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1 Introduction

Quarks are the fundamental building blocks of all known matter. Due to the so called

color-confinement it is not possible to observe them as free particles, but from the the-

ory of the strong interactions, quantum chromodynamics (QCD), one expects the strong

coupling constant to decrease at high energies, respectively high temperatures, leading to

the assumption that quarks are asymptotically free at those energies. The expected phase

diagram of QCD is shown in figure 2.

Figure 2: The QCD phase diagram. Taken from [1].

The state of free quarks is called quark-gluon-plasma (QGP) and was according to the

standard model of cosmology formed 10−6 seconds after the big bang. Since the universe

is expanding, it cooled down and the QGP hadronized after 10−4 seconds [17].

Another field where QGPs can occur, even at the current temperature of the universe, are

neutron stars. In ordinary stars the gravitational pressure acting towards the inside of the

star is balanced by a radiation pressure due to nuclear reactions inside of the star. At the

end of the lifetime of a star, the decreasing rate of nuclear reactions inside the star cannot

stop it anymore from collapsing due to the gravitational pressure and the star starts col-

lapsing. This final collapse is either stopped by the Fermi pressure of the electrons leading

to White Dwarfs or by the Fermi pressure of the neutrons, which results in neutron stars

or even black holes, if the initial star was very massive. It is possible that the core of a

neutron star consists of a QGP [17].
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2 PERTURBATIVE QCD January 22, 2015

When reaching high energies, hadrons should deconfine again and form a QGP. In ex-

periments at the LHC in CERN one collides two lead ions at a center-of-mass-energy of

2760 GeV hoping to create such a QGP and learn more about it.

One effect where the formation of a QGP shows is called “jet quenching”, where in a col-

lision of two heavy ions, jets are formed that have lower energy to corresponding jets in

Proton-Proton-Collisions since former jets have to pass through the plasma and will thus

interact with it.

In this thesis, two models for jet quenching will be discussed and the resulting suppression

of jets will be compared to each other and to measurements from ALICE at LHC.

2 Perturbative QCD

When simulating scattering events at high energy colliders to investigate jet quenching,

one has to consider scatterings of the type pp(PbPb) → Jets + X, where X stands for

anything but jets. Jets will be defined later.

One difficulty in the theoretical description of this processes is that protons and especially

lead nuclei are compound objects whose interactions are much more complicated than the

interactions of the quarks that build them up. This problem will be solved by separating

these interactions into a short-range and a long-range part using the factorization theorem

so that it is only necessary to be able to calculate the cross sections for the interactions of

quarks and gluon using QCD and add long-range physics via universal parton distribution

functions.

2.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is the theory of the strong interaction between quarks

and gluons. It describes the confinement of quarks into hadrons as well as hadron collisions

at high energy. The theory is based on the SU(3)c group of unitary matrices with unit

determinant as a gauge group.

Additionally, the theory has a global U(1) symmetry which leads to the conservation of

baryon number and, when only considering the lightest three quarks, it has an approxi-

mate SU(3)f symmetry of flavor which is explicitly broken by the quark masses and by

electromagnetic interactions due to differing electric charges.

2



2 PERTURBATIVE QCD January 22, 2015

The Lagrangian of QCD is given as [2]

LQCD = q̄if iγ
µ(Dµ)ijq

j
f −mf q̄

i
fq
i
f −

1

4
F a
µνF

aµν . (2.1)

The qif are the quark fields where i, j ∈ {1, 2, 3} are color indices and f is a flavor index

for the six different quark flavors. (Dµ)ij = ∂µδij − igAaµ(T a)ij is the covariant derivative,

where g is the strong coupling constant, Aaµ are the gluon fields and T a are the generators of

the SU(3)c group in the adjoint representation. mf labels the quark masses and is usually

neglected in high energy collisions. F a
µν = ∂µA

a
ν − ∂νAaµ + gfabcAbµA

c
ν is the field strength

tensor, where a, b, c ∈ {1, ..., 8} are color indices and fabc are the structure constants of the

su(3) Lie algebra. Summation over all doubly appearing indices is taken to be implicit.

The color indices i, j are usually suppressed in the notation.

In the massless limit, mf = 0, the symmetry of the Lagrangian extends SU(Nf )×SU(Nf )

where one SU(Nf ) is generated by N2
f − 1 matrices T a and the other by chiral γ5 · T a [3].

When quantizing the theory, one has to add a gauge fixing term Lgf = −(∂µAaµ)2/(2ξ) and

a ghost term Lgh = (∂µc̄a)(∂
µδad− gfabdAµb )cd [4] to the Lagrangian to prevent zero modes

when solving for the Greens functions and to cancel unphysical degrees of freedom.

2.2 Running Coupling and Asymptotic Freedom

When calculating physical observables in quantum field theory, one finds that the occurring

integrals can be divergent and thus have to be regularized to get finite results [5]. Usually

this involves the introduction of a dimensional yet unphysical scale parameter µ so that

an observable A calculated this way will also depend on it, i.e. A = A(αs, µ). Here,

αs = g2/(4π) is the strong coupling constant. Since physical quantities cannot depend on

a non-physical scale one has to make the strong coupling constant also scale dependent to

compensate this. This is usually formulated as a renormalization group equation

µ
dA
dµ

(αs(µ), µ) = 0. (2.2)

In QCD, one obtains at leading order that it must have the form [2]

αs(Q
2) =

αs(M
2
Z)

1 +
11CA−4TRnf

24π2 αs(M2
Z) ln Q2

M2
Z

+O(α2
s)
, (2.3)
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to achieve this, where αs(M
2
Z) is the value of the strong coupling at the mass scale of

the Z-boson and CA and TR are the Casimirs of SU(3). The coupling strength is now

depending on the energy scale of the process. This is called “running coupling”. One can

deduce that the coupling is strong if the scale is low and if the scale is high the interaction

gets weaker. This phenomenon is called asymptotic freedom.

Since µ is non-physical, there is a priori no right value for it. Usually, one chooses µ to

be equal to a characteristic scale in process, e.g. the momentum of the exchanged virtual

particle in a leading order process, and varies this scale to get an error estimate.

Asymptotic freedom leads also to the assumption that at high energy scales quarks will

approximately behave like free particles instead of being bound into hadrons and hence

that perturbation theory becomes more trustworthy at higher scales.

2.3 Parton model and Factorization

In the parton model, the collisions cross section for hadrons A and B is calculated using

the formula [4]

σAB(p, p′) =
∑

partons i,j

∫ 1

0

dx

∫ 1

0

dx′σ̂ij(xp, x
′p′, µF )φi/A(x, µF )φj/B(x′, µF ), (2.4)

where σ̂ij is the cross section at parton level and φi/h is the parton density function (PDF)

giving the probability to find a parton i carrying a momentum fraction xp, x ∈ [0, 1], in the

hadron h. µF is the factorization scale which will be discussed later. This can be thought

of as the joint probability of three uncorrelated events.

The factorization theorem has yet to be proved for jet-production in hadron-collisions. So

far, it has just been proved for deeply-inelastic scatterings and Drell-Yan-processes1.

Following [4], one can get an insight into this theorem in the case of deeply-inelastic lepton

hadron scattering. A nucleon with momentum p consists of a set of partons i in a state with

momentum fractions xip, xi ∈ [0, 1]. Suppose that this state has a lifetime of τ > τ0 > 0 in

its rest frame where τ0 is a lower bound of the lifetime. In the center of mass system, the

lifetime is dilated, τ ′ = τ
√

(1− v2) � τ . Furthermore, because of Lorentz contraction,

the nucleus will look like a flat disk in the rest frame. From the viewpoint of an electron

that is colliding with the nucleus it is effectively frozen while the it passes.

According to the uncertainty principle the electron has to be as close as O(1/Q), Q2 = −q2,

1This are proton-proton-collisions where a quark and a antiquark produce a lepton-antilepton-pair.
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to the parton to exchange a large momentum qµ. Suppose that the nucleus is approximately

spherical with a radius R0 and the partons are evenly spread out over the nucleus. Then

it will be suppressed by a geometrical factor

1/Q2

πR0
2
� 1 (2.5)

that another parton is close enough to take part in the scattering described above. Because

of this, one may write the cross section as the probability of finding a parton in the nucleus

with given momentum fraction times the cross section for the interaction.

2.4 Parton density functions and the DGLAP equation

The factorization scale µf in equation (2.4) arises due to the ambiguity in separating long

range physics from short range physics. Only propagators that are off-shell by more than

µf will contribute to the calculation of σ̂ij [4]. The residual will be part of φi/h. Since

φi/h contains all the non-perturbative contributions to the process it cannot be calculated

using perturbation theory but has to be measured. The PDFs are only depending on µf

and the particular hadron that is colliding but not on the hard-scattering process.

The factorization scale like the renormalization scale is an artificial one, meaning that

physical quantities cannot depend on it. This fact can be exploited using a renormalization

group equation [4], giving

µf
dφi/h
dµf

(x, µf ) =
αs
2π

∑
j=f,f̄ ,G

∫ 1

x

dξ

ξ
Pij (x/ξ)φj/h(ξ, µf ) +O(α2

s), (2.6)

where the integration kernel Pij turns out to be the splitting function that will play a large

role in parton showers, which will be discussed later. Using this formula, one can measure

the PDFs at one scale µf und calculate them at another scale µ′f .

The usual convention is to choose the factorization scale to be equal to the renormalization

scale, such that µf = µ = Q.

Since protons consist of three valence quarks uud and vacuum fluctuations [19], one finds

for the expectation values for up and down quarks in a proton

〈Nu〉 =

∫ 1

0

dx(φu/p(x)− φū/p(x)) = 2, 〈Nd〉 =

∫ 1

0

dx(φd/p(x)− φd̄/p(x)) = 1. (2.7)

5



3 PARTON SHOWER AND EVENT GENERATION January 22, 2015

Figure 3: Schematic picture of a hadron hadron collision as it is calculated in perturbation
theory. Two partons from the two hadron are reacting, emitting gluon radiation and finally
fragmenting into hadrons. Taken from [6].

Furthermore, the sum of all parton momenta must give the proton momentum, hence〈 ∑
partons i

xi

〉
=

∫ 1

0

dx x

(∑
q

φq/h(x) +
∑
q̄

φq̄/h(x) + φg/h(x)

)
= 1. (2.8)

3 Parton shower and event generation

The processes calculated in perturbation theory usually do not resemble the events at high

energy colliders. While in perturbation theory the incoming particles interact only via a

few vertices leading to the creation of a handful of particles, in colliders these particles

are interacting a lot more and run through a cascade of splittings and decays as shown in

figure 3. This motivates the concepts of parton showers where the splitting of a parton

into two partons is described via the before mentioned splitting functions. These splittings

are done until a low non-perturbative energy scale is reached where the partons hadronize.
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3.1 Splitting functions

Splitting functions are the fundamental building block of a parton shower. To define them,

one considers a process where two partons interact producing three partons. One can

think of this process as a 2→ 2 process, where one of the outgoing partons emits a further

parton. In the collinear limit of this splitting the cross section can generally be written as

dσn+1 = σn
∑

partons,i

αs
2π

dθ2

θ2
dz Pji(z, φ)dφ,

where Pji(z) is the splitting function, depending on the energy fraction z that the outgoing

parton gets [8]. The splitting functions do not depend on the process that is considered.

Since the cross section is a measure for the probability of a reaction to happen, the splitting

function can be interpreted as a probability for a branching to occur.

Instead of using θ2, one can also use any other variable proportional to θ2 to parametrize

the phase space, e.g. the virtuality2 of the internal quark line q2 = z(1 − z)θ2E2, giving

dθ2/θ2 = dq2/q2.

The different splitting functions have the following form

Pqq(z) = CF
1 + z2

1− z
, Pgq(z) = CF

1 + (1− z)2

z
, (3.1)

Pgg(z) = CA
z4 + 1 + (1− z)4

z(1− z)
, Pqg(z) = Pqg(z) = TR(z2 + (1− z)2), (3.2)

where CA, CF and TR are the Casimirs of SU(3) [2]. The splitting functions Pqq, Pgq, Pgg

and Pqg correspond to the splitting q → qg, q → gq, g → gg and g → qq respectively.

From the splitting function, one can now obtain a well-defined probability distribution for

a splitting to occur. In order to do that, one has to handle the divergencies of the splitting

functions. Since one cannot distinguish a collinear pair of partons from a single parton

with the same momentum and quantum numbers, the infinite probability connected to this

splitting has no physical meaning and one can simply remove it by introducing a cut-off

Q0 as a resolution criterion. The distribution for the splitting of a parton i between q2 and

2The virtuality Q is defined as the mass a virtual particle would have according to the energy-mass
relation Q2 = E2 − ~p2.

7
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q2 + dq2 can then be written as

dPi =
αs
2π

dq2

q2

1−Q2
0/q

2∫
Q2

0/q
2

dz Pji(z).

This gives the probability distribution for all emissions. But for a parton shower, one is

only interested in the probability distribution of the first branching since the following

splittings can be obtained by iterating such branchings.

Let ∆i(Q
2, q2) be the probability for no splittings to occur between the scales q2 and Q2.

Then its derivative d∆i/dq
2 gives the probability distribution for a splitting at q2. This

can be written as

d∆i(Q
2, q2)

dq2
= ∆i(Q

2, q2)
dPi
dq2

, (3.3)

since ∆i gives the probability that the parton has not already branched between q2 and

Q2 which has to be multiplied by the probability that the splitting occurs at q2. The

differential equation (3.3) has the solution [8]

∆i(Q
2, q2) = exp

−∫ Q2

q2

dk2

k2

αs
2π

1−Q2
0/k

2∫
Q2

0/k
2

dz Pji(z)

 . (3.4)

For q2 = Q2
0 this is the so-called Sudakov form factor which gives the probability for a

parton not to split between the hard scale Q2 and the infrared cut-off Q2
0.

3.2 Vacuum parton shower

Using the above derived probability distribution, one can simulate a sequence of parton

branchings in the vacuum [8]. The generation of splittings in the presence of strongly

interacting matter will be discussed later.

One generates a uniformly distributed random number ρ ∈ [0, 1] and solves the equation

∆i(Q
2, q2) = ρ for q2. If the obtained q2 is larger than Q2, a branching at this scale is

generated and if it is smaller, the evolution stops. The energy fraction z of the emitted

parton is chosen with respect to its probability distribution Pji(z).

As mentioned before, there are ambiguities in the choice of q2 and z that would give the

8
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same results in the collinear limit but give different extrapolations in the other regions of

the phase space.

So far, this algorithm is only valid in the collinear region, since the soft divergencies were

not taken into account.

3.2.1 Soft gluon emission

Apart from the collinear divergence, QCD matrix elements can also be divergent in the

soft limit. In this case, the factorization happens at the amplitude level which means that

one cannot see these processes as 2 → 2 diagrams with an additional emission but as the

whole process emitting the gluon so that it seems as if it is not possible to describe these

emissions as the evolution of a parton that emits the gluon [8].

It can be shown that a wide angle gluon would get a wavelength that is larger than the

distance of the two outgoing partons can get during the lifetime of the partons so that the

gluon cannot resolve the color structure inside the event3. These gluons are emitted as if

they were emitted by the parent parton with on shell momentum.

This is automatically included in the collinear parton shower algorithm if one takes the

opening angle of the emission as the evolution scale.

3.2.2 Initial state shower

The branching of partons is not restricted to after the hard event has taken place. So for a

realistic description of a collision, one has to take into account that the incoming partons

can emit additional partons and lose energy by doing so.

Instead of following all the emitted partons to find the one that is taking part in the hard

process, event generators start by selecting the hard process and describe the initial state

parton shower by a backward evolution.

First, the longitudinal momentum fraction x1 and x2 and the evolution scale are chosen

following the PDF at the hard scale and the constraint x1x2s = ŝ. During the backward

evolution these partons gain energy with each splitting until the scale reaches the infrared

3This is the analogue to the Chudakov effect in QED, where a wide-angle photon with a wavelength
larger than the distance of an outgoing eē-pair cannot resolve the charge inside the eē-pair and thus would
see no charge. Because of this such a process is strongly suppressed.

9
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cut off. For the splitting probability one gets the modified Sudakov form factor [8]

∆i(Q
2, q2;x) = exp

−∫ Q2

q2

dk2

k2

αs
2π

1−Q2
0/k

2∫
Q2

0/k
2

dz Pji(z)
x/zφj(x/z, k

2)

xφi(x, k2)

 , (3.5)

where φi are PDFs.

3.3 Hadronization

After the parton shower has reached the infrared cut off, one ends up with a set of partons

that cannot be observed in any experiment. Instead, the partons have to be bound to

hadrons which can be observed. There is no first principle solution to achieve this [2], so

phenomenological models are used instead. In the following, the Lund string model will

be discussed.

In Lattice QCD calculations, one finds the attracting potential between two quarks to be

V (r) = κr, where the string constant has the value κ ≈ 0.2 GeV2 [8]. The potential acts

like a string between the quarks. At short distances, one gets an additional Coulomb term

∝ r−1 which is neglected in the Lund model.

In a qq̄ two-parton event, the distance inbetween these quarks tends to grow and so does

the potential energy until the energy reaches that of hadron masses where it is energetically

favorable for the string to create a q′q̄′ pair and split into the two substrings qq̄′ and q′q̄ as

in figure 4 shown. The pair q′q̄′ can be thought of as products of vacuum fluctuations.

These substrings move apart and if the invariant mass is large enough, they can break

again. At the end of the process, a set of n− 1 new qiq̄i pairs is produced that fragments

into n primary hadrons that can decay further.

There is no natural ordering for the splitting of the strings to happen. So one can start

from the ”left“ quark as well as from the ”right“ anti-quark and iterate splittings toward

the other ends. Both ways should lead to the same hadronic state. For the production of

one hadron between the vertices 1 and 2 this reads as the condition for the probabilities

P(1)P(1 → 2) = P(2)P(2 → 1) where P(i) is the probability to reach the vertex i from

”left“/”right“ and P(i → j) the probability to take the step from vertex i to j. This

condition can be fulfilled with a fragmentation function [8]

f(z) ∝ (1− z)a

z
exp

(
−bm

2
⊥
z

)

10
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Figure 4: Schematic picture of the hadronization process. a) shows the breaking of a string
into two substrings by quark pair production and b) shows the spatio-temporal progress
of the hadronization. Taken from [2].

where m2
⊥ = m2 + p2

x + p2
y = κ2((∆z)2 − (∆t)2) is the transverse mass of the produced

hadron where ∆z is the distance of the quarks along the string and ∆t is and a, b are free

parameters.

In order to give transverse momentum to the hadron, the qq̄ pair has to be produced at

a certain distance. However, since flavor is locally conserved [12], the qq̄ pair has to be

produced in one point and tunnel this distance. The tunnel probability is proportional to

exp

(
−πm

2
⊥

κ

)
= exp

(
−πm

2

κ

)
exp

(
−πp

2
⊥
κ

)
. (3.6)

Here, m and p⊥ respectively are the mass and the transverse momentum of the produced

quark. This implies a suppression of heavy quarks.

After the flavors qi−1 and q̄i are selected, they have to be assigned to a hadron multiplet

that is classified by the quantum numbers spin S and angular momentum L.

For mesons, this quantum numbers are chosen randomly from distributions depending on

the flavors [12]. This cannot be generalized to include baryons, since baryons consist of

three quarks. One way is instead to assume that during the string breaking not only quark

anti-quark pairs, but also diquark anti-diquark pairs in a triplet-antitriplet representation

are produced, which can form baryons. Since there is a large uncertainty on the masses

of bound quark states, one cannot use formula (3.6). From experiment, one finds for the

probability of diquarks P (qq)/P (q) ≈ 0.065 [13]. These diquarks can then be used to build

up baryons the same way as mesons are build.

11
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4 Jet Clustering

While calculations in perturbation theory usually have two or three partons in the final

state, a measurement in collider experiments as well as the output in event generators con-

sists of much larger multiplicities due to branching, hadronization and decays of unstable

particles.

For a better understanding, one is interested to rediscover the properties of the outcoming

partons in this output. This leads to the definition of Jets.

A jet definition consists of a jet algorithm that decides which particles belong to the same

jet and it consists of a recombination scheme that gives the jet a well-defined momentum.

Every jet definition should meet the following conditions (”snowmass accord“)[7]

1. Simple to implement in an experimental analysis;

2. Simple to implement in the theoretical calculation;

3. Defined at any order in perturbation theory;

4. Yields finite cross sections at any order in perturbation theory;

5. Yields a cross section that is relatively insensitive to hadronization.

4.1 Jet algorithms

There are two main classes of algorithms used to define a Jet. In cone algorithms, one

basically takes an initial seed particle and defines a cone of a given radius around it. Every

particle inside the cone belongs to this jet. In sequential recombination algorithms, two

particles that are close in some sense are recombined into a pseudojet, i.e. a jet-like object.

This is repeated until a break condition is fulfilled. The remaining pseudojets are then

called jets.

4.1.1 Cone algorithms

In iterative cone algorithms, one takes an initial seed particle i, usually the hardest, and

sums the momenta of all particles j inside a cone of radius R around i in azimuthal angle

12
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φ and (pseudo-) rapidity4 y. So all particles j with

∆R2
ij := (yi − yj)2 + (φi − φj)2 < R2 (4.1)

are inside the cone. The sum of the momenta defines the new direction for the cone and

one repeats this procedure until the direction of the cone is stable. This defines one jet.

To prevent particles from ending up in more than one jet, all particles inside an once found

jet are removed from the particle list. The hardest remaining particle defines the initial

direction of the second cone. This is continued until no remaining particle has a transverse

momentum above a given pT,cut.

One requirement jet algorithms have to fulfill is that they have to be infrared safe, i.e.

adding any number of soft particles or any number of collinear splittings of existing particles

should not change any observable. If this is the case, jet cross sections are finite at any order

in perturbation theory and any corrections due to non-perturbative effects are suppressed

by powers of jet momenta [8].

In the cone algorithm one chooses the hardest particle as a seed for the algorithm but in

the case of collinear or soft emissions, this does not have to be the case anymore. Therefore

another particle could be the seed and the output of the algorithm would differ. Hence the

algorithm is not infrared and collinear safe.

One solution to this problem would be to use seedless cone algorithms that are not finding

the stable cones consecutively using a seed particle but finding all stable cones at once [7].

One implementation that uses this technique is SIScone [9].

Another approach is to use sequential recombination algorithms that are thus presented in

the next section.

4.1.2 Sequential recombination jet algorithms

In sequential recombination algorithms, instead of starting from the hardest particles, one

starts from the closest pair and recombines them to pseudojets until all distances are above

a given distance cut.

4The pseudo-rapidity is defined as η = − ln tan(θ/2) where θ is the angle between the three-momentum
of the particle and the beam axis. For massless particles the rapidity and the pseudo rapidity are the
same.

13



4 JET CLUSTERING January 22, 2015

For the distance measure between two particles i and j one defines

dij = min(p2a
T,i, p

2a
T,j)

∆R2
ij

R2
, (4.2)

where as in the cone algorithm ∆R2 = ∆y2 +∆φ2 and R is a given Radius parameter. One

further defines a distance between particle i and the incoming particle beams as diB = p2a
T,i.

All these distance measures are invariant under longitudinal Lorentz boosts along the beam

axis. a is an integer that distinguishes between different algorithms. a = 1 corresponds

to the kT -algorithm, a = 0 is the Cambridge/Aachen-algorithm and a = −1 gives the

anti-kT -algorithm.

The algorithm follows the steps [10]

1. Calculate all dij and diB

2. Find the minimum dmin of all dij, diB.

3. If dmin = dij recombine the particles i and j and if dmin = diB declare i to be a jet

and remove it from the list.

4. Repeat until no particles are left.

This algorithm is infrared and collinear safe since those kinds of emissions will be recom-

bined directly at the start of the clustering.

By a naive approach it would take O(N3) steps to cluster N particles to a jet, the matrix

dij has O(N2) entries that one has to take into account for the minimum and one has to

find the minimum O(N) times. Modern algorithms [10] are able to do the clustering in

O(N lnN).

In figure 5 the different jet algorithms are compared.

4.2 Recombination schemes

When recombining particles to jets, there are different ways to assign a momentum to it

[10]. The simplest procedure is the E-sheme where all particle momenta are simply added.
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Figure 5: The resulting jet areas from the different jet algorithms. Partons that are in the
shaded areas where clustered to the corresponding jet. It can be seen that the shape of
the areas from the anti-kT -algorithm have the best resemblance of cones. Taken from [7].
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Other possibilities are the pT and the p2
T -scheme. In the pT - and p2

T -scheme one defines

pT,jet =
∑
i

pT,i, (4.3)

yjet =

∑
iwiyi∑
iwi

, (4.4)

φjet =

∑
iwiφi∑
iwi

, (4.5)

where wi = pT,i for the pT -scheme and wi = p2
T,i for the p2

T -scheme.

5 Quark-Gluon-Plasma

In this section, general properties of the QGP in a heavy ion collision will be discussed

that will later be used to describe jet quenching.

5.1 Relativistic gas

Due to asymptotic freedom, one can assume that the QGP behaves as a free, relativistic

gas. All its thermodynamic properties follow from the grand-canonical partition sum [14]

Ξ(T, V, µ) =
∑

all states

exp (−β (Etot − µN)) , (5.1)

=
∑
n(~ν)

exp

−β ∑
{n(~ν)}

n(~ν) (E(~ν)− µN)

 , (5.2)

=
∑
n(~ν)

∏
~ν

[exp (−β (E(~ν)− µ))]n(~ν) , (5.3)

=
∏
~ν

∞ if bosons
1 if fermions∑
n(~ν)=0

[exp (−β (E(~ν)− µ))]n(~ν) , (5.4)

=
∏
~ν

1

1± exp (−β (E(~ν)− µ))
. (5.5)

Here, n(~ν) is the occupation number and E(~ν) is the one particle energy labeled by a set

of quantum numbers ~ν. µ is the chemical potential and β = 1/T the inverse temperature5.

5In units where kB = 1.
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In the case of the bosons, (5.5) is the geometric sum formula. The plus sign in (5.5) applies

to fermions and the minus sign to bosons. For the more useful logarithm of Ξ, one gets

ln Ξ(T, V, µ) = ±
∑
~ν

1± exp (−β (E(~ν)− µ)) . (5.6)

In the case that the energy levels are continuous rather than discrete, one can generalize

this formula to

ln Ξ(T, V, µ) = ±
∫

d3p d3q

(2π)3
(1± exp (−β (E (~ν)− µ))) . (5.7)

From this, one can derive the mean occupation number to be

n̄(~ν) = − ∂ ln Ξ

∂(βE)
=

1

exp (β(E − µ))± 1
(5.8)

where as before the plus sign applies to fermions and the minus sign to bosons. For a

baryon-free (µ = 0) QGP, one can write this as

n̄(~p) =
gg/q

eβE ± 1
with E =

√
~p2 +m2, (5.9)

where gg/q is the number of degrees of freedom for quarks respectively gluons. Quarks

have nf flavor, three colors and two spin degrees of freedom, therefore gq = gq̄ = 6nf ,

while gluons have 8 degrees of freedom for their color and two for their polarizations giving

gg = 16. For massless particles, one can find the particle and energy density analytically

to be

ng =
1

V

∫
d3q d3p

(2π)3
n̄(~p) =

gg
π2
T 3ζ(3) ≈ 1.2

gg
π2
T 3, (5.10)

nq =
1

V

∫
d3q d3p

(2π)3
n̄(~p) =

gq
π2
T 3d(3) ≈ 0.9

gq
π2
T 3, (5.11)

εg =
1

V

∫
d3q d3p

(2π)3
pn̄(~p) =

3gg
π2

T 4ζ(4) =
π2gg
30

T 4, (5.12)

εq = εq̄ =
1

V

∫
d3q d3p

(2π)3
pn̄(~p) =

3gq
π2
T 4d(4) =

7π2gq
240

T 4, (5.13)
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with

ζ(ξ) =

∫ ∞
0

dα
αξ−1

eα − 1
, (5.14)

d(ξ) =

∫ ∞
0

dα
αξ−1

eα + 1
. (5.15)

For the mean energy per particle, one gets then 〈Eq〉 = εq/nq ≈ 3.2T and 〈Eg〉 ≈ 2.7T .

5.2 Relativistic hydrodynamics

After the collision of two heavy ions, the created QGP expands in all directions and cools

down. This process can be described via relativistic hydrodynamics [15].

In order to apply hydrodynamics, one has to assume a local thermodynamic equilibrium,

i.e. that for each point a neighborhood exists where this holds.

All thermodynamic properties will be defined in the fluid rest frame, i.e. the frame where

all momentum components vanish. Due to local equilibrium the fluid will be isotropic in

its fluid rest frame.

The velocity ~v of a fluid element is defined as the velocity of its rest frame with respect to

the laboratory frame. The velocity 4-vector can then be defined to be uµ = (γ, γ~v) where

γ = (1− v2)−1/2. The continuity equation for the baryon density n can the be written as

∂µ(nuµ) = 0.

Energy and momentum conservation can be written as ∂µT
µν = 0 where T µν is the energy-

momentum-tensor. Due to isotropy one can write it in the fluid rest frame as

T0 =


ε 0 0 0

0 P 0 0

0 0 P 0

0 0 0 P

 , (5.16)

where ε is the energy density and P thermodynamic pressure. This can be expressed

through covariant vectors as T µν = (ε + P )uµuν − Pgµν and since this is a covariant

equation that holds in one frame, it is by construction true in all frames.

Besides the continuity equation and energy-momentum conservation, one needs an equation

of state f(ε, P, n) = 0 to form a complete set of equations.
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5.3 Bjorken model

The Bjorken model describes the space-time evolution of a QGP using relativistic hydro-

dynamics to get a spatio-temporal picture of its state variables.

At the LHC, nuclei are colliding at an energy of 2.76 TeV per nucleus. This means that

the nuclei are Lorentz contracted by a factor γ ∼ 103. From the laboratory rest frame, the

colliding nuclei look like flat disks.

In a collision, a large number of interacting particles is produced. If this interaction is

strong enough, the system can reach a thermodynamic equilibrium. In the following, it is

assumed that the system reaches an equilibrium at some point after the collision [15].

The z-axis is chosen to be the beam axis and the origin is chosen such that the collision

takes place at z = t = 0. The initial conditions for the QGP are fixed at an initial proper

time τ0. A complete set of initial conditions consists of the fluid velocity, the energy density

and the baryon density.

If t0 is small enough vx and vy can be assumed to be zero, since the parton-parton-collisions

occur on very short timescales and produce particles whose transversal momentum pT is

distributed isotropically over the transverse plane. Since no direction is preferred, averag-

ing over a fluid element gives zero. The velocity can then be expressed as

uµ(τ0) =
1

τ0

(t, 0, 0, z) =:
x̃µ

τ0

. (5.17)

Due to invariance under Lorentz boosts, uµ = x̃µ/τ hold for all proper times τ [16]. Using

this, one can rewrite the momentum conservation equation ∂µT
µν = 0 getting [17]

dε

dτ
= −ε+ P

τ
. (5.18)

For an ultra-relativistic gas one can use the equation of state P = ε/3 to get

ε(τ) = ε(τ0)

(
τ

τ0

)−4/3

.

In a perfect fluid, the entropy density s is also conserved, giving the continuity equation

∂µ(suµ) = 0, which gives the differential equation

ds

dτ
= −s

τ
. (5.19)
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The equation is solved by

s(τ) = s(τ0)
τ0

τ
. (5.20)

The time dependence of the temperature T can be obtained from (5.18) by writing

dε

dτ
=

dε

dP

dP

dT

dT

dτ
= −ε+ P

τ
= −sT

τ
, (5.21)

where the thermodynamic identity E = TS − PV was used. With s = dP/dT and

dε/dP = 1/vs, where vs is the velocity of sound, one can rewrite this as [14]

1

T

dT

dτ
= −v

2
s

τ
, (5.22)

which is solved by

T (τ) = T (τ0)
(τ0

τ

)1/3

. (5.23)

5.4 Glauber model

The Glauber model is used to calculate geometric quantities in heavy ion collisions [18]. In

the optical limit it assumes that a collision of two nuclei can be described as independent

interactions of the nucleons. It is further assumed that the nucleons move independently

in the nuclei and that the size of the nuclei is large compared to the range of the nucleon-

nucleon force.

Let two heavy ions A and B with relativistic velocities collide with impact parameter ~b as

is illustrated in figure 6. The impact parameter ~b is defined as a two-dimensional vector

corresponding the minimal perpendicular distance of the paths of the center of masses of

the incoming nuclei. The probability of finding a nucleon at ~s in the transverse plane is

then given by

TA(~s) =

∫
dzA ρA(~s, zA), (5.24)

where ρA is the probability to find a nucleon at (~s, zA) and the analogous expression holds

for B. There are different possible normalizations for ρA, one can normalize it so that

the integral over the whole space equals unity [18] or to be the number of nucleons in A
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Projectile B Target A

b zs

s-b

b
s

s-b

a) Side View b) Beam-line View

B

A

Figure 6: Schematic picture of the optical Glauber model. Taken from [18].

[14]. Usually ρA has the either the form of a sharp sphere, ρA(r) ∝ θ(R − r), or of the

Woods-Saxon-distribution

ρA(r) ∝ 1

1 + exp( r−R
d

)
, (5.25)

where R corresponds in both cases to the radius of the nucleus and d gives the width of

the Woods-Saxon-distribution.

The probability that a nucleon from nucleus A meets a nucleon from B in an area element

d2s can then be written as the joint probability TA(~s)TB(~s−~b)d2s. Integrating this gives

the so called thickness function

TAB =

∫
TA(~s)TB(~s−~b)d2s. (5.26)

This can be interpreted as the effective overlap of the two nucleons. The probability for

an interaction then is TAB(~b)σNN
inel, where σNN

inel is the inelastic nucleon-nucleon cross section.

The probability of having n nucleon-nucleon interactions, where nuclei A and B consist

respectively of A and B nucleons, can then be written as a binomial distribution

P (n,~b) =

(
AB

n

)[
TAB(~b)σNN

inel

]n [
1− TAB(~b)σNN

inel

]AB−n
. (5.27)

This can be thought of as randomly drawing n out of AB possible interactions.

From this, one finds the probability for an interaction between A and B as the probability
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that at least one nucleon-nucleon interaction happens at given impact parameter ~b

pA+B
inel (~b) =

AB∑
n=1

P (n,~b) = 1− P (0,~b) = 1−
[
1− TAB(~b)σNN

inel

]AB
. (5.28)

This gives a probability distribution for the impact factor that can be used in Monte Carlo

simulations.

Integration yields the total cross section

σA+B
inel =

∫ ∞
0

db 2πb

(
1−

[
1− TAB(~b)σNN

inel

]AB)
, (5.29)

where it was assumed that the nuclei are not polarized so that the integrand is independent

of the polar angle. For the mean number of binary nucleon-nucleon collisions one gets

Ncoll(~b) =
AB∑
n=1

nP (n,~b) = AB TAB(~b)σNN
inel, (5.30)

which is a standard result for binomial distributions. The number of participating nucleons

is given by

Npart(~b) =A

∫
TA(~s)

(
1− [1− TB(~b− ~s)]

)
d2s

+B

∫
TB(~b− ~s)

(
1− [1− TA(~s)]

)
d2s. (5.31)

The results from heavy ion experiments and also from simulations are usually classified by

centrality c rather than the impact factor b = |~b|. The centrality is given as the percentage

of events in a given impact factor range. For very central collisions, the geometric relation

c ≈ πb2/σinel holds.

6 Jet Quenching

After the collision of two protons, the outgoing partons are already in the vacuum and

cannot interact further but only go through a parton shower and hadronize eventually. In

the case of heavy ions, it is expected that a QGP is created around the scattering center

and the outgoing partons have to propagate through this medium losing energy through

collisions and medium induced radiation of gluons.

22



6 JET QUENCHING January 22, 2015

In the following, the two models that will be investigated later, are presented. Both JEWEL

and PYQUEN modify the parton shower routine of the event generator PYTHIA [12].

6.1 JEWEL

In JEWEL [14, 20, 21, 22, 23], the medium is modeled as a collection of partons and the

medium interactions of a jet are simply scatterings between the jet and the medium partons.

The density and momentum distributions of the medium are those of massive quarks and

gluons at the temperature T , cf. equation (5.8) with µ = 0. The spatio-temporal evolution

of the medium is guided by the Bjorken model. The mass of the scattering centers is fixed

to mscatt = µD(T )/
√

2, where the Debye mass µD is approximated by µD ≈ 3T in JEWEL.

To define a parton shower inside a medium, one needs to have a spatio-temporal picture of

it. A parton shower evolves down to a virtuality of Qf and a time scale ∼ 1/Qf in its rest

frame. In the medium rest frame, it will be time-dilated to ∼ E/Q2
f . If the parton resulted

from the branching of a parton at virtuality Qi, it will have a lifetime of approximately

τ ≈ E

Q2
f

− E

Q2
i

. (6.1)

For the elastic differential cross section, only the leading t-channel exchange is used,

dσelas

d|t|
=
πα2

s

s2
CR

s2 + u2

|t|2
, (6.2)

where CR = 4/9 for quark-quark, 1 for quark gluon and 9/4 for gluon-gluon scattering.

The total cross section is obtained by integration and since the integrand is divergent for

|t| → 0, it has to be regularized.

With the probability

Pno scatt(τ) = exp

(
−
∫ tp+τ

tp

dt′ σelas(~r(t
′), t′)n(~r(t′), t′)

)
(6.3)

the parton will not scatter elastically, where tp is the partons production time. In the case

of a homogeneous and static medium this reduces to

Pno scatt(τ) = e−σ
elasnτβ. (6.4)
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In analogy to the vacuum parton shower the probability for at least one splitting in [tp, tp+τ ]

is 1−Pno scatt(τ) and the probability density for a splitting at a time τs is obtained by taking

the derivative with respect to the proper time

ps(τs) =
d

dτ
(1− Pno scatt(τ))

∣∣∣∣
τ=τs

= σelasnβe−σ
elasnτsβ. (6.5)

In the Monte Carlo simulation, one knows the virtuality of a parton from the previous

branching. This is used to determine its lifetime according to equation (6.1). With a

probability 1−Pno scatt(τ) the parton scatters at some time τ ′ < τ at a medium parton. In

this case the partons exchange momentum according to (6.2). It is then checked if another

scattering is possible before splitting.

Inelastic scatterings are included by adding the inelastic cross section to (6.2), where one

finds after a lengthy calculation and some approximations

σqQ→qQg ≈ 2CFσ
qQ→qQ

π

∫
dz

1− z
dQ2

Q2
αs, (6.6)

where σqQ→qQ is the leading order cross section for a massless quark q to scatter with a

massive medium quark Q and the integral can be interpreted as the probability for medium

induced gluon radiation.

The hadronization procedure is not modified since it is assumed that the hadronization

takes place outside of the medium.

6.2 PYQUEN

In PYQUEN [24, 25], the accumulative energy loss was calculated in the BDMS framework

and is subtracted from the parton energy in each scattering.

The integral equation for the energy loss as a function of the initial energy and the path

length is given as

∆E(L,E) =

∫ L

0

dl
dP (l)

dl
λ(l)

dE(l, E)

dl
,

dP (l)

dl
=

1

λ(l)
exp(−l/λ(l)), (6.7)

where l is the transverse coordinate of the parton, dP/dl the scattering probability density

and λ = 1/(σρ) is the in-medium mean free path defined as reciprocal of the product of

the integrated cross section σ and the medium density ρ. The collisional part of the energy
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loss is defined as

dEcol

dl
=

1

4Tλσ

∫ tmax

µ2D

dt
dσ

dt
t (6.8)

where the dominant contribution to the differential cross section is given as

dσ

dt
≈ CF

2πα2
s(t)

t2
E2

E2 −m2
q

(6.9)

and the coupling constant is taken with one loop running coupling (2.3). The integration

is regularized by the Debye mass and the maximal possible momentum transfer.

For the radiative energy loss, one finds

dErad

dl
=

2αs(µ
2
D)CR

πL

∫ E

ωmin

dω

(
1− y +

y2

2

)
ln | cos(ω1τ1)|, (6.10)

(6.11)

where

ω1 =

√
i

(
1− y +

CR
3
y2

)
κ̄ ln

16

κ̄
and κ̄ =

µ2
Dλg

ω(1− y)
. (6.12)

The spatio-temporal evolution of the medium is again described by the Bjorken model.

The gluon emission spectrum is also an input variable where the parametrization

dN g

dθ
∝ sin θ exp

(
−(θ − θ0)2

2θ2
0

)
, θ0 ∼ 5◦, (6.13)

was used. But there is also the possibility to choose the wider gluon distribution dN g/dθ ∝
1/θ.

The simulation starts each event with the generation of the initial parton spectrum with

PYTHIA. Then the jet production vertex is produced at impact parameter b according to

the distribution

d2Njet

dφdr
(b) =

TA(r1)TA(r2)
2π∫
0

dφ
Rmax∫

0

rTA(r1)TA(r2) dr

, (6.14)
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where r1,2(b, r, φ) are the distances between the nucleus centers and the jet production

vertex V and rmax is the maximum possible transverse distance r from the beam axis to V .

After this, the scattering cross section and transverse distance, li = (τi+1−τi)E/pT , between

scatterings is produced and the energy of each parton is reduced by sum collisional and

radiative energy losses, ∆Etot,i = ∆Ecol,i + ∆Erad,i. This parton rescattering is repeated

until ether the parton escapes the dense zone, the QGP cools down below the critical

temperature Tc = 200 MeV or the parton loses so much energy that its pT (τ) drops below

2T (τ). In the end, the hadronization is again done by PYTHIA.

7 Numerical Results

7.1 Jet Suppression in PbPb-Collisions

The two main observables for jet quenching are the jet modification factors RAA and RCP .

The observable RAA compares a heavy ion collision to proton-proton-collision with the

same kinematics,

RAA =

1

Nevt

d2NAA

dpTdη

〈Ncoll〉
1

Nevt

d2Npp

dpTdη

, (7.1)

where Ncoll is averaged over the impact factor range and NAA, respectively Npp are the yield

of jets as a function of rapidity η and transversal momentum pT . This is then averaged

over the total number of events that were measured.

If a heavy ion were just a loose collection of nucleons, one would expect RAA = 1. Any

observed deviation from unity can then be linked to the strongly interacting matter [6].

The other modification factor relates central collisions, where the impact factor is small to

those collisions where the impact factor is large,

RCP =

1

〈TAA〉
1

Nevt

d2NAA

dpTdη

∣∣∣∣
central

1

〈TAA〉
1

Nevt

d2NAA

dpTdη

∣∣∣∣
peripheral

. (7.2)

Usually a collision is considered to be central, if the centrality lies below 50 % and otherwise

it is peripheral. In the peripheral case most nucleons are not taking part in the collision
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Figure 7: On the left, the simulation results for the central to peripheral ratio RCP for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [26] for jet radius

R = 0.2. On the right side, the ratios between Monte Carlo results and experiment are
shown for better comparison.

so less QGP will be formed and jets are expected to experience less suppression.

Both observables depend on the center of mass energy, the jet algorithm and jet radius

and on the detector and its geometry, i.e. what solid angle is covered and what kinds of

particles can be measured.

In the figures 7 - 10 the numerical results for both observables from JEWEL and PYQUEN

are compared to measurements from the ALICE experiment at the LHC.

For RCP both models are in good agreement to the experiment while for RAA PYQUEN

seems to give slightly better results although the JEWEL results are also in quite good

agreement.

7.2 Parameter dependence of the simulations

In the figures 11 - 18 some parameters were varied with the other parameters, respectively,

being left unchanged. The default parameters are shown in appendix B. The results for

JEWEL and PYQUEN are shown in different plots to not overload the figures. In the

PYQUEN plots the label ”wide“ corresponds to a wider angular distribution for the gluon

emissions as in section 6.2 discussed. The variable T0 corresponds to the mean initial tem-
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Figure 8: On the left, the simulation results for the central to peripheral ratio RCP for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [26] for jet radius

R = 0.3. On the right side, the ratios between Monte Carlo results and experiment are
shown for better comparison.
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Figure 9: On the left, the simulation results for the central to peripheral ratio RAA for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [27] for jet radius

R = 0.2 and 0− 10% centrality. On the right side, the ratios between Monte Carlo results
and experiment are shown for better comparison. The experimental data points were read
off the plots.
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Figure 10: On the left, the simulation results for the central to peripheral ratio RAA for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [27] for jet radius

R = 0.3 and 0− 10% centrality. On the right side, the ratios between Monte Carlo results
and experiment are shown for better comparison. The experimental data points were read
off the plots.

perature while it corresponds to the maximum initial temperature in PYQUEN.

8 Conclusion

In this thesis the two Monte Carlo models JEWEL and PYQUEN were presented and

compared to experimental results from ALICE. For that matter, the foundations of per-

turbative QCD, especially the basics of parton showers and hadronization, reviewed.

It was shown that both models are in quite good agreement with the experiment
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Figure 11: On the left, the simulation results for the central to peripheral ratio RCP for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [26] for jet radius

R = 0.2. One medium parameter was varied, compared to the default configuration in
JEWEL. On the right side, the ratios between Monte Carlo results and experiment are
shown for better comparison.

Appendix

A Monte Carlo methods

A.1 Basic Monte Carlo integration

In almost all calculations in particle physics one has to integrate over a multi-dimensional

phase space to get some final result, which usually has to be done numerically.

When using classical integration techniques, such as the Trapezoidal or the Simpson rule,

the convergence rate decreases with the dimension of the integral [8] while the convergence

of the Monte Carlo (MC) method is independent of the dimension as will be shown later.

The basic idea of MC is to express an integration by the mean value of the considered

function,

I[f ] =

∫
V

f(x)dnx ≈ V 〈f〉, where 〈f〉 =
1

N

N∑
i=1

f(xi). (A.1)
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Figure 12: On the left, the simulation results for the central to peripheral ratio RCP for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [26] for jet radius

R = 0.3. One medium parameter was varied, compared to the default configuration in
JEWEL. On the right side, the ratios between Monte Carlo results and experiment are
shown for better comparison.
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Figure 13: On the left, the simulation results for the central to peripheral ratio RAA for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [27] for jet radius

R = 0.2 and 0 − 10% centrality. One medium parameter was varied, compared to the
default configuration in JEWEL. On the right side, the ratios between Monte Carlo results
and experiment are shown for better comparison. The experimental data points were read
off the plots.
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Figure 14: On the left, the simulation results for the central to peripheral ratio RAA for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [27] for jet radius

R = 0.3 and 0 − 10% centrality. One medium parameter was varied, compared to the
default configuration in JEWEL. On the right side, the ratios between Monte Carlo results
and experiment are shown for better comparison. The experimental data points were read
off the plots.
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Figure 15: On the left, the simulation results for the central to peripheral ratio RCP for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [26] for jet radius

R = 0.2. One medium parameter was varied, compared to the default configuration in
PYQUEN. On the right side, the ratios between Monte Carlo results and experiment are
shown for better comparison.
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Figure 16: On the left, the simulation results for the central to peripheral ratio RCP for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [26] for jet radius

R = 0.3. One medium parameter was varied, compared to the default configuration in
PYQUEN. On the right side, the ratios between Monte Carlo results and experiment are
shown for better comparison.
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Figure 17: On the left, the simulation results for the central to peripheral ratio RAA for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [27] for jet radius

R = 0.2 and 0 − 10% centrality. One medium parameter was varied, compared to the
default configuration in PYQUEN. On the right side, the ratios between Monte Carlo
results and experiment are shown for better comparison. The experimental data points
were read off the plots.
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Figure 18: On the left, the simulation results for the central to peripheral ratio RAA for
charged jets is shown for

√
s = 2760 GeV compared to ALICE data [27] for jet radius

R = 0.3 and 0 − 10% centrality. One medium parameter was varied, compared to the
default configuration in PYQUEN. On the right side, the ratios between Monte Carlo
results and experiment are shown for better comparison. The experimental data points
were read off the plots.

If the points xi are distributed randomly and uniformly over the volume V , the expression

on the right hand side will converge to the integral by means of the central limit theorem

[8]. The estimated error E[f ] is given by

E[f ] =

√
〈f 2〉 − 〈f〉2
N − 1

, (A.2)

which is independent of the dimensionality of the problem, but depends only on the variance

of the integrand f in the numerator.

A.2 Variance Reduction

The simple integration procedure from the previous section samples every subset of the

volume V with the same probability. This means that subsets where f vanishes or is very

small und thus do not contribute much or anything to the sum in (A.1) will in principle be

sampled as often as subsets where f is large. To circumvent this let g be a function with

g(x) 6= 0 for all x ∈ V such that f/g has a lower variance than f and g(x)dnx is an exact
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differential form then (A.1) can be rewritten as

I[f ] =

∫
V

f(x)

g(x)
g(x)dnx. (A.3)

However, the integration process in (A.3) can be interpreted as sampling h = f/g over the

nonuniform probability density dnµ(x) = g(x)dnx [28]. This interpretation is then used in

for example in the VEGAS MC algorithm where the integrand is first sampled uniformly

for a comparatively low number of times to find a probability distribution that is well-

suited for the integrand and then this density is used to integrate the function taking into

account where its maxima and minima are.

B Default parameters in the simulations

B.1 JEWEL

Table 1: Default medium parameters in JEWEL [22]

Parameter Variable Default value

Initial time τi [fm] TAUI 0.6
Mean initial temperature Ti [GeV] TI 0.36
Woods-Saxon potential? WOODSSAXON T (”True“)
Lower end of centrality range [%] CENTRMIN 0
Upper end of centrality range [%] CENTRMAX 10
Number of flavors in the QGP NF 3
Mass number of colliding nuclei A 208
Density parameter of Woods-Saxon potential [fm−3] N0 0.17
Thickness parameter of Woods-Saxon potential [fm] D 0.54
Nucleon-nucleon cross section [fm2] SIGMANN 6.2
Minimum of infra-red regulator [GeV] MDFACTOR 0.45
Factor multiplying to the infra-red regulator, i.e. µD = 3T MDSCALEFAC 0.9
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B.2 PYQUEN

Table 2: Default medium parameters in PYQUEN [29]

Parameter Variable Default value

Maximum initial temperature [GeV] T0 1
Proper time of QGP formation [fm] tau0 0.1
Number of flavors in the QGP nf 0
Energy loss mechanisms ienglu 0
Angular distribution of emitted gluons ianglu 0

• The variable ienglu is enumerating the options ”radiative & collisional energy loss“,

”radiative energy loss only“ and ”collisional energy loss only“ from 0 to 2.

• The variable ianglu is enumerating the options ”small-angular“, ”wide-angular“ and

”collinear“ from 0 to 2.
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