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— November 2014 —



Dekan: Prof. Dr. C. Weinheimer
Erster Gutachter: Prof. Dr. J. P. Wessels
Zweiter Gutachter: Priv.-Doz. Dr. H. Oeschler

Tag der Disputation:
Tag der Promotion:







Contents

1. Motivation 1

2. Quarks, Gluons and the Strong Interaction 5
2.1. Quantum Chromodynamics . . . . . . . . . . . . . . . . . . . . . . . 6
2.2. Quark-Gluon Plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1. Space-Time Evolution of Ultra-Relativistic Particle Collisions 11
2.3. Signatures of the QGP . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1. Hydrodynamic Behavior . . . . . . . . . . . . . . . . . . . . . 13
2.3.2. Nuclear Modification Factor . . . . . . . . . . . . . . . . . . . 18

2.4. Cold Nuclear Matter Effects . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.1. Cronin Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.4.2. Shadowing, Anti-Shadowing and EMC Effect . . . . . . . . . . 23
2.4.3. Gluon Saturation – Color Glass Condensate . . . . . . . . . . 25

3. The ALICE Experiment 29
3.1. Inner Tracking System . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2. Time Projection Chamber . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3. Time Of Flight Detector . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4. V0 Detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.5. Additional Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.6. ALICE Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.6.1. Event and Track Reconstruction . . . . . . . . . . . . . . . . . 38
3.6.2. Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.6.3. Analysis Tasks . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4. Glauber Models 43
4.1. Optical Glauber Model . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.2. Monte Carlo Glauber Model . . . . . . . . . . . . . . . . . . . . . . . 45
4.3. Glauber Simulation for p-Pb Collisions with ALICE . . . . . . . . . . 47

5. Production of Pions, Kaons and Protons in p–Pb Collisions 49
5.1. Particle Identification at Intermediate Transverse Momenta . . . . . . 49

5.1.1. Event Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.1.2. Multiplicity Selection . . . . . . . . . . . . . . . . . . . . . . . 51

i



Contents

5.1.3. Track Selection . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.1.4. Choice of Rapidity Range . . . . . . . . . . . . . . . . . . . . 53
5.1.5. Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
5.1.6. Monte Carlo Closure Test . . . . . . . . . . . . . . . . . . . . 60
5.1.7. Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . 62

5.2. Other Particle Identification Methods Used in ALICE . . . . . . . . . 66
5.2.1. ITS Standalone Analysis . . . . . . . . . . . . . . . . . . . . . 66
5.2.2. Statistical Identification with TOF . . . . . . . . . . . . . . . 66
5.2.3. Statistical Identification with TPC . . . . . . . . . . . . . . . 67

5.3. Transverse Momentum Distributions of Pions, Kaons and Protons . . 68
5.3.1. Particle Ratios . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.3.2. Mean Transverse Momentum . . . . . . . . . . . . . . . . . . 78
5.3.3. Blast-Wave Fits . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3.4. Nuclear Modification Factor of Pions, Kaons and Protons . . . 84
5.3.5. Comparison with Model Calculations . . . . . . . . . . . . . . 88

6. Production of Deuterons and Anti-Deuterons in p–Pb Collisions 91
6.1. Event and Track Selection . . . . . . . . . . . . . . . . . . . . . . . . 91

6.1.1. Momentum Correction . . . . . . . . . . . . . . . . . . . . . . 94
6.2. Monte Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.3. Particle Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.4. Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.4.1. Absorption Correction . . . . . . . . . . . . . . . . . . . . . . 98
6.4.2. Tracking and Matching Efficiency . . . . . . . . . . . . . . . . 100
6.4.3. Secondary Correction . . . . . . . . . . . . . . . . . . . . . . . 101

6.5. Systematic Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.5.1. Multiplicity Uncorrelated Uncertainties . . . . . . . . . . . . . 106

6.6. Transverse Momentum Distributions of (Anti-)Deuterons . . . . . . . 106
6.6.1. Anti-Deuteron to Deuteron Ratio . . . . . . . . . . . . . . . . 109
6.6.2. Mean Transverse Momentum . . . . . . . . . . . . . . . . . . 110

6.7. Deuteron Production Models . . . . . . . . . . . . . . . . . . . . . . . 111
6.7.1. Deuteron to Proton Ratio . . . . . . . . . . . . . . . . . . . . 111
6.7.2. Coalescence Model . . . . . . . . . . . . . . . . . . . . . . . . 113
6.7.3. Thermal-Statistical Model . . . . . . . . . . . . . . . . . . . . 115

7. Summary 121

A. Kinematic Variables 127

List of Figures 129

List of Tables 131

ii



Contents

Bibliography 133

iii





1. Motivation

Proton-lead (p-Pb) collisions at the Large Hadron Collider (LHC) and proton-

nucleus collisions in general were originally motivated as a control experiment for

heavy-ion collisions. Heavy-ion collisions at high energies on the other hand are a

tool to create a quark-gluon plasma (QGP) phase in the laboratory. This is a phase

of matter at extreme temperatures and densities, in which quarks and gluons are free

[CP75b, CP75a]. To prove the existence of a QGP and to study it quantitatively, a

comparison with elementary proton-proton (pp) collisions is necessary, because it is

believed that no QGP is formed there. One missing piece of information to attribute

potential differences to the QGP, comes with the assumption that heavy-ion colli-

sions can be modeled as the superposition of independent pp collisions. However,

the nucleons are bound in the heavy ion. This means that not all effects observed

in heavy-ion collisions are necessarily a feature of the hot and dense QGP, but cold

nuclear matter effects might also play a role.

Experimentally, cold nuclear effects matters are measured with collisions of a free

proton with a lead ion at the LHC. Here it is assumed that a QGP cannot be formed

and final-state effects are not present. The first measurements like the charged par-

ticle pseudo-rapidity density [ALICE13h] and the nuclear modification factor RpPb

[ALICE12b] are consistent with this expectation. However, long-range angular two-

particle correlations (the so called double ridge) have been observed in high multi-

plicity p-Pb collisions [ALICE13e, CMS13b, ATLAS13b], which are reminiscent of

the measurements in heavy-ion collisions. They revealed that p-Pb collisions might

be subject to final-state collective effects, which would be in contradiction to the

previous assumptions. To further investigate this possibility, different particle types

are identified and the light-flavor hadron production is studied.

Within this thesis the transverse momentum distributions of π±, K±, p, p̄, d and d̄ as

a function of multiplicity have been measured in p-Pb collisions at
√
sNN = 5.02 TeV
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1. Motivation

with ALICE at the LHC. ALICE stands for A Large Ion Collider Experiment and

the primary goal of the collaboration is to explore the properties of the quark-gluon

plasma with heavy-ion collisions. Still, smaller collision systems like pp and p-Pb are

of particular interest, because they provide the baseline to study heavy-ion collisions.

The measurement of pions, kaons and protons contributes to the on-going discussion

of possible collective effects in high multiplicity p-Pb collisions. Many interpreta-

tions of collectivity in heavy-ion collision are based on hydrodynamic models, which

include radial flow, i.e. a velocity push of particles in radial direction from the pres-

sure gradient of the hydrodynamically expanding fireball. Since a common pressure

gradient introduces a mass-dependent momentum shift, the transverse momentum

distributions of identified particles are a crucial contribution to the discussion of

collectivity in high multiplicity p-Pb collisions.

The measurement of deuterons and anti-deuterons as a function of multiplicity in

p-Pb events can give insight into the production mechanism of light nuclei in ultra-

relativistic particle collisions. With ALICE, the deuteron production has already

been measured in pp and Pb-Pb collisions [ALICE14f], where a qualitatively different

behavior was observed for the abundance in the two collision systems. Because p-Pb

collisions are intermediate in terms of multiplicity and system size, a transition in

the production mechanism between the two systems can be revealed by the deuteron

measurement.

This document is organized as follows: first, the theoretical and experimental basis

of heavy-ion collisions and the quark-gluon plasma are established in Chapter 2.

In the third chapter, the ALICE experiment and its excellent tracking and parti-

cle identification techniques are introduced. In the following chapter, the concept

of Glauber calculations is discussed and a Monte Carlo Glauber model is used to

calculate the number of binary nucleon-nucleon collisions in p-Pb. This allows to

compare the obtained results to proton-proton collisions. The analysis technique

used for pions, kaons and protons, the transverse momentum distributions and their

comprehensive results are presented in Chapter 5. This part of the thesis, together

with the transverse momentum distributions of K0
S and Λ(Λ̄), has already been pub-

lished in [ALICE14h] and the chapter is largely based on the publication. Chapter 6

is dedicated to the measurement and interpretation of the transverse momentum

distributions of deuterons and anti-deuterons. The deuteron production mechanism

2



is discussed within coalescence and thermal-statistical models. Finally, a summary

of the most important results is given in Chapter 7. Within this thesis common

kinematic variables for collider experiments are used. They are summarized in Ap-

pendix A.
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2. Quarks, Gluons and the Strong

Interaction

In this chapter, a brief introduction to the nature of the strong force and the corre-

sponding well established theory quantum chromodynamics (QCD) will be given. In

addition, some properties and experimental signatures of the quark-gluon plasma,

which are relevant for this thesis, will be discussed.

The standard model of particle physics has proven to be very successful in describing

the vast variety of particles produced in collider experiments. Within the model

several particles have been predicted, which have been measured experimentally

afterwards. The latest and widely known success was the measurement of a Higgs-like

particle by the ATLAS and CMS collaborations at the LHC [ATLAS12a, CMS12a],

which has been confirmed with a significance of more than 5σ by now [ATLAS12b].

The standard model of particle physics constitutes twelve elementary particles. They

are divided into six quarks (up, down, charm, strange, top and bottom) and six

leptons (electron, muon, tauon and the corresponding neutrinos). In addition, each

particle is accompanied by an anti-particle and three forces are defined, which are

mediated by the gauge bosons. The electromagnetical gauge boson is the photon

and the weak force is mediated by the W± and Z0 bosons. The gauge bosons of the

strong force are eight gluons, which will be discussed in the following section.

While neutrinos are only subject to the weak force, the other leptons and all quarks

also carry a charge and interact electromagnetically. Quarks additionally carry a

color charge, to which the strong force couples. Their properties and quantum num-

bers are summarized in Table 2.1.

The strong force is dominant at the subatomic level and the well established theory

of quantum chromodynamics will be discussed in the following.
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2. Quarks, Gluons and the Strong Interaction

Name Symbol Charge (e) IZ S C B T Mass (GeV/c2)

up u +2/3 +1/2 0 0 0 0 0.0023+0.0007
−0.0005

down d -1/3 -1/2 0 0 0 0 0.0048+0.0005
−0.0003

strange s -1/3 0 -1 0 0 0 0.095 ± 0.005
charm c +2/3 0 0 1 0 0 1.275 ± 0.025
bottom b -1/3 0 0 0 -1 0 4.180 ± 0.03
top t +2/3 0 0 0 0 1 160+5

−4

Table 2.1.: Properties of the six quarks. Shown are the charge as multiple of e, the third
component of the isospin IZ , quantum numbers strangeness S, charmness C,
bottomness B, topness T and the current quark masses. Data from [PDG12]

2.1. Quantum Chromodynamics

Since quantum chromodynamics have been discussed at length in several theses and

reviews, only a short introduction is given here. For a full review please refer to

[PDG12].

In addition to the electrical charge, quarks also carry a color charge to which the

strong force couples. The color charge can be either red, green or blue for quarks and

the corresponding anti-colors for anti-quarks. The force is mediated by eight gluons,

which carry a color and an anti-color charge theirselves, unlike the photon, which

is the gauge boson of quantum electrodynamics (QED). The three colors give nine

possible color anti-color combinations, but the color-neutral gluon is not realized in

nature. QCD describes the strong force and is a non-Abelian gauge theory of the

SU(3) symmetry group.

The strong force has two unique qualitative characteristics: asymptotic freedom and

color confinement. The color confinement corresponds to the experimental observa-

tion that free color-charged particles do not exist and asymptotic freedom describes

the weaker coupling of the strong force for higher momentum transfers Q.

To understand these two effects, one can compare the relative strengths of the strong

force and the electromagnetical force with the coupling parameters. The coupling of

QED varies only slightly. It is given by the fine structure constant α ≈ 1/137 at zero

squared momentum transfers Q2 and grows to 1/128 at Q2 = m2
W . On the other

hand, the coupling αS of the strong force changes drastically with the momentum

transfer.
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2.1. Quantum Chromodynamics

This is called running coupling and in first order perturbative QCD the dependence

of αS on the momentum transfer is given by:

αS(Q2) =
12π

(33− 2Nf ) · ln(Q2/ΛQCD)
, (2.1)

where Nf is the number of quark flavors, which are energetically accessible and

ΛQCD is the QCD scale parameter, which also depends on the number of flavors

under consideration. For example, at LHC energies the five lightest quarks describe

the relevant degrees of freedom and Λ
(5)
QCD = 213 ± 8 MeV. For this reason, the

coupling is often reported for a given scale, which is usually the mass of the Z0

boson. The current world average is αS(mZ0) = 0.1184± 0.0007. [Bet13]

A summary of the available measured data points of the strong coupling as a func-

tion of momentum transfer is shown in Fig. 2.1. The markers represent different

measurements at different Q and the black line with the uncertainty band is a QCD

pp –> jets (NLO)

QCD α  (Μ  ) = 0.1184 ± 0.0007s Z

0.1

0.2

0.3

0.4

0.5

αs (Q)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2012

Lattice QCD (NNLO)

Z pole fit (N3LO)

τ decays (N3LO)

Fig. 2.1.: Summary of experimental results for the strong coupling αS as a function of the
energy scale Q. In addition, the QCD calculation is shown with the line and
uncertainty band. Figure from [Bet13].
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2. Quarks, Gluons and the Strong Interaction

calculation. While αS increases exponentially for low momentum transfers, the cou-

pling becomes weaker for large momentum transfers and αS → 0 for Q2 → ∞,

which corresponds to the asymptotic freedom of the strong force. The momentum

transfer is related to the resolution with which structures can be probed. Figura-

tively speaking, large momentum transfers correspond to short distances or high

resolutions.

The phenomenological potential of the strong force for two quarks is

VS(r) =
4

3

αS

r
+ kr, (2.2)

where r is the distance between the quarks [Per00]. The first term can be considered

as a single gluon exchange term, analogous to the electromagnetical potential in

QED. The second term accounts for the experimentally observed color confinement

of particles, with the string tension k ≈ 850 MeV/fm. The potential energy increases

with increasing distance r until the energy in the field is sufficient to create new

quark anti-quark pairs to from color neutral objects. On the other hand, quarks and

gluons, can move quasi-free for large momentum transfers, because the coupling is

weak and for small distances the kr-term goes to zero.

These two regions also define the possible theoretical approaches. For small αS or

high momentum transfers, where Q � ΛQCD or αS � 1 perturbative theories can

be applied. However, they are not applicable for low momentum transfers and large

αS. Here effective models or lattice QCD [Wil74] have to be used. The latter is a

non-perturbative approach to solve QCD, which is formulated on a lattice of points

in space and time.

In general, two types of particles are considered to form color neutral objects: mesons

consist of a quark and an anti-quark and baryons contain three quarks or three anti-

quarks, i.e. one of each color. However, other combinations like tetraquarks (two

quarks and two anti-quarks) and pentaquarks (four quarks and one anti-quark) are

theoretically possible to form color neutral objects. It is experimentally difficult to

distinguish a bound state of four quarks from a bound state of two mesons, which

form a meson molecule. However, at the time of writing this thesis two promising

candidates of tetraquarks have been identified. One has been independently mea-

sured by the Belle collaboration and the BES III experiment [BESIII13, Belle13].
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2.2. Quark-Gluon Plasma

Another candidate, which has been reported by the Belle collaboration, has recently

been confirmed by the LHCb collaboration [LHCb14].

2.2. Quark-Gluon Plasma

Although quarks and gluons are confined in color neutral particles under ordinary

conditions, a phase of matter where quarks and gluons are free is predicted: the

quark-gluon plasma (QGP). Analogous to a phase transition of ordinary matter

from solid to liquid or from liquid to gas, this phase can be generated by adjusting

the external parameters like temperature and density.

It is believed that the universe has been in this state shortly after the Big Bang

until quarks and gluons hadronized at about 10 µs. To investigate the QGP in

the laboratory, ultra-relativistic heavy-ion collisions at accelerator facilities are an

adequate tool. During the violent collisions energy densities can be reached, that

are high enough to create a locally equilibrated system of free quarks and gluons.

With the advent of more powerful colliders like the Relativistic Heavy-Ion Collider

(RHIC) and the LHC, the QGP has successfully been observed in the laboratory.

The QGP phase lasts for a few fm/c and can only be observed indirectly. Thus,

several signatures of the QGP have been proposed in the last decades and some of

them will be briefly introduced in Section 2.3.

The phase diagram of strongly interacting matter at these extreme temperatures and

baryon densities is still a focus of the present research and the current knowledge

is summarized in Fig. 2.2. The phase is shown as a function of temperature T and

the baryo-chemical potential µB, which accounts for the net-baryon density of the

system.

The early universe is believed to have undergone a continuous cross-over transition

at very low or zero µB and at high temperatures. As shown in the phase diagram, the

phase transition is at a critical temperature of about TC ≈ 160 MeV, which can be

calculated with the comparably simple bag model [CJJ+74]. A more sophisticated

way are lattice QCD calculations, which also predict the continuous cross-over for

lower µB, while a first order phase transition with a clear separation of the phases is

expected for higher µB [AEF+06]. In case these expectations are correct, they also

imply a critical point at intermediate µB.
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2. Quarks, Gluons and the Strong Interaction

(MeV)
B

µ

500 1000

T
 (

M
e
V

)

0

100

200

hadrons

quark gluon plasma

chemical

freeze-out

SIS, AGS

SPS (NA49)

RHIC, LHC

Fig. 2.2.: QCD phase diagram as a function of the temperature and the baryo-chemical
potential µB. The early universe is believed to have undergone hadronization at
high temperatures and low µB. The matter produced in Pb-Pb collisions at the
LHC is believed to show a similar behavior. Colliders with lower energies explore
the phase diagram rather at higher µB. Their chemical freeze-out temperatures
are below the QCD phase transition expectation. Figure based on [KSSS10].

The ALICE experiment at the LHC probes the same region of the phase space at

very low µB as the universe shortly after the Big Bang. For LHC and top RHIC

energies the phase transition at the temperature TC calculated with lattice QCD

appears to be close to the chemical freeze-out temperature Tch that marks the tem-

perature at which all inelastic processes cease and the hadron chemistry is fixed.

This temperature is experimentally accessible and can be determined by fitting the

hadron yields with a thermal model (compare Section 6.7.3). The lower energies

of the beam energy scan at RHIC and heavy-ion collisions at colliders with lower

10



2.2. Quark-Gluon Plasma

center-of-mass energies like AGS and SPS have rather probed the phase diagram at

higher baryo-chemical potentials and lower temperatures. Here, the chemical freeze-

out temperatures are clearly below the expected critical temperatures of the phase

transition.

The future experiment Compressed Baryonic Matter (CBM) at the planned FAIR

facility at GSI will probe the phase boundary at higher µB and will give new insights

into the phase diagram of QCD. CBM and the beam energy scan at RHIC are also

well suited to investigate the critical point in the phase diagram. This could be

achieved by measuring e.g. event-by-event fluctuations of the net-proton multiplicity,

which is expected to behave differently at the critical point of the phase diagram.

Current results from the STAR collaboration are not yet conclusive [STAR14].

2.2.1. Space-Time Evolution of Ultra-Relativistic Particle

Collisions

The geometry and space-time evolution of a heavy-ion collision is illustrated in

Fig. 2.3. In the top panel two nuclei are shown before and after a collision, looking

from a radial position. Due to the Lorentz contraction, the nuclei see each other

as flat discs. The nucleons that take part in the collisions are called participants

and form a hot and dense fireball, while the rest of the nuclei fly along the beam

axis. These remaining nucleons are called spectators (cf. Chapter 4 on Glauber

calculations).

In the Bjorken picture [Bjo83] the nucleons are transparent and penetrate each other.

In the reaction zone a fireball emerges, which is mostly formed by the interaction

of gluons and sea quarks, which dominate the nucleus at low x (cf. Section 2.4.3).

This leads to a vanishing net-baryon density and a flat rapidity distribution at mid-

rapidity. This picture is applicable for heavy-ion at LHC energies.

In the bottom panel of Fig. 2.3 the space-time evolution of a heavy-ion collision with

the formation of a quark-gluon plasma phase is shown. After a pre-equilibrium phase,

which presumably lasts less than 1 fm/c, a quark-gluon plasma exists for about

10 fm/c at LHC energies. As already discussed, the transition from the deconfined

to the confined state is a smooth cross-over transition at low µB. This is indicated by

the critical temperature TC , which could actually be a critical temperature range.

11



2. Quarks, Gluons and the Strong Interaction

Participants

Spectators

Spectators

Nucleus A

Nucleus B

b

Nucleus A

Nucleus B

Fireball

y
Beam B

y
Beam A

y = 0

kin ch c

Fig. 2.3.: Two nuclei with impact parameter b before and after a collision (top). For heavy-
ion collisions at LHC energies, the Bjorken picture of the space-time evolution
is applicable. After the nuclei collide it takes less than 1 fm/c until a thermal
equilibrium is reached and a quark-gluon plasma is created. The fireball then
cools down quickly by expanding in space until the critical temperature TC of
the phase transition is reached after about 10 fm/c. The chemical freeze-out
temperature Tch found above top SPS energies coincides with the freeze-out
curve calculated with lattice QCD. The momenta of the particle still change by
elastic collisions until the kinetic freeze-out temperature Tkin is reached. Figures
from [KB04] and [KSSS10].
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2.3. Signatures of the QGP

For LHC and RHIC energies this temperature is close to the chemical freeze-out

temperature Tch, where all inelastic processes cease and the hadron chemistry is

fixed. The hadron gas cools further until the kinetic freeze-out temperature Tkin is

reached. At this point all elastic processes cease and the momentum distributions

of the particles are fixed.

The general expectation is that a QGP is not formed in p-Pb collisions, which means

that this phase is skipped and the hadronic phase directly follows after the collision.

However, some signatures, which have been attributed to the QGP in heavy-ion

collisions, have been observed in high multiplicity p-Pb collisions and it remains

unclear, if the assumption of absent hot matter effects in p-Pb collisions is valid.

It is one of the objectives of this work to test some of the QGP signatures in p-Pb

collisions.

2.3. Signatures of the QGP

Due to the confinement and the short lifetime of the quark-gluon plasma it is im-

possible to observe it directly in heavy-ion collisions. However, several signatures of

the QGP have been proposed over the last decades, which have been more or less

successful. A summary on the signatures is given in [BMS07b], for example. Here,

only two characteristics or signatures of the QGP will be discussed. They can also

be tested with the transverse momentum distributions of identified particles and are

therefore of particular interest for this work:

1. Hydrodynamic behavior

2. Nuclear modification factor

The connection to the measurements presented in this work will be made and mo-

tivated by the results published so far.

2.3.1. Hydrodynamic Behavior

It has already been proposed by Bjorken in his famous publication [Bjo83] that the

fireball created in ultra-relativistic heavy-ion collisions will exhibit hydrodynamic

behavior and can be described as a relativistic fluid. A more recent introduction to

hydrodynamics in heavy-ion collisions can be found in [Oll08].

13



2. Quarks, Gluons and the Strong Interaction

A hydrodynamical description is only appropriate, when the single but strong re-

quirement is met that the medium under consideration is in local thermal equilib-

rium. This implies that the mean free path of a particle in the medium is much

smaller than all the characteristic dimensions of the system. In addition, ideal hy-

drodynamic models assume a viscosity of zero.

The hydrodynamical description is then provided by conservation laws of the mo-

mentum and energy

∂µT
µν = 0, (2.3)

where T µν is the relativistic energy-momentum tensor. In addition, the conservation

of the baryon number current

∂µj
µ
B(x) = 0 (2.4)

is required. This gives in total five equations for six variables. Together with the

Equation of State (EOS) of the fluid, which is usually calculated with lattice QCD

in modern models, they form a closed system of equations. The EOS is a functional

relation between the energy density ε(x), the momentum density p(x) and the baryon

number density nB(x).

In the Bjorken model this is simplified by considering only the longitudinal expansion

of the medium and assuming a net baryon density nB = 0. To derive the equation

of state two extreme cases are considered. At very low temperatures the system is

described as a dilute pion gas and at very high temperatures as an ideal fluid of

quarks and gluons and it follows:

p =
π2

90
n(β)β−4, (2.5)

where β = 1/T and n is the number of degrees of freedom in the system, which

depends on the phase under consideration. The equation of state can then be written

as:

ε

3p
= 1− β

3n

∂n

∂β
, (2.6)
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2.3. Signatures of the QGP

where n needs to satisfy ∂n
∂β
≤ 0. Please note that current state-of-the-art hydrody-

namical models follow a much more sophisticated approach, but nevertheless, the

general idea remains (cf. Section 5.3.5). In particular, they consider up to 3 + 1

dimensions on an event by event basis and introduce viscosity and thermal conduc-

tivity parameters to account for a non-perfect fluid. As in the Bjorken model, the

degrees of freedom are usually encoded in the EOS to account for the partonic and

hadronic phase. The transition from a hydrodynamic medium to free streaming par-

ticles can be performed within the Cooper-Frye formalism [CF74], which conserves

energy or within the cut-off formalism [Bug96], which conserves the momentum

in addition. For the remaining hadronic interactions transport models like UrQMD

[BBB+98] can be used.

Please note that a hydrodynamic description is not limited to a QGP phase. For a

proper hydrodynamic description, however, the mean free path needs to be much

smaller than the characteristic dimensions of the system and a local equilibrium is

required. While this requirement can be met easier by a strongly interacting QGP

it may not be excluded that a hydrodynamic expansion is also applicable for a hot

hadron gas created in particle collisions. However, comparisons of hydrodynamic

models with measurements in heavy-ion collisions have shown that the existence of

a partonic phase is strongly favored in order to describe the data [BRAHMS05b,

PHENIX05, PHOBOS05].

The experimentally accessible observable for hydrodynamic behavior is flow, which

is a common velocity field for all particles, due to the hydrodynamic expansion of

the medium, which is induced by the pressure gradient. In case of central heavy-ion

collision a symmetric fireball is expected and all particles receive a velocity push

in transverse direction, regardless of their mass. This is usually called radial flow

and manifests in the transverse momentum distributions of (identified) particles.

The spectra are expected to become harder with respect to a collision without a

hydrodynamic expansion, which means particles are pushed to higher momenta. In

addition, a mass dependence is observed in the transverse momentum signal, because

radial flow increases the particle velocity and not the momentum. The effect of radial

flow increases for higher pressure gradients and longer hydrodynamic phases, which

is usually correlated with the event multiplicity. In first order, the hardness of a

spectrum can be measured by the mean transverse momentum 〈pT〉. For heavy-ion
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2. Quarks, Gluons and the Strong Interaction

collisions a hardening of the spectra with centrality has been measured and a mass

ordering has been observed at RHIC and at the LHC [STAR09, ALICE13b]. These

measurements are generally interpreted as an effect of radial flow in the QGP phase.

In p-Pb collisions a similar hardening of the spectra is observed, which might not

necessarily be due to radial flow, but also questions if the interpretation of the data

in heavy-ion collisions within the context of radial flow is correct. The possibility of

hydrodynamic behavior in high multiplicity p-Pb collisions will be discussed with

the transverse momentum distributions of identified hadrons in Section 5.3.

Another signature of the hydrodynamic expansion can be observed in non-central

heavy-ion collisions. Here, the formed fireball is asymmetric and exhibits an almond

shape. This results in different pressure gradients for different azimuthal angles with

respect to the reaction plane1. While the mechanism of the velocity push is the same

in this case, an azimuthal anisotropy of particle yields is observed in addition to the

hardening. This is called elliptic flow and a recent review can be found in [Sne11].

The anisotropy of the particle emission is usually described with a Fourier expansion

of the particle production with respect to the reaction plane:

E
d3N

d3p
=

1

2π

d3N

pTdpTdy

(
1 +

∞∑
n=1

vn cos [n(ϕ− ΦRP )]

)
, (2.7)

where E is the energy of the particle, ϕ the azimuthal angle of the particle and ΦRP

the angle of the reaction plane.

The magnitude of the corresponding harmonic is described with the Fourier coeffi-

cients vn, e.g. v2 for elliptic flow. It is an established probe in heavy-ion collisions

and has been measured at AGS, SPS, RHIC and the LHC. The measurement of

elliptic flow of identified particles at RHIC revealed a clear mass ordering, which is

in agreement with predictions from an ideal fluid [Sne11]. ALICE has recently pub-

lished elliptic flow results in Pb-Pb collisions for identified particles that also show

the typical mass ordering [ALICE14e]. Higher harmonics like v3, i.e. triangular flow,

have also been measured and are generally interpreted as fluctuations in the initial

stage [AR10].

Elliptic flow is also visible in two-particle correlation studies, which do not require

the definition of an event plane. All three experiments at LHC with a heavy-ion

1The reaction plane is defined by the two shorter axes of the ellipsoid.
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2.3. Signatures of the QGP

program published results of these studies for unidentified charged particles in p-Pb

collisions. They revealed a double ridge structure and a significant v2 (and v3) has

been measured [ALICE13e, CMS13b, ATLAS13b]. PHENIX has also published com-

patible results for d-Au collisions at RHIC [PHENIX13a].

Transverse momentum distributions of identified particles are not directly sensitive

to elliptic flow, but the PID techniques and calibration used for the identified par-

ticle spectra have also been used to measure two-particle correlations of identified

particles [ALICE13d]. In Fig. 2.4 the Fourier coefficient v2 is shown for pions, kaons

and protons measured in p-Pb collisions. It was obtained with two-particle correla-

tions and to enhance the visibility of the effect the jet contribution was removed by

subtracting the signal of low multiplicity events from the signal of high multiplicity

events. The typical mass ordering observed in heavy-ion collisions is also seen for p-

Pb collisions. Please note that the magnitude of v2 is smaller compared to heavy-ion

collisions [ALICE14e], but nevertheless, given these results, the interpretation of the

heavy-ion results in the context of flow will have to be handled with more caution.
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Fig. 2.4.: The Fourier coefficient v2 of identified particles measured with two-particle cor-
relations. To enhance the visibility of the effect, the signal of low multiplicity
events has been subtracted from the signal of high multiplicity events. The re-
sulting v2 shows a clear mass ordering, which is reminiscent of the behavior in
Pb-Pb collisions. Figure from [ALICE13d].
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2. Quarks, Gluons and the Strong Interaction

On the other hand, one can argue that these results add another question mark to

the paradigm that no hot matter effects are present in p-Pb (d-Au) collisions.

2.3.2. Nuclear Modification Factor

While hydrodynamic effects can influence the transverse momentum distributions

and particle correlations at low to intermediate momenta (pT < 5 GeV/c), other

effects become important for the high momentum part, which is connected to hard

processes. For a high momentum parton, which originates from a hard nucleon-

nucleon collision and which escapes the collision region, a qualitative difference arises

for proton-proton and heavy-ion collisions. Since the reaction zone of the pp collision

is small, the parton can escape and hadronize without further interaction. In case

of heavy-ion collisions, the parton has to traverse the quark-gluon plasma, which

is much larger than the average mean free path. Analogous to Bremsstrahlung of

charged particles, color-charged partons could emit gluons in the color charge field

of other partons. This would lead to a significant decrease of the parton energy and

the momentum of the leading hadron in the parton fragmentation.

Experimentally this behavior should be observable as a suppression of high pT par-

ticles, when comparing heavy-ion collisions to pp collisions. To compare the two

systems, the nuclear modification factor RAA is defined as the particle production

in a heavy-ion collision divided by the particle production in pp collisions at the

same energy
√
sNN, scaled with the average number of binary collisions Ncoll in the

heavy-ion collision (cf. Formula 5.8).

To obtain the mean number of nucleon-nucleon collisions for heavy-ion collisions,

Glauber models are used. They will be described and used for p-Pb collisions in

Chapter 4. If a quark-gluon plasma is formed, the nuclear modification factor is ex-

pected to be smaller than unity in the high pT region, where the particle production

is governed by hard processes and the scaling with the number of binary collisions

is appropriate.

Several results have been published on the nuclear modification factor RAA and

a clear suppression of high pT particles is seen in Au-Au collisions at RHIC

[PHENIX01, STAR02] and in Pb-Pb collisions at the LHC [ALICE13a, CMS12c]. In

Fig. 2.5 some recent measurements are summarized to illustrate the current knowl-

edge. The RPbPb measurements from ALICE and CMS for the 0-5% most central

18
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Fig. 2.5.: The nuclear modification factor for charged hadrons for Pb-Pb collisions from
ALICE [ALICE13a] and CMS [CMS12c] and for p-Pb collisions from ALICE
[ALICE14b]. For Pb-Pb a clear suppression is seen, which is attributed to the
interaction of partons with the QGP created in heavy-ion collisions. The nuclear
modification factor of p-Pb collisions is compatible with unity for high pT, but
shows an small enhancement at intermediate pT. Also shown is the RPbPb of W±

[CMS12e] and Z0 [CMS11b] bosons and direct photons [CMS12b]. They do not
interact strongly with the QGP and do not show any suppression. Figure from
[ALICE14b].

Pb-Pb events at the LHC are in very good agreement and show a suppression over

the whole pT range. The structures at low to intermediate pT are due to soft pro-

cesses and initial state effects. Furthermore, the scaling with the number of binary

collisions, i.e. scaling with hard processes, is not expected to work in this region.

The suppression at high pT is in general interpreted as an effect of the quark-gluon

plasma, which has a high color charge density and slows partons through strong

interactions.
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2. Quarks, Gluons and the Strong Interaction

The argument of the presence of strongly interacting matter is further substanti-

ated by the nuclear modification factors of W± and Z0 bosons and direct photons

measured with CMS. They do not interact strongly and show thus no suppression,

but are compatible with unity. This also confirms that the scaling with the number

of binary collisions is adequate at high pT.

Analogous to the suppression of high pT particles, a suppression of jets in heavy-

ion collisions has been measured at RHIC [PHENIX04a, STAR03b] and the LHC

[CMS11a, ATLAS13a, ALICE14a], which is substantial up to 210 GeV/c. A jet

consists of the fragmentation products of a high pT parton, that has undergone a

hard collision. This means not only the leading high pT particle is measured, but

also the hadronized fragmentation products. Please note that a jet is a not very well

defined object and measurements may depend on the jet definition. However, the

measured suppression factors are consistent with the suppression of single high pT

particles, which leads to the conclusion that the energy is radiated outside of the jet

cone.

For p-Pb collisions, the situation looks qualitatively different. The nuclear modifi-

cation factor RpPb of charged hadrons is compatible with unity at high pT. It needs

to be noted that the volume of the possible fireball created in p-Pb collisions is

much smaller than in heavy-ion collisions and particles have to traverse less matter.

Nevertheless, the consistency of RpPb with unity suggest the absence of a quark-

gluon plasma in minimum bias p-Pb collisions. In addition, the results underline

that the suppression in heavy-ion collisions is not an initial-state effect, but rather a

final-state effect. At intermediate pT (2-7 GeV/c) an enhancement is visible, which is

commonly labeled Cronin peak and will be discussed in Section 2.4. Please note that

within the full systematic uncertainties the factor is also compatible with unity in

this region. However, systematic uncertainties are largely correlated across pT-bins.

CMS has also shown preliminary data of the nuclear modification factor, which rises

up to values of RpPb ≈ 1.5 for pT > 30 GeV/c [CMS13a]. This pT region could

be affected by anti-shadowing (cf. Section 2.4.2), but for the commonly used nu-

clear parton density function EPS09 this effect would only amount to a few percent

[HEHS12]. ATLAS has recently shown preliminary results of RpPb, that are consis-

tent with the CMS measurement [ATL14b]. The results from ALICE are compatible

with the measurements from d-Au collisions at RHIC, where no suppression at high
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2.4. Cold Nuclear Matter Effects

pT was found [STAR03a, CMS12e]. However, an enhancement of RdAu at interme-

diate pT was observed, which is in qualitative agreement with RpPb at the LHC.

Please note that the enhancement in p-Pb is not as pronounced as in d-Au.

The CMS and ATLAS results appear to be in contradiction with the ALICE results,

especially, since the last bin in the ALICE data might suggest a different trend. How-

ever, one has to keep in mind that the uncertainties correspond to only 1σ and in

this sense, the results are not incompatible. This is in particular the case, when

directly comparing the measured spectra of all charged particles in p-Pb. The dif-

ferences in the nuclear modification factor are mainly generated by the interpolated

pp reference and a measurement of the charged particle production in pp collisions

at
√
s = 5.02 TeV is much needed. It needs to be noted that all three experiments

have measured a nuclear modification factor of jets in p-Pb, which is compatible

with unity over the full pT range up to 1000 GeV/c in minimum bias collisions

[CMS14a, ATL14a, ALICE13j].

Within this work, the low and intermediate pT region, where the enhanced particle

production with respect to the scaled pp reference is observed, is studied. The RpPb

of pions, kaons and protons has been measured, which can shed more light into the

nature of the Cronin peak (cf. Section 5.3.4).

2.4. Cold Nuclear Matter Effects

In the Glauber picture, a heavy-ion collision can be considered as the superposition

of independent nucleon-nucleon collisions and the comparison with pp collisions can

reveal effects of the QGP. However, cold nuclear matter effects can also modify the

particle production with respect to a simple superposition, because the nucleons

are bound and interact with each other. In this section a brief introduction to the

commonly described effects will be given.

2.4.1. Cronin Effect

The Cronin effect is an enhanced particle production at low to intermediate trans-

verse momenta pT in proton-nucleus collisions with respect to the scaled particle

production in proton-proton collisions. It has been observed first in the 70s by a
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2. Quarks, Gluons and the Strong Interaction

group around Cronin [CFS+73, ACF+79], after whom the Cronin effect or Cronin

peak is named. They investigated the particle production of a 200 GeV – 400 GeV

proton beam on different nuclei targets and found that the particle production cross-

section scales with a power-law Aα, where A is the nucleon number of the nucleus

and α is obtained by a fit to the data. Fig 2.6 shows α as a function of transverse mo-

mentum, where α > 1 corresponds to an enhanced particle production with respect

to lighter nuclei.
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Fig. 2.6.: The power-law exponent α as a function of pT for positive pions. The production
cross-section scales with Aα, where A is the number of nucleons in the nucleus.
For pT > 2 GeV/c α is above unity, which indicates an enhanced particle pro-
duction with respect to smaller nuclei. These results have been obtained with a
400 GeV proton beam on different nuclear targets. Data from [ACF+79].

The effect is commonly explained by multiple scattering of the proton, which results

in momentum fluctuations and increased particle momenta on average. A review of

models that describe the Cronin effect as an initial state effect due to multiple scat-

tering can be found in [Acc02]. Another theoretical approach is laid out in [HY04],

where the Cronin effect is explained as a final state effect within the recombination

model [DH77]. The explanation of the enhanced particle production remains an open

issue.
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More recently, a Cronin peak has been observed in the nuclear modification factor

RdAu of the proton transverse momenta distributions in d-Au collisions at RHIC

[STAR06, PHENIX13b] and in p-Pb collisions at the LHC [ALICE14b]. Within this

thesis this behavior is further investigated by measuring the nuclear modification

factor of pions, kaons and protons. Please refer to Section 5.3.4.

2.4.2. Shadowing, Anti-Shadowing and EMC Effect

In this section the modification of the parton density in nuclei with respect to the

superposition of nucleons will be discussed. This is important, because the particle

production is naturally sensitive to the number of scattering centers in the nucleus.

In the most simple approach one could assume a scaling with the number of bound

nucleons A. However, measurements of the structure functions F2 of nuclei have

shown that the scaling with A is only an approximation. A common way to measure

these effects is to compare F2 of a nucleus with F2 of deuterium, where the F2 are

normalized by A. This gives the nuclear modification factor RA
F2

. A direct comparison

with nucleons is not as advantageous, because nuclei contain protons and neutrons

and deuterium is the smallest isospin-averaged system. It is hence a good baseline

for nuclei which contain a similar number of protons and neutrons. The structure

function F2 can be translated to the charge distribution and is used to calculate

(nuclear) parton density function. It is therefore directly connected to the particle

production in heavy-ion and proton-nucleus collisions.

Structure functions have been measured extensively with deep inelastic scattering

(DIS) of leptons off nuclei at several accelerator facilities. The nuclear modification

of F2 was first measured by the EMC collaboration at intermediate Bjorken x, which

resulted in the name of the EMC effect [EMC83]. Here, x is a dimensionless variable

and corresponds to the momentum fraction of the nucleon, that is carried by a

parton. A review of the nuclear modification of structure functions can be found in

[Arn94].

In Fig. 2.7 a schematic graph of the different regions of nuclear modification with

respect to the deuterium F2 as a function of Bjorken x is shown. The magnitude

and to some extent the position in x depends on the nucleus under consideration

and the squared momentum transfer Q2, but the qualitative statement is universal.
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Fig. 2.7.: Sketch of the structure function of nucleus A normalized to scaled deuterium
structure function as a function of Bjorken x. Figure from [Arm06].

The region at very low x < 0.1 exhibits a RA
F2

below unity and is called shadowing

region. In the context of DIS experiments, shadowing is commonly explained by

a fluctuation of the virtual photon, which is exchanged between the electron and

the nucleon, into a superposition of vector mesons, which then interacts strongly

with a nucleon on the surface of the nucleus. This nucleon is most relevant for the

interaction and shadows the nucleons behind it. The cross-section per nucleon is

thus smaller than for free nucleons. The effect is most relevant at low x, where

the lifetime of the fluctuation is comparable to the distance of the nucleons in the

nucleus. Another theoretical approach is the interaction and fusion of partons in the

nucleus. This will be discussed within the context of the Color Glass Condensate

in Section 2.4.3. At low to intermediate x (0.1 -0.3) an increase above unity of the

structure function in nuclei with respect to deuterium is observed. This region is

analogously called anti-shadowing and would be a direct consequence of the parton

fusion model.

The EMC effect dominates the region of 0.3 < x < 0.8. An attempt to explain this

depletion with conventional physics is an excess of virtual pions, which are associated

with the nuclear force. These virtual pions represent additional scattering centers at
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lower x and effectively reduce the carried momentum fraction of the partons. Thus

the x distribution is softened.

As x approaches unity, the Fermi motion of the nucleons within the nuclei becomes

most relevant and causes a steep increase in RA
F2

. In summary, several theoretical

approaches have been proposed for the different x regions and the interested reader is

referred to [Arn94], which contains a theoretical overview, but also an experimental

review.

The discussed effects may also be connected to the particle production in p-A or

A-A collisions. In general, a RA
F2

above unity indicates more scattering centers and

hence an increased particle production in ultra-relativistic A-A or p-A collisions.

For regions of x with a RA
F2

below unity a decreased particle production would be

expected. Depending on the collision energy per nucleon-pair, the relevant pT ranges

can be estimated by

x ≈ 2pT√
sNN

, (2.8)

when assuming that most of the momentum of a hard parton scattering is carried

away by the leading hadron.

2.4.3. Gluon Saturation – Color Glass Condensate

The parton distributions of nucleons have been measured with high precision as a

function of x and Q2. In Fig. 2.8 fit results from the ZEUS collaboration are shown

for deep inelastic scattering of leptons off protons with Q2 = 10 GeV2. Shown are

the distributions of up and down flavor, which are the valence quarks of the proton,

but also the gluon and the sea quark distribution. Please note that the sea quark

distribution cannot be measured directly, but can be obtained by comparing DIS

results of charged leptons and neutrinos. The gluon distributions can be obtained

by solving the DGLAP equations [GL72, ZEUS03], which in return give the gluon

and quark momentum distributions and thus the structure function F2.

At higher x the valence quarks clearly dominate and have a maximum at x ≈ 0.2.

The up quark distribution is naturally higher since the proton contains two of them

and only one down quark. At lower x the valence quarks of the proton are clearly

dominated by sea quarks and especially gluons. Please note that the sea quark and
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Fig. 2.8.: Flavor distributions xf of a proton at Q2 = 10 GeV2 as a function of x calculated
by ZEUS with deep inelastic scattering. At high x the valence quarks dominate
and reach a maximum at x ≈ 0.2. At low x sea quarks and gluons clearly
dominate the valence quarks, while gluons dominate the sea quarks. Please note
that the gluon and sea quark distributions have been scaled by a factor of 0.05
for visibility. Figure from [ZEUS03].

gluon distributions have been scaled by a factor 0.05 for visibility. Within the mea-

sured x range the gluon distribution is rising steadily. In addition to Q = 10 GeV2

the gluon distribution has also been calculated at Q2 = 7, 200 and 2000 GeV2, which

is shown in Fig. 2.9. The extreme gluon densities at low x are even more dominant

for higher momentum transfers. This means that at higher nucleon-nucleon energy
√
sNN at particle colliders like the LHC, the particle production is mostly governed

by low x gluons.

However, the phase space in the nucleon is limited and the gluon distribution is

expected not to grow to infinity. This has led to the proposal of a new state of matter:

the color glass condensate (CGC). It could exist in nuclei, which are almost at the

speed of light and highly Lorentz contracted. The basic idea is that at high enough

densities gluons overlap and interact with each other. In particular, two gluons can
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Fig. 2.9.: Gluon distributions xg at different Q2 as a function of x calculated with ZEUS
deep inelastic scattering data. For higher momentum transfers the dominance of
the gluons is even more pronounced and becomes relevant at higher x. Figure
based on [ZEUS03].

fuse to a single gluon, which is an effect not considered in the DGLAP evolutions.

When taking it into account, the gluon density is limited and the saturation scale

QS for a nucleus with nucleon number A is defined as:

Q2
S ∝ αS(Q2

S)
xgA(x,Q2

S)

πR2
A

, (2.9)

where RA is the nuclear radius and gA(x,Q2
S) the gluon distribution in the nucleus,

which can be approximated with the nucleon gluon distribution g(x,Q2
S):

gA(x,Q2
S) ≈ g(x,Q2

S) · A. (2.10)

Since the radius of the nucleus scales with A1/3, the CGC is more important in heavy

nuclei and could play a crucial role for the initial conditions of p-A and A-A collisions.

In measurements the CGC would manifest in a lower particle production rate. It

is also a potential explanation for the shadowing measured for nuclear structure

functions. A review of the CGC can be found in [IV03].
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The ALICE experiment is one of four large experiments at the LHC and is designed

to investigate the properties of the strong interaction in heavy-ion collisions. The

LHC at CERN is located about 100 m underground of the Swiss-French border by

Geneva and has a circumference of 27 km. It has reached unprecedented energies

of
√
s = 8 TeV in pp,

√
sNN = 2.76 TeV in Pb-Pb and

√
sNN = 5.02 TeV in

p-Pb collisions since its start in 2008. After the current maintenance shutdown

it will resume operation with pp collisions in 2015 with the full design energy of
√
s = 14 TeV. For a detailed description and performance please refer to [BCL+04,

EB08, AF+13].

The key feature of the ALICE detector is that it can cope with the immense particle

multiplicities of heavy-ion collisions, where the multiplicity is commonly stated as

the number of charged particles per unit of pseudo-rapidity dNch/dη. While ALICE

was designed for the most extreme multiplicity extrapolation dNch/dη ≈ 8000 from

SPS heavy-ion collisions, the particle production in the most central Pb-Pb collisions

reaches dNch/dη ≈ 1600 [ALICE11a]. In addition, ALICE has excellent vertexing

and tracking capabilities from pT > 100 MeV/c up to high momenta and superior

particle identification (PID) capabilities with several techniques.

Fig. 3.1 shows a sketch of the ALICE detector. The beam setup for the data used in

this thesis is indicated with the two black arrows. Here, the protons come in from

the A-side and the lead ions from the C-side. By convention, the positive direction

of the z-axis points towards the proton-going direction and thus positive rapidities

are on the C-side.

The ALICE detector consists of the muon spectrometer and the central barrel. The

muon arm is at forward rapidities and is mainly used to detect muon pairs stemming

from light and heavy vector-mesons, but also single muons from heavy-flavor hadrons

and W± bosons. It is not used for the analysis performed within this thesis and the
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3.1. Inner Tracking System

interested reader is referred to [ALICE08]. The central barrel, which is symmetric

around the interaction point is embedded in the homogeneous magnetic field of 0.5 T

from the L3 magnet (red). In the following sections the sub-detectors in the central

barrel, which are most relevant for the analysis in this work will be introduced briefly.

For a detailed description of the experiment and the sub-detectors please refer to

[ALICE04, ALICE06, ALICE08].

In addition to the central barrel and the muon spectrometer, two Zero Degree

Calorimeters (ZDC) are installed 116 m from the interaction point at each side

of the detector. Each consists of a neutron calorimeter ZNA (ZNC) and a proton

calorimeter ZPA (ZPC), which measure the remnants of the colliding nuclei. These

signals can not only be used to measure the centrality of the collision, but the arrival

time of the nucleons is also used to reduce the background of beam-gas and gas-gas

collisions.

During the 2013 p-Pb run the LHC was operated with up to 338 colliding bunches

at the ALICE interaction point with a bunch spacing of 200 ns. The mean number of

collisions per bunch crossing was required to be < 0.05 to avoid pileup events from

the same bunches. This has led to an interaction rate of about 10 kHz of minimum

bias collisions. A recent report with details on the running conditions and detector

performance can be found in [ALICE14i].

3.1. Inner Tracking System

The Inner Tracking System (ITS) is directly located around the interaction region

and is shown in the inlay on the top right of Fig. 3.1. It consists of six layers of silicon

detectors, with three different technologies: the two innermost are pixel detectors

(SPD), then two silicon drift detectors (SDD) and finally two silicon strip detectors

(SSD). They cover the full azimuth and |η| < 0.9 or more. In particular, SPD layer

1 covers |η| < 2.0 and layer 2 covers |η| < 1.4, while both SSD layers cover |η| < 1.0.

The ITS is used to reconstruct the primary interaction vertex, but also secondary

vertices to allow the identification of quickly decaying particles like D-mesons

(cτ(D±) = 311.8 µm [PDG12]). In addition, it contributes to the tracking of par-

ticles and increases the resolution of the Distance of Closest Approach (DCA) to

the vertex with respect to the rather rough approximation of the Time Projection
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3. The ALICE Experiment

Chamber (TPC). For tracks with pT > 0.2 GeV/c the resolution in the xy-plane

is better than 170 µm and improves down to 20 µm for pT > 10 GeV/c in p-Pb

collisions [ALICE14i]. Within this thesis this precision is extremely beneficial for the

secondary particle subtraction method performed in Sections 5.1.5 and 6.2. With

the ITS it is also possible to reconstruct tracks of particles with momenta down to

approximately 100 MeV/c, which do not reach the TPC.

Furthermore, the four outer layers of the ITS, i.e. SDD and SSD, also record the de-

posited energy per length dE/dx in silicon. This information can be used to identify

those particles that do not reach the TPC and extends the particle identification

capabilities of ALICE to lower momenta. This reduces the extrapolation of trans-

verse momentum distributions to lower momenta for the integrated particle yields

and thus the systematic uncertainties.
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Fig. 3.2.: ITS PID performance in p–Pb collisions. Plotted is the energy loss as a function
of the particle momentum. The black lines indicate the parametrizations.

The accessible pT range of the particle identification with the ITS gives some overlap

with the TPC PID at higher pT (≈ 300–700 MeV/c) and allows the validation of

both methods. This is in particular beneficial, because the ITS PID method uses

only the ITS information for the tracking and is in this way independent. Fig. 3.2
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3.2. Time Projection Chamber

shows the performance of the PID with the ITS in p-Pb collisions when combining

the four dE/dx samples. A clean separation is possible at low pT. The black lines

are the parametrizations for the corresponding particles.

The ITS can also provide a fast trigger signal and is used for the minimum bias

trigger in Pb-Pb collisions. For a more detailed description of the ITS design and

its performance please refer to [ALICE99, ALICE14i].

3.2. Time Projection Chamber

The Time Projection Chamber [AAA+10] is the main tracking device of ALICE and

is shown in gray in Fig. 3.1. It is build symmetrically around the ITS covering the

full azimuth and |η| < 0.9. The TPC has an active drift volume of 90 m3, which is

filled with a mixture of 90% Ne and 10% CO2. It is divided in two halves by the

central electrode (η = 0), which is made out of 22 µm thick mylar foil and is put

to a high voltage of 100 kV. The design of the field cage and the chosen potential

result in a homogeneous electric drift field of 400 V/cm with respect to the two outer

walls. Charged particles, that cross the TPC, ionize the noble gas and the charges

are separated by the electric field. The electrons then drift with constant speed up

to 2.5 m to the outer walls, where they are read out. From the measured drift time

the third dimension of the position of ionization is reconstructed.

The readout is segmented in inner and outer chambers in radial direction and 18

chambers in aziumthal direction per front-end, which gives 72 read-out chambers in

total. Currently, the multiplied drift electrons are read out by the pads of multi-wire

proportional chambers (MWPC). All readout chambers together contain 557568

pads, which allows to reconstruct up to 8000 charged particles per pseudo-rapidity

unit. The TPC has 159 pads in radial direction and each track can thus ideally

produce 159 ionization clusters.

For the future high luminosity run 3 at the LHC a collision rate of 50 kHz (cf.

3–4 kHz in run 1) is expected for heavy-ion collisions and an upgrade of the ALICE

TPC readout to Gas Electron Multipliers (GEM) to replace the MWPCs is planned.

This will allow a continuous readout without triggering and allow the TPC to cope

with the increased collision rates. [ALICE13i]
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3. The ALICE Experiment

The MWPCs are operated at 1500 V, which lies in the proportional region and hence

the signal in the readout chambers is proportional to the primary electrons and the

energy loss per path length dE/dx of the ionizing particle traversing the TPC gas.

The dE/dx is characteristic for a given particle species and allows, together with

the momentum reconstruction, to measure the mass or identify the type of particle.

Fig. 3.3 shows the dE/dx signal obtained from p-Pb collisions in 2013 as a function

of momentum. Clear bands are visible for the most abundant particles, i.e. pions,

kaons and protons, but also light nuclei (deuterons and tritons) can be identified. A

clean separation is only possible up to a maximum momentum, where the different

particle bands cross each other. Here, other PID methods are needed in addition.
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Fig. 3.3.: TPC PID performance in p–Pb collisions. Plotted is the energy loss dE/dx as
a function of momentum. The different particle species are clearly separable up
to a maximum pT on a track-by-track basis and at high pT, i.e. the relativistic
rise region, with statistical means. The black lines are the fitted Bethe-Bloch
parametrizations.
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3.3. Time Of Flight Detector

In the regions of clean separation the energy loss dE/dx of each particle band is

fitted with the ALEPH parametrization [BRR08] of the Bethe-Bloch curve [Blo30]

f(βγ) =
A

βD

(
B − βD − ln(C +

1

(βγ)E
)

)
, (3.1)

where β is the particle velocity, γ is the Lorentz factor, and A − E are free fit

parameters. The resulting parametrizations for the p-Pb data taking period is de-

picted with the black lines in Fig. 3.3. The resolution of the dE/dx signal is about

5.5 - 6.2 %, depending on the particle multiplicity. In the low pT region with good

separation the width of the parametrization σTPC is used to identify particles on a

track-by-track basis (cf. Section 5.1). At high pT, i.e. in the relativistic rise region a

seperation is possible with statistical methods (cf. Section 5.2.3). For further details

on the TPC, please refer to [AAA+10, ALICE14i].

3.3. Time Of Flight Detector

The Time Of Flight detector (TOF) [AAA+13] is shown in blue in Fig. 3.1 and is

the most outward detector in the central barrel that covers the full azimuth. Like

the TPC it covers a pseudo-rapidity region of |η| < 0.9. It consists of an array of

Multigap Resistive Plate Chambers (MRPC) [ZCH+96, A+00], which are segmented

in eighteen (in azimuth) times five modules (parallel to the beam line). Each module

contains 15–19 MRPC strips, depending on the length of the module and each strip

contains 96 readout pads. This gives a total of about 157000 readout channels.

The TOF requires a start signal, which corresponds to the time the collision takes

place, to measure the time-of-flight of particles. By default, the start time is provided

by the T0 detector, which consists of two arrays of Cherenkov detectors at −3.28 <

η < −2.97 and 4.61 < η < 4.92. Each array holds 12 detectors equipped with a

quartz radiator and photo multiplier tube. When requiring a hit in both arrays a

time resolution of 25 ps (40 ps) is reached for Pb-Pb (pp) collisions. For the 60 %

most central Pb-Pb collisions the T0 is fully efficient, but drops to about 50 %

efficiency in pp collisions.

If at least three particles hit the TOF, the resolution can be increased by computing

the arrival times with a combinatorial algorithm based on a χ2 minimization between
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3. The ALICE Experiment

all possible mass hypotheses. This method is also used if a T0 signal is not available

and increases the start time efficiency especially for low multiplicity events.

The total time-of-flight resolution reached is σTOF ≈ 80 ps in the high multiplicity

limit of p-Pb collisions (dNch/dη & 30). It is slightly worse for lower multiplicities: for

example, if five tracks are available for the start time the resolution is σTOF ≈ 95 ps.

[ALICE14i]

Together with the momentum, the time-of-flight measurement can be used to calcu-

late the mass of a particle. Fig. 3.4 shows the performance of the TOF PID. Plotted

is the relativistic β as a function of momentum. The particle bands for pions, kaons,

protons and deuterons are clearly separated. However, particle identification with

the TOF suffers from mismatched tracks, because a TOF hit can be associated to

a wrong track, which means that a wrong time-of-flight is assigned to the track. To

subtract this background several methods are available. In this thesis, the mismatch
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Fig. 3.4.: TOF PID performance in p–Pb collisions. The separation power of the TOF
extends to high pT. For example, it can be used on a track-by-track basis with
3 σ separation up to 2 GeV/c for protons. With statistical methods, this range
can be extended up to 4 GeV/c. However, the background from mismatched
tracks has to be taken into account. This is in particular important for rare
particles like deuterons.
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3.4. V0 Detector

is suppressed by requiring an additional quality cut on the TPC PID signal (cf.

Section 5.1). Another approach is to fit the TOF signal with the detector response

and to include a template for mismatched tracks, when doing particle identification

on a statistical basis (cf. Section 5.2.2). Mismatched tracks require special attention

especially for rare particles like deuterons, because the signal to background ratio is

more affected (cf. Section 6.3).

For more detailed information on the TOF detector please refer to [AAA+13,

ALICE14i].

3.4. V0 Detector

The V0 detector consists of two scintillator arrays at forward (2.8 < η < 5.1) and

backward rapidity (−3.7 < η < −1.7), which are called V0A and V0C, respectively.

Each array is divided into four rings, which are split into eight segments each.

The V0 is used as a fast trigger input. For example, in the 2013 p-Pb run a coinciding

hit in both V0A and V0C was required as a minimum bias trigger. It can also select

on the event centrality or multiplicity, since the number of particles registered in the

V0 and the number of emitted primary particles behave monotonously. It is thus

also used as a fast online trigger to select high multiplicity events. In a similar way,

the signal can be processed offline with more precision and is commonly used to

define the centrality classes in Pb-Pb collisions and more importantly for this thesis,

provides the multiplicity classes in p-Pb collisions (cf. Section 5.1.2). Furthermore,

the V0 is used to discriminate background like beam-gas events by the arrival time.

3.5. Additional Detectors

Several subsystems of the ALICE detector are not directly used in this thesis and

will only be introduced very briefly here. The transition radiation detector (TRD)

is located in the central barrel between the TPC and the TOF. It improves the

global tracking performance and can identify high-pT electrons and positrons with

transition radiation. The two electromagnetic calorimeters PHOS and EMCal cover

part of the central barrel acceptance and are mainly used to measure photons. The
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3. The ALICE Experiment

HMPID is a Ring Imaging Cherenkov Detector (RICH) and is used for high mo-

mentum particle identification. It covers only part of the central barrel acceptance.

The interested reader is referred to [ALICE08], which also contains references to the

individual technical design reports.

3.6. ALICE Software

The software used in the ALICE experiment is bundled in the AliRoot framework

[ALI14a], which is an extension to the commonly used ROOT software [Roo14]. It

is written in C++, except for large existing external libraries and some legacy code.

AliRoot is used for the offline processing of the data, which includes the simulation,

reconstruction and analysis. A major feature of AliRoot is that it does not focus

on particular packages, but provides interfaces for them, which allows the usage of

several event generators, transport models and other modules within the AliRoot

framework.

To handle the huge amount of data recorded by the ALICE detector of about 3-

4 MB per p-Pb minimum bias event, the data is copied to the large computing

grid [E+05], where it is processed utilizing massive parallelization. This is possible,

because each event is independent and can be reconstructed and (in most cases)

analyzed event by event. The user interface of the AliRoot software to the grid is

the Alice Environment (AliEn) [Ali14b].

3.6.1. Event and Track Reconstruction

The reconstruction of the ALICE data is done event by event, where the global run

calibration is taken into account. The reconstructed information is then stored in so

called Event Summary Data objects (ESD), which contain global properties like the

magnetic field configuration and event specific information, like the vertex position

and the multiplicity. In addition, it contains the information on all reconstructed

particle tracks of the event, like the track momentum and the energy loss in the

TPC.

Only a short summary on the event and track reconstruction of the detailed descrip-

tion in [ALICE14i] will be given here. Fig. 3.5 shows schematically the reconstruction
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Fig. 3.5.: The reconstruction scheme of ALICE data in the central barrel. For details please
refer to the text. Figure from [ALICE14i].

process of ALICE data in the central barrel. The first step is the clusterization of

the detector raw data. Next, a preliminary vertex is obtained with the SPD infor-

mation, which will be used for the track reconstruction, before the final vertex is

reconstructed. After a preliminary vertex was found the track finding and fitting is

performed in the TPC and ITS with a Kalman filter technique [Fru87].

The tracking is performed in three stages, following an inward-outward-inward

scheme. The track finding starts at the outer edge of the TPC, where track seeds are

built out of two clusters constrained to the vertex and then three clusters without

vertex requirement. The seeds are propagated inward and are updated at each step

with the nearest cluster, given that it is within a maximum distance. In addition,

quality cuts are applied, which avoid extensive cluster sharing. Before propagating

the TPC tracks to the ITS, a preliminary particle identification of pions, kaons and

protons is performed, based on the energy loss in the TPC. This information is

used in the following tracking steps to account for the energy loss of the particle

in the detector. In case a PID can not be assigned, the pion mass is assumed (cf.

Section 6.1.1).

The TPC track is propagated to the outer layer of the ITS, where it is used as a seed

for the ITS tracking. This is performed in a similar fashion by updating the track
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candidate information at each ITS layer. Please note that layers may be skipped,

which is in particular important, when dead channels are present. Clusters, which

are unused by the TPC-ITS tracking are now used to reconstruct low momentum

particles that do not reach the TPC.

All tracks are now propagated to their point of closest approach to the vertex and are

refitted by the Kalman filter in outward direction, while using the clusters found in

the previous iteration. Once the edge of the TPC is reached the tracks are matched

with the TRD, TOF and in a second step with EMCal, PHOS and HMPID. The

final step, is the propagation from the outer edge of the TPC inward, where the

tracks are refitted again with the previously found clusters. The resulting tracks are

called ITS-TPC tracks or global tracks.

After removing outliers with respect to the beam line, the final vertex is recon-

structed by a fit to the global tracks. The found tracks are mainly primary tracks

and a dedicated algorithm, which searches for secondary particles and secondary

vertices, is used.

3.6.2. Simulation

Simulations of particle collisions are a three step process. In a first step an event

generator produces the primary particles of the collision, which are then propagated

through a simulation of the detector with a transport model in a second step. Within

this process, secondary particles are produced and the simulated raw data of the

detectors is generated. The last step is the reconstruction, which is performed in the

same way as described above for data.

Monte Carlo Event Generators

Several event generators are available within the AliRoot framework for pp, p-A and

A-A collisions [ALICE11c]. The two most relevant and common for p-Pb collisions

in ALICE will be briefly introduced here.

HIJING (heavy-ion jet interaction generator) [Wan91] uses a Glauber model ap-

proach to model the initial conditions of p-A and A-A collisions and it combines

perturbative QCD inspired models for multiple jet production with low pT multi-

string phenomenology. HIJING does not include any final state effects, except an
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effective energy loss model for jet quenching. The phenomenological parameters are

adjusted to reproduce essential measured features of pp collisions, like the jet produc-

tion cross-section and the charged particle multiplicity. HIJING has been designed

for RHIC and has since then been widely used for simulations in the RHIC and LHC

era.

DPMJET [RER00] is based on the dual-parton model [CSTT94], which can be

used for pp, p-A, A-A collisions, but also photon-hadron and photon-nucleus colli-

sions. The nuclear cross-sections are modeled with a Glauber-Gribov approach to

account for initial stage fluctuations, while PHOJET [ER96] is used for the elemen-

tary hadron-hadron (photon-photon and hadron-photon) interactions. For the soft

particle production Reggeon field theory is used and perturbative QCD for hard

interactions.

Monte Carlo Transport Models

Transport models are used to model the geometry and the material of a detector

and its support structure. Then the interaction of a particle that traverses the de-

tector is simulated, where a number of physical processes can be considered. These

usually include electromagnetic and hadronic processes. Particles that interact with

a sensitive detector region create a hit. From these hits, digits are computed, which

correspond to a detector output like a trigger signal of an ADC signal. These digits

are then digitized by the AliRoot framework in several steps and finally processed

as clusters by the reconstruction algorithm.

As already mentioned, AliRoot can utilize several transport models. The technical

implementation is done with the Virtual Monte Carlo (VMC), which is an abstract

layer between the detector description and the transport code. It has been developed

in close cooperation with the ROOT collaboration and a detailed description is avail-

able in [ALICE03]. Originally, VMC modules were available for Geant 3 [BCG94],

Geant 4 [GEANT03] and FLUKA [BMS+07a], but FLUKA VMC development has

been discontinued by now.

Currently, Geant 3 is the default for ALICE Monte Carlo productions. However,

Geant 4 has been tested extensively and is used for systematic cross checks. In

addition, it follows a more sophisticated way to calculate the absorption cross-section
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of light anti-nuclei at low momenta (1-10 GeV/c), which is also used for this thesis

(cf. Section 6.4.1).

3.6.3. Analysis Tasks

The goal of an analysis task is to filter the relevant information from the recon-

structed particle collisions data saved in the ESD objects. A task can be run on

the grid over a given data sample. It is divided automatically in sub-tasks, which

run only over a few events on any node within the grid. With this parallelization

reasonable turn-around times of the order of hours to one day are possible. The

output data of the sub-tasks is then collected, combined and usually post-processed

on a local machine. Within this work two analysis tasks:

� PWGLF/SPECTRA/PiKaPr/TPCTOFpA/AliAnalysisTPCTOFpA.cxx

� PWGLF/SPECTRA/Nuclei/deuteronpA/AliAnalysisDeuteronpA.cxx

have been developed and included in AliRoot to measure the deuteron and pion,

kaon and proton production. The tasks collect the relevant information in multi-

dimensional histograms to perform the particle identification and corrections, which

are described in Chapters 5 and 6.

42



4. Glauber Models

In heavy-ion collisions it is of fundamental interest to study observables as a function

of centrality, i.e. how much the colliding nuclei overlap, since some observables are

only visible or more pronounced in certain centrality ranges. A prominent example

is elliptic flow, which is strongest for medium centralities, where an almond-shaped

fireball is created. On the other hand, effects caused by the strongly interacting

medium like high pT suppression are more visible for the most central events, which

correspond to a larger volume of the created medium.

Usually, the centrality is defined with the impact parameter b, which is the distance

between the centers of the colliding nuclei. Unfortunately, this quantity can not

be measured directly in the experiment, since the violent collision takes place on

the femtometer scale. It is however possible to relate the measured charged-particle

multiplicity with geometrical quantities like the impact parameter in heavy-ion col-

lisions with Glauber models. They simplify the collision of the nuclei by assuming a

superposition of Ncoll independent nucleon-nucleon collisions and Npart participating

nucleons.

Glauber models have been introduced to heavy-ion collisions by [BBC76, EKL89]

and a more recent review of Glauber modeling can be found in [MRSS07]. In general,

one has to distinguish between optical and Monte Carlo Glauber models. Optical

models assume a constant nucleon density in the colliding nuclei and can be solved

analytically. Monte Carlo models on the other hand simulate many events and dis-

tribute the nucleons randomly with a probability function within the nucleus for

each event. This has the advantage that also the fluctuations of the geometrical

quantities can be calculated. However, the mean values of both approaches are in

very good agreement [MRSS07].

Both models make some common assumptions to simplify the complex process of a

heavy-ion collisions. Nucleons are assumed to travel on straight lines parallel to the
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beam axis and collisions are modeled by independent nucleon-nucleon collisions. By

definition, this does not take any cold nuclear matter effects or interaction with the

quark-gluon plasma into account. On the other hand, this allows to identify these

effects by comparing measured pp collisions with measured heavy-ion collisions.

Please note that shadowing can be included with the Glauber-Gribov approach,

which is an extension to the original Glauber model [AKST10].

The nucleon density is usually parametrized with a Woods-Saxon distribution

ρ(r) = ρ0 ·
1 + w(r/R)2

1 + exp( r−R
a

)
, (4.1)

where R is the radius, a is the skin depth of the nucleus and w is an additional

parameter to account for deviations of the radial symmetry of the nucleus. ρ0 is

a normalization parameter or more qualitatively: the density at the center of the

nucleus. The integral over the density distribution has to be equal to the number

of nucleons NA of the nucleus under consideration for the optical model. For Monte

Carlo Glauber models it is irrelevant, because the density function is only used to

randomly distribute the fixed number of nucleons within the nucleus for each event.

4.1. Optical Glauber Model

Fig. 4.1 shows the geometry of two nuclei A and B, which collide with impact

parameter b at relativistic speeds. The nuclear thickness function TA is defined as

TA(s) =

∫ ∞
−∞

ρA(r =
√
s2 + z2)dz, (4.2)

when considering a slice in the nucleus A in z-direction at position ~s. The thickness

function TB is defined analogous. This allows to calculate the so called nuclear

overlap function by multiplying the two functions and integrating over d2s

TAB(b) =

∫
TA(~s)TB(~s−~b)d2s. (4.3)

This gives then the total number of nucleon-nucleon collisions

Ncoll = TAB(b) · σNN , (4.4)
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A

Fig. 4.1.: Geometry for Glauber calculations in the side view (a) and the beam-line view
(b). The impact parameter b is defined as the distance between the centers of
the two colliding nuclei. Figure from [MRSS07].

where σNN is the inelastic nucleon-nucleon cross-section. The number of wounded or

participating nucleons is defined as the number of nucleons, which have undergone

at least one inelastic collision and can be calculated with

Npart(b) =

∫
TA(~s)

[
1−

(
1− TB(~s−~b)

NB

σNN

)NB]
d2s

+

∫
TB(~s−~b)

[
1−

(
1− TA(~s)σNN

NA

)NA]
d2s,

(4.5)

where (1− TIσNN
NI

)NI is the probability of a nucleon with a given impact parameter

to pass through the nucleus without interacting hadronically. Please note that each

nucleon is allowed to interact multiple times.

4.2. Monte Carlo Glauber Model

In contrast to the optical model, the Monte Carlo Glauber model distributes the

nucleons within the nucleus for each event according to the density function defined

in Formula 4.1.
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For each event a random impact parameter is drawn from the following distribution

dσ/db = 2πb. (4.6)

To avoid many events without interaction, a maximum impact parameter bmax can be

defined. Then for each randomly distributed nucleon it is checked if it interacts with

a nucleon from the other nucleus with the requirement that the transverse distance

d between the two nucleons is smaller than the radial nucleon-nucleon cross-section

d ≤
√
σNN/π. (4.7)

Please note that the nucleon-nucleon cross-section σNN is assumed to be independent

of how many interactions a nucleon has previously undergone. This implies that each

nucleon can collide with more than one nucleon. Calculating the number of binary

collisions and number of participants for each event remains a simple matter of

counting. By simulating many collisions, mean values and their fluctuations can be

calculated. The nuclear overlap function is in principle a concept from the optical

Glauber model, but it is useful to calculate the nuclear modification factor, since

the uncertainty of the nucleon-nucleon cross-section partially cancel in it. It can be

calculated with TAB(b) = Ncoll/σNN .

To connect the Glauber calculations to an experimentally measured multiplicity

distribution several approaches exist. For Pb-Pb collisions in ALICE [ALICE13c],

the number of ancestors Nanc = f ·Npart + (1− f) ·Ncoll is calculated. Here, f is a

free parameter, which adjusts the ratio of soft and hard particle production. Each

ancestor is an independently emitting source of particles, which is parametrized as

a negative binomial distribution (NBD). The parameters of the NBD and f are

obtained with an iterative fit to the experimental multiplicity distribution with a

χ2-minimization procedure. This connects each Monte Carlo Glauber event with a

multiplicity and the mean geometrical quantities and fluctuations can be calculated

for a given multiplicity interval or vice versa.

46



4.3. Glauber Simulation for p-Pb Collisions with ALICE

4.3. Glauber Simulation for p-Pb Collisions with

ALICE

For p-Pb collisions, Glauber calculations can be set up in the same way, as described

above, but some difficulties arise for the last step, which connects the geometrical

quantities to an experimentally accessible quantity, i.e. a measured multiplicity. The

main difficulties are biases that are also present but negligible in heavy-ion collisions.

In particular, the multiplicity fluctuations at a fixed Npart are sizable with respect to

the width of the Npart-distribution in p-Pb, while for Pb-Pb collisions the dynamic

range of Npart is much larger. In addition, the selection of low multiplicity events

introduces a veto on events that contain a jet. A centrality estimator independent

bias arises by the lower mean number of multiple parton interactions for peripheral

events, which is caused by a larger mean impact parameter for nucleon-nucleon

collisions. For a detailed discussion and new approaches to define centrality in p-Pb

collisions with ALICE please refer to [ALICE14c].

However, it is possible to perform the calculations for the minimum bias event

sample, which allows to compare p-Pb collisions to pp and Pb-Pb collisions, with

the mean number of participants and number of binary collisions.

Within this thesis the existing code in AliRoot, which is bundled in the PWGGlauber

class was set up and used. The parameter values with their systematic uncertainties

are summarized in Table 4.1

Parameter Value Description

RPb 6.62 ± 0.06 fm Radius of Pb nucleus
aPb 0.546 ± 0.010 fm Skin depth of Pb nucleus
wPb 0 Sphericity of Pb nucleus
dPb 0.4 ± 0.4 fm Hard sphere exclusion distance
Rp 0.6 ± 0.2 fm Radius of proton
σNN 70 ± 5 mb Nucleon-nucleon cross-section

Table 4.1.: Parameters for p-Pb Glauber calculations. Skin depth and sphericity of the
proton is not applicable since it consists of one nucleon only. The cross-section
has been extrapolated from measured ALICE data. Please refer to the text for
more details.
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4. Glauber Models

The nucleon-nucleon cross-section has been taken from [ALICE13f]. The calculations

have been repeated for the lower and upper limits of the systematic uncertainties for

each parameter to evaluate the systematic uncertainty of the mean number of binary

collisions and mean number of participants. The individual systematic uncertainties

have been summed quadratically. This gives 〈Npart〉 = 7.8835 ± 0.5643, 〈Ncoll〉 =

6.8835± 0.5643 and 〈TpPb〉 = 0.09834± 0.00338 mb−1 for minimum bias collisions.

Statistical uncertainties are negligible since one million events have been generated

for each setup.

These calculations have already been used in ALICE publications for the charged

particle pseudo-rapidity density [ALICE13h] and for the nuclear modification factor

of all charged particles [ALICE12b]. Within this thesis, they will be used for the

nuclear modification factor of identified particles (cf. Section 5.3.4).
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Protons in p–Pb Collisions

In this chapter the production of the most abundant particles (π, K, and p) in p–Pb

collisions at
√
sNN = 5.02 TeV as a function of multiplicity will be discussed. Within

this thesis the transverse momentum distributions of pions, kaons and protons at

intermediate pT have been measured with the TPC-TOF method, which will be

discussed in detail in Section 5.1. The measurement was extended to lower and higher

pT with different PID approaches, which will be introduced briefly in Section 5.2.

The low and high pT part of the spectra have not been measured within this thesis,

but resulted together with this work in a common publication that covers a wide pT

range and also includes strange particles (K0
S, Λ and Λ̄). The comprehensive results

of π±, K±, K0
S, p(p) and Λ(Λ̄) have been reported in [ALICE14h] and this chapter is

widely based on this publication. Results of π, K, and p production in p-Pb collisions

at the LHC have also been reported by the CMS collaboration [CMS14b].

5.1. Particle Identification at Intermediate Transverse

Momenta

To identify π, K, and p at intermediate pT the energy loss of the particles in the

gas of the TPC and the time-of-flight measured with the TOF detector is used

(cf. Section 3). The TPC-TOF method has been introduced for the measurement

of pions, kaons and protons in Pb-Pb collisions in [Kal12, ALICE12a]. With this

method a wide pT range (specified below) can be covered with a track-by-track

identification.

Fig. 3.3 shows the measured energy loss dE/dx as a function of particle momentum

in minimum bias p-Pb collisions recorded in 2013. The black lines superimposed
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5. Production of Pions, Kaons and Protons in p–Pb Collisions

to the data represent the Bethe-Bloch parametrization. Clean separation of pions

(kaons, protons) for momenta lower than 0.6 GeV/c (0.35 GeV/c, 1 GeV/c) is pos-

sible by applying a cut of 3σTPC around the expected energy loss. Here σTPC is the

resolution of the dE/dx signal in the TPC and it is of the order of 5%. The pT range

of kaons, accessible with the TPC 3σ-cut, can be extended to 0.55 GeV/c by sub-

tracting the contamination from electrons, which will be discussed in Section 5.1.5.

To be able to go to higher momenta the time-of-flight information of the TOF is

used in addition to the cut on the TPC signal, which provides a good pre-selection

reducing mismatched tracks to a negligable amount (< 1%). The performance of

the TOF PID has already been presented in Fig. 3.4, which shows the relativistic

β as a function of particle momentum. By requiring an additional cut of 3 σTOF

around the expected time-of-flight a clean separation is possible up to 1.5 GeV/c,

1.3 GeV/c and 2.0 GeV/c for pions, kaons and protons, respectively. Here, σTOF

corresponds to the time resolution of the TOF detector, which is as small as 80 ps

in high multiplicity p-Pb collisions (cf. Section 3.3).

An advantage of the TPC-TOF method is the track-by-track identification, which

also allows further measurements like two-particle-correlations of identified particles

[ALICE13d]. In addition, it is very robust with respect to non-perfect parametriza-

tions of the energy loss in the TPC. In case the resolution is underestimated by

20% or the parametrization is shifted by 0.5σTPC the systematic error amounts to

approximately 1%.

With the TPC-TOF method it is possible to measure pions (kaons and protons) at

momenta as low as 200 MeV/c (300 MeV/c and 500 MeV/c). Below these momenta

a measurement with global tracks is not feasible, because the global tracking be-

comes very inefficient. The spectra can be extended to lower pT by using the ITS

tracking and PID exclusively. At high pT the TPC-TOF method is limited by the

track-by-track separation power of the TOF. Other methods that use a statistical

identification approach with unfolding, are more advantageous in this region (cf.

Section 5.2).

5.1.1. Event Selection

Transverse momentum distributions have been obtained from the p–Pb run at
√
sNN = 5.02 TeV, which took place in 2013. For this analysis a minimum bias data
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sample (ALICE internal identifier: run 195483 ) was used, which contains about 15

million events after all the following event selection cuts.

During the data taking, a minimum bias trigger (ALICE internal identifier: INT7 )

was used that requires a coinciding hit in both V0 detectors, which are placed at

forward rapidity on the A- and C-side (cf. Section 3). This removes contamination

from single-diffractive and electromagnetic events. The time resolution is better than

1 ns, allowing a discrimination of beam-beam collisions from background events, e.g.

produced by beam-gas collisions. The trigger selection and timing cut is repeated

in the offline analysis. Furthermore the time information from the ZDCs is used to

further suppress the background.

In addition to this selection, only events that have a reconstructed vertex are consid-

ered for the analysis. The vertex reconstruction efficiency for non-single-diffractive

(NSD) events was estimated to 98.5% and the total reconstruction efficiency of NSD

events was estimated to 96.4%. Taking the differences of the selection in Monte Carlo

and data with respect to events without a vertex into account the total efficiency

is 97.9% for minimum bias collisions [ALICE13h]. The transverse momentum dis-

tributions in this work are not corrected for the reconstruction efficiency. They are

reported as fractions of the visible V0A cross-section. However, the correction is

applied to calculate the RpPb (cf. Section 5.3.4).

5.1.2. Multiplicity Selection

The measurement of the transverse momentum distributions of π, K, and p is pre-

sented in several multiplicity classes. For p-Pb collisions a definition of centrality is

very challenging, because the dynamic range in charged-multiplicity is much smaller

compared to heavy-ion collisions and the correlation between multiplicity in a given

pseudorapitiy range and the impact parameter is weak. The transverse momentum

spectra are therefore presented as a function of V0A multiplicity classes, which are

defined as slices in the detector amplitude and are not directly connected to the

collision geometry. Plase note that V0A is positioned at the Pb-going side in p-Pb

collisions and therefore measures the remnants of the nucleus and not of the incom-

ing proton. In this thesis only minimum bias data with this beam setup is considered.

In case of Pb-p collisions, the different accepetance window of V0C with respect to

V0A has to be taken into account.
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Event class V0A range (arb. units) 〈dNch/dη〉|ηlab| < 0.5

0–5% > 227 45 ± 1

5–10% 187–227 36.2 ± 0.8

10–20% 142–187 30.5 ± 0.7

20–40% 89–142 23.2 ± 0.5

40–60% 52–89 16.1 ± 0.4

60–80% 22–52 9.8 ± 0.2

80–100% < 22 4.4 ± 0.1

Table 5.1.: Definition of the event classes as fractions of the analyzed event sample and
their corresponding 〈dNch/dη〉 within |ηlab| < 0.5. Only systematic uncertain-
ties are shown, since statistical uncertainties are negligible.

The classes are selected using the standard AliRoot framework, which ensures that

the cut boundaries are set as well defined percentiles of the raw multiplicity estima-

tors. The event classes are summarized in Table 5.1 with the V0A multiplicity cuts

and the corresponding mean charged particle multiplicity at mid-rapidity in these

classes.

5.1.3. Track Selection

The track candidates used for the analysis have to pass certain quality cuts that are

summarized in Table 5.2 and they correspond mostly to the standard cuts for global

tracks in ALICE. For the TPC at least 70 crossed pad rows and a ratio of crossed

rows over findable clusters larger than 0.8 is required. The Kalman fit is required to

have a smaller χ2/Ncluster < 4 (< 36) for the TPC (ITS) and a refit of the TPC and

ITS is requested (cf. Section 3.6.1). In addition, at least one cluster in the SPD is

required. The cut on DCAxy is released with respect to the standard cuts, because

the DCAxy distribution is used to subtract the contribution of secondary particles

manually from the raw yield. Furthermore, a cut on η was introduced to account for

the acceptance of the central barrel.

With these track cuts a good track quality can be obtained, but the tracking is

not fully efficient. To correct for the inefficiency a correction based on Monte Carlo

52
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Cut Value
Number of Crossed Rows in the TPC > 70

Crossed Rows/Findable Ratio > 0.80
TPC Refit Flag yes
χ2 / TPC cluster < 4

ITS Refit yes
ITS Cluster requirement One cluster in SPD

χ2 / ITS cluster < 36
DCAz to vertex 2 cm
DCAxy to vertex 3 cm

Track |η| < 0.8

Table 5.2.: Track selection cuts for π, K, and p track candidates.

simulations is applied as in Section 5.1.5. The track cuts are varied within reasonable

limits to calculate the systematic uncertainty of this selection (cf. Section 5.1.7).

5.1.4. Choice of Rapidity Range

The two-in-one magnet design of the LHC results in an asymmetric beam energy per

nucleon for the two beams in p-Pb collisions at
√
sNN = 5.02 TeV. Hence, the center-

of-mass system (c.m.s) moves with ∆y = 0.465.1 Identified particle production in the

symmetric collision systems pp and Pb–Pb has been measured around mid-rapidity

in ALICE [ALICE11b, ALICE13b, ALICE12a]. There the c.m.s. coincides with the

laboratory frame, which means that y = 0 coincides with the center of the central

barrel detectors, which cover |ηLAB| < 0.9.

For p-Pb y = 0 is at ηLAB = 0.465 for a mass-less particle. Measuring a whole

rapidity unit around y = 0, which corresponds to −0.035 < ηLAB < 0.965 results

in an acceptance correction based on Monte Carlo simulations. This is even more

crucial for particles that carry mass since then η 6= y. To avoid this correction, which

would introduce an additional systematic uncertainty, an asymmetric rapidity range

of −0.5 < y < 0 was chosen.

In addition, this range has the advantage of a cleaner TPC PID sample at higher

pT, because the TPC PID energy loss is measured as a function of the total particle

momentum. Considering particles that are at the edge of the detector, the contri-

1Please note the sign convention: positive rapidity is in the direction of the proton.
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bution of the momentum in z-direction results in a higher total momentum at the

same pT, when comparing to particles at the center of the detector. This means that

the crossings of particle bands for the energy loss in the TPC (compare Fig. 3.3)

are at lower pT for particles, which are further towards the edge of the detector. By

using the center of the detector pure TPC PID can be used to higher transverse

momenta, without the need of a contamination correction. This effect is shown in

Fig. 5.1 for pions and protons.
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Fig. 5.1.: Effect of different rapidity ranges for pions (left) and protons (right). The dif-
ference between the two rapidity ranges is within a few percent. When selecting
around mid-rapidity the contamination for pure TPC PID is clearly visible for
protons below 1 GeV/c. This effect is not visible for the lighter pions.

Nevertheless, the analysis has been repeated in |yCMS| < 0.2 as a systematic cross

check, which results in differences smaller than 2% in the normalization and 3% in

the shape of the transverse momentum distributions.

5.1.5. Corrections

Once the raw spectra are obtained with the TPC-TOF particle identification method

and the cuts described above, they have to be corrected for several effects to get the

final transverse momentum distributions of primary identified particles.
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Tracking and TOF Matching Efficiency

Naturally, the tracking algorithm of the offline reconstruction in ALICE is not fully

efficient (cf. Section 3.6.1) and a correction for the inefficiency of the global tracking

has to be introduced. To calculate the efficiency a Monte Carlo simulation (ALICE

internal identifier: LHC13b2 efix ) is used, which was generated with DPMJET and

a full ALICE detector simulation with GEANT 3. The efficiency is defined as

εtracking(pT) =
nrec(pT)

ngen(pT)
. (5.1)

where nrec is the number of correctly reconstructed particles and ngen the number

of generated particles in a given pT-bin and within the track quality and kinematic

cuts introduced above.

The resulting tracking efficiency of particles (left) and anti-particles (right) is shown

in Fig. 5.2 for two multiplicity classes each. At low pT the tracking is inefficient,

because of energy loss and multiple scatterings with the detector material. At high pT

the efficiency slightly decreases, because for high pT particles the curvature induced
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Fig. 5.2.: Global tracking efficiency of particles (left) and anti-particles (right) for π, K,
and p for a low and high multiplicity class. No (small) multiplicity dependence
is observed for pions and protons (kaons). The lower efficiency of p̄ with respect
to the efficiency of p is due to absorption.
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by the magnetic field is smaller with respect to lower momentum particles. For

straighter tracks the dead zones between two readout chambers is more relevant,

because the clusters of two neighbouring chambers are further apart and can not be

connected as easily.

In general, a multiplicity dependence of the global tracking efficiency is not observed

and the minimum bias efficiency is used for all multiplicity classes. For kaons a small

deviation is seen at very low pT, which is taken into account for the systematic

uncertainties of the tracking.

In case the time-of-flight measurement of the TOF detector is used for particle

identification, the global track has to be matched with a hit in the TOF. To account

for the inefficiency of this matching a TOF matching efficiency is extracted from

Monte Carlo simulations. There is no multiplicity dependence observed and the

minimum bias efficiency is used for all multiplicity classes, which is shown for pions,

kaons and protons in Fig. 5.3. The absorption of anti-particles, which manifests in

a lower efficiency, is more pronounced than for global tracking efficiency since the

material of the TRD is crossed by the particles to reach the TOF.
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Fig. 5.3.: TOF matching efficiency of π±, K± and p(p) for minimum bias events.
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Absorption Correction

The default transport code for ALICE simulations GEANT 3 is known to not re-

produce the absorption of anti-matter due to hadronic interactions [ALICE13b].

Therefore the K− and p raw yields have to be corrected with a dedicated FLUKA

simulation, which describes the available measurements much better at low momenta

[ALICE10].

For the simulations used to extract the efficiencies in this work GEANT 3.21 [MO97]

was used, which incorporates a more realistic parametrization of the p inelastic

cross-section. However, for K− a correction as in [ALICE13b, ALICE12a] needs to

be applied. The correction is about 3% at low momenta and less than 5% when

TOF matching is required. It is higher when using the TOF, because the additional

material of the TRD has to be crossed.

Secondary Correction

The inclusive yields of pions and protons include primary particles from the initial

collision, but also secondary particles from decays and material interactions, which

need to be subtracted from the raw yield. In ALICE, primary particles are defined

as particles produced in the collision, including all decay products, except products

from weak decays of light flavor hadrons and of muons. The secondary correction is

not necessary for kaons, because they are not produced by the interaction of particles

with the detector material and only particles with very low abundances like the Ω−

or the D0 feed into the kaon yield. For example, the Ω− is about a factor 200–400

less abundant than the K− for high to low multiplicity p-Pb collisions [ALICE14l].

In addition, only two thirds of the Ω− feed into the K−-yield, because the branching

ratio is about 67.8% [PDG12].

A common way to subtract the contribution from secondary particles is to calculate

the secondary and primary fraction from Monte Carlo simulations. For this analysis

a data-driven approach as in [ALICE13b, ALICE12a] was chosen, because:

� The strange particle production is vastly underestimated in common genera-

tors like HIJING and DPMJET, but for example Λs feed into the proton and

pion yield.
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� The cross-section for the production of secondary particles from interaction

with the detector material is underestimated in GEANT 3, as explained before.

For each contribution to the inclusive yield a DCAxy-template is extracted from

the Monte Carlo simulation: primary particles, secondary particles from weak de-

cays and secondary particles from the interaction with the detector material. Each

template has a very distinguishable shape, which allows a clear separation. The

DCAxy-distribution from data is then fitted with the Monte Carlo templates by the

ROOT class TFractionFitter. This fit method takes the statistical errors of each

template and the data distribution into account and allows the fit results of each

pT-bin to vary in those limits. An example for the fit is shown in Fig. 5.4 for protons

with 450 MeV/c < pT < 500 MeV/c. The contribution from the detector material

is negligible for pions and anti-protons and thus only a primary template and a

template for secondaries from weak decays are considered.

To minimize the size of the correction and the systematic uncertainty, that is in-

troduced with the correction, the fit is performed in ±3 cm, but the fraction of
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Fig. 5.4.: Secondary fit of protons with 450 MeV/c < pT < 500 MeV/c. The three tem-
plates show a very distinguishable shape and the fit quality is good for all pT-bins
and particles.
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primaries is calculated in a smaller DCAxy-range, which is given by the following

pT-dependent functional form:

0.0105 +
0.0350

p1.1
T

(5.2)

This includes nearly all primaries (> 95% at low pT, negligible loss at intermediate

pT) and removes most secondaries. The small fraction of primaries that is cutted is

corrected based on Monte Carlo information. By applying this cut the correction at

low pT is reduced from 14% to 5% for pions and from 55% to 18% for protons. It

drops quickly for higher pT.

The secondary correction is independent of the multiplicity class. Therefore the

minimum bias correction is used for all multiplicities.

Correction for electron contamination in kaon signal

As mentioned before the hadronic cross-section of K− is described poorly in

GEANT 3. Hence, for the measurement of K− it is advantageous to use a PID

method, where as little material as possible is crossed by the particle. This is in

particular important for low pT particles.

Within the TPC-TOF method it is therefore beneficial to use the pure TPC PID,

i.e. TOF matching is not required, to momenta as high as possible. In Fig. 3.3 the

limitation of a clean kaon signal without contamination can be identified as the pion

and electron bands. Here, the electron band crosses the kaon band at lower momenta

and gives the usual limitation of about 350 MeV/c. With an approach similar to

the secondary subtraction it is possible to remove the electron contamination and

use the TPC PID up to transverse momenta of 550 MeV/c, where the pion and

kaon band cross. The majority of the electrons stem from conversions and have a

characteristic DCAxy distribution, which allows a separation of the electrons from

the kaons. The templates are extracted from Monte Carlo and are fitted to the

data as in the previous section. An example is shown in Fig. 5.5. The procedure is

identical for K+ and e+.

The reason for the asymmetry of the electron DCAxy-distribution lies in the special

decay kinematics of conversion electrons, which dominate the electron yield. The

momentum of an electron from a conversion points in radial direction, i.e. the direc-
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Fig. 5.5.: Fit to DCAxy-distribution to remove electron contamination from the kaon signal
for 450 MeV/c < pT < 500 MeV/c. The electron yield is dominated by conversion
electrons. Please note the asymmetry of the electron template, which stems from
the decay kinematics of conversions. For positrons the sign of the asymmetry is
switched. Please refer to the text for more details.

tion of the photon and the electron and positron are separated by the magnetic field

in the ALICE central barrel. By propagating the bended tracks back to the vertex a

systematic shift to positive DCAxy for positrons and to negative DCAxy for electrons

is evident. Please note that this behavior obviously depends on the magnetic field

sign and must be used with caution, when mixing the magnetic field configurations.

The correction ranges from 0% to 20% for pT from 250 MeV/c to 500 MeV/c.

5.1.6. Monte Carlo Closure Test

To check the working principle of an analysis method a Monte Carlo closure test

is useful. When using the full analysis chain on simulated data, the spectra should

ideally be in agreement with the spectra from the particle generator, which is used

as input for the simulation. This check was performed and the spectra from the

generator level are reproduced reasonably well as can be seen in Fig 5.6.
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Fig. 5.6.: Monte Carlo closure test for minimum bias pions (top left), kaons (top right)
and protons (bottom). The spectra obtained by using the full analysis chain are
in good agreement with the generated particle spectra, labeled as MC true. The
bottom panels show the ratio of the respective spectrum over the corresponding
MC true spectrum.

However, the energy loss and the parametrization in the TPC is different for simu-

lations and data. In particular, the particle band crossings are at lower transverse

momenta in Monte Carlo simulations with respect to data. To correct for this con-

tamination, which is not present in data, a template with misidentified particles was

added to the feed-down fit and subtracted from the spectra. This affects only the pT

regions, where the TPC PID is used exclusively and there only for higher pT. The

closure test is only shown for π+,K+ and p for minimum bias collisions here, but it

is consistent with unity for all multiplicities and all particles.
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5.1.7. Systematic Uncertainties

There are several systematic uncertainties that have to be considered for the mea-

surement of the identified particle transverse momentum distributions. Some can

be taken from similar analysis, whereas others like the uncertainty on the tracking

efficiency are calibration dependent and have been re-evaluated for this analysis. In

the following all relevant systematic uncertainties are discussed.

Tracking

The systematic uncertainty was obtained by varying the default track cuts in the

following ways:

� The minimum number of crossed rows: 50/70(default)/100

� The ratio of findable clusters over crossed rows: 0.6/0.8(default)/0.95

To the uncertainty from those variations a 3% constant error is added quadratically

for the matching of TPC and ITS tracks, which was computed in [ALICE12b]. Anal-

ogous to the ITS-TPC matching a systematic uncertainty of 4% for the TPC-TOF

matching is added to the tracking uncertainty. This uncertainty was computed with

the TOF fits particle identification method, which will be introduced in Section 5.2.

The tracking efficiency is independent of multiplicity for pions and protons, but for

kaons a small multiplicity dependence of the efficiency at very low pT is observed,

which is added to the tracking uncertainty. It is shown for all particles in Fig. 5.7

on the top left.

Secondary correction

The fit quality of the DCAxy-fits for the secondary correction is comparably good,

nevertheless it relies on Monte Carlo information to some extent. Several checks

have been performed to estimate the uncertainty of the procedure:

� The scaled sum of the templates is compared to the data distribution.

� The composition of particles that feed into the protons was changed, leading

to a change in the shape of the weak template, due to the different cτ . In

particular the Σ/Λ ratio was changed by a factor ±3.

62



5.1. Particle Identification at Intermediate Transverse Momenta

)c (GeV/
T

p

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

re
la

ti
v
e

 s
y
s
te

m
a

ti
c
 u

n
c
e

rt
a

in
ty

0

0.02

0.04

0.06

0.08

0.1

0.12


π

+
π


K

+
K

p p

this work

tracking uncertainty

)c (GeV/
T

p

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

re
la

ti
v
e

 s
y
s
te

m
a

ti
c
 u

n
c
e

rt
a

in
ty

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07


π

+
π


K

+
K

p p

this work

secondary correction uncertainty

)c (GeV/
T

p

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

re
la

ti
v
e

 s
y
s
te

m
a

ti
c
 u

n
c
e

rt
a

in
ty

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07


π

+
π


K

+
K

p p

this work

inelastic crosssection uncertainty

)c (GeV/
T

p

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

re
la

ti
v
e

 s
y
s
te

m
a

ti
c
 u

n
c
e

rt
a

in
ty

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14


π

+
π


K

+
K

p p

this work

material budget uncertainty

)c (GeV/
T

p

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

re
la

ti
v
e

 s
y
s
te

m
a

ti
c
 u

n
c
e

rt
a

in
ty

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07


π

+
π


K

+
K

p p

this work

TPC PID uncertainty

)c (GeV/
T

p

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

re
la

ti
v
e

 s
y
s
te

m
a

ti
c
 u

n
c
e

rt
a

in
ty

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07


π

+
π


K

+
K

p p

this work

TOF PID uncertainty

Fig. 5.7.: Sources of systematic uncertainties. Going from left to right and top to bottom
the following sources of systematic uncertainties have been considered: track-
ing, secondary correction, inelastic cross-section, material budget, TPC PID and
TOF PID.
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� The fit range of the DCAxy fit was changed from DCAxy< ±3 to DCAxy< ±2,

DCAxy< ±1, DCAxy< 0 and DCAxy> 0.

The most significant deviation was found for the first check. Looking at the difference

of the summed templates to the data a 20% deviation was found in the shoulders

of the DCA distribution. Since the weak decay template is mostly fitted to the

shoulders, this is conservatively propagated with a 20% systematic uncertainty on

the secondary correction. The size of the uncertainty is shown in Fig. 5.7 on the top

right.

Particle Identification

To evaluate the systematic uncertainty of the particle identification the ±3σ cut

on the PID signals is changed to ±2σ and ±4σ for both the TPC and TOF signal

individually. The differences are directly propagated as systematic uncertainties. For

kaons an additional uncertainty due to the electron subtraction is added quadrati-

cally to the TPC PID uncertainty. The uncertainties are shown in Fig. 5.7 at the

bottom left for the TPC (1-5%) and on the right for TOF (2-5%).

Other Systematic Uncertainties

In addition to the uncertainties discussed above an uncertainty for the material

budget and the inelastic cross-section is assigned, which is shown in the middle

of Fig. 5.7 on the left and on the right, respectively. They have been taken from

the analysis of pion, kaon and proton production in Pb-Pb collisions [ALICE13b,

ALICE12a]. The uncertaintiy on the inelastic cross-section is around 1% for all

particles expect protons (∼5%). The material budget uncertainty is mostly relevant

for very low pT kaons (11%) and amounts to only about 1% for all other cases.

Full Systematic Uncertainties

The full systematic uncertainties as function of pT are shown in Fig. 5.8 for all

particles. The single contributions have been summed quadratically to obtain the

full uncertainty. While the uncertainties of pions and kaons are dominated by the

tracking and PID, the secondary correction also contributes significantly for protons

and anti-protons. For anti-protons the uncertainty on the inelastic cross-section is
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5.1. Particle Identification at Intermediate Transverse Momenta

also significant. In total, the systematic error is around 4-7% for all particles over

the majority of the pT-range.
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Fig. 5.8.: Full systematic uncertainties of π±, K± and p(p) as a function of pT.

Most uncertainties that have been calculated are partly or fully correlated over the

different multiplicity classes. To be able to interpret the change of the spectral shape

and particle yields with multiplicity better, the uncorrelated uncertainties have been

calculated as well by normalizing with the minimum bias spectra. The uncorrelated

uncertainty on the yield N of one pT-bin in a given multiplicity bin introduced by

changing the value of a parameter from the default A to B is given by the double

ratio

∆uncorr =

NB
NB,minbias

NA
NA,minbias

(5.3)

The uncorrelated uncertainties have been calculated for all the contributions above

and are in particular important for the interpretation of the spectral shape evolution

with multiplicity, when looking at the particle ratios p/π and K/π in Section 5.3.1.
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5. Production of Pions, Kaons and Protons in p–Pb Collisions

5.2. Other Particle Identification Methods Used in

ALICE

In this section other PID methods, which cover different pT ranges than the TPC-

TOF method, are introduced. The transverse momentum spectra obtained with the

different methods have been combined and published in [ALICE14h].

5.2.1. ITS Standalone Analysis

With the ITS standalone method (ITSsa) it is possible to identify particles with

transverse momenta as low as 100 MeV/c. This requires an independent track re-

construction, that relies on ITS information only, because these low momentum

particles do not reach the TPC.

As discussed in the detector introduction (cf. Section 3.1) four of the six ITS layers

give a dE/dx signal. The most probable PID is assigned to a track by combining

the layer responses. Details can be found in [ALICE12a].

Fig. 3.2 shows the dE/dx distribution measured with the ITS as a function of the

particle momentum. The bands for different particles are clearly visible. Recon-

struction and seperation are possible between 100–700 MeV/c, 200–600 MeV/c and

300–650 MeV/c for π, K and p, respectively. This gives some overlap at low pT with

the TPC-TOF method (about 150–500 MeV/c) and therefore allows to validate both

methods in this region.

5.2.2. Statistical Identification with TOF

This method is based on the time-of-flight measured with the TOF detector. The

TOF performance has already been shown in Fig. 3.4. The method relies on a sta-

tistical identification of particles by fitting the time-of-flight signal with detector

response templates. As mentioned earlier this allows to go to higher transverse mo-

menta, but has the drawback that particles can not be identified on a track-by-track

basis.

Fig. 5.9 shows an example for a fit of the TOF signal for 2.4 < pT < 2.5GeV/c. In

this case the kaon mass is assumed and the signal is plotted as a function of number

of sigmas for the kaon mass hypothesis. The expected signal shapes for pions, kaons,
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Fig. 5.9.: Example for a TOF signal fit. In this case the kaon hypothesis is used and
the signal is plotted as a function of number of sigmas with respect to the kaon
hypothesis. The signal is fitted with detector response templates for pions, kaons,
protons and mismatched particles. On the right the resulting fit is shown.

and protons are then fitted to the signal. In addition a template for mismatched

tracks has to be taken into account. On the right side of the figure the fit result

is shown. A good seperation is possible between 0.5–3.0 GeV/c, 0.5–2.5 GeV/c and

0.5–4.0 GeV/c for π, K and p, respectively. This gives some overlap at intermediate

pT with the TPC-TOF method and allows to validate both methods.

5.2.3. Statistical Identification with TPC

Like the TOF signal, the TPC signal can also be used for a statistical identification

of particles. The method is called relativistic rise TPC and uses an unfolding method

applied in the relativistic rise region of the Bethe-Bloch energy loss. Momenta as

high as 20 GeV/c can be reached with this approach. At low pT (2 GeV/c for

pions, 3 GeV/c for kaons and protons) it is limited by the separation power of the

dE/dx signal. The overlap between the three particles in the energy loss distribution

is significant and a careful tuning and knowledge of the TPC parametrization is

necessary to perform this analysis (compare Fig.5.10 on the left).
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Fig. 5.10.: Particle identification with the TPC in the relativistic rise region of the energy
loss. On the left is the TPC signal as a function of momentum zoomed into
high pT. The black lines indicate the parametrizations, i.e. the expected signal
for a given particle. On the right an example of the fit with multiple Gaussians
is shown.

The TPC signal is fitted for each pT-bin with multiple Gaussians to extract the

fractions of each particle (compare Fig.5.10 on the right). The fractions and the

measured transverse momentum distribution of all charged particles are then used

to calculate the particle yield in the corresponding pT-bin. For more details please

refer to [ALICE14j].

5.3. Transverse Momentum Distributions of Pions,

Kaons and Protons

The measurement of the transverse momentum distributions of pions, kaons and

protons with the TPC-TOF method, which was performed within this work, was

extended to very low pT with the ITS standalone method and to high pT with the
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TOF fits method. This resulted in the common publication [ALICE14h] together

with the transverse momentum distributions of strange particles (K0
S, Λ and Λ̄).

For the combination of the spectra parts from the different analysis it is advantageous

that the ITS standalone method as well as the TOF fit method have an overlap with

the TPC-TOF spectra. To combine the spectra in these overlap regions the points

are weighted with their systematic uncertainties.

The TPC-TOF and TOF fit methods are based on the same track sample, i.e.

global tracks, and share all sources of systematic uncertainties, except on the PID

method. To combine these two partial spectra only the error on the PID method

is used as a weight. All common systematic uncertainties are then assigned after

the combination. The ITS standalone method is based on a completely different

tracking, much less detector material is crossed and the secondary subtraction is

done individually. Therefore the full systematic uncertainties are used as weights to

combine the TPC-TOF and ITS standalone spectra. The agreement between the

different methods is very good and is well within the systematic uncertainties.

As expected for collisions at LHC energies, the particle and anti-particle abun-

dancies are consistent and the measured particle and anti-particle spectra are

identical, because no or very little baryon transport to mid-rapidity is predicted.

Therefore the final spectra are presented as the sum of particle and anti-particle.

This observation was already made for the measured spectra in Pb-Pb collisions

[ALICE13b, ALICE12a]. Dedicated studies of anti-bayron to baryon ratios have

been published in [ALICE10, ALICE14q] and are consistent with unity or very close

to unity at the LHC, regardless of the collision system.

The final pT-invariant spectra are shown in Fig. 5.11 for the six multiplicity classes,

which have been defined in Section 5.1.2. A hardening of the spectra with increasing

multiplicity and particle mass is visible, which becomes more evident when looking

at particle ratios. They will be discussed in the following subsection.

Also shown is an individual fit to the spectra with the Blast-Wave function [SSH93]

(cf. Section 5.3.3) to extrapolate to high and low pT for the integrated yields dN/dy

and 〈pT〉. The systematic uncertainty consists of two components: the fit variation

within the systematic uncertainties and the extrapoltion to low and high pT.

The fit variation is performed by shifting the central data points in each pT-bin to

the low and high edges of the systematic uncertainties. For the 〈pT〉 the spectral
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Fig. 5.11.: Invariant pT-differential yields of pions, kaons and protons for six multiplicity
classes. Shown are statistical uncertainties (bars) and systematic uncertainties
(boxes). A hardening of the spectra with increasing multiplicity and particle
mass is visible. The black dotted lines indicate individual Blast-Wave fits to
extrapolate to low and high pT. The spectra have been scaled with 2n for
visibility. Also published in [ALICE14h].

70



5.3. Transverse Momentum Distributions of Pions, Kaons and Protons

Pions (π+ + π−)

Multiplicity dN/dy statistical systematic uncorrelated

0-5% 40.807 ± 0.018 ± 1.985 ± 1.074
5-10% 33.084 ± 0.016 ± 1.586 ± 0.848
10-20% 28.056 ± 0.011 ± 1.330 ± 0.708
20-40% 21.748 ± 0.007 ± 1.010 ± 0.543
40-60% 15.290 ± 0.006 ± 0.708 ± 0.382
60-80% 9.455 ± 0.004 ± 0.440 ± 0.230
80-100% 4.314 ± 0.003 ± 0.195 ± 0.106

Kaons (K+ + K−)

Multiplicity dN/dy statistical systematic uncorrelated

0-5% 5.836 ± 0.012 ± 0.500 ± 0.258
5-10% 4.636 ± 0.010 ± 0.367 ± 0.179
10-20% 3.890 ± 0.006 ± 0.300 ± 0.140
20-40% 2.954 ± 0.004 ± 0.218 ± 0.100
40-60% 2.027 ± 0.003 ± 0.142 ± 0.065
60-80% 1.219 ± 0.002 ± 0.078 ± 0.035
80-100% 0.529 ± 0.001 ± 0.032 ± 0.017

Protons (p + p̄)

Multiplicity dN/dy statistical systematic uncorrelated

0-5% 2.280 ± 0.004 ± 0.159 ± 0.070
5-10% 1.854 ± 0.004 ± 0.128 ± 0.055
10-20% 1.577 ± 0.003 ± 0.108 ± 0.045
20-40% 1.222 ± 0.002 ± 0.082 ± 0.033
40-60% 0.862 ± 0.001 ± 0.056 ± 0.023
60-80% 0.534 ± 0.001 ± 0.034 ± 0.014
80-100% 0.231 ± 0.001 ± 0.015 ± 0.007

Table 5.3.: Integrated yields dN/dy of pions, kaons and protons. The sum of particle
and anti-particles are shown, since they are in agreement with each other. In
addition to the statistical and full systematic uncertainties the multiplicity
uncorrelated systematic uncertainties are shown.
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5. Production of Pions, Kaons and Protons in p–Pb Collisions

shape is varied by shifting the central values at low pT to the high (low) uncertainty

edge and at high pT to the low (high) edge. These maximum deviations are then

divided by
√

3 to obtain the root mean square uncertainty.

To evaluate the uncertainty on the extrapolation several fit functions [STAR09] have

been tested: Boltzmann, mT-exponential, pT-exponential, Tsallis-Levy, Fermi-Dirac

and Bose-Einstein. Fit functions that fail to describe the data over the full pT-range,

have been limited to low pT. The differences of the various extrapolations is then

propagated as the systematic uncertainty, which amounts to about 2%. For high

(low) multiplicity the fraction of the extrapolated yield amounts to 8% (9%), 10%

(12%) and 7% (12%) for π±, K± and p(p), respectively.

The statistical uncertainty on the yield is obtained by shifting the central value of

each bin randomly with a Gaussian distribution within the statistical uncertainty.

This procedure is repeated 1000 times and the resulting distribution of yields is

fitted with a Gaussian, too. The width of this Gaussian is then propagated as the

statistical uncertainty of the yield dN/dy.

The integrated yields dN/dy of pions, kaons and protons are listed in Table 5.3 with

the statistical, full systematic and the multiplicity uncorrelated uncertainties. The

sum of particle and antiparticle is shown.

The published spectra have been extended to pT as high as 15 GeV/c by preliminary

results obtained with the TPC relativistic rise method [ALICE14r].

5.3.1. Particle Ratios

The particle chemistry of p-Pb collisions can be studied by comparing the abun-

dancies of the different particles. The integrated proton and kaon yields dN/dy

normalized to the integrated pion yield as a function of charged mutliplicity at

mid-rapidity are shown in Fig. 5.12. The results from p-Pb collisions are compared

to d-Au collisions from STAR and heavy-ion collisions from the LHC and RHIC

[STAR09, PHENIX04b, BRAHMS05a, ALICE13b, PHENIX13b].

For p-Pb collisions the multiplicity uncorrelated systematic uncertainties have been

plotted in addition to the full systamtic errors. There is no multiplicity dependence

for the p/π ratio in p-Pb collisions. For Pb-Pb collisions an indication for a small

decrease of the ratio at high multiplicity could be argued. For the K/π ratio there
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Fig. 5.12.: Integrated kaon and proton yield dN/dy normalized to the pion yield as a
function of charged particle multiplicity at mid-rapidity for different collision
systems and energies (see the text for references). For p-Pb the multiplicity
uncorrelated systematic uncertainties have been drawn as shaded boxes in ad-
dition to the full systematic uncertainties. For the p/π ratio no evolution with
multiplicity is observed in p-Pb, but for the K/π ratio a small increase is ob-
served as in the other systems. Also published in [ALICE14h].
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5. Production of Pions, Kaons and Protons in p–Pb Collisions

is a small increase with multiplicity for p-Pb collisions, which becomes in particu-

lar visible due to the uncorrelated uncertainties. The increase with multiplicity is

also compatible with the ratios from heavy-ion collisions and d-Au collisions and is

typically attributed to a reduced canonical suppression of strangeness production

in larger freeze-out volumes [SBRS98] or to an enhanced strangeness production in

a quark-gluon-plasma [LR07]. The increase of strange particles normalized to pions

is also observed for Λs [ALICE14h] and multi-strange baryons [ALICE14k] in p-Pb

collisions at the LHC.

As discussed before the hardening of the spectra with multiplicity is stronger for

heavier particles. This can be made more visible by looking at the particle ratios

K/π and p/π as a function of pT for different multiplicity classes. This is shown in

Fig. 5.13, where the ratio is plotted for a low and a high multiplicity (centrality)

class for p-Pb and Pb-Pb collisions. For p-Pb collisions the multiplicity uncorrelated

uncertainties are plotted again as shaded boxes. When comparing the high to the

low multiplicity ratio a clear enhancement at intermediate pT is seen. In addition,

for the p/π ratio a corresponding depletion at low pT is evident. This indicates a

push of protons from low momentum to intermediate pT in high multiplicity events.

This is also supported by the constant integrated p/π ratio. The same effect is

observed in Pb-Pb collisions, although the effect is much stronger there. In heavy-ion

collisions this is interpreted as a signature of collective flow or quark recombination

[FMNB03, Boz12b, MSW12].

With the extension to higher pT [ALICE14r] the ratios have been presented up to

15 GeV/c, which show that the shift in the spectral shape for heavier particles is

a low to intermediate pT effect, since the ratios converge to the same value for all

multiplicities at high pT. For p/π the ratio drops to roughly 0.1 above 8 GeV/c

for all multiplicities in p-Pb and Pb-Pb and the K/π ratio rises and then saturates

at roughly 0.5 above 6 GeV/c. Please note that the same enhancement with the

corresponding depletion is observerd for the Λ/K0
S ratio [ALICE14h], which points

towards a mass dependence and not a dependence on the valence quark flavor.

The observed effects in p-Pb collisions do not depend strongly on the multiplicity

selection. As an alternative to the V0A multiplicity selection, the number of clus-

ters in the first ITS layers, the sum of V0A and V0C and the energy deposited

in the ZNA have been tested. While the p/π ratio is essentially the same for the
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Fig. 5.13.: Kaon and proton to pion ratio as function of pT for a high and a low multiplicity
class in p-Pb on the left and a high and low centrality class in Pb-Pb on the
right. Multiplicity uncorrelated uncertainties are drawn as filled boxes, which
are mostly covered by the markers (not available for Pb-Pb). In p-Pb a clear
enhancement of the ratios at intermediate pT is visible for high multiplicities
with respect to low multiplicities. For the p/π ratio a corresponding depletion
at low pT is also visible. The same qualitative effect is observed for Pb-Pb
collisions. Also published in [ALICE14h].
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5. Production of Pions, Kaons and Protons in p–Pb Collisions

0-5% multiplicity classes, the 60-80% class selected with ZNA is ∼15% higher at

pT ∼ 3 GeV/c with respect to the default selection with the V0A. This does not

change the overall picture of the enhancement at intermediate pT. One reason for

the observed difference is given by the mild correlation of events at forward and

central rapidity: the lowest multiplicity class selected with ZNA leads to a larger

multiplicity at mid-radpidity than the corresponding class selected with V0A.

A More Quantitative Approach

To be able to compare the different collision systems in a more quantative way, the

proton over pion ratio has been plotted as a function of charged particle multiplicity

at mid-rapidity for each pT. In Fig. 5.14 in the top panel this is shown for p-Pb and

Pb-Pb and three selected pT-bins. The dotted lines are individual power-law fits as

function of multiplicity corresponding to the functional form

y = A · 〈dNch/dηlab〉B (5.4)

Remarkably, the p/π ratio seems to follow the same power-law behavior for the

same pT in p-Pb and Pb-Pb collisions as a function of charged mutliplicity. This is

shown in Fig. 5.14 in the middle, where the exponent B from the fit is plotted as a

function of pT for the two systems. Within the uncertainties the extracted B is in

good agreement for the two systems over the whole pT-range, which suggests that the

driving force of the p/π ratio seems to be the charged mutliplicity at mid-rapidity.

The same scaling behavior is observerd for the Λ/K0
S ratio, which was reported in the

common transverse momentum distribution publication [ALICE14h]. For Λ and K0
S

preliminary data from pp collisions at
√
sNN = 7 TeV as a function of multiplicity

are available and the same procedure has been applied to the spectra. The extracted

exponent B for the Λ/K0
S ratio for all three collision systems is shown in Fig. 5.14 at

the bottom. The pp data is compatible with the same scaling behavior as for p-Pb

and Pb-Pb collisions.

Please note that the multiplicity of the pp data has been selected at mid-rapidity,

i.e. in the same pseudorapidity-region the measurement is performed in. It is known

from generator studies that this can introduce an auto-correlation bias. This has to
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Fig. 5.14.: The top plot shows the p/π ratio for three selected pT-bins as a function of
charged particle multiplicity at mid-rapidity for p-Pb and Pb-Pb collisions.
They have been fitted with a power-law and the exponent B is then plotted as
a function of pT in the middle plot. The exponent is in good agreement for the
two collision systems. In the bottom plot the same is shown for the Λ/K0

S ratio,
where also preliminary pp data is available, which is also compatible with the
other two systems. Top and middle figure are also published in [ALICE14h].
Bottom figure published in [ALICE14n]
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5. Production of Pions, Kaons and Protons in p–Pb Collisions

be kept in mind, when intepreting the results of transverse momentum distributions

as a function of multiplicity from pp collisions.

5.3.2. Mean Transverse Momentum

The mean transverse momentum 〈pT〉 of identified particles can be studied to esti-

mate the hardness of a spectrum in first order. In pp [CMS12d] and Pb-Pb collisions

[ALICE13b] a mass ordering of 〈pT〉 was observed. This means that 〈pT〉 is higher for

heavier particles at the same multiplicity, but also rises at a steeper rate with multi-

plicity. The same behavior is observed for p-Pb collisions, which is shown in Fig. 5.15

for pions, kaons, protons and lambdas. This is an indication that a mass-dependent

effect pushes particles to higher transverse momenta.

The 〈pT〉 of pions, kaons and protons as a function of charged particle multiplicity

in p-Pb collisions is also compared to heavy-ion collisions in Fig. 5.15 on the top

right and the bottom [PHENIX04b, BRAHMS05a, ALICE14h, STAR09]. In general,

the 〈pT〉 in p-Pb is higher compared to heavy-ion collisions at the same charged

mutliplicity. It is also worth noting that the 〈pT〉 of protons in high multiplicity

p-Pb collisions is lower than the one in the most central Pb-Pb collisions, while this

is not the case for pions, but could be argued for the kaons. Please note that selecting

high multiplicity events in p-Pb could bias the selection towards events that contain

hard collisions.

5.3.3. Blast-Wave Fits

In heavy-ion collision the behavior of the transverse momentum distributions, i.e.

the hardening of the spectra with mutliplicity and the mass ordering, are typi-

cally discussed within the collective radial expansion of the collision system. Several

hydrodynamic models, like the Kraków model [BWP12], HKM [KSW13], EPOS

[WKB+12] and VISH2+1 [SHHS11], have been developed to predict and describe

the data in heavy-ion collisions. The spectra of this work will also be compared to

some of the models in Section 5.3.5.

A comparably simple tool to test the hydrodynamic picture with identified particle

spectra is the Blast-Wave model [SSH93]. It assumes a hard sphere uniform density

particle source with temperature T , which undergoes an instantaneous common
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Fig. 5.15.: On the top left the 〈pT〉 of pions, kaons, protons and lambdas as a function of
charged particle multiplicity is shown. In general the 〈pT〉 rises with multiplicity.
Also, a clear mass ordering is seen, i.e. the 〈pT〉 is higher for heavier particles
and rises at a steeper rate with multiplicity. The 〈pT〉 of pions (top right),
kaons (bottom left) and protons (bottom right) are also compared to heavy-ion
collisions from RHIC and the LHC. The multiplicity uncorrelated uncertainties
are plotted as shaded boxes. Top left figure also published in [ALICE14h]. Top
right and bottom figures are derived from the sources mentioned in the text.

freeze-out and a collective transverse radial flow velocity β. The transverse velocity

distribution βr(r) for 0 < r < R is parametrized with the velocity βs at the surface

(r = R) of the medium and the velocity profile n:

βr(r) = βs

( r
R

)n
(5.5)
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The resulting spectrum is the superposition of the individual thermal components,

each boosted with the boost angle ρ = tanh−1 βr.

1

pT

dN

dpT

∝
∫ R

0

r dr mT I0

(
pT sinh ρ

T kin

)
K1

(
mT cosh ρ

T kin

)
(5.6)

Here I0 and K1 are the modified Bessel functions and T kin is the kinetic freeze-out

temperature. This leaves the three free parameters T kin, βs, n and a normalization

parameter.

This functional form has already been used to extrapolate the yield dN/dy of the

spectra to low and high pT. If it is used to fit all particle species simultaneously it can

provide insight into the kinetic freeze-out properties of the collision system under

investigation. Although the Blast-Wave model makes some general assumptions and

has obvious limitations, like the substantial dependence on the choosen fit range

[ALICE13b], it is a pratical tool, which allows to compare transverse momentum

distributions from different collision systems with a small set of parameters.

The pion, kaon and proton spectra have been fitted in all multiplicity classes with

the Blast-Wave functional form introduced above. For the fits performed here,

the same fit ranges as in [ALICE13b, ALICE12a] were chosen, i.e. 0.5–1.0 GeV/c,

0.2–1.5 GeV/c and 0.3–3.0 GeV/c for pions, kaons and protons, respectively. They

have been defined on the basis of the availability of low pT data points and in case of

pions very low momenta are not considered, because of feed-down from resonances.

At high pT the ranges are limited by the agreement with the data. This is justified

by the fact that hydrodynamics mostly affects low to intermediate pT and the un-

derlying assumptions of the Blast-Wave model are not expected to be valid at high

pT.

An example of the model fit and the fit quality is shown in Fig. 5.16 on the left

for the 0-5% multiplicity bin. Within the fit ranges good agreement between the

data and the model fit can be observerd in the ratio plots at the bottom. The fit

quality is reasonable for all multiplicity bins, although they are not shown here. On

the right the spectra of K0
S, Λ, Ξ and Ω have been added to the common fit, which

causes negligible differences in the extracted fit parameters. In fact, the Blast-Wave

fit to pions, kaons and protons can be used to predict the strange particle spectra by

using the parameters from the fit and plugging in the masses of the strange particles.
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Fig. 5.16.: Blast-Wave fit to pions, kaons and protons from p–Pb collisions (left). The fit
quality is good within the fit ranges and deviations are seen at higher pT as
expected. On the right strange and multi-strange particles have been added to
the common fit, which has a negligible effect on the extracted fit parameters.
The left Figure was also published in [ALICE14h] and the right one is from
[ALICE14k].

Furthermore, it is evident that the Blast-Wave model fit can describe the particle

spectra of heavier particles up to higher transverse momenta.

For the variation of the fit ranges as in [ALICE13b, ALICE12a] shifts of about 10%

of the fit parameters are observed. While these differences seem to be large, one has

to keep in mind that they are largely correlated across multiplicity, which means

that observations about the trend with mutliplicity are not or only little affected.

The results of Blast-Wave fits to the Pb-Pb data at
√
sNN = 2.76 TeV have already

been presented in [ALICE13b] and are shown examplary on the left for the most cen-

tral Pb-Pb collisions in Fig. 5.17. For pp collisions preliminary spectra as a function

of multiplicity are available and have also been fitted. As an example the fit of the

events with the highest multiplicity are shown in Fig. 5.17 on the right. The event
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Fig. 5.17.: Blast-Wave fit quality for pp and Pb-Pb collisions. In pp a high multiplicity
event class, which corresponds to a multiplicity that is 7.5 to 8.6 times higher
than minimum bias pp collisions, was fitted. For Pb-Pb the fit to the 5% most
central events is shown. Figures from [ALICE13b, ALICE14m].

class contains all events that have a 7.5 to 8.6 higher multiplicity at mid-rapidity

than minimum bias pp collisions at
√
sNN = 7 TeV. The multiplicity N raw

ch is mea-

sured in a window of |η| < 0.8 and the following classes are defined: 7-12, 13-19,

20-28, 29-39, 40-49, 50-59, 60-71 and 72-82. As for the particle ratios, please note

that a potential selection bias might be introduced due to the multiplicity selection.

Also, the preliminary spectra are not available in the same pT ranges as the p-Pb

and Pb-Pb spectra. As a consequence the fit ranges are slightly different. They are

indicated in the figure.
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Fig. 5.18.: Blast-Wave parameter for different collision systems and PYTHIA 8. Each point
represent one multiplicity class. In general, the multiplicity increases with 〈βT〉.
The trend seen in Pb-Pb collisions as a function of centrality is also observed for
the parameters from the Blast-Wave fit to p-Pb and pp spectra as a function of
multiplicity. The fits to the spectra generated with PHYTIA show only a similar
behavior, when the color reconnection mechanism is used. Also published in
[ALICE14n]

Fig. 5.18 shows the extracted parameters for p-Pb and Pb-Pb collisions. Plotted is

the kinetec freeze-out temperature T kin as a function of the mean transverse flow

〈βT〉 for the different multiplicity (centrality) classes. Here, 〈βT〉 is defined as

〈βT〉 =
2

2 + n
βs. (5.7)

For low multplicities higher freeze-out temperatures and less radial flow is found as

for high multplicity (centrality) classes. The parameters show a similar trend for

p-Pb as for Pb-Pb, which is consistent with radial flow in p-Pb collisions within

the limitations of the Blast-Wave model. When comparing the parameters as a

function of charged particle multiplicity 〈dNch/dη〉 a higher mean radial flow 〈βT〉
can be observed for p-Pb collisions with respect to Pb-Pb collisions at the same

multiplicity, whereas the freeze-out temperatures are compatible within systematic
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uncertainties. The higher radial flow values in p-Pb collisions could find its natural

explanation in higher pressure gradients, due to the smaller system size, as suggested

in [SZ13].

As already discussed in Section 2.3.1, the elliptic flow coefficient v2 for p-Pb collisions

shows a characteristic mass ordering for π, K, and p [ALICE13d]. This is consistent

with the expectation of the hydrodynamic picture and can be tested by a combined

Blast-Wave fit of the particle spectra and the flow coefficients with the extension of

the Blast-Wave model introduced in [HKH+01]. The fit results differ by about 2%

with respect to the previous fit and describes the v2 of pions, kaons and protons

relatively well, although the fit quality is slighty worse compared to similar fits in

Pb-Pb collisions [ALICE14h].

The Blast-Wave model has also been used to fit the pion, kaon and proton spectra

from
√
sNN = 7 TeV pp collisions as a function of multiplicity and the resulting fit

parameters are also plotted in Fig. 5.18. Remarkably, they seem to follow the same

trend as for p-Pb and Pb-Pb collisions.

To test this picture further, pion, kaon and proton spectra generated with PHYTIA 8

[SMS08] pp collisions at
√
sNN = 7 TeV have also been divided in multiplicity classes

at mid-rapidity |ηLAB| < 0.3 (0-4, 4-9, 10-14, 15-19 and >19) and fitted with the

Blast-Wave model. This has been done with (closed symbols) and without (open

symbols) the color reconnection meachnism (CR) [SW07, SS11]. CR is a meachnism,

where strings from independent parton interactions can fuse before hadronization.

This final state effect results in a collective particle production from the fragmenta-

tion of these boosted strings within the PYTHIA hadronization model. It is needed

in PHYTIA 8 to describe the 〈pT〉 of all charged particles as a function of multiplic-

ity in pp collisions at the LHC [ALICE13g]. The trend of the extracted Blast-Wave

parameters is much closer to the one seen for data of pp, p-Pb and Pb-Pb collisions

when CR is switched on. Since PHYTIA 8 does not include radial flow, this shows

that the observed pattern can also be reproduced by other meachnisms than radial

flow.

5.3.4. Nuclear Modification Factor of Pions, Kaons and Protons

A common way to compare the yield dN/dy of a particle in heavy-ion collisions

to pp collisions and make possible effects of the QGP more visible is the nuclear
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modification factor RAA. This concept can also be applied to p-Pb collisions and the

nuclear modification factor RpPb is defined as:

RpPb(pT) =
d2NpPb/dydpT

Ncoll d2Npp/dydpT

=
d2NpPb/dydpT

〈TpPb〉d2σpp/dydpT

(5.8)

Here d2NpPb,pp/dydpT is the invariant yield of the particle under consideration in

p-Pb and pp collisions. The invariant yield from pp collisions is scaled with the

number of binary collisions Ncoll in p-Pb, which can be obtained from Glauber

calculations (cf. Section 4.3). For the calculation of RpPb it is more advantageous to

use the mean nuclear overlap 〈TpPb〉 = σNN/Ncoll = 0.0983± 0.0034 mb−1 instead of

the number of binary collisions, because some uncertainties of σNN = 70± 5 mb and

Ncoll = 6.9 ± 0.6 cancel. To convert invariant yields to cross-sections the measured

cross-sections from [ALICE13f] are used.

The nuclear modification factor is expected to be unity, if p-Pb collisions are super-

positions of pp collisions, i.e. no cold nuclear or hot matter effects are present. The

RpPb of all charged particles has been published in [ALICE12b, ALICE14b] and is

consistent with unity, but a hint of a small Cronin-peak at 2-6 GeV/c is visible. The

Cronin peak is historically explained by multiple scatterings of the proton off the

nucleons of the nucleus and has already been introduced in Section 2.4.

As input for RpPb the pion, kaon and proton spectra from [ALICE14r] have been

used. Please note that for the high pT part (>2 GeV/c for π, >2.8 GeV/c for K

and >3 GeV/c for p) of the spectra a different rapidity range, i.e. |ycms| < 0.3

instead of −0.5 < ycms < 0, has been used. As already discussed above, the choice

of the rapidity range has little effect on the measured spectra and a combination is

reasonable. Since the spectra have been published in multiplicity bins the minimum

bias spectra are calculated by summing the multiplicity classes. The correction for

the trigger and vertex inefficiency, which has already been discussed in Section 5.1.1,

is now applied.

In addition, a pp reference at the same collision energy, i.e.
√
sNN = 5.02 TeV

is necessary. Unfortunately, spectra of pions, kaons and protons have only been

measured in pp collisions at
√
sNN = 2.76 TeV and

√
sNN = 7 TeV. The low to

intermediate pT spectra are published in [ALICE14d, ALICE14g], while at high pT

preliminary data are available. These spectra have been used to interpolate to the
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Fig. 5.19.: Exemplary fit of the proton yield with 8 GeV/c < pT < 9 GeV/c as a function
of the collision energy to demonstrate the interpolation procedure. The power-
law fit

√
sNN

α is performed to the central values, but also to the low and high
edges of the systematic uncertainty to obtain the yield and the uncertainty at√
sNN = 5.02 TeV.

energy of p-Pb collisions with a power-law fit for each pT-bin. An example for this

fit is shown in Fig. 5.19 for pions with 8 GeV/c < pT < 9 GeV/c. In addition to

the central values, the low and high edges of the uncertainties have been fitted to

estimate the systematic error at
√
sNN = 5.02 TeV.

The results are shown in Fig. 5.20. From the left to right and top to bottom the

nuclear modification factors are shown as a function of pT for pions, kaons and

protons. As a comparison the RpPb of all charged particles is shown in grey on

each plot. For pions and kaons no modification is seen in the Cronin-peak region

at low and intermediate pT. For protons a significant deviation to RpPb > 1 is

seen, which could suggest that the effect has a mass dependence. To make this

effect more visible the RpPb of pions and protons is compared in the bottom right

panel of Fig. 5.20. The RpPb of Ξ [ALICE14p], which is heavier than the proton

(mΞ = 1321 MeV/c2 [PDG12]), shows a higher RpPb than the proton, which is

consistent with the mass dependence picture. On the other hand, the results of the

φ-meson are in contradiction with a pure mass dependence, since its mass of about
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Fig. 5.20.: The nuclear modification factor of pions (top left), kaons (top right) and protons
(bottom left) are shown. RpPb of all charged particles [ALICE14b] is drawn as
a reference in gray and exhibits a small Cronin peak, which appears to have a
strong dependence on the particle type. It is not seen for pion and kaons, but
very significant for protons. In the bottom right panel the nuclear modification
factor of protons is compared to the one of pions. A mass dependence of the
Cronin-peak is compatible with these results. The normalization uncertainty is
shown as a bar on the left of each figure. Also published in [ALICE14p]

1020 MeV/c2 [PDG12] is comparable to the one of the proton, but the Cronin peak

is less pronounced [ALICE14o].

A similar Cronin peak for all charged particles at intermediate pT has also been

observed at RHIC for d-Au collisions. The behavior of pions, kaons and protons

in minimum bias collisions is qualitative similar to the observations in ALICE, i.e.

no deviation from unity is seen for pions and kaons, but a visible Cronin peak for
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protons is measured [STAR06, PHENIX13b]. It is also found that the Cronin peak

is absent or only very small for the φ-meson, similar to the LHC observation. This

shows that a simple mass ordering is not sufficient to explain the data of both

colliders.

In addition to the minimum bias RdAu STAR and PHENIX have also reported the

RdAu as a function of centrality, and state that the effect grows with centrality.

By the time of writing, ALICE did not yet report this, because it is difficult to

extract a meaningful centrality for p-Pb collisions. This is due to the poor correlation

of multiplicity and the geometrical quantities and has already been discussed in

Section 5.1.2. The measurements as a function of centrality will follow, once the

biases in the centrality selection are better understood.

5.3.5. Comparison with Model Calculations

Several models exist that try to predict and describe the transverse momentum

distributions of identified particles. In Fig. 5.21 the spectra of pions, kaons, protons

and lambdas in the 5-10% multiplicity class are compared to DMPJET, the Kraków

model [Boz12a], and EPOS LHC 1.99 v3400 [PKK+13].

The QCD-inspired DPMJET generator, which is based on the Gribov–Glauber ap-

proach, treats soft and hard scattering processes in an unified way (cf. Section 3.6.2).

It sucessfully describes the charge-particle pseudorapidity density in p-Pb collisions,

which was reported in [ALICE13h], but fails to describe the pT-distribution of all

charged particles [ALICE12b] and their 〈pT〉 [ALICE13g]. The events have been se-

lected according to the charged-particle multiplicity in the V0A acceptance, to repro-

duce the experimental multiplicity selection. The identified spectra from DPMJET

are softer than the measured ones for all particles. The yield is overestimated at

momenta lower than 0.5 - 0.7 GeV/c depending on the particle type. Above these

momenta the yield is underestimated. It could be argued though that the shapes

of the DPMJET pion and kaon spectra are closer to the data at high transverse

momenta, where the spectra follow rather a power-law behavior.

In the Kraków hydrodynamic model, fluctuating initial conditions are implemented

based on a Glauber model using a Monte Carlo simulation. The expansion of the

system is calculated event-by-event in a 3 + 1 dimensional viscous hydrodynamic

approach and the freeze-out follows statistical hadronization in a Cooper–Frye
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Fig. 5.21.: Comparison of pion, kaon, proton and lambda spectra in the 5-10% multiplic-
ity bin with several models. While DPMJET completely fails to describe the
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89



5. Production of Pions, Kaons and Protons in p–Pb Collisions

formalism. The measured spectra are compared to the Kraków predictions with

10 < Npart < 18, since the dNch/dη from the model matches best with the measured

value in the 5-10% multiplicity class. The Kraków model can reproduce the spectral

shape of pions and kaons at low pT resonably well, but it fails for higher pT. In terms

of hydrodynamics, this could indicate the onset of a non-thermal component in the

transverse momentum spectra.

In the EPOS model, founded on parton-based Gribov Regge theory, the initial hard

and soft scattering creates flux tubes, which either escape the medium and hadronize

as jets or contribute to the bulk matter, described in terms of hydrodynamics. As for

DPMJET, the multiplicity class is defined by the multiplicity in the V0A acceptance

to match it with the experimental selection. EPOS can describe the spectra of pions

and protons within 20% over the full pT-range, but is less sucessful for kaons and

lambdas. For the lambdas a deviation of up to 40% at intermediate pT(∼2 GeV/c)

is evident, while the description of kaons worsens with higher pT and the spectra

are softer than the data.

As discussed before a hardening of the spectra with mutliplicity and mass is ob-

served, which is generally interpreted as radial flow in heavy-ion collisions. In fact,

the Kraków model and EPOS, which incorporate final state effects are more sucess-

ful in describing the data at low momenta in contrast to DPMJET, where they are

missing.

90



6. Production of Deuterons and

Anti-Deuterons in p–Pb Collisions

In this chapter the measurement of the transverse momentum distributions of

deuterons and anti-deuterons as a function of multiplicity in p-Pb collisions at
√
sNN = 5.02 TeV is presented. Heavy-ion collisions but also lighter collision sys-

tems provide a suitable environment to produce light (anti-)nuclei, since a large

fraction of the available energy is converted in the incident hot and dense medium

into (anti-)particles. Measurements from lower energy colliders like AGS and SPS

of light nuclei can be found in [NA5203, GSJ+76, B+94].

Comprehensive measurements of light (anti-)nuclei in pp and Pb-Pb collisions at

LHC energies have been presented in [ALICE14f], where a qualitative difference

of the deuteron over proton ratio has been found for the two collision systems.

Studying the production of light nuclei in p-Pb collisions can give more insight into

the production mechanisms, since it covers the gap between elementary pp collisions

and heavy-ion collisions in terms of charged particle multiplicity and system size.

The results discussed in this work represent the current status of the analysis and are

based on the preliminary results shown at various conferences. In particular, multi-

plicity uncorrelated uncertainties have been added with respect to the preliminary

results.

6.1. Event and Track Selection

The event and track selection for deuterons follows a similar approach as for pions,

kaons and protons. Since the deuterons are much less abundant a larger data sample

has to be used and all runs from two run periods (ALICE internal identifiers: LHC13b

and LHC13c) are used for the analysis, which corresponds to the whole minimum
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bias data sample recorded by ALICE during the 2013 p–Pb run at
√
sNN = 5.02 TeV.

Since some runs have been flagged as bad for analysis, due to mis-calibration or non-

optimal running conditions only the following runs have been considered:

LHC13b 195344 195351 195389 195391 195478 195479 195480
195481 195482 195483

LHC13c 195529 195531 195566 195567 195568 195592 195593
195596 195633 195635 195644 195673 195675 195677

Table 6.1.: Data used for the deuteron analysis. The run numbers correspond to an ALICE-
internal numbering scheme.

As for the π, K, and p analysis a minimum bias trigger (INT7 ), which requires a

coinciding hit in V0A and V0C, was used for the online trigger condition and the

selection has been repeated in the offline physics event selection, which also applies

the quality cuts introduced in Section 5.1.1 to remove background events.

For the vertex selection a new class AliAnalysisUtils in AliRoot (available since

version v5-04-53-AN) has been implemented, which selects all events with a good

vertex, but also removes pile-up events. This is important, when using the whole

minimum bias sample, because the running conditions are different with respect to

run 195483, which was used for the π, K, and p analysis. In particular, the luminosity

was increased during the running periods, which leads to a contribution from pile-

up events. These are reduced to a negligible amount by the additional quality cuts

introduced by the AliAnlysisUtils class. After the physics and vertex selection and

the pile-up rejection about 106 million good events remain to be analyzed.

The event sample has been divided into five multiplicity classes. The multiplicity

estimator used is V0A, which has also been used for the π, K, and p analysis.

However, to account for the lower statistics the two lowest and the two highest

multiplicity classes have been combined. The resulting classes and the corresponding

charged particle multiplicity at mid-rapidity are summarized in Tab. 6.2.

The track selection is the same as in the π, K, and p analysis. It has been introduced

in Section 5.1.3.

As already explained in Section 5.1.4 the LHC two-in-one magnet design causes the

center-of-mass system of asymmetric collisions to move with respect to the labora-

tory frame, because the energy per nucleon is different for the two colliding beams.
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6.1. Event and Track Selection

Class V0A range (a.u.) 〈dNch/dη〉||η|<0.5

60–100% < 52 7.1 ± 0.2
40–60% 52–89 16.1 ± 0.4
20–40% 89–142 23.2 ± 0.5
10–20% 142–187 30.5 ± 0.7
0–10% > 187 40.6 ± 0.9

Table 6.2.: Default multiplicity bins and the corresponding charged particle multiplici-
ties at mid-rapidity. Only systematic uncertainties are shown, since statistical
uncertainties are negligible
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Fig. 6.1.: Deuteron spectra for two different rapidity cuts for the minimum bias event
class as a function of pT. The bottom panel shows the ratio of spectrum with
the −0.5 < y < 0 cut to the spectrum with the −1 < y < 0 cut.

In case of p–Pb collisions the shift in rapidity is ∆y = 0.465 and an asymmetric

rapidity window (−0.5 < y < 0) was chosen for the π, K, and p analysis. Since

deuterons are much less abundant, the range was extended to −1 < y < 0, which

increases the statistics by a factor of two and has a small or no effect on the resulting

spectra.

Fig. 6.1 shows the difference of the two rapidity windows for deuterons in the min-

imum bias class. The bottom panels show the ratios of the spectra with statistical

uncertainties which are compatible with unity. This also applies for anti-deuterons.
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6.1.1. Momentum Correction

The tracking algorithm takes Coulomb scattering and energy loss into account, but

can only use a preliminary PID, which is based on the TPC dE/dx signal, for this

(cf. Section 3.6.1). However, this correction is only supported for pions, kaons and

protons. For all other particles the pion mass is assumed to account for the lost

energy, which results in a wrongly reconstructed momentum for heavier particles

like deuterons. For this reason a correction of the transverse momentum is required.

The correction is calculated with Monte Carlo studies by comparing the recon-

structed transverse momentum pT,rec with the generated transverse momentum

pT,gen. The momentum correction is defined as pT,rec/pT,gen and fitted with the em-

pirical formula:

f(pT) = A+B

(
1 +

C

p2
T

)D
(6.1)

where A, B, C and D are free parameters. The resulting fit is shown in Fig. 6.2 on

the left. The correction is largest at low momenta and then quickly vanishes, which

reflects the expected 1/β2-dependence of the energy loss. On the right of Fig. 6.2

the difference between reconstructed and generated pT after applying the correction

is shown as a function of pT. This shows that the correction works as expected.
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Fig. 6.2.: Transverse momentum correction for deuterons. The correction, which is the
result of the fit explained in the text is shown on the left. On the right the
difference of the generated and reconstructed pT is shown as a function of pT,gen,
which is as expected distributed around zero.
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6.2. Monte Carlo Simulation

6.2. Monte Carlo Simulation

Common event generators like DPMJET and HIJING do not include primary nuclei,

which are heavier than protons, by default and a dedicated Monte Carlo production

is required in addition to the standard simulations used for the π, K, and p analysis.

It is needed to calculate the tracking efficiency and extract a template of primary

deuterons for the secondary correction similar to the one introduced in Section 5.1.5.

To include primary deuterons in the production a cocktail of several generators was

set up. The DPMJET generator was used to generate events as for the standard p-Pb

production (LHC13b2 efix ). The events have simulated with the running conditions

of the run list above and were distributed among the runs according to the available

statistics in the data. In addition, four box generators, which generate and add d,

d̄, 3He and 3He are used. For each event ten particles of each type are generated

with a flat pT distribution in 0 < pT < 8 GeV/c, a flat rapidity distribution in

−1 < yLAB < 1 and a flat ϕ distribution in 0 < ϕ < 2π and are injected into the

DPMJET event. The resulting production contains roughly 250.000 events and is
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Fig. 6.3.: Comparison of tracking efficiency of pions for LHC14a2 and LHC13b2 efix. Only
statistical uncertainties are shown. The bottom panel shows the ratio, which is
in agreement with unity.
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labeled LHC14a2. To validate the production the tracking efficiency of pions, kaons

and protons as a function of pT have been compared for the enhanced and the

standard DPMJET production. This is shown in Fig. 6.3 for pions. The efficiencies

are in good agreement

In addition, the standard Monte Carlo is used to extract a template for secondary

deuterons, because it provides much better statistics for the secondary template.

6.3. Particle Identification

The particle identification is similar to the one of π, K, and p, but some more

caution has to be taken for the TOF signal, because the signal extraction suffers

from a large background of mismatched tracks. Fig. 6.4 on the left shows the TPC

dE/dx signal as a function of momentum again (cf. Section 3.2). The deuteron band

is clearly visible and a clean track by track separation is possible to momenta as

high as 1 GeV/c by applying a 3σ cut around the expected signal from the Bethe

Bloch parametrization.
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Fig. 6.4.: Performance of the TPC PID. The bands of the different particles are clearly
visible. The lines indicate the expected dE/dx signal for the corresponding par-
ticle. A clean identification of deuterons is possible for transverse momenta up to
1 GeV/c. On the right the relativistic β measured with the TOF is shown. While
the deuteron band is visible below the proton band, it lies on a large background.

Fig. 6.4 on the right shows the relativistic β as a function of momentum again (cf.

Section 3.3). The deuteron band is visible below the proton band, but it is also

evident that it lies on top of a large background, which originates from tracks that
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6.4. Corrections

have been matched wrongly to a TOF hit . While the pre-selection with the TPC 3σ

cut removes some of the background at low pT a substantial amount of background

at high pT has to be subtracted.

For this reason, a statistical approach was chosen for the TOF signal. Together with

the momentum the relativistic β gives the squared mass of the particle:

m2
TOF =

p2

γ2 − 1
(6.2)

where γ = 1/
√

1− β2 and p is the total momentum of the particle. The expected

squared mass of the deuteron (md = 1.876 GeV/c2 [PDG12]) is subtracted from the

measured squared mass m2
TOF. This way, the deuteron peak in the mass distribution

is at 0 GeV4/c2. The resulting signal m2
TOF−m2

d is then fitted with a Gaussian plus

an exponential tail for the signal and a first order polynomial plus an exponential

for the background

m2
TOF −m2

d =

A · e
− (x−B)2

2D2 + E + F · x+G · eH·x x ≤ A+D

A · e−
(x−B)2

2C2 · e−D
x−D−B
C2 + E + F · x+G · eH·x x > A+D

(6.3)

where A-H are free parameters. An example of a fit with this function is shown in

Fig. 6.5 for deuterons with 2.4 < pT < 2.6 GeV/c in the 0-10% multiplicity class.

While the fit works very well up to 3 GeV/c, the particle identification method is

also the limiting factor for higher pT, because the signal to background ratio worsens

drastically and the statistical uncertainties of the individual m2
TOF-bins result in an

unstable fit.

6.4. Corrections

The raw signal, which has been extracted with the particle identification method

has to be corrected for several effects. The hadronic cross-section of anti-nuclei is

not very well constrained and a correction for the absorption will be discussed. In

addition, the raw spectra have to be corrected for the tracking and TOF matching

efficiency and in case of the deuterons the contribution from secondary particles has

to be subtracted.
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the blue line is the background and the red line is the extracted signal. The fit
result is shown in black.

6.4.1. Absorption Correction

Naturally, the absorption cross-section of deuterons is comparably small and is neg-

ligible. A good description of the particle traversing through the detector can be

accomplished with the standard transport models. For anti-deuterons the knowl-

edge of the cross-section is very limited and the only data, which is available, was

published by the U-70 Serpukhov accelerator [DDG+71] and is limited to high mo-

menta (13.3 GeV/c). This gives only weak constraints on the cross-section at low

momenta, where it is expected to be most relevant.

Two different approaches that try to extrapolate the available data down to low

momenta, are described in [ALICE14f] and are summarized here. One way is to use

the measured cross-sections of anti-protons σp̄,A and anti-neutrons σn̄,A on nuclei

and an empirical formula to combine them:

σd̄,A =
(
σ

3/2
p̄,A + σ

3/2
n̄,A

)2/3

·K(A), (6.4)
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6.4. Corrections

where A is the mass number of the target material andK(A) a scaling factor, which is

obtained by using the same procedure on measured proton and nuclei cross-sections.

This optical model is implemented in GEANT 3, i.e. used for the Monte Carlo pro-

duction described above. A more sophisticated approach has been chosen for the

GEANT 4 transport model. Here, Glauber calculations are used together with the

well measured total and elastic pp̄ cross-sections [UAG+11]. This approach has al-

ready proven successful for the calculation of anti-deuteron on deuteron interactions

at pd̄ = 12.2 GeV/c [UAG+11, and references therein].
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Fig. 6.6.: Absorption correction for tracking and for tracking + TOF matching combined
for Geant 3 including the optical model and Geant 4. Figure from [ALICE14f]

In Fig. 6.6 these two approaches are compared. Shown is the anti-deuteron tracking

efficiency normalized to the deuteron tracking efficiency for Geant 4 and Geant 3

including the optical model. The same is shown on the right for tracks with a TOF

matching requirement. The absorption in Geant 4 is systematically higher than in

Geant 3 + optical model. The difference between the two approaches underlines that

the knowledge in this momentum region is very poor. As the default correction in this
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6. Production of Deuterons and Anti-Deuterons in p–Pb Collisions

work the Geant 4 approach was chosen, since it uses the more sophisticated model.

The area shaded in blue indicates the systematic error assigned to the correction,

which takes the difference with respect to the Geant 3 + optical model approach

into account. Please note that the anti-deuteron over deuteron ratio is flat over

the whole pT-range and compatible with unity (cf. Section 6.6.1), when using the

Geant 4 absorption correction.

6.4.2. Tracking and Matching Efficiency

The global tracking efficiency and TOF matching efficiency as a function of pT of

deuterons have been calculated as described for the pion, kaon and proton analysis in

Section 5.1.5. The Monte Carlo simulation used to extract the efficiency is LHC14a2,

which has been set up for this measurement and was described in Section 6.2. To

obtain the efficiencies for anti-deuterons, the deuteron efficiency has been scaled

with the absorption correction from GEANT 4 introduced in the previous section.
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deuteron efficiency.
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6.4. Corrections

Since the tracking and TOF matching efficiencies are not multiplicity dependent, the

minimum bias efficiencies have been used for all multiplicity classes. They are shown

in Fig. 6.7. Here, the effect of the absorption is clearly visible for anti-deuterons with

respect to deuterons. In addition, particle and anti-particle efficiencies approach each

other at higher pT, which is expected, since the absorption cross-section decreases

for higher momenta.

The efficiency is the limiting factor for the reach to low pT of the transverse momen-

tum distributions of deuterons and anti-deuterons. The average tracking efficiency

for 600-800 MeV/c is roughly 35% for deuterons and is sufficiently high. However,

the bin covers efficiencies between 20-50% and one has to be extremely careful to

extract a meaningful efficiency, because small differences in the shape and in par-

ticular in the rise of the tracking efficiency in data and Monte Carlo can result in

large differences in the spectra. In addition, the correction for secondary deuterons,

which will be discussed in Section 6.4.3, is quite large (> 70%). For these reasons it

was decided to drop this bin and limit the pT reach to 800 MeV/c for this work.

6.4.3. Secondary Correction

High momentum particles produced in p-Pb collisions at
√
sNN = 5.02 TeV in-

teract with the detector material and can knock out secondary deuterons. Since

the measurement of deuterons aims at understanding the hadro-chemistry and pro-

duction meachanism of light nuclei in p-Pb collisions, this contribution has to be

subtracted from the raw yield obtained with the particle identification method in-

troduced above.

To calculate the secondary contribution the same data-driven approach as for pions

and protons is used. The DCAxy distribution is fitted with a primary and secondary

deuteron template, which are extracted from Monte Carlo for each pT-bin. This fit

is possible, because primary deuterons originate from the primary vertex, whereas

secondary deuterons have a flat DCAxy distribution, because they originate from

interaction of particles with the detector material.

Examplary the fit is shown in Fig. 6.8 for deuterons with 0.8 GeV/c < pT < 1 GeV/c

for the minimum bias event sample. Please note that the range used for the fit

is ±0.5 cm, but the secondary contribution is calculated in the narrower range

±0.25 cm. This has the advantage that the size of the correction can be reduced,
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Fig. 6.8.: Fit of the DCAxy distribution (open circles) with a primary (red markers) and
secondary (green markers) template. The fit result is shown in blue. This fit
has been performed for all pT-bins to subtract the contribution of secondary
deuterons from the raw yield.

but at the same time the secondary template can be fitted to the shoulders at

|DCAxy| > 0.25 cm.

The secondary correction does not show any multiplicity dependence, which can be

seen in Fig. 6.9 on the left. Here, the correction for the 0-10% and the 60-100%

multiplicity classes is shown. In the bottom panel the difference of both multiplicity

bins is shown. While there are some deviations, a trend or offset in the difference is

not visible. The deviations appear to be of statistical origin, but a systematic error,

which will be evaluated in Section 6.5, is also assigned. However, a lack of statistics

and a resulting unstable fit can be observed for the 60-100% multiplicity class at

high pT. For this reason the minimum bias correction is used for all multiplicity

classes. It is shown in Fig. 6.9 on the right.
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6.5. Systematic Uncertainties

Several sources of systematic uncertainties have been considered. While most uncer-

tainties, like on material budget, TOF matching, absorption correction, and tracking

efficiency can be taken from other analysis, the uncertainties on the particle iden-

tification and secondary subtraction have to be evaluated for this analysis. The

total systematic uncertainty is calculated by adding the individual sources quadra-

tically. The individual sources and the resulting uncertainty is shown in Fig. 6.10

for deuterons and in Fig. 6.11 for anti-deuterons as a function of pT. The individual

sources are discussed in the following paragraphs.

Particle identification To estimate the error on the particle identification the TPC

PID and the TOF PID have been tested individually. For the TPC PID the nσ cut

has been varied to ±2 and ±4. For the TOF PID, the bin counting method was

used, i.e. the bin content in the signal region was integrated, after subtraction of the

background, and compared to the signal fit. The resulting uncertainties are plotted

in Fig. 6.10 and 6.11 in green. While it is small at low pT (5%), it rises quickly for

higher pT (up to 17%), which is due to the decreasing statistics of the signal and
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Fig. 6.10.: Systematic uncertainties of deuterons in the 0-10% multiplicity class as a func-
tion of pT. The individual sources are shown with different colors, whereas
the quadratically summed total uncertainty is shown in black. The dominat-
ing source is the secondary correction at low pT and the particle identification
at high pT. Please note that the uncertainties are identical for all multiplicity
classes, except for the particle identification, which has larger uncertainties at
lower momenta for lower multiplicities.

the increasing background of mismatched tracks. For this reason the uncertainty is

also multiplicity dependent and rises at lower pT for lower multiplicities.

Secondary correction As already discussed, the secondary correction is large for

low transverse momenta and decreases quickly with increasing momentum. The

uncertainty on the correction was estimated by varying the fit range to ±2 cm

and ±0.25 cm. The resulting uncertainty is about 20% of the total correction and

is shown in yellow in Fig. 6.10. Due to the size of the correction at low pT this

uncertainty dominates the total uncertainty of deuterons. This also propagates into

the uncertainty on the extrapolation to low pT for the total yield dN/dy, because

it is mainly fixed at low pT.
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Fig. 6.11.: Systematic uncertainties of anti-deuterons in the 0-10% multiplicity class as a
function of pT. The individual sources are shown with different colors, whereas
the quadratically summed total uncertainty is shown in black. The dominating
source is the absorption correction. Please note that the uncertainties are iden-
tical for all multiplicity classes, except for the particle identification, which has
larger uncertainties at lower momenta for lower multiplicities.

Absorption The absorption correction has been described in detail in Section 6.4.1.

Since the knowledge of the hadronic cross-section of anti-nuclei is very poor the

uncertainty on the absorption correction is sizeable. To calculate it, the differences

of Geant 3 + optical model and the Glauber-approach by Geant 4 have been taken

into account and in addition the uncertainty was required to be at least 60% of the

correction. The resulting uncertainty is shown in Fig. 6.6 with the blue band and

in Fig. 6.11 in cyan. The uncertainty decreases with increasing momentum with the

exception of the first bin. Here the uncertainty is smaller, because the TOF signal

is not used. To reach the TOF detector the particles have to cross the additional

material of the TRD, which naturally increases the absorption correction and hence

the uncertainty on it. The uncertainty on the hadronic cross-section of deuterons is

negligible.
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Tracking efficiency The tracking efficiency is taken from from the analysis of

pions, kaons and protons [ALICE14h], where it was estimated to 4%. It has been

obtained by varying the track cuts within reasonable limits (see Section 5.1.7) and

is shown in red in Fig. 6.10 and 6.11. Please note that 0-2% have been added at low

momenta to account for the momentum correction.

Material budget While the knowledge of the material budget of the ALICE de-

tector is quite good, simulations with increased and decreased material budget

have been performed for the measurement of π, K, and p production in Pb-Pb

[ALICE13b, ALICE12a]. The effect on protons has been scaled with the mass for

deuterons to get a good estimation, which amounts to 3% and is shown in orange

in Fig. 6.10 and 6.11.

6.5.1. Multiplicity Uncorrelated Uncertainties

As for the π, K, and p analysis multiplicity uncorrelated uncertainties have been

calculated to substantiate the results of multiplicity dependent measurements. They

are calculated by normalizing all cut variations to the minimum bias spectra before

comparing to the default cut set (cf. Section 5.1.7).

The uncertainties on the material budget and absorption are fully correlated,

whereas the remaining uncertainties are partly correlated. They amount to 1% for

the tracking uncertainty over the whole pT range, 6–0% for the secondary correction

and 4–10% for the particle identification from low to high pT.

6.6. Transverse Momentum Distributions of

(Anti-)Deuterons

The pT-differential invariant yields of deuterons and anti-deuterons after all correc-

tions are shown in Fig. 6.12 for the five multiplicity classes. The systematic uncer-

tainties have been plotted as boxes, while the statistical uncertainties are shown as

bars and are mostly covered by the markers. In addition, the multiplicity uncorre-

lated uncertainties are drawn as shaded boxes.
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The accessible pT range has already been discussed in the relevant Sections 6.4.2

and 6.3. The limiting factor at low pT is the tracking inefficiency and the secondary

correction. At high pT it is the particle identification with the fit to the TOF signal

that limits the pT-reach.

To extrapolate to high and low pT to calculate the integrated yield dN/dy individual

Blast-Wave fits (cf. Section 5.3.3) have been used, which are shown as black lines

in Fig. 6.12. While several functions (Boltzmann, mT-exponential, pT-exponential,

Tsallis-Levy, Fermi-Dirac and Bose-Einstein) have been tested, the Blast-Wave fit

gives the best agreement with the data. The other functions have been used to cal-

culate the systematic uncertainty of the extrapolation. In addition, an uncertainty

obtained by shifting the data points to the low and high edge of the systematic

uncertainties has been added. The statistical und multiplicity uncorrelated uncer-

tainties have been calculated as described in Section 5.3 for pions, kaons and protons.

Deuterons

Multiplicity dN/dy statistical systematic uncorrelated
(10−3) (10−3) (10−3) (10−3)

0-10% 3.174 ±0.051 ±0.451 ±0.142
10-20% 2.311 ±0.046 ±0.330 ±0.103
20-40% 1.679 ±0.033 ±0.244 ±0.075
40-60% 1.057 ±0.027 ±0.160 ±0.059
60-100% 0.408 ±0.011 ±0.071 ±0.024

Anti-deuterons

Multiplicity dN/dy statistical systematic uncorrelated
(10−3) (10−3) (10−3) (10−3)

0-10% 2.990 ±0.054 ±0.414 ±0.121
10-20% 2.172 ±0.060 ±0.302 ±0.088
20-40% 1.575 ±0.044 ±0.222 ±0.063
40-60% 1.034 ±0.035 ±0.146 ±0.044
60-100% 0.383 ±0.027 ±0.027 ±0.018

Table 6.3.: Integrated yields dN/dy of deuterons and anti-deuterons. The systematic un-
certainty includes the uncertainty of the extrapolation to low and high pT.
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with 2n to enhance the visibility. Systematic uncertainties are drawn as boxes
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The fraction of extrapolated yield amounts to 21% for the highest and 32% for the

lowest multiplicity class and the results are summarized in Table 6.3.

6.6.1. Anti-Deuteron to Deuteron Ratio

The deuteron over anti-deuteron ratio d̄/d strongly depends on the absorption cor-

rection, which is quite sizeable, but mostly unknown in the momentum region consid-

ered in this work. With the chosen absorption correction from Geant 4, the integrated

ratio is consistent with unity within the large systematic uncertainties (compare Ta-

ble 6.4). However, one has to keep in mind that some of the uncertainties are

correlated for deuterons and anti-deuterons.

Multiplicity dN/dy statistical systematic

0-10% 0.944 ±0.023 ±0.187
10-20% 0.940 ±0.032 ±0.187
20-40% 0.936 ±0.032 ±0.190
40-60% 0.978 ±0.042 ±0.202
60-100% 0.941 ±0.071 ±0.228

Table 6.4.: Integrated anti-deuteron to deuteron ratio. Within the large systematic un-
certainties, they are compatible with unity. Please refer to the text for more
details.

Measurements of the d̄/d ratio at LHC energies have not been published to this point.

However, the anti-baryon to baryon ratio has been measured with high precision for

pp, p-Pb and Pb-Pb by ALICE [ALICE14q]. The measured value of the anti-proton

over proton ratio at midrapidity is p̄/p = 0.980 ± 0.014 for p-Pb collisions. If the

same value is assumed for the n̄/n ratio, one can approximate the anti-deuteron over

deuteron ratio to d̄/d = (p̄/p)2 = 0.96 ± 0.028. Comparing the integrated values

with this expectation, a good agreement is found.

The d̄/d ratio as a function of pT is shown in Fig. 6.13 for the 0-10% and 60-100%

multiplicity class. The ratio is flat, which is in agreement with the expectation for

the d̄/d ratio at LHC energies. The red lines in the ratio panels are the integrated

results and show that the pT bins are distributed around it, i.e. no trend with

increasing momentum is observed. Please note that the full systematic uncertainties

are drawn, of which some are partly correlated. However, the dominating sources of
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Fig. 6.13.: Anti-deuteron over deuteron spectra and the corresponding ratio for the 0-10%
(left) and 60-100% (right) multiplicity class. The red lines indicate the inte-
grated result. The d̄/d ratios are flat over the pT range and compatible with
the integrated result. Shown are the full systematic uncertainties.

systematic uncertainty, i.e. secondary correction and absorption correction, are fully

uncorrelated.

6.6.2. Mean Transverse Momentum

With the extrapolation to low and high pT with the individual Blast-Wave fits the

mean transverse momentum for each multiplicity class is calculated. To evaluate the

uncertainty, the same procedure as for pions, kaons and protons is used (cf. Sec-

tion 5.3). The results are shown in Fig. 6.14 together with the values from Fig. 5.15.

The mean transverse momentum of deuterons is between the 〈pT〉 of protons and

lambdas for all multiplicity classes and the mass ordering appears to be broken for

p-Pb collisions. This is not the case for Pb-Pb collisions, where the 〈pT〉 of deuterons

is in agreement with the mass ordering [ALICE14f].

It is interesting to note that the mean pT of deuterons in high multiplicity events

reaches similar values as in peripheral Pb-Pb collisions, which could point to a

multiplicity-driven effect. This is however unique for deuterons as non-composite

hadrons have a larger 〈pT〉 with respect to Pb-Pb collisions at similar multiplicities

(cf. Section 5.3.2). For a discussion of the 〈pT〉 results in the context of coalescence

models please refer to Section 6.7.2.
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6.7. Deuteron Production Models

The light nuclei abundance in heavy-ion collisons is commonly discussed within two

different models: the coalescence model, where deuterons are formed by protons and

neutrons, which are close in phase space [BP63, Kap80] and the thermal-statistical

model, where the deuteron and all other particle abundances are fixed at the chemical

freeze-out. They will be discussed in Section 6.7.2 and Section 6.7.3, respectively,

after discussing the results on the deuteron to proton ratio.

6.7.1. Deuteron to Proton Ratio

Since the deuteron consists of a proton and a neutron, the deuteron to proton ratio

d/p can shed light on the deuteron production mechanism. It has already been

published for pp and Pb-Pb collisions [ALICE14f]. While the ratio is constant in

Pb-Pb collisions at
√
sNN = 2.76 TeV as a function of centrality, it is significantly
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smaller for pp collisions at
√
sNN = 7 TeV. Since p-Pb collisions are intermediate

between these two collision systems in terms of charged particle multiplicity and

system size, it is of particular interest to look at the d/p ratio as a function of

multiplicity in p-Pb collisions and compare it to the other measured systems.

The ratio has been calculated with the integrated deuteron yields dN/dy shown in

Table 6.3 and the proton yields from [ALICE14h]. Please note that the proton yield

for the multiplicity class 0-10% (60-100%) has been calculated as the mean of 0-5%

and 5-10% (60-80% and 80-100%). Because of the large absorption correction the

anti-deuterons have not been considered. The protons have been published as the

sum of proton and anti-proton and hence the d/p ratio corresponds to 2d/(p+p̄)

The d/p ratio is shown in Fig. 6.15 for pp, p-Pb and Pb-Pb collisions as a function

of charged particle multiplicity at mid-rapidity. While the ratio is flat in Pb-Pb

within the errors and significantly higher than the ratio in pp collisions, a rise is ob-
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serverd for the ratio in p-Pb as function of multiplicity. In addition, low multiplicity

p-Pb events are in agreement with pp collisions and high multiplicity p-Pb events

are in agreement with peripheral Pb-Pb collisions. This means that the deuteron

production increases stronger than the proton production with the charged parti-

cle multiplicity in p-Pb, but seems to be saturated at the multiplicities reached in

Pb-Pb collisions, with respect to the proton production.

If one interprets Fig. 6.15 in terms of the two models introduced above in a qualita-

tive way, one could argue that the increase of the d/p ratio in p-Pb is in agreement

with the coalescence model, which predicts larger deuteron production rates for

larger proton yields (densities). When looking at the higher multiplicities of Pb-Pb

collisions a saturation of the d/p ratio is reached, which is in agreement with the

thermal model freeze-out temperatures of about 156MeV/c [Flo14]. This is in itself

quite surprising, when taking the low binding energy of deuterons into account. An

introduction to the two models and a discussion in the context of the presented

results is given in the following.

6.7.2. Coalescence Model

The coalescence model is a simple model in which deuterons and other light nuclei

are formed by nucleons that are close in phase space [BP63, Kap80]. An increased

deuteron production rate is expected for an increased proton (and neutron) produc-

tion. Since neutrons are experimentally not as accessible as protons, the neutron

multiplicity and transverse momentum distribution are assumed to be identical to

the one of protons.

The relation between proton and deuteron transverse momentum distributions in

the coalescence model is given by the coalescence parameter B2:

Ed
d3Nd

(dpd)3
= B2

(
Ep

d3Np

(dpp)3

)2

, (6.5)

where pd = 2 ·pp. Here, B2 has been calculated for the five multiplicity classes and is

shown in Fig. 6.16 as function of pT. Please note that the 0-10% (60-100%) proton

spectra have been calculated as the average of the 0-5% and 5-10% class (60-80% and

80-100%). Within the coalescence model a flat B2 as a function of pT is expected,
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because the shape of the proton and deuteron spectra are expected to be the same

at the corresponding momentum. This expectation is met for the current reach in

transverse momentum and for all multiplicity classes measured in p-Pb. Please note

that a deviation from the flat B2 was observed for the most central Pb-Pb collisions

at high pT, which is qualitatively explained by the position-momentum correlations

caused by a radially expanding source [ALICE14f].
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Fig. 6.16.: Coalescence parameter B2 of p-Pb collisions as a function of pT and multiplicity.
While it is constant over the whole pT range, a decrease with multiplicity is
observed. This is commonly explained with an increasing source volume.

As in Pb-Pb collisions, the B2 decreases with multiplicity. This behaviour is ex-

plained as an increase in source volume when going from low to high multiplicity

events, which leads to a proton density that does not increase as fast as the proton

multiplicity. In fact, the coalescene model in [SH99] predicts a B2 which is goverend

by the same homogeneity volume as the HBT radii and is compatible with the data

in Pb-Pb collisions [ALICE14f].

At first look, the 〈pT〉 of deuterons, which is only slightly above the one of protons

and the flat B2 may appear to be in contradiction in terms of coalescence models.

In the most naive way, one could assume that the mean pT of deuterons is twice as

large as the mean pT of protons, when B2 is flat. However, this strongly depends on
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the spectral shape. In fact, if B2 is flat in pT and the spectral shape of protons and

deuterons is assumed to be exponential, the same 〈pT〉 is expected for both particles,

because of the fundamental property of the exponential function

(exp(x/a))a = exp(x), (6.6)

where a = 2 for deuterons. This exponential shape is a rough but reasonable ap-

proximation. The transverse momentum distributions of protons and deuterons have

been fitted with a pT-exponential form to evaluate the systematic uncertainty of the

extrapolation (cf. Sections 5.3 and 6.6) and they describe the spectra within 15% in

the relevant pT-ranges of 0.4–1.5 GeV/c for protons and 0.8–3.0 GeV/c for deuterons.

The increasing trend of the d/p ratio shown in Fig. 6.15 is compatible with the

coalescence model. For the low multiplicities in pp and p-Pb collisions an increasing

proton density leads to an increased deuteron production. In the multiplicity region

of Pb-Pb a saturation is reached. This can be explained with the increased source

volume, which leads to a larger distance between produced protons and neutrons.

In other words, the saturation of the d/p ratio could actually point to a saturation

of the proton density, reached in the hot and dense fireball of Pb-Pb collisions.

6.7.3. Thermal-Statistical Model

Thermal-statistical models are very sucessful in describing not only the hadron pro-

duction [BMRS03, ABMS06], but also the production of light nuclei for different

collision systems at different energies [ABMSS11, CKK+11, ABMRS11]. They as-

sume that the medium created in heavy-ion collisions can be described with statis-

tical physics, when the hadro-chemistry is fixed at the chemical freeze-out, which

requires that the medium is locally thermalized.

Several implementations of the thermal model have been published that follow dif-

ferent approaches, but for all of them the starting point is the partition function.

The partition function depends on the statistical ensemble one considers, which de-

pends on the collision system and size. For heavy-ion collisions the grand-canonical

ensemble is appropiate, which ensures the conservation of the quantum numbers and
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energy in a volume V on average through the temperature T and chemical potential

µi. The logarithm of the partition function for particle species i is given by:

lnZGC
i (T, V, µi) =

giV

π2

∫ ∞
0

p2 ln

(
1± e−

Ei−µi
Tch

)
dp, (6.7)

where gi is the spin degeneracy, Ei =
√
p2 +m2

i the energy and mi is the particle

mass. The plus sign is for fermions, whereas the minus sign is for bosons. The

logarithm of the total partition function can be obtained by summing the logarithms

of the individual partition functions of the particle species. For a hadron i with

baryon number Bi, third component of the isospin I3i, strangeness Si and charmness

Ci, the chemical potential is given by

µi = µbBi + µSSi + µI3I3i + µCCi. (6.8)

Here, µS, µI3 and µC are unkown, but can be calculated by conservation laws, i.e.

the net strange and net charm content in the colliding nuclei is zero, which has

to be conserved, since only quark anti-quark pairs can be generated. The summed

isospin of the colliding nuclei amounts to Z−N
2

. This leaves only the temperature

T, the baryo-chemical potential µB and the volume V as free parameters in the

total partition function. Once these parameters have been obtained, the partition

function can be used to calculate the thermodynamical quantities like the pressure,

the entropy, the energy and in particular the particle yield

NGC
i = T

∂ lnZGC

∂µi
. (6.9)

Usually, the yields dN/dy measured in heavy-ion collisions are used as input for

thermal models and are fitted with an iterative procedure to obtain the remaining

free parameters of the partition function. Instead of fitting particle yields, particle

ratios can also be fitted, which has the advantage that the unkown parameter of the

volume V cancels.

In Pb-Pb collisions a hot and dense medium is created and it seems counter-intuative

that the deuteron yield dN/dy should be fixed at the chemical freeze-out, since they

should immediately dissipate at temperatures of about Tch = 160 MeV/c, because

of their low binding energy of about 2.2 MeV/c. One idea to cope with this con-
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Fig. 6.17.: Thermal fit to the measured hadrons from the most central Pb-Pb collisions
with SHARE 3, THERMUS 2.3 and the GSI model. Shown are the integrated
particle yields dN/dy and the fit results in the top panel. The middle panel
shows the relative deviation and the bottom panel the deviation as number of
the measured σdata. All models give similar results and the deuteron yield can
be described with the thermal model fits. The fit quality is reasonable for all
models, but better for the GSI model and SHARE 3. The fit quality can be
further improved, when excluding protons. Please note that K∗ has not been
included in the fit and the 3He yield has been extrapolated to 0-10% centrality.
Figure from [Flo14].
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tradiction, is that the nuclei formed in the hot medium, are broken up, but are

regenerated (by coalescence) after the kinetic freeze-out.

However, thermal-statistical models are very sucessful in describing the available

data on deuterons and even heavier nuclei. Fig. 6.17 shows a recent fit with three

thermal models to the integrated yields dN/dy of all measured particles from

the most central Pb-Pb collisions. Shown are the THERMUS 2.3 [WCH09], GSI

[ABMS09] and SHARE 3 [PLRT14] model, which give compatible results and a

chemical freeze-out temperature of about 155 MeV/c. The fit quality is reasonable

for all models, but better for the GSI model and SHARE 3. The fits also include

deuterons, which are in good agreement with the fits. Please note that the protons

are off by about 20% (2-3 σ), which naturally results in a poor description of the d/p

ratio, despite the good fit to the deuterons. When excluding the protons from the

fit, the fit quality improves to χ2/NDF < 1 for the GSI model [Flo14]. Please note

that thermal models do not take into account that hadrons have different inelastic

cross-sections. However, this could result in a sequential freeze-out of the different

particle species at different temperatures.

Within [Flo14] the measured particles from high multiplicity p-Pb collisions have

also been fitted with the THERMUS 2.3 model. The fit results are shown in Fig. 6.18

for three different configurations of THERMUS. The fit quality is poor when using

the grand-canonical ensemble, because the p-Pb system is not expected to be de-

scribed by it. The mixed-canonical (strangeness-canonical) ensemble, which treats

the baryon and charge content grand-canonically and strangeness canonically, has

also been tested, but the improvement of the fit quality is marginal and still poor.

THERMUS also offers to include an additional free parameter γS, which accounts for

incomplete strangeness equilibration [WC09]. It has been fixed to unity, i.e. complete

strangeness equilibration, in the fits presented so far, but was allowed to vary for

one of the fit configurations for p-Pb data. Anyway, it does not show any significant

improvement of the fit quality and the fitted γS is compatible with unity.

In conclusion, thermal-statistical models are very successful in describing the hadron

and nuclei production in Pb-Pb collisions. They are less successful in describing the

data from high multiplicity p-Pb collisions and cannot explain the increasing d/p

ratio with multiplicity.
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Fig. 6.18.: Thermal fit to the measured hadrons from high multiplicity p-Pb collisions with
three different configurations of THERMUS 2.3. For the first two the grand-
canonical ensemble and for the third one the mixed-canonical ensemble have
been chosen. In the second configuration, γS was used as a free parameter,
which can account for incomplete strangeness equilibration. However, the fit
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0-5% multiplicity class. Figure from [Flo14].
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7. Summary

In this thesis the particle production at low to intermediate transverse momenta in

p-Pb collisions at
√
sNN = 5.02 TeV has been studied. These collisions provide a

baseline for heavy-ion collisions, where a hot and dense medium is created. Proton-

nucleus collisions are a unique tool to disentangle the effects of this hot medium from

cold nuclear matter effects. In particular, the transverse momentum distributions as

a function of charged particle multiplicity of pions, kaons, protons and deuterons

have been studied within this thesis.

An enhancement of the particle production at low to intermediate transverse mo-

menta is one of the introduced cold nuclear matter effects and has been observed in

the nuclear modification factor of all charged particles in p-Pb collisions at the LHC

[ALICE14b]. This Cronin effect is not visible for pions and kaons, but is pronounced

for protons and Ξs, which suggests a mass-dependent effect. However, the magnitude

of the enhancement is smaller for the φ-meson than for the proton and a pure mass

dependence cannot explain the data from the LHC and RHIC. On the other hand,

the missing suppression at high transverse momentum confirms that the suppression

by more than a factor of two, seen in heavy-ion collisions, is a final state effect.

Previous results from ALICE suggest that the particle production in high multiplic-

ity p-Pb collisions is subject to collective final-state effects [ALICE13e, ALICE13d].

With the measurement of the transverse momentum distributions of pions, kaons

and protons several observations have been made that are reminiscent of the identi-

fied particle production in heavy-ion collisions, where they are commonly attributed

to radial flow induced by a hydrodynamically expanding fireball.

The possible hydrodynamic behavior of p-Pb collisions was investigated by applying

the Blast-Wave model to the measured data. While this model is very simple and has

clear limitations, a trend was observed which is comparable to the results of Pb-Pb

collisions. In addition, more sophisticated models like EPOS LHC and the Kraków
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model, which incorporate final state effects, are more successful in describing the

data, than DPMJET, which does not include final state effects.

The baryon to meson ratio p/π (Λ/π) shows that the proton (lambda) production

is enhanced at intermediate transverse momenta and depleted at low transverse mo-

menta in high multiplicity collisions with respect to low multiplicity collisions. The

same observation has previously been made for heavy-ion collisions and is commonly

interpreted as a momentum push induced by radial flow.

In addition, an increasing mean transverse momentum of the spectra with the par-

ticle mass and event multiplicity has been observed. This is typical for a collectively

expanding medium and has also been measured in heavy-ion collisions. This mass

ordering is broken by the 〈pT〉 of deuterons in p-Pb collisions. However, deuterons

are only weakly bound and their production might not be subject to the same effect

that drives the non-composite hadron production.

In fact, the deuteron to proton ratio as a function of charged particle multiplicity

suggests that deuterons could be produced by coalescence of protons and neutrons

that are close in phase-space. The saturation of the deuteron to proton ratio in

Pb-Pb collisions suggests that the deuteron production is rather driven by the nu-

cleon density than the nucleon multiplicity. While thermal-statistical models are very

successful in describing not only the hadron, but also the light nuclei production in

heavy-ion collisions, the fit quality for high multiplicity p-Pb data is poor.

To summarize, this thesis has contributed to the understanding of the particle pro-

duction in proton-nucleus collisions and a good baseline for heavy-ion collisions is

provided. Still, some features have been observed that support the hypothesis of

collective final-state effects in high multiplicity p-Pb collisions. In this context, the

interpretation of heavy-ion collision results might have to be handled with more

caution. On the other hand, it may not be excluded that the energy density reached

in high multiplicity p-Pb collisions is sufficient to create a small droplet of a QGP.

In any case, the results demonstrate that proton-nucleus collisions are not a mere

control experiment, but have a large discovery potential themselves.
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Zusammenfassung

In dieser Arbeit wurde die Teilchenproduktion bei niedrigen bis mittleren Transver-

salimpulsen in p-Pb Kollisionen bei
√
sNN = 5.02 TeV studiert. Diese Kollisionen sind

eine Referenz für Schwerionenkollisionen, bei denen ein heißes und dichtes Medium

erzeugt wird. Proton-Nukleus Kollisionen sind ein einzigartiges Werkzeug, um die

Effekte von diesem heißen Medium von den kalten nuklearen Effekten zu trennen.

In dieser Arbeit wurden insbesondere die Transversalimpuls-Verteilungen von Pio-

nen, Kaonen, Protonen und Deuteronen als Funktion der geladenen Teilchendichte

untersucht.

Eine verstärkte Teilchenproduktion bei niedrigen bis mittleren Tranversalimpulsen

ist einer der üblichen kalten nuklearen Effekte und wurde bei der Messung des nuk-

learen Modifikationsfaktors von allen geladenen Teilchen in p-Pb Kollisionen am

LHC gemessen [ALICE14b]. Dieser Cronin-Effekt ist nicht sichtbar für Pionen und

Kaonen, ist aber ausgeprägt für Protonen und Ξs, was einen massenabhängigen

Effekt nahelegt. Das Ausmaß der verstärkten Teilchenproduktion ist allerdings, ver-

glichen mit Protonen, kleiner für φ-Mesonen und eine reine Massenabhängigkeit

kann die Daten vom LHC und RHIC nicht erklären. Auf der anderen Seite bestätigt

die fehlende Unterdrückung bei hohen Transversalimpulsen, dass die Unterdrückung

von mehr als einem Faktor zwei in Pb-Pb Kollisionen ein Endzustands-Effekt ist.

Vorherige Resultate von ALICE suggerieren, dass die Teilchenproduktion für p-Pb

Kollisionen mit hoher Multiplizität auch kollektiven Endzustands-Effekten unter-

liegt [ALICE13e, ALICE13d]. Mit der Messung der Transversalimpuls-Verteilungen

von Pionen, Kaonen und Protonen wurden einige Beobachtungen gemacht, die an

die Teilchenproduktion in Schwerionenkollisionen erinnern. Hier werden sie in der

Regel radialem Fluss zugeschrieben, der durch einen hydrodynamisch expandieren-

den Feuerball entsteht.
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Das mögliche hydrodynamische Verhalten von p-Pb Kollisionen wurde unter-

sucht, indem das Blast-Wave Modell auf die gemessenen Daten angewendet wurde.

Dieses Modell ist sehr einfach und hat klare Limitationen. Es wurde jedoch ein

Trend beobachtet, der vergleichbar mit den Resultaten von Pb-Pb Kollisionen

ist. Zusätzlich können Modelle wie EPOS LHC und das Kraków Modell, die

Endzustands-Effekte berücksichtigen, die Daten besser beschreiben als DPMJET,

welches keine Endzustands-Effekte beinhaltet.

Das Verhältnis von Baryonen zu Mesonen p/π (Λ/π) zeigt, dass die Protonproduk-

tion (Lambdaproduktion) bei mittleren Transversalimpulsen erhöht und bei niedri-

gen Transversalimpulsen verringert ist, wenn man p-Pb Kollisionen mit hoher Mul-

tiplizität mit Kollisionen geringer Multiplizität vergleicht. Diese Beobachtung wurde

zuvor auch bei Schwerionenkollisionen gemacht und wird in der Regel als eine Im-

pulserhöhung, induziert von radialem Fluss, interpretiert.

Zusätzlich wurde ein ansteigender mittlerer Transversalimpuls für höhere Teilchen-

massen und Multiplizitäten gemessen. Dies ist typisch für ein Medium, das sich

kollektiv ausdehnt und wurde auch in Schwerionenkollisionen beobachtet. Diese

Massenabhängigkeit ist mit dem 〈pT〉 von Deuteronen in p-Pb Kollisionen nicht

gegeben. Allerdings sind Deuteronen nur schwach gebunden und ihre Produktion

wird eventuell nicht durch den selben Effekt beeinflusst, der die nicht zusammenge-

setzten Hadronen antreibt.

Tatsächlich suggeriert das Verhältnis von Deuteronen zu Protonen als Funktion der

geladenen Teilchenmultiplizität, dass Deuteronen durch Koaleszenz aus einem Pro-

ton und einem Neutron, die nah im Phasenraum sind, gebildet werden. Die Satura-

tion des Verhältnisses von Deuteronen zu Protonen deutet an, dass die Deuteronen-

produktion eher durch die Nukleonendichte als durch die Nukleonenmultiplizität

bestimmt wird. Während thermisch-statistische Modelle sehr erfolgreich in der

Beschreibung von Hadronen und leichten Kernen in Schwerionenkollisionen sind,

ist die Fitqualität für p-Pb Kollsionen mit hoher Multiplizität schlecht.

Zusammenfassend trägt diese Arbeit zum Verständnis der Teilchenproduktion in

Proton-Nukleus Kollisionen bei und es wird eine gute Referenz für Schwerionenkol-

lisionen bereit gestellt. Allerdings wurden einige Beobachtungen gemacht, die die

Hypothese von kollektiven Endzustands-Effekten in p-Pb Kollisionen mit hoher Mul-

tiplizität unterstützen. In diesem Zusammenhang ist es unter Umständen sinnvoll,
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die Interpretation der Ergebnisse von Schwerionenkollisionen mit mehr Vorsicht zu

formulieren. Auf der anderen Seite darf nicht ausgeschlossen werden, dass in p-Pb

Kollisionen mit hoher Multiplizität ein kleiner Tropfen eines QGP erzeugt werden

kann. In jedem Fall wurde gezeigt, dass Proton-Nukleus Kollisionen nicht nur ein

Kontrollexperiment sind, sondern selber ein großes Potenzial für Entdeckungen bi-

eten.
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A. Kinematic Variables

In the following some commonly used variables for ultra-relativistic particle collisions

will be introduced. Please note that the convention c = ~ = 1 is used. The four-

momentum is defined as P = (E, px, py, pz) and its absolute value gives the Lorentz-

invariant mass minv:

m2
inv = P 2 = E2 − p2

x − p2
y − p2

z (A.1)

Considering two incoming particles of a ultra-relativistic collision with four-momenta

PA and PB, the energy in the center-of-mass frame is given by the square-root of

the Mandelstam variable
√
s, where:

s = (PA + PB)2 (A.2)

Usually, for heavy-ion collisions the energy of a nucleon-nucleon collision
√
sNN is

stated. The energy is per definition invariant under Lorentz transformation.

The particle momentum is divided in longitudinal momentum pL or pz and transverse

momentum pT. Here, longitudinal refers to the momentum fraction parallel to the

beam axis and transverse to the fraction perpendicular to it:

pL = p cos θ = pz (A.3)

pT = p sin θ =
√
p2
x + p2

y, (A.4)
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A. Kinematic Variables

where p is the absolute value of P and θ is the angle of the particle with respect to

the beam axis. pT is invariant under Lorentz transformation in z-direction, whereas

pL is not and the dimensionless rapidity y is defined:

y =
1

2
ln

(
E + pL
E − pL

)
, (A.5)

which is additive under Lorentz transformation in z-direction. The rapidity of a

particle can only be calculated, if the mass is known. For this reason the pseudo-

rapidity η is defined:

η = − ln

[
tan

(
θ

2

)]
=

1

2

(
p+ pL
p− pL

)
. (A.6)

It is a good approximation of the rapidity for high momentum particles, where

E � m0 and is exact for mass-less particles.

Transverse momentum distributions are usually given as invariant yields d3N
dp3

, which

can be re-written as:

E
d3N

dp3
=

d2N

2πpTdpTdy
(A.7)

with the previously defined quantities and the integration over the the azimuthal

direction. The last term is a common way to express the invariant pT-differential

particle yield in high energy physics. Please note, that it is only Lorentz-invariant,

when dividing by E.
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