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Introduction

According to the latest cosmological theories, a few millionths of a second after
the Big Bang our Universe was in a state characterized by high temperature and
extremely high density. Under these conditions it is assumed that there was a state
of nuclear matter called Quark Gluon Plasma in which these building blocks were
free to move on relatively large distances. After 5 seconds, the temperature of the
Universe had decreased enough to lead to the formation of protons and neutrons,
within which are confined quarks and gluons.

To recreate and study that primordial plasma the ALICE experiment has been
conceived: it currently operates at the Large Hadron Collider at CERN. With an
increase in centre-of-mass energy, with respect to previous colliders, of a factor
almost 30, LHC ( \/spp_pp = 5.5T¢V) is the new frontier for the study of the
quark-gluon plasma. The drastic increase in energy means that LHC will create
hotter and longer-lived drops of QGP matter, therefore enabling a better compari-
son between data and theory.

The first chapter provide an introduction to the theoretical models leading to the
hypothesis of the Quark Gluon Plasma creation and to the observables that could
constitute the probes of its formation. In addition a review on the latest experi-
mental results is supplyied to each argumentation. One of the newest signature
of Quark Gluon Plasma is the elliptic flow that, according latest experimental re-
sults, should be an evidence of partonic collectivity. In the second chapter the
ALICE experiment is introduced and its setup and components are illustrated. In
order to investigate the formation of this new phase of matter, a very performance
apparatus is needed and, in particular, a particle identification over large part of
the phase space has been an important design feature.

Chapter 3 contains the description of the largest detector system for the PID in AL-
ICE: the Time-Of-Flight (TOF) detector. It cover a cilindrical surface of ~ 170m?
in the central acceptance region |1| < 1. The detector exploits the novel technol-
ogy based on the Multigap Resistive Plate Chamber (MRPC) which guarantees the
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excellent performance required for a very large time-of-flight array. The construc-
tion of the ALICE TOF detector has required the assembly of a large number of
MRPC detectors which has been successfully carried out thanks to a careful mass
production controlled by strict quality assurance procedures. Its performance has
been succefully tested during Cosmic Rays tests and during the first operations at
LHC: a first result on the resolution is presented in Chapter 3.

As before introduced, detailed elliptic flow measurements provide indispensable
about high energy density matter. Such measurement are characterized by the
magnitude of the second armonic coefficient v, of the Fourier expansion of the
azimuthal distribution of emitted particles.

In particular, a measure of ¢ meson elliptic flow can lend unique insight on reac-
tion dynamics because its mass is similar to that of the proton even being a meson,
so its v, should be additive with respect to the v, of its two constituent quark: it
should provide an important benchmark test for partonic collectivity. Chapter 4
illustrates a Monte Carlo simulation study on ¢ meson elliptic flow measurement
with the invariant mass method in the ALICE experiment.



Chapter 1

Introduction to Heavy-Ion Physics

1.1 The Standard Model

The Standard Model (SM) is a gauge theory of three of the four known fundamen-
tal interactions, strong, weak and electromagnetic, - gravity has not been incorpo-
rated in the SM -, and the elementary particles that take part in these interactions.
Proposed and developed since the 1960’s, the Standard Model is a comprehensive
theory to which apper to be consistent all the hundreds of particles and complex
interactions; today it’s well established thanks to a large variety of experiments
that has confirmed its prediction; for example the discovery of W and Z bosons
and the precise measurements on their masses.
In this model, the last constituent of matter can be classified in two groups: fermions
and gauge vector bosons. The fermions are defined as elementary particles having
spin of 1/2 and are divide into two families: six quarks (up (u#), down (d), charm
(¢), strange (s), top (¢) and bottom (b)) and six leptons (electron (e), muon (1),
tauon (7 ), and their corresponding neutrinos), each with a corresponding antipar-
ticle.
Pairs from each classification are grouped together to form a generation, as shown
in Fig 1.1, with corresponding particles exhibiting similar physical behavior.
Quarks have a property called color playing the role of charge in the strong
force. The color can take one out of three possible values (conventionally red,
green, and blue ). They do not appear freely: they are confined and appear asso-
ciatedc in hadrons that are colorless (also called white ), i.e. in the corresponding
SU (3)-algebra the colors of the constituent quarks sum to 0. Hadrons are cate-
gorized into two families: baryons and mesons. Baryons consist of three quarks,
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Three Generations
of Matter (Fermions)
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Figure 1.1: Constituent of matter in the Standard Model. [1, 2]

qqq or qqq (e.g. the proton: uud). Mesons consist of two quarks, gg (e.g. the
K*:us). Quarks are affected by the strong, weak, and electromagnetic force. The
remaining six fermions do not carry color charge; e, it and 7 carry electric charge
thus interact electromagnetically. The three neutrinos do not carry electric charge
so their motion is directly influenced only by the weak nuclear force.

The forces between these fermions are mediated by the gauge vector bosons (the
last column of Fig. 1.1). The electromagnetic force between electrically charged
particles is mediated by photons, which is massless and well described by the the-
ory of quantum electrodynamics (QED). The weak interactions between particles
of different flavors are mediated the massive gauge bosons W+ and Z°. These in-
teraction is described by the electroweak theory that includes the electromagnetic
force: it is the first successful theory that treats some of the fundamental forces
that are different at low energies on an equal footing. The strong or color force
interaction between quarks is described in terms of the gauge particles of SU(3) .
These gauge vector bosons are 3%- 1 = 8 and are called gluons. This multiplicity
of gluons is labelled by a combination of color and an anticolor charge. Because
the SU(3) symmetry of the color interaction is believed to be exact, the gluons
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are massless particles. The effective color charge of gluons allow them to interact
among themselves. The gluons and their interactions are described by the theory
of Quantum Chromodynamics (QCD).

However the Standard Model has also limitations that has required extensions

to keep the theory consistent. The most prominent example has been that the
masses of the electroweak gauge bosons, evaluated to zero within the theory.
Something that is clearly inconsistent with experiment.
This situation has been solved by an additional gauge boson added to the theory,
the Higgs boson [3, 4, 5]. The Higgs mechanism generates the masses for the W+
and Z° while the photon remains massless. The scientific community is looking
for this boson since more than two decade; the ATLAS and CMS experiments at
the LHC will try to catch up it since this year.

1.2 Quantum Chromodynamics

Quantum Chromodynamics is the fundamental theory which describes the strong
nuclear interaction [6, 7, 8].

The QCD Lagrangian is closely analogous to the Lagrangian of Quantum Elec-
troDynaimics QED, the theory which governs atomic interactions. It is given by

. 1
L = LW (17" uap = 8511 pAG — MgBa)Wqi — 7 Fuy P (LD)

where repeated indices are summed over. The y* are the Dirac y-matrices. The
Y, .o are quark-field spinors for a quark of flavor g and mass m,, with a color-index
a that runs from a=1 to N¢=3, i.e. quarks come in three colors. The final term, ab-
sent in QED, represents the interaction of the gluon field with itself. This term is
responsible for the qualitatively different nature of matter at the subnuclear scale
than at the atomic one. As mentioned anticipate, the fundamental symmetries of
QCD are described mathematically by the SU(3) group. Physically, this group
corresponds to a theory in which there is a quantum number which can take three
values, the above introduced color flavor, the other quantum number of the the-
ory, gives rise to the six different known quark states (labeled by the subscript ¢
in the Lagrangian) each with a mass and (fractional) electric charge. The three
lightest quarks, up, down and strange, also obey approximate SU(3) symmetry.
This is responsible for the particular pattern of hadronic bound states, called the
Eight-Fold Way by Gell-Mann [9], which inspired the parton model in which the

6
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fundamental particles are no longer the hadrons but the partons inside them. QCD
has two peculiar properties: asymptotic freedom and confinement.

1.2.1 Asymptotic freedom

QCD is characterized by a scale dependent coupling: as a consequence of the
gluon self-coupling, QCD implies that the coupling strenght ¢, the analogue of
the fine-structure constant @ in QED, becomes bigger at large distances or, equiv-
alently, at low momentum transfers. !

QCD does not predict the actual value of o, it definitely predicts the func-
tional form of the energy dependence of 0. While an increasingly large cou-
pling at small energy scales leads to the confinement of quarks and gluons inside
hadrons, the coupling becomes small at high-energy or short-distance reactions;
quarks and gluons are said to be asymptotically free, i.e. o — 0 for momentum
transfers Q — oo. The effective QCD coupling constant ¢is dependent on the
renormalization scale; it can be written as:

1
s Q2 =—"
os(07)) Boin(2)

The By was evaluated at leading order by Gross, Wilczek and Politzer in 1973 [7].
They found that

(1.2)

33—n f
127
where ny is the number of quark flavors at the energy scale Q. A is an important
parameter, technically identical to the energy scale Q where o (Q?) diverges to
infinity. The o has to be determined from experiment: its world average value
is a;(M9) = 0.1184 £0.0007 and for the QCD scale A = 213 +9MeV. Fig. 1.2

shows @ at different energy scale [10].

Due to the asymptotic freedom, the QCD is handled with different energy
scale. The QCD can only be calculated perturbatively in high momentum trans-
fer or short distance approach (pQCD). At the strong coupling case, pQCD is
irrelevant and some other methods are needed, for example Lattice QCD and
AdS/CFT (Anti-de-Sitter Space/Conformal Field Theory).

b=—

(1.3)

e pQCD
Since at high momentum transfer, the o; < 1 and decrease logarithmically

1L arge distances” As correspond to As > 1 fm, “low” momentum transfers to Q < 1 GeV/c
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Figure 1.2: The QCD coupling, ¢ as a function of the momentum scale, Q. The data
is extracted from data from different observables at two different orders in perturbation
theory (open and closed symbols) and compared to a purely perturbative calculation (see
next paragraph). [10]

(very slowly), physics quantities, such as cross sections, can be calculated

to a truncated series with different o, dependence ( Ocs(n+2) ). Since o is very
small, the terms with lowest power n (n = 0) is usually have the largest con-
tribution and called Leading order (LO). The higher order terms usually
have smaller contribution and involves more complicate diagrams which
cause the calculation more diffcult. Depend on the power n, the corrections
are called Next-to-Leading Order (NLO), n = 1, Next-to-Next-to-Leading
Order (NNLO), n = 2, etc. But this is only on parton level. What concern
for the process on hadron level, the hadron structure which involved nonper-
turbative nature has to be take into account. A QCD factorization theorem
was develop to calculate the cross section on hadron level, which separate
the cross section into 2 parts: the process dependent pQCD calculate short
distance parton cross section, and the universal long distance functions. For
example, the cross section for a process A+B — C+... where A, B and C
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are hadrons, can be written as:

OAB— € = faja(Xa, “%)fb/B(xlﬂ UE) @ Bapse($, U7, Mg, /al phas) @ De e (z, UF)
(1.4)
Only the middle term 6, , the parton cross section, can be calculated in
pQCD from Feynman diagrams.
The first term f;, /4 (Xa, uz) or f, /8%, p?) is the hadron Parton Distribu-
tion Function (PDF) and the last term D._,c(z,u2) is the Fragmentation
Function (FF) that describes the transition from a parton to a hadron. For
leptons, these two terms don’t contribute in this formula.
Hence, we can measure PDFs through lepton-nucleon DIS interactions and
FFs through high energy e"e™ collisions. g is the renormalization scale,
originate from the need to regularize divergent momentum integrals in cal-
culating high order diagram loops; UF is the factorization scale, at which the
parton density are evaluated; § is the squared partonic center of mass energy.

Lattice QCD

At low momentum transfer, the QCD coupling constant ¢ approach unity
quickly as decreasing momentum transfer. In this case the high order pro-
cesses will have large contributions and can not be neglected. The pQCD is
not valid any more. Instead, the Lattice QCD is the most well established
approach in this case. In Lattice QCD, space time is represented not as
continuous but as a crystalline lattice, vertices connected by lines. Quarks
may reside only on vertices and gluons can only travel along lines. As
the spacing between vertices is reduced to zero, the theory will approach
continuum QCD. As this is computationally impossible, lattice QCD calcu-
lations often involved analysis at different lattice spacing to determine the
lattice-spacing dependence, which can then be extrapolated to the contin-
uum. This technique is only applicable in the domain of low density and
high temperature. At higher densities, the fermion sign problem renders the
results useless. [11]

Other Non Perturbative QCD

There are some other non perturbative methods, such as 1/N expansion and
Effective theories. The 1/N expansion, a well known approximate scheme,
starts from the premise that the number of colors is infinite, and makes a

9
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series of corrections to account for the fact that it is not. The AdS/CFT is
one of the popular 1/N expansions. It is the conjecture equivalence between
a string theory defined on one space, and a quantum field theory without
gravity defined on the conformal boundary of this space, whose dimension
is lower by one or more. In some special case, the QCD Lagrangian can be
systematically expanded in some parameters. For example the heavy quark
effective theory which expands around heavy quark mass near infinity. [12]

1.2.2 Confinement

In contrats with the values obtained in the regime of asymptotic freedom, it turns
out that at large distances (or small momentun transfer) the strong coupling con-
stant o 1s large. It is believed that in this regime the quark are confined in coulor-
less particles. 2 Confinement, as it is known, is expected to increase as the dis-
tance between two quarks becomes larger. This QCD phenomenon is responsible
for the fact that hadrons have yet only been observed either as quark-antiquark
pairs (known as mesons) or bound together in groups of three (known as baryons).
However, QCD does not exclude the existence of other types of hadrons; such as
pentaquarks (five-quark systems). From a theoretical point of view, the study of
confinement is not a negligible task as hadron spectra (i.e. masses and particle
widths) are governed by non-perturbative aspects of the strong interaction. At
present, their description is based mainly on numerical methods inspired by QCD
models. [13]

1.3 Chiral Simmetry

In addition to the onset of deconfinement, another phenomenon may become re-
alized at high temperature: the chiral symmetry restoration. The chiral symmetry
is the invariance of the Lagrangian under an axial transformation of the fermion
field. A Lagrangian with massless fermions possesses chiral symmetry, allowing
a decomposition of the quarks into independent left- and right-handed massless
spin 1/2 states, which for massive fermions become mixed. When confined in
hadrons, the basic quarks dress themselves with gluons to acquire an effective
constituent quark mass of about 300 MeV (roughly corresponding to 1/3 of the

21t is not possible to derive confinement from the QCD Lagrangian; the same applies to asymp-
totic freedom

10
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proton or 1/2 of the p mass). This leads to a spontaneous breaking of the chi-
ral symmetry. On the other hand, after the transition to a deconfined phase, the
quarks would recover the bare mass appearing in the Lagrangian, and the sym-
metry is restored [20]. The chiral symmetry restoration is expected to affect the
spectral features of the light vector mesons p, @ and ¢, which therefore constitute
an interesting investigation field for experiments.

1.4 Quark Gluon Plasma

At ordinary condition, the quarks are confined and can not be isolated by pulling
them apart; the potential energy between the quarks increases with the distance.
Once the energy is above the threshold for gg-pair production, such a pair is cre-
ated (see e.g. [2]). But at extreme conditions like high temperature and high
energy density, the Lattice QCD predicted a phase transition from normal QCD
matter to a new matter, called Quark Gluon Plasma (QGP). In this new phase,
the mesons and baryons lose their identities and dissolve into a fluid quarks and
gluons. Long-range interactions are screened; quarks and gluons are only subject
to short-range interactions, so they can move around in a large distance rather than
confined in hadrons: this condition is called deconfinement. The coupling con-
stant at short distances is small leading to just weak coupling between the quarks
and gluons. Lattice QCD calculations predict the phase transition to the QGP
for the chemical potential, which measures the baryon number density, mup ~ 0
at approximately 150 MeV [14] to 190 MeV [15] and at energy density of
€ ~1GeV/fm>.

In order to describe the transition to QGP, an heuristic approach is the so-called
bag model; in particular the MIT bag model [16] contains the essential charac-
teristics of the phenomenology of quark confinement. In this model, quarks are
treated as massless particles inside a bag of finite dimension, and are infinitely
massive outside the bag. In the model, the confinement is the result of the balance
of the bag pressure B , directed inwards, which mimic the fundamental effect of
non-perturbative QCD, and the stress arising from the kinetic energy of the quarks.
The deconfinement occurs when the pressure of the quark matter inside the bag
is increased to become greater than the inward bag pressure. The increase can
arise when the temperature of the matter is high and (or) when the baryon number
density is high. The latter case is a consequence of the Pauli exclusion princi-
ple: the requirement that no more than one fermion can populate a state with a

11
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definite set of quantum numbers leads to the restriction that, as the density of the
quarks increases, the quarks must populate states of greater momentum. This is
the condition expected in neutron stars. On the other hand, the QGP formation in
a high temperature and low baryon density medium is the expected scenario for
high-energy heavy-ion collisions and will therefore be discussed in more details
in the following. At very high energies the coupling constant of QCD becomes
weak and a gas of particles should, to a good approximation, become an ideal gas.
If such gas is in thermal equilibrium at the temperature T , its energy density €4
can be easily inferred from the Fermi-Dirac and Bose-Einstein statistics (see for

example [17] ), resulting:
2

T
Eas = g%T4 (1.5)

where g is the number of particle degrees of freedom. For massless fermions and
bosons, the pressure Py is related to the energy density by

£
Poys = 22 (1.6)
3
hence, from Eq. 1.6:
4
Pgas:g%T (1.7)

The total energy density and pressure of the system, taking into account the bag
pressure, are therefore given by:

i
€gas =835 T" +B (1.8)
and: )
v/
Pyas = g9—0T4—B (1.9)

At sufficiently high temperature, the quark matter inside the bag will have a
pressure which is bigger than that of the bag pressure: when this happens the
quark matter becomes deconfined. In the model, quark matter at temperatures
below deconfinement is assumed to be constituted by (massless) pions. For an
ideal gas of pions, the number of degrees of freedom is 3 (the possible values of
the third component of the isospin), while for a Quark-Gluon Plasma it is:

7
80GP = 8g T g % (84 +87) (1.10)

12
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where g, , g, and gz are the degeneracy number of the gluons, the quarks and
the antiquarks, respectively. The 7/8 factor arises from the Fermi-Dirac statis-
tics. The gluon contribution can be evaluated by accounting for the existence of 8
gluons with two possible polarization each, hence:

e =8X%X2 (1.11)

The degeneracy number g, of the quarks depends on the number of colors
(N, = 3), the spin states (Ny = 2) and the number of flavors taken into account
(Ny), which is three if the temperature is below the charm quark mass, hence:

84 =85=Ne X Ny X Ny =3x2x3 (1.12)

The total number of degrees of freedom is thus gogp = 47.5, i.e. more than an

order of magnitude greater than the equivalent number for a pion gas: this results
in a steep rise of the energy density (Eq. 1.5) in the narrow region of temperature
corresponding to the phase transition from hadron gas to QGP.
The QCD phase diagram is schematically shown in Fig. 1.3. The vertical axis
is the temperature T, while the horizontal is the quark Fermi level, or chemical
potential up, which measures the baryon number density. The solid line represents
a first order phase transition, the dashed line a rapid crossover while the black
point between the two lines is the second order phase transition. We recall that an
n'" order phase transition is characterized by a discontinuity in the n’* derivative
of the free energy with respect to a thermodynamic variable, while a crossover
is a rapid but continuous transition. The phase diagram region explored by high-
energy heavy-ion collisions and by neutron stars is also shown.

Order of the transition

From the QCD predictions, the phase transition should be of second order in the
chiral limit of 2-flavour QCD, and of first order for 3-flavour QCD; on the other
hand, in the case of the physically realized quark-mass spectrum, it is likely to
be only a rapid crossover. This crossover can however take place in a narrow
temperature range, which makes the transition between the hadronic and plasma
phases still well localized. For this reason, the energy density rises rapidly near the
crossover temperature. In Fig.1.4 the results of the lattice calculations are shown
for what concerns the energy density in the limit of 2 and 3 zero mass quarks, as
well as of 2 light and a heavier quark [10].

13
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Figure 1.3: Phase diagram of hadronic and partonic matter. Chemical freeze-out points
measured by various experiments are also shown. The existence and position of the crit-
ical point as well as the nature of the phase transition are only indicative and still under
intensive study and discussion. [18]

1.5 Hunting QGP: Heavy-Ion Collisions

The study of nuclear collisions is not a new endeavor and, in fact, anticipate
the parton model. The history of the field can be traced back to the HILAC
(Heavy Ion Linear Accelerator) at Berkeley, the first dedicated heavy-ion accel-
erator, which began operation in 1957. The objectives of the research at the time
were the creation of new elements by nuclear transmutation and the investigation
of radiation damage to human tissue for space travel [21].

During the 1970s a new paradigm began to emerge in which heavy-ion collisions
were viewed as a tool to study the equation of state of matter at high temperature
and density, conditions thought to govern the behavior of matter inside neutron
stars.

In fact, relativistic heavy-ion collisions can be used to excite the vacuum since the
almost simultaneous collisions of the nucleons in the two nuclei releases a large
amount of energy over a very short time interval, within a volume approximately
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Figure 1.4: Lattice QCD results [11] for the energy density &/ T# as a function of the
temperature scaled by the critical temperature Tc . Note the arrows on the right side
indicating the values for the Stefan-Boltzmann limit. [19]

the size of the nucleus, which may create energy densities above that required for
a phase transition ~1GeV/fm>.

Heavy-ion experiments involving nucleus-nucleus collisions started in the early
1970s at the Bevalac at Lawrence Berkeley National Laboratoy (LBNL) to study
the nuclear matter equation of state at densities several times higher than the nu-
clear ground state density. Various species of nuclei were used at center of mass
energies up to /syy = 2.32 GeV at the Bevalac.

With the discovery of QCD, and the predicted existence, at high temperatures,
of a deconfined state of matter consisting of free quarks and gluons, experimen-
tal facilities were built to run at higher center of mass energies. A large num-
ber of nucleus-nucleus collision experiments have been run at various facilities.
For example, the Alternating Gradient Synchrotron ( AGS ) at Brookhaven Na-
tional Laboratory (BNL) and the Super Proton Synchrotron (SPS) at CERN have
run fixed target heavy-ion collision experiments at top center of mass energies of

syy=4.86 GeV and /syy = 17.3 GeV respectively.

So far, the highest energy nucleus-nucleus collisions have been run at the Rela-
tivistic Heavy-Ion Collider (RHIC) at BNL which is also the first machine to col-
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lide beams of heavy-ions. RHIC has collided Au-Au and Cu-Cu beams at \/syy
=224, 62.4, 200 GeV and large amounts of data have been analysed by the four
RHIC experiments (BRAHMS, PHENIX, PHOBOS and STAR) at these high
energies.

Actual plans for the field include the highest energy nucleus-nucleus collisions
yet, which are planned to be run at the Large Hadron Collider (LHC) at CERN
with first collisions of Pb-Pb up to \/syy = 5.5 GeV starting from fall 2010. In
particular ALICE is the unique LHC experiment that has been optimized to in-
vestigate the hot and dense matter that is supposed to be create through Pb-Pb
collisions at LHC.

1.6 Phenomenology of heavy-ion collisions

The heavy ions experiments, like ALICE at the LHC, are aimed to detect the pos-
sible the creation of the QGP phase through the collision of heavy nuclei at very
high energy. In the collisions, the density of matter is increased as far as possible
beyond the ordinary nuclear matter density (pp = 0.17 nucleons/fm? ); while the
energy increases, the nuclei penetrate each other bringing the matter form highly
excited states to a quark gluon plasma: at the LHC energies, the colliding nuclei
pass through each other, leaving behind them the hot and dense matter that even-
tually hadronize. After the collision, the high energy density allows to turn on
the degree of freedom normally hidden in the ordinary nuclear matter that succes-
sively turn off during the expanding and cooling down phase. The different stages
of the event evolution can be qualitatively described by the picture formulated by
Bjorken [11, 12].

In Fig.1.5 it’s possible to follow this space-time representation of the event, from
the collision to the final state:

1. Att=0 the two nuclei collide: they are Lorentz contracted, thus the longitu-
dinal coordinate of all the nucleons is the same (Fig.1.6).

2. During the pre-equilibrium phase (t<1fm/c) the system reaches the max-
imum energy density, forming a not yet thermalized system of quark and
gluons into a volume of some tens of fm? ; prompt leptons and photons can
be emitted.

3. Then, thanks to the interactions among the partons, the system starts to ther-
malize: in these conditions and before the energy density drops below the
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Figure 1.5: The space-time evolution of the heavy-ion collision. The various stages of
the collision, drawn on the left part of the figure, are described, moving along the down-up
direction, by the space-time representation and indicated with the conventional names on
the right; on top, the particle types produced in the different stages of the evolutions are
summarized. See the test for a more detailed description of the process as predicted by
Bjorken.

critical value, the quark-gluon plasma is formed and the matter deconfine-
ment takes place, at a time estimated of order 1 fm/c after the collision
(OGP phase ); direct leptons and photons and hard jets are produced.

4. The partons from different nucleon-nucleon collision rescatter leading to
local thermal equilibrium and generating a thermodynamic pressure which
brings to a collective expansion of the matter; the system cools down and
the surface, already at a temperature below 7, evaporates into a hadron gas
(hadronization stage , t~20 fm/c ).

5. At the freeze-out stage, the expansion and the temperature fall lead first
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Before:
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Figure 1.6: Two nuclei approach one another at almost the speed of light. Travelling at

relativistic speeds causes them to look flat rather than spherical.

to a reduction of the inelastic processes among hadrons, until the relative
abundance of hadron species is fixed (chemical freeze-out), and finally to
the turn-off of any interaction which fixes the kinematic spectra (kinetic
freeze-out). This is the stage at which particles (denoted by the arrows in
the Fig.1.5) are measured in experimental detectors.

The strong interactions among the partons and hadrons before freeze-out wipe
out much information about their original production processes. Extracting infor-
mation about the hot and dense early collision stage thus requires to exploit fea-
tures which are either established early and survive the rescattering and collective
expansion or can be reliably back-extrapolated. Correspondingly, one classifies
the observables into two classes: early and late signatures. The abundances and
spectra of hadrons made of light quarks (z and d) belong to the latter category
and can provide useful information on the hadronization and freeze-out of the
collision. On the other hand, thermal photons produced in the plasma and heavy
flavors and quarkonia constitute early probes of the medium.

1.7 The QGP Signature

Since it is impossible to directly observe this short lived QGP system, the Heavy
Ions experiments like ALICE take the challenge to study the different typologies
of observables that would confirm the existence and the properties predictions by
the theory for this matter phase and for the event evolution described before. The
signatures of the QGP can be divided in different categories, related to the dif-
ferent stages considered by the evolution picture described before: the deconfined
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medium (QGP), a possible interacting hadronic medium, and the final hadronic
state [24]. The main direct hard probes of the creation of the QGP phase are:

- Hard emission of thermal dileptons and photons [25, 26]. These are
a sort of internal probe: they are produced by the QGP itself and are not
affected by the subsequent states of the medium, since they undergo only
weak and electromagnetic interactions after their formation; therefore, they
bear the imprints of the bulk properties of the early stages of the interaction
and can be used as a thermometer of the medium, since they are produced
also by the confined matter. It is very difficult to separate thermal dileptons
and photons from the abundant hadronic production; moreover, the pres-
ence of a prompt component produced by early hard parton interactions in
the primary and pre-equilibrium stages, has to be taken into account and
separated as well.

- Production of quarkonium states (//¥,Y ) in the primary parton col-
lisions [29, 30]. These states are produced before the existence of any
medium but their dissociation is possible only in a deconfined medium; their
observed behaviour indicates therefore whether the subsequent medium was
deconfined or not, resulting in a sort of external probe.

- Jet quenching [27, 28]. The energy loss of partons passing through the
hot deconfined medium is expected to be larger than through the hadronic
matter.

Informations about the evolution of the hadronic system, in particular about its
last stage, where the hadrons are still interacting, can be provided by:

- In-medium modifications of resonances observable in their decays [31,
32, 33]. The changes of their masses or widths can originate from the large
rescattering cross section in the medium, where the final state interactions
influence in particular the hadronic decays. The study of these changes
should be useful to distinguish between different expansion and freeze-out
scenarios.

The expected QGP probes produced in the hadronization phase, the so called
soft probes, which appear when the density of the medium has dropped sufficiently
to allow the existence of hadrons, are:
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- Strangeness enhancement [34, 35, 36]. A hot QGP should contain the
different quark species in almost equal amounts, which, if preserved up
to hadronization, should result in more abundant strangeness production
than observed in p-p interactions, where the strange quark abundance is
suppressed.

- Collective flow and transverse momentum broadening [37, 38]. Com-
pared to p-p interactions, a hot initial QGP could lead to more pronounced
expansion and specific expansion patterns.

In this sections, the main heavy-ion observables that will be measured and stud-
ied by the ALICE experiment as probes and signatures of the QGP are discussed,
giving an overview of the present results, achieved by the previous experiments
at SPS and at RHIC, and the perspectives for these topics research. Where nec-
essary, the measurements of the same observables in proton-proton collisions will
be discussed as a reference for nucleus-nucleus collisions.

1.7.1 Electromagnetic probes: photons and dileptons

The importance of the observation of collision products that undergo only elec-
tromagnetic and weak interactions has been stressed in the introduction of this
overview of the QGP observables: probes with such characteristics can provide
information about the different stages of the event evolution without being influ-
enced by the traversed matter. The yields of dileptons and photons are compared
between heavy-ion and p-p collisions to extract signals from the early collision
phase.

Photons

The photons are produced in all the different stages of a heavy-ion collision and,
owing to their small electromagnetic coupling, they do not interact strongly with
the fireball [63, 64]. In particular the different production stages can be summa-
rized qualitatively as follows:

e The prompt photons are produced early in the pre-equilibrium stage of the
collision, by parton-parton scattering in the primary nucleus-nucleus (or
nucleon-nucleon) collisions. In the high pr domain (pr > 10 GeV/c ),
the photons are produced in QCD hard-scattering processes. Although their
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Figure 1.7: Sources of photons in relativistic heavy ion collisions. [65]

rate decreases as an inverse power of pr , photons up to several hundred
GeV are expected to be detected at LHC: their yield should be suppressed
by the nuclear shadowing and the in-medium parton energy loss, but should
be increased thanks to the partonic transverse momentum and to the photon
radiation induced by the medium. The production nuclear effects and the
medium effects have to be disentangled comparing the Pb-Pb observations
with the p-p and the p-pb ones. The data from Tevatron experiments on p-p
events and from RHIC appears to be well described by perturbative QCD. It
has to be stressed that an important background to direct photon production
is the decay 7 — ¥y, produced in similar hard partonic processes.

In the equilibrium stage of the collision, the quark gluon plasma is expected
to be formed with a temperature of up to 1 GeV. In the thermal bath, photons
are radiated off the quarks which collide with other quarks and gluons. This
production adds to the prompt photons in the low p7 domain (pr < 10
GeV/c).

After the QGP phase, the plasma expands and cools. At the critical temper-
ature a hadronic phase is formed. In this phase, photons can be produced
in the scattering of 7,p,® or in resonance decays. This mechanism contin-
ues until the resonances stop to interact, when the freeze-out temperature
is reached. The theoretical predictions of the direct thermal photon spec-
tra are based on two step calculations: the photon production rates from an
equilibrated QGP and hadron gas are calculated and then convoluted with a
model for the space-time evolution of the fireball.
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o After freeze-out, further photons can be produced by the decay of 7 ,n and
higher resonances, with energies in the range of up to a few hundred MeV.
Photons produced by & decays, either from the primary collisions or final-
state contribution, constitute a large but reducible background to direct pho-
ton production over the whole pr range. Thus they can be subtracted from
the data. Instead, the prompt photons provide an irreducible background but
its estimate is necessary to extract the rate of thermal photons.

Dileptons

Dileptons e.g. lepton pairs, are a signal of medium modifications of hadronic
matter. Furthermore, dileptons from charm decay allow the total charm yield to
be accessed, which is important for the measurement of the total production cross-
section of the J /.

Even for the dilepton production, as for the photons, it’s possible to distinguish
among prompt, thermal and freeze-out decay components:

- considering the dilepton mass range, above pair mass M ~ 2 GeV the
prompt contribution is dominated by semi-leptonic decays of heavy-flavour
mesons and by the Drell-Yan process (gg). Since these leptons originate
from hard scatterings, their rates can be calculated in perturbative QCD;

- at lepton pair masses above ~ 1.5 GeV , since the thermal radiation is very
sensitive to temperature variations, it is expected to originate from the early
hot phases, probably from gg annihilation. Similarly to the photon case,
the thermal QGP radiation has to be discriminated of from the large prompt
background;

- at low masses, less than 1.5 GeV, thermal dilepton spectra are dominated by
the radiation process from the hot hadronic phase.

1.7.2 Quarkonia

Quarkonia (J/¥,%’, Y, Y’ , Y ) are made of c¢c¢ and bb pairs that are created in
the initial phase of the collision. Color screening in the deconfined phase leads to
melting of quarkonia states [29, 91]. The freed ¢ and b quarks are unlikely to re-
combine to quarkonia states during freeze-out if their concentrations are small. At
much high energies ¢ and b quarks are produced in large abundances and statisti-
cal hadronization may even lead to enhanced quarkonia production at freeze-out.
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So, among the hard probes that could provide direct information on the decon-
fined medium produced in the heavy-ions events, charm and bottom quarks are
very suitable to understand the dynamics of the collisions: their production takes
place on a timescale of the order of 1/mg where mg is the heavy-quark mass. On
the other hand, thanks to their long lifetime, charm and bottom quarks can live
through the thermalization phase and be affected by its presence.

In order to extract information about the plasma from the features of heavy-quark
production in A-A collisions it’s very important to well understand their produc-
tion in p-p and p-A interactions and compare some observables like the total pro-
duction rates, the transverse momentum distributions and the kinematic correla-
tions between the heavy quark and antiquark.

Both the productions of bound states of cc and bb (quarkonia ) and of open charm
and bottom will be extensively studied by ALICE, either as different probes of the
event evolution and as interrelated topics. The study of the correlations between
the properties of open charm and bottom and quarkonia spectra will allow to un-
derstand the dynamics of the dense medium: in the very low p7 region, which will
be accessible to ALICE, the production of heavy quark-antiquarks pairs should
increase the probability of forming quarkonia. In the region of perturbative pro-
duction, i.e. at large pr , the quarkonium suppression should take place.
Moreover, the different effects of enhancement in the productions of quark-antiquark
pairs and of the quarkonium suppression should be disentangled by the study of
the correlations between quarkonium and open heavy-quark momentum spectra.

Open charm and open beauty

The measurement of open charm and open beauty production allows one to in-
vestigate the mechanisms of heavy-quark production, propagation and, at low
momenta, hadronization in the hot and dense medium formed in high-energy
nucleus-nucleus collisions. The open charm and open beauty cross sections are
also needed as a reference to measure the effect of the transition to a decon-
fined phase on the production of quarkonia: a direct measurement of the D and
B mesons yields would provide the normalization for charmonia and bottomonia
production.

Finally, the measurement of B meson production is necessary within the search for
the quarkonia suppression, which will be further discussed, in order to estimate
the contribution of secondary J/¥ (from B — J/¥ + X ) to the total J/¥ yield:
B mesons decay into J /¥ mesons with a branching ratio of about 1%. Since B

23



1.7 — The QGP Signature

mesons are produced by a factor of 5 more abundantly than J/¥ mesons, and
since direct J/¥ production might be further suppressed by QGP effects, sec-
ondary J /W mesons are plausibly contributing a large fraction to the observable
J /¥ signal.

The measurement of charm and beauty production in proton-proton and proton-
nucleus collisions, besides providing the necessary baseline for the study of medium
effects in nucleus-nucleus collisions, is intrinsically interesting as a test of both
perturbative and non-perturbative sectors of QCD in a new energy domain.

Charmonium

Suppression of heavy quarkonia is one of the earliest and most striking proposed
signatures of deconfinement. The suppression mechanism follows directly from
the Debye screening expected in the medium, which reduces the range of the po-
tential between charm quark and anti-quark pairs [29].

A particular attention have been dedicated to Charmonium: the bound states of
charm quark and anti-charm quark. The first charmonium discovered is J/¥ ,
which is discovered by two independent groups in November 1974. The dis-
covery of J/¥ play a very important pole in the development and evolution of
the Standard Model, causing the introduction of charm quark into the Standard
Model. From that time, more and more charmonium states were discovered.

In the presence of the medium, the Charmonium production in high energy heavy
ion collisions is different with that in hadron collisions. The J/W¥ has long been
thought of as the probe that could definitively prove the formation of a QGP in
relativistic heavy ion collisions. Both calculations performed by Matsui and Satz
in the 1980s and Lattice QCD results (of the time) predicted that charmonium
bound states would "melt’ in the QGP due to the color screening effect, and that
this process would lead to a suppression of charmonium yields when compared to
nominal pQCD calculations. This suppression was proposed as one of the signa-
ture of the formation of QGP. But there are other medium effects that can influence
this probe and that have to be considered.

Nowadays scientists believe that the medium effects on the charmonium produc-
tion in heavy ion collisions can be categorized into two parts:

1. the effects from the QGP, called as final state effect;

2. the effects from the nuclear matter before the QGP formation; these initial
state effects don’t require the formation of QGP thus usually referred as
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cold nuclear matter effects (CNM).
As the final state effects, the possible contributions are:
- Color screening by the abundance of thermal partons in QGP.
- Recombination from uncorrelated cc pairs in QGP at the phase boundary.
- Interaction of charmonium with secondary comoving hadrons (comovers).
For the CNM effects, the possible contributions are:

- Modification of gluon distribution function in heavy nuclei such as gluon
shadowing, gluon anti-showing and etc.

- Interaction of pre-resonance cc state with the projectile or target nuclei,
usually referred as nuclear absorption.

- Multiple interactions of partons inside the nuclei, usually referred as Cronin
effect.

The NA38 and NAS50 experiments have carried out a systematic study of J /¥
and ¥’ at the CERN-SPS in p-p, p-A, light ion, and Pb-Pb collisions providing
some of the most intriguing results of the relativistic heavy ion program for more
than ten years.

The NAS5O0 experiment observed an anomalous suppression of J /¥ in central Pb-
Pb collisions at /syy= 17.2 GeV [66]. The suppression, which is of the order
of 25% with respect to the normal suppression in nuclear matter, has been inter-
preted by the NAS5O authors as evidence for deconfinement of quarks and gluons.
Although this interpretation is not universally shared [67], the results of NA38
and NAS50 demonstrate the utility and great interest in understanding the fate of
charmonium in dense nuclear matter.

The NA60 experiment [68] has studied J /¥ production in/n-In collisions at 158
GeV/nucleon at the CERN SPS, through its decay into two muons. In Fig. 1.8 the
comparison between the J/W centrality distribution with the expectation from a
pure nuclear absorption scenario is showed: an anomalous suppression that sets
in for more than 80 participant nucleons and saturates for more central events has
been found. The statistical errors are negligible (of the order of 2%). Most of
the systematic errors are centrality independent and therefore do not affect the
measured shape of the J/W suppression pattern [69]. This result is in qualitative
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Figure 1.8: Comparison between the In-In (NA60, circles) and Pb-Pb (NA50, triangles)
suppression patterns. The box on the left shows the 6% systematic error related to the
normalization procedure of the In-In points. [69]

agreement with previous Pb-Pb measurements by the NA50 experiment, but no
theoretical explanation is presently able to coherently describe both results.

Latest results at RHIC show that the suppression of the J/¥ as a function
of centrality (the number of participants) is similar to that observed at the SPS,
even though the energy density reached in collisions at RHIC is significantly
higher [70, 71]. Possible mechanisms such as sequential suppression [72], cc
recombination [73, 74, 75, 76] were proposed to explain this.

Recent Lattice QCD calculations indicate that direct J /W is not dissociated in the
medium created at RHIC while the suppression observed for J /¥ comes from the
dissociation of . and ¥’ [77].

However, the direct J /P might be dissociated at RHIC at high pr , which was
predicted in the Hot Wind dissociation picture, in which the AdS/CFT approach
was used and the dissociation temperature for J /¥ was predicted to decrease as a
function of pr [78]. The AdS/CFT approach was applied to hydro framework and
predicted that J /¥ nuclear modification factor R44 decreases versus pr [79].

Figure 1.9 shows J/W¥ Ry, as a function of pr in 0-20% and 0-60% Cu-
Cu collisions from STAR [37] and 0-20% Cu-Cu collisions from PHENIX [80].
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The average of two STAR 0-20% data points at high pr is Ry4 = 1.41+0.4(stat.)
+0.2(syst.). Compared to low pr PHENIX measurements, their results indicate
that Ry4 of J /¥ increases from low pr to high pr at 97% confidence level. [81]

5
4| ® STARCu+Cu0-20% G chﬁ;z;::t"m
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Figure 1.9: J /¥ R4 versus pr . STAR data points have statistical (bars) and systematic
(caps) uncertainties. The box about unity on the left shows R44 normalization uncertainty,
which is the quadrature sum of p-p normalization and binary collision scaling uncertain-
ties. The solid line and band show the average and uncertainty of the two 0-20% data
points. The curves are model calculations (AdS/CFT+hydrodynamic). The uncertainty
band of 10% for the dotted curve is not shown. [81]

The Ryy of high pr J /¥ is in contrast to strong suppression for open charm [82,
83]: the experimental results are reproduced with next-next-to-leading order (NNLO)
pQCD calculations with color singlet model except to high pr part [40]. This
problem is expected to be solved by the LHC statistics. Moreover, at LHC, the
much higher energy offers the possibility of measuring with significant statistics
the bottomonium yields providing another probe for QGP studies. In fact, the
spectroscopy of the Y’, whose dissolution energy can not be reached at RHIC,
should reveal at LHC energies new information on the characteristics of the QGP.

1.7.3 Jet Quenching

Jet production in hadronic collisions is a paradigmatic hard QCD process. An
elastic (2 — 2) or inelastic (2 — 2 + X ) scattering of two partons from each
one of the colliding hadrons (or nuclei) results in the production of two or more
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partons in the final state. At high p7 , the outgoing partons radiate gluons and/or
split into quark-antiquark pairs.

At this point, the produced partons fragment non-perturbatively materialize into a
set of final-state hadrons.

Figure 1.10: Jer quenching in a head-on nucleus-nucleus collision. Two quarks suffer a
hard scattering: one goes out directly to the vacuum, radiates a few gluons and hadronises,
the other goes through the dense plasma created (characterised by transport coefficient q,
gluon density dN, /dy and temperature T ), suffers energy loss due to medium-induced
gluonstrahlung and finally fragments outside into a (quenched) jet. [84]

The characteristic collimated spray of hadrons resulting from the fragmenta-
tion of an outgoing parton is called a jer.

One of the first proposed smoking guns’ of QGP formation was jet quenching
[22] i.e. the attenuation or disappearance of the spray of hadrons resulting from
the fragmentation of a parton having suffered energy loss in the dense plasma
produced in the reaction (Fig.1.10 ). The energy lost by a particle in a medium,
AE , provides "tomographic’ information on its properties: In a general way, AE
depends both on the characteristics of the particle traversing it (energy E , mass
m, and charge) and on the plasma properties (temperature T , particle-medium
interaction coupling o, and thickness L), i.e. AE(E, m, T, o, L).

The dominant mechanism of energy loss of a fast parton in a dense QCD
plasma is of radiative nature (gluonstrahlung): the parton loses energy mainly by
medium-induced multiple gluon emission [84].
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Medium-induced parton energy loss in A-A reactions results in various ob-
servable consequences compared to the same measurements in proton-proton col-
lisions. The presence of jet quenching manifests itself via :

1. a suppression of the spectrum (dNg4 /d pr ) of high- pr hadrons [85]

2. unbalanced back-to-back high- pr dihadron azimuthal correlations (dN 4,

/d®P) [86].
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Figure 1.11: Comparison of the azimuthal di-hadron correlation dN 4, /d A®dn for pp
(open symbols) and central AuAu (histograms) at /syy =200 GeV for pr = 5-10 GeV/c
and increasingly smaller (right to left) values of p%**?¢. [88]

Fig. 1.11 shows the increasingly distorted back-to-back azimuthal correla-
tions in high- pr triggered central AuAu events as one decreases the pr of
the associated hadrons (p7*°¢) (right to left). Whereas, the AuAu and pp
near-side peaks are similar for all prs, the away-side peak is only present
for the highest partner prs but progressively disappears for less energetic
partners [87, 88]. Early STAR results [89] showed a monojet-like topol-
ogy with a complete disappearance of the opposite-side peak for p7>** ~2-4
GeV/e.

3. modified energy-particle flow (softer hadron spectra, larger multiplicity, in-
creased angular broadening, ...) within the final jets [90].

In addition, due to a hierarchy of flavour-dependent radiative energy losses,

AE (gluons) > AE(lightquarks) > AE (heavyquarks) (1.13)
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all these medium effects are expected to be larger for gluons and u, d , s quarks
than for ¢ or b quarks. [84]

At the upcoming LHC energies, the detailed analysis of jet spectra, jet shapes
and the extraction of medium-modified parton-to-hadron fragmentation functions
promise to fully unravel the mechanisms of parton energy loss in QCD matter.

1.7.4 Strangeness enhancement

Strangeness enhancement was one of the main pieces of evidence for CERN’s
claim to have produced deconfined matter [34].
Essentially, if a QGP phase was formed in nuclues-nucleus collisions, the yields
of strange particles produced, such as those that contain one or more strange quark
or antiquark, are expected to increase compared to a non-QGP scenario. In other
words, the density of strange quark pair is predicted to be unusually high com-
pared to that for an hadron gas phase [93].
The mechanism for strange quark-pair production can be described by thermal
reactions in the plasma such gluon fusion (gg —ss), which turns out to be the
dominant process of ss pair production.
One of the features of this signature is that, if deconfinement occurs, the reac-
tions that lead to strangeness production have to be partonic. At the partonic
level, strange particles have lower thresholds and higher cross-sections. This is
particularly so if the strange quark mass reduces owing to the associated partial
restoration of chiral simmetry.
The bare mass of strange quark is about 150 MeV and, with a plasma temper-
ature of about 200 MeV, it becomes energetically casy to produce large num-
bers of strange quark-antiquark pairs [95]. Multistrange hadrons, i.e. hadrons
with more than on a strange quark, and their antiparticles will be particularly en-
hanced. Their single-step production in a hadron gas has a higher energy thresh-
old. Strange antiparticles can only be produced after a sequence of many reac-
tions(e.g. TA — KZ,Z — KQ). They are particularly difficult to produce in
a baryon-rich environment since baryon number conservation indicates they can
only be created with an accompanying baryon. However at central rapidities at the
LHC there should be equal numbers of baryons and antibaryons, since the valence
numbers cannot shift enough in rapidity.

Experimentally one can study the strangeness enhancement by looking for
an increase in the production of hadrons containing strangeness with increasing
number of participants from proton-proton to nucleus-nucleus collisions. Experi-
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mental data, both at SPS and RHIC, shown in Fig. 1.12 , confirm the theoretical
expectations [92, 96, 97, 98].
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Figure 1.12: Enhancement of strange and multi-strange baryons at SPS and RHIC [92].
The solid symbols are for Au-Au at /sy =200 GeV and the open symbols are for Pb-Pb
at \/synv=17.3 GeV. Boxes at unity show the combined statistical and systematic uncer-
tainties in the p-p (p-Be) data. Error bars on the data points represent those from the
heavy ion data. The arrows on the right (red for E, black for A ) mark canonical model

predictions, see text for details.

There is no enhancement observed in p-Pb collisions, while in Pb-Pb and
Au-Au collisions one sees a clear enhancement of the strange and multi-strange
baryon yields, which are found to increase with centrality and strangeness con-
tent. In central Au-Au collisions the yield per participant is a factor of ~ 10 higher
compared to that in p-p.

The features observed in the experimental data can be interpreted using the statis-
tical model for particle production imposing the canonical constraints of strangeness
conservation in small systems [99, 100]. The model predictions agree with the
beam energy dependence and the strangeness content dependence observed in the
data, but fail to reproduce the absolute amounts and the centrality dependence of
the enhancements.

Althought strangeness production has been historically a relevant QGP signature,
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the role it would play at the LHC may be different from that at SPS energies. This
is mainly because lifetime of the fireball is much higher, which means that even in
hadron gas this enhancement effect might be seen. The discussion on strangeness
enhancement at LHC is still ongoing [94, 93].

1.7.5 Collective Flow

Radial flow is caused by the matter-density gradient between the center of the
fireball and the boundary region. Additionally, elliptic flow occurs in non-central
collisions due to the asymmetric, almond shaped, collision region which results
in an anisotropic expansion. This effect is self-quenching in the sense that the
expansion reduces the anisotropy and thus the elliptic flow. Therefore, the mea-
surement of elliptic flow carries signatures of the earlier collision stages [104].
RHIC results on elliptic flow agree with hydrodynamic calculations (see chapter
4) that assume an ideal relativistic fluid consisting of strongly-interacting matter
with very short mean free paths that shows free of viscosity [53, 49]. Contrarily,
calculations assuming a pure hadron gas (and no deconfined phase) underpredict
the measured elliptic flow. The level of flow that is measured at RHIC and the fact
that the measured elliptic flow of identified hadrons scales with the constituent
quarks is at present one of the strongest arguments for the discovery of the QGP.
A detailed overview and study on elliptic flow and on phi meson’s elliptic flow
will be presented on chapter 4 and 5.

1.7.6 Particle yields and transverse momentum distributions

Particle yields can provide information about the system from the time of chem-
ical freeze-out when the inelastic collisions cease and the chemical abundances
become fixed. Statistical models [51] allow the calculation of hadron yields of
an equilibrated system. In turn, the measured yields can be used to calculate the
parameters of the equilibrated system, in particular the chemical freeze-out tem-
perature and the baryochemical potential. Statistical Thermal Models (in a num-
ber of variations) [48], have been very successful in describing the experimental
particle ratios (observed at RHIC) using only a few model parameters (i.e. chem-
ical freeze-out temperature , baryon and strangeness chemical potentials tp and
Us and strangeness suppression factor 7; ) extracted from fitting to particle yield
ratio data. In Fig. 1.13 a comparison of statistical model results to data from the
STAR experiment is showed.
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Figure 1.13: Ratios of the mid-rapidity pr-integrated yields for different hadron species
measured by the STAR experiment for Au-Au collisions at /syy =200 GeV (circles). The
horizontal lines represent statistical model fits to the measured particle yield ratios. The
inset shows the extracted variation of 7, as a function of centrality. [49]

The plot shows the integrated pr particle yield ratios (circle markers) mea-
sured by the STAR experiment in Au-Au collisions at /syy = 200 GeV. The
horizontal lines show the statistical model fits to the particle ratios using only
3 parameters (T, = 163 == 4 MeV, ug =24 + 4 MeV, ¥, = 0.99 4 0.07). These
values are similar to values obtained using different variations of the statistical
model [51, 50] for RHIC data. Shown in the inset in Fig.1.13 is the evolution of
the strangeness suppression factor y; which is a measure of how far the system is
from chemical equilibrium. For the most central collisions, the 7, value obtained
from the statistical model fits is 75 = 0.99 £ 0.07 [52] i.e. consistent with unity,
providing a strong argument in favour of the system, which is created in central
collisions at RHIC, being in chemical equilibrium.

On the other side, measurements of particle transverse momentum distribu-
tions provide information on the properties of the system at thermal or kinetic
freeze-out when all elastic collisions have ceased.

The idea of a common collective outward expansion velocity (Br ) of particles
in the system is consistent with the observations that the pr of heavier particles
is larger than for lighter particles (i.e. for the same outward velocity, more mas-
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sive particles will have a larger momentum) and that pr increases as a function of
centrality [49, 53].
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Figure 1.14: <p;> for 7%, K* and p plotted as a function of < N > for Au-Au
collisions at /syy = 9.2 GeV and compared to corresponding results at /syy = 62.4 GeV
(left) and 200 GeV (right). The errors shown for,/syy = 9.2 GeV data are statistical. The
corresponding systematic errors for pions, kaons, and protons are ~12%, 18%, and 21%
respectively, and similar for all the collision centralities studied. Errors shown for /syy =
62.4 and 200 GeV data are the quadrature sum of statistical and systematic uncertainties.

Figure 1.14 shows the increase of p7 for £, K+ and p as a function of cen-
trality as measured by the STAR experiment for Au-Au collisions at /syy = 9.2,
62.4 and 200 GeV. [53].

In order to gain further information and attempt to quantify the transverse
expansion of the system, particle spectra, measured by the STAR experiment,
have been plotted with a hydrodynamics-inspired parameterization of a thermal
expanding source (so-called blast-wave model) [55] with fit parameters includ-
ing the thermal freeze-out temperature (7, ) and the mean collective expansion
velocity ( Br ).

Fig. 1.15 [49] shows the results from fitting the spectra for 7, K, p simulta-
neously, as a function of centrality. The extracted pr is highest for most central
collisions while T¥, is lowest. This implies that the system created in central col-
lisions expands faster and cools down to a lower temperature (Ty, ~ 80 MeV)
before thermal freeze-out with respect to systems created in more peripheral col-
lisions (T, ~ 140 MeV).
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Figure 1.15: The x> contours, extracted from thermal + radial flow fits (without al-
lowance for resonance feed-down), for copiously produced hadrons 7, K and p and multi-
strange hadrons ¢ and 2. On the top of the plot, the numerical labels indicate the centrality
selection. For 7,, K and p, 9 centrality bins were used for /syy = 200 GeV Au-Au colli-
sions . The results from p-p collisions are also shown. For ¢ and€2, only the most central
results are presented. Dashed and solid lines are the 1-c and 2-¢ contours, respectively.
[49]

On the other hand, even for the most central collisions, the spectra for multi-
strange particles ¢ and Q appear, albeit with still large uncertainties, to reflect
a higher temperature [52]. The ¢ and Q results suggest diminished hadronic
interactions with the expanding bulk matter after chemical freezeout [59, 52,
60, 61, 62] as predicted [56, 57, 58] for hadrons containing no valence u or d
quarks. If this interpretation is correct, the substantial radial flow velocity inferred
for ¢ and Q would have to be accumulated prior to chemical freeze-out, giving
the multi-strange hadrons perhaps greater sensitivity to collective behavior during
earlier partonic stages of the system evolution.

35



1.7 — The QGP Signature

1.7.7 Particle multiplicity

One of the most important observables that ALICE has measured already from the
first days of LHC p-p collisions is the charged particles multiplicity. The quan-
tities related to the event geometry, like the impact parameter b, the number of
participant nucleons in the interaction N, and the number of nucleon-nucleon
collisions, can be extracted from the measurement of the multiplicity in a rather
model-independent way. Reconstructing the centrality of the collisions, it is pos-
sible to select and study in particular the collisions where the maximum energy
density is reached; moreover, once determined the centrality of the collision, it’s
possible to study the physics observables as a function of b or N, in order to lo-
cate the onset of the phase transition from the hadronic to the deconfined matter. A
complete characterization of the event will be finally provided by the information
about the temperature and the energy density reached in the collision, that can be
inferred from the charged particle rapidity density dN.;, /dy and the pr distribu-
tions. However, the multiplicity and another important global observable like the
total transverse energy can not be calculated starting from the QCD Lagrangian,
because the soft non-perturbative QCD and the processes on the large scale dom-
inate these observables. Due to these causes, it is also difficult to extrapolate the
expected multiplicity in the ALICE events from previous results obtained at SPS
or even at RHIC. As already experienced before the start-up of RHIC, the extrap-
olations from SPS measurements at /s = 20 to the 200 GeV RHIC energy varied
widely [39], as shown in Fig.1.16 , mostly overestimating the result.

In the following paragraphs the expectations of the particle multiplicity in
proton-proton and in nucleus-nucleus collisions will be discussed.

p-p collisions: First ALICE measurement

The ALICE experiment has measured the charged particle multiplicity in proton-
proton events, as a benchmark for the further study in A-A events but also to extract
informations about the phase transition to QGP from the multiplicity fluctuations.
The very first proton-proton collisions at Point 2 of the CERN Large Hadron
Collider (LHC) [40] occurred on 23rd November 2009, at a centre-of-mass en-
ergy v/s = 900 GeV, during the commissioning of the accelerator. The 284 events
recorded in the ALICE detector [41] on that day, without magnetic field, has
made possible the determination of the pseudorapidity density of charged primary
particles (prompt particles produced in the collision and all decay products, except
products from weak decays of strange particles such as Kg and A): dN,,/dn
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Figure 1.16: Predictions for dN.;, /dy in Au-Au collisions at y =0, v/syN = 200 AGeV,
from different models before the appearance of the first RHIC data. The extrapolations
vary widely, mostly overestimating the experimental result of less than 600 charged parti-
cles. The table is here shown to emphasize the variety of the extrapolations of the charged
particle multiplicity, depending on the used model. For certain predictions (those marked
by an asterisk), the 2/3 correction is applied to the total multiplicity prediction in order to
obtain the charged particle one (boxes). [49]

with ) = -In tanB /2, where 6 is the polar angle with respect to the beam line in
the central pseudorapidity region. This measure has been performed in order to
compare with previous measurements for proton-antiproton (pp) collisions at the
same energy [44], and to establish a reference for comparison with forthcoming
measurements at higher LHC energies. In Fig. 1.17 and Fig. 1.18 are showed the
first experimental results. In order to compare ALICE data with those of other
experiments, the result are provided with two different normalizations: the first
one (INEL) corresponds to the sum of all inelastic interactions and corrects the
trigger bias individually for all event classes, by weighting them, each with its
own estimated trigger efficiency and abundance; the second normalization (non-
single-diffractive or NSD) applies this correction for non-diffractive and double-
diffractive processes only, while removing, on average, the single-diffractive con-
tribution.

The charged primary particle pseudorapidity density distributions obtained for
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Figure 1.17: Pseudorapidity dependence of dN,;,/dn for INEL and NSD collisions. The
ALICE measurements (squares) are compared to UAS data (triangles). The errors shown
are statistical only. [42]

INEL and NSD interactions in the range |n| < 1.6 are showed in Fig.1.17.

The pseudorapidity density obtained in the central region | < 0.5 for INEL
interactions is 3.10 £+ 0.13(stat.) =+ 0.22(syst.) and for NSD interactions is
3.51 &+ 0.15(stat.) =+ 0.25(syst.). Also shown in Fig. 1.17 are the previous
measurements of proton-antiproton interactions from the UAS experiment [44].
The results obtained for proton-proton interactions are consistent with those for
proton-antiproton interactions, as expected from the fact that the predicted differ-
ence (0.1-0.2%) is well below measurement uncertainties. In Fig.1.18 the centre-
of-mass energy dependence of the pseudorapidity density in the central region
(In| < 0.5) is shown.

The data points are obtained in the |1| < 0.5 range from this experiment and
from references [44, 45, 46, 47] and are corrected for differences in pseudorapid-
ity range where necessary, fitting the pseudorapidity distribution around n =0. As
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Figure 1.18: Charged-particle pseudorapidity density in the central rapidity region in
proton-proton and proton-antiproton interactions as a function of the centre-of-mass en-
ergy. The UAS and ALICE data points at 900 GeV are slightly displaced horizontally for
clarity. The dashed and solid lines (for INEL and NSD interactions respectively) indicate
the fit using a power-law dependence on energy. [42]

noted above, there is good agreement between p-p and p-p data at the same en-
ergy. The dashed and solid lines (for INEL and NSD interactions respectively) are
obtained by fitting the density of charged particles in the central pseudorapidity
region with a power-law dependence on energy. Using this parametrization, the
extrapolation to the nominal LHC energy of /s = 14 TeV yields dN,,/dn = 5.5
and dN.,/dn = 5.9 for INEL and NSD interactions respectively. During 2010,
the LHC come back to operate withp-p collision at /s = 2.36 TeV and 0.9 TeV.
This new data has been used to study the distribution of multiplicity of charged
particles in the central pseudorapidity region (|n| < 1.4) as showed in Fig. 1.19.
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Figure 1.19: Charged-particle pseudorapidity density in the central rapidity region in
proton-proton and proton-antiproton interactions as a function of the centre-of-mass en-
ergy. The dashed and solid lines (for INEL and NSD interactions, respectively) show a fit
with a power-law dependence on energy. Note that data points at the same energy have
been slightly shifted horizontally for visibility.[43]

Pb-Pb collisions : prediction for ALICE

Charged particle multiplicity at mid-(pseudo)rapidity is a first-day observable at
the LHC. Many groups have produced such predictions for Pb-Pb collision, see a
compilation in Fig.1.20 where 24 predictions are shown.

A rough classification, for mere organizational purposes, can be made into the
following items:

1. Monte Carlo simulators of nuclear collisions. These models include many
different physical ingredients to be combined in a consistent manner. They
all take into account energy-momentum and quantum number conservation
in a detailed way. While sometimes the physical ingredients are similar
between different models, the details of the implementation lead to different
results.
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Figure 1.20: Predictions for multiplicities in central Pb-Pb collisions at the LHC. On
the left the name of the authors can be found. On the right, the observable and centrality

definition is shown. The error bar in the points reflects the uncertainty in the prediction.

See the text for explanations. [101]

2. Models based on saturation ideas.

3. Data-driven predictions.

From the plots one can conclude that most predictions lie in the range 1000
= 2000. It should be noted than a value lower than 1000 could be, depending on
the corresponding value for pp collisions , in conflict with participant scaling. On
the other hand, a value larger than 2000 will be a challenge for saturation effects.
Monte Carlo simulators, due to their complexity, do not include yet many recent

theoretical developments, e.g. none implements saturation effects.

This might

be the reason why they tend to give the largest values [101]. Finally, multiplic-
ities show a decreasing tendency with time from 1995 [102], through pre-RHIC

predictions [103], until now.
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Chapter 2

A Large Ion Collider Experiment

In order to study the elementary constituents of matter, and the interactions be-
tween them, particle physicists need to build machines that can accelerate and
collide particles at increasingly higher energies. The Large Hadron Collider
(LHC) [40], constructed at CERN, in the border region of France and Switzerland
near Geneva, is the most powerful instrument ever built to investigate particles
properties. The LHC is built into a tunnel with a circumference of approximately
27 km which was excavated for the Large Electron-Positron collider (LEP) which
has been shut down in 2000. A schematic diagram of the LHC is shown in Fig.
2.1. The use of the LEP tunnel has been the main constraint for the 7 TeV beam
energy for protons. The LHC can accelerate protons and ions.

2.1 Colliders features

In circular particle colliders, intense magnetic fields keep the particles in a circu-
lar trajectory. The particles are accelerated by radio frequency cavities where the
particles pass by at each cycle. Two beams of particles are accelerated in oppo-
site directions and brought to head-on collisions in the center of the experiments.
The advantage over linear collisions is that the beam is stored and a high lumi-
nosity can be achieved. Compared to fixed target experiments colliders achieve a
higher center-of-mass energy for the same beam energy. At particle colliders the
experiments have to cover typically 47 steradians, since the produced particles are
covering all directions. Particles moving in circular trajectory loose energy due to
synchrotron radiation. While this effect has been very large at LEP, where elec-
trons and positrons have been accelerated, it is much smaller at the LHC, since
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Figure 2.1: Schematic layout of the Large Hadron Collider (LHC). The four large LHC
experiments (ATLAS, CMS, ALICE, LHCb) are shown. At their positions the two beams
can be brought to collision. [40]

the proton mass is about 1800 times higher than the electron mass. The two main
parameters for a particle accelerator are luminosity and energy.

2.2 The Large Hadron Collider

The LHC ring is made of eight sections. At the center of four of these sections
are located the four major experiments. Two of these experiments are located at
diametrically opposite high-luminosity insertion points: ATLAS at point 1 and
CMS at point 5. The other two experiments are located at point 2 (ALICE) and
point 8 (LHCD).

The tunnel houses 1232 superconducting dipole magnets that produce the mag-
netic field of 8.33 T necessary to circulate the beams. In order to achieve such a
high magnetic field, the (N, T;) magnets are cooled to less than 2 K with super-
fluid helium at 1.9 K. What are the accelerating steps? First an ion source injects
protons into an Radio-Frequency (RF) cavity where they are accelerated to 750
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keV. These protons are then transmitted to a Linear Accelerator (LINAC) where
they attain an energy of 50 MeV before being injected into the 1.4 GeV Proton
Synchroton (PS) Booster. The PS accelerates the protons to 25 GeV and deliver a
beam of 135 bunches with a 25 ns spacing (7.48 m) and containing 10'! protons
each. The Super Proton Synchroton (SPS) takes over and accelerates the protons
to 450 GeV before injection into the LHC as 2835 bunches of 10'! particles with
the same bunch spacing. The two proton beams, which circulate in opposite di-
rection, are combined in a two-in-one design whereby the beam pipes along with
their corresponding coils are inserted in a single cryostat as shown in Fig. 2.2.

ALGNMENT TARGET
—— MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
.~ SUPERINSLULATION
SUPERCONDUCTING COILS
BEAM PIPE
VACLILM VESSEL
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MONMAGNETIC COLLARS
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DIPOLE BUS-BARS

SUPPORT POST

Figure 2.2: Cross-sectional view of an LHC dipole. The two beam pipes are seen in the
center, each surrounded by superconducting coils in orange. [40]

Different phases are foreseen for the operation of the LHC. For protons, dur-
ing the first few years of operation (called the low [uminosity phase), the nom-
inal luminosity is expected to reach 2x 10?3 cm~2s~!. The luminosity should
then increase to its designed nominal value of 10** cm=2s~!(high luminosity
phase). Heavy ion collisions were included in the conceptual design of the LHC
from an early stage, and collisions between beams of fully stripped lead ions
(298 Pp321) are scheduled for fall 2010. These ions will have a beam energy of
2.76 TeV/nucleon, yielding a total center-of-mass energy of 1.15 PeV and a nom-
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inal luminosity of 1.0x 10?’cm~2s—1. Collisions between ion beams willbe pro-
vided principally at Interaction Point 2 for the specialized ALICE detector. While
the major hardware system of the LHC ring appear compatible with heavy ion
operation, the beam dymanics and performance limits with ion beams are quite
different from those of protons. The LHC also enters new territory where, for ex-
ample, the copius nuclear electromagnetic interaction in peripheral collisions of
the ions can directly limit luminosity and beam lifetime: this phenomena become
critical in the LHC because of the combination of its unprecedented energy and
superconducting magnet tecnology.

LHC parameters for lead ions

Some aspects of heavy ions beams are similar to those of proton beams. For ex-
ample, the nominal emittance of the ions has been choosed so that the ion beams
have the some geometric size as the nominal proton beams (at beam energies cor-
responding to the same magnetic field in the dipole magnets). Thus, the most
basic considerations of beam size and aperture will be the same as for protons,
implying that this is a safe operational value. Despite this, the physics of ion
beams is qualitatively and quantitatively different from that of proton and the val-
ues of some parameters are necessarily very different. For lead ions programs
there are two foreseen scheme : Nominal and Early. A peak luminosity of 1.0 X
10>7cm~2s~! has been the overall performance goal for lead ions for some time
but the first period of operation of the LHC as a lead-lead collider will be carried
out with fewer bunches and a lower luminosity. These relaxed parameters will
provide more margin against some of the performance limitations, namely those
that depend on the total beam current. The reduced luminosity will nevertheless
give access to important physics. The parameters at collision energy for the two
schema are given in table 4.8.2.

2.2.1 LHC experiments

The two particle beams circulating with opposite directions in the LHC rings col-
lide in 4 different locations, where the scattering products are detected by six
experiments:

e ALICE (A Large Ion Collider Experiment), the only experiment specifi-
cally dedicated to heavy-ion collisions. It will be deeply described in the
next chapter.
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Beam Parameter Nominal Early
Lead ion energy [TeV] 574 574
Lead ion energy per nucleon [TeV] 2.759 2.759
Number of ions per bunch 7.0 x 107 | 7.0 x 10’
Number of bunches 592 62
RMS beam size at IP2 [um)] 159 22.5
Peakluminosity at [P2 [em™2s7!] || 1.0 x 10%7 | 5.4 x 10%

Table 2.1: LHC beam parameters in Nominal Ton Scheme and Early Ton Scheme. [40]

o ATLAS (A Toroidal LHC ApparatuS), a general purpose experiment fo-
cused on the searching of the Higgs boson, as well as on physics beyond the
Standard Model.

o CMS (Compact Muon Solenoid), with analogous purposes of ATLAS.

e LHCDb ( Large Hadron Collider beauty), focusing on beauty detection for
precise measurements of CP violation and rare decays.

o LHC (Large Hadron Collider forward), an experiment sharing the interac-
tion point with ATLAS and using the forward particles created at the LHC
as a source to simulate cosmic rays in laboratory conditions.

e TOTEM (7TO7Tal and Elastic Measurement), an experiment sharing the in-
teraction point with CMS for total cross sections, elastic scattering and
diffractive dissociation measurements.

2.3 ALICE

The ALICE [41] experiment is the unique that has been optimized for heavy ion
collider physics. It is a multi purpose experiment and its project was driven by
the requirement of having a good particle identification from low momenta (~100
MeV/c) up to high momenta (~100 GeV/c) in a high multiplicity scenario (~8000
particle per unit rapidity at midrapidity). The layout of its structure is shown in
Fig. 2.3.

Its has a central barrel with a full azimuthal coverage and a rapidity coverage
in the interval || < 1 and a series of detectors which cover part of the large
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Figure 2.3: Layout of ALICE detector.

rapidity region. In the central part, starting from smaller to bigger radii, there
are the Inner Tracking System (ITS), the Time Projection Chamber (TPC), the
Transition Radiation Detector (TRD) and the Time Of Flight (TOF). This central
system has other two small area detectors in the outer part : the HIgh Momentum
Particle IDentification (HMPID) in the solid angle |n| < 0.6 and A¢ = 60° , and
the PHOton Spectrometer (PHOS) in the solid angle |1| < 0.12 and A¢ = 100°
. The remaining large rapidity detectors are the Muon Spectrometer at —4.0 <
In| < —2.4 and, on the opposite site, in the large rapidity region (upton =5.1) a
Photon Multiplicity Detector (PMD) and a Forward Multiplicity Detector (FMD).
The innermost and the outermost detectors provide the rapidity coverage shown
in Fig. 2.4.

Other detectors were designed to give fast trigger signals (T0 and VO0) or to
measure the impact parameter of an ion-ion collision as the Zero Degree Calorime-
ter (ZDC, an hadronic calorimeter) and the very forward electromagnetic calorime-

47



2.3 —ALICE

3 MUON _SPD layer 1 FMD
SPD layer 2

5.
r FMD
5 FMD

TPC ful

4r TPC red. VO L|
JRD

T0 TOF To

E | 2 = -

: HMPID*
BARNE-
agn T zee EMCal* ZEM® ZP*

= ACORDE*

Figure 2.4: Pseudo rapidity coverage of the ALICE detectors.

ter (ZEM). Several measured observables are related to the event centrality and
such hadronic and electromagnetic calorimeters will provide the measures for it.
The whole central part of the ALICE experiment is inside the L3 magnet, that
is a magnet yoke earlier installed for the L3 experiment at LEP. It can provide a
magnetic field up to 0.5 T. Another magnet is present in the ALICE experiment
for muons, named Muon Dipole, that can provide a magnetic field of 3 T.

The experiment will have a unique capability of identifying particles and will be
given a small description of the ALICE detectors as well as their contribution to
its physics program in the next sections. A summary of the particle identification
potential with the ALICE detectors can be found in Fig. 2.5 .

ALICE and LHC

One of the most important experimental issues in the design of the ALICE exper-
iment and of its physics programme is the luminosity for Pb-Pb collisions. It de-
pends on the limitations imposed by both the detector and the accelerator. Among
the sub-detectors, the most constraining limits come from the main tracking de-
vice, the Time-Projection Chamber (TPC), and the forward muon spectrometer.
The TPC limits the maximum usable luminosity because of event pile-up during
the 88 us drift time. The TPC is expected to be operated even at luminosities
above 10?7 cm™2 s~! , given that the multiplicity in the Pb-Pb collisions will re-
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Figure 2.5: Momentum identification ranges with ALICE, for different charged parti-
cles.

main around 4000 per unit of pseudo-rapidity. On the other hand, the maximum
acceptable rate capability of the muon spectrometer trigger chambers limit the
luminosity to (2-4) x 1028 cm~2 s—!. However, the limitations of the LHC are
stronger than those imposed by the sub-detectors technologies.

2.3.1 The Inner Tracking System

The Inner Tracking System [?], shown in Fig. 2.6 is placed close to the interaction
point and it has been designed to accomplish some tasks which result crucial for
the ALICE physics programme. These task are:

e to reconstruct the primary vertex with a resolution better than 100 um; to
reconstruct the secondary vertices and to measure the impact parameter for
the decays of hyperons and D and B mesons;

e to track and identify the low-pr (< 100M eV ) particles, which are not seen
from the outer detectors;

e to improve the TPC momentum resolution for the high-p7 particles;

e to track and identify the particles traversing the dead zones of the TPC.
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Figure 2.6: Layout of ITS. [105]

Moreover, in cooperation with the other detectors, the ITS characteristics al-
low to improve the performances in the study of many ALICE physics topics:
the global observables of the heavy-ion collisions, like the charged particle mul-
tiplicity and the particle spectra and correlations; the resonance production and
possible variations in their parameters; a precise mass measurement of the heavy-
quark states to improve the signal-to-background ratio for the observation of the
quarkonia suppression; the jet observation, covering also the TPC dead zones.
These tasks will be accomplished by the I'TS thanks to its design and construction
characteristics, which are described hereafter: it consists of six concentric cylin-
drical layers of silicon detectors, the innermost of them located at a radius r = 3.9
cm, the outermost at r = 43.9 cm (Fig. 2.3.1 ), and it is placed inside the Time
Projection Chamber.

The number, position and segmentation of the layers are optimized for efficient
track reconstruction and high impact parameter resolution. In particular, the over-
all ITS dimensions are constrained by the geometry of the neighbouring parts of
the ALICE apparatus: the inner radius is the minimum allowed by the beam pipe,
a 800 um-thick beryllium cylinder of 6 cm outer diameter, coaxial with the ITS
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detector layers; the outer radius is instead determined by the necessity to match
the reconstructed tracks with those from the TPC.

The layers dimensions along the beam axis allow to cover a rapidity range of || <
0.9 for all vertices located within the length of the interaction diamond, i.e. £10 =
+10.6 cm along the beam direction. The first layer covers a more extended range
(In| < 1.98) in order to provide, together with the FMD, a continuous coverage in
rapidity for the measurement of the charged-particles multiplicity.

The two innermost layers, called Silicon Pixel Detector (SPD), have to sustain
a very high rate of up to 50 particles per cm? are based on hybrid silicon pixels
which consist of silicon detector diodes with a thickness of 200 um. The first
and the second layer are placed at 3.9 cm and 7.6 cm, respectively. In total 9.8
million channels are read out in a binary fashion, thus no energy loss information
is available and therefore the SPD does not contribute to particle identification.
The information from the SPD alone is sufficient to form so-called tracklets and
thus to measure the charged-particle multiplicity.

The third and fourth layer, called Silicon Drift Detector (SDD), consist of a 300
um thick layer of homogeneous high-resistivity silicon. Contrarily to the first two
inner layers, the readout is analog, therefore energy-loss information for particle
identification is provided. The SDD has 133 000 channels. The detector employs
a drift time measurement resulting in a similar granularity as the SPD and SSD.
The two outermost layers, called Silicon Strip Detector (SSD), consist of sen-
sors equipped on both sides with silicon micro-strips. These are arranged under a
stereo angle of 35 mrad allowing for a two-dimensional measurement of the track
position together with an energy-loss measurement for particle identification. The
SSD has about 2.6 million channels.

In Fig. 2.7 one of the first p-p collisions events as recorded in the six layers of ITS
detector on 23" November 2009. [106]

2.3.2 The Time Projection Chamber

The foreseen ALICE physics program determined the performance requirements
as well as the design details and the technical construction of the ALICE TPC
[107]. To improve the knowledge of hadron physics the following challenges had
to be engaged:

- The dE/dx resolution should be at least 8% or better to properly identify
particles.
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Figure 2.7: ALICE first p-p event recorded in ITS. [106]

- The two track resolution has to be sufficient to allow measurements with a
resolution in relative momentum of a few (< 5) MeV.

- For fast decaying particles a proper (85% - 95%) matching capability of the
TPC to ITS or/and TOF is needed.

- A tracking efficiency of at least 90 % for tracks of higher momentum (> 1
GeV) should be achieved.

- To get a good mass resolution (< 100 MeV) for heavy mesons, the momen-
tum resolution for electrons of about 4 GeV should be at least 2.5 %.

- Due to the high luminosity of heavy-ion collisions, the TPC has to operate
at 1 kHz or more.

These demands lead to a design of a conventional TPC, but with many new fea-
tures and novel solutions. The major improvements are [107]:

Material budget: In order to minimize the effect of multiple scattering and sec-
ondary particle production, the amount of material between the inner TPC
cylinder and the ITS detector was minimized. This has determined the light
field cage material and influenced the gas choice.
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Rate capability: The dead time (between read out) of the TPC had to be opti-
mized. This influenced again, the gas choice, the drift field configuration
and therefore the field cage.

Acceptance: For event-by-event studies as well as for all rare observables a rea-
sonably big acceptance was necessary to collect enough statistics. This has
led, in combination with the reused L3 magnet, to the biggest TPC ever
built.

Read-out: The concept of signal handling has been significantly improved by the
novel development of a specially designed read-out chip.

The ALICE TPC is placed inside a L3 magnet parallel to the drift field in z
direction. It has an inner radius of 80 cm, defined by the maximum acceptable hit
density of 0.1 cm~?2 and the outer diameter of the ITS detector.

High Voltage electrode (100 kV)

field cage

readout chamber

Figure 2.8: Layout of the ALICE TPC.

The outer radius of 250 cm is given by the length required for the desired
dE/dx resolution as well as the required momentum resolution in the frame of the
available magnetic field. To fulfill the desired position resolution (0,9 ~ 150 um
and o, = 200 um) special precautions had to be taken when planning the field
cage as well as the inner and outer containment vessels. The total length of the
TPC is 500 cm.

The drift gas of Ne-CO,-N3 is optimized for drift speed, low diffusion, low radi-
ation length and multiple scattering and aging properties. The drawback of this

53



2.3 —ALICE

mixture is that it has an unusually high dependence of drift velocity on tempera-
ture. Thus, the ALICE TPC is aiming for a thermal stability of AT < 0.1 K. The
drift gas requires a high drift field (400 V/cm) to secure an acceptable drift time of
96 u which defines the dead-time of the detector and therefore the rate capability.
To reach this high drift field the central electrode must be at 100 kV. Multi-wire
proportional chambers with cathode pad readout are mounted into 18 trapezoidal
sectors of each end-plate.

2.3.3 The Transition Radiation Detector

The task of the ALICE Transition-Radiation Detector [108] is to provide electron
identification in the central barrel for momenta greater than p = 1 GeV/c, where
the pion rejection capability through energy loss measurement in the TPC is no
longer sufficient.

TRD covers in pseudo-rapidity the same region of the other central barrel detec-
tors, || < 0.9. The TRD fills the radial space between the TPC and the TOF
detectors. For quality of electron identification, the TRD consists of six individ-
ual layers. To match the azimuthal segmentation of the TPC, there are 18 sectors.
There is a 5-fold segmentation along beam direction. In total there are 18x5x6
= 540 detector modules. Each module consists of a radiator of 4.8 cm thickness,
a multi-wire proportional readout chamber, and the front-end electronics for this
chamber. In Fig. 2.9 the cross-sectional (r- z plane) view of one TRD chamber
showing the passage of a pion/electron has been shown.

Each chamber has 144 pads in the direction of the amplification wires, r, and
between 12 and 16 pad rows in the z direction. The pads have a typical area of
6-7 cm? and cover a total active area of about 736 m? with 1.16x 106 readout
channels. The gas mixture in the readout chambers is Xe/CO, (85%/15%). Each
readout chamber consists of a drift region of 3.0 cm separated by cathode wires
from an amplification region of 0.7 cm. The drift time is 2.0 us, requiring a drift
velocity of 1.5 cm/us. The nominal drift velocity will be reached with an electric
field of 0.7 kV/cm. In this gas mixture a minimum ionizing particle liberates 275

electrons cm ! .

2.3.4 Time-Of-Flight detector

The TOF detector is a large area array for particle identification in the intermediate
momentum range through the measurement of the time that particle spend to come
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Figure 2.9: Cross-sectional (r- z plane) view of one TRD chamber showing the passage
of a pion/electron. [109]

from the interaction point to the detector sensible surface. Coupled with the ITS
and TPC it provides an event-by-event identification of large samples of pions,
kaons and protons. A comprehensive review of the Time-Of-Flight detector of
ALICE will be given in next chapter.

2.3.5 High-Momentum Particle Identification Detector

The High-Momentum Particle Identification Detector [110], is dedicated to in-
clusive measurements of identified hadrons for pr > 1 GeV/c. The HMPID was
designed as a single-arm array with an acceptance of 5 % of the central barrel
phase space. The geometry of the detector was optimized with respect to particle
yields at high-p7 in both pp and heavy-ion collisions at LHC energies, and with
respect to the large opening angle (corresponding to small effective size particle
emitting sources) required for two-particle correlation measurements. HMPID
will enhance the PID capability of the ALICE experiment by enabling identifi-
cation of particles beyond the momentum interval attainable through energy loss
and time-of-flight measurements . The detector was optimized to extend the use-
ful range for /K and K/p discrimination, on a track-by-track basis, up to 3 and 5
GeV/c respectively.

The HMPID is based on proximity-focusing Ring Imaging Cherenkov (RICH)
counters and consists of seven modules of about 1.5x1.5m? each, mounted in
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an independent support cradle, that will be fixed to the space frame in the two
o’clock position. The radiator is a 15 mm thick layer of low chromaticity Cg Fi4
(perfluorohexane) liquid with an index of refraction of n = 1.2989 at A = 175 nm
corresponding to B, = 0.77 (i.e. a momentum threshold p,,i;, = 1.21 m, where m
is the particle mass).

Cherenkov photons, emitted when a fast charged particle traverses the radiator,
(see Fig. 2.3.5) are detected by a photon counter which exploits the technology
of a thin layer of Csl deposited onto the pad cathode of a Multi-Wire Pad Cham-
ber. The photo-detector, filled with pure methane and operated at ambient tem-
perature and pressure, is closed on one side by an end-flange which supports six
independent CsI photocathode boards, 64 x40 cm? large, segmented into pads of
8x8.4mm? . On the opposite side, a honeycomb panel supports three Cg Fi4 radi-
ator vessels placed at a distance of 80 mm from the anode wire plane and separated
from CHy by a quartz window. The photo-converter is a 300 nm thick layer of Csl
deposited onto printed circuit boards with a copper layer.

Each HMPID module consists of a stack of five independent frames made out of
a stabilized aluminium alloy (peralumin) which minimizes out-gassing into the
chamber active volume. The thickness and size of the materials have been care-
fully optimized by investigating the best compromise between the detector total
radiation length and the perfluorohexane hydrostatic pressure.

The total HMPID gas volume of 1.4 m> of pure CHy is split into the seven inde-
pendent RICH modules of 0.2 m? by supplying each of them individually with a
gas flow rate providing five volume changes per day and maintaining an operating
pressure of some mbar above ambient pressure. With the help of Monte Carlo
simulation and test beam measurements, it was demonstrated [111] that a radia-
tor thickness of 15 mm will enable operating the detector at a lower gain, keeping
unchanged the performance and improving the stability of operation.

2.3.6 The PHOton Spectrometer

The PHOton Spectrometer [41] is a high-resolution electromagnetic spectrometer
covering a limited acceptance domain at central rapidity. The PHOS is capable to
measure low-pr photons emitted in the initial phase of the collision, in order to
study its thermal and dynamical properties; moreover, it is designed to measure
the high-p7 ¥ and y-jet correlation in order to study the jet quenching effects.

It is one of the outermost detectors at a distance of 460 cm from the interaction
point. The final configuration holds five modules with an angular coverage of
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Figure 2.10: Schematic picture of the layout of a HMPID module and how it operates.

5%20 degrees, as shown in Fig. 2.11 (right). The pseudo rapidity coverage is
-0.12 t0 0.12.

Figure 2.11: Left: PHOS crystal detector unit with glued photo-detector; right: PHOS
module.

Each PHOS module is built up of two different sub-detectors. The main detec-
tor is a highly segmented ElectroMagnetic Calorimeter (EMC), while the second
detector is a Charged Particle Veto (CPV) detector. The EMC is measuring elec-
tromagnetic showers of up to 100 GeV via a large matrix of PbWOq crystals. The
EMC for one PHOS module is segmented into 3584 detection cells, that each con-
sists of a crystal and an avalanche photo diode (Fig. 2.3.6,left). To increase the
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light yield and hence the energy resolution of the PbWOy crystals, the nominal
operating temperature of the EMC modules are set to -25°C. The crystal strips are
located in a cold enclosure, whereas the front end cards are located outside this
enclosure. The CPV detector is a Multi Wire Proportional Chamber that is placed
on top of the EMC module with a distance of about 5 mm. The purpose is to
discriminate charged particles from neutral particles.

2.3.7 The ElectroMagnetic Calorimeter

The construction of a large ElectroMagnetic Calorimeter (EMCal) [41] began in
2008 with the aim to enable ALICE to explore in detail the physics of jet quench-
ing over the large kinematic range accessible in heavy ion collisions at the LHC
[112]. The EMCal is a large Pb-scintillator calorimeter located adjacent to the
ALICE magnet coil at a radius of ~4.5 metres from the beam line. It covers || <
0.7 and A¢ =107°, and is positioned approximately opposite in azimuth to the
ALICE Photon Spectrometer (PHOS) calorimeter. The overall design of the EM-
Cal was heavily influenced by its location within the ALICE L3 magnet. Figure
2.12 shows a schematic integration drawing of the end view of the ALICE central
barrel.

Figure 2.12: Schematic view of EMCal detector in the ALICE central barrel.

The choice of an electromagnetic calorimeter with large acceptance and mod-
erate resolution provides a cost-effective pathway into jet physics in ALICE. The
EMCal increases the electromagnetic calorimeter coverage of ALICE by nearly
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an order of magnitude. It provides a fast and efficient first level trigger for hard
jets, photons and electrons, allowing ALICE to exploit fully the luminosity of the
LHC. The EMCal also measures the neutral energy component of jets, enabling
full jet reconstruction in all collision systems, from proton-proton to Pb-Pb. The
combination of the EMCal with the excellent ALICE charged particle tracking
capabilities and the modest ALICE magnetic field strength, is a preferred config-
uration for jet reconstruction in the high background environment of heavy ion
collisions, allowing the optimisation of background rejection while preserving the
crucial jet-quenching signals at moderate transverse momentum.

2.3.8 The ALICE COsmic Ray DEtector

The ALICE COsmic Ray DEtector (ACORDE) consists of 60 large scintillators
placed on the upper surface of the L3 magnet, as showed in Fig. 2.13, that are
used as fast level trigger on cosmic rays. The detection of single atmospheric
muons and multi-muon events allows high-energy cosmic rays to be studied,
which can provide insight into the energy region of the knee in the cosmic-ray
spectrum.Furthermore, cosmic-ray events are used for calibration and alignment.
ACORDE has been used during the detector commissioning in 2007, 2008 and
2009. The rate of muons reaching the ALICE detector is about 4.5 Hz/m? .
ACORDE's scintillators have been used before by the DELPHI (Detector with
Lepton, Photon, and Hadron Identification) experiment.

2.3.9 The Muon Spectormeter

Muon detection is performed in the pseudo-rapidity region 4.0 < 1 <-2.5 by the
Muon Spectrometer. With this detector, the complete spectrum of heavy quark
vector mesons resonances (i.e. J/W,¥’, Y,Y’,Y”), as well as the ¢ meson, will
be measured in the u™ u~ decay channel. The simultaneous measurement of all
the quarkonia species with the same apparatus will allow a direct comparison
of their production rate as a function of different parameters such as transverse
momentum and collision centrality. In addition to vector mesons, the unlike-sign
dimuon continuum up to masses around 10 GeV/c? will be measured. Since at
LHC energies the continuum is expected to be dominated by muons from the
semi-leptonic decay of open charm and open beauty, it will be possible to study
the production of open heavy flavour with the Muon Spectrometer. Heavy flavour
production in the region -2.5 < 1 <-1 will be accessible through measurement of
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Figure 2.13: The ALICE Cosmic Ray Detector: the scintillator array is on the three top
faces of the magnet.

e -U coincidences, where the muon is detected by the Muon Spectrometer and the
electron by the TRD. The layout of the Muon Spectrometer is shown in Fig.2.14.
The spectrometer consists of the following components: a passive front ab-
sorber to absorb hadrons and photons from the interaction vertex; a high granular-
ity tracking system of 10 detection planes; a large dipole magnet; a passive muon-
filter wall, followed by four planes of trigger chambers; an inner beam shield to
protect the chambers from primary and secondary particles produced at large ra-
pidities. The front absorber, whose length is 4.13 m, is located inside the solenoid
magnet. The fiducial volume of the absorber is made predominantly out of carbon
and concrete to limit small-angle scattering and energy loss by traversing muons.
The spectrometer is shielded throughout its length by a dense absorber tube, sur-
rounding the beam pipe, that is made of tungsten, lead and stainless steel. While
the front absorber and the beam shield are sufficient to protect the tracking cham-
bers, additional protection is needed for the trigger chambers. For this reason the
muon filter, i.e. an iron wall 1.2 m thick is placed after the last tracking chamber,
in front of the first trigger chamber.
The tracking chambers were designed to achieve a spatial resolution of about 100
pm, necessary for an invariant-mass resolution of the order of 100 MeV/c? at the
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Figure 2.14: Schematic 3D view of ALICE Muon Spectrometer.

Y mass [113]. In addition they have to be able to operate at a hit density of about
5% 1072 cm~2 expected in central PbPb collisions. All these requirements were
fulfilled by the use of cathode pad chambers. They are arranged in five stations:
two are placed before, one inside and two after the dipole magnet. Each station is
made of two chamber planes. Each chamber has two cathode planes, which are
both read out to provide two-dimensional hit information

The dipole magnet [114] is placed 7 m from the interaction vertex, at some 10
cm distance from the L3 solenoid. The size (free gap between poles 3.5 m, total
weight about 900 t) is defined by the requirements on the angular acceptance of
the spectrometer.

In table 2.2, the principal features of the so far described ALICE detectors have
been summarized.

2.3.10 Forward and trigger detectors

Finally, some small specialized detectors are used for triggering the ALICE ac-
quisition or to measure global properties of the events:
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Photon Multiplicity Detector (PMD) is a preshower detector measuring the
multiplicity and spatial ( — ¢) distribution of photons on an event-by-event
basis, in the forward region (2.3 < n < 3.7). Placed at about 360 cm from
the interaction point, in the side opposite to the Muon Spectrometer, the
PMD provides estimates of the transverse electromagnetic energy and of the
reaction plane on an event-by-event basis. It consists of two identical planes
of detectors, made of gas proportional counters with honeycomb structure
and wire readout, with a 3Xj thick lead converter in between them: the
front detector plane is used for vetoing charged particles while the detector
plane behind the converter is the preshower plane and registers hits from
both photons and charged hadrons.

TO detector consists of two arrays of Cherenkov counters, with a time reso-
lution better than 50 ps, asymmetrically placed at 72.7 cm (Muon spec-
trometer side) and 375 cm (PMD side) from the interaction vertex, with a
pseudo-rapidity coverage of -3.28 < 1 <-2.97 and 4.61 < n < 4.92, re-
spectively [41]. It is designed to provide a TO signal for the TOF detector,
to measure the vertex position with a precision of +1.5 cm, thus provid-
ing a first level trigger when the position is within the preset values, and to
measure the particle multiplicity and generate a centrality trigger.

V0 detector, consisting of two arrays of segmented scintillator counters, located
90 cm (Muon Spectrometer side) and 340 cm (PMD side) from the inter-
action point. The detectors are segmented into 72 elementary counters dis-
tributed in 5 rings, with a pseudo-rapidity coverage of -3.8< 1 < -1.7 and
2.8< n <5.1. The measurement of the time-of-flight difference between the
detectors allows to identify and reject the beam-gas events, thus providing a
minimum bias trigger for the central barrel detectors and a validation signal
for the muon trigger. Moreover, the VO can measure the charged particle
multiplicity, thus resulting in a centrality indicator providing two centrality
triggers in Pb-Pb collisions.

Forward Multiplicity Detector (FMD), consisting in rings of silicon strip de-
tectors located at three different positions along the beam pipe, provides a
charged particle multiplicity information in the pseudorapidity range -3.4
<M < -1.7 (Muon Spectrometer side) and 1.7 < 1 < 5.1 (PMD side). The
FMD consists of 51200 silicon strips channels distributed over 5 ring coun-
ters of two types: the inner ring is composed by 20 sectors in azimuthal
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angle with 512 strips each; the outer by 40 sectors with 256 each. The de-
sign ensures, together with the ITS inner pixel layer, a full pseudo-rapidity
coverage in the range -3.4 < 1 < 5.1, and an overlap between the FMD and
ITS pixel system of about 0.2 pseudorapidity units.

2 5 Sil —outer
Si3 Si2 —inner . _i‘.l‘l i

PM.D. -
Si2 - outer Sil —inner
Figure 2.15: Location of the ALICE forward detectors VO, TO, PMD and of FMD
modules Sil, Si2 and Si3 along the LHC beam line. The location of the PMD corresponds

to the L3 magnet door.

Zero Degree Calorimeter (ZDC) provides a centrality estimation and trigger in
Pb-Pb collisions by measuring the energy carried in the forward direction
(at zero degrees relative to the beam direction) by non-interacting (specta-
tor) nucleons. The detector consists of two pairs of quartz-fibers hadronic
calorimeters (for neutron and protons), placed on both sides of the interac-
tion point, at 116 m from it. The system is completed by two electromag-
netic calorimeters (ZEM), both placed at about 7 m from interaction point
(PMD side), which allow to resolve ambiguities in the determination of the
centrality. Being placed between the beam pipes, the neutron calorimeter
(ZN) has the most severe geometrical constraints: the transverse dimensions
have to be smaller than 7 cm, requiring a very dense passive material (tung-
sten). The stringent space constraints do not hold for the proton calorimeter
(ZP), which is made with a less dense material (lead). The ZN, segmented
in four regions, can also provide an estimation of the reaction plane. The
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electromagnetic calorimeter (ZEM), made of lead and quartz fibres, is de-
signed to measure the energy of particles, mostly photons generated from
70 decays, at forward rapidities (4.8 < 1 < 5.7). Differently from the ZN
and ZP, the ZEM fibres are oriented at 45°, a choice that maximizes the
detector response.

ZEM
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Figure 2.16: Location of the ALICE Zero Degrees Calorimeters ZN znd ZP along the
LHC beam line.

2.3.11 The AliRoot Framework

The project for the ALICE offline framework, AliRoot [41, 115], started in 1998 [116]
and has been continuously developed by the offline core team and collaboration
members. AliRoot is entirely based on Object Oriented technology (C++) and
depends on the ROOT [117] framework, which provides an environment for the
development of software package for event generator, detector simulation, event
reconstruction, data acquisition and analysis. The final objectives of the AliRoot
framework are:

- the simulation of the primary hadronic collisions and the resulting detector
response, i.e. the reconstruction of the physics data (raw data) coming from
simulated and real events.

- the (distributed) analysis of reconstructed data.

The AliRoot design was guided by the basic principles of reusability and modu-
larity, which minimize the amount of user code unused or rewritten and maximize
the participation of the physicists in its development.
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The core of the system is the STEER module, which provides steering, run man-
agement, interface classes and base classes. The codes from the different detec-
tors are independent so that different detector groups can work concurrently on
the system while minimizing the interference. The use of an Object Oriented pro-
gramming language, allowing a defined class hierarchy, realizes the modularity
structure in a natural way. The hadronic collision can be simulated with different
Monte Carlo event generators, like, for example, PYTHIA [118] and HIJING
[119], which are interfaced to the framework in a completely transparent way
to the users. The detector response simulation follows the same logic, allow-
ing the user to switch among different transport packages like GEANT3 [120],
GEANT4 [121] and FLUKA [122], without changing the code: only a different
shared library has to be loaded. The basic concept of the framework is shown
schematically in Fig. 2.17.
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Figure 2.17: The role of AliRoot framework.

The left branch of the curve represent the simulation phase: the Monte Carlo
truth is degraded to reproduce the detector response. On the contrary, the right
branch is the reconstruction phase: the real or simulated data are reconstructed in
order to retrieve back the kinematics of the detected particles.

The primary interactions are simulated via event generators and the resulting kine-
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matic tree! is then used in the transport package. The tree contains the produced
“particles’, defined through a set of kinematic variables, such as momenta and en-
ergies, and keeps track of the production history (in terms of mother-daughters
relationship and production vertex). Each particle is then transported into the set
of detectors: the point where the energy is deposited together with the amount of
such energy constitutes an hit. The hits contain also information about the par-
ticle that generated them. At the next step the detector information is taken into
account. The hits are ’disintegrated’: the information on the parent track is lost
and the spatial position is translated into the corresponding detector readout ele-
ment (e.g. strips, pads, etc.), thus generating the digits. There are two types of
digits: the summable digits, where zero-thresholds are used and the results can
be summed when different events are superimposed (event merging), and the dig-
its, where real thresholds are used and the result is similar to what one would
get in a real data taking. The digits are eventually converted in raw data, which
are stored in binary format as a payload. The reconstruction chain can then start,
allowing the creation of track candidates. The final output is an Event Summary
Data (ESD), a root file containing all the output of the reconstruction relevant for
physics studies.

Metadata information of reconstructed events in the ESD file are stored in the Tag
database of AliRoot: this is important in the analysis since it allows to select only
those events of interest for the specific analysis considered, with a fast query to the
database. The selection, performed through a train of analysis tasks, results in the
creation of Analysis Object Data (AOD) files, which contains all the information
needed for a specific analysis and can be more easily handled by end users.

2.3.12 The AIEn Framework

With a data acquisition rate of 1.25 GB/s in the heavy ion progamme, about 5
PB/year of data stored on tape and an amount of CPU power equivalent to about
25000 PCs per each year, the ALICE experiment represents a challenge for data
storage and processing. The picture is further complicated by the fact that, in an
international collaboration, the computing resources and competences are natu-
rally distributed, thus making a centralized solution almost impossible. The issue
was addressed by the High Energy Physics (HEP) community to the Grid comput-
ing, that is the combination of computer resources from multiple administrative

'a tree is a widely-used dynamic recursive complex data structure that emulates a hierarchical
tree structure with a set of linked nodes
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domains for a common goal. Grids are usually used for solving scientific, tech-
nical or business problems that require a great number of computer processing
cycles for processing of large amounts of data. One of the main strategies of Grid
computing is to use 'middleware’ to divide and apportion pieces of a program
among several computers, sometimes up to many thousands. What distinguishes
Grid computing from conventional high performance computing systems such as
cluster computing is that Grids tend to be more loosely coupled, heterogeneous,
and geographically dispersed: the Grid paradigm implies the unification of re-
sources of distributed computing centers, in particular computing power and stor-
age, to provide them to users all over the world. It allows computing centers to
offer their resources to a wider community. This allows resources in large collabo-
rations to be shared. ALICE has developed a Grid middleware called AiEn [123]
since 2001. An ALICE user employs AliEn to connect to the ALICE Grid which
is composed of a combination of general services that are provided by many Grid
middleware solutions and ALICE specific services provided by AliEn. Part of the
ALICE Grid is a global file catalog that is a directory of files in storage elements
distributed over the Globe, automatic matching of jobs for execution to a suitable
location in one of the connected sites and a shell-like user interface. Currently the
ALICE Grid consists of about 80 sites located in 21 countries. The system has
been tested extensively with up to 10 000 jobs running concurrently over several
weeks. A part of the simulated data used in this thesis has been produced at these
sites.

* T TR T
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Figure 2.18: A global view of ALIEN site.
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Detector Acceptance (1,0) ‘ Position (m) ‘ Dimension (m?) ‘ Channels
ITS
SPD +2,+1.4 0.039, 0.076 0.21 9.8 x10°
SDD +0.9, £0.9 0.150, 0.239 1.31 1.33 x10°
SSD +0.97, +£0.97 0.380, 0.430 5.0 2.6 x10°
TPC +0.9atr=2.8m 0.848, 2.466 r.0. 32.5 m? 557568
+15atr=14m Vol. 90 m*
TRD +0.84 2.90, 3.68 716 1.2 x10°
TOF +0.9 3.78 141 157248
HMPID | £+0.6,1.2° < ¢ < 58.8° 5.0 11 17920
PHOS +0.12, 220° < ¢ <320° 4.6 8.6 17920
EMCal +0.7, 80° < ¢ <187° 4.36 44 12672
ACORDE | =£1.3,-60° < ¢ <60° 8.5 43 120
MUON
Trk S 1 2.5<1n <-4.0 -5.36 4.7 1.08 x10°
Trk S 2 -6.86 7.9
Trk S 3 -9.83 14.4
Trk S 4 12.92 26.5
Trk S 5 14.22 41.8
Trg S 1 -2.5<n <-4.0 16.12 64.6 21 x10°
Trg S 2 17.12 73.1

Table 2.2: Summary table of the principal detector features in ALICE. Acceptance in
N is estimated from the nominal interaction point and is in total azimuth, where is not
specified. The position is the distance from the interaction point to detectors surface: it
correspond to inner and outer radius for central barrel detectors and to z-position for the
others. The dimensions is the effective sensitive area for each subsystem and the channels
are the number of readout indipendent channels for each detector. (Trk S = Tracking
Station; Trg S = Trigger Station)
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Chapter 3
The Time Of Flight Detector

The Time-Of-Flight detector (TOF) has been designed in order to cover the central
pseudo-rapidity region (|| <0.9). This apparatus is, in the ALICE framework, the
one dedicated to particle identification (PID), through time-of-flight measurement,
in the intermediate and relatively high momentum region, below about 2.5 GeV/c
for pions and kaons, up to 4 GeV/c for protons, with a 7/K and K/p separation
power better than 30 [124]. Since most of charged particle will be emitted in
this range, performances of this detector is a matter of crucial importance for the
experiment. Charged particles measurements and identification in this range of
momenta will provide observables that will be used in order to investigate the
nature and dynamic evolution of the system that will be produced in the heavy
ions collision at LHC. In addition, at the inclusive level, identified kaons will
allow invariant mass studies, in particular the detection of open heavy-flavoured
states and vector-meson resonances such as the ¢ meson ([126, 127, 128, 129]).
In order to perform the identification, it exploit the informations on the tracks,
which are extracted by TPC and ITS, comparing it with an extremely accurate
measurement for the particle time of flight.

3.1 Particle IDentification with TOF detector

The identification of charged hadrons in ALICE is done combining the PID infor-
mation provided by several detectors. The TOF detector is designed to identify
charged particle at intermediate momenta using the time-of-flight technique mea-
surement in the central rapidity region. Monte Carlo simulations of the apparatus,
the commissioning with cosmic rays and first p-p collisions data have confirmed
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-4z

Figure 3.1: The Time-Of-Flight detector

the good performance foreseen for such device.

The identity of a particle can be only determined from its charge and mass. The
particle charge can be directly measured, while particle mass cannot, so the simul-
taneous and independent measure of two different kinematic variables is needed,
and one of them must depend on the particle mass. Usually, in high-energy physics
experiments, particles are bent in a magnetic field to measure their momenta. Par-
ticle velocity measurement is often used together with momentum measurement
for particle identification. Many techniques deal with particle velocity measure-
ment, but the choice of the most suitable method is strongly related to the required
momentum ranges. Cherenkov detectors, for example, measure 6 angle of the
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emitted light from a relativistic particle that cross a medium through the formula:

cosO =

1
E. (3.1)
This relations connect the light emission angle (0), the speed through the rela-
tivistic term 3 = v/c and the refraction angle of the medium n. But, the emission
take place only for f > 1/n, making impossible identification for low momenta
particle. At LHC the expectation is for 97 % of particle with a momentum lower
tha 2 Gev/c: it’s necessary to use another method to determine the speed of the
particles produced in the interaction.
The time-of-flight technique turns out to be well suited for particle identification
in the mid-momentum region. This technique is based on the measurement of the
particle time-of-flight 79F over a known trajectory length L. This leads to the
measurement of the particle velocity v = L/t. Time-of-flight measurements for
particle identification require that the momentum p of the particle is also mea-
sured. The particle mass m is calculated using:

Z»TOF
m=p\/(——)?—1 (3.2)

It is simple to show, starting from this expression, that the mass resolution is:

dm _dp dt’OF dL

—— 3.3
where v is the particle Lorentz factor :
2
14
Y= 1+ W 3.4)

Equation 3.3 and 3.4 show that particle identification using TOF measure-
ments becomes worse as the square of the particle momentum: to achieve the
same mass resolution at twice the momentum requires four-fold improvement in
time resolution. If it should be possible to know the track lenght with a resolution
of 0.1% and momentum with 1%, the accuracy on mass is determined by time-
of-flight detector time resolution. With a particle that traverse a lenght L=3m in
a time 7=10 ns, in order to achieve a time resolution Af/t ~ 1%, it’s necessary a
detector with a precision of ~ 100 ps.
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3.1 — Particle IDentification with TOF detector

In Fig.3.2 there is a representation of the TOF PID capabilities, showing, for
all the reconstructed tracks matched with a signal on TOF, the correlation between
the track momentum and the mass for 200 Montecarlo central Pb-Pb collision
with a TOF resolution equal to 80 ps. On the right there is the corresponding mass
distribution for 0.5<p<4.2 GeV with logarithmic (up) and linear scale (down).
The distribution for pions, kaons and protons are indicated with red, blue and

green, respectively; the black histogram is the inclusive distribution for all the
species.
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Figure 3.2: Mass separation as a function of momentum as obtained with the Time Of
Flight detector in Pb-Pb central collisions. [112]

Identification probability of PID with TOF detector

The ALICE particle identification procedure relies on the Bayesian approach. The
measured time-of-flight t” ©F is chosen as the PID discriminating variable for TOF
detector, and the Gaussian

_(tTOF o t?xp)z

gi(t 762 L 3.5

is used as the TOF detector response function for different mass hypotheses m;
(i=e, u,m, K, p) . Besides the measured time-of-flight, the response function

1
TOFY —exp

72



3.1 — Particle IDentification with TOF detector

g; depends on other two parameters, the expected time-of-flight 1“7 for the i-th
mass hypothesis, and the overall time resolution ¢ that takes into account both the
time resolution of the TOF system o7orF and the uncertainty Oy.., related to the
reconstructed momentum and track length:

0 =1/C}or + 0o (3.6)

To be noted that G0, ~ 30 ps depends on the track momentum and track
length [130]. The expected time-of-flight is calculated during track reconstruction
summing up at each tracking step the time-of-flight increment:

2 2
Dy +m;
pp = VT

Pk
pr being the local estimate of the track momentum, and Al the track length
increment along the trajectory [130].
On the basis of g; , the conditional probability P;( to be a particle of type
i is then assigned to each track, weighting g; by the a priori probability ! C; for a
track to be an i-particle :

Al (3.7

tTOF)

Cigi(1)
B(1TOF) = o2 (3.8)
l X,Cjgs(t)
with i = e, u,m, K, p. The probabilities P;(¢) are often called PID weights. The
identity of the track is then defined by the highest among the probabilities P;().
This approach to particle identification allows to simply combine PID information
coming from different detectors in a consistent way. Let us call 7(s;|i) the generic
detector response function, where s; is the PID discriminating variable for the
detector j and i is the mass hypothesis. The combined response function is the
product of single detectors
R(5i) =[] r(s;li) (3.9)
J
The combined PID weights are then obtained, in the same way as for the single
detector, from the combined response function
CiR(5]i
W (5li) = <SR (3.10)
L, CiR(31j)

withi=e, u,x, K, p.

'The a priori probabilities C; have to be determined. In the simplest approach they can be
assumed to be equal
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3.1 — Particle IDentification with TOF detector

PID performance of TOF detector

The performance of the TOF PID procedure can be described in terms of effi-
ciency P and contamination C*’P | defined as:

pip o Nig(i)

e"P(i) = 3.11)
PID/~ N3y (i)
MR RS 12

N(i) being the number of particles of type i (i = , K, p) associated with a
signal on the TOF system, N;;(i) the number of i-particles correctly identified,
and NY)(i) the number of non-i-particles misidentified as particles of type i(the
superscript ¢ stands for correctly identified, w for uncorrectly identified, and # +w
is the whole identified particle sample).
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Figure 3.3: Momentum dependence of the efficiency (empty histograms) and contami-
nation (shaded histograms) of the TOF PID procedure in Pb-Pb central events, for primary
particles of different species (left: pions, central: kaons, right: protons). The dark/light-
shaded histograms are aimed at distinguishing the contamination to each particle specie
coming from the others. [126]

As can be seen from Fig.3.3, a very high (> 95%) identification efficiency
can be obtained for pions, almost constant over the whole momentum range 0.5
< p <6 GeV/c, while kaons and protons show a slightly worse and momentum-
dependent performance (at most 85%). At low momenta, the particle identifica-
tion for kaons and protons suffers from track-TOF signal mis-associations (and
decays, for kaons), while at high momenta the results are affected by the decrease
of the K/ and K/p separation power (pions are less sensitive to these effects, since
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Figure 3.4: Momentum dependence of the overall efficiency of the TOF PID procedure
for primary particles of different species generated in the region |0- 90°| < 45°(left: pions,
central: kaons, right: protons). [126]

they are the most abundant particle type). On the other hand, the PID contami-
nation varies from a few percents to ~30% and to ~ 15% for pions and protons
(respectively) in the momentum range 0.5 < p < 6 GeV/c, while for kaons, it
ranges from 20% up to 10% (mostly from pions, as in the case of proton con-
tamination), for momenta 0.5 < p < 3 GeV/c. Analogously to what happens for
efficiency, the main contribution to contamination in the low momentum region
comes from track-TOF signal mis-associations, while at high momenta the time-
of-flight separation power plays a crucial role.

Fig. 3.4 shows the corresponding overall TOF PID efficiencies with respect to
primary tracks generated in the |6 — 90°| region. Here, the track reconstruction
efficiency, the effect of the TOF dead zones, the losses due to particle decays and
interactions affect the PID efficiency itself. It should be pointed out that the results
presented here, especially for what concerns PID contamination, are strongly in-
fluenced by the relative particle concentrations adopted and may vary significantly
at LHC. In particular, if the production rates of pions, kaons and protons become
comparable at momenta > 1.5 GeV/c, as suggested by RHIC results [131], then a
substantial improvement in the kaon contamination will be expected.

3.1.1 PID performance of TOF detector with p-p collision

As already written, in November 2009 the first p-p collisions at LHC have per-
formed. At the end of March 2010, the LHC come back to operate with p-p
collisions at /s = 0.9, 2.36 TeV and 7 TeV. With the last collected data , it has
been possible to preliminary estimate the TOF detector performance in Particle
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3.2 — Multigap Resistive Plate Chamber

IDentification, as shown in Fig. 3.5.
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Figure 3.5: 3 vs momentum as obtained with the Time Of Flight detector in p-p colli-
sions at 7 TeV. The analysis has been performed on 3.6 x 10° tracks reaching TOF detec-
tor. [132]

From this first evaluation, it’s already possible a good discrimination of 7, p
and K: the TOF shows a very good PID capability.

3.2 Multigap Resistive Plate Chamber

A large-coverage (~150 m? active area) TOF detector has been constructed for the
ALICE experiment with ~ 157000 independent channels adopted to work in an en-
vironment with the highest expected charged-particle density (dN.;, /dn ~8000).
The required performance in terms of detection efficiency and time resolution has
been obtained using as the basic detecting element the Multigap Resistive Plate
Chamber (MRPC) strip detector. A solution based on fast scintillators and mesh
photomultipliers would have been prohibitively expensive; so the choice was for
a gaseous TOF detector.

An intensive R&D programme at CERN, carried out by the group of INFN and
University of Bologna and Salerno with the collaboration of Institute for Theo-
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3.2 — Multigap Resistive Plate Chamber

retical and Experimental Physics, Moscow, and Kangnung National University,
has led to the Multigap Resistive Plate Chamber [125] technology. In Fig. 3.6 a
schematic diagram and principle of operation of a multigap RPC compared to a
conventional single-gap RPC is shown.
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Figure 3.6: Avalanche formation in RPC and MRPC gap when a particle cross their
sensitive volume.

A series of gas gaps with a single set of pickup pads reading out all gaps in
parallel, combines the advantages of a wide-gap RPC (high efficiency) with the
better time resolution performance of small gap chambers. A key issue in the
operation of these detectors is the fact that the electric field is high and uniform
and therefore the electrons produced by ionization start avalanching immediately;
there is no drift time associated. There is also a further advantage of subdividing
the gas gap into many small gaps. A through-going particle produces individual
and separate clusters of primary ionization; each of these clusters will start an
avalanche and the final signal will be the sum of all avalanches. In a single-gap
device, these avalanches are not independent and the resulting signal is as if there
should be only one large avalanche. On the contrary, for multigap chambers the
signal is indeed the sum of independent avalanches, since the avalanches occur
in independent subgaps. Moreover, with the single-gap RPC the avalanche mech-
anism is dominated by fluctuations, while an average of many avalanches is the
resultant signal in MRPCs. Other main advantages of the MRPC technology are:

- the chamber operates at atmospheric pressure ;
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3.2 — Multigap Resistive Plate Chamber

- the signal induced on the pickup electrodes by the movement of electrons
and ions in the avalanche is the sum of the signals from all gaps. There is
no late tail in the time response and the charge spectrum has a peak well
separated from zero, thus the setting of the threshold is far less critical with
respect to exponential-shaped charged spectra;

- the resistive electrodes quench streamers so that they do not initiate a spark
breakdown: this allows for high-gain operation;

- the construction technique is rather simple and based on commercially avail-
able materials.
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Figure 3.7: Schematic drawing (cross section and top view of the anode PCB) of the
ALICE TOF MRPC strip. (A) 10 mm thick honeycomb panel; (B) PCB with cathode
pads; (C) Nylon screw to hold fishing line; (D) 550 um thick external glass plates with
resistive coating; (E) 400 um thick internal glass plates; (F) 250 um wide gas gaps;
(G) PCB with anode pads; (H) metallic pins to bring cathode signals to central PCB; (I)
connectors for differential signal from MRPC to front-end electronics.

The Multigap Resistive Plate Chamber design used for the ALICE TOF de-
tector operate with a C, Hy F4 / C4 Hyg / SFg (90%/5%/5%) gas mixture; it has

78



3.2 — Multigap Resistive Plate Chamber

demonstrated its excellent performance, with almost 100% efficiency and time
resolution below 50 ps.

The basic detecting element used is the double-stack MRPC strip, shown in Fig. 3.7, 3.8
and 3.9.

Figure 3.8: A phase of the MRPC TOF assembling. It’s possible to see: the white plastic
pins that hold the nylon fibersused to define the gap; the black connectors that transmit
the differential signals to the front-end electronics; the green PCB.

The strip geometry has been chosen so that a differential signal can be directly
derived from the pickup pads to feed the front-end electronics. Moreover, it allows
the MRPCs to be oriented to the interaction point (in the » —z plane). This reduces
the number of very oblique transversal paths that can create a sharing effect of
the signal among adjacent pads, thereby increasing the occupancy and the time
resolution. The strip has a 120 x 7.4 cm? active area (122 cm long and 13 cm
wide), segmented into two rows of 48 pickup pads of 3.5 x2.5 cm? .

The double-stack design consists of two stacks of equally spaced resistive plates,
creating 5 gas gaps of 250 um each. Nylon fibres (fishing line) are used to define
the size of the gas gap; these spacer fibres run across the width of the strip at the
boundaries between pads (every 2.5 cm), held by plastic pins. The high voltage is
applied to the outer surfaces of the stack of resistive plates (external plates). The
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3.2 — Multigap Resistive Plate Chamber

internal plates are electrically floating and take the voltage by electrostatic: they
are kept at the correct voltage value by the flow of positive ions and electrons in
the avalanches [133].

Two external (cathode-side) and one internal (anode-side) printed circuit boards
(PCBs) define the two stacks. The PCBs contain the 96 pickup pads (to collect the
avalanche signal) and two small high-voltage pads at the extreme ends (to provide
the external plates with high voltage).

The resistive plates are made of glasses; the internal and external plates are 400
um and 550 um thick, respectively. The external surface (facing the PCB) of the
outer plates is painted with high resistivity acrylic paint and is used to apply the
high voltage.

Two honeycomb panels, glued on the external PCBs guarantee the mechanical
stiffness. Connecting pins are soldered across the 3 PCB layers in order to bring
cathode signals from the external PCBs to the central PCB, where anode signals
are collected. Moreover these pins keep the stacks compressed. Two rows of 16
connectors are soldered on the central PCB to transmit the differential signals to
the front-end electronics.

Figure 3.9: TOF MRPC section. The red painted glass and the hoenycomb panels are
clearly visible.

Two pulse lines on one cathode PCB run along the length of the strip creating a
capacitive coupling to the pickup pads used for monitor and calibration purposes.
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3.3 — Modules and Supermodules

3.3 Modules and Supermodules

The Time Of Flight (TOF) detector of ALICE has a modular structure correspond-
ing to 18 sectors in the azimuthal angle (0° < ¢ < 360° ) and to 5 segments in the
longitudinal coordinate along the beam axis z . The whole device is locate inside a
cylindrical volume with an internal radius of 370 cm and an external radius of 399
cm. To cope with the structures of the space frame and minimize the dead zones,
three different types of modules have been designed to cover the full lenght of
the cylinder. They all have the same structure and width (~ 128 cm) but differ in
lenght and in the MRPC strip contents and arrangements. The central module is
1.17 m long, the intermediate ones are 1.57 m long and the external ones are 1.77
m long; the first host 15 strip, the others two 19. The overall TOF barrel is ~ 745
cm. The actual dimensions are defined in such a way that the joining areas of the
modules are aligned with the dead regions of the other detectors projected from
the interaction point, thus creating a configuration of minimal disturbance for the
external detectors.

The TOF strips have been arranged inside the modules following, with respect to
the interaction vertex, a particular geometry designed to minimize the transver-
sal path of the incident particles through the MRPC strips and reduce the sharing
of the charge, produced by the ionization taking place in the gas volume of the
MRPC, among adjacent pads. The MRPC strips are then placed, in each sector,
transversely to the beam direction. In particular their angle with respect to the axis
of the cylinder is progressively increasing from 0° in the central part (8 = 90°) of
the detector to 45° (8 = 45° and 145°) in the extreme part of the external mod-
ule.Moreover, to minimize the dead area within the module, adjacent strips are
overlapped by about 2 mm.

The granularity of the TOF detector is determined by the requirement to identify,
on an event-by-event basis, as many charged particles as possible up to the highest
expected charged-particle multiplicity density (dN., /dn = 8000). Detailed sim-
ulation studies have shown that, with the chosen pad size of 3.5 x 2.5 cm” and
the tilted-strip geometry, the occupancy of the detector is ~ 16%, at the highest
charged particle density (including secondary particles) with a magnetic field of
0.2 T. Lower values of the particle or higher values of the magnetic field improve
the occupancy (~ 7% for dN., /dn = 4000 and B = 0.2 T; ~13% for dN;, /dn
=8000 and B = 0.4 T) as expected.

The TOF module is a box that defines and seals the MRPC strip gas volume and
supports the external front-end electronics and services (high voltage, gas, pulser).
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A 1.5 cm thick aluminium-honeycomb plate gives the mechanical stiffness to the
chamber and is connected to a fibreglass 0.3 cm thick, that cover closes the gas
volume, by means of sealing O-ring and screws. The inner surface of the fibre-
glass is covered with an aluminium layer for electromagnetic shielding (Faraday
cage). Inside the module two plates are fixed perpendicularly to the honeycomb
to support the strips. The MRPC are then attached to those plates at the required
angle with plastic screws (see Fig. 3.10).

Figure 3.10: Parts of the module and an assembled module with the MRPCs inside.

Holes that can accommodate feed-through for signal cables, high-voltage connec-
tors, gas inlet/outlet and pulser inputs are machined in the honeycomb plate. Large
printed circuit boards, covering almost all the honeycomb surface, are glued to the
plate: they provides the interface between the gas volume and front-end electron-
ics; in fact, on the external side it houses the connectors where the front-end cards
are plugged into, while on the internal side there are the connectors for the flat-
cables coming from the MRPCs. In the gas volume the high voltage is distributed
to groups of 3-4 MRPCs.

The modules with MRPCs inside has been assembled and put together to form
SuperModules: five modules in a row (external, intermediate, central, intermedi-
ate, external) are aligned among themselves to lay in the same plane without gaps.
Long aluminium beams bound them along their length with stainless steel screws,
which fix the beams to the module honeycomb panel, on the opposite side of the
gas volume. Transverse aluminium beams bound the modules at their joining area
in the same way. The transverse beams at both sides of the external modules pro-
vide support for the readout crates, which are attached in pairs to both ends of the
structure. The aluminium beams arranged in that way form five zones correspond-
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g ‘G.":

Figure 3.11: A TOF supermodule ready to be installed in the ALICE spaceframe.

ing to the so-called front-end area of each module. In Fig. 3.11 a view of a TOF
SuperModule is shown.

3.4 Electronics

3.4.1 Front End Electronics

For the full exploitation of the excellent time resolution power of the MRPC,
front-end electronics with special characteristic has been designed: the FEA card,
that hosts the NINO ASIC chips for amplification/discrimination of the MRPC
signals, and the FEAC card, which acts as a service card for front-end electronics.
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NINO ASIC chip [134], fabricated with 0.25 um CMOS technology, is an 8-
channel amplifier and discriminator chip. It has been specifically developed
to match the requirements for the ALICE TOF MRPC-strip detector:

- differential input, to profit from the differential signal from the MRPC;
- fast amplifier, with less than 1 ns peaking time;

- input charge measurement by Time-Over-Threshold (ToT) for time-
slewing correction.

The NINO ASIC encodes the charge of the input signal into the width of
the output signal (Time-Over-Threshold). No further readout electronics is
needed to measure the charge.

The NINO ASIC is a very low power-consumption (40 mW/channel) chip, a
factor 10 less than the commercial discrete amplifier/discriminator solution
used for the detector prototypes, and it is very compact (2 mm X 4 mm),
thus reducing the size of the front-end card.

Front-End Analogue (FEA) cards host three NINO ASIC chips for a total of 24
channels. A picture of the FEA is shown in Fig. 3.12. These cards are

Figure 3.12: FEA with the three NINO ASIC chips.

mounted directly on the TOF module Interface Card printed circuit board.
The card collects the output signals from the NINO chips and connects them
to the read-out electronics through 2-5 metres long cables. Moreover, it
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forms a 24-channel OR output signal for trigger purposes. The FEA card re-
ceives from the FEAC card (see next paragraph) the low voltage (2.5 V) and
an external threshold voltage to set the differential threshold of the NINO
discriminator circuit.

Front-End Analogue Control (FEAC) cards serves 12 FEA cards with the re-
quired low voltage and threshold voltage. It is equipped with a temperature
sensor to monitor the temperature of the region of the TOF SuperModule
which houses the front-end electronics. Moreover, it has been designed to
collect the OR signals from the FEA cards.

3.5 Read-out Electronics

A compact data acquisition and power supply system housed in a water cooled
special crate has been designed for the read-out of the TOF detector of the Alice
experiment. The Crate called Alice-TOF-box contains: 12 TDC Readout Module
(TRM) a local Trigger Module (LTM), a Clock Distribution Module (CPDM) and
a Data Read-out Module (DRM board) with two optical links and Ethernet. The
whole system is used close to the TOF detector and work under moderate radiation
and intense magnetic field (1.2 Gy/10 years TID, 5 KGauss). The TDC boards
house TDC chips developed by CERN/ECP-MIC Division (HPTDC).

High-Performance Time-to-Digital Converter (HPTDC). A relevant feature of
the HPTDC is the signal leading and trailing-edge detection capability. This
allows Time-Over-Threshold (TOT) measurements of the MRPC analog
signal for time-slewing correction by measuring the width of the digital sig-
nal from the NINO (3.4.1). On the other hand, the minimum time between
two consecutive time measurements is a critical parameter of the HPTDC:
the FEA cards provide the TOT signal with a minimum width of 10 ns.

TDC Readout Module (TRM) is the basic block of the ALICE TOF readout
system which has a total of 684 TRM boards. Each TRM hosts 30 HPTDC
chips organized in two separate parallel readout chains, for a total of 240
TDC channels. The interface is implemented by a Field Programmable Gate
Array (FPGA) which also acts as Readout Controller, Event Manager and
online Data Processor.
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Data Readout Module (DRM) acts as the main interface between the central
ALICE data acquisition/trigger system and TOF electronics. The main task
of the DRM is to read TRM and LTM data and arrange them following
the data format common to all ALICE detectors and send them through an
optical link (Detector Data Link, DDL).

Clock and Pulser Distribution Module (CPDM) distribute the LHC clock to
TOF electronics and generate the pulser signal for calibration and moni-
toring purposes. The clock distribution guarantees the time synchronization
among all TOF electronics and high-performance in time resolution, adding
a negligible (17 ps) contribution to the global time resolution.

In Fig. 3.13 a view of the cabling phase of a TOF SuperModule: some ele-
ments are shown.

Figure 3.13: View of the cabling phase of a TOF SuperModule.
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3.5.1 Tests on the FEACs

The tests of all (~ 600) FEAC cards used in the TOF detector of ALICE exper-
iment has been performed in University of Salerno Laboratories. In Fig. 3.14
a picture of FEAC and its scheme is shown. FEACs have an important task in
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Figure 3.14: Front End ASIC Controller

the SM set-up; they provide the voltage to power on the FEAs and allow to co-
municate with them, in order to set the threshold voltages on the discriminator
and collect the OR signal from the channels of the daisy-chained FEAs: this is
an important signal for the trigger of the experiment. Besides, they can monitor
the temperature of different areas of the detector, by a temperature sensor inserted
in the circuit. The tests performed on the FEACs are: circuit lines, transmission
of the LVDS (Low Voltage Differential Signal) and temperature and calibration
V(T,LV).

Circuit lines test has been useful to check open and short circuits in the circuit
lines of FEAC, in order to ensure a good power supply working (test on ground
and LV lines) and the right working of OR signals transmission line and thresh-
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olds setting lines.
LVDS test has been carried out sending to FEAC a LVDS signal generated with a
FPGA (Field Programmable Gate Array). The output is read with an oscilloscope

Figure 3.15: LVDS coming out from a FPGA and read with an oscilloscope

(see Fig. 3.15) in order to check the absence of distortions, reductions of the
amplitude and crosstalk along the circuit lines.

Temperature tests have been performed in order to verify the FEAC low voltage
analog temperature sensor, that works in a range of about fifty Celsius degrees.
The test has been carried out reading the temperature sensor voltage, when the
FEAC has been put at three different values of temperatures: ~5°, ~25° and ~35°
C. With the achieved data it is possible to check the right working of cards at dif-

Figure 3.16: Set-up to test the FEACs at different temperature values

ferent temperature values and to get a calibration curve, as showed in Fig. 3.17.
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This test is very important to have a good temperature monitoring system inside
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Figure 3.17: FEAC calibration curve.

the TOF supermodules, whose electronic cards will work hard for many years.

B! Ivdsvabene.vi Front Panel

B DigGrLV..vi Front Panel

y

Al

anale 1 [Volt]
7 .84u

canale 1

Figure 3.18: Labview application for circuit lines and LVDS transmission tests.

After a preliminary period of tests, three Labview applications have been made in
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Figure 3.19: Labview application for temperature tests.

order to make the tests easier and faster. In Fig. 3.18 and 3.19 the applications for
circuit lines, the LVDS and the temperature are respectively shown.

3.6 Analysis of the first cosmic data

The first global data-taking of ALICE with cosmic rays has been performed dur-
ing December 2007. Several TOF SuperModules were already installed in ALICE
at that time, but only two half-sectors were available with all the needed services
to correctly collect data: Sector-00 and Sector-08.

The TOF geometrical configuration which characterized this commissioning phase,
shown in a schematic drawing in Fig. 3.20, was not optimal with respect to the
used trigger configuration: the ACORDE single-muon trigger. The two sectors,
00 and 08, according to the ALICE sector numbering as indicated in Fig. 3.20,
are located in such a way that only almost horizontal particles could cross both of
them. Unfortunately, these events were not included in the ACORDE acceptance
and were not triggered. Nonetheless the sectors, considered as independent detec-
tors, were sufficiently matched by the trigger acceptance to foresee that at least a
few particles triggered by ACORDE could hit them.
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3.6 — Analysis of the first cosmic data

Figure 3.20: Visualization of the first recorded data with TOF detector (white) in De-
cember 2007 Cosmic runs. The active sectors were 0 and 8. In blue and pink the repre-
sentation of the ACORDE detector.

Despite the non optimal geometrical configuration with respect to the ACORDE
acceptance, the TOF has detected cosmic rays triggered by ACORDE. Moreover,
a few particles which traversed one of the TOF sectors producing easily recogniz-
able tracks have been reconstructed.

A simulation of the trajectory of a muon, crossing the active areas of the operat-
ing TOF sectors during the first and second cosmic runs, has been performed. The
simulation showed that, with such trigger configuration, a single muon, crossing
few adjacent TOF MRPC strips belonging to the same sector, could be revealed
(Fig. 3.21).

As a matter of fact, during these two cosmic runs, several events of this kind
have been registered: few particles had the correct angle to traverse several MR-
PCs of the same sector and the ultimate evidence that the TOF detector has seen
cosmic rays triggered by the ACORDE single-muon trigger was the reconstruction
of such tracks. An example is shown in Fig. 3.6. The particle has passed across
the sector width, traversing several MRPC strips. All the MRPCs which have been
hit by the particle have released a signal, therefore the detector efficiency must be
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3.6 — Analysis of the first cosmic data

Figure 3.21: Visualization of the trajectory of a simulated muon crossing through the
TOF sensitive volume

high. Using these first data a preliminary study of TOF time resolution has been
performed: it will be shown in the next paragraph.

Figure 3.22: Visualization of the hit TOF pads by a cosmic muon. The line is the fit of
their positions
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3.6 — Analysis of the first cosmic data

3.6.1 Time resolution: a first approach

In the first step of the analysis a set of pads hit by a single muon has been taken
into account and the deviation of the time measured on each pad with respect to
the average measured time has been calculated. These deviations have been plot-
ted and fitted with a Gaussian function (Fig. 3.23).

Entries 179

= Mean -0.08427
45— RMS 1.034

E 2 [ ndf
40— a*n 5305/7

= Constant 47.01£ 4.56
35—

E Mean  -0.007492 £ 0.058426
30— Sigma 0.7349 = 0.0453
25—

20—
15
10
5
= | l ol onoaon
%0 5 0 5 10

t_meas - average_t_meas

Figure 3.23: Distribution of the difference between measured time on each pad with
respect to the average time of the set of pads hit by a single muon. The black line is
gaussian fit.

The first estimate of time resolution with this method is 730+£50 ps.
In order to improve this evaluation, for every set of hit pad (corresponding to a cos-
mic muon), the measured time (tmeas) on each pad has been plotted versus the strip
number; then a linear fit has been performed with the function (Fig. 3.24, left).
y=a-+bxx

So, the expected time for each strip has been calculated using the estimated pa-
rameter a and b from the linear fit:

texp = a + b x (strip number)

Furthermore, the fexp - tmeas deviation(Fig. 3.24, right) has been calculated for each

point of the graph and the distribution of these deviations (for all cosmic revealed)
has been plotted and fitted with a Gaussian function (Fig. 3.25). The result for the
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Figure 3.24: Measured time versus strip number method

TOF time resolution with this method is 530430 ps.
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Figure 3.25: Deviation fexp - fmeas distribution obtained with measured time versus strip

method. The black line is gaussian fit.

In the following step of the analysis, for every set of hit pad (a cosmic muon),
the measured time on each pad versus the three Cartesian coordinates of the pad,
separately, has been plotted and a linear fit has been performed with the function

y=a+bxk

where k was in turn the X, the Y and the Z coordinate.
So, the expected time for each coordinate has been calculated in this way:
texpX = ax + bx x X
texpy =ar+ by x Y

texpz = az+ bz x Z
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3.6 — Analysis of the first cosmic data

Then the mean (fexp) of the three values fexpx, fexpy, texpz has been calculated and the
deviation fexyp - tmeas has been extracted for each point of the graph. Moreover, the
distribution of these deviations (for all cosmic muons revealed) has been plotted
and fitted with a Gaussian function (Fig. 3.26). The result for the TOF resolution
with this method is 530430 ps .
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Figure 3.26: Deviation texp - fmeas distribution obtained with measured time versus spa-
tial coordinates method. The black line is gaussian fit.

We can conclude that there isn’t any improvement using spatial coordinates
instead of strip number to estimate the TOF time resolution.

TOF clustering

As already mentioned, the TOF system consists of long MRPC strips with an ac-
tive area subdivided into two rows of 48 pads, individually read-out. A particle
crossing an MRPC can produce hits on more than a single pad. In fact, the charge
produced in the ionization occurring in the gas gaps can release a footprint on sev-
eral neighboring pads (up to four) sharing in this way the total charge on a cluster
of pads. This peculiarity has been exploited to produce an algorithm of weighted
mean both of spatial position of hit pads and registered times by each hit pad. The
weight used is the Time over Threshold measure, i.e. the time interval in which
the signal overcomes the threshold (which is strictly related to the measurement
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3.6 — Analysis of the first cosmic data

of the signal amplitude). With this method, it is possible to obtain, for each strip,
a unique value of time and a unique value for the spatial coordinates of the cluster.
For every set of hit pads (a cosmic muon), the weighted mean time on each pad
has been plotted versus the three Cartesian coordinates, separately, and a linear fit
has been performed, as above, with the function
y=a+bxk

where k was in turn the X, the Y and the Y coordinate of the cluster.
the expected time for each coordinate was calculated in this way:

texpX = ax + bx x X

texpY =ar+ brx Y

texpz=az+ bzx7Z
Then the mean (fexp) of the three values fexpx, texpy, t expz has been evaluated and the
texp - tmeas deviation has been calculated for each point of the graph, i.e. for each
cluster. The distribution of these deviations (for all cosmic revealed) has been
plotted and fitted with a Gaussian function (Fig. 3.27). The TOF time resolution
obtained with this method is significantly improved to a value of 380£40 ps.
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Figure 3.27: Deviation texp - tmeas distribution obtained with cluster method. The black
line is gaussian fit.

It’s possible to conclude that even neglecting some signal trasmission delay
corrections, track momentum, TOF strip alignment and time slewing corrections
the obtained very first result for the TOF detector time resolution is 380+40 ps.
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3.6 — Analysis of the first cosmic data

3.6.2 TOF trigger

The ALICE TOF MRPC detector is a fast-response device, well suited for trigger-
ing purposes. The TOF trigger system, whose fundamental element is the LTM
described in section 3.5, contributes to the first levels trigger decision of the AL-
ICE Central Trigger Processor. During the February-March 2008 commission-
ing period, 8 TOF SuperModules were ready to taking data and could participate
in the ALICE global data-taking. In particular, Sector-00, Sector-01, Sector-07,
Sector-08, Sector-09, Sector-10, Sector-16 and Sector-17 where used to setup a
coincidence in order to provide a muon trigger based on the TOF detector. The
TOF cosmic-muon trigger described in this section has been widely used during
ALICE commissioning with cosmic rays. It is often referred to as the TOF back-

o
S LA

h’-kﬂlfn\ » “’,:-"‘ S

Figure 3.28: Schematic drawing of the TOF muon trigger configuration during
February-March 2008 data-taking with cosmic rays.

to-back muon trigger, because of the selection criteria used. The back-to-back
trigger has been set up to select cosmic muons traversing the ALICE central de-
tectors following a diagonal trajectory.

The following sector coincidences contributed to the trigger, as shown in Fig.3.28:
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Sector-00 and Sector-10;
Sector-01 and Sector-09;
Sector-07 and Sector-17;
Sector-08 and Sector-16.

The goal of this first analysis was to evaluate the correct functioning of both the
trigger logic and the read-out system. The first step has been to plot the measured
time for each crate. In Fig. 3.30 are showed the distribution for each crate included
in the TOF setup: it’s really clear the peack due to trigger signal.

A rough event selection on the data was performed using only the informa-
tion coming from the TOF detector. The selected events must satisfy only one
of the defined trigger conditions, Sector-00 and Sector-10, with the further con-
straint that the event must contain one to four hits per sector. This ensures that
the selected events should contain the hit which have generated the trigger coin-
cidence and allow to take also into account multiple signal related to the same
muon. Per each couple of hits (one per sector) the time-of-flight between the two
trigger sectors has been computed:

IToF = tsM10 — IsMO (3.13)

where )0 and fsy710 are the time measured of the hit on SMO and SM10, re-
spectively. Clearly, the choice of the order for the difference has been made in
accordance with the physical content of the data: muon coming from the atmo-
sphere cross Sector-00 before Sector-10. The time-of-flight depends on the muon
trajectory length L, that is the distance between the TOF pads which have given
the signal. Another quantity has been introduced to take into account the different
trajectory lengths and put all the collected muon events on the same ground. This
takes into account the expected time-of-flight, assuming that all selected muons
travel at the speed-of-light

Aror =tror — % (3.14)
where L is the distance between the TOF pads which have given the signal and ¢
is the speed of light. In Fig. 3.30 the distribution of the measured time-of-flight
with respect to the expected value L/c obtained from a rough analysis on TOF
triggered data is presented. Cosmic muons crossing two different sectors have
been triggered by the TOF detector and are represented by the clear peak at zero
in the distribution. The measured time-of-flight is in accordance with the expected
value and it is another clear evidence that the TOF readout electronics is correctly
working and ready for physics data-taking.
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Figure 3.29: Time measured distribution for crate SM1, SM9, SM7, SM17.
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Figure 3.30: Measured time-of-flight with respect to the expected value in events trig-
gered by the TOF. The peak at zero signals that muons have been triggered.

The TOF detector is not a tracking device, therefore a trigger based only on
TOF detector information cannot select muon events without introducing some
background, as it can be noticed when looking at the distribution outside the muon
signal. In fact, it is not possible to tell whether two TOF signals in coincidence
have been actually generated by the same particle unless computing the time-of-
flight and comparing it with the expected value. Unfortunately, this is not possible
at the trigger level, since the only selection can be made on the basis of poor
timing requirements to flag the coincidence as a valid trigger signature. The shape
of the distribution outside the muon signal is related to the time window for the
coincidence. When looking at the distribution in Fig. 3.30 it seems evident that
the background rate is by far larger than the muon rate with this TOF trigger
configuration. It has to be kept in mind, nonetheless, that the configuration aimed
to select cosmic muons with large zenithal angles and that the flux of muons at
large angles is low: the probability of having a good coincidence due to a very
inclined muon (large angle) crossing both sectors is suppressed with respect to
the probability of random coincidences due to two almost vertical muons.
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Chapter 4
Elliptic Flow

4.1 Geometry of heavy-ion collisions

In a heavy-ion collision, a probability distribution governs the degree of overlap of
the two colliding nuclei from head-on (most central) down to collisions in which
the nuclei barely graze each other in passing (ultra-peripheral). The degree of
overlap or centrality of a collision is determined by the impact parameter b which

Side view

R

=4 \

Reaction Plane view

______________________

Figure 4.1: Diagram of the collision: the left panel shows the contracted nuclei in a
non-central collision. R is the radius of the nucleus and b is the impact parameter or
distance between the centers of the nuclei. The nucleons that lie inside the overlapping
region are called participants, the ones that are outside, spectators. The central and right
panels show the collision with the beam axis going into the page for a midcentral (central
panel) and a peripheral (right panel) collision of two nuclei. The directions of motion of
the target and projectile nuclei are into (x) and out of (e) the page respectively.
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4.1 — Geometry of heavy-ion collisions

is defined as the perpendicular distance from the centre of the two colliding nuclei
(illustrated in Fig. 4.1). Therefore b = 0 describes the most central of collisions,
and b = 2R describes very peripheral collisions.

Within the multiple-scattering Glauber model formalism [135, 136], the nuclear
overlap function for nuclei A and B and impact parameter b is given by

Tua(0) = [ 5Ta(3)Tu(b ~3) @.1)

where T4 and Tp are the nuclear thickness functions for nuclei A and B respectively
and are given by:

T0(7) = [ depa(e.7)Tu(3) = [ dzps(z. 3) 42)

Here z is the beam direction and p,p) is the nuclear density profile which is
usually described by a Woods-Saxon distribution. The inclusive, inelastic cross-
section, G4p, for the collision of nucleus A with nucleus B can then be related to
the overlap function as:

ow = [dB[1—eom TP 43)
where oyy is the nucleon-nucleon cross-section (assumed to be given by the p-p
cross-section). The collision centrality in experiments is determined by relating
the produced charged particle multiplicity (within an interval of pseudorapidity)
to o4p . A more central collision (with small impact parameter b) will correspond
to a large overlap area of the two colliding nuclei and a larger cross-section for
interactions. Therefore, events with higher produced particle multiplicities corre-
spond to more central collisions.
In the experiment, the total charged particle multiplicity distribution is measured,
corrected for trigger inefficiencies, and is then divided into intervals or bins ac-
cording to the percentage of the total cross-section.
When investigating experimental observables as a function of the collision cen-
trality, a variety of variables are used to denote the centrality. For example, the
variable dN,;,/dn , the number of charged hadrons per unit pseudorapidity, is of-
ten used due to its direct correspondence to T4p. Another variable which is com-
monly used and which has a close connection to 7y is the number of participants,
Npart, defined as the number of nucleons (protons and neutrons) contained within
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the overlap region of the two nuclei. For symmetric nucleus-nucleus collisions
(e A=B):

Npart (b) = 24 / dSTH(F — M) (4.4)

A related quantity, used to describe the scaling of hard, perturbative processes,
is the number of binary collisions, Np;, . In nucleus-nucleus collisions at relativis-
tic energies where the collision can be thought of as two nuclei passing through
each other, the nucleons in each nucleus have a probability of interacting more
than once before traversing the full width of the other nucleus. The number of
binary nucleon-nucleon interactions for the colliding nuclei A and B can be calcu-
lated as:

— —
Nbin(b) = GNN/pA (ZI, ?)pg(z", b — ?)d?}dz'dz” = GNNTAB b (4.5)

4.2 Elliptic flow

Non-central nucleus-nucleus collisions give rise to an elliptic overlap area. The
spatial eccentricity, €, of the reaction region is given by:
8_<ﬁ>—<ﬁ>
<yr> 4+ <x2>

(4.6)

where x and y are the Cartesian coordinates of the particles in the transverse plane.
It can be calculated using Monte Carlo Glauber calculations based on the aver-
age Ny spatial distributions using an assumed nuclear density profile (usually
a Woods-Saxon distribution). This initial spatial anisotropy which is produced at
the initial collision time, can be converted into a momentum-space anisotropy (see
Fig. 4.2) if the produced particles interact with each other sufficiently to produce
pressure gradients (i.e in the thermodynamic limit, the system would be in local
thermal equilibrium). As a result of these pressure gradients, the system expands
more strongly along the short axis of the ellipse, quenching the anisotropy sig-
nal with time. Therefore, measuring the anisotropic distribution of particles can
provide information on the system dynamics from the earliest stage of the system
evolution.

Collective flow can be quantified in heavy-ion collisions by studying the Fourier
decomposition of the azimuthal angular dependence of the particles produced.
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Figure 4.2: Left: Initial spatial anisotropy; right: final momentum anisotropy.

The formalism for this analysis is outlined in [154]. The particles distribution is
given as:

AN 1  d°N

7 = gm(l + Z 2vcos(n(¢ —PR))) 4.7)

n=1

where pr and y are the transverse momentum and rapidity of a particle, ¢ is
its azimuthal angle, v, are the Fourier coefficients (anisotropy parameters) and
Wr is the reaction plane azimuthal angle. The reaction plane is defined as the
plane described by the vector between the centres of the colliding nuclei and the
direction of the beam axis (see Fig.4.3).

The first harmonic coefficient, v;, is known as the directed flow and reflects
an overall shift of the produced particles in one direction in the transverse plane.
Momentum is conserved, so this shift is in opposite directions on the two sides of
midrapidity in the longitudinal direction. The second harmonic coeffcient, v;, is
known as the elliptic flow, since in polar coordinates, for small values of v; , the
azimuthal distribution with non-zero second harmonic describes an ellipse (when
vy is large, the distribution appears dumbbell-shaped).

The Fourier coefficients can also be written as

vp =< cos(n(¢ —¥g)) > (4.8)

where the average is taken over all particles in all events.

Significant elliptic flow has been observed for a large variety of hadrons by the
experiments running at RHIC [138, 139] and results for identified particles from
Au-Au collisions at /syy = 200 GeV measured by the STAR and PHENIX exper-
iments are presented in Fig.4.4 [49].
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Figure 4.3: Schematic view of a collision between two heavy ions. The reaction plane
angle, W, is shown, as well as the azimuthal coordinate, ¢; , of a produced particle.

Several models have been used to explain and fit these data. In the next para-
graphs the one that fit them better in low range, Hydrodynamics, and a relevant
behavior at higher p7, Quark mass scaling, will be shown.

4.3 Hydrodynamical models

Hydrodynamics has a long history in the study of strongly-interacting systems.
Coupled with the intense interest in statistical and thermal model calculations in
the early 1950’s, spearheaded by Fermi and Landau [140], this led to a large body
of strong interaction phenomenology which was refined throughout the years.
Hydrodynamical models have certain advantages over transport model calcula-
tions in describing heavy ion collisions. One of the most important is that, once
the equation of state and initial conditions of the matter are specified, the evolu-
tion of the system is determined. No knowledge of the underlying microscopic
processes is required. This is especially important when studying the predicted
phase transition from hadronic to partonic degrees of freedom (and vice versa) - a
process for which details are still unknown.

The hydrodynamical description is relatively simple and fulfills the conservation
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Figure 4.4: Measurements of v, (pr) for identified particles measured by the STAR and
PHENIX experiments at RHIC [49].

laws without additional constraints. The use of familiar concepts like tempera-
ture, pressure and flow velocity, also provides an intuitive and transparent picture
of the evolution. The price to be paid for these advantages is a set of bold assump-
tions: local kinetic and chemical equilibrium and lack of dissipation. This set of
assumptions may or may not be valid in such a small system as that formed in a
heavy ion collision.

In a hydrodynamical description the evolution is assumed to proceed as follows.
In the initial collision a large fraction of the kinetic energy of the colliding nu-
clei is used to create many secondary particles in a small volume. These particles
will collide with each other sufficiently often to reach a state of local thermal
equilibrium. When the system has reached local equilibrium, it is characterized
by the fields of temperature, 7'(x), chemical potentials associated with conserved
charges, ;(x), and flow velocity, u* (x). The evolution of these fields is then de-
termined by the hydrodynamical equations of motion until the system is so dilute
that the assumption of local thermal equilibrium breaks down and the particles
begin to behave as free particles instead.

The numerical solution of hydrodynamical equations of motion in all three spatial
dimensions is a tedious problem. In most approaches some approximate sym-
metry is applied to reduce the number of spatial dimensions, where numerical
solution 18 needed, to two dimension or one.

In the so-called Bjorken model (see Section 1.6) the main idea is the boost invari-
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ance of the longitudinal flow. The longitudinal flow is assumed to be given by
v, = z/t at all times. This leads to particularly simple solutions of the equations
of motion since the longitudinal expansion can be solved analytically. Also it is
sufficient to solve the equations of motion in the transverse plane at z = 0 since the
solution is independent of the boosts along the beam axis. The obvious drawback
in this approximation is that the observables are independent of rapidity.

In central collisions of spherical nuclei, the expansion can be simplified by as-
suming cylindrical symmetry. Of course this symmetry can not be applied to non-
central collisions where the shape of the source has a crucial role in the buildup
of elliptic anisotropy.

4.3.1 Hydrodynamic description of elliptic flow

If the dense matter formed in the nuclear collision thermalizes locally on a time
scale much shorter than any macroscopic dynamical scale, its evolution can be
described by ideal fluid dynamics. For large deviations from local thermal equi-
librium the macroscopic hydrodynamic approach must be replaced by a micro-
scopic kinetic one which evolves the distribution functions in both coordinate and
momentum space.

Ideal fluid dynamics does not work during the initial collision stage, when the two
colliding nuclei penetrate each other, converting some of their initial kinetic en-
ergy into creation of new matter, and it is also inapplicable during the last stage of
the collision when the expanding matter becomes so dilute that interactions among
its constituents are rare and local equilibrium breaks down. The hydrodynamic
model therefore needs initial conditions (supposedly the result of an early pre-
equilibrium quantum kinetic evolution leading to initial thermalization) and final
conditions (a freeze-out criterium describing the transition from a locally thermal-
ized fluid to an ensemble of free-streaming, noninteracting hadrons). The elliptic
flow which is driven by the spatial anisotropy of the reaction zone in non-central
collisions and the resulting anisotropic pressure gradients: as shown in [141], at
RHIC energies, for not too peripheral Au-Au collisions, the momentum anisotropy
saturates before the completion of hadronization, due to the disappearance of the
spatial deformation of the fireball. The measured v, thus reflects almost exclu-
sively the early QGP dynamics and the phase transition region. Figure 4.5 [142]
shows that the corresponding hydrodynamic predictions work very well, at least
for transverse momenta below about 1.5-2 GeV/c where most (> 99%) of the par-
ticles are emitted.
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Figure 4.5: Differential elliptic flow v,(pr) for several identified hadron species from
minimum bias Au-Au collisions at 200 A GeV compared with hydrodynamic predic-
tions [142].

Hydrodynamics predicts a characteristic rest mass dependence of v, [143] which
is nicely reproduced by the data in Fig. 4.5. This fine structure constitutes com-
pelling evidence that the hot matter produced at RHIC behaves like a thermalized
fluid. The mass scaling of v, seen at low pr is quite distinct from the quark num-
ber scaling of v, seen at larger transverse momenta pr = 2 — 4 GeV/c; the latter
is characteristic of a quark-coalescence mechanism for hadron production which
dominates in that pr range [145] and will be described in section 4.4.

4.3.2 Limit of hydrodynamic

The elliptic flow coeffficient v, (pr) is a measure for the (relatively small) differ-
ences between the transverse momentum spectra with momenta pointing into and
perpendicular to the reaction plane. As such, it is more sensitive to deviations
from ideal hydrodynamic behaviour than the overall shapes (slope parameters) of
the transverse momentum spectra. Several model studies [146] shown that v, re-
acts particularly strongly to shear viscosity: this connection has been allowed to
answer the question how large the QGP viscosity might be.

The upper limit for 11/s looks like 1/s > 3(N/$)min, Where (1/8)min = 1/47 ~
0.08 is a conjectured absolute lower limit on the specific shear viscosity for any
fluid, derived for strongly coupled conformally invariant supersymmetric field the-
ories using the AdS/CFT correspondence [147]. Since all known classical fluids
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have 7n1/s >1 at all temperatures, even at their boiling points where 1 /s typi-
cally reaches a minimum [147], this makes the QGP the most perfect fluid of any
studied so far in the laboratory [148]. The increasing deviation from the ideal
fluid limit for growing p7 is qualitatively consistent with the expected influence
of sheart viscosity: it has been shown that viscous corrections to the local ther-
mal equilibrium distribution function increase in first oredr quadratically with pr,
leading to stronger and stronger reduction of v, below the ideal fluid limit as pr
grows [142]. These arguments show that deviations from ideal fluid dynamics at
high pr must be expected, and that they can be large even for fluids with very low
viscosity.

Figure 4.5, however, shows that mesons seem to deviate from the ideal fluid dy-
namical prediction earlier than baryons which follow the hydrodynamic curves to
considerably larger pr , thereby reaching significantly larger saturation values for
v2. Why should viscous effects be different for baryons and mesons? In fact, both
the pr-value where v, begins to drop below the hydrodynamic prediction and the
asymptotic saturation values of v, appear to be independent of the hadron mass
and only care about whether the hadron is a meson or a baryon. This behaviour
will be presented deeper in the next paragraph.

4.4 Quark mass scaling

At transverse momentum 1.5 < pr <5 GeV/c the elliptic flow of different particle
species starts to deviate significantly from the mass ordering schematics discussed
above, see Fig.4.5 and 4.6. Interestingly, different particle species seem to exhibit
a different value of saturation for v, while they fall on top of each other if grouped
into mesons and baryons. While at low p7 the lighter mesons have a larger v, for
a given pr , at intermediate pr the elliptic flow of mesons is smaller than that of
baryons.

Quark coalescence models provide an elegant explanation for this observed
feature. These models assume that in this pr range, particle production is domi-
nated by coalescing quarks: two quarks moving with the same momentum make
up a meson with twice the momentum of the original quarks, three quarks coa-
lesce into a baryon with three times the quark momentum [104]. Therefore, by
scaling the observed v, signal and the transverse momentum by the number of
constituent quarks n one obtains the underlying quark flow. The results, as shown
in Fig. 4.7, are very intriguing. In the region 0.6 < pr/n < 2 GeV/c of scaled
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Figure 4.6: Identified particle v, , hydrodynamic predictions, and elliptic flow of quarks
derived from number-of-constituent quark scaling [144].

particle momentum, elliptic flow for different particles is literally the same. Only
the pions deviate from the universal curve, which can be explained by feed-down
from resonances.

The success of these quark coalescence models in describing the measured v; is
a strong hint that the observed large anisotropic flow builds up at the partonic
stage of the system’s evolution already. On one hand this suggests that the system
evolves through a state of partonic degrees of freedom, which, on the other hand,
suffer a lot of rescattering and therefore should be close to local thermal equilib-
rium.

Hadronic transport models, Relativistic Quantum Molecular Dynamics (RQMD
[150]) and Ultra-relativistic Quantum Molecular Dynamics (UrQMD [151]), can
also qualitatively reproduce the observed mass ordering of v, (pr) atlow pr [152]
and quark-number scaling at higher pr [153] based on rescattering of hadrons.
The quark number scaling is due to the model calculations dependence on the
additive quark model for hadronic interaction cross-sections. However, although
these models can qualitatively reproduce the observed trends, the calculated v, (p7)
values are only ~ 60% of the experimentally observed values. This may indicate
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Figure 4.7: Top panel: vy/n vs pr/n where n is the number of constituent quarks for
identified particles measured by the STAR experiment [49]. The dash-dotted line is a
polynomial fit to the data. Bottom panel: Data from the top panel divided by the polyno-
mial fit as a function of pr/n. [49]

that significant flow is built up prior to hadronization in the partonic stage, since
hadronic scatterings alone cannot reproduce the large experimentally observed
values.

Therefore in the context of both coalescence models and hadronic transport mod-
els, the observed v, values seem to indicate that elliptic flow is built up prior to
hadronization in the partonic phase.

4.5 Description of the sample

The study earned on during this thesis work is aimed to set up analysis tools for
the measurement of phi meson elliptic flow in the ALICE experiment at LHC. As
before pointed up, heavy-collisions at LHC will start in Fall 2010 so it is not yet
possible to perform this analysis on real data. For this reason the GeVSim MC
Event Generator has been utilized to produce a sample of simulated data.

GeVSim [1] is a fast and simple to use Monte-Carlo event generator implemented
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in AliRoot, the ALICE offline framework (see section 2.3.11). It can provide
events that can be configured by the user according to the specific needs of a sim-
ulation project, in particular that of flow and event-by-event fluctuation studies.
GeVSim is written in C++ and extensively uses the capabilities of Root [117].
It generates a list of particles by randomly sampling a distribution function with
no intention to describe the space-time evolution of the system. The azimuthal
distribution is factored from the transverse momentum and rapidity distribution.
Momentum spectra can be either selected from a menu of predefined distributions
or provided by the user. The parameters of single particle spectra and their fluc-
tuations are explicitly defined by the user for each particle type separately. Those
include the flow coefficients, inverse slope parameter of pr distributions, rapidity
width and particle multiplicity.

The azimuthal distribution is described by two Fourier coefficients represent-
ing directed and elliptic flow, which can either be set to a constant value or
parametrized as a function of p7 and rapidity. The parameterizations provided
are based on the results obtained by STAR experiment at RHIC.

The multiplicity, the flow coefficients, the particle species and all the other param-
eters that the user can provide to the generator have been set following the latest
experimental results in order to allow a good cross-check for a future measure-
ment.

In particular the maximum elliptic flow parameter v, has been fixed at 0.05 (it
differs for each particle and for each pr).

The needed statistic for a proper estimate, requested to guarantee that each bin in
centrality and pr be sufficiently populated, is of the order of 107 events. Each
event occupies a memory space of SGb and the time computation to produce it
is of 3 minutes: such MC production should be performed in something like 114
years!!! ..taking up to 10°7h of memory space. Even performing the estimate
integrating all centrality and pr, the production would have lasted almost 6 years
on 50007 b.

In order to perfom a first study without waiting real data, a data sample of 975530
events of Pb-Pb collisions with the same multiplicity (almost central collisions,
dN /dn =2000) has been generated on a computer farm of *Dipartimento di Fisica
E.R. Caianiello’ of Salerno University and INFN Gruppo Collegato: the particles
inserted in the simulations are 7%, K*, p, p, ¢ with the same particle ratio of Hi-
jing generator.

To avoid further waste of CPU, the simulation has not been propagated in the de-
tector reducing in this way the time consumption to 30 s. At this step the generator
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doesn’t let decay the ¢ meson so another step of simulation has been added just
for this kind of particle: the propagation in the detector.

The information on the recostruction has been added during the analysis step using
cuts based on TOF detector acceptance and efficiency with Hit Or Miss method,;
the values for cuts have been taken from results already exposed in Fig. 3.4 in
section 3.1. Moreover an 11 dependence has been applied, using reference values
taken from [126].

In this way the total used space has been 2Mb for event, i.e. ~ 2Tb for the total
production that has taken place in nine months with the use of up to 32 processors.
In the following sections the method for the elliptic flow extraction and the results
on this sample will be shown.

4.6 Measuring Fourier Harmonics with Event Planes

In order to measure the elliptic flow as described in section 4.2, the reaction plane
angle, Wg, (which is unknown) has to be estimated on an event-by-event basis.
The estimated reaction plane is usually called the event plane.

Once the event plane is determined using the detected particles in an event, the
flow is determined by correlating the azimuthal coordinates of the particles with
this event plane and extracting the Fourier coefficients that best describe the pat-
tern.

We follow the method and equations derived in [154] which uses the anisotropic
flow itself to determine the event plane. The event plane is reconstructed from the

th order event flow vector O, [155], defined as

where the index n refers to the n’” component of the Fourier series. Given as a
function of the azimuthal coordinates of the produced particles in the transverse
plane of the collision, the flow vector components are:

Xn = Qncos(n¥),) Zw,cos no;) (4.10)

and
Y, = Qusin(n'¥),) Zw,sm no;) 4.11)

where w; are weights and i is the index of particles used in the determination
of the event plane. Given these relations, the event plane angle, W¥,,, can be found
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by solving equations (4.10) and(4.11) for ¥, from the components of the flow
vector according to

(Y 1y Liwisin(ng;)
Y, =tan <Xn) —ntan <—ZiWiCOS(n¢i)> 4.12)

Notice that an event plane angle, ¥,,, can be found for each harmonic, n, of the
azimuthal distribution, and that the angular range of ¥, is 0 < ¢ < 2x/n. Each
n'" order event plane angle represents a similar angular estimate of the true reac-
tion plane angle, but modulated by a phase of 27 /n. An usual weighting is such
that w; = pr; X wy. The @-weight factor, wy, is necessary to correct for detector
acceptance effects which can lead to anisotropic particle distributions in the lab
frame which are not due to anisotropic flow. Therefore it is necessary to ensure
that the event plane angle distribution over all events is isotropic (i.e. flat with
respect to azimuthal angle ¢).

The method has been used to estimate the reaction plane angle for the following
analysis of elliptic flow (n=2) on a sample of 975530 generated heavy ions colli-
sions events (see section 4.5), the result are shown in Fig. 4.8, where the estimated
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Figure 4.8: The reaction plane angle estimated with the method described in the text
(¥212) vs the generated one (P ").

reaction plane angle has been plotted vs the generated value, for all the events.
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It’s clear that there is a very good accordance between the two values; in fact for
each event, the reconstructed event plane is consistent, within errors, with the gen-
erated one, that here represent the real one. This means that, with this method, it
will be possible to obtain a reliable estimate of reaction plane angle of the colli-
sions that will occurr in the ALICE experiment. A fit of the points of the plot with
a linear function

y=p0+ pl*xx (4.13)

has been performed; the obtained values for the fit parameters are
p0=0.13+0.04 pl1 =0.92+0.02 (4.14)

The plot points are distributed throughout a parallel (and very close) to the bisector
of the first quadrant angle, confirming the good agreement of the reconstructed
reaction plane angle and the generated one, for each event.

4.6.1 Transverse sphericity tensor method

Another method that is possible to use to estimate the reaction plane angle and
the vo of an ultrarelativistic collision is described in [156]. From the measured
momenta in a collision with multiplicity M, it’s possible to construct the transverse
sphericity tensor defined in the center-of-mass frame as

M
Sij= Y, wlk)pi(k)p;(k) (4.15)
=1

where p;(i = 1,2) is the i’ component of the momentum in the trasverse plane
and w(k) a weight related to the particle’s mass. In this way, the ratio between the
two eigenvalues (A > A1)
A — Ay
A+ M

is equal to v, and one of the eigenvectors is the reaction plane angle.

In Fig. 4.9 is shown the result obtained on the data sample described in section 4.5
compared with the generated event plane (top panel) and with the value obtained
with the method explained in section 4.6 (bottom panel), for all the events. Also
with this method, as for the one described in the previous subsection, there is
a very good agreement between the reconstructed event plane and the generated

(4.16)
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Figure 4.9: Top panel: the reaction plane angle estimated with the transverse sphericity
tensor method (W22) vs the generated one (P%""); Bottom panel: the reaction plane angle
estimated with the transverse sphericity tensor method (W5;) vs W51, (see Fig.4.8).
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one, for each event, within errors. For the upper plot of Fig. 4.9, a linear fit has
been performed with a linear function

y=p0+plx*xx 4.17)
the obtained values for the fit parameters are
p0=0.13+0.04 pl1 =0.92+0.02 (4.18)

We can notice that this values are the same obtained in the previous subsection:
also in this case the plot points are distributed throughout a parallel (and very
close) to the bisector of the first quadrant angle, showing a good accordance be-
tween the result of this methods with the waiting values (the generated ones). This
method constitute a second way to obtain a reliable estimate of reaction plane an-
gle of the collisions that will occurr in the ALICE experiment and a cross check
for the results that will be obtained with the method exposed in section 4.6.

4.6.2 Elliptic Flow analysis

Given the previous discussion, in order to measure the elliptic flow parameter, v;,
one uses the n=2 case for Eq. 4.12 to estimate the event plane angle.

The observed flow signal, v,, using the 2" harmonic event plane, V5, is then
obtained fitting the ¢; — W, distribution with the function [154]:

ﬁ = Pyy 14208 cos 61— %)) (4.19)
As mentioned before, two separate subevents, a and b, are used to find the event
plane resolution and the error on the v, estimate. The results of this method on the
sample described in section 4.5 are shown in Fig. 4.10, 4.11 and 4.12. In partic-
ular, the analysis has been performed using the angle of all charged particlesthat
can be directly detected with ALICE (no resonances), after already mentioned
cuts. on the left, W,,, is the generated reaction plane angle, taken directly from
the generator, W52 and ¥, have been calculated, respectively, with the Eq. 4.12
and with transverse sphericity tensor method. The results agree within the errors:
the estimate elliptic flow using the reaction plane angle with both methods

v2 =0.019+0.06 (4.20)
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Figure 4.10: The ¢; — ¥, distribution fitted in order to extract the v,. In this plot the
reaction plane angle (W), here called W55, has been estimated with the event flow vector
method (see section4.6).

2000X10°

—— g P

= e 5
1800/ = b e

1600}
1400}
1200

1000 va = 0.019+0.06

800 —

5 6
0-v,,, [rad]

a2

Figure 4.11: The ¢; — ¥, distribution fitted in order to extract the v;. In this plot the re-
action plane angle (¥,), here called W;;, has been estimated with the transverse sphericity
tensor method (see subsection 4.6.1).
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Figure 4.12: The ¢; — ¥, distribution fitted in order to extract the v,. In this plot the

reaction plane angle (\P,), here called W5 ', is the generated one.

is consistent with the generated one
vy =0.014. (4.21)

This method can be used to measure the elliptic flow coefficient of all charged
particles with the ALICE detector.

4.7 Phi meson’s Elliptic Flow

The ¢ vector meson is the lightest bound state of hidden strangeness, consisting
of a (s5) quark-antiquark pair. Although it is a meson, it is heavy in compari-
son with mesons consisting of u and d quarks, having a mass (my = 1019.455
+ 0.020 MeV/c? ) [157] comparable to the proton and A baryons. Due to the
¢ being composed solely of s and 5 quark, phenomenologically it is expected to
have a very small cross-section for interactions with non-strange hadrons [158]
and therefore, its observables should remain largely undisturbed by the hadronic
rescattering phase of the system evolution. Measurements of @-photoproduction
from various nuclei [159, 160] have reported a range of values for the extracted
@-nucleon cross-section but yet remain to be conclusive. However, experimental
evidence for the small interaction cross-section of the ¢ has been presented in
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Fig. 1.15 where the values for the freeze-out temperature 7, and mean velocity
B extracted from blast-wave fits to the central ¢-meson pr spectrum differ from
those extracted for 7, K, p and ¢ seems to freeze out at a higher temperature and
lower B [49]. This is also observed for the multistrange Q baryon. The ¢ also
has a relatively long life-time of ~46 fm/c which means that it will mostly decay
outside the fireball and therefore its decay daughters will not have much time to
rescatter in the hadronic phase. Experimental measurements of the ¢/K~ ratio
as a function of centrality have also ruled out the possibility of ¢ production via
KtK~ coalescence in the hadronic stage [161]. The observed ratios are flat as
a function of centrality in contradiction to expectations from hadronic rescatter-
ing models which include kaon coalescence as a ¢-meson production mechanism
and which therefore predict the ¢/K™ ratio to increase as a function of central-
ity. These properties make the ¢-meson an excellent probe of the hot and dense
medium created in nucleus-nucleus collisions.

Measurements of the ¢-meson in terms of the bulk observables discussed in the
first chapter, can provide important information on the properties of the medium
and particle production mechanisms in ultra-relativistic collisions.

The degree of collectivity of the medium that has been produced at RHIC has been
further probed by measuring the elliptic flow of the ¢-meson. Since multistrange
hadrons and particles with hidden-strangeness are assumed to freeze out early and
undergo fewer interactions in the hadronic stage, their v, signals should provide a
clean signal from the early stage of the system evolution. First measurements of
the Z (ssd) and Q(sss) elliptic flow have indicated that these particles flow at least
as much as particles consisting of the lighter u and d quarks alone [162] which
implies that collectivity of the system is built up in the partonic stage, one of the
considtions of QGP formation. Measurements of the ¢-meson v, and whether it
also scales according to its number of constituent quarks as other identified parti-
cles are seen to do, provide important information on the collectivity and possible
deconfinement of the system in the early stage and serve to constrain different dy-
namical models of elliptic flow (e.g. hydrodynamical and hadron transport mod-
els) and particle production. The ¢-meson with its mass comparable to A and p,
and low interaction cross-section, can be exploited as an ideal tool to probe the
bulk properties of the medium produced in nucleus-nucleus collisions. In addi-
tion to the wealth of data on other identified particles, ¢-meson observables help
to distinguish further between different physical models of the dense medium and
help to open the way towards further understanding of the system created in ultra-
relativistic heavy-ion collisions.
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In Fig 4.13 the measurement of ¢-meson v (pr) is compared to the v, results for
A and Kg, all measured by STAR [163]. Atlow pr (pr < 2GeV /c), one can ob-
serve a mass-ordered hierarchy (within the errors) in the v, values of the studied
particles. The ¢-meson v, trend falls between that of the lighter Kg and heavier
A. This is consistent with the expectation from hydrodynamics where particles
boosted with a common velocity will appear shifted in the p7 variable due to their
different masses. As mentioned in section 4.4, the phenomenon of quark number
scaling, where the v, (p7) of mesons and baryons scales according to their number
of valence quarks, has been observed in Au-Au collisions at RHIC at intermediate
pr , 2 < pr <5. The dotted and dashed lines in Fig. 4.13 are parameterizations
for baryon (NQ = 3) and meson-scaling (NQ = 2). One can see that in the inter-
mediate pr range, the vo(pr) of the ¢-meson is consistent with that of the Kg and
the parameterization for meson-scaling (NQ = 2). Within the errors, the values
obtained (NQ=2.3 £ 0.4) have shown that the vg results follow the meson-scaling
trend.
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Figure 4.13: Minimum bias (0-80% centrality bin) v»(pr) for Au-Au collisions at /syy
= 200 GeV for ¢-meson, A and Kg. The dashed and dotted lines represent parameteri-
zations for number of quark (NQ) scaling equal to 2 and 3 respectively. Data from the
STAR experiment.
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This measurement has confirmed both hydrodynamical models, that describe a
transition to a nearly ideal fluid QGP, and quark coalescence models, that assume
that particle production, and v, behaviour, is dominated by coalescing quarks in
the QGP. Since the hypothesis of ¢-meson production from coalescence of s and
s quarks, is still open, a measure of ¢-meson elliptic flow at LHC energies with
ALICE experiment could clarify such a pictures, with a more evident probe of
QGP formation or open new fascinating scenarios.

The greatest difficulty in such measurement lies in the impossibility of a direct
knowledge of ¢-meson kinematics informations. In the ALICE experiment anal-
ysis framework, AliRoot (introduced in section 2.3.11), there are several tools for
the study of charged particles flow but there isn’t any instrument to measure flow
for a resonance like ¢-meson, for which it’s possible to identify only the presence
of the signal over the background with recostruction of the decay fragment.

In the next section the method for the first measurement of this parameter within
the ALICE experiment will be illustrated and a result on the MC sample, described
in section 4.5, will be presented.

4.8 Extracting the ¢-meson elliptic flow

There are different variations of the event plane method that is possible to use in
order to extract the ¢-meson elliptic flow: here we will show the details of the ¢-
binning method [154] and the v, vs m;,, method [164]. The v, vs m;,, method is
the newer of the two methods and the results using this method are presented in the
next section. As a second step, the ¢-binning method will be used as cross-check
for the other method.

4.8.1 The ¢-binning method

The ¢-binning method for extracting the v, of identified particles consists of mea-
suring the raw yield of the chosen particle in bins of the angle (¢ — V) where ¢ is
the azimuthal angle of the particle in the lab-frame and W is the event plane angle.
The distribution can then be fitted with the functional form:

dN

— 1 obs o
A0y~ Dopgll +2vi7cos(9i =) 4.22)

where v, is one of the fit parameters. The pr dependence of the elliptic flow can
be measured by repeating the procedure for fixed ranges in pr. A first estimate of
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vo with this method on all the particle has been shown on section 4.6.2.

For the case of resonances, where the signal typically consists of a small parti-
cle mass peak sitting above a large combinatorial background (i.e. the signal to
background ratio is less than unity), it is already a difficult task to extract raw
yields accurately. This method of extracting v, requires that, for each bin in pr,
the already small signal is further divided into bins as a function of (¢ —¥) angle
which can lead to large systematic errors in extracting the raw yields since the fits
to the invariant mass peak are difficult to constrain. The result is that large sys-
tematic errors, due to uncertainties in the raw yields, are propagated into the final
vo result. For this reason, the method described in this section will not be used
as first check of a measure of ¢ meson elliptic flow, it should need more statistic
as already explained in section 4.5. It has been used in order to extrapolate the
generated phi meson elliptic flow, using directly the azimuthal angle of phi meson
as provided from the generator.

In Fig. 4.14 the result for one pr bin is shown.
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Figure 4.14: The ¢y — ¥, distribution has been fitted with 4.22 in order to extrapolated
the generated value for phi mesons elliptic flow.

Therefore the reference values for the generated ¢ meson elliptic flow for three
pr bins in the following analysis will be:
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pr (GeV/e) | [0.5,1] | [1,2] | [2,3]
12) 0.018 | 0.033 | 0.049

4.8.2 The v, vs mj,, method

The v, vs mjy,, method was inspired by [164] and a brief description of the phe-
nomenology is outlined below. For single particles, in the laboratory frame, the
probability distribution in terms of the azimuthal angle ¢ can be written as:

p(9—Wr) = Z Ve FR) (4.23)

n*—oo

where ¢ is the angle of the particle measured in the laboratory frame and Wg is
the reaction plane angle. In the case of a symmetric system with real v, , equation
4.23 reduces to:

1

p(0—Wr)=—=[1+2 i vpcos(n(¢ —WPR)] (4.24)
n=1

2z
which is just the probability analogue of equation 4.7. Following [164], equation
4.23 can be extended for pairs of particles as:

p(¢pair—‘PR)=2— 3 gt (4.25)

n=—oo

where ¢ has been replaced with @/ .

In the case of a resonance particle (e.g. the ¢-meson) which decays to two daugh-
ter particles (e.g. ¢ — KK ™), @pqir is the azimuthal angle of the parent resonance
particle.

In equation 4.25, v;; " are called the pair-flow coefficients, but unlike in the previ-
ous case of single particles, v5* " are not necessarily real numbers with the result
that the sine terms become part of the Fourier expansion such that:

pair

P(pair =) 1+22 14 cos(n(@pair — i) + VL sin(n(pair — i)

, (4.26)
where V25" = cos n(@pair — Pr) and viy," = sin n(@pair — Pr).
For a resonance particle which is identified through its mass peak in an invari-
ant mass distribution consisting of all combinations of candidate decay daughter
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particle pairs, the invariant mass distribution can be separated into:
Npairs (minv) =N, (minv) —+ N (minv) (427)

where N, is the number of combinatorial background pairs and Nj is the number of
signal pairs (i.e. the number of real particles). In a similar way, for the ¢-meson,
we can write the contributions to the pair-flow coefficients as:

Npairs (minv)vc,n (minv) =N, (minv>vc,n (minv) + Nq) ) (minv)vc,n (4.28)

Npairs (minv)vs,n (minv) =N, (minv>vs,n (minv) + Nq) ) (minv)vs,n (4.29)

Symmetry of ¢-mesons production with respect to the reaction plane implies that
vgn = (0 and if the background is composed of uncorrelated particles, then V?n =
0[164].
Experimentally, the v, vs m;,, method as it is applied here, involves estimating the
event plane angle in the same way as explained in section 4.5 and then measuring
the vy = cos2(¢ — Wg) of all same-event combinations of positive and negative
kaon pairs as a function of invariant mass. For this reason, the performance of
TOF detector in the kaon identification play a crucial role in such measurement in
the ALICE experiment.
Based on equation 4.28, the v, distribution as a function of m;,, can then be fitted
using:

VaTot (minv) = VZSa(minv> +Vvop (minv) [1 - a(minv)] (4.30)

where vo7,; 18 the total vo, vog 1s the v of the signal (i.e. the ¢§-meson), and v,p 1s
the background v,. o&¢(mjn,) = S/(S+ B) is ratio of the signal over the sum of the
signal plus background m;,, distributions. The ratio is function of invariant mass
and is extracted (once only per pr bin) by fitting the distribution using a Breit-
Wigner function (to describe the ¢-meson mass peak shape) plus a polynomial (to
parameterize the background shape).

Therefore, in this method, the raw yield of ¢-mesons needs to be extracted once
per pr bin. In Fig. 4.15, the mass invariant distribution for phi meson obtained
analyzing the sample described in section 4.5, after the cut of the background, is
shown.

In the fit of Eq. 4.30, v,g is a parameter in the fit and v,p is parameterised using a
polynomial in m;,,; the coefficient of this polynomial are taken from the result of
the background fitting.

In order to check the validity of the v, results obtained using this method, the
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163 Invariant Mass distribution for K'K' pair, only ¢ meson signal \
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Figure 4.15: Invariant mass distribution for ¢ meson for all the bin of p7 after the cut
of the background.

vs2 = sin2(¢ — Wg) distributions can be measured and fitted in a similar manner

to ensure that the expected identities, v” 52 =0and v¢2 =0, hold.
Figures 4.17 and 4.18 illustrates the method by presenting the fits to the v, =

cos2(¢ —Wg) (left panel) and v, = sin2(¢ — W) (right panel) distributions for

a bin in pr. The right panel illustrates the identity, vfz = 0 for the same p7 bin.

The measured values for ¢ meson elliptic flow for three pr bins, performed
on the sample described in section 4.5, are:

pr(GeV/e) || [0.5,1 | [1,2] | [2,3[
%) 0.021 | 0.038 | 0.057
erroron v || 0.003 | 0.005 | 0.008

The comparison between this estimate and the generated value, as extrapolated
in section 4.8.1 are shown in Fig. 4.16.

126



4.8 — Extracting the ¢-meson elliptic flow

‘ ¢ mesonv_vsp_

v2
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0.04 :
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0.021 i

Figure 4.16: v, measurement (red square) extrapolated for three py bin compared with
the same measure extrapolated from generated azimuthal angle of phi mesons (green
square).

The analysis on a MC sample have produced a result that is consistent, within
errors, with the introduced value of v, in the simulation, as a consequence this
method and the tools that have been developed for this analysis will be used when
experimental Pb-Pb collisions data will be collected with ALICE experiment at
LHC in order to measure ¢-meson elliptic flow as signature for QGP formation.
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Figure 4.17: v, = cos2(¢ — Pg) distributions for 2 < pr < 3GeV /c: the fit has been
performed in order to extrapolate the v, for ¢ meson.
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Figure 4.18: v, , = sin2(¢ — Wg) distributions with a linear fit.
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Conclusion

The work of this thesis has been focused to the set up of appropriate the tools in
order to measure ¢ meson elliptic flow, v, , with the aim of learning more about
the characteristics of the medium that could be create in Pb-Pb collisions at LHC.
In order to do this, the ALICE Time-Of-Flight (TOF) detector performance in
term of Particle Identification will play an important role in the identification of
kaons, through which will be possible to reconstruct the behaviour of ¢ mesons
products after the collisions.

The TOF detector has been constructed and is presently fully installed and op-
erative at ALICE experimental site. During the construction a wide set of tests
has been carried out on the apparatus to guarantee its optimal performance and to
acquire a deep experience in the detector characteristics and functioning.

A preliminary study on cosmic-ray track matching with the TOF detector signals,
collected during the commissioning runs in 2007 and 2008, shows the good per-
formance of the apparatus.

Considering the estimated efficiency of this apparatus during the approaching Pb-
Pb collisions runs, a preliminary study for ¢-meson elliptic flow measurement on
a MC sample has been performed; the results are fully consistent with the expec-
tations.

Therefore, it’s possible to conclude that the tools developed in this thesis work are
ready to be used to measure ¢ meson elliptic flow when data, coming from Pb-Pb
collisions, will be collected with ALICE experiment at LHC.
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