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Abstract

In this thesis the sensitivity of angular correlation functions to the path-length of hard
scattered partons was tested using Monte Carlo simulations. The aim was to define
observables that can be used in real data analysis.

In the general characterization of jets and jet modification, 80-90 % of the partons mo-
mentum were contained in the leading jet. Medium modifications reduce the leading
jet momentum by 20-60 % and spread the constituents over a larger area compared to
the vacuum case. The influence of the medium was found to decrease with increasing
parton momentum. When restricting the transverse momentum of the jets leading track
to different trigger intervals, different ranges in parton pt and jet pr are selected. Since
the main fraction of the jets momentum is contained in the leading track, the jet pr
increases on average with increasing leading track momentum. Soft fragments are scat-
tered outside the scope of the jet in a medium and the remaining particles are located
closer to the respective jet axis, compared to jets with similar pr in vacuum. The mean
path-length corresponding to the triggered jet decreases with increasing trigger momen-
tum. In different bins of the trigger hadron azimuthal angle relative to the event plane,
A¢, out-of plane bins on average correspond to larger path-lengths. The dependency is
stronger for higher pfrrig and more peripheral systems. For a back-to-back dihadron trig-
ger pair, the path-length distributions reflect the asymmetry of the trigger conditions.
The Ia,the comparison of the yield in medium and vacuum, for two-particle correlations
on the near- and the away-side are consistent with unity. The same behavior was found
for the near-sides of trigger 1 and 2 in 2+1 correlations. 2+1 correlations are obtained by
selecting back-to-back in azimuth located hadrons as trigger particles for the correlation
functions. By selecting the trigger particle for two-particle correlations out of a bin in
A¢, a modulation of the I is observed for different triggers in the same bin in Adg.
The modulation decreases when going from (0-10) % to (50-60) % centrality.

It was found that the comparison of different trigger conditions within the same centrality
or the comparison of the same trigger condition in different centralities can be used to
access relative path-length changes between the different systems. In 2+1 correlations,
the peak width in An can be used as tool to select on different relative path-lengths
between trigger 1 and trigger 2. These observables are applicable as tools for real data
analysis.






Kurzfassung

In dieser Arbeit wurde die Sensibilitat von Winkelkorrelationsfunktionen auf die Weglange
von Partonen, welche mit hohem Impulstiibertrag gestreut wurden, unter der Verwendung
von Monte Carlo Simulationen getestet. Das Ziel war das Herausarbeiten von Observ-
ablen, welche in der Analyse echter Datern verwendet werden konnen.

In der allgemeinen Charakterisierung von Jets und Jet Modifikation wurde festgestellt,
dass der Jet mit dem grofiten Anteil am Gesamtimpuls 80-90 % des Partonimpulses
tragt. Durch Modifikationen durch das Medium ist der Impuls dieses Jets im Schnitt
um 20-60 % reduziert und die in ihm enthaltenen Teilchen werden iiber eine grofiere
Flache gestreut als es bei vergleichbaren Jets ohne Mediumeinfluss der Fall ist. Wenn
der Transversalimpuls des Teilchens mit dem grofiten Bruchteil des Jetimpulses in ver-
schiedene Triggerintervallen unterteilt wird, werden gleichzeitig verschiedene Bereiche in
Jet- und Partonimpuls selektiert. Da der groite Teil des Jetimpulses in einem einzelnen
Teilchen enthalten ist, steigt der Jetimpuls mit dem steigenden Impuls dieses Teilchens.
Fragmente mit nur einem kleinen Anteil des Impulses werden im Medium auflerhalb
des Umfangs des Jets gestreut, daher befinden sich die verbleibenden Teilchen des Jets
naher an der Jetachse als die Teilchen von Jets mit verleichbarem Impuls im Vacuum. Die
mittlere Weglange, welche durch den getriggerten Jet selektiert wird, sinkt mit steigen-
dem Triggerimpuls. Bei den verschiedenen Bins des Trigger-Azimutalwinkels relativ zur
Ereignisflache A¢ entsprechen Bins mit zunehmender Transversalitat zur Ereignisflache
einer langeren Weglénge. Diese Abhéngigkeit ist starker fiir Teilchen mit hohem Trigger-
impuls und in peripheren Kollisionen. Fiir Hadron-Triggerpaare, welche in gegensétzliche
Richtungen emittiert wurden, entsprechen die Verteilungen der Wegl”ange der Asymme-
trie der Triggerbedingungen. Der 54, der Vergleich von Peakintegral in Medium und
Vacuum, ist fiir Zwei-Teilchen Korrelationen konsistent mit 1, sowohl auf der nahen als
auch auf der fernen Peakposition. Das gleiche Verhalten wurde fiir die nahen Seiten der
beiden Trigger in 241 Korrelationen beobachtet. Die Erzeugung von 2+1 Korrelatio-
nen erfolgt durch die Auswahl zweier Hadronen als Trigger, die gegnsatzlich in Azimut
emmitiert wurden. Durch die Selektierung des Triggerteilchens fiir Zwei-Teilchen Korre-
lationen in ein Bin in A¢ wurde eine Modulation des I fiir verschiedene Trigger mit
gleichem A¢ beobachtet. Zwischen (0-10) % und (50-60) % Zentralitdt nimmt die Stérke
der Modulation ab.

Es wurde festgestellt, dass der Vergleich von verschiedenen Triggerbedingungen fiir die
gleiche Zentralitat oder der Vergleich der gleichen Triggerbedingung fiir verschiedene
Zentralitaten benutzt werden kann, um auf die relative Weglénge zwischen zwei Syste-
men zugreifen zu konnen. In 241 Korrelationen kann die Peakweite in An als Mittel
genutzt werden um die verschiedenen relativen Weglangen zwischen Trigger 1 und 2
zu selektieren. Diese Observablen konnen als Werkzeuge fiir die Analyse echter Daten
genutzt werden.
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Chapter 1

Introduction

The search for the fundamental building blocks of our universe has inspired various
theories and experiments over the centuries. While great progress has been made — the
Standard Model of Particle Physics[1] with great success being the current state of the
art — numerous details still remain unknown.

One of the ongoing fields of research is the study of Quantum Chromodynamics (QCD),
the theory of the strong interaction. The fundamental quarks and gluons, constituents
of the material world around us [2-4] in hadrons such as for example protons and neu-
trons, are the particles that interact via the strong interaction. They have, however,
never been observed as free particles since they are confined within the hadrons [5].
In ultra-relativistic heavy-ion collisions, where the nucleons are exposed to high energy
densities, the bound structures are dissipated [6 7]. The heated matter undergoes a
phase transition and forms a state, in which the quarks and gluons act as quasi free
particles: the Quark-Gluon Plasma (QGP). Contrary to elementary hadronic collisions,
where single nucleons are collided, the collision of heavy nuclei creates a many body sys-
tem. This system has defining properties like its viscosity, temperature and interaction
properties, which are collective effects from inter-particle interactions in the medium
[8]. The QGP has a very short lifetime, O(10723s) [9]. It expands and cools down to
the critical temperature 7. = 156 £ 1.5 MeV [10], where the hadronization sets in. At
this temperature, the hadronic abundancies are specified. The hadron gas expands and
cools down further, until the hadrons do not interact with each other anymore. At this
point, the kinematical structure is fixed [§]. Due to the very short lifetime, the QGP can
only be studied via the particles emerging from the collision and expansion. Tools are
needed to extract information about its properties. One very useful tool are jets, orig-
inating from the fragmentation of two hard scattered partons [§]. Since the scattering
takes place at high transverse momenta pr, their cross section and development down
to momenta O(1GeV) can be calculated by using perturbative QCD. Jets are therefore
theoretically well understood. Since they obey momentum conservation, the two partons
are emitted back-to-back in azimuth, which can be used as identifying characteristic, and
carry the same momentum. The latter becomes important when interactions of jets with
the QGP are studied. Since jets are produced in the early stages of hadronic collisions,
they traverse the medium completely and interact with its constituents. Thereby, they
transfer momentum to the medium particles. This medium induced reduction of the jets
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momentum is known as quenching. The fraction of the momentum transferred depends
on the nature of the interactions and the in-medium path-length of the parton. Thus the
study of the partons path-length dependent quenching yields insight into the properties
of the medium.

Due to the hadronization of the thermalized medium, high multiplicities, i.e. particle
numbers, are characteristic for heavy-ion collisions. This complicates the identification
of jets in single events especially at low jet momenta, since it is impossible to distinguish
between soft jet fragments and the hadronized medium particles. With angular correla-
tion functions, this complication is circumvented. In the analysis of angular correlation
functions, a single hadron is taken as proxy for the jet. With ¢ being the azimuthal
angle and 1 being the pseudorapidity of a particle, the angular distances Ay and An of
the trigger hadron to all other particles in the event are calculated. In this way, jets can
be studied both on a statistical basis, rather than event-by-event, and independent of
specific jet definitions. In this thesis, the sensitivity of angular correlation functions to
the in-medium path-length of hard scattered partons is tested using Monte Carlo (MC)
based simulations. The simulation program used is JEWEL [11H13]. In JEWEL, the
assumptions going into the implementation are kept on a minimal level, which makes
it a widely applicable and comparable simulation. Furthermore, the event layout is
kept very simple. Only one dijet system is generated per event and the medium is not
hadronized. In this way, features of jets can be studied without distortion. The aim
of the analysis is to carve out observables that can be used to measure the path-length
of hard scattered partons. The usage of MC simulations for this purpose allows for the
establishing of a basis for real data analysis. To connect the observables obtained from
angular correlation functions to the path-length of the underlying hard parton, jets and
jet modification, as well as path-length distributions, were studied prior to the correla-
tion functions evaluation. For this, the jet reconstruction package FastJet [14] |15] was
used.

The thesis is structured as follows. In [Chapter 2| a short introduction to QCD and the
creation of the QGP in heavy-ion collisions is given. The geometry of such a collision is
described in the scope of the Glauber model. The next chapter addresses the generation
and fragmentation process of jets, as well as the interaction processes that occur in
the medium. Correlation functions and observables that can be extracted from them,
are explained qualitatively. In [Chapter 4] the principles of the Monte Carlo simulator
JEWEL are illustrated. describes the analysis done for this thesis. Results
and conclusions are discussed along the way. In the last chapter, the conclusion reached
in this work are summarized. Furthermore, an outlook is given about possible extensions
and further uses of the presented study.



Chapter 2

Quantum chromodynamics and
heavy-ion collisions

The Standard Model of particle physics (SM) summarizes the current understanding of
the elementary particles and their interactions. These forces — electromagnetism and the
strong and weak interaction — are described by the exchange of force carriers (bosons)
between the fundamental fermions (quarks and leptons). The fourth fundamental force,
gravity, is not part of the SM, as there is no Quantum Field Theory of it.

This chapter gives a short introduction to the basics of the strong interaction. Integral
features like color confinement and asymptotic freedom are explained. Following from
these characteristics, the Quark-Gluon Plasma and its production in heavy-ion collisions
is introduced. The chapter closes with the introduction of collision simulation in a
Glauber Monte Carlo framework.

2.1 Color and asymptotic freedom

This section follows the references |1} 5, |16]. Quantum Chromodynamics (QCD) is the
quantum field theory of the strong interaction. It is based on the SU(3) symmetry
group [17, |18], consisting of three complex dimensions. Its generators, eight linearly
independent 3 x 3 matrices, introduce three additional degrees of freedom. They are
called " color”, with red, green and blue as the different states. Accordingly, only particles
that carry this color charge — quarks and gluons — participate in strong interactions.
Similar to the electric charge in Quantum Electrodynamics (QED), antiparticles in QCD
carry anti-color. The Lagrangian of the interaction is given by [16]

_ ) 1 y
‘CQCD = Z wq,a (nyuauaab - mqéab - gsvut%A,?) ,lqu,b - _FA FAM ) (21)

4 m
q

where a, b are color-indices and C' = 1, ..., 8 accesses the eight different generator matri-
ces. y* are the Dirac matrices and g, is the strong coupling.

The 1 (Qﬁ) are spinors for quarks of flavor ¢ mass m,, going into (out of) the interaction
vertex. Thus, the first two terms in brackets comprise the Dirac Lagrangian. Since SU(3)

3
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constitutes a symmetry of QCD, additional gauge fields are necessary to ensure its local
gauge invariance. In Eq. they are represented by AS and correspond to the eight
physical gluons, introducing interactions between quarks via gluons. The presence of the
generator matrices t§, indicates the color flow in these interactions. Quarks and gluons
are rotated in color space by the fundamental and adjoint (t5,=T5) representation of
the generators, respectively. The fundamental repesentation is usually given by the eight
Gell-Mann matrices with normalization Trt4t? = TRr64E, Tp = %

Following Noether’s theorem, color is conserved at each strong interaction vertex. Hence,
as gluons may connect quarks with different color charges, they themselves are required
to carry a color charge, giving rise to self-interactions. In the Lagrangian, these gluon
self-interactions are summarized in the term F) F4# with [16]

Ffﬁz = 0A; — 8u-/4ﬁ — gsfapc AL AS, (2.2)

where the fapc are the structure constants of SU(3), defined by the commutation relation
of the generators:

[t 7] = ifapct® (2.3)
(T4, TP] =ifapcTC.

For the calculation of interaction cross sections, often the following relations are needed:

N? -1
> taptie = Cpow, Cp= (2.5)
2N
A
TeTOTP =) fAPCAPD = C469P, Ca=N (2.6)
AB

The Casimir operators Cp = % of the fundamental representation and C'y = 3 of the
adjoint representation for NV = 3 are often also called color factors and introduce different
behaviour of quarks and gluons in strong processes.

While quarks and gluons constitute the microscopic degrees of freedom in QCD, they
have never been observed as individual particles but only as constituents of (colorless)
hadrons. Although there is no analytical solution to this problem yet, a widely accepted
explanation, supported by numerical calculations, is given by the theory of color con-
finement [1]. As gluons are subject to self-interactions, the energy density between two
quarks becomes constant at large distances, resulting in a linearly increasing potential
(cf. [Fig. 2.1)). Accordingly, increasing amounts of energy would be necessary to separate
two colored objects to increasing distances. Thus, quarks and gluons are grouped into
colorless hadrons, preventing long range color fields from forming.
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Figure 2.1: Qualitative representation of the non-relativistic QCD potential between a quark
and an anti-quark, where o, = 47g? = 0.2 and x = 1 GeV /fm were assumed
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Figure 2.2: Schematic jet production, shown in the center of mass frame of the partons |\

The consequence of color confinement for fundamental processes like 2 — 2 parton
scattering (with high momentum transfer) is shown schematically in[Fig. 2.2, Momentum
conservation in the center of mass system implies back-to-back scattering of the two
emerging particles . As they separate with high velocities, the energy density between
them increases, until it is high enough to produce an additional parton—anti-parton
pair. This process is repeated until the energies of the particles fall below the so called
hadronization scale O(1GeV). Then the partons get confined within hadrons and the
original two hard scattered partons emerge as sprays of particles. These are called jets.

05(q?)
E EJr Ev %Jr : % .
o5(g?)

Figure 2.3: Schematics of QCD renormalization
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Figure 2.4: The running coupling constant «s, measured in different proceses. The QCD
calculation using the reference value y = my is depicted as yellow band. [19)]

Another consequence of the gluon self-interaction is its effect on renormalization and
the running strong coupling constant, generally defined as a, = ¢2/4m [5]. Similar
to QED, quantum loops are present in next-to-leading order, next-to-next-to-leading
order,... Feynman diagrams. Since there is no upper limit for higher order corrections,
they lead to diverging integrals in the calculation of interaction cross sections.
Renormalization is the process of absorbing these higher order quantum loop correc-
tions into the definition of the coupling constant, schematically shown in The
procedure follows the renormalization group equation [5]

Oay,
00)?

where the § function is the perturbation series of «:

Q2 = B(as) (27)

Blas) = —ba?(1 +ba, + b'a? * O(a?)). (2.8)

The definitions of the coefficients b,b,b” can be found in [5]. Q2 is the scale of the
process ag has to be determined for. By introducing a reference scale p , Eq. (2.8) can
be solved to obtain

2 o, (17) g

as(Q7) = TT G20t t= lnﬁ (2.9)
shows o at different scales, measured in different processes. The QCD calcula-
tion using the measured reference value at y = my is depicted as well. At high energy
scales, ay is small; allowing for a perturbative treatment of strong processes. However, it
diverges for small energies, below the QCD scale Aqcp =~ 0.2 GeV. This phenomenon is
called asymptotic freedom. In the following section, consequences of asymptotic freedom
are discussed in more detail.
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2.2 The quark-gluon plasma and heavy-ion collisions

Due to asymptotic freedom, there are different states of hadronic matter. When hadrons
are compressed or heated, a phase transition occurs upon reaching a maximum, critical
temperature, first defined by [20]. It is expected that at sufficiently high temperatures
and/or hadronic density the quarks and gluons bound in hadrons become deconfined [,
7] and migrate into a strongly bound state of matter wherein they behave like quasi-free
particles. This state of matter is called the Quark-Gluon Plasma (QGP). According to
current understanding, up to a few microseconds after the Big Bang the universe was in
this state [21, 22]. Therefore, the QGP constitutes a powerful tool to both study strong
interactions and improve our understanding of matter and the evolution of the universe.
The QGP can be created in ultra-relativistic collisions of heavy nuclei [23], which provides
the possibility to study the fundamental degrees of freedom of QCD under laboratory
conditions. Currently, heavy-ion collisions are performed at the Brookhaven National
Laboratory’s Relativistic Heavy-Ion Collider (RHIC)[24-26],at the GSI[27] in Darmstadt
and at the Large Hadron Collider (LHC)[28] in Geneva. There, ALICE [29] is the
dedicated heavy-ion detector.

\

Figure 2.5: Schematic evolution of a heavy-ion collision [30]

In the space-time evolution of such a heavy-ion collision is shown. At ¢t =z =0
the two beams collide, initiating hard and soft collisions (i.e collisions with both large and
small momentum transfer) of the beams partons. After an initial time of 75 ~ 1fm the
deconfined quarks and gluons thermalize and form a QGP. The QGP created in ultra-
relativistic heavy-ion collisions is short lifed, with a life time of ~ 10fm/c [9]. With
progressing time, the medium expands and cools down. When the critical temperature
T. = 156 £ 1.5MeV [10] is reached, quarks and gluons again become confined within
hadrons. At this stage, the hadron abundancies are fixed. The hadron gas further
expands and cools down, until elastic collisions between the hadrons stop. This is the
kinetic freeze out, that determines the kinematics of the particles ultimately measured
in detectors.

The collision geometry, for example the distribution and number of particles participat-
ing, can be modelled with the Glauber model [31], which is explained below, following
[31]. Taking input parameters like the nuclear charge density and inelastic nucleon-
nucleon cross section oNY | it calculates the number of interactions. The colliding nuclei
can be described by the Woods-Saxon distribution
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Figure 2.6: Schematics of the optical Glauber geometry, as seen along beam direction (a) and
in the transverse plane (b)[31].

1+ w(r/R)*
1 + exp (%) ’

p(r) = (2.10)

where pg is the density at the nucleus center, R is the radius of the nucleus and a is a
measure of the surface thickness of the nucleus. w quantifies the deviation of the nucleus
shape from a perfect sphere.

In a schematic depiction of the Glauber model geometry can be seen. The
probability that a nucleon in nucleus A is found in a tube positioned relative to the
nucleus center by a displacement § is given by

Ta(3) = / 54(5, 2)dzn, (2.11)

where p4(S,z4) is the probablhty per unit area. Taking a second nucleus, B, displaced
to A by the impact parameter b the respective tube is located at § — b. When the
nuclei collide, both tubes overlap and the nucleons contained within interact. The prob-
ability for nucleons from both A and B to be located the overlap-tube is then given by
TA(QTB(§ — l;) and consequently, by summing all possible tube positions,

- -

Tap(B) = / ()T (5 — B)ds?. (2.12)

TAB is called “thickness function”. The probability that one interaction occurs in the
overlap-region is obtained by multiplying Tap with oNN. Assuming Na nucleons in
nucleus A and Ny nucleons in nucleus B, the probability for n collisions is given by

Pind) = (") [Ean @] [1- D@l T 2y

and the total number of collisions by
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Figure 2.7: Schematics of the determination of Ny using the total inclusive charged-particle
multiplicity as an observable [31].

NaNgp
Neot(b) = Y~ nP(n,b) = NANgTap(b)ohn. (2.14)
n=1

The number of nucleons that actually take part in interactions (called number of par-
ticipants or wounded nucleons) can be estimated by adding the wounded nucleons from
nucleus A and B:

Noare(B) = Na / Tu(3) {1 - [1 (5 — *)agg} NB} ds?

—,

N / Ts(5— b) {1 - [1 - TA<§)(;§§} N“} ds? (2.15)

In experiments, Neon and Np,e cannot be measured directly. To be able to interpret
experimental data in terms of Glauber modelling, Glauber distributions of wounded
nucleons are compared to distributions of accessible observables like e.g. the charged
particle multiplicity [32]. The measured observable is connected to the number of par-
ticipants, usually in centrality percentile classes. The principle of mapping observables to
Glauber variables is shown in [Fig. 2.7 Events with low impact parameter, the “central
events”, have high multiplicities. They are usually denoted by e.g. (0-5) % or (0-10) %
centrality. Events with for example (30-50) % centrality are “peripheral events”. They
are characterized by a large impact parameter and therefore low multiplicity. The de-
tailed process of determining the centrality percentile for example in ALICE is described
in [32].

The centrality of a heavy-ion collision, and therefore shape of the overlap region, influ-
ences the azimuthal distribution of the measured particles [33]. In peripheral events,

9
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a pressure gradient develops in the almond-shaped overlap region. Due to the result-
ing momentum anisotropy, particles get boosted predominantly into the direction of the
event plane [33-37], which is defined by the vector connecting the centers of the colliding
nuclei and the beam direction. For central events this effect decreases, since the overlap
region is roughly circular and the pressure gradient is smaller compared to peripheral
collisions.

As discussed above, the QGP constitutes an excellent system to probe fundamental
properties of QCD. However, the QGP itself is not directly accessible. Measurements and
conclusions have to be made from the hadronized particles stemming from the collision.
In the next chapter, a possible observable to measure characteristics of the QGP is
introduced.

10



Chapter 3

Jets as a probe of the QGP

The state of the QGP, as described in the previous chapter, has a variety of characterizing
properties such as its viscosity, critical temperature or interaction mechanisms. Jets
are an effective probe to explicitly study the interaction properties of the QGP [8].
Since jet production occurs at high momentum transfer, asymptotic freedom allows for a
perturbative calculation of its cross section which makes jets theoretically well accessable.
Furthermore, as mentioned in[Section 2.1] high momentum processes are directly coupled
to the microscopic degrees of freedom of QCD, making jets a suitable probe for those. In
heavy ion collisions, jets are produced well before the medium thermalizes (7 < 0.1fm/c)
and therefore traverse it completely while departing from their production point. By
comparing jets which have been modified by their interactions with the QGP to jets
which fragment in vacuum one therefore gains insight into the interaction properties of
the QGP. In this chapter a general overview of jet production and evolution is given,
followed by the discussion of possible medium modifications induced by a QGP. In the
last section, possibilities to measure medium modifications with jets are discussed.

3.1 Jet production in hadronic collisions

Jets are produced in hadronic collisions by scatterings with high momentum transfer
@Q? (“hard” scattering)[8], cf. [Section 2.1l As the factorisation theorem states, the
calculation of the complete process can be split into one perturbative and two non-
perturbative parts. Therefore the differential cross section for the production of a hadron
h in the collision of nuclei A and B reads

dotitd ) = fura(1, Q%) ® fioyp(wa, Q%) ® dobti™ (21,22, Q%) ® Doy (2, Q7). (3.1)

A schematic representation of the theorem is shown in [Fig. 3.1l The single parts are
explained in the following. fo/a(21,Q?) and fy/5(z2, Q%) are the parton distribution
functions (PDFs) of the two colliding nuclei. They give the probablity to find a parton
of flavor a(b) in A(B) carrying a momentum fraction z;(z3) of the total momentum. The
PDF's are non-perturbative and have to be measured, e.g. in electron-nucleus scattering
experiments.

11
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Figure 3.1: Schematic representation of the factorisation theorem in dijet production .

ohard (21, 24,Q?%) is the production cross section of a parton ¢ in the scattering of the

partons a and b. As the scatterings take place well above the QCD scale Agcp =~ 0.2 GeV,

it can be calculated using perturbative QCD. The fragmentation function D, ,;(z, Q?)

gives the probability for parton ¢ to fragment into the hadron h carrying the fraction

z of ¢’s momentum. Like the PDFs, the fragmentation function is not perturbatively
calculable but has to be measured. Electron-positron collisions with hadronic final states

are commonly used.

The outgoing partons of the hard scattering possess a high, defined as the virtual mass
squared. In subsequent processes, the partons emit gluons and/or split into quark—anti-

quark pairs and thereby reduce their virtuality. The influence of these processes on the
partonic fragmentation functions is described by the Dokshitzer—Gribov—Lipatov—Altarelli-Parisi

(DGLAP) equations [38-41]. Their evolution is given by [5] |42]:

aD(i;l}rLl(;;QQ) o d:zc:lj :qu(if) q—>h< Q2>+ o(7) 9‘”‘( QQ)] (3.2

+Fyg(x) Dy (%,Cfﬂ (3.3)

The DGLAP equations describe the progression of the fragmentation functions with
changing virtuality. Integral parts are the (regularized) Altarelli-Parisi splitting functions
P, whose form are specific to the underlying process. The subscript P,; is defined by
the process ab — ¢, where the nature of ¢ is determined via a and b. The corresponding
functions for the different splittings of quarks and gluons can be found in .
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3.2. JET QUENCHING

Depending on the evolution of the fragmentation functions of the initial partons, various
final hadronized states can be reached.

For implementation of parton showers in Monte Carlo (MC) simulations, a probabilistic
formulation is needed. For that purpose, the DGLAP equations are usually reformed by
using the Sudakov form factor, defined as [5]:

Q2
B dQ/2 Qg ~ o
Si(Q%) = exp —; Q/ 0 / de=Py(z) |, 4] € {¢.9} (34)

With the form factor, the probability that no resolvable radiation is emitted from a
parton evolving from scale Q2 to scale ?, is defined. Substitution of Eq. (3.4) into

Egs. (3.2) and (3.3) and integration yields

Din(. Q%) = -<Q2> Dia(s Q3)
Q2 /2 1 T >
D3 /. ) [ LhwpCn. wicles 69

T

Eq. (3.5) is then implemented in a MC framework, where parton showers according to
the fragmentation function are generated.

3.2 Jet quenching

When the partons from the hard scattering do not simply evolve in vacuum, like described
in the previous section, but traverse a strongly interacting medium like a QGP, they
become subject to additional interactions. This results in energy loss of the hard partons
or rather a energy /momentum transfer from the parton to the medium.

While jet modification by emission of synchrotron, Cherenkov and transition radiation
is in principle possible, the two main effects are given by elastic scatterings with the
medium, i.e. collisional energy loss, and gluon bremsstrahlung [§], cf.

E E-AE

E A AE
i
1
*AE | E-AE
|

X
(medium)

Figure 3.2: Collisional (left) and radiative (right) energy loss [§].
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Chapter 3. Jets as a probe of the QGP

Collisional energy loss

Collisional energy loss for light quarks/gluons and heavy quarks were described first by
Bjorken [43] and Braaten-Thoma [44], and later improved in various extensions. It is the
dominant process at low particle momenta and for high particle masses. The average en-
ergy loss per scattering in a plasma with temperature 7' can be calculated by integrating
the differential scattering cross section over the range of transfered momentum [8]:

tmax
“cn 1 do
<AECOHt :ﬁ/tgdt (36)
tmin

The differential scattering cross section is, to leading order, given by

do 4ma(t)
L7 _ g T
e e

(3.7)

The color factors for quark-quark, quark-gluon and gluon-gluon scattering are Cr =
419

=1,

9714

From Eq. (3.6 one obtains the energy loss per unit path-length:

dEcoll CR 2 ET
——— lightqg = ——s(ET)mpIn | —- |, (3.8)
dp  Mightag 1 D m3,
dEcoll dEcoll 27TCRT2 2 ET
———|heavyg = — |l - | JETYIn| — | . 3.9
dr | yq dr |1ghtq 9 «Q (mq)a (ET)In mg (3.9)

When the energy loss per unit path-length is integrated over a plasma with finite size
L, dependence of the total energy loss on the path-length traversed by the parton is
obtained. Since the differential energy loss is not dependent on the path, the total
energy lost increases linearly with L.

Radiative energy loss

For low particle masses and high momenta, gluon radiation is the main process of energy
loss [8]. Depending on the energy w of the radiated gluon off a parton with energy E, the
gluon spectrum takes a different form [45]. Therefore, the radiation is subdivided into
three different regimes. For very soft radiation — w < wpg ~ Am?%, where X is the mean
free path and mp is the Debye mass of the medium — in the Bethe-Heitler (BH) regime,
incoherent radiation is emitted at each scattering site. For very energetic emissions in
the factorization regime, wp; < w < E the whole medium acts as a single scattering site.
The intermediate gluon energy region is called the Landau-Pomeranchuk-Migdal (LPM)
regime. For gluon emissions in this regime, radiation is emitted coherently for scattering
sites within one coherence length. The gluon spectrum for each regime is given by [45]
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3.3. TWO-PARTICLE AND 241 CORRELATIONS

9 % w < WBH
LI P TT) (3.10)
dwdz TV o WBH < W < Wact :
A Wiact < w < K

for a finite medium size L.
To obtain the total energy loss by radiation, the gluon spectrum is integrated over the
complete energy range and the whole medium:

E L

d*1 m% L?

AE= [dw [ d ~ ag—2—. 3.11
/“’/mdwdx DY (3-11)
0 0

Hence, contrary to collisional energy loss, the energy loss by gluon radiation is propor-

tional to L? in a static medium.

In MC simulations, the energy loss mechanisms described above enter the jet development
process by way of medium modified fragmentation functions, cf. eg. [46]. Experimen-
tally, this jet quenching phenomenon can be observed as a suppression of high transverse
momentum jets. In the following a possible way to measure jet quenching is described.

3.3 Two-particle and 2+1 correlations

In heavy-ion collisions, high multiplicities are characteristic, stemming from the hadroniza-
tion of both the hard scattered partons (i.e. the jets) and the thermalized medium. The
presence of the underlying event makes the reconstruction of jets a highly complex and
difficult task, since it is basically impossible to distinguish between soft fragments of the
jet and hadronized medium particles. Especially at low jet momenta, where the energy
loss is most distinct, jets cannot be identified on an event-by-event basis.

To circumvent this complication, jets can be studied on a statistical basis with two-
particle angular correlation functions |47, |48]. In this approach, a particle within a
selected momentum range (trigger particle) is used as a proxy for the jet. Then the an-
gular distances Ay and An, the relative azimuthal angle and the relative pseudorapidity,
of the trigger to all other particles in the event (associated particles) are calculated. A
more detailed description of the procedure can be found in The resulting
correlation function is shown in Since the particles of a jet are located spatially
close to the trigger particle, the peak observed at Ap = 0 = An, the near-side peak,
corresponds to the jet associated with the trigger particle. Due to the scale of the z-axis,
the top of the near-side peak is cut off in the image. The recoil jet, emitted back-to-back
in azimuth, is visible at Ay = 7. Since the separation in 7 depends on the momentum
fractions taken by the scattering partons, the away-side peak is smeared in An.

When comparing the yield Y of the peak in heavy ion collisions to the yield in pp
collisions, the modification of the jets can be studied with the observable
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C(ag, An) (a.u)

Figure 3.3: Correlation function of a trigger particle with the associated particles, generated
with a toy event generator. It includes the near-side peak at Ap = 0 = An and the away-side
at Ay = m. The top of the near-side peak is cut by the z-axis scale.
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Figure 3.4: 144 on the near (left) and away (right) side, for central and peripheral collisions.
The medium modification is visible via a deviation of 44 from unity .

Ypbrb
Taq = . (3.12)
Yop

An example for the measurement of 44, taken from , is shown in . The yield-
ratio of PbPb collisions to pp collisions for different centrality bins is shown. The trigger
condition 8 < pruig < 15GeV and different bins in pr ae0c Were chosen. The influence
of in-medium interactions is clearly visible as an [44 suppression on the away-side. On
the near-side, an enhancement is observed, also indicating medium modifications.

As was discussed in the previous section, different in-medium path-lengths result in
varying amounts of energy loss. Thus, the modification observed with the 44 can be
an indicator of the path-length traversed by the corresponding jet. As can be seen in
[Fig. 3.5 there is a strong suspicion that the emission angle relative to the event plane
is related to the path-length [3]. Particles emitted transverse to the event plane had a
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Figure 3.5: Schematic depiction of the path-length in the transverse direction, relative to the
event plane [8].

PT asso PT.1

sl

Figure 3.6: Schematics of 2+1 correlations

longer path-length than particles emitted in plane. Therefore, studies of modifications
of correlation functions in combination with event plane studies constitute a promising
way to study the path-length dependence of jet modifications.

The selection of a usually high trigger pr potentially introduces a surface bias to the
measurement , meaning that the jet was more likely to be produced at the surface of
the medium. One can understand this in the way that a high pr particle did not undergo
many medium interactions (otherwise it would have lost more energy) and therefore had
to be produced at the surface of the medium. However, the goal is to study the medium
interactions of jets. Therefore, the recoil jet, located at A = 7, becomes an interesting
observable. When the triggered jet only had a small path-length in the medium, the
recoil jet had a correspondingly large path-length and therefore experienced a larger
medium modification. Investigation of the recoil jet though is less precise than a similar
analysis of the near-side jet, since the peak is smeared in An.

A possible way to study the away-side as well are 2+1 correlations . In this method,
two trigger particles — emitted back-to-back — are selected, see [Fig. 3.6 The angular
correlations are then calculated wrt. both trigger particles and filled into different his-
tograms. In this way, both the jet and recoil jet form a distinct peak at Ay = 0 in their
corresponding histogram and are accessible to detailed studies.

In the same way as the selection of the trigger condition in two-particle correlations
potentially introduces a surface bias, it is theorized that one can influence the position
of the production vertex of the dijet, and thereby the in-medium path-length of the jets,
by modifying the trigger conditions in 2+1 correlations. It is the goal of this thesis
to study the sensitivity of observables obtained from correlation functions to the path-
length of jets. Since the approach via correlations is somewhat novel, the analysis is done
using simulations. In this way, the controlled environment allows for the establishment
of a baseline for the analysis of real data.
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Chapter 4

The event generator JEWEL

As was stated in the previous chapter, the aim of this work is to study the sensitivity
of correlation observables to path-length dependence of jet modification by the QGP.
To provide a well found basis for future data anlyses, the study in this thesis was done
using Monte Carlo simulations. This chapter gives an introduction to the MC generator
used, JEWEL, by illustrating the main physical concepts in [Section 4.1 In [Section 4.2
the parameters used are defined.

4.1 The physics of JEWEL

JEWEL [11-13] (Jet Evolution With Energy Loss) is a Monte Carlo simulator that
models the phenomenon of jet quenching using four minimal assumptions in a simple
medium model [51]. In the following, these assumptions, as well as the details of the
medium model are explained.

4.1.1 General principles

JEWEL describes jet evolution in the presence of a medium, the QGP produced in
heavy-ion collisions. Consistently, perturbative QCD calculations are used to describe
the processes of parton evolution and modification by the medium. The modifications
included are elastic collisions with the constituents of the medium and gluon radiation,
emitted as bremsstrahlung by the hard partons.

The event generation is done in three stages. First, the event is initialized by PYTHIA
6.4 [52] via generating a hard scattering and initial state radiation (ISR) off these hard
partons. In case ISR is switched off, only the remnants of the incident nucleons are kept
in the event for hadronization. Multi-parton interactions are switched off, as well as final
state radiations (i.e. the production of a parton shower), since the latter part is done by
the JEWEL main code. Accordingly, there is only one dijet system present per event.
This represents a simplification of real experiments, where multiple jets can be produced
in each collision. In the next step, the event is handed over to the JEWEL main code,
where an impact parameter, based on the chosen centrality interval, and the transverse
vertex position (z = 0) of the hard scattering in the medium are chosen. With the impact
parameter and the medium settings, specified by the user in an external parameter file,
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Chapter 4. The event generator JEWEL

a QGP-like medium is modelled. The medium model is described in [Section 4.1.2] the
parameters used to initialize the medium are listed in[Section 4.2 After the initialization
of the medium, final state parton showers are calculated. As a baseline and comparison to
identify medium effects on jets, there is the possibility to run JEWEL without a medium
(‘in vacuum’). In this case the propagation is the usual virtuality ordered parton shower.
When a medium is present, the parton shower is modified accordingly, cf. below. In the
last step, after traversing the medium, the evolved partons and ISR are hadronized with
PYTHIA, using the Lund string fragmentation. The medium in JEWEL is not included
in the hadronization, hence there is no background contribution thereof.

In the following, the details of the parton evolution are discussed.

In the course of their evolution, the partons of the dijet system reduce their virtuality
by subsequent splitting and radiation of gluons (cf. . The cross section 0,1
for a n-parton final state with &k additional partons resulting from the splitting and/or
radiation is given by the cross section for the n-parton state, corrected with additional
terms [51]:

k

Hdt~dz~as(/€2 ) -
dan+k = 0Op ; J 27:7] Pj(Zj)@(fjfl - tj> (41)
J

j=1
The additional term(s) in Eq. (4.1]) are characterized by the evolution parameter ¢ (usu-
ally the virtuality), the momentum fractions z; of the outgoing partons and the Altarelli-
Parisi splitting functions P;(z;) [5]. The theta function introduces a scale ordering of the

emissions. To provide a suitable form for implementation in MC calculations, Eq. (4.1
is transformed in a probabilistic form, the Sudakov form factor [51]:

tp Zmax
dt as(k?) -
Su(tn, te) = exp —/? / dzz éﬁL)Pba(z) : (4.2)
te b

Zmin

As before, it defines the probability that parton a does not emit (resolvable) radiation
between two scales t;, and t.. t, is the starting scale, i.e. the virtuality of parton a
before splitting. t. is a cut-off value, i.e. a lower bound for the virtuality of parton a
that excludes unresolvable soft radiation. In this implementation, the probability for
each emission only depends on the current state of the parton, not on the chain of events
leading there.

Modifications imposed by the modeled QGP contribute via the cross section. Here,
the first of the four assumptions comes into play. In JEWEL, it is assumed that the
partons of the hard scattering have sufficiently high energy to resolve the medium as
single partons, i.e. single scattering centers. The cross section for distinct interactions
with the medium therefore resembles the one of the initial hard scattering,

|tlmasx (E,T) Tmax([£])

oi(B,T) = / / dr Y f;(x,t)%(xg,\ty), (4.3)

£ j€ 77>
0 xmin(m) J {qqg}
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where the t-channel cross section

do . - ma? 82 4 (5 — |t])?
" (5, 1)) = Cp s ’ 4.4
) = e (44

was chosen for JEWEL. However, unlike in the initial hard scattering where the partons
were indeed part of the incoming nucleons, the PDF's in Eq. cannot be taken to be
the nucleon ones. Instead, special ‘partonic’ PDFs are used, determined from integrated
DGLAP equations with medium modified splitting functions. The resulting PDF's can
be found in [51].

A further difference of the cross section for hard parton — medium interaction to the
hard scattering cross section lies within the scale of the process. To ensure the validity
of a perturbative treatment, for hard scatterings a lower bound for the scattering scale
is introduced (similar to the cut-off ¢. mentioned above), resulting in a minimum pr
of the jets. However, soft (‘infra-red’) scatterings cannot be excluded from medium
interactions in a consistent way. As can be seen immediately by looking at Eq. ,
the cross section diverges for £ — 0, introducing the need for a special treatment of
soft scatterings. This leads to the second assumption made in JEWEL: The matrix
element can be regularized for the infra-red region, thus soft scattering can be included
as continuation of the perturbative matrix element. In JEWEL the Debye screening
mass pp of the medium is used as regulator, resulting in the following cross section for
the infra-red region, leading terms only:

do . - A 1
~(3,]t]) = Cr2ma(|t + pp|)——5— (4.5)
d (It + ud|)?

Cr = %, 1, % are the color factors for quark-quark,quark,gluon and gluongluon scatterings.
a is the strong coupling constant explained in

The third assumption made in JEWEL takes care of the case where a second parton
shower is initiated before the first/current parton shower has finished developing. In this
case, the shower with shorter formation time, 7 = E/t where E is the energy of the hard
parton, t the scale of the scattering, gets formed while the other one is discarded.
When the hard partons lose energy via bremsstrahlung, also the phases of the radiated
gluons have to be taken into account. It was found that the scatterings of adjacent
scattering points interfere destructively, leading to an overall diminished radiative energy
loss of the parton. This is called the (non-abelian) Landau-Pomeranchuk-Migdal (LPM)
effect. In [12], the probabilistic form of the LPM effect in eikonal kinematics was derived.
It was found that radiations can be added coherently if further radiations take place
during the formation time of the first radiation. If a radiation lies outside this formation
time, they are added incoherently. In JEWEL it is assumed (fourth and last assumption)
that this interpretation of the LPM effect is also applicable in non-eikonal kinematics.
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4.1.2 Medium model

The medium in JEWEL is included via the (momentum-) space distribution of its scatter-
ing centers, i.e. of its partons. Therefore basically any model specifying these quantities
can be used.

By default, a variation of the 1D Bjorken model [53] is used. In the Bjorken model,
the medium expands only in the longitudinal direction, with a velocity of z/t, where z
is the longitudinal position of medium cells and ¢ describes the time that passed since
the nuclei collided. The thermodynamics of the QGP is modelled as an ideal gas of
quarks and gluons. In this way, only the temperature T is necessary as a describing
parameter. By integrating the mean occupation number of gluons (Bose-Einstein distri-
bution) and quarks (Fermi-Dirac distribution), one obtains the energy densities of the
ideal, relativistic quantum gases:

2

T
€g = gg%T4 (4.6)
7T 72
€q = ggq%TLl (4.7)
1
Pg/q = §5g/q (4.8)

where Gg = TNgpin * Necolors = 2-8 =16 and 9dq = Yq + 9dq = 2- (nspin * Neolors nﬂavor) =
2-(2-3-Ny) = 12Ny are the degeneracies of quarks and gluons.

The energy density (and thereby momentum) of the QGP is obtained by combining the
energy densities of quarks and gluons:

7
eqQap = (gg + g(gq + gq)) %T“

7 2
=164+ - -12N,; | —1* 4.
( 6+ 3 f) 30 ( 9)
1
Paap = 3€QGP (4.10)

The transverse distribution is described in the Glauber picture. The initial energy den-
sity, calculated with Eq. (4.9) and the initial temperature T;, is distributed according to
the density of wounded nucleons:

npart(x7 Y, b) . 24
() (b =0) th ar b= 0) ~ —
<npart> (b = 0) wi <np t) ( ) N

b is the impact parameter of the “collision”, the number of participant is calculated via

the Glauber model, cf.

€<$,y,b, Ti) =& (411)

Npart (2, Y, b) = T <\/(x —b/2)2 4+ y2> {1 — e—ai?ﬁlTA( (w+b/2)2+y2)}

4T (\/ ( + /2 + y2> {1 o RRTa(V Z)Q*yﬂ (4.12)
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Pressure, energy density and temperature of the QGP are assumed to be solely (proper)
time dependent. In this picture the conservation of energy-momentum yields the follow-
ing evolution equation [53]:

de  e+p (4.13)

i

With e = 3p this results in a power law for the decrease of energy density and temperature
with proper time:

—4/3 -1/3
ot =t (2) 0 T e e (2) @
The values used to initialize the medium, as well as the some of the settings for the main
program are described in the following section.

4.2 Data simulation - parameter selection

A detailed description for using JEWEL is given in [54]. In this section, the parameters
used to obtain the results in this thesis are listed.

For the analysis, dijet events at a c.m.s. energy of /syny = 2.76 TeV per nucleon-nucleon
pair were created. The nucleons are taken to be part of lead nuclei (A = 208). Other
parameters characterizing the parton showers, e.g. the QCD scale Aqcp, the infra-red
cutoff of the parton showers or the transverse momentum range for the matrix element
of the initial hard scattering, were kept at their default values.

The medium parameters are stored in separate files. The initial temperature 7T; =
0.36 GeV and initial time 7; = 0.6 fm/c were kept at their default values as well. The
critical temperature 1., however, was set to the most recently found value of 0.156 GeV
[10]. In this thesis, events in the (0-10) % and (50-60) % centrality percentiles were
analyzed.

The output of JEWEL, printed in the HepMC 2 [55], 56] format, comprises in this JEWEL
version the event number, scattering cross section, the number of incoming (always 2)
and outgoing particles of the interaction vertex, as well as a listing of all hadronized
particles and the incoming nucleons. The listing contains information about the particle
ID, momentum components, energy and mass. The JEWEL source code was modified
to also write out the two hard scattered partons and the interaction vertex, since this
information is necessary for the analysis.

In the following chapters, the analysis and results obtained with JEWEL simulated data
is described.
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Chapter 5

Analysis and discussion

In this chapter, the analysis of JEWEL simulated data is described. The procedure was
split into four main parts. In the first part, jets were characterized on a general basis.
Next, the path-length of the hard scattered partons was characterized. In the next step,
distributions were generated for trigger conditions similar to the ones usually used in
correlation functions to draw a connection between the two. Finally, the findings were
compared to observables obtained with angular correlation functions. The results of each
part are discussed along the way. A summary of the conclusions is given in [Chapter 6]
Natural units (¢ = 1 = h) are used in the following.

5.1 Particle selection and jet reconstruction

The events generated with JEWEL, that are used for the final analysis, pass through
several stages before they get selected.

Before any reconstruction, a fiducial pseudorapidity cut is applied to both the hard
scattered partons and the final state particles. To match the limited acceptance of real
life detectors like ALICE and STAR, the final state particles are required to have a
pseudorapidity of |nparticles] < 1. An important part for the event selection is that the
majority of the fragmented jet lies inside the acceptance. Therefore, both hard scattered
partons are required to be within |7parton| < 1— R, where R is the characteristic jet radius
chosen in the jet reconstruction. Furthermore only hadrons, both charged an uncharged,
are selected for further reconstruction. Leptons and photons are excluded.

In the next step, jets were reconstructed with the remaining final state particles. For
this, the FastJet [14, 15| package was used. FastJet provides a collection of the most
commonly used jet clustering algorithms. In this work, the anti-kt algorithm in the
pr-scheme was used. The anti-kt sequential recombination is the most commonly used
clustering algorithm in high-energy hadron collisions. It calculates the distance measures

2
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Figure 5.1: The left figure shows the recnstructed jet obtained with the anti-kt algorithm,
taken from [57]. In the right figure, the jet areas of all jets obtained by applying the FastJet
package with R = 0.6 to JEWEL simulations are plotted in black. The red distribution is the
area of the leading jets in the event. The peak was scaled to match the amplitude of the general
distribution. Jets with an area A < 1.05 (blue cutoff line) are excluded from further analysis.

of all particles among themselves and of each particle to the beam, respectively. ARfj =
(yi — y;)® + (pi — ¢;)? is the squared spatial distance of the single particles, with y
being the rapidity and ¢ being the azimuthal angle of each particle. R is the jet radius
already mentioned above. The algorithm then searches for the minimum of all d;;, d;p.
If a d;; is the minimum, ¢ and j get recombined into a jet. In the pr-scheme, the
transverse momentum of the jet is determined by adding the transverse momenta of
both recombined quantities. If d;p is the minimum, ¢ constitutes a final jet in the sense
of the clustering and gets removed from the list. These steps are repeated until all
particles from the original list are part of a jet.

The behavior of the anti-kr algorithm is illustrated in the left plot in Due to
the inverse momentum dependence of the measure, soft particles are more likely to be
recombined with a hard particle than to cluster among themselves. A single hard particle
(i.e. there is no other hard particle in its immediate neighbourhood AR?j < 2R) will
result in a jet with perfect conical shape, containing all soft particles within R. For two
or more hard particles within AR%]- < 2R, the area gets split between the jets, depending
on the respective transverse momenta. The area and shape of soft jets very much depend
on their surroundings.

The area of the jets is calculated by generating a uniformly distributed background of
low pr particles, the ghost particles. The area of each jet is then proportional to the
number of ghosts accumulated by the respective jet. Since high pr jets, i.e. the supposed
fragments of the initial hard partons, are more likely to have a perfect cone shape, their
area on average corresponds to A, = mR?. The distribution of jet areas for the used
R = 0.6 in JEWEL simulations is shown in the right plot in [Fig. 5.1 where the red
distribution corresponds to the leading jets of the event. To reduce the contribution of
fake jets in the analysis an area cut was applied to all jets. Only jets with A > 1.05 were
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kept in the event. Finally, events with less than two jets remaining after the area cut
was applied were removed from the event record. The surviving events then were passed
for the actual analysis, which is described in the following.

5.2 Characterization of jets and jet modification in
JEWEL

The events, which passed the selection criteria described in the previous section, were
analysed in different steps. This section describes the first of these steps, the general
characterization of jets and jet modification in JEWEL.

In the description of JEWEL it was made clear that the contribution of the QGP,
which complicates jet reconstruction and even jet definitions in real heavy-ion collision
experiments, is not hadronized and written in the event record in the MC simulations.
However, a direct matching between the initial hard partons and the reconstructed jets
is still not well defined. Large initial state radiation, the fragmentation process and the
quenching effects spread the jets originating from the single partons over a large area.
Thus, the fragments of the partons are — in most of the cases — not contained within the
scope of a single jet in the sense of a reconstruction algorithm. Accordingly, instead of
singling out a specific jet, e.g. the one spatially closest to the hard parton, one has to look
at distributions including all the reconstructed jets. However, in order to infer parton
properties like the in-medium path-length from the jets, a certain mapping between jets
and partons has to be maintained. This was done by identifying the parton hemisphere
of each jet. Since the scattered partons are emitted back-to-back in azimuth and the
fragmentation is boosted in their respective direction, the jets constituents are more
probable to be contained within the hemisphere of their mother parton (¢jt = @partonE£5)
than to end up in the other one.

To be able to draw conclusions from distributions made with triggered jets, one has to
be able to differentiate features specific to the respective trigger condition from behav-
ior which is generally observed in jets in JEWEL. Therefore, jets and jet modification
were quantified with the distributions of observables obtained from the reconstructed
jets for different parton energies. In the characterization, both extreme cases were con-
sidered. The first of these cases is the fragmentation in vacuum, like that in pp collisions.
The second one is the evolution of a parton in a medium with properties like a QGP
in heavy-ion collisions with (0-10) % centrality and subsequent hadronization. In the
following, the cases are often referred to as “vacuum case” and “medium case”. More
peripheral collisions are expected to lie in between those two cases with regard to their
characteristics.

5.2.1 Jet transverse momentum

The main characteristic to quantify the remaining parton mometum is the transverse
momentum of the reconstructed jets. In the vacuum case, all transverse momentum is
only transfered from mother to daughter particles and not to external medium particles.
Therefore, the comparison of jet pr to parton pr in vacuum gives a measure, how well
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Figure 5.2: Distributions of the reconstructed jet transverse momenta vs. the transverse mo-
mentum of the parton located in the same hemisphere as the corresponding (leading) jet. The
plots show the distributions for events in vacuum and in a medium with (0 — 10) % centrality.

the partons momentum can be captured by the jet reconstruction. By comparing the jet
P tO Pr parton i the medium case, the momentum transfer is deducable.

The resulting distributions can be seen in [Fig. 5.2, The top row shows the transverse
momentum of all jets in the same hemisphere as the parton, the bottom row the leading
jet in each hemisphere. For the leading jets, the hemisphere of each parton was calculated
and the jet with the largest transverse momentum in each hemisphere was selected. In
[Fig. 5.3|the profiles onto the z-axis, i.e. the mean jet pr per parton pr, of all distributions
are plotted. As can be seen in the distributions both in vacuum and in medium, the
main part of the partons momentum is captured by the leading jet. However, especially
in the vacuum case it becomes clear that even with a comparatively large jet radius of
R = 0.6 the leading jet cannot capture all of the partons momentum. By reading off
values from the profiles in [Fig. 5.3|one can see that for a pr = 300 GeV parton, ~90 % of
the momentum are contained in the leading jet, for a pr = 50 GeV parton it is ~80 %.
The rest of the parton momentum is distributed amongst the other jet candidates. In the
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Figure 5.3: Mean jet pt per parton pr. On the left, the distributions for all jets, on the right
the distributions for the leading jets in a partons hemisphere are plotted.

2D distributions for the leading jets in a band of leading jets with almost zero
momentum is visible. This is due to events, where the actual leading jet corresponding
to the respective parton is cut away by the area cut or the n cut, when the fragments
were scattered outside of the acceptance. Since the area calculation depends not only on
the momentum of the jets, but also on the distribution and hardness of jets around the
jet in question, it may happen in some events that the area of the leading jet is smaller
than the cutoff value. Then, the next jet with highest momentum in the hemisphere gets
selected as leading jet. In some cases, this jet has a momentum close to zero, resulting
in the band in the 2D distributions. A possible way to reduce the inaccurate removal of
leading jets in the vacuum case would be an additional maximum pr for the jet to be
removed. i.e. only jets which both have an area and pr below the chosen cutoff value
get removed. However, in the medium case, to maintain the comparability to real data
analysis, the information about the exact momentum transfer was not used. With a cut
on the transverse momentum one might cut away actual physics cases where the jet was
quenched to almost zero momentum. Therefore, the events with very low pr leading
jets were kept in the analysis. The quenching effect becomes apparent when comparing
the medium distributions to the vacuum ones. The distribution of sub-leading jets is
similar in both cases. However, the distribution for the leading jets in medium extends
to lower jet pr for the same parton pr when compared to the vacuum distribution. This
extended spread is more dominant at parton momenta pr parton < 250 GeV, indicating
the decreasing influence of medium modifications at increasing parton energies. In the
profiles of the leading jet distributions, one observes a decrease of jet momentum of
~ 20% to ~ 60% for parton momenta pr = 300 GeV and pr = 50 GeV respectively,
when comparing the medium case to the vacuum case.

Analoguous to the z-profiles above, shows the spectra of (leading) jet pr in
different intervals of prparton. The top row shows the spectra for all jets in each par-
tons hemisphere, the bottom row shows the leading jets. In the vacuum case, a clear
bump in pr jer around the value of pr parton is visible. In the distributions for all jets, the
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Figure 5.4: The top row shows the jet pr spectra of all jets in a partons hemisphere in different
ranges of the partons transverse momentum. In the bottom row, the spectra are shown for the
leading jets for the same ranges in parton pr.

sub-leading jets appear as exponentially declining contribution, superimposed with the
leading jets distribution. The peak towards zero pr in the leading jet distributions cor-
responds to the band of leading jets with very low pr in the 2-dimensional distributions.
As is visible for the medium case, the bump is washed out due to quenching, especially
for the two lowest parton pr intervals.

5.2.2 Average angular distance of the jets constituents to the
jet axis

Another observable to quantify jets and jet quenching is the jet shape. In this analysis,
this is expressed with the average angular distance of the jet constituents to their re-
spective jet axis, (A@q(uis)). The angular distance of the jet constituents to the jet axis
is a measure for the fragmentation process. In the medium case, a deviation of (Ap,)
in comparison to the distribution in vacuum quantifies the diffusion happening in the
medium.

The distributions of average angular distance versus parton pr are shown in |Fig. 5.5
The top row includes the distributions for all jets, the bottom row the leading jets of
each partons hemisphere in vacuum and in a medium with (0-10)% centrality. The
peak towards low parton pr reflects the falling pp-spectrum in hard scatterings. In the
distributions for all jets, an edge at (Ay,) = 0.3 is observed. This edge is characteristic to
the size of the chosen cone radius. The tilt in the 2-dimensional distributions indicates
that jets with low transverse momentum fragment wider than jets with comparabely
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Figure 5.5: Average angular distance of the jet constituents to their respective jet axis. The
top row shows the distribution for all jets, the bottom row shows the distributions for the
leading jets in each partons hemisphere.

large transverse momentum. For a quantification of the different spreading at varying
parton pr, the profiles of these distributions are discussed below. In the lowest bin in
Ayp,, a peak is observed. By investigation it was found that this peak is caused either
by highly energetic jets with few (< 10) constituents that are close to the jet axis or by
single particle “jets” with very low momentum.

1g. 5.6/ shows the profiles, i.e. the mean average angular distance per parton pr. The
peaks described above were excluded from the profile calculation. The profiles confirm
that on average partons with high transverse momentum fragment over a smaller area
than partons with a low transverse momentum. At transverse momenta DT parton pe
130 GeV for jets in general and pr parton 2 180 GeV for leading jets, the average angular
distance of the jet constituents to the jet axis is on average equal in vacuum and for
jets that traversed the medium. Below these values down to prparton = 30 GeV the
constituents are on average farther away from the jet axis in events with a medium
than in vacuum events. In the distributions of transverse momentum, [Fig. 5.3, it was
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Figure 5.6: Mean average angular distance of the constituents of all (left) jets and the leading
jets (right) of a partons hemisphere.

found that the quenching effect decreases relative to the increasing parton momentum.
Applying the same logic to (Ag,), it can be concluded that the fragments of the parton
are diffused inside the simulated QGP and that this effect vanishes for high parton
momenta. At first glance, the fact that jet constituents for jets at pr parton S 30 GeV are
located closer to the jet axis when a medium is present compared to the case where jets
fragment in vacuum contradicts this conclusion. However, one has to keep in mind that
the angular distance to the jet axis a jet constituent can possess is limited by the cone
radius used in the jet reconstruction. When the jet fragments get spread beyond the
catchment area of the jet determined by the radius R used in the clustering algorithm,
the fragments get distributed over multiple jets. These jets then contain less particles
which have on average a smaller angular distance to the jet axis than a jet stemming
from comparable vacuum-fragmentation. Comparable means that the original partons
had the same transverse momentum. Further confirmation that the behavior of (Ap,)
at low parton pr is an artifact of the cone radius and the reconstruction itself is given
in There, the procedure was repeated with a cone radius of R = 1.0. Since
a single jet now covers a larger area and therefore can accumulate more particles, the
distributions are shifted towards higher values of (A¢p,) in general. Furthermore it can
be observed that the pr parton at which (Ag,) for jets in the medium case lies below the
(Ap,) for jets in the vacuum case is shifted down to prparton ~ 10GeV. Although a
cone radius of R = 1.0 seems to better capture the fragmentation of the jets, this value
was not used in the analysis to maintain the comparability to results obtained with real
data as much as possible.

5.2.3 Average transverse momentum and number of jet con-
stituents

The concluding characteristics to describe jets on a general basis are the number of
constituents in a jet coming from a parton with a certain momentum and the average
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Figure 5.7: Mean average angular distance of the constituents of a jet, for all reconstructed
jets in the hemisphere around a parton with pr parton. The distributions were obtained with a
jet cone radius of R = 1.0.

transverse momentum each of the constituents carries. The 2-dimensional distributions
of constituent number versus parton pr is shown in[Fig. 5.8, The top row again contains
the distributions for all jets in a partons hemisphere. For both systems, a constant band
across all parton transverse momenta is visible. When comparing the distributions to
the ones in the bottom row, the distributions containing only the leading jets, it becomes
clear that this band is caused by the subleading jets in the event. It is not present in the
leading jet distributions. One can therefore conclude that the majority of the hadronized
particles is contained within the leading jets, while the subleading jets contain at most
4-5 particles each. Investigation of the leading jet distributions lead to the observation
that for prparton S 50 GeV in the vacuum case and prparton S 30 GeV in the medium
case leading jets mostly have the same number of constituents. For higher parton pr,
the distributions broadens and the number of constituents contained in the leading jet
varies. For a pr = 300 GeV vacuum fragmentation for example, there are equal amounts
of leading jets containing 10 particles as there are leading jets containing 40 particles.
For the fragmentations in events containing a medium, partons have to possess a higher
transverse momentum than partons evolving in vacuum to reach on average the same
number of constituents in the leading jet, since part of the momentum is transfered to
the medium and therefore not available for further splittings.

The mean number of jet constituents is shown in [Fig. 5.9, The profiles for all jets in
a partons hemisphere are similar to the distributions for the leading jets, but scaled
down. For pr parton = 50 GeV in the vacuum case and pr parton = 100 GeV in the medium
case, where the width of the distributions in Neonst. jead. jet 1S constant for all pr parton,
the profiles for all jets are scaled down by a constant factor of 1.5 + 0.2 compared to
the profiles for the leading jet distributions (quantified by fitting the ratio with a linear
function). On average, leading jets stemming from a vacuum fragmentation contain more
particles than jets evolving in a medium for the chosen cone radius. A leading jet in
vacuum for pr parton = 50 GeV on average contains 16 particles. For a jet in medium to
contain the same number of particles on average, the parton transverse momentum has
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Figure 5.8: Number of constituents of all jets (top row) and the leading jets (bottom row) in
the parton hemispheres for different parton pr.

to be increased by 80 GeV.

To analyize the transverse momentum distribution among the constituents of the jets,
is included. The top row shows the distribution of average transverse mo-
mentum of the jet constituents of all jets in a partons hemisphere, the bottom row the
distributions for the leading jets. Like in the top row of a constant band with
prjes < 2GeV is observed across all prparton. Since this band is not present in the
leading jet distribution, it again corresponds to the sub-leading jets in each event. The
sub-leading jets therefore contain only a few particles with on average low transverse
momentum each, resulting in low transverse momenta of sub-leading jets, compared to
the leading jets. This observation agrees with what was found for the distributions of
transverse momentum above. In the distributions of (pr)const. lead jet; Stripes are visible.
These are an artifact of the division of the line at prjead. jot = PT parton I by
the integer number of constituents in the corresponding leading jet. Since the line is
more distinct in the vacuum distribution than in the medium one, the stripes are more
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Figure 5.9: Mean number of constituents of all jets (left) and the leading jet (right) per parton
pr-

distinct in the vaccum distribution in the bottom row of [Fig. 5.10

The distribution of mean average transverse momentum per jet constituent and parton
transverse momentum is depicted in [Fig. 5.11] Like the mean number of constituents
in all jets, see [Fig. 5.9 the distribution of mean average transverse momentum of the
constituents in a general jet is similar to the distributions for the leading jets. For
P parton > 90 GeV, (DT)const. lead. jet iNCreases linearly with increasing parton momentum,
where the rise is steeper for medium jets than for vacuum jets. For pr parton > 250 GeV,
the constituents of a leading jet fragmented in medium on average posses higher trans-
verse momentum than the constituents of a jet fragmented in vacuum. Since the medium
jets contain less particles than vacuum jets at comparable parton momentum, but a de-
crease of the quenching effect for high parton momenta was observed, this finding is
consistent with the previous ones.

Summary of the general characterization

In this section, jets and jet modification were characterized on a general level. It was
found that the jet reconstruction with a cone radius of R = 0.6 captures 80-90 % of the
partons transverse momentum in the leading jet. Jet modification by the medium in
a (0-10) % collision results in a reduction of the leading jets transverse momentum by
20-60 % for highest and lowest parton momenta, respectively. The medium modification
further appears as a general reduction of number of particles a (leading) jet contains
on average. At high parton momenta, the average transverse momentum carried by a
single constituent of a jet in the medium case exceeds the transverse momentum carried
by a constituent of a jet fragmented in vacuum. The quenching effect also appears as
diffusion of the jet fragments, which reduces with increasing parton momentum.

With the description of jets via their transverse momentum and the fragmentation char-
acterized by (A@q),Neonst. and (pr), the baseline for the following analysis is set. In the
next section, the calculation of the path-length is described. When this second part of
the analysis is defined, the previous findings will be compared to triggered distributions,
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Figure 5.10: Top: Average pr of all jets constituents versus the corresponding parton pr.
Bottom: Average pr of the leading jets constituents versus the corresponding parton pr.

where the effect of applying a trigger condition is studied. This will also set the basis for
the evaluation of measuring the path-length of hard scattered partons with correlation

functions.
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Figure 5.11: Mean average transverse momentum of the constituents of a general jet (left) and
the leading jets (right) for the corresponding parton pr.

5.3 Quantifying the path-length

With jets and jet modification being characterized on a general basis, the second quantity
that has to be determined for this analysis is the path-length itself.

5.3.1 Geometrical and energy-density weighted path-length

The most precise way to calculate the path-length is a scattering-by-scattering analysis,
evaluating the number of scatterings of the parton off the medium constituents while
considering the time between scatterings and the scattering angle, then summing up all
contributions. However, this approach was not chosen for this analysis for two main
reasons. First of all, the computation time and effort exceed the additional benefits of
this detailed method compared to the approach chosen for this thesis. Second, due to
fragmentation and the quenching process itself, a jet definition is ambiguous even on a
partonic level. This makes the choice of what parton to track through the medium an
ill-defined quantity. Therefore, for this analysis two approximations for the parton path
were made.

Geometrical path-length

Under the assumption that the partons move on a straight line through the medium, the
path-length was defined as the geometrical distance between the vertex of the initial hard
scattering and the edge of the overlap region. A schematic depiction of the calculation
is shown in [Fig. 5.12] The overlap region is defined as the intersection area of two
circles (the ”colliding” nuclei) with radius Ray = 10fm. This value is the parameter
implemented in the JEWEL source code. The impact parameter b quantifies the overlap.
Starting from the vertex of the hard scattering, v = (xy,yy), the intersection of the
partons line
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Figure 5.12: Schematic depiction of the geometrical pathlength calculation. The shaded area
represents the overlap region of the ”colliding” nuclei in the transverse plane, where b is the
impact parameter. (zv,yv) is the vertex position of the initial hard scattering, (zq,yq) the
intersection point of the parton line with the edge of the overlap region. Ly.x and L, are
the path-lengths of both partons, labeled according to their relative magnitude.

Xp=v+Ad = (x) A (Cf)s 9") (5.3)
Yy s @

with the two circles located at

K1/2 . (X — C>2 = 2AU (54)

Ki) B (]F%/Q)r = Ry (5.5)

was calculated. Depending on the partons direction, quantified by its azimuthal angle
¢, the intersection point Q = (zq,yq) is either on the left circle (K;) or the right one
(K3). The geometrical path-length L is then calculated as distance between v and Q:

L=y/(zq —x)? + (yo — )" (5.6)

This procedure is done for each parton in each event. The longer one of the path-lengths
is labeled as L.y, the other one L;,.

shows the distribution of geometrical path-lengths in events with (0 — 10) %
centrality. In JEWEL the interaction vertex is chosen based on the interaction density

of nucleons [Fig. 5.15 This is highest at the center of the overlap region and drops
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Figure 5.13: Distribution of the geometrical path-length, minimum value vs. maximum value.

rapidly when approaching the edges. Therefore, parton pairs are only rarely produced
near the edge of the overlap region, explaining the lack of path-lengths L < 3fm. The
partons are emitted back-to-back in azimuth and are generated uniformly in ¢. Thus,
the distribution of path-lengths reproduces the shape of the overlap region.

Energy-density weighted path-length

The number of interactions and the scale of the interaction processes depend on the
spatial- and energy-distribution of the mediums constituents. It is therefore important
to not only consider the simple geometrical path-length when interpreting path-length
shifts in triggered distributions, but also the energy-density distribution has to be taken
into account. For this reason, an energy-density weighted path-length was introduced.
The schematic depiction of this procress is shown in For the energy-density
weighted path-length Le, the energy-density distribution was integrated over the partons
path, including the vertex of the hard scattering.

The formulas used in this part were already discussed in Sections and The
transverse energy-density distribution at the beginning of the evolution is calculated on
the basis of a Glauber model,

TRy

24 7
where A = 208 like in the initialization of JEWEL is chosen. The energy-density at the
center, g¢, is calculated according to Eq. with the initial temperature T; = 360 MeV.

8(1‘, Y, b) TO) = &oMNpart (.1', Y, b) (57)
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Figure 5.14: Schematic depiction of the energy-density weighted path-length calculation. The
energy-density is integrated over the parton’s path, including the vertex of the hard scattering.
In the end it is normalized by the number of steps.

The resulting energy-density distribution is depicted in It is largest in the
center of the overlap region and decreases radially. Due to the longitudinal expansion in
the Bjorken model, the temperature of the medium decreases — as described in Eq.
— and the energy density decreases accordingly over time. However, as simplification it
was assumed in this analysis that the partons traverse the medium before the energy
density drops significantly and only the initial value was considered.

For the integration of the energy-density distribution in direction of the parton path, the
path was subdivided into single parts:

Tpp1 = Ty +EcCOsS (5.8)
Ynt1 = Yn + Esine. (5.9)
¢ = 0.1fm was chosen as stepsize. The number of participants at this transverse position
is then calculated according to Eq. (4.12). The calculation starts with (zg,yo) = (v, Yy)-

In each step, the local energy-density is added to the sum. In the end, the total integrated
energy-density is normalized by the number of steps:

1 & L
(o) = + I;Oang, N = et 1. (5.10)

The energy-density weighted path-length is then calculated as product of the integrated
energy density and geometrical path-length:

Lweighted =L- <5t0t>~ (511)
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Figure 5.15: Energy-density distribution according to the Glauber model in the transverse
overlap region of two "nuclei” with r = Ray = 10fm and impact parameter b = 1.5 fm for an
initial temperature T; = 360 Mev.

The distribution of weighted path-lengths can be seen in |Fig. 5.16, The shape obtained
with the simple geometrical path-length is still visible. However, depending on the start-
ing point and direction of each parton, the paths can receive very different weightings.
This results both in a smearing of the overlap shape as well as an extension of path-
lengths down to minimal values. When a parton is produced towards the surface of the
overlap and directly flies out of the medium, without traversing the regions of highest
energy density, it receives a low weighting, in some cases < 1GeV/fm?. This results
in the spread even down to Le =~ 0, despite the lack of very low path-lengths in the
geometrical case.

5.3.2 Path-length and jet modification

In jets and jet modification were characterized amongst other things with
the jet pr spectra for different ranges in parton pr. To add the path-length of the partons
to this picture, a further selection criterion can be applied for these distributions: the
requirement to lie in a certain range of (energy-density weighted) path-length. The
resulting distributions for different ranges in pr parton and L/Le are shown in
and for all jets and the leading jets of the parton hemispheres, respectively.
As was the case for the distributions without selection on the weighted path-length, the
spectra are very similar for all jets and the leading jet only. Especially at low parton
tranverse momentum (pr = 10 — 15 GeV and pr = 20 — 25 GeV), the bump observed for
leading jets in vacuum is quenched away almost completely in the medium.

As can be seen in these distributions, there is a clear connection visible in JEWEL be-
tween parton energy loss and the path-length this parton had in the medium. The abun-
dancies of jets with comparable transverse momentum decrease distinguishable when
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Figure 5.16: Distribution of the energy-density weighted pathlength. The smearing of the
shape observed for the simple geometrical path-length as well as the extension down to Le =~ 0
is due to different weights on the path. The weights are dependent on production point and
the direction of the respective parton.

going from intervals with low (weighted) path-length to intervals with high (weighted)
path-length. It is remarkable that shape and evolution of distributions with interval
selections in energy-density weighted path-length resemble closely those with selections
in simple geoetrical path-length. When the observation of path-length could be done in-
dependently for the un-weighted and weighted cases, one would expect different shapes
and/or distributions. Thus, these plots indicate that the observation of path-length
dependent energy loss is mixed with observations of the energy-density distribution.

42



5.3. QUANTIFYING THE PATH-LENGTH

_ 10<P  ien <15 GeV this work
s JEWEL+PYTHIA
* e 6<L<8fm
e e10<L<12fm
8107 td-Ere it 6-fm
= E .
N F all jets
3 f
2
R
w F
s f
Z [
10°
r 1 ’.ib:] 1
104 bbb L b et
0 4 10 12 14 16 18 2
ey GV
. (0-10)%, 10< P parton < 15 GeV this work
Sk JEWEL+PYTHIA
8 0<Ze<10GeV fm'
= 40 10.<.Le.<20.GeV.fm?2
B 20 < Le < 30 GeV fm?
- 40 <Le < 80 GeV fm?
g Il
\m10—2: all jef
s F
S f
210°¢
z F
o H
b Gl IEARERE
s
107 4 10 12 14 16 18 20
Priet (GeV)

(0-10)%, 20 <Py <25 GOV this work
% E JEWEL+PYTHIA
s * 6<L<8f
e L ©10<L<12fm
7-_1105 e14<L<16fm
s F
o £ all jets
Eﬂ L
%.ﬂ1072?
e F
s I
§ 107°%
g A
r ‘WH:\%
" T Fn
TP O I O AN i
0 20 25 0
Prjer (GeV)
(0-10)%, 20 <Py <25 GOV this work
. JEWEL+PYTHIA
L 0<Le<10GeV fm’
8 0L <10Gvint
B 20 < Le < 30 GeV fm?

dV/dp.
3

jets

10°°

1/N

107

T

< Le <50:GeV fm?

immRany

O T

_ (70,10)%, 50 < P parton < 70 GeV this work
s ¥ JEWEL+PYTHIA
© g *6<L<8fm
o3
g E ©10<L<12fm
s L e14kL<i6fm
) .
a8 E all jets
T 107
2 E
2 £
107k
L
104 ! }
E | Il
F L 1 i
[ M‘w. !
P I I T e e L ik 4
10 20 30 40 50 60 70 80 90 100
Prjet (GeV)
_ (0-10)%, 50<pw ron < 70 GV this work
s 3 JEWEL+PYTHIA
8 107 0<LE<10GeV fm
£ & 10 < Le < 20 GeV fm”®
s, 20 < Le < 30 GeV fm*
Nal=i 40°SEE O GeY
ke) F el all jets
2 f
10°E
o F
2, r
Z 104
E bl
10k 'M
L AL FEETE FRUTE FRUE FEUTE FRUTE FRIE LAY, ’n‘
10 20 30 40 50 60 70 90 100
pT.je( (GeV)

Figure 5.17: Jet pr spectra of all jets for different ranges in parton pr and (weighted) path-
length. The top row shows distributions for the simple geometrical path-lengths, the bottom

row for weighted path-lengths.
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Figure 5.18: Jet pr spectra of the leading jets for different ranges in parton pr and (weighted)
path-length. The top row shows distributions for the simple geometrical path-lengths, the
bottom row for weighted path-lengths.
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5.4 'Triggered distributions

In the previous two sections jets and jet modification were characterized on a general
basis. The geometrical and energy-density weighted path-length were quantified as well.
The aim of this analysis is to test if the path-length, a hard scattered parton had in the
QGP, can be probed with correlation functions. In order to do this, one has to understand
how a trigger condition changes the selection of parton momentum, fragmentation and
path-length. In the following, the effect of the application of a trigger condition on the
general distributions described in is discussed. This is done by looking first at
the most basic trigger condition, the selection of a single hadron in a certain pr interval.
Once it is understood how a single trigger selects jet and parton pr, fragmentation and
path-length, the study is expanded to back-to-back dihadron trigger conditions.

5.4.1 Single hadron trigger
To study the influence of a hadron trigger on the distributions discussed in [Section 5.2]

the same characteristics as in these distributions were studied for jets that comply with
specific trigger conditions. The trigger condition that selects the jet is the leading track,
a single hadron, in the jet. If the leading hadron of the jet lies in the chosen pr interval,
the jet and its properties like the pr, average angular distance of the jets constituents to
the jet axis and so on, get filled into their corresponding histograms. The chosen bins for
the trigger hadron in pr have a width of 2 GeV. In total, nine bins were tested as trigger
condition, covering the pr range 2-20 GeV. The lower limit of each bin is inclusive,
the upper limit is exclusive. The inferred parton properties (pr and path-length; the
determination of the latter is described in the previous section) are again taken from the
parton that lies in the same hemisphere as the triggered jet (uiggered jet = Pparton £ 5)-
For the sake of presentability, in the following discussion of the triggered distributions and
the comparison to the general ones, only three trigger conditions are actually displayed
in the figures.

Jet transverse momentum

The distributions for the triggered jet transverse momentum versus the corresponding
partons transverse momentum are shown in the top and middle row of In the
columns, the plots are ordered by increasing trigger-pr. On the left, the lowest bin is
shown, where the leading hadron is required to have a transverse momentum in the in-
terval 2 < pi'® < 4GeV. The middle and right column correspond to 6 < pi® < 8 GeV
and 12 < ptlfig < 14 GeV respectively. The top row shows the plots for the vacuum
case, the middle row shows the plots for the medium case. The distributions show that,
generally speaking, applying a trigger condition selects a (relatively broad) range both in
parton pr and jet pr. Looking first at the 2 —4 GeV triggered distribution, the majority
of the simulated data points is observed both for the vacuum case and for the medium
case at parton pr < 50GeV. In the medium case, the peak has a long tail, extending
to 1 parton =~ 100 GeV. Therefore, with such a low trigger momentum, predominantly
scatterings in this range are selected. Although the majority of the triggered jets is
found at pr parton S 50 GeV, the distribution also extends to the highest parton trans-
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Figure 5.19: Top and middle: 2D distributions of the reconstructed triggered jet pt vs. parton
pr in medium and in vacuum for three different trigger conditions. Bottom: Mean triggered
jet pt vs. parton pr for three different trigger conditions.
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verse momenta included in JEWEL, pr parton = 350GeV. At prpaton S 50GeV, the
distribution of jet pr vs. parton pr resembles the distribution for the leading jets in
Fig. 5.2| especially in the vacuum case. At higher parton pr, the distribution is closer to
the general distribution. Therefore, when the triggered jet in the vacuum case originates
from a parton with pr < 50 GeV, in general a leading jet is selected with the trigger
particle. For higher parton pr in general a sub-leading jet is selected. Since the distri-
bution for the leading jets in the medium case is very broad, the discrimination between
leading and sub-leading jets is difficult, even at low parton pr. It should however be
noted that the parton pr itself is not measureable in real experiments, unlike in the
evaluation of simulated data. In combination with the corresponding jet momentum one
can make a statement about the parton pr range which was most probably selected, but
even this evaluation can be quite ambiguous for low jet pr. For example, a triggered
jet with pp = 10 GeV originates most probably from a parton in the momentum range
10 < pr < 15GeV and is, in this range, the leading jet. However, when the trigger condi-
tion selects a sub-leading jet, it could originate from a parton with arbitrary transverse
momentum. Due to quenching, the range in parton pr for which a 10 GeV triggered
jet in the medium case acts as leading jet is already broader than in the vacuum case.
Additionally, the separation between leading and sub-leading jets is less distinct. This
makes it even more difficult in the medium case to distinguish between different parton
momenta and fragmentations. This complication underlines the need for an observable
which can be used to measure the in-medium path-length of partons as independent of
the parton pr and fragmentation as possible.

The profiles, i.e. the mean triggered jet transverse momentum as a function of parton
pr, for the three different trigger conditions are shown in the bottom row of [Fig. 5.19
The profile for the 2 — 4 GeV trigger condition is again placed in the left column. In
the medium case, jets on average have a lower transverse momentum than jets in the
vacuum case for pr parton < 60 GeV. Due to the broad distribution of leading jets, the
average momentum of triggered jets in the range 60 < pr parton < 150 GeV is higher in
the medium case than in the vacuum case. The peak in the vacuum case between 30
and 60 GeV corresponds to the selected leading jets. On average, their momentum is
~ 5GeV higher than the momentum of the sub-leading jets. In the medium case, the
less distinct difference between leading and sub-leading jets in transverse momentum
becomes more apparent. The highest jet pr on average, which is reached at ~ 80 GeV,
is only ~ 2 GeV higher than the average momentum of sub-leading jets at high parton

pr-

When going from this lowest trigger condition to higher trigger pr (see the other plots
in [Fig. 5.19), the predominantly selected range in parton pr broadens and on average,
higher jet pr are reached. Comparing the 2-dimensional distributions to the general ones
in[Fig. 5.2] they increasingly resemble the leading jet distributions with increasing trigger
pr. Since the distribution of leading jet pr is very broad in the medium, even with higher
trigger pr, it is not certain whether a leading or a sub-leading jet was selected. Likewise
in the vacuum case, for pr ey S 150 GeV in some cases sub-leading jets are selected even
for high parton pr. However, upon comparison of general and triggered distributions,
trigger with increasing hardness select leading jets with increasing probability.
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Figure 5.20: Top and middle: 2D distribuions of number of constituents in the triggered jet
vs. parton pr for vacuum and medium for three different trigger conditions. Bottom: Mean
number of constituents for different trigger conditions.

Number of constituents

To make a coherent argument for the influence of triggering on the jet fragmentation,
the discussion in this part starts with the examination of the number of constituents in
the triggered jets.

The 2D distributions of number of constituents in the triggered jet for different parton
pr are shown in the top and middle row of In their behaviour for increasing
trigger pr and in the different ranges of parton pr, the 2-dimensional distributions re-
semble closely the distributions of triggered jet momentum. In the lowest bin in trigger
condition, mostly jets with less than 10 constituents in the medium case and less than
15 constituents in the vacuum case are selected. With increasing hardness, the triggered
jets have increasingly higher numbers of constituents. The profiles of the 2-dimensional
distributions, bottom row of [Fig. 5.20] are in shape very close to the distributions in
For parton pt < 60 GeV, jets in medium have on average less constituents
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Figure 5.21: Top and middle: Number of constituents of the triggered jet vs. the jets pr, in
vacuum and medium for different trigger conditions. Bottom. Mean number of constituents
vs. the triggered jet pr for the different trigger conditions.

than jets in the vacuum case. In the parton pr range, where pr e is on average higher
in the medium case, the jets on average also contain more particles than in the vacuum
case. The profiles for the other trigger conditions are as well in direct correspondence to
the associated profiles of the jet transverse momentum.

This behavior can be explained when looking at the number of constituents for different
jet momenta, top and middle row of The distributions are very similar in the
vacuum case and in the medium case. A direct correlation of jet pr and constituent
number is observed. With increasing jet pr, the number of particles this jet contains
increases. With the lowest trigger condition, 2 < pfrrlg < 4 GeV, mostly jets with low mo-
mentum and therefore low number of particles get selected both in the vacuum case and
in the medium case. With increasing trigger pr, also higher jet pr (and higher numbers
of constituents) get selected more frequently. Due to this correlation, the shape of the
distributions and profiles of (mean) number of constituents per parton pr correspond
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closely to the distribution of (mean) jet pr per parton pr. For low parton pr < 60 GeV
the jet pr is, on average, smaller in the medium case compared to the vaccum case.
Therefore, also the number of constituents is smaller in this range. The same logic
applies to other parton pr ranges.

The mean number of constituents per jet pr is shown in the bottom row of [Fig. 5.21] For
the same jet pr and a cone radius of R = 0.6, the mean number of constituents is almost
the same in the medium and the vacuum case, across all trigger conditions. However,
on average the mean number of constituents in the medium case lies slightly below the
mean number in the vacuum case for jet pr below 30 GeV,60 GeV and 100 GeV for the
first, second and third trigger condition displayed, respectively.

Average transverse momentum

The average transverse momentum that a constituent of the triggered jet carries is shown
in [Fig. 5.22 The top and middle row show the 2D distributions in vacuum and in
medium, the bottom row displays the profiles of these distributions. In the 2D distri-
bution a stripe pattern in visible. This corresponds to the momentum of the jet being
divided by an integer number of constituents. The uppermost stripe corresponds to a
single particle jet (i.e. the jet contains only the trigger particle), the stripe below that
corresponds to a two-particle jet, and so on. For a given jet momentum and number of
particles in the jet, the average momentum carried by a single jet constituent lies, in the
2-dimensional distributions, below the pr of the trigger particle. The higher the trigger
pr is, the larger the difference between the trigger and the average of all particles. For ex-
ample, in the 2D vacuum distribution for 6 < pr < 8 GeV, the predominantly triggered
jet pr lies in the range 15-40 GeV. The average momentum per jet constituent for this
jet momentum range is 2-3 GeV. This means that in JEWEL the main fraction of the
triggered jet momentum is carried by the trigger particle. When looking at the mean
average transverse momentum per jet constituent, it is slightly higher in the medium
case for the same ranges in jet pr where the number of constituents was lower in the
medium case than in the vacuum case.

The 2D distribution of average transverse momentum carried by a constituent for differ-
ent parton pr is shown in the top and middle row of The profiles are shown in
the bottom row. It was found that at low parton pr, in the medium case predominantly
jets with lower pr than jets in the vacuum case are selected. Therefore, the average trans-
verse momentum per jet constituent is in this parton pr range higher in the medium case
than in the vacuum case. However, since the same jet pr can be selected for different
parton pr, the mean average transverse momentum fraction is mostly constant across
all parton pr. (Apr)econst. increases for all parton pp with increasing trigger pr, which is
consistent with the previous findings.
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Figure 5.22: Top and middle: Average transverse momentum per jet constituent vs. the pr
of the triggered jet, in vacuum and medium. Bottom: Mean average transverse momentum of
the triggered jets constituents vs. the triggered jet pr.
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Figure 5.23: Top and middle: Average transverse momentum per jet constituent vs. the
pr of the corresponding parton, in vacuum and medium. Bottom: Mean average transverse
momentum of the triggered jets constituents vs. the parton pr.

Average angular distance

The 2-dimensional distributions of the average angular distance of the triggered jet con-
stituents for different parton pr are plotted in the top and middle rows of
Consistent with the observations made for the triggered jet momentum, the predom-
inantly triggered range in parton pr broadens for the vacuum and medium case with
increasing trigger pr. The average angular distance decreases for both cases with in-
creasing trigger pr. The mean average angular distance is plotted in the bottom row of
Fig. 5.24] There it can be seen that (Ayp,) changes from ~ 0.18 to ~ 0.16 when the
trigger pr increases from 2-4 GeV to 12-14 GeV. Since it was established that soft frag-
ments get spread wider in the medium than harder fragments, it seems counterintuitive
that constituents in jets originating from low pr parton have on average a smaller average
angular distance to the jet axis in the medium case than in the vacuum case. The con-
stituents of those jets are expected to be quenched significantly compared to the jets in
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Figure 5.24: Top and middle: Average angular distance of the constituents of the triggered jet
to the triggered jet axis vs. the pr of the corresponding parton, in vacuum and in medium.
The different trigger conditions are indicated on the plots. Bottom: Mean average angular
distance of the triggered jets constituents vs. the partons pr.
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the vacuum case. However, for the interpretation of this finding the fragmentation and
behavior of (Ayp,) for different jet pr have to be considered.

The distributions of average angular distance for different jet and trigger pr are shown
for the vacuum and medium case in the top and middle row of [Fig. 5.25 The distri-
butions are very similar for both cases. The only difference visible in the 2-dimensional
distributions is the larger range in jet pr in the vacuum case. The mean average an-
gular distance per jet pr and for each trigger condition is shown in the bottom row of
Fig. 5.25 There it is confirmed that the behavior across the trigger conditions and differ-
ent jet pr is very similar for the vacuum and medium case. However, it is observed that
across all trigger conditions and for jet pr <30 GeV,60 GeV and 100 GeV, in the plots
of the three trigger conditions respectively, the mean average angular distance of the
triggered jet constituents is smaller in the medium case than in the vacuum case. These
ranges correspond to the ranges found above, where a smaller number of constituents and
higher average transverse momentum per jet constituent was found. This leads to the
conclusion that the soft fragments of a parton, which is quenched to lower momentum,
are scattered outside the cone of the reconstructed jet. A jet in vacuum, however still
contains soft fragments, hence the lower average transverse momentum per constituent.
Therefore, the average angular distance to the jet axis of the remaining constituents is,
in the medium case, smaller than in the vacuum case. This also explains the lower (Ap,)
in the medium case compared to the vacuum case at low parton pr. It was established
that at low parton pr, the average jet pr is lower in the medium case than in the vacuum
case. Since at low jet pr, the average angular distance of the jet constituents is smaller
in medium than in vacuum for the same jet pr, (Ap,) is correspondingly lower in the
medium case than in the vacuum case at low parton pr.

Summary

In this section, the influence of a hadron trigger on the general distributions, discussed
in [Section 5.2] was analyzed. It was found that the application of a trigger condition
selects with increasing trigger pr increasingly broad ranges in parton pr and jet pr.
With increasing trigger pr, the leading jets are selected with increasing probability as
compared to the sub-leading jets. The fragmentation is very much dependent on the
considered pr range for both the parton and the triggered jet. For a parton in the
medium case, the soft fragments are scattered outside the cone of the reconstructed jet.
Therefore, for the same triggered jet pr, jets in the medium case contain on average less
particles but with higher average transverse momentum per constituent in the medium
case than in the vacuum case. Correspondingly, the average angular distance of the
constituents to the jet axis is in the medium case smaller than in the vacuum case for
comparable jet pr. Since for the same parton pr the jets in the medium case have, on
average, less transverse momentum than in vacuum, the constituents of the medium jet
are on average located closer to than the constituents of the vacuum jet for the same
parton pr as well.
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Figure 5.26: Path-length distributions for different hadron trigger conditions. The left plot
shows the distribution of the geometrical path-lengths, the right plot the distribution of
weighted path-lengths.

5.4.2 Hadron triggered path-length distributions

Since the goal is to measure different path-lengths with different trigger conditions and
correlation functions, it needs to be specified what path-length is actually selected with
a certain trigger condition. This was studied with the geometrical and energy-density
weighted path-length distributions, generated for the partons corresponding to the trig-
gered jets that were triggered with the different trigger conditions. A selection of dis-
tributions can be seen in The left plot shows the distributions of the simple
geometrical path-length, the right plot the distributions of the weighted path-length.

The distributions for all trigger conditions are very similar. It was found before that a
trigger hadron selects a broad range in jet pr and parton pr. The path-length, which is
assigned to the hadron trigger and triggered jet, depends very much on the individual
parton pr and jet pr considered in each case. The fact that the distributions for the
different trigger conditions are so similar is a first indicator that only a single hadron
trigger without further information is not suited to measure the path-length differences
between different jets. This is discussed in further detail below. A small shift is, however,
visible of the weighted path-length distribution for 2 < ptT”g < 4GeV to higher values
of Le compared to the other distributions. Since jets with this trigger condition do
not contain particles with a momentum larger than pr = 4 GeV and therefore have an
overall very small momentum (smaller than the usual application range of JEWEL), it
is possible that these jets are actually only clusters of random soft fragments outside of
the jet cone. When these clusters are matched to a parton, on average higher energy
densities are necessary to quench the parton to the cluster momentum, hence the shift
of the distribution.

To get a clearer picture in general of the shift in the selected path-length with changing
trigger conditions, the mean of each distribution is compared for all trigger conditions.

The associated plots are shown in [Fig. 5.27, The top row shows the mean and widths of
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Figure 5.27: Mean and standard deviation of the (weighted) path-length distributions for
different trigger conditions. The top row corresponds to the simple geometrical path-length,

(0-10)% this work

8.

[ JEWEL+PYTHIA ‘
r L2<p™<4GeV  6:12<p % <14 GeV
7= ; '

8 - 2:45p"T"9<5(5ev 7:145p:_'g<16(:‘|ev
86: 36<p1"<8GeV  816<p!"<18GeV

. 4:85p_|"_ig<1OGeV 9:185p:ig<2(JGEV

= trig
C 5:10<p_" <12 GeV

8.5— T

8.4 ° .
: -
|- - . . .
3.3_—
Lol b b b b bewna b b b
g2l
trigger condition
(0-10)% this work
27.2¢
F JEWEL+PYTHIA ‘

27 12<p<4GeV  6:12<p%<14GeV
268~ 2:45p:‘9<5(5ev 7:145p:_ig<16(:‘|ev
266 36<p1"<8GeV  816<p!"<18GeV
26.4F 48<p?<10GeV 9:18 <p"° <20 GeV

C trig

E 5:10<p™ <12 Gev
26.2 Pr
26

|- L |
25.8— .

C ]
2560 .

C o
2541

Bl b b b e bl b L
252

3 4 5 6 7 8 9 10
trigger condition

5 (0-10)% this work
£ E JEWEL+PYTHIA
= C trig trig
=261 L2<p "<4GeV 6:12<p ~<14GeV
M- 2:4<p™Mo6GeV T 14<p™M<16GeV
26F o o
F 36<p "<8GeV 8:16<p "<18GeV
2,591 4:85p_|"_ig<1OGeV 9:185p:_ig<EOGeV
2585 510 < pT <12 GeV
2570 o : %
B 1
2_ L
56E ;
255§
2_54:‘.\1””\””\....|mmH..l....luumulH
trigger condition
(0-10)% this work
152
£ [ JEWEL+PYTHIA ‘
S 12<p<4GeV  6:12<p%<14GeV
8151:_ 2:45p:‘9<5(5ev 7:145p_|"_ig<166ev
315: 36<p™<8GeV  8:16<p" <18 GeV
v 48<p"<10GeV 9:18 <" <20 GeV
1492 510 < pT <12 GeV
C i 8 oy 3
14.8—
147
ol by b b b b b b Pean i b
W T Y s e 7 8 9 10

trigger condition

the bottom row corresponds to the energy-density weighted path-length.
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the distributions of the geometrical path-length, the bottom row the means and widths
of the weighted path-length. On average, a trigger hadron with high pr selects a shorter
(weighted) path-length than a trigger with comparatively lower pr. It was found that
with the hardness of the trigger hadron, the momentum of the triggered jet increases
on average. In comparison with the average triggered parton pr, jets transferred less
momentum to the medium than jets which have a lower pr leading track. Therefore,
the path-length of high pr jets is, on average, smaller. However, when comparing the
maximum shift of the mean to the average width of the distributions, one observes that
the average width of a (weighted) path-length distribution is ~ 10 times higher than
the shift in mean between the lowest (2-4 GeV) and highest (18-20GeV) trigger con-
dition. Thus, solely with the evaluation of jets via single hadron triggers, statements
about the mean path-length corresponding to this trigger particle can be made, but the
measurement is very imprecise. The width of the geometrical path-length distribution
increases with increasing hardness of the trigger particle, while the width of the weighted
distributions increases only very slightly. This can be interpreted as follows. When com-
paring the average triggered jet momentum of a low pr trigger hadron to the average
parton momentum, in most of the cases a large experienced energy density is necessary
to quench the jet to the observed momentum. Jets with a high pr leading track can
originate either from very energetic partons, that transferred a large amount of their
momentum to the medium, or they can originate from less energetic partons that only
transferred a small amount of their momentum to the medium. Therefore, the range
in experienced energy density is larger for high pr trigger hadrons. This translates not
to a large absolute increase of the weighted path-length distributions width, but more
strongly as a relative increase of the width with respect to the mean weighted path-length
selected. This means that, although jets with high pr leading tracks can be generated
via both processes, the latter occurs more frequently. In the widths of the geometrical
path-length distributions, the increase is observed as absolute change of the width.

5.4.3 Path-length with respect to the event plane

Clearly, only the selection of a hadron trigger without further information is not sufficient
to study the in-medium path-length of partons in much detail. In the
investigation of triggered jets with respect to the event plane was already discussed
as an option to study the path-length with a single hadron trigger. The additional
information of the jet angle potentially allows for a more differential and precise analysis.
The event plane study is done in simulations with both (0-10) % centrality and (50-
60) % centrality. The additional parameter used is the jet angle, relative to the event
plane: A¢ = |Pjet — Yevent plane|- Since the angle of the event plane is always zero in
JEWEL, Wevent plane = 0, A¢ is the angle of the jet, reduced to the interval [0,7/2].
The path-length is evaluated in bins of 7/12 (15°) of the relative jet angle. The first
bin (A¢ € [0,7/12]) corresponds to jet ¢ closest to the event plane (“in-plane”), while
A¢ = |jet — Yevent plane] € [57m/12,7/2] corresponds to jets located transverse to the
event plane (“out-of-plane”).

The distributions for the path-length of any jet (i.e. no selection criterion is applied),
for (0-10) % and (50-60) % centrality are shown in [Fig. 5.28 Since the overlap region
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Figure 5.28: Untriggered path-length distributions in different bins of jet  relative to the event
plane. Left: (0-10) % centrality. Right: (50-60) % centrality.

for the (0-10) % centrality interval is quite symmetrical, the path-length distributions
corresponding to the two bins most in-plane and most out-of-plane are very similar. For
(50-60) % centrality, the peak of the path-length distribution shifts to higher values for
more out-of plane intervals. At the same time, the shape of the distribution changes.
With increasing relative jet ¢, the distribution develops a tail towards higher path-
lengths. This is due to the highly asymmetric shape of the overlap region in this centrality
interval. Although the opening angle of each distribution is the same, the path-lengths
at the limits of each bin in A¢ are different. For the bin most in plane, the path-
lengths corresponding to A¢ = 0 and A¢ = 7/12 are very similar. In the bin most
out-of-plane, the path-length corresponding to A¢ = 57/12 is much smaller than the
path-length corresponding to A¢ = /2. Therefore, the distribution for in-plane bins is
rather symmetric with only a small tail towards higher L, while the distribution becomes
increasingly asymmetric for more out-of-plane bins.

The means and widths of the path-length distributions for both centrality intervals are
plotted in[Fig. 5.29 The mean of the distributions for both centralities is shifted towards
higher values for the more out-of plane bins. The effect is much more prominent in the
simulations with a peripheral medium. Due to the geometry of the overlap region, the
most out-of-plane bin in A¢ corresponds to the largest path-length, while the in-plane
bin corresponds to the small path-lengths. In peripheral events, the overlap region is
much more asymmetric and the difference between in-plane and out-of-plane is larger
than in central events. The correspondence between A¢ and path-length can be seen
directly in the shift of the means. Between the most in-plane bin and the most out-of
plane bin, for (0-10) % the mean shifts by ~0.34fm, for (50-60) % by ~0.95fm. The
width for (0-10) % is mostly constant at ~ 2.56 fm, only for the two most out-of plane
bins it increases slightly by up to 0.04 fm. The width for (50-60) % increases overall by
~ 0.27fm from the first bin in A¢ to the last bin. However, for two bins (3 and 4),
the width decreases again. When comparing the path-length distributions in these bins
to the other distributions, there the shift in mean path-length is predominantly caused

58



5.4. TRIGGERED DISTRIBUTIONS

r’this work (0-10)% this work (0-10)%
€ °F JEWEL+PYTHIA . E F~ JEWEL+PYTHIA .
E E 120510, Yo pianel € [0.75] Soes b A0=0, ¥ o pianel € [0. 5]
~ B8I9 5. Adcln - . o Foope ancin - T T
T 280210, Vouempenel < [13 5] 266F- 2:A0=10, Y vonparl <[5 5
[ . b [ . T
8.8 ¥ A‘D:lq)]el"yavent planel € % ’ Z] ¥ A‘D=|(Plel"¥‘3“"”t planl € [76_! ’ Z]
n e 264 e
C 40000 o <[5 ] T A0 o <[5 ]
Fos T 5 ¢ 262— .. T 5
87 & A¢=I¢lﬂ>‘l’e,emmIE[§7; ﬁ} . F s A¢=|¢|,."Pevemmme|e[§1; ﬁ}
B 6:A¢=\¢Jel-‘vmmwm\e[ﬁ,’z—‘} 2.6:— 6:A¢=“"Je;‘1'evemwm‘E[ﬁ%} .
B.Gj . 258 -
35:_ . 2.56; . * ° *
- . 2,54
84— o E
L 252F
g3l L v L L 2_5:‘@.‘”\H..\..“I“le.w..
A interval A interval
(50-60)% ) (50-60)%
£ [ JEWEL/PYTHIA . £ 2'C JEWEL:PYTHIA .
S F L8059, Vol € [0 73] . = b 180slg W € [0 73] .
2 5 T w205 T
58— Z'A'p:‘(PJel'anvemp\ane‘El:ﬁ g} = 2'A¢=‘¢Jel-q’evemp\ane‘g[ﬁ g}
L ¥ A‘D=|(Plel"¥9""”t p|.m| € % ' 74_5] 2; ¥ A‘D=|(Plel"¥‘3“"”‘ ""’"El € [% ' j'4_!]
. ™ - ~ . b
S8 41000t Fomsrd <[5 voof 9 <3
C 5 A‘D:l(p]el—wevent plunal € E;l ' %} F = A‘D:l(p]el—‘*’evem plunal € [%: ' %}
54 6800, Popmpund < [75-3] o 195 6: 4010, Pospupunel <[5 3]
3 1.85—
52— - E .
= R 18- B
5 c
C . 175 .
o I N RN ERPRTRN B RRTRTEN RS B N R ERTETIIN EUTUTITEN AU SR
A interval Ag¢ interval

Figure 5.29: Mean and standard deviation of the untriggered path-length distributions in the
different bins of A¢. Top: (0-10) % centrality. Bottom: (50-60) % centrality.
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Figure 5.30: Distribution of triggered and untriggered jets in angle wrt. the event plane. Left:
(0-10) % centrality. Right: (50-60) % centrality.

by a shift of the peak, while for the other bins the broadening of the distribution is
the main factor. The overall increase of the width can be explained with the geometry,
as was already done above. More complicated cases are the two A¢ bins, where the
shift in mean is predominantly caused by a shift of the peak and not by a broadening
of the distribution. This is explained in the following. The mean of the distribution is
the indicator, which path-length corresponds on average to the selected A¢ bin. The
peaks, however, indicate which path-length most of the jets are associated with. The
distributions shown in are the average of all jets. Depending on the momentum
profile of the simulation, a specific average jet momentum can be assigned to the average
jet. As different bins in A¢ correspond to different path-lengths, the bins also correspond
to varying amounts of momentum which is transferred from an average parton to the
medium. When comparing the momentum of an average jet to the average momentum of
a parton, the momentum difference between the two therefore corresponds to a specific
path-length and, accordingly, to a specific bin in A¢. In the corresponding bin, most of
the jets then have a path-length close to mean path-length associated with an average
jet and the width decreases. The number of A¢ bins over which the width is observed
to be decreasing is an indicator for the width of the average pr range. When comparing
the shift in the mean to the width of the distributions, the comparison of the most out-
of-plane bins in events with different centrality constitutes on this general basis the most
promising way to measure the path-length.

To quantify how the path-length distribution with respect to the event plane changes
when applying a trigger condition to the selected jet, first the distribution of differently
triggered jets with respect to the event plane is examined. Since more out-of-plane bins
correspond to larger path-lengths and therefore on average more transfered momentum,
it is expected that the jets triggered with high pt have a stronger dependence on the event
plane than jets triggered with lower pt. The distribution of triggered jets within a certain
relative angle to the event plane is plotted for (0-10) % and for (50-60) % in [Fig. 5.30]
For comparison, also the distribution for all jets (no restriction on the selection) is
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Figure 5.31: Mean and standard deviation of the path-length distributions for different trigger
conditions and in the six different bins of the jet angle relative to the event plane. Top: (0-10) %
centrality. Bottom: (50-60) % centrality.

shown. For (0-10) %, only a small shift between any trigger condition and the untriggered
distribution and no significant shift in between different trigger conditions is visible. For
(50-60) %, a larger shift is visible between the untriggered and triggered distributions.
As well, no significant shift is observed between the different trigger conditions.

Like was done before for a general jet , a path-length can be assigned to the
triggered jets in the different A¢ bins and for the different trigger conditions. The means
and widths of those distributions are shown in |Fig. 5.31. The observed shift in the mean
path-length between different bins of relative jet ¢ is more prominent for (50-60) % than
for (0-10) %. Although in the distribution of jets per A¢, no visible shift between the
distributions for different trigger conditions was observed, there is a small though visible
difference for the mean path-length. For both (0-10) % and (50-60) %, the shift in mean
path-length is largest for the highest trigger pr with 18-20 GeV between the most in-
plane and most out-of plane A¢ bins. For (0-10) % this is ~ 0.9 fm and for (50-60) %
the difference is ~ 2.6 fm. The bin, after which the highest pr trigger have a larger
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path-length than the lowest pr trigger is met earlier for (50-60) % than for (0-10)%
(bin 4 vs. bin 5). This is due to the different asymmetries of the overlap regions for
the two centralities. In (50-60) %, the path-length difference between two bins is larger
than for (0-10) %. The behavior for the different trigger conditions is consistent with
the previously stated findings and assumptions. The widths of the distributions increase
for both centrality intervals with increasing relative jet ¢. In both cases, the width
for 2-4 GeV trigger momentum increases least with more out-of-plane bins, while the
increase of width is more steep for higher trigger momenta. Due to the same symmetry
argument, the behavior of the “crossing point” is inverse to what was observed for the
mean path-length. Distributions from high trigger pr reach the comparatively higher
width earlier for (0-10) % (bin 3), than for (50-60) % (bin 6 or, hypothetically, later).

When comparing the shift of the means and the widths of the distributions, two observ-
ables emerge as promising tool to study the in-medium path-length of jets with single
hadron triggers and the additional information of the relative jet . The difference of
the mean path-length of a triggered jet with high pr leading track of the most in-plane
A¢ bin to the most out-of plane bin is for (50-60) % centrality larger than the widths of
the corresponding path-length distributions. Therefore, the analysis of high pr trigger
particles with respect to the event plane in peripheral events is a good choice to measure
the in-medium path-length of jets. The other possibility is the comparison of the same
trigger condition in the same bin of A¢ for different intervals of centrality. Especially
for the most in-plane bin, A¢ € [0, /12|, the difference in mean path-length for the two
different centrality intervals is considerably larger than the widths of the distributions.
For the lowest bin in trigger pr, the difference of the mean path-lengths (3.3 fm) is 1.3
times as large as the width of the distribution for (0-10) % centrality and almost twice
as large as the width of the distribution for (50-60) % centrality. To study this with
correlation functions, the shift of observables obtained from correlation functions will be
investigated for the same set of trigger conditions and bins in relative jet ¢ in[Section 5.5

5.4.4 Dihadron trigger

The other trigger condition, which was discussed in as promising tool to
study the in-medium path-length of jets, is a back-to-back dihadron trigger. For this

. o . . . trig 1
trigger condition, two hadrons in two specific momentum intervals are selected, pp*®

and ptTrig ?. Both hadrons are again required to be the leading track of the jet they are
contained in. Furthermore, the two hadrons which lie in their respective momentum
interval have to be back-to-back in azimuth. This is done by checking if the difference

of their azimuthal angles is less than 7 + £:

il
8

With the application of different momentum trigger conditions to the two hadrons, one
can potentially select different jet momenta and, provided the hadrons originate from
the same dijet system, different path-lengths. In the previous section, it was already
checked that a single hadron trigger with varying momentum indeed selects (predomi-
nantly leading) jets in different momentum ranges. However, it was also found that the

ASotlrig = H@trig 2 — Ptrig 1’ - 7T| < (512)
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Figure 5.32: Jet momentum for different combinations of back-to-back dihadron trigger condi-
tions. Top: vacuum. Bottom: (0-10) % medium.

corresponding parton has a large range in pr. The picture is different, though, when
selecting two trigger hadrons, at least in this analysis. Since JEWEL only simulates one
dijet system per event, in this analysis it is ensured that the two triggered jets indeed
originate from the same hard scattered parton pair. In real data analysis or even sim-
ulations which generate more than one dijet system per event, the mapping is not as
explicit. In simulations, one can check the associated parton momentum, to make sure
the two triggered jets originate from the same parton pair. Since the parton momentum
itself is not accessible to measurements, this is not possible in real data analysis. There,
the only way to ensure that the hadrons originate from the same dijet system is to re-
strict the range of the azimuthal angle difference and estimate the fraction of mismatched
hadron pairs by comparison with simulations. However, as was said before, in JEWEL
and therefore in this analysis this complication does not arise. To check, if the momenta
of the triggered jets are consistent with what was found for a single hadron trigger, the

jet pr spectra for different combinations of trigger conditions are investigated.
trig 1

The distribution of the triggered jet momentum for different combinations of p;° " and
ptTrig % are shown in . The top row corresponds to dijet systems in the vacuum
case, the bottom row to the (0-10) % medium case. In the left column, the most asym-
metric trigger momentum intervals, 12-16 GeV for trigger 1 and 2-4 GeV for trigger 2,
are used, in the right column, the most symmetric momentum combination, 12-16 GeV
and 10-12 GeV, is displayed. In consistency with the single hadron trigger, trigger par-
ticles with higher momentum have a wider range in jet pr and, on average, select jets
with higher momentum than a trigger particle with comparatively lower momentum.

Therefore, the asymmetry of the trigger conditions is reflected in the distribution of
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Figure 5.33: Parton momentum for different combinations of back-to-back dihadron trigger
conditions. Top: vacuum. Bottom: (0-10) % medium.

triggered jet momentum. In the vacuum case, the triggered jet momentum adapts more
rapidly with proceeding symmetry. For 12 < pffigl < 16GeV and 6 < ptTrng < 8GeV,
the distributions are almost congruent in the vacuum case, while the peak is still shifted
by ~ 20 GeV in the medium case. It is remarkable that, although the trigger momentum
of trigger 1 is constant across all combinations, the jet pr distribution shifts nonetheless
also for trigger 1 when changing trigger 2. From the most asymmetric case to the most
symmetric case, the peak of trigger 1’s distribution is shifted by ~ 10 GeV towards higher
pr. This indicates that a variation of trigger 2’s momentum influences the path-length of
both triggered jets. Furthermore, it was found previously that the same trigger condition
applied to the same parton momentum yields lower jet momenta in the medium case
than in the vacuum case. The fact that the dihadron trigger conditions select so similar
ranges in vacuum and in medium implies that the underlying parton pt range is different
in both cases. This is confirmed with the distributions of parton momenta associated
with the two trigger hadrons for varying trigger conditions, as shown in [Fig. 5.33. For
the same trigger condition, the selected average parton pr is larger in the medium case
than in the vacuum case for all trigger conditions. Only the shift of the peak from most
asymmetric to most symmetric trigger conditions is similar in both cases (~ 30 GeV).
This complicates the determination of medium modifications. The change of an observ-
able between medium and vacuum for a specific trigger condition cannot be taken as
measure, since the underlying system is not the same. Instead, only the relative changes
between different trigger conditions in vacuum and medium can be compared.

The path-length corresponding to a triggered jet is determined in the same way as be-
fore. The distributions of (weighted) path-length for trigger 1 and trigger 2 are shown
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Figure 5.34: Path-length distributions for different combinations of back-to-back dihadron
trigger conditions in (0-10) % centrality. Top: Geometrical path-length. Bottom: Energy-
density weighted path-length.

in for different trigger momentum combinations. The asymmetry of the trig-
ger conditions and the triggered jet momentum is reflected in the distributions for the
(weighted) path-length. The higher the momentum of the triggered jet, the lower the
corresponding (weighted) path-length. For the most asymmetric trigger momentum bins,
the peaks of the distributions are shifted by ~ 3fm. For the most symmetric bin, the
distributions are almost congruent. In the distributions of jet momentum it was in-
dicated that the momentum selection of trigger 2 influences the path-length of trigger
1, even for a constant p'&fig interval. This is confirmed in the distributions. The peak
of the geometrical path-length distribution for trigger 1 shifts from ~ 7fm to ~ 8fm.
This shift is smaller than for trigger 2, where the peak is displaced by 2fm. However,
although the shift for trigger 1 is smaller than for trigger 2, this shows that for different
trigger conditions, the path-length of trigger 1 cannot be taken as constant comparison
value to draw the connection between the absolute path-length and energy loss with the
different jets triggered by hadron 2. Instead, only statements about the relative change
in path-length can be made.

The behavior of the weighted path-length distributions is very similar to the behavior
of the distributions for the geometrical path-length. For a low pr hadron as trigger 2
(left plot), the mean energy density experienced over its path is higher than for trigger
1. Since the jets containing the trigger hadrons originate from two partons with similar
momentum, the difference in experienced energy-density over the path results in different
amounts of momentum transfered from the jets to the medium and therefore different
jet momenta. This is consistent with the observations made above. For more symmetric
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Figure 5.35: Mean and standard deviation of the path-length distributions for different back-
to-back dihadron trigger conditions. Top: Geometrical path-length. Bottom: Energy-density
weighted path-length.

trigger conditions and therefore similar triggered jet momenta, the experienced energy
density aligns accordingly for triggers 1 and 2. It is noticeable that the weighted path-
length distributions, by comparing the peak position to the width, are much wider than
the geometrical path-length distributions. This is due to the different values of energy
density at different positions in the overlap region. For the geometrical path-length, the
deciding factors for the path-lengths reached by jets triggered with a specific hadron pair,
are the scattering position and the angles of the partons. When, however, the energy-
density is added to the picture, small shifts in vertex position and angle can result in
large differences of the energy density experienced. Therefore, a relatively small range
in geometrical path-length is expanded to a considerably larger range when the energy
density is taken into account.

To get an impression how precise path-length differences can be measured between differ-
ent trigger conditions, the means of the (weighted) path-length distributions are again
compared to the widths. It should be noted that, due to the slightly asymmetrical
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shape in the case of simple geometrical path-length and the very asymmetrical shape
of the weighted path-length distributions, the mean is not necessarily the same as the
peak position. Therefore, the shift in mean can be smaller than what was observed for
the peak position. However, for the comparison with real data, the (weighted) path-
length which is on average accessed with a certain trigger condition, provides the more
well-defined quantity. The distributions of the mean (weighted) path-length and the
associated widths are shown in [Fig. 5.35 Like it was seen in the path-length distribu-
tions, the difference in path-length decreases for more symmetric trigger conditions. The
difference in mean geometrical path-length drops from ~ 2fm for 2 < pE? < 4GeV
to ~ 0.3fm for 10 < p*®* < 12GeV. For the weighted path-length, the mean drops
from ~ 11GeV/fm? to ~ 1.5GeV/fm?. In both cases, the shift in mean path-length
difference between asymmetric and symmetric trigger conditions is approximately of
the order of the average width of the corresponding distributions. The widths of the
geometrical path-length distributions increase for both trigger particles and for increas-
ingly symmetric trigger conditions. The difference in width is approximately equal for
both trigger particles between the most asymmetric and the most symmetric trigger
conditions. Meanwhile, the widths of the weighted path-length distributions increase as
well for both trigger particles and for increasingly symmetric trigger conditions, but the
increase is much larger for trigger 1 than for trigger 2 (~ 1.1fm vs. ~ 0.4 fm).

One further interesting observation can be made when looking at the 2-dimensional dis-
tributions of the weighted and geometrical path-length for different trigger conditions,
[Fig. 5.36] Like it was done in[Section 5.3 the minimum value is plotted against the max-
imum value. The distributions are in all cases very similar to the general distributions
shown in [Fig. 5.13| and [Fig. 5.16| Furthermore, there is no difference visible between
the different trigger conditions. This indicates that the effect of surface bias, discussed
in [Section 3.3 is not as prominent as it is generally assumed, e.g. [58460]. If it was,
there would be a shift of the distribution to large L.« and at the same time small L,
visible for the most asymmetric trigger conditions. The differences in mean path-length
for trigger 1 and 2 and between different trigger conditions in general are not as large
as the discussed differences for triggered jet with respect to the event plane (see above).
This leads to the conclusion that single hadrons, studied with respect to the event plane,
may actually be suited better to study the path-length of hard scattered partons than
dihadron triggered jets. However, for a definitive statement this still has to be compared
to the conclusions obtained with the study of correlation functions. In the next section,
the generation and evaluation of correlation functions is described in detail.
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Figure 5.36: Distributions of the triggered (weighted) path-length, minimum value vs. maxi-
mum value. Left column: Most asymmetric dihadron trigger conditions. Right column: Most
symmetric dihadron trigger conditions. Top: Geometrical path-length. Bottom: Weighted
path-length.
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5.5 Correlation functions

In the previous sections, jets and jet modification were characterized on a general basis.
Furthermore, it was analyzed how the application of a trigger condition to the jets selects
certain fragmentations or path-lengths of the scattered partons. To draw the connection
to observables obtained from correlation functions, the generation of two-particle and
2+1 correlation functions, already introduced in[Section 3.3] is explained in the following,.

5.5.1 Two-particle correlations

In angular two-particle correlations, a different approach to jet measurements is taken.
Instead of reconstructing the jets from all the measured particles, a single hadron is
taken as a proxy for the jet. It is assumed that this hadron contains the original hard
parton. The single hadron, selected from a certain pr interval, is the trigger particle.
The angular distances both in ¢ and 7 of all other particles in the event, the associated
particles, to the trigger particle are calculated. ¢ is the azimuthal angle of the particles,
1 the pseudorapidity. Like it was done before in the analysis with reconstructed jets,
only events for which |npartons|] < 1 — R = 0.4 is fulfilled are selected. In these events,
only particles within |n| < 1 are considered for the correlation function. For a differential
analysis, the associated particles are selected in momentum bins as well. This is done for
all events which have a particle with p™ < prtrrig < pp*®. As triggered parton pr range,
the same bins as before were selected, i.e. bins with width 2 GeV ranging from 2-20 GeV.
The associated momentum is binned with width 1 GeV, ranging from 0 to 10 GeV (both
exclusive). When correlations with respect to the event plane are studied, the trigger
particle is additionally sorted into one of the A¢ bins already defined in [Section 5.4 If
multiple particles in one event fulfill the trigger condition, the relative angles between
each of the trigger particles and the corresponding associated particles are calculated. If
the momentum interval of the trigger and associated particles overlap, the particle with
higher momentum is taken as trigger particle. To prevent correlations of a particle with
itself, in overlapping trigger and associated momentum intervals, as well the barcode (a
unique number assigned to each particle in an event) is taken into account. All particles
are taken from the same event. The corresponding (same event) correlation function is
obtained by counting the number of associated particles in an interval of (Ay, An):

1 &N
S(Ap, An) = 5.13
(Ap, An) Now dApdAy (5.13)
AQO = Passoc — Ptrig

A?] = TNassoc — Ttrig

The correlation function is normalized to the number of trigger particles in the selected
momentum range. An example is shown in [Fig. 5.37 Due to the restricted 7 range,
|An| cannot be larger than 2. In azimuth, the whole range is accessible. The correlation
function still needs to be corrected for the limited acceptance of the chosen 1 range. The

peaks in |Fig. 5.37| are explained after the correction was applied.
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Figure 5.37: Uncorrected correlation function for 4 < ptTrig < 6GeV and 2 < pF°°¢ < 3GeV.

Correction with mixed events technique

Due to the limited acceptance in 7, pairs of particles are detected with differing effiency,
depending on their individual An. Particles which are close in 77 are more probable
to be detected, even if the particles are located close to the edge of the acceptance.
When one particle, however, is located inside the accepted area, but the distance to
another particle is large in 7 so that it lies outside of the acceptance, the pair is not
detected. To correct for this effect, the mixed event technique is commonly used , ,
. For this technique, trigger particles and associated particles are taken from different
events. In this way, the particles are not physically correlated. Any correlation which
is observed between two particles from different events is therefore due to acceptance
effects. The particles themselves are, like for the correlation function generated with
same event pairs, taken from |n| < 1. The cut on the partons 7, though, is removed
for the mixed events, i.e. all events which contain particles within < 1 are used. The
strong parton n cut, which was used for the previous jet reconstruction as well as for the
same event correlation function, is needed in these cases to ensure that the majority of
the relevant particles lie inside the acceptance. In the determination of the uncorrelated
background, however, the strong cut introduces a bias which disturbs the shape of the
background function. The 2D mixed event function is shown in Particles
which are close in 7 are almost always detected (unless one particle is directly at the
limit of the acceptance and the other one outside), while particles with |An| = 2 are
almost never detected (only when both particles are exactly at the two limits of the
acceptance). The mixed event correlations are, as well, normalized. Since two particles
that are located inside the accepted area with exactly the same 7 are always detected,
the distribution is normalized to 1 at (Ag, An) = (0,0).

The same event correlation function is divided by the mixed event distribution to correct
for the kinematic acceptance. In real data analysis, the correlation function has also to
be corrected for single particle efficiencies, since real detectors detect particles not with
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Figure 5.38: Mixed event correlation function. The same trigger and associated pr ranges as
for the same event correlations where used, but trigger and associated particles are taken from
different events.

100 % efficiency. However, since in JEWEL every generated particle, which is located
inside the acceptance, is "detected”, these corrections are not needed for this analysis.
The resulting corrected correlation function (C' = S/B) is shown in The effect
of the uncorrelated background is very small in JEWEL, the only visible difference is
a slight broadening of both peaks in An. Two peaks are observed in the correlation
function, one at Ay = 0 = An and one at Ap = w. The second peak is smeared in An.
The peak at Ay = 0 is caused by the particles contained in the triggered jet. Assuming
they are located close to the trigger particle, the relative angles are small and result in
the peak around Ay = 0 = Apn, the near-side. The smaller peak corresponds to the
recoil jet. Since the partons are emitted back-to-back in azimuth, the peak is located at
Ay = m, the away-side. The peak is smeared in An, since the pseudorapidities of both
hard scattered partons depend on their momentum fraction taken from their original
hadron. Contrary to the distribution shown in [Section 3.3] the peak is not smeared over
the complete An range. This is due to the n cut on the partons.

Extracting the observables

From the correlation function, different observables can be extracted. The per-trigger
yield Y provides insight into the number of particles which are contained within the
jet. By binning the momentum of the associated particles, this can be investigated
differentially. Medium modifications can be studied by comparing the yield obtained in
the vacuum to the yield in the medium case:

Vi
Ign = ?Pb. (5.14)

pp
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Figure 5.39: Corrected correlation function.

Deviations from 1 indicate the modifications. For example, an increased yield at low pr
and a decreased yield of high pr associated particles going from vacuum to medium is
an indicator that the high pr particles transferred their momentum to the medium and
are now observed as low pr particles. When analyzing the 144, one has to keep in mind
the previous findings. It was found, that the application of trigger conditions selects
different ranges in parton pr and jet pr in the vacuum and medium case. Therefore,
for an interpretation it has to be checked if the underlying processes are actually the
same. Support for a consistent interpretation is provided by the shape of the peaks. The
widths in Ag and An help to identify the fragmentation and, by comparison of vacuum
and medium, to infer the underlying process.

The per trigger yield is obtained by integrating the peaks individually. The integration is
done by adding the bin contents of the histogram. Since uncorrelated background is non-
existent in JEWEL, the integration can be done by simply singling out the peaks with
adequate integration ranges. Further background subtractions are not neccessary. To
include the peaks of all shapes, the integration ranges are kept as large as possible. The
near-side is integrated in the azimuthal range —7/2 < A < 7/2 and pseudorapidity
range —1.5 < An < 1.5. The limits in An are not extended to the edges of the acceptance
to exclude potential statistical fluctuations from the integration. It was found that this
range is sufficient to include all peak shapes. The away-side peak is integrated over the
same pseudorapidity range and the azimuthal range 7/2 < Ay < 37/2.

For the extraction of the widths in Ay and An, the 2-dimensional distribution is pro-
jected onto the respective axes. For the width in An, the projection range in Ay is
restricted to the integration ranges given above. The width is defined as the standard
deviation and is calculated from the bin contents, like was done for the yield. Examples
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Figure 5.40: Projections of a corrected correlation function, in vacuum and in medium. Left:
Projection on Ap. Right: Projection on An.

of projections on Ay and on An for the near-side peak can be seen in [Fig. 5.40] In A,
both the near-side and away-side peak are visible.

5.5.2 241 correlations

For a more detailed analysis of the away-side, the two-particle correlations are extended
to the 241 correlation analysis. In 241 correlations, two back-to-back hadrons are taken
as trigger particles. A schematic is shown in [Fig. 5.41] In this analysis, trigger 1 is
required to have a momentum 12 < pt{ig ' < 16GeV. The momentum of the second
trigger particle is varied between 2 < pi'8? < 4GeV and 10 < pi'8* < 12GeV in steps
of 2GeV. With these combinations of trigger pr conditions, one can probe the shift in
path-length observed in and clarify, how the effects of surface bias, which
were expected but not observed at the current statistics in the path-length distributions,
appear in the evaluation of the correlations. The back-to-back selection is done by
comparing the azimuthal angles of the two trigger particles. If they are separated by
7 £ %, the particles are accepted as trigger pair:

Appig = ||90trig 2 — Ptrig 1| =7 < g (5.15)
The relative angles of the associated particles are calculated with respect to both trigger
particles. The correlation function is then generated for each trigger particle individually.
The normalization factor for both histograms is the number of trigger pairs. In this way,
both the “trigger” and “recoil” jet, corresponding to trigger 1 and 2, form a distinct
peak on the near-side Agp = 0.
The correction for the limited acceptance is again done with the mixed event technique.
The trigger pair is taken from one event, the associated particles from another event.
Both histograms are corrected with the same mixed events distribution. Also the ob-
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Figure 5.41: Schematics of 241 correlations.

servables per-trigger yield and the widths in Ay and An are extracted for the 2+1
correlations.

The results from the analysis of per-trigger yield and the widths are discussed in the
following. Medium and vacuum case are compared, as well as different trigger conditions.
In the case of two-particle correlations, the resulting correlation functions in different
bins of trigger ¢ relative to the event plane are studied. In [Chapter 6] the findings of

this part are brought into the greater context of the entire analysis done in this thesis.

5.5.3 Results
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Figure 5.42: [44 two-particle correlations, near and away side for different trigger conditions,
for a medium with (0-10) % centrality.

First, the two-particle correlations were analyzed, with no restriction imposed on the
trigger angle relative to the event plane. The distributions for different trigger conditions
in (0-10) % compared to the vacuum case are displayed in[Fig. 5.42] The left plot contains
the Ixa of the near-side (i.e. of the peaks located at Ay = 0), the right plot the away-
side (Agp = 7). The distributions for all trigger conditions show large fluctuations. The
mean value on both the near-side and the away-side across all p§°° is 1. A deviation

from 1 means that the jet was modified by the medium. Since no consistent deviation
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from 1 is observed for the two-particle correlations Iaa, this gives the impression that
the particle yield associated with the jets is not modified by the medium. One has
to keep in mind the previous findings though. In [Section 5.4} the influence of trigger
conditions on the jet selection was studied. It was found that for the same parton pr,
trigger conditions select, on average, higher jet pr in vacuum than in medium, which
implies the occurrence of medium modifications. Furthermore, with the application of a
trigger condition, ranges in parton and jet momenta get selected. However, there is no
possibility to select a specific parton pr with the trigger condition outside the scope of a
simulation. Therefore, the Ix5 equal to unity in this case does not mean that the hard
scattered parton was not modified by the medium, but that instead of similar parton pr
similar jet pr were selected in vaccum and in medium. This excludes the simple two-
particle correlations from path-length studies, at least from the perspective of JEWEL.
For a definitive statement, however, the I55 and the observed fluctuations have to be
investigated further and be compared to real data analysis.

trig
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Figure 5.43: 144 of two-particle correlations with respect to the event plane for two different
trigger conditions, for a medium with (0-10) % centrality.
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In it was found that with the insertion of additional information, the jet
angle relative to the event plane, the path-length for different trigger conditions can be
studied in more detail than with a simple inclusive hadron trigger. Therefore, the two-
particle correlations as well were studied in the different bins of the relative trigger hadron
angle for each trigger pr. The 144 of the near- and away-side for two different trigger
conditions and (0-10) % are shown in [Fig. 5.43] Contrary to the more simple two-particle
correlations, a modification of the I, is observed for different trigger conditions. In the
same bin of A¢, different trigger conditions select, on average, different path-lengths. In
vacuum, since there is by definition no medium, the selected jet pr does not change when
selecting a bin in A¢. In the medium case, however, the additional selection of a path-
length changes the momentum of the jet for the same parton momentum. The way in
which this different jet p selection occurs can be studied with the I55. On the near-side,
the yields are enhanced in medium compared to the vacuum case. For the lowest trigger
pr, the associated particles with highest increase have momentum 2 < p§°¢ < 5 GeV.
For higher trigger momentum, the mostly enhanced p5°° is shifted to the upper end
of the chosen range. At the same time, the associated particles on the away-side are
suppressed mirrorlike in p5%°°¢. This indicates that with the simultaneous selection of
trigger pr and path-length, higher jet pr in medium than in vacuum are selected, and
an even higher parton pr compared to the simple two-particle correlations. The recoil
jet then nominally experiences quenching of its high pr fragments. The change of Ixa

can be used to study the path-length differences between different trigger conditions.

Since the path-length for a single trigger condition was observed to be changing for
different bins in A¢, one would expect to see different modulations for the same trigger
condition but different relative trigger particle angles. This is not observed in
though. The Ixa behaves the same for all bins in A¢. For 12 < ptT”g < 14 GeV, larger
fluctuations are visible, but the difference between the different distributions are still not
significant. This can be explained by investigating the widths of the distributions for the
same trigger conditions and in the same bins in A¢, shown in [Fig. 5.44] The widths in
Ay are observed to be the same for all bins in A¢ for the same trigger condition. The
case An (not displayed here) is similar. This suggests that on average, regardless of the
bin in relative angle, the same or at least a similar path-length is selected with a single
trigger condition. Recalling that the changes in mean path-length for the same trigger
condition from the most in-plane bin to the most out-of-plane bin are in magnitude
on the order of the distributions widths, this seems plausible. However, for (50-60) %,
the changes in mean path-length were larger compared to (0-10) % and for the highest
trigger pr exceeds the distributions width. Therefore, a larger modulation of the width
and Ixa is expected for (50-60) %. In the distributions of the widths (bottom row of
this indeed can be observed. The changes are small when compared to the
same distributions in (0-10) %. In the scope of a single trigger hadron for (50-60) %
though, the differences are not signifcant. Therefore, the comparison of the different
trigger conditions Iaa is done in one bin of A¢ only.

shows the I of different trigger hadrons in the most in-plane bin of A¢. The
top row contains the near-side, the bottom row the away-side. In the left column, the I
for (0-10) %, in the right column for (50-60) % is shown. The above hinted progression
of Ixa modulation is clearly visible with the combination of several triggrer conditions.
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Figure 5.44: Width in Ay of two-particle correlation functions with respect to the event plane.
Top: (0-10) %. Bottom: (50-60) %.

For (50-60) % compared to (0-10) %, a diminished modulation of I5, is observed. This
is probably due to the overall smaller path-lengths in the (50-60) % overlap region and
therefore less difference in jet pr for vacuum and medium. For a connection of the change
of Ixa to the path-length of the underlying partons either different trigger conditions
within the same centrality or the same trigger condition for different centralities have
to be compared. The change of the distribution corresponds to the change in mean

path-length discussed in

Lastly, the Iaa and widths in Ap and An are discussed for the 241 correlations. In
the investigation of the triggered jet and parton pr, similar selected ranges in jet pr but
different ranges in parton pr in vacuum and medium were observed for the same set
of trigger conditions. Therefore, the Ixa for both trigger 1 and 2 fluctuates
around unity, but no consistent influence of the medium modification is visible. In this
regard, the 241 correlations resemble the simple two-particle correlations. Here as well,
the results have to be compared to real data and further investigation of the fluctuations
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Figure 5.45: I44 for the in-plane bin for different trigger conditions. Top: (0-10) %. Bottom:
(50-60) %.
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Figure 5.46: I44 for 241 correlations, in medium with (0-10) % centrality. Left: Near-side of
trigger 1. Right: Near-side of trigger 2.

is necessary. However, contrary to the two-particle correlations, in 2+1 correlations there
is additional information available. The back-to-back scattered hadrons initially had the
same momentum, due to momentum conservation. With the increasingly asymmetric
trigger conditions, one can therefore tune the relative amount of momentum transfer
between the jets and the medium. At the same time, as was shown in [Section 5.4
the relative path-length between trigger 1 and trigger 2 is accessible. Even though no
absolute statements can be made (e.g. that in the most asymmetric trigger conditions,
the jet corresponding to trigger 2 transferred a fraction x of its momentum to the medium
and traversed the medium with path-length y), the relative path-length changes and
fractions of momentum transfer can be compared for different trigger conditions.

For this, the widths of the peaks are used as observable. It was shown that the medium
modifications influence the shape of the jets. Therefore, different widths in Ap and An
can be connected to the different path-lengths of the jets corresponding to trigger 1 and
2. The widths in Ay and An for different combinations of trigger conditions are shown
in [Fig. 5.47] Since a comparison to vacuum fragmentations is ineffectual at this point,
only the values for a (0-10) % medium are shown. The top row contains the width in
A, the bottom row oa,. When investigating the plots, the peaks in two bins of p§°°
in each case are immediately noticable. The pt of the associated particles that form
the peak corresponds to the momentum of the second trigger particle. Therefore, the
peak is not visible in the rightmost plots, it is located out of range. The peaks form
due to the selection of the trigger pairs. They are required to be back-to-back, by a
maximum variation of £. Thus, all associated particles in the same momentum range as
the trigger particle have to be located farther away from the jets than other associated
particles. Otherwise it would be the trigger particle itself. For both the width in Ay
and in An it is observed that the difference between trigger 1 and trigger 2 decreases
for more symmetric trigger conditions. While the difference in o, is especially large
for 2 < pi™? < 4GeV, they are equal for 10 < p%®* < 12GeV. With increasing
momentum of the second trigger hadron, the width in An for its correlation function
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decreases, while the width for trigger hadron 1 increases slightly. This corresponds
to the previously discussed dihadron triggered path-length distributions, where more
asymmetric trigger conditions resulted in a large path-length of the jet triggered with
hadron 2, a shorter path-length of the jet containing trigger 1, and vice versa. A possible
explanation for this is that the particles get, in longitudinal direction, influenced by the
expanding medium [63, 64]. Similar observations have been made in the evaluation of
two-particles correlations, performed by the ALICE collaboration, see |63} 64]. In Ay,
the difference in width between the two trigger hadrons is much less prominent. As
well, an overall change of o, is, apart from the peak movement along the distribution,
not visible. This supports the conjecture that with different trigger conditions, different
underlying parton momenta get selected. However, by comparing the widths in An for
trigger 1 and 2 for different trigger conditions one obtains information about the relative
path-length between the two.
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Figure 5.47: Widths in Ag and An of 241 correlation functions for different trigger conditions.

With the evaluation of two-particle and 2+1 correlation functions and the comparison
to the various path-length distributions and general (triggered) jet behavior investigated
in the course of the analysis, the study in the scope of this thesis is completed. The
conclusions are summarized in the following chapter. As well, an outlook is given on
possible comparisons and future analysis utilizing the findings of this work.

80



Chapter 6

Conclusions and Outlook

In this thesis, the Monte Carlo simulation program JEWEL was used to study jets and
the path-length of hard scattered partons in a QGP medium. Jets are a usefull tool
to study the properties of the QGP, since they are theoretically well understood. As
well their features, being emitted back-to-back in azimuth and carrying initally the same
transverse momentum due to momentum conservation, can be utilized for a detailed
analysis. The aim was to carve out observables, obtained from two-particle and 2+1
angular correlation functions, that are sensitive to the different in-medium path-length
of jets.

An important part and the baseline for the analysis was the characterization of jets
and jet modification on a general basis. For this, the generated particles were recon-
structed with the FastJet anti-kr algorithm and sorted into parton hemispheres. Parton
properties associated with a reconstructed jet were taken from the parton in the same
hemisphere as the jet. Distributions of reconstructed jet pr, the average angular distance
of the reconstructed jets constituents to the jet axis, the number of constituents per jet
and the average transverse momentum carried by a single constituent were analyzed
for different parton pr. It was found that the jet reconstruction with a cone radius of
R = 0.6 captures 80-90 % of the partons transverse momentum in the leading jet. This
leading jet momentum is reduced by 20-60 % for the highest to lowest parton momenta
in a (0-10) % medium. On average, a (leading) jet contains less particles in medium than
in vacuum. As compensation, the average transverse momentum carried by a single con-
stituent is in medium higher for high parton pr > 250 GeV. The constituents of the jets
in medium are observed to be scattered farther away from the jet axis in medium than in
vacuum, although the effect decreases for increasing parton momentum. At low parton
pr < 30GeV, the jet constituents in medium are observed to be spread less compared
to the vacuum case, as an artifact of the chosen jet cone radius.

In the next step, the geometrical and energy-density weighted path-length of the hard
scattered partons was determined. For the geometrical path-length, the distance from the
scattering vertex to the point where the parton leaves the overlap region was calculated.
For the energy-density weighted path-length, the local energy density was summed in
steps of 0.1fm along the path and normalized by the number of steps. The weighted
path-length was then calculated as the product of geometrical path-length and the mean
energy density along the path. It was found that the combination of path-lengths of the
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back-to-back scattered hadrons reproduces the shape of the overlap region. Due to the
scattering vertex distribution, path-lengths L 5 3fm do not occur. With the energy-
density weighting, the distribution is smeared, due to the different weights. Investigating
jet pr spectra in bins of parton pr and path-length, a clear connection of momentum
transfer and the magnitude of the path-length was found. High pt spectra are suppressed
for the same parton momentum range but larger path-lengths.

A further important step in the analysis was the investigation of triggered distributions.
For this, the leading track of a reconstructed jet in different ranges of ptTrig was used
to generate the distributions for triggered jet pr, number of constituents per triggered
jets, and so on. With the application of a trigger condition different ranges in parton
pr and jet pr get selected. With increasing momentum of the trigger hadron, the recon-
structed triggered jet pr increases as well. On average, triggered jets in medium carry
less transverse momentum than in vacuum for the same trigger condition. The medium
jets were found to contain less particles for the same triggered jet pr than in vacuum, but
the single constituents on average carry a larger transverse momentum. This indicates
that the soft fragments of the parton fragmentation are scattered outside the scope of a
single jet in the sense of the reconstruction algorithm. Correspondingly, the remaining
constituents with on average higher transverse momentum per particle are located closer
to the triggered jet axis than in equivalent jets in the vacuum case. For the triggered jets
generated by JEWEL, the main fraction of the jets transverse momentum is, on average,
carried by the leading particle.

The path-length which is on average triggered with a certain trigger condition was inves-
tigated for single hadron triggers, hadron triggers with respect to the event plane and for
back-to-back dihadron trigger pairs in different transverse momentum ranges. On aver-
age, a higher pr trigger hadron corresponds to a shorter path-length. In the event plane
studies, an increasing mean path-length was found when going from the most in-plane
bin in A¢ to the most out-of-plane bin. The dependence on A¢ was found to be stronger
for high pr trigger particles and for peripheral systems. For dihadron trigger pairs, the
asymmetry of the trigger condition is reflected in the asymmetry of the mean triggered
path-length. For the most asymmetric trigger conditions, the difference in path-length
for trigger 1 and trigger 2 is ~ 2 fm, which decreases to ~ 0.3 fm for the most symmetric
trigger conditions. Interestingly, a variation of the second trigger particles momentum as
well influences the path-length of the first trigger particle, although the momentum range
was fixed for all combinations. Therefore, only relative path-lengths between the two
jets can be determined by comparing the trigger particles. The picture of a surface bias
effect is not supported by JEWEL simulations. Since with different trigger conditions,
usually different underlying parton pr get selected, path-lengths can only be determined
as relative change between different trigger conditions. The changing underlying system
as well complicates the determination of the momentum transferred from the parton to
the medium. For most distributions, the change in mean path-length between different
trigger conditions was found to be on the order of or smaller than the widths of the
distributions. For distributions generated in different bins of angle relative to the event
plane, however, changes in the mean path-length larger than the widths of the distribu-
tions were found for either the same trigger condition and between different centralities
or the same centrality class but different trigger pr. Therefore, the comparison of those
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constitute the most promising tool to study path-length found in this analysis.

In the last part of the analysis, two-particle and 241 angular correlation functions were
evaluated. For two-particle correlations with no restriction imposed on the trigger angle
relative to the event plane, the 155 of both the near-side and the away-side was found to
be on average consistent with unity for all trigger conditions. This indicates that in cor-
relation functions, the same jet pr is accessed in vacuum and in medium. Since medium
modifications were observed in the general and triggered distributions, this leads to the
conclusion that the same jet pr but different underlying parton pr are accessed. This
prohibits statements about the medium modfications themselves and, withouth further
information, excludes two-particle correlations from path-length studies. Modulations,
however, were found for two-particle correlations in different bins for the trigger particle
angle relative to the event plane. With the selection of a path-length, different jet mo-
menta are selected in medium and in vacuum. The selected path-length is similar in all
bins in A¢, due to the large widths of the path-length distributions. Changes between
different trigger conditions within the same centrality class, or for the same trigger condi-
tion between different centrality classes can be used to infer relative path-length changes
between the two conditions. For 241 correlations, like for two-particle correlations, the
Ixn, was found to be on average consistent with unity. For both the two-particle and
the 2+1 correlations Ipa further investigation of the fluctuations are necessary. In the
case of 241 correlations, however, the back-to-back nature of the trigger pairs can be
used to determine relative path-length changes between the two trigger particles. The
difference in width in An was found to increase significantly for increasingly asymmetric
trigger conditions. A possible explanation was found in the influence of the longitudi-
nal expansion on oa, (63, 64]. With a comparison of the changes in width, the relative
path-length changes between trigger 1 and trigger 2 can be determined. However, overall
it was found that the path-length selected by different trigger conditions is dominated
by fluctuations, where there are only small biases due to the interplay of path-length
dependent jet quenching and the geometry.

For a general validation of this thesis findings, the results of the analysis have to be
compared both to real data and the results obtained with other Monte Carlo simulations.
JEWEL simulations were already compared to different jet measurements [51] and found
to be satisfactorily consistent with the data, especially at high pr. In [65, 66] the Iaa
obtained with JEWEL is on average consistent with what was found in this analysis,
however the simulations underestimate the data especially at low pr. Therefore, further
studies are needed. The additional involvement of other simulations will be helpfull to
clarify the open questions. A possible Monte Carlo simulator for comparison, which as
well implements the interactions of jets and a QGP medium, is YaJEM [67].
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