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Outline

The research reported in this thesis was performed using data collected by
A Large Ton Collider Experiment (ALICE) during the first year of the Large
Hadron Collider (LHC) operation. The main subject is a measurement of pion,
kaon, proton and antiproton production as a function of transverse momentum
(pt spectra) in proton-proton collisions. The particle identification is based on
the energy loss in the Inner Tracking System (ITS), a silicon detector. Chap-
ter 1 is an introductory chapter, which presents the theoretical background of
the particle production in proton-proton collisions. Chapter 2 contains the de-
scription of the ALICE detector. In Chapter 3 the calibration procedure of the
Silicon Strip Detector (part of the ITS) is described. In Chapter 4 the method
of the particle production measurement is described, which was used for two
energies of the colliding protons (y/s =7 TeV and /s =900 GeV). In Chapter 5
the 7 TeV results from Chapter 4 are compared and combined with results from
other methods of particle identification. The combined result is compared with
theoretical models, predictions of event generators and previous experimental
results. In Chapter 6 the method from Chapter 4 is used to measure the spec-
tra as a function of the event multiplicity. Chapter 7 is the concluding chapter
which also contains a brief discussion of possible new measurements.

The work in this thesis was presented at two international conferences [1, 2].
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Chapter 1

Theoretical background and
previous experimental
results

1.1 Introduction

In this chapter our theoretical understanding of some of the basic properties of
proton-proton collisions is discussed, in particular the production of low energy
pions, kaons, protons and antiprotons. Some models which describe heavy—
ion collisions are presented because they can also be applied to proton-proton
collisions. This chapter is organized as follows. Section 1.2 introduces basics
properties of Quantum Chromodynamics and the proton structure. In Section
1.3 a short description of the proton-proton collision modelling is presented.
In Section 1.4 some of phenomenological models used to describe the particle
production in proton-proton and heavy—ion collisions are introduced. It also
contains a brief discussion of the possible collective behaviour of the system
produced in proton-proton collisions. Section 1.5 presents open issues for the
LHC data concerning the particle productions.

1.2 Quantum Chromodynamics (QCD)

Quantum Chromodynamics (QCD) is the part of the Standard Model, the cur-
rently accepted theory of particle physics, describing the strong interaction be-
tween quarks and gluons (partons). Gluons are bosons which carry the strong
interaction between quarks. There are six known types of quarks, listed in Ta-
ble 1.1. Each quark has one out of three possible QCD charges. The QCD
charge is labelled using colour: red (r), green (g) and blue (b). Antiquarks have
an anticolour. The interaction in QCD is invariant under a SU(3) transforma-
tion in colour space (SU(3) colour symmetry). To each gluon a combination of
colour and anticolour is assigned. There exists nine of such combinations. They
are divided into a singlet and an octet state according to the properties of the
SU(3) group symmetry. Experimental results show that gluons belong to the
octet state.
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Table 1.1: Classification of quarks

name mass electric charge in e units
down (d)  4.1-5.7 MeV/c? -1/3
up (u) 1.7-3.1 MeV /c? 2/3
strange (s)  ~ 100 MeV/c? -1/3
charm (¢)  ~1.29 GeV/c? 2/3
bottom (b)  ~ 4.2 GeV/c? -1/3
top (t) ~172.9 GeV/c? 2/3

The strength of the interaction between quarks and gluons is determined by
the strong coupling constant (), which is the equivalent of the fine structure
constant in Quantum Electrodynamics. As a consequence of the renormalization
procedure the value of as depends on the amount of exchanged four-momentum
between the interacting partons [3] (Equation 1.1):

127

as(|Q7]) = (11n — 2f) In(|Q?|/A?)’

(1.1)

where |Q?| is the square of the exchanged four-momentum (energy scale), n the
number of colours in QCD (equal to 3), f the number of quark flavours (equal
to 6) and Agep ~ 300 MeV/c is a constant calculated from experimental data.
A key property of QCD is that 11n — 2f > 0. As a consequence, a decreases
with increasing energy scale (decreasing distance). This is called asymptotic
freedom.

When a cross-section in QCD is calculated based on Feynman diagrams,
contributions from higher order diagrams come with higher powers of as. Such
series can only converge if ay is less than one. This is the case for large values
of |Q?|. In this regime, QCD processes can be calculated using perturbative
techniques.

If |Q?| is low then ay is large, meaning that the perturbative approach
cannot be used. In such cases QCD properties can still be calculated using
Lattice QCD. This regime of QCD is often called the soft regime.

An important property of QCD is colour confinement, which means that
a colour charged particle cannot be isolated. As a result all hadrons (stable
particles consisting quarks) are colourless. Hadrons are built from three quarks
(antiquarks) with different colours or from a quark-antiquark pair in a colour
singlet state. The first type of hadron is called a baryon while the second type
is called a meson. Examples of hadrons can be found in Table 1.2.

In the full theory, the picture is more complicated. Quarks and antiquarks
inside a hadron interact all the time producing quark-antiquark pairs and gluons.
The parton content of a hadron is described using the parton density functions
(PDF) f.(za,Q?) which are the probabilities of finding a parton a with z,
fraction of the total longitudinal momentum of the hadron during a collision
with four-momentum transfer Q2. At any moment inside a baryon there are
three more quarks than antiquarks and inside a meson the number of quarks is
equal to the number of antiquarks.
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Table 1.2: Properties of hadrons

name  quark content charge in e units mass [MeV/c?] c7 [m]

o ud, da 11 139.569 7.8045
K+ K- us, st +1,-1 493.67 3.713
p uud +1 938.280 00

1.3 Modelling of proton-proton collisions with
event generators

Event generators are often used to describe proton-proton collisions. These
event generators are based on perturbative QCD for the hard scattering and
use phenomenological models to describe the soft processes and many-body
dynamics that are present in proton-proton collisions. To perform analysis pre-
sented in this thesis two event generators were used: PYTHIA [6] and PHOJET
[12, 13]. Both of them use the Lund string fragmentation model (see Section
1.3.2) for hadronization, process responsible for the particle production.

1.3.1 Classification of collisions and their mechanism

From the experimental point of view proton-proton collisions are divided into
four categories: elastic (EL), single diffractive (SD), double diffractive (DD) and
non-diffractive (ND) based on the rapidity! (y) distribution of the products. This
division is illustrated in Figure 1.1 where a rough sketch of rapidity distributions
of the products for each type of collisions is presented, lack of any rapidity gap
in the distribution of the products is characteristic of the inelastic collisions.
This division is also motivated by the collision mechanism, during an elastic
collision no new particles are produced. In case of a diffractive collision at
least one proton produces other particles but the protons do not exchange any
quantum number (colour, flavour) while in a non-diffractive collision the protons
exchange quantum numbers and produce new particles. A diffractive collision
can be interpreted as an exchanges of a pomeron. The pomeron is a special
case of the reggeon. This is a concept coming from the Regge theory, which was
developed before QCD to explain proton-proton interactions. It assumes that
the interactions can be explained as the exchange of a particle (i.e. reggeon)
which fulfils the following rule [4]:

J:ozo+oz/Mj2, (1.2)

where J is the spin and M is the mass of the reggeon. In case of the pomeron
ap = 1. The exchange of a pomeron in QCD can be interpreted as a multi-gluon
exchange.

Non-diffractive collisions are more complex. Figure 1.2 shows a schematic
picture of the collision process, which can be divided into the following steps:

e initial state showers of partons inside the protons,

Lor rapidity y and pseudorapidity n definitions see Appendix B
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Figure 1.1: The rapidity distributions of the products for four types of proton-
proton collisions: elastic (EL), single diffractive (SD), double diffractive (DD)
and non-diffractive (ND)
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Figure 1.2: Schematic view of the non-diffractive proton-proton collision.

e hard collisions between two partons (high |Q?|), involving the exchange of
quantum numbers (this can happen more than once),

e radiations of partons produced in hard collisions (parton showers),

e interactions of remnants of the incoming protons (partons which do not
take a part in the hard scattering),

e hadronization of all partons produced during the previous steps.

Production of pions, kaons, protons and antiprotons is part of the hadronization.
It can be described using different approaches: independent hadronization, Lund
string fragmentation model and a cluster model.

The production of hadrons with large transverse momentum (p;) with re-
spect to the proton beam axis is influenced by final state radiation of partons
produced in hard scattering. This can be described by fragmentation functions
[5], which give the probabilities that the high energy parton hadronizes to some
hadron. Those functions are based on the perturbative calculations.

The production of hadrons with low p;, which is a subject of the measure-
ments in this thesis, is influenced by particle production in multiple interactions
of the beam remnants and soft products of parton showers. In [6], it is stated
that “In fact, in the full event generation process, probably no other area is as
poorly understood as this one”. This is why experiments have to provide good
quality measurements to constrain this part of QCD.



Figure 1.3: Quark and antiquark space-time trajectories in the Lund string
fragmentation model. The two vertices (Vy an V;), where new quark-anitquark
pairs are produced, are shown.

1.3.2 Lund string fragmentation model

In this section the Lund string fragmentation model is briefly discussed. For
more details see [6, 7]. The main idea of the model is a creation of a colour field
between a quark and an antiquark when particles move in opposite directions.
This field can be approximated by a field with a linear potential (colour string).

Meson production

Quarks from the vacuum state can tunnel via the linear potential creating quark-
antiquark pairs (¢;7;) at various vertices as shown in Figure 1.3. The tunnelling
probability is given by exp(—7m?2/k) where k ~ 1 GeV /fm and m; = /p? + m2,
where m is the mass of the pair. The generation of p; (here momentum per-
pendicular to the axis of the initial pair) of the produced partons is done using
a Gaussian distribution. The tunnelling mechanism suppresses the production
of heavy quarks due to dependence of the probability on the mass (ratio of the
probabilities to produce quarksis u:d:s:c~1:1:0.3:10711). The pair
masses are not precisely known, so that the suppression of the strange quark
production is a model parameter (set to 0.3 by default in PYTHIA). A quark
can join with an antiquark from the neighbouring vertex and form a meson. The
created meson will pick up fraction z of the available E + p,. The distribution
of z is given by the Lund symmetric fragmentation function:

F(2) o <500 (1 ;Z)aﬁ exp (—bsz) (1.3)

z
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where a,, ag, b are parameters. This function is a consequence of the assumption
that there is no time ordering of the vertices [4]. The produced mesons have one
out of six combinations of spin and internal orbital angular momentum. The
probabilities to obtain each of these are model parameters.

Baryon production

To produce baryons in the Lund string fragmentation model, two mechanisms
are used: a diquark production model and the popcorn model. The main as-
sumption of the diquark production model is that instead of a quark (antiquark)
a pair of antiquarks (quarks) in a colour triplet state is produced. This pair can
connect with the neighbouring parton and form a baryon. This mechanism is
based on the observation that the colour triplet states of two antiquarks (quarks)
in the colour field can be considered as a quark (antiquark) [7]. The probability
to create a diquark pair rather than an antiquark, the extra suppression factor
for production of pairs with a strange quark and the relative contributions of the
spin states of the pairs are input parameters of the diquark production model.

The popcorn model uses fluctuations of the colour field to produce quark-
antiquark pairs with a different colour than the initial pair. For example if the
initial pair is red-antired the standard fragmentation produces red-antired pairs,
but the fluctuations can produce a green-antigreen pair. In this case both quarks
(antiquarks) move towards each other (they are in a colour triplet state), pro-
ducing a colour field with a blue-antiblue configuration. This string fragments as
for a blue-antiblue initial pair, producing a baryon-meson -...-meson-antibaryon
system. In most cases baryon-antibaryon and baryon-meson-antibaryon systems
are produced (the relative contribution is a model parameter), since including
the production of an additional meson introduces an extra suppression due to
the increase of the transverse mass of the system. The strangeness production
is also a model parameter.

Mulitparton interactions

In a full simulation of proton-proton collisions the situation is more complex
because a multiparton system is produced. Strings are created by quark-gluon-
.~antiquark systems. The breakup of the string is done by a breakup of each
quark-gluon piece according to the standard procedure but additional kinematic
conditions are introduced to ensure that the produced hadrons are on mass shell.
In general the whole event is divided into groups of partons which are in a colour
singlet state.

1.3.3 Event generators

In PYTHIA the total proton-proton cross-section is calculated using the Don-
nachie and Landshoff parametrization [9]. This cross-section is divided into
EL, SD, DD and ND parts based on the Schuler and Sjostrand model [10, 11].
The number of initial hard parton-parton collisions is calculated using a Pois-
son distribution with mean ojq.q(p/"*™)/onp(s), where opara(pi*™) is a hard
cross-section for the parton scattering calculated with a cut-off p/*™™ to avoid

divergences. Partons from the hard collisions produce parton showers, which
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hadronizes using the Lund string fragmentation model. After the hard colli-
sions, depending on what kind of parton took part in the hard collision (quark,
antiquark or gluon), a hadron can be emitted from the proton remnant and the
rest of the remnant form the multiparton system which hadronizes using the
Lund string fragmentation model.

In PHOJET the total cross-section is divided into a soft and a hard part
based on the momentum of the partons (around 3 GeV/c) involved in the in-
teraction. The hard part is calculated using perturbative techniques, while the
soft part is calculated using the pomeron picture. The shower evolution and
hadronization is based on this same model as PYTHIA.

1.4 Phenomenological models

In this section some phenomenological models which describe the particle pro-
duction in proton-proton and heavy-ion collisions are presented. Some of them
only describe the total particle production (e.g. thermal model) using a simple
picture based on the statistical physics. Others which have stronger assumptions
like: temperature fluctuations (non-extensive thermodynamics) or a collective
behaviour of the system (Blast Wave model), give a description of the shapes
of the spectra.

1.4.1 Thermal model

Hadron production in proton-proton collisions can be described as a thermal
production [14]. This approach assumes that the hadronization takes place
from fireballs? according to a canonical ensemble. The quantum numbers of
the fireballs are constrained by the initial conditions. In this approach the
total yields are described by three parameters: temperature 7', volume V and
the strangeness suppression factor (7s), which is a phenomenological parameter
introduced to reduce the phase space for the strange quark production. The
volume in this model does not have a clear physical interpretation, unless the
yields for the entire phase space (whole azimuthal angle and rapidity) are used.
Results of the thermal model fit to the yields in proton-proton collisions at
/s = 200 GeV reported by the STAR experiment are shown in Figure 1.4.
The description of the yields by the thermal model is in good agreement with
data but this does not imply a thermalization on an event-by-event basis, rather
suggests that statistical emission is a property of the hadronization process. The
obtained 7' = 170 MeV does not strongly depend on the collision energy.

1.4.2 Spectra in non-extensive thermodynamics

For a long time the transverse momentum distributions (py spectra) of the par-
ticles produced in heavy-ion and proton-proton collisions have been described
using the function dN/dpiox py exp(—my /T), which is characteristic for an adia-
batic expansion of a fireball at temperature T [16]. The increase of the energy of
colliding protons has shown that this function cannot describe well the high py
part of the particle spectra, which becomes a power-law (e.g. spectra in proton-
proton collisions at /s = 200 GeV [17, 18]). The power-law part is interpreted

2regions of pre-hadronic strongly interacting matter
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Figure 1.4: Result of the thermal model fit to the measurement of the particle
productions made by the STAR experiment [14].
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Figure 1.5: The spectra of pions, protons and antiprotons in proton-proton
collisions at /s = 200 GeV fitted with functions (solid curves) based on the
non-extensive approach [18].
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as the region where hard processes are dominant. A function which can describe
such spectra in the whole p; range can be derived using the idea of the non-
extensive thermodynamics (see Figure 1.5). Non-extensive thermodynamics is
defined based on the Tsallis entropy [19] instead of the Boltzmann-Gibbs (BG)
one. This entropy is defined as:

qu—T%E<1—§;ﬁ>. (1.4)

where ¢ is the index of the non-extensivity of the system and p; is the probabil-
ity that the system is in configuration ¢. The Tsallis entropy is non-extensive
because the entropy for sum of two independent systems A,B is not simply the
sum of the system entropies:

Sq(A+ B) = 54(A) + 54(B) + (1 = q)5,(A)5¢(B). (1.5)
If ¢ = 1 the Tsallis entropy is the normal BG entropy:

g=1 => S:—Zpilnpi. (1.6)

Based on information theory it can be shown that:

1 1/(1-q)
pi o (1 —( T‘”Ez-) : (1.7)

where F; is an energy of the system and 7' is temperature. Using the method
presented in [20] it can be shown that the p; spectra of particles are given by:

max

D, 1

dN (py) (¢—1) / T
1+ ——= 2 2 dp,. 1.
I o<pt0/ + T my + p2 p (1.8)

Using p, = my sinh(y) gives:

max

dN —1 T—q
# X Py / (1 + q—mt 1+ sinhQ(y)> cosh(y)dy. (1.9)
Pt J T

Equation 1.9 simplifies to:

dN (pt) g—1 \T7
1+ — 1.10
I o< pymyg | 1+ T my , ( )

for y = 0. In the literature [17] a function (called Lévy-Tsallis ) of the form:

dN (pt) q—1 =
— %) 1+ 1.11
e X Py + T my, ( )

can be found. This form is equal to the 1.10 in the approximation in which
thermodynamics is applied only in the transverse plane.
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In [21] a possible interpretation of the parameters is given. It assumes that
the system can be divided into smaller regions with temperatures which fluctu-
ate around some common value (Tp), and those regions exchange energy. The
relation between the ¢ parameter of the p; spectra and the fluctuations is:

Var(T)

= 1+ >
{T)

(1.12)

This is an interesting interpretation, but still it is not clear how the ¢ parameter
should be interpreted in case of proton-proton collisions.

1.4.3 Collective behaviour in proton-proton collisions

An increase of the energy of proton-proton collisions provides the possibility
to observe collisions with the multiplicity (total number of produced particles)
comparable with a multiplicity in heavy—ion collisions at lower energies. Those
events may exhibit collective behaviour of the created system. Here the collec-
tive behaviour of the system can be understood as a situation in which system
is described using quantities like a density or a flow. Already some indications
of the collective behaviour in proton-proton collisions are seen at dN/dn > 6
(multiplicity at mid-rapidity) [22] as hints of the phase transition. The evolution
of the (p;) of identified particles as function of the multiplicity at mid-rapidity
can add additional information. The shape of the spectra can provide evidence
for collective behaviour if for an example it can be described using a Blast Wave
model.

1.4.4 The Blast Wave model

The Blast Wave model describes the shape of the py spectra in heavy—ion colli-
sions. It assumes a collective radial flow which modifies the thermal emission of
the hadrons. The hadron emission takes place during the freeze-out described
by the freeze-out hyper-surface [23]. In this model the shape of the spectra is
given by the following equation:

R
dN(pt) pt - sinh(p) my - cosh(p)
: I K 1.1
I X Py O/ rdrmg o Tor 1 T (1.13)

where p = tanh™(3) , Iy and K, are Bessel functions and 3 is the radial flow
velocity. The radial velocity profile is parametrized as:

B =PBs(r/R)" (1.14)

so that (8) =2 s/(n+2). The Blast Wave form derived using non-extensive
thermodynamics has also been used to fit p; spectra [24]:

Y T R
N
dd(pt) X pymyg - /cosh(y)dy/dqb/rdr (1.15)
Pt
-Y - 0

1

(1 + % (my, cosh(y) cosh(p) — py sinh(p) cos(qb))) - .
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1.5 Increasing the energy of proton-proton col-
lisions. What can we learn?

The increase of the energy of colliding protons should increase our understanding
of the created system during the collisions and further test the existing models:
thermal productions and non-extensive thermodynamics. It can also show the
collective behaviour of the system. For sure it will deliver new constrains for
the event generators.
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Chapter 2

Experiment set-up and
offline framework

2.1 Introduction

In this chapter the ALICE (A Large Ion Collider Experiment) detector is pre-
sented. Three sub-detectors: the Inner Tracking System (ITS), the Time Pro-
jection Chamber (TPC) and the Time-of-Flight (TOF) are described. Those
sub-detectors are responsible for particle identification (PID) in ALICE, and
were used to perform the analyses presented in this thesis. Descriptions of trig-
ger detector VZERO, the ALICE Data Acquisition (DAQ) system and offline
framework are also included.

2.2 ALICE detector

2.2.1 Overview

ALICE [25] is one of the four main experiments at the Large Hadron Collider
(LHC) located at CERN. The ALICE detector was built to study the properties
of heavy-ion collisions but it is also used to study the physics of proton-proton
interactions. It is optimized for precise tracking over a broad transverse momen-
tum region (from 100 MeV/c to 100 GeV/c) in a high multiplicity environment,
good resolution of primary vertex reconstruction and particle identification over
a broad momentum region. The detector set-up is shown in Figure 2.1.

ALICE consists of two main parts: a central barrel and a large muon arm
with its own dipole magnet. It also has forward detectors (ZDC, PMD, FMD,
T0, VZERO) which are used as trigger detectors and in multiplicity measure-
ments. The central barrel has an acceptance of || < 0.9 and provides full
azimuthal coverage. It consists of the following parts:

e the L3 magnet which produces a 0.5 T field parallel to the beam axis,
e the Inner Tracking System (ITS),

e the Time Projection Chamber (TPC),
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Figure 2.1: ALICE detector. All sub-detector are indicated.

o the Transition Radiation Detector (TRD),
e the Time-of-Flight detector (TOF),

e the High-Momentum Particle Identification Detector (HMPID) which is a
Ring Imaging Cherenkov detector,

e two electromagnetic calorimeters PHOS and EMCAL.

The ALICE coordinate system is defined as follows: the z-axis is perpendicular
to the beam direction, aligned with the local horizontal direction and points
to the accelerator centre; the y-axis is perpendicular to the z-axis and to the
beam direction, points upward; the z-axis is parallel to the beam direction and
points in the opposite direction to the muon arm. The point of origin is at the
interaction point [25].

2.2.2 ITS

The ITS detector [25, 26] shown in Figure 2.2, is the part of ALICE placed
closest to the interaction point. It consists of three sub-detectors. Each sub-
detector contains two concentric silicon layers. The innermost part of the ITS is
the Silicon Pixel Detector (SPD), the middle part is the Silicon Drift Detector
(SDD) and the outer one is the Silicon Strip Detector (SSD) (the SSD will
be described in the next chapter where its calibration is also presented). The
ITS provides high resolution tracking for the identification of secondary vertices
of heavy flavour weak decays and improves momentum resolution at high py.
The ITS also gives the possibility to reconstruct tracks produced by particles
with low py which do not reach the TPC. The ITS has particle identification
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Figure 2.2: ITS detector.

capabilities based on the measurement of the particle energy loss in 4 layers
(SSD and SDD). The main parameters of the ITS are summarized in Table 2.1.

Table 2.1: Main parameters of the ITS.

parameter SPD SDD SSD
radius r (cm) 39and 7.6  15.0 and 23.9 38.0 and 43.0
length &+ z (cm) 14.1 and 14.1 22.2 and 29.7 43.1 and 48.9
Number of channels 9.8 M 133k 2.6M
spatial precision ¢ (pum) 12 35 20
spatial precision z (pm) 100 25 830
2.2.3 TPC

The TPC [25, 27] is the main tracking detector of ALICE . Combined with the
ITS, it provides precise momentum reconstruction, track separation, particle
identification and vertex reconstruction. Figure 2.3 shows a schematic picture
of the TPC. The TPC consists of an active gas volume, a central electrode,
readout-chambers and two potential dividers, which create a symmetric elec-
tric field inside the gas volume. A charged particle which goes through the
gas ionizes it. The produced electrons are driven by the electric field to the
read-out chambers placed on the edges. The read-out chambers are multi-wire
proportional chambers, where the amplification of the charge takes place. The
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Figure 2.4: PID capabilities of the TPC. The value of the detected signal divided
by the length of the track (dF/dz) as a function of the track momentum (p) is
plotted.
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amplified charge is read out by a grid of pads. Positions of signals on the pads
(clusters) give the position of the particle in the zy plane, while the difference
between the trigger time and the arrival time of the signal to the pads gives the
z coordinate. The amplitude of the signal is used for the particle identification.
A particle originating from the collision point can produce up to 159 clusters
in the TPC. The PID capabilities of the TPC are shown in Figure 2.4, where
the value of the detected signal divided by the length of the track as a func-
tion of the track momentum is plotted. The basic parameters of the TPC are
summarized Table 2.2.

Table 2.2: Parameters of the TPC.

parameter value
pseudo-rapidity coverage In| < 0.9 for full radial track length
In| < 1.5 for 1/3 full radial track length
Azimuthal coverage 360°
active volume radial position  84.8 < r < 246.6 (cm)
active volume length 2x2.5 m
segmentation in ¢ 18 sectors
segmentation in r 2 chambers per sector

total number of rows in the 159
read-out chambers

maximal drift time 90 us
Trigger rate limits in proton- 1 kHz
proton collisions

2.2.4 TOF

The TOF detector [25, 28, 29] is built using Multi-Gap Resistive Plate Cham-
bers. This technology provides a good time resolution and gives the possibility
to operate at atmospheric pressure. Particle identification in the TOF is per-
formed by measuring the time difference between the collisions time provided
by the TO detector and the time when a particle reaches the TOF. The reso-
lution of such measurement depends on the resolutions of both times and it is
around 80 ps. For proton-proton collisions it can happen that the T0 detector
does not provide this information because no charged particle reaches it. In this
case, the collision time is calculated using reconstructed tracks, which causes
an increase of the resolution up to 120 ps. Figure 2.5 shows the particle identi-
fication capabilities of the TOF, where the measured 8 = v/c as a function of
track momentum divided by a track charge (p/z) is plotted.

2.2.5 VZERO

The VZERO detector [25, 30] consists of two scintillator arrays: the VZERO-A
at z=340 cm and the VZERO-C at z=-90 cm. They cover  €]2.8;5.1] (VZERO-
A) and n €[-3.7,-1.7] (VZERO-C). The VZERQO is used as a trigger detector. It
provides a trigger signal after detecting a particle coming for the collisions. The
VZERQ is also used for the centrality determination in heavy-ion collisions.
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Figure 2.5: PID capabilities of the TOF. The 8 = v/c as a function of a track
momentum divided by a track charge (p/z) is plotted.

2.3 DAQ system

Each sub-detector of ALICE has a specially designed Front-End Read-Out
(FERO) system [31], which has a standard interface of Detector Data Links
(DDL). The DDL connects the FERO system to the Read-Out Receiver Card
(D-RORC). Each D-RORC is connected to a Local Data Concentrator (LDC),
where one LDC can have a few D-RORCs connected. When the sub-detectors
receive a trigger signal they send data to the LDC. The LDC collects data from
all connected D-RORCs and produces a sub-event. Sub-events are sent via the
network infrastructure to the Global Data Collector (GDC). The GDC uses the
trigger information stored inside the sub-event to build the whole event which
is then sent to the external storage system for reconstruction.

The DAQ system is also responsible for handling the online calibration. Dur-
ing a calibration run, data are read out from one sub-detector. They are then
analysed using a detector algorithm (calibration procedure), which can produce
two kinds of output: online and offline configuration. The online configuration
is stored in the part of the DAQ system called Detector Database and is loaded
to the sub-detector FERO system before data taking. The offline configuration
is a description of the sub-detector state, which is used during reconstruction
and simulation, it is stored in the Offline Condition Data Base (OCDB).

2.4 Software tools

A special software framework (ROOT) [32] was developed to analyse data col-
lected by high-energy experiments. It is based on the C++ computer language.
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It provides a large variety of general tools to perform data analysis (e.g. packages
for fitting function to data points). Those tools were used to perform all data
analysis for this thesis. The software package used by the ALICE experiment
(AliRoot) is based on ROOT. It consists of the code for data reconstruction,
simulation of the detector performance and basic tools for the analysis of data
collected by ALICE. It defines the format in which the ALICE data are stored.
In the next sections the basics of AliRoot will be presented.

2.4.1 Simulation

During data analysis the performance of the detector and the reconstruction
algorithms are checked using simulation. The first step of the simulation is
the generation of a physics event. This is done using an event generator (e.g.
PHOJET, PYTHIA) or completely artificial events designed by users. The
GEANTS3 [33] package is used to simulate the interactions of particles with the
detector material. The results of those simulations are used to generate the
response of the sub-detectors (e.g. signal in the TPC) in a format consistent
with the data recorded during real data taking. Those data are reconstructed
in the same way as real data recorded by the detector.

2.4.2 Reconstruction

The data reconstruction is divided into two steps: local and global. The local
reconstruction is done individually for each sub-detector using only data col-
lected by this sub-detector. An example of local reconstruction is the cluster
finding in the SSD, which will be presented in the next chapter. The global
reconstruction combines information from all sub-detectors (i.e. results of local
reconstructions) and reconstructs the primary vertex (collision point) and the
tracks.

The first step of the global reconstruction is finding the primary vertex using
the SPD clusters. This is done by connecting reconstructed clusters from two
layers of SPD to build tracklets. Many of the tracklets are constructed from two
clusters produced by different particles. Each tracklet is propagated to the beam
line. The crossing points of the tracklets originating from real particles coming
from the primary vertex with the beam line are very close. Those crossing points
are used to estimate the position of the SPD primary vertex.

The track reconstruction is performed using the Kalman filter approach.
This approach was developed to measure dynamic system parameters or predict
the system behaviour. It was adopted for reconstruction of tracks in high-energy
experiments by changing the time steps to space points [34].

The track finding procedure starts with at the outer edge of the TPC where
the density of clusters is small. The tracks are then propagated to the inner edge
of the TPC matched with ITS clusters and propagated to the SPD. The next
step is the back propagation from the SPD to the outer wall of the TPC, and
further to the TRD and the TOF. The last step is a refit procedure in the TPC
and the ITS, where the track parameters are updated. If the refit is successful
a quality flag is set for the track. The tracks which are the result of this pro-
cedure are called global tracks. ITS clusters which are not matched with tracks
in the TPC are used to form the ITS standalone tracks. During reconstruc-
tion of proton-proton collisions an independent ITS track finding procedure is
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run, which reconstructs ITS standalone tracks from all ITS clusters. In the end
there are two samples of ITS standalone tracks, those obtained from all ITS
clusters and those obtained from clusters not used by the global tracking. The
reconstructed tracks (global and ITS standalone) are used to improve the recon-
struction of the primary vertex. The improved vertex is called a global vertex.
Each reconstructed track has a list of parameters (e.g. number of clusters in
the TPC or the ITS, x? per cluster), which describes its quality.

During simulation a generated particle can be connected with tracks. A track
is connected with a generated particle if this particle created more than 80% of
clusters which are used to reconstruct the track. If there is not such particle a
track is connected with the particle that produced most of the clusters assigned
to this track and the track is labelled as “fake”.

2.4.3 Offline pile-up tagging procedure

An event which is a superposition of collisions is called pile-up. There are two
kinds of pile-up: when collisions are from the same or from different bunch
crossing. The probability to have a certain number of collisions during one
bunch crossing can be expressed using the Poisson distribution. The mean
value of this distribution (u) can be calculated for each run using the number of
bunch crossings without a collision. The rate of pile-up is defined as the ratio
of the probability to have more than one collision to the probability to have at
least one collision. This can be approximated by /2.

A pile-up tagging algorithm is run after finding the SPD primary vertex. It
checks if there is a point on the beam axis which is pointed by tracklets not
used in the reconstruction of the SPD primary vertex. If such point is found
the event is tagged as pile-up.



Chapter 3

Calibration of the SSD

3.1 Introduction

In the beginning of this chapter the SSD is described including software tools
used in the simulation and reconstruction of the SSD data. In the second part
of this chapter the procedure of the energy loss signal calibration of the SSD is
presented and validated. The main goals of the SSD calibration are: provide
matching between charges measured on both sides of the SSD modules, remove
module to module fluctuations of the energy loss signal in the SSD and match
the signal measured by the SSD with the SDD signal. That requires to define for
each SSD module two calibration constants (gain factors, GF), one for each side.
This approach assumes no variation of the gain factor on the chip or strip level.
A linear dependence of ADC counts (strip signals) on the energy deposition in
the SSD module is assumed in this procedure. Both assumptions are checked
in this chapter.

3.2 The SSD

3.2.1 Principle of operation

A charged particle which passes through a silicon wafer produces electron-hole
pairs. The number of pairs is proportional to the energy loss of the particle. An
electric field is applied to the wafer, so electrons and holes are driven along the
field lines to opposite sides of the wafer, where they are collected by strips. The
strips are implants of n-type to collect electrons (N-side) and p-type to collect
holes (P-side), as shown in Figure 3.1. The charge collected by the N-side strips
is the same as the charge collected by the P-side strips. The N-side strips are
not parallel to the P-side strips, so that the point where a particle crossed the
wafer can be reconstructed from the crossing point of the strips which collected
the charges.

3.2.2 The SSD set-up

The SSD sensor is a 300 pm thick silicon wafer with 768 parallel strips on each
side. The active area of each sensor is 73x40 mm?. It is surrounded by a bias

31



32 CHAPTER 3. THE ENERGY LOSS SIGNAL IN THE SSD

Particle crossing the
moduleg

S

N-side strip

P-side strip —

Figure 3.1: SSD operation principle (see Section 3.2.1)

ring, which creates an electric field inside the sensor. The angle between the N-
side and P-side strips is 35 mrad, so that one N-side strip crosses 15 P-side strips
and the other way around (strips on the edges of the sensor are shorter and they
have fewer crossing points). Each side of the sensor is connected to a hybrid
circuit with 6 HAL25 chips. The sensor and the chips create the SSD module.
The HAL25 chip is connected to 128 consecutive strips from one side. It collects,
amplifies, shapes and holds strip signals, which are proportional to the collected
charge. The configuration of the chips is done using the JTAG interface. Part
of the configuration is the adjustment of the shaping time between 1.4 us to 2.2
pus. This time should match the time between a collision and read-out of the
strip signals and it can be adjusted using the HOLD delay settings.

The modules are mounted on carbon fibre ladder structures. A layer 5 ladder
has 22 modules while a layer 6 ladder has 25 modules. In total there are 34
ladders in layer 5 and 38 in layer 6, this gives 1698 modules in the whole SSD.
Endcaps are mounted on each side of a ladder and they are connected with the
HAL25 chips. They provide a read-out and control of the HAL25 chips. The
number of chips connected to each endcap depends on the layer and side of the
SSD.

Each endcap is connected to a read-out card (AD modules) using cables of
approximately 40 m length. The AD modules digitize the strip signals. The
read-out cards are placed in crates, which have 20 slots. Nine consecutive read-
out cards are connected to a LINK card which has the DDL interface. Nine
AD modules and one LINK card form one unit of the SSD FERO. The LINK
card provides a connection to the DAQ system, the ALICE trigger system and
the ALICE Detector control system. The SSD FERO performs the pedestal
correction and the zero suppression (it is described in the next section) using
values set before data taking. It also calculates online common mode (the part
of noise common to all strips connected to the same HAL25 chip) and corrects
strips signals for it, used values of the common mode are sent to the LDCs.
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3.2.3 SSD operation

Before each physics run (recording of collisions) the SSD requires a calibration
run, during which all strips are read out 500 times without zero suppression.
The SSD detector algorithm calculates the pedestal, noise and common mode
for each strip using the collected data. Based on those values the dynamic map
of the dead channels in the SSD is updated in the OCDB. The updated dead
channel map, noise and pedestal values are stored in the Detector Database.
They are sent to the LINK cards before the physics run. Only if the value of a
strip signal after pedestal and common mode correction is above threshold (by
default three times the noise value measured during the calibration run) it is
sent to the LDC during a physics run. The noise values from the calibration
runs are also sent to the OCDB and are used during the reconstruction of the
SSD data and simulation of the SSD.

3.2.4 SSD reconstruction

The goal of the SSD local reconstruction is to provide a list of points where
charged particles went through the SSD modules (recpoints). As a first step,
the signal is converted from ADC counts to keV. First the signal on each side is
multiplied by a gain factor, different for the P-side and N-side strips (determi-
nation of the gain factors will be described in the next sections of this chapter).
This corrects for fluctuations of the calibration factor at the module level and
the difference between signal from N-side and P-side strips. Then the signals
are multiplied by an overall calibration factor (0.72 keV/ADC). This factor was
defined based on the beam test of the SSD modules. The next part of the local
reconstruction procedure looks for groups of consecutive strips from one side of
one module with the signal above noise threshold, those groups are called dig-
its. Digits from both sides are connected to form recpoints. The connection is
made by checking if N-side strips forming one digit cross with the P-side strips
forming a digit on other side. The coordinates of a recpoint are calculated using
the weighted mean of the coordinates of the strips, where the signal takes the
role of weight. The charge of a recpoint is the mean value of the signal of the
N-side and P-side strips. In the case when a digit from one side (e.g. N-side)
can be connected with two digits from the other side (e.g. P-side), the charge
of the recpoint is calculated using information from one side (e.g. P-side). This
situation is rare in proton-proton collisions, due to the low density of particles.
The same approach of calculating the cluster charge is also used when one side
is labelled as dead. Besides the charge and the coordinates, the recpoint also
stores its size (number of strips on each side) and relative difference between
N-strip and P-strip signals. The whole SSD reconstruction is coded in AliRoot
as the ALIITSClusterFinderV2 class.

The list of the recpoints is sent to the track finding procedure. Normally
the recpoint properties are not used by the track propagation procedure. The
track finding procedure looks for recpoints, which can be assigned to the track,
using only the predicted track shape. When the high density of the recpoints
makes the propagation complicated the recpoint properties are used (e.g. size,
charge). This situation is extremely rare in proton-proton collisions. Recpoints
which are assigned to the track are transformed into track points. The track
point stores less information than the recpoints (e.g. size is not stored), but it
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gives the possibility to calculate the track inclination inside the SSD module.
This is important for the energy loss signal calibration of the SSD.

3.2.5 SSD simulation

In the simulation the value of the energy loss in the SSD module is calculated
using GEANT3 . It is scaled to the strip signals using the conversion factor. The
strip signals are then multiplied by the gain factors to introduce fluctuations of
the signal at the module level while noise is added to each strip signal. Noise is
calculated using information from the OCDB. The simulation assumes that the
strip noise is described by a Gaussian distribution.

3.3 Calibration method

3.3.1 Charge matching calibration

Charge matching is the requirement that for each SSD cluster (recpoints or
track points) the charge measured by the N-side strips is equal to the charge
measured by the P-side strips. It is a consequence of the principles of the SSD
operation presented in Section 3.2.1. To check the performance of the charge
matching, the charge ratio (CR) is used:

QN —Qp

CR = ,
QN+ Qp

(3.1)

where
Q@ is the charge measured by the N-side strips,
Q@ p is the charge measured by the P-side strips,
CR € [-1;1];

For a linear dependence of strip signals on the energy deposition the value of the
CR should be zero and does not depend on the value of the measured charge.
The charge matching part of the SSD calibration procedure can be performed
based on the charges measured without correcting for the track inclination inside
the module (recpoints charge), since this part of the calibration should not
depend on the inclination. It should fulfil two requirements: the new mean
value of the CR (calculated after the calibration) should be zero and the sum
of the @ and @Qp should not change. In order to obtain the new gain factors,
the old values of the gain factors (i.e. used in reconstruction of the calibration
data sample) should be multiplied by:

1

CP == m, (32)
1

Oy =17 (CRY’

where (C'R) is the average C'R in a calibration data sample. Those corrections
should be applied at the level on which (C'R) was calculated (e.g. whole detector,
module).
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3.3.2 Calibration of the energy loss signal

For the absolute calibration (i.e. the part of the calibration responsible for
reducing fluctuations and matching the signals between the SDD and SSD) the
correction for the track inclination inside the SSD module is needed. This can
only be calculated using track points. Knowledge of the track inclination gives
the possibility to define the energy loss signal as the measured charge (energy
loss) normalized to the module thickness (300um). After applying the absolute
calibration at the module level the precisely defined way of the measuring the
energy loss signal for a module (reference value) should give value equal to a
nominal value for all modules. In order to be able to combine the energy loss
signals in the SDD and the SSD, common reference and nominal values have to
be defined for both detectors.

The distribution of the energy loss in silicon for a charged particle can be
described by the Landau distribution [35]. In reality, the noise induced by the
experimental set-up (e.g. electronics) results into a distribution that can be
better described by the convolution of Landau and the Gaussian distributions.
(see Figure 3.3, where the distribution measured by the SSD is plotted.)

The Most Probable Value (MPV) of the energy loss in the material is used in
the calibration. The dependence of the MPV in silicon on 8y = p/m is shown in
Figure 3.2, where functions for four track lengths in silicon are plotted. (The in-
fluence of this dependence on the calibration procedure will be discussed later.)
When J7 is larger than 2 the MPYV for silicon does not depend strongly on the
particle momentum, as can be seen in Figure 3.2. Based on that property it
was decided by the SSD and SDD groups to use as the reference value of the
energy loss signal for the SSD and the SDD, the MPV of the Landau distri-
bution, obtained from the fit of the convolution of the Landau and Gaussian
distributions to the energy loss signal distribution for the tracks reconstructed
with momentum larger than 1.2 GeV/c. The groups also agreed that the nom-
inal value (mpuny ) is 84 keV/300um, corresponding to the MPV in 300 pum of
silicon for particle with Sy > 10. (It has to be mentioned that the numerical
value of the nominal value is not important as long as it is the same for the SSD
and the SDD because both detectors do not perform a precise measurement of
the energy loss but use this measurement to do particle identification.) So if in
a calibration data sample the reference value for some module is equal to mpv;,
the old gain factors for this module should be multiplied by mpuxy /mpv; to
obtain the new gain factors. In summary the final values of the gain factors for
each side of the SSD module are given by:

GFNnew = GFNold : C'N : mpUNVa
mpuv;
GFpnew = GFpoa - Cp - wa (33)
mpuv;

where GF,4 stands for the old gain factors used in the reconstruction of a
calibration data sample and G F,,.,, are the new values of the gain factors which
will be used in the subsequent reconstructions.
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Figure 3.2: MPV of energy loss in silicon divided by mean energy loss of a
minimum ionizing particle (388 eV /um) as a function of a particle momentum

(p) [38].

3.4 Calibration

3.4.1 First calibration using the test set-up

The first calibration of the SSD was performed using the test set-up in the
laboratory using cosmic radiation (Utrecht calibration). The test set-up consists
of spare SSD ladders connected to a copy of the ALICE DAQ and a trigger
system. The data collected by this set-up were reconstructed using AliRoot
(only the local SSD reconstruction) with all gain factors equal to one. Using
reconstructed data the charge matching calibration was performed. The new
gain factors were: 0.86 for the P-side strips and 1.16 for the N-side strips. Those
values were stored in the OCDB as the gain factors for all the SSD modules.
The absolute calibration could not be done because the track inclination could
not be calculated from the collected data.

3.4.2 Calibration based on data from the 2009 run

In December 2009 the ALICE experiment recorded the first proton-proton col-
lisions at /s = 900 GeV. A data sample containing around 3 - 10° events was
reconstructed using information from the entire ALICE detector. This data
sample was not large enough to perform the SSD calibration at the module
level but was large enough to check the charge matching for each module and
detect modules with effects larger than 10% in the absolute calibration.
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Figure 3.3: Example of a fit of the convolution of the Landau and the Gaussian
distribution to the measured distribution of the energy loss signal for one SSD
module.

Track points from tracks with 7| < 0.9, refits in the TPC and the ITS
were used to calculate for each module the C'R distribution. Most of the CR
distributions were strongly peaked around zero which proves that the charge
matching was already well controlled using the Utrecht calibration.

Due to the small number of recorded events the requirement of the momen-
tum value (p > 1.2 GeV/c) was released to perform a check of the energy loss
signal calibration. That made it possible to perform fits of the convolution of
the Landau and the Gaussian distributions to the track point energy loss signal
distributions of single modules, obtained using the same tracks as for the CR
distribution. Figure 3.3 shows an example of such a fit. Out of all the SSD
modules 1505 modules had enough data for the fits. Out of them, 8 showed
problems with gain, 5 had a lower gain for one side and 3 had problems with
gains on both sides. The lower gains for the 8 modules are caused by a hard-
ware problem. Their gains were updated in the OCDB using Equations 3.3 with
mpuyy = 86.24 keV/300um (mean value of the MPV for all modules in this
data sample). The default value mpvyy = 84 keV/300um was not used because
the momentum requirement was released and this can lead to an increase of the
calculated MPV. These gain factors were used in the final reconstruction of the
2009 data. Results from this data sample are presented in the next chapter.

3.4.3 Calibration based on data from the 2010 run

In 2010 the LHC started to produce proton-proton collisions at /s = 7 TeV.
The amount of data recorded in the first few weeks was sufficient to perform a
calibration of the SSD at the module level as defined earlier in this chapter. The
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procedure was successful (the distribution of the energy loss had enough entries
that the fit converged) for 1522 modules. This number of modules depends on
the on the number bad channels and is consistent with the number of active
modules in that period. For each module, the (CR) and the MPV were used
to obtain new gain factors using Equations 3.3. From all modules under study
(including those for which the fit did not converge) 8 showed problems: 7 of
them have recorded a smaller number of track points compared to the other
modules and one module showed two peaks in the charge distribution. All of
those modules had non-standard noise. Based on these studies those modules
were masked as dead. During this procedure the same track quality requirements
were used as for the 2009 calibration.

To check the effect of the new calibration, the same procedure was repeated
for a new sample of proton-proton collisions reconstructed using new calibration.
The results of a comparison of MPVs for both data samples are shown in Figure
3.4. The spread in the MPVs distribution decreased from 3.5 keV/(300pm) to
0.78 keV/(300 pm), which proves that the new gain factors reduced the noise.

Figure 3.4 also shows that the gain is stable in time because the data samples
were taken in different periods. The 2010 calibration was used in the 7 TeV data
analysis presented in the next chapter.

3.4.4 MPYV as a function of the track length

Figure 3.2 shows that the MPV of the energy loss of a particle in silicon depends
on the track length (d). According to [38] the MPV is proportional to d(a+blnd)
where a and b are parameters which depend on (7.

The collisions in ALICE take place in the centre of the detector (z=0). As
a consequence, particles going through the SSD modules in the centre of the
detector on average have a shorter length in silicon that those passing modules
on the edges of the SSD. By normalizing the measured charge to the module
thickness the linear part of this dependence is corrected but not the logarithmic
part. This can be seen as the flat shape of the MPV distribution for the 2009
calibration in Figure 3.4(b). The gain factors which were calculated also correct
for the logarithmic part. As a result, they consist of two parts: a random one
which corrects the gain fluctuations at the module level and a deterministic one
which corrects on average for the logarithmic part of the track length effect.
Due to that the gain factors should not be used in a generation of the gain
variations at the module level in a simulation of the SSD. From the gain factors
the random part should be extracted and used for this generation, while the
whole gain should be used in the reconstruction. One other solution is to correct
for both parts of the dependence of the MPV on the track length during the
normalization of the charge. None of these solutions have been implemented
yet.

3.5 Performance studies

3.5.1 Calibration at the level of a single HAL25 chip

To check the calibration at the HAL25 chip level the energy loss signal distribu-
tions at this level have to be calculated. To do that the track point energy loss
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length (see Section 3.4.4).
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Figure 3.5: Two examples of the MPVs of single chips. Measurements for 2
different data taking periods are plotted. The first 6 bins on the X-axis show
gains for the P-sides chips and the next 6 for the N-side chips. The last bin
shows the MPYV for entire module.

signal has to be divided into an N and a P part (charge measured by N(P) strips
normalized to module thickness) using the values of CR. The coordinates of a
track point are used to assign the N and P parts to chips. In principle the MPV
obtained from fitting the convolution of the Gauss and the Landau distribution
to a distribution of the energy loss signal for each HAL25 chip should be equal to
84 keV/(300um). Figure 3.5 shows the MPVs for all the chips for two modules
using two different data samples (periods): LHC10e (proton-proton collisions
recorded in summer 2010), LHC11a (proton-proton collisions recorded in March
2011). Those plots raise two questions:

e Is the difference between MPVs measured for one chip in two periods a
statistical or systematic effect?

e Is the difference between MPVs of the different chips in one module in one
period a statistical or systematic effect?

To check whether the difference between two independent measurements of the
same value is a statistical or systematic effect, the following variable can be
calculated:

Tl — T2

/2 2’
o] + 05

xdiff (34)

where
x; is the value of a measurement i;
o; is the statistical uncertainty of x;;

If the distribution of z4;r¢ can be described by a Gaussian distribution with
mean 0 and standard deviation 1, that means that the differences have a statis-
tical origin.

To answer the first question the MPVs calculated for two periods were com-
pared by calculating mpuvg;r¢. The distribution of mpvg;fs is shown in Figure
3.6 and was fitted using a Gaussian distribution. The fitted Gaussian distribu-
tion has a mean of 0.058 and the standard deviation equal to 1.13. The values
obtained from the fit are close to the values expected for statistical fluctuations.
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Figure 3.6: Distribution of the difference between the chip MPVs measured in
two data samples (LHC10e and LHCI11a) normalized to the statistical uncer-
tainty (Equation 3.4).

This result suggests that the difference between the MPV values measured for
two periods is mainly caused by statistical fluctuations. This shows that the
gain at the chip level is stable in time.

To answer the second question the MPVs calculated for the chips from one
side of one module were compared by calculating mpuvg;rr. The distribution
of the mpvg;r; was calculated for each data sample. Those distributions are
shown in Figure 3.7. They cannot be described by a Gaussian distribution with
standard deviation equal 1.This means that the chip-to-chip fluctuations of the
gain are not a statistical effect.

3.5.2 Charge matching vs. charge

Figure 3.8 shows the correlation Qn vs. Qp for recpoints (see 3.2.4), the line
corresponds to the perfect matching (Qn =Qp). A dependence of the charge
matching on the charge value is observed. For charges larger than 400 keV,
the distribution deviates from the perfect matching, a structure is seen in this
part of the distribution. To investigate this structure closer, the Qn vs. Qp
distributions were calculated but only using recpoints with two (2x2) or three
(3x3) strips on both sides. Those distributions are shown in Figure 3.9. In
case of the 3x3 recpoints the part of the distribution which deviates from the
perfect matching is wider than in case of the 2x2 recpoints. This suggests that
the mentioned structure on Figure 3.8 is a result of the recpoint size. There are
few 2x2 recpoints with Qn > 1300 keV suggesting a saturation of the N-side
strip at the level of 650 keV. Those distributions prove that the responses of the
N-side and P-side strips in ADC for the same charge are different, especially
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Figure 3.8: The correlation plot @p vs. Qn for recpoints (see Section 3.2.4) in
data. The line shows perfect matching Qn = Qp. The distribution for higher
charges deviates from the perfect matching this is studied in Section 3.5.2. The
structure for 2Q N = @Qp is caused by the module with wrong gains. That was
corrected in a next pass of the reconstruction. Other structures with a small
charge on one side are related with noisy recpoints or shared recpoints.
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for large charges. This difference can be caused by different behaviour of the
HAL25 chips for positive and negative signals.

Figures 3.8 and 3.9 also illustrate special types of the SSD recpoints. The
structures with a high charge on one side and small on other correspond to the
noisy recpoints (signal on one of the sides is noise) or recpoints which do not
have the corrected charge assigned because signal on one of the side is shared
by two recpoints (see Section 3.2.4). The structure for 2Qny = Qp is caused
by the module with wrong gains. That was corrected in a next pass of the
reconstruction.

3.6 Conclusions

The energy loss signal in the SSD was calibrated at the module level with an
accuracy of 1%. The applied calibration is stable in time. The calibration can
be improved by defining gain factors for individual HAL25 chips. Saturation
of the measured charge is observed as a lack of the charge matching for high
charges. This effect can be caused by the HAL25 chips.
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side are related with noisy recpoints or shared recpoints.



Chapter 4

Measurement of the 7, K, p
transverse momentum
spectra in proton-proton
collisions

4.1 Introduction

In this chapter the measurement of pion, kaon proton and antiproton p; spectra
using the energy loss signal in the ITS for global tracks (see Section 2.4.2) is
presented. Results for two proton-proton collision energies /s = 900 GeV and
/s =7 TeV are discussed. The measurement was performed for primary parti-
cles, those directly produced during the collision including products of decays,
but not products of weak decays of strange particles.

4.2 Data sample and event selection

4.2.1 Data sample

For the analysis of proton-proton collisions at /s = 900 GeV the final recon-
struction of the good quality runs from the LHC09d period (runs from December
2009) was used. The corresponding simulation is based on the PYTHIA 109
tune (D6T) [36]. The data sample has around 3 - 10° of good events and the
number of simulated events is around 3 - 106 .

For the analysis of proton-proton collisions at /s = 7 TeV the second re-
construction pass of runs from LHCI10b and LHC10c periods (the collisions
recorded in spring 2010) was used. The corresponding simulations are based on
the PYTHIA 320 tune (Perugia0) [37] and PHOJET. The selected runs have
all 3 main PID detectors (ITS, TPC, TOF) read out and a low probability of
pile-up events (1 < 0.1, see Section 2.4.3). They were marked as good runs
in the ALICE run conditions table [39]. All the runs had the same L3 magnet
configuration. This data sample had more than 5 - 107 good events and a com-
parable number of simulated events for each generator. In the 7 TeV analysis

45
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the PHOJET simulation was used as the default for corrections.

4.2.2 Event selection
ALICE physics selection

The online minimum-bias (MB) trigger selection is based on the following con-
ditions:

e T'wo or more hits in the SPD are detected.

e At least one hit in the SPD and a signal in at least one of the VZERO
arrays are detected.

e Signals in both VZERO arrays are detected.

During the offline data analysis the trigger conditions are recomputed using
reconstructed data with the additional rejection of beam-gas events. The beam-
gas event rejection is based on the arrival times of the VZERO signals (if the
collision takes place around z = 0 they are 11 ns and 3 ns) and correlation
between the number of tracklets and number of hits in the SPD. The corrected
correlation was defined using simulation. This offline procedure is called the
ALICE physics selection.

Selected events

Only events which pass the ALICE physics selection and have a global or an
SPD vertex (see Section 2.4.2) reconstructed within |z| < 10 cm were considered.
Those are common ALICE conditions for selecting minimum-bias events. The
selection on the z vertex position provides a good acceptance in the |y| < 0.5
region.

4.3 Measurement of the p; spectra

In each selected event, only tracks fulfilling certain track quality requirements
(track cuts) are used. For each track the rapidity is calculated using three
different mass hypotheses: pion, kaon and proton. If a track has |y| < 0.5 for
one of the mass hypotheses a histogram is filled with the difference between the
logarithm of the measured energy loss signal in the ITS and the expected value
calculated using the parametrization (In[dE/dx]meqs — In[dE/dx]cqic). This is
done in p; bins while the parametrization is a function of total momentum. This
procedure gives a series of six histograms (three types of particles, two charges)
in each p; bin. Each histogram has one, two or three maxima depending on the
momentum. The area below the peak centred at zero is mostly the raw yield
of particles from the mass hypothesis. The raw yield is determined by fitting
the histograms around zero with an analytical function. The raw yield is then
corrected for the reconstruction inefficiency, contamination and other effects:

dN 1 (1 - W)Ccrossfsection

——|jyl<0.5 =
dpy Ap.  E€EventOTPCITS

nfit, (41)

where
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Ny is the raw yield (number of tracks) extracted from the fit,

¢ is the efficiency of the tracking and the PID procedure, including acceptance,
w is the contamination,

drpcrrs is the correction for the TPC-ITS matching,

ERvent 18 the efficiency of the event selection,

Clross—section 18 the correction for incorrect simulation of the interaction with
the detector material,

Ap, is the p; bin size.

The statistical uncertainty of the spectra (A ay ) is given by:
Pt

SN Ao\ (AN /A 2\ *°
Aav = — LELL I d 4 =2} 4 ZeEvent . (4.2)
dpy dpt N fit 1-w £ EEvent
In the next paragraphs those quantities as well as the whole procedure are
described in detail.

4.3.1 Definition of the energy loss signal in the ITS

The first step of the analysis was to combine the measurements of the energy
loss signals in the SSD and the SDD layers into the energy loss signal in the I'TS.
The signal has to have a good resolution (ratio of the spread of measured values
to the mean measurement) and should not introduce too many requirements on
a track because not all of the global tracks are reconstructed with 4 points in the
SSD and the SDD. This is mainly caused by dead zones in the detectors. Those
two conditions are contradictory, a better resolution requires more energy loss
samples.

Different scenarios of combining signals from the layers were investigated,
using the energy loss signal in the SSD and the SDD, corresponding to the
measured response for each layer. It was observed that in scenarios, which use
the highest measured signal the resolution is the largest. This is caused by the
influence of the tail of the Landau distribution for values higher that its mean.
In the end as a compromise the energy loss signal in the ITS ((dE/dx)meqs) for
global tracks was defined as follows:

e for tracks with 4 points in the SDD and the SSD as the mean of the two
lowest energy loss signals in the ITS layers,

e for tracks with 3 points in the SDD and the SSD as the weighted mean
of the two lowest energy loss signals in the ITS layers, with weights 1 and
0.5 for the lowest and second lowest energy respectively.

In case of tracks with less than 3 points in the SDD and the SSD the signal was
not defined. In this approach the resolution is around 12%.
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Table 4.1: The list of the standard ALICE track cuts.

Common cuts for both analyses

successful refit pro-
cedure (see Section

2.4.2) in:

the TPC yes
the ITS yes
rejection of kinks, yes

tracks which are
a reconstruction of
the charged parti-
cle decaying to the
charged and neutral
particles

requirements on the At least one reconstructed cluster in the SPD layers
ITS reconstruction

Maximal value of 4
x2 per cluster in the
TPC

Specific cuts for each analysis

/=900 GeV /=T TeV
Minimal number of 80 70
the TPC clusters,
where 159 is the
maximum number
Maximal values of
the distance of clos-
est approach of the
track to the pri-
mary vertex (dca):
dcamy [Mm] 7 Odca 7- Odca
Odea = 50+ 60/ptot Tdea = 26 + 50/pt0t
for py in GeV/c for p, in GeV/c
dca, [pm] 5 Odea 2-10%

Odea = 146 + 70/p{- 110
for py in GeV/c

4.3.2 Track selection

In this analysis the standard ALICE track cuts for selecting primary tracks were
used. Those cuts are summarized in Table 4.1. The performance of the cuts
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Figure 4.1: Energy loss signal in the ITS as function of the track momentum
at the primary vertex in data (proton-proton collisions at /s = 900 GeV)
compared to parametrization (Equation 4.3). Three lines indicate bands for
each particle type.

will be studied in Section 4.4.3.

In the table dca stands for the distance of closest approach of the track to the
primary vertex. In addition to the standard ALICE track cuts, the requirement
of 3 or 4 points in the SSD and the SDD with energy loss signal higher than
50 keV/300um was introduced (ITSPID cut). This was needed to calculate the
energy loss signal in the ITS. The requirement for the value of the signal in the
ITS layers was introduced to reject tracks to which a noisy track point in the
SDD or the SSD was assigned during the tracking. Noisy track points have a
small energy loss signal.

4.3.3 Determination of the dF/dx parametrization

The energy loss signal in the I'TS for tracks fulfilling the cuts was calculated as a
function of the track momentum at the primary vertex. This is shown in Figure
4.1. Three main bands for pions, kaons and protons are seen. The energy loss
signal in the ITS for the momentum higher than 200 MeV /¢ does not distinguish
pions from electrons and muons. In momentum bins where a particle band is
well separated, the peak position for that band was extracted. The dependence
of the peak position on [ was parametrized using the following equation:

n —B2 1
apt2nn-p5 ((By —az)®+aq4) if By < a2

(dE/dZ')calc = a ﬁ -5 3 (43)
GOW . ((a2 — a3)2 —+ a,4) lf ﬂ’)/ Z ag

where

By =p/m,
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p is the momentum at the primary vertex,
a; are free parameters.

This equation is based on the parametrization from [40], with an additional
polynomial describing the low v part. The lines in Figure 4.1 are calculated
using this parametrization. All parameters were separately calculated for data
and simulations. They are also different for both data samples, since a better
calibration of the energy loss signal in the SSD was used (the 2010 calibration
from Chapter 3) during the reconstruction of the 7 TeV data.

4.3.4 Extraction of the raw yields in p; bins

The raw yields were extracted by fitting an analytical function (minimalization
of x?) to the histograms of x = In[dE/dz])meas — In[dE/dx]cqic in py bins. This
function was defined as follows (the justification of this choice will be presented
later):

f(x) = s(x)+b(x), (4.4)
s(x) = N\/Cﬁa eXp (7(962;?)2) if v <xo+do

N C;mj eXp(aS (1'0 =+ dO’ — SC) — 05d2) lf x Z ty) —+ do’
b(l‘) = 4 exp(a’b (:Cmin — 1)),

where N is a normalization factor given by:

1

N =0.5- (1 +Erf(d/v?2)) + exp(—0.5d%) - ———. 4.5
(1+ Ext(d/ V) + expl(~05) - ——— (4.5)
The derivative of f(x) is continuous if:
d
s=— 4.6
0 =2 (4.6)

which was a requirement during the fitting procedure. The function f(x) is a
sum of two functions: signal (s(z)) and background (b(z)). The signal part
describes the raw yield of particles from the mass hypothesis and it has two
parts: a gaussian and an exponential. The background function describes the
yield of particles not from the mass hypotheses around z = 0. In the case of
the pion mass hypothesis there is no need to use the background function. The
Tmin 18 the lower limit of the x range where the fit is made. For the 7 TeV
data sample the fit ranges in each p; bin were defined based on the positions
of histogram extrema and the expected values of o. Due to a low number of
events in the 900 GeV data sample the fit ranges were tuned individually for
each p¢ bin. In each p; bin the same range was used to calculate the raw yield
of positive and negative particles of the same type. The fit parameters were:

C is the raw yield (to get the number of tracks ns; for Equation 4.1, it should
be divided by the z bin size),

xo is the mean of the gaussian part of the signal function,

o is the standard deviation of the gaussian part of the signal function,
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d is the start of the exponential part of the signal function in standard deviation
units,

A is the scale factor of the background,
ap is the parameter of the background.

Fits for the lowest and highest p; bin used for all types of positive particles in
the 7 TeV data sample are shown in Figure 4.2. Solid lines indicate the f(x)
functions in the ranges where the fits were performed. Dashed lines are the signal
and background functions. The lower p; limit of the spectrum calculation for
each particle was defined by requiring the efficiency (see Section 4.3.5) to be
larger than 0.25, the upper limit by a reasonably small value of the systematic
uncertainty presented in Section 4.4.1.

The performance of the fit function was studied in simulations. The whole
procedure of calculating the raw yields was applied to simulation results, includ-
ing the fit ranges definition. Figure 4.3 shows an example of the proton yield
calculation, including contributions from all sources of protons. Using yields
from simulation, the accuracy of the fit was defined as:

Aprp = Nfit —MNGP — nTP, (4-7)

N fit

where
nyie (see Equation 4.1),

npp is the number of reconstructed tracks corresponding to primary particles
from the mass hypothesis (e.g. “primary p” in Figure 4.3),

nyap is the number of reconstructed fake tracks and tracks of secondary parti-
cles! created by particles from the mass hypothesis, including muons and
electrons in case of the pion yield (e.g sum of “secondary p” and “fakes
primary p” in Figure 4.3).

The term nygp is calculated inside the signal region, while npp in the whole x
range. The signal region is defined based on Equation 4.4 as follows: [z¢—50, 00).
It was introduced to take into account that some tracks created by secondary
particles have z smaller than xg—50 and they do not contribute to the calculated
raw yield.

Deviations from zero of Ap;p are caused by:

e Other sources of contamination in the signal region (e.g. tracks with
incorrectly assigned charge, fakes from other particles), this effect increases
Aprp.

e A tail of the primary particle distribution outside the signal region, such
as seen in Figure 4.3 where the distribution of tracks created by primary
protons is not described by the signal function for x < —0.4, this effect
decreases Aprp.

ISecondary particles are not primary (e.g. products of weak decay of strange hadrons and
particles produced by interactions with the detector material).
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Figure 4.2: Illustration of the calculation of raw yields in the lowest and the
highest p; bin in the 7 TeV data sample for positive particles of all types. The
points are the measurement and solid lines indicate the f(x) function used to
determine the yields. Dashed lines are the signal and background functions (see

Equation 4.4).



4.3. MEASUREMENT OF THE Pr SPECTRA 593

élof’ zom% p p,10.700 0.750] (GeVic)
) -
=z 10 ; o all tracks
= o primary p
103 é A secondary p
; . o fakes primary p
10%
10k &,
Mt
! AL

0.5 1 15
In[(dE/dx) .. JIn[(dE/dx) ]

Figure 4.3: Determination of the proton raw yield in one p; bin in the simulation
for 7 TeV analysis. Contributions from all sources of protons are shown. For
the definition of the fake see Section 2.4.2.

e The range where the fit was made, definition of the range can decrease or
increase Aprp.

The final value of Ap;p is a sum of those effects. In the analysis of the 900
GeV data sample Ap;p was assigned as part of the systematic uncertainty of
the whole measurement. In the 7 TeV data sample those effects were studied
in detail. The results of those studies are part of the discussion about the
systematic uncertainties (see Section 4.4.1).

Aprp was also calculated for other fitting functions (e.g. sum of three Gaus-
sian functions). The function given by Equation 4.4 had the smallest absolute
values of Ap;p, which was the main reason why it was used to extract raw
yields.

4.3.5 Tracking and PID efficiency

The tracking and PID efficiency is defined as follows:

e — Nfit — ncont, (48)
nymc

where
nyit (see Equation 4.1),

Neont 18 the number of tracks created by secondary particles from the mass
hypothesis inside the signal region, including muons and electrons in case
of pions,
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Figure 4.5: Aprp (Equation 4.7) for all particle types in the 900 GeV analysis.

nprc is the number of the generated primary particles from the mass hypothesis
in events which pass all the event cuts (physics selection and the z vertex
cut).

This definition of efficiency takes into account the tracking as well as the PID
efficiency and the acceptance. It also directly corrects for all effects which con-
tribute to the Ap;p if they are the same in data and simulation. The efficiencies
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Figure 4.7: The efficiencies (Equation 4.8) for all particle types in the 900 GeV

analysis.

are shown in Figures 4.6, 4.7, where plotted uncertainties are calculated using a
binomial approximation. The difference between the efficiencies for positive and
negative particles, especially for protons and kaons, is caused by the difference
between the cross-sections for interactions with the detector material of positive
and negative particles (see Section 4.3.8). The kaon efficiencies are lower than
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for other particles because cr of the kaon is the smallest.

4.3.6 Contamination

The contamination is defined as follows:

Uz

w; =
N fit

where
nyie (see Equation 4.1),

n; is the number of tracks inside the signal region coming from a source 7 of
contamination.

The w in Equation 4.1 is a sum of w; over all relevant sources. The contamination
for all the particles includes the effect of secondary particles, but for the kaon
spectra this is negligible. The contamination for the kaon, proton and antiproton
spectra does not include misidentified particles because they are subtracted
from the raw yield during the fitting procedure. The contamination for the pion
spectra includes the muon, electron and positron contributions because they are
indistinguishable from pions based on the energy loss signal in the ITS.

Protons and antiprotons

For protons (antiprotons), the only sources of contamination are secondary pro-
tons (antiprotons) from weak decays of strange particles, mainly A (A) and ¥+
(E_+) particles, and protons produced by interactions of particles with the de-
tector material. To calculate those contaminations, a data driven method was

developed, consisting of the following steps (for each p; bin).

o The dca,, cut (see Table 4.1) is released and dcag,, distributions for tracks
with —0.2 < z < 0.5 for the proton and antiproton mass hypotheses are
calculated. This method of selection also selects a small fraction of pions
and kaons to the distributions.

e Based on simulations three dca,, template distributions of protons and
antiprotons are calculated: for primary particles, particles coming from
the weak decays (WD) and products of interactions with detector material.
Those distributions are shown in Figures 4.8 (a,b).

e The data distribution is fitted (in [-3 cm;3 cm] range) with the template
distributions (in case of antiprotons only two distributions: the primary
and the products of weak decays are used) to calculate the relative con-
tributions of each source in the data distributions. The fit is made using
the method described in [41] (TFractionFitter class in ROOT). Examples
of fits are shown in Figures 4.8 (c,d).

o The fit result is used to calculate the contamination inside the dca,, cut.

e The contamination is corrected for the amount of pions and kaons that
contribute to the data distribution. This is done based on the fit used to
calculate the raw yield.
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Figure 4.8: Illustration of the method of calculating proton and antiproton
contaminations by fitting the dca,, distributions. The top row shows the tem-
plate distributions of the dcay, distributions for protons (left) and antiprotons
(right). The bottom row shows results of the fits to the data distribution the
using method in [41].

This procedure is based on two assumptions. The contamination does not de-
pend on the energy loss signal in the ITS so the contamination calculated for
—0.2 < z < 0.5 is the same as for the raw yield. The main background for pro-
tons (antiprotons) in Equation 4.4 are primary kaons and pions and they have
the same dcag, distributions as primary protons (antiprotons). This assumption
is used in the last step of the contamination corrections.

The results obtained with this method were compared with the results from
pure simulation, see Figures 4.9, 4.10. For both energies the event generators
underestimate the contamination by factor around 2. The proton contamination
is larger than the antiproton contamination due to the protons coming from
interactions with detector material. The statistical uncertainties obtained from
the fits using the dca,, distributions depend on the statistical uncertainties in
the data and simulation. This is why the uncertainties of the contamination
from the dca,, fits are larger than when using the model directly.

Pions

The main sources of the pion contamination and their contributions are pre-
sented in Figure 4.11. This result is based on the PHOJET simulation for the 7
TeV analysis. These studies show that significant sources of pion contamination
beside the products of weak decays of strange particles are:

e primary electrons (positrons), mainly 7° and 7 decays products,

e secondary electrons (positrons) from « conversions inside the detector ma-
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terial,
e muons from Drell-Yan processes and charged pion decays.

The method developed for the calculation of the proton contamination could
not be applied to calculate the pion contamination. The main problem is that
in the data samples the “ExB effect”? is present. The tracking procedure did
not correct for this effect during the reconstruction, which caused an asymmetry
of the dca,, distributions. This asymmetry was also not simulated. This leads
to an incorrect estimation of the secondary electron and positron contributions
in the data distributions by the fit method because the dca,, distributions of
the electrons and positrons coming from 7 conversions are asymmetric. This
asymmetry is caused by the propagation of secondary electrons (e.g. created in
the beam pipe) to the primary vertex. In addition it is impossible to distinguish
primary pions from primary electrons, positrons and muons based on the dcag,
distributions. The difference between those templates is smaller than the sensi-
tivity of the fit method. Still the fit method was used to check the systematic
uncertainties of the secondary pion contaminations in the 7 TeV data sample.
This will be described in Section 4.4.2.

It was decided in the 7 TeV analysis to use the contaminations from the
PHOJET simulation to correct the pion yields. There is no significant dif-
ference between the contamination obtained using PYTHIA and PHOJET (see
Figure 4.12). This way of defining the contamination was supported by the
observation that beside the pions coming from weak decays the other parts of
the contamination are not expected to be strongly model dependent. Primary
electron and muon production should be proportional to the pion production
and the uncertainties of the secondary electron production are mainly caused
by the uncertainty in the description of the detector material.

For the 900 GeV data sample, the K% and A yields in the simulation were
scaled to match the measured results from [47]. A weight depending on the
mother particle p; was assigned to each pion coming from the decay of K° and
A. Using this approach the part of the contamination caused by pions coming
from weak decays was calculated. It was found that it was 1.2 times higher than
the contamination in the simulation without the weights. The contaminations
obtained with the weights were used to correct the pion yields because they are
more accurate. The difference between contaminations with and without the
weights was added to the total systematic uncertainties. The electron and muon
contribution to the contamination was taken directly from the simulation.

4.3.7 TPC-ITS matching correction

To verify that the matching of the tracks between the TPC and the ITS is the
same in data and simulation the drpcrrs variable (Equation 4.1) was intro-
duced. It is defined as follows:

eTPerrs
drpeiTs = e (4.10)

€rpoITS

2A shift of the cluster position in the SSD and the SDD due to the Lorentz force that acts
on the electrons and holes as they drift through the sensors.
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Figure 4.11: All sources of 7~ contamination (Equation 4.9) in the 7 TeV data
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where erpcrrs is the ITS-TPC matching efficiency defined as follows:

NirspPID

, 411
NStandard ( )

ETPCITS =

where

nrrsprp is the number of tracks used in the analysis, fulfilling the standard
ALICE track cuts and the ITSPID requirement (see Section 4.3.2),

NStandard 18 the number of tracks fulfilling the standard ALICE track cuts (see
Table 4.1).

The term drpcrrs was calculated for all three mass hypotheses. It was found
that it is on the level of 0.99 for all three mass hypotheses. The deviation of
drpcrrs from unity can be caused by the incorrect simulation of the influence
of dead zones in the ITS on the reconstruction. The influence of the particle
charge on d7pcrrs was also studied. The observed difference between the values
for positive and negative particles is below 0.005. It was decided to use drpciTs
as a correction in the spectra calculation.

To check the influence of the particle type on drpcrrs, samples of pions,
kaons and protons (antiprotons) based on the TPC PID (see Figure 2.4) were
used. The TPC PID was used because the energy loss signal in the ITS cannot
be calculated for all tracks fulfilling the standard ALICE track cuts. In the 7
TeV data sample it was found that d7pc g for kaons and protons (antiprotons)
calculated using the TPC PID is 0.005 higher than calculated using all tracks
fulfilling the rapidity cut. That difference is included in the systematic uncer-
tainties. In case of the 900 GeV sample the effect is lower than the statistical
uncertainties of the measurements.

4.3.8 Interactions with the detector material

GEANT3 describes incorrectly the interaction of antiprotons with the detector
material, since both elastic and inelastic cross-sections are wrongly parametrized.
The description of the interaction of protons is also not accurate. This is dis-
cussed in [42]. A special correction for the inelastic part was developed using
the FLUKA transport code [43], which describes those interactions better. The
correction factor (Ceross—section 11 Equation 4.1) is from 0.86 to 0.92 for the
antiproton spectrum in the used p; range. The obtained correction for protons
is constant and equal to 0.99. This correction was applied in both analyses.

The effect of the elastic cross-section on the efficiency can be observed in
simulation using the following function:

_ E;PC—stand (4 12)

E+
TPC—stand

where erpo_stand 18 the ratio of the number of tracks created by primary par-
ticles of the certain type reconstructed by the TPC to the number of tracks
created by primary particles of the same type fulfilling the standard ALICE
track cuts. The indexes 4+ and — define the charge of the particle type. The
standard ALICE track cuts require a reconstruction of a cluster in the ITS.
So E%Pc—stand depends on the fraction of dead zones in the ITS, the tracking
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Figure 4.13: The p function (see Equation 4.12 ) for all types of particles in the
7 TeV analysis.

algorithm efficiency and the elastic cross-sections for interactions with the detec-
tor material. The dependence on the cross-section is caused by particles which
had many elastic interactions and the TPC tracks for those particles cannot
be matched with ITS clusters because clusters are too far from the prediction
of the Kalman filter. The ratio of ETPC—stand O E;PCfstand depends only on
the elastic part because all other effects should be the same for positive and
negative particles. In the end the p value can be approximated as:

N 1— Aoy,

~ 4.13
1— AO‘EL ( )

p

where ogy, stands for the elastic cross-section and A is a scaling factor. A value
of p larger than one means that JEL >0p5-

Figure 4.13 shows p for all types of particles. The ratios of elastic cross-
section for interactions with carbon for negative particles to the same cross-
section for positive particles in GEANT3 were also calculated and are shown in
Figure 4.14. The rise of o%,; /o%,; around 0.45 < p < 0.6 GeV /c corresponds to
the drop of p around 0.45 < p; < 0.7 GeV/c.

In [43] it was reported that in GEANT3 o2, (for carbon) for momentum
around 0.5 GeV/c is overestimated by a factor around 2 while the o, is in good
agreement with available experimental data and it is twice smaller than the mea-
surement of ¢o%,,. This means that p for protons and antiprotons in simulation
is underestimated, which leads to overestimating the antiproton spectrum. To
correct for that an additional correction of 0.985 was applied to the antiproton
spectrum in the 7 TeV analysis. An additional 1% systematic uncertainty was
assigned to the antiproton spectrum due to that correction.

For kaons and pions the GEANTS3 cross-sections were also compared to ex-
isting data [44, 45, 46] (see Figures 4.15, 4.16). It can be seen that the K~
cross-section in GEANT3 rises for low momentum and the pion cross-sections
are underestimated by GEANT3. To check the influence of the inelastic interac-
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Figure 4.17: Fraction of the primary particles lost due to inelastic interactions
(finre) in radius R < 80 cm. Calculations were done using simulations for the
7 TeV analysis.

tions on the spectra, the fractions of particles suffering an inelastic interaction
in radius R < 80 c¢cm (frngr) were calculated. The values of frygr for all
types of particles are shown in Figure 4.17. It has to be mentioned that those
fractions can be underestimated because in the simulation information about
inelastic interaction is not stored if products of the interaction cannot be de-
tected by the ALICE detector. The difference between the values of fyygr for
positive and negative particles is the main cause of the difference between the
tracking efficiencies (see Figure 4.6). The p; dependence of frygy values can
be explained by the momentum dependence of the inelastic cross-sections.

For the 7 TeV analysis it was decided to use 0.5 %, as uncertainty of the
inelastic negative kaon cross-section. This propagates as 0.5 5 5. /(1 — f&eL)
to systematic uncertainties of the final negative kaon spectrum. Due to the un-
derestimation of the pions cross-sections it was decided to assign 0.2fy 5. /(1—
fiyvErL) as the systematic uncertainty to the pion spectra. The details of the
influence of the cross-sections on the spectra were not noticed in the 900 GeV
analysis due to the large statistical uncertainties. So only a 2% correction to the
lowest py bins of negative kaon spectrum was applied, based on the comparison
of the cross-section between GEANT3 and FLUKA.

4.3.9 Event efficiency
The event efficiency (€pgyent in Equation 4.1) is defined as follows:

nymco
EEvent = (414)
N MCall

where
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nyo (see Equation 4.8),
nycan 1S the number of MC particles of a given type from all generated events.

It corrects for the loss of particles due to the trigger inefficiency and the vertex
cuts. This correction can depend on the event generator which was used to
calculate it. In both data samples it was found that this correction is constant
in the used p; ranges. In addition, the values for the PYTHIA and PHOJET
simulations in the 7 TeV analysis are the same. The calculated values 0.99 for
the 7 TeV data sample and 0.97 for the 900 GeV data sample are compatible
with the loss of events due to the z vertex cut.

4.3.10 Pile-up correction

For the 7 TeV data the influence of pile-up was investigated. The average value
of the p parameter (see Section 2.4.3) for selected runs is 0.06 which means 0.03
probability for pile-up. Pile-up was not an issue for the 900 GeV data sample
due to the low luminosity of the proton beams.

The procedure of calculating the 7 TeV spectra was performed with and
without rejection of the pile-up events based on the relevant ALICE rules. It
was found that the pile-up tagging excludes 1% of the events passing the ALICE
physics selection, which is in agreement with expected efficiency of the pile-up
tagging method. It was also found that the rejection of pile-up decreased all
the spectra by around 1%. It was decided to use the pile-up tagging in final
analysis and add a 2% uncertainty to the normalization procedure uncertainty.

4.4 Evaluation of systematic uncertainties

The remaining sources of systematic uncertainties are: the fitting procedure
used in the calculation of the raw yields, the contamination correction and the
detector material budget. The stability of the final spectra on track cut variation
was also checked.

4.4.1 Fitting procedure

One source of systematic uncertainties is the difference between the = distribu-
tion in data and in simulations. This can be seen in Figure 4.18 where those
distributions are compared for one p; bin for the kaon mass hypothesis. There
are two main differences between these distributions: the data distribution has
a larger spread and smaller separation between the peaks than the simulated
distribution. This means that a change of the range where the fit is made in
data and simulation can have a different influence on the calculated yields. The
fraction of primary tracks lying outside the signal region can also be different
in data and simulation.

The determination of the fit ranges (see Section 4.3.4) was different in both
data samples, so different methods were used to evaluate the systematic uncer-
tainties. In case of the 900 GeV analysis the difference between the number of
events in data and simulation is large, meaning that the change of the ranges in
simulation can be sensitive to effects which are irrelevant for data. This is not
the case for 7 TeV analysis.
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Figure 4.18: Comparison of the energy loss signal in the I'TS between data and
simulation (MC) for the 7 TeV data sample.

In case of the 900 GeV data sample, only the influence of the fit range on the
raw yield was studied. This was done by calculating the relative change of the
raw yield due to a change of the fit range (Ayqnge), Where a negative value of
Aprange means that the yield from the changed range is larger than the standard
one. The ranges were changed by éx =0.03, which corresponds to excluding
(including) 1 or 2 bins from (in) the ranges. The results of those calculations
are shown in Figure 4.19.

The calculation of the statistical uncertainty of A,qpge Was not trivial be-
cause the raw yields in the standard and the changed ranges are strongly cor-
related. This correlation has to be taken into account to avoid overestimating
the statistical uncertainty of A,qnge, which makes it impossible to evaluate the
systematic change of the raw yield due to the change of the range. To evaluate
those uncertainties a special procedure was developed. From each histogram
a new histogram was made, where new data points were generated from the
Gaussian or Poisson distributions with the spread corresponding to the statis-
tical uncertainty of each point. Using the new histogram, new raw yields and
Arange were calculated for all z ranges under study. For each histogram this
procedure was repeated 500 times, to obtain the A,gpge distributions. The

standard deviations of those distributions were assigned as the statistical un-
certainties of the A,qnge. It was concluded that in most of the p¢ bins the effect
connected to the change of the range is much smaller that the statistical uncer-
tainty of the calculated raw yield.
Those studies show a few important properties of the fits:

e For all particle types the change of the raw yield due to the change of the
fit range increases with p, it is caused by the increase of the background

from other particles.

e The change is the lowest for the pion yield. It is only significant when the
upper limit of the range is changed because that causes a change of the
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fitted exponential part of the signal function.

e For kaon and proton yields the changes are similar. They are the largest
when the lower limit of the range is changed because that causes a change
of the fitted background function.

In the 900 GeV analysis besides the results of those calculations the Ap;p
(Equation 4.7) was also included as a systematic uncertainty of the fitting pro-
cedure.

In case of the 7 TeV analysis the fit ranges were changed in data and sim-
ulation at the same time. They were changed by half of the pion o (Equation
4.4), 0.055 for data and 0.05 for simulation. The entire procedure of calculating
the corrected spectra was performed with the changed ranges. The new spec-
tra were compared to standard ones and the relative difference between them
(Arange2) was assigned as the systematic uncertainty. Values of A,qpgea for
positive particles are shown in Figure 4.20. Due to a correlation between the
two spectra (for the standard and changed range) the statistical uncertainties of
Arange2 are overestimated but they are still smaller than the observed effects.
Those calculations show a similar influence of the fit range on the corrected
spectra as on the raw yields in the 900 GeV sample.

The basic check for the primary particles lying outside the signal region (see
Section 4.3.4) is Aprp for low p; bins where the background contribution is
small. To cross-check that value on data all histograms of x were made using
pure samples of pions, kaons and protons, selected using the TPC PID. That
gives the possibility to reduce the background, especially in low p; bins. The
function f(x) (Equation 4.4) but without the background part was fitted to
those histograms. The relative difference between the total number of entries
in each histogram and the yield obtained from the fit was calculated (Aprp2).
The same procedure was applied to the simulation but in addition Ap;p was
calculated in the standard way. All three values (Ap;ps for data and simulation
and Aprp for the pure samples) were compared with the standard Ap;p for
low p; bins of kaons and protons and all p; bins of pions. It was found that the
difference between them is below 0.01. Based on those studies it was decided to
assign 1% systematic uncertainty for all types of particles in all p; bins in the 7
TeV analysis.

4.4.2 Contamination correction

Influence of the ¥t (X+) to A (A) ratio on the proton (antiproton)
contaminations

The £t (X+) and A (A) particles produce a proton (antiproton) during their
weak decays. Due to different lifetimes of those particles (¢ = 2.4 ¢cm for XF
and ¢t = 7.9 cm for A) the dca,, distributions of the produced protons are
different. The final shape of the dca,, distribution of all protons (antiprotons)
coming from weak decays is a function of the ¥*(X+) to A (A) ratio in the
model used to calculate the templates.

For the 900 GeV data sample, the collected number of events was not large
enough to observe the influence of the ratio on the calculated proton (antiproton)
contamination. In case of the 7 TeV data sample an attempt to fit two template
distributions for protons (antiprotons) coming from the weak decays was made.
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Figure 4.19: The relative changes of the positive particle raw yields (C in Equa-
tion 4.4) using different ranges during fitting function f(z) (Equation 4.4) in
the 900 GeV analysis.
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Figure 4.21: Test of the influence of different shapes of the weak decay templates

(different ratios of X1 (X+) to A (A) see Section 4.4.2) on calculated proton
(right) antiproton (left) contamination (Equation 4.9).

This attempt was not successful because the main difference between those
distributions is in the region where the fits are constrained by the primary
particles ( |dcagy| < 0.2 cm).

To evaluate the systematic uncertainty caused by the ¥ (X+) to A (A) ratio,
fits using different templates for protons (antiprotons) coming from weak decays
were performed. The following scenarios of the weak decay template were tested:

e the Xt (I+) to A (A) ratio as it was simulated by an event generator,
which is the standard approach (labelled as PHOJET in Figure 4.21),

e only X* (X+) or A (A) template (labelled as only ¥ and only A in Figure
4.21),

e scaling the Xt (XF) contribution by a factor (3 in Figure 4.21) in the
event generator template (labelled as 3A in Figure 4.21).

The results based on the PHOJET simulation are shown in Figure 4.21.
The main observation from those studies is that the calculated contamination
increases when the contribution of the protons (antiprotons) coming from %+
(XF) in the weak decay template increases. This effect is a consequence of
the difference between the shapes of the distributions of protons (antiprotons)
coming for ¥t (X+) and A (A). Increasing the £+ (X+) contribution in the
weak decay template increases the relative yield in |dcagz,| < 0.2 cm for this
template, but the contribution of the weak decay part which is the result of the
fit is mainly constrained by the |dcag,| > 0.2 cm region.

It was decided to use as systematic uncertainty the difference between the
contaminations obtained with the PHOJET template and the pure A (A) tem-
plate. This corresponds to an increase of the contamination caused by increasing

the S+ (3F) contribution by a factor of 3. The scenario with a pure £+ (S+)
template is unrealistic because ALICE has detected A (A) particles in 7 TeV
proton-proton collisions. The final uncertainties on the spectra decrease with

py for protons from 1.4% to 1.0% and for antiprotons from 2.4% to 0.7%.

Systematic uncertainties of proton contamination

During the reconstruction and simulation the “ExB” effect was not properly
taken to an account (see Section 4.3.6). This is one of the reasons why the
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Figure 4.22: Comparison of the proton and antiproton contamination (Equation
4.9) for 7 TeV data obtained using different fit ranges in method from Section
4.3.6.

measured dcag,, distribution is not perfectly reproduced by the simulation. This
could affect the calculation of the proton contamination based on the fit method.
To check that effect in the 7 TeV sample, the proton (antiproton) contamination
was calculated using different dca,, ranges during the fit procedure. The results
of those calculations are shown in Figure 4.22. Only for low p; protons a signif-
icant difference was observed. It was decided to assign a systematic uncertainty
to the proton spectrum in the 7 TeV data sample due to the “ExB” effect and
other possible deviations of the simulated dca,, distribution from the measured
one. It decreases with py from 3% to 0.5% . In the 900 GeV analysis this check
could not be performed due to limited statistics.

Scaling the A and K° yields

In the 900 GeV analysis, the A (A) and K yields in simulation were scaled to
match the measured values [47]. The contaminations using the scaled yield were
calculated. For protons (antiprotons) the contamination is consistent with the
contamination obtained using dca, fits, even though the ¥* (X+) contribution
was not scaled.

Pion contamination uncertainties

The uncertainties for the 900 GeV analysis are described in Section 4.3.6. For
the 7 TeV analysis the dca,, fit method was used to evaluate uncertainties. It
was used only in positive or negative dcas, range to reduce the influence of the
asymmetry of the dca,, distribution. In p; bins where the fits converged the cal-
culated parts of contaminations caused by the weak decay products do not differ
more than 0.01 from the calculated using simulations. Based on those studies, a
1% systematic uncertainty was assigned to the pion spectra in the 7 TeV anal-
ysis. Systematic uncertainties related to the muon and electron (positron) part
of the contaminations were not assigned because muon and electron production
is small and proportional to the pion production (see Section 4.3.6).

4.4.3 Track cut variations

The influence of the track cuts (see 4.1) on the final results was checked. The
main goal was to explore uncertainties in the efficiency caused by imperfect
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representation of data by simulation. The calculations of spectra were run with
several different sets of track cuts and the results were compared to the standard
ones.

For the 900 GeV sample the effect of the following track cut variations on
the corrected spectra was checked:

e changing the minimum number of clusters in the TPC from 80 to 65 and
90,

e including kink daughters to check the influence of the kink tagging proce-
dure on the kaon and pion spectra,

o changing the maximum dcagy from 7-0geq 10 5:04cq and 9-0gc, (see Table
4.1).

In the 900 GeV analysis those variations change the spectra by less than statis-
tical uncertainties. It is therefore not necessary to include the effect in the total
systematic uncertainties.

In case of the 7 TeV analysis the influence of the following cut variations
was checked :

e changing the minimum number of clusters in the TPC from 70 to 60 and
80,

e including the kink daughters,

e changing the maximum dcag, from 7-0gcq 10 5:04cq and 9-0gc, (see Table
4.1),

e changing the maximum y? per cluster in TPC from 4.0 to 3.5 and 4.5,

e removing the requirement Q>50 keV/(300um) for the energy loss signal
in the SSD and the SDD.

Only the pion spectra in the highest p; bin showed an effect on the level of
1%, caused by the number of TPC cluster cut. As a result of this calculation
a systematic uncertainty of 0.5% was assigned for all spectra in the entire py
range.

4.4.4 Material budget

In order to estimate the effect of the uncertainty in the detector material on the
spectra for the 900 GeV data sample, a simulation with increased detector ma-
terial budget by 20% was performed. The efficiencies were calculated using that
sample and compared to standard ones. The differences between the efficiencies
were scaled to 7% uncertainty in the ALICE material budget to calculate the
final uncertainties for measured spectra. The uncertainties are p; independent.

The same studies were also performed for the 7 TeV data sample. In this
case, the simulations with an increase and a decrease of the material budget by
10% were performed, and a better estimate of the uncertainty of the material
budget was also known (-6.2%;3.4%). As a final value of the uncertainties the
changes of the efficiencies caused by the lower limit (-6.2%) of the material un-
certainty were used. For the kaon and pion spectra the number of simulated
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events was large enough to make those uncertainties p; dependent. The un-
certainties are summarized in Table 4.2. In case of the 7 TeV pion and kaon
spectra the values for the lowest and highest p; bin are given.

Table 4.2: Uncertainties due to the uncertainty of the material budget.

particle  uncertainty [%)]
900 GeV 7 TeV

T 0.5 0.8-0.1
T 0.5 0.8-0.1
K+ 0.7 1.5-0.1
K- 1.1 2.5-0.8
p 0.6 0.7
P 1.5 1.7

4.4.5 Total uncertainty
Tables 4.3, 4.4 summarize all parts of systemic uncertainties. If an uncertainty

depends on py, the values for the first and last bin are given. The final uncer-
tainties were calculated as the sum of all contributions in quadrature.

Table 4.3: Total systematic uncertainties of the spectra in the 900 GeV analysis.

uncertainty ot (%] o %] KT (% K% pl% D %]
function shape 0.9-1.6 1-1.5 1.7-3.5 2.1-0.2 3.8-5.7 2.6-44
fit range <stat. uncert. 0.0-4 0-4
contamination 0.4-0.2 0 <stat. uncert.
material budget 0.5 0.7 1.1 0.6 1.5
sum 1.1-1.7 1.2-15 1954 2442 3.1-64 3.0-6.1

4.5 Final spectra and uncertainties

All spectra for both data samples are presented in Figures 4.23 and 4.24 where
lines indicate the systematic uncertainties. The 7 TeV spectra are normalized
to the number of events passing the ALICE physics selection which were not
tagged as pile-up and the 900 GeV spectra to the number of inelastic events,
using the approach from [48, 49]. In case of the 900 GeV spectra the statistical
uncertainties dominate while for the 7 TeV spectra the systematic uncertainties
are larger than the statistical because the 7 TeV analysis was done on the bigger
data sample.
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Figure 4.23: Spectra in proton-proton collisions at 1/s=7 TeV. Normalized to
the total number of events used in the analysis. Lines show the systematic
uncertainties.
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Figure 4.25: Ratio of the negative to positive particle spectra in proton-proton
collisions at /s = 7 TeV. Lines show the systematic uncertainties.
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Table 4.4: Total systematic uncertainties of the spectra in the 7 TeV analysis.

uncertainty at (%] 7 (%] KT [% K- [% pl% %]
function shape 1 1 1

fit range 0-0.7 0.2-8 0-4
contamination 1 0 3.3-1.1 2.4-0.7

ITS-TPC 0.5 0.5 0.5
matching

cut variations 0.5 0.5 0.5
material budget 0.8-0.1 1.5-0.1  2.5-0.8 0.7 1.7

interactions 1.4-0.7 1.2-0.7 0 3.8-2.3 0 1.4
with detector
material

sum 2.3-1.8 2.1-1.8 1.9-81 4.7-85 3.6-44 3.5-4.8

4.6 Negative to positive ratios

The ratios of a spectrum for negative particles to a spectrum for positive par-
ticles were calculated for all types of particles. Not all parts of the systematic
uncertainties of the spectra are relevant for the ratio uncertainties, some of them
cancel out, because they are the same for positive and negative particles. Sys-
tematic uncertainties of the ratios were calculated for the 7 TeV spectra. The
parts of the spectra uncertainties connected with the material budget, the track
cut variations, the contamination correction and interactions with the detector
material were used. Only the uncertainties coming from interactions with the
detector material were propagated directly from the spectra measurement, all
others were calculated specially for the ratios to avoid overestimating them.
For 900 GeV ratios the systematic uncertainties were not calculated because
the statical uncertainties are dominant. Ratios are shown in Figures 4.25(lines
indicate the systematic uncertainties), 4.26. The antiproton to proton ratio for
the 7 TeV data sample is consistent with the result reported in [42]. For the
pion and kaon 7 TeV ratios, a deviation from unity is seen. For the 900 GeV
ratios due to the statistical uncertainties this cannot be concluded. The devia-
tion is probably caused by the incorrect description of interactions of particles
with the detector material. This effect should be studied in more detail because
it is the main source of systematic uncertainties for the pion and kaon ratios.
Redoing the 7 TeV analysis for a different magnetic field configuration could
also improve the understanding of the systematic uncertainties on the percent
level.
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4.7 Conclusions

The developed method measures spectra with an accuracy of few percent, but
it still can be improved by better evaluation of few corrections. The contam-
ination correction can be an example, it is the main source of the systematic
uncertainties of the proton and antiproton spectra. Those uncertainties could
be reduced if in the reconstruction and simulation a proper treatment of the
“ExB” effect would be used, and if the £+ (+) to A (A) ratio would be bet-
ter known. The ratio of the negative kaon spectrum to positive kaon spectrum
indicated problem with the description of the interactions of particles with the

detector material, which should be further studied.
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Chapter 5

Combined Spectra

5.1 Introduction

In this chapter the 7 TeV spectra calculated in the previous chapter (ITSTPC)
are compared and combined with preliminary spectra (as shown at the Quark
Matter Conference in May 2011), measured using different methods and PID
detectors. This enlarges the p; coverage of the measurement. The mean py, ({(pt))
and integrated yields (dN/dy ) are calculated for each particle type using the
combined spectra. Those results are compared with previously published results
and with predictions of event generators. A corresponding analysis for the 900
GeV data is presented in [51], including spectra from the previous chapter.

The 7 TeV results which are presented in this chapter, are an update of the
results which were shown on the Quark Matter Conference, but they are not
official results of the ALICE collaboration. The paper which will contain the
official results is under preparations.

5.2 Other methods of measurement

Beside the ITSTPC method the ALICE experiment uses other methods to mea-
sure py spectra of pions, kaons protons and antiprotons. Each of the methods
contributes to partially overlapping but also complementary py ranges. Those
ranges are determined by the PID capabilities of the detectors which are used
for particle identification. All methods use the same rapidity selection |y| < 0.5.

5.2.1 ITS standalone (ITSsa)

A measurement is done using standalone ITS tracks obtained using all ITS
clusters (see Section 2.4.2). The calculation of the raw yield is performed by
selecting particles with the measured energy loss signal in the ITS close to the
expected one for each particle species. This method gives the possibility to
measure spectra up to p; of a few hundred of MeV/c. Calculations of the pion,
proton and antiproton contaminations are done in the same way as for the
ITSTPC method.
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5.2.2 TPC-TOF combined measurement (TPCTOF)

The TPC-TOF combined measurement is done using global tracks. The raw
yield is calculated by selecting particles with the measured energy loss signal
in the TPC (see Figure 2.4) and the measured time of flight in the TOF (see
Figure 2.5) for higher p; close to the expected one for each particle type. The
pion, proton and antiproton contaminations are calculated using the idea of the
dcagy fit method.

5.2.3 TOF

The TOF measurement is done using global tracks. The calculation of the raw
yield is performed by fitting an analytical function to the time of flight distribu-
tion in a given p¢ bin. For this method all contaminations are calculated based
on simulations. It is therefore only used for larger p;, where the contamination
is low.

5.3 Combined spectra in proton-proton collisions
at /s =7 TeV

5.3.1 Combining spectra

Spectra measured by the 4 methods were compared and combined to obtain the
final spectra. The comparison of the spectra is shown in Figure 5.1. The results
agree on the level of systematic uncertainty of each method. Table 5.1 lists the
ranges where spectra from each method were used.

Table 5.1: The p; ranges where spectra from each method were used during
combining them.

ITSsa ITSTPC TPCTOF TOF
ranges for 7 (GeV/c)  [0.1-0.5] [0.2-0.55]  [0.2-1.3]  [0.5-1.6]
ranges for K (GeV/c) [0.2-0.5] [0.25-0.5] [0.25-1.3] [0.5-1.6]
ranges for p (GeV/c) [0.3-0.55] [0.4-0.85] [0.45-1.7] [0.9-2.5]

Spectra were combined using the weighted average, where weights were 1 over
the square of the total uncertainty (statistical and systematic added in quadra-
ture). The uncertainties of the combined spectra are the weighted averages of
the total uncertainties of the spectra. They are used in all fitting procedures
described in this chapter, so the uncertainties which will be quoted as fit results
have both parts systematic and statistical. Due to the preliminary character of
the spectra many uncertainties are overestimated. Several parts of the system-
atic uncertainties of the ITSTPC, TPCTOF and TOF methods are common.
For each method total uncertainties are also point-to-point correlated. Those
aspects lead to an underestimation of the x?/ndf in all fit procedures.

In the final analysis the procedure of combining the spectra should be changed.
All analyses should provide the systematic uncertainties, which are specific for
each method (e.g. PID procedure). Those uncertainties should be used when
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Figure 5.1: Spectra for positive particles measured by the 4 methods in proton-
proton collisions at y/s = 7 TeV. A p; range where all methods can be applied
is shown. Points are shifted from bin centres for a presentation purpose. The
grey bands indicate systematic uncertainties.
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combining the spectra. The rest of the uncertainties which are common for sev-
eral analyses (e.g. uncertainties related to the tracking for ITSTPC, TPCTOF
and TOF methods) should be added to the uncertainties of the combined spec-
tra.

After combining the spectra, they were normalized to the number of inelastic
collisions. This was done using the trigger efficiency which is 0.86+0.07 [50].
This uncertainty includes the 2% pile-up uncertainty described in Section 4.3.10.

5.3.2 Lévy-Tsallis fits

The combined spectra were fitted using the Lévy-Tsallis function, the same form
as in [51]:

N N —1)(n—-2 - "
d :ptd (n—1)(n—-2) 14 e mo 7 (5.1)
dydpy dy nC(nC + mo(n — 2)) nC
where Cé—];[ (integrated yield) n and C are fit parameters, mg is the particle

mass. This equation is the same as Equation 1.11 when n = 1/(¢ — 1) and
nC = mo + nT. The fits are shown in Figure 5.2. The parameters obtained
from the fits and x?/ndf values are summarized in the following table:

Table 5.2: Results of the fit of Lévy-Tsallis function (Equation 5.1) to the
combined spectra.

particle dN/dy for [y < 0.5  C [GeV/(] n x?/ndf
Tt 2.26 £+ 0.02 0.116 +£ 0.003 5.6 £0.2 4.63/24
o 2.23 £ 0.02 0.122 +£0.003 59+0.2 3.9/24
K+ 0.277 £ 0.004 0.195 + 0.008 6.5+ 0.8 0.43/19
K~ 0.274 4+ 0.005 0.194 + 0.010 6.9+ 1.0 2.14/19
p 0.125 £ 0.001 0.213 +£ 0.007 6.3 +0.4 6.38/26

P 0.124 4+ 0.001 0.211 £ 0.007 6.3 £ 0.5 3.32/26

The values of the x?/ndf are small as expected.
Other functions were also fitted to the spectra:

*N dN exp(—p:/T)

- = —_— 5.2
dydp, Ty T 2

d°N  dN 1
dydp, ~ "dy Texp(—mo/T)(mo + 1)

exp(—my/T), (5.3)

Those functions were used to describe the measured spectra at lower energies.
Figure 5.3 shows the ratios of data points to the fitted functions (only for positive
particles) which were calculated to compare how well each of the functions
describe the spectra. The Lévy-Tsallis function gives the best description of the
spectra in the used p; ranges; all the experimental points agree with the fitted
functions within 5%. The two other functions cannot describe the spectra.
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Figure 5.2: Combined py spectra fitted with the Lévy-Tsallis function (Equation

5.1).
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Figure 5.3: Ratios of data points to different fitted functions (Equations 5.1,5.2
and 5.3) for positive particles. Points are shifted from bin centres for a presen-
tation purpose.
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5.4 Calculation of (p;) and integrated yields

The parameter dN/dy from the fitted Lévy-Tsallis function was taken as the
integrated yield. The results of the Lévy-Tsallis fit were also used to evaluate
(pt). As a cross-check the yields and (pt) were calculated using the data points in
the p; ranges covered by the measurement and the fitted Lévy-Tsallis functions
outside them. The differences between the values calculated using those two
methods were below 1%.

The yields in the measured p; ranges are between 80% and 90% of dN /dy
of the fitted Lévy-Tsallis functions. To estimate the systematic uncertainties
caused by the extrapolation of the spectra to the p; regions not covered by
the measurement other ways of calculating the integrated yield and (pt) were
also checked. The results of the fits of the functions given by Equations 5.2,
5.3 were used to calculate dN /dy and (p;). Two ways of calculating the yields
and the (py) were used: only a fit result or the combination of a fit result and
the data points. dN/dy and (p;) were also calculated using the shapes of the
spectra from few event generators to extrapolate the spectra. The spectra from
event generators were rescaled to match the measured spectra in the lowest
and the highest py bin. The rescaling was done independently for the lowest
and the highest p; bin. This gives the possibility to reduce the effect of the
normalization uncertainty during the extrapolation. The results of the different
extrapolations are compared to the standard values of dN/dy and (p;) in Figure
5.4. Based on these studies a 5% uncertainty was assigned as the extrapolation
uncertainty, indicated by the lines in Figure 5.4. The values obtained from the
functions given by Equations 5.2, 5.3 are outside the 5% band, but as was shown
in Figure 5.3 those functions do not describe the data accurately, especially for
high p; where they underestimate data.

The final uncertainty of the integrated yield is the quadratic sum of the 5%
extrapolation uncertainty, the uncertainty which results from the fit procedure
and the 8.3% normalization uncertainty. The final value of the (p;) is the average
value of positive and negative particle (py). The (p;) uncertainty is the quadratic
sum of the 5% extrapolation uncertainty and the uncertainty which results from
the fit procedure. All values are summarized in Table 5.3.

Table 5.3: The values of the integrated yields (dN/dy ) and the (py).

particles dN/dy for |y| < 0.5 positive dN/dy for |y| < 0.5 negative (p;) [GeV/c]

L 2.26 £ 0.22 2.23 £ 0.22 0.46 & 0.03
K+, K- 0.28 £ 0.03 0.27 + 0.03 0.73 + 0.04
p.D 0.125 & 0.012 0.124 & 0.012 0.90 + 0.05

5.5 Comparison with data at lower energies

Figure 5.5 shows a comparison of the calculated (p;) in proton-proton collisions
at /s =7 TeV with previous results ([51] and references therein). The (p;)
increases with the mass of the particle as was already seen by previous exper-
iments at lower energies. This increase looks linear but to judge if this is the
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Figure 5.4: Values of dN/dy and (p) calculated using different extrapolation
scenarios. Lines indicate a 5% uncertainty which was assigned as the extrapo-
lation uncertainty. A label with “+data” means that the calculation was done
using data points and a fitted function in a range not covered by the mea-
surement. A label without “data” means that the plotted value was calculated
using a fitted function. Labels with PYTHIA or PHOJET mean that for the
extrapolation a generated spectrum was used.
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Figure 5.5: Comparison of (p;) as function of mass to results of previous exper-
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case, the results for other particles (e.g. A) are needed. The (p;) increases by
a small amount with the collision energy for all the particles. This increase can
be caused by the increases of dN /dn between two collision energies as reported
in [54].
As a second step the ratios of the integrated yields were compared with results
at lower energies. For the ratios the normalization uncertainties cancel out.
Figure 5.6 shows the energy dependence of the ratio (Kt + K~)/(7T + 77)
at mid-rapidity ([51] and references there). Figure 5.7 shows the energy de-
pendence of the ratios p/7+ and p/7~ at mid-rapidity. Results of the PHENIX
experiment are taken from [52]. Based on these results it can be concluded that:
as the energy in proton-proton collisions increases from 900 GeV to 7 TeV, no
significant change in the relative particle yields is observed. This observation is
also valid for the lower energies with the exception of the antiproton yield.
The predictions from the thermal models [53] with v5 = 0.6 and T=170 MeV
for proton-proton collisions at /s =10 TeV (predictions were available only for
this energy) are:

o (KT +K7)/(xt + 7 )=0.116,

e p/7t=0.08, p/7~=0.074.
Assuming that particles ratios stayed constant from the 7 TeV to 10 TeV energy
of colliding protons that would imply that the thermal model overestimates

the proton and antiproton productions or underestimate the pion and kaon
productions.
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5.6 Comparison with the event generators

The combined spectra were compared to predictions of PHOJET and a few
PYTHIA tunes. Including the PYTHIA tune 350 [55] (Perugia 2011), which
was developed using the first LHC results concerning the particle production in
the proton-proton collisions (e.g. [51]). Figure 5.8 shows the comparison be-
tween measured spectra and the event generator predictions for positive particles
(the situation for negative particles is similar). For all figures the normaliza-
tion uncertainty (8.3%) should be taken into an account. For the pion spectra,
the PYTHIA tunes 320, 350 can describe the shape of the spectra for py> 0.5
GeV/c. Tune 320 describes the yield after taking into account the normalization
uncertainty, while tune 350 misses the yield by much more than the normaliza-
tion uncertainty. The measured kaon spectra are in a good agreement with the
PYTHIA 350 tune predictions. For proton spectra, the situation is similar to
the pion case. The shape of the spectra for p;> 1.0 GeV/c is in agreement with
PYTHIA tunes 320, 350, but in this case the yield is reproduced by tune 350.
To study this more, the ratios of the sum of the kaon spectra to the sum of the
pion spectra (K /) and the sum of proton and antiproton spectra to the sum of
the pion spectra (p/7) were calculated. These ratios are shown in Figures 5.9,
5.10, where it can be seen that models do not describe the K/ ratio at p; >0.5
GeV/c. The p/r ratio is reproduced for higher p; by the PYTHIA 109 tune ,
but this tune does not describe the individual spectra.

To see what helps to describe the kaon spectra, the PYTHIA hadronization
parameters related with the strange quark production were compared between
the tunes 320 and 350 (see Table 5.4).

Table 5.4: Hadronization parameters of the PYTHIA tunes 320 and 350 .

parameter tune 320 tune 350 | description

PARJ(1) 0.073 0.087 suppression of diquark production com-
pared to quark-antiquark pair produc-
tion;

PARJ(2) 0.2 0.19 suppression of s quark production com-
pared to u, d quark production;

PARJ(3) 0.94 0.95 extra suppression of diquark produc-

tion with at least one strange quark
compared to normal suppression of the
strange quark production;

PARJ(4) 0.032 0.043 suppression of diquark spin 1 states
compared to the spin 0 states;

PARJ(6) 0.5 1.0 extra suppression of strangeness pair
production for baryons in the popcorn
model;

PARJ(7) 0.5 1.0 extra suppression of production of
strange mesons in the popcorn model;

PARJ(12) 0.4 0.4 probability that a strange meson has
spin 1;

PARJ(21) 0.313 0.33 spread of the Gaussian distribution

which generates p; of hadrons;
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Even though some parameters responsible for the strangeness production
(e.g. PARJ(6) and PARJ(7)) are quite different between the tunes, the K/m
ratio (see Figure 5.9) does not change much. This suggests that the better
description of the kaon spectra in the tune 350 is achieved by increasing the total
particle production and not by the change of the hadronization parameters.

5.7 Blast Wave fits

All six spectra were fitted simultaneously using the Blast Wave (BW) and Blast
Wave Tsallis (BWT) functions given by Equations 1.13, 1.15. In case of the
first form, the amplitudes, (8) and T were the fit parameters. For the BWT
the amplitudes, T, and ¢ were the fit parameters. The other parameters were
constrained, n = 1 and (8) = 0 ((8) = 0 means that Equation 1.10 is fitted
to all spectra, using common values for 7" and ¢). This is consistent with the
approaches presented in [24, 56]. For both functions two scenarios of the fit were
checked, using 6 amplitudes as fit parameters or only 3, a common amplitude
for negative and positive particles of the same type. In the end it was decided
to fit all 6 amplitudes. During the fit procedure the pion points with py < 0.5
(GeV/c) were not used, which is a common procedure to avoid the effect of
products of the resonance decays. Different starting points for the fits were
used to probe the parameter space. Fits for many starting points converged to
the same minimal values of the x?/ndf.

The results of the Blast Wave fit for positive particles are shown in Figure
5.11. Figure 5.12 shows ratios of data points to the fitted Blast Wave functions.
Figure 5.13 and 5.14 show the same results for the Blast Wave Tsallis fit. The
fitted parameters are summarized in Table 5.5 and compared to the fit results
for proton-proton collisions at /s =200 GeV (see Table 5.6) [56, 24] .

Table 5.5: Results of the Blast Wave fits.

BW BWT
T =161+2 MeV T =104+1 MeV
(8) = 0.303+£0.003 (g —1) = 0.103 £ 0.001
n=33+£01
X% /ndf=0.57 X% /ndf=0.88

Table 5.6: Results of the Blast Wave fits to the measurement of the STAR
collaboration of the spectra in proton-proton collisions at /s =200 GeV.

BW BWT baryons BWT mesons
T =127+ 13 MeV T =97+10 MeV T =89+4 MeV
() =0.2444+0.081 (¢—1)=0.073+0.005 (¢g—1)=0.1+0.003
n=43+1.7

The fit functions for pion and kaon spectra miss the high p; part of the
spectra. This does not have a significant influence of the value of x?/ndf, due to
the overestimation of the uncertainties. To determine whether the spectra are
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Figure 5.11: Result of the fit of the Blast Wave functions (Equation 1.13) to
the positive particle spectra.
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described by the BW or BWT functions or not, this analysis should be repeated
using spectra with a better estimation of the uncertainties. Comparison with the
results for proton-proton collisions at 1/s=200 GeV currently shows an increase
of T (for both fits) and (8) (for BW), while ¢ is similar to the value for meson
spectra in proton-proton collisions at 1/s=200 GeV.

5.7.1 Interpretation of the Blast Wave fits

The Blast Wave function was fitted to the spectra from the event generators,
using the same p; ranges as for the measured spectra. Figure 5.15 shows the
result of the fit for positive particle spectra generated by the PYTHIA 109
tune. The obtained values of the parameters are: T'= 131.1 +0.1 MeV, (§) =
0.3503+£0.1, n = 3.2844+0.003 (uncertainties are statistical). The value of (3) is
comparable to the value from Table 5.5. The x?/ndf = 28.4 for this fit indicates
that spectra are not described by the Blast Wave function. Figure 5.16 shows
the ratios of data points to the fitted Blast Wave functions, which are similar as
for data (see Figure 5.12). The deviation from unity of those ratios for data does
not result in a large value of x? /ndf because the fit procedure includes systematic
uncertainties. This studies show that with the current experimental precision
the Blast Wave shape can describe spectra as generated by the PYTHIA tune
109. PYTHIA does not assume radial flow or thermalization, which is different
from the Blast Wave assumptions. This means that the non-zero value of ()
(Table 5.5) cannot be directly interpreted as a signature of collective behaviour
in the system created by proton-proton collisions at /s = 7 TeV.

5.8 Conclusions

The spectra measured by the 4 methods are in a good agreement but a bet-
ter estimation of the systematic uncertainties is needed for all methods. The
measured spectra are described by the Lévy-Tsallis function while the thermal
motivated functions that have been used by other experiments at lower energies
cannot describe the spectra. The relative particle yields are the same in proton-
proton collisions at /s =900 GeV and /s =7 TeV. The (p;) for pions, kaons
and protons slightly increases with collision energy. Commonly used event gen-
erators cannot describe all spectra at once. The Blast Wave model gives results
consistent with those reported for the STAR data. The non-zero value of (3)
which is the result of the Blast-Wave fit cannot be interpreted as a signature of
collective behaviour.
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Figure 5.15: Result of the fit of the Blast Wave functions (Equation 1.13) to
the positive particle spectra generated by the PYTHIA 109 tune.
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Chapter 6

Event multiplicity
dependence of spectra

6.1 Introduction

In the previous chapter the collective behaviour of the system created in the
proton-proton collisions is not found in the minimum-bias data sample, but
this behaviour could be a property of the high multiplicity collisions. In this
chapter the method described in Chapter 4 is used to study spectra as a function
of event multiplicity in proton-proton collisions. The correlation between the
tracking efficiency and the multiplicity is investigated. A dependence of the
spectra shapes on the multiplicity is observed. This analysis uses the same data
and settings (track cuts and event selection) as the 7 TeV analysis in Chapter
4.

6.2 Two multiplicity estimators

Two independent methods to measure the event multiplicity (multiplicity esti-
mators) are used in this analysis. The first estimator is the number of tracks
fulfilling the standard ALICE track cuts (see Section 4.3.2) with p; > 0.15
GeV/c and |n| < 0.8 (ntracks estimator). The second estimator is the number
of clusters in the second layer of the SPD corrected for the acceptance using
the primary vertex z position (nSPD2 estimator). Figure 6.1 shows the corre-
lation between those two estimators, used to study effects of the multiplicity
estimation on the spectra measurement.

Five bins in multiplicity for both estimators were defined. First the bins
for the ntracks estimator were defined in such a way that each of them has the
same number of reconstructed tracks in data. The bins for the ntracks estimator
were transformed to bins for the nSPD2 estimator assuming a linear correlation
between the estimators. All the bins are shown in Figure 6.1 using lines. The
exact values of bin limits are summarized in Table 6.1.

The resolutions of the estimators were compared using simulations. For each
measured multiplicity bin a distribution of the generated multiplicity was ex-
tracted. The generated multiplicity is the number of primary charged particles
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Figure 6.1: Correlations between the two multiplicity estimators (ntracks and
SPD2 for the definition see Section 6.2) in data. Lines indicate multiplicity bins
from Table 6.1.

Table 6.1: Multiplicity bins for both estimators.

ntracks estimator nSPD2 estimator

binl [0:5] [0;16]
bin2 [6:9] [17;30]
bin3 [10;14] [31;45]
bind 15:22] [46:68]
binb [23;00) [69;00)

(according to the ALICE definition) with || < 0.8 and p; > 0.15 (GeV/c). The
results obtained using the PHOJET simulation are shown in Figure 6.2, where
distributions for both estimators are plotted. It can be seen that the ntracks
estimator has better resolution than the nSPD2 estimator. In each bin the mean
multiplicities for both estimators are similar, this observation confirms that the
correlation between the two estimators is linear.

6.3 Selection bias

Due to statistical fluctuations of the tracking efficiency, events with a efficiency
larger than the average efficiency tend to have a reconstructed multiplicity larger
than the expected one. This effect introduces a correlation between the track-
ing efficiency and the multiplicity estimator. From now on the result of the
correlation will be referred to as the selection bias. The selection bias is espe-
cially strong for the ntracks estimator because the multiplicity selection and the
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Figure 6.2: Distributions of the number of generated primary particles by PHO-
JET with |n| <0.8 and p; >0.15 (GeV/c) (Np) in multiplicity bins selected
using ntracks and SPD2 multiplicity estimators.
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spectra measurement are made using the same tracks.

The qualitative features of the selection bias can be understood using a sim-
ple model. If N(j) is the probability to have an event with j generated primary
particles and p(i|j) gives the probability that i tracks are reconstructed for an
event with j generated primary particles and that the influence of secondary
particles can be neglected! the tracking efficiency for primary particles in a bin
[trin;tmaz] Of ntracks estimator is given by:

t [e%e] .. N -
mee 57 (il )N ()i
v (bt Ernn) = Doilin o 2 PN () . 6.1)

S g )N (5)

1=tmin

Under the assumption that the number of reconstructed tracks is smaller than
the number of generated primary particles (no track splitting), the reconstruc-
tion of each track is an independent process and the probability to reconstruct a
single track (£) does not depend on the pt and the particle type. The probability
p(i|j) can then be approximated by the binomial distribution:

s A j—i
plib) = (1)1 - ey, (6.2
In this approach ¢ is the efficiency in minimum-bias (MB) events:

€ = €pin(0, 00). (6.3)

The most important thing is the fact that epipn (tmin, tmaesz) depends on the
multiplicity distribution (N(j)). This distribution can be modelled in different
ways by different event generators and does not reproduce the true one.

A magnitude of the selection bias can be seen in Figure 6.3 where the effi-
ciency in each ntracks multiplicity bin is calculated using the N(j) distribution
from PHOJET. Those calculations show a few important properties. The first
multiplicity bin, which has an average number of reconstructed tracks below the
average number of reconstructed tracks in the MB sample, has a e3;, < € while
the other bins have €4, > €. For € & 0.7 (the typical efficiency for pions) the
selection bias is at the level of a few percent.

The efficiencies (Equation 4.8) for both estimators in all multiplicity bins
were calculated using simulations based on both event generators. In all multi-
plicity bins the same fit ranges were used as for the 7 TeV analysis in Chapter
4. Figures 6.4 and 6.5 show the positive pion efficiencies for the PHOJET simu-
lation. For the ntracks estimator the selection bias is present and is of the same
magnitude as predicted (see Figure 6.3). For the SPD2 estimator the effect is
smaller (< 0.01), as the result of a weaker correlation between the number of
reconstructed tracks used to calculate the efficiency and the number of clusters
in the second layer of the SPD. As a next check the positive pion efficiencies for
the ntracks estimator calculated using both generators were divided by the MB
efficiency from the PHOJET, and the corresponding ratios are shown in Figure
6.6. The efficiency for the same bin calculated based on the PYTHIA or the
PHOJET simulations are different (e.g. binl), conforming that the selection
bias is model dependent.

1n the track sample selected by the ntracks estimator, which uses standard ALICE track
cuts, contribution of secondary tracks is at the percent level.
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Figure 6.3: Efficiency in the ntracks multiplicity bins according to Equation 6.1
using PHOJET multiplicity distribution as N ().

6.4 Correction for the selection bias

The selection bias depends on the multiplicity distribution. If in a simulation
this distribution does not match the true one, the spectra calculated using
efficiencies from that simulation will not be correct. There are also second
order effects which contribute to the selection bias and can influence the result,
like the composition of an event. For example an event with two kaons and
three pions has a different probability to have four tracks reconstructed than an
event with five pions. This is a result of the difference between pion and kaon
efficiencies.

The simplest way to correct for the difference between the multiplicity dis-
tributions of data and simulation is to assign to each simulated event a weight
dependent on the generated multiplicity. Weights are defined as the ratio of
the true multiplicity distribution to the generated multiplicity distribution. To
calculate the weights, the multiplicity distribution in |n| < 1 for inelastic proton-
proton collisions at 1/s=7 TeV as measured by ALICE (result from [57]) was
used as the data distribution. This distribution was compared with the same
distribution for both event generators (see Figure 6.7). For bins which are not
covered by the measurement the value of the weight from the last common bin
between data and generated distributions was used.

Using the weights the efficiencies in multiplicity bins were calculated for the
both generators. Figure 6.8 shows the comparison of positive pion efficiencies
for the weighted and the standard PHOJET simulation. The largest difference
is in binb because the data and the PHOJET multiplicity distributions are most
different for large multiplicities (see Figure 6.7). The large difference between
the PHOJET and PYTHIA efficiencies in binl shown in Figure 6.6 is caused by
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Figure 6.4: Positive pion efficiencies (Equation 4.8) in multiplicity bins for the
ntracks estimator based on the PHOJET simulation.
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Figure 6.6: Ratios of the positive pion efficiencies (Equation 4.8) for the ntracks
estimator calculated using the PYTHIA and PHOJET simulations to the MB
efficiency in the PHOJET simulation.

the difference between PHOJET and PYTHIA multiplicity distributions in this
multiplicity range. Figure 6.9 is analogous to Figure 6.6 but it shows ratio of
positive pion efficiencies calculated after applying the weights. The difference
between the efficiencies for both simulations is smaller than in the case of the
standard simulations. The remaining difference can be caused by the second
order effects. For proton (antiproton) and kaons efficiencies the same behaviour
was observed.

6.5 Spectra in multiplicity bins

The corrected spectra were calculated in each multiplicity bin for both esti-
mators using the procedure described in Chapter 4 for the 7 TeV data sample
without the event efficiency correction. The event efficiency was not applied
because for the SPD2 estimator events without a primary vertex cannot be
assigned to any bin, the correction based on the vertex position cannot be cal-
culated. So it is impossible to correct the spectra in each SPD2 bin for particles
lost due to this. For the ntracks estimator the weighted efficiencies were used
and the weighted dca,, distribution during calculation of the proton (antipro-
ton) contamination. All spectra were normalized to the number of events in
each multiplicity bin used for analysis. The same way of normalizing spectra
for both estimators gives the possibility to compare the yields. Those spectra
were then divided by the MB spectra, which were calculated without applying
the event efficiency corrections and normalized in the same way as the spectra
in the multiplicity bins. Results for positive particles are shown in Figures 6.10,
6.11 and 6.12.
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Figure 6.7: Comparison of the measured multiplicity distribution [57] to the
results of PYTHIA (Perugia0) and PHOJETsimulations.

When ratios are calculated many of the systematic uncertainties cancel out,
especially those connected with the detector material, which are an important
contribution to the total uncertainty of the spectra measurement. The spec-
trum uncertainties which can be important for the ratios are those caused by
the fit ranges used to calculate the raw yields. The influence of the fit range
on the raw spectra can be multiplicity dependent due to a possible multiplic-
ity dependence of the particle ratios. All the ratios were calculated using the
changed ranges as defined in Section 4.4.1 for the 7 TeV analysis. As for the MB
spectra, only ratios in the last used p; bins were affected by the change of the
ranges. This change increases with the multiplicity. Due to the changes of the
fit ranges, the ratios of spectra have not changed more than 0.5% for pions, 3%
for kaons and 3% for protons (antiprotons). The quoted value for each particle
is the change for the last p; in the largest multiplicity bin. Dependence of the
ITS-TPC matching on the event multiplicity was not observed, suggesting that
this part of the systematic uncertainties does not contribute to the ratio uncer-
tainties. The corrections for secondary protons and antiprotons were checked as
a function of multiplicity. It was found that they increase with multiplicity but
the p; dependence is not changed. As an additional check for all the particles,
the MB spectrum was compared with the sum of all the spectra in the multi-
plicity bins, before normalizing the spectra. For both estimators it was found
that the difference is below 1%, which can be interpreted as part of the system-
atic uncertainties of the ratio measurement. Pile-up can also contribute to the
uncertainties, especially for the large multiplicities. The analysis was run with
and without pile-up tagging and no effect on the p; dependence of the ratios
was found. All these studies give an estimate of the systematic uncertainties of
the ratios. The total systematic uncertainties of ratios are smaller than 1.5%
for pions, 4% for kaons and 4% for protons.
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Figure 6.8: Comparison of positive pion efficiencies (Equation 4.8) in multi-
plicity bins for the ntracks estimator calculated using the standard PHOJET
simulation and after re-weighting it (indicate by “W” in the legend).
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Figure 6.10: Ratios of the corrected spectra in multiplicity bins to the MB
spectrum for positive pions.
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Figure 6.11: Ratios of the corrected spectra in multiplicity bins to the MB
spectrum for positive kaons.
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Figure 6.12: Ratios of the corrected spectra in multiplicity bins to the MB
spectrum for protons.

The observed increase of the ratios with py for high multiplicities is larger
than the evaluated systematic uncertainties. The increase is seen for both es-
timators. Therefore it can be concluded that the (p;) for all particles increase
with increasing event multiplicity. This has been already reported in [54]. The
integrated yields cannot be studied using only this method because the extrap-
olation uncertainty is too large.

6.6 Conclusions

Any multiplicity estimator using the number of the reconstructed tracks intro-
duces a dependence of the tracking efficiency on the multiplicity. The effect
depends on the multiplicity distribution. To correct for that the simulation
has to have a multiplicity distribution which matches the true one. It is found
that the (p¢) of pions, kaons, protons and antiprotons increases with the event
multiplicity in proton-proton collisions at /s = 7 TeV.
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Chapter 7

Conclusions

Based on the analyses presented in Chapter 5 and 6, it is possible to comment
on the issues raised in Section 1.5.

The shape of pion, kaon and proton p; spectra in proton-proton collisions at
Vs =900 GeV [51] and /s =7 TeV cannot be described by thermal functions,
especially the high p; part. On the other hand, the Lévy-Tsallis function gives
a good description of the shape in the measured range (see Section 5.3.2).

The same ratios of the mid-rapidity yields of different particles in proton-
proton collisions at /s =900 GeV and /s =7 TeV suggest that the underlying
mechanism of particle production is also the same for those energies. The pre-
dictions of the thermal production fail to describe the measured values (see
Section 5.5). To rule out or confirm thermal production at 7 TeV more particle
yields are needed.

The increase of particle (p;) with energy is consistent with the increase of
(pt) with dN /dn reported by previous experiments [54](see Section 6.5).

Proof of collective behaviour of the system produced in proton-proton col-
lisions at /s = 7 TeV is not found. The results of the Blast Wave fits on the
7 TeV spectra are consistent with previous results and show the increase (5)
parameter. The non-zero value of () cannot be used as a proof of collective
behaviour (i.e. radial flow) in proton-proton collisions because the observed
effect can be produced by models (as PYTHIA) which do not have any collec-
tivity (see Section 5.7). To judge whether the collective behaviour is observed,
a scan of the properties of the spectra as a function of dN/dn is needed, ideally
for two energies of colliding protons. Those results should allow to answer two
questions:

e How different is the soft part of proton-proton collisions in case of the
mid-rapidity dN /dn=4 and dN/dn=30 ?

e Is this difference related to the energy of the colliding protons or the
increased dN /dn ?

The commonly used event generators cannot described the spectra. The
newest PYTHIA tune 350 based on the LHC results does not provide a better
description than the old tunes (e.g. 320).

As a first step, I suggest to further integrate the methods used to measure
the spectra in the ALICE detector, reduce the systematic uncertainties and
improve the agreement between the different methods.
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Appendix A

Spectra at /s =900 GeV
using the 2010 data sample

In 2010 the ALICE experiment recorded a sample of proton-proton collisions
at /s =900 GeV. This data sample had around 6M events passing the ALICE
physics selection. Using this data sample the new spectra were calculated and
compared with the 900 GeV spectra presented in Chapter 4. During the calcu-
lations of the new 900 GeV spectra all settings of the 7 TeV analysis were used,
because both data samples were collected during the same period. Ratios of the
900 GeV spectra (new and old) normalized to the inelastic collisions are shown
in Figure A.1. Only statistical uncertainties are plotted because they dominate.
Many of the systematic uncertainties cancel out in the calculation of the ratios.

Deviation of the pion ratios from unity can be explained by the uncertainties
coming from the normalization procedure (2%) [50]. The kaon ratios suggest
that in the old sample the spectra were underestimated (all points are above
one). It was found that this underestimation is mainly caused by the calculation
of the raw yields (determination of the fit ranges). Due to limited statistic it
was hard to spot that during the analysis of the old data sample. The proton
and antiproton ratios in their statistical uncertainties are consistent with one.

It is recommended to redo the 900 GeV analysis on the 2010 data sample,
this will reduce the statistical uncertainties and improve the control on the
systematic uncertainties.
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Appendix B

Collision kinematics

The rapidity is defined as follows:

11 E+p.
=—1In
y=shE—

(B.1)

where F is energy of the particle and p, is a momentum along the beam di-
rection. For momentum larger than the mass of the particle rapidity can be
approximated by the pseudorapidity 7:

n= llnw =—In [tan <g>} , (B.2)

2 P =Dz

where 6 is the angle between particle momentum and the beam axis.
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Samenvatting

In dit proefschrift is gebruik gemaakt van de data verzameld door de A Large Ion
Collider Experiment (ALICE) gedurende het eerste operatiejaar van de Large
Hadron Collider (LHC). Het eerste deel bevat een beschrijving van de cali-
bratieprocedure van de Silicon Strip Detector (SSD), onderdeel van de Inner
Tracking System (ITS). Deze calibratie is gedaan op het niveau van de indi-
viduele modules. Het heeft de fluctuaties op de gemeten energie verlies signaal
gereduceerd en introduceert een uniformiteit van het energie verlies signaal in
de ITS. De studie van de prestaties van de calibratie heeft een probleem laten
zien voor het hoge-energieverlies signaal. Het probleem kan gerelateerd worden
aan de instellingen van de SSD electronica en moet verder onderzocht worden.

Het hoofdonderwerp is de meting van pion-, kaon-, proton- en antiproton-
productie als een functie van hun transversale momenta (oftewel de p;, spectra)
in proton-proton botsingen. De identificatie van de deeltjes was gebaseerd op
hun energieverlies in de ITS. De ontwikkelde meetmethode is gebruikt om de
spectra te meten bij twee energien van de protonenbotsingen (/s =7 TeV en
/s =900 GeV). Het heeft een nauwkeurigheid van een paar procent, afhanke-
lijk van het soort deeltje. Een van de belangrijkste onzekerheden op de meting
wordt veroorzaakt door de beschrijving van de interactie van de deeltjes met
het detectormateriaal, welke gereduceerd kan worden.

De 7 TeV resultaten zijn vervolgens gecombineerd met die van andere meth-
oden voor deeltjesidentificatie. Deze vergelijking laat zien dat de resultaten van
de verschillende methoden binnen een paar procent met elkaar overeenstemmen.
Het gecombineerde resultaat is vergeleken met voormalige experimentele resul-
taten en theoretische modellen, waaronder diegenen die een collectief gedrag
van het systeem gedurende een botsing beschrijven. De huidige nauwkeurigheid
van de meting geeft niet de mogelijkheid deze modellen te bevestigen danwel uit
te sluiten. Deze studie laat verder zien dat de relatieve deeltjesproducties voor
900 GeV en 7 TeV vergelijkbaar zijn.

De ontwikkelde methode is ook gebruikt om de spectra als functies van de
botsingsmultipliciteit te meten voor proton-proton botsingen bij /s =7 TeV.
De focus is hierbij gelegd op het onderzoeken van de correlaties tussen 'tracking’
efficientie en de multipliciteitsraming. Dit ondezoek heeft aangetoond dat deze
correlatie afhankelijk is van het model gebruikt tijdens simulaties van de detec-
torprestaties. Deze athankelijkheid kan tot een fout van een paar procent leiden
in de spectrummeting. De methode om voor deze correclaties te corrigeren is
ontwikkeld en getest. Het eindresultaat laat een toename van de gemiddelde p;
van de geproduceerde deeltjes zien bij een toename van de botsingsmultipliciteit.
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