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Promotor: Prof. dr. R.J.M. Snellings

Copromotor: Dr. A. Mischke

Dit werk maakt deel uit van het onderzoekprogramma van de Stichting voor
Fundamenteel Onderzoek der Materie (FOM), die deel uitmaakt van de
Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO).

This work is part of the research programme of the Foundation for
Fundamental Research on Matter (FOM), which is part of the Netherlands
Organisation for Scientific Research (NWO).



Do not go where the path may lead,
go instead where there is no path

and leave a trail
R.W.Emerson





Contents

1 Introduction 3

1.1 The standard model and QCD . . . . . . . . . . . . . . . . . . . 3

1.2 QCD phase diagram . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Heavy-ion collisions . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 Experimental signatures of the QGP . . . . . . . . . . . . . . . 10

1.4.1 Azimuthal anisotropy . . . . . . . . . . . . . . . . . . . . 11

1.4.2 Parton energy loss . . . . . . . . . . . . . . . . . . . . . 12

1.5 Cold nuclear matter effects: proton ion collisions . . . . . . . . . 19

2 Heavy quarks in heavy-ion collisions 21

2.1 Heavy quark production . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Heavy quarks in the QGP: energy loss . . . . . . . . . . . . . . 25

2.2.1 Energy loss models . . . . . . . . . . . . . . . . . . . . . 27

2.3 Azimuthal correlations of heavy-flavour particles . . . . . . . . . 32

3 The experimental setup 39

3.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . 39

3.2 The ALICE experiment . . . . . . . . . . . . . . . . . . . . . . 41

3.3 The central barrel detectors . . . . . . . . . . . . . . . . . . . . 43

3.3.1 The Inner Tracking System . . . . . . . . . . . . . . . . 43

3.3.2 The Time Projection Chamber (TPC) . . . . . . . . . . 44

3.3.3 The Time Of Flight Detector (TOF) . . . . . . . . . . . 46

3.4 Tracking and vertexing . . . . . . . . . . . . . . . . . . . . . . . 47

4 Analysis Strategy 49

4.1 Event selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 D∗+ reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2.1 Topological selections . . . . . . . . . . . . . . . . . . . . 50

4.2.2 Signal extraction . . . . . . . . . . . . . . . . . . . . . . 53

4.3 Background subtraction . . . . . . . . . . . . . . . . . . . . . . 56

4.3.1 Background from D0 side-bands . . . . . . . . . . . . . . 56

4.3.2 Background from D∗+ side-bands . . . . . . . . . . . . . 57

4.3.3 Subtraction of the background contribution . . . . . . . 61

4.4 Associated track selection . . . . . . . . . . . . . . . . . . . . . 63

4.5 Correction for detector inhomogenities . . . . . . . . . . . . . . 63

4.6 Correction for D∗+ meson efficiencies . . . . . . . . . . . . . . . 67

4.7 Correction for associated track efficiencies . . . . . . . . . . . . 68

4.8 Subtraction of correlations from D∗+ mesons coming from Beauty-
hadron decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.9 Correction for secondary track contamination . . . . . . . . . . 72



CONTENTS

5 Monte Carlo analysis 75
5.1 Different contributions to the azimuthal angular correlations of

hadrons and D mesons . . . . . . . . . . . . . . . . . . . . . . . 75
5.2 Monte Carlo closure test . . . . . . . . . . . . . . . . . . . . . . 81
5.3 Event mixing normalisation . . . . . . . . . . . . . . . . . . . . 89

6 Systematic uncertainties 93
6.1 Azimuthal correlation distribution systematic uncertainties . . . 93

6.1.1 D∗+ meson yield extraction . . . . . . . . . . . . . . . . 95
6.1.2 Background subtraction . . . . . . . . . . . . . . . . . . 97
6.1.3 D meson efficiency correction . . . . . . . . . . . . . . . 97
6.1.4 Tracking efficiency . . . . . . . . . . . . . . . . . . . . . 100
6.1.5 Correction for contamination from secondary tracks . . . 103
6.1.6 Beauty feed-down correction . . . . . . . . . . . . . . . . 104
6.1.7 Total systematic uncertainty . . . . . . . . . . . . . . . . 106

7 Results 107
7.1 D∗+-charged particle correlations . . . . . . . . . . . . . . . . . 108
7.2 Average of D0, D+ and D∗+ . . . . . . . . . . . . . . . . . . . . 108
7.3 Estimation of the baseline . . . . . . . . . . . . . . . . . . . . . 115
7.4 Comparison to models . . . . . . . . . . . . . . . . . . . . . . . 119
7.5 Comparison of azimuthal correlations in pp and p-Pb collisions . 120
7.6 Characterisation of the correlation distribution . . . . . . . . . . 123

7.6.1 Systematic uncertainties from the fitting procedure . . . 124
7.7 Near-side yield, width and baseline as function of the D meson

and associated track pT . . . . . . . . . . . . . . . . . . . . . . . 125

8 Outlook 131
8.1 D∗+-charged particle correlations in Pb-Pb collisions at

√
sNN

= 2.76 TeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
8.2 ALICE upgrades . . . . . . . . . . . . . . . . . . . . . . . . . . 132
8.3 Azimuthal correlations with EMCAL trigger . . . . . . . . . . . 135

9 Conclusions 139



Outline

The study of fully reconstructed open heavy-flavour hadrons in collisions of
heavy-ions was possible for the first time at the Large Hadron Collider, with
the ALICE experiment. First results of the nuclear modification factor and
the azimuthal anisotropy of open-charm mesons [1, 2] became available shortly
after the first heavy-ion collision data was collected, presenting interesting and
fascinating results.
This PhD thesis discusses the first results of the next step in the study of
the physics of open-charm mesons, the azimuthal correlations of open-charm
particles with charged particles. These results were obtained in pp and p-
Pb collisions, providing the baseline for the measurements from collisions of
heavy-ions. The latter are expected to be available in the near future, as the
statistics collected from the first years of LHC operations is not enough to
provide a reasonable precision.
The first two chapters provide an overview of Quantum Chromo Dynamics
(QCD), the Quark Gluon Plasma (QGP) and the physics involving heavy-
quarks in the context of heavy-ion collisions. The third chapter presents a
description of the ALICE experiment and of the main sub-detectors, used for
the purposes of the analysis presented here. Chapter 4 describes the analysis
strategy, while chapter 5 discusses the studies on Monte Carlo simulations,
performed to better understand the complex systems that are investigated.
The systematic uncertainties are discussed widely in chapter 6. The 7th chap-
ter presents the results of the azimuthal correlations between D mesons and
charged particles in pp and p-Pb collisions and the comparison to theoretical
models. A discussion on the future of this analysis is provided in chapter 8,
before concluding the manuscript with a general summary in chapter 9.
The angular correlations of D mesons are performed with all the charged par-
ticles passing kinematic and track-quality selections. The majority of the as-
sociated particles are hadrons.
Henceforth, in this thesis, in the context of azimuthal correlations, the terms
“charged particles”, “hadrons” and “associated particles” are used interchange-
ably, referring exclusively to charged particles, unless differently stated.
The results discussed in this thesis have been presented at international con-
ferences [3] and will be published in the near future in the paper that is in
preparation [4].
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1
Introduction

The early years of the 20th century represented a breakthrough in the under-
standing of the microscopic world: the discovery of the electron by J.J.Thompson
in 1897 and the first scattering experiments conducted by Rutherford in 1907
allowed us to get a clear understanding of the structure of atoms. However,
the two fundamental forces known at the time (gravitational and electromag-
netic interaction) were not enough to describe the observed structures. The
introduction of the strong and weak interactions through studies of radioactive
decays, completed the phenomenological picture of the nuclear physics at the
time. At the same time, the first developments of the quantum theory showed
the particle-wave nature of matter. This discovery allowed for a first inter-
pretation of the electromagnetic waves in terms of particles (photons). The
experimental observation of a wide “spectrum” of particles that were interact-
ing electromagnetically, weakly and strongly, called for a quantum description
of the interactions between them. The first attempts for the so-called “second
quantisation” were carried out in the 1920’s, setting the foundations for the
quantum field theory. This attempts culminated in the formulation of quantum
electrodynamics (QED) in the early postwar period, giving a first successful
quantum description of the electromagnetic interaction between charged par-
ticles. Similar efforts were carried out for the weak and strong interaction,
leading to the formulation of the standard model of particle physics.

1.1 The standard model and QCD

The standard model represents the most complete theory of elementary parti-
cles and their interactions. It classifies all the known elementary particles and
describes their strong, weak and electromagnetic interactions. It is based on a
local gauge symmetry of the type SU (3) × SU (2) × U (1). The non-abelian
SU (2)×U (1) broken symmetry describes the electro-weak sector. The force is
carried by the gauge bosons, the charged W+ and W−, and the neutral Z0 and
γ. SU (2)× U (1) is broken by the Higgs Mechanism [5], which is responsible
for the masses of the elementary particles. The Higgs Mechanism requires the
existence of a scalar field, represented by the Higgs Boson, which has been
discovered in 2012 in pp collisions at the LHC by the ATLAS and CMS
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CHAPTER 1. INTRODUCTION

collaborations [6, 7]. The strong interaction is mediated by massless bosons
called gluons. The fermionic fields in the Standard Model are separated in two
groups: the quarks, that experience all the three types interaction, as they
carry the three charges considered in the standard model, and the leptons,
which are classified in charged leptons (experience both the electromagnetic
an weak interaction) and the neutrinos (that interact only weakly).
The classification of the elementary particles considered in the standard model
is shown in figure 1.1.
Quantum Chromo Dynamics (QCD) is the theory that describes the strong
interaction, and it is constructed in terms of the SU(3) local gauge symmetry.
The above mentioned gluons correspond to the 8 massless gauge field deriv-
ing from SU(3) local gauge symmetry. The colour is the locally conserved
charge of the gauge symmetry. The QCD Lagrangian is obtained by imposing
invariance under local transformations and is defined as follows:

LQCD = ψ̄i (i(γ
µDµ)ij −mδij)ψj −

1

4
F a
µνF

µν
a (1.1)

where ψ represents the fermionic field associated to a quark, and F a
µν

F a
µν = ∂µG

a
ν − ∂νGa

µ + gfabcGb
µGcν (1.2)

represents the gluon field strength tensor where Ga
ν is the gluon field, fabc are

the structure constants of the SU(3) group, and g is the coupling constant.
The third term in equation 1.2 originates from the non-abelian nature of

Figure 1.1: All the known elementary particles, predicted by the standard
model and discovered experimentally.
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1.1. THE STANDARD MODEL AND QCD

Figure 1.2: The non-abelian structure of SU(3) allows for gluon self-
interactions, which occur as three and four gluon vertices

SU (3), and allows for self-interactions of the gluon fields. This means that the
gluon field carries a colour charge itself. The product of the gluon field strength
tensors (the last term of the QCD Lagrangian, equation 1.1 will contain three
and four gluon interaction terms, which are shown as Feynman diagrams in
figure 1.2.
In the (colour) charge renormalisation procedure, the presence of the gluon
self-interactions leads to a dependency of the coupling constant αs from the
exchanged momentum in the interaction, Q. Equation 1.3 shows the depen-
dency at the first order

αs
(
Q2
)

=
2π

(11− 2/3nf ) ln
(
Q2/Λ2

QCD

) (1.3)

where nf represents the number of quark flavours, and ΛQCD is a constant
not predicted by the theory, which corresponds to the energy scale where
the perturbatively–defined coupling would diverge. The dependency is shown
graphically in Fig. 1.3. For large values of Q (Q2 >> Λ2), αs decreases
asymptotically to zero. In this particular approximation (large transferred mo-
mentum, short distances), the quarks and gluons interact very weakly. This
phenomenon is known as asymptotic freedom.
On the other hand, for small values of Q (Q2 << Λ2, corresponding to long
distances), αs increases. This “long distance limit” manifests itself in another
peculiar property of QCD, known as confinement. Confinement can be under-
stood in the picture of the “string model”: because of the gluon self-coupling,
as a quark-antiquark pair separates, the gluon field forms a narrow tube (or
string) of colour fields between them. As the distance increases, the energy
of the tube increases, making energetically favourable the creation of a new
quark-anti quark pair. Because of confinement, there are no coloured states in
nature. Quarks are confined to exist in structured, colourless particles called
hadrons.
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CHAPTER 1. INTRODUCTION

Figure 1.3: Dependence of the coupling constant, αs, with Q, the momentum
exchanged in the interaction [8].

According to current knowledge, hadrons exist in qq̄ states (mesons) or in
qqq (q̄q̄q̄) states (baryons). Very recent result from the LHCb collaborations
showed the existence of exotic particles composed of five quarks (called pen-
taquarks) [9].

1.2 QCD phase diagram

Under ordinary conditions, quarks and gluons are confined into hadrons by
the strong interaction. Lattice QCD calculations [10] predict that by bringing
the hadronic matter to extreme conditions (high temperature or densities),
different thermodynamic states can be formed. The cartoon in figure 1.4 illus-
trates the key features of the hadronic matter as a function of the temperature
T and the baryo-chemical potential, µB of the system. At low values of the
temperature and baryo-chemical potential, quarks and gluons are bounded
into hadrons, and this is the limit of the matter in ordinary conditions. With
increasing temperature (at low values of µB), the hadronic matter gets decon-
fined: when the system exceeds its critical temperature, TC , expected to be
TC ∼ 154 MeV [11, 12], quarks and gluons keep interacting, but are not bound
together anymore: they are deconfined in a plasma, the so-called Quark-Gluon
Plasma (QGP). There is a net increase in the total number of degrees of free-
dom of the system, as now also the flavour, spin, colour and charge states of

6



1.2. QCD PHASE DIAGRAM

Figure 1.4: Schematic representation of the QCD phase diagram with re-
spect to the temperature (vertical axis) and the baryon density (horizontal
axis). At high temperatures, the phase transition to the QGP occurs. Image:
Brookhaven National Laboratory

quarks and gluons become available.
Figure 1.5 shows the Lattice QCD calculation [13] of the energy density, ε
(blue line) and of the pressure (red dashed line), both normalised to the tem-
perature T to the fourth power. The energy density increases rapidly in the
range 145 < T < 163 MeV, which is the effect of the change in the effective
degrees of freedom that happens during the phase transition. The early uni-
verse is believed to have existed in a state of Quark Gluon Plasma for about
10−6 seconds after the Big bang, until the temperature, decreasing because of
the universe expansion, went below the critical temperature TC . At this stage
also the baryo-chemical potential was close to zero.
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CHAPTER 1. INTRODUCTION

Figure 1.5: Lattice QCD prediction of the energy density and the pressure
scaled by the temperature at the fourth power [13] . The steep change is due to
the phase transition from hadronic matter to QGP and therefore an increase
of number of the degrees of freedom of the system.

1.3 Heavy-ion collisions

The extreme conditions at which the QGP can be created are reachable nowa-
days in the laboratory by colliding heavy nuclei. The two main heavy-ion
facilities currently used to study the QGP are the Relativistic Heavy Ion Col-
lider (RHIC) in Brookhaven (BNL) and the Large Hadron Collider (LHC) at
CERN.
At RHIC, different types on nuclei, such as gold, copper and uranium, are
accelerated and collided at a centre of mass energy that ranges from 7.7 to 200
GeV per nucleon-nucleon pair. Two main experiments, PHENIX and STAR
are used to detect the particles created in the heavy-ion collisions that carry
the information of the strongly interacting matter.
On the other side of the Atlantic Ocean, at CERN, the LHC accelerates and
collides lead nuclei at a centre of mass energy of 2.76 TeV per nucleon-nucleon
pair (5.02 TeV starting from 2015), and the main experiments, ALICE, AT-
LAS, CMS and LHCb (as of 2015), detect the large amount of particles created
in those collisions.
The collision of two heavy ions creates a strongly interacting system (often
also called “fireball”), that evolves in a series of phases.
These phases are shown in figure 1.6 and are described below:

8



1.3. HEAVY-ION COLLISIONS

Figure 1.6: The evolution of a heavy-ion collision [14]. The time axis flows
on the bottom to the top. The main phases of the evolution are shown (see
text for more details).
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CHAPTER 1. INTRODUCTION

1. Pre-equilibrium phase: is the phase that occurs just after the heavy-
ion collisions. The partons, that are created from the hard scattering
processes, begin to interact.

2. QGP phase: after a time period τ < 1 fm/c, the system reaches thermal
equilibrium due to rescatterings among its consituents. In this phase,
the mean free path of the interacting particles is small compared to the
system size: this limit allows the system to be described in terms of
hydrodynamics.

3. Hadronisation: the system expands and cools down. When the system
temperature reaches the critical temperature TC , a phase transition into
the hadronic phase occurs. The transition from the deconfined plasma
to hadrons results in a reduction of the effective degrees of freedom of
the system.

4. Chemical freeze-out: after hadronisation, the hadrons undergo inelas-
tic scatterings until the chemical freeze-out temperature, TCh, is reached.
At this point, the hadronic species abundance are frozen (the only change
in abundance that can still occure is due to decays of unstable particles).

5. Thermal freeze-out: after the chemical freeze-out occurs, the hadrons
continue to undergo elastic scatterings. At the thermal freeze-out tem-
perature, also the elastice scatterings cease and the hadrons leave the
equilibrium stage. At this point, all the kinematical properties of the
particles are defined.

The QGP cannot be studied directly because it exists for a very short time of
the order of t ≈ 10 fm/c. The properties of the strongly interacting medium are
studied after reconstructing the final state particles. The main experimental
observables, relevant for the topics discussed in this thesis, are described in
the next section.

1.4 Experimental signatures of the QGP

Heavy nuclei are not point-like, but they have a finite size. This means that not
every collision will be head-on, but it can occur at different impact parameters.
The impact parameter is the distance in the transverse plane between the cen-
tres of the two nuclei. With increasing impact parameter, not all the nucleons
interact. This effect can be quantified in terms of centrality, a quantity that is
measured in percentiles (a fraction of the total hadronic cross section): a head-
on collision (i.e. with zero impact parameter) is said to be a central collision,
and corresponds to low values of the centrality percentile. With increasing im-
pact parameter, the centrality percentile increases and the collisions are said
to be semi-central and peripheral. The centrality is determined experimentally

10



1.4. EXPERIMENTAL SIGNATURES OF THE QGP

via measurements of the total multiplicity or zero-degree energy [15].
Measurements of multiplicities, yields, transverse momenta and directions of
the reconstructed particles are used to study the properties of the Quark Gluon
Plasma.
This section present the main observables relevant for this work, namely the
azimuthal anisotropy, the nuclear modification factor and angular correlations.

1.4.1 Azimuthal anisotropy

The partons created in a heavy-ion collision interact chaotically among each
other. These multiple rescatterings occuring between the medium constituents
manifest themselves as flow. More interactions usually lead to a larger mag-
nitude of the flow and brings the system closer to thermalization. Hence, the
magnitude of the flow is sensitive to the level of thermalization of the system.
The relativistic isotropic expansion of the medium causes the so-called radial
flow, which can can be studied by measuring the pT-distribution of the final
state hadrons.
On the other hand, if the system presents geometrical asymmetries, pressure
gradients will be present that create the so-called anisotropic flow.
In particular, in a semi-central collision, that is schematically shown in figure
1.7, the fireball has an almond-like shape.
The different extension of the interacting system pushes the particles in a pre-
ferred direction. The reaction plane (RP), indicated in figure 1.7, is defined
by the z-axis and the impact parameter of the two nuclei. It can be estimated
experimentally by the event plane (EP), defined as the plane formed by the
z-axis (the beam direction) and the preferred direction of the created particles.
The anisotropy can be quantified by measuring the azimuthal direction of the
particles relative to the reaction plane (RP), i.e.

Figure 1.7: Cartoon showing a semi-central collision of two heavy nuclei.
The spatial asymmetry of the almond-shaped fireball (red) creates different
pressure gradients, therefore particles are pushed in a preferred direction (along
the reaction plane).

11
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d3N

d3p
∝
(

1 + 2
+∞∑
n=1

vncos [n (φ− ΦRP )]

)
(1.4)

where p is the momentum of the particle, φ is its direction, ΦRP is the azimuthal
direction of the reaction plane, and vn are the coefficients that quantify a
certain component of the anisotropic flow. In particular, the 2nd coefficient,
the elliptic flow coefficient v2 is sensitive to the asymmetries of the particle
emissions inside and outside the reaction plane.
Figure 1.8(a) shows the v2 of charged particles as function of pT, measured
by the ALICE collaboration [16], in Pb-Pb collisions at

√
sNN= 2.76 TeV, in

the centrality class 40-50%. The measurement is performed using different
methods [17] (2-particle cumulants (v2{2}) and 4-particle cumulants (v2{4})).
The v2{4} is systematically lower than the v2{2} as it is less affected by non-
flow contributions. Figure 1.8(b) shows the v2 obtained with the 4-particle
cumulants method in the centrality classes 10-20%, 20-30% and 30-40%. The
ALICE results, measured at

√
sNN = 2.76 TeV, are compared to the results

from the STAR collaboration at
√
sNN = 200 GeV. The pT-dependence of

v2{4} is in a remarkable agreement over more than one order of magnitude of√
sNN .

The elliptic flow is also sensitive to the shear viscosity (η/s). The v2 is best
described with values of the shear viscosity close to the limit of η/s ∼ 1/4π
[16, 18, 19, 20], meaning that the QGP behaves as a perfect liquid.

1.4.2 Parton energy loss

One of the most relevant signatures of the presence of the Quark Gluon Plasma
is the in-medium energy loss. High-momentum partons are generated in the
initial hard-scattering processes. This effect is mainly due to two main sources:

• Energy loss due to the radiation of gluons from high-pT partons, induced
by the presence of the QGP, is called radiative energy loss. The
radiative energy loss shows a different behaviour depending on the nature
of the coupling due to the so-called colour coupling, which equals 4/3
for the quark-gluon coupling and 3 for the gluon-gluon coupling. The
different colour factor has as effect a larger energy loss for gluons than
for quarks. Additionally, the radiative energy loss depends on the path
length of the parton L, and the average squared transverse momentum
exchange per unit, known as the transport coefficient. In addition the
gluon emission by quarks is subject to the dead-cone effect [21]. Due to
the dead-cone effect, a gluon cannot be emitted with an angle smaller
than the limit angle ϑ0. ϑ0 depends on the parton mass, i.e. ϑ0 ∼ m/E.
Therefore, heavy-quarks are expected to lose less energy compared to
lighter quarks, as the forward emission of gluons is suppressed.

12
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Figure 1.8: v2 for semi-central collisionsmeasured by ALICE[16]. The up-
per panel (a) shows the results with the 2- and 4-particle cumulant method
in the centrality class 40-50% while the panel (b) shows the results with 4-
particle cumulants in different centrality classes. The results are compared to
measurements by the STAR collaboration at a lower collision energy.

• Energy loss from multiple scatterings with other patrons present in the
medium that is called collisional energy loss.

Both effects contribute to the energy loss of partons, however the dominance
of one respect the other depends on the initial energy of the parton (E) as well
as on the path length in the medium.

Deviation from binary scaling: the nuclear modification factor

The Glauber model [22] is a phenomenological model that provides a descrip-
tion of the nucleus-nucleus interaction based on the collision geometry, that
plays a role as nuclei are extended objects. It is used to compute the number
of binary collisions of the nucleons, 〈Ncoll〉. Due to the overlap of the nuclear
density functions, the pT spectra of the hard scattering production in heavy-
ion collisions is proportional to the pT spectra in pp collisions. The factor of
proportionality is 〈Ncoll〉, which depends on the overlap of the two colliding
nuclei. This properties is called binary scaling.
The nuclear modification factor, RAA, is the observable that derives naturally
from the phenomenological aspects described above, and it is defined as

RAA =
1

〈Ncoll〉
dNAA/dpT

dNpp/dpT

, (1.5)
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Figure 1.9: RAA of charged particles measured by ALICE [23] in two different
centrality classes (0-5% and 70-80%).

where dNAA/dpT and dNpp/dpT represent the measured pT-spectra in heavy-
ion and pp collisions, respectively. In absence of a strongly interacting medium,
the pT spectrum follows the binary scaling and the RAA is, by definition, equal
to unity.
If partons interact with the medium, they lose energy, and therefore the pT

spectrum gets modified beyond the binary scaling. This reflects in RAA 6= 1. In
particular, at higher values of pT, the RAA is expected to be smaller than one
in case of energy loss by radiation of gluons or collision with the constituents
of the medium.
Figure 1.9 shows the RAA of charged particles measured by the ALICE col-
laboration [23], for central and peripheral collisions. In both cases RAA < 1,
which at high pT is due to the energy loss of the partons created in Pb-Pb
collisions at

√
sNN = 2.76 TeV. From Fig. 1.9 it is also clear that the RAA de-

pends on the centrality of the collision, and is smaller for more central events.
The strong suppression observed in the central collisions for higher pT charged
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1.4. EXPERIMENTAL SIGNATURES OF THE QGP

particles indicates a very strong parton energy loss in a very dense medium.

Jet quenching

The energy loss will manifest itself in quenched jets. Jets are defined as objects
of collimated particles that are created because of a cascade of consecutive
emission of patrons, that started from a high energetic parton produced by the
hard scattering process. Due to the confinement effect of QCD, these partons
cannot exist separately, which will result in a cone of collimated particles
travelling in the same direction. Partons are created in pairs, and given the
size of the system, their creation can be approximated to happen in the same
point. In pp collisions, this would lead, at first order, to the production of two
back-to-back orientated jets with very similar total energy and momentum. In
heavy-ion collisions, due to the presence of the medium, the two partons will
not travel the same distance in the medium, meaning that one of them will
loose more energy in the medium than the other. This effect is known as jet
quenching.
The jet quenching is schematically shown in Fig. 1.10, where in the left panel
the production of the two patrons and the consequent hadronisation is shown
when no medium is present (vacuum), while the right panel shows the same
in presence of the medium. Jet quenching can be experimentally observed
by studying the back-to-back production of jets in heavy-ion collisions. A
momentum imbalance in di-jet events has been observed by the ATLAS and
CMS collaborations [24, 25] at the LHC, where fully reconstructed jets can be

Figure 1.10: Cartoon illustrating the different jet production in pp collisions
(left) and heavy-ion (right) collisions. In heavy-ion collision the back-to-back
jets interact differently with the QGP, that leads to an asymmetry in the jet
energies, on contrary to what happens in pp collisions.
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CHAPTER 1. INTRODUCTION

Figure 1.11: Transverse energy distribution in the η-ϕ plane of a di-jet event
in heavy-ion collisions as measured by CMS[24]. The sub-leading jet is recon-
structed with an energy that is much smaller than the leading jet. This is due
to the jet quenching effect.

measured using the information from the hadronic calorimeters that provide
an almost full 4π coverage. This effect indicates that the energy lost in the
medium goes into low-pT particles, far from the jet axis. Figure 1.11 shows an
example of and imbalanced di-jet event, as observed by the CMS collaboration
[24], where a relevant difference in transverse energy of the leading jet (the
one with the highest transverse energy) and the subleading jet (the one with
the lower energy in the opposite hemishpere) has been observed. This di-jet
momentum imbalance can be quantified by the asymmetry ratio

AJ =
pT,1 − pT,2
pT,1 + pT,2

(1.6)

that is shown in the upper row of Fig. 1.12 for different centrality classes.
By construction, AJ peaks at zero if no imbalance is present (i.e. no jet quench-
ing), while peaks at non zero values if an imbalance is present (i.e. the jets
are quenched). The shift of AJ towards non zero values happens moving from
peripheral to central events, as shown in the upper panel of Fig. 1.12, which
reports the measurement of AJ by the ATLAS collaboration [25] compared to
simulations from PYTHIA[26] + HIJGING[27] (yellow histograms). The lower
panel of 1.12 shows the azimuthal angular correlation between the leading and
subleading jet.

Azimuthal angular correlations

Azimuthal angular correlations between charged particles are another observ-
able to investigate jet quenching at lower pT, a domain where jet reconstruction
becomes difficult due to the background fluctuations, in particular in a high-
multiplicity environment as the one produced in heavy-ion collisions.
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1.4. EXPERIMENTAL SIGNATURES OF THE QGP

Figure 1.12: Upper panels: the asymmetry ratio AJ as function of the cen-
trality (from left to right, from more peripheral to more central events) mea-
sured by ATLAS[25] and compared to PYTHIA+HIJING simulations. Lower
panels: same as upper panels, but the variable presented is the ∆ϕ distribution
of di-jets[25].

In this case, the reconstructed charged track with the highest pT is defined
as the trigger particle for the correlation, and is very likely to originate from
the fragmentation of a high pT parton produced in an initial hard scattering
process. The difference in azimuthal angle, ∆ϕ, with the other tracks present
in the event is expected to show a peak around ∆ϕ = 0 and a peak in the
back-to back direction, ∆ϕ = π. The peak at ∆ϕ = 0 is called the near-side
peak, and represents the tracks generated by the same jet as the highest pT

particle that is used as trigger particle. The second peak, centered at ∆ϕ = π,
is called the away-side peak, and is generated by the recoil parton. The effects
of the medium on the jet production is visible when the azimuthal correlation
distribution in heavy-ion collisions is compared to a distribution from a base-
line measurement, namely from pp collisions. Figure 1.13 shows the di-hadron
correlation measurement by the STAR collaboration [28], where the away-side
peak from in most central Au+Au collisions is strongly suppressed compared
to the one from pp collisions.
To quantify the modification of the associated particle yields a variable denoted
IAA is used. The IAA is defined as

IAA =
YAA
Ypp

(1.7)

where

Y =
1

Ntrig

∫
dNassoc

d∆ϕ
d∆ϕ (1.8)

1
Ntrig

dNassoc

d∆ϕ
is the azimuthal correlation distribution normalised to the number

of trigger particles. Figure 1.14 shows the IAA meausurements by the ALICE
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Figure 1.13: Di-hadron azimuthal correlations measued by STAR [28] in pp,
d-Au and Au-Au collisions. In Au-Au collisions at

√
sNN = 200 GeV, the

strong suppression of the away-side peak is evidence of the jet quenching.

collaboration in Pb-Pb collisions at
√
sNN = 2.76 TeV.

The right panel shows the IAA for the away side. For central collision, the
IAA value is around 0.5, which means that a large suppression of the away-
side yields has been measured (similar to the observation by STAR described
above). On the near side, on the other hand, an enhancement of the order of
20% has been observed (left panel). The possible interpretation is given in the
following subsection.
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Figure 1.14: The IAA for di-hadron correlations measured by ALICE in
different centrality classes of Pb-Pb collisions at

√
sNN = 2.76 TeV [29]. The

left panel corresponds to the near side, while the right panel corresponds to
the away side.
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1.5. COLD NUCLEAR MATTER EFFECTS: PROTON ION
COLLISIONS

The near side of azimuthal angular correlations

The near side of azimuthal angular correlations is of particular interest as it is
sensitive to various effects [29]:

• Change of fragmentation function: modifications to the fragmen-
tation function could induce a modification of the near side correlation.
Namely, in Pb-Pb or p-Pb collisions a different fragmentation function
would mean that the hadron (the trigger particle) carries a different frac-
tion of the initial parton momentum compared to the one in the pp case.
This would mean that a trigger particle with the same pT would be pro-
duced by a parton with different initial pT in the two collisional systems.
In that case, also the production of associated particles differs, result-
ing in a different fragmentation function. In particular, a fragmentation
function that softens with respect to pp, would manifest in IAA > 1,
while the IAA would be smaller than one in the opposite case.

• Possible change of the quark/gluon jet ratio in the final state:
jets can origin from quarks and gluons. Different coupling of gluons or
quarks with the medium can lead to possible changes in the fraction of
quark- and gluon- related jets in a given pT range, leading to a possible
modification of the azimuthal distribution on the near side.

• Change due to modification of the parton-pT spectrum: an in-
crease in the IAA can be also explained in terms of modification of the
parton-pT distribution, even by keeping its fragmentation unmodified.
Due to the rising slope of the RAA at high pT, the parton pT distribution
might be biased towards higher pT, after energy loss. Therefore, for a
given trigger pT, the mean parton pT would be larger in Pb-Pb, leading
to an increase of the IAA.

1.5 Cold nuclear matter effects: proton ion colli-
sions

As discussed above, in heavy-ion collisions, the plasma of deconfined quarks
and gluons is created. The difference in observables between heavy-ion colli-
sions and the baseline measurements (pp collisions) is influenced not only by
the plasma, but also by so called nuclear matter effects. Cold nuclear matter
effects represent different phenomena that occur due to the interaction of the
parton with the nuclear environment. It is not possible to disentangle the
cold nuclear matter effects from the hot one (i.e. due to the presence of the
medium). It is however possible to study the nuclear effect separately, by col-
liding protons and heavy-nuclei.
In collisions of protons and nuclei, the energy density is not expected to be
high enough to generate the deconfined plasma. Therefore, it presents a unique
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way to be sensible to cold nuclear matter effects only.
The kT -broadening is one of the main cold nuclear matter effects. Before the
hard scattering occurs, the partons of the nucleons can undergo multiple elas-
tic scatterings. This elastic collisions transmit an initial transverse momentum
kT , which broads the pT spectra of particles produced in the hard scattering
process. This would result in an enhancement of the nuclear modification fac-
tor, known as the Cronin effect[30].
The parton distribution functions (PDF) in the nuclear environment are af-
fected by the presence of other partons. In particular, at low x (with x rep-
resenting the fraction of the pT of the parton over the pT of the nucleon), a
depletion of the PDF was observed experimentally. This effect is known as
nuclear shadowing [31].
The low-x region of the PDFs is dominated by gluons. The gluon density
increases with the momentum of the hadron until the system is completely
saturated. This extreme condition of matter is known as Colour Glass Con-
densate (CGC) [32], which is extremely dense, but rather cold (compared to
the Quark Gluon Plasma). One of the expected signatures of the CGC are
long range correlations of particles [33]. However, similar structures could also
originate from a collective behaviour of the system created in p-Pb collisions.
The experimental observation of the long range correlations is reported in ref.
[34, 35, 36].

20



2
Heavy quarks in heavy-ion collisions

Charm and beauty quarks (heavy quarks) represent a unique probe to study
the properties of the Quark Gluon Plasma. This chapter presents a summary
of the basic aspects of heavy quarks in heavy-ion collisions: their production
mechanisms, their energy loss in the quark gluon plasma, the experimental
results related to heavy quarks, and finally the theoretical description of the
azimuthal correlations of heavy quarks.

2.1 Heavy quark production

Heavy quarks are produced in scattering processes with large momentum trans-
fer (Q2 >∼ 4m2

b,c). In this range, the QCD coupling constant is smaller than unity,
allowing for the use of perturbative QCD (pQCD). In this approach, the hard
scattering amplitude is expanded in powers of αs. The fact that αs � 1 grants
the convergence of the expansion. The pT-differential cross section for the
production of heavy-flavour hadrons (HQ) can be calculated directly from the
partonic hard-scattering cross section that is convoluted with the parton dis-
tribution functions (PDFs) and the fragmentation function.
The parton distribution function, f(x, µF ), describes the probability that the
constituent of the nucleon that is interacting carries a fraction x of the total
momentum of the nucleon.
On the other hand, the fragmentation function D(z, µF ) describes the proba-
bility that a final-state quark, produced in the hard scattering, could create a
hadron carrying a fraction z of the momentum of the quark.
This is known as the factorisation theorem of QCD, and can be summarised
by the following equation

dσpp→HQ

dpT

=
∑

i,j=q,q̄,g

∫
dx1dx2fi

(
x1, µ

2
F

)
fj
(
x1, µ

2
F

) dσ̂ij→QQ̄
dp̂T

D
HQ
Q

(
z, µ2

F

)
(2.1)

where dσ̂ij→QQ̄

dp̂T
is the hard scattering differential cross-section for the produc-

tion of heavy-quark pairs.
The leading order (LO) and next-to-leading order (NLO) processes for heavy-
quark pair production are shown in the diagrams of figure 2.1. These produc-
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CHAPTER 2. HEAVY QUARKS IN HEAVY-ION COLLISIONS

tion mechanisms can be classified in three different classes:

• Pair producition is represented by the Feynman diagrams shown in
2.1(a) and 2.1(b), that are classified as a LO production mechanism. In
these cases, the heavy-quark pair is produced back-to-back in order to
conserve energy and momentum. The production mechansim shown in
Figure 2.1(c) corresponds to a pair production process, but given the
gluon emission by a final state heavy quark, it is classified as a NLO
process. The emitted gluon does not modify the total cross section, but
influences the kinematics.

• Flavour excitation classifies the processes in which a heavy quark from
the parton distribution of one of the colliding nucleons is put on shell by
scattering againt a parton from the second other colliding nucleon. The
process is illustrated in figure 2.1(d). As the quark is not a valence quark,
it comes from a branching g → QQ̄, therefore the process effectively
results to be gq → QQ̄q or gg → QQ̄g.

• Gluon splitting classifies the production mechanisms where a gluon
splits to produce a QQ̄ pair. It can occur either in the initial (Fig 2.1(f))
or in the final state (Fig 2.1(e)).

Figure 2.2 shows the relative contribution of these processes to the total pro-
duction cross section as obtained from pQCD calculations [37], neglecting non-
perturbative contributions. The trends as function of the centre of mass en-
ergy,

√
s, have been computed for both the charm production (left panel)

and beauty production (right panel). At low values of
√
s, the LO processes

are dominant, namely the pair production mechanisms. With increasing en-
ergy, NLO processes become more relevant: at intermediate values of

√
s the

flavour excitation mechanism is the dominant mechanism. The steeply increas-
ing trend of the gluon splitting contribution with

√
s makes this process the

dominant one at high centre of mass energies.
The energy scale at which the LHC operates gives access to the study of NLO
processes in the heavy-flavour production. The azimuthal angular correlation
(∆ϕ) of heavy-flavour hadron pairs allows to disentangle the LO from the
NLO contributions. The trends are shown in figure 2.3. Due to the energy-
momentum conservation, as already described above, the pair production pro-
cess will show a strongly non-uniform distribution in ∆ϕ, the angle between
the two heavy-flavour hadrons, with a peaked structure at values ∆ϕ = π, re-
flecting the back-to-back nature of this production mechanism. For the gluon
splitting process, the ∆ϕ shows a near-side enhancement, that is due the rel-
ativistic boost of the gluon that produces the heavy-quark pair. On the other
hand, the flavour excitation mechanism shows an enhancement on the away
side, that is also due to the the energy-momentum conservation. The distri-
bution is broader and lower compared to the pair-production mechanism, and
this is due to the presence of the additional gluon in the the final state.
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Figure 1: Examples of heavy-flavour production diagrams. (a,b) Leading order. (c)
Pair creation (with gluon emission). (d) Flavour excitation. (e) Gluon splitting. (f)
Events classified as gluon splitting but of flavour-excitation character.

multiple gluon emission [14].
As an alternative, the parton-shower (PS) approach offers a different set of approx-

imations. It is not exact even to O(α3
s ), but it catches the leading-log aspects of the

multiple-parton-emission phenomenon. Especially when one goes to higher energy this
can offer many advantages. The PS approach is based on a probabilistic picture, wherein
the overall 2 → n partonic process is subdivided into three stages: initial-state cascades,
hard scattering and final-state cascades. The hard scattering is here defined as the 2 → 2
sub-diagram that contains the largest virtuality, i.e. corresponds to the shortest-distance
process. It is important to respect this in order to avoid double-counting, as will become
apparent in the following. Heavy-flavour events can then be subdivided into three classes,
which we will call pair creation, flavour excitation and gluon splitting. The names may
be somewhat misleading, since all three classes create pairs at g → QQ vertices, but it is
in line with the colloquial nomenclature.

The three classes are characterized as follows.

3

Figure 2.1: Diagrams representing the different processes for heavy quark
production: a) and b) LO processes, gluon fusion and quark annihilation re-
spectively; c) Pair production with gluon emission from one final state parton;
d) Flavour excitation (NLO); e) Gluon splitting (NLO); f) Events classified as
gluon splitting but entering into flavour excitation category.

The FONLL (fixed-order plus next-to-leading logarithms) framework [38] matches
fixed next-to-leading order (NLO) QCD with all-order resummation to next-to-
leading log (NLL) accuracy in the limit where the transverse momentum (pT)
of a heavy quark is much larger than its mass (mQ). It allows for the calculation
of the production cross section of heavy-flavour quarks (and hadrons), as func-
tion of the kinematical variables, typically pT, η and y. The calculation of the
heavy-flavour hadron cross section is done by convoluting numerically the per-
turbative cross section dσFONLLQ at the partonic level with a non-perturbative
fragmentation function DNP

Q→HQ , Additionally, a decay function gweakHQ→l
is added

in the convolution in case it is necessary to consider a weak decay of the hadron
into a lepton. Therefore, the total cross section with FONLL summarises in:

dσFONLLl = dσFONLLQ ⊗DNP
Q→HQ ⊗ gweakHQ→l

. (2.2)
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Figure 4: The total (a) charm and (b) bottom cross sections for pp collisions as a
function of ECM =

√
s. The contributions from pair creation, flavour excitation and

gluon splitting are shown separately.

3 Simple model properties

In this section we examine some properties of the model as presented in the previous
section. In the first part we study purely perturbative properties of the model such as the
total cross section, p̂⊥ of the hard interaction and quark distributions. In the second part
we study the properties of the nonperturbative fragmentation. Experimental observables
will be presented and confronted with data in the next section.

3.1 Properties of the perturbative production

Above, three different production channels have been distinguished in the parton-shower
description: pair creation, flavour excitation and gluon splitting. In the following we will
present their separate contributions, even though this subdivision of course is unobservable
and model-dependent. It will still provide helpful insights.

The most basic and inclusive observable is the total heavy-flavour cross section. In
Fig. 4 we present it as a function of the pp center-of-mass energy, from the fixed-target
régime to LHC and beyond, both for charm and bottom. The cross section is divided into
the contributions from the three perturbative production channels. As noted before, we
assume that no nonperturbative effects contribute to the total cross section. The level
of the total cross section is in sensible agreement with the present data (not shown),
indicating that there is no need for any further significant production mechanism.

For small (fixed-target) energies the pair creation cross section is dominating the pro-
duction, followed by a non-negligible fraction of flavour excitation, whereas gluon splitting
is very small. As the energy is increased, flavour excitation overtakes pair production and
gluon splitting is catching up. At very large energies gluon splitting becomes the dominant
production mechanism, so that the low-energy pattern is completely reversed.

The reason is not so difficult to understand. If we think of any partonic process, it
will only contain one hardest 2 → 2 scattering whatever the energy, whereas the number
of branchings in the associated initial- and final-state showers will increase with energy.
This increase comes in part from the the growing phase space, e.g. the larger rapidity
evolution range of the initial-state cascades, in part from the increase in accessible and
typical virtuality scales Q2 for the hard subprocess. The multiplication effect is at its full
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Figure 2.2: Contributions of flavour excitation, pair production and gluon
splitting to the total charm and beauty production cross section (left and right
respectively) in pp collisions, as a function of the center-of-mass energy

√
s [37].
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Figure 8: Correlations between b and b at a 2 TeV pp collider: (a) mbb, (b) ∆y =
|yb − yb|, (c) ∆p⊥ = |p⊥b − p⊥b| and (d) ∆φ = |φb − φb|. The curves are each
normalized to unit area to simplify comparisons of the shape.

although pair creation remains somewhat softer than the other two mechanisms. The
rapidity spectra agree even better between the three mechanisms, although flavour exci-
tation gives somewhat more production at larger rapidities and gluon splitting more at
central ones, as could be expected. This seems to indicate that the heavy-quark produc-
tion part of the process is more or less independent of what goes on in the rest of the
event. There are indeed also similarities in the descriptions, e.g. gluon splitting g → QQ
is equivalent to the s-channel graph of pair creation gg → QQ, while flavour excitation is
closely related to the t-channel graph of pair creation. Furthermore, compensation mech-
anisms are at play: the p⊥ spectrum of gluon splitting is softened by the Q and Q having
to share the p⊥ of the gluon between them, but this is compensated by the relative p⊥ in
the g → QQ branching itself.

Correlations between the produced heavy quarks turn out to be more interesting, since
here the difference between the three production channels are better visible. In Fig. 8 we
present the distributions of mbb, ∆y = |yb − yb|, ∆p⊥ = |p⊥b − p⊥b| and ∆φ = |φb − φb|.
The invariant mass spectrum is appreciably more peaked for gluon splitting than for the
other two mechanisms. Given that gluon splitting is equivalent to the s-channel exchange
of a gluon, while the other two are dominated by t-channel contributions, it is clear why
the gluon splitting is more suppressed at large m2

bb
=‘ŝ’. As a logical consequence, also

the y correlation is more narrow for gluon splitting.
In the ∆y distribution the differences are even more marked. Here flavour excitation
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Figure 2.3: Angular correlations of heavy-flavour quark-antiquark pairs from
different production mechanisms [37].
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2.2. HEAVY QUARKS IN THE QGP: ENERGY LOSS

The fragmentation functions are determined from e+e− collisions data and
a summary can be found in [39]. The central value of FONLL predictions is
calculated by setting the factorisation and renormalisation scales of pQCD at
the values of the transverse mass of the quark, MT =

√
p2

T +m2 and are varied
respectively by a factor two (upwards and downwards) to estimate the uncer-
tainty. The quark masses are fixed to mc = 1.5 GeV/c2 and mb = 4.5 GeV/c2

and a variation by ∼ 250 MeV/c2 is used to estimate the uncertainty band.
FONLL has been used to extensively predict the charm and beauty produc-
tion at Tevatron [40, 41]. GM-VFNS (general-mass variable-flavour-number
scheme) [42] represents another theoretical scheme to calculate the production
cross sections. The m2/p2

T-dependent terms are included in the hard scattering
cross section, while the logaritmic terms of the type log p2

T/m
2 are absorbed in

the heavy-quark PDFs of the colliding hadrons and in the fragmentation func-
tion. The fragmentation functions are extracted from measurements by OPAL
[43], while CTEQ6.1M [44] is used as the default PDF. The theoretical uncer-
tainties are computed following a very similar strategy as in FONLL. Figure
2.4 shows the differential production cross section of the prompt-D∗+ meson
as function of its pT, measured by the ALICE collaboration [45] at

√
s = 7

TeV. Prompt-D mesons are D mesons originating from the fragmentation of
a charm quark. The feed-down contribution of D mesons originating from a
beauty quark is subtracted based on FONLL calculations. The measurement
is compared to the FONLL and GM-VFNS predictions, showing good agree-
ment with the measured data within uncertainties. The same measurement
has been performed for D0 and D+ mesons, leading to the same conclusion.
Apart from being an excellent test of pQCD, the cross section measurement
in pp collision is used as a reference measurement for the nuclear modification
factor RAA (equation 1.5) in heavy-ion collisions. More details are given in the
next section.

2.2 Heavy quarks in the QGP: energy loss

In heavy-ion collision, charm and beauty quarks are produced as described in
the previous section. The formation time of a parton is inversely proportional
to its energy. In case of charm quarks with low momentum, it is of the order
of τc ∼ 0.1 fm/c, and even shorter for heavier quarks, like beauty. This time
is shorter than the formation time of the QGP. This feature makes the heavy
quarks unique probes to study the energy loss mechanism, given that they ex-
perience the full evolution of the medium and are subject to medium-induced
effects.
As described in section 1.4.2, one of the variables used to quantify the en-
ergy loss is the RAA. The RAA of prompt D mesons (average of D0,D∗+,D+)
has been measured by the ALICE collaboration [1, 46]. Figure 2.5 shows the
RAA of prompt D mesons measured in central collisions (0-20%, red markers),
compared to the RAA in semi-central collisions (40-80%, green markers) and
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Figure 2.4: The differential production cross section of D∗+ mesons as func-
tion of the transverse momentum, measured by the ALICE collaboration in
pp collisions at

√
s = 7 TeV[45], compared to predictions by FONLL [38] and

GM-VFNS calculations[42].

the RpA, which quantifies the nuclear modification in p-Pb collisions. A large
suppression (RAA < 0.25) of the D-meson yield has been observed at high pT

in central collisions, while the suppression is smaller in semi-central collisions.
From figure 2.5 it is possible to conclude (within the precision of the measure-
ment) that the deviation from binary scaling observed in Pb-Pb collisions is
due to final state effects.
Indeed, in p-Pb collisions, where no QGP creation is expected, the RpA is
compatible with 1 within the uncertainties, meaning that initial state effects
cannot describe the large suppression observed in central heavy-ion collisions.
Hence the heavy-quark energy loss is responsible for the observed behaviour.
The interaction of heavy quarks with the plasma is treated in terms of radia-
tive and collisional energy loss (as described in section 1.4.2). The ALICE
collaboration measured also the elliptic flow coefficient v2 of prompt D mesons
[47]. A non-zero v2 with a significance of 5.7 σ has been measured in the pT-
range 2 < pT (D) < 6 GeV/c, suggesting that charm quarks take part in the
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Figure 2.5: Measurement of the RAA of D mesons as function of pT in cen-
tral and semi-central Pb-Pb collisions compared to the RpA in p-Pb collisions
measured by ALICE [46].

collective motion of the expanding medium.

2.2.1 Energy loss models

Different models are used to describe the interaction of the heavy quarks with
the QGP. They use different combinations of energy loss mechanism, as well as
different descriptions of the medium evolution and hadronisation mechanisms.
A list with a brief description is provided here:

• WHDG [48] is a model that includes both radiative and collisional en-
ergy loss. The equations describing the energy loss are extracted using
perturbative QCD in a 1D Bjorken expanding medium (i.e, without hy-
drodynamical expansion). The medium density is calculated using data
at
√
sNN = 200 GeV and is extrapolated to the LHC energies based on

the multiplicity increase.

• TAMU elastic [49] is a heavy-flavour transport model based on the
collisional energy loss mechanism only. The hydrodynamic evolution is
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included in the model and is constrained by light-flavour data. The model
includes also the recombination of heavy quarks with light quarks, as
well as the diffusion of heavy-flavour hadrons in the hadronic phase. The
transport coefficient is calculated non-perturbatively, using the resonance
formation mechanism to transfer the momentum from the heavy quark
to the medium constituents.

• POWLANG [50] treats the heavy quark transport with the Langevin
dynamics, which includes on collisional processes. The medium expan-
sion is implemented using viscous hydrodynamics. The hadronisation is
implemented via vacuum fragmentation function.

• MC@sHQ+EPOS, Coll+Rad(LPM) [51] is a pQCD model that in-
cludes both collisional and radiative energy loss mechanisms. For the
radiative energy loss, the Landau-Pomeranchk-Migdal [52] corrections
are included. The medium expansion is modeled using the EPOS model
[53].

• BAMPS [54] (Boltzmann Approach to Multi Partons Scattering) imple-
ments the partonic transport model based on the Boltzmann approach
to multi-parton scattering. It includes the collisional energy loss mech-
anism, that is computed with running coupling constant. The missing
radiative energy loss is taken into account by scaling the binary cross
section. The scaling is tuned using RHIC data on heavy flavour decay
electron measurements from RHIC.

• UrQMD [55] describes the medium evolution by combining hadronic
transport and ideal hydrodynamics. The transport of heavy quarks is
implemented using the Langevin approach, and is computed on a basis
of a resonance model. The model includes hadronisation via quark co-
alesence and the parameters are tuned on RHIC data and are fixed for
calculations at LHC energies.

• The model by Cao, Qin and Bass [56] is based on the Langevin ap-
proach, and includes also radiative energy loss as an additional force
term. It models the medium evolution using a viscous hydrodynamic
evolution, and includes also the recombination mechanisms in modelling
the hadronisation.

Figure 2.6 shows the simultaneous comparison of the model predictions for the
RAA and the v2 of D mesons with the experimental measurements by ALICE.
A general observation [2] is that the models that include both charm quark
in-medium energy loss and mechanisms that transfer to charm quarks the el-
liptic flow (interactions with the medium constituents and hadronisation by
recombination) describe qualitatively the measured anisotropy.
Models including both radiative and collisional energy loss describe the RAA
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within uncertainties. It is challenging for models to describe RAA and v2 si-
multaneously. The models that describe well the v2 tend to underestimate the
RAA at higher pT, as well as models that describe well the RAA in the whole
pT range tend to underestimate the v2.
The energy loss is expected to depend on the color charge and the mass of the
parton, i.e. the heavier the parton, the less energy it loses. In a very naive pic-
ture, this should result it a RAA hierarchy, RAA (light) < RAA (D) < RAA (B).
Figure 2.7 shows the comparison of the RAA of prompt D mesons, charged
pions and charged particles. For pT > 8 GeV/c, the RAA of D mesons and
charged particles are compatible within uncertainties. At lower values of trans-
verse momentum pT < 5 GeV/c, the measured central value of the RAA of D
mesons is systematically higher than the one of charged particles and pions,
however the uncertainties on the measurement do not allow for a strong con-
clusion. The interpretation of this result requires to consider the effect of
the hadronisation process, that at higher pT is dominated by the fragmenta-
tion. The heavy-flavour hadrons (D meson) originate from charm quarks and
carry on average a large fraction of the parent quark momentum (〈z〉 = 0.89),
while light hadrons are created both from gluon and light quark fragmentation
(with a softer fragmentation function). Phenomenological calculations show
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[57] that the inclusion of both the fragmentations of gluons and light quarks
predict the RAA of charged particles to be the same as the RAA of D mesons.
The mass ordering is more evident when comparing the RAA of charm and
beauty hadrons. Reconstruction of B mesons in heavy-ion collisions is still
not available yet, however the CMS collaboration measured the RAA of non-
prompt J/ψ mesons [59].
The two panels of figure 2.8 show the RAA of prompt D mesons as function of
Npart (centrality) [58], for 8 < pT (D) < 16 GeV/c, and non-prompt J/ψ, 6.5
< pT (J/ψ) < 30 GeV/c.
The left panel shows the comparison with MC@sHQ+EPOS2 predictions [60]
while the right panel show the prediction from the model of Djordjević et al.
[61].
In central collisions, the RAA of D mesons is lower than the one of non-prompt
J/ψ, which indicates the mass ordering effect. Both the models shown in figure
2.8 show the prediction of the RAA pf the J/ψ originating from beauty using
the energy loss of a beauty quark and assuming the energy loss of a charm
quark. In the hypothesis of the charm energy loss, the RAA assumes lower
values, matching with the RAA of D mesons in the case of MC@sHQ+EPOS2,
and being slightly higher in the case of the model by Djordjević et al..
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Figure 2.8: RAA of D mesons for 8 < pT (D) < 16 GeV/c measured by ALICE
[58] compared to the RAA of non-prompt J/ψ mesons in 6.5 < pT (J/ψ) < 30
GeV/c measured by CMS [59] as function of Npart. The left panel shows the
comparison to the predictions by MC@sHQ+EPOS2 [60], while the right panel
the comparison to the model by Djordjević et al. [61].
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2.3 Azimuthal correlations of heavy-flavour parti-
cles

Historically, the RAA and the v2 were the main observables to characterise the
physics of heavy-flavour particles in the QGP. Azimuthal angular correlations
of heavy-quarks represent a new observable to study the interactions of charm
and beauty quarks with the medium constituents. Angular correlations have
proven to be sensitive to different interaction mechanisms, as it will be shown
in the summary of the theoretical work that will be presented later in this
section.
A theoretical description of correlations of heavy-flavour particles in heavy-ion
collisions became recently available in three different models, which are briefly
discussed in the following paragprahs.

The role of the hadronisation

The POWLANG model [50] provides a description of angular correlations of
heavy-flavour particles [62]. The model uses the POWHEG-BOX [63] package
for the initialisation of the heavy-quark pair, while the evolution of the quarks
in the viscous medium in described by the relativistic Langevin equation.A. Beraudo et al.: Heavy flavours in heavy-ion collisions: quenching, flow and correlations 5
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Fig. 5. The elliptic flow of D mesons in semi-central (b=9.25
fm employed in the hydrodynamic evolution) Pb-Pb collisions
at

√
sNN = 2.76 TeV. Results corresponding to kinetic ther-

malization of D mesons are compared to ALICE data [6] in
the 30-50% centrality class.

In Figs. 4 and 5 we check whether the above scenario
is able to describe also the data at the higher center of
mass energy

√
sNN = 2.76 TeV reached in Pb-Pb colli-

sions at the LHC. ALICE data for the RAA [5] and v2 [6]
of D mesons are compared to the corresponding theoreti-
cal predictions for the kinetic equilibrium case. As it can
be seen the agreement with the theory curves in this case is
less satisfactory, in particular for what concerns the RAA,
although the absence of experimental data in the more in-
teresting region of low pT and the broader pT binning with
respect to the one employed by the STAR Collaboration
prevent us from drawing definite conclusions concerning
this issue: notice in fact that so far (published) experi-
mental data are limited to the region pT >∼2 GeV (although
preliminary results start to be available also for lower mo-
menta), which also for light hadrons is at the border of
the validity of hydrodynamic calculations. In Figs. 4 and
5 hydrodynamic predictions are given for impact param-
eters corresponding to the 0 − 10% and 30 − 40% more
central events, while experimental data refer to a slightly
different choice of centrality classes, which however is not
expected to affect the above qualitative considerations.

3.2 In-medium hadronization: a simple model

In order to simulate the hadronization of heavy quarks in
the medium at the end of their propagation in the QGP
we proceed as follows. Once a heavy quark Q, during its
stochastic propagation in the fireball, has reached a fluid
cell below the decoupling temperature Tdec, it is forced
to hadronize. One extracts then a light antiquark qlight

(up, down or strange, with relative thermal abundancies
dictated by the ratio m/Tdec) from a thermal momentum
distribution corresponding to the temperature Tdec in the
Local Rest Frame (LRF) of the fluid; information on the

h

h

h

string
qbar c

D (trigger part)

cbar

q
string

Dbar

hard event

QGP

Green: associated hadrons

Near side

Away side

Fig. 6. A cartoon of the hadronization model interfaced to
the POWLANG transport code at the end of the propagation
of the heavy quarks in the plasma. We also illustrate how the
information on the final particles from the string fragmentation
can be used to study D−h correlations (color on-line).

local fluid four-velocity uµ
fluid provided by hydrodynam-

ics allows one to boost the momentum of qlight from the
LRF to the laboratory frame. A string is then constructed
joining the endpoints given by Q and qlight and is then
passed to PYTHIA 6.4 [22] to simulate its fragmentation
into hadrons (and their final decays). This is done as fol-
lows: the particle type, energy, polar and azimuthal angle
of each endpoint are provided to PYTHIA through the
PY1ENT subroutine; the PYJOIN subroutine allows one
to construct the corresponding string; finally a PYEXEC
call starts the simulation of its fragmentation and the final
decays of unstable particles. In case the invariant mass of
the string is not large enough to allow its decay into at
least a pair of hadrons the event is resampled, extracting
a new thermal parton to associate to the heavy quark. In
agreement with PYTHIA, in evaluating their momentum
distribution, light quarks are taken as “dressed” particles
with the effective masses mu/d = 0.33 GeV and ms = 0.5
GeV. Concerning Tdec the values 0.155 and 0.17 GeV are
explored.

Notice that, while the model allows one to take prop-
erly into account the momentum boost given to the final
hadron by the light quark flowing with the medium, by
construction we do not get sizable modifications of the
heavy flavour hadrochemistry, like e.g. an enhanced pro-
duction of Ds mesons or Λc baryons, which might occur
in nature [34] and could be accommodated by a coales-
cence model. Within our framework, once formed a string
is hadronized as in the vacuum, through the excitation
– while stretching – of qq pairs (or diquark-antidiquark
pairs, leading in this case the the production of a baryon-
antibaryon pair) from the vacuum: having a strange quark
as an endpoint doesn’t necessarily imply giving rise to a
Ds meson. Furthermore, while in the case of p-p collisions
the PYTHIA parton showers keep track of all color con-
nections and the strings to hadronize are usually quite

Figure 2.9: Cartoon representing the hadronisation model interfaced to the
POWLANG transport code [62] at the end of the propagation of the heavy
quarks in the plasma. It also illustrates how the information on the final
particles from the string fragmentation can be used to study correlations of D
mesons and charged particles.
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Fig. 15. D−h correlations in Pb-Pb collisions at
√

sNN=2.76
TeV for various pT cuts on the trigger particle and two different
centrality classes: 0 − 10% (upper panel) and 30 − 40% (lower
panel).

on the trigger particles (either D-mesons or heavy-flavour
decay electrons) and on the associated hadrons this can
be mostly due either to the energy loss (moving parti-
cles below the pT -cut) or to the angular decorrelation
(moving particles away from ∆φ=π) of the parent heavy
quark. Concerning the e−h correlations we have plotted
separately the charm and beauty contributions. While in
the case of electrons from charm decays we have always
found an almost complete suppression of the away-side
peak independently on the centrality of the collision and
on the kinematic cuts, beauty decay electrons turn out to
be less decorrelated, allowing one in principle to extract
more information on the heavy-quark interaction with the
medium.

Finally, in spite of being presently – as above men-
tioned – something beyond the experimental capability,
we consider useful to check what would be the results for
the D−D correlations provided by our model: an example
is shown in Fig. 18. The most evident feature, at vari-
ance with the D −h and e−h cases, is the presence in
our results of two well defined peaks, not washed-out by
the interaction of the heavy quarks with the plasma. The
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Fig. 16. e−h correlations in Pb-Pb collisions at
√

sNN =2.76
TeV for various centrality classes: 0 − 10% (black circles) and
30 − 40% (red triangles). The separate charm (upper panel)
and beauty (lower panel) results are shown.

near-side peak arises from the QQ pairs produced close in
angle via gluon-splitting. In the upper panel of Fig. 18 we
display model predictions for D−D correlations in semi-
central Pb-Pb collisions (30-40%) at

√
sNN =2.76 TeV for

different pT -cuts on the associated particle in the pseudo-
rapidity window |ηD| < 1. For all the considered cases the

trigger D meson is taken in the same pT range 5<ptrig
T <8

GeV/c. The softer associated particles typically is the one
coming from the quark of the pair which has crossed the
longer medium thickness, losing energy and received ran-
dom kicks from the plasma which make it deviate from
its initial trajectory (leading to a broadening of the away-
side peak). Due to energy loss, for harder requirements
on the pT of the associated D(D) meson the distribution
gets more and more quenched, with less and less charmed
hadrons (their yields being given by the integral of the
curves) satisfying the kinematic cuts. Besides the above
medium effects there are of course other possible sources
of momentum unbalance and angular decorrelation aris-
ing both from the fragmentation of the quarks into the
final D mesons and from the hard event itself, in which
(typically softer) gluons can be produced together with
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on the trigger particles (either D-mesons or heavy-flavour
decay electrons) and on the associated hadrons this can
be mostly due either to the energy loss (moving parti-
cles below the pT -cut) or to the angular decorrelation
(moving particles away from ∆φ=π) of the parent heavy
quark. Concerning the e−h correlations we have plotted
separately the charm and beauty contributions. While in
the case of electrons from charm decays we have always
found an almost complete suppression of the away-side
peak independently on the centrality of the collision and
on the kinematic cuts, beauty decay electrons turn out to
be less decorrelated, allowing one in principle to extract
more information on the heavy-quark interaction with the
medium.

Finally, in spite of being presently – as above men-
tioned – something beyond the experimental capability,
we consider useful to check what would be the results for
the D−D correlations provided by our model: an example
is shown in Fig. 18. The most evident feature, at vari-
ance with the D −h and e−h cases, is the presence in
our results of two well defined peaks, not washed-out by
the interaction of the heavy quarks with the plasma. The
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near-side peak arises from the QQ pairs produced close in
angle via gluon-splitting. In the upper panel of Fig. 18 we
display model predictions for D−D correlations in semi-
central Pb-Pb collisions (30-40%) at

√
sNN =2.76 TeV for

different pT -cuts on the associated particle in the pseudo-
rapidity window |ηD| < 1. For all the considered cases the

trigger D meson is taken in the same pT range 5<ptrig
T <8

GeV/c. The softer associated particles typically is the one
coming from the quark of the pair which has crossed the
longer medium thickness, losing energy and received ran-
dom kicks from the plasma which make it deviate from
its initial trajectory (leading to a broadening of the away-
side peak). Due to energy loss, for harder requirements
on the pT of the associated D(D) meson the distribution
gets more and more quenched, with less and less charmed
hadrons (their yields being given by the integral of the
curves) satisfying the kinematic cuts. Besides the above
medium effects there are of course other possible sources
of momentum unbalance and angular decorrelation aris-
ing both from the fragmentation of the quarks into the
final D mesons and from the hard event itself, in which
(typically softer) gluons can be produced together with

Figure 2.10: Prediction by POWLANG [62] of the azimuthal correlations
of D mesons and charged particles in different ranges of pT, for 0-10% central
collisions in the left panel and for the 30-40% centrality class in the right panel.

A crucial point of the model is the hadronisation process, illustrated in the
cartoon of figure 2.9: a heavy quark is coupled to a randomly picked light
(anti)quark present in the fluid to form a string. The light quark is boosted us-
ing the four-velocity of the medium provided by hydrodynamics. Such a string
is then passed to PYTHIA, and it simulates its fragmentation into hadrons
and their decay if they are unstable.
This hadronisation mechanism allows for a better description of the role of the
light quark in the D meson spectra and angular distribution at lower pT. In
addition it provides information about the full final state, making it possible
to predict different observables, namely azimuthal correlations of DD̄ pairs,
as well as the correlation of D mesons and charged final state particles. The
prediction for the azimuthal correlation of D mesons and hadrons in central
collisions (0-10% centrality) is shown in figure 2.10. The strong suppression
on the away-side peak can be attributed to the energy loss (if the associated
particles are below the imposed cut on pT) or either the angular decorrelation
(broadening of the away-side peak).
The model predicts also the correlation distribution of DD̄ pairs, shown in
figure 2.11.
A clear double peak structure is present the correlation distribution. The evi-
dent difference on the near and away-side when looking to DD̄ and D-charged
particle correlations can be attributed to different contributions: in D-charged
particle correlations, the near-side peak receives contributions of fragments of
the heavy quark Q, as well as from the Q̄ that is close in angle when it is origi-
nating from gluon-splitting. The decay products of the D mesons, that are not
removed from the correlation, also contribute to the near-side enhancement. In
the case of DD̄ correlations, the only contribution on the near-side is the one
obtained from the cc̄ pair originating from gluon splitting. On the other hand,
the away-side, the complete quenching of the away-side peak reflects partially
the decorrelation effects, and in part is a visual effect due to the very enhanced
near-side peak. Indeed, when looking at the magnitude of the away side peak
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Fig. 17. The same as in Fig. 16 for harder pT cuts on the
associated hadrons.

the QQ pairs: of course these effects are also present in
p-p collisions.

In order to isolate the genuine angular decorrelation
effect from the one due to energy loss, in the lower panel
we normalize all the distributions to unit area so that one
can appreciate how the away-side peak gets broader for
softer pT -cuts. The fact that for harder pT selection on
the associated particle the peak remains sharper might
reflect the flat momentum dependence of the κT trans-
port coefficients predicted by weak coupling calculations
and employed in the simulations. Notice that the pedestal
is given by D−D pairs which have been completely decor-
related in angle.

Why do model predictions for D−h and e−h correla-
tions display on the contrary such a dramatic unbalance
between the two peaks? Comparing for instance Figs. 15
and 18 one observes in the first case, for the same cen-
trality class and kinematic cuts on the trigger particle, a
much more pronounced near-side peak. The latter receives
several different contributions: from the fragments of the
string of the leading Q; from the fragments of the string of
an associated Q close in angle because arising from gluon
splitting and also, in this case, from its charged decay
hadrons which are not subtracted. Concerning the D − D
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Fig. 18. D−D azimuthal correlations in semi-central Pb-Pb
collisions (30-40%) at

√
sNN =2.76 TeV for different pT -cuts on

the associated particle. In the lower panel all the distributions
are normalized to unit area, in order to enlight only the effect
of the broadening of the aways-side peak.

correlations, on the contrary, the only contribution to the
near-side peak is from cc pairs from gluon splitting. The
area below the near-side peak is in this case much smaller
compared to Fig. 15 and in particular is now of the same
order as the one on the away-side. Of course each associ-
ated D will decay into two or three hadrons, but part of
them will be too soft to satisfy the kinematic requirements
imposed in Fig. 15 and the ones within the cuts will not
be sufficient to provide a significant contribution to the
near-side peak: the origin of the latter must be then at-
tributed to hadrons from string fragmentation, with the
most relevant contribution provided presumably by the
one attached to the trigger heavy quark, always present
and boosted to large momentum. Concerning the away-
side peak, its quenching in Figs. 15- 17 reflects in part the
further decorrelation introduced by the decays into light
hadrons and in part is a graphical effect arising from the
comparison with the enhanced near-side one. In fact look-
ing carefully at the results in the 30-40% centrality class
one can observe some tracks of azimuthal correlation sur-
viving and being of the same order of magnitude of the

Figure 2.11: Prediction by POWLANG [62] of the azimuthal correlations of
DD̄ pairs in different ranges of pT for the 30-40% centrality class.

in figures 2.10 and 2.11 for the 30-40% centrality case, they are similar.

Influence of the energy loss mechanisms on the azimuthal correla-
tions of heavy quarks

In ref. [64], the effects of the different energy loss mechanisms on the azimuthal
correlations of cc̄ (bb̄) quarks have been studied within the MC@sHQ+EPOS,
Coll+Rad(LPM) framework. This model uses FONLL pT-distribution and
a flat y distribution to initialise the charm and beauty quark production. The
medium is modelled using EPOS fluid dynamics [53]. The model studies in-
dipendently the effects of the collisional energy loss and of the combination of
the collisional and radiative energy loss on the azimuthal angular correlations
of heavy quarks. When including the radiative energy loss mechanism, the
model takes also into account the LPM effect [52]. In order to reproduce the
available data, the scattering rates are rescaled by a global factor K = 1.5 for
the pure collisional energy loss, while K = 0.8 for the collisional + radiative
contribution. The model also studies the effect of the medium temperature,
performing the calculations at two different values of the temperature, T = 180
MeV and T = 400 MeV.
The evolution of the azimuthal correlations is determined by how effectively
the heavy quarks acquire momentum perpendicular to their original direction,
~pini. The scattering rate does not depend on the initial quark momentum,

but shows an increasing trend with temperature, and in the purely collisional
scenario it is larger than the collisional + radiative one. The average perpen-
dicular momentum increases steeply for low values of ~pini and has an asymp-
totic behaviour towards higher values of ~pini. As a consequence of the higher
scattering rates, also the average perpendicular momentum is larger for the
case including the collisional energy loss and has an increasing trend with the
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FIG. 8: (Color online) Azimuthal correlations of initially correlated QQ̄ pairs at the transition temperature. In the left column
the azimuthal distributions of cc̄ pairs are shown, in the right column those of bb̄ pairs at midrapidity. The centralities are
0 − 20 % (upper row), 20 − 40 % (middle row) and 40 − 60 % (lower row). In each plot we compare the purely collisional
(orange/light) to the collisional plus radiative (black/dark) interaction mechanism for different classes of final pT . See text for
more details.

nism is ≃ 1.5. This is a direct consequence of the fact
that the average p2

⊥ per unit time is larger for the purely
collisional interaction mechanism as discussed in section
III.

In an experimental situation it might not always be
possible to identify a heavy quark and antiquark as hav-
ing been initially produced in a pair. In particular, there
are many cc̄ pairs produced in one event. This inabil-

Figure 2.12: Left panel: azimuthal correlations of charm quark pairs
in different centrality classes for different pT intervals as predicted by the
MC@sHQ+EPOS, Coll+Rad(LPM) model [64], for different energy loss mech-
anisms. Right panel: same as left but for beauty quark pairs.

temperature. This properties are reflected in the azimuthal distributions of
heavy-quark pairs that are shown in figure 2.12.
The azimuthal distribution is obtained using a LO production process, requir-
ing a back-to-back azimuthal initialisation, i.e. ~pTQ̄ = − ~pTQ The results are
shown in different centrality classes (the first row corresponds to the 0-20%
centrality class, the middle row to the 20-40% centrality class while the lowest
row to the 40-60% centrality class). Correlations of cc̄ pairs are shown in the
left column and bb̄ pairs in the right column, for different pT intervals are shown
with different line styles. A general observation is that in all the centrality-
flavour-pT combinations, the starting delta-like distributions are broadened,
the effect being larger for the purely collisional mechanism than when the com-
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bined collisional and radiative energy loss takes place. This follows as a direct
consequence of the above mentioned larger average perpendicular momentum
acquired by the heavy quark in the purely collisional energy loss scenario.
In the most central collisions (0-20% centrality class), the extension of the
medium and its temperature are the largest, therefore the broadening is most
effective.
In the lowest pT bin, the initial back-to-back correlations are completely washed
out. In this pT range, in the purely collisional energy loss scenario, a near-side
correlation peak appears. This is due to the radial flow that pushes the heavy-
quark pair into the same direction. This effect is called “partonic wind effect”
[65]. For increasing pT, we see the away side peak is less and less broadened,
and this can be interpreted as a combination of two effects: at higher pT, the
quark leaves the medium more rapidly, therefore there is less time for it to be
affected by the medium.
The model by Cao et al. [66] uses the Langevin equation to describe the mo-
mentum exchange of heavy quarks in quasi-elastic scatterings, and includes a
term that accounts for the radiative energy loss. The model is dependent on
only one free parameter called the spatial diffusion coefficient, D that char-
acterizes the interaction strength of the heavy quark with the medium. To
predict the correlations of cc̄ quarks, the model uses PYTHIA 8 [67] to simu-
late the initial production of the heavy-flavour quark pair, tuning the generator
to reproduce the spectrum of charm hadrons from pp collisions at RHIC [68].
The model predicts correlations of DD̄ pair in Au-Au collisions at a center
of mass energy

√
sNN = 200 GeV. The prediction for most central colli-

sions (0-10% centrality), requiring that the D meson with higher pT has to
be with pT > 2 GeV/c is shown in figure 2.13. The model provides predic-
tions for contributions of radiative, collisional and a combined radiative and
collisional energy loss mechanism. The spatial diffusion coefficient D is tuned
to reproduce the RAA data of D mesons measured by ALICE, and the values
are reported in the figure. In this pT integrated scenario, qualitatively, the
correlation distribution behaves in a similar fashion as in the prediction by the
MC@sHQ+EPOS, Coll+Rad(LPM) model. In the case of purely collisional
energy loss, the partonic wind effect pushes the cc̄ pair in the same direction
that manifest itself in a correlation at the near side, while the radiative energy
loss tends to broaden the back-to-back away-side peak. In the more realis-
tic scenario that includes both the contributions, the correlation distribution
washes out. Figure 2.13 shows also the comparison of the effect of the colli-
sional energy loss mechanism when the radial flow is present and is turned-off.
In the later case, the near-side peak dissappeares.
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FIG. 3: (Color online) (a) pT distribution of single inclusive
D mesons, and (b) the angular correlations of DD pair in
proton-proton collisions at RHIC obtained from Pythia 8
simulation.

than one cc pair produced in one single event of heavy-
ion collisions (which depends on the kinematic cuts and
collision centrality). To take this effect into account, for
each event we pair every D meson with all D mesons, and
analyze all final state DD pairs. It is clear that there are
uncorrelated DD pairs (background) contributing to the
final correlations, especially with low pT cuts and in more
central collisions.

For a more realistic simulation, Pythia 8 is utilized to
simulate the initial cc pair production. We first tune the
Pythia 8 generator to reproduce the spectrum of single
charm hadrons in proton-proton collisions at RHIC as
measured by the STAR Collaboration [66] [see Fig.3(a)],
and then use the same parameter setting to obtain the an-
gular correlation functions of DD pairs in proton-proton
collisions as shown in Fig.3(b). We can see that the DD
angular correlations are pretty flat if no transverse mo-
mentum cut is applied. If one imposes a 2 GeV pT cut
for the trigger D or D meson, a peak appears around
∆φ = π. With higher and higher pT cuts applied for the
trigger and associated heavy mesons, the away side peak
becomes more and more prominent. Another interesting
observation is that with a high enough pT cut, a near-
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FIG. 4: (Color online) D-D angular correlations in central
Au-Au collisions at RHIC. Different energy loss mechanisms
and different pT cuts are shown for comparison.

side peak begin to appear; this is the contribution from
the initial gluon splitting process. The above obtained
results serve as a baseline for the following study of DD
correlations in Au-Au collisions at RHIC.

In Fig.4, we show the angular correlation functions of
DD pairs for 200 GeV central Au-Au collisions at RHIC.
Fig.4(a) shows the result when a 2 GeV pT cut is applied
to the trigger D/D meson. Similar to cc pair correlation
shown in Fig.2, the purely radiative energy loss does not

Figure 2.13: Azimuthal correlations of DD̄ pairs as predicted by the theo-
retical model by Cao et al. [66] for heavy-ion collisions at

√
sNN = 200 GeV,

in the 0-10% centrality class, for different energy loss mechanisms.
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3
The experimental setup

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the most powerful particle accelerator
built at CERN, the European Center of Particle Physics, in the suburbs of
Geneva, Switzerland. It consists of a 27-km-long ring of superconducting mag-
nets that has been built in the underground tunnel beneath the French-Swiss
border. The LHC is designed to accelerate beams of protons up to a nominal
energy of

√
smax = 14 TeV. In addition to protons, the LHC can also acceler-

ate beams of lead nuclei, Pb82+
at a designed energy of

√
sNN = 5.5 TeV per

nucleon.
To keep the beams of such energies within the accelerator, the magnetic field
provided by the LHC magnets has to be up to a value of 8.33 T. Such a
magnetic field intensity is achievable only with superconducting magnets, that
need to be cooled to a temperature of 1.9 K. Approximately 96 tons of liquid
Helium are needed to reach the requested temperatures.
During the first two years of the LHC RUN-I (2010-2013), the LHC collided
protons at a centre of mass energy of

√
s = 7 TeV. During the last month of

data taking of these calendar years, the LHC collided lead nuclei at the centre
of mass energy of

√
sNN = 2.76 TeV per nucleon. The physics program of

the LHC of 2012 consisted of pp collisions at a higher centre of mass energy,√
s = 8 TeV.

The RUN-I successfully ended in the first months of 2013, when the LHC col-
lided protons on lead nuclei, at a centre of mass energy of

√
sNN = 5.02 TeV

per nucleon.
The acceleration of protons and lead ions is done in a few steps using older
accelerators that are used for pre-acceleration, before the beams are injected
in the LHC ring where they reach the collision energy.
Protons are pre-accelerated in the LINAC up to an energy of 50 MeV. The
acceleration process is continued in the Proton Synchrotron (PS), where they
reach an energy of 26 GeV. At the last step they are injected in the 6.7 km
long Super Proton Synchrotron (SPS), and the energy reaches 450 GeV. From
the SPS they are injected in the LHC ring and accelerated up to the collision
energy.
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The lead ions are first accelerated by the linear accelerator LINAC 3, and the
Low-Energy Ion Ring (LEIR) is used as an ion storage and cooler unit, before
they get injected in the PS, SPS and LHC.
Four main experiments are constructed along the LHC accelerator.
ATLAS and CMS are general purpose particle detectors designed to study
mainly the Higgs mechanism, standard model processes and new physics be-
yond the standard model in proton proton collisions.
The LHCb experiment is designed to study the CP violation in B-decays in pp
interactions.
ALICE is a dedicated heavy-ion experiment, with the goal of studying the
strongly-interacting matter created in collisions of heavy nuclei.
Figure 3.1 shows the accelerator complex of the LHC and the position of the
four main experiments along the LHC ring.

Figure 3.1: The Large Hadron Collider, extending over the franco-swiss bor-
der and the four main experiments (ALICE,ALTAS,CMS,LHCb).
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3.2 The ALICE experiment

Figure 3.2: Layout of the ALICE detector. All the sub-detectors are indi-
cated

ALICE is the only LHC experiment dedicated to the study of heavy-ion
collisions. Designed to cope with a very dense multiplicity environment (up
to 8000 tracks per unit of rapidity), the main goal of ALICE is to study the
properties of the Quark-Gluon Plasma, that is expected to be produced in
collisions of heavy nuclei. Besides heavy ions, ALICE provides a solid perfor-
mance also in studying proton-proton and proton-nucleus collisions, which are
used as references for comparison with heavy-ion studies.
ALICE is capable of reconstructing charged tracks in a very wide pT range that
spans over 3 order of magnitude, reaching a lower limit of pT ∼ 0.1 GeV/c.
The experiment is designed also to reconstruct short-lived particles, like open-
charm mesons.
The central barrel is the main part of ALICE. It consists of sub-detectors cov-
ering the pseudo-rapidity range −0.9 < η < 0.9 (corresponding roughly to the
polar angle interval π/4 < θ < 3π/4 contained within the L3 magnet. Most
of the sub detectors are dedicated to tracking, which is made possible by the
solenoidal magnetic field provided by the L3 magnet (B = 0.5 T) that is par-
allel to the z-axis (the beam axis).
A muon spectrometer and other smaller detectors are placed outside the L3
magnet. They are mainly used for triggering and centrality determination.
Additionally, two sets of hadronic calorimeters (ZDCs) are placed at a dis-
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tance of 116 m from the interaction point. They main scope is to measure the
energy of the nucleons that do not take part in the collisions (the so-called
spectators).
The central barrel consists of the following detectors:

• Inner Tracking System (ITS): The innermost detector of ALICE. It con-
sists of 6 layers or silicon detectors and is used for track and vertex
reconstruction.

• Time Projection Chamber (TPC): It is the main tracking detector, sit-
uated around the ITS. It is used also for particle identification through
the measurement of the specific energy-loss of the charged particles.

• Time Of Flight detector (TOF): used for particle identification based on
different flight times of particles with different masses.

• Transition Radiation Detector (TRD): Used for the identification of elec-
trons, and it can also contribute to tracking.

• High Momentum Particle Identification Detector (HMPID) is a RICH
(Ring Imaging CHerenkov) detector used for particle identification up to
momenta of 5 GeV/c.

• Electromagnetic Calorimeter (EMCal): Used for the identification of
electrons or photons. It provides also triggering capabilities.

• Photon Spectrometer (PHOS) is a high-resolution electromagnetic calorime-
ter.

The HMPID, EMCal, and PHOS detector do not have limited coverage in η
and ϕ in respect to the other central barrel detectors. The forward detectors
are:

• T0 detector: used as reference to provide the start signal for the time-
of-flight measurements and can also be used for triggering purposes. It
provides a rough estimation of the interaction vertex

• Muon Spectrometer: consists of five tracking stations and two trigger
stations, an absorber and a dipole magnet, covering a pseudo rapidity
range -2.4 < η < 4.

• VZERO detector: used for triggering and centrality/multiplicity deter-
mination.

• Photon Multiplicity Detector (PMD): is a particle shower detector. It is
used to measure the multiplicity and spatial distribution of photons.

• Forward Multiplicity Detector (FMD): provides an independent mea-
surement of the orientation of the collisions in the vertical plane.
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• Zero-degree calorimeter (ZDC) is used to measure the energy of the spec-
tators (i.e. nucleons that did not interact in the collisions).

The material budget of the central barrel detectors is kept very low through
the usage of light materials in tiny layers, especially for the inner detectors. A
remarkably low value of 13% X0 is obtained from the primary vertex to the
outer edge of the Time Projection Chamber. This helps to reduce the effects
of Coulomb multiple scattering, which can spoil the low-pT measurements.

3.3 The central barrel detectors

To perform the analysis discussed in this thesis, the detectors of the central
barrel were used. The ITS and TPC were used to track the charged particles.
Additionally, the excellent resolution on the determination of the primary and
secondary vertices, provided by the ITS, is used for the reconstruction of D
meson decay vertices. The particle identification, obtained combining the in-
formation on the specific ionisation energy loss provided by the TPC and the
time of flight provided by the TOF detector is used to identify the daughters of
the decaying D meson. In this section, the ITS, TPC and TOF sub-detectors
are described in detail.

3.3.1 The Inner Tracking System

The Inner Tracking System is the detector closest to the collision point. It
is composed of 3 pairs of cylindrical silicon detector subsystems, each pair
constructed with a different technology, placed around the vacuum tube at a
radial distance from the nominal beam axis position that varies from 3.9 to 43
cm.
The two closest detector layers are Silicon Pixel Detectors (SPD), that are
designed to provide an excellent spatial resolution, needed to determine the
positions of the primary and secondary vertices. The fast response of the
pixel detectors can be used as first level (L0) trigger, mainly for the selection
of minimum-bias events. Moreover, the extended pseudorapidity coverage of
|η| <1.98 allows for the use of the SPD for the measurement of the charged
particle multiplicity.
The third and fourth layer are composed of silicon drift detectors (SDD), with
the functioning principle based on the measurement of the drift time of the
electron. The SDD provides full azimuthal coverage and a pseudorapidity cov-
erage of |η| < 0.9. The SPD and SDD provide a good resolution in rφ and z
to get sufficient two-track separation capabilities in high multiplicity environ-
ments that can grow up to 80 tracks per cm2.
The outermost part of the ITS is formed by two layers of Silicon Strip Detec-
tors (SSD), having the same azimuthal and pseudo-rapidity coverage as the
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Figure 3.3: Schematic representation of the Inner Tracking System (ITS)
with the indication of the different detector layers: from the innermost to the
outermost they are the Silicon Pixel Detectors (SPD), Silicon Drift Detectors
(SDD) and Silicon Strip Detectors (SSD).

SDD. The SSD has a poorer resolution along the z-axis compared to the inner-
most layers. The SSD plays a fundamental role in the matching of the tracks
between the ITS and the TPC.
The SDD and SSD detectors provide also dE/dx measurements that can be
used for PID. The layout of the ITS has been optimised to provide an excellent
tracking performance and impact parameter resolution hence keeping the ma-
terial budget of the layers as low as possible. Given that one of the main goals
of ALICE is to measure tracks at low pT, down to 100 MeV/c, keeping the
material budget low is of vital importance in order to reduce Coulomb multi-
ple scattering, which would compromise the tracking resolution. The material
budget of the ITS and its support structures is estimated to be 7.66 % X0

for perpendicular tracks. Figure 3.3 shows the layout of the Inner tracking
system, and the main characteristics are summarised in table 3.1. Figure (3.3)
shows the layout and structure of the ITS detector, while the main properties
of each layer are summarised in the table 3.1.

3.3.2 The Time Projection Chamber (TPC)

The Time Projection Chamber (TPC) is the main tracking device of ALICE.
The TPC is able to track particles over three order of magnitudes, from 100
MeV/c to 100 GeV/c. The TPC is a cylinder filled with a gas mixture of
Ne − CO2 (90:10 proportion) that is placed around the beam axis, with the
radial dimensions ranging from ∼80 cm to ∼250 cm. In the z direction, it is
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3.3. THE CENTRAL BARREL DETECTORS

Layer Type r [cm] ±z [cm] | η | σrϕ [µm] σz [µm]

1 SPD 4.0 14.1 1.98 12 100
2 SPD 7.2 14.1 1.4
3 SDD 15.0 22.2 0.9 38 28
4 SDD 23.9 29.7 0.9
5 SSD 38.5 43.2 0.9 20 830
6 SSD 43.6 48.9 0.9

Table 3.1: The main characteristics of the ITS.

510 cm long. The TPC is divided longitudinally by a central membrane. The
TPC layout is shown in figure 3.4.
Charged particles passing through the TPC ionise the gas mixture that fills
the TPC. A uniform electric field of 400 V/cm directs the electrons from the
ionisation point towards the end caps (away from the central membrane), where
Multi Wire Proportional Chambers (MWPCs) collect the generated signals.
In the azimuthal direction, the TPC is divided in 18 sectors, each providing a
maximum of 159 points along the particle trajectory.
The z coordinate of the track is obtained by measuring the drift time of the
electrons in the gas (typical drift velocity is vd ∼2.7 cm/µs). Given the drift
velocity and the distance between the central membrane and the endcaps, the
maximum drift time is of 90 µs. This limits the acquisition rate of the TPC
to 11 kHz.
The analog nature of the signal collected by the MWPC readout allows to

Figure 3.4: Schematic representation of the TPC. The gas-filled barrel is
spilt into two parts with opposite electric field
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Figure 3.5: Specific ionisation energy loss measured with the ALICE TPC
in p-Pb collisions as function of the momentum of the ionising particle. The
black lines represent the Bethe-Bloch parametrizations for different particle
species

measure the energy lost by the charged particle while travelling in the gas
(dE/dx). The dE/dx measurements are used for particle identification at low
and intermediate pT, and can be extended at higher pT by using statistical
unfolding methods to measure the pion, kaon and proton yields at high pT by
exploiting the relativistic rise of the dE/dx Bethe-Bloch formula, i.e.:

− dE

dx
=

4π

mec2
· nz

2

β2
·
(

e2

4πε0

)2

·
[
ln

(
2mec

2β2

I · (1− β2)

)
− β2

]
. (3.1)

Figure 3.5 shows dE/dx as function of the charged track momentum, together
with the expectation curves obtained from the parametrization of the Bethe-
Bloch formula for different particles species in p-Pb collisions.

3.3.3 The Time Of Flight Detector (TOF)

The Time Of Flight Detector (TOF) is used for particle identification in the
intermediate pT region: up to pT ∼ 2.5 GeV/c for the separation of kaons
from pions and up to pT ∼ 4 GeV/c for the separation of kaons from protons.
The TOF provides full azimuthal coverage and a pseudo-rapidity coverage in
the range |η| < 0.9. The TOF is segmented in 18 sectors in ϕ, each of them
composed of 5 modules. Each module is composed of 15 to 19 multi-gap
resistive gas filled chambers (MRPC), that provide a time measurement of the
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detection of a charged track with a resolution of about 100 ps.
The PID strategy is based on the fact that, at a given momentum, particles
with different masses travel at different velocities, which is reflected in different
travel time from the interaction point to the TOF detector. The TOF measures
the arrival time of particles in the TOF detector, while the start (interaction)
time is provided by the T0 detectors.
Figure 3.6 shows the velocity of different particle species as function of the
charged particle momentum, for Pb-Pb collisions.

Figure 3.6: Measurement of velocity of different particle species as function
of the charged particle momentum with the TOF detector for Pb-Pb collisions.

3.4 Tracking and vertexing

The trajectories of charged particles (tracks) are reconstructed using the infor-
mation from the ITS and the TPC. The tracking is based on finding clusters
in the detectors and using this information to reconstruct the trajectory of the
charged particle. This is done by fitting the most likely path of the particle.
The determination of the primary vertex is done using the information from
the pixel detectors, where the symmetry point of the distribution of the hits
in pixels along the z-axis is used to get a first estimate of the position. The
information of the tracklets is used. The tracklets are defined as pair of hits
in the two layers of the SPD detector that lie in a small η and ϕ window. The
pointing direction of the tracklets is then used to redetermine the position of
the vertex along the x,y and z-axis.
Given the vicinity of the pixel detector to the interaction point, the particles
are assumed to follow straight-line trajectories. The distribution of the inter-
sections of the straight lines form a distribution whose centroid in the x and y
direction determines the position of the primary vertex in the transverse plane.
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Tracks are reconstructed using a Kalman filter algorithm [69]. The estimate of
the parameters defining the track is updated when new data points are given
in input to the algorithm. The algorithm starts with a first estimate (seed) of
the track parameters based on the outer pads of the TPC and the interaction
vertex position reconstructed with the SPD. At each following step, the track
is propagated to the next detector layer and the cluster is searched within the
expected space interval, determined by propagating the uncertainty of the pa-
rameters measured at the previous steps. Once the cluster is found, the track
parameters are updated and the procedure is repeated.
The reconstruction starts from the outermost part of the TPC where the track
density is the lowest. The procedure is repeated in the opposite direction
(starting from the innermost clusters from the ITS towards the edges of the
TPC), and previously associated clusters that now have a χ2 that is too large
are removed from the procedure. Once the second iteration is performed, the
tracks are propagated to the outer detectors (TOF, EMCal and HMPID), and
the track gets also the PID information.
At last, the Kalman filter is applied to fit again the track in the inward direc-
tion. This step is called “refit”, and it provides the the best determination of
the track parameters in the vicinity of the interaction point.
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4
Analysis Strategy

In this chapter, the procedure to obtain the fully corrected azimuthal angular
distribution of D∗+ mesons with charged particles is described. The following
steps are applied in the analysis (each of them explained in detail in the coming
sections).

1. D∗+ mesons decaying into D0 and π+ with D0 → K−π+ are selected by
computing the difference in invariant mass, ∆M = M(Kππ)−M(Kπ),
of K, π, π combinations obtained after topological selections were applied
on the D0 daughters. Three different pT ranges (3 < pT (D∗+) < 5 GeV/c,
5 < pT (D∗+) < 8 GeV/c, 8 < pT (D∗+) < 16 GeV/c) are considered for
the analysis in pp collisions, while for the analysis in p-Pb collisions only
the two highest pT intervals are considered.

2. Each time a D∗+ candidate is identified, the difference in the azimuthal
angle (∆ϕ) and pseudorapidity (∆η) between the candidate and all
charged tracks in the event passing quality selections is calculated.

3. The same calculation is performed also by selecting the D∗+ candidate
from one event and associated charged tracks from different events. This
is the so-called event-mixing correction, that is used to correct the corre-
lation distributions for the bias arising from the limited detector accep-
tance in pseudorapidity, as well as for detector inhomogenities.

4. Each entry in the two-dimensional ∆ϕ−∆η distribution is weighted by
the inverse of the product of the D∗+ and associated track reconstruction
and selection efficiency.

5. The remaining background candidates under the D∗+ invariant mass peak
are subtracted using the angular correlations of candidates in the D∗+

invariant mass region. The side-band background distribution, corrected
by event-mixing and efficiency, is rescaled by a proper scaling factor
(estimated from the invariant D-meson mass distribution) in order to
match the distribution from the correlations below the D meson invariant
mass peak and is subtracted from the corrected inclusive distribution (the
one obtained by selecting D∗+ candidates in the peak region).
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6. The obtained distribution is then rescaled by the number of reconstructed
D∗+ mesons (trigger particles), that is calculated as the integral of the
signal function of the ∆M distribution in the region of the D∗+ peak.

7. The “per trigger” twodimensional distribution is then projected on the
(∆ϕ) axis before correcting it for the contamination arising from sec-
ondary associated charged tracks.

8. In order to obtain the prompt-charm distribution, the contribution of
D∗+-charged particle correlations, when a D∗+ comes from beauty-hadron
decays, is subtracted.

9. Finally, the fully corrected D∗+-charged particle distribution is averaged
with the fully corrected D0 and D+-charged particle correlation distribu-
tions. In that way, the statistical and systematic errors are reduced.

10. The averaged azimuthal distribution is then fitted to double Gaussian
distributions in order to study the correlation parameters describing the
angular correlation distributions as function of the kinematical variables.

4.1 Event selection

The data sample used for the analysis contains about 3.14× 108 pp minimum-
bias (MB) events and 1.1×107 p-Pb minimum bias events collected during the
2010 pp data taking at

√
s = 7 TeV and the 2013 p-Pb data taking

√
sNN =

5.02 TeV, respectively. The minimum-bias trigger was based on the SPD and
VZERO detectors for pp collisions, by requiring at least one hit in either of
the VZERO counters or in the SPD (with pseudorapidity coverage |η| < 2), in
coincidence with the arrival of proton bunches from both directions. For p-Pb
collisions, a VZEROAND trigger (coincidence in both VZERO detectors) has
been used. Events with the z-coordinate of the primary vertex that has been
reconstructed in the region |Zvtx| < 10 cm have been selected for the analysis.

4.2 D∗+ reconstruction

4.2.1 Topological selections

The D∗+ meson is reconstructed via the hadronic decay channel [70]

D∗+ → D0 + π+ (BR = 67.7%) (4.1)

with
D0 → K− + π+ (BR = 3.89%) . (4.2)
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Figure 4.1: The decay topology for D0 → K−π+ [71].

Each D0 candidate decaying as shown in equation (4.2) is reconstructed by
combining pairs of opposite charge tracks that pass quality selection criteria,
namely:

• at least 70 clusters (out of a maximum of 159) in the TPC;

• χ2 per cluster of the momentum fit in the TPC smaller than 4;

• minimum of 2 hits in the ITS, out of which at least one in one of the
first two layers (SPD);

• |η| < 0.8;

• pT > 0.4 GeV/c.

Because of the weak nature of the D0 decay in equation 4.2, the D0 has a mean
proper decay length cτ of the order of a few hundreds of µm. This means that
the D0 decay vertex is displaced from the primary one (as shown in Figure 4.1)
and this decay topology is exploited to apply further selections on the pairs of
positively and negatively charged tracks that build the D0 candidate.
The main cut variables are:

• The product of the impact parameters of the two tracks, dπ0 × dK0 ;

• The cosine of the pointing angle, cosθpoint, which is defined as the cosine
of the angle between the reconstructed momentum of the D0 candidate
and its flight-line, i.e. the line connecting the reconstructed primary and
secodary vertex (Figure 4.1). For real D0 candidates, the momentum
of the reconstruced D0 meson will point back to the production vertex.
Therefore, cos θpoint will be close to unity, while pairs of tracks not orig-
inating from real two-body decays will have a rather flat distribution in
the range -1 to 1.
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All the cut variables are summarised below. The cut values applied in the pT

bin 4-5 GeV/c are also reported.

• M (Kπ) around the value of the daughter D0 < 0.032 GeV/c2

• DCA (distance of closest approach between the tracks) < 0.07 cm

• cos (θ∗) < 0.9 (with θ∗ being the angle between the Kaon and the D0

flight line in the D0 rest frame)

• pT(K) > 1 GeV/c

• pT(π) > 1 GeV/c

• d0(K) < 0.07 cm

• d0(π) < 0.07 cm

• d0 × d0 < 0.0001 cm2

• cosθpoint >0.9

• invariant mass half width of D∗+ < 0.3 GeV/c2

• half width of M(Kππ)-M(Kπ) < 0.1 GeV/c2

• pminT (πsoft) > 0.05 GeV/c

• pmaxT (πsoft) < 100 GeV/c

• θ, angle between the sofr and decay plane of the D0 > 0.5 rad

The cut values are optimised in order to maximise the statistical significance,
defined as

Significance =
S√
S +B

(4.3)

where S represents the signal and B represents the background. Given that
the cut values are dependent on the pT of the D∗+ candidate, the signal and
background values are determined for each pT bin and are extracted from the
fitted invariant mass distribution (the fitting procedure is described in the next
subsection, 4.2.2). To further reduce the combinatorial background, particle
identification through the measurement of the specific energy loss in TPC and
of the Time of Flight with the TOF detector is applied on the daughters of
the D0 candidate. The obtained D0 candidate is then associated to a charged
track, originated at the primary vertex, in order to reconstruct a D∗+ candi-
date, according to the decay shown in equation 4.1.
A fiducial acceptance cut is applied to the selected D∗+ candidate selecting
candidates that fall in the rapidity region |yD| < yfid (pT), with yfid (pT)
smoothly increasing from yfid (pT) = 0.5 at pT (D∗+) = 0 to yfid (pT) = 0.8 at
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pT (D∗+) = 5 GeV/c.
The invariant mass, defined as

M (daughteri, ) =

√√√√Ndaugh∑
i=1

E2
i −

Ndaugh∑
i=1

~p2
i (4.4)

is calculated, where Ei is the energy of the candidate daughter i, while ~pi is
its reconstructed momentum of the same.
Given the D∗+ decay chain (equations (4.1) and (4.2)), it is convinient to
compute the difference in invariant mass defined as follows:

∆M = M
(
K−π+π+

)
−M

(
K−π+

)
. (4.5)

The difference in invariant mass is expected to produce a narrow peak in the
invariant mass spectrum centered at the value ∆M = 145 MeV/c2. Given the
way the variable is constructed, the resolution of the pion and kaon from D0

decay cancels out and the width of the invariant mass spectrum is driven by
the resolution on the soft pion momentum.

4.2.2 Signal extraction

To extract the D meson yield, which will be later used for the normalisation of
the correlation distribution, the invariant mass distribution is fitted with a fit
function built as a sum of a Gaussian function to model the signal peak and a
parametrisation of the background, i.e.

ffit (∆M) = fsig (∆M) + fbkg (∆M) (4.6)

with

fsig (∆M) = YD
1√
2πσ

e
(∆M−µ)2

2σ2 (4.7)

and
fbkg (∆M) = a

√
∆M −mπe

b(∆M−mπ). (4.8)

The parameters a and b in the background parametrisation (4.8) are free pa-
rameters and are estimated in a first place by fitting only the invariant mass
entries that are in the side-bands of the distribution. Once those parameters
are obtained, they are fixed in the overall fit function (eq 4.6) and then the
full invariant mass spectrum is fitted.
The parameter YD, the D meson yield, in equation 4.7 represents the raw yield.
To build the correlation distribution, D meson candidates are selected in the
invariant mass region ∆M = [µ− 2σ, µ+ 2σ], where µ and σ are the mean
and the width of the fitted invariant mass distribution. This selection of the
range allows to reduce the background contribution by ∼ 30%, while the sig-
nal loss is of the order of ∼ 5%, resulting in a ∼ 50% higher S/B ratio. The
total number of D∗+ triggers, used to normalise the correlation distribution,
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corresponds to ∼ 0.95YD.
Figures 4.2 and 4.3 show the invariant mass distribution in fine pT-bins (the
fine bins are 1 GeV/c2 wide for the pT range 3 < pT (D∗+) < 8 GeV/c, while
in the range 8 < pT (D∗+) < 16 GeV/c they are split in 8 < pT (D∗+) < 10
GeV/c, 10 < pT (D∗+) < 12 GeV/c and 12 < pT (D∗+) < 16 GeV/c.

Figure 4.2: The (∆M) distribution for the fine pT-bins in pp collisions at√
s = 7 TeV. Upper left panel: 3 < pT (D∗+) < 4 GeV/c. Upper right panel:

4 < pT (D∗+) < 5 GeV/c. Lower left panel: 5 < pT (D∗+) < 6 GeV/c. Lower
right panel: 6 < pT (D∗+) < 7 GeV/c
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Figure 4.3: The (∆M) distribution for the fine pT-bins in pp collisions at√
s = 7 TeV. Upper left panel: 7 < pT (D∗+) < 8 GeV/c. Upper right panel: 8

< pT (D∗+) < 10 GeV/c. Lower left panel: 10 < pT (D∗+) < 12 GeV/c. Lower
right panel: 12 < pT (D∗+) < 16 GeV/c
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4.3 Background subtraction

The correlations built from the inclusive candidates will inevitably have some
residual background contribution. To estimate and remove this contribution
and obtain the effective correlation of D∗+ mesons and charged particles, the
side-band method is used. The method consists essentially in selecting an
invariant mass region that excludes the signal (4 to 8 σ at the left and right
of the peak for example) and building the correlation distribution with the
candidates whose invariant mass falls in this region. These candidates are
originating from combinatorial background, therefore the obtained correlation
distribution can be used as an estimate of the correlation distribution of the
background under the D meson peak.
The D∗+ decay chain (eq 4.1) allows for two independent approaches to the
side-band subtraction, since two invariant mass distributions are build, one for
daughter D0 and one for the D∗+.

4.3.1 Background from D0 side-bands

In this approach, D0 candidates in the 4 to 8 σ region of the D0 invariant mass
(right plot in figure (4.4)) are selected and matched with soft pion candidates
in order to reproduce a D∗+-like background candidate. The invariant mass
obtained is such a way is expected to reproduce the combinatorial background
shape.
The black points in figure (4.5) shows the ∆M distribution of Kππ combina-
tions where the Kπ invariant mass falls in the 3 σ region of the expected D0

invariant mass. On the other hand, the red points represent the invariant ∆M
obtained when selecting the Kπ invariant mass in the left and right side-band
region 4σ < |M (Kπ)−MD0| < 8 σ.

Figure 4.4: The cartoon in the left panel shows the reconstruction of a side-
band candidate using the side-bands of the D0. A Kπ pair, whose invariant
mass falls in the side-band region (red region in the invariant mass plot on the
right) is then associated with a soft pion candidate to reproduce a fake D∗+

candidate, i.e. one from the combinatorial background.
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Figure 4.5: The black points represent the ∆M of D∗+ candidates selected
coming from good D0 candidates, while the red points represent the D∗+ can-
didates originating by selecting D0 candidates from the side-band region.

The red distribution has been rescaled to match, on average, the values of the
fit function of the background for the ∆M > 0.148 MeV/c2 (red dashed line
in figure (4.5)).

4.3.2 Background from D∗+ side-bands

Another approach to estimate the correlation of background candidates is to
use directly the correlation from the D∗+ side-bands in the ∆M distribution.
Given the fact that the background approaches zero at the π+ mass value,
due to the limited phase space, it is only possible to estimate the background
contribution using the right side-band in the ∆M distribution. The range
considered to estimate the background has been chosen to be 4σ < ∆M −
∆MD∗+ < 15 σ, which corresponds to the blue area in figure (4.6). The scaling
factor (ksf ) is computed as the ratio of the integral of the background function
(the red dashed line) under the peak (in the red region) and in the blue region,
i.e.

ksf =

∫
peak

fbkg (∆M)∫
sb
fbkg (∆M)

. (4.9)

As the displaced Kπ pairs that fall in the 3 σ region around the mass value
of the D0 are selected and then are matched with a soft pion candidate to
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Figure 4.6: The ∆M distribution for the pT-range 5 < pT (D∗+) < 8 GeV/c.
The blue area shows the ∆M used to define the sideband candidates, while
the red area shows ∆M to define the D∗+ candidates The correlations are
estimated by taking candidates from the blue region (4-15 σ in the invariant
mass distribution.

make a D∗+ candidate, when considering the side-bands of this distribution
there might be some residual contribution from true D0 mesons. This means
that, when subtracting the correlations from the side-band region, the esti-
mated background distirbution might contain some (D0-charged particle-like)
azimuthal correlation.
To get an estimate of this contamination, the Kπ invariant mass distributions
obtained as reconstructed daughters candidates of D∗+ candidates from the
peak region as well as from the side-band region of ∆M are studied sepa-
rately.
The plot in the lower panel of figure 4.7 shows the invariant mass distribution
of the (Kπ) pairs, reconstructed as a daughter of the D∗+ candidate, i.e. the
pairs whose ∆M , computed by matching the D0 candidate with a soft pion
candidate, falls in the signal region of the D∗+ (blue region in the upper plot
of figure 4.7).
In the lower panel of figure 4.8, the Kπ invariant mass distribution is ob-
tained from sideband candidates, i.e. those candidates that fall in the region
4σ < ∆M − ∆MD∗+ < 15 σ (corresponding to the blue region in the upper
panel of figure 4.8).
The signal-over-background ratio, S/B, in the case of (Kπ) pairs from the
peak region in the ∆M distribution is S/B ≈ 1, while S/B ≈ 0.1 when pairs
are taken from the side-band region, confirming that most of the contribution
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Figure 4.7: Upper panels: ∆M distribution. The blue region shows the
∆M region used to select the candidates to obtain the M(K, π) distributions
showed in the lower panels.
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Figure 4.8: Upper panels: ∆M distribution. The blue region shows the
∆M region used to select the candidates to obtain the M(K, π) distributions
showed in the lower panels.
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in this case is due to Kπ combinatorial background.
The total yield of “real” D0 triggers is a factor 10 smaller than the one from
the signal region. An additional factor ∼ 2.5 comes from the fact that the
considered sideband region is of 11 σ, while the one used for the signal region
is 4 σ wide. In addition to that, the correlations are rescaled by the scale
factor (which for this particular case is ≈ 0.2).
This means that the final contribution to the estimated background azimuthal
correlations due to real D0 is< 1%, which is negligible considered the estimated
systematic uncertainty that is discussed later (see Chapter 6 on Systematic un-
certainties).

4.3.3 Subtraction of the background contribution

The background subtraction is performed using the following equation

fD∗+ (∆ϕ) = fIncl (∆ϕ)− ksffSB (∆ϕ) , (4.10)

Figure (4.9) shows the ∆ϕ correlation distribution, corrected for the mixing
event (described in the section 4.5), for the inclusive (fIncl (∆ϕ) ) D∗+ sample
(blue points), and the azimuthal correlation estimated from the side-bands,
fSB (∆ϕ), (red points - this particular figure shows the case of the side-bands
from the D∗+). As it can be seen from the figure, the fSB (∆ϕ) is strongly
correlated at ∆ϕ = 0, which suggests that most of the side-band candidates
are actually contained with jets.
The left panel of figure (4.10) shows the comparison of the final, “per trigger”,
azimuthal correlations of D∗+ mesons and charged particles obtained with the
two different background subtraction methods described in sections (4.3.1) and
(4.3.2), while in the right panel the ratio of the correlation obtained with the
side-bands of D0 (section (4.3.1)) and the one obtained with the side-bands
of D∗+(section (4.3.2)) is shown. Good compatibility of the two correlation
distribution is shown, which is also confirmed by the ratio, that is fluctuating
around 1 without showing any particular structure. As default method for
the analysis, the correlations using the D∗+ side-bands is used. This choice
was done because of compatibility with other similar analysis (cf. D0 and D+-
charged particle azimuthal correlations [72, 73]), as well as the fact that the
data set for the Pb-Pb analysis does not allow the use of the D0 side-band
method because all D0 candidates exceeding the range of ∼ 4σ around the
peak are cut off to reduce the number of the data sample, allowing to use the
D∗+ side-band method only.
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Figure 4.9: The ∆ϕ correlation distribution of inclusive D∗+ candidates and
charged tracks is shown in blue and the distribution of sideband candidates and
charged tracks is shown in red. As most of the combinatorial background can-
didates are found within jets, a near-side correlation peak in the distribution
with triggered by the side-band candidates is present.

Figure 4.10: Left panel: comparison of the correlation distribution for 5
< pT (D∗+) < 8 GeV/c obtained using the two different sideband background
methods. Right panel: ratio of the two distributions (red/black)
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4.4 Associated track selection

The tracks selected to build the correlation distribution (associated tracks) are
required to pass a set of quality criteria discussed in this section.
A maximum value of the χ2/ndf on the track momentum fit in the TPC of 2
is required, which assures a good matching of the hits in the ITS and TPC.
Each track is required to have a minimum of 70 clusters in the TPC (out
of the possible 159), and a good refit of the track in the ITS and TPC is
requested as well. For the analysis it is important to select mostly tracks
originating from the primary vertex, and reject the so-called secondary tracks,
i.e. tracks originating from decay products of long-lived strange particles and
from interactions of primary particles with the detector (for example, electrons
from photon conversions). This selection is performed by setting an upper
bound on the distance of closest approach of the track to the reconstructed
primary vertex. This cut value is set to 1 cm along the z-axis and 0.25 cm
in the transverse, xy, plane. To grant enough resolution in the track impact
parameter for the latter selection, a minimum of 3 hits in the ITS is required.
A residual contamination of secondary tracks is still present and its treatment
is discussed later in this chapter. No requirement on the presence of hits in
one or both of the first two layers of the ITS (the SPD) has been required.

4.5 Correction for detector inhomogenities

By calculating angular correlations of D∗+ mesons and charged particles, it
is possible to have some unphysical structures in the ∆ϕ distribution due to
detector inhomogenities. In addition, given the limited acceptance for the
reconstruction of D∗+ mesons and charged particles, a triangular-shaped cor-
relation is expected to be present when computing the correlations in ∆η. To
correct for both these effects, the event-mixing techinique is used. The event
mixing bascially consists of computing the ∆ϕ−∆η correlation distributions
by taking D∗+ or side-band candidates from one event and correlating them
with charged tracks from a different event. The obtained distribution, since
is not influenced by correlations coming from physical processes, would show
structures in ∆ϕ that are due to dead zones of the detector, and is expected
to reproduce the triangular ∆η shape due to the limited detector acceptance.
The events are splitted in bins of multiplicity and position of the vertex along
the z-axis, named pools, as follows

• Multiplicity bins: (0− 20) , (20− 40) , (40−+∞) for pp collisions
and (0− 40) , (40− 65) , (65−+∞) for p-Pb collisions.

• Vertex z (cm) = (−10,−2.5) , (−2.5, 2.5) , (2.5, 10)

A minimum amount of 8 events in the pool is required to start performing the
mixing correction. The calculation is basically done as follows: each time a
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D or side-band candidate is found in the event N, the ∆ϕ−∆η correlation is
computed with all the tracks stored in the event pool, if the pool is ready to
perform the mixing (i.e. if the bin of the pool with the given multiplicity and
z-vertex contains the minimum of 8 events). Once the event N is processed, it
is saved in the event pool in the correspondent multiplicity/z-vertex bin and
the calculation is repeated for the event N+1. In order to limit the memory
consumption, the pool works on the FIFO (first in first out) principle, i.e. the
first event that has been stored is cleaned from the pool when a new one is
saved.
Once the correlation distribution for mixed events is obtained, it is used as
weight to correct the distribution from the single event analysis. The correction
is described by the following equation

dN corr (∆φ∆η)

d∆φd∆η
=

dNSE(∆φ∆η)
d∆φd∆η

dNME(∆φ∆η)
d∆φd∆η

dNME (0, 0)

d∆φd∆η
. (4.11)

As it can be seen, the event mixing distribution is normalised to the value
dNME(0,0)
d∆φd∆η

. The basic assumption behind this correction is that, in first ap-

proximation, in this particular direction (i.e. ∆ϕ,∆η = 0,0), the trigger and
associated particle experience the same detector condition and acceptance,
therefore no correction is necessary (hence the correction to be 1). The event
mixing correction is limited to the interval |∆η| < 1. Even though, given the
acceptance of ALICE, this limit could be theoretically extended to a value of
|∆η| < 1.6, because of the limited statistics in the single event correlation dis-
tribution, it was decided to limit it to the value of 1 to avoid the so-called wing
effect, i.e. a rise at large ∆η of the correlation distribution due to the division
of two relatively small numbers. Such wings could bias the near and away side
peaks, as well as would bias drastically the estimation of the baseline due to
uncorrelated background from the underlying event.
The correction procedure is illustraed in the figures 4.11, 4.12 and 4.13.
Figure 4.11 shows the correlation distribution of the inclusive D∗+ sample for
the single event analysis on the left and the side-band candidates on the right.
The second row illustrates the same, but for the mixed-event analysis. Both
the inclusive and side-band distributions are corrected using the equation 4.11,
and the distributions shown in figure 4.12 are obtained (left for the inclusive
case and right for the side-bands). The background subtraction is performed
as described in section 4.3, and the final distribution (figure 4.13) is obtained.
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Figure 4.11: Correlation distribution for 5 < pT (D∗+) < 8 GeV/c and
passocT > 0.3 GeV/c. Upper left panel: single event distribution for inclusive
D∗+ candidates. Upper, right panel: single event distribution for sideband
candidates. Lower left panel: mixed event distribution for inclusive D∗+ can-
didates. Lower right panel: mixed event distribution for sideband candidates.

Figure 4.12: Correlation distribution for 5 < pT (D∗+) < 8 GeV/c and
passocT > 0.3 GeV/c. Left panel: mixed-event-corrected distribution for in-
clusive D∗+ candidates. Right panel: mixed-event-corrected distribution for
sideband candidates.
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Figure 4.13: Correlation distribution for 5 < pT (D∗+) < 8 GeV/c and
passocT > 0.3 GeV/c. Mixed-event corrected distribution for D∗+ candidates
after the side-band background subtraction.
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4.6. CORRECTION FOR D∗+ MESON EFFICIENCIES

4.6 Correction for D∗+ meson efficiencies

The azimuthal correlation distribution is affected by the reconstruction and
selection efficiency of D∗+ mesons. Indeed, the correlations are estimated in
wide pT bins of the D∗+, where the efficiency increases steeply as function of
the pT of the D∗+. The correction for the D∗+ meson efficiency is necessary to
properly take into account the pT-dependence of the correlation distribution
within the given D∗+ meson pT interval. In fact, only the pT dependence of
the D∗+ meson efficiency is relevant while the average value in the pT range is
simplified due to the normalisation of the correlation distribution to the num-
ber of trigger particles.
The efficiency is estimated using a PYTHIA + GEANT3 Monte Carlo sample
for the pp case, while in p-Pb also HIJING is used to get a better description of
the multiplicity distribution. Additionally, the obtained efficiency is corrected
for the geometrical acceptance of the ALICE detectors. As an example, the
ε× acc for the prompt D∗+ reconstruction in p-Pb collisions as function of the
D∗+ (pT) and the multiplicity, quantified using the number of SPD tracklets, is
shown in figure 4.14 . The expected increase as function of both the variables
is clearly visible.
The correction is applied during the analysis execution by weighting the two
dimensional ∆ϕ,∆η correlation histogram with the inverse of the efficiency

value for a given pT and multiplicity bin, i.e. 1/ε
(
pD∗+

T ,multiplicity
)

, assum-

ing that each reconstucted D∗+ is a prompt D∗+ (this assumption is further
corrected as described in section 4.8).

Figure 4.14: ε× acc map of D∗+ mesons in p-Pb collisions as function of the
D∗+ pT and the event multiplicity.
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Figure 4.15: Ratio of the invariant masses with D-meson efficiency correction
and without the correction. The upper panel is for 3 < pT (D∗+) < 5 GeV/c,
the middle panel is for 5 < pT (D∗+) < 8 GeV/c The lower panel is for 8
< pT (D∗+) < 16 GeV/c.

Besides the correlation distribution, to properly account for the number of
D∗+ correlation triggers, also the invariant mass distribution is weighted by
the same value. As the invariant mass in a wide pT bin of the D∗+ will be
a weighted sum of more invariant mass distributions, the shape of the back-
ground might be distorted, biasing the background subtraction (as described in
section 4.3). Figure (4.15) shows the ratio of the invariant mass distributions
after weighting with the inverse of the efficiency and the corresponding raw
distribution, for the three pT bins considered in pp collisions. The ratio is flat
within the errors in all the three pT bins showing that there is no background
distortion that might bias the background subtraction.

4.7 Correction for associated track efficiencies

A fraction of good associated particles in each event are not reconstructed
or are rejected by the track quality selections. The amount of lost particles
depends on the efficiency in the ITS and TPC. The correlation distribution
needs to be corrected for this “loss”. The single track efficiency has been
estimated using a similar strategy as the one discussed for the D∗+-efficiency
correction. The efficiency maps are build by scaling the reconstructed spectra
with the one generated using the PYTHIA event generator [26]. The efficiency
map was determined as function of the charged track pT, η and the position of
the primary vertex along the beam axis. As it was done in the case of the D∗+

correction, the single track efficiency is applied as weight during the execution
of the analysis, i.e. the two dimensional ∆ϕ,∆η histogram is weighted by
the inverse of the efficiency ε (pT, η, zvtx). Figure 4.16 illustrates the efficiency
dependence on the pT of the charged track. The efficiency shows a steep raise
in the range 0 < ptrackT < 2 GeV/c, at 2 GeV/c there is a maximum and for
ptrackT > 2 GeV/c it decreases slightly before reaching a plateau. To properly
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Figure 4.16: Single track efficiency as function of the track pT for the stan-
dard track cuts.

take into account the rapidly changing shape, in the lowest pT region a very
fine binning of the spectra was used and was widen at higher pT to reduce the
fluctuations caused by the limited statistics.

4.8 Subtraction of correlations from D∗+ mesons
coming from Beauty-hadron decays

The selected sample of D∗+ mesons will contain also contributions of those
produced as decay products of beauty hadrons. With the current statistics it
is not possible to measure the correlation of (B → D∗+) and charged particles
(called also feed-down contribution), so it was decided to subtract the beauty
feed-down contribution using templates from Monte Carlo simulations. The
procedure is done as follows: the feed-down azimuthal correlation distribution,
estimated from the Monte Carlo sample, is rescaled by the fraction of D∗+

mesons coming from beauty decays and then subtracted from the measured
and corrected distribution, rescaled by the extracted D∗+ yield. The latter is
then rescaled by the fraction of prompt D∗+ mesons, i.e. those that are coming
from the fragmentation of charm quarks. The procedure is summarised as

C̃prompt D(∆φ) =
1

fprompt

(
C̃inclusive(∆φ)− (1− fprompt)C̃

MC templ
feed−down(∆φ)

)
.

(4.12)
The fraction of D∗+ from charm, fprompt is calculated using FONLL [38] pre-
dictions of pT-differential cross-section for prompt and feeddown D∗+ mesons,
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as well as the computed efficiencies and acceptance for the two cases

fprompt =

1 +
(Acc× ε)feeddownD∗+

(Acc× ε)promptD∗+

dσ
dpT

feeddownD∗+ ||y|<0.5

dσ
dpT

promptD∗+ ||y|<0.5

 . (4.13)

The FONLL-cross sections are estimated at
√
s = 7 TeV.

In the case of the p-Pb analysis, an assumption on the nuclear modification of
feeddown D∗+ mesons has been done, and equation 4.13 is modified as follows

fprompt =

1 +
(Acc× ε)feeddownD∗+

(Acc× ε)promptD∗+

dσ
dpT

feeddownD∗+ ||y|<0.5

dσ
dpT

promptD∗+ ||y|<0.5

RfeeddownD∗+

pPb

RpromptD∗+

pPb


(4.14)

where the ratio
RfeeddownD∗+

pPb

RpromptD
∗+

pPb

is varied in the range 0.9− 1.3 and that variation

is included in the evaluation of the systematic errors. In the p-Pb analysis,
the fprompt-calculation is done using the FONLL predictions at

√
s = 5 TeV,

while the efficiencies are calculated from the p-Pb Monte-Carlo simulations.
Figure (4.17) shows the fprompt as function of the D∗+pT for pp (left panel)
and for p-Pb (right panel). Figure (4.18) shows an example of the azimuthal
correlations of feeddown D∗+ mesons with charged hadrons obtained with three
different PYTHIA tunes. Varying the parameters of the PYTHIA tunes affects
mostly the process of parton fragmentation into hadrons, which might have
an effect on the shape of the correlation distribution. The PYTHIA-Perugia
2011 [26] template is used as default value, while the other two are used to
estimate the systematic uncertainties. As PYTHIA does not reproduce well
the baseline of the uncorrelated background, before subtracting it from the
measured correlation distribution, the baseline level is matched to the one
in data. In the p-Pb analysis, an additional hypothesis on modulation of the

Figure 4.17: Calculated fraction of D∗+ mesons originating from a charm
quark: left panel is for pp collisions at

√
s = 7 TeV, while the right panel is

for p-Pb collisions at
√
sNN = 5.02 TeV.
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Figure 4.18: Monte Carlo templates using different tunes of PYTHIA for
feed-down D∗+ mesons.

baseline due to a v2 of beauty hadrons is done, and it is added to the templates.
This modulation enters in the evaluation of the systematic errors due to the
B feed-down correction. The figure (4.19) shows the procedure for performing
the modulation.
The baseline (green filled area) of the template is modulated with a v2-like
contribution, (dashed line in magenta) defined as

fmodulationv2
∝
(
1 + 2vD2 v

had
2 cos (∆ϕ)

)
(4.15)

and this is added to the template (black line). The modulated template (red
dashed line) is then inserted into the equation (4.12), and the feed-down sub-
traction is performed. The assumptions done on the values of the v2 are as
follows:

• v(B→)D∗+

2 = 0.13, representing an extreme upper bound for the v2 of
feed-down D mesons, given the expectation that v2(b) < v2(c) and the
measurement of the v2 of prompt D mesons by ALICE [47]

• vhadron2 = 0.07 for 0.3 < phadT < 1 GeV/c and vhadron2 = 0.07 for phadT > 1
GeV/c [34]

This contribution is also considered as source for the systematic uncertainty.
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Figure 4.19: Example of a v2-like modulation of the PYTHIA templates .

4.9 Correction for secondary track contamination

As described in section 4.4, secondary tracks in the sample of associated tracks
are removed via a cut on the distance of closest approach to the primary vertex
in the transverse plane (DCAXY ). An upper cut on the charged track selec-
tion has be applied in order to remove secondary tracks. Secondary tracks
are either decay products of long-lived strange hadrons or particles produced
in interaction of particles with the detector (example electrons from photon
conversion). The standard selection cut has been set to be at DCAXY < 0.25
cm.
The left panel of figure (4.20) shows the distribution of primary (red line) and
secondary (blue line) tracks as a function of the DCAXY , which has been esti-
mated from PYTHIA Monte Carlo simulations and the GEANT3 [74] particle
transport package together with a detailed description of the geometry of the
apparatus and of the detector response. The right panel of the figure shows
the purity (the fraction of primary tracks) that is selected by the DCAxy cut
as function of the cut value. The purity is defined as:

purity =

∫ DCAcutXY

0
fprim (DCAXY ) dDCAXY∫ DCAcutXY

0
fprim (DCAXY ) + fsec (DCAXY ) dDCAXY

(4.16)

where fprim (DCAXY ) is the distribution of primary tracks as function of
the DCAXY (red distribution from the right panel of the same figure) and
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Figure 4.20: Left panel: distribution of primary tracks and secondary tracks
as function of the DCAxy. Right panel: Primary track purity distribution as
function of the DCAxy.

fsec (DCAXY ) is the equivalent for secondary tracks (blue distribution from
the right panel of the same figure). The estimated purity value for the default
cut at DCAXY < 0.25 cm is 0.97 for pp and 0.975 for p-Pb collisions. The
correction is applied as a multiplicative factor on the corrected distribution,
i.e.

Cpc (∆ϕ) = purity × C̃prompt D(∆φ) (4.17)

where C̃prompt D(∆φ) is the correlation distribution for prompt D∗+ mesons
defined by equations (4.13) and (4.14).
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5
Monte Carlo analysis

This chapter presents the correlation analysis performed on the simulated
Monte Carlo sample. For the case of pp collisions, the generation of events was
done using the PYTHIA 6.4.21 event generator, with the Perugia0-tune [26].
The transport of particle through the ALICE detector (described in section
3.2) has been simulated using GEANT 3 [74]. In the analysis of the pp data
sample, two different PYTHIA samples have been used:

• LHC10f6a: minimum bias PYTHIA Monte Carlo sample at the centre
of mass energy

√
s = 7 TeV

• LHC10f7a: heavy-flavour enriched sample, at the centre of mass energy√
s = 7 TeV : each event contains one cc̄ or bb̄, with D meson decays

forced into the hadronic channels under study

For the p-Pb analysis

• LHC13d3: sample created using both PYTHIA and HIJING, used in the
p-Pb collision mode,[27] at

√
s = 5.02 TeV. A pair of charm or beauty

quarks is simulated with PYTHIA for each event, while HIJING is used
to simulate the underlying event in afraction of events corresponding to
p-Pb interactions with Ncoll >1.

5.1 Different contributions to the azimuthal angu-
lar correlations of hadrons and D mesons

The analysis has first been performed at the generation level, i.e. without
propagating the particles through the detector simulation by GEANT 3. D∗+

mesons are identified by their Monte Carlo identity, while the associated tracks
are selected as all the possible “trackable” final state particles, i.e. they are
required to be electrons, pions, muons, kaons or protons. The D∗+ is required
to decay hadronically, according to the decay chain of equation 4.1. Both the
D∗+ and the charged particles are required to be within the ALICE acceptance
(|η| < 0.9). The same request is applied on the daughters of the D∗+. The
effect of the limited acceptance is corrected by using the mixing event correc-
tion (as described in section 4.5).
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The origin of the D∗+ and the charged particles has also been studied. For the
purpose of this analysis, it is interesting to separate the particles in those orig-
inating from a charm or beauty quark fragmentation. Particles not originating
from a beauty or charm quark are tagged as “non heavy-flavour particles”.
The flavour tagging is done as follows. For each D∗+ and charged particle, the
flavour of the mother (i.e. the particle that comes earlier in the production
chain) is checked. If this happens to be a beauty quark, then the particle is
tagged as a “beauty-origin”. If it happens to be a charm quark, then the par-
ticle is tagged as a “charm-origin”. This process is repeated until the heavy
quark has been identified or no new mother is found. For the D∗+, if no charm
or beauty quark is found, it is not considered for building the correlation dis-
tribution. In the case of charged tracks, if no heavy quark is found in the
chain, the particle is tagged as a non heavy flavour particle.
The flavour-differential Monte Carlo analysis is done for the main contribu-
tors to the correlation distribution, i.e. the correlations are studied for the
following cases:

• D∗+ originating from a charm quark is correlated with tracks originating
themselves from a charm quark (c-origin correlations);

• D∗+ originating from a beauty quark is correlated with tracks originating
themselves from a beauty quark (b-origin correlations);

• all the D∗+ mesons are correlated with “non heavy flavour” particles (non
HF-origin correlations).

Finally, also the inclusive D∗+ mesons (from both charm and beauty origin)
are correlated with the inclusive charged track sample (inclusive correlations).
For compatibility with the analysis on data, only the azimuthal correlations
within the range in pseudo rapidity |∆η| < 1 are considered.
Figure 5.1 shows the azimuthal correlations of D∗+ mesons in the range 8
< pT (D∗+) < 16 GeV/c and associated tracks in the range pT (hadron) > 0.3
GeV/c, obtained from the minimum bias Monte Carlo sample (LHC10f6a).
The red distribution in the figure represents the c-origin correlations, the green
distribution the b-origin ones, the blue the non HF origin ones, while the black
shows the inclusive origin correlation distribution.
The inclusive distribution shows the expected near and away side correlation
peaks. Qualitatively speaking, the same trend is shown in the charm-origin
case. For the beauty-origin case, the near-side correlation is visible, and is
higher and narrower than that of the charm origin case, while on the away side
there is no evident peak. However, no conclusion on the absence of the away-
side peak can be drawn due to the limited number of D∗+ mesons originating
from beauty quarks in the minimum bias sample. The non-heavy-flavour ori-
gin case shows a rather flat distribution along ∆ϕ, with an indication of an
away side correlation peak. To better address the properties of the separated
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Figure 5.1: The azimuthal correlation distribution of D∗+ mesons and
charged particles studied differentially for different origins. The distribution
is obtained from the minimum bias PYTHIA simulation at

√
s =7 TeV, with

8 < pT (D∗+) < 16 GeV/c and pT (hadron) > 0.3 GeV/c. The red distribu-
tion shows the correlations of a D∗+ meson from a charm quark with charged
tracks originating from a charm quark, the green distribution shows the cor-
relations of a D∗+ meson from a beauty quark with charged tracks originating
from a beauty quark, the blue distribution depicts the correlations of a D∗+

meson from a charm or beauty quark with charged tracks originating from a
light quark or a gluon, while the black distribution illustrates the inclusive
correlation of all D∗+ mesons with all charged particles.

contributions, the same analysis has been performed on the heavy flavour en-
riched sample (LHC10f7a).
Figure 5.2 shows, as before, the azimuthal correlations of D∗+ meson in the
range 8< pT (D∗+) < 16 GeV/c and associated tracks in the range pT (hadron) >
0.3 GeV/c, obtained from the heavy flavour enriched sample, with the same
colouring scheme for different origins as described above. From this figure, a
clearer picture on the shape of the various contribution can be obtained. The
correlations for the charm origin case are qualitatively the same, but less fluc-
tuating because of the higher available statistics. For the beauty origin case,
the correlations show a less fluctuating near-side peak with similar properties
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Figure 5.2: Same as Figure 5.1 but for different Monte Carlo sample. The
distributions are obtained from the heavy flavour enriched PYTHIA simulation
(LHC10f7a).

as the one from the figure 5.1. The beauty-origin case shows again a stronger
correlation on the near side than the one from originating from charm. On
the away side, the correlation peak is evident also for the beauty origin case.
Compared to the charm case, it is lower and wider. For what concerns the non
heavy flavour contribution, there is no contribution to the correlations on the
near-side, while an away side correlation is present, although not as strong as
the correlation for the two heavy flavour cases.
As described in the analysis procedure in chapter 4, the decay products of the
D∗+ are removed from the correlation. In a decay of a beauty meson, the final
state can contain other charged particles together with the (feed-down) D∗+

(charged leptons in a case of a semi-leptonic decay of the B meson, pions in the
case of a hadronic decay...). These charged particles are not removed from the
distribution shown in figure 5.2, and they contribute mostly to the near-side.
A qualitative differential study of these contributions to the correlations of
feed-down D∗+ and charged particles is shown in figure 5.3: the left panel
shows the correlation distributions of a D∗+ with the heavy quark fragmen-
tation products (i.e., excluding the decay products of any open-heavy flavour
hadron), while the right panel shows the correlations with the decay products
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of a B meson or the anti-D meson, excluding the other particles produces in
the heavy quark fragmentation. In the latter case, it is immediately visible
that on the near side the charm (D meson contribution) is flat at zero be-
cause of the daughter removal procedure, while the beauty case presents a
very narrow and strong correlation due to the other particles produced in the
B-meson decay together with the D∗+. When considering the fragments only,
the charm contribution shows a stronger correlation than the beauty case.
The different sources have been studied differentially as a function of the D∗+

pT, in the three pT-bin considered for the analysis on data: in the four panels
of figure 5.4, the black points represent the correlations of D∗+ mesons with
3 < pT (D∗+) < 5 GeV/c, the red points represent the correlations of D∗+

mesons with 5 < pT (D∗+) < 8 GeV/c, the blue points represent the corre-
lations of D∗+ mesons with 8 < pT (D∗+) < 16 GeV/c. All the plots in the
figure are for associated tracks with pT (hadron) > 1 GeV/c. The left upper
panel shows the correlations for the charm origin case, the right upper panel
shows the correlations for the beauty origin case, the left lower panel shows
the correlations for the non heavy flavour origin case, the right lower panel
shows the correlations for the inclusive case.

Figure 5.3: The azimuthal correlation distribution of D∗+ mesons and
charged particles studied differentially for different origins. The distribution is
obtained from the charm enriched PYTHIA simulation at

√
s = 7 TeV, with

8 < pT (D∗+) < 16 GeV/c and pT (hadron) > 0.3 GeV/c. Left panel: The red
distribution shows the correlations of a D∗+ meson from a charm quark with
other particles produced in the fragmentation of the charm quark, the green
distribution shows the correlations of a D∗+ meson from a beauty quark with
the products of the beauty quark, the blue distribution shows the correlations
of a D∗+ meson from a charm or beauty quark with charged tracks originating
from a light quark or a gluon, while the black distribution shows the inclusive
correlation of all D∗+ mesons with all the fragments of different quarks. Right
panel: similar to the left panel, but in this case the correlations for the charm
origin (red distribution) and beauty origin (blue distribution) includes only
the decay products of the charm/beauty a meson or baryon
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Figure 5.4: Dependence of the flavour-differential correlation distributions on
the pT of the D∗+ mesons. The distributions are extracted from the LHC10f7a
Monte Carlo sample of pp collisions at

√
s =7 TeV. The upper left panel

shows the correlations of D∗+ mesons and associated tracks originating from a
charm quark. The upper right panel shows the correlations of D∗+ mesons and
associated tracks originating from a beauty quark. The bottom left panel shows
the correlations of D∗+ mesons originating from a charm or beauty quark and
associated tracks originating from light flavours. The bottom right panel shows
the correlations of D∗+ mesons originating from a charm or beauty quark and
associated tracks originating from all possible flavours. The black distribution
represents the range 3 < pT (D∗+) < 5 GeV/c, the red distribution represents
the range 5 < pT (D∗+) < 8 GeV/c and the blue distribution represents the
range 8 < pT (D∗+) < 16 GeV/c. For all the cases, the associated tracks are
selected with pT (hadron) > 1 GeV/c.
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A strong pT-dependence is observed on the near and away side correlations for
the beauty and origin case, and it is also reflected in the inclusive distribu-
tion. The correlation strengthen with increasing pT of the D meson. This is
in agreement with the expected picture of a larger number of fragments with
pT(hadron) > 1 GeV/c with a higher pT of the parton. The same is observed
in the non heavy-flavour origin case, where the away-side peak shows the same
dependence.
It is also important to notice that the minimum of the correlation (the pedestal),
which can be estimated from the transverse region (i.e. around ∆ϕ ∼ π), shows
no dependence on the trigger particle pT, for any flavour differential origin case.

5.2 Monte Carlo closure test

In order to check the correction procedure discussed in chapter 4, the analysis
was performed on the simulated Monte Carlo sample, including of the detector
response (i.e. at reconstruction level). The obtained distributions are corrected
for the D meson efficiency, associated track efficiency and event mixing, as
described in chapter 4.
The distributions are produced as follows:

1. A D∗+ meson is identified as a reconstructed object of a kaon and two
pions. The Monte Carlo information of such an object is checked and is
required to be a D∗+. Additionally, the kaon and one of the pions are
required to be decay products of a D0, which is itself the decay product
of the D∗+. This makes sure that the D∗+ mesons, decaying according
to the decay channel shown in equation 4.1 are selected. The number
of triggers is estimated directly by counting them each time a “Monte
Carlo-true” D∗+ is found.

2. All the reconstructed charged tracks that pass the standard selections de-
scribed in section 4.4 are correlated with the Monte Carlo reconstructed
D∗+ mesons.

3. The distribution is corrected for D∗+ meson and single track reconstruc-
tion efficiency, as described in sections 4.6 and 4.7, respectively .

4. As the D∗+ is identified by its Monte Carlo identity, there is no combi-
natorial background to subtract.

5. The obtained distribution is corrected for event mixing, as described in
section 4.5.

The subtraction of the feed-down was not implemented in this checking pro-
cedure. Instead, the D∗+ mesons and the charged tracks are separated by
different origins as described in section 5.1. Once the flavour-differential re-
constructed distributions are obtained, they are compared to the distributions
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obtained at the generated level shown in section 5.1. The check has been done
both for the pp and p-Pb analysis, using the heavy-flavour enriched samples.
For the pp analysis, the comparison of the reconstructed distribution to the
Monte Carlo truth one is done for the three pT intervals of the D∗+ meson. For
the associated tracks, three intervals are considered, i.e. 0.3 < pT < 1 GeV/c,
pT > 1 GeV/c, and the integrated range pT > 0.3 GeV/c. The figures 5.5,
5.6, 5.7 and 5.8 show all the nine considered pT-range combinations of D∗+

mesons and associated tracks, for the charm-origin case, beauty-origin case,
non-heavy-flavour origin case and inclusive-origin case, respectively. Each col-
umn represents a different pT of the D∗+ (the left column shows the range 3
< pT (D∗+) < 5 GeV/c, the middle column the range 5 < pT (D∗+) < 8 GeV/c,
while the right column shows the range 8 < pT (D∗+) < 16 GeV/c).
The first row shows the fully integrated pT-range for the associated hadrons,
i.e. pT (hadron) > 0.3 GeV/c. The middle and the bottom rows show the
correlations more differentially, namely the middle row shows the range 0.3
< pT (hadron) < 1 GeV/c while the bottom one shows the range pT (hadron) >
1 GeV/c. In all plots, the blue distribution shows the generated Monte Carlo
distribution (the same as described in section 5.1), while the red points repre-
sent the distribution obtained after the reconstruction, with all the corrections
discussed above being implemented.
For all the four considered cases, and all the considered pT cases, there is a
very good agreement between the red and the blue distributions, meaning that
the generated distributions are reproduced after applying the corrections dis-
cussed in chapter 4.
To quantify the compatibility of the two distributions, the ratio of the re-
constructed over the generated distribution has been performed for all the
considered cases. This is shown in the figure 5.9. The panels are distributed
following the same scheme as in the case of the figures 5.5, 5.6, 5.7 and 5.8.
It is immediately evident that for all the cases, the points are fluctuating
around unity. No evident structure is present in the ratios, showing that the
shapes of the reconstructed and the generated correlation distributions are
very well compatible.
Given the flatness of the ratio plots they have been fitted with a constant
function, and the average ratios are reported in the table 5.1. All the values
of the constants extracted from the fits fluctuate in a range 5 % around the
unity. The ratios are, however, compatible with unity within 2σ, given the
uncertainty.
The same check has been performed for the p-Pb data sample, where the Monte
Carlo simulation has been done on the LHC13d3 data sample.
The check has been performed in the two considered pT intervals of the D∗+,
5 < pT (D∗+) < 8 GeV/c and 8 < pT (D∗+) < 16 GeV/c1, while the associated
tracks are selected in the same range as in the pp simulations. Figure 5.10

1The case 3 < pT (D∗+) < 5 GeV/c is not considered in this check as this pT bin is not
presented in this thesis in the p-Pb analysis, due to the lack of statistics
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Figure 5.5: Compatibility of the reconstructed and corrected distributions
(red points) with the distributions at generation level for D∗+ mesons and
associated tracks originating from a charm quark. The panels show different
pT combinations of D∗+ and associated tracks. The simulation is done on the
LHC10f7a, pp related, Monte Carlo sample at

√
s =7 TeV. The left column

shows the range 3< pT (D∗+) < 5 GeV/c, the middle column the range 5
< pT (D∗+) < 8 GeV/c, while the right column shows the range 8 < pT (D∗+) <
16 GeV/c. The first row shows the fully integrated pT-range for the associated
hadrons, i.e. pT (hadron) > 0.3 GeV/c. The middle row shows the range 0.3
< pT (hadron) < 1 GeV/c. The bottom row shows the range pT (hadron) > 1
GeV/c.

illustrates the ratio of the corrected reconstructed distributions over the gen-
erated ones. For the ratios in the case of correlations with charged tracks with
pT (hadron) >1 GeV/c, a near-side residual structure peaking up to 15 % for
the beauty origin case (blue distribution in figure 5.10). Table 5.2 summarises
the average values of the ratios. A discrepancy up to 8 % is present for the low
pT tracks (0.3 < pT (hadron) < 1 GeV/c) for the non heavy flavour origin case
(green distribution in figure 5.10), which then decreases to 6% in the inclusive
origin case.
As the origin of the discrepancy has not yet been understood, it has been as-
signed as a contribution to the systematic uncertainties (described in chapter
6)
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Figure 5.6: Same as Figure 5.5, but for D mesons and charged particles
originating from a beauty quark.
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Figure 5.7: Same as Figure 5.5, but for D mesons originating from both
charm and beauty quarks and charged particles not originating from a beauty
quark (non heavy flavour origin).
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Figure 5.8: Same as Figure 5.5, but for D mesons originating from both charm
and beauty quarks and no selection on the origin of the charged particles.

pT (D∗+) range 3− 5 GeV/c 5− 8 GeV/c 8− 16 GeV/c
c-origin 0.96± 0.02 1.01± 0.02 0.97± 0.01

pT hadron b-origin 1.04± 0.02 1.02± 0.01 0.99± 0.01
0.3-1 GeV/c nonHf 1.01± 0.01 1.02± 0.01 1.00± 0.01

Inclus 1.05 ± 0.01 1.04± 0.01 1.01± 0.01
c-origin 0.98 ± 0.03 0.99± 0.02 0.98 ± 0.02

pT hadron b-origin 1.02± 0.02 1.02± 0.02 0.99± 0.01
>1 GeV/c nonHf 1.04± 0.02 1.04± 0.02 1.02± 0.01

Inclus 1.04± 0.01 1.05 ± 0.01 1.02± 0.01
c-origin 0.97± 0.02 1.01± 0.02 0.98 ± 0.01

pT hadron b-origin 1.04± 0.02 1.02± 0.01 0.99± 0.01
>0.3 GeV/c nonHf 1.02± 0.01 1.03± 0.01 1.00± 0.01

Inclus 1.05 ± 0.01 1.04± 0.01 1.01± 0.01

Table 5.1: Average ratio of the corrected distributions at reconstruction level
with the distributions at the generation level, for all the considered pT-ranges
and the different sources, for pp collisions at

√
s = 7 TeV.
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Figure 5.9: Ratio of the reconstructed and corrected distributions (red
points) and to the distributions at generation level for for D∗+ mesons and
associated tracks originating from a charm quark (red points), for D∗+ mesons
and associated tracks originating from a beauty quark (green points), for D∗+

mesons originating from a charm or beauty quark and associated tracks orig-
inating from light flavours (blue points) and D∗+ mesons originating from a
charm or beauty quark and associated tracks originating from all possible
flavours (black points). The simulated sample is the LHC10f7a for pp colli-
sions at

√
s =7 TeV. The panels show different pT combinations of D∗+ and

associated tracks. The left column shows the range 3< pT (D∗+) < 5 GeV/c,
the middle column the range 5 < pT (D∗+) < 8 GeV/c, while the right column
shows the range 8 < pT (D∗+) < 16 GeV/c. The first row shows the fully
integrated pT-range for the associated hadrons, i.e. pT (hadron) > 0.3 GeV/c.
The middle row shows the range 0.3 < pT (hadron) < 1 GeV/c. The bottom
row shows the range pT (hadron) > 1 GeV/c.
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Figure 5.10: Same as 5.9, but for the different Monte Carlo sample used. The
simulation is the LHC13d3 (p-Pb related) Monte Carlo sample at

√
sNN =5.02

TeV
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pT (D∗+) range 5− 8 GeV/c 8− 16 GeV/c
c-origin 0.99± 0.01 0.98 ± 0.01

pT hadron b-origin 1.00± 0.01 1.01± 0.01
0.3-1 GeV/c nonHf 0.92± 0.01 0.92± 0.01

Incl 0.94± 0.01 0.93± 0.01
c-origin 0.99± 0.01 0.98 ± 0.02

pT hadron b-origin 1.02± 0.02 0.99± 0.01
>1 GeV/c nonHf 1.04± 0.02 1.02± 0.01

Incl 1.05 ± 0.01 1.02± 0.01
c-origin 0.97± 0.01 0.99± 0.01

pT hadron b-origin 0.95 ± 0.01 0.96± 0.01
>0.3 GeV/c nonHf 0.93± 0.01 0.92± 0.01

Incl 0.96± 0.01 0.94± 0.01

Table 5.2: Average ratio of the corrected distributions at reconstruction level
with the distributions at the generation level, for all the considered pT-ranges
and the different sources, for p-Pb collisions at

√
sNN = 5.02 TeV.
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5.3 Event mixing normalisation

The limited geometrical acceptance of the ALICE detector along the beam axis
affects the correlation distribution by introducing a triangular shape in the ∆η
correlation. One of the main roles of the event-mixing correction (described in
section 4.5) is to account for this effect. The distributions obtained using the
event-mixing technique reproduce the triangular shape occurring due to the
limited acceptance. The normalisation of the distribution is performed to the
value of the bin (∆ϕ,∆η) = (0, 0), as shown in equation 4.11.
The rationale behind this normalisation strategy originates from two-particle
correlation measurements [29].
Namely, in hadron-hadron correlations, the associated particles that travel in
the same direction of the trigger particle (i.e. when (∆ϕ,∆η) = (0, 0)) experi-
ence the same detector conditions and acceptance (this situation is schemati-
cally represented in the cartoon shown in left panel of figure 5.11). Therefore,
in this case, the pair-efficiency equals 1, justifying the normalisation strategy.
For the D-hadron azimuthal correlation measurements, the same normalisa-
tion strategy is used, although the same rationale cannot be applied. The
right panel of figure 5.11 illustrates the problem. The D meson is a recon-
structed object, where two or more decay particles are used to measure its
direction. The associated track flying in the same direction as the D meson

Figure 5.11: Cartoon illustrating the possible bias to the normalisation of
the even-mixing distribution. A track that goes in the same direction as the
trigger track in hadron-hadron correlations (left panel) experiences the same
detector conditions and acceptance as the trigger particle. The same rationale
does not work when D mesons are used as triggers, as they are reconstructed
objects of two (three) tracks.
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(i.e. when (∆ϕ,∆η) = (0, 0)), might not experience the same detector condi-
tions and acceptance as the D meson daughters, that are the particles that are
directly reconstructed by the detector. In this case, the D meson-hadron pair-
efficiency could also differ from unity in the bin (∆ϕ,∆η) = (0, 0). However,
due to the symmetry of the problem, the bin (∆ϕ,∆η) = (0, 0) represents the
point with the maximum-pair efficiency. For this analysis, the pair efficiency
has been assumed to be equal to one, and the validity of this assumption has
been tested using the Monte-Carlo simulations. For this purpose, the analy-
sis has been repeated at the generated Monte-Carlo level after removing the
acceptance requirements and not applying the event mixing correction. This
distribution should be reproduced by the distributions with the acceptance cut
that are corrected with the event-mixing technique. Figure 5.12 shows the dis-
tributions obtained at the generated level without acceptance cuts and without
the application of the event mixing correction (black points) compared to the
distribution at generated level with the acceptance cut and the mixing event
correction (red points) and the same distribution obtained at reconstructed
Monte-Carlo level (blue points).
The figure is split in three panels, the left one representing the pT-bin 3
< pT (D∗+) < 5 GeV/c, the middle one the pT-bin 5 < pT (D∗+) < 8 GeV/c and
the right panel the bin 8 < pT (D∗+) < 16 GeV/c. For all the three considered
cases, the distributions are compatible within uncertainties. The compatibility
gets better with increasing pT of the D∗+. This can be explained as due to the
stronger collimation of the D∗+ meson daughter at higher transverse momenta.
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Figure 5.12: Compatibility of correlations at generated level without any
acceptance selection (black markers), generated level with limited acceptance
selection (red markers) and at reconstructed level with the applied corrections
(blue markers), for 3 < pT (D∗+) < 5 GeV/c in the upper panel, 5 < pT (D∗+) <
8 GeV/c in the middle panel and 8 < pT (D∗+) < 16 GeV/c in the lower panel.
The associated tracks are selected with passocT > 0.3 GeV/c.
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6
Systematic uncertainties

For the correlation analyses presented in this thesis, the systematic uncertain-
ties have been estimated for the azimuthal correlation ∆ϕ distribution as well
as for the correlation parameters extracted from the fits (correlation yields,
widths and level of the baseline).
There are two main contributions to the systematic uncertainties n the az-
imuthal correlation ∆ϕ:

• ∆ϕ-correlated systematic uncertainties: systematic uncertainties that
are ∆ϕ-independent, i.e. the estimated value is the same for each mea-
sured point in ∆ϕ. Those are all the systematic uncertainties related to
the D∗+ meson yield extraction, associated track selection and secondary
track contamination.

• ∆ϕ-uncorrelated systematic uncertainties: systematic uncertainties that
are ∆ϕ-dependent, i.e. the estimated value is computed for each mea-
sured point in ∆ϕ. Those are the systematic uncertainties related to the
beauty-feed down correction and the Monte Carlo closure test.

The ∆ϕ-correlated and ∆ϕ-uncorrelated uncertainties together with the defi-
nition of the baseline are used to estimate the uncertainties on the correlation
strengths estimation (fitting procedure). These are discussed later in section
7.6.1.

6.1 Azimuthal correlation distribution systematic
uncertainties

This section presents the evaluation of the systematic uncertainties for the
azimuthal correlation distributions. They have been estimated separately for
the pp and the p-Pb analyses.
Different contributions to the systematic uncertainties have been considered,
namely the systematic uncertainties due to:

• the D∗+ meson signal (yield) extraction

• the subtraction of the correlations from the combinatorial background
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• the D∗+ meson efficiency correction (estimated via cut variation)

• the single track efficiency correction

• the purity correction

• the subtraction of correlations originating from a D∗+ meson that is a
decay product of a B hadron (feed-down)

• missing or non understood effect estimated from the Monte Carlo closure
test

Table 6.1 summarises the estimated values of the systematic uncertainties for
the azimuthal correlation distributions for different sources, for the pp and
p-Pb analyses. In the next subsections, the evaluation of the systematics for

Source pp p-Pb
pT (D∗+) (GeV/c) 3-5 5-8 8-16 5-8 8-16

Yield extraction ±5% ±5% ±10% ±5% ±5%
Background subtraction ±10% ±10% ±10% ±5% ±10%

Cut variation ±10% ±10% ±10% ±5% ±10%

Tracking efficiency +10%
−5%

+10%
−5%

+10%
−5% ±4% ±4%

Track sample purity ±5% ±5% ±5% ±3% ±3%
Feed-down subtraction ∆ϕ dependent ∆ϕ dependent

MC closure test 1% 1% 1% −5% −5%

Table 6.1: Summary of the different systematic uncertainties for the ∆ϕ
distribution. See section 6.1.6 for values of the feed-down subtraction contri-
bution.

every single source presented in table 6.1 will be discussed1. Unless differ-
ently specified, in the following sections, all the presented plots relative to
the pp analysis show a three panel structure representing the three different
pT-bins considered in the analysis (left 3 < pT (D∗+) < 5 GeV/c , middle 5
< pT (D∗+) < 8 GeV/c and right 8 < pT (D∗+) < 16 GeV/c). For the plots
relative to the p-Pb analysis on the other hand, only two pT-bins are shown
(left 5 < pT (D∗+) < 8 GeV/c and right 8 < pT (D∗+) < 16 GeV/c).

1but the Monte Carlo closure test, discussed in section 5.2
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6.1.1 D∗+ meson yield extraction

The first source of systematic uncertainty for the ∆ϕ distribution is the extrac-
tion of the D∗+ yield from the invariant mass distribution. The yield enters
in the correlation distribution as a normalisation factor as described in the
section 4.2.2. Therefore, the systematic uncertainty due to the D meson yield
extraction is expected to be completely correlated for the different points in
the ∆ϕ distribution (statement valid only in first approximation2). To esti-
mate the systematic uncertainty due to the signal extraction, the D∗+ yields
were calculated as follows

• using a different parametrisation of the background function;

• changing the width of the invariant mass distribution (i.e. by rebinning
the invariant mass distribution);

• fitting the invariant mass distribution in a smaller range;

• counting the entries in the invariant mass region after the value of the
background function has been subtracted.

No other modificaton to the procedure has been done.
Figure 6.1 shows the ratios of the correlation distributions obtained following
the above-mentioned methods with the standard procedure for the yield ex-
traction, for the pp analysis. It is done for the three considered pT bins of the
D∗+ and for the integrated associated track pT (i.e pT (hadron) > 0.3 GeV/c).
As expected, no structure in ∆ϕ is present. The maximum discrepancy ob-
served is of the order of 10% at the highest consider pT-bin of the D∗+, while
it is of the order of 5% for the lowest two pT-bins. These values have been
assigned as systematic uncertainty in the pp case. Figure 6.2 on the other
hand shows the ratios of the correlation distributions obtained for the p-Pb
analysis, following the same strategy as in the the pp analysis. It is done for
the two considered pT-bins of the D∗+ and for the integrated associated track
pT (i.e pT (hadron) > 0.3 GeV/c).
Also in this case, no structure in the ∆ϕ distribution is present. The maximum
discrepancy shown is of the order of 5%, which has been taken as systematic
uncertainty in the p-Pb case for all the two considered pT-bins.

2In the yield extraction procedure, a different fit strategy might lead to the estimation
of different widths of the correlation peak, therefore different invariant mass regions can be
considered when computing the azimuthal correlations
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Figure 6.1: Ratio of the azimuthal correlation distribution with different
D∗+ yield extraction methods with respect to the standard strategy, for the
pp analysis. The left panel shows the pT range 3 < pT (D∗+) < 5 GeV/c ,
the middle panel the range 5 < pT (D∗+) < 8 GeV/c and the right panel the
range 8 < pT (D∗+) < 16 GeV/c. The associated tracks are selected with
pT (hadron) > 0.3 GeV/c.

Figure 6.2: Same as figure 6.1, but for p-Pb collisions. The left panel
shows the range 5 < pT (D∗+) < 8 GeV/c and the right panel the range 8
< pT (D∗+) < 16 GeV/c.
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6.1.2 Background subtraction

The sideband background subtraction procedure has been repeated using a dif-
ferent range for the sideband estimation and has later been compared to the
standard sideband estimation (right sideband in the 4-8 σ region) to evaluate
the systematic uncertainty. Although the azimuthal distribution of combina-
torial background candidates with associated tracks is strongly correlated (as
shown in figure 4.9) due to the jet topology, this contribution is also expected
to be ∆ϕ-indipendent, as the structure of the background that is subtracted
from the inclusive correlation distribution is expected to change only in total
sum of entries and not in shape. The different correlation entries have been
taken into account by the scale factor applied to the distribution of candidates
from the sidebands, as described by equation 4.10). The background sub-
traction has been repeated selecting the sideband candidates in the following
invariant mass regions

• 8-15 σ at the right of the peak;

• 4-15 σ at the right of the peak (the full available sideband region).

The quickly decreasing trend of the background distribution on the left-hand
side of the invariant mass distribution of the D∗+ does not allow a reliable
estimation for the systematics using this sideband region.
No other modifications has been performed to the analysis procedure.
Figure 6.3 shows the ratios of the correlation distributions obtained following
the above-mentioned methods with the standard procedure for the background
subtraction, for the pp analysis. It is done for the three considered pT bins
of the D∗+ and for the integrated associated track pT, i.e pT (hadron) > 0.3
GeV/c.
As discussed before, no structure in ∆ϕ has been observed. The average shift
of the points is estimated to be of the order of 10%, which has been taken as
systematic uncertainty for this particular origin.
Figure 6.4 shows the same study done for the p-Pb analysis. No dependence in
∆ϕ is observed also in this case, as expected from the above discussion. A value
of ±5% and ±10% has been assigned for the mid and high pT, respectively.

6.1.3 D meson efficiency correction

A residual discrepancy between data and Monte-Carlo simulation might be
present in the shapes of the variables used to perform the topological selection
of the D∗+ candidates. To estimate the systematic uncertainty due to this
possible discrepancy, the analysis has been repeated changing the topological
cuts on the D∗+ reconstruction, loosening and tightening them with respect
to the standard value. The reconstruction efficiency has been recomputed for
each new cut combination and was applied to the analysis accordingly.
For each combination of cuts, a significant D meson peak was obtained, with
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Figure 6.3: Ratio of the azimuthal correlation distribution obtained with
different sideband estimation regions with respect to the standard 4-8σ range,
in pp collisions. The left panel shows the pT range 3 < pT (D∗+) < 5 GeV/c
, the middle panel the range 5 < pT (D∗+) < 8 GeV/c and the right panel
the range 8 < pT (D∗+) < 16 GeV/c. The associated tracks are selected with
pT (hadron) > 0.3 GeV/c.

Figure 6.4: Same as figure 6.3, but for p-Pb collisions. The left panel
shows the range 5 < pT (D∗+) < 8 GeV/c and the right panel the range 8
< pT (D∗+) < 16 GeV/c.

raw yields varying by approximately of±20% with respect to the standard cuts,
while the combinatorial background changed up to a factor of two. This grants
that the obtained correlation distributions are at least partially indipendent.
The analysis has been repeated without any other further change.
Figures 6.5 and 6.6 show the ratio of ∆ϕ distributions obtained with a different
D∗+ topological selection with the ∆ϕ distribution obtained with the standard
topological selection for the pp and p-Pb analysis, respectively. For both the
cases the phadronT has been selected to be pT > 0.3 GeV/c in order to reduce
the statistical fluctuations.
There is no evident structure in the ratios along ∆ϕ, with the points fluctuating
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on average within the range ±10%, which has been assigned as systematic
uncertainty for this source.

Figure 6.5: Ratio of the azimuthal correlation distribution obtained with
different D meson topological selection cuts respect to the standard set, in
pp collisions. The left panel shows the pT range 3 < pT (D∗+) < 5 GeV/c
, the middle panel the range 5 < pT (D∗+) < 8 GeV/c and the right panel
the range 8 < pT (D∗+) < 16 GeV/c. The associated tracks are selected with
pT (hadron) >0.3 GeV/c.

Figure 6.6: Same as figure 6.5, but for p-Pb collisions. The left panel
shows the range 5 < pT (D∗+) < 8 GeV/c and the right panel the range 8
< pT (D∗+) < 16 GeV/c.

99



CHAPTER 6. SYSTEMATIC UNCERTAINTIES

6.1.4 Tracking efficiency

In a very similar way as for the D meson efficiency systematics (described in
section 6.1.3), the systematic uncertainty for the associated track efficiency
correction has been estimated by repeating the analysis after changing the
selections on the associated tracks and recalculating the related single track
efficiency maps. The used selections are reported in table 6.2.
The requirement of at least one hit in the pixel detector for the “TPC+ITS”

topological cut default TPC ONLY TPC+ITS
Min ITS Clusters 3 0 3
Min TPC Clusters 70 70 70

ITS refit No No Yes
TPC refit Yes Yes Yes

Max DCA (z) 1cm 1cm 1cm
Max DCA (xy) 0.25cm 0.25cm 0.25cm

Hits SPD No No > 1

Table 6.2: Three combinations of single tracks selections used for evaluating
the systematic uncertainties.

cut option induces a non-flat φ distribution in pp, due to the inactivity of
some pixel modules during the data-taking period. This induces modulations
in the correlation distribution due to detector effects, which is accounted for by
means of the event-mixing correction. Indeed, the mixed event distributions
for this particular selection present a non-flat ∆ϕ trend together with the typi-
cal triangular shape along ∆η. The ratios of the different azimuthal correlation
distributions obtained with different selection cuts have been computed: Fig-
ure 6.7 illustrates them for the pp analysis. Different columns represent the
different pT-bins of the D∗+ meson as described above. As this systematic
uncertainty is related to the associated tracks, it has been studied for the
integrated case, pT (hadron) > 0.3 GeV/c (first row) and differentially, 0.3
< pT (hadron) < 1 GeV/c in the middle row pT (hadron) >1 GeV/c the low-
ermost row.
Since no relevant structures along ∆ϕ appear, a flat (∆ϕ-independent) asym-
metrical systematic uncertainty of +10%

−5% in both all pT bins has been estimated
and assigned. Figure 6.8 shows the same study done for the p-Pb analysis,
where the row and column disposition follow the same scheme as described
for the pp case. In this case, the ratios are more stable, shifted by a maxi-
mum value of about 5%, which has been chosen as ∆ϕ and pT independent
systematic uncertainty in all the pT bins
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Figure 6.7: Ratio of the azimuthal correlation distribution in pp collisions
obtained with different associated track selection cuts respect to the standard
set. The left column shows the pT range 3 < pT (D∗+) < 5 GeV/c , the
middle column 5 < pT (D∗+) < 8 GeV/c and right column 8 < pT (D∗+) < 16
GeV/c. The upper row shows the range pT (hadron) > 0.3 GeV/c, The middle
row shows the range 0.3 < pT (hadron) < 1 GeV/c, the lower row the range
pT (hadron) > 1 GeV/c.
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Figure 6.8: Same as figure 6.7, but for p-Pb collisons. The left column shows
the 5 < pT (D∗+) < 8 GeV/c and right column 8 < pT (D∗+) < 16 GeV/c.
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6.1.5 Correction for contamination from secondary tracks

The purity correction, applied to the ∆ϕ distribution as described in section
4.9, should account for the residual contamination due to secondary tracks.
To estimate the stability of the correction procedure, the analysis has been re-
peated after changing the DCA (distance of closest approach in the transverse
plane) cut value and calculating the respective purity from the distribution
shown in figure 4.20. The applied selections are as follows (in increasing order
of secondary tracks contamination):

• DCAXY < 0.1 cm

• DCAXY < 0.5 cm

• DCAXY < 0.75 cm

• DCAXY < 1.0 cm

The obtained distributions are then compared to the standard one, DCAXY <
0.25 cm. Figure 6.9 shows the ratios of the distributions obtained with the
cuts listed above with respect to the standard one, for the pp analysis. The
estimated uncertainty is 5%. Like figure 6.9, figure 6.10 shows the same ratios

Figure 6.9: Ratio of the azimuthal correlation distribution obtained with
different DCAXY of associated track with respect to the standard range
DCAXY < 0.25 cm, in pp collisions. The left panel shows the pT range 3
< pT (D∗+) < 5 GeV/c , the middle panel the range 5 < pT (D∗+) < 8 GeV/c
and the right panel the range 8 < pT (D∗+) < 16 GeV/c. The associated tracks
are selected with pT (hadron) > 0.3 GeV/c.
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Figure 6.10: Same as figure 6.9, but for p-Pb collisons. The left panel
shows the range 5 < pT (D∗+) < 8 GeV/c and the right panel the range 8
< pT (D∗+) < 16 GeV/c.

but for the p-Pb analysis. Due to the fact that the correction is itself indepen-
dent of ∆ϕ, the same is expected and observed for the systematic uncertainty.
The estimated uncertainty is ±3%.

6.1.6 Beauty feed-down correction

The systematic uncertainty due to the beauty feed-down correction has two
(three for the p-Pb analysis) possible different sources

• fprompt: the uncertainty on the calculation of the fprompt, originating
from the uncertainty on the quark masses and the QCD scales used in
the FONLL calculations;

• Monte-Carlo template: the uncertainty on the Monte-Carlo template
used for the azimuthal correlations of D mesons originating from the
beauty hadron decays with charged tracks;

• v2-like modulation of the baseline (p-Pb only): possible modulation of
the baseline correlation due to a possible non-zero v2 of feed-down D
mesons in p-Pb collisions.

The effect of the fprompt uncertainty has been estimated using an upwards
and downwards shift of the fprompt central value within the estimated uncer-
tainty, and recalculating the correction as described in equation 4.12. The
effect of the second contribution (due to the Monte-Carlo template) has been
estimated performing the feed-down subtraction using the Perugia-2010 and
2011 Monte-Carlo tunes, instead of the Perugia-0 tune [26]. In the p-Pb anal-
ysis, a very conservative assumption of a v2 (B → D) = 0.13 has been made to
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Figure 6.11: Total envelope of the B feed-down correction in pp collisions.
The left panel shows the pT range 3 < pT (D∗+) < 5 GeV/c , the middle
panel the range 5 < pT (D∗+) < 8 GeV/c and the right panel the range 8 <
pT (D∗+) < 16 GeV/c. The associated tracks are selected with pT (hadron) >
0.3 GeV/c.

modulate the baseline (which affects the full template) as described in equa-
tion 4.15. The uncertainties have been estimated by taking the envelope of
the maximum variation among the various options. Figure 6.11 depicts the
envelope estimated for pp collisions. The maximum difference is of the order
of 1%. Figure 6.12 shows the envelope estimated for p-Pb collisions. Also in
this case, the maximum difference is of the order of 1%. This uncertainty is
∆ϕ-dependent
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6.1.7 Total systematic uncertainty

The total uncertainties for the ∆ϕ-independent uncertainty is calculated by
summing in quadrature all the different sources, i.e.

σtotcorr.syst =

√∑
i

σ2
corr.syst,i (6.1)

and will be reported in the coming sections as scale uncertainty. The ∆ϕ-
dependent uncertainty is computed point-by-point as the sum in quadrature
of the two contributions, i.e. the Monte Carlo closure test uncertainty and the
beauty feed-down uncertainty.
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7
Results

This chapter presents the results of azimuthal correlations of D∗+ mesons and
charged particles in pp and p-Pb collisions, at energies of

√
s = 7 TeV and√

sNN = 5.02 TeV, as well as the averaged results from the D∗+, D0 and
D+ meson analyses [3, 4]. The measurements are performed differentially as
function of the transverse momentum of the D meson and associated particle,
while the other kinematical and event topology variables are integrated over
the whole range (i.e. they are not studied differentially).
As already mentioned in previous chapters, in pp collisions, the results are
obtained in three different intervals of pT of the D∗+, namely 3 < pT (D∗+) <
5 GeV/c, 5 < pT (D∗+) < 8 GeV/c and 8 < pT (D∗+) < 16 GeV/c, while in
p-Pb collisions the results are obtained for 5 < pT (D∗+) < 8 GeV/c and 8
< pT (D∗+) < 16 GeV/c.
The associated tracks have been selected in the integrated pT interval, i.e.
pT > 0.3 GeV/c, as well as more differentially in two subintervals, 0.3 < pT <
1 GeV/c and pT > 1 GeV/c. In this chapter, unless differently stated, all
the results shown in the first part are related to the azimuthal correlation
distribution and are shown following the following scheme: for pp collisions,
the plots are distributed in a 3x3 panel, with different columns representing
different pT intervals of the D mesons (increasing from left to right), while the
rows represent different pT ranges of the associated tracks, the top row is for
the integrated region (pT > 0.3 GeV/c), the middle row represent the low pT

interval, while the lowers row is for the high pT interval. In p-Pb collisions,
the plotting scheme is the same but for the absence of the first column, as no
measurement is available in the range 3 < pT (D∗+) < 5 GeV/c.
Exploiting the symmetry of the system, the azimuthal correlations have been
reflected from the range −π/2 < ∆ϕ < 3π/2 to the range 0 < ∆ϕ < π. In this
way, fluctuations are reduced by construction, without any loss of information.
In all the figures presented in this chapter, the ∆ϕ-independent systematic
uncertainties are reported as a scale uncertainty in percentage, while the ∆ϕ-
dependent uncertainties are represented as a box for each point in ∆ϕ which
represents the absolute uncertainty of every single point.
The second part of the chapter discusses the fitting procedure and the results
of the characterisation of the correlation distributions by studying the different
correlation parameters as function of the kinematical variables.
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7.1 D∗+-charged particle correlations

This section presents the fully-corrected azimuthal distribution of prompt-D∗+

mesons and charged particles in pp collisions at
√
s = 7 TeV and in p-Pb

collisions at
√
sNN = 5.02 TeV. A qualitative description of the correlation

distributions will be given, while a more quantitative description is postponed
to the sections discussing the results of the average distributions for D0, D+

and D∗+ mesons.
The results for pp collisions are shown in figure 7.1.
With increasing pT of the D meson, the near-side and away-side peaks show a
stronger correlation (i.e. the peak gets narrower and higher) above the baseline.
In the low pT interval, 3 < pT (D∗+) < 5 GeV/c, the statistical fluctuations
make it hard to distinguish the correlation peaks from the baseline. This is
particularly evident when a D∗+ in the range 3 < pT (D∗+) < 5 GeV/c is corre-
lated with tracks with pT > 1 GeV/c, where the statistics is reduced due to the
exponentially decreasing single track pT spectra, and the ∆ϕ distribution is
dominated by fluctuations. However, the situation gets better and more stable
at when the distributions are averaged with those from D0 and D+ mesons.
When comparing the correlations with low pT tracks, 0.3 < pT < 1 GeV/c
(middle column) and high pT, pT > 1 GeV/c, the correlation seems to be more
“significant” at high pT. This is mostly due to the lower value of the baseline,
that decreases with increasing pT of the associated particle.
Defining the baseline, considered as the minimum of the correlation distribu-
tion, is not trivial given the large statistical fluctuations. The strategy for its
computation will be discussed in detail in section 7.3. For a qualitative dis-
cussion, looking at the average minimum of the correlation distributions from
figure 7.1 it is possible to observe that in a given range of pT of associated
tracks, the baseline does not depend significantly on the pT of the D∗+ in the
considered pT interval.
The results of the multiplicity-integrated p-Pb analysis are shown in figure 7.2.
The first evident observation is that the baseline in p-Pb collisions is higher
than in pp in all the considered ranges of pT and is due to the higher multi-
plicity environment in p-Pb collisions.
Similarly to the pp case the same qualitative conclusions hold: the near-side
and away-side correlations get stronger with increasing pT of the D∗+, the
peaks are more significant when higher pT associated tracks are considered
and the baseline does not show any significant dependence on the D∗+ pT.

7.2 Average of D0, D+ and D∗+

As already seen in section 7.1, the fluctuations and the large uncertainties
for a single D meson analysis do not allow (especially for the lowest studied
pT range of the D∗+) for a clear interpretation of the results. The ALICE

108



7.2. AVERAGE OF D0, D+ AND D∗+

)
1

 (
ra

d
ϕ

∆
d

a
s
s
o

c
N

d *+
D

N1

0

1

2

3

4

5

6

7

8

 > 0.3 GeV/cassoc

T
p < 5 GeV/c,  

*+D
T

p3 < 

 scale uncertainty14%
+17%
 

 = 7 TeVspp, 

0 0.5 1 1.5 2 2.5 3

)
1

 (
ra

d
ϕ

∆
d

a
s
s
o

c
N

d
*+

D
N1

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 < 1.0 GeV/cassoc

T
p < 5 GeV/c, 0.3< 

*+D
T

p3 < 

 scale uncertainty14%
+17% 

 (rad)ϕ∆
0 0.5 1 1.5 2 2.5 3

)
1

 (
ra

d
ϕ

∆
d

a
s
s
o
c

N
d

*+
D

N1

0

0.5

1

1.5

2

2.5

 > 1.0 GeV/cassoc

T
p < 5 GeV/c,  

*+D
T

p3 < 

 scale uncertainty14%
+17% 

0

1

2

3

4

5

6

7

8

 > 0.3 GeV/cassoc
T

p < 8 GeV/c,  
*+D

T
p5 < 

 scale uncertainty14%
+17%
 

|<0.5Dy|, |<1.0η∆|

0 0.5 1 1.5 2 2.5 3
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 < 1.0 GeV/cassoc

T
p < 8 GeV/c, 0.3< 

*+D
T

p5 < 

 scale uncertainty14%
+17% 

 (rad)ϕ∆
0 0.5 1 1.5 2 2.5 3

0

0.5

1

1.5

2

2.5

 > 1.0 GeV/cassoc
T

p < 8 GeV/c,  
*+D

T
p5 < 

 scale uncertainty14%
+17%
 

0

1

2

3

4

5

6

7

8

 > 0.3 GeV/cassoc

T
p < 16 GeV/c,  

*+D
T

p8 < 

 scale uncertainty17%
+19%
 

0 0.5 1 1.5 2 2.5 3
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 < 1.0 GeV/cassoc

T
p < 16 GeV/c, 0.3< 

*+D
T

p8 < 

 scale uncertainty17%
+19% 

 (rad)ϕ∆
0 0.5 1 1.5 2 2.5 3

0

0.5

1

1.5

2

2.5

 > 1.0 GeV/cassoc

T
p < 16 GeV/c,  

*+D
T

p8 < 

 scale uncertainty17%
+19%
 

Figure 7.1: Azimuthal correlation distribution of D∗+ mesons and charged
particles in pp collisions at

√
s = 7 TeV. The left column corresponds to the

D∗+ mesons in the range 3 < pT (D∗+) < 5 GeV/c, the middle column to
the range 5 < pT (D∗+) < 8 GeV/c, while the right column to the range 8
< pT (D∗+) < 16 GeV/c. The upper row corresponds to all the considered
associated tracks (passocT > 0.3 GeV/c), the middle row corresponds to the
associated tracks in the pT range 0.3 < passocT < 1 GeV/c while the lowest row
corresponds to the associated tracks with passocT > 1 GeV/c.
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Figure 7.2: Azimuthal correlation distribution of D∗+ mesons and charged
particles in p-Pb collisions at

√
sNN = 5.02 TeV. The left column corresponds

to D∗+ mesons in the range 5 < pT (D∗+) < 8 GeV/c, while the right column
to the range 8 < pT (D∗+) < 16 GeV/c. The upper row corresponds to all the
considered associated tracks (passocT > 0.3 GeV/c), the middle row corresponds
to the associated tracks in the pT range 0.3 < passocT < 1 GeV/c while the
lowest row corresponds to the associated tracks with passocT > 1 GeV/c.

collaboration has measured correlations of D0 mesons and charged particles,
as well as the one of D+ mesons and charged particles [72, 73]. In order to
reduce the fluctuations and to reduce the uncertainties, the weighted average
of the correlation distributions of the three meson species has been computed.
The D0 and D+ were fully reconstructed using the hadronic channels [70]:

• D0 → K−π+ (BR = 3.89 %)

• D+ → K−π+π+ (BR = 9.13 %)

The analysis follows the same strategy as described in chapter 4. In the case
of the D0, an additional source of systematic uncertainty is present: being a
neutral reconstructed particle, the D0 reconstruction is affected by reflections
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(i.e. the fact that the D̄0 might be reconstructed and identified as the D0 due
to the wrong mass hypothesis on the daughters of the D meson).
Figure 7.3 shows a comparison of the correlation distributions of three D
mesons in pp collisions (left panel) for the pT ranges 5 < pT (D) < 8 GeV/c
with the associated tracks with pT > 1 GeV/c, while the right panel shows the
comparison for p-Pb collisions in the pT ranges 8 < pT (D) < 16 GeV/c and
the associated tracks are selected with pT > 1 GeV/c. Both in pp and p-Pb
there is good compatibility between the three distributions within the large
uncertainties, in particular the scaling uncertainty, mostly due to the D meson
yield extraction and combinatorial background subtraction.
As reported in the figures, the scaling uncertainty of D∗+ and D0 is of the same
magnitude, while the value of the scaling uncertainty for the D+ is larger by
a 5% in absolute value. This is primarly due to the background subtraction
systematic uncertainty. Although the statistical significance of the D0 peak is
larger than the one of the D∗+, the statistical uncertainties are very similar in
size. Differently from cross section measurements, the background subtraction
procedure makes the statistical uncertainty depend not only on the statistical
significance of the signal extraction, but also on the signal-over-background
(S/B) ratio, that for the D∗+ is one order of magnitude larger. The larger
signal-over-background (S/B) compensates the lower statistical significance,
resulting is similar values of the statistical uncertainties in the azimuthal cor-
relation distribution as the D0 meson.
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Figure 7.3: Comparison of the azimuthal correlation distribution obtained
from different meson species (D0, D+ and D∗+). Left panel: example for pp
collisions at

√
s = 7 TeV, with 5< pT (D) < 8 GeV/c and pT > 1 GeV/c. Right

panel: example for p-Pb collisions at
√
sNN = 5.02 TeV, with 8 < pT (D) <

16 GeV/c and pT > 1 GeV/c.
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The average has been calculated as follows〈
1

ND

dNassoc

dpT

〉
Dmesons

=

∑
i=meson wi

1
ND

dNassoc
i

d∆φ∑
i=meson wi

, (7.1)

where the weight w is computed as the inverse sum in quadrature of the sta-
tistical uncertainty and the scale uncertainty, i.e.

wi =
1

σ2
i,stat + σ2

i,scaleuncertainty

. (7.2)

The statistical uncertainty and the uncertainty on the yield extraction on the
average were then recalculated using the formula

σ2 =

∑
i=meson wiσ

2
i∑

i=meson wi
, (7.3)

which, for σ2
i = 1/wi, coincides with the standard formula giving the uncer-

tainty on a weighted average.
The results of the averaging of the D0, D+ and D∗+ correlations with charged
particles in pp collisions is shown in figure 7.4. Compared to the D∗+ only
case, the systematic uncertainty of the scale is reduced from +17%

14% to +13%
10% for

the pT bins 3 < pT (D) < 5 GeV/c and 5 < pT (D) < 8 GeV/c, while in the
range 8 < pT (D) < 16 GeV/c it is reduced from ±14% to ±10%. In addition,
qualitatively speaking, the reduced fluctuations after the averaging procedure
allow for a better visualisation of the near- and away-side peaks, in particular
for what concerns the low pT D-meson interval.
For the p-Pb results, the scale uncertainty is reduced from ±14% to 10%. Sim-
ilarly to the pp case, the reduced fluctuations allow for a better visualatition of
the peaks. The narrowing and strengthening of the near-side correlation peak
with increasing pT of the D meson is clear in both the pp and p-Pb cases.
Figure 7.5 shows the averaged results of D0, D+ and D∗+ correlations with
charged particles in p-Pb collisions.
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Figure 7.4: Same as figure 7.1, but showing the averaged distribution of D0,
D+ and D∗+ mesons.
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Figure 7.5: Same as figure 7.2, but for showing the averaged distribution of
D0, D+ and D∗+ mesons.
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7.3 Estimation of the baseline

The azimuthal correlation distribution is constructed by tracks originating
from the jets created from the hard scattering processes that produce a heavy-
flavour quark pair, as well as tracks originating from the so called underlying
event. As in first approximation, the underlying event is not correlated with the
hard-scattering process, the azimuthal distribution of those tracks is expected
to be uniform with respect the D meson direction. This statement holds in a
scenario where collective phenomena (flow) do not take place. For pp collisions,
this hypothesis can be done safely, while in p-Pb collisions, where a modulation
in the baseline was already observed for di-hadron correlations [34, 75, 76], the
distribution might not be uniform anymore. This is further discussed later in
this section. On the other hand, as already seen in chapter 5, the tracks that
originate from the heavy-flavour hadronisation process show a correlation on
the near side and away side due to the effects of different heavy-flavour pair
production mechanisms.
In order to study the properties of the jets originating from heavy-flavours,
the baseline has been calculated and the value has been used to:

• subtract a flat contribution from the correlation distribution, in order
to be able to compare the near-side and away-side correlation structure
between different collision systems and the Monte Carlo predictions;

• constrain the baseline value in the fitting procedure. More details are
given in section 7.6.

In an ideal, infinite-statstics scenario, the baseline is determined using the
ZYAM (Zero Yield At Minimum) approach: the minimum of the ∆ϕ distribu-
tion is the baseline value, the yield of associated pairs can be computed using
this value as reference zero.
In the study presented in this thesis, the limited statistics of the datasets does
not allow for the use of the ZYAM method, as a statistical fluctuation is very
likely to represent the minimum of the distribution, leading to a wrong estima-
tion of the baseline, and of the physics results. In order to limit the sensitivity
to statistical fluctuations, a region in ∆ϕ has been used to estimate the base-
line, rather than single points.
The cartoon in figure 7.6 illustrates the procedure to estimate the baseline.
The weighted average of the points in the region π/4 < |∆ϕ| < π/2 has been
used. The weight is defined as the inverse of the statistical uncertainty of the
single point. As it will be shown in the later sections, the π/4 angle is larger
at least twice than the gaussian width on the near-side peak, meaning that the
near-side correlation yield is almost absent in that region. On the other hand,
the away-side peak is broader, and π/2 represents a logical physical boundary
to the away-side. The systematic uncertainty on the baseline definition has
been evaluated by studying the variation of the baseline value estimated in
different regions of ∆ϕ, namely:
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Transverse
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x

y

D meson
Tracks from jet
Other tracks

Figure 7.6: Cartoon illustrating the standard strategy to define the transverse
region for this particular analysis that is then used to compute the baseline of
the correlation distribution.

• π/4 < |∆ϕ| < 3π/8

• 3π/8 < |∆ϕ| < π/2

• π/2 < |∆ϕ| < 5π/8

• 3π/8 < |∆ϕ| < 5π/8

The total systematic uncertainty from the baseline estimation has been defined
as the Root Mean Square (RMS) of the different values, and the values are
reported in table 7.1.
The measured values of the baseline for pp and p-Pb collisions, are shown in
figure 7.7, in the left and right panel, respectively, as function of the D me-
son pT. As only the systematic uncertainty from the baseline determination
is relevant for its subtraction and for the comparison of the correlation distri-
butions between different collision systems and with Monte Carlo predictions,
only this uncertainty is shown in figure 7.7. A complete study of the baseline
should include also the scaling systematic uncertainty summed in quadrature.
Figure 7.7 allows for some conclusions to be deduced. As already mentioned
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pT (D) (GeV/c) pp p-Pb
3-5 5-8 8-16 5-8 8-16

passocT > 0.3 GeV/c ±7% ±5% ±16% ±7% ±9%
0.3 < passocT < 1 GeV/c ±2% ±4% ±13% ±1% ±8%

passocT > 1 GeV/c ±6% ±2% ±4% ±6% ±3%

Table 7.1: Systematic uncertainties from the baseline calculation procedure,
computed as the RMS of the variations of the results from different ranges of
the baseline definition (see text for more details).
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Figure 7.7: Baseline as function of the D meson pT (x axis) and the associated
track pT (color online). The left panel shows the result for pp collisions at

√
s

= 7 TeV while the right panel the results for p-Pb collisions at
√
sNN = 5.02

TeV. The boxes represent only the systematic uncertainties from the baseline
definition range.

in the qualitative description, within uncertainties the baseline is constant as
function of the D meson pT in the considered pT range, and the conclusion is
valid for all the considered ranges of the associated track pT.
The baseline in p-Pb collisions is almost twice as large as the one in pp colli-
sions, which is expected due to the larger multiplicity in p-Pb collisions.
The largest contribution to the baseline of the integrated passocT > 0.3 GeV/c
originates from low pT tracks in the range 0.3 < passocT < 1 GeV/c, as it was
already seen qualitatively in the previous discussions.
To estimate the baseline of the correlation distributions from the Monte Carlo
generators, a slightly different approach has been used: given that the statis-
tics in the Monte Carlo templates is large enough, the baseline has been es-

117



CHAPTER 7. RESULTS

 (rad)ϕ∆
0 0.5 1 1.5 2 2.5 3

-1
 (

ra
d

ϕ∆das
so

c
dN

D
N1  

5

5.5

6

6.5

7

7.5

8

8.5

9

9.5

10

(D) < 8 GeV/c
T

5 < p

(hadron) > 0.3 GeV/c
T

p

 modulation2v

Baseline

Figure 7.8: The modulation due to a non-zero v2 of the D meson in p-Pb
collisions. The v2 of the associated tracks has been set to 0.08[34], while for
the D meson a conservative hypothesis of vD2 = 0.1 has been considered.

timated using the ZYAM method, while the systematic uncertainty has been
estimated by calculating the variation of the baseline computed using the two
lowest point, instead of one.
As already mentioned above, in p-Pb collisions, due to collective phenomena,
a modulation of the baseline of the form 1 + vD2 v

had
2 cos (∆ϕ) might be nec-

essary. However, as the measurement of the D meson v2 coefficient in p-Pb
is not available, figure 7.8 shows a modulation of the baseline in the extreme
hypothesis that vD2 = 0.1 (for the hadron it has been taken to be vhad2 = 0.08
[34]). The modulation is shifted in order that the minimum corresponds to
the baseline computed using the transverse region (as shown in figure 7.8).
A measurement of the v2 has been tried, however the available statistics is
not enough to measure the v2 coefficient. The effect of the v2 hypothesis is
illustrated in figure 7.8 and is not further treated in the analysis of the ∆ϕ
correlation distributions. It will be quantified in the section discussing the fit
procedure.
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7.4 Comparison to models

The structure of the near and away side correlations has been compared to
predictions from PYTHIA6 using different PerugiaTunes [26], PYTHIA 8 [67]
and from POWHEG [63] + PYTHIA6. These results are shown in figure 7.9
for pp collisions.
In order to focus on the structure of the correlation peaks, the baseline has
been subtracted from the plots in both the distributions from data and simu-
lations, using the strategy described in the previous section.
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Figure 7.9: (Color online) Comparison of the azimuthal angular correlations
of D mesons and charged tracks measured in pp collisions at

√
s = 7 TeV

with simulations with PYTHIA 6 (different tunes) [26], PYTHIA 8 [67] and
POWHEG [63] at the same

√
s energy. The baseline has ben subtracted for

both the distribution from data and from models (see text for more details).
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A general observation is that the different models predict a very similar be-
haviour on the near side, while on the away side the PYTHIA 6 Perugia 2011
Tune, PYTHIA8 and the predictions by POWHEG show a lower correlation
than the PYTHIA6 Perugia2010 and Perugia0 tunes.
In the integrated region of pT of the associated tracks a very good agreement
within uncertainties is observed between the data points and the model re-
sults, for the two lowest considered pT intervals of the D meson, while in the
range 8 < pT (D) < 16 GeV/c the near-side behaviour is underestimated by
the models. When looking more differentially, it is observed that the discrep-
ancy between the models and the data on the near-side occurs when combining
softer tracks (i.e. in the pT region 0.3 < passocT < 1 GeV/c with D mesons in
the range 8 < pT (D) < 16 GeV/c, while the models reproduce well the nar-
row increase of the correlation distribution when the associated track pT > 1
GeV/c is considered.
The lower away side predicted by the PYTHIA6 Perugia 2011 tune, PYTHIA8
and POWHEG, is clearly evident when looking at “hard tracks” (i.e. pT >
1 GeV/c), is in better agreement with the data points compared to the other
PYTHIA tunes.
In the lowest pT bin of the D meson (3 < pT (D) < 5 GeV/c), although
the statistical fluctuations make it harder to clearly distinguish the correlation
peaks, the points fluctuate around the predictions from the considered models.

7.5 Comparison of azimuthal correlations in pp and
p-Pb collisions

The pp and p-Pb collisions discussed in this thesis are performed at different
centre-of-mass energies (

√
s = 7 TeV for pp collisions and

√
sNN = 5.02 TeV

for p-Pb collisions). The different energies can produce a bias in comparing
the distributions. In order to quantify this effect, figure 7.10 shows the ratio
of the near-side yields for pp collisions at

√
s = 7 TeV and

√
s = 5.02 TeV,

with different PYTHIA6 tunes. The near-side yield will be properly defined
in the next section, and measures the average number of associated tracks per
D meson on the near-side. According to PYTHIA, an average increase of 3-8
% of the near-side yields due to the different centre-of-mass

√
s, depending on

the D-meson pT and PYTHIA tune, has been observed.
Figure 7.11 shows the comparison of the correlation distributions measured in
pp and p-Pb collisions, in the 6 overlapping combinations of pT intervals of D
mesons and associated tracks. The measurements are multiplicity integrated.
The baseline has been subtracted as described in section 7.3. The first row
of figure 7.11 shows the correlation of D mesons and charged tracks in the
integrated interval of the associated track pT, where the distributions lie on
top of each other within the uncertainties. In both pp and p-Pb collisions, a
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Figure 7.10: The ratio of the near-side yields extracted from fits at the
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7 TeV and
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s = 5.02 TeV D-hadron azimuthal correlations from PYTHIA

simulations, for different tunes.

narrower and higher correlation distribution is observed for increasing pT of
the D meson. Although compatible within uncertainties, a hint of a higher
correlation on the near-side for D mesons in p-Pb collisions is observed in the
range 5 < pT (D) < 8 GeV/c.
When looking more differentially as a function of the associated track pT, in the
interval 0.3 < passocT < 1 GeV/c the statistical fluctuations are larger, as already
observed, and so are the statistical uncertainties, making the distributions
compatible. When considering harder associated tracks, with pT > 1 GeV/c
in the lowest row of figure 7.11, the distributions are again compatible within
uncertainties. The hint of a higher correlation observed in the integrated case
seems to be mostly due to correlations of harder tracks with D mesons, however
a more precise measurement is necessary to properly study the effect.
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Figure 7.11: Comparison of the azimuthal correlations of D mesons and
charged hadrons in pp collision at

√
s = 7 TeV and p-Pb collisions at

√
sNN

= 5.02 TeV, for the pT intervals where both the measurements have been
performed. For both collision systems, the baseline of the distribution has
been computed and subtracted (see section 7.3 for more details).
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7.6 Characterisation of the correlation distribution

In order to characterise the measured D-hadron correlation, the last step in
the analysis procedure is to fit the distributions shown in the figures of section
7.2.
The fit function used for the fit is defined as follows:

f (∆ϕ) = C + fNS (∆ϕ) + fAS (∆ϕ) (7.4)

where C represents the value of the baseline and fNS (∆ϕ), defined as

fNS (∆ϕ) =
YNS√
2πσNS

exp

(
−(∆ϕ− µNS |0)2

2σ2
NS

)
(7.5)

is a gaussian distribution to describe the near-side correlation peak, while
fAS (∆ϕ), defined as

fAS (∆ϕ) =
YAS√
2πσAS

exp

(
−(∆ϕ− µAS |π)2

2σ2
AS

)
(7.6)

is a second gaussian distribution used to characterise the away side peak.
YNS and YAS are the associated yields on the near side and away side, respec-
tively, that correspond to the average number of pairs of associated tracks per
D meson. σNS and σAS are the widths of the near-side and away-side peaks,
respectively. The means of the two gaussian functions have been fixed to the
values µNS=0 and µAS=π.
Hence the free parameters of the fit are YNS,YAS,σNS and σAS. The parameter
C, representing the baseline, is computed as described in section 7.3.
An example of the fit of the data points is shown in figure 7.12, where the
red curve represents the total fit obtained as the sum of the near-side gaussian
(blue dashed curve) and the away-side gaussian (green dashed line) on top of
the baseline computed from the transverse region (magenta line represent).
The largely fluctuating away-side peaks make the estimation of its parameters
extremely unreliable. Moreover, a free fit of the distributions tends to converge
to a very wide value of the away-side peak, that exceeds well the value of π,
pushing down the value of the baseline and artificially increasing the near-side
yield. For this purpose, the baseline has been defined as described in section
7.3, and its contribution to the systematic uncertainty will be described in
section 7.6.1.
The near-side peak parameters (associated yield and width σ) as well as the
baseline have been studied as function of the transverse momentum of the D
meson and the associated tracks.
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Figure 7.12: Left: Example of the fit performed on the azimuthal correlation
distributions in pp collisions for D mesons in the range 5 < pT (D) < 8 GeV/c
and associated tracks with passocT > 1 GeV/c Right: same as left panel, but for
p-Pb collisions for D mesons 8 < pT (D) < 16 GeV/c.

7.6.1 Systematic uncertainties from the fitting proce-
dure

Different sources contribute to the systematic uncertainty of the parameter
estimation. In first place, the baseline has been computed as already discussed
in section 7.3. The different values that are obtained after varying the defi-
nition of the transverse region have been used to fix the parameter C in the
equation 7.4. After that the fit has been repeated and for each variation of
the transverse region, the near-side parameters have been re-extracted. The
relative difference compared to the reference value computed in the region
π/4 < |∆ϕ| < π/2 has been computed, and the RMS of all the variations of a
given parameter (near-side yield, near-side σ) has been taken as the systematic
uncertainty due to the baseline estimation.
For what concerns the near-side yield and the baseline, the value calculated
as the RMS of the baseline variations is summed in quadrature with the scale
uncertainty, and the square root of this sum is taken as the systematic uncer-
tainty on the near-side yield and baseline.
The width of the distribution on the near side does not depend on the rescaling
of the distribution: in this case only the uncertainty from the baseline defini-
tion has been considered as systematic uncertainty.
The systematic uncertainties the near-side yields, the near-side widths and the
baseline are reported in table 7.2.
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7.7. NEAR-SIDE YIELD, WIDTH AND BASELINE AS FUNCTION
OF THE D MESON AND ASSOCIATED TRACK PT

Source pp

Kinematic range
5 < pT (D) < 8 GeV/c, 8 < pT (D) < 16 GeV/c,

0.3 < passocT < 1 GeV/c passocT > 1 GeV/c

NS yield ±22% ±15%
NS width ±10% ±5%
Baseline ±13% ±15%

Source p-Pb

Kinematic range
5 < pT (D) < 8 GeV/c, 8 < pT (D) < 16 GeV/c,

0.3 < passocT < 1 GeV/c passocT > 1 GeV/c

NS yield ±17% ±12%
NS width ±3% ±12%
Baseline ±12% ±11%

Table 7.2: List of systematic uncertainty values for near-side yield, near-side
width and baseline in pp and p-Pb collisions, for two different kinematic ranges
of D mesons and associated particles. See text for details.

7.7 Near-side yield, width and baseline as function
of the D meson and associated track pT

The near-side yield, near-side width (σ) and the baseline have been extracted
and studied as function of pT of the D meson for different associated track pT

intervals, in order to quantify the observations made in section 7.4.
Figure 7.13 shows the results for pp collisions at

√
s = 7 TeV, compared to re-

sults from the PYTHIA6 (different tunes) [26], PYTHIA 8 [67] and POWHEG
[63] simulations at the same

√
s. The near-side yield, shown in the upper row

of the figure, shows an increasing trend with increasing pT of the D meson,
confirming the strengthening of the correlation observed already at the level of
the distributions. A high-pT D meson originates from a high pT heavy quark.
Such a quark is highly energetic, meaning that it will generate more tracks in
the fragmentation process than a less energetic one. This results in a larger
number of associated tracks per D meson (that is the quantified by the near-
side yield) with higher pT of the latter, as observed.
This linearly increasing trend is observed when looking at integrated-pT tracks
(left column, passocT > 0.3 GeV/c), as well as more differentially in the consid-
ered bins of associated track pT, namely 0.3 < passocT < 1 GeV/c in the middle
column and passocT > 1 GeV/c in the right column.
When considering the integrated pT case for associated tracks, it is observed
that the near-side yield increase is steeper than the model prediction. In par-
ticular at pT (D) < 8 GeV/c, the model predictions and the result from data
are in good agreement. For D mesons in the range 8 < pT (D) < 16 GeV/c,
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the central value of the near-side yield is about ∼ 30% larger than the one
predicted by the models, although due to the large systematic uncertainty
the yield and the models are still to be considered in agreement. POWHEG
as well as PYTHIA8 and the PYTHIA6 Perugia 20110 tune predict a larger
near-side yield than the Perugia0 and Perugia 2011 tunes, being closer to the
value obtained from data. This was already observed when looking directly
into the azimuthal correlation distributions. When looking more differentially
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Figure 7.13: Upper row: Near side yield from D-hadron correlations in pp
collisions at

√
s = 7 TeV as a function of the pT of D meson for associated

tracks with passocT > 0.3 GeV/c (left panel), 0.3 < passocT < 1 GeV/c (middle
panel) and passocT > 1 GeV/c compared to predictions from PYTHIA6 (different
tunes)[26], PYTHIA 8 [67] and POWHEG [63]. Middle row: near-side peak
width following the same scheme as the upper row. Lower row: same as middle
row, but for showing the baseline instead of the near-side peak width.
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as a function of the associated track pT, for both the considered intervals, the
near-side yield for D mesons in 8 < pT (D) < 16 GeV/c is larger than the
model predictions, however the correlations of D mesons with harder tracks
(i.e. passocT > 1 GeV/c) show a more pronounced discrepancy than the one
with softer tracks.
The width of the near-side peak is another parameter that can be extracted
from the azimuthal correlation distributions. All the models predict a de-
creasing trend of the distribution with increasing pT of the D meson. This
is expected due to the larger relativistic boost. The different PYTHIA tunes
predict a very similar trend, while POWHEG predicts larger values of the near-
side peak width. In the integrated pT case of the associated tracks, the model
prediction are compatible with the measured values within the very large un-
certainty, that does not allow to discriminate between them. The widths of
the correlations with associated tracks in the ranges 0.3 < passocT < 1 GeV/c
and passocT > 1 GeV/c are still in agreement with the models within the very
large uncertainties. A general observation in both the pT ranges of associated
tracks, that is then reflected also in the integrated range, is that in the case of
low-pT D mesons, the fit functions results in narrower distributions compared
to the predictions of all the considered models, although the large uncertainties
make them compatible.
The azimuthal correlations of D mesons in the pT range 8 < pT (D) < 16
GeV/c and passocT > 1 GeV/c present a very wide correlation peak, that is
about ∼ 2 σ away from the Monte Carlo predictions. Looking back at figure
7.4, it can be observed that the fluctuations of the points at ∆ϕ ∼ π/8 leads
the enlargement of the distribution in this particular pT bin.
The fact that in the lowest D-meson pT interval the widths seems to be over-
estimated by the models, and that at large D-meson pT the fluctuating point
enlarges artificially the distribution, creates the visual impression that the
widths follow a different trend in data and models for the passocT > 1 GeV/c
case.
The bottom row of figure 7.13 represents the baseline as a function of the pT of
the D meson for different associated tracks pT intervals. Differently from figure
7.7, where the emtpy box represented only the systematic uncertainty due to
the calculation of the baseline, in figure 7.13 the later is summed in quadrature
with the scale uncertainty. All the models tend to underestimate the value of
the baseline, although to considering the systematic uncertainty, all of them
are compatible with the measured values. The PYTHIA tunes Perugia 2010
and 2011 predict a larger value of the baseline, closer to the data points, which
is expected given that the parameters describing multi parton interactions in
the underlying event have been tuned using early LHC data from ATLAS [26].
Figure 7.14 shows the comparison of the near-side yields and widths measured

in p-Pb collisions at
√
sNN = 5.02 TeV with the same models shown in the pp

case (fig. 7.13), but calculated at the centre of mass energy
√
s = 5.02 TeV.

In addition, the centre-of-mass frame of the simulated sample is boosted in

127



CHAPTER 7. RESULTS

A
s
s
o

c
ia

te
d

 y
ie

ld

0

0.5

1

1.5

2

2.5

3 ALICENear side

c > 0.3 GeV/assoc

T
p

)c (GeV/
T

pD meson 

0 2 4 6 8 10 12 14 16

 (
ra

d
)

fi
t

σ

0

0.1

0.2

0.3

0.4

0.5

0.6

 = 0.496
cms

y = 5.02 TeV, sSimulations, pp, 

PYTHIA6, Perugia 0

PYTHIA6, Perugia 2010

PYTHIA6, Perugia 2011

 = 5.02 TeV
NN

spPb, 

c < 1 GeV/assoc

T
p0.3 < 

)c (GeV/
T

pD meson 

0 2 4 6 8 10 12 14 16

 

PYTHIA8, Tune 4C

POWHEG+PYTHIA6

with EPS09 nPDF

| < 1η∆ < 0.04, |
cms
Dy0.96 < 

c > 1 GeV/assoc

T
p

)c (GeV/
T

pD meson 

0 2 4 6 8 10 12 14 16

Figure 7.14: Upper row: Near-side yield from D-hadron correlations in p-Pb
collisions at

√
sNN = 5.02 TeV as function of the pT of D meson for asso-

ciated tracks with passocT > 0.3 GeV/c (left panel), 0.3 < passocT < 1 GeV/c
(middle panel) and passocT > 1 GeV/c(right panel) compared to predictions
from PYTHIA [26], PYTHIA 8 [67] and POWHEG [63] + PYTHIA6 (the last
model is computed with corrected PDFs of the protons, using the CT10nlo [77]
+ EPS09[78] parametrisation). Lower row: near-side peak width following the
same scheme as the upper row.

rapidity by ∆yNN = 0.465, to account for the asymmetric collisional system
present in the data. In the case of the POWHEG + PYTHIA Monte Carlo
sample, the proton PDFs are corrected for nuclear effects (CT10nlo [77] with
EPS09[78]).
For D mesons in both the measured pT ranges ( 5 < pT (D) < 8 GeV/c and
8 < pT (D) < 16 GeV/c) and associated tracks in the integrated pT region,
passocT > 0.3 GeV/c, the measured central value is ∼ 40% larger than the pre-
dictions from models.
The discrepancies can also be observed more differentially for the associated
tracks in the ranges 0.3 < passocT < 1 GeV/c and passocT > 1 GeV/c, although in
this particular case the larger uncertainties make the models and the results
from data more compatible.
The near-side widths, differently from what was the case in pp collisions, are
very well reproduced by the pp-like simulations: as already discussed, differ-
ently from pp collisions, the results are less fluctuating, making the determi-
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nation of the baseline more stable, and therefore also the estimation of the
other parameters. As a consequence of the good agreement of the widths, the
hint of the increased near-side yield can be interpreted to be due to a larger
associated production of particles than what predicted by the models, rather
than artificial increases due to a strong correlation between the two parameters
of the fit, namely the near-side yield and width.
A direct study of cold-nuclear matter effects on the azimuthal correlations can
be obtained by comparing the parameters obtained in pp collisions and p-Pb
collisions. This comparison is shown in figure 7.15. As already discussed in the
model comparison, in both pp and p-Pb collisions, the near-side yields show
a similar increasing trend with increasing pT of the D meson, for all the con-
sidered pT ranges of associated tracks. The measured values are in agreement
within the large systematical uncertainties. As it was shown in figure 7.10,
the different collision energy results, according to PYTHIA, in a ∼ 10% larger
yield when comparing the yields at

√
s = 7 TeV to those at

√
s = 5 TeV.

To have a one-to-one comparison, the near-side yields in pp collisions at
√
s

= 7 TeV should be rescaled using the values shown in figure 7.10: however,
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Figure 7.15: Upper row: Near side yield in p-Pb collisions at
√
sNN = 5.02

TeV compared to the near-side yield in pp collisions at
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passocT > 1 GeV/c (middle panel) and 0.3 < passocT < 1 GeV/c (right panel).
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given that the current uncertainties are way larger than the observed effect,
the measurement is not sensitive to this difference, which would lead to the
same conclusion of compatibility within the large uncertainties. The widths of
the near-side peak in the correlation distributions (lower row of figure 7.15) for
associated tracks with passocT > 0.3 GeV/c are well in agreement. The corre-
lations with associated tracks in the pT sub-ranges are also compatible within
the uncertainties. This quantitative agreement of the correlation parameters
within uncertainties follows as a direct consequence of the already discussed
compatibilty of the ∆ϕ-distributions shown in figure 7.11.

130



8
Outlook

Besides the results in pp collisions at
√
s = 7 TeV and p-Pb collisions at

√
sNN

= 5.02 TeV discussed in the previous chapter, different studies have been con-
ducted to understand the feasibility of measuring the D-hadron correlations
in different collision systems (namely Pb-Pb collisions), as well as extract-
ing more differential information using triggered data. Before concluding this
manuscript, a brief description of those results is provided.

8.1 D∗+-charged particle correlations in Pb-Pb col-
lisions at

√
sNN = 2.76 TeV

The main purpose of the ALICE experiment is to study the properties of the
Quark Gluon Plasma using the data from collisions of heavy-ions.
ALICE collected 1.6 · 107 central Pb-Pb collisions, at a centre-of-mass energy
of
√
sNN = 2.76 TeV in 2011. The sample allows for the measurements of the

nuclear modification factor of fully reconstructed D mesons [1] and of their
elliptic flow coefficient [2, 47], providing new insights in the physics of heavy-
quarks in the QGP.
As described in section 1.4.2, azimuthal correlations provide an excellent tool
for better understanding the energy loss mechanisms, as well as providing an
indirect measurement of the fragmentation process. In the extremely high mul-
tiplicity environment of heavy-ion collisions, the reconstruction of D mesons
is more challenging than in smaller systems, like pp and p-Pb collisions. The
strategy for the reconstruction is the same as the one discussed in section
4.2, with tighter topological selections to cope with the overwhelming com-
binatorial background due to the high multiplicity. In this PhD project, the
correlation analysis has been performed on the Pb-Pb data sample collected
on 2011, using centrality-based triggers and selecting the 0-10 % most central
collisions.
The results for the D∗+-charged particle analysis are shown in figure 8.1, for
D mesons in the pT ranges 8 < pT (D∗+) < 16 GeV/c in the left panel, and 16
< pT (D∗+) < 36 GeV/c, with charged particles selected with pT > 2 GeV/c.
Only the high-pT intervals are shown: charm quarks with high transverse mo-
mentum (that give origin to high pT D mesons) leave the medium faster and are
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Figure 8.1: Azimuthal correlations of D∗+ mesons and charged particles in
Pb-Pb collisions at

√
sNN = 2.76 TeV, for 8 < pT (D∗+) < 16 GeV/c in the

left panel, and 16 < pT (D∗+) < 36 GeV/c in the right panel.

less affected by the plasma itself. Moreover, as already observed in the smaller
systems, a higher transverse momentum of the D mesons means a higher abso-
lute value of the correlation above the baseline, as well as a narrower peak. In
addition, at higher pT, the S/B ratio increases, reducing the uncertainty due
to the background subtraction. Therefore, if any correlation is to be observed
with the limited statistics available it would be for this pT region. The choice
of high pT associated tracks has been done to reduce the level of the baseline
(dominated by lower pT tracks) that makes the observation of the peak ex-
tremely challenging.
The effect of the limited statistics is clearly visible in figure 8.1. The large
error bars and the fluctuating points make it difficult to define the baseline
of uncorrelated tracks, as well as to observe the near-side correlation peak on
top of that. A larger data sample (about one order of magnitude) is expected
from LHC-RUN 2 (i.e. in the years 2015-2018), however it is expected that
the measurement will be possible after the long shut-down and the detector
upgrades. More details about the upgrades given in the next section

8.2 ALICE upgrades

After the end of LHC-RUN 2 (year 2018), a two-year shutdown period at
LHC is planned, where all the four major experiments will undergo relevant
upgrades of the detector systems.
The two main detectors of ALICE will also be upgraded: the current read-out
system of the TPC based on the MWPC technology will be replaced by a
GEM read-out [79], increasing the read-out frequency from the order of tens
of kHz to the order of the MHz, allowing to take data with a much higher
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instantaneous luminosity.
A major upgrade for the ITS is also planned [80]: the current layout of six
silicon detectors layers will be modified by adding one extra layer, closer to
the interaction point. Figure 8.2 shows the new layout. All the seven layers
will use Monolithic Active Pixel Sensors (MAPS), that incorporate a matrix
of diodes with a pitch of the order of 30 µm. This will improve the resolution
on the track impact parameter by a factor 2-5 depending on the pT of the
track. This results in an improved reconstruction of the secondary vertices,
and therefore in a better reconstruction of D mesons. Figure 8.3 shows the
expected statistical uncertainty on the raw D∗+ meson yield with the upgraded
ITS. In the pT range covered in this thesis, the uncertainty is below 1% . This
reflects itself in the azimuthal correlations, where a better precision for the
D meson reconstruction, apart from the fact that increases the number of
triggers, provides a better signal over background ratio, that results in a more
precise estimation of the correlation distribution. The expected correlation
distribution for D mesons in the pT region 8 < pT (D) < 16 GeV/c, with the
upgraded ITS are shown in figure 8.4, in the left panel showing the integrated
pT range of associated tracks, while the right panel the pT > 2 GeV/c. The
statistical uncertainties are very small and the stability of the baseline grants
a clear observation of the correlation peaks, allowing to clearly identify the
away-side structure as well.
This has a direct impact on the extracted associated yields. The relative
uncertainty for the near-side yield is shown in the left panel of figure 8.5
as a function of the minimum pT used to select the associated tracks. The
expected uncertainty varies from 8-10 % for the lowest pT-bin of the D meson

Figure 8.2: Layout of the new ITS with seven layers of silicon-pixel-based
detectors, to be installed during the long shutdown starting at the end of 2018
and to be operational in 2020.
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Figure 8.5: Left panel: relative uncertainty on the near-side associated yield
of azimuthal correlations of D mesons and associated tracks with the upgraded
ITS. Right panel: same as left, but for the away side instead of the near side.

(3 < pT (D) < 5 GeV/c) and to less than 2 % for higher pT-bins.
The precision on the away-side yield is of the same order for pT (D) > 5 GeV/c,
and while for lower values of D meson pT the expected precision is of the order
of 12 % for the integrated pT of the associated tracks and increases to 20%
when increasing the lower threshold.
In this scenario, the measurement of the away-side peak properties will become
feasible, which is of big interest as it will provide a deeper insight in the nature
of the energy loss of the heavy-quarks produced in the hard scattering process.

8.3 Azimuthal correlations with EMCAL trigger

During the 2012 data taking, a sample of 3.3 ·107 pp collisions at
√
s = 8 TeV

events have been collected using a trigger based on the energy deposit in the
electromagnetic calorimeter.
EMCAL is triggered by either a photon, or a high-pT electron. The latter
case is of particular interest for the correlation analyses involving D mesons:
namely, a high-pT electron is likely to originate from a heavy-flavour decay,
hence enhancing the fraction of events including a heavy-flavour quark. On
the other hand, the trigger can enhance events that present a jet in the final
state that, if originating from a heavy-flavour production process can be used
for near- and away-side correlation studies.
The reconstruction strategy for D∗+ mesons is the same as described in the
previous sections. The first gain of the used trigger is that the (raw) number
of reconstructed D mesons per event is, on average, an order on magnitude
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larger. In addition, the pT-range of the D∗+ can be extended up to 24 GeV/c,
allowing to add an additional pT-bin for the correlation study.
Figure 8.6 shows the raw correlation distribution of D∗+ mesons and charged
particles in the pT ranges 3 < pT (D∗+) < 5 GeV/c, 5 < pT (D∗+) < 8 GeV/c,
8 < pT (D∗+) < 16 GeV/c, already available in minimum bias data, and the
additional bin 16 < pT (D∗+) < 24 GeV/c. As this is part of an outlook es-
timation, the presented distributions include the event-mixing correction but
not the other corrections, such as D meson and single track efficiency, beauty
feed-down subtraction and purity, as well as trigger bias corrections.
An additional bias due to the trigger is present in the event mixing distribu-
tion. This is due to the limited acceptance of the EMCAL detector. Indeed, as
already discussed in section 3.2, the EMCAL covers about 1/4 of the azimuthal
range (80◦ < ϕ < 180◦) and a pseudo-rapidity range of |η| <0.7. This means
that events triggered by the EMCAL will present a topology with electrons or
jets pointing to one particular direction. As the D mesons are very likely to
point in the same direction, a mixed-event distribution presents a peak struc-
ture in the direction (∆ϕ,∆η) = (0,0), as it can be seen from figure 8.7.
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Figure 8.6: Raw azimuthal correlations of D∗+ mesons and charged particles
in pp collisions at

√
s = 8 TeV with the EMCAL trigger, for 3 < pT (D∗+) <

5 GeV/c in the upper left panel, 5 < pT (D∗+) < 8 GeV/c in the upper right
panel, 8 < pT (D∗+) < 16 GeV/c in the lower left panel and 16 < pT (D∗+) <
36 GeV/c in the lower right panel. All the four panels are for passocT > 0.3
GeV/c.
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A similar structure is indeed expected by construction when considering both
the “trigger” particle and the associated particle azimuthal distribution not
being constant, but showing a structure in the same region. In the latter case,
the event-mixing distribution is expected to account for it by presenting a
near-side structure.
However, the structure observed in figure 8.7 is a convolution of two effects:
first the above-mentioned non-uniform ϕ distribution of “trigger” and associ-
ated particles, and second the fact that the mixed-event distribution is biased
by the presence of mostly jet-like events with a preferred direction.
Using a triggered sample for this particular study would for sure be beneficial in
terms of statistics and pT-reach, but would first need a profound understand-
ing of the underlying biases and a strategy for implementing the necessary
corrections.
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Conclusions

This thesis presented the first analysis of the angular correlations of D∗+

mesons and charged particles in pp collision at
√
s = 7 TeV and p-Pb col-

lisions at
√
sNN = 5.02 TeV, measured with the ALICE detector at the LHC.

The measurement has been performed differentially as a function of the D me-
son pT in the intervals 3 < pT (D∗+) < 5 GeV/c, 5 < pT (D∗+) < 8 GeV/c,
8 < pT (D∗+) < 16 GeV/c, and as a function of the associated track pT, the
integrated range with only a lower threshold of passocT > 0.3 GeV/c, as well as
a more differential study by separating “soft” (low pT) tracks, i.e. with 0.3
< passocT < 1 GeV/c and “hard” (high pT) tracks, with passocT > 1 GeV/c.
The main focus of this manuscript is on the D∗+ meson. A similar effort has
been done within the ALICE collaboration for the analysis of correlations of
D0 and D+ mesons with charged tracks.
The compatibility of the results between the different analyses allows for the
averaging of their results: this procedure grants for a reduction of the uncer-
tainties as well as for a greater stability of the obtained distributions. There-
fore, those distributions were used for extracting the physics information.
In both the collision systems, the correlation distributions show a similar be-
haviour. The near-side peaks get narrower and higher with increasing pT of
the D meson. A similar qualitative behaviour is observed also with increasing
pT of the associated tracks.
Apart from the baseline, defined as the minimum of the correlation distribution
(obtained as the average of the measured points around ∆ϕ=π/2), the near-
side and away-side structures in pp and p-Pb are compatible within errors. The
difference in the baseline level is due to the higher multiplicity environment
in p-Pb collisions compared to pp collisions. The same conclusion on com-
patibility of the pp and p-Pb distributions can be obtained when comparing
the parameters describing the near-side peak in the correlation distributions,
namely the (near-side) associated yield and width. Those parameters are ex-
tracted by fitting the measured distributions.
Moreover, the distributions in pp and p-Pb collisions have been compared to
distributions obtained from Monte Carlo event generators, namely PYTHIA
and POWHEG for pp, and only PYTHIA in the case of p-Pb collisions, at
the respective collision energy

√
s = 7 and 5.02 TeV. The models describe the

correlation distributions qualitatively well, although the large uncertainty does
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not allow for a distinction between them. The same conclusion can be drawn
by comparing the associated yields and widths from data and simulations.
Summarising, within the precision available with the current measurements,
cold-nuclear matter effects do not seem to influence the correlation distribu-
tion. This statement can be strengthen or disproved by more precise mea-
surements expected with the larger samples from LHC RUN-2 (2015-2018) as
well as by more differential measurement, for example as function of the event
multiplicity.
A first measurement in heavy-ion collisions with the first LHC data was not
possible due to the limited available statistics. The expected detector up-
grades from the long shutdown at LHC (2018) are expected to improve the
reconstruction efficiency as well as provide a larger statistical sample: this will
provide a precise measurement and complete the picture of the physics behind
azimuthal correlations involving heavy-flavour particles.
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Samenvatting

Het Quark Gluon Plasma (QGP) is een ongeboden staat van materie die enige
miljoensten van een seconde na de Big Bang heeft bestaan. Om het QGP te
creëren zijn er hoge temperatuur en druk nodig. Deze extreme omstandighe-
den kunnen bereikt worden in ultra-relativistiche botsingen van lood ionen bij
de “Large Hadron Collider” (LHC) bij CERN.
De eigenschapen van het QGP kunnen worden onderzocht met behulp van
zware quarks. Zware quarks (charm and beauty) worden geproduceerd voor-
dat het QGP gevormd wordt. Ze interageren met het botsingsmedium en ze
ondergaan de volledige evolutie van het systeem.
Metingen aan proton-proton botsingen (pp) zijn nodig om de productie van
zware quark zonder medium te kunnen bestuderen. Daarnaast is het in botsin-
gen van protonen en lood ionen (p-Pb) mogelijk om de effecten van de koude
nucleaire materie te bestuderen.
Met behulp van de ALICE detector worden D mesonen via hardonische ver-
valkanalen resconstrueerd.
Dit proefschrift gaat over de analyse van hoekcorrelaties (∆ϕ correlaties) tussen
D∗+ mesonen en geladen deeltjes in proton-proton botsingen met een bots-
ingsenergie van

√
s = 7 TeV en proton-lood ion botsingen met

√
sNN = 5.02

TeV die met het ALICE detector worden gemeten.
De analyse is uitgevoerd voor D∗+ mesonen met transversale impuls (pT) in de
intervallen 3 < pT (D∗+) < 5 GeV/c, 5 < pT (D∗+) < 8 GeV/c, 8 < pT (D∗+) <
16 GeV/c en geassocieerde deeltjes met pT passocT > 0.3 GeV/c, en meer differ-
entieel door het scheiden van zachte deeltjes (met 0.3 < passocT < 1 GeV/c) en
harde deeltjes (met passocT > 1 GeV/c).
Dit proefschrift is gericht op het D∗+ hadron. Gelijksoortige analysen worden
uitgevoerd voor de D0 en D+ hadronen binnen de “ALICE collaboration”.
Omdat de resultaten van de verschillende analyses overeenstemmen, is het
mogelijk deze te middelen. Deze methode vermindert de onzekerheden van de
distributies en verbetert hun stabiliteit. De gemiddelde distributies worden
gebruikt om de gegevens te interpreteren.
De correlatie distributies gedragen zich op een gelijke manier. De “near-side
peak” wordt smaller en hoger voor toenemende D meson pT. Kwalitatief
vergelijkbaar gedrag wordt waargenomen voor toenemende pT van de geas-
socieerde deeltjes.
De grondlijn van de correlatie distributie, die gedefinieerd is als het minimum
van de distributie, wordt berekend als het gemiddelde van de meting rond
∆ϕ=π/2. Met uitzondering van deze grondlijn zijn de “near-side” en “away-
side” structuren compatibel binnen de onzekerheden. Het verschil in grondlijn
kan verklaard worden vanuit de grotere deeltjesproductie in p-Pb botsingen.
Dezelfde conclusie over compatibiliteit kan getrokken worden over de parame-
ters van de “near-side peak” van hoekcorrelatie-distributies. Deze parameters,
de “near-side yield” en “near-side width”, worden verkregen door de distribu-
ties te fitten.



De distributies van pp en p-Pb botsingen worden ook vergeleken met de dis-
tributies van “Monte Carlo” simulaties, namelijk PYTHIA en POWHEG voor
pp botsingen en alleen PYTHIA voor p-Pb botsingen, met botsingsenergie van
respectievelijk

√
s = 7 en 5.02 TeV. De modellen beschrijven de correlatiedis-

tributies kwalitatief goed, maar vanwege de grote onzekerheden is het niet
mogelijk een onderscheid te maken. Dezelfde conclusie volgt na de vergelijking
van de “near-side yield” en “near-side width” tussen data en simulaties.
Kort samengevat lijkt dat, binnen de nauwkeurigheid van de huidige metin-
gen, koude nucleaire effecten de correlatiedistributie niet bëınvloeden Deze
uitspraak kan bevestigd of weerlegd worden met de grote hoeveelheid data die
met de LHC RUN-2 (2015-2018) wordt verzameld en met de mogelijkheden om
meer differentiële studie te doen (bijvoorbeeld als functie van de hoeveelheid
geproduceerde deeltjes).
Metingen aan lood-lood botsingen konden niet uitgevoerd worden vanwege de
beperkte hoeveelheid beschikbare data.
De verwachte upgrades van de ALICE detector na de lange afsluiten van de
LHC (2018) zal de efficiëntie van D∗+-reconstructie verbeteren, en de hoeveel-
heid data vergroten. Dit zal nauwkeurigere metingen mogelijk maken, die het
begrip van hoekcorrelaties met zware quarks compleet zullen maken.
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