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Introduction

Capire i linguaggi umani, imperfetti e capaci nello

stesso tempo di realizzare quella suprema

imperfezione che chiamiamo poesia, rappresenta

l’unica conclusione di ogni ricerca della perfezione.

Umberto Eco

ALICE (A Large Ion Collider Experiment) is one of the experiments at the Large

Hadron Collider (LHC) and it is dedicated to heavy-ion physics. The goal of the

ALICE collaboration is the study of the properties of the nuclear matter in unexplored

regimes of temperature and energy density, in order to investigate the occurrence of

the phase transition from the ordinary nuclear matter to the plasma of quarks and

gluons (QGP). In addition, a genuine program for the analysis of proton–proton data

collected during the last part of the 2009 and the first 10 months of the 2010 is also

present. Besides, the pp results of this analysis are used as reference for the Pb–Pb

studies and for the tuning of the Monte Carlo generators.

The ALICE experiment is composed by 14 sub-detectors. The closest to the beam

pipe is the Inner Tracking System (ITS), made by six layers of Silicon Detectors. The

ITS is principally used to track and identify the charged particles coming from the

collision at very low momentum ranges. Two of the six layers of this system are

made by Silicon Drift Detectors (SDD).

The SDDs offer high granularity with a good spatial resolution and, at the same

time, provides the energy-loss measurement needed for particle identification.

I worked on the commissioning, the calibration and the run coordination of the

ALICE SDD. Specifically, I started to work at CERN during the cosmic data taking

of the 2008 and the first pp collisions of the 2009. Subsequently, I was on-call

expert for the SDD for the whole 2010, taking care of the good operating of the

sub-system during the pp and the first PbPb data taking. Besides, I dealt with the
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charge calibration of the 260 SDD modules installed at CERN and with the possible

systematic effects. These points are crucial for the main analysis of this thesis.

From the point of view of the analysis, I contributed to the study of the transverse

momentum spectra of identified particles using the ITS in stand-alone mode. This

particular analysis not including information from the other detectors allows us to

identify charged particles (namely pions, kaons and protons) at very low transverse

momentum values. The results are then combined with the ones of other analy-

ses ones in order to obtain the spectra in the momentum range from 80 MeV/c to

2.5 GeV/c.

Both for the SDD commissioning and for the spectra analysis, I worked on the

development of the software, using the ALICE framework AliROOT based on ROOT

and running on the GRID. I tested different strategies to identify the charged parti-

cles in the ITS, as the Bayesian and the integral method, then I focused my attention

to the last one which has been selected for the dedicated ALICE article about the

identified charged particle spectra.

In the first two chapters of this thesis I introduce the ALICE experiment and the

correlated main physical motivations. Then I discuss my work on the SDD, on the

ITS and about the identification of charged particles with the ITS in stand-alone

mode. The schema of the chapters is as follows.

Chapter 1 I illustrate the physics motivations of the ALICE experiment and the im-

portance of the identified hadron transverse momentum spectra. Therefore,

I show the very first measurements obtained at LHC using the ALICE experi-

ment, both from pp and PbPb data.

Chapter 2 I introduce the particle accelerator and the six experiments currently op-

erating at LHC. I briefly describe the main sub-systems of the ALICE experi-

ment, their performance and the dedicated offline analysis framework.

Chapter 3 I describe the general working principle of the Silicon Drift Detector

(SDD) and the specific detector used in ALICE. In the second part, I show

my personal works performed for the SDD commissioning: a detailed study

on the charge collection efficiency, the commissioning with cosmic-ray and pp

data at LHC.

Chapter 4 I explain the role of the ITS used in stand-alone mode and the relative

tracking algorithm. I illustrate the method used for the alignment and the
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study of the energy loss resolution. Lastly, two of the three approaches to

identify the charged particles are explained.

Chapter 5 I show the method of analysis that I implemented to use the Inner Track-

ing System in stand-alone mode. The event and track selection used, the fit

algorithm to extract the particle yields, the Monte Carlo correction and the

systematics calculation are described. The dedicated software code implemen-

tion is briefly mentioned.

Chapter 6 I report the results obtained with the stand-alone ITS using the inte-

gral method. Specifically, the identified spectra extracted from the pp data at
√
s = 900 GeV. The comparison with the results obtained by other detectors

and analyses of ALICE is also shown.

In the last part, three appendixes, the lists of figures and tables and the bibliography

are reported.
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Chapter 1

Physics: Quark Gluon Plasma

L’universo è pieno di cose magiche pazientemente in

attesa del nostro ingegno per diventare piú nitide.

Bertrand Russell

Abstract

The physics motivation of the experiment (ALICE) are briefly illustrated. The importance of the

identified hadron transverse momentum spectra for pp and PbPb data are discussed. The first

measurements obtained at the LHC using the ALICE experiment are reported.

1.1 Quark Gluon Plasma

Quantum chromo-dynamics (shortened as QCD) is the theory of the strong inter-

action (colour force), a fundamental force describing the interactions of the quarks

and gluons found in hadrons (such as the proton, neutron or pion). QCD has two

peculiar properties: the asymptotic freedom, which means that in very high-energy

reactions (i.e. on short space-time scales) quarks and gluons interact very weakly;

the confinement, which means that the force between quarks does not diminish as

they are separated. Because of this, it would take an infinite amount of energy to

separate two quarks; they are bound into hadrons.

The confinement property is not expected to be verified in extreme conditions.

Non-perturbative QCD calculations predict that at baryon densities larger than ∼ 5-

10 times the density of the ordinary nuclear matter (ρ0 = 0.15 nucleons/fm3) or at

temperatures of the order of 140-200 MeV, nuclear matter should undergo a phase
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transition into a state of matter called Quark Gluon Plasma (QGP). It is a plasma1

where quarks and gluons are deconfined from their individual hadrons, but they are

free to move over larger space-time volumes. The verification of the existence of the

QGP state is also of cosmological and astrophysical interest because it is expected

that the QGP was the state of matter in the first instants (t < 10−6s) of the Universe

after the Big-Bang. Moreover, a plasma of quark and gluons at low temperature with

high baryon density could be present in the core of neutron stars.
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Figure 1.1: Phase diagram of nuclear matter. Triangular markers indicates the estimations extracted
by the particle abundances measured by the most important experiments and fitted with the statistical
models.

To explore experimentally the possible existence of the QGP, it is mandatory to

create a strongly interacting system which satisfies the following requirements: i)

it can be studied using macroscopic variables; ii) it can be studied using thermo-

dynamics and so it must be in equilibrium; iii) it must have large energy density

and/or temperature, greater than the critical energy density and/or temperature re-

quired for the transition to QGP. To reach the equilibrium condition, the system must

be long-lived, with a life-time grater than the relaxation time2. To remain in equi-

librium, the system must be sufficiently interacting, which means that the mean free

path of the constituents (which is ≈ 0.5 fm for quarks at densities of ≈ 2 GeV/fm3)

must be smaller than the system dimensions, so that several collision per particle

1A plasma is a state of matter in which charges are screened due to the presence of other free
charges; e.g. Coulomb’s Law is modified to yield a distance-dependent charge. In a QGP, the colour
charge of the quarks and gluons are screened.

2The relaxation time is usually defined as the time needed to a particle to travel a 1 fm distance at
the speed of light, τ0 = 1 fm/c.
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can occur.

Nucleus–nucleus collisions can satisfy all these demanding requirements. For

example, the system created in a PbPb collision can reach a volume of the order of

1000 fm3, consisting of ≈ 1000 hadrons and, already at SPS energies, can reach an

energy density ≈ 200 times larger than in a nucleus.

Since nuclei are extended objects, the geometry of the collision plays an impor-

tant role. The impact parameter b (see Fig. 1.2) is a crucial quantity. It measures the

distance between the centres of two nuclei, separating nucleons into participants,

which primary suffer at least one collision with a nucleon of the other nucleus, and

spectators which proceed with little perturbation along the original direction. In a

central collision the impact parameter is close to zero and the two nuclei completely

overlap. It is important to distinguish between central and peripheral collisions,

because the energy density released is maximal in a central collision. In this case,

when the two nuclei collide a large volume of hot hadronic matter is created possibly

fulfilling the conditions for QGP formation.

Figure 1.2: Geometry of the collision between two nuclei.

The geometry of the collision is described in the framework of the Glauber model

(Shukla, 2001). The model gives the A–A interaction in terms of interaction between

the constituent nucleons with a given density distribution. It is a semi-classical model

picturing the nuclear collision in the impact parameter representation where the

nuclei move along the collision direction in a straight path. It allows important

features of the collisions to be computed as a function of the impact parameter b, as

the number of binary collisions and the number of participants.
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The space-time evolution of a central collision is now considered. In the first

moments of the reaction, hard scattering processes at the parton level may occur

with a small probability. In addition soft nucleon-nucleon collisions (with large cross

section) between the two Lorentz contracted nuclei redistribute a fraction of the

initial beam energy into other degrees of freedom. After a short formation time (∼
1 fm/c) partons materialise out of the highly excited QCD field. Thermal equilibrium

may now be approached via individual parton-parton interactions. Calculations of

the mean free path of quarks in QCD matter give a value of λ ≈ 0.5 fm at energy

densities ε = 2 GeV/fm3, thus indicating that equilibrium may indeed by reached in

collisions of heavy nuclei, where the transverse radii and the initial dimensions are

larger than λ.

The system expands rapidly, mainly along the longitudinal direction and lower

its temperature until it reaches the critical transition temperature Tc. In Fig. 1.3 the

main steps of the system evolution are shown. In the case of a first order transition,

the matter remains a long time (τ ≈ 10 fm/c) in a mixed phase; in this lapse of time

the degrees of freedom of QGP (partons) are rearranged into the smaller number

available in the hadron phase, with a large release of latent heat. After the equilib-

rium is reached (τ0 ≈ 0.6 fm/c at RHIC), the system expands in a collective flow dur-

ing the deconfined phase and the hadronisation process. When inelastic interactions

between hadrons cease and particle multiplicities reach their final configuration, the

so called chemical freeze-out is reached (τc). When even elastic collisions stop, ther-

mal freeze-out τf , hadrons stream freely away to be detected by the experiment.

If the system is at equilibrium, the collisions can be treated with thermodynami-

cal and hydrodynamical models. Thermodynamics considers the exchange of energy

and heat while hydrodynamics takes into account the mechanical motion of expan-

sion and compression of the system (fireball) created in the collision.

The initial energy density created in a heavy-ion collision is usually estimated

from the Bjorken hydrodynamical model (Bjorken, 1983) in the so called Bjorken

limit (
√
s ≥ 100 GeV). The Bjorken limit is a regime of full transparency in which

baryons from interacting nuclei move away from the centre of mass after the colli-

sion, so that at the mid-rapidity the baryon density is practically zero. The opposite

situation is the full stopping, where the colliding baryons are stopped in the centre

of mass system and possibly form a QGP with high baryon content.

In the following, the most representative phenomena as observable probes (hard

and soft) of the Quark Gluon Plasma are described and the most relevant experi-

mental results obtained in nuclear experiments are listed.
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Figure 1.3: Space-time evolution of a central collision.

Jet quenching In hadronic collisions, hard parton scatterings occurring in the ini-

tial interaction produce cascades of consecutive emissions of partons, called jets. At

the end of the event evolution previously described, the jets fragment in hadrons

during the hadronisation phase. The final state is characterised by clusters of parti-

cles close in the phase space. Their transverse momenta relative to the jet axis are

small compared to the jet component along the jet axis and this collimation increases

with increasing jet energy. High energy partons are expected to lose energy while

propagating in the hot and dense medium due to the gluon radiation and collisions,

resulting in the suppression of hard jets (jet quenching effect). The parton energy loss

grows via gluon radiation quadratically with the in-medium path length.

An evidence of this phenomenon was first observed by PHENIX experiment at

RHIC, observing the suppression of high-pt hadrons. An important tool to study

in detail jet quenching effects is the nuclear modification factor RAA. It is defined

as (Adcox et al., 2002):

RAA =
(dN/dpt)AA

〈Ncoll〉 · (dN/dpt)NN

(1.1)

where (dN/dpt)AA is the pt-spectrum of a point-like process in nucleus–nucleus col-

lision and (dN/dpt)NN is the same spectrum in nucleon–nucleon collisions.

The value RAA is expected to be 1 for high-pt hadrons or hadrons with heavy

quarks if no nuclear effect is present. Values of RAA > 1 are expected at interme-
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diate pt as consequence of the Cronin effect, explained in detail in Antreasyan et al.

(1979). Values of the nuclear modification factor less than the unity are obtained if a

suppression of the hadron spectrum is present. This last scenario is what is expected

to observe at high pt in case of jet quenching.

In Fig. 1.4 (left panel) the nuclear modification factor measured by the STAR ex-

periment for Au–Au collisions as a function of the transverse momentum is shown (Ad-

cox et al., 2003). The behaviour for pt < 2 GeV (RAA < 1) is due to the particles

production scaling according to the number of participants, while for pt > 2 GeV a

clear evidence of the jet quenching (RAA) is present.
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Figure 1.4: RHIC results, STAR experiment. Left: nuclear modification factor versus pt for different
centrality measured by STAR. Right: Dihadron azimuthal correlations at high pt for p–p, central d–A
and central Au–Au collisions.

The interaction of the hard jets with the deconfined medium leads also to a

suppression in the production of jet pairs (dijet). Studies of the angular correlation

of high-pt particles in pp collisions show two peaks at zero and 180 degrees. In

a deconfined matter, one of the two fast partons goes through a longer path with

respect to its partner. As a consequence, it loses its energy interacting with the

medium and it is not detected. On the right side of Fig. 1.4 this effect as observed

by the STAR experiment at RHIC is shown.

Similar result has been obtained at LHC, using the ATLAS detector (Aad et al.,

2010). In this case, observations have been made of a centrality-dependent dijet

asymmetry in the collisions of PbPb at centre-of-mass energy of 2.76 TeV (minimum

bias trigger). The transverse energy of dijets in opposite hemispheres is observed

to become systematically more unbalanced with increasing event centrality leading

to a large number of events which contain highly asymmetric dijets. This is the

first observation of an enhancement of events with such large dijet asymmetries, not

observed in pp collisions, and which may point to an interpretation in terms of strong
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jet energy loss in a hot dense medium.

Quarkonium Heavy quarkonia states as cc̄ and bb̄, owing to their large mass, can

only be produced in the initial phase of the collision. Color screening in the decon-

fined phase leads to melting of quarkonia states. In the QGP, the attractive potential

which is necessary to bind the c and c̄ quarks (or b and b̄) is screened, so that the c

and c̄ do not form a bound charmonium state.

This phenomenon is one of the main pieces of evidence that experiments at the

SPS have reached the threshold energy density for deconfinement. Charmonium

suppression was studied in detail by the NA38, NA50, NA60 (Abreu et al., 2000;

Arnaldi et al., 2010) experiments and at RHIC.

Figure 1.5: Left: ratio between J/ψ/Drell-Yan and pp-pA fit absorption curve as a function of the
number of participant nucleons Npart, from SPS. Right: J/Ψ RAA versus Npart for Au–Au collisions.
Mid (forward) rapidity data are shown with open (solid) circles. In the lower panel, ratio of forward
and mid-rapidity.

On the left side of Fig. 1.5 the ratio between J/ψ/Drell-Yan cross-sections and the

absorption curve which fits data for pp and pA collisions as a function of the number

of participant nucleons Npart is shown. The charmonium suppression is evident. On

the right side of the same figure, the RAA for the J/ψ obtained by the PHENIX at

RHIC in Au–Au collisions is plotted. For each rapidity, RAA decreases with increasing

Npart. The ratio (lower panel) first decreases then reaches a plateau of about 0.6 for

Npart > 100, indicating a dependence on the centrality (Adare et al., 2007). For

In–In, used by the NA60 experiment, the suppression is evident too.

Flow An experimental observable sensitive to the properties of the QGP is a collec-

tive phenomenon called flow. It is observed as a collective motion pattern superim-
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posed to the chaotic thermal motion.

Radial flow is defined as an azimuthally symmetric radial motion of the final

state particles due to the collective velocity arising from the expansion of the fireball.

In the low-pt region it could significantly affect the momentum distribution of the

particles, thus making itself accessible experimentally.

Anisotropic flow is a characteristic feature of non-central collisions. A preferred

direction in the transverse plane exists and it is defined by the direction of the impact

parameter. As a consequence, the azimuthal distribution of the produced particles

may result to be anisotropic with respect to the reaction plane3. The particle az-

imuthal distributions relative to the reaction plane can be described by using the

Fourier series as:

dN

dϕ
=

1

2π

(

1 +
∞
∑

n=1

2 vn cos [n(ϕ−ΨRP )]

)

(1.2)

where ΨRP is the angle in the transverse plane determined by the impact parameter.

The first coefficient v1 is called directed flow, the second one v2 elliptic flow.

Non-zero directed flow implies a preferred direction for particle emission, either

parallel (v1 > 0) or anti-parallel (v1 < 0) to the impact parameter. It has to be equal

to zero at mid-rapidity due to the symmetry of the collision. However, it can affect

the particles produced in the forward rapidity region as the spectator nucleons.

The elliptic flow separates other two directions: the in-plane flow (v2 > 0),

meaning a preferred direction for particle emission around ∆ϕ = 0 and ∆ϕ = π; the

out-of-plane flow (v2 < 0), preferred direction around ∆ϕ = π/2 and ∆ϕ = 3π/2.

The elliptic flow is built in the first stages of the fireball evolution, because the

initial geometrical anisotropy is suppressed by the system expansion. For this rea-

son, it brings information on the degree of thermalisation, on the time needed to

reach the equilibrium and on the shear viscosity of the system created in the nuclear

collision.

On the left side of Fig. 1.6 the v2 as a function of the transverse momentum

measured by the PHENIX experiment for three different kinds of collisions. Values

of v2 integrated over pt for different centre-of-mass energies are reported on the

right side of Fig. 1.6. For
√
s > 5 GeV elliptic flow is observed to be positive.

This result can be explained by the initial geometrical anisotropy of the overlap

region of the colliding nuclei. Indeed, in case of enough particle re-scatterings, it

generates a larger pressure gradient in the reaction plane than perpendicular to it.

3The reaction plane is defined by the impact parameter and the beam axis.
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Figure 1.6: RHIC results. Left: Parameter v2 versus pt for minimum bias collisions: Au–Au at√
s = 200 GeV, Cu–Cu at

√
s = 200 and 62.4 GeV. Right: elliptic flow integrated over ptas a func-

tion of the centre-of-mass energy.

In-plane particles acquire more momentum than out-of-plane particles, leading to

a transverse momentum anisotropy that can be observed in the measured particle

azimuthal distributions.

The elliptic flow values measured at RHIC are reproduced in the the framework

of ideal hydrodynamics (i.e. zero viscosity). In fact, recent developments in viscous

hydrodynamics confirmed that the QGP produced at RHIC behaves as a fluid with

exceptionally low viscosity, very close to the perfect fluid limit (Heinz, 2005).

Multiplicity The main observables related to the multiplicity are the rapidity and

the pseudo-rapidity density distributions of primary charged particles. The pseudo-

rapidity η is referred to the polar angle θ with respect to the beam axis with which a

particle is emitted from the interaction vertex. The pseudo-rapidity can be expressed

as

η = − ln tan(θ/2) =
1

2
ln

( |p|+ pz
|p| − pz

)

(1.3)

where p and pz are the total momentum and longitudinal momentum of the emitted

particle respectively. It is easier to measure than the rapidity y given by

y =
1

2
ln

(

E + pz
E − pz

)

(1.4)

since it does not require particle identification. For this reason, the dNch/dη at mid-

rapidity has traditionally been the first measurements performed by all experiments

exploring a new energy domain.

The characteristics of the shape of the dNch/dη distribution for different values

of the energy and the centrality of heavy-ion collisions can be observed in Fig. 1.7
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where results from the PHOBOS experiment (Back et al., 2005) are shown. It is pos-

sible to observe that: i) the width and the height of the mid-rapidity plateau increase

with the centre-of-mass energy; ii) the extent of the fall-off regions increases with

energy, but the slope is almost independent of the energy, due to limiting fragmen-

tation scaling; iii) the height of the plateau increases with centrality.

The rapidity density (dNch/dy) gives general indications on the interplay be-

tween hard and soft processes in the overall particle production mechanisms. Fur-

thermore, determining the
√
s dependence of charged-particle pseudo-rapidity den-

sity allows particle-production models to be constrained and Monte Carlo generators

based on these models to be tuned.

Important information about the collisions can be obtained by the energy density

calculated using the Bjorken formula (Bjorken, 1983):

εBj =
〈mt〉
Sτ0

(

dNch

dy

)

y=0

(1.5)

where mt =
√

m2 + p2t is the transverse mass of the produced particles, S the trans-

verse overlapping area in the collision of the two nuclei, τ0 is the formation time

which can be estimated around 1 fm/c. Interesting results of dNch/dy for different
√
s obtained by the BRAHMS experiment at RHIC are illustrated in Bearden et al.

(2002).

Figure 1.7: RHIC results: dNch/dy distributions measured by PHOBOS (solid and open points) for five
centrality bins representing the 45% of the total cross section for

√
sNN = 19.6 GeV Au–Au collisions

and for six centrality bins for
√
sNN = 130 and 200 GeV corresponding to the 55% of the cross section.

The shaded bands represent the estimated systematic errors.
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1.2 Transverse momentum spectra of identified particles

Heavy ions The transverse momentum distributions of the particles produced in

the collision allow important information about the created system to be extracted.

On the left side of Fig. 1.8 the behaviour of the spectra measured at RHIC for non-

identified hadrons are shown as an example. They have been obtained by Au–Au

collisions and they are plotted in several centrality bins.

Figure 1.8: RHIC results, PHENIX experiment. Left: transverse momentum spectra for different cen-
trality values measured using Au–Au collisions at

√
s = 200 GeV. Right: Freeze-out temperature and

radial flow velocity versus the number of participants, extracted by the pt spectra. The results from a
hydrodynamic model calculation are also shown.

The low pt region (below 1 GeV/c) is dominated by soft production mechanisms.

In this case, the dN/dpt distributions follow a Boltzmann exponential behaviour

which does not depend on the centre-of-mass energy. At high pt the hard processes

are present and the spectra follow a power law.

Usually the spectra can be expressed as a function of two variables: the trans-

verse momentum pt and the transverse mass mt =
√

m2 + p2t , by using the following

relation:
dN

mtdmt
=

dN

ptdpt
. (1.6)

In pp collisions, the mt spectra at low momenta follow an exponential behaviour

which should not depend on the particle mass. This effect is called mt scaling. The

exponential function can be expressed as:

dN

dmt
∝ mte

−
mt
Ts (1.7)

where Ts is the temperature of the fireball at the moment of the emission of the
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studied particles. It has been observed that in A–A collision the mt scaling is broken

at low pt. As a consequence Ts depends on the particle mass value. This is due

to a collective motion of the particles in the transverse plane that is the radial flow

introduced in the previous section. The parameter Ts can be expressed as:

Ts = Tfreeze−out +
1

2
mv2⊥ (1.8)

where Tfreeze−out is the proper freeze-out temperature, while the second factor is a

kinetic term proportional to the velocity of the particles in the fireball. Therefore,

the study of the spectra of identified particles can be used to separate the thermal

component from the radial flow.

In this sense, the spectra are well described by the so called hydrodynamics-

motivated blast-wave model (Schnedermann et al., 1993). It makes the simple as-

sumption that particles are locally thermalised at a fixed kinetic freeze-out tempera-

ture and are moving with a transverse radial flow velocity field. The common flow

velocity β results in a larger transverse momentum of heavier particles, leading to

the change in the spectral shape with increasing particle mass (Abelev et al., 2009;

Teaney et al., 2001).

On the right side of Fig. 1.8, the results obtained from the blast-wave fits by

the PHENIX experiment at RHIC are shown as a function of the centrality of the

collision. The freeze-out temperature of the fireball created in a Au–Au collision at
√
s = 200 GeV is 110-130 MeV. The radial collective expansion is present with a

velocity βt ≈ 0.5÷ 0.7.

The pt spectra of identified hadrons can also be used to estimate the abundance

of particles as a function of
√
s (after integrating over the transverse momentum).

At low
√
s (< 5GeV ) the fireball is dominated by the nucleons the generated by the

colliding nuclei, due to the high stopping power of the system, while at high
√
s the

pions are dominant. The decrease of the abundance of protons with the increase of
√
s reflects an increase of the transparency of the nuclei with the increasing of the

available energy. The more abundant among the produced hadrons are the pions

because they have low mass and low production threshold as a respect to the other

species. The discrepancy between positive and negative pions at low
√
s is due to

the isospin conservation law. Anti-protons (contrarily to protons that can be stopped

by the colliding nuclei) need to be produced in the collision. As a consequence the

ratio between p and p̄ can be different to 1 and becomes a useful tool to investigate

the properties of the system (i.e. transparency versus stopping power). Kaons and
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hyperons present a discrepancy between particle and anti-particle due to their quark

constitution. Indeed, K+ and Λ need the production of only one strange quark,

while K− and Λ̄ need the formation of two or three new quarks.

Proton–proton The study of the transverse momentum spectra of identified hadrons

is also performed in pp collisions. This measurement is important for different moti-

vations.

• Reference for heavy-ion analysis. To study many phenomena in A–A collisions

at new unexplored energy regimes (e.g. the nuclear modification factor RAA),

results at the same energies in pp collision are generally used. In principle,

one may extrapolate such references by data taken at lower
√
s using proper

theoretical models. Otherwise, if measurements have been performed for pp

collisions at lower and higher
√
s as a respect to the one used for heavy-ion

analysis, the interpolation between the two configurations can be also extract.

Anyway, a better result which does not depend on models or interpolations,

can be obtained using genuine pp measurements at the same conditions (i.e.

same experimental apparatus and same energy).

• Fine tuning of the Monte Carlo generators. The exploration of new
√
s region

allows one to fine tune the Monte Carlo generators in order to estimate the

behaviour of the particle production at unexplored centre-of-mass values. In

pp collisions at ultra-relativistic energies the bulk of the particles produced at

mid-rapidity have transverse momenta below 1 GeV/c. Their production is not

calculable from first principles via perturbative QCD and needs to be treated

with phenomenological approaches with tunable parameters. The low pt parti-

cle production and species composition must therefore be measured, providing

crucial input for the modelling of hadronic interactions and the hadronisation

process. At LHC a new energy regime is being explored, where particle pro-

duction from hard interactions which are predominantly gluonic in nature, is

expected to play an increasing role. These data are providing extra constraints

on the modelling of fragmentation functions.

• Validation of the statistical model (Kraus et al., 2009). The statistical model

provided a useful framework for describing centrality and system size depen-

dence of particle production in A–A, p–p and e+–e− collisions. The starting

point of the model is a partition-function approach which requires the assump-

tion of the equilibrium of the system. Particle production is quantified by two



14 Physics: Quark Gluon Plasma

thermal parameters: the temperature T and the volume V . For heavy-ion

collisions, a Grand Canonical (GC) description is used and the set of chem-

ical potentials related to conserved charges are also included as parameters.

The usual form of the statistical model in the GC formalism can be used for

V T 3 > 1 only. Furthermore, even under this condition, if the abundance of a

subset of particles carrying a conserved charge is small (such as strange or

charmed mesons), the canonical suppression still appears even though the

GC description is valid for the bulk of the produced hadrons. The effects of

such suppression are illustrated in Fig. 1.9 (left) which shows the ratios of

abundances of strange and multi-strange hadrons to pions normalised to the

values in the GC limit as a function of the radius of the system. The smaller

the volume and the larger strangeness content of the particle, the stronger the

suppression of the yield. On the right part of Fig. 1.9, the predictions for the

radius of the system expected at the LHC energies, extrapolated starting from

SPS and RHIC results, are shown (Kraus et al., 2009).
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Figure 1.9: Statistical model, theoretical calculations. Left: particle ratios versus the radius of the
system. Right: Radius of the system versus centre-of-mass energy.

1.3 First measurements in ALICE

The ALICE experiment started its data taking at the LHC at the end of 2009 for pp

and in November 2010 for PbPb collisions. In the following, the results obtained by

the experiment for the two kinds of collisions will be described.
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Proton–proton The pseudo-rapidity density of charged primary particles has been

estimated from the tracklets4 reconstructed in the two silicon-pixel layers. A first

analysis has been performed on the very first sample of 284 proton–proton collisions

collected on 23rd November 2009, at a centre-of-mass energy
√
s = 900 GeV, during

the commissioning of the accelerator (Aamodt et al., 2010f).

In order to compare ALICE results with those of other experiments, the result-

ing multiplicities are given with two different normalisations: the first one (INEL)

corresponds to the sum of all inelastic interactions, and corrects the trigger bias

individually for all event classes, by weighting them, each with its own estimated

trigger efficiency and abundance. The second normalisation (non-single-diffractive

or NSD) applies this correction for non-diffractive and double-diffractive processes

only, while removing, on average, the single-diffractive contribution. The normali-

sation for INEL and NSD events was obtained by correcting the number of selected

events for the trigger and the vertex-reconstruction efficiencies.
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Figure 1.10: ALICE results. Measured dNch/dη of at
√
s = 900 GeV for INEL and NSD collisions from

the very first data samples of 284 pp collisions (left) and from a larger data sample (right).

The analysis has then been repeated on larger statistics and with improved trig-

ger selection on a sample of about 150 k interactions at 900 GeV as well as on about

40 k collisions at 2.36 TeV (Aamodt et al., 2010c). The resulting charged-particle

density as a function of pseudo-rapidity obtained for INEL and NSD interactions at

a centre-of-mass energy
√
s = 900 GeV compared to pp̄ data from the UA5 experi-

ment (Alner et al., 1986), and to pp NSD data from the CMS experiment (Khacha-

tryan et al., 2010) is shown in Fig. 1.10 (right). The measured charged particle den-

sity at the higher energy is consistent with the CMS result for NSD collisions. The

observed relative increase in multiplicity between the two energies (22.6±0.7±1.0)%

4The bended particle tracks are approximated to straight lines from the vertex to the clusters found
in the first silicon layers. These segments are called tracklets and are used for the first measurements,
before the global tracking phase.
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results to be substantially larger than the one predicted by PYTHIA (tested with three

different tunes) and PHOJET models (Aamodt et al., 2010c).

The pseudo-rapidity density and the multiplicity distribution for primary charged

particles from a sample of 3 × 105 pp events at 7 TeV have been analysed and com-

pared with the previous results at 0.9 TeV and 2.36 TeV. In this case, du to the un-

certainty of the diffractive cross-section, a different normalisation was used. This is

indicated as INEL> 0 and is based on a sub-sample of data with at least one track in

the pixel detector (SPD). In Fig. 1.11 the relative increase of pseudo-rapidity density

of charged particles and the dependence on the
√
s are shown. The measured value

of the dN/dη at 7 TeV is significantly higher than the one obtained from current

models, except for PYTHIA tune ATLAS-CSC. The increase of the charged particle

density with increasing
√
s is significantly higher than that obtained with any of the

used models and tunes (Aamodt et al., 2010d).
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Figure 1.11: ALICE results. Left: Relative increase of dN/dη between 0.9 TeV and 2.36 TeV (open
squares) and between 0.9 TeV and 7 TeV (full squares). ALICE measurements shown with vertical
lines. Right: dN/dη for inelastic and non-single-diffractive collisions versus

√
s. Data fitted to a

power-law dependence on energy. Points at the same energy shifted for visibility.

The ratio of the yields of anti-protons to protons in pp collisions has been mea-

sured by ALICE both for
√
s = 0.9 and 7 TeV for 0.45 < pt < 1.05 GeV/c and rapidity

|y| < 0.5 (Aamodt et al., 2010g). The results obtained are not dependent on rapidity

or pt and the values are as follows:

R|0.9TeV = 0.957± 0.006(stat.)± 0.014(syst.)

R|7TeV = 0.991± 0.005(stat.)± 0.014(syst.).
(1.9)

Such results are consistent with the conventional model of baryon-number trans-

port and set stringent limits on any additional contributions over large rapidity in-

tervals in pp collisions. In Fig. 1.12 the results relative to this study are shown. On

the left, the anti-proton–proton ratio as a function of the transverse momentum with
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the theoretical predictions superimposed. On the right, the ratio as a function of
√
s

has been compared with the results of previous experiments.
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Figure 1.12: ALICE results. Left: ptdependence of the p̄/p ratio for |y| < 0.5 for pp collisions at
√
s =

7 TeV. Statistical errors only. The width of the Monte Carlo bands indicates the statistical uncertainty
of the simulation results. Right: p̄/p ratio versus centre-of-mass energy. Error bars correspond to the
quadratic sum of statistical and systematic uncertainties for the RHIC and LHC measurements and to
statistical errors otherwise.

Another measurement performed by ALICE using the pp data sample at 900 GeV

is the inclusive charged particle transverse momentum distribution (Aamodt et al.,

2010i). It has been performed in the central pseudo-rapidity region (|η| < 0.8) and

in the pt range between 0.15 and 10 GeV/c, both for inelastic (INEL) and non-single-

diffractive (NSD) events. Data are shown on the left side of Fig. 1.13 together with

the results obtained by ATLAS and CMS. The average transverse momentum values

obtained are:

〈pt〉INEL = 0.483± 0.001(stat.)± 0.007(syst.)GeV/c

〈pt〉NSD = 0.489± 0.001(stat.)± 0.007(syst.)GeV/c.
(1.10)

The data exhibit a slightly larger 〈pt〉 than measurements in wider η intervals.

The average transverse momentum has also been studied as a function of the mul-

tiplicity. In order to fine tune the Monte Carlo generators, the results have been

compared to simulations with the Monte Carlo event generators PYTHIA and PHO-

JET. The comparison is shown on the right side of Fig. 1.13.

Lead–Lead Several days after the first lead–lead collision at the LHC, ALICE pub-

lished the results about the charged particle η density and the elliptic flow. In Aamodt

et al. (2010b) the first measurement of the charged-particle density at mid-rapidity
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Figure 1.13: ALICE results. Left: normalised differential primary charged particle yield in NSD pp
collision at

√
s = 900 GeV, averaged in |η| < 0.8. ALICE data compared with results form ATLAS and

CMS. Right: average pt of charged particles of 0.5 < pt < 4 GeV/c for INEL pp events versus the
multiplicity. Ratio Monte Carlo over data is shown in the lower panel.

in PbPb collisions at a centre-of-mass energy per nucleon pair
√
sNN = 2.76 TeV

is reported. For an event sample corresponding to the most central 5% of the

hadronic cross section, the pseudo-rapidity density of primary charged particles at

mid-rapidity is found to be

dNch

dη
= 1584± 4(stat) ± 76(syst) (1.11)

which corresponds to 8.3±0.4(syst) per participating nucleon pair. It can be observed

that an increase of about a factor 1.9 relative to pp collisions at similar energies, and

about a factor 2.2 to central Au–Au collisions at
√
sNN = 0.2 TeV is present. This

result provides the first experimental constraint for models of A–A collisions at the

unexplored LHC energies. The comparison between data and theoretical predictions

is shown on the left side of Fig. 1.14.

In Aamodt et al. (2010b) the centrality dependence of the charged-particle multi-

plicity density is presented. In order to compare bulk particle production in different

collision systems and at different energies, dNch/dη has been normalised per partici-

pating nucleon pair 〈Npart〉/2, obtained by Glauber calculation. It has been observed
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Figure 1.14: ALICE results. Left: Comparison of dN/dη measurements with model predictions. Dashed
lines group similar theoretical approaches. Right: Dependence of dN/dη on the number of participants
for Pb–Pb collisions at the LHC and Au–Au collisions at RHIC. The scale for the lower-energy data is
shown on the right-hand side and differs from the scale for the higher-energy data on the left-hand side
by a factor of 2.1. For the PbPb data, uncorrelated uncertainties are indicated by the error bars, while
correlated uncertainties are shown as the grey band. Statistical errors are negligible. The open circles
show the values obtained for centrality classes obtained by dividing the 0-10% most central collisions
into four, rather than two classes. The values for non-single-diffractive and inelastic pp collisions are
the results of interpolating between data at 2.36 and 7 TeV.

an increase by about a factor of two from peripheral (70–80%) to central (0–5%)

collisions. On the right side of Fig. 1.14 the normalised charged-particle density as a

function of number of participants is shown. Results from RHIC (Au–Au) are plotted

in the same figure with a scale that differs by a factor of 2.1. The shapes of the two

series of values are consistent, while the absolute values are scaled, due to the differ-

ent centre-of-mass energy of the collisions. Same values have then been compared

with theoretical models indicating a good agreement with the most part of them.

In Aamodt et al. (2010e) the first measurement of charged particle elliptic flow

is reported. The elliptic flow signal v2 has been measured as a function of the trans-

verse momentum of the emitted particle in several centrality bins. On the left side

of Fig. 1.15 the results obtained by using a particular analysis method (v2{4}) are

shown for three bins of multiplicity. Values extracted by the STAR experiment at

RHIC for the same bins are superimposed and the consistence is evident.

The v2 averaged over pt and η is compare bulk particle production in different

collision systems and at different energies, found to be 0.087±0.002(stat)±0.004(syst)

in the 40-50% centrality class. Compared to RHIC Au–Au collisions at 200 GeV, the

elliptic flow increases by about 30%. Such enhancement was foreseen by hydrody-

namical models which include viscous corrections.

The first measurement of the nuclear modification factor RAA at the LHC is re-

ported in Aamodt et al. (2011b). In central collisions, the RAA reaches a minimum

value of ≈ 0.14 at pt = 6 ÷ 7 GeV/c and increases at larger transverse momentum.
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central PbPb collisions to measurements at

√
s = 200 GeV by PHENIX and STAR. The boxes contain

the systematic errors in the data and the pt dependent systematic errors on the pp reference, added
in quadrature. The statistical and systematic errors of the PHENIX data are shown as error bars and
boxes, respectively.

In Fig. 1.15 (right) it is possible to see that the measured suppression of high-pt par-

ticles is stronger with a respect to lower collision energies. As a consequence, a very

dense medium seems to be formed in central PbPb collisions at the LHC.



Chapter 2

Experiment: ALICE

Ogni qualvolta una teoria ti sembra essere l’unica

possibile, prendilo come un segno che non hai capito

né la teoria né il problema che si intendeva risolvere.

Karl Popper

Abstract

A brief description of the LHC particle accelerator, the six experiments and the startup phases

will be presented. About the ALICE experiment, the main detector subsystems and their

performance will be described. An overview of the offline framework, developed to simulate

Monte Carlo samples and to reconstruct and analyse both simulated and real data will be

presented.

2.1 LHC

The Large Hadron Collider (LHC) at CERN is the biggest particle accelerator world-

wide. The first discussions that led to the project started in 1984. The LHC project

was approved in 1994 and construction work in the underground tunnel started in

2001 after dismantling of the LEP collider. LEP was previously built into the tunnel

which is located under the Swiss-French border area close to Geneva at a depth of 50

to 175 m. The LHC has a circumference of 27 km. Its largest achievable acceleration

energies are 7 TeV for protons and 2.76 TeV per nucleon for lead ions, therefore

providing collisions at
√
s = 14 TeV and

√
sNN = 5.5 TeV, respectively. These are

the largest energies that have ever been accessible in particle collision experiments.

The LHC is a synchrotron that accelerates two counter-rotating beams in separate

beam pipes. In each of them bunches of particles travel many times around the



22 Experiment: ALICE

Figure 2.1: LHC. Left: Schematic view with the position of the 4 main experiments. Right: Photograph
taken inside the tunnel. Visible are several of the main dipoles (blue); the two (not connected) beam
pipes can be seen in the front.

accelerator ring before the collision energy is reached. The accelerator has to bend

the beams around the ring, keep the bunches focused and accelerate them to their

collision energy. Finally, the spatial dimension of the bunches has to be minimised

to provide a high number of collisions per time interval at the collision points (e.g.

during the pp data taking of the 2010 the luminosity L = 2.37µb−1s−1 has been

reached). A combination of magnetic and electric field components performs the

mentioned tasks.

The layout of the LHC is shown on the left side of Fig. 2.1. It is segmented into oc-

tants, each of them contains a straight section in its center, referred to as Interaction

Points (IP). The arcs are called Sector xy where x and y are the numbers of the cor-

responding octants in clock-wise order, e.g. Sector 34. Four of the straight sections

contain the experiments (IP1, IP2, IP5 and IP8) which are the only locations where

the beams cross. Particles are injected close to IP2 and IP8. The radio-frequency

(RF) system that accelerates the particles is located at IP4; the beam dumping sys-

tem is located at IP6. At IP3 and IP7 there are collimation systems which clean

the beam by removing particles that have either a too large spatial distance to their

bunch (particles in the so-called beam-halo) or are too fast or too slow, thus sep-

arated in momentum-space. The cleaning prevents particles from being lost in an

uncontrolled way within the accelerator.

The main components of the machine are 1232 dipoles that bend the beam trajec-

tories. An LHC dipole has a length of 14.3 m and contains superconducting magnets
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which operate at a temperature of 1.9 K, notably 0.8 K lower than the background

temperature of the Universe. Powered by a maximum current of 11.7 kA the dipoles

provide a magnetic field from 0.535 T during injection (beam energy of 450 GeV) to

8.33 T at top energy regime (beam energy of 7 TeV). Several dipoles are shown in

the photograph in on the right side of Figure 2.1. Eight RF cavities per beam deliver

radio-frequency power to accelerate the beams, keep the bunches of particles well-

localized and compensate for energy loss due to synchrotron radiation. The cavities

produce a field of 5.5 MV/m.

Despite the high luminosity reached, only a very small fraction of the particles

of two bunches collides in a single bunch crossing. The others leave the interac-

tion region essentially uninfluenced, are defocused and continue to circulate in the

accelerator.

Injection of bunches into the LHC is preceded by a chain of accelerators which is

not the same for proton and heavy-ion collisions (more information can be found in

Benedikt et al. (2004)). Several injections to the LHC are needed until the maximum

number of bunches for both beams is reached. The design parameters foresee for

nominal operation, where each beam is filled with 2808 bunches each consisting of

1.15× 1011 protons.

Bunches have a root mean square (RMS) length between 11.24 cm at injection

and 7.55 cm at collision. They are separated by 25 ns. LHC design luminosity is

1034 cm2 s−1 for protons and 1027 cm2 s−1 for Pb ions. However, the LHC delivers

a significantly lower luminosity to the ALICE experiment during proton collisions

(about 3×1030 cm2 s−1) by means of defocusing or displacing the beams. At nominal

luminosity about 2.4×109 pp collisions are estimated to occur per second in the LHC

which corresponds to about 2×1011 produced particles per second. These are studied

by six experiments.

ALICE (A Large Ion Collider Experiment) is a dedicated heavy-ion experiment de-

signed to study strongly-interacting matter (Aamodt et al., 2008). It explores

the phase transition to the quark gluon plasma, its phase diagram and its prop-

erties. Furthermore, ALICE will also study collisions of pp and pA. This thesis

is focused on the ALICE experiment which will be described in detail in the

next paragraph.

CMS (Compact Muon Solenoid) was conceived to study mainly proton–proton col-

lisions. The main goal is the search for the Higgs boson and new Physics at that

energy scale. At the core of the CMS detector sits a high-magnetic-field and

large-bore superconducting solenoid surrounding an all-silicon pixel and strip



24 Experiment: ALICE

tracker, a lead-tungstate scintillating-crystals electromagnetic calorimeter, and

a brass-scintillator sampling hadron calorimeter. The iron yoke of the flux-

return is instrumented with four stations of muon detectors covering most of

the 4π solid angle. Forward sampling calorimeters extend the pseudo-rapidity

coverage to high values (|η| ≤ 5) (Adolphi et al., 2008).

ATLAS (A Toroidal LHC ApparatuS) is dedicated to the study of the proton–proton

collisions to search for the Higgs boson. It is nominally forward-backward

symmetric with respect to the IP8. The magnet configuration comprises a

thin superconducting solenoid surrounding the inner-detector cavity, and three

large superconducting toroids arranged with an eight-fold azimuthal symmetry

around the calorimeters. The tracking volume is made by high-resolution semi-

conductor pixel and strip detectors and straw-tube tracking detectors. High

granularity liquid-argon electromagnetic sampling calorimeters, scintillator-

tile calorimeters and a muon spectrometer are present in the outer part (Aad

et al., 2008).

LHCb (The Large Hadron Collider beauty) is dedicated to heavy flavour physics.

Its primary goal is to look for indirect evidence of new physics in CP viola-

tion and rare decays of beauty and charm hadrons. The LHCb is a single-arm

spectrometer with a forward angular coverage from approximately 10 mrad to

300 mrad in the bending plane (Alves et al., 2008).

LHCf (Large Hadron Collider forward) is dedicated to the measurement of neu-

tral particles emitted in the very forward region of the LHC collisions. The

physics goal is to provide data for calibrating the hadron interaction models

that are used in the study of Extremely High-Energy Cosmic Rays. Two LHCf

detectors, consisting of imaging calorimeters made of tungsten plates, plastic

scintillator and position sensitive sensors, are installed at zero degree collision

angle ±140 m from an IP8 (Adriani et al., 2008).

TOTEM (TOTal Elastic and diffractive cross-section Measurement) aims at mea-

suring the total proton–proton cross section with the luminosity-independent

method and study elastic and diffractive scattering at the LHC. Two tracking

telescopes are installed on each side in the 3.1 ≤ η ≤ 6.5. Roman Pot stations

are placed at ±147 m and ±220 m from the IP5 (Anelli et al., 2008).

LHC started on the 10th of September 2008 with great success. In less than an

hour after the first injection the first beam had been sent successfully around the
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entire ring. Unfortunately, a transformer failure in point 8 stalled the commission-

ing for about a week. On the 19th of September when LHC was basically ready for

collisions at
√
s = 900 GeV, an accident occurred during the 10 TeV magnet com-

missioning without beam in Sector 34, the last sector that was commissioned to this

energy. To repair the damage that occurred in the machine the sector had to be

warmed up, which delayed LHC operations to the next year.

The LHC run began to work again on the 20th of November 2009, with the first

circulating beam at 0.45 TeV. Milestones were quick to follow, with two circulating

beams established by the 23rd of November and a world record beam energy of

1.18 TeV being set on the 30th of November. By the time the LHC switched off for

2009 on the 16th of December, another record had been set with collisions recorded

at 2.36 TeV and significant quantities of data recorded. In the 2009 part of the run,

each of the LHC four major experiments, ALICE, ATLAS, CMS and LHCb recorded

more than a million particle collisions, which were distributed smoothly for analysis

around the world on the LHC computing grid.

After the
√
s= 2.36 TeV collisions, a technical stop ensued at the beginning of the

2010, during which the machine was prepared for higher-energy running. Higher

energy collisions require higher electrical currents in the LHC magnet circuits.

On the 19th of March, two 3.5 TeV proton beams successfully circulated in the

Large Hadron Collider for the first time. This is the highest energy yet achieved

in a particle accelerator. The machine worked with this energy until the 19th of

November, reaching the instantaneous luminosity of 1032cm2 s−1. The final part of

the year was devoted to the Heavy Ion data. First lead–lead collisions were recorded

at 00:30 on the 7th of November, and stable running conditions marked the start of

physics with heavy ions few hours after.

After less than three weeks of heavy-ion running, the three experiments study-

ing lead–lead collisions at the LHC (namely ALICE ATLAS and CMS) have already

brought new insight into matter as it would have existed in the very first instants of

the Universe’s life. The ALICE experiment, which is optimised for the study of heavy

ions, published the first papers just a few days after the start of PbPb running. LHC

stopped has been switched off on the 7th of December for the winter technical stop.

2.2 ALICE hardware

A Large Ion Collider Experiment (ALICE) (Cinausero et al., 2004; Alessandro et al.,

2006; Aamodt et al., 2008) is the only experiment designed to cope the high parti-

cle multiplicity produced in heavy-ion collisions. Very different optimisation criteria
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than those applied to the other pp dedicated experiments at the LHC have been

adopted for ALICE: the detector has to track and identify particles in a broad mo-

mentum range, from ≈ 80 MeV/c to ≈ 100 GeV/c, with good spatial and momentum

resolution in an environment with large charged-particle multiplicity. The low inter-

action rate expected in PbPb collisions allows slow but high granularity detectors to

be used, such as the Time Projection Chamber (TPC) and the Silicon Drift Detectors

(SDD). Besides that, specific features of the apparatus and the particle identification

capability, make it an important contributor to specific aspects of pp physics at the

LHC. The aim of the ALICE proton–proton physics programme is not only to provide

a reference to understand and interpret heavy-ion data, but also to carry out genuine

proton–proton physics studies, for the most part complementary to those that will be

realised by the other experiments at the LHC. More details about the ALICE physics

motivations and the first results obtained are described in the previous chapter.

In Fig. 2.2 the pseudo-rapidity acceptance of the sub-detectors overlaid to a

dNch/dη prediction for pp collisions at
√
s = 7 TeV by the Monte-Carlo generator

PYTHIA1 is shown. The sub-detectors, explained in detail in the following para-

graphs, have full coverage in azimuth except for the ones marked with an asterisk.

Figure 2.2: ALICE. The η acceptance of the sub-detectors of the experiments extracted by a Monte
Carlo simulation.

Tracking is performed in ALICE with detectors mostly using 3-dimensional hit
1PYTHIA will be discussed in detail in the next paragraph together with the other generators.
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information in a moderate magnetic field B = 0.5 T. The choice of a low magnetic

field allows one to reconstruct low-momentum particles, so as to track particles at

very low momentum (p = 80 MeV/c). This is desirable for several reasons: the study

of collective effects related to the presence of QGP, the measurement of rare process

cross sections (like heavy quark production) down to low pt, the reconstruction of

the decay products of low-pt hyperons and the two-particle correlations. A good

compromise for the field strength corresponds to the value B = 0.5 T, because it

guarantees a good momentum resolution even for high momentum particles. Thus,

ALICE runs at the highest field for the majority of the time. Nevertheless, a pro-

gramme at lower magnetic field, B = 0.2 T, is foreseen since this value corresponds

to the maximum reconstruction efficiency for low momentum particles.

A good particle identification system is needed to identify hyperons, vector mesons

(e.g. φ → K−K+), heavy-flavour mesons through their hadronic decays (i.e. D0 →
K−π+, D+ → K−π+π+, D+

s → K−K+π+) and to carry out analyses with identified

particles, such as the measurements of azimuthal anisotropies, particle spectra and

ratios. Hadron identification is performed in the full acceptance of the ALICE central

barrel (|η| < 0.9) for momenta up to p ≤ 4 GeV/c; at higher momenta the particle

identification is provided in a restricted acceptance (both in η and φ).

The ALICE layout is shown in Fig. 2.3. It is placed in an underground cavern with

its central axis (beam line) at 44 m below ground level. It consists of a central barrel

covering the full azimuthal angle in the mid-rapidity region (|η| < 0.9) and several

systems located at forward and backward rapidity. Two magnets are employed: the

solenoid magnet (nominal field of 0.5 T), constructed for the L3 experiment at LEP

and now enclosing the central part of the ALICE detector, and the dipole magnet

for the muon spectrometer (field integral in the forward direction of 3 T m). The

beam pipe at IP2 is a beryllium tube 0.8 mm thick and 3.5 m and 0.4 m long on

the two sides of the IP respectively. Outside this region it is made of copper and

stainless-steel. Its outer diameter is 59.6 mm.

The central detectors are, in the order from the interaction vertex to the out-

side, the Inner Tracking System (ITS) with six layers of silicon detectors, the Time

Projection Chamber (TPC) which is the main tracking detector, the Transition Ra-

diation Detector (TRD) for electron identification and the Time of Flight detector

(TOF) for the identification of particles at pt < 2.5 GeV/c. Two other detectors

with smaller acceptance (both in η and φ) complement the central barrel: the High-

Momentum Particle Identification Detector (HMPID) consisting of an array of ring-

imaging Cerenkov counters and the Photon Spectrometer (PHOS) which is an elec-
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Figure 2.3: Layout of the ALICE experiment.

tromagnetic calorimeter. The last designed detector is the Electromagnetic Calorime-

ter (EMCal). It is placed in the central barrel and it is dedicated to the physics of

high-pt photon jets.

Out of the central barrel, the forward detectors, visible on the right part of the

Fig. 2.3, are placed. The Muon Spectrometer is a detector located at −4 < η < −2.4

made of an absorber , followed by a spectrometer with a dipole magnet, five tracking

stations, an iron absorber and trigger chambers.

Additional forward detectors are the Forward Multiplicity Detector (FMD) made

of silicon strips, the Photon Multiplicity Detector (PMD) made of layers of lead con-

verter and the Zero Degree Calorimeter (ZDC) consisting of two set (one at forward

and one at backward rapidity) of two hadronic calorimeters (one for protons and

one for neutrons) plus one electromagnetic calorimeter: these detectors provide in-

formation on the centrality of the collisions.

Two trigger detectors are located on each side of the interaction point: the V0,

made of two arrays of segmented scintillator counters, and the T0, consisting of two

arrays of Cerenkov counters.

The ALICE experimental programme includes also a contribution to cosmic-ray

physics with the aim of studying high-energy cosmic air showers in the energy range
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1015 − 1017 eV and to determine the nature of primary cosmic rays. This can be in-

vestigated using a dedicated Cosmic Ray Detector (ACORDE) and the SPD as trigger

systems and mainly the TPC to reconstruct the tracks.

Four suspended counting rooms house the electronics for the ALICE detectors

below ground level, separated from the experimental cavern by a shielding plug, as

shown in Fig. 2.4. At ground level the experimental area has a control room for

remote control, supervision and operation of the detectors and service buildings to

distribute electricity, cooling and ventilation and for the gas supply.

Figure 2.4: ALICE experimental area at the Insertion Point 2 of the LHC.

The configuration of the sub-systems (i.e. number of installed modules), stable

during the 2010, is summarized in Tab. 2.1.

Detector Status
ITS, TPC, TOF, HMPID, FMD, V0, T0 100%
ZDC, Muon Arm, ACORDE, PMD, DAQ 100%
EMCAL, TRD 33, 38%
HLT, PHOS 60%

Table 2.1: ALICE detector configuration during the pp data taking of 2009-2010.

Inner Tracking System (ITS) The Inner Tracking System consists of six cylindrical

layers of silicon detectors located in the central barrel at radii r ∼ 4, 7, 15, 24,

39 and 44 cm. The innermost radius is the minimum allowed by the presence of
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the beam pipe, whose radius is 3 cm. The outermost radius is determined by the

requirement to match tracks from the ITS to the TPC and vice-versa.

Three different technologies are present in the ITS. From inner to outer there

are two layers of Silicon Pixel Detectors (SPD), two layers of Silicon Drift Detectors

(SDD) and two layers of double-side Silicon Strip Detectors (SSD). This layout is

shown in Fig. 2.5.

Figure 2.5: Layout of the Inner Tracking System (ITS) of ALICE. Three Silicon sub-systems are indicated
as SPD (pixel), SDD (drift) and SSD (strip).

Each layer is made of longitudinal supports, the ladders2, which host the detec-

tors. The following factors were considered in the design of the ITS.

• Acceptance: in order to study particle spectra and correlations down to the

lower momenta, the acceptance has to be as large as possible. The ITS covers

the same acceptance as the TPC, that is |η| < 0.9 for collisions with vertex

located within the length of the interaction diamond (|z| < 5.3 cm). The

inner pixel layer covers a larger pseudo-rapidity range (|η| < 1.98 for particles

emitted at z=0) to extend the range of multiplicity measurements.

• Material budget: one of the main tasks of the ITS is to improve the tracking per-

formance and thus the momentum and impact parameter resolutions. This can

be achieved only if multiple scattering is minimized. Therefore, the amount of

material in the active volume must be reduced to a minimum: the thickness

of the four outermost layers used for particle identification is approximately

300 µm and is smaller (200 µm) for the two inner pixel layers. In addition,

2For Silicon Pad Detector should be correct to say stave instead of ladder: the stave is a row of four
ladders, but it corresponds to SDD and SSD ladder.
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the detectors must overlap in order to cover the entire solid angle. The total ef-

fective thickness of the detectors amounts to 6-7% of an interaction length X0,

in case of tracks perpendicular to the sensor surface.

• Spatial precision and granularity: the ITS, together with all the ALICE detec-

tors, was designed to cope with a high multiplicity environment, corresponding

to about 15000 tracks in its active area. Thus, the granularity is high enough

to guarantee a low occupancy in the detector, at the level of few percent, with

the drawback that several millions of effective cells are needed in each layer

of the ITS. The granularity in the innermost layers is achieved with micro-

pattern detectors with 2-dimensional readout: SPD and SDD. At larger radii,

the requirements in terms of granularity are less stringent, therefore double-

sided strip detectors with a small stereo angle are used. With such granularity

(Tab. 2.3) the spatial precision is sufficiently high (few tens of µm) to guar-

antee a good resolution on the track impact parameter, necessary to detect

charmed mesons.

• dE/dx measurements: the ITS provides PID information through the ionisation

energy loss in the four outermost layers. In order to identify particles at very

low momenta where the specific energy loss is high, the dynamic range of the

analogue readout system has to be large enough.

• Radiation level: the expected total radiation dose received by the ITS in the

lifetime of the experiment ranges from a tens of Gy for the outer parts of the

ITS to about 2.2 kGy for the inner parts. Each sub-detector is designed to

withstand the ionizing radiation doses expected during ten years of operation.

The fluence is approximately 5×1011 cm−2 equivalent neutrons throughout the

ITS, which does not cause significant damage to the detectors or the associated

electronics.

All the resolutions mentioned above (e.g. track impact parameter, dE/dx) will

be discussed in detail in the ITS dedicated chapter, since they have a key role in the

analysis treated in this thesis.

Lastly, the SPD is also being used as a trigger detector, both for cosmic ray and

collision data. The trigger system of the experiment will be discussed in the follow-

ing. The geometrical dimensions, the technology used and the number of channels

needed in the various layers of the ITS (Cinausero et al., 2004) are summarized in

Tab. 2.2.
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Layer Type r [cm] z [cm] Area m2 Ladders Channels
1 pixel 4.0 14.1 0.07 80 3276800
2 pixel 7.2 14.1 0.13 160 6553600
3 drift 15.0 22.2 0.42 14 43008
4 drift 23.9 29.7 0.89 22 90112
5 strip 38.5 43.2 2.09 34 1148928
6 strip 43.6 48.9 2.68 38 1459200

Table 2.2: Geometrical parameters of the six layers of the ALICE Inner Tracking System.

The main tasks of the ITS are the reconstruction of the primary vertex and of

the secondary vertexes of particle decays such as hyperons, KS
0 , B and charmed

mesons. The ITS is also used to track and identify low-momentum particles and to

improve the spatial and momentum resolution for the other particles. Furthermore,

it allows particles traversing dead regions of the TPC to be reconstructed. The main

physical goal are discussed in the dedicated chapter with relation to the analysis of

the identified pt hadron spectra. In Tab. 2.3 the most important parameters of the

three sub-detectors of the ITS are listed.

Parameter Pixel Drift Strip
Spatial precision rφ [µm] 12 38 20
Spatial precision z [µm] 100 28 830
Two tracks resolution rφ [µm] 100 200 300
Two tracks resolution z [µm] 850 600 2400
Cell size [µm2] 50 × 425 150 × 300 95 × 40000
Readout channels per module 40960 2 × 256 2 × 768
Total number of modules 240 260 1698

Table 2.3: Features of the three different Silicon sub-detectors of the ALICE Inner Tracking System.

Time Projection Chamber (TPC) The TPC is the main tracking detector of the

ALICE apparatus. It covers a pseudo-rapidity range of |η| < 0.9 for 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 and is about 85 cm, the outer radius is 250 cm and

is determined by the length required to have a dE/dx resolution better than 5-7%.

The length along the beam direction is 500 cm.

It has a conventional design in overall structure but is innovative in many as-

pects. It consists of a large cylindrical field cage, filled with 90 m3 of Ne/CO2/N2

(90/10/5), in which the primary electrons are transported over a distance of up to
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2.5 m on either side of the central electrode to the end plates. Multi-wire propor-

tional chambers with cathode pad readout are mounted into 18 trapezoidal sectors

at each end plate. The field 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.

The TPC together with others detectors of the central barrel provides charged-

particle momentum measurements with good two-track separation, particle identifi-

cation and vertex determination. It has been optimised for PbPb expected luminos-

ity and the initially foreseen charged-particle multiplicity density dNch/dη = 8000,

that means about 20.000 primary and secondary particles in the TPC acceptance.

These extreme multiplicities, unprecedented for a time-projection chamber, required

a careful optimisation of its design.

For pp collisions the limiting factor for the luminosity in ALICE is the drift time

of 90 µs of the TPC. Tracks from pile-up events can be eliminated since they point to

a wrong vertex. With its resolution, the TPC can also 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.

Transition-Radiation Detector (TRD) The TRD is segmented in 18 super modules

in ϕ, each containing 30 modules arranged in 5 stacks along z and 6 layers in ra-

dius. Each detector element consists of a radiator, a drift section and a multi-wire

proportional chamber section with pad readout. The layers are placed at a distance

of 2.90 m < r < 3.68 m from the beam line, covering the full azimuth and a pseudo-

rapidity range |η| < 0.84.

It identifies electrons with momentum above 1 GeV/c in the central barrel, where

the pion rejection capability of the TPC is no longer sufficient. This information, in

addition to that provided by ITS and TPC, allows production rates of quarkonia

near mid-rapidity, as well as the dilepton continuum in PbPb and in pp data, to be

measured. With the impact parameter determination provided by the ITS, it will

also be possible to measure open charm and beauty in semi-leptonic decays. With its

six layers, the TRD will contribute to the global tracking through the central barrel

improving the pt resolution at high momentum.

Time-Of-Flight Detector (TOF) The TOF is a large area array of Multi-gap Resistive-

Plate Chambers (MRPC), a new type of gas detector developed to fulfil the require-

ments of having a large number of channels to keep the occupancy low, an affordable
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system and a time resolution better than 100 ps. It is positioned on a cylindrical sur-

face that covers the central barrel (|η| < 0.9) over an area of 140 m2 with 160.000

individual cells at a radius of about 4 m.

It identifies hadrons in the momentum range between 2.5 GeV/c (for pions and

kaons) to 4 GeV/c (for protons), with a π/K and K/p separation better than 3σ.

It provide, together with the tracking system, event-by-event identification of large

samples of pions, kaons and protons. In addition, identified kaons allow invariant

mass to be studied, in particular for the detection of open-heavy flavour states and

vector-meson resonances.

High-Momentum Particle Identification (HMPID) It is a 10 m2 array of proximity-

focusing ring imaging Cherenkov counters with a liquid radiator and a solid CsI

photo-cathode, evaporated on the segmented cathode of multi-wire proportional

chambers. It consists of 7 modules of 1.5× 1.5 m2. It is placed at 5 m from the beam

line at the 2 o’clock position and has a coverage in pseudo-rapidity of |η| < 0.6 while

the azimuthal coverage is 1.2◦ < ϕ < 58.8◦, that results in an acceptance 5% of the

central barrel phase space.

It extends the inclusive measurement of identified hadrons of the ALICE detec-

tor towards momenta pt > 1 GeV/c and the PID capability to particles with mo-

menta beyond the momenta measurable through energy loss (in TPC and ITS) and

time-of-flight measurements (TOF). The detector was optimised to extend the use-

ful momentum range for π/K and K/p discrimination, on track-by-track basis, up

to 3 GeV/c and 5 GeV/c respectively. The geometry of the detector has been opti-

mised with respect to particle yields at high pt in pp and heavy-ion collisions at the

LHC energies and with respect to the large opening angle required for two-particle

correlation measurements.

Photon Spectrometer (PHOS) The PHOS is a high resolution electromagnetic

calorimeter dedicated to the detection of photons coming from the interaction point

and neutral mesons like π0 and η through their decay in two photons. Since the

main task of the detector is to distinguish between direct photons and photons com-

ing from particle decays, it is characterised by a high granularity and good spatial

and energetic resolution. The segmentation must be below the Molière radius3 of

3The Molière radius is a constant describing the electromagnetic characteristics of the material:
RM = 0.0026X0(Z + 1.2), where X0 is the radiation length and Z the atomic number. RM is related
to the transverse dimension of the electromagnetic shower in the calorimeter, thus as smaller is RM ,
as better is the capability of the calorimeter to contain the shower.
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the material. The calorimeter is made of lead crystals, PWO, grouped in five mod-

ules; this material has been chosen because of its very small Molière radius of 2 cm.

The PHOS is located at 460 cm from the interaction point and covers approximately

|η| ≤ 0.12 and ϕ < 100◦, with a total area of about 8 m2.

Electromagnetic Calorimeter (EMCal) The main physics motivation for the EM-

Cal is to improve the ALICE performances for an extensive study of jet quenching.

Indeed, it extends the ALICE capabilities for detecting jets, direct photons and elec-

trons from heavy-flavour decays. The detector contains 12 modules each consisting

of sampling calorimeters made of alternating layers of 1.44 mm Pb and 1.76 mm

polystyrene, as scintillating material. The EMCal covers the range |η| ≤ 0.7. Due to

the installation of the PHOS and the HMPID respectively below and above the TOF,

the EMCal is limited to a region of about 110◦ in azimuth adjacent to the HMPID.

It is positioned to provide partial back-to-back coverage with the PHOS. Its nominal

acceptance is about 25% of the TPC one.

Forward Muon Spectrometer With the forward muon spectrometer, it is possible

to study resonances like J/ψ, ψ′, Υ, Υ′ and Υ′′ through their decay into µ+µ− pairs,

and to disentangle them from the continuum given by Drell-Yan processes and semi-

leptonic decays of D and B mesons. The study of open heavy flavour production

is interesting too and is also accessible through measurements of e–µ coincidences

or single µ approaches. The muon is detected by the muon spectrometer and the

electron by the TRD. A resolution of 70 MeV/c2 in the 3 GeV/c2 region is needed to

resolve J/ψ and ψ′ peaks and of 100 MeV/c2 in the 10 GeV/c2 region to separate Υ,

Υ′ and Υ′′.

This detector is located around the beam pipe and covers the pseudo-rapidity

range −0.4 ≤ η ≤ −2.5. It consists of a passive front absorber to absorb hadrons

and photons from the interaction vertex. The material must have a small interac-

tion length in order to absorb hadrons and a large radiation length, and thus small

Z, in order to reduce multiple scattering of muons. Muon tracks are reconstructed

by tracking chambers consisting of multi-wire proportional chambers with cathode

pad readout. They are embedded in a magnetic field generated by a dipole magnet

located outside the L3 magnet. The dimuon trigger is provided by four layers of Re-

sistive Plate Chambers (RPC) operating in streamer mode located behind the muon

filter.
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Zero-Degree Calorimeter (ZDC) The experimental apparatus is completed by de-

tectors placed at 0◦ with respect to the beam axis: the ZDC. It measures the energy

of the spectator nucleons and thus provides information on the centrality of the col-

lision, because the zero degree energy decreases with increasing centrality. The ZDC

is also used also for flow analysis, because it can estimate the reaction plane through

the directed anisotropy of spectator neutrons.

The ZDC consists of two calorimeters, one for neutrons and one for protons. Two

ZDCs are symmetrically installed at 116 m from the interaction point. In this de-

tector quartz fibres (active material) are embedded in a dense absorber of Tungsten

(passive material). When a particle crosses the passive material creates a shower

which produces Cerenkov radiation in the active material. Because of the presence

of fragments of the colliding nuclei, the measurement of the zero-degree energy is

not enough to determine the centrality of collision. For this reason, the ZDC project

includes also an electromagnetic calorimeter (ZEM) to solve the ambiguity due to

fragment production. It is a scintillator based detector designed to measure with

poor resolution, event by event, the energy of photons emitted at forward rapidity

coming from π0 decays.

Photon Multiplicity Detector (PMD) The PMD measures the multiplicity and the

spatial distribution of photons on an event-by-event basis in the forward region of

ALICE. It consists of two planes of multi-wire proportional counters with a honey-

comb structure with a thick lead converter in between them. The PMD is placed

at 360 cm from the interaction point, on the opposite side of the forward muon

spectrometer, covering the region 2.3 ≤ η ≤ 3.5. The PMD can measure the mul-

tiplicity and the spatial (η, ϕ) distribution of photons on an event-by-event basis in

the forward pseudo-rapidity region. Providing these pieces of information, the PMD

are employed for event-by-event studies as, for example, fluctuations and flow, the

estimate of the reaction plane and of transverse electromagnetic energy.

Forward Multiplicity Detector (FMD) It provides information on the charged par-

ticle multiplicity in the pseudo-rapidity ranges −3.4 ≤ η ≤ −1.7 and 1.7 ≤ η ≤ 5.1.

With this detector it is possible to extend the η coverage of multiplicity measure-

ments, to study multiplicity fluctuation on an event-by-event basis and to perform

flow analysis. The FMD consists of five rings of Silicon strip detectors, two of which

are installed on the muon absorber side where the available space is most restricted;

the remaining three are located on the opposite side of the interaction point.



2.2 ALICE hardware 37

V0 The V0 detector consists of two segmented arrays of plastic scintillator counters,

placed around the beam-pipe on either side of the IP: one at z = 90 cm (in front of

the absorber), covering −3.7 ≤ η ≤ −1.7, and the other at z = −340 cm, covering

2.8 ≤ η ≤ 5.1. Each array consists of 32 counters distributed in four rings, each

divided in eight sectors. The counters are made of scintillator material embedded in

Wave Length Shifting fibres. Clear fibres collect and transport the signal to photo-

multipliers 3÷ 5 m far from the detector, inside the L3 magnet. The counters have a

time resolution better than 1 ns. Its response is recorded in a time window of 25 ns

around the nominal beam crossing time.

The V0 is a trigger detector that can provide minimum-bias trigger for all col-

liding systems to the central barrel detectors and three triggers specifically designed

for PbPb collisions. It has an important role in rejecting background from beam-gas

collisions exploiting the relative time-of-flight measurement between the two arrays.

It can also participate in the measurement of luminosity in pp collisions with a fairly

good precision (about 10%).

T0 The T0 detector consists of two arrays of 12 Cherekov counters each, mounted

around the beam-pipe. One array is placed at z = −72.7 cm from the IP, the dis-

tance imposed by the layout and position of the muon spectrometer and of the other

forward detectors. It covers −3.28 ≤ η ≤ −2.97. The other array is placed at

z = 375 cm on the opposite side of the IP, grouped together with other forward de-

tectors. It has a pseudo-rapidity coverage of 4.61 ≤ η ≤ 4.92. In the radial direction

they are placed as close as possible to the beam pipe to maximize the trigger effi-

ciency. The T0 detector, together with the V0, provides fast trigger signals. The main

goals of the T0 are: i) measure the event time with a precision better than 25 ps;

ii) provide the TOF with a start time signal, that is the real time of the collision plus

a fixed delay and is independent of the position of the primary vertex; iii) measure

the interaction vertex position with a precision of ± 1.5 cm and provide a L0 (level

zero) trigger when the position is within a predefined window to detect beam-gas

interactions; iv) provide a wake-up signal to the TRD readout electronics, prior the

L0 trigger; v) generate minimum-bias and other trigger signals (based on threshold

on multiplicity in heavy-ion collisions). The T0 contribute to the L0 trigger of the

experiment since its dead time is less than the bunch-crossing period in pp collisions

(25 ns).

Data Acquisition System (DAQ) The tasks of the ALICE DAQ system are the as-

sembly of event fragments from individual sub-detectors into complete events (event
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Figure 2.6: ALICE software. Flow of the data. The separation between offline and online phases are
not so strict as appears in the sketch (see text).

building) as well as buffering and export of assembled events to permanent storage.

The DAQ is designed to process a data rate of up to 1.25 GB/s in heavy-ion runs.

Event building is done in two steps. Data from the sub-detectors is received by De-

tector Data Links (DDLs) on Local Data Concentrators (LDCs). The LDCs assemble

the data into sub-events that are then shipped to Global Data Collectors (GDCs). A

GDC receives all sub-events from a given event and assembles them into a complete

event. Subsequently, these events are stored on a system called Transient Data Stor-

age that provides (till the end of the 2010) 45 TB of data storage. During the pp data

taking of the 2010, the DAQ comprised 200 LDCs and 60 GDCs.

The raw data taken by the sub-detectors are processed before being available in

the form of reconstructed events for further analysis. This happens in several stages

and is illustrated in Fig. 2.6. Data originating from the sub-detectors (denoted by (1)

in the figure) are processed by LDCs, global events are built by GDCs (2). The so-

called publish agent registers the assembled events into the AliEn system (explained

in the following) i.e. on the Grid (3), and ships them to the CERN computing centre

where they are stored first on disks and then permanently on tapes by the CASTOR

system.
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During data-taking the sub-detectors also produce conditions data providing in-

formation about the detector status and environmental variables. Examples are the

detector configuration, the inactive and noisy channel maps. Conditions data are

produced by special programmes that process the raw data stream and extract the

needed values, working in the realm of DAQ, DCS (Detector Control System) and

High Level Trigger (HLT) and storing their output on so-called File eXchange Servers

(FXS) (6-8) in Fig. 2.6.

A dedicated programme called shuttle collects these outputs and makes them

available for the reconstruction. Furthermore, it retrieves information about the

run from the electronic logbook and collects continuously monitored values that are

written into the DCS archive. After processing the data, the Shuttle registers the pro-

duced condition files in AliEn and stores the data in CASTOR. With the registration

of the raw and conditions data the transition from the online to the offline part has

taken place.

Largely, online denotes all actions and programs that have to run in real time, of-

fline is the subsequent step, like for example event reconstruction, which is executed

on worker nodes (WN) of Grid sites located around the world. In fact, this separa-

tion between online and offline is not so strict, because during the data taking a first

online reconstruction is performed in real time and some calibration information (as

the values used for the alignment) are offline extracted and stored in the database

in a further step.

Trigger system The trigger system used by ALICE has been studied to select events

with different features depending on the physical interests and is optimised to work

both in nucleus-nucleus and pp collisions. A dedicated processor combines the sig-

nals coming from detectors with fast trigger capability (T0, V0, ZDC, SPD, TOF, TRD,

PHOS, EMCal, Muons, ACORDE). It operates at several levels to satisfy the individ-

ual timing requirements of the different detectors. A pre-trigger activates the TRD

electronics shortly after each interaction (<900 ns) while two further levels (L0 at

1.2 µs and L1 at 6.5 µs) reduce the event rate depending on the trigger inputs. A

final trigger signal called L2 at about 100 µs is then issued after the end of the drift

time in the SDD, the slowest detector in ALICE.

The sub-detectors of ALICE can be grouped in several partitions for the simulta-

neous data acquisition. For each partition, the active sub-detectors can be grouped

in turn into different clusters for which proper trigger classes are defined. The col-

lected data are then merged in a single file. A triggering detector does not have to

be necessarily part of the partition. A configuration frequently used during the 2010
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data taking consisted of two main clusters, with different trigger classes, in order

to have: i) a partition including all the active detectors; ii) a partition (called fast)

without the sub-systems with high dead time (namely TPC and SDD) optimised to

collected events at forward rapidity (i.e. detected by the muon arm).

The trigger includes a protection against pile-up and an event priority scheme

which optimizes both the acceptance of rare triggers and the overall throughput

of accepted events. In addition to the hardware trigger system, ALICE can select

or reject events by means of the so called High-Level Trigger (HLT). It consists of

up to 1000 multiprocessor computers which perform a detailed on-line analysis on

complete events. The HLT is also used to reduce the event size by selecting only a

fraction of the data for readout (region of interest) or by compressing the complete

event information.

2.3 ALICE software

In Fig. 2.7 the ALICE offline framework, AliRoot (Cortese et al., 2005), is schemati-

cally shown. Its implementation is based on Object Oriented design and C++ pro-

gramming by multiple authors, with some external programs (hidden to the user)

still in FORTRAN.

The ROOT framework, upon which AliRoot is developed, provides an environ-

ment for the development of software packages for event generation, detector sim-

ulation, event reconstruction, and data analysis. It offers, among other features,

integrated I/O with class schema evolution, an efficient hierarchical object store

with a complete set of object containers, C++ as a scripting language and a C++

interpreter, advanced statistical analysis tools (multidimensional histograms, sev-

eral commonly used mathematical functions, random number generators, multi-

parametric fit, minimisation procedures, cluster finding algorithms etc.), HTML doc-

umentation tools and advanced visualisation tools. The ROOT system is interfaced

with the Grid Middleware in general and, in particular, with the ALICE-developed

AliEn system (Saiz et al., 2003). In conjunction with the PROOF system, which

extends ROOT capabilities on parallel computing systems and clusters, this pro-

vides a distributed parallel computing platform for large-scale production and anal-

ysis. Since the framework is continuously evolving, a specific release policy has

been adopted. The ROOT system was extended with ALICE specific classes and

libraries grouped in modules. These libraries are loaded dynamically and the con-

tained classes share the same services with the native ROOT classes, including object

browsing, I/O, dictionary and so on.
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AliRoot has been developed since 1998. This framework is used for simulation,

alignment, calibration, reconstruction, visualization and analysis of the experimen-

tal data. Initially it was used to carry out simulation studies in order to optimize

the design of the ALICE subsystems, then it has been used to study the physics per-

formance of the full ALICE detector and to asses the functionality of the framework

towards the final goal of extracting physics results from the data.

Figure 2.7: ALICE software. Scheme of the official framework: AliRoot.

The processing steps performed with the AliRoot framework starting from Monte

Carlo data or from real raw data are shown in Fig. 2.8. Simulated data are pro-

duced using Monte Carlo generators and contain the full information about the gen-

erated particles (particle identification and momentum); then the generated tracks

are transported through the detector and support geometry using simulation pack-

ages such as GEANT3, FLUKA and GEANT4. The energy deposition at a given point

and time is stored in the so called hits for each ALICE sub-system.

This information is complemented by the so-called track references, correspond-

ing to the location where the particles are crossing user-defined reference planes.

Hits are then transformed into an ideal detector response and into the real detector

response: digits are produced taking into account the electronic manipulation of the

signal performed by detectors and their electronics, including digitisation. Finally

the digits are stored in the specific hardware format of each detector as raw data.

From this point on, simulated and real raw data data undergo the same process-

ing steps: local reconstruction and tracking. To evaluate the detector and software
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Figure 2.8: ALICE software. Scheme of the data processing framework.

performance, simulated data are processed throughout the full chain and the final

reconstructed particles are compared to the Monte Carlo ones.

Shortcuts are possible in the interest of saving computing time, for instance using

hits directly for physics studies, instead of producing digitised data and then recon-

structing them. The users can intervene in this cycle provided by the framework to

implement their own analysis of the data or to replace any part of it with their own

code.

Generators The offline framework was developed for efficient simulation of dif-

ferent colliding systems, that is p–p, A–A and p–A collisions. External generators

(for example HIJING (Wang and Gyulassy, 1991) for nucleus–nucleus interactions,

PYTHIA (Bengtsson and Sjostrand, 1986) and PhoJet (Engel et al., 1995) for pp

interactions) can be employed. However, since existing generators give different

predictions at the same
√
s or do not correctly simulate some detector features, the

ALICE offline framework provides several solutions to reach an efficient simulation:

i) simple generators based on parametrised η and pt distributions that can provide

a signal-free event; ii) a tool to merge events from different signal generators; iii)

tools for merging underlying events and signal events on the primary particle level

(called cocktail); iv) afterburners to introduce ad hoc particle correlations.

In addition, since simulation of small cross-section observables require long cam-

paigns to generate enough events to be compared to the statistics collected in the
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experiment, rare signals can be generated using the interface to external generators

or simple parameterisations of transverse momentum and rapidity spectra, defined

in independent libraries.

Detector response Particles produced by a Monte Carlo generator are transported

in the materials of the ALICE sub-system, simulating their interaction and the en-

ergy deposition that generates the detector response. Three transport Monte Carlo

packages are used to simulate the detector response: GEANT3 (Brun et al., 1985),

GEANT4 (Agostinelli et al., 2003) and FLUKA (Battistoni et al., 2007). Virtual in-

terfaces have been developed to use them for the simulation of the ALICE geometry

within the AliRoot framework. Besides, their native geometry modellers have been

replaced by a geometry one provided by ROOT. The ALICE experiment is described

in the simulation in great detail, including services and support structures, absorbers,

beam pipe, flanges and pumps.

Reconstruction The reconstruction code has a modular design that allows it to be

compiled into separate libraries and to be executed independently of the other parts

of AliRoot. The input consists of the digits together with some additional information

(e.g. module number, readout channel number). The reconstruction can use both

digits in special ROOT format (for development and debugging purposes) and digits

in the form of raw data, as they are produced by the real detectors.

The output of the reconstruction is stored in the Event Summary Data (ESD). It

contains the reconstructed tracks together with the particle identification informa-

tion, the reconstructed primary vertex, decays and V0, kink and cascade topologies

and particles reconstructed in the calorimeters.

A main class provides the user with a simple interface to configure the reconstruc-

tion procedure, include or exclude a detector from the run and ensure the correct

sequence of the reconstruction steps (local reconstruction for each detector, primary

vertex reconstruction with SPD, track reconstruction and particle identification, pri-

mary and secondary vertex reconstruction from tracks).

The space points are reconstructed by a detector-specific cluster-finding proce-

dure. For each point, we also calculate the uncertainty of the position estimation. All

of the central tracker detectors (ITS, TPC, TRD) have their own detailed parametri-

sation of the space-point position uncertainties. The extracted coordinates together

with the position uncertainties are then used by the track reconstruction algorithm.

This is based on the Kalman filter approach. The detector specific implementations of

such algorithm use a set of common base classes, which makes it easy to pass tracks
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from one detector to another and test various parts of the reconstruction chain.

Analysis Analysis is the last step performed on data to extract physics results. It

sarts from the ESD, whose size is about one order of magnitude lower than the

corresponding raw data. Analysis performed on the ESD produces Analysis Object

Data (AOD), that are used by further analysis steps.

Analyses can be scheduled (or ordered) or chaotic. Scheduled analysis is per-

formed in a way also indicated as freight train. The ALICE generic analysis frame-

work attaches a number of official algorithms and carries them through data. The

advantage is that each event is read only once and the different algorithms are ap-

plied to it. Such scheduled analysis has a predictable resource consumption and data

access pattern as opposed to chaotic analysis. Chaotic analysis is usually performed

during the code developing phase on local systems with a limited amount of data. A

general analysis framework has been developed and called AliAnalysis. Its scheme

has to be employed by users to perform scheduled and chaotic analyses. It has been

developed such as the user code is independent of the computing system used. It

also allows Monte Carlo truth to be used for acceptance and efficiency correction

studies and calculation.

Offline tools The computing resources required to store, reconstruct and analyse

the present and foreseen amount of data (both real and simulated). It can not be

concentrated in a single computing centre. Therefore data processing and storage

is distributed onto several centres worldwide located. The Grid Middleware allows

a heterogeneous collection of resources to be treated as an integrated computing

centre. This is one of the main areas in which the ALICE Offline Project operates.

The ALICE interface to the Grid is AliEn (Alice Environment) (Saiz et al., 2003).

It has been developed to offer the ALICE user community a simplified and trans-

parent access to the computing resources distributed worldwide through a single

interface. The AliEn system is built around common open source components and

on top of the latest internet standards for information exchange and authentica-

tion. It provides a virtual file catalogue with transparent access to distributed data

sets. Besides, a number of collaborating web services which implement the authen-

tication, job execution, file transport, performance monitor and event logging have

been implemented. A detailed description of the architecture and the components

of the AliEn system can be found in Buncic et al. (2003).

The Parallel ROOT Facility (PROOF) allows the user to run interactive parallel

analyses on a local cluster to process large amounts of data minimizing the response
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time. Parallel means that several nodes process subsets of data at the same time.

PROOF itself is not related to Grid but can be used in the Grid.

The CERN Analysis Facility (CAF) is a cluster at CERN running PROOF for ALICE.

Simulated data and measured data are available on the CAF. The aim is conceptually

different from analysis on the Grid: due to the limited disk space, only a sub-sample

of data taken by ALICE are accessible on the CAF, however it gives much faster

feedback than the Grid. The design goal for the CAF is a system with 500 CPUs. At

least 50 TB of selected data are available.
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Chapter 3

Detector commissioned: SDD

Punibile per un incauto morso a quella benedetta mela

e per aver contestato la teoria geocentrica. Eppur si

muove, malgrado l’inerzia imposta, il dilagante

oscurantismo, la dispotica repressione.

Carmen Consoli

Abstract

The general working principle of the Silicon Drift Detector (SDD) and the peculiar optimization

performed for ALICE will be explained as general introduction to the system. In the second

part, the works performed by the author will be shown: a detailed study on the charge

collection efficiency and the commissioning with cosmic-ray and pp data collected at the LHC.

3.1 Silicon Drift Detector

3.1.1 Principle of operation

Silicon detectors have been used in almost all High-Energy or Nuclear Physics exper-

iments in the last twenty years. The most commonly used configurations are Silicon

strips and pixel sensors. The Silicon Drift Detectors (SDDs) were proposed in the early

eighties by Gatti and Rehak (Gatti and Rehak, 1984), but they have still a moderate

employment in the physical experiments.

Among all the different types of Silicon detectors, SDDs offer two-dimensional

position reconstruction with a limited number of read-out channels, high granularity

and good multi-track capability, besides a large area coverage. For these reasons

they are well adapted to the high multiplicity environment created by heavy-ion
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collisions at the LHC. The operating principle is based on the measurement of the

time necessary for the electrons produced by ionization of the crossing particle to

drift from the generation point to the collecting anodes, by applying an adequate

electrostatic field, as it is shown in Fig. 3.1.

Figure 3.1: SDD operation scheme.

A drift channel in the middle of the depleted bulk of a Silicon wafer performs the

transport of the electrons, in a direction parallel to the surface of the detector along

distances of few centimeters. At the edge of the sensitive area electrons are collected

by an array of anodes. The electron drift time, from the point where charge is gen-

erated to the anodes, provides the position along one coordinate, while the centroid

of the charge collected by anodes gives the position along the other coordinate.

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

crossing particle and can be used for particle identification. The design of Silicon

drift detectors is dictated by two crucial requirements: i) the creation of a potential

distribution within the Silicon wafer able to focus the electrons from the generation

point to the middle plane; ii) the creation of a drift field to transport the charge

towards the anodes.

The focusing of the electrons in the centre of the detector is achieved by fully

depleting a thin area of the Silicon wafer through a small contact called virtual

electrode (Bonvicini et al., 2000). Specifically, two reverse biased p+n junctions can

be created with two n-doped Silicon wafers of thickness w/2 with the n-side biased

at ground with a n+ contact and the p+ implant of the other side set at a negative

voltage (Fig. 3.2). As a consequence, in each wafer a depletion region of extension d

is formed. The n+ contacts of the two wafers may be joined without modifying their

electrostatic condition. The practical realization of this principle is to create two p+
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Figure 3.2: Double p+n junction not fully depleted (a), of a not fully depleted (b) and of a fully
depleted (c) single semiconductor wafer with two p+n junctions at the two sides.

cathodes on a single wafer of thickness w/2 by placing the n+ depletion contact at

the edge of the wafer, still without modifying the potential distribution within the

wafer (Fig. 3.3).

Figure 3.3: Parabolic profile of the potential distribution in a fully depleted region with a p+ cathode
on each side.

When the negative potential is applied to the p+ strips, the wafer is fully depleted

and the potential distribution within its volume represents the solution of the one-

dimensional Poisson’s equation (Gatti and Rehak, 1984). For details see appendix A.

In order to guide electrons from the middle plane towards the detector surface,

a set of cathode strips (pull-up cathodes) is used on p-side face of the wafer with

carefully chosen voltages. An example of potential simulation in the collection zone

is shown in Fig. 3.4, where the effect of pull-up cathodes in front of the anodes is

evident.

3.1.2 SDD of the ALICE experiment

The SDDs equip the two intermediate layers of the ALICE ITS (Dellacasa et al., 1999)

where the charged particle density is expected to reach up to 7 cm−2 for central

PbPb collisions in case of dNch/dy = 8000. They have a very good multi-track
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Figure 3.4: Numerical simulation of a typical real potential distribution in the collection zone of a
Silicon Drift Detector.

capability and provide two out of the four dE/dx samples needed for the ITS particle

identification. In Fig. 3.5 the inner layer installed in ALICE at the LHC is shown.

Figure 3.5: Picture of the SDD inner layer of the ALICE Inner Tracking System, fully assembled in the
INFN laboratory of Turin and then brought to the Interaction Point 2 of the LHC at CERN.

The ALICE SDDs are produced from 300 µm thick Silicon wafers characterised

by a good doping homogeneity (5%) and high resistivity (3 kΩcm). The required

doping concentration is achieved by means of a neutron transmutation process1

within the Silicon isotope 30Si and the thermal neutrons, producing the phospho-

1The use of the NTD process is necessary to have a doping as uniform as possible because the doping
inhomogeneities cause systematic effects in the coordinate reconstruction.
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rus isotope 31P. The final SDD module has a sensitive area of 7.017 × 7.526 cm2,

corresponding to 88% of the total detector area. It is split into two drift regions by

a central cathode strip. Each drift region has 256 collection anodes with 294 µm

pitch and 291 p+ cathode strips with 120 µm pitch (on both sides of the detector).

Cathodes fully deplete the detector volume and generate a bidirectional drift field

parallel to the wafer surface, causing the electrons to migrate from the middle of the

detector towards the two linear arrays of anodes (Fig. 3.6).

Figure 3.6: Layout of ALICE SDD. The sensitive area is split into two drift regions by the central, highest
voltage, cathode. Each drift region has one row of 256 collection anodes and three rows of 33 point-
like MOS charge injectors for monitoring the drift velocity. Drift and guard regions have independent
built-in voltage dividers.

The drift field is obtained by gradually scaling down the voltage applied from

the central cathode towards the anodes with a potential difference Vgap between

adjacent cathodes. The drift field is so given by:

Edrift =
Vgap

120µm
(3.1)

This configuration has been optimised to channel the drifting charge towards the

anode array with the aid of a complex polarization scheme. The high voltage HV

is given by an external power supply. The voltage gap for all the others cathodes is

guaranteed by an integrated and an external voltage dividers planted in the SDD.

The pull-up cathodes are sorted beyond the cathode number 291 (the closest one to

the anodes), but they are bounded to the cathodes number 288 and 286 in order to

be at voltage values (W1 and W2) larger than the last cathodes.

The degrading of the high voltage to the zero potential of the detector boundary

is implemented by two insensitive guard regions biased by 145 cathode strips with

32 µm pitch. To improve the detector reliability, all the drift and guard regions have

their own built-in voltage divider.
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The required potential configuration is obtained with an integrated voltage di-

viders made of p+ resistive implants (170 kΩ each) connecting adjacent cathodes, a

peculiar feature of ALICE SDD design. A medium voltage MV = −40 V is applied to

cathode number 291 to fully deplete the sensor in the collection region. The central

cathode is so set to the high voltage value calculated as:

HV =MV + 291 · Vgap. (3.2)

The front-end electronics is assembled on two hybrid circuits, one per anode row,

glued on rigid carbon fiber heat exchangers clipped to the cooling pipes running

along the ladder structure. The coolant is de-mineralised water. End-ladder boards

provide the interface between the SDD module and the external sub-systems such

as data acquisition (DAQ), trigger, Detector Control System (DCS) and low and high

voltage supplies. Each hybrid circuit has its own low-voltage board, carrying the low

voltage regulators, the Low Voltage (LV ) differential signalling signal-receivers and

the interface with the DCS. Each detector has its own high voltage board, contain-

ing the filtering of the high voltage bias, the drivers of the injector line (explained

in the following) and an external voltage divider. Each detector has been first as-

sembled with its front-end electronics, the high-voltage connections and the related

end-ladder boards as a unit, called module. The connections between the detectors,

the front-end hybrids and the end-ladder boards, and the connection for the detector

biasing are all assured with flexible Aluminium-polyimide micro-cables that are tape

automatic bonded.

MOS charge injectors An injection structure, capable to inject a controlled amount

of charge in the detector bulk at precisely known distances from the anodes, is a

powerful tool that can be used to monitor the drift velocity during the data taking.

This is obtained by means of Metal Oxide Semiconductor (MOS) charge injectors,

whose operating principle is shown in Fig. 3.7.

The idea is to exploit the electrons which can be accumulated in the potential

pocket created below the oxide. A p+ implant runs below the metal and the oxide in

order to prevent the formation of the electron accumulation layer. In certain areas

where the p+ implant is interrupted so to obtain the real injectors. By applying a

negative pulse to the metal gate, the electrons can overcome the potential saddle

point and be injected in the Silicon bulk. The metal gate is 100 µm long and 20 µm

wide (Bonvicini et al., 1999).

The actual drift velocity is not constant in every point of the sensor, but it changes
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Figure 3.7: Principle of operation of the MOS charge injectors mounted in the ALICE Silicon Drift
Detector. They are used to measure the drift speed in different position on the sensor surface.

in according to the variation of the temperature, which is higher near the voltage

divider in both sides of the detector. For this reason, it is important to know the drift

velocity as a function of the anode number. In the ALICE SDD module, 3 rows of

33 injectors (about 1 every 8 anodes) are placed at 3.225, 17.625 and 34.425 mm

from the anodes.

Front-end electronics and readout The front-end electronics of the SDD is based

on three application-specific integrated circuits (ASICs). The first one, called PAS-

CAL, is a mixed-mode chip with 64 channels (Rivetti et al., 2005). In each channel

the signal coming from one anode is amplified by a charge sensitive amplifier and

sampled at 40 MHz by an analogue memory with 256 cells. A sampling frequency of

20 MHz can also be used in order to reduce the dead time and this value has been

chosen for the first pp and PbPb data taking at the LHC of 2009 and 2010.

When a trigger signal is issued, the content of the memory is frozen and the sam-

ples are digitised by a 10-bit successive-approximation ADC. One converter serves

two adjacent channels, so 32 ADCs are embedded on the chip. After the digitiza-

tion, the data are transferred to the second stage, handled by a AMBRA chip (Mazza

et al., 2008). This ASIC performs the pedestal equalization on a channel by chan-

nel basis and applies a 10 to 8 bits compression algorithm before storing the data

in one of its four event buffers. The use of event buffers on AMBRA provides the

de-randomisation of the triggers, so the data transmission speed from the front-

end hybrid can be tuned to the average event rate. Four PASCAL-AMBRA pairs are
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mounted on the front-end hybrid (Rivetti et al., 2005), which is a flex circuit made of

Aluminum-Kapton cables laid-out on a carbon fiber support. A picture of the hybrid

is shown in Fig. 3.8. Two front-end hybrids are hence necessary to read-out a full

sensor. A short cable (≈ 2 cm) connects the SDD anodes to the PASCAL inputs, while

a longer one (up to 40 cm) guarantees the communication between the hybrids and

the rest of the system and distributes the supply voltages. All the interconnections

exploit the Aluminum on Kapton technology.

Figure 3.8: Picture of one SDD hybrid: 4 PASCAL (close to the sensor) and 4 AMBRA are shown.

Two front-end hybrids are connected to the same data compression board which

hosts one CARLOS chip (Antinori et al., 2004), the third element of the front-end

chain. When a trigger is received, all the AMBRAs transmit the data in parallel to the

CARLOS chips on the end-ladder in 1.24 ms. CARLOS performs the zero suppression

before sending the data via optical fiber to the so called CARLOSrx board (Anti-

nori et al., 2006). Due to the diffusion occurring in the sensor the signals present

significant tails, so the use of a zero suppression is problematic. A bi-dimensional

compression algorithm based on a dual threshold has therefore been preferred (Al-

berici et al., 2000). To be accepted as a valid signal, a sample must exceed the

higher threshold and have at least one neighbor above the lower one or vice-versa.

This allows the noise spikes (isolated samples above threshold) to be suppressed and

the samples in the tail of the signals to be preserved as much as possible. Despite

their amplitude, these contribute significantly to the final spatial resolution because

of their bigger lever arm in the centroid calculation. Moreover, a cut of these tails
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also affects the measurement of the deposited energy.

The three ASICs embody a Joint Test Action Group (JTAG) standard interface, in

order to allow us full testability at the board and system levels. The readout archi-

tecture was designed in order to minimize cabling, due to the low space available

on the ladders. The same interface is used to download control information into

the chips before the data taking. A programmable test pulse generator on PASCAL

provides a fast and detailed test of the whole chain for calibration purposes.

The frequency for the PASCAL sampling sets a constraint on the drift velocity

value. Indeed, the maximum drift time results tsampl = 6.4 µs, the maximum drift

distance on the sensor is smax = 35 mm, so the minimum drift velocity value is:

vmin =
smax

tsampl
= 5.6µm/ns. (3.3)

Modules and ladders The SDD module (Fig. 3.9), consisting of one Silicon drift

detector and two front-end hybrids, is the basic building element of the SDD sub-

system in the ITS frame. The hybrid circuits, which hold the front-end chips, are

connected to the detector anodes through micro-cables. Each hybrid is connected

to a LV card, placed in the end-ladder, providing individual power supply regulation

and signal interfacing to the data-reduction electronics. Low voltage cables carry

the A/D converted signal to the LV cards at the end-ladder. All the assembly and test

steps were performed in-house in the INFN Laboratories (Beole et al., 2007).

Figure 3.9: Schematic layout of a Slicon Drfit Detector module with the front-end electronics.
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High voltage is supplied through a specific cable, which connects the detector

to an HV card and carries the signals for the injectors. An external voltage divider

is placed on the HV card, which bias some cathodes to specific reference voltages

through the so called transition cable, placed on the p-side detector surface. A wrap-

around cable carries cathode biasing from one side of the detector to the other.

Injector pulses are generated from JFET devices placed on the LV cards. Fig. 3.9

shows schematically the layout of a front-end module. In Fig. 3.10 pictures of the

two sides of a module are shown. In Tab. 3.1 the main characteristics of the SDDs

are summarized.

Figure 3.10: Pictures of the ALICE Silicon Drift Detector module, upperside on the left, underside on
the right.

Sensitive area 70.17 × 75.26 mm2

Collection anodes 2×256 Total cells (260 SDDs) 23.16·106

Anode pitch 294 µm Cathode pitch 120 µm
Drift velocity ≈ 6.5 µm/ns Electric field 504 V/cm
HV (nominal) -1800 V Bias (MV) -40 V
Av. rϕ resolution 35 µm Av. z resolution 25 µm

Table 3.1: Main characteristics of the ALICE Silicon drift detectors.

Each module is divided in two active parts, numbered side 0 and side 1. The

SDDs are mounted on linear structures called ladders (Fig. 3.11). There are 14

(22) ladders in the inner (outer) layer with 6 (8) modules in each layer, so 260

detectors as total. These structures are assembled to have an overlap of the sensitive

regions larger than 580 µm in both rϕ and z directions. This ensures full angular

coverage for vertices located in the beam crossing region. The ladder space-frame is

a lightweight triangular truss made of Carbon-Fibre Reinforced Plastic (CFRP) and

has a protective coating against humidity absorption. The same material has been

used for the structure sustaining the ladders, which is composed of a cylinder, two
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cones and four support rings. The cones provide the links to the outer barrel and

have windows for the passage of the SDD services. Detectors are attached to the

ladder space-frame using pins and are oriented with their anode rows parallel to the

ladder longitudinal z-axis.

Figure 3.11: Pictures of a SDD ladder during the mounting phase.

Before clipping the hybrids to the cooling pipes, the positions of the detectors

were measured with respect to the reference ruby spheres glued to the ladder feet.

The whole procedure of assembly of detector modules to the ladder frame was per-

formed using a precision measurement machine and a set of specially designed tools

(see Fig. 3.11). Each ladder, once assembled and measured, was completely tested.

In few cases, problematic modules were removed from the ladder and replaced.

Inner layer Outer layer
Detectors per ladder 6 8
Ladders per layer 14 22
Detectors per layer 84 176
Ladder sensitive half-length [cm] 22.16 29.64
Ladder length [cm] 45.56 60.52
Average layer radius [cm] 15.03 23.91
Ladder space-frame weight [g] 11 15
Weight of ladder components [g] 87 121

Table 3.2: The main parameters of the ALICE SDD layers.

3.2 Calibration and operation

3.2.1 Charge collection

The SDDs inside the ALICE ITS have two main tasks: i) to ensure an adequate space

resolution on the particle crossing point together with good multi-track capability; ii)

to measure the specific ionization energy loss (dE/dx). Hence, the Charge Collection
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Efficiency (CCE) is an important characteristic of the detector quality in order to

achieve the required precision in dE/dx measurements.

For charged particles most of the energy loss is due to ionization. Photons may

lose their energy via photoelectric, Compton or pair production effect, depending on

the energy range. Electrons lose most of their energy through bremsstrahlung, while

for other relativistic particles the Bethe-Block formula can be applied:

− dE

dx
= Kz2

Z

A

1

β2

[

1

2
ln

(

2mec
2βγ2Tmax

I2

)

− β2 − δ(βγ)

2

]

(3.4)

where z is the charge of the incident particle, Z the atomic number and A the atomic

mass of the medium, β and γ the kinematic variables of the incident particle and

mec
2 the electron mass. The variable I is the mean excitation energy, Tmax is the

maximum kinetic energy which can be transferred to a free electron in collision and

δ is a density correction factor. For low energies (β ≪ 1) the energy loss decreases

as β2 and after a minimum it grows slowly. Particle with energy above the so called

1/β2 region are called minimum ionizing particles (MIPs). For a MIP, the statistical

fluctuations in the energy deposited follow a distribution which is usually referred

to as a Landau curve.

The CCE must be known as a function of the drift time (i.e. the time necessary

for the electrons, created by ionizing particles in the active volume, to reach the

cathodes). In the SDD, the drift time can be as long as 6 µs. The possible reasons of

a decrease in CCE are described in the following points.

1. The drifting charge carriers (electrons in the SDD case) undergo diffusion,

giving rise to an electron cloud with Gaussian-like profile, both along the drift

and anodes axes, with a sigma given by

σ2 = 2D tdrift + σ2time0 (3.5)

where D is the diffusion coefficient: D = KBTµe/q, with KB the Boltzmann

constant, T the absolute temperature, µe the electron mobility and q the elec-

tron charge. For the ALICE Silicon Drift Detectors, D ≈ 3 ÷ 5µm2/ns. The

electron cloud generated far from the anodes can extend up to 4 anodes in

the anode direction and can last up to 200 ns along the drift direction. It may

happen that a fraction of the charge in the tails of the electron cloud does

not contribute to the total collected charge, because it gets suppressed by the

zero-suppression algorithm. This fraction increases with the Gaussian width

σ and consequently with increasing drift time. The zero-suppression may also
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affect the fraction of collected charge in case of inclined tracks which give rise

to elongated clusters with a larger fraction of anode/time bin cells with signal

below the thresholds.

2. A localized defect in one of the voltage dividers could result in a voltage un-

balance between the corresponding drift cathodes placed on opposite SDD sur-

faces. This effect leads to a shift of the bottom of the potential gutter, along

which the electrons drift towards the surface where the charge can be trapped.

As a consequence, it is expected to have a step like CCE fall-down above a given

drift distance.

3. Impurities present in the depleted silicon bulk of the SDD could trap drifting

charge carriers, this causes a dependence of the collected charge on the carriers

drift time. It is worthwhile to note that the effect of the zero-suppression

algorithm mentioned in point 1) easily fakes charge trapping.

Experimental setup and analysis methods The test setup exploits an 980 nm

infrared laser and micro-metric step motors to provide the capability of generating

signals in known positions in the detector. For a detailed description, see Batigne

et al. (2008). The aim of the work published in Alessandro et al. (2010a) was

to study the dependence of the collected charge on the drift time, to test the pos-

sible presence of systematic effects on the CCE. This dedicated studies have been

performed in the 2008 on three Silicon Drift Detectors that were not mounted on

the ALICE ITS, because they present a large number of bad channels (noisy or non-

functional), but they can be used for this analysis that has been done on few selected

anodes. Two modules (called A and B) have been obtained from the final production

of sensor using Silicon wafers with a uniform dopant concentration. One of these

(B) has a localized defect in the internal voltage divider. The third module (called C)

was a prototype built from a different Silicon wafer and presents significant doping

inhomogeneities (Batigne et al., 2008; Biolcati, 2007).

Three different analysis methods have been implemented: two of them make use

of the infrared laser to generate the signal, while the third method is based on the

ionization produced in the SDD sensor by atmospheric muons.

1. Fine position scanning consists in measuring the collected charge as a function

of the drift distance (i.e. the drift time), moving the laser on a linear trajectory

along the drift coordinate at fixed anode coordinate by means of micro-metric

step motors.
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2. Fixed position is based on the measurement of the collected charge when firing

the laser in a fixed point (i.e. at fixed drift distance) and varying the drift field,

thus changing the drift time only.

3. Cosmic rays is based on the measurement of the charge deposited by atmo-

spheric muons as a function of drift time.

Data have been collected without enabling the zero-suppression algorithm to

isolate possible effects of charge trapping and voltage divider defects. In Fig. 3.12

(left) an example of a cluster produced by a laser shot in the middle between anodes

39 and 40 is shown. On the x−axis the drift time measured in time bins (1 time

bin = 25 ns) is reported, while on the y−axis the anodic coordinate, defined by

the anode number, is shown. The collected charge, expressed in ADC counts, is

represented in gray scale. The two rectangles represent the signal and the baseline

regions which are used in this analysis to extract the collected charge, as it will

be explained later in this section. The plot shows 60 time bins × 17 anodes (out of

256 × 256 cells of one hybrid) where the signal cluster is visible. The cluster is 6 time

bins × 4 anodes size, with a peak value of ≈ 200 ADC. The size of the cluster is not

due to the size of the laser spot, which is ≈ 5÷10 µm, but to charge diffusion effects.

In the remaining part of the sensor an average value of ≈ 40 ADC counts is measured

for the baseline. In Fig. 3.12 (right) the charge collected by the anode corresponding

to the signal peak is shown as a function of the drift coordinate. For this module, the

average noise value (i.e. the fluctuation around the baseline) is ≈ 2.3 ADC counts.

The peak signal-to-noise ratio, obtained after the baseline subtraction, is about 95.
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Figure 3.12: Left: Cluster generated by a laser shot. The total charge value is obtained by subtraction
of charge contained in the two rectangles. Right: Slice plot along x−axis: charge collected by the
anode corresponding to the signal peak as a function of the drift time.

A possible method to measure the total cluster charge would be to set a thresh-

old equal to the baseline increased by few times the noise, and sum the ADC counts



3.2 Calibration and operation 61

of the cells passing this threshold (somewhat equivalent to a zero-suppression al-

gorithm). In fact, with such approach, the tails of the cluster would be cut, thus

affecting the measurement of the charge especially in the cases of large drift times.

Therefore a different method has been developed. The total charge of the cluster

is obtained by summing the ADC counts of all the cells inside a rectangular region

centred on the signal peak and sized so as to contain the entire cluster, also for the

cases with maximal diffusion (i.e. largest drift time). The sum of the ADC counts

in a rectangle with the same area and shifted along the drift direction is subtracted

to remove the contribution of the baseline under the peak. It is important to use

the same anodes to exclude possible systematic effects due to the different anode

baseline, gain or noise. A sketch of the two regions, called signal rectangle and

baseline rectangle, is shown in Fig. 3.12 (right).

Fine position scanning To check the dependence of the collected charge on the

drift distance, a specific trajectory has been implemented in the motor controller,

which moves the laser along the drift direction (i.e. perpendicular to the collection

anode row) at a fixed anode coordinate.

The SDD sensor (Rashevsky et al., 2001) has a row of 291 cathode strips perpen-

dicular to the drift direction. A 85 µm wide metallization, which reflects the laser,

covers the central part of each cathode (Fig. 3.13). In order to properly generate

a signal it is therefore necessary to centre the laser spot on the 35 µm wide space

between two Aluminum strips where no metal is present. A trajectory with a spatial

gap of 5 µm between two consecutive laser shots has been implemented, to select

those in which the laser photons have not been reflected by the metallization. In

Fig. 3.13 (right) the value of charge peak (i.e. the ADC counts in the anode/time bin

cell with highest signal) as a function of the laser position along the drift direction is

plotted. It is possible to distinguish the metal/oxide pattern (pitch = 120 µm) of the

SDD sensor: the flat regions in which the signal peak is low (50 ADC counts, close

to the baseline value) correspond to the metallization while in the inter-cathode

regions a peak signal of ≈ 200 ADC counts is observed.

The positions corresponding to the centre of the plateau between two consecu-

tive metallizations have been selected for the following analysis, in order to minimize

possible biases due to laser reflection effects. In Fig. 3.14 (left), the charge peak val-

ues are plotted as a function of the drift distance, corresponding to the known laser

positions during the scanning. A decrease of the charge peak value with increasing

drift distance is observed. It is due to the diffusion of the electron cloud during the

drift, which causes a decrease of the peak together with an increase of the signal
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Figure 3.13: Left: Picture of the SDD sensors (zoom): the cathode strips, the voltage divider (at the
top) and the collection anodes (on the left) are visible. Right: The metal/oxide pattern of the SDD
module visible from the laser signal peak vs drift coordinate.

RMS. This is confirmed by Fig. 3.14 (right), where the RMS values extracted from

a Gaussian fit to the charge signals along time bins are plotted as a function of the

drift distance.
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Figure 3.14: Fine position scanning performed with Vgap = 8 V. Left: Charge peak values vs drift
distance. Right: RMS along time-bins extracted from Gaussian fit to the charge signal vs drift distance.

In Fig. 3.15 the total collected charge calculated with the two-rectangle method

described and normalised to the maximum value is plotted as a function of the drift

distance (corresponding to the known laser position) for the three modules. The er-

ror bars have been calculated from the RMS of the distribution of the counts summed

over the baseline rectangle. Data have been fitted with a straight line of equation

c(x) = a+ bx. The first 2 mm (≈ 10 time bins) of drift distance have not been taken

into account for the fit, because it has been observed that at low time bins a strong

effect of common mode noise (i.e. coherent fluctuations of all electronic channels)

appears. It is probably induced by the laser generation when the trigger signal is

issued by the motor control.
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Figure 3.15: Collected charge vs laser drift position for three SDD modules A, B and C.

For the module A, displayed in Fig. 3.15 (left), the collected charge is indepen-

dent of the drift distance. The p1 parameter of the linear fit is compatible with zero

within 2σ and the maximum charge difference, calculated as the line slope multi-

plied by the maximum drift length (35.085 mm), is about 1%. In Fig. 3.15 (middle)

(module B) the point-to-point charge fluctuations are larger than in the previous

plot, because the module is affected by higher noise. The maximum charge differ-

ence is about 2%. The data for these two modules can also be fitted with a constant

with a good χ2 test value. In Fig. 3.15 (right) (module C) a charge dependence on

the drift distance is observable, with a maximum charge difference of about 26%.

Module C, as mentioned before, is affected by large inhomogeneities in the Silicon

dopant distribution.

The same procedure was repeated for different voltage configurations, in order

to search for possible dependence on the electrical drift field values. The chosen

configurations are summarized in table 3.3. The nominal configuration used by the

SDD modules mounted in the ALICE ITS is Vgap = 6.04 V . This value has been chosen

as a compromise between the highest signal peak over noise which is obtained at

Vgap = 8 V and the better spatial resolution at lower Vgap provided by the larger

cluster size due to diffusion effects.

HV [V] MV [V] Vgap [V] Edrift [V/cm]
-2368 -40 8 667
-2082 -45 7 583
-1791 -45 6 500
-1645 -45 5.5 458

Table 3.3: Voltage configurations used for the systematic study.

In Fig. 3.16 the maximum charge differences for all the three modules as a func-
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tion of Vgap are plotted. The charge difference values for module A are compatible

with zero, indicating that no dependence of collected charge on drift time is present

for all the applied Edrift. For module B a maximum charge difference of ≈ 5% for all

voltage configuration is observed. In this case, the CCE seems to be independent of

Vgap. Module C data present a decrease from 29% to 26% with increasing Vgap. For

this particular module, a significant charge loss during the drift is observed and this

loss is larger at lower values of drift speed, which correspond to larger drift times.
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Figure 3.16: Maximum charge difference values vs voltage configuration.

Fixed position A second method for measuring the CCE has been developed in or-

der to limit the systematic effects due to possible misalignments between the sensor

plane and the laser support structure that can affect the scanning method described

in the previous section. It consists in collecting different samples of 1500 laser shots

in a fixed position with different values of Vgap, i.e. different values of the drift field.

Since the drift time depends on the drift field as td = xd/(µeEd), the measurement

at different Vgap can be used to study the dependence of the collected charge on the

drift time without moving the laser spot on the detector surface. In order to limit

systematic effects due to a drift in the laser intensity with time, or to possible dis-

placements of the sensor caused by mechanical vibrations, the measurements were

performed with a trigger rate of 100 Hz, thus limiting to 15 seconds the acquisition

time for each sample at a fixed Vgap. For each position up to six values of Vgap in

the range between 5.5 and 8 V were scanned, corresponding to a total measurement
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time for a given position of about 3 minutes, including the time to set up the system

in between two measurements and the data acquisition system starting and stopping

times. Moreover, the Vgap values were scanned in randomised order, thus canceling

correlations between the drift field value and the time of the measurement.

For each event, the peak value (i.e. the ADC counts over the baseline in the

anode/time bin cell with maximum charge), the position and the RMS of the laser

signal along time bins and the total charge were extracted. The total charge has

been obtained by subtracting the counts in the baseline rectangle from the counts in

the signal rectangle, as explained before.

In Fig. 3.17 (left) the distribution of the charge peak values for 1500 events

collected at Vgap = 7 V is shown. The effect of the lossy compression from 10 to 8

bit applied in AMBRA is visible: above 128 counts the Less Significant Bit (LSB) is

dropped and the precision of the ADC counts is limited to 2 units. In Fig 3.17 (right)

the distribution of the total collected charge is shown together with the result of a

fit to a Gaussian function.
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Figure 3.17: Distribution of peak charge value (left) and total cluster charge (right) for 1500 events
with Vgap = 7 V.

The drift time averaged over the 1500 events is reported in Fig. 3.18 (left) as a

function of the applied Vgap for a given fixed position of the laser shot. As expected,

a linear decrease of drift time with increasing drift field is observed. In Fig 3.18

(middle) the average value of peak charge as a function of the applied Vgap is shown:

the value of peak charge increases when the drift field increases, as expected due to

the smaller diffusion of the electron cloud during the shorter drift time. This is

confirmed by the decrease of the RMS of the signal peak along the drift direction

with increasing Vgap, as it can be seen in Fig 3.18 (left).

The values of the total charge averaged over the 1500 events are plotted as a

function of Vgap in Fig. 3.19 for the modules A (left panel) and C (right panel)

used in this study. To compare the values of charge collected on different modules

with different laser intensities, the total charge has been normalised to the value
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Figure 3.18: Drift time, charge peak and RMS along drift direction vs Vgap.

(in ADC counts) measured at Vgap = 8 V. The systematic error (gray band around

the point) was estimated from the spread of the values of average cluster charge

obtained by repeating 6 times the measurement at a fixed position and at same

Vgap. A clear dependence of the collected charge on the applied Vgap (i.e. on drift

time) is observed for module C, while for module A the total charge is independent

of the drift field, thus confirming the results obtained with the scanning technique

described in the previous section.
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Figure 3.19: Total collected charge versus Vgap for module A (left) and module C (right).

The measurement has been repeated shooting the laser in five different positions

on the detector surface. For module A, all the measurements showed no dependence

of the collected charge on the applied Vgap. For module C, in all the tested positions,

it has been observed that the charge collected at the minimum drift field (Vgap =

5.5 V) is about 90% of the value measured at the maximum Vgap of 8 V.

Cosmic rays A third method to study the CCE has been implemented. It is based

on the measurement of the charge released by atmospheric muons in the SDD sensor,

so as to avoid the possible systematic effects due to the laser reflection on the metal-
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lizations and to the common mode noise coming from the laser generation triggered

by the motor controller. A dedicated trigger system detecting atmospheric muons

has been built and operated, it is described in Alessandro et al. (2010a).

With this trigger, atmospheric muons with direction between 0o and 30o with

respect to the vertical direction are selected, providing an average trigger rate of

about 0.2 Hz. Due to the geometrical arrangement of the system and some selection

cuts on the cluster reconstruction in the SDD, 50% of the triggers select a muon

crossing the SDD module can be analysed.

In the 2008, 40 k cosmic events on SDD modules A and C, polarised with Vgap =

8 V, have been collected. In order to study the effect of the zero-suppression, for

module A, which did not show charge loss effects in the laser-based studies, a sample

of muons was collected with the zero suppression active. In Fig. 3.20 the results for

module A are shown (zero suppressed data). In the left panel, a profile of the peak

charge values shows the decrease of peak charge with increasing drift time. The

maximum decrease is about 47%. In the right panel it is possible to observe that the

cluster size increases with the drift time (profile plot). This behaviour is consistent

with the results obtained using the laser methods (see Fig. 3.14 and 3.18).
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Figure 3.20: Cosmic-ray data collected with Vgap = 8 V. Charge peak values vs drift time (left) and
cluster size values vs drift time (right).

To study the dependence of the collected charge on the drift time, data have been

acquired without zero suppression and, for each event, the charge of the cluster has

been calculated with the method described in before. Data have been divided in

nine bins along the drift direction. For each bin the distribution of the collected

charge has been fitted with a convolution of a Landau and a Gaussian. The Landau

curve is standard for the energy loss distributions in thin absorbers, the Gaussian

reproduces the non-ideal resolution of a true detector. As an example, three of these

distributions, one for a bin close to the anodes, one for the central region and one
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for a time interval far from the anodes (i.e. close to the centre of the detector) are

shown in figure 3.21.

Figure 3.21: Distributions of collected charge in different drift time intervals, fitted with a convolution
of a Landau and a Gaussian (without zero suppression).

The Most Probable Value (MPV) of the convolution function extracted from the

fit is then used in the study of charge dependence on drift time. In Fig. 3.22 (left)

the MPVs are plotted as a function of the drift time for module A and for two sets

of data (with and without zero-suppression). The triangular markers represent data

acquired without zero-suppression in the CARLOS chip and they do not show a de-

pendence of the collected charge on drift time. They can be fitted with a constant

function. The circular markers represent data collected with zero-suppression and

have been fitted with a straight line. In Fig. 3.22 (right), the MPVs as a function of

the drift time obtained by a Monte Carlo simulation, including a detailed description

of the detector and front-end response, are shown and fitted with a straight line. In

case of zero-suppressed data, the difference between the charge collected for muons

crossing close to the anodes and muons with maximum drift distance amounts to

≈ 15% in case of data and to ≈ 17% in case of simulation. This confirms that the

simulation correctly reproduces the detector response and the combined effect of

charge diffusion and zero suppression on the collected charge, allowing us to use

a correction factor extracted from the Monte Carlo simulations to account for this

effect also in LHC data.

In Fig. 3.23, the MPVs extracted from non-zero-suppressed events are plotted

as a function of the drift time, for modules A and C. Data are normalised to the

value measured at the lowest drift time. For module A (left), data are fitted with

a constant. As seen in the previous plot, no decrease of the most probable value of

the collected charge is present as a function of the drift time. On the contrary, for

module C (right), a cluster charge dependence on the drift time is visible. Data have

been fitted with a straight line. The maximum charge loss value, extracted from the
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Figure 3.22: Left: Module A, MPVs versus drift time. Data taken without zero-suppression are fitted
with a constant, data taken with zero-suppression on are fitted with a straight line. Right: Monte Carlo
simulation, cosmic data taken with zero-suppression.

fit, is ≈ 26%. This result is compatible with to the one obtained with the scanning

methods using the infrared laser.
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Figure 3.23: MPVs versus drift time (normalised values). Module A (left), data fitted with a constant.
Module C (right), data fitted with a straight line.

Conclusions The CCE has been investigated by studying the total cluster charge

as a function of drift time/distance for signal events produced with an infrared laser

and for atmospheric muon clusters (Alessandro et al., 2010a). On modules with uni-

form dopant concentration (A and B), no dependence of the collected charge on the

drift time has been observed, allowing us to conclude that effects of electron trap-

ping during the drift are negligible. On the contrary, on modules with large dopant

inhomogeneities a significant decrease of collected charge with increasing drift time

is observed, reaching a ≈ 26% difference between clusters produced close to the

anodes and clusters produced in the center of the detector. It should be pointed out
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that for this kind of sensors (C), an inefficiency in charge collection was already mea-

sured during beam tests (Kushpil et al., 2006) and the significant inhomogeneities

in dopant concentration were observed when mapping the detector response with

the laser. The dedicated studies on the detector mapping are summarized in Batigne

et al. (2008) and Biolcati (2007). As a matter of fact, only 2 modules of the 260

that have been mounted on the ALICE Inner Tracking System have been built on

the particular wafer type (C) and are expected to be affected by sizable systematic

effects on charge collection efficiency.

It has also been shown that the zero-suppression algorithm applied to reduce

the data size affects the measured cluster charge in a way that depends on the drift

time: for larger drift times, the electron diffusion gives rise to wider cluster tails

that are more likely to be cut by the thresholds applied when suppressing the ze-

roes. It should be pointed out that this effect can be accounted for when correcting

the reconstructed cluster charge because it is quantitatively reproduced by detailed

Monte Carlo simulation of the SDD detector response. This correction is possible

because, also at large drift times, the peak charge values are higher than ≈ 20 times

the average noise.

3.2.2 Operation at the LHC

In this section, the performance of the whole SDD system in ALICE at the LHC will

be discussed, starting from a brief description of the data acquisition and monitoring

tools.

In one of the four counting rooms of the ALICE experiment, at the IP2 of the LHC,

24 VME boards, CARLOSrx, have been installed to concentrate the data coming from

the 260 SDDs into 24 Detector Data Link (DDL) channels and embody the trigger

information in the data flow. Each CARLOSrx board controls up to 12 CARLOS

chips. CARLOSrx also uploads in parallel the configuration parameters received over

the DDL to the ladder front-end electronics. It controls and monitors the error-flag

words embedded in the data flow coming from the CARLOS chips in order to signal

potential Single-Event Upsets on the ladder electronics.

The CARLOSrx boards are arranged in three VME crates placed in one of the

four counting rooms (CR4), one devoted to the acquisition of all modules on the

inner layer and the other two for the modules of the outer layer. Each VME crate

is equipped with a VME CPU card used to load the boards firmware; this operation

can be performed remotely by the operator from the experiment control room. Each

CARLOSrx board is connected via an optical link to one input of a D-RORC (DAQ
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ReadOut Receiver Card) PCI card (the D-RORC has two outputs and sends an exact

copy of the data both to the DAQ and to the High-Level Trigger system). Since a DAQ

computer can host a maximum of six D-RORC cards, during the 2008 cosmic data

taking period, four Local Data Concentrator (LDC) computers were used to manage

the SDD acquisition. Afterwards, the number of available LDC increased up to the

six used during pp and PbPb data taking of the 2010. Each LDC interfaces with

the main run control programmes, performs data collection and sub-event building,

stores data locally and transfers them to the Global Data Collector (GDC) nodes

if requested. One GDC was dedicated to SDD stand-alone data taking. The GDC

collects sub-events from the LDCs, performs the event building and stores data either

locally or on a mass-storage system. Data recording can be disabled by software

both on the LDC and GDC level. LDCs allow us also to test the uploading of JTAG

commands on the SDD front-end chips and to dump the data flow to a terminal

for test and monitoring purposes. When running in stand-alone mode, the whole

data taking process can be controlled by the SDD operator using an user interface

common to all the ALICE sub-systems (see Fig. 3.24).

Figure 3.24: The main window of the Detector Control System (DCA) the user interface to control the
SDD modules.

In stand-alone mode the detector can acquire data using a pulsed trigger or a

random trigger (whose rate can be set from 1 Hz up to 40 MHz). This allows us to

perform the calibration runs described below, to check the acquisition operation and

to verify the detector performance (maximum event rate, detector occupancy due

to noise, etc.). On the other hand, when being part of a global acquisition run, the

control is locked by the main Experiment Control System (ECS) and the SDD oper-

ator can monitor the data flow and quality, the acquisition dead time, the current
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consuming for each module. The SDD online monitoring is based on the Quality

Assurance (QA) tools that are part of the ALICE offline framework, so as to pro-

vide online and offline functionality without code duplication. It is interfaced to the

ALICE DAQ Data Quality Monitoring (DQM) framework AMORE (Automatic MOn-

itoRing Environment), and is based on a publisher-subscriber approach. The SDD

QA code is driven by an AMORE Agent that publishes in the AMORE Database the

histograms generated by the SDD QA code itself. These histograms include the mod-

ule occupancy for each layer, and the charge map distributions of each half module2

(for a sampled event and integrated on all the analysed events). All the distribu-

tions can be retrieved from the database and visualized with the help of a custom

Graphical User Interface (SDD GUI) that works as subscribing client. Distributions

are plotted in groups selected by specific tabs, one of this is shown in Fig. 3.25. The

currently available tabs provide the summary plots of the module pattern of each

ladder for each layer, the DDL connections, the projection of the 2-D charge maps

and the module maps.

Figure 3.25: One of the tabs of AMORE, the official online monitoring system. In this window is
possible to see the occupancy of the 260 SDD modules in different views.

A second check on the Quality Assurance can be done in offline mode, using the

official reconstruction. Each physics run is immediately reconstructed and the QA

tools are used for all the sub-systems. The results are used by the SDD shifter to

check the data quality run by run or to see the behaviour of the most important SDD

parameters as a function of time. In Fig. 3.26 an example of this offline check is

shown. On the left side, the charge distribution collected during a pp run is shown

for both SDD layers. It is possible to observe that the higher peak, due to the MIP

2A half-module corresponds to a drift region of a single SDD sensor.
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release of energy, is at the same value of charge for both layers. The lower peak,

due to the noise, is higher for the inner layer 4 because this contains more modules

and the plotted values are normalised to the number of entries. On the right side,

the mean values of these distribution are plotted as a function of the run number,

covering a long period (few months) called LHC10f. The stability is evident for both

layers.
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Figure 3.26: On the left, the cluster charge distribution for the two SDD layers. On the right, the
charge mean values versus run number for a pp data taking period.

The three types of calibration runs described below have been implemented to

extract the relevant parameters for event reconstruction. These runs are started by

the SDD operator or by the ECS one. Events are triggered by the Local Trigger Unit

(LTU) whose trigger rate is manually set to a very low frequency (1 Hz). When

a predefined number of events is collected, the run is automatically stopped. The

collected data are registered on both the LDCs (for immediate analysis) and on the

mass storage system (for possible offline re-analysis).

A dedicated Detector Algorithm (DA) is executed on the LDCs immediately af-

ter the end of a calibration run to analyse these data and calculate the calibration

parameters needed in the reconstruction phase, namely anode-by-anode values of

baseline, noise, gain and drift speed. Bad anodes and modules are also identified

using this procedure. These calibration quantities provided by the DAs are stored

in the Offline Condition DataBase (OCDB) for the SDD by means of the SHUTTLE

framework. The reconstruction code can then retrieve this information during the

offline reconstruction by automatically selecting the most recent set of calibration

data according to the run being analysed.

During 2008 and 2009 these runs were carried out once a day, when the detector

was temporarily not part of a global run. During the 2010 pp run, the calibration

procedure has been integrated in the common configuration so that they can be

performed by the ECS operator without excluding the SDD from the global partition.
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Pedestal run Pedestal runs are special stand-alone runs performed about once per

week with both zero suppression and baseline equalization disabled. Their analy-

sis provides a measurement of the anode baseline and of the noise both raw and

corrected for common mode noise effects (see appendix B for details). Moreover

they can tag the noisy anodes which can be masked out during physics runs. The

values of baselines and noise and the fraction of bad channels (around 0.5%) have

all proven to be very stable during the entire data taking period.

When starting a pedestal run proper JTAG commands are sent to all modules to

inhibit baseline equalization and set to zero the thresholds for zero suppression. The

results of the pedestal DAs are the computation of the anode baselines and noise.

An example of baseline distribution as a function of the anode number for one half

module is shown in figure 3.27 left, the different average baselines for the four

different chips are clearly visible. On the right of the same figure the distribution of

baselines before equalization for all modules is shown.
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Figure 3.27: On the left, the baseline value versus the anode number for one half-module. On the
right, the distribution of the all baseline values (512 anodes × 260 modules).

Baselines are then equalised to bring them all to the same level of 20. The

equalization value for each anode is inserted in the JTAG command sequence loaded

on the AMBRA chips. The value of 20 was chosen as a compromise between different

requests: i) the maximum equalization correction is 6 bits (63 ADC units); ii) the

baseline should be as low as possible to take the best advantage of the 0-127 count

range in which the ADC is not affected by the non-linear compression from 10 to

8 bits; iii) the baseline should not be so low that the fluctuations due to the noise

can bring the ADC counts below zero. The same pedestal run is used to compute

the noise, both raw and corrected for common mode, and to tag the noisy anodes.

Anodes are marked as bad when the raw noise is < 0.5 or > 9 ADC counts; moreover

anodes whose noise is greater than 4 times the mean noise of the entire module are

also tagged as noisy. These bad anodes are masked out by inserting a proper bit
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mask in the JTAG commands sent to the AMBRA chips.
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Figure 3.28: SDD pedestal run. Left: raw and corrected noise value versus anode number for one
half-module. Right: distribution of raw and corrected noise values of the 260 SDD modules.

On the left side of Fig. 3.28 the noise distribution as a function of the anode

number of one half module is shown, while on the right side of the same figure are

the distributions of the raw and common mode corrected noise for all anodes. The

peaks in the raw noise are located around anodes 0, 64, 128, 192 and 255, that is on

the chip borders, since these anodes are more sensitive to the common mode noise.

The removal of these peaks in the common mode corrected plot confirms the good

performance of the implemented correction algorithm.

The measured noise is in agreement with the design value of 2 ADC counts, cor-

responding to an equivalent noise charge of 350 electrons. The signal peak (i.e. the

cell with the maximum ADC counts in the cluster) is typically of 100 ADC counts

over the baseline near the anodes (corresponding to a S/N ratio of about 50) and

decreases with increasing drift distance. The low and high thresholds for zero sup-

pression are set for each hybrid to 2.2 and 4 times the average noise respectively.

The monitored parameters were very stable (<0.1% for the baseline, <1% for the

noise) over a long period of time. In Fig. 3.29 the average values of the baseline dis-

tributions (on the left) and the average raw noise values (on the right) are plotted

as a function of the run number for the whole 2010. The band is the RMS of each

distributions.

Pulser runs Pulser runs are special stand-alone runs performed after the Pedestal

ones by sending the test pulse signal to the input of the PASCAL pre-amplifiers. One

test pulse per event is used with a fixed amplitude of 100 DAC units, which is slightly

lower than that of a MIP particle (which corresponds to 111 units). The analysis of a

pulser run provides a measurement of the preamplifier gain (under the assumption

of a linear behaviour of the preamplifier, which was verified during the construction
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Figure 3.29: SDD pedestal run. Parameters monitored during the data taking period of the 2010.
Average values of the distribution of the baseline (left) and of the noise (right) versus the run number.

phase for each channel), and can tag the dead electronic channels. A pulser run

is normally executed right after a pedestal run. Proper JTAG commands are sent

to all modules to inhibit the zero suppression, set to zero the thresholds and the

baseline equalization, and activate the PASCAL test pulse generator, so that for each

anode the test pulse is sent to the input of the front-end electronics. The information

coming from the last pedestal run and the current pulser run are combined together

and saved in the OCDB for the SDD. An example of gain distribution as a function of

the anode number of one half module is shown on the left side of Fig. 3.30. The bin

with zero content corresponds to a dead channel. On the right side, the distribution

of gains for all anodes is shown. This distribution is used to equalize the anode gain

in the cluster finder algorithm, while the absolute dE/dx calibration is done with

track based methods as described in the following. This gain equalization correction

is anyway very small since the gain distribution is very narrow.
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Figure 3.30: SDD pulser run. Left: gain value versus anode number for one half-module. Right:
distribution of gain values of the 260 SDD modules.

The monitored parameters were very stable over a long period of time. On the

left side of Fig. 3.31 the average value of the gain distributions is shown as a func-
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tion of the run number for the whole 2010. The band represents the RMS of the

distributions. On the right side of the same figure the fraction of dead channels is

plotted separately for inner, outer and both layers. The starting value is ≈ 90%,

corresponding to the fraction of channel read out by the DAQ systems. This value

decreased a bit along the data taking period because some modules were excluded

from the nominal configuration, due to high number of noisy channels or connection

problems. The fraction of bad modules normalised to the number of SDD modules

in acquisition is almost constant at ≈ 1.3%.
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Figure 3.31: SDD pulser run. Parameters monitored during the data taking period of the 2010. Average
values of the gain distributions (left) and fraction of good anodes not normalised to the number of
modules in acquisition (right) versus the run number.

Injector runs A precise knowledge of the drift speed is a crucial element for the

correct operation of any drift detector. Given its strict dependence on the detector

temperature, the drift speed must be very frequently measured and continuously

monitored. To reach the design precision of 35 µm on a drift distance of as much

as 35 mm (from the point farthest from the anodes) the drift speed must be known

with an accuracy of better than 0.1%.

Injector runs are special stand-alone runs performed with zero suppression and

with baseline equalization. They are used to measure the drift speed. The MOS in-

jectors are activated in order to inject charges in known positions. The injector runs

are performed at every energy ramp-up useful for physics runs. Proper JTAG com-

mands are sent to all modules to enable the zero suppression, equalize the baselines

and activate the MOS charge injectors. The result of the injectors DAs is the compu-

tation of the drift speed as a function of anode number for each SDD half-module.

This information is saved in the OCDB for the SDD sub-system to be used during

reconstruction.

On the left side of Fig. 3.32 the display of one injector event for one half module
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Figure 3.32: SDD injector run. Left: gain value versus anode number for one half-module. Right:
distribution of gain values of the 260 SDD modules.

is shown: the three injector lines are clearly visible, together with the pulse indi-

cating the trigger time (continuous line at time bin 10). For each injector triplet a

linear fit of the three measured drift times is performed as a function of the known

drift distance; the drift speed is then extracted from the slope of the fit. An example

of drift values as a function of the anode number of one half module is reported

on the right side of Fig. 3.32: the plot shows 33 drift values, one per MOS injector

triplet, with a polynomial fit superimposed. For each anode the corresponding drift

speed value is extracted from the fit. The injector pads present a non negligible in-

efficiency which can depend on external conditions (as humidity and temperature).

A reasonable measure of the drift speed can be extracted only by a 3-degree polyno-

mial fit whose covariance matrix is convergent. For this reason, the DA tags as usable

only the half-modules with the optimum conditions for the fit (i.e. large number of

found clusters, reasonable χ2). The half-modules not satisfying these requirements

are tagged as unusable for the scope. In these cases, the drift speed value averaged

on the usable half-modules of the same layer is used.

The drift speed depends on the local temperature as T−2.4. The fact that heat

sources (the voltage dividers) are located at the sensor edges explains the anode-by-

anode dependence of the drift speed, lower near the warmer edges and higher in the

colder region in the middle. For the same reason the inner layer has a drift speed

systematically lower than outer layer, because being more internal it has a slightly

higher temperature. Such difference is shown on the left side of Fig. 3.33, where the

drift speed for all modules of each layer is plotted. It is also possible to observe two

sets of points equal to a fixed value, different for the two layers, which come from

the half-modules tagged as unusable by the DA.

Using a nominal value of 1350 cm2V−1s−1 for the electron mobility at 293 K
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in n-type Silicon with a 3 kΩ cm resistivity and assuming that the mobility scales

as T−2.4, one can estimate an operating temperature of about 298 K for the inner

layer and 295 K for outer layer. The temperature values so obtained are shown on

the right side of the same figure. The observed module-by-module spread of drift

speed values is mostly due to different operation temperatures (up to 2-3 degrees

according to the simple model described above) rather then to differences in dopant

concentration.
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Figure 3.33: SDD injector run. Drift speed (left) and extracted temperature (right) versus module
number (ITS numeration used, SDD from 240 to 500). Values are extracted independently from both
half modules, side 0 and side 1.

Also the mean drift speed was very stable (< 1%) over the entire period. In

Fig. 3.34 the drift speed values measured for four particular anodes are plotted as

a function of the run number for the whole 2010. The fluctuations are larger for

the inner layer, because it is more sensible to the temperature changes of the pixel

detector, which suffered for several problems in the dedicated cooling system. The

set of points visible at run number ≈ 132000 corresponds to a special set of runs

taken during a technical stop of the LHC. The aim was to analyse the dependence

of the drift speed on the time needed for the injectors to reach full efficiency. Due

to the strong dependence of the drift speed on the temperature, these plots provide

also a tool to monitor (both online and offline) the stability of the sensor temperature

during the data taking.

In Fig. 3.35 the number of SDD half modules with the drift speed extracted using

the injectors is plotted as a function of the run number for the whole 2010. A trend,

especially in the last part, is clearly visible. It will be discuss in detail in the next

paragraph.

Injector behaviour during LHC data taking During the pp and PbPb data taking

periods at the LHC, a variation in the number of usable half-modules has been ob-
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Figure 3.34: SDD parameter monitored using the Injector run during the data taking of the 2010.
Average value of the drift speed for 4 modules (inner and outer layers) versus run number. Values
identically equal to the mean value indicate half-modules in which is not possible to extract the drift
speed using the injectors (see text).

served. Assume ω the number of (usable) half modules wherein the drift speed can

be measured by using the injectors information. The right side of Fig. 3.34 shows

that ω decreases as a function of time. Part of this effect is due to the decrease of the

fraction of the modules in acquisition, shown in Fig. 3.31. To exclude this contribu-

tion, ω has been multiplied by the fraction of module in acquisition and called ωn.

In Fig. 3.36 the results obtained for the ωn values as a function of time are shown

separately for inner layer, outer layer and both. Calibration runs taken during the

technical stop periods have been excluded.

The time range covers the whole 2010. The ωn behaviour is flat for the first

months, for both inner and outer layer. Since the day ≈ 170 (i.e. July 2010) a

decrease appears and it is larger for the outer layer. Data have been fitted with

straight lines confirming that a loss of usable half-modules growing linearly with time

is present. This effect could eventually be related to the decrease of the humidity in

the ITS due to an installation of a new drying system in July 2010. A detailed study

about this topic is on going.

SOP delay and time zero During the year 2009, it was possible to extract two

important parameters: the Start Of Process (SOP) delay and the time zero. A proper
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Figure 3.35: SDD parameter monitored using the Injector run during the data taking of the 2010.
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delay must elapse between the trigger arrival time and the memories stop, so that the

memory columns which contain the actual data can send them to the ADC. A memory

depth of 256 cells with a 40 MHz sampling rate defines a 6.4 µs time window, which

must contain the signal of all charged particles crossing the detector, taking into

account that the maximum drift time is ≈ 5.4 µs. This SOP delay has to be tuned

according to the trigger type, and during the 2009 data taking this was done during

the T12 injection test3. The aim is to centre the SDD acquisition time window on the

observed particle times, as it is possible to see in Fig. 3.37, where the distributions

of the drift time for different SOP delay settings are shown. The results of this study

are reported in Alessandro et al. (2010b).

Figure 3.37: Drift time distributions for different Start Of Process (SOP) delay settings. Data have been
collected during the first beam dumping of the 2009.

The time-zero is the time offset that has to be subtracted (module by module)

from all measured drift times to obtain the actual particle time. Two strategies have

been developed based on simulated data. The first method consists in determining

the minimum drift time from the time distribution of all measured clusters, fitting

the rising part of this distribution at small drift times with an error function.

The second method consists in measuring track-to-point residuals, as difference

between the track crossing point in SPD and SSD taken as reference and the cluster

coordinate in SDD. The time offset is extracted by exploiting the opposite sign of

the residuals in the two detector sides: an uncalibrated time offset would lead to an

over/underestimation of the drift path, and therefore to residuals of opposite signs

in the two sides. The distance between the two peaks of the distribution of residuals

3It consisted in injecting proton bunches into the T12 transfer line, which connects the SPS to the
LHC sector 12. The beam was dumped in the TED absorber about 300 m from the IP2.
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in the two detector sides corresponds to 2 vdrift t0, thus leading to the determination

of the time zero. This procedure requires less statistics, but relies on calibration

parameters; moreover, being based on track reconstruction in ITS, it might be biased

by SPD and/or SSD misalignments. The time zero calibration is discussed in detail

in Aamodt et al. (2010a) together with the results of the internal ITS alignment with

atmospheric muons. The final calibration is done by using the alignment dedicated

tool Millipede, which will be discussed in the next chapter.

3.2.3 Charge calibration

The data sample of cosmic muons collected during the 2008 cosmic run allowed us

to extract, for a subsample of modules, the conversion factor from ADC counts to the

energy deposited in keV and the dependence of the collected charge on drift time.

In Fig. 3.38 the module-ladder density map of reconstructed cosmic muons for SDD

inner and outer layers is shown; clearly the modules close to ϕ = 90◦ and ϕ = 270◦

(around ladder 4 and 11 for the inner layer and ladder 6 and 17 for outer layer)

have many more entries that the other ones.

Figure 3.38: Detector occupancy with reconstructed cosmic muons for inner layer (left) and outer layer
(right). Layer 3 shows less statistics because it was off for about one month due to hardware problems
in a read-out electronic crate.

In a Silicon Drift Detector the cluster shape and possibly cluster charge depend

on the distance traveled by the electrons from the production point to the collection

anodes. Due to the diffusion effect, the Gaussian width of the electron cloud grows

with the square root of the drift time, thus giving rise, along both anode and drift
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axes, to a drift time dependent cluster size. For a particle crossing close to the

anodes a typical cluster size is 1 anode × 3 time bins (at 40 MHz sampling rate),

which increases to 3 anodes × 7 time bins for particles with maximum drift distance.

At the same time, the charge peak in the cluster, i.e. the anode/time bin cell in the

cluster with maximum ADC count value, decreases with increasing drift time. This

charge diffusion effect is shown in Fig. 3.39. The signal ratio in the peak is about

100 ADC counts for clusters close to the anodes and decreases to 40 ADC counts at

the maximum drift lengths.

Figure 3.39: SDD calibration results. Left: distribution of charge peak inside a cluster as a function of
drift time. Right: cluster size along the two coordinates as a function of drift time.

Due to the zero suppression algorithm, this diffusion effect can also give rise to a

dependence of the reconstructed cluster charge on the drift distance. The longer the

drift time, the larger the charge diffusion and consequently the larger the fraction of

charge in the electron-cloud tails which is more easily cut by the zero-suppression

algorithm. This effect is shown on the left side of Fig. 3.40 where the energy deposit

of SDD clusters in two intervals of measured drift time is reported for a sample of

atmospheric muons collected without magnetic field during the 2008 data taking.

The shape of the energy deposit distribution is well reproduced by a Landau func-

tion convoluted with a Gaussian; the peak of the distribution is located at a lower

value of energy for particles with large drift times. On the right side of Fig. 3.40, the

Most Probable Value (MPV) of energy deposit extracted from Landau+Gaussian fits

in 7 bins of drift time is plotted as a function of the drift time itself (closed circles).

A linear correction for this effect has been extracted from detailed simulations of the

detector response taking into account the combined effect of electron diffusion and

zero-suppression thresholds. By applying this correction to the muon clusters, the
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Figure 3.40: SDD calibration results. Left: distribution of energy deposit (in arbitrary units) for clusters
reconstructed in the SDD detector for two intervals of drift time. Fits with a convolution of a Landau
and a Gaussian are superimposed. Right: Landau Most Probable Value vs drift time, with and without
correction for zero-suppression effect.

Landau MPV results to be independent from drift time, as it can be seen in the right

panel of Fig. 3.40 (open triangles). Since the trapping effects (causing an actual

charge loss in the silicon volume during the drift) are not included in the Monte

Carlo simulations used to extract the applied correction, it is possible to conclude

that the observed charge dependence on drift time is mainly due to the effect of

the thresholds applied by the zero-suppression algorithm. This confirms the results

obtained in a laboratory setup on a few spare modules, as shown in the last part of

§ 3.2.1.

After correcting for the track inclination4, it is possible to extract the ADC-to-

keV conversion factor by rescaling the observed MPV to the expected most probable

value of energy deposition for a MIP crossing 300 µm of Silicon. In Fig. 3.41 the

cluster charge distributions measured using the Monte Carlo simulation and using

the pp data have been plotted. In order to have the distribution peak at the expected

position (see on the right side) the cluster charge is scaled using the ADC-to-keV

factor equal to 3.34.

As seen in Fig. 3.38, this calibration could be done in the 2008 only for a few

modules close to the vertical direction with the cosmic data sample. The obtained

conversion factor is compatible (within 15÷20%) with the value extracted from a

detailed Monte Carlo simulation.

At the end of the 2009, a full module-by-module calibration has be done using

4In case of track non perpendicular to the sensor surface, the crossing distance in the Silicon is
larger than 300 µm. For this reason, a geometrical correction depending on the two track angles (ϕ
and θ) is so applied during the reconstruction phase.
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Figure 3.41: Charge distribution conversion factor. The distribution of the cluster charge has been
plotted for Monte Carlo simulation (left) and for pp data collected at LHC (right).

the pp data sample. Due to the high luminosity, it has been possible to calibrate all

the modules in order to have the peaks of the charge distribution centred at the same

value. In Fig. 3.42 the distribution of the charge as a function of the SDD module

number is shown. A clear difference is present between the inner and the outer layer,

because for the first one (lower module numbers) the occupancy is higher due to the

geometrical acceptance.
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Figure 3.42: Charge distribution versus SDD module number. The different occupancy between inner
(left) and outer (layer) is due to the different geometrical acceptance. On z-axis logarithmic scale is
applied. Data collected during the LHC pp phase of the 2009.

In order to extract the peak position, for each module the distribution has been

fitted with a convolution of a Landau and a Gaussian. The MPVs of these distribu-

tions have been used to calibrate the module to the same values. Before this calibra-
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tion, 8 modules presented a discrepancy bigger than 10%. The MPVs corrected are

plotted in Fig. 3.43.
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Figure 3.43: Most Probable Value (MPV) of the charge distribution module by module versus module
number. Constant fit and the ± 8% confidence band are plotted.

Data have been fitted with a constant and two bands at ± 8% have been drawn

too. It so possible to conclude that the SDD are calibrated with a module-by-module

discrepancy less than the 8%.
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Chapter 4

Detector for the analysis: ITS

Il matematico, come il pittore o il poeta, è un creatore

di forme. E se le forme che crea sono più durature

delle loro è perché le sue sono fatte di idee.

Godfrey Hardy

Abstract

The importance of the Inner Tracking System used in stand-alone mode and the relative

tracking algorithm are illustrated. The alignment procedure and the estimation of the energy

loss resolution are discussed. Two approaches to identify the charged particles are explained.

4.1 Introduction

The analysis at the basis of this thesis is the study of the transverse momentum

spectra of pions, kaons and protons coming from pp collisions. In the ALICE ex-

periment, three main detectors with full angular coverage are involved in particle

identification: the Inner Tracking System (ITS), the Time-of-Flight detector (TOF)

and the Time Projection Chamber (TPC). These systems, described in § 2.2, allow us

to cover a large pt range for each particle species, as shown in Tab. 4.1.

The TPC and the ITS identify charged hadrons using energy loss information.

The TPC, thanks to the large number of point per track, provides a very good dE/dx

resolution (≈ 6%) that allows efficient π/K separation up to momenta of about

600 MeV/c and p/K up to 1 GeV/c. In addition, it is also used for the determination

of the yields of charged kaons identified by their weak decay (kink topology). The

ITS, used in stand-alone mode, presents a worse dE/dx resolution (≈ 10%), but
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hadrons pt range [GeV]
pions 0.09 ÷ 0.7 0.2 ÷ 0.7 0.5 ÷ 2
kaons 0.2 ÷ 0.4 0.3 ÷ 0.6 0.5 ÷ 2

protons 0.3 ÷ 0.9 0.5 ÷ 1 0.5 ÷ 2.5
ITS sa TPC TOF

Table 4.1: ALICE transverse momentum coverage using three different sub-systems: ITS, TPC and TOF.
For the ITS, only ranges covered by the stand-alone analysis are reported.

has a crucial role thanks to the capability to track and identify the low-pt hadrons

which do not reach the TPC and to recover the particles crossing the TPC dead zones.

The TOF identifies particles from the measured time of flight with an overall time

resolution of ≈ 140 ps. It separates π/K for pt values up to 2 GeV/c and p/K up to

2.5 GeV/c. The results obtained with this detectors and methods are then compared

in the common pt ranges to cross check and validate each analysis.

On the left side of Fig. 4.1 the dE/dx as a function of the momentum divided

by the sign of the track (i.e. signed momentum) is shown and the relative Bethe-

Bloch parametrisations are superimposed. On the right side of the same picture, the

velocity β extracted by the measured time of flight is plotted as a function of the

momentum. In both panels the separation between the hadrons versus pt is visible.
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Figure 4.1: TPC and TOF performance for the particle identification versus the momentum in pp data
at

√
s= 900 GeV. The bands for the different hadron species are distinguishable.

4.2 Tracking

A dedicated tracking algorithm has been developed to use the ITS as a stand-alone

tracker (Crescio et al., 2009). In this section, after a brief introduction to the global

ALICE tracking system, the ITS stand-alone tracking method will be explained in

detail.
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Global tracking The ALICE event reconstruction in the central rapidity region uses

all the available information in all the central barrel detectors and it is performed in

the following steps.

1. Vertex finding (tracklets). The position of the interaction vertex is estimated

before the tracking phase using the tracklets (short track segments) in the

SPD. Its position is reconstructed in the three coordinates with a dedicated

algorithm called VertexerSPD3D (Bruna et al., 2009). In case of failure of the

3D reconstruction, only the position along z is determined (VertexerSPDz).

2. Track reconstruction in the TPC (inward). Tracks are found and fitted from

outside inward by means of a Kalman filtering algorithm (Belikov et al., 2003).

Track candidates (called seeds) are created using the information from the

n outermost pad rows (n ≈ 15) and the position of the primary vertex as

reconstructed with the SPD.

3. Track reconstruction in the ITS (inward). TPC reconstructed tracks are matched

to the outermost ITS layer and followed in the ITS down to the innermost pixel

layer. The track finding algorithm consists of two successive steps: i) the po-

sition of the primary vertex estimated by the SPD is used to maximize the

efficiency for primary tracks; ii) the vertex information is not used, to recover

the tracks with large displacement from the vertex.

4. Track back-propagation (outward). The track is propagated to the outermost

layer of the ITS and then to the outermost radius of the TPC. 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.

5. Track re-fitting (refit). The reconstructed tracks are lastly re-fitted inward in

TRD, TPC, ITS and are propagated to the primary vertex.

6. Vertex finding (tracks). The reconstructed tracks are then used to extract again

the vertex positions (better resolution) using the third vertex dedicated algo-

rithm called VertexerTracks.

In this thesis, the sample of tracks reconstructed from ITS and TPC clusters will be

called ITS+TPC. In order to study also particles not detected by the TPC (due to

low momentum or TPC dead zones), the clusters found in the ITS layers and not

associated to prolongations of the TPC tracks are used for the track reconstruction

dedicated algorithm. The sample of tracks obtained in this step is called ITSsa and is
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composed of the tracks not found in TPC and recovered by the ITS. In a successive

step, the ITS stand-alone tracking is used to reconstruct tracks using all the found

ITS clusters, without using any information from TPC. The sample of tracks obtained

in this way is called ITSpureSA.

For the identified hadron spectra studies, two samples of tracks are used: i)

the ITSpureSA tracks, which allows low momentum particles to be studied; ii) the

ITS+TPC tracks, which are used to perform a cross check for the points in the com-

mon pt range.

ITS stand-alone tracking The ITS stand-alone tracking algorithm uses only infor-

mation coming from the six Silicon layers of the ITS (described in § 2.2). The idea

consists in the separation of the algorithms for track finding and track fitting.

The stand-alone track finding was inspired by the method called grouping algo-

rithm described in (Alessandro et al., 2006), but optimized for track with pt <1 GeV/c.

Defining the angles λ and ϕ as:

λ = tan−1

(

z − zvtx
√

(x− xvtx)2 + (y − yvtx)2

)

ϕ = tan−1

(

y − yvtx
x− xvtx

)

(4.1)

where (x, y, z) are the coordinates of a cluster in the global coordinate system,

(xvtx, yvtx, zvtx) are the coordinates of the reconstructed vertex, it is possible to group

the reconstructed points of each ITS layer belonging to the same region in the (λ, ϕ)

plane. The track finding starts with small (λ, ϕ) windows which allows high-pt tracks

to be found. Indeed, for high transverse momenta track are almost straight and the

multiple scattering is small. Then, an iterative procedure progressively increases the

size of the windows and removes from the sample of reconstructed points the ones

associated to the tracks found in the previous iteration. In this way, it is possible to

find tracks with lower pt which are significantly bent in the magnetic field and de-

flected by multiple scattering. This procedure is effective for track finding, since the

multiplicity of the reconstructed points is progressively reduced going towards lower

momenta, where the track reconstruction is more difficult due to the curvature and

the effect of multiple scattering.

A schematic view of the procedure for high-pt tracks is shown on the left side of

Fig. 4.2. A group of reconstructed points found on all the layers within the same

(λ, ϕ) window is considered as a track candidate. At low momentum, the ϕ window

is not the same for all the layers, as shown on the right side of the same picture. For

each pair of points belonging to the two innermost layers in the same (λ, ϕ) window
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Figure 4.2: Sketch to represent the seeding procedure implemented in the ITS stand-alone tracking.

the curvature of the track is estimated using also the position of the primary vertex.

Once a candidate track is found, a procedure based on the Kalman filter fits (using

an helix) all the combinations of its points and selects the one with the lowest χ2.

The fit procedure allows the track parameters at the primary vertex to be estimated

accounting for the multiple scattering and energy loss in the material.

The algorithmic tracking efficiency depends on the transverse momentum and on

the particle species. On the left side of Fig. 4.3, the efficiency as a function of pt for

primary pion, kaons, proton and anti-protons separately is shown. A flat behaviour

is evident for values greater than 600 MeV/c. The decrease at low pt is due to track

curvature and the multiple scattering effect. The minimum acceptable values of

efficiency depends on the particle species, because the multiple scattering effect is

indirectly proportional to the β of the particle.

Using the Monte Carlo simulation, it is possible to calculate the difference be-

tween the true pt of a generated particle and the one reconstructed by the experi-

ment. The residual distributions (prect − pgent ) thus obtained are fitted with Gaussian

functions. The σ parameter extracted from the interpolations quantifies the pt res-

olution. On the right side of Fig. 4.3 the pt relative resolution both for stand-alone

and global tracks is shown: for ITSsa tracks the resolution is worse than the TPC+ITS

ones, because using the TPC the lever arm of the tracks is bigger.

The impact parameter d0 is defined as the distance of closest approach of the

track to the interaction vertex. Its resolution has been studied separately for the

transverse plane (rϕ) and the z components. To directly quantify the track posi-
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Figure 4.3: Left: Tracking efficiency for the ITS used in stand-alone mode for different particles ver-
sus pt. Secondaries coming from materials are not included. Right: transverse momentum relative
resolution for stand-alone ITS and global tracks extracted by Monte Carlo simulations.

tion resolution, the impact parameters are defined relative to the generated primary

vertex position. In Fig. 4.4 the results obtained used a Monte Carlo simulation are

shown. It can be observed that the resolution obtained on both the d0 components

for ITS stand-alone tracks is compatible with the one of the TPC+ITS tracks, as

expected, since this resolution is mainly provided by the high precision points of

the SPD layers. This is not true for the z component for pt values higher than

2 GeV/c. However, as mentioned before, the ITS is used in stand-alone mode to

identify hadrons with transverse momentum values below 1 GeV/c.

Figure 4.4: Monte Carlo simulation. Comparison of the resolution on the rϕ (left) and z (right)
components of the impact parameter as a function of pt for ITS+TPC tracking and ITS stand-alone
tracking.

The impact parameter resolution has also been extracted from pp data: the d0
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distribution have been fitted with Gaussian functions and the σ parameter values

are used. In Fig. 4.5 the d0 resolution for the rϕ plane as a function of the trans-

verse momentum is shown for pions, kaons and protons both for Monte Carlo and

real data. The particle identification has been performed using the N-sigma method

(explained in § 4.5) using section cuts that allow us to obtain a high purity sample.

A good resolution is evident for each particle species, allowing us to implement a d0
cut in order to exclude those tracks coming from secondary decays. It is also possi-

ble to observe that the simulation is well reproducing the resolution detector. As a

consequence, one could use the Monte Carlo simulation to correct the analysis raw

results. In fact, strange particle decays are not well reproduced and a data-based

correction is needed. Such correction together with the d0 cut will be illustrated in

the next chapter.
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Figure 4.5: Transverse impact parameter (d0) resolution versus pt for the tracks reconstructed in the
pp collisions at 7 TeV by the ITS stand-alone and compared with the Monte Carlo results.

4.3 Alignment

To improve the tracking precision an offline alignment of the ITS modules is needed.

Indeed, the sub-detector components are not located exactly at their nominal posi-

tions due to the limited precision during mounting and due to deformations caused

by other components. The first estimation of the misalignments has been done using

the data collected in 2008 when millions of cosmic-ray events and some events dur-

ing the circulating LHC beams were taken. In this period the ITS was already fully

installed as it is possible to see in the Fig. 4.6. On the left side an interaction of a

stray particle of a circulating LHC beam with the first layer of the SPD is shown, on
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the right a cosmic-ray event tracked in the ITS is visible.

Figure 4.6: Left: Interaction of a beam stray particle with the SPD detector (Real data event recorded
11.09.2008. Right: Cosmic-ray track used for alignment in the ITS (Real data event recorded
20.09.2008.

The cosmic rays triggered by the SPD allowed us to align the parts of the de-

tector that had sufficient exposure to the mostly vertical cosmic ray flux (Aamodt

et al., 2010a). Track-based alignment methods (Millepede II (Blobel, 2006) and an

iterative local method) have been used for this purpose. After that, the residual

misalignment, for the SPD, was estimated to be below 10 µm for the modules well

covered by mostly vertical tracks. In Fig. 4.7 (left) the distance in the bending plane

between points attached to the same track in the region where there is an acceptance

overlap between two SPD modules of the same layer is shown before and after the

Millepede alignment. The spread of the distribution after re-alignment is σ ≈ 18 µm,

to be compared to σ ≈ 15 µm obtained in simulations with ideal geometry.

The SSD geometrical positions and their misalignments with respect to nominal

geometry were already quite precisely measured during the construction phase. This

is clear in Fig. 4.7 (right) which shows the distribution of the rϕ residuals between

cosmic-ray tracks reconstructed from the points in the outer layer and the corre-

sponding points on the inner layer, before and after applying the geometrical infor-

mation extracted from the survey. This analysis allowed the residual misalignment

to be estimated at the level of 5–20 µm (for modules and assemblies of modules re-

spectively). For this reason, track-based alignment methods were used only to align

the whole SPD barrel with respect to the SSD barrel and to optimize the positioning

of large sets of SSD modules, namely the upper and lower halves of ITS outermost

layers.

The alignment of the SDD is challenged by the interplay with time zero and drift
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speed calibration (see the previous chapter). During the cosmic run, the drift speed

was monitored in many different positions on each of the 260 detector modules,

using the injectors (Alessandro et al., 2010b). The cosmic ray tracks allowed us to

develop the methods to extract the time-zero and the drift speed (for modules with

bad-functioning injectors) from track-to-point residuals. However, cosmic tracks are

not the ideal sample for this purpose because of the jitter between the time when

the muon crosses the detectors and the trigger signal.

All the alignment parameters have been fine tuned during the pp data of the

2009 and 2010, in order to take into account also the sectors not illuminated by the

cosmic rays.

4.4 Energy loss resolution

For each track detected in ITS, the energy loss is measured by the four outer layers:

drift (SDD) and strip (SSD). In Fig. 4.8 the distribution of the cluster charge in one

ITS layer (in this case, the inner one of SDD) for pp data at
√
s = 7 TeV is presented.

It has been fitted with a convolution of a Gaussian and a Landau curve. The resulting

function is described by four parameters: the width due to the Landau density (p0),

the Most Probable Value (p1), the total area (p2) and the width of the convoluted

Gaussian function (p3).

In order to improve the ITS dE/dx resolution (i.e. the capability to separate

tracks generated by different hadrons), the energy loss values coming from the four
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Figure 4.8: Cluster charge distribution for the pp data at
√
s= 7 TeV for the inner SDD layer, integrated

over the transverse momentum. The fit has been performed using a convolution of a Gaussian curve
and a Landau one.

layers can be combined together. The distribution of the arithmetical mean values of

the four values follows the Landau-Gaussian shape. The Landau tail of such distri-

bution gives several problems in separation between the hadrons. For this reason, a

Gaussian distributed estimator is preferable. This is obtained using a truncated mean

of the four dE/dx samples provided by the individual sub-detectors.

A detailed study has been performed in order to find the best algorithm to ob-

tain a Gaussian shape with half width at half maximum (HWHM) values as low as

possible. The arithmetical mean of the lowest two measured points, excluding the

higher ones, has been chosen as optimal truncated mean. However, a non negligible

fraction of the reconstructed tracks is obtained using only 3 clusters in the ITS layers,

due modules excluded from the acquisition (≈ 10% per layer) and to the presence of

dead channels (1÷2% per layer). As an example, the configuration of the ITS active

channels (including SPD) during the pp data of December 2009 is summarized in

Tab. 4.2.

The fractions of the ITSsa tracks with 3 or 4 clusters in SDD+SSD are shown in

Fig. 4.9 as a function of the transverse momentum. Tracks with less than 3 points

(≈ 0.2%) are not selected for the analysis. For the 3-cluster tracks, the truncated

mean consists of a weighted sum of the lowest (weight 1) and the second lowest

point (weight 1/2) is used.

The truncated mean approach needs a precise inter-calibration between the in-

volved detector types (drift and strip). The dE/dx calibration for the SDD has
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layer det. type # modules % active modules % good channels
1 pixel 80 77.5 98.8
2 pixel 160 86.3 98.3
3 drift 84 94.0 98.3
4 drift 176 91.5 98.3
5 strip 748 94.6 97.1
6 strip 950 89.5 97.9

Table 4.2: Type of the various ITS detectors and the fraction of active modules and out of them the
ratio of good channels during the data taking period of December 2009.
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Figure 4.9: Fraction of the selected tracks for the analysis with 4 (continuous line) and 3 (dashed line)
clusters found in ITS. Proton–proton data at

√
s = 7 TeV.

been discussed in the previous chapter. The same calibration procedure module-by-

module has been performed for the SSD. As a consequence, the MPV of the cluster

charge distribution for each layer is consistent with the nominal value of 82.5 keV.

On top of this, for a more precise evaluation of the truncated mean, it is desirable

that the dE/dx resolutions of the two sub-detector types are not significantly differ-

ent. The values extracted from the cluster charge distribution for SDD and SSD are

consistent at the level of 4%, which is enough for the analysis scope.

In Fig. 4.10 the distribution of the dE/dx (obtained using the truncated mean)

as a function of the momentum for ITS stand-alone tracks is shown. It is compared

to the parametrised reponse for pions, kaons and protons, based on the Bethe-Bloch

formula which will be explained in detail in the next chapter.

The capability to reach very low momentum values (p < 0.1 GeV/c for pions)

is evident. In this momentum range, the presence of the electrons (i.e. the almost
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horizontal band) is visible, but they will not be identified in the analysis.
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√
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The final energy loss resolution has been calculated from the distributions of the

truncated mean values as a function of the transverse momentum. This variable has

been chosen instead of the usual p in order to directly investigate the resolution as

a function of the quantity crucial for the pt spectra analysis. The dE/dx values have

been plotted in narrow pt bins to have a negligible dependence on the mean value
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of p in the bin. Each histogram has been fitted with a Gaussian function and the σ

parameter values extracted from the interpolation quantify the dE/dx resolutions.

In Fig. 4.11 the relative resolutions are shown both for tracks obtained using 3 and

4 clusters from pp data at
√
s = 7 TeV. The relative resolution is ≈ 9.6% for tracks

with 4 associated clusters in ITS, ≈ 11% for tracks with 3 clusters only and it does

not significantly depend on the transverse momentum. The values extracted using

the Monte Carlo simulation are consistent with the one coming from the data.

4.5 Particle identification

Three approaches can be used for the study of the transverse momentum spectra

of identified charged hadrons using the stand-alone ITS. Two of them are based on

a track-by-track particle identification method: the N-sigma approach and Bayesian

one. They are explained in the following. The third method consists in the overall

estimation of the hadron yields from a 3-component fit to the dE/dx distribution.

This is called integral approach, has been implemented by the author and will be

illustrated in detail in the next chapter.

N-sigma approach In order to associate an identity to a reconstructed track, the

so called N-sigma cut method can be used. The steps of the simplest procedure are:

1. for each species χ the Bethe-Bloch function fχ(p) describes the average value

of the dE/dx truncated mean as a function of the momentum p (see Fig. 4.10);

2. for each species χ the relative dE/dx resolution (σ) can be extracted both

from data and the Monte Carlo simulation, as shown in Fig. 4.11;

3. for each species χ a confidence range as a function of the momentum (band)

is determined as

wχ(p) = [fχ(p)(1−Nσ), fχ(p)(1 +Nσ)], (4.2)

where N , usually of the chosen in the range 1 ÷ 3, can be set at the analysis

level;

4. for each reconstructed track, if the measured dE/dx (as a function of p) is

contained in the range wχ(p), the particle is identified as χ, else it is excluded

by the analysis.
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In Fig. 4.12 the approach is represented: the Bethe-Bloch functions for π, K and p

are plotted together with the ones increased and decreased of Nσ (dashed lines),

with N = 1.5. As an example, four points are also displayed to explain the selection

criteria used. When the distance between two bands is less than 2N σ (right part of

the figure) contamination between different particle species is present.
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Figure 4.12: N-sigma approach for particle identification. Continuous lines are the Bethe-Bloch func-
tions for each species, dashed lines are the function increased/decreased of 1.5σ. For each track, if the
dE/dx falls in the area between the dotted lines relative to particle χ is tagged as χ.

Two variants of this approach (called symmetric) can also be used. The asym-

metric one is very similar, but for each track the closer Bethe-Bloch function (in the

dE/dx − p plane) is used for the identity association. In such way, an identity is

associated to all charged tracks. Instead, in the probabilistic approach, a Gaussian

probability to be pion, kaon or proton is associated to each track. All the methods are

currently used and the comparison of the different results will be used to estimate

the systematic errors on the final result.

Bayesian approach In the Bayesian approach, the four signals coming from the

four ITS outermost layers are individually treated. In this way, more information

is used and this should potentially improve the resolution on the particle identity

determination.

The two main information extracted by the ESD file for each track are:

• fNχ(dE/dx)|χ, p), which is the conditional probability density function for a
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particle of type χ to lose the quantity dE/dx in a given momentum window

[p, p+∆p]. Given f , we can get the conditional probability for a track of a type

χ in a given momentum window to observe a signal s = dE/dx in the interval

[s, s+ ds]:

dP (s|χ) = fNχ(s)ds; (4.3)

• P (χ|dE/dx, p), which is the probability (calculated using the Bayes’ theorem)

for a track, with a measured dE/dx in a given momentum window [p, p+∆p] to

be of type χ. In a Bayesian framework (D’Agostini, 1999), P (χ|dE/dx, p) gives

the degree of belief that a particle with a measured dE/dx in the momentum

bin [p, p+∆p] is of type χ.

In order to find the conditional probability, the dE/dx distributions are plotted in

momentum bins for pions kaons and protons. These distributions are then fitted with

functions f(s = dE/dx), also called detector response functions, using a convolution

of a Gaussian and a Landau curve. They depend on the detector type (SDD and

SSD) as well as on the particle momentum and species. The response functions

are parametrised for each sub-detector, therefore any difference between the inter-

calibration of SDD and SSD does not affect the PID performance as in case of the

truncated mean, as long as the parametrised response functions reproduce fairly

well the real detector response.

The conditional probability density function for each layer is obtained by dividing

the response function by its area. Then, the conditional probability density of the

full ITS is calculated, for each particle species, as the product of the corresponding

response functions for each layer:

R(S ≡ {ssdd1, ssdd2, sssd1, sssd2}|χ) =
∏

sdd,ssd

fNχ(s|χ). (4.4)

where χ is the hypothesis on the hadron species (namely π, K or p).

The first tuning of the f(S|χ) has been done using the Monte Carlo simulation,

but a good agreement between true and simulated detector is needed in order to

apply it to the data. At the beginning of the ALICE operation, this could not be

guaranteed, for this reason the Bayesian approach was not used as first-day analysis

method. In fact, an alternative way to extract reasonable detector response functions

consists in the use of PID information coming from the TPC, performed with ad hoc

selection to build high purity (i.e. low contamination) samples of tracks of a given

hadron species.

Finally, the particle identification probabilities for a track with four signals S in
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ITS can be calculated with the Bayes theorem as:

P (χ|S) = R(S|χ)P (χ)
∑

χ=p,K,π R(S|χ)P (χ)
. (4.5)

where χ is the considered hypothesis to be pion kaon or proton, while P (χ) is the

prior probability (also called only prior) for a particle of type χ.

In particular, the prior represents the a priori knowledge of the studied variable.

The tuning of such priors is a crucial point of the Bayesian approach, because they

depend on the collision type (pp, PbPb), the event selection, the particle momentum

and also on the selection cuts applied to the sample of analysed tracks. The prior can

be initially set to 1/3 for π, K and p (neglecting electrons, muons, deutons, etc.).

Subsequently, an iterative procedure can be performed until the prior values and the

found relative abundances of π, K ad p converge.

The efficiency and the contamination can be defined, for each hadron species χ,

as:
{

Eff(χ) = Ngood(χ)/Ntrue(χ)

Cont(χ) = Nfake(χ)/Nidentified(χ)
(4.6)

where N are the numbers of correctly identified tracks (good), tracks generated by

the χ particles (true), incorrectly identified tracks (fake) and tracks associated by the

PID algorithm to the identity χ (identified).

In Fig. 4.13 the efficiency and the contamination using the Bayesian approach

on pp simulation at
√
s = 7 TeV are shown as a function of the momentum of the

reconstructed track. Prior values equal to 1/3 have been used for π K and p, 0 for

other hadron species. Pions represent about 80% of the produced particles, for this

reason the contamination saturates (at high p) at 20%. A reasonable contamination

value for such hadrons should remain below 10%. For the kaons, a typical crossing

point at ≈ 1 GeV/c is present. Both for K and p the contamination values are

accepted if below 20%, i.e. up to ≈ 0.5 and ≈ 1 Gev/c respectively.

As a comparison, the same quantities have been plotted for the N-sigma approach

(asymmetric). The PID performances are very similar. In fact, for the Bayesian ap-

proach the efficiency for the pions is a little higher and the contaminations values

can be further reduced by applying the iteration procedure for the prior fine tuning.
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Figure 4.13: Bayesian approach. Efficiency and contamination versus momentum for pions (left),
kaons (middle) and proton (right).
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Chapter 5

Analysis: method

La vita è un insieme di avvenimenti, di cui l’ultimo

potrebbe anche cambiare il senso di tutto l’insieme.

Italo Calvino

È meglio un giorno solo da ricordare, che ricadere in

una nuova realtà sempre identica.

Francesco Guccini

Abstract

The method of analysis implemented by the author to use the Inner Tracking System in

stand-alone mode will be described. It is divided in four steps: the selection of the samples to do

the analysis, the particle identification and the estimation of the raw yields; the correction

using the Monte Carlo simulations; the evaluation of the systematic errors. The

implementation of the dedicated software code is briefly mentioned.

5.1 Step 1: sample selection

The focus of this thesis is the analysis of transverse momentum distributions of iden-

tified charged hadrons (namely pions, kaon and protons) coming from pp or PbPb

collisions, using the ITS stand-alone of the ALICE experiment at the LHC. The de-

scribed method has been developed and fine tuned with pp data at
√
s = 0.9 and

7 GeV collected during November 2009 and the first ten months of 2010.

In the following, the analysis method will be described using data coming from

pp collisions at both the centre-of-mass energies. The final results for the data sample

at
√
s = 900 GeV will be shown in the next chapter.



108 Analysis: method

Two levels of selections are performed on data: event selections and track se-

lections. The same ones have been applied to the Monte Carlo simulation, so as

to correct the raw yields for the selection efficiency. The correction factor estima-

tion will be discussed in the Step 3. All the selections used for the ITS stand-alone

analysis are summarised in Tab. 5.1. In the following each sample selection will be

explained in detail.

Event Selection + Background Rejection
SPD vertex with at least 1 contributor

Event Vertex position at z < 10 cm
Error on the vertex position σ(z) < 0.5 cm
Tracklet points ∆ϕ < 0.03 rad
Stand-alone ITS tracks
ITS refit
χ2/(ITSclusters) < 2.5

Track At least one point in SPD
At least 3 points in SDD+SSD
Distance of closest approach d0 < 7σ
Rapidity |y| < 0.5

Table 5.1: Selections applied on the data and Monte Carlo samples to perform the analysis with the
ITS in stand-alone mode.

Event selections The event samples used in this analysis were collected with the

minimum bias trigger condition (§ 2.2). The events were also required to be in

coincidence with signals from two beam pick-up counters, one on each side of the

interaction region, indicating the presence of passing bunches. In order to remove

beam induced background events, an offline event selection is applied to the data

samples as described in Aamodt et al. (2010f,c). The beam-gas or beam-halo events

are rejected using the timing information from the V0 detector to remove events with

negative arrival time. In addition, correlations between the number of clusters of

pixel hits and the number of tracklets (short track segments in the SPD) are also used

for background rejection. Furthermore, only events with a reconstructed primary

vertex within ±10 cm along the beam axis (z-direction) are required for this analysis.

Indeed, from Monte Carlo simulations, one can see that in this region the vertex

reconstruction efficiency is practically independent of the vertex z-position. After

these selections, the remaining background in the samples is estimated to be below

0.01% and can be neglected. The cosmic-ray contamination is found to be negligible.

For each event, the coordinates of the vertex position are measured by the SPD

using the two approaches described in § 4.2: VertexerSPD3D and VertexerSPDZ. Only
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events with at least one contributor (i.e. with the vertex reconstructed by one of

the two algorithms) are selected for the analysis. In Fig. 5.1 the distributions of the

three coordinates of the reconstructed vertices are shown.
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Figure 5.1: Distribution of the three coordinates of the vertex position measured by the SPD for pp
collision at

√
s = 7 TeV.

The RMS values coordinates are dominated by the SPD spatial resolution. In

case of pile-up events, the VertexerSPDZ algorithm finds two peaks and reconstructs

them as a single vertex with a large error. As a consequence, in case of Vertexer-

SPDZ vertices, tracks with a small error on the z-component of the covariance matrix

(σ(z) < 0.5 cm) are selected. A further requirement is that the vertex finding is per-

formed using pairs of SPD tracklets reconstructed using points with small ϕ angles

(i.e. ∆ϕ < 0.03 rad). In Fig. 5.2 the fractions of accepted events after each selection

are shown.
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Figure 5.2: Fraction of accepted events for the analysis normalised to the number of physics events in
the studied collision which is, in this case, pp at

√
s = 7 TeV.
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Track selections In the previous chapter the sample of tracks to be used in the

ITS stand-alone analysis and the tracking procedure have been introduced. To treat

only those tracks reconstructed with points in the ITS layers, the ones tagged as

ITSpureSA are selected. In order to study a sub-sample of tracks well reconstructed

(i.e. low fake contamination), the ones fitted three times by the algorithm (tagged

as ITSrefit) are selected. In addition, a cut on the χ2 of the fit and normalised to the

number of ITS clusters is applied. The chosen value is χ2/(ITSclusters) < 2.5.

Many of the particles produced during the collisions are short-lived resonance

states. Strongly interacting resonances will decay on time-scales of the order of

10−24 s and the decay products are usually considered as part of the primary parti-

cle distribution. On the other hand, products of weak decays are typically generated

≈ 10−9 s after the interaction. Since the goal is to present the transverse momen-

tum spectra of primary particles that come directly from the collision system, one

must correct for contributions due to feed-down from weak decays (Alessandro et al.,

2006). The major feed-down contribution to the proton yields comes from the Λ

decay: Λ → p + π−. This process has a branching ratio of 63.9% and a lifetime

expressed as cτ = 7.9 cm. The daughter particles have a momentum of 101 MeV/c

in the centre-of-mass frame. Feed-down protons can also originate from the decay

Σ → p + π+, which has a branching ratio of 51.6% and cτ = 2.4 cm. Analogue

contributes can be present also for the pions, but their abundances are much larger

as a respect to the proton ones. Therefore, the contamination from secondary pions

is expected to be much smaller.

Only tracks with at least one point in the pixel sub-detector are selected, in order

to reduce the fraction of secondaries in the data sample. A detailed study on this

aspect has been performed and the choice is a compromise which does not reduce

too much the statistics.

The d0 parameter is the distance of closest approach of a track to the interaction

vertex. It is called d0(rϕ) for the transverse plane and d0(z) for the z direction. Both

components have fine sensitivity for distinguishing between primary particles and

those which did not originate from the event vertex. This is particularly useful to

exclude the secondary particles from the data sample.

In Fig. 5.3 the d0(rϕ) distributions for primary and secondary particles extracted

from Monte Carlo simulations is shown. In case of primaries, the d0(rϕ) distribution

is Gaussian-shaped, reflecting the fact that these particles really did originate at the

event vertex. The σ parameter of this Gaussian quantifies the experimental resolu-

tion on the d0(rϕ) measurement. The contributions coming from secondaries are

separated in two parts: the ones coming from interactions in the material and those
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Figure 5.3: Example of the d0(rϕ) distributions for all, primary and secondary particles in the sample.
Secondary particles coming from material and strange decay are separated. Monte Carlo simulation
for pp at

√
s = 7 TeV, ITS stand-alone tracks, 0.8 < pt < 0.85 GeV/c.

from decays of strange particles. For |d0(rϕ)| > 1.5 mm the dominant component is

given by the feed-down particles.

In order to reduce the fraction of secondaries in the sample, without loosing

too much statistics, a selection as a function of the transverse momentum is used.

Distributions of d0 have been extracted by Monte Carlo simulation and data in pt

bins. Each distribution has been fitted with different functions: a Gaussian for the

primary particles, an exponential for the feed-down secondaries and a Gaussian for

secondary particles coming from the material. The σ parameters extracted by the

first Gaussian (i.e. d0 resolutions) have been plotted as a function of pt and fitted

with the following ad hoc functions:

{

σxy(pt) = axy + bxy · p−cxy
t

σz(pt) = az + bz · p−cz
t .

(5.1)

The parameters a, b, c have been fine tuned both for data and Monte Carlo simula-

tions and the obtained values are listed in Tab. 5.2. A N-sigma cut has been used to

reject the secondary tracks. The default selection cut is applied with N = 7. Further

analyses with 4σ and 10σ cut have been done to check for systematics.

The fraction of accepted and rejected tracks depends on the hadron species and

the transverse momentum of the track. As an example, in Fig. 5.4 the fractions of

secondary protons out of the primary ones extracted from Monte Carlo simulations

are plotted with or without applying the d0(rϕ) selection. The contributions due
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axy bxy cxy az bz cz
Data 85.28 25.78 1.55 146.80 70.07 1.11
MC 88.63 19.57 1.65 140.98 62.33 1.15

Table 5.2: Parameters used for the d0 cut as a function of the pt. Values for data and Monte Carlo,
transverse plane (xy) and z coordinate are reported.

to secondaries coming from material and strangeness decay are separated. Looking

at the values obtained by integrating over pt, it is possible to observe that d0(rϕ)

cut reduces the fraction of secondary protons from ≈ 19% to ≈ 8%. In Fig. 5.5 the

fractions of accepted tracks after the selection are shown.

Figure 5.4: Fraction of secondary protons in the Monte Carlo pp data sample, using (points) and
not using (dotted lines) the d0(rϕ) selections. Protons coming from material and from strange decay
(strangeness) are separately shown. Values integrated over pt are reported.

The last selection used for the analysis consists in the rapidity range to extract the

d2N/dydpt values. As first approach with low statistics, the rapidity normalisation is

performed using a finite interval ∆y = 1. For this purpose, only tracks with |y| < 0.5

are selected. The rapidity of the track can be calculated from the pseudo-rapidity η

and the transverse momentum using the following relation:

sinh y =
pt

√

m2 + p2t
sinh η, (5.2)

where m is the mass value of the particle. However, the integral method is not based
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Figure 5.5: Fraction of accepted tracks for the analysis. Values are normalised to the number of
reconstructed tracks by the ITS stand-alone in case of a sample of pp collisions at

√
s = 7 TeV.

on a track-by-track particle identification. As a consequence, to perform the rapidity

cut, a mass hypothesis is needed. The same hypothesis is also used during the dE/dx

distribution analysis (see next section).

5.2 Step 2: yield extraction

After the event and track selection, histograms with the distribution of the dE/dx in

pt bins are filled to extract the yields of pions, kaons and protons. A limit of using the

ITS for particle identification purposes is the difficulty to separate the three species,

due to the dE/dx resolution of ≈ 11%. For this reason and to facilitate the fit

procedure (i.e. to reduce the non-Gaussian tails of the dE/dx distributions after the

truncated mean), the difference between the logarithm of the measured energy loss

signal in the ITS and the logarithm of the expected value for a specific hypothesis on

the particle mass is used. The quantity ξ is thus introduced and defined as:

ξ(ζ, p) = ln[dE/dx(p)]meas − ln[dE/dx(ζ, p)]calc (5.3)

where [dE/dx(ζ, p)]calc is calculated using the Bethe-Bloch formula for the mass

hypothesis ζ and the measured p. The subtraction of the expected dE/dx sets the

position of the peak of the particle ζ at the value ξ = 0, thus allowing the value

for one of the free fit parameters to be initialised. In Fig. 5.6 an example of the ξ

distributions is shown for the kaon mass hypothesis in two pt bins. The area below

the peak centred at zero is the raw yield of kaons in the displayed pt bins. It is

calculated by fitting the histograms with a sum of 3 Gaussian functions. In the

following, the Bethe-Bloch parametrisation and the fit procedure will be illustrated.
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Figure 5.6: Distributions of the variable ξ in two pt bins under the kaon hypothesis mass. Logarithmic
scale on Y. Three Gaussian fit is superimposed.

Bethe-Bloch parametrisation An algorithm has been implemented to parametrise

the average value of the dE/dx as a function of the momentum for pions, kaons and

protons for data and simulations. For each data sample, 22 histograms in momentum

bins are filled with the dE/dx distribution of all tracks with momentum falling in

the selected interval. The momentum value is calculated at the vertex. The peak of

pions (i.e. the one with the higher entry number) is fitted with a Gaussian function.

In Fig. 5.7 the dE/dx distributions with superimposed fits in three momentum bins

are shown as examples of this study.
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Figure 5.7: Three momentum bins with the dE/dx distribution. The position of the peak extracted
from the Gaussian fit to the pion yields is used to tune the Bethe-Bloch parameters.

As it can be observed, the Gaussian fit is reproducing well the position and the

shape of the pion peak without being significantly affected by the presence of the

electrons (visible in the left panel as secondary peak on the left side of the pion
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peak), kaons (middle panel, right side peak) and protons (right panel, rightmost

peak). The peak positions extracted from these fits are plotted for positive and

negative particle as a function of βγ (= p/mπc).
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Figure 5.8: Position of the dE/dx distribution peak versus momentum (βγ) for positive (left) and
negative (right) pions. Data are fitted with the Bethe-Bloch function with PHOBOS parametrisation.

In Fig. 5.8 the result coming from pp data at 7 TeV is shown. Data have been

fitted with the PHOBOS (Back et al., 2005) parametrisation for the energy loss of

charged particles in the Silicon:

dE

dx
(βγ) = p0

p1 + 2 ln γ − β2

β2
ρ(βγ) (5.4)

with

ρ(βγ) =

{

p4 + (βγ − p3)
2 forβγ < p2

p4 + (p2 − p3)
2 forβγ > p2

(5.5)

It has been verified that the parameters are not dependent (tolerance of 0.1%) on

the
√
s and on the particle sign. As expected, a non-negligible (≈ 15%) difference is

present between data and simulation, because the Monte Carlo does not reproduce

perfectly the detector response. For these reasons, two sets of parameters tuned sep-

arately on real and simulated data have been calculated and summarised in Tab. 5.3.

The values are specific of the ITS stand-alone sample of tracks.
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p0 p1 p2 p3 p4
Data 5.3 · 104 16.5 2.6 · 10−3 3.5 · 10−4 7.5 · 10−5

MC -2.48 23.13 1.16 0.93 -1.29

Table 5.3: Bethe-Bloch parameters tuned on data and Monte Carlo, used in the ITS stand-alone analysis
to calculate the ξ variable.

Using the βγ variable instead of the momentum, the parametrisation obtained

from pion data can be used for all the hadrons studied. As an example of the final

result coming from such procedure, in Fig. 5.9 the measured dE/dx is plotted as

a function of the signed momentum (i.e. p × ±1 referred to the track curvature

sign) for pp data at
√
s = 7 TeV. The Bethe-Bloch functions are superimposed. The

agreement between the curves and the data is clearly visible.
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Figure 5.9: Energy loss in ITS calculated with the dedicated truncated mean as a function of the
signed momentum (calculated at the vertex), for pp data at

√
s = 7 TeV. The Bethe-Bloch functions

parametrised for the ITS stand-alone analysis, are superimposed.

The Bethe-Bloch parametrisations are used to calculate the [dE/dx(ζ, p)]calc in

order to estimate the ξ variable for each mass hypothesis ζ as a function of the

momentum. The distributions of ξ are then fitted to extract the raw yields of the

particle ζ. In the next paragraph the fitting algorithm will be described.

Fit procedure To calculate the area below the peak centred at zero for each pt

bin and each mass hypothesis ζ, a precise and controllable fit procedure has been
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developed. The starting point is the determination of the pion peak, because it

is clearly visible due to the larger abundance of pions with a respect to the other

species. This peak can be fitted with a Gaussian function in all the pt bins for all

the ζ mass hypothesis. The positions of the kaon and proton distribution peaks are

not easy to determinate because: i) they are not present in all pt bins (due to the

Bethe-Bloch behaviour); ii) they are lower than the pions; iii) with increasing the pt
their separation from the pion peak becomes smaller and therefore they appear as

bumps in the pion peak (see Fig. 5.6).

The fit procedure consists of three initial steps in limited ξ ranges to find the

peak positions one by one and of a final step to interpolate the whole ξ distribution.

Using the standard normalised Gaussian formula, defined as:

f(ξ) =
A√
2πσ

exp
−(ξ − µ)2

2σ2
, (5.6)

calling ζ the six mass hypotheses (π+ π−K+K− p p̄) and χ the three peaks (π,K, p)

the free parameters are as follows.

• A = A(χ, ζ, pt), the area of the fitted χ peak. The value of A(χ ≡ ζ) for the

peak centred at zero has to be divided by the histogram bin width and by the

pt bin width to obtain the raw yield, the values for the other peaks A(χ 6= ζ)

are not used.

• µ = µ(χ, ζ, pt), the position of the χ peak. It is close to zero for the peak

relative to the mass hypothesis used. It changes as a function of the momentum

for the other species, following the Bethe-Bloch formula. It is also used to

fix the fitting range in order to individuate the three peaks in the whole ξ

distribution histogram.

• σ = σ(χ, ζ, pt), the width of the χ peak. It depends on the detector resolution.

For each mass hypothesis ζ and each pt bin, the sum of three Gaussian gives nine

free parameters. It is not possible to set any constrains on the A parameters. In order

to have a stable fit algorithm, µ and σ parameter must be set to initial values and

a confidence range for them must be defined. The adopted strategy is based on the

knowledge of the Bethe-Bloch functions for the µ parameter and on the measured

detector resolution for the σ one. Different initial parameters are used for real and

simulated data.

The µ parameter changes as a function of ξ following the logarithmic of a ratio

between two Bethe-Bloch functions. The relative positions of the kaon and proton
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peak with a respect to the pion one are used. Extracted µ(π, π+, pt) (using the

position of the maximum) by the histogram, one needs to know the expected

∆K = [µ(π, π+, pt)− µ(K,π+, pt)], ∆p = [µ(π, π+, pt)− µ(p, π+, pt)]. (5.7)

In Fig. 5.10 the ∆χ extracted from the histograms in the pion hypothesis mass

are plotted. The difference between the logarithmic of the Bethe-Bloch functions are

superimposed. The variable p has been converted in pt using pt = p · 〈sinϑ〉 where ϑ

is the polar angle of the momentum components.
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Figure 5.10: Difference between the pion peak position and the kaon(proton) one for data versus pt.
Difference between the logarithmic of the Bethe-Bloch functions are superimposed.

The curves relative to the difference between the Bethe-Bloch functions well rep-

resent the measured ∆χ. As a consequence, they are used to set the initial values for

the µ parameter.

The σ parameter is a convolution of several variables: i) ITS dE/dx resolution;

ii) pt resolution; iii) systematic effects in the dE/dx subtraction. For those pt bins

with a reasonable separation between the peak, for each sign, both for data and

Monte Carlo simulation, the ξ distribution histograms have been fitted with a Gaus-

sian centred in zero, in order to extract the width of the peak corresponding to the

hadron specie under study from the fit parameters. The σ(χ, ζ, pt) values obtained

in this way are plotted as a function of the pt in Fig. 5.11. Data are fitted with the

ad hoc function defined as:

σ(pt) =
α

p2t ln pt
+ β. (5.8)
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Figure 5.11: Width values σ(χ, ζ, pt) of the ξ distribution versus pt for positive pions, kaons and
protons and respective ζ. Data coming, from pp collisions at

√
s= 7 TeV, fitted with the ad hoc function.

Tolerance bands of 5% in dotted line.

The σ values are used to initialise the three Gaussian fit parameters with a confi-

dence range of 5%, represented by the bands in the plots. The study showed that no

dependence on the charge sign is present (consistence within 1 per mil between fit

parameters). In Tab. 5.4 the parameter values used in the ITS stand-alone analysis

both for data and Monte Carlo are listed.

χ αdata βdata αMC βMC

π −6.55 · 10−5 1.26 · 10−1 −1.2 · 10−4 1.13 · 10−1

K −6.22 · 10−4 1.43 · 10−1 −2.39 · 10−3 1.15 · 10−1

p −2.13 · 10−3 1.68 · 10−1 −8.34 · 10−3 1.34 · 10−1

Table 5.4: Summary of the σ parametrisation values used to initialise the fits to the ξ distribution for
the ITS stand-alone analysis.

Final 3 Gaussian fit In principle 6 ζ×24 pt bins = 144 histograms can be fitted for

the ITS stand-alone analysis. By the way, many of them can not be used, because the

peaks of the particle under study are not distinguishable from the other ones. The

choice has been performed by looking directly at the ξ distributions one-by-one. In

Tab. 5.5 ranges and numbers of bins selected for the analysis for hadron species are

summarised.

For each of the 62 (= 14+8+9 = 31× 2 charges) selected histograms, the fitting

algorithm must calculate nine parameters {A(χ), µ(χ), σ(χ)} with 3 different χ, one

for each peak. The algorithm consists in four main steps described in the following.
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ζ pmin
t [GeV/c] pmax

t [GeV/c] # bins δlow δhigh
π 0.1 0.65 14 0.2 0.3
K 0.18 0.55 8 0.1 0.3
p 0.3 0.75 9 0.1 2.5

Table 5.5: Summary of the pt range in which it is possible to calculate the yields for the various
hadron species. Total number of points and fitting range relative values reported. Same values both
for particles and anti-particles.

1. The pion peak is fitted with the first Gaussian. The function parameters are

calculated using as initial values the total integral of the ξ distribution for A

(because pions represent 80% of the produced particles), the position of the

maximum of the ξ distribution for µ, the parametrised function for σ.

2. The ξ distribution is fitted with a sum of two Gaussians. The parameters of

the one describing the pion peak are fixed by the previous step, while µ and σ

parameters for the kaon peak are left free after being initialised to the expected

values described above.

3. The ξ distribution is fitted with a sum of three Gaussians. The six parameters of

the pion and kaon Gaussians are fixed to the results of the previous steps, while

µ and σ parameters for the proton peak are left free after the initialisation.

4. The ξ distribution is finally fitted with a sum of three Gaussians. In this case,

all µ and σ parameters are fixed to the values obtained in the previous three

steps, while A parameters are left free with large confidence range (≈ 30%).

To fit only one peak for a single χ, the fitting range in the first three steps is fixed

using the µ(χ, ζ, pt) calculated with the ∆χ parametrisation described before. It is

defined as a function of the particle and the transverse momentum as:

fitting range(χ, ζ, pt) = [µ(χ, ζ, pt)− δlow(χ) , µ(χ, ζ, pt) + δhigh(χ)] (5.9)

where δlow(χ) and δhigh(χ) were optimised by manually fitting the ξ distributions.

The δ(χ) values are asymmetric because the left part of the peak in the pt bins (where

the separation between π/K and p/K is limited) is superimposed to an other one

(see Appendix C). Their values are listed in Tab. 5.5.

In Fig. 5.12 an example of the three Gaussian fit is shown. It is possible to see the

result of the last step (continuous line) with the Gaussians referred to each hadron

species (dashed lines).

Only the A(χ, ζ, pt) parameter for the peak of the hadron under study is used for
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Figure 5.12: Example of a three Gaussian fit to the ξ distribution for ζ = K+ using data at
√
s = 7 TeV.

Some parameters are indicated. Dotted lines represent the final Gaussian function for each hadron
species, the continuous line comes from the last global fit.

the analysis. All the remaining eight parameters are used to cross check the quality

of the fit procedure. In Fig. 5.13 the µ parameter is plotted as a function of pt for

the three hadron species (π,K,p) both for positive and negative particles. Since it is

extracted from distributions with coherent mass hypothesis (χ ≡ ζ), values close to

zero are expected.
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Figure 5.13: Integral approach, data. Mean parameter µ of the central Gaussian versus pt in case of
χ ≡ ζ for the three species, both for positive and negative particles.

In Fig. 5.14 similar plots for the σ parameter as a function of pt are shown.
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Figure 5.14: Integral approach, data. Variance parameter σ of the central Gaussian versus pt in case
of χ ≡ ζ for the three species, both for positive and negative particles.

The A(χ, ζ, pt) value is divided by the bin width of the ξ distribution (wξ) and for

the width of the pt bin (dpt). The dN/dpt for the mass hypothesis ζ at the measured

pt is given by:
dN

dpt
(ζ, pt) =

A(χ, ζ, pt)χ≡ζ

wξ dpt
. (5.10)

Assuming the two width not affected by error, the uncertainty on the yield is given by

the error on the estimation of the A(χ, ζ, pt) fit parameter scaled for the two width

values.

The software code which contains parametrisations for µ and σ (formulas and

parameters), the pt values to select the bin to fit, the four steps of the fitting al-

gorithm, the fitting range values, the formula to extract the raw yields have been

implemented in the official AliROOT framework.

In appendix C the results obtained with this method from pp data at
√
s = 7 TeV

are shown for all particle species. The results coming from the Monte Carlo simu-

lations are also reported, since they are used to correct the raw yields, as will be

explained in the next section.

5.3 Step 3: correction

There are three main correction factors applied to the raw yields. They are sum-

marised in the following.

Acceptance and efficiency To correct the raw yields, the correction factors includ-

ing the detector acceptance and the efficiency of both the applied selection cuts and
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the ξ fit procedure have been extracted from Monte Carlo simulations. A sample

of about two million events produced with the PYTHIA 6.4 event generator, prop-

agated through the detector with the GEANT3 transport code are used. Dead and

noisy channels as well as beam position and spread have been set in order to repro-

duce the experimental conditions for each physics run.

The ITS stand-alone analysis described in the previous section is applied to sim-

ulated data using the same cuts and the same yield extraction procedure. The ratio

between yields obtained from the fits to ξ distributions and the abundances of pri-

mary particles given by the Monte Carlo generator in |y| < 0.5 quantifies the effi-

ciency of the analysis and is used to correct the raw yields. Three definitions of such

efficiency have been treated.

• Eff is extracted by the ratio between reconstructed yields and the ones gener-

ated by the Monte Carlo simulation. For both samples the event selection cuts

are applied. It quantifies the separation of the three hadron species with the

three Gaussian fit, the tracking algorithm efficiency, the dead channels present

in the detector and the contamination from secondaries. It is given by:

Eff =
dN/dpt(ζ, pt)extracted

dN/dpt(ζ, pt)generated, 3−Gaussian separation
. (5.11)

• MC PID is extracted using the same numerator of the previous ratio, but using

the identity of the tracked particles from the Monte Carlo truth (instead of

using the Gaussian fit) to extract the reconstructed yields:

MCPID =
dN/dpt(ζ, pt)extracted

dN/dpt(ζ, pt)generated,MonteCarlo identity
. (5.12)

The difference between such efficiency and the Eff spots the efficiency of the

separation of the three hadrons species with three Gaussian fit.

• Correction Factor is extracted using the same numerator of the ratio, but in this

case all the generated primary particles (i.e. without event cuts) are used in

the denominator, in order to account for the efficiency of the vertex finding

algorithm. It is used as global correction to be applied to the raw yields and

the definition is as follows:

Correction factor =
dN/dpt(ζ, pt)extracted

dN/dpt(ζ, pt)generated, all primaries
. (5.13)
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Fig. 5.15 shows the efficiency values (all three definitions) for pions, kaons and

protons (positive charge only).
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Figure 5.15: Efficiencies for pions, kaons and protons for the ITS stand-alone analysis as obtained from
Monte Carlo simulations.All three definitions (see text), positive charge only.

After the efficiency correction, which depends on each sample of analysis (i.e.

TOF, TPC, ITS+TPC, ITSsa), other three correction factors are taken into account.

In addition, the spectra have to be normalised to the number of inelastic events in

the analysed sample.

Transport code As mentioned in the previous chapters, for the Monte Carlo trans-

port simulation the GEANT3 code is used in AliROOT. In fact, the FLUKA code gives

a more accurate reproduction of the involved effects, especially for proton and anti-

proton. Dedicated simulation have been therefore performed to extract the ratio

between FLUKA and GEANT3 efficiencies for each particle as a function of the trans-

verse momentum. The values of the FLUKA/GEANT3 ratios are shown in Fig. 5.16

and they are applied as multiplicative factors to correct the spectra.

Feed-down As discussed in the first step of the method, secondary particles from

interactions in the detector material and strange particle decays have to be sub-
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Figure 5.16: Transport code correction values for pions, kaons and protons (positive and negative) for
the ITS stand-alone analysis.

tracted from the yields of both simulated and real data. The fraction of secondaries

after applying the track impact-parameter cut depends on the hadron species and

amounts to 1-3% for pions and 5-10% for protons depending on the transverse mo-

mentum.

The Correction factor has been defined in order to include the secondary particles

presence in the sample and to correct for their contamination. In fact, the secondary

particle abundance coming from strange decays reproduced by the PYTHIA gener-

ator is not consistent with the one measured using real data. As a consequence, a

further correction to be applied to the Correction factor is needed.

The secondary-to-primary ratio has been estimated both in real and simulated

data by fitting the measured track impact-parameter distributions with three com-

ponents: primaries, secondaries from strangeness and secondaries from material (as

discussed above for Fig.5.3). From these fit the fraction of secondaries has been

extracted both for real and simulated data. Alternatively, the contamination from

secondaries have been determined using Monte Carlo samples, after rescaling the

Λ yield to the measured values. The difference between these two procedures is

negligible for pions and kaons. It amounts to ≈ 3% for protons and anti-protons. In

Fig. 5.17 the values used for the correction are plotted as a function of the transverse

momentum.

Normalisation In case of pp collisions, a normalisation factor has to be used in

order to scale the obtained spectra to the number of inelastic collision. To obtain it,
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Figure 5.17: Feed-down correction values for protons and anti-protons for the ITS stand-alone analysis.

the number of the triggered events of the sample used for the analysis is corrected

for the trigger efficiency, which is calculated via Monte Carlo simulations, scaling the

cross section for diffractive processes so as to match to the measurements of the UA5

experiment (Ansorge et al., 1986).

In Fig. 5.18 the pt spectra extracted for the pp data sample at
√
s= 7 TeV are

shown. The values obtained from the from the three Gaussian fit before the cor-

rections (raw) are plotted together with the points corrected for the efficiency, the

feed-down and the transport code effects.

5.4 Step 4: systematics

The systematic errors to be considered in the ITS stand-alone analysis are described

in this section and, as an example, the values obtained for pp at
√
s= 900 GeV are

reported in Table 5.6.

Transverse momentum independent Two systematic contributions are not de-

pendent on pt: the one coming from fit procedure and the one coming from the

secondary contamination.
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Figure 5.18: Transverse momentum spectra extracted for the pp data sample at
√
s= 7 TeV using the

ITS stand-alone analysis. Raw (open markers) and corrected (close markers) are plotted for the three
hadron species (positive and negative).

Systematic errors π± K± p and p̄
secondary from material negl. negl. negl.
secondary from weak decay < 1% negl. 3%
material budget high pt < 1% < 1% 1%
material budget low pt 5% 2% 3%
ITS efficiency high pt 2% 2% 2%
ITS efficiency low pt 12% 13% 11%
fit procedure 1% 5% 3.5%

Table 5.6: Summary of systematic errors in the efficiency correction of the ITS stand-alone analysis for
pp data at 900 GeV.

The systematic contribution from the fit procedure to the ξ distributions has been

estimated by varying the fit conditions:

• different fitting algorithms (e.g. MIGRAD, MINUIT, χ2);

• order of the peak finding (e.g. the proton peak can be determined in the second

step and the kaon one in the third step);

• different confidence range for the µ and σ fit parameters;

• different fit functions (e.g. Gaussian with an exponential tail).
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In addition, two comparisons have been performed: i) with the abundances ex-

tracted using the Monte Carlo identity for each hadron species; ii) with the results

obtained with the N-sigma approach (discussed in § 4.5).

The systematic uncertainty due to the subtraction of secondary particles has been

estimated by repeating the full analysis chain with different cuts on the track impact

parameter and comparing the resulting spectra after applying all the needed correc-

tion. Furthermore, the fits to the impact parameter d0 distribution described in § 5.1

have been repeated using different fit functions for the three components (i.e. Monte

Carlo templates + Gaussian for the strangeness contribution instead of exponential

tails). Finally, the result with secondaries correction from PYTHIA rescaled with the

Λmeas/ΛPYTHIA ratio has been considered.

In Fig. 5.19 the estimated systematic values coming from the secondary subtrac-

tion and the fit procedure are reported.
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Figure 5.19: Systematics coming from the three Gaussian fit procedure and from the secondary correc-
tion. Values for pions, kaons and protons are shown. No dependence on pt and on the particle charge
are present.

Transverse momentum dependent The systematic contributions due to the effi-

ciency corrections and the material budged reproduction present a non negligible

dependence on pt.

The effect of the uncertainty in the material budget has been estimated by mod-

ifying the material budget in the Monte Carlo simulations by ±7%, which is the

present uncertainty of the material budget of the ITS. The analysis have been per-

formed on the three simulated data samples (with and without the ±7% increasing)
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and the resulted have been compared in each pt bin for the three hadron species.

The residual imperfections in the description of the ITS detector modules and

dead areas in the simulation introduce a systematic uncertainty in the ITS tracking

efficiency. This is estimated by varying the cuts on the number of clusters and on the

track χ2 both in data and in Monte Carlo simulations. In the lowest pt bins, a larger

systematic error has been assigned to account for the steep slope of the tracking

efficiency as a function of the particle transverse momentum. This is due to a little

bias effect on the reconstruction of the track transverse momentum. Indeed, for the

calculation of the correction factor, the ratio between reconstructed and generated

results is performed, but the pt bias is not present in the denominator.

In Fig. 5.20 the estimated systematic values coming from efficiency and material

budget are shown for pions, kaons and protons. No significantly dependence on the

particle charge have been found.
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Figure 5.20: Systematics coming from efficiency, acceptance and material budget reproduction. Values
for pions, kaons and protons are shown.

Code implementation

The whole software code used for the analysis has been implemented in the official

AliRoot framework, in the $ALICE_ROOT/PWG2/SPECTRA directory.

The sample selections (event and track cuts), the Bethe-Bloch and the d0 parametri-

sations and the algorithm to perform the truncated mean are included in the official

task used for the ITS analysis AliAnalysisTaskSEITSsaSpetra. The same task is

used to perform the analysis using the N-sigma PID approach.
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The three Gaussian fitting procedure, the raw yield extraction algorithm and

the µ and σ parametrisations have been implemented in a dedicated class called

AliITSsadEdxFitter. Besides, it includes also several different approaches used to

estimate the fit procedure systematics.

The extraction of the raw yields and the calculation of the correction factors is

performed using the MakeRawITSsaSpetraMultiBin.C. It is used also for the anal-

ysis in multiplicity bins for the pp data samples with high statistics.

The MakeCorretedITSsaSpetraMultiBin.C macro is used to correct the raw

yields for the correction factors, the feed-down and the transport code effect.



Chapter 6

Analysis: results

E quando dottore lo fui finalmente, non volli tradire il

bambino per l’uomo. [. . . ]

Finì a sfogliare i miei tramonti in prigione, inutile al

mondo ed alle mie dita, bollato per sempre truffatore

imbroglione, dottor professor truffatore imbroglione.

Fabrizio De André

Abstract

The results obtained using the Inner Tracking System in stand-alone mode for pp data at√
s = 900 GeV and the comparison with the results from the other detectors will be shown.

6.1 Proton–proton data at
√
s = 900 GeV

The method described above has been used to analyse ≈ 300 k events coming from

pp collisions at
√
s = 900 GeV collected in December 2009. The raw yields ex-

tracted using the three Gaussian fits to the ln[dE/dx]meas− ln[dE/dx]calc distribution

have been corrected for the respective correction factors, calculated with a dedicated

Monte Carlo simulation, which takes into account of the detector conditions at the

moment of the data taking using the information stored in the ALICE Offline Condi-

tion DataBase (OCDB).

The identified hadron spectra analysis in ALICE, as mentioned before, is per-

formed using other two detectors (TOF and TPC) and other approaches (TPC+ITS

samples, kinks). The results of all the analyses are merged together in order to cover

the maximum pt range for all the three particles species under study. Fig. 6.1 shows a

comparison the different analyses. The very good agreement (quantified in Fig. 6.2)
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demonstrates that all the relevant efficiencies are well reproduced by the detector

simulation, the whole method for the yield extraction gives consistent results and

the secondary particle subtraction is under control.
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Figure 6.1: Transverse momentum spectra of positive (left) and negative (right) hadrons from the
various analyses for the pp data at

√
s = 900 GeV. Only systematic errors are plotted.

In Fig. 6.2 the ratio between stand-alone ITS and TPC values in the common

pt range is shown as a function of the transverse momentum, for all the analysed

hadrons species. The points referred to the anti-particles are shifted of 0.3 for visi-

bility.
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for visibility.
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The spectra from ITS stand-alone, TPC and TOF can be combined. The analyses

from the different detectors use a slightly different sample of tracks and have largely

independent systematics (mainly coming from the PID method and the contamina-

tion from secondaries). The spectra have been averaged, using the systematic errors

as weights. From this weighted average, the combined, pt dependent, systematic er-

ror is derived. The combined spectra have an additional overall normalisation error,

coming primarily from the uncertainty on the material budget (3%) and from the

normalisation procedure (2%). The combined spectra are shown in Fig. 6.3. They

have been fitted using the Lévy function (Abelev et al., 2009) defined as:

d2N

dptdy
= pt

dN

dy

(n− 1)(n− 2)

nC(nC +m(n− 2))

(

1 +
mt −m0

nC

)−n

(6.1)

with C, n and the yield dN/dy as free parameters.
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Figure 6.3: Transverse momentum spectra of positive hadrons for pp at
√
s = 900 GeV. Grey band:

total pt dependent error (systematic plus statistical); normalisation systematic error not plotted.

This function gives a good description of the spectra and is used to extract the

total yields and the 〈pt〉, summarised in Table 6.1. The χ2/degree-of-freedom is

calculated using the total error. Due to residual correlations in the point-by-point

systematic error, the values are less than 1.

Also listed in Tab 6.1 are the lowest measured pt bin and the fraction of the yield

contained in the extrapolation of the spectra to zero momentum. The extrapolation

to infinite momentum gives a negligible contribution. The systematic errors take into

account the contributions from the individual detectors, propagated to the combined

spectra, the overall normalisation error and the uncertainty in the extrapolation.
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dN/dy 〈pt〉 [GeV/c] pmin
t

[GeV/c] Extrap. χ2/ndf
π+ 1.493±0.004±0.074 0.404±0.001±0.02 0.10 10% 14.23/30
π− 1.485±0.004±0.074 0.404±0.001±0.02 0.10 10% 12.46/30
K+ 0.183±0.004±0.015 0.658±0.006±0.05 0.20 13% 12.71/24
K− 0.182±0.004±0.015 0.642±0.006±0.05 0.20 13% 6.23/24
p 0.083±0.002±0.006 0.768±0.008±0.06 0.35 21% 13.79/21
p̄ 0.079±0.002±0.006 0.760±0.008±0.06 0.35 21% 13.46/21

Table 6.1: Integrated yield dN/dy (|y| < 0.5) with statistical and systematic errors, and 〈pt〉, as
obtained from the fit with the Lévy function together with the lowest pt experimentally accessible, the
fraction of extrapolated yield and the χ2/ndf of the fit. The systematic error of dN/dy and of the 〈pt〉
includes the contributions from the systematic errors of the individual detectors, from the choice of the
functional form for extrapolation and from the absolute normalisation.

The latter is evaluated using different fit functions (modified Hagedorn (Hagedorn,

1984) and the UA1 parametrisation (Albajar et al., 1990)) or using a Monte-Carlo

generator, matched to the data for pt < 1 GeV/c (PYTHIA, with tunes D6T, CSC

and Perugia0, or PHOJET). While none of these alternative extrapolations provides

a description as good as the one from the Lévy fit, from this procedure an uncertainty

of about 25% of the extrapolated part of the yield.

The ratios of π+/π− and K+/K− as a function of pt are close to unity within

the errors, allowing the combination of both spectra in the Lévy fits. The p/p̄ ratio

as a function of pt has been studied with high precision by ALICE in Aamodt et al.

(2010g). It is pt independent with a mean value of 0.957± 0.006(stat)± 0.014(syst).

Also for protons the sum of both charges has been used. Table 6.2 summarizes the

fit parameters along with the average yields and mean pt. The errors have been

determined as for the individual fits. The values of yield and 〈pt〉 given in Table 6.1

and 6.2 agree well with the results from p̄-p collisions at the same
√
s (Ansorge et al.,

1987).

π+ + π− K+ +K− p+ p̄
dN/dy 2.977±0.007±0.15 0.366±0.006±0.03 0.162±0.003±0.012
C [GeV] 0.126±0.0005±0.001 0.160±0.003±0.005 0.184±0.005±0.007
n 7.82±0.06±0.1 6.08±0.2±0.4 7.5±0.7±0.9
〈pt〉 [GeV/c] 0.404±0.001±0.02 0.651±0.004±0.05 0.764±0.005±0.06
χ2/ndf 19.69/30 8.46/24 9.86/21

Table 6.2: Results of the Lévy fits to combined positive and negative spectra. See text and the caption
of Table 6.1 for details on the systematic errors.
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Fig 6.4 compares the 〈pt〉 with measurements in pp collisions at
√
s = 200 GeV by

the STAR experiment at RHIC (Adare et al., 2010) and in p̄-p reactions at
√
s = 900

GeV by the UA5 experiment (Abelev et al., 2009; Ansorge et al., 1987). The mean pt
rises very little with increasing

√
s despite the fact that the spectral shape clearly

shows an increasing contribution from hard processes. It was already observed

at RHIC that the increase in mean pt at
√
s = 200 GeV compared to studies at

√
s = 25 GeV is small. The values obtained in pp collisions are lower than those for

central Au+Au reactions at
√
s = 200 GeV (Abelev et al., 2009).
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Figure 6.4: Mean pt versus particle mass in pp collisions (ALICE, red solid circles, statistical and
systematic errors) compared to results at 200 GeV (star markers, average values of the results from
the STAR and the PHENIX Collaborations and p̄ p reactions at 900 GeV (Ansorge et al., 1987) (open
squares). Some data points are displaced for clarity.

Fig 6.5 shows theK/π ratio as a function of
√
s both in pp (Abelev et al., 2009; Alt

et al., 2006; Anticic et al., 2010)) and in p̄-p (Alexopoulos et al., 1993; Alner et al.,

1985; Alexopoulos et al., 1992) collisions. For most energies, the (K++K−)/(π++

π−) ratio is plotted, but for some cases only neutral mesons were measured and

K0/π0 is used instead. The pt integrated (K+ +K−)/(π+ + π−) ratio shows a slight

increase from
√
s = 200 GeV (K/π = 0.103 ± 0.008) to

√
s = 900 GeV (K/π =

0.123±0.004±0.010) (Abelev et al., 2009), yet consistent within the error bars. The

results at 7 TeV will show whether the K/π ratio keeps rising slowly as a function of
√
s or saturates.

Fig 6.6 shows a comparison of the measured pion and proton spectra with several

tunes of the PYTHIA event generator and with PHOJET. The same plot is reported

for the kaon on the left side of Fig. 6.7. The PYTHIA CSC 306 tune provides a
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Figure 6.5: Ratios K/π versus
√
s. Data are from pp collisions (full symbols) and from p̄ p interaction

(open symbols).

very poor description of the particle spectra for all species. Similar deviations were

already seen for the unidentified charged hadron spectra. The other PYTHIA tunes,

Perugia0 and D6T, and PHOJET give a reasonable description of the pion values,

but show large deviations in the kaon ones. The measured kaon pt spectrum falls

more slowly with increasing pt than the event generators predict. A similar trend is

seen for the proton spectra, except for PYTHIA tune D6T, which describes the proton

spectra reasonably well. On the right side of Fig. 6.7 the various analysis techniques,

including the kink topology, used for kaons are shown and the good agreement is

evident.

The left panel of Fig 6.8 shows the pt dependence of the K/π and also the mea-

surements by the E735 and STAR. The observed increase of K/π with pt does not

depend strongly on collision energy. A comparison with event generators shows that

at pt > 1.2 GeV/c, the measured K/π ratio is larger than any of the model pre-

dictions. It is interesting to note that while the spectra in the CSC tune are much

steeper than the other tunes, the pt dependence of the K/π ratio is very similar.

In the models, the amount of strangeness production depends on the production

ratios of gluons and the different quark flavours in the hard scattering and on the

strangeness suppression in the string breaking. The latter could probably be tuned

to better describe the data. A similar disagreement between measured strangeness

production and PYTHIA predictions was found at RHIC energies.

On the right side of Fig 6.8, the measured p/π ratio is compared to results at
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Figure 6.6: Comparison of measured pion and proton spectra at
√
s = 900 GeV (both charges com-

bined) with various tunes of event generators. Statistical errors only.

-1
 (

G
eV

/c
)

t
N

 / 
dy

dp
2

 d
ev

1/
N

-210

-110

1

10

Data

Phojet

Pythia - CSC 306

Pythia - D6T 109

Pythia - Perugia0 - 320

-
+K+K

 (GeV/c)
t

p
0 0.5 1 1.5 2 2.5 3

D
at

a/
M

C

1

2

3

 (GeV/c)
t

p

0 0.5 1 1.5 2 2.5 3

-1
 (

G
eV

/c
)

t
N

 / 
dy

dp
2

 d
ev

1/
N

-310

-210

-110

1

, ITS+TPC+TOF - + K+K

 2× 0K

, Kinks- + K +K

Figure 6.7: Left: comparison of measured kaon spectra at
√
s = 900 GeV (both charges combined)

with various tunes of event generators. Statistical errors only. Right: Comparison of charged kaon
spectra, obtained from the combined ITS stand-alone, TPC, TOF analysis, from the kink topology and
K0 spectra from Aamodt et al. (2010h).

√
s= 200 GeV from PHENIX. Both measurements are feed-down corrected. At low pt

there is no energy dependence of the p/π ratio visible, while at higher pt > 1 GeV/c,

the p/π ratio is larger at
√
s = 900 GeV than at

√
s = 200 GeV. Event generators

seem to separate into two groups, one with high p/π ratio (PYTHIA CSC and D6T),

which agree better with the data and one group with a lower p/π ratio (PHOJET and

PYTHIA Perugia0), which are clearly below the measured values. These comparisons

can be used for future tunes of baryon production in the event generators.
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pp collisions at
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from PHENIX (lower part) also are given. The dashed and dotted curves refer to calculations using
PYTHIA and PHOJET at

√
s = 900 GeV.

On going analysis The whole procedure of yield extraction using the three Gaus-

sian fitting procedure on the tracks reconstructed by the ITS in stand-alone mode is

being repeated on pp data at
√
s = 7 TeV and PbPb data at

√
s = 2.76 TeV collected

in 2010. The preliminary results obtained and compared with the other detector

analysis can not be shown because the study is actually on going. However, several

results obtained with the ITS stand-alone analysis have been reported in the previous

chapter.



Conclusion

È un paradosso tipico dello spirito umano cogliere gli

elementi senza poterne abbracciare la sintesi:

paradosso epistemologico d’una scienza certa nei fatti,

ma comunque insufficiente: sufficiente nelle sue

teorie, ma comunque incerta, ovvero paradosso

psicologico di un io percettibile nelle sue parti, ma

inaccessibile nella sua profonda unità.

Albert Camus

The goal of this thesis is the study of the transverse momentum spectra of charged

identified hadrons using the Inner Tracking System (ITS) of the ALICE experiment.

I developed, tested and optimised a general method to perform such study on the

first proton–proton data collected at the LHC at
√
s= 900 GeV. The whole algo-

rithm has been implemented in the official offline analysis framework of the ALICE

experiment (AliRoot) and it is ready to be used again on the sample of pp colli-

sions at
√
s = 7 TeV as well as on the PbPb data collected in November 2010 at

√
s = 2.76 TeV. The adopted method is based on an integral approach, extracting

the hadron yields from the energy loss distribution in the four outermost layers of

the Inner Tracking System (ITS). The selection cuts to be applied to the triggered

events and to the reconstructed tracks have been optimised for the analysis. An

ad hoc parametrisation of the energy loss distribution has been calculated. A three

Gaussian fitting algorithm to extract the yields of pion, kaons and protons in pt in-

tervals has been implemented and automatised. Efficiencies and correction factors

have been extracted from the Monte Carlo simulations and used to correct the raw

yields. The systematic errors have been estimated.

Thanks to this method, the ITS has been used in stand-alone mode to extract

the hadron yields for low pt tracks. The d2N/dydpt values thus obtained have been

compared and merged with the ones coming from other detectors and analyses in

ALICE. The results have been published in Aamodt et al. (2011a) which is the first
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article of the collaboration dedicated to this topic. Data are compared with previous

experiments and with theoretical models. They will be used as references for the

next studies on the lead–lead collisions at the LHC and they are also intrinsically

interesting for the tuning of particle production models.

In order to use the ITS in stand-alone mode, an accurate work of calibration

and commissioning of its sub-systems was needed. I was involved in the study of

the charge collection efficiency and charge calibration of the Silicon Drift Detector

(SDD), which has a crucial role for the energy loss measurement to be used for the

particle identification. The charge collection efficiency has been corrected for the

dependence on the drift time, due to the combined effects of charge diffusion during

the drift and of the zero suppression algorithm. The charge calibration conversion

factor (from ADC counts to keV) has been determined and all the 260 SDD modules

have been inter-calibrated at the same value.

Furthermore, I worked in the ALICE counting room following the SDD data tak-

ing for twelve months, constantly checking the quality of data collected during the

calibration and physics runs. It has been possible to guarantee the stability of the

SDD performance for the whole pp data taking period.



Appendix A

Poisson equation for the drift

potential

In the Silicon Drift Detector, when a negative potential is applied, the wafer is fully

depleted and the potential distribution within its volume represents the solution of

the one-dimensional Poisson’s equation (Gatti and Rehak, 1984):

∂2φ1
∂z2

= −qND

ε
(A.1)

where φ1 is the electric potential, z is the direction along the wafer thickness as

shown in Fig. 3.1, q is the electric charge, ND the donor concentration and ε the di-

electric constant of silicon. The solution of the above equation follows the parabolic

profile:

φ1(z) = −qND

ε
(z − z0)

2 + φ21 (A.2)

where z0 = w/2 is the middle plane of the wafer.

The potential φ1 thus obtained is constant along x and y directions1, since the

potential φ1(z) is a function of the z direction exclusively. A drift channel with

constant drift velocity along the y direction, in the middle plane of the wafer, can be

created with simple superposition of an electrostatic field of components:











Ex(x, y, z) = 0

Ey(x, y, z) = Edrift

Ez(x, y, z) = 0

(A.3)

1As shown in Fig. 3.1, x is the anodic direction, y is the drift direction and z is the direction
perpendicular to the detector surface.
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E is governed by the equation:

E = −∇φ2 (A.4)

with the solution:

φ2(x, y, z) = φ2(y) = −Edrift · y + φ02 (A.5)

and the potential φ2 satisfies the Laplace’s equation:

∂2φ2
∂y2

= 0 (A.6)

Therefore, a bi-dimensional potential distribution is needed in order to meet the

requirements for SDDs field design. The correct configuration is given by the sum of

the two components:

φ(y, z) = φ1(z) + φ2(y) (A.7)

which satisfies the two-dimensional Poisson’s equation:

∂2φ(y, z)

∂y2
+
∂2φ(y, z)

∂z2
=
ρ

ε
= −qND

ε
(A.8)

With the imposition of linear boundary conditions, the potential φ can be ex-

pressed as:

φ(y, z) = −Edrift · y + φ0 +
w

2

qND

ε
= −Edrift · y + const. (A.9)

where φ0 is a constant. In this case a numerical solution to the two-dimensional

Poisson’s equation can be found (Fig. A.1a), which has a characteristic gutter shape.

This peculiar potential distribution focuses the electrons released by the crossing

particle in the middle plane of the device and transports them towards the collecting

regions.

The linear potential boundary condition introduced is not realistic, since the ac-

tual drift field is obtained by polarizing p+ cathodes of finite width h with negative

voltages in proportion to their distance from the collecting region. The actual poten-

tial distribution is shown in Fig. A.1b, where the effect of the discretization of the

cathodes can be observed.

The discretization of the potential distribution near the detector surface differs

considerably from the ideal case of superimposition of two-dimensional contributes.

Between each pair of p+ implants the potential has a parabolic shape with a mini-

mum, whose depth and position depend on the polarization of the cathodes. This

configuration, with a minimum potential between each couple of cathodes, guaran-
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Figure A.1: Numerical simulation of the potential distribution in the drift region of a Silicon Drift
Detector.

tees electric isolation and prevents the possibility of a hole current passing between

the strips. The cathode polarization should therefore be chosen in order to:

• create a uniform field;

• product the potential minimum in the correct way, in order to guarantee the

isolation between cathodes.

A key requirement for an optimal performance of the drift field is that the effect

of discretization of cathodes should vanish in the middle plane of the wafer, where

electrons drift. In this perspective, the value of the strip pitch s should maintain an

appropriate s/w ratio between s and the detector thickness w.

The numerical solution of Poisson’s equation (Eq. A.8) gives the expected values

for the electric field in the drift channel in the middle of the detector bulk. The

field uniformity improves for low values of r = s/w and a ratio r ≤ 0.4 guarantees

the deviation from the uniformity of the field to be below 1% in the middle plane,

similarly to the ideal case of linear boundary conditions.
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Appendix B

Baseline and noise of the ALICE

Silicon Drift Detector

In the Silicon Drift Detector of the ALICE experiment, two crucial parameters are the

baseline and the noise, with the relative correction. In the following the algorithms

used are explained in detail (Vallero, 2006).

Baseline The baseline is defined as the average signal value in ADC counts for each

anode. So for each channel it is calculated from:

Bi =
1

Nev

Nev
∑

n=1

1

256

∑

j

Ci,j (B.1)

where n is the event number, Nev in our case is 200 and Ci,j is the measured signal

in anode i and time bin j.

The AMBRA chip (see text) can be programmed (via JTAG) to equalize the base-

lines of all the channels. This is done starting from the raw baseline measurement

and subtracting from each of the 256 anodes a proper value to have all the base-

lines equal to the lowest one. This baseline equalization is useful for simplifying the

analysis of the subsequent measures.

Noise The raw noise is defined as the RMS noise of the signals of the anode chan-

nels. It is very low, about 2-3 ADC counts as respect to the ≈100 ADC counts for

a Minimum Ionising Particle (MIP) crossing the SDD surface at large distance from

the collection anode row.

A peculiar behaviour is present at the boundary between different pairs of AM-

BRA/PASCAL chips, i.e. every 64 channels. This effect can be partially avoided with
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the subtraction of common mode noise. This may originate from any external source

in the proximity of the module and leads to coherent variations in the signals across

groups of channels. If the readout is analogue, the common mode noise contribution

can easily be deduced from the pedestal heights and subtracted from the signals on

an event-by-event basis. The noise of an anode is:

Ni(t) = N0
i (t) + αi〈N〉(t) (B.2)

where N0
i is the noise without common mode contribution, αi is the common mode

coefficient and 〈N〉 is the mean over the noise of all channels.

Specifically the calculation of the common mode coefficients is performed inde-

pendently for odd and even channels because of the design of the chips. The mean

value of the noise of all the odd or even channels is given by:

〈N〉(t) = 1

128

∑

i

Ni(t). (B.3)

The common mode coefficient is the parameter of a linear fit performed on Ni(t),

thus:

αi =

∑〈N〉(t)Ni(t)−
∑〈N〉(t)∑Ni(t)

∑

[〈N〉(t)]2 − [
∑〈N〉(t)]2

(B.4)

if the calculation is performed after subtracting the baseline values to the mea-

sured signals:

αi =

∑

tNi(t)〈N〉(t)
∑

t [〈N〉(t)]2
. (B.5)



Appendix C

Three Gaussian fit results

The method used for the ITS stand-alone analysis to extract the yields of pions, kaon

and protons is based on a three Gaussian fit to the dE/dx distribution. The measured

energy loss has been calculated via a dedicated truncated mean (see chapter 4) and

then parametrised as a respect to the expected Bethe-Bloch function (see chapter 5).

The distributions of the ξ(ζ, pt) = ln[dE/dx(pt)]meas − ln[dE/dx(ζ, pt)]calc are used.

In Fig. C.1 an example of such distribution with the three Gaussian fit is shown.
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Figure C.1: Example of a three Gaussian fit to the ξ distribution for ζ = K+ using data at
√
s = 7 TeV.

Some parameters are indicated. Dotted lines represent the final Gaussian for each hadron species, the
continuous line comes from the last global fit.

In the following, the fit results obtained for the analysis of pp data collected at
√
s = 7 TeV are shown together with the results coming from the relative Monte

Carlo simulation.
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Figure C.2: Integral approach on pp data. Three Gaussian fits to the ξ distributions in pt bins in case
of positive pion mass hypothesis. The pads with the cross are excluded.
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Figure C.3: Integral approach on pp data. Three Gaussian fits to the ξ distributions in pt bins in case
of positive kaon mass hypothesis. The pads with the cross are excluded.
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Figure C.4: Integral approach on pp data. Three Gaussian fits to the ξ distributions in pt bins in case
of proton mass hypothesis. The pads with the cross are excluded.
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Figure C.5: Integral approach on pp data. Three Gaussian fits to the ξ distributions in pt bins in case
of negative pion mass hypothesis. The pads with the cross are excluded.
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Figure C.6: Integral approach on pp data. Three Gaussian fits to the ξ distributions in pt bins in case
of negative kaon mass hypothesis. The pads with the cross are excluded.
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Figure C.7: Integral approach on pp data. Three Gaussian fits to the ξ distributions in pt bins in case
of anti-proton mass hypothesis. The pads with the cross are excluded.
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