
C
ER

N
-T

H
ES

IS
-2

01
1-

22
5

05
/0

7/
20

12

UNIVERSITÀ DEGLI STUDI DI BARI

FACOLTA' DI SCIENZE MATEMATICHE FISICHE E NATURALI

Dipartimento Interateneo di Fisica �M.Merlin�

TESI DI DOTTORATO DI RICERCA IN FISICA

Settore scienti�co-disciplinare FIS/01

Ciclo di Dottorato XXIV

THE UPGRADE OF THE ALICE INNER

TRACKING SYSTEM

Dott. Cristina Terrevoli

ESAME FINALE 2012



Contents

Introduction 5

1 Heavy Ion Collisions and ALICE 9

1.1 The phase transition to QGP . . . . . . . . . . . . . . . . . . 10

1.1.1 QGP in Heavy Ion Collisions . . . . . . . . . . . . . . 15

1.2 Heavy Flavour Physics in heavy ion collisions . . . . . . . . . 22

1.2.1 In-Medium Energy Loss . . . . . . . . . . . . . . . . . 24

1.2.2 Probing QGP with heavy �avour . . . . . . . . . . . . 25

1.3 Thermalization . . . . . . . . . . . . . . . . . . . . . . . . . . 30

1.4 Hadronization: fragmentation vs. recombination . . . . . . . 32

1.5 Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.6 The ALICE Experiment at LHC . . . . . . . . . . . . . . . . 37

1.6.1 The ALICE detectors . . . . . . . . . . . . . . . . . . 38

1.6.2 Time Projection Chamber . . . . . . . . . . . . . . . . 40

1.6.3 Time Of Flight . . . . . . . . . . . . . . . . . . . . . . 42

2 The Inner Tracking System of ALICE 44

2.1 ITS: the vertex detector of ALICE . . . . . . . . . . . . . . . 45

1



CONTENTS 2

2.1.1 Impact parameter and transverse momentum resolu-

tion: physics performance . . . . . . . . . . . . . . . . 47

2.2 The ITS subdetectors . . . . . . . . . . . . . . . . . . . . . . 50

2.2.1 Silicon Pixel Detector (SPD) . . . . . . . . . . . . . . 51

2.2.2 Silicon Drift Detector (SDD) . . . . . . . . . . . . . . 55

2.2.3 Silicon Strip Detector (SSD) . . . . . . . . . . . . . . . 58

2.3 ITS status in the �rst data taking years . . . . . . . . . . . . 60

2.3.1 SPD status . . . . . . . . . . . . . . . . . . . . . . . . 60

2.3.2 SDD status . . . . . . . . . . . . . . . . . . . . . . . . 61

2.3.3 SSD status . . . . . . . . . . . . . . . . . . . . . . . . 61

2.4 ITS Performance in pp and Pb�Pb . . . . . . . . . . . . . . . 62

2.4.1 Alignment studies . . . . . . . . . . . . . . . . . . . . 63

2.4.2 ITS and TPC combined tracking algorithm . . . . . . 65

2.5 Detector e�ciency . . . . . . . . . . . . . . . . . . . . . . . . 71

3 ITS Upgrade motivation 83

ALICE physics performance in Pb�Pb and Motivation for an

upgrade of the ITS 83

3.1 Physics goal of the ALICE experiment . . . . . . . . . . . . . 84

3.1.1 Charged-Particle Multiplicity Density . . . . . . . . . 85

3.1.2 QGP: volume and life time . . . . . . . . . . . . . . . 87

3.2 Suppression of high pT charged particle production . . . . . . 87

3.3 In medium Energy Loss of charmed mesons . . . . . . . . . . 89

3.3.1 Baryon to Meson Ratio measurement . . . . . . . . . . 92



CONTENTS 3

3.3.2 Elliptic Flow measurement . . . . . . . . . . . . . . . . 95

3.4 Motivations for the upgrade of the Inner Tracking System . . 100

3.4.1 Impact of the ITS upgrade and new measurements . . 101

3.5 Technologies for the upgrade . . . . . . . . . . . . . . . . . . . 102

3.6 Upgrade Timeline . . . . . . . . . . . . . . . . . . . . . . . . . 106

4 ITS Upgrade simulation studies 108

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.2 Simulation conditions . . . . . . . . . . . . . . . . . . . . . . 109

4.3 Simulation Tool . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.3.1 The simulation framework: ROOT, GEANT3 and Ali-

ROOT . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.4 ITS Upgrade simulation . . . . . . . . . . . . . . . . . . . . . 114

4.4.1 Geometrical simulation of the detector . . . . . . . . . 114

4.4.2 Transport code simulation with Geant3 and Response

Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

4.4.3 Cluster Finder . . . . . . . . . . . . . . . . . . . . . . 120

4.4.4 Global, Local and Tracking reference system . . . . . . 121

4.4.5 Stand-alone Tracking Algorithm . . . . . . . . . . . . 123

4.5 Tracking Performance: impact parameter resolution, trans-

verse momentum resolution . . . . . . . . . . . . . . . . . . . 127

4.6 Fast Tool simulation . . . . . . . . . . . . . . . . . . . . . . . 130

4.6.1 Impact of the �rst L0 layer on the impact parameter

resolution. . . . . . . . . . . . . . . . . . . . . . . . . . 131



4.7 7-layers Upgrade Scenario . . . . . . . . . . . . . . . . . . . . 134

4.7.1 Tracking e�ciency . . . . . . . . . . . . . . . . . . . . 139

5 Performance Study on the benchmark channel Λc 141

5.1 Analysis of Λc with the current ITS . . . . . . . . . . . . . . . 141

5.1.1 Analysis Strategy . . . . . . . . . . . . . . . . . . . . . 143

5.1.2 Simulation method . . . . . . . . . . . . . . . . . . . . 148

5.2 Performance studies for Λc → pKπ . . . . . . . . . . . . . . . 150

5.2.1 Cuts Optimization . . . . . . . . . . . . . . . . . . . . 152

5.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.3 Performance with further improved detector . . . . . . . . . . 158

5.4 Reconstruction e�ciency . . . . . . . . . . . . . . . . . . . . . 159

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Conclusions 161

Bibliography 165

4



Introduction

In the last two decades, nuclear physics has extended its domain,

thanks to the developments in accelerator technology. Heavy ion collisions

are now possible at energies never reached before, which allow to study a new

state of matter with partonic degrees of freedom: the Quark Gluon Plasma.

Recent experimental results from the Super Proton Synchrotron (SPS) and

the Relativistic Heavy Ion Collider (RHIC) have already provided the evi-

dence that such a new state was created. These �rst observations motivate

studies at even higher energies, such as those reached by the Large Hadron

Collider (LHC), which would allow a deeper understanding and characteri-

zation of the new state.

ALICE (A Large Ion Collider Experiment) is one of the four main

experiments at the LHC. The main goal of ALICE is the study of nuclear

matter under extreme conditions of temperature and energy density, such as

those attained in nucleus�nucleus collisions at a center-of-mass energy, that,

for Pb�Pb nuclei, will reach an energy of 5.5 TeV per nucleon pair. Proton-

proton and proton-nucleus collisions are also part of the ALICE physics

program.
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After two years of operation with p-p collisions and the �rst run with

Pb-Pb collisions at the centre-of-mass energy of 2.76 TeV per nucleon pair,

ALICE has already demonstrated its excellent capabilities to measure high

energy nuclear collisions at the LHC. Nevertheless, there are several frontiers

for which the current experimental setup is not yet fully optimized, and where

detector upgrades could enormously enhance the physics capabilities. One

of the domains which would most pro�t of an upgraded detector is the study

of heavy quark production: this is a fundamental probe for the investigation

of the properties of the hot and dense matter formed at the LHC.

The heavy quark pairs (cc̄ and bb̄), produced in the very initial stage of

the collision, come out from the interaction region as hadrons, possibly as a

part of a jet, and carry out information about the properties of the traversed

medium. Such information can be extracted from the properties of the open

charm and beauty hadrons in the �nal state. Charm and beauty hadrons

decay weakly with a mean free path of the order of a few hundred microns.

Therefore, their identi�cation relies on the possibility of resolving a decay

vertex at such distances from the primary vertex. The ALICE Inner Tracking

System (ITS), made of six layers of silicon detectors, has been designed and

built for this purpose and it has provided the �rst results on heavy quark

measurements, though with some limitations. A detector based on today's

frontier technologies would certainly o�er new exciting possibilities within

the above described physics scope.

At the moment, di�erent scenarios for the new detector layout and
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technologies are being considered. With respect to the current ITS, the

baseline idea for the upgraded tracker is to have a detection layer closer

to the beam line (which implies a beam pipe with smaller radius) and a

larger number of layers instrumented with silicon pixels. The track position

resolution at the primary vertex could be improved by a factor 3.

Besides the natural improvement of the measurement capabilities on

the channels already well measured with the present ITS, the upgraded

ITS will o�er the possibility of exploring new physics items. Examples

are: baryons containing heavy quarks, the exclusive decay channels of B-

mesons, the production mechanisms of hadrons containing more than one

heavy quark.

In this thesis, studies for an upgrade of the ALICE ITS are presented.

In particular, the work focuses on two aspects: the implementation of a

�exible simulation tool, suitable for the study and optimization of di�erent

upgrade layouts; a study of the performance of an upgraded ITS in the heavy

quark baryon (Λc) sector.

The thesis is structured as follows:

• In Chapter 1 the physics of the QGP and the importance of charm

and beauty particles as probes of this state of matter are discussed; a

comparison of the heavy ion collisions at LHC with those at previous

high energy accelerators and a description of the ALICE setup are also

discussed.
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• In Chapter 2 a detailed description of the ITS is given; its present

status and performance are shown.

• In Chapter 3 the physics performance and limitations of the present

ALICE detector in studying heavy �avour at mid-rapidity in Pb�Pb

collisions are discussed; the motivations for an upgrade of the ITS are

explained.

• In Chapter 4 the implementation of a simulation tool, fully integrated

in the existing ALICE simulation and analysis framework, is described.

The tool is needed to study the performance of the new detector and to

optimise its layout. The performance obtained with two new layouts

is also discussed.

• In Chapter 5 a study is presented of the physics performance of the

upgraded detector in the benchmark physics channel Λc → pKπ, which

is the most interesting to be studied with an upgraded detector.
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Chapter 1

The physics of Heavy Ion

Collisions and the ALICE

experiment at LHC

High energy physics is generally identi�ed as the physics of elementary

particle: its goals are to understand what are the elementary building blocks

of nature and how they interact with each other. The currently accepted

theory of particle physics is called Standard Model: a quantum �eld theory

of elementary particles and their fundamental interactions which has been

developed and validated in the second half of the twentieth century and is

currently well established. Applications of the Standard Model to complex

and dynamically evolving systems of �nite size under extreme conditions of

density and temperature is the main aim of heavy-ion physics. The par-

ticular sector of the Standard Model that deals with strong interactions is

the theory of Quantum Chromodynamics (QCD). QCD predicts that a new

phase of nuclear matter could appear in high density and temperature do-

mains: when the energy density exceeds a critical value, quarks and gluons

9



CHAPTER 1. HEAVY ION COLLISIONS AND ALICE 10

can be decon�ned over volumes much larger than the hadronic size, thereby

forming a new state of matter called "Quark Gluon Plasma" (QGP) [1].

Ultra-relativistic heavy-ion collisions are an ideal tool for the experimen-

tal study of QGP. They represent the main �eld of interest of the ALICE

experiment at the LHC.

The content of this chapter is the following:

• the main aspects of the physics of ultra-relativistic heavy-ion collisions

are presented;

• the importance of particles containing charm and beauty quarks (the

so-called heavy �avour) as the probes of the new matter is discussed;

• a description of the ALICE experiment is given.

1.1 The phase transition to QGP

The traditional energy scale for nuclear physics is that of the nuclear

energy density:

εnuclear = 0.15
GeV

fm3
(1.1)

With the onset of relativistic heavy ion accelerators, high energy nuclear

physics was born, extending the domain of nuclear physics. In particular,

heavy ion physics studies nuclear matter under conditions of extreme den-

sity and temperature, with the aim of determining how macroscopic proper-

ties and collective phenomena emerge from the microscopic laws of particle

physics, in systems with many degrees of freedom.
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Matter at low energy densities is composed of protons, neutrons and

electrons. If the system is heated, light mass strongly interacting particles

such as pions are produced as thermal excitations. If the energy density is

high enough, particles such as neutrons and protons overlap, so that their

constituents (quarks and gluons) are free to roam the system without being

con�ned into hadrons, there is decon�nement and a phase transition to the

Quark Gluon Plasma, as predicted by the lattice QCD [2].

The phase diagram of nuclear matter

The energy density at which the transition to QGP occurs is of the

order of:

εQGP ' 1
GeV

fm3
(1.2)

At such energy density the strong coupling constant is so weak that a gas

of particles can be treated with some approximation as an ideal gas. How

decon�nement results in a collective phenomenon such as a phase transition

can be intuitively understood by means of a simple model, called bag model

[3], in which particles (be them hadrons or partons) are treated as a non-

interacting (thus ideal) gas, con�ned in a limited volume by an external

pressure B (bag pressure). In such model, the energy density of the gas is:

ε(T ) = N
π2

30
T 4 +B (1.3)

where N is the number of degrees of freedom of the system. For a gas of

pions (chosen here to represent the con�ned phase) N is equal to three (the
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possible values for the third component of the isospin), while for a gas of

gluons and quarks N=Ng+7
8Nq, where:

• Ng=8×2 is the number of degrees of freedom for gluons (colour and

helicity states);

• Nq=3×2×2 is the number of degrees of freedom (colour, q-q, spin) for

each relevant quark specie (�avour);

• the factor 7
8 arises from the di�erence between the Fermi-Dirac statis-

tics (for quarks) and the Bose-Einstein statistics (for gluons).

Thus, NQGP=16+127
8NF , where NF is the number of relevant quark species

(for example 3 if the temperature is below the charm quark mass). It is

clear that there is a di�erence of more than one order of magnitude between

the numbers of degrees of freedom of the con�ned and the decon�ned phase,

which results in a steep rise of the ratio ε/T4 in a narrow temperature range,

which indicates a phase transition.

The phase diagram of nuclear matter can be conveniently represented

in the T-µB plane, where µB is the chemical potential of the baryon num-

ber: the chemical potential of a baryon is a measure of how much energy

it would cost to introduce another baryon into the system, and it is related

to the baryon density. The picture of the phase diagram (see Fig. 1.1) has

evolved with time, according to the developments of theoretical tools and

the availability of experimental results. For istance, the nature of the phase

transition, i.e. its order, has to be established: the solid lines in Fig. 1.1
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represent a �rst order phase transition, while the dashed lines represent a

rapid crossover.

The calculations performed to study the phase diagram of nuclear

matter are di�erent in di�erent regions of the diagram.

Along the temperature axis, at µB=0, the main tool is lattice QCD, i.e.

a non-perturbative theory descending from QCD's �rst principles such as

gauge invariance, whose equations are solved numerically by discretising the

space-time on a grid of �nite step. According to lattice calculations [2],

decon�nement sets in at a temperature TC ' 170 MeV: near such value,

the ratio ε/T4 increases by an order of magnitude, and at higher temper-

atures it settles at about 80% of the Stefan-Bolzmann value for a gas of

non-interacting quarks and gluons (Fig. 1.2). At present, the phase transi-

tion along the temperature axis is believed to be a rapid crossover.

For non-zero baryon chemical potential, the expectations rely on mod-

els interpolating between low-density hadronic matter, described by e�ective

theories, and high-density QGP, described by QCD. The uncertainties in this

regime are larger than those arising from lattice QCD at µB=0. The current

expectations state that QGP at T=0 can be obtained by compressing nuclear

matter to a density of 3÷10ρ0, where ρ0=0.15 fm−3 is the nuclear density

of ordinary matter. This density range corresponds to values of µB around

1 GeV. The phase transition along the µB axis is at present believed to be

a �rst order transition. According to expectations, when moving along the

phase transition line, there has to be a critical point at which the transition
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Figure 1.1: Phase diagram of nuclear matter. Triangular markers indicates the
estimations extracted by the particle abundances measured in heavy ion collisions
experiments and �tted with statistical models.

Figure 1.2: Ratio of the energy density to T4 as a function of T, computed
for nuclear matter with 2 degenerate light quarks and a heavier one, for di�er-
ent lattice temporal extent Nτ settings. The two vertical bars mark the interval
T=(175±15)MeV, while the horizontal bar marks the Stefan Boltzmann value of
ε/T4 for a gas of non interacting quarks and gluons. Figure is taken from Ref. [4].
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is of the second order, and beyond which it becomes a crossover (Fig. 1.1).

According to the latest theoretical developments, quark matter at high den-

sities and low temperatures should enter a phase other than QGP, analogous

to the superconducting phase of solid-state physics.

1.1.1 QGP in Heavy Ion Collisions

The conditions needed to study experimentally the Quark-Gluon Plasma

may be realized in central ultra-relativistic heavy ion collisions. These con-

ditions are:

• the number of constituents of the system must be large, so that the

system can be described by means of macroscopic variables; for the

same reason, the size of the system must be larger than the range of

strong nuclear interaction (' 1 fm);

• the system must reach equilibrium, so that thermodynamical variables

are well de�ned: this implies a lifetime of the system larger than the

typical time-scale of strong nuclear interaction (' 1fm/c);

• the critical conditions for the transition to QGP must be realized and

held until thermalisation occurs.

Evolution of the system

The evolution in time of a high energy heavy ion collision is pictured

in Fig. 1.3. It can be summarized as follows:
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• the two Lorentz-contracted nuclei collide. The probability density func-

tion (PDF) of nucleus can in general be di�erent from that of protons;

• pre-equilibrium (t < 1 fm/c): partons scatter among each other and

give rise to an abundant production of particles;

• thermalisation and QGP: (1 fm/c < t < 10 fm/c): matter reaches

equilibrium, QGP forms: the degrees of freedom here are those of

quarks and gluons;

• mixed phase: the system, while expanding, begins to convert into a

hadron gas (very short phase, ∆ t → 0);

• hadronisation: (t ' 10 fm/c) quarks and gluons are again con�ned into

hadrons;

• chemical freeze-out: inelastic interactions between hadrons cease, rel-

ative abundances are �xed;

• thermal freeze-out: elastic interactions between hadrons cease, kine-

matical spectra are �xed.

Energy density

The determination of the energy density reached in the stages men-

tioned above is not straightforward; the most used de�nition was given by

Bjorken in 1983 [5]:

εBj =
1

Acτf

dET

dy
(1.4)
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Figure 1.3: Space-time evolution of a Pb-Pb collision.

where A is the transverse area of the interaction region, dET/dy is the trans-

verse energy per rapidity unit at mid-rapidity (i.e. an experimentally acces-

sible quantity) and τf is the formation time of secondary particles. With

such formula one can make an estimate for the energy density for di�er-

ent systems and energies: as an example, in a central Au-Au collision at

√
s = 200 GeV per nucleon pair, as the one obtained at STAR (RHIC), it

is about 15 GeV/fm3. It has to be pointed out that this value refers to the

the initial energy density, i.e. the one available when secondary particles are

formed but matter is not thermalised. A more relevant quantity for the pur-

poses of studying QGP is obtained by inserting in Eq. 1.4, instead of τf , a

realistic guess for the thermalisation time in the above described conditions,

i.e. τth '1 fm/c. This leads to an energy density of about 5 GeV/fm3, still
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much larger than the critical value of 1 GeV/fm3 (Fig. 1.4): the possibility

to reproduce QGP in a laboratory is more than a mere hypothesis.

Figure 1.4: Energy density as a function of time in a central Au-Au collision at√
s = 200 GeV per nucleon pair, according to Eq. 1.4.

A review of the main relativistic heavy ion accelerators

The above considerations represent a simpli�ed picture of how the

transition to QGP can be realized in a laboratory, but nevertheless they

can be used to compare the system properties which is formed in the main

relativistic heavy ion accelerators that have been running so far. These are:

• Alternative Gradient Synchroton (AGS), running from 1986 to 2000

at the Brookhaven National Laboratories. It accelerated Si and Au

ions up to 14.6 GeV per nucleon, on a �xed taget. The centre-of-mass

energy per nucleon pair of Au�Au collisions was at most 5 GeV.
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• Super Proton Synchrotron (SPS), running from 1986 at CERN (Geneva).

It accelerated O, S, In and Pb ions up to 200 GeV per nucleon, on a

�xed target. The centre-of-mass energy per nucleon pair of Pb�Pb

collisions is up to 17 GeV.

• Relativistic Heavy Ion Collider (RHIC) at the Brookhaven National

Laboratories. It has accelerated Cu and Au ions up to 100 GeV per

nucleon, in collider mode, so that the center-of-mass energy per nucleon

pair in Au�Au collisions is up to 200 GeV.

The Large Hadron Collider at the LHC (CERN) [9, 10] was designed

to accelerate and collide protons and heavy ions, as for example Ar or the

heavier Pb ions, up to the energy of 2.76 TeV per nucleon (in case of Pb), i.e.

a center-of-mass energy per colliding nucleon pair
√
sNN = 5.5 TeV. With a

radius of 27 Km, the LHC is the largest collider in the world. It is housed

in the tunnel of the previous Large Electron Positron collider, at a depth

between 50 and 175 m underground. It will serve as both a proton and ion

collider, and proton-ion collider too. The nominal luminosity for pp collisions

is of 1034 s−1cm−2, while for Pb�Pb collisions it is about 1027s−1cm−2. The

PS and SPS rings are used as injectors for the machine (see �g. 1.5); in

particular, the SPS injects protons in the LHC ring with an energy of 450

GeV. The beams are accelerated in two separate rings, with intersections

corresponding to the experiments. The �rst Pb�Pb collision at the LHC, at

the energy of
√
sNN = 2.76 TeV, took place in November 2010, and the run

lasted over one month. A second campaign, at the same energy and with the
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Figure 1.5: The Large Hadron Collider at CERN. The four main LHC experiments
(ATLAS, ALICE, CMS, LHCb) and the PS and SPS injector rings are also shown.

same duration, but with a luminosity higher by a factor 20-30, took place

in November 2011. The maximum center-of-mass energy of 5.5 TeV for the

Pb�Pb collisions should be reached in 2014.

The values of the energy density at t=1 fm/c for SPS, RHIC and LHC

top energies, calculated according to Eq. 1.4, are shown in Tab. 1.1.

The nucleon-nucleon centre-of-mass energy for collisions of the heavi-

est ions at the LHC will exceed that available at RHIC by a factor of about

30 and the energy densities will possibly be high enough to treat the gen-

erated QGP as an ideal gas, opening up a new physics domain. Historical

experience suggests that such a large jump in energy usually leads to new

discoveries. At the LHC, the high energy in the collision centre of mass is
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expected to lead to a large energy density and to an initial temperature at

least a factor 2 larger than at RHIC. Due to the high initial temperature,

also the life time and the volume of the decon�ned medium is extended,

since it has to expand more while cooling down to the �nal common freeze-

out temperature of ∼ 170 MeV. In addition, the large expected number of

gluons favours energy and momentum exchanges, thus considerably reducing

the time needed for the thermal equilibration of the medium. To summarize,

the LHC should produce a hotter, larger and longer living QCD plasma than

the previous heavy ion facilities.

Machine System

√
sNN

(GeV)

εBj

(GeV/fm3)

τQGP

(fm/c)
dNch/dy

Initial

T

(MeV)

SPS Pb-Pb 17 2.9 <2 400 200

RHIC Au-Au 200 25 1.5-4.0 650 350

ALICE Pb-Pb 5500 120 > 10 2000-3000 > 600

Table 1.1: Duration time of QGP and Energy density at t=1fm/c for central A-A
collisions, according to the Bjorken formula, for di�erent colliding systems [82].

Experiments at SPS claimed the discovery of the new state of matter

[6]. The experiments at RHIC have been studied the properties of the new

state: the QGP is a strongly coupled matter, which behaves as a perfect

liquid [7, 8]. The LHC heavy-ion program is expected to provide deep insight

of this state of matter, investigating what are the characteristics of such state

of matter through the analysis of the available experimental probes, among

which heavy �avour play a crucial role. They will be discussed in Sec. 1.2.
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1.2 Heavy Flavour Physics in heavy ion collisions

Particles containing charm and beauty quarks are among the most

e�ective probes of the medium formed in heavy-ion collisions. They are

classi�ed as 'hard' probes because, given their large mass (Mbeauty ∼ 4.8 GeV,

Mcharm ∼ 1.2 GeV), they originate from interactions with high transferred

momentum (Q2 ≥ 4M2
c,b). Their production mostly occurs at the initial stage

of the collision, in scattering processes between partons in the colliding nuclei,

typically through qq annihilation and gluon fusion. For charm, the timescale

of the production process is on the order of 1/(2mq) = 1/(2.4 GeV) = 0.1

fm/c, for beauty being even shorter, to be compared with the QGP formation

time (∼1 fm/c after collision) and the �reball lifetime (&10 fm/c). They are

produced before decon�nement sets in, thus before the formation of the QGP,

and they can travel throughout the whole QGP lifetime, interacting with the

decon�ned medium, so they can carry information about the medium density.

Moreover, models describing hadronisation through �nal state fragmentation

tend to favor light quark production (ratio of 1 c quark to 1011 u,d quarks):

thus, production of charm and beauty particles in the �nal state is negligible

and cannot shadow medium e�ects.

Heavy quark production is a high momentum transfer process: thus,

its elementay cross section can be calculated in perturbative QCD, since the

strong coupling constant αs(Q
2) ∝ 1

ln Q2

Λ2
QCD

(assuming ΛQCD = 200 MeV) is

su�ciently low at this momentum scale. The experimental results (in pp)
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can then be confronted with pQCD predictions which have typical accuracies

of order 10% or worse.

The advantage of charm with respect to beauty is that the produc-

tion cross section is larger (see Fig. 1.6) thus, the reconstruction of charm

particles via their hadronic decays is subject to smaller statistical errors.
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Figure 1.6: Charm and Beauty Production cross section. The expected cross
section at LHC in Pb�Pb collisions for charm is about 3 mb, and for beauty is 0.1
mb at the nominal 5.5 TeV center of mass energy per nucleon.

The detection of charmed hadrons is ideally performed in exclusive

channels by reconstructing the invariant mass of the particle. In order to

extract the signal on top of the large combinatorial background, the tracks

of candidate decay products are requested to not point to the primary vertex,

where the charmed hadron is produced, but to a displaced vertex where the
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decay is assumed to have taken place: this is called a secondary vertex. The

capability to detect open charm particles is mainly driven by the ability to

separate secondary from primary vertices.

In order to properly reconstruct primary and secondary vertices, a

good position resolution in track reconstruction is crucial. More speci�cally,

the measurement of the impact parameter, de�ned as the minimum distance

between the primary vertex and the back extrapolated track trajectory, must

be performed with a resolution of a few tens of µm, since the typical impact

parameter values for, e.g., the D0 decay products is of about 100 µm.

1.2.1 In-Medium Energy Loss

The comparison of heavy �avour production in proton-proton and

heavy-ion collisions allows to probe the properties of the high-density QCD

medium formed in the latter kind of collisions and to study the mechanism

of in-medium partonic energy loss.

The experimental observable used to evaluate the in�uence of nuclear

e�ects is the Nuclear Modi�cation Factor, de�ned as follows:

RAA(pT ) =
d2NAA/dpT dy

Ncoll×d2Npp/dpT dy

where dNAA/dpT and dNpp/dpT are the observed di�erential yields

in nucleus-nucleus and proton-proton collisions, respectively, and Ncoll is

the number of estimated binary collisions per nucleus-nucleus collision. This

variable should be unity if a nucleus-nucleus collision was just a superposition
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of binary nucleon-nucleon collisions without any nuclear e�ect. The study

of the p�A collisions is also fundamental to disentangle cold nuclear matter

e�ects from genuine medium e�ects, due to the fact that a nucleon inside

the nucleus may behave di�erently than a free nucleon.

1.2.2 Probing QGP with heavy �avour

While traversing the dense matter produced in nucleus-nucleus colli-

sions, the initially-produced hard partons lose energy, strongly interacting

with the medium, mainly on account of multiple scattering and medium-

induced gluon radiation: their transverse momentum spectra are then ex-

pected to be shifted towards lower pT ('quenching'). Several theoretical

models have been developed to study the in-medium energy loss. For in-

stance, the "BDMPS" model ([11, 12]) assumes that, when an energetic

parton crosses the medium and experiences multiple scattering, the gluons

in its wave function may acquire a transverse momentum qT with respect to

the parton direction and may eventually be radiated. In this scenario, the

average energy loss < 4E > is given by:

< 4E >∝ αsCRq̂L
2 (1.5)

Namely, it is proportional to:

• αsCR , where CR is the Casimir factor that describes color coupling.

It is equal to 4/3 for quarks and to 3 for gluons. Therefore, this factor
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is larger by factor of 9/4 for gluons than for quarks;

• transport coe�cient q̂. It is related to the average squared transverse

momentum transferred to the parton and it is proportional to the den-

sity of scattering centers in the medium;

• the square of the length L traveled in the medium.

The understanding of the mechanism of in-medium energy loss in-

duced on the hard partons that are produced in the initial hard scattering

processes is one of the most interesting reasons for addressing charm and

beauty production in heavy-ion collisions. In fact, the in-medium energy

loss is a distinctive features of the hot and dense medium formed in heavy-

ion collisions. In-medium energy loss is expected to depend on the parton

nature and on the parton mass. Therefore, it is interesting to compare the

nuclear modi�cation factors for gluons, light and heavy quarks. This because

eq. 1.5 leads to a di�erent average energy loss for gluons, light quarks and

heavy quarks. The di�erence between gluons and quarks, that is due to their

di�erent Casimir factors, causes larger suppression of particles coming from

gluon fragmentation with respect to those originating from quarks. A large

fraction of high pT light �avoured hadrons at the LHC (and RHIC) energy

originates from hard scattered gluons, while charmed and bottom mesons

mainly originate from the fragmentation of heavy quarks directly produced

in the early stages of the collision. Consequently, this e�ect should be seen as

larger suppression of high pT light mesons with respect to the charmed and
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beauty ones. Thus, for the D meson, the expectation is that RD
AA > Rπ

AA.

The mass of the quark is believed to determine the energy loss as

well, due to the so called "dead-cone e�ect", which predicts a suppression

of the gluon radiation (gluonsstralhung) at forward angles Θ smaller than

Θ0 = m/E: since Θ0 is larger for heavy quarks than for light quarks, the

cone where gluon radiation is forbidden is larger for heavy quarks. Therefore,

it has been argued that for beauty quarks, because of their very large mass,

the radiative energy loss should be lower than for charm quarks and lighter

ones. As a consequence of the above arguments, the prediction for the energy

loss is 4Egluon > 4Echarm > 4Ebeauty and a hierarchy between the nuclear

modi�cation factors of B and D mesons and light hadrons is expected, such

that RB
AA > RD

AA > Rπ
AA.

Theoretical models based on perturbative QCD with the inclusion of

radiative parton energy loss predict for charm mesons a suppression factor

of 3 - 5 and a signi�cantly smaller suppression for B mesons (see �gure 1.7

[13]). The mass dependence of energy loss is more pronounced for the beauty

mesons, as seen in �gure 1.8 [19].

Mass and colour charge dependence can be investigated experimentally

considering the ratio between the nuclear modi�cation factors of heavy and

light quarks: RD/h = RD
AA(pT )/R

h
AA(pT ) which is shown in �gure 1.9 [19].

The mass e�ect is modest but more pronounced at moderately low

transverse momenta. At su�ciently high pT (above ∼ 10 GeV/c) the c
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Figure 1.7: Prediction for RAA vs pT for D mesons (blue) and B mesons (red) in
Pb-Pb collisions at the LHC, from radiative + collisions energy loss (DGHW) [13]

Figure 1.8: Mass dependence of B meson RAA in Pb-Pb collisions at the LHC
from radiative energy loss (ASW) [19]
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Figure 1.9: Heavy-to-light RAA ratios as predicted by the radiative energy loss
mechanism (ASW) for RD

AA/R
h
AA (left) and RB

AA/R
h
AA (right)[19]

quark starts to behave essentially as a massless parton. However, the ratio

is not expected to tend to unity, due to the color charge dependence of energy

loss.

Even more interesting is the ratio of the beauty to charm nuclear

modi�cation factor: RB/D = RB
AA(pT )/R

D
AA(pT ), which is shown in the left

panel of �gure 1.10 [19].

Here, the ratio shows a strong deviation from one in particular at

moderately low pT , decreasing only rather slowly for increasing pT . Predic-

tions for the ratio RD/B, which is equal to 1/RB/D , obtained with either

pQCD-based calculations or the AdS/CFT mechanism [14] are shown in the

right panel of �gure 1.10. This ratio has the advantage of magnifying the
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Figure 1.10: Prediction for the comparison of charm and beauty RAA in Pb-
Pb collisions at the LHC. Left side: RB

AA/R
D
AA vs pT from radiative energy loss

(ASW))[19]. Right side: RD
AA/R

B
AA vs pT from radiative energy loss (pQCD) and

AdS/CFT [14]

di�erences in the mass and pT dependence of pQCD and AdS/CFT mod-

els. While small di�erences are present among pQCD models and among

AdS/CFT models, the two classes of models yield largely di�erent predic-

tions irrespectively of their input parameters.

1.3 Thermalization

Establishing the existence of a thermalized system is an important

prerequisite for a new state of matter to be formed. Hadron abundances

measured in relativistic heavy ion collisions have been successfully described

using statistical thermal models [15, 16, 17]. The inference from these stud-

ies is that the system is in chemical equilibrium with a chemical freeze-out

temperature of Tchem ∼ 170 MeV, independent of collision system and colli-
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sion centrality. This temperature agrees with the value for the quark-hadron

phase transition temperature predicted by Lattice QCD. The system expan-

sion and hadronic re-scattering may still continue after chemical equilibra-

tion. The temperature at kinetic freeze-out, when hadrons stop interacting,

is re�ected in the slopes of the hadron momentum distributions and it can be

extracted by comparing the measured spectral shapes of identi�ed hadrons

to a hydrodynamic model that has been tuned to reproduce the data. The

model shows that it takes about 9-10 fm/c until the �reball has become su�-

ciently dilute to completely convert to hadronic matter, and another 7-8 fm/c

to completely decouple at a temperature of Tkinetic ∼ 100 MeV. The success

of the statistical thermal models and the hydrodynamic description of single

particle spectra and yields implies that the matter produced at RHIC and

LHC has reached thermal equilibrium at some early stage of its evolution.

The thermalization process itself can only be assessed using a microscopic

description of the pre-equilibrium system dynamics. Microscopic transport

models [18] need experimental input to constrain the transport coe�cients

in the medium. Heavy quarks are a good probe of the transport properties

of the medium. Due to the large c-quark mass, the charm equilibration time

is expected to be about a factor of 5 larger than the light quark equilibration

time. Theoretically, the charm di�usion coe�cient has been related to the

charm energy loss and momentum broadening. Utilizing transport theory,

these quantities can then be used as an input for the calculation of charm

elliptic �ow, thus creating a relation between an experimentally accessible
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quantity and the di�usion coe�cient. Themalization is thus a prerequisite

of thermal models, coalescence and collective behavior, as for example the

elliptic �ow, which will be treated in the following.

Measurements of open charm production and �ow data in heavy ion

collisions are challenging due to the small production cross-sections and the

experimental limitations on charm particle identi�cation.

1.4 Hadronization: fragmentation vs. recombina-

tion

In pp collisions a parton which scatters in a hard collision with another

parton, hadronizes in the vacuum through fragmentation. Does it happen

the same in Pb�Pb collisions? It has also been suggested [20] that, if the

energy loss is large, it could happen that partons become slow enough to

undergo hadronization via recombination inside the medium. In particular,

at moderate pT values, the hadron production via the recombination of lower

pT partons from the thermal bath, has been predicted [21] to be competitive

with production from the fragmentation of higher pT scattered partons. It

has been suggested [22] that the need for substantial recombination to ex-

plain observed hadron yields and �ow may be taken as a signature of QGP

formation. In order to explain observed features of RHIC collisions, the re-

combination models [20, 21] assume that coalescence proceeds via constituent

quarks, whose number in a given hadron determines its production rate. The

following scheme can simply explain the hadronization via recombination:
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• q + q̄ → mesons

• q + q + q → baryons

• q̄ + q̄ + q̄ → anti-baryons

where q are the constituent quarks. They are presumed to follow a ther-

mal (exponential) momentum spectrum and to have a collective transverse

velocity distribution. This picture leads to predictions about the baryon

and meson production rates, with the former depending on the spectrum of

thermal constituent quarks (and antiquarks) at roughly one-third the baryon

(anti-baryon) pT , the latter being determined by the spectrum at one-half

the meson pT . Indeed, the recombination model was introduced in the

RHIC context, to explain an anomalous abundance of baryons with respect

to mesons observed at moderate pT values. Results from RHIC have already

shown that there is an enhanced baryon/meson ratio in the intermediate

transverse momentum range (2 < pT < 6 GeV/c) in Au + Au collisions

at both
√
sNN = 130 and 200 GeV/c: the �rst strong hints came from the

Λ/K ratio and then from other baryon to meson ratio. For the case of heavy

hadrons it has not been measured. These �ndings, for light hadrons, have

been later con�rmed by ALICE, as it will be shown in chapter 3.

Furthermore, more exotic models [23] predict that, if coalescence

process occurs statistically at the hadronization temperature, there is a �nite

chance that two or even three heavy quarks coalesce into the same particle,

thus giving rise to multiply heavy �avoured hadrons, particularly baryons.
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This phenomenon is likely to occur only if heavy quarks get very close to

thermal equilibrium reshu�ing over a large region because high momentum

quarks, most likely, will hadronize into di�erent particles unless two or three

of them emerge very close in momentum from the hard process. The ultimate

reason of this e�ect is that the average multiplicity of heavy quark pairs

increases faster than soft hadrons multiplicity as a function of centre-of-mass

energy. This is in turn related to the volume of the system at freeze-out.

Consequently, the system gets denser in heavy quarks at chemical freeze-

out as energy increases and so does the chance of formation of multiply

heavy �avoured hadrons. Therefore, an enhanced production rate, w.r.t pp

collisions, of these objects relative to singly heavy �avoured hadrons (like

B's or D's) is distinctive of heavy ion collisions and can be used as a probe

of thermalization of heavy quarks within the QGP, hence as a unique signal

of the QGP itself.

1.5 Flow

The azimuthal distribution of particles in the plane perpendicular to

the beam direction is also sensitive to the properties of QGP.

At the beginning of a non central heavy ion collision, the spatial dis-

tribution of the colliding matter resembles an ellipsoid due to the incomplete

overlap of the two colliding nuclei. Any strong scattering in this early stage

converts the spatial anisotropy into a momentum anisotropy which is ob-

servable as an elliptic �ow of the emitted hadrons.
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Elliptic �ow is a collective motion pattern superimposed to the chaotic

thermal motion. In non-central collisions a preferred direction in the trans-

verse plane exists and it is de�ned by the direction of the impact parameter,

which is de�ned by the distance between the straight-line trajectories of the

centers of the two nuclei before their interaction (see �g. 1.11). As a con-

sequence, the azimuthal distribution of the produced particles may result

to be anisotropic with respect to the reaction plane (de�ned by the impact

parameter itself and the beam axis). This initial spatial asymmetry is con-

verted via multiple collisions into an anisotropic momentum distribution of

the produced particles.

Figure 1.11: Initial spatial azimuthal asymmetry in a non-central nucleus-nucleus
collision.

The particle azimuthal distributions relative to the reaction plane are

usually written in the form of Fourier series as:

dN

dφ
=

1

2π
[1 +

∑
2vncos(n(φ− ψR))]
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where φ is the azimuthal angle of the particle, ψR is the angle of the ini-

tial state spatial plane of symmetry (the reaction plane), and n is the order of

the harmonic. The Fourier coe�cients are de�ned as vn =< cos[n(φ− ψR)] >.

The �rst coe�cient of the series, v1 is called directed �ow, while the

second coe�cient, v2, is called elliptic �ow. Non-zero directed �ow implies

a preferred direction for particle emission, either parallel (v1 > 0) or anti-

parallel (v1 < 0) to the impact parameter. For symmetry reason, directed

�ow is equal to zero at mid-rapidity. However, it can a�ect the particles

produced in the forward rapidity region, as well as the spectator nucleons.

The amount of elliptic �ow can be quanti�ed via the second Fourier

coe�cient v2 [24]. The measurement of v2 of heavy-�avoured mesons gives

additional information on the degree of thermalisation of the plasma. Elliptic

�ow can also be a�ected by relative contribution of di�erent hadronization

mechanisms. According to the study of Molnar [25] in the case of fragmenta-

tion, charmed hadron elliptic �ow is essentially identical to the charm quark

v2. On the contrary, if hadronization is done via coalescence, hadron ellip-

tic �ow is approximately the sum of the constituent �ows. If the observed

hadronic elliptic �ow values in this momentum range result from coalescence

of collectively �owing constituent quarks, then one can expect a similarly

simple baryon vs. meson relationship [21]: the baryon (meson) �ow would

be 3 (2) times the quark �ow at roughly one-third (one-half) the baryon

pT . Within the coalescence models, the constituent quarks carry their own

substantial azimuthal anisotropy, which is then summed to give the hadron
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v2. Such observation leads to a prediction of higher elliptic �ow at RHIC

energy in the region 2.5 < pT < 4 GeV/c, if coalescence plays substantial

role in hadronization.

1.6 The ALICE Experiment at LHC

ALICE is one of the four big experiments running at LHC. It is the

dedicated experiment to study the collisions of heavy ions.

The ALICE physics program includes data-taking with many di�erent

colliding systems: though the focus is undoubtedly on Pb�Pb collisions, nev-

ertheless measurements with each colliding system are of crucial importance,

for di�erent reasons:

• data-taking in Pb�Pb collisions will provide access to the higher energy

density regime ever studied in a laboratory;

• data-taking in pp collisions will provide a baseline to be compared with

A�A data;

• data-taking in p-A collisions will allow to disentangle �cold nuclear

matter e�ects� from genuine medium e�ects.

After almost 20 years of preparation, ALICE took the �rst data with

proton collisions in November 2009. The total pp data sample collected at

7 TeV (900 GeV) corresponds to some 700 M (7 M) minimum bias (MB)

triggers, 50 M muon triggers and about 20 M high multiplicity events. In
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addition, a very short test run was taken at 2.36 TeV with only a small subset

of detectors being read out. First heavy ion collisions at 2.76 TeV/nucleon

took place in November 2010, yielding 30 M nuclear MB interactions on tape.

A second round was run in November 2011 at the same energy and increased

luminosity of a factor 20-30: about 130 M events have been recorded. The

�rst ALICE results on global event characterization (such as charged parti-

cle multiplicities, elliptic �ow and high pT suppression) are summarized in

chapter 3.

1.6.1 The ALICE detectors

A schematic view of the detector is shown in �gure 1.12.

Figure 1.12: Layout of the ALICE experiment with all systems in evidences.

ALICE consists of a central part, which measures hadrons, electrons
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and photons, and a forward spectrometer to measure muons. The central

part, which covers polar angles from 45o to 135o over the full azimuth, is em-

bedded in the large L3 solenoidal magnet (B = 0.5 Tesla). The main tracking

detector are the Inner Tracking System (ITS), constituted of high-resolution

silicon detectors (two layers each of pixel, drift, and double-sided strips), and

the Time Projection Chamber (TPC). Externally to the TPC, there are the

Transition Radiation Detector (TRD) and Time Of Flight (TOF) detectors.

The TPC, playing a special role in the ALICE tracking and reconstruction,

and TOF, designed for the identi�cation of particles with pT < 3 GeV/c and

crucial for charm hadron PID, will be described in the following section. The

ITS will be described in details in the next chapter. The other detectors in

the central barrel are the High Momentum Particle Identi�cation (HMPID),

consisting of an array of ring-imaging Cherenkov counters, the Transition

Radiation (TRD) counters, for electron identi�cation, and two single-arm

electromagnetic calorimeters (high resolution PHOS and large acceptance

EMCAL). The forward muon arm (2o - 9o; 2.5 < η < 4) consists of a com-

plex arrangement of absorbers, a large dipole magnet (3 Tm �eld integral),

and 14 stations of tracking and triggering chambers. Several smaller detec-

tors for triggering and multiplicity measurements (ZDC, PMD, FMD, T0,

V0) are located at small angles. The main design features include a robust

and redundant tracking over a limited region of pseudorapidity, designed to

cope with the very high particle density of nuclear collisions, a minimum of

material in the sensitive tracking volume (≈ 10% radiation length between
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vertex and outer radius of the TPC) to reduce multiple scattering, and sev-

eral detector systems dedicated to particle identi�cation over a large range

in momentum. The layout of the ALICE detector and its eighteen di�erent

subsystems are described in detail in [26]. The experiment is fully installed,

commissioned and operational, with the exception of two systems (TRD and

EMCAL) which were added more recently. Both systems had about 40% of

their active area installed during 2010; the EMCAL was completed during

the winter shutdown 2010/11 and the TRD will be completed early next

year.

1.6.2 Time Projection Chamber

The TPC is the central tracking detector of the ALICE apparatus [27].

A schematic view of the detector is shown in �gure 1.13.

Figure 1.13: Schematic view of the ALICE TPC
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Within a total active length of 510 cm, it covers a pseudo-rapidity

range of |η| < 0.9 for particle tracks with full radial track length and up to

η = 1.5 for reduced track length. It covers the full azimuth, except for the

dead zones. The inner radius is determined by the maximum acceptable hit

density (0.1 cm−2) and is about 85 cm, the outer radius is 250 cm and is

determined by the length required to have a high pT resolution and a dE/dx

resolution better than 5-7%. It has a conventional design in the overall

structure but is innovative in many aspects. It consists of a large cylindrical

�eld cage, �lled with 90 m3 of Ne/CO2/N2 (90/10/5), needed to optimize

the drift velocity, to allow a low electron di�usion and a low radiation length.

The drift region covers a distance up to 2.5 m on either side of the central

electrode to the end plates. Multi-wire proportional chambers with cathode

pad readout are mounted into 18 trapezoidal sectors at each end plate. The

�eld cage is operated at high voltage gradients because of the gas mixture

used, with a high voltage of 100 kV at the central electrode that results in

a maximum drift time of about 90 µs, which is the limiting factor for the

luminosity in ALICE. The corresponding interaction rate, sustainable from

the TPC, is about 8 kHz, of which about 10% can be central collisions. The

TPC, together with others detectors of the central barrel, provides charged

particle momentum measurements with good two-track separation, particle

identi�cation and vertex determination. It has been optimized for Pb�Pb

expected luminosity and the initially foreseen charged-particle multiplicity

density dNch/dη = 8000, that means about 20.000 primary and secondary
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particles in the TPC acceptance. With its resolution, the TPC should be also

able to identify particles in the region of the relativistic rise momenta, up to

50 GeV/c. Despite its data volume and low speed, only such a tracking

detector can guarantee the desirable performance at the order of 20.000

particles within the acceptance.

1.6.3 Time Of Flight

Particle identi�cation is one of the distinctive features of the ALICE

experiment. Besides the TPC and the ITS, the TOF detector is speci�cally

built to this purpose [28]. Its task is to provide hadron separation in the

momentum range from 0.5 GeV/c, to about 3 GeV/c, hence in a range where

the dE/dx technique is no longer e�ective. PID in this momentum range

allows the study of the kinematical distributions of the di�erent particle

types on an event-by-event basis in heavy ion collisions. Moreover, given

the large mass of the charm quark, the decay products of D mesons have

typical momenta of the order of 1-2 GeV/c; therefore the Time of Flight,

with K/π separation up to 2.5 GeV/c, is very e�ective for the reconstruction

of exclusive decays of D mesons and Λc baryons in hadronic channels. It is

a large area array of Multi-gap Resistive-Plate Chambers (MRPC), a new

type of gas detector developed to ful�l the requirements of having a large

number of channels to keep the occupancy low, an a�ordable system and a

time resolution better than 100 ps. It is positioned on a cylindrical surface

that covers the central barrel (η < 0.9) over an area of 140 m2 with 160.000
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individual cells at a radius of about 4 m. It has an internal radius of 370

cm and an external radius of 399 cm. When a charged particle traverses the

detector, it ionizes the gas producing an avalanche which is driven to the

electrodes by the electric �eld. The detector consists of 90 modules grouped

into 18 supermodules. A view of one supermodule is shown in Figure 1.14.

Figure 1.14: Schematic view of the ALICE TOF and drawing of one TOF super-
module, consisting of 5 modules.



Chapter 2

The Inner Tracking System of

ALICE

In this chapter the layout of the Inner Tracking System (ITS) is de-

scribed in details. Then, the present status of the detector is presented,

and its performances in pp and Pb�Pb collisions are discussed. Finally, an

analysis of the detector e�ciency is presented: such study was performed

in order to monitor the status of the detector and to tune the Monte Carlo

simulation tool according to the observed operational conditions. The detec-

tor e�ciency of each layer of the ITS has been evaluated in di�erent periods

of data taking in 2010. These studies were also important to evaluate the

contribution to the tracking precision from each module (elementary cell) of

the layers and to test the alignment.

44
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Figure 2.1: Layout of the ALICE experiment. The inset shows a zoom of the
ITS.

2.1 ITS: the vertex detector of ALICE

The main tracking detectors of the ALICE set-up in the central barrel

are the Inner Tracking System (ITS), a six-layer silicon vertex detector, and

the Time-Projection Chamber (TPC).

The ITS, as well as the other detectors, are localized using the ALICE

Global Reference system, which has the z axis on the beam line, the x axis in

the LHC (horizontal) plane, pointing to the center of the accelerator, and the

y axis pointing upward. In the transverse plane, the cylindrical coordinates r

and φ are often considered: they localize, respectively, the radial coordinate

of the point with respect the center of axis, and the azimuthal angle.
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The ITS is the detector closest to the interaction point. Its location

in ALICE is highlighted in Figure 2.1, where a zoom is drawn in the right

upper part of the �gure.

The ITS (Fig. 2.2) consists of six silicon detector layers: the two in-

nermost layers are the Silicon Pixel Detectors; the two intermediate layers

are the Silicon Drift Detectors; the two outermost layers are the Silicon Strip

Detectors. They are located at radii between 3.9 and 43 cm from the beam

axis, covering the pseudo-rapidity range |η| < 0.9. The SPD detector has an

extended pseudo-rapidity |η|< 1.98, to provide a continuous coverage for the

measurement of charged multiplicity.

Figure 2.2: Prospective section of the Inner Tracking System (ITS) in ALICE.
The Silicon Pixel Detector (SPD), Silicon Drift Detector (SDD) and Silicon Strip
Detector (SSD) are shown.

The innermost radius is the minimum allowed by the presence of the

beam pipe, whose external radius is 2.9 cm. The outermost radius of the ITS

is a compromise between the requirement to match at better the tracks from
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the ITS to the TPC (and vice versa) and the space to be left between the

TPC and the ITS for the services. One of the main feature of such a detector

is its very low material budget, which in terms of radiation length is X/X0=

7% in total. A small material budget is fundamental in the reconstruction

of low momentum tracks, because multiple scattering a�ects the spatial and

the momentum resolution.

The ITS has been designed to track charged particles in the high den-

sity track environment normally produced with central Pb�Pb collisions, to

perform primary and secondary vertex reconstruction, multiplicity measure-

ment and particle identi�cation of low momentum particles down to pT ∼ 100

MeV/c.

2.1.1 Impact parameter and transverse momentum resolu-
tion: physics performance

A precise tracking is essential to reconstruct and separate the sec-

ondary vertices of heavy-�avoured hadron decays from the primary vertex.

The physics performance mainly depend from the impact parameter resolu-

tion d0 and momentum resolution, which are directly connected to the design

of the detector.

We consider separately the two projections of the impact parameter

in the plane transverse to the beam direction and along the beam direction,

respectively:
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d0 = q(ρ−
√

(xv − x0)2 + (yv − y0)2) (2.1)

and

d0,z = ztrack − zv

where ρ and (x0, y0) are the radius and the center of the track projec-

tion in the transverse plane, ( xv , yv , zv ) is the position of the primary

vertex, and ztrack is the z position of the track after it has been propagated to

the point of closest approach in the transverse plane to the primary vertex.

The impact parameter resolution is a convolution of the error in the

vertex resolution and the track position resolution:

σd0 = σvertex ⊕ σtrackposition

The detector segmentation determines the intrinsic resolution and it

is important especially for particles at high transverse momentum. The pT

dependence of the impact parameter resolution re�ects what is expected

from a contribution due to the spatial precision of the detector added to a

contribution due to the multiple scattering:

σd0 = σdet.res. ⊕ σscattering

In this decomposition, the �rst term can be reasonably assumed to

be independent of the particle momentum and direction, while the second
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depends on the momentum and on the amount of material crossed by the

particle. In fact when a charged particle is traversing the materials of a

tracking system, it undergoes small deviations of the track, due to Multiple

Coulomb Scattering. The e�ect is described by the theory of Moliere [29]. It

shows that, by traversing detector's material of thickness s, the particle un-

dergoes successive small-angle de�ections, symmetrically distributed around

the incident direction. The Moliere distribution of the scattering angle can

be approximated by a Gaussian. The width of this distribution is the root

mean square of the scattering angle

θ0 =
13.6MeV

pβc
zc

√
s

XL
[1 + 0.038 ln(

s

XL
)]

where p, β and zc are the momentum, velocity and charge number

of the incident particle, and XL is the radiation length of the scattering

medium.

If we consider the simpli�ed case of particles moving in the transverse

plane, the material thickness can be taken as constant and the multiple

scattering term should be proportional to 1/pT . Thus the impact parameter

resolution can be expressed as

σd0 = a+ b/pT

where a depends from the intrinsic resolution of the sensor, and b from

the total material budget.
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The resolution on the impact parameter in the transverse plane is

completely determined by the ITS (precisely the �rst two layers of the ITS),

in particular the low material budget of the SPD layers and their intrinsic

resolution are the parameters that mainly contribute to the good d0 reso-

lution, which is less than 60 µm for pT > 1 GeV/c. In section 2.4 will be

shown the performance plot of the impact parameter resolution in data.

2.2 The ITS subdetectors

The high particle density expected in heavy ion collisions, and the re-

quest to obtain an optimal secondary vertex reconstruction, has led to prefer

high granularity silicon detectors. They provide information about the po-

sition of the passage of particles through the detector with the ALICE ITS:

this information is very accurate in the rφ plane, because of the higher gran-

ularity in this direction, while the resolution is lower in the z direction, due

to the smaller intrinsic spatial resolution in this direction. The granularity

decreases with the distance from the interaction point, because the particle

densities decrease getting farther and farther away from that point.

In table 2.1 the main parameters of the ITS are given: radial position,

length along beam axis, number of modules, spatial resolution, and material

budget. The material budget reported in the table takes into account the av-

erage material including the sensors, electronics, cabling, support structures

and cooling associated with radial paths through each layer.
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Table 2.1: Characteristics of the six ITS layers, the beam-pipe and the thermal
shields

Layer / Type r [cm] ±z [cm]
Number

of

modules

Intrinsic

resolution [µm]

rφ z

Material

budget

X/X0 [%]

Beam pipe 2.94 - - - 0.22

1 / pixel 3.9 14.1 80 12 100 1.14

2 / pixel 7.6 14.1 160 12 100 1.14

Th. shield 11.5 - - - 0.65

3 / drift 15.0 22.2 84 35 25 1.13

4 / drift 23.9 29.7 176 35 25 1.26

Th. shield 31.0 - - - 0.65

5 / strip 38.0 43.1 748 20 830 0.83

6 / strip 43.0 48.9 950 20 830 0.83

2.2.1 Silicon Pixel Detector (SPD)

The two innermost layers of the ITS are made of hybrid Silicon Pixel

Detectors (SPD). It plays a fundamental role in reconstructing the primary

vertex and identifying the secondary vertices from the decays of heavy �avour

particles: the precise spatial information, the small distance from the beam

line and the small material budget are all relevant to obtain excellent tracking

pointing resolution.

The ladder is the basic building block of the ALICE SPD. It consists

of a two-dimensional sensor matrix of reverse-biased silicon diodes detectors,

200 µm thick, bump-bonded to 5 front-end chips, thinned down to 150 µm.

The sensor matrix consists of silicon pixel detectors arranged in 256×160

cells. Each pixel cell measures 50 µm in the rφ direction and 425 µm in the
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Figure 2.3: Schematic view of one sector in SPD. The ladder is shown in red, the
half stave in blue, in the upper part of the �gure. Two half staves form a stave.
Each sector contains six staves: two in the �rst layer and four in the second layer.
In total there are ten sectors mounted together around the beam pipe to form the
SPD barrel. In the bottom part of the �gure it is shown one of the two half barrels,
prior of the installation.

z direction. The ladder measures 13.9 mm (rφ)× 70.7 mm (z). Five front-

end chips, each containing the electronics for the readout of a sub-matrix

of 256 (rφ)× 32 (z) detector cells, are bonded to the ladder. Four ladders

are aligned in the z direction to form a stave. Six staves, two for the inner
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layer and four for the outer layer, are mounted on a carbon �ber support

and cooling sector. The staves of the inner (outer) SPD layer are located at

an average distance of 3.9 cm (7.6 cm) from the beam axis. Ten sectors are

mounted together around the beam pipe to form the barrel. The staves in

each layer are mounted in such a way that there is a 2% overlap between

the active regions in rφ. Along z, instead, there is a gap between each two

consecutive sensors. In total, there are 60 staves, 240 ladders and 9.8 M pixel

cells arranged in 1200 read out chips, each containing 8192 pixel cells. In

Figure 2.3 a schematic view of one SPD sector is shown in the upper part of

the �gure: the ladder is drawn in red; two ladders constitute one half stave

(in blue). Each sector is constituted of two staves in the innermost layer,

and four in the outermost layer.

Figure 2.4: One electronic front-end chip of SPD layers.

In Figure 2.4 a sketch of a single chip is shown: the sensitive area of
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the chip covers 12.8×12.8 mm2 and it is composed of 256 rows ×32 columns

of pixel cells.

The response type of the pixel is digital: this means that, when a

particle hits the sensor, only the information about which pixel has been hit

is available. The resolution of the SPD sensor is determined by the pixel cell

size, the track incidence angle on the detector, and by the threshold applied in

the readout electronics. The nominal resolution for an ideal digital detector

would be L/
√
12, where L is the pixel dimension: 14 µm in the rφ direction

and 130 µm in the z direction. However, it should be considered that, when

a particle hits the single pixel near its edge, the neighboring pixel will also

provide a signal, due to a phenomenon of charge di�usion. The two hits of the

pixels above threshold are combined to form a cluster whose central position

is closer to the position where the particle has passed through the detector.

Instead, for tracks passing at the centre of the pixel, only that pixel is �red

and again the position of the cluster is very close to the true track trajectory.

This results in a better spatial precision: the values of the resolution along

rφ and z extracted from beam tests [30, 31, 32] for perpendicular tracks are

12 µm and 100 µm, respectively.

The main di�culty in designing this type of sensors was to implement

a front-end electronics that properly manage the signals around the chip.

Each diode matrix is associated with a cell reading the chip using a technique

called bump bonding. The bumps that realize the electrical and mechanical

contact of the cells of the chip and pixel sensor are Sn�Pb spheres with a
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diameter of 20 µm placed on the back of the sensor at each diode.

The SPD is also a trigger detector: each chip provides a fast trigger

signal if at least one hit is detected. The trigger signals from 1200 chips are

combined in a programmable logic unit which provides a level-0 trigger signal

contribution for the ALICE data acquisition system, with the outcome signal

which is shipped to the Central Trigger Processor (CTP) in ∼ 800 ns [33].

2.2.2 Silicon Drift Detector (SDD)

The two intermediate layers (layer 3 and layer 4) of the ITS are im-

plemented with Silicon Drift Detector (SDD) technology.

The operating principle is based on the measurement of the time nec-

essary for the electrons produced by ionization of the crossing particle to

drift from the generation point to the collecting anodes, under the e�ect of

an adequate electrostatic �eld.

The basic building block of the ALICE SDD is a module divided into

two drift regions where electrons move in opposite directions under a drift

�eld of ∼ 500 V/cm, as shown in Figure 2.5. The read out front-end elec-

tronics chips are on either side.

The SDD modules are mounted on linear structures called ladders. A

picture of the SDD inner layer in which the ladders and the modules are in

evidence, is shown in Figure 2.6.

There are 14 ladders with six modules each on the inner SDD layer,
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Figure 2.5: Schematic view of the SDD module. The sensitive area is split into
two drift regions by the highest voltage cathode at the centre of the module.

Figure 2.6: Picture of the SDD inner layer of the ALICE Inner Tracking System.

and 22 ladders with eight modules each on the outer SDD layer. Modules and

ladders are assembled to have an overlap of the sensitive areas larger than
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580 µm in both the rφ and z directions, so as to provide full angular coverage

over the pseudo-rapidity range |η|< 0.9. The modules are attached to the

ladder space frame, which is the layer support, and have their anode rows

parallel to the ladder axis (z). The z coordinate is reconstructed from the

centroid of the collected charge along the anodes. The electron drift time,

from the point where the charge is generated to the anodes, provides the

position along the other coordinate rφ on the detector plane. An optimal

reconstruction of the rφ coordinate requires to know with good precision

the drift velocity and the time-zero, which is the measured drift time for

particles with zero drift distance. The drift velocity depends on temperature

(as T−2.4) and is therefore sensitive to temperature gradients in the SDD

volume and to temperature variations with time. Hence, it is important

to calibrate this parameter frequently during the data taking. The spatial

resolution of the SDD detectors, as obtained during beam tests of full-size

prototypes, is on average 35 µm along the drift direction (xloc1) and 25 µm

for the anode coordinate (zloc).

The total collected charge is proportional to the energy loss by the

crossing particle and can be used for particle identication.

The readout time of the drift detector is 1023 µs: it is the slowest

readout time among the three types of silicon detector (SPD 296 µs; SSD

310 µs), and this is due to the time necessary to collect all the electrons

drifting in the electrostatic �eld.

1In the local reference system the origin of the system is at the center of each module,
the z axis is along the beam axis and xloc is equivalent to the rφ coordinate.
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2.2.3 Silicon Strip Detector (SSD)

The Silicon Strip Detector �lls the last two layers of the ITS (layer 5

and layer 6). The SSD plays a crucial role in matching the tracks from the

TPC to the ITS.

Figure 2.7: SSD module. The six front-end chips per side are visible.

The basic building block of the ALICE SSD is a module (see �g.

2.7) composed of one double-sided strip detector connected to the front-

end electronics, with six chips per side, as shown in Fig. 2.7. Each sensor

has 768 strips on each side, with a pitch of 95 µm. The stereo angle is

35 mrad, which is a compromise between stereographic view and reduction

of ambiguities resulting from high particle densities. The strips are almost

parallel to the beam axis, in order to provide the best resolution in the rφ

direction, reaching an intrinsic point resolution of 20 µm in the rφ direction

and 800 µm in the z direction.

A particle passing through the detector creates electron/hole pairs
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that are collected by the strips in each side: the intersection point of the

strips hit in the two directions provides the measurement of the hit position.

The spatial resolution of the SSD system is determined by the pitch of the

sensor readout strips and by the charge-sharing between those strips.

Figure 2.8: SSD ladder.

The analogue readout has a large dynamic range that allows to use

the dE/dx measurement for particle identication. The innermost SSD layer

(layer 5) is composed of 34 ladders (Fig. 2.8), each of them being a linear

array of 22 modules along the beam direction. Layer 6 (the outermost ITS

layer) consists of 38 ladders, each made of 25 modules. In order to obtain

full pseudorapidity coverage, the modules are mounted on the ladders with

small overlaps between successive modules, that are staggered by 600 µm

in the radial direction. The 72 ladders, carrying a total of 1698 modules,

are mounted on support cones in two cylinders. Each module consists of a

1536 strip double-sided silicon sensor connected through aluminum-kapton

microcables to the front-end electronics, for a total number of 2.6 million

read-out channels.
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2.3 ITS status in the �rst data taking years

The detector performance after two years of experience with LHC

proton and Pb beams, as well as with cosmic rays, are discussed in this

section, together with the status of each detector.

2.3.1 SPD status

The �rst pp run at
√
s=900 GeV have been exploited for the �ne

tuning of the SPD system. In the later runs, several aspects of the SPD are

continuously monitored to control the behavior of the detector: noisy pixels

(pixels that give signal even if no particle hit them), dead pixels (pixels that

do not provide signal), noisy fast-or chips (chips that emit a fast-or signal

even if there aren't hits in any pixel). If a noisy pixel appears during the

data-taking, an on-line algorithm automatically identi�es and excludes it

from the data-analysis. The same procedure identi�es dead pixels (∼ 0.6%)

and pixels with e�ciency lower than 40% (∼ 1.2 %). A big e�ort was carried

on to identify the noisy and dead pixels. Both categories are excluded from

the o�ine reconstruction [34].

A fraction of SPD modules cannot be stably operated due to local-

ized reduced cooling performance (∼ 30%). Several actions with the aim

to recuperate the maximum number of modules have been considered, even

assuming options that might require an intervention on the detector services.

It has been decide to postpone any intervention after the end of the second
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Pb run, hence in the beginning of 2012. The detector response has been

found to be reasonably stable in time.

2.3.2 SDD status

At present, 39 modules out of 260 are kept out of data acquisition. The

good modules in acquisition are ∼ 85% of the total. The fraction of good

channels in active modules is ∼ 99%. The main sources of excluded channels

are half-ladders switched o� due to electrical problems; few other modules

are excluded from the acquisition due to either HV or DAQ problems. The

modules in acquisition have good stability in time and only 1.5% of channels

are excluded because being noisy or dead. During the normal operation,

stand-alone calibration runs are performed at each beam �ll to monitor the

noise, bad channels, gains, drift velocity, and the time o�set that has to be

subtracted from the measured drift times to obtain the correct particle time,

module by module. All monitored parameters are proven to be very stable

over the entire data taking period [35].

2.3.3 SSD status

The stability of the system is monitored studying the time evolution

of its calibration parameters (intrinsic noise, baseline, gain factor in the re-

sponse of each single channel) and their correlation with the environmental

conditions (e.g., the humidity). About 92% of the SSD modules are active:

141 modules out of 1698 were not operable due to electrical and con�gu-
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ration problems or were masked because of noisy regions. There are about

98.5% of good channels in active modules, for an overall detector e�ciency of

about 90.3%. The good stability of the SSD allows to provide the expected

performance in terms of space point resolution and dE/dx measurements for

particle identication [36].

2.4 ITS Performance in pp and Pb�Pb

The precise reconstruction of the particle trajectory (the track), the

beam interaction point and the decay points of particles is of fundamental

importance for the ALICE physics programme. The heavy �avour analyses

require high precision in the identi�cation of secondary tracks, coming from

charm and beauty hadron decays, displaced from the primary vertex by few

hundreds of µm (ex. cτD0 = 124 µm). As already discuss in previous sections,

the resolution on the impact parameter in the transverse plane, d0(rφ), is

the benchmark value to estimate the ITS capability in the reconstruction of

primary and secondary vertexes.

To simulate the detector and the its performance, a detailed descrip-

tion of the whole experiment is done within the AliRoot framework [37]

where the geometry of each detector and also of the supports and services,

and the response of the detectors to the passage of the particles through

the materials, are simulated in details. As it will be discussed in chapter 4,

Monte Carlo simulation studies using this tool have been carried out before

of data taking, to understand the detector's behavior and to estimate its
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performances.

2.4.1 Alignment studies

The ITS is made of thousands of separate modules, whose position is

di�erent from the nominal one, due to the limitations associated with the

assembly and integration of the di�erent components, and due to mutual

deformations between components. In order to achieve the required high

tracking resolution and to estimate the real pointing resolution, that are

determined by the intrinsic resolution of the modules, the relative position

(location and orientation) of every module needs to be determined precisely

based on an alignment procedure [38].

The �rst estimation of the misalignments has been performed using

data collected in 2008 when cosmic-ray events and some events during the cir-

culating LHC beams were recorded. Then, in 2010, a sample of pp data was

collected without magnetic �eld in order to re�ne the alignment. Track-based

alignment methods (Millepede [39] and an iterative local method) have been

used to align the detector. The results of a preliminary survey performed

for SDD and SSD are the input for the software alignment methods, based

on global or local minimization of the residuals. These measurements have

been taken during the assembly phase using a measuring device (laser-based)

that determined the positions of the modules on the ladders and the posi-

tions of the ladder endpoints on the support cone. The alignment procedure

consists in the residual minimization with track-based software alignment, as
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the Millepede algorithm, which minimizes a global χ2 of residuals (de�ned as

the di�erence between the �tted track position on the detector plane and the

position of the cluster) for all alignable volumes. In case of alignement with

cosmics, the cosmic ray tracks are �rstly reconstructed using the SPD and

SSD. The SDD, which require a more elaborated calibration procedure due

to the interplay between alignment, drift velocity and time-zero calibration,

is added in a second step once a satisfactory alignment of the SPD and SSD

is reached. The last step of the alignment procedure is the alignment of the

whole ITS with respect to the TPC.

Figure 2.9: Left: cosmic event reconstructed in the SPD, as visualized in the
ALICE event display: an extra point in one of the overlap regions of the outer
layer is evident. Right: xloc resolution as a function of pT for the inner SPD layer,
obtained with data from pp at

√
s = 7 TeV.

One important check of the quality of the alignment in the SPD mod-

ules is the spread in the residual of track to point for �extra� clusters, i.e.

the clusters placed in the regions of overlap among modules, as the one illus-

trated in Figure 2.9 (left). The pairs of points produced by particles crossing

the small acceptance of the overlaps between two neighboring modules allow
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one to investigate the relative position of the modules themselves with high

accuracy. The width of the distribution of the residual of the extra-cluster

obtained from pp data as a function of pT is shown for the xloc coordinate

in Figure 2.9 (right). The asymptotic component, which is dominant for

pT>1 GeV/c is due to the intrinsic resolution and to the residual misalign-

ment; the curve rises at low pT because of multiple scattering. Data points

are compatible within errors with the results from a Monte Carlo simulation

obtained using random Gaussian misalignments with rms equal to 7 µm:

such value can then be considered as an estimate of the average level of

residual misalignment for all the SPD modules.

2.4.2 ITS and TPC combined tracking algorithm

The tracking algorithm is based on the Kalman Filter procedure [40].

First, the reconstruction of the vertex is done using only information from

the SPD hits (using tracklets, i.e. a pair of clusters in the inner and outer

layers). The track reconstruction starts with the clusters on the external

part of the TPC and proceeds towards the ITS. The seeds for the track

candidates are created using the information from the external pad rows of

the TPC and the position of the primary vertex, estimated with the SPD.

After the 'candidate tracks' are found in the TPC, track reconstruction in

the ITS (inward) is performed. A TPC reconstructed track is matched to

a compatible cluster in the outermost ITS layer, then the track is followed

in the ITS down to the innermost pixel layer. During the track �nding
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algorithm, in each step of the cluster association, a search window is opened

to search for a cluster inside this window, compatible with the association

to the track under construction. The search window is tuned according to

the hit density, the track extrapolation length and the residual misalignment.

The �nding procedure terminates at the �rst layer of the SPD, then the track

is back-propagated (outward) to the outermost layer of the ITS and then to

the outermost radius of the TPC. Hence it is extrapolated to the TRD, to the

TOF, to the HMPID, to the PHOS and to the EMCal and matched with hits

on these detectors. Finally, the track is re�tted inwards in TRD, TPC, ITS

and it is propagated to the primary vertex. In the end, the vertex position is

re-calculated using the reconstructed tracks, thus gaining in resolution with

respect to the preliminary estimate obtained with tracklets.

All the clusters associated to the combined TPC and ITS tracks in

the event under reconstruction are tagged, and the remaining clusters are

used to �nd other tracks during the ITS stand-alone tracking procedure.

Optionally, the ITS stand-alone tracker can be con�gured to consider all

points in the ITS (also those already used by the ITS and TPC combined

tracker), starting from the high pT tracks, which are easier to reconstruct, to

the low pT tracks. The ITS stand-alone tracking will be explained in details

in the chapter 4, where the tracking algorithm of the ITS Upgrade tool will

be described. The aim of the stand-alone tracker is to extend the acceptance

region down to pT up to ∼ 100 MeV, �nding tracks that do not reach the

TPC due to their low pT , and also to �nd tracks that pass through dead
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Figure 2.10: Track prolongation e�ciency from TPC to ITS in Pb�Pb collisions
(left) and pp collisions (right).

zones of the TPC or decaying between the ITS and the TPC.

The matching e�ciency between tracks reconstructed in the ITS and

those reconstructed in the TPC as a function of pT is shown in Figure 2.10

for both pp and Pb�Pb collisions.

The comparison with a Monte Carlo simulation is also shown in the

same �gures: it is in agreement within < 2% with the e�ciency observed

in data in the range 0.2 < pT < 10 GeV/c. The matching e�ciency is

about 95% and it is quite constant in the entire momentum range for tracks

reconstructed with at least two points in the ITS. It drops to 85% if a cluster

in the SPD is request, and this is due to the modules which are switched o�

due to the cooling problems (∼30%).

The e�ciency for the ITS stand-alone tracking can be evaluated by

simulation: it is de�ned as the number of �good� re�tted tracks ( where a
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good track is a track reconstructed with at least 3 associated clusters and

without any associated clusters belonging to another track) divided by the

number of �trackable� particles. A �trackable� particle is de�ned as a particle

with at least three reconstructed clusters on three di�erent ITS layers and

with at least one of the reconstructed points in one of the three innermost

layers in the case of the outward procedure, or in one of the three outer

layers in the case of the inward procedure (see [41] and chapter 4 for further

details). In Figure 2.11 the e�ciency is shown as a function of pT for Monte

Carlo Pb�Pb central collisions: the blue circles show the ideal case of the

ITS detector with all modules 100 % e�cient while the red squares show

the e�ciency for the con�guration of the detector during the 2010 Pb�Pb

run (∼ 30% of dead modules). A plateau is reached for values greater than

600 MeV/c. The drop of e�ciency at low pT is due to track curvature in

magnetic �eld and the multiple scattering e�ect.

Figure 2.11: ITS stand-alone tracking e�ciency in central Pb�Pb collisions as a
function of pT . The blue circles show the ideal case of the ITS detector with all
modules 100 % e�cient while the red squares refer to a typical con�guration of the
detector during the 2010 Pb�Pb run.
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Figure 2.12: Impact parameter resolution of present ITS versus pt, for the rφ
(left, Pb-Pb data and MC) and z (right, pp MC simulation [41]) components.

In the left panel of �gure 2.12, the impact parameter resolution in

the bending plane (rφ) for ITS stand-alone tracks is shown, for Pb�Pb data

and Monte Carlo simulations with realistic residual misalignment. The plot

shows a good matching between data and Monte Carlo. The impact param-

eter resolution for particle with momentum greater than 1 GeV/c is better

than 65 µm. At lower pT the main contribution to the impact parameter

resolution is the material budget.

The impact parameter resolution in the longitudinal direction (z)

which, di�erently than in the transverse plane, also bene�ts from the TPC

information, is plotted in Figure 2.12 right, for the ITS stand-alone and ITS

and TPC combined tracking.

In Figure 2.13 the impact parameter resolution for pions, protons and

kaons as a function of pT is shown, obtained with the ITS stand-alone tracks

in Pb�Pb collisions at
√
s=2.76 TeV. The resolution is within speci�cation

for each particle species, and we observe a good agreement with the MC



CHAPTER 2. THE INNER TRACKING SYSTEM OF ALICE 70

Pt(GeV/c)
1

m
]

µ
 r

e
s

o
lu

ti
o

n
 [

φ
d

0
 r

0

100

200

300

400

500

600

 resolutionφd0 r

 - Dataπ  - MCπ
K - Data K - MC
p - Data p - MC

ALICE performance 18/10/2011

ITS standalone tracks

 = 2.76 TeV (2010 data)sPbPb @ 

Figure 2.13: Impact parameter resolution of the ITS stand-alone tracks, versus
pT, for the rφ in Pb-Pb data at

√
s =2.76 TeV for di�erent particle species.

simulation.

In Figure 2.14 the relative pT resolution is shown: in the left panel the

pT resolution is shown both for stand-alone tracks and those reconstructed

with the ITS and TPC combined tracker, in a pp MC sample; in the right

panel the resolution in Pb�Pb collisions performed with ITS and TPC com-

bined tracking is shown. For ITS stand-alone tracks the resolution is worse

by about one order of magnitude than the TPC and ITS combined ones,

because the TPC has a larger lever arm, and also because the ITS has a

limited number of points to measure a track.

The identi�cation of low momentum particles by mean of the dE/dx

measurement in the non-relativistic region can also performed by the ITS.

The dE/dx measurement is based on the analogue information proportional
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Figure 2.14: Left panel: ITS stand-alone relative pT resolution in Monte Carlo
pp simulation compared to ITS-TPC combined resolution in the pT range [0.3, 30]
GeV/c [41]. Right panel: relative pT resolution as a function of pT for ITS-TPC
combined tracks in an extended pT range in Pb�Pb collisions.

to the charge collected by the four layers of SDD and SSD. Figure 2.15 shows

the speci�c energy loss dE/dx as a function of the momentum measured with

the ITS stand-alone in Pb�Pb collisions. The three lines represents the pions,

the kaons and the protons signals expected by the Bethe-Bloch formula. The

ITS PID provides pions/kaons separation up to 0.5 GeV/c and pions/protons

separation up to 1 GeV/c.

2.5 Detector e�ciency

A study to evaluate the e�ciency of each chip or module in every plane

of the ITS has been performed during the �rst months of LHC operation in

2010. The aim of this work is to measure the e�ciency of the di�erent layers

and their contribution to the tracking performance. The achieved results
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Figure 2.15: Speci�c energy loss dE/dx as a function of the momentum measured
with the ITS stand-alone in Pb�Pb collisions. The solid lines are a parametrization
of the detector response based on the Bethe-Bloch formula.

were very important to have a good preliminary knowledge of the behavior

of the 'real' detector and to have a �rst estimation of how realistic was the

implementation and the description of the ITS in the Monte Carlo simula-

tion, thus helping in the 'tuning' of the simulation. This is very important

for the computation of corrections for acceptance and reconstruction ine�-

ciencies and to an estimation of the systematics errors of the Monte Carlo

tool.

The e�ciency of a given layer can be evaluated by running the tracking

algorithm without that layer, and counting the fraction of times a cluster

is found to be associated with a track crossing the layer. A space point is

searched in the whole reconstructed hit collection, to be compatible with the

track prediction obtained without the layer under study, which is removed

from the tracking algorithm: the interpolation of the track on this layer is

used to evaluate in which chip (for pixel layers) or module (for the other
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Figure 2.16: Schematic view of the procedure of the Plane E�ciency algorithm:
a cluster compatible with the prediction of a track (yellow empty circle) is searched
in the layer under study (in red). If the cluster is found, both the "tries" and
"success" counters, which de�ne the e�ciency of a given module (see text), are
incremented. If it is not, then only "tries" is implemented.

layers) the hit is expected.

The e�ciency of each module is de�ned as the number of clusters

'found' divided to the number of tracks 'tried':

Efficiency =
found

tried

and its error is

Errefficiency =
1

tried

√
found(1− found

tried
)

In order to compute it, the following procedure is used: if a track (tried)

passes through a module in the layer under study, a cluster is searched for in

a �ducial acceptance window, and if the cluster is found, both the "tries" and

"success" counters, which de�ne the e�ciency of a given module, are incre-
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mented. If it is not, then only "tries" is incremented. This is schematically

shown in the bottom part of the Figure (2.16).

The area of the �ducial window has been determined in order to avoid

�ow of counts from one module to the neighbouring ones, which would re-

sults in a smearing of the e�ciency among adjacent modules, due to the

uncertainty on the module assignment, when the track is closer to the bor-

der.

In case of SPD, the criterion used to establish the �ducial area also

takes into account the fact that the dead pixels are concentrated at the

corners of the chips. Getting away from the edge, the risk to meet dead

pixels is reduced, as it can be seen in Figure 2.17. The width of the search

window for the �rst pixel layer is such that the distance from the boundary

is equal to 3 σ in x and in z direction (σ = track precision) and for the

second pixel layer this distance is equal to 2 σ. The value of the sigma is

obtained track by track, in the Kalman �lter, in the same conditions used to

evaluate the e�ciency, i.e. by removing the layer under study of the tracking

alghoritm.

The selection criteria for the tracks to be used in the plane e�ciency

evaluation have been tuned, in particular a selection of the good χ2, in the

di�erences between cluster position and the extrapolated track position; the

minimum number of clusters to be associated to the track and eventually

the minimum number of cluster in closest layers; the maximum number of
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Figure 2.17: Example of a hit distribution chip per chip for sector 18: 10 chips
constituting a half stave, for a total of six half stave constituting a sector (=equip-
ment 18) are shown. The �rst two raw belong to the inner layer, in fact it can be
noted a grater number of hits. Here the border e�ect, where dead pixels accumulate,
is evident.

missing clusters in outermost layer or both in innermost and outermost with

respect to the one under study and the requirement to have a cluster in the

outer or inner layers with respect to the one under study. In table 2.2 the

criteria selection are shown.

As a second example, the e�ciency for all modules of each layer, for

the run 120829 (25th May 2010, pp at 7 TeV), is shown in �gures 2.18,

2.20, 2.21. The �gures also shows the average e�ciency for each layer, which

has been computed by summing the number of 'tried' and 'success' in each

module. The average e�ciency for the �rst two layers is about 96%. This

value can be smaller than the detection e�ciency of not dead channels, due

to secondaries and gamma conversions that are produced beyond the pixel

layers (see sketch in �gure 2.19): these charged tracks do not have a cluster

associated to the plane under study because any charge was deposited there.

The cuts have been optimized to reduce this contribution, but a Monte Carlo
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Table 2.2: Selection criteria for good quality tracks for Plane E�ciency compu-
tation.

Selection Criteria

Max n. of

missing

clusters

Max n. of

missing outer

clusters

Required

clusters

in outer

layers

1 / pixel 2 2 True

2 / pixel 2 2 False

3 / drift 2 1 True

4 / drift 2 1 True

5 / strip 2 0 False

6 / strip 2 - -

Figure 2.18: Total e�ciency for the �rst and second layer of SPD.
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study has shown that an irreducible component cannot be avoided.

Figure 2.19: Gamma conversions which reduce the computed track e�ciency for
SPD layers.

Figure 2.20: Total e�ciency for the �rst and second layer of SDD.

In the �gures below (2.22, 2.23, 2.24) the relative di�erences between

the e�ciencies obtained from data (pp collisions at 7 TeV) and MC are shown

chip by chip, for the two SPD layers and for the second layer of SDD. The
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Figure 2.21: Total e�ciency for the �rst and second layer of SSD.

corresponding histogram of the tracking precision in x direction for the �rst

layer of SPD is shown in �gure 2.25.

Figure 2.22: Relative e�ciency (Data-MC)/MC in run 120829 for the �rst SPD
layer: di�erences between Data and MC are within 1%.

The analysis of the di�erences between data and MC, chip by chip,

or module by module depending on the subdetector, also was usefull in
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Figure 2.23: Relative e�ciency (Data-MC)/MC in run 120829 for the second
SPD layer: di�erences between Data and Mc are within 0.5%.

Figure 2.24: Relative e�ciency (Data-MC)/MC in run 120829 for the second
SDD layer. The red circles represent the module in which the con�guration was
wrong or not properly simulated in the MC.

Figure 2.25: Tracking precision in X, module by module, of the �rst layer of SPD
in run 120829.

understanding the real status of each detector, and in some cases it has

helped in the detection of con�guration issues of some modules and led to

their re-calibration, as for instance in the case of modules with red circles in

the second layer of SDD (�gure 2.24).
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In addition to the e�ciency determination, these studies provided fur-

ther information about the residual distribution (track prediction position -

cluster position). In fact, with this algorithm the bias of having the cluster

associated to the tracks, for a given layer under study, is removed. This

is particularly important for the alignment studies, to accurately determine

the cluster resolution (for tracking), and to examine the cluster shape dis-

tributions (which is shown in Figure 2.26)) and the di�erences between data

and Monte Carlo, module by module, of the mean values of the residual dis-

tributions, see �gure 2.27 and 2.28 for an example. All that has been very

usefull to �ne-tune the detector-response simulation models.

Figure 2.26: Residual distribution in module 1 (chip) of the �rst SPD layer.

Figure 2.27: Di�erences of the mean values (module by module) of the residual
distribution in X [(Data-MC)], for the �rst SPD layer. The mean di�erence is ∼ 3
µm.
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Figure 2.28: Di�erences of the mean values (module by module) of the residual
distribution in X [(Data-MC)], for the �rst layer of SSD. The mean di�erence is ∼
3.7 µm.

Furthermore, a detailed analysis of the tracking capabilities of the ITS,

which is not discussed in this thesis, showed at the beginning, di�erences

between tracking e�ciency in data and MC, and these di�erences were in

part explained with the results given by this 'plane e�ciency' studies. Then,

the resulting values of this study on the layer e�ciency have been used to

tune and correct the MC by adding sparse dead pixels in the MC description.

Later on, when the luminosity of LHC increased, the individual dead pixel

could be found by a simple counting algorithm. The procedure was still

used to verify the nice agreement between data and MC. In table 2.3 the

plane e�ciencies for each layer of the ITS in two di�erent runs are shown as

example.

.
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Table 2.3: Example of e�ciency behavior in two runs of 2010: 115328 and 120829
pp at 7 TeV. The di�erences in percentage of the e�ciencies between Data and MC
are given.

E�ciency (%) (DATA-MC)/MC

Run 115328 Run 120129

1 / pixel -1 -1

2 / pixel -0.9 0.5

3 / drift -0.2 0.2

4 / drift 1.2 1.9

5 / strip 0.7 0.02

6 / strip -3 -3



Chapter 3

ALICE physics performance in

Pb�Pb and Motivation for an

upgrade of the ITS

In this chapter, the ALICE performance in Pb�Pb collisions is summa-

rized. A comparison with the performance of STAR, another general purpose

heavy ion dedicated experiment at RHIC at BNL, is also performed. In the

previous chapter, the fundamental role of the ITS in the reconstruction of

secondary vertex of particle decaying within few hundred micron from the

primary vertex, has been discussed. It has been shown that the precision of

the present ITS in the determination of the track dca is adequate to study

the production of charm mesons in exclusive decay channels (e.g. D0 → Kπ

and D+ → Kππ) at values of transverse momentum above 2 GeV/c. At

lower transverse momenta, however, the statistical signi�cance of the mea-

surement is limited. The situation is even worse for charm baryons, given

that the most abundantly produced Λc has a mean proper decay length cτ

of only 60 µm, that is about a factor 2 smaller than the D0 meson one.

83
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Therefore, with the present ITS charm baryons are not accessible in central

Pb-Pb collisions. For the same reason, the study of beauty baryons or of

hadrons with more than one heavy quark are also beyond the capability of

the current detector. The motivations for an upgrade of the Inner Tracking

System of ALICE are discussed in details in this chapter.

3.1 Physics goal of the ALICE experiment

LHC has some unique advantages and it is complementary to RHIC

in several aspects. As discussed in chapter 1, signi�cant di�erences in terms

of energy density, lifetime and volume of matter created in the collisions

are expected at the higher LHC centre of mass energy and, in addition, rare

'hard probes' (as, for example, the heavy �avours) are much more abundantly

produced. After two years of LHC operation with proton and Pb beams,

ALICE has proven its excellent capabilities to measure high energy nuclear

collisions at the LHC. Initial performance on global event characterization

(charged particle multiplicities, elliptic �ow, volume and life-time inferred

from pion HBT and high pT suppression) are shown in the several papers

published by the Collaboration [42]. They are rather di�erent with respect

the results shown by RHIC, but evolution and intrinsic properties are still

well described by the theoretical models. In the following section a discussion

of these items is mentioned.
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3.1.1 Charged-Particle Multiplicity Density

The �rst step in characterizing the system produced in Pb�Pb col-

lision at LHC energies is the measurement of the charged-particle pseudo-

rapidity density, which is essential to estimate the initial energy density.

ALICE performed this measure in Pb�Pb at 2.76 TeV/nucleon obtaining

dNch/dη ∼ 1600. This value is di�erent from the predicted calculation avail-

able during the design phase of ALICE in the early 90's (dNch/dη > 4000);

but it is in agreement with the extrapolation from RHIC measurements [43].

Normalizing per participant pair, one obtains dNch/dη)/(0.5<Npart >) ∼ 8.

In Fig 3.1 this value is compared to the measurements for Au�Au,

Pb�Pb, pp and pp collisions over a wide range of collision energies [44].

Figure 3.1: Charged-particle pseudorapidity density per participant pair for cen-
tral nucleus-nucleus and non-single di�ractive pp (pp) collisions as a function of√
sNN [44].

The transverse energy is estimated by measuring the charged hadronic
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Figure 3.2: Ratio of transverse energy per participant pairs (dET /dη) and
dNch/dη as function of Npart for Pb�Pb collisions at 2.76 TeV and Au�Au col-
lisions at 200 GeV[45].

energy with the tracking system corrected by the fraction of neutral parti-

cles not accessible by the tracking detectors. The total energy per charged

particle is shown in �gure 3.2 as a function of Npart. The centrality evolu-

tion looks similar for energy and multiplicity: both increase with energy and

with centrality. This measurement can be used to extract the energy density

using the Bjorken estimate eq.(1.4) For the most central collisions (0-5%),

the value of dET /dy provides an ετ ∼ 15 GeV/(fm2c) (where τ is the QGP

formation time) at the LHC, about a factor 3 larger than the corresponding

one at RHIC [46]. Assuming that the multiplicity is proportional to the en-

tropy of the �nal state and ε ∝ T 4, the factor 3 of increase in energy density

from RHIC to LHC corresponds to a 30% of increase in the temperature of

the QGP.
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3.1.2 QGP: volume and life time

Other important global features of the medium are the freeze-out vol-

ume and the total lifetime of the system. They were measured in pp and

Pb�Pb collisions by particle interferometry (HBT) [47].

Pion femtoscopy in Pb�Pb collisions can give a measure of the size of

the homogeneity region from which the volume of the QGP can be inferred.

Detailed femtoscopy studies in heavy-ion collisions, at SPS and RHIC, have

shown that the sizes of the emission region (�HBT radii�) decrease with

increasing pair momentum, which is explained as a manifestation of the

collective behavior of the system. The trend was predicted to persist at the

LHC. Data from Pb�Pb collisions con�rm the existence of a �owing medium

and provide strict constraints on the dynamical models. Compared to top

RHIC energy, the 'volume of homogeneity' increases by a factor two and the

system lifetime increases by more than 30%, in line with the predictions (see

Fig. 3.3 [47]).

3.2 Suppression of high pT charged particle produc-
tion

As mentioned in the �rst chapter, one of the key measurements in

heavy-ion collisions at the LHC is the nuclear modi�cation factor RAA of

charged hadrons. This measurement was one of the �rst indication from

RHIC of the formation of the new state of matter with a clear clue of parton
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Figure 3.3: Pion HBT radii, along the beam direction, for the 5% most central
Pb�Pb collisions at

√
sNN = 2.76 TeV, as function of average pT of the pion kT (red

�lled dots). The shaded band represents the systematic errors. For comparison,
the results for Au�Au collisions at

√
sNN = 200 GeV are shown (blue open circles)

[47].

energy loss in hot and dense QCD matter. At RHIC energies, the RAA

factor was measured to be about 0.2 and roughly independent of pT in the

range 5-15 GeV/c, corresponding to a factor 5 suppression in high pT particle

production with respect to pp collisions [43].

Figure 3.4 shows the nuclear modi�cation factorRAA of charged hadrons

for central Pb�Pb collisions, compared to the same measurement performed

by the PHENIX and STAR experiments at RHIC. In central collisions at

LHC, RAA exhibits a very strong suppression, reaching a minimum of ∼

0.14 at pT = 6-7 GeV/c. In this pT region, the nuclear modi�cation factor

is smaller than at RHIC. This suggests an enhanced energy loss at LHC and

therefore a more dense medium. A signi�cant rise by about a factor two is

observed in the range 7 < pT < 20 GeV/c. This pattern is very intriguing,
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and at present there is not a unique theoretical interpretation.

Figure 3.4: Nuclear modi�cation factor RAA for charged hadrons in central Pb-
Pb collisions at the LHC, compared to measurements at

√
sNN = 200 GeV by the

PHENIX and STAR experiments.

3.3 In medium Energy Loss of charmed mesons

The measurement and comparison of RAA of di�erent medium probes

provide a test of the colour-charge and mass dependence of parton energy

loss. During the �rst run of Pb�Pb collisions at 2.76 TeV, ALICE performed

the �rst measurement of the RAA for the D meson, shown in �gure 3.5 [48].

At the moment the analysis is restricted to pT > 2 GeV/c. Presumably it

will be possible to go down to pT ≈ 1 GeV/c, but reaching zero transverse

momentum seems to be precluded with the current ALICE setup, due to the

huge background.

This preliminary result imply a strong in-medium energy loss for c and

b quarks. The RAA of D0 and D+, measured for the �rst time as a function
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Figure 3.5: Heavy �avour nuclear modi�cation factors RAA for D mesons at mid-
rapidity in central Pb-Pb collisions at the LHC measured by ALICE [48] compared
to charged pions.

of pT and centrality, is as low as 0.2-0.3 for pT> 5 GeV/c and compatible

with the RAA of pions. Below 5 GeV/c, there is a hint of a rise and one �nd

that RD
AA > Rπ

AA. Higher statistics data, expected from the 2011 Pb�Pb run

should allow to study this region more in detail.

The other key measurement concerns the beauty energy loss via RAA

with coverage down to low pT . In ALICE, beauty production is accessed

at mid-rapidity via B → e + X. In the present ALICE setup, this will be

presumably the only way to measure in addition to the forward rapidity mea-

surement by muons. The left panel of �gure 3.6 [48] shows the pT -di�erential

cross section of electrons from beauty decays in pp collisions at
√
s = 7 TeV.

The cross section agrees well with the pQCD based calculations of the inclu-

sive heavy-�avour decay electron from B hadrons for pT > 2-3 GeV/c [51].
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At low pT , the component of electrons from charm decays has to be sub-

tracted statistically, implying a signi�cant systematic uncertainty.

The single muon di�erential cross section as a function of pT in pp

collisions at
√
s = 7 TeV is shown in the right panel of �gure 3.6 [48]. For

pT > 5�6 GeV/c, according to FONLL [51], the spectrum should be domi-

nated by the beauty decays.

Figure 3.6: Leptons from heavy-�avour decay in pp at 7 TeV, measured by
ALICE [48]. Left: electrons from beauty decays at mid-rapidity. Right: muons
from heavy-�avour decays at forward rapidity.

The RAA for the electron spectrum measured at mid-rapidity and

the RCP (central-to-peripheral nuclear modi�cation factor) for the inclusive

muon spectrum measured at forward rapidity are shown in �gure 3.7 [48]

(these electron and muon measurements are not fully background subtracted,

however the pT spectra are expected to be dominated by heavy �avour semi-
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Figure 3.7: Heavy �avour nuclear modi�cation factors in central Pb-Pb collisions
at the LHC measured by ALICE [48]. Left: RAA for the cocktail-subtracted electron
spectrum, at mid-rapidity. Right: RCP for the inclusive muon spectrum, at forward
rapidity.

leptonic decays above 4�5 GeV/c). At high pT , where beauty should domi-

nate, the suppression is only a factor 2.5, that is smaller than what observed

for D mesons (a factor about 4).

Summarizing, with the current detector, beauty production measure-

ment at mid-rapidity may be possible only via single electrons. However, at

low pT the subtraction of the background contribution is problematic.

3.3.1 Baryon to Meson Ratio measurement

In the previous section, it has been shown that the spectra of individual

particle species are modi�ed in Pb�Pb with respect to pp collisions. Baryons

and mesons show a di�erent modi�cation pattern due to the enhanced baryon

production at intermediate pT . The prediction of baryon enhancement to

mesons ratio has been suggested as due to the coalescence, as discussed in



CHAPTER 3. ITS UPGRADE MOTIVATION 93

chapter 1.

Measurement performed by the STAR Collaboration (see, for exam-

ple, [49, 50]) showed that the baryon/meson ratio reaches its maximum at

pT ∼ 2.5 GeV/c and starts decreasing at higher momenta. The maximum

value of the Λ/K0 ratio in central collisions was found to exceed 1. The

Λ/K0 ratios measured by ALICE in Pb�Pb events at
√
sNN= 2.76 TeV as

a function of transverse momentum and for di�erent collision centrality bins

is shown in Figure 3.8, as well as in pp collisions at
√
s = 0.9 and 7 TeV

(left). The baryon/meson ratio in pp interactions always stays below 1 and

is quite similar to what is observed in peripheral Pb�Pb collisions. As the

collision centrality increases, the baryon/meson ratio develops a maximum

at pT ∼ 3 GeV/c reaching a value of ∼1.5 for the 0-5% most central events.

Comparing these preliminary ratios with those measured by the STAR Col-

laboration in Au�Au collisions at
√
sNN = 200 GeV, we note that, in the

case of most central events, the baryon/meson ratio at the LHC decreases

less rapidly with pT than at RHIC (see Figure 3.8 (right)). The position (in

pT ) of the Λ/K0 maximum measured at Pb�Pb collisions at
√
sNN = 2.76

TeV is slightly shifted towards higher transverse momenta with respect to

that observed in Au�Au events at
√
sNN = 200 GeV.

Coalescence models consider also the possibility of recombination of

a heavy quark with di-quarks present in the QGP. It was suggested that

this could lead to a rather signi�cant enhancement of the Λc with respect to

thermal models [52], where the relative abundance of particles depends only
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Figure 3.8: Left:Λ/K0 ratios as a function of pT for di�erent centralities in Pb�Pb
collisions at

√
sNN=2.76 TeV, and also for minimum bias pp collisions at

√
s = 0.9

and 7 TeV. Right: selected Λ/K0 ratios shown on the left compared with those
measured in Au�Au collisions at

√
sNN = 200 GeV

on their mass.

An enhanced production rate of multi-charm baryons would be a dis-

tinctive feature of thermalization of the medium produced in heavy ion colli-

sions. The enhancement predicted by statistical models in case of hadroniza-

tion by coalescence can reach a factor 103 for the Ωccc at LHC energies [23].

Thus, double and triple charmed baryons or charmed-beauty baryons could

be observed (it should be noticed that states as the Ωccc have not been

observed yet even in elementary collisions).

From the experimental point of view, the main issue for the measure-

ment of charmed baryons is their rather short lifetime: for example, the cτ

of the Λc is a factor of 2 smaller than that of the D0. Therefore, the mea-

surements of charmed baryons requires a very precise tracking and impact

parameter resolution, because the decay tracks have typical displacements of
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a few tens of micron (∼ cτ) from the primary interaction vertex. Presently,

the Λc signal was observed by ALICE in the pK−π+ decay channel in pp

collisions at
√
s = 7 TeV collected in 2010, as it will be shown in chapter 5.

However, the signal is observed only at transverse momenta above 3 GeV/c

and the statistical signi�cance is relatively low (about 5 σ), as compared to

the D meson signals. In Pb�Pb collisions, in particular down to low trans-

verse momenta, the Λc measurement seem to be beyond the present setup

capabilities. Figure 2.13 in chapter 2, shows the impact parameter resolution

as a function of pT in pp and Pb�Pb collisions: to access the Λc, the impact

parameter resolution should be better than a factor of 2 at least.

3.3.2 Elliptic Flow measurement

The most critical test of the �heavy ion standard model� comes from

the measurement of the elliptic �ow at LHC, the RHIC pillar which supports

the '�uid' interpretation of the QGP [43]. Assuming only small or no changes

in the �uid properties between RHIC and LHC, the hydrodynamical model

predicts �rmly that the elliptic �ow coe�cient v2, measured as a function of

pT , should not depend on beam energy [53] .

The ALICE measurement at 2.76 TeV [54] shows that the integrated

elliptic �ow of charged particles increases by about 30% compared to �ow

measured at the highest RHIC energy of 0.2 TeV (�g. 3.9), because the

average pT is signi�cantly higher at LHC. This result indicates that the hot

and dense matter created in these collisions at the LHC still behaves like a
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�uid with almost zero friction [53].

Figure 3.9: Integrated elliptic �ow as a function of collision energy [54].

Elliptic �ow as a function of transverse momentum pT is sensitive to

the evolution and freeze-out conditions of the created system. Figure 3.10

shows that the charged particle pT -di�erential elliptic �ow measurement1,

compared to RHIC, does not change within uncertainties at low pT [54],

which is remarkable because the beam energies di�er by more than one order

of magnitude. The 30% increase in the integrated �ow, shown in �gure 3.9,

can therefore be explained to an increase in average transverse momentum.

In hydrodynamical model calculations, this increase in mean pT is

due to a larger transverse �ow at higher energies. This leads to a more

pronounced mass dependence of the elliptic �ow. In �gure 3.11, the identi-

�ed particle pT -di�erential elliptic �ow compared to hydrodynamical model

predictions is shown. For mid-central collisions the hydrodynamical model

1The elliptic �ow estimated from two-particle correlations is denoted by v2(2), while
those estimated from multi-particle correlations are denoted by v2(4) for the four-particle
cumulant(see [54] and references therein).
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Figure 3.10: Elliptic �ow for three centrality classes measured as a function of
transverse momentum pt. The bands indicate RHIC results measured by STAR
[54].

predictions [53] (curves in �gure 3.11 [58]) describe very well the measured

v2 for pions, kaons and antiprotons at low pT (left panel). For more central

collisions (right panel), the hydrodynamical model predictions well describe

the �ow of pions and kaons but not that of the antiprotons. This mismatch

may indicate a larger radial �ow in the data. At RHIC this was also observed

and a better description of the antiproton �ow was obtained by introducing

a hadronic cascade �afterburner� in the calculations [55].

The hydrodynamical model predicts that the mass splitting pattern

persists at large values of pT in contrast to what is observed in data, as it can

be seen in �gure 3.11 above pT ∼ 2 GeV/c. An elegant explanation of the

particle-type dependence and magnitude of v2 at larger pT is provided by the

coalescence picture. At RHIC it was observed that v2/nq showed a universal

scaling when plotted versus (mt−m)/nq for relatively low pT < 2 GeV/c [56].

Here nq is the number of constituent quarks and mt = p2t +m2 is the trans-
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Figure 3.11: The pT -di�erential elliptic �ow for pions, kaons and antiprotons for
40-50% (left) and 10-20% (right) collision centrality. The curves are hydrodynam-
ical model calculations. Figures taken from [58]

.

verse mass, with m the mass of the particle. At higher pT , v2 seems to

scale with the constituent quark number, so that v2/nq scales with mt/nq.

The same behavior is observed also at LHC, as shown in �gure 3.12 [52],

where the scaling at 2.76 TeV for 40-50% collision centrality measured by

ALICE can be observed. This observation suggests the presence of a ini-

tial partonic state. Assuming the coalescence model [57] for hadronization,

the �ow of constituent quarks add up, so that vMeson
2 (pT ) = 2 vq2(pT /2) and

vBaryon
2 (pT ) = 3 vq2(pT /3).

A very interesting test would be to verify if this universal scaling holds

also for heavy �avour mesons and baryons. A �rst measurement of the D0

elliptic �ow coe�cient v2 in 30�50% central Pb�Pb collisions was obtained

by ALICE (see �gure 3.13) but with large uncertainties: if con�rmed, the

result would be very intriguing, because it seems to indicate that D mesons
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Figure 3.12: v2=nq vs mt-m0 for identi�ed particles (pions, kaons and antipro-
tons) in Pb�Pb collisions at

√
sNN = 2.76 TeV measured by ALICE [52].

take part in the �ow.
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Figure 3.13: First measurement of D0 v2 in 30�50% Pb�Pb collisions at the LHC
by ALICE.
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3.4 Motivations for the upgrade of the Inner Track-

ing System

There are several frontiers for which the current experimental setup is

not fully optimized, and where detector upgrades could enhance enormously

the physics capabilities.

The Inner Tracking System was designed in the mid of the 90s using

the available technology at that time. Progress in Si detector technology and

a better integration closer to the interaction region with minimized material

budget allow to improve the performance of the ITS. Detailed simulation

studies, discussed in the next chapter, have shown that the resolution on

the charged track dca can be improved by a factor of three assuming a

substantial upgrade of the ITS. This improvement allows to increase the

sensitivity to charm by one order of magnitude or more, depending on the

transverse momentum range. A better signal-to-background ratio for fully

reconstructed rare heavy-�avour hadrons can be achieved, including charm-

strange and beauty-charm mesons, which should be exceedingly sensitive to

parton re-combination e�ects. The study of the quark mass dependence of

the in-medium energy loss would be achieved using fully reconstructed D

and B mesons. In addition, low pT and baryon coverage in the charm sector

would allow to test collectivity of charm quarks. The possibility of equipping

the upgraded ITS with triggering capabilities on displaced vertices, would

open new �elds for the study of heavy �avours in ALICE, by increasing

statistics by more than an order of magnitude. In pp collisions, there is also a
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need to improve the understanding of the �avour dependence of multiparticle

production. The precise measurement of both the total charm and beauty

production cross-sections, down to zero pT , will be possible for the �rst time.

Moreover, an important limitation of the present ITS detector is given

by the limited readout rate capability. The ITS can run up to a maximum

of 1 kHz (with 100% dead time) irrespective of the detector occupancy. This

rate restricts ALICE to record only a small fraction of the Pb�Pb collisions

delivered by the LHC, whose design value is 8 kHz. The long term perspective

for heavy ion physics at LHC is to further increase the luminosity leading

up to a collision rate of 50 kHz.

In addition, the need for a new ITS derives from the intrinsic life-time

of the present detector. The reduced performance of SPD, SDD and SSD,

whose status is described in the previous chapter, can limit the measure-

ments by reducing the statistical accuracy and increasing the systematical

uncertainties due to the detection.

3.4.1 Impact of the ITS upgrade and new measurements

A new improved silicon tracker at mid-rapidity would dramatically

improve or make accessible the following measurements in Pb�Pb collisions:

• charm down to zero pT ;

• beauty via displaced J/ψ → ee;

• beauty via displaced D0 → Kπ;



CHAPTER 3. ITS UPGRADE MOTIVATION 102

• single displaced electron;

• beauty decay vertex reconstruction using any of the previous three

channels plus an additional track;

• elliptic �ow of charmed and beauty mesons and baryons down to low

transverse momentum, including the baryon sector;

• charmed baryons, like Λc: since the production at LHC energies is still

a rare process, a triggering scheme seems very attractive. It could be

based on the topological selection of three charged tracks associated to

a displaced vertex;

• beauty baryons, like Λb. Once the Λc can be experimentally tagged,

then also the beauty baryon Λb could be measured via the decay chain

Λb → Λc +X;

• multiply-heavy-�avoured baryons like Ξbc and Ωccc: a possible ap-

proach could be based on the study of two or three displaced elec-

trons produced in cascade semi-leptonic decays of the constituent heavy

quarks.

3.5 Technologies for the upgrade

It will be shown in the next chapter that a dramatic improvement

of the ITS capabilities can be achieved by adding a new layer closer to

the beam line. The possibility to have such a new layout is due to the

feasibility of the installation of a smaller radius beam pipe and to take full
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advantage of the enormous progress made in the �eld of imaging sensors

over the last ten years. The latter allows to conceive a new silicon tracker

with greatly improved features in terms of determination of the distance of

closest approach (dca) to the primary vertex, stand alone tracking e�ciency,

momentum measurement and readout rate capabilities.

• Beam Pipe Design:

presently the central section of the beam pipe in ALICE is made of

beryllium (Be); it has an outer diameter of 59.6 + 0.10 mm, a thickness

of 0.8 mm and a length of 4820± 2 mm. The new beam pipe, still in

Be, is assumed to have a reduced outer diameter of 39.6 mm. A wall

thickness of 500 µm, instead of 800 µm is also being considered.

The concept of the upgraded ITS includes an innermost layer at a

smaller radius with respect to the present one and a combination of pixel

and strips layers. The silicon strip technology is well consolidated and the

improvement under study are mainly on the layout and the front-end elec-

tronics functionalities. For the silicon pixel layers, two options are being

investigated: hybrid pixels and monolithic pixels.

• Hybrid Silicon Detectors: in the hybrid pixel detector concept the sen-

sor and the front-end electronics are implemented on two separate sili-

con substrates, as schematically shown in the left panel of Figure 3.14.

Hybrid detectors represent the state-of-the-art of all pixel detectors for

the current LHC experiments. In the hybrid approach the front-end
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chip and the sensor are produced on two di�erent wafers and then con-

nected using the bump bonding technology. Present bump bonding

techniques are limited to pitches of 30-50 µm. However, the recently

introduced Cu-pillar technology may reduce substantially this limit in

the near future. Currently, bump bonding represents one of the main

cost factors for the production of hybrid pixel detectors and prevents

their application to larger surfaces. The main advantage of hybrid pix-

els is that the sensor and the front-end functionality can be separately

optimized.

Figure 3.14: Schematic view of a hybrid (left) and a monolithic (right) pixel
detector, taken from [60, 61]

.

• Monolithic Silicon Detector : in monolithic approach the sensor is in-

corporated inside the ASIC chip. Monolithic pixel detectors use as

the detection volume the p-type epitaxial layer grown on the highly

p-doped silicon substrate during standard CMOS microelectronic pro-

cesses. The epitaxial layer typically has a thickness of 10-18 µm, thus
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the most probable signal generated by a MIP is of the order of 103

electrons assuming an average production of 80 e-h pairs µm. In the

standard monolithic sensor the epitaxial volume is un-depleted and

the charge generated by a ionizing particle is collected mainly by ther-

mal di�usion. CMOS pixel sensors typically feature pixel dimensions

of 20×20 µm2. Additionally, they allow integrating the complex sig-

nal processing circuitry on the same substrate as the sensitive volume.

Therefore they o�er a signi�cant reduction in cost since only CMOS

wafers are used. At the moment, the main limitations of monolithic

pixel detectors are the radiation hardness, the readout speed and the

signal to noise ratio for particle identi�cation.

All the di�erent technical implementations described above will allow

to achieve the spatial resolution required for the ALICE ITS upgrade. A

key requirement that needs detailed discussions is the material budget lim-

itation for the innermost layers, which should be contained to 0.3-0.5%X0.

Monolithic detectors will have a reduced silicon contribution with respect

to hybrids, although an intensive R&D is carried out the thinning of the

hybrid pixel detector. In particular, for hybrid pixels a sensor thicknesses of

100 µm has already been achieved and tests are currently ongoing to reduce

the front-end chip thickness to 50 µm. A sizable contribution to the overall

material budget will in both cases originate from the support, cooling and

interconnection. The material budget is one of the most critical parameters

for the innermost layers, because it plays a key role for the ultimate limit of
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the achievable pointing resolution.

• New Strip Detector : new strip detector will bene�t from past experi-

ence, leading to better reliability and uniformity of several components

and thus to a signi�cantly improved overall performance in real oper-

ating conditions. In addition, appropriate modi�cations made on each

component design will allow to meet the requirements for the new

physics aims, the expected experimental conditions and the position of

the detector in the new tracker. At smaller radii with respect to the

present position, the strip detector will probably face an occupancy

problem that requires to rede�ne its layout. The upgraded strip de-

tector will be based on 300 µm thick, double-sided micro-strip sensors

with a small stereo angle between the strips on opposite sides, in or-

der to keep an acceptable rate of ambiguities in track reconstruction.

Given the prospect of a smaller distance between the strip layers and

the interaction vertex and taking into account the increased particle

multiplicity foreseen at the nominal LHC energy, a redesign of the cur-

rent sensor is being developed to allow a reduction of the cell size in

order to keep low the occupancy.

3.6 Upgrade Timeline

The ALICE ITS upgrade will require a long shutdown (LS) and, there-

fore, will naturally have to be in phase with the installation of upgrades
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for the other LHC experiments, planned as of today for the 2013/14 and

2017/2018 shutdowns. The ITS upgrade targets the long LHC shutdown

period in 2017/2018 (LS2). The scope of the upgrade for the LS2 will be

well tailored to what can be reasonably prepared and tested within the next

�ve years and installed in 12-15 months, with safety margin. Decisions on

upgrade plans in terms of physics strategy and detector feasibility should be

taken by March 2012. The R&D e�orts will continue till 2014, construction

will take place in 2015/16, installation and commissioning in 2017/18.



Chapter 4

Simulation studies for an

upgrade of the Inner Tracking

System

4.1 Introduction

In this chapter the functional requirements that an upgraded ITS de-

tector should satisfy in order to obtain the physics performance which has

been discussed in the previous chapter, are presented.

The tracking performance has been studied by means of a Monte Carlo

description based on transport code. The main requirement of such tool is

the possibility to easily vary parameters such as the number of layers, their

radii, the thickness of the sensitive detector, the material budget in each

layer and the spatial resolutions of each sensor, so that the optimization

procedure can be carried out in a �exible way.

This MC tool has been used to obtain a better description for a few

108
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given detector con�gurations, because it is intrinsically slow in term of CPU

time, but its fundamental contribution is obligatory to provide the closer de-

scription of the details of the simulation. Once the best layout will be chosen,

the MC tool (ITSUpgrade in the following) will be tuned to accommodate

its properties.

The tool has been validated against the current ITS performance (with

the current ITS design) using both pp and Pb�Pb MC samples. After the

validation of the tool, the following two new con�gurations have been con-

sidered and their performance have been compared: i) an ITS where only

the present SPD detector is upgraded (�SPDNew�) and ii) a totally new ITS

detector (�AllNew�).

4.2 Simulation conditions

Beam pipe: The ALICE request for the upgrade is to get a new beam

pipe with a wall thickness of 0.5 mm and an outer diameter of 39.6 mm, see

previous cahpter for details.

Particle load: the charged particle density in central Pb�Pb collisions at

top LHC energy determines the density of particles on the di�erent detec-

tor layers and, consequently, the occupancy per layer and in the individual

channels. A relevant contribution to the hit density on a given layer can

come from secondary particles which are mostly produced in the interaction

of other particles with the material of the beam pipe and of the inner layers.



CHAPTER 4. ITS UPGRADE SIMULATION STUDIES 110

By extrapolating the measured charged particles in central Pb�Pb collisions

at
√
sNN = 2.76 TeV using the s0.15NN scaling [44], one obtains dNch/dη ' 1970

for central Pb�Pb collisions at
√
sNN = 5.5 TeV. Based on a Monte Carlo

simulation for central Pb�Pb collisions, which uses the HIJING generator

tuned on such charged particle multiplicity, the hit density due to all charged

particles, both primaries and secondaries, has been estimated.

Detector acceptance: this study focuses on the central rapidity region

and therefore the detector has been assumed to have a barrel geometry. The

ITS acceptance has been determined based on its matching with the current

external barrel detectors. The acceptance for tracks emitted from the nomi-

nal Interaction Point (IP) in the Pb�Pb interaction at
√
sNN = 5.5 TeV has

to take into account the luminous region that would spread around the nom-

inal IP with a longitudinal Gaussian distribution with σlumi
z = 5.61 cm [62].

The requirement of accepting all tracks within a given η range from this

luminous region determines the longitudinal length of each ITS layer. In the

following sections, we assume for the acceptance of the upgraded ITS the con-

dition corresponding to 90% of the luminous region and a pseudo-rapidity

coverage of |η| < 1.22.

Number and radius of layers: the optimization of the detector param-

eters has been studied by considering primarily the stand-alone performance

and monitoring that the e�ciency of the track matching from the TPC to the

ITS stays at an excellent level in the ITS-TPC combined tracking mode. The

performance will be studied considering a 7-layer layout, with two di�erent
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con�gurations.

Material budget: a reduction of material budget can be achieved by

reducing the thickness of the sensor and of the electronics, and the material

budget of the services (mechanical support, cooling system, read-out system).

Based on the most recent developments of the pixel technologies, which has

been mentioned in the previous chapter, here the e�ect of the material budget

of the �rst layer on the pointing resolution, varying X/X0 between 0.3 and

0.9 and assuming for the remaining layers the same material budget as in

the current ITS, will be shown.

Detector segmentation: the segmentation of the detector determines

the intrinsic spatial resolution of the reconstructed track points. A small

segmentation of the detector is also important to keep the occupancy at a

low value. An excellent resolution of the �rst layer is fundamental for the

resolution on the impact parameter at high pT where the e�ect of the multiple

scattering becomes negligible. For the outer layers, a good resolution is also

important to improve the pT resolution and the tracking e�ciency in the

ITS stand-alone mode. In our studies we have assumed an intrinsic spatial

resolution of 4 µm both in rφ and z.

4.3 Simulation Tool

The software to simulate the new detector has been developed in the

standard Aliroot framework [37]. This software will replace that of the actual
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ITS by simply setting an option in the Con�g.C. The former is a con�gura-

tion �le needed to set up the whole simulation. It is a C++ macro that is

processed before the simulation starts, it creates and con�gures the Monte

Carlo environment: the particle generator object, the magnetic �eld map

and the detector modules.

With this simple switch from the current ITS to the Upgrade in the

AliRoot Framework, one can use the analysis tools available to make per-

formance studies (e.g. D0 → Kp, Λc → pKπ ), from the simulation of the

geometry, the response of the detector to the passage of the particle, the

reconstruction of the tracks and the analysis of the reconstructed tracks, as

it is done in the current analysis procedure. In Figure 4.1 the sketch of the

di�erent steps of the analysis in AliRoot is represented, beginning with the

switch from the current to the upgraded ITS: the di�erence is in the descrip-

tion of the ITS module; the analysis then follow the same procedures as the

current one, with the construction of the Event Summary Data (ESD: data

are stored in containers �lled with reconstruction tracks, information on the

vertex positions, etc.. event by event) and the Analysis Object Data (AOD:

containers of the tracks with all the information necessary to the di�erent

analysis topics).
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Figure 4.1: Schematic diagram illustrating the simulations and the reconstruction
procedure for MC study of the ITS Upgrade and the current ITS

4.3.1 The simulation framework: ROOT, GEANT3 and Ali-
ROOT

Here a brief description of the main ingredients of the simulation in

AliROOT is given, from geometry to the detector response format. AliRoot

is based on the ROOT framework, that provides an environment for the

development of software packages for event generation, detector simulation,

event reconstruction, data acquisition and a complete data analysis frame-

work. The geometry package developed within AliRoot describes the ALICE

detectors in great detail, including services, the vacuum pumps and beam

pipe. It uses the GEANT3 [63] package which takes over the simulation of

primary collisions, and takes care of the transport of the particles emerging

from the interaction of the beams in the material of the detectors, simulat-

ing their interactions and the energy deposition. The information about the

location and momentum of simulated particles at selected places are saved

in a object called Track References.

The simulated hits represent the ideal detector response, then the con-

version to digital signal and the formatting of the front-end electronics is ap-
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plied (summable digits). The summable digits of all input streams have to be

added, combined with noise, converted to digital values taking into account

possible thresholds, and stored in the digits container (summable digits →

digits). The results should resemble closely the real data that will be repro-

duced by the detector.

4.4 ITS Upgrade simulation

4.4.1 Geometrical simulation of the detector

As previously discussed, the main requirement to be satis�ed by the

ITSUpgrade simulation tool is its �exibility, in order to easily change the

geometric features of the design to investigate how to ameliorate the layout

in term of impact parameter resolution, transverse momentum resolution

and the tracking e�ciency. The tool is �exible not only in the geometrical

parameters such as the radius of the layer, the thickness, the segmentation

of the single cell, but also in the description of the sensor of the detector,

as for example its response to the passage of a particle. This aspect will be

simulated in details in the near future, when the technology to be used for

the sensor, the dimensions and all the services will be chosen and developed.

Here we start to describe the simulation of the main elements of the de-

tector. The ITS has cylindrical symmetry around the beam pipe: hence the

basic element that constitutes one single layer of the detector is a cylinder.

It is made of silicon, that is the sensitive part of the detector (the sensor),
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surrounded by a copper cylinder: this material is needed to simulate the

whole material budget in terms of electronic, cables, supports and so on.

Speci�cally, since the sensor will be made of silicon, the real thickness of the

sensor has to be simulated, to have a realistic idea of the signal formation in

the active region of the layer; therefore the 'non sensitive' part of the detector

contains all the material needed to reach the total wanted material budget,

and in this simulation such material is modeled with a uniform volume of

copper.

Each cylinder is actually constituted of N cylindrical sectors, N is a

variable number depending on the layer. The sectors are combined together

to form the whole cylinder. This choice has been done in order to speed up

the selection of the clusters during the Cluster Finder phase (described later

in this chapter), that �nds and groups clusters divided in smaller containers

than the one constituted by the whole cylinder. Such a division of the

cylindrical layer into slices or modules would also mimic a more realistic

segmentation. A planar geometry of the sensitive modules would di�er just

slightly from the cylinder slices.

The thickness, the position, the length, the number of the cylindrical

sectors, the segmentation of each sector and the number of layers are all

parameters to be set in the the Con�g.C �le.

The Upgrade project foresees also for a new beam pipe with a smaller

radius and thickness, so the beam pipe has also been simulated: it is a beryl-
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lium cylinder with radium, thickness and length that can be set externally

in the Con�g.C, according to the need. The �nal chosen value for the radius

of the �rst layer will have to comply with the limits on the smallest possible

radius for the beam pipe, which will be determined by the LHC technical

co-ordination.

Figure 4.2: ITS Upgrade Simulation tool. Left: geometrical simulation of a 7-layer
ITSUpgrade layout. Center: ITS current layout as simulated with the ITSUpgrade
tool. Right: ITS current layout: cylindrical sectors in each layer are coloured in
yellow. The beam pipe is also shown, in yellow too.

In Figure 4.2, (left), an example of seven layers layout is shown: each

layer is made of silicon (green) and copper (cyan). In the same �gure (center)

the six layer layout is shown, with radii and thicknesses set as the current

ITS. In the rightmost part of Figure 4.2 the current layout is shown again,

this time with the cylindrical sectors (the modules) and the beam pipe (the

cylinder with the smallest radius), highlighted.

As a �rst validation of the code, we have tried to reproduce the current

ITS-layout, choosing the variable mentioned before as in the table 4.1, and

investigating the hits and the residual distribution, as it will be shown in the

following sections.
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Table 4.1: Default layout of the geometry settings parameterizing the actual ITS
layout and material budget. X/X0 is the thickness in terms of radiation lenghts;
rϕ resolution and z resolution.

R [cm] thickness [µm] x/X0 [%] rϕ res. [µm] z res. [µm]

Si [Layer 0] 4 150 0.16 9 120

Cu [Layer 0] 4.015 150 1.045101 - -

Si [Layer 1] 7.6 150 0.160105 12.01 120.09

Cu [Layer 1] 7.615 150 1.045101 - -

Si [Layer 2] 14.9 150 0.160105 35 28.00

Cu [Layer 2] 14.915 150 1.045101 - -

Si [Layer 3] 23.8 150 0.160105 35.05 28.00

Cu [Layer 3] 23.815 150 1.045101 - -

Si [Layer 4] 39.100 150 0.160105 20.01 829.94

Cu [Layer 4] 39.115 150 1.045101 - -

Si [Layer 5] 43.600 150 0.160105 20.01 829.94

Cu [Layer5] 43.615 150 1.045101 - -

4.4.2 Transport code simulation with Geant3 and Response
Model

After the geometry has been drawn, the passage of produced particles

through the material of the detector volume has to be simulated by means

of the GEANT3 package [63]. Two types of information are stored at the

end of the transport process: the detector Hits and the Track Reference.

As it was already mentioned, the detector hits contain information on the

energy deposition inside the sensitive medium (e.g., the energy loss), the

track reference consists in the position of the MC particle when exiting a

sensitive module. The former is used to create the detector response, whereas

the latter is important for debugging purposes at the reconstruction phase.

We are simulating a digital particle hit: when a particle hits a given sensor,
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the sensor will record a signal, which allows one to locate the impact point of

the particle on the layer where the sensor is located. The detector response is

a detail that will be implemented when the silicon technology will be de�ned.
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Figure 4.3: Hit Map distribution in each of the six layers of the ITSUpgrade
simulated within the current layout. A sample of 120 pions has been generated.

The hit distribution of the current layout simulated with the new code

in the transverse plane X-Y is shown in �gure 4.3.

The description of the detector has been conceived to comply with

any detector segmentations and sensor thicknesses. The basic idea consists

in considering each silicon cylinder as divided into a virtual grid of pixels, as

explained in the previous subsection concerning the geometry of the detector.

If a MC particle looses energy inside the silicon volume, the virtual cells

laying on top of it are considered �red. Such �red cells are called Digits.

The detector response is assumed to be the one of an ideal digital detector
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and the number of electron-hole pairs is obtained as Npairs=∆Eloss/(3.6 eV).

No di�usion or border e�ects are taken into account to form the signal and

no low charge threshold is applied. An advantage of such an approach is that

the cell segmentation is strictly related to the desired resolution. If the cell

has a size drϕ, dz perpendicularly and parallel to the beam axis respectively,

the expected resolutions will be given by drϕ/
√
12, dz/

√
12, as can be seen

in Figure 4.4: the residuals between the cluster coordinate in the global

coordinates and the track reference are compatible with the resolutions as

in table 4.1. This proves that the resolution is easily handled by the user

by means of the cell segmentation.
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Figure 4.4: Residuals between the reconstructed clusters and the Track Reference
position in central Pb�Pb MC events. The rφ residuals are shown on the left,
whereas the z residuals are shown on the right. All the histograms are normalized
to the number of entries and the RMS values are also given for each layer. The
standard ITS layout as shown in table 4.1 was used.

The simulated digit contains also the information (label index) on the

MC particles which has produced it.
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4.4.3 Cluster Finder

In a high multiplicity scenario more particles can cross the same or

adjacent cells. The cluster �nder consists in grouping adjacent digits in one

single cluster. The clusters are then built out of digits which have in common

one side or one corner. The cluster charge is the sum of the charged of each

digit in the cluster cell1.

The di�erent cluster shapes are shown in the left panel of Figure 4.5.

The right panel of 4.5 shows their frequency distributions obtained from 5

central Pb�Pb collisions (at
√
sNN = 5.5 TeV, using the Hijing [65] gener-

ator). Most of the clusters are formed by one �red pixel only2. The �rst

Figure 4.5: Left: Sketch of the cluster type shapes. Right: Cluster type distribu-
tion in the �rst silicon layer (150 µm thick) in simulated central Pb�Pb collisions.
The bin 0 is �lled if the cluster shape is di�erent from the standard ones (e.g., for
a cluster made of two pixels sharing just a corner).

1No low threshold on the cluster charge is applied so all the clusters are stored and can
be used. The threshold will be applied in the tracking phase.

2The MC labels of the digits are propagated to the cluster as well. By means of
these identi�cation numbers a cross check with the Track References as stored during the
transport process can be done.
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validation of the description of the detector response consists in comparing

the cluster charge distribution with a Landau function. Figure 4.6 shows

that such distribution is compatible with the energy loss distribution of min-

imum ionizing particles (mip) which pass through 150 µm of silicon [66]. It

has been veri�ed that, when changing the silicon thicknesses between 50-300

µm, the mean values change accordingly to the expected values. Another

important check is related to the cluster positioning in the space. It can be

easily done by estimating the residuals between the cluster coordinates in

the global coordinates and the track reference. Figure 4.4 shows that the

RMS of the residuals are compatible with the input resolutions (see 4.1).
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Figure 4.6: Charge distribution in unity of the number of electron-hole pairs
(given from ∆Eloss/3.6 eV ) for a sample of pions at 1 GeV/c passing through the
�rst silicon layer (150 µm thick). A �t with a Landau function is superimposed.

4.4.4 Global, Local and Tracking reference system

A class has been developed, which manages the features of the layout,

as the segmentation, the radii of the layers, the thickness and so on, and save
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all the geometric information into a con�guration �le. This is read in each

step of the simulation, from the creation of the digits to the clusterization and

also during the tracking procedure, to reach the information about the layout.

This class also manages the transformations between the di�erent reference

systems for the coordinates of the hits in each step of the reconstruction of the

track, from the clusters in the ITS, to the tracking reconstruction. There

are basically three reference systems involved: (�g.4.7). The de�nition of

the 'Global' ALICE coordinate system, is already given in chapter 2, in the

following the 'local' and 'tracking' reference systems are de�ned:

• Local: the local coordinate system is de�ned as a right handed-Cartesian

coordinate system with the origin at the center of each sub-detector's

'sensitive surface' (ITS module) and the z axis coinciding with that

of the global ALICE coordinate system; the x axis is coincident to

Figure 4.7: Di�erent reference systems view in the transverse plane: the global
reference system is in black, the local reference system in red and the tracking
reference system in cyan
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the (rφ) coordinate and the y coordinate is perpendicular to the ITS

module.

• Tracking: in this reference system the origin is at the center of each

module and the z axis coincides with that of the global reference sys-

tem. The x and y axis are swapped each other with respect the local

reference system: the x axis is perpendicular to the module and the

y axis is the radial coordinate (rφ) of the hit. The "tracking" system

is convenient for the tracking and it is the same for all other barrel

detectors that contribute to the combined reconstruction.

4.4.5 Stand-alone Tracking Algorithm

Each charged particle going through the detectors leaves a number of

discrete signals that measure the position of the points where it has passed.

The Tracking Algorithm assigns these space points to tracks and reconstructs

their kinematics.

The algorithm is derived from the stand-alone tracker developed for

the current ITS [41] and it has been tuned and adapted to take into account

the di�erences of the ITS Upgrade with respect the present detector: the

variable number of layers and the simpli�ed geometry, but also the di�erent

structure of the cluster containers and the object describing the tracks. Here-

after the two main phases of the tracking procedure are brie�y summarized,

but for a detailed description of the tracking algorithm we refer to [41].



CHAPTER 4. ITS UPGRADE SIMULATION STUDIES 124

The tracking scheme consists of two main phases: the 'track �nding'

and the 'track �tting'.

• Track Finding:

The track �nding method is based on the Kalman �lter algorithm

widely used in high-energy physics experiments. The clusters are sorted

in containers for each layer and cluster charge selection is applied to

reject background clusters. The low threshold is set at the value of

7e−/µm times the thickness of the sensitive region (see for instance

the �gure 4.6 ), and thus it depends on the thickness of each layer.

The algorithm begins by choosing a cluster in the starting layer and

attaching a cluster in the next layer, layer by layer. The 'path' goes

from the inner layer to the outer one or viceversa, depending on a

choice set in the con�guration �le ('inward' or 'forward' �nding). An

inward �nding is preferred in a high multiplicity environment, because

of the lower occupancy of the outer layer with respect to the inner one.

More in details: the algorithm starts from a cluster in the outermost

(inward �nding) or in the �rst (outward �nding) layer, and searches

the compatible cluster in the next layer inside a window in (λ, φ) where

λ and φ are respectively the polar and azimuthal angle in the global

reference system. The track seeding is performed using all the pairs

of clusters in the �rst two starting layers and the position of the ver-

tex (see chapter 2) and the calculation of the curvature of the track is

done using this three points. This procedure is then applied for all the
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layers, using the last three found points for the estimation of the track

curvature. The function builds a 'candidate' track, which can be de-

�ned as a group of reconstructed points found on all the layers within

the same (θ, φ) window (�g. 4.8). This also means that a 'candidate'

track can have more than one cluster associated in each layer due to

the fact that more than one point can enter the search window on the

same layer. This redundancy is eliminated by the �tting procedure

described below.

Figure 4.8: Track Finding: the Search Cluster method assign all the cluster within
the (φ, λ) window, to a 'candidate' track.

• Track Fitting:

After the selection of 'candidate' tracks is done, a procedure based

on the Kalman Filter �ts all the combinations of the di�erent cluster

of the same layer and selects and store the track with the lowest χ2.

The algorithm starts with a loop over all the possible combinations

among the clusters associated to the 'candidate' track, so it de�nes a
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general track among all the combinations of cluster in each layer. In

this loop, for each track, two clusters in two di�erent layers are picked;

the curvature of the track is calculated using the vertex and these two

clusters. The initial values of the track parameters and its covariance

matrix are calculated using the positions of the two clusters at layers

1 and 2 and the primary vertex. Then the track is propagated in

the magnetic �eld along the radial direction (500 µm step), modifying

continuously the parameters and the covariance matrix of the track.

Moreover in the particle's passage though the layers, a correction is

done for the layer material, and the track parameters and its covariance

matrix are updated. At the end of these processes, a track list of all

the candidate tracks is obtained. The algorithm goes ahead selecting

the track with the lowestt χ2, given by the sum of all the di�erences

between the �tted track points and the cluster positions (�g. 4.9).

Figure 4.9: Track Fitting: the best track among all the group of clusters associated
to a 'candidate' track, is selected according to the χ2
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The labels of the clusters associated to the chosen track are 'cooked':

a reconstructed track can be made of clusters produced by more than

one particle; each particle has an associated label, so the more frequent

label is then assigned to the track. If a track has been built with at

least a cluster produced by a di�erent particle, the track is marked

as 'fake'. When the 'best' track is chosen, the reconstructed points

associated to it are removed from the cluster container and will not

be reused in the next iteration of the cluster searching to build other

'candidate' tracks. The �tted tracks are then stored in a 'track object'

(AliESDtrack) already implemented in the AliRoot Framework.

4.5 Tracking Performance: impact parameter res-

olution, transverse momentum resolution

The algorithm has been validated both for pp and Pb�Pb events. The

validation has been done taking as a factor of merit the resolution of impact

parameter in rφ and z plane, and the transverse momentum resolution.

The �gure 4.10 shows the o�cial performance plot of the ITS stand-

alone in a sample of pp collision at 7 TeV and the superimposed performance

of the ITSUpgrade tool on a MC sample of generated tracks. The selection

of the tracks is done both for the o�cial ITS stand-alone tracker and for the

ITS Upgrade stand-alone tracker requiring at least one cluster in each layer

and selecting the tracks with χ2 < 3 . It can be note a perfect agreement

between the resolution for the three particles species. This means that also
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the tracking algorithm is validated.

Figure 4.10: Impact parameter resolution in the transverse plane as the func-
tion of pT in pp collisions at

√
s =7 TeV with the ITS stand-alone compared to

the predictions of the MC ITS Upgrade simulation obtained with the current ITS
setting.

A good agreement is also found for the z component of the impact

parameter and the pT resolution, as shown in �gure 4.11 where the resolu-

tion of the z impact parameter for the o�cial ITS stand-alone and the ITS

Upgrade stand-alone tracker are shown. In �gure 4.12 the transverse mo-

mentum resolution is shown. For these �gures the comparison is done using

a sample of pp MC events, with the reference ITS results taken from [41].

In Pb�Pb events the reconstruction of the tracks is more challenging

compared to pp event, owing to the higher particle density. To further verify

the good behavior of the tool, a MC Pb�Pb sample has been simulated,

within the HIJING generator, that yields a charged particle multiplicity in

central collisions similar to the one measured at the LHC. In Figure 4.13 the

pT spectrum measured with the ITSUpgrade tool sets as the current ITS is
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Figure 4.11: Impact parameter resolution in the z-coordinate as the function of pT
in pp collisions at

√
s =7 TeV with the ITS stand-alone compared to the predictions

of the MC ITS Upgrade simulation obtained with the current ITS settings.

shown. The black points represents the pT spectrum of the MC generated

particle, the blue points are the reconstructed tracks, to which correspond the

ideal pT of the MC truth that is assigned, and the red points correspond to

the reconstructed tracks with the reconstructed pT . Within the pT resolution

one expects a slight deviation from the blue and black curves. The green

points, �nally, describe the behavior of the 'good' tracks, that are the tracks

with all the cluster belonging to the same MC particle (no fakes clusters

associated to the track). Therefore a good performance of the tracking is

obtained also in the Pb�Pb environment.
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Figure 4.12: Comparison of the pT resolution for the standard ITS stand-alone
tracking and for the ITS stand-alone Upgrade tool, set as the present ITS layout.

4.6 Fast Tool simulation

A complementary semi-analytical MC approach (the Fast-Estimation-

Tool FET) based on a tool developed by the STAR collaboration [78] has

been developed. It allows to build a simple detector model and a tracking

method (a detailed description of this tool can be found in [79]). This tool

helps in the design of the detector, to optimize quickly the best position of

the di�erent layers, the intrinsic resolution of each sensor and the thickness

that provide the best spatial and momentum resolution. In order to have

the �rst layer L0 at a smaller radius than presently, the beam pipe radius

has been simulated reducing its radius to 2.0 cm with a thickness of 0.5 mm.
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Figure 4.13: Comparison of the reconstructed pT spectrum, for the ITS stand-
alone Upgrade tool, set as the present ITS layout. pT MC generated spectrum
(black), reconstructed tracks with the ideal MC pT (blue), reconstructed tracks
with the reconstructed pT (red), good tracks (green).

4.6.1 Impact of the �rst L0 layer on the impact parameter
resolution.

An improvement of the impact parameter can be achieved by reducing

the layer distance to the vertex, that lets to improve the cluster resolution

reducing the measurement error, and a reduction of the material budget that

permits to decrease the e�ect of the multiple scattering. For these study the

con�guration of the present ITS with the addition of a new layer (L0) has

been investigated. As it is already discussed in the previous chapters, the

properties of the �rst two layer are fundamental to the reconstruction of

primary and secondary vertex. It has been studied that in particular these
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performance depends from the layout of the �rst layer, the closer one to the

beam line.

By positioning the new layer at a radius of 2.2 cm, an improvement

of the pointing resolution in rφ and z of 35% and 22% respectively (at

pT=1 GeV/c) can be expected, as can be noted from �gure 4.14.

Figure 4.14: rφ (left) and z (right) pointing resolutions of charged pions at the
primary vertex versus transverse momentum pT for di�erent radii of the layer L0.

In Fig. 4.15 the pointing resolution as a function of the transverse

momentum is shown in the case of layer L0 placed at 2.2 cm and three values

of its relative radiation length X/X0 (i.e. the material budget), assuming the

spatial resolution of the current pixel detector. The results for the current

ITS without L0 is also reported for comparison.

Assuming the layer L0 situated at a radius or 2.2 cm, a decrease of

the material budget from X/X0=1.14 % to X/X0=0.3 % would lead to an

improvement of the pointing resolution in rφ and z by a total of 48 % and

22 % respectively, at pT = 1 GeV/c: see Fig.4.15. The impact on the pointing
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resolution in z direction is, although visible at very small pT , marginal at

pT>1 GeV/c.

Figure 4.15: rφ (left) and z (right) pointing resolution of charged pions at the
primary vertex versus transverse momentum pT for di�erent material budget of the
layer L0.

As shown in Fig. 4.16, an improved cluster resolution of layer L0 equal

to 4 µm (with r=2.2 cm and X/X0=0.3 %) leads to a total improvement of

the pointing resolution in rφ by about 60 % at pT=1 GeV/c. The improve-

ment of 78 % in the z pointing resolution can be attribuited to the major

improvement of the cluster resolution in z from previously σz = 130 µm

to σz = 12 µm. A change from 12 to 4 µm is, although visible at high

momentum, almost negligible at pT=1 GeV/c.

It can be concluded that the features of the �rst layer is important

to the determination of the impact parameter resolution and the transverse

momentum resolution.
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Figure 4.16: rφ (left) and z (right) pointing resolution of charged pions at the
primary vertex versus transverse momentum pT for di�erent values of the intrinsic
spatial resolution of the layer L0.

4.7 7-layers Upgrade Scenario

Two di�erent layouts of the ITS Upgrade will be studied in term of

their performance, in particular on the impact parameter resolution, trans-

verse momentum resolution and tracking e�ciency.

The transverse momentum resolution is estimated by considering the

residual distribution between the pT of simulated tracks and the recon-

structed pT . An improvement in the transverse momentum resolution of

the ITS stand-alone tracking would allow a better reconstruction of the in-

variant mass distribution, which is a�ected by the momentum resolution of

the decays tracks.

In this paragraph we discuss two di�erent layouts both with 7 layers:

1. 'AllNew': in this scenario the replacement of the entire ITS with seven
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Table 4.2: �SPDNew�

Layer / Type r [cm] ±z [cm]
Resolution

rφ× z
[
µm2

] Material

budget

X/X0 [%]

Beam pipe 2.0 - - 0.22

1 / new pixel 2.2 10.5 4× 4 0.30

2 / new pixel 4.7 13.5 4× 4 0.30

3 / new pixel 9.0 18.5 4× 4 0.30

4 / drift 15.0 22.2 35× 25 1.13

5 / drift 23.9 29.7 35× 25 1.26

6 / strip 38.0 43.1 20× 830 0.83

7 / strip 43.0 48.9 20× 830 0.83

layers of silicon pixel-like detectors with less material budget then the

actual and a �ner pixel segmentation is considered to improve the

spatial and momentum resolution. The �rst layer is closer to the beam

pipe (which would require a new beam pipe with a smaller radius)

2. 'SPDNew': in this scenario only the current two SPD layers are re-

placed by three new layers of pixel detector, with the �rst layer closer

to the beam pipe. The SDD and SSD layers are unchanged.

The speci�cations of the layouts described above are summarized in

tables in 4.2 and 4.3 respectively.

The resolution chosen for each sensor of the three 'new' layers of

'SPDNew' and all the layers of 'AllNew' is 4 µm both in rϕ and in z, the

�rst layer is at 2.2 cm, and the material budget in terms of radiation length

is 0.3%.
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Table 4.3: Characteristics of the Upgrade Scenario 2 - �AllNew�

Layer / Type r [cm] ±z [cm]
Nominal

resolution

rφ× z
[
µm2

]
Material

budget

X/X0 [%]

Beam pipe 2.0 - - 0.22

1 / new pixel 2.2 10.5 4× 4 0.30

2 / new pixel 2.8 11.2 4× 4 0.30

3 / new pixel 3.6 12.3 4× 4 0.30

4 / new pixel 20.0 30.7 4× 4 0.30

5 / new pixel 22.0 33.0 4× 4 0.30

6 / new pixel 41.0 54.5 4× 4 0.30

7 / new pixel 43.0 56.8 4× 4 0.30

MC samples of twenty pions have been generated, each with di�erent

values of transverse momentum, from 0.3 GeV/c to 30 GeV/c. We compare

the performance of these new layout 1) and 2), with that of the current ITS.

Figure 4.17 shows the impact parameter resolution in the transverse

(rϕ) plane in the 'AllNew' layout (in red), which is superimposed to the

green curve of the 'SPDNew'. A comparison is done with the current ITS

layout (black curve).

In �gure 4.18 the impact parameter resolutions in the z plane, of the

'AllNew' (red), again superimposed to the 'SPDNew' (green) layout are com-

pared with the current layout (black). The impact parameter resolution

achieved with the two layouts is the same: this is due to the fact that the

�rst two layers mainly contribute to this resolution. The improvement in

the transverse plane correspond to a factor 2 at 1 GeV/c; the improvement
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Figure 4.17: Impact parameter resolution in transverse plane. (pions)

is even better in z (at 1 GeV/c 40 µm versus the currents 160 µm), because

the increase of the intrinsic resolution in z is considerable (from 120 µm in

the current ITS to 4 µm).
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Figure 4.18: Impact parameter resolution versus pT in z. (pions)

In �gure 4.19 the transverse momentum resolution for the 'AllNew'(red)

and 'SPDNew' (green) con�guration is compared with the current layout
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(black). Here a better improvement of the 'AllNew' con�guration, with

respect of the 'SPDNew' one, is observed. This is because also the con�g-

uration of the external layers are fundamental for the measurement of the

momentum.

Finally, it is important to stress that the con�guration will be also

evaluated with respect to the production cost. Obviously the 'SPDNew'

is the cheapest option, but at the same time the improvement in the pT

resolution is less e�ective than the 'AllNew', which is more expensive. Con-

versely, the 'SPDNew' is not convenient because, holding the SDD, it would

be not able to satisfy the request of high read-out up to 500 kHz, due to the

limitation by the electron drift time.

 [GeV/c]
t

p1 10

 p
io

n
s
 

t
/p t

p
σ

-110

transverse momentum resolution (%)

current ITS layout 

SPDs New 

 7 layers All New 

Figure 4.19: Transverse momentum resolution versus pT (pions).
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4.7.1 Tracking e�ciency

The 'tracking e�ciency' is de�ned as the

number of reconstructed track / number of trackable particles

A 'trackable particle' is de�ned as the particle generated with at least three

track references in three di�erent layers of the ITS (see �g. 4.20). The re-

constructed tracks are selected by requiring at least three associated clusters

and without any fake associated cluster from other tracks.

Figure 4.20: Passage of the particle through the ITS layers. Each yellow point
represents a hit on each layer (Track References).

A good initial seeding is fundamental to an e�ective reconstruction of

the track, so it becomes important to group the inner or outermost layers

(for a forward or inward tracking, respectively) to obtain a high tracking

e�ciency in the ITS stand-alone tracking mode. Thus, besides the 'AllNew'

and the 'SPDNew', a third layout is considered with 8 layers: it corresponds

to the �AllNew� with the addition of a layer very close to the seventh layer

(last layer at radius = 43.4 cm, seventh layers at r7= 43.0 cm). This last

layout provides a more e�ective track seeding in the track �nding method
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Figure 4.21: Tracking E�ciency for di�erent layout in comparison with the cur-
rent ITS layout. The main di�erences are at low pt, and the con�guration with a
double layer (7 layers All New doubled) has the best tracking e�ciency since 0.2
GeV/c

(inward) within the two external layers closer each others.

In �gure 4.21 the tracking e�ciency versus pT in the three di�erent

layouts is shown. It can be seen that the '7lay new doubled' con�guration

leads to a better tracking e�ciency down to pT>0.2.

The 'AllNew' provide a better tracking e�ciency at low pT compared

to the 'SPDNew': a good spatial resolution also in the outer layers is relevant

not only to improve the pT resolution, but also for the tracking e�ciency in

the ITS stand-alone mode. This means that the outermost layers properties

are fundamental if we want provide a optimal reconstruction performance,

independent from the TPC.



Chapter 5

Performance Study on the

benchmark channel Λc

The physics motivations for the measurement of charm baryon pro-

duction has been discussed in the Chapter 3. In this Chapter the present

performance of the Λc analysis with ALICE is presented. It has been dis-

cussed how an upgrade of the ITS would improve the spatial and momentum

resolution, thus leading to a better performance in secondary vertex recon-

struction. The method used to simulate the performance of the ITS Upgrade

is described in this chapter, and the results obtained with the upgraded de-

tector are presented for the channel Λc → pKπ.

5.1 Analysis of Λc with the current ITS

Presently, the Λc signal was observed by ALICE in the pK−π+ decay

channel: in �gure 5.1, the invariant mass distribution of Λc candidates with

pt > 3 GeV/c is shown. It is obtained from a data sample of 1.9 × 108

141
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proton�proton events, collected with the ALICE minimum bias trigger, at

√
s = 7 TeV. With the present ITS, the signal is observed only at transverse

momenta above 3 GeV/c and the statistical signi�cance is relatively low

(about 5 σ), as compared to the D meson signals [48].

Figure 5.1: pKπ invariant mass in pp collisions at
√
s=7 TeV measured by ALICE

for pT > 3 GeV.

In Pb�Pb collisions the Λc measurement seems to be beyond the

present ITS setup capabilities. As can be argued from �gure 2.13, which

shows the impact parameter resolution as a function of pT in pp and Pb�Pb

collisions, the d0 resolution reaches a values of 65 µm at 1 GeV/c, and is

much higher at lower pT , (up to 300 µm at pT=300 MeV/c). The cτ of Λc is

about 60 µm, that is very slow with respect the other open charm mesons:

123 µm for D0 and 300 µm for D+, and this make very challenging the Λc

analysis, that requires a resolution better than a factor of 2 at least, with

respect the one obtained with the current ITS.
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5.1.1 Analysis Strategy

The 'golden' hadronic decay channel pK−π+ is studied by analyzing

the invariant mass of fully-reconstructed three-prong decays, selected by ap-

plying topological cuts and particle identi�cation criteria, namely the proton

and kaon identi�cation using the TPC and TOF information. Detected par-

ticles are combined into candidate topologies that correspond to the studied

channel. The invariant mass of each candidate is calculated using the fol-

lowing formula, expressed in natural units:

M2 = (
∑

Ei)
2 − ||

∑
~pi||2

where Ei is the energy of the particle and ~pi is its momentum. To

extimate Ei, a hypothesis on the particle specie of each decay track has

to be done, the PID plays its role in this context. The distribution of the

invariant mass M2 is built: the typical distribution presents a peak at the

correct value of the particle mass, and a continuous spectrum that is due to

the background, constituted of the random combinations of other tracks.

Decay hadrons are identi�ed by combining tracks with appropriate

charge sign, and applying topological cuts to separate the signal from the

combinatorial background.
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Figure 5.2: Left panel: Speci�c ionization energy loss dE/dx of various particle
species in the Time Projection Chamber, as a function of momentum, for 7 TeV
pp collisions. The lines are a parametrization of the Bethe-Bloch formula. Right
panel: velocity measured by TOF for various particle species as function of signed
momentum, for 7 TeV pp collisions.

Particle Identi�cation: PID strategy

The daughters are identi�ed combining the PID information provided

by ITS, TPC and TOF. Hadron identi�cation over a very broad momentum

range, from 0.1 to 3 GeV/c, is one of the key features of ALICE. The TPC

identi�es particles with intermediate momenta using the information on the

speci�c energy deposit, dE/dx, in its volume, as shown in the left panel of

�gure 5.2 [91]. The ITS covers the low momentum region, going down to

0.1 GeV/c, while TOF is able to distinguish protons up to 3 GeV/c (right

panel in �g. 5.2). The three detectors cover the pT range relevant for the

identi�cation of tracks coming from charmed hadron decays, and allow a

background reduction by a factor 2-3 in the low momentum region. A dif-

ferent identi�cation strategy for each species has been tuned: the particle is

labeled if its curve fall within �N sigma� from the corresponding theoretical



CHAPTER 5. PERFORMANCE STUDYON THE BENCHMARKCHANNEL ΛC145

Bethe Bloch curve, using the following criteria:

• kaon: 3 sigmas TPC, 3 sigma TOF and 2 sigma ITS

• proton: 3 sigmas TPC, 3 sigma TOF and 2 sigma ITS, discard if

compatible with pion.

• pion: 3 sigma TPC, discard if compatible with proton.

• if there is an ambiguity between TPC and TOF, the decision rely on

TOF.

Cuts tuning to reject background

The reconstruction procedure consists of an event-by-event analysis.

In each event, only candidates which have passed the cut selections are kept,

in order to suppress the combinatorial background. Formation of the triplets

belonging to single event is performed in two steps: (i) combination of op-

posite sign pairs and (ii) creation of triplets from an opposite sign pair and

another charged track. In step (i), the loop over the particles starts with the

negative tracks (K−) which are then paired with all the other positive tracks

(pion or protons). Here the description of track selections is presented. In

the following section, the detailed description of the value chosen for each

cut for the ITS Upgrade, is given.

Single Track Selections:

The �rst step of the selection is applied at the level of single reconstructed

tracks before combining them into pairs. At this stage, the selection is based
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on transverse momentum pT .Therefore, assuming that particle identities are

known, a cut is made to accept only tracks that satisfy the following condi-

tions:

pKT > pcut,KT ; pπT > pcut,πT ; ppT > pcut,pT ;

Two Track Selections:

The tracks that have passed the previous selections are combined into pairs

with opposite charge signs (K,π or K,p). Common vertex for every pair is

then found.

The distance of closest approach between the two tracks (DCA) is then

calculated, and a cut is applied to it. For tracks coming from a common

secondary vertex this parameter should have relatively small value, while

for random background combinations of tracks it could be much bigger.

Therefore the following selection criterion can be applied to accept candidate

pairs:

dca(12) < dca(12)cut

The distance between the two-track vertex and the primary vertex is

then calculated: this has to be smaller for background pairs than for signal

ones. Thus, the following selection criterion could be introduced to separate

�good� candidates:

dist12 > distcut12 ;

However, the considered distance is a �rst approximation of the dis-
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tance between primary vertex and Λc decay vertex, that will be measured

with more precision when the triplet is formed.

Three Track Selections:

For each selected track pair a third track is added to form a triplet. The

added third track together with the opposite sign track of the initial pair

must also satisfy the cuts on the pairs described above. Then the three-

track vertex is reconstructed and a dispersion parameter is calculated:

σ2 =
2∑

k=1

[(xk − x0)
2 + (yk − y0)

2 + (zk − z0)
2]

where (x0; y0; z0) are the coordinates of the found vertex and (xk; yk; zk)

are the coordinates of the point that belongs to the track k and which is

closest to the vertex.

Then a selection on the cos(θpoint) is applied, where θpoint is the point-

ing angle, i.e. the angle between the direction of the reconstructed Λc mo-

mentum and the line connecting the primary and secondary vertices. If the

found vertex really corresponds to a Λc decay vertex, then θpoint ∼ 0 and

cos(θpoint) ∼ 1, therefore the selection criterion is:

cos(θpoint) > cos(θpoint)cut;

The last applied selection criterion is the distance between the primary

and secondary vertices. Signal triplets that come from the displaced decay

vertex of ΛC should have on average larger distance from the primary vertex

with respect to background triplets. Thus the following selection criterion is
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applied:

decayLenght > decayLenghtcut

The aim of the cut tuning procedure is to �nd optimum cut values

that maximize the statistical signi�cance de�ned as:

Significance =
S√
S +B

where S is the number of signal triplets and B is the number of background

combinations, in a given mass range (e.g. 3 σ around the mass quark).

5.1.2 Simulation method

In order to quantify the improvement of an upgrade of the ITS, a fast

simulation scheme is employed. It is based on existing Monte Carlo produc-

tions including the detailed geometry and response of the current ALICE

detector setup. The impact of the new ITS is obtained by 'smearing' the

parameters of the reconstructed tracks, according to the 'upgraded' spatial

and momentum resolutions as obtained by the Monte Carlo tool (see chapter

4). Tracks are parametrized as helices in the Kalman �lter description. They

are fully described by a 5 parameters track-state vector, which in the local

coordinate system is de�ned as: xT = (y, z, tanλ, sinφ, 1/pT ), where pT is

the transverse momentum and 1/pT is proportional to the curvature of the

track projection on the transverse plane, λ is the angle between the track

and the transverse plane, and φ is the angle between the track projection in

the transverse plane and the x axis. If σcurrentd0,rφ
, σcurrentd0,z

(pT ) and σcurrent1/pT
(pT )

are the resolution obtained with the current layout, and σupgraded0,rφ
, σupgraded0,z
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and σupgrade1/pT
that of the upgrade one, the improvement is applied as follow:



y′

z′

sinφ′

tanλ′

1/p′T


=



yMC + σupgraded0,rφ
(pT )/σ

current
d0,rφ

(pT ) · (y − yMC)

zMC + σupgraded0,z
(pT )/σ

current
d0,z

(pT ) · (z − zMC)

sinφ

tanλ

(1/pT )MC + σupgrade1/pT
(pT )/σ

current
1/pT

(pT ) · ((1/pT )− (1/pT )MC)


Thus, this is a simple scaling of the residuals of the impact parameters

in rφ and z, as well as of the transverse momentum, with respect to their
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Figure 5.3: Track impact parameter resolution in rφ and z, and transverse mo-
mentum resolution (current in blue and upgrade in red), for protons, pions and
kaons.
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true values (MC), known from the generated particle kinematics. The scaling

factors are the ratios of the upgrade/current resolutions on these variables.

The track polar angle θ and the φ are assumed to remain unchanged being

determined mostly by the TPC. After the scaling is done, the analysis is re-

run with the improved parameters. This approach is called Hybrid, because

it applies the detector performance of the upgraded ITS to full simulations of

the current ITS. In this way the correlation between the di�erent parameters

stay unchanged.

A drawback of this approach is that it does not allow to study the

e�ect of a complete new detector, 100% e�cient and without dead zone.

The impact of this extension on the physics performance is not assessed

here, but it will be addressed in the near future with dedicated simulation

studies.

Figure 5.3 shows the corresponding impact parameter and transverse

momentum resolutions as a function of transverse momentum for the up-

graded ITS compared to those of the current ITS, for pions, protons and

kaons. The scaling factors of the Hybrid approach are the ratios of these two

resolutions, for each pT value.

5.2 Performance studies for Λc → pKπ

The simulation study reported in this section uses the Hybrid approach

and the �AllNew" con�guration of the ITS.
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Figure 5.4: Distribution of the residuals between the reconstructed and generated
position of decay vertices for Λc → pK−π+ in the plane transverse to the beam
line, for the present (left) and upgrade (right) ITS scenarios.

The improved vertex resolution obtained with the ITS Upgrade allows

a much cleaner separation of decay point from the interaction point with

respect to the current ITS. In �gure 5.4 the Λc → pK−π+ distribution of

the residuals between the reconstructed and generated position of secondary

vertices in the transverse plane, obtained with the Hybrid method, is shown:

the left panel shows the distribution for the current layout and the right

panel that for the upgrade scenario.

To optimize the discrimination of the Λc signal against the back-

ground, which is made mostly of primary particles, a study of the cuts on

kinematical and topological variables has been carried out also with the new

layout. The analysis cuts optimized to extract the signal in pp collision data

at
√
s = 7 TeV were used as a starting point. However, these are not fully

adequate for taking advantage of the ITS upgrade potential, because the

increased impact parameter resolution provided by the new detector allows
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a better discrimination of the signal against the background, hence looser

cuts allow to still reject e�ectively the background but minimize the loss of

the signal.

5.2.1 Cuts Optimization

The optimization of the cuts with the ITS Upgrade layout has been

performed by studying the distribution of the kinematical variables listed

in section 5.1.1. A comparison has been done between the amounts of re-

jected signal and background with the current analysis cuts and with the

new ones: the new cuts represent a compromise between the maximization

of the signi�cance and the minimization of the signal loss.

The most relevant changes in the cuts concern the following variables:

• the cut on the pT of the decay tracks is very powerful: the pT dis-

tribution for each species for the signal di�ers from that of back-

ground candidates, as it can be noted in �g. 5.5. For pΛc
T > 4 GeV/c,

the cuts has been tuned to be pkaonT >1.2 GeV/c, ppionT >1.2 GeV/c,

pprotonT >0.4GeV/c.

• the impact parameter (d0) of a daughter tracks: this is the distance of

closest approach of the track to the primary vertex. The distribution

of this variable has a similar shape for signal and background, but it

is wider for the background. The cuts |d0| < 0.4 cm has been chosen

without signi�cant loss of signal for each species (see �g. 5.6). In the



CHAPTER 5. PERFORMANCE STUDYON THE BENCHMARKCHANNEL ΛC153

Figure 5.5: Transverse momentum distributions for pions, kaons and protons, for
background and signal within the upgrade layout.

Figure 5.6: Impact parameter distributions of pions, for background and signal
within the upgrade layout.

current analysis with the present detector this cut is not used. It's

worth to remark that in the current analysis the topological cuts are

not selective enough, because, as in the case of the impact parameter

distribution, the background and signal distributions are quite similar:

thus this type of cut would not be so e�cient.

• the cosine of the pointing angle: this variable has a decreasing dis-
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Figure 5.7: Cosin of the pointing angle cos θpointing for background and signal
within the upgrade layout.

tribution and for the background it is wider that for the signal: the

chosen cut is cosθp > 0.75, which allows to reduce signi�cantly the

background and removes very small amount of signal, thus improving

the signi�cance, as can be noted in �g. 5.7. In the current analysis

with the present detector this cut is cosθp > 0 for pT > 4 GeV/c, the

distribution of the signal obtained with the current ITS being broader

than in the Upgrade case.

• the decay length (L): the current analysis uses L > 70 µm, a further

background rejection with the upgraded ITS is achievable by impos-

ing L > 80 µm, losing very small amount of signal, again with an

improvement in the signi�cance.

• sigma vertex: it is very sensitive to the improved resolution. The

current analysis applies a cut to this variable at 600 µm, with the ITS

Upgrade the cut is moved to 400 µm (see �g. 5.8), this is feasible
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Figure 5.8: Dispersion of the tracks around the secondary vertex for background
and signal within the upgrade layout.

Figure 5.9: Decay length for background and signal within the upgrade layout. In
each panel a zoom of the 'cut zone' is shown, and in the little panels the complete
distribution of the decay lenght is also shown.

because the signal distribution is narrower with the Upgrade scenario,

hence the discrimination of the background is better.

5.2.2 Results

In the right panel of �gure 5.10, the invariant mass distribution ob-

tained for the ITS upgrade case is shown, for the same event statistics of
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Figure 5.10: Left: pKπ invariant mass in pp collisions at
√
s=7 TeV measured

by ALICE for pT > 3 GeV. Right: Hybrid simulation with the ITS upgrade con�g-
uration. The sample statistics in the simulation is the same as in the data, while
the selection cuts were optimized speci�cally for the upgrade scenario.

the current data analysis, which is shown in the left panel of the same �g-

ure. The 'upgraded' performance is obtained on a sample of pp events pro-

duced with the PYTHIA generator [92, 93] (with the Perugia-0 tune [94]) by

rescaling the signal and background yields, in order to match the features

observed in data, as explained in the following. For the background, the

scaling factor is simply the ratio of the sample sizes for the data and the

simulation Ndata/NMC (1.9 × 108/1.3 × 108). For the signal, in addition to

this factor, a 10% correction was included in order to equalize the total cc̄

cross section yielded by PYTHIA Perugia-0 to the one measured in ALICE,

σccpp = 7.73±0.54(stat.)+0.74
−1.38(syst.)±0.44(lumi.)+1.90

−0.87(extr.) mb [95]. For the

ITS upgrade scenario, a signi�cance of about 12 is obtained for Λc baryons

with pt > 3 GeV/c, to be compared to the current value on data of about 5.

The increase of the signal statistics is of about 50% (looser cuts are used for
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the upgrade case) and the increase of the signal-to-background ratio is more

than a factor of 5.

Concerning Pb�Pb collisions, the Λc signal is currently not observed

with the 2010 data sample, because of the very large combinatorial back-

ground. The feasibility for an analysis with the ITS upgrade scenario has

been studied considering minimum-bias Pb�Pb (0�100% centrality). The

Hybrid technique was applied to existing Pb�Pb Monte Carlo samples. The

combinatorial background was evaluated from a sample produced with the

HIJING generator, and it was rescaled so that the background level for the

current ITS case in the simulation matches the level observed in the Pb�Pb

data, when analyzed with the same selection cuts. The Λc signal was evalu-

ated from a sample of HIJING events in which charm particles were added

using PYTHIA and forced to decay into selected channels (with the pK−π+

�nal state in case of Λc). The signal was rescaled so that the generated yield

matches the expectations for minimum-bias Pb�Pb collisions at top LHC

energy
√
sNN = 5.5 TeV.

The Left panel of �gure 5.12 shows the resulting invariant mass dis-

tribution, for candidates with pt > 4 GeV/c, in a sample of 108 Pb�Pb

minimum-bias collisions (0�100% centrality class). The Λc → pK−π+ signal

is visible with a signi�cance of about 10, within the �AllNew� layout.
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5.3 Performance with further improved detector

Another ITS layout has been investigated to test the improvement of

a thinner innermost layer. In this con�guration the �rst layer has a material

budget of X/X0 = 0.1% and a radius equal to 2.2 cm. It di�ers from the �All-

New� layout only in the material budget of the �rst layer: from 0.3% to 0.1%.

The feasibility of this small material budget is currently under study. In �g-

ure 5.11 the comparison between the impact parameter and the transverse

momentum resolutions of the two layouts is shown: the blue curve represents

the standard �AllNew� and the red one represents the �AllNew0.1%� layout.
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Figure 5.11: Track impact parameter resolution in rφ and z, and transverse
momentum resolution (�AllNew� in blue and �AllNew0.1%� in red), for protons,
pions and kaons.
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Figure 5.12: Left: Λc → pK−π+: invariant mass distribution for pt > 4 GeV/c
with ITS upgrade �AllNew� (X/X0 =0.3%) in Pb�Pb minimum-bias collisions (0�
100%) at

√
sNN = 5.5 TeV. Right: the same, obtained with ITS upgrade �AllNew�

with the material budget of the �rst layer equal to (X/X0=0.1%)

The analyzes carried out with the method described above, provide a

signi�cance of 13, 30% better than the 'AllNew' layout obtained with X/X0

= 0.3%, assuming the same number of events. Invariant mass distribution

is shown in the right panel of 5.12.

5.4 Reconstruction e�ciency

Also the e�ciency of Λc reconstruction is enhanced with respect the

current layout, as shown in �gure 5.13. The e�ciency is de�ned as the ratio

between the number of reconstructed Λc, and the number of generated Λc

in the detector acceptance, with the three daughters within the acceptance.

The acceptance has been assumed to be |η| < 0.9. The �gure shows the

e�ciency obtained with the current ITS (blue) and with the ITS Upgrade

(0.3% 'All New' layout) with and without the cut selection (in green and
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Figure 5.13: Reconstruction e�ciency for Λc detectable, within the acceptance,
for current ITS and upgraded one.

red, respectively).

5.5 Conclusion

In summary, this study shows that with the upgraded ITS the Λc

signal signi�cance improves (on the same statistical sample) by more than

a factor of 2 for pp collisions and the signal becomes accessible in Pb�Pb

collisions, where it is currently not observed in data. These results should be

considered as a lower limit of the attainable performance, since a dramatic

improvement can be expected from the implementation of a dedicated trigger

based on topological selections.



Conclusions

The subject of this thesis is the study of a possible upgrade of the

Inner Tracking System (ITS) of the ALICE experiment. In order to ex-

plain the motivations for the upgrade, the analysis performed by ALICE has

been presented, with a review of the status of the current ITS and its track-

ing performance in terms of spatial and momentum resolution and tracking

e�ciency. Despite its excellent capabilities to study high energy nuclear col-

lisions, there are several frontiers for which the current experimental setup is

not yet fully optimized. The design goal of the new detector focuses on the

improvement of the impact parameter resolution, of the transverse momen-

tum resolution and of the e�ciency of the stand-alone tracking algorithm.

The simulation studies have demonstrated that the improved spatial resolu-

tion would be obtained with a �rst layer closer to the beam line, with thinner

silicon sensors (low material budget), and a higher granularity, resulting in

an improved intrinsic resolution of each sensor. Such modi�cations would

also result in an enhanced transverse momentum resolution, which would

also bene�t from the addition of other layers. This last modi�cation is also

of great importance for the improvement of the tracking e�ciency. In or-
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der to study in detail these features, a simulation tool has been developed,

completely integrated in the existing simulation and analysis framework (Ali-

Root). The new detector has been simulated in details, from the geometry

to the detector response and the tracking algorithm. The aim was to pro-

vide a �exible tool, allowing one to easily switch among di�erent layouts, in

order to optimize the design of the new detector and to study physics per-

formance on benchmark channels. When the features of the new layout will

be chosen, the tool will be �nalized, and eventually will replace the current

ITS in the AliRoot framework. The tool has been validated by checking

its ability to reproduce the current ITS performance using the current ITS

design, with both pp and Pb�Pb Monte Carlo samples. After validation, the

tool was used to check the tracking performance obtained with new layouts

under test. In particular, two layouts were considered, both composed of

seven layers: the �AllNew� is composed by all new pixel-like detectors, with

the �rst layer at a distance of 2.2 cm from the beam line; in the �SPDNew�

layout the current two SPD layers are replaced by three new layers of pixel

detector, with the �rst layer closer to the beam pipe. The impact parameter

resolution obtained with both the new layouts is improved with respect to

the present by a factor two in the transverse plane and by a factor �ve in the

z coordinate. The transverse momentum resolution is di�erent for the two

scenarios: the �AllNew� exhibits a resolution that is a factor two better than

the current one, while the improvement obtained by the �SPDNew� is about

10% for pT=1 GeV/c. The tracking e�ciency has also been investigated for
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the two layouts: an improvement at low pT is obtained with both of them,

but it is better for the �AllNew� con�guration. Finally, an additional lay-

out has been explored: to improve the e�ciency, a good initial seeding is

fundamental for the tracking algorithm. To this aim a new layer has been

added, at large radius, closer to the last layer (rlayer7=43 cm, rlayer8=43.4

cm). This �7AllNewdoubled� layout leads to a better tracking e�ciency down

to pT>0.2 GeV/c.

The good momentum resolution and tracking e�ciency would permit

a trigger selection of event topologies with displaced vertices, resulting in a

much better statistical signi�cance for heavy �avour analysis. The Upgrade

would also permit a reconstruction of charm and beauty with the ITS and

TRD+TOF, without the TPC, allowing to perform a very fast readout, with

the capability to sustain a Pb�Pb interaction rate up to 50 kHz.

To investigate the upgraded performance on physical channel, a study

for heavy �avor detection has been carried out by considering the analysis of

the Λc → pKπ with the �AllNew� scenario. The study of open charm baryon

channels such as the Λc is expected to play a crucial role in understanding

the characteristics of QGP. With the current setup, the Λc signal is seen

only in pp, with a poor signi�cance, equal to �ve. The limit to the current

performance is set by the poor spatial resolution at low pT . The study of

this baryon in the upgrade scenario is then of particular interest. To study

the performance of an upgraded detector on this particle, a fast simulation

tool has been used, based on existing Monte Carlo productions, including
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detailed geometry and response of current ALICE detector. The e�ects

of the new ITS has been introduced by improving the reconstructed track

parameters according to the pT and particle species dependent scaling laws

obtained in the previously described performance simulations. A detailed

study on the cut optimization to separate the signal from the combinatorial

background has been carried out. The signi�cance obtained in pp is larger

by a factor 2 with respect to the current analysis on a date sample of about

109 minimum bias pp collisions. In Pb�Pb collisions, the Λc is not visible

with the current layout. With the �AllNew� con�guration, in a sample of 108

minimum bias event (equivalent to one month of minimum bias Pb�Pb data

taking) the invariant mass distribution shows a signi�cance of 10. A more

ambitious layout, with the challenging material budget of 0.1% in the �rst

layer, has been also explored: the resulting signi�cance is 13. The outcome of

such studies proves the huge e�ect on the ALICE performance in the heavy

�avour sector, which would be provided by an upgraded ITS detector.
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