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Abstract

The ALICE experiment at CERN’s Large Hadronic Collider will mark the beginning
of a new phase in the study of ultra-relativistic heavy ion collisions. It will be pos-
sible to explore in great detail phenomena discovered or hinted at in the course of
experiments at the Relativistic Heavy Ion Collider, in particular the signals of the
quark-gluon plasma. One of the most promising signals of the creation of this new
state of matter is the anomalous suppression of the T (bb) and J /v (c€) families. One
of the main decay channels of these mesons is into dimuons and ALICE has a dedi-
cated dimuon spectrometer in order to study the spectra of these interesting particles.
The signal is, however, swamped by a large background from several other muonic
sources. Due to the large data rate expected for ALICE and the limited bandwidth,
a highly efficient and selective trigger is required for the experiment - the dimuon
high-level trigger (dHLT).

This thesis concerns the context, development and implementation of the ALICE
dimuon high-level trigger. The physics context of the experiment is described, as
well as the technical requirements of the system. The performance of the prototype
is investigated with the use of Monte-Carlo simulations. An investigation into the
performance estimates of system in the expected physics environment was performed,
which validated the benchmarks, as well as investigation of the effect of possible
modifications of quarkonia yields due to QGP formation on the response of the dHLT.
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Chapter 1

Introduction

1.1 Heavy ion experiments in context

The subset of physics today, which may be broadly described as “particle physics”,
has been developed into a reasonably coherent, but somewhat incomplete description
of nature on the very small scales relevant to the fundamental particles of the so-called
“Standard Model”. The aim of this field of science is to find a description of the basic
constituents of matter and the interactions between them. While there has been
significant success in uniting these interaction theories at various scales, there are
many areas which are still largely exploratory, with little more than phenomenology
to guide the progress of the theory. This thesis deals with just such an area — the
field of nuclear interactions at extreme conditions of energy density, temperature and
pressure, known as ultra-relativistic heavy ion physics. Although progress in what is
generally referred to as particle physics has been aimed at trying to determine with
greater precision the microscopic properties of the theory with the aim of finding a
unifying theory, heavy ion physics has attempted rather to investigate the large-scale
aspects of the theory.

The experimental advance of this field has mostly been through the collision of
nuclei with accelerators, or investigation of such collisions induced by high-energy
cosmic radiation. The fundamental interactions between the constituents of nucle-
ons - quarks and gluons, collectively termed “partons” - are described by the theory
of Quantum Chromodynamics (QCD) [1]. This theory is non-Abelian and is de-
scribed in terms of a scale, which is related to the distances of the interaction. At
short! interaction distances, the coupling becomes weak and the theory can be treated
perturbatively [2], a phenomenon known as “asymptotic freedom”?. One of the con-
sequences of asymptotic freedom is that there can exist a state, under conditions of
high temperature and pressure, such that there is a very large parton density (and
correspondingly a very small separation on average). Partons are thus free to ex-

n this case, “short” is compared to the typical hadronic size, which is of the order of 10~1% m.

*In 2004, the Nobel Prize Committee recognised the significance of the discovery of asymptotic
freedom by awsrding the Nobel Prize for Physics to work in this field. The prize was awarded to
David J. Gross, H. David Politzer and Frank Wilczek “for the discovery of asymptotic freedom in
the theory of the strong interaction”
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plore larger volumes than in single hadronic systems. This state, termed the “quark
soup” [3] or more commonly “quark-gluon plasma” [4], is generally believed to have
been created in the very earliest moments of the universe’s evolution and may be
reproducible in the laboratory.

While there has been remarkable agreement between experiments and perturbative
aspects of this theory, finding solutions other than in the range of small coupling
constant has so far proven to be elusive. The latter domain excludes all of the known
stable configurations of nuclear matter, including the familiar neutron and proton.
It is for this reason and others that this field has been driven in recent years by
experimental advances and phenomenological models.

1.2 The search for the QGP

Since the creation of this state of matter requires a huge energy density, there are few
experimental techniques to study the Quark-Gluon Plasma (QGP) in the laboratory.
The most useful method — if not the only — so far for gaining experimental insight.
into the problem has been the study the collisions of heavy nuclei at high energy. By
colliding heavy nuclei, a large, extended volume of pressurised nuclear matter can be
created and the fundamental interactions can be investigated under these extreme
conditions.

On the other hand, several purely theoretical advances have followed an intensively
numerical approach, based on lattice gauge theory, solving QCD on a discretised
lattice. These calculations, as well as estimates based on thermodynamic arguments,
suggest that at sufficiently low baryonic densities and high temperatures, there is a
phase transition from normal hadronic matter to a QGP, above a critical temperature
T, of about® 160-200 MeV, or an energy density of about 1 GeV /fm® [5].

1.2.1 Early experimental searches for the QGP

Experimental attempts to produce the QGP in the laboratory started more than
twenty years ago, with exploratory research done at a few facilities at leading laborato-
ries. These included Brookhaven National Laboratory (BNL)’s Alternating Gradient
Synchrotron (AGS) , European Centre for Nuclear Research (CERN)’s Super Proton
Synchrotron (SPS) and Lawrence Berkeley National Laboratory (LBNL)’s Bevelac.
These accelerators collided protons and light ions up to 32S; subsequent upgrades
allowed to accelerate even heavier species - Au and Pb. The centre of mass (cms) en-
ergies of these accelerators grew from /sy ~ 1 GeV at the Bevelac, /snn ~ 5 GeV
at the AGS to /Syn ~ 17 GeV and ~ 19 GeV (for Pb-Pb and S-S respectively)
collisions and at the SPS.

These early experiments established the validity of the field, by demonstrating that
the high energy densities and abundant particle production necessary for a statistical
QCD description to apply were actually produced. In fact, the thermodynamic de-
scription of & strongly interacting system heated to a temperature of around 160-200

3A temperature is inferred, assuming a Boltzmann distribution of particles
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MeV seems to be very efficient in describing the bulk properties|7, 8, 9] of the system
created in such collisions.

Although there have been several exciting discoveries at CERN’s SPS, culminating
with the statement [11, 12] in the year 2000 that a “very dense state of matter” had
been formed, decisive proof that the QGP was created there is still not claimed. The
SPS experimental evidence remains somewhat circumstantial; with no direct evidence
of the presence of a QGP, the data does not rule out purely hadronic descriptions
altogether, although the only consistent interpretation seems to be that of a QGP.
The data sets collected at the SPS are being progressively re-analysed and enhanced,
however, and this situation may change in the near future.

Along with the creation of the dense and hot state by the collision of heavy ions,
it is predicted that the chiral symmetry which is broken at normal temperatures and
pressures would be restored temporarily. The restoration of chiral symmetry could
provoke the creation of a metastable state called a Disoriented Chiral Condensate
(DCC) (see for example reference [13] or more recently [14]). The formation of a
DCC would result in an exces of low-momentum pions in a preferred direction in
isospin space, thus giving rise to large fluctuations in the ratio of charged to neutral
pions in a collision. The observation of so-called “Centauro events” reported in cosmic
ray literature, where clusters of mostly charged pions and very few n° were detected
[15] was strong motivation for the existence of Disoriented Chiral Condensate (DCC)s.
Experiments, such as the dedicated MiniMax experiment at Fermilab [16] or WA98
[17] at CERN have so far not been able to find any evidence for the creation of a
DCC in heavy ion collisions, however.

1.2.2 The Relativistic Heavy Ion Collider

The experimental program in this field was further extended with the construction of
the RHIC at BNL in the late 1990’s. This facility became operational in July 2000
and aimed to explore a wider set of observables than previously possible at the SPS,
with a set of four complementary experiments: Solenoidal Tracker At RHIC (STAR),
Pioneering High Energy Nuclear Interaction eXperiment (PHENIX), PHOBOS and
Broad RAnge Hadron Magnetic Spectrometers (BRAHMS). Unlike the previous ex-
periments at the Bevelac, AGS and SPS accelerators, which were fixed-target exper-
iments, RHIC collides two counter-rotating beams of nuclei. This translates into a
higher ,/snn for a given beam energy compared to fixed-target experiments, which
means there is more energy available for particle production.

To date, RHIC has collided a wide variety of nuclear systems, including Au+Au,
d+Au, p+p and most recently Cu+Cu, at energies of \/syy = 62.4 - 200 GeV. There
have been many surprises and vindications from the analysis of the data produced
at RHIC, including some decisive statements by leading theoreticians that the QGP
has definitely been created [18]. However, even if at the highest RHIC energies there
is some direct evidence [19] for the ezistence of the QGP, there is not much room
to move when it comes to the study of the deeper nature and characteristics of the
plasma.
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1.3 The Large Hadron Collider

The gap between proving the existence of the QGP by observing its effects, and
probing its nature and characteristics implies an analogous gap in collider energies
required. This gap should be closed, to a large extent, by the Large Hadronic Collider
(LHC) currently being commissioned at CERN. Colliding heavy ions up to such large
systems as Pb+Pb at energies of /s =5.5 TeV per nucleon, the LHC will be the only
machine on earth that will reach cosmologically relevant energies, such as existed in
the very early stages of the evolution of the universe.

Extrapolations of observables from current data to such high energies vary signif-
icantly, but generally predict a favourable environment for all aspects of the study of
the QGP. The energy density, size and lifetime of the system will increase by large
factors and, with energy densities well above the deconfinement threshold, it should
be possible to probe the QGP in its asymptotically free state. In contrast to cur-
rent experiments, the central rapidity region in the centre of mass frame will have
essentially zero net baryon density, dominated by an initial pre-equilibrium phase in-
cluding semi-hard partonic interactions. This would significantly increase the initial
temperature and ensure rapid thermalisation.

The LHC will open up a qualitatively different regime of particle physics to
scrutiny. Four experiments — A Toroidal Large Acceptance Spectrometer (ATLAS),
LHC b factory (LHCb), Compact Muon Solenoid (CMS) and A Large Ion Collider
Experiment (ALICE) - will be present at the LHC. Of the four, ALICE will be the
only one dedicated* to the study of heavy ion collisions and the search for the QGP
and as such, it will form the backdrop to this thesis. The experimental apparatus at
the LHC will have to mirror this advance to take advantage of the physics environ-
ment. This thesis concerns the study and development of a high level trigger for a
sub-detector of ALICE, the dimuon spectrometer. This subsystem will focus on the
detection of muons resulting from the collisions and the identification of muons from
the decay of heavy quarkonia such as the J/¥ and T mesons, since one of the most
widely accepted direct signs that a QGP is formed is an “anomalous” suppression in
the yield of these mesons. Due to the high levels of muonic background and small
branching ratio of the decay of these mesons into muons, in the absence of an online
filter the proportion of useful data written to tape would be very small. Consequently
a level of filtering will be used to reduce the level of background and reject unwanted
events.

1.4 Thesis outline

This thesis concerns the design, development and testing of this trigger and a sim-
ulation of its effects on the forseen data set. Chapter 2 concerns an introduction to
the theoretical background of the field and introduces some of the relevant concepts
and history. A description of the ALICE experiment can be found in chapter 3, with

It should be noted that the CMS and ATLAS experiments have developed heavy-ion programs
in addition to their dedicated p-p physics program. Similarly, ALICE also plans to study p-p data.
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emphasis on the backward dimuon spectrometer subsystem. An outline of the design
and functionality of the ALICE HLT is given in chapter 4, but the focus of the work
will be in chapters 5 and 6, where the design and implementation of the dHLT will
be described in detail. Chapter 7 is reserved for a study of the performance of the
dHLT with respect to realistic spectra, while a discussion and outlook will be found
in the 8th and final chapter.



Chapter 2

Theoretical Overview and
Background

In the age of so-called “modern physics”, there has been a recurring theme — the
study of matter under more and more extreme conditions, outside of our everyday
experience. This theme, applied to the nucleus, has been the investigation of the
behaviour of nuclear matter under extreme conditions of temperature, density and
pressure.

Once the fundamental theory of nuclear matter, QCD, was discovered, it was also
realised that the confinement of quarks in nuclei was due to the non-perturbative
structure of the QCD vacuum. Along with this came the realisation that changes
in the QCD vacuum at high temperature or pressure could change the confining
behaviour of QCD and allow for the creation of deconfined states which are accessible
to observation in the laboratory.

In practice, gaining a quantitative understanding of the QCD phase transition has
proven to be a daunting task, due to the non-perturbative nature of the theory. Early
progress was made in the direction of phenomenological models, such as the well-
known MIT “Bag” model described in the next section. However, a more satisfying
description of the QCD phase transition relied on solving the QCD field equations.
It was found that this was possible by invoking a lattice and proceeding numerically.
The rapid development of computers has helped to solve QCD on a discretised lattice
and custom-built machines now exist expressly for this purpose.

2.1 The MIT Bag Model

The MIT Bag Model [20] is a phenomenological model based on classical statistical
thermodynamics and was one of the first and most successful approaches at describing
deconfinement phenomenologically. This model is particularly applicable when the
baryonic chemical potential (ug), which describes the relative abundance of quarks
to anti-quarks, is close to zero. Here, one deals with massless quarks and, in this
case, the model predicts a first-order phase transition at a temperature known as the
‘critical temperature’, 7.

Assuming, in a simple example, that the system consists only of massless pions,
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the general expression of the pressure of such a system with n degrees of freedom is
given by the Stefan-Boltzmann law :

P—nlrt 2.1
=ngsT", (2.1)
where T is the temperature of the system and n is the number of degrees of freedom.
In the case of pions, the number of degrees of freedom is n = 3 (for.7* and %), but
in the case of a QGP, describing a gas of light quarks and gluons, the degeneracy
factor is 37 : 1 x 2 x 8 for gluons (for spin and colour degeneracy respectively) and
7/8 x 2 x 2 x 2 x 3 for quarks (for spin, flavour, isospin dand flavour respectively).
This describes a gas of free quarks and gluons, but in order to get the equation of
state of such matter as we know it, we have to add a confining term. This is the
so-called “Bag Constant” B, which represents in effect the pressure of the vacuum on
the system and can be evaluated by considering the characteristic properties of the
protoru.

The energy in the bag, in equilibrium with its surroundings, can be written as a
function of the radial dimension, R :

E(R)=B x Vg + %, (2.2)
where Vj is the volume of the bag and C/R is the energy of the quarks in the bag.
Minimising this quantity with respect to R gives

E = 4BV, (2.3)

In the case of the proton, where £ ~ 1GeV and Vj = %ﬁR:”, where K ~ 0.7fm, one
finds a value for the bag constant of '

B ~ 175MeV fm ™3, (2.4)

Solving for T from the equation of state P = 37x2/90 x T* — B gives a critical
temperature of
Topit ~ 200MeV. (2.5)

2.2 QCD and lattice QCD

While perturbative QCD had many successes in describing high four-momentum
transfer! phenomena in particle physics since its discovery, the real application of
QCD to nuclear effects remained for a time impractical. It was realised that numeri-
cal analysis of lattice-regularised quantum fields could yield quantitative information
on the non-perturbative properties of QCD [24, 25] and this quickly led to the ap-
plication of discretised lattice calculations of the non-perturbative aspects of QCD.
This approach allowed also to study the characteristics of the phase transition [26] as
well as the equation of state of the plasma [27], in a thermal framework.

1Also called “high-¢®”, where ¢ is the four-momentum transferred during the process
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The starting point of this investigation into the behaviour of QCD matter s the
LCD Lagrangian £, from which the partition function can be derived:

ZE V) =Tr(e ™) = [ dA - dy) - die= S Tefart, (2.6)

Using statistical thermodynamics, one can then calculate many thermodynamic
observables from the partition function, such as the energy density,

i Ao 2 :
~{¥) (5F), o

Or pressure,

dinZ
P (—) , (2.8)
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Figure 2.1: The encrgy density and pressure of different systems of quarks calculated on
the lattice with QCT [29]. Note the large inerease in the energy density around the critical
temperature T - T,

Many such simulations on the latiice have been done [28] and they show most no-
tably 1hat there is a phase transition associaled with deconfinement arcund a eritieal
temperature of ¥, = 150 200 MeV. This 18 accompanied by a very large increase in
the energy density (often associated with the lautent heat of the transition). Lattice
QQCD, which encompasses all of the features of QUD, both perturbative at high ¢°
and non-perturbative at low ¢°, thus also shows that a phase transition is predicted.
A schematic 3-flavour phase diagram of laitice QCD is shown i figure 2.2, where
the regions of first- and second-order phase transitions are shown, as well as the in-
termediate region, for which a rapid erossover is predicted. The second-order phase
transitions lie on the boundary between the first-order transitions and the crossover
region. Fhe region where it is thought that the actual physical point (which repre-
sents our universe) lies ig also shown, at two very light favours (z and o) and one
heavier flavour {s).

[i is encouraging to see that both a phenomenological moded like 1he Bag Maodel
and the full theory predict the same phenomenon : a phase transition to deconfined
maller al aroynd 150 — 200MeV.
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Figure 2.2: A phase diagramn of QCD matter, showing the dependence of the phase tran-
gition o the mass of the constituent quarks.[29:.

2.3 Ullra-relatlivisiic heavy ion collisions

We have seen that a phase transition is predieted both from phenomenological ar-
puments as well as mamerical simulations of the fundamental theory of nuelear mai-
ter. The conditions for this phase transition from quarks and gluons confined within
hadrens, to a stale of deconfinemenl. where parlons are free (.o explore a volume larger
than their paremt hadrom, are wvisible from the QCD T — jip phase plane shown in
figure 2.3,

Where there is excecdingly large density (large pg). as well as exceedingly high
temperature, there is predicied to be a phase boundary which the system will cross,
into a state of deconfinement.

These conditions are expected to have been met In the very carlivst stages of the
evolution of Lhe iniverse, when both Lhe density and the tempervatare of the matter
wore al their mest extreme. Of course, the evolution of the universe s unidirectional,
bt ihere are other siluations which satisfy these conditions. 1t is thought that in the
core of newiren siars, where the density of matter 15 al ils greatest allowable wlue
{precluding the formation of a black hole), a phase Lransition (o deconfinement may
take place, However, this scenario is inaccessible (o repeatabls experiments which
ainml to investigale the properiies ol a quark gluon plasma in Lhe laboralory, which
leaves hesvy ion collisions as one of the only viable aliernaiives,

Given sufficient energy. these would create a state of large enough volume, under
extreme prossure. This s an ideal environment. to siudy the behaviour of nuclear
malter, since by varying the centre of mass {ems) cnergy of the beam, the mass of the
target or projectile, and depending on the delecling apparaius, Lhe experimenter is
able to vary most of the relevant experimental parameters. Experimental programs



2.3. ULTRA-RELATIVISTIC HEAVY ION COLLISIONS 11

eV
2wl
150
Tridd
FE IS [:b.l}
i
20 o ttiegy

FIC TN o

ai -

Supercenductivity

20 r Maglel MNewtron stars

iz g e A i 12 4 @6 u,

Figure 2.3: Schematic phase diagram showing the boundary between confinement and
deconfinement and exotic states at high gp. This phase diagran indicates that a tri-critical
polnt may cxist around pgg = 700 MeV and indicates the regions [blue points} explered by
cirrent and future heayvy lon cxperiments

at several laboratories have embarked on this kind of vory systematie study of the
properties of the nueleus, the mosi recent operational program being the Relativistic
Heavy [on Collider at Brookhaven National Laboratory in New Yorl.

Here, we call values “large” and “high” when comparcd to the values normaliy
associated with the nuelens, which has a density of abouwt 0,17 nucleons fin—. The
nucleons inside are on average 1.8 fin distant from each other, which is large compared
Lo the size of the nucleon and as sueh they are considered ndividual entities. Tf the
pressure of the nucleus 18 mereased 5 or 6 times, or the lemperature is inercased to
arand 150270 MeV, the npumber of hadrons per unit volume grows to greater than
unity ang they can therefore no louger be considered as individual particles, since
they overlap.

In order to measure any eflecis due to this anomalous state, the system created
also lias to live long enough to thermalise and has to be large enough.  As noted
abenr, the only practical way to recreate such a system in a repeatable way g the
laboratory under controlled conditions, is the eollision of high encrey heams of nuclei,
Some of Lthe kinetic energy of the beam of nucleons is used 1o compress the nnclear
matter and heal ii, ereating a svstem which is favourable to the creation of a QGP.

Heavy ion collision programs have heen progressing at a mumber of laboratorics
around the world, with an impressive and growing sct of data, spanning & wide range
of system size, centre of mass energy and phase-space coverage.
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2.3.1 Kinematic variables

Before beginning a detailed discussion of the physics of heavy-lon collisions, it is usebul
to outline the kinemalic variables that will primarily be used during this work, and
which arc standard Lo the field. Since the vast majority of particles concerned are
relativisiic; it 1s not convenicnt to use velocily as a kincmatic variable, but rather a
variabie called “rapidity”. which will is defined as
! L 3% P v

This variable has (the range —oo 2 g = oc, but differentials of it, dy, are relativistically
invariand, whereas those of velocity are not. A related variable is 5. the pseudo-
rapidity, which is given by

i = —Intan g, {2.10)
and is a valid approxdmation to the rapidity when p = m. For very high-momentum
light particles, such as pions, this approximation allows an estimation of the rapidity
without having to measure the particle’s energy or momentum exphicitly, but only
the angle at which it was cmitted in the cms frame. The value ¥ = 0 is referred to as
“mid rapidity”. while y > 0 and y < 0 are referred o as “forward™ and “backward”
rapidilies respectively.

Also, in a miclear collision, (he energy and momentim of alt particles is mitially
primarily in the longitudinal plane {parallel to the beam axis). This means thal the
{ransverse plane contains the energy and momentum fransferred during the cotlision;
the relevant vartables for the study of the produced particles then become nol the
momentum or mass, but rather the transverse momentum pr and (he transverse mass
i, defined as [80]

g =m’ + 1% + gy = m’ + . (2.11}

These kinematic variabies for the longitudinal (i) and transverse {pp, my) planes will
be used throughout this work.

2.3.2 Collision dynamics

I a beavy ion collision at 1ltra-relativistic energies [where the enerey of the colliding
meled is much larger than their rest mass), the energy of the particles in the beam
is cssentially available for particle production. The amount of the energy available
tor the particle ts determined by two factors @ the centrality of the eollision and the
centre of mass energy of the colliding system. The centrality of a collision is usually
quantified by three parameters: the impact parameter (distance of closest approach
of the centres of the nuclei), the total munber of “participants” m the collision aned
the number of “hinary collisions”, which will be defined below,

Since contemporary large heavy ion colliders, such as RHIC and SPS and the
currently uncder construction LHC, collide beams of nueler at very near light speed,
relativistic mechanics plays an tmportant role in describing the collision. The incom-
ing muclel experience a contraction in the laboratory frame along the beam direction
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proporfional to vy, the relativistic factor. At such high veloaties, the duration of the
collision is extremely short”, only lasting a few fm.c~!. The higher the collision energy
of the two nuclei, the more they become “transparent” to each other, resulting in a
decrease in the baryonic potential at mid-rapidity. Thus, one is able to make con-
nections hetween measured data and observables in models which rely on a vanishing
haryonic potential.

The main connection between the theoretical predictions and the observed quanti-
ties in heavy ion collisions is the transverse energy released. This directly nbservable
guantity is related through a simple model to most theoretical signatures of the QGP.
Other global observables are nseful for characterising classes of events, but specific
signatures can usually only be discussed in reference to a particular model, sinee the
plasma lives for too short a lifetime to be observed directly

2.3.3 The evolution of the QGP

The systemn crested by the collizion of nuelei at these high energies undergnes a time
evohition, expanding and cooling rapidly as it does so. Initially, it 18 extremely dense
and hot and is dominated by different processes as it evolves, A schematic diagram of
this evolution is shown in the Minkowski space-time diagram in figure 2.3.3. This is
a representation of the so-called Bjorken picture [31] of the imitial state of the systemn
created during the collision (see section “transverse energy” 2.4.1). . The interac-
tions of the system are dominated by a cascade of hard parton scattering and it is
conjectured that the evolution of this phase can be caleulated within the perturbative
QCD framewnrk, or by phenomenoclogical processes, like the Lund “string breaking”
model [99]. After a short time of about 1 fm, the created system thermalises through
re-scattering and, onee thermalised, relativistic hydrodynamic transport models are
considerad to give the relevant description.

As the system expands and cools aceording to relativistic hyvdrodynamies. the par-
tons combine into hadrons, Soon after the hadrons have formed, they stop interacting
inelastically, after which stage no more particle species are produced. This stage is
known as “chemical freeze-out™. where the particle vields and ratios are fixed. The
system may, however, continue to thermalise throngh elastic collistons. The point at
which elastic collisions amongst hadrons cease is known as “thermal freezeout”™ and is
the stage where momentum distributions are fixed. The particles no longer interact
in any way, exeept to decay via the weak force and are free-streaming towards the
detectors,

2.3.4 Experimental heavy ion collision programs

Over the last two decades a huge amount of experimental data has been collected
in the field of relativistic heavy on eollisions, at wvarions colliders throughout the
world. Most notably, at BNL's Alternating Gradient Synchrotron {AGS) and Rel-
ativistic Heavy lon Collider (RHIC) as well as the European Centre for Nuclear

?In ultra-relativistic collisions, where most. particles are moving very near the speed of light, times
are cnstomearily mensured o poits of length C x = vt = of, where e = 1
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Fignre 2.4 Diagram of the space-time evohition of a heavy ion collision, in the presence
(right) and absence {left) of a QGI* [21].

Research {CERN)'s Super Proton Synchrotron {(SPS). experiments have been run-
ning dedicated to the creation and mvestigation of the QGP. At the 5P5, a variety
of fixed target experiments, from very light svstems (0 and *25 at beam energies
of /5 = 200 GeV) to very heavy (*8Ph at a beam energy of 158 GeV) have been
used in seven experiments in the West and North Areas of the accelerator complex.
At around the same time, the AGS was colliding beams of 281 at /s = 115 GeV/A
and "TAu at /5 = 11.6 GeV/A.

From the vast amount of combined information froam these expoeriments, it has
been shown that the chemical freeze-out of hadrons occurs at about 170 MeV at the
SPS 6] and sbout 130 MeV at the lower enersy AGS [10]. Considering the eritical
temperature predicted by both phenomenological QCD (MIT Bag Model) and Lattice
QCD, there are qualitative thermodynamic reasons to beliewe that a QGP should be
created at these energies. There also are so-called “abnormal” deviations from the
normal hadronic deseriptions, i.e. descniptions with no deconfinement, Most notable
among these 1s the anomalous suppression of the yvield of J/+» meson in central Ph-
Pb eollisions due to the onset of Debye sereening, measured by the NASQD and NAGO
collaborations. This yield was termed anomalous beeanse it could not initially be
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explained in terms of the conventional hadronic absorption scenario [22], although
subsequent analyses have disputed the point, by extending the hadronic absorption
seenario [23],

Sigmals like the anomalous suppression of the quarkonia yields, strangeness cn-
hancement, and others have been and continue to be the topic of intense theoretical
debate and experimental seratiny. Sigee the QGD lives for far too short a time to
be measured directly, its exdstence and nature has to be inferred indirectly from the
prapertics ot the observed hadrons. Sorae of these indirect signals will be discussed
below, with particular emphasis on the suppression of quarkonia viclds, which is the
observables which the ALICE dimuon spectrometer is most specifically designed to
IEAs e,

2.4 Observing the QGI?

Since the formation of a QGP depends critically on the initial energy density {and
hence temperature), it is important to define certain “global”™ obscrvations which
will give an experinental handle on these guantities. The initial cnergy density,
temperature and other thermodynamic variables are, however, nof directly observable,
and have to be inferred from other global observables.  There do exist, howewer,
specific observables which are directly measurable and are related to the existence
and nature of a QG The global observables and their relation to the created state
will be described below, as well as a few representative direct probes of the QGP.

2.4.1 Global observables

As discussed above, a prerequisite for a phase transition irto a QUGP is that the coergy
density of the created state is greater than the eritical value predicted by QCD. From
stmple phenonenological estinates, as well as lattice QQCD results, this is known to
be around 1 GeV fm™, It has to be established, when analysing collision data. that
an energy density of this magnitude or greater has been ereated.

Centrality

il

The term “centrality’” refers to the distance of closest approach between the centros
of the two nuclei being collided. Just as the QGP itself is not directly measurable
through auy but indirect means, so also the centrality of collisions is not a directly
observable quantity. It 18 nsually described in terms of three related quantities

Impact parameter, & The vector between the centres of the two muclei as they
collide,

Number of participants: The total number of nucleons which suffered at least one
nticleon-micleon collision during the interaction of the two nueled

Number of binary collisions: The sum of all collisions between pairs of micleons.
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Particle yields in fundamental muclson-nucleon collisions can be related to p-A
or A-A collisions by scaling by the number of participants or the munber of binary
collisions, depending on which part of the specirum is under investigation (hard or
soft). These quantities are directly related to the impact parameter b via 8 Glauber
model [30], but neither they nor the impact parameter are directly measurable.

Using the Woods-Saxon distribution of the nuclear density profile as a function of
raclial distance r

2
- (7)
A
e (2.12)

1+e—=

where gy s the maximum density, #4 18 the nuclear radius, 2z is the surface thickness
and w allows for irregularvities, the nuclear thickness function can be defined as

patr)=py

Ty = f drpa(2), (2.13)

which represents the total number of nucleons seen by the incoming projectile. De-
noting the target 4 and the projectile B, the nuclear overlap fimetion of the colliding
system {which s related to the number of participants in the collision} can be defined
ok

Tun (E) - f BTy (3 T (E - 5‘) , (2.14)

where the vector &in equation {2.14) is the position in the fransverse plane at which
the denzity is being caleulated. This is normnalised to mininmum bias

f T 45 (E) — AR (2.15)

The A-A hard cross-section seen at a parficular impact parameter can now he written
in terms of the p-p hard eross-section, by scaling by the nuclear overlap [raction :

it — f ngardTA udZh A Hn;;‘pm"d. (2.16)

Sinee gquarkonium production proceeds vie hard scattering, the p-p cross-section can
be scaled up to the A-A case in this way :

o (AB — qq) = ADo (pp — 44}, (2.17)

This binary scaling formula allows one to compare vields from p-p collisions to A-A.
or predict vields from A-A collisions,

The number of participsnts and binary collisions at a given centvality can be
inferred from the particle multiplicity, uwually within the framework of a Glanber
model [30]. A monotonie (but not necessarily linear) relationship between the number
of participants and multiplicity is assumed, since thns allows the experimenter to make
the asswmption that the more central a collision 15, the greater the multiplicity. A
given fraction of the multiplicitv therefore infers a given fraction of the cenfrality.
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Figure 2.5: An example of the centrality determination in the PHOBOS experiment at
RHIC [32]. The correlation between the zero-degree calorimeters (at forward rapidities)
and paddle counters [nearer mid-rapidity) is shown, with the corvesponding caleulation of
the number of participants from a Glanber modes]

Experimentally, the correlation between cenergy deposited in “zero-degree coun-
ters™ and deteetors at other rapidities is usnally used to estimate the centrality.

The energy deposited in forward detectors (see figure 2.3) is from particles which
have not interacted in the collision and is therelore a measure of the mimber of
spectators. Since the total number of micleons is fixed by the colliding system, the
mimber of participants 18 calcniable once the mumber of spectators is known, A
Glauber model can then be used to determine the number of collisions given the
munber of participants.

Transverse energy

Since one of the eriteria for QGE formation is an energy density above the eritical
value of € ~ 1GeV /fin®, it is important. to reliably estimate the energy density of a
collision. This value is something of a matter of definition, sinee one may artiticially
constriet the initial energy density of An-Au collisions, even with no interactions: if

4 Zero-degree counters” are detectors which are situated very near the beam line and deteot
primarily spectator oneleons, The term “zero-degree” here refers to the small angle between the
beam line and the vector from the detector to the interaction point upstream.
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cach nuclens has an energy density pg in its rest-lrame. then the energy density m
the region where the nuclel overlap, is simply given by (¢} = 2ppy°, where 7 is the
Lorents hoost sotor. With the typical valie of gy = 0.14GeV I ™ for the energy
density of the nucleus, this estimate lor the initis]l encrgy density s

(£} = 106GeV.fin™*  (Full RHIC energy : 200 GeV per mucleon)
{¢} =2031GeV.fm? (Full LHC energy : 5.5 TeV per nucleon)

This value s almost sbsurd compared to the 1 GeV.m = that is thought necessary
lor the formation of a QGP, but it is also not entirely relevant. The 1 GeV/lm?
is the energy of the created system which refers to the secomdary particles. These,
by definiticn, are not present m the very initial stage of the collision and have to
he producad via interactions. which have associated with them a characteristic fime,
depending on their g, In the laboratory frame. the two colliding ruclei would appear
as thin slabs of matter. contracted by their large Lorentz factor. From the moment of
impact of these thin slabs. until some fornmation time 7 has passed. the svstem cannot
be said to have “formed”. Once this time has elapsed, we are left with essentially a
cvlindrical tube in the longitudinal (y) direction containing the newly created systen.
This is cssentially the idea first put forward by Bjorken [33] in 1883

The transverse energy measured at 3 RHIC cnergies by PHENIX '61] 15 shown in
figure 2.4.1 as a function of the number of participating nucleon pairs (as described
above), Also shown are the corresponding enerey densitics caleulated o the Bjorken
pcture.

Assuming a formation fime and longitudinal boost Imvariance. Bjorken showed
that energy density of a given eollision coukl be calculated from the transverse en-
ergy at mid-rapidity (defined as the energy of measured particles In the transverse

direetion). The relation

1 di

3 [—*’ , (2.18)
mifry | dy |,

where £ is the radius of the colliding muclei (R — 1.24%, for a nuclegs of mass A)
and 7 ~ 1Hm/¢ I8 the formation time of the systemn, The transverse encrgy measired
e.4. at PHENIX [62] implies an initial post-thermalisation energy density ol about 5
GeV/fm®. This is far above the estimate of the initial energy density required for the
creation of a QGP. [vom Lattice QCD and the Bag Model.

Particle multiplicities

Tightly related to the created energy density is the total particle multiplicity of heavy-
iom collisions. This is one of the most fundamental observables, since it constrains
the energy density which is itself used as an input to several other theoretieal models.
Despite its primne importance, there is no first-principles method of calenlating the
expected multiplicity at the LHC [rom the QCD Lagrangian, since this depends on
non-pertiurhative soft processes. The integrated hadron multiplicity in p-p eollisions

is given by
1 ) 1 L
s (2.19)

W) = | iy
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Figure 2.6. Transverse energy density as a fanction ol the number of participating pairs in
Au-Auy collisions (left} and eorresponding energy density calenlated in the Bjorken pieture,
as measured by PHENIX 61],

where ol is the total p-p inelastic crosssection, This starts to increase alter about
20 GeV. bt has a poorly-known dependence on /s [73]. The measnred multiplicity
in p-p collisions can not discriminate between a ln or In® dependence on Vs trom
the AGS to RHIC. Although the relevant parameter to scale p-p multiplicities by
in order to attain the corresponding A-A values at a given /s is thoughit to be the
nimber of participants in the nuclear collisions, the evolution with /% is not certain
at all, and remains highly model-dependant, Figure 2.7, taken from [141°, shows the
charged particle density per participant pair in p-p and A-A data {rom SPS to RHIC
and several model predictions, which are extrapolated to /s = 5.5 TeV. The fact
that tlie expected nltiplicity at ALICE had (and still has) such large uncertainties
led to the fact that the experiment was desighed with a lot of room for error in this
mawgin. ALICE has been designed [or an expected charged particle multiplicity at
mid-rapidity of % 4 =0 — 8000, which represents a safety [actor of about 3 with
respect to the eurrent estimates, which range from 1000-2000°,

“In the case of the dinmen spectrometer, however, the main sonree of charged particles and
hence background is secondary interactions in the beam shiebd, since this detector is situated near
tlie beam-line, For this detector, primary particles from the Ph-Ph collision are emitted in the
rapidity range of 4 < y < 7. however the multiplicity estimate in this rapidity range has a barger
ertor than that at mid-rapidity. Therefore. the ALICE dimuon spectrometer has been designed with
A mid-rapidity maltiplicigy of wp 6o 12 000
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Figure 2.7: Model predictions for charged parficle multiplicities per participant in A-A
and p-p collisions as a function of /s, The dashed line is the fitted function 0,68 o %, oI
the nuclear dara, while the dotted line is a fit to 0.7 + 0,028 ln? /5. The long-dashed line is
a prediction basced on s sabiuration medel 74]. The egtimate for ALTCE in these models is
given by the infersection of the curves with the grey arrow on the right.

Baryon density

Recall that most simulations of QCD on the lattice are done in the regime of vanishing
baryonic chemical potential (gp = 0). In order to make a rigorous connection between
the measured observables and the prodictions of the theory, it is necessary to have a
good handle on the barvou density of the created system.

Oue way of estimating pg is the barvom to anti-baryon ratio, which has been
measured at the AGS (73], CERN 5PS [76] and RINC [77]. The rapidity density of
net protons, which is (diference between the uumber of protons and anti-protons), is
shown in figure 2.8,

It is seen that already at RIIC encrgies, for the most central collisions and in
a rapidity region aromd |y < 2, the barvon deusity is verv low, This, coupled
with recent advances in lattice QCD which can give predictions at non-vanishing
baryon density [78], allows to compare confidently the observed data to the theoretical
signatures.

2.1.2 Strangcncss production

Anomalies, crpecially enhancement, in strangencss production has long been pointed
to as a possible sipnature of formation of a QGP. Enhancement in the yield of strange
particles, as well an increase in the ratio of strange baryons to baryons, Since there
is initially only a negligible amount of strangeness proscot in the colliding melel,
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Figure 2.58: Rapidity density of net protons measured at the AGS, SPS and RHIC energies,
for central collisicns. The beam rapidity of each collider 1z shown, Note the rapid fall-off of
net proton density with beam energy.

all strange quarks have to be creatod by bavd processes during the evolution of the
svstem. As mentioned before, the relative abundances of particle species is well de-
seribed by statistical hadronisation models, mostly inspired by thermal and chemical
equilibrinmm. This is shown, e.g for the svstem produced in Au-Au eollisions at RHTC
in figure 2.9,
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Figure 2.9 Comparison between the particle ratios from An-An collisions measured by the
four RHIC experiments, and statistical model caleulations [102], with T = 174 MeV and
g = 46 MeV.

At high energies where a QGP may be created, the 83 creation can proceed mainly
via gluon-gluon fusion, while in lower energy hadronic collisions thev have to be
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produced via pair ereation or Tescattering reactions of Lhe Lype

TN — K+ A (2.20)
TAA— KB (2.21)
T+E=K+0 (2.22)

These processes hase a higher enerey threshold and while the timescale for glnon
fusion is of the order of 1-3 fm, that of pair crealion and hadronic reactions is much
longer. It has been argued thar the strangeness production rale in an equilibrated
hadron gas is similar to that of a QGI*, but the equilibration time of a hadron pags
(aboul 10 fm) is mach longer than that of a QGP (about 3-5 fm}. Apart from the
increased rate of sirange quark production in a QGP, it might also be energetically
more favourable (o creale a bare s% pair than a light 4. This is due to the fact that in
the asymplotically-free perturbative (pt)CD) plasma, the quarks take on their cnrrent
masses {which can alse be seen as a consequence of the mass-dependant component of
the strong force potential falling away) — a phenomenon known as “chiral symmetry
resloralion” .

One of the most striking resalts of the SPS heavy ion program was the measure-
ment, of the yield of strange particles (particles containing one or more strange goark)
as a hmetion of “wounded nucleons”™. Here, the wounded nuckenn concept. is similar
Lo Lhat of “participant™ and designates a nucleon thal has been “struck”. or sutfered
a enllision. In light ion and p-A collisions at SPS, measured with the WA9R appara-
tns, the strange-particle yvield shows no appreciable deviation from that expected of
a hadronic system. In Ph-FPb collisions however, there was a significant enhancement
its the sirange particle yield - up 1o about a factor of 10 it the case of the =7, The
yields were also enhanced diflerently, depending on the particle specics. Figure 2,10
shows the enhancement of sivange particles poer event produced at mid-rapidity by
Ph-Pb collisions at the NAST experiment, comparcd with p-Be and p-B collisions.
If the yiclds were due io a simple superposition of nucleon-tcleon inleractions, one
woild expect the lines 1o be flal at unity.

The K*/r" “horn™

A curious feature in the ratio of K1 /" yields from heavy-lon collisions was discovered
by the NA4Y experiment. An anusually sharp peak, referred to as “the horn” [37]
(see fig 2.11}. is seen In this ratic as a function of /Fyy, which is not present in
pp collisions, Statisiical models of particle produciion predicted since many years a
fast rise and subsequent platcan in this quantity [7, 100, 35, but a maxiimun was
uot predicted. It has alse pointed oul, however thal the “horn™ appears (o co-incide
with a transition from baryon-dominated (o meson-dominated hadronic matter, which
acenrs at a temperature of aboni T = 140 MeV and 2 baryonic chemical polential of
itp = 410 MeV and /s = 8.2 GeV [36].

While thermal models caleularions [42] reprodice quile well 1he peak in the A/{x)
ratio as a function of energy, they do not reprodnce the sharp peak in the K1 /r+
ratio [36]. This sharp peak is not veproduced in transport codes cither [43] (see figure
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Figurc 2.10: The yield of A, = and Q {centaining one, two and three strange qnarks
respectively) in P'b-P'h collisions relative to the yield in p-Be collisions, az measured by the
NASKT experiment, [33], as a function of the mmber of wounded micleons (Nygunql. The
viglds are relative to the nmmber of participating nucleons. Shown in the loft panel are the
viclds for particles which may have had at least one quark in eomunon with the projectile
or target; the right pancl shows the vield for particles whose constituent quarks would have
had to be created during the collsion.

2.12(a)}. However, a sharp peak in the excitation function of the total strangeness to
pion ratio £, was predicted in the Statistical Modcl of the Early Stage [38], assuming
that a phase transition to deconfined matter oceurred and this indeed deseribes tairly
well the “horn”, as shown in fignre 2.12(h). The sharp rise iu the A /7 ratio is very
suggestive evidence that a transition from a confined state of hadronic matter to a
deconfined state of quarks and ghions is seen. There is, however, imuch debate around
this point and several other cxplanations in terms of purely hadronic matter are under
sty

2.4.3 LElliptic How observables

In heavy-ion callisions, the mitial spatial anisctropy 15 converted into momentim-
space anmsotropy during the initial phase of the evolution of the state ereated. The el-
liptic flow, which is defined as the second Fourier harmonie of the azimuthal anisotropy,
is usnally defined as
L}
—Pr— ¥y

UQ_Pf.—I-pg,'

I portant insights inte the evolution of the system can be obtained by investisating
the ve gencrated by vatious particles and as a funetion of centrality. because it is a
measure of how strongly the system can convert a pressure gradient (produced by the
anisotropy in spatial dimensions) into into a momentum anisotropy. Therefore, hy-

(2.23)
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Figure 2.11: Ratio of -’}‘T;:_;l vield at mid-rapidity as meassured by the AGS THIC and SPS
(see references 23 and 24 in [39]).

drodynamic models are used to describe the behaviour of the flow of particles. Figure
2.13 shows that v values of pions measured by STAR in Au-Au collisions at /s = 200
GeV are much higher than that of pions measured at the lower-coergy SPS exper-
iment NA4Y, Hydrodynamic caleulations which describe ideal relativistic fuid flow
deseribe the mass and pr dependence of elliptic flow very well. This 18 yet more evi-
dence of the formation of a deconfined state [47], as calculations using a hadron-gas
cquation of state severely underestimate the v values ohtained by STAR for 7% and
protonsg at /s = 130 GeV, as shown in figure 2.14.

Elliptic flow studies also managed to give some insight into hadron forination.
Models of hadron formation by coalescence or recombination of constituent quarks
predict that at intermediate pp, the values of 12 of various particles will approximately
seale with the mumber of comstituent quarks (n) of the given particle. In this case,
it was predicted that vg/n vs pr/n for all hadrons would lie on a single curve, antd
this curve would then represent the momentum-space anmisotropy of the constituent
quarks prior to hadron formation [67]. This is indeed seen to be the case - as is shown
in figure 2.16, the scaled w9 curves for protons, kaons and lambdas all lie very close
to a single curve, over a very wide pr range [68].

2.4.4 Specific signatures

In this section, a short represeutative lst of specific observables which are predicted
to be signatures of the creation of a QGP will be given. Scine of the important recent,
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measirements fronmn RHIC will be shown, most notably the suppression of high pr
hadrons in central Au-An collisions, however the focus will be on signatures most
relevant to the ALICE dimmon arm, which deal with heavy guarvkonia (¢# and b
tamilics) suppression,

Dirvect pholons

Photons are exceptional probes of the created matter, because nnee created they only
mteract via the electromagnetic force (and very weakly via the weak force]. This
means Lhat if one measures the photon spectrum, one is in fuct measuring components
from the entive evolution of the created state, without further reseatlering. Photons
may be created during the initial phases of Lhe collision, via parton scattering, or
diving thermalisataon - the so-called “prompt” and “direct” photons. They may also
be produced lafer in the evolution of the system, most abnndantly from =" detay.
The direet photons would come from two stages of the evolution of the eollision -

1. Vory carly intersctions, in the pre-equilibrium phase of the created system
2. Pholoms created during the thermalisation of the system.

Dwring thermalisation, electromagnetic process which could contribute o the photon
spectrum include quark-antiquark annihilation (g +§ — y+g) and Compton scattering
(49 — ~q). Photons could also be produced diring hadronisation. The measured
photen energy spectoum contains contributions from all of Lhese sourees, which have
to be discntangled o order to make statements about the temperature of the QG
This is & nontrivial task, given the fact that the QGP pholon yield is much smaller
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at high pp than the prompt and decay photons, as well as the fact that the spectra
of the direct and hadronisation photons have a very similar shape.

Recent restlts on the measirement of photons from the PHENIX experiment [52]
have proven interesting, however. The double ratio of

[ﬂ_']sigﬂal {224]
[':M*:by-] anse

is constructed in order to cancel out experimental uncertainties in the -~ and 77
measurements. The numerator in this ratio is the measurement of the vields, while
the deneminator is the shonlated photon vield from hadronic decays, based on afit to
the measured 7% spectrum, then divided by that fit [50]. Here, [?—;{r]mse denctes the
fraction of photons from the decay of pions to total number of pionzs, The svatematic
error on the measure decreases somewhat with pr due to the high py suppression of
pions observed by all four REIC experiments in central Au-Aun collisions.

Any deviation from unity of the above denble vatio i8 due to the yield of direct
photons above background. The recent results from PHENIX p-p collisions on this
ahservable agree quite well with a QCD prediction as shown in figure 2.17. This
donible ratio for divect photons produced in Au-Au eollisions shows a marked increase
45 a function of pp for central events and there is a4 smooth trapsition as a function
of centrality, as measured by PHENIX [50]and shown in figure 2,18,

A farge vield of direct photons over contnbutions from meson decays is observed in
more central Au-Au collisions, and the magmtude is consistent with a binary-sealed
pCD ealculation.

Jet quenching

The phenomenon of hadron jets, first seen in p-p collision expeniments, is doe to
the hard scattering of two partons, which acquire large transverse momentiuom. After
fragmentation into hadrons, the relics of these initial hard partonic scatterings are
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seen as jets of high-pr particles. At leading order, jets are seen back to back, as the
imitial hard seattering conserves four momentum.

The situation is somewhat different m proton-nucleus or nucleus-nuecleus eollisions.
compared to proton-proton collisions, In order to quantify the differences in the Lwo
systems rigorously, the so-called “nuclear modification lactor™ is used. This is dehned
a8

L AN “.4.4
M i
Rialpr) = Tz

- (225)
o o 1

where {Ny..) is the average nuniber of binary nucleon-nucleon collisions {defined as 1
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Figure 2.17: Direct ~ excess donble ratio (see text) and cross-sectien in 200 GeV p-p
collisions at RHTC (50, The photon cross-section is comnpared with pQCD ealculations for
rarioms scale factors from [51]



2.4. OBSERVING THE QGP _ 29

30-40%

e

 MinBias
L f
s 3
—M&;ﬁ:--— . saegesewe®t 000
24 P B 1012140 2 4 6 8 10 12 14
p; (GeVic) R (GeVic)

~af ad 0
{ rJF"'ujlr-.'li::asurnzi:l /il ]Bgckgmund

S MWLM O LR SN O = b s f 3

Figure 2.18: Direct v excess double ratio (see test} in 200 GeV Au-Au collisions at RHIC
[50 a5 a function of pr for varons eentralities. The solid line represents a Next-to-keading
order (NLO)Perturbative QCTY (pQCD) calinlation [51]

in the case of p-p or p— p collisions) and i‘)i is the multiplicity spectriun measured
in A-A or p-p collisions. This ratio cancels out the tvivial deviataons due to the larger
system and provides a consistenl way to compare nuclens-rmucleus data to nueleon-
micleon data. Any deviation from unity of this measure 15 a sign that nuelear effects
are coming into play durving the collision, or pus acother way, that the mclens
nuclens eollision can no loger be seen as the shmple snperposition of micleon-muicleon
collisions, scaled by {(Np).

This ratic has been measured in most heavy jon experiments which measure par-
licle spectra. At the lower energy AGS amd SPS experimenis, a huge increase in the
ratio was observed at insermediste pr, The ratio rises sharply hetween 1 GeV/e and
2 GeV/e and remaing high out to fairly high pp. This has been atiributed to inivial
state pr broadening due to multiple seattering and has been dubbed the “Cronin
effect™ [53]. In stark comtrast to these low energy experinents, when the RHIC ex-
periments measured the ratlo, they fonnd a large suppression as a funetion of pp all
the way out to very ligh values {10 GeV in Lhe case of PHENTX). The comparison
between the pp distribution of the nuclear modification factor at the CERN SPSand
RHIC for nuclens-iruclens eollizions is shown in fipure 2,18,
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Figure 212 Nuclear modification factor £ 44 for charged badrons and nentral pions in the
most contral 10% Au-An eollisions at RHIC {solid points). Error bars indieate statistical
ertons while surmounding bands indicate guadrature sum of systematic errors, Also shown
are the modification factors for o+ o at % = 31 GeV [54] and central Ph-Ph collisions at
the SPS [55], indicated by the dotted noecrtainty band,

High p; suppression results

The suppression factor of abont § in the eage of pions wag attributed to parton energy
loss in a deconfined medinum ereated in the exit chaunel. It was argued that iotial
hard-seattered partons were travelling in a dense coloured ficld and were thus induced
1o radiate away their encrgy before fragmentation, which would clearly deplete the
high py hadron yield. This scenario was widely accepted and proposed as direct
evidence of the creation of a deconfined medium, identified as the QGP during the
first two years of BHIC's running. There wore, however, cotnpeting vicws [56] on the
arigin and cause of the high pr suppression. Coutrary (o the interpretation of the
creation of a deconfined medinm absorbing the fets, 1t was proposed that the indtial
gluon densiey reached saturasion, resulting in a lack of seattoring contres for iitial
hard scattering, which could also deplete the high pr vield.

For this reason, a control experiment was planned, which would collide deuterons
on gold nuclei. In contrast to the hot and dense sysicm created when gold nueled
collide, the lighter d-Au system conld not create final state hot enough to mell the
hadrons into a QGP. Sinee the initial state wavefunctions of the gold were the same
in both Au-Au and d-Aun collisions, any differcnee in the results hetween the two
experiments would be due to the difference in the fnal state.

It was with great, excitement that the results of the d-Au rum from all four REIC
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experiments were anoounced in June 2003, which showed ne suppression of lugh pr
particles. as in the Au-Au case [57, 58, 09, 60]. Also, there was a reappearance of
back-to-back jets in the d-Au data. Jets of hadrons are formed in An-An eollisions
due to hard parten scattering, bt while the jet near the surface of the plasma es-
capes, the tar-side jet hias to travel through a decontined medinm, The induced gluon
bremsstralilung dilutes the jet energy and uo jet is observed on the far side. The
effects of jet suppression, observed as the complementary phencmena of ligh-pr sup-
presston of the nuclear modification factor £44 and the disappearance of back-to-back
jets, are shown in figure 2.4 4.
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The suppression of the ratio at high py- 15 indica- the “swoy-side™ pesk at 180% s present in the
tive of the phenomennn of jeb quenching and s p-p data, slizghtly broadened in the d-An daga,
clearly visible in the An-An data. This large sup- but is not seen o the du-An data, sugresting a
pression is not present in the d-Aw dats, sugeest- suppression ol the away-side jet.

ing that a QGEP is not formed in that system,

Figure 2.20: Evidence of a deconfined medium created in An-An collisions at /F =
200 GeV, from the RHIC cxpertments PHENIX 58] and Solenoidal Tracker At RHIC
{STAR) [H9].

The ammuthal correlation function 1s defined as

1 1 dN
DAg) = -
\5e) -fn“rtr-égger e {dﬁbj ’

(2.26)
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where Ny, 18 the mumber of hadrons with transverse momentum 1GeV < ;U\tf-f” <

BGeV triggered on and £ s the tracking efficiency of the detector. The distribution
15 built from cach high py trigger particle with the associated parficles in the event
with 2GeV < pp < pi’?. The ncar-side peak around ¢ —  which is typical of jet
structure. In the p-p and d-Au data, an away-side jet appears, which is also typieal
of the back-to-back production of high-p jets. In the central Au-An data, however,
the away-side peak is not seen, which reflects the absorption of the away-side jet.

Further investigation of the away-side jet

It was scen that the away-side jot disappears almost entirely in central Au-An colli-
sions. If the awav-gide jet veally did disappear, then either this was due to a selection
bras, by setting the near-side trigger threshold too ngh, or sinee encrgy 1s conserved
in the di-jet creation process, the cnergy of the away-side jet is transferred to the
medinne. Alse, initially, the reaction plane was not taken into aceount. Sinec the jots
are fornd in azmuthal correlations, if there is a non-zero agimuthal correlation from
the transverse flow component g, this could influence the observation of the away-
sicde jet. Further analvsis of the BHIC data aimed at resolving the guestions of how
the away-side jet loses it's encrgy, how that cnergy is redistributed, how the medium
responds to the jet, and how these effects change with contrality and trigger-particle
-

A modilication of the correlation function desoribed i 2.26 takes into account
these eftects of Qow in the background:

C {Ad) = Jet (Ad) + Bknd (A (2.27)
which is specifically written as
C(Ag) = D(AP) + € (1 + 2vhvs cos2A4) (2.28)

where 2 (A¢) is the correlation fanction defined in 2,26, £ normalises to the level of
flow in the background distribution 63|, and ¢ and « refer to the triggered and as-
sociated particles respectively, Figure 2.21 shows the azimuthal correlation functiom
for pairs of charged hadrons with a trigger pariicle of 2.5GeV < ph < 40GeV and
associated particle of 1.0GeV < g < 2.5GeV, as measured by the PHENIX collabo-
ration [63] in Aw-An collisions at /s — 200 GeV. . Another aspect which shonld be
take accotint of is the effect of the reaction plane, which has the effect of modifving
the vz of the triggerad particle [64], notably that vy of the triggered particle modified
when it is calculated with respect to the reaction plane. While there i3 not vet a
clear, consistent picture of how the away-side jet is modified by the medinm {and
conversely, how the medinmn reacts to the influence of the away-side jet), some effects
are identiliable and are currently under study. Among these is the splitting of the
away-side peak in the Ad as a function of centrality {see figure 2.22). Modelz whicl
implement. jet broadening cannot describe the dip or the flat jet shape [65), while
maodels which invoke Cerenkov ghuions or medium dragging effects from flow do not
describe the data mueh better [66). On the other hand, Casalderry ef ol proposed a
“Mach-cone™ or “shock-wave” mechanism to explain the away-side jet properties (70!
which seems to hold much promise,
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Figure 2.21: Correlation function of pairs of charged hadrons as measured by the
PHENKIX Collaboralion it Au-Au collisions at sgris = 200 GeV for different centralitics.
The solid bands indicate the estimaled background contribntion.

2.4.5 Hceavy quarkonia sappression

Magsul and Satz are tradisionally credited with predicting the suppression of heavy
fiarkonia [79] - the J /¢ (e€) and T {hb) familics - as a signal of the formation of the
RGP, Owing to their large mass, these mesons ave ercated primarily at the earliest
stages of the evolutlon of ihe systemn, so they would be snitable Lo probe the earliest
state, These mesons also have a significans deeay branching ratio in the dilepton,
specifically dimmon chanuel {see table 2.1). Decay mmons are only very slightly af-
feeted by subsequent interactions in the hadronic medinm which the quarkonla decay
in and carry the information about the state of the system (temperature, energy den-
sity ) Lo the detectors. 1o was also thoughs that “There appears to be no mechanisim for
J {1 suppression in mielear eollisions, except the formaiion of a deconfining plasma,
and if such a plasma is produced, theve seens to be no way to avoid J /4 suppression”
[79]. Tf this statement held sirictly triue, then any deviation of the vicld of /4 from
the ¢xpected value could be aitribuied 1o 4 deconfining plasmma. As we shall soe, the
suppression of heavy quarkonia can also be attributed to purely hadronie processes.
Betore detailing these, a brief deseriplion of the fovmation process is in order.
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Resonance | I7 (J7) Mass Full Width BR (ptu
(Me‘u’,"cz) (keV) (%)
7w G- (1 ) | 3006016 £0.011 | 934+2.1 5.03 % 0.06
o G (1) | 3686.003 £ 00031 [ 337 + 13 7308
T 0 (1} | M6030 026 | (hi02 + 1.25) | 248 005
T 0~ (17"} | 10023.26 £0.31 | (3188 +263) | 193 +0.17
T 0= (1) 103552 £0.5  [(20.32 — 1.85} | 0.443 & [.003

Table 2.1: Zero-temperature propertics of the lowest-lying heavy quarkonia spectrum {bb
and of) [S0].

Heavy quarkonia formation

Before a discussion of quarkonia suppression mechanisms, it 18 appropriate to out-
line the basic properties of heavy quarkonia and thelr dominant formation and decay
mechanismus. The ¢@ and W vector meson families are produced not only in their
ground states of J/20{1.5) and T{13) respectively, but also in states of higher exci-
tation, like ¥2{25). v.(1P) and similarly for the bh mesons. The properties of these
lowest-Iving cé and bb mesons sre given in table 2.1 Note that the production mecha-
nistas of closed charm and beanty mesons are qualitatively similar and so the diseus-
gion here will apply implicitly to T mesons, even if the present discussion may foous
at points on only J/t's explicitly. The formation mechanisms in p-p, p-A and A-A
collisions will be discussed.

Formation of & and 7 pairs.

The formation of heavy quarkonia pairs involves an interplay between perturbative
and non-perturbative QOD. Since the charm quark mass m. sets a scale which is large
enough to make the QCD coupling constant v, (1m?) sufficiently small, perturbative
QCD may be used to describe the parton-level production of a o€ pair. Thereafter,
the formation of a bound state proceeds non-perturbatively and these effects have
to be taken into account. The pQUD-based Colour Singlet Model {CSM) [104] un-
derestiinated the high py vield of charmonium by over an order of magniturde at the
Tevatron {105]. These data can be described by the Colour Octet Model (COM) [106]
and the Colour Evaporation Model {(CEM) [107] however.

The production of quarkonia is best desceribed with a wix of perturbative and non-
perturbative approaches, separating out the hard and soft parts of the interaction,
based on the QUD factorisation theoreni. The leading-order QUT) processes for ef
production are gg - F and ¢f — o7, shown in figure 2.23 . However, heavy guatko-
nia production is know to have significant contributions from Next-to-leading order
(NLO) diagrams [109]. These contributions, such as virtual corrections to the leading
arder processes and soft collinear gluon emissions, increase the total cross-section, but
can he approximately described as an overall multiplicative factor increase to the LO
cross-zection. The formation of o pairs may be described well by NLO pQCD, but
the formation of bound states of charmonium oeeurs through processes with small g%,
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Fipure 2.23: Feynmann diagrams of leading-order (LG} processes for of {EJE} production.,

which makes the perturbative approach less applicable.

The Colour Evaporation Model (CEM)

The process of gluon fusion primarily forms a of pair in a eolour-ectet state, denoted
as (ef)g. In order to produce s real J/y singlet state (¢€), the systemn has to neutralise
its colour, This process is well described in o sitple model ealled the Colour Evapo-
ration Model (CEM), where the colour is evaporated by soft ghion exchange with the
surroimnding colour ficld. The transition from (ef)y to (e2); involves an intermediate
pro-resonance state of (ecg),.

Quarkonia suppression in the plasma - the screening mechauisin

According to Satz and Karsch [81], from the properiics of finite temperature quarko-
nium, fhe inter-quark potential for non relativistically bound quarkeninm at zero
temperature 18 nsually given in fhe Cornell form :

V (e 0) = or — % (2.20)

where ¢ is the inter-quark separation and the parameters are & — 0.192 GeV?, o —
0471 m. = 132 GeV and nmy — 4.746 GeV. This potentfial iz modified at higher
temperatures due to colour sereening, and becomes

{hit = “WTI) — S (2.30)

i [
p(T) 4 7
where the scroening mass p(17) is an increasing function of femperature. At finite
temperature, when r — 0 the % hehaviour is dominarntd, while as r — oc. the range
of the potential decreases with p{7), which wmakes the binding loss offective with
temperatire. Semi-classicolly, the energy is given by

!

E(r,T} =2%mg + p +Vir, T, {24

-m.Q
where (7"} (r?} = ¢ = 1. Minimising F(r,T) with respect to r gives the radius of
bound state at each T It is noted that for a sereening mass $(7) above a certain
critical value fip (45), there is no longer a mininnm and bound states cannot form.
MNote also that pp is independent of T, but Th depends on the functional form of
tip. The screening mass is smaller for higher mass resonances, which meuans that



2.4. OBSERVING THE QGP a7

higher resonances are “melted” before the move Lightly bound lower mass ones. Oae
therefore expeels the sequential suppression pattern of b and ¢F familics, with e.q.
the T melting before the T* before the T. Taking mio accounl feed-down from
the decay of higher-lying resonances, the suppression patterns caleulated by Diigal.
Petreczky and Satz [111] are shown in figure 2,24,
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Figure 2.24: The J/4 (lefi) and Y {right) suppression patierns as a fanction of temperature
relative to the eritical temperature of the plasma from [111;.

2.4.6 Non-plasma suppression mechanisms

As noted above, il has been shown that the yicld of guarkonia may also be suppressed
by purely hadronic means. It 18 essential to be able to have a reliable handle on
these mechanisms, in order 1o describe properly the extent of plasma suppression
{for an overview of 3/ suppression mechanisms, see for example reference [94]).
Two conspicucus mechanism exist for the suppression of guarkenia which will be
deseribed below. The first, nuclear absorplion, is a final-stale effect. while the second,
“shadowing” is an inilial-state effeet.

Nuclear absorption

According to the “binarv-sealing” assumption of hard processes deseribed above, the
cross-section of J/ production in nueleus-nuclens collisions should seale as

oih = ABo%, (2.92)

o fulr
where A and £ represent the mass number of Lhe projectile and target respectively
and a,, is the cross-section of quarkonia formation in p-p collisions, This simple
parametrisation was modified somewhat in the light of J/4 production data from
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p-A collisions at the SPS [83, 85 and Fermilab National Accelerator Laboratory
(FNAL) [93, 88] have shown that this scaling relation is modified by a factor a -

ol = yp A, (2.33)

where & takes all of the muclear effects into account. This nuclear dependence 18
ithistirated for the WA3SR data in figure 2.4.6 and typical values of & at ihe SPS are
around 0,92 [K5],

This suppressed vield of guarkonia production relative to cxpected hinary-sealing
predictions is found to be similar for the J/g as for the 4. This discovery lead Lo
the canclusion that it arises [com pre-resonance absorption of the oF staie in the sur-
rounding nuclear matter created during the collision [53, 84, 86, since the resonance
and ground-state of the ¢f pair have significantly diffcrent radit and would thus be
expected to have different hadronde absarption cross-sections.
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Figure 2.25: J/¢ cross-sections per micleon, times dimmon branching ratio, as a funetion
of nuelear size taken from [85]. The line corresponds to the best lit to the fanetion 8, =
go(A x By«

Co-maver absorption

Dhie Lo the very large number of produced pariicles in heavy-ion collisions, it is
nat unreasonable to expect that the J/# mesons formed during the evolition of the
produced state suffer final-state interactions. These fnabstate interactions are often
referred to as “co-mover” interactions, sinee the J/1 is a tightly bound state and
wonldd have to interact with particles very near 1o it in phase space. This process was
mitially proposed by Brodsky and Mueller [59] as an effect at the partonie level on the
production of J/i particles. Khameev et of deseribed a model (9] which expresses
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the co-mover suppression of J/y as a function of the munber of wounded wiwleons,
while Armesto, Capella and Ferreiro use an expression for the co-mover suppression
based on the Dual-Parton Model (DI'M) model [91]. This description of the co-movey
suppression seems Lo describe most the NABD data very well, at 158 GeV [92]. Figure
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Figure 2.26: Ratio of J/v to Drell-Yan production as a fanction of Ey measured by NASO,
The dashed line is the uormal muclear abeorption model (112, The solid line is a co-mover
absorption caleylation [02]

2.26 shows the NASD data for the ratio of measured to expected® is shown along with
a Glauber nuclear absorption curve, as well as the co-mover absorption deseribed in
[91], using a co-mover absorption cross-section of 1 mb. The co-mover absorption
describes the peripheral bins well, but under-predicts the suppression at high- £

Shadowing

Apart from the final-state myclear effect of hadronic absorption, there exists another
important modification of the yield of quarkonia from non-plasina mechanisms. This
i= an initial-state effect, due to the modification of the glion structure function at
high density. Shown in figure 2,27, is the nuelear parton distribution function (nPDF)
caleulated by Eskola et al [95, 96, 97] for differemt values of four-momentuin exchange
{€*). This function shows the ratioc B2 as a function of 2 and ¢°. Here, ¢ is the
fraction of the total micleon momentwm carried by the gluon and €2 is the transferred
four-momentmn. The ratio £72 is defined as

£ (%)
R AER-oL

*Proportional to binarv-scaling Drell-Yan production, as i figure 2,25

R (2, 0?) — (2.34)
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where [, (, #%) is the glion distribution fimetion within the nueleon and f;‘ (a, (%) is
the gluon distribution Function within the mucleus. From the distributions shown in
figare 2,27, it 15 observed that there are regions, at high-x, where the ratio is greater
than unity and regions, at low-z, where it i3 less, These regions are referred to re-
spectively as “anti-shadowing” and “shadowmg”. Since one of the most important
productlon mechanisms of guarkonda is gluon fosion, iF the mmimber of gluons is de-
creased i a given range, the yield of guarkonia will correspondingly be suppressed.
This mechanism s an initial-state effect. as opposed to the finalstate effeets pre-
viously described, but contributes nonetheless to the overall gquarkonia suppression
pratter.
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Figure 2.27; Calculation of the nuclear modification of the gluon density duc te the offect
of *shadowing”, taken from [95]

2.4.7 J/v suppression from SPS and RHTC

The results from the SPS experiment NASD on J/4r production ag g hinction of
energy density {which is related to centrality as discussed above) showed in 2000
that there is a threshold effect. The ratio of the J/i yield [(meagured in the di-
mon decay channel [112]) compared to the yield expected from a fit to “normal”
nuclear suppression described above is shown figure 2.28, It is clear that in the most
central PL-Pb collisions {corresponding to the highest enerey-density), there is an
“anomalons” suppression bevond what 15 expected by normal nuclear suppression,
The PHENIX collaboration has since made several measurements of the S/ dis-
tributions as a function of ¥, py and centrality, [113, 115, 114, 116]. It can be seen
from figure 2.29 that there js significant suppression in the yield of J/¢ mesons i
An-Au collisions at /s = 200 GeV ag a function of centrality. The yield is alzo
more suppressed at mid rapidities than at forward rapidities [116] - a trend which is
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Figure 2.28. Comparison of measured suppression of J/4 to that expected from normal
nuclear suppression, showing a threshold of “anomalous” suppression near 2.2 GeV /Hm®.

contrary to predictions using regeneration models [117] and co-mover models [118].
It. is still not yet clear to what extent regeneration and normal muclear suppression
are present in the BHIC data. Recent In-In data from NAGO may help to clarify
the sityation, but it is thought that regeneration would play a more significant role
in Pb-Ph collisions at the LHC due to the higher abundance of charm and heauty
quarks.

2.5 The challenge for ALICE

It has been shown that the existence of a quark-glnon plasma can never be detected
directly and experiments have to rely on indirect mformation and theoretical signa-
tures in order to make staternents on the presence of this state. Of the experimental
signatures diseussed above, the most relevant for this study is the suppression of
quarkenia, since the ALICE dirmuon spectrometer is specifically designed to measure
the spectra of nmons with high accuracy and acceptance.

The ALICE experimental setup will be discussed in the next chapter, with em-
phasis on the dimuon spectrometer. The challenge for ALICE will be to separate out
hadronie from plasma oflects o order to make reliable statomments on the existencee
and nature of the quark-gluon plasma if it is indeed formed in collisions at the LHC.
In order to achieve this goal, the experiment has been designed to measure several ob-
servables simultaneously, with an array of dedicated systems, These will be described
in detail in the next chapter.
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Figure 229 RB44 of J/¢ mesons measiured in Au-An collisions at s = 200 GeV as a
function of centrality (Nupan) [116]. The top pane shows Ra 4 at mid- and forward rapidity,
while the bottom frame shows the ratio hetween i 4 mensured at forward rapidity, to that
measired at mid-ra pidity.



Chapter 3

The ALICE experiment at CERN’s
Large Hadronic Collider (LHC)

ALICE 15 one of four major experimential installations - and the only experiment
dedicated to heavy-ion collisions al the LHC. The Large Hadronie Collider (LHC} will
be able to eollide a variety of symmetric and asymmetric systems, ranging from light
gystemns [p-p, Ar-Ar and p-Ph), to very heavy systems like Pb-Pb. In this chaptler,
a brief description of the collider and the components of the ALTCE experiment will
be given.

3.1 The Large Hadron Collider

The LHC will be the largest accelerator in the world to collide heavy ions and is heing
built in the saane tunnel as the 26,659 km-circumference Large Electron-Pogitron
(LEP) ring. As sucl, the physies regime opened up by this machine will represent
experimentally uncharted territory (o the theory of QCD. The nominal operating
parameters of the aceelerator are given in table 3.1,

Apart from running Pb-Pb to ereate the largest, densest, hottest system possi-
ble, control experiments of lighter jons are selwduled to investigaie the system sizc
dependence of (he resulty, These include :

o Intermediate mass ions, such as Ar-Ar, Depending on the results of the Arson
runs, the LHC can accelerate symmetrie beams of other intermediate mass ions,

pp Ph-Ph
Energy per nueleon (FeV) 7 2.76
Bunch length (cm) 7.50 7.94
Besin radius {pm) 7l 15.9
Tons per bunch L1-10% | 7.00- 107
Luminosity {em “57) s T 107
Time belween bunches (ns) 24.95 95.8

Table 3.1 Principle parameters of the Large Hadronic Collider at CERN j120], {141].

43
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sich as S, Kr, N and O,

e Elementary micleon-nucleon collisions. These include pp, p-A and other “p-
like” systems, e.g. d-d or a-a. The data from these experiments i3 necessary to
provide the relevant reference information to the heavier systems.

The LIC will have several interaction points - regions where the counter-moving
beams of uuclel overlap - where the large experimental halls will house the four
experiments ;: CMS, ATLAS, LHCH and ALICE. A schematic diagram of the layout
of the accelerator complex can be seen in figure 3.1, withALICE at point 2.

o CERRY

Map of CERN sites and LHC access points

Figure 3.1: The LHC accelerator complex ai CERN, showing the loeation of the four
experimental halls, including the ALICE experiment (Point 2).

The first three experiments in this list will be focused on probing sighals predicted
by the Standard Model, while the last is designed with a very different goal in mind.
the search for and exploration of the QGP.



3.2. THE ALICE EXPERIMENT OVERVIEW 45

3.2 The ALICE experiment overview

The ALICE experiment, will be placed in the cavern previously occupied by the L3 ex-
pertinent at LEP 121], at interaction point 2. I congists of o wide variety of detector
subsystems, which will alloaw 1t to study roany different observables simultaneously.
i will have excellent tracking and particle identification in the mid rapidity region,
and pood coverage in y and py for specific observables, like dimuons and photons.
The ALICE detector cousists of a central part contaming most of the subsystems,
a dimuon arm at backward rapidity in the LHC co-ordinate frame, and several sub-
systems for event characterisation and triggering at forward rapiditics. A schematic
diagram of the overall ALICE experimental apparatus is shown in figure 3.2, where
the detector components are indicated. A description of the detector subsystems is
given below, and will be grouped into various scetions - the central systems, the for-
ward detectors and the dimuon spectrometer which the nature of this thesis requires
s spectal focus on. In order to provide the experimental context to these systerus, a
short description of the other important sub-detectors and systems will be given too,
mcluding the trigger and DAQ systems and the computing framework.
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Figurc 3.2: Schematic diagram of the ALTCE detector, to scale, showing various subsys-
tems.

3.3  The central (barrel) ALICE systems

The central “barrel” of ALICE consists of a dense variefy of mtograted detector
types around the mferaction verfex, dominated by a TPC. Complementing the TPC
18 an ITS based on 3 different silicon detector technologies. The TPC and ITS are
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Layer { Detector Type} single ‘Lrack Double Track
T —g (pm) | o, [:ﬂ'rf”-:' U'r—$(ﬁ'?n'} @2 1)
1.2 SPD 12 104 100 851
348DD 0 [ a8 28 200 600
b6 S50 L RN 300 2400

Table 3.2; Resulution parameters for the Inmer Tracking System for single and double
tracks

situated inside the large L3 magnet, which provides the solencidal magnetic field
required to provide momentum information on the fracked particles. These other
detectors help in measuring specific signals, or with overall particle identification
{(PID), event characterisation or triggering,.  They include & Transition Radiation
Detector (TRD), Time of Flight (TOF), Lligh Momentum Particle IDentification
(HMPID} and PHOton Spectromneter (PHOS) detectors and will be deseribed briefly
below.

3.3.1 The L3 magnet

All of the central detoctors described below are gituated within the voluwme of the
large central magnet, last used for the L3 experiment at LED. This magnet has o 5m
radins and 15 12 metres long, providing a maximal soleneidal field for use in ALICE
of 0.5 T In this magnetic ficld charged particles are deviated by the Lorentz force,
enabling the central tracking svstems to perform tracking down to very low transverse
ntomentium, about pr > 100 MeV /e

3.3.2 The Inner Tracking Chamber (ITS)

The ITS [122] las six detection layers covering the rapidity region of 3} < 0.9, with
high spatial resolution used mainly for tracking and decay verfex determination. The
radins, technology and segnentation of the detector are optimized to satisty certain
constraints, including physics ebservables and efficiency. The components of the ITS,
scen in figure 3.3 are pixel, drift and strip detectors. The Silicon Pixel Detector
{SPD) provides sceurate vertex information, while the Silicon Drift Detector (SDD)
provides analog 48 /dx for PID purposes. The Silicon Strip Detector (SSD) provides
a tracl-matehing capability which the TP Cuses to improve its tracking.

With this setup, the ITS is capable of determining a vory precise event vertex (see
table 3.2), as well ag secondary vertices from heavy favour decay. These include heavy
fAavour {charm and beauty} mesons, as well as strange barvens (A, . @) and merous
(K& ¢, cte). 1t has increased acceptance compared to the TPC for low momentum
{py < 100 MeV} tracks and increases the resolution on high gy tracks with the
addition of the TP
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Figurc 3.3: The Inner Tracking System, showing the various component layers of silicon

3.3.3 The Time Projection Chamber (TPC)

The TP'C [123] is the heart of the inner detectors, providing track identification,
womnentun and energy loss information for most of the charged particles created in
the nuclear collision. It has a eylindrical shape {=ee figure 3.4). with an hmer radius
of about 85 ¢m, an outer radius of about 25() em and a length of about 500 cm. The
inner rading was chosen to give an average multiplicity of 0.1-0.2 particles.cr= (in
the transverse plane) and the outer radius was chosen Lo obtain a dF /dr resolution
for eleetrons of less than 10 %. This gives the TPC an acceplance of about |nf < 0.9
in pseudorapidity and 100 McV /e < pr < 100 GeV/e in transverse momentun for
charged Ivacks. To keep the occupancy manageable, the detector is scginented into
about 560 000 readont pads of three different sizes, depending on the radial co-
ordinale on the endeaps,

3.3.4 The Transition Radiation Detector (TRD)

The Transition Radiation Detector {TRIY} {1247, shown in figure 3.5, is sitnated radi-
ally between the TPC and the TOF {described below), in order 1o detect the Lransition
radiation of charged particles as they traverse from one medium to the next. It al-
lows very good ¢ — 7 separation for fracks with pr < 1 GeV /e (where the TPC e — 7
rejection efficiency drops ) and will accept ahnost all electrons in the range || < (0.9,
The TRD is also a very fasl detector, and as such can be used ss a trigger for high
pr leplons. Such a ixigger will considerably increase the heavy flavour (T and J /4
families) yield in the high-mass region of the dilepton spectrim.
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Figure 3.4 Schematic scale disgram of the ALICE Tine Projection Chamber, showing
suppart. spokes, and inner and oler sectlons.

The TRD 18 & segmented detector consisting of 540 sub-detectors and has a total
sensitive area of 75} mm?.

3.3.5 The Time of Flight (TOF) detector

The time of fight delector [125] is used for particle identification and covers the
full azimath m the psendoraprdity region of |3 < 0.9, In conjunction with the TTS
and TTC, it can be nsed on an evenl-by-event, basis (o separate ol pions, kaons and
protols with 0.2 GeV /e < pp < 2.5 GeV /e, The eylindrical device s situated radially
just, bevond the TRD: The dimensions of the modules maich those of the TRD and
TPC, and are arranged in such a way thal the joining areas of the modules are aligned
with the dead aress of other detectors projected from the interaction point, which
creates minimal dead zones (see figure 3.6,

3.3.6 The High Momentum Patticle IDentification (HMPID)
detector

As its name inplies, the HMPID [126] is designed to ideotity very high momenium
particles, albeit in a limited acceptance — only about 1 %% of the central barrel
acceptance. It is optimised to separaie out /K and K /p up to transverse momenia
of about 3 GeV /e and 5 GeV/e respeciively. The HMPID is a Ring-lmaging Cerenkav
deiector (BICH} design, mounted in an independent support cradle at a distance of
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Figure 3.5; Schematie digram of the ALICE Transition Radiation Detector (to seale)

about 4.8 m from the nominal vertex. The cradle is fixed in the space frane at about
the two-o-clock position {gee figure 3.6).

3.3.7 The PHOton Spectrometer {(PHOS)

The ALICE photon spectrometer [127] is a high-resolution electromagnetic spectrom-
eter, which s designed to deteet photons in a lmited acceptance at mid-rapidity. It
can provide nentral meson (e.g. #%) and photon identification. As seen in figure 3.6,
it is poaitioned at the bottorn of the ALICE eentral barrel, 460 i rachally distant
from the interaction vertex | covering the pseudorapidity region of =012 <5 > (.12
and 100° in aznouth, gliving a total seusitive arca of about 8 m®.

With the PHOS, ALICE will be able to study the QGP by measuring direct pho-
tons {as described in section 2.4.4), which make up about 10 - 156 % of the total
photonie cross-section. In addition, it will be able to study jet quenching, by mea-
suring the high momentwmn light meson yield through the dominant decay chanuel of
" s 2 and i — 27 It will also measure event-by-event fuctuations of the photon
viceld compared to the charged particle vield, which is predieted az a signal of the
onset of chiral symmetry restoration.

3.4 The forward-rapidity ALICE detectors

There exist in ALICE a sot of forward detectors for the determination of the overall
underlying event centrality and mdeiplicity for global triggering and other collision
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Figure 3.6. Schematic diagram of the TOF {central barrel), PHOS (lower} and HMPID
{top} detectors in the ALICE experiinent, to scale.

information’

The Zero degree calorimeter (ZDC)

The spectator nucleons in the collision are detected by the ZDCs placed at 116 m
trom the interaction point, on both sides of the vertex. Since the Z2DC’s are so far
along the tunnel, they cannot provide a LO signal in the tiime required, but they use
three leveis of discrimination to provide an L1 trigger input for the different centrality
classes,

3.4.1 The Photon Multiplicity Detector (PMIL))

The PMD is situated 360 cin from the interaction point, in the forward rapidity region
(opposite the dimnon spectrometer) and covers the full azimuuth in the pseudorapidity
region of 2.3 < ¢ = 5.5, Tt has an electronics syvstem siimilar to that of the dimnuon arm,
and detects photons in the same phase-space as the dinmon spectrometer, making it
usctul for correlation studies in conjunction with the dimugen spectrometer.  The
PMD can measure event-by-event photon spatial distributions (in the 1 — @) plane.
This is also possible with the dimuon spectrometer and allows a study of cvent-hyv-
event fluctuations and How. Apart from QGP signals, event characteristics such as
the transverse clectromagnetic energy and reaction plane are measurable with the

'See section 2.4.1 for an explanation of how these detectors are used o estimate centralicy.
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Figure 3.7: The ALICE Zero degree calorimeter (ZDC), next to the beam pipe.

PMD. which make it invaluable for making flow and Hanbnry-Brown Twiss (HBT)
interferometry measurements,

3.4.2 The Forward Multiplicity Detector

This detector consists of 5 eomcenirie silicon strip ring connters placed on both ends
of the interaction region, covering the pseudorapidity region of -3.4 < 5 < —1.7 and
1.7 < n <« 5.4. It i3 used for measuring the multiplicity of charged particles, but its
slow readout tiine does nat allow it to participate in the LO trigger, although it does
have an input into the L2 signal, Tt iz seemented into 5 annuli of silicon strip detectors
{2 in the forward and 3 in the backward region of the vertex), with two different tvpes
(interna) and external), which form 20 and 40 sectors in ¢ respectively. The FMD can
be used to study gignals which appear in multiplicity variations of charged particles,
such as event-by-event fluctuations and flow, but is also useful in determining the
centrality of the event, The ITS in conjunction with the FMD gives alinost 4=
coverage of charged particle production.

3.4.3 The TO and VO detectors

Timing iz crucial for many detectars, which need a “start” signal. The TO plays this
impaortant role, giving & precise measurement of the collision start time for the TOF
and trigger electromics. It is made up of two arrays of 12 Cerenkov counters each,
read out by fine mesh photomultiplier tubes. The arrays are placed on etther end
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Figure 3.8: A schematic diagram of the ALTCE Photon Multipliciey Detector (PMDY) (to
s le)

of the vertex region, at 2 = —350 em {T0z) and z — 70 em {T0Og] The fast output
signal is vsed as an input to the LO electronics logic, and 1s used 1o trigger on events
and reject beam-gas background. There 1s also an input into (he pre-trigger from the
co-incidence of the TO and the TRD, The time resolution of the T0 is about 50 ps
and it's vertex resolution is of the order of cin,

The Vi detector is compesed of two sets of radially and azimuthally seginenied
seintillators placed on erther side of the interaction vertex, with the puwrpose of pro-
viding accurate vertox information. This vertex position information is used to filter
out particles which do not come from the pritnary vertex, in order to improve the
centrality estimation by providing a mere reliahle muliiplicity measurement.

3.5 The dimuon spectromelter

The dimuon speetrometer [128] will form the focus of the description of the ALICE
detector components, sinee the physics signals we are interested in will be measured
with this deteetor. It provides a specific capahility to study the muons from the decay
of particles produced in heavy ion collisions.

The spectrometer is situated at backward rapidities in the pelar range of 171% —
178 (-4 < n = —2.3) and covoers the full azimuth. Using the ZDC, PMD and ITS
in conjunction with the dimuon spectrometer. ALICE las 1he capability to divectly
compare the yield of quarkoma in different regions of phase space, and as a function
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of centrality. The possibility also exists to study e/~ — p=/*F co-incidences with the
TRD, in order to enhance an open hesvy flavour measuremert,

The basic design of the detector must fulfil the eriterda imposed on it arising from
the cxperimental environmment, Essentially, this means taking aceonnt of the particle
multiplicity, interaction rate and invariant mass resolution regquired to separate out
varions 'onium species®. The most stringent, requiretnents are set in the case of central
Ph-Ph collisions. where the multiplicity 1s the highest. The maximum oxpected hit
density in this environment decreases as o function of 2 from about &5 ||me = 4- 1072
mm— on the first station, to about £¥(,.., = 11072 mm~* on station 3,

The spatial resolution of hit reconstruction on the chambers has a direet influence
on the momentim determination and hence the mass resolntion. A spatial resolution
of abont 4, < 100 jau is needed to achieve a mass resolution 100 MeV/¢?, which is in
turn reguired in order to separate out the sub-states of heavy-quarkonia resonsnces.
Other factors which would degrade the momentum resolution are multiple seattering
and ineficiencies m the detector. For this reason, the thickness of the active surtaces of
the tracking chambers are less than 8% of the radiation length yg and the cofficiency
of the detcctors. taking into account dead arcas, is greater than 90%. A further
criterion for the dimmon spoctrometer is that it should have good acceptance at low
Py for muons.

The spectrometer consiats of 5 sets of tracking stations, and 2 trigger stations. The
detectors themselves are of a segmented cathode strip chsanber design, which will be
described in detail below, however it 1s worthwhile to note here that the the segmen-
tation of the detector has been designed to take into account the expected multiplicity
of particle hits on the detector planes. In the case of the trigger planes, Heavy-lon
Jet Interaction Generator {HLJING) simulations have shown that the maximum hit
rate for central Ph-Ph s sbout 3 He fom®.

The detector system is roughly made up of € components:

e heam shield surrounding beam pipe
¢ frout absorber

& tracking stations

¢ dipole magnet

muen Blter

e trigger stations

These components will be discussed in depth below.

2Tt aliculd be noted as well that this invariant mass resolution requitement is a function of the
ILVAriang miass.

*These estimates include a safety factor of 2, +o take account of unecrtaintics in the particle
mmleiplicity amwd possible unknown souvces of backaronmnd.
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3.5.1 The absorbers

Leptons, specifically muons, do not interact via the strong force and so are able to
pass relatively unallected through large pieces of dense material. Tn order to supproess
the large mimber of nuwantoed particles (hadrons, photons, electrons efe) produced in
the initial eollision and detect only muons, there exist two absorbers in the dimmon
spectrometer - the front absorber and the muon filter.

The frout absorbor 18 designed to reduee as much as possible the flux of hadrons
before the spectrometer, while minimising the effects of energy loss and multiple
scattering on muons, as well as reducing the number of hadrons and sceondary muons
fronn hadronie decay. The absorber, which hus undergone several design changes
[124], 8 4 mixture of carbon, and Jead. tungsten and polyethyvlene |130], combined in
a way 50 as to optimise the absorber for the conditions above. It is 4.2 metres long,
corresponding to 10 radiation lengths, Sinee the front absorber i@ partly within the
TPC harrel, it 1s protectod by a lead codeap i order to veduee the confribution of
secondary particles seattering iuto the TPC sensitive volume,

W Pb

Concrete

Figure 3.9 Schematic diagram of the ALICE dimnen arm front absorber, tn scale, showing
the distribution of materials nsed.

The trigger chambers of the spectrometer have to be shielded from all particles
but muons, so that the trigger rates are not contammated by background due to
neutrons and gammas. For this resson, a 1.2 m thick iron wall separates the trigger
chambers from the rest of the spectrometer stations. This absorber plays the role of
a muon filter, since mons of less than 4 GeV/e are stopped In it, and it only allows
high momentum particles through to the trigger chambers.

3.5.2 The spectrometer tracking system

The tracking svstemn is made np of 5 tracking stations. each consisting of 2 detection
plancs each consisting of two detection planes. Each detection plane consists of a set
of multiwire proportional chambers { “quadrants” in the case of stations 1 and 2 and
“slats” in the case of stations 3, 4 and 5. Both cathodes of the chamber are segmented
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and read-out - the first cathode is finely segmented in the vertical (y) divection and is
referred to as the “bending plane”, while the ather is segmented with a shightly coarser
grain in the horizontal () direetion and is referred to as the “non-bending plane”.
A dipole magnet is used for momentum determination, and the finer segnientation in
the y-direction is designed to take advantage thereof. The dipole magnet is centred
at a distance of 9.9 m from the iteraction vertex, with an integrated field strength of
5 T.m, and a maximum field value of (.7 T, It has a length of 5 m in the —z direction
and covers the polar angular acceptance of the rest of the spectrometer.

Figure 3.10: Schematic view of the ALICE dimuon spectrometer dipole magnet. The front
{left} and side (right) views, as generated from aliroot, both show the third tracking station
of the spectrometer within the volwne of the dipole magnet,

Stations 1 and 2 are situated before the dipole magnet {in the z-axig), while sta-
tions 4 and 5 are situated bevond it; stations 3 provides a measurement within the
dipole magnet {see fignre 3.10). Due to the high particle multiplicity, and require-
ments of good resolution and large sensitive areas by the spectrometer, segmented
cathode pad chamber technology was deecided upon for the tracking statioms. The
segmentation of the tracking chambers was designed so that the average oceupaney
wonld remain roughly eonstant as a function of radial distance from the beam pipe
(see fisure 3.11). Since the hit density decreases with radial distance trom the beam
pipe, this means that pad sizes are smaller nearer the beam line, and increase further
out. The chambers of stations 1 and 2 require special segmentation, due to the very
high multiplicity near the interaction vertex.

3.5.3 The dimuon trigger syhsystem

The dimuon trigger system has to select dimuons of interest from a significant back-
ground., The trngger chambers provide the initial bias to select events with high
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[Figure 3.11: Oecupaney of the tracking chambers as a fmetion of radial distance in the
case of central Ph-Ph collisions [125]

momentum mions and are specifieally designed to minimise the impact of a soft
backpground eoming [rom low-energy muons. neutrons and gammas [rom secondary
reactions and deeays. In arder to provide a vough pyp cstimate, the trigger chambers
have a gramularity of about 1 cm. A wvory fast response time is required in order
to participate in the global ALICE L1 trigger. Single-gap Resistive Plate Chamber
(RPC} technology was thus selected to be used for the trigger stations,

3.5.4 Dimuon spectroeter read-out

The detector read-out and raw data format has implications [or the dHLT and there-
fore relevant details of the dimuon tracking and togger chambers read ot will be
briefly stated here.

The readout for the dinmon tracking stations involves a series of digital processing
of the data which 1s done to a large extent by intograted cleetronics situated dirvectly
on the detector. Signals generated by tho passage of charged particles through the
sensitive areas of the detectors are read out by the MANAS Numérique (MANU)
Front-Eud Electronics (FEE), which perform pre-amplification, shaping and filtering
ol the signal in the 1.1 million chanucls. An application-specitic integrated cirenit
(ASIC}, the MUON Arm Readout Card (MARC) handles the data sequencing as well
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Station No. s ] 2 3 4 5
2 position {mm} 5100 | 6360 | 9824 | 12300 | 14241
Bending plane dxb | 4x7 8 | ox29 | 9625 | 5x25

12 12 | Ax15 | H=xBl | 5xH0 | x50

4x24 | 4x30 | 5x100 | 5x100 | 5x100

Max. Oc¢cupancy (0.01 em™) | 40 | 16 | 086 1.0 12
(central Ph-Ph x2) (em =)

Table 3.3: Tracking chamber physical chavacteristics. The pad sizc of the traeking chamboers
is given for the two segmentation regions (inner and onter ).

Pad size {mm % mm}

as the zero-suppression and communication with the Digital Signal Processor {DSP)s.
These DSPs, which are grouped in clusters in specific Cluster Read Out Concentrator
Unit (CROCUS). transmit Lhe data via the Protocol for ALICE Tracking Chamber
(PATCI) electronie buses. Onee Lhe data bas been transferred from the FEEs fo the
CROCUS, it is shipped to the DAQ and dHLT compuie farm via Detector Data Link
(DDL) cables, which are standard to all ALICE subdetectors, along which raw data
is (ransferred.

Four Multiplexed ANAlog Signal processor (MANAS) chips, which provide 12
bits of Analog 1o Digital Converter (ADC) information affer pre-amplification and
analog-to-digital conversion. are grouped on & MANU board. The data is transferred
to front-end CROCUS controllers wia PATCH-busses on the detector: each of the 5
CROCUS controllers handles 10 PATCH-busses. A concentrator CROCUS reads out
ihe 5 {ront-end CROCUS, at which point the data is formatted and sent to a Source-
Intertace Uit (SIU) of the DDL cable. There are two data Blocks of 25 PATCH-tusses
per DDL event and one half-chamber is connected 1.0 one DDL, containing (he merged
data of 5 CROCUS, corresponding o at mosl. 50 PATCH-husses [137).

The 2100 channels of the four trigger chambers are vead ont by 3 880 front end
cards, which are 8 channel A Dual-Level Threshold (ADULT} chips [138]. The trigger
read-out is hierarchical and is controlled by 234 local and 16 regional resddout cards.
More information on the detailed MUON arm trigger read oul can be found in |1397],
but for the sake of clarity, the veadonl procedure as it pertains to the DDL-wise raw
data will be outlined here. Once read out by these cards, the data is sent to the
Dimuon Arm Readout Card {DARC), with one DARC serving 8 regional cards and
hence 2 DDLs for the trigger chambers. A global card in the trigger crate gathers
mformation from the regional cards and generates the trigger cuipul [110:, based on
a looknp fable,

The dafa from the frigger and selected iracking chambers is then used as the
input to the dHLT tracking and trigger algorithms. which will be described in detail
in chapter 5. Knowledge of the raw data formal ab this polnt is essential in order to
unpack the raw data and process it.
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Figre 3.13: Raw data format nsed in offline simalations,

3.5.5 The dimuon spectrometer raw data format

af

An ALICE raw event consists of an event header {16 words), an equipiuent header (7
words) and the DDL sub-ewvent. This DDL sub-¢vent begins with an 8-word header
(32 bits cach) [131] and also contains the actual data payload. The raw data format,
given in [153], is defined by the ALICE geometry, mapping and scgmentation con-
ventions, and is different for the tracking and trigger chambers. Note that although
the geometry and segmentation also varies from chamber to chamber, this requires

different. mapping definitions, and not an altogether ditferent data format,

Tracking chamber DDL raw data format

The tracking chamber raw data format contains two blocks of data, each of which
contain the DS information. The actual payload consists of data packed into a
little-endian 32-bit word with the hits assigned as follows -

31 parity bit

29-30 Must Be Zero (MBZ)
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15-28 MANU identification number {11 bit)
12-17 channel identification wnnber in MANT card (16 bit)

0-11 digitised ADC reading of pad charge

Trigger chamber DDL raw data format

The trigger chambers arc read out by the same ALTCE-standard DDLs as the tracking
chambers, but their data payload s formatted differently. There are two sets of data
structures, depencing on whether only the physies event is read out, or whether
additional information is to be read out. The trigger raw data pavioad is a 32 hit
word containing

s 1) bits wero
o 4 bits local decision:
00 No trigger
(1 Negative particle trigger
10 Positive particle trigger
11 No deviation trigger (undefined )

¢ 1 bit v-trigger

4 bits v-position

5 bits fur x-deviation (1 bit for trigger, 1 bits for deviation)
« 5 bits for x-position

The global ALICE High Level Trigger (HLT} 8 bricHy described in chapter 4, to set
the context for the dHLT.

3.5.6 Hit reconsiruction {offline cluster finder)

The digitiscd data read out fromn the detector bas to be reconstructed in order (o
provide positions of particle tracks in spectrometer. This is done by estimating the
position a track hit on a spectrometer chamber by investigating the deposited charse
distribution, or charge “cluster”. IE thero are no overlapping charge clusters, ag is the
case when the cccupaney 1s low aned the hits are far from each other, then this task is
relatively simple. The charge distribution is fitted to » Mathiesop-like function [132]
to find the eo-ordinates of the lut. In the case of overlapping hits, where one has
iwo tracks contributing to a single charge cluster, a fit is performed with the same
function, but with more parvametors and the muntber of hits and their positions are
determined from the local maxima. This resolation of this incthod, however, degrades
badly it the presence of background. so a more robust method has been developed
Iw A. Zinchienko [133].
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This method s based on the Maximum Likelihood - Expectation Minimization
method [135], also known as the Luey-Richardson method [134]. This new method
of reconstructing hits from the charge distributions provides much better position
resolution in the presence of large background and therefore better mass resolution.
Althoush the techmgue described here is very efficient at identifving clusters and
reconstriucting hits from them. it s however much too slow to be implemented in
the time frame necessary for the dHLT, of the order of ms. The fast or “online” hit
reconstruetion procedure will be detailed more in chapter 5.

3.6 The ALICE (rigger and DAQ system

3.6.1 General trigger design considerations

The ALICE trigeer has evolved over many vears, building on experience from NAS7
and other experiments. Experimental running conditions, such azs the multiplicity
and collision rate, place severe constraints on the trigger design. ALICE has been
tlesigned primarily to cope with the most eentral Pb-Pb eollisions, which are the most
demanding in terms of produced particles. These are expected at a relatively low cate,
about 10 kHz, but very high multiplicitics of between 4000 and 8000 particles per unit
of psendorapidity. The considerations of the experimental couditions at ALICE have
led to three general teatures of the ALICE trigger system

global trigger selections Boolean combinations of frigger signals are used to de-
scribe whole events, while more detailed treatment of the sipnals i= left to the
HLT, which has the capacity for more sophisticated data processing.

checking of time separation of events Also known as past-future protection, which
rejects ont-of-time events

Saturating trigger rates While the TI*C is limited in its frigger rate by the drift
fime of the chambers, other detectors can be read out much faster. Advantase
can be taken of their reduced readout time by organising them into “clusters”,
which ean be read out semi-independently, which would be useful to acquire a
better data set. The dinmon spectrometer is one of these detectors.

The sub-detectors of ALICE have vastly different latencies (see table 3.6.1) - for
cxample, the I'TS SDD has a sensitive period of 260 g8 while the response of the TO
takes under 50 us. In order to make the most efficient use of the detector, there is the
possibility to read out only certain subsystems for any siven event. The sub-detectors
are organised into “clusters” and these clusters are read out for events where certain
conditions have cccurred. These conditions are known as “trigger classes” and are
generally constrained by the latency of the detectors.

The trigger system is divided into the Central Trigger Processor (CTP} and several
Local Trigger Unit {LT1)s. The detailed functioning of these is not relevant to this
work, however cortain aspects relate to the integration of the HUT; more detailed
information can be found in the ALICE TDR. [143].
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Detectors relevant | past (js) § future (js)
to MUGN event
ITS Pixels -1 .1
PMD S50 5O
D tracker =540 1.0}
Dimuon trigger -1 (2.1
FMD 20 | 20
TO, V0, Z1DC -0.025 (L0250
Central Detectors .
THG -88.1 =280
TS Strips 0.0 3.0
TRID =10.0 114.
TOF 1.5 (Lo
HMPIL -5.0 5.0
THOS 2.0 2.0

Table 3.4: Table of latencies for the forward subsystems (including the I'TS Pixels and
PMD, which are included in the MUON event) and central detectors [150],

3.6.2 The Central Irigger Processor

The Central Trigger Processor {CTP) plays the central role in the ALICE trigger. It
has the responsibility of combining and synchromising various trigger signals from the
sub-detectors and then sending the correct sequence of trigger signals to these sub-
detectors, depending on the kind of event., The nurober of sub-detectors of ALICE
restricts the gencrality of the trigger definitions, since the nunber of logical combi-
nations scale like 2V, where ¥ in this case Is around 30 - thus a very large munber
of possible combinalions | The strategy for ALICE therefore was to make very rongh
global selections on events and then Jeave more sophisticated selections to the 1ILT,
which will be deseribed in the next chaptor. A schematie diagram of the basice featnres
of the CTT commumication with other svstems is shown o figure 3.14 [143],

TEHX:P LETESTORS READOOLI™ OETECTORAA |
ALEY
g e AR Caibrlion ‘et

Al

el SO PENTRAL TREGGER i FAZRL NS
Corenl PROCESSOR [ e
[T TTLLD cabie
ST it Trigger cermuts
Imemchan Faoord

Figure 3.14: Schematic diagram of the ALICE CTP. showing the flow of various data types
and the subsystems with which the CTF interacts [143]
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The trigger inputs are divided into 3 levels depending on their lateney @ level 0
(L0}, level T (11) and level 2 (L2}, in order of increasing lateney time. The size of the
detector, amongst other factors, such as the detector tochnology, dictates the latency
of the trigger signals, since soine cases a triggering detector may simply be too far
away from the Central Trigger Processor {C'1TP) for the signal to arrive in time, Thus,
cvery signal which ean arrive within 1.2 us of the ¢vent s included in LO, while after
6.9 jt5 the signals which have arrived trom other trigeering detectors are sent as the
L1 signal. The third step, L2 is available after 88 pgs and its main purpose is to issie
the validation of the past-future protoection.

3.6.3 ALICEL data acquisition

While the trigger has the responsibility to announec the presence of an interesting
event, it iz up to the ALICE DAQ system to read out the event and write it to
the data storage. Since there is a very complex set of triggers classes, as well as
running conditlons in the experiment, the DAQ has to be able to address them all,
The ALICE DA() has to be able to handle the most severe data rates jmposed on
it, which is dwring Pt-Ph collision running during one month of the year, The event
sives are dircetly related to the mudtiplicity of events and the multiplicity is in turn
related to the centrality (see chapter 2). The average contral event size expected,
based on simulations assuming af most 8000 tracks por unit of rapidity, is 86.5 M3
hefore compression.

The data read out from the detectors is trapsferred to the permanent storage,
via a series of processing furms and and event-bailding network. which pertorm basic
reconstruetion, calibration, ete. A schematie diagram showing the ineremental eyvent-
building process and the relevant DA Nardware and software at each stage is shown
in figure 3.15.

The strategy in ALICE has been to use low-cost commodity components for the
DAQ processing architecture, instead of specifically-designed hardware, High-quality
commeodity PC's components, network Interconnects and protoeols will be used to
buffer the data and transport it to and from the HLT processing farm. FPGA's
will be used to ship the data directly from the DD into the host RAM, which is
used as a large buller space directly after the detector read-out. The data from the
detector is sent to LDC's via the ALICE-standard optical fibre DD, The DDLs arc
terminated by Interface Units — Source-Interface Unit (SIU) on the originating side
and Destination-Interface Unit (DIU) on the destination side. The DDL is a point-to-
point link, designed to read out ALICE sub-systems in a standard way, consisting of
a pair of optical fibres. They are used to transmit data both to and from the detector,
with & bi-directional bandwidth of up to 200 MB/s [144]. The DD is terminsted
in Destination Read-oul, Receiver Card (DRORC), which interfaces the DML to the
PCT bus of a computer which serves as the Local Data Concentrator,

The DRORC contains an FPGA and is capable of handling Direct Memory Ac-
cess (DMA) trangactions. giving the LDC full control over the DD and allows event
fragments to be transferred into the host RAM at a very high rate (up to 200 MB/s).
The BRORBC contains two DD interfaces which are used to copy raw data to the
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Figure 3.15: Data Acquisition (DAQ} data flow overview

DA and if necessary to the HLT farm for higher-level processing. Onece the raw data
i shipped into the memory of the LDC, it is sent over the event-building network
to the appropriate Global Data Concentrator (GDC), where whole events are recon-
structed, This event-building petwork eonneets the LIDCs to the GDCs via TCP/IP
aver {zigabit Lthernet. The GDCs are also commuodity computers running Limgx and
are responstble for full event reconstruetion from the event fragments on Local Data
Concentrator (LDC)s. Reconstructed events are shipped to transient storage in the
experimential pit so that the DAQ is to some extent protected against problems with
the connection to the permanent storage, which is located elsewhers at CERIN.

The entire DDACQ) architecture is contralled by a set of software modules called
Data Acquisition and Test Environment {DATE] [145]. A detailed desceription of the
DATE software is not relevant to this work and the reader is reterred 10 1145] for more
mfnrmation. The DA architecture described above is very simple, as all detectors
{including the HLT) have the same interface. Load balancivg is elegantly achieved
by simply changing the mumber of LDCs or GDCs, since the DAQ} architecture is
completely independent of the layout of these.

3.7 The ALICE oflline computing framcwork

The ALICE computing framework was developed in order to perfonn both the sim-
nlation of physics observables, with the resulting detector response. and the recon-
struction and analysis of the data from real and simulated ideractions. Since the
framework 1= primarily based on the de-facto standard for data processing in HEP.
ROOT [146], the ALICE computing framework was called AliRoot. AliRool inherits
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the basic functionality of ROOT : event generators such as Pythia |147], detector
similation {(based on GEANT [148], shared meniory classes, parallel processing, 1/0
classes, cte. For a schematic overview of the fanetiomality and dependance of the
AliRoot classes, see figure 3.16 [178].
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Figure 3.16: Schematic overview of AliRoot functionality and interdependencies.

3.7.1  AliRoot Tuncltionalily - strnulated and real data

In the ALICE framework, simutated and real data arc treated similarly, although
starting from diflerent inputs. Lo the siolation case, the input is the physics gener-
ation, wheve basic parameters are used to generate distributions of perficfes. These
are then transported theough the deteetor, and the points in the sensitive volumes
where hits are rogistered arve caleulated, The detector response is then applied to
these hits, at which point digifs (digitised detector response is available. Onee these
digits are obtained, the data is packed into the raw data format and at this point, we
have the intersection with the real data case.

In both the real and simndlated data case, the starting point for the reconstruction
algorithins is the raw data. These algorithis are clearly detector-specific and the
description of the reconstruction data varies from detector to detector. The dimuen
spectrometer, for exantple, has two levels of reeonstrietion, where the clusters ave first
obtained and then sets of eliusters are fitted to a track maodel. in order to obtam track
candidates, Once the parameters of these wack candidates have heen cxtracted, the
information iz stored in an ALICE-wide format known as the Event Summary Data
(ESD). These various stages of data used in the framework, shown as a relationship
between the amount. of information available and amount of processing required, can
be seen in figure 3017, 1 is not within the scope of this thesis to describe the details of
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the rest of the AliRoot framework, and the reader is referred to ALICE Computing
TDR [178] for further details. In short, the ALICE computing framework provides
an integrated platform with which to process all data in the ALICE experiment.

3.8 Sumumary

This very brief description of the main features of the ALICE detectors subsystems
serves to dlustrate the scope of the capabilities of the detector, Here the focus has
however heen on the dimuon spectrometer and the trigzer and data acquisttion, as
these will form the background to the present work on the dHLT. Before deseribing
the dHLT in detail, however, it is necessary to elaborate on the design and capabilities
of the more inclusive HLT, which will be done im the next chapter.



Chapter 4
The ALICE High Level Trigger

The ALICE High Level Trigger was conceptualised as a way to increase the signif-
icance of low cross-section observables, while respecting the financial constraints of
mass-storage. These observables generally have characteristic signatures, making it
feasible to write fast algorithms for identifying them. These can be coded into a set of
triggers which allow data to be written for only those events or parts of events which
may contain them. In this way, the contribution of background can be suppressed
relative to the rate of physics signals. The scope of the HLT is essentially determined
by the data environment at ALICE. The frequency of events recorded by the detec-
tor depends on the LHC beam characteristics (species, luminosity, interaction rate),
while the size in terms of bytes of each event is determined by the number of channels
in the detector(s) as well as the content of the raw data. The rate of past-future
protected events is expected to be about 200 Hz in Pb-Pb collisions, for which the
TPC data alone will be read out at approximately 15 GB/s. The mandate of the
HLT, as given in the HLT Conceptual Design Report [156] is to

Trigger based on an online analysis of the event, those events which are candidates

to contain physics signals.

Select parts of events which contain physics signals, known as a region of interest
(Rol)

Compress without loss and as far as possible, the raw data being read out after
having been selected, in order to minimise the mass-storage requirements.

The HLT fits naturally into the trigger system of ALICE as an extra trigger layer
between the L2 and event-building stages. It is designed to perform much more
sophisticated calculations than the other trigger layers and this processing is imple-
mented on a commodity cluster. The time and data rate constraints imposed on the
HLT mean that a large amount of processing has to be completed in a small amount
of time, while preserving data integrity. Advantage is therefore taken of parallelism
in the data, which is in general hierarchical, with larger regions being built up from
smaller ones. The processing algorithms therefore process the smallest possible size
of data in a massively parallel fashion and the task is then to reconstitute the event
faithfully, before the final trigger decision and event building stages.

67
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In this chapter, an outline of the physics motivations (signals), focusing on those
relevant to the dimuon arm, will be given, along with some technical details of the
HLT in order to set the context for the next chapter, the dimuon spectrometer-
specific high-level trigger, or dimuon High Level Trigger (dHLT). The processing
communication framework and architecture will be described as they pertain to the
dimuon high-level trigger and some benchmarks of the system will be shown.

4.1 Introduction

As described in the second chapter of this thesis, physics observables in heavy-ion
collisions can be grouped into two types, depending on which momentum range they
are probing. These are referred to as the “soft” (for low momentum transfer) and
“hard” (for high momentum transfer) régimes of QCD. The bulk of hadron produc-
tion, correlations, fluctuations, spectroscopy, etc can be described in terms of the soft
régime. On the other end of the interaction scale are the hard processes, which are
described by pQCD and describe the various aspects of jet and heavy-flavour pro-
duction. There is a connection between the momentum scale and the cross-section
of processes, with low momentum transfer processes having very large cross-sections
and the high momentum transfer processes having cross-sections orders of magnitude
smaller. In order to perform an analysis of the soft physics in Pb-Pb collisions a set
of around 10° events (108 p-p collisions) is needed in order for the analysis not to be
statistics-limited. Heavy flavour production (bb e.g), or jet production with an energy
of up to 200 GeV, is expected to occur roughly once every 10 events [110]. Clearly,
to mitigate the effect of the large discrepancy in the cross-sections for these two kinds
of events, some online selectivity is called for to assure a more balanced and signif-
icant data set, without overburdening both the DAQ and mass-storage bandwidth.
Three ways in which this can be achieved have been identified, described above as
the mandate of the HLT.

Due to its relatively long drift time, the TPC, which is the slowest of the ALICE
detectors, is the focus of the HLT, since it also produces most of the data. Due to its
slow drift time, the TPC records several superimposed events during TPC readout,
which can be dealt with by the lower-lying ALICE triggers through the selection of
“clean” events in Pb-Pb collisions. This is not the case in the higher luminosity p-p
collisions, where only an online filter can separate superimposed events. The option
therefore exists with an online HLT, to record data at 200 Hz in Pb-Pb collisions and
up to 1 kHz in p-p collisions, both of which would allow ALICE and specifically the
TPC to utilise the LHC luminosity to its greatest potential. Both of these situations
would result in a sufficient accepted event rate for bottomonium spectroscopy and jet
studies. Without the HLT, however, the resulting raw data would be - at 15 GB/s
from the TPC alone - far too high for either DAQ or mass storage to handle.
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4.1.1 Physics observables and specific triggers

A characteristic of many of the signatures of the QGP described in chapter two
is that the most interesting are generally those with the smallest cross-section. The
HLT is designed as a means to suppress the uninteresting background and increase the
relative rate at which these signals are acquired. A brief description of their relevance
and characteristics will be given below, as they pertain to the HLT algorithms and
functionality.

Jet physics

The study of high-pr jet production is one of the main goals of ALICE, as it gives
information on the interaction of coloured partons with a deconfined medium. By
studying the fragmentation function of jets! and the evolution of the jet cross-section
as a function of centrality (or Er), detailed information may be gained on the char-
acteristics of the state.

In this case, the emphasis is on high-pr jets in order for the fairly simple and
fast online jet-finding algorithms to work efficiently. The basic assumptions of the
algorithm are:

o Jets have a unique topology, with one “leading” particle carrying most of the
energy, in the range of 20 GeV < Er < 30 GeV.

e They have a sufficiently large track multiplicity of (ns) ~ 10 in order to stand
out about the fluctuating minijet background.

These jets would be detected primarily in the central detectors, with the TPC and
ITS providing tracking information.

Quarkonium spectroscopy

Both ¢z and bb quarkonia have significant branching ratios for decay into leptons, for
example: the T (9460) — ete™ decay produces two electron tracks of about 5 GeV.
These are identified well by the TRD, and by using seeds provided by the TRD, the
TPC can provide more accurate PID and momentum information on the candidate
pair. A trigger rate of about 100-250 Hz for di-electrons from J/¥ and T decay is
expected in the TRD acceptance, but this rate is dominated by false positives. The
more accurate HLT processing will reduce the level of background due to these “fake
triggers” by more than a factor 10, resulting in an event rate of a few Hz.

The detection of the decay of the T state into dimuons is the main goal of the di-
muon spectrometer. In an environment dominated by muons from soft background
particles, such as m and K decays, subtraction of the background is usually done
effectively with a simple momentum cut. A more sophisticated invariant mass cut
requires more processing power and is the basis of the dimuon spectrometer High-
Level Trigger. A specific tracking algorithm applied to the dimuon spectrometer

The fragmentation function of jets is defined as the distribution of momentum amongst the
particles constituting the jet, relative to the leading particle.
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will be described in the following chapter, where it will be shown that background
rejection factors of up to 100 are achieved and the data rate can be reduced to 100
MB/s.

Momentum filter and trigger for open charm

The idea of a momentum and track filter is to track all particles online with the
TPC information, in a massively parallel fashion, obtaining estimates (pr and impact
parameter) for the track parameters of each track. The predominant hadronic decay
channels of the D family are

D* —» K—n=r%
+
D°— KK,

Considering that the average pr of the decay products of the D mesons is {pr) ~
1 GeV and that the average pr of the soft pions which make up the bulk of the
underlying event is ~ 0.4 GeV, then the fraction of tracks with pr > 0.8 GeV is
about 10% of the total. Thus, filtering out low-momentum tracks would be a good
filter for selecting D-meson decays. What is more, the tracks from D-meson decays
have a characteristic decay length, which allows a further filter on tracks which have
impact parameters far from the main nominal interaction vertex. This procedure can
reduce the raw data rate by a factor of 5 in the TPC.

Pileup removal in p-p collisions

The cross-section for rare processes, such as jets, {2 and T production, requires that
ALICE record about 10! events in order to perform a study which is not statistics-
limited. If the LHC delivers the nominal p-p luminosity of 10%cm2s~1, the average
number of events in the TPC read out time would be 25. Clearly if these events are
read out together, there is significant pileup. The average data volume per read-out
would therefore be about 2.25 MB and thus DAQ saturation occurs at 300 Hz. In
this case, only 10° events would be recorded per data-taking year, which is an order
of magnitude lower than is necessary. The HLT would have the ability to separate
piled-up events at a rate of 1.0 kHz in p-p collisions, a reduction in the raw data rate
of about a factor of 6 can be achieved which would allow the resulting data rate of
400 MB/s to be handled by DAQ.

4.1.2 HLT design requirements

From the goals of the HLT described above, it is clear that it can best complete its
assigned task by performing a complete online event reconstruction using information
from as many detectors as possible. It'is limited in its ability to do this by the
processing requirements that such a task implies. For the TPC alone, which has the
most severe processing requirements, the number of CPUs necessary can be estimated
as follows.
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The multiplicity in the central region from Pb-Pb collisions ranges from optimistic
estimates using recent results from RHIC ( about %‘1 ~ 3000 ) to pessimistic esti-

mates of up to «%ﬂ* ~ 6000. For the optimistic estimates, and taking into account
Moore’s Law [149], by 2006, about 400-500 CPUs will be required in order to pro-
cess the raw data from the TPC, TRD, Inner Tracking Chamber (ITS), while the
muon spectrometer would require a further 5-20. For the more pessimistic estimates
of charged particle density, the number of CPUs needed for online event reconstruc-
tion is about 1000. This number includes the nodes required to satisfy the necessary
overheads of networking, load-balancing, fault-tolerance, interfaces to other systems
such as DAQ), etc. This number sets the overall functional requirement of the ALICE
HLT. In order for the system to perform efficiently, several other requirements have
to be imposed upon this.

Online processing capability The HLT has to be able to reproduce the offline
results for momentum resolution and efficiency as closely as possible (generally
within 10 %) although in a short enough time to respect the time constraints.

Computer network architecture The design of the computer architecture is dic-
tated by two fundamental features of the experiment and HLT - on the one
hand, the raw data has implicitly local information and a high degree of gran-
ularity, while on the other hand, for an HLT decision to be made, information
from the entire reconstructed event has to be available. This suggests a hierar-
chical network topology with a high degree of connectivity between hierarchies,
but not within them.

FPGA co-processors Some operations performed on the raw data (charge cluster-
ing and Hough transforms, e.g. are too time-consuming when implemented on
PC-CPUs. If the algorithms are implemented on an FPGA situated on the
front-end receiver cards, these act as co-processors for specific tasks. They re-
duce significantly both the size of the data coming from the front-end processors
and the time required to do the processing (compared to performing the same
task on a commodity CPU).

Communication framework Since the HLT is implemented on a distributed, par-
allel system, a software framework is required for processing components to
communicate with each other in order for data and other information to be avail-
able where it is needed. To serve this purpose a communication framework has
been developed [151], which is based on the so-called “Publisher-Subscriber”,
or “Producer-Consumer” paradigm. More on this framework can be found be-
low and its adaptation to the dimuon High Level Trigger (dHLT) in the next
chapter.

Interface to DAQ Although the HLT has to interface to many systems, such as the
ALICE trigger system, Detector Control System (DCS), sub-detectors, DAQ,
ete, it only has two fundamentally required interfaces in the data stream. These
are the input data interface - the Front-End Processor (FEP)’s where the HLT
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Scenario A | DAQ mode No HLT processing.
Data is read out directly to DAQ.

Scenario B | HLT processing, no trigger | HLT processing is present,

but does not affect the data stream.
HLT decisions are recorded

for monitoring purposes

Scenario C | Full HLT mode Full HLT processing of HLT data,

selection of region of interest (Rol) is done
event-by-event, as is readout of full events.
Includes zero-suppression and data compression

Table 4.1: Foreseen ALICE HLT / DAQ modes of operation

receives raw data from the detectors - and the output data interface - where the
HLT sends processed data and trigger decisions to the DAQ. It is thus designed
such that the DAQ interfaces with it in the same way as any other sub-detector.

In order to be able to develop and debug the HLT system without affecting the ALICE
data chain, there has to be the ability to bypass the HLT stage completely, or branch
the data stream into an independent read out stream. Of course, once the system
has been optimised, the possibility should exist for all data to be sent only through
the HLT. These data taking modes are summarised according to the HLT Technical
Design Report (TDR) [150] in table 4.1.2.

4.2 The online HLT

The functional components of the HLT are hierarchical, with the first level of the
processing chain highly parallelised, operating on local data, with the results of that
processing being merged further down the chain until finally the full event is recon-
structed and a trigger decision can be passed. The schematic diagram of the hierarchy
is shown in figure 4.1. The first level, marked “local pattern recognition” is detector-
specific and could take the form of charge clustering — hit- or track-reconstruction —
as in the case of the dimuon raw data. In some cases, a layer before the event recon-
struction will perform global pattern recognition, such as in the case of the Hough
transform on TPC tracks. The processed, reconstructed event is then passed on to
the final level; and a trigger decision is issued.

4.2.1 HLT data flow

The logical data flow of the HLT (summarised in figure 4.2) starts with the arrival
at all the sub-detectors of an “L2A” message, which signals all detectors to open
their readout channels. The raw data is replicated by the Read-out Receiver Card
(RORC), one copy of which is sent to DAQ and one copy of which remains on the
Front-End Processor (FEP) nodes.
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Figure 4.1: Schematic diagram of the functionalily of the HET

Although the actual processing performed at each step is detector-specifie (each
detector focusing on different physics}, the general procedure is as lollows. Local
hit. reconstruction is pertormed (possibly on FPGA co-processors) on the digitised
raw data. From then on, the hit points may be handed off to a tracking algorithm to
dedice track parameters. Once the tracks have been identified, their track parameters
may he converted to “physics quantities” (such a8 momentum, PID, efe), which are
then merged from all sub-detectors in order to form the global HLT decision. Some
detectors, in particilar the ditmnon spectrometer, do not share much of the event
with the other (central} detectors and their processing chain happens in much more
independent fashion. The results of that processing are merged back into the data
stream just before the global HLT decision. The HLT decision conld validate or deny
an entire event or only parts of events (Rols), in which case only those parts of the
data selected would be read out.

4.2.2 Software integration imto AliRoot

The HLT online code for analysis is written in C+—+ and has to be adapted to the
raw data. Iu order to compare offline simulatinong with the performance of the HLT
online analysis, there has to be an interface to the ALICE offline code, AliRoot. Of
course, this also is necessary lor the Monte-Carlo data senerated with olline event
generators to be sent through the online system. The specific implementation of the
dHLT interlace to AliRoot will be discussed in detail in the next chapter.
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Figure 4.2: A general overview of the HLT data flow, showing the logical functions per-
formed at each stage [156]

4.3 HLUT' computer network architecture

The HLT computer architecture 18 driven by the ALICLE detector hierarchy. Basically,
all ALICE detectors operate in a quasi-independent way, but are synchronised by the
ALICE trigger signals - LO for timing and L2A to set the start of readoat. The data
read out by the DDL's is transferred to the HUEY FIP's while a copy is sent to DAQ),
The raw data has an inherent granularity to it which is exploited by the architecture of
the HLT; e.g. the hit reconstruction processing which is performed on the FIEP's only
requires local information and there is no need for communication between FIIP's.
It ig possible to terminate more than one DDL in a ¥EP, but whether or not this is
actually done in the experiment depends on the data rate of the particular detector,
and the amount of processing required. Thus, it is unlikely that this will oceur in the
casc of the TPC FITP's, where the data sizes and processing times are the larger, but
it may be feasible in the dimnon spectrometer, where the event sizes are much lower
and the hit reconstruction algorithim much faster, due to the simpler data.

The data delivered by the ALICE DDL’s is interfaced to the FIEP's via the PCL
bus of the host machine, to which the so-called HLT-RORC card is comnected. The
use of the PCI bus to transfer information between the RORC's and the rest of the
host machine ensures that the FEI can be as generic as possible, sinee alimost all
modern Personal Computer {PC)'s use PCL
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4.3.1 Connectivity and data flow

The overall connectivity requirements of the HLT are given by the aggregate input
and output rates. Although the data flow into and through the HLT is defined by the
physics requirements defined above, the maximum input rate is set by the number
of DDL’s connected to the system and their readout data rate. There are about 250
DDL’s connected to the HLT (see table 4.2) from the sub-detectors involved. The
DDL number and payload of each sub-detector is shown in table 4.2

Detector | Number of DDL’s Sub-event event size
Pb-Pb Pb-Pb p-p
central (kB) | peripheral (kB) | (kB)
TPC 216 352 90 10
TRD 18 39 10
Dimuon 10 15
ITs 56 35
Trigger 1

Table 4.2: DDL connections and data event payloads for the detectors in the HLT system.
The rates are limited in TPC co-incidence mode to 200 Hz in Pb-Pb running and 1 kHz in
p-p running (see text). The dimuon spectrometer can be triggered at 1kHz if no co-incidence
with the TPC is required.

Although it is a parallel-processing computer, the HLT does not require a generic
symmetric network, where every node has equal latency and bandwidth to every
other node. This is due to the fundamentally hierarchical nature of the processing
framework and reduces significantly the number of inter-node connections and the
switch sizes needed. The HLT will however also be used as an offline data processing
farm when ALICE is not taking data, and so satisfactory bandwidth between nodes
has to be guaranteed. For this reason, the inter-node connectivity is designed to be 1
Ghbit per node. The resulting topology can thus be described as a generic backbone
(of 20 Gbit/s) with some appropriate add-ons when required for online-specific HLT
operations.

Several network technologies are available for the HLT to run over, Myrinet Gi-
gabit Ethernet (GbE) and Fibre Channel being some of the more common ones. Not
only are several networks available for study, but also several new interconnects such
as Universal Serial Bus (USB) and IEEE 1394. The main criteria for choosing a net-
work and interconnect are the bandwidth provided and the load on the CPU, since
these are vital aspects of the HLT. Due to the hierarchical nature of the system, the
main emphasis is on throughput (hence, bandwidth) and not latency as is traditional
in massively-parallel systems. As network technologies and their associated price are
rapidly evolving, it was decided to keep GbE as a baseline.
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4.3.2 The HLT compute nodes

The HLT relies heavily on PCI interconnects in the compute nodes, and since almost
all commercially available computers are based on PCI (or PCl-express), this means
that there is a very wide range of choice of platform for the compute nodes. The main
constraint is the operating system, which is chosen to be Linux. The current versions
of Linux, in both the 2.4 and 2.6 kernel series support a large number processors in
symmetric multiprocessor (SMP) mode. The HLT is flexible enough to support a
heterogeneous set of compute nodes and scalable enough to allow the impact lower
performance (but cheaper) nodes to be mitigated by simply adding more of them if
the need arises. The decision on which CPU architecture and number of processors
per node to use will be made as late as possible in order tg take advantage of new
developments in the industry and speed increases due to Moore’s Law.

The setup for the dHLT computer architecture follows the general principles of
that of the full HLT, with some simplifications. These will be described in the fol-
lowing chapter, along with the specific setup used for the dHLT prototype.

4.4 HLT communication framework

As mentioned above, the HLT is not what could be termed a “traditional” massively
parallel compute system. While these are generally latency restricted, the HLT re-
quires rather a high throughput. Processes run almost independently and proper
buffering can result in very close to 100 % CPU utilisation. The optimisation then is
for zero unnecessary network copying of data and not low latency.

4.4.1 Publisher-Subscriber paradigm

A distributed data processing framework was developed [151] as an interface between
the different processing steps. The framework was based on the principle of a flow
in a “data pipe”, with processing along the way. The raw data at the start of the
chain would be read (consumed) by the FEP’s and once a step of processing has been
finished, would be released (produced) for the consumers of the next step in the chain.
This general paradigm of distributed processing, known as the “Publisher-Subscriber”
paradigm has a few general principles which apply to the HLT :

/
e Data producers should be able to feed many subscribers. This is also known as

a “fan-out” procedure.

o Processing on a single node is made much more efficient by passing only data
descriptors, specified by the framework, between publishers and subscribers.
The data itself remains in a reserved shared memory until needed. This reduces
significantly the amount of bandwidth needed, both on the bus and on the
network.

o In order to be flexible enough to support the different ALICE running conditions
and triggers, the framework has to be able to switch between configurations at
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runtime. This is also essential to ensure fault-tolerance in the case of a crash of
processing nodes

e In order for debugging and monitoring to be built into the system elegantly,
there are two kinds of data consumers defined :

Blocking consumers also called “persistent subscribers”, which reserve the
input data until they are finished processing it.

Monitoring consumers or “transient subscribers”

e As much of the functionality as possible should be provided in a way that hides
the operating system and network protocol behind abstract interfaces. Neither
publishing nor subscribing components communicate directly, but rather via
“proxy” components which deal with the communication protocols.

The HLT publisher-subscriber framework is an object-oriented design taking into ac-
count these principles, which allows for distributed fault-tolerant inter-process com-
munication.

4.4.2 The HLT analysis object

In between the steps of subscribing to data and publishing the results is the actual
processing of that data, which is done by the HLT analysis object. A schematic dia-
gram of the functionality of the HLT analysis object and its relation to the Publisher
and Subscriber components are shown in figure 4.3.

Shared Memor
New Event ;
3 Read Event
Subscriber || 400 Lo Tnput
Data
Analysis
Code Write
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{ Publisher | Event
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New Event 'Data
v

Figure 4.3: Functionality of the HLT analysis object. Data is subscribed to, processed by
the analysis Object and then published back into the event stream

Note that the data (published or subscribed) does not have to be contiguous, but
may be fanned out or collated by so-called “scatter” and “gather” operations. The
functionality for these operations is built into the HLT in for two reasons. The first
is that some processing components require data from several sources (such as the
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TPC track finder), which requires the ability to merge data from different streams.
The second reason is that there should be the ability to distribute processing across
nodes in order to avoid bottlenecks and provide a means for load-balancing.

4.4.3 Load balancing

Since the required compute time as well as the number of processing elements for any
given step can vary significantly, in order to efficiently process the data, the ability for
the data to be “scattered” into multiple streams has been maintained. The reverse is
also possible, where multiple events are gathered back into one. These load-balancing
components are the so-called EventScatterer and EventGatherer? respectively.

If an event is broken up into blocks and scattered to be processed in parallel by
several processing components, a mechanism for rebuilding the event from its parts
is required. This is the so-called FventMerger, which consists of multiple subscribers
each subscribing to a block of a given event. The EventMerger merges all of the data
from a given event and creates a new event descriptor for that event, which is then
published for subscribers upstream.

4.4.4 Publisher-Subscriber bridges

The above data flow components are sufficient if the data resides entirely in the
shared memory of a single node, where communication is only over the bus connecting
several processors. If processing is to be done inter-node, there has to be a network-
code interface in order to satisfy the general design principles laid out above. This
is implemented by a so-called “Bridge” between the HLT framework code and the
network code. The networking bridge is implemented in a transparent way, so that
the processing components are not aware whether they are connected directly or over
a bridge. This allows any processing to be moved to any node by inserting the relevant
Publisher-Subscriber Bridges into the chain.

4.4.5 Publisher-Subscriber performance and fault tolerance

The HLT communication framework has been tested on 3 benchmarked machines
[150], in order to test the timing, scalability and fault tolerance of the system. This
was done in order to identify possible bottlenecks in the system as well as to predict
future behaviour. Although the performance of the HLT code and existing network
and computing technologies are sufficient to deal with expected event rates, a serious
concern for the HLT is how it will handle failures in the system. It is estimated that
with the number of nodes forseen to be used in the HLT farm, severe failures will
be experienced at a rate of about 2 per week [152]. In a system such as the ALICE
HLT that is processing data continuously, these failures should be minimised as far
as possible. The HLT nodes will contain a sensor which will monitor the status of the

2A convention used in this work has been chosen to put all HLT and dHLT software framework
components in italics.
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Figure 4.4: Schematic diagram of the network bridge of the ALT comunuuication frame-
work, showing the abstraction laver,

node compeonents and issue alerts il necessary. The software framework iz also fanli-
tolerant and if any partienlar node goes down, the jobs assigned to that particnlar
node will be rescheduled elsewhere  either on a spare node or, if none are available
at that particular, on currently available nodes when resources permit,

This fanlt-tolerance capability of the HLT was tested by disconnecting a processing
node from the HLT prototvping cluster and observing the effect o the data ontpnt
and input rates. Figure 4.5 shows that even a complete [ailure of a node has hittle
cffecet on the total data processing rate, as a zpare node was quickly assigned to
process the overhesd.

This gencral outline of the purpose and functionality of the HLT serves as an
imtroduction to the specific application of ihe system to the dimnen spectrometer,
The next chapters describe the desien and implementation of the dHLT, along with
some performance tests,
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Chapter 5

The design of the dimuon High
Level Trigger (dHLT)

5.1 Introduction

The dimuon spectrometer is limited in the amount of data it can acquire, due to the
restriction on the DDL bandwidth assigned to it by ALICE, to a maximum readout
rate of 1 kHz (in stand-alone readout mode, for Pb-Pb collisions). As described in
Chapter 2, one of the best candidate signals for the QGP is the anomalous suppression
of heavy quarkonia - bb(T) and cz(J/¥). The decay of these mesons into pairs of
high-pr muons provides, in principle, a fairly clean trigger with which to detect their
presence and select events in which they are produced. This signal is, however, buried
in a large muonic background mostly from the semi-leptonic decay of m and K mesons.
Although this background is present over a wide range of pp, it is largely at low pr,
below 1-2 GeV. At higher pr, combinatorial contributions from semi-leptonic decay of
open charm and beauty mesons dominates the background (see section 7.3 for a more
detailed discussion of background sources). In order to reduce as much as possible
the contribution from background sources, the dimuon spectrometer L0 trigger relies
on a pr cut done at hardware level from hit positions on the trigger chambers. The
accuracy of the trigger trips is limited due to their size, which makes it somewhat
inefficient around the cut value. This has the unwanted effect that a certain amount
of background is accepted into the limited bandwidth. The consequence of this is that
the relative level of the signal, which already has a small cross-section, is reduced.

By using more accurate hit positions from the tracking stations, it was proposed
[155] that the calculation of the pr of muons could be done much more accurately,
which would allow for a more selective trigger. Instead of being forced to set the pr
cut very low in order to prevent loss of signal, one could reject a much larger amount
of background, while still accepting a very large fraction of the signal. This is the
current basis of the dimuon High-Level Trigger, or dHLT.

The dHLT is designed to run in three modes -

Pass-through where the dHLT flags events which should be accepted, but does not
actually intervene in the data stream.

81
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Yes/No Where the dHLT accepts or rejects entire events based on whether they
pass the trigger conditions or not.

Filter Where only regions, or tracks of interest defined by the trigger are readout by
the DAQ.

The dHLT is designed with 3 important functional features, which aim to take the
most advantage possible of the level of parallelism in the data stream. For example,
since each detector plane is readout independently and hit reconstruction is done
effectively per-chamber, this means that these processes can be done in parallel. This
is done in order to process data as fast as possible with the least amount of overhead
or processor waiting time. The three aspects of the dHLT which permit this are

e the online hit-reconstruction algorithm®
¢ the online track-finding and triggering algorithm and
e the data transport framework.

Various optimisations in these functionalities are possible depending on which imple-
mentation is being used and will be discussed further below. In order to access this
information from the tracking stations and still make a trigger decision in time, a
processing framework is needed which can produce trigger signals with the required
latency — under 1ms for a 1 kHz trigger rate. This is achieved by processing the
data readout in one DDL per plane in parallel, using an inter-process communica-
tion framework. Although this framework, which already existed at the time of the
dHLT development as part of the global ALICE HLT, was not designed with the
dimuon spectrometer in mind, the communication framework of the HLT is general
and flexible enough to allow it to be modified for this specific case.

This chapter will describe the dHLT design. The global constraints on the design
of the trigger system and the components of the dHLT are discussed and a description
of the relevant components of the communication framework and its components is
given. A description of the tracking algorithm for the trigger are detailed and its
performance compared using offline simulations. The dHLT integration test and the
results thereof are described, including the hardware and software components.

5.2 Data flow of the dHLT

In order to issue trigger decisions on a whole event, the data which is read out and
processed in parallel has at some stage to be recombined, in order to have it available
locally. This implies a flow of data from several nodes to a single one. In this section,
an overall description of the data flow will be given, from the detector to the dHLT
decision. The details of the processing components and data reformatting at each
stage will be described in detail thereafter.

IThis is somewhat similar to the concept of “cluster finding” in the offiine case, however the
algorithm used in the online case does not do charge clustering - it only reconstructs hit positions.
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Figure 5.1: Schematic diagram of the dats flow of the dHLT. The thick connectinng in black
show the normal How of dats processed by the dHLT. The dashied blue connections show thie
input of calibration and control information from DOCS and the conditions database, The
thin connections in red show the extraction of monitoring dsta rein the dHLT processing
chain for quality assurance purposes.

As deseribed in the previcus chapter, the data is read out from the dimuon spec-
trometer in & raw data format specified by an ALICE internal note [136] and is packed
in & tree-like format, “Russian puppets”-wise {see figure 5.2). When running during
the actual experiment, the raw data has o be unpacked and reformatted into a for-
mat that the dLILT systemn can handle. This means that during the development
stage, that raw data has to be generated from digitised simulated data. and packed
m the correet format o order to test the performance of the dHLT components which
relate to the raw data properly. The offfine dats is gencrated in a serics of operations
which are performed i the Monte-Carlo input. The first of these operations is the
simnulation of the actual Monte-Carlo hits on the detector, which is performed with
the GEANT-3 [148] Monte-Carlo transport code. Onee these hits are known, the
detector response fnnetion is applied to the deposited energy, in order to produce the
digital signal which would be expected. known as “digits”. The edigits are then clus-
tercd into reconstructed hits, or “clusters” by a clustor-finding algorithm and these
clusters are then fitted to a track model by the track-reconstruction algorithm. This
hierarchical data model (hits, digits, clusters, tracks) is specific to the ollline dinuon
spectrometer software and is used for simulating the dHIT. The expected raw data
s obtaimed from the digitised data, packed into the same format as would be done
for the actual data stream by an algorithin in the offline code.

Cmice the raw data has been unpacked, one s able to pedorm hit reconstruction.
Hit. reconstruction 1§ the process of finding local clusters of fired pads, and finding
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the contre of gravity of theso charge clusters, in order to inercase the resolution of
the chambers. In this way, resohttions of the order of microns can be achicved, as
opposed to the detector pad sizes of the order of millimetres,

Onee hit reconstruction has been performed, the higher-resohition reconstructed
hit, points are passed on to & tracking algorithm. This is a generic eomponent which
will perform tracking on the set of reconstructed hits, in a way defined by the specific
tracking algorithm. The purpose of the tracking component is to scarch for track
candidates, givon very hasic assumptions which will be described below, in the spee-
trometer chambers, and then to caleulate the transverse momentum (pp) of those
tracks.

After track identification and filtering, it is the respansibility of the decision com-
ponent to perform the trigeer. The trigeering is done at a local and global level: on
individual tracks and events as a whole respectively. The result detormines whether
the event (or part thereof, if the trigger is runnping in “filter” mode} is accepted to
be written out, or rejected. Finally, since ALICE DAQ will interface to the dHLT
data streams as any other detector, the post-formatting of the data from dHLT data
structures, back into DDL data structures similar to those shown in figure 5.2 has to
be performed by the decision component as well.

2.3 Raw data generation and unpacking

The ALICE DDL raw event structure is only pertinent to this work insofar as it
15 necessary to understand the dimuon-gpecifie data payload in order to unpack the
tlata stream and reformat it into the necessary sub-event structurcs. Also, in order to
realistically test the dHLT i the absence of actual data, it was neccssary to have a
means to generate a set of realistic raw data on which to perform hit reconstruction.
For these reasons only a brief description of the DDL raw data structure will be given
here; more information can be found at [131].

5.3.1 HRaw data gencration from ROOL trees

In order o realistically simulate the eficiency and speed of a software hit roconstruc-
tion, it i8 necessary to work on a realistic data set. Since the offline simulations store
data in a per-cluster format in ROOT [146] trees, this data is far removed from what
can be expected in realistic running conditions. The data in tree format was useful
for testing whether the algorithm performed as expected, e.g. giving the expected
resolntion of hits, but it was not at all reliable for performance measurements, Since
the real data will have to be unpacked from the raw format into a more convenient
format hefore the hit recoustruction algorithm can be performed, it is necessary to
start from the correct format. The real raw data stream does not have the convenient
ROOT structuring and is read out per-chamber, mstead of one reconstructed hit at
a time. It is thus necessary to roformat the digitised data created with AliRoot into
the DDL-wise raw data format specified by the ALICE-MUON collaboration [136].
This was done with an AliRoot macro which read in the simulated, digitised dats and
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then, with an accurate and realistic mapping file, packed the resulting raw dara nto
a binary data file according to the format specified by the internal note [163, 154].

5.4 The dITLT hit reconstruction

The raw daty generated from the ROOT trees has first 1o be converted into what can
he generally described as “geometric” format, since the spatial positions, as opposed
to the identlfiers of the electronic components (channel number, MANU card, ete).
ate requited for hit reconstniction.

Clustering algorithis, including the simple “eentre of sravity” finding algorithm
used for the hit reconstruction, are comnion in ficlds such as digital image processing,
as well as varions other applications of pattern recognition.

2.4.1 Datastreamn model and choice of reconstruction algo-
rithm

The datastreamn of the tracking chambers i8 unordered i the sense that readout is
not ordered according the spatial correlation. This means that charges from channels
contributing fo a given charge cluster ean be sitiated far apart from each other in
the data stream.

In order to identify clusters efficiently in an unsttuctured data stream, it is gen-
erally necessary to specify o untque property which all clusters in the data have.
Usnally, this is either the size of the cluster, or the total number of clusters, but these
properties are riot applicable to the dimpon data stream. The cluster size may vary
from hit to hit {as shown in figure 5.3), and the nnmber of clusters also confains a
large spread, due to fluctuations in the mumber of particles produced in the collision.
The solution 15 found in a feature of the clectronic read-out of the detector, The high
resolution of the MANU chip, which has a 12 bit ADC channel, assures that in each
clugter there will be a unique rmerimmm channel. This is denoted as the “central
charge”, or “eentral pad” and sinee i is wmique, the number of clustors is constrainesd
to be the same as the number of central pads [157, The situation is simplified by
the segmentation of the detector strips on the slats of chambers 4 and 5 which have
fine-grained segmentation in the y direction and lower resolution in the & direction
(sce table 3.3). This means that the hit reconstruetion can essentially be performed
independently in the & {column-wise), and y {row-wise) diniensions, sinee the proba-
bility of having two clusters on adjacent columns and rows is very small, of the order
of 5%,

The spread in the number of chamnels fired by o single particle grows inversely
with its momentum; lower enertsy particles deposit larger amounts of egergy in the
chambers awd creating larger charge clusters than those of a higher energy, The
hits from low-cnergy particles are considered as background. One problem with this
algorithm is its performance without o lower threshold, Since it only scarches to one
neighbour distant, it may incorrectly reconstruet two maxima of charge, if very small
charge values are not discarded. This behaviour will artificially increase the efficiency,
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Figure 5.2: The sverage number of digits per reconstructed hit for the different specirom-
eter atations (left} tor muons of 20 GeV. The distribution of digiks per reconstructed hit
for muons of energy B GeV - 10 GeV and 20 GeV s shown for comparison o the right, for
chamber 8,

because the algorithm will find more than one maximum for a given hit - in some
cases, efficiencies over 100% are possible, which is clearly imphysical.

This artificially high number of hits, with a significant fraction of overlapping
hits, will slow down the track-finding algorithm, To overcome this problem. a simple
threshold. or “DC at” wasg applied 10 all ADC channels and only those with values
larger than the threshold considered by the algorithm. The optimisation of this
cut was dene by considering the trade-off belwern exceution time necessary and the
efficiency of the algorithm ai reconstructing hits. Tt ways known that all central charges
are above 100 ADC chanaels, while most of the non-central charges are helow this
value. ;

Unee the ihreshold is apphed. centres of gravity are found row- and columi-wise
for the bending and non-bending planc respectively. These are then merged where
possible with the centres of gravity in neighbouring columus (rows). This is only done
for central pads which are within one pad-dimension in the y(z)}-direction from cach
other, to find the full 2-dimensional hit [157).

The low ocenpancy, eonpled with the low number of pads fired per particle means
that the probability of overlapping hits is very low, about 2%. The hit recongtrietion
algorithm can thercefore sacrifice sophistication for speed. In fact, for the purposes
of the dHLT, where the time is allocated in order to make a decizsion s below 1 ms,
it 1s sufficient. to do hit reconstruction only in the bending plane. This would give
high spatial resedution in the bending plane, but only very coarse-grained resoliution
in the non-bending plan (of the order of the size of the chamber pads). Since the
chambers aye read out per-plane (with one DDL per plane), this means that in fact
hit. reconstriction can be done for each plane independently and plane-merging is nol.
NeCessary.

During the development of the algorithm, the specific implementation of the al-
gorithm was discussed and two scenarios were identified. These differcd mamnly n
the sequence of processing and the amount of intermediate data storage (menory)
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needed for ihe processing. The choice algorithm to be used to reconstruct the hits
from raw data depends on the processing architecture it is to be implemented on.
The original conceptual design of 1he full AHLT system called for hit reconssruction
to be done on an FPGA in the fronf-end processing nodes. The algorithm to be used
in that ease should eonform to the requircments of the FPGA architecture, with the
wajor constraint 1s the foofprint of the code. including the lookup-tables required for
mapping and the amount of BAM nceded during processing, It is interesting how-
ever, 1o note that this will not be the fastest algorichm for the PC CPU, which is not
limited by the severe footprint constraints that an FPGA is, since the host memory
can be used efficicntly and this may be up to several GB. An algorithia optimised
tor the PC CPU could be made to run much faster on that CPU than one optimised
for the FPGA. Since for the present the only architecire awailable for testing and
benchmarking is the PC CPU, it i3 insfructive Lo test two different algorithus to see
the speed of one optimised for the CPT7.

5.4.2 PC-CPU optimised hit reconstruction algerithm.

The algorithm optimised for 1the PC-CPU rclies on a fairly large lookup table eon-
taining the geometrical and electronic mapping and segmentation information. This
information consists of the MANT and channel numbers for each pad the logical
pad position (#.X,iY} in the single detection elemens local reference frame (ie, the
slat}, as well as the veal position of the pad in the global reference frame and the
hending/mon-bending plane information. Dne 1o the large munber of channels in the
ditmon spectrometer, this lookup table i= very large and the algorithm takes full
advantage of the presence of high-speed RAM on the PC 1o store this information.
There is one lookup table per BDL.

The algorithm processes the raw data o a per-DDL way, in the following proce-
dure, shown schematfically in figure 5.3 :

o read o raw data in the DDL

e check each fired pad and consider whether or not the charge crosses the thresh-
ald.

e sort pads with charge above threshold by detection element, {slat)

e central hits are found in the bending and non-bending plane independently by
scanning the scrics of pads

» the hit is reconsiructed by a centre-of-gravity caleulation from the three pads
belonging to a central pad.

» reconstructed hit positions in the bending and non-bending planes are merged
to form a 2-dimensional hit.
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Figure 5.3: Schematic disgram of the PC CPU-optimised online hit reconstruction algo-
rithm.

5.4.3 FPGA opilimised hil reconstruciion algorithm.

The algorithm opiimised [or the FPCA Is constrained by the fact that it cannot
have a very large {ootprint. This means thal there is space for the mapping lookup
table and the implementation of the reconstrueiion algorithm, but verv little else,
Therclore, the data has to be processed in two steps

Read and map In this step. the data is read in [rom the DDL, placed into a2 buffer
and mapped from the raw data formal into the geomelrical dala lormat using
the mapping lookup tables.

Nearest neighbours and centre of gravity search The data is then passed over
{in the bending plane strips) and pads with high charges in (hem are found.
When such pads are found, a neighbour with high charge is searched for and il
[onnd. the ventre of eravity calculation is done,

Clearly, the dala has to be passed over twice in this ease. as opposed to only ence
in the ¢ase of the PC-CPU oplimiscd case. Al the time of writing. the algorithon
optindsed [or the FPGA had been coded and tested only on the PC-CPU, in order
io check iis officiency.

An cutline of the algoriilun is shown in figure 5.4(a), with the corresponding state
madchine given in 5.4{b]. The timing of the algorithin iz not realistic. as it has not. been
tested natively with synthesised code ou the FPGA, although this is in in progress.
Since the first algorithm has been showu o respeet the thindng coustraints set onit, it is
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aloorithm,

in principle sullicient for the final ALULT. The process of testing faster implementations
is a work in progress. For the remainder of this work, the it veconstruction will refer
tn the PC-CPU optimised algorithm, wmless specifieally stated otherwisc.

.41 Hit reconstruction resolution performance

The resolution of the hit reconstruction algorithm has beon estimated by comparing
hit positions found with those generated. A large sample of events was generated
with singles muons, and then transported through the detector apparatus with the
GEANT toolkit, sud the detector response applied, The digitised data were packed as
usual nto the DDL format and then processed with the hit reconstruction software,
The positions [ound by the hit reconstrietion soltware were then compared hit-by=hit
t0 that indicated by the simulation.

A sample distribution of these “residhals” - the differeices in position between the
generated and found hits - 18 shown in figure 5.4, Assuming a Gaussian distribution
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Figure 5.4: Messured hit recoustruction residnals (Thirer — TorayT) in the bending (lefi )
and non-bending (right) planes, fitled to Gaussian distributions.

of the residnals, we have a resolution in the bending plane of less than 100zm.

5.4.5 Hit reconsiruction timing performances

In order to see whether the time constraint on the hit recoustruction algorithin is
satisfied, the hit reconstruction algorithm was coded imto ROOT macros and timed.
There are three factors which could influence the thne needed for the hit reconstrie-
tion

1. Channel threshold cut {DC )
2. Proeessor clock speed

3. Lt recongtroction algorithm @ wlich algonthm is used. how efficiently it is
implemented, and on which platiorm

DBenchmark results of the hit reconstruction algorithin

The algorithm was and benchmarked by runmuog 1t on a 2 GHz computer. The time
neerded was measured as o function of the DC cut imposed with fixed nunber of input
particles (150 per event), is shown in Bgure 55{a). The cfficicney is also shown in
fignre 5.5(h) as a functlon of D}C ecat. The results are satisfactory, in that with the
nominal DC ent of 50 channels — chosen to ensure a maximal efficicney-to-timing
ratio — the time required to reconstrucet the hits of an cvent 18 well below the 1ms
limit. [158]

I[mplications for the implementation of the hit reconstruction algorithm

The: choice of the final architecture on which the dULT hit reconstruction algoritho
will be implemented is yot to be decided. Although, from the results of the tests
run on the PC-CPU shown above, it is clear that 1his will sulfice. For the foreseen
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Figure 5.5 Liming and efficiency of the online hit reconstruction algorithm on tracking
chambers 4 and 5. as a Mnction of DC eut, for a nominal mamber of 150 muens in the
spectrometer,

dimmon spectrometer data rates, the chinese-checkers algorithm processes the data
with sufficient specd, cfficiency and accuracy. The number of fromt-cnd PC's necessary
i5 much less than that of the ALICE TPC, which requires several himdred, By
cortrast, the dimuon spectrometer reguires one CPU por DDL, which corresponds
to only 20 CPUs - or 10 dual-CPU front-end nodes - for the tracking chamber hit
reconstruction,. The final choice of how to implement the hit reconstruetion on the
FEP's awails the onicome of the implementation and testing of a fast algorithm on
an FPGAZ,

5.0 The dITLT tracking algorithmn

In the general sense, a trigger algorithm has to be desigied in order (o make a decision
on an evenl or parf Lhercof. This imolves setting some condition for the daia under
investigation to pass, aud checlang whether it actually does so. In the ease of the
ALICE dimuon spectrometer, an example of this condition niay be? that the partiele
which resulted in o track in the spectromeier, assnmed to be a muon once it has
traversed the muon filter, has a transverse momenium greater than some threshold,
ihe py cul. This is the barc cssenee of the trigger algorithm - a ent on the pr of
candidale tracks. The manner in which these tracks are selecied is up to the specific
tracking algorithm used.

*Testing 1s currently in progress

*This iy the ouly trigger critcrion discussed at length in this thesis, however it is nol the only
conceivable seenario. The coneeption and tosting of other triggering logie 18 an ongoing work.
Maturally, as the spectrometer is designed to acourately measnre the decay products of mesons,
which decay inbo high py muons (see chapter 1}, the first trigger scenario was was eonesived as a pr
.
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A first algorithm for selecting tracks based on geeds from L} frigger reeords from
the irigger data was proposed and studicd by Frank Manso [155], but this is by no
means Lhe only algorithm capable of identifving tracks and making a cut on their
transverse momenbuwm.  The tracking algorithm that 18 used with the dHLT has to
fulfil & few vory general regquirciments:

e Tt has to he as efficient and inclusive as possible | as many tracks as possible
should be identified correctly as candidates,

e Tt has to be as accurate as possible : the pp of the identified tracks should b
caleulated to high precision.

o Tt hus Lo integrate well into the data transport framework @ the algoritlun should
be able to be coded in a way that makes it compatible with the modularity and
Interfaces of the data How ramework.

The first investigation inlo the possibility of a dimuon High Level Trigger done by
Mangso [155] was basod on a track-finding algorithm which nsed LO information as
seeds Lo search [or hils on (racking stations 4 and 5, in order toconstruct tracks, This
was g fairly inear and ierative (with only 2 iterations) procedure 6o which there exise
in principle alternatives. This so-called “Manso™ algorithm was simulated in rough
terms with offline code and provided the baseline for what a tracking algorithm of
this kind conld achicve.

An altcrnative to “a first algorithm for the dHLT™, “a second algorithim for the
dHLT”, is currently under study [160], This is a hierarchical algorithm which works on
a local lesel to build up tracks. Tt is inherently more paralel than the first algorithin
and is a possible alternative. The details of thig algorithm are not within the scope
of this thesis, and the author refors the reador 1o the work in progress [160)],

5.5.1 The “Manso” tracking algorithm

The basic principle of the tracking algorithm is (o nuse the L4 records as sceds to
search for and validate candidate tracks in the spectrometer, in a very cfficient and
fast way. The raw data from eacl local tripper cirenit recorded by the mmon trigger
electronics eontains estimated information on the position, deviation {in Lhe v direc-
tion) and transverse momentinn of the particle which caused 1t 1o five. An implicit
assumption i3 made here, that the particle has originated at the Interaction Point
(IP} and has passed through Lhe dipole magnet. This assumption, along with the de-
viation reported by the trigger cirenit, allows the tracking algorithm Lo open a scarch
area, or region of interest by extending a vector towards tracking statlon 5 of the
spectrometer, This vector 18 caleulated taking into account the dipole magnetic field
downstream and assuming that only mions pass through the muon filler jmmediately
preceding the trigger chambers.

For each candidate, an intersection point f%, on each of the tracking chambers on
stalion 5 is determined, o the LO intormation and the g-position of the chamber,
Thizs intersection point then forms the centre of g search arca, with radius R, Since
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Station 5 ¢ | as — 0.020 | b5 = 3.0
Station 4 - |y =0016 | by —2.0

Table 5.1 Search radius parameters for the dHET tracking algorithm for the region of
interest (Rol) search.

the density of hits on the tracking chambers s not constant, but falls off exponentially

according to

d_w o o
i e

(see figure 3.11}, the search radins is parametrised ag g lnear function of the radial
distance from the beam pipe, in erder to optimise the efticiency. The search radius of
a given certre point with distance &, from the beamn pipe is defined as R, = a- 12, +h.
The values of o and & arc chosen on cach stagion (4 and 5) and ave srade-off between
maximising acecptance of muons from J/¥ decay and redncing contamination from
backpround muonic sources. The values of 4 and & used in the first sindy of the
cticicney of this tracking algorithm are given in table 5.1. The area defined by £,
and R, is then scarched for any hits within it (see figure 5.7), If hits are found, then
the algorithm procecds to the next iteration, while if the search result is negative, the
track candidate is rejected.

NN NN

ol L] L)

i
i

Figure 5.6: Schematic diagram of the “Manso” tracking algorithm {not to seate).

The next iteration of the algerithm is similar to the first, The hit found on
station 5 is considered, it's exact position deternuned (vo within the accuracy of the
hit reconstriction algorithin) and a new region of interest is defined on station 4. This
ig done by projecting a vector back onto it, in a similar way as in the first iteration.
This vector is defined by the the hit on station 5 and the trigger eirenit on the trigeger
station associated with it. The search area is defined on station 4 with the method
and parauleters given in table 5.1 and all hits found within the Rol are kept.
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Figure 5.7: The last tracking chamber of the dimuon spectrometer (chamber 10) is shown
with a sample {central] event. The digitised hits are shown, along with an cxample of A
possible scarch vadins from the L information. The scarch cirele has ifs contre at Kp and
# radius of Bs given as a function of By (see text).

Onee the Lit positions of the track candidate are determined. the transverse mo-
wentim of that track is then caleulated. Assuming a flat magnetic field distribution
in the dipole, as well as straight tracks in the 2 — z plane and neglecting multiple-
seattering offects, the transverse momentum of a track is given as a function of the
deflection angle (#y). the magnitude of the maguetic field B (T) the length of the
field area (1.) by the by [128}

Yo T )
- {}.3‘?5 L, “'; ¥k (5.1)
o I

where g, yr and zp are the co-ordingtes on the detector. nside the dipole field.
as shown in figure 5.8. The positions of the hifs o the third station. inside the
dipole magnetic field are estimated, using the above assnmptions on the track. from
the positions on the first and second trigger chambers (-, yy, 21} and (x2, ya, 22)
respectively

zp L fyzm — o
_"n‘ TS — 'T' - ) . vy — E—J--:E-L r ;_-:'1 — ZF' ﬂ —r T B I ih Rl -
B Gy R yr =1 — Gz )y B Py 22,

Using standard error propagation, the uneertainty on the transverse momentim of



iracks caleulated in this way can be shown 1o be proportional to the uncertainties in
the positions @x;, ¥ and !
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Figure 5.8: ALICE dimuon tracking algorithin pr calenlation principle, adapted from the
L0 trigger principle [125]

Sinee this tracking algorithm siaris with the L candidates as seeds for track
finding. it camiot recover tracks that LO has not accepted. In order to evercome
this shortcoming, it was proposed to set the LO cul vory low, tar below the dHLT
cut at the J/U threshold, in order to maximise (he efficiency. Since the glaobal L)
efficiency (inlegrated over pr} is around 85%, this tracking algorithm ean never be
more efficient than this value and can only reject hackeround.

The efficiecncy of the LO cur is a factor contribuiing 1o the total acceptance of
chmuons, and the level of the cut with the dHLT in place is a matter for discussion.
An dssue which at the time of writing was under investigation is how the dHLT
tracking algorithm will handle high hil density enviromments. With no pre-filterimg
of the T4 information, the dHLT (racking algorithm may be Hooded wath too many
seeds to process in the allotled time. Howeyer, if the dHLT tracking algorithm is fasi,
and efficient enough at high multiplicilies, there may be no need to make a pr cut at
the LO level - all the fired circuits of the LO tvigger mayv simply be passed on to the
(dHLT. This method may in principle accept more signal than with the pre-filtering of
LO informatlion, but it 18 doubtiul how valuable the information would be, since the
filtered iracks would be at low-pr and hence have a high probabilliy to be rejected
by the dALT anvway. The prospect is under studsy[160.,

5.6 DBenchmarks of the Manso tracking algorithin

The fundamental propertics of the dHLT algorithm having been defined, il was de-
cided to perforu some bagic benchmark tests, nsing simple input distribotions. in
arder to better understand the intrinsic cfficiency of the algorichm. The efficicncy is
defined as an output discribution divided by an input distribution. In the case of the
dHLT efficiency, this is the dHLT-caleulated pr spectrom divided by the input pr
spectrun.

*The uncertainties in the = position are assumed to be very small since the detectors are aligned
in this dircetion very accurately with the Geomelrical Monitoring System (GRS} system.



5.6.1 Cut width and momentum reconstruction accuracy

Of course, the efficiency of the cut depends on the accuracy of the pr determination of
the algorithm. The uneertainty on the pr of a track caleulated from the dHLT can be
expressed in terms of the uncertainty of the hit positions ss well as the inherent un-
certainty of the dHLT algorithm. The former is well-defined by the scgmentation and
hit-reconstruction code described above. while the latter refers to the simphifications
maide in the dHLT tracking algorithm expression for the pr of a track,

The systematic uneartamtics of the L0 and dHLT can be estimated by resorting
to high-statistics Monte-Carlo simulations, A large number of muons with a Hat
fistribution in pr were generated and then L0 and JdHLT processing performed on
them [160]. For the simulation the entire ditnmuon spectroteter was included, ineluding
those parts of the ALICE detector which share the ditgon rapidity region : the
forward detectors (VO, T0O and ZDC), the front absorber, the dipole and L3 magnets
and the muon filter. Assuming that the imecrtainty of the dHLT and L0 pr estimates
are Gansslan distributions, the systeinatic uncertainty can be found from fitting the
difterchices between the input muon g and the gy calculated by either the dHLT
and RO respectively. These fits, shown in figure 5.9 serve as a useful estimate of the
systematic uncertainty. From figure 5.9 we can sce thst from the simulations, the
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Figure 5.9: Fits of the difference between the py caleulated by the LD (left) and dITLT
(right} algorithing and the input py of maonos. Note that the width of the dHLT distribation
is significantly smaller than that of the 1O distribution.

seeuracy of the dHLT tracking algorithm is about 250 MeV at & pr of 2 GeV, In
order to investigate the sharpness of & gy cur, assuming that the uncertainty on the
dHLT py ealculation is a Gaussian distribution, the efficiency of the dHLT can be
parametrised a3 an error funetion :

A pr i)
F{ippl == |1+ E e Ty 22
w0 [t (BT =
Here, the paramcters A (amplitude of the function), + (the “skin width” of the cut)
and i are to be fitted from simulated distributions, The results of these (nor-
mnalised) fits are shown in figure 5.6.1.  For the given accuracy of our tracking and
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Figure 5.10; Fits of the LO (left) and dHLT (right} efficiency funections. Note that the
litted skin width () of the dHLT function is smaller than that of Li.

hit-reconstruction algorithms, the skin width is fitted to be 722 £ 406 MeV for a 2
GeV cut.

[reviously mentioned was the possibility of other fracking algorithins which had
different basic assumptions. Since the current “Manse”™ algorithm uses only the bare
minimum of information from the tracking chambers necessary to predict Rols and
caleulate the pp of tracks, it is possible that it docs not have the most aceurate pr
prediction possible. A systematic study was indertaken [160] to investigate the rela-
tionship between the skin width of the efficieney gurve, the intrinsic resolution of the
hit reconstruction algovithin and the tracking algorithm used. A ceneral expression
tor the skin wicdth in terms of the spatial resolution @epaua of the hit reconstruction
algorithm and the transverse momentum pr resolution of the tracking algorithim is
given by :

. Epﬁ”z )Lzﬂswmg
¥ (Pspatials Tatgo) = L + 2mal, 5
AR N T2 (tan (9°) — tan (2°))° il ey

where A 15 an integral over # at a given pr cuf, -
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Here, g, B and L are the charge of the particle, the dipols magnhetic field strength and
distance the particle travels through that field respectively, as defined above. The
positions zi, 2y and zp are those of the tracking stations 5. 4 and 3 respectively {as do-
fined above), The values o, and o¥ _ rofer to the vesolution of the hit-reconstruetion
algorithim in the x- and y-directions respectively.
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The equasion for the skin width is paramctriscd in (enms of the resolutions of the
tracking and hit reconsiruciion algorithmms. It is thus possible to investigate the be-
haviour of this parameter as (hese resolurions are changed, which would reflect possi-
ble developments of (he hit-reconstruction and tracking algorithms. [t was found that
significant improvemenis could be made by having a more accurase hit-reconstruction
(and hence wrack-finding) algorithm (7,40), but that in order to improve the skin
widlh by orders of magnitude, an improved inirinsic aceuracy of the algorithm (o,
is needed.

5.6.2  Background rejection factor

With ssinmetric pp cuts at the LO and dULT level, it has been shown 5o suppress hy
ronghly a factor of 5 the amoms of dala accepied by the specirometor, by rojecting
backgronnd based on its tracking algorithm. This factor has been esiimated to be
even higher {around 6-7) if asvmetric culs are placed on track candidates at the TO
and dHLT level, with a low pp cur al LO and a high et at the dHLL level.

5.6.3 Acceptance

The acceptance of dimuons from the decay of //% and T mesons with this Lracking
algorithm has been investigated and compared o Lhe acceplance of L. While the
acceptance of J/¥ dimuon decay produets is about 10% less {(avound 69% for JHLT
compared to 78% for LO), vhe acceptance of dimuons from Lhe T decay is decreased
by only a couple of percent (31%% for dHLT eompared to 86% for LO).

5.7 Summary

The design of the dHLT builds closcly on that of the HLT, which allows it (o iake
advantage of the HL1s software modules as well as hardware components, It hag heen
shown, with voery simple input disiributions, that the dHLT ean reconstrued lracks
more acenrakely than the L, and that wish the current tracking algovithim aud hic-
reconsirucrion aceuracies, a sufficient enhancemens is achieved. The possibiliiy exists
Lo improve these rosults by implemensing improved sracking or hil reconstruetion
algorithms snd & general expression for she skin width of the efliciency curve has
been given in Lerms of these facvors. We will now deseribe the acvual implementaiion
of the syvstems both offline and online, in the following chaprer.



Chapter 6

Implementation of the dHLT

£i.1 The online and ollline cases

The dHLT has been developed as a set of software components with interfaces to each
other as well as data sources and sinks, This chapter aims to describe these software
modules and how they relate to each other. The dHLT is designed to be used in two
miodes

online with full integration into the data transport. framework, operating in real-tine
offline with interfaces to the ALICE offline simulation framework. AliRoot [162].

Both of these enviromnents are essential to the development of the dHLT systeimn and
have different data input and cutput formats. The interfaces are designed such that
the processing components are independent of the data sources or sinks, which makes
themn easily interchangeable and allows for testing the dHLT in different modes. All of
the above deseription of the dHLT tracking algorithim has been fested in the so-called
“offline” computing environment, which 5 to say that the algonthm was tested on
simidated data, with no interface or connection to the HLT data transport framework.
This analysis is valuable in order to check global properties of the algorithm, such
as the maxdmum efficieney, background rejection, or the time taken for the dHLT
tracker to identify tracks and compute their fransverse momentum. Furthermore, by
isolating the dHLT madules, it is much easier to identify problems reiated directly to
a specific module or another.

Iu the online case, the emphasis is on realistie data transport and timing, in
order to understand whether the system can physically handle the load placed on
it. Interfaces to the data transport framoework were used to simulate the dHLT in a
semi-realistic way, similar to the envisaged situation at the acinal experdiment’. The
input termimis (raw data) is left open-ended and several options are being developed
[160, 165], including input from data files or data published from RORCs. In the
final systeni, this will be provided by the data streams fromn the dinnen spectrometer

TAs work om the project progresses {see [L60, 165]), thess interim processes and data processing
components will be replaced with the definitive versiona,

uy
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DDIs, while during prototyping this has to be provided by files with gencrated raw
data.

6.2 Interface to the HLT data transport frame-
work

As mentioned before, the data transport [ramewntk of the dHLT is the same one
as the ALICE HLY'. with dimmon specific processing components. A more detailed
description of the il hinctionality of the framework is given in Chapter 4, and only
the relevant parts will be highlighted, where they pertain to the development of
the dHLT system. For a full description of the data transport framework, sce refs
[161, 151]

The input terminns to the publisher-subseriber framework depends on whether the
system is being used in the online or offine mode, In the online case, the data input
is trom the detector DDL’s via the FEE's. In the offline case, the data is published
from data files which reside in memory. A file- or DDL-publisher reccives the T.2A,
either from the detector trigper eleetronies or from a mock-up which simmlates the
signal at a given rate. Once the data has been published, the processing chain can
proceed, starting with the reconstruction of hits from the raw data.

6.3 Offline implementation of the ALICE dHLT
software
The processing chain of the dHLT consists of several processing and data, transfor-

mation steps. These processes and their dependencies will be nutlined below.

6.3.1 Raw data and reconstructed hits

The first function of the dHLT is to acquire the raw data and transform it into the
reconstructed hits format. The components wlhieh are requited for this task are

o [2A mock signal genetator

s File publisher

o Hit reconstructing provcss component
e Hit reconstruction algorithin

e Reconstrueted hit writer process component

The L2A sienal generator would provide the “start” signal to the file publishet, in a
simnilar way that the real L2A signal would open the gates on the readout electromies.
The actual rate at which this is done can be tuned, in order to sinndate different
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readont rates. The File publishers then publish the data contained in the files and this
data is then banded off to the hit reconstriuction processing component snubscribeors.
Onee the hits have been reconstructed, the data is pablished to a reconstructed hit
writer, which writes the data into & stream, This stream ig then published awaiting
subscription by a tracking component,

6.3.2 Tracking component and Decision component

The reconstructed hits that are published are subseribed to by tracking components,
which perform the track finding and pg eut, The dHLT componernits for this are -

s PubSub Framework

Trigger Record raw data

e L0 Itaw Drata Parcer

s Tripger Record Translator

e 'Tracker 'rocessing Component
e 'Tracking Aleorithm

Track Writer

o Decision Record Writer

The LO trigger data, once parsed and translated into the format necessary for the
tracking algorithm, provides the seeds for the tracking. This is then passed by the
data transport framework to the tracker processing component. where the tracking
algorithin is excented. Onee the track has been constructed and the pyp bas been
calculated, the dHLT decision can be niade, Since the dHLT decizsion is very simple,
it is coded as part of the tracking component and the results of this are written with
the Decision Roecord Writer.
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6.4 Omnline implementation

The processing components described above were what was deemed (o be necessary
to fulfil the design requirements of the dHLT, however the actual implomeniation is
not diseussad, The implementation in this case was discussed and two scenarios were
envisaged - a “callback” architecture and & simplified monaolithic one,

6.4.1 The “callback™ option

Since the dHLT has the inherent concept of regions of intersst, it is possible to for-
ward only these data of interest to the decision components. An obwiouz advantage
of this scheme would be that there would be a reduction in the data rate over the
commmimication network, since only fractions of events would be sent, however there
were disadvantages too. The most severe of these disadvantages was that there i a
requirement for a “eallback™ meochanism, where the decision component would request
the Rol's from the nodes where the reconstructed hit information would be stored.
This feature is not present in the HLT data transport framework, since in (his frame-
work data is envisaged only to he transported in one divection. An elaborate scheme
of message passing would have to he constructed over the functionality of the HLT
framework in order for the Rol callback mechanism to work. Since this represented
a move away from the philosophy of using standard framework components and the
actual level of the reduction in the data sent over the network was not clear, it was
decided instead to follow simpler and more practical approach.

6.4.2 The “monoclithic” option

Although ihe callback option offered a very clegant and efficient solution in principle,
ihe technical problems stated above meant that the implemoentation of this method
would take some time. A different solution was found. by removing the Rol-passing
functionality from the dHLY devision component. The tracker would pass on entire
events instead of only parts of them to the decision component. This meant that there
was 0o need for the decision component (o communicate its desired region of interest
to the tracking processes. This option was dubbed the “monolithic™ option sinee the
entire data of an event iy passed from the track-finding processing components to the
decision processing comporent, instead of only parts of events.

Note thai separate tracking components do not have to run on separate nodes,
thanks to the notwork-transparcney of the HLT data transport framework, This
algo means that the dectsion component may be on the same node as ene or more
iracking compenents. The only constraint was the amount of resources required at
the expected daty rates by the vurious processing components. This wonld dictate
how the processing components would be spread amongst HLT compute nodes. For
ihis reason, and in order to mtegrate all of the software components to determine if
there wore any destgn flaws at the thme, an integration test was undertaken,
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6.5 The dimuon High Level Trigger integration test

It was decided to test the system on the eluster at the UCT-CERN Rescarch Con-
tre. Although at the time of the integration test. the full data chain had not been
completod — in particular, raw data generators had not been included in the chain, as
well as the RORC publishers — the exercise would be valuable to test the interfaces
between the processing eomponents. The interfaces to the data input wonld also be
defined for later integration and the design of the whole system could be tested to
see i it would actually be able to handle the load placed on it in ALICE running
conditions. What s more, with a test, bench setup, it would be possible to stress the
system it vardus wavs, in order to determine its behaviour under varyving states of
network, Central Processing Unit (CPUY, disk Input / Output (1/0) lead, etc.

6.5.1 Test-bench technical specifications

The test was performed on the UCT-CERN Rescarch Centre’s ¢omputing factlity,
Cluster for African Research i Massive Energetic Nuclel (CARMEN) [164]. At the
time of the integragion test, the cluster shown in figure A.3 consisted of 20 compute
nodes running a Linnux 2.6 series kernel and a head node with attached Redundant
Array of Inexpenstve Disks (RAID} storage.

All the computers were Intel Pentinm [V based, with the compute nodes running
on 2.6 GHx Hyper-Threaded CPU's nodes, with 512 MB of Random-Access Memeory
(RAM) and 512 kI3 Level 2 cache. The server was a 3.2 Gllz CPU with 1 MB of L2
cache and 1 GB of RAM . The operating syatem of both compute nodes and head
nodes was a eustomiscd verston of RedHat Linnx 9, with the head node nunning a
2.4.25 based kemel. Several patehes, moluding those for security and the PCIL and
shared memory interface driver ucegssary for running the HLT were applied to this
kernel. The compute nodes’ notwork interfaces were D-Link 520 Fast Ethernet PCI
cards, connected via a SureCein 10/100 Mb/s switch, The switch had a Gigabit
backplane and two Gb/s ports, one of which the head node was connected to. This
meant that the maximam bandwidth available to each node wonld be around 10
MB/s, while to the head node there was a maximum of 100 MB/s available. An
Network File Systein (NFS) [166] was exported to the nodes from this port, but they
also had 80 GB hard drives with a local ext3 seratch partition with roughly 50 GB
of free space for data. More details on the system can be found in Appendix A,

6.5.2 Integraiion and slress test goals

Apart from the actual test of the integration of the dHLT eode maodules desesibed
above mto a coherent, working form, the November 2004 test aimed to stress the
dHLT system in two independent ways :

1. Determine whether the AHLT architecture could handle the forseen rates, in as
realistic as possible as scenario.

2. Determine whether the dHL'Y tracking algorithm gave sensible results
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In the first case, since final versions for all componeints were not available at the time,
realistic values for the time required to proecess data would be inserted as dinmy
process components, where the tracking wowd normally bave been done and this
wonld test whether it was possible with our network architecture to handle the forscen
event rate, In the second case, the tracking compenents would be inserted, bul
reconstructed hit data would be fed in from a fle instead of from DDLU streams.
This would check whether the tracking component would efficiently and faithtully
reconstruct the simulated tracks,

6.5.3  Dummy load stress tesl

13 Mode Dumey Tracker Stress Test Setup — ot LT Integraticr Tast

TaskManager Master Node : ggops .ohy act . ac.za

Lamblooss
EERT
AKE dumzy datd

ety o B VT

el

3k5 cummy data

bams 1nol s
FEF2
4B gurmy dats

parb1ncdh
FEF3
AXB duFmy rfata

bamnki mohT
2LEP4
JER iy dete

' \ \ ; Y Y

-, .
pambi nodd bzt inalt barhinold baat izl | barioi el barfosil
Trackerd Trackerl Tracker? Trapkers Trackeri Travzuwss
17 ms drmmy 15 o= choemy IS == crosop IS5 =mx ceembrp I5 mg crey 15 mg fummy
brocegs Process oI ang proceas Drosedn FTNCCSEE
-

necialon
Crmprmen T

Oerigiom
COTROTCNE 2

Deci sdon
componencl

DHCl=l m
CONMpCRent 3

o

Figure 6.2: Schematic disgram of the physical data ow of the dummy stress test, Conne-
tiong and framework processes are shown, but not individual dHLT framework components
(see figure 6.3}

In this test, the framework of the dHLT system wonld be tested to see whether
it eould haudle the data rate forcseen during the highest data rate forseen - Ph-Ph
collisions at 1.0 kHye. The raw data and tracker were not included. bat the time taken
Lo rig the hit reconstruction process from raw data and tracking componenls was
estimated and inchuded 1 the framework as “dimenny processes”. These are processes
which do not actually perform tasks, but use CPU time i the same way as the actual
processing components. Nominal event sizes and rates were chosen Lo correspond Lo
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the respective maxiimun values, inclnding the ALICE-wide safety factor of 2 on the
expected multiplicity, namely 500 kB/cvent at 1.0 kHx for Ph-Pb collisions. Note
that the situation under study corresponds to centradl Ph-Pb collisions, where the
particle multiplicity is the highest, while the trigger rate is the dimuon LO rate limit
specified by the ALICE frigger system, not the rate of central cvents forscen. This
seenario assumes that all events are central, which is clearly nof the case and is a very
pessintistic assumption. However, sinee the purpose of the test was to see to what
extent the system ecould e stressed, the very worst case scenario was chosen,

The total event size of 5300 kB for the diruon spectrometer was assumed to be
shared equally between o FEP's, with 2 FdePublisher components cach. This cor-
responds to the situation in the experiment, where 2 BORC's will be hosted per
FEP, each reading out a DDL of the spectrometer. Each of these FilePublishers was
then subscribed to by an EwentSeafferer, which fanned out the data into 6 streams,
for load-balancing, since the events are assumed to be published asynehronously. Up-
stream, a set of 6 dumimy dirmon tracking processing components subseribed to these
cvents, making the mumber cvents published and subsenibed to equal on the average.
Since the aim of the test was fo check enly the tolerance of the system to a high event
rate, the actual tracking processes were substituted for dummy processes, which elim-
inated a source of 1meertainty in the timing. The dimuon tracking component hard
been tested with offline eode and was found to take on the average 15 ms to find
tracks in simulated central Pb-Pb events. Therefore, the dumimy tracker consisted of
a duminy process which lasted on the average 15 ms, with a slight Ganssian spread
of 1 ms,

{nee these processes had completed, the data was then published to 4 streams
via another FrenfScatferer. Corresponding to these four streams were four Decision
Components which represented the end of the processing chain and signalled the end
of the event to the TaskManager. The full layout of the physical processing chain is
givenn in figure 6.2, The HLT framework components besides the duminy tracker and
decision components is shown in figure 6.3.

Fram-End Node (x5 (Tracking Nade ()
File . FEwent Subzcrber . Puhiisher Subscriber
. Publisher ' Scamerer BsddgeHead BridgeHead BridgeHead

Dummy &
| Processing
Component
{Tracking}

Cracis oh Yol el

Decision | | Event | Publisher
Companent | Gatherer  BridgeHead

Figure 6.3; The HLT framcework comnponents implemented in the dummy stress test, along
with the data How.

The above setup was num at a low event rate (below | kHz) and was found to be
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stable, with all the compeonents working as expected.
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Figure 6.4: File publisher node resource atilisation during the dHLT stress test,

The event publishing rate was then pushed first up to 1.0 kHz and then to 1.2 kHz,
m order to fulfil the goals of the stress test - to see whether the same behavieur at
low tates would be exhibited by the system at realistic rates, At 1.0 kHz the system
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{a} Data Ioput and output rates for a (b) CPU utilization of the tracking
tracking node, atan cvent rate of 1.2 node at an cvent rate of 1.2 kH=
kH:

Figure 6.5, Tracking node resource utilisation data during the dHLT stress test,

again performed as expected. with the load on the CPU's reaching aronnd the 70% -
90% mark. At 1.2 kHz. the network bottleneck started to beconle apparent atd rates
above this could not be sustained for more than a few minutes withous the system
tailing.

The CT'U and network utilisation for the nodes in the varous levels of the chain
are shown in figures 6.5(a) and 6.5(b). In figure 6.4(a), we can see that the network
bandwidth is saturated from the file-publishing nodes, in this case bambino03. The
data output rate on the file publishing nodes is roughly equivalent to the data input
rate measured on the tracking nodes, as shown for bambine08 in figure 6.5.3. Shown
alongside is the CT'U utilisation on this node while daka is being processed. The CPU
utilisation is not saturated, but nevertheless quite high, It is also shown that the data
outpit rate is smaller than the input rate. This Is not surprising since dommy data
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Figure 6.6: Resouree ntilisation for a DecisionComponent node during the dHLT stress
test,

was used, bur this was to represent. the situation in reality, where the data is converted
from raw data to reconstructed hits. The output data of the tracking nodes is then
published to the decision components running on the decision nodes. Au cxample is
shown in figure 6.5(b), in this case banbino18, In this test, the decision componernt
pertormed very little processing, basically only signallmg the end of an event. Iu
the real case, the decision component would have to perform slightly more ntensive
processing, basically performing a cut on the data set. The output date rate might
also not reflect reality, i the “callback” case where ROIs are sent back to tracking
nodes to select regions to he read out, since this infornmnation has to be transmitted to
the publishing nodes, The actual size of the increase in data rates depends heavily on
the eneoding of the Rol's, and the mechamism used to transmit them, bt as stated
Letore, the callback option has heen left open as a possible refinement of this work
and was not implemented [or the current results.

The length of the duminy stress tesi Tun was limited by the data storage capacity
of the processing nodes, since a very wvorbose log level was chosen and these messages
were spooled to log files which could reach several hndred MB. As a prool of prin-
ciple, the test was suceessiul, showing ihat cven with a low-bandwidth network, like
Fast Ethernet, it is possible to nin the dHLT af full rate. The botilenoek was clearly
with the network bandwidth as nhowhere along the chain was CPU utilisation satu-
ration reached. If the hit reconstruction algorithm is eventually implemented on the
RORC FPGA, then the CPU utilisation on the publishing nodes will reduce signifi-
cartly. Given that the final dHLT will operate on 4 GbE network, with more powerful
wiachines, the dHLT stress fest can safely be assumed to show that the system will
manage the load placed upon it in the final experiment, The question of whether it
will be as accurate and cfficient as offline predictions was attempied to be answered
in the tracker integration test deseribed helow.
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6.5.14 DMonolithic dHLT tracker integration

The: purpose of the sceond test was to see whether the tracks gencrated by simulated
events conld be recovered and properly friggered on by the actual dHLT algorithm.
For this test, it was required to isolate as many aspects of the framework that did not
depend on the actual algorithim as possible. As it was already shown that the system
could handle the full network load, the tracker integration test was set up In a way
so as to test only the software components. The data How across nodes was kept to
a minimum, making the simplest possible connections between software components,
since the network interfaces were transparent to the dHLT procsssing components,
this bas no infucnee on the algorithm.

The monolithic implementation of the dHLT tracking and decision components
was rin on a single node and were found to perform satisfactorily

6.6 (zlohal ITLT test over public Internet network

Taking advantage of the fact that most of the members of the dHET collaboration
were together in Cape Town in November 2004, it was decided to tost the limits of
the performance of the HLT data processing framework, in a ficld which it was never
designed to work for, the public Internet. Since there are no bard latency limits in
principle on the data processing framework, if was possible that it would pertorm
even over thousands of kilometres, Although many of the processing components
were not available at the time, it was decided as in the case of the dummy stress test
1o use mock-up “dummy” versions of these® in order to test the HLT framework over
as far a distance as possible. The test was envisaged as a proof-of-principle demon-
stration, in order to show the feasibility of transcontinental real-time distributed
computing system. The obvious limitations of the study, which are essentially net-
work congestion-related, shonld be kept in mind. The primary aim was to produce a
gvatem in a working state, while a secondary alm was to study the level of the impact
of these limitations, if a working system could be achieved.

6.6.1 Global test setup

The sites in the tost were the University of Bergen [Norway), the Kivchhoff Institute
of Physics in Heddelborg (Germany), the Joint Institute for Nuclear Studics in Dubna
(Russia) and the UCT-CERN Resvarch Centre at the University of Cape Town. It
was decided that the data Bow should mimic ay closely as possibie the real data How
of the ALICE expariment, with sub-events being built into full cvents hieraychically.
Of the warious participating sites In the test, three were in the northorn hemisphore
connected on a reliable and comparatively fast network; the bottleneck was clearly in
the link o the sonthermmost site, Cape Town. As this was also the site of the dHLT
implementation on CARMEN, not to mention the fact that the dHET collaboration

*The dimuon raw data publishers, ey wee oot svailsble, and many of the dHLT and HLT
processing components were still under developoent.



6.6. GLOBAL HLT TEST OVER PUBLIC INTERNET NETWORK109

was gathered there af the fime, ¥ was decided that the final steps in the chain
— merging dHLT {rack information and passing HLT trigger decisions — would be
performes] in Cape Town. The other parts of the chain were linked via Heidelberg
in the following fashion, shown schiematically in figure 6.7 : The three sites in the
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L + 13N Goobal Merge Moda
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Figure 6.7 Global HLT setup with all invelved sites and nodes. The components on each
node are not shown,

Northern Hemisphere were set up to run dummy versions of the TPC cluster finder.
The TPC data siream is read ont hierarchically’ — “slices” are constructed from
“patches” on which cluster finding is performed. Duwmnmy processing components for
one, two and three patches were set up at Dubna, Tromsce and Bergen respectively.
with each patch being processed on o separate node. To illustrate, the processes
rinning on the nodes in Bergen is shown for example in figure 6.8, with the light
shaded hox representing a node in the cluster and the dark shaded boxes representing
HLT components. Except in the case of Dubna, a forwarding node was necessary,
since the clusters compute nodss are penerally protected from the public network.
The forwarding nodes at the various institutes were connected to the infernet, and
all eonnections were reluz=d by them to the compute nodes via thenr TaskManagers,
described below (gee also chapter 4). The owtput data published at these sites was
then sent to Ileidelberg. Subscribers there merged the 6 published event fragmenis
imto & single event and dummy processes simulated the next step in the processing,
which was track-finding on the clusters. This was done on two dual-CPU nodes -

8ee the ALICE TPC TDR for more details,
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Figure £.5: Setup of the IILT processing modnles at the Bergen cluster. Black ovals denote
phivsical nodes. while grey boxes denote HLT processing eomponents. The network bridges
to the relay/forwarding node are also shown.

one of the nodes was responsible for handling the subseription and merging of the
imeoming data, forwarding it to the sccond rode to perform the tracking. The results
of this tracking setup, shown in figure 6.9, wore then sent to the cluster in Cape Town.
The CPU usage and network traffic was monitored in Cape Towi.
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Figure 6.9; Cluster-finding subscription and tracking processes running on the Ieidelberg
cluster, Black ovals denote physical nodes, with grov bowes represeating HUT proccsses,

Cape Town

In parallel to the processing in the Northern Hemnisphere, the cluster in Cape
Trawn was set up to process dimeon data. Two dummy cluster-finding processes,
each running independently on a separate node, were scattered to dummy tracking
processes. There were four trackmg components, each runtiing on a node. The output
of these tracking components was set to the global merger node, which also subseribed
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to the resulty from Heidelberg.

6.6.2 HLT TaskManager sctup

As desoribed in the previous chapter, the HLT uses a module called the TashMan-
ager to ensure that the components necessary for the given selup arve initiated 1 the
correct order and synchronised. In this case, the sysiem was controlled by a 3-level
hierarchical FuskManager setup shown i figare 6,10, Owerall conirol of the system

/"" “Bergen ““"“h “ Tromace “= ,--""'-_D:.lt;la__-"““-\

[“ ] \_| |_\ j -
V__\ e ""‘\H_%____:,Lﬂ / o

Figure 6.1k The hierarchy of the global test TeskMenagers at the various sites. Each
L3 fustManager slave iz controlled by the closest L2 TeskManager servants. In the case
of Dubna, which there was not a oeed for an intermediate relay /acoess node, the T3 shave
ToskManager 18 controlled by the L1 Master in Heidelberg,

was given 10 a top-level { “Master”, or L1} TasiManager nuning in Heidelberg, This
top-level TaskManager communicatod with interimediary { “servant” or L2) TuskMan-
agers in Cape Town and Bergen, where relay /aceess nodes woere in place. The thivd
level TaskManagers (“Slave” or L3) performed ihe low-level tasks that the TaskMan-
ager compenent was originally designed for, sueh as initiating and symehronising the
HLT"s processing and communication comnponents. In Dubna, where there was direct
access 1o the compite node (no relay faccess node), the L1 TuskManager in Heidelberg
commiunicaled directly with the L3 ToskManager

These hierarchical lavers of TeskManagers simplificd inunensely the configuration
of 1he test. L was possible 1o start and stop the system by iganing a gingle instruction
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to the Ll TaskManager, without having to manually initiate every level in the HLT
processing chain.

6i.6.3 Global test results

At the most basic level, the global HLT test can be termed a success. Referring
the aims of the test given above, the pritnary aim was achieved iu that the system
was built and run for several howrs imintercruptedly. Figure 6.6.3 shows the recorded
network activity on the CARMEN head node, showiug that there were no lapses in
communication o1 network tailures.

Dmlu Acs {uBw|

{a] Full duration, (b} Focus om one hour,

Figure 6.11: Network iuput rates to the CARMEN head node during the global framework
tesi. Tor the Ml duration of the run, and during one hour,

The periodic spikes in the network activity represent the transmission of data per
event, The eveut rate was not set by hand as in the dummy stress test. as the aim
was to see what rate was achievable. During the global test, a fairly stable rate of
about 10-15 Hz was achieved, with the system rumiing for several hours. This very
low rate was to be expected due to the bottleneck into UCT, but the system proved
nouetheless very stable,

6.7 Next steps

The first integration test of the dHLT components deseribed above had a very limited
scope. bt achieved its objectives, Many of the components of the full JHLT system
were ot available and had to be mocked up for the test, but the integration of these
is currently under way.

The offline dHLT track-finding code is being integrated into the ALICE offline
simutation framework, AliRoot. This is part of the full HLT integration into the
offline framework and is necessary in order o test the HLUL processing during the
ALICE Data Challenge.

Ag regards the test of the development of the dHLT, this 15 somewhat outside of
the scope of this thesis, as it is a work in progress. The definitive versions of the
track-tinding and hit-reconstruction algorithm, as well as the decision regarding the
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implementation platform (FPGA vs CPU) will be decided during the following dHLT
integration tests, which are planned to oceur at least once a vear.

We have shown in the last two chaptors how the dHLT is built on a larger soft-
ware framework, the ALICE HLT, in order to improve the physics potential of the
spechrometer by improving the accuracy of the trigger information, The design prin-
giples and constraints have been discussed. and the specific implementation i both
the online and offline case has heen presented, with validation of the perfortnance of
the system in an artificial physics environment. The simulations used to test the per-
formance of the system wore done with muons of flat pr spectra, leaving any actual
physics considerations aside. In the next chapter we will focus making first investi-
gations into the pedormance of the dHLT in & more realistic phiysics snvironment,
using ofline simulations.



Chapter 7

Physics performance of the dHLT

7.1 Introduction

It has been shown in the previons chapters that the ALICE dimuon spectrometer
ig specifically designed to measuee dirmuons with good aceuracy, and the dimuen
High Level Trigger is able to discriminate with great efficiency against the low—p,
hackground muons compared to L0, In order to perform these studies deseribed
in the preceding chaptens however, the input spectra of single muons was not that
which is expected from actual physics events at ALICE, Rather, the spectra which
were passed through the dHLT were intentionally forced to be flat in pr, allowing
to determine the acouracy and efficiency of the trigger across the entire py range
expected at the LHC, albeit with vorealistic error estimates,

Of course, the spectra of muons from heavy guarkonia decay do not have 3 constant
pr distribution. Iostead, these exhibit peaks around 4-5 GeV and 2 GeV lor the T
and J/u respectively (see figsure 7.1). and have tails which extend far out into the
high-pr region. The distribution of background muons, on the other hand, is wery
different. — mainly below 2 GeV (gee figure 7.3). This chapter aims to inwestigate the
response of the dHLT in 4 “realistic” phisics enviromament, “Bealistic” here refors
to the expected phase-space distributions of particles produeced at the LHC, but not
necessarily to the vields, since such a study wonld require much larger computing
resourees than were available,

[Recall that, as discussed m clrapter 2, a clear signal for the ereation of the QGP
was predicted to be the suppression of heavy quarkemia, ez (/1) and B0 (1), due to
Debye screening, measured in the dimuon channel. The pp spectra of the dimuons
from the decay of these mesons 13 predicted to be heavily inHuenced by the prosence
and characteristics of the QGP and one model [174] will be used to predict their
subsequent spectra. The NASO (and consequent NAGU) experdment had great success
in measuring the anomalous suppression of the J/¥ vield in the dimmon channel
[112|. The suppression in the yield relative to “normal” muclear suppression was
acconnted for by hadronic absorption models [85], except In the most central Ph-Ph
collisions, where an anomalons suppression was was clalmed to have been observed
[112] (see section 2.4.6), At the higher energy LHC experiments, however, theoretical
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predictions for the suppression of quarkonia are not as clear as at the 3PS, For
instance, the gluon shadowing and “normal mclear” effects (inclnding nuclear and
co-mover absorpition) on the yield and spectra of the resonances is not completely
understood at. LLIC energies. The NAJQ analysis also made use of the medinm-
independent, Drell-Yan dhnuon production mechanism, which was used to normalise
the guarkenia production rate, However, for the dimmon specirometer, there exists
no single reliable, medinm-independent reference for the quarkonia production rate.
For these reasons, it is not as simple Lo identify a single “smoking gun™ signal {or the
{JGP by measuring guarkonia yields, as was the cage at the 53PS,

One way 1o reduce the amount of uneertainty s to investigate the pr-dependence
of the rafios of quarkonia, which may give not only insight into the existence, but
also Lhe nature of the produced medinn. A detlailed study of the performance of the
dimuoen spectromeier in detecting this signal can be found in [172], where it was shown
that the signal can indecd be measared with a realistic description of the detector.
Althongh the alorementioned work represents 4 relevant case study of interest (o
the performance of the dHLT, 1t was perfored in a fast-simdation framework and
as such iz not easily pessible to investigate its resuliz with the dHT.T, as the latter
requires more detailed information {see section7.2.2). Thig thesis will foeus rather on
the more basic investigation of the dHLTs performance in some well-defined cases.
in order to serve as a possible benchmark to further work.

7.1.1 Sclection of data scts

Four general seta of data wilt be considerad :
o [ure background in the absence of signal
o DMure signal in the absence of QGP
o “Cocktail” events with mixed signal and background
s (JGP-suppressed signal (for T suppression scenarios. )

Note that due to the excessive compuiing time necessary a full-statistics data sel.
vnly fractions of the expected number of evenls were generated, but nevertheless
enough to give a ressonable result, The actual fraction of events generated compared
o that expected at the experiment is given in table 7.3, The production rates for
non-0GE production using parametrised py distributions will be shown for the oF
and b families. The response of the HLT to this signal will be shown and compared
to thai of the Li), In order to vabdate the aceurscy and effidency of the dHLT in
a seuli-realistic environment. The response of the dHLT to & realistic backsround
distribmtion. with no signal will alse be shown, separately. For this, a tull simulation
of muonic background sources is done with HIJING and the regponse of the dimuoen
High Level Trigger {dHLT') is shown in order to validate the backgroand sublraction.
Furthermore, a set of “mixed” events - containing the coniributions at the relevant
levels of all sourees of muons combined - was generated and passed through the dHLT;
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this represented a sample of events as close as possible to the actual ALICE dimuon
minimum-hias.

Finally, a set of data representing 66 production in the two QGP scenavios used
in reference [172] was gencrated. The parametrisations of the meson suppression as
a function of pp was adapted from reference [173] and coded into the ALICE offline
simulation code (see section 7.5}, Finally, note that the daia sets simulated here
will all be for the most central class of collisions avf ALICE | which correspond to an
inpact paraweter of 0-5 fu [141].

7.2 Baseline data production (no QGP)

The first parameter needed for this study is ihe yield of each of the ohservables
which 15 0 be simulated. The expecied wvield of an observable in Ph-FPb collisions
can be ohiained from the sams observable in p-p collisions by applving the relevans
nuclear modification factors. However, in order to obtain the relevant yiekd in p-
p collisions, a munber of basic inpui parameters are required, the firsi of which is
the direct quarkonia production cross-section, epf. To s 18 applied the feed-down
factor. Iy, which takes into account the enhancemens of lower-lyving statves due to
decay of higher-lying states. This provides a good estimate of the expected yields in
p-p collizsions.

In order to scale up the p-p vield, the assumption i3 made that the cross-section
for quarkonia production in Ph-Ph collisions seales with the number of binary (hard)
colligions, Ny, (see equation (2.16}), For the most central collisions which we are
investigating here, this is approximagely' given by A%, where A is the number of
mweleons in the muelear projectile — 208 in owr case of P-Pb, To this, we haye
o finally apply the shadowing factor Clp, as deseribed in section 2.4.6, Tiis is
parametrised as a funevion of inpact parameter b as

Uah {E}{} e [’T.wh ({]} = {1 = [’Tsh {ﬂ}} & (%) !

whete rg and # are chosen to be rg = 16 fin and n = 4 respectively.
Applying all of the relevant scaling factors, the cross-seetion for quarkonia pro-
duction in Pb-Pb eollisions 1s then

ofh_py = Giwr - A? .03 (7.2)

The relevani parameier for the study 15 not the cross-seciion, however, but the toial
number of quarkenia N; expecied to be produced during an ALICE data-taking run.
This is obtained by applying the generic formula used to caleulate the munber of any

ohservable with cross-section o, given the expecied average lumimosity (£} {provided
by the LHC) and the total data taking fime expected®. T ;

N=g- (LT (7.3)

IThis is the casc ag b =1 fm
2This mimbet 1akes into account the cxpected officioncics of the LHC accolerator, and the ALICE
experiment (141
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L psilon family T 5! i
Fyai (jh) 01.501 01.246 0.0181 |
oy = Cop - Fg- A% (mb) | 1647 5.0 0.59
NP o=ofy- (1) T 8.24.10% [ 4.04- 105 | 2.08. 10°
NAST — Brig e - N9 | 204105 | 523-10* | 5,386 10°
NEe 9792 2510 258

Table 7.1: Cross-scetions in proton-protonn eollistons (ep,) and mclens-nncleus collisinons
(raa) for the lowest-lving bb family resonances [142| (including feed-down factors). Also
shown is the Tesonance yield and munber of dinmons from resonance decay expecled in the
data taking year, as well as the mimber of these dimuons expected in the spectromeler
acceptance.

d/ i tamily J/4 '
Fyoty, {4h) 3.0 _4.68
iy — Cap - A%+ 0% (mb) 8047 121.5
Ny —o (L) T 10235 107 | 6.072-107
N — Bro ooy - NS, | 2,365 107 | 6256 100
W 828 047 | 21 897

Table 7.2: Crosssecltions in protou-proton collisions {ap,) and nucleus-nucleus collisions
(44, tor the lowest-lylng cg family yesonances [142] {(mcluding feerl-down lactors), Also
shown is the rescnance yield and number of dinmons experted from resonance decay ex-
poected in the data taking year, a8 well as the number of these dimuons expecled in the
Spoctroimneter acceptance.

The nominal values tor the LHC luminosity and heavy-ion data taking period per
year are (L} = 5 - 10%an 25" — &7 10%barn ‘s~ and 7= 10% 5 [141].

The dimuon spectrometer 18 tuned to detect dimuons and in order to obtaln the
maniber of dimuon pairs from the quarkonia vietd, the branching ratio Br#f—r's" of
the quarkoms decay into dimuens has to be applicd to the et iumber of mesons :

r — -f = _—Q. 5 — {J
mgth.'i: 5 — {L} b T o Bquf; il {T}qghjjb (T.‘l}

This gives for example N ., ~ 16° and Ny ~ 10" for the heavy-ion data taking
year. The values expected for the T and 4 resonances are given in tables 7.2 and 7.2
respectively, for the full solid angle (4}, as well as the spectrometer acceptance. The
number of dinmons actually detected is obtained from the total number of quarkonis
by scaling down by the variouns detector effects of the dimuon spectrometer. duae
to inefficiencies i track recoustruction, toggering and seometrical accoptance (see
section 3.2.3). Table 7.3 shows the mumber of events generated for eacl of the data
sets deseribed above and the fraction compared to what is expected during data
taking. Note that the simulated fraction of the “signal” data set compared to what
15 expected in true experimentsl conditions is far higher than that of the underlying
backgroumd events. This is due only to the fact that sinee the mumber of tracks in each
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Data sl Yicld Simulated (b < 5) |  Ratio |
[evints) (events)
Background | ~ 1. 10" 10 1-107°
A ~ 2.365 - 107 3. 1P 2.1097 - 1(~*
T ~ 2.5 - 10° 5-10° ~ L5
T (SU(N)) 185 ()00 4. 10F 2.16
T {8SU(3)) 469 000 5- 1P 1.22

Table 7.3: Statistics of the various data sets vsed in the dHLT simulation

- e R R S T T R
P, (GY)
{a) Transverse momentuin distribution {b) Rapidity distribation

Figure 7.1: Transverse momentom and rapidity paratoetrisations of for the J/ (blue) and
T {red) mesons, for P-IPb collisions at 5.5 TeV. {Curves scaled to mateh CDF data and
are relative to the /v production. )

event of the background data set Is of the order of 10%, while that of the signal events
is only of the order of 10, Thus, the compining time regquited to proeess these events is
orders of magnitude larger. However, since the LT is a track-based algorithm, the
sheer number of tracks in the background data sel means that an accurate estimate
of its performance m this scenario can be given.

For the ease of the QGP scenarios, it should be noted that slightly nwre gquarkonia
were simulated than are actually expected, This means that the statistical uncertainty
on the aceuracy of the dHLT performance for these sets will be somewhal over-
estimated.

7.2.]1 Rapidity and transversc momentum spectra

Although we have dehined the total munber of quarkonia expected during the ALICE
data-taking year, the phase-space distribution of these has not yet boen discussed.
Knowledge of the pp and y spectra are necessary in order to simulate their production
correctly, and hence the correct response of the ditector and trigger.
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The pr distribiwtion for the T and J/¢ mesons are parametrised as

LA it (7.5)

(@)

The parameters - and n are chosen to he pfh = 4.704 (7.653) GeV and n = 3.826
(3.(142). These are obtained by a 6t to the MRS'T HO caleulations made by R. Vogt
[168]. and scaled to match the recent CDF measurements.

MRST HO caleulations made by R Viogi, [168;. scaled (o match the recent CDF
measurerrents. These are shown in figre 7.1 for the J/4 and T states.

7.2.2 Simulation and analysis frameworks

The above paramctrisations of particle produetion are inchided in the ALICE offline
software, AliRool, which makes it possible 10 use them to generate physics events to
stiudy with the detector. This is done in lwo ways @ a parsimetnized deseription of
the detector aceeplance, response function, efficiencies, ete. igincluded in the ALICE
FASTETH mnadhitle in the first case. while in the second ease, the full simulation of the
detecior response al a microscopie level s brought to bear, These (wo frameworks,
denoted fast and full simulation respectively, are bolll important 1o sttdy of physies
expectations of the ALICE detectaor.

The fast siimalation framework eontaing pre-delined look-up tables for the accep-
tanee, response and efficiency of the detector, given a partiele momentum. This
information is also parametrised as a funciion of the background level, allowing the
user 1.0 vary this factor easily, as there is gome uncertainty in average event, multiplie-
ity at the LHC {see seetion 2.4.1 for a discussion of thig issue). In order to obtain good
statistics over the full gy range, the concept of a “psendo-particle” is used. which is
asgigned a randow? pp, with which the acceptance and tracking or trigger efliciency
of the detector s obtained. This is then assigned a weight, which is caleulated from
a parametrised pp gpectrum of the muon source in gquestiog.

In the slow, or full simulation environment, & detailed detector geonelry, seg-
mtentation and response are tsed. Primary particles are generated using the desired
pr and y distributions described above, which are allowed to decay with an exiernal
decayer, usually provided by PYTHIA [147]. The generated particles are transported
using the GEANTS Monte-Carlo code [1481 with the detector deseription in the MUON
wmadule of AliRoot. This method processes data on a particle-by-particle basis. in-
cluding 1he reaction mechanisms specified In the initial configuration. "This simulation
rilethod is thos much slower, b, alse rmuch more detailed than the fast simulation®
containing much the same kind of pbysics information as would exist in the actual
experiment. as well as the input Monte-Carlo. This track-based shmulation method is
reqiired by the offline siinulation of the AHLT, since it processes individual tracks on

*The value is drawn from the desired pr distribation.
I fact. the parametrisations coded in the fast simulation package were indeed ohtained by fits
to the reanlts of the [l aimulation,
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an evenl-by-evenl basis, in order to investigate the expected efficiency and resolution
of its track-finding algorithm.

The twn simulation technigues are mutnally compatible and give quite the same
resalt for several obscrvables. A comparison hetween the efficiencies of the fast and
slow stmnlations is given in the ALICE PPR [141], where it is shown, for example,
that the overall efficieney (including trigeering and tracking officieney) of the fast
simulation for the J/4 meson at low background levels (20% of the nominal level)
is 64%, while that of the full simulation is 67%. At the nominal background level,
these mumbers drop slightly to 66% and 70% respectively, The T efficiencies show
a similarly shght discrepancy between the fast and full simulation technigues. In
terms of mass resolution (which is directly related to the pr resolution), the fast
simulations tend to over-estimate the resolution of the detector at high backgrovmd
levels, especially for the J/v but the disagreement is never more than a few percent,

7.3 Dackground sources discussion

Sinee the divuon speetrometer detects almost exclusivel amons, we will now inves-
tigate the sources of muons which may contribute te the background cxpected to
comtaminate the signal identificd by the dHLT. As we have secn in chapter 2, several
mesons hayve deeay channels involving muens. The amost notable of these are the open
charm and beauty mesons (D and B family), sinee their decay products have a high
enough pr to satisfy the transverse momentum cut. These high-pr muons contribure
to the badkground dimuon invariant mass spectrinm, and can usually be subtracted
using fairly standard techniques [170]. However, the dHLT does not perform an in-
variant mass calenlation® and so only the pr spectra of mnons from these sources
is shown here. However a short disenssion of the characteristics of these sources —
separated roughly into corveloted background and non-correlated background — follows
helow, in order to give a context,

Cloreelated background

The term “ecorrelated” refers to mmons whicl are physically correlated, but not origi-
nating from heayvy quarkonia decay. This is particularly the case, as mentioned above,
in open charm- and heauty decays. Here, a heavy quark forms a meson by combining
with lighter quarks, which then decays mto mmuoms :

(ed) DF =t X
(ed) D™ —pu +06,+ X
(b)) Bf - pt 41, + X
(bd) B~ —p +u,+X (7.6}

The invariant mass spectrutn of the correlated background has a structure which
reflects the sourees of the muots. The D incson is one of the most common products

5TE15 is under investigation in later implementations of the dHLT. Scc [160] for details
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Figure 7.2: Transverse momentum spectra of the muons from charm (blue), beauty (piok)
and light hadronic {7, £ mesons - red) decays in P-Ph ecollisions at 5.5 TeV. The sum of
all conftributions is also shown in black.

of the B decay chain, The muon from the subsequent DY decay which, combined with
that of the B decay, confributes to the shoulder at intermediate Invariant mass in the
correlated baclkground spectrum.

In the high-AM ¢, - range (from about 6 GeV/e?), the spectrum is well-deseribed
by an exponentially deercasing function of the form

where the slope b is about (L611 GeV—1 /2,

Non-correlated background

Non-correlated background is defined as decay muons which do not originate from a
physically correlated source and is usually split into four groups:

charm-charm where distinet, uonrelated charmed mesons decay into mmons
beauty-beauty where distinet, mirelated beautiful mesons decay into mnons
decay-decay where distinct light mesons (pions or kaons) decay into muons

charm-decay where muons from charined mesons are combined with deeay nmons
from light mesons.

The transverse momentum spectra, of these omon backeroimd sonrees, calenlated
with the AliRoot FASTETM module, is shown in figure 7.3 (note that the beanty-decay
contribntion is negligible).
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Figure 7.3; Transverse momentium (left) sud invariant mass spectra of background rauon
SIS,

7.4 Detailed simulation of the background mmon
sources

A set of data corresponding to about 1079 of the expected yield of all muons for
events in the most central (b < 5 fm) class was geterated uging the so-called “muon
cocktall” - o mixture of the relevant background sources deseribed above, Due to the
high multiphicity of minimum-bias events, however, only a small number of events is
necessary to get good statisties from the dHLT processing results. The subseguent
prospectra and invariant wass plol M, - are shown in figure 7.3{a) and 7.3(b)
respectively.,

7.4.1 Result of dIELL processing

(nee the background spectra had been generated and the events recemstrictod, they
were passed through the dHLT filier. The first interesting aspoct of the resalt way
the momentum recoustruction aceuracy obtained with the dHLT, compared to that
of L0, which is shown in figure 7.4, From this figure, it can be scen that the dHLT pr
estimation has a slightly higher resolution than that of the L0 slgorithin - & difference
of about 100 MeV, or about 30 %.

Also noticeable 1s a change in the shape of the triggered spectra (both LD and
dHLT )} compared to the input spectrum. Since the triggered spectra are bullt from
hits detected on the last two tracking and trigger stations, this change in shape can
be attributed to both particle energy loss (mainly due to the preseuce of the front
absorber] and multiple seattering in the detector and muon filter. Indeed, from figure
7.4, we see that there is a svstematic shift between both the LD and the dHLT pr
estimation compared to the input spectra, of about 100 MeV /e, This is a general
feature of the triggered spectra and is noticeable in all of the data sets shown here,
but affects muons below about 1 GeV more significantly.

Figure 7.4.1 shows the input pr spectra with a eut at 1 GeVoon the L and dHLT
ontput. From this figure, it can be seen that although the L0 cut reduces a large
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Figure 7.4: Left: Transverse momentiumn spectra for the pure background data sample, as
well as the corresponding dIILT and LO output data samples (charged tracks only). Right
Reconstructed iransverse moumenium regolation, for the nmon cocktail backeground sample
{see fent .

portion of the background, the cut is not as sharp as that of the dEILT. This can be
better seen i1 the plot on the right hand side of figure 7 4.1, where the spectra with a 1
GeV eut on the L( and dHLT respectively are divided by the raw mput spectra. The
resnlting spectrum, referred to as the “efficicney spectrum” of the trigger algorithm,
is parametrised by an error finction with a width, a cut value, and a normalisation
constant (see equation (5.2)). The smaller the width of the curve, the more acenrate
the pp cut s

T T

MR

5 i
na— ,j!‘
. SIE. -
i o= o I s e e 2 i
()] Haw input spectra (b) Transverse momentum cut efficiency

Figure 7.5: Raw input (black), L0 (red) and dHLT {blue} py disiributions and corresponed-
ing efficicney functions for the backpround data sample with a 1 GeV ot

Several of the tracks which were generated did not produce hits on the last 2
tracking stations, but of the tracks which did in fact produce hits on station 4 and 5.
practically 100 % are fonnd by the JHLT teacking algorithm. The total acceptance of
the dHLT is about 79 % of generated tracks (a similar. slightly lower valug is found for
the L4}, Onee the 1 GeV cut is applied, the dILLT sneeeeds in reducing the mumber
of accepted tracks to 21.2 % of the originally reconstructed tracks.

Both of the efficiency functions are fitted with similar fitted ent and norroalisation
values (“const” and “mean” respectively in the figire), within errors. There is a clear
distinction however between the fitted skin widths of the dHLT and LO; a voughly
50 % decrease in eut width is observed. The background rejection factor here is
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Figure 7.0: Fitted efficiency functions for a 1 GeV py cut on the backeround event sample.
Moter thest the fitted widtl of the dHLT function is roughly half that of the L0 width,

encouraging and validates one of the mandates of the dHLT, The furiher mandate —
to faithfully identify the signal - is discussed helow.

7.1.2 Result of dHLT proccssing on signal

The aim of producing signal-only data =ets is to verify the performance of the dHLT in
terms of signal identification, The results of the dHLT processing of the J/2 and T
data sets 8 shown below. The results for these cases will be shown separately. since
they involve different pr cuts - 1 GeV and 2 GeV respectively.

Performance of the dHLT on the J /i sample

The simulated Jfd data sel is summarised in figure 7.7, where the resulting transverse
pomentnn and Uwariant mass spectra are showe.

As in the case of the background data set, the raw data was passed through the
dHLT and L0 algorithms. The resulting transverse momentun spectra of triggered
tracks was then divided by the raw input spectrum to give the eficiency plots shown
in figure 7.8. The percentage of various trigger conditions is shown in table 7.4.

i can be seen (hatl the widih of the dHET efliciency funetion is smaller than thal
of the LO curve @ 0,26 GeV as opposed to (L.38 GeV. However, the error on the fit of
the skin width is rather large {of the order of 100 %), 8o it i3 noi. clear with the pure
J/1p data sel whether the dHET has a particular advantage in termg of cut efficiency
over the LU algorithm, This is not entirely surprising, since indeed the LO trigger is
optimised (o detect heavy quarkonia such as the f /4 The cfficiency of the irigger for
the detected tracks is about 84 % for the L0 1 GeV/e cut and about 87 % for dHLT
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Figure 7.8: The L0 and dHLT efficiency spectra as o function of pr, for a 1 GeV pr ent,
fitted to an error funetion for the J /4 data set.

1 GeV/e eut{with no L0 cut). Here, we show that for this sample, the mandate to
select good tracks is shown to be fulfilled, albeit in an averaged way. It should also
be noticed that in roughly 5.02 % cases. the AHLT would have validated o J /¢ non
track which was rejected by the L0

Performance of the dHL'T on the T sample

Since the transverse momentum spectrum for the T family has a peak at a higher pr
value, the trigger cut for this data samiple, is at 2 GeV /e, as described in chapter 3.
The invariant mass and transverse mouentum spoctrs generated for this data sample
are shown in figure 7.9,

The efficiency of the L0 and dHLT trigger alporithns on this set is shown in figure
710, where it can be seen that the fitted width of the 1O histogram is wider than
that of the dHLT width (about 0.5 GeV for the L0 vs about 0.3 for the AHLT),
This represents about a 40-50 % improvement, but since the uncertainty ou the fitted
parameter is quite large, the significance of this should not be overstated,

Again, the LO and dBLT both reconstruct a verv good percentage of the tracks -
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Trigger Condition No. tracks | Percentage of total (%) |
Baseline 1059(169 10K}
L0 low py SA08E1 23.17
_dHLT low pr DuG21 #hH.RE
1.0 high py 521152 10.20
JdHLT high py h44144 51.86
Asymmetric (LO low, dHLT high) | 540791 51.06
dHLT low, no LO low a3 164 5,02

Table 7.4: Percentage of tracks fulfilling various trigger selections for the J/w, The
haseline criterion 1% the case where the track results in a hit en stations 4 and 5 and a
hit on each of the trigger stations. lo the case of & dHLT trigger with now L0 trigger,
the percentage is of tutal LO triggers.

Trigger Condition | No, tracks | Percentage of total (%) |

! Baseline 1216233 100
!  IDiow pr 1206208 99.17
dHLT low pr 1209416 G9.43

L0 high py 1164504 45.74

dHLT high pr 1178688 |  96.80
Asymmeinic (L0 low, dHLT high) | 11785639 |  96.80
dBLT low, 110 L low 4812 0,349

Table 7.5: Perceniage of tracks fulfilling various trigger selections for the T data
sample. The baseline criterion is the case where the track results in a hit on stations
4 and 5 and a hit on each of the trigger statious. Iu the case of a dHLT trigger with
now LO trigger, the percentage is of total L0 triggers.
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Figure 7.9: Left: The invariont mass spectrum of the ¥ family data sample gencrated,
Right: The transverse momentum spectriuim of the T data sample.
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Figure 7.10: Left: The LO effliciency function as a function of pr with o 2 GoV eut for

the Upsilon data sample. Right: The dHLT efficiency funciion for the same cut on the

Upsilon data sample, Both have been fitted to the error function (see text). Note that the

fitted width of the L0 bistogram is larger tham that of the AHLT width.

about 95 % for both triggers, It should also be noted that in a very small percentage
{roughly 0.4 %} of the tracks, a the dHLT would have validated a track which the L0
rejected. In this case, it 1s considered a negligible effect.

Clearly, in the signal cases above, we are using a scenario which is entirely ideal,
since it is extremely improbable to cxperimentally produce purely guarkonia in heasy-
ion collisions. What we have shown is that the dHLT does not reject significant
amount of good tracks, and inoreases the efficiency of the gy ot over that of L0, In
this sense, we show that the dHLT validates in part its second mandate, which is to
faithfully reconstriiet relevant physies tracks. In the next section, we will investigate
a maore realistic scenario of physics cvents with a mixture of all sources of muons,
both from signal and backgronnd sources.

7.4.3 Mixed events

We have seen thal the dHLT can perform well in either a purely backzround or
pure signal scenario. The next data set to be investipated was gencrated nsing the
satne sources of backgronnd muons deseribed above, however contributions [rom open
charm, open heauty and the heavy quarkonia families were also added. The centrality
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Figure 7.11: Tnvarviant mass (left) snd trapsverse momentwin spectra (right) of the full
munn cockiail daty sample.

dependence of the open charm and beanty shadowing was taken into account nsing
g Glanber model to obtain the average impact parameter. Using the same Glanbor
model, the production rate of -omum species was calenlated from the average number
of collisions, while the production of low-pr background muon sources (7 and K
mesons) was caleulated with the average number of partieipants. Apain, the invariant
tnass and transverse momentun spectra of this mixed event sample are shown in 7.11.
When this data sample 15 passed through the dHLT filter, we expect to suppross
g significant amount of the backeround at low-py, while retaining good statistics tor
the quarkoma signals. This is a validation of 1he preceding two data sets, in the case
of signal only and the first data set, in the case of background only studies. The
results of the dHLT and LO friggering are shown in ligure 7.12 and in table 7.6

| Trigger Condition [ No. tracks | Percentage of total (%) |
Baseline 24504 H(]
Lo low pr s040 3251
JHLT low pp 7952 32,57
i) high gy 2057 m.a4
dHLT tagh py 1810 7,38
Asymmetric (L0 low, dHLT high] 1781 7.26
AU Tow. no L0 low 1481 158.42

Table 7.6: Percentage of tracks fulfilling various trigger selections for the “minimm-
hias” data sample. The baseline eriterion is the case where the frack results in a hit
on stations 4 and 5 and a nt on each of the trigger stations. In the case of a dIILT
trigger with now 10 trigger, the percentage is of total L0 triggers.

From these, we can see that the shape of the efficlency spectruin is not nuch
changed from the previous two cases, Although this data set i3 a combination of the
previous sienat (/4 and T) and background data sets, elearly in such a minimuin-
hias scenario, background contributions below pr = 1 GeV/e dominate to a large
extent. It should alse be noted that the AHTL would tngeer ronghly 18.4 9 of the
tracks which are not triggered by the L.
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Figure 7.12: Left: Efficiency as a function of trapsverse momentiim of the 1 GeV L0 cut
for the mixed data sample. Right: Efficiency as a function of traosverse momentnm of the
I GeV dHLT cut frr the mixed data sample. Efficiency functions have heen fitted to the
error fimetion deseribed o chapter 5.

We hase now investigatod the three main control seenarios - pure background, pure
signal and mixed background and signal data gets - and the dHLT has heen found to
perform its required task to within specifications. The standard, hadronic production
only, case has been verified and we now move on to investigate the performance of
the dHLT in a speculative scenario of OGP production.

7.0  The dHLT with a quarkonia suppression model

Having now investigated the validity of the dHLT in several somewhat realistic, hut
still fairly artificial scenarios, we would like to extend our physics beyond purely
hadronie scenarios. A simple QG modal will be used to investigate what effect
modifications on the pr spectrum due to this model would have on the dHLT response.
The effects of the model in question have already been shown with fast simulations
to be measurable by the dimuwon spectrometer [173], where it was shown that by
using ratios of quarkonia vields as a function of pp, it was possible (o disentangle
various scenarios of QGP formation. A short theoretical backgronnd of this maodel
will be given to derive the expressions of the modified pr spectrnm for quarkonia,
and thercafter the response of the dHLT to a set of data generated with these pp
digtributions will be shown.

Context and background

Iy the late 1980%, Blaizot and Ollitrault [174] published a calculation of the effect of
the temporal and spatial evolution of a produced QGI? on the survival of the produced
quarkonia, which allowed them to relate the resonance spectra with the lifetime of the
QQGP. Kharzeov and Satz used this model to prodiet the pr dependence of the /) and
¥ suppression at RHIC and LHC energies [175]. Using updated gluon distribution
function caleulations, this study was extended by Gunion and Vogt, who calenlated
the pr dependence of the yatio of resonance families Y and % As obscrvables,
these regonances provide o mumber of benshita:

YA
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5 . s iy S = .
o Gluon shadowing would have no effect on the rafio —}% or %, since it woild

affect the production of each idexdically.

e It is safe to assume that the pr variation of the hadrondc absorption cross-
sections of T and T are the same, and therefore the ratio of these wonld caneel
out the confribution from the poorly-understood (at LHC energics) hadronie
absarption. While the global value of the ratio would be affeeted, it's variation
with pp would not.

s N pp variation in the ragio of % has yet beent observed in p— § collisions, The
CDF collaboration at Formilab has measured this ratio out to about 10 GeV
and their results [176] are consistent with no variation. If any variation is scen
in Ph-T'h eollisions, this may be attributed to medinmm effects.

This model will be used hore to simulate a set of data for QGP suppression scenarios.

7.5.1 Model description of the naturce of the produced QG

Recall that in sero-temperature field theory, equation (7.8} gives the non-relativistic
intor-quark potential:
0¥
Vir, 0) =alr) — = (7.8}

where r 18 the inter-quark separation. The acreening of the intor-quark potential which
is responsible for the disseciation of bound states in a deconfined medinm maodilies
this potential which then becomes
e LI Ty _ ™ e

The screening mass heve, (T}, is an increasing funetion of temnperature and contajos
the information on the deseription of the QGT in guestion.

Two forms of 4 T) arc eonsidered by Gunion and Vogt [L71]. The first is obtained
from a paranmetrisation of N-flavour (3CD on the lattice [177]. which is designated as
the SUN} GGP and is wntfon in terms of the eritical temperature 7, as

PUE) i

o 4,}_—; (7. 10}
The second fornl is an estimation from 3 Havours perturbative QCLD, applicd to the
group SU[3), which 38 consequently designated the 3 flavouwrs QGFP or 3FP. The
sercening mass-dependence in this deseription is writfen as

H(T} T 4 4 g =

L | ] i e Sl A1
T \X Y e

where the temperature-dependent rummng coupling constant is
. m) 2 5
g = .t;r( = : (712}

4 19T i)

) e ) )]

‘These two forms of g (T} will be wsed to prodiet the modification of the transverse
momentum spectra of quarkonia.
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Jib | ¥ ] xe

73 (fm}) 0.89 | 2.0 | 1.5
Tn (3FP) (MeV]) | 459 | 211 | 204
Ty (SUN) (MeV) | 190 | 128 | 26

Table 7.8 Formation time and dissociation temperatures for the eF system in the 3-flavonrs
plasma [171] and SU(N} |111] plasma case.

are chosen following [172] for this study, 1o be

to=0.1fm Ty~ 1.14GeV (SU(N))
to = 0.5fm T = 0.82GeV (SU(3)). (7.14)

The entropy density is proportional to T3, thus time at which the temperature drops
10 below Th is

T 3
tp =ty (T_i) : (7.15)

This means that as long as t,/t, > 1, guarkoninm will be suppressed; it follows that
1he maximum gy at which suppression occurs is then given by

2
t
P = H'IJ(—‘U) —1 (T.16)
Tr

This upper bound on the transverse momentum is set purely by the finite lifetime
of 1he plasma. however, as stated above, the finite spatial extent of the plasma also
imposes a limit on the suppression of the quarkonia.

If the ¢ is ereated at transverse position o# = (0,7, 0) and with transverse mo-

mentum P = (ﬁﬂff? i F},ﬁ,ﬂ) then the hound state is formed afier formation

lime vp at iransverse position o — (f‘l + (%})2, o, 0, ) The guarkonia will there-

fore not be suppressed if |7 + J5p7| == rg, where ry is the evolving screening radius
of the plasma, with B = r¢{0) with fixed initial size of ihe plasma at ¢ — 0. In this
model, there is a elear competition between the spatial and temporal extent of the
QGI? and these two competing effects contribute accordingly to the final suppression
patteru,

The survival probability of b pairs is caleulated as a function of pp of quarkonia,
in the two types of plasma {3FP and SU(N}) are shown in figures 7.13 and 7.14 The
pr-dependent expression of the survival probahility of the quarkonia is defined the
ratio of the number of those 1hat escape the plasma intact, to the total mmnber ihay
woulidt have been formed in the absence of plasma ag that pp. This is obtained by
integrating over the spatial co-ordinate at fixed py -

fuR dr rp{ry0ir pr)

717
T fuR (dv-rplr)) (7.17)

S{pr) =
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(a} E=1 fm. {b) R = Rpp.
Figure 7.13: Survival probsbility of BF quarkonia family for a SU(3) plasma radins of 1

frn (7.13{a)) and B = Rpy fin (7.13(h)}. The pr dependence of the suppression of T (solid
blue), T {dashed red) and y, (doi-dashed magenta) is shown. Figure adapted from[171]

where the density p{r) is parametrised as

p(r) = (1 L (%)2) 4 (7.18)

and 6 (r, pr) is given by 171]

™ z= =1
Bl prl =4 Scost 2 ol <1, {7.19)
{1 i 2 |

IHere, we make use of the substitation

2 e TERT 2

Tape=t = ( H‘]'
= ' : 7.20
21’1;-'?"% { :I

which 18 conyenient in describing the tate of the quarkonium pair ; when z > 1, the
pair never escapes, while when z < —1, the pair always escapes, 1t is then clear
that for small values of py, the suppression s large, and for values of pr = pi™ the
suppression is soro.

Regarding the shape of the suppression distributions, it 8 worthwhile to note
right away cerfain distinet characteristics of the four cases under investigation {the
two models and the two plasma, slzes cach considered). Tn the SU(3) case, for both
the large and the smaler plasma sises (R = fp, and 1@ = 1 fo respectively), it iz seen
that. there is no suppression of the T while both the T and ¥, are suppressed out
to fairly large transverse momentum values. On the other band, in the SU(N) case,
not only is there significant suppression for all spedies even for B =1 fin, but the T
is suppressed more significantly than the T and y,. The situation iz different again
when the larger plasma case of B = 7.1 fin 1s considered. In this ease, all species are
heavily suppressed, but there s a slightly more complex evolution. While at low py
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Figure 7.14: Survival probability of bb quarkonia family for a 8 flavours plastos radius of
different, plasma radii. The pp dependence of the suppression of T (solid blue), T' (dashed
red} and v (dot-dashed magema) is shown. Note the extended scale on the right. {Figure
adapted from [171]).

{= 25 GeV/e), the resonances are progressively suppressed, with T suflering more
than T, which in turn is suppressed more than the yi. However, after aboul 25
GoeV /e, the T s loss supprossed than the T

These distinet suppression patterns predicted by the two models and the two sizes
considered should assist in the unravelling of the true naiure of the produced state.
However, the suppression can not be measured diveetly and has to be folded into the
production spectra discussed previously in order to produce the expecied suppressed
specira.

7.6 Suppressed quarkonia spectra

An expression of the suppression of quarkonia states as a function of pr has been
derived, allowing to convelute it with the disiribution in i he casc of no plasma (badron
oas scenario} in order to obtain a paranictrisation for the supprossed pr distributions

Lo W, s (7.21)
apr|gap

These convolutions are shown in fisure 7.15 and 7.16 for the SU{N) and SU(3) cases
respoectively. Also shown is the comparison of a large plasia radius and small plasma
radius for s given model. W note that for the suppression of directly-prodnced
quarkonia, in the SU{N) case there is an inereased suppression of the lower-lying
states compared to those of higher-siates. The T' is more suppressed with respect
to the yp and similarly, the T is more supprossed with respect to the Y. This
situation is already visible In the ¢ase of the small plasma rading of 1 = 1fm, but is
very pronounced in the extreme case of {he larger plasma radius of & = 7.1fm.This
scenario iz reversed in the case of the SU(3) model of the plasmna, where the higher-
lying T iz more suppressed with respect to the lower-lying T. [t is noted that in the
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Figure 7.15: Convohition of the SU{N}-predicted QGP suppressgion scenario compared
to the standard production distribution (black) of T (solid blue}, T’ {dashed-red} and v
(dot-dashed magental, for two extreme cases of the plasma rading [ fm and 7.1 fim.
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Figure 7.16; Convolution of the SU{3}-predicted QGP suppression scenario, of T {solid
blus}, T7 {dashed red) and xp (dot-dashed magenta), for two extreme cases of the plasima
radius — 1 fin and 7.1 fin {log scale shown for the £ = 7.1fm ecase in order to make the
differences clearoy).

case of the small plasma radius, the y; suppression i8 less than that of the T, while
when the radius is increased to ff = Rpy. this 18 no longer the case and the vy is
suppressed more heavily

It vemains, however, to include the feed-down contributions as was done previ-
ously tor the hadronic case in section 7.2, to determine the actual observable in the
experiment, since it will tot be possible to make exclusive measurements. For this
reason, equation {7.21) should be modified by adding the relevant feed-down sowrees
for for each resonance.

7.6.1 Yields including feed-down decays

We shall consider only the two lowest-lying states - T and T7, as the T and y, states
will not be produced abundantly euough to permit a statistically relevant study of it,
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nor does the spectrometer have sufficient resclution in their mass régime to permit
a clean identification. These excited states may, however, contribute to the lower T
and T states.

For the Y7, the sources are T" and y;, fanuilv, while for the T, the sources incliude
the T too. The indirect produection speettmn is built up by using the respective direct
production of the resonance states and the branching ratios of the higher states to
the lonwer anes, convolduted with thoeir suppression factor. We write first the integratod
indirect production cross-seetion for the T and 17

oA = b S (o) 4
Briv,(1P2P}) =T
d ; (7.22)
Pl 22P) '51:1.(1-”12?,1 '[P'FJ
+ Br{Y' — Ty oY - Sy (pr)
and
Pt — o, - Sy (pr) + (7.23)

Br (xx{2P) — 1] ﬂ'ibmm - SyePipr),

where we have introduced the hranching ratios of the guarkonia states, The values of
these branching ratios are taken from the ALICE Physics Performance Report {PPR),
Volume 1 [141].

The eomvalutions of the pe distribution of quarkonia production with the indirect
suppression for the T and T resonances for the different QGP seenarios are shown
in figures 7.17 and 7,18,
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fa} Plasma radins 1 fin. (b} Plasma radius 7.1 fm,

Iigure 7.17: Cenvolution of indirect production spectra of T {solid blue) and ¥ (dashed
red ) and the SU{N-predicted QGP suppression distribution, with the standard production
distribution (black), for twe extreme cases  plasma radius of 1 fm and of 7.1 fin.

With the feed-down decays incorporated into the comvolution of the speetra pre-
dicted by the model, we see a clear difference in the shape of the quarkonia spectra
for the two models. For the SU{N) case, the T and T apectra are quite similar, both
for the small and large plasma sizes. For the SU{3) plasma scenario, however, this is
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Figure 7.1%: Convolution indirect prodnction spectra of T (solid blue) and Y* (dashed
red) and the SU{S -prodicted QG suppression distribution, with the standasd production
distribution {Llack).

no longer the case and there is a marked difference in the T and T travsverse mo-
mentum spectra. The Y7 s sipmticantly more suppressed comparcd to the T, which
is produced in fact m quite large mnmbers, similar to the case of no suppression,

7.6.2 Modifications to the ALICIE simulation framework

The ALICE offline framework, AliBoot, containsg a set of Monte-Carlo cvent, gener-
ators which are used to shmulate the expeeted physics during the cxpedment. This
15 contained m the EVGEN module of AliRoot. Among these generators is a library
of pr and y distributions of varions sources of miuons, AliGenMUON1ib. which con-
tains the parametrisations of heavy quarkonia spectra. In order to perlorm Monte-
Carlo siimulations with this parametrisation in the ALICE simulation [ramework, a
few modifications had to be made to this Ebrary, however, which included the ad-
dition of the suppression parametrisations. Equations (7.17 - 7.21) were coded iuto
AliGenMUON1ib, taking into account the size of the systemn and the type of QOGP under
stady - either the SU{3) form or the SU(N) [orm ol (T') {equation (7.10} or {7.11)).
With this addition, the parametrised pp distribution of QGP-suppressed quarkonia
in this model were available to the generator AliGenfaram. Onee this was done, the
full offline simulation and reconstruction framework, including the simulation of the
dHLT could be brought to bear to simulate a data set for these QGF models.

7.7 Analysis of Monte-Carlo suppression data

The resulting data generated using the parametrised spectra were processed with the
offline dHLT simnlation code, in order to obtain the expected response using this
trigger. The resulting pr speetra in the two QGT cases are shown in figure 7,19,
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Figure 7,19 Transverse momcentum distributions for the SUN and SU3 QGP cascs, for an
evenl, ssnple of pure signal - 1.85 - 10° and 4.09 - 10° events respectively.

7.7.1 Results of dHLT processing

These two event samples were passed through the trigger fillers, as wilh the hadronie
samples. The relative pumber of dHLT and LO triggers validated (high cut ondy} are
given in table 7.9, The efficiency of the L0 and dHLT cuts are shown in figure 7.20(a)

SCENArio % L0 trigger passed | % dHLT trigger passed
No QCT 05,43 96.90)

SU(NY 9657 98,06
8L | 08.12 99.17

Table 7.9 The percentage of L0 high gy and asyrmetric (LO low pr and dHLT high pp
triggers passed on average for the scenarios of no QG production and the SU{N) and SU{3)
CASCE,

and 7.20(b} respectively.

The shape of the dHLT efhicieney eurves sucoests that the cul coutd be made
slightly higher, without sacrficiig significant signal acceptance, in the seenario of
QG P-suppressed T production. This is corroborated by the exeeedingly high accep-
tance {near 100 %5} of the T decay muons, shown in table 7.9, This is due to the fact
that the pr spectra in figure 7.19 show that the peak lies somewhal higher in pr than
5 the un-suppressed case, This in turn can be explaited by the higher suppression of
low-pp quarkonia, which has the offect of shifting the peak out (o higher transverse
TOCANCETA.

7.8 I)scussion

7.58.1 Interprotation of dHLT results

We have here demonstrated in several test cases, the dHLT performs well on
simulated data. The reduciion in the background level is consistent with simulations
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ol {lal spectra data. The inereased accuracy of the track-finding algerithim shows
some enhancement of 1the WL efficiency over that of the L0, while it is shown also
thal an insignificant level of signal iz lost. Llowever, it should be pointed out the above
conclusions of backgromnd rejection and signal retention rely on the assnmption that
the signal is charscterised cxolusively by a track with py above the cut. A better
variable to make & cut on I8 that of the di-muon invariant mass, which is ealenlatod
o muon pair candidate. This strategy for signal identification has been identified as
an avenue of extension of the dHLT algorithin,

It shonld also be noted that the eurrent estimates have boen obtained in an aver-
aged way. This means thal the spectra are built up by considering the AHLT applicd
to several tracks from several events, but with no timing constraints, which repre-
sents a kind of upper limit on the capability of the track-finding algorithin.  The
ouline implementation of the tracking atgorithin will have timing constraints, which
will be exacerbated in more central cvents due to the larger number of tracks per
event. This effect is currently under study m two future works (165, 160].
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7.8.2 Description and choice of QGP model

It should also be mentioned that the QGP model used here to generate modified
pr distributions of quarkonia is accompanied by certain conditions and assumptions.
The first of these is the choice of the initial conditions. We have chosen the initial
conditions which correspond to the most suppression of the T, as these result in the
greatest modification of the resulting muon pr spectrum. It should be mentioned that
certain initial conditions, such as those obtained by using the uncertainty principle as
a guiding principle leads to no suppression of the T, for example. See [171] for a full
discussion on the effects of various choices of initial conditions on the final suppressed
quarkonia spectra.

The model chosen is not unique in predicting suppression, and there are also cases
in which an enhancement in the yield of quarkonia, due to statistical recombination,
for example see reference [179]. The specific model chosen here predicted a significant
modification in the transverse momentum distribution as well as an overall suppres-
sion. Since this modification would impact the dHLT efficiency, the model was chosen
as an example. However, it would be interesting to see how the dHLT efficiency would
behave in different conditions, for example, with enhanced quarkonia yield around the
cut value.



Chapter 8

Summary and Outlook

8.1 Summary

As the RHIC and SPS data is re-analysed and extended, a deeper understanding
of the produced state of matter is attained. It is becoming possible, furthermore for
theoretical lattice QCD calculations to make accurate predictions at non-zero baryon
density; the picture emerging is that of a dense, tightly coupled and well-thermalised
system which lives for a few fermi/c and expands with a velocity of a large fraction of
the speed of light. Heavy quarks are seen - indirectly, via their decay into di-electrons
- to lose most of their energy, as heavy-flavour mesons are suppressed out to large pr.
The disappearance of back-to-back jets in central Au-Au collisions at high centre of
mass (cms) energy and the re-appearance of these in d-Au collisions indicates that
the suppression is indeed a final-state effect on the produced particles, rather than
an initial-state modification of the production cross-sections. These heavy quarks
show a large degree of thermalisation too, as they display a significant elliptic flow
component.

As progress is made in understanding the physics in this régime, a new scale is
opened up with the LHC experiments — of these, ALICE will be the only dedicated
heavy-ion experiment. As discussed in chapter 2, one of the components of ALICE ,
the dimuon spectrometer, is dedicated to detecting muons from muonic decay of
heavy-flavour mesons, with good accuracy and statistics. The principle raison d’étre
of this detector is the detection of dimuons from heavy quarkonia decay (J/v and T),
since the anomalous suppression of these is considered as a signal for the presence of
a QGP.

The high resolution which can in principle be attained with the dimuon spectrom-
eter is degraded however, by the presence of a muonic background?, which requires
the presence of a filtering trigger layer in the DAQ), in order to reduce the background
levels. This layer, the dHLT, has been discussed in the fourth and fifth chapters. The
design of the system, discussed in chapter 5, builds on the data transport software
already used in the overall ALICE HLT, which uses a publisher-subscriber model for

L
I7This is over and above the large soft background from beam-fragment interactions in the beam-
shield, consisting mostly of electrons and photons.

140
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data flow from the front-end processors to the eventual decision-making components.

For the dimuon High Level Trigger (dHLT), an initial study performed by col-
laborators in Clermont-Ferrand was extended upon and the two-step track-finding
algorithm was integrated into the ALICE offline software. Using this algorithm and
Monte-Carlo simulations of the spectrometer, the performance of this algorithm was
tested using first single muons with flat pr distributions. This confirms the capa-
bility of the dHLT to correctly identify the presence of high-pr muons and reject
background consisting of low-py muons, by using a pr cut. This cut is shown to be
sharper than the L0 cut, due to the increased resolution of the py calculation by the
dimuon High Level Trigger (dHLT) tracking algorithm. With the dHLT in place, it
should therefore be possible to improve significance of the data set.

Apart from validation of the dHLT using offline simulations, the code was also
integrated into the online software framework. The dHLT components, using the
data transport framework mentioned above, were tested with dummy data, in order
to check the data flow. By increasing the rate of the data input, we were able to
check whether the data transport framework could handle the foreseen data readout
rate at the experiment - 1 kHz. As a further exercise, the framework was tested on a
global scale with (dummy) data sources in Europe and a decision component in Cape
Town in a topology similar to that used in the ALICE TPC. This test - more of a
proof-of-principle - also succeeded, demonstrating the inherent robustness of the data
transport framework.

Having been shown to work on benchmark flat spectra of muons, this thesis at-
tempted to apply the dHLT to more realistic data sets of pure quarkonia, pure back-
ground spectra and mixtures of the two. Spectra and yields expected by binary-scaling
of pp data to Pb-Pb collision was generated, as well as a data set which included a spe-
cific parametrisation of expected spectra from a QGP model. These results confirm
that the system fulfils the requirements made of it to suppress background efficiently
while still identifying signal tracks.

8.2 Outlook

8.2.1 The future of the dHLT

The dHLT has been simulated in a small-scale study on Monte-Carlo data and
has been shown to perform its assigned task of reducing background and correctly
identifying candidate muons from quarkonia decay. While this thesis is limited to the
initial work and background of the dHLT, it is worth mentioning the next steps in
the further development of the dHLT, which rely on these initial results.

Stress testing of the dHLT

One of the most important tests of the system before being put into full use at the
experiment is to have the software and hardware fully integrated. This means that the
components of the entire processing chain, from raw data input, to dHLT decision,
have to be integrated and properly tested. This testing includes stress testing on the
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given hardware, in order to determine the limits, bottlenecks and points of failure in
the system, as well as quality-assurance testing ti be assured of the validity of the
system’s performance. Depending on the outcome of the hit-reconstruction algorithm
development on the FPGAs, the benchmarking system will include these as a data
input source. If this is the case, then a detailed and rigorous comparison of the
software hit reconstruction running on the node CPUs and the FPGA. The results of
this stress-testing will be in an upcoming thesis [165].

Evolution of the tracking algorithm

The now-standard two-step tracking algorithm tested so far with the dimuon High
Level Trigger (dHLT') is not the only possible one. Indeed, although it is possibly the
simplest tracking algorithm needed in order to identify high-pr tracks, it does have
drawbacks. These include the fact that it uses the LO output (which does not have
100 % efficiency) as tracking seeds, as well as the inherent resolution of an algorithm
which only uses 2 points to calculate the pr of a track. In principle, if the positions
from the other tracking stations could be used, a better estimation of the pr could be
made and as a result, the cut could be made sharper. The development of alternative
tracking algorithms is contained in an upcoming thesis [160].

8.2.2 Evolution of quarkonia models and implications for the
dHLT

Recent quarkonia measurements at RHIC have driven theoretical developments at-
tempting to better describe the evolution and effect of the QGP on quarkonia, in
order to be able to make accurate predictions. Although only a static suppression
model is presented here, dynamic suppression models, including regeneration factors
are being developed. In the near future, the application of these models should lead
to a deeper understanding of the relevant importance of the various suppression and
regeneration mechanisms present in the produced state, at least at RHIC energies.

8.2.3 Conclusion

In conclusion, this thesis has demonstrated the first step in the development of the
dHLT for the ALICE experiment. The hit reconstruction and track reconstruction
algorithms have been implemented as processing components in the ALICE HLT data
transport framework and have been benchmarked. The efficiency tracker is roughly
constant near 98 % as a function of the number of tracks in the spectrometer. For
the worst-case scenario of several hundred tracks in the spectrometer, we expect only
a 10-15 % fake track level which can be accommodated by the processing infrastruc-
ture. Hits can be reconstructed online to an accuracy of around 100um and the pr
calculation of reconstructed tracks is less than 200 MeV/c at both 1 GeV/c and 2
GeV/c cuts. The estimated time required to perform hit reconstruction (~ 0.5ms)
and track reconstruction (0.3 ms) is within the limit set by the 1 kHz L0 trigger rate
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expected. The background rejection factor is estimated at around 21 %, integrated
over pr.

While the basic requirements of background reduction and tracking efficiency are
met, there are several areas of improvement. Besides extending the functionality
and performance of the system, it is being stress-tested in order to be ready for full
integration into the experiment when the time comes. More precise estimates of the
exact reduction in the rate of specific dHLT trigger levels (high-pr, low-pr) await a
full integration of the system into the HLT framework, which is currently under way.




Appendix A

The UCT-CERN Computing

Facilities.

A.1 Introduction

When the UCT-CERN Research Centre was accepted into the ALICE experiment
to work on the dHLT, it was clear that some kind of computing facility would be
essential. After some internal discussion and consultation with other groups at UCT
working in fields of science where computationally intensive simulations were also
used, the COTS cluster model was chosen as the design model. This meant that
initially, cheap, commercially available desktop PCs could be bought and with the
appropriate software, they could be quickly and cheaply integrated into a working
cluster. Since many software tools existed at the time to do this - both open-source
and proprietary - it was not clear at first in which direction to proceed. After some
investigation into the “best practices” of Linux clustering, the Open Source Clustering
Applications Resources (OSCAR) toolkit was chosen. Reasons for this choice are
detailed below, but the main motivating factors were cost and freedom to expand or
modify the system later.

This appendix describes the motivation, design, implementation and experience of
the UCT-CERN computing facility. It represents over 3 years of work and evolution
and has formed an important backdrop to the work presented in this thesis.

A.2 Motivation and goals

The main purpose of the UCT-CERN Research Centre was to develop and test the
dimuon High Level Trigger (dHLT) for the ALICE experiment at CERN. However,

this was not the only activity which necessitated the development of a computing
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facility. The physics studies being undertaken at the Centre required the simulation
and reconstruction of heavy ion collisions, which — in the case of ALICE physics — had
to be passed through the detector with a transport model !. The resulting interactions
of the produced particles with the detectors would form part of the detailed analysis.
These particle transport simulations are highly computationally intensive and can
take up to 10 hours on a Pentium III 1 GHz desktop. For physics studies not to be
limited by statistical noise, several hundred thousand of these events may be needed,
depending on the particular study. Also, in order to realistically simulate what may
be measured by the ALICE detectors during experimental conditions, the number of
events generated should correspond to that which is expected from physics and this
can reach very high numbers too, from 10? to 10® events, depending on the signal in
question. Apart from the time issue, the size of the output of these simulation runs,
which can reach several Gigabytes, is an important factor to consider.

It was thus clear that in order to do any physics studies at all, a processing farm
would be needed, since these requirements are clearly far beyond the capability of the
average desktop computer. What is more, the fact that there were several students
in the group meant that some sort of multi-user system would be needed, with load-
balancing and proper dynamic resource allocation capabilities.

Apart from the near-term requirement to provide a simulation, development and
analysis platform for the members of the centre, a strategic goal of the centre was to
join the ALICE data grid as a Tier 2 centre®. This would require providing computing
resources (CPU, disk storage, etc) to be attached to the grid and made available to
the other users in the ALICE experiment. Again, fulfilling this goal clearly meant
that a computing facility was needed and the first Linux cluster built served as a
useful example of a small-scale prototype of a Tier 2 centre.

An important concern was the time it that would be required to build the system
and the human resources needed to administer the system. UCT-CERN Research
- Centre consisted of physicists and post-graduate physics students, with no dedicated
IT staff. Two options presented themselves : outsource the installation, configuration
and administration to capable professionals, or do everything in house, developing
expertise along the way. The second option was chosen, partly due to the lack of funds
needed for outsourcing, but also since it also allowed to build internal competence
in the field of high performance computing, and furthermore led to fruitful short-
term collaborations with other groups working in different fields of science. The
most important factor leading to the success of this choice was the availability of
sophisticated administration, resource management and monitoring software bundled
with OSCAR. This allowed to build in a high level of automation, which took a
significant portion of the load off of the human system administration, leaving more
time being dedicated to actual physics applications.

Mainly GEANT3 was used, but the Virtual Monte Carlo of ROOT allowed the user to choose
from a set of supported Monte-Carlo codes.

2This has now become the LHC Computing Grid, or LHC Computing Grid (LCG). For the
definition of the ALICE distributed computing Tiers, see the ALICE Computing TDR [178]
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A.3 Design considerations

Apart from financial constraints, the design of the facility was guided by the short- and
long-term needs of the centre, described above. Although these constraints remained
rather general, a few specific technical design considerations were identified. The
system required : '

e network-mountable shared disk partitions for permanent data storage
e fairly large storage capacity, of the order of a Terabyte.

e writable disk space on the processing nodes, on the same PCI bus as the pro-
Cessor.

e reasonably fast network connection between the nodes, as well as exterior net-
work connectivity to the rest of the internet.

The third consideration mentioned here stems from the nature of our simulations,
which have disk-I/O rates of the order of a few MB/s. In order not to saturate
network bandwidth and throttling the performance, it was required to be able to
write simulation output directly to the local disk. The results would be staged and
transferred to a Network-Attached Storage (NAS) later, in a more controlled manner.
These requirements may be termed “hard” requirements, since if they were not satis-
fied, it is likely that the computing facility would be so severely limited in performance
of our application as to be useless. '

In addition to these “hard” requirements, a set of “soft” requirements were iden-
tified. In contrast to the former, the soft requirements were not essential to the func-
tioning of the system, but would make it more efficient and easier to use. Examples of
soft requirements would be a set of software for scheduling, distribution and execution
of jobs, monitoring and reporting performance and security of the systems, as well
as automation of administrative tasks. Just such a set of software existed in the OS-
CAR toolkit. This toolkit contains ready-made solutions the the problem of compute
cluster creation and maintenance, as well as tools for semi-automated server configura-
tion, node imaging [180], networking, administration and monitoring[181]. In addition
to the set of administrative software, interfaces to common high-performance com-
puting (HPC) tools for batch-queue (TORQUE and MAUT)and distributed-memory
(Message-Passing Interface (MPI)) [182] software are bundled with OSCAR. In short,
the OSCARftoolkit was found to be comprehensive, extensible, flexible and the devel-
opment team showed very high levels of support and commitment. These reasons led
us to choose the OSCAR toolkit to build the system.

A.4 Implementation

Once the general design of the system was finalised, the hardware was acquired and
the implementation - hardware and software installation, configuration and testing
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Figure A l: A view of a CARMEN compute node, showing the PC components. Each
node was equipped with 80 GB hard drive and 512 MB of RAM

- was hegun. The hardware consisted of 20 compute nodes, a siugle head-node, a
10/100 Mh/s Fast Ethernet switeh and a rack with the required eabling for network
and power,

A.4.1 Physical setup

A A-level rack was capable of holding 6 PC cazes per level. as well as providing
space for at most 2 117 ethernet switches was built by the workshop in the Dhysies
Department at UCT. The compute nodes  generic desktop PCs (see figure A1)
were stacked onto the rack, as shown in A.3. The original switch® had 24 10/ 100 Mb/s
ports and 2 Gh/s daisy-chain ports. The compute nodes were each connected 1o a
Fast Ethernet port, while the head node was coomected to the GhE port, since most
trafthe would be between the compute nodes and the head node, and net intra-node.
The /home directorics of the head node were mounted via NFS on the compute
nodes, as well as o 5300 GB partition of the external hardware RAID array. This
array consisted of a rack of & integrated digital electronics (1IDE) disks, connected via
IDE-5CE] interfaces to a small computer systems interface (SCSI} bus and directly

*T'his was later replaced by a GbE switeh for Fgher performanee and relinbility. Sec section A5
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Figure A.2; Schematic disgram of the firsi implementation of the UCT-CERXN compuling
facility CARMEN, showing network connections amongst nodes and data storage.

attacted 1o the head node. This array of disks served as redundant mass-storage to
wlich data sels generated on the compute nodes were mirrored. Thus, in the case of a
local disk failure on one of the nodes, the data would be safely available on the RAID
array. This problem of disk failure was to be a regular, bul not cotirely surprising.
oceurrence. Wik ihe disks in near-continuous nse, 1he probability for a disk failure
was highly increased. Howeser, it was noliced that the the disks of certain machines
failed more often than others. These would fail faidy regularly, with a fregqueney of
a fow months. and have 1o be checked or re-imaged (or at worsl, replaced), while
others sustained vigorous and eontinuous use, both read and write. The rool cause
of the disk fallures was uever reliably isolated. although faully power supplics were
the primary suspect.

A2 Data storage capacily

Dala storage capaciiy was a erucial requirement of the eluster: not only did 1t necd
to be sufficiently large for the group moembers 10 perform large simulation runs and
store the output data, but it should be vrganised in a way thaf made it simple to
access the dafa onee it was generated. Thus, a set of machines with a disk cach would
not suffice. even if thal disk were fairly larze. What 13 more, the storage shonld be
reliable and redundant, so that in the rare case of failure, the disks could be rebuiir.
For this reason, it was chosen to make a distinetion between “scrateh” space and
semi-permanent storage.

The scrateh space took the form of & /data partition on each node which was a
vory large traction of ihe ayilabic space, since only about 1.5 GB was required tor
the opersting systern. The /fdata partitions on each node were thus about 60 GB
each, giving 1.2 TU of scratch space,

The disk array initially contained & disks of 10 GB capacity in a RAIL-5 amray,
buf this coufiguration allowed neither hot-swapping nor fail-over. Since both these
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Figure A.3: Photo of the current CARMENRN cluster at UCT-CERXN, showing 3 levels of
the 4-level rack, compute nodes, RAID array and head node

tunctionalities were deemed very useful and were supported by the erate, it was
decided to move to a G-disk RATD-5 array with one disk as 4 hot spare, and the other
as 4 fail-over disk (see figure A.5), The choice of RAID level meant that the available
spale for data storage was reduced from 660 GI3 10 about 550 GB, but the reliability
that this configuration offered far outweighed the reduction in storage capacity.

The sum of these two fignres gives an idea of the total storage available at any
civen time, roughly 1.7 TI3 - 2 TE.

A.4.3 Operating system and resource management

OUnce the hardware installation was completed, the software installation was done.
This was essentially split into 3 steps .

Server installation : The head node installed with an operating system.

OSCAR installation : an OSCAR distribution installed on the head node, with
the services and software necessary.

Compute node installation ; the inages ereated on the head node pushed out to
the compute nodes and post installation seripts run.

The operating system (35 chosen for the fivst implementation was BedHat Linux 9,
for the: reasons that it was in commaon use at UCT-CERN as well as at CERN itself
and many other labs, as well as being supported by OSCAR?, This choice would
change with the evolution of the computing facilities, for reasons given below.

The OSCAR distribution used in the initial inplementation of CARMEN was a modified version
1 beta release, vlbd.
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Resource Management

Duc to the nature of the work done at UCT-CERN, which involved mostly long
batch jobs of Monte-Clarlo slmulations. the software of interest to us was the Portable
Batch System [PBS). After the default installation of OpenPBS, which proved to be
unstable, it was decided to move to PBESPro, from Altair Corporation, mainly because
this provided the same functionality with higher stability, and because they offered
an educational grant which waived license fees. This was in turn retired in favour
of the more open aiud flexible Terascale Open-Source Resource and QUEue Manager
(TORQUE} from Cluster Resources.

All processing jobs were managed by the scheduler., which had a policy for deter-
mining when and on which node to run them. Since the mumber of nsers was quite
small and there was no great disparity between the nature of the jobs (in terms of ex-
ecution fime or computing resonurees required}, the policy was thus kept fairly simple
to a “first-come-first-serve” hasis. The scheduler did however provide the possibility
of more sophisticated resource allocation, inchiling backfilling the quene if smaller
johs were available.

A.4.4 Monitoring

Monitoring the performance and state of the compnte nodes is of primary inportance
in cnsuring that the system 18 maximally cficient. To this end, a very widely-used
monitoring and reporting package — gangha - is included in the OSCAR distribution.
This provides a svstem data polling and reporting dacmon (gmond) on the client side
and & collection daemon on the server side (gmetad). The data is collected and stored
in eXtensible Markup Language (XML) and displaved via a web interface using the
round-robin database (RRD) tool. This information was very useful in knowing at a
glance what the status of the nodes was, whether any of them had suffered a {ailure
or of the jobs were being properly distributed properly. [t did not, however provide
access to detailed job information or the process tree.

This additional fimetionality was provided by CLUster MONitor [CLUMON]}, an
(SCAR package developed at the National Centre for Supercomputing Apphications
(NCSA), with an interface to the operating system and other software processcs
provided by the Performance Co-Pilor (PCP) package from Silicon Graplics Ine.
(5GI). With the PCP reporting, CLUMON displayed, again via a web page, the
schoduler job list, status and the process iree of every reporting node. These two
mormtoring systems provided access to the nodes” 'vital statistics’, without having to
actually log into the node®

5This information is, however “read-only” and no exceutions ar changes can be mada.
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A5  Evolution

Onee the initial implementation had been finished and the svstem proved stable
over a long time, the next stage in the evolution was discussed.  Sesvral areas of
nprovement wore identified by the nsers and administrators and some of these were
slowly implemented during 2004 and 2005, A diseussion of the problom areas and the
solutions are given below,

A.51 Node software and hardware upgrade

After the firsi year of running, a4 funding application for a Lardware upgrade was
made, which was approved. The upgrade consisted of new CPUs and motherboards
for the compute nodes snd o more robust, faster head node. The compute nodes
wore upgraded from 1.7 GHz Pentium IVs to 2.6 GHz Hyper-Threading Technology
{HTT} Pentium IV's, from Intel. The existing dual-Pentinm IIT 1 GHz head node
was replaced for a 3.0 GHz HTT Pentium IV with donble the original RAM - 1024
MB.

Since the machines had to be elfcciively doe-commissioned and then re-commissioned,
it was decided to profit from the distuption by performing a software upgrade at (he
sarnd tme, since support for HedHat Linux 9 had expired. This meant moving from
Red Hal Linux 9, {(which was the lust free and open distvibuiion trom Red Hat cor-
poration) to anpther Linuy distribution. The obvions cloice for cost vcasons was the
comypunity-driven Fedora project, over the for-fee RedHat Enterprise Linux {RHEL),
since it was a natural extension of the operating systewr which had been in use at the
Centre. Other choices, however, such as RHEL “clones™ such as Scientific Linux and
Community Enterprise Operating Systenn {CEnlOS) were bhecoming viable too (see
section A.6). The final choice of OS was Fedora Core 3, due in part to the fact that
it. was one of the lirsi flavours of Linux to be shipped with a native 2.6 kernel.

As well as upgrading the O8, an upgrade of the OSCAR software was also offoctod,
moving from the version T bela to a stable version 4 release. Several updaies and on-
hancements to the software packages contained in OSCAR had been wade, including
a change in batch-quene svstem”, beiter scheduling software and much improved user
interface and hardware support.

A.5.2 Ncetwork upgrade

Une of the major sources of inefficiency in the cluster arose from the original swiich.
This was a Surecom 10/100 Mb/s Tast Ethernct switch. Since the /home partition of
the head node and a partition of the RAID array were mounted over NFS on the nodes
via this switch, the network bandwidth was only barely sufficient. This became very
mich apparenl when seveval jobs wrote simultaneously to NFS file partitions and

5These distributions were re-built from the source RediEat Enterprise Linux (RHEL) RFMs, snd
released under the GI'L, with all reference to the company Red Hat rerooved,
?The mare fexible and stable TORQUE resonrce manager with the MAUI scheduler was used.
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when a high rate of [/O crrors was experionced. Tt was decided to eliminate this
inefficieney by upgrading the switeh to a Gigabit Ethernet switch,

The noew HP Procurve Gigabit Ethernet switch was installed in 2004 and imme-
diately the network-related issues were resolved. The NIYS-mounted file systems were
nmnch more stable and the time taken for node imaging was reduced drastically, from
about an hour to just under 10 wivates.

A.5.3 Scparation of rolcs

The upgrade cycle resulted in several unused motherboards, and it was decided to put
them to use. From the outset, one of the design flaws often poimted to was the fact
that the head node, running all the cluster services, as well as acting as an interactive
compite node, was under severe load. Apart from presenting an obvious single point
of failure, this also generally made the cluster less efficient. It was decided to lighten
the load on the head node by moving some of the services it ran onto dedicated
machines. Obvious candidate services for this separation were the file serving and
firewall roles, which were transferred to dedicated machines (see figure A.4). Tor
the ather services, like the http server, batch-gquene server and monitering services
it was decided to keep them running locally on the head node, since the amount of
re-confipuration required to move them was substantial and eutweighed any potential
performance benefits.

Dedieated lrewall

Une of the most impoertant, but most overlocked aspects of the design of the com-
puting facility was the network security. Following & malicious exploit in the ssh
daemen previcusly, the systein was cracked once already during the first year of nm-
ning, resulting in sigmficant downtime, With the hardware and software upgrade, it
was decided to finally address this point. A stand-by box was re-tasked as a dedicated
firewall. rnning a completely different OS than the cluster head node® and acting
as a transparent {in the sense that its presence is not noticed by the user or the
university network administrators) port-forwarding node, This node, tire. phy, was
placed on the eannibalised 3Com Fast Ethernet switch, and connected to the local
UCT network. Several servers, including the group web server, were also connected
to this switch and all traffic to these servers and cluster nodes was henceforth via this
node. Special care was then taken to ensure its network and phsical sectirity,

Dedicated lile server

In keeping with the theme of optimising the performance and security of the com-
puting facility, the next step was to eonstruct a dedicated file server for the RAID
array. This would take significant load off of the head node, and keep disk errvors to

8This node was installed with s Deblan Linue distribusion,
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Figure A.5: Photo showing the dedicated file server and RAID array with bay-doors. Red
tags denote spare disk and hot-swap disk. for fail-over capability.

a minitoum. The dual-PITT that served as the previous head node of CABRMIEN {see
figure A B) was chosen for this role and the re-imaged machine with the RAID array
directly attached to it was integrated onto the cluster subnet. as shown in figurcA.4.

A6 Sandicego - 64 bit extension to UCT-CERN

cornputing facililies.

The Hrst two implementations of CARMEN were both based on 32 bit CPUs, and
proved very useful and reliable for the purposes that had been envisaged for them.
The next stepin the progress of the computing facility was to add a cluster of 64
bit-based machines. These were acquired in early 2005 from Sun Mictosystemns, when
16 rack-momnted Sun “Fire” v2{z Opteron-based servers were bought.

A.G.1 Challenges set by the 64 bit platform

There were essentially 3 challenges presented by the new 64 bit machines:

e Uperating System
o Applications

o 1lser experience
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Choice of operating system

The first challenge was to deelde on the right 05, This cholce merited some disctssion,
becauze two avenues presented themselves : continue with a Red Hat-based or derived
distribution of Linux, or use the recenily open-sourced O3S from Sun Microsvsiemns
igelf, OpenSolariz. Solaris has been welb-known for many vears to be a very reliable
and stable cholce on the 64 bil platform and all mdications were that OpenSolaris
wotlld conlinge in that tradition. Besides, the V20z was at the time of writing a very
popular choice for high-performance computing and there was no doubt that there
wonld be a significant drive to support OpenSolaris for the Opteron on that hardware.

On the other hand, the Seientific Tinux distribution had reached maturity by this
stage and was well-supported by our collaborating laboratory, Duropean Centre for
Nuclear Research [CERN), as well as almost every other large HEP laboratories.
What is more, the physics applications which in use were known to be supported
and actively developed on this platform. Therefore, for reasons mainly of consisteney
with other laboratories in the ALICE collaboration, as well as to allow development
on the dHL'T 10 remain eoherent, it was decided to install Saudicgo with Scicutific
Litmx, version 4. This distribution was built for x86_61 architecture and based on
the Linmux 2.6 seriey kernel.

The second challenge alluded to above was that of requiring the applications in
use to be cotnpatible with the new architeeture, The applications used by the UCT-
{CERN Rescarch Centre are divided into two broad catesaries, namely ofline and
online. The source distributions of both of these are available since the developmen
is still underway, however the offline code has less platformn-specific resiriclions than
the anline (dHLT) code.

(Offine smmulations : The code for offline simulations, AliRoat, 1s maintained and
tested for several different platforms and operating svstems, As a result, this did
not place mueh constraint on our choice of OF, The official distribution of Limix
used at CERN wag chosexl, in order Lo reduce the overhead of maimaining the
ROOT and AliRoot distributions. The offline code has been tesied to compile
on the 64 bil platforn, and simunlation and recoustruction benchmarks have
shown that there are nuo incompatibilities,

dHLT work : The continued dHLT development was the main reason for choosing
Limue over any ather operating systom, sinee it had been developed on Linux
until that point, but more importantly, required several deivers (for shared
memory management and for communication with the FPGA over the PCI
bus) which are specific to the Linux kernel. The dHLT code was successfully
compiled and tested on the SLplatform in November 20005, but the ‘bigphys’
patch for the 2.6 kernel was not available, which means that the dHLT will be
developed primarily on the existing 32 bit cluster, CARMEN,

By physically separating the clusters, we forced nsers to choose whether to use
32-pit or 64-bit applications and libraries. This implicli cholee resulted in greater
ease of use for the users, who were not forced Lo explicitly request the one or the
other platform when submitting their jobs
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A.6.2 Sandiego implementation

Having taken care of software considerations and made the choice of OS8. the imple-
mentation of the cluster could be discussed. The major issue was that of integration
with existing systems, due to their disparate nature, both 1 terms of computing
platform as well as physically. The hardware for Sandiego is housed in a completely
geparate rack (sce figure A6 and iy on & separate subnet. Apart from the physical
separalion, Sandicgo is a native 64 bit gystem, and other sofware issues aside, cven
the compilers were completely different to CARMEN were different as were most, of
the system librayics.

Proposed integration schemes

On the one hand, from the administration point of view, it was desirable to have
Sandiego tighilyv-inicgraicd with CARMEN in order to present a single rescurce 1o
the users and administrators. In this scenario, a single head-node on CARMEN
would manage the monitoring and reporting of both systems and the file server on
file.phy would be visible globally as well. The physically separate subnets could
be daisy-chaincd and placed behind the existing firewall. A single job queue would
feed jobs to the schedulers rnming on the head-nades of the 32 bit and the 64 bit
sub-clusters, which would allow ugers (o congime to work transparently.

On the other hand, the systeins were disparate enough for the reasons given above
for the infegration 1o pose scveral practical complications, The most important Loch-
nical issue cncountercd was that of disk imaging to nodes of dilferent architectures,
from a single head node. This means that two different repositories would be required
to create images from. Not only would Lhese repositories be for different Limx distri-
butions? but more importantly for different, processor architectures, Although 32- and
G4-bit libraries and binaries can co-inliabit, an x86_64 platform, this is not possible
on an %86 platform. Since this is the architeelure of the current image server {which
is also the CARMEN Giead node), the image setver would have to he moved to an
x8b_64 node. This process was deemed too complicaled and provided no significant
benefit, to be mplemented.

Besides image serving, file serving belween 32 bit and 64 bit operating systems
was hot guaranteed to be simple, neither were (he networking changes required en-
tirely obvious. Also, the users would have to explicitly request a given platform and
etvironment variables be set aceordingly, depending on which platform they wanted
their jobs submitted to. This was only an exira complication in already complicated
SCEnario.

Eventually, it was decided to simplify maltors and keep the clusters physically
and logically separate, with their ewn distinet subnets, head nodes and job queues.
Fuarther integration would be left to the next ieratlion evolution.

*The problem of hesting different Limx distribntions on s single head node  has
gitee been  addresad with the yume tool of Erich Foeht, pow included in OSCAR. See
bttp://fhove.arcor.defefocht/oscar/
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Hardware

Contrary to CARMEN, which was bnilt from the ground-up from cheap PCs and
a home-made rack, Sandiego was delivered by Sun-certified hardware vendors. This
included the rack, which was provided with its own power distributor. The nodes
themselves were 11 racks and more information can be found on the web. For illus-
tration, the system Is shown in fisure A6

Hemote server management

A problem identified with CARMENwhich was never overcome was the issue of how
to deal with nodes in the event of a unexpected power failure, or when there was no
network access to them due to failures in the boot sequence, ete. At each such event,
it was necessary for the administrator to physically enter the room where the clusters
were housed, attach a monitor and debug the problem locally. Tt was desirable to
circumvent the necessity of physical presence in the room, for security as well as
practical rcasons'™, as much as possible.

This issue was solved by having a baseboard management controller (BMC) on the
servers, interfaced with an cthernct cable, which allowed to commumicate remotely
with the computers even if the platform power was disconnected. The BMCs and the
varions scnsors (fan power, temperature, disk revolutions, cover state, etc) allowed to
monitor in great detail the health of the server, and eommunication via the intelligens
platform management interface (IPMI) [184]protocol made this information available
on the head node for monitormg and alerting purposes. IPMIis a message-hased
protocol for communicating with the BMC - the data path is shown m figure A.6.2,
Apart from passive monitoring {and active reporting), [PMI allows the administrator
to perform platform operations on the server as well, such as rebooting the node,
checking the OBstatus, monitoring the console messages powering on from a powered-
off state, ete.

The BMCs were connected in so-called “out-of-band” mode (by not using the
platform network interface card (NIC)s) by an ethernet adapter to the local subnet.
To avoid an exeess of cabling, these NICs were daisy-chained to each other via cross-
over ethernet cables, This setup afforded full control over all aspects of the cluster
nodes from the head node, using secure IPMI commands'.

A.T Outlook

The GCT-CERN Research Centre computing facilities at this stage comprise a sig-
nificant and very flexable resource for the members of the group. The requirements
laid out above in section A1 have been fulfilled on the loecal seale. Work on the

WFor example, the administrater may be physically nnable to he present, artending a conference,
et
T hese were issned via S5H.



AT, OUILCOK

Figure: A.6: Photo of the Sandiego cluster rack fooan sun Microsystems
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{Phditoo!
in-band over S8H
Flatform NIC e G I !
T 1000 Mbits/e 107100 hibitsts ;
SERVER
Server Platform Service Processor
KCS (in-band) on BMC

iPMi management via
iPMitoo! or OpaniPMI

Figure A.7: Diagram showing how the IPMItool application manages the Sandiego node
platforms through out-of-band communications with the BMC and in-band keyboard con-
troller style (KCS) communications with the server platform.

dHLT has undergone several integration tests on CARMEN during 2004 and 2005
and it is envisaged to perform a fairly long stress test during 2006. The system has
been shown to be flexible and simple enough for external users to use, due to a large
part to the fact that industry-standard open-source software was used to build it.
The short-term collaborations that have been undertaken with scientists from fields
such as molecular dynamics [185], radiotherapy and materials science and have con-
tributed enormously to the understanding of the limits of the system. It is hoped
that, given the financial and human resources, the system can continue to evolve so
keep up with the demands placed on it by the UCT-CERN Research Centre, it’s
commitment to the ALICE experiment in terms of the dHLTand the LCG, as well as
provide opportunities for local external scientists.



Glossary

Institute of Electrical and Electronics Engineers (IEEE)1394
An Institute of Electrical and Electronics Engineers (IEEE)high-speed serial
bus standard, commonly known as FireWire. 4.3

1U

1U refers to the standard height of commodity computing components in racks
Ad

ALICE Data Challenge

The ALICE data challenges happen about once per year and are done in order
to test the readiness of ALICE for the data it plans to take. Part of the Data
Challenges is generating and processing a fraction of the data expected, in order
to benchmark the computing facilities and included in this processing is the HL'T
processing. 6.7

AliRoot

Offline code base of the ALICE experiment. Based on ROOT, implemented
mostly in C++ with interfaces to geometrical modelling, simulation, recon-
struction, monitoring and analysis modules 4.2

backfilling

Backfilling is a process by which smaller jobs which require less resources than
large, long jobs may be scheduled to run before the longer jobs, even if the longer
jobs were submitted before the shorter ones. The backfilling policy defines the
requirements for this process. A.4

Bevelac

Accelerator used at Berkeley during the 1970’s capable of accelerating particles
to 1 GeV 1.2

Fast Ethernet

Fast Ethernet is a collective term for a number of Ethernet standards that carry
traffic at the nominal rate of 100 Mbit/s, against the original Ethernet speed of
10 Mbit/s. (Wikipedia) 6.5
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fault-tolerance

A system is fault-tolerant if it can suffer a fault and continue to perform its
task. This is usually achieved by re-assigning tasks to other parts of the system
4.1

hot-swapping
A hot swap is the replacement of a device with a similar device while the
computer system using it remains in operation. The replacement can be because
of a device failure or for storage devices to substitute other data. A.4

Hough transform

The Hough transform is a feature extraction technique used in digital image
processing. The rho-theta parametrisation universally used today was first de-
scribed in Duda, R. O. and P. E. Hart, Use of the Hough Transformation to
Detect Lines and Curves in Pictures, Comm. ACM, Vol. 15, pp. 11-15 (Jan-
uary, 1972). 4.2

Hough transform

The Hough transform is a feature extraction technique used in digital image
processing. 4.1

L1
Level 1 of the ALICE trigger system. 3.4

L2
Level 2 of the ALICE trigger system 3.4

L2A

Dimuon trigger level 2 “accept” signal 6.2

load-balancing

The process of dynamically assigning more resources to a task when required
4.1

massively-parallel

In the sphere of parallel computing, the system is referred to as “massively
parallel” or “embarrassingly parallel” depending on it’s latency and inter-node
requirements. Systems which require a high degree of (synchronous) inter-node
communication are called “massively-parallel”, while those which, like the HLT,
are more hierarchical and granular in nature and do not require much inter-node
communication are referred to as “embarrassingly parallel”. 4.3
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Moore’s Law

Moore’s law is the empirical observation that at our rate of technological de-
velopment, the complexity of an integrated circuit, with respect to minimum
component cost will double in about 24 months. 4.1

Myrinet

Myrinet, ANSI/VITA 26-1998, is a high-speed local area networking system
designed by Myricom. See [183]. 4.3

NAS50
North Area 50 experiment at CERN’s SPS. The NA 60 experiment evolved from
the results of the NA 50 collaboration 2.3

NASBT
Heavy-Ion fixed target experiment at CERN’s SPS 3.6

non-Abelian

Non-Abelian refers to Lie groups whose elements do not commute. 1.1

pileup

Refers to a situation when reading data from beam collisions, where several
collision events have been read-out in a single read process. Thus, multiple
events have been “piled up” or superimposed on each other. 4.1

radiation length

A radiation length, g of a particle is the distance it can travel within a medium
before losing 1/e of its energy 3.5

ROOT

ROOQT is an object-oriented analysis framework developed at European Centre
for Nuclear Research (CERN), which is the de-facto data analysis framework in
heavy-ion experiments (see http://root.cern.ch and [146}) 5.3

TCP/IP

Transmission Control Protocol / Internet Protocol. A network communication
protocol 3.6

WAIS
A heavy ion experiment at CERN’s Western Area experimental facility 2.4



List of Acronyms

ADC: Analog to Digital Converter
51

ADULT: A Dual-Level Threshold
51

AGS: Alternating Gradient Synchrotron
3, 12

ALICE: A Large Ion Collider Experiment
The dedicated heavy ion experiment at the CERN LHC 5

ASIC: Application-specific integrated circuit
48, 51

ATLAS: A Toroidal Large Acceptance Spectrometer
Experiment at CERN 5

BMC: Baseboard management controller
144

BNL: Brookhaven National Laboratory

US laboratory in Long Island New York Home to AGS and RHIC 3

BRAHMS: Broad RAnge Hadron Magnetic Spectrometers

An experiment at RHIC 4

CARMEN: Cluster for African Research in Massive Energetic Nuclei
Cluster of Linux PC’s inaugurated October 2003 which was used in the dHLT

integration test. See Appendix A 92
CDF: Collider Detector facility at Fermilab

One of the facilities for high-energy experiments at Fermi National Laboratory.

108

163



List of Acronyms 164

CEM: Colour Evaporation Model
28

CEntOS: Community Enterprise Operating System
138

CERN: European Centré for Nuclear Research
3,12, 142, 149

CLUMON: CLUster MONitor

An OSCAR package based on PCP and MySQL to provide system metrics and
cluster job state monitoring and reporting 137

CMS: Compact Muon Solenoid
Experiment at CERN’s LHC 5

cms: Centre of mass

A convenient reference frame to to kinematic calculations in 3, 9, 128

COM: Colour Octet Model
28

COTS: Commodity off-the-shelf
78

CPU: Central Processing Unit
92

CROCUS: Cluster Read Out Concentrator Unit
48

CSM: Colour Singlet Model
28

CTP: Central Trigger Processor
52, 53

DAQ: Data Acquisition
X, 54

DARC: Dimuon Arm Readout Card
51
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DATE: Data Acquisition and Test Environment

ALICE software for testing data acquisition and online monitoring programs 55
DCS: Detector Control System

60

DDL: Detector Data Link
ALICE standard digital data transport protocol 48

dHLT: Dimuon High Level Trigger

High-level trigger dedicated to the muon spectrometer of the ALICE experiment
v, 57, 60, 70, 104, 128-131

DIU: Destination-Interface Unit
54

DMA: Direct Memory Access
55

DPM: Dual-Parton Model
30

DRORC: Destination Read-out Receiver Card
55

DSP: Digital Signal Processor
48

FEE: Front-End Electronics

Electronic cards usually containing pre-amplifier amplifier and zero-suppression
chips amongst others 48 '

FEP: Front-End Processor
Raw data processing nodes of the ALICE HLT farm. 60, 61

FNAL: Fermilab National Accelerator Laboratory
Synchrotron accelerator facility near Chicago IL (USA) 30

GbE: Gigabit Ethernet

Gigabit Ethernet is a term describing various technologies for implementing
Ethernet networking at a nominal speed of one gigabit per second. 64

GDC: Global Data Concentrator
55
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GMS: Geometrical Monitoring System

System of optical monitors for the ALICE dimuon spectrometer which has the
responsibility of monitoring changes in position of the chambers 82

HBT: Hanbury-Brown Twiss

An analysis method for determining the size of objects emitting bosons. 43

HIJING: Heavy-Ion Jet Interaction Generator
A software package which simulates the production and interaction of jets pro-
duced in heavy-ion collisions 45

HLT: High Level Trigger
51

HMPID: High Momentum Particle IDentification ‘
Detector subsystem in ALICE which uses RICH detectors in order to identify
particles with very high momentum 38, 41

HPC: High-performance computing

A generic term given to intensive computing 133

HTT: Hyper-Threading Technology

Intel’s trademark for their implementation of the simultaneous multi-threading
technology on the Pentium 4 micro-architecture (see www.intel.com/technology/hyperthrez
138

IDE: Integrated digital electronics
134

IEEE: Institute of Electrical and Electronics Engineers
147

I/0: Input / Output
79, 92

IP: Interaction Point

The point in ALICE where the two counter-rotating beams intersect 81

IPMI: Intelligent platform management interface
144

ITS: Inner Tracking Chamber
The innermost layer of detectors in ALICE based on silicon technology 38, 60
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KCS: Keyboard controller style

One of the System Interfaces used to connect a BMC to a system CPU. It is
based on the protocol of the legacy Intel 805x keyboard controller chips (hence
the name) xiv, 146

LBNL: Lawrence Berkeley National Laboratory
3

LCG: LHC Computing Grid
132

LDC: Local Data Concentrator
55

LEP: Large Electron-Positron
Accelerator complex built for accelerating and colliding electrons and positrons
which was upgraded in order to accelerate hadrons too 35

LHC: Large Hadronic Collider
The next-generation accelerator at CERN which was built as an upgrade to the
pre-existing LEP accelerator (See also LEP) iv, 4, 35

LHCb: LHC b factory
Experiment at CERN LHC 5

LTU: Local Trigger Unit
52

MANAS: Multiplexed ANAlog Signal processor
The front-end signal processor chip used in the dimuon spectrometer tracking
chambers which performs amongst other functions the pre-amplification of the
detected signal. 51

MANU: MANAS Numérique
The sequencing and digitising chip which processes the output of the MANAS
48

MARC: MUON Arm Readout Card
48, 51

MEBZ: Must Be Zero
74
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MPI: Message-Passing Interface

A standard interface for message-passing between coupled processes usually in
a shared memory environment but also used with distributed memory over a
LAN in a cluster. 133

NAS: Network-Attached Storage
Mass storage attached to a local network as opposed to local storage connected
to the compute node directly. 133

NCSA: National Centre for Supercomputing Applications

A Supercomputing centre at the University of Illinois at Urbana-Champaign
137

NFS: Network File System
92

NIC: Network interface card
144

NLO: Next-to-leading order

A perturbative calculation which has terms of the order of o? ix, 24, 28

nPDF: Nuclear parton distribution function

Functions describing the distribution of the momentum of partons in nucleons
within a nucleus as opposed to single nucleons. This distribution includes
nuclear effects such as shadowing. 31

08: Operating system
136

OSCAR: Open Source Clustering Applications Resources

set of “best-practices” software and cluster integration procedures. 131

PATCH: Protocol for ALICE Tracking Chamber
48

PBS: Portable Batch System

A workload management package originally developed at NASA with several
derivatives such as TORQUE PBSPro and OpenPBS. 137

PC: Personal Computer
63
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PCP: Performance Co-Pilot
A framework developed by SGI corporation to support system-level perfor-
mance monitoring and performance management 137

PHENIX: Pioneering High Energy Nuclear Interaction eXperiment
An experiment at RHIC 4

PHOS: PHOton Spectrometer
38, 41

PID: Particle identification
38

PMD: Photon Multiplicity Detector
x, 43

PPR: Physics Performance Report
124

pQCD: Perturbative QCD
ix, 24

QCD: Quantum Chromodynamics
The current standard theory describing the fundamental interactions of quarks
and gluons 2

QGP: Quark-Gluon Plasma

A state of nuclear matter where quarks and gluons are no longer bound within
hadrons but free to explore a wider volume 3

RAID: Redundant Array of Inexpensive Disks
92

RAM: Random-Access Memory
92

RHEL: RedHat Enterprise Linux
138

RHIC: Relativistic Heavy Ion Collider
12

RICH: Ring-Imaging Cerenkov detector
41
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Rol: Region of interest
xv, 56, 61, 81

RORC: Read-out Receiver Card
The input terminus of the ALICE HLT. 61

RPC: Resistive Plate Chamber
47

RRED: Round-robin database

An “industry standard” software package for displaying collected system data
visually in graphs usually via a web page. 137

SCSI: Small computer systems interface

interface consisting of a standard port between a computer and its peripherals
134

SDD: Silicon Drift Detector
38

SGI: Silicon Graphics Inc.
137

SIU: Source-Interface Unit

Electronic component which acts as the source interface to the DDL cable. 51,
54

SMP: Symmetric multiprocessor
65

SPD: Silicon Pixel Detector
38

SPS: Super Proton Synchrotron
3, 12

SSD: Silicon Strip Detector
38

STAR: Solenoidal Tracker At RHIC
An experiment at RHIC ix, 4, 26

TDR: Technical Design Report
61
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TOF: Time of Flight
38, 40
TORQUE: Terascale Open-Source Resource and QUEue Manager

A resource manager developed as an extension over OpenPBS which offers sev-
eral improvements including fault tolerance scalability and feature extensions

137

TPC: Time Projection Chamber
The main tracking detector in ALICE 39

TRD: Transition Radiation Detector
38, 40

USB: Universal Serial Bus
64

XML: EXtensible Markup Language
A general-purpose markup language for describing different kinds of data 137

ZDC: Zero degree calorimeter
X, 42
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