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OVERVIEW

This thesis focuses on two separate topics. The first topic concerns the upgrade
of the Time Projection Chamber (TPC) detector of the ALICE experiment. The
upgrade will take place during the second Long Shutdown (2019-2020). The part
of the upgrade I participated in was the replacement of the detector’s current
readout electronics with Gas Electron Multiplier (GEM) foils. This change would
allow for the continuous readout of the data, resulting in a hundredfold increase
in the amount of data the ALICE experiment can process, as the TPC is the central
tracking detector. I was involved in the Quality Assurance (QA) of these GEM
foils. The advanced QA procedure consists of three measurements, a long-term
high-voltage measurement, a direct gain measurement and an optical scan. I have
developed a graphical software to aid the QA of the optical and the high-voltage
part, and that program is used in both advanced QA centers. I also developed
software for the gain measurement of the foils, and carried out a correlation study
between the GEM foil’s optical parameters and its gain [1].

The second topic is the analysis of the ALICE data, the measurement of the
jet shape modification as a function of pseudorapidity in /syn = 2.76 TeV Pb-Pb
and pp collisions. In Pb—Pb collisions, the quark gluon plasma (QGP) is created,
while in pp collisions, it provides only weak hints for its existence at very high
multiplicity events (see e.g. Ref. [2]). Comparing results from these two collisions
thus sheds light on the behavior of the new phase of the strongly interacting mat-
ter. I have carried out a two-particle correlation analysis, developed the analysis
software, and performed the systematic error analysis. The results are also com-
pared to AMPT simulations, as well as a custom Monte Carlo simulation.

The structure of the thesis is therefore dissected into three distinct parts. In
Part I a broad introduction preludes the two main topics, chapter 1 provides the
physics background for the ALICE data analysis of Part III, while chapter 2 de-
tails the experimental layout that is necessary to appreciate the detector upgrade
presented in Part II. Part II starts with the description of the TPC detector in
chapter 3, and continues with the introduction of the GEM foils in chapter 4. The
QA procedures of the GEMs are presented in chapter 5, which then streams into
the correlation study between the GEM’s hole diameters and gain in chapter 6. It
also covers the establishment of the QA criteria for the foils. Part III starts with
a literature overview of the analysis topic in chapter 7, then describes the cuts
applied to the data in chapter 8. It then discusses the method of the analysis in
chapter 9. Corrections (chapter 10) and the evaluation of the systematic uncer-
tainties (chapter 11) follow, before presenting the results of the jet shape analysis
and conclude in chapter 12. The thesis closes with a complete summary.
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In this part a general introduction to the two main topics of this thesis is
given. In chapter 1 the fundamental theories are introduced upon which the jet
shape analysis of Part III stands. The basic concepts of the Quantum Chrono-
dynamics (QCD) (section 1.1), the quark-gluon plasma (QGP) (section 1.3), and
jet physics (section 1.4) are described here in more detail to provide the neces-
sary introduction to the complex field of heavy-ion physics. In the last section
(section 1.5), the Monte Carlo event generators are reviewed.

In chapter 2, the detailed experimental overview is given that is necessary
to appreciate the work carried out for Part II. A broad knowledge of the experi-
ment is also essential for Part III as well, e.g. to understand the tracking which is
essential for any analysis. The part starts with reviewing CERN’s main activities
(section 2.1) and its biggest collider ring, the Large Hadron Collider (LHC) (sec-
tion 2.2). A short summary of the four experiments of the LHC is given before
zooming into CERN'’s dedicated heavy-ion experiment, ALICE (section 2.3). In
this chapter, the main detectors and their operating principles of the ALICE ex-
periment are presented. In the last section (section 2.4) the planned upgrade of
the ALICE experiment is discussed.



1 HEAVY-ION PHYSICS

The topic of heavy-ion physics focuses on the strong interaction under extreme
energy densities. At this high energy density, not only the inner structure of
the proton can be seen [3], but the strongly interacting matter built-up from the
quarks and the gluons, undergoes a phase transition. From lattice QCD calcula-
tions the QCD phase transition temperature T, ~ 160 MeV was obtained [4, 5, 6],
which corresponds to a €. ~ 0.5 GeV/fm? energy density.

In any experiment, the initial energy density cannot be measured directly.
The most widely used model to estimate it is Bjorken’s calculation [7]

dE d Emeasured

L 1
dV  R%nmrdy @)

€Bjorken —

where R 4 is the radius of the nucleus, and 1 is the proper time elapsed since the
collision. Current state of the art technology allows us to reach an energy density
of tens of GeV/fm?3, for the ALICE experiment, it is estimated to be € = 12.3 £
1.0 GeV/fm?3 [8], well beyond the critical energy density. Conditions like this
existed a few microseconds after the Big Bang and can be re-created in collider
experiments and studied in a controlled environment.

It was very interesting to see that the hottest matter ever created did not
behave as a gas, but rather as a liquid [9], called the quark-gluon plasma (QGP).
Heavy-ion physics is dedicated to the study of this newly created matter. Before
going into its details, we must turn our attention to the basics, the fundamental
description of the quarks, gluons, and the strong interaction they participate in.
There is a long history that led to the development of Quantum Chromodynamics
(QCD) as well as the field of heavy-ion physics. The subsequent sections only
provide a broad overview of the topics, for a more complete summary one should
turn to e.g. Refs. [10, 11].
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1.1 QCD and asymptotic freedom

Quantum Chromodynamics (QCD) is a field theory describing the strong interac-
tion experienced by the quarks, and the carriers of the interaction, the gluons. Itis
a rather clear generalization of the Quantum Electrodynamics (QED). The mod-
ern derivation is carried out by exploiting the theory’s gauge invariance [12]. Ac-
cording to the gauge principle, one can obtain the interaction terms, in this case
the gluon fields, from the Lagrangian of the free quarks by localizing the global
symmetry group. By requiring the new Lagrangian to be covariant with respect
to the new, extended group of local transformations, additional fields have to be
introduced. These naturally introduced fields are the interaction terms [13].

Following the discussion presented in Ref. [12], the Lagrangian of the single
free quark (of a given flavor) is

Neolors
Loj= Y Tis(id —my)qys. ()
i=1
The global symmetry, that will be localized, is the rotation in color space for color
a

U=exp | —i i € Aa (3)
a P a=1 ’ 2 '
where the generators of the symmetry group are the Gell-Mann matrices A

[)\a/ /\b] - ZifabcAC- (4)

The further derivation is not detailed here, it can be shown, that the QCD La-
grangian for N [ flavors is

N
1 L.
f=1

where Gy, is the gluon field strength tensor, coming from the commutator of the
covariant derivatives

(D, D] = igsGy. (6)

Note that G* = G} V%. The g; measures the strength of the interaction between
the quarks and the gluons. The coupling constant of the strong interaction is
connected to this via as := g2 /47

An interesting consequence of the theory is the so-called asymptotic free-
dom, the coupling constant’s weakening as the energy gets larger. This allows for
a perturbative treatment at the high-energy regime, making possible to calculate
observables from the first principles. To understand this unique phenomenon,
let us follow the line of thinking of Gross [14], and go via the magnetic screening
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properties of the vacuum. Using natural units (c = 1) the dielectric constant €
and the magnetic permeability y are related by

eu = 1. (7)

He argues that from Lenz law it follows that in case of classical matter, y < 1.
From Equation 7 that implies that € must be greater than 1, which is equivalent
of an electric screening, a property observed e.g. in the QED vacuum. In QCD,
however, the gluons are spin one particles acting as color-magnetic dipoles, and
they would align themselves parallel to the applied external field. As a result of
that, they would increase the strength of such field, so 4 > 1. This results in an
effect of antiscreening from gluons, € < 1. On contrary to QED, the color-charge
gets amplified at large distances and vanishes at infinitesimal distances. And
as the antiscreening from the gluons overcome the screening caused by quarks,
this paramagnetic property of the Yang-Mills vacuum explains the asymptotic
freedom of the QCD. It also accounts for the (color) confinement of the quarks,
i.e. that quarks are confined inside mesons and hadrons. Their separation is not
possible, as after a certain distance it will be energetically more favorable to create
a quark-antiquark pair from the vacuum, and those newly created particles will
bond to the original quark-antiquark pair, setting a confinement scale.

The asymptotic freedom is usually expressed as the strong interaction’s cou-
pling constant’s («s) energy (Q) dependence, the perturbative calculation in lead-
ing order (LO) leads to

2
_ & 1 )

AT In(Q2/Adcp)

The Agcp parameter sets the reference scale of QCD above which the coupling

is small enough for a perturbative treatment. But even in perturbative calcula-
tions, some integrals result in infinities, e.g. the self-energy of the electron. The
technique to handle these infinities is called the renormalization. There are many
techniques for that, therefore the value of Agcp depends on the renormalization
scheme. With the broadly used modified minimal subtraction (MS) method and
for 5 quark flavors it is Agcp = (210 & 14) MeV [15]. The phenomenon of Equa-
tion 8 was measured in various processes, a summary of the measurements as
well as the theoretical predictions are plotted together in Figure 1.

Now we arrived to the point where we have a fundamental description
of the strong interaction, yet it is difficult to calculate observable phenomena at
lower energies (below Agcp), and that is partially because of the aforementioned
self-interaction of the gluons, and partially because the coupling g is strong, and
perturbative methods work only in the high-energy limit. In the low end of the
energy spectrum, where most nuclear processes take place, effective models have
to be used, i.e. one has to give up the fundamental relations and work out a phe-
nomenological model.
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FIGURE1 Summary of measurements of the running coupling constant of the strong
interaction, «s, as a function of the energy scale Q. Figure from [15].

1.2 The experimental coordinate system

Before describing these measurements, let us briefly mention the coordinate sys-
tem and the quantities in question. Although ultimately we measure the momen-
tum (p) and the energy (E) of the particles, it is more convenient to formulate
observables which fit the detector layout. The momentum p is often decomposed
into its longitudinal component (p,), which goes in the beam direction, and its
transverse component (pt), which is the plane perpendicular to the beam. The
azimuthal angle in this transverse plane is denoted by ¢, and for the longitudinal
direction we use rapidity. It is better than the polar angle 6 of the spherical coor-
dinate system, because rapidity is Lorentz-additive. The definition of the rapidity
(y) comes directly from E and p,, yet for unidentified particles, the quantity pseu-
dorapidity (77) can be used, as it does not require knowledge on the mass, only
the momentum

_ 1 (EApsc _ 1. (ptpe
y_Zm(E—mJ’ "_2m(p—m>' ®)

One can then decompose the Lorentz-invariant spectrum into

LN dN
d3p  prdprdnde’

(10)

The only remaining freedom in this collider’s coordinate system is the reference
azimuthal angle. Two choices are common, one can either measure it upwards
from the horizon assigned by the plane of the collider ring, or one can use the
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natural coordinate system of the colliding nuclei, as depicted in Figure 2. In this
system, the ¢ is measured from the axis (x) connecting the nuclei’s centers at their
closest approach. The x-z plane is also called the Reaction Plane, marked with a
green grid in Figure 2. This coordinate system has to be rotated at each event,
according to the randomly colliding nuclei.

L3
s
r
\ /

A /

__/
y

*——-—
X

FIGURE 2 Sketch of deformed fireball and elliptic flow generated in non-central heavy-
ion collisions [16].

1.3 The Quark-gluon plasma

Figure 3 shows the schematic phase diagram of QCD. In the bottom left corner,
there is the vacuum and the nuclear matter, two states that were known for a long
time. In the rest of the figure, other, relatively new phases of the strongly interact-
ing matter are shown. At very high chemical potential y, for example, that is at
extremely high baryon density, a superfluid or a color superconducting phase is
expected. QCD can thus can provide insights and predictions about astrophysi-
cal objects as well, not only for collider physics. The focus of this thesis, however,
lies in the exploration of QCD via colliders, we focus on higher temperatures and
relatively small baryon densities. The higher temperature or energy density al-
lows for smaller coupling between the quarks and the gluons, which can then
move relatively freely as an effect of asymptotic freedom. This results in a new
phase of the strongly interacting matter, called the quark-gluon plasma (QGP).
A few years after its theoretical foundations [17, 18, 19, 20], Bjorken showed that
high-energy partons traversing it would lose energy [21]. This predicted signa-
ture allowed for the experimental search, which started soon after that paper.
A variety of observations were carried out by the Brookhaven National Labora-
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tory’s (BNL) Alternating Gradient Synchrotron (AGS) [22] and by CERN’s Super
Proton Synchrotron (SPS) [23, 24, 25, 26], showing signs of a new state of matter,
which led to a press release by CERN [27, 28]. And after the announcements of
BNL's Relativistic Heavy Ion Collider (RHIC), there were hardly any double left
about the discovery of the QGP. Four of its major experiments, BRAHMS [29],
PHOBOS [30], PHENIX [31] and STAR [32] reported on phenomena in Au+Au
collisions that indicated the presence of a new state of matter. Almost all ex-
periments repeated their measurements in d+Au collisions [33, 34, 35, 36], and
ruled out initial state and cold nuclear effects. Later, a similar suppression of
high transverse momentum particles was observed at CERN LHC (see Ref. [37],
and the references therein).

early universe

ALICE quark—gluon plasma

RHIC B
Crossover CBM <Yy ~ 0

quark matter

Temperature

<yy> >0

crossover —

hadronic fluid

”‘I'S:“ []“:3’ 0
vacuum nuclear matter

H
FIGURE 3 Schematic view of the QCD phase diagram. Figure from [38].

superfluid/superconducting
phases 7

28C e :
2SC <y > 0 CFL
|

neutron siar Cores

To explore the shape of the expanding medium, it proved useful to decom-
pose the azimuthal angle (¢) part of Equation 10 into its Fourier-coefficients [39,
40]. Here ¢ was measured with respect to the corresponding n'h event plane of
each event (¥,)

&N 1 d
d3p 27w prdprdy

1+2 ivncos[n(go—‘ifn)]) : (11)

=1

The second coefficient is the most dominant one, as the strength of the parameters
v, decrease with increasing index 7, and since v; is suppressed due to momentum
conservation [41, 42]. This v, term encodes the momentum-space asymmetry it
is also called the elliptic flow. The measurement of v, was among the first indi-
cators of the QGP [31]. If v; is larger than 0, that means the initial ellipticity of
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the two overlapping nuclei was conserved and has been turned into ellipticity in
momentum-space during the expansion of the medium. This is a characteristic
feature of a liquid, in gases this initial asymmetry would vanish during its expan-
sion. Later it was found that in this newly created medium, the QGD, the v; scales
with the number of constituent quarks. This was related to its partonic degrees
of freedom [9]. In Figure 4 this scaling is shown for various identified particles,
both hadrons and mesons from two different experiments, PHENIX and STAR.
The agreement of the different type of particles is remarkable. In higher LHC
energies, however, we observe larger flow [43], and the constituent quark scal-
ing seems to break. It is supposedly because of a denser plasma created in these
higher energy collisions, hydrodynamical models with viscous corrections de-
scribe the increase [44, 45, 46, 47]. The flow of the QGP is a broadly researched
topic, current focus is the study of the higher flow harmonics [48], and the corre-
lation between the flow harmonics [49].

. (a) e mt+m (PHENIX) < p+p (PHENIX) (b) .
0.1l m K*+K" (PHENIX) O A+A (STAR)
) K3 (STAR) O Z+= (STAR)

P

0.05 _ "‘ﬁ + @?

Vvy/n,

o,

0|| v b b b P v b b b
0 0.5 1 15 2 0 0.5 1 1.5 2

pT/ne| (GeV/c) KE;/n, (GeV)

FIGURE 4 = Scaling of the flow coefficient v, with the number of constituent quarks (7).
The left panel shows it as a function of the 7, scaled transverse momentum,
while the right shows it as a function of the n,-scaled average kinetic trans-
verse energy KEt. Figure from [9].

Another key measurement in the discovery of the QGP was the suppression
of ¥ production in Au+Au collision as compared to that of pp collisions [31].
Comparing heavy-ion results to pp results is a common technique, because QGP
was not observed in proton-proton collisions, so the QGP can be made respon-
sible for the suppression. The quantity called the nuclear modification factor
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(Equation 12) is a fine example of this logic

1 1/NAL. x dNaa/dpr

event

Npe 1/NEP, < dNpp/dpr

vent

(12)

Raa(pr) =

It is the ratio of the charged particle’s pr-spectra from heavy-ion collisions (AA)
and proton-proton collisions (pp), normalized by the corresponding number of
events. The pp part is scaled up with the number of binary collisions (Nj.) of
the heavy-ion collisions. This way it measures how the Pb-Pb collisions differ
from equal amount of pp collisions. A recent measurement of Raa is shown in
Figure 5. A significant suppression can be seen across various experiments and
collision energies.

:(( T T T T I T T T T I T T T T I T T T T
o e ALICE Pb-Pb \/s, =276 TeV (0 - 5%)

»  STARAU-AU \[S, = 200 GeV (0 - 5%)

= PHENIXAu-Au \s,, = 200 GeV (0 - 10%)

0 5 10 15 20
P, (GeV/c)

FIGURE 5 Various measurements of the nuclear modification factor Raa for charged
particles [50].

1.4 Jet fragmentation

It is difficult to study the evolution of the QGP because of its extremely short
lifetime, that is at the order of femtoseconds. We have to then rely on probes
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which are generated at the time of the collision and the QGP formation. One of
the most used such probe is the jet, a collimated spray of particles. Its seed is
a high-pr particle, either a quark and a gluon. This quark or gluon lose energy
via producing particles on the way, a phenomenon called the jet fragmentation.
The produced particles go approximately in the same direction as the original
high-pr particle, because of the energy and momentum conservation, resulting
in a conical distribution of particles. This shape is further reinforced by angular
ordering, i.e. the phenomenon that each fragment leaves in smaller angle than
the previous one [51]. Once the energy of the particles is at the order of Aqcp, the
hadronization occurs.

This chain of thought is formulated mathematically in the QCD factoriza-
tion theorem [52]. The high-pt hadron production cross-section in hadron-hadron
collisions consists of three independent domains

daﬁ}%rih = fasa(x1, Qz) ® fp/B(x2, Qz)

: : (13)
® dUab—)c(xll X2, Q ) ® DC%h (Z’ Q )

The first is the starting point, the parton distribution functions f,,4 and f},5.
They encode the probability density of finding a parton a with a certain momen-
tum fraction x; inside the hadron A at the resolution scale Q. The combined
HERA and ZEUS measurement of the PDFs [53] is shown in Figure 6. The second
term o,,_,. is the parton-parton cross-section. And the last term, D(z, Q?) is the
fragmentation function, which is the probability of a parton to fragment into a

hadron

hadron with momentum fraction z = Ao

Contrary to the vacuum propagation, where the energy loss was caused by
emitting g4 pairs or gluons, in the presence of the medium the particles can lose
energy via scattering and gluon bremsstrahlung as well. The two possibilities are
illustrated in Figure 7. The different energy loss in medium as compared to the
vacuum brings about the phenomenon called the jet quenching. Some models,
like Q-PYTHIA [54] predict a change of the shape of the fragmentation function
in the presence of a medium, therefore it is interesting to compare experiments
with and without QGP formation, like in this thesis, comparing Pb—Pb results
with that of pp.

There are two ways to find a jet, either by jet reconstruction algorithms,
or via two-particle correlations.For the jet reconstruction, one could follow two
paths. First is to focus on the geometry and collect all particles around a high-pr
particle (i) in a predefined cone radius (R)

RE: = (i —1j)* + (¢i — ¢j)° < R%, (14)

The second method, called the sequential recombination, focuses on the momen-
tum differences of the particles. Here we sum up momenta of hadrons which
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have the smallest difference in transverse momentum weighted with Rzzj /R?
ﬁ-

The value of p distinguishes between the three most used algorithms: p = 0 is
called the Cambridge/Aachen algorithm [55], p = 1 marks the kt algorithm [56]
while p = —1 is called the anti-kt algorithm [57].

. 2p 2
dij = min(p7;, pT?) (15)

The two-particle correlation method follows a different logic. Here we do
not focus on the jet a priori, but collect all particles, and calculate all pairs” az-
imuthal angle and pseudorapidity difference (Ag, Ay) in an event. After doing
this for all events, the jet peak emerges naturally at (Ag, Ar) = (0, 0). This will
be further detailed in chapter 9, here we just make the point that this method has
clear advantages over the jet reconstruction algorithms in certain regimes and for
certain problems. In case of this analysis the two-particle correlation method is
preferred as it is applicable at the pr-range of the analysis, and it is not concerned
with a definition of a jet, thus more robust at the edges of the jet. This is especially
advantageous when studying the softer particles that carry information about the
jet-medium interaction.

As discussed in the beginning of the section, the jets can probe the medium
and provide information on its properties and evolution. The thesis is concerned
with the different jet shapes measured via two-particle correlations in the pres-
ence of QGP (Pb-Pb collision) and without (pp collision). Gluon and quark-
initiated jets lose energy differently during their traversing of the medium. It
is worthwhile to summarize what one would expect from pure quark and pure
gluon jets, before studying the role of the medium. Quark jets are expected to be
narrower than gluon jets. From the semi-classical approximation [58]

(Ng)  Ca 9

W) G T (16

QQI\) | OQqN

where 0y is the width of the gluon jet and ¢ is the width of the quark jet. It is clear
from the formula that the width difference is related to multiplicity differences,
and ultimately the color factors (C4 and Cr). Gluon jets have a larger fluctuation
in multiplicity by a factor of 0y /0; = /Ca/Cp = 3/2. The interaction with the
medium can introduce further distinction between the two sources of jets, but
they will be discussed in chapter 12.

1.5 Monte Carlo event generators

To carry out the theoretical calculation of what one would expect in a heavy-ion or
a proton-proton collision, we rely on Monte Carlo event generators and (mostly)
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CPU power. The involvement of computers is justified by the extremely complex
nature of such calculations. The logic was presented in the previous chapter. First
the initial stage, i.e. the stage before the collision, has to be estimated. For that we
use the Parton Distribution Functions (PDF). After this, the collision itself can
be modeled, and its hard scatterings can be calculated perturbatively from QCD
(pQCD). The further evolution of the generated shower, the hadronization, as
well as collisions with lower momentum transfer of the order of Aqcp, however,
cannot be calculated perturbatively. For these we need to invoke phenomenolog-
ical models. Monte Carlo event generators in general [59, 60] go through these
calculations, and provide a list of final state particles at the end, which can be
compared to the experimental observations. The ones related to the LHC physics
are discussed in Ref. [61]. In the following subsections, the MC generators used
in this thesis will be review briefly.

1.5.1 PYTHIA

In the work of this thesis, the PYTHIA event generator [62] was used to estimate
the efficiency of the pp collisions. PYTHIA is the most popular event generator in
high-energy physics, partly because of its continuous long development, dating
back to the development of JETSET [63], its predecessor, to 1978.

PYTHIA follows similar steps of calculation as described above. It requires
the PDFs and calculates the 2—2 collision, and the following parton shower
modeled with 1—2 (and 2—3) splittings, where the virtuality decreases in ev-
ery step [64]. Initial state radiation is modeled as a shower that propagates back
in time [65]. Taking into account the collinear splittings, the probability of these
showering processes (both initial state and final state) follow the DGLAP evo-
lution [66, 67, 68]. After the showering, around the energy scale of Aqcp, the
perturbative method cannot work any more, and one must turn to a different
approach. This is also the scale when the final state particles, the hadrons are ex-
pected to appear. Instead of the simple local parton-hadron duality [69], PYTHIA
uses a more sophisticated model for hadronization, namely the Lund string frag-
mentation model [70]. In the last step of the calculation, the unstable hadrons
decay according to their branching ratio.

MC generators in general, and PYTHIA is no exception to that, still have a
few parameters that can be tuned. While estimating the efficiency of the pp data,
the so-called Perugia-0 tune [71] was used. The setting for this tune was obtained
to describe best the data from LEP, Tevatron and SPS, so it is feasible to use it for
Run 1 LHC data.
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1.5.2 HIJING

For the evaluation of the efficiency of Pb—Pb collisions, the HIJING (Heavy Ion Jet
INteraction Generator) [72] event generator was used. It combines perturbative
models and low pt multistring phenomenology to provide the best description
of the data of high-energy pp, pA and AA collisions. It calculates heavy-ion col-
lisions as a superposition of binary collisions, using Glauber geometry

1.5.3 AMPT

The final observable of the analysis was compared to results obtained from AMPT
(A Multi-Phase Transport Model) [73, 74] simulations.

The AMPT is the most complicated Monte Carlo generator described in this
thesis. It requires an input from HIJING in the form of excited strings and mini-
jets, and calculates their interactions with the Zhang’s Parton Cascade model
(ZPC) [75]. The hadronization can be set either to the quark coalescence model,
or, as in PYTHIA, to the Lund string fragmentation model. An additional step is
the (also optional) hadronic rescattering, that is simulated with the ART model
[76].



2 EXPERIMENTAL DETAILS

2.1 CERN

CERN is currently the largest accelerator complex in the world. It is located in
the suburb of Geneva, on the French-Swiss border. It is a large international col-
laboration consisting of 22 member countries along with 37 countries with co-
operation agreements, and 3 observers. More than 600 institutes and universities
use CERN facilities. Its current layout is depicted in a cartoon in Figure 8, but
before discussing its experiments, let us review shortly its main discoveries.

Its first accelerator, the Synchrocyclotron (SC) has started to operate! al-
ready in 1957. A year after its start, it has found the (yet) missing B-decays of
the charged pion [78], providing a verification of the V-A coupling theory.
CERN'’s Proton Synchrotron (PS) had produced of the first antideuteron [79] in
1965, along with the AGS.

CERN was also home of the first Multiwire Proportional Chamber (MWPC), in-
vented by George Charpak in 1968, which revolutionized particle detection [80].
Up to that time, particle identification and momentum measurements were based
on analyzing the particles’ tracks recorded by bubble and spark chambers, which
required a lot of manual work, the “photographed” trajectories were fitted by
hand. The signal of the MWPC could be fed into computers, automatizing the
analysis and also increasing the detection rate by a factor of thousand.

The mediators of the weak interaction (W*, and Z°) were discovered in 1983 in
the Super Proton Synchrotron (SPS) [81, 82, 83, 84]. The discovery of direct CP
violation was reported by the NA48 experiment [85] in 1999. Researching anti-
matter is a distinguished program at CERN, in 1995, PS210 experiment created
the first antihydrogen atom [86], and recently, in 2011, ALPHA was able to main-
tain it for 1000 seconds [87]. Another fundamental particle, the Higgs boson, was

1 https:/ /home.cern/about/accelerators/synchrocyclotron
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found recently at CERN’s Large Hadron Collider (LHC), simultaneously by the
CMS [88] and the ATLAS [89] collaborations. The latest discovery was finding
the pentaquarks [90] by the LHCb collaboration.

From this short history one can see that CERN has built larger and larger ac-
celerators over the time. A large chain is built this way, and to grasp how complex
the acceleration process is, let us follow the path of the proton, from its origin, the
hydrogen bottle, to the tunnel of the Large Hadron Collider (heavy-ions follow
a similar path). First the hydrogen’s electrons are stripped in a duoplasmatron
by a strong electromagnetic field. Once they lose their electrons, they can be ac-
celerated with electric fields. All accelerations at CERN are performed by Radio
Frequency Cavities. Then the protons are injected into the Linear Accelerator
(LINAC), where they reach 50 MeV before being injected into the Proton Syn-
chrotron Booster (PSB), where they get a boost up to 1.4 GeV energy. The Proton
Synchrotron (PS) accelerates them further to 25 GeV. In the next step, the Super
Proton Synchrotron (SPS), they reach 450 GeV, then they finally can be injected
into the LHC, where they reach 3.5 TeV, resulting in a collision energy of /s = 7
TeV by the end of Run 1. In case of heavy-ions, the per-nucleon collision energy
was /SNN = Z/A x /s = 2.76 TeV. In current runs, the pp collision energy
has doubled to /s = 14 TeV, while the heavy-ion per-nucleon collision energy is

v/SNN — 5.02 TeV.

The described pre-accelerators were all frontiers at their time and they did
not descend into a secondary role, as they perform independent experiments
when not providing beam for the LHC. The Proton Synchrotron (PS) feeds DIRAC,
studying the strong force by the decay of unstable “pionium atoms”, and the An-
tiproton Decelerator (AD), which gives home to AEGIS, ALPHA, ASACUSA, and
ATRAP experiments. These all focus on antimatter and exotic matter production.
AEGIS studies the gravitation of the antimatter (practically whether it falls up
or down in the Earth’s gravitational field), ALPHA and ATRAP investigate the
symmetry between matter and antimatter by comparing antihydrogen to hydro-
gen. ASACUSA tests this (so far unbroken) symmetry with antiprotonic helium
and antihydrogen. The Proton Synchrotron also provides beam for the CLOUD
experiment, which tries to find a link between galactic cosmic rays and cloud for-
mation, for ISOLDE, which studies atomic nuclei and their application in astro-
physics, material and life sciences, and for nTOF, the neutron time-of-flight facil-
ity that studies neutron-nucleus interactions. The beam of the Super Proton Syn-
chrotron (SPS) is used by COMPASS, NA61/SHINE and NA62. COMPASS stud-
ies the complex interaction between quarks and gluons and how the spin arises
in protons and in neutrons from their constituents. NA61/SHINE researches the
properties of hadrons in collisions of beam particles with fixed targets and NA62
focuses on testing the Standard Model by inspecting measuring rare kaon de-
cays. And there is AWAKE [91], the Advanced Proton Driven Plasma Wakefield
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Acceleration Experiment, a proof-of-principle accelerator project in R&D stage. It
investigates the possibilities of a new type of acceleration. A proton is shot into
a plasma state matter, which then generates a wakefield, that could accelerate a
particle if the timing is right. Should this technology succeed, it would result in
much smaller and economic accelerators.

Although CERN is known for its accelerators, it hosts other experiments
as well. Good examples are CAST, which searches for (the hypothetical) axions
from the Sun, and the Alpha Magnetic Spectometer (AMS), which looks for dark
matter, antimatter and missing matter from a module on the International Space
Station. Now we can start to zoom into the experiment which collected the data
of this thesis, the ALICE detector, by starting with the Large Hadron Collider
ring.

2.2 The Large Hadron Collider

The Large Hadron Collider (LHC) [92] was built reusing the tunnel of CERN’s
Large Electron-Positron Collider (LEP). This was an economic solution, but it
posed constraints on the LHC design. For example, as protons and heavy-ions
do not suffer that much synchrotron radiation as the electrons, the accelerating
ring could have had shorter straight sections and longer arcs. Another constraint
was imposed by the relatively small cross-section of the tunnel. LEP, being a
particle-antiparticle collider needed only one ring for the beams, while the LHC
is a particle-particle collider, and needs to have two rings for the counter rotating
beams. This led to the implementation of a novel, “two-in-one” superconducting
magnet design [93], in which the two rings share the magnetic field, as illustrated
in Figure 9. As a result of that, heavy-ion collisions are possible in the old LEP
tunnel.

The LHC uses superconducting magnets to keep the particles on track along
the ring. Traditional electromagnets are limited to ~2 T, with niobium-titanium
coils, however, we can reach a nominal magnetic field of 8.33 Tesla (with 11850
A current) without significant loss of energy. The power consumption of the ad-
vanced cryogenic system is not negligible, 150 kW is used to keep the 4.5 K tem-
perature, and an additional 20 kW is distributed around the ring for keeping the
helium at 1.9 K. This makes the LHC cooler than the outer space (that has an
average temperature of 2.7 K). At this extremely low temperature, the liquid he-
lium enters a superfluid state and exhibits excellent thermal conductivity. For
the details on the magnet system of the LHC, see chapter 3 of [92], and for the
cryogenics, details can be found in chapter 7. The precision of the LHC is also
remarkable. Although only 27 km in circumference, and it is caved into molasse
rock and limestone, it can still detect the tides. This is taken into account in the
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FIGURE9 The computed magnetic flux in the LHC dipole at By = 10 T. Figure 9b.

connecting beam segments, and it is corrected for during the calibration of the
machine [96]. It can also “feel” various geological changes, e.g. deformation of
the tunnel shape by the hydrostatic pressure change of the nearby Lake Geneva.

The LHC has seven experiments along its ring, three smaller, the LHCf [9§],
TOTEM [99] and MoEDAL [100], and four larger, ATLAS [101], ALICE [102],
CMS [103] and LHCb [104]. Each small experiment share the cavern with a large
one, so it seems natural to introduce them together. Let us go clockwise in the
LHC ring (see Figure 10), starting with ATLAS (and LHCf) which lie between the
two injection points. I will exclude ALICE, as it will be detailed in a separate
section.

ATLAS, “A Toroidal LHC ApparatuS” [101], is 7000-tonne detector, and is
46 m long, 25 m high and 25 m wide (now we defined what we mean under
larger experiment). It is focused on particle physics problems such as testing
predictions of the Standard Model (SM), and to discover or confirm new theories
which go beyond that. It was involved with the discovery of the Higgs boson [89].
Its further physics program is to investigate the CP violation. So far Standard
Model’s CP violation does not explain the lack of antimatter in the Universe. New
theories involving particle production can be studied with the ATLAS detector.
It can also perform measurements on the properties of top quark (even study t-
tagged jets) [105]. The tremendous energy released in a typical collision at the
LHC gave hope that lower mass SUSY particles [106] could be already detected.
Instead, ATLAS has ruled out most SUSY models [107, 108] and has set a lower
limit on chargino and neutralino masses of a few hundred GeV [109]. The search
continues, but possibly SUSY will be discovered beyond LHC energies.

LHCf, the “Large Hadron Collider forward” detector [98] is dedicated to

It was already taken into account with LEP [97].
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FIGURE 10 Schematic view of the LHC. Figure from [92].

astroparticle physics. It measures particles created very close to the beam line,
thus simulating ultra-high-energy cosmic rays. Therefore it is located 140 m
away from the ATLAS interaction point (on both sides). Its results are studied
together with results of dedicated high-energy cosmic ray measurements, such as
the Pierre Auger Observatory in Argentina [110], and the Telescope Array Project
in Utah [111].

The next experiment, that was also involved in the Higgs discovery [88], is
the CMS, the “Compact Muon Solenoid” detector [103]. It is even heavier than the
ATLAS with its 14000-tonne weight, but slightly smaller. Its compact and unique
magnetic field, which is generated by a cylindrical coil of superconducting fibers,
reaching 4 T (at 18500 A current), is contained by a steel “yoke”, which solely
weights 12500 tonnes. ATLAS and CMS share most of their physics program, and
their different technical solutions along with the different magnet-system design
make the combined results more reliable.

The TOTEM, the “TOTal, Elastic and diffractive cross-section Measurement”
experiment [99], as suggested by its name, focuses on diffractive physics and elas-
tic cross-section measurements. Like LHCY, it is also close to the beam line, yet
it is further away from the interaction point, it is almost half a kilometer around
CMS. Some of its detectors can be moved vertically and horizontally in the ac-
celerator vacuum. As it is very close to the beam, it can also complement beam
quality measurements [112].

LHCDb stands for “Large Hadron Collider beauty” [104], as it is specialized
in studying the beauty quark. Its layout is different from the other three main
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experiments that surround the interaction point, it is a single arm spectrometer
weighting 5600 tonnes. This difference comes directly from the physics it is after,
B-hadrons® are predominantly produced in the forward cone, so LHCb is con-
centrated in the forward region as well. This experiment is dedicated to find
signatures of new physics by studying the properties of B-mesons.

The MoEDAL, “MOnopole and Exotics Detector At the LHC” experiment
[100] was designed to search for magnetic monopoles. Magnetic monopoles are
expected to be extremely destructive, so for their detection 10 layers of long-chain
molecules in plastic coating are installed. If they are formed in collisions in the
LHC, the monopoles would rip through these layers. If this track points back to
the interaction point, we have a hint for either a magnetic monopole, or another
beyond Standard Model particle, collected under the phrase “highly ionizing Sta-
ble Massive Particle” (SMP).

2.3 The ALICE experiment
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FIGURE 11 The ALICE detector. Figure from [113].

The ALICE, “A Large Ion Collider Experiment” [102] is the only dedicated
heavy-ion detector in the LHC ring. It was proposed in 1992 at a meeting “To-
wards the LHC Experimental Programme”. The ALICE collaboration was formed
shortly after, and the first Letter of Intent was submitted already in 1993 [114].
Currently the collaboration counts more than 1000 scientists from over 100 physics

3 These are hadrons which have a b or b valence quark.
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institutes in 30 countries. The ALICE experiment focuses on the properties of the
strongly interacting new state of matter, the quark-gluon plasma. Its place in
the QCD phase diagram is marked in Figure 3. As detailed in chapter 1, this
new state of matter can be formed at LHC energies, already at Run 1 conditions,
that had a center of mass energy of 2.76 TeV. Being the only dedicated heavy-ion
detector imposes several constraints on ALICE, one of which comes from the lu-
minosity of the LHC beam. The beam is optimized for LHC’s particle physics
detectors, which study mostly pp collisions (CMS and ATLAS), and while they
are capable of processing heavy-ion runs, the precise low-pt tracking and PID of
the ALICE experiment cannot deal with that track density. To still be able to use
the same beam as the other experiments, the luminosity levelling technique [115]
was introduced, where we shift slightly the two colliding beams to reach a tar-
get luminosity, typically few orders of magnitude lower than that of the LHC,
depending on the colliding systems.

The layout of the experiment is depicted in Figure 11, it is a 26 m long, 16
m high and 16 m wide, 10,000 tonne detector. It is located at the 2nd gctant of the
LHC ring (see Figure 10), 56 m under the French village of Saint-Genis-Pouilly.
Similarly to the other three main experiments of the LHC, the ALICE detector
was also built around the interaction point of the two counter-circulating beams.
Its detectors can be divided according to their roles, and this categorization usu-
ally correlates with their location as well. We distinguish trigger detectors, track-
ing detectors, which lie around the interaction point and going further out we
tind the electromagnetic calorimeters, which are usually at the outer end as they
measure energy deposition by absorbing the particles. There are also the muon
spectometers in the forward region.

It is important to determine when the collision takes place to avoid noise
from cosmic radiation or beam-gas interactions. This task is performed by the so-
called level 0 (LO) trigger, typically 1.2 us after the collision. Also, sometimes we
want to select events according to a more specific information than just the event
taking place, in this case we demand a combination of responses from the detec-
tors which have fast trigger capacity (e.g. T0O, VO, ZDC, SPD, TOF, TRD, PHOS,
EMCal, Muons, ACORDE). Combining the signal from these detectors we can
turther select events with a higher logic criteria, these are called the L1, and L2
triggers (taking as long as 6.5 us and 100 ps, respectively). With these we can
e.g. select only central collisions, or trigger on jet events. The detectors will be
introduced in groups of their aforementioned roles.



35

The forward and trigger detectors

The forward (LO) trigger detectors are the TO, the VO, the ACORDE, the FMD, the
PMD, the ZDC and the ZEN.

The TO (Time 0) detector is a very important detector with several roles. It
acts as an L0 trigger, and provides a wake-up signal to the TRD prior to LO. It dis-
criminates against beam-gas interactions, and generates a start time for the Time
of Flight detector. It complements the VO counters and so can generate minimum
bias and multiplicity triggers (semi-central and central). Its timing precision is
quite sharp, better than 25 ps. The detector consists of two arrays of Cherenkov
counters, the T0-C, located at 72.7 cm from the nominal vertex, and the TO0-A,
which is 375 cm from the interaction point on the opposite side.

The VO (Vertex 0) detector also consists of two separate set of scintillator
counters, the VOC and the VOA. It is also a multipurpose equipment. It provides
the minimum bias trigger signal, and measures the centrality from the multiplic-
ities. If one imposes a cut on the multiplicities, it can act as a centrality trigger.

ACORDE, the ALICE Cosmic Ray Detector is located on the upper surface
of the L3 magnet. It provides L0 trigger signal, and it is involved in calibration
and alignment procedures for other ALICE detectors. Combined with the TPC,
TRD and TOF, it can detect single atmospheric muons and multi-muon events in
the knee of the cosmic ray spectrum, that is around a 10® GeV particle/m? /year.

The Forward Multiplicity Detector’s (FMD) main purpose is to measure the
multiplicity in the pseudorapidity range of -3.4<#<-1.7 and 1.7<5<5. The ITS
pixel detector (detailed later) covers the missing pseudorapidity range with some
redundancy, which allows for both cross-checks between the two subdetectors
and for a continuous coverage in 7.

The Photon Multiplicity Detector (PMD) measures the multiplicity and spa-
tial distribution of photons in the 2.3<77<3.7 pseudorapidity range. It serves as
an estimator of the transverse energy and the reaction plane, event-by-event.

The Zero-Degree Calorimeter (ZDC) measures the energy of the non-inter-
acting, so called spectator nucleons in the forward direction, at almost 0° rela-
tive to the beam direction and 116 m away from the interaction point. With this
measurement we can gain information on the number of participating nucleons
(number of participants), which are intimately related to the geometry of the col-
lisions:

EZDC(TeV) =2.76/2 X Nspectators (17)

Nparticipants =A- Nspectators (18)

assuming 2.76/2 TeV energy per nucleon. In reality, however, this simple calcu-
lation does not hold, because in most central and most peripheral heavy-ion col-
lisions, the spectators tend to be fragments having a similar charge-to-mass ratio
as of the original Pb nucleus, thus these fragments will stay in the beam pipe,
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invisible to the ZDC. This energy dependence on the centrality makes it a good
centrality estimator, but on the other hand, we still have to be able to separate the
most central and most peripheral events. To do so, two electromagnetic calorime-
ters (ZEM) were installed only 7 m away from the interaction point, also along the
beam line. It measures the energy emitted in the forward rapidity 4.8 < n < 5.7
(the energy deposition is dominated by photon detection 7t — ), and since the
measured energy is a monotonic function of the collision centrality, the separation
is possible.

Tracking detectors

The tracking detectors measure the momentum of the particles, and they are also
crucial for particle identification, and vertex reconstruction. In the ALICE exper-
iment, we have the TPC, the ITS and the TRD to perform these tasks.

The Time Projection Chamber (TPC) will be detailed later, in chapter 3, here
it will be treated like the other detectors, only a brief summary of the operation
purpose will be given. The TPC is the main tracking detector and the largest of
its kind. It covers || < 0.9, and full azimuth angle. It also has a good momentum
resolution in a wide pr-range, from 0.1 GeV/cto 100 GeV/c. It is responsible for
measuring the momentum of charged particles (with good two-track separation),
particle identification and vertex determination.

The Inner Tracking System (ITS) is a pixel detector system and its main goal
is to determine the primary vertex (with resolution < 100 pum). It is also respon-
sible for the reconstruction of the secondary vertex (vertices) from the decays of
Hyperons, D and B mesons and also for complementing the TPC’s tracking at low
transverse momentum, below 200 MeV /c as well as for reconstructing particles
going through the dead zones of the TPC. It is a detector system, consisting of
six layers of silicon detectors. The two innermost layers are made of Silicon Pixel
Detectors (SPD), the middle two layers of Silicon Drift Detectors (SDD), while the
two outermost layers are made of double sided Silicon Strip Detectors (SSD).

The Transition Radiation Detector (TRD) provides excellent electron identi-
fication above 1 GeV/c momenta. Below that, electrons can be identified from
their energy loss in the TPC. This detector makes use of the combination of the
Transition Radiation, the phenomenon which occurs when particles radiate when
the medium in which they traverse changes. It is filled with a suitable gas mix-
ture fine-tuned for a specific energy loss, to reject pions.

Particle Identification

The particle identification (PID) is usually carried out by combination of detec-
tors, but there are two dedicated solely to this purpose, one of which is the Time-
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Of-Flight (TOF) detector. It measures the time passed by between a reference time
(provided by the TO detector) and the time the particle hits the detector. This way
it measures velocity instead of momentum, thus it can differentiate between the
mass of two particles (17 and mjy) having the same momentum,

At =1L (vll — %) ~ ZL—;Z(m% —m3), (19)
where L is the distance they traverse. With this method the TOF can provide PID
below about 2.5 GeV/c for pions and kaons, and up to 4 GeV/c for protons, with
a /K and K/p separation better than 3¢. See Figure 12.

The High Momentum Particle IDentification detector [116] is the other PID
detector in the ALICE experiment, it extends the pr-range of the identification
provided by the TPC, ITS and TOF, up to 3 GeV/c for /K, and up to5 GeV/c
for K/p. The operation principle of this Ring Imaging Cherenkov (RICH) counter
is to measure the angle of the Cherenkov radiation (6¢) emitted in a medium with
refractive index n > 1, called the Cherenkov radiator, and calculate its velocity
according to the simple formula

cosfOc = < (20)
no
When this angle is plotted against the measured momentum, it provides excellent
PID, as can be seen in Figure 12.

In addition to the TOF and the HMPID, the TPC, and the ITS can also per-
form PID via measuring the energy loss characteristic to the particles. The energy
loss is described by the “Bethe-Block” equation (section 27.2.2 of [117]):

dE Z 1 [1, 2m.c®B*y°T, 6
<dx> Sy {_m R PGS

which in this form describes the mean rate of energy loss in the region 0.1 < By <

1000 for intermediate-Z materials with an accuracy of a few percent. In the equa-
tion, K is a constant calculated from the electron constants, the classical electron
radius (r.) and the electron mass (m,), K = 47N AvogadroV mec?. The further pa-
rameters, Z and A, are the atomic number and the atomic mass of the absorber,
respectively. Tmax is the maximum energy transfer possible in a single collision,
I is the mean excitation energy, while §(f7) is the density effect correction to
ionization energy loss. This equation presents the energy loss as a function of .

We usually measure p, see the upper panel of Figure 12, where measured
dE/dx of the ITS and the TPC are shown. Particles with different mass will form
distinct groups, and each curve has a minimum which is characteristic to the
particles, so they can be identified. The lines on that figure correspond to a fit of a
parametrized version of the Bethe-Block formula, which was originally proposed
by the ALEPH collaboration [1 18]

£ = g (Pr= B = [Pr o] @)
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where P;_5 are fit parameters. The lower panel of Figure 12 shows a different
tactic for PID, measuring f as a function of p as described above for the TOF, and
via the Cherenkov angle in the HMPID detector which is again sensitive to the
mass.
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FIGURE 12 The PID performance of the ALICE detector. The figure shows the ITS
dE/dx vs. p, the TPC dE/dx vs. p, the TOF B vs. p, and the HMPID
Cherenkov angle vs. p. The figure is from [119].

Calorimeters

There are three calorimeters in the ALICE experiment, the PHOS and the EMCal
and the DCal.

The PHOton Spectometer (PHOS) is a high granularity electromagnetic ca-
lorimeter, designed to work with high multiplicities. It is located on the bottom
of the central barrel, covering a limited pseudorapidity range, —0.12 < 1 < 0.12,
and 100° azimuth angle. Its main goal is to measure the initial phase of the col-
lision from low-pr direct photons, and jet quenching from high-pt 7°- and -jet
correlations. This is made possible with its good energy and position resolution.
Both goals require the clear separation of the direct photons from photons from
decays. At high-pr, this is done via tower shape analysis, while at low-p we can
rely on the analysis of their invariant mass.

The ElectroMagnetic CALorimeter (EMCal) is a large Pb-scintillator calori-
meter. It is located on top of the ALICE magnet coil, which limits both its size —
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its radius from the beam line is ~ 4.5 m —, and its weight, as the L3 magnet has to
support it. It covers |y| < 0.7 and 107° in azimuth, lying on the opposite side of
the PHOS. The EMCal increases the electromagnetic calorimeter coverage of the
ALICE experiment by almost an order of magnitude, provides fast L0, L1 trigger
signals for hard jets, photons and electrons. It also enables full jet reconstruction
by measuring not only the charged, but also the neutral components of the jets.

The Di-jet calorimeter arm (DCal) was installed after the first shutdown of
the ALICE detector, in 2013-2014 [120], around the PHOS detector. Its main pur-
pose is to extend the acceptance of the EMCal to provide better coverage for di-
jets, and allowing for hadron-jet and jet-jet correlation measurements. Thus the
DCal and the EMCal are located back-to-back in azimuth. Similarly to the EMCal,
it also covers |y| < 0.7 in pseudorapidity.

Muon detectors

The Muon spectometer is focusing on heavy-flavour physics, by detecting muons
in the range -4.0<y<-2.5. It is capable of measuring the heavy-quark vector-
mesons (J/¥, ¥, Y, Y, Y’) and the ¢ meson via their u™u~ decay channel. It is
shielded from hadrons and photons (see marker 11 in Figure 11), the absorber is
followed by the high-granularity tracking system (12), a dipole magnet (15), an-
other filter, but in this case against muons (13), and four planes of trigger cham-
bers (14).

=7 / " 1 4
& el 1/ / ,",‘ e i
% \\& X Pb-Pb /sny = 2.76 TeV
N\

(A
ALICE *\\$§> L run: 137171, 2010-11-09 00:12:13

FIGURE 13 One of the first Pb-Pb collisions at the ALICE experiment in 2010. Figure
from [121].
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Closing remarks

Already in Run 1 (2010), the ALICE experiment faces the demanding task to pro-
cess thousands of tracks in each event. Figure 13 shows one of the first Pb-Pb
event recorded by the ALICE experiment in 2010, one can see that the image
is quite busy. The experiment performs well under these conditions, but as the
expected readout rate in Run 3 will be 100 times the one of Run 1, several ad-
justments are needed. To understand what physics we expect to explore with
higher luminosity runs, and what inevitable change in its detectors that brings,
turn to the next section (2.4). The upgrade of the Time Projection Chamber will
be discussed in a separate part (II).

2.4 ALICE Upgrade during Long Shutdown 2

ALICE, along with all major experiments, is upgraded in every few years, either
to keep up with the increasing beam energy and luminosity, or to introduce new
detectors. Currently, regarding Run 3 after the Long Shutdown 2, the focus is at
the luminosity, as the beam energy will not change. The schematic timeline of
the LHC luminosity is shown in Figure 14, and the ALICE experiment has to be
adjusted to that [122].
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FIGURE 14 The luminosity plan of the LHC, peak luminosity is shown with red dots,
the integrated luminosity if with blue lines. Figure from [123].

After Run 1 and the first Long Shutdown (LS 1), the LHC energy was in-
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creased to center of mass energy of pp collision of /s = 13-14 TeV and achieved
a peak luminosity of £ = 103 cm~2s~1. This was also the time when the DCAL
and the TRD detectors, along with PHOS modules, were installed into the AL-
ICE detector. The TPC’s gas mixture was changed to Ar-CO,, which has larger
primary ionization improving the momentum resolution.

After Run 2 and the second Long Shutdown (LS 2), the LHC’s energy will be
unchanged, the luminosity, however, will be higher in Pb—Pb collisions, reaching
an integrated luminosity of Ly = 1 nb~!. The ALICE experiment expects an
average luminosity of 2.4 x 1027 cm~2s~1, which will result in Lipy = 10 nb~! of
data collected during Run 3 (2020-2026). In order to achieve this performance,
the ALICE experiment will undergo a major upgrade during LS 2. This includes
a new, low-material ITS, and its extension to forward rapidity (MFT). The Muon
Spectrometer will have vertexing capabilities, and of course the TPC’s readout
electronics and gating grid technology will be replaced. Part II and the following
chapters detail the necessary changes that will be applied to the TPC detector,
along with the upgrade’s physics program.

In the ALICE Physics Program in Run 3 based on the Technical Design
Report [124] along with its addendum [125] the following measurements are
planned. The measurement of yields and azimuthal distributions of hadrons
with (c, b) heavy-quark thermalization in the QGP, the production of quarko-
nia at low-pr, to study their possible dissociation and regeneration in the QGP.
It intends to measure the low-mass di-electron production to extract information
on early temperature and the partonic equation of state, and to characterize the
chiral phase transition. Further plans include the measurement of jet correlations,
in particular their structure and particle composition, to study the mechanism of
partonic energy loss in medium, and the the production of nuclei, anti-nuclei and
hyper-nuclei.

Now that the motivation for the upgrade is given, we can turn our attention
to the technicalities of the upgrade, focusing on the main tracking detector of the
ALICE experiment, the TPC, which is detailed in the following part (II).
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This part describes the expected upgrade of the ALICE experiment’s main
tracking detector, the Time Projection Chamber (TPC). In the first chapter of this
part (chapter 3), the detector itself is reviewed, with emphasis on its caveats, so
that the reader could appreciate the necessity for change in the upcoming higher
multiplicity runs. The main development in the detector will be the replacement
of the current readout electronics with a new technology, the Gas Electron Mul-
tiplier foils. This replacement would allow for a continuous readout of the data,
and that would result in a hundredfold increase in the TPC’s data-taking capa-
bility (and because TPC is the central tracking detector, a similar increase in the
capabilities of the ALICE experiment). In the subsequent chapter (chapter 4), the
operating principles and technical details of the GEM foils are introduced. chap-
ter 5 details the Quality Assurance (QA) procedure of these foils, and the author’s
contribution to this project.

In the advanced QA (QA-A) protocol (section 5.2), three additional mea-
surements are performed on top of the basic QA (QA-B) (section 5.1). These
are the long-term high-voltage test (subsection 5.2.1), the optical scan (subsec-
tion 5.2.2) and the gain measurement (subsection 5.2.3). Once a foil passed all
criteria, the most interesting measurement is the gain, which outputs the foil’s
gain map. Unfortunately, this measurement takes a very long time, and during
the QA procedure it was possible to measure only a handful of foils. The optical
test, however, was run for all foils. In chapter 6, the correlation between the opti-
cal and gain scan is investigated, so that we can predict the foils” gain map only
from the optical measurement.



3 THE TIME PROJECTION CHAMBER DETECTOR

Before going into the details of its upgrade, let us review the current parameters
and layout of the detector. The Time Projection Chamber (TPC) [124] is a cylin-
drical gaseous detector. It is the main tracking detector of the ALICE experiment,
and also the largest TPC in the world. Its active volume is 90 m?, it has an inner ra-
dius of about 85 cm, an outer radius of about 250 cm, and an overall length along
the beam direction of 500 cm. Its acceptance is limited to mid-rapidity, |#]<0.9,
but covers the full azimuth ¢ = 27, except for the dead zones at the boundaries
of the 18 TPC sectors. The detector itself is sketched in Figure 15.

It is filled with a Ne-CO,-N; (85.7-9.5-4.8) gas mixture. The charged parti-
cles traversing the TPC would ionize this gas. The knocked-out electrons drift
towards the end plates of the cylinder, because a drift field of 400 V/cm is ap-
plied along the z-direction, between the middle of the detector and the endplates.
The electrons at the end plates are collected with position sensitive multi-wire
proportional chambers (MWPC), measuring their x and y position, the third co-
ordinate z is calculated from the drift time. Technically, we measure the position
in radial coordinates. The MWPCs measure the radial coordinates, the anode
wires arranged in the azimuth direction measure the radial coordinate. To mea-
sure the azimuth angle, each cathode plane is divided into strips along the radial
direction.

At both of the endcaps, there are 72 Readout Chambers (ROC), 18x3 Outer
ROCs (abbreviated as OROC) and 18 Inner ROCs (IROC). Figure 16 show the
pad-row structure of one ROCs, demonstrating also its tracking in the transverse
plane. The third dimension (z) is calculated from the measured drift time (the
total drift time being 92 us). The tracking is not performed by the TPC alone, but
with a combination of detectors (for details, see Figure 32 and surrounding text).
The most important detectors are the TPC and the Inner Tracking System (ITS)
that are aligned with very high precision via cosmic rays and pp collisions. The
alignment is better than 100 ym [127]. This combined tracking of the TPC and the
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€ co.car O cendplate O central v electrode

FIGURE 15 The cross section of the TPC. One can see the Outer field cage (1) and Inner
field cage (5), between these lays the active area that is be ionized. On the
sides are the two Endplates (4) with the multi-wire proportional (MWPC)
Readout chambers (3).
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FIGURE 16 The pad-row structure of a ROC, occupying one of the 18 TPC sectors. Fig-
ure from [126]

ITS results in a remarkable tracking range for charged particles, the ALICE ex-
periment can reconstruct tracks in the range of 0.05-100 GeV/c with a resolution
of 1-10%, depending on the pt. The TPC also performs particle identification via
the measurement of dE/dx in the fill gas (see Equation 21 and the surrounding
text for details), with a resolution of 5% [128]. The performance of the PID was
shown in the top right panel of Figure 12.

Currently there is a gating grid technology applied at the readout of the
avalanche electrons from the gas volume. Ions would distort the signal, so the
gate opens every 100 us, closes for 300-500 us, shutting out most of the slower
moving ions, but resulting in a relatively large dead-time. The upgrade of the
TPC will tackle this disadvantage via replacing the readout with GEM foils so
that it would allow for continuous readout, even at the expected 50 kHz event
rate, while also shutting out most of the distorting ions. In the next chapter, we
turn our attention to the operating principle and quality assurance of these GEM
foils.



4 GAS ELECTRON MULTIPLIER FOILS

A Gas Electron Multiplier (GEM) is a type of gaseous ionization detector invented
by F. Sauli [129] in 1997. It is a thin polymer foil, with a typical thickness of 50-70
um, coated with metal on both sides. In the ALICE experiment, we use kapton!
foils coated with copper. The foils are also pierced quite densely, they have 50-100
holes in the area of a mm?. The holes have a conical shape which they acquire
in a two step chemical etching. First a combination of photolitography and acid
etching procedure erodes 30-50 ym diameter holes with cylindrical shapes. In
the second step, a chemical etching process is applied on both sides, extending
the holes and bringing about the conical shape. The left panel of Figure 17 shows
a picture of a section of a GEM, taken with an electron microscope. The cross
section of a hole can be seen on the right panel of the same figure.

The working principle of these foils is based on electrodynamics. There is a
large potential difference (140-400 V) applied to the two sides of the foil, which
results in large field in each hole, acting as both a lens and an amplifier for the
electrons [130]. The right panel of Figure 17 illustrates this effect, and one can
follow the path of the electrons from their primary ionization and their lensing in
the drift field until their readout via a transfer field. The amplification happens
inside the holes, where the field is the strongest. As opposed to wire chambers,
which typically have one voltage setting, a GEM-based detector requires several
independent voltage settings: there is a drift voltage which drives the electrons
from the ionization point to the GEM, an amplification voltage, and an extraction
voltage that brings electrons from the GEM exit to the readout plane.

One of the main purposes of the introduction of this technology is to reduce
the ion backflow [132, 133]. To maximize its insulation, not only one layer of GEM
foils will be installed, but instead, a 4 layer stack will be built. The schematic cross
section of it is shown in Figure 18. We consider two type of GEMs, the so-called

1 Kapton is a polyimide film developed by DuPont in the late 1960s,

see http:/ /www?2.dupont.com/Kapton/en_US/news_events/article20131115.html


http://www2.dupont.com/Kapton/en_US/news_events/article20131115.html
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FIGURE 17  Left: Electron Microscope image of a few holes in a GEM foil. Right: Illus-
tration of the path of electrons in a GEM. Figure from [131].

standard pitch (S) GEM, where the pitch size, i.e. the separation of the holes inside
a foil is around 140 ym, and a large pitch (LP) GEM, where the holes” spacing is
two times larger, 280 ym. The two outer layers, layer 1 and 4 will be built with
S GEMs, while the two inner layers, 2 and 3, will use LP GEMs to serve as an
extra insulator against the ion backflow. The multi-layer setup also allows for
operating the individual GEMs at lower voltages and still have a few order of
magnitude increase in the gain, yet without the occurrence of discharges [134].
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FIGURE 18 Schematic exploded view of the cross section of the GEM stack. Each GEM
foil is glued onto a 2 mm thick support frame defining the gap [124].

Recall the Readout Chamber’s geometry of the TPC as shown in Figure 16
of chapter 3. Each ROC is divided into an Inner and 3 Outer ROC. Therefore the
barcode name of the foils adopted for the labeling starts with this information, I-*,
01-*, 02-*, O3-*. The next part of the name marks the type (G1 and G4 are S-type
foils, G2 and G3 label the LP foils), and the last part is a three digit number. So a
tifth S-type IROC would have a name “I-G1-005”, while an LP OROC 2 will bear
e.g. “O2-G2-010”. The foils’ parameters are listed in Table 1.

The GEMs are produced at CERN, they are cut at CERN'’s Printed Circuit
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Detector Size (cm?) Active area (cm?) No. of HV sectors

IROC 54 x 54 1678.0 18
OROC1 70 x 54 1997.3 20
OROC2 77 x54 2240.5 24
OROC3 91 x 54 2949.0 30

TABLE 1 Parameters of the GEM foils.

Board workshop. They are then mounted to a special stretch frame, which en-
sures their flatness during the upcoming tests. After the basic quality control test
(QA-B) at CERN performed by the ALICE experiment, the foils are sent to the
dedicated advanced QA (QA-A) centers. In the next sections we review the QA
procedures in detail.



5 OQUALITY ASSURANCE OF THE GEM FOILS

5.1 Basic Quality Assurance of the GEM foils

The basic QA (QA-B) incorporates the most important QA criteria which a GEM
should pass. This is performed already at CERN, right after the production. The
procedure includes:

o a coarse optical inspection,

o}

HV cleaning,

e}

a leakage current measurement,
a database documentation.

e}

The first step, the optical inspection is by eye, the GEM is laid on to a table with
LED back light, to see any major defects, holes, cuts and discolored regions which
could indicate problems during the etching process. The position of these defects
are then documented for later cross-checking at other institutes.

The second step is the HV cleaning. The foils are kept under very clean con-
ditions, we allow 10° particles/m3 of size 0.1 um or larger in the clean room!, and
the foils leave this environment only in closed envelopes and boxes, yet, contam-
ination might occur. It is very difficult to clean them after they got dusty. If we
clean them by compressed air, for example, the dust particles would most likely
end up sealing a hole, which obviously damages the quality of the foil. One way
of getting rid of the remaining contamination is a procedure called the HV clean-
ing. In this process, we apply 600 V (at CERN, 500 V in other institutes) instantly
to the GEM, and the induced sparks burn the remaining dust. The location of the
sparks are also monitored, if the sparking happens at a given position and not

1 This corresponds to the ISO 5 classification, where 5 denotes the decimal logarithm of the

number of permitted particles per cubic meter of air of size 0.1 ym or larger, according to
the ISO 14644-1 standard.



53

randomly, the foil is sent back for re-cleaning and it will be discarded if it fails
this test for the second time. Last resort to clean the foil is to roll it with a special
sticky roller.

Attached to the HV cleaning procedure is the leakage current measurement.
Here we apply HV to the GEM in steps and measure the leakage current of each
sector with a dedicated picoamper-meter (pA-meter) [135]. This measurement is
also part of the advanced QA procedure, in that case just performed for a longer
time, so it will be detailed later in subsection 5.2.1. Figure 19 shows an example
screenshot of the database, where every measurement is documented.

QA table for I-G1-042 Show generic OA table Statusis OQA-A turn QA details on (allows to repeat QA steps, edit QA file comments)
step
(imit)| S| (hover cursor for explanations) value n date ‘ QA step/file comment ‘ author  |condition |true?
Basic QA
ok
1 1 |quick defect map defectmap.txt show 2018-04-09 13:27:46 Surya Prakash | file txt
254 0 0 defects
2 2 |HV cleaning done 2018-04-12 17:12:06 Fernando eq done
3 3 [intersegment test ok 2018-04-12 17:12:06 Fernando eq ok
ok
4 4 |resistor values [MOhm] resistorvalues.txt 2018-04-12 16:19:35 Fernando file txt
4.8 < R < 5.2, design value 5 [MOhm]
5 5 [funny holes no 2018-04-12 17:12:06 Fernando eqno
6 6 |leakage current [pA]l at 500 V 105 2 [2018-05-29 16:42:54|avg all segments 4.3, sparks: 2, duration 262295 | Laszlo <=167
ok
7 7 |spark map sparkmap.txt  show 2018-04-12 17:12:22 Fernando file txt
0 sparks and 1 sparks from the HV software
8 8 IppmV] 2947.4 2018-04-12 17:12:06 Fernando <= 6000
10 | QA-B |1 leak histo data 1:G1-042 180412 16-48-59 txt evaluate 2018-04-12 17:12:06 | "0 Comment | avg all segments 123, sparks: 0 | perpangq file txt
Advanced QA
12 | 12 |hole size distribution 1-G1-042 1D.ixt evaluate 1D 2018-05-31 10:28:36| "° comment Marton file txt
13 | 13 |hole size data 2D 1-G1-042 2D.txt evaluate 2D 2018-05-31 10:28:55 | "0 comment Marton file txt
10 comment | avg all segments 4.3, sparks: 2,
15 | QA-A |long term leakage current data|I-G1-042-20180522-19-52 sectorstxt evaluate 2018-05-29 16:42:54 | duration 26229 s Laszlo file txt
Long term leakage current test at 500V was OK
Framing and assembly
frame glueing
20 20 eq ok
comment if not perfect (wrinkels?)
25 | 25 |quality A 2018-05-31 10:29:03 Marton leC
assembly in ROC
20 ROC eq ok
if failed, comment on reason
brmit darker field: mouse hover
submi for more explanations

FIGURE 19 Screenshot of the database, tracking and documenting the Quality Assur-
ance procedure.

5.2 Advanced Quality Assurance of the GEM foils

There are two advanced QA (QA-A) centers, one in the Helsinki Institute of
Physics and one in the Wigner Research Centre. They perform the following
measurements:

o long-term leakage current measurement
o high resolution optical scanning
o gain uniformity check

and give the final classification of the foils according to a traffic light system. Red
means that the foil did not pass the basic selection criteria, so it cannot be used.



54

Yellow means it might be usable, passed the basic criteria but not the advanced,
and finally, green means that it passed all, and the foil is perfect according to the
tests performed. Yellow foils are considered usable, could be built into the TPC,
but only after green foils are run out.

5.2.1 Long-term HV measurement of the GEM foils

The long-term HV measurement box is shown in Figure 20. Its inner container
is adjustable, so it can house GEMs with all sizes of the upgrade. The HV pins
are connected to the segments of the GEM foil, and the leakage currents are mea-
sured separately for each, by the connected multichannel picoamper-meter (pA-
meter) [135]. The pA-meter was designed for the TPC Upgrade project?>. The
pA-meter reads out the data at a 1 kHz rate. The range for the current is +125
nA, where a 7 pA resolution can be achieved after initial calibration with an exter-
nal high-precision source. Figure 21 shows an example of the measured leakage
current for all sectors (labeled as channels). The accepted leakage current in each
segment is 0.16 nA, foils with larger values are discarded. This accepted leakage
current defines the range of the x-axis on the left panels of Figure 21 where the
distribution of the currents are plotted. The right panels of Figure 21 show the
time-dependence of the leakage current. In those figures, one can observe the
ramp-up of the HV in the beginning of the dataset as a negative current and the
ramp-down at the end (around 21:00) as a large positive current (both are outside
of the y-range of the plot). One can also observe the occurrence of two sparks dur-
ing the measurement as two vertical lines at around 6:00 and 7:00, respectively.
Otherwise, the leakage current is constant. Although only one sector sparks at
the same time, the HV power supply regulates the voltage to keep the current
limit, this is why all channels react. Zooming into that area, it is usually possible
to distinguish which channel initiated the drop in the current.

5.2.2 Optical scan of the GEM foils

Many things can go wrong during the etching process, that are not visible by
eye, thus they will not be picked up at the coarse optical inspection QA step. It
is expected that the hole parameters are connected with the foil’s electric proper-
ties [136], so it is thus crucial to perform a precise optical measurement during the
QA process. Smaller holes, for example, create more intense and focused fields
around themselves, which would result in larger amplification of their avalanche
electrons, i.e. larger local gain. The relationship between the hole diameters and
the gain will be detailed in chapter 6.

In each QA-A laboratories, a scanning robot sitting on a xyz-table is in-

Because of the high demand from the market, the developer has retailed it as an industrial
product, see http:/ /www.picologic.hr.


http://www.picologic.hr
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FIGURE 20 Long-term HV measurement equipment at the Helsinki QA center.
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FIGURE 21 Example screenshots from the leakage current window of the TPCQA
GUI [1]. In the upper left panel, the distribution of the leakage currents
are shown, drawn in the range of acceptance. This gives a clear overview
of the measurement, and it is easy to spot the errors (none in this case).
The next tab, shown on the upper right panel, shows the leakage current
as a function of time. The bottom panels demonstrate another functional-
ity, upon clicking on a figure, a canvas with the corresponding channel will
pop up to show the details.
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stalled. The coordinate convention is such that x marks the bases of the trape-
zoid of the GEM foil, y the legs, and z is perpendicular to the plane of the foil.
The setup is equipped also with a camera with a telecentric lens, a motor which
can move the camera in all three directions, and of course an elaborate analysis
software. The setup along with most of the software was developed and built
at the Detector Laboratory of the University of Helsinki [137, 138]. The setup
with a foil in a stretch frame is shown on the left panel of Figure 22. The right
panel of that figure shows an example picture taken with the robot. That image
is a superposition of two images, one with foreground-, and another with back-
ground illumination. The two are combined into one figure with false coloring.
This method is needed because there are three diameters associated with a single
hole. Recall the right panel of Figure 17. Here one can observe the hole geom-
etry, the top and the bottom diameters are similar, but can differ slightly due to
the separate etching process, and there is a smaller diameter in the middle. The
background light brings out clearly these middle holes, while the foreground il-
lumination captures the top (bottom, if the foil is flipped), as less light refracts
from the slightly tilted rim.

This setup takes several (combined) images with area about 11.3 mm x 8.5
mm, corresponding to 2560 by 1920 pixels, respectively, resulting in 2000-3000
individual images of a GEM foil, depending on its type. The images are then
fed into a neural network classifier, which extracts the hole parameters by fitting
ellipses to the recognized contours. So with this optical scanning method, we can
measure every hole in a GEM foil, which is not a trivial task considering that even
the smallest foil, the IROC, has about 10 million of them.

Figure 23 shows the distribution of various hole parameters, the diameter,

the standard deviation of the diameter in a mm?

area, the density of the holes, and
other maps. These are screenshots from the analysis program, called the TPCQA
GUI [1], used at both of the QA-A laboratories to help classifying the foils. The
optical scanning thus can also provide a good feedback to the manufacturing

people, and helps to ensure the homogeneity and high quality of the GEM foils.
5.2.3 Gain scan of the GEM foils

The gain scanner directly measures the amplification of the GEM foil. The op-
timal solution would be to perform the gain scan on all foils, but unfortunately
it takes up to 2-3 days to measure one foil, so it is impossible to keep up with
the production. This scan is always performed after the leakage current mea-
surement and the optical scan. In the beginning of the production, foils which
showed interesting features were selected for gain scan (interesting meaning e.g.
large rim, not uniform diameter distribution, etc.), later, as the quality of the foils
became more stable and the different effects were better understood, foils were
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FIGURE 22 Optical measurement equipment in the Helsinki Advanced QA Center (left)
and an example image taken with it of the corner of a GEM (right) with false

colors.

selected mostly randomly.

The charged particles for the gain measurement are provided by a *°Fe
source, that is placed above the foil. It emits X-ray photons with 5.9 keV energy
that will convert in the gain scanner’s Ar+CO, gas mixture to electrons either via
photoelectric effect or Compton scattering. These few keV electrons travel a few
microns in the gas, ionizing the gas along their path.

Figure 24 shows a photo of the measurement apparatus with an IROC frame.
Below the GEM frame, there is a multiwire proportional pad, with perpendicular
wires with a resolution of 4mm in x and 3mm in y. (The coordinate convention
is similar to that of the optical measurement.) When we apply voltage on the
GEM (typically 500 V), it measures the amplification of those wires along with
the amplification of the GEM. A reference measurement is also performed when
there is no voltage applied to the GEM, in this case we can measure only the am-
plification of the wires. The HV measurement is then divided with the reference
measurement, resulting in the gain map of the GEM. An example of this gain map
is shown in Figure 24.

The DAQ collects the events and stores the fired channel numbers in both x
and y, along with the corresponding ADC value for each event. The ADC stands
for the Analog to Digital Conversion of the analog voltage difference measured
in the readout:

Resolution of the ADC = 1023

2
System voltage = 5V @3)

ADC reading = Analog voltage x

My analysis software [1] converts the measurement values to an ADC x-y map in
two steps: the cluster finding algorithm finds the cases where the fired channels
form a continuous sequence, and returns their mean and the corresponding ADC
value. Once this is done for all events (typically we collect 5 million events), the
ADC distribution in each point is fitted by a Gaussian function to determine the
mean ADC of the given point.
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FIGURE 23 Example screenshots from the optical part of the TPCQA GUI [1]. It merges
two scans from the two sides of a foil (segmented and unsegmented). The
first tab shows the diameter maps, the second tab shows the diameter dis-
tributions along with their mean values determined from Gaussian fits. On
the third tab, the standard deviation maps are drawn, on the fourth the
number density maps, on the fifth the rim width maps and the foreground
light maps, and finally, on the sixth, the error maps are plotted.
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FIGURE 24 Gain scanning equipment from the Budapest QA center (left) along with a
measurement result (right), where the x- and y-axis shows their size in mm
and the measured gain is shown as a colormap. The edges are covered with
a plexiglas plate, their shielding effect is also visible at the edges of the right
figure.

The measurement itself is sensitive to external effects. For example one has
to be careful to not switch on the neon light in the room, as the noisy electronics
of the neon lights can affect the gain measurement. Using a huge volume the gas
uniformity and purity can be crucial, thus systematic studies have been taken to
check the effects of the used gas flow and the direction of the flow. From a physics
point-of-view, the gas flow should be as high as possible to minimize the deteri-
oration of the gas quality (from e.g. diffusion at the walls of the box), because
the gain measurement is sensitive to the gas mixture. From an economic point-
of-view, it should be minimized. After careful studies and optimization, the gas
flow was set to 51/h. The direction of the flow was also investigated and found to
be negligible within the statistical error of the measurement. However, the foils’
insulator surfaces still charge up [139], and as a result of that, the effective gain
of the foils can change over time. An example of this phenomenon is shown in
Figure 25, where the average amplification u of the foils is plotted as a function
of time. In the example figure, three consecutive measurements were performed
on the same foil that was kept under the same conditions. During the four hours
of these measurements, a significant charge-up can be observed. The procedure
of the measurement was adapted to this discovery, the foil is irradiated with the
Fe source for several hours before the measurements, and with quick control
measurements we make sure that the saturated values are used for the gain cal-
culation, i.e. for both the high-voltage measurement and for the reference.
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6 THE GEM CORRELATION STUDY

There is no universal formula which connects the hole parameters with the gain.
Garfield and Magboltz simulations were performed to gain insight into their re-
lationship [140]. Smaller, 10cm x10cm GEMs were studied in the Helsinki QA
Center [136], and although it shows promising agreement, it does not guarantee
results for the significantly larger GEMs of the TPC Upgrade. According to all
studies, as well as our observations, the gain correlates positively with the bot-
tom diameter of the GEM foils. In this section, using the measured gain and the
measured diameter maps, we attempt to find a quantitative description of the
phenomena.

For IROC S foils, the correlation between the gain and the bottom hole di-
ameters is remarkably strong, see Figure 26, where the logarithm of the gain is
plotted as a function of the bottom diameter. This agreement showed that in the
measured range we can use a simple gain prediction formula

ln(gain) = G(do - dbottom)/ (24)

where dj is a constant that incorporates the effect of various environmental fac-
tors, e.g. the gas quality and the gas flow velocity. The G parameter is the gain
coefficient, from the fit to the IROC S foils G = 45.6 + 0.1 mm ! was obtained.
As there is no reason to assume different behavior for the other type of the foils,
this value is considered universal and will be used for the gain calculation of all
foils.

The exact dependence on the middle holes are unknown. We consider the
generalization of Equation 24 to the linear combination of the different diameters
in the form

In(gain) = G()_ dox — digu), (25)
P

where g are the individual weights for the different diameters, fulfilling the
Y« 8k = 1 normalization criteria. The k index marks the top, bottom, and mid-
dle diameter. According to [140] as well as our observations, the gain correlates
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FIGURE 26 The logarithm of the measured gain plotted as a function of the measured
(bottom) hole diameters. The figure hints an exponential dependence as
parameterized in Equation 24. The values obtained from a fit will be con-
sidered universal for other type of foils.
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negatively with the middle parameter, so the weight of d ;34 Was forced to be
negative.

For each foil, the linear combination ) ; dgy — digx was generated and the
corresponding gain was calculated. These maps were simultaneously fitted to the
measured gain maps, respectively. The fit was performed in four separate classes;
for IROC S-, for IROC LP-, for OROC S and for OROC LP foils, to avoid any bias.
The gain coefficient G was fixed from the IROC S fit of Figure 26, the rest of the
parameters are kept free.

It was found, that all foils prefer to have negative correlation with the mid-
dle holes, and tend to correlate with the average of the top and bottom holes, as
opposed to our naive assumption of correlation only with the bottom holes. That
assumption worked remarkably well for the IROC S foils, because the foil diam-
eters also correlated with each other. Although it is desired, not all foils exhibit
this property as they are very sensitive to their production environments. From
the simultaneous fits, a good agreement is achieved across all foils with weight
parameters dpjigdle = —0.3, diop = 0.8 and dpottom = 0.5. These parameters de-
scribe well all four classes of the examined foils. Figure 27 shows examples of the
best gain predictions obtained with those parameters, compared to the measured
gain. The prediction seems to be powerful enough to reveal all major patterns
of the measured gain maps. For completeness, the worst foils are also compiled,
and are visible in Figure 28. In most cases, the pattern is predicted, just the scale
differs. In case of an OROC 2 LP foil, however, the prediction does not seem to
pick up the trends, see bottom of Figure 28. The correlation between the mea-
sured and predicted gain, for all foils, can be seen in Figure 29. For every foil,
the residual of the correlation was also calculated as the ratio of the predicted
and the measured gain, and is shown in Figure 30. The prediction power can be
characterized by the width of these distributions. It does not exceed 10%, that is
the accuracy this analysis.

The QA criteria for the optical scan was determined with the gain-optical
correlation in mind, and is summarized in Table 2, according to the traffic light
system. The final evaluation of the foil is given by the worst case.

color code ‘ hole RMS rim mean hole deviation

green < 4um < 15um < 5um
yellow N/A 15-19 ym 5-10 ym
red > 4um > 19um > 10pm

TABLE 2 The optical QA criteria. The hole RMS is calculated for each (top, middle and
bottom) holes. The rim is defined as top-middle and bottom-middle. The last
column, the deviation is calculated form the mean of the already measured
foils.
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OROC 2 LP, respectively.
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The residuals of the correlation between the optical parameters and the

gain, calculated as the ratio of the predicted gain and the measured gain.

The prediction power can be characterized by the width of these distribu-
tions, indicated in the label for each foil. Top row shows the IROC foils, the
OROC2 foils are at the bottom. In the left (right) column the Standard Pitch

(Large Pitch) foils are shown.
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In this part, the analysis of |/syn = 2.76 TeV pp and Pb-Pb ALICE data will
be presented. The physics motivation is to compare the jet shapes in pp collisions
with the jet shapes measured in Pb-Pb collisions. The jets are extracted via the
two-particle correlations method. With this comparison the goal is to see how
the medium created in Pb—Pb collisions affects either the jet fragmentation, or the
evolution of the jets.

The part starts with an introduction, reviewing the relevant jet reconstruc-
tion and correlation measurements in chapter 7. The description of the event and
track selection (trigger, centrality) follows in chapter 8. This chapter also details
the tracking in the ALICE experiment in general, and introduces the two track
cuts used along this thesis. The QA of the data is also presented there. Then
chapter 9 describes the analysis method. In chapter 10 the corrections applied
to the ALICE data are presented. The two dominant ones are the efficiency, the
acceptance corrections, and the role of other, standard ALICE corrections like the
track merging correction and the resonance cut is also investigated. The chapter
ends with the Monte Carlo validation of the method. In chapter 11 the systematic
uncertainties are discussed, each source has a separate section with comparison
tigures supporting the conclusions. Two type of errors are considered, point-
by-point (PbP), and scaling (SC) errors. The final uncertainties along with their
types are summarized in Table 3. Finally, in chapter 12, the final results, as well
as Monte Carlo comparisons are presented, and the conclusions from the analysis
are drawn.



7 INTRODUCTION

This analysis focuses on jet shapes, especially how the presence of the QGP alters
the observed jet shapes. Initial state effects, like modification of the PDFs, can
be ruled out. They play a sub-dominant role, as pointed out in Ref. [141]. The
source of this modification should then be a final state effect, it can be either the
modification of the fragmentation functions, or the difference can come from the
quenching of the jet in the medium.

The jet fragmentation function was measured at ,/syN=2.76 TeV collision
energy in CMS [142], and they found it exhibited a centrality-dependent modifi-
cation. The modification was the strongest in the most central centrality bin. This
result is in accordance with the theoretical expectations [143, 54, 144, 145, 146],
that predicted a similar modification, and suppression of high transverse mo-
mentum particles. Enhancement of low-pt charged particles (pr<3 GeV/c) in
Pb-Pb collisions as compared to the pp results was also observed. There are
other measurements indicating that the energy is redistributed inside the jet cone
in the presence of the medium [147, 148, 149]. Central to peripheral jet yield
ratios were measured for different jet radii R up to R = 0.5 [150], and a differ-
ence of up to 30% was observed for pr;e<100 GeV/c. Similar conclusion was
reached in other measurements [151, 152]. A modest, but significant centrality-
dependent modification of the fragmentation function was also seen in ATLAS
[153] for 100<pret <387 GeV/cjets.

The other conjured source of the modification is the jet quenching phe-
nomenon (see e.g. Refs. [154, 155], and section 1.3), in which the jet shape modifi-
cation is brought about via the different energy loss mechanisms in the presence
of QGP as compared to vacuum. In Ref. [156] it is calculated and shown with
a numerical study, that the jet quenching occurs because the medium cannot re-
solve the inner structure of the jets, if the color coherence of the system is pre-
served. The color charge than behaves as a single, effective charge in the medium.
As a result of jet quenching, jets of heavy-ion collisions are narrower in high pr
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(e.g. above 100 GeV/c transverse momentum) than that of pp collisions [157]. In
lower momenta, however, a broadening is expected and measured [158, 159, 160].
A similar, low-pt broadening was also measured in jet-track correlations in CMS
[161].

In this analysis, the transverse jet shape is studied using two-particle cor-
relations. The analysis is similar to that of Ref. [159], but we are concentrating
on the pseudorapidity direction and higher transverse momentum. A narrowing
of the jet shape is observed while increasing the trigger momentum (8<p1:<15
GeV/c). A similar narrowing was also reported using reconstructed jets, al-
though in higher transverse momentum, 40<prjet<60 GeV/c [157].



8 EVENT AND TRACK SELECTION

Event selection

In the analysis, 13.66 M Pb-Pb events (recorded in 2010 during Run 1) were stud-
ied. As the analysis focuses on medium properties, it is a common technique to
compare heavy-ion results with results from proton-proton collisions. As a refer-
ence, we collected 51.5 M pp events of pp at the same center of mass energy.

As mentioned before in section 2.3, during the data taking we apply certain
triggers, e.g. we do not record automatically everything but apply an online fil-
ter to get rid of data coming from e.g. beam-gas interactions or other unwanted
sources. The trigger for both pp and Pb—Pb was minimum bias, which applies
the least special conditions among the triggers. Another common choice is the
central trigger, where most central events are preferred, but this was not avail-
able for the current dataset. Another possibility is to use the jet trigger, signaled
by the ElectroMagnetic Calorimeter, this analysis, however, relies on the two-
particle correlation technique, so this trigger choice was discarded as well. The
minimum bias trigger was defined by a combination of hits in the VO detector
and the ITS [162], its two innermost layers are required to fire in coincidence with
the V0. Also, it was required to be in coincidence with the crossing lead /proton
bunches.

The centrality was determined by comparing the multiplicity as measured
by the VO with Glauber simulations [162, 163]. With the minimum bias trigger
we do not impose any constraint on the centrality, so the centrality distribution
for Pb-Pb is expected to be flat, in accordance with the measured one shown in
Figure 31.
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FIGURE 31 Centrality distribution of the Pb—Pb events with the minimum bias trigger.

Tracking in the ALICE experiment

Description of tracking follows closely the discussion presented in Ref. [164]. The
reconstruction of tracks in the ALICE experiment is based on the technique of
Kalman filters. In general, this technology is an iterative procedure, resulting
from the successive sequencing of a prediction phase and a filtering phase. In the
prediction step, the track parameters are extrapolated to find the next element,
taking into account the uncertainties induced by interactions with matter (e.g.
multiple diffusion, energy loss). If a space point is found in the prediction area,
the filtering step will then recalculate the track parameters, taking into account
the additional constraints imposed by this new point. Then we can search for the
next space point and so on.

In the ALICE experiment, this iterative procedure is performed in 10 steps
and with various detectors, the ITS, the TPC, the TRD and the TOF, and in each
step we include or omit a different detector. The procedure is illustrated in Fig-
ure 32. We can also differentiate three stages, in the first, we estimate the track
parameters with a helicoidal fitted to 3 points, the primary vertex and two points
from the outermost region of the TPC. Those two points are also called the seed
because they are the starting point of the procedure, and they are required to be
separated by a few rows of pads of the TPC. During this initial approximation,
the transverse radius of the vacuum tube (3 cm) is taken as uncertainty of the
transverse position of the vertex. Figure 32 shows only one track, but in reality
we have to deal with many tracks. So when the seeds are found, they have to be
sorted according to their estimated transverse momentum. Then the search for
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additional track points starts, each seed is extended from one row or pad to an-
other in case of the TPC, and one layer from another once it reaches the ITS, up to
the primary vertex. When a new point is found in the allowed region of the track,
the track parameters are recalculated, corrected for energy loss and Coulomb dif-
fusion. In order to perform these corrections, the mass of the particle has to be
known. That either comes from the dE/dx measurement of the TPC (considering
only et, yi, t, K* and pi masses), or in case that information is not available,
the charged pion’s mass is assumed.

During the second stage, tracks are propagated from the vertex to the out-
side of the detectors, through the ITS and the TPC, then the TRD reconstructs
its tracks independently, and the global tracking only includes that information
if its transverse momentum is above a certain threshold (typically 3-5 GeV/c).
Whenever possible, tracks are matched with the hits of the TOF detector.

In the third stage, all information being collected already, we refine the pa-
rameters with minimizing against the distance at the closes approach (DCA) to
the vertex. The primary vertex is computed again using this refined information.

Track selection

The approach described above can be further specified once one considers detec-
tor-specific constraints, there are a lot of parameters to fine-tune. In the analy-
sis, the track selection was performed by a set of conditions, summarized in the
so-called TPCOnly track cut. If not mentioned otherwise, this cut will be used
throughout the text, for both pp and Pb—Pb, and will be referred as “cut 1”. As its
name suggests, it relies mostly on information from the TPC detector, so its ac-
cepted pseudorapidity range is constrained to the TPC’s acceptance, |17|<0.8. To
understand this track cut in detail, recall the pad-row readout planes of the TPC,
detailed in chapter 3. A useful quantity to introduce is the notion of the TPC
cluster. When a charged particle travels through the TPC, it ionizes the gas inside
which brings about a signal on a given pad-row at the endcaps. The criteria for
a bunch of signals to be called a cluster is to have the imposed charge to exceed
a certain threshold in a search window of 5 pads in wire direction and 5 bins in
time direction. The maximum number of clusters per track is then 159. One can
see that the number of TPC clusters is related to the track length, because low-pr
tracks usually will not reach the outer wall of the TPC (they bend more) so low-
pr tracks have fewer TPC clusters assigned. With cut 1 we require a minimum of
70 clusters to accept the tracks, this acts as a threshold trigger and ensures that
we rely on enough information to fit the tracks, because tracks are determined by
titting the fired and accepted detector points. The track then can be further re-
stricted based on the goodness of that fit, the condition: x?/TPC cluster < 4 was
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1* path

2. ITSin
6. TOFout

for track PID,
not for fitting ...)

FIGURE 32 Principles of tracking of an event in the ALICE experiment, showing the
three successive paths allowing to build a track and refine its parameters.
Numbers ranging from 1 to 10 mention the bits that are activated in case of
success during the propagation of the Kalman filter at the considered stage.
Figure from [165].
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applied here. The vertex was let to be determined by the SPD detector. Then the
tracks” accepted distance of closest approach (DCA) to that vertex was maximized
at 3 cm for the beam direction, and at 2.4 cm in the transverse plane. The cut was
set to not accept kink daughters, which gets rid mostly of decaying tracks. These
are mostly resonance decays whose track do not originate from the vertex. These
would contaminate the sample, as the two-particle correlation method assumes
a common vertex. At this low level this is all one can do about to exclude these
particles, but later, more sophisticated cuts will ensure the purity of the tracks
(see section 10.4).

In later systematic studies (detailed in chapter 11), another track cut will be
tested, that will be referred as “cut 2” along the text. The cut itself is similar to
the default cut 1, but has a tighter DCA cut to the vertex. It also includes another
detector on top of the TPC and SPD, the ITS, and also requires a threshold for the
ITS detector to form a cluster. It refits the tracks with points obtained by the ITS.
Another difference is with the TPC setup, instead of the cluster-limit threshold
applied in cut 1 (minimal number of TPC clusters), this cut sets a minimum to
the crossed rows (Ncg) in the TPC. The two quantities are similar, but the latter
takes into account the phenomenon of missing clusters. Clusters which should be
in the path of the charged particle can be missing because of various reasons (e.g.
charge is below threshold due to baseline shifts), and the number of crossed rows
counts this effective cluster track length. It is an important quantity, because the
p resolution scales with NZCR. The Ncr was set to 120.

Figure 33 and Figure 34 show the inclusive 1 and ¢ distributions for the
two track selection criteria, respectively. The p-uniformity justifies the use of cut
1 as a default cut despite its worse momentum resolution. Cut 2, however, has a
pathological shape in ¢, and any correlation analysis benefits from a uniform ¢-
distribution. The fact that a similar result is obtained by both cuts demonstrates
the robustness of the analysis.
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(left) and “cut 2” (right) track cuts in
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9 THE TWO-PARTICLE CORRELATIONS METHOD

As opposed to jet-finding algorithms, the two-particle correlations method ex-
tracts jets from the events in a fundamentally different way. Here a trigger parti-
cle is selected, and it is required to fall into a preset, high-pt window, to get rid
of most of the thermal particles abundant in heavy-ion collisions. Those thermal
particles have transverse momenta typically below 1.5 GeV/c, so with the high-
pr trigger of this analysis (above 6 GeV/c), it is likely to capture dominantly
fragments of a high-pr jet. We can also expect the trigger to be close to the jet
axis. Then we examine all other particles in a given event, and collect those that
fall into another pt window. These are called the associated particles, and we go
lower with their pr than with the trigger’s pr, as we would like to collect even
some of the thermal contribution of the jet. We then calculate the pseudorapidity
(A1 = Nuigg — Nassoc) and azimuthal angle differences (A¢ = @uigg — Passoc) Of the
trigger and associated particles. We continue to do this for all trigger particles we
can find in an event, and analyze all events. An important step in the analysis
procedure is to correct for acceptance. The procedure is detailed in section 10.2,
here we just note that acceptance correction was applied.

With this two-particle correlations method, the jet peak emerges naturally
around (Ay, Ag) = (0, 0). In this work, however, we focus on correlations in
pseudorapidity, as the azimuthal direction was already studied more extensively
(e.g. Refs. [166, 160, 167]). In order to do so, the (Ar, Ap) correlation is projected
to |Ag| < 71/2, that is called the near side of the jet. The jet fragmentation can be
studied more efficiently here in the near side, as the far side (|A¢| > 77/2) is more
smeared as a result of additional effects. The far side, in fact, is so smeared in the
pr-region of the analysis no peak is visible there.

The two-particle correlation method is demonstrated in Figure 35, on the
left two figures the raw Ay distribution and the acceptance correction is shown,
the rightmost figure shows the extracted signal, the ration of the two. One can
clearly observe that peak associated with contributions from jets.
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FIGURE 35 Raw, mixed event, and signal histograms to illustrate the mixed event cor-
rection, as in Equation 26.

That signal, called the per-trigger yield is defined as

1 dNsame/dAy 1 dN

Nirigg B X dNpixea/dA7 Caingle (P Ta)mm- (26)

Y(AU) = Csingle(FTa)

As one can observe also in the right panel of Figure 35, the peak sits on
top of a constant background!, a contribution coming from uncorrelated parti-
cles and underlying events. An important part of the analysis is to remove that
background to access the peak. Two functions were used to estimate the back-
ground and the peak, a Generalized Gaussian

ield _ p

f(An) = backg. + #1/‘3)8 /el (27)
and a Gaussian, with f = 2 substitution in the equation above. The background
was approximated by a constant. In both cases, this constant + peak fit was only
used to estimate the background. The two fits are shown in Figure 36. In the
background estimation, the choice for the peak is rather indifferent. For the pri-
mary analysis the Generalized Gaussian (1) was used, because it was more stable
across the analysis’ various centrality and pr bins, as well for different system
types. Results obtained with a Gaussian (2) were used to estimate the systematic
error.

Once we extracted the per-trigger yield, and removed the background from
the underlying events, we can compare heavy-ion results with results from proton-
proton collisions and gain insight to medium-induced phenomena. So similarly
to the nuclear modification factor, Raa, we define the per-trigger yield ratio, the

IAAI

yFb-rb | (AW | )backg. subtracted
YPP ( ‘ AU ’ )backg. subtracted
i.e. ratio of the yield in Pb—Pb to the yield in pp collisions measured at the same

Iaa(|An]) = , (28)

center of mass collision energy. This quantity is sensitive to the modification of

1 And flow if it was in the Ag¢ direction.
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FIGURE 36 Example per-trigger yields with the two fit functions of the analysis for the
lowest (left) and highest (right) pri-p1a combinations, respectively.

the jet shape, and it shows a falling trend in case of narrowing, a rising trend for
broadening, and would be a constant in case of no shape modification.
As a final investigation, a sanity check of the statistical error propagation

is shown in Figure 37. Here the error on the Ipx is calculated from the raw pp
and Pb-Pb spectra and the mixed events, and shown with a red line. This naive
estimate matches the error calculated in the analysis shown with blue squares in

the same figure.
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10 CORRECTIONS
10.1 Efficiency

Some fraction of all particles are always lost in an experiment, either at the de-
tector level, or at the reconstruction level. We try to estimate this fraction, and
correct our measurement so the final results should be as if the measurement
conditions were ideal. In the current work, the transverse momentum and the
An-dependence of the efficiency should be considered. The Arn-dependence of
the efficiency was calculated and found to be negligible [168], so the tracking ef-
ticiency is considered to be only a function of track pr, for data of both pp and
Pb-Pb collisions. The tracking efficiency was obtained from an official ALICE
Monte Carlo simulation, production LHC11b10a for pp and LHC11a10a_bis (HI-
JING standalone, LHC10h anchors) for Pb—Pb collisions.

The single track overall reconstruction correction takes into account both
the contamination of the reconstructed track sample with fake primary tracks,
and the track reconstruction efficiency. We define the track-to-particle overall
reconstruction correction C~!(pr) as

_ Mtrigvtx (PT) + B (PT)
Gtrigvtx ( |2} )

C ™ (pr) : (29)
Here Myigvix denotes the number of properly reconstructed primary tracks and B
gives the number of fake and secondary tracks. Guigytx stands for the number of
true charged physical primaries emitted to |Ay|< 0.8 in triggered events where an
event vertex was reconstructed. Let us point out that Gyigyix and Miigyix are func-
tions of the original MC generator pt while B is a function of the reconstructed
pr.- We assume that the reconstruction correction of the trigger and associated
particles are independent. This correction factor is depicted in Figure 38, for both
trackcuts (cut 1 and cut 2) and both collisions systems (pp and Pb-Pb).

In order to cross-check the efficiency correction, the inclusive charged track
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pt spectrum obtained will be compared with the published ALICE results [162].
The comparison is shown in Figure 39 for cut 2 and cut 1, respectively. The
agreement is satisfactory for both cuts in the pr-range of this analysis (3<p1:<15
GeV/c). Further reassurance comes from section 10.5, where all corrections ap-
plied to the results are tested and validated. Note that the Ay or Ag dependent
histograms will be filled weighted with the overall reconstruction corrector factor
of Equation 29.

10.2 Acceptance

The mixed event correction is a technique to correct for primarily the finite ac-
ceptance in Ay, but it also corrects for detector inefficiencies, such as dead sectors
in the TPC or suppression of the tracks at the TPC sector boundaries. To build
the mixed event distribution, the same (Ax, Ag) histograms are calculated from
tracks from different events. This ensures that no jet-like correlation is present
there. The more detailed mathematical treatment is given in e.g. Ref. [169].

Since the mixed event can be understood as a geometrical acceptance and
detector efficiency correction, it has to be normalized to not exceed 1. Practically
it should be 1 at (A, Ag) = (0, 0). Two-track cuts (detailed in section 10.3 and
section 10.4), however, cause a dip around (0, 0), so the normalization was deter-
mined from the far side, taking advantage of the mixed event’s Ap-independence.
One still has to correct for finite binning on the rapidly changing Ay axis, as de-
picted in the cartoon in Figure 40. From the similarity of the two triangles (drawn
with thick lines), one obtains the following proportionality:

X h+x
= , 30
A77bin A77max ( )
where Ay, is the half of the bin width. Then the correction factor is:
h +x A;/]bin
C = =1+ . 31
h Almax — A77bir1 ()

The normalization of the mixed event should be multiplied by this factor.

Ideally, the mixed event is flat along A¢ and has a triangle shape in Ay, but
in a realistic case, statistical fluctuations and detector inefficiencies distort this
shape, so while determining the normalization, not a single bin in (A, A¢) = (0,
1) was used, but a projection along A¢ around the away-side: Ag € (0.67t,1.47).
In the other (Ar) direction, two bins around 0 were used.

One can further reduce the statistical errors by merging the mixed event in
the highest pr-bins, where their shapes are very similar. Although the error on the
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FIGURE 40 Normalization correction of the mixed event on the finite bin size.

tinal observable is mostly limited by the raw spectra, as was shown in Figure 37,
the final error still benefits from merging the ppy>6 GeV/c and p,>4 GeV/c
bins of the mixed event. In these high-pt bins it is not possible to just create more
mixed event pairs, as we quickly reach the combinatorial limit of the few events
available.

10.3 Track merging cut

In this subsection an estimation is given for the merged or split tracks. If two
tracks are too close to each other, the detector can measure it as one track, so in
this case we lose statistics. The opposite is also possible, e.g. a track hitting the
boundary of two sectors at a given detector can fire a signal in both, thus result-
ing in two identified tracks. To correct for these effects, knowing the magnetic
tield, we can calculate the trajectory of the particles back to the vertex. We denote
the azimuthal angle difference along this path with A¢*. Then we remove tracks
if both their Ay and A¢* are smaller than 0.02 along the whole TPC volume. Al-
though these are reconstructed tracks, e.g. by definition not merged or split, we
apply this cut both in real and mixed event, thus correcting for the track pairs
that were rejected. This correction was found negligible (see examples of the Pb—
Pb correlation function in Figure 41), so the primary analysis does not use this
correction.

10.4 Resonance cut

Resonance decays, such as e.g. K — 77t can distort the correlation, their decay
products do not originate from the vertex, where all other particles come from.



90

| C:0-5% [ C:0-5%
Lp 16-8 Ge' O track merging OFF Lp 6-8 Ge O track merging OFF
Tt Tt
- pTaD 3-4 Ge L pTaD4—6 Ge
2 ety k- 3' t'{\N 2 ety k- 5' 5,’\“
% 15 £ 15
| S
1 1
12 | 12 |
o L o [
= L [, — | | =1 —AJ‘\* ‘ ‘
© 1 S E— - S 1 e :
— r \*%,( © = ‘ —T ﬁt
08 | 0.8 |
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
AN jAn|
| C:60-80 % | C:60-80 %
L p_06-8 Ge O track merging OFF | p.06-8Ge O track merging OFF
= pl;D 3-4 Ge - p:‘aD4—6 Ge
2 (3 teack-merging-ON 2 (- track merging- ON
2 15 2 15
R N B S S O e e e
1 1 &
12 | 12 |
o [ o [
g8 e = F O T
08 | 0.8 |
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
An| An|

FIGURE 41 Effect of the cut on merged tracks on the per-trigger yields. The first row
shows Ay correlation for the central Pb—Pb (0-5%), the second shows the
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91

0.2

o
—r [ r . . [ r r Tt 1 T

FIGURE 42 The excluded part from the correlation function by the resonance cut. A
similar cut is made in the mixed event, so this correction does not distort
the shape of the correlation peak (even though this cut is in the range of the
peak).

Calculating azimuthal and pseudorapidity differences from these tracks thus con-
taminate the data sample.

During the track selection tracks that have a secondary vertex are rejected.
This condition eliminates most of the tracks of resonances. Particles with a very
short lifetime, however, can still contaminate the sample, so here a secondary,
higher level correction is imposed. The particles are not identified, so to cut on
certain particles, we have to make assumptions. Conversion electrons (defined as
two tracks with opposite charge and their mass being lower than 0.04 GeV), K —
nrr and A — pT 7t~ particles are the most abundant contaminators, so in each
track-pair, we calculate the pair’s invariant mass assuming the corresponding
rest mass (so electrons, pions, and proton-pion). If the reconstructed mass is close,
meaning closer than 0.02 GeV to the assumed particles’ literature value, that track
pair is rejected. These rejected tracks are collected and shown in the (Ay, Ag)-
plane in Figure 42. Similarly to the method in the track merging correction, here
we also apply the same resonance cut on the mixed event. The effect of this cut
on the final observable, as can be seen in Figure 43, is negligible.

10.5 Validation of the analysis using Monte Carlo closure test

The Monte Carlo closure test is a common technique in high-energy physics to
validate the corrections applied to the data. During this procedure we do not
analyze data but two sets of Monte Carlo productions, one which has the “true”,
particle-level information, and another, in which all particles are propagated through
the simulated ALICE detector using the GEANT framework [170, 171, 172]. In



92

15

IAA

12 |

ratio
-

0.8 f

15

IAA

12 |

ratio
-

0.8 f

| C:0-5% | C:0-5%
L thD 6-8 Ge O  resonance OFF L an 6-8 Ge O resonance OFF
L pTaD 3-4 Ge - pTaD4—6 GeV
E}--resonance O 2 £3--resonance
2 15
1 gf
12 |
T S U W A N = B O N Ll
[ A R T
08
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Y] AN
| C:60-80 % | C:60-80 %
| p_06-8 GeV O resonance OFF | p_06-8 Ge O resonance OFF
- pzD 3-4 Ge - p:;Dzl—G GeV
3 resonan 2 [3--resonance:
£ 15
S S
m — . E -
_%3_ 1 1 -
:
2 T =T S e L]
= 1
: T T8 TP T
08
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
An| AN

FIGURE 43 The effect of the resonance cut in the Is signal. Upper panels show the de-

fault configuration for Ip4 with no resonance correction (blue circles) and
the Ipa that was corrected for the effect of the long-living resonances (red
squares). The lower panels show the ratios of the ON and OFF configu-
rations. Figures in the top row show the most central results (0-5% cen-
trality), in the bottom row the most peripheral ones (60-80% centrality) are
plotted. Results are with 6<p1:<8 GeV/c, and with 3<pr,<4 GeV/c (left)
and with 4<p1,<6 GeV/c (right).
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this simulation the tracks are reconstructed from simulated response just as if
they would be real measured detector signals, and particles can be also absorbed
in the detector material. Conversion, secondaries, etc. are all simulated with this
framework. One can then apply all the corrections described in chapter 10 to the
detector-level simulation, and compare it to the particle-level result. The differ-
ence between the results from these two methods should naturally be as small as
possible. The difference in Ipxp between the two methods is smaller than 5%, as
demonstrated in Figure 44. As most of the disagreement can be accounted for the
limited statistics of these MC dataset, the corrections and the method applied in
this analysis can then be considered validated.
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11 SYSTEMATIC UNCERTAINTIES

The different sources of systematic uncertainties and their estimated values are
listed in Table 3. The most dominant source of systematic error is the choice of the
track cut, but numerous possible sources were examined. Each of the systematic
uncertainties is detailed in a separate subsection below. The final uncertainty is
obtained by summing individual components in quadrature, i.e. we assume that
the uncertainties are independent. And according to [173], if the calculated sys-
tematic error is around a few percent, it is not added to the final systematic error,
but will be neglected instead. The main justification for this is to not accumulate
statistical errors into the systematic error. These special, neglected cases will be
concluded at the end of each subsection.

We distinguish two different type of systematic errors. One, which varies
point-by-point, these will be represented with boxes around each data point in
the final results, and another, which scales all the data points. The latter one will
be plotted with a band around unity (as Ixo=1 means no modification).

While determining the systematic errors, two or more data sets are com-
pared, and the first is always with the default value used for the extraction of the
final results. Then their ratio is calculated, which will be fitted with a polyno-
mial, usually a zero-degree polynomial, but it can go up to second degree. The
systematic error (even point-by-point errors) are then estimated with this fit, to
avoid again including statistical fluctuations into the systematic errors.

11.1 Track cut variation

The default track cuts of this analysis (cut 1) have a uniform ¢-dependence, but
some fakes. The other set of cuts are not as suitable for this analysis due to holes in
the ¢p-acceptance, but they have better momentum resolution and less fake tracks.
Results presented in Figure 45 show that the shape of the final I distribution
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source ‘ description uncert. type
track cut cut 1 (default), cut 2 < 6% SC
A¢ proj. range |Ap|<0.27, 0.157, 0.257T ~1%  SC
vertex cut changing the vertex cut only for Pb—Pb: ~ 1% sC
from |v,|<10 cm to 8 cm
fit choice e'stlmatmg tl'le subtract?d backgrouI.Id <5%  PbP
with Generalized Gaussian or Gaussian
tit range for Ay ray = (0-1.6) is default, ~ 1% SC
(0-1.5), (0-1.4)

TABLE 3 Sources of systematic errors, each will be detailed in separate subsections. We
distinguish two types of errors, one is a “scaling error” (SC), which scales all
points, and that will be plotted as a band around 1. The other type contains
“point-by-point” (PbP) errors. These are marked in the last column of the
table.

does not change significantly but cut 2 gives systematically to 4-7% higher values
for the Iaa. This error is propagated to the final result as a scaling error.

11.2 Vertex range

The vertex distribution along the beam-axis (v,) has a Gaussian shape, and it is
not clear from first principles how much of it should be included in the analysis.
The mixed event correction is performed in 2 cm vertex ranges in Pb—Pb (5 cm in
pp), because the different z-vertex ranges correspond to different acceptance of
the detector and hence they affect the shape of the mixed event, at least in prin-
ciple. Here we compare the default Pb-Pb range of |v,| < 10 cm with a tighter
cut, |v;] < 8 cm. The pp data was not changed, as it had 5 cm-wide binning, thus
applying a tighter cut would have resulted in a significant change in the statistics,
and would have disturbed the evaluation of the systematic difference. The effect
of the Pb—Pb vertex cut on the Ixa signal is shown in Figure 46, and its effect is
negligible.

11.3 The A¢ projection range

The default Ag projection range is 0.27t, which is determined by the width of
the jet-peak in Ag. Using the whole near side (0.577), for example, would reduce
the signal over background ratio as more background would be included, and
no signal. So while evaluating this systematic error source, this default value
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Track cut dependence of the I5a signal with the most central Pb—Pb (0-5%)

results.
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FIGURE 46 Vertex dependence of the Iy signal with the most central Pb-Pb (0-5%)
results. The effect is random and around (1-2)%, thus will be neglected.
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was changed to 0.157r, and 0.257t. They are plotted together in Figure 47. The
dependence on the A¢ projection range is small (around a few percent), and does
not introduce a trend, thus will be neglected.

11.4 Dependence on the fit

Both the effect of the fit choice and the fit range is investigated here. Since the fit is
not used for yield extraction, only to determine the background to be subtracted,
only 2 fits were tried, the Gaussian and the Generalized Gaussian distributions.
The effect is quite strong for the correlation function, but most of it cancels for
the final Iaa (Figure 48). Still, as the ratio can be described by a second-degree
polynomial, a point-by-point systematic error will be assigned.

The dependence on the fit range was also examined, from the original full
range in Ay (0-1.6) to upper values of 1.5 and 1.4, down to 1.2, to investigate
the effect of the statistical fluctuations at large Ay. The dependence of the range
is below 1%, and will be neglected for both fit functions (the Gaussian and the
Generalized Gaussian). Figure 49 shows its effect on the I54, with the default
Generalized Gaussian fit.
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FIGURE 47 The Ag cut dependence of the Ixa signal with the most central Pb—Pb (0-
5%) results. Ap/m = 0.15, 0.2 (default), and 0.25 were tried. The effect is
random and around (1-2)%, thus will be neglected.
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12 RESULTS AND CONCLUSIONS

In this section the final results, the Iy4 quantity both as a function of pt, and
|Ay| are presented. In Figure 50 the Iaa(pra) is compared with two published
ALICE results, the first ALICE publication of I5 [166] (with PRL in the legend),
and a more recent one, where the trigger was an identified 71 meson [160]. Both
published results are obtained from the A¢ projection of the correlation function.
The results match within their uncertainties.

: O This thesis
3 {) PRL data (n-gap)
- (? m°-hadron corr.
$ 2+ %
— ] % I
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GeV/c
pT, assocC [ ]

FIGURE 50 Iaa extracted with the Generalized Gaussian fit (defined in Equation 27),
compared to both ALICE results of [166] and [160]. Note the different pro-
jection, the published one is extracted from Ag correlation while current
results are from Ay.
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The final results, the Ay-dependent Ip o measurements characterizing the jet
shape modification, are presented in three centrality classes. The Ixa calculated
with the most central (0-5%) Pb-Pb collisions is shown in Figure 51, the mid-
central (2040%) in Figure 52, and the most peripheral (60-80%) results are shown
in Figure 53. In each figure, point-by-point systematic errors are drawn with
boxes around the data points, while the scaling error appears as a band around

one.
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FIGURE 51 The final Ips with its systematic errors (detailed in Table 3) with the most
central Pb—-Pb (0-5%). The band around one marks the scaling systematic
erTor.

A clear hint of narrowing is observed in the most central Pb—Pb collisions
with the 8<pr1<15 GeV/c trigger, in both associated pt bins (4<p1,<6 GeV/c
and 6<p1,<8 GeV/c). Inlower trigger and associated pt combinations (e.g. with
6<p1t<8 GeV/cand 3<pr,<4 GeV/cand 4<p,<6 GeV/c), we observe no ef-
fect, neither narrowing or broadening. The peripheral result (Figure 53) is ex-
pected to have no modification, and it is indeed consistent with one within the
uncertainties. The mid-central result is expected to be an interpolation between
the two ends, the most peripheral and most central, and in accordance with that,
Figure 52 shows only a very weak hint of narrowing. Also note that no broaden-
ing is observed in any of these pt windows.

The phenomena behind the narrowing could be a kinematical bias, mean-
ing that a jet that can traverse the medium would have had high original mo-
mentum. The soft emission during the energy loss would be absorbed as a part
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FIGURE 52 The final Ins with its systematic errors (detailed in Table 3) with (20-40%)
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of the medium and removed together with the background. Only the hard core
of the jet makes the punch trough and appears more collimated at the final state.
This should be captured by the AMPT simulation, where interaction of the jets
and the medium is taken into account. In order to investigate this, the Pb—Pb
events simulated with AMPT [73, 74] were compared to a PYTHIA simulation
(with softQCD settings) [174] of the pp data. The softQCD settings was chosen as
that reproduces best the data'. In the AMPT case, the hadronization was set? to
the “string melting” option [175] instead of the Lund string fragmentation model,
because it takes into account the effects of flow in the overlap volume of the col-
liding nuclei. The resulting Ixa shown in Figure 54 exhibits either a flat trend or
a broadening. The assumption that the narrowing is only from kinematical colli-
mation might then be ruled out. AMPT overestimates the radiation in the peak
area, but the effect of broadening in such high pr is not fully understood.
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FIGURE 54 The final Ips with its systematic errors (detailed in Table 3) with the most
central Pb—Pb (0-5%) compared to MC simulation. Pb-Pb events were
simulated with AMPT [73, 74] while the pp events were simulated with
PYTHIA [174]. Their ratio is shown with a red band. The gray band around
one marks the scaling systematic error like in the previous figures.

Other explanation might be related to gluon filtering: as there is a color
charge dependence of the jet suppression due to the Casimir scaling, and also
gluons are expected to fragment losing more momenta, one expects a smaller

See http:/ /mcplots.cern.ch for details.
2 This setting corresponds to the ALICE MC AMPT_LHC13f3a.
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fraction of gluon jets in the high-pt regime. This abundance of quark jets (gluon
filtering) in high pt can then lead to the narrowing of the correlation peak, since
quark jets are narrower than gluon jets (see Equation 16 and Ref. [58]). To test
this idea, a custom Monte Carlo study was performed in the same kinematical
region (8<pri<15 GeV/c and 4<pr,<6 GeV/c). PYTHIA allows for a parton-
level treatment, thus one can directly select quarks and gluons, and build-up Iaa
only from particles radiated by a quark or a gluon, separately. The medium is
not simulated, we take ratios of the tagged jets in pp and the no pre-selection sce-
nario. The results are shown in Figure 55, and show that the narrowing observed
in the data is consistent with a gluon filtering scenario. A similar conclusion was
reached in Ref. [176] where it was found that “the modification of the fragmen-
tation function D(z) (excluding the enhancement at low-z), may result from the
different quenching of the quarks and the gluons.”
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FIGURE 55 PYTHIA simulation to test the effect of a quark or gluon filtering scenario in

pp collision. The lower plot shows the ration of the quark or gluon filtered
events and the no filter case [177].

The narrowing result presented in this thesis is in accordance with other re-
sults. ATLAS also reported on centrality-dependent modification of the fragmen-
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tation functions with 100< pj;t<387 GeV/cjets at the same collision energy [153],
and CMS observed a similar trend [142].

The results obtained by the two-particle correlations method, although in
azimuth angle [166, 160] were already compared in Figure 50. This integrated,
pra-dependent Iaa result shows good agreement between the various methods.
The jet reconstruction in higher pr (40< p]Tet<60 GeV/c), arrives at a similar re-
sult [157], where they conclude that “in-medium fragmentation is harder and
more collimated than vacuum fragmentation”. Their measurements of the angu-
larity (g) of the jets and the momentum dispersion (prD) were performed with
Vs =7 TeV pp and /SN = 2.76 TeV Pb-Pb collisions. The jet angularity showed
a similar narrowing, and the ppD indicated that the increase of the quark frac-
tion scenario describes the data better than the kinematical collimation [157]. The
result of this thesis also continues the trend shown in Ref. [159], which reported
on low-pr broadening below 4<p1:<8 GeV/c and no modification in that win-
dow. The analysis of this thesis focuses on higher pr and shows that beyond that
range the narrowing scenario is more consistent with the data. The measurement
presented in this thesis can then be thought of as the narrowing measured at the
lowest pr.



SUMMARY

This thesis reports on work performed in two different domains. One is detector-
related, and it has grown out from the service task, and the other is the study
of the jet shape modification in Pb—Pb collisions, an analysis of the ALICE data.
The detector work was described in Part II. It consisted of the Quality Assurance
of the GEM foils (chapter 5, thesis point 1), and the correlation study between
the hole diameters and the gain of the foils (Part II, thesis point 2). My work
in the Quality Assurance was to develop the analysis software which displayed
the results of the measurement with a graphical interface [1] and to analyze the
data with that. For the correlation study I also developed the analysis software,
and the framework in which the comparison of the gain and the optical measure-
ment can be compared. The conclusion from the study is that one can predict
the gain from solely the optical parameters of the foil (e.g. knowledge of the bot-
tom, middle and top diameter of the holes) with 10% accuracy. This precision
is enough to be able to classify the foils after their production. For the actual
experiment, of course, further calibration, and test beam measurements are re-
quired. The jet shape analysis (Part III, thesis point 3) reported on narrowing
of the jets with trigger momentum 8<p1;<15 GeV/c and associated momenta
4<p1,<6 GeV/c and 6<p1,<8 GeV/c, in the most central Pb—Pb collisions (0—
5 %) at \/snN = 2.76 TeV. The narrowing is defined as compared to a pp reference
with the same center of mass energy. The analysis relied on the two-particle cor-
relations method instead of the jet reconstruction algorithms because of the low
momentum-range of the analysis, where the reconstruction algorithms are not
expected to work. To understand the origin of the narrowing, two Monte Carlo
studies were performed. First the Ipa results were compared to AMPT (Pb-Pb)
and PYTHIA (pp) simulations to rule out trivial kinematical biases, like the bias
stemming from the fact that the original jet had a larger pr in the heavy-ion en-
vironment. As the AMPT data was consistent with either no modification or a
broadening scenario (see Figure 54), the source of the narrowing should then be
searched elsewhere. The other Monte Carlo simulation tests the assumption of
the gluon filtering, the phenomenon that in higher momenta the narrower quark
jets tend to dominate the sample, due to the color charge dependence of the jet
suppression. To test whether this phenomenon could in fact cause a measurable
effect, a PYTHIA study was performed in the same kinematical region. The par-
ton level treatment allows us to select by hand the quark and gluon initiated jets.
Only pp collisions were simulated and the pure samples were compared to the
case of no pre-selection at all. The results (see Figure 55 show that the narrow-
ing is consistent with the gluon filtering scenario. The results also agree with an
independent measurement performed with fully reconstructed jets [157].
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APPENDIX1 CERN ACCELERATOR COMPLEX TO SCALE

In Figure 8 the CERN accelerator complex was not to scale, and it is interesting
to see the proportions. In Figure 56 one can see how the LHC dwarfs all other
accelerator rings (PS and SPS) dominating the view with its 27 km circumference
ring.

Aceelerator chain of CERN o e
{operating or approved projects)

FIGURE 56 The true scale cartoon of the CERN accelerator complex. LHC dominates
the view with its 27 km circumference [178].
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