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Synopsis

A Large Ion Collider Experiment (ALICE) will study the strong interaction sector
(QCD) of the Standard Model at the CERN Large Hadron Collider (LHC). ALICE
has been designed as a general-purpose heavy-ion detector in order to address the
most interesting phenomena of strongly interacting matter and the quark-gluon
plasma (QGP) at extreme values of energy density and temperature in nucleus-

nucleus collisions.

ALICE has a unique design with a very different optimisation of its physics
performance relative to the dedicated proton-proton LHC experiments. A physics
programme on the proton-proton runs at the top LHC energy has also been prepared
for ALICE with the aim to provide a reference data for the heavy-ion run but also
to address a series of strong-interaction topics that will complement the studies of

other LHC experiments.

The ALICE experiment was approved in 1997, and its detectors have been built
by an international collaboration which currently includes over 1,000 physicist and
engineers from 102 institutes in 30 countries. Most of the detector systems will be
installed and ready for data taking by mid 2008 when the LHC is scheduled to start
operation, while the high luminosity ion runs are expected in 2010 and after. This
thesis presents two physics performance studies in ALICE: ¢ meson and di-lepton
production in proton-proton collisions. Additionally, it describes a systematic test

of cable signal transmission in the ALICE trigger system.



Abstract

A Large Hadron Collider Experiment (ALICE) at the CERN Large Hadron Collider
(LHC) will explore a primordial state of matter that existed in the early Universe.
Resonance production at the LHC is of great interest in the study of the phase state
of hadronic matter known as a Quark Gluon Plasma (QGP). Results are presented on
the prospects for ¢(1020) meson production from LHC start-up to optimal running
conditions in pp collisions. A careful analysis of background subtraction methods
with particular attention to ¢ meson production during the first physics run is also
presented. A discussion about the discrepancies between different versions of the
PYTHIA event generator in charged-particle multiplicity and its implications in ¢

production is given.

An overview of the physics of strongly interacting matter at high energy densities,
the QGP signatures and experimental results from previous experiments in the field
of heavy-ion physics is given. The ALICE experimental apparatus, detectors and
systems are briefly described as well as the results of performance studies on tracking,

vertex and particle identification.

The key features of the ALICE trigger system, and the synchronisation of trigger
inputs are discussed. A description of a systematic test of cable signal transmission
that allows bit-error rate (BER) measurements is also given. A feasibility study
of the electromagnetic process pp — ppe™e™ at central rapidities in ALICE is also

presented.
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Author’s contribution

¢ meson production in pp collisions at /s = 14 TeV

All work presented in this thesis relating to the ¢ meson production from the ALICE
simulated data set, produced by myself and obtained by the ALICE collaboration in
the data challenge productions of years 2004, 2005 and 2006, is my own. However,
due to the collaborative nature of experimental High Energy Physics the analysis
makes use of the analysis software framework (AliRoot), currently in development,

available to all within the collaboration.

I have developed the software and strategies in order to carry out a performance
study of ¢ meson production, for which I have been responsible in the ALICE Physics
Working Group 2 (“Soft-Physics” ) over the last three years. More specifically, I have
estimated the signal significance and signal-to-background ratio of the ¢ meson pro-
duced in pp collisions, by optimising the selection criteria needed to reconstruct this
particle. T have been responsible for developing the strategies of this selection and
its implementation within the analysis software in order to make estimations from
LHC start-up to optimal running conditions. I have compared the charged-particle
multiplicity from different extrapolations to LHC energies in pp collisions from two
currently used versions of the PYTHIA event generator, particularly to understand

its implications in ¢ meson production and the origin of any discrepancies.

Although not presented in this thesis, I have studied ¢ meson production in Pb-
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Pb collisions using the data sample of the data challenge production 2004 prepared
by the ALICE collaboration. Some of these results can be found in my Mid-term

report.

Two conference posters, based on results on the ¢ meson study, were awarded
prizes. The first of them at the Annual Particle Physics Conference 2006, that was
held at the University of Warwick, and another one at the Birmingham Graduate
School Poster and Networking Conference 2007. Some preliminary results were pub-
lished in J. Phys. G 35 (2008) 044058. This as part of the proceedings contributions
to the International Conference on Strangeness in Quark Matter 2007, that was held

in Slovakia.

Lepton-pair production at central rapidities in pp collisions

at /s = 14 TeV

I have undertaken a feasibility study of the electromagnetic process pp — pete™p
that can be used as a luminosity monitor in ALICE. Using a signal sample prepared
by my colleagues, I estimated the number of events for one normalised year of the
signal after the full-simulation method along with a comprehensive study of potential

backgrounds both at the level of generation and reconstruction.

A systematic test of cable signal transmission

I have implemented the software in the ALICE trigger system that controls the
timing logic that deals with bit-error rate measurements. I was also responsible for
carrying out various measurements of the so-called LVDS tester, and I also wrote

the user manual for this software.

Daniel Tapia Takaki.
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Chapter 1

Introduction to heavy-ion physics

This first chapter presents a general introduction to the physics of strongly inter-
acting matter under extreme conditions of temperature and energy density: the
physics of ultra-relativistic heavy-ion collisions. This introduction is intended for
non-experts of this field. This chapter also provides an overview of the physics role
of ALICE at the Large Hadron Collider (LHC). It concludes with an outline for the
rest of this thesis. A more detailed description of the topics covered here is given in

Chapter 2.



1.1 Quark-gluon soup

It is believed that in the very early Universe, about 10 us after the big-bang, today’s
ordinary hadronic matter (i.e. the hadronic matter composed by mesons and baryons
- see section 2.1) existed under extreme conditions of energy density and temperature
in the form of a deconfined state of quarks and gluons [1], a Quark Gluon Plasma
(QGP). For more than 20 years, experimentalists have been trying to re-create such
physics system (or “little-bangs”) under laboratory conditions. To achieve this,
they have been colliding atomic nuclei (usually referred as heavy-ions) at very high
energies. Such reactions are known as ultra-relativistic heavy-ion collisions; normally
the collision takes place using the heaviest nuclei available, say lead (Pb) or gold
(Au), as a way to access a larger volume of matter relative to more elementary
particles (protons). It is only in these ultra-relativistic collisions that sufficient
energy densities lasting long enough for a phase transition to a QGP phase can

occur [2].

To put this down in numbers, let us consider the energy density and its corre-

sponding pressure during the early Universe (about 10 us after the Big Bang):

-3
€early—Universe = 1GeV fm

= 1.8 x 10%gem™?, (1.1)

1

Pearly—Universe = g €early—Universe

= 0.52 x 10 bar (1.2)

While, on the other hand, the energy density in a normal nucleus is given by:

0= N _ 0.17myfm (1.3)
Vi

where my is the mass of the nucleon, which means that €y ~ 0.16 GeV fm™2 [2].

In previous ultra-relativistic heavy-ion (HI) experiments at CERN, energy den-

sities in excess of 1 GeV fm 2 have already been achieved. The CERN press office



released a statement in February 2000 stating [3]: A common assessment of the
collected data leads us to conclude that we now have compelling evidence that a new
state of matter has indeed been created, at energy densities which has never been
reached over appreciable volumes in laboratory experiments before and which exceed
by more than a factor 20 that of normal nuclear matter. The new state of matter
found in heavy-ion collisions at the SPS features many of the characteristics of the

theoretically predicted quark-gluon plasma.

At the time of this statement, the properties of this state of matter were not
fully understood, and additional experiments at higher energies were required to

investigate this further.



1.2 The phase diagram of hadronic matter

Before introducing the experimental and theoretical results related to a QGP phase,
it is worthwhile explaining where the QGP is located in the phase diagram of strongly
interacting (QCD) matter. There are two variables that are normally used to de-
scribe the phase diagram of QCD matter; these are the temperature (T) and the
baryonic chemical potential g, where up is essentially a variable that reflects the
net quark density, i.e. the number of quarks minus the number of antiquarks per
unit volume. The phase diagram is shown in figure 1.1, showing two distinct phases

of hadronic matter and the QGP phase.

Ordinary hadronic matter exists at low temperature and for values of up close
to that of the proton. However, at higher values of T and at higher up, the region
of QGP appears. The phase transition between normal hadronic matter and the
QGP phase can be seen clearly on this diagram. The solid line represents the phase
boundary where the phase transition is believed to be of first order. However, at
low pp it is believed that a cross-over region from hadronic to quark matter exists.

Between this and the phase boundary, a “critical point” should exist [4].

What is important to remark here is that hadronic matter can enter the QGP
region only at very high temperatures or densities. If the nuclei are compressed
without increasing the temperature of the system, the aftermath of such a process
will be located on the right of the diagram, as the volume available of the system
has been reduced although the net number of quarks remained the same. Hence, the
process of heating the matter moves the system upwards on the diagram. In other
words, the QCD vacuum undergoes a melting process, in a way that the quarks and

gluons presented in such hadronic matter become free due to the QGP phase.

In addition, there are some further points of interest on the QCD phase diagram.
The figure 1.1 also shows that the QGP phase should have existed in the primordial

Universe (with very low net baryon density) and in neutron stars (with very high



baryon density), which are about 10'* times more dense than the Sun. The order

of the phase transition as predicted in QCD is beyond the scope of this review.
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Figure 1.1: Phase diagram of hadronic and partonic matter in the temperature (T) and baryon
chemical potential (ug) plane. The solid line represents the phase boundary where the phase

transition is believed to be of first order. (Courtesy of S.A. Bull [5].)

By colliding heavy ions at very high energy one would expect to reach and exceed
the critical energy density. If so, the system will then undergo a phase transition into
a QGP. The formation of a QGP phase is expected to occur about a temperature of T
~ 170 MeV. Hence, in a QCP phase, as in the primordial Universe, the temperature

exceeds 2.2x 10'2 K, which is about 150,000 times hotter than the core of the Sun.

Ultra-relativistic heavy ion experiments are designed to search in the shaded
region shown in figure 1.1 where the QGP phase transition is expected to take
place. Thus, the focus of heavy-ion physics is the study and understanding of the
macroscopic properties, and collective phenomena emerging from ultra-relativistic
nucleus-nucleus collisions. This is achieved by modelling the strong interaction the-

ory of elementary-particle physics.



1.3 Fireballs

As mentioned earlier, ultra-relativistic heavy-ion collisions are expected to create
conditions similar to the early Universe. Figure 1.2 shows a visualisation of the
heavy-ion collision between two lead nuclei leading to a QGP phase. The systems
created in these collisions are referred to as fireballs, i.e. a spatially localised drop

of highly excited, hot and dense hadronic matter [2]'.

As in the big-bang model, fireballs expand due to the high internal pressure [2].
However, there are also several differences between them; for example fireballs evolve
much more rapidly than is the case in the evolution of the Universe. Since the nuclear
size is about 6 fm and the speed of the expansion is about 0.6 times the speed of
light, the life span for these fireballs is 7 ~ 3 x1072%s. In the case of the early
Universe, however, the QGP phase lasted 7 ~ 10 us 2.

From about 10us after the Big Bang, the hot “soup of quarks and gluons” was
transformed back into a dense system of hadronic matter called a hadron gas. How-
ever, it is believed that there could be a “mixed phase” between a QGP phase and
a hadron gas, which could be probed experimentally by studying unstable particles
such as resonances because their lifetime are comparable to that of the QGP (see

chapter 8).

Therefore, the fireballs are believed to undergo various stages of evolution in
terms of space and time. In general, the composition of the emitted hadrons is gov-

erned by the chemical freeze out period, defined as the moment when the inelastic

! The concept of a fireball was introduced by R. Hagedorn in the 60s. He defined it as a statistical
equilibrium of an undetermined number of all kinds of fireballs, each of which, in turn, is considered

to be a statistical equilibrium of the same kind [6].
2This can also be seen by noticing that the expansion of the early Universe was governed by

dominant gravitational attraction of the matter within it, while in these fireballs no significant
gravitational effects are present that can slow down the fireball expansion. Reference [7] discusses

the possible effects of dark matter at the time of the hadronisation of the early Universe.



Quark-Gluon

Plasma

Figure 1.2: Pictorial representation of the creation of a Quark-Gluon Plasma by a Pb-Pb collision
in the laboratory, the Pb ions are Lorentz contracted as they are travelling close to the speed of

light.

interactions cease. It is chemical because it is the stage where the relative abun-
dances of both hadrons and partons are determined. However, elastic scattering may
still be present until kinetic freeze out is reached. Particles that hadronise out of a
system are known as “soft” (p; < 1 —2 GeV/c), and those coming from primordial
partonic interactions are called “hard” (p; > 5 — 6 GeV/c). Particles are detected

at the stage of the collision known as final freeze-out.

Another difference observed in a heavy-ion reaction compared to an elementary
particle collision is the production of many more low-energy (soft) particles in the
final state, which is due to the conversion of kinetic energy of the collision. In other
words, heavy-ion reactions have a high particle multiplicity; how large the particle
multiplicity is depends on the centrality of the collision which describes the ‘overlap’
of two incoming ions at the point at which they collide (see figure 1.3). The centrality
of an event is generically classified as central (high overlap, then high multiplicity)
or peripheral (small overlap, then small multiplicity). Because the centrality is a
function of the charged particles produced in a collision, the higher the multiplicity

the greater the energy density of the system.



a @
- Region of Overlap

Figure 1.3: Pictorial representation of (a) a central and (b) a peripheral collision. Central
collisions have a large number of participant nucleons (shaded) and high multiplicity whereas
peripheral collisions have a small number of participant nucleons and low multiplicity. (Courtesy

of S.A. Bull [5].)



Various experiments at the CERN SPS and at BNL RHIC energies have shown
experimental evidence that a QGP phase has been created under laboratory condi-
tions. In order to assess whether or not a QGP phase has been created, experiments
have observed different signatures of its formation as a manifestation of the phase
transition. In the following section, an overview of the recent history in the field of
ultra-relativistic heavy-ion physics is given, and the most interesting results obtained

will be discussed in section 2.3.



1.4 Overview of the recent history in experimen-

tal heavy-ion physics

The Super Proton Synchrotron (SPS) at CERN, and the Alternating Gradient Syn-
chrotron (AGS) in Brookhaven National Laboratory were the pioneering experi-
mental facilities in the field of ultra-relativistic heavy ion collisions. Both of them
started heavy-ion operation in 1986. The search for a new state of strongly interact-
ing matter at CERN started with beams of oxygen and sulphur, from 1994 continued
with lead beams. Measurements of hadronic and leptonic observables from the SPS

fixed-target programme are now almost complete thanks to the measurements of the

NA49 [8], CERES [9], NA57 [10] and NAG60 [11] experiments among others.

Heavy-ion physics has been studied in collider mode since 2000, by the relativis-
tic Heavy Ion Collider (RHIC) [12, 13] experiments (STAR, PHENIX, PHOBOS
and BRAHMS) at Brookhaven National Laboratory (BNL). In the near future the
challenge passes to the CERN Large Hadron Collider and especially to ALICE (A
Large Ion Collider Experiment), which will be the only dedicated LHC experiment
for heavy-ion physics, and will measure the highest-energy collisions (y/sSyy=5.5
TeV) of heavy nuclei ever achieved under laboratory conditions; almost 30 times
higher than at RHIC. In chapter 3, a more detailed discussion about the LHC and
the ALICE detectors is presented. The GSI laboratory is expected to house the
Compressed Baryon Matter experiment (CBM) that will be part of the new accel-
erator facility (FAIR) [14]. CBM will study nucleus-nucleus collisions from 10 to 45
AGeV 3in order to explore the QCD phase diagram in the region of highest baryon

densities and the phase boundary region, its first beams are scheduled for 2014.

The Birmingham Particle Physics group has been involved in the CERN heavy-
ion programme since 1987 and, in particular, has played a major part in the data

analysis of the WA85, WA94, WA97 and NA57 experiments [3]. In ALICE, the

3This follows the convention of beam energy or momentum per nucleon in the nucleus.
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Birmingham group responsibilities include the design, construction, installation and
maintenance of the ALICE Central Trigger Processor (CTP) and Local Trigger
Units (LTUs) as well as all the corresponding control and monitoring software.
Birmingham is also responsible for the overall trigger coordination within ALICE.
In chapter 4, the key features of the ALICE trigger system are presented. In terms
of physics, Birmingham is currently interested in resonance production in ALICE,

and more recently in heavy flavour and hard physics.
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1.5 The physics role of ALICE at the LHC

In this section, a motivation for the developments in the field of ultra-relativistic
heavy-ion physics is given. In particular, the significant and unique opportunities
that will be exploited in the ALICE experiment at the Large Hadron Collider are
described briefly. The physical observables in ALICE will be discussed in section 2.4.

At LHC energies, the fireball with its envisaged high multiplicity is expected
to have a relatively much longer lifetime (up to about 10 fm/c) compared to SPS
and RHIC energies. By colliding nucleus-nucleus collisions, the LHC will exceed the
energy densities available at RHIC energies by over an order of magnitude. ALICE
will be able to study the strongly interacting matter at high energy densities in the
regime of € ~ 1-1,000 GeV fm 3 [15]. It will study the structure of the QCD phase
diagram in detail, and in particular the properties of the QGP phase. The role of

chiral symmetry in the generation of mass will also be studied (see section 2.1.3).

8
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Figure 1.4: The range of Bjorken 2 and M? relevant for particle production in nucleus-nucleus
collisions at the top SPS, RHIC, and LHC energies. Lines of constant rapidity are shown for LHC,
RHIC and SPS.

The LHC physics programme will cover a novel range of Bjorken-z values as
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shown in figure 1.4, where the relevant x regions for the SPS, RHIC and LHC with
heaviest nuclei are compared. In particular, ALICE will probe the x range as low
as about 1075, this will contribute to a better understanding of high-density par-
ton distributions in the determination of particle production [4]. Hard processes,
which can be calculated using perturbative QCD, will be used to study the early
stages of the collision; while weakly interacting probes such as direct photons will
provide information about nuclear parton distributions at very high Q?. Another
novel aspect is that at the LHC the fireball expansion will be dominated by parton
dynamics and the collective features of the hadronic final state, i.e. the ratio of
the lifetime of the QGP state relative to the time for thermalisation is expected
to be larger than at RHIC by an order of magnitude. Additionally, ALICE will
study proton-proton physics at the LHC as a benchmark for the heavy-ion physics,
though it is also important in its own right as, for example, ALICE will access con-
siderably increased charged-particle densities that will give a better understanding
of strangeness production, such as transverse momentum measurements owing to
the unique low-transverse momentum cutoff that will be provided by the ALICE

experiment. Studies of proton-nucleus physics will also be possible.
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1.6 Outlines for the rest of this thesis

Up to this point, a very general look at the field of ultra-relativistic heavy-ion physics
has been given. As mentioned, in Chapter 2 a detailed description of the theoretical
framework behind these studies, along with some of the most recent experimental
evidence for the discovery of the QGP are given. Chapter 3 provides a description
of the ALICE detector apparatus, while chapter 4 introduces the ALICE trigger
system. Chapter 5 describes the implementation used to synchronise trigger input
signals in the ALICE experiment, this as a preable information needed for chap-
ter 6, which presents the software developed carried out by the author for the LVDS
transmission tester. Chapter 7 presents a feasibility study of the di-lepton exclusive
process that can potentially be used as a luminosity monitor. Chapter 8 provide us
with the motivation to study inclusive ¢ meson production both in heavy ion and
pp collisions at the LHC. Finally, chapter 9 presents the prospects of measuring in-
clusive ¢ meson production at LHC energies, along with results from reconstructed
¢ resonance in pp collisions. Special attention is devoted to the prospects of ¢ pro-
duction during the early physics programme of ALICE at the LHC startup. At the
end of each chapter a general summary is given, while the conclusion sections intend

to summarise the main contributions given in this thesis.
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Chapter 2

The physics of ultra-relativistic

heavy-ion collisions

This chapter contains a survey of the fundamental concepts that support the physics
of strongly interacting matter at high energy densities. Firstly, a brief phenomeno-
logical introduction to some of the most fundamental principles of Quantum Chromo-
Dynamics (QCD) is presented, followed by a description of QCD phase transitions
and the Quark Gluon Plasma. Secondly, the main experimental results in the field
are discussed. Finally, the physics motivations to study the QGP phase at LHC

energies, with particular emphasis on the ALICE experiment, are reviewed.
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2.1 Quantum Chromo-Dynamics (QCD)

Quarks and anti-quarks are elementary particles because they do not appear to have
sub-structure [16]. Many hadrons decay into other particles (or resonances) via the
strong interaction, and as far as the strong force is concerned, the total isospin is
conserved. Approximate higher symmetries were discovery in the 1960s, which led
to the formation of various multiplets (strangeness in the vertical axis, versus the
isospin component I, in the horizontal axis). A pattern observed in the baryon
decuplet of states with spin-parity %+ led to the prediction of the 27, discovered
in 1964 [17]. The acceptance of quarks as fundamental particles (building block
of hadronic matter) came a little bit later with the studies of the structure of the
nucleon through experiments of elastic and deep inelastic scattering, along with

+

various studies based on eTe™ annihilation [17].

The theory of strong interactions (QCD) emerged in the 1970s, and nowadays is
one of the components that form the SU(3)xSU(2)xU(1) “standard model” (SM) of
the field of high energy physics [18]. QCD is one of the quantum field theories (QFT)
in the SM, the other being the electro-weak theory. In analogy to the photon in
Quantum electrodynamics (QED), the gluon is the mediator of the strong interaction
in QCD. In the next sections, three of the most interesting results of QCD will be
described as they support most of the physics behind the theoretical tools to study
the QGP.

2.1.1 Asymptotic freedom

The interaction between any two quarks can be modelled by:

V, ~ —%Jrkr, (2.1)

which is known as the strong potential V,, where «; is the magnitude of the strong

coupling constant between two quarks, £ is the string tension and r gives the sepa-
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ration of the quarks. For small values of r, equation 2.1 is equivalent to the Coulomb

potential experimented between two electric charges [19].

There are two remarkable features of QCD that are related to the fact that oy
is not a constant but a variable with a scale-dependence due to quantum effects
(as~1/In(r')), which makes the quark’s interaction weaker as r decreases. Thus,
it can be established that at short distances (or large momentum transfer), the
coupling constant is small and would tend to zero at high energies. This is one of
the main features of QCD; known as the regime of “asymptotic freedom”, which
suggests that quarks may behave as free (or noninteracting) particles in the limit

r— 0.

Asymptotic freedom turns QCD into a quantitative calculational scheme for
physical observables by using perturbation theory. Moreover, it is only in this regime
where high-precision tests can be performed such as those developed for QED pro-
cesses [20]. For example, a QCD cross-section can be described perturbatively as

follows:

o= Cia, + Cha? + ..., (2.2)

where the coefficients C; and C; can be calculated from Feynman rules. However,
various divergences [18] arise when performing such calculations. In order to cope
with these divergences, a renormalisation procedure is required [18]. These methods
work by fixing certain parameters at a given energy scale p. For the sake of com-
parison, the renormalisation group requires a common scale that is generally taken
to be the mass of the Z boson. Other scales can be used from:

2 as(u)
7 da
log(Fo) = — / ey 2.3

g(:u%) as(uo) /B(a) ( )

with up=My. Additionally, or alternatively, the dimensional parameter A can be
introduced to express the parameterisation of the scale-dependence of the oy val-
ues; its definition is related to the SB-functions that control the renormalisation

scheme [18, 21]. These functions are composed of a group of equations that can be
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obtained by perturbatively expanding the solutions of:

0o
"o

= 25((15)' (2'4)

The effective QCD coupling “constant” «, can be written as a function of the

scale i and in terms of the parameter A:

) = T 2ehlnGe/An) 4
W= et T ween (/A
((nfin(?/4%)] = 5)° + 222 = ) 201 (25)

From here it can be seen that oy, — 0 as u — oo, which corresponds to the asymptotic
freedom regime. Calculations performed under the perturbative quantum chromo-
dynamics (pQCD) method have been extensively tested [21]. For example, the
production of hadronic jets with large transverse momentum in hadron-hadron col-
lisions constitutes a direct probe of the scattering of quarks and gluons [20]. The
data from such experiments have been used to determine the values for ;. Fig-
ure 2.1 shows a summary of the values of «,(u) for various high energy processes.
However, the main theoretical motivation for this thesis will concentrate on QCD

predictions that turn out to be in the non-perturbative domain.

2.1.2 Confinement

In contrast to the values obtained in the regime of asymptotic freedom, it turns out
that at large distances (or small momentum transfer), the strong coupling constant
oy is large (at u ~ A). It is believed that in this regime the quarks are confined
in colourless particles!. Confinement, as it is known, is expected to increase as the
distance between two quarks becomes larger. This QCD phenomenon is responsible
for the fact that hadrons have yet only been observed either as quark-antiquark
pairs (known as mesons) or bound together in groups of three (known as baryons).

However, QCD does not exclude the existence of other types of hadrons; such as
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pentaquarks (five-quark systems). From a theoretical point of view, the study of
confinement is not a negligible task as hadron spectra (i.e. masses and particle
widths) are governed by non-perturbative aspects of the strong interaction. At
present, their description is based mainly on numerical methods inspired by QCD

models [18].

2.1.3 Chiral symmetry breaking

Chiral Symmetry (CS) breaking [22, 23], which is purely related to QCD dynamics,
provides with an explanation on the generation of mass of the lighter quarks (u, d

and s).

For spin—% particles, such as quarks, there are two helicity eigenstates that can be
defined. It was found that in the absence of quark masses, when quarks travel at the
speed of light, the left- and right-handed states of the QCD Lagrangian are chirally
symmetric. In other words, both states of quarks can be seen to be independent
from each other; their helicity is invariant. This can be achieved by neglecting the
masses of the three lightest quarks which then will form the flavour symmetry group

SU(3)1, xSU(3)x.

In order to describe this QCD symmetry, let us remember that the vacuum in
physics can be represented in term of quantum states composed of several conden-
sates. Because the force between quarks is very strong, the ground state (or vacuum)

in QCD is not stable compared to the constituent condensates.

Let us now consider a pair of charged particles in a singlet state, such that these
pairs can pop-up from the vacuum due to quantum fluctuations. The separation in
space (or r) is given by the uncertainty relation (p - r > 1), where p is the relative

momentum acquired by these two particles. By neglecting their masses, the minimal

Tt is not possible to derive confinement from the QCD Lagrangian; the same applies to asymp-

totic freedom.
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kinetic energy of the pair is equal to the relative momentum if they are separated by

2

a distance r, i.e. Eyy, > 1/r. On the other hand the potential energy is Eyop =

-z
where q is the charge of the particles. Therefore, the total energy is [3, 24, 25]:
1 q>
Epuir = — - (1 — ). 2.6
= (1= ) (26)

In QED the charge q is equal to the electric charge e, while in QCD the charge is
the colour charge gs. In QED, equation 2.6 is valid for all distances r (above the

Planck scale), but in QCD this expression is only valid for small distances of r-

Let us look at what will happen when charged pairs pop-up from the vacuum.
In QED, the ete™ pairs that pop-up from the vacuum will be unstable because their
energy is positive for all distances r (see figure 2.2); i.e. as the electromagnetic field
is “weak”, the kinetic energy of these pairs will always overcome the energy stored
in the field. In the case of QCD, the term 1 - ¢>/47 decreases with distance, and at
r ~ 1 fm becomes negative. Such a configuration means that the colour pair that
has popped-up from the vacuum will give rise to “real” particles, i.e. as the QCD
field is “strong”, the energy stored in the field will overcome at some distance the

kinetic energy of the pair.

At large distances the energy of the colour pair rises linearly and becomes positive
again (see figure 2.2). Therefore, in QCD the total energy can be either positive
or negative depending on the values of r. Moreover, the total energy E,: has a
minimum at rg, about 1 fm, which is a negative value. Then the total energy of the
pair is negative, and the QCD vacuum is spontaneously filled by gluon pairs and ¢g

real particles [26].

In conclusion, at ry the QCD vacuum is spontaneously filled by colour charged
pairs. This means that quarks propagating in such a vacuum do so as if they
had a mass by spontaneously changing their helicity and therefore giving rise to
the constituent mass; about 300 MeV for up and down quarks and 450 MeV for
the strange quark. If Chiral Symmetry breaks spontaneously, the dynamically-
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Figure 2.2: Qualitative energy dependence of the energy of a charge single pair (that has popped-
up from the vacuum) as a function of the distance between the charges in the case of QED (left)

and QCD (right).

generated mass may be much greater than the quark’s intrinsic mass. Table 2.1

shows a summary of the quark masses.

Nonetheless, it is thought that the kinetic energy of the vacuum of colour pairs
can be increased by raising the temperature of the system in such a way that the
potential energy will no longer be able to overcome the kinetic term for any distance
r [27]. Thus, it is believed that the chiral symmetry breaking can be restored, which

would result in the quarks having their “bare” masses again [28, 29].

Notice that such a restoration can only be partial as the QCD Lagrangian is
always explicitly broken [28] because of its finite mass term -m,qq. An understanding
of the partial chiral symmetry restoration is expected to shed light on the origin of

most of the hadronic mass in the Universe.
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Table 2.1: Summary of the quark masses [19].

Quark flavour Constituent mass (MeV /c?) Current mass (MeV/c¢?)
down (d) ~ 350 ~ 7

up (u) ~ 350 ~3

strange (s) ~ 550 ~ 140

charm (c) ~ 1800 ~ 1800

bottom (b) ~ 4.2x103 ~ 4.2x10°

top (t) ~ 170x10? ~ 170x10?
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2.2 Theoretical tools to study the QGP

2.2.1 Introduction

In the last section, asymptotic freedom, confinement, and chiral symmetry breaking
were described. It was seen that changes on the temperature of the QCD vacuum
have a very significant effect on its properties; in particular on the origin of most of
the mass of the lighter quarks (u, d and s). In addition to these three interesting
QCD predictions, there is another one that leads us to the discussion of most of the

reminder of this thesis: the Quark Gluon Plasma (QGP).

As described in chapter 1, normal hadronic matter under extreme conditions of
high energy densities or temperatures undergoes a phase transition into an asymp-
totically free gas (or liquid) of quarks and gluons; in other words, hadronic matter
no longer exists in the familiar forms of mesons and baryons as described in the field
of particles physics. As mentioned earlier, quarks and gluons are confined inside
hadrons. However, in a very hot quark matter state, the average distance between

particles will become smaller so that confinement disappears.

The complexity of the system created in heavy-ion collisions naturally lends itself
to the methods of relativsitc statistical models. Predictions from the Bag Model
method will be discussed in section 2.2.2. The theoretical evidence for a QGP phase
is now even more striking as recent calculations of lattice QCD also predict a phase
transition at similar values of temperature and energy density as the one given by

statistical models.

The paradigm of QGP originates in the 1970s [30]. Its description within the
framework of asymptotically free QCD was first discussed in 1974, shortly after the
discovery of asymptotic freedom [31]. It was suggested that hadronic matter at
very high densities such as those that occur in the core of neutron stars could be a

“quark soup” rather than a system of quarks bounded in hadrons. In other words, at
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conditions of extreme energy densities a quark matter state ought to exist. Today’s
view of the formation of such a state due to a phase transition came some years

later by making an analogy to a “boiling hadron gas state” [32, 33].

Different methods have been developed to make an estimation of the transition
temperature of QCD matter into a QGP state. At present, both statistical and
lattice QCD calculations predict that at about 170 MeV, corresponding to an energy
density of e, ~ 1GeVfm 2, hadronic matter undergoes such a phase transition to a

deconfined state of quarks and gluons.

2.2.2 Statistical models: the bag model

The bag model [34, 35, 36] is a good example of a statistical model as it predicts the
aforementioned phase transition, by attempting to describe both the asymptotic
freedom and confinement. In this model, the hadrons are represented as “bags”
inside a confined medium, and inside these bags quarks are treated as free particles.
In order to take this into account, an energy density constant known as the bag

constant (B), is introduced.

One can obtain the total energy of a hadron (at rest) in terms of the kinetic
energy of the quarks inside the bag, and the potential energy of the volume of the
bag. This will leads to thermodynamic quantities such as the energy density and

pressure calculated as a function of temperature.

Let us consider two approximations that will provide an example to estimate the
transition temperature at zero baryon density. Firstly, consider a “hadronic gas”

composed of non-interacting massless pions, where the pressure is given by:

2, 4
Prna.sslessfpions = 3- %T . (27)

Here the factor three comes from the three boson degrees of freedom, i.e. the

three isospin pion state with no fermionic particles. In fact, this factor comes from
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the degeneracy factor which is different for boson (ny) and fermion (nf) degrees of
freedom:

g=np+(1— %)nf 126]. (2.8)
Secondly, for an ideal “QGP” gas composed of massless gluons and of two-flavour

quarks, the pressure is:

2
Pocpphawse = 37 g—OT4—B, (2.9)

where 37 counts for the degrees of freedom of the system in a QGP phase following
equation 2.8. Notice that there are 8 x 2 degrees of freedom from the gluons (from
their 8 colour states times two spin states), and the quark fermion degrees of freedom

(2 flavours times 3 colours, times 2 spins, and times 2 for the quark-antiquark).

In addition, notice that the term B in equation 2.9 is a quantity brought from the
Bag model that accounts for the chiral symmetry of the model (see section 2.1.3) [34,
35, 36]. The -B contribution on Pqgp_phase is due to the vacuum, it acts on the
surface of the volume in order to reduce the size of the deconfined region [2]. This
(negative) pressure term compensates the contribution due to the kinetic energy of

the quarks in a way that in equilibrium the pressure vanishes.

Moreover, as a consequence of the Gibb criterion [26], the phase with the largest
pressure is the stable one, and at the phase-transition both pressures are equal since
the magnitude of the forces exerted by the two phases on each other at their surface

of contact must be equal [37], i.e.

PQGP—phase (Tc) = Pmassless—pions(Tc) (210)

where T, is the critical temperature, given by:

1/4
7 = (£p
1772

~ 0.72BY*. (2.11)

Hence, in this case the transition is of first order, and taking B/* ~ 200 MeV [26],
a critical temperature 7T, ~ 150 MeV is predicted for the phase-transition. Similar

results of this temperature can be obtained from lattice QCD calculations.
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2.2.3 Lattice QCD results

Lattice gauge techniques have been developed to provide a first-principles approach
to formulate and study QCD physics in a discrete manner, rather than in a con-
tinuous space-time way [38]. In other words, the functional integral of QFT is
expressed in a finite dimensional way, that can be calculated making use of Monte
Carlo techniques [39]. From this method, numerical simulations can be performed
using four dimensional space-time lattices defined by their size and lattice spacing.
Lattice QCD has described some properties of the strongly interacting matter under

extreme conditions of temperature and density [40, 41].
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Figure 2.3: The pressure (a) and energy density (b), in lattice QCD with 0, 2 and 3 degenerate
quark flavours along with two light quarks and a heavier (strange) quark. The arrows on the

right-side horizontal axis show the limit for an ideal quark-gluon gas [41, 42]

The results of a recent lattice QCD calculation of pressure (p) and energy den-
sity (¢) of the system in the vicinity of the critical temperature (7}) are shown in
figure 2.3, for 2- and 3-flavour QCD with light quarks and for 2 light plus 1 heavier
(strange) quark [41, 42]. The rapid increase in the number of degrees of freedom of
the system can be seen as an indication that a transition from hadrons to the “quark

soup” is foreseen. Lattice calculations suggest that the cross-over in energy density
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is rather rapid (see figure 2.3 (b)), taking place in a narrow temperature interval
about T, ~ 170 MeV [43]. However, the quite smooth rise of the QCD pressure with
temperature (see figure 2.3 (a)) can be understood as an indication that it is not a

strong first-order phase transition [44].
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2.3 Physical observables of a QGP phase

As mentioned before, in order to assess whether or not deconfined matter has been
created, suitable signatures must be sought. In the following subsections, QGP
signatures related to strangeness particle production, charmonium suppression, jet
quenching and elliptic flow are briefly examined, along with some of the most recent

experimental results at SPS and RHIC energies.

2.3.1 Strangeness enhancement

Strangeness enhancement was one of the main pieces of evidence for CERN’s claim to
have produced deconfined matter [3, 45]. Essentially, if a QGP phase was formed in
nucleus-nucleus collisions, the yields of strange particles produced, such as those that
contain one or more strange quark or antiquark, are expected to increase compared to
a non-QGP scenario. In other words, the density of strange quark pairs is predicted

to be unusually high compared to that for a hadron gas phase [30].

The mechanism for strange quark-pair production can be described by thermal
reactions in the plasma such as gluon fusion (gg—s5), which turns out to be the
dominant process of s5 pair production, as shown in figure 2.4. In the same figure

(panel (b)), the Feynman diagrams for such reactions are illustrated.

One of the features of this signature is that if deconfinement occurs, the reactions
that lead to strangeness production have to be partonic. At the partonic level,
strange particles have lower thresholds and higher cross-sections. This is particularly
so if the strange quark mass reduces owing to the associated partial restoration of
chiral symmetry (see section 2.1.3). The bare mass of strange quark is about 150
MeV and with a plasma temperature of about 200 MeV it becomes energetically

easy to produce large numbers of strange quark-antiquark pairs [3].

29



(b)
Figure 2.4: Panel (a): Mechanism of strange hadron formation from the QGP: inserts show gluon

fusion strangeness, followed by QGP recombinant hadronisation Panel (b): Feynman diagrams for

thermal gluon fusion [30].

Multi-strange hadrons (i.e. hadrons with more than one strange quark) and their
anti-particles will be particularly enhanced. Their single-step production in a hadron
gas has a higher energy threshold. Strange antiparticles can only be produced after
a sequence of many reactions (e.g. 7TA — K=, 72 — KQ). They are particularly
difficult to produce in a baryon-rich environment (such as those observed at WA97
and NA5H7) since baryon number conservation indicates they can only be created
with an accompanying baryon. For example, in the reaction mp— 7ppp with the
antiproton, the momentum threshold is 1.32 GeV/c. The parton level then has
far lower thresholds. Table 2.2 shows the momentum threshold for different particle
reactions. However at central rapidities at the LHC there should be equal numbers of
baryons and antibaryons, since the valence numbers cannot shift enough in rapidity

(see below).

As figure 2.5 shows, a clear experimental enhancement has indeed been observed
by the WA97 and NAS57 collaborations [46, 47]. The results are normalised to the

pBe yields, and the corresponding enhancements calculated for pPb and different
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Table 2.2: Momentum threshold for different particle reactions.

Reaction | Momentum threshold
Tp— TPPP 1.324
7 KA 0.517
7A K= 0.547
= -KQ 0.674
gg—sS 0.150

centrality classes for Pb-Pb, separated as a function of the number of “wounded
nucleons”, i.e. the number of nucleons taking part in primary collisions. Enhance-
ments are seen in Pb-Pb. These increase with centrality and reach a value of about
20 for s in the most central collisions. Similar results from RHIC have recently
been reported [48, 49]. Although strangeness production has been historically a rel-
evant QGP signature, the role it would play at the LHC may be different from that
at SPS energies. This is mainly because the lifetime of the fireball is much higher,
which means that even in a hadron gas this enhancement effect might be seen. A

discussion about strangeness enhancement at LHC can be found in [50, 51].

2.3.2 Particle production

In addition, most recently, an equilibrium statistical model has been applied to Au-
Au collisions at RHIC energies [52]. Figure 2.6 shows that for most of the particles
the experimental results are well described by the model within the experimental
uncertainties. From the first ratios of the full-line fit presented in this figure, a
chemical freeze-out at T=160.5+2 MeV and pg=20+4 MeV was obtained. However,
when the ratios of /7~ and ¢/K~ from PHENIX data are included in this fit, the
temperature decreases to T=155+2 MeV (with p3=26+5 MeV). Notice that this

change comes from the p/m~ points as the predictions for ¢/K~ are practically the

31



) )
m m
g. pr> 0, |y‘ycm| <05 g— pr> 0, |y—ycm| <05
= = m
2 2 7Tl Q+0"
IS ko] Ll
T T T
TJ:I 10 - E g 10 ;l“ o
c - X - c
g £ = g
5 7 5 7B
1< £ < - EI_‘ d+
z LE z 20 =
5 e A 5 3
3 z 3 i
B I3 T -
= 2 2 IE A
IS 5 % g
o 1 3 g o 1 T i

pBe pPb PbPb pBe pPb PbPb

Ll Ll Ll Ll Ll Ll
1 10 10° 10 10 10° 10°
< Nwound > < Nwound >

Figure 2.5: Enhancement factors measured by the NA57 collaboration in pPb and Pb-Pb inter-
actions relative to pBe interactions. The data correspond to collisions at 158 AGeV/c [46, 47].
The particles in the left-hand panel have quarks in common with the initial state, while those in

the right-hand panel do not.

same for the two temperatures (see [53, 54, 55]). These results are an indication
that the baryo-chemical potential g decreased from SPS to RHIC energies as might
be expected because at high energy, less constituent quarks are deposited in the
central region. Hence, the high density medium that would be created at the LHC
is expected to have a low net-baryon density (see figure 1.1). The expected value
within the thermal model of hadron yields in central Pb-Pb collisions at the LHC
are T=1614+4 MeV and ps=0.8"5% MeV for the temperature and baryochemical

potential respectively [56].

2.3.3 Charmonium suppression

It was predicted that the yields of the J/¥ meson should be suppressed if a QGP
state was formed at SPS energies [57, 58]. Because the mass of the charm quark is ten

times greater than that of the strange quark, at SPS energies charm (and bottom)
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Figure 2.6: Two thermal model fits for different particles at +/s=200 GeV. The first fit excludes
the ratios of /7~ and ¢/K~ obtained at PHENIX [52].

quarks can be seen as particles exclusively produced during the early stages of the

collision through high energy hard interactions.

The high abundances of quark-antiquark pairs and gluons produced in the de-
confined state would screen the heavy quarks by the surrounding ¢g pairs, which
leads to a suppression of their production yields. Thus, the strong potential given

in equation 2.1 can be replaced by:
Voep = —%e”"/’\D; (2.12)

Ap is the QCD analogue of the Debye screening length, and is inversely proportional
to the temperature of the system; and r is the radius of the meson. Suppression
takes place when A\p <<r. The disassociated quarks can easily produce open charm
particles. Similar models can be extended to the 9’ and x. charmonium states and

even to the Y particle that is composed of bottom quark-antiquark pairs.

J/ W suppression was found at SPS energies by the NA38/NA50 collaboration [59]
with good agreement with the theoretical predictions. PHENIX has recently pre-
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sented similar results [60].

2.3.4 Jet quenching

The RHIC experiments have confirmed that information about the QGP can be
revealed by studying the regime of high transverse momentum particles [61, 62, 63,
64]. Jets of hadrons are formed from the initial hard scattered partons, which are
thought to be modified when they are produced in the QGP phase [65]. The highest
p; particle can be chosen to define the jet direction (i.e. the leading particle). One
then plots the azimuthal angle ¢ in the pseudo-rapidity range coverage given by the
detector design. Normally, such plots show two back to back peaks (at 0° and 180°)
corresponding to jet particles with large p; (trigger particle side) and an associated
reacting jet (“away-side jet”). However, RHIC has found that this structure is only
observed in pp and p-Au data [61]. Figure 2.7 shows that in central Au-Au collisions
there is no away-side jet, suggesting that high p; particles have been absorbed by
the medium. Because the jet energies are reduced, this observation is generically
referred as a jet quenching effect. ALICE will allow, for the first time in heavy ion

physics, to reconstruct jets fully.

2.3.5 High p; particle suppression

It is thought that during the early stages of a heavy-ion collision, high momentum
partons (Q? ~ p?) can produce a parton shower by radiating other partons, which
may change their direction relative to that of the initial parton. RHIC has found
strong evidence that particle production yields at high transverse momentum are
suppressed in the most central heavy ion collisions [61]. This effect can be seen
by comparing the normalised transverse momentum spectrum of the AA collisions
to the one given by a (pA or pp) collision system where the high energy density

medium is not expected to occur. This effect can be parameterised in terms of a
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nuclear modification factor. STAR has defined this ratio as:

_ d®N*/dprdn
 Tuad?0NN /dppdn’

Rax (2.13)

NN
inel

where Thy = < Ny > /o scales the distribution by the number of binary
nucleon-nucleon collisions. This number is taken into account in R4 4 because hard
particles are produced on short time scales (~ 1/p;). Thus, in the absence of nuclear
effects, the nuclear modification factor is expected to scale with the number of binary
collisions for hard processes, making R44 equal to one. Despite this, R44 values
below one were reported for different high p, hadrons [66]. For example, figure 2.8
shows the predictions, based on perturbative QCD calculations of the R44 ratio in
order to study heavy quark energy loss through electrons from semileptonic decays
of D and B mesons in central Au-Au collisions along with the STAR data. Most
of the calculations predict lower values for R4 than those observed. However, the
transverse momentum distribution is well reproduced and a clear suppression effect
can be seen for all predictions. In addition, this confirms that heavy quarks may

provide, in future, additional constraints to the energy loss mechanics presented at

the partonic level [67].

2.3.6 Elliptic flow (v2)

In the early stages of the collision, gradients of pressure can be produced leading
to the expansion of the system [69]. It was found that for non-central heavy-ion
collisions, an overlapping area was observed in the reaction region (see figure 2.9).
It turns out that such overlapping areas have an elliptic shape; the re-scattering
processes among particles are thought to be responsible for transferring this spatial
deformation onto the observed anisotropic transverse momentum distribution of the
measured hadrons. Elliptic flow is denoted as w,; it is defined to be the second

Fourier coefficient of the azimuthal distribution expansion of anisotropic flow. The
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first coefficient is known as directed flow. The harmonic numbers can be defined as:

dN
@—;}—;+%0082gp+—cos4gp+ (2.14)

The odd coefficients (sine terms) do not contribute to the “anisotropic terms” as

reflection symmetry with respect to the reaction plane makes them go to zero. Thus,

the elliptic flow coefficient can be calculated as:

ve = (cos(2(¢p — Vg)) (2.15)

where ¢ - Up is the azimuthal angle around the beam measured relative to the
impact parameter (see figure 2.10); the brackets indicate an average over the single
particle distribution (dN/dp;d¢). The study of “elliptic flow” has been developed
considerably at RHIC energies [70]. Flow can be described using various models
based on relativistic hydrodynamics. They attempt to study the evolution of the
system assuming a continuous flow of particles from the produced high energy col-
lisions. This is so at high energy densities where the mean free path of the particles
is much smaller that the size of the system. The elliptic flow of various particles has
been measured at RHIC. Calculations based on hydrodynamical model have been
compared to the data. Two different behaviours are observed for the low and high
transverse momentum region. For particles with p; < 2 GeV/c, the elliptic flow can
be modelled by hydrodynamics [71], whereas for high p, particles, a significant devi-
ation was observed relative to such calculations. In addition, it was found that there
is a mass dependence that was unexpected at high transverse momentum before the
RHIC results. What this suggests is that hydrodynamic calculations cannot provide

a complete description of this phenomenon [72].
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2.4 Physics at the ALICE experiment

In chapter 1, a general introduction to the physics role of ALICE in the LHC physics
programme was given. In this section the main physical observables that will be
addressed by ALICE are briefly mentioned. ALICE will allow the measurement of
particle ratios and momentum spectra in the low-, intermediate and high region of
transverse momentum. Stable charged hadrons (pions, kaons, and protons) will be
identified and measured from the very low momentum (hundreds of MeV) up to at
least 50 GeV; charged and neutral kaons, and hyperons up to, and beyond 10 GeV.

Resonance production will also be studied (see chapter 8 and chapter 9).

For the first time in heavy-ion physics, the LHC will produce heavy quarks abun-
dantly. Both in pp and nucleus-nucleus collisions, heavy-flavour production can be
studied down to almost zero transverse momentum that will allow a sensitive com-
parison with QCD predictions. Beauty production in central Pb-Pb collisions can
be measured via semi-leptonic decays. The complete spectrum of heavy quarko-
nia states can be accessed. Additionally, direct prompt photons at high values of
transverse momentum will allow the studies of the dense medium without any fi-
nal interaction; while in the low transverse momentum region, thermal photons can

reveal the early phases of the fireball [4].

ALICE will allow the study of event-by-event physics, where fluctuations of ther-
modynamic quantities are studied in order to shed light on the QGP phase transi-
tion. The study of flow will be possible, and momentum correlation studies of the
two-particle intensity interferometry. The study of jets will be possible; in Pb-Pb
collisions the LHC jet rates are 2.6 x 108 per year for E; > 100 GeV in the ALICE
acceptance. This allows us to distinguish jets from the background in the underlying
events, permitting us not only to analyse jets from leading particles, but for the first
time in heavy-ion physics to reconstruct jets fully. A more detailed description of

the ALICE physics programme can be found in [4, 15].
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2.5 Summary

In this chapter, a general introduction to the field of heavy ion physics was presented.
In particular, the phase diagram of QCD matter and its phase transitions were
described. The conclusions obtained from statistical models and recent lattice QCD
were discussed. The main experimental facilities in the field were mentioned, and
its main experimental results were described in terms of the experimental signatures
for a QGP phase. In the following chapter a description of the ALICE detectors

and their performance studies will be presented.
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Chapter 3

The ALICE experiment at the

Large Hadron Collider

Particle accelerators have led to the discovery of new particles, the measurement of
their properties and the understanding of the forces that act upon them. Due to
switch on in 2008, the Large Hadron Collider (LHC) at CERN (the European Centre
for Particle Physics, in Geneva, Switzerland) will collide proton beams at a centre of
mass energy of \/s = 14 TeV and lead beams at Vsny = 5.5 TeV. The LHC exper-
iments are presently at the commissioning stage and a detailed physics programme
has been prepared for the first physics run. In this chapter a brief overview of the
LHC is presented both for the proton-proton and heavy-ion operational mode. The
key design features of the main ALICE sub-detectors are also described.
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3.1 The Large Hadron Collider (LHC)

A schematic diagram of the LHC machine is shown in figure 3.1. The LHC accel-
erator complex will take advantage of the tunnel and some pre-existing particle ac-
celerator facilities that formerly housed the Large Electron Positron collider (LEP).
The significant increase in energy from LEP to the LHC has been an important
challenge. The synchrotron radiation effect in circular accelerators is not negligible;
particles radiate as they are bent around the ring. The energy loss per revolution
is inversely proportional to the radius of the machine and proportional to v* (rela-
tivistic factor). Protons are 2,000 times heavier than the electron which leads to a
significant reduction in synchrotron radiation losses. Thus, by using protons rather
than electrons and positrons, and with the use of stronger magnets, the LHC can

achieve its goal as the newest and highest energy hadron collider.

The machine is installed in a 27 km circular tunnel where two counter-rotating
proton beams, each with an energy of 7 TeV, will be transported. At four different
intersection points, associated to the experiments, both beams will collide. The first
accelerator system in the chain is the Linac2 that will accelerate protons to 50 MeV.
The last injection point is located at the Super Proton Synchrotron (SPS) situated
near the LHC point 1. In order to accelerate the proton beams from the 450 GeV
SPS injection energy to 7 TeV, the LHC uses 8.3 T superconducting dipole magnets.
The proton beams come bunched together so that the interactions take place at 24.95
nanoseconds intervals which corresponds to a 40.08 MHz bunch crossing frequency.

Some machine parameters of the LHC are shown in table 3.1.

Currently, there are six experiments involved in the LHC project:

e A Large Ion Collider Experiment (ALICE); [4]
e A Toroidal LHC ApparatuS (ATLAS); [74]

e Compact Muon Solenoid (CMS); [75]
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Table 3.1: Some of the LHC beam parameters [73].

Beam energy 7.0 TeV
Time between collisions 24.95 ns
Initial luminosity (Low) 2x10% cm™2 57!
Nominal luminosity (High) 103 cm™2 57!
Particles per bunch 10!t
Bunch length (o) 7.5 cm
Bunch width (o) 15.9 pm
Bunches per beam 2835
Beam current 0.53 A
Magnetic field strength 833 T
Dipole magnetic temperature 19K

e LHC Beauty experiment (LHCb); [76]
e LHC forward (LHCf); [77] and

e Total Cross Section, Elastic Scattering and Diffraction Dissociation experiment

(TOTEM) [78]

The LHC was designed for an envisaged luminosity of 10%* cm?s™! for its pp
operational run. Luminosity is a measure of the machine that is described in ap-
pendix A. The LHC is expected to provide energy ranges and luminosity values
greater than any hadron-hadron collider. A comparison of the expected LHC start-
up energy and luminosity with those of previous proton (anti-)proton facilities is
shown in figure 3.2. The main features of the LHC as a heavy ion accelerating

facility can be found in [79].
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Figure 3.2: Energy (solid lines) and luminosity (dotted lines) of various proton (anti-)proton

experiments plotted against their start-up year [73].
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3.2 ALICE detector

ALICE is a general-purpose heavy-ion experiment whose detectors will measure and
identify mid-rapidity hadrons, leptons and photons produced in the interactions. A
unique design, with a very different optimisation from those chosen by the dedicated
proton-proton experiments at LHC, has been adopted for ALICE. The ALICE detec-
tor was designed for charged-particle densities up to dN.,/dn=4,000. The ALICE
tracking and particle identification performance is checked up to dN.,/dn=8,000,
while the physical observables has been studied up to dN.,/dn=6,000 with the HI-
JING event generator [80] to simulate the Pb-Pb collisions. The Heavy-Ion Jet
INteraction Generator (HIJING) is a Monte Carlo generator that combines a QCD-
inspired model of jet production with the Lund Model for jet fragmentation. The
particle densities to be explored by ALICE range from pp values dN.,/dn < 10 at
the commissioning stage, through pA values (few times higher), up to Pb-Pb colli-
sions [4]. The overall dimensions of ALICE are 16 x 26 m with a total weight of

approximately 10,000 t.

3.2.1 Running conditions

Four different running modes are envisaged for the ALICE detector: Pb-Pb; Ar-Ar
(high rate); Ar-Ar (low rate); proton-proton. Other modes, such as pA collisions are
going to take place further in the future. The principal features of the four currently

considered running modes are given in table 3.2.

3.2.2 Sub-detector layout

The ALICE experiment, as shown in figure 3.3, consists of a central detector system,
covering mid-rapidity (|n| < 0.9) over the full azimuth, and several forward systems

such as a forward muon arm. Figure 3.4 shows a two dimensional cut view of the
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Table 3.2: Characteristics for different running modes in ALICE.

Pb-Pb | Ar-Ar (high rate) | Ar-Ar (low rate) | pp

Luminosity (em™2s7!) | 10%" 10% 2.8 x10?7 103!

Multiplicity density 6,000 1,200 1,200 6.5

Interaction rate (Hz) | 8,000 2.7x10° 8,000 10°
L0 trigger rate (Hz) 9,000 <1,000 9,000 30,000

ALICE detector along the rz direction (upper part) and along the zy direction

(lower part).

The central system is installed inside a large solenoidal magnet which generates a
magnetic field of up to 0.5 T. The central barrel system includes, from the interaction
vertex to the outside, six layers of high-resolution silicon detectors (Inner Tracking
System — ITS), the main tracking system of the experiment (Time-Projection Cham-
ber — TPC), a transition radiation detector for electron identification (Transition-
Radiation Detector — TRD), and a particle identification array (Time-Of-Flight —
TOF). The central system is complemented by two small-area detectors: an ar-
ray of ring-imaging Cherenkov detectors (|n| < 0.6, 57.6° azimuthal coverage) for
the identification of high-momentum particles (High-Momentum Particle Identifi-
cation Detector-HMPID), and an electromagnetic calorimeter (|n| < 0.12, 100°
azimuthal coverage) consisting of arrays of high-density crystals (PHOton Spec-
trometer — PHOS). The central barrel detectors measure hadrons, electrons and

photons (see section 3.3).

Table 3.3 shows a summary of the acceptance and location of the central barrel
detectors (ITS, TPC, TRD, TOF and HMPID)!. Notice that the ALICE coordinate
axis system is a right-handed orthogonal Cartesian system with the point of origin at
the beam interaction point. The axes are defined as follows: x-axis is perpendicular
to the mean beam direction, aligned with the local horizontal and pointing to the

accelerator centre; y axis is perpendicular to the z-axis and to the mean beam
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direction, pointing upward; z-axis is parallel to the mean beam direction. Hence,

the positive z-axis is pointing in the direction opposite to the muon spectrometer.
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Table 3.3: Summary of the ALICE detector subsystems ITS, TPC, TRD, TOF and HMPID.

Detector Acceptance (7, @) Position (m) | Dimension (m?) | Channels
ITS layer 1,2 (SPD) 42, +1.4 0.039, 0.076 0.21 9.8 M
ITS layer 3,4 (SDD) +0.9, +0.9 0.150, 0.239 1.31 133000
ITS layer 5,6 (SSD) +0.97, +£0.97 0.380, 0.430 5.0 2.6 M
TPC +0.9 at r=2.8 m 0.848, 2.466 | readout 32.5 m? | 557568
+1.5at r=1.4m Vol. 90 m?
TRD +0.84 2.90, 3.68 716 1.2 M
TOF +0.9 3.78 141 157248
HMPID +0.6, 1.2° < ¢ < 58.8° 5.0 10 161 280




The forward rapidity systems include a muon spectrometer (—4.0 < n < —2.5,
on the RB26 side of the solenoid), a photon counting detector (Photon Multiplicity
Detector — PMD, on the opposite side), and an ensemble of multiplicity detectors
(Forward Multiplicity Detector — FMD) covering the large rapidity region (up to
n = 5.1). A system of scintillators and quartz counters (T0 and V0) will provide
fast trigger signals, and two sets of neutron and hadron calorimeters, located about
115 m away from the interaction vertex, will measure the centrality (Zero-Degree
Calorimeter — ZDC). An absorber positioned very close to the vertex shields the
muon spectrometer. The spectrometer consists of a dipole magnet, five tracking
stations, an iron wall (muon filter) to absorb remaining hadrons, and two trigger

stations behind the muon filter [4].

A description of the ALICE Trigger System is given in Chapter 4. A description
of the Data Acquisition (DAQ) and High Level Trigger (HLT) systems can be found
in [81]. The High-Level Trigger (HTL) is a farm of up to 1,000 multiprocessors
personal computers (PCs) which will deal with the complete events that are subject
to an on-line analysis; it can either select or reject events in order to reduce the event
size (region of interest), and also can compress the complete event information. On
the other hand, the DAQ system was designed to cope with the relatively short
LHC heavy-ion runs in a way that it can collect a sufficient number of events in
the high charged-particle multiplicity environment; a recording rate of 1.25 GB/s to

permanent storage has been required in Pb-Pb collisions.

!The acceptance in 7 is calculated from the nominal interaction point and is 360° in azimuth,
unless noted otherwise. The position is the approximate distance from the interaction point to the
face of the detector and corresponds to the radius for barrel detectors (inner and outer radius for
the TPC and TRD) or the position along the beam (2 coordinate) for the others. The dimension
corresponds to the total area covered by active detector elements. ‘Channels’ is the total number
of independent electronic readout channels. In case a detector is subdivided, the numbers refer to

the individual components (e.g. pixel layers 1 and 2, muon tracking stations 1-5).
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Figure 3.4: ALICE 2D cut views along the rz direction (upper part) and along the zy direction

(lower part). The L3 experiment magnet is 12.1 m long and 5.75 m in radius
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3.2.3 Inner Tracking System (ITS)

The Inner Tracking System (I'TS) consists of six cylindrical layers of silicon detectors,
of three types of collection of detectors (see below). A complete description was
given in the ITS Technical Design Report [82]. This detector aims to measure the
position of the primary vertex and of the first points on the tracks. In order to do
that, the ITS was designed to have an angular resolution as good as possible. It
will provide accurate measurements of track impact parameters that will enable the
identification of secondary tracks of mesons with open charm and beauty, as well
as the identification of hyperons. Figure 3.5 shows the ITS layout. The innermost
radius in the ITS is only limited by the beam pipe radius of 3 cm. Similarly, the
outermost radius of 44 cm is determined by the matching of the Time Projection

Chamber (TPC), which forms the next layer in the detector.

The innermost layers are provided by silicon-pattern detectors known as Silicon
Pixel Detectors (SPS) and Silicon Drift Detectors (SDD). This was required as the
granularity of the detectors needs to be kept at a high level to be able to cope with
the envisaged high multiplicity environment. The outermost radius uses double-
sided Silicon Strip Detectors (SSD) technology. Performance studies have confirmed
that by combining the three ITS technologies (2 layers of pixels, 2 layers of drifts
and 2 layers of strips), the track impact parameter resolution is kept to a good level
to cope with the physics requirements. Table 3.4 shows some parameters of the

three detector types.

The ITS can localise the primary vertex with a resolution better than 100 pm
in Z and much better in X and Y, and can be used on the reconstruction and
identification of particles with low momentum p < 100-200 MeV /c. By using dE/dx
measurements, the I'TS can also provide information about particle ID in the four
outermost layers. The thickness of those layers is about 300 pm, as the material

budget was designed to be as small as possible.
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Figure 3.5: The Inner Tracking System (ITS) layout.

3.2.4 Time Projection Chamber (TPC)

The TPC is the main tracking detector of the ALICE central barrel, and together
with the other central barrel detectors, has to provide charged-particle momentum
measurements with good two-track separation, particle identification information

(from dE/dx measurement), and secondary vertex determination.

Design considerations

The Time Projection Chamber was invented in the late 1970s, and is a device in
which ionisation is produced by charged-particles in a large gas-filled volume. The
presence of a uniform electric field drifts the charge towards the anode detectors
(pads). ALICE is designed to work with very high multiplicity events and yet

maintain a good signal-to-noise ratio.

The TPC is cylindrical in shape and has an inner radius of about 44 cm, an
outer radius of about 250 cm, and an overall length along the beam direction of

500 cm. The detector is made of a large cylindrical field cage, filled with 88 m? of
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Table 3.4: Inner Tracking System parameters. The occupancy was calculated assuming particle

density of dN_p,/dy=8,000 for Pb-Pb collisions.

Parameter Silicon pixel Silicon drift Silicon strip
Radius (inner layer) [cm] 4 14 39

Radius (outer layer) [cm] 7 24 44

Cell size (r¢xz) [um?] 50x425 150% 300 95x%40,000
Spatial precision (r¢xz) [um?]  12x120 38x28 20x 830
Readout channels [k] 9,835 133 2,719

Av. occup. (inner layer) [%)] 21 2.5 4

Av. occup. (outer layer) [%] 0.6 1.0 3.3
Thickness per layer [% of Xj] 1.24 0.95 0.90

Ne/COy/Ny (90: 10: 5) which is needed to transport the primary electrons over a

distance of up to 2.5 m on either side of the central electrode to the end-plates.

The TPC is the main detector for the study of hadronic observables in both
heavy-ion and proton-proton collisions. Hadronic measurements give information
on the flavour composition of the particle-emitting source via the spectroscopy of
strange hadrons, on its space-time evolution and extent at freeze-out via single
and two-particle spectra correlations, and on event-by-event fluctuations. On the
other hand, electrons identified by the central barrel tracking detectors whose impact
parameters are determined using the I'TS can be used to measure charm and beauty-

particle production.

3.2.5 Transition-Radiation Detector (TRD)

The Transition Radiation Detector (TRD) is composed of modules placed outside the
TPC, covering the same rapidity region and used for tracking and particle identifica-

tion. The TRD was designed to provide electron identification in the central barrel
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Figure 3.6: The Time Projection Chamber (TPC) layout.

for momenta greater than 1 GeV/c, where the pion rejection capability through
energy loss measurement in the TPC is no longer sufficient. The TRD will provide,
along with data from the TPC and ITS, good enough electron identification to mea-
sure the production of light and heavy vector meson resonances and the dilepton
continuum spectrum both in Pb-Pb and pp collisions. In addition, the TRD will
supply tracking information, which can be combined with information from the ITS

and TPC to obtain a better tracking resolution.

3.2.6 Particle identification detectors

The ITS and TPC detectors provide particle identification (PID) by using specific
ionisation energy loss, dE/dz. Moreover, in fact, it can be stated that ALICE em-
ploys all known PID techniques as it makes use of time-of-flight, transition and
Cherenkov radiation, electromagnetic calorimetry, muon filters and topological de-
cay reconstruction. Some of these PID techniques are used in the analysis of ¢

mesons described in chapter 9.
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Charged hadrons can be identified using the information of a single detector
or by combining information from various detectors (ITS, TPC, TRD, TOF and
HMPID); in the case of electrons the identification is performed using the TPC
and TRD detectors, and by using the EMCal the purity of the electron sample can
be improved for high transverse momentum particles. As its name suggests, the
PHOS detector identifies photons (as does the EMCal detector); below and up to
20 GeV/c the direct-photon yields are obtained from invariant mass analysis by
subtracting the background from 7°,  and w particles, and up to about 100 GeV
their identification is carried out on an event-by-event basis. In the forward pseudo-
rapidity range, the PMD detector can provide photon multiplicity. Muons can be
identified in the pseudo-rapidity region -4.0 < n < -2.5 using the forward muon

spectrometer.

Beyond the TRD, a Time of Flight (TOF) barrel measures the transit time
of individual particles coming from the TPC. This system is complemented by a
proximity-focusing RICH detector (High Momentum Particle IDentification system
— HMPID) with a more limited solid angle coverage. This system allows particle
identification for a sample of particles over a large momentum range. For example,

protons can be identified in the HMPID system up to around 5.3 GeV/c.

The TOF barrel is part of the particle ID system for charged particles at in-
termediate momentum range. It covers an area delimited by an internal radius of
370 cm and an external one of 490 cm, having an overall longitudinal length of 7.45
m. TOF works by using the principle of charged particle ionisation. The “time of
flight” is usually defined as the interval between the production of particles and their
detection on the detector. The principle is that the velocity of particles of a given
momentum depends on their mass. By knowing the time of flight, the momentum
and the distance travelled by the particles, their masses can be obtained. When two
particles have the same momentum p, the difference of time of flight is given by

_Lc

At = —
2p?

(m} —m3), (3.1)
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where m; and my correspond to the particle masses and L is the associated track
length. The time resolution of the TOF (between 60 to 80 ps) can allow the sepa-
ration of pions from kaons and kaons from protons in the energy range of 2.5 to 4

GeV/c.

3.2.7 Forward and trigger detectors

The forward detectors were designed for different purposes. They will be used to
extend the measurement of charged particles (FMD) and photons (PMD) at large
values of rapidity, and to characterise the event in terms of the collision centrality
or trigger interaction (T0, VO, and ZDC). Figure 3.5 presents a summary of the
acceptance in pseudo-rapidity and azimuthal angle as well as their location. Because
the VO triggers are used in chapter 7 and to some extend on chapter 9, this section

focuses mainly on the VO forward detector [83].

The VO is a small angle detector located on either side of the ALICE interaction
point. The V0 detector is composed of two arrays of scintillator counters, known as
the VOA and VOC detectors (2.5 and 2.0 ¢cm in thickness of the BC404 scintillating
material for VOA and VOC respectively) [84]. VOA is located 340 cm from the vertex
on the side opposite to the muon spectrometer, while the VOC array is found 90 cm
from the vertex, next to the front face of the hadronic absorber. VO covers the
pseudo-rapidity range 2.8 < n < 5.1 (VOA) and -3.7< n < -1.7 (VOC). Figure 3.7
shows the segmented parts of the array which is composed of counters arranged in
four rings. Table 3.6 shows the pseudo-rapidity ranges and angular acceptances for

each of the rings.

The V0 detector provides several functions both in pp and nucleus-nucleus colli-
sions. It detects forward and backward particles at small angles to the beam, and it
can estimate the position of the interaction point by comparing the very small time

differences between the signals arriving at the forward and backward detectors. It
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Table 3.5: Summary of the ALICE detector forward subsystems (ZDC, PMD, FMD, V0 and TO0).

Detector Acceptance (n,¢) | Position (m) | Dimension (m?) | Channels

ZDC:ZN n| < 8.8 +116 2 x 0.0049 10

ZDC:ZP 6.5<|n <75 +116 2 x 0.027 10
—9.7° < ¢ <9.7°

ZDC:ZEM 4.8 <n < b7, 7.25 2 x 0.0049 2

—16° < ¢ < 16° and
164° < ¢ < 196°

PMD 23<n<3.7 3.64 2.59 2221184
FMD disc 1 3.62 < n <5.03 inner: 3.2
FMD disc 2 1.7<n<3.68 inner: 0.834 0.266 51200
outer: 0.752

FMD disc 3 —34<n<-1.7 | inner:—0.628

outer:—0752
VOA 28 <n<bl 3.4 0.548 32
VoC -1.7<n< =37 —0.897 0.315 32
TOA 4.61 <n<4.92 3.75 0.0038 12
T0C —-3.28 <n < —-297 —0.727 0.0038 12

can also count the multiplicity of forward and background particles in a given inter-
action and hence it can not only trigger on an interaction taking place but it can

also provide information on the centrality of the collision.

The VO minimum-bias triggers are given by particles coming from the initial
collision or from secondary interactions in the vacuum chamber elements. The V0
detector will be used to provide an indication of the centrality of the collision via
the multiplicity recorded in the event. Rough centrality triggers (known as multi-

plicity, semi-central and central triggers) can be obtained for example by selecting
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Figure 3.7: Segmentation of the VOA/VOC arrays.

the number of fired counters in the array.

During normal running operations, it is expected that both arrays will be re-
quired, i.e. AND mode, to provide triggers currently known as Minimum Bias
trigger (MB), Multiplicity trigger (MT), semi-Central Trigger (CT1) and Central
Trigger (CT2); an OR mode can also be used.

3.2.8 Electromagnetic calorimeters and cosmic ray detector

There are two electromagnetic calorimeters in ALICE (see table 3.7): PHOS [85]
and EMCal [86]. The Photon Spectrometer (PHOS) was designed to detect electro-
magnetic particles with high efficiency for photon identification and some neutral
mesons via their decay channel to photons from low to moderate transverse momen-
tum. Its coverage in pseudo-rapidity is —0.12 < 1 < 0.12 and an azimuthal angle
of A¢ = 100°. It is composed of a scintillator material of 20 X, thickness made of
lead-tungstate crystal (PbWQO,). In addition, another electromagnetic calorimeter
(EMCAL) of coverage in phase space of —0.7 < n < 0.7 and A¢ = 110° aims to
have an acceptance as large as possible providing in some cases back-to-back cover-

age within the PHOS calorimeter. It is a shashlik-type Pb-scintillator calorimeter
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Table 3.6: VOA and VOC arrays. Pseudo-rapidity and angular acceptances (deg.) of the rings.

Ring VOA VoC
Nmaz/Mmin | Omin/Omaz | Nmin/Mmaz Ormaz [ Omin
1 51 /45 | 07/13 | =37/ -3.2|177.0 / 175.3
2 45 /39 | 1.3 /23 | =32/ —=2.7]175.3 / 1724
3 39/34 | 23/38 | =27/ -22|172.4 /1675
4 34/28 | 38/6.9 | —2.2/ —-1.7 | 167.5 / 159.8

with cylindrical geometry, located adjacent to the ALICE magnet coil. Both detec-

tors were designed to study the regime of hard physics.

Table 3.7: Summary of the ALICE detector subsystems of the electromagnetic calorimeters

(PHOS and EMCal) and cosmic ray detector (ACORDE).

Detector Acceptance (7, @) Position (m) | Dimension (m?) | Channels
PHOS +0.12, 220° < ¢ < 320° 4.6 8.6 17920
EMCal +0.7, 80° < ¢ < 187° 4.36 44 12672

ACORDE | +£1.3, —60° < ¢ < 60° 8.5 43 120

A detector, ACORDE, placed on the upper faces of the magnet was designed

to provide cosmic ray triggers at the L0 level that can be used for calibration and

alignment purposes of the main tracking detectors. Its pseudo-rapidity coverage is

—1.3 < n < 1.3 and azimuthal coverage 3/4m, and is composed of an array of plastic

scintillator counters (see table 3.7). It can also trigger on atmospheric high energy

cosmic rays; a study that is expected to cover the energy region above the “knee”

in the cosmic ray spectrum (~ 3x10%eV) [4].




3.2.9 Muon spectrometer

In heavy-ion operation, the Muon Spectrometer can identify muons with momentum
above 4 GeV /c allowing the study of heavy-quark vector mesons and the ¢ — pu*u~
meson. It can also provide electron-muon coincidences at —2.5 < 1 < —1.0 where the
electrons identification is given by the TRD. Its coverage is —4.0 < n < —2.5 with
azimuthal angle of 27 and 2° < 6§ < 9° for polar coverage. Its tracking chambers
were designed for a spatial resolution of about 100 ym in order to cope with an

invariant mass resolution of the order of 100 MeV/c? (T mass).
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3.3 ALICE performance

Track finding is one of the most challenging tasks ahead in ALICE as the particle
densities are unprecedented in magnitude. The first part consists in carrying out
the reconstruction of the primary vertex using the correlation of the hit positions
in the two innermost pixel detectors, leading to the position of the primary vertex
which is used as a constraint to start the tracking of primary particles in the TPC
and for the subsequent follow up of the track finding. Secondary particles are found
after a further tracking pass, and the task is completed with the secondary vertices

reconstruction. In addition, kink topologies can also be used.

The primary vertex determination, track reconstruction and impact parameter
calculation in the central part of ALICE is described, as well as the particle identi-
fication (PID) for charged-hadrons, in the following sections. Details on the muon
track reconstruction, on-line tracking, event filtering and neutral PID can be found

in different documents [4, 15].

3.3.1 Primary vertex determination

The information provided by the two innermost layers of the ITS (Silicon Pixel De-
tector - SPD) is used to carry out the reconstruction of the primary vertex position.
Pairs coming from the reconstructed point of these two layers are selected as they
have a close azimuthal angle in the transverse plane. By using a linear extrapolation
of the z-position of the primary vertex, the pair’s z-coordinate is estimated, and by
following a similar procedure the transverse plane is also estimated. Although such
a linear extrapolation might be considered to be a crude estimation due to the bend-
ing in the magnetic field, the short distances of the pairs to the interaction point
makes the transverse coordinates of the primary vertex good enough to be used as a

constraint for a first pass of the tracking procedure. In normal operation, when the
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beam position is stable, the transverse position can be obtained by averaging over

many events.
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Figure 3.8: Resolution of the reconstructed vertex position as a function of the charged-particle

density. The solid line is the result of a fit using the parametrisation given by equation 3.2.

The track multiplicity, i.e. the charged-particle density, has been taking into
account in the resolution of the primary vertex position. Figure 3.8 shows this reso-
lution in the z-coordinate (known as 0,), at z=5cm, in terms of the track multiplicity.
This expression is given by:

A
o= — 4B, (3.2)

v/dNe,/dn

where A is typically 290 ym and B is a constant of a few microns that depends on
the residual misalignment of the silicon pixel layers. A vertex-position resolution of
less than 10 pym has been obtained for heavy-ion charged-particle densities, while
a resolution of 150 pm is obtained for the average proton-proton event where the
charged-particle density is between 6 and 7. After the track reconstruction is per-
formed, the final position of the primary vertex is determined by recalculating the

measured track parameters.

The expected final resolutions in the z- and the transverse coordinates are shown
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Figure 3.9: Resolution on the primary-vertex position as determined using reconstructed tracks,

as a function of the charged-particle density for pp events.

in figure 3.9 for proton-proton collisions as a function of the track multiplicity. After
performing the fit to equation 3.2, the value of A is found to be 270 um for the
z-coordinate and 210 pym for the z- and y-coordinates; and by averaging the pp
multiplicity, a precision on the primary vertex position, after the tracking step,
of 110 ym and 70 pm is obtained for the z-coordinate and transverse coordinates

respectively.

3.3.2 Track reconstruction

The offline tracking in ALICE is carried out using a parallel Kalman filter ap-
proach [87, 88]. The Kalman filter is used for track finding and fitting, which
depends on the determination of a set of initial seed values for the track parame-
ters and their covariant matrix for each track. The current implementation starts
in the outer part of the TPC, finding the overlapped clusters during tracking, fol-
lowed by merging tracks to ITS. At this moment it is possible to obtain the tracks
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that are likely to be primary. The process continues by refitting tracks outwards by
merging to the TRD and the outer detectors. In this second propagation, the track
parameters and their covariance matrix are obtained. Several passes are considered
with or without vertex constraints. For realistic particle densities (dN,,/dn=2,000-
4,000) the combined efficiency from all detectors is above 95% and the fake track
probability below 5%.

In figure 3.10 the expected track-finding efficiency for primary tracks and the
relative frequency of fake tracks as a function of transverse momentum for different
charged-particle densities are shown. Fake tracks are defined here as those tracks
that have more than one space point incorrectly assigned. Figure 3.11 shows the
expected quality of the TPC-ITS track finding for different definitions of the tracks

properly found and of the fake tracks.
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Figure 3.10: TPC and ITS track-finding efficiency and fraction of fake tracks as a function of

transverse momentum for different track multiplicities.

The physical efficiency was also considered and defined as the efficiency nor-
malised to the number of generated particles at the primary vertex within the central

acceptance. The tracking momentum resolution at low momentum is dominated by
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Figure 3.11: TPC and ITS track-finding efficiency and fraction of fake tracks for different amounts
of wrongly associated ITS clusters (dNdn = 6,000).

ionisation-loss fluctuations and by multiple scattering. At high momentum it is de-
termined by point measurement precision, and the alignment and calibration that,
for the results presented here, were assumed to be ideal. Figure 3.12 shows the phys-
ical track-finding efficiencies for different combinations of the I'TS, TPC and TRD
detectors, as function of transverse momentum both for pp and Pb-Pb (dN,,/dn =
6,000) collisions; this physical efficiency takes also into account decays and insen-
sitive areas in the detectors. It can be seen from these figures that the combined
TPC-ITS track finding efficiency is up to 90% at very high momentum, which is
due to the size of the TPC dead zones that cover about 10% of the azimuthal angle.
With the inclusion of the TRD a large drop is observed because of the additional
decays that can take place in this region as well as additional dead zones, this is
the reason why the TRD is only included as an optional option in the tracking
procedure, i.e. it is only included when the precision in the physical efficiency is

improved.
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3.3.3 Impact parameter

In order to carry out analyses of short-lived particle decays, such as charm and
beauty decays, the track parameters obtained both with and without the primary
vertex constraint are stored for all tracks. The main performance parameter used
for such studies is the resolution in the impact parameter, which is defined as the
distance between the primary vertex and the track prolongation to the point of
closest approach to the primary vertex. The resolution of the impact parameter
depends both on the precision determination of the primary vertex position and the

track parameters.

In figure. 3.13 the impact-parameter resolution in the transverse and longitudinal
directions is shown for different particle species as a function of p; in central Pb—Pb
collisions. Additionally, figure 3.14 shows the impact-parameter resolution expected
for two values of the charged-particle multiplicity in pp collisions. The quantity
that is relevant for heavy-flavour studies is the impact-parameter resolution in the
transverse direction, which as seen here it is significantly better than about 70 ym
at p, ~ 1 GeV/e, and better than 40 ym at p, ~ 2 GeV/c in Pb-Pb collisions.
The impact parameter resolution is similar for pp interactions. Since the c7 for D°
meson is 123 um, the ALICE impact parameter resolution will allow us to investigate

heavy-flavour production.

3.3.4 Particle identification

Charged-hadron identification

A key feature of the ALICE experiment is its very good capability to identify charged
and some neutral particles using a variety of detector techniques, which can resolve
the different particle ambiguities presented at different momentum ranges. AL-

ICE can combine the PID information from single detectors to cover the different
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kinematic limits, i.e. each detector that provides particle identification information
has a different momentum-dependent performance. As mentioned in section 3.2.6,
the ITS, TPC, TRD, TOF and HMPID detectors take part in the charged-particle
identification (PID) system.

The information from each detector is used to assign to every track a set of
probabilities, one for each particle type; the sum of these probabilities is normalised
to one. The information from each detector is then combined in the second PID
step that take into account the “a priori” probabilities using an iterative (Bayesian)
procedure [4]; these probabilities indicate the populations of different particle species

after the analysis cuts have been applied for each analysis.

The ITS can provide PID in the low-momentum range by measuring the ioni-
sation energy loss dF/dx, in particular four layers of the ITS (two silicon-drift and
two silicon-strip detector layers) are used to provide signal-amplitude information
(see figure 3.15). The resolution of this measurement is about 11%, which means
that a good separation of the 7 /K ratio of up to 450 MeV/c and p/K up to about 1
GeV/c can be achieved. The energy loss measurements in the TPC are carried out
in a similar way, with an estimated resolution of 5.5% for pp interactions to 6.5%
for central Pb-Pb collisions. The TRD detector also provides dE/dz measurements
to contribute in the same momentum range as in the case of the TPC, its precision
is estimated to 18-20%. The TRD can also provide electron identification informa-
tion at the trigger level; it is expected to reject pions down to a level of 1072 or
better, for 90% electron detection efficiency. Charged-particle identification based
on energy-loss measurements means that there is a momentum range around the
minimum of the ionisation losses where the identification cannot be performed, this
range is between 0.9 and 3 GeV/c and corresponds to the range of the TOF detector
PID capability. The TOF detector allows one to extend the K/7 separation out to
2.5-3 GeV/c and the p/K separation out to 3.5-4 GeV/c on a track-by-track basis.

For example, table 3.8 shows the momentum range over which kaons can be
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Table 3.8: Momentum range over which kaons can be identified using the specified detector and

technique. The mid-rapidity range (-0.9< 5 <0.9) was considered.

Range (GeV/c) PID technique/sub-detector
0.1-0.5 dE/dx (ITS+TPC)

0.35-2.5 Time of Flight

1-3 HMPID

5-50 Relativistic rise (ITS+TPC)
0.3-13 Secondary vertex reconstruction

identified using a specified detector and technique. In particular, the ITS (see fig-
ure 3.16) and TPC (see figure 3.17), which give dE/dx measurements, cover the full
central region and can be used to identify charged particles below 1 GeV/c. The
TOF detector (see figure 3.18) is used for hadron identification by Time of Flight

as mentioned earlier.

The ALICE efficiency and contamination for kaon PID (in ITS, TPC and TOF)
as a function of momentum is shown in figure 3.19. The high momentum particle
identification (HMPID) system was not included in this figure but can be used in
the identification of kaons in the medium range of momentum, albeit with limited
solid angle coverage. In addition, dE/dx measurements can be used again to identify

kaons at high values of momentum using the relativistic rise phenomenon [15].
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Figure 3.12: Physical track-finding efficiency, including acceptance effects for different combi-

nations of the tracking detectors. Top: central Pb-Pb collisions (dNdn = 6,000). Bottom: pp

collisions.
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Figure 3.13: Impact parameter resolutions in central Pb—Pb collisions for electrons, pions, kaons
and protons as a function of the transverse momentum. An assigned cluster in each one of the six

ITS layers is required.
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Kaon identification: ITS only
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Figure 3.16: Single-detector efficiencies (solid line) and contaminations (points with error bars)

for charged-kaon identification with the ITS stand-alone.

Kaon identification: TPC only
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Figure 3.17: Single-detector efficiencies (solid line) and contaminations (points with error bars)

for charged-kaon identification with the TPC stand-alone.
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Kaon identification: TOF only
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Figure 3.18: Single-detector efficiencies (solid line) and contaminations (points with error bars)

for charged-kaon identification with the TOF stand-alone and combined.

Combined kaon identification: ITS+TPC+TOF
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Figure 3.19: Single-detector efficiencies (solid line) and contaminations (points with error bars)

for charged-kaon identification with the ITS, TPC and TOF stand-alone and combined.
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3.4 Summary

In this chapter, an introductory guide to the LHC experimental facility was given.
Particular attention was devoted to the ALICE sub-detectors that are relevant for
the analysis that will be presented in chapter 7 and chapter 9. These are the central
barrel detectors (ITS, TPC, TRD and TOF) and the VO forward detector. An
overview of the results obtained for detector performance both in pp and Pb-Pb
collisions was also presented. The impact of detector performance on measurements

of ¢ mesons will be discussed in chapter 9.
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Chapter 4

The ALICE trigger system

In chapter 3 a description of the ALICE sub-detectors was given. In this chapter,
the general operation of the ALICE trigger system is given; it includes its trigger
levels and some of its most important features such as the past-future protection.
In particular, the motivation for the current implementation of the ALICE trigger
system will be discussed, and it will be compared to other trigger systems at the

LHC.
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4.1 The role of a trigger system

Before describing the ALICE trigger system, it is worthwhile introducing the general
ideas behind any trigger system in the field of high energy physics (HEP). The aim
of a trigger system is to select events as efficiently as possible; normally those events
are rare in nature in the sense that they do not occur very often in particle collisions.
Additionally, at the same time, the trigger system has to suppress those events that
are not rate in nature but less interested from the physics point of view (background

events).

In order to illustrate the issues behind such selection (and suppression) of events,
let us assume that one has to find British tourists among the 18 000 000 inhabitants
of Mexico City'. The problem of finding these people in that sample can be con-
sidered as the problem of finding a rare event in a big data sample, which in this
case means that the trigger “sensitivity” is about 1 to 10”. It can be seen from this
example that the act of finding them will be easier and faster, or ultimately only
possible to perform if further information about them is known. At the LHC, it is
expected that a Standard Model Higgs particle with a mass of 120 GeV decaying to

two photons will have a sensitivity of 1 to 10'3 [89].

In a trigger system, further information is usually obtained through the intro-
duction of various “trigger levels” which are aimed to reduce the number of choices
available. Different trigger levels arise when the information is not all available at
the same time. If two different pieces of information are available at the same time,

we apply them together.

In practise, the acquisition of further information that improves the selection
process is limited by different factors that produce, for example, “dead-time” periods
which illustrate that there are times when no data can be taken. In the example, if

it turned out that they can be found at an area of archaeological interest, one will

1 This is an adaption of the example given in reference [90].
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avoid the hours when that place is shut. Hence, a trigger system must be provided
with relatively sophisticated methods and algorithms to not only select or find rare
events but also to increase the number of “good events” per time unit. Special care
must be taken with the events that are rejected in HEP experiments, because in
contrast to the offline processing of events, the events rejected at the trigger level

are lost forever.

Therefore, a trigger system in high energy physics experiments is responsible
of making an on-line selection of the particle collisions in a way that the events
selected contain interesting physics processes. Moreover, the efficiency of these se-
lections should be high in order to avoid spurious events that will bias the physics.
Additionally, the rejection of unwanted processes has to be taken into account, which
in most cases come from physics processes that are not interesting and that often

have a higher rate than the wanted events.

The time between when a collision occurs and when a piece of information is
delivered to the trigger system (called the trigger latency) can differ significantly
from one detector to another. For this reason, trigger signals with similar latencies
are grouped together in trigger “levels”, which allow events not satisfying all the
trigger conditions to be rejected as early as possible, thus reducing the system dead

time.
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4.2 Introduction to the ALICE trigger system

4.2.1 Key features

As in the other ALICE sub-detectors and systems, the ALICE trigger system has
been designed based on the unprecedented charged-particle density that are expected
in nucleus-nucleus collisions at the LHC. In particular, central Pb-Pb collisionshave
an overall interaction rate of about 8,000 Hz for a luminosity of 102" cm2s~!. This
is a relatively low rate compared to proton-proton interactions where the inelastic

rate is about 10° Hz at the ALICE interaction point.

The low inelastic rate for Pb-Pb interactions and the fact that the tracking
performance was studied up to dN/dn ~ 8,000 (which means a very large amount
of data produced per event), are the two main reasons why ALICE has chosen a
TPC as its main tracking detector. However, the TPC has a long drift time, which
means that in order to ensure a good tracking efficiency, the ALICE trigger system
has to take care of the overlapping of tracks from events that occur at times close
to the triggered event. The following three points are the most important features

that define the current design of this system:

e In other trigger systems is possible to make a correlation at trigger level,
for example to match solid angles in different detectors. The ALICE trigger
system does not provide with these “local” trigger selections, instead trigger
signals are taken as a global characterisation of the events; only by using
trigger conditions (based on Boolean combinations) the trigger selections are
restricted. Hence, the ALICE trigger system performs only global trigger

selections (see section 4.3.2).

e The ALICE trigger system is able to make a continuous check of the time

separation of events; i.e. it is able to take into account all the interactions

2Where central refers to events with the highest charged-particle multiplicity, see chapter 1.
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occurring in the detector, and it can put a veto on events that occur close
in time with other interactions. This is achieved by introducing the ALICE
trigger feature called past-future protection which ensures that tracks who

do not have an adequate time separation are avoided (see section 4.3.4).

e Another factor that was taken into account in the design of the ALICE trigger
system was that, although the TPC has a relatively low maximum event rate,
there are some other detectors in the experiment that can record at much
higher rates. There is an obvious interest to make use of these other detectors
as fully as possible in order to improve the statistics for physics analysis;
therefore the ALICE trigger system has implemented a feature called detector
clusters (see section 4.3.2). A cluster is a group of detectors that read out
together. This allows data to be taken in suitable detectors at higher event

rates, and thus makes the acquisition of data samples for physics more efficient.

4.2.2 Comparison with other LHC experiments

The differences between the trigger system designed for ALICE and those of the
ATLAS and CMS experiments arise from the different requirements that have to be
handled in the ALICE experiment, the two most important of them are the need of

a trigger priority and of the past-future protection feature.

e In ALICE there are some triggers that are extremely frequent and in most cases
will require downscaling, however there are some other triggers that are about
10° times less frequent, such as high momentum muon pair triggers in proton-
proton collisions. Because these events are relatively rare an “enhancement
procedure” needs to be implemented. What the ALICE trigger system does
is to impose a trigger priority to decide how to handle a given interaction.

If the interaction is of the “rare” type, it will always succeed provided all
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the detectors required to record it are not busy. If the interaction is of the

“not-rate” type, it will be inhibited if data storage becomes scarce.

The past-future protection mentioned earlier, which is different for each de-
tector system, is a key feature in the ALICE experiment (see section 4.3.4).
Let us describe how the ATLAS and CMS experiments cope without it. First,
notice that although there is a difference on luminosity between ALICE and
those experiments; the detectors themselves are based on completely different
technologies. In ALICE, the TPC and I'TS SDD are active for long periods of
time. This is the case because they are drift detectors. In ATLAS and CMS,
however, the detectors are active for very short periods of time compared to
the ALICE detectors because for them interactions occur every 25 ns (BC pe-
riod). Therefore, the “protection” that is carried out in ATLAS and CMS is
achieved through the selection of detectors. However, the choice of detectors
in these experiments leads to a considerably higher material budget than in

ALICE.
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4.3 The Central Trigger Processor (CTP)

In section 4.2 an introduction to the key features of the ALICE trigger system was
given, and it was seen that the trigger system has to deal with a very complicated
set of requirements both in pp and nucleus-nucleus collisions (see table 3.2 for the
characteristics for different running modes in ALICE). Now a description about the
Central Trigger Processor (CTP) will be presented, along with a brief presentation
of the Local Trigger Unit (LTU). A more technical description of this system can be

found in references [91, 92].

A subset of triggering detectors sends signals (called trigger input signals) to
the CTP. For these signals the CTP has to issue output trigger signals to all the
sub-detectors in order to control the detector readout. The basic features of the
CTP are shown in figure 4.1. As stated in section 4.2, all the trigger signals are
“global” in the sense that it is not possible in ALICE to make correlations between

various sectors of the sub-detectors with the same solid angle.

TRIGGER DETECTORS READOUT DETECTORS

BUSY
Calibration requests

g 1

RUN CONTROL MONITORING

CENTRAL TRIGGER
Control <:> PROCESSOR :> Scalers
DAQ TTC

CTP data Trigger outputs
Interaction Record

Trigger Inputs

Figure 4.1: Context diagram of the ALICE Central Trigger Processor (CTP).

The very high charged-particle multiplicity in Pb-Pb interactions has governed
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the choice of the ALICE detectors, which significantly constrains the design of the
ALICE trigger system. In particular, this means that the ALICE CTP has to cope
with detector components that are busy for widely different periods following a valid
trigger, and in addition it has to be optimised for several different running modes.
In section 4.2 was stated that the key features in ALICE are given in terms of the
use of detector clusters (i.e. trigger logic) and in the past-future protection feature.

Before describing them in detail, a presentation of the trigger levels will be given.

4.3.1 'Trigger levels

The ALICE system groups trigger inputs into three levels. The maximum number
of trigger inputs is 60 (24 LO inputs, 24 L1 inputs, 12 L2 inputs). Each level has
a different associated latency. All detectors in ALICE receive the same sequence of

triggers. The typical functions of the three trigger levels are described below.

L0 level

The LO inputs all arrive within 800 ns of the interaction, in order to allow the
LO trigger decision to be sent to the detectors by within 1.2 us. In contrast to
the ATLAS trigger system, the ALICE experiment has separated its fast first-level
trigger into two levels (L0 and L1) due to the use of non-pipelined “track and hold”
electronics that requires an early strobe of 1.2 us. The CTP itself must make a LO
decision in less than 100 ns, with the rest of the latency taken on by the generation

time for the trigger input signals and by the cable delays.

The LO level has a short latency since it initiates BUSY for all detectors in an
affected detector cluster. This early strobe is sent to fast electronic detectors. In the
case of Pb-Pb collision, the L0 trigger inputs are currently given by the following
detectors (as described in chapter 3): Dimuon, T0, PHOS, ZDC, EMCal, ACORDE,
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V0, and TRD. In the case of pp collisions, the L0 trigger inputs are currently given
by the Dimuon, T0O, PHOS, EMCal, ACORDE, TOF, VO, TRD and SPD detectors.

L1 level

The L1 level is also a “fast” level trigger that picks up all the remaining fast inputs.
The trigger signal L1 arrives at the detector 6.5 us after the interaction takes place.
Because this level allows all the existing trigger inputs to be available, a large rate
reduction can be made. L1 inputs all arrive before 6.1 us, so as to allow a trigger

decision to reach the detectors by 6.5 ys.

The current list of L1 trigger inputs for Pb-Pb and pp collisions is given by the
PHOS, TOF, TRD, ZDC and EMCal detectors. These fast triggers, both the L0
and L1 levels, have a direct impact on the physics outcomes of the data produced by
the experiment since in these levels the first stages of physics selections are carried

out.

L2 level

L2 inputs, if present, would be required to arrive by 88.7 us, in order to allow a
trigger decision to reach sub-detectors by 88 us. This level is the final level of the
trigger and it waits for the end of the past-future protection interval (88 us, due to
the TPC sensitive period from the time of an interaction) to verify that the event can
be taken, i.e. the level 2 determines whether the event should be rejected because of
pile-up issues after the outcome from the past-future protection is known (though

the past-future protection is also checked at every level).
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4.3.2 Trigger inputs

Trigger inputs are pulses provided by the trigger detectors, which are synchronised
to the LHC clock cycle (TTC system) [93]. The TTC partition transmits the LHC
bunch crossing clock and sends trigger signals and trigger messages to sub-detectors.
Trigger inputs are sent as LVDS signals, and are aligned in time by delays in the
CTP input circuit. In other words, because trigger inputs are generated in time
with the LHC clock, then the CTP can treat aligned signals at the rate of one per

bunch crossing (BC).

There is a uniform interface between the CTP and the detectors, i.e. each

detector, when triggered, receives exactly the same set of signals. These are:

e L0 pulse: sent by LVDS, or, optionally, by TTC. This signal is sent 900 ns
after the interaction, so as to arrive at the latest 1.2 us after the interaction.
It acts as a fast strobe, and is used to prompt detectors to send their BUSY

status.

e L1 pulse: set by the TTC system. This signal is sent 6.5 us after the in-
teraction, and a fixed number of bunch-crossing (BC) after L0. If it fails to
appear in the precise BC in which it is expected, the detector interprets this
as “no L1”. Further trigger conditions are applied, so in general there is a rate

reduction between L0 and L1.

e L1 message: The TTC system is also capable of transmitting data after each
L1 trigger words of data are transferred to the detectors. The L1 message can

be suppressed.

e L2a message: After approximately 88 us, i.e. the expiry of the past-future
protection period (see below), the L.2a message is sent to the detector. It serves
a dual role in indicating that the the trigger sequence has been completed and

in transmitting a certain number of words of data. These contain
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— orbit number and bunch crossing number

— final list of active trigger classes.

e L2r word: If the L2 trigger is unsuccessful, a specific message must be sent.
This is because, owing to the priority structure in the TTC, the timing of
the L2 message cannot be guaranteed. A higher priority message, such as L1
trigger or orbit reset, might displace and delay it. For this reason the absence
of a L.2a message at the expected time does not signal an L2 failure; an L2r
word, carrying no additional information, indicates that an L.2 trigger has been

unsuccessful.

From the considerations just described, the valid trigger sequences are:

LO;
LO L1 L1lm L2r ; LO L1 L2r
LO L1 L1m L2a; LO L1 L2a

4.3.3 'Trigger classes and clusters

There are up to 50 different trigger conditions that can be demanded at any one
time. Each trigger condition is specified by demanding a particular logical condition
between a set of trigger inputs. A trigger condition may include trigger inputs from
all different levels. Each detector in ALICE is addressed independently by the
CTP, so each detector may receive a different set of triggers. In practise, different
detectors are grouped together in clusters, these being a set of detectors which read
out together. Therefore, for each trigger condition an associated cluster is defined.
The combination of trigger condition and trigger cluster, plus a number of other

parameters (choice of past-future protection and rare trigger handling [81]) together
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define a trigger class, i.e. the set of conditions to be specified to register a trigger

for the CTP. More than one trigger class may be selected for a given event.

The requirements for a class to be activated are based on the satisfaction of input
demands in a given bunch crossing and, in addition, that none of the detectors in
the allocated cluster should be BUSY. Each trigger class can be associated with one
of the four past-future protection circuits. In the following subsection a description
of the past-future protection feature is given. A description of the rare and non-rare
trigger handling can be found in [81]. Table 4.1 gives the current list of trigger

classes for pp interactions at LHC startup.

4.3.4 Past-future protection (p/f)
Motivation

As mentioned above, the ALICE trigger system can put a veto on events that occur
close in time with other interactions. This is achieved by its past-future protection
feature, in order to avoid pile-up in detecting events selected for readout; that is car-
ried out taking into account the sensitive periods for each detector and the expected

event multiplicity and rates.

Two different uses of the past-future protection circuit are envisaged. In Pb-Pb
interactions the interaction rate (about 8 kHz) is such that the probability of more
than one interaction in the sensitive period of the TPC (& 88 us) is sizable but not
close to 1. With this interaction rate, protecting the TPC is viable. Both central
(high multiplicity) and peripheral (low multiplicity) are controlled independently.
Thus, for example, the p/f circuit can be set to veto more than five peripheral

interactions, but only one additional central interaction.

In proton-proton collisions the interaction rate is between 100 kHz and 200 kHz.

At this rate the probability of more than one interaction in the TPC is essentially
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Table 4.1: List of trigger classes with trigger conditions. The symbols @& and ® indicate OR and
AND respectively.

Number | Description Condition

1 | MBI V0or & PIXELor ® BEAMGASor
2 MB2 V0or ® PIXELor ® BEAMGASor
3 MB3 V0and ® PIXELor ® BEAMGASor
4 BG BEAMGASor
5 BGDM BEAMGASc
6 DMsingle DMsingle
7 DMBeamgas | BGe ® DMsingle
8 DML DMLikeLow
9 DMU DMUnlikeLow

10 DMMBSingle | MB1 ® DMSingle

11 DMMBLike MB1 ® DMLikeLow

12 DMMBUnlike | MB1 ® DMUnlikeLow

13 Photon1 MB1 © LOPHOSMB

14 Photon2 MB1 ® LOPHOSLE

15 Photon3 MB1 ® LOPHOSHE

16 Photon4 MB1 ® L1PHOSIP

one, so there is no point in protecting against pile-up. In contrast, the probability
of pile-up in the ITS (with a window of 4 10 us) is comparable to that of pile-up in
the TPC in Pb-Pb interactions. In addition, in pp interactions it is not necessary
to classify events according to multiplicity, as the multiplicities are three orders of
magnitude smaller than in single central Pb-Pb events. For this reason, the use of
the past-future protection circuit is to check for a high pile-up threshold (say Ny, <
40) in the TPC time window (£ 88 us), and a low pile-up threshold (say Niy < 3)
in the ITS time window (+ 10 us).

90



Implementation

The p/f feature keeps a tally (dynamic count) of the number of triggers of up to two
different types that have occurred in a moving window of variable width centred on
the current event. Triggers can be tested if the tally of either of these trigger types
in the moving window exceeds its present threshold. This is the basis of the past-
future protection implementation. In more detail, when the L0 trigger is produced,
the past-future protection is able to check the full “past” history to the end of the
past-future protection window. At L1 a somewhat broader window can be checked,
and at L2 the full interval can be checked (stretching from -At/2 to At/2, where

At is the width of the past-future protection interval).

Figure 4.2 and figure 4.3 show schematically how the p/f works. In this example,
we set past-future protection with a span At of 3 BC and a threshold of 1 plus
the interaction being considered. The first interaction is OK and the second one
appears also to be OK, but when another event appears shortly afterwards it is
vetoed immediately, setting a past-future protection signal lasting 3 BC to prevent
further interactions from being triggered (see figure 4.2). First interaction would
also be vetoed, in this case with a “second look” A on the past-future protection
after the interaction, i.e. this is looking at the previous 2At, where it would be again

found that the past-future protection threshold has been exceeded (see figure 4.3).
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-+ — —p < — —p
OK OK
<+ — —p
Not OK
p/f, At =3,
th=1

| LO after p/f

Figure 4.2: Past-future protection. Three L0 events are generated (first line), after the p/f

operation (with a span of 3 BC and a threshold of 1), the last one is vetoed. Notice that the
second event will also be vetoed after the next p/f interval (see figure 4.3). The first check of the
past-future protection interval looks at the past at the time when the interaction happens. It can
veto current events and save resources. It cannot remove events which were OK when their check
occurred. Hence, a second check is at end of the past-future protection (p/f) interval, and looks

back for intervals 2A. Tt can reject first event if a subsequent event renders it invalid.

Int
<« — — — — — > p/f check 2, at end
| of p/f interval.
p/f, At =3,
th=1

m LO after p/f

Figure 4.3: The past-future protection checks the previous 2At of the example given in figure 4.2,

and by comparing the p/f threshold the second event is vetoed.
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4.4 Local Trigger Unit (LTU)

The interface of the ALICE sub-detectors to the CTP is achieved via a VME card
known as the Local Trigger Unit (LTU). The LTU serves as the interface between
CTP and detectors, i.e. it produces detector specific signals (LVDS and TTC con-

trols) which are then sent to detectors.

The LTU can also emulate all the functions provided by the CTP so as to pro-
duce a full ALICE-like environment, this including the emulation of different trigger
sequences with intentional errors; and it accepts external input for use during a test
beam. It can produce signals using a variety of different formats (LVDS, ECL, NIM)
and is controlled by an FPGA whose contents can be changed by writing to a flash
memory. In this way, different applications can be implemented simply by changing
the FPGA code. The LVDS tester (see chapter 6) is an example of a non-standard
configuration of the LTU board. There are 53 LTUs built, some for ALICE and
some for detector groups for development work. A detailed description about the

LTU in ALICE can be found in [81, 94].
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Chapter 5

Synchronisation of trigger inputs

in the ALICE trigger system

5.1 Synchronisation of trigger inputs

As described in chapter 4, the ALICE trigger system has 60 trigger inputs to the
ALICE Central Trigger Processor (CTP). These inputs are generated at many lo-
cations and they are connected via individual cables. Their correct synchronisation
with the CTP’s BC clock is carried out automatically and the trigger input phase
(explained below) is monitored. Although the synchronisation of trigger inputs is
a topic on its own right, its description provide us with the preamble information

needed to describe the results presented in chapter 6.

In ALICE CTP terms, synchronisation is a process whereby trigger input signals
are adjusted (i.e. delayed) in respect to the CTP’s BC clock in order to fulfil the
requirements of the set-up and hold-time intervals [95], i.e. the transmitted data
must be stable some time prior to the rising edge of the clock (set-up time) and some
time after (hold time) to ensure its continued recognition as it propagates through

the involved circuits.
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The trigger inputs are “sampled” with either positive or negative edge of the
CTP’s BC clock, and the synchronisation delays are within one bunch crossing (0

to 25 ns).

5.1.1 Edge flag

The synchronised trigger input circuit is shown in figure 5.1. The hardware imple-
mentation uses two D flip-flop (DFF) circuits'and a flag selector for the edge of the
BC clock; the positive edge has a flag equal to 0, and the negative edge has a flag
equal to 1. Depending on the status of such a software-controlled edge, the trigger
input signal is either clocked with the BC positive edge, or it is first clocked with
the negative edge and then re-clocked with the positive edge. The correct setting
of the programmable edge flag is obtained from the measurement of the delay (or

phase) of the trigger input in respect to the BC clock.

Edge

Pattern |_ [0]
1] DFF
DFF

’—O Selector ”
BC

Figure 5.1: Synchronised trigger input signal (called synchronised pattern in this figure). The

» Synchronised Pattern

vV

small triangle preceding the wedge on the D flip-flop (DFF) indicates that the default output
changes take place on the positive-going clock transition. An edge flag equal to 1 will sample the

trigger input with the negative edge and then re-clocked with the active positive edge.

!'Remember that a D flip-flops is a sequential circuit that is insensitive to any changes in the
level of the control inputs at times other than the state-changing transition of the clock signal, i.e

output changes only occur on the “tick” of the clock.
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5.1.2 Measurement of the trigger input phase

During the measurement of the trigger input phase, the edge flag described above
is cleared, i.e. the trigger input is sampled with the positive edge. Additionally,
the output of the trigger-generated sub-detectors is set to “toggle” mode, i.e. a

state-changing transition of 25 ns on and 25 ns off states.

The CTP’s BC clock can be delayed in 32 steps of 1 ns each. Every time the
BC clock is delayed a delay occurs between the trigger input and the positive-going
edge of the BC clock transitions. This delay is referred to as a phase, and it is called

trigger input phase.

Figure 5.2 shows the delay (or phase) measurement by “sampling” the trigger
input (on “toggle” mode) with the positive-going BC clock transitions. Ly refers to
the trigger levels sampled by the BC clock, where x can be 0,1 or 2 (i.e. L0, L1 and
L2 trigger levels).

The trigger input phase is exactly the value seen by the synchronised hardware,
not being affected by any other transmission delay inside the field-programmable
gate array (FPGA). In order to measure such a phase, the ALICE trigger system
uses an analog-to-digital converter (ADC), along with the overlap between these two

signals called AT.

The input that is given to the ADC measurement is called ADC input, and it
is generated by an AND function between the trigger input and the negative (or
complement) value of the Ly output (see figure 5.2). As an example, the waveform
shown in the bottom of figure 5.2 presents a typical ADC input pattern. The ADC
input can be nothing, or it can be either a big or small value depending on how much
overlap occurs between these two signals, as schematically shown in figure 5.3. The
BC clock is also shown in this figure. Notice that the case of “perfect” coincidence

and “anti-coincidence” occur when the rising edge of the BC clock coincides with
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Figure 5.2: Implementation to measure the trigger input phase.
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the edge of the trigger input.

What the ADC measurement provides as an output is the corresponding am-
plitude (Vaqc) of the direct current (DC) voltage after a low-pass resistor-capacitor
(RC) filter, as shown in figure 5.4. The corresponding DC level at the output of
the filter is digitised and read by the control processor (VME). The DC level varies
between the maximum value in the case of a perfect coincidence of both signals,
and the minimum value when the signals do not overlap at all (anti-coincidence).
Notice that because finding the overlap of the signals that are sent as a ADC input
is what is relevant for the measurement of the trigger input phase, the ADC output
has arbitrary units and its exact value is irrelevant. Let us now describe how the

trigger input phase is monitored.

5.1.3 Monitoring of the trigger input phase

The monitoring of the trigger input phase can be achieved by delaying the BC clock
in respect of all its possible settings (steps of 1 ns from 0 to 31 ns), while the trigger
input remains “stationary”. By doing so, L, will change in accordance with the
delays of the BC clock, and consequently the ADC input will change too. In brief,
the phase difference AT will change every time the BC clock is delayed. Figure 5.5
shows schematically the different ADC output readings shown in figure 5.3.

Figure 5.6 shows a typical plot of the trigger input phase measurement. This plot
shows the ADC output (arbitrary units) versus the BC clock delay in nano-seconds
and for the entire BC delay line. In this example of a typical measurement, it can be
seen that ADC output grows linearly from zero up to 2 ns when an abrupt change
occurs in the ADC reading. This abrupt change occurs when the phase shift (AT )

goes to zero. After this transition, the ADC output grows linearly again.
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(a) Perfect coincidence

BC ClOCk VVVVVVVVVVV W VVVVVVVVVVVVV """"""
Trigger input —w—l—
Complement Lx _l—‘—,—‘_
ADC input —m

(b) Slight coincidence

BCeock [ [ [
Trigger input

Complement Lx

ADC input |<A—T>| ’—\

(c) Anti-coincidence

BC clock
Trigger input
Complement Lx

ADC input AT =0

Figure 5.3: Three examples of how the ADC input is prepared in terms of an AND function
of the trigger input and the complement value of Ly. The BC clock is also shown. One of this
example (a) is when the ADC input is non-zero, i.e. when an overlap between these two signals
is observed, called phase width AT. The slight coincidence case is shown in (b). The last case (c)
corresponds when the anti-coincidence of these two signals occurs, leading to a zero ADC input.
Notice that both case (a) and (c) occur when the rising edge of the BC clock “hits” the trigger
input edge (see text).

99



Low-pass
filter
1=100us

<

) To VME
processor

Figure 5.4: Implementation of the ADC output measurement. The ADC input (see figure 5.2) is

sent to a low-pass resistor-capacitor circuit.

>

ADC Output

(a)

1
(d)!
*

(b)

>
L] - Delay

Figure 5.5: The measurement of the trigger input phase is monitored, i.e. the ADC output is

studied as a function of the delay of the BC clock in ns. The (a), (b), and (c) cases described in

figure 5.3 are shown. In case (a) and (c), the rising edge of the BC clock “hits” the trigger input

edge leading to and ADC output reading that can be unpredictable. This means that the ADC

output can also be somewhere in between (a) and (c), as shown in case (d). The case (d) is called

“two phase transition”.
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Figure 5.6: Measurement of the phase of the trigger input. The ADC measurement has arbitrary

units and the phase is plotted for the entire BC clock delay line of 1 ns steps from 0 to 31 ns.

Basis of the “edge rule”

Around the region AT =0, the ADC reading can violate the set-up and hold-time

rules as it is when the positive-edge of the BC clock transition coincides with the

trigger input transition. Hence, this region must be avoided in the final setting of

the BC clock delay. From here it can be seen that the ideal setting will be that

“far away” from the abrupt change. The so-called “edge rule” that will be used in

chapter 6, makes the ideal setting to be 12 ns away from the abrupt change. The

setting can be 4+ 12 ns depending on the shape of the plot obtained from the phase

monitoring (12 ns corresponds to about half of the 25 ns period).

5.1.4 Edge flag selection

After the BC delay is set, a correct state of the edge flag for each trigger input is

obtained from the corresponding phase measurement. Figure 5.7 shows the hardware
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implementation for the synchronisation of trigger input signals. It includes the
synchronised trigger input (called pattern in this figure) shown in figure 5.1, and

the preparation to the ADC measurement shown in figure 5.2.

The final BC delay setting for the trigger input phase measurement shown in
figure 5.6 can be 15 ns (12 4 3), as it is a BC delay far from 3 ns (or 29 ns) when
the abrupt change occurs. In this case, the edge selection will be positive and the
trigger input will be sampled with the positive-going (rising) edge of the CTP’s BC

clock.

The procedure presented here to obtain the synchronisation-settings of trigger
input signals is carried out automatically by the trigger system, and it only takes
a couple of seconds to be performed. Such a synchronisation-settings for the BC
delay need to be repeated only after cabling changes or hardware modifications to

the FPGA.

Edge ﬁj—» ADC Pattern
Pattern I_ [0] >

Synchronised Pattern
(1] DFF
o L

Selector [P
Figure 5.7: Implementation for the synchronisation of the trigger input signals (called pattern

DFF

signal in this figure).
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5.2 Summary

In the ALICE trigger system, trigger input signals are synchronised in respect to the
CTP’s BC clock so that the set-up and hold time intervals are not violated. Trigger
inputs are sampled with either the positive or negative edge of the BC clock. The
selection of the edge is achieved by measuring the trigger input phase, where trigger
inputs are set to “toggle” mode and its overlap with the BC clock is measured via
an ADC after a low-pass RC filter (integrator). The trigger input phase is also
monitored as abrupt changes occurs when the positive-going (rising) edge of the
BC clock transition coincides with the trigger input transitions. This value and the
values around it, must be avoided in the final setting of the BC delay as it is when
the set-up and hold-time intervals can be violated. After the BC delay is set, a
correct state of the edge flag (either positive or negative) for each trigger input is
obtained. If the edge is negative, the trigger input is sampled with the negative edge
of the BC clock and then re-clocked with the positive edge. The synchronisation
procedure is carried out automatically and its BC delay settings only change after

cabling changes or hardware modification to the FPGA.
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Chapter 6

LVDS tester: a systematic test of
cable signal transmission in the

ALICE experiment

Let us now present the trigger project to which the author of this thesis has con-
tributed, particularly on the software development side. This chapter presents a
systematic test of cable signal transmission based on the LVDS format. The syn-
chronisation procedure in the ALICE trigger system is used here but its description
can be found in the chapter 5. The reader might be also interested in reading the ap-
pendix B where the definitions of the timing parameters used by the ALICE Central

Trigger Processor are given.
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6.1 Motivation

In the ALICE experiment, the LVDS format (Low-Voltage Differential Signalling,
LVDS [96]) is used for the transmission of trigger inputs from the detectors to the
Central Trigger Processor (CTP), the LO trigger outputs from Local Trigger Unit
(LTU) boards back to the detectors and the BUSY inputs from the sub-detectors
to the CTP. The LVDS format was chosen because it provides fast data transfers
(using copper interconnect cables), with significant advantages in terms of its speed,

low power and noise control relative to other formats [97].

The standard LVDS sets the cable length at a value of 10 metres, while most of
the ALICE trigger connections are in the range of 40 to 60 metres. This could lead
to distortions due to the longer cable length. Fortunately, it has been demonstrated
that for a typical LHC transmission rate of 40 Mbit/s, transmission distortions can
be successfully compensated with passive filters known as impedance equalisers [97].
It was found that signal transmission based on LVDS formats provides a low error
transmission rate over distances of 100 metres and above, using passive filters [98,
99, 100]. However, despite these promising results found both in ALICE and in
other experiments, a more systematic test still needs to be carried out to verify the

quality of signal transmission.

These tests are normally carried out by measuring the bit-error rate (BER). For
this purpose, ALICE has designed a developed set-up, called the LVDS transmission
tester, that aims to measure various transmission quality parameters for long period

runs in an automatic way.

In order to make the best use of such an instrument, software has been im-
plemented in the already existing software framework of the ALICE trigger sys-
tem [81, 92]. Such a software development has been carried out solely by the author
of this thesis. In this chapter, the features of the LVDS tester are described, and

some of the conclusions obtained from measurements are presented.
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6.2 Implementation

The implementation of the LVDS tester was carried out by “converting” the stan-
dard ALICE Local Trigger Unit (LTU, see section 4.4) using a different Field-
Programmable Gate Array (FPGA) firmware configuration. It turned out that
the ALICE LTU contains all the required elements needed to perform transmission
bit-error rate measurements. Hence, the LVDS tester configuration re-uses several
applications of the LTU such as control and monitoring functions. Some of the

capabilities of this board are the following:

e The LVDS board contains drivers and receivers that can be connected to the

front panel connectors;

e There is a 40 MHz bunch crossing clock, and a programmable clock delay line

with 31 steps of 1 ns each;

e An 8-bit analog-to-digital converter (ADC) that can measure the input signal
phase with respect to the bunch-crossing (BC) clock (see chapter 5);

o A fast FPGA with high capacity for the implementation of the logic of the

instrument.

e The VME interface enables a processor to control and monitor the measure-

ment procedure described in section 6.3.

The LVDS tester generates data patterns which then propagates through the
measured cable loop. The pattern output is simultaneously connected to three L0
connectors (as used for the LTU front panel) and each of them is driven by a differ-
ential driver. The instrument provides two identical channels that can be connected
at the same time. A cable with no transmission problems can be connected in one

of the channels to provide a measurement reference for another cable where errors
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in the signal transmission are expected to occur. The cables are connected to the

front panel BUSY1/BUSY2 connectors, which are shown in the figure 6.1.

The principle of this device is depicted on the block diagram shown in figure 6.2.
The description of this diagram will be given for one channel only, say cable 1
input, as the other channel works in the same way. The first block shown in this
figure corresponds to the pattern generator, which can generate the following output

patterns:

e A sequence of a 24-bit programmable data stream transmitted repeatedly at

a programmable rate;

e A random signal of programmable rate. The pulse distribution is pseudo-
random as the pattern repeats itself approximately every 53 s (23! — 1 bunch

crossing); and

e A toggling output (the bunch-crossing clock divided by two) that is required
for phase measurements. The toggling is, as described in chapter 5, a waveform

of 25 ns on and 25 ns off.

In order to activate the pattern generator block, the 40 MHz bunch-crossing
clock (IN_BC) is used. The LVDS tester delays the IN_BC signal by changing the
BC_DELAY_ADD “word” as shown in figure 6.2. This delayed signal is called BC

delay.

In chapter 5, the synchronisation of trigger inputs in the ALICE trigger system
is described '. The LVDS transmission tester also borrows all the elements used for
the synchronisation of trigger inputs in order to synchronise the pattern output that

it generates relative to its BC clock.

L The synchronisation of trigger input signals is a topic on its own right, but it can be considered

as the preamble information for the remainder of this chapter.
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Figure 6.1: The LTU front panel, used as a LVDS tester front panel, with its LEDs and the cable

connections.
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Figure 6.2: Block diagram of the LVDS tester.
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In order to evaluate the quality of the pattern transmission, the synchronised
pattern signal needs to be aligned in time with the synchronised cable input. Such
an “alignment” procedure is achieved by delaying the synchronised pattern by a

number of BC intervals (25 ns), as shown in figure 6.2.

In each BC clock interval, the transmitted delayed pattern 1 is compared with
the received pattern signal called synchronised cable 1. If their states are not the
same, the corresponding error signal is asserted as shown in figure 6.2. Figure 6.3
schematically summaries the described implementation. A description of a typical

measurement is given in the following section.
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Figure 6.3: Flow chart of the implementation used by the LVDS transmission tester to align the
synchronised pattern with the synchronised cable input. In each BC clock, the delayed pattern is

compared with the synchronised cable (see figure 6.1 for more details).
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6.3 Measurement procedure

6.3.1 Synchronisation between the generated pattern and

the BC clock

The synchronisation between the generated pattern and the BC clock of the LVDS
tester is carried out in exactly the same way as described in chapter 5. This mea-
surement provide us with the BC delay value at which the transition of the synchro-
nised pattern signal occurs, i.e. it determines the BC delay intervals that should
be avoided due to the set-up and hold time requirements. Figure 6.4 shows, as de-
scribed in chapter 5, the pattern input phase measurement for the entire BC delay
line of 31 steps of 1 ns each. This figure shows that an abrupt change in the ADC
scan (arbitrary units) occurs at 17 ns in the BC delay. This value depends only on
the internal FPGA delays, and remains the same for all the boards with the same

version of the LVDS tester firmware.

6.3.2 Synchronisation between the cable input and BC clock

A similar synchronisation procedure to the previous measurement is implemented
between the cable input and the BC clock. In contrast the synchronisation between
the cable input signal and the BC clock depends on the cable length. In other words,
the BC delay interval that should be avoided in the final BC delay setting changes
according to its length. Figure 6.5 shows the measurement of the cable signal phase
for a LVDS cable of 25 metres, showing an abrupt change on the ADC reading at
11 ns in the BC delay line.
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Figure 6.4: Measurement obtained from the synchronisation between the generated pattern signal
and the BC clock. The measured values (ADC output in arbitrary units versus BC delay) change
only after modifications on the FPGA of the LVDS tester. A more detailed explanation of this

measurement is found in chapter 5

113



A130

C117 =

104 —

78 | m

65 —

39

26 —

Figure 6.5: Measurement obtained from the synchronisation between the cable input signal and

the BC clock for a LVDS cable of 25 metres.

114

24

T
28

32
Delay [ng]



6.3.3 Alignment between the synchronised pattern and the

synchronised cable input

The “alignment” that is carried out between the synchronised pattern and the syn-
chronised cable input ensures that the pattern and the version received via the cable
coincide in time at the point where the data verification is performed, as shown in
figure 6.1. The delay obtained in this measurement is dependant upon the length of
the used cable.

In figure 6.5, the ideal setting for the BC delay, i.e. the setting value that is likely
to return the least number of errors, should be far away from 11 ns (the abrupt
change). In fact, the ideal setting will be at 23 ns, i.e. 11412 ns (12 corresponds to
about half of the 25 ns period). This means that the LVDS tester software sets the
BC delay (BC_DELAY_ADD word) to 23 ns for this particular cable.

In addition, this ideal delay setting of 23 ns needs to be compared to the BC
delay settings of the synchronised pattern. As described in chapter 5, the “edge
selection” needs to be taken into account. The convention is that BC delay settings
that are inside the BC delays interval of 17 4+ 3 ns [97] (i.e. around the abrupt
change) are first “sampled” with the negative edge of the BC clock. In the case of
a LVDS cable of 25 metre, a BC delay at 23 ns will be sampled with the positive
edge of the BC clock.

The next step consists on delaying the synchronised pattern for the entire pat-
tern delay range based on bunch-crossing steps, i.e. the DELAY_1 word shown in
figure 6.1 is delayed from 0 to 31 BC in steps of 1 BC (25 ns) each. For each delay
the number of errors is counted over a large number of sequences, using the error
checking logic depicted in figure 6.1. The LVDS tester software normalises the num-
ber of errors on a “per sequence basis” for each pattern delay. Figure 6.6 shows the
normalised number of errors versus the pattern delay (0 to 31 BC) for a cable of 60

metres. It shows that for a delayed pattern at 11 BC in the DELAY_1 word, the
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number of errors is zero. A summary of these three measurements is given in the

following section.

Errors
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Figure 6.6: Normalised number of errors versus the pattern delay (BC intervals) for a LVDS cable
60 m long.

6.3.4 Preparations for measurement

The standard measurement carried out by the LVDS tester can be divided into three

steps.

e Step 1: The synchronisation between the generated pattern and the BC clock
is performed. It determines the BC delay at which the transition of the syn-

chronised pattern occurs in the ADC measurement (arbitrary units) versus the

116



BC delay. The value obtained from this measurement is called T}, and is used
for the determination of the BC edge in step 3. The delay region given by
Tp=£ 3 ns must be avoided in the final settings as in this region the set-up and

hold time requirements can be violated.

Step 2: The synchronisation between the cable input signal and the BC clock
is performed. It determines the BC delay at which the transition of the syn-
chronised cable signal occurs. The parameter obtained from this measurement
depends upon the length of the used cable, and it is called T.. The value
that is likely to return the least number of errors is called Ty and it is given
by T, = T¢x 12 ns, where the sign depends upon the shape of the phase

measurement obtained from this measurement (see section 5.1.3).

Step 3: The “alignment” between the synchronised pattern and the synchro-
nised cable input is performed. The value Ty is set to be the BC delay
(BC_DELAY_ADD word), and the edge of the BC clock is also taking into
account. If Ty is inside the T+ 3 ns interval, the delayed pattern is first sam-
pled with the negative edge of the BC clock, otherwise it is sampled with the
positive one; this is called the edge rule. The number of errors for the entire
pattern delay (DELAY_1) of 0 to 31 BC is obtained. For each BC delay, the
edge rule is applied. The value obtained from this measurement is called D,
and it is the only delay of the delayed pattern at which the number of errors is
zero. Although, there might not be a delay that returns no errors, so the point

with the smallest number of errors is selected by the LVDS tester software.
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6.4 Bit-error rate (BER) measurements

Table 6.1 shows “transmission quality parameters” (T.,Ts, and D) obtained by the
LVDS tester for 10 different cable length (5 to 60 metres). The T, value was also
obtained by the LVDS tester but as it does not depends on the used cable, its value is
always 17 ns as described in chapter 5. This table shows that for all the cable length
tested an exact value for D was found, i.e. a BC delay when the delayed pattern
does not give any errors. These measurements were obtained selecting the pseudo-
random pattern in step 1 of the measurement procedure described in section 6.3.
For a measurement that lasted about half an hour, these values are within the 10°

level of accuracy (see below).

For a “realistic” bit-error rate (BER) measurement, the pseudo-random pattern
should be selected in the step 1 of the measurement procedure. As mentioned
earlier, the pseudo-random pattern repeats itself approximately every 53 s, which
means that in order to test all the possible patterns, the error counting described
in step 3 should take place during a time period of that length or multiple of it.
Hence, with the clock frequency given by 40 MHz, there are approximately 2x10°
bit transfers during the 53 s interval. This means that if N errors were counted, the
corresponding bit-error rate will be approximately N divided by 2x10°. Because the
BC delay line has 31 steps, it would take approximately half an hour to complete

the BER measurement for a given cable.

Notice that a measurement performed in such a way will corresponds to a “re-
alistic” measurement because according to an accepted rule of thumb [97], if no
error is detected at that level, the data link under test is considered reliable as the
pseudo-random pattern will cover all the possible sequences that can occur. How-
ever, various tests were also carried out for a period of about 7 hours (BER at the

standard 10'? level of accuracy).

Table 6.2 shows the measurements performed by the LVDS tester as a function of
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Table 6.1: Measurement of the “transmission quality parameters” (T.,Ts, and D) as performed

by the LVDS tester for different cable length.

Cable length (m) T. (ns) Ts (ns) D (BC)
5 23 11 1
10 19 7 2
15 17 ) 3
20 12 0 4
25 11 23 )
30 7 19 3
40 26 14 7
45 25 13 8
50 21 9 9
60 15 3 11

the cable length (from 5 to 100 m) for a BER at the 10'? level of accuracy. Because
no errors were found, the BER was calculated using a 95% Poisson confidence level

(CL, upper limit).
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Table 6.2: Measurements performed by the LVDS tester for a BER at the 10'2 level of accu-
racy as a function of the cable length using the pseudo-random pattern signal that repeat itself

approximately every 53 s. Using a Poisson 95% CL (upper limit) the BER was calculated.

Length (m) Number of errors BER

5 0 < 1.5 x10712
10 0 < 1.5 x10712
15 0 < 1.5 x10712
20 0 < 1.5 x10712
25 0 < 1.5 x1071
30 0 < 1.5 x10712
40 0 < 1.5 x10712
45 0 < 1.5 x10712
50 0 < 1.5 x10712
60 0 < 1.5 x10712
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6.5 Uncertainties on the BER measurements

In the measurement procedure described in previous sections, the “alignment” be-
tween the synchronised pattern and the synchronised cable input was performed by
setting the BC delay (BC_DELAY_ADD) equal to Ts. Sampling the BC clock at Ty
should give the least number of transmission errors for a given cable as described
in section 6.3. However, one is likely to check the operation of the LVDS link at a
set sampling point (BC delay) which is non-optimal and may violate the set-up and

hold time requirements 2.

Therefore, in addition to the step 3 described in section 6.3, the calculation of
the “uncertainties” of the BER for a given cable requires another measurement to
determine the so-called “sampling window” determination where a complete scan of

the BC delay (BC_DELAY_ADD) is carried out.

As before, the LVDS tester needs to carry out such a measurement in an au-
tomatic way, and this means the introduction of an addition “timing logic” table
that deals with the automatic selection of the appropriate Tg parameter and the
DELAY _1 settings during the entire delay scan of the BC_DELAY_ADD word. This
additional implementation turned out to be rather complicated and its technical
details can be found in [97]. Essentially, the method to achieve this measurement
consists on setting the delayed pattern (DELAY_1) to D £ 1 according to the dif-
ferent values of the BC delay (BC_DELAY_ADD) and observing the edge rule.

Contrary to what occurs in a standard measurement (i.e. when the BC delay
is set to the Ty value), in the measurement of the BER uncertainties (“sampling
window” determination) what matters is not the number of errors found but instead
the number of consecutive BC delay bins with no error recorded; this number is called

the window of the measurement, and for a good quality connection it should be 18

2The worst possible working margin setting occurs at T, = £ 6.25 ns (see appendix B) as it is

left after the CTP trigger input synchronisation procedure.
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or higher as described in [97].

Figure 6.7 shows the “uncertainties” of the BER measurement (called “sampling
window”) for a 60 m LVDS cable for about 2 x10° bit transfers. As found in the
BER measurement, the delay at 15 ns (i.e. T.) is the value with the largest number
of errors. A Gaussian fit was performed to illustrate that error occurs around T.. At
the T value (3 ns as shown by the arrow in this plot), no error was found. This was
also so between 0 to 11 ns, and between 20 to 31 ns in the BC delay line. Because
the BC period is of 25 ns, this figure shows that there are only Ts+ 8 ns BC delay

bins with no errors in a 60 m cable, i.e. a window of 17 was obtained.

Furthermore, a systematic test was carried out for various cable lengths in a sim-
ilar way to that described above for the 60 m cable. These measurements concluded
that for cables larger or equal than 60 m, impedance equalisers must be used to
correct their signal transmission; i.e. the sampling window of these measurements

was found to be larger than 18.
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Figure 6.7: Error counting of the delayed pattern for the entire BC delay (BC_DELAY_ADD)
called “sampling window”. This measurement represents the “uncertainties” of the BER measure-
ments for a LVDS cable 60 m long. The measurement was performed for about 2 x10° bit transfers
(pseudo-random pattern), and the Gaussian fit is only used here to illustrate that the errors occurs
around the T}, value of 15 ns in the BC delay. The ideal setting of the BC delay occurs at T (T
- 12 = 3 ns) as indicated by the arrow. Taking into account that the BC clock period is 25 ns, the

number of BC delay bins with no errors are located at Ts+ 8 ns, i.e. a window of 17 was obtained.

123



6.6 Summary and conclusions

The motivation for an instrument such as the LVDS tester was given. It is required
to perform a systematic test of the LVDS cable signal transmission as a function of
its length and in terms of relatively long period runs. The software that has been

developed by the author allow us to calculate the bit-error rate of a given cable.

The LVDS tester measurements confirm the high quality of the ALICE standard
LVDS cables. The tests have demonstrated the error-free transmission rate over the
cable length of up to 60 m when the BC delay is set to its ideal value. Notice that
these results were obtained even without the impedance equaliser circuit. The BER
rate obtained for a cable length between 5 to 60 m is less than 1.5 x107!2 using a

95% Poisson confidence level (upper limit).

A more sophisticated timing implementation was also developed in order to de-
termine the “uncertainties” measurement of the obtained BER values (called “sam-
pling window” determination). These measurements concluded that for cables equal
or larger than 60 metres, an impedance equaliser must be used in order to correct
the error rate of the signal transmission. The LVDS tester will allow us to prepare

the development, testing and correct tuning of the impedance equaliser circuit.
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Chapter 7

Prospects of lepton-pair
production as a luminosity
monitor at central rapidities in the

ALICE experiment

This chapter is devoted to a feasibility study of the electromagnetic process pp —
pete p as a possible luminosity monitor in the ALICE experiment. Firstly, the mo-
tivations of this study are presented. Secondly, the general characteristics of lepton-
pair production at the LHC are given. The aim of this analysis is to investigate and
characterise the background for this process, from the minimum bias proton-proton
interactions at central rapidities, in the ALICE experiment. Therefore, results based
on ALICE physics performance studies are presented for pp collisions at centre of

mass energy /s = 14 TeV.
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7.1 Motivations and outlines

The lepton-pair process pp — pe™e™p is an electromagnetic process that has already
been considered by other LHC experiments [101, 102, 103, 104] as a method of
luminosity measurement, but so far in the forward rapidity range, where ALICE
has no acceptance to measure this process. A study was needed to exploit the
excellent tracking and particle identification capabilities of the ALICE experiment
at mid-rapidity that were described in chapter 3, along with the already existing

triggers for pp minimum bias interactions needed for such an analysis.

The ALICE detectors can identity electrons over a wide range of momentum
at mid-rapidity [15]. However, for this analysis only the electrons identified by
the ITS and TPC will be considered because these di-lepton pairs are typically
centrally produced with low momentum (see section 7.2). In the case of the trigger
requirements, a multiplicity of two-particle tracks per event in the ITS with no
activity in the forward VO detector is needed. An off-line selection condition can

also be demanded by requiring “no activity” in FMD.

This chapter discusses a novel analysis to investigate the prospects of measuring
this process in ALICE. Thus, the conclusions of this study are based on how many

events will be needed to perform such a measurement.
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7.2 Lepton-pair production at the LHC

The lepton-pair process is given by:

pp — plT 17 p, (7.1)

where [ = e or 41 [105, 106]. As this is an electromagnetic process, it can be calculated
using QED methods. It depends on the proton form factor, which is well known,
rather than on the structure functions, which are not well known at the low values
of = to be explored at the LHC. The theoretical uncertainty is about 1% [101] for

the di-electron process at LHC.

Moreover, the main characteristics are the very small invariant mass of the

lepton-pair, and its very small transverse momentum (see table 7.1).

Table 7.1: Characteristics of lepton-pair production via photon-photon fusion [106], where M+~

and Py, _ are the mass and the transverse momentum of the di-lepton (I717) pairs respectively.

ete” pairs w T pairs

Mp+- | <10-20 MeV | <M> ~ 20 MeV
Py <10-20 MeV/c | ~ 10-50 MeV/c

1+1-

Figure 7.1 shows the associated diagrams for the signal and potential back-
grounds of the lepton-pair production. The di-electron pairs are typically centrally
produced with low momentum, and the signature in ALICE is experimentally easy

to detect as only two leptons at mid-rapidity are required with no other particles.

Two possible sources of contamination for this process have been considered:
re-scattering corrections (see 7.1 (b)) and proton dissociation (see 7.1 (c)). Pre-
scriptions for taking these into account if they cannot be removed by cuts have been

given in reference [106].
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Figure 7.1: (a): Diagrams of the lepton-pair production in pp collisions, (b) a typical re-scattering

correction, and (c) possible contamination coming from proton dissociation in X, Y systems [106].
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7.3 Signal study of the lepton-pair (e*e™) process

at central rapidities in the ALICE experiment

7.3.1 Generation level

The total cross-section of pp — ppeTe~ at the LHC is 7.06 mb with a theoretical
uncertainty of 1%. As in the studies carried out by other LHC experiments, the
signal sample for the two-photon process was generated by the LPAIR event gener-
ator [107]. The event selection and kinematic cuts have been studied systematically
already at the Tevatron and at ATLAS and CMS (see for example [102, 101, 108]).
In particular, the invariant mass and transverse momentum cuts have been con-
sidered to reduce the background contributions from inelastic events; the distri-
bution of the transverse momentum of the inelastically produced di-electron pairs
(about 250 MeV/c) is relatively wider than the pairs elastically produced (about 10
MeV/c) [108]. A similar argument applies to the invariant mass distribution of the
pairs. By applying cuts on both of these variables, the inelastic backgrounds were

found to be below 1 %.

The acoplanarity is defined as the angular difference of two tracks from being
back-to-back, when their respective tracks are projected on to the plane transverse
to the beam axis [102, 108]. A cut on the acoplanarity angle has been proved to
reduce the background. Table 7.2 shows the selection cuts used by this study in
ALICE.

The signal sample and the cross-section calculation of this process were generated
and obtained respectively by the collaboration with D. Bocian, who considered at
least one of the cuts shown in 7.2. Table 7.3 shows the results for the signal cross-
section, verifying that by applying the combination of all the kinematic cuts stated,
the signal cross-section is 1.56 nb. However, after applying only a cut in pseudo-

rapidity (cut 1) and transverse momentum (cut 2) of the charged-particles, the signal
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cross-section is 1.63 nb. This table also shows the number of events estimated for

one normalised year (107 s).

In addition, although the ALICE detector has been optimised for tracking above
200 MeV/c, measurements from 100 MeV /c will also be possible (see section 3.3).
Table 7.4 shows the signal cross-section in terms of the momentum range to which
the electrons will be measured at mid-rapidity, indicating that a factor of two can

be gained using a 100 MeV/c to 150 MeV /c cut in transverse momentum.

7.3.2 Full-simulation effects

The generated Monte Carlo sample, given by LPAIR, was passed through the Ali-
Root offline software framework [109] in order to obtain the detector performance
effects. This means that the generated output, composed by a pair of electrons
(ete™) per event from the two-photon process, was sent to the transport stage that
is carried out by GEANT [110] and to the reconstruction software. A total of 1,000
events were reconstructed fully for this analysis. It was found that the physical
efficiency was (91.6 & 0.6) % (see figure 7.2), and the percentage of fake tracks was
(0.1 & 0.0) %. This is including detector acceptance and reconstruction efficiency

using particle identification.

Table 7.2: Selection cuts of the two-photon process analysis (generation level).

Selection cuts Criteria

1. Production angle (O) < 44.25°

2. P, (e%) > 200 MeV/c and < 1.5 GeV
3. Pair invariant mass < 3.0 GeV

4. Pair transverse momentum < 600 MeV

5. Acoplanarity angle <60°
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Table 7.3: Signal cross-section as a function of various kinematic cuts. These results were obtained
at the generation level. The number of events, for the corresponding cross-section, is also shown

for one normalised year (107 s).

Criteria Cross-section Number of events (1 year)
1 225.11 pb 2.25%x10% &+ 4.74x10*
1Nn2 1.63 nb 1.63x10% &+ 1.27x10?
1N2n3 1.60 nb 1.60x10* & 1.26x10?
1N2N3n4 1.59 nb 1.59x10* & 1.26x10?
1N2N3N4n5 1.56 nb 1.56x10% & 1.25%10?

Table 7.4: Signal cross-section as a function of the momentum range of the electrons tracks at
mid-rapidity with all other cuts applied, i.e. 1 N3 N 4 N 5. These results were obtained at the
generation level. The number of events, for the corresponding cross-sections, is also shown for one

normalised year (107 s).

Momentum criteria Cross-section Number of events (1 year)
P (e*)> 100 MeV 7 nb 7x10* £ 2.64x10?
P;(e*)> 150 MeV 3 nb 3x10* £ 1.73x10?
P;(e*)> 200 MeV 1.56 nb 1.56x10* £+ 1.25%x10?
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Figure 7.2: Physical efficiency of the electron tracks from the lepton-pair signal in pp collisions

at /s = 14 TeV.
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The particle identification efficiency in this momentum range is (68.3 + 1.1) %,
without doing any optimisation of the electron selection after the standard Bayesian
approach described in section 3.3, and taking into account the information provided
by the TPC particle identification only. When combining the particle ID information
of the I'TS along with the one given by the TPC, the overall efficiency for electron
identification is greater than 70% for electrons as described in [15]. The overall
contamination obtained here was about 25% from charged pions (7%) and 6 % from
charged kaons. The results and methodology used for the background study are

presented in the following section.
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7.4 Background study of the lepton-pair (ete™)

process at central rapidities in ALICE

7.4.1 Generation level

The study looks at the background of this process from the minimum bias pp inter-
actions given by PYTHIA [111]. The events were generated by using the PYTHIA
event generator 6.214 using the so-called “ATLAS tuning” parameters [112] at the
highest LHC energy /s = 14 TeV. Both strong and electromagnetic decays were
included in the simulation; only final-state particles were selected. The 7° mesons
generated were forced to decay at this level. These particles contribute to the back-

ground as its Dalitz decay (eTe™+y) has a branching ratio of (1.198 + 0.032)% [20].

This analysis requires no activity in the VO detector, and two particles at the
ITS mid-rapidity region. However, because no detector effects were considered at
this stage, the “trigger selection” was not carried out using the standard trigger
definitions, but instead the events were selected by taking into account the pseudo-
rapidity ranges of the generated particles at the associated ALICE sub-detectors
involved in this selection (see description of ITS and V0 detectors in chapter 3).
The trigger cuts were (7) no particles at the VO forward region and at the same time
(77) particles in the ITS region (mid-rapidity) equal to 1, 2, 3, 4 and less than 4 (i.e.

low-multiplicity events).

Table 7.5 shows the estimated number of events for one normalised year of the
background for 2x 10° events as a function of the charged-particle multiplicity (u),
showing that for events with u = 2 (i.e. events with only two charged particles), the
rate is of the order of 104 This table also shows that by applying a more “tight”
selection based on the proposed transverse momentum cut (0.2 < P; < 2.0 GeV/c),
the order of the magnitude of the production rate stays constant. This verifies that

most of the events, with a very low charged-particle multiplicity at central rapidities,
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have particles with very low momentum.

More statistics than this was needed in order to investigate the kinematic dis-
tributions of any e*e~ background pairs. Hence, a sample of 5x10” PYTHIA 6.214
minimum bias proton-proton events was generated, and a study consisting of the
same selection cuts was carried out. However, it turned out that none of the samples
contained any ete~ background pairs. Moreover, this turned out to be the same
even for the “loose” condition that requires charged-particle multiplicity of p < 4

per event.

A study with even larger statistics will in principle be needed. Nevertheless,
notice that there is not sufficient certainty in the physics output at such a level of
detail using the current version of the PYTHIA Monte Carlo event generation in
the predictions of the background for such process. Therefore, this study is as good

as it can be obtained from a Monte Carlo study at the generation level.

7.4.2 Full-simulation effects

In order to study the background after the full detector performance effects, a sample
of 2x10° events was used. The analysis was performed using the MC data provided
by the ALICE Particle Data Challenge production during late 2006 (called PDC06
in ALICE terms). Additionally, the standard trigger definitions were used instead
of simply select particles according to their associated pseudo-rapidity ranges in the
sub-detectors involved (ITS and V0). Table 7.6 presents the estimated number of
events for one normalised year for different logic selection of the involved physics

triggers. The name of the classes used in this table follows reference [15].

As mentioned above, the proposed trigger for this process is an AND combination
of the PIXELor trigger stated in chapter 4, no beam gas event and no activity in
any of the two sections of the V0 forward detector. This makes the trigger selection

to be VOor ® PIXELor ©® BEAMGASor using the name of the classes as described
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Table 7.5: Estimation of the number of events for one normalised year (107 s) in pp minimum-bias
collisions at /s = 14 TeV, for the events that passed the selection criterion (after “trigger selec-

tion”) in terms of the charged-particle multiplicity of the event (u). These results were obtained

at the generation level. The values oarp = 100 mb, and £ = 10%° cm—2s~! were used.
Charged-particle multiplicity (u) Number of events (1 year)

u <4 3.97x10% + 1.99x10*

u=4 1.80x107 + 4.24x103

pu=3 5.60x107 4 7.48x103

u=2 1.09%10% £ 1.05%x10%

pu=1 2.14x10% 4+ 1.46x10*
p=2and 0.2 < P, < 2.0 GeV/c 1.03x108 + 1.01x10*

in chapter 4.

The obtained rate for the proposed trigger was 1.48x 1073 without demanding a
particular event multiplicity of charged-particles. Figure 7.3 shows the multiplicity

distribution of charged-particle tracks after requiring such trigger selection.

Moreover, the number of events (one normalised year) for this analysis was also
obtained as a function of the multiplicity of charged-particle tracks (), and applying
a transverse momentum of 0.2< p; <1.5 GeV/c on the charged tracks and an impact
parameter cut to the primary vertex of less than 0.5 cm. Table 7.7 shows that
the obtained results are of the same order of magnitude to those obtained at the
generation level (as shown in table 7.5), which is consistent with a reconstruction

efficiency of about 90%.

Based on the particle identification provided by the Bayesian method, this sample
of fully reconstructed 2x108 events lacked of any ete™ pairs that passed any of the
selection criteria used; as found in the study at the generation level based on 5x 108

events. The MC “truth” information on these tracks also confirmed this result.
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monitor.
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Table 7.6: Estimation of the number of events that passed the selection criterion for one nor-
malised year (107 s) in pp minimum-bias collisions, as a function of different logic selection of the
forward detector VO and the global GFO trigger selection from 2x10°% pp minimum-bias events.
These results were obtained from a full-simulation analysis. The values opp = 100 mb, and £ =

10%9 cm—2s~ 1 were used.

Trigger condition Number of events (1 year)
GFO 8.91x10'" + 9.44x10°
GF0 & V0 — BG 8.89x10M £ 9.43x10°
GF0 & V0 — BG & V0A 3.08x10'° 4+ 1.75x10°
GF0 & V0 — BG & V0A&V0C 6.00x10'° 4 2.45x10°
GF0 & V0 — BG & V0or 1.48x10° + 3.85x10*

So, by taking a limit at 95% Poisson confidence level (upper limit), we estimate the
number of events in one normalised year in pp collisions (107s), allowing us to obtain

an upper limit for the signal-to-background ratio (see next section).
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Table 7.7: Estimated number of events as a function of the charged-particle multiplicity in the

event for one normalised year (107s) in pp minimum-bias interactions at /s = 14 TeV, and for

the events that passed the GF0 & VO — BG & VOor trigger selection proposed for the lepton-pair
process. The following cuts were used: 0.2< p; <1.5 GeV/c, impact parameter b<0.5 cm, and for

particle tracks at mid-rapidity. These results are based on 2 x108 pp minimum-bias events, and it

-1

correspond to a full-simulation analysis. The values oarp = 100 mb, and £ = 10%° cm—2s~! were
used.

Charged-track multiplicity (u) Number of events (1 year)

p <10 1.48x10° 4 3.85x10*

p <4 1.48x10° + 3.84x10*

=4 1.69%107 + 4.11x103

p=2 1.61x108 & 1.27x10*
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7.5 Summary and conclusions

A novel analysis based on the electromagnetic process pp — pete™p was given.
The results presented show evidence that ALICE will be able to reconstruct the
lepton-pair signal by identifying its decay products. It turns out that in all of the
samples analysed, an absence of background candidate, ete™ pairs, was found. This
was also the case even for the proposed “loose” condition. An estimation of the
background (upper limit) was carried out using a 95% Poisson confidence level for
one normalised year in pp minimum-bias collisions (see table 7.8). It indicates that
the signal-to-background ratio (S/B) > 0.26 at 95 % CL. The values o) p = 100

mb, and £ = 10 cm ?s™! were used in the estimation of the background.

Table 7.8: Estimation of the signal, background (upper limit), and S/B values (upper limit) of
the di-lepton (ete™) process study, using a 95% Poisson confidence level, for one normalised year

in pp minimum-bias collisions (107s).

Signal Background (upper limit) S/B
1.56x10* £ 1.25%10? | 6.00x10* £ 2.45 x10? | > 0.26 at 95% CL

The results presented in this chapter allow one to recommend to the ALICE
collaboration the use of this trigger to carry out the analysis in question during the
first year of data taking. Further studies will be needed as described in the next

section.
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7.6 Outline of future directions

The following extensions to this analysis should be taken into account. From this
analysis we have learnt that the current study is as good as it can be for a Monte
Carlo study. Hence, the next step is to carry out this analysis using the first data

to be collected for pp collisions before the end of 2008.

In particular, it will be necessary to study low-multiplicity pions and compare
them with Monte Carlo studies. This will indicate how reliable is the predictions
and extrapolations of the currently available MC methods for low-momentum par-
ticles at LHC energies at low-multiplicity and central rapidities. This has not been

investigated in detail so far.

Notice that despite the absence of ete™ pairs in the proposed analysis selection,
various 77~ background pairs were found. Figure 7.4 shows the invariant mass dis-
tribution of the 77~ background pairs obtained in the “loose” condition mentioned

earlier. This figure shows the p® meson among other resonances.

If a similar conclusion for low-multiplicity pions, based on real data, is obtained
to the one given in the present study, i.e. if the trigger rate is sustainable within
ALICE, the next step will be to carry out pion and electron particle ID for low-
multiplicity tracks at low transverse momentum, which has not been investigated

yet.
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at mid-rapidity). This figure was obtained from the study at the generation level of the potential

backgroun in the di-lepton process study.
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Chapter 8

¢»(1020) meson production: an

experimental survey

This chapter gives a general overview of resonance production in high energy physics.
In particular, it describes the current understanding of the properties of ¢ meson
production, along with the physics motivation for studying it at the LHC. The
capability of the ALICE experiment for reconstructing the ¢ resonance is discussed

in chapter 9.
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8.1 Introduction to resonance production

The properties of resonant states (mass, width, isospin, decay modes, spin, parity,
etc.), and their production mechanisms have been the subject of study in funda-
mental particle physics since the 1950s [17, 113]. The first resonance was discovered
in 1952 [114], and later became known as the A(1232). These particles decay by the
strong interaction, and have extremely small lifetimes, typically around 1072% s. In
recent years, various resonances have been observed and studied in ultra-relativistic
heavy ion collisions. It is believed that these particles can provide information
about different stages of the evolution of the system, and may help to understand

the transition from ordinary matter to the QGP phase.

Because the resonances lifetime is comparable to that of the fireball itself (see
section 1.3), it is believed that during the expansion of the hot and dense matter
produced in a heavy ion collision, a fraction of the resonances produced may decay
inside such a fireball. This means that, for most resonances!, information about the

later stages of the evolution of the system can be obtained.

In addition, owing to the typically large re-scattering cross-sections presented
in a high energy density medium, the hadronic decays of resonances are expected
to be strongly affected by final-state interactions. This suggests that the measured
yield of resonances would be different to those obtained by a thermal analysis (see
section 2.3.2). This has been indeed observed at RHIC energies for short-lived
resonances when comparing various particle ratios at STAR with the predicted values
for Au-Au collisions [115, 116]. The predictions for some ratios of resonances to

stable particles at LHC energies are given in table 8.1 [15].

!This is excluding the ¢ meson because, as discussed later, the lifetime of the ¢ in a vacuum is

larger than that expected for a QGP state.

144



Table 8.1: Resonance to stable particle ratios in Pb—PDb collisions at freeze-out conditions expected
at the LHC with T = (161 £ 4) MeV and up = 0.8732 MeV for the predictions based on
an equilibrium model [117] (second column). For the predictions based on a non-equilibrium

model [118] (third column), the calculations were obtained with T' = 162 MeV and up = 2.7 MeV

. These values can be found in [56].

Ratio Eq. model Non. eq. model
¢/K~ 0.137 0.13
A(1520)/A 0.075 0.060
K;(892) /K~ 0.318 0.301

8.1.1 Re-scattering and re-generation effects

It can be assumed that a fraction of the resonances may decay before kinetic freeze-
out, and daughter particles from their hadronic decay might be re-scattered by other
particles in the hadron gas. Hence, it is thought that a loss of the resonance signal
is expected in heavy ion collisions due to re-scattering effects. At the same time,
the hadronic particles in the medium can interact with each other to regenerate

resonances, which may compensate part of the signal lost.

Depending on the length A7 of the time interval between chemical and kinetic
freeze-out defined in chapter 1 (see figure 8.1), the magnitude of the suppression
of the measured resonance yield will change due to contributions from re-scattering

and recombination effects.

A model [119] was recently proposed to estimate the time interval A7, by us-
ing yields of thermally produced particles at chemical freeze-out and considering an
additional re-scattering phase. It also includes the lifetime of the resonances and
the interaction of the decay products within the expanding fireball. The relative
contribution of resonance production to various particles for three freeze-out tem-

peratures (T=140,160 and 180 MeV) is shown in figure 8.2. It seems from this figure
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Figure 8.1: Compilation of chemical freeze out parameters at SIS, AGS, at the SPS at 40 AGeV
and 160 AGeV and RHIC. The full line represent the phenomenological condition of chemical freeze
out at fixed mean energy/particle ~ 1.0 GeV. The dashed line indicates the temperatures where

kinetic freeze out is observed. More details about these results can be found in [15].

that the effect of freeze-out temperature T on the ¢ is much more significant than in
any of the other particles. This is so because the ¢ resonances are relatively heavy,
which leads to a larger variation of the resonance contribution as a function of the
temperature. However, although not seen from this figure, the overall effect on the ¢
remains a small one compared to other states?. The mass difference between mesons

and baryons also affects the relative meson to baryon ratio shown in this figure [53].

Figure 8.3 illustrates how the time interval A7 between chemical and kinetic

2]. Rafelski, private communication.
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freeze-out can be constrained by using two measured ratios, say the K*/K and
A(1520)/A ratios, where large re-scattering is expected, as shown in table 8.1. By
including the decay of heavier particles, the particle ratios shown in figure 8.3 take

into account the resonances produced at different stages. For example:

A(1520) A(1520) -
Aot A+ (20 = Ay) + (% = Am) + (% — X071 — Any) '

Assuming a chemical freeze out at 160 MeV, a time interval A7 > 4 fm/c was
obtained from this model [53]. Thus, if the decay products of a given resonance are

subject to major re-scattering, its signal is expected to be suppressed.

8.1.2 Changes in line-shape of resonances

In addition, changes in line-shape of resonances have been predicted in heavy-ion
collisions for two reasons: (i) the dense medium can induce significant collision
broadening; (i) shifts of both mass and width [23] could be produced as a result of
partial chiral symmetry restoration (see section 2.1.3). Recent measurements from
the STAR experiment suggest that a change in the mass and width of the K*, A*+
and p® were observed at low values of transverse momentum. However, the K* shift,
of the order of some MeV, was observed for all collision systems, including d-Au and
pp, and is of the typical size observed for other particles in many experiments due
to instrumental effects [120]. In addition, since discrepancies in rate production
have been reported between PHENIX and STAR, more accurate measurements and
further studies in resonance production are still needed [121]. In the remainder of
this chapter, the motivations to study the ¢ meson will be covered as its study at

LHC energies is the subject of chapter 9.
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8.2 The ¢ meson at the LHC: physics motivations

The ¢ vector meson is believed to be an almost pure bound state of strange-quarks
(¢ = s3). It has a mass of 1,019.456 MeV /c?, which is comparable to the proton and
A baryon mass, and has a narrow width I'y = 4.26 MeV/¢* £ 0.05 MeV/c? [17, 20].
The most prevalent decay mode for the ¢ meson is the decay into K+ K~ pairs which
accounts for 49.1 % of its decays. Other decay modes into two charged particles,
without multi-body kinematics, occur very rarely, as shown in table 8.2. The author
has been involved with the Monte Carlo study of the di-kaon decay channel of the
¢ meson, which is the subject of chapter 9. There are physics motivations to study

¢ meson production at the LHC, both in heavy-ion and proton-proton collisions.

Table 8.2: Some of the ¢(1020) decay modes [20]. The ALICE experiment will allow the study
of the ¢, both in the di-kaon and di-lepton decay modes, for various collision systems.

Mode Fraction(T';/T")

KTK- (49.1+ 0.6)%
KYK? (34.04 0.5)%
ete” | (2.98+ 0.04)x 1074
pru~ | (2.85+ 0.19)x 104
atr™ | (7.34+ 1.3)x 107°

8.2.1 The ¢ in heavy-ion collisions

As stated earlier, resonances, and in particular the ¢ meson, are useful probes to
study the high density medium created in ultra-relativistic heavy ion collisions. Let
us describe the current physics motivations behind the study of this particle, along
with a brief survey of what has been learnt from other experiments. The hadronic
cross-section associated with the ¢ meson is small, which makes this particle rather

insensitive to the presence of other hadrons in the late stage of the collision. There-
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fore, the production of ¢ mesons has been suggested as a signature for strangeness

production mechanisms [45, 122, 123].

e Significant medium modifications of its production and decay properties have
been predicted [23, 124]. As a consequence of these modifications, the branch-
ing ratio for its decay into kaon and lepton pairs may change. The observation
of such modifications might also provide information on the mechanism rele-
vant for ¢ production in high energy collisions, which at present remains an
open question. For example, it has been suggested that a double-peak in the
di-kaon invariant mass spectrum can be observed as a possible signature for
the QGP phase [125, 126], which could be due to the non-negligible time du-
ration of the QGP phase (~ 10 fm/c) compared to the lifetime of the ¢ in
vacuum (about 45 fm/c). It is believed that the mass of ¢ mesons decaying
in the mixed phase is expected to be lower than the nominal one; this as a
result of the partial chiral symmetry restoration (see section 2.1.3). The value
of a shift in the mass invariant distribution depends on various factors such as
the critical temperature, together with considerable theoretical uncertainties.
Figure 8.4 shows the study that has been carried out to illustrate the capabil-
ities of the ALICE detector to identify a double peak in the di-kaon invariant

mass spectrum [127].

e Despite the non-observation of any changes in the mass and width of the ¢
meson at RHIC energies [128, 54, 129, 130]®, preliminary results from the
STAR collaboration suggest that a strangeness enhancement might have been
observed at RHIC energies when comparing the ¢ yields obtained in Au-Au
collisions, and more recently in Cu-Cu collisions, with those obtained in pp
collisions [131]. Measuring the ¢ at LHC energies will be possible in various
collision systems (Pb-Pb, pp, pA), and it is expected to provide information

about the strangeness content at the highest energy ever achieved (see below).

3 At present, the only experimental claim of spectral property modification of ¢ mesons can be
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Figure 8.4: Di-kaon invariant mass distribution showing a double peak structure of the ¢ meson
as carried out in a feasibility study carried out in ALICE [127]. A double-peak such as the one
shown here could be interpreted as a possible QGP phase signature [125, 126].

e In the resonance leptonic decay, daughters should rarely be re-scattered by
the hadronic medium since the lepton-hadron interaction cross-section is much
smaller than the corresponding hadron-hadron decay channel. So, the dielec-
tron or dimuon decays of ¢ mesons might shed light on the ¢ mesons produced
earlier in the evolution of the fireball. However, various issues arise from such
an analysis because of the large combinatorial background from gamma conver-
sions and Dalitz decays, along with the low probability for the electromagnetic
decays. At the CERN SPS the particle yield of the ¢ meson in both hadronic
and leptonic channels was measured [134, 135, 136, 137], though thus far no
clear evidence for any of the expected modifications has been observed [138].
With the unique particle identification system of ALICE described in chap-
ter 3, the study of ¢ — K+*K~ and its di-lepton counterparts ¢ — eTe~ and
¢ — ptp~ will be possible. This is expected to finally unfold the so-called
“SPS puzzle” of the ¢ meson.

found at normal energy densities (12 GeV pA collisions), recently reported in [132, 133].
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8.2.2 The ¢ in proton-proton collisions

e In order to understand heavy-ion collisions, the pp counterpart should be avail-
able. Hence, analysing resonances in pp collisions is needed as a benchmark for
the heavy ion run. Additionally, the ¢ meson is an interesting particle in itself
as a hadronic measurement that could be carried out at several energies and
for various collision systems at the LHC. Moreover, ¢ production has not been
measured to very high precision at the Tevatron [139] as shown in figure 8.5.
The LHC experimental programme is currently considering to carry out a scan
in energy during the early running which means that even “low energy” points
from the LHC startup, of 0.9 TeV for example, would become the best data at
that energy. Although the ¢ in pp interactions has been measured at RHIC,

its centre of mass energy is considerably lower than that at the Tevatron.

e The ALICE experiment will play a key role in the description of the soft-
physics regime in proton-proton collisions. Furthermore, ¢ meson production
in pp collisions could be used as an indicator of strangeness production along
with that of particles with open strangeness (K%, K° A, =,Q) [140]. There
are predictions that the strange sea could be large [141]. Additionally, at the
LHC it would be possible to access the very low-x region, about which not
much is known, which would allow HERA measurements on low-z strangeness

production [142] to be compared with LHC pp results.

e The strangeness content is often given by the Wroblewski factor defined as
Ay = 2 (s3)/((ut)+ (dd)) [143]. The yields of hadrons from e*e”, pp, and
pp collisions can be described by a statistical model in a canonical formula-
tion [144], where the Wroblewski factor can be obtained as shown in figure 8.6,
both for heavy-ion and elementary collisions. As shown in this figure, in pp
collisions the Wroblewski factor has an almost constant value of A; ~ 0.2 as

extracted from the data, and performing calculations based on the canonical

model for pup=0. However, it has been demonstrated that this factor rises
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Figure 8.5: Transverse momentum distribution of ¢ mesons, after corrections, as measured at the
Tevatron (pp at /s = 1.8 TeV). The PYTHIA event generation predictions (line) was compared
with the data. The study suffered from statistics as only 900 ¢ were reconstructed, not allowing

the physics of ¢ meson to be explored at high-multiplicity (see text).
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with increasing temperature for a given ug, causing the largest value in the
case of heavy ion collisions because of the finite yp. Measuring strange parti-
cles (including hidden strangeness particles such as the ¢ and 7n’), will allow a
better understanding of this factor and its implications in modelling the soft-
physics regime. The currently available Monte Carlo event generators, such as
PYTHIA [111] based on the Lund Model [145], consider such a factor as uni-
versal. The agreement of \; between ete™ and hadronic collider is reasonably
consistent although not perfect. At the high energies available at the LHC, a

final conclusion on the universality of these values can be drawn.
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Figure 8.6: The Wroblewski factor \; as a function of 1/s. The thick solid line has been calculated
using the freeze-out values [146]. The dotted line reflects a calculation using the same T but keeping
pB = 0. This demonstrates that the maximum is caused by finite baryo-chemical potential. The
dashed line has been calculated using a radius of 1.2 fm, keeping up = 0 and taking the energy
dependence of T' as determined previously. In heavy ion collisions, A, is around 0.43 in the hadron-
gas approach, which is the value associated with parameter values T = 170 MeV and pup = 0, i.e.

a QGP phase at T.. For more details refer to [15].

e At the Tevatron, the ¢ was measured as a function of multiplicity. This was
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carried out because a QGP phase may be correlated with high entropy density
that is a consequence of high multiplicity environment. The way used to
characterise such a study was in terms of the ratio of ¢ mesons to all charged
particles. Figure 8.7 (b) shows this ratio in the pseudo-rapidity range of |n|
< 3.25 as a function of the charged multiplicity intervals. The multiplicity
determination is an essential measurement in heavy ion physics because the
initial energy available in the reaction, that is redistributed for producing
particles in the final state, is connected to the energy density reached in the
early phase of the collision [15]. This is usually estimated by the Bjorken

formula [147]:
(mt) chh
2Ry, dy YT

0 (8.2)

€Bjorken =

where (m;) is the average transverse mass of the produced particles, Ry is

dN_p,
dy

the nuclear radius, 73, is the thermalisation time, and ( )y=o0 is the charged
particle multiplicity at mid-rapidity. At the Tevatron this analysis suffered
from low statistics as shown in figure 8.7. Hence, measuring the ¢ at high
multiplicity in ALICE will allow us to explore a new energy range, offering the

possibility to study the role of a QGP phase transition in elementary collisions.
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Chapter 9

Prospects for reconstructing
¢$(1020) mesons in pp collisions at

the ALICE experiment

The analysis presented in this chapter summarises a performance study of the two-
body decay of the ¢ meson into a charged kaon pair at the ALICE experiment. In
particular, the subject of this chapter is the description of the analysis techniques
used, and the predictions of reconstructed ¢ resonance signals and backgrounds in

proton-proton collisions at LHC energies.
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9.1 Analysis overview

This analysis considers the impact of the particle identification of charged tracks
on the measurement of the resonance in question. This chapter is divided into four
sections. In the first section, an overview of the kinematic distribution for the study
of ¢ meson production is given, along with a preliminary study of the uncertainties
on different tuning parameters of the PYTHIA Monte Carlo event generator used.
In the second section, the basis of the background subtraction methods in resonance
production is given. It is followed by a discussion of the errors in calculation of
¢ particles parameters. In order to obtain a reference point for the rest of the
analysis, the reconstructed yields, mass and width are described when the particle
identification (PID) is ideal. Results are also presented for the LHC startup when
the particle PID system is not used. This chapter concludes with a summary of
the results obtained, and a discussion of the list of resonance properties that can
be measured during the early physics programme. Finally the particle identification

performance in pp collisions is discussed briefly.

The results presented here have been achieved using the AliRoot computing
framework [109], which is the official analysis software in the ALICE experiment.
In order to simulate high-energy proton-proton collisions at \/s= 14 TeV, the AL-
ICE experiment has chosen the PYTHIA MC event generator [111] for its minimum
bias interactions. The interface to PYTHIA includes the use of nuclear structure
functions provided by LHAPDF [148]. Unless otherwise stated, the version used
in this analysis was PYTHIA 6.214, and the tuning parameters were based on ex-
trapolations to LHC energies using the so-called “ATLAS tuning” [112]. This out-
put is passed to the detector simulation through GEANT3 [109] and then to the
reconstruction process. Each of the following subsections start by describing the
MC event sample that was used, followed by a description of the analysis strategy
implemented. Results from both fast-simulation and full-simulation methods are

discussed.
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9.2 PYTHIA event generation predictions

In order to understand the event inputs that were passed to the reconstruction
software, this chapter starts presenting an analysis of the generation level. A sample
of 100,000 events was generated for this purpose. This event sample contained a total
of 59,720 ¢ mesons, corresponding to an average of about 0.6 ¢ mesons per event.
The percentage of ¢ mesons that decay into a charged kaon pair was 48.89%, which
is consistent with the branching ratio (B.R.) reported from different measurements
on the Particle Data Group compilation (PDG) [20]. The scatter plot (F,Y) of
generated ¢ mesons is shown in figure 9.1, confirming that ¢ mesons can be found

mostly at mid-rapidity and at low values of transverse momentum.
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Figure 9.1: Scatter plot of transverse momentum versus rapidity (P,Y) for generated ¢ mesons

in proton-proton collisions at /s=14 TeV.
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9.2.1 Discrepancies between different extrapolations to LHC

energies

Because discrepancies have been reported between the output given by different
Monte Carlo event generators and their tuning parameters [112, 149], a study was
carried out to check for any modifications on the kinematic distributions, or pro-
duction yield of ¢ and K* mesons. This in the context of PYTHIA event generator
predictions. In order to do so, a more recent version of PYTHIA and two differ-
ent tuning parameters at LHC energies were used. Thus, three samples of 100,000

events were produced by implementing the following configurations:

e Sample 1: PYTHIA 6.214 with ATLAS tuning [4, 15];
e Sample 2: PYTHIA 6.326 with ATLAS tuning; and

e Sample 3: PYTHIA 6.326 with minimum bias tuning [149].

Sample 1 is the standard configuration that has been used in the ALICE physics
performance studies. Because the same tuning parameters were used on sample 1
and sample 2, a comparison between them can provide an indication of any possible
changes in their kinematic distributions due to the PYTHIA version used. It was
found that the multiplicity and pseudo-rapidity distributions of charged kaons in
both predictions are in good agreement. Similarly, the rapidity, transverse momen-

tum and multiplicity for ¢ mesons are essentially unchanged.

Samples 2 and 3 were also studied. Their comparison should shed light on the
significance of the tuning parameters since both event samples were produced using
PYTHIA 6.326 [150]. It was found that the multiplicity of generated kaons, for
example, is reduced dramatically for sample 3 (see figure 9.2 (a)). In particular,

the rate of generated ¢ mesons is about 31% less in sample 3 relative to sample 2.
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In figure 9.2 (d), a clear discrepancy in the transverse momentum of ¢ mesons is

observed between the mentioned predictions for Py < 1.2 GeV/ec.

In order to summarise these results, table 9.1 presents a comparison between
the three samples studied in terms of the average number of particles per event. It
can be concluded from this table that when the tuning parameters were unchanged,
the kinematic distributions (multiplicity, Py, and Y) of these particles remained
fairly similar. There are in fact a significant number of parameters involved in these

changes, the most important of them to point out are:

The Parton Distribution Functions (PDF). However, all these three samples
use a PDF set provided by the CTEQ group.

The parameters of PYTHIA related to strangeness production (e.g. the strange

suppression factor relative to the up and down quark) were unchanged.

The parameter associated to the probability of a given particle to be a vector

(1) rather than a pseudoscalar (O~") was not modified.

The ¢ —K* K~ branching ratio was essentially unchanged for all predictions.

Table 9.1: Comparison of the particle production rate of generated ¢ mesons between PYTHIA
6.214 and 6.326 version along with different MC tuning parameters. The table shows the true

values.
sample 1 | sample 2 | sample 3
¢ meson (average per event) 0.6 0.6 0.4
¢ — K"K~ B.R. 48.9% 49.0% 48.6%
7 (average per event) 61 68 48
K#* (average per event) 8 8 5

The average number of “findable” ¢ mesons per event (upper row in table 9.2) is

similar for sample 1 and 2, but different for 1 (2) and 3. ‘Findable” refers to those
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Table 9.2: Comparison of the “findable” generated ¢ — K+ K~ mesons (i.e. inside the ALICE ge-
ometrical acceptance for the central detectors) between different PYTHIA 6.214 and 6.326 version

along with different MC tuning parameters. The table shows the true values.

Average per event | sample 1 | sample 2 | sample 3

Findable 0.02 0.02 0.02
Findable/generated 0.08 0.08 0.08

particles found inside the geometrical acceptance at mid-rapidity (|n| < 0.9). As
expected, the ratio of findable divided by the generated ¢ mesons is the same for all
three samples as this value is just an estimate of the mean acceptance with slightly
different values. At least to first approximation, a conclusion can be drawn by stating
that the observed discrepancies in the ¢ production rate is correlated with changes
in the charged-particle multiplicity of the minimum bias pp event. However, particle
ratios such as K/7 and ¢/m do not seem to be exactly constant, so the correlation

is not perfect. More studies in this direction are needed to investigate this further.
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Figure 9.2: Comparison of PYTHIA 6.326 with the ATLAS tuning (dots, sample 2) relative to

the minimum bias tuning (crosses, sample 3). Panel (a): multiplicity of charged kaons. Panel (b):

transverse momentum of K+. Panel (c): pseudo-rapidity distribution of K+. Panel (d): transverse

momentum of ¢ — K+ K~ at mid-rapidity.
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9.3 Steps in analysing the ¢ meson in pp collisions

The steps in analysing the ¢ meson start firstly with the identification of all possible
charged kaons and retrieving the momentum of each. Secondly, the reconstruction
of the invariant mass of each K+ K~ pair within each event for different rapidity and
transverse momentum regions is carried out. Thirdly, the combinatorial background
is subtracted making use of a background estimation technique. Finally, a fit to the
K* K~ spectrum is performed using a (relativistic) Breit-Wigner distribution [113],
which allows one to calculate, for example, the ¢ meson yields as a function of

transverse momentum.

9.3.1 Invariant mass calculation

After the reconstruction process, the invariant mass distribution for each KK~

pairs can be obtained by calculating:
|Miny|* = (Ex+ + Ex-)* = [P+ + P %, (9.1)

where the quantities E and 7, on the right hand side, refer to the kinematic energy
and momentum of the K+ and K~ tracks in each pair respectively. The typical
invariant mass spectrum exhibits peaks above the curve, which are around the known

masses of the associated resonances at their specific decay mode.

The usual way to reconstruct the signal of resonances is by pairing all charged
tracks in the same event and evaluate the effective mass, as given in 9.1. The
challenge ahead is to subtract the combinatorial background so the signal can be
extracted and analysed. A problem arises as most of the invariant mass distribution

is composed of the combination of highly uncorrelated tracks.
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9.3.2 Errors in calculation of resonance properties

Resonance properties are studied by measuring the resonance momentum compo-
nents, transverse momentum, mass and rapidity. These measurements are obtained
through the momentum of the decay tracks. In section 3.3 a description of the
ALICE physics performance is given, including the track momentum measurement.
Errors in this measurement can propagate to the reconstruction of resonance prop-
erties. In this section, a review of the invariant mass and transverse momentum

resolution of ¢ mesons is given.

Mass resolution

Figure 9.3 shows the invariant mass resolution of charged kaon pairs, defined as
the generated invariant mass minus the reconstructed invariant mass. As expected,
and in contrast to what has been reported for other resonances, such as the p°
meson [151], the invariant mass resolution does not present any mass shift. A
Gaussian fit to the invariant mass resolution was performed obtaining a resolution
of 1.04 + 0.02 MeV/c? within a selected mass window of 1.019 £ 0.02 GeV/c?, for

all values of transverse momentum.

Transverse momentum resolution

Figure 9.4 shows the errors in the reconstructed transverse momentum of ¢ mesons.

This has been defined in terms of the “inverse resolution” given by

1 _ 1
Pt,rec(qs) Pt,sim(d))

( )/ Pr,sim (9), (9.2)

where P; gi (¢) and P, ,..(¢) are the generated and reconstructed transverse mo-

mentum of the ¢ particle respectively. From a Gaussian fit to the inverse transverse
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Figure 9.3: Distribution of the difference between the generated invariant mass of charged kaon
pairs, and the reconstructed invariant mass. A fit with a Gaussian curve is performed. A sigma

value of 1.04 + 0.02 MeV/c? was obtained within a selected mass window of 1.019 + 0.02 GeV /.
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momentum resolution, a 0 = 0.60 £+ 0.03 GeV/c was obtained for 0.2 < P, < 2.2
GeV/e. This means that for a ¢ meson with transverse momentum equal to 1.5

GeV/e, a resolution of about 2.6 MeV/c is obtained.
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Figure 9.4: Errors in the measurement of the ¢ transverse momentum, defined in terms of
the inverse transverse momentum resolution (see equation 9.2). A fit with a Gaussian curve is

performed. A o0 = 0.60 £ 0.03 GeV/c was obtained for 0.2 < P, < 2.2 GeV/ec.

Conclusions

The errors obtained in this section for the mass and inverse transverse momentum
resolution have been found to be small. These come from track momentum mea-
surement. The consequence is that the uncertainties on the calculation of the ¢
meson properties (invariant mass, transverse momentum) are also small, and they

should not affect the results presented in the remainder of this chapter.
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9.3.3 Background subtraction
Like-sign method

The methods performed on a same-event basis are known as “like-sign” methods
as they work by pairing like-sign pairs (KTK* and K~K~) in the same event.
Two generic versions of this technique can be used for resonance studies. They are
known as the “sum” like-sign option and the “product” like-sign one, related to
the arithmetic and geometric mean respectively. The first of them is described by
equation 9.3 and the second one is given by equation 9.4. A derivation of these

formulae can be found in [129].
N*t= = N** £ N, (9.3)

Nt~ 2V/N+TN—. (9.4)

In equation 9.3, the multiplicity distribution of pairs is modelled by a binomial
distribution. On the other hand, for equation 9.4 a Poisson distribution is used as

a more realistic approach for the combinatorial background.

Mixing event method

In addition, it turns out that it is possible to perform a similar calculation to
that of the like-sign method by matching pairs where tracks are from different
events [152, 153]. The mixed event method is particularly common when analysing
backgrounds in high-multiplicity environments such as those presented in heavy ion
collisions. As there are more tracks in an event, any possible kinematic effect that
one of them might have on another “far apart”, should be less significant than in
small-multiplicity events, especially so when no correlation between tracks is as-
sumed. Based on this idea, the estimation of the combinatorial background by

mixed events uses positive tracks taken from one event and negative tracks from a
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different but “similar” event. Figure 9.5 shows a schematic description of the event
mixing method. The event similarity is defined in terms of specific criterion that
have to be imposed depending on the analysis in question. In section 9.5 a descrip-
tion of the background subtraction in terms of the mixing event method is given.
An example of a event similarity is the restriction that those events that are to be
mixed contain a similar number of charged tracks. The total number of entries in
the mixed-event distribution would usually have bigger statistics than its associated

same-event estimation; each event can be combined with many other events.

It was found that in qualitative terms, mixed-events reproduce the shape of the
background very well but the signal can easily be distorted [153]. In the heavy-
ion physics community there is not currently a complete agreement on how best to
construct a mixed-event background. Both methods were studied for the present

analysis.

Errors in background subtraction

The background subtraction represents a significant source of systematic errors when
the invariant mass distribution is overpopulated by background pairs. If this is so,
the systematic error needs to be taken into account. When particle ID is used, the

background is relatively small and it can be modelled easily.

9.3.4 Fitting method

In order to extract the mass, width and yields of the ¢ particles, a fit is necessary.
The mass window selected for the ¢ does not need to be very large as the ¢ peak
is narrow. The selected interval was 20 MeV/c¢? around 1,019.456 MeV/c?. The
resonance peaks were fitted both to a non-relativistic (RBW) and relativistic Breit-

Wigner function (RBW) [113]. The fit itself was carried out by MINOS [154]. This
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Figure 9.5: Schematic description of the event mixing method. The mixed event shown here has
a multiplicity equal to two. One of its charged tracks belongs to the event A (Tj{) and the other
track to event B (Tg)
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routine makes adjustments to the parameters in order to minimise the x?2.

Non-relativistic Breit-Wigner (BW)

The non-relativistic Breit-Wigner is given by:

N r
AN _ 4« . (9.5)
dm (m — m0)2 + T

where the mass (mg), width (I') and size (A) are free parameters. The Breit-Wigner
is used here as the PYTHIA event generator uses a Breit-Wigner function to generate
the ¢ particles. However, a relativistic Breit-Wigner should be used in the real

data [113].

Relativistic Breit-Wigner (RBW)

The relativistic Breit-Wigner used for a ¢ meson is given by:

ﬂ _ mmgl'(m)
dm (m2 — m%)Q + (mor(m))zﬁ (96)
where
Clm) = 2P (07
P = \/m (9.8)
q=VQEEfE§ (9.9)

9.3.5 Signal significance estimation

The signal significance is defined as the number of ¢ signals divided by the statistical
fluctuation of the number of ¢ mesons plus the number of background pairs, which

is given by:

S
vVS+ B

Significance = (9.10)
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where S is the number of ¢ signals in a particular mass window region, and B is the
number of the combinatorial background pairs in the same mass region. Because
the signal significance is proportional to \/Nevents, it improves as the number of
events increase. The signal significance obtained in this thesis were carried out
by calculating the signal S from the fitted value of the reconstructed yields, after

background subtraction.

If a significance Sigy is obtained for a sample with number of events Ny, the

number of events required (N) in order to obtain a significance Sig is:

-
N = NO(Si—lggo)Q. (9.11)

This is so assuming that the signal-to-background ratio is a constant value. Projec-

tions can be obtained from this formula as shown later in this thesis.
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9.4 Reconstructed ¢(1020) mesons in pp collisions

at the ALICE experiment

9.4.1 Event generation and track selection

Events distributed by GRID services were not available at the time this analysis
was carried out. Hence, the Monte Carlo data sample used in this analysis was
produced using a fast-simulation method developed by the Birmingham group [151].
This routine attempted to reproduce the output given by the detailed simulation that
passed through the full chain of the reconstruction software. It has been successfully
applied in the analysis of the p° meson both in pp and Pb-Pb collisions [15]. A sample
of 7x10® minimum bias PYTHIA events was analysed, and the track selection was

based on the following points:

e Because the short lifetime of resonances, they all decay at the primary vertex,
so the track selection excludes particles from secondary interactions. Impact
parameter cuts were applied to the primary vertex as described in [151]. The
remaining secondary particles are few in number and they have been ignored

by the fast simulation method.
e The tracks were selected at mid-rapidity (|n| < 0.9).
e No cuts, either on multiplicity, or on in transverse momentum were used.

e The particle ID was used with a 100% PID efficiency for kaons, i.e. although
the reconstruction was carried out fully, the Monte Carlo truth information

was used to identify the true kaons.
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9.4.2 Errors in fitting reconstructed signals
Reconstructed mass and width

Fits to the reconstructed ¢ meson signal were performed removing the background
using the Monte Carlo truth information. For example, figure 9.6 shows the rela-
tivistic Breit Wigner fit to ¢ signals with a transverse momentum of 1.4 < P, g+ - <

1.6 GeV/c.
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Figure 9.6: Relativistic Breit Wigner fit to reconstructed ¢ signal (1.4 < Py g+x- < 1.6 GeV/c),

with background removed using the MC truth information.

In order to determine any possible effect of the line shape distortion described
in chapter 8, the fitted masses and widths are obtained as shown in table 9.3 and
table 9.4. As expected, the fitted masses do not show a mass shift with respect to
the generated value, and with respect of the PDG value: mppg = 1019.456 MeV /c?
and Tppg= 4.26 + 0.05 MeV/c? [20]. However the width is slightly away from the

generated value, therefore the effects on efficiency correction on the measurement
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of width should be studied in the future. The errors for both measurements, mass
and width, are small, and their central values are not significantly deviated from
the generated values. Figure 9.7 shows the widths of the reconstructed ¢ mesons
as a function of transverse momentum of the charged kaon pairs, with background
removed using the Monte Carlo true information. The values shown correspond to

the fitted values obtained by a RBW fit.

Table 9.3: Reconstructed ¢ meson mass and width as a function of transverse momentum from
P, >0.2 GeV/c to P, <2.0 GeV/c. The fitted values were obtained from both a non-relativistic
(BW) and relativistic Breit-Wigner (RBW) fit, in presence of no background.

P; (GeV/c) Mass (MeV/c?) Width (MeV/c?)
RBW BW RBW BW
All 1019.25+0.02 | 1,019.50+0.02 | 4.2840.035 | 4.35+0.035
02 < P, <04 | 1019.54+1.02 | 1,020.16+1.18 | 8.784+3.95 | 9.61+4.51
04 < P, <06 | 1019.214+0.09 | 1,019.43+0.09 | 4.13+0.19 | 4.34+0.20
0.6 < P, <0.8| 1019.24+0.05 | 1,019.4840.05 | 4.2740.11 | 4.29+0.11
0.8 < P, <1.0| 1019.21£0.05 | 1,019.46+0.05 | 4.2840.10 | 4.34+0.10
1.0< P, <1.2| 1019.26+0.05 | 1,019.484+0.05 | 4.07+0.10 | 4.1140.10
1.2 < P, <14 | 1019.21+0.06 | 1,019.46+0.05 | 4.32+0.12 | 4.384+0.12
14 < P, <1.6| 1019.304£0.06 | 1,019.574+0.06 | 4.36+£0.12 | 4.32+0.12
1.6 < P, < 1.8 | 1019.2840.06 | 1,019.504+0.07 | 3.94+0.12 | 4.0040.12
1.8 < P, <2.0] 1019.31£0.075 | 1,019.554+0.07 | 4.20+0.14 | 4.31+0.145

9.4.3 Background estimation

Figure 9.8 shows the KK~ invariant mass distribution and the estimation of the
background using the like-sign method by assuming 100% PID efficiency for kaons.
The ¢ signal is clearly seen over the combinatorial background obtained for the

K*K~ pairs. The main focus of this chapter will be on reconstructing ¢ mesons

176



P
ol

(20
—a
-
-
-
.
.
J—
—-—
—.—
—a—
—a—
—a—
S
S
S
R
R
=

Width (MeV/c?)
N w
U1 W

N

15

0.5

0.5 1 15 2 25 3 5
(GeVic)

3.
p

t
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Table 9.4: Reconstructed ¢ meson mass and width as a function of transverse momentum from
P, >2.0 GeV/c to P, <4.0 GeV/c. The fitted values were obtained from both a non-relativistic
(BW) and relativistic Breit-Wigner (RBW) fit, in presence of no background.

P, (GeV/c) Mass (MeV/c?) Width (MeV/c?)

RBW BW RBW BW
20 < P, <22 1019.20+0.07 | 1,020.424+0.07 | 4.10£0.155 | 4.1740.16
22< P <24 1019.21£0.09 | 1,019.46+0.08 | 4.17£0.165 | 4.1340.16
24 < P, <26 | 1019.22+0.09 | 1,019.4840.09 | 4.24+0.18 | 4.2840.18
26 < P, <28 1019.45+0.09 | 1,019.67+0.09 | 3.97+0.18 | 4.01£0.18
28 < P, <3.01019.34+£0.155 | 1,019.59+0.11 | 4.34%+0.23 | 4.47£0.23
3.0< P <32 1019.42+0.11 | 1,019.654+0.10 | 4.10+0.23 | 4.0540.22
32< P <34 1019.26+0.13 | 1,019.484+0.12 | 4.12+0.28 | 4.1040.26
3.4< P, <36 | 1019.39+0.14 | 1,019.64+0.14 | 3.79+0.23 | 3.8640.24
3.6 < P, <38 1019.63+0.15 | 1,019.844+0.14 | 3.67+0.255 | 3.65+0.25
3.8 < P, <4.01019.11£0.093 | 1,019.40£0.155 | 3.70x0.27 | 3.80£0.28
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without using the particle ID information provided by the detectors. Therefore, a

description of the background subtraction will be given in the following section.
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dots) is also shown.
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9.5 Prospects of  meson production at the LHC
startup: early physics in ALICE

9.5.1 Motivations

The narrow width and the good signal-to-background ratio for the ¢ imply that the
ALICE experiment should be able to detect it early in the running of the LHC.
Hence, prospects of ¢ meson measurements during the LHC start-up were studied.
However, during that period the particle identification system might not be fully
tuned. A study was carried out to investigate the prospects for measuring ¢ mesons
without accessing any of the PID information provided by the detectors. The ex-
traction of the signal was performed for different sub-ranges of transverse momenta,
and an estimation of the signal-to-background ratio and the signal significance were

obtained.

9.5.2 Event and track selection

A sample of 7x10° minimum bias PYTHIA events at /s = 14 TeV was analysed,

as described in section 9.4. The track selection was the following:

e The track selection was such that only charged tracks with a transverse mo-
mentum greater than 0.1 GeV/c, and less than or equal to 4 GeV/c were

studied.
e Secondary tracks were removed as described in 9.4.

e The background subtraction was carried out using both the like-sign and mix-

ing event method (see below).
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e In order to separate events with low-multiplicity charged tracks, the event
sample was divided into multiplicity ranges so that events with high corre-
lations between track particles can be ignored. Therefore, three cases were

defined as a function of the multiplicity of negative tracks.

e No particle ID was used, i.e. the invariant mass distribution for two charged

tracks was produced assuming all tracks to be kaons.

9.5.3 Charged track multiplicity measurement

Figure 9.9 shows the multiplicity of charged tracks at mid-rapidity (i.e. |n| < 0.9) for
this sample of 7x10°® minimum bias PYTHIA events. The total number of events
selected from this sample was 5.25 x10° events. Table 9.5 shows the number of
events and mean multiplicity as a function of the charged track multiplicity for the

selected sample.

9.5.4 Background subtraction

Figure 9.10 shows the invariant mass distribution for two charged tracks, not using
the information provided by the particle identification (PID) with both tracks as-
signed as kaons; the negative charged multiplicity was required to be in the range
between 5 and 25, and only tracks at mid-rapidity (|n| < 0.9) were considered. The
peak observed at 1.019 GeV/c? belongs to the ¢ meson.

The mixed event method was also studied for background subtraction purposes.
The condition of “similarity” in the mixed event method was imposed by order-
ing the events according to the multiplicity of the negatively charged tracks; only
events where the difference in the negative charged track multiplicity is less than 10
were mixed. Similar results were obtained for maximum difference of less than 5,

or 7. Figure 9.11 shows the comparison between the mixed event background (open
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Figure 9.9: Multiplicity of charged tracks at mid-rapidity (i.e. || < 0.9) for this sample of 7x10°

minimum bias PYTHIA events.

Table 9.5: Number of events as a function of the charged track multiplicity at mid-rapidity (i.e.

In| < 0.9), and its associated mean multiplicity.

Multiplicity range Number of events Mean multiplicity
Jichg <5 2.6 x10 2

9 < pepg < 20 2.1 x108 11

25 < feng < 90 510,449 34

50 < pieng < 100 81,806 58

100 < prepg < 150 20 105
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Figure 9.10: Invariant mass of two charged tracks when no particle ID is used, in pp collisions

at 14 TeV. The peak at 1.019 GeV/c? corresponds to the ¢ resonance.
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circles) with the like-sign estimation (full dotted). Because of the difficulties in con-
structing a mixed event distribution, and taking into account the good performance
of the like-sign method, only the same-event like-sign background estimation will be

considered for the remainder of this chapter.

X
iy
o

w

=
(o]
o

=
[e2]
o

=
N
o

Counts / (1 MeV/c?)

100

B [o)] o]
o o o
8III|III|III|III|III|III|III|III|III|I

N
o

Il I Il Il Il |
1 1.02 1.04 1.06 1.08

Inv. mass (GeV/c?)

o)

Figure 9.11: Comparison of the mixed event background (open circles) with the estimation
provided by the like-sign method (full dotted). The mass distribution was obtained from 2x10°

pp minimum bias events.

It was found that by applying a relatively high transverse momentum cut on the
candidate pair, the ¢ meson peak could be resolved. Figure 9.12 shows the results
for the K™K~ invariant mass spectrum in pp collisions for pairs with 2.4 < p; < 2.8
GeV/c and figure 9.13 shows this spectrum after the subtraction of the background,
showing that a resonance signal above the combinatorial background can be obtained

from 7x10°® events. The resonance peak was fitted as described in section 9.3.4.
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Figure 9.12: Invariant mass spectrum in pp collisions without accessing the PID information

from the detectors. A cut on the transverse momentum of the pair of 2.4< p; <2.8 GeV/c was

used.
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< ey <25.
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9.5.5 Reconstructed mass and width

Table 9.6 shows the reconstructed mass and width of the ¢ after background subtrac-
tion. In the same way as described above for the reconstructed yield measurements,
the fitted values of both the mass and width were obtained by a relativistic Breit-
Wigner (RBW) fit described in section 9.3.4, with a mass window of 20 MeV/c?
around 1019.456 MeV /c?. The fitted mass values are consistent with those pre-
sented in section 9.4.2. However, the width values are underestimated. This comes
from a systematic error in the background subtraction due to an invariant mass
distribution dominated by the combinatorial background. Further studies will be
needed in order to assess the best way to estimate the systematic errors in these

measurements.

Table 9.6: Reconstructed mass and width of ¢ meson signals after background subtraction, when
no particle ID is used. The fitted values are shown as a function of transverse momentum and

charged negative track multiplicity.

P, (GeV/e) Mass (MeV/c?) Width (MeV/c?)
All B fineg <25 All B fineg <25
1.2 < P, < 1.6 | 1019.37 £ 0.04 | 1,019.54 £ 0.04 | 4.02 + 0.07 | 3.76 & 0.08
1.6 < P, <2.0]1019.26 4+ 0.04 | 1,019.95 £ 0.03 | 3.05 £ 0.05 | 2.28 £+ 0.05
2.0< P, <24 |1019.55 £ 0.04 | 1,019.78 4+ 0.05 | 3.50 + 0.075 | 3.67 4 0.09
24 < P, <28 |1019.22 + 0.05 | 1.019.39 4+ 0.06 | 3.34 + 0.078 | 2.68 + 0.07

9.5.6 Reconstructed yields: signal and backgrounds

The reconstructed yields of ¢ signal and the combinatorial backgrounds were ob-
tained. After background subtraction, the invariant mass spectrum was fitted by
a relativistic Breit-Wigner (RBW) fit described in section 9.3.4. The mass window
used was 20 MeV/c? around 1019.456 MeV/c?. Table 9.7 shows the reconstructed

signal after background subtraction and the combinatorial background yields as a
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function of transverse momentum of the charged track pairs. This was calculated

for all multiplicities and for the case when the charged negative track multiplicity

was 5< pineg <25. The signal-to-background ratio and signal significance (defined

in section 9.3.5) of these values are shown in table 9.8. As envisaged, the signal-

to-background ratio does not appear to change significantly with respect to the

multiplicity ranges used. As expected, this ratio increases with higher values of

transverse momentum cuts.

Table 9.7: Signals and backgrounds for reconstructed ¢ mesons after background subtraction as

a function of transverse momentum of the charged track pairs. These values were obtained for all

multiplicities and for negative charged track multiplicities of 5< f1peq <25.

P, (GeV/e) Signal Background
All < fhpeg <25 All 9L Yhneg <25
1.2 < P, <1.6|5263+67| 4291 + 61 | 1.06x10° 4+ 1.03 x103 | 75,3707 + 868
1.6 <P, <20 3,872+54| 2,656 + 44 310,024 £ 557 222,507 £ 472
20 < P, < 242920 + 48 | 2,171 + 41 117,401 + 343 85,183 + 292
24 < P, <28 2225 +41 | 1457 £ 32 94,950 + 234 40,174 £ 200

Table 9.8: Signal-to-background ratio and signal significance for reconstructed ¢ mesons af-

ter background subtraction as a function of transverse momentum of the charged kaon pairs.

These values were obtained for all multiplicities and for negative charged track multiplicities of

5< tneg <25.
P; (GeV/c) S/B S/VS+B
All 5< tneg <25 | All | 5< pipey <25
1.2 < P, < 1.6 |0.005 % 6x107° | 0.006 + 8x1075 | 5 5
1.6 <P, <20 0.01+2x107* | 0.012 + 2x107* | 7 6
2.0 < P, < 240025+ 4x107* | 0.025 + 5x107* | 8 7
24 < P, <28 0.04+7x10"* | 0.04 £ 8x10™* | 9 7
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9.5.7 Projections for early physics programme

Using an average signal significance of 7 (see table 9.8), projections for an early

physics programme can be obtained. Table 9.9 shows the projections for the num-

ber of events needed to obtain the signal significance quoted. This was obtained

by extrapolating from a significance equal to 7, and assuming that the signal-to-

background ratio is a constant value. The data taking time needed to obtain the

estimated number of events is also shown for 80 Hz of inelastic rate (£ = 10%°
2

cm 257! and oy ~ 100 mb). This can be considered as a realistic estimation for

the LHC startup.

Table 9.9: Projections for the number of events needed to obtain the signal significance quoted,
extrapolating from a significance equal to 7 and assuming that the signal-to-background ratio is
constant. The data taking time needed to obtain the estimated number of events is also shown for

an inelastic rate of 80 Hz.

Significance | Number of events | Data taking need (time in weeks)
80 Hz
10 1.4 x107 0.3
15 3.2 x107 0.7
20 5.7 x107 1.2
25 8.9 x107 1.8

9.5.8 Reconstructed transverse momentum distribution

The reconstructed transverse momentum of ¢ mesons after background subtraction,
without using particle ID, was compared to the associated MC truth distribution.
Figure 9.14 shows this comparison, only reconstructed signals between about 1.2
and 2.8 GeV/c are shown here. The region above 3 GeV/c was not explored in this

study as it requires better statistics than those available for this analysis.

In order to compare the two distributions shown in figure 9.14, figure 9.15 shows
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Figure 9.14: Comparison of the reconstructed ¢ meson transverse momentum (the four filled
circles shown here) with the associated MC truth distribution given by PYTHIA. Distribution for

negative charged tracks multiplicities of 5< pineg <25.

the reconstruction efficiency of reconstructed ¢ mesons as a function of transverse
momentum, which was defined as the reconstructed signal divided by the associated
one from the MC truth information, and then multiplied by 100. This figure shows
that the efficiency is not a constant but increases as a function of transverse mo-
mentum. This is in agreement with what has been presented previously (see section
9.5.6) regarding the signal significance, i.e. both of them increase as the transverse

momentum of the pair increases.

Further studies will be needed in order to carry out corrections for such a dis-
tribution. With the use of particle ID, the transverse momentum region below 2
GeV/c will be reconstructed fully. This study concludes that only using a relatively
high transverse momentum cut on the candidate pair can the ¢ signal be resolved

without the use of particle ID.
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Figure 9.15: Reconstruction efficiency of ¢ mesons in pp collisions at 14 TeV, as a function of

transverse momentum (see figure 9.14).
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9.6 PID performance in pp collisions

A detailed simulation was carried out to perform the full-simulation effects of the
PID system. A sample of 140,000 full-simulated pp events was generated using
the Particle Data Challenge (PDC’05) configuration [109]. All the main tracking
detectors (ITS, TPC, TRD and TOF) were included in the full chain of the execution
flow of the simulation and reconstruction software. A description of the particle
ID performance was given in section 3.3. As mentioned in this section, in order
to identify any charged particles, a Bayesian approach is used [109]. There are
basically two possibilities to obtain the particle identification information provided
by the ALICE detectors: one of them is to identify kaons using a specific detector,
and the other option is to combine information coming from several detectors, with
the aim to decrease the probability of misidentification. In the present study, all
tracks were required to have a “combined PID”, i.e. all PID central detectors were
involved in the process. For this analysis, the kaon-like tracks were defined as all
tracks where the PID weights for being a kaon is greater than any other species. All

tracks surviving this PID process were treated as kaons.

Figure 9.16 shows the reconstructed invariant mass distribution of K+ K~ pairs
obtained from this event sample. A peak corresponding to the ¢ meson can clearly
be seen above the combinatorial background, as estimated by the like-sign method.
In this study, no cuts on the multiplicity of charged particles were used since the

sample analysed was relatively small in size.

After subtraction of the combinatorial background, the ¢ meson signal can be
extracted. Although the PID method included all the central detectors mentioned
above, it was not optimised fully. In figure 9.17 kaons misidentified as electrons
(v conversions) are observed at low values of the effective mass distribution. More
strict cuts on the impact parameter or transverse momentum cuts will remove such

background as was shown in previous sections. Alternatively, the TOF and TPC
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Figure 9.16: Reconstructed invariant mass distribution of K+t K~ pairs obtained from 140,000

pp minimum bias events. Realistic particle identification was used.
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capabilities at different ranges of momentum can also be used for this purpose.
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Figure 9.17: Reconstructed invariant mass distribution of K+t K~ pairs obtained from 140,000

pp minimum bias events. Realistic particle identification was used.

The conclusion of this analysis is that, using the particle ID system, the ¢ meson
can be extracted from the background easily in pp collisions, allowing the measure-
ment, for example, of transverse momentum, mass, width, yields, rapidity with a
relatively small data sample. The particle ID performance has been found to have
a significantly larger impact on the measurements of ¢ mesons in Pb-Pb collisions.

Studies in this direction can be found in [15].
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9.7 Conclusions and outlook

A performance study of the ¢ meson in proton-proton collisions has been described
in this chapter. Special attention was paid on the effect of the particle identification
in the measurement of the mass and the width of reconstructed ¢ meson signals
after background subtraction. The reconstructed yields were also obtained. This
study concluded that the like-sign method can be used for background subtraction
in pp collisions. These results indicate that ALICE should be able to obtain a signal
significance good enough to produce a publication by the end of the first week of
data taking, assuming the particle identification is the main issue of the analysis
during that period. This study concluded that this can only be achieved by using
a relatively high transverse momentum cut on the charged track pair. Such a first
publication on the ¢ can provide a first measurement of its mass and the width at

LHC energies, as well as its transverse momentum distribution.

Further studies as a function of the event multiplicity are needed, because it is at
high multiplicities where the ¢ meson can provide an insight into the role of the QGP
phase transition in elementary collisions as described in chapter 8. Further studies
will be needed to assess the use of high multiplicity triggers so that the ¢ meson

study will remain part of the early physics programme in the ALICE experiment.
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Conclusions

The role of ALICE in the LHC experimental programme is based on the most
fundamental concepts of QCD physics. An insight into the novel aspects of heavy-
ion physics at the LHC was given in this thesis. Although each chapter contains a

conclusion section, a summary of them is given below.

A systematic test of cable signal transmission

A systematic test of cable transmission was carried out. This was achieved by using
a specially modified version of the Local Trigger Unit (LTU) called a LVDS tester.
This software allow us the calculation of bit-error rate measurements (BER). A
rather sophisticated timing implementation was developed in order to calculate the
uncertainties of the BER measurements (called “sampling window” determination).
Measurements have demonstrated almost error-free transmission over cable lengths

of up to 60 m, even without the use of an impedance equaliser circuit.

Lepton-pair production at central rapidities in pp collisions

at /s = 14 TeV

Another study based on the use of the electromagnetic process pp — ppete™ at

central rapidities was carried out in order to investigate its use as a luminosity
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monitor in ALICE. The study looks at this process in the case where the eTe™ pairs
are produced at mid-rapidity (|n| < 0.9). An estimate of the signal-to-background
of S/B > 0.26 at 95% Poisson confidence level was obtained for one normalised year

of data taking. The outlines of future directions of this analysis were also discussed.

¢ meson production in pp collisions at /s = 14 TeV

A physics performance study of ¢ meson production was carried out. This study
includes a careful study of how the ¢ — K™K~ is reconstructed in the ALICE
experiment with particular attention to particle identification. The combinatorial
background for resonances, such as the ¢ meson, is expected to be extremely large at
the LHC due to the high-multiplicity environment. The combinatorial background
was successfully estimated using the like-sign method. This is a relevant result as
it would be easier to perform it than the mixed-event method during LHC start-
up. A preliminary study of the uncertainties in the predictions made by different
currently available versions of the PYTHIA event generator was also carried out.
This analysis concluded that there are discrepancies which come from the different
estimations available of the charged particle multiplicity at low values of transverse
momentum in the event. In pp collisions, a performance study of measurements of
¢ meson production during the first physics period of ALICE running, i.e. when
particle identification is not tuned, demonstrated that measurement of ¢ production
yields, and measurements of its mass and width will be possible, even with limited
statistics. The estimations are that an early study of the ¢ meson can be carried

out after one week of data taking at LHC startup estimated conditions.

The physics performance analyses discussed in this thesis will be carried out on
the first dataset that the ALICE experiment is due to accumulate in pp collisions
by the end of next year. Therefore, the results obtained in this thesis will be used

by the LHC physics community in anticipation of the LHC start-up.
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Appendix A

Luminosity measurement

For rare events with a small production cross-section, the number of interactions
for a given process is an essential quantity. The concept of luminosity was intro-
duced to describe such information by relating the cross-section and the number of
interactions of a particular event. In other words, the luminosity gives information
about the capabilities of a particle accelerator to produce the number of interactions

required for a specific process. The event rate is given by
R=L-o, (A.1)

where L is the luminosity (in cm~2s7!), and ¢ is the cross-section for such process.
The luminosity depends on the beam parameters, and the beam-beam interactions.
It can be defined, assuming two oppositely directed beams of relativistic particles

that overlap completely, as
N1 N,

L=fn 1

(A.2)

where f is the revolution frequency, n is the number of bunches in either beam
around the ring, N; and Ny are the number of particles in each bunch and A is the
cross-sectional area of the beams. The expected luminosity for ALICE is about 103!

cm 25t and 10%” ¢cm 2?s™! in pp and Pb-Pb collisions respectively (see table 3.2).
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In order to estimate the luminosity, one can measure any of the following pro-

cesses!:

e The total cross-section and the inelastic cross-section:

By using the optical theorem [155], it is possible to obtain a relation between
the rate of elastic events in the forward direction and the total rate of the pp
collisions (Ry,t). The TOTEM experiment will perform such a measurement
to obtain the total cross-section at the LHC [78]. In other words, the total

cross-section is measured by a luminosity-independent method:

16 (dN./dt)izg
1 + ,02 Nel + Ninel ’

Otot =

(A.3)

where p is the ratio of the real to the imaginary part of the forward elastic
amplitude, and t is the Mandelstam variable t. The total cross-section can be
measured with an absolute error of about 1 mb. A more detailed information
about this method and its current status in the TOTEM physics programme

can be found in various documents [78, 156].

In ALICE, the event rate R can be obtained by multiplying the detector ac-
ceptance (Acc) to the total rate of the pp collisions. Thus, the luminosity can

be measured and monitored from:

R

ACC * Ojinel )

L (A.4)

The inelastic rate is in principle composed of the sum of the rates of the
inelastic non-diffractive, the single-diffractive and the double-diffractive pro-
cesses. Figure A.1 shows the detector acceptance in pseudo-rapidity for these
processes. Experience at the Tevatron has indicated that the error in the de-
tector acceptance can be reduced to a few per cent and the total uncertainty

is dominated by the error in inelastic rate (about 5%) [4].

e 7% and W* boson production: In order to use a specific production process

for luminosity measurement, its cross-section must be well-known. In other
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words, the uncertainties in the theoretical calculations should be similar to
or better than the envisaged experimental accuracies. In recent years, both
7° and W¥ particle production have been considered to be key processes for
luminosity control due to their clean signal and because their cross-sections

are large, with theoretical calculations available at a good accuracy level.

e The lepton-pair process pp — pltl p: As the ALICE experiment has not
been designed to perform precision measurements of Z° and W+ W~ bosons, a
study of the lepton pair (IT/™) production is needed to investigate the potential
of this exclusive process as a luminosity monitor. Chapter 7 presents a novel

study in this direction.

LA review of non-physics process methods, such as the “Van der Meer Scan” measurement, is

not covered here (see references [20, 101]).
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Figure A.1: Charged-particle pseudo-rapidity distribution for pp collisions at 1/s = 14 TeV from
PYTHIA predictions. It includes the contribution of different interaction processes: inelastic non-
diffractive (solid line), and diffractive interaction (dashed line). The vertical lines indicate the

acceptance of the forward detectors VO (solid line) and TO (dashed lines) [4].
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Appendix B

Definition of the CTP

time-parameters

Both the L0 and L1 trigger inputs from an event in a given bunch crossing (BC)
arrive at the Central Trigger Processor (CTP) with a considerable delay, as shown
in figure B.1. In section 4.3.1 we discussed all the trigger levels and their latencies,
and it must be emphasised that each trigger input latency must include the trigger
generation time in the front-end electronics and the signal transmission over the
electrical cables (which as mentioned earlier, they are typically between 40 m to 60
m long). Therefore, for all the trigger levels a mazimum value for the delay to the

corresponding CTP input has been defined, as shown in table B.1.

Table B.1: Latencies associated with different trigger levels in the CTP.

Signal Status LO (pus) | L1 (us) | L2(us)
Last trigger input at CTP 0.8 6.1 87.6
Trigger output at C'TP 0.9 6.2 87.7
Trigger output at detector 1.2 6.5 88.0
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Figure B.1: Definition of the CTP time-parameters. The set-up time (grey range) and the hold

time (black range) time interval are shown.
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As a consequence of the values shown in table B.1, the local BC clock has to be
adjusted in order to ensure that the last-arriving LO trigger input is sampled with
the active positive transition of the clock as early as possible. This then ensures
that the LO latency is the shortest possible value, but adopting at the same time
a reasonable compromise delay (of 5 ns) in order to fulfil the set-up and hold time
requirements. Hence, taking these considerations into account, a synchronised L0
trigger input will be delayed, say by a Drg delay, in respect to the corresponding

LHC bunch crossing event, as shown in figure B.1.

The principle of the synchronisation process used for the .1 and L2 trigger input
is the same as mentioned for the L0 trigger input, i.e. if signal transitions violate the
set-up (grey range) and hold-time (black range) requirements of the CTP’s BC clock
(see figure B.1), the signal is first registered with the negative edge of the clock, and
then re-registered with the normal positive edge as shown in figure B.1 for the case
of the L1 input (a). Otherwise, the signal is just clocked with the positive edge as
shown in figure B.1 for the case of the L1 input (b). Notice that in both cases, the
synchronised L1 trigger signal used by the CTP logic is delayed by the Dy; delay
in respect to the corresponding LHC bunch crossing event. The synchronised L2

signal is carried out in the same way (Do delay).

In addition, in figure B.1 three other parameters are also shown: Ty, Ty, and
Tra. The first of them, Ty, is the natural reference point for all the CTP time-
settings because it defines the timing of the trigger levels. Therefore, Tr; and Tr,
are defined in respect to the Trg reference point and expressed in BC periods (25

ns).
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