo |20 |30 |40 |50| 1o | 20 | 30 |40 |50 || 10 | 20 |30 |40 |bo

smaller z,, 341184 2|0 24|21|11]2]|0|31]|18]6 |11
track selection 24126 | 5 |1 228|227 ol -1-1-1-1-
An bin position || 12 [ 11 [ 22103 || 12|11 [ 19|12 4 || 27|17 |7 |5 |1
yield extraction || 36|16 5 | 1 |0 33|15 8 | 1 |1(38]|17|2]0 |0
Ay integration 3811713 ]10(0(32[15]91]2(0(33[19[4]1/0
An integration 351164 |2 |1(34|17]6 |0 |140]14]2]|1|0
background triggers|| 24 |20 | 13| 1 [0 2433110028193 |6]|1
background yield | 35|10 | 2 | 3 (0|44 | 5 | 1 | 0[O} - | - |-]|-]-

Table 8.3.: Number of associated momentum bins which pass the Barlow criteria.
Points which pass a certain ¢ cut automatically pass all higher o cuts
as well and they are not listed there. For the pp yield some measurements

could not be provided. These checks are marked with “-”. In these cases
no uncertainty is assumed because the Pb—Pb analysis fulfilled the Barlow
checks.

based on the other trigger configurations.

In pp events the purity is much higher than in Pb—Pb events. This means the back-
ground from randomly combined trigger particles is much lower. The statistical uncer-
tainty of the measured background is larger because less background trigger combina-
tions are measured. In the background same method, some trigger configurations have
almost no background trigger combinations. The determined background trigger com-
binations are of the order of ten trigger combinations. Due to the missing bias effect
in the mixed combinatorics method there are even less trigger combinations measured.
Because of this low amount of found triggers the mixed combinatorics method does not
work for determining the background yield. Due to the high purity, the background
subtraction has only a small impact on the final yield. So the uncertainty source from
the background yield is neglected.

In Table B3 the Barlow check for all analyzed systematic uncertainties sources are
shown. The Barlow checks are passed for all uncertainty analyses except for the choice
of the An binning. Consequently a systematic uncertainty has to be assigned which is
explained in the next section. Additionally for the track selection an uncertainty has
been assigned due to a general track uncertainty.

8.3. Systematic Uncertainty from the Bin Positions
The analysis of the systematic uncertainty has shown that only the track selection

and the choice of the binning create a systematic uncertainty. The uncertainty due
to the track selection have been evaluated in the last Section. In the following the
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8. Systematic Uncertainties

g Yield [CP [AA RTITQ
0-7.5% | 30-50% | pp 0-7.5% | 30-50%

1 12 12 27 | 26 34 30 22

2 11 11 17| 23 19 19 18

3 22 19 7 6 3 6 6

4 10 12 ) 3 0 1 1

D 3 4 1 0 1 1 1

Table 8.4.: The number of passed Barlow checks are presented for the two choices of
the An binning in the analysis. The comparison is done for the peak yield
in pp and Pb-Pb events from the 0-7.5% and 30-50% most central events.
Additionally the Barlow checks of the Icp, Ixa and the Rrpipo are shown.

uncertainty due to the bin position is quantified.

In Figure R0 the ratio of the peak yield measured with the two different An bin
positions are shown for all trigger configurations and associated momenta. This ex-
ample is from the 0-7.5% most central events. The associated peak yield measured
with one bin around An = 0 is systematically smaller than the peak yield from the
measurement with a bin edge at An = 0. This systematic effect is of the same order as
the statistical uncertainty of many points. With the failed Barlow test the systematic
effect is discovered.

The Barlow criteria are not checked for the Igp, Ian or Rrire if both peak yields
passed the Barlow checks. If all yields are unchanged, the ratios are not affected as
well. But if a systematic effect in the yields was observed, the Barlow criteria have
to be checked for the Icp, Iaa and Rrimo. In case the systematic effects are identical
in the yields, the ratios can be unaffected by changing the binning. In Table 8.4 the
results are shown together with the Barlow check of the peak yields. Indeed, the Bar-
low checks for the Icp, Iaa and the Rpipe show that no systematic effect exists.

The systematic uncertainty is quantified by the average of all deviations from unity.
For the peak yield from the 0-7.5% central events in Figure R0 this results in a sys-
tematic uncertainty of 5.9%. The same analysis has been repeated for the peak yield
from the 30-50% most central events. The uncertainty is determined to be 5.3%. In
the analysis of pp events an uncertainty of 5.8% was determined. These uncertainties
are summarized in Table Rl

8.4. Summary

The Barlow checks have been performed for the 2+1 correlations analysis to investigate
the systematic uncertainty. All possible sources of systematic uncertainties except the
track selection and the bin positions have shown no systematic effect. This is summa-
rized in Table 8.6l All observables which passed the Barlow check are marked with “-”,
For the failed Barlow checks the range of the systematic uncertainty is indicated. The
uncertainty due to the track selection is created from the track selection uncertainty
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Figure 8.10.: Analysis of the systematic uncertainty for the choice of the An bin posi-
tions. The measurement with a bin center at An = 0 is divided by the
measurement with a bin edge at An = 0. Unity is indicated with the
dashed line. This example is from the 0-7.5% most central events.
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8. Systematic Uncertainties

measurement uncertainty
Pb—Pb(0-7.5%) 5.9%
Pb—Pb(30-50%) 5.3%
pp 5.8%
Icp -
Ixa(0-7.5%) -
Iaa(30-50%) -
Rrirs -

Table 8.5.: Assigned uncertainty due to the An bin positions. The observables which
passed the Barlow criteria are indicated with “-” instead of a value for the
uncertainty.

Yleld ]CP ]AA RT1T2

smaller z,:, - - -
track selection 2.5-14.5% | 3.0-7.5% | 2.5-14.5% -

An bin position 5.3- 5.8% - - -
yield extraction - - - -
wider Ay integration - - - -
smaller An integration - - - -
background triggers - - - -
background yield - - - -

Table 8.6.: The found systematic uncertainty is shown as a range for each source of
the uncertainty. If the Barlow checks were passed and no systematic un-
certainty is assigned, the source is labeled with “-”.

between the 2010 and 2011. This is a general uncertainty which is present in many
correlation analysis of ALICE.

The uncertainty due to the bin position is a consequence of the small statistics. If
more events would be available the same measurements could be repeated with a finer
binning which would reduce the systematic uncertainty.

In the final yield the uncertainty due to the track uncertainty and due to the An bin
positions is added in quadrature. The result is presented in Table 8.7

These are the systematic uncertainties which were determined within the current sta-
tistical uncertainties. If further systematic uncertainties exist they are much smaller
than the statistical uncertainties.
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8.4. Summary

DT assoc
Observable 12GeV/c | 2-3GeV/c | 3-8GeV/c

Pb Pb(0 7.5)% | 8.1% 11.6% 15.6%
Yield | Pb-Pb(30-50)% | 5.9% 7.3% 8.8%
P 5.8% 5.8% 5.8%
Icp 3.0% 5.0% 7.5%
I 0-7.5% 5.5% 10.0% 14.5%
30-50% 2.5% 5.0% 7.0%

Rrimo - - -

Table 8.7.:

Total systematic uncertainty. The Rri1o passed all Barlow checks and the
absence of a systematic uncertainty is indicated with “-”.
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9. Two Plus One Particle Correlations
in Pb—Pb Collisions

The 2+1 particle correlations are analyzed in Pb—Pb collisions measured with ALICE
at the LHC. In Section [0.1] the signal extraction is illustrated with one example trigger
configuration. Afterwards in Section the measured trigger particles are presented
for Pb—Pb and pp collisions. The per trigger associated particle yield is compared for
different parameters in Section The integration of the yield is demonstrated in
Section 0.4l In the same section the integrated per trigger particle yield is compared
for multiple trigger configurations, centralities and associated particle momenta.

For a more detailed analysis of these values the Icp and Ix5 are calculated and pre-
sented in the Sections and Another ratio to analyze the integrated peak yields
is the Rti119 which is presented in Section for pp and Pb—Pb events.

For a direct comparison with the STAR results from Section 2.8 the I is recalculated
within the same transverse momentum bins in Section

9.1. Signal Extraction

The 2+1 particle correlation method is illustrated in the following. In Figure 0.1k and
b the trigger 2 same and mixed event yield for the trigger configuration 6 < pr1 trig <
8GeV/c and 4 < progig < 6GeV/c with the associated momentum 2 < prasoc <
3 GeV/c are shown. These yields are determined from the 30-50% most central events.
For the mixed event the average yield of all centrality and z,, bins is shown. In Figure
[O.1k the ratio of these two yields is plotted.

The same event yield shows a triangular shape in An, which originates from the lim-
ited 1 acceptance. After the mixed event correction the 1 acceptance effect vanished
and the peak can be seen on a flat background. But this is not the peak yield from
correlated trigger particles. It contains the background from uncorrelated trigger par-
ticles (see Section [6.4]). This background is subtracted with the scaled 1+1 yield which
is shown in Figure @.Zh. It is subtracted from the same event yield which was shown
in Figure @.Ic. The difference between these plots is shown in Figure @.2b.

The background corrected yield contains a peak structure around Ay = An = 0 and
a ridge at Ay = 0. The peak contains particles which are from the same jet as trigger
2. The ridge has two contributions. One is created due to particle flow and the other
one is a residual background from uncorrected trigger particles (see Section [6.4]). This
second part cannot be subtracted with the scaled 1+1 events. It will be part of the
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Figure 9.1.: In a) the 241 same event yield before the mixed event correction is shown.
The corresponding mixed event yield is shown in b). In c) the ratio of
these two yields is illustrated.
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9.1. Signal Extraction
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Figure 9.2.: In a) the scaled 1+1 yield is shown. This yield is subtracted from the
same event yield in Figure @] ¢). The resulting background corrected
yield is shown in b). The plot contains a peak structure at Ap = An =0
and a ridge around Ay = 0.
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9. Two Plus One Particle Correlations in Pb—Pb Collisions
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Figure 9.3.: The per trigger associated particle yield of trigger 2 is shown with and
without background subtraction. This is compared to the 141 yield ob-
tained with pro g aS P1.ig. Due to the low purity in the same event yield,

the statistical uncertainty of the background corrected yield is much larger
than the uncertainty of the uncorrected yield.

background in the fit of the peak yield.

Due to the high background subtraction the background corrected yield has a much
larger statistical uncertainty than the same event yield before the correction. The
raw 241 yield is measured from 7.5 - 10* trigger combinations which contains 5.4 - 10*
background trigger combinations. Consequently in the background subtraction the
particle yield from 2.1 - 10* correlated trigger combinations is obtained.

In the next analysis step the peak is projected on the An axis for [Ap| < 7/6. This
projection is shown in Figure for the background corrected yield, the uncorrected
yield and the 141 yield. All yields are normalized per trigger so that they can be com-
pared to each other. The per trigger same event yield without background correction
is in all bins larger than the per event 141 yield because the events with trigger com-
binations contain more correlated particles. Consequently the background corrected
per trigger yield is increased. This effect is observed for all trigger configurations.
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9.2. Trigger Combinations
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Figure 9.4.: The upper plot shows the purity of the trigger combinations. At a high
purity more real trigger combinations are found than random trigger com-
binations. The number of correlated trigger pairs for pp and Pb—Pb events
is shown in the lower plot. The Pb—Pb collisions are divided into central
events at 0-7.5% and semi central events at 30-50% centrality. More
events have been measured for the more central events.

9.2. Trigger Combinations

The uncertainty of the background corrected yield depends on the measured statistics
and on the purity with which the trigger combination is measured. In the example in
Figure the correlated trigger combinations are 28% of the measured trigger com-
binations. This number represents the purity of the measurement.

In Figure in the lower plot the found trigger combinations Ny, are shown for each
trigger configuration used in this thesis. They are compared for different collision
centralities in Pb—Pb events and for pp. In the upper plot the purity is shown. The
lower the purity, the more statistics are needed for that trigger configuration so that
the associated yield of the correlated trigger particles can be extracted.

Collisions with a higher multiplicity contain more trigger combinations. This means
in more central Pb—Pb collisions with a high average multiplicity more trigger combi-
nations are found than in more peripheral Pb—Pb collisions or pp collisions. At the
same time the purity is lower at collisions with higher multiplicities.

The particle multiplicity in the collisions decreases as a function of pr. This explains
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9. Two Plus One Particle Correlations in Pb—Pb Collisions

the decreasing number of trigger combinations N, and the increasing purity as a
function of the trigger pr for all collision systems.

The lowest statistics in Pb—Pb collisions are measured in the 30-50% most central
events for the trigger configuration 12 < pry 44y < 16 GeV/cand 6 < pra iz < 8 GeV/c.
In this measurement 1900 trigger combinations have been measured which is sufficient
for the signal extraction.

For the pp collisions with the same trigger configuration there is basically no back-
ground (purity is almost at 1.0). Due to the small background the associated particle
yield can be measured at low prassoc, although only 123 trigger combinations have
been found. At high pr s the associated particle yield is within the uncertainty
in agreement with zero. The pp data at this trigger configuration is included in the
analysis but it fluctuates in some bins too much so that no conclusion can be obtained.
Due to the low amount of correlated trigger configurations the 2+1 measurement can
neither be performed in Pb—Pb nor in pp events at higher trigger transverse momenta
than 12 < prigig < 16GeV/c or 6 < progig < 8GeV/c. The number of associated
particles would be too low to be extracted.

At the lowest trigger transverse momenta 6 < priuig < 8GeV/c and 4 < progig <
6 GeV/c the 241 measurement has a low purity. The statistical uncertainty of the
measured yield reflects this. For trigger combinations with even smaller trigger pr, a
signal cannot be extracted due to low purity.

9.3. Comparison of the per Trigger Yield

The 2+1 per trigger associated particle yield is measured for multiple collision systems
(Pb—Pb, pp), Prassec, trigger pr and trigger particles. The example in Section has
been chosen for a good illustration of the 2+1 correlation method. In the following
the effects from different configurations are illustrated with the yields projected on An
to allow a quantitative comparison.

In Figure the per trigger peak yield is compared for different collisions systems.
The yields are measured from the 0-7.5% and 30-50% most central Pb—Pb events and
from pp events. At more central Pb—Pb events a higher background (= lower purity) is
expected. This increases the statistical uncertainty of the measurements compared to
pp events and for more peripheral Pb-Pb events despite the larger number of recorded
central events. The per trigger peak yield is observed to be larger in more central Pb—
Pb events. This effect is analyzed in more detail in Section [9.5]

In Figure the per trigger peak yield is compared for different trigger configurations
in the 0-7.5% most central Pb-Pb events. At high pt trigger configurations the uncer-
tainty is large due to small statistics. At low trigger pr the uncertainties are increased
due to the low purity. The smallest uncertainties are measured for the trigger config-
uration 8 < pri gig < 12GeV/c and 4 < pro g < 6 GeV/c.

The associated particle yield for different trigger configurations is larger for higher trig-
ger pr. On average trigger particles with higher trigger pt represent jets with higher
energies. Due to the higher jet energy a larger particle content at a given pr assoc is
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9.4. Integration of the Correlated Yield
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Figure 9.5.: The 2+1 associated peak yield is shown for multiple collision types (Pb—Pb
and pp). For Pb-Pb collisions two centralities are used. For illustration
purposes from all yields a baseline has been subtracted.

observed.

The associated particle yield for different pr ass0c is illustrated in Figure In this
example the yield is measured in the 0-7.5% most central Pb-Pb events with the trig-
ger configuration 8 < pry g < 12GeV/c and 4 < proyig < 6 GeV/c. By increasing
DT .assoc, the associated peak yield drops significantly. At the same time the statistical
uncertainty drops because the background from uncorrelated particles is reduced more
than the yield from correlated associated particles.

All example yields which have been presented in this chapter so far are obtained from
trigger 2 associated particles. The same procedure can be repeated for the trigger 1
associated particles. The associated particle yield from both trigger particles is com-
pared in Figure for two centralities. The yield from both trigger particles agrees
with each other within the uncertainties. Although it is not significant it should be
noted that the associated yield from trigger 2 it slightly larger than the yield from
trigger 1. If this is not a fluctuation, this effect can be created by a measurement bias
or by a physics effect. It is quantified in Section 0.7
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Figure 9.7.: The per trigger associated yield is illustrated for several pr assoc Tanges.
For illustration purposes a baseline has been subtracted from each yield.
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Figure 9.8.: The 2+1 associated peak yield is compared for both trigger particles. In
the left panel the yield from the centrality 0-7.5% and in the right panel
the yield from the centrality 30-50% is shown. For illustration purposes
a baseline has been subtracted from each yield.

9.4. Integration of the Correlated Yield

The associated per trigger yield is integrated with a Gaussian fit (see Section [B.7]).
The background is estimated with a constant and the integrated 241 peak yield Y is
calculated from the Gaussian integral. In Figure the fit is illustrated.

In Figure this yield is shown for all trigger configurations. The associated parti-
cles for the first trigger particle are measured up to a maximum transverse momentum
of 8 GeV/c. The plot is divided into twelve smaller plots with different trigger con-
figurations. Two plots are always separated with a dashed line. The left side shows
the trigger 1 associated particles and the right side the trigger 2 associated particles.
Each of these plot pairs represents one trigger configuration. This way all six trigger pr
configurations are shown. Each plot shows the associated particle yield of one trigger
particle for several pr assoc from Pb-Pb events at the centralities 0-7.5% and 30-50%
and from pp events. The maximum shown pr a0 i €ach plot varies because the yield
is only measured for pr ass0c smaller than the correspondent trigger pr. By definition
DT2,trig 1 smaller than pry is. Consequently the maximum measured pr g0 is larger
for the trigger 1 associated particles than for the trigger 2 associated particles.

The systematic uncertainty of the associated particle yield is for most of the measure-
ments within the symbol size. The largest uncertainty of 15.6% in the peak yield of
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Figure 9.9.: The associated particle yield is fitted with a Gaussian on top of a constant
background (see Section [B.7). This is presented for the example of the
trigger 2 associated yield from Section (0.1l The peak yield Y is shown
together with the other fit parameters on the left.

the 0-7.5% most central events at 3 < prassoc < 8 GeV/c is of the same order as the
symbol size. So the systematic uncertainty is not plotted in Figure

For all trigger configurations the associated particles have a similar yield for a given
DPTassoc- 1his means the associated particle yield in correlated trigger particles does
not strongly depend on the trigger pr, the centrality or which trigger is used to cor-
relate the particles with. It decreases strongly for all spectra with increasing pr assoc-
At an associated momentum of 1 < pr asoc < 2 GeV/ ¢ roughly one to three associated
particles are measured in the detector which are correlated with the trigger particle.
This decreases to 0.1 to 0.2 particles per trigger in the detector with a transverse
momentum of 5 < pr ass0c < 6 GeV/ec.

Although the associated particle yield is similar, there are small effects dependent on
the centrality which can be observed for all trigger configurations. The associated
yield from the 0-7.5% most central events is larger at small pr s0c than the yield
from the 30-50% most central events. To better analyze and compare these effects,
the Icp is computed as a function of pragoc. This is presented in the next section.
The same effect can be observed for the comparison with the yield from pp events
which is analyzed in more detail with the /x4 in Section [0.6

In Section the RriTo is analyzed. This yield quantifies the difference between the
trigger 1 and trigger 2 associated yield. From the plots presented here it can already
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Figure 9.10.: The measured per trigger associated particle yield in Pb—Pb events at

the centralities 0-7.5% and 30-50% and in pp events. The pry gy of a
plot is indicated on the right, the pro s at the top of the figure. The red
arrows in the bottom right panel indicate that the pp measurement at
this pr assoc is much smaller than the shown yield. These values are within
the uncertainty in agreement with zero. The systematic uncertainty is
not plotted because it is smaller or equal the symbol size.
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9. Two Plus One Particle Correlations in Pb—Pb Collisions

be seen that no major differences exists.
For both trigger particles, the associated yield from high trigger pt in pp collisions is
strongly fluctuating.

9.5. Centrality Dependence of the Particle Yield

In Figure the Icp (the ratio between the spectra from the 0-7.5% and the 30-50%
most central events) is shown for all trigger configurations. The plots are arranged in
a similar way as the peak yield before. Each plot contains the Icp for the trigger 1 and
the trigger 2 associated particle yield. The systematic uncertainty of the Icp is shown
as green box around unity. If no effect from the QGP exists, the Icp is expected to
be unity.

For all trigger and associated transverse momenta, the Icp is either above unity or it
agrees within the uncertainty with unity. This is a sign for quenching effects from the
QGP.

At 6 < priwig < 8GeV/c and 6 GeV/c < pratrig < PT1trig (top right plot) the trans-
verse momentum difference between the trigger particles is very small. This means
that this trigger combination selects back-to-back jets which were affected by a similar
energy loss. This is especially fulfilled by surface jet which were both not affected
by any energy loss. The Icp for this trigger configuration shows that the ratio of
the trigger 2 associated yield agrees within the statistical and systematic uncertainties
with unity. Although the measured points agree with unity it can be noticed that they
are all above unity. This can be seen as a small indication towards a higher associated
yield at the 0-7.5% most central events. The trigger 1 associated Icp in the same
trigger configuration is slightly larger and above unity for pr ,ss0c < 4GeV/c. Due to
the big uncertainties this is not a strong statement.

At the lowest trigger transverse momenta 6 < priuig < 8GeV/c and 4 < progig <
6 GeV/c the Icp (top left of the Figure) is above unity for both trigger particles. The
values agree for the different trigger particles with each other. This means the associ-
ated particle yield is much higher in the 0-7.5% compared to the 30-50% most central
events. In this plot a small decrease of the Icp as a function of pr g0 may be present.
Due to the large uncertainties, a constant Icp is possible as well.

The plots in the middle of the figure, which describe the trigger configurations 8 <
Primie < 12GeV/c, 4 < progig < 6GeV/c (left side) and 8 < prywig < 12GeV/c,
6 < prowig < 8GeV/c (right side), are very similar. The Icp at low pr ass0c is larger
than unity and it decreases towards unity as a function of pr assoc-

In both plots the trigger 1 and trigger 2 Icp agree with each other within the uncer-
tainties at all prass0c. Although a slightly different behavior may be visible which is
not significant within the uncertainty. For the higher prs e bin the enhancement of
the trigger 2 Icp over unity at l1ow prassoc i smaller compared to the trigger 2 Icp
from the lower pro g bin. But more statistics would be necessary to analyze this in
greater detail.

ISurface jets are created at the surface of the QGP fireball.
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9. Two Plus One Particle Correlations in Pb—Pb Collisions

The lower left plot of Figure shows the Icp for 12 < prygig < 16 GeV/c and
4 < prowig < 6 GeV/c. The pr difference between these trigger particles is the largest
of all trigger combinations which are measured in this thesis. The trigger 2 associated
Icp is above unity and decreases towards unity as a function of pr assoc like for the
trigger configuration with 8 < pry iz < 12GeV/c and the same trigger 2 requirement.
The trigger 1 associated Icp behaves differently. All points with prassoc < 5GeV/c
except the point for 2 < pras0c < 3 GeV/c agree with unity within the uncertainties.
This one point shows a significant deviation. Several interpretations are possible. It
could mean that the trigger 1 Icp decreases for very low pr assoc for the other trigger
configurations as well and this is just not measured because this effect appears be-
low the minimum measured pr assoc. Alternatively there can be a fluctuation in this
measurement. In case of a fluctuation two interpretations are likely. Either the first
point has a downward fluctuation which creates the illusion of the reduced Icp and
the correct behavior is a monotonous decrease of the Icp as a function of pr ass0c. This
would be identical to the behavior of the other trigger configurations with lower trigger
pr. Or the second point could be the result of an upward fluctuation and the correct
spectrum would be completely in agreement with unity. This would be in a good
agreement with the observations at the same trigger 1 and higher trigger 2 transverse
momentum.

The highest analyzed trigger transverse momentum configuration 12 < prigie <
16 GeV/cand 6 < proig < 8 GeV/chas very small statistics. Within the uncertainties
all points for the trigger 1 associated spectrum agree with unity. In case of the trigger
2 associated spectrum all points except the first point at 1 < prasoc < 2 GeV/c agree
with unity. This one point is significantly above unity. Due to the large uncertainties
an enhancement of the Icp over unity cannot be excluded at small pr assoc-

Out of the I¢p from all these trigger configurations some common observations can be
concluded.

e [cp is never significantly below unity
o /cp decreases as a function of pr assoc

e the enhancement of the trigger 1 and trigger 2 Icp over unity decreases as a
function of pry trig

e the enhancement of the trigger 2 Icp over unity decreases as a function of prg ig

In the absence of medium effects the same signal is expected in Pb—Pb events from
different centralities which would result in Icp &~ 1. This has been shown for HIJING
simulations in Section [(.4l. Consequently the enhancement of the Icp over unity in the
data analysis could be a signal of quenching.

The enhancement can alternatively be explained by a bias on the parton transverse
momentum spectrum which is selected by the trigger conditions. For a fixed pri trig
and prouig @ larger average parton transverse momentum would be selected at more
central Pb—Pb events [ALI12]. Even if the energy loss and the fragmentation are
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9.6. Comparison of the Pb—Pb and pp Peak Yield

identical in Pb—Pb and pp events, the Icp would be enhanced due to the bias on the
parton transverse momentum. But this bias would still be a result of a medium effect
in Pb—Pb collisions.

If the Icp enhancement is created by this bias, the measured di-jets can be created at
any position in the fireball. But in the absence of such a bias some details about the
position within the fireball can be deduced.

If the measured trigger combinations would originate purely from the surface of the
colliding matter with both particles going into the vacuum, only fragmentation effects
would be expected. In this case the HIJING analysis showed that the Icp would be
at unity (see Section [74]). Because of the deviation of the Icp from unity, some jet
sources at other positions have to exist.

In another scenario one particle from the hard collision can directly fragment into the
vacuum while the other one traverses the QGP first. In this case different effects for
the Icp would be expected for trigger 1 and trigger 2. The observed trigger 1 and
trigger 2 Icp are very similar, so this jet source is not dominating.

The measurements indicate hard collisions inside the QGP. In this configuration both
trigger and their associated particles are affected by the QGP. This creates an en-
hancement of the Icp above unity which is similar for both trigger particles.

The 241 trigger 2 Icp cannot directly be compared with the 1+1 away side Icp which
was presented in Figure 2.10. Although the trigger 2 is from the away side of trigger
1, this is not describing the same jets as the away side jets in 141 correlations. Dif-
ferent jet sources are selected in the 2+1 and 141 correlation measurements. Some
hard collisions result in one particle having a long path length within the QGP. This
results in a good measurement of a trigger 1 and no recoiling jet. In 241 correlations
the measurement of these interactions might be suppressed, because the recoiling jet
transferred so much momentum to other particles within the QGP that the transverse
momentum of all measured particles is below the trigger 2 threshold.

9.6. Comparison of the Pb—Pb and pp Peak Yield

The I is shown in Figure for the Pb—Pb yield from the 0-7.5% most central
events and in Figure @13 for the Pb—Pb yield from the 30-50% most central events. In
general both analysis confirm the observations from the Icp. But in the x5 from the
0-7.5% most central events the enhancement over unity is larger than in the Icp. In
the Ixa from the 30-50% most central events it is smaller and close to unity indicating
stronger medium effects in more central Pb~Pb events. The dependency on pr assoc
is similar in the Iy compared to the Icp. In the following the Iy from the 0-7.5%
most central Pb—Pb events in Figure is compared with the Icp which has been
analyzed in the previous section.

For the trigger configuration 6 < priig < 8GeV/c and 4 < prayig < 6 GeV/c the
trigger 2 associated Iaa at 1 < proassoc < 2GeV/cis at Iya = 3.3 £0.7. This point is
outside of the plot range. The Ixa and I¢p both show the same behavior as a function
Of P assoc but the a4 is roughly 10% larger. Within the uncertainties the yields agree
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9. Two Plus One Particle Correlations in Pb—Pb Collisions

with each other. In both plots all points are significantly above unity.

In the trigger configuration 6 < pry iz < 8 GeV/cand 6 < pratrig < Pri,uig the largest
changes can be seen. Due to the smaller uncertainties the trigger 2 I is significantly
above unity for prasoc < 4 GeV/c. It decreases as a function of pr as0c While the Iop
has been constant and in agreement with unity. But the I¢p is compatible with the
Ixa as well due to the large uncertainty. The trigger 1 associated Iaa decreases like
in the Icp over the same pr a0 range. Because of the larger enhancement over unity
at small pr ass0c the decrease is stronger in the Iaa.

The middle left plot shows the trigger configuration 8 < pry iz < 12GeV/c and
4 < prowig < 6GeV/c. This plot shows a linear falling behavior as a function of
DT assoc fOr both trigger analysis like in the Icp but at a higher amplitude. The trigger
1 associated Ipa for 2 < prassoc < 3 GeV/c deviates from this linear falling behavior.

In the trigger configuration 8 < pry yig < 12GeV/cand 6 < pro iz < 8 GeV/c the Taa
of both trigger particles agree very well with each other. The amplitudes are increased
compared to the Icp.

The trigger configuration 12 < pry 4y < 16 GeV/c and 4 < pro g < 6 GeV/ ¢ contains
large uncertainties. But for the Ixs a decreasing trend as a function of pr s can
be seen. This decrease is stronger for the trigger 2 associated Iaa which is observed
for the Icp as well. For trigger 1 the Icp contains a signal in agreement with unity,
especially at 1 < prassoc < 2GeV/c. The higher enhancement in the Iy suggests a
fluctuation in the Icp and a linearly falling trend as a function of pr assoc. This was
not excluded in the I¢p.

The Ixa for the trigger configuration 12 < prjgig < 16 GeV/c and 6 < protrig <
8 GeV/c has to be interpreted carefully due to the large uncertainties. Like in the
Icp the trigger 1 associated Ixa agrees with unity for all prassoc. The missing points
at b < Prassoc < 6GeV/c and 6 < prasoc < 8 GeV/c are off scale and with large
uncertainties crossing unity. Only very few particles contribute to the pp measurement
at this prassoc. In the trigger 2 associated Ixa a decreasing behavior as a function of
PT,assoc Can be seen. There was a hint for such a behavior in the Icp but there only
one point was significantly above unity.

Most of the observations in the Icp can be reassured in the Ixx from the 0-7.5% most
central events.

e [xa is never significantly below unity
o [ decreases as a function of pr assoc
e the enhancement of the trigger 1 Iy over unity decreases as a function of pry gig

These conclusions support the conclusions which have been drawn from the Icp mea-
surement in the last section. But a decrease of the trigger 2 Ixa enhancement as a
function of pry g is not observed as it was observed for the Icp.

The Ixa from the 30-50% most central events do not contradict these observations.
But this Ipa is much closer to unity and compared to the enhancement over unity
it has larger uncertainties than the Ip5 from the 0-7.5% most central events. The
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smaller enhancement over unity shows that the QGP effects observed in the Icp and
Ixa are created by a medium which is larger and longer-lived in more central heavy-ion
collisions.

9.7. Trigger Dependence of the Particle Yield

To compare the back-to-back jets, the ratio between the trigger 1 and trigger 2 asso-
ciated particle yields is calculated for Pb—Pb and pp events. This is the Rri1o and it
is presented in Figure For all trigger combinations the Rriro agrees either with
unity within the uncertainty or it is very close to it.

All Rryo from the trigger configuration 8 < pry iz < 12GeV/c and 4 < progig <
6 GeV/c are below unity. At the larger trigger 2 transverse momentum 6 < pro g <
8 GeV/c of the same pry i again all points fluctuate around unity and they are not
consistently below.

At the lower trigger 1 transverse momentum 6 < priuie < 8 GeV/c the statistical
uncertainties are larger. Again most Rriro agree with unity. But the points which
deviate most relative to their uncertainties deviate towards lower values.

At the trigger configuration 12 < prj g < 16 GeV/c and 4 < proyig < 6 GeV/c the
Rry19o either agrees with unity within the uncertainties or it is below unity. For all
event types at least one point out of three is more than one standard deviation below
unity. For the 0-7.5% most central events these are two points and the third one is
in agreement with unity but the value is still below unity. This trigger configuration
contains the largest energy difference between the triggers of all trigger configurations
shown in this thesis.

In the highest transverse momentum trigger configuration 12 < pri g < 16 GeV/c
and 6 < proig < 8GeV/c the Ry from pp events agrees within the uncertainties
with unity but it has too large uncertainties for any further conclusions. The Rriro
from Pb—Pb events at both centralities show a deviation below unity. This deviation
is observed for most of the points in both centralities. There might be an increasing
trend for the 0-7.5% most central events but within the uncertainties it is difficult to
get to a final conclusion.

By looking at all trigger configurations the largest lowering of the RriTo below unity
is observed for the trigger 1 transverse momentum range 12 < pri iz < 16 GeV/c
with both trigger 2 transverse momentum ranges 4 < proyie < 6GeV/c and 6 <
Prowig < 8 GeV/c. Another consistent lowering is observed in the trigger configuration
8 < Priwig < 12GeV/c and 4 < proyig < 6 GeV/c. But in this trigger configuration
the deviation from unity is not significant within the uncertainties. These three trigger
configurations do have the largest pr differences of all trigger configurations analyzed
in this thesis. This indicates that the systematic lowering of the Rrire below unity is
dependent on the pr difference between the triggers. The lowering is explained by the
trigger bias (see Section [6.7.2)). This effect is expected for all collision types and not
only for the most central collisions which is exactly what is observed.

The general observations of the Rri1o have a low significance due to large statistical
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Figure 9.14.: Rti1o is calculated for the 0-7.5% and 30-50% most central Pb—Pb
events and for pp events. This measurement does not contain a sys-
tematic uncertainty.
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uncertainties. They are:

e Rrpiro is in agreement with unity or below unity for all measured trigger config-
urations

e the lowering of Rri19 below unity can be explained by the trigger bias

e at larger pr g (this is equal to larger transverse momentum differences between
the triggers), RriTe decreases

e no dependency of Rri12 ON P12 trig O PTassoc has been observed

The measured Rri12 below unity means that the associated particle yield from trigger
2 is larger than from trigger 1. The lowering scales with the pr difference between the
trigger particles. This is a bias effect which has been observed already in HIJING sim-
ulations. Due to the lower pro i, requirement compared to pri uig, the jet containing
trigger 2 has more energy to create associated particles. No dependence on pr ssoc
has been observed. This indicates that the trigger 1 and trigger 2 associated particles
were affected in the same way by the QGP. In case one of the triggers would have been
more affected a softening in the associated particle yield would have been expected.

9.8. Comparison of the ALICE and STAR laa

In Section 2.8 the 241 measurements of the STAR experiment were introduced. STAR
uses 2+1 correlations for Au—Au and d—Au measurements at a collision energy of
V5nn = 200 GeV. Out of the STAR peak yields the Iy ratio was calculated.

In this Section the ALICE I, is presented for the trigger configuration which was used
by STAR. The analysis of the two experiments differ by the background subtraction
methods as discussed in Section .8 In this thesis the background is subtracted with
the scaled 1+1 events. The remaining background is estimated with a constant at
large An in the yield extraction. STAR uses a method similar to the scaled 1+1
events. But the remaining background is subtracted with another 141 correlation
and a flow estimation from independent STAR measurements.

In Figure the ALICE results for the STAR trigger configuration are compared
with the results from STAR. For the points up to 4 GeV/c it can clearly be seen that
the ALICE Ixa decreases as a function of pr es0c. The decrease rate is higher for the
trigger 1 associated Inp compared to the trigger 2 associated Iaa. Unlike the STAR
Ixn, both ALICE I are not in agreement with unity.

The ALICE I, is for both triggers significantly higher than STAR. Additionally it
contains a strong decrease from 1 < prss0c < 2GeV/c 10 2 < Prassoc < 3GeV/c. In
STAR the Ina is constant. For the trigger 2 Ixa, a decrease as a function of pr ss0c 1S
observed in STAR the same way as in ALICE. But in STAR the [, is smaller and it
drops below unity which is not observed for ALICE.

This comparison shows that the jet quenching or effects from a fragmentation bias
(see Section [@.7]) is much stronger at the LHC than at RHIC.
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Figure 9.15.: Comparison of the ALICE and STAR Ixx. For ALICE the I, is com-
puted out of Pb—Pb and pp collisions, for STAR out of Au-Au and d-Au
collisions. In the left panel the trigger 1 associated and in the right panel
the trigger 2 associated Ixn are compared. The green boxes show the
systematic uncertainties of ALICE. The ALICE trigger configuration is
adjusted to the trigger pr bins from STAR.

9.9. Summary

In this chapter the 2+1 correlations in Pb—Pb and pp collisions measured with ALICE
have been presented. Six trigger configurations have been chosen for the associated
particle yield measurement. A strong decrease of the peak yield as a function of pr assoc
has been observed.

In the Icp analysis in Section the associated peak yield at small pr ass0c has been
found to be enhanced in the 0-7.5% compared to the 30-50% most central Pb-Pb
collisions. The same effect was observed by analyzing the Ix5 in Section This is
interpreted either as a quenching effect from the QGP or as trigger bias on the parton
pr.

Quenching effects cause highly energetic partons to transfer some energy to less ener-
getic partons and to generate new partons due to radiation effects while they traverse
the medium. In more central Pb—Pb collisions stronger medium effects are observed
as a larger enhancement of the Icp and Iy over unity at small pragsoc. In this sce-
nario the Icp measurements make it possible to deduce where the measured jets are
produced in the fireball. Due to the observed quenching effects for both trigger par-
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ticles, they most likely originate from hard collisions within the QGP. This way the
associated particles from both triggers are affected by the QGP. If these kind of hard
collisions would not contribute to the 2+1 measurements, different signatures would
be expected in the measurement for trigger 1 and trigger 2.

If the Icp and Ixs are created by the trigger bias, the QGP would have influenced
the di-jets in a way so that more jets from high pr ,s0c partons are measured. This
scenario makes it impossible to deduce the position of the hard collisions within the
fireball.

In Section the associated particle yield of the two trigger particles are compared.
Rri12 has found a small lowering below unity for most of the trigger configurations.
This means the associated particle yield from trigger 2 is larger than from trigger 1.
The lowering scales with the pr difference between the trigger particles. This is a
bias effect which has been observed already in HIJING simulations. Due to the lower
PT2,tig Tequirement this jet has more energy to create associated particles.

Rri12 has no dependence on pr ass0c. This indicates that the trigger 1 and trigger 2
associated particles were affected in the same way by the QGP. In case one of the
triggers would have been more affected, a softening of the associated particle yield
from this trigger would have been expected.

The 241 correlations have been measured by STAR at RHIC with Au—Au and d-Au
collisions. In Section the results from STAR are compared with ALICE. The I
has been found to be higher in ALICE. These are significantly different medium effects
in the LHC (/syn = 2.76 TeV) compared to RHIC (y/syy = 200 GeV).
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Summary

This thesis has developed a new 241 particle correlation method and applied it for
the first time to data from ALICE.

The 241 particle correlations use trigger particles which are back-to-back in azimuth
as proxies for di-jets. The associated particle yield was analyzed for both trigger par-
ticles in multiple centrality classes. This makes it possible to further study quenching
effects in the Quark-Gluon Plasma. The measured 2+1 particle yield contains many
different yield components which are described in this thesis in detail. Compared to
141 correlations the 241 correlations contain an additional form of background from
uncorrelated trigger particles. A background subtraction technique was developed
with the help of a toy event generator and HIJING simulations. It has been applied
to the correlation measurement to extract the correlated signal.

The full 2+1 particle correlation measurement was done separately for HIJING and
ALICE events. The analysis of MC events from the HIJING generator makes it pos-
sible to study the biases of the method and to verify the background subtraction
technique. No bias has been found in the measurement of the peak yield for any cen-
trality. Consequently the Icp was found to be at unity which is the expected result
in the absence of medium effects. A difference has been found between the associated
particle yield of the two trigger particles. The trigger 2 associated particle yield is
larger than the trigger 1 associated particle yield, thus RriTs is biased below unity.
The 241 correlations have been measured in ALICE in Pb—Pb and pp collisions at
Vsny = 2.76 TeV. In the Icp a significant enhancement over unity was measured at
low associated transverse momenta pr ass0c for both trigger particles. Considering the
Icp is at unity for HIJING events, this indicates that the associated particles of both
triggers were affected by stronger medium effects in the 0-7.5% most central Pb—Pb
events compared to the 30-50% centrality interval. These observations were confirmed
in the comparison between Pb—Pb and pp events in the Ix5. The enhancement is ei-
ther an effect of jet quenching or due to a bias in the parton pr spectrum.

The Icp and Ixp measurements showed that the associated particle yield from both
trigger particles are affected by the QGP in the same way. This indicates that the par-
tons creating these jets were most likely both affected by the QGP in the same way as
well. If the Icp and Ixn enhancements are due to quenching effects, this is a constraint
on the position within the fireball where the di-jets were created. In this scenario the
2+1 correlations select parton pairs which were created inside the QGP. Both partons
of such a parton pair traverse parts of the QGP. There is no preferred selection of
azimuthally back-to-back parton combinations for which one parton fragments in the
vacuum and the other one traverses the medium before the fragmentation. If many
jets from such partons which fragment directly in the vacuum would be included in
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9. Two Plus One Particle Correlations in Pb—Pb Collisions

the measurement of one trigger particle, the Icp and Ixa of the this trigger particle
would be expected to be at unity. But some such trigger combinations might be part
of the measurement.

Rri72 decreases below unity as a function of the trigger pr difference. At larger trigger
pr differences, the lowering below unity is stronger. This is the same trigger bias as
in HIJING events. However, it does not mean that the trigger 1 and trigger 2 associ-
ated particles were not affected by the medium, it means that the medium effects are
identical for both trigger particles.

The ALICE I5 measurements were compared to the measurements from STAR at
RHIC. In ALICE a yield difference between Pb—Pb and pp collisions has been found.
The associated particle yield for both trigger particles is observed to be larger in
Pb-Pb collisions. In STAR no difference between Au-Au and d-Au collisions was
observed. This indicates that the QGP created in the LHC (/syy = 2.76 TeV) has a
significantly different effect on the back-to-back jet production than the QGP created
at RHIC (/syn = 200 GeV).

In summary the new analysis method of 241 correlations has been established within
ALICE. It has been successfully used to determine the associated particle yield of di-
jets in Pb—Pb and pp collisions. The comparison of these yields shows medium effects
in Pb—Pb collisions.
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Zusammenfassung

Im Rahmen dieser Arbeit wurde eine neue 2+1 Teilchen-Korrelationsanalyse entwick-
elt und zum ersten Mal auf Daten von ALICE angewendet.

Die 241 Teilchen-Korrelationen verwenden einander azimutal gegentiberstehende Trig-
gerteilchen als Platzhalter fiir Di-Jets. Die Teilchen-Korrelationen wurden fiir beide
Triggerteilchen bei mehreren Zentralitdten analysiert. Dies erlaubt die Quenching-
Effekte im Quark-Gluon-Plasma weiter zu untersuchen. Die gemessenen 2+1 Teilchen-
Korrelationen enthalten viele verschiedene Komponenten, die im Detail in dieser Ar-
beit beschrieben sind. Verglichen mit den 1+1 Korrelationen enthalten die 2+1 Kor-
relationen eine weitere Untergrundart von unkorrelierten Triggerteilchen. Eine Meth-
ode diesen Untergrund zu subtrahieren wurde mit der Hilfe eines Eventgenerators und
HIJING Simulationen entwickelt. Diese wurde in der Korrelationsmessung angewen-
det um das korrelierte Signal zu extrahieren.

Die vollstandigen 2+1 Korrelationsmessungen wurden separat ausgefiihrt fiir HIJING
und ALICE Ereignisse. Die Analyse von MC Ereignissen vom HIJING Generator
erlaubt es die Voreingenommenheiten (Bias) der Methode zu analysieren und die Un-
tergrundsubtraktion zu verifizieren. Keine Voreingenommenheiten wurde fiir die Mes-
sung des Korrelationspeaks bei irgendeiner Zentralitat gefunden. Infolgedessen ist das
Icp bei Eins, was die Erwartungen in Abwesenheit von QGP Effekten bestéitigt. Ein
Unterschied wude zwischen den Teilchen-Korrelationen von den zwei Triggern gefun-
den. Die Trigger 2 assoziierten Teilchenkorrelationen sind grofler als die Trigger 1
assoziierten Teilchenkorrelationen. Daher ist Rri1o systematisch unter Eins.

2+1 Teilchen-Korrelationen wurden in ALICE in Pb-Pb und pp Kollisionen bei /sy =
2.76 TeV gemessen. Im Icp wurde bei kleinen assoziierten Transversalimpulsen fiir
beide Triggerteilchen eine signifikante Erhoéhung tiber Eins gemessen. Unter Bertick-
sichtigung des Icp bei Eins in HIJING Ereignissen, deutet dies an, dass die assozi-
ierten Teilchen beider Trigger in den 0-7.5% verglichen mit den 30-50% zentralsten
Ereignissen von starkeren QGP Effekten beeinflusst wurden. Diese Beobachtungen
wurden im Vergleich von Pb—Pb und pp Ereignissen im Ixa bestatigt. Die Erhohung
ist entweder ein Effekt vom Jet quenching oder eine Voreingenommenheit im Parton
Transversalimpulsspektrum.

Die Icp und Ixa Messungen zeigten, dass die Teilchen-Korrelationen von beiden Trig-
gern auf dieselbe Weise beeinflusst wurden. Dies deutet an, dass vermutlich auch die
Partonen, die in diese Jets fragmentierten, beide vom QGP in derselben Art und Weise
beeinflusst wurden. Wenn die Icp und Ixa Erhohungen von quenching Effekten verur-
sacht wurden, dann schrankt dies den Ort im Feuerball ein an dem die Di-Jets erzeugt
wurden. In diesem Szenario selektieren die 241 Korrelationen Partonen Paare, die im
QGP erzeugt wurden. Beide Partonen von so einem Partonen Paar durchqueren Teile
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9. Two Plus One Particle Correlations in Pb—Pb Collisions

des QGPs. Es gibt keine bevorzugte Selektion von azimutal gegeniiberliegenden Par-
tonen von denen ein Parton in das Vakuum fragmentiert und das andere die Materie
durchquert bevor es fragmentiert. Wenn viele Jets von solchen Partonen, die direkt
ins Vakuum fragmentiert sind, in der Messung eines Triggerteilchens enthalten waren,
waren die Icp und Ipa von diesem Triggerteilchen erwartet bei Eins zu sein. Aber ein
paar solcher Triggerkombinationen kénnen Teil der Messung sein.

Das Rtire ist abgesenkt unter Eins als Funktion der Differenz der Triggertransver-
salimpulse. Bei grofleren Transversalimpulsdifferenzen ist die Absenkung unter Eins
starker. Dies ist die gleiche Voreingenommenheit von den Triggern wie bei HIJING
Ereignissen. Aber das bedeutet nicht, dass die trigger 1 und trigger 2 assoziierten
Teilchen nicht durch das QGP beeinflusst wurden. Es bedeutet, dass die QGP Effekte
gleich sind fiir beide Korrelationen.

Die ALICE Iyp Messungen wurde mit den Messungen von STAR am RHIC verglichen.
In ALICE wurde ein Unterschied zwischen den Pb—Pb und pp Korrelationen gefunden.
Die Korrelationen von beiden Triggern sind gréfler in Pb-Pb Kollisionen. In STAR
wurde kein Unterschied zwischen Au—Au und d—Au Kollisionen gefunden. Dies deutet
an, dass das im LHC (y/syy = 2.76 TeV) erzeugte QGP signifikant andere Effekte auf
die Di-Jet Produktion hat als das am RHIC (/syn = 200 GeV) erzeugte QGP.
Zusammengefasst wurde die neue 241 Teilchen-Korrelationsmethode etabliert inner-
halb von ALICE. Sie wurde erfolgreich verwendet um die Korrelationen von Di-Jets in
Pb-Pb und pp Ereignissen zu messen. Der Vergleich dieser Korrelationen zeigt QGP
Effekte in Pb—Pb Kollisionen.
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A. The LEGO Train System

Most of the analysis work of ALICE is carried out using the LEGO train system on the
Grid. The name LEGO stands for ‘Lightweight Environment for Grid Operators’ This
system is a centralized analysis system which organizes Grid analyses. The system
was created at the beginning of 2012 and it developed into the main analysis system
of ALICE. In Table[A 1l the average number of running analysis jobs run by the trains
is compared to the average number of jobs run by the users. The table shows that
the absolute and the relative number of LEGO train jobs continuously increased over
the years. This shows that the demand for computing resources raised during the last
years and more and more analysis is executed with the train system.

In Figure[A. Il the number of running jobs submitted by users and the LEGO trains are
shown graphically for the years 2013 to 2015. It can be clearly seen that the number of
jobs from the LEGO trains increase over the whole period. At the beginning of 2012
the average amount of running jobs submitted by the train system is around 2000 to
3000. At the end of 2015 this increased to over 10 000. The average number of running
jobs submitted by users stayed on the same level of around 4000 since 2013. With
the overall increasing number of analysis jobs the relative amount of jobs submitted
by the train system raises.

During the work on this thesis a considerable amount of work was invested into the
LEGO train system. In this chapter a selection of the developments from the past
years are shown and the benefits of them are explained.

First the LEGO train system is explained in the Sections[A.Tland[A.2] This is followed
by the description of some developments for the interface in Section [A.3l As part of
the system improvements statistical tools were developed to monitor the trains and
identify possible improvements. In Section [A.4] a selection of these tools are shown
together with the improvements targeting the bottlenecks which were identified with
these tools.

year | LEGO train jobs | user jobs | % of train jobs
2012 2511 7128 26.1
2013 4153 3970 51.1
2014 5570 4428 55.7
2015 9202 3755 71.0

Table A.1.: Average number of running Grid jobs by the train system and by the
analysis users.
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Figure A.1.: The number of analysis jobs running on the grid are shown for the LEGO
train system and for all users combined as a function of time. Plot taken
from [ALI15d].

A.1. Workflow

The LEGO train system contains many individual trains which are ordered by the
Physics Working Group (PWG) and the kind of the analyzed data (MC or data,
ESD or AODH). Each train is operated by one or multiple train operators, who are
responsible for running the train on a regular basis.

The entry point to the train system is a web page with an overview of all trains.
From here every individual train page is linked. This individual train page shows the
components of the train. They are the train wagons, the datasets, the handlers and
the train runs. The train wagons are defined and activated by the users. Only the
activated wagons can run in the trains.

The datasets and train handlers are defined by the operator. The datasets consist
of a production identifier and an optional subset of runs from that production. A
dataset can be based on measured data or MC simulations. The train handler has to
be adjusted to the correct format so that it can read the data from the dataset.

On a regular basis the train operators run the trains. To do so they collect all train
wagons which should run over the same dataset and they form a train run out of them.
The train operator checks that the train setup is correct and starts the train. When
the train finished the users can directly access the result file.

!Event Summary Data
2 Analysis Object Data
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TRAIN SYSTEM
1. adds wagon
—) User
. LPM
web interface
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Operator
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via NFS on NFS 6. runs train
baCkend copy train files
machine

3. generates test files +
executes test +
generates train.jd! +
generates scripts

5. copy train files
and scripts to AliEn

Figure A.2.: Workflow of the train system.

The procedure to form a train and the measures of the system to ensure that the setup
is correct is shown in the following section.

A.1.1. Starting a Train Run

The train system is divided into five parts:

e Web interface building upon MonALISA (Monitoring Agents using a Large
Integrated Services Architecture)

e Backend machine

e AliEn (ALICE Environment)

e AlIROOT framework running the user code
e LPM (Lightweight Production Manager)

The work flow in the system is shown in Figure [A.2l Tt follows the following steps:
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A. The LEGO Train System

1. User adds wagon The user adds a wagon to the train and activates it for a dataset.
The user is responsible for ensuring the code is working and checked in into the

AliIROOT tag.

2. Train operator composes train The train operator puts the activated wagons into
a train run and starts a test.

3. Generate test files + execute test The web interface saves the train configura-
tion in a local directory, which is mounted on the backend machine using the
shared network file system (NFS). On the backend machine, the test is executed
and the results are stored in the same folder. Thie test first carries out a simple
baseline, which only consists of the train environment. Afterwards each train
wagon is tested on its own with its dependencies. At the end all wagons are
tested together like they would run in the Grid train run. For the test only
a small amount of data is used. While the test is executed, the train files for
the Grid run are generated. After the test finished, the web interface shows the
result.

4a. Problem(s) in the test The train operator has to investigate the problem of the
train test, and in case of a problem for a wagon the operator may exclude that
wagon or contact the user who owns this wagon. After the problem is fixed or
the wagon is excluded the train run needs to be tested again.

4b. Test is fine The operator can start the train run.

5. Copy JDL and scripts to AliEn The generated job description files (JDLs) and
scripts to execute the jobs and validate the output are copied from the backend
machine to AliEn and the train definition is registered in the LPM which will
then supervise the submission and execution of the actual analysis and merging
jobs.

6. Train runs The train runs and the web interface shows the status of the train run.

The storage of the system is ensured by a database to which only the web interface
has direct access. The database contains the full information about a train, all the
train runs from the past and some statistical information about the sub jobs of the
train runs like the running time.

The communication between the LEGO web interface and the backend machine is
done via a shared NFS folder on the web server to which both components have write
access. The configuration and the status of each train run is saved in files.

A.2. Train Runs

A.2.1. The Web Page

Only members of ALICE can access the LEGO train web page. Here the users and
operators define the wagons, datasets and handlers. The web page for an example
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Analysis train : ExampleTrain

Jumpto: Handlers Wagons Datasets Configuration Runs

A.2. Train Runs

Welcome mazimmer - Help
(back to alltrains)

Name ExampleTrain (train temporary file dir)
PWG ZZ
Description
Save »
Handlers Name Macro path ( parameters ) Body Enabled Actions
ls‘* 3 = =x AOD Handler ANALYSIS/macros/train/AddAODHandler.C ( ) v 2
. Add new handler »

Wagons Name B B B LHC10h_AODO86 LHC11h_AOD145 Last test Last run

Group Default™] Enable Disable Enable Disable 1

kaon_04_TPConly (%] @ ved

SetupTask (%} @ ved

)

Ehibres TwoPlusOneCorrelation @ v 1 ved
[My wagons Group AtticlT] Enable Disable Enable Disable
[]Active wagons (used in the 7 disabling of Add new wagon »
last month or activated) .

Dataset: Comma-separated list of wagons:
[JActvated wagons LHE10hTADDRE I Enable »

Enable all » Disable all » Disable »
Copy activation status of the wagons from the above selected dataset to
— selecttarget dataset— +| | Copy »
Group Management »

Datasets Botaset nome Referenceéorocluction Ru%Iist & Des::[[jiption Enabled Last analyzed Actions

LHC10h_AOD086 FILTER_Pb-Pb_086_LHC10h v 3

LHC11h_AOD145 FILTER_Pb-Pb_145_LHC11h 167915, 168115 v 3

Filters:

[[JActvated datasets

Configuration DebugLevel 0
Exclude files
from saving
Additional

packages to be put here!

Add new dataset »

Space-separated list of Grid packages, e.g. boost::vi_43_0. AliROOT, ROOT and Geant3 do not have

Runs

Filters:

|:| My train runs

Figure A.3.: Example web page of the train.

Global
variables

Global libraries:

This field allows to define global variables which can be used by all tasks. A
functionality of AliAnalysisManager is used for this purpose. Example:
AliAnalysisManager: : SetGlobalDbl( "k TrackEtaCut”,0.9),

This field allows to define global libraries which are loaded by all wagons. Note:
separate libraries with comma (,) and do not specify lib in front.
Example: CORRFW,EMCALUtils

Comma-separated list of output files which can be chosen for the wagons.

Output files AnalysisResult:
Save »

AliRoot version

s.root

IMPORTANT: Please only add output files if absolutely needed. It is recommend to keep

everything in one file to reduce the number of entries in the File Catalog and the SEs.

Dataset
LHC11h_AOD145

Train status
2015 Nov 26, Test queued

Comment Actions

g

Start new run »

In this train three wagons and two

datasets are defined. At the bottom of the page one train run is shown.
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train is shown in Figure [A.3l At the top the train name 'ExampleTrain’ is shown
and below an AOD handler is defined. The handler is used to read the files from the
dataset. Dependent on the kind of data (MC or data and AOD or ESD) a different
handler has to be used. The activated handler will be used for the new train runs.

In the next area the users can define and activate their wagons. In this example train
only the wagon "TwoPlusOneCorrelation’ is activated. Under the wagons different
options for the operators are shown to activate some wagons. The next area is the
dataset area which contains one dataset called 'LHC11h_AOD145". Here only opera-
tors can define new datasets. The users can have a look at the definition and choose
the dataset they want to use.

The handlers and wagons are defined with paths relative to the AIROOT framework.
This code framework runs on every computing node of the Grid. It handles the actual
running of the user code which is part of the framework itself. The LEGO train web
page collects all necessary information to run a train and executes it automatically.
Below the dataset area the operators can configure the train. It is possible to define
additional software packages and libraries which are loaded at the beginning of each
train run. The operator can define global variables which can be read by all wagons
in the train. In this example train these fields are not used. The ’output files’ field
defines the name of the output file. It is possible to define multiple file names but
the smallest possible number of files is preferred. Multiple files need more time and
resources in the merging of the train results.

The last area of the train page shows the train runs. The operators can create new
runs out of one dataset and several wagons. By clicking on the run number on the
left side a new window is opened which shows the status of this train run. This status
can be the last test or the results of the finished train. From this window the users
can download the results after the train finished.

Many parts of this web page are part of the developments done within this thesis.
Some example improvements are explained in Section [A.3]

A.2.2. Testing a Train

In Figure[A.4] the test of a train is shown. The train test is divided into several smaller
tests. A baseline test and a full train test are executed. In between the train wagons
are tested individually.

The baseline test does not contain any user code. If this test fails, there is a problem
with the configuration of the train or with the general system. The full train test is
the closest test to the train run on the Grid. The only difference is a smaller dataset.
Consequently this test is the most important to guarantee that the wagons will run
on the Grid as well. The other tests are executed to identify a bad wagon in case the
train test fails.

For each test several measurements are shown. The first ones are the virtual and res-
ident memory consumption. In this case the virtual memory consumption describes
the full memory consumption of the task including any reserved memory on the disk.
The resident memory is the used working memory. Both memory consumptions are
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Memory Output Timing i
Wagon Status - Mergin:
2 Virtual  Virt. A Resident RSSA  size wall wall A cPU cPUA 2
470.6 310.1 MB log: 6m 19s 6m 19s 5m 40s 5m 40s
Base line Max MB 302 MB 17.73 54.78ms/evt 54.78ms/evt 49.21ms/evt 49.21ms/evt
stdout | stderr oK 463.5 +0.748 KB 89.83% No
KB/evt .root: 0 output
stats | output Slope +0.749 B
KB/evt
1000 529.6 MB 804.1 MB (494 MB log: 7m 13s 0om 54s 6m 58s 1m 18s
. . @ Max MB 470.7 MB 737.5 MB 435.5 MB |19.19 62.63ms/evt 7.85ms/evt  60.48ms/evt 11.27ms/evt oK
TwoPlusOneCorrelation_centBin ol 9342 | 48.583  +9.339 48591 KB 96.57% marge
stdout | stderr 9 B KB/evt  KBfevt |KB/evt .root: 9
stats | output Slope |5 332 20.8 MB dir
KB/evt
943.1 472.5 MB | 744.6 MB 434.5 MB log: 6m 55s 0m 36s 6m 40s im
. . MB 389.1 MB 653.7 MB 351.7 MB 19.19 60.07ms/evt|5.29ms/evt | 57.89ms/evt 8.68ms/evt
TwoPlusOneCorrelation_vertexBin @ Max e 6 +18.19 KB 96.37% OK
stdout | stderr OK Avg g KB/evt .root: merge
stats | output Slope | 1g 19 54.04 dir
KB/evt MB
1.408 971.1 MB 1.215 GB |933.8 MB log: 8m 6s 1m 47s 7m 49s 2m 8s
. GB 826.2 MB 1.066 GB |789.1 MB 20.62 70.33ms/evt 15.56ms/evt 67.81ms/evt 18.60ms/evt
Full train Max 1 259 +30.21 KB 96.41% oK
stdout | stderr OK Avg : merge
stats | output Slope <l KB/evt phaok: dir
+30.21 44.83
KB/evt MB

Train file generation

generation log | output CLS

Figure A.4.: Test of a train with 2 wagons. First a baseline is tested with-
out a wagon, then the wagons "TwoPlusOneCorrelation centBin’ and
"TwoPlusOneCorrelation vertexBin’ are tested. At last the full train is
tested containing both wagons. For each line the memory and time con-
sumption is shown. The last row shows the result of the merging test.

shown for the full test and divided per event. If the per event consumption is large,
this can indicate a memory leak. Another explanation can be a too small sample size.
The next test result is the output size. This shows the size of the output file. In case
of too big files they cannot be registered within AliEn anymore.

The validation of the test result is done with a shell script. If the validation is suc-
cessful, the test result files are duplicated and these copies are merged. This is the
merging test. For the test of single wagons, two copies are merged. For the full train
test the merging is done with ten copies.

The last part of the train test, is the check if the train files for executing the train
on the grid are generated. Only if all these tests are successful, can the train run be
started.

For each test (base line, the individual wagons and the full train) a statistics file is
generated. In this file the number of events, the resident and virtual memory con-
sumption, the wall- and cpu time and the cpu efficiency are saved using the AliSysInfo
functionality. Currently these statistics are gathered in steps of 100 events (Pb—PDb)
and 2000 events (pp).

If a train run is tested for the second time, the folder with the previous test is kept but
it is not linked anymore from the web interface. With the correct link it can still be
accessed with a web browser. This allows the user to compare the result of different
tests. The database is always updated to the information from the last train test.
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Figure A.5.: The distribution of three files on three SE with two replica each is shown.
The files 1 and 3 are in the same basket.

A.2.3. Splitting of the Train Jobs

When the train is submitted each masterjob splits into analysis jobs, which have at
maximum a certain number of files. This number is defined in the dataset by the
operator. It is possible that there are less input files in a job, because all input files
must be from the same basket. A basket is the set of SEs (Storage Elements) which
hold a physical copy of a file. This means that two files are in the same basket if their
respective SE sets are identical. In Figure[A.D this is illustrated. The files 1 and 3 are
both saved on the SE 1 and 2. This means that they are in the same basket. The file
2 is saved on the SE 2 as well but because of the other replica on SE 3 the basket is
different.

The job splitting algorithm only puts input files together into one job if they are in
the same basket. If there are less files in one basket than would be allowed to run in
one job, the files are all executed in one job. In case of more files in a basket than
allowed to run in a single job, multiple jobs with files from this basket are created.
After creating the jobs this way, any free computing core close to one of the SEs in the
basket can pick up the job. This is called the SE requirement. The requirement exists
in order to optimize the network utilization, keeping the data access local to one site
and by doing this also increasing the job CPU efficiency.

A.2.4. Merging the Jobs

The merging is divided in two levels. First the merging is executed per masterjob (this
means typically per run number). The result of this merging is merged in another sep-
arate merging process. This is shown schematically in Figure [A.Gl

Both merging operations are executed in up to 5 stages. The first one starts when all
the analysis jobs have finished. In one merging job at maximum MaxMergeFiles files
are merged into one file. This number is defined by the operator in the dataset defi-
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master job [* merging

master job [» merging Final merging job
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Figure A.6.: Schematic overview over a train run. The master jobs run independent of
each other and contain many subjobs. For each master job the subjobs are
merged individually. After this merging is finished the result is merged
with the result from the other master jobs

nition. Within the merging job the merging is done for 2 files separately. When they
finish another file is merged with the previous result and so on. If there is a memory
leak in the merging algorithm, errors can appear for a high value of MaxMergeFiles.
Low numbers increase the time which is necessary to do the merging because more
merging stages are necessary. So a moderate value does speed up the merging process
and it protects from memory leaks.

In the first merging operation the files have to be on the same SE. When no more
merge operations are possible, the final merging is started. Then all files from the
different SEs are merged together in one last job. For this one job the SE requirement
is dropped and the number of merged files is also not restricted.

The merging of a train run starts automatically as soon as all train jobs are finished. If
more than 50% of the sub jobs from one masterjob fail, the merging is not started. In
this case it is assumed that the user code has a bug or there is a major issue with the
system. In the first case the result would not be important anyway and in the second
case the failed jobs may be possible to recover after an administrator intervention. If
the jobs are recovered, the merging will start normally as soon as the last analysis
job finished. In case that the jobs cannot be fixed, the operators have the option to
manually start the merging with all available job results.

A.2.5. Killing and Resubmitting Jobs

Some jobs on the Grid do not finish successfully and end up in an error state. These
errors can be caused due to different reasons. The first obvious reason is a bug in
the code. Alternatively these errors can be caused by a failure of the computing node.
The second type of errors can be recovered in most of the cases by rerunning the job.
To recover as many jobs as possible, but to not waste a huge amount of computing
power, all analysis jobs which end in an error state are resubmitted once. The merge
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Wagons Name E LHC10h_AODO086 LHC11h_AOD145 Last test Last run

Group Default Enable Disable Enable Disable 1

TwoPlusOneCorrelation Cj | 4 1 v () 2

Group Atticl Enable Disable Enable Disable

Figure A.7.: Activation of a wagon. The example wagon is activated for the dataset
'LHC11h AOD145" and it is not activated for 'LHC10h AODO086’. In
the next train run the wagon will be included in the train run with the

dataset 'LHC11h AOD145"

jobs are resubmitted up to three times, because a lost merging job results in a much
higher lost statistics for the user.

The resubmission is done automatically and cannot be done by operators or users. If
a job still ends up in an error state after the respective number of resubmissions for
its type, it will be left in the error state. The resubmission process is stopped if 50%
or more of the train jobs end in an error state because it is assumed that the jobs have
a general problem.

A.3. Interface

During the early development stages of the LEGO train system it lacked automated
procedures. For the normal train configuration the operators had to do many con-
figurations manually, which often required additional email exchanges with the users.
With the first system improvements the necessary informations could be communi-
cated through the system. This way the workload to run a train was significantly
reduced. Additionally the handling was simplified so that new users can easier get
into the workflow.

A full description of all improvements to the system, which were developed, would
exceed the limits of this thesis. Some examples were chosen to illustrate how the in-
terface was improved. In Section [A.3.1] the activation process for wagons is described
before this improvement was deployed and afterwards. This significantly reduced the
necessity to have additional communication between the train operators and users.
The introduction of subwagons is described in Section [A.3.2]

A.3.1. Activating Wagons

The old wagon design involved the possibility of activating a wagon. Only activated
wagons could be included in a train run. With the activation of a wagon the user
signaled that this wagon should participate in the next train run. But the dataset for
the train run was not defined. Thus the user had to write an email to the operator
to clarify the dataset. The operators had to collect the necessary information from
several emails and create the train runs accordingly. In the wagon management an
error could have easily happened so that a wagon might have run over the wrong
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Basic settings | | Advanced settings | | Subwagon configuration | | Testing statistics Click here for documentation

You can run this wagon with multiple differenct configurations. For each subwagon, one wagon is created in the train. The
customizations below are individually attached to the macro customization. Important: Your AddTask macro must support this, i.e.
the last parameter of your AddTask macro must be a suffix to the output container name. Please click here for more information.

Add subwagon

Subwagon highPt
name

¥ activated
__R_ADDTASK__->SetUseSmallerPtAssoc(kFALSE);
Customization

Remove subwagon
The customization here is attached to the macro customization defined in basic settings.
Note: you get access to the created task by using the variable _ R_ADDTASK__.

Subwagon
name

lowPt ¥ activated
__R_ADDTASK__->SetUseSmallerPtAssoc(KTRUE);
Customization

Remove subwagon
The customization here is attached to the macro customization defined in basic settings.
Note: you get access to the created task by using the variable _ R_ADDTASK__.

Figure A.8.: Configuration of two subwagons of a train wagon. Both subwagons are
activated. This window is part of the wagon definition.

dataset.

This was changed by allowing the users to activate their wagon per dataset. The
operators can activate some datasets and the users choose one of them and activate
their wagon by clicking on the activation sign of their wagon in the column of the
desired dataset. This is shown in Figure [A.7 for two datasets. In normal operation
the average number of activated datasets is about 10. In this example the wagon is
activated for the dataset 'LHC11h AOD145’ It will be included in the next train
run of this dataset. The advantage of this activation system per dataset saves the
email communication between the user and the operator. Additionally the wagons are
already grouped per dataset for the operator when the train runs are defined.

A.3.2. Subwagons

During the train submission many operators noticed similar wagons. Often the same
task should run on the trains in several slightly different configurations. For example
for the analysis of the systematic uncertainties with different track cuts or another
configuration variable.

To run this in the trains two wagons were required which contain typically around
ten lines of configurations but only a few differ between the different wagons. In case
another setting was required for the task, this had to be changed at two places (in
both wagons). This setup does not only have a higher risk for misconfiguration, it
also increases the number of wagons which all need to be activated individually. This
makes the train setup more complex.

The development of the subwagon feature allowed the users to run multiple wagon
configurations in a train run with one single wagon. Each subwagon contains a cus-
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tomization which is applied to the wagon additionally to the normal wagon configura-
tion. In Figure [A.§ the subwagons for one example wagon are shown. Each subwagon
contains a name, the configuration and a switch if this subwagon is activated. Only
the activated subwagons are used in a train run.

Two copies of the same wagon would not be able to run in the same train run because
they would write their output into the same output container which would result in a
conflict. To avoid this, the users have to adjust their code. The last parameter of the
wagon definition macro has to be a string which defines the output container. For an
example wagon, which needs the integer parameters parl and par2, the wagon defining
macro is AddWagon(int parl, int par2, char* name). The parameters 'parl’ and 'par2’
have to be mentioned in the wagon definition. But not the parameter 'name’. Each
wagon with subwagons automatically attaches the subwagon name to the parameters
of the wagon definition macro.

In the train test and in the train run the subwagons run as if they would be separate
wagons.

A.4. System Improvements

At the beginning of the work on this thesis the computing resource consumption was
gathered per analysis job on the Grid but not aggregated per train. The operators had
little information about the performance of the individual train runs. For the general
system it was not clear which effects were mostly slowing down the system.

Part of this thesis work was to create tools to extract statistics about the train runs
and understand the bottlenecks of the system. With these tools continuous monitoring
of the system was implemented, which helped to identify potential improvements.

A.4.1. Input Files per Train Run

The running time of the train jobs can be adjusted by using more or less input files
in a job. This way the resources can be used more efficiently. Because of the basket
requirement for the splitting of train jobs (see Section [A.2.3]), it is not directly clear
how many files are really used in each job. For some physics analysis it is important
to have a certain minimum amount of files in a job. One example for such an analysis
is the mixed event analysis which is explained in Section [5.3]

For all these cases it is important to know the used input file distribution for a train.
At the end of each train run this number is gathered from all jobs and displayed in
a graph. The train operators and users can access these information. It helps the
operators to adjust the number of filer per job for the next train run and it helps the
users to judge if there were on average enough files in the jobs to do their analysis in
case this is necessary for their analysis.

An example distribution is shown in Figure[A.9l The measured plot shows a distribu-
tion for a dataset which was chosen to be analyzed with 20 input files per job. The
statistics clearly show that only a small amount of jobs actually run with 20 input
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Figure A.9.: Number of input files per job in a standard train run. The train run
was designed to run with 20 input files per job. But the statistics clearly
show that most of the jobs contain only 1 input file. The different colors
indicate different end states of the jobs. Green stands for successful jobs.
All other colors stand for different kinds of errors.

files. For this train run a further increase of input files per job would not result in any
change because most of the jobs run anyway with one input file. This problem was
discovered immediately after the statistics plots were created. The underlying prob-
lem causing such distributions is discussed in the following Section. The developed
solutions are presented afterwards in the Sections[A.4.3 and [A.4.4]

A.4.2. Basket Distribution

The presented file distribution in Figure is representative for many trains. The
basket distribution of a dataset is not planned at the creation time of the dataset.
It is dependent on free storage space on the SEs and on the place where the data is
produced. For measured data the files are distributed on the SEs following a certain
protocol from the experiment. The MC files are saved at the closest available location
to the place where the files are produced. The MC production can run everywhere in
the Grid.

This means that especially for MC produced datasets the files can be in many different
baskets. One replica is often on a common SE for many baskets, but the second replica
is distributed over all available SEs in the Grid. This means that the baskets are all
different and the average number of input files per job is low.

For datasets containing measured data this effect is not that strong. But over time
the files of the datasets are moving away from each other. If a replica gets corrupted
on one SE and a new copy is created on another SE the basket changed. Sometimes
all files from an SE have to be copied somewhere else because of some technical work
on the SE. In this process the files may be distributed to many different SEs and thus
to many different baskets. This shows that the basket distribution is not a permanent
distribution but it is slowly changing.
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Figure A.10.: The file distribution from Figure [A.H] after the clean up. The file 2 was
moved from SE 3 to SE 1.

A.4.3. Basket Clean Up

One option to fix the input file distribution is to reorganize the basket distribution. For
many baskets one replica is saved already at a common SE. This means by changing the
other replica for some baskets, these baskets are adjusted to already existing baskets.
During this operation a minimum number of input files is defined which each basket
should have after the copy operations are finished.

The method is called basket clean up because at the end less baskets exist and each
of them will have enough files to create at least one job with the designed number of
input files. If the dataset shown in Figure [A.5 would be cleaned up, this would mean
that file 2 has to be moved from SE 3 to SE 1. The result is shown in Figure [A.10l
The clean up is achieved at the cost of the copy operations, which create network
traffic. With an increasing number of input files, which are requested to be in each
basket, more copy operations are necessary to create this state. The copy operations
are designed so that the network traffic is minimized.

In Figure [A.11] the input file distribution for one dataset is shown before and after it
was cleaned up. Before the clean up most of the jobs run with one input file. In this
distribution it can be seen that the operator tried to run the analysis with 20 input
files. But almost no job actually run with 20 input files. After the clean up the same
dataset is analyzed and the input file distribution changed towards more files which
are used with 10 input files. This number is lower than the number which was used
before the clean up, but now many jobs actually use 10 input files. While before the
clean up 1528 jobs were necessary to run the train, afterwards 418 were sufficient.
The designed number of input files per job was reduced from 20 to 10 because with
10 input files the jobs have a reasonable running time. At this running time the
computing resources are well used. With more input files the efficient usage of the
resources would not further improve. The train would just take longer.
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Figure A.11.: Input file distribution of the train jobs before (left panel) and after (right
panel) the clean up.

A.4.4. Skip Processing per Run Number

The job splitting so far was executed for each run number separately. Files from the
same basket but from different run numbers were running in separate jobs and then
they were merged into different intermediate results. This run number requirement
can be dropped so that files from all run numbers are considered to be able to run in
the same job. This way most of the baskets have enough files to fill the jobs with the
requested number of files.

The method is called "Skip processing per run number’ because the results cannot be
provided for each run number anymore. Each job contains files from different run
numbers. So the intermediate merged results contain results from many run numbers
as well. The analysis is only split into multiple masterjobs because the maximum
number of sub jobs on the system is reached. With the new splitting method the
input file distribution per job is on a similar level as after the basket clean up.

The problem of this method is that some physics analysis cannot mix files from different
run numbers. The reason can be that different configuration files have to be loaded
for each run number. Or in other cases the runs have to be analyzed independently
and then the results have to be scaled to the according cross section.

Because of these reasons it is possible to deactivate the 'Skip processing per run
number’ feature. In case the users of one of these tasks need many input files per job
as well, the clean up method can be used.

A.4.5. Turn Around Time

For the general performance of the system the turn around time of the trains is impor-
tant. The turn around time of a train is defined as the time interval from the moment
when the operator starts the train run on the Grid until the merging is finished. This
time interval measures the time the user has to wait for the output. The users prefer
this time to be as short as possible to continue their analysis with the train result.
For a single train run the turn around time depends on many factors like the analysis
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Figure A.12.: Turn around time of all automatically merged trains on the train system
from 2012 to 2015.

code, the occupancy of the grid and many other factors. Therefore the monitoring
is done for the average turn around time over long time scales and many train runs.
This value allows to evaluate the performance of the system.

In Figure [A.12] the train statistics from 2012 to 2015 are shown. For the average turn
around time only train runs which are automatically merged are considered. If the
operator started the merging manually, any time can be in between the finished last
job and the moment the operator started the merging.

In the shown time period several improvements were implemented which reduced the
average turn around time. The statistics clearly show that the turn around time de-
creased from 2012 to 2013 by a large factor. During 2013 more improvements were
implemented and in July a significant reduction of the turn around time was achieved.
This improvement is explained below in Section [A.4.6l Further improvements were
implemented but a full description would exceed the boundaries of this thesis.

The average turn around time per year is shown in Table [A.2l This time is calcu-
lated by averaging over all train runs in the year. Because the number of train runs
increased over time the average values from the end of the year in Figure [A.12 have
more influence than the values from the beginning of the year. The table shows the
same information as the Figure. The turn around time was reduced every year from
2012 to 2014. From 2014 to 2015 it increased but this increase is much smaller than
the reductions before.
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year | average turn around time [h]
2012 49.2
2013 224
2014 14.5
2015 17.5

Table A.2.: Average turn around time per year. Due to different number of running
train runs per month this is not equal to the average of the monthly turn
around times from Figure [A.12

A.4.6. Running Time Optimization

For the users the turn around time should be as short as possible so that they can
quickly continue with their analysis. To reduce the average turn around time, several
improvements were developed.

By analyzing the individual train runs, it was found out that most of the jobs finish
quickly while a few jobs run for very long. To speed up these last jobs the SE require-
ment is dropped when 90% of the jobs finished and 85% of the jobs are successful. At
this moment any computing site can pick up a queued job and execute it. The input
data of the job is then accessed remotely over the network.

After 98% of the jobs in a train are finished, the remaining running jobs are killed if
a sufficient time passed since the 90% of the jobs were finished.

As soon as all jobs are finished, independent if they finished successfully or if they
were killed, the merging will start. In Figure [A.13] the different stages of a train run
dependent on the relative amount of finished jobs is shown.

This improvement was introduced in July 2013. In Figure [A.14] a zoom on the 2013
statistics of Figure [A.12]is shown. Instead of averaging over all train runs in a month
this is done for each week separately. The moment the improvement was implemented
is shown with the red bar. The updates reduce the average turn around time signifi-
cantly. Before the update the turn around time was 26.3 hours, afterwards it improved
to 17.1 hours.

A.4.7. Usage of the Train System

Part of the monitoring process was to gather the number of train runs per month and
how it evolves with time. In Figure[A.15]the number of train runs per month is shown
from 2012 to 2015. It can be seen that it was below 100 during 2012. At this time
the trains were not running on a daily basis and only some people of ALICE used
them. From 2013 on the number of train runs increased continuously over the years.
For some months it can be seen that the number fluctuates down but in general it is
increasing. The big downward fluctuations are often due to holiday seasons.
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Figure A.13.: Stages of a train run. Shown are the percentages of the finished jobs in
a single train run. The different stages are described in the text.

A.5. Summary

The LEGO train system is the centralized Grid submission system of ALICE. As part
of this thesis, monitoring tools have been created which helped to identify bottlenecks
of the system. Dedicated system improvements have been developed for the interface
and for a better usage of the ALICE Grid resources.

The usage of the LEGO trains within ALICE increased during the last years so that
it is now the main system which is used for the Grid analysis of the users.
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Figure A.14.: The average train turn around time for 2013. This is a zoom into Figure
[A.12l The same values are shown there averaged over the months, The
red bar marks the moment the running time optimizations were deployed
on the train system. The blue fits show the average turn around time
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Figure A.15.: Number of train runs per month
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B. Acronyms

ALICE
ALICE-DCal
AliEn

AOD

AP

ATLAS

BNL

CERN

CMS
DCA
EMCal
ESD
FMD
HIJING
HLT
HMPID
IR

ITS
JDL
LEGO
LEIR

A Large Ton Collider Experiment
ALICE Di-Jet Calorimeter
ALICE Environment

Analysis Object Data

Anchor Point

A Toroidal LHC ApparatuS
Brookhaven National Laboratory

European Organization for Nuclear Research
(originally: Conseil Européen pour la Recherche Nucléaire)

Compact Muon Solenoid

Distance of Closest Approach
ElectroMagnetic Calorimeter

Event Summary Data

Forward Multiplicity detector

Heavy Ion Jet INteraction Generator

High Level Trigger

High-Momentum Particle Identification Detector
Interaction Regions

Inner Tracking System

Job Description Language

Lightweight Environment for Grid Operations

Low Energy Ion Ring
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LEP
LHC
LHCb
LHCf
LINAC
LPM
LS1
MC
MonALISA
MRPC
ndf
NFS
PHOS
PS
pQCD
PID
PWG
QA
QCD
QGP
RHIC
RF
SDD
SE
SM
SPD
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Large Electron Positron collider

Large Hadron Collider

Large Hadron Collider beauty experiment
Large Hadron Collider forward experiment
LINear ACcelerator

Lightweight Production Manager

Long Shutdown 1

Monte Carlo

MONitoring Agents using a Large Integrated Services Architecture
Multi-gap Resistive-Plate Chambers
Number of Degrees of Freedom

Network File System

PHOton Spectrometer

Proton Synchrotron

perturbative QCD

Particle IDentification

Physics Working Group

Quality Assurance
Quantum-Chromo-Dynamics
Quark-Gluon Plasma

Relativistic Heavy Ion Collider

Radio Frequency

Silicon Drift Detector

Storage Element

Standard Model

Silicon Pixel Detector



SPS
SSD
STAR
SUSY
TOTEM

TOF
TPC
TRD
ZDC
ZYAM

Super Proton Synchrotron
Silicon Strip Detector

Solenoidal Tracker At RHIC

supersymmetry

TOTal cross section, Elastic scattering and diffraction dissociation

Measurement

Time-Of-Flight
Time-Projection Chamber
Transition Radiation Detector
Zero-Degree Calorimeter

Zero Yield At Minimum

169






Bibliography

[AGG13]

[AK11]

[ALI04]

[ALI06]

[ALIOS]

[ALI10]

[ALI11a]

[ALI11b]

[ALI11c]

[ALI11d]

[ALI12]

[ALI13a]

J. Aichelin, P. B. Gossiaux, and T. Gousset. Collisional and Radiative
Energy Loss of Heavy Quarks. J. Phys. Conf. Ser., 455:012046, 2013.

Anton Andronic and Christian Klein-Bosing. Lecture notes: Introduction
to ultra-relativistic heavy-ion collissions.

Westfalische Wilhelms Universitat Minster, 2011.

ALICE Collaboration. ALICE: Physics performance report, volume I. J.
Phys., G30:1517-1763, 2004.

ALICE Collaboration. ALICE: Physics performance report, volume II. J.
Phys., G32:1295-2040, 2006.

ALICE Collaboration. The ALICE experiment at the CERN LHC. JINST,
3:508002, 2008.

ALICE Collaboration. Elliptic flow of charged particles in Pb-Pb collisions
at 2.76 TeV. Phys. Rev. Lett., 105:252302, 2010, arXiv:1011.3914.

ALICE Collaboration. Higher harmonic anisotropic flow measurements of
charged particles in Pb-Pb collisions at \/syny=2.76 TeV. Phys. Rev. Lett.,
107:032301, 2011, arXiv:1105.3865.

ALICE. Two-pion Bose-Einstein correlations in central Pb-Pb collisions at
SNy = 2.76 TeV. Phys. Lett., B696:328-337, 2011, arXiv:1012.4035.

ALICE Collaboration. Centrality dependence of the charged-particle mul-
tiplicity density at mid-rapidity in Pb-Pb collisions at \/syy = 2.76 TeV.
Phys. Rev. Lett., 106:032301, 2011, arXiv:1012.1657.

ALICE Collaboration. Suppression of Charged Particle Production at
Large Transverse Momentum in Central Pb—Pb Collisions at /syy = 2.76
TeV. Phys. Lett., B696:30-39, 2011, arXiv:1012.1004.

ALICE Collaboration. Particle-yield modification in jet-like azimuthal
di-hadron correlations in Pb-Pb collisions at /syy = 2.76 TeV.
Phys. Rev. Lett., 108:092301, 2012, arXiv:1110.0121.

ALICE Collaboration. Directed Flow of Charged Particles at Midrapidity
Relative to the Spectator Plane in Pb-Pb Collisions at /syny=2.76 TeV.
Phys. Rev. Lett., 111(23):232302, 2013, arXiv:1306.4145.

171



Bibliography

[ALI13b]

[ALI13c]

[ALI14]

[ALI15a]

[ALI15Db]
[ALI15¢]

[ALI15d]

[ALI15¢]

[Ali151]

[ALI16]

[ATLOS]

[ATL12]

[Bag08]

[Bar02]

172

ALICE Collaboration. Centrality Dependence of Charged Particle Produc-
tion at Large Transverse Momentum in Pb—Pb Collisions at /sy = 2.76
TeV. Phys. Lett., B720:52-62, 2013, arXiv:1208.2711.

ALICE Collaboration.  Centrality determination of Pb-Pb collisions
at /syny = 2.76 TeV with ALICE. Phys.Rev., C88(4):044909, 2013,
arXiv:1301.4361.

ALICE Collaboration. Performance of the ALICE Experiment at the
CERN LHC. Int. J. Mod. Phys., A29:1430044, 2014, arXiv:1402.4476.

2015. ALICE Matters "ALICE: from LS1 to readiness for Run 2’ available
at http://alicematters.web.cern.ch/?7q=ALICE_LS1 readiness.

2015. Offline web page at http://aliceinfo.cern.ch/0ffline.

2015. MonALISA Repository for ALICE http://http://alimonitor.
cern.ch.

ALICE Collaboration. Centrality dependence of particle production in
p-Pb collisions at /sxy= 5.02 TeV. Phys. Rev., C91(6):064905, 2015,
arXiv:1412.6828.

ALICE Collaboration. Multiplicity dependence of jet-like two-particle cor-
relation structures in p—Pb collisions at /syny=5.02 TeV. Phys. Lett.,
B741:38-50, 2015, arXiv:1406.5463.

M. Zimmermann for the ALICE Collaboration. The ALICE analysis train
system. J. Phys. Conf. Ser., 608(1):012019, 2015, arXiv:1502.06381.

ALICE Collaboration. The ALICE Transition Radiation Detector: status
and perspectives for Run II. 2016, arXiv:1601.00493.

ATLAS. The ATLAS Experiment at the CERN Large Hadron Collider.
JINST, 3:508003, 2008.

ATLAS Collaboration. Observation of a new particle in the search for
the Standard Model Higgs boson with the ATLAS detector at the LHC.
Phys. Lett., B716:1-29, 2012, arXiv:1207.7214.

S Bagnasco, L. Betev, P Buncic, F Carminati, C Cirstoiu, C Grigoras,
A Hayrapetyan, A Harutyunyan, A J Peters, and P Saiz. Alien: Alice envi-
ronment on the grid. Journal of Physics: Conference Series, 119(6):062012,
2008.

Roger Barlow. Systematic errors: Facts and fictions. In Advanced Statisti-
cal Techniques in Particle Physics. Proceedings, Conference, Durham, UK,
March 18-22, 2002, pages 134-144, 2002, hep-ex/0207026.


http://alicematters.web.cern.ch/?q=ALICE_LS1_readiness
http://aliceinfo.cern.ch/Offline
http://http://alimonitor.cern.ch
http://http://alimonitor.cern.ch

[Bat12]

[Baz12]

[Ber15]

[Bet09)]

[Bhal4]

[Bor10]

[BS87]

[BW09)

[Cer15]

[CMS08]
[CMS11]

[CMS12a]

[CMS12b)

[CMS12¢]

Bibliography

B. Bathen. Jet Measurements and Reconstruction Biases in Proton-Proton
and Pb-Pb Collisions with ALICE at the LHC. Doktorarbeit, 2012.

A. Bazavov et al. The chiral and deconfinement aspects of the QCD tran-
sition. Phys. Rev., D85:054503, 2012, arXiv:1111.1710.

Dario  Berzano,  2015. https://dberzano.github.io/alice/
install-aliroot/.

Siegfried Bethke. The 2009 World Average of alpha(s). FEur. Phys. J.,
C64:689-703, 2009, arXiv:0908.1135.

Tanmoy Bhattacharya et al. QCD Phase Transition with Chiral Quarks
and Physical Quark Masses.  Phys. Rev. Lett., 113(8):082001, 2014,
arXiv:1402.5175.

Szabolcs Borsanyi, Gergely Endrodi, Zoltan Fodor, Antal Jakovac, San-
dor D. Katz, Stefan Krieg, Claudia Ratti, and Kalman K. Szabo. The
QCD equation of state with dynamical quarks. JHEP, 11:077, 2010,
arXiv:1007.2580.

Hans-Uno Bengtsson and Torbjorn Sjostrand. The Lund Monte Carlo for
Hadronic Processes: Pythia Version 4.8. Comput. Phys. Commun., 46:43,
1987.

P. Braun-Munzinger and J. Wambach. Colloquium : Phase diagram of
strongly interacting matter. Rev. Mod. Phys., 81:1031-1050, Jul 2009.

2015.  CERN web page at http://home.cern/about/engineering/
restarting-lhc-why-13-tev.

CMS. The CMS experiment at the CERN LHC. JINST, 3:508004, 2008.

CMS Collaboration. Observation and studies of jet quenching in PbPb
collisions at nucleon-nucleon center-of-mass energy = 2.76 TeV. Phys. Rev.,
(C84:024906, 2011, arXiv:1102.1957.

CMS Collaboration. Jet momentum dependence of jet quenching in
PbPb collisions at /syy = 2.76 TeV. Phys. Lett., B712:176-197, 2012,
arXiv:1202.5022.

CMS Collaboration. Measurement of isolated photon production in pp and
PbPb collisions at /syy = 2.76 TeV. Phys. Lett., B710:256-277, 2012,
arXiv:1201.3093.

CMS Collaboration. Observation of a new boson at a mass of 125 GeV
with the CMS experiment at the LHC. Phys.Lett., B716:30-61, 2012,
arXiv:1207.7235.

173


https://dberzano.github.io/alice/install-aliroot/
https://dberzano.github.io/alice/install-aliroot/
http://home.cern/about/engineering/restarting-lhc-why-13-tev
http://home.cern/about/engineering/restarting-lhc-why-13-tev

Bibliography

[CMS14]

[CMS16]

[CSS12]

[DKO1]

[EB64]

[EBOS]
[Eur88]

[GHK64]

[GKM16]

[GM70]

(GO0

[GW94]

[Hig64]

[KKP0O]

L3 90

174

CMS Collaboration. Measurement of momentum flow relative to the dijet
system in PbPb and pp collisions at \/syy = 2.76 TeV. 2014. https://
cds.cern.ch/record/1703014/files/HIN-14-010-pas. pdf.

CMS Collaboration. Measurement of transverse momentum relative to dijet
systems in PbPb and pp collisions at /sy = 2.76 TeV. JHEP, 01:006, 2016,
arXiv:1509.09029.

Matteo Cacciari, Gavin P. Salam, and Gregory Soyez. FastJet User Manual.
FEur. Phys. J., C72:1896, 2012, arXiv:1111.6097.

Yuri L. Dokshitzer and D. E. Kharzeev. Heavy quark colorimetry of QCD
matter. Phys. Lett., B519:199-206, 2001, arXiv:hep-ph/0106202.

F. Englert and R. Brout. Broken Symmetry and the Mass of Gauge Vector
Mesons. Phys. Rev. Lett., 13:321-323, 1964.

Lyndon Evans and Philip Bryant. LHC Machine. JINST, 3:508001, 2008.

European Muon Collaboration. Shadowing in Deep Inelastic Muon Scat-
tering from Nuclear Targets. Phys. Lett., B211:493, 1988.

G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble. Global Conservation
Laws and Massless Particles. Phys. Rev. Lett., 13:585-587, 1964.

Jan Fiete Grosse-Oetringhaus, Monika Kofarago, and Andreas Morsch. Jet-
like Peak-Shapes in Angular Correlations in PbPb Collisions, 2016. ALICE
internal note, https://aliceinfo.cern.ch/Notes/node/33.

R. J. Glauber and G. Matthiae. High-energy scattering of protons by nuclei.
Nucl. Phys., B21:135-157, 1970.

Jan Fiete Grosse-Oetringhaus. Measurement of the Charged-Particle Mul-
tiplicity in Proton-Proton Collisions with the ALICE Detector. CERN-
THESIS-2009-033, 2009.

Miklos Gyulassy and Xin-Nian Wang. HIJING 1.0: A Monte Carlo program
for parton and particle production in high-energy hadronic and nuclear
collisions. Comput. Phys. Commun., 83:307, 1994, arXiv:nucl-th/9502021.

Peter W. Higgs. Broken Symmetries and the Masses of Gauge Bosons.
Phys. Rev. Lett., 13:508-509, 1964.

Bernd A. Kniehl, G. Kramer, and B. Potter. Fragmentation functions for
pions, kaons, and protons at next-to-leading order. Nucl. Phys., B582:514—
536, 2000, arXiv:hep-ph/0010289.

L3 Collaboration. The Construction of the L3 Experiment.
Nucl. Instrum. Meth., A289:35-102, 1990.


https://cds.cern.ch/record/1703014/files/HIN-14-010-pas.pdf
https://cds.cern.ch/record/1703014/files/HIN-14-010-pas.pdf
https://aliceinfo.cern.ch/Notes/node/33

[Lef09)]

[LHCO08a]

[LHCO8D]
[LHC15]

[Mil07]

[MoE16]

[Par14]

[Per00]

[RSR11]

[SBS7]

[Snell]

[STA11]

[STA13]

[TOTOS]

Bibliography

C Lefevre. LHC the guide, 2009. CERN-Brochure-2009-003-Eng at http://
cdsweb.cern.ch/record/116553471n=de.

LHCf. The LHCf detector at the CERN Large Hadron Collider. JINST,
3:508006, 2008.

LHCb. The LHCDb Detector at the LHC. JINST, 3:508005, 2008.

LHCb Collaboration. Observation of J/Wp Resonances Consistent with
Pentaquark States in A) — J/WK ~p Decays. Phys. Rev. Lett., 115:072001,
2015, arXiv:1507.03414.

Michael L. Miller, Klaus Reygers, Stephen J. Sanders, and Peter Steinberg.
Glauber modeling in high energy nuclear collisions. Ann. Rev. Nucl. Part.
Sei., 57:205-243, 2007, arXiv:nucl-ex/0701025.

MoEDAL Collaboration. Search for magnetic monopoles with the MoEDAL
prototype trapping detector in 8 TeV proton-proton collisions at the LHC.
2016, arXiv:1604.06645.

Particle Data Group. Review of Particle Physics. Chin. Phys., C38:090001,
2014.

D.H. Perkins. Introduction to high energy physics. 4th ed. Cambridge
University Press, 2000. ISBN 0-521-62196-8.

S. Rossegger, B. Schnizer, and W. Riegler. Analytical solutions for space
charge fields in TPC drift volumes. Nucl.Instrum.Meth., A632:52-58, 2011.

Torbjorn Sjostrand and Mats Bengtsson. The Lund Monte Carlo for Jet
Fragmentation and e+ e- Physics. Jetset Version 6.3: An Update. Comput.
Phys. Commun., 43:367, 1987.

Raimond Snellings. Elliptic Flow: A Brief Review. New J. Phys., 13:055008,
2011, arXiv:1102.3010.

STAR Collaboration. Studies of di-jet survival and surface emission bias
in Au+Au collisions via angular correlations with respect to back-to-back
leading hadrons. Phys. Rev., C83:061901, 2011, arXiv:1102.2669.

STAR Collaboration. Experimental studies of di-jets in Au 4+ Au collisions
using angular correlations with respect to back-to-back leading hadrons.
Phys. Rev., C87(4):044903, 2013, arXiv:1212.1653. data taken from
https://drupal.star.bnl.gov/STAR/files/starpublications/191/
data.html, Figure 9.

TOTEM. The TOTEM experiment at the CERN Large Hadron Collider.
JINST, 3:508007, 2008.

175


http://cdsweb.cern.ch/record/1165534?ln=de
http://cdsweb.cern.ch/record/1165534?ln=de
https://drupal.star.bnl.gov/STAR/files/starpublications/191/data.html
https://drupal.star.bnl.gov/STAR/files/starpublications/191/data.html

Bibliography

[WGO91]  Xin-Nian Wang and Miklos Gyulassy. HIJING: A Monte Carlo model
for multiple jet production in p p, p A and A A collisions. Phys. Rev.,
D44:3501-3516, 1991.

[YHMO5] K. Yagi, T. Hatsuda, and Y. Miake. Quark-Gluon Plasma: From Big
Bang to Little Bang. Cambridge Monographs on Particle Physics, Nuclear
Physics and Cosmology. Cambridge University Press, 2005.

[ZG14] Markus Zimmermann and Jan Fiete Grosse-Oetringhaus. The LEGO Train
System, 2014. ALICE internal note, https://aliceinfo.cern.ch/Notes/
node/342.

176


https://aliceinfo.cern.ch/Notes/node/342
https://aliceinfo.cern.ch/Notes/node/342

Acknowledgements

I would like to thank Johannes P. Wessels for giving me the opportunity to do my
PhD in his working group and to perform the work at CERN. I thank Jan Fiete
Grosse-Oetringhaus for supporting my doctoral student application. The work was
sponsored by the Wolfgang Gentner Programme of the Federal Ministry of Education
and Research.

A very special thanks goes to Jan Fiete Grosse-Oetringhaus for the supervision of my
work. I am grateful for all the long and fruitful discussions and the detailed explana-
tions. He improved this thesis with many good advice.

I enjoyed working in the group of Johannes P. Wessels in Miinster and in the group of
Andreas Morsch at CERN. I would like to thank all members of these working groups
for the nice working atmosphere.

For the enjoyable teamwork on the LEGO train system, I thank Jan Fiete Grosse-
Oetringhaus and Costin Grigoras. They taught me a lot about the LEGO trains and
how to develop improvements on such a system. Further I thank the whole ALICE
Offline group for the support of my work and for the good working atmosphere.

I thank the ALICE collaboration, in particular the physics working group on Correla-
tions, Fluctuations and Bulk (CF). Especially, I thank Michael Weber, Megan Connors,
Leonardo Milano, Alice Ohlson, Jiirgen Schuhkraft, Andreas Morsch, Raghava Varma
and Greeshma Meethaleveedu for the productive discussions on 241 correlations.

For many corrections and suggestions during my thesis work, I thank Jan Fiete Grosse-
Oetringhaus, Alice Ohlson, Leticia Cunqueiro, Hugo Day and Andreas Morsch.
Many thanks to my family and my friends who emotionally supported me in the last
four years. Special thanks to Miryea who always encouraged me. Ein besonderer Dank
geht an meine Familie, insbesondere an meinen Eltern Maria und Paul Zimmermann.

177



Lebenslauf

Name Markus Zimmermann
Geburtstag 26/08/1988
Geburtsort Warendorf

Staatsangehorigkeit  deutsch
Eltern Paul Zimmermann

Maria Zimmermann, geb. Gerbert
Schulausbildung
08/1999-06/2007 Gymnasium Collegium Johanneum, Ostbevern
08/1995-06/1999 Ambrosiusschule, Ostbevern

Studium

10/2010-10/2012 Studium der Physik (Master of Science) an der
Westfalische Wilhelms-Universitdt Minster
Masterarbeit Jet Reconstruction and Event-Background Fluctu-
ations in Pb-Pb Collisions

31.10.2012 Master of Science

10/2007-08,/2010 Studium der Physik (Bachelor of Science) an der
Westfilische Wilhelms-Universitdat, Miinster
Bachelorarbeit Study of the Response of Different Jet-Algorithms
for the ALICE-FExperiment

17.08.2010 Bachelor of Science

Promotionsstudium

12/2012 Beginn der Dissertation am Institut fiir Kernphysik
bei Prof. Dr. Johannes P. Wessels
PhD thesis Multi Particle Correlation Studies in Heavy Ion Col-
lisions at the LHC

Berufstatigkeit

02/2016-12/2016 Studentische Hilfskraft am Institut fiir Kernphysik
02/2013-01/2016 Doctoral Student am CERN

09/2010-10/2012 Studentische Hilfskraft am Institut fiir Kernphysik

Miinster, den 21. September 2016



	Introduction
	Theoretical Background
	The Standard Model
	Quark-Gluon Plasma
	Jet Quenching
	Flow
	HIJING
	The Nuclear Suppression Factor The Nuclear Suppression Factor RAA
	Two Particle Correlations in Pb–Pb and pp Events
	Two Plus One Particle Correlations at STAR

	The LHC and the ALICE Detector
	The Large Hadron Collider
	Design Performance of the LHC
	The Experiments

	ALICE
	Central Barrel
	Forward Detectors
	The ALICE Trigger System
	Computing Tools


	Event and Track Selection
	Beam-Gas-Interactions
	Centrality
	Vertex Selection
	Event Selection
	Track Selection

	Two Particle Correlations
	Toy Event Generator
	Correlations within the Same Event
	Correlations within the Mixed Event
	Single Particle Efficiency Correction
	Background
	Peak Yield Extraction using a Fit
	Peak Yield Extraction using direct Bin Counting

	Two Plus One Particle Angular Correlations
	Correlations within the Same Event
	Correlations within the Mixed Event
	Efficiency Correction
	Background from Uncorrelated Trigger Combinations
	Mixed Combinatorics Method
	Background Same Method
	Background Components
	Scaled 1+1 Events

	Uncertainty as a Function of Jets per Event
	Yield Extraction in the 2+1 Analysis
	Observables of the 2+1 Correlation Measurements
	Ratio of the Yield from PbPb and pp Events
	RT1T2


	Two plus One Particle Correlations in HIJING Events
	Trigger Combinations
	Signal Extraction
	The Integrated Correlation Peaks in HIJING
	Centrality Dependence of the Particle Yield
	Trigger Dependence of the Particle Yield
	Summary

	Systematic Uncertainties
	Check of the Barlow Criteria
	Sources of Systematic Uncertainties
	Systematic Uncertainty from the Bin Positions
	Summary

	Two Plus One Particle Correlations in Pb–Pb Collisions
	Signal Extraction
	Trigger Combinations
	Comparison of the per Trigger Yield
	Integration of the Correlated Yield
	Centrality Dependence of the Particle Yield
	Comparison of the Pb–Pb and pp Peak Yield
	Trigger Dependence of the Particle Yield
	Comparison of the ALICE and STAR IAA
	Summary

	Summary
	Zusammenfassung
	The LEGO Train System
	Workflow
	Starting a Train Run

	Train Runs
	The Web Page
	Testing a Train
	Splitting of the Train Jobs
	Merging the Jobs
	Killing and Resubmitting Jobs

	Interface
	Activating Wagons
	Subwagons

	System Improvements
	Input Files per Train Run
	Basket Distribution
	Basket Clean Up
	Skip Processing per Run Number
	Turn Around Time
	Running Time Optimization
	Usage of the Train System

	Summary

	Acronyms

