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Introduction

TUltrarelativistic heai-ion expernments have recently beoome a foreground subject in ex-
permental physics. The verv high centre-of-mass energies they deal writh cpen the door
to the explomtion of new regimes, in terms of temperature of the system created in
the collision, of msailable phase-space regions, and of reachable energy densities. This
should allew to study o new stabe of matter, the so-called guark-gluon plasme (QGP).
The Q'GP should result from a phase transition crdinan: matber is expected to undergo
when driven to extremely high temperatures and energy densities. It is a skate in which
quarls and gluons are thought tointeract freely, not bound to form colour-singlet had rons,
and presumably with the quark bare mosses restored. Ancther appenling sspect of the
quark-glucon plasma is that it should hase cocurred also at the verny first instants of life
of the Universe (r+ 10~ 5 after the Big Bang). IMoreover, the astrophysics interest in the
LGP extends to the study of neutron stars, where it is believed toexist as weall.

Heavv-ion ccllisions are the best wav to artificially recreste the temperature and energy
densitv conditions for the formation of the QGP. The final products of the interactions
should carrv clear evidence of the phase transition to the 0GP, The first Chapter of this
thesis summanz-es the main predictions of quantum dhromed voamics as far as the quarle-
gluon plasma is concerned. The expected signatures of the creation of the QOGP in the
final ohserrables of heav-ion experiments are described | and the most significant results
from the recent hem-ion experiments at the CERI Super Profon Synchrofron (3PS ) and
the at the Brod:haven Relafruisfic Heavy-fon Collider (RHIC) are reportad.

At the CERIT Large Hadron Collider (LHC), four new experiments are being installad
and should begin to tale datainlate 2007, Three of them, ALICE, ATLAS and CLS, will
investigate quantum chromedynamics physics in Ph4-Ph ocllisicns at -.'.-"m =55 TeV.
While ATLAS and CMS will mainly search for (and study) the Higgs and supersymmetric
particles, ALICE will concentrate on the possible formation of the quarl-gluon plasmea
in the collisions. Chapter tvo descibes the ALICE experiment. A schematic descnption
of the ALICE detectors is presented , along with some remarls on their performance in

S 1-



INTRODU CTION

terms of padbicle track reconstruction and particle identification. A padticular attention is
turnad on the Trme Of Flight (TOF) detacter, since the results on its performance which
are presenbad in this Chapter are a fundamental part of the analvsis carded cut for this
thesis.

Dne of the physics cbheservables ALICE will be interested in is the studv of event-
by-event (E-by-E) fluctuskions of several quantities, such as particle transverse ensrgy,
multplicities, and net charge. Chapter three deals with the E-bn-E physics in heosry-ion
experiments. First, a thearetical overview of event-by-event fluctuations is presented,
together with some of the most recent results from the 5P3 and RHIC experiments.
Then, the analysis of charged hadron vields and their transverse momentum spectm oo a
sample of central Ph4Ph simulated collisicns, which has been carried out for this thesis,
is described . The ATICE particle identification performance on this sample is illustrated,
both for what concerns the individual detectors, and according to a combined particle
dentification approach. The ewent-bv-evwent studies on the identified charged particles
spectra and ratics are Anally reported. Some additional remarls concerning the rols of
the TOF detector in the analisis are provided.

Finally, this thesis focuses on one of the basic ingredients of every experiment: calibrar
tion. Chapter four regards the accurate calibration procedure developed for the ALICE
TOF detector since, prior to any physics analvais, the ro 160000 read-cut channels of the
TOF svstem will have to be corrected for time slewing effects and for delayws introduced
b cable lengths and electronics. A further application of the combinatonal parkicle 1den-
tification procedure used for calibration is also described, that is the determination of the
time zero of the collision | an essential input for the particle identificabion algonthm itself.

Some concluding remarls are given at the end.



Chapter 1

Heavy-lon Physics

The recent development of heavv-ion physics has shed light on new challenging topics
in the understanding of ultimnte states of matter, such ns the quark-gluon plasma, one
of the well-estabilshed predicticns of quantum chromed vnamics. The wverv high energies
available in heav-ion collisions will male it possible to reproduce the conditions under
which the transition from crdinary hadronic matter to the quark-gluon plasma could
ococur. If such a new phose of strongly interncting matter is crented, the finnl states
observed in hesv-ion experiments would manifest it in unocrdinan: behaviours and new
features in many physics obeervables,

In this Chapber, areview of quantum chromodynamics physics will be provided | as well
a5 an overview of the physics chesrrables of interest when dealing with ultrarelsbivistic

hemxm-1on experiments in ssarching for new states of mattar.

1.1 QCD Fundamentals

1.1.1 The QCD Phase Diagram

QJuantum chromedynamics (QCD) is the theory developad in the early 70s in arder to
face the compelling challen ge of fully describing the interactions betwean the fund amental
constituents of matker, an issue of great interest for particle physics, sstrophysics and cos
mology: from hean-ion collision experiments, to the study of the early Universs, to that
of neutron stars. QCD is nowadayvs able to provide a successful picture of the multitude
of ohserved hadrons, as well as to describe the interactions ok very high energies of the
quarls and gluons they are made up of (and from which the production of particle jets in
high-energy collisions ornginates). [Mewertheless, when trving to describe the confinement

o
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Heavy-Ior PHYSICS

of quarls and gluons inside hadrons, which i5 one of the most puzzling features of the
strong interacticn, then QCD still has some problams: the theory of strong interactions
becomes too complicated , and a possible way to approach it is making use of numerical
calculations based oo a lattice. In particular, according to lattice QCD?! results [1], for
zero net banwon density, QO makter undergoes a phase transition from a colour-confined
hadron gas (HG ) to a colaur-deconfined quarl-gluon plasma (QGP). The difference in
the behavicur of strongly interacting matter of high temperatures /densities from what
happens at low temperatures /densities is twofold: on one hand, the copious production
of resonances in hadronic matter which will coour in a het interactling gas sets a nabural
limit to hadronic physics described in terms of hadronic states. On the other, since QQCD
i5s an asymptotically free theory, its high temperature /density phoses are dominated b
its main constituents, the partons (quarls and gluons), which act as degrees of freadom,
rather than by hadrons. As a consequence, the non-perturbative features charactenzing
hadronic physics of low energies, confinement and chiral symmetry brealdng, are no more
walid when strongly interacting matter is heated up or compressad.

Even if according to recent theories based on thermed voamics it could be straightfor-
ward to say that a phase transiticn from crdinan: hadronic matter toa QOGP should ooour
if the temperature/ensrgy density is high encugh, the nature of the transition from the
lowr temperature/ density hadronic state to the high temperature/density regime strongly
depands on the parameters of the O CD Lagrangian, in particular on the number of light
or even massless quark flawurs. Besides, if considering the quark masses as they showr
in nature, the physical boundary conditions {i.e. the wlue of the net bamon number
density, or chemical pobential p) play a crucial role. As a consequence, it is fund amental
to determine whether the colour-confined hadronic matter turns into a colour-deconfined
quark-gluon plasma through either a wrn phase transition (which could be both of the
first and of the second order ) or a more or less rapid crossover.

At vanishing or small values of u, the strange quark mass becomes the control pa-
rameter of the transition. In particular, in the limit of light up and down quark masses
the transition is first order if the strange mass stoos below a certain critical value m* [2],
while abore m© it becomes a continuous crossorer. The value of m© strongly depends on
the masses of the light uw and d quarks, and it is the wmlue for which the transition is of
second order. Figure 1.1 shows how the number of flovours and the walues of the quark
masses affect the nature of the transition from crdinar: matter to Q GP. Obvicusly, the

1atkice QCD (LQCD) iz a method for calculating equilibium properties of strongly inberacking
svstems ditectly Fom the QCD Lagramgian by mimetical svaluabion of the corregponding path inb=grals,
limcretizitg space and time itbo NVEN_ space-time latkice podnts.
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Figure 1.1: The QCD phase disgram of 3-flavour QCD as a functiom of the quark

masses, with degenerate (u, d)-quark masses and a strange quark mass
1, for vanishing chemical potential. Here, n e refars to the mmbea of de-
generate quark flavours. T3 is the temperature at which deconfinement is
acpectad to oceur, while T, corresponds to chiral symmetry restoration [3];
i indicates the mass of the pssuda-scalar meson (which is the Geldstone-
particle corresponding to the broken chiral symmetry of QCD, the pion),
Z(2) corresponds to the global symmetry of the 3-dimensional theory con-
trolling the transition in the light quark regime [4]. To be notad that Z(2]
iz not & symmetry of the QCD Lagrangian, but tales the place of the ax-
isl U'4(l) symmetry at low temperaturs. Ofd) stands for the symmetry
(typical of spin modds in three dimensions) which is ecpected to charac-
terize the behaviour of the chiral crder paramster (and its derivative) in
the ny = 2 region [5]. The question marks emphasize the importance of
the location of the physical point in the QCD disgram dus to its extreme
complexity and richness.



Heavy-Ior PHYSICS

critical values for the temperature and for the masses reported in Fig. 1.1 have to be con-
siderad just as indicative. As it can be seen, there is an extendad range of quarl: massas
for which the transition to the QOGP megime is no more a phase transition but becomes
a crossoer. The megions of first order transition in the low and in the high quark moss
ranges are separabed from the crossover region through lines (the chiral critical lines)
corresponding to second order transitions, where the crtical quarl: mass m® lies. 5o far,
numerical ealculations of m* have been being carded cut [B, 7, 8, 9].

To be noted that the dependence of the QCD phase diagram on the bamvon chemical
potential is, in fact, o multl-parameter isue, since a chemical potential pe should be
defined for each quatk flasvcur, The quatk number density would then be a funchion of
K

The QCD phase diagram can also be represented showing T as a funchion of u (see
Fig. 1.2}, Here, the regime of high temperatures and low chemical potential is of great in-
terest especially in experimental parkicle physics. On the cther side of the phase disgram
there is the region corresponding to low temperature and high density, extremely impor-
tant for astrophysical studies. In this regime it is expected that interesting new phases of
dense mabter exist. At low temperabure and asvmptotically lar ge barvon number densities
asvmpbotic freedom ensures that the force betvreen quarks will be dominated by one gluon
encchange. As this lends to an attractive force among quarks, it seems unmrcidable that
the naive perturbaticon ground state is unstable at large barvon number density and that
the formation of a quark-quark condensate leads to a new colour-superconducting phase
of cold dense matter (see [10] for a review).

The sletch of the QCD phass diagram in Fig. 1.2 refers to a realistic mass spectrum.
Agnin, different tvpes of transitions can be identified. In particular, the transition to the
plasma phase is expected to be a continuous crossover (dashed line ) for small values of the
quark chemical potential and turns into a frst crder frasition only bevond a chotical value
tor the chemical potential or barvon number density. The details of this phase diagram,
in particular at the low temperasture regime are, however, largely unexplored in latkice
calculation.

1.1.2 Colour Deconfinement and Chiral Symmetry Restoration

The form of the 0 CD phase diagram at finite temperature is desply influsnced by the teo
properties of QCT which alss explain the basic features of the ohseved hadronic matter,
that is to say, confinement and chiral svmmetry brealking. The first is responsible for the
colourless nature of hadronic spectra, while the second accounts for the presence of light
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Figure 1.2: The QCD phassdiagram in the T'—p plane as it might look like in the cazaof
non-zero mass but light up and down quarks and a heavier strange quark.
In the plot, 3B stands for chiral symmetry breaking. The transition
to the plasma phase is shown, both in the crossover range, and in the
first transition regime. At large baryon mumber density, the formation
of quark-quark condensates (dus to the dominating one-gluon exchangs in
the interactions between quarks) leads to a colour-superconducting phaseof
cold dense matter. The valus py, refers to the transition between a miclear
matter “licuid™ and a gas of individual micleons, ending at a eritical point
of crder 10 BV, characteristic of the foress which bind nueleons into nueled.
The “few times nuclear matter” correspeonds to ~ 1 Ge'V

colour
superconductor

Goldstone particles, the pions.

The meost significant evidence of confinement is the long range behawiour of the heavv
quark potential, which of zerc temperature rises linearly at large distances” I:I;_E r T,
whera o ro (425 eV ¥ is the quark string tension), and makes quarks and gluons to be
confined in a hadronic bag. On the other hand, chiral symmetry brealing leads toa non-
zaro quatk-antiquarlk condensate 1o = (250 MeV ) iwhere v and 2 are the quark and
antiquarl: felds in QCD ), which | b the way, wmnishes inside the hadron bags. Moreover,
at high temperatures, the individual hadronic bags merge toa single one, in which quarlks
and gluons are able to move frealy

When dealing with lattice QCD, two cbsarmbles are of parficular importance. On

Bor large diskances we mean v o 1 fm. At larger distances, the spontanecus creation of quark and
anbi~quark paits from he vaciiim makes the potential tend to a constant vahae.



Heavy-Ior PHYSICS

cne hand, there is the expectation value (L) of the Pdanloy loop operator defined as the
trace of a path-crdered exponsntial:

1 .
L=t {'Pe‘“h‘ @7 dateriec) (1.1)

Here, 44(x,7) is the gluon gauge field in the four space-time coordinates (x, 7), which
sabisfies pericdic boundary conditicns in the Euclidean time v with period 1/T (being
T the temperature of the system ), and g is the coupling constant. The Polvaliowr loop
operator characterizes the behoricur of the hemsmy quarls fres energy of large distances and
it is an order parameter for deconfinement in the SU(3) Gauge theory (valid in the heavy
s — @0). In particular, a wanishing wlue o {L) indicates infinite
energy for a free quark, ie. quark confinement. However, as temperature increnses, (L)
incresses os well Then, at a cerbain critical value T, its deriwmtive, the Polvaliowr loop
susceptibility v *, shows a peak and changes sign, which means that quark confinement
is brolen at T (see Fig. 1.3, left).

On the other hand | as already been said, the scalar quark density 220 has a ncovan-
ishing expectation walue (“chiral candensabe” ) at low temperature, and approaches zero
while temperature incrensss os shown in the right panel of Fig. 1.3, The denwmtiwe of L_'L':,
that is the chiral susceptibility +,,*, shows a peak, at the same T as {L). In the absence
of quark masses the Q) CD Lagrangian is chirally svmmetric, 1.e. invanant under separate
flovrour rotations of dght-handed and left-handed quarls. Since the up and down mosses
in the QCD Langrangian I:L,;z.;:. tare vary small, neglecting them is a good approcdmation.
The nonvanishing chiral condensate at 7 = 0 breals this chiral svmmetry and generates
advinamic mass of order 300 eV for the quartls: the corresponding “constituent” mosses
in vacuum are thus about 300 MeV for the up and down quarls, and about 150 MeV
far the strange (whose bare mass in Lgop 15 already about 150 MMeV). As one can see
trom the right panel of Fig. 1.3, abowve I the dvnamically generated mass melts ooy,
which means that the quarks become light agnin, and that the chimal symmetry of QCD
is restored.

*The Pelyaker: loop susceptibility iz defined as:

quark mass limit m

o

WL = TI:I:I. ' l:L:-D:II

whete 17 is the wolume of the sysbem.
*The chital smceptibiliby ym is defined a=:

-
Tm = B LTI,

g

whete ) and © are the quark and anticquark fields, respectively.
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Figure 1.3: Left: Polyalov loop expectation value (L) and its temperature derivar
tive (Polyakew loop susceptibility ;) as a function of the lattics coupling
3 = 6/g” which is monotonically related to the temperature T (larger 3
correspond to larger T). Right: The chiral condensate {27') and the nega-
tive of its temperature derivative (chiral suseeptibility v, as a function of
temperature. (From [11].]

Moreover, as can be seen from Fig. 1.3, deconfinement and chimal symmetry restoration
ool ab the same crtical value of the temperature I which is a result valid in all latbice
CD caloculations made starking form different wmlues for the quark masses, and then enc-
trapolating to sero. As a matber of fact, the transition fram the low temperature hadronic
phase to the QGP phase which cocurs just at I, is characterized by sudden changes in
the non-perturbative wmouum structure, like a sudden decrease of the dhiral condenante,
as well as a drsstic change of the heavy-quark free energy (hea-quark pokential). This
characterizes the QCD fransition as chiral-svmmetry restoring and deconfinig at the same
time.

Both deconfinement and chiral symmetry restoration strongly affect the intermedium
properties of both light- and heavv-quark bound sbates. Deconfinement is responsible for
a greater quantity of gluons which can produce et quark-antiquark pairs, leading toan
equilibrium state of quarks, antiquarks and gluons. At the same time, the melting of the
quark masses at high temperature (above I, ) reduces the threshold for a quark-antiquark
pair formation. This is particularly important for the strange quarls, which have a con-

-0-



Heavy-Ior PHYSICS

stituent mass well above T, but a current moss comparable with the cribical tempemtbure.
As o consequence, durng a heavy-ion collision in which T, is reached and even evceaded
thermal processes are likely to balance strangs and anti-strange ashundances.

The heavv-quark free energyv shovws a temperasbure dependence for I7 > 0.6 I whils
the tempemture increnses, it becomes easier to separate heavy quarls ab inhnite distance.
For excample, already at T7 = 0.9 T, the free energy difference for o heavy quark pair
separated by a distance similar to the J/o radius (ie. ~ 0.2 fm) and a pair separated to
inifinity is only 500 MMeV, which is compatible with the srerage thermal energy of a gluon.
As o consequence, the bound of states are expected to disappear at high tempemture.
With respect to this, detailed studies on the spectral functions of of bound states such
as the J/o and the 3, hawe been and hove to be carried cut. The same holds true for
the light-meson spectra since, as o consequence of dhiral svmmetn restoration, hadronic
correlation funchkicns construcked from light quark flovours show a drasbically different
behavicur below and abore 1.

1.1.3 The Equation of State

COne of the main goals of QCD is the caloulation of the basic thermed vnamics quantities
and their temperture dependence, in parficular the pressure p and the energr density «,
tund amental when dealing with highly dense mattar, and when discussing differant come
putational schemes, such ns lattice caloulations and analvtic approaches in the continuum.

5 - |
pT? Peg T
4 e — -
___-"'V-"d J— L
3
2 ’ 241 flavoir sse—s _
Z flavour =—
: PUS QELIgE —— =
/ T [MeV]
|::| I d

100 200 3 400 SO0 e8]

Figure l.d: Thepressurein ) C0 with two and thres degenarabe quarks flavours as well
as with two light quarks and a heavier (strange) on= [12].

At high temperature, because of ssvmptotic freedom, these obsermbles would be en-
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1.1 — QCD Fundamentals

pected to show ideal gas behaviour, being directly proporticnal to the basic degrees of
treedom contrbuting to the thermodynamic properties of the plasma. For ecample, the
asvmptotic behowiour of the pressure p would be given by the Stefan-Boltzmann law:

- i .
_l_].1;n\;1|DI ]T.l. = I:llE + 10.5?le IE’ II].EI

where ng is the number of quark flovours. However, perturbative calculations fail to
sarve the purpose of studying bulls thermodvnamics when deviating from this ideal gas
behavicur, and in this case lattice calculations are used, starting from the bosic relations:

P 1 - A .
IT'I' = -[-I-'gln—'l:..r:l.[:l.“f':l (13'
£ —3ip d ol
= I'— | = . 1.4
I+ dT ~I'"') Fizmed u/T (14)

Here (T, V, n¢) is the grand cancnical partition function (suitable for elementarn: particles
interacting only through the strong force), T 15 the temperature, 17 is the volume, and pg
is a set of chemical potentials (f =1, .., n ¢ different quarl flasrours). Figure 1. dshows the
results obtained in ealculations with different numbers of flavours [12]. As one can see, at
high temperatures the wmlue of p/T™ depends cn the number of degrees of freedom, even
if when rescaling the pressure by the correspondent ideal gas value, a common pattern of
the dependence of p from I shows up. Monetheless from Fig. 1.4 it is possible to infer
that the transition region shifts to smaller temperatures as the number of quark flasours
increnses.

Figure 1.5 shows the results of lathice calculations for the energy density (see Eq. 1.4).
For o mossless gas of quarls and gluons the energy density s proportional to I"", and
the propodionality constant strongly depends on the number of massless degreess of free-
dom. For T < 4T the laktice data remain about 20% below the Stefan-Boltzmann limit
indicoked by the arrow in the upper-night corner of Fig. 1.5, lett. [Mear I the mtic .-:,-‘T"'
drops rapidly by more than a factor 10, a5 a consequence of hadronization. Accarding to
Fig. 1.5 the crtical energy density for deconfinement is about 0.6 —0.7 Ge-"'.';"fmg. In tact,
£ could be rather different from this value (ranging from -~ 1 GeV /fm® to 500 MeV /fm®)
as a consequence of the 15 MeV of uncertainty on the determination of I.. Anvwey, an
easv value to handle and to quete is £ = 1 GE'-'I.-_.-"ﬂ'.I'.I.-j since it corresponds to the density
in the centre of a proton.

The right pansl of Fig. 1.5 is meant to stress the importance of the factcr T™ in terms
of energv density. For example, to reach even cnly 2T, in order to approach the edge of

the transition region, energy densitiess £ = 23 GeV/fm?, that is to smv rv 40 times the

-1]1-
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Figure 1.5: Left: Eneryy density in units of T4 for QCD with two and thres degenerats
cuark flavours. The curves labdled “2 flavour” and 3 flavour™ were calou-
latad for two and three light quark flavours of mass 5% = 0.4, respectively;
“241 flavour” indicates & caleulation for two light and one heavier stran ge
cuark flavours of mass —;‘ = 1. In this cass the ratio /T interpolates be-
tween the two light flavours at T = T, and three light flavours at T 22 2T
For 2 and 241 flavours the critical temperature is T, = 173 & 15 MeV (see
[1]). Right: Abeoluts valuss for the ensrgy density £ at ssveral tempera-
tures for the Fflavour case. cog refers to the Stefan-Boltzmann asymptotic
behaviour of the pressure

critical cne £, are requirad. Such energies have been adhieved for encample during the last
few vears at the Relativistic Henvy Jon Collider (RHIC) ot BIL in Au4Au collisions at
.,',.-'qu =130 G&V. The Large Hadron Collider (LHC) at CERIT will be able to reach even
higher energy densities, of the order of ro 500 Ge-"'.';"fmg, near the right edge of Fig. 1.5,

1.2 QCD Matter and Relativistic Heavy-Ion Colli-

51015

Asalready snid, the interest in heovi-ion collision experiments as the best test-bed for the
predictions of (JCD i5s manyfold. On one hand, they offer the oppportunity to study the
phase transition from crdinary: hadronic matter to a plasma of quarks and gluons (QGP),
as it 15 expected to cocur under entreme conditions of temperature and energy density,
and to investigate the main properties of the OGP itself (see Sec. 1.1.1 and Sec. 1.1.2).
On the other hand, cosmological and astrophysical implications are inwolwed | since the
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1.2 —QCD Matter and Relativistic Heavy-Ion Collisons

phase transition mentioned above is believed to hawe happened in the first stage of the
evolution of the Universe (during the first 10" seconds after the Big Bang) and it may
even happen in the core of neutron stars.

Anmvway, the system created in a heory-ion collision 15 wry different both from that
pradicted by the calculations of lattice Q) CD, and from the status of the early Universe, as
well o5 from what exhists inside neutron stars. The small size of the mrailable nuclal sets
the scale for the temporal and spacial extent of the svstem created in the collision. The
asymmetry of the incoming syvstem, with its momentum in the direction of the incoming
beams, is reflected in the evolution of the system. What remains is just o bull of hadronic
and leptonic residues.

The main experimental and thecoretical goal 15 then to reconstruct the propeies of the
eatlier stages of the svstem from the experdmental cbservables melated to the products of
the collision. For example, leptonic probes, v, ete~, utu~, cany information concerning
the chromoelectric field fluctuations in the QGP. The very abundant hadronic probes, such
as m, p, 7, Ix, A ., ae useful bo study the chemical compesition of the (QGP. Furthermeore,
decms such as p — ete~ should carry indirect information related to the chiral symmetry

restoration.

1.2.1 Evolution of a Heavy-Ion Collizion
The Early Stage of the Collision

The development of heavv-ion collisicns can be schematically divided into three main
phases: thermalization, expansion, and decoupling. Before thermalization begins, that is
to sov, before the QOGP forms, hard particles with either o large mass or large transverse
momenta p, Z 1 GeV/c are produced. Since their creation involves large momentum
transfers (of the crder of JF ropf 3 1 GeV7), it can be studied with perturbative QCD.
Ewven it hard particles are a product of the wery st instants after the collisions, when
the collisicn ensrgy is high encugh (ot RHIC, for example) high-pe jets maoy be produced
from the fragmentation of hard partons. These are then useful in order to probe the soft
matter created by the bulk of soft particles [13].

During the first stages of the collision, direct photons are produced = well [14] by
the electric charges in the medium (i.e. quarls and antiquarl=). Thev can be either
real or virtual, and in this latter cnsa, ther then materalize in lepton-antilepton pairs,
called dileptons. Direct photons are then important because, as they can escape from
the interaction region without rescattering, they carry signatures of the initial phase of
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the collision, in particular of the momentum distribufions of their parent quarls and
antiquarls. The spectra of direct photons and dileptons are affected by a very large
background of indirect photons and from a combinatonal baclkground of uncorrelated
lepton-antilepton paics.

Thermalization and Expansion

One of the main characterstics of nucleusnucleus collisions, which distingnishes them
from nuclecn-nucleon colisions, is the fact that the quanta produced in the primary
collisions do not escape from the medium formed but mescatber with each other. In this
way, the highly dense plasma of quarls and gluons referred to as QGF generates ns the
result of the thermalization process which the strongly interacting matter coming from
the collision undergoss.

The produced partons rescatter both elastically and inelasticallv, equipartifioning
the deposited energy. Inelastic processes, however, are also responsible for the relative
abundances of gluons, and of light and strange quarks. FEwven if strange quarks are not
present at the initial stage of nucleon-nuclecn collisions and their constituent mass (v
450 MeV') malkes it difficult to produce them durnng hadronization, in hean-ion collisions
strangeness suppression should be reduced ot even completely absent becauss in these
collisions it is pessible o reach an energy density 5o high that deconfinement and chi-
ral svmmetry restoration cocur, and the strange quarls become much lighter (m, ~ 150
MMeV, see Sac. 1.1.2)

A thermalized system has an internal pressure which, acting against the surrounding
wmouum, leads to a collective expansion of the freball As a consenquence, while the
firehall expands, both the temperature of the system and the enargy density decrense.
When renching «. ro 1 GeV /fim’ (see Sec. 1.1.3), hadronizatica begins. The energy density
drops steeply cver asmall temperature inkerwml. At the same time, since entropy can not
decrease, the volume of the freball incresses by a large factor as temperature stays almost
at the same wmlue T, for quite a long time interwml Morecrer, during hadronization the
sound velocity stays small ., = g'mi and the collective flow® does not incrense. The
direct photon spectrum and the centre-ci-mass energy dependence of the colective flowr
wiould then be affected by the consequent softness of the equation of state.

®The collective flow iz an vnavoidable conmquence of quark-ghion plasma formation i hesr-ion
collisichs. Sice a qu:.rk-glu:u: P].:lm:n.:l. i= B:.' definition an I:.lppr\:n::i.nnbel:.':l thetmalized n.:.'u'b:m of qu:l.rku
and gluctes, it ha= thermal pressiire | and the pressure gradients with respect to the surroimding racuium
causes the quatk-gluon plasma bo collectrrely expand, originating the collecki-re fowr,
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Chemical and Thermal Freeze-out

After hadronization, hadrons go on rescatbering with each other, continuing building
up expansion flow. The chemical composition of the hadronic system changes, e the
identity of the hadrons changes, till the rates for inelastic scatterings become too small to
allerwr further expansion. At this point the sc-called chemical freeze-out ocours. Then,
when the distances among hadrons become larger than the mnge of strong interactions,
elastic processes stop as well, and the thermal or kinetic freeze-out takes place. This
happens later than the ceasing of inelastic processes, since the inelastic cross section is
onlv asmall fraction of the botal one.

To be nobed that resonant processes such as 74+ IV — A — 7+ N contobute to the
elastic cross section since in the end theyv do not change the chemical compesition of the
svsbem.

At ldnetic freeze-cut, all hadron transverse momentum spectra show an apprond-
mately exponentinl shapa, reflecting the temperature of the fireball at that point, which
is blueshifted by the awrage transverse flow®. In crder to well understand the mensured
stable particle spectra, the products of the decoys of unstable resonances hae to be taken
into account, especially in the case of pions at low o

1.3 QGP Signatures

If after a heany-ion collision one could see free quarls and gluons, then it would be
straghttoreard to prove whether a QOGP had formed or not. Since, in fact, this cannct
happen, and the cnly remnants of such a collision are colour neutral compeosite many-
body svstems, Le. hadrons, then the cnly possible approach to a study of the QGP and
its features is indirect, via the measurement of several suitable obserwmbles. The strategy
should consist in a systematic wariation of an external parameter (such as the centralify”

of the collision and the beam energy ) with the consequent measurement of excitation

functions of sevaral signals which in the cose of a phase transition show stmultanecusly

®In a heavy-ion collision, the transverse flow iz the component of the flowr velocity in the plane
petpendicillar to the heam axis.

"In high-shetgy physics expetiments, the centrality of a collision iz debetmited by the diskance betoresn
the cenbers of the two colliding maclei (i=. the Impact parameter) in such a way that the smaller the
impact paramebst, the mote central the collision. Ax a conssqusncs, centrality is skrongly relatsd to the
geometiy of the collision, and @ parbicilar to the mimbet of parbicdpating miiclecnz. Mlorecrer, since the
inelasbic crces-mckion ai"ik iz a fimchion of the impact parameter [L5], the centmlity iz often defined in
et of percenbage afa"::*
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an ancmalous behomiour.

Obwicusly, one serous problem in toving to investigate the properties of the quarl-
gluon plasma in a laboratory is the very limited lifetimme of the plasma that »ould be
possibly crented, at most o few fermi in dinmeter and perhaps 5 fm/c in duration. Fur-
thermore, the signals from the QGP would be screened by the backgrounds coming from
the hot hadronic gos phase that follows hadronization, and would be significantly modi-
hed by the interactions cocunng later in the hadronic phasa. Mevertheless, some physical
observables have been identified as appealing and promising signatures of the quarls-gluon

plasma.

1.3.1 Kinematic Probes

Iiinematic probes are aimed at the investigntion of the energy density £, the pressure p,
and entropy density s dependence on temperabure T for a highly dense hadronic svstem.
Mensurable cbserrables that are related to 17, s and £ are the ocrerage transverse momen-
tum {pr), the hadron mapidity distribution, -:'."'fl,-'dr_..'s and the transverse energy dETl,-'-ﬂ'r_..’g
respectively [16]. For example, it has been suggestad that the equation of state, which
gives £ a5 a function of 7, can be probed expenmentally plotting the mrerage transverse
momentum {pr) vs. the particle density 4V dy ot the transverse energy density dE-/ dy.
If a phase transition cocurs (i.e. a mpid change in the number of degress of freedom)
one expacts a monctonously Asing curve interrupted by a platean, which would be caused
by the saturation of {pr) during the mived phmse (QGP 4 hadronic phases). After the
transition, the mean transverse momentum nses again, although according to detailed
hydredynamical studies the platesu is washed cut due to collective flow [17, 18]

“Baing F and p. the particle snetgy and momenbium component along the @ axde (tsually the beam
direckion), then rapidiby g iz defined a=:

‘E—p.

T be foked that :if].'l &£ TR I:w]:rer\e » and m ate the momentitm and the mas of the Pﬂ.rl:i.de:ll the r.:l.Pi:]:i.{g.'
coinicides with the peeudotapidity n= — lhtand/2? [where cosf = p/p.).
“The transvetss enetgy E1 is defined as:

Er = E=nf,

whete E i the enetgy of the patbicle, and 8 iz the angle bebween the patbicle rajechory and the beam

[ ' L
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Particle Spectra

Collective (transverse) flow, feeding from resonance decays, strongly influences the shape
of particle spectra, which can be seen in a shoulder-arm shape of the transweme momentum
spactra [19]. A useful and practical parameter to study is the transverse mass (mr =
f'm, where pr is the transwerse momentum of the parbicle ), which reflects the
transverse flow created after the impact beteresn the tvwo nuclei. We ocould sav that if
rescattening among the fireball constituents results in thermalizakion and collective flow,
and if all the hadrons deccuple (ie stop interacting) simultanecusly, the shape of all
hadrons mr spectra are characterized by only two parameters, the freece-out temperature
T¢ and the mean transverse flow velocity {vr) at freece-cut.

In the relativistic region (mr % m), it has been found that all hadron spectra follow
the same exponential (“my scaling effact” ), that is AV (mrdmedy) rn.i.:e““" T, from
which the fireball temperasture T can be directly ectrocted. MMoreover, the effect of the
flowr on the spectra in this pr regime can be expressed by the formula:

|'1+ﬂ-_|_-

T ?—'EIFIHIII'

(1.5}

1 — Ur .
whete T is the inverse slope of the particle spectta.  While at large walues of - the

spactra of all hadrons should have the same inverse slope I7, in the non-relativistic region
where my < m, the particle mass becomes a crucial parameter and the relation

1 .
T e T 4 Hm-:.ﬂ-r::‘ (1.8}

holds true. Figure 1.6 shows the collective Hlow contribution contained in the spectm,
which results, for encample, in an inverse slope for protons of -0 300 MeV. From Fig. 1.6
(see also Eq. 1.5 and Eq. 1.6) it is also possible to infer that an accurate determination of
{or) can not be obtained simply from the distribution of T, Actually, the transverse flow
velocity affects other chserrables, such as quantum statistical Bose-Einstein correlations
(Hanbury Brown-Twiss, HBT) between identical bosons which have to be studied.
Usually, a simple exponential approdmation of the spectra is chosen to parametrize
the experimental data concerning hadron transverse mass distnbutions:
dv
Mmydmrdy
=i

Figure 1.7 shows the transverse mass distributions obtained for charged hadrons by the
PHENTY experiment at RHIC [21].

= Cexp {_m?r] : (1.7}
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Figure 1.8: Invarss slopes T of the messured m—distributions from 158 AG&V /e
Fb4-Fb collisions for various hadron species, plotted as a function of the
rest mass [20]. Results from different experiments are labelled by different
symbols. The lines are to guids the eye.

The p Particle and the Lepton Pairs

Information concerning the stages betweean immediately after the cdlision, and just before
hadron decoupling can be obtained studving the p meson. The p decaws in dilepton pairs
lete™ ar ptu~) which escape from the fireball without interacting again. But after a first
genaration of p particles hos decoved |, o second generation is produced by 77 resonant
scattering. This second p flush decays, in turn, into lepton pairs. As o consequence, the
menasure of the number of extra dileptons with the inwariant mass of the p meson can be
considerad as o hirst, fnst measure of the fireball lifetime.

Moreover, lepton pairs from hadronic sources in the invariant mass range betrean 0.5
and 1 GeV are important signals of the verv highlyr denss medium which is formed during
the collision. Thev provide important information on possible medium modifications of
hadronic properties, such as a broadening of the p peal in the ete” spectrum. This
should be due to the fact that pions not onlv strongly rescatber among each other, but
also with the barvons in the hadronic resonance gas, and this modifies their spectral
densities, and smenrs the p resonance in the 77 scattering cross section. The intense

rescatbering of pions (which are the most abundant particle specie in the hadron gns)
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Figure 1.7: Transverss mass (mimis the rest mass) distributions for =%, ¥, p, f, for
different centralities in Au+4 Au collisions at /By = 200 GeV obtainad
from the FHENLY experiment. Sea [21] for details.

allows the fireball to reach and almost maintain a local thermal equilibrium, to build up
thermodynamic pressure, and to collectivelyr explode. The cutnumbering of the dileptons
trom the “broadened” pwith respect to those from the “unmodified” p emitted at thermal
freeze-cut (which should show up as a normal p peak) would indicate that the hadronic
rescattening stage has lasted several p lifetimes.
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Dhrect Photons

Hemy-ion collisicns are charackerized by a large amount of direct (thermml) photons
produced , coming from varnous processes, the most imporbant of which are g — g
(annihilation ) and gg — g (Compton scabtering). Morecver, other processes contribute

® 200GV Au+Au Direct Phatan
<N, soaled HLO p=xc D

% 10!
oz 10!
oz 0"
IR [
TR 10

= x10 Y

a x 1™

I
a2 4 6 8 10172 14 16 18

P, (GeVic)

Figure 1.8: Direct photon invariant yidds as a function of transverss momentum for
nine different centrality selections and minimum biss Au4 Au collisions at
VBry = 200 GeV. See [29] for more details.

to the observed rate of direct photons, such as inibial skate momentum breadening of the
incoming parkons (the Cronin effect ), additional fragmentation contributions [22, 23] ar
additional scatterings in the thermalized matter of the final state. Messurements of direct
photon preduction allow o more dehnite discrimination between initial and fnal stabe
supprassion of high-pr hadrons due tothe fact that photons | once produced, are essentially
unaffectad by the surrcunding matter. Hence, photons produced directly in initial parton
scatbterings will not be quenched unless the initial parton distobutions themsslves are
suppressed in the nucleus.

Besides, the production mate of thermal photons and their momentum distribution are
strongly affected b the momentum distribuitions of quarls, antiquarks, and gluons in
the plasmn. As a consequence, the photons may carry information in the thermed ynamic
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state of the plasma at the moment of their creation.

The main hadronic badoground processes which can intedere with the detection of
direct photons are [24, 25] plon annihilation =7 — ~g, dominant during the plasma
phase, and Compton scattering mp — <, which mostly occur during the thermal hadron
gas phase and to which the broad o rescnance may be an important contributicn.

Even if screening effects are mesponsible for photon spectra of almest equal intensity
and shape at T, for both the hadronic phase and the QGP phase, o clear signal of photons
from the quark-gluon plasma could be visible for transverse momenta pr in the range 25
GeV/c if a very hot plasma is formed [26, 27]. Separabe contributions from the different
stages of the system evolution are difficult to distinguish because of transverse flow effects,
which, howenar, are important up to momenta ro 5 Gal

Figure 1.3 shows the direct photon momentum distribution as messured from the data
talken by the PHENTY experiment [23] during the second RHIC run for Au+Au collisions
ab .,,.-'E = 200 GeV. The perturbative QCD (pQCD ) lines reported are described in [29].

1.3.2 Probes of Deconfinement

Hemv-ion collisions are drastically different from nuclecn-nuclecn oollisicns. One of the
main features which distinguishes the two classes of phenomens is, as already said, the
tormation of a quark-gluon plasma, excpectad in the case of hemv-ion physics but not for
nuclecn-nuclecn collisions. When dealing with hemsvy ion experiments, it is thus important
to identify the cheervables which can be considered as QGP signatures.

Btrangeness enhancement

Strangensss enhancement is cne of the earliest predicted QGP signatures [30], and it
can be studied through the production of strange particles such as ¢(s8), H(ug), Auds).
Figure 1.9 shows the Iv/ 7 ratio as obtained by the STAR experiment at RHIC as a funckion
of callision energy compared with p+p data from [31] and p4+f from [32]. On cne hand,
colour deconfinement leads to a large gluon density which can create 58 pais by gluon
tusion. On the other, chiral syrmmetry restoration makes the strange moss relatively
light (see Sec. 1.1.2), thus reducing the production threshold. These effects result in
a significant reduction for strangeness saturation and chemical equilibrabion, compared
to hadronic rescatbering processes after hadronization where the production of strange
hadron pairs with cpposite strangeness is suppressad by large threshelds and small cross
sacticns. Ancther remarlmable feature is that in o barvon rich environment as that created
in heavy-ion collisions, the baryon stopping is large. As a matber of fact, if the hadronic
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Figure 1.9: Mid-rapidity K /= ratice va. /8,5 . The curves refer to p+p data [31]. See
[33] for more details.

matter is deconfined during the collision, the volume of the central firaball will ba alrendy
ococupied by many u and d quarls coming from the interacting nuclei. As a consequence,
while the production of © and d is suppressed because of Pauli bloclking, the production
of 5 will be relabevely enhanced.

Llulkistran ge particles are abundantly preduced in heswrv-ion collisions during the OGP
hadronization phase [34. As a consequence, after the gluon fusion proces gg — =&,
quark recambination leads to the emergence of particles such as =(sgg) and '.-:El:E_EE_'I which
ctherwise would be verv difficultly preduced . Enhancement of these particles can be then
considered a QOGP signature. Figure 1.10 shows the dse of the enhancement with strange
content, with the p4+PBe reaction system talen as reference. The results are presented as
vields per participant, where a participant is an inelastically reacting wounded nuclecn.
Fig. 1.10 confirms the OGP prediction of an enhancement growth with strangeness (lefh)
and antiquark content (right) [35].

Charmonium and Open Charm Production

Charmeonium production in hadronic processes [36] and nuclear [37] collisions is usually
described as made up of three different stages: the creation of a of pair, the formation
of a bound oF stobe, and its subsequent interaction with the surrcunding medium. The
last prooess is responsible for the suppression of the Anally observed bound oF states with
respect to the initially created number, which is proportional to the number of Drell-Yan
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Figure 1.10: Strangeness abundancs enhancement in Ph4FPb collisions at | /s, = 158
zaV with respect to the vield in p4+Be collisions, scaled with the number
of wounded nucleons [35].

lepton pairs. The entity of the suppression in nuclear collisions can probe the formation
of a highly densa intermediste medium, and the rapid increase of the suppression when
going from peripheral to central collisions is often attributed toa QGP state as well [33].

Charmonium suppression is expected because the highly dense gluon svstem resulting
from deconfinement. This should Debwe-screen the colour interaction potential between
acf quatk pair produced during the initial impact of the tvo nuclel and thus prevent the
quarks from binding into a charmenium state (J/v, v, ©'). To be noted that the first
states to be supprassad while incressing the energy adhieved are the losely bound o and
¥, followed by the strongly bound J; o

Owing toits hnite size, the formation of a of bound state requires a time of the order
of 1 fm/c [39], after which the J/7 mav still survive, if it escapes from the region of high
density and temperature before the oF pair has been separated by meore than the size of
the bound state [13]. This could happen if the quark-gluon plasma cools very fast, or if
the J/ v momentum is sufficiently high.

Moreover, J/o suppression could be due also to collisions with comoving hadrons,
after which a D-meson pair'® should be created, and other contributions mayv come from
nuclear shadowing of soft gluons, initial stobe scatterings of partons resulting in o widened

UThe D tmescn miilkiphcity iz determinad by the mitmbet of o quatks in the =ady parbon stage before
hadtonization. As a resilt, the prodiclon of opsn charm iz cartied mainly by the D feeson o the final
shate.
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The anomalous J/i suppression as a function of the energy density
reached in the heavy-ion collision. Suppression is obtained from the mea-
sured crosssections divided by the values expactad from nuelear absorpion.
The latter are deduced from a fit to messurements on interactions of in-
cident protons with various targets (open circles and triangls) and on
sulfur-uranium eccllisions (cloesd black squarss). As can be seen from
the fizure, in lead-lead interactions J/v' is suppressed normally, ie. ac-
cording to pure nuclear absorption, for energy densities lower than 2.2
eV /fm®. For higher density valuss, a peculiar abneormal suppression
pattern is obeervad , a3 can be expectad from charmonium mating dus to
deconfinement.

transverse momentum distrbution, and final state absorption on nuclecas [440].

Figura 1.11 shows the experiment] results concerning the pradictad J/70 suppression
obtained from Fh4FPh cdlisions b the IMAL) experiment, as well as those from [MTAISE
with lighter incident icns. From Fig. 1.11 it is possible to infer that a new phasical proosss
should happen for energy densibies above 2.2 GeV/fm® PBesides, the higher the energy

density, the more the J/ v production rate differs from the nuclear absorption regime.

Howrever, some models predict that at energies as high as those now amilable at RHIC
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(and in a near future at LHC), an enhancement of heavy quarkeonia should cocur as a
consequence of of ccalescence in the quark-gluen plasma [41], as well as to a detailed
balance of D 4+ D — J/u + X [42] and jor statistical J/v production [413]. In addition,
initial state effects of shadowing and possible parton saturation may play an important
role in charm preduction.

1.3.3 Jet Tomography

Dne of the main consequences of the interaction between high momentum partons and the
extremelyv dense intermedium created early in a hemv-on collision is the modification of
the vield and momentum distribution of the particles themselves. This effect, which results
trom the induced radiative energy loss, is cne of the most important results chtained at
BHIC for the production of particles with pr up to 10 GeV, which falls very near the
expectations of binarv scaling relative to nuclecn-nucleon collisions, Figures 112 and 1.13
showr, ns o function of the transverse momentum, and for charged hadrons, the nuclear
modification factor f,y 4 a5 measured at RHIC, defined == a collision-number-scaled ratio
betwean 4 + 4 and p4p collisions scaled by the number of binary collisions Vin:

[wield]4+

Rii4=— (1.8}

Nyn o [vield]re
In other words, a A4 of the order of unity would imply that particle preduction from
A+ 4 collisions is equivalent to a superpeosition of indipendent nucleon-nucleon collisions.

In Fig. 1.13, Ryg refers to same as K4, with the speciheation that the two cdliding
nuclel may be different.

Since energy less ina hot and dense medium through gluon bremsstrahlun g is expeactad
to be larger in a svstem of deconfined colour charges than in hadronic matter, this is
considered an effective signabure of the formation of a quark-gluon plasma. The jets of
hadrons which should result from the hard scattering of partons (== it is found in p+p
collisions) during the earliest fime of the collision, are then quenched with a correspondent
depletion of the particle vislds. This effect is referred to as “jet quenching”.

Studies of the angular correlation of high-pr particles, with respect toa high-pr tng-
ger parbicle selected in eadh event, have been carried out by the STAR experiment at
RHIC [45], as shown in Fig. 1.1, For p+p and d+Au collisions, these studies show
the charactenstic near-side and baclk-to-bads correlation of high-pr particle }ets. On the
contrary, when lodking at Au+4Au collisions, while the near-side correlation still remains,
the back-to-back is almost completely suppressed. As said before, jet quenching is due

1
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Figure 1.12: Muclear modification factor Bad for charged hadrons (squares] and neu-

tral pions (circles) as a function of transverse moemntum for AudAu
ccllisions at /5y = 130 GaV (PHENTX, [44]).

to the interaction with the dense medium: while the sway-side jet has to trawerse it the
same-side jet s not quenched, due to surface emission.

Figure 1.15 showrs the results of STAR studies concerning the pathlength dependance
of the radiative energy loss. In particular, it has been shown that in peripheral collisions
the suppression of the bad-side jet is influenced by the relative crientaticn of the baclk-
to-bad: pair with respect to the reaction plane' | as a consequence of elliptic flow (see
Sac. 1.3.1) [47].

1.3.4 Elliptic Flow

In hemrv-ion collisions the initially spaciall-anisctropic participant cone evolwes through
possible new forms of highly dense matber, into the final observed hadronic state. This
is made of a bulk of parbicles with anisctropic momentum distribution in the transverse
plane. Since the azimuthal anisctropy should crnginate in the early stages of the collision,
it oould shed light on the evclution of the sistem A large cbssrved anisctropy in the
momentum range pr < 2 GeV/c (as hydrodynamic models pradict) [43], is thought to be
indicative of early thermal equilibium, while the mass dependence of this effect is argued

N The reaction plane is defined by the impact pammeter diteckion and the beam ditecton.

T
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Figure 1.13: Muclear modification factor K,y (analogous to B, 4) for charged hadrons
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Figure 1.14: Top: Two-particle azimuthal correlations in p4p as well a3 in minimum
biss and central d4+Aun collimions, [46]. Curves are fittked as described
in [45]. Bottom: Comparison of two-particle azimnthal distributions for
p+p, central d+4 Au and Au+4 Au collisions [46].

to be a consequence of the formaticn of a quarl-gluon plasma [43]. At large momenta,
aniscbropy mensurements are also imporkant for jet quenching studies (see Sec. 1.3.3)
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Figure 1.15: Top: Azimuthal distributions of associated particles for trigger particls
in-plane (squares) and outofplane (triangles) for Au+Au collisions at
centrality 20-60%. Open symbals are reflections of solid symbels arcund
Mg = 0 and Ao = 5. The dliptic flow contribution is shown by dashed
lines. Bottom: Distributions after subtracting elliptic flow, and the cor-
regponding measurement in p4+p eollisions (histograms) [47].

The azimmithal angular particle distribution can be described bv a Fourler expansion:

%D{ (1+Eerﬂc~:\Erzliﬁ:-—lDR'|] (1.9}
where Tz is the reaction plane angle and 1, has been called “slliptic flow” [49]. If we
represent a non-central 4 4+ 4 collision as an almond shaped particle emission souree,
then along the shart axis (ie. in-plane with respect to the reaction plane) the pressure
gradient is larger than along the long axis (ie. cut-of-plane), resulting, eventually, in an
ellipsoidal final transverse momentum space. According to thermodynamical meodels, this
pr dependence of 14 is generated at the very early stages of the calision. In particular,
sinoe th 15 driven by pressure anisctropies, and the spatial deformation of the reaction
zone responsible for these anisotropies quidtly disappears, the elliptic flow is sensitive
to the equation of state only during the early expansion stage (~ 5 fm/c in semicentral
Aut-An ccllisions [50]). MMoreowver, since particles preduced from a het dense medium
can be squeezed more in the reaction plane than ocut of it, a freeze-cut geometry will be
reflected in a parbicle abundance ellipficity.

-3
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Figure 1.18: Theminimum biss 14 as & function of pr. The STAR EX and A+ A data are
from [51], whils the PHEINIX data can be found in [52]. Hydrodynamical
calculations are from [53].

Figure 1.16 shows 1o as a funchion of fransverse momentum for different species of
particles, o5 measured by STAR and PHENTY experiments at RHIC [51]. As can be seen,

there are three main features charactarizing ro: frst, particles exchibit a thermedynamic
behavicur in the low pr region, which menns that o common expansion welocity can be
identified , and that the hearier the particle, the larger the momentum from hydrod ynamic
motion., To be noted that the mass splitting strongly depends on the equation of state
[53], and the squaticn of state including a phase transition describes the cbserved data
better than one without phase transition. Second | at intermediate pr, 1o does not strongly
depend on pr. Finally, the ve saturation wmlues for barvons are higher than those from
mesons, and barvons group together, as mesons do. The proposed idea that parton energy
loss in the dense medium created during the collision could be the mechanism underlving
the angular anisctropy n (that is, the effactive particle emission should cocur from a
shell aren of the whole volume, because of the quenching of the partons inside the dense
medium) i5, however, 5till under discussion.

Studies on a quark scaling of the azimuthal anisctropy have also been pedomed
[54] which can explain the 1y dependence cn the particls specie as a constituent quark
anisctropy just poic to hadron formation.

1.3.5 Haobury-Brown-Twiss Source Radi

Information about the space-time ewolution of the svstem, about the freece-cut wlume,
and about the reaction geocmetryv of hemn-ion cdlisions can be chiained from studies

- 9.
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Figure 1.17: HET paramstersfor 0-5% most central AudtAuevents for 4+ and =—=-
corraation functions as obtained by STAR at RHIC. For more details, s==
[53].

concerning inkensity intederometny between identical particles (such == 77, K and pp
pairs ). This approach was frst adopted by Hanburv-Prown and Twiss when studving the
angular diameter of a star using the correlation of two photons [55, 5], Acccrding to the
theory, the probabilitv of detecting two photons in coincidence in two different detectors
is correlated to the relative separation of the two detectors thenselves, and, morecwver, to
the angular diameter of the emitting source (Hanbury-Broun-Twiss (HBET ) effect). This
effect has alss been chserved in p4 annihilations [57).

As regards hemmr-ion collisions, HET mensurements can provide two correlation fune-
tions from which it is possible to obtain the longitudinal and the transverse radii, the
litetime and the flow patbern of the emitting source at freece-cut [53]. For excample,
the inverse width . of the “out” correlation function and Ruse of the “side” correlar
ticn function can be used to extract a measure for the duration of the particle emission
(F2, — F% ) and the transverss size of the source (R, ) [59, 60). Besides, the lifetime

of the mived phmee after the collision can appear in an enhancement of the matic of the
inverse width (R, F.a.) of the two-particle correlation functicns in the cut- and side-

- 30-
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directions [59]. HET also contains dynamical information that can be explored studyving
the transverse momentum dependence of the apparent source size [€1], since the size of
the regions that can be messured through HET are controlled by velocity gradients and
temperature [62]. Figure 1.17 shows the HBT dependence ca the transverse mas as re
cently obtained by STAR at RHIC, from which, as said, dvnamical information on the
particle emitting source can be cbtained (see [63] for more details).
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Chapter 2

A Large Ion Collider Experiment:
ALICE

During the last decades, the increasing interest in Quantum Chromo Dyvnamics favoured
the proposal and the consequent realization of many experiments devoted to the study of
high energyv phyvsics. The first experniments based on ultra-relabivistic heain-ion ocollisions
developed on existing facilities, such o5 the Brookhoven AGS and the CERIN SPS. The
studies performed by fined-target experiments (WAQS, IMASD and IMALST at the 3PS, and
E314, E&7T and E&05 at the AGS, for enample) actad 05 o laundhing pad for the con-
struction of dedicated accelerators, the most important of which are the recent Aelafrwrsiic
Hezvy-fon Collider (RHIC, [64]) at Brockhaven, which has been running sinee summer
2000, and the Large Hadron Collider (LHC, [65]) at CERIT (presently under construction).

During the past three vears, RHIC has daliverad Au4Au collisions at .,',.-'E =196, 56,
624, 130 and 200 GeV, and d+Au and p4p cdlisions at f'ﬁ = 200 GeV. The results
obtained by the four experiments installed at RHIC (PHENTY, STAR, BRAHMS and
PHOBOS ) have offered the opportunity to explae new mnges of energies and centralities,
integrating with the data alreadw awmilable from post expedments. [Mew frontiers can
amway be reached with the future facilities, mainly RHIC I, which is substantially an
upgrade of the existing accelerator and detectors at Brookhaven, and THC. At THC, in
particular, a program concerning Ph4+-FPb collisions at -.,-"E = 5.5 TeV will be carried
out by three experiments, ALICE, ATLAS, and CMS.

The LHC experimental program is gong to open the door o new regimes in heonne-
ton particle physics, from several points of view, such as the centre-of mass energy, the
energy density reached, the lifetime and the volume of the quark-glion ploasma system
created in the collision. This is well summarzed in table 2.1 where some significant
33
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hemry-ion collision parameters tor SPS, RHIC and LHC are compared. Here, /sy~ 15
the energy per nuclecn pair in the centre-of-mass, 4V, /dn corresponds to the charged
particle multiplicity densitvper pseudorapidity unik, s refers to the energy densityr at
initial thermalization, V¢ is the volume at freece-cut, toop indicates the durakion of the
QGP phsse, and 7 is the time of initial thermalization. As can be seen, the values
cotresponding to LHOC stav well above these referred to the other accelerators while the
formation fime 7 15 3 times smallsr.

Collision Parameter | SFS | RHIC LHC
VEvw (GeV) 17 200 5500
dN 4, /dn 500 850 2+ 8103
= (GeV /fm™) 35| 445 15 + 40
Ve (fm®) 10° | 7107 2 10%
Tigar (fm)c) <115 =40 1+ 1d
w (fm/c) ra 1 rd D = 0.2

Table 2.1: Central collision parameters (sse texct) for the SPS, RHIC and LHC acceler-

ators.

As a consequence of this progress with respect to past (SPS) and present (RHIC)
tacilities, LHC is expected to investigate new particle physics frontiers. For encample, the
charged particle multiplicity (which reflects the energy density of the collison), starting
from the lower value of 800 at RHIC [66], at THC is thou ght to reach the level of V4, /dry v
1500 = 40ad [ET";| o, EEI] |:E"=.'E'J.'l if _-i:L.ICE, one of the four LHC experiments, has heen
designed to be able to work with mulkiplicity values up to 8000) Also the Bjorken-x
range will be entended to even lower values than those renched b RHIC, where the gluon
density is much higher and closer to aaturation. Morecwer, hard processes will dominate
the 4 + A cress-section, and high-pr probes will be abundantly produced.

The expected lumincsity for Ph4-Ph collisions at LHC is ashout 10% cm—%—! which
means a rather low minimum-biss interaction rate of 8 kHz (obviucsly, for lighter icns a
higher lumincsity can be reached i To be nobed that LHOC lumincsity imitation comes
both from the intrinsic dharacteristics of the detectors and from the accelerator.

- 54
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2.1 The ALICE Lavout

ATICE (A Large Jon Collider Expermment) [70, 7]] is the LHC experiment fully dadicated
to the study of the quarls-glucn plasma which should be created during LTHC Ph4+Fh
collision runs (p4+p runs, besides offering the opportunity of studving p+p physics in
an unexplored energy range at LHC, will be taken as a benchmark for the results of
the hemnv-ion program ). Ibs main characterstics male ALICE highly performing to deal
with the extensivwe LHC relativistic ion phisics program and to explore nuclesr matber
under extreme conditions of temperskure and energy density. As a consequence, the AT-
ICE experimental program will include the study on cne hand of the global properties
of the collisions, sudh as multiplicities, rapidity distnbutions, collective effects, emission
geometry and fluckuations in particle emission. On the other hand | more selective signar
tures of the creation of a quarl-gluon plasma will be locled for with obserwables such as
hadron spectra, dileptons, direct photons, charmonium and bottonium, and vanous other
rescnances (see Sec. 1.3 for a summary ).

Figure 2.1 shows a schemabic lovout of the ALICE experment. To be noted that the
scale of the detector is mainly determined b the dimensicns of the LEP 13 magnet (15
mof outer length, and 15 m of cuter dinmeter ) which provides the central detectors with
a relabively wealk magnetic fisld of 0.5 T.

2.1.1 ALICE Detectors
Central Detectors

ATICE central detectors covering the pseudorapidity region —0.9 < < 0.9 (ITS, TPC,
TRD, TOF, HMPID and PHOS) will be those aimed at particls traclding and identifica-

ton.
# [nner Tracking System - ITS:

Arcund the thin-wall bervllium beam pipe, the mner Tracking System (ITS) will
be mounted within the radial distance beteesn 4 and 45 cm. It will be made up of
six silicon layers: the two innermost will be made of silicon pixel detactors (SPD),
the middle two of silicon drift detectors (SDD), and the cubermost two of double-
sided silicon strip detectors (35D with a small angle between the strips on the
toro sides. The main aim of the ITS detector is the reconstruction of the primane
verten: of the collision, and of the secondary vertenss for hyperons and for charm
and beauty particles. Besides, it will be able to provide particle identifinction ab low

- 35
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(L3 MAGHET M

Figure 2.1: Schematic layout of the ALICE sxpeariment.

momenta (p < 1 GeV/c) via dE/ dxr measurements, and to improve the momentum
mensurements coming from the TPC. Moreover, the ITS will be able to perform a
stand-alone trads reconstruction for low-pr particles.

# Time Projection Chamber - TPOC
The ALICE Time FProjecfion Chamber (TPC, see Fig. 2.2, the largest in the weorld,
will be placed at a radial distance 85250 cm and will hore o detecting volume of
33 m® It will be equipped with two drift volumes of 2.5 m each, fram the middle
high-voltage membrane towards the two end-wheels, instrumented with proportional
chambers using the cathode-pad readout. In total, the TPC will have about & « 108
readout channels provided writh highlv-integrated electronics.

The TPC can be considered as the ALICE main tradcing device with a verv high
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Fizgure 2.2: TPC schamatic layout.

tracking efficiency (> 90% ). The two-trads resclution stms below 10 MMeV /c, and
the momentum rescluticn o,/p < 2.5% up to momenta of the crder of 10 GeV/c.
The space-point resclution is 0.8 mm in the - and y-directions, and 1.2 mm in the
s-direction. Besides, with a dE/dx resclution of ~» 6.3% (in the worst scenarc of
dV 4 /dy = 8000, becoming 5.5% for isclated traclks), the TPC will provide particle
identification for low-p particles (for example in the range 0.4 < p < 0.5 GeV /c for

pions ).

Transition Radiation Detector - THRD

Immediately after the TPC, at a radial distance of 2.8-3.7 m, the Transrffon Hads-
ation Detector (TRD) will concentrate mainly on the idenftification in the central
region of high momentum electrons (p > 1 GeV/c, with a discrimination elec-
tru:.ms;"hﬂ.dn:'ns hetwrean ro 1 GE'.‘I.-'-_I-'IC and o 100 GE"I.-'-_I-'IC]. It will consist of 5v med-
ules in the radial direction, each with a radistor, o multi-wire proportional readout
chamber and the front-end electronics for this chamber. Each readout chamber con-
sists of a drift region of 3.0 cm separated by cathede wires from an amplification
region of 0.7 cm.

In addition to its electron identifieation goal, the THRD will be also used for traddng,
and it will improve the transverse momentum resclution for high-momentum trads,

as shown in Fig 2.3.
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Figure 2.3: Transverse momentum resolution for different combinations of the tracking
detectors in central Fh4Pb collisions (dV., /dy = &000).

¢ Time Of Flight - TOF

The Trme Of Flight (TOF) system is the detector dedicabad to particle identification
in the intermediate and relatively high momentum region through the measurement
of the time the particle tales to trawl from the interaction peoint to the sensitive
surface of the detectar (time of flight). It will be placed at 3.7 m from the centre
of the experiment and will cover a cvlindde surface of v 160 m® with a complete
azimuthal coverage. The TOF will be made up of 18 seckors in 2 (0% = & = 3607
each of which will be segmentad in five units along the - coordinate. For more
details, sea [T]].

Since the two main requirements for the TOF detector are a fime resclution lower
than 100 ps (bo achiewe a good K/7 and I/ p separaticn up to few GeV /c momen-
tum) and a very high granularty (in order to kesp the cocupancy below 15%), a
gausecus detector has been chosen. The TOF technology is based on the double-
stocl Multigap Resistive Plate Chamber (MRPC, see Figs. 2.4, 2.5, 2.6} which has
an active aren of 7.4« 120 cm® and is segmented inbto 96 readout pads (for a total
number of readout channels ro 160000 ). The ten gnsecus gaps are of 250 pum thick

ench.

Thanks to an extensive RED, according to the labest test beam results [72] the TOF
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Figure 2.4: Transverse section of a TOF double-stack MEPC. The following elaments
can bessen: (A) honsyecmb panel; (B) PCE with cathodie pads; () ple-
iglass screws for the fishing line wiring; (D) external glasses; (E) internal
glassss; (F) 250 pm width gaps; (G) cemtral PCE with anodic pads; (H|
metallic pins for transporting the signal from the cathodes to the central
PCE; (I) flat cable connactor.

intrinsic resclution is now rv 50 ps, with an efficiency > 89%. The particle identifi-
cation capabilibies of the Time Of Flight detector thus allow a rv 3o separation in
the range 0.2 + 2.5 GeV /e for K /7 and up to 4 GeV /e fa IK/p, = required.
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Figure 2.5: Transverss section of a TOF double-stack MEPC.

Figure 2.6: FPhotograph of a TOF MEFC during the assambly phass.
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¢ High Momentum Particle Identification Detector - HMPID

Pogitioned at rv 18 m from the beam line, the HAigh Momentum Parficde [Deni:fi-
cation detecter (HMPID) is aimed at the identification of wery high-p particles (up
to 5 GeVjc for I/ p separmation) in a small acceptance window. It is a single arm
procimiby focus ing-imaging Cherenliov counter, consisting of seven modules (with
a surface of 1.5 « 1.5 m” each), for a total of 160000 readout channels, and a total
active surface of ro 10 m®.

Cherenloor photons, emitted wwhen a fast dharged particle troverses the radiator, are
detectad bnr o photon counter which explats the novel technology of a thin laser of
Cs] depeosited onto the pad cathode of a Multi-Wire Pad Chamber (MWPC). The
ATICE HMPID represents the largest scale application of this technique [73).

¢ Photon Spectometer - PHOS

At the bottom of L3, in the pseudorapidity region —0.12 <= ¢ < 0.12, there will be a
high-resolution high- granularity electromagnetic calorimeter |, the Phofon Spectrome-
ter (PHOS). The PHOS will include a highly segmented Electrollagnstic CAlorme-
ter (EMCA) and a Charged-particle Vebo (CPV) detectar. Ik will be divided into
fve independent EMCA+CPV units (named PHOS modules).

The PHOS detector will detect electromagnetic particles and identify photons and
neutral mesons through the tero-photon decay channel. The aim of the PHOS is to
test the thermal and dynamical properties of the very irst stages of the collision,
and to study jeb quenching as a 0GP signal.

Forward Detectons

Far awmr from the interaction point, at large mpidity values, ALICE will be endowed
with smaller detectors.

¢ Muon Spectometer: The ALICE Muon Specfomefer, which will be placed in
the region 2.5 < n < 40, i5 the detector encharged of studyving the spectrum of
heoy quark vector mesons (such as the J/u and the o', see Fig. 2.7), as well as
the & meson via the ptp~ decay channel. In particular, since at LHC energiss
the continuum of the unlike-sign dimmen spectrum is expectad to be dominated b
semileptonic decavs of open dharm and open beauty, the muon spectrometar will
cffer the cpporbunity of studving the preduction of cpen heavy flavourss.
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The muon spectromster will consist of a passive fronk absorber (bo absorb hadrons
and photons from the interaction vertex), a highbe~granularity traclking system of
ten detection planes, o large dipole magnet, a possive muon flter wall followed by
tour planes of togger chambers, and an inner beam shield to protect the dhambers
from particles and secondaries produced at large rapidities.
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Figure 2.7: Opposite sign dimuon mass spectra in the region 2 < m < 4 GaV (laft)
and & < m < 12 G=V (right) for the 10% mest central Fh+FPb reactions
(s= [74] for more details). The cantrality definition in terms of percentage

refirs to the total Pb+Fb inelastic croes-ssction oy, oy

¢ Zero Degree Calorimeter - ZDWC: The Zerv Degree Calormmefer (ZDC) is the
detactor which will be placed at 116 m from the interaction point. It will prosvide
a mensure of the number of participating nucleons, which is strongly related to the
centrality and, as a consequence, to the geometrnyr of the collision.

The ZDC will be equipped with two distinct detectors, cne for spectator neutrons
(at zero degree relative tothe LHC beam axis ) and one for spectabor protons (placed
encternally to the cutgoing beam pipe, on the side where positive parficles are
deflectad ). The ZDC detector will use o quarts fibre calorimetnr technique: the
shower generated by incident particles in a dense abscrber (the “passive” material)
will produce Cherenlon radiabion in the quart= fibres (the “active” maberial) inter-
spersed in the abscher. Since the awmilable space is wrr limited, the ZDC passive
material for the absorber has to be very dense to contain the showar, Morscrer, the
high level of radiation exposure will be contrasted thanls to the radiskion resistance
of the quartz fibres.
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¢ Photon Multiplicity Detector - PMD: The Photon Multiplicdy Detector (PMD)
will ba installed at 3680 cm from the centre of the interaction, and will cover the
pseudorapidity region 2.3 < n = 35 It is a preshower detector nimed at the
measurement of the multiplicity and spacial (7 — ¢) distribution of photons on an
event-bv-event basis. It will investigate the formation of the Discoented Chiral
Condensate (DCC) [75], and carry on studies relabed to event-by-event fluctuations,
tlowr | transverse elecromagnetic energy, and reaction plane.

The PLID will consist of two identical planes of debectors with o 33; thid: lead con-
varter in betwesn them. The front detectar plane will be used for vetoing char ged-
particle hits, while the detector plane behind the converter (the preshower plane)
will register hits from both photons and charged hadrons.

# Forward Multiplicity Detector - FMDy The Forward Mulfiplicfy Defecfor
(FMD) will provide charged-particle multiplicity information in the pseudcrapid-
iy region —3.4+ < < =17 and 1.7 <n < 3.4

The FMD will consist of 51300 slicon strip channels distributed orer five dngs
(three inner and two cuter), placed at three different distances from the nominal
interacticn point, with 10 {for the inner rings) or 20 (for the cuber rings) silicon
sectors in azimuthal angle. Each sector will be read ocut independently. With
respect to an cuter ring, an inner one will contain half of the strips (512 (1024)
or 258 (512) strips for the inner and the cuter, respectively). The total number of
strips has been set such to have, on average, approvdmately one particle per strip

per event.

¢ V0 and TO Detectors: Finally, the Vi'and T'i'detectars will provide fast trigger
signals. In particular, VO will be encharged of providing o fast measure of the event
multiplicity and interaction vertex, while T0 will determine the time of cdlision
(premiding in this way a reference timing signal for the TOF detector ).

The Vil detector will be made up of two arrms located ssvmmetrically on each
side of the interaction point, segmented into 32 elementary counters distributed
in four rings. The rings will be subdivided intc eight sectors of 45° ench. The
elementary counters will consist of scintillator materal with embedded wavelength
shifter (WLS) fibres. The light from the WLS fibres will be collectad by clear fibres
and transported toa photomultiplisr. The time rescluticn of each individ ual counter
will be better than 1 ns.
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On the other hand, the TJ detector will consist of two armys of Cherenlor counters,
with 12 counters per array. Eadh Cherenliow counter is based on o finemesh phe
tomultiplier tube. The two arcans will be placed at different longitudinal distances
from the nominal beam interacticn peint (the one on the right side will be werr
close to it, because of the presence of other detectors), as close to the beam pipe as
possible in the radial direchion o macdmize triggernng efficiency.

2.2 ALICE Detector Performance

As already said , ALTCE physics program will cover several issues mainly concerning QCD,
and, in particular, the predicted quarl-gluon plasma as the highly dense matter state re-
sulting from ultra-relativistic heaw-ion collisions. As this is an open field in particle
physics, ALICE will hopefully shed light on many aspects of the theary still obscure,
menasuring cbserrables, involning soft and hard processes, related both to the global char-
acteristics of the fireball created in the collision, and more specific probes of the decon-
hnment and the chiral symmetr: restoration predictad by QCD. For example, entensive
studies on mulbiplicities and transwerse energy distributions, hadron ratics and spectma
will be carned on, as well as on open hem~ Havour production and jet quendhing effects
(for a recent cverview, see [76]). Obwvicusly, in order to garantee a good performance with
respect to all these mensurements, o large acceptance, secondary verten: reconstruction,
photon identification, and, moet of all, an accurate tracking syvstem and a remarlable
hadron and lepton particle identification capability over a wide momentum range (up to
ro 100 GeV /¢, are required.

Sec. 2.1 has given a rather general crverview of the ALICE detectors, which have to be
able to satisty all the requirements of the experiment. In this Section, the combined detec-
tor performance in terms of tracking and charged parbicle identification will be described.
The results which are going to be presented have been obtained using the ALICE off-line
sitmulation and reconstruction framewerk AliReot [T1]. Details about the GEAINTS trans
port code are reported in [77], while those concerning the HITING Monte Carlo generator
used can be found in [T8)].

2.2.1 Reconstruction

Track reconstruction is cne of the mest challenging tasls of ALICE detectors. As o
matter of fact, determining the momentum of the particles at the point where thev had

been generated (was it the interaction point or a secondary vertex) is of great inberest,
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as well as a detailed reconstruction up to the detectors devdbed to padicle identification
(TOF, HMPID, and PHOS), which are farther from the centre of the experiment than
the tracking detectors.

Coordinate System in Central Detectors

The reconstruction algorithms developed for ALICE central tracking detectors (ITS, TPC
and TRD ) are based con a commen convention cn the coordinate system, such that all the
clusters’ and the trad:s are alwavs expressed in some local coordinate svstem related to
a given subdetector. In particular, the local coordinate svstem is right-handed Cartesian,
with the crgin and the : avis coinciding with those of the ALICE global coordinate
svstem, and the r axis perpendicular to the subdetector’s sensitive plane. In this way,
the symmetry of the ATICE set-up reflects in the local system, and the reconstruction

equations become easier.

Ml e

h FL:
IT%

Figure 2.8: Definition of the ALICE coordinate system axes, angles and detector sides.

1at's call digrf a digitized mignal obtained by a pensitive 1mit of a detechor at a cerbain titme.

T]:-:h, a cluster = defined ax a zat of .:.n:]]a.cd:h I::L'I: Epace ﬂ.hd_.llcd.' ‘I:l.tr.E:I n:HEHz, pteul.‘ﬂ:nbl:r n:d.'.i.gibﬂ.ba:] 'h:."
the zame particl whil cossing a debector senmibive volume.

With space pornis one tefeis bo the esbimates of the posibion wher= a particlk coss=d the detactor wol-
ime |:1.1=I.1.:|.]l:." calciilabed froim the centie of Erﬂ.'.'ﬂg.f of the ccd.'.he:.'_pn:d::]d:{: clt'h'bd::l. while the reconsfructed
tracks are, in fack, sets of parameters (ctrvatiure, angles...) of the parkicle's trajectory bogether with the
cottesponding covariance mabtix eshimated at a given point in space.

o 4f



A Larce Iow CoLLmER EXPERIMENT: ALICE

VWertexr R econstruction

The first step in the reconstruchion procedure is the estimation of the position of the
primary vertex. This i5s done by the ITS detector, using the clusters reconstructed in the
two pivel lavers. In the coase of central Ph4+-Fb cdlisions, a resclution of about 5 pm in
the beam direction and of about 25 pm in the transverse plane will be reached , while for
p+p colisions it will be about an order of magnitude worse. Anyvway, in the p4p onse,
since particle multiplicity will be very low (almest three crders of magnitude lower than
that in Pb+Pb central collisions), the lower precision on the determination of the primarny
vertex will not have any signifeant impact on the reconstruction of physical signals (such
as D"% and V%5"). Figure 2.9 shows the results cbtained for the reconstruction of the
primary vertex by the ITS in Ph4-Ph collisions [7E].

Zirue =5 cm

1]

R T

Resaluticn sum)
_\J

-]
5 e
4 Ph
3
E 1 I 1 1 I 1 I 1 I 1
) 200D 4000 GO0 SO0 10000

Multiplicity (-0.5= ¥ = 0.5)

Figure 2.9 Besolution of the reconstructad vertex position as afunction of the charged
particls multiplicity for B =0.2 T. For details on the solid line fit s=s [76].

"V tefers bo the decay bopokogy of the strange particles (4, & and &%)

T
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ALICE Track Finding and Reconstruction

There are two possible approaches when perfarming track reconstruction. On one hand,
one can choose to apply a socalled global methed: on the other, reconstruction can
be carried cut using a local method approach. In global methods, such as those based
on combinatorial algorithms, or the Hough transfom [79], the trad: messurements are
all treated at the same time, and all the infoarmation mrailable for each track is alvwos
used in each step of the algarithm (for example, when deciding if a mensurement has
to be included of not). The main adwvantage of these methods is the fact that theyr are
quite insensible of noise, and that they can operate directly on raw data. The drowback
is, however, the fact that these approaches require a precise global trade medel, ie. a
parametrization of the whele trads trajectorny taldng into account the effects from the
magnetic fhald and multiple scatterings, with respect to which the antire st of mensured
points must be htted.

O n the contrary, local methods do not need tolmow any global track model, and exploit
local estimates of the track at a given space point. Everv decision concerning the track
i5 taloan considering the local information, or the information coming from the previous
“histon™ of the track itself. The main disadvantages of these methods are the fact that
they are more affected by uncertainties due to noise, by wrong or displaced mensurements,
and by the precision of the space point error parametrization. As a conseugence, even if
thenr can well tale into account the peculianties of the tracls, local approaches hae to
rely on sophisticated space point reconstruction algornthms. The mest advanced kind of
local trade-finding is the Kalman filtering [30].

Kalman Filter

The Ikalman flter is aset of mathematical equaticns that provides an efficient computa-
tional (recursive) sclution of the least-squares methed. The filter is very powerful from
sevaral points of view: it gives an estimation of past, present and even future states, and
this holds true even when a precise model for the sistem 15 not mrailable.

The Kalman filter addresses the general problem of describing the state of a discrete-
time controlled process that is governed by a stodhastic difference equation (linear or not .
Leat’s assume that a cartain “system” 15 descobed at a gwen time ¢, by a state vector x).
This svstem vares its state from time 1, — 1 to 1, according to the evolution equation:

I = _;Ir_Ll:I_l._ —1i+ 5, IIE.l'I
where fi, i5 a known deterministic funchicon and £, is a random vector of intrnsic “process
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noise” with a zerc mean walue ((£,) = 0) and aknown covariance mabrix (ooviz, ) = @ ).
Generally, only a tfunchion of the stabe wecbor can be obhserved, and the result of the

ochserwmtion my is corrupted by a “mensurement noise” &
my, = iz + 4,

where i), i5 the messurement function which, in this case, is a certain matrix . The
measurement noise is also assumed to be unbinsed ((5,) = 0) and to have a definite
conmriance mokriv I:c'-:n'l:éj, I = VL) Let’s suppose that some estimates of the state vector
I)_q and of its error matox lfl_l = cov(T)_y —T,_1 ) ate known at a certain time slot ;.
Then, these estimates can be extrapolated to the next time slot {) by means of formulas:

I = Az,

- - 3

L-".t_l - EL':—-'.J.—IELT'l"::.':I.L: -F.Lzarﬁl ] I::EEI
k=1

which are called “predicticn”. The value of the predicted +*-increment can alss be calcu-
lated:
V1T = () (R ~hpk-1 rit = my — Hap ™t
JJ: ' FJL.L ! RJ.': . L k k

?

, RTI=U4+BCTH
(2.3 1
whetre the number of degress of freedom is equal to the dimension of the wvecboar my.
The difference rj':‘l in Eq. 2.3 i5 called the messurement innovaticn, or the residual
The residual reflects the discrepancy betwesn the predicted messurement HL:":JJ:_I and
the actual measurement my. In parficular, a residual of zerc means that the teo are in
complete agresment.
If the result of the state vector mensurement at the moment t, i5 amilable, together
with the results of the prediction, it is possible to combine this additional information with
the prediction results to improne the state vector estimabs using the “fltering” procedure:

I = :..T't_l + Fiy [.r:ru. - H_L.'..T't_lj . (2.4
o o= COrTl'- K H(.CM (2.5)
where 1), is the Kalman gain (or blending factor) matrix:
i - -1
K, =CrHT {11 + H;.CJ{*-IH,_T) : (28]

It can be shown that ), minimizes the a posferior: error oovarnance I:E'L of Eq. 2.5
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From Eq. 2.6 it i5 possible to infer that as the messurement emror oovadance T, ap-
proaches zarcy, i) weights the residuals more hemrily. That is,

im K, = H~L
Te—0 b L
On the other hand, as the a priori estimate ermror covanance lli'j"‘“l approaches wero, the
gain i, weigths the residuals less hemily:
i Iy =4,
L

k-
L= —0

Ancther wor of inkerpreting the weighting effect of ) is that as the messurement error
conariance 1), approaches zero, the actual mensurement my is “trusted” more and more,
while the predicted measurement H;ji_l is trusted less and less. On the other hand, as
the a priors estimate error covadance lf'f'l approaches wero the actual messurement is
trusted less and less, while the predicted ocne H;_:Et_l iz more and more trusted.

Finally, the wmlue of the fillered 3*-increment is given b

1% = |:F_L T |:R_L y~t Tk, Th=mi—Hizi, HR.=Ti- H_Ll:i-_LHf. IIE.T'I
It can be shown that the predicted chi-square equals the fltered dhi-square:
¢ my k=1 [
()7 =t
The algorithm described so far malkes the Ialman flter estimate o process using o

torm of feedbad: control: the filter estimntes the process state at a certain time, and then
cbtains feedbad: in the form of noisy messurements. The “prediction” and “Altering”
steps ate epeated o5 many fimes as we hawe messurements of the state wector.

The Ialman flker procedure can be applisd to teo trpes of problems: time update
and mensurement update. In the hArst cnse, the resulting equations are responsible for
projecting forerard in time the current state and error oovandance estimates to obtain the
a prion esimates for the next time sbep (see Eqs. 2.2). On the other hand | measurement
update equations are responsible for incorporating a new measurement inbo the a priors
estimate to chtain an improved a posferior estimate (see Eqs. 2.5). While in the first case
we speak of “predictor” equations, in the latter case we speak of “corrector” equations,
malking the algorithm a predicfor-correcfor algorithm.

After each time and mensurement update pair, the process is repeated with the pre-
viocus a posferior: estimntes used to project the new a priors estimmtes. This recursive
nature 15 one of the verv appealing features of the Inalman flter with respect to other
techniques such = the Wiener filker [31].

T
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Kalman Fiter in High-Energy Physics

Iialman filtering algorithms are extensively used in high-energy physics, with lots of ad-
vantages, and some shortcomings as well [82]. In particular, for track reconstruction
problems, the main attrackive features of the Ivalman flter are:

# It is o method for siomultanecus reconstruction and fitting.

® As already pointed out, with this method it is possible to reject incorrect space
points “on the fly", durng the only tracking step. Sudch incorrect points can appenr
as a consequence of the impedection of the cluster inder. Thev can be dus to noise
of thev can be wrong points from other tracls accidentally captured in the list of
points to be associated with the trad: under construction. With respect to this, in
the cose of a global fracking approadh, one usually needs an additional htting pass
to get rid of thess incorrect points.

¢ In the case of substantial multiple scattenng, track mensurements are carrelated,
and therefore large matrices (of the size of the number of measured points) are to
be imerted dunng a global fit. In the Iialman flter procedure we only have to
manipulate up to 5 5 matdeces (although as many times as we have measured

space points ), which i5 mudh faster.

# One can handle multiple scattenng and energy losses in a simpler wa than in the
case of global methods.

# It iz a natural woor to find the edrapolation of a track from one detector to ancther
(e.g. from the TPC tothe ITS ar the TRD).

Considerng the list of features mentioned above, it 15 ensv o understand the extensive
use of the Inalman flter procedure in high-energy expenments. In particular in ATICE,
the kalman fltering technique has been dhosen for the offline reconstruction since it weell
suits the ALICE requirements of howing a good tmcl-finding efficiencr and o precise
reconstruction for tracls even at low momenta (pr r~ 100 MeV /c). Such a technique will
be required also because energy loss and mulbiple scattering effects will considerably affect
track reconstruction (because of the significant material budget of the tracking debectors,
ITS and TRD in the frst plase), as well as rather big dend zones betwean the detactors.
As aconsequence, considering its features (as listed above), Kalman filter has been chosen
for the offline reconstruction.

- BJ-
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For what concerns the mathematical formalism, the trads parametnzation in ALICE
is given bu:

E.':-I:r I = g+ ancsin ‘:_“'l'fll_:iﬂﬂm
) = @+ "—"“ arcsin (L y 1_;:_':";:]

where @, z, and r are cylindrical coordinates of a given track poink, A 15 the track dip
angle, & = 1/(2R) is half tmck curmbure, ~y is the slope of the track projection in the
zy-plane at the point of minimal distance from the coordinate origin and D and =5 are
the track transverse and longitudinal impact parameters, respectively. The sign of C and

D depends on the particle charge and track position with espect to the coordinate cngn.
The state wecbor for the Kalman filter procedure is defined as:

T e
1 = (¢n, z,D,tan i, O

The wector of mensurements, its error matriv and the measurement mabriv are given
respactivelyr b

rm=(rm\l, I_L_(.:r,— n\l - (qﬂﬂlﬂﬂ\\
|

d 1 da dad

Then, according to the general Iialman formulae | the prediction of the state vector is:

[ r:.-'t-JJ:_l = it arcsinf 4y ) — arcsin i)
EJJ:_I = I_1+ h;::L (arcsin (B, ) — arcsin(B), ;1)
i’t_l = fulZi_1) & 4 Dt‘l = D
tan_j,t_l = ‘|:'_:|.r|..-"|_l._1
| C“.t_l = C_L_]_
where |
Cire + (14 CLDODy T - D
AL: kT L |: :-.L_J-. -'--.I|I -L:I "..'I..I.'I.d E_L_':-'.L I""—
14 20,0, 1||' 14+ 20D,

The errar matrix prediction C) =4+ can be obtnined with the F-matrix calculabed from the
system above (T, = T, _q)

SI:_GJ'J:]"J‘ID‘L 1‘|:‘._'|.1'l'|_L1IL-'J‘1

Fp =
'Sl:ﬁ’k_l, Sio1, Dy, tan g g, 0 )

T L™Tk_1

Finally, the matrix (7, should be emluated: it describes the multiple scattering distorkion
and tales inbo account the energy losses. In parbicular, the multiple scattenng is assumed
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to affect only the track direction, without distorfing the tmack position. On the other
hand, the energy loss is talen into account using o simplifed Bethe-Block formula, which
adopts the pion moss for all the particles:

i1.153 Lo 3 K
AE = In — F | A, 28
gz ( 1-3 J II

With this formula, the change of the current track curvature when the track crosses a
laner of the next detactor is

"y

E
Co =y (1 - —H_u:)
e

where Coew and Cag are the track curwbures after and betore the lover crossing, respec-
tiwely, £ and p are the particle ensergy and momentum (assuming the pion moss far the
particle), and AE comes from Eq. 2.8,

ALICE Tracking Strategy

After having reconstructed the pomary vertex using the clusters in the teo picel lome-
ers of the ITS detector, the track finding procedure starts. Each tradiing detector is
endowed with ibs own specific algorithm, which depends on the features of the detector
itself (see [TE] for more detailed descriptions). IMoreover, because of the very high cocu-
pancy and the big number of overlaps between different clusters, the clustar inding and
track reconstruction are not always independent the cne from the other, and the number
of cluster is finally set only during the track finding step.

The strategy which has been chosen starts from the ALICE subdetector with the
most ecocellent tracking capabilities, the TPC, and, in particular, from its outer mdius,
where the trad: density is lower. The candidate “seads” (which are basically good initial
approcdmations of the track parmmeters and of their covanance matrices ) are locled for,
but since the precision on the parameters is quite low (because the number of msscciated
clusters 15 small), no cutward extrapolation can be performed. Instend, the tracldng
goes on inwards, towards the TPC inner radius, and whenevear possible, new clustars are
associated to the track applving a Iialman flter algorithm, and the parameters of the
track are more and more refined .

Then, when the innermost radius of the TPC has been reached | the traclking in the ITS
detactor is performed. The ITS tries to prolong the TPC tracls to the primary werbes,
while the tracls are continucusly updated with additional, precisely reconstructed ITS
clusters, also improving the estimation of the track parameters.

- L3
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After this, a special standalone traclking procedure is applied to the rest of the ITS
clusters which haore not been asscciated to any track. This step is meant to recover the
tracks which were not found in the TPC because of pr cuts, dend zones between the TPC
sactors of decoms.

The next step 15 a tracking back to the cuter laver of the ITS, and then to the cuter
radius of the TPC. Far the trades that were labelled by the ITS as primary, some parbicle-
mass dependent time-of-tlight hyvpothesis are caloulated | which will be then used during
the particle identification procedure performed b the TOF detector.

O noe the outer layer of the TPC has been reached, the precisicn on the track param-
eters is sufficient to extbrapolate them to the endernal detectors, the TRD, TOF, HMPID
and PHOS. In the TRD), the track reconstruction is performed in a way similar to that
in the TPC: the track is prolonged to the cuter TRD mdius, and the assigned cluster is
used to improve the momentum resclution. [Mext, the extrapolation goes on to the TOF,
the HMPID and the PHOS, where particle identification cocurs. Finally, a Iialman filber
algorithm is applied baclkwards to the primary verte (or the innermest possible radius,
in cass of secondary tracks).

The tracls that hovre been fit bacl: to the pomary vertex are then used for second ary
vertex (V?, cascade, kink) reconstruction. At present, an algorithm which should identify
second arvy vertexes “on the flv" is under study. Ik should have the advantage of minimizing
the risk of wrong track prolongations, since it will not propagate the tracls coming from
secondary vertexes bevond it

ALICE Track Finding Performance

The performance of the track finding proced ures adopbed by the varous detectors (see [TE)
for more debailed descriptions ) can be characternzed by many different parameters. Here
the results of the track reconstruction algorithms developed by each tracldng detector
(ITS, TPC, TRD ) will be brisfly presented.

« TPC

For what concerns the TPC track reconstruction algorithm, two frpes of efficiency
can be defined, the algarithmic efficiency, and the “physical” efficiency. While the
first is the matic of the number of “good found” trads to the number of “good
generated" tracls reflacting the efficiency of the algonthm, the phisical efficiency
includes also all other factors, like dend zones in the detectors, inefficiency of the

electronics, decays, and 5o on.
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Figure 2.10: Top: Efficiency of the TP track-findin g algorithm as a function of par-
ticle transverse momentum. Bottom: FPhysical efficiency of the TPC
track-finding algorithm asz a function of particle fransverss momentum
for different particls species. Theresults refer to central Pb+Pb collizsions
(d Nek/drp = G000).

Figura 2.10, upper panel, shows the algorithmic efficiency for the TPC trad: find-
ing procadure as a function of the particle transrerse momentum. The falte-traclk
probability is also shown, referring to uncorrect assignment of clusters to tracls
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Figure 2.11: Transverse momentum (top) and £E /dr (bottom) resolutions for TPC
measurements in central Fh+Fhb callisions (d V., /dy = 6000). The former
iz given as a function of pr.

(sea [TE] for more detnils). As it can be seen, there is no significant dependence
of the efficiency on the particle transverse momentum: the efficiency sbays arcund
ro 100% for the whole range, apart from a small decrense at low momenta (pr < 0.2

GeV /el
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Figure 2.12: TPC4ITS track-finding efficiency and faletrack probakility as a function

of the transverse momentum for different track multiplicities,

The lower panel of Fig.2.10 shows the physical efficiency of the TPC reconstruction.
In this case, in the low-momentum region a decrense can be observed, which is due to
energy loss, interactions in the material and particle decos. The physical efficiency
dependence on the parficle species can be explained bearing in mind that, for the
same value of pr, these effects affect in a different way different tvpes of particles.

The transverse momentum and dE/dr resclutions for Ph4Ph collisions are shown
in Fig. 2.11 {upper and lower panels, respactively). The cbtained resdutions are
wall within the theoretical expactations.

ITS

As said in the previcus section, the track fnding in the ITS starts with the TPC-
ITS matching. This is a quibte complicate step to be pedformed, since the distance
betwean the TPC and the ITS is rather large, and the track density in the ITS so
high that a simple continuation of the track-Ainding procedure applied in the TPC
will be ineffective. In this cose,since the probability of assigning a wrong hit to the
track is high if using just the criterion of minimal +°, a few modifications of the
Iialman filker procedure have been implementad (see [T6] for mere details). Motice
that the efficiency of the meconstruction in the ITS 15 not 50 high as that in the
TRC.
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Figure 2.13: Comparison betwesn the efficiency (as a function of the transverss mo-

mentum| obtainsd with and without the ITS stand-alone procedure for
central Ph4Pb collisions (d Vs /dry = 6000).

The combined TFC4ITS tmcl-fnding efficiency o5 a function of momentum is
shown in Fig. 2.12 (see [T6] for the definition of the efficiency ).

As alrendy said, for the tracls which cannct be reconstructed by the TFC (in
other words, high-momentum tracls falling entirely inside the dend zones betwaen
the TPC sectars, or decaving between the TPC and the ITS, and low-momentum
tracls with pr < 100 MeV /c), an I'TS stand-alone trads Anding algonthm has been
deweloped. Figurs 213 shows the reconstruction efficiency when including the ITS
stand-alone procedurs, compared with the main TPCHITS algorithm. As can be
sean, the stand-alone trad: finding reconstructs about 10% mete tracls with respect
to the msults obtained b the main TPCHITS procedure.

TRD

The TRD tradc finding algorithm is fully described in [78]. It is bosed cn the
Iialman flter approach, propagating a track from the outer radius of the TPC, to
the cuter laver of the TRD. As for the other detectors, at each entrapolation stap,
the track parameters and the covariance matrix are re-evaluated and updated with
the information about the expected mulbiple scatbering and energy loss.

In the case of the TRD, the energy loss due to the interackion with the material
is cansiderable high, being ensily at the level of 10%. This implies that after cor-
rections have been applied to those tracls crossing a large amount of material in

- 57 -



A Larce Iow CoLLmER EXPERIMENT: ALICE

order to tale into account the energy loss effects, a mther high uncertainty in the
track reconstructed momentum remains, which is even larger than that ofter the
only TPCHITS reconstruction. As a consequence, the final rebtting badoward is
performed in a slightly different wav for tracls which haswe lost a lot of energy and
tor those which hove not. Besides, to improve the space and momentum resdution
and track-finding efficiency, several parameters (such as the drift welocity) hawe to
be tuned , depending on the hit position. In fact, since o precise correction for these
parameters is unpracticable (because of the very loose precision cn the track space

coordinate - which is5 essential here), indicative wmlues are usad.

It i5 worth to sav that everv detector, if contnibuting to the reconstruction of a tadlk,
improves the reconstruction qualiby of this track. The requirement of being reconstnicted
in all the detectors (as many as pessible, in fact) reduces the statistics of such trades.
5o, while the cverall algarithmic efficiency stays quite high (v 90% for almest the whole
momentum range talen into acoount ), the physical efficiency depends more on the number
of detectors talen inko account (see Fig. 2.14, upper panel), since it is strongly affected
b particle decos, and b the presence of dead zones and interactions with the material
As can be seen from Fig. 2.14, the most considerable loss of efficiency coours in the THD
where the material budget is the highest. [Mevertheless, the TRD is crucial for electron
identification, and improves the resclubion of both transverse momentum (see Fig. 2.3)
and scimuthal angle (see Fig. 2.14, lower panel ).

2.2.2 Single-Detector Charged Particle Identification

The ALICE experiment will be able to identify charged particles in a wide momentum
rangs, from 0.1 GeV/c up to a few GeV /e (and even more, up to a few tens of GeV/e
thanls to the TPC dE/dr messurements in the relativistic region [T6]). This will be
possible taling adwmntage of the particle identificaticn (PID) capabilities of the ALICE
different detectors each of which plass a roe in this sense in some narrower momentum

rmange, complementary one to the others. Moreover, when some tracls are reconstructed

simultnnecusly by different detectors, then o dedicated parficle identifiention procedurs
can be applied, in crder to combine all the amilable PID information.

In this section, the particle identification procedure and performance in the central
detectors (ITS, TPC, TRD, TOF, HMPID ) for charged particles will be presentad | paying
particular atbention to the TOF tracking and PID procedure, since it is the result of an e
tensive study carried cut for this thesis. Results concerning neutral particls identibcation

can be found in [78].
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Figure 2.14: Top: Physical afficiency, bottom: azimuthal angle resolution as a function
of pr for different combinations of tracking detectors. The results rafier to
central Ph4Pb collisions (dV_, /dry = &000).

ITS

The ITS detector will provide particle identification in the non-relativistic region via the
dE/dr measurements coming from the two-silicon-strip and the two-drift detector layers.
The ITS PID information can be combined with that from the other detectors, but for
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Figure 2.15: Laft: Distributions of the truncated mean SDD and gignals in the
ITS detector (mip unita) obtained with the HIJOMG gensrator for pions,
kaons and protons at the reconstructed momentum 400 < p = 425 IsV /e
{250 events)]. The curves are results of Ganssian approcimations. Right:
Signal-momentum correlation for the same particles as those ussd for the
left panel. The momentum is that obtained from the TP CHITS tracking.

lerer momentum particles and for those wwhich homre not been reconstructad in the TPO it
i5 the only scurce of padicle identification. Details on the updated version of the ITS
simulation and reconstruction software can be found in [78].

The left panel in Fig. 2.15 shows the truncated mean dE /dx (considering two o three
out of four dE/dr mensuraments ) calculated for reconstructed tracls with momentum
100 = p < 425 MeV /¢ in 250 HIJIMNG events with o magnetic field B = 0.4 T. The
rght panel of the same Fig. shows the signal-momentum correlation for the same tracks
(gamma conversions and cther secondary particles are included ). A clear distinction
betwean different particle species can be obserwed. The curves in Fig. 2.15, left, are
Gaussian approcimation functions which are used to obiain the PID probabilities for
ench tvpe of particle. In parbicular, the PID probability for each particle type for a given
signal is the ratic g;/&,, where g; i5 the Gaussian value for particle type 1 and &, i5 a
sum of the Gaussian values for all padicls frpes.

Figure 2.16 shows the momentum dependence of the PID efficiency « and conbamins
tion C for m, Iv, and p, defined as follows:

N NG
£ = —fa, o= _if , (2.9)
I Y el
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Figure 2.16: Momentum dependence of the PID efficienciss and contaminations for
picna, kacns, and protons (250 HIING events ) in the ITS.

where Wy is the number of identified particles (the superscript “t" stands for correctly
identified , “w" for uncorrectly identihed, and “t4w" is the whole identihed parbicle sam
ple), and WV is the total numbear of particles to which the PID procedure has been applied.
The identityr of the particle hos besn assigned according to the mocdmum probabilitr
among the g;/G,5. As one can see, the level of the efficiency for pions is - 100% for the
whole momentum inkerwl, and is very high even for lmons and protons for which it stays
above the 909 in the momentum regions .35 < p < 0.50 GeV/c and 0.35 < p < 080
GeV /c. On the cther hand | the contamination for pions is at the level of ~v 10%, while for
lmcns and protons it remains rv 10+ 2% and v 2510% respectively, in the same momen-
tum regions defined for the efficiency. The strong decrease of the lmon efficiency ab lower
momenta is mainly due to reconstruction problems, which affect the proton efficiency as
well. This effect is also visible in the additional contamination of protons by Jmons, and of
lmons by pions in the mnge p < 0.3 GeV/c. The main contamination to pions comes, in
this region, from electrons and muons that cannct be identified via dE/dx measurements.
Mearecver, at p = 0.5 GeV /¢, the pions and kaons bands overlap (see the right panel of
Fig. 2.15), but the pions are still identified with a high efficiency becausa then are the
most abundantly produced firpe of particle. An improred procedure meant to increase

the efficiency is currently under sbudy [TE].
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Figure 2.17: Monte Carlo simulated dE /dr distributions for dectrons, pions, kaons
and protons with p =0.5 GaV,/ ¢ in the TP C. The saolid line indicates the
result of the fit to a sum of four Faussians, The shaded areas correspond
to the contributions from different particls spaciss.

TPC

The TPC detector identifies particles combining energy loss measurements and momentum
information. While traversing a medium (in particular a gas), a particle ionizes it, and as
a consequence, loses energy according to its velocity 3, a5 the Bethe Bloch formula states:

{dEjdx) = () F) (lnl:t_','z,}:".:'u - F+C),

where dE/dr i5 the amount of ionizabion per path length, + = 1j fﬁ, and (7,
o and Oy are some detector specific constants.  As alreadw shown in the right panel
of Fig. 2.11, the mean wmlue of the energy loss at o given momentum is Gaussian with
the standard deviation (and, consequently, the resclution) determined bn the detector
properties and the quality of the reconstructed track. In parficular, in the case of central
Pb4Pb collisions, the esclution is of the order of ~v 6.5%, decrensing to ~ 5.5% for
petipheral events.

Figura 2.17 shows a Monte Carlo dE/ dr distibution simulated assuming a rescution
of 6.5%. Fitking the sum of four (one for each tvpe of particle) Gaussian functions to this
distobution allows one to exdiract contobutions from the individual parkicls tipes. The
separabion power between particle fipes A and B is defined as the distance of the mean

-E2.
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Figure 2.18: Momentum dependence of the (dE,/dx) ssparation in the TPOC for the
meet important particle combinations in units of energy loes resclution,
assuming ¢ = &.5%.

energy loss wlues in units of relative resclution, that is:

{dE/dz)y — |dE/dx)g

oy +eag )yl

Noap =

It is shown in Fig. 2.158 as a function of the particle momentum, for =/Ix, I/ p, 7/ p and
m/eseparabions. At the momentum ranges where the separmtion power becomes toosmall,
then the PID information from other detecting s vstems is requirsd.

After howing determined the resclution and the mean ionization at a given momentum,
the probability to be a parbicle of a given identitv can be calculated using o Bavesian

approach.

TRD

The particle identification role of the TRD detector is mainly to supplement the TPC
electron) pion identificafion at momenta p = 1 GeV/c. In addition to this, the THD
will improve the identification of other charged particles thanls to dE/dr mensurements.
The PID procedurs adopted by the TRD detechor for electron/pion sepamtion is the
likelihood method , using the integrated energy deposit os debector signal Figure 218
shows the pion efficiency as o funchion of the electron efficiency. As one can see, for
90% electron efficiency (which is a baseline value), a pion efficency down to 1% (picn
suppression by a fackor 100) can be achieved.

- B3 -



A Larce Iow CoLLmER EXPERIMENT: ALICE

E-t' T T
b 6 s, pe2 Gl
-
T ® [aa
c
& Simulabons -
2
L 5] ]
[
w
r
&
a
L 5]
]

1
a7 a7 0B GRS an abs
Hectron eticiency
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Figure 2.20: FID &ficiencies and contaminations as a function of momentum for pions,
kaons and protons as obtained by the TRD.

The TRD detector can also provide hadron identification vin £/ dr measurements,
in a way similar to that implemented b the ITS and TPC detectors. In the cass of
hadrons, the PID algorithm is quite different from that applisd for electrons, using a
combined PID probabiliby over the six lavers of which the TRD is made up of. In Figure
2.20 the efficiencies and contaminations tor the TRD algorthm for 7, I, and p are shown
(efficiency and contamination are defined in the same way as those for the ITS detectar,
see BEq. 2890,
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TOF

In this section, the particle identification procedure applied by the TOF detector will be
described . The details of the algarithm for the matching of the reconstructed tracls »ith
the time signals measured in the Time Of Flight detactor will be provided | as well as an
exhaustive desci pbion of the PID paerfor mance of the detector. The considerable attention
which #ill be paid to the TOF reconstruction and PID is due to the fact that the resulks
which are going to be presented herein derive from an intensive software development

which has gone on during these vears.

Monte Carlo Sample and Detector Simulation

The Meonte Carle event sample has been generated with the HIJIMNG 1.36 generator pro-
gram [78]. It consists of 200 central Ph4-Phb collisions with impact parameter b in the
range J < b« &b fm. The results concerning more peripheral collisions as well as on p4p
events can be found in [7E].

Particle tradeing, signal generation and detector response have been simulated with
GEAINTS [33]. The geometry of the TOF detector used in the simulation is the same as
that described in [71], except for the fact that in the five TOF azimuthal sectors covering
the region 220% < » = 3207 the central modules have been removed to minimize the
amount of material in front of the HMPID detector.

Particle signals at the GEANT leval hoave besn digitized according to o Gaussian
time response. Border effects, lilke the sharing of the parficle signal between neighbour-
ing pads and the dependence of the MEPC fime resclution on the impact point of the
particle within a pad, hoaose been parametrized according to test beam results and hoe
been included in the simulations as described in [34]. The cverall TOF time resclution
assumed in this simulation (orgy = 30 ps) is the (quadratic) sum of different uncer-
tainty contributions, among which the debeckor intrinsic resclution (oumrpc = 40 ps), the
channel-to-channel calibration uncertainty (ooy = 30 ps, see Sac. L 1), and the uncer-
tainty on the determination of the time of the collision (o = 50 ps, see Sec. 4.1). For
more details, see [TH].

Track-TOF signal matching

The starting sample for the traclk-TOF signal mabching procedurs consists of all TPC
tracks which can be successfully extrapalated from the TPC cuter wall (at a radius K ro 2.6
m) to the TOF inner radius (R v 3.7 m). Track exbrapolation to the TOF is performed by
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Figure 2.21: Momentum (a) and pesudarapidity (b) dspendence of the fraction of TPC
tracks rdeasing asignal on TOF which are extrapolated to the TOF inner
radius by the TRD tracking algerithm (dark-shaded histograms), and by
the additional propagation step (light-shadad histograms).

Tractio nof extra polated tracks

Traction of extrapolated racks

the reconstruction procedure in the TRD detactor. By the woor, a5 o consequence of weryr
strict quality criteria applied during the TRD trad: recanstruction (in the TRD, a large
amount of passive maberial is crossed, making the track propagation often fail), many
tracls are stopped betore reaching the TOF, even it they do relense a signal on TOF.
Since this would imply a significant loss of efficiency in the TOF PID procedure, o further
extrapolation step is applied durng the TOF reconstruction tothoss tracls stopped by the
TRD. In this second step, instead of a detailed description, sverage wmlues of the density
and the radiation length of the material crossed by the tracls are used. In this weoor, the
energy loss and multiple scattering cocurring in the TRI are still talen into account. As
can be seen in Figure 2.21 a large amount of trads are reccvered, with the ro 100% of
the TPC tracls which have meleassd a signal on TOF eventually included in the initial
sample of the TOF tracking algorithm. In this way, the asscciation efficiency increases of
a fackor rv 1.3 & 2 (depending on the momentum), while contamination warsens only by
a fackor ro 1.1,

After extrapolation to the TOF inner radius, the tracks are sorted according to their
curvature, in such o woyv that the highest momentum traclks are associated first. In this
way, the contamination due to fake tracls is reduced. Then, a window in [diz,dz] is
openad for each trad:, the width of which depends on the trad: parameters and their
arrcrs. Inside this window, the TOF pads which hove given o signal are searched for in
order to be presslected as candidates for the association. The matching proced ure is then
pedormed as follows:
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Figure 2.22: Momentum dependence of the aficiency (am pty histograms) and contam-
ination (shaded histograms) of the T'OF matching procsdure in Ph4Fh
central events, for primary particlss of different species ((a): pions, (b):
kaoms, (): protons). The contamination contributions coming from tracks
having and not having releassd a signal on TOF are splittad and shown
as dark- and light-shaded histograms (respectively).

¢ Fust, each tmack i5 propogated through the TOF detector, until its estrapolation
crosses one of the preselected pads. The time signal of this pad is then sssociated
tothe trad:.

# Second, the same procedure as before is appliad to those trads the extrapolation of
which did not fall within the achiwe area of any of the preselected TOF pads, but in
this case a looser criberon is adopted. In particular, the TOF signal closest to the
track trajectory is associated, provided that ibs distance is smaller than o predefined
value, d,,... =3 cm. This wmlue is such to optimize the mtic betwean the matching
efficiency and contamination, and is approprately tuned according to the fpe of
events under sbudyv,

Onece a TOF signal is asscoiated to a frack, it is then flagged in order to prevent any
turther asscciation to other tradss, to oroid ambiguous tracl-time sssignments.

The pedformance of the asscciabion algorithm is shown in Figure 2.22 for primany
pions, Jmons and probons in terms of the momentum dependence of the efficiency ™ and

contamination C™defined ns

Eh — 'Th.li Ch — -ql:h.li'

.-"t-:.:.:.lmr ’ -"l-h:.,i + -Th:.,i .

Here, V, o o 15 the number of TPC reconstructed tracks which have relensed a signal on
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TOF,and Ny and NV, . are the number of tracls associated with the correct TOF signal
and with asignal coming from o different particle, respectivelr. As cne can ses, for all the
three particle spacies the matching efficiency increnses with increasing momentum, as a

consequence of o decrensing multiple scattering effect. For what concerns contamination,

misassociation is due to the traclks whidh did not reach the TOF because of interactions
with the materials (or, in the case of lmons, because of decws), but whidh, in any case,
have been extrapolated to the TOF sensifive volume. For these tracks, the subsequent
associabion i5s then done with an uncorrelabed TOF signal. The cther contamination
component derves from tracls which, in fact, hae readched the TOF and have released
a signal, but are then asscciated to a signal coming from ancther particle, because an
incorrect extrapolation was performed. It is worth to say that when a track 15 wrongly
associated to a signal generated by one of its secondaries {which corresponds to the - 10%
of the cases contnbuting to contamination ), nevertheless the TOF FID procedure will
identifr it in a correct wooe, since the mensured time and the caloulated time used for the
FID procedure are still correlatad.

Figure 2.23 shows the performance of the TOF matching algonthm in terms of the
fraction of primary pions, lnons and protons generated in the range |6 — 80| < 15% which
have been asscciated with the correct (light-shaded histograms) or wrong (dark-shaded
histograms) TOF signal. As a reference, the fraction of primardes which reach the TOF
sensitive wolume and release a hit on the detector (empty histogram) is also shown., A
loss in the TOF acceptance can be observed, os a consequence of the TOF dead space
(ro 15% of the total acceptance), of the interactions of parkicles with the materialin front
of the TOF (mostly the TRD ) and of particle decms (especially for kacns ). To be noted
that the momentum threshold for parbicles to each the TOF is stoctly melated to the
magnetic field: for E = 0.5 T, then pu, - 300,350,450 MMeV/c for pions, kaons and
protons respectivel v

Results concerning the performance of the algonthm in case of lower track densities
(dNg,/dy) and of p+p collisions are reported in [TE].

Particle I'dentification

After the tracl- TOF signal matching al gorithm has been applied, the TOF particle iden-
tification procedure is pedormed to all the tracls that have been associated to o signal on
the TOF system. Figure 2.24 is a representation of the TOF PID capabilities, showing,
for all the reconstructed tracls matched with a signal on TOF, the correlation betweean
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Figure 2.23: Fractions of primary picns (a), kaons (b), protons (2] generated in the
angular region |[§ —90°| < 5%, associated to a correct (light-shaded his-
tograms) and incorrect (dark-shaded histograms) signal en TOF, in cen-
tral Pb+FPb collizions. The empy histograms indicats the fraction of pri-
mary particles which reach the TOF sensitive volume and produce a hit
on the detector.

the track momentum and the mass:
—_—

| - I
EI!'IDF'I

calculated from the messured time-of-flight t7™F the reconstructed track length I, and
the track momentum p.

The TOF particle identifcation procedure reliss on the Bovesian approach. The mes
sured time-offlight +7°F is chesen as the PID discriminating varable, and the Gaussian

5 (7°7) s (= (7 - €7 207

is usad as the TOF “detector response function” for different mass hypotheses m; (i =
e, p, ™, Ix, p 7. Basides the measurad time-of-flight, the response function g depends on
other two parameters, the expected time-of-flight fjnp for the i-th mass hypothesis, and
the cverall time resclution o*.

In the caze of Ph4Ph collisions, parbick identification has been applisd cnly for piots, Lacns and
probons, since in these collisions an exceadingly high background is expected for el=chrons.

+The crretall Hime-of-flight resclition o takes inbo acooiint both the Hime teschition of the T OF sysbem
oroF and the ihcetbamby orecs telated b the tecorsbriicksd momenbim and track length:

o= /oo + o2

To be noted that o, ~+ 30 ps depends on the track momentum and track length [B5)].
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Figure 2.24: Mlass separation as a function of momentum as obtained with the Time
f Flight debector in Ph+Pb central collisions.

The expected time-of-flight is caloulated durng trads reconstruction summing up at
each tracling step the time-of-flight increment:

Al = —VF'I"‘”‘T_\,;J_;
)

(2.11)

py being the local estimate of the track momentum, and Al the track length increment
along the trajectory. For more details on the caloulation of £77F see [35).

On the basis of g;, the condifional probabiliby Fi(#™F) to be a particle of fype i is
then assigned to each track, weighting g; bv the a prrorr probability C; for a track to be
an i-particle™
Crg: (7°F )

Cogu(tT9F ) 4 CL g, (P79 ) + O, (79F ) + Coogee (179F ) + Cogp(179F )

SFar the results presenbed here, the probabilibies &, = 0.88, O = 010, ©, = 0.08, Cep = 001 have
been asmiimed, which ate close o the standard pathicle vield levels of the HLII G Monbe Carlo generabor.
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Figure 2.25: Momentum dependence of the aficiency (am pty histograms) and contam-
ination (shaded histograms) of the TOF PID procedure in Fb+4FPh central
events, for primary particles of different species ((a): pions, (b): kacms,
(e): protoms). The dark light-shaded histograms are simed at distinguish-
ing the contamination to each particle specie coming from the others.

with 1 = e, u, m, It, p. Ewentually, the identity of the trad: is defined by the highest
among the P's probabilikies.

The performance of the TOF PID procedure can be described in terms of efficlency
P and contamination CFF | defined as:

s _
Nit) Nali)+ N5 (i)

N(i) being the number of particles of fvpe i (i = 7, K, p) ascciated with asignal on the
TOF system, V(i) the number of +particles correctly identifiad, and N3 (i) the number
of non-i-particles mis-identifisad as particles of type ¢ (322 Eq. 2.9). As can be seen from
Fig. 2.25, a wvery high (> 95%) identification efficiency can be cbiained for pions, almost
constant cver the whole momentum range 0.5 < p < 6 GeV/c, while kacns and protons
show a slightly wome and momentum-dependent pedormance (at meost 3570 At low
momenta, the particle identification for lmons and protons suffers from tracl-TOF signal
mis-associations (and decays, for lmons ), while at high momenta the results are affected
by the decrease of the K /7 and K /p separation power (pions are less sensitive to these
effects, since thev are the most abundant particle type) On the other hand, the PID
contamination varies from a few percents to o 309 and to ~o 15% for pions and protons
(respectively) in the momentum rmnge 0.5 < p < & GeV /e, while for lmons, it ranges
from 20% up to 10% (mestly from pions, as in the case of proton contamination), for
momenta 0.5 < p < 3 GeV/c. Analogously to what happens for efficiency, the main
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A Larce Iow CoLLmER EXPERIMENT: ALICE

T ol 8 o, 8 ol
os oe os
a) b 2
i i i
(= T = oF (= T
W gg W g W gg
i s Il_l__d_ N i a0 i s
A .—"||'—||._
T o4 T o4 1~ Tos =L
=T O oz _,—’_’_ | =T
oz o L oz
o o | ) o
Bz 3 4 s & b o5 1 15 = z5 = =2 1z z 4 s &
p (GeY/c) p(GeVic) p{Gevic)

Figure 2.26: Momentum dependence of the overall efficiency of the TOF PID procedure
for primary particles of different species gensrated in theregion |[§— 07| <
457 ({a): pions, (b): kacns, (c): protons).

conbribution to contamination in the low momentum region comes from trad:-TOF signal
mis-associations, while at high momenta the time-of-flight separation power plovs a crucial
role,

Figure 2.26 shows the comresponding overall TOF PID efficiencies with respect to
primary tracls generated in the | — 90°% < 45° regicn. Here, the track reconstruction
efficiency, the effect of the TOF dead zones, the losses due to particle decoys and inter-
actions affect the PID efficiency itsalf.

It should ke pointed cut that the results presented here, especially for what con-
cerns PID contamination, are strongly influenced by the relatiwe particle concentrations
adoptad , and maov varr significantly at LHC. In particular, if the produckion rates of pions,
lmons and protons become comparable at momenta > 1.5 GeV /¢, as currently suggested
by RHIC results [36], then a substantial improvement in the kacn contamination will be

expactad.

Results concerning the depandence of the TOF PID procedure cn the time rescution
of the TOF svstem are reporked in [TE], as well as these concerning the trad:-density and
centrality dependence.

HMPID

Hadron identification in the high momentum range (1 < pr < 3 GeV/c far 7 and K, and
1< pr <5 GeV/ctor plwill be provided in ALICE by the HIMPID detector.

The identification in the HRMPID starts from tracls ecdimapolated from the central
detectors (ITS, TPC, TRD, TOF) and consists in an association between atrack and a mip
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cluster (see [37] for details). Durng reconstruction, the inclination angle 8- with which
ench track impacts on the HMPID detactor has to be determined with high precision,
since it is crucial for the reconstruction of the Cherenliow ring, and, as a consequence,
for the particle identification itself. The efficiency and contamination for the HLMPID
reconstruction are shown in Fig. 2.27 as a function of momentum. The loss of efficlency
at high momenta is mainlv due to multiple scattering effects.
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Figure 2.27: Track-mip cluster matchin g efficiency (full quares) and probahility of mis-
matching (open squares | as a function of momentum for pions, kaons, and
protons in the HMPID.

Aftar having reconstrucked the Cherenliowr pattern using an improved wersion of the
Hough Transformation Method (HTRI) [33], the probability that a given reconstructed
Cherenlov angle #- belongs to the probability density function of the i-particle (i = 7,
I, p), falling in the range [4,8 + 49, is

Pz e = Gaum[t‘c,a'ﬂzlt'ldt‘,

where 8 ; can be cbiained from the response funchion of the detector. Then, the proba-
bility that a gwen particle with 82 is of tvpe t =7, Iv, p is:
B — Gauss|fz,ra. ;)
! Ej—:,};pgm'ﬁlzﬂc:afc.i i
The reconstructed Cherenlooyw angle as a function of the track momentum is shown in

Fig. 2.28, where the bands corresponding to pions {upper), lmons (middle) and protons
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(lower ) can be cbserved. The efficiency £ and contamination © of the HMPID particle
identification procedure are shown in Fig, 2.29 folowing the definitions:
N foud fijeund o [yfeund oy
sil=—qa,  Cl= -"fin'l-l.hﬂ}-l- VEwd | mndr I FE (i =m Kpl,
1 17 15 i

whera ."'fj‘“""d i5 the number of reconstructed rings with Cherenliowr angle in o selectad
range, while ."'f:"" is the number of total simulated rings, for i-type parbicle. For more
details, see [TE].

Theta Cherenkow {rad)

N B S
Momeniu m{GeVic)

Figure 2.28: Beconstructed Cherenliov angle in the HMPID detector as a function of
the track momentum. Equal concentrations for pions, kaons, and protons
have been set (HLI G events, NV, /dy = 6000). Solid lines indicate the
predictad curves for pions (upper) , kacns (middle), and protons (lower).

2.2.3 Combined Particle Identification

Since a combined parbicle identification appreach implies that PID information of different
nature, coming from different detectors, have to be dealt with at the same time, the
particle identification procedure should be as automatic as possible. Moreower, it should
be able to combine signals distobuted according to quite different probability densityr
functicns. The Bavesian approach is able to satisfy these requirements.

- T4-
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Figure 2.70: FID efficiency and contamination for pions, kaons and protons as a fune-
tion of momentum in the HLWVPID.

Bayesian PID with a Single Detector

Let r(s|i) be a conditional probability density function to cbserve in some detector o PID

signal s if a i-type particle is detected (i = e, 0,7, K, p...). Then, the probability wis|i)

(often called PID weight) to be a particle of tvpe ¢ when a signal s is chserved depends

on (s}, but also on how often this fvpe of particle is observed in the expertiment, a sort

of @ priors probability C; to find this particle. So, the Bayes relation can be wrtten as:
i 8|10,

iilsi = . 213
wiils _r|:5|k'n::1 |:

—l'.'..—Ilp.l T

If O; and r(s|i) are not correlated (which is a resscnable hypothesis), then the ris|i)’s
reflect cnly the detector properties (and for this renson theyv are called “detector response
functions" ) and do not depend on any external canditions (either event or track selec-
tions ). On the contrary, the “relative concentrations" ;%5 do not depend on the detector
properties, but reflact the enternal conditions.

The detector PID procedurs first requires the determination of the detector responss
function, according to which a ris|t) wmlue is then assigned to each track. The ris|i)
functicn is usually parametrized with sufficient precision using awailable experimental
data.

Then, the concentraticns C;'s are estimated from a subset of events and tracks sslected
in o specific physics analyvsis. In the simplest approad, the ;s coan be assumed equal,
but thev can be determined more precisely using PID information coming from Jdifferent

- Th -
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detectors (for tracls identified simultanecusly by these detectors, see [T6] for more details).
The absclute normalization of the % is nob imporbant.

Finally, an army os probabilities w(i|s)s can be calculated for each track within the
salected subset.

Bayesian PID Combined over Several Detectors

The Bovesian approach can be used to calculate the combined PID crrar several detactors
which all pedorm particle identification.

Let’s consider the whele syvstem of IV detectors as a single “super-detector™ . Then the
combined PID weights 117(i|5)%s can be written as

R(s[i)C:
DT 1§11 [}

Wiilsy =

which is the analogous of Eq. 2.13. In this case, 8 = s1,82,...,8x 15 a vector of PID
signals detected by each of the IV detectors, C;'s are the same a priorr probahbilities to be
a particle of tyvpe ¢ defined befare, and R(#|i) is the combined response function of the
whole svstem of detectors.

In parbicular, if the PID measurements s;'s are uncorrelated (a5 it is the case for the
ALICE experiment), then the combined response function is the product of the single

response functions:
R

R(5C; = HFI:EJ-H'I. (2.14)
=1
o, the PID weights combined over the whole system of detectors are given by the formula:
N .
Cil iy riiss|)
(i) = H-‘_ 2 E i -, (2.15)
E.L—Ilp.l.'rLJ" ]-_-[_;i—lrl:sjlkl

From the form of Eq. 2.15 it is possible to infer that if for a certain particle momentum one
(or several) of the detectars is not able to pedform particle identification (that is to sy,
the r(s|i)'s are equal for all the particle types), then its contribution cancels cut. On the
contrary, when several detectors are able to separate particle fvpes, their contributions
accumulate, providing an improved combined PID. Moreower, since the single-detector
response functions r(s|i Vs can be chtained in adwanes during the calibration step and the
combined response is given by Eq. 2.14, the calculation of R(5[:) can be done trmcl-by-
track “once and forever” by the reconstruction software, and the results can be stored.

- TG -
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The final PID decision, depending on the ¢ prrorr probabilities ;% whidh, in turn, reflect
the event and track sslection, is then postponed until the phisics analysis of the data.

In ALICE, the PID procedure requires first the determination of the single-detector
response functions r(s|i) by the calibration software. Then, during reconstruction, for
each reconstructed trads, the cambined PID response F(E|i) is calculated, and the effecks
of possible mis-measurements can be accounted for. The results are properly stored, and
will then be used during phyvsics analvsis of the data. Finally, far ench lind of physics
analysis, the analysis software estimates the a prorr probabilities C; %5 according to the
event and trad: selecticn done, and ealculates the PID weights 117(4] ).

There are several advantages in chosing this approach to perform a combined PID.
First, it tales into account thaot for different phyvsics analvses, different PID procedures
have to be appliad (and this can be seen in the dependence of the &i's from the event
and track selection. Then, it allows to combine signals from detectors with quite different
shapes of the PID response funchions. Moreover, 1t 15 fully automatic, without requiring
any mulbidimentional graphical cuts.

Combined PID in ALTCE: Results

Defining the PID efficiency and contamination in the same way o5 in Eqs. 2.12, Fig. 2.3
shows the results of identifiing charged laons using the ITS, TPC and TOF o stand -alone
detectors, as well a5 the performance of the combined PID procedure for central Ph4-Ph
evants at .*.-'m =55 T&V. Only trades reconstructad simultanscusly in all the deteckors
have been used for the analysis. The walues O, =0, C, =0, &, =0.70, Cx =0.15, and
Cp =0.15, have been set.

As can be seen, combining the FID information from different detectors males the
PID efficiency dependence on the particle momentum significantly wealsar. Morecwer, the
efficiency /contamination stays always higher /lower (or of least equal) with respect to the
results obtained by any stand-alone detector PID procedure.

The inclusion of the TRD and HIMPID detectors in the combined PID procedure is
currently under study.

Since the choce of the O particle concentrations is arbitrary, the question on how
much the algortihm is stable with respect to warintions of the )% could arise. Anyway,
detailed simulations have shown that the results of the combined PID over all the ATICE
central debectors are stable writhin a few percents with respect to varnations of the &% up
to at least particle momentum of 3 GaV /e
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Figure 2.30: Momentum dependence of the single-detector efficienciss (s0lid line his-
tograms) and contaminations (points with errer bars) of the chargsd kaon
identification with the ITS (upper left), TPC (upper right) and TOF
(lower left). The combined PID performance in terms of efficiency and
contamination as a function of momentum is alsa shewn (lower right).



Chapter 3

Event By Event Physics in ALICE

3.1 ALICE Physics Program

The ALICE physics program will span over a wide number of cbssrvables in crder to
study the properties of the QCD mabter and of the 0GP state that will be lilely formed
during the very high-anergy, heavy-ion collisions. Some of these chsarmbles are needed
to characterize the global features of the state created durng the collisions, in crder to
define some constraints for the theoretical medels which should describe the evcdution
of the system (e.g. size, lifetime, density...). In this wo, a specific QGP signal, or, at
lenst, some indications of a new physics can be troced. Moreover, global event fentures
can help to determine the initial geometrv of the cdlision and to study how the initial
avallable centre-of-mass energy is redistributed within the accessible phase-space. On the
other hand, event characterization comes, for example, from studies on the centrality of
the event, on charged-particle multiplicity and pseudo-rapidity distributions.
Observables more specifically related tothe dynamic evolution of the hadronie phase,
are for excample, particle ratics and pr distributions. Interferometry (HBT analysis ) allows
measurements of the freeze-cut radius of the hadronic fireball and of the expansion fime in
the mived phase. Anisctropic flowr can help in understanding the dvnamics of the collisicn.
Dpen charm production will probe the parton kinematics at the verv early stages of the
collisions, while quarlonia studies will allow a very detniled study of both suppression
phencmena (due to deconfinement, both for charm and beauty states) and enhancement
(due to recombination, only for charmonium). The study of direct prompt photons at
high pr will be important o investigate hard processes in the dense medium without any
final-state modification, while at low pr, thermal photons trace the thermal evolution of
the system and, in particular, of the hot and early phase of the reaction (lepton pair
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measurements will serve the same aim as direct phobons ). The energy loss experienced by
frest partons in the medium (the sccalled jef guenching) will provide information about the
hot and dense medium created during the collision. Strangeness production is sensitive to
the large s-quark production rate expectad as a consequence of (partial ) chiral symmetry
restoration.

PBesides all these clservables which will be extensivelv studiad bv the ALICE ex-
periment, event-bo-event (E-byw-E) physics is crucial to understand the physics of bullk
properties of matber, as well as high pr particles and jets. In particular, the copability
of the ATICE detector will concentrate on the measurement of temperature and (pr)
tluctuations, Huctuations of conserved quantities, such as the net charge, fluctuations in
azimuthal anisctropy and in space-time parameters (coming from correlation mensure
ments). Meorecwer, it will study the discriented chimal condensate (DCC) as a cause of
tluctuations in the neutral to charged pion ratio, and the importance of jet and mini-jet
preduction in fluctuation messurements and long-range dvnamical correlaticns. Obwi-
ously, since the statistical uncertninty on a single event messurement is inwemealy propor-
ticnal to the square roct of the number of particles produced [-.,.-'T I, a large phase-space
acceptance of the experdment as well as an exdtremely high multiplicity of produced pac-
ticles os required. If in an “average collision” the ccllision energy is close to the critical
energy at which the QGP is created, the E-n~E analyvsis can be used to separate plasma
from non-plasma events [39). A large multiplicity gives the pessibility o

¢ construct single-event spectra (and study the first momentum, as well as higher

momenta of the distributions );

# detarmine single-enant thermeod vnamical quantities, such ns temperature, for o single

evant;

# use stabistics tools as the Central Limit Theorem to study fluchuaticns of single-
event properties in a model-independent v

# select event sub-samples on a single-event basis for a subsequent “semi-inclusive”
analvsis.

ATICE, thanls to its extremely high (especially with respect to post experiments)
particle multiplicity par event, to its unique capability totrack the majorty of the parkicles
produced in aheav-ion collision and toits highly pedorming particls id entification svstem
will be cne of the meost suitable experiments for event-bv-event analvsis.

- B -
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3.2 Event-by-Event Fluctuations in Heavy-Ion Colli-

51015

Fluctusbions affect any phiysical quantity wwhich can be measured in an experiment. In
genaral, the nature, the entity and the arigin of these fluctuations strongly depend on the
svstemn under study, and moy carry important information about it Morecver, analvsis
of fluctuastions on an event-brv-event basis can offer the opportunity to ckserre a v
different physics than sreraging cver a large stabistical sample of events. The E-bo-E
approach in the analysis of Hanburr-Brown-Twiss correlations, for escample, is a common
tool in nuclear physics to get information on the geometry of the system [55,90]). On the
other hand, relics of the early instants of the Universe are locled for via fluctuations in the
cosmic microwave badeground radiation by experiments lilke WHAP [9]] and PLANCI
2],

The study of event-brr-evant fluctuations in ultra-relativistic hesv-ion collisions has
only recently developed. In particular, there are different closses of fluctuations which
can be identihed. Fist, there are guanfum fluctuations, which cocur when the specific
chservable does not commute with the Langrangian describing the svstem (such as the
temporany changs in the amount of energy in o point in space adsing from Heisenberg’s
uncertainty principle, and from which o particle-antiparticle pair can originate). These
are, in fact, of relatively poor importance for high-energy physics. Then, there are sa-
frsfrcal oo frivial fluctuations. These are due to the finiteness of the number of particles
preduced and cbserved, and used to define a particular cbserwmble in a given event (such
a5 the mean transverse momentum and the ratics of mulbiplicities of the different parti-
cles produced ). Finally, dynamiscal fluctuations are related to the properties of the system
and , mote specifically, to its dynamical evolution. Morecwver, among these latter, o further
distinction can be done, between those fluctuations which do net change from event to
event (such as two-particle carrelations ), and theose which cocur only on an event-br-event
baosis, the so-called E-bn-E fluctuations. Examples of these are fluctuations in the mbio of
charged to neutral multiplicifies due to the creation o regions of DCC, or the fluctuations
in the anisctropic flowr due to the presence of regicns with “unusual” soft /hard equations
of state.

Dvnamical fluctuations are closely related to phase transitions, and for this resson
thev hmre been propossd as a powerful tool in high energy phasics. Thev would shed
light on the properties of the systemn created in the collision, and abowe all they would
give evidence for the exdstence of a QOGP phase transition, thus allowing to understand
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the QCD phase diagram itself.

As said in Chapter 1, according to QCD with two mossless quarls, the phase transition
at small barvon density 15 supposed to be of second order, and to become of hrst order
above a certain barvon density, corresponding to the tricritical point. In the more realis
tic scenario with small u and 4 quark: masses, the second crder transition at low bamwon
chemical potential changes intoa cross-over, still remaining a first crder transition at large
barvon chemical potential. The tricritical point then turms inko a criftical one, and this
has to be searched for in ultrarrelativistic hesn-ion ocollisions. Since the crifical point
i5 a ganuine thermodynamic singularnty at which susceptibilibies diverge, the resulting
signatures of freete-ocut near it all share the common property of belng non-monctonic as
a function of an experimentally wmried parameter, such o5 the collision energyr, centrality
rapidity, or ion size. Being sensitive to the nature of the transition, E-bn-E fluctuations
can help to understand the nature of the QD transibion. In particular, large fluctuations
in energy densitv due to QGP droplet formation are expected to ococur if the transition
is of irst order. Second order phase transitions, on the other hand, may lead to diver-
gence in the specific heat, also increasing the fluctuations in energy density due to long
range correlations in the smystem [§3]. Thev manifest o= fluctuations in mean transverse
momentum if matter freezes cut at the critical tempersture T- [94, 95]. Moreowver, the
system freeze-cut near the (trijritical point would also lead to changes in the fluckuation
patbern [93].

Anmvway, E-bo-E fluctuations depend not only on the tvpe and order of the phase tran-
siticn, but also on the speed of which the collision zone goss through the transition, the
degree of equilibrium, the subsequent hadronization process, the amount of rescatterings
betwean hadronization and freece-cut, and so on. It may even be that any sign of the
transition is smenred cut and wiped out before freece-cut as a consequence, tor eccmpla,

of hadronic rescattering and resonance decays.

In the following sections, an cverriew of the most important sources of tluctuations of
E-bn-E fluctuations which can cnginate in high-energv nucleus-nucleus collisions will be
provided.

3.2.1 Non Dynamical Fluctuations

There are some major tvpes of non dyvnamical fluctuations which hore to be dealt with

in heavv ion oollisicns.
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The relative fluctuabion wy in an chservable X can be expressed as:

where -Cl‘:-.,: is the variance of the distributicn and {X) stands for its mean wmlue. The value
ik that can be extracted from expermental daka is the sum of different contributicons, crig-
inating from statistical, tivial, and dynamical sources. Apart from the alrendy mentionead
statistical contribution arsing from the finite particle mulkiplicities (see Sec. 3.2), there
are cther known sources which hawe to be talen into acccunt and properly subtracked.
Among these, the limited detector acceptance influences the obsarved flustuation pat-
tern, as well as geometrical volume fluctuations, and fluctuations coming from the initial
reactions when no further rescatberings coour.

Geometrical fluctusbions are due to the unavoidable uncertainty on the centrality
of the collision, and for this reason thev are called volume fluctuations. In particular,
these fluctuations induce a positive correlation in particle production wwhich doss not
depend cn the infrinsic dyvnamical properties of the collision. Anyvwoy, the effects of wl-
ume fluctuations can be removed when toing to study dynamical fluctuations, defining
proper wariables closely related to the quantities one is interested in. As an exampls, svs
tematic and quantitative studies on mean transverse momentum fluctuations are usually
pedormed using the T measure! [96].

Moreover, fluctuafions in the number of primary collisions and effects of rescattering
of secondanes contribute to the chserved experimental wmlue of wy. Amway, it 5 not
vet clear whether rescatternngs incresse relative fluctuations through greater production
of multiplicity, transverse momenta, ete., or decrense fluctuations by inwlving a grenter

1The ' measire has the peculiar characketistic of beitg independent of the parbicle multipliciby.
Definimg for every parbicle 1

ij=I;—1I,

whete © iz the physical quankity under study (for example the fransretse momentium) and the ovretline
denobes the average vahie of © crret a mingle parbicle inclierre distribubion, then for every svent the quankity:

o
= E ;
i=1

can be obbained, wher= IV & the mimber of parhicles in the =vent. Then the ' varable is defined as=:

|
k]
i =1 —

L= \ v

whete the averages dencbed by angilar brackets are made over the eventbs.
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number of degrees of freedom. With respect to this, tvo limiting cases hae been studied
for example in [87]: first, the participant or “wounded nuclecn medel” (WITK) [93],
in which one assumes that the particle production ooours in the individual participant
nucleons and the rescattering of secondaries is ignored; second, the thermal limit approach
in which scatterings bring the svstem into local thermal equiliboum. To be noted that
the degree of thermalization in a collision can depend on the centrality of the cdlision
itsalf (as volume o impact parameter fluctuations do) [99].

Finallv, cther expectad sources of fluctuations are rescnance decays, Bose-FEinstein
correlations and QCD color fluctuations.

3.2.2 Transversze Energy

In nucleus-nucleus collisions, the transverse energy Er (see Sac. 1.3.1) is an extensive
wariable which provides a direct mensure of the “viclence” of the collision, since it depends
on the number of padicipating nucleons. Er is preduced by redirection of the longitudianl
energy into transverse motion through intersctions in which particles undergo multipls
scattenngs and approach thermalization. £7 is5 also melated to the ensrgy meached in
the collision, and since the energy densify is a crucial parameter for the QGF phaose
transition, the study of £+ and its fluctuations is extremely important. Since the cross
section for o specific £+ walue is strongly affected by the gecmetdc probability of a given
impact parameter, fluctuations in £+ are expected to be affected b those in the impact
parametar.

Figure 3.1 shows the esults obiained by WASS experment on E+ fluctuation analyvs=is.
The sclid curve superimpeosad to the £+ distobution in the left panel shows a Guassian
fit to the distribution. The fluctuations in E+ are shown in the right panel of Fig. 3.1 as
a function of centralitv. In particular, it is possible to ohsarve an increase in the relative
fluctuations of E+ going from central to peripheral collisions.

3.2.3 Mean Transverse Momentum and Energy Fluctuations

The mean transwerse momentum fluctuation measurement has besn cne of the At pro-
posad analvses to establish the existence of the QOGP and investigate its properties. This
is primarily due to the fact that a transwerse motion is generated during the cdlision
(being sensitive to its dyvnamics). Moreower, near the (tr)eritical peint in the QCD
phaose dingram, the E-bo-E fluctuation patbern in transverse momentum should change
significantly, For this renson, messuring deviations of the event-by-event average pr of
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Figure 3.1: Left: Transverse enar gy distribution for the top 2% of the minimum bias
cross-gection events (corresponding to the most central events). Right:
Centrality dependence (expressed as cross-section percentage) of the rel-
ative fluctuations in total transverse enmergy E+. The results have been
obtainad by the WASS experiment [100].

produced charged particles from the expectation for statistically independent particle
emission would be very important and meaningful.

In particular, E-by-E fluctuations of {pr) are sensitive to models describing nuclear
collisions. For encample, models considering them just os the superposition of independent
p+p oollisions predict much larger fluctuations compared to medels including significant
re-scatbering from secondanes. In addition to this, the strength of the fluctuations should
be directly related to fundamental properties of the system, such as the specific heat and

the matter compressibility. A detailed dicussion of transverse momentum fluctuations can

be found in [93]. To be noted that also the formation of the DCC could result in (pr)
tluctuations.

Figure 3.2 shows the results of the study of the PHEINTY experiment on mean trans
verse momentum fluctuations. The statistical controbutions hawe been subtracted thanls
o the use of a “mixed event” constructed as a reference sample (see [101] for a description
of the technique). The comparson of the data writh mixed events is shown also in terms of
residuals of the difference between the data and the mixed event distributions in units of
standard deviations of the individual data paints (see [102] for more details). As found by
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Figure 3.2: Comparison betwesn the data and mived event {pr) distributions for the
representative 0-5% and 30-35% centrality classes, as abtained by PHEIIC
in Au4Au eollisions (,/5x» = 200 GeV/c) at RHIC. Pansls (a) and (c]
show direct compariscns of the data (points) and normalized mived events
(sclid ling) {pr) distributions. Flots (b) and (d) show the residuals betwesn
the data and the mived events in units of standard deviations of the data
points form the mived event paoints [107].

the PHEINITX Collaboration, a large contibution to the observed non-random fluctuations
is due to the correlation of high pr particles (HBET correlations ), probably related to jet
production [103].

Along with mean transverse energy, the PHENTY experiment has recently carriad on

an analysis on mean transverse energy fluctuations {Er). Figure 3.3 shows the mean

transverse energy distributicns cbained for different centralities. The fluctuations in the
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Figure 3.3: Iean transverse energy distribution messured at BEHIC in Au+Au colli-
sioms (/B = 130 GeV/e) by PHENLY, for the four centrality classes
0-6%, 0-10%, 10-20% and 20-30%. The curves are the random hassline
mived event distributions ussd to evaluate the statistical fluctuation con-
tribution [LO4].

{Er) distributions reveal a non-statistical contribution much of which, however, can be
accounted for by merged clusters (the reconstruction of which was used in the analysis),
and to low energy background (low energy electrons and mucns) [104).

3.2.4 DMultiplicity Fluctuations

Bfultiplicity fluctuaticns are an important quantity to charactenze the evolving svstem in
a hemv-ion collision since they can provide a distinct signal of the QGP phase transiticn.
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Theyv depend on the fype and crder of the transition, on the speed with which the cdlision
zone goes through the transition, on the degres of equilibrinm, the subsequent hadroniza
tion process, the number of rescatterings betwean the hadronization and freece-cut stages
and so on

In the case of multiplicity fluctuabions, predictions wary from a possible enhancement
related to the production of QOGP droplets and to nucleation processes in case of a st
order transition, to astrong suppression as a consequence of arapid freese-cut immed intely
after the phase transition.

Multiplicity fluctustions are bo a large entent affected by statistical and geometrical
fluctuations. The dependence on the centrality of the collision of mulbiplicity fluctustions
has been studied for eample by the IMALD Collaboration [105] in terms of the scaled
variance of the distribution defined as var({V)/ (V). Here var(V) represents the wmriance
of the multiplicity distribution in a given centrality bin, and (V) is the mean of the
distributicn. Figure 3.4 shows the analogous results of the recent analvsis on multiplicity
fluctuations in terms of var(V )/ {V) as measured b the PHENTY experiment [106].

As can be seen, a non-monctonic behavicur is found. Morecwver, positively and neg
ativelyr charged multiplicities are very similar, while the corresponding values when con-
sidering all the charged particles are larger. This is probably a consequence of charge

conserabion.

3.2.5 MNet Charge Fluctuations

Recent thecretical studies have revealed that a diostic decresse in the event-br-event
fluctuations of the net charge should cocur in loeal phase-space regions as a signature
of the plesma state [107, 108, 109]). These fluctuations should net be related to the
transition itself, but rather with the charge distribution in the plasma phase. The idea
which lies under this prediction states that the charge carriers in the plasma should carny
less charge than the carriers in ardinary hadronic matter. As a result, the charge would
be even more uniformly distibuted in a plasma. Ik is not still clear, however, how the
croginal distribution mav survive the transition baclk to ordinary matter.

IMet charge fluctuations are influenced by hadronic resonance decoms, which ooour
independently on deconfinement. Asa matter of fact, in the absence of a OGP, deviations
trom statistical behavicur can be used to investigate the abundance of, for encample, the
p and w mesons. Anyvway, since charge is a conserved quantity, then fluctuations will
be further reduced. To be noted that the net charge fluctusbions, because of resonance
decoos inbo correlated poirs of one positive and one negative particle, and because of
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Figure 2.4: Inclusive (top), negatively charged (bottom, left] and positively chargad
(bottom, right) particls multiplicities in terms of the scalad variance as
a function of centrality in heayy-ion interactions, as measured by the
PHENIX evperiment at BHIC [L06]. The aror bars incude statistical
and systematic errors.

charge conservation law, will decrense as the expernmental acceptance incrensas.

et charge fluctuations are usually studied considering the variables B = ny/n_ (the
matio betwean positive and negative particles) and ! = ny —n_, the net charge. Figure 3.5
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corresponds to 5% of the events the full sampls of which covers 92% of the
indlastic croes-ssction, such that class 20 is the most central one Ses [110]

for more details.

showrs the normalized vanance LII:I] IZ'-%. = R,i), defined as:

where T'({X) is the vardance of the varable X and ng =ny +n_, as messured in the
PHENTY experiment at RHIC. The quantity »{ Q) has been multiplied b a factor £ to
compensate for the asymptotic difference between v(R) and w( Q). In asbochastic scenario,
v(i@ ) should be equal o unity, while w{ B} should asymptotically reach 4, as ny, increnses.
A small evcess of positively charged particles can be chsarved growing propectionally writh

4.
The STAR collaboration has also studied E-bn-E net charge fluckuations considering
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Figure 3.8: Top: Dynamical net charge fluctuations 1 _ 4., measured in the pesudora-
pidity range || < 0.5 as & function of the total charged particle multiplicity
M in || < 0.75, for STAR Au+Au collisions at /55, = 130 GeV. Bot-
tom: Dynamical net charged fluctuations scaled by the average number of
char ged particles I in an event with a given total multiplicity B, Ney_ 4.,
(open cireles), measured in the rapidity range 7| < 0.5 as a function of
the same relative particle multiplicity M in || < 0.75. The dottad line
corresponds to the charge conservation value, while the solid line refers
to & resonance gas, and the solid squares represent the results of HIJIMG
caleulations. See [111] for more details.

the socalled dyvnamical net charge variance defined as:

e = Ny = 1)) (NN =T)) ) (NN
MR A vy (NLN_)’

where the notation {V) iz used to expres an event average and WV, and N_ refer to the
multiplicities of positively and negatively charged particles, respectively. Details on the
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properties of vy 4., can be found in [111]. The top panel of Figure 3.6 shows the values
of v} _ 4. measured in the pseudorapidity range || < 0.5, obtained for AudAu colli-
sions at /5y = 130 GeV as a function of the total multiplicity measured in |7| < 0.75.
The negative wmlue of 1y _ 4y, indicates that positive and negabive particles are correlated
in the collisions. Moreover, the dynamical net charge vanance decrenses moncbonically
with increasing collision centrality, which can be understood from the fact that more cen-
tral Au4Au collisions involve an incressing number of “suboollisions" , with the resulting
decrense of two-particle correlations and the reduckion of vy _ 4.

The bobtom panel of Fig. 3.6 shows the dynamical net charge wmriance scaled by the
mrerage number of charged particles in an event with a given multiplicity M, whidch should
be independent of collision centralityv if no significant waristicn in the mechanism of the
particle production arises when changing the collision centrality. This, in fact, is not
observed , suggesting that there could be rescattering effects or other dynamical effects
related to centrality, which have to be further investignbed.

3.2.6 Particle Ratio Fluctuations

Early thecretical investigations [17] have suggested that if the free enthalpy difference
betwean the plasma and the hadronic phase was high, marked cverheating-supercocling
fluctustions may coour at about the crtical temperature T-. These fluctuaticas wrould
then manifest in a broadening of the event-bv-event lmon to pion total visld mmtic. hMore-
crver , it is claimed that near the QCD phase boundary, and especially near the (trijcritical
point, the pattern of E-bn-E particle ratio fluctusbions should change.

Since it is suggested that strangeness fluctuations, especially in the Ik /7 ratio, should
be sensitive to the 0 GF phase transition, a lot of attention has been put on particle ratio
fluctuations studies. This observable has the intrinsic advantage of not being influenced
b volume and impact parameter fluctuations, since by simply incressing /decreasing the
volume or centrality the orerage number of both types of particles scales up /down by the
same amount, and cancels cut in the ratio.

Figure 3.7 shows the distributions of the I /7 and p /7 ratics obtained from the ITA48
expeariment for the 3.5% most central Ph4+Ph collisions at '-.-"'m = 20, 4] and 160 GeV.
Here, the relative width of the distribution & = rms/mean « 100% is the sum of four
main contributions: the stafisbical fluctuations due to the finite particle mmltiplicities,
the expermental resclution which affects particle identification, the effects of the event
bn-event ftting procedure, and the genuine dvnamical fluctuations. After estimating
the contributions due to skakistics and to the detector resclution (with the mixved event
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Figure 3.7: K/t (top) and p/~ (botbtom) ratio distributions for the 3.5% mcet central
Pb4-FPb collisions at ‘_."m = 20,40 180 FeV obtained by the IMALD =x-
periment [113]. Superimpeossd to the points corresponding to values from
data,, the histograms show the mived event results.

technique [101]}, the remaining dyvnamical width is calculated. The observed fluctuations
in Ii/m ratics are positive and decrease with beam energy, as shown in Figure 3.8, On
the contrary, in the case of p/ 7 mbics, the dynamical fluctuations are negative, which can
be a coounted for by resonace decays inbo pions and protons. The compardson with the
UMD model [114], where no fluctustions due to a phase transition are considerad, lends
to the conclusion that, in fact, for p/7 ratics, negative fluctuations are due to resonance
decoos.  On the contrary, for Iv/m mbics, the UrQMD does not reproduce the energy

dependence of the signal, and in this case the finite fluctuation signal is likely to be due
to correlated particle production s a consequence of conservation lowrs.

Figure 3.9 shows the results obtained by the STAR experiment on /7 mbic mea
surements for Au4-Au cdlisions at .*.-'E = 200 GeV. The approach used was the same
a5 that adoptad by the [MA48 expenment for the results presented in Figs. 3.7 and 3.5,
The dyvnamical fluctuations in K/7 for top 5% central Au+Au collisions measured by
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STAR are rv £.6% and thev appear to be constant as the collision ensrgy changes. Other
studies concerning the dependence on centrality of the particle mtic dyvnamical wmrhance
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Figure 3.10: Centrality dependence of 14, 4. for AudAu collisions at /555 = 200
el [llﬁ] as measured by STAR at RHIC

3.2.7 Temperature Fluctuations

Dne of the main paramebers in describing hemn-ion collisions is temperature. Since the
matter produced at the very early stages of the cdlision is thought to reach at least
local thermodynamic equilibrium, tryving to understand whether o unique temperature
can traoce the freeze-out, or if tempersbure fluctuations coour from ewent to event is of
extreme interest.

The relation betwesn the temperature and the thermedyvnamics of the syvstem can be
faund in the total heat capacity of the system itself, & [117], defined by

1 _(ATF
o T

Sinoe Oy 15 an extensive quantity, then AT ro 1) -.,.-"T, where ¥ is the number of particles
in the srystem. The role of the heat capacity when studying the thermodvnamics of a

?The particle mbo dynamical fuckuation is defined, in analogy with the nek charge dynamical
flichiation, as:
) _ I:I{I:I": - 1:I:- L T = I:r - 1:I:- . {H)
VI e dym = II":‘:\I ]

T{E My
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svetem reveals in its irregular behavicur when, for eccample, a phose transition ococurs,
depanding not only on the endstence of such a phase transition, but also on ibs nature. If
the specific hent ¢y, defined os ¢ =5 IV, diverges, the coefficient 1 -.,.-'T wvanishes, and
temperature fluctuations are suppressed. For freeze-cut in the crossover (second order)
region, or in the hadronic phase just below the frst crder transition, o 15 finite. As the
(trijcritical point is approached | o diverges and the fluctuations decreass.
Experimentally, temperature fluckuntions can be found vin event-bh-evant pr spectra
analyses. In particular, cne can study the particle pr distributions using the relation:

14N m-l-) (3.1]

—_—— m’ 5 —
Prdor =kl T
where mr is the transwerse mass as defined inSec. 1.3.1, and T is the effective tempearaturs
which relates the freece-cut temperature to the transverse flow velocity (see Egq. 1.5
Analogously, in terms of mr one can write:
s } mr
Biryimz) rv mrexp " :] .

Moreover, the temperskbure varance con be measured through the srerage transverse
mass of the event, defined o:

S

i1
where IV stands for the event mulbiplicity, and the sum runs cwer the event particles. If
the pr spectra follows the exponential form of Eq. 3.1, then pr is related to the event
temperature according to the formula:

= T2 4 2Tm + m°
HT = :

dmrmr H'TJIZmT =

. I+ m

Inverting this, the temperature can be derwed from the messurement of pr, and its
wariance V(T = (T — {T'F° can be cbtainad.

The shortcoming of the approach described abowe 15 that pr 15 subject to pure statis
tical fluctuations. This does not happen when considering the so callad I~mensure [J6],
which has the adwmntages of not being influenced by trvial gecmetrical fluctuations, of
being independent of centrality, and of being equal to cero when inter- particle correlations
are absent (see [113, 119] for an analytical treatment of 3(pr)). The IMALY Collaboration
has recently carried on some studies on $(pr), finding physical values very similar for
p+p and Ph4Phb collisions at the same energy /s, = 158 GeV [120]. Mewvertheless,
sinoe the orgin of transrerse momentum fluctuations should be different in the teo coses,
the results cbiained are skill under study
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3.3 Event-by-Event Fluctuations in ALICE

In the following Secticn, the results from an anslyvsis of the ALICE encpariment perfomance
concerning event-bi-event studies will be pressnbed as the core of this PhD thesis.

First, abref description of the Monte Carlo event sample used will be provided. Then,
the performance of the detector in terms of particle identification (PID ) will be discussad.

Finallv, the event-bv-event fluctuations in identified particle transverse momentum spec-
tra and particle ratics for the ATICE experiment will be illustratad .

3.3.1 Monte Carlo Event Sample and Detector Simulation

The Monte Carlo event sample used for this analvsis consists of about 300 Pb+4+-Pb central
collisions at f'ﬁ = 5.5 TeV genarated with the HIJING 1.36 Mante Carle genarator [T8].
The impact parameter has been chosen to be in the range 0 < b < 5 fm, which corresponds
to the 10%; of the total inelastic cross-section for Ph4-Ph collisions (Jﬁlmm = 8 barn)
at LHC. The magnetic field has been set to B = 0.5 T. GEANTS [83] has been used to
track the particles in the collisions, and to simmulate the detector signals and responses.
Wertenr reconstruction, particle tradcing, and particle identification have been performed
as descrbed in Sec 2.2

The number of generated primaries per event for the three different particle species of
interest in this analysis, i.e. pions, lmons and protons, is reportad in Table 3.1 A trans

Particle Species | Mumber of Primaries
T T8
Ik 745
P 335

Table 3.1: Iean number of primaries per event generatad in the pesudorapidity range
—048 = 7 < 0.9, with transverss momentum 0 < pr < 4 GaV/c The valus
refer to the sample of 300 HINIMNG cantral Pb4Pb events used for the results
presentad in this thesis.

verse momentum cut has been appliad, resulting in the selection of the parbicles with
0 = pr = 4 GeV/c. The upper pr value hos been chosen in agreement with the transverse

momentum range of interest for the event-byv-event temperature fluctuation analvss car-
ried out (see Sec. 3.3.3). The acceptance of the detectors taken into account far particle
identification (which is the first step of this analysis) has influenced the particle selection
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in such a way that for the primanes talken into acoount —0.8 < 7 < 0.8, corresponding to
the central region of the experiment.

3.3.2 Particle Identification in the reference Event Sample

In crder to stud v event-bv-event fluckuations in ATICE in terms of temperature and parti-
cle ratics, first a Particle IDentification (PID ) analysis has been performed . In particular,
the conoern has besn turned on the PID capabilities of the central tracking detectors
ITS and TPC, and of the Time Of Flight detactor. The charged hadron identification
algonthms appliad by these d etectors have already been described in Sec. 2.2.2) while
the combined PID approach has been presented in Sec. 2.2.3. In the following sections,
the parfomance of the ITS, TPC and TOF particle identification applied to the high-
centrality Pb+Pb event sample, specifically generated for the E-bo-E analysis of this
thesis will be discussad. The results of the combinad PID (ITS4+TFPC, ITS+TPCHTOF)
will be provided as well.

The efficiency and the contamination of the particls identification procedurss »ill be
expressed according to the definition given in Eq. 2.8, Moreover, the so-called overall
efficiency caloulated with respect to the generabed primary particles will be presented.

ITS

As already stated in Sec. 2.2.2) the ITS detector is able to identifr particles vin dE/dx
mensurements in the low transverse momentum region. Figure 3.11 shows the efficiency
and contamination for the ITS padicle identification algonthm applied to the event sample
used for this analvsis. The results are shown for padbicles with transverse momentum
greater than 0.25 MeV /e, The upper pr limit has bean set at £ GaV/c, v 1 GeV/c and
ro 1.5 GeV ¢ for plons, loons and protons, respactively. The choice has been driven by
the limited particle separation power of the ITS detector in the high momentum region
(see Fig 2.15), which reflects in the decreasing kacon and proton efficiency drop when
approaching pr v+ 1 GeV/c. MNevertheless, for 0.15 < pr < 0.5 GeV /¢ for lmons, and
0.15 < pr < 1 GeV/c for protons, the efficiency approadhes 90%. In particular, aslightlyr
lerwrer efficiency can be cbserved in the cose of protons at wery low transverse momenta,
mainly due to reconstruction inefficiency. On the other hand, being the most abundant
produced particles, pions can be identified by the ITS up to pr r 4 GeV/c with an
efficiency o 99% in the whole transverse momentum range.

As regards contamination, for pions it stays well below the 10% up to rv 1.5 GaV/c,
where it levels at this vealue. For laons and protons, a rapid rising can be seen start-
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ing from 0.65 GeV/cand 1.5 GeV/c respectively. Agnain, reconstruction defects and the
limited separation power at high momenta are the main causes for the observed contam-
ination walues.

Figure 3.12 shows the cvarall efficiency calculated with respect to the senerated po-
maumnes for the ITS particle idenbibication, for the same event sample. As said in Sec. 2.2.2,
the particle identification cierall efficiency is the sum of different factors which affect the
PID results, moinly the reconstruction efficiency, the effects of dend zones and of particle
decoos and interactions. For this reason, the overall efficiency is always much lower than
the algorithmic efficiency defined in Eq. 28, Table 3.2 gives the overall efficiency for
the ITS particle identihcation integrated , for each particle fype, over the corresponding
momentum rangs. The very low kaon cverall efficiency can be explained considering the

high amount of decor processes thev undergio.

| Particle species | pr range (GeV /c) | Overall Efficiency |
™ 015 < pr < 4 4%
0o 0.15 = pr = 105 307

| P 0.15 < pr < 165 0% |

Table 3.2: [TS particle identification cverall efficiency for =, K, and p integrated cver
the correponding transverse momentum range.

TPC

The TPC particle identification capabiliby spans crrer a slightly wrider transrerse momen-
tum range than that of the ITS detector. Figure 3.13 shows the efficiency and contam-
ination msults of the TPC PID algorithm when applied o the generated 300 HIJIITG
central event sample. The fransvwermse momentum cut chosen in this case has besn the
same for all the three particle species, that is 0.15 = pr < 4 GeV/c. As it can be seen
trom Fig. 3.13, as in the case of the ITS, pions are identified with an efficiency verr close
to 100%, while in the case of kaons and protons the efficiency sharply decreases starting
from pr = 0.5 GeV /c for koons, and pr = 0.75 GeV/c for protons. At the same fims,
the conbamination level for picns slowly rises from ro 109 and then levels at about 35%,
while it stmos very high for lmens and protons, ranging from -0 30% to ~ 8357 for loeons,
and from ro 10% up to rv 85% for protons, with a strong dependence on pr. The results
show that particle identification (apart from the obvicus and in a sense “trivial" case of
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plons ) can not be pedormed of intermediate and relativelv high momenta just using the
TPC (or the ITS) detector, although in the relativistic ragion the TPC is able to previde
again a useful PID information [7E].

Figure 3.1+ shows the cwerall 7, Iv, and p efficiencies with respect to the generated
primares for the TPO PID procedure. The walues of the overall efficiencies integrated

et the whele transverse momentum range are reported in Table 3.3

| Particle species | pr range (GeV /c) | Overall Efficiency |

| a 015 < pr =+ | 76% |
I 0.15 < pr = 4 249
P 0.15 < pr < & 3%

Table 3.3: TP particle identification overall efficiency for =, K, and p integrated over
the corresponding transverse momentum rangs.

ITS and TPC Combined PID

Figure 3.15 shows the esults of combining the particle identification information coming
from the ITS detector and the TPC detector (for more details, see Sec. 2.2.3), for the
genarated event sample. As one could hare expected | since the PID capability of the ITS
and the TPC considered separately are limited to the low momentum region (apart from
the case of pions ), even combining the information coming from both of them, the results
do not change significantly. In particular, since the ITS particle identification has been
performed for this analysis ina wnr limited pr range for lnons and protons, for these two
particle species the results at intermediate and high pr are the same as those obtained
with the TPC stand-alone PID procedure.

The ITE4+TPC combined PID performance in the case of plons remains still excellant
in terms of efficiency (¢ rv 100% over the whele pr range), and aatisfactary as regards
contamination (C = 30% for 0.15 < pr < 1.5 GeV /c,and C v 35% for higher pr ). Onthe
other hand, for lmons and protons (for which the ITS and TPC particle identification is
mote problematic ), in the case of the combined ITS4+TFC PID, the low momentum region
in which the PID efficiency stays high (=« > 50% ) becomes wider than for the stand-alone
detactor PIT casa. In particular, this holds true in the inkerwl 0.15 < pr < 0.75 tor lmons,
and 0.15 < pr < 1.3 GeV/c for protons. For what concerns Iv and p contamination, at
small transverse momenta the dominant contribution comes from the 1TS.
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The improvement of the combined particle identification with respect to the stand-
alone PID can be alss seen in terms of the overall efficiency, which is shown in Fig. 3.16.
The integrated cverall eficiency wmlues for 7, Ik, and p are reported in Table 3.4, to be
comparad with those in Table 3.2 and 3.3 for the stand-alone detector results.

| Particle species | pr range (GeV /c) | Overall Efficiency |

| T 0.15 < pr = 4 75% |
Ik 0.15 < pr = 4 31%
P 015 < pr = 4 81%

Table 34: I[TS4+TF C combined particle identification cverall efficiency for =, K, and p
integrated over the corresponding transverse momentum rangs.

TOF

Assaid in Sec. 2.2.2) the Time Of Flight detector is able to provide an optimum particle
separabion up to a particle momentum p = 2.5 GeV/c for 7)1y, and p = + GeV ¢ for
Ii/p. Figure 3.17 shows the parficle identification performance of the TOF PID algorthm
{see 2.2.2) in terms of efficiency and contamination, when applied to the ~» 300 HIJING
central events generated for this study. The transverse momentum cut pr = 0.3 GeVje
hos been applied since particles with lower pr would not reach the T OF sensitive sudace
a5 a consequence of the magnetic held. In fact, the incrensed effect of the energy loss
in the case of lkaons and probons should have made the cut be higher (pr = 0.35 and
pr = 045 GeV/c for lmons and protons, respectively ). [Monetheless, for consistency, the
same pr range for m, Iv, and p has bean considered.

As can be seen, the TOF PID efficiency for picns stmps above 95% over almost the
whole pr inberval considered, while for laons and protons it 15 sigmibeantly lower, and
shows o momentum-dependence. In parbicular, as far as lnons are concerned, the efficiency
decrense at low momenta is mainly due to decos and reconstruction failures, which are
responsible also for the fall of the proton efficiency for pr < 1 GeV/c. On the other hand,
at high momenta, the decrenss of the TOF separmtion power males the efficiency become
lowrer. This effect is especially visible in the case of kaons for which the probability to be
mis-identified mestly ss pions is high in the high pr region (see Fig. 2.24).

For what concerns contamination, in the case of pions it ranges from a few percents up

bo rv 0%, coming mainly from lmons. A similar level of contaminaticn can be cheerved
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foar protons [~ 157 over the whole transverse momentum region, pr = 0.45 GeV/c),
even if at small pr it rses up to 0 90%, especially due to pion mis-identification and
because of the verv smmll number of low-pr protons which can actually reach the TOF.
On the contrary, the lmons contamination vares from v 20% up to v 30% in the interval
045 < pr = 3.45 GeV /c. Afb lower transverse momenta, the higher laon contamination
comes especially from pions, while at higher momenta it is a consequence of the reduced
TOF separaokion power.

Figure 3.18 shows the overall TOF FID efficiency for pions, kmons and protons. In
Table 3.5 the values of the same cverall efficiency integrated over the wheole momentum
mange talen into account for the TOF detector are quoted. As can be chserved, with
respect to the cther detectors (ITS and TPC), the TOF cverall efficiency is considerably
lewrar. This is mainly due to the particle losses due to interactions (absorptions) in the
material in front of the TOF, that is to say the material of the TRD detector. In fact,
this reduces the number of praimaries actually reaching the TOF of afactar ~ 1.5+ 2.

| Particle species | pr range (GeV /c) | Overall Efficiency |

-

| T 0.3 < pr = 4 38% |
=k 0.3 < pr =4 1™
P 03 < pr o4 T

Table 3.5: TOF particle identification overall efficiency for =, K, and p integrated over
the corresponding transverse momentum rangs.

ITS+TPCHTOF Combined PID

In this section, the results concerning the combined parficle identification will be pre-
sented , conzmdering all the three detectors, ITS, TPC and TOF. Figure 3.18 shows the
pedcrmance of the combined PID algorithm (see Sec. 2.2.3 foar more details ) when applied
to the event sample. Comparing Fig. 3.15 with Fig. 3.19, the importance of the TOF role
in the particle identification procedure catches cne'’s eve. As far as pions are concerned ,
the combinad PID allows to reduce the contamination from v 30% to ~v 20%, while
the efficiency still stes arcund 999, A significant improvement in the lmon efficiency
can be chserved as well, with 70 < £ < 90% in the low transverse momentum region
(0.15 < pr < 0.75 GeV /c), and an almest constant wmlue £ 0 80% up to pr < 3 GeV/c

At higher transverse momenta, a decrease in the lnon efficiency ococurs, since the TOF
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lmon identification in this region suffers from a reduction in the separation power of the
detactor. [Mevertheless, an efficiency gain of a fackor 1.5 with respect to ITS4TPC par-
ticle identificaticn can be found. For what concerns protons, at low momenta (pr < 1.3
GeV /c) the efficiency ranges from 70 to 907, while at intermediate and high pr, it remains
almeost constant at a walue of -0 60%.

| Ovrerall Efficiency |
Particle species | pr range (GeV ) | ITS4+TPC | ITS4+TPCHTOF
| (GeV/c) | |

T 0.15 < pr < 4 5% 75%
I 015 < pr =4 31% 39%
| B 015 < pr =4 61% 66T |

Table 3.6: [TS+TP C4+T0OF combined particle identification overall efficiency for =, K,
and p integrated cver the corresponding transverss momentum rangs.

On the cther hand, while the contamination for pions and protons is still very low (=
15%, and = 10% for 7 and p respectively), in the case of lnons it is limited to ~ 307 up to
pr < 3 GeV/c, but then it increases up to ~v 65% at pr ~ 4+ GeV /c. This is a consequence
of the combined particle identification technique, which requires that o particle is identified
b af least one detector , such that the contamination coming from mis-identifed particles
in the TPC arses and almost dominates. Such a drawhack in the criterion applied toselect
the particle for the PID procedure is compensated by the advantage of an increased overall
efficiency (see Fig. 3.20), crucial when carrying cut studies on an event-by-event analysis.
Anmvway, since the E-bn-E analvsis which will be presented in the following sections mainly
concentrates on identified charged particles in alimited transverse momentum rangs (up to
pr 2.5 GeV /c), the large lnon contamination ab high momenta becomes less imporbant.
Table 3.6 shows the overall efficiency wmlues for 7, I and p integrated over the whole
momentum region. The same cierall efficiency obtained from the ITE4TPC combined
PID (see Table 3.4) is reported in order to emphasize the particle identification role of
the TOTF detactor..

For a summary, Table 3.7 quotes the efficiencies and contaminations for the three par-
ticle species obtained from the stand-alone PID procedures for the ITS, TPC and TOF de-
tectors, together with the results of the combined PID (ITS4TPC, and ITS+TPC4+TOF )
techniques, integrated over the corresponding transverse momentum ranges.

Moreover, it is important to dedve the overage number of particles of different species
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Efficiency = Contamnation O
uy Ik P ™ 0 P
ITS aT% 61% | T9% | 4% | 1% | 13T
TRC < 100% | 48% | T0% [ 5% | 13% | 2%
ITE4+TERC a8% 3% | T9% | 3% |27 | €%
TOF 967 68% | 75% | 4% [ 179 | 10%
ITS4+TPC4+TOF 88% Te% | 86T | 2% | 22% | 5TR

Table 3.7: Efficiencies and contaminations for =, I, and p using the stand-alone detec-
tor FID procedures and the combined tecniques, integrated over the corre-
sponding momentum ranges (sse tecct for more details).

™ I &) |
Mg 51g3 | 357 | 263
Ny pue | 2058 | 277 | 250
My 1as | 80 | 13

lw!nhﬁ

Table 3.8: Average numbers of identified pions, kaons and protons per event. The dis-
tinction among the correctly (“true”) and the unecorrectly (“wrong”) identi-
fication is reporbed.

that can be identified per event by the combined PID technique. Table 3.3 quotes the
number of pions, kacns and protons which are identifisd in a Ph4-Ph central collision (the
numbers are mean wlues cver rv 300 events). As one can see, even in the case of kaons
and protons, there i5 a considerably high number of identified particles. This will male
ATICE the first experiment able to pedform event-bv-event fluctuation analvsis also for
hadron species other than pions, with a higly efficiency PID and over a wide momentum

range.

3.3.3 Temperature Fluctuations in ALICE
Temperature Fluctuation Results

As already said, thanls to the excellent particle identification capabilities of the ALICE
excperiment discussed in the previcus section, and to the large number of charged parbicles
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per event that will be identihed by ALICE in central Ph4-FPb collisions, an analysis of the
evant-by-event temperature fluctuations will be femsible.

Figure 3.21 shows the transverse momentum particle spectra separntely for pions,
Imons and protons obtained for the 300 HIJIMG central event sample descibed in Sec. 3.3.1.
The distributions referred to as sdenfified have been cbiained with the combined parti-
cle identification procedure presented in Sec. 3.3.2. The labels frue and wrong refer to
correctly identified and mis-identibed particles, respectively. From the shape of the
spectra it is possibile o infer that an exponential fit o the distributicns as discussed in
Sec. 3.2.7 is o reasonable choice. For this reason, an event-by-event fithing procedure has
been appliad to the event sample, using for the particle transverse momentum spectra an
exponsntial funckion of the form:

1 Jd°N
2apr dprdy
Here A and B are the parameters of the fit. In particular, the B parameter is the inverse
of the so-called “effactive” temperature T (B=—1/T) already discussad in Sec. 3.2.7. So
analogousls to Eq. 3.1 we can white:
1 d°N
2mpr dprdy
For the sake of simplicity, from now on we will refer to T7 as to the femperafure of the
distrbution.
Figure 3.22 shows the results of the Athing procedure for cne of the simulated events.
In crder to recover the pr spectma of the charged particles generated in the collision,
the transwerse momentum distributions of the identified hadrons have been corrected.
In particular, two correction factars have besn applisd. The first (£ takes into acccunt
two “efficiency” contrbutions: 1) the limited gecmetrical acceptance of the detectors
(£ ), implying that not all the generated particles undergo the PID procedure discussed
in Sec. 3.53.2; ir) the particle identification efficiency (zpm ), implving that nct all the
generated particles are correctly identified. The second correction factar () is insbead
related to the possible mis-identification of the charged hadrons | Cpn ). From now on, the
pr distobuticons of the identified particles corrected for both efficiency and contamination
will be labelled as recnsirucied spectra. As a result, the relation:
:d_l (reco) =« « O« :ﬂ_l fid), == “epm, C =Cpm (3.4
dprdy dprduy
holds true. Here “recc” refers to the reconstructed spectra, while *id" stands for the pr
distributicns of the identified particles. The efficiency and contamination factors have

=axp(A+ Bpr) (3.2)

1 a5 m
l. |:.._|_.._|I

o expl —

el
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been calculated considering the whole event sample under study. In Fig. 3.22, the gen-
arated transverse momentum spectra for the three particle species are drawn as well, as
reference for the reconstructed spectra.

The it procedure has been applied for all the three particle species in the transverse
momentum range 0.25 <= pr <= 2 GeV/c, which allows a good compromise between the
efficiency and the contamination of the combined particle identification algorithm, and
which sits below the high pr region where the exponential form of the pr spectra is no
more expectad. In particular, it has been found [121, 122, 123] that only up to pr ~~ 1.5-
— 2 GeV/c (above which the pr spectma are expected to follow a power law rather than
an exponential) hydrodynamic meodels are able to well reproduce 7, Iv and p spectm,
assuming that thermal equilibrium tales place and that the created particles are affected
by o commen transverse flow velocity freecing-cut at the same temperatire T, On the
contrary, for pr > 4 GeV/ ¢, the dominant particle production mechanism is the hard seat-
tening described by perfurbative QCD, which produces particles from the fragmentation
of energetic partons, and here a more detailed analysis has still to be pedormed.

Figure 3.23 shows the distobutions of the temperatures obtained for the ~ 300 HI-
JIMG reference event sample, for pions, loons, and protons. The results of the Gaussian
fits performed over the temperature distributicns relative to the reconstructed hadron pr
spectra are shown together with those relative to the generated distobutions. Table 3.8
summarizes the results. A good agresment can be observed among the mean tempers-
ture wmlues obtained considering the pr distributions of the generated primares, and the
reconstructed cnes. A small difference remains, probably due to the Atting procedure of
the spectra which, in fack, are not nogorously exponential.

It could be interesting to compare the results obtained in this analvsis with the data
trom recent enxcperiments, such as those from the PHENTY experiment in Au4Au ool
lisions at /sxx = 130 and 200 GeV [21, 121]. Mewertheless, the results presented in
[21, 121], which show higher temperature values, refer to inclusive identified particle spec-
tra, and not to an event-bhv-event analysis, which has not vet been carned cut by any
hemry-ion collision experiment, but which will be feasible with ALICE, as shown in this
Secticn. Moreover, the analvsis presented here is o simulation aimed ot investigating the
capabilities of ALICE in terms of E-by-E fluctuations studies. As a consequence, such a
comparison with exdsting experiments should talke into account the fact that the HIJIMNG
Meonte Carle generator mav not include some physical effects that instead could cocur in
real collisions. Finally, the slightly different ranges chosen for the htting procedure could
also be responsible for further differences.

Figure 3.24 shows the distributions of the errors on the determination of the temper-
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Particle Species | (T7) Generated (MeV /c) | (T7) Reco (MaV/e) | o(T) Reco (MaV/c) |

T 181.5+0.2 152.24£040.2 37+02 |
=k 21278+0.5 2253+£1.2 l6.5+0.8
P 3010+08 J3e+1.8 2.54+£14

Table 3.9: hean temperature values obtained from the Gaussian fits of the pr distri-
butions for generated and reconstructad =, K and p.

ature parameter from the fitking of the fransvemse momentum spectra distributions for
reconstructed pions, lkaons and protons. Even if for each event the intrinsic value of 4T
is from o statistical orgin, the mean value of the 41" distributions is compatible with the
width of the tempersture distributions, as encpectad .

As a conclusion, the analysis has shown that the ATICE experiment will be able to
perdorm temperature fluctuation studies on an event-byv-event basis, with a precision of the
order of the 2% for identified picns, and of 79 for both kaons and protons |:EEE' Tahle 3.8
Any obsarved fluctuations larger than these wmlues, if not from a known statistical or
svstematic arigin, could be the searched clue for the formation of the QGPF.

Temperature Fluctuation Uncertainties

The uncerbainty on the results from ewent-bv-event studies is largely dus to the limited
number of particles which are talen into account. For this reason, this lkind of analvas
has onlv recently got a footing with the advent of ultrma-relativistic hemv4don cdlision
experiments, capable of preducing a large ameunt of particlas (O(10%)) per event.

Apart from statistical errces, there are other sources of uncertainties, such as the
geometrical acceptance of the detector, in-flight decays, the effects of multiple scattering,
the nuclear interactions with materials in the detectors, and weal decayvs. MMoreower, pr
cuts applied in the PID algornthm, or in the analvsis, and the efficiency and contamination
of the particle identification procedurs con affect the ckbserved particle spectra.

The results presented in the previcus Section have besn ocbtained considenng uncer-
tainties of statistical crgin only, In crder to estimate at what extent the systematic errcrs
on the efficiency and contamination correction factor could affect the results, a study con-
cerning a possible varation of the 10% of these correction factors has been performed.
The choice of the 10% level for the svstematic uncertainty has been driven bv the recent
results from experiments similar to ALICE, such as, for example, PHEINTY [21, 121].
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The strategy adopted to study the svstematic uncerbainty effects on the transverse
momentum distrobutions has taken into acoocunt the fact that since the efficiency and
contamination correction factors are multiplicative (see Eq. 3.4), a constant variation
along the whole spectra would not change the results of the fit in terms of temperature, but
would simply act as a scaling, For this reason, 100 wrival erperrments have been carned
cut. Each time, for each pr bin, a randam efficiency (contamination ) wlue wos extracted
from a simmilated Gaussian distribution centred at the corresponding “Aducial" efficlency
(contamination ) value, with a standard deviation o equal to 10% of the “Aducial” value
itself. The new efficiency (conbamination) fackor was then applied bin per bin to the
identified particle pr specta.

The results of the systematic uncertainty analvsis for the efficiency factor on E-b-E
temperature fluctuations are reported in Figures 3.25, 3.26. In the frst, the distributions
of the mean temperature values (I} of the Gaussian fits to the temperature distributions
obtained for the 100 vofual erperimenis are shown, while Fig. 3.26 presents the standard
deviaticns o {T") ) for the same fits. The same results are reported in Figures 3.27 and 3.23
for the systematic uncertainty analyvsis on the contamination fackors.

As one can see, no significant change in the menn wmlues of the distributions coours,
gither in the case of a 10% wmriation of the efficiency factor or in that of an analogous
wariation of the contamination factor. Similarly, the o of the distributions reflecting the
precision with which the temperature value can be know are not dramatically affected b

svstemabic uncertainties.

3.3.4 Particle Ratio Fluctuations in ALICE

Besides the event-bn-evant temperature fluctuation analyvsis, the particle identification
sktill of the ALICE experment will make it possible also to study particle ratics, in par-
ticular Iv/m and p/7 ratics. Figure 3.28 shows the result of the E-bo~-E partficle ratio
study pedormed on the o 300 HIJIMNG reference events. As in the case of temperature
tluctuations, the particle identification has been parformed with the combined PID alge-
rithm (see Sec. 3.3.2), and the identified particle spactra have been carrected for officlency
and contamination as described in Sec. 3.3.3. The Gaussian fits to the reconstructed par-
ticle mbics distributions are superimposed , as well as the Gaussian fits to the gensrated
ones. Table 3.10 quotes the results of the fits for the generated and reconstricted particles.
As one can se2, the results ngree with each other within the errces.

The intrnnsic wmlue of the particle mbics would be important in crder to determine the

chemical freeze-out temperature, along with the banon density potential. On the other
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Figure 3.29: /% and p/x particle ratios for generatad and reconstructsd particlss in
the reference event sample. The parameters of the fit to the reconstructad
particle ratios are reported in the top right pansl.

Particle Ratio | Gensrated Ratio

Feco Ratio

o Beco Ratio |

/= 0.1063 £0.0003
p/7 0.0558 £0.0002

0.1058 £ 0.000+
0.0558 £ 0.0003

0.00e8 £ 0.0003
0.0051 £ 0.0002

Table 3.10: K /r and p/r particle ratics for generated and reccmstructsd particlss.

hand, the width of the distribution of the E-lbn~E particle ratics would be meaningful in
order tounderstand whether o new stabe of matber has besn created during the collision.
In this sense, future experimental deviations from the results obtained in this analysis, in

which no QGP i5 simulated would be werv interesting and meaningful.

As a conclusion, particle matio fluctuation analysis will be feasible with the ALICE
detector with an uncertainty of the crder of rv 4% and rv 5% fa I/ 7 and p/7 respectively.
If o width in the particle matic distributions larger than that foressen according to this
analvss with no further apparent statistical or systematic origin will be experimentallv
observed , then this would contribute to the likely interpretation of the creation of a new

state of matber.
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Finally, it i5 worth to s that the smstematic uncertainty studies carned out for
tempearature fluctuaticns, in the case of particle ratics hawe not be performed, since in
this case, any dhange in the efficlency and contamination (multiplicative) factors would

cancel cut in the ratio.

3.3.5 dN.,/ dy Dependence

The results presented so far have been cbiained assuming a charged parbicle multiplicity
density per unit rapidity V., /dy rv 4500 (for central Ph+Ph ccollisicns), which derves
from the HIJIMNG Monte Carlo generator. The meost recent studies havwe suggested lower
walues for 4V, /dy, considering also the results from RHIC, The limit wmlue of 41V 4 /dy ro
1500 + 2000 65, 69] would imply a reduction of a factor - 2 £+ 3 in the chserved number
of charged particles, and, in turn, an increase of a factor v -.,-'"FE = -.,.-"E in the uncertainties
on the E-bn-E determination of the temperatures and particle mtics. [Monetheless, even
in the case of a lowear multiplicity, the number of identified 7, Ix and p would still remain
high encugh to perform studies on an event-bo-event bosis, both in terms of temperature
and of particle ratic Huctuations.

On the other hand | a lower charged particle multiplicity would allow to obtain a bet-
ter pedormance as far as track reconstruction and particle identification are concerned
{sea [TE] ), thus limiting (meore than compensating) the negative effect of the smaller statis-
tics arailable. Morecwer, if ab pr = 1.5 GeV /c the relative particle concentrations of 7,
I{ and p become comparable (as suggested from the recent results at RHIC [21]), the
PID performance would substantially improve, especially for lmons and protons. As a
consequence, the uncertainties on temperature and particle ratic measurements would be

signficantly reduced.

3.3.6 Further Remarks

To conclude this Chapter, a brief comment on the TOF detectar role will be given.

As shown in Sec. 3.3.2, the use of the combined particle identificafion technique is
fundamental in crder to maximize the transverse momentum range cwer which the PID
can be applied, with o satistactornr compromise between efficiency and contamination.
Obwicusly, the simultanecus use of different PID information coming from different de-
tectors can slightly detericrate the performance of the single detectors, when the ranges
in which thev can provide particle identification do not overlap and even clash.

A special remark has o be made about the Time Of Flight svstem. The TOF is the
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detector devcbed to charged padticle identification in the lowr and intermediate transverse
momentum rmnge (pr < 4 GeV/c). As a consequence, it plays a fundamental role in
the combined PID procedure, not only incrensing the number of particles which can be
identifiad (which is true every time a detector talses part in the particle identification),
but also allowing bo cover a wider pr range durng the PID. In turns, the TOF particle
identification capability affects at a large extent the E-bv-E fluctuation analvsis. Besides
incressing the parficle multiplicity, it allows to fale into account o transverse momentum
range wider than that the cnly ITS and TPC would be able to cover which is croucial in
the particular case of temperature fluckuaticons.

An analvsis dedicated to the TOF particle identification role in event-by-event studies
hos also been carried cut® It has shown that even if the width of the temparature and
particle ratio distibutions and the uncerbainties elatad to the mean wmlues are larger than
in the combined PIT case (because of the smaller parkicle sample considerad ), the Time
Of Flight is decisive especially for the particle transverse momentum spectra analvses.

*The testiltz of the E-by-E analvei= teing the cnly TOF debeckor PID infotmation are not presenbsd
inn thiz thesizs, for which the choice was made to emphasize the quality of the wholk ALICE debsctor
performance.
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Chapter 4

The Time Of Flight Detector

Calibration

Dne of the main tasls when dealing with an expernment is the calibraticn of the measure-
ment instruments. Calibration is an essential procedure in order o mals the instrument
worls, hence to cbtain o mensurement aos precise as possible of the quantity one is in-
teresbad in; in other words, it 15 essential to male the instrument resclution as small as
possible.

In high-energy physics excperments, the calibration process is verv delicate, since it
requires to deal with verv large and complicated detectors. In particular, the hardvware
complexdity of the whole experiments, and their more and more ambitious physics programs
male calibration a crucial procedure to be carefully studied and developed.

As shown in the previcous Chapher, as far as the ALICE physics program is concernad |
a precise particle identification is required. This implies that the detectors devabed to PID
should be characterized b an enccellent resclution, and | in turns, that thorou gh calibration
algorithms should be provided. In this Chapter, the calibration procedure deweloped for
the Time Of Flight detector will be discussad.

4.1 The Time Of Fligth Detector Resolution

As already said in Sec. 2.2.2, the Time Of Flight detector resclution opop 15 the result of
different contributions. In particular,

b | —_— 2 .'_| 3 3 : .-_| 3 3 !
Tror = Tympe T 20 me + 0o 030 + 202w + T o (4.1
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where oyppe 15 the detector intrinsic resclution, oqpe 15 the HPTDC :EEdu’ciDnl, Timad
is the channel-to-channel ealibration uneertainty, oo,y is the clock® distrbution jither
via the TTC system®, aogrryy is the jitker introduced when distributing the clock in the
TEREM*, and e is the uncertainty on the beam-beam (nucleus-nucleus or nucleon-nucleon )
collision time (see [34] for more details). Table 4.1 quotes the waluss of the different sources
of uncertainty used for the simulation for the results presented in Sec. 2.2.2, as well as for
the ro 300 HIJIMG central events anabroed in Chapter 3.

TroF | TuRPC | TTDS Tzl | Toleek | CITRRD o
B ps | 0ps | XM ps [0 ps | 15ps | Wps | 50 ps

Table 4.1: Values of the individual contributions to the Time OFf Flight resclution used
for the results presented in Chaps. 2 and 3.

It i5 worth to sav that the walue reported in Table 1.1 for what concerns the start
time of the collision (o, ) is, in factk, a conservative estimate usad for this simulation (see
Sec. +2.10). Besides, betber resclutions are likely to be cbtained for the electronics (in
particular, o3 and ooprgyy . This would further improve the Time Of Flight detector
rescluticn.

4.2 The TOF Calibration

The ooy wmlue reported in Table £ 1, relatad to the knowled ge of the channel-to-channel
relative timing and fime slewing effect corrections, is expected to be obtained by online-

1The High Pethormance TDOC (HPTDC) ASIC chip [124] will be 1med to digitize the data for the TOF
srzbem. [k = chatacketized by miill-hit and miili=vent capabilities, providing r=labive e measitement
of =ach hit ak excbetnal trigger arrival.

*The cloxck is the LHC =ignal definitg the bunch creesing fime. [ will be diskributed to all the LHC
expetiments through opbical fibres using the TTC system. The fequency of the clock will be 100079
LIH-.

*The Trigget Timing and and Ceontrol (TCOC) syebem will be encharged of distribubing the LHC
reference clock and trigger signalks to all the different components of the LHC experiments. To guarantes
a lowr jibbet i the dtribution of the clock o those components requiting a high-precision Hime reference
izich a= the T OF |, dedicatsd lin=s uismg singl-mode optical fibres will be viz=d. The =xpected jitter of
thi= high-quality clock will be ~ 30 pe.

4The TDC Beadout Modules (TELL) will digitize the fime information of the hits. Each TER will be
made up of 30 HPTDCs,
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Figure 4.1: Time slewing effect: variation of timing marks due to amplitudes.

offline procedures. In the following Sections, the offline algorthm developed in crder to
limit a5 much as poesible @m,y, that i5 the TOF calibration algornthm, will be presented.

4.2.1 The Time Slewing Effect

The TOF calibration procedure has to take into account different kinds of time delos,
such as the delavs due to cable lengths and these introduced by electronics. With respect
to this, time slewing effects are the major contribution to the detericration of the time
information, coming along with the time jtter due to noise and statistical fluctuations.

As in the majority of the Time Of Flight detectors, the ATICE TOF systern males
use of leading-edge discriminators (LED ). One of the most peculiar features of the LED
technology is that this fipe of disciminator provides a iming mark at the very instance
the detactor signal crosses the thresheld level (which is the only parameter to be adjusted,
maling the set-up very simple). As o consequence, the relative timing of the marlk is
strongly affected by the amplitude of the signal, which corresponds to the socalled time
slewing effect, o5 shown in Fig. 4.1 To be noted that here, the time signals hove been
simplified as straight lines in the leading and trailing regicons instead of the actual analogic
differentinl shapes. FEwen if the A and B signals are generated at the same time, thew
cvercome the thershad at different instants, as aconsequence of their different amplitudes.
As Fig. + 1 shows, larger signals arrive earlier than smaller ones. This is the so-called time
slewing effect and it can be cormrected via offline methods in case together with the the
timing marls themsslwes, the amplitudes of the signals are collacted as well.

There are many parameters which can be usad in order to correct tor time slewing,
such as signal width, slew rate (how much steep the signal is), and charge ameount (corre-
sponding to the signal area) [125]. For the ALICE TOF calibmtion algorithm presented

- 133 -



THE Tivme OF FLIGHT DETECTOR CALIERATION

hereatter, the signal width will be used. It corresponds to the inberval between the leading
and the trailing edges of the signal, in other werds to the Trme over Threshold (TaT)
infor mation.

In the case of the ALICE Time Of Flight detector, after having being amplified and
then discriminated by the LED, the signal is shaped to provide a Time over Threshald
information, in which the leading ed ge corresponds to the time of the hit, and the width
of the signal depends on how long the signal has staved eover the thresheld (which is
equitalent to a measurement of the signal amplitude). The time infomation is then
provided by a HPTDC (High Performance Time fo Digfal Converfer) chip fed with the
signal directly from the cutput of the discominator. For more details on the TOF readout

system see [34]

4.2.2 The TOF Calibration Algorithm

The TOF calibration algorithm philecsophy starks from test beam results. The results
from the latest tests carded cut during July 2004 at the CERI Probon Synchrotron
(P3) facility have been used. In particular, the distributions of the measured times with
respect to the carresponding Time cver Threshold widths have acted as starting point
and bosic input for the TOF calibration in crder to simmulate a time slewing offect as
likelv sis possible. The algorithm hss besn developed considering in the Monte Carlo
sirmilation well-reconstructed tracls, for which the calculation of the expected time can
be sufficiently precise. The use of the expected times (in detail, of the difference between
the expected and the measured times) will allow to unfold the spread due to particle
momentum spectra, as well a5 the different responses in terms of tlight times of different
particle species (particles with different masses would of course take different times to
travel along the same distance as shown in Bg. 2.10), as it will be explained in the next
Sections. The procedure then consists in the determination of a parametrized correction
to be applied to the measured time.

The algorithm pedformance in terms of ooy will be presented, and the results con-
carning the sensitivityr of the algorithm with respect to the number of tracls used for the
calibration will be discussed as well.

4.2.3 Statistical Estimates

The TOF calibration goal is to correct the mensured times for the fime delmrs introduced
by the hardware components of the experiment (mminly cables), and, at the same time,
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for the time slewing effect due to the use of a LED discriminator. The procedure has to
talee into account that o huge amount of channels has to be calibrated individually, since
each TOF channel 15 independent of the others.

The number of events necessar: for a TOTF calibration consistent with the ooy valus
reported in Table 4 1 obvicusly depends on the number of fradis needed to calibrate each
channel, and on the number of “useful” trads per channel | per event. A track is labelled
as “ussful” if it satishes the calibration algonthm requirsments that will be describad in
Sec. .25 (ie. ifit is a selected track). So, the relation:

. 1
-"I'I'\.' = -"'"HE

holds true. Here, IV, is the number of necessary ewents to obtain the desiderad ooy
wmlue, N, is the number of needed tracls for that ooy, and & is the TOF “useful” track
cocupancy (how many “useful” tracls there are in cne event for each channel). A first
rough estimate of NV, can be done. Since from test beams it has been found that -~ 1000
tracks are required to determine sufficiently accurate time slewing corrections, and since
in one Pb4Ph central collision there are at mest ~ O{10°) “useful” tracks per channel
(strongly depending on the calibration procedure requirements ), the number of necessary
events would be o O(10%). A more refined evaluation will be done further on in this
Secticn, once the calibration algorithm will have been properly talen into account.

In erder to know how long it will tale to collect o suthcient number of events, the
ATICE event rates hawe to be considered. In particular, since in a typical datartaking
scenario the Pb4+-Ph central event trigger can be acquired at a rabe of ~ 10-20 Hz [T]],
then rv 1 day of data-taldng would be necessary. In the case of p4p collisians (for which a
track mulkiplicity reduction by a factor 0 0107 ) is expectad with the same track selaction
critaria), the much lower number of “useful” trad:s in an event would make it harder and
mote time consuming to have sufficient statistics. [Mewertheless, as it will be explained
later, also in this case it will be possible to apply the calibration algonthm, with less stnct
track selection criteria because of the verv reduced event il plicity

The estimate of the calibration uncertaintyr can be expressed as:

e

T — f_kx“

where X 15 the calibration parameter dhosen, e is the resclution on X, and k and NV, are
the same as defined abowe. In the TOF case, the choice has fallen on the difference betwean
the expectad time®, for which the particle identity is obtained thanks to a dadicated

EThe expected time is calculabed for mach mass hypothesiz m; (1 = 7, K, p) diring track reconstruction,
according to Eq. 2011,
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particle identificakion procedure, and the measured time. Since in this case o rv DI:II:I: I
pa”, with the same wlues for k and NV, as before, cne would then obtain gy ~ O(10)
ps, in good agreement with the value assumed in Table 4.1

4.2.4 Simulation from Test Beam BResults

As anticipated ot the beginning of this Section, the time slewing effect has been simulated
starking from test beam results.

The tests were carded out in Julv 2004 at the T10 beam line of the CERDI P3S East
Hall using a collimated beam of dharged particles (7~ and p~) with momentum p = 7
GeV /e (see [126, 127] for more detnils).

Figure 4.2 shows three typical examples of Time cver Threshold (ie. signal width)
distributions which have been chtnined durng the tests. From now on, the three coses will
be referred to as case a), cose b) and case o), respectively. As it can be observed, the ToT
distribution shape can wry, showing cne, two, or even three peals. The peak structure is
due to aslight impedance mismatch which mao coour in some channels, interfering with
the nen-linear amplifving characteristic of the front-end ASIC chip [124]. Howewr, as
encplained in the following, a time slewing correction can be applied in all the three coses.

For analysis convenience, the mverage arrival time of the trads (kif fime) measured
during the tests has been shifted to zerc. Figure 4.3 shows the distrbutions of the arrival
hit times (centred at zero) vs. ToT, far the three coses. Because of the centering ab zero,
the distributions show both peositive and negatiwe wmlues, and the residuals with respect to
zaro represant the fime slewing effect. The highly populated regicns that can be obsarvad
correspond to the Time cver Thresholds ranges where the peals seen in Fig. 4.2 lie.

Caoses o), b) and o) will be used for the results presentad in the following sections in
order to simulate the time slewing effects for three different likely experimentsal scenarics.
To be noted that under the real experimental conditions, each channel is expected to
behave differently from the others (as they are all independent ), in such a way that the
time slewing effect will be a peculiar charactenstic of each channel. This will result in a
necessary channel-fo-channe! calibration dealing with a different time slewing effect for
ench channel. Anywaor, tor the sale of simplicity, the results presented in this thesis are
basad on the assumption that all the channels are affactad by the same time slewing (all
the three coses a), b) and ) have been tested ) As a result, the TOF channels have

By takes inbo accoimt both the TOF debector resclubion and the iuncertainky on the track reconstruc-
Homn.

- 136 -



42 — The TOF Calibration

450 F
s00| )
350
300
250
200
150

100
mﬂ_ﬂ_{“
Q

10 18 14 16 185 20 22
ToT (ns)

140

b)

o
-
)

1@ 12 14 16 1& 20 22
ToT (ns)

i 12 14 16 1& 2o 22
ToT (ns)
Figure 4.2: Examples of ToT distributions obtained from test beam measurements.
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Figure 4.3: Arrival hit time (centred at zero) vs. Time over Threshold distributions for
casa al, b) and ¢, as obtained from test beam measurements. The residuals
of the hit times with respect to zero correspond to the time slewing ffact.
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been treated as a whole in crder to take advantage of the limited Monte Carle statistics .
Homrever, in the real enperiment each channel will be treated individually.

To simulate the time slewing effect from test beam results (case a), b) and <)), for
each scenano a function describing the dependence of the measured time slewing from the
obsarved Time over Threshold has been found. In order to do this, a profilmg procedurs
hos been applied to the distributions in Fig. 4.3, in such o waoy that for ench ToT hin,
the mean value of the measured hit times for all the entres falling in that ToT bin has
been calculated, provided that at least 20 measurements had fallen within the bin. If this
was not the case, then the subsequent bin wos merged with the previous cne. Figure 4.4
shows the results of such a procedure for the three scenarics. The messured hit time
dependence on the ToT (corresponding to the dependence of the time slewing effect on
the ToT itself ) has been chtained fitting the distributicns with a S%-crder polvnomial
tunction, which well reproduces the data in the ToT range of interest.

In order to develop the TOF calibration procedure, for each scenario (a), b, ore)), the
simmlation of the fime slewing effect has been introduced at the level of digitization for a
sample of central (0 = b = § fm) HIJING Ph4-FPb events. A ToT wmlue has been generated
tor ench track using the hrf or miss Monbe Carlo technique, from the ToT distributions
shown in Fig. 4+ 2. The time slewing contobution has besn calculated according to the gih
order polyvnomial it performed, then added to the cnginal digitized signal. An additicnal
deloy of 2 ns has been introduced, in order to include the simulation of hardware delas.
As o result, a decaltbrafed time signal hnas been asscoiated to ench track. The purposs
of the following calibration procedure step was to recover the addibional delsy from the
decalibrated times, in order to go back to the crnginal digitized detectar signal.

From now on, we will refar to the expected times (obtainad with a dedicated particle
identification combinatorial algorthm) as t*F, to the simulabad criginal times of flight as
TR (ohere the supemecript “ITD" stands for “IMon Decalibrated ), while the decali-
brated times will be labelled = #™7F (since thev represent what will be measured during
data taldng, ie. before TOF calibration). Finallw, 797 ill refer to the calibrated
(correctad ) times.

“Ar a mabber of fack, mince the Time OF Flight debsctor will be sndowed with ~o 180000 read-cik
chamnels, the hlombe Cartl stabisbics necessary to simiilabs a different Hme slewing effect for =ach TOF
chamnel woild have been prohibibee.
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Figure 4.4: Average arrival hit time (centred at zero] vs. Time cver Threshold after
“profiling” (see tect) for casea), b) and ¢}, as obtainad from test beam mea-
surements. The residuals of the hit times with respect to zero correspond
to the time slewing effect. The 5%-crder polynomial fits are superimpassd.
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4.2.5 Tradk Selection

As already stabted at the beginning of this Section, in crder to unfod the time spread
due to the momentum distobutions and to the different particle masses, the dhannel-to
channel calibration parmmeters haove bean determined using the difference betwesn the
expected and the mensured times, At = #F — tT9F (where tT9F is cbtained after the
decalibration procedure). In case of an ewact particle identification (which affects the
¥ value) and of a null decalibration (which, instead, affects 7% ), the mean walue of
the distobution of At should be centred at zero, with a width determined bw the TOF
svstem resolution only. In fact, both particle identification and decalibration intreduce
a deterioration in the messurement of At. On one hand, neither the PID algorthm
described in Sec. 2.2.2 (for what concerns the TOF PID ), nor that in Sec. 2.2.3 (for what
concerns the combined PID technique), can be appplied, since both of them assume TOF
time signals not affected byv any source of delome. For this resson, an alternative and
dedicated particle identification procedure has been studied, which does not rely oo the
a priort knowledge of any information about the TOF time. On the other hand, even
in cose the parficle identities were known, the width of the distribution of At would be
enlarged by time slewing effects because of aworsening of the time resclution, and its mean
value would be shifted because of the delms (both time slewing and hardware delays).
The increased time resclution and the residual shifts are exactly what the calibration
algorthm has to deal with.

As far as the particle identification is concerned, a combinatorial approadh has baen
chosen, which assigns the particle identity bo each track thanls to a 4 minimization
technique. Since the algonthm relies on reconstructed parficles, selection cribena hame
been defined in arder to keep as low as possible mis-identification due to reconstruction
defects. So, the TOF calibration procedure starts from a trad: selection preliminary: step.
In particular:

1. cnlv tradcs which hare been propagated up to the TOF detector and which hare
been associated with o signal on the TOF srstem are taken into account, as the

time of flight information is necessarny:

2. traclks with momentum p < 0.8 GeV/c are disearded, since in this momentum
region the efficiency of the track asociation with a TOF sensitive volume during

reconstruction is too pocor (see Sec. 2.2.2):

. tmacls with p > 1.8 GeV /c are also excluded, since an optimal separation between
the charged hadron species (7, I and p) is easily achievable up to this limit;

Lo
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1. the tracks are required to have a good extrapclation to the priman: vertes® in crder
toensure a reliable caloulation of the expected time:

5. after having determined the minimmim time of flight for the subsample of tracls
selected 5o far, those with a time of flight larger than the minumum bv more than
5 ns ore rejected , in such a way that only the fastest particles (for which the recon-
struction pedormance should be betber) are considerad.

This subsamples of tracls then goes through the combinatonal particls identification
procedure descibed in the following Section.

4.2.6 Combinatorial Particle Identification

The second step of the TOF calibration algonthm is parbicle idenkification. Since the
corrected times of flight are still not svailable at this stage (ie. after decalibraticn, which
corresponds bo the inikial expenmental condition during ATLICE runs), a dedicated proce-
dura has to be used. Hence, the algarithm can not rely on the time of Hlight mensurements
to mesign the particle identity to each trad: (as Eq. 2.10 would require). Monethsless, it
has to be able to pedform parbicle identificabion on the selected sample of tracls with high
efbiciency. In crder to do 50, a combinatonal approach has been chosan.

After having being crdered according to a momentum hierarchy (such that those tracks
with the highest p come first ¥, the selected tracls chtained as described before, are
subdivided into sets of V tmacls each. For the results presented here, V =€ has been set,
as an optimum compromise between the camputing CPU time (37 combinations have to
be processed ) and the algarithm pedformance (the more the tracls, the more efficient the
algorithm). Then, for each set, a combinatoral PID algonthm bosed on finding the best
combinabion L"‘“""'I:rnl,...m_\-  on the 37 mmss hypotheses (m,, my, and M) is applied,
bv minimizing the +*:

EERY [, .I_::Pl:f.l::]_, (+.2)

a5

=1,

where t(m; ) is the start time walue for the i-th particle under the hypothesis its mass
was m;:

Himy) = (m; ) — ¢9F i4.3)

2

The eficdency of this exbrapolation o the inbstackion verbes iz ~ O8% for primary tracke.
“The momentitm ordering i= meant o rediice az much a= poesible the incertainky on reconstruction,
in sich a way that the performance of the subsequient combinatorial PID procedire should improere.
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Figure 4.5: Efficiency and contamination as a function of the track momertum for the
sample of tracls salected for the TOF calibration procsdure.

that is to sy, it is the time offset for track ; o; is the error on the i-th 7 offset:

o’ :a‘zl:f‘.'“]’l:mj Vi et (9, (4.4
Y Al
) tm; ) aT
-:1!":' i = ;"‘ 41 5}
e 1jes (

0

is the sverage ¢ offset for the mass combination C*{m,, .m ).

The maoss combination corresponding to the minimum +° is then chosen to assign to
each track its particle identity. It is worth to s that during the calculation of the +°
tor the warious sets, those sets for which the conhdence level [CL'I is lower than 1% are
discarded. In fact, o detailed study has shewn that in these sets for which CL < 1%,
the mis-identified tradss are mminly mis-asscociated tracls (ie. tracks which hawe been
mabched with a wrong TOF signal ).

Figure 4.5 shows the efficiency and contamination of the combinatonal PID technique
just described. The efficiency is defined as the ratio of the correctly identified particles
|:.-"|-Hli I, to the total number of identified particles (Vi) which will be then used for the
TOTF calibration,

.= Ny

Ny
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Contamination is the complementan: fraction of tracks. The definiticn used in this case
tor the efhciency, different from that of Eq. 2.9, is meant to emphasize the quality of the
track sample which is selected for the calibration algorithm. That is, since (=5 it will be
explained in the next Section) the expected time calculated from a mass hypothesis for
ench track is the kev parameter, the purity of the sample of selected trads used in the
analysis has to be guaranteed, as it seems to be for the combinatonal PID procedurs,
according bo Fig, 4.5,

4.2.7 Calibration Parameter Determination

Finallv, the determination of the calibration parameters has to be performed. The method
used for HIJIMNG tracls in order to simmilate the time slewing effect is ver- similar to the
one adopbed for test beam tracls.

Constant HZE2T
Mean  -0.01596 +0.00093
250 h] Sigma 0.0927 £0.0007

-1 -0.5 1] 0.5 1

™" (ns)

Figure 4.8: Distribution of #*°F — tT9F 4T goanario b)) for well reconstructsd tracls
correctly associated with a TOF time signal (empty histogram). The Gaus-
gian fit to the distribution is superimpossd. The shaded histogram refers to
wall-reconstructad tracls which are, however, mis-associatad to TOF sig-
nals. The track selection has been applisd to a sample of seven HLIIMG
cenitral Pb4Fb avents.

Agnin, the distributions of the decalibrated times of selected trads as a function
of their simulated Time cver Thresheold are fikbad writh a S%-crder polvnomial function.
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Figure 4.7: Distribution of +*F — tT°F (seanario b)) for well reconstructed tracls cor-
rectly associated with a TOF time signal (empty histogram). The Gaus-
gian fit to the distribution is superimpossd. The shaded histogram refers to
well-reconstructad tracks which are, however, mis-associated to TOF zig-
nals. The track selection has been applisd to a sample of seven HLIIMG
central Pb+4Pb events. The time shift of the mean value with respect to
zero corresponds to the 2 ns time delay added to the decalibrated times of
flight to simulate hardware delays.

The parameters of the it are then set as calibration parameters. Under the simplified
hypothesis that all the TOF channels are affected by the same time slewing effact (as a
consequence of having used in thesimulation the same test beam inpub spectrum for all the
channels, were it thespectrum of scenarnc a), b)or o)), the calibration parameters obtained
in this way are considered as effective for all the - 160000 TOF read-cut channels,

In Fig. 4.6, the difference +F — tIEEMND for well recanstructed trads (satisfving both
conditions 1) and 1), sea Sec. £ 2.5) for seven simulated HIJIMNG central Ph+FPh oolli-
sions 15 presented. From now on, scenario b) will be taken aos a reference as it is well-
representative of the real experimental conditicons. To be noted that to determine the
calibmation parameters, a subsamble of only 500 tracls among the selected ones has been
usad, for which twe HIJIMNG Ph4-Ph central events have been necessary (see Sec. L2900
Figure 1.7, instend, shows the distribution of the difference betweean the expected times
and the decalibrated times (#T9F) for the same tracls (scenario b)), As one can see, the
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Constant 210427
Mean -0.000328 £3.000941
Skgma 0.38321 £0.00075
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Figure 4.8: Same as Fig. 4.7 for t=F — tT9F = [ this cass, the 2 ns shift of the mean
value has disappeared, since the calibration procedure has been able to
correct the decalibrated times also for it.

toF ¢t T9F distribution is centrad ak rv —2 ns, as expected from the fact that an additicnal
constant time delsr equal o 2 ns has been added to reproduce the delavs due to hardware.
In both Fig.5s 4.6 and 4.7, the empty histograms refer to tracls which have been ssscciated
to the correct TOF time signal during reconstruckion, while the shaded histograms show
the constribution coming from tradis matched with an uncorrect signal on TOF. The par-
ticle identity of the track used to calculate +*°F comes from the Monte Carlo simulation
information. Superimposed , the Gaussian bt to the correctly associnted tracls is showrn
While for the distribution in Fig. 1.6 the standard deviation of the Gaussian it o ginates
both from the TOF time resclution (oror = 30 ps) and the uncertainty related to tmck
reconstruction |ciew ~ 30 ps), in Fig. 4.7 the time slewing effect contribution sums up.
As o result, the width of #=F — +T9F iz larger than that of ¢=F — 7900 gz avpectad.
The calibration procedure should be able to recower the time resclution due to opop and
Tiwen 00y, With respect to this, in order to evaluate the performance of the calibration
algorithm presented in this Seckion, the =+ —tT9F = digtribution is also shown (Fig. L8),
for the same sample of tradis used for Figs. 46 and 4.7,

Table 42 summarizes the results of the Gaussian fits appliad to the t=F — ORI
t=F _ $TOF e TPl dighributions for the three cases, a), b)), and ¢). The last row of
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Table 1.2 quotes the residual uncertainties due to the calibration procedure. As one can

sea, the resclution ‘:'i'-:nr + o is recoverad within rv 15 ps for all the three scenarcs,
well below the wmlue used during simulation (see Table L 1).

aips) scenaro a) | soenario b) | scenano o
(p=F _ ORI 927 927 g2.7
(PP — ¢ T9F 1049 111.4 106.9
(t=r _ 70Ty 93.8 g3.2 0L 2
Tl 14 1d 17

Table 4.2: Standard deviations of the Gaussian fits to the specified time difference dis-
tributions for the thres scenarios (), b) and e}). The calibration uncertainty
T (388 text) is correspondingly given in the last rew.

M)
&‘m - A A 1 Event
E}E & B ZEvents
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30 ® 3 Events
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25 * 5 Events
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[ |
15 n
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10 me T v
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0 |
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Figure 4.9 Calibratiom uncertainty a5 a functiom of the number of sslectad
tracks/channd used for the determination of the calibration parametsrs.
The diffent symbels refar to the different numbers of events (HIIING,
central Pb+Fb collisicns] which are to be collectad in order to obtain the

corresponding mumber of tracks.

O bvicusly, the residual calibration uncertainty depends cn the itting procedure. With
respect to this, the number of selected tracls per channel which are used to determine the
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calibration parameters from the ot rder pobrnomial function 15 a levstone, as Fig. 1.8
clearly shows. This, in turn, affects the number of events which must be collectad . As one
can see from Fig 48, the uncertainty on the channel-to-channel calibration procedurs
decrenses a5 the number of selected tracls increnses and levels at a wmlue of re 10 ps
already for ro 500 tracks, which is actually the statistics used to compute the values of
Table 4.2,

It should be recallad that the abowe estimabes are based on a charged particls density
dNg,/dy rv 1500, a5 denved from HIJING Pb4+-FPb central events.

4.2.8 Tume Delays

The results presented so far have been cbiained simmulating both the fime slewing effect
and a hyvpothetical time delay due to cable and electronics of 2 ns. In crder to test the
stability of the calibmtion procedure, different delms have then been infroduced in the
decalibration step, namely 0, 5, 8, and 10 ns. Actually, some estimates quantifving the
time delays due o hardware will be possible pricr o calibration in such a war that only
smaller residual contobutions of a few ns are expected to intervene in the measured times
of flight. Anyway, the calibration procedure should be able to correct them as well,
Table 1.3 quotes the uncerbainties on the t=F — ¢ ToFAD gep _ fTOF qesp FTOF, el
distributions (from the applied Gaussian fits) for the five simulated time delays. Again,
scenario b ) has been talen as o reference. Figure 410 summarizes the results, showing

o (ps) 0 ns Delay | 2 ns Delay | 5 ns Delay | 8 ns Delay | 10 ns Delay
i e 827 827 2.4 827 827
(t=F _ +T9F) 1114 1114 110.0 1114 111.4
i — T =) g93.4d g3.2 g93.1 g93.5 R
Tl 3 10 11 12 1

Table 4.3: Standard deviations of the Gaussian fits to the specified time difference dis-
tributions for scenario bj, as a function of time delay. The corresponding
calibration uncertainty ooy (52 tect) appears in the last row.

the residual calibration uncerbainties as a function of the time delsy introduced during
the decalibration step. Ewven if a small dependence of the pedormance of the calibration

procedure on the fime delay appears, the ooy increase with incrensing time delay is of

- 148 -



42 — The TOF Calibration

the crder of o few ps cnly, which means that the algonthm dewloped will indeed be able
to reconer also the residual uncerbainties due o cable length and eleckronics.

0
0 2 4 6 B 10
Delay (ng)

Figure 4.10: Calibration uncertainty as a function of the time dday simmulated during
decalibration.

4.2.9 Required Statistics

The dependence of the calibration procedure perfoarmancs on the number of tradcs showrn
in Fig. 148 clearly influences the amount of statistics needed to cbtain a certain aoy.
With respect to this, the number of events to be collected, which is a crucial point in
high-energy physics experiments, has to be carstully conmiderad.

As Fig. 4.9 shows, in crder tohave amilable given numbers of selected tracls (according
to the criberin previously liskad in this Section ), different numbers of events hawe to be
collacted . This implies that, since increasing the number of events males the calibration
resolution improve, o longer data-taling period is necessary, os the number of events is
larger. Therefore a compromise has to be adopted beteresn the ooy walue one would like
to obtain, and the required statistics.

In the case of Ph4-Ph central collisicns, the calibration algorithm selacts o mean num
ber of tracls per event equal to rv 250, According to Fig. 48, a calibration resdution
of the crder of ~v 15 ps can be achieved using rv 500 selected frads. Since at LHO the
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Pb4-Phb central event trigger is expected to be acquired at a rabe of -+ 10-20 Hz [71], the
number of necessary events is O 10%).

On the other hand, p+p ccllisions (which will be the only runs at ALICE start-up), the
situation is more complicated . These initial runs will be carded cut at THC at a nominal
luminosity £ = 10* cm~—%~! with the requirement to collect the data at the maxdmum
possible rate for the ALICE detectors, which means 1000 events 57, with an expected
mrarnge of 100 events 57, Since in a p4p collision the charged particle mulkiplicitr is
much lower (with rv 2 tmacls reconstructed on average in a Minimum Bias event ), track
reconstruction cocurs in a much cleaner environment, which allows to apply selection
critera much less stringent than for the Pb4+-Pb case. This means that for calibration it
will be possible to male use of all the tracls reaching the TOF and producing a signal on
it, with no further cut on momentum™.

As aresult, in the cose of p4p events, o calibration within ro 35 ps will still be fensible,
with a required event statistics ~v 0107 ). Considering a Minimum Bins p+p event rabe
o 1000 Hz (for the macimum nominal LHC lumincsity durnng p4p runs), this means
ro D104 5 of data-taldng, which is well affardahble.

To summarize, the algorithm developed for the ALICE Time of Flight svstem calibra
ticn has shown o be able to correct the messured times of flight for both time slewing
effects and time delms due to hardware components. The TOF time resclution can be
recoverad with a residual uncertainty which depends on the collected stabistics, in terms
of number of tracls used for the procedure, and of events, which 15 a crucial point in view
of an efbicient datn taldng for phyvsics analvsis. Mevartheless, taking into account the data
taling rate expected for ALICE, both in the case of Ph4+-Pb collisions and of p4p runs,
the calibration algarithm described in this Chapber will be usahble.

4.2.10 The TO Algorithm

The combinatonal particle identification algonthm described in Sec. 4.2.6 can be usad also
to determine the Time Zero (Td) of the event, that is, the reference time of the collision.
In ALICE, the TJ system 15 the detector devoted to the measurement of this time. The
uncertainty with which it will be able o provide such an information (which is essential
for time of Hight measurements ) is ~ 50 ps (see Table L.1). This, in fact, is a conservative
walue set for simulation, which will be replaced with the improved oy = 15 ps that the
T debector is expected to reach in Ph4-Ph ccllisions.

9The p = 0.4 3= /c s=lection will be in aty case applied, since i cotresponds to the minimiim mo-
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Constant 4212 +5.51
Mean Q001423 £0.000388
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Figure 4.11: Event T0 determination for a sample of 120 HIJIMNG central Pb4PDb
events. The Gaussian fit to the distribution is superimposad, and the
results of the fit are reported.

The algorithm used for in the parbicle identification step for the TOF calibration pro-
cedure allows to obtain offline even betber T0 resclutions. As a matter of fact, reminding
Eqs. 4.2, 43, 14 and 4.5, for ench set in which the selected fracls have bean subdivided ,
the (#?(C™*)) (carresponding to the minimum +2) gives the T0 measurement for the sst.
Then, the T0 of each event is:

Figure 4 11 shows the results of the event TO determinstion for the HIJIMG central PH4+-Phb
evant sample described in Sec. 2.2.2. From the Gaussian it applied to the distribution,
one can infer that for Ph+Ph central collisions, the event TO can be measured with an
uncertainty of ~o 5 ps. An analysis performed on p4p events has shown that in this cose,
when the track density is O(10%) times lower compared to central Ph4-Ph events, the
T0 of the event can still be mensured with an awrnge resclution of ro 45 ps. Howear,
in Minimmum Bins p4p events, the much lower track multiplicity makes it possible to

menbiim necessary for the parbicle o reach the TOF in the presence of the magnetic field (e Sec. 3.3.2).
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determine the event T0 using the above algorithm with ob least 2 selected trads™ per

evant only in rv 35% of the coses.

N p4p collisions, the cases whete only fwo tracks are foimd for the TO algorithim may result in
non-Gatssian taik m the event TO distribukion.
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Conclusions

The analvses presented in this thesis have shown the highly perfoarming capabilities of the
ALICE experment in studving hadron vields and transverse momentum particle spectra
in Ph4-Ph central collisions. The basic ingredient for this kind of analysis is particles iden-
tihication, for which the use of a combined PID technique is an advantageous cholce. As
a matter of fact, the simultanecus use of the PID infarmation coming from different de-
tectors entends the particle momentum range over which to perform the analvsis, keeping
the efficiency high with a low contamination.

The number of particles per event whidh are expectad to be identifed in a PL4+Ph
central collisicn at LTHC males ALICE the first hemn-icn experiment capable of studs-
ing on an event-bi-event bosis the transweme momentum spectra for the three charged
hadrons species m, Iv and p. This will be important in order to investignte the possible
non-statistical fluctuations induced in the pr spectra (bemperature fluctuations ) by the
expected phose transition from crdinan: matter to a quark-gluon plosma.

The sensitivity of the ALICE experiment with respect to dyvnamical temperature
fluctuations has besn found to be affected by statistical fluctuaticns of the order of ~o 2%
for pions and rv 79 for knons and protons. Anyv further widening of the temperature dis
tributions that may be detectad , will be a likely signature of the creation of a new state of
matter. The effects of svstematic uncertainties on the correction factors foa efficiency and
contamination applied to the identified particls pr spectra have been evaluated as well. It
has been shown that the mean tempersture values for all the three species (7, I and p)
do not significantly change, as well as the E-bn-E precision with which the tempermtures
are determinad.

Particle ratio fluctuations have also been studied, as one of the most significant sig
natures of any anocmalous strangeness production in heasv-ion collisions. The statistical
uncertainty on the /7 and p/7 rafics as mensured by ALICE will be of the order of
ro % and ro 5%, respectively. Any cbher contribution from dynamical fluctuations due

to new physics will result in an increase of the cheerved values.
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COoN CLUSIONS

Obwicusly, the accurateness with which dyvnamical fluctuations will be ohserved de-
pends on the amplitude of the statistical ones. The results pressntad in this thesis have
been obtained from HIJIMG simulations assuming o charged particle multiplicity per unit
rapidity dVon,/dy v 4500, In case of a reduction of dV 4 /dy by a factor v 2 + 3 (a5 recent
results from RHIC mav suggest), event-by-event studies with ALICE will still be fensible,
since the corresponding reduced (by a factor ~v -.,.-"E - -.,.-"E'l numbers of identified =, Iv and
p would in anyv cose remain high.

Finally, since the pedormance of the ALICE experiment is strongly influenced by the
calibration quality of its detectors, an algorithm dewoted to the Time of Flight detector
calibration has been developed. The calibration procedure has been shown to be able to
correct the messured times of flight with no significant detedoration of the TOF fime
resoluticn. The stabilitv of the procedure with respect to the tvpe of TDCS® spectra has
been wmlidated, as well as with respect to the time delms introduced to simulate the effects
of cable lengths and electornics. As aresult, the TOF calibration algarithm will allow to
correct, at the same time, time slewing effects and delays from hardware. The required
event statistics runs has been evaluated both for Pb4+-Pb central collisions and Bdinimum
Bins p+p collisions, showing that an accurate TOF calibration will be poesible in both

SIS EE,

- 154 -



Bibliography

[1] F. Karsch and E. Lasrmann, Thermedynamics and in-medium hadron propertiss
trom lattice Q CD, in Quark-Gluon Plasma 3, edited bv B ©. Hwa and X. I1. Wang
(World Scientific, Singapore, 2004}, p.1 [arliv:hep-lat/0305025).

[2] B D. Pisarski and F. Wilezek, Phys. Rev. D20 (1934 335,

[3] E. Shurwak, Phys Lett. BT01 (19815 103

[4] 5. Gawin, A. Godisch and R. D, Pisaski, Phys. Rev. D49 (1994) 3079,

[5] B. D. Pisarsld and F. Wilczek, Phys. Rev. D20 (1984) 338,

[6] F. Karsch, E. Laermann and C. Schmidt, Phys. Rev. Lett. B520 (2001) 41.
[7] F. & Brown et al., Phys. Rev. Lett. 65 (1990) 2491

[8] 5. Acld et al, Mucl. Phys. Proc. Suppl 73 (1999) 150

[¢] . Fodar and 5. D. Iatz, Phys. Lett. BS34 (2002) 87.

[10] . Rajagopal and F. Wilezels, hep-ph /0011333;
. Rapp, T. Scifer and E. V. Shuryvak, Annals Phys. 230 (2000) 35;
ML Alford, Ann Rev. Muel Park. Sei. 51 (2001) 131;
I{. Rajagopal, Comments [Mucl. Park. Phys. A2 (2002) 120,

[11] F. Karsch and E. Lastmann, Phys Rev. D5 (1094) 605L,
[12] F. Karsch, E. Lasrmann and 4 Peilert, Phys, Lett. BATS (20007 447
[13] T. Matsui and H. Satz, Phys. Lett. BI17S (1986) 416

- 155 -



BIELIOGRAPHY

[14] P. V. Ruuslmnen, Photons and lepton pairs: The deep probes of quark-gluon plasma,
in Particle Production in Highlvy Ewcited DMatter, H H. Gutbrod and 1. Rafelsld
(Eds. ), TATO ASI Series B: Physics Vol 303 (1993) 593 (Plenum, Mew Yearlk).

[15] D. £’Enterda (2003 ) arXiv:nucl-ex /0502018 and references thersin.

[16] L. Van Hewe, Phys. Lett. B113 (1932) 135;
L. Van Howe, Z. Phys. C21 (1933) 93.

17| J. Kapusta, 3. Pratt, L. bMe Lerran and H. v, Gersdodf, Phys, Lett. B1E3 (18935
1 1 E]
253

[18] H. Ven Gersdodff, Mucl Phys. A461 (1987) 251c.

[19] H. Stéler, A. A. Oglohin and W. Greiner, 7. Phys. A303 (1981) 250.

[20] WAST Collshoration, F. Antincri et al., Eur. Phys. J. Gl (2000) 633.

[21] PHENTX Cdllaboration, 5. 5. Adler et al., Phys. Rev. C69 (2004) 034909,

[22] R 1. Fries, B. Miiller and D. K. Srivastavn, Phys. Rev. Lett. 90 (2003) 132301,
[23] B. G. Zakharovw, JETP Lett. 80 (2004) 1.

[24] J. Kapusta, P. Lichard and D. Seibert, Phys. Rev. D4t (1991 2774, [Erratum: shid
D47 (1963) 4171.]

[25] C. Seng, Phyvs. Rev. C47 (1093) 2861

[26] D. K. Srivastawva, B. Sinha, M. Guylassy and X, IT. Wang, Phys. Lett. B276 (1992
235

[27] 5. Chalaabarky, J. Alam, 3. Raha, B. Sinha, and D). K. Srivastova, Phys. Rev. D48
(1992 3802

[28] . Adcox et al., Mucl, Instrum. Meth. 4499 (2003) 469,
[20] 5. 5. Adler et al., Phys. Rev. Lebt. 94 (2005) 232301,

[30] 1. Rafelski and B Miiller, Phys. Rev. Lett 48 (1982) 1066
P. Koch, B. Miiller and J. Rafelsld, Phys. Rev. 142 (1086) 167,

- 156 -



BIELIOGRAPHY

31] A. ML Rossi et al., Mucl. Phys. B34 (1975) 260
IMA23 Collaboration, J. L. Bailly et al., Phys. Lett. B195 (1937) 609,

[32] T. Alexopoules et al, Phys. Rev. D 43 (1993) 984,

[33] STAR Collshoration, C. Adler et al., Phys. Lett. B 595 (2004) 143,
34] 1. Rafelski, Phys. Rep. 88 (1982) 331.

[35] WAST Collshoration, E. Andersen et ol , Phys. Lett. B440 (1999 401,

36| B L. Mangano, Phenomenclogy of Quarkonium Preduction in Hadronic Collisions
L] L]
hep-ph /8507353:

G. A Schuler, Z. Phys CT1 (19961 317.
[37] R Vogt, Phys Rep. 310 (1999) 197.

[38] 1. P. Blaizot and 1. Y. Ollitrault, Phys. Rev. Lett. 77 (19965 1703;

H. Batz, Colour Deconfinement and J/v Suppression in High Energy Muclear Col-
lisions, hep-ph/8711288;

D Fharzeev, Mucl. Phys. AG33 (1098) 270,
[39] V. Cerny, 1. Horvat, R. Listawa, A. IMogovaand 1. Pisiit, Z. Phys. C46 (1990) 481
J. Hiifner, P. Povh and 5. Gardner, Phys. Lett. B238 (1000} 103;
J. Clevmans and R. L. Thews, Z. Phys. C45 (1990 391
[40] 5. Gupta and H. Satz, Phys. Lett. B233 (1002) 130;
R Viogt, 3. J. Brodsly and P. Hover, [Mucl. Phys. B333 (1992) 643;
M. A Deonchesld, M. B. Ducaki and F. Halzen, Phys. Rev. D40 (1994 1251

[41] R L. Thews, M. Schroaedter and J. Rafelsldi, Phys Rev. G683 (2001) 054005
F. L. Thews and M. L. Mangano, Phys. Rev. CT3 (2008) 014001,

[42] L. Grandchamp and R. Rapp, [Mucl. Phys. AT09 (2002) 115;
L. Grandchamp and K. Rapp, Phys. Lett. B523 (2001) 60,

[43] A. Andronic, P. Braun-Munzinger, 1. Redlich and J. Stachel, Phys. Lett. B571
(2003) 36.

- 157 -



BIELIOGRAPHY

[+4] PHENTX Collaboration, 1. Adcax et al., Phys. Rev. Lett. 83 (2002) 022301,
[45] STAR Collsboration, J. Adams et al |, Phys. Rev. Lett. 91 (2003) 072304
[46] STAR Collsboration, C. Adler et al., Phys. Fev. Lett. 90 (2003) 082302,
[47] STAR Collsheration, J. Adams et al | Phys. Rev. Lett. 93 (2004) 252301,

45| Fox an overview, see Proc. of Quark Matter 2001, J. Phas G: Mucl. Park. Phys, 30
Ll Ll
(2004),

[49] H. Serge, Phys. Rev. Leth. 82 (1999) 2048,

[50] P. F. Kolb, J. Scllfrank and U. Heinz, Phys. Rev. C&2 (2000}, 054809,

[51] STAR Collsheration, J. Adams et al | Phys. Rev. Lett. 92 (2004) 052302,

[52] PHENTX Cellaboration, S. S. Adams et al, Phys. Rev. Lett. 91 (2003) 182301

[53] P. Huovinen, P. Iolb, U. Heinz, P. V. Ruuskanen and 4. 3. Vdeshin, Phys. Leth.
BLO3 (2001) 58

[54] P. K. Sorensen, PRD Thess UCLA (2003, nuclex /0309003,
[55] R Hanbury-Brown and R. Q. Twiss, Phil. MMag. 45 (10545 633,

[56] R Hanbury-Brown and R. Q. Twiss, Mature 177 (1956) 27:
. Hanbury-Brown and R. Q. Twiss, Mature 173 (1956) 1046,

[57] G. Geldhaber, 5. Geldhaber, W. Lae and A, Pais, Phys. Rev. 120 (1960 300,

[58] W. Bauer, C. IL. Gelblee and 5. Pratt, Ann Rev. Mucl Part. Sci. 42 (1002) 7T,
U. Heinz and B. V. Jacak, Ann. Rev. Mucl. Part. Sci. 40 (1999) 520,

[58] 5. Pratt, Phys. Rev. D33 (1986) 1314

[60] U. Heinz, B. Tomasik, U A Wiedemann and ¥. F. Wu, Phys. Rev. Lett. B332
(1996 ) 131,

[61] 5. Pratt, Phys. Rev. Lett. 53 (1034) 1219:
A M. Makhlin and % M. Sinpukovr, Z. Phys. C3 (1983) 69.

- 158 -



BIELIOGRAPHY

[62] U. A Wiedmann, Phys. Rev. C57 (1088) 266;
B. Tomasilk, U. 4 Wiemann and U. Heinz, Mucl. Phys, AGE3 (2000) 753,
U. A Wiemann, P. Scotto and U. Heinz, Phys. Rev. C53 (1995) 913,

[3] STAR Collsberation, J. Adams et al., Phys. Rev, C71 (2005 044006,

[64] M Harrsen, T. Ludlam and 3. O=ald, Mucl Instrum DMeth. A400 (2003) 23
Special Issue on RHIC.

1

[65] I M. Potber, LHC Project Report 36 (1098) and references therein.
[E6] B. B. Bach et al., Phys. Rev, Lett 91 (2003) 052303,
[67] IMN. Armesto and C. Pajares, Ink. J. Mod. Phys. A15 (2000) 2019.

3 S a . . UUS IO . . 201 4l ' uorminen L, S, i
63] 1. J. Eslola, P. V. Ruuskanen, S. 5. Rasanen and J.. Tucminen, Mucl. Phys. B570
(2000) 379.

[69] BL Mardi, J. Phys. Conf Ser. 5 (2005) 143,
[70] ALICE Collaberation, Technical Propesal (19957 CERN/LHCC/95-71

[71] ALICE Collaberation, ALICE: Physics Perfarmance Report Velume I (2003)
CERIN/LHCC 2003-048, Eds. F. Carminati et al. (ALICE Collabomtion), J. Phys.
G: Mucl. Part. Phys. 30 (2004 1517

[72] A. M. Alindinow et al, Mucl. Instrum. Meth, A533 (2004) T4

[73] F. Piuz, Mucl. Instrum. MMeth. A371 (1996) 96:
E. Nappi, Muecl. Intrum MMeth. A471 (2001 13.

[74] M. Bedjidian et al, to appear in the CERI Yellow Bodk of the Wotlshop Hard
Probes in Heavy Jon Collisions at the THC (2003), hep-ph /0311043,

[75] B. Mchanty and J. Serreau, Phys. Rept. 414 (2005) 265,

[f6] ALICE Collabomtion, ALICE: Physics Performance Report Vdume 1T (2005)
CERIT/LHCC 2005-030, Eds. B. Alessandro et al. (ALICE Collaboration ).

[77] http:/ /wwwinfo.cern ch/asdoc/ geantold / GEANTM AT html.

- 154 -



BIELIOGRAPHY

[78] X. M. Wang =t al., Phys. Rev. D4t (1991) 3521:
¥. M. Wang et al., Phys. Rev. Lett. 63 (1982) 1430;
M Grulassy and X. M. Wang, Comput. Phys. Commun. 33 (1894) 307;

OSCAR, Dpen Standard Code and Foutines
http:/ /o3 phyvs columbiaedu /OSCATR

2

[79] R. Fruehwirth et al., Datan Analysis Techniques in HEP, 2nd Edition, Cambridge
University Press, Cambridge (2000).

[30] B. Billior, Mucl. Instrum Meth. A225 (1984) 352,

[31] M. Wiener, Extrapelation and Smeothing of Stationary Time Series, Wiley, Mew
Yerle (1948
W. H. Press, 5. A, Teulolsloy, W.T. Vetterling and B. F. Flannerv, MNumerical
Recipes, Second Edition, Cambridge University Press, Cambridge (1992).

[32] LI Regler and R Friihwirkh, Reconstruction of Charged Tracks (1990), from Tech-
niques £z Concepts of High Energy Physics V, Ed. T. Ferbel, Plenum Publ.:

B Frihwirth, Application of Filter Methods to the Reconstruction of Traclks and
Vertices in Events of Experimental High-Energy Physics (1933), Vienna, HEPHY-
PUB-55-516.

[33] B Brun, F. Bruyant, A IMe Pherson and P. Zanarini, Geant3 User Guide, CERIT
Data Handling Division DD /EE /34 1.

[34] ALICE Cellabaration, Addendum to the Technical Design Report of the Time of
Flight System, CERI/LHCC 2002-16, Addendum to ATICE TDER 8, 24 April 2002

[35] 5. Radomski et al, ALICE Internal Mote 2003-008.

[36] 1. Velkovska for the PHENTY Collaberation, Mucl. Phys. AGSS (2002) 507
[37] D. Di Bari et al., ALICE Internal Icke 2005-048.

[33] D. Di Bari, Mucl. Instrum. Meth. A5G2 {2003) 300.

[39] R. Stock, Proc, of a ITATO Advanced Research Werlsheop on Hot Hadrenic Matter:
Theory and Experiment, June 27-July 1, 1884, Divonne, France, Eds. J. Letessier,
H. Gutbrod and J. Rafelski.

- 1ed -



BIELIOGRAPHY

[00] 5. Pratt, Phys. Rev. Leth. 53 (1084) 1218;
T. Csdrgd and B, Lirstad, Phys. Rev, C54 (10068) 1300;
U. Heinz and B. V. Jacak, Ann Rev. [Mucl Part. Sci 48 (1999), and references

thersin.
[@1] C. L. Bennett ot al., Astrophys. J 533 (2003) 1.

[02] G. de Totki, L. Toffolatti, F. Argiieso, B . Davies, P. Mazzotta, R. B, Partridge,
G.F. Smoot and IM. Vitboro, The Planck Survevor Mission: Astrophysical Prospects,
Proc. of the EC-TMR Conference held in Rome, Italy, October 1983, Eds. L. IMaiani,
F. Melchicrr, IT. Vittorio, American Institute of Physics 476 (1999 204 (Weadbury,
IR

[03] ML Stephancy, I{. Rajagopal and E. Shuryalk, Phys. Lett. Rev. 31 (1993) 4316,
I Stephancy, IL. Rajagopal and E. Shuryaly, Phys. Rev. Dad (19997 114023

[04] L. Stodolsly, Phys. Rev. Lett. 75 (1995) 1044

[05] E. Shuryak, Phys. Lett. B430 (1998) 9.

[06] M Gazdzicld and 3. Mrewezynski, Z. Phys, C54 (1992 127,

[97] H. Heiselberg, Phys. Rept. 351 (2001) 351,

[93] A. Bialas, M. Bleszynski and W. Czyz, Mucl. Phys. B111 (1877 461.

[09] 5. Gawin, Phys. Rev, Leth, 92 (2004) 162301,
[100] WASS Collaboration, M. M. Aggarwal et al., Phys. Rev. CE5 | 2002) 054812
[101] MMA4D Collaboration, 5. V. Afanasiev et al., Phys. Rev. Lett. 36 (2001) 1985,
[102] PHENTY Cdlaboration, K. Adeo: et al., Phys. Rev. Lett. 93 (2004) 092301,
[103] Q. Liv and T. Trainor, Phys. Lett. B5ET (2003) 1584
[104] PHENTY Cdlaboration, K. Adem: et al , Phys. Rew. G866 (2002) 024001,

[105] IMA49 Collaboration, M. BRybezynsld et al, J Phys. Conf. Ser. 5 (2005) 74
[ariv:nucl-ex/0408009).

- 181 -



BIELIOGRAPHY

[106] PHENTY Colabaaticon, to appear in the Proceedings of the 13th International Con-
ference on Ulkrarelativistic Mucleus-ITucleus Collisions: Quarl: Makter 2005 (D0
2005), Budapest, Hungary, 4+-9 Augnst 2005 [aric nuel-ex /05100 78]

[107] 5. Jecn and V. Joch, Phys Rev. Lett 35 (2000) 2076;
ML Bleicher, 3. Jeon and V. Kech, Phys, Revw, G682 (2000) 061902(R.).

[108] M. Asalmwa, U. Heinz and B. Miiller, Phys. Rev. Lett. 85 (2000) 2072,
[10¢] H. Heiselberg and A. D. Jackson, Phys. Rev. C63 (2001) 064804,

[110] PHENTX Cellaboration, 1. Adec: et al., Phys. Rev. Lett. 89 (2002) 082301,
[111] STAR Collsharation, J. Adams et al., Phys. Rev. C63 (2003) 044005,

[112] J. Kapusts and A Melijian, Phys. Rev. D33 (1936) 1304,

[113] C. Roland, J. Phys. G: Mucl. Part. Phys. 31 (2005) 51075,

[114] M. Bleicher et al, J. Phyvs. G: MNucl. Part. Phys. 25 (1099} 1859

[115] C. Reland, J. Phys. G: Mucl. Part. Phys. 30 (2004) 51381,

[11€] 5. D=s, Contribution to 5th International Conference on Physics and Astrophysics
of Quark Gluon Plasma (ICPAQGP 2005), Salt Lake City, Kellnta, India, 3-12
February 2005 [arXiv:nucl-eo/0533023].

[117] L. D. Landau and E. M. Lifshitz, Statistical Physics, (1980, Pergameon Pres, Ox-
ford.

[118] . Korus, 5. Mréwemynsld, M. Rybeswvisld and . Wledaresyk, Phys. Rev, CEL
(2001 054903,

[119] W. M. Alberico, 4. Lawmgno and P. Quamti, Mucl. Phys, AG30 (2000 630,
[120] IMA49 Collaboration, 4. Appelshauser et al., Phys. Lett. B450 (1999 679.
[121] PHENTY Cdlaboration, K. Adem: et al., Phys. Rev. C80 (2004) 024001,

[122] D. Teanev, J. Laurent and E. V. Shuryal, nucl-th /0110037 (2001 );
D. Teaney, J. Laurent and E. V. Shuryalk, Phys. Rev. Lett. 36 (2001) 4735.

- 182 -



BIELIOGRAPHY

[123] P. F. Kelb and R. Rapp, Phys. Rev. CB7 (2003) 044003,

[124] F. Aghinclf, P. Jarran, A. M. Martemiyancy, E. Usenko, H Wenninger,
K C. 5 Williams and A. Zichichi, A Ultra-Fast and Low-Power Front-End Ao

pliher and DiscriminatorASIC Designed for the Multigap Resisbive Plate Chamber,
[ucl. Instrum. Meth. AS33 (20045 183

[125] H. Lim and J. Park, Review of Scientific Instruments 74+ (2003) 3115,

[126] A. Alici, Proceadings of the VIII Waorlshop on Resistive Plate Chambers and Fe-
lated Detectors, Secul, Ivorea Octcber 10-12 2005, in preparabion.

[127] G. Scicli, Procsedings of the VIII Worlshop on Resistive Plate Chambers and e
lated Detectors, Secul, Inoren Octcber 10-12 2005, in preparation.



