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A B S T R A C T

The measurement of charge-dependent correlations between pos-
itively and negatively charged particles as a function of pseudo-
rapidity and azimuthal angle, known as the balance functions, pro-
vide insight to the properties of matter created in high-energy colli-
sions. The balance functions are argued to probe the creation time
of the particles and are also sensitive to the collective motion of
the system. In this thesis, I present the results of the measured bal-
ance functions in p–Pb collisions at

√
sNN = 5.02 TeV obtained

with the ALICE detector at the LHC. The results are compared
with balance functions measured in pp and Pb–Pb collisions at√
s = 7 TeV and

√
sNN = 2.76 TeV , respectively. The width of

the balance functions in both pseudorapidity and azimuthal an-
gle for non-identified charged particles decreases with increasing
multiplicity in all three systems, for particles with low transverse
momentum value (pT < 2 GeV/c). For higher values of transverse
momentum the balance functions become narrower and exhibit no
multiplicity dependence. The experimental findings are compared
to different models (PYTHIA8, DPMJET, HIJING and AMPT). The
comparison with models seems to indicate that for the Pb–Pb sys-
tem ∆ϕ is determined mainly by radial flow, while ∆η is less sen-
sitive. In addition, the color reconnection mechanism emerged as a
necessary ingredient in understanding the multiplicity dependence
observed in the width of the balance function for small systems.
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1
I N T R O D U C T I O N

1.1 quantum chromodynamics

Our current understanding of the nature of the interactions of
hadrons and their constituents is contained in the theory of Quan-
tum Chromodynamics (QCD), a fundamental part of the Standard
Model (SM) [1]. From its birth in the second half of the past cen-
tury, QCD has been expanded as the framework and operational
tool we use today in our research and understanding of the sub-
atomic world.

QCD is the theory within the SM describing strong interactions
and strongly interacting particles. These particles consist of what
we currently believe are elementary particles, the quarks and glu-
ons. Quarks interact via the strong force, with gluons as the medi-
ators. Quarks are one-half spin fermions and gluons are the gauge
field forming an octet of bosons with spin one. The shared char-
acteristic between quarks and gluons is that they are carriers of
the color charge, which is the physical quantity characterizing their
strong interaction and was initially introduced by O. W. Greenberg,
Y. Nambu and M. Y. Han [2, 3, 4].

QCD theory shares a number of similarities with QED (Quantum
Electrodynamics) [5]. The key difference between both theories is
the self-coupling of gluons. This leads to two fundamental concepts
associated with QCD: confinement and asymptotic freedom.

Confinement is connected to the experimental observation that color-
charged objects, quarks and antiquarks, and gluons can not be
found isolated in nature. Color is restricted in regions smaller than
the characteristic QCD scale, resulting in quarks packed together
into colorless states called hadrons. These hadrons are the particles
observed in nature [6]. There are two groups of hadrons: mesons
with baryon number B = 0 (number of quarks - number of anti-
quarks = 0) and baryons with baryon number B = 1 (number of
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2 introduction

quarks - number of antiquarks = ±3) or antibaryons. When the dis-
tance between the quarks is increased, for example by increasing
the energy of the system, their interaction energy increases. For a
quark and antiquark pair for example, due to this increase, it be-
comes energetically preferable to produce a new pair of quark and
antiquark. This new pair of quark and antiquark is combined with
the old one, producing an additional pair of particles (in this case
two mesons).

On the other hand, asymptotic freedom is associated with the cou-
pling strength between interacting quarks, which is not a constant.
In particular, αs is known to increase at large distances or small
momentum transfer and decrease at small distances or equivalently
for large momentum transfer. This is reflected by the dependence
of the coupling constant αs on the momentum transfer Q given by
Eq. 1:

αs(Q) =
12π

(33− 2Nf) lnQ2/Λ2QCD
(1)

where Nf is the number of quarks flavors and ΛQCD is the QCD
scale parameter where αs becomes infinite (i.e. approximately equal
to 200 MeV). At large values of Q, αs becomes asymptotically
small, allowing for the application of perturbation theory, leading
to numerical calculations for QCD processes with high precision.
On the other hand, at values of Q approaching ΛQCD, the cou-
pling constant is large and perturbative QCD breaks down.

The introduction of asymptotic freedom in the 70s of the past cen-
tury constituted an important hint for the understanding of the
characteristics of the systems formed by quarks and gluons [7, 8,
9, 10, 11]. Asymptotic freedom allows for the possibility to create
a state where, at extreme temperatures, the building blocks of the
ordinary matter, the quarks and gluons, are deconfined. This state
is called the Quark-Gluon Plasma (QGP).



1.2 quark-gluon-plasma 3

1.2 quark-gluon-plasma

The state in which hot and compressed matter is formed by decon-
fined quarks and gluons constitutes the QGP. The QGP is believed
to have existed until a few microseconds after the Big Bang, at the
early stages of the evolution of our universe. Initially it was sug-
gested by R. Hagedorn [12] that the temperature driving particle
spectra ceases to increase at a limiting value, at which adding en-
ergy to the system would only have the effect of producing more
particles. This temperature is known as the Hagedorn temperature,
and was estimated to be approximately 170 MeV . Later studies
found that a transition to the deconfined phase might take place at
this point, whenever normal nuclear matter was heated up at a sim-
ilar temperature range and energy density above ε ≈ 1 GeV/fm3

[12, 13, 14, 15, 16, 17]. To understand the transition, theorists rely on
non-perturbative lattice QCD calculations performed on a lattice of
points in space-time [18, 19, 20, 21].

Sufficient conditions to form such a deconfined state are achieved
in the laboratory by colliding heavy-ions at large energies. This
opens up an entire field of research of which the focus is to map the
QCD phase diagram, explore the possibility of creating the QGP in
the laboratory and study its properties.

The QCD phase diagram is usually represented in the temperature-
baryochemical potential plane (i.e. T , µB), as shown in Figure 1. The
y axis of the figure represents the temperature T in MeV and the
x axis the baryochemical potential µB, which corresponds to the
amount of energy that is needed to add a baryon to the system.

Figure 1 also shows the region covered by heavy-ion collision ex-
periments i.e. RHIC (Relativistic Heavy Ion Collision) and LHC
(Large Hadron Collider), corresponding to a low µB. Lower T and
a baryochemical potential of µB ' 940 MeV correspond to ordi-
nary matter. Higher T corresponds to the QGP region. The right
part of the sketch represents a region of interest for astrophysical
studies.

Lattice QCD calculations suggest that at low µB, a cross-over transi-
tion between the hadronic and the partonic phase is expected [21].
This leads to a gradual change from a system that is constituted
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Figure 1: Phase diagram scheme of temperature T (in the y-axis) as a func-
tion of baryochemical potential µB (in the x-axis). The critical
point ends the parton-hadron phase transitions line. [22]

by a mixture of hadrons, to a system that is formed by partons,
without having a specific transition point (i.e without having dis-
continuities in the thermodynamical variables used to describe the
system). On the other hand, at large µB values, a first order tran-
sition [23] between the low-temperature hadronic phase and the
high-temperature partonic phase is expected. This leads to a fi-
nite gap in the first derivative of the thermodynamic potential
used to describe the system. Such discontinuities would manifest
themselves by large fluctuations surrounding the transition region.
These two regions are connected at the "critical point", whose exis-
tence in the phase diagram is still theoretically debated.

Figure 1 also suggests that deconfinement not only occurs by heat-
ing the system up to the Hagedorn temperature TH ≈ 170 MeV for
µB → 0. This transition can also occur for lower temperatures if
the baryochemical potential is higher. Theoretically such a transi-
tion could be possible by increasing the density to 5− 10 times the
normal nuclear density ρ0 ≈ 0.15 fm−1, through a process usually
referred to as "cold compression" [24]. Such conditions are believed
to exist in the interior of neutron stars [25, 26, 27].
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1.3 heavy ions collisions

Experiments colliding nuclei at high energies can provide a tool for
the characterization of the properties of the matter under hot and
dense conditions. Throughout the last decades experiments at the
Super Proton Synchrotron (SPS) at CERN (Pb–Pb collisions up to√
sNN = 17.3 GeV), at RHIC in Brookhaven National Laboratory

(Au–Au collisions up to
√
sNN = 200 GeV) and currently at the

LHC (Pb–Pb collisions at
√
sNN = 2.76 TeV), have been used to

study the production of this new state of matter.

The study of QGP requires the usage of many observables that are
investigated as a function of the centrality of each collision. The
centrality of each collision is characterized by the impact parame-
ter b which is the distance separating the axes passing through the
center of the two nuclei. Experimentally, the impact parameter is
not accessible, and instead the particle multiplicity is used, which
is a variable monotonously related. Small (large) impact parameter
corresponds to central (peripheral) collisions, where many (few)
particles are produced. Depending on the centrality of a collision,
e.g. for peripheral collisions, only a fraction of their constituent nu-
cleons interacts, while the rest do not participate directly in the
collision. This leads to the classification of the nucleons into par-
ticipants, a term used for those that interact during the collision,
and spectators for those that do not take part. Both, participants and
spectators will depend on the centrality of the collisions. Peripheral
collisions have lower number of participants, while for central col-
lisions this number is larger.

A collision between two nuclei comprises of many stages which are
schematically depicted in Figure 2. The products of the collision
form a hot and dense system that will be further referred in this
text as fireball. Just before the collision, the position of the nucleons
inside the nuclei defines the initial state. This fluctuates from event
to event leading to distinct patterns detected and measured in the
final state. During the first few fm/c of a relativistic heavy-ion
collision, the system is characterized by large energies confined in
a very small volume. The constituents of the fireball are believed to
collide frequently to reach a "local" equilibrium state. The time to
establish this local equilibrium is called thermalization time.
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Figure 2: Schematic representation of the evolution of a relativistic heavy-
ion collision.

The system has large energy density fluctuations that, combined
with the geometry of the collision, lead to geometrical eccentric-
ities. These geometrical eccentricities generate pressure gradients
that cause momentum anisotropies and push matter outwards. The
QGP is further evolving as a strongly interacting system, that can
be described in terms of a rapid hydrodynamic expansion. As the
system expands, the energy density decreases and the system’s
temperature decreases. Depending on the values of shear and bulk
viscosities, the initial state energy density fluctuations and the pres-
sure gradient driving the expansion can be washed out or survive
during the evolution of the system. Bulk viscosity works opposite to
the expansion of the system, i.e. in an expanding fireball reduces
the radial accelerations. Shear viscosity, on the other hand, tries to
even the expansion rates among the different directions, decreasing
the pressure gradient. The higher the shear viscosity is, the more
isotropic the final state system will be.

Hadronization takes place below a critical temperature, decreasing
the relevant degrees of freedom. This is believed to occur by the
fragmentation of partons and the subsequent combination of two
(or three) quarks forming a meson (or a baryon). The former is
done via parton showering and the later combination of close in
phase space partons. The latter process is usually referred to as
coalescence or recombination.
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Figure 3: Scheme of the heavy-ion collision in the reaction and transverse
plane. The overlapping region has an almond-like shape in the
transverse plane, anisotropic with respect to the azimuthal an-
gle.

The constituents collide frequently maintaining local equilibrium.
The system expands and its temperature reduces further. When
the number of inelastic collisions is too small to keep up with the
expansion, and the ratios of the different species are fixed, the sys-
tem reached what is referred to as the chemical freeze-out. As a
response to the elastic collisions between constituents, the system
can still maintain local thermal equilibrium and further expands
and cools, with fixed abundances. These processes happen until
the system reaches a stage where the average distance between the
constituents will be larger than the strong interaction range and the
elastic collisions stop. This is called kinetic freeze-out, after which
the system decouples.

1.3.1 Experimental measurements

While studying heavy-ion collisions at the SPS, RHIC and LHC,
there are a few measurements that contributed significantly in shap-
ing our understanding of the nature of the produced system. Among
these, the measurements of elliptic flow and jet quenching are of par-
ticular importance since they allowed us to access some of the trans-
port properties of the system, such as the value of shear viscosity
over entropy density and the system’s density, respectively.
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Elliptic flow quantifies the anisotropies in the particle emission re-
flecting the partonic pressure gradients that are influenced by the
geometry of the initial collision, i.e. how the system responds to the
initial spatial anisotropy [28, 29, 30, 31, 32]. This anisotropy devel-
ops relative to a common plane, referred to as "reaction plane". The
reaction plane is defined using the impact parameter and the beam
axis. Figure 3 presents two snapshots of a heavy-ion collision de-
picting a view along the reaction/longitudinal (left) and transverse
(right) plane. The overlapping region has an almond-like shape in
the transverse plane, anisotropic in azimuth.

The anisotropies in the azimuthal particle distributions can be de-
scribed using a Fourier expansion according to [33, 34]:

E
d3N

d3p
=
1

2π

d2N

pTdpTdy

[
1+ 2

∞∑
n=1

νn cos [n(ϕ−ΨRP)]
]

(2)

where

νn(pT ,y) = 〈cos [n(ϕ−ΨRP)]〉 (3)

In the equations, E represents the energy of the particle, p the mo-
mentum, pT the transverse momentum, y the rapidity, ϕ the az-
imuthal angle of momentum, ΨRP the reaction plane angle and the
νn are the Fourier coefficients of order n. In the study of matter
around mid-rapidity regions in heavy-ion collisions (HIC) at rel-
ativistic energies, the second harmonic, ν2, quantifies the relative
increase of particle yield in-plane compared to out-of-plane, and is
usually referred to as elliptic flow.

Figure 4 shows the values of ν2 for different particle species: mesons
(π±,K±,K0S,φ) and baryons (p,Λ,Ξ−,Ω− and their antiparticles)
as a function of transverse momentum 0.2 < pT < 6.0 GeV/c, mea-
sured in Pb–Pb collisions at

√
sNN = 2.76 TeV by ALICE [35]. From

the figure it can be observed that for pT < 2 GeV/c there is an or-
dering with the mass of the particles, where heavier particles have
a lower ν2 value with respect to lighter particles. This mass order-
ing is a product of a combination of radial flow and elliptic flow
which causes the value of ν2. Radial flow (i.e. isotropic transverse
expansion) influences the mass dependence of the particle pT spec-
tra at low values, showing a depletion that is more pronounced the
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Figure 4: The pT differential ν2 in the 10− 20% interval of Pb–Pb colli-
sions at

√
sNN = 2.76 TeV for different particle species. [35]

heavier the particle is. The azimuthally asymmetric system causes
the expansion velocity of the system to be larger in-plane than out-
of-plane, reducing the value of ν2 the heavier the particle is. Elliptic
flow reveals properties of the QGP, behaving as an almost perfect
partonic fluid (i.e. with very small values of the shear viscosity to
entropy density ratio, the lower bound of which, is conjectured to
be η/s = 1/4π [36]).

The other phenomenon that reveals properties of the QGP is jet
quenching. Jet quenching is the attenuation of partons, due to en-
ergy loss in the dense plasma produced during the reaction, as
shown in Figure 5. Jet quenching can be observed via the suppres-
sion in the spectrum of high pT particles [37, 38, 39, 40, 41, 42].
The suppression is calculated using the nuclear modification factor
RAA which is the ratio between the particle yield in heavy-ion col-
lisions (i.e. d2NAAch /dηdpT ) relative to the yield in pp collisions (i.e.
d2N

pp
ch/dηdpT ) scaled by the number of binary nucleon-nucleon

collisions (i.e. 〈Ncoll〉), as shown in Eq. 4:

RAA(pT ) =
(1/NAAevt)d

2NAAch /dηdpT

〈Ncoll〉(1/Nppevt)d2N
pp
ch/dηdpT

(4)
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Figure 5: In a nucleus-nucleus collision, two quarks experience a hard
scattering causing one of the quarks going out directly to the
vacuum, radiating gluons and hadronizing, and the other quark
going through the dense plasma formed in the collision, suffer-
ing energy loss because of the medium-induced gluonstrahlung
and finally fragmenting into a quenched jet.
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Figure 6: Nuclear modification factor in central Pb–Pb collisions at LHC
compared to measurements at

√
SNN = 200 GeV by the

PHENIX and STAR experiments at RHIC. Statistical and sys-
tematic errors are shown as error bars and/or boxes. The verti-
cal bars around 1 indicate the pT independent scaling errors on
RAA. [42]

In Eq. 4 η = −ln(tanθ/2) is the pseudorapidity where θ corre-
sponds to the polar angle between the beam axis and the direction
of the particle. The terms NAAevt and Nppevt represent the number of
events for Pb–Pb and pp, respectively and 〈Ncoll〉 is the average
number of collisions, which is equal to the product of the nuclear
overlap function [43] and the inelastic NN cross section.

The value of RAA at high pT is unity in case the heavy-ion collision
is nothing more than a superposition of independent pp collisions.
A deviation of its value from unity may indicate nuclear effects.
Figure 6 shows the nuclear modification factor in central Pb–Pb
collisions at LHC compared to measurements at

√
SNN = 200 GeV

by the PHENIX and STAR experiments at RHIC. From the figure
it is observed that the yield is strongly suppressed, more at the
LHC than at RHIC. This suppression can be interpreted as if a very
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dense and strongly interacting medium is formed and most of the
hard scattered partons lose energy.

In addition to these measurements, further studies on angular cor-
relations between two particles have been established as well as
powerful tools to study the properties of the system created in high-
energy collisions. This will be the main focus of this dissertation.



2
B A L A N C E F U N C T I O N

Charge dependent correlation studies are currently being used as
a tool to study the properties of the system created in high-energy
heavy-ion collisions. These correlations can be studied using the
balance function, first introduced in heavy-ion collision studies by
Bass, Danielewicz and Pratt [44]. In this chapter the balance func-
tion is described in Section 2.1. Section 2.2 presents an overview
of recent theoretical predictions, followed by a brief discussion of
previous experimental measurements in Section 2.3.

2.1 the balance function

In high-energy heavy-ion collisions, most of the particles produced
are created during the dynamical evolution of the hot and dense
matter, where the constituents, quarks and gluons, are deconfined.

Conservation laws such as local charge conservation govern parti-
cle production. Local charge conservation ensures that the creation
of a charged particle is compensated or balanced by the creation
of a second particle with opposite charge produced close in the
phase space. This pair of particles is frequently referred to, later in
the text, with the term "balancing partners". Figure 7 presents an
example of such a pair of balancing partners, in particular a pair
of s-quark and its antiquark, created at the same location in space
and time. This pair is embedded in a system that expands rapidly
(i.e. horizontal axis in the sketch) with a rate that decreases with
time (i.e. vertical axis).

The creation time of this pair determines how much its constituents
are affected by the medium and its expansion, but also by the inter-
action with the surrounding partons. One can consider two char-
acteristic scenarios for the creation time: the case where the pair is
produced at around 1 fm/c, which will be denoted as "early stage"

13
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Figure 7: Evolution of the system where there is a ss̄ pair created at
1 fm/c that is correlated due to local charge conservation. Col-
lective motion and diffusion results in a further dilution of the
correlations. If, on the other hand, a ss̄ pair is created at 8 fm/c,
it does not have enough time to break the correlation. [45]
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creation, and at around 8 fm/c, referred to further in the text with
the term "late stage" creation. The quarks have a very strong spa-
tial correlation at the point of their creation. These correlations are
affected by the longitudinal expansion of the system. In addition,
the interaction of these quarks with the surrounding environment,
as well results in the pair being further apart, because of the dilu-
tion of the correlation. On the other hand, if the same ss̄ pair is
created at 8 fm/c (late stage), there is not enough time to break the
initial correlation. At a later stage, these quarks can be combined
with neighboring light quarks (e.g. u and d) to form kaons. After
the hadronization takes place, the emerged final state particles can
further separate in coordinate but also in momentum space. The fi-
nal state separation can thus be considered as a combination of the
separation of the ss̄ pair before hadronization and the separation
of the final state particles after hadronization.

Hence, depending on when the charges are produced, they have
more or less time to interact with the medium, to experience its col-
lective motion and get affected by the hadronic rescattering phase.
In addition, the time when the charges are created could provide
also information on how long the medium lives.

The balance function is an observable based on the principle that
charge is locally conserved when charges are produced in pairs.
The balance function is built to quantify these correlations in space-
time in a charge dependent way, and translates them into the sepa-
ration of balancing charges on a statistical basis. This separation is
reflected in the width of the balance function, which is expected to
be narrower, if the final state hadron pairs are produced at a later
stage and broader, if the pair is produced early.

The balance function was used to study the hadronization of jets in
pp collisions at the ISR (Intersecting Storage Rings) [46] and e+e−

annihilation at PETRA (Positron-Electron Tandem Ring Accelera-
tor) [47]. It is defined as follows:

Bab(P2|P1) =
1

2

[〈N(a,b)(P1,P2)〉− 〈N(a,a)(P1,P2)〉
〈Na(P1)〉

+
〈N(b,a)(P1,P2)〉− 〈N(b,b)(P1,P2)〉

〈Nb(P1)〉

] (5)
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In the equation 5, a and b can be different particle species or dif-
ferent charges and P1 and P2 are intervals in momentum space.
The terms in the numerator e.g. 〈N(a,b)(P1,P2)〉, represent the total
number of particles of type a observed within a phase-space region
P1 while a particle of type b satisfies the phase-space constraint P2.
Each term e.g. 〈N(a,b)(P1,P2)〉, 〈N(a,a)(P1,P2)〉, 〈N(b,a)(P1,P2)〉
and 〈N(b,b)(P1,P2)〉 is normalized to the number of particles of
type, either a or b, that reside in P1 e.g. 〈Na(P1)〉 or 〈Nb(P1)〉.
Each term is calculated using pairs from each event and the result-
ing values are averaged over all events, hence the 〈〉.

For the case of electric charge balance functions, the topic of this
dissertation, a and b refer to all positive and all negative primary
particles. The primary particles are those produced in the collision
and their decay products, excluding the products from weak de-
cays and interactions with the material. In addition, P1 reflects the
acceptance of the detector used for the study. Finally, P2 is the
2−dimensional ∆η−∆ϕ space, where ∆η and ∆ϕ are the relative
pseudorapidity and azimuthal angle, respectively, of the two par-
ticles that form the pair. This results into Eq. 6, that describes the
electric charge balance function in a selected interval of relative
pseudorapidity and azimuthal angle, which illustrates the quantity
studied in this manuscript. The subtraction of like-sign pairs from
the unlike sign ones in Eq. 6, removes some contributions from res-
onances, jets and short range or quantum statistics correlations in
the positive and negative pairs, which form the background. This
subtraction keeps only the number of balancing partners that the
system consists of.

B+−(∆η|∆ϕ) =
1

2

[〈N(+−)(∆η,∆ϕ)〉− 〈N(++)(∆η,∆ϕ)〉
〈N+(η,ϕ)〉

+
〈N(−+)(∆η,∆ϕ)〉− 〈N(−−)(∆η,∆ϕ)〉

〈N−(η,ϕ)〉

] (6)

2.2 theory predictions

During the time evolution of the system, the system expands, its
temperature decreases, it hadronizes and finally decouples into
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free hadrons. The balance function width reflects the influence of
all of these stages. In particular it is affected by the freeze-out
temperature, collective flow effects, resonance decays and jet-like
correlations. The balance function has triggered many theoretical
studies. In the following paragraphs we will discuss some theory
predictions that correlate the balance function with those phenom-
ena.

According to [44], the balance function width provides informa-
tion about the hadronization time in the system. Narrow widths
could be connected to particle production at lower temperatures
and, as a consequence, at later times in the evolution of the system.
However, after the collision, the balance function is broadened by
the diffusion of charges. Following this scenario, the total width
of the balance function σTotal could be understood by combining
the thermal rapidity spread σtherm and the effect of diffusion σ∆η.
The term σtherm is proportional to

√
T/m (i.e. the ratio of temper-

ature over mass), resulting into heavier particles expected to have
narrower balance functions and σ∆η accounts for the separation of
balancing partners in momentum space, such that:

σ2Total = σ
2
therm + σ2∆η (7)

As time progresses, when the temperature decreases, the first term
of the equation, σtherm, decreases as well, while the diffusive term
σ∆η, tends to increase the width of the balance function. If the pro-
duction occurs at early stages after the collision, the balance func-
tion is significantly broadened. Such broadening occurs because
the medium where charges travel is an extended region of large
energy density, where the scattering and the expansion affects the
pairs. However, if the production occurs late, the exposure of the
pairs to scattering and expansion is small and the diffusion effect,
negligible. This implies that for late stage production of pairs, the
balance function width depends mainly on the thermal width term.
Once hadronization happens, the produced particles can further
interact. One would find a contribution to the width of the bal-
ance function that comes from the evolution of particles after the
hadronization, altering the final correlation at the freeze-out sur-
face. In experiments we are able to measure only the final state
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Figure 8: The left plot shows the balance functions for non resonant pions
in thermal models calculated for two different freeze-out condi-
tions: Tf = 165 MeV and transverse velocity β = 0.5 (dashed
line) and Tf = 90 MeV , β = 0.6 (solid line). The dotted line cor-
responds to pions from the decay of ρ0 resonances. The balance
functions for pions in thermal models are shown in the right
plot, calculated as a sum of two mechanisms: non resonant pi-
ons and pion pairs from the decay of neutral resonances Ks, ρ0,
σ and f0, for two different freeze-out conditions: Tf = 165 MeV ,
β = 0.5 (dashed line) and Tf = 90 MeV , β = 0.6 (solid line) [49]

.

correlations between the produced hadrons. Using models, these
correlations could connect the balance functions built from hadrons
to the creation and mobility of the constituent quarks.

In addition, in [48] and [49], the effect of resonances to the balance
functions is highlighted, as well as the measurement of the balance
function as a function of the relative azimuthal angle, ∆ϕ. In par-
ticular, a balance function calculated for π+ and π− pairs is formed
by a resonance and a non-resonance contribution term, accounting
for two different mechanisms of creation of opposite charged pairs.
The first contribution is referring to decays of neutral resonances
with a pion pair in the final state, while the second contribution
is related to pions being produced with thermal velocities at the
same location in space and time. In the latter case, each particle is
boosted with the collective flow velocity of the source and with a
momentum given by its thermal distribution. Both, pion pairs orig-
inating from the decay of resonances and non-resonant pion pairs,
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have a strong angular correlation. In addition, it is established that
the measurement of the balance function as a function of the rela-
tive azimuthal angle, ∆ϕ, in heavy-ion collisions could serve as a
constraint on the temperature and the amount of transverse flow at
freeze-out. A single freeze–out model with large freeze–out temper-
ature (Tf = 165 MeV) and moderate flow (〈βr〉 = 0.5), as well as
a blast wave model where the emission occurs at a small tempera-
ture (Tf = 90 MeV) and significant transverse flow (〈βr〉 = 0.6), are
studied, as shown in Figure 8. Decreasing the freeze–out tempera-
ture and increasing the transverse flow (i.e. going from the dash
line to the solid line), resulted in a narrower balance function as
a function of the relative azimuthal angle ∆ϕ. The studies proved
that the width of the balance function as a function of the relative
azimuthal angle can be used directly to determine freeze–out pa-
rameters as is shown in Figure 8.

It is also proposed that with the balance function one could probe
different particle production mechanisms, such as coalescence. For
example in [50], a generalization of the coalescence model to in-
clude correlations is used. Initially, partons form neutral clusters
which decay into gluons and quark-antiquark (qq̄) pairs, isotropi-
cally. Then, a recombination of the quarks and antiquarks occurs,
forming positive, negative and neutral pions. The remaining glu-
ons form again clusters, and so on, until all partons are trans-
formed into hadrons. The results show that coalescence leads to
a reduction of the width of the balance function in pseudorapidity
for central collisions, as shown in Figure 9.

Finally in [51], the width of the charge and baryon balance func-
tions are calculated using the coalescence hadronization mecha-
nism. The width is calculated by considering uncorrelated clus-
ters with uncorrelated decays, and later on, generalized to include
the possibility of correlations between constituent quarks and an-
tiquarks. Based on this model, for a meson, the width of the dis-
tribution of the two independent variables is reduced by a factor√
1/2 with respect to the width of their own distributions [52]. For

baryons, formed by three constituent quarks, the reduction is
√
1/3.

This leads to a further
√
2/3 = 0.82 reduction of the width of

the baryon balance function with respect to the charged balance
function. The confirmation of this prediction from data (i.e. baryon
balance function being smaller by a factor of around 0.8 with re-
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Figure 9: Width of the balance function (i.e. < |δ| >) in terms of velocity
of transverse flow (i.e. ν). The measurements for data in central
events are illustrated. The qualitative agreement with data is
reached when the transverse velocity approaches 0.8 c. [50]

spect to the charge balance function), would indeed indicate that
baryon balance functions could give insight in the quark coales-
cence hadronization model.

In relation to other parameters in momentum space, it is suggested
in [53] to perform the measurement of balance functions as a func-
tion of Qinv, as is shown in Figure 10. The Qinv is the relative mo-
mentum measured by an observer that is moving with a velocity
equal to the velocity of the two–particle center of mass. The reason
why it is a desirable observable is because it eliminates the contri-
bution from the collective motion of the system and thus leaves
only the time component in. The lack of collective flow depen-
dence comes from the fact that collective flow affects the spectra
but leaves the invariant momentum differences unchanged, if the
two particles originate from the same space-time point.

The balance function studies are as well motivated by hydrody-
namical calculations. These calculations indicate that the charge
balancing mechanism can cause a significant difference in the two-
particle correlation structures. The difference reveals an interesting
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Figure 10: In the upper plot is shown the balance function as a function
of Qinv for π+π− from a blast-wave model with and with-
out distortions (i.e. coming from the interactions), represented
in circles and in squares, respectively. The assumptions of the
model are a breakup temperature of 120 MeV , a maximum
transverse velocity of 0.7 c and a diffusive spread ση = 0. The
undistorted balance function is scaled by 70% to account for
balancing pairs coming from other species. Both balance func-
tions are filtered by the STAR acceptance. In the lower plot the
same characteristics are shown with the balance function plot-
ted as a function of relative rapidity. The distorting effects are
less noticeable in ∆y for STAR measurements. [53]
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sensitivity to the model’s input parameters, among others, the vis-
cosity and the initial time where hydrodynamics takes over [54].

In [55], the balance function coming from a blast wave model that
considers the emission occurring at a fixed time, from thermal
sources moving with a linear velocity, is studied. Such a model
shows a narrowing of the balance function as a function of ∆y, in
central compared to peripheral collisions, consistent with the de-
layed hadronization scenario. The delayed hadronization scenario
results in the separation of balancing charges by the collective be-
havior and the final temperature of the system. These observations
though, are opposite to the behavior predicted by hadronic models.
These models predict a slight broadening of the balance function
with increasing centrality. The broadening comes from the incapa-
bility of hadronic models to reproduce the spectra of the particles
and not necessarily from their incapability to describe the mech-
anism for charge production that explains the dependence of the
width. To clarify such ambiguity, the authors propose calculations
of balance functions using multidimensional analysis in relative
momenta. Such calculations would result in the same width of the
balance function for the three components of the relative momenta
(i.e. out, side and long) for a delayed hadronization scenario.

Finally, a two wave model is used in [56] to describe the parti-
cle production. The model considers that quarks are produced in
two waves, where the first one corresponds to the creation at the
QGP stage and the second one after hadronization. More specifi-
cally, the diffusive spread of the first wave depends on the chem-
ical composition of the QGP. In addition, the pairs coming from
this first wave may be strongly separated in coordinate space. On
the other hand, the pairs created during the second wave are less
separated in coordinate space due to the limited time for separa-
tion. The parameters of the model consider collective velocity and
final state temperature. The separation of balancing charges cre-
ated in the initial conditions of QGP is governed by the parameter
σ(qgp). Another parameter used is the ratio between the spread
of the balancing charges created during or after the hadronization
and σ(qgp) (i.e. σ(had)/σ(qgp)). In addition, it is considered that in
a non-interacting gas of massless partons, the density per parton
species scales with the entropy density and both stay constant in
small windows of rapidity until the hadronization begins. There-
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Figure 11: Correlation function between hadronic species (in this case
K+K−) as a function of ∆y. The hadronization component for
K+K− represented in triangles is small, due to the few strange
quarks that are produced during the hadronization, as shown
in the upper panel. The QGP contribution is represented in
squares and the total contribution in circles. As seen in the
lower panel, if the QGP has half the strangeness content, the
hadronization component would be larger and one would have
a much narrower correlation. [57]

fore, the ratio of quarks to entropy during the QGP and the ratio of
strange quarks to up or down quarks, are also used. The two wave
model motivates the study of the balance function for identified
particles.

In Figure 11, extracted from [57], one can see a correlation function
between hadronic species (K+K−) as a function of ∆y, represent-
ing the contributions from the two waves. The hadronization com-
ponent is represented by the triangles, while the wave represent-
ing the QGP contribution is in squares, and the total contribution
in circles. In the upper plot the hadronization part is the small-
est component, since few strange quarks are produced during this
stage. The author expects strangeness to be mainly produced early,
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since strange quarks are formed in pair-production processes in-
volving gluons in collisions between constituents of the QGP. While
in the lower plot, in a case where the QGP would have half the
strangeness content, the hadronization component would be larger
and one would have a much narrower correlation.

In conclusion, the author claims it is possible to obtain information
about the chemical evolution of the system and further constrain
the parameters of the models used to describe heavy-ion collisions.
These correlations are proven to be unique tools to better under-
stand the properties of the hot and dense matter created in ALICE
at the LHC.

2.3 experimental measurements

These theoretical studies motivated several corresponding studies
in experiments. The balance functions for non identified particles
in Au–Au collisions at

√
sNN = 130 GeV [58], have been first pre-

sented by STAR. In these measurements, the narrowing of the bal-
ance function width is reported for ∆η, in central compared to
peripheral collisions, as shown in Figure 12. Also shown in the
figure are the shuffled events, which refer to the mixing mecha-
nism where within the events, the momentum of a particle is ex-
changed to another particle. For low multiplicity, the shuffling may
not change anything, but for higher multiplicities it breaks all the
correlations and give the widest possible distribution.

Studies on system size are performed in [59] and the first mea-
surements of the balance function in terms of ∆η in Si–Si, C–C,
pp and Pb–Pb collisions at

√
SNN = 17.2 GeV are presented in

Figure 13 and Figure 14, respectively. In Figure 14 the different
panels correspond to different centralities. The figures show that
the balance function width decreases with increasing system size
(i.e. from pp to central Pb–Pb collisions). Furthermore, the balance
function width decreases with increasing centrality of Pb–Pb col-
lisions (i.e. from more peripheral to more central collisions). The
narrowing of the balance function in central compared to periph-
eral Pb–Pb at SPS and in Au–Au collisions at RHIC energies, seems
to suggest a delayed hadronization of the produced matter (equiv-
alent to a delayed production of balancing charges), which is sup-
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Figure 12: Balance function in terms of ∆η for charged particle pairs.
The upper panel is showing the central and peripheral Au–
Au collisions at

√
sNN = 130 GeV , represented in full and

open squares, respectively, and the mixed events from central
and peripheral Au–Au collisions, in full and open triangles, re-
spectively. The lower panel is showing HIJING events filtered
with GEANT in full squares and shuffled events from central
and peripheral Au–Au collisions, represented in full and open
circles, respectively. To guide the eye, Gaussian fits are also
drawn. The balance function for HIJING events is independent
of centrality. [58]
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Figure 13: Balance functions in terms of ∆η for data, illustrated in circles,
shuffled, represented in stars and HIJING events, in inverted
triangles, for Si–Si (upper panel), C–C (middle panel) and pp
(lower panel) collisions. Gaussian fits are used to guide the
eye. [59]
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Figure 14: Balance functions in terms of ∆η for different centrality classes
of Pb–Pb collisions, for data (illustrated in circles) as well as for
shuffled, mixed and HIJING events, illustrated in stars, open
squares and inverted triangles, respectively . Gaussian fits are
used to guide the eye. [59]
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Figure 15: The balance function in terms of ∆y for identified charged pion
pairs from Au–Au collisions at

√
sNN = 200 GeV for nine cen-

trality bins. [60]

ported by the interpretation based on hydrodynamic expansion of
the system and larger collective flow.

In [60] the balance functions are measured for pp, d-Au, and Au–
Au collisions at

√
sNN = 200 GeV for all charged particles and

identified charged pions and kaons. It is observed that the balance
function widths as a function of ∆η for all charged particles and
as a function of ∆y for charged pions, become smaller (i.e. the bal-
ance function narrows) in central Au–Au collisions. For charged
kaons however, the balance function in terms of ∆y shows a mild
dependence with centrality. The results are illustrated in Figure 15

and Figure 16, for charged pions and kaons respectively. The lack
of a strong dependence with centrality may hint to the strangeness
creation at an early stage in the collision, rather than at a later
hadronization stage. On the other hand, when measured as a func-
tion of Qinv, the balance function, shown in Figure 17, becomes
narrower in central compared to peripheral collisions. The same re-
sult is obtained when calculating the balance function for pions as a
function of Qinv, shown in Figure 18. These observations are quali-
tatively consistent with the prediction by models incorporating de-
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Figure 16: The balance function in terms of ∆y for identified charged
kaon pairs from Au–Au collisions at

√
sNN = 200 GeV for

nine centrality bins. [60]

layed hadronization. These results indicate that the dependence of
the balance function with centrality in ∆η and ∆y may be affected
by radial flow, while in Qinv may be driven by the evolution of the
kinetic freeze-out temperature with centrality.

By studying and characterizing the dependence of the balance func-
tion and its moments on transverse momentum pT and multiplicity,
one could extract information about the behavior of the system and
separate the nature of the correlations in jet-like or flow-like corre-
lations. For example, higher pT regions are dominated by jet frag-
ments, which may be created earlier and correspond to a more pen-
etrating probe. On the other hand, in the low pT region, the collec-
tive hydrodynamic flow in heavy-ion collisions is expected to dom-
inate. In this region the multiplicity dependence can be interpreted
as a multiplicity-dependent radial boost focusing the charges, with
this being possible by the development of collectivity in the system.
In addition, high multiplicities can be connected with a larger den-
sity system. Since the collective motion of the system affects the
correlations, they are sensitive to the system transport properties.
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Figure 17: The balance function in terms of Qinv for charged kaon pairs
from Au–Au collisions at

√
sNN = 200 GeV in nine central-

ity bins. Curves correspond to a thermal distribution and a φ
decay. [60]

Figure 18: The balance function in terms of Qinv for charged pion pairs
from Au–Au collisions at

√
sNN = 200 GeV in nine centrality

bins. Curves correspond to a thermal distribution and a K0S
decay. [60]
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They can thus be used to probe things like the viscosity of the QGP
created in high-energy heavy-ion collisions.

In Chapter 5, dedicated to the results of this thesis, we present the
first results of the balance function measurements in pp, p–Pb and
Pb–Pb collisions at

√
s = 7 TeV ,

√
sNN = 5.02 TeV and

√
sNN =

2.76 TeV with the ALICE detector. We discuss in more detail the
open questions related with the balance function’s dependence on
transverse momentum and multiplicity for different systems and
different collision energies.





3
T H E A L I C E D E T E C T O R

ALICE (A Large Ion Collider Experiment) is the dedicated heavy-
ion experiment at the Large Hadron Collider (LHC) at CERN. The
primary goal of the experiment is to create conditions similar to
the ones that existed at the early stages of the evolution of the
Universe, just after the Big Bang and to focus on the physics of
strongly interacting matter at extreme energy densities. Those con-
ditions are achieved by producing a state of matter known as the
Quark-Gluon Plasma (QGP). In the following chapter the LHC is
briefly introduced in Section 3.1, followed by a basic description of
the ALICE detectors which are used in the analysis in Section 3.2.

3.1 the large hadron collider

The LHC is a particle collider based at CERN and placed at about
100 m underground in a circular tunnel of 27 km. A schematic
picture of the accelerator is shown in Figure 19. The LHC is built
to provide collisions between protons or heavy- (e.g. Pb) and, at a
later stage, light-ions (e.g. Ar).

Protons collide at a center-of-mass energy of 7 TeV, while this en-
ergy for Pb–Pb and p–Pb is 2.76 TeV and 5.02 TeV per nucleon pair,
respectively. The protons are grouped in 2808 bunches per beam,
with a bunch spacing of 25 ns (around 7 m) and 1.1× 1011 pro-
tons per bunch. This leads to a luminosity of 1034 cm−2s−1. In
the case of the lead beam, the achieved luminosity is of the or-
der of 1025 cm−2s−1 in the 2010 run and 1026 cm−2s−1 in the
2011 run, with the corresponding hadronic average number of in-
teractions per bunch crossing being around 10−5-10−4 and 10−4-
10−3, respectively. The luminosity obtained for the p–Pb collisions
is about 1029 cm−2s−1 [61].

33
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Figure 19: Sketch of the CERN accelerator complex.

At the four interaction points, the LHC ring hosts the four ma-
jor experiments: ATLAS (A Toroidal LHC Apparatus), CMS (Com-
pact Muon Solenoide), LHCb (Large Hadron Collider beauty) and
ALICE (A Large Ion Collider Experiment). ATLAS and CMS are
general-purpose experiments focused on the confirmation of the
standard model (e.g. by searching for the Higgs boson) and on
signals for physics beyond the standard model. LHCb looks for in-
direct evidence of New Physics by studying CP violation and rare
decays of beauty and charm hadrons.

3.2 the alice detector

The ALICE detector, represented in Figure 20, consists of a cen-
tral detector system covering midrapidity (| η |6 0.9) over the full
azimuth, and several forward systems. The central part is located
inside a large solenoid magnet which generates a magnetic field of
0.5 T . The ALICE detector consists of 18 subsystems.

From the interaction vertex to the outside, the central system in-
cludes six layers of high resolution silicon detectors, the Inner Track-
ing System (ITS), after which there is the main tracking system
named Time Projection Chamber (TPC), a Transition Radiation De-
tector (TRD) for electron identification, and a Time of Flight (TOF)
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Figure 20: Layout of the ALICE detectors. [61]

particle identification detector. An array of ring-imaging Cherenkov
detectors (| η |6 0.6, 57.6o azimuthal coverage) provides identi-
fication of high momentum particles with the High Momentum
Particle Identification Detector (HMPID). Finally, the central part
is complemented by two electromagnetic calorimeters: the Photon
Spectrometer (PHOS), covering | η |6 0.12 and 100o azimuthal cov-
erage, that consists of arrays of high density leadtungstate crystals,
to measure scintillating photons emerging directly from the colli-
sion, and the Electro-Magnetic Calorimeter (EMCAL), which is a
lead-scintillator sampling calorimeter, covering | η |6 0.7 and 110o

in azimuth. The forward rapidity systems include a muon spec-
trometer covering −4.0 6 η 6 −2.4, a photon counting detector
named Photon Multiplicity Detector (PMD) on the opposite side
with a pseudorapidity coverage of 1.8 6 η 6 2.6, and a set of
Forward Multiplicity Detectors (FMD) covering the large rapidity
region up to (η = 5.1). A system of scintillators and quartz coun-
ters (T0 and VZERO) provide fast trigger signals but also energy
measurements with two sets of neutron and hadron calorimeters,
located at 0o and about 115 m away from the interaction vertex, the
Zero Degree Calorimeters (ZDC).
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Layer Type r(cm) ±z(cm) Area
(
m2
)

Channels

1 pixel 3.9 14.1 0.07 3 278 400

2 pixel 7.6 14.1 0.13 6 556 800

3 drift 15.0 22.2 0.42 43 008

4 drift 23.9 29.7 0.89 90 112

5 strip 38.0 43.1 2.09 1 148 928

6 strip 43.0 48.9 2.68 1 459 200

Table 1: Dimensions of the ITS detectors per active areas. The total area
of the ITS is = 6.28 m2. [65]

The ALICE detectors are able to reconstruct and identify midrapid-
ity hadrons, leptons and photons produced in the interaction from
very low (∼ 100 MeV/c) to high pT (∼ 100 GeV/c) and to recon-
struct short-lived particles such as hyperons, D and B mesons. This
is done in an environment with large charged-particle multiplici-
ties, up to 1600 charged particles per rapidity unit, as measured in
the first Pb–Pb collisions at

√
sNN = 2.76 TeV [62].

In the following subsections we will see some more specific details
on six of the eighteen ALICE subdetectors that are crucial for the
analysis presented in this thesis. A detailed description of all AL-
ICE subdetectors can be found in [63].

3.2.1 Tracking Detectors: Inner Tracking System

The Inner Tracking System (ITS) [64, 65] consists of 6 cylindrical
layers of silicon detectors, located at radii r = 4, 7, 15, 24, 39 and
44 cm. The two innermost layers form the Silicon Pixel Detector
(SPD), the two intermediate layers, the Silicon Drift Detector (SDD)
and the two outermost layers, the Silicon Strip Detector (SSD). The
characteristic dimensions of the 6 layers of the ITS detector can
be found in Table 1. Figure 21 presents a schematic view of the
detector.

The ITS is used to localize the primary vertex with a resolution
better than 100 µm and to reconstruct the secondary vertices from
decays of hyperons, D and B mesons. Its other contribution is to re-
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Figure 21: Inner Tracking System (ITS) for the ALICE detector conformed
by two innermost layers of Silicon Pixel Detector (SPD), two
intermediate layers of Silicon Drift Detector (SDD), and two
outermost layers of Silicon Strip Detector (SSD). [64]

construct and identify particles with momentum below 100MeV . It
also helps to improve the momentum and angle resolution for the
high-pT particles which also traverse the Time Projection Chamber
(TPC). In addition, it allows reconstructing, albeit with limited mo-
mentum resolution, particles traversing dead regions of the TPC.
The ITS provides an excellent double-hit resolution, enabling the
separation of tracks with close momenta. The transverse momen-
tum coverage ranged from 0.1 < pT < 3 GeV/c, with a relative
momentum resolution better than 2% for pions in this transverse
momentum range. The ITS coverage in pseudorapidity is | η |< 0.9
and 2π in azimuth, but the resulting azimuthal acceptance is non-
uniform due to dead channels in all three subdetectors.

The granularity required for the innermost planes, where the track
density is very high (particularly for central Pb–Pb collisions), is
achieved with the Silicon Pixel Detectors (SPD) with a coverage of
| η |< 1.98 and Silicon Drift Detectors (SDD) that cover | η |< 0.9. At
larger radii, the requirements in terms of granularity are less strin-
gent, therefore, double-sided Silicon Strip Detectors (SSD) with a
coverage of | η |< 0.9, are used. Double-sided micro-strips have
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Figure 22: Time Projection Chamber in ALICE. [66]

been selected rather than single-sided ones because they introduce
less material in the active volume.

The SDD, like gaseous drift detectors, exploit the measurement of
the transport time of the charge deposited by a traversing particle,
to localize the impact point in one of the dimensions, thus enhanc-
ing resolution and multi-track capability at the expense of speed.
They are therefore well suited for this experiment for which very
high particle multiplicities are coupled with relatively low event
rates. The SDDs provide also the capability of recording dE/dx in-
formation. The two outer layers of the ITS (i.e. SSD) are crucial for
the connection of tracks from the ITS to the TPC. They also provide
dE/dx information to assist particle identification for low momen-
tum particles.

3.2.2 Tracking Detectors: Time Projection Chamber

The Time Projection Chamber (TPC) [61, 66] is the main tracking
detector of the ALICE central barrel. It provides charged particle
momentum measurements with good two track separation, parti-
cle identification, and vertex determination. The TPC is a gaseous
detector filled with 90 m3 gas of Ne/CO2/N2, in two cylindrical
shape volumes separated by a cathode. The TPC length along the
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Azimutal coverage 2π

Radial position 85 < r < 250 cm

Length (active volume) 5000 mm

Segmentation in ϕ 18 sectors

Segmentation in r 2 chambers per sector

Segmentation in z readout on 2 end-plates

Total number 2x2x18 = 72

of readout chambers

Table 2: Other TPC parameters.

beam direction is 5 m. Figure 22 shows a view of the detector. Other
parameters of the detector can be found in Table 2. The pseudora-
pidity covered by the TPC is from | η |< 0.98 up to | η |< 1.5, for
tracks with reduced track length and momentum resolution. The
TPC can reconstruct particles up to 100 GeV/c with good trans-
verse momentum resolution (6% and 4.5% for pT < 20 GeV/c in
central Pb–Pb and pp collisions, respectively). Figure 23 shows the
pT resolution obtained from the combined tracking of the TPC and
ITS, for Pb–Pb collisions at

√
sNN = 2.76 TeV/c. It is seen that

the resolution is minimal for pT ≈ 0.2 GeV/c and increases with
increasing pT , reaching 20% at pT = 100 GeV/c. The rise at low
values of transverse momenta is due to multiple scattering.

As indicated before, the TPC is also used to identify particles by
measuring the energy they lose when they interact with the gas of
the detector. Figure 24 shows the energy loss in the TPC (dE/dx) as
a function of momentum p (GeV/c) for Pb–Pb collisions at

√
sNN =

2.76 TeV/c. The energy loss measurement has a resolution of around
5%. The separation between different particle species can be clearly
seen in the low momentum range while this separation is not as
good at high momenta. In addition, this separation of pion, kaon
and proton becomes constant towards high momenta, about 50
GeV/c.

The TPC is the main detector for the study of hadronic observ-
ables in both heavy-ion and pp collisions. Hadronic measurements
give information on the flavor composition of the particle-emitting
source, via spectroscopy of strange and multi-strange hadrons. In
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Figure 23: Resolution in pT obtained combining tracking of the TPC and
ITS for Pb–Pb collisions at

√
sNN = 2.76 TeV/c. Resolution of

20% corresponds to 100 GeV/c.

Figure 24: Energy loss in the TPC (dE/dx) versus momentum p (GeV/c).
The separation of π, K and p becomes constant at large mo-
mentum. [61]
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Azimutal coverage 2π

Radial position 3.70 < r < 3.99 m

Length 7.45 m

Detector active area 141 m2

Detector gas C2H2F4(90%),

i−C4F10(5%),

SF6(5%)

Gas volumen 16 m3

Table 3: Other TOF parameters.

addition, hadronic measurements also gives information on the
space-time evolution of this particle-emitting source and its extent
at freeze-out, via single particle spectra and two particle correla-
tions, and finally, on event-by-event fluctuations.

3.2.3 Particle Identification: Time Of Flight detector

The Time Of Flight (TOF) detector in ALICE [61, 67] is a large area
array of gaseous detectors using Multi-gap resistive-Plate Cham-
bers (MRPC). The TOF covers the central pseudorapidity region
|η| < 0.9. With a time resolution of 80 ps, the ALICE’s TOF pro-
vides particle identification (PID) in the intermediate momentum
range (from pT = 2 − 5 GeV/c), with a 3σ π/K separation up to
2.5 GeV/c and K/p separation up to 4 GeV/c. Other characteristics
of the detector size can be found in Table 3.

The TOF, coupled with the ITS and TPC for track and vertex re-
construction and for dE/dx measurements in the low-momentum
range (up to about 0.5 GeV/c), provides event-by-event identifica-
tion of large samples of pions, kaons and protons. The TOF iden-
tified particles are used to study relevant hadronic observables on
a single event basis. In addition, at the inclusive level, identified
kaons allow invariant mass studies, in particular the detection of
open charm states and the φ meson.
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Figure 25: Distribution of the sum of amplitudes in the two VZERO ar-
rays for Pb–Pb collisions at

√
sNN = 2.76 TeV/c. The shaded

areas correspond to the different centrality classes of hadronic
collisions. The inset corresponds to the low amplitude region
of the distribution. [65]

3.2.4 Characterization of the collision: VZERO detector

The VZERO detector [65, 68] is made of two arrays (VZERO-A and
C) of scintillator counters, located asymmetrically on each side of
the interaction point, along the beam line. The VZERO-A is located
at 340 cm from the vertex, on the side opposite to the muon spec-
trometer. The VZERO-C is fixed at the front face of the front ab-
sorber, at 90 cm from the vertex. The VZERO-A and VZERO-C
are segmented into 32 elementary counters distributed in 4 rings
and 8 sectors of 45o. The VZERO-A covers the pseudorapidity
range of 2.8 < η < 5.1 while VZERO-C covers the range from
−3.7 < η < −1.7.

The VZERO detector provides timing measurements capabilities
with a resolution of 1 ns. The detector provides a minimum bias
trigger for the central barrel detectors using all scintillator signals
above threshold, a control of the luminosity and a validation signal
for the muon trigger to filter background. In addition the VZERO
detector is used to measure global properties of the pp, p–Pb and
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Pb–Pb systems such as multiplicity. It also allows to estimate the
centrality of a collision with a resolution of approximately 0.5%
centrality bin width in the most central collisions and better than
2% for more peripheral collisions. Figure 25 shows the distribution
of the sum of amplitudes in the two VZERO arrays in Pb–Pb colli-
sions at

√
sNN = 2.76 TeV/c. The shaded areas correspond to the

different centrality classes of hadronic collisions.

3.2.5 Characterization of the collision: T0 detector

The signal of the T0 detector [65] defines the start time signal for
the TOF detector. This timing signal corresponds to the real time of
the collision (plus a fixed time delay) and is independent of the po-
sition of the vertex. The required precision of the T0 signal is about
50 ps. The pseudorapidity range of T0R is 2.9 < η < 3.3 and for
T0L it is −5 < η < −4.5. In the radial direction both T0 arrays are
placed as close to the beam pipe as possible to maximize triggering
efficiency. The minimum bias trigger in pp collisions, estimated by
Monte Carlo simulations, has an efficiency of approximately 48%
for all inelastic processes. The efficiencies of T0R and T0L for pp
inelastic processes are 50% and 59% respectively. The triggering
efficiency in heavy-ion collisions is, due to the high multiplicities,
practically 100%.

3.2.6 Characterization of the collision: The Zero Degree Calorimeters

In heavy-ion interactions, the event-by-event determination of the
collision’s centrality plays a basic role. The relevant information is
used at the trigger level to enhance the sample of central collisions
and, more generally, to estimate the energy density reached in the
interaction. It is therefore important to have several detectors that
can provide a fast and reliable characterization of the event geome-
try.

The ALICE’s Zero Degree Calorimeter (ZDC) [65] is a hadron calo-
rimeter which consists of two proton and two neutron calorimeters,
placed at 115 m along the beam axis on each side of the interaction
point.
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In a collision, the spectator nucleons, which fly away in the forward
direction, are usually intercepted by means of the ZDCs, placed on
the beam axis. These detectors provide a measurement of the en-
ergy of the spectators, which is correlated with the overlapping
region between the colliding nuclei. This correlation can be under-
stood as follows: a large overlapping region involves more nucle-
ons in the collision, and consequently less spectators, resulting in
less energy measured in the ZDC. Proton spectators will be de-
flected with respect to the beam axis by the LHC magnets, while
neutron spectators fly away at zero degree after the collisions, af-
fected by the LHC magnets. The ZDCs are positioned between the
two beams to intercept the spectator neutrons, and external to the
outgoing beam, to collect the spectator protons.



4
A N A LY S I S D E TA I L S

In this chapter, details of the analysis, including the selection crite-
ria applied, are discussed. In Section 4.1 the event and track selec-
tion is described, followed by the discussion about the corrections
for detector efficiency and contamination from secondary tracks
in Section 4.2. In Section 4.3, the corrections for the limited detec-
tor acceptance are presented. In addition, a method to verify the
correct application of these corrections is described in Section 4.4.
Finally, in Section 4.5 the corrected multiplicity is presented and
discussed, whose values are used to compare the balance functions
for all available systems (pp, p–Pb and Pb–Pb). The chapter ends
with a description on how the balance function is constructed in
Section 4.6.

4.1 events and track selection

The analysis was performed on the p–Pb data sample recorded in
2013 at

√
sNN = 5.02 TeV . Approximately 100 million events were

analyzed.

A minimum bias trigger (MB) was used online, requiring a coin-
cidence of signals in the VZERO-A and VZERO-C detectors. An
offline event selection was also applied in order to reduce the con-
tamination from background events and validate the online selec-
tion. These events can originate from electromagnetic or beam–gas
interactions. These latter cases arise from particles in the beam that
collide with the residual gas left in the beam pipe. The background
events produce an "early" signal, compared with the time of a col-
lision at the nominal interaction point. The VZERO arrival time is
computed using a weighted average of all detector elements. Con-
sequently, the beam–beam (beam–gas) interactions are accepted (re-
jected) using this timing information [61].

45
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All events with the reconstructed primary vertex position along the
beam axis |zvtx| within 10 cm from the nominal interaction point
were analyzed. If the interaction point is too far from the center of
the detector (causing vertices being displaced along the z axis), this
leads to many particles produced outside the detector acceptance.
This requirement ensures uniform reconstruction efficiency in the
pseudorapidity region of interest for this analysis (i.e |η| < 0.8).

The multiplicity of an event was estimated using the signal from
the VZERO scintillator detectors (what will be referred to in the
rest of the thesis as the "multiplicity estimator"). VZERO-A is the
default multiplicity estimator since it is more sensitive to the frag-
mentation of the Pb nuclei, as it is positioned in the direction of the
Pb beam [69]. The events were divided in multiplicity classes by
separating in percentiles the amplitude obtained with the VZERO-
A detector, covering the range from 0− 80% of the relevant distri-
bution (used as a proxy of multiplicity), and were analyzed in 5%
intervals.

To select charged particles with high efficiency and to minimize the
contribution from background tracks (i.e. secondary particles origi-
nating either from weak decays or from the interaction of particles
with the material), all selected tracks were required to have at least
70 reconstructed space points out of the maximum of 159 possible
in the TPC. In addition, the average χ2 of the momentum fit of the
track per degree of freedom was required to be below 2. To further
reduce the contamination from background tracks, a requirement
on the distance of closest approach (dca) between the tracks and
the primary vertex was applied. In particular, tracks were rejected
if the distance was larger than 2.4 cm and 3.2 cm in the radial (i.e.
dcaxy) and in the longitudinal (i.e. dcaz) direction, respectively. In
order to ensure a uniform azimuthal distribution, the tracks were
reconstructed using the information from the ITS combined with
the TPC or, if the relevant information was not available (e.g. failed
propagation of the track from the TPC to the ITS due to dead zones
in the latter), the information from the standalone TPC tracking
was used. The results were also checked using the latter tracking
mode (i.e. using tracks reconstructed only with the TPC).

The remaining track sample contains still some particles that can
be considered as background in these studies. An example are the
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electrons originating from γ conversions (γ → e+ + e−) and π0–
Dalitz decays (meson decay that involves two leptons in the final
state, plus a photon). To reduce the relevant contamination, an ad-
ditional requirement based on the energy loss measured by the
TPC was applied. For this, particles residing within three standard
deviations from the theoretical Bethe-Bloch parameterization [70]
of the specific energy loss as a function of momentum in the TPC
for electrons, were excluded, if they were not at the same time com-
patible with pions, kaons or protons (i.e. also within three standard
deviations from the relevant theoretical Bethe-Bloch parameteriza-
tions).

The tracks that fulfilled the selection criteria were combined, form-
ing pairs based on their charge i.e. like and unlike-sign pairs. How-
ever, these formed pairs could potentially have contributions from
unwanted detector effects. Examples are split tracks (two tracks are
reconstructed from clusters that originate from the same track) or
merged tracks (two tracks close in the detector are reconstructed
as one track, due to cluster fusion). In order to reduce the relevant
contribution in the active volume of the TPC, a selection on the clos-
est distance of two tracks at the entrance of the TPC was applied.
This was done by rejecting pairs whose angular differences in both
the polar and the azimuthal angle were satisfying |∆η| < 0.02 and
|∆ϕ∗| < 0.02. Here ∆ϕ∗ is the angular distance between two tracks,
and is given by Eq. 8.

∆ϕ∗ = ϕ1 −ϕ2 − q1

∣∣∣∣arcsin
(
0.0075

Bz(T)r(cm)

pT1(GeV/c)

)∣∣∣∣
+q2

∣∣∣∣arcsin
(
0.0075

Bz(T)r(cm)

pT2(GeV/c)

)∣∣∣∣
(8)

In Eq. 8, ϕ1 and ϕ2 are the azimuthal angles of the two tracks,
q1 and q2 stands for the charge, Bz is the magnetic field in the z
direction, r corresponds to the radius of the detector used (between
0.8 < r < 2.5 m, with r being inside the TPC) and pT1, pT2 are the
transverse momenta of the particles forming the pair.

To reduce contributions from short-range correlations coming from
Coulomb attraction and repulsion and quantum statistics correla-
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Ranges of pT intervals

pT intervals ranges of pT ,trig and pT ,assoc

low 0.2 < pT ,assoc < pT ,trig < 2.0 GeV/c

intermedite 2.0 < pT ,assoc < 3.0 < pT ,trig < 4.0 GeV/c

high 3.0 < pT ,assoc < 8.0 < pT ,trig < 15.0 GeV/c

Table 4: Ranges of pT intervals studied.

tions effects, a requirement on the transverse momentum difference
between the two tracks of the pair was applied. These affect mainly
the balance function points that reside very close to (∆η,∆ϕ) =

(0, 0) and manifest themselves by a dip or a peak in the projec-
tions of the balance functions. In particular, pairs with a minimum
transverse momentum difference varying from ∆pT = 0.0 GeV/c
to ∆pT = 0.2 GeV/c with a step of 0.1, were analyzed. The choice
for the selected values comes from the expectation to have the bulk
of the short-range correlations for ∆pT = 0.1 GeV/c.

The momentum region analyzed was 0.2 < pT < 15 GeV/c and
|η| < 0.8. The analysis is performed using associated and trigger
particles. The trigger is a particle above a certain pT threshold, that
is associated with another particle in a defined pT range, below
that of the trigger particle (i.e. pT ,trig > pT ,assoc). The analysis
was run separately in different ranges of pT ,trig and pT ,assoc as
listed in Table 4.

4.2 efficiency and contamination corrections .

The particles that are used in this analysis are corrected for detec-
tor inefficiencies and secondary track contamination (i.e originat-
ing from weak decays or from interactions of particles with the
detector material). The single particle efficiency (ε) and contamina-
tion (λ) are extracted from Monte Carlo simulations, based on the
DPMJET generator, with a realistic description of the ALICE detec-
tor setup using the GEANT3 transport code [71]. The efficiency is
defined by Eq. 9, where the numerator (i.e Np,surv) corresponds to
the number of reconstructed primary particles satisfying (surviv-
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ing) the selection criteria, while the denominator (i.e Np,gen) corre-
sponds to the number of particles being generated in the detector
acceptance. Particle yields are also corrected for contamination, de-
fined in Eq. 10, where the numerator represents the number of
secondary particles (i.e. Ns,surv), and the denominator represents
the total number of particles (primaries plus secondaries). The cor-
rection factor (i.e. F), defined in Eq. 11, is applied as a weight to
both the trigger and the associated particles, and depends on the η,
ϕ and pT of each particle.

ε =
Np,surv

Np,gen
(9)

λ =
Ns,surv

Np,surv +Ns,surv
(10)

F =
1− λ

ε
(11)

Figure 26, presents the η, pT and ϕ dependence of the single par-
ticle efficiencies. Positive and negative particles are presented sep-
arately on the left and right hand side columns, respectively. The
efficiencies are shown for different multiplicity classes in different
colors, and they indicate that there is no apparent multiplicity de-
pendence. In the upper panel of Figure 26, the η dependence of the
single particle tracking efficiency (ε) for primary particles for the
p–Pb system is plotted. It is seen that the efficiency is around 71%.
The drop of the efficiency at η = 0 is caused by tracks crossing the
central membrane of the TPC i.e. a region where particles cannot be
reconstructed. In the middle panel of Figure 26, the dependence on
transverse momentum pT of the single particle tracking efficiency
is presented. The efficiency rises steeply with increasing transverse
momentum, reaching values of ≈ 82% at 1 GeV/c. Beyond this
value the tracks start to become straighter and are thus affected by
the dead zones of the TPC, hence the slight decrease of 1− 2%. In
the lower panel of Figure 26, the ϕ dependence of the reconstruc-
tion efficiency is presented. The structures observed are a result of
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Figure 26: Dependence of pseudorapidity η, transverse momentum pT
and azimuthal angle ϕ, of the single particle efficiency (i.e. up-
per, middle and low panels respectively) in p–Pb collisions at√
sNN = 5.02 TeV .
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Figure 27: Contamination for positives (in the upper plots) and negatives
(in the lower plots) secondary particles in p–Pb collisions at√
sNN = 5.02 TeV . The left plots show the contamination as a

function of pseudorapidity η, in the middle plots as a function
of transverse momentum pT and in the right plots as a function
of azimuthal angle ϕ.

the TPC sectors. Comparing the relevant values for the efficiency
for positive and negative particles, the plots indicate that there is
no apparent charge dependence.

The relevant η, ϕ and pT dependence of the contamination (λ) from
secondary particles for the p–Pb system is illustrated in Figure 27.
Secondaries in this analysis are defined as particles that originate
from either a weak decay or from the interaction of another particle
with the material of the detector. The contamination for η and ϕ is
about 4%. In addition, it is seen that at low pT, the contamination
reaches 12.5% at pT ≈ 0.2 GeV/c, then decreases with increasing pT,
dropping to 1% at higher values of transverse momentum. Since
the contamination for positive and negative particles is approxi-
mately the same, because of the way the balance function is built,
the influence of the correction to the balance function is negligible.
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Figure 28: Density of like sign and unlike sign pairs in ∆η and ∆ϕ, nor-
malized to the number of trigger particles from tracks of the
event mixing, from the multiplicity class 0− 20%.

4.3 acceptance correction

In the definition of the balance function (see Eq. 5), each term is cor-
rected for detector acceptance effects, using the event mixing tech-
nique. This is based on forming new events by combining tracks
from different events, which have to be similar in terms of multi-
plicity and z-position of the primary vertex. By combining tracks
from different events, forming pairs, any correlations induced by
physics mechanisms are removed, while keeping all the features
introduced by the detector. In practice, this analysis combines at
least five events that belong to the same multiplicity class and sim-
ilar z-position of the primary vertex (±2 cm). For all tracks, the
selection criteria described in the previous sections are applied.

Figure 28 presents the density of like sign and unlike sign pairs in
∆η and ∆ϕ, normalized to unity at (∆η, ∆ϕ) = (0, 0). The purpose
of this normalization is that a particle pair is more likely to be
reconstructed when it is very close in η and thus its probability
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Figure 29: Plots showing the non closure test results for ∆η (upper plots)
and ∆ϕ (lower plots), for the 0 − 20% multiplicity class. The
left plots show the corrected reconstructed particles, while the
middle plots represent the MC generated particles. The right
plots show the ratio between the corrected reconstructed (left
plots) over MC generated (middle plots) particles. This ratio
sits around the unity even though ∆ϕ (shown in the lower
plots) is strongly affected by statistical fluctuations. In the case
of ∆η (shown in the upper plots), a systematic variation that
comes from the tails of the distribution was added as system-
atics in the measurement, point by point.

is assigned as unity. The distributions are extracted from pairs (of
tracks) from mixed events. An almost perfect triangle is observed,
reflecting the flat η acceptance that the ALICE detectors provide
for both positive and negative particles.

4.4 validation of the correction procedure

To verify the proper application of the corrections described be-
fore, a test was performed. This test relied on the comparison of
the balance function results obtained from the analysis of a Monte
Carlo sample at the generator level (i.e. without invoking either
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the detector geometry nor the reconstruction algorithm) and the
ones obtained from the analysis of the output of the full recon-
struction from the same Monte Carlo sample, using the corrections
for detector inefficiencies and acceptance described before. This so-
called MC non-closure test was performed, using DPMJET, over
reconstructed particles, applying the track merging/splitting and
the electron requirements, and over MC generated particles, for
each multiplicity class. The results from this test for ∆η (upper
panels) and ∆ϕ (lower panels), are shown in Figure 29 for the 20%
largest multiplicity class. The left panel of Figure 29 presents the
balance function distribution obtained from the analysis of recon-
structed particles, while the middle panel of Figure 29 shows the
relevant distributions from the analysis of generated particles. The
right panel of Figure 29 presents the division of the balance func-
tion calculated from corrected reconstructed particles (left plot) and
MC generated particles (middle plot). One can see that the ratio is
compatible with 1. There is a slight decrease of the order of 1− 2%
at the edges of ∆η. These differences are included in the system-
atic uncertainty of the measurement. For ∆ϕ (lower plots), on the
other hand, the distributions are affected by statistical fluctuations.
Because of these statistical fluctuations in ∆ϕ, only the variations
in the moments of the distribution were considered as systematic
uncertainties. This study was performed in addition in the mul-
tiplicity bins 20 − 40%, 40 − 60% and 60 − 80% revealing similar
results.

4.5 corrected charged particles multiplicity

The final results are reported as a function of the VZERO multiplic-
ity class but also as a function of the charged particle multiplicity
measured in |η| < 0.8 and pT > 0.2 GeV/c. The latter representation
will be mainly used for the direct comparison of the three systems
i.e. pp, p–Pb and Pb–Pb, investigating the scaling with multiplicity
of the balance function moments. In order to get the corrected num-
ber of charged particles (Ncharged), the raw transverse momentum
spectra per multiplicity class measured with the VZERO-A detec-
tor were extracted. These spectra were corrected for reconstruction
efficiency and contamination from secondary particles using sim-
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Figure 30: Transverse momentum dependence of the correction factor for
charged particles for p–Pb collisions at

√
sNN = 5.02 TeV

ulations based on the DPMJET generator. The correction factors
as a function of pT , as described in Section 4.2, are shown in Fig-
ure 30 for p–Pb collisions at

√
sNN = 5.02 TeV , and do not exhibit

any significant multiplicity dependence. The resulting corrected pT

spectra are presented in Figure 31. The different colors moving
from bottom to top in the plot, correspond to progressively larger
multiplicities.

The resulting corrected charged particle multiplicities per multi-
plicity class are extracted by integrating the histograms of Figure 31

from pT > 0.2 GeV/c. Table 5 summarizes the uncorrected (in
the second column) and the corrected charged particle multiplic-
ities (in the third column) for each of the multiplicity classes, for
pT > 0.2 at mid–rapidity (i.e |η| < 0.8). The resulting values for
Ncharged are subject to an overall uncertainty originating from the
tracking efficiency, of approximately 4% [72].

The number of charged particles obtained Ncharged, was com-
pared with the Ncharged obtained in the minijets analysis by AL-
ICE [73]. The values were compared in the integrated dN/dpTdη
using the same kinematic range (i.e. pT > 0.2 GeV/c and η < |0.8|).
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Both the BF and the minijets analyses, use MC methods to esti-
mate the contamination. The results are consistent. On the other
hand, when compared to the Ncharged obtained when using a
data-driven method to estimate the contamination, there is a dis-
crepancy of about 2%. The difference between the MC and the
data-driven methods to estimate contamination comes from the dif-
ference in decay products that the MC identify with respect to real
life. The 2% discrepancy is covered by the tracking efficiency un-
certainty on Ncharged of approximately 4%.

4.6 how is the balance function constructed

The balance function depends on the size of the rapidity window,
driven by the detector coverage, and is also affected by detector
inefficiencies. To eliminate these effects, a correction factor is ap-
plied to each term of the balance function. This correction factor
is extracted from mixed events. In the case of the electric charge
balance function, the correction factor for a positive-negative pair
represents the probability that given a (positive) particle, a second
(negative) particle, that satisfy the criterium of being emitted at
a relative pseudorapidity or azimuthal angle (∆η or ∆ϕ, respec-
tively), would be detected. Every charge has an opposite balancing
partner and the balance function would thus integrate to unity. On
the other hand, if not all charges are included in the calculation
(e.g. if one studies for example only pion pairs), the electric charge
of a pion could be balanced by a kaon or a proton, and in addition
to that also the detector and tracking inefficiencies could alter the
normalization.

For positive and negatives particles the balance function definition
reads then:

B(∆η,∆ϕ,pT,trig,pT,assoc) = C+,− +C−,+ −C+,+ −C−,− (12)

The Ca,b terms correspond to the associated yield per trigger par-
ticle and are calculated for different charge combinations (e.g. +,-).
They are defined in Eq. 13 for one charge combination (similarly
for the other combinations):
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Corrected charged particle multiplicity

values for each VZERO-A class

Multiplicity Uncorrected Corrected

class charged particles charged particles

|η| < 0.8, pT > 0.2 |η| < 0.8, pT > 0.2

0-5% 50.6± 2.0 62.5± 2.5
5-10% 40.5± 1.6 50.0± 2.0
10-15% 35.6± 1.4 44.0± 1.7
15-20% 32.1± 1.3 39.7± 1.6
20-25% 29.3± 1.2 36.3± 1.4
25-30% 26.8± 1.1 33.1± 1.3
30-35% 24.5± 1.0 30.3± 1.2
35-40% 22.4± 0.9 27.8± 1.1
40-45% 20.4± 0.8 25.2± 1.0
45-50% 18.5± 0.7 22.9± 0.9
50-55% 16.7± 0.7 20.7± 0.8
55-60% 13.2± 0.5 16.4± 0.7
60-65% 15.1± 0.6 18.7± 0.7
65-70% 11.5± 0.5 14.3± 0.6
70-75% 9.8± 0.4 12.2± 0.5
75-80% 8.2± 0.3 10.2± 0.4

Table 5: Corrected charged particle multiplicity values for each VZERO-A
class.
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C+,− =
1

Ntrig,+

d2Nassoc,−
d(∆η)d(∆ϕ)

=

d2Nsame,(+,−)

Ntrig,+d(∆η)d(∆ϕ)
/
d2Nmixed,(+,−)

d(∆η)d(∆ϕ)
(13)

In Eq. 13 the term Ntrig,+ corresponds to the number of positive
trigger particles and d2Nsame,+−/d(∆η)d(∆ϕ) to the particle pair
distribution for positive and negative particles from the same event.
The ratio is computed after summing over all events. The terms
are corrected for detector inefficiencies and contamination on a
track-by-track basis, extracted from Monte Carlo simulations that
include the description of the detector using the GEANT3 frame-
work (i.e. Section 4.2). In addition, pair losses due to the acceptance
and pair inefficiencies are corrected by the relevant correction fac-
tors extracted from mixed events (i.e. d2Nmixed,+−/d(∆η)d(∆ϕ)),
as explained in Section 4.3. The mixed events are constructed by
combining a trigger particle from one event with associated parti-
cles from other events. They are formed from events having similar
multiplicities and Vz within ±2 cm. Each event is mixed with at
least 5 other events. The mixed events distributions are normalized
to 1 at ∆η = 0 and ∆ϕ = 0.

Once the two–dimensional balance function distributions in ∆η and
∆ϕ are calculated using the individual terms of Eq. 12, it is pro-
jected onto both of its two dimensions. When projecting in the
low pT interval (0.2 < pT ,assoc < pT ,trig < 2.0 GeV/c), in ∆η we
only consider the near side (i.e. −π/2 < ∆ϕ < π/2) of the two–
dimensional distribution. The entire ∆η (i.e. ∆η < 1.6) is consid-
ered when projecting in ∆ϕ. For the intermediate pT interval (2.0 <
pT ,assoc < 3.0 < pT ,trig < 4.0 GeV/c), and high pT intervals
(3.0 < pT ,assoc < 8.0 < pT ,trig < 15.0 GeV/c), the signal is lo-
cated using a 3σfit from a Gaussian fit. To quantify the shape of
these one-dimensional projections, the second moment of the dis-
tributions was calculated. This will be referred to from now on in
the text as the width in σ∆η and σ∆ϕ.





5
R E S U LT S A N D D I S C U S S I O N

In this chapter the results from the analysis of p–Pb collisions at√
sNN = 5.02 TeV and the comparison with other systems (i.e pp

collisions at
√
s = 7 TeV and Pb–Pb collisions at

√
sNN = 2.76 TeV)

are discussed. The chapter begins with the presentation of the re-
sults from the p–Pb collision system as a function of multiplicity
and transverse momentum (pT ) intervals. This section is followed
by a discussion on the systematic studies, the multiplicity bias
from different estimators and a comparison of the measurement
with models, in Section 5.2, 5.3 and 5.4, respectively. Finally, Sec-
tion 5.5 presents the corresponding results for the pp and Pb–Pb
systems and provides a comparison among the three systems and
their physics interpretation.

5.1 balance function in p–pb collisions at

√
sNN = 5.02

tev

The balance function for charged particles in ∆η and ∆ϕ is pre-
sented in Figure 32, for three multiplicity classes of p–Pb collisions
at
√
sNN = 5.02 TeV . From top to bottom the results for the highest

(i.e. 0− 5%), intermediate (i.e. 35− 40%) and lowest (i.e. 75− 80%)
multiplicity classes are presented. The trigger and associated par-
ticles are sampled from the low transverse momentum region i.e.
0.2 < pT,assoc < pT,trig < 2.0 GeV/c. It is seen that the bulk of the
charge dependent correlations is located at the near side region i.e.
−π/2 < ∆ϕ < π/2. In this region, the balance function seems to
get narrower with increasing multiplicity. In addition, a depletion
in the correlation pattern is observed around (∆η,∆ϕ) = (0, 0) for
all multiplicity classes. This depletion has significant multiplicity
dependence, and is more pronounced the lower the multiplicity
class is. The magnitude of the balance function also changes with
multiplicity, with higher values corresponding to high multiplicity
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Figure 32: The balance function as a function of ∆η and ∆ϕ in p–Pb col-
lisions at

√
sNN = 5.02 TeV. From top to bottom the 0 − 5%,

35− 40% and the 75− 80% multiplicity classes defined by the
VZERO detectors are shown. The transverse momentum val-
ues for both the trigger and the associated particles satisfy the
condition 0.2 < pT,assoc < pT,trig < 2.0 GeV/c.
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Figure 33: Balance function distributions for p–Pb collisions at
√
sNN =

5.02 TeV , in ∆η and ∆ϕ, for the multiplicity classes 0−5%, 35−
40% and 75− 80%, in the low pT interval. An uncertainty of 4%
should be included in the correlated systematics to account for
the tracking efficiency uncertainties.

events. On the away side (i.e. π/2 < ∆ϕ < 3π/2) however, the bal-
ance function seems to have larger magnitude for low compared to
high multiplicity events.

The projection of the balance function distributions for p–Pb col-
lisions at

√
sNN = 5.02 TeV is presented in Figure 33 as a func-

tion of ∆η (left panel) and ∆ϕ (right panel). The same multiplicity
classes as before are represented and they are the 0− 5% (in red),
35 − 40% (in blue) and 75 − 80% (in green). Each point is drawn
together with its statistical and systematic uncertainty. The latter
will be discussed in detail in Section 5.2. From the inspection of
the distributions, it is clear that the shape changes with multiplic-
ity. The distributions seem to be narrower for high with respect to
low multiplicity classes, while being symmetric around the mean
in all cases. The magnitude of the balance function as a function
of the relative azimuthal angle ∆ϕ on the away-side exhibits a dif-
ferent trend, with low multiplicity classes having larger amplitude
B(∆ϕ) compared to high multiplicity classes.

As mentioned before, a structure is observed around (∆η,∆ϕ) =

(0, 0), which is more pronounced for lower multiplicities. The ori-
gin of this structure was investigated by varying the criterium on
the closest distance of the two tracks at the entrance of the TPC (as
described in Section 4.1). This variation reduces the contribution
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Figure 34: Comparison of the shape of the balance function using differ-
ent values for the transverse momentum requirement, in ∆η
(left panel) and ∆ϕ (right panel), for the 0 − 5% multiplicity
class in the low pT region.

from split or/and merged tracks, however no significant change
in the distributions was observed. The fact that the structure is
not restricted to a very narrow window in either ∆η or ∆ϕ, could
indicate that it is caused by charge dependent short range correla-
tions e.g. Coulomb attraction and repulsion, or quantum statistics
correlations instead of detector effects. To test this hypothesis, the
criterium on the minimum transverse momentum difference ∆pT
of pairs was studied, with a variation from ∆pT = 0.0 GeV/c to
∆pT = 0.2 GeV/c. The choice of the range is driven by the fact that
these correlations are among low transverse momentum particles
that have very small ∆pT.

Figure 34, shows the uncorrected balance function distributions in
∆η (left panel) and ∆ϕ (right panel) for the different values of
the ∆pT requirement, in the multiplicity class that corresponds to
0− 5%. The red circles represent the ∆pT = 0.0 GeV/c case, while
the blue squares and green stars show the ∆pT = 0.1 GeV/c and
the ∆pT = 0.2 GeV/c cases, respectively. It is seen that the depletion
vanishes progressively with increasing the value of ∆pT. The mag-
nitude of the balance function decreases with increasing ∆pT, due
to the progressively increasing number of pairs that are rejected
from the analysis with the application of such a requirement. Ap-
pendix B has further details on the balance function studies using
the transverse momentum requirement. However the application
of such a requirement does not alter the emerging physics picture
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Figure 35: Balance function distributions for p–Pb collisions at
√
sNN =

5.02 TeV, in ∆η and ∆ϕ, for the multiplicity classes 0 − 5%,
35 − 40% and 75 − 80%, in the intermediate pT interval. An
uncertainty of 4% should be included in the correlated system-
atics to account for the tracking efficiency uncertainties.

i.e. qualitative similar narrowing of the balance function with in-
creasing multiplicity is observed in all these three cases. The same
result is achieved by increasing the lower transverse momentum
threshold for both the trigger and the associated particle.

The balance function distributions for the p–Pb system were also
studied for the intermediate and high pT intervals for the trigger
and associated particles. Figure 35 presents the balance function
distributions in ∆η (left panel) and ∆ϕ (right panel), for the inter-
mediate pT interval, which satisfies the relation 2.0 < pT,assoc <

3.0 < pT,trig < 4.0 GeV/c. Figure 36 shows the corresponding
distributions for the high pT interval which satisfies the relation
3.0 < pT,assoc < 8.0 < pT,trig < 15.0 GeV/c. The multiplicity classes
represented in both cases are the 0− 5% (in red), 35− 40% (in blue)
and 75− 80% (in green).

From the comparison of the distributions at different pT intervals,
one can see that increasing the pT interval, narrows the balance
function distributions. In addition, the multiplicity class depen-
dence, reported in the low pT interval, almost vanishes for both
∆η and ∆ϕ.

This multiplicity dependence of the balance function was quanti-
fied by studying the shape of the distributions, calculating their
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Figure 36: Balance function distributions for p–Pb collisions at
√
sNN =

5.02 TeV, in ∆η and ∆ϕ, for the multiplicity classes 0− 5%, 35−
40% and 75− 80%, in the high pT interval. An uncertainty of
4% should be included in the correlated systematics to account
for the tracking efficiency uncertainties.

second moment (i.e. the standard deviation, which will be referred
to as "width", further in the text) in ∆η and ∆ϕ.

Figure 37 presents the multiplicity dependence of the width of
the balance function distribution for p–Pb collisions at

√
sNN =

5.02 TeV , for both ∆η and ∆ϕ. Both the trigger and the associated
particles satisfy the condition 0.2 < pT,assoc < pT,trig < 2.0 GeV/c.
It is seen that the width (i.e. σ4η and σ4ϕ) of the distributions
changes as a function of multiplicity, in particular decreasing with
increasing multiplicity. In this plot, the correlated systematic uncer-
tainty that will be described in the next section, resulted in a further
narrowing of the balance function for every multiplicity class in a
correlated manner (i.e. a global shift of 4.3%).

Figure 38 presents the multiplicity class dependence of σ∆η and
σ∆ϕ for the intermediate pT interval in the upper panels, and the
high pT interval in the lower panels. No significant multiplicity de-
pendence is observed in either of the two representations, for both
transverse momentum regions. Furthermore, the values of σ∆η and
σ∆ϕ for the intermediate and high pT ranges are 2.5− 3 and 6− 8.5
times smaller, respectively, compared to the low pT region, reflect-
ing the narrowing of the charge dependent correlations with in-
creasing pT .
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Figure 37: The multiplicity class dependence of σ∆η (left plot) and σ∆ϕ
(rigth plot) in p–Pb collisions. The transverse momentum val-
ues for both the trigger and the associated particles satisfy the
condition 0.2 < pT,assoc < pT,trig < 2.0 GeV/c.

The dependence of the width of the balance function distribution
(i.e. σ4η and σ4ϕ in the left and right plot, respectively) on the
multiplicity class and transverse momentum is summarized in Fig-
ure 39. The balance function width for the low, intermediate and
high pT intervals in red circles, blue squares and green triangles,
respectively, is presented as a function of the multiplicity classes.
From the plots one can see that the width of the distributions
decreases with increasing transverse momentum. This is because
the high pT ranges are regions where parton fragmentation is the
dominant particle production mechanism. In these regions there
are contributions originating from jet–like structures that result in
particles being emitted preferentially in cones with small opening
angles. These opening angles decrease with increasing value of pT .
In addition the multiplicity dependence vanishes, with increasing
pT intervals.

A more extensive study covering four additional regions of trans-
verse momentum (pT ) was performed. Different pT intervals were
included to better appreciate the evolution with multiplicity of the
width of the balance function while maintaining the pT of the as-
sociated particle fixed and increasing the pT of the trigger particle.
This was done for three different pT of the associated particle. The
dependence of the width of the balance function distribution (i.e.
σ∆η and σ∆ϕ, in the upper and lower panel, respectively) on the
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Figure 38: The multiplicity class dependence of the width of the balance
function in ∆η and in ∆ϕ in p–Pb collisions. Upper panels
representing the intermediate pT interval, and the lower panels
representing the high pT interval.

multiplicity class and transverse momentum is summarized in Fig-
ure 40. The multiplicity classes are divided in 10% bins. All the
pT intervals studied are represented in the right part of the pan-
els. In the figures, the full markers correspond to the pT intervals
previously presented in this document, while the open markers
represent new combinations of trigger and associated transverse
momenta. The circles correspond to combinations where the pT of
the associated particle is low (i.e. 0.2 < pT ,assoc < 2.0 GeV/c),
while the different shades of red correspond with gradually in-
creasing the pT of the trigger particle. Similarly for the other in-
tervals, the squares correspond with the intermediate pT for the
associated particle (i.e 2.0 < pT ,assoc < 3.0 GeV/c) and the tri-
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Figure 39: Balance function width of the distribution, in ∆η and ∆ϕ,
versus multiplicity classes, for p–Pb collisions at

√
sNN =

5.02 TeV , comparing the low, intermediate and high pT inter-
vals.

angles represent a high pT interval for the associated particle (i.e.
3.0 < pT ,assoc < 8.0 GeV/c). The multiplicity dependence vanishes
when the pT of the associated particle is considered from the low
pT region (i.e. pT < 2 GeV/c) while increasing the pT of the trigger
particle. Increasing both pT associated and trigger also leads to a
vanishing multiplicity dependence of the width of the balance func-
tion. This indicates that the multiplicity dependence is restricted to
these low pT regions where the bulk of particles is produced.

The multiplicity dependence for the low pT region could be ex-
plained by the presence of collective phenomena even in small sys-
tems. Such effect in Pb–Pb in particular, is usually attributed to a
centrality dependent radial flow that retains part of the initial cor-
relations of the balancing charged pairs. The presence of such type
of collective effects in p–Pb collisions is supported not only by the
balance function studies, but also by other measurements, such as
the observation of the near side ridge structures in high multiplic-
ity p–Pb events by the CMS collaboration [74] and the double ridge
in p–Pb observed by both ALICE and ATLAS [75, 76]. In addition,
in the correlation studies between identified particles, an interest-
ing mass ordering in the second Fourier coefficient was reported
by ALICE in p–Pb [77]. This finding resembles the one observed
in Pb–Pb collisions [35]. In this latter case, the mass ordering is
usually attributed to the development of collective behavior in the
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Figure 40: Balance function width of the distribution, in ∆η and ∆ϕ,
versus multiplicity classes, for p–Pb collisions at

√
sNN =

5.02 TeV , comparing the all the pT intervals studied.
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system. Recently the measurement of multi-particle correlation by
the CMS collaboration [78] indicated that the observed correlations
are indeed not only a two-particle effect but are rather shared be-
tween all particles. Furthermore, the measurement of the baryon
over meson ratio (e.g. Λ/K0s) [79] indicated an enhancement above
2 GeV/c for high multiplicity p–Pb events. This is once more simi-
lar to what is observed in Pb–Pb collisions where this enhancement
is nowadays believed to originate from radial flow. The latter affects
particle spectra, redistributing particles from low to intermediate
pT , but affects more the heavier hadrons. If such effects develop
also in p–Pb collisions, then they should also show up in the bal-
ance function analysis e.g. narrowing of the balance function width
versus multiplicity, which is indeed observed experimentally.

The origin of these collective effects in p–Pb collisions has been
under theoretical debate. For example, calculations using a hydro-
dynamic expansion phase [54] indicate, that for high multiplicity
collisions, the experimental findings (e.g. mass ordering of v2) can
be qualitatively reproduced. In addition, the Color Glass Conden-
sate (CGC) model, indicates that initial state gluon correlations are
linked to the ridge-like structure observed in the p–Pb system [80].
Finally, it was suggested that collective effects could be created
without the presence of a hydrodynamic expansion by coupling
non-interacting hot matter created in small systems with hadronic
cascades [81].

The narrowing of the balance function width for low pT regions
has been also attributed to a delayed hadronization scenario at
LHC energies, where particle pairs are created at a delayed stage
during the evolution of the system. In Pb–Pb collisions this can
occur in a picture where the formed deconfined phase lives long
enough and the relevant hadronization process takes place after
e.g. 10 fm/c [82]. However, in p–Pb collisions there are experimen-
tal measurements that do not support the development of such a
long-lived colored medium. Such is the case of the RpPb [83] mea-
surement which is compatible with unity. The RpPb is the ratio of
the yield in p–Pb collisions relative to the corresponding yield in
pp, scaled by the number of binary collisions. In case a deconfined
medium is created, as for Pb–Pb collisions, this ratio deviates from
unity, reflecting either the absorption or the attenuation of the en-
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ergy of high momentum particles when they interact with the QGP
medium.

In the higher pT regions the particles are more sensitive to leading
jet fragments. Complementary studies have been performed look-
ing at the multiplicity dependence of this RpPb, now indicated as
QpPb [84, 85]. The independence of QpPb on the multiplicity class
at high pT intervals further supports the picture that a long-lived
colored medium is not formed in p–Pb collisions regardless of the
multiplicity class. These measurements revealed that particles in
this transverse momentum region, mainly originating from a hard
parton fragmentation, retain the same properties without any sig-
nificant change with multiplicity.

5.2 systematic studies

In the figures discussed in the previous section, the data points
were drawn together with their statistical and systematic uncer-
tainties. The latter were calculated for the balance function distribu-
tions on a bin-by-bin basis, and then propagated to their moments.
These contributions are separated in two categories, the ones that
result into correlated errors where all the points move up or down
at the same time, and the uncorrelated contributions. The open box
around each point represents the latter uncertainty while the corre-
lated part will not be represented in the plots. For each source, the
uncertainties are symmetric around the central value. The origin of
these uncertainties will be the subject of the next paragraphs.

The correlated part of the systematic uncertainty is related to charge
dependent short-range correlations such as Coulomb attraction and
repulsion and quantum statistics correlations. Only pairs formed
by particles with a small transverse momentum difference ∆pT are
usually influenced by these effects. In order to study the impact of
short range correlations on the final result, a requirement of a min-
imum ∆pT for the two particles forming a pair was applied. The
value was varied from ∆pT = 0.0 GeV/c to ∆pT = 0.2 GeV/c
with a step of ∆pT = 0.1 GeV/c. The maximum contribution of
this source to the systematics is approximately 4.3%.
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For the uncorrelated systematic uncertainty the relevant contribu-
tion is obtained by varying the event and track selection require-
ments described in the previous chapter. The contribution of each
source was calculated as the spread of the relevant values of σ∆η
and σ∆ϕ, extracted from the variations of the selection criteria.
Each contribution, if statistically significant [86], is added in quadra-
ture to form the final systematic uncertainty.

The values given below, correspond to the maximum contribution
over all multiplicity classes coming from each source:

• Dependence on the electron rejection requirement, estimated
by varying the default criterium (3 standard deviations from
the theoretical Bethe-Bloch parametrization in the TPC) up
to 5 standard deviations. The maximum contribution of this
source to the systematic uncertainty is around 0.1% for the
width of the balance function distribution.

• Contributions from the applied corrections which include the
uncertainty from the efficiency/contamination correction pro-
cedure. To confirm the adequate application of the correction
to the balance function, a so-called non closure test was per-
formed, described in Section 4.4. The maximum contribution
of this source to the systematics uncertainty is around 0.4%
for the width of the balance function distribution.

• Dependence on the amount of pile–up events. The LHC con-
ditions were such that resulted into a negligible pile–up prob-
ability (< 0.1%), and thus a negligible contribution to the sys-
tematic uncertainty for this measurement.

• Dependence on the ∆ϕ∗ requirement, applied to reduce the
influence of effects like track splitting and merging to the
measurement of the balance function. The default value for
this criterium is ∆ϕ∗ = 0.02 rad, however this value was var-
ied from 0.01 to 0.03 as part of the estimation of the system-
atic uncertainties. The maximum contribution of this source
to the width of the balance function is about 0.2%.

• Dependence of the results on the different tracking modes
(i.e. TPC versus global tracking). In order to investigate the
contribution from different track requirements and to allow
testing the contribution from secondaries (since different dca
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Systematic uncertainties (%) for σ∆η, σ∆ϕ
for 0.2 < pT ,assoc < pT ,trig < 2.0 GeV/c

Multiplicity Non correlated Non correlated

class σ∆η (%) σ∆ϕ (%)

0-5% 0.4 0.2

5-10% 0.4 0.1

10-15% 0.4 0.1

15-20% 0.4 0.1

20-25% 0.3 0.2

25-30% 0.3 0.1

30-35% 0.3 0.1

35-40% 0.2 0.2

40-45% 0.2 0.1

45-50% 0.2 0.2

50-55% 0.2 0.1

55-60% 0.2 0.1

60-65% 0.2 0.1

65-70% 0.1 0.1

70-75% 0.2 0.1

75-80% 0.1 0.2

Table 6: Relative systematics for the width of the balance function distri-
bution in the low pT interval.

criteria are applied), results obtained from different tracking
modes were compared. The maximum contribution of this
source to the systematics is about 0.2%.

• The contribution from tracking efficiency uncertainty. This
contribution results into an overall correlated systematic er-
ror in the yield of the balance function of around 4% [72].

The resulting values for the systematics on the width of the bal-
ance function are shown in Table 6, for the p–Pb system, in ∆η and
∆ϕ (relative systematics in %) for the low pT interval. For each
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multiplicity class (first column), the values represent the final un-
correlated relative systematic uncertainties.

Contrary to the low pT interval, the criterium of a minimum trans-
verse momentum difference between pairs does not introduce any
systematic uncertainty for the intermediate and high pT intervals.
This indicates that these short-range effects reside at very low val-
ues of pT . The uncorrelated uncertainty is also negligible for both
the intermediate and the high pT .

5.3 bias from different multiplicity estimators

The selection of multiplicity classes extracted from detectors cover-
ing different pseudorapidity ranges could introduce a bias in the
measured correlations. The bias can be seen if for example one de-
fines multiplicity classes from a detector in the same η range as
the one used to study the correlations. This bias is introduced by
different physics processes e.g. back-to-back jet topologies.

For the p–Pb case, the multiplicity class was defined with the VZERO-
A detector that covers the pseudorapidity range of 2.8 < η < 5.1.
In addition to the VZERO-A detector, the study also uses the Neu-
tron Zero Degree Calorimeter (ZNA), placed at zero degrees with
respect to the LHC axis (|η| > 8.8) and the estimator that sorts
events based on the number of hits in the second layer of the Inner
Tracking System (ITS) positioned in the central barrel.

Figure 41, presents the balance functions in ∆η and ∆ϕ for differ-
ent multiplicity classes defined with the CL1 (central barrel detec-
tor) and the ZNA (forward detector) multiplicity estimators, respec-
tively. The results shown correspond to the low pT interval and a
transverse momentum criterium of ∆pT = 0.1 GeV/c. The distri-
butions illustrate how the shape and the magnitude of the balance
function change with multiplicity.

To quantify the shape of the distributions, Figure 42 shows the bal-
ance function width as a function of the multiplicity class using
the different multiplicity estimators, in ∆η (in the left plot) and
∆ϕ (in the right plot). In both ∆η and ∆ϕ and for all multiplic-
ity estimators, a narrowing of the balance function with increasing
multiplicity is reported. There is an ordering observed in the re-
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Figure 41: Balance function projections in ∆η and ∆ϕ for different mul-
tiplicity estimators (CL1 in the upper panels and ZNA in the
lower panels) for the interval that goes from 0.2 < pTassoc <
pTtrig < 2.0 GeV/c. The different colors correspond to differ-
ent multiplicity classes.



5.3 bias from different multiplicity estimators 77

 VZEROA multiplicity class (%)
0 10 20 30 40 50 60 70 80

η
∆

σ 

0.6

0.62

0.64

0.66

0.68

0.7

0.72

0.74

0.76

0.78

0.8

 = 5.02 TeV
NN

spPb 

Cl1

V0A

ZNA

 VZEROA multiplicity class (%)
0 10 20 30 40 50 60 70 80

 (
ra

d
)

ϕ
∆

σ 

0.7

0.75

0.8

0.85

0.9

0.95

1

 = 5.02 TeV
NN

spPb 

Cl1

V0A

ZNA

Figure 42: Balance function width in ∆η and ∆ϕ for different multiplicity
estimators in the interval 0.2 < pTassoc < pTtrig < 2.0 GeV/c
versus multiplicity class. The different multiplicity estimators
are represented in red circles for CL1, blue squares for VZERO-
A and green triangles for ZNA. The width of the distributions
shows a bias in the sample that comes the selection of the mul-
tiplicity estimator used and the selected interval studied. The
high multiplicity classes are more sensitive to see for instance
jets, while going forward, all the correlations that comes from
jets, resonances, etc, are lost.

sults obtained with the usage of the forward detectors (comparing
VZERO-A and ZNA), and the central barrel detector (CL1). When
the central barrel detector is used for both measuring the correla-
tions and the multiplicity class definition, the narrowing becomes
more pronounced. This could be attributed to additional correla-
tions introduced by including more low pT jets containing corre-
lated charged particles in the high multiplicity samples. For ex-
ample, more jetty events can be selected, resulting into a further
narrowing of the balance function. If one moves to more forward
regions to define the multiplicity classes, then the influence of these
events is reduced. The consequence is a wider balance function dis-
tribution when forward compared to central regions are used to
define multiplicity classes.
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5.4 model comparison

The experimental results were compared with different Monte Carlo
models like DPMJET (Dual Parton Model, JET), using 26 million
reconstructed events, and 100 million AMPT (A multi–phase trans-
port model) events at the generator level.

DPMJET [87] is a multipurpose generator based on the Dual Parton
Model (DPM). It samples two–two particle interactions at high en-
ergies, to describe the production of nuclear fragments in hadronic
collisions. It is a model based on independent pp collisions, describ-
ing soft hadronic processes and hard interactions, using multiple
soft chains and minijets at each elementary interaction, without
the inclusion of any collective effect. Particle production is realized
by the fragmentation (using a string model) of colorless parton–
parton chains constructed from the quark content of the interact-
ing hadrons, considering as well the cascading of secondaries. The
mechanism in the model that we are mainly interested in to com-
pare the data points, is the production at the end of hard and semi–
hard chains, like minijets.

AMPT [88] on the other hand, is an event generator based on HI-
JING for the initial conditions. Collective effects are introduced in
two steps. In step one, the parent strings are melted to partons that
are allowed to interact. Once the interactions seize, the quarks coa-
lesce into hadrons. In step two, hadronic rescattering occurs, which
includes the decay of resonances.

The balance function distributions for DPMJET and AMPT, for p–
Pb collisions at

√
sNN = 5.02 TeV, are presented in Figure 43 and 44,

respectively, as a function of ∆η (left panels) and ∆ϕ (right panels).
The figures show the low transverse momentum region. The mul-
tiplicity classes are represented with different colors. The distribu-
tions illustrate how the shape and yields of the balance function
change with multiplicity. From the inspection of the distributions,
DPMJET seems not to have any clear multiplicity dependence for
both representations. A similar behavior is observed for the AMPT
case in the ∆η projection. On the other hand the AMPT for the ∆ϕ
projection shows a small dependence on the multiplicity class.
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Figure 43: DPMJET balance function distributions for p–Pb collisions at√
sNN = 5.02 TeV , in ∆η and ∆ϕ, for the multiplicity classes

0− 20%, 20− 40%, 40− 60% and 60− 80%. The distributions
correspond to the low pT interval.
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Figure 44: AMPT balance function distributions for p–Pb collisions at√
sNN = 5.02 TeV , in ∆η and ∆ϕ. The multiplicity classes rep-

resented go from 0− 10% to 70− 80% with a 10% binning. The
distributions correspond to the low pT interval.
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Figure 45: Multiplicity class dependence of σ∆η in p–Pb collisions, in the
upper panels. The lower panels show the relative decrease of
the width i.e. σ∆η, calculated with respect to the lowest multi-
plicity class i.e. σ70−80%

∆η , as a function of the multiplicity class.
The transverse momentum values for both the trigger and
the associated particles satisfy the condition 0.2 < pT,assoc <

pT,trig < 2.0 GeV/c.

The upper panels of Figure 45 and Figure 46 present the multiplic-
ity dependence of the width of the balance function distribution
for p–Pb collisions at

√
sNN = 5.02 TeV . Both the trigger and the

associated particles satisfy the condition 0.2 < pT,assoc < pT,trig <

2.0 GeV/c. The data points (represented by circles) for both σ4η
and σ4ϕ, exhibit a strong dependence on the multiplicity class as
discussed already in a previous section.

The measurement is compared with DPMJET (dashed line) and
AMPT (solid line), in ∆η and ∆ϕ. It seems that for correlations in
the relative pseudorapidity, both models result in wider distribu-
tions compared with the experimental points. No significant multi-
plicity dependence is observed for DPMJET while for AMPT there
is a slight decrease of the width as a function of multiplicity. For
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Figure 46: Multiplicity class dependence of σ∆ϕ in p–Pb collisions. The
lower panels show the relative decrease of the width i.e
σ∆ϕ, calculated with respect to the lowest multiplicity class
σ70−80%
∆ϕ , as a function of the multiplicity class. The transverse

momentum values for both the trigger and the associated par-
ticles satisfy the condition 0.2 < pT,assoc < pT,trig < 2.0 GeV/c.

correlations in the azimuthal angle, AMPT exhibits relatively small
multiplicity class dependence. This comes as a first indication that
indeed the balance function, when studied as a function of ∆ϕ,
shows signs of collective effects and may be used as a measure of
radial flow.

The lower plots of Figure 45 and Figure 46 present the decrease of
the width of the balance function distribution for every multiplicity
class relative to the corresponding value for the lowest multiplicity
class (i.e. σ70−80%

∆η and σ70−80%
∆ϕ ). The figure presents the experi-

mental points compared with DPMJET and AMPT. The experimen-
tal points exhibit a relative decrease for ∆η of (7.1 ± 0.2(stat.) ±
0.4(syst.))% and for ∆ϕ of (10.5 ± 0.3(stat.) ± 0.2(syst.))%. From
the plots one can see that DPMJET does not show any multiplic-
ity dependence for either ∆η or ∆ϕ. In the case of AMPT, little
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dependence is observed: in ∆η lower than 2% and for ∆ϕ around
4%.

Figure 47: The multiplicity class dependence of the width of the balance
function in ∆η and in ∆ϕ in p–Pb collisions. Upper panels
representing the intermediate pT interval and the lower panels
for the high pT interval.

Figure 47 presents the multiplicity class dependence of σ∆η and
σ∆ϕ for the intermediate pT interval in the upper panels and the
high pT interval in the lower panels. No multiplicity dependence
is observed in either of the two representations for both transverse
momentum regions. DPMJET is found to describe the data at a
qualitative level i.e. expects no multiplicity dependence at these
intermediate and high transverse momentum regions. Same behav-
ior is observed for AMPT in the high pT region. On the other hand,
AMPT expects a very small narrowing of the distributions with in-
creasing multiplicity, only for the intermediate pT interval in both
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representations σ∆η and σ∆ϕ, which is not supported by the mea-
surements.

Finally, one can see that neither models based on independent pp
collisions as the case of DPMJET, nor models incorporating col-
lective effects as AMPT, describe quantitatively the experimental
points. This comes as an indication that such models need tuning
to reproduce the experimental findings. Nevertheless the narrow-
ing of the balance function is by itself an interesting result. It does
show signs of a system exhibiting collective behavior but currently,
the question on the origin of the collectivity cannot be answered.

5.5 comparison to pb-pb and pp systems

5.5.1 Balance function in pp collisions at
√
s = 7 TeV

Similar analysis was performed also over the pp data samples record-
ed in 2010 at

√
s = 7 TeV in approximately 239 million events.
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Figure 48: The multiplicity class dependence of the balance function in
∆η (left plot) and ∆ϕ (right plot) in pp collisions at

√
s = 7 TeV.

The transverse momentum values for both the trigger and
the associated particles satisfy the condition 0.2 < pT,assoc <

pT,trig < 2.0 GeV/c.

The balance function distributions for pp collisions at
√
s = 7 TeV

are presented in Figure 48 as a function of ∆η and ∆ϕ in the left
and right panel, respectively. Three indicative multiplicity classes
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(i.e. 0− 10%, 30− 40% and 70− 80%), estimated with the VZERO-A
detector, are represented in different colors. Both trigger and asso-
ciated particles are sampled from the low pT region, satisfying the
relation 0.2 < pT,assoc < pT,trig < 2.0 GeV/c. Each point is drawn to-
gether with its uncertainty, similarly to the results for the p–Pb sys-
tem. These plots provide a direct comparison of the distributions
for the different multiplicity classes and illustrate clearly how the
distributions become progressively narrower with increasing mul-
tiplicity. The magnitude of the balance function also changes with
multiplicity, with higher values being present for high multiplicity
events. Similarly to p–Pb collisions, a distinct depletion is observed
in pp collisions at (∆η,∆ϕ) = (0, 0). This depletion increases with
decreasing multiplicity.
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Figure 49: The multiplicity class dependence of the width of the balance
function in ∆η (left plot) and in ∆ϕ (right plot) in pp colli-
sions at

√
s = 7 TeV, for the low pT interval, compared with

PYTHIA8 with and without color reconnection.

To quantify the shape of the distributions, the width in ∆η and ∆ϕ
was studied. The upper plots of Figure 49 present the width of the
balance function in ∆η (i.e. σ∆η in the left panel) and in ∆ϕ (i.e.
σ∆ϕ in the right panel) as a function of the VZERO-A multiplic-
ity class for 0.2 < pT,assoc < pT,trig < 2.0 GeV/c. The experimental
points are represented by circles. The figure shows in addition re-
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sults for the PYTHIA8 tune 4C [89] that contains some modified
multiparton interactions parameters, with the option of switching
on and off a process called color reconnection.

Figure 50: Color reconnection mechanism representation.

The aim of the color reconnection [90] is to describe the hadroniza-
tion of a many parton system in a single event, with multiple hard
collisions. Figure 50 shows a schematic view of the mechanism.
In hard gluon–gluon collisions, the outgoing gluons are color con-
nected to the projectile and targets residuals. Extra gluons could
come from initial state radiation (left panel of Figure 50). The sub-
sequent hard scattering is expected to give two new strings con-
nected to the residuals (middle panel of Figure 50). The gluons are
color reconnected in a way that the total string length becomes as
short as possible (right panel of Figure 50).

The lower plots of Figure 49 present the ratio of σ∆η and σ∆ϕ, in
the left and right panels respectively, for every multiplicity class
relative to the value of the width for the lowest multiplicity class
i.e. σ70−80%

∆η and σ70−80%
∆ϕ .

The experimental points for both ∆η and ∆ϕ indicate a clear nar-
rowing of the balance function with increasing multiplicity. It seems
that the multiplicity dependence observed in the experimental points,
can be described by the PYTHIA8 tune with the inclusion of color
reconnection, represented by the dashed line. The difference with
the data in the value of the width could originate by the absence
in these type of models of mechanisms responsible for the creation
of short range correlation effects such as quantum statistics corre-
lations. On the other hand, PYTHIA8 without color reconnection,
represented by the solid line, shows a very small dependence on
multiplicity that can be attributed to an increased resonance yield
for high multiplicity events.
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The experimental data points exhibit a relative decrease of σ∆η of
(7.0± 0.3(stat.)± 1.4(syst.))% between the lowest and the highest
multiplicity class (see lower panel of Figure 49). As indicated also
before, PYTHIA8 without the inclusion of color reconnection ex-
pects a modest decrease of σ∆η of the order of 2%. On the other
hand, the inclusion of color reconnection becomes essential to re-
produce the significant narrowing of σ∆η observed in data. It is
seen that the relative decrease for this PYTHIA8 calculation is around
7.5%, very close to the experimental trend. The relative decrease for
the measured points for σ∆ϕ is: (10.8±0.4(stat.)±1.4(syst.))%. The
curve representing the results for PYTHIA8 without the inclusion
of color reconnection exhibits a relative decrease of 2.5%. On the
other hand, the calculation of PYTHIA8 where the color reconnec-
tion mechanism is included yields a significant relative decrease of
around 10%.

The effect of color reconnection in PYTHIA8 is strongly connected
to multiparton interactions (MPI) which increases with increasing
multiplicity. In high multiplicity pp events, MPI lead to many color
strings that will overlap. In PYTHIA8 these strings are given a prob-
ability to be connected and hadronize not independently, but rather
in a process that resembles collective final-state effects. This leads
to the development of final-state correlations between charged par-
ticles in a similar way as a collective radial boost does. Hence the
quantitative agreement of the experimental results with PYTHIA8

including color reconnection could be an indication of the devel-
opment of collective effects not driven by hydrodynamics in small
systems, i.e. pp. This opens up the possibility to attribute some of
the effects that have been recorded in p–Pb collisions to processes
that mimic hydrodynamic flow.

Figure 51 presents the multiplicity class dependence of σ∆η and
σ∆ϕ for the intermediate pT interval, in the pp system. No mul-
tiplicity dependence is observed in either of the two representa-
tions for the intermediate transverse momentum region. Further-
more, the values of σ∆η and σ∆ϕ at this pT range are 2.5− 3 times
smaller compared to the low transverse momentum case, reflecting
the narrowing of the charge dependent correlations with increasing
pT . The tune of PYTHIA8 without the inclusion of color reconnec-
tion is found to describe the data at a qualitative level i.e. expects
no multiplicity dependence at this intermediate transverse momen-
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Figure 51: The multiplicity class dependence of the width of the balance
function in ∆η (left plot) and in ∆ϕ (right plot) in pp collisions
at
√
s = 7 TeV, for the intermediate pT interval.

tum region. On the other hand, PYTHIA8 with the inclusion of
color reconnection expects a broadening of the distributions with
increasing multiplicity in both ∆η and ∆ϕ, which is not supported
by the measurements. Currently, we do not know what is the rea-
son for such a broadening. As a speculative argument, it could be
caused by a broad angle of the jet cone in the current tune of the
model. Certainly it motivates studies on near side jet peak widths
for high pT regions.

It is clear though that the color reconnection is a powerful tool of
the PYTHIA8 tune 4C. By applying such mechanism, the depen-
dence of the balance function with multiplicity drastically changes,
with respect to the case where there is no inclusion of such a mech-
anism mimicking collective behavior. Color reconnection seems to
be an important ingredient to understand small systems.

5.5.2 Balance function in Pb–Pb collisions at
√
sNN = 2.76 TeV

The analysis was also performed for Pb–Pb collisions at
√
sNN =

2.76 TeV , over the samples recorded in 2010 and 2011 in approxi-
mately 35 million events.

The balance function distributions for Pb–Pb collisions at
√
sNN =

2.76 TeV are presented in Figure 52 as a function of ∆η and ∆ϕ in
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Figure 52: The multiplicity class dependence of the balance function in
∆η (left panel) and ∆ϕ (right panel) for Pb–Pb collisions at√
sNN = 2.76 TeV . Both trigger and associated particles are

sampled from the low transverse momentum region.

the left and right panel, respectively. Three indicative centralities
are shown: 0− 5% (central collisions), 30− 40% and 70− 80% (pe-
ripheral collisions). Both trigger and associated particles are sam-
pled from the low pT region, satisfying the relation 0.2 < pT,assoc <

pT,trig < 2.0 GeV/c. Each point is drawn together with its system-
atic uncertainty. These plots illustrate how the distributions become
progressively narrower and sharper-pointed for more central colli-
sions compared to peripheral ones.

The width of the balance function as a function of the centrality
percentile for the experimental points are compared with Monte
Carlo simulations from HIJING [91] and AMPT [88] event genera-
tors in Figure 53. The multiplicity classes were defined by binning
in percentiles of impact parameter range. The results are shown
in terms of correlations in the relative pseudorapidity (left panel)
and the relative azimuthal angle (right panel). The experimental
data points, exhibit strong centrality dependence: more central col-
lisions correspond to narrower distributions for both ∆η and ∆ϕ.
HIJING, which simulates heavy–ion collisions by a superposition
of many independent nucleon-nucleon collisions, does not show
a significant dependence on the multiplicity and cannot describe
the experimental data. The plot shows also the results from AMPT,
that expects for ∆η little centrality dependence even though the
produced system exhibits collective behavior. On the other hand,
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Figure 53: Balance function width for Pb–Pb collisions at
√
sNN =

2.76 TeV compared with HIJING and AMPT in ∆η and ∆ϕ,
as a function of centrality percentile, in the low pT interval.

the width of the balance function in ∆ϕ is in qualitative agreement
with the centrality dependence of the experimental points. This ob-
servation is consistent with the expectation that the balance func-
tion can be used as a measure of radial flow of the system, while
studied as a function of ∆ϕ, as it was suggested in [92].

The lower plot of Figure 53 presents the ratio of σ∆η (σ∆ϕ) for
every multiplicity class to the corresponding value for the lowest
multiplicity class i.e. σ70−80%

∆η (σ70−80%
∆ϕ ). The experimental data

points for σ∆η exhibit a relative decrease of (21.2 ± 2.4(stat.) ±
3.4(syst.))% between the lowest and the highest multiplicity class.
As indicated also before, this relative decrease is not reproduced
by either, HIJING or AMPT. In σ∆ϕ, the relative decrease for the
measured points is: 26.5± 1.0(stat.)± 2.4(syst.)%. The curve repre-
senting the results for HIJING does not show any significant nar-
rowing, whereas AMPT decreases by about 18%.

Figure 54 summarizes the dependence of the width of the balance
function distribution on multiplicity class and transverse momen-
tum (i.e in σ4η and σ4ϕ in the left and right plot, respectively). It
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pT intervals.

is seen that the observed narrowing of the balance function width
with increasing multiplicity is a feature of the low transverse mo-
mentum region i.e. where the bulk of particles are produced. A
similar behavior (narrowing of the balance function for high mul-
tiplicity classes) was observed in [93] when comparing the balance
function in heavy–ion collisions for different collision energies (see
also Appendix A). For higher transverse momenta the multiplicity
class dependence is significantly reduced, if not vanished, and the
correlations of balancing partners are narrower with respect to the
low pT region. These observations are similar to those in the p–Pb
case.

5.5.3 Comparison between pp, p–Pb and Pb–Pb

All three systems analyzed can be compared in terms of the width
of the balance function for both ∆η and ∆ϕ.

Figure 55 presents the charged particle multiplicity dependence of
the width of the balance function in ∆η and ∆ϕ for low (0.2 <
pT,assoc < pT,trig < 2.0 GeV/c), intermediate (2 < pT,assoc < 3.0 <
pT,trig < 4.0 GeV/c) and high (3.0 < pT,assoc < 8.0 < pT,trig <

15.0 GeV/c) pT intervals. The comparison of the three systems was
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Figure 55: The width of the balance function in ∆η(left panel) and in
∆ϕ(right panel) for the three systems analyzed (pp, p–Pb and
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sured with the VZERO-A for |η| < 0.8 and pT > 0.2 GeV/c.

done in a consistent way i.e. considering slices of VZERO-A mul-
tiplicity. Multiplicity is defined as the number of charged particles
reconstructed in |η| < 0.8 and pT > 0.2GeV/c, as described in Sec-
tion 4.5. The blue squares correspond to pp collisions at

√
s = 7 TeV,

p–Pb collisions at
√
sNN = 5.02 TeV are shown as red circles, and

Pb–Pb collisions at
√
sNN = 2.76 TeV are shown with the green

stars.

The width is compatible for pp and p–Pb for overlappingNcharged
ranges. On the other hand, the width in p–Pb is different compared
with the Pb–Pb system for the overlapping Ncharged ranges. The
narrowing in the low pT region follows the same behavior for pp,
p–Pb and peripheral Pb–Pb collisions, whereas the slope of the re-
sults for central Pb–Pb collisions seems to have a different value,
compared to the pp and p–Pb slopes. The results indicate that dif-
ferent mechanisms may be driving the charge-dependent correla-
tions in pp and p–Pb compared to the Pb–Pb system, for the low
pT region.

Furthermore, for the intermediate and high pT intervals, the width
seems to have a similar value for all systems analyzed. The origin
of the correlations between balanced partners at these (i.e. interme-
diate and high) transverse momentum regions could be connected
with particle production mechanisms such as coalescence and frag-
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mentation processes (i.e. initial hard parton scattering and subse-
quent fragmentation). The agreement in the values of the width in
both representations (i.e. σ∆η and σ∆ϕ) for all systems analyzed
indicates that the dynamics responsible for the charge-dependent
correlations do not change significantly between pp, p–Pb and Pb–
Pb.

|<0.8)η (|〉
ch

N〈
1 10

2
10

3
10

η
∆

σ

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8 c < 2.0 GeV/
T,trig

p < 
T,assoc

p0.2 < 

,c < 2.0 GeV/
T,assoc

p0.2 < 

c < 3.0 GeV/
T,trig

p2.0 < 

,c < 2.0 GeV/
T,assoc

p0.2 < 

c < 4.0 GeV/
T,trig

p3.0 < 

,c < 2.0 GeV/
T,assoc

p0.2 < 

c < 8.0 GeV/
T,trig

p3.0 < 

c < 3.0 GeV/
T,trig

p < 
T,assoc

p2.0 < 

,c < 3.0 GeV/
T,assoc

p2.0 < 

c < 4.0 GeV/
T,trig

p4.0 < 

c < 8.0 GeV/
T,trig

p < 
T,assoc

p3.0 < 

,c < 8.0 GeV/
T,assoc

p3.0 < 

c < 15.0 GeV/
T,assoc

p8.0 < 

|<0.8)η (|〉
ch

N〈
1 10

2
10

3
10

 (
ra

d
)

ϕ
∆

σ

0

0.2

0.4

0.6

0.8

1 c < 2.0 GeV/
T,trig

p < 
T,assoc

p0.2 < 

,c < 2.0 GeV/
T,assoc

p0.2 < 

c < 3.0 GeV/
T,trig

p2.0 < 

,c < 2.0 GeV/
T,assoc

p0.2 < 

c < 4.0 GeV/
T,trig

p3.0 < 

,c < 2.0 GeV/
T,assoc

p0.2 < 

c < 8.0 GeV/
T,trig

p3.0 < 

c < 3.0 GeV/
T,trig

p < 
T,assoc

p2.0 < 

,c < 3.0 GeV/
T,assoc

p2.0 < 

c < 4.0 GeV/
T,trig

p4.0 < 

c < 8.0 GeV/
T,trig

p < 
T,assoc

p3.0 < 

,c < 8.0 GeV/
T,assoc

p3.0 < 

c < 15.0 GeV/
T,assoc

p8.0 < 

Figure 56: The width of the balance function in ∆η (upper plot) and in
∆ϕ (lower plot) for the three systems analyzed as a function
of the charged particle multiplicity, measured for |η| < 0.8 and
pT > 0.2 GeV/c. The figure includes all pT bins studied.

Further studies were done including more pT intervals, to better
understand to which regions of pT the multiplicity dependence is
restricted. Figure 56 presents the charged particle multiplicity de-
pendence of the width of the balance function in ∆η (upper panel)
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and ∆ϕ (lower panel) covering different pT regions, represented in
the right part of the panels. The pT intervals were chosen maintain-
ing the pT associated particle fixed and increasing the pT of the
trigger particle. The pp system is represented in squares, the p–Pb
in circles and the Pb–Pb system in stars. The multiplicity depen-
dence is restricted to regions of pT < 2 GeV/c (i.e. low pT regions).
The multiplicity dependence vanishes when the pT of the associ-
ated particle stays on this low pT region while increasing the pT of
the trigger particle. Increasing both pT associated and trigger also
leads to a vanishing multiplicity dependence of the width of the
balance function.
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Figure 57: The multiplicity class dependence of the width of the balance
function in ∆η (left panel) and in ∆ϕ (right panel) for the three
systems analyzed (pp, p–Pb and Pb–Pb) relative to the 70-80%
multiplicity class.

The previous plot clearly illustrates that the narrowing of the bal-
ance function width with increasing multiplicity is restricted at the
low pT region. Figure 57 presents the multiplicity class dependence
of the relative decrease of the width of the balance function, with
respect to the low multiplicity class for all three systems, for parti-
cles satisfying the relation 0.2 < pT,assoc < pT,trig < 2.0 GeV/c. The
relative decrease is similar in pp and p–Pb collisions. For both pp
and p–Pb cases, a decrease of the order 7% in ∆η (11% in ∆ϕ) is
observed. The corresponding Pb–Pb points exhibit a steeper evo-
lution with increasing multiplicity. The Pb–Pb points illustrate a
larger relative decrease of the order of 21% in ∆η (26% in ∆ϕ).
Having the same slope for pp and p–Pb, and different slope for the
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Pb–Pb case may indicate that the systems evolve differently and
open some interesting questions about it: can the pp and p–Pb sys-
tems be described by the same physics process, for example, color
reconnection? The physics behind the color reconnection mimics
flow, but is not of hydrodynamic origin.

In the low pT interval the origin of the charge dependent correla-
tions was linked to radial flow that pushes particles to higher pT
regions, indicating a larger < pT >. These results may suggest a
scaling of the balance function width with mean pT for the low pT
region. This hypothesis is tested by taking the mean value of the
corrected spectra, following the procedure explained in Section 4.5,
which allows the study of the width of the balance function as a
function of < pT >. The corrected < pT > is shown in Table 7,
for each of the multiplicity classes, for pT > 0.2 GeV/c and recon-
structed particles at mid–rapidity (i.e |η| < 0.8). The resulting val-
ues are subject to an overall uncertainty originating from tracking
efficiency, of about 4% [72].

Figure 58 shows the < pT > as a function of the corrected charge
particles for all systems analyzed. It is seen that the < pT > value
increases with increasing multiplicity for both pp and p–Pb col-
lisions. In addition, for overlapping ranges of Ncharge the values
for these two systems are similar within uncertainties. On the other
hand, the < pT > values obtained for Pb–Pb collisions exhibit a dif-
ferent trend i.e. an increase with increasing multiplicity until satu-
ration is reached with a lower value compared to smaller systems.

Figure 59 shows the dependence of the width of the balance func-
tion with < pT >. From the figures, it seems that in pp and p–Pb,
as well as peripheral Pb–Pb, the width of the balance function is
driven by the increase of < pT >, whereas for more central Pb–Pb
the width still decreases, but < pT > does not.

In conclusion, the balance function in both representations (i.e. ∆η
and ∆ϕ) becomes narrower with increasing multiplicity in all three
systems studied, for particles in the low pT region. The experimen-
tal findings favor models that incorporate some collective behavior
(e.g. AMPT) or mimic such a behavior using different mechanisms
(e.g. PYTHIA8 tune with the inclusion of color reconnection). This
comes as an indication that the multiplicity dependence of the bal-
ance function could be interpreted as a multiplicity dependent ra-
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Corrected < pT > for each VZERO-A class

Multiplicity Corrected < pT >

class |η| < 0.8, pT > 0.2

0-5 % 0.72± 0.03
5–10 % 0.72± 0.03
10–15% 0.71± 0.03
15-20% 0.71± 0.03
20-25% 0.70± 0.03
25-30% 0.70± 0.03
30-35% 0.69± 0.03
35-40% 0.69± 0.03
40-45% 0.68± 0.03
45-50% 0.68± 0.03
50-55% 0.67± 0.03
55-60% 0.66± 0.03
60-65% 0.66± 0.03
65-70% 0.65± 0.03
70-75% 0.64± 0.03
75-80% 0.63± 0.03

Table 7: Multiplicity classes defined as the < pT > for each VZERO-A
class.
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particles, for the pp, p–Pb and Pb–Pb systems.

>(GeV/c)
T

 <p

0.5 0.6 0.7

η
∆

σ 

0.55

0.6

0.65

0.7

0.75

0.8

0.85
c < 2.0 GeV/

T,trig
p < 

T,assoc
p0.2 < 

 = 7 TeVspp 

 = 5.02 TeV
NN

spPb 

 = 2.76 TeV
NN

sPbPb 

>(GeV/c)
T

 <p

0.5 0.6 0.7

ϕ
∆

σ 

0.6

0.7

0.8

0.9

1

1.1
c < 2.0 GeV/

T,trig
p < 

T,assoc
p0.2 < 

 = 7 TeVspp 

 = 5.02 TeV
NN

spPb 

 = 2.76 TeV
NN

sPbPb 

Figure 59: Dependence of the width of the balance function in ∆η and ∆ϕ
in terms of < pT >, for the pp, p–Pb and Pb–Pb systems.



5.5 comparison to pb-pb and pp systems 97

dial boost that focuses the charges because of the development of
collective effects in the system. Nevertheless, the origin of the col-
lectivity still remains a question. For higher values of transverse
momenta though, the balance function becomes even narrower and
the multiplicity dependence vanishes, exhibiting no quantitative
difference between the three systems. The comparison of the mul-
tiplicity dependence in the low pT with respect to the intermediate
and high pT regions, indicates that this narrowing of the balance
function with increasing multiplicity is a feature of the bulk. The
results should serve to add constraints to models describing col-
lective effects in small systems (for low values of pT ) and parti-
cle production mechanisms such as coalescence and fragmentation
processes (for intermediate and high values of pT ).





S U M M A RY

A dense and very strongly interacting medium is believed to have
existed in the early Universe, just after the Big Bang. This state of
matter can be recreated in the laboratory through relativistic, high-
energy heavy-ion collisions and it is called the quark-qluon plasma
(QGP). The goal of the heavy-ion physics program is to verify the
existence of the QGP, and study its properties.

The study of correlations between positive and negatively charged
pairs as a function of pseudorapidity and azimuthal angle, known
as the balance function, is argued to provide insight into the prop-
erties of matter created in high-energy collisions. The balance func-
tion probes the particle creation time and is sensitive to the collec-
tive motion of the system.

The balance function is based on the principle of locally conserved
charge at the moment of production of charge and anti-charge
pairs. The particles of a pair are created at the same location in
space and time, and correlated in the final state. For early stage
hadronization, high initial temperatures and the diffusive interac-
tions with other charges, might separate further the pairs. Alter-
natively, delayed hadronization leads to a strong correlation of the
charge and anti-charge pair in the final state. The balance function
was constructed to quantify these correlations.

This thesis presents the first measurement of the balance function
in p–Pb collisions at

√
sNN = 5.02 TeV by the ALICE detector at

the LHC. This measurement is compared with the balance func-
tion measured in other systems, such as pp and Pb–Pb collisions at√
s = 7 TeV and

√
sNN = 2.76 TeV , respectively. Additionally, the

balance function measurements are compared with models incor-
porating collective behavior and describing hard processes.

A dependence of the width of the balance functions for non identi-
fied charged particles, in both relative pseudorapidity ∆η and rela-
tive azimuthal angle ∆ϕ, on particle multiplicity is observed. The
width of the balance function decreases with the increasing mul-

99
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tiplicity in all three systems, for particles with 0.2 < pT ,assoc <

pT ,trig < 2.0 GeV/c. In principle, this multiplicity dependence
could be interpreted as a multiplicity dependent radial boost that
is focusing the charges and can be achieved by the development
of collectivity in the system. For higher values of transverse mo-
menta the width of the balance function becomes narrower and
the multiplicity dependence vanishes. Comparing the multiplicity
dependence in the low pT region with the absence of such a depen-
dence for higher values of transverse momenta, indicates that the
narrowing is a feature of the bulk.

The experimental observations are compared with AMPT, a model
that incorporates collective behavior. A qualitative agreement in
∆ϕ is reached between the experimental results and the theoreti-
cal calculation for the Pb–Pb system. For the p–Pb case, the model
shows some dependence, which does not reproduce the one ob-
served in data. The AMPT model does not describe the multiplic-
ity dependence of the data in ∆η in either of the two systems. This
may be an indication that ∆ϕ is determined mainly by radial flow
while ∆η is less sensitive. On the other hand, models incorporating
independent pp collisions, as HIJING and DPMJET, do not show
any multiplicity dependence of the width. The data for the pp sys-
tem is compared with PYTHIA8, with and without the inclusion
of a mechanism mimicking flow effects (i.e. color reconnection).
With the inclusion of such a mechanism, the theoretical model re-
produces the multiplicity dependence of the width of the balance
functions in both ∆η and ∆ϕ observed in the pp system. This in-
dicates that the color reconnection mechanism may be a necessary
ingredient in understanding the multiplicity dependence observed
in the width of the balance function for small systems and as a
consequence that the development of collective affects in such a
systems is not driven solely by hydrodynamics.

The direct comparison of the width of the balance function in all
three systems revealed similar slopes for pp and p-Pb systems
while a steeper slope for the Pb–Pb system is seen. This seems to in-
dicate that the physics mechanisms driving the charge-dependent
correlations in smaller systems are different with respect to those
driving the correlations in the Pb–Pb system.



S A M E N VAT T I N G

Er wordt algemeen aangenomen dat het universum direct na de
oerknal bestond uit een zeer dicht medium, met zeer sterke wissel-
werking. Deze toestand wordt het quark-gluonplasma (QGP) ge-
noemd, en kan in het laboratorium worden nagebootst door mid-
del van botsingen van hoogenergetische, relativistische zware io-
nen. Het doel van het programma dat zich bezig houdt met botsin-
gen van zware ionen is het aantonen van het QGP, en het bestud-
eren van eigenschappen.

Het bestuderen van paren van positief en negatief geladen deelt-
jes als functie van pseudorapiditeit en azimutale hoek gebeurt met
de zogenaamde balansfunctie, en zou inzicht moeten verschaffen
in de eigenschappen van de materie die ontstaat in hoogenergetis-
che botsingen. De balansfunctie geeft informatie over het moment
van het ontstaan van de deeltjes, en is gevoelig voor de collectieve
beweging van het systeem.

De balansfunctie is gebaseerd op het principe van lokaal behoud
van lading op het moment van het ontstaan van lading, antilading-
paren. De deeltjes van een paar worden gemaakt op hetzelfde mo-
ment in ruimte en tijd, en zijn gecorreleerd in de eindtoestand. Bij
vroege hadronisatie zorgen hoge temperaturen en diffunderende
interacties met andere lading voor scheiding van het paar. Ver-
traagde hadronisatie daarentegen zorgt voor sterke correlatie van
het lading, antilading-paar in de eindtoestand. De balansfunctie is
ontwikkeld om deze correlatie te kwantificeren.

Deze thesis presenteert de eerste metingen van de balansfunctie
bij p-Pb botsingen bij

√
sNN = 5.02 TeV in de ALICE detector

van de LHC. De meting wordt vergeleken met de balansfunctie
in andere systemen, zoals pp en Pb-Pb botsingen bij respectievelijk√
s = 7 TeV en

√
sNN = 2.76 TeV . Daarnaast worden metingen

aan de balansfunctie vergeleken met modellen die collectief gedrag
meenemen en harde interactie beschrijven.
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Een afhankelijkheid van de breedte van de balansfuncties voor
ongeïdentificeerde geladen deeltjes als functie van de deeltjes- mul-
tipliciteit is waargenomen, zowel voor de relatieve pseudorapiditeit
∆η als de relatieve azimuthoek ∆ϕ. De breedte van de balansfunc-
tie neemt af met toenemende multipliciteit in alle drie de syste-
men, voor deeltjes met 0.2 < pT ,assoc < pT ,trig < 2.0 GeV/c. De
afhankelijkheid van multipliciteit kan in principe worden begrepen
als een radiële boost die de lading focust, en kan worden verkregen
door de ontwikkeling van collectiviteit in het systeem. Voor hogere
transversale impuls wordt de breedte van de balansfunctie smaller
en verdwijnt de afhankelijkheid van multipliciteit. Dit geeft aan dat
deze versmalling een eigenschap is van de bulk.

De experimentele waarnemingen zijn vergeleken met AMPT, een
model dat collectief gedrag meeneemt. Een kwalitatieve overeen-
stemming van ∆ϕ is bereikt tussen de experimentele resultaten en
theoretische berekeningen voor het Pb-Pb systeem. In het geval van
p-Pb laat het model een afhankelijkheid zien die niet overeenkomt
met hetgeen is geobserveerd in de data. Het AMPT model beschri-
jft de afhankelijkheid van de multipliciteit van de data van ∆η

in geen van beide systemen. Dit kan erop wijzen dat ∆ϕ voor-
namelijk wordt bepaald door de radiële stroming, terwijl ∆η hier
minder gevoelig voor is. Modellen die de botsing beschrijven als on-
afhankelijke pp botsingen, zoals HIJING en DPMJET, laten echter
geen afhankelijkheid van de breedte zien als functie van multi-
pliciteit. De data voor het pp systeem is vergeleken met PYTHIA8,
met en zonder toevoeging van een mechanisme dat stromingsef-
fecten imiteert (zogenaamde "color reconnection"). Met deze to-
evoeging reproduceert het theoretisch model de waargenomen af-
hankelijkheid van multipliciteit van de breedte van de balansfunc-
ties voor zowel ∆η als ∆ϕ in het pp systeem. Dit wijst erop dat
het mechanisme van ’color reconnection’ een noodzakelijk element
kan blijken te zijn voor het begrijpen van de afhankelijkheid van
multiplicitieit van de balansfunctie voor kleine systemen; en met
als consequentie, dat de ontwikkeling van collectieve effecten in zo
een systeem niet wordt gedreven door hydrodynamica.

De directe vergelijking van de breedte van de balansfunctie in elk
van de drie systemen heeft vergelijkbare hellingen laten zien voor
de pp en p–Pb systemen, terwijl een steilere helling is waargenomen
voor het Pb–Pb systeem.



A
A P P E N D I X

a.1 energy dependence for pb–pb collisions

Figure 60 presents the comparison of ALICE results in Pb–Pb colli-
sions at

√
sNN = 2.76 TeV with results from STAR in Au–Au colli-

sions at different energies. The figures present the relative decrease
of the width of the balance function as a function of the central-
ity percentile for the ∆η representation. The STAR results cover a
wide range of energies in Au–Au collisions (from

√
sNN = 7.7 GeV

to
√
sNN = 200 GeV . The ALICE points have been corrected for

acceptance effects and detector inefficiencies. The relative decrease
with respect to the most peripheral multiplicity class ensures that
the acceptance correction should cancels out for all the systems.
Hence, no acceptance correction has been applied to the STAR re-
sults. No apparent differences are observed while comparing the
results from ALICE and STAR for the ∆η representation.

Figure 61 presents the comparison of ALICE results for the relative
decrease of the width of the balance function, with results from
STAR [94], as a function of the centrality percentile, for the ∆ϕ rep-
resentation. The ALICE results correspond to Pb–Pb collisions at√
sNN = 2.76 TeV . The STAR results correspond to Au–Au colli-

sions at
√
sNN = 200 GeV . The ALICE points have been corrected

for acceptance effects detector inefficiencies. Consequently, STAR
measurements were corrected using the method described in [95].
This method results in a similar correction as to the case of the AL-
ICE measurement, considering the STAR acceptance flat in pseudo-
rapidity. Based on the assumption of a boost invariant system, the
balance function studied in a given pseudorapidity window can be
given as a function of an infinite interval according to Eq. 14:

B+−(∆η|ηmax) = B+−(∆η|∞) ·
(
1−

∆η

ηmax

)
. (14)
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Figure 60: Balance function relative decrease of the width of the distribu-
tion in ∆η, as a function of centrality. The ALICE points (Pb–
Pb collisions at

√
sNN = 2.76 TeV) are compared to results

from STAR for different energies, represented in the legend.
The data points from STAR come from an internal communi-
cation.
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Figure 61: Balance function relative decrease of the width of the distri-
bution, in ∆ϕ as a function of centrality. The ALICE points,
Pb–Pb collisions at

√
sNN = 2.76 TeV , are compared to results

from STAR [94] for Au–Au collisions at
√
sNN = 200 GeV . The

STAR results have been corrected for acceptance as suggested
in [95].
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The centrality dependence is similar for both measurements; how-
ever, the widths are narrower at the LHC energies. Such observa-
tion is consistent with "a system exhibiting larger radial flow at
the LHC with respect to RHIC, while having a longer–lived QGP
phase". As a consequence, the separation between the charge pairs
when created at hadronization, is smaller. On the other hand, this
relative decrease difference between both energies is small, and
consequently, the interpretation of the narrower widths at the LHC
energies can not hold alone within the late stage creation of balanc-
ing partners scenario. These narrower widths of the balance func-
tion at the LHC can be attributed as well to the bigger influence of
jet-like effects at LHC compare with RHIC, resulting into particles
being emitted preferentially in small opening angle cones.





B
A P P E N D I X

In the following section the influence of the transverse momentum
requirement (i.e. ∆pT = 0.1 GeV/c) on the balance function will be
presented, for p–Pb collisions at

√
sNN = 5.02 TeV. The shape of

the distributions will be quantify studying their four moments as
a function of the multiplicity class.

b.1 tranverse momentum criterium for p–pb collisions

The projection of the balance function distributions for p–Pb colli-
sions at

√
sNN = 5.02 TeV are presented in Figure 62 as a function

of ∆η (left panel) and ∆ϕ (right panel). The multiplicity classes rep-
resented are the 0− 5% (in black), 35− 40% (in red) and 75− 80%
(in blue) intervals. Each point is drawn together with its uncor-
related systematic uncertainty and an overall correlated system-
atic uncertainty in the yield of the balance function of 4% have
to be considered. The distributions are normalized to the integral
to showcase the multiplicity dependence.

The balance functions for the p–Pb system were also studied for
the intermediate and high pT intervals. Figure 63 presents the bal-
ance function distributions in ∆η (left panel) and ∆ϕ (right panel),
for the intermediate pT interval which satisfies the relation 2.0 <
pT,assoc < 3.0 < pT,trig < 4.0 GeV/c. Figure 64 shows the balance
function distributions for the high pT interval which satisfies the
relation 3.0 < pT,assoc < 8.0 < pT,trig < 15.0 GeV/c. The multiplicity
classes represented in both cases are the 0− 5% (in black), 35− 40%
(in red) and 75− 80% (in blue).

The distributions for the low pT interval seem to be narrower and
peakier for high with respect to low multiplicity class. From the
comparison of the distributions at different pT intervals, one can
see that increasing the pT interval, narrows the balance function
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Figure 62: Balance function distributions for p–Pb collisions at
√
sNN =

5.02 TeV , in ∆η and ∆ϕ, for the multiplicity classes 0 − 5%,
35 − 40% and 75 − 80%, in the low pT interval. In the corre-
lated systematics should be included a 4% to account for the
tracking efficiency uncertainties.
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Figure 63: Balance function distributions for p–Pb collisions at
√
sNN =

5.02 TeV, in ∆η and ∆ϕ, for the multiplicity classes 0 − 5%,
35− 40% and 75− 80%, in the intermediate pT interval. In the
correlated systematics should be included a 4% to account for
the tracking efficiency uncertainties.
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Figure 64: Balance function distributions for p–Pb collisions at
√
sNN =

5.02 TeV, in ∆η and ∆ϕ, for the multiplicity classes 0 − 5%,
35− 40% and 75− 80%, in the high pT interval. In the corre-
lated systematics should be included a 4% to account for the
tracking efficiency uncertainties.

distributions. In addition the multiplicity class dependence, reported
in the low pT interval, is almost vanished for both ∆η and ∆ϕ. The
physics interpretation of such results remain unchanged with the
application (or not) of the transverse momentum criteria (i.e when
∆pT = 0.1 GeV/c or ∆pT = 0.0 GeV/c). This consistency on the
physic picture, independent of the transverse momentum require-
ment application, is reflected as well in the moments of the distri-
butions.

b.1.1 Moments of the balance function

To describe the shape of the balance function, the first four mo-
ments of the distribution were calculated. The different moments
with their corresponding uncertainties were calculated from the
projected distributions (using root). While calculating the moments,
for the low pT interval (0.2 < pT ,assoc < pT ,trig < 2.0 GeV/c), it
was consider the near side distribution (|4ϕ| < π/2). The entire
∆η (i.e |4η| < 1.6) is considered. For the intermediate pT interval
(2.0 < pT ,assoc < 3.0 < pT ,trig < 4.0 GeV/c), and high pT intervals
(3.0 < pT ,assoc < 8.0 < pT ,trig < 15.0 GeV/c), the moments are
calculated where the signal is located, using a 3σ from a gaussian
fit.
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The moments of order n of a distribution are defined as:

µn =

∫
xnf(x)dx (15)

• The mean value corresponds to:

µ =

∑
i Bixi∑
i Bi

, (16)

• The standard quadratic deviation, used to describe the width
of the distribution, is defined as:

σ =

√∑
i Bix

2
i∑

i Bi
−
(∑

i Bixi∑
i Bi

)2
, (17)

• The skewness, which is a measure of the asymmetry of the
distribution, can be interpreted as follows: for negative val-
ues, the tail on the left side of the probability density function
is longer or fatter than the right side. For positive values the
tail on the right side is longer or fatter than the left side. A
zero value indicates that the tails on both sides of the mean
balance out, which is the case both for a symmetric and asym-
metric distributions. It is defined as:

S =

∑
i Bi(xi − µ)

3

σ3
∑
i Bi

, (18)

• The kurtosis (measure of the peakedness of the distributions)
is defined as:

K =

∑
i Bi(xi − µ)

4

σ4
∑
i Bi

− 3, (19)

where Bi is the balance function for each bin xi, and x can be either
∆η or ∆ϕ.
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Figure 65: Balance function moments of the distribution (mean, width,
skewness and kurtosis), for p–Pb collisions at

√
sNN =

5.02 TeV , in ∆η as a function of multiplicity classes, in the
low pT interval.
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Figure 66: Balance function moments of the distribution (mean, width,
skewness and kurtosis), for p–Pb collisions at

√
sNN =

5.02 TeV , in ∆ϕ as a function of multiplicity classes, in the
low pT interval.



B.1 tranverse momentum criterium for p–pb collisions 113

Figure 65 and Figure 66 present the multiplicity dependence of the
moments of the balance function distribution for p–Pb collisions
at
√
sNN = 5.02 TeV in ∆η and ∆ϕ, respectively. The results corre-

spond to the low pT interval. The results are subjected to an overall
correlated uncertainty of the order of 1.9%.

From the figures it is observed that the mean value and the skew-
ness of the distributions (i.e µ4η, µ4ϕ and s4η, s4ϕ) are compati-
ble with zero, indicating a symmetric balance function distribution.
The non-symmetry of the balance function could mean that the
balance functions are influenced not only by radial but also by lon-
gitudinal flow, and this could come to have an impact in the width
of the distributions and change the physic conclusion.

On the other hand the width (i.e. σ4η and σ4ϕ) and the kurto-
sis (i.e. κ4η and κ4ϕ) of the distributions change as a function
of multiplicity: the width (kurtosis) of the distributions decreases
(increases) with increasing multiplicity. Because the transverse mo-
mentum criteria not only remove the influence of short-range cor-
relations, but also it has an influence on the signal of the balance
function, the default version of the analysis does not include this
requirement. However, as shown in this appendix, the application
of the transverse momentum requirement to the balance function
does not affect the physic in the interpretation of the results.
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