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Introduction

High-energy physics has established and validated over the last decades a
detailed, though still incomplete, theory of elementary particles and their
fundamental interactions: the Standard Model. Such theory has encoun-
tered a lot of success in explaining the phenomenology of interactions at a
fundamental level, but further investigations are necessary in order, on one
hand, to answer still unresolved questions and, on the other, to apply and
extend the SM to complex and dynamically evolving systems of finite size.

The Large Hadron Collider (LHC), with its high center of mass energy
and the possibility to accelerate both nucleons and nuclei, will provide a
deep insight into such topics, as well as a deeper understanding of the
underlying physics.

Among the four experiments at LHC, namely CMS, ATLAS, LHCb and
ALICE, the latter is the only specifically dedicated to the analysis of ultra-
relativistic heavy-ion collisions. The focus is to study and understand how
collective phenomena and macroscopic properties, involving many degrees of
freedom, emerge from the microscopic laws of elementary-particle physics.
The most striking case of a collective bulk phenomenon predicted by the
Standard Model, is the occurrence of phase transitions in quantum fields at
characteristic energy densities. In particular, Quantum Chromodynamics
(QCD) calculations foresee that at temperatures of about 170 MeV the
ordinary hadronic matter, constituted by uncolored bound states of quarks,
could undergo a transition to a new state of unbound quarks and gluons:
the Quark Gluon Plasma (QGP).

The study of phase transitions is of great interest not only in particle
physics, but also in cosmology. According to Big-Bang theory, the Universe
evolved from an initial state of extremely high energy density to its present
state through rapid expansion and cooling, thereby traversing the series
of phase transitions predicted by the Standard Model. Global features of
our Universe, like baryon-antibaryon asymmetry or large scale structures
(galaxy distribution), are believed to be linked to characteristic properties
of such transitions.

As far as we know, the only way to create and study the primordial
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plasma in the laboratory is to collide two heavy nuclei and analyze the
resulting small droplets of hot and dense medium. The system formed
undergoes a fast dynamical evolution from the extreme initial conditions to
the dilute final hadronic state, making direct measurements impossible. In
order to test the characteristics of the new state of matter it is necessary to
use suitable “probes”. Among them, heavy quarkonium states such as J/ψ
and Υ play an important role as a test of deconfinement.

Unfortunately, the probes are affected not only by the presence of the
plasma, but also by other effects resulting from the use of the complex
systems of ordinary matter: the heavy ions. An understanding of such
effects can only be achieved through precise studies of nucleon-nucleon and
nucleon-nucleus collisions, which represent an essential part of the ALICE
programme. In addition, the analysis of those collisions holds an impor-
tance of its own as it will allow to extend the tests of the standard model
to unexplored regions. From this point of view should be emphasized that,
owing to its unique design, ALICE is probably the only LHC experiment
with access to the low-pT region.

The present work has the twofold aim of studying, through simulations,
the physics performance of the ALICE muon spectrometer in the detection
of heavy quarkonia produced in pp collisions at 14 TeV, and of exploring
possible contributions to our present understanding of physics.

Chapter 1 provides a general overview of the physics that can be studied
by the ALICE experiment. Its main goal, the analysis of the Quark-Gluon
Plasma and its experimental observables, is described in more detail, with
particular emphasis on heavy quarkonium states. A discussion of the most
interesting features that will be analyzed in proton-proton collisions follows.

Chapter 2 presents a short description of the ALICE experiment. The
section is meant as a brief summary of the characteristics of the main de-
tectors, with a more detailed insight into the muon spectrometer.

As the focus of the present work is on heavy quarkonia, Chapter 3 shows a
theoretical and experimental review about this topic. At present the quarko-
nia production relies on a number of models, which have been continuously
tested by new experiments. A description of the most important is given,
with a particular regard on the ones whose predictions match, to some ex-
tent, the most recent data. Finally, the latest results from Tevatron, the
collider whose center of mass energy is closest to the one achievable at the
LHC, are presented. A comparison of theoretical models predictions and
such data closes the section.

In Chapter 4, a discussion of the “fast simulation” of the ALICE muon
spectrometer is performed. Such a tool, employed in this work, allows the
generation and analysis of quarkonia with high statistics, in an amount
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of time significatively reduced with respect to the one needed by the full
simulation.

The simulation results are described in Chapter 5. The mass spectra
of the muon pairs are fitted by a suitable function in order to disentan-
gle the signal, constituted by leptons from ψ and Υ resonances, from the
background. It will be shown that the statistics is high enough to allow
a measurement of the rapidity and transverse momentum distributions of
quarkonia.

Finally, Chapter 6 analyzes one of the possible way to employ the rapidity
distribution obtained in the previous chapter, in order to get information
about the gluon distribution functions. The parton distributions (PDFs),
fundamental in QCD calculations, can be determined only experimentally.
However, depending on the energies achievable and on the detection features,
each experiment can provide information on PDFs only in a limited region.
The study performed in this chapter shows the possibility to use the heavy
quarkonia detected in the ALICE muon spectrometer in order to explore
the gluon distribution functions in the low x region, where, so far, only
extrapolations are available.

v





Chapter 1

Physics with the ALICE
experiment

The ALICE experiment is one of the four experiments at the Large Hadron
Collider (LHC) at CERN. With a circumference of about 27 km and a
center of mass energy of 14 TeV for pp collisions, LHC is the largest and
most powerful in the world. The other three experiments (ATLAS, CMS
and LHCb) will acquire data during proton-proton collisions, but ALICE is
the only one specifically designed for heavy ion collisions.

However the detector is able to collect data even during pp runs, thus
providing two specific physics programs.

1.1 Heavy ion (AA) collisions

The focus of heavy-ion physics is to study and understand how collective
phenomena and macroscopic properties, involving many degrees of freedom,
emerge from the microscopic laws of elementary-particle physics. Specifi-
cally, heavy-ion physics addresses these questions in the sector of strong
interactions by studying nuclear matter under conditions of extreme density
and temperature.

The nucleon-nucleon center of mass energy for collisions of the heaviest
ions at the LHC (

√
s = 5.5 TeV) will exceed that available at the Relativistic

Heavy Ion Collider (RHIC) by a factor of about 30, opening up a new physics
domain. Heavy-ion collisions at the LHC access not only a quantitatively
different regime of much higher energy density, but also a qualitatively new
regime, mainly because:

1. A novel range of Bjorken-x values, where strong nuclear gluon shado-
wing is foreseen, can be accessed. The initial density of these low-x
gluons is expected to be close to saturation.
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Physics with the ALICE experiment

2. Hard processes are produced at sufficiently high rates for detailed mea-
surements.

3. Weakly interacting hard probes become accessible, thus providing in-
formation about nuclear parton distributions at very high Q2.

4. Parton dynamics dominate the fireball expansion.

All these features will allow an accurate study of the phase transition in
the hot and dense hadronic matter environment.

1.1.1 The Quark Gluon Plasma

The most striking case of a collective bulk of phenomenon predicted by the
Standard Model is the occurrence of phase transitions in quantum fields at
characteristic energy densities. The generic form of the QCD phase dia-
gram is shown in figure 1.1. Lattice calculations of Quantum Chromody-
namics predicts that at a critical temperature of Tc ' 170 MeV, correspond-
ing to an energy density of εc ' 1 GeV/fm3, nuclear matter undergoes a
phase transition to a deconfined state of quarks and gluons. In addition, at
high temperature T and vanishing chemical potential µB (quantity related
to baryon-number density), chiral symmetry is approximately restored and
quark masses are reduced from their large effective values in hadronic matter
to their small bare ones.

Fig. 1.1: The phase diagram of QCD

The basic mechanism for deconfinement in dense matter is the Debye
screening of the color charge. When the screening radius rD becomes less
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1.1 Heavy ion (AA) collisions

than the binding radius rH of the quark system (hadron), the confining force
can no longer hold the quarks together and hence deconfinement sets in.

The phase transition can be well described by QCD thermodynamics,
and in particular by finite temperature lattice calculations. However, the
transition from hadronic matter to quark gluon plasma can be illustrated by
simple and intuitive arguments, based on the “MIT bag model”. This model
describes the confined state of matter as an ideal gas of non-interacting
massless pions, with essentially three degrees of freedom. On the contrary,
even a two flavor quark gluon plasma (composed by massless u and d quarks
only), has 16 gluonic and 12 quark degrees of freedom. In the passage from
a confined to a deconfined state, the energy density, which is proportional
to the degrees of freedom, undergoes a sudden enhancement (latent heat of
deconfinement). The behavior is shown in figure 1.2, obtained with lattice
calculations.

Fig. 1.2: Temperature dependence of the energy density over T 4 in QCD
with 2 and 3 degenerate quark flavors as well as with two light and
a heavier (strange) quark. The arrows on the right-side ordinates
show the value of the Stefan-Boltzmann limit for an ideal quark-
gluon gas.

At present the only way to achieve the energy densities necessary for
the quark gluon plasma formation is through heavy ion collisions. The
process that leads from the initial collision to hadronization and freeze-out,
is described in figure 1.3. The main steps are:

• Pre-equilibrium (τ ≤ 1 fm/c). The initial partons scatter among each
other giving rise to an abundant production of quarks and gluons.
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Physics with the ALICE experiment

Fig. 1.3: Expected evolution of a nuclear collision

• Quark gluon plasma (τ ∼ 10 fm/c). The quark gluon gas evolves into
thermal equilibrium: the QGP is formed and starts expanding.

• Mixed phase. The QGP, while expanding, starts converting into a
hadron gas.

• Hadronization (τ ∼ 20 fm/c). As far as the system expands, its tem-
perature decreases till quarks and gluons are again confined in hadrons.

• Freeze-out. Hadrons decouple from the gas, thus becoming free.

The very short lasting time of QGP (only few 10−23 s), together with
the interdiction to detect free quarks, do not allow to directly measure the
transition. Nevertheless, information are indirectly provided by series of
“probes”, specifically thought to test different aspects of the medium. In
the following, a short overview of such signals will be presented.

1.1.2 Experimental signatures of QGP

The phase transitions are critical behaviors, and the general way to probe
such behaviors consists in finding the transition point and determine how
the system and its observables change from one side to the other. In the case
of complex phenomena, such as the QGP formation, different observables
can be used in order to investigate different aspects of the same system, in
many phases of its evolution.

Probes of the equation of state

The basic idea behind this class of signatures is the identification of modi-
fications in the dependence of energy density (ε), pressure (P ) and entropy
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1.1 Heavy ion (AA) collisions

density (s) of superdense hadronic matter on temperature T and baryoche-
mical potential µB. A rapid rise in the ratios ε/T 4 or s/T 4 is, indeed, an
evidence of a first-order phase transition.

The observables related to such quantities, obtainable through an analy-
sis of the particle spectra, are the average transverse momentum 〈pT 〉 and the
charged particle multiplicity per rapidity unit dN/dy or transverse energy
per rapidity unit at mid-rapidities dET /dy. In particular, a first-order tran-
sition should manifest itself through a saturation of 〈pT 〉 during the mixed
phase.

Particle spectra can provide information about another class of pheno-
mena related to the equation of state: the flow. With this term is meant a
collective motion of particles, superimposed to the thermal one. The flow
is directly related to the pressure gradient, and can quantify the effective
equation of state of the matter.

Signatures of chiral symmetry restoration

One of the most important probes of the chiral symmetry restoration comes
from the study of the light vector meson resonances, ρ, ω and φ. Such
particles, created in the hot hadronic phase, can provide direct access to
in-medium modifications. The ρ meson, in particular, plays a key role since
its e+e− decay width (through which resonances are mainly detected) is a
factor of ∼ 10 (5) larger than the ω (φ). In addition, the ρ has a well-defined
partner under SU(2) chiral transformations, the a1(1260).

The approach toward restoration of chiral symmetry at Tc, requires the
spectral distributions in the corresponding vector and axial channel to be-
come degenerate. How this degeneracy occurs is one of the crucial questions
related to the chiral phase transition.

The possibilities range from both the ρ and a1 masses dropping to (al-
most) zero, the so-called Brown-Rho scaling conjecture, to a complete melt-
ing of the resonance structures, due to the intense rescattering in the hot
and dense hadronic environment, or scenarios with rather stable resonance
structures.

Soft probes of deconfinement: strangeness enhancement

In pp collisions, the production of particles containing strange quarks is
strongly suppressed, as compared to the production of hadrons with u and
d quarks. The suppression, probably due to the higher mass of the ss̄ pair,
increases with the strangeness content of the particles.

QGP formation in nucleus-nucleus collisions leads to a different scenario.
In this case the strange hadron yield derives from two independent reaction
steps following each other in time:
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Physics with the ALICE experiment

1. in a deconfined QGP, strange quark pairs (ss̄) can be copiously pro-
duced through gluon-gluon fusion, while in hadronic gas ss̄ pairs have
to be produced via pairs of strange hadrons with higher production
thresholds

2. the initial s and s̄ survive the process of fireball expansion, thus re-
sulting, at hadronization, in an unusually high yield of strange and
multi-strange (anti)baryon abundance.

The process can be illustrated in figure 1.4.

Fig. 1.4: Illustration of the two steps mechanism of strange hadron forma-
tion from QGP

In the ensuing hadronization, quark recombination leads to emergence
of particles such as Ξ(ssq) and Ω̄(s̄s̄s̄), which otherwise could only very
rarely be produced [1], as well as to a global increase of the strange particles
production.

The described enhancement as a function of the centrality of collision
has been already observed [2] in experiments such as NA57 at SPS, as it is
clearly shown in figure 1.5.

It is trivial to stress the importance of measuring strange production
even in pA and pp collisions, as the enhancement can be noticed only in
comparison with such data.

Hard and electromagnetic probes of deconfinement

In order to be sensitive to the onset of deconfinement, any probe must satisfy
some requirements, and in particular they must:

• be hard enough to resolve sub-hadronic scales;
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1.1 Heavy ion (AA) collisions

Fig. 1.5: Centrality dependence of hyperon enhancements at 158A GeV/c

• be able to distinguish confinement and deconfinement;

• be present in the early stage of the evolution;

• retain the information throughout the subsequent evolution.

The last point requires that probes should not be in thermal equilibrium
with later evolution stages, since this would lead to a loss of memory of the
previous stages.

So far, two types of probes satisfying these conditions fully or in part
have been considered.

• External probes are produced essentially by primary collisions, before
the existence of any medium. Their observed behavior can indicate
whether the subsequent medium was deconfined or not. The most
important observables are the production of quarkonium states and
the energy loss or attenuation of hard jets.

• Internal probes are produced by the quark-gluon plasma itself. Since
they must leave the medium without being affected by its subsequent
states, they should undergo only weak or electromagnetic interactions
after their formation. Thus the main candidates are thermal dileptons
and photons.

Quarkonium suppression was long ago suggested as a signal of deconfine-
ment [3]. If a heavy quark bound state (QQ̄) is placed into a hot medium
of deconfined quarks and gluons, color screening will dissolve the binding,
so that the Q and Q̄ separate. When the medium cools down to the con-
finement transition point, they will therefore in general be too far apart to
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Physics with the ALICE experiment

see each other, and the heavy quark will combine with a light one to form
heavy flavored mesons.

Due to their small size, quarkonia can, in principle, survive the decon-
finement phase transition. However, because of color screening, no bound
state can exist at temperatures T > TD, when the screening radius, 1/µD(T )
becomes smaller than the typical bound-state size.

With increasing temperature, a hot medium will lead to successive
quarkonium melting: bigger size resonances, such as χc and ψ′ are dis-
solved first, while more tightly bound states, such as J/ψ, are destroyed
later. Hence the suppression of specific quarkonium states serves as a ther-
mometer of the medium.

In fact, a slight reduction in quarkonium production can be noticed even
in ordinary nuclear matter, due to absorption by nucleons and comoving
secondaries. In order to take into account this effects, it is of extreme im-
portance to achieve a good knowledge of the quarkonia absorption cross
section behavior from pA and pp data. Only when such a baseline is clearly
understood, it is finally possible to search for “anomalous” suppression pat-
terns, which are a clear signature of deconfinement.

Evidences of the phenomenon have been found by the NA50 experiment
at CERN SPS [4], as shown in figure 1.6.

Fig. 1.6: The J/ψ/Drell-Yan cross section ratio as a function of Npart for
three analyses of the PbPb 2000 data sample in NA50, compared
to (left) and divided by (right) the normal nuclear absorption
pattern [4]

The LHC will add a significant contribution in the understanding of QGP
via heavy quarkonia probes. The achievable energy is unique for suppression
studies since it allows, for the first time, the spectroscopy of charmonium
and bottomonium states in heavy ion collisions. In particular, because the
Υ is expected to dissolve significantly above the critical temperature, the
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1.1 Heavy ion (AA) collisions

spectroscopy of the Υ family at the LHC energies should reveal unique
information on the characteristics of the QGP.

On the other hand, the study of heavy quark resonances in heavy ion
collisions at the LHC is subject to significant differences with respect to
lower energies. In addition to prompt charmonia produced directly via
hard scattering, secondary charmonia can be produced from bottom decay,
DD̄ annihilation, and by coalescence mechanisms which could result in
enhancement rather than suppression.

The role of jets as a deconfinement probe was first proposed in 1982
by Bjorken. He stressed that a “high-pT quark or gluon might lose tens of
GeV of its initial transverse momentum while plowing through quark-gluon
plasma produced in its local environment”. While Bjorken estimates based
on collisional energy loss had to be revised, it was later suggested that
the dominant energy-loss mechanism is radiative rather than collisional.
In particular, the mechanism is not the direct analogous of the Abelian
bremsstrahlung radiation, but a genuine non-Abelian effect: gluon rescat-
tering.

A deeper insight into this topic is beyond the scope of the present the-
sis. However it has to be said that, since the partonic energy loss grows
quadratically with the in-medium path length and is proportional to the
gluon density, the observation of jet quenching in heavy ion collisions can
be accounted as a proof of deconfinement.

It is clear that, in order to notice a “quenching”, comparisons with jets
in ordinary matter have to be performed. An important benchmark for
fragmentation function of jets will be provided by analyses of pp collisions.

Hadronic probes are not the only ones able to give information on the
formed medium. A lot of advantages can arise from the use of electromag-
netic probes. Indeed, owing to their small coupling, photons, once produced,
don’t interact with the surrounding matter and can thus provide information
on the state of matter at the time of their formation.

The production of photons in the different stages of heavy-ion collision
can be summarized qualitatively as follows:

1. Early in the collisions, so-called “prompt” photons are produced by
parton-parton scattering in the primary nucleus-nucleus collisions. An
important background to such photons is the decay π0 → γγ.

2. In the following stage of the collision, a quark-gluon plasma is expected
to be formed with a temperature up to 1 GeV. Photons are radiated
off the quarks which undergo collisions with other quarks and gluons
in the thermal bath. The energy spectrum of these photons is expo-
nentially suppressed, but should extend up to several GeV.
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Physics with the ALICE experiment

3. The plasma expands and cools. At the critical temperature, a hadronic
phase is formed, during which photons can be produced in hadron
rescattering or in resonance decays. The mechanism continues until
the resonances cease to interact, that means until the freeze-out tem-
perature (∼ 100 MeV) is reached. Photons produced in this phase will
have energies between few hundred MeV and several GeV.

4. Finally, after freeze-out, further photons can be produced by the decay
of π0’s, η’s and higher resonances. Their energy lies in the range of up
to few hundred MeV.

The prompt photons of phase one constitutes an “irreducible” back-
ground to thermal photons of phase two and three. Such background has
to be kept under control, for example via comparison to the pp benchmark.
The occurrence of an excess in thermal photons (after background subtrac-
tion) in the few GeV range, would be a clear indication of a thermalized
medium.

Lepton pair production shows analogies with the photon generation. In
fact, they are emitted throughout the evolution of the system, and with the
same stages described above.

The prompt contribution to the continuum in the dilepton mass range
above pair mass M ∼ 2 GeV is dominated by semileptonic decays of heavy
flavor mesons and by the Drell-Yan process (figure 1.7). The latter was par-

�γ∗

q

q̄

l+

l−

Fig. 1.7: Drell-Yan process

ticularly important in previous experiments, not as a deconfinement probe,
but because it gives information on the initial state. Its prediction were
usually adopted as a benchmark in heavy ion collisions, as it is affected only
by ordinary nuclear matter effects, but it is not modified by the formation
of a hot dense system. However, in the LHC, it is overwhelmed by heavy
quark decays, which dominate the lepton pair continuum between the J/ψ
and the Z0 peaks.

Dileptons have the same functionality as photons in the different stages
of the system evolution, but, in addition, they offer distinct advantages. In
particular, lepton pairs carry an additional variable, the pair invariant mass,
which encodes dynamical information on the vector excitations of matter.
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1.1 Heavy ion (AA) collisions

At masses above ∼ 1.5 GeV thermal radiation is expected to originate
from the early hot phases, with a rather structureless emission rate deter-
mined by perturbative qq̄ annihilation. The physics objective is then similar
to that of the photon case, which is the discrimination of the QGP radiation
from the large prompt background.

At low masses, less than 1.5 GeV, thermal dilepton spectra are domi-
nated by radiation from the hot hadronic phase. Here, the electromagnetic
current is saturated by the light vector mesons (ρ, ω and φ), allowing direct
access to their in-medium modifications

A schematic view of the characteristic dilepton sources in ultra-
relativistic heavy ion collisions is shown in figure 1.8. The plot was obtained
for center of mass energies lower than the LHC one, and it is shown here in
order to get a rough idea of the dilepton mass distribution. As previously
said, at high energies contributions from bottom flavored hadrons become
important.

Fig. 1.8: Expected sources for dilepton production as a function of invari-
ant mass in ultra-relativistic heavy ion collisions. The plot, ob-
tained for lower energies than LHC is meant to give a rough idea
of mass spectra in the low mass region. At higher energies contri-
butions from bottom flavored hadron decays become important.

As in the case of photons, the determination of details of the medium
effect relies on comparisons to smaller systems and to pp collisions.
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1.2 Proton-proton (pp) collisions

ALICE has several features that make it an important contributor to proton-
proton physics at the LHC. Its design allows particle identification over
a broad momentum range, powerful tracking with good resolution from
100 MeV/c to 100 GeV/c, and excellent determination of secondary ver-
tices. These, combined with a low material thickness and a low magnetic
field, will provide unique information about low-pT phenomena in pp colli-
sions.

1.2.1 A benchmark for heavy ion physics

The identification of phenomena due to the formation of a new state of
matter needs a good knowledge of ordinary nuclear matter effects, that can
be achieved through comparison with pp collisions. A long list of observables
have to be analyzed to this aim; some of them have already been presented
in the previous section, but the overview will be completed in the following.

• Particle multiplicities: differences in particle multiplicities between
pp and AA are related to the features of parton distributions in the
nucleon with respect to those in nuclei (shadowing) and to the onset
of saturation phenomena occurring at small x.

• Slopes of transverse mass distributions: the comparison of slopes in
AA collisions with those in pp allows to determine the collective effects,
such as transverse flow, present in AA and absent in pp.

• Particle yields and ratios: particle ratios are indicative of the chemical
equilibration achieved in AA collisions and should be compared to
those in pp collisions.

• Ratios of momentum spectra: the ratios of transverse momentum spec-
tra at sufficiently high momenta allow to discriminate between the
different partonic energy losses of quarks and gluons. In particular,
due to their different color representation, hard gluons are expected to
loose approximatively a factor of two more energy than hard quarks.

The dominant error for all these observables is often due to the systematics.
In order to reduce it, it is thus of fundamental importance to measure the
physical quantities in the same experimental setup, as it will be done in
ALICE.

1.2.2 Specific aspects

In addiction to the benchmark role for PbPb collisions, the study of pp
physics in the ALICE experiment has an importance of its own. In par-
ticular, the characteristics of the LHC will allow the exploration of a new
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1.2 Proton-proton (pp) collisions

range of energies and Bjorken-x values (chapter 6 of the present thesis is en-
tirely dedicated to one aspect of this topic). More generally, the ALICE pp
programme aims at studying non-perturbative strong coupling phenomena
related to confinement and hadronic structure. The main contribution will
be in the low transverse momentum domain for which the ALICE detector
was optimized.

During pp collisions, ALICE efforts will be focused in the study of a large
amount of observables, such as:

Particle multiplicity. Feynman predicted a simple scaling law for the
√
s

dependence of the observable, which was proved to be only approx-
imate. Thus, a direct measurement is necessary, in order to get a
better understanding of the phenomenon. Moreover the high statis-
tics charged multiplicity study could allow to get access to the initial
states, where new physics such as high-density effects and saturation
phenomena sets in.

Particle spectra. The analysis will allow to study the minijet1 contribu-
tion, by determining the hardening of pT spectra and various correla-
tions between particles with high pT .

Strangeness production. The possibility to access considerably increased
charged particle densities, together with a better control of the trans-
verse momentum measurements, should allow ALICE to explain not
well understood phenomena observed in previous experiments. One
of these is the fact that correlation between the mean kaon trans-
verse momentum and the charged particle multiplicity observed at the
Tevatron is significantly stronger than that for pions.

Baryon number transfer in rapidity. The rapidity distribution of
baryon number in hadronic collisions is not understood. A num-
ber of models provide explanation of the experimental data, some
involving diquark exchange, some others adopting purely gluonic
mechanism. The ALICE detector, with its particle identification ca-
pabilities, is ideally suited to clarify this issue with abundant baryon
statistics in several channels in the central-rapidity region.

Correlations. Two-particle correlations have been traditionally studied in
pp multiparticle production in order to gain insight into the dynamics
of high energy collisions via a unified description of correlations and
multiplicity.

1Jets whose ET , though larger than the hadronic scale, is much smaller than the
hadronic center of mass energy

√
s (at the LHC it means ET ≤ 10 GeV). Such jets

cannot be understood solely in terms of the fragmentation of partons of comparable ET ,
produced in a hard subprocess. The minijets also receive a contribution from the dynamics
of underlying events, which in nucleus-nucleus collisions have a substantial transverse
activity.
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Heavy flavor production. The low pT cutoff for particle detection will
require a smaller extrapolation of the total heavy flavor cross section,
thus improving precision and clarifying underestimations of some the-
oretical models predictions.

Jet studies. Owing to its ability to identify particles and measure their
properties in a very high density environment, the detector will be
able to study jet fragmentation in a unique way.

Photon production. Although the production of photons at large trans-
verse momentum has been extensively studied, no good agreement be-
tween experiment and theory has yet been achieved. The rate of pro-
duction is essentially proportional to the gluon distribution in the pro-
ton, which can be probed directly by looking at the pT dependence of
the photon spectrum. ALICE will be able to measure prompt-photon
production in a region where the not well known gluon fragmenta-
tion into photon is dominant, and where NLO calculations become
insufficient, thus needing only recently explored theories.

Diffractive physics. Even in this case, new physical regions will be
reached, because ALICE should be able to observe central-region
events with large rapidity gaps as well as very low x phenomena (down
to 10−6). Investigation of the structure of the final hadronic state
(with particle identification) produced in diffractive processes can pro-
vide important information on the mechanism of high energy hadronic
interactions.

Double parton collisions. First measurements at Tevatron of double par-
ton collisions show non-trivial correlations of the proton structure in
transverse space, which indicate that the structure of the proton is
much richer than the independent superposition of single-parton distri-
bution functions accessible by deep-inelastic scattering. Since increas-
ing the center of mass energy leads to an increase of the parton fluxes,
it is clear that at LHC multiple-parton collisions will gain more and
more importance, thus allowing a deeper study of the phenomenon.
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Chapter 2

The ALICE experiment and
the muon spectrometer

The ALICE experiment was first proposed as a central detector in the 1993
Letter of Intent (LoI), and later complemented by an additional forward
muon spectrometer designed in 1995. It is a general-purpose heavy-ion ex-
periment, sensitive to the majority of known observables (including hadrons,
electrons, muons and photons). ALICE was designed in order to measure the
flavor content and phase-space distribution, event by event, for a large num-
ber of particles whose momenta and masses are of the order of the typical
energy scale involved (temperature ∼ ΛQCD ∼ 200 MeV). The experiment
will be able to cope with the highest particle multiplicities anticipated for
PbPb reactions (dNch/dy = 8000).

2.1 ALICE experiment: general overview

The ALICE detector (figure 2.1) has the typical aspect of detectors at col-
liders, with a cylindrical shape around the beam axis, but with in addition
a forward muon spectrometer, detecting muons in a large pseudorapidity
domain. Moreover, the central barrel angular acceptance is enhanced by
detectors located at large rapidities, thus allowing measurements of low pT
particles and of global event structure. ALICE can be divided in three parts:

• the central part, which covers ±45 ◦ (corresponding to the pseudora-
pidity interval |η| < 0.9) over the full azimuth and is embedded in a
large magnet with a weak solenoidal field. It consists (from the inside
out) of

� an Inner Tracking System (ITS)

� a cylindrical Time Projection Chamber (TPC)

� a Transition-Radiation Detector (TRD)
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The ALICE experiment and the muon spectrometer

� a large area Particle Identification (PID) array of Time Of Flight
(TOF) counters

� an electromagnetic calorimeter (PHOS)

� an array of counters optimized for High-Momentum inclusive Par-
ticle Identification (HMPID)

• the forward detectors, constituted of

� a Zero-Degree Calorimeter (ZDC)

� a Forward Multiplicity Detector (FMD)

� a Photon Multiplicity Detector (PMD)

• the Forward Muon Spectrometer (FMS)

Inner Tracking System (ITS). The main purposes of the ITS are the
detection of the primary and secondary vertices (hyperons and charm)
and the stand-alone track finding of low pT charged particles, down to
pT of ∼ 20 MeV/c for electrons. Moreover it can be used to improve
the momentum resolution at high momenta, to reconstruct low energy
particles and to identify them via energy loss, and, in the end, to define
the angles of the tracks for HBT interferometry analysis.

The system consists of six cylindrical layers of coordinate-sensitive
detectors. The granularity required for the innermost planes, given
the expected high multiplicity of charged particle tracks, can only
be achieved with silicon micro-pattern detectors with true two-
dimensional readout, such as Silicon Pixel Detectors (SPDs) and Sil-
icon Drift Detectors (SDDs). In particular silicon pixel detectors are
used in the first two layers, silicon drift detectors in the third and
forth layers, while in the fifth and sixth, where requirements in term
of granularity are less stringent, strip detectors are adopted.

Time Projection Chamber (TPC). It is the main tracking detector of
ALICE. Beyond track finding, it was specifically designed for momen-
tum measurement and particle identification by dE/dx. The mean
momentum of the particles tracked in the TPC is around 500 MeV/c.
Despite being a comparatively slow detector, with about 90 µs drift
time over the full length of 2.5 m, the time projection chamber can
cope with the minimum-bias collision rate in PbPb of about 8 kHz,
expected for the design luminosity L = 1027 cm−2s−1.

Transition-Radiation Detector (TRD). The TRD detector fills the ra-
dial space between the TPC and the TOF. It is constituted by a total
of 540 detector modules, each consisting of a radiator and a multi-wire
proportional readout chamber, together with its front-end electronic.
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Fig. 2.1: The ALICE detector
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The detector will provide electron identification for momenta greater
than 1 GeV/c, where the pion rejection capability through energy-loss
measurement in the TPC is no longer sufficient. Such identification,
in conjunction with ITS, will be used in order to measure open charm
and open beauty, as well as light and heavy vector mesons produced
in the collisions. Moreover, the combined use of TRD and ITS data
will allow to separate the directly produced J/ψ mesons from those
coming from B decays.

Particle Identification (PID). Particle identification (PID) over a large
part of the phase space and for many different particles is an impor-
tant design feature of ALICE. There are two detector systems dedi-
cated exclusively to PID: a Time Of Flight (TOF) and a small system
specialized on higher momenta.

The time of flight is a Multi-Gap Resistive-Plate Chamber (MRPC),
with a resolution better than 100 ps. It will be used to separate pions
from kaons in the momentum range 0.5 < p < 2 GeV/c, i.e. from the
TPC upper limit for K/π separation through dE/dx, to the statistics
limit in single event. In addition it will be able to distinguish between
electrons and pions in the range 140 < p < 200 MeV/c.

The High Momentum Particle Identification (HMPID) was specifically
thought for hadron identification in the momentum region above 1.5-
2 GeV/c. The dedicated detector was chosen to be a Ring Imaging
Čherenkov (RICH), which provides a K/π and K/p separation up to
3.4 GeV/c and 5 Gev/c respectively.

Photon Spectrometer (PHOS). The PHOS is an electromagnetic
calorimeter designed to search for direct photons, but it can also
detect γ coming from π0 and η decays at the highest momenta, where
the momentum resolution is one order of magnitude better than for
charged particles measured in the tracking detectors. The study of
the high momentum particles spectrum is extremely useful because it
gives information about the propagation of jets in the dense medium
created during the collision (“jet quenching”).

In addition to photons, the PHOS also responds to charged hadrons
and to neutral particles such as K0

L, n and n̄. Some measures have
to be taken in order to reject these particles, such as the inclusion
of a charged-particle veto detector (multi wire proportional chambers
were adopted) in front of the PHOS for charged hadrons, and a cut
on the shower width and on the time of flight for neutral particles.
The calorimeter is placed at 4.6 m from the beam axis, covers the
pseudorapidity region |η| ≤ 0.12 and has an area of 8 m2.

Magnet. The last component of the central barrel is the magnet. The
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optimal choice for the experiment is a large solenoid with a weak
field. The choice of a weak and uniform solenoidal field together with
continuous tracking in a TPC eases considerably the task of pattern
recognition. The field strength of ∼ 0.5 T allows full tracking and
particle identification down to ∼ 100 MeV/c in pT . Lower momenta
are covered by the inner tracking system. The magnet of the L3
experiment fulfills the requirements and, due to its large inner radius,
can accommodate a single-arm electromagnetic calorimeter for prompt
photon detection, which must be placed at a distance of ∼ 5 m from
the vertex because of the particle density.

Zero-Degree Calorimeter (ZDC). The main aim of the ZDC is the es-
timate of the collision geometry through the measurement of the non-
interacting beam nucleons (the “spectators”). There are four calorime-
ters, two for neutrons and two for protons, placed at 116 m from the
interaction point, where distance between beam pipes (∼8 cm) allows
insertion of a detector. At this distance, spectator protons are spa-
tially separated from neutrons from magnetic elements of the LHC
beam line.

The neutron detector is made up of a tungsten alloy, while the proton
one is constituted of brass. Both calorimeters have quartz fibers as
the active material instead of the conventional scintillating ones.

Forward Multiplicity Detector (FMD). The purpose of the FMD is to
measure dN/dη in the rapidity region outside the central acceptance
and to provide information for the trigger system in a very short time.
The FMD is a silicon detector segmented into seven disks which sur-
round the beam pipe at distances of between ∼ 42 and 225 cm from
the vertex. Together they will cover the pseudorapidity range from
-3.4 to -1.7 on the muon arm side and from 1.7 to 5.1 on the opposite
hemisphere. It is designed in order to measure charged particle multi-
plicities from tens (in pp runs) to thousands (PbPb runs) per unit of
pseudorapidity.

Photon Multiplicity Detector (PMD). The PMD is a preshower de-
tector that measures the multiplicity and spatial (η − ϕ) distribution
of photons in order to provide estimates of the transverse electromag-
netic energy and the reaction plane. It consists of two identical planes
of proportional chambers with a 3X0 thick lead converter in between.
It will be installed at 350 cm from the interaction point, on the op-
posite side of the muon spectrometer, covering the region 2.3≤η≤3.5,
in order to minimize the effect of upstream material such as the beam
pipe and the structural component of TPC and ITS.
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ALICE detector coordinate system

As a conclusion of the detector overview, the officially adopted coordinate
system is provided. It is a right-handed orthogonal Cartesian system with
the origin at the beam intersection point. The axis are defined as follows:

• x-axis is perpendicular to the mean beam direction, aligned with the
local horizontal and pointing to the accelerator center;

• y-axis is perpendicular to the x-axis and to the mean beam direction,
pointing upward;

• z-axis is parallel to the mean beam direction.

Hence the positive z-axis is pointing in the direction opposite to the muon
spectrometer. The convention is coherent with other LHC experiments and
has been changed from the one previously adopted in ALICE.

2.2 The muon spectrometer

The muon spectrometer (figure 2.2) was specifically designed in order to
detect heavy quarkonia in the muon pairs decay channel. As the primary
interest is on ψ (and Υ) resonances directly produced in the collision, it is
important to measure J/ψ and ψ′ at low pT , where the contribution from
charmonia coming from B mesons decay is lower.

Muon identification in the LHC environment is only feasible for muon
momenta above ∼ 4 GeV, because of the amount of absorber material re-
quired to reduce the flux of hadrons. Hence the important measurement of
low pT charmonium is possible only at small angles in the forward region,
where the muons are Lorentz-boosted. Moreover, owing to the higher mo-
menta of hadrons at forward rapidity and the corresponding lower decay
probability, the background of decay muons is also reduced in the forward
region. These are the reasons that led the design criteria of the detector.

The angular acceptance of the muon spectrometer goes from 2 ◦ to 9 ◦

(2.5 < η < 4)1. Its mass resolution (determined by angle and energy-
loss fluctuations in the front absorber, multiple scattering in the tracking
chambers, spatial resolution, number and position of the tracking planes,
and the magnetic field integrals of the muon magnet) is better than 100 MeV
at around 10 GeV, sufficient to separate all resonance states. The detector
consists of a composite absorber starting 90 cm from the vertex, a large
dipole magnet with 3 Tm field integral placed outside the L3 magnet, and 10

1In fact, in the ALICE coordinate system the muon spectrometer angular acceptance
is 171 ◦ < ϑ < 178 ◦, corresponding to a pseudorapidity of −4 < η < −2.5. However, in
the analysis, for reasons of convenience, a polar coordinate system where the z-axis points
toward the muon spectrometer will be adopted.
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2.2 The muon spectrometer

Fig. 2.2: The muon spectrometer
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planes of thin, high-granularity tracking stations. The picture is completed
by a second absorber, made of iron and acting as a muon filter, and four more
detector planes, used for triggering. The spectrometer is shielded throughout
its length by a dense absorber tube, of about 60 cm outer diameter, which
surrounds the pipe.

Besides the heavy quarkonia detection, the ALICE spectrometer will
provide a spectrum of the φ meson, and, in conjunction with TRD, will be
able to study the heavy flavor production in the region −2.5 < η < −1,
owing to the measurement of the e− µ coincidences.

2.2.1 Absorbers

The muon arm contains three absorber sections:

• the front absorber in the acceptance region (∼ 10λint)

• the beam shield surrounding the beam pipe

• the muon filter between the tracking and trigger chambers (∼ 7.2λint
of iron)

The front absorber (total length of 4.13 m) has the double task of attenua-
ting the particle flux into the muon spectrometer by at least two orders of
magnitude and of decreasing the muon background by limiting the free path
for primary π, K → µ decays. The minimal distance to the interaction point
(90 cm) is imposed by the dimension of the inner tracker and the position of
the multiplicity counters. The front section consists of dense low-Z materials
to limit multiple scattering, while the rear one contains alternating layers
of neutron moderator and absorber and high-Z material to shield against
neutrons and photons. The use of a very dense material at the end of the
absorber has an important consequence for the tracking. Since the multiple
scattering in this layer is large, whereas the distance to the first tracking
chamber is small, the muon production angle is best defined by combin-
ing the position measurement in the first chamber with the position of the
interaction vertex, determined by the inner tracking system.

Outside the muon arm acceptance, a tungsten cone at ϑ < 2 ◦ absorbs
particles emanating from the beam pipe, and lead is employed at ϑ > 10 ◦

to reduce the particle load in the TPC.

The small-angle beam shield consists of dense materials encased in a
4 cm thick stainless steel tube. Its outer envelope is “pencil shaped”, i.e.
it follows an angle of 2 ◦ until it reaches an outer radius of 30 cm and then
stays constant up to the end of the spectrometer. The r = 30 cm prevents
acceptance losses by taking into account the bending of tracks in the dipole
field.
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2.2 The muon spectrometer

Fig. 2.3: Front absorber

The muon filter consists of a 5.6×5.6×1.2 m3 iron wall, located at z =
15 m between the last tracking and the first triggering plane. The hit rate
in the trigger chambers is mainly due to surface emissions of soft particles
from the beam shield and the backside of the muon filter.

2.2.2 Magnetic dipole

The size and bending strength of the muon spectrometer magnet are defined
by the requirements on mass resolution and geometrical acceptance. The
magnet has to cover the pseudorapidity range 2.5 < η < 4, corresponding
to an angular acceptance of 2 ◦ < ϑ < 9 ◦.

Given the reduced requirements on size (a 5×6.6×8.6 m3 box is enough
to satisfy the angular coverage) and magnetic field (Bnom ∼ 0.7 T), it is
not necessary to use a superconducting magnet. It was therefore chosen
a window-frame warm magnet (see figure 2.4) equipped with resistive coils
and arranged so as to produce a magnetic field in the horizontal direction,
along the x-axis (cf. section at page 20). With its integral magnetic field
of 3 Tm, the dipole will be able to bend the muons along the y-axis and
will allow a mass resolution better than 100 MeV, enough to separate the
bottomonium states. The magnet will be placed directly adjacent to the
ALICE L3 magnet.

2.2.3 Tracking chambers

The muon tracking system is composed of 5 stations, each consisting of 2
multi-wire chambers. Two of them are located in front of the muon magnet,
two others behind and one in its center. Each chamber is read out by cathode
planes in two orthogonal projections (X-Y) to provide two dimensional hit
information. The two stations before and after the dipole magnet measure
the corresponding track angles and the station located inside the magnet
adds sagitta information. This layout provides redundant information and
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Fig. 2.4: General overview of the dipole magnet

can operate even if one of the ten station planes malfunctioned. The cham-
bers are arranged in a projective geometry and are slightly larger than the
acceptance of the spectrometer to account for bending in the magnetic field.
The total sensitive surface is about 100 m2.

In order to achieve a mass resolution of better than 100 MeV, the tracking
chambers have to meet the following requirement:

• spatial resolution of . 100 µm to achieve a spatial momentum resolu-
tion of ∆p/p < 1%;

• resolution of ∼ 2 mm in the non-bending plane to reconstruct the
angle of the muons and to allow an efficient pattern recognition;

• average material thickness of each sensitive plane of about 2 − 3% of
X0;

• efficiently operativity at hit densities of up to 3×10−2 cm−2, as ex-
pected in the first station;

• low sensitivity to photon and neutron backgrounds.

Cathode Pad Chambers (CPC) and Cathode Strip Chambers (CSC) seem
the best suited segmentation configurations for the muon arm. They, in fact,
allow a fine segmentation of the cathode plane which, in addiction, can be
continuously varied across the chamber area. The channel occupancy can
thus be kept constant by adapting the pad or strip size to the local particle
density.

Pads are used in the innermost (and hence with the highest particle den-
sity) region, while at large radii strips are adopted. The position resolution
has been evaluated [8] with three different methods (center of gravity, ratio
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of charges on adjacent pads and fit to charge distribution with a realistic
function), giving a result of about 50 µm.

2.2.4 Trigger chambers

In central PbPb collisions, about eight low-pT muons from π and K decays
are expected to be detected per event in the spectrometer. To reduce to an
acceptable level the probability of triggering on events where these low-pT
muons are not accompanied by the high-pT ones, emitted in the decay of
heavy quarkonia (or in the semi-leptonic decay of open charm and beauty),
a pT cut has to be applied at the trigger level on each individual muon.

A dimuon trigger signal is issued when at least two tracks above a prede-
fined pT threshold are detected in an event. According to simulation results,
a “low”-pT cut (1 GeV/c) will be used for J/ψ and a “high” one (2 GeV/c)
for Υ selection.

The trigger is performed by two trigger stations, each consisting of two
single gap Resistive Plate Chamber (RPC), placed behind the muon filter.
The RPCs match all the requirements concerning position resolution, fast
response and low sensitivity to neutron and photon background.

Within ALICE, two trigger levels are foreseen for the muon spectrometer.
A first level trigger (L0) rejects most of the low pT muons, below the defined
threshold (see above), which are essentially due to π and K decays. Some
fast barrel detectors, like the pixel planes of the ITS, are read in coincidence.
The decision to collect these events has to be available locally after a fixed
latency of less than 1 µs in order to be distributed to the muon tracking
chambers. This is achieved by using dedicated trigger electronics which
work independently and in parallel to find muons candidates: two muons
above a pT threshold are required to give a L0 trigger signal.

The high level trigger (HLT) is more selective by sharpening the trans-
verse momentum cut of the muon pairs. This trigger, carried out by online
computer processing, will reduce the need in bandwidth and data storage
by a factor of four to five.

The first level trigger is based on a transverse momentum cut in order
to reduce the huge rate of low pT muons from π and K decays. It requires
a coincidence between the two trigger stations in which impact points must
lie within a “road”, whose width depends on the magnetic field and on
the desired momentum threshold. Each hit in the first trigger station is
combined with any hit inside a variable search area in the second station.
Moreover, an approximate pointing toward the vertex is required in the
non-bending plane, parallel to the field axis.

In practice such a pT cut is performed approximately, knowing only the
trigger chamber positions, in the bending plane, of the two stations. Given
an x1 value in the first station, a band in the second station can be deter-
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mined according to the pT limit considered. If the particle falls outside the
region it is rejected (see figure 2.5).

Fig. 2.5: Trigger method: projection in the bending plane

In the high level trigger, the muon pT is calculated by using the infor-
mation of the last two tracking chambers, just before the muon filter. In
this way the accuracy in the lepton position measurement is enhanced, thus
providing a better determination of the transverse momentum, and hence
sharpening the pT cut.

The two main sources of background in the trigger chambers are muons
from particle decays and low-energy particles leaking out of the absorber
and beam shield. In fact most of the soft background is due to electrons
belonging to the latter category. The rest is from γ and neutrons interactions
in the chamber material itself. These particles create random hits which are
not correlated between the chamber planes. In addiction, the background is
spread out in time on a µs time scale and can be partially rejected (the time
interval that elapses between the detection of the fastest and the slowest
muon is . 5 ns).

The RPCs are perfectly suited for background rejection and muons de-
tection owing to their characteristics including

• fast response time (rise time ∼ 2 ns);

• good time resolution (σt ∼ 1 ns);

• high efficiency;

• spatial resolution . 1 cm (cf. [9]);

• neutron sensitivity of ∼ 3×10−3 and < 10−4 for 1 MeV and thermal
neutrons respectively;

• gamma sensitivity ≤ 10−2;

• low cost and industrial production potential.
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2.2.5 Track reconstruction

The muon arm was specifically designed to measure low pT quarkonia with a
mass resolution better than 100 MeV. The mass resolution is essentially de-
termined by the precision reached in the measurement of the angle between
the two muons and of their momenta. Unfortunately, behind the absorber
the angular information is almost lost, because of the multiple scattering.

The reconstruction of the angle between the two muon tracks makes use
of the event vertex, measured with high precision by the Si pixel layers of
the ITS. Therefore, the angular precision is mainly determined by the lateral
displacement of the muon tracks in the absorber and not so much by the
scattering angle.

The momentum resolution depends on three main contributions: mea-
surement precision of the tracking chambers, multiple scattering inside the
tracking system and energy-loss fluctuations in the absorber. The relative
importance of these contributions depends on the track momentum.

The tracking is initiated by a matching in the two nearby detection
planes of each station. All hits of the second plane laying in a road defined
by the vertex position and the hit position in the first plane, are kept to
feed the track-finding algorithm. This one starts from the last two muon
stations where hit densities are more favorable. Higher momentum tracks are
processed first, as they have the smaller extrapolation errors form multiple
scattering and from track curvature.

In a first step, vectors are extrapolated from Station 4 to Station 5 and
conversely in order to initiate the track-finding procedure with a straight
line behind the magnet. In a second step, tracks are extrapolated to the
interaction point, through the magnetic field, and the nearest vector (or
single hit) found in the neighboring tracking station is added to the track.

A track is validated if at least three hits (out of four possible) are found
in the detector planes behind the dipole magnet and at least one hit (out of
two) in the station located inside the magnet and in the chambers in front
of the magnet.

The procedure stops when the next candidate has an estimated momen-
tum of below 3 GeV/c, since such muons come essentially from background
sources.
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Chapter 3

Theoretical and experimental
benchmarks

The ALICE experiment is the last of a series of attempts to investigate new
states of matter.

Although the technological and physical problems encountered by dif-
ferent experiments are peculiar and always represent a new challenge for
researchers, it is obviously important to take into account the previous in-
vestigations as milestones along an unexplored path.

The new results obtained at higher and higher energies can be used in
order to opportunely tune or test existing theoretical models, or can give
rise to new ones that better describe the physics of the new experimental
conditions.

In the following chapter it will be presented an overview of the most
used theoretical models whose aim is a description, as accurate as possible,
of quarkonia production in hadronic collisions. Moreover some of the latest
results obtained by the most recent experiments that investigated quarkonia
production with a center of mass energy lower than the one obtainable in
the LHC, will be shown.

3.1 Theoretical models

Differently from the QED theory, which is now well known and provides
some of the most precise prediction ever, the QCD, though laying on solid
basis, is still affected by technological difficulties in calculations, due to its
SU(3) color structure and to the elevated value of the coupling constant αs.
Hard processes are well described, but when energy involved approaches
to the QCD scale (ΛQCD), such as in hadronization or quarkonia forma-
tion processes, the perturbation theory cannot be applied and models are
required.
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In the case of the ALICE experiment, the situation is even more chal-
lenging, as the use of heavy ions generates non-trivial effects, both in the
initial and in the final states, which have to be taken into account. Never-
theless, as this thesis is about proton proton collisions, it will be avoided an
insight into this important topic, which is well discussed in other works (see
for instance reference [13] for further details).

3.1.1 Color Singlet Model (CSM)

The color singlet model, which nowadays has an historical more than a
practical relevance, was one of the first proposed, shortly after the discovery
of the J/ψ. The initial applications were to ηc and χc production through
two gluons fusion. Somewhat later, the CSM was applied to the production
of J/ψ and ηc in B-meson decays and to the production of J/ψ plus a
gluon through two gluons fusion and photon gluon fusion. However the
model, though largely used in the past, is no more adopted in high energy
experiments. In fact in 1995, experiments at the Tevatron showed that it
under-predicts the cross section for prompt charmonium production in pp̄
collisions by more than an order of magnitude [14].

The main concept of the CSM is that, in order to produce a quarkonium,
a QQ̄ pair must be generated with the right quantum numbers. In particular
the pair has to be produced in a color-singlet state. The model can be
obtained by the NRQCD factorization formula of equation 3.2 by dropping
all of the color-octet terms. However, in case of a P -wave state or a state
of higher orbital angular momentum, the CSM leads to infrared divergences
that cancel only when one includes color-octet terms. Thus, the CSM is
theoretically inconsistent for quarkonium states with nonzero orbital angular
momentum.

3.1.2 Color Evaporation Model (CEM)

The color evaporation model was first discussed at the end of the 70s [16].
The main idea of CEM is that the quarkonium production cross section
is some fraction FC of all QQ̄ pairs below the HH̄ threshold, where H is
the lowest mass heavy flavored hadron. Thus, the CEM cross section is
simply the QQ̄ production cross section with a cut on the pair mass, but
without any constraints on the color or spin of the final state. The produced
QQ̄ pair then neutralizes its color by interaction with the collision-induced
color field — hence the name “color evaporation”. If the partonic center
of mass energy (

√
ŝ) is less than the heavy hadron threshold (2mH), the

additional energy needed to produce heavy-flavored hadrons is obtained non-
perturbatively from the color field in the interaction region. Thus the yield
of all quarkonium states may be only a small fraction of the total QQ̄ cross
section below 2mH .
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3.1 Theoretical models

At leading order, the production cross section of quarkonium state C in
AB collision is:

σCEMC = FC
∑
i,j

∫ 4m2
H

4m2
Q

dŝ

∫
dx1dx2 fi/A(x1, µ

2)fj/B(x2, µ
2)σ̂ij(ŝ)δ(ŝ− x1x2s)

(3.1)
where

• A and B can be any hadrons or nuclei

• ij = qq̄ or gg

• σ̂ij(ŝ) is the ij → QQ̄ subprocess cross section

• fi/A(x1, µ
2) is the parton density in hadron or nucleus (see sec. 6.1)

In order for the model to have predictive power, it is necessary that the
fraction FC is universal so that, once it is fixed by data, the quarkonium
production ratios should be constant as a function of

√
s, y and pT . The

actual value of FC depends on the heavy quark mass, mQ, the scale, µ2, the
parton densities and the order of the calculation. It was shown [17] that
the quarkonium production ratios were indeed constant, as expected by the
model.

The leading order formula 3.1 is surely insufficient to describe high pT
quarkonium production since the QQ̄ pair pT is zero at LO. Therefore the
CEM was taken to NLO, thus including processes such as gg → gQQ̄.

The determination of the fraction FC for J/ψ and Υ production was
done with different parton densities, quark masses and scales, summarized
in table 3.1. The values are obtained as a fit to data from pp and pA collisions
with a center of mass energy up to 63 GeV for charmonium states and up
to 1.8 TeV for bottomonium states.

Label PDF mc(GeV ) µ/mc FJ/ψ
ψ1 MRSTHO 1.2 2 0.0144

cc̄ ψ2 MRSTHO 1.4 1 0.0248
ψ3 CTEQ5M 1.2 2 0.0155
ψ4 GRV98HO 1.3 1 0.0229

Label PDF mb(GeV ) µ/mb FΥ

Υ1 MRSTHO 4.75 1 0.0276
bb̄ Υ2 MRSTHO 4.5 2 0.0201

Υ3 MRSTHO 5.0 0.5 0.0508
Υ4 GRV98HO 4.75 1 0.0225

Tab. 3.1: Parameters used to obtain the best agreement to the QQ̄ cross
section

31



Theoretical and experimental benchmarks

Some discrepancies can be noticed among the cross sections obtained
with different parameter sets. In the case of Υ, as it can be seen in figure 3.1,
the NLO CEM calculations that better reproduce data at high energies are
the ones obtained with parameter sets Υ1 and Υ2 of table 3.1. Between the
two, the better agreement is shown by the latter, whose predictions were
therefore adopted in this thesis. The bb̄ cross section obtained employing
Υ2 parameters is a factor of almost 40% higher than the one obtainable with
Υ1.

Fig. 3.1: Inclusive combined Υ + Υ′ + Υ′′ production data compared to
NLO CEM calculations. The results are obtained with parameter
choices Υ1 (solid), Υ2 (dashed), Υ3 (dot-dashed) and Υ4 (dot-
ted).

In the case of J/ψ the parameter sets ψ1, ψ3 and ψ4 lead to similar
values for the cross sections, while a 50% less is achieved with the ψ2. As
the adopted parameters for the bottomonium states are the ones obtained
with the MRSTHO parton distribution functions, it was consistently decided
to employ the corresponding sets for charmonium states, namely ψ1 and
ψ2. Extrapolations to the recent CDF data at 1.96 TeV show that the ψ1
predictions are closest to the experimental cross section, and was therefore
employed in this thesis. It has to be said that, in any case, the CEM
underestimate the total charmonium production at Tevatron by about a
factor of two. Despite of this, it was nevertheless decided to adopt the
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model predictions as a benchmark for the simulations, being aware that a
scaling factor could be needed in order to fit the ALICE data.

The calculated cross sections for directly produced (i.e. without feed-
down from higher resonances) quarkonia, and the inclusive ones multiplied
by the branching ratio in muon pairs are summarized in table 3.2. The
values reported will be used in section 5.2, when determining the heavy
quarkonia detection in the ALICE muon spectrometer.

Quarkonium σdir (µb) BRµµσ
inc (µb)

J/ψ 32.9 3.18

ψ′ 7.43 0.057

Υ 0.602 0.028

Υ′ 0.378 0.0070

Υ′′ 0.224 0.0042

Tab. 3.2: Direct cross section for pp collisions at 14 TeV. The results are
given for ψ1 and Υ2. The cross sections showed will be adopted
in the following simulation.

3.1.3 Non Relativistic QCD (NRQCD)

In both heavy-quarkonium decays and hard-scattering production, large
energy-momentum scales appear. The heavy-quark mass mQ is much larger
than ΛQCD, and, in the case of production, the transverse momentum pT can
be much larger than ΛQCD as well. Thus the associated value of αs are much
less than one: αs(mc) ≈ 0.25 and αs(mb) ≈ 0.18. It is therefore possible to
calculate the rates for heavy quarkonium production and decay rather ac-
curately in perturbation theory. However there are clearly low-momentum,
non-perturbative effects associated with the dynamics of the quarkonium
bound state that invalidate the direct application of perturbation theory.

In order to make use of perturbative methods, one must first sepa-
rate the short-distance/high-momentum perturbative effects from the long-
distance/low-momentum non-perturbative effects — a process which is
known as factorization. A convenient way to carry out this separation
is through the use of the effective field theory Non-Relativistic QCD
(NRQCD).

NRQCD consists of a non-relativistic Schrödinger field theory for the
heavy quark and antiquark that is coupled to the usual relativistic field
theory for light quarks and gluons [18]. The theory reproduces full QCD
accurately at momentum scales of order mQv and smaller, where v is the
heavy-quark velocity in the center of mass of the bound state (v2 ≈ 0.3 for
charmonium; v2 ≈ 0.1 for bottomonium).

QQ̄ production occurs at momentum scales of order mQ or larger, thus
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manifesting itself through contact interactions. As a result, the quarkonium
production cross section can be written as a sum of the products of NRQCD
matrix elements and short-distance coefficients:

σ(H) =
∑
n

σ(QQ̄)n(Λ)〈0|OHn (Λ)|0〉 (3.2)

where:

• H is the quarkonium state

• Λ is the ultraviolet cutoff of the effective theory

• σ(QQ̄)n(Λ) are short-distance coefficients

• OHn are four-fermion operators

• n runs over all color and angular momentum states of the QQ̄ pair

The short-distance coefficients σ(QQ̄)n(Λ) are essentially the process-
dependent partonic cross sections to make a QQ̄ pair, which can be produced
in a color-singlet or a color-octet state. The vacuum matrix element of the
four-fermion operator is the probability for a QQ̄ pair to form a quarko-
nium plus anything, thus being somewhat analogous to parton fragmenta-
tion functions. It contains all of the non-perturbative physics associated
with the evolution of the QQ̄ pair into a quarkonium state.

Color-singlet model is obtained by dropping all color octet contributions
in equation 3.2. In contrast, NRQCD is not a model, but a rigorous conse-
quence of QCD in the limit ΛQCD/mQ → 0. Moreover, the NRQCD matrix
elements have the important property of being universal, i.e. process inde-
pendent, which greatly increases the prediction power of the theory.

NRQCD was used in order to get predictions in the LHC energy range.
The most important matrix elements for J/ψ = ψ(1S) and ψ′ = ψ(2S)

production can be reduced to the color-singlet parameter 〈Oψ(nS)
1 (3S1)〉

and the three color octet parameters 〈Oψ(nS)
8 (3S1)〉, 〈Oψ(nS)

8 (1S0)〉 and

〈Oψ(nS)
8 (3P0)〉.
In pp collisions, different partonic processes for QQ̄ production domi-

nate in different pT ranges. If pT is of the order of mQ, fusion processes
dominate and so QQ̄ pair is produced in the hard-scattering process. These
contributions can be written in the form

σFu(H) =
∑
i,j

∫
dx1dx2fi/p1

(x1, µ
2)fj/p2

(x2, µ
2)σ̂

(QQ̄)n
ij 〈OHn 〉 (3.3)

where p1 and p2 are the incoming protons. The parton processes ij→QQ̄X,
where ij = gg, qq̄, qg and q̄g, and q = u, d, s, were included in NLO
calculations.
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For pT � mQ, the dominant partonic process is gluon fragmentation
through the color octet 3S1 channel. The contribution can be expressed as

σFr(H) =
∑
i,j

∫
dx1dx2fi/p1

(x1, µ
2)fj/p2

(x2, µ
2)σ̂gijD

(QQ̄)8(3S1)
g (z, µ2

Fr)〈OHn 〉

(3.4)

where D
(QQ̄)8(3S1)
g (z, µ2

Fr) is the fragmentation function for a gluon frag-
menting into a QQ̄ pair, P/z is the momentum of the fragmenting gluon, P
is the momentum of the QQ̄ pair, and µFr is the fragmentation scale.

In fact the fragmentation process, which scales as dσ̂/dp2
T∼1/p4

T , can
be already included in the fusion process of equation 3.3. Nevertheless,
in order to get a better accuracy at large pT , equation 3.4 should be used
instead of equation 3.3, which systematically overestimate the cross section
in the high transverse momentum region.

The NRQCD shows a good agreement with experimental data with a
center of mass energy up to 2 TeV. An explicative example of this assertion is
shown in figure 3.2, where the predicted prompt pT differential cross section
for J/ψ production is compared with CDF data. Further discussions about
this topic will be performed in section 3.2.1.

Fig. 3.2: J/ψ cross section as a function of pT . The data points are from
CDF measurement.

3.1.4 Comover Enhancement Scenario (CES)

The last model proposed in this chapter is the color enhancement scenario.
Although its predictions will not be used in the following, it nevertheless
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deserves to be cited in a section concerning the theoretical models at present
adopted for the description of quarkonia production.

The CES was born from the analysis of agreements and discrepancies
between the CSM and quarkonium data. Its main statement is that the
hadroproduced QQ̄ pairs are created within a comoving color field and form
quarkonia through absorption rather than emission of gluons. The cross
section relative to the CSM is thus enhanced, since the pair gains rather
than loses energy and momentum.

Such a mechanism is consistent with the success of CSM in mesons pho-
toproduction, since no color fields are expected in the photon fragmentation
region, x & 0.3.

The origin of the comoving color field is illustrated in figure 3.3. Light
charged particles carry gauge fields which are radiated in high energy anni-
hilations into a heavy particle pair. In e+e− → µ+µ− reactions, the photon
fields pass through each other and materialize as forward bremsstrahlung
(figure 3.3(a)). In gg → QQ̄ interactions, instead, the self-interaction of the
color field allows the creation of a gluon field at midrapidities (figure 3.3(b)).
This is not possible in direct meson photoproduction, because the incoming
photon doesn’t carry any color field (figure 3.3(c)).

(a) QED (e+e− → µ+µ−)

(b) QCD, hadroproduction (gg → QQ̄)

(c) QCD, photoproduction (γg → QQ̄)

Fig. 3.3: Schematic scenario of gauge field interactions are compared

The CES distinguishes three proper timescales in quarkonium produc-
tion:
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• τQ ∼ 1/mQ, the QQ̄ production time. The heavy quark pair is do-
minantly created in a color octet configuration, and has to get the
quarkonium quantum numbers with further interaction.

• τAP , the DGLAP scale over which the comoving state is created and
interacts with the QQ̄ pair. It is important to notice that 1/τAP is an
intermediate but still perturbative scale.

• τΛ ∼ 1/ΛQCD, while rescattering with comoving spectators may occur.
This phenomenon obviously concerns AA more than pp interactions.

The first time-scale considered is common to almost all models, but the fact
that the QQ̄ pair acquires the quarkonium quantum numbers in a perturba-
tive time-scale is a feature that distinguishes CES from other approaches.

3.2 Experimental data

Every new theory or model created must have a predictive power in order
to be meaningful, and it is valid until its predictions aren’t confuted by
experiments. With the increase of the center of mass energy, the model
statements could no longer apply, due to the fact that wider kinematic re-
gions are explored, where the approximations adopted by the theory could
no longer subsist, or to the presence of new physical phenomena, that never
occurred before. In this case, if models still have free parameters, these can
be suitably tuned in order to describe the new data, otherwise substantial
modifications should be applied.

As already said, the LHC experiment will achieve energies never reached
before and will have to rely on a number of theoretical models. It is thus
important to understand the behavior of such models at Tevatron energies,
in order to better understand their limits and potentialities.

Moreover results at lower energies are important on their own, as they
can be directly compared with future experimental data with the purpose of
getting evidences of eventual similarities or differences, due to possible new
phenomena.

In the following, the latest results on heavy quarkonia production at the
highest energies available, corresponding to the CDF data at ∼ 2 TeV, will
be summarized.

3.2.1 CDF results

The activity of the Collider Detector at Fermilab (CDF) began in the Octo-
ber of 1985. It is a general purpose experiment for the study of pp̄ collisions
at
√
s = 1.8 TeV, initially, and

√
s = 1.96 TeV, later, at the Tevatron col-

lider. It operated with a luminosity up to 2×1032 cm−2s−1, reached in the
RunII (started in 2001).
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Its main goals are:

• characterization of the properties of the top quark

• a global precision electroweak program, including the measurement of
the W boson mass with a precision up to ±40 MeV

• direct search for new phenomena, predicted by supersymmetry, tech-
nicolor and new U(1) symmetries

• tests of perturbative QCD at the Next-to-Leading Order and large Q2

• constraint of the CKM matrix with high statistics B decays (focusing,
among the others, on B0 → J/ψKS and BS → J/ψ φ)

For further information on each topic see the CDF collaboration home
page [19]. In the following, more details will be given about heavy mass
quarkonia RunII results, which are strictly connected with the present work.

The study of the heavy flavored mesons was mainly focused on hadrons
containing bottom quarks, as the primary aim was an analysis of mixing and
oscillation phenomena. However, since the B mesons were above all detected
in their J/ψ decay channel, a determination of the charmonium cross section
was performable. In particular, owing to the silicon vertex detector, it was
possible to disentangle the contribution of J/ψ directly produced in the
collision or coming from decay of higher mass charmonia (prompt) from the
ones coming from decay of B mesons. This separation is very important
for our study because the ALICE detector won’t be able to do the same,
at least not for charmonia in the dimuon channel, detected in the forward
spectrometer.

J/ψ’s in the CDF experiment are detected through their decay in muon
pairs. Differently from ALICE, the muon chambers are placed concentrically
around the barrel, after the vertex detector, the central outer tracker and the
electromagnetic and hadronic calorimeters, thus providing a pseudorapidity
coverage of |η| < 0.6. The calorimeter acts as an absorber for the muon
detector, which is therefore sensitive only to muons with pT > 1.35 GeV/c.
The simulated detector acceptance in pT is shown in figure 3.4(a) while
the corresponding in rapidity is shown in 3.4(b) [20]. Beyond statistical
uncertainties, sources of systematic have to be studied, such as J/ψ spin
alignment, pT spectrum, muon chamber simulation and detector material
description in GEANT simulations.

Data on charmonium are corrected for trigger and tracking efficiency and
for acceptance, in order to get the inclusive J/ψ differential cross section,
shown in figure 3.5.

In general, the inclusive cross section contains contributions from various
sources, including decays of excited charmonium states and of b-hadrons.
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Fig. 3.4: Acceptance of J/ψ → µµ events determined from a GEANT si-
mulation of the CDF detector. The acceptance as a function of
pT is measured integrated over |y| < 0.6, while acceptance as a
function of y is shown integrated over all pT

Fig. 3.5: Inclusive J/ψ cross section, dσ/dpT BR(J/ψ → µµ), as a function
of pT integrated over the rapidity range |y| < 0.6. The differential
cross section include systematic and statistical uncertainties.

The charmonium states decay immediately. In contrast, the b-hadrons have
long lifetimes that are of the order of picoseconds. This implies that J/ψ
events from B decays are likely to be displaced from the beamline, and
this fact can be exploited to separate their contribution from the others.
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The fraction of such events as a function of pT was measured for transverse
momentum down to 1.25 GeV. The result is shown in figure 3.6.

Fig. 3.6: Fraction of J/ψ from b-hadron decays in the inclusive J/ψ events
of RunII data as a function of J/ψ transverse momentum. Error
bars include both statistical and systematic errors.

It is finally possible to summarize the charmonium pT differential cross
section with a plot, where contribution from different J/ψ sources is shown
(figure 3.7).

CDF data fit: NRQCD vs CEM

The NRQCD and CEM results described above can be used to analyze the
inclusive heavy quarkonia production, given by the CDF experiment. The
comparison was performed by exploiting a general property, which states
that any model that can be described in terms of QCD processes at short
distances, including the CEM, can be formulated in terms of assumptions
about the matrix elements in the NRQCD factorization formula. Under
determined assumptions (cf. reference [21]), it is thus possible to derive
relationships among the NRQCD non-perturbative factors that follow from
the model assumptions of the CEM and compare them with the phenome-
nological values of the NRQCD matrix elements themselves.

It is instead not worth applying the same study to the CSM, because the
model can be excluded as a quantitative way to describe heavy-quarkonium
production (see discussion in section 3.1.1).

In fact, even the color evaporation model shows some pronounced prob-
lems. The version in which the probability for the formation of a quarkonium
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Fig. 3.7: Inclusive J/ψ cross section as a function of pT integrated over the
rapidity range |y| < 0.6. Contribution from prompt charmonium
production and decays from b-hadrons is shown. In the error bars
all uncertainties have been added.

is assumed to be independent of the spin state of the QQ̄ pair, can be ruled
out on the basis of simple qualitative predictions. One of these is that the
inclusive production rate of a quarkonium state should be independent of
its spin state, so that it would always be produced unpolarized. This pre-
diction is contradicted by observation of non-zero polarization of J/ψ’s in
e+e− annihilation at the B factories and by an analogous observation for
the bottomonium states Υ(2S) and Υ(3S) in fixed-target experiments.

Moreover the model itself could be ruled out on the basis of the simple
qualitative prediction that the ratio between the inclusive production rates
for any pair of quarkonium states should be independent of the process. A
violation in this sense comes from the fraction of J/ψ’s produced from the
decays of the P-wave charmonium states χc1 and χc2 (cf. [22]).

However, since the CEM is a model, it can be salvaged simply by decla-
ring it to have a limited domain of applicability. The failure of the predic-
tions for polarization can be avoided by declaring the model to apply only
to cross section that are summed over the spin states of the quarkonium. In
the case of the predictions that ratios of quarkonium cross sections should
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be the same for all processes, the most dramatic failures can be avoided
by declaring the model to apply only when the total hadronic energy is
sufficiently large. This condition can be used to exclude applications to B
decays.

Regarding the NRQCD, the theory is based on a factorization formula
which is not at the level of rigor of some hard-scattering formulae, such
as those for deep-inelastic scattering, Drell-Yan lepton-pair production and
e+e− annihilation into hadrons. These last ones have actually been proved
to hold at all orders in the strong coupling αs. The existing all-orders proofs
of factorization require that the observed scattered particles are produced
at a large transverse momentum compared with the QCD scale ΛQCD and
that the cross sections is “sufficiently inclusive”. With this expression it is
meant that the variables in which the cross section is differential, cannot
assume values that restrict final-state parton momenta, in the parton-level
cross section, to be . ΛQCD of soft or collinear singularities.

CEM and NRQCD predictions about pT differential cross sections in
prompt J/ψ production were compared [21] to the CDF data. Results are
shown in figures 3.8(a) and 3.8(b). Is it possible to notice that the NRQCD
approach fits data much better than CEM.

In fact, the pure NLO calculations used for comparison have to be slightly
modified. Some kind of smearing over kT have to be introduced, in order
to obtain a smooth transverse momentum distribution that can be com-
pared with data. The physical origin of the smearing is the multiple gluon
radiation from the initial and final state partons. A rigorous treatment of
the effects of such emissions requires the resummation of logarithmic cor-
rections to all orders in αs. The kT smearing is just a modelization of the
phenomenon, in which the colliding partons are given gaussian distributions
in the intrinsic transverse momentum, with a width 〈k2

T 〉 that is treated as
a phenomenological parameter.

The kT smearing was introduced in the analysis, for both CEM and
NRQCD (for purpose of comparison), with a value of 〈k2

T 〉 = 2.5 GeV2, in
order to obtain the best fit with the CDF J/ψ data. Results are shown
in figures 3.8(c) and 3.8(d). The smearing substantially improves both the
slope and normalization of the CEM fits to the data, and slightly worsens
the NRQCD factorization ones. Nevertheless kT smeared CEM fits are still
considerably worse than the corresponding NRQCD fits.
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(a) CEM, No smearing (b) NRQCD, No smearing

(c) CEM, kT smearing (d) NRQCD, kT smearing

Fig. 3.8: J/ψ production: (data-theory)/theory. Comparison between
CEM and NRQCD factorization predictions and CDF data.
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Chapter 4

Fast simulations

The high luminosity and center of mass energy of LHC make it a high statis-
tics “particle factory”. The expected number of quarkonium (charmonium
in particular) states detected in the muon spectrometer could be hardly pro-
duced and analyzed by full simulations in a reasonable amount of time. So
a new kind of approach was adopted in heavy quarkonia production: the
fast simulation.

The fast simulation is a technique based on the parameterization of the
response of the muon spectrometer at the single muon level, which allows
to considerably reduce the requested computational time. Given a muon of
momentum p, generated at the interaction point at angles ϑ and ϕ, the fast
simulation applies the smearing of the apparatus and gives the reconstructed
p′, ϑ′ and ϕ′, together with the detection probability Pdet for that muon.
This last term is the product of three factors, giving the probability for
that muon to satisfy the acceptance (Pacc), reconstruction (Prec) and trigger
(Ptrig) requirements.

In the following, some details will be given about the fast simulation
implementation, starting from the parameterization of the detector response.

4.1 Fast reconstruction

The first step toward the fast simulation is the so called “fast reconstruction”
of the muon track in the tracking system of the muon spectrometer. This
procedure allows to skip the time consuming digitization and clusterization
processes. Starting from a sample of muons coming from full simulations, the
residual distributions are created and then parameterized by a superposition
of two gaussians and a constant.

The residual is defined as ∆y = ycluster−yhit, where ycluster is the impact
point coordinate obtained with the cluster reconstruction, while the yhit is
the generated hit coordinate.

In the full simulation sample used, it is already taken into account the
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presence of the background1, whose effect is to add a flat component to the
residual distribution, due to the double hits that are not resolved by the
cluster finding algorithm.

Parameterizations obtained were applied to reconstruct the Υ and J/ψ
invariant mass spectra for all of the background levels, with the proper pT
cuts (namely 1 GeV for J/ψ and 2 GeV for Υ). The process still needs the
creation of hits, but the skipping of digitization and clusterization leads to
a speed gain of 3 without background and 70 with nominal background.

4.2 The look up tables

The second step consists in the elimination of the hits creation phase. The
objective is actually to directly smear the kinematic variables for each single
muon, passing from generation to detector response without any intermedi-
ation.

In order to obtain this result it is first of all necessary to parameterize
the experimental resolution on the kinematic variables of muons (∆p =
prec−pgen, ∆ϑ = ϑrec−ϑgen, ∆ϕ = ϕrec−ϕgen), together with the acceptance
and efficiency in several (p,ϑ,ϕ) intervals.

To this end, a number of positive, single muon tracks have been generated
in the kinematic ranges:

� 0 < p < 200 GeV/c

� 2 ◦ < ϑ < 9 ◦ (i.e. detector acceptance)2

� 0 ◦ < ϕ < 360 ◦

each subdivided in 10 bins. In this way a 3-dimensional grid was defined, in
which each cell covers 20 GeV/c in momentum, 0.7 ◦ in ϑ and 36 ◦ in ϕ. In
fact the first bin of p and of ϑ has been further subdivided, in order to get a
better description of this kinematic region, where the statistics is expected
to be lower.

Reconstruction is then performed using the fast technique discussed
above and parameter values for acceptance (Pacc, the “traceable track” con-
dition), and reconstruction efficiency (Prec) are stored in the look up tables.
Muons in the geometrical acceptance range of the tracking chambers have
been selected if they generated:

• at least 1 (out of 2) hits in each of the stations 1, 2 and 3;

1The background considered in the fast reconstruction is constituted by all particles
except muons. In practice, it could be made of particles produced in the interaction with
absorbers as well as of pions, kaons and electrons that manage in crossing (and hence
leaving a track) in the muon spectrometer.

2See footnote page 20.
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• at least 3 (out of 4) hits in the station 4 and 5 and in the trigger
chambers.

The analysis of the ∆p, ∆ϑ and ∆ϕ distributions reveals interesting
features. Unlike the other two, in fact, the first one is not symmetric, par-
ticularly in the lower bins of p. The shape is due to fluctuations in the
energy losses, caused by interactions with the absorber. Such interactions,
with a large energy transfer, especially through bremsstrahlung, generate
an asymmetric function, with a Landau tail for high energy losses. Beyond
radiative interactions, other contributions to the shape are given by losses
in the cathode planes and to the detector resolution (resulting in a gaussian
smearing).

The results of the distribution interpolations lead to the determination
of the reconstruction smearing parameters, which are finally stored in the
look up tables.

The calculations have been performed with different background levels:
no background, half and nominal background. The latter consists in the
simulation output of 5% most central PbPb collisions at 2.7 + 2.7A TeV,
with in addition a safety factor of two.

The negative muons were treated using the same parameters and ap-
plying the transformation ϕ → −ϕ. For momenta above 200 GeV/c the
parameters have been extrapolated.

The trigger probability has been evaluated after the factorization of the
detector acceptance. The spectrometer phase space has been divided into
20×10 cells in the range

� −90 ◦ ≤ ϕ ≤ 90 ◦

� 2 ◦ ≤ ϑ ≤ 9 ◦

As already said, the low and high trigger pT cuts correspond to a mean
transverse momentum of 1 and 2 GeV/c, used for J/ψ and Υ selection re-
spectively. Due to the granularity of the trigger detector and to the trigger
algorithm, the pT cut is not sharp: the trigger probability has been studied
as a function of the transverse momentum in the range 0 ≤ pT ≤ 10 GeV/c.
The trigger response, Ptrig, for single µ+ has been computed while the re-
sponse to negative muons was obtained with symmetry arguments (as well as
the trigger probability for muons generated in the other half plane). Results
are finally stored in the look up tables.

4.3 Fast simulation and physics performance

The analysis involving fast simulations are two steps processes. First of
all it is necessary to generate particles. A number of different tools can
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be adopted, but the important thing is that only the kinematics of the
considered particles and of the muon pair that they produce have to be
created. The operation can be even performed by using parameterizations
of kinematic variables (such as transverse momentum and rapidity).

Once the dimuons are produced, they can be singularly analyzed, via fast
simulation. The procedure consists in getting the p, ϑ and ϕ parameters for
each muon, searching for the corresponding phase space cell in the look
up table and determining the tabulated values for the detector acceptance
(Pacc), tracking efficiency (Prec), trigger efficiency (Ptrig) and resolution.
The latter parameters are employed to extract the reconstructed kinematic
values (p′, ϑ′ and ϕ′).

Such variables are then used to come back to the parent particle pro-
perties (such as mass, pT or rapidity) and the so obtained values can be
employed to fill histograms. Every single entry of the histogram has to be
weighted with the detection probability of the muon pair, given by:

Pdet = P+
acc P

+
rec P

+
trig P

−
acc P

−
rec P

−
trig

where the apex + or - refers tho the sign of the muon considered.
Calculations show that the tracking efficiency is about 84÷ 92% for J/ψ

and 91 ÷ 97% for Υ, while the trigger efficiency assumes a value of ∼ 75%
for J/ψ and of ∼ 95% for Υ.

4.4 Comparison with the full simulation

Comparison with full simulation shows a very good agreement in the region
of p > 8 GeV, but some discrepancies are present at very low momenta.
The phase space portion with p < 8 GeV is quite peculiar, showing steep
variations due to the fast rise of acceptance and efficiency.

In any case, the total number of accepted muons is about the same for
full and fast simulation even in the problematic region. In the end the fast
simulation allows a speed gain of about 30 with respect to full simulation
without background and up to 103 with nominal background.
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Chapter 5

Muon spectrometer physics
performance

The main aim of the present thesis is the analysis of the muon spectrome-
ter behavior for the study of heavy quarkonia production in proton-proton
collisions with a center of mass energy of 14 TeV.
The study has two main purposes:

• it will provide a baseline for nuclear matter effects in pA or very pe-
ripheral AA collisions

• it has an intrinsic interest as quarkonia distributions (in particular pT
distributions) can investigate aspects of NLO perturbative QCD.

5.1 Input parameterizations

The whole analysis was performed with the fast simulation. The quarkonia
were not produced with a particle generator tool, but using parameteri-
zations of transverse momentum and rapidity distributions. Successively,
the decay in a muon pair is forced, with the PYTHIA1 decayer tool, and
the kinematic variables of the leptons produced are analyzed through fast
simulation.

It was chosen to adopt the color evaporation model predictions for rapi-
dity differential cross sections. The calculations [17] were performed employ-
ing MRST NLO PDF set (see 6.2.2) and with NLO elementary cross sections
for QQ̄ production by Mangano, Nason and Ridolfi [24] (cf. section 3.1.2).
Figures 5.1(a) and 5.1(b) show the parameterizations obtained for prompt
(i.e. directly produced in the collision) charmonium and bottomonium states
respectively.

1PYTHIA is a Monte Carlo tool for particle generation. The version used is the 6.214,
which is the one of the commonly used version in the ALICE collaboration.
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Fig. 5.1: Parameterization of rapidity distributions given by color evapo-
ration model, adopted as input for fast simulation

Color evaporation model also gives predictions for transverse momen-
tum distributions. However, when it is possible, it’s always better to start
from experimental data rather than from models. As data from CDF are
available, it was decided to scale the results for pp̄ collisions at 1.96 TeV in
the center of mass [20] to LHC energies.

The operation consists of two steps. First of all it is necessary to fit the
experimental data with a suitable function, which was chosen to be

f(pT ) = c
pT[

1 +
(pT
A

)2]n (5.1)

where c, A and n are free parameters. Fit results are summarized in ta-
ble 5.1. The second step consists in scaling the parameters in order to

Parameter Energy (TeV) J/ψ Υ

c all 75.14 66.18

n all 3.821 3.051

A
1.96 4.025 6.49
14 5.355 8.610

Tab. 5.1: Function parameters for pT distribution at 1.96 TeV (CDF data
fit) and at 14 TeV (fast simulation input)

obtain the pT distribution at LHC energies. It was predicted (cf. [25]) that
while passing from a lower energy to an higher one, the root mean square
of the pT distribution, 〈p2

T 〉, increases with the trend shown in figure 5.2.
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5.2 Simulation and analysis

Fig. 5.2: Energy dependence of 〈p2
T 〉pp for J/ψ (left) and Υ production

assuming 〈k2
T 〉pp = 1 GeV2. The open circles are the calculated

energies at
√
s = 0.2, 5.5, 8, 8 and 14 TeV, interpolated by the

solid line.

From calculation2 we get:

〈p2
T 〉 =

∫∞
0 dpTp

2
Tf(pT )∫∞

0 dpTf(pT )
=

A2

n− 2

where f(pT ) is the fit function of equation 5.1. The scaling can be done by
keeping the parameter n constant and suitably changing the value of A such
that

A(14TeV) =

√
〈p2
T (14TeV)〉

〈p2
T (1.96TeV)〉

A(1.96TeV)

From figure 5.2 it can be seen that 〈p2
T 〉 varies of about 77% for both

J/ψ and Υ while passing from CDF to LHC energies, thus leading to a
corresponding increase of about 33% in the parameter A. The final results
are summarized in table 5.1 and shown in figures 5.3(a) and 5.3(b).

5.2 Simulation and analysis

5.2.1 Pure signal

The first part of the study is focused on the analysis of the pure signal,
consisting in opposite sign muons coming from heavy quarkonia decay. Al-
though the simulation of an experiment cannot leave the background out of
consideration, it is nonetheless important to know in a proper way all the
features of the signal.

Moreover in all of the ALICE simulations the signal and the background
are produced separately and then properly merged together. In full simu-
lations this is done because it would be too time consuming to generate

2The result holds only if n > 2, otherwise the numerator of the expression diverges for
pT →∞. In our case n > 3.
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Fig. 5.3: Parameterization of pT distributions scaled from CDF data,
adopted as input for fast simulation. The area of the distribution
is normalized to 1.

both processes at the same time, and it would be thus impossible to reach
the expected statistics in a reasonable time. In fast simulations the reason
of the separation is even deeper. As already said, particles are generated
through parameterizations. We have predictions and hence transverse mo-
mentum and rapidity distributions for prompt (i.e. directly produced in a
pp collision) heavy quarkonia, but there are no analogous predictions for
background. Thus in fast simulations signal and background are handled
separately from each other because they are generated in a different way.

The expected number of produced quarkonia, obtained from the input
parameterizations described above, is given by the formula

N = σLt (5.2)

where σ is the quarkonia cross section, L is the luminosity and t is the
acquisition time. In fact we are interested only in resonances decaying in
muon pairs, so it is convenient to generate only a number of particles

N = BRµµσLt

and then to force the decay in muon pairs (BRµµ is the branching ratio of
the process). This is a common method to limit computational time and
amount of stored data. Simulation parameters for prompt quarkonia are
summarized in table 5.2.

After generation, muons produced by input quarkonia are processed by
the fast simulation. A weight, corresponding to the detection probability
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5.2 Simulation and analysis

Parameters
√
s (TeV) 14

Luminosity
5×1030

(cm−2s−1)

Time (s) 107

σcc̄ (mb) 11.2

σbb̄ (mb) 0.51

Quarkonia BRµµσ
prompt (µb) Number

J/ψ 3.18 1.59×108

ψ′ 0.057 2.85×106

Υ 0.028 1.4×106

Υ′ 0.0070 3.5×105

Υ′′ 0.0042 2.1×105

Tab. 5.2: Simulation parameters

Pdet (see chapter 4), is assigned to each lepton. As already said the fast
simulation takes into account the detector reconstruction performance by
introducing a smearing in the angle ϑ between the muon direction and the
beam axis, in the momentum p and in the azimuthal angle ϕ. From the
reconstructed pair is then possible to go back to the heavy quarkonium,
whose kinematic parameters can be used to determine the pT , rapidity (y)
or mass distributions. The results of the operation are the so called raw
yields, corresponding to the expected number of quarkonia per pT and y bin
after one year (107 s) of data taking in pp collisions at 14 TeV, with the
luminosity shown in table 5.2.

The pT and rapidity yields for bottomonium states are shown in figure 5.4
and 5.5 respectively.

The case for charmonium states (ψ) is more complex. Besides the ψ di-
rectly produced in the collisions it is necessary to include the ψ coming from
the decay of B mesons. Unfortunately the color evaporation model doesn’t
give predictions on them, so the only solution is to leave the “fast” pro-
duction through parameterizations for the “slow” one, which uses PYTHIA
predictions (cf. [26]).

The B mesons used are the same employed for correlated background (see
section 5.2.2). The decay into ψ resonances was forced in order to increase
statistics. The B mesons distribution is normalized such that the total bb̄
cross section is equal to 1. Each ψ created is weighted with the proper
branching ratio of the B particle that produced it, and the same happens
for muons. The latter are analyzed through the fast simulation, which adds
a further weight, taking into account the detector reconstruction probability.

It is then sufficient to scale the distribution by a factor of σbb̄Lt, i.e.
to the expected number of bb̄ with the considered data taking conditions
(table 5.2), in order to get the raw yields. The number of charmonium
states obtained is about the 20% of the total.

Finally, the raw yields for prompt and from B decay ψ states are summed
together giving the results shown in figure 5.6 and 5.7.

The use of the obtained raw yields, together with the knowledge of the
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Fig. 5.4: pT raw yields for bottomonium states in 107 s of data taking

input distributions, allow to determine the detection probability, which is
a convolution of the geometrical acceptance and the trigger and tracking
reconstruction efficiency. A general overview of the way to get the detection
probability as a function of some observables (such as transverse momentum
and rapidity) is given in appendix C. The results of simulation are shown in
figure 5.8 and 5.9 for charmonium and bottomonium states respectively.
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Fig. 5.5: Rapidity raw yields for bottomonium states in 107 s of data taking
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Fig. 5.6: pT raw yields for charmonium states in 107 s of data taking
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Fig. 5.7: Rapidity raw yields for charmonium states in 107 s of data taking
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Fig. 5.8: pT (left) and y (right) detection probabilities for charmonium
states
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Fig. 5.9: pT (left) and y (right) detection probabilities for bottomonium
states
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Finally, the mass spectra for each pT or y bin are created and then fitted
with a suitable function. The results will be used later in this chapter,
when, having simulated data as they will appear after about one year of
data taking at LHC, the contribution of quarkonia will be separated from
the background.

The function used for the bottomonium states is the same adopted for
the fit of charmonia resonances in the NA60 experiment [27]. It was found
that the central part of the distributions could be described sufficiently well
by a gaussian, with, in addition, two more gaussians of variable width for
the large tails. The function has 11 parameters (p0, p1, . . ., p10) and reads:

dNsig

dmµµ
= p0 exp

{
−1

2

(
mµµ − p1

σ

)2
}

(5.3)

where

σ =


p2

[
1 + p3(p1p9 −mµµ)(p4−p5

√
p1p9−mµµ)

]
mµµ < p1p9

p2 p1p9 ≤ mµµ ≤ p1p10

p2

[
1 + p6(mµµ − p1p10)(p7−p8

√
mµµ−p1p10)

]
mµµ > p1p10

In the case of charmonium states it was noticed that, probably due to
the higher statistics and to the better mass resolution, the NA60 fit function
couldn’t provide a good description of the mass distribution. In particular, it
is clearly noticeable that the distribution shape is asymmetric even close to
the mode. Hence it was decided to fit the central part of the mass spectrum
not with just one gaussian, but with a gaussian (in the right side) and a
gaussian with variable length (in the left side). The so obtained function
has 15 parameters (p0, p1, . . ., p14) and can be described by the same formula
adopted before (equation 5.3), but where:

σ =



σ′
[
1 + p12(p1p11 −mµµ)(p13−p14

√
p1p11−mµµ)

]
mµµ < p1p11

p2

[
1 + p3(p1p9 −mµµ)(p4−p5

√
p1p9−mµµ)

]
p1p11 ≤ mµµ < p1p9

p2 p1p9 ≤ mµµ ≤ p1p10

p2

[
1 + p6(mµµ − p1p10)(p7−p8

√
mµµ−p1p10)

]
mµµ > p1p10

The value of σ′ is:

σ′ = p2

[
1 + p3(p1p9 − p1p11)(p4−p5

√
p1p9−p1p11)

]
and corresponds to the value of the left tail of the peak at its limit. In this
way the continuity of the function is preserved.

The fit to the pure signal events for the charmonium (bottomonium)
states allows to fix 12 (8) out of the 15 (11) free parameters, corresponding
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to the shape of the tails. In this way, when the fitting operation will be
complicated by the presence of the background, only the mode value p1, the
width p2 and the normalization p0 will be let free to change.

Before going further, two considerations have to be done about the mean-
ing of these parameters:

1. in the fast simulation the pT smearing of each single muon is com-
puted by sampling from an asymmetric distribution (see discussion in
chapter 4), where mode and mean don’t coincide. On average, the
correction due to energy loss in the absorber corresponds to the mean
of such distribution. Hence, when the muon pair invariant mass is
calculated, the parameter correlated to the quarkonia mass is not the
mode, p1, but the mean, 〈dNsig/dmµµ〉.

2. The quarkonia fit function parameter σ doesn’t coincide with the stan-
dard deviation as we are not using a proper gaussian, except in a sub-
range of the mass spectra. However, in the following, such parameter
will be often referred to as the distribution width, of which it is a rough
estimate. Nevertheless, when the calculation of the total number of
quarkonia in a ±nσ region around the peak will be performed, we will
more appropriately refer to the half width half maximum (HWHM),
which is well defined.

Due to the large statistics, it is possible to determine the mass distribu-
tion for quarkonia whose transverse momentum or rapidity is within a given
interval. In this way it will be possible to determine, even with the presence
of the background, the pT and y distributions.

For each pT or y bin, the mass spectra for charmonium resonances were
fitted with the usual function of equation 5.3, leaving all parameters free. It
was noticed that the shape of the tails showed some variations with respect
to the one determined with the mass distribution integrated over pT and
rapidity. This can be easily understood, especially for the spectra where
dimuons are chosen according to their pT , because, at low transverse mo-
menta, effects of the cut on muons and of energy loss in the absorber can
be important.

In the case of bottomonium resonances, instead, due to the lower statis-
tics, possible effects cannot be appreciated, so a reasonably good interpo-
lation is obtained by fixing the tail parameters (from p3 to p10), with the
values that we get from the mass spectrum integrated over pT and y.
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5.2.2 Correlated background3

The production of the background events proceeds parallel to the signal
generation. With the term background it is meant muon pairs detected by
the muon spectrometer, but that were not produced by heavy quarkonia
decays. We distinguish between two main kinds of background:

• combinatorial, constituted, for pp collisions, by muons coming from
abundantly produced kaons or pions. They have no correlation among
each other, as they are generated by uncorrelated particles.

• correlated, constituted by muons coming from open beauty and open
charm (i.e. respectively bottom and charm flavored mesons, such as
B and D) decay. The pairs, although not produced from the same
particle, are correlated because they’re generated in the same process.

The combinatorial background haven’t been produced in pp collisions at
14 TeV yet. This, of course, has to be done as soon as possible. However
referring to the results from a previous work (cf. [8]), we don’t expect this
kind of background to count much, as it is almost one order of magnitude
lower than the correlated.

There are five main processes contributing to the combinatorial back-
ground:

DDprompt: µ+ X1 ← D(c) D(c̄)→ X2 µ
−

BBdiff: µ+ X1 ← B(b̄) B(b)→ X2 µ
−

BDdiff: µ+ X1 ← B(b̄) B(b)→ D(c)X2
|→ X3 µ

+

DDdiff: X1 D(c̄) ← B(b̄) B(b)→ D(c)X2

µ− X3 ←| |→ X4 µ
+

BDsame: X1 X2 ← B(b̄) B(b)→ D(c) µ−

|→ X3 µ
+

The naive picture is somewhat complicated by B meson oscillations, included
in the simulation, that can change the sign of the muons produced.

Heavy flavor decays can be divided into two main topologically distinct
contributions: b-chain decays where low mass and high transverse momen-
tum dimuons are produced (BDsame) and muon pairs where the two muons
originate from different quarks emitted at large angles, resulting in large
invariant masses. If a cut in the muon transverse momentum is applied, the
secondary decays are heavily suppressed, as some fraction of the momentum
has already been used in the primary decay.

3Many thanks to Rachid Guernane from Clermont-Ferrand university, who actually
generated the open charm and bottom mesons obtained with PYTHIA and provided me
with the analysis macro.
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The produced background has been analyzed through the fast simula-
tion. Two different results are produced, according to which trigger cut
is used (1 GeV if we want to study charmonia, 2 GeV for bottomonia).
The contribution of each background component is shown in figure 5.10(a)
and 5.10(b). In the analysis, like-sign muons have been rejected.
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Fig. 5.10: Correlated background mass distribution analyzed with fast si-
mulation. Contribution from different sources is shown.
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It is clear from the picture that the background fluctuations, especially
at high pT , are too large if compared with the pure statistical ones (going
like the square root of the number of particles per bin,

√
N). This is due

to the fact that it was generated a number of events lower than the one
expected in 107 s, and then the result was opportunely scaled to the ex-
pected value. In order to take into account this fact, the obtained mass
distribution was fitted with a suitable function and then the background
was generated again from the so obtained parameterization with the de-
sired statistics. The background in the 1 GeV pT cut was interpolated in
the mass region 0.81<mµµ<6.02, while the one with the 2 GeV cut in the
region 4.1<mµµ<14.4.

The function used has 5 free parameters (pbkg0 , pbkg1 , . . ., pbkg4 ) and reads:

dNcorr

dmµµ
= pbkg0 exp

−1

2

(
mµµ − pbkg1

σ

)2
 (5.4)

where

σ =

{
pbkg2 mµµ < pbkg4

pbkg2

[
1 + pbkg3 (mµµ − pbkg4 )

]
mµµ ≥ pbkg4

5.2.3 Signal + background

The signal and the background, separately generated, have to join together
in the final analysis. The raw mass distribution yields, obtained by using
the same data taking conditions, can be summed together without further
scalings. The result is what we expect to see after about one year of data
taking at LHC (excluding the combinatorial background), and corresponds
to the starting point of the analysis, which consists in disentangling the
contribution of signal and background.

The disentanglement proceeds in two steps:

1. Background fit. A fit, with the function of equation 5.4, is performed
in the mass region were the contribution of resonances is negligible.
The operation allows to fix the function parameters from pbkg2 to pbkg4 :

only the normalization (pbkg0 ) is let free.

2. Global fit. The mass distributions of the opposite sign muon pairs are
interpolated by a function which is a sum of the background described
by equation 5.4 and as many functions determined by equation 5.3 as
the number of quarkonia. The free parameters are just the background
and resonances normalizations and the resonances widths and mean
values.

The results are shown in figure 5.11(a) and 5.11(b) for charmonia and bot-
tomonia respectively.
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Fig. 5.11: Unlike-sign dimuon mass spectra for a running time of 107 s

From the fit functions it is possible to get the expected number of quarko-
nia. Since the global fit is obtained by summing together the background
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and the signal, the parameters it gives already take into account each sin-
gle contribution to the total yield. This means that, if we want to get the
expected number of quarkonia, it is enough to integrate the resonance fit
function of equation 5.3 with the parameters we got from the global fit.

The uncertainty on the final results comes from two different sources:
the error on the normalization and the one on the distribution width, both
given by the root minimization package TMinuit (cf. root homepage [29] for
further details). The error on the mean value doesn’t affect in any way the
integral, as it changes only the position of the peak. Therefore it is not taken
into account. From the other side it is clear that the other quantities are
correlated because, for a fixed integral value, an increase of the distribution
width implies a lower value of the normalization factor.

Error on parameters has to be properly propagated in order to get the
uncertainty on the integral. If we consider a function of N parameters
f(x1, x2, . . . , xN ) and we indicate with δxi the error on each parameter,
the uncertainty on the function is given by the formula:

δ2
f =

N∑
i=1

(
∂f

∂xi
δxi

)2

+

N∑
i<j

2
∂f

∂xi

∂f

∂xj
δxixj

where δxixj is the covariance.
The normalization parameter is just a multiplicative factor, hence if we

call Nsig(p0, p2) the integral of the quarkonia fit function of equation 5.3,
namely

Nsig =

∫ m2

m1

dmµµ
dNsig

dmµµ

we get:
∂Nsig

∂p0
=
Nsig

p0

More complicated is the case of the partial derivative with respect to the
width p2, due to the fact that the fit function is not analytically integrable.
In this case we can give an estimate of the value of the derivative by explo-
iting its definition as limit of the incremental ratio for a step-size that goes
to zero. If the uncertainty on the parameter, δp2 , is small enough we can
write:

∂Nsig

∂p2
' Nsig(p0, p2 + δp2)−Nsig(p0, p2)

δp2

The value of the covariance is again given by the root minimization
package. Thus we finally get:

δ2
Nsig =

(
Nsig(p0, p2)

p0
δp0

)2

+ [(Nsig(p0, p2 + δp2)−Nsig(p0, p2)) δp2 ]2+

2
Nsig(p0, p2)

p0

Nsig(p0, p2 + δp2)−Nsig(p0, p2)

δp2

δp0p2
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The described method was applied to the global invariant mass distri-
butions of figures 5.11(a) and 5.11(b) in order to get the expected rates
of signal and correlated background. The results are summarized in ta-
ble 5.3, together with the signal-to-background (S/B) ratio and the signifi-
cance (S/

√
S +B) for detecting the various resonances. The values, except

when explicitly indicated, have been calculated in a region where the width
of the distribution corresponds to twice the FWHM.

Quarkonium
Signal (S) Correlated

S
B

S√
S+B

in units of 103 background (B)
FWHM 2 FWHM in units of 103

J/ψ 3526 4674 370 12.6 2081

ψ′ 92 122 220 0.55 209

Υ 33.5 44.7 7.7 5.8 195

Υ′ 8.5 11.4 6.1 1.9 86

Υ′′ 5.2 6.9 5.4 1.3 62

Tab. 5.3: Expected signal rates for different quarkonium states. The num-
bers correspond to an interval where the width of the mass distri-
bution corresponds to twice the FWHM (except when specified).
All rates and ratios are for 107 s running time. Only correlated
background is taken into account.

If we take into account the mass distribution of dimuon pairs whose pT
or y lie within a specified interval and we perform the global fit, we can get
the number of resonances (with the corresponding error) per each pT or y
bin and we can hence reproduce the distributions previously obtained with
the pure signal only. Even in this analysis the tails are fixed (see discussion
at the end of section 5.2.1).

Two different approaches are followed for charmonium and bottomonium
states. In the latter case the normalization, mode and width of each reso-
nance are let free, exactly as in the global fit. In the former, instead, it was
decided to fix the mode and the width of ψ′, because the results of the fit
depends, to some extent, on the shape of the J/ψ tail.

The results are shown in figures 5.12 and 5.13 for J/ψ and Υ respectively.

For higher mass quarkonia some work still has to be done. In fact due
to their lower statistics, their mass distribution is affected by the shape
of the background and of the right tail of the 1S state. Thus, the recon-
structed pT and y distributions show fluctuations which are not explained
by statistical error only. The effects that lead to such variations should be
further investigated, but, as they can be classified as part of the systematic,
their analysis is beyond the objectives of this thesis and won’t be presented.
Nevertheless, an accurate study of such phenomena and of the systematic
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error has to be performed as soon as possible, together with the inclusion
of the combinatorial background and the analysis of the ψ(nS)/ψ(1S) and
Υ(nS)/Υ(1S) observables.

Finally, if we correct for detection probabilities we can get the differential
cross section in transverse momentum and rapidity (figures 5.14 and 5.15).
The distributions in pT are integrated in the rapidity coverage of the detector
(2.5 < y < 4).

.

.
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Fig. 5.12: pT and y raw yields for J/ψ in 107 s of data taking, obtained
after background subtraction
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Fig. 5.13: pT and y raw yields for Υ in 107 s of data taking, obtained after
background subtraction
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Fig. 5.14: pT and y differential cross section for J/ψ, obtained after back-
ground subtraction. The results are expected to be measured
in 107 s. pT cross section is integrated in the detector rapidity
coverage (2.5 < y < 4).
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Chapter 6

Study of an unexplored
physical region

In the previous section of this thesis simulation results concerning the perfor-
mance of the muon spectrometer with respect to heavy quarkonia detection
were shown. Starting from rapidity distributions predicted by the color eva-
poration model and from transverse momentum ones, opportunely rescaled
from CDF data at lower center of mass energy, it was possible to obtain
the distributions expected with the defined data taking conditions (cf. sec-
tion 5.2).

In this section, a further interesting use of the forward muon spectrome-
ter will be shown: the study of Parton Distribution Functions (PDF) in a
still unexplored physical region.

6.1 Introduction

The concept of parton distribution function was born several years ago, after
a long discovery process that, from the description of the world in terms of
atoms, led to an analogous one in terms of quarks and leptons.

At the beginning of the 40s, the advent of the accelerators allowed the
study of the until then known particles, with higher and higher energies. In
particular it was noticed that hadrons such as the proton, which appeared
as point-like if probed with low energy leptons, showed an inner charge
distribution if probed with higher momentum projectiles, thus suggesting the
presence of a deeper structure, typical of composed objects. Nevertheless, if
energy was high enough (Deep Inelastic Scattering), the effects of the inner
structure seemed to disappear and the probing particles showed the same
behavior they would have if colliding against point-like objects.

In 1964 Gell-Mann and Zweig suggested that hadrons were formed by
point-like fundamental constituents with fractional electromagnetic charge:
the partons. After the initial hesitation in accepting a theory whose con-
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stituents couldn’t be experimentally observed (due to the confinement), the
Gell-Mann and Zweig hypothesis, after evolving into the quark concept,
merged into the current particle physics theory: the Standard Model.

High energy collisions between hadrons, can thus be more easily ex-
plained through collisions between quarks and gluons inside the hadrons
themselves. Unfortunately, while the energy and momentum of particles
composing the beam in collider and linear accelerator experiments are usu-
ally well known, the kinematic distribution of the fundamental constituents
is not known a priori and has to be determined phenomenologically by a
global analysis of a wide range of available hard scattering processes invol-
ving initial-state hadrons, using the perturbative QCD-parton framework.

A lot of work has been done about this topic (e.g. see [30, 31]), but
the characteristics of the experiments allow to probe for parton distribution
functions only in limited regions. Every possible extension of the studied
domain is of fundamental importance for the knowledge of QCD phenomena.

Before going further in the description of the PDFs used, it is necessary
to give some definitions. In order to better understand the physical meaning
of the relativistic invariant variables that will be used in the following, they
won’t be described in a proton-proton collision but in a simpler case.

Let’s consider in particular the inelastic lepton-proton scattering (fi-
gure 6.1), which was historically important because it led to the first clear
evidence for scattering from individual quark constituents confined within
the proton.

�
P

pl

q

p′l

P

l

hn

...

h2

h1

l

Fig. 6.1: Scheme of electron proton scattering

The cross section of the process is a generalization of the Rosenbluth formula
and reads:

dσ

dΩdE′

∣∣∣∣
LAB

=
α2

4|~pl|2 sin4 ϑ/2
cos2 ϑ/2

(
W2(ν, q2) +W1(ν, q2) tan2 ϑ/2

)
where ϑ is the angle of the outgoing lepton with respect to the ingoing one.
The cross section can be parameterized by two structure functions F1(x,Q2)
and F2(x,Q2), which are the analogous of the form factor and are defined
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as:

F1(x,Q2) = MW1(ν, q2)

F2(x,Q2) = νW2(ν, q2)

The Q2 is the square of the quadri-momentum transferred, given by:

Q2 = −q2 = −
[
(El − E′l)

2 − (~pl − ~p ′l )
2
]

where the initial and final leptons have energies and momenta (El,~pl) and
(E′l,~p

′
l ) respectively.

The relativistic invariant x (Bjorken), is:

x =
Q2

2P ·q

where P is the proton initial quadri-momentum (see figure 6.1).
In the parton model, the interaction of a lepton with a proton can be seen

as the elementary interaction with a constituent parton. From this point of
view it can be shown that if Q2 �M2

p (i.e. the proton mass), the Bjorken x
assumes the physical meaning of the fraction of proton momentum carried
by the parton.

By increasing the center of mass energy it is possible to probe lower x va-
lues, i.e. constituents which carry a lower fraction of the hadron momentum.
At present the explored region goes down to x values of 10−5.

The use of perturbative QCD makes possible to relate the structure
functions F1(x,Q2) and F2(x,Q2) to process independent parton distribu-
tion functions fi(x,Q

2) which describe the distribution of the i-th quark
(gluon) carrying a fraction x of the hadron momentum. The relations can
be determined at a specific order in perturbation theory, thus giving rise to
LO or NLO PDFs that will be discussed in the following. At leading order
we get:

F2(x,Q2) = x
∑
q

e2
qfq(x,Q

2)

where e2
q is the fractional electric charge of the involved quark q.

6.2 Parton Distribution Functions (PDFs)

The global analysis of parton distributions requires a continuous effort. As
new experimental and theoretical advances occur, the parton distributions
can be determined with increasing accuracy and over a wider x domain.
There are two important motivations for the vigorous pursuit of global ana-
lysis:
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• when available experimental constraints exceed the degrees of freedom
of the theory, they can be used to prove the validity or to set the
boundaries of applicability of the theory itself

• since the global analyses inevitably involve both experimental and the-
oretical uncertainties, it is important to quantify the uncertainties in
the resulting parton distributions.

A huge number of parton distribution functions are at present employed
in particle physics. In the following analysis it will be shown a comparison
between three of them, provided by the CTEQ and MRST collaboration.

6.2.1 CTEQ

The Coordinated Theoretical-Experimental Project on QCD (CTEQ) is a
multi-institutional collaboration devoted to a broad program of research
projects and cooperative enterprises in high-energy physics centered on
Quantum Chromodynamics (QCD) and its implications in all areas of the
Standard Model and beyond.

The collaboration created several PDFs with increasing accuracy, due
to the possibility to access newer data from recent experiments and to an
improvement of theoretical calculations. The series of global QCD analy-
ses of the CTEQ group [32] was extended in order to include significant
new experimental results that will be briefly summarized. The first version
considered in this thesis is the CTEQ5 (cf. reference [30]).

Deep inelastic scattering: Results from NMC and CCFR collaborations
respectively on muon-nucleon and neutrino-nucleon scattering lead to
subtle changes in their implications for αs and parton distribution
determination. Moreover the data from H1 and ZEUS collaborations
at HERA on total inclusive structure functions F p2 provide tighter
constraints on the quark and gluon distributions, mainly through the
Q evolution of the structure functions.

Lepton pair production (p/d) asymmetry: E866 collaboration has
measured the ratio of lepton pair production (Drell-Yan process) in
pp and pd collisions over the x range 0.03-0.35, thus expanding greatly
the experimental constraint on the ratio of parton distributions d̄/ū.

Lepton charge asymmetry in W production: CDF collaboration has
improved the accuracy and extended the rapidity range of the mea-
surement of the asymmetry between W → l±ν at the Tevatron, which
lead to additional constraints on d/u.

Inclusive large pT jet production: Inclusion of systematic errors by D∅
collaboration and new results in inclusive jet production data by CDF
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led to a better constraint on the parton transverse momentum distri-
butions.

Direct photon production: E706 collaboration at Fermilab has publi-
shed the highest energy fixed-target direct photon production data
available. The measured cross sections lie a factor of 2-3 above the
traditional NLO QCD calculation.

The {x, Q} region covered by the experiments is shown in figure 6.2.
Using these data as a baseline, it was possible to generate a number of
different parton distribution functions, summarized in table 6.1. We are
particularly interested in the CTEQ5L, i.e. the leading order QCD and
in the CTEQ5M, defined in the MS scheme, matched with conventional
NLO hard cross sections calculated in the zero-quark-mass approximation
for all active flavors. The latter is specifically the most convenient to use for
general calculations.

Figure 6.3 shows the output of CTEQ5M PDF set for all partons and
gluons.

PDF Set Description

Conventional (zero-mass parton) sets

CTEQ5M MS scheme

CTEQ5D DIS scheme

CTEQ5L Leading-order

CTEQ5HJ Large-x gluon enhanced

on-mass-shell heavy quark sets

CTEQ5HQ MS (ACOT) scheme

CTEQ5F3 Fixed-flavor-number (Nf = 3) scheme

CTEQ5F4 Fixed-flavor-number (Nf = 4) scheme

Tab. 6.1: CTEQ5 PDF sets summary

The second CTEQ version adopted in this thesis is the more recent
CTEQ6 (cf. reference [33]). It improves the analysis of the data sets used
by the previous CTEQ5, owing to the study of the correlated systematics
errors, and makes use of more recent results. Particularly noteworthy are
the recent neutral current deep-inelastic scattering (DIS) structure function
measurements of H1 and ZEUS, and the inclusive jet cross section measure-
ment of D∅ (in several rapidity bins, up to a rapidity of 3). Other recent data
used in the analysis are the updated E866 measurements of the Drell-Yan
deuteron/proton ratio and the re-analyzed CCFR measurement of F2.

Even in the case of CTEQ6, many different versions were developed,
within different renormalization schemes and calculation orders, exactly as
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Fig. 6.2: Kinematic {x,Q} map of the experiments used in the CTEQ5 fit

Fig. 6.3: Overview of CTEQ5M parton distributions (multiplied by x) at
Q= 5 GeV. The gluon distribution is scaled down by a factor of
15, and the d̄− ū distribution is scaled by a factor of 5

in the case of CTEQ5. A global overview of the CTEQ6M PDF set is shown
in figure 6.4.

6.2.2 MRST

The second set of PDFs considered here is the Martin, Roberts, Stirling and
Thorne (MRST) one.

Even in this case it exists a constant updating of PDFs, by including
significant new experimental results. In particular, the 1998 structure func-
tion set (cf. [31]) was taken into account. The experimental measurements
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Fig. 6.4: Overview of CTEQ6M parton distributions (multiplied by x) at
Q=2 GeV.

employed by MRST collaborations are almost exactly the same adopted in
CTEQ5 calculation, summarized in section 6.2.1. There are only two differ-
ences:

• The Drell-Yan production obtained by E772 collaboration is employed
together with the data from E605, which is used to constrain the sea
(as in CTEQ). For xF∼0 both experiments provide a useful measure
of the quark sea at larger value of x, typically x.0.3. For larger xF
the E772 data probe, in principle, the valence quarks at x∼0.5 and
the sea quarks at x∼0.025.

• The W70 prompt proton measurements are used in order to set
constraints on the gluon distributions outside the HERA small x
(x∼10−3). CTEQ5 collaboration employed E706 data instead.

The parton distribution functions are determined from a global fit to a
wide range of deep inelastic and related hard scattering data. The basic
procedure is to parameterize the fi(x,Q

2) at a low value of Q2 = Q2
0 such

that they can be calculated at higher Q2 by using NLO DGLAP (Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi) evolution equations. Data are fitted for all
Q2 > Q2

1, where Q2
1 > Q2

0 is a value of Q2 where perturbative QCD is
believed to be the dominant contribution.

A detailed description of the procedure adopted to get the MRST PDF
set is given in the Martin, Roberts, Stirling, Thorne paper [31], and won’t
be further discussed. However, as we are particularly interested in gluon
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distribution functions, some more information about this topic will be pro-
vided.

As already said the main constraints in the gluon distribution at large
x are data on prompt photon production in pp or pA collisions from WA70
and E706 experiments. The latter data confirm the implication from other
high energy prompt photon experiments that a significant initial state par-
tonic transverse momentum is needed to obtain agreement with the NLO
QCD prediction. A question rose whether such a transverse momentum
component should be included when determining the behavior of the gluon
at large x (x ' 0.4) from the lower energy (

√
s = 23 GeV) WA70 experi-

ment — even though the WA70 data can be adequately described without
such a component. E706 data (corresponding to

√
s = 31.5 and 38.8 GeV)

were found to require an average value of the transverse momentum of the
initial partonic system 〈kT 〉∼1 GeV, expected to be less for experiments at
lower energies. 〈kT 〉 values from 0 to 0.64 GeV, i.e. the maximum value
found compatible with a reasonable description of WA70 data, were taken
into account. Three gluon distributions were thus created, namely:

• MRST(g ↑), called higher gluon (〈kT 〉 = 0 GeV)

• MRST, called central gluon (〈kT 〉 = 0.4 GeV)

• MRST(g ↓), called lower gluon (〈kT 〉 = 0.64 GeV)

The name derive from the fact that a smaller gluon density is compen-
sated by a larger 〈kT 〉. Differences among the three distributions are shown
in figure 6.5. The choice of the set, although affecting the large x region
(x&10−2), has almost no effect on the small one, which is the region that
can be studied in the detector acceptance (see figure 6.10).

The PDF set adopted in this thesis is the MRST central gluon, in order to
be consistent with Ramona Vogt’s color evaporation model calculations [34].
An overview of this set for Q2 values of 20 GeV2 is shown in figure 6.6.

6.2.3 Main differences between models

In order to compare two different parton distribution function sets, it is ne-
cessary to take into account possible discrepancies not only in input data and
analysis procedure but also in choices of renormalization and factorization
schemes.

If we take into account the gluon distributions given by CTEQ and
MRST, we notice that the difference due to the choice of the scheme is com-
pletely overshadowed by that due to the choice of experimental input. In
order to complement the DIS constraints in determining G(x,Q2), CTEQ
collaboration used inclusive jet data of CDF and D∅, whereas MRST re-
lied on direct photon production results of WA70, applying a range of 〈kT 〉
broadening corrections using the E706 data as a constraint, as previously
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6.2 Parton Distribution Functions (PDFs)

Fig. 6.5: The gluon distributions (multiplied by x) at Q2 =20GeV 2 corre-
sponding to the MRST, MRST(g↑) and MRST(g↓) sets of partons
with, respectively, the central, larger and smaller gluon at large
x

Fig. 6.6: Overview of MRST parton distributions at Q2 = 20GeV 2. Dis-
tributions are multiplied by x

81



Study of an unexplored physical region

discussed (cf. section 6.2.2). These experiments affect directly the determi-
nation of G(x,Q2) in the medium to large x gluons. The difference is clearly
shown in figure 6.7.

Fig. 6.7: Comparison of the gluon distributions from MRST with those
from CTEQ5 at 5 GeV. In order to better show the differences,
distributions are multiplied by x1.5/(1− x)2

The choice of input is the main cause of differences between the CTEQ5
and CTEQ6 PDFs as well. While the discrepancy among distributions of
quarks is negligible, the most noticeable change occurs in the gluon distri-
bution. In the moderate to high x range, x > 0.01, the inclusive jet data are
now playing a very important role. The combined effects of the precision
DIS and jet data have made a significant shift in the shape of the gluon
distribution which is significantly harder for CTEQ6 than for CTEQ5M1
and all MRST PDF sets at all Q scales.

The gluon distribution is valid till x values of about 10−5. For lower
values no data are available and the shape provided comes from an extrapo-
lation. Figures 6.8(a) and 6.8(b) show the comparison among the currently
available PDFs parameterizations of CTEQ5 and MRST98 (both in the
official CERN libraries) and of CTEQ6, respectively for LO and NLO calcu-
lation. It is clear that differences in the medium to large x gluons, though
sensitive, especially for LO calculation, are totally overwhelmed by the ones
in the low x, due to the different extrapolation chosen.

It will be shown soon that the muon spectrometer at the LHC can probe
that region, providing additional constraints in this barely unknown phase
space region.
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Fig. 6.8: Comparison of the gluon distributions from MRST with those
from CTEQ

6.3 Probe of low x regions through J/ψ analysis

The main aim of this chapter is to show the possibility to probe low (and
hence not yet well studied) x region inside proton through the analysis of
J/ψ detected in the ALICE muon spectrometer. All the calculations that
will be performed will be leading order.

At leading order, the heavy quark production in the collision between
two protons can be seen as the reaction qq̄ (gg)→ QQ̄, with q (g) any quark
(gluon) inside the proton and Q the heavy quark created. The Feynman
diagrams involved are shown in the figure 6.9.
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Fig. 6.9: Heavy quarkonia production Leading Order

The square of the heavy quark pair invariant mass is equal to the square
of the center of mass energy of the initial quarks (or gluons), ŝ,

M2
QQ̄ = ŝ = x1x2s

where x1 and x2 are the gluon momentum fractions and s = (14 TeV)2 is
the square of the pp center of mass energy at LHC.
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The longitudinal rapidity of the pair in the laboratory is given by1:

y =
1

2
ln

(
E + pz
E − pz

)
=

1

2
ln

(
x1

x2

)
From these relation we get:

x1 =
MQQ̄√
s
eyQQ̄ x2 =

MQQ̄√
s
e−yQQ̄ (6.1)

As the momentum fraction x is proportional to the heavy quark invariant
mass, it is clear that charm probes smaller x than beauty. The (x1,x2) plane
for charm and bottom measurement in pp collisions at 14 TeV is shown in
figure 6.10 [35].

Fig. 6.10: ALICE heavy flavor acceptance in the (x1,x2) plane for pp col-
lisions

In this plane, points of constant invariant mass lie on hyperbolae, which
are straight lines in the log-log scale. The solid and dashed lines correspond
to cc̄ and bb̄ pair production at threshold.

Let’s consider the muon spectrometer rapidity acceptance for quarkonia
(2.5 < y < 4.0, see A.2). From relation 6.1 it is possible to show that
the minimum explored x is 3.14×10−6 for J/ψ and 1.18×10−5 for Υ. As
we are interested in the region of x < 10−5 it is clear that we have to
focus our attention on the first meson. Figures 6.11(a) and 6.11(b) show
the differences between the parton distribution functions in the x region
respectively probed by J/ψ and Υ.

1The second equivalence of the rapidity formula holds only if we consider LO processes
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Fig. 6.11: Comparison of the gluon distributions from MRST with those
from CTEQ. x regions probed by J/ψ and Υ are shown.

Let’s recall the Color Evaporation Model formula given in equation 3.1,
namely:

σCEMC = FC
∑
i,j

∫ 4m2
H

4m2
Q

dŝ

∫
dx1dx2 fi/A(x1, µ

2)fj/B(x2, µ
2)σ̂ij(ŝ)δ(ŝ− x1x2s)

The total cross section for quarkonia production clearly depends on the par-
ton distribution functions fi/A(x1, µ

2) and fj/B(x2, µ
2), but however it is not

so sensitive to changes in the adopted PDF set. It is therefore convenient to
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Study of an unexplored physical region

search for an observable that shows a stronger dependance on PDFs. A pos-
sible solution could be the rapidity differential cross section (see appendix B
for details):

dσCEMC

dy
=
FC
s

∑
i,j

∫ 4m2
H

4m2
Q

dŝ σ̂ij(ŝ)fi/A(

√
ŝ

s
ey, µ2)fj/B(

√
ŝ

s
e−y, µ2) (6.2)

The central point of the chosen observable is that the shape of the differential
cross section strongly depends on parton distribution functions.

In order to perform calculations we did two approximations:

1. in the elementary cross section σ̂ij , only the dominant contribution
gg → QQ̄ is taken into account

2. PDFs and cross section used are leading order

The first approximation is fairly good as at low x the gluon contribution
becomes dominant, thus overwhelming the qq̄ interaction. The second is
a matter of consistency because the relation 6.1, necessary to pass from
equation 3.1 to 6.2 holds only at leading order. Moreover the parton densities
have to be of the appropriate order for the cross sections to be meaningful.
A collaboration with theoreticians should be undertaken in order to push
calculation to better precision.

The gg → QQ̄ cross section can be easily calculated [36] and gives the
following result:

σ̂gg =
πα2

s(µR)

3ŝ

[
−1

4
χ

(
7 + 31

m2
Q

ŝ

)
+

(
1 + 4

m2
Q

ŝ
+
m4
Q

ŝ2

)
ln

(
1 + χ

1− χ

)]

with

χ =

√
1− 4

m2
Q

ŝ

where mQ is the heavy quark mass and αs(µR) is the strong coupling con-
stant evaluated at the renormalization scale µR. The value αs is well known
and can be easily calculated at all scales (cf. [37]). The scale is not totally ar-
bitrary: it is related to the typical energies involved in the process. The color
evaporation model prediction for J/ψ production (equation 3.1) performs an
integration over a small range of center of mass energies, namely from the
square of twice the quark mass (4m2

Q = 5.76 GeV) to the square of twice the

mass of the lightest heavy flavored hadron produced (4m2
H = 13.84 GeV),

thus strongly constraining the value of the scale. If we adopt a µR = 2.4 GeV,
corresponding to twice the charm mass, we get αs(2.4) = 0.27612.

Calculation with the described parameter leads to the result shown in
figure 6.12(a). Figure 6.12(b) is a zoom of the rapidity region covered by the
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(b) Zoom in the rapidity acceptance

Fig. 6.12: Comparison between J/ψ rapidity distributions obtained with
three different PDF sets

spectrometer acceptance that better shows the difference in the distribution
slope for rapidity higher than 3, corresponding to values of x < 10−5.

As we are interested only in the shape of the distribution, results ob-
tained with the different PDFs can be normalized in such a way that the
integral in the spectrometer rapidity acceptance (2.5 < y < 4) is 1, in order
to better notice the discrepancies (figure 6.13). The slope of the rapidity
distribution is strongly dependent on the input parton distribution function
adopted. As expected, if we repeat the same procedure for Υ, differences
between PDFs are not noticeable (figure 6.14).
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Fig. 6.13: Comparison between J/ψ rapidity distributions obtained with
three different PDF sets (area in detector acceptance is norma-
lized to 1).
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Fig. 6.14: Same as figure 6.13 but for Υ

It has however to be said that the experimental results on bottomonium
will be, in any case, extremely important, since they will explore a new
physical region. It is in fact true that the available data concern x values
down to 10−5, but such values are reached only at low scales, as it can be
seen in figure 6.2. At the scale of the Υ (∼ 10 GeV), the x region explored is
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6.3 Probe of low x regions through J/ψ analysis

higher than few 10−3, which is much larger than the values that the ALICE
muon spectrometer can probe.

PDFs are calculated at a low scale (∼ 1 GeV) and than their evolution
with Q2 is performed with the DGLAP equations (see section 6.2.2). Thus
the bottomonium state could be exploited to probe the validity of such
equations in a new physical region. Further studies should be performed on
this topic, which is not discussed in this thesis.

The next step is to show that the accuracy of the data that will be
taken with the ALICE muon spectrometer is adequate to distinguish be-
tween different PDFs. This analysis was performed using the results shown
in section 5.2.3. In fact the input of the fast simulation is a parametriza-
tion of the J/ψ rapidity distribution obtained with the NLO MRST PDF
set. Nevertheless if we compare the NLO input parameterization with the
LO calculation, we notice that the differences involved are negligible (see
figure 6.15), thus allowing us to directly compare simulation results to LO
differential rapidity cross sections obtained from equation 6.2.
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Fig. 6.15: Comparison between J/ψ rapidity distributions used in simula-
tions (obtained with NLO MRST PDF) and the analogous with
LO calculation. Area in detector acceptance is normalized to 1.

The simulation results and the rapidity distribution with different PDF
sets, with their areas inside the spectrometer acceptance normalized to 1
are shown in figure 6.16.

It is possible to notice a slight difference between MRST and simulation,
which is due to two main causes:
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Fig. 6.16: Comparison between calculated J/ψ distribution and simulation
results

1. the input parameterization of the adopted J/ψ prompt differential
cross section is NLO, while calculation are LO

2. simulation results already take into account J/ψ from B mesons decay,
thus slightly modifying the rapidity shape.

Moreover, for “historical” reasons (before the present work, the possibility
that different PDFs could lead to such unlike results was not taken into
account), the J/ψ mesons from B decay were obtained by adopting the
CTEQ4L parton distribution. However we are confident that we didn’t make
relevant mistakes. The CTEQ4L is indeed practically equal to the CTEQ5L
(see figure 6.17). B mesons are quite heavy, thus exploring x regions where
CTEQ and MRST results are really similar, which allows us to confidently
use one or the other without introducing significant discrepancies in rapidity
distributions (cf. figure 6.14). For these reasons, despite of the differences
previously explained, it can be concluded that the accuracy of data that will
be taken in the spectrometer detector is good enough to distinguish between
different PDFs used.

In conclusion, the possibility to probe gluon distribution for values of x <
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6.3 Probe of low x regions through J/ψ analysis

Fig. 6.17: Comparison between calculated CTEQ5L and CTEQ4L PDF
sets

10−5 through the analysis of J/ψ detected by the ALICE muon spectrometer
was shown.

In fact further work still has to be done. The next to leading order
calculation should be performed, in order to get more accurate predictions.
It could be even possible to substitute the adopted color evaporation model
with a less phenomenological approach such as non-relativistic QCD. But
clearly on this topic a collaboration with theoreticians would be welcome.

Finally the study could be extended to asymmetric collisions (such as
pPb and Pbp). In that case it is predicted a QQ̄ rapidity shift of

∆yQQ̄ =
1

2
ln

(
Z1A2

Z2A1

)
with Z and A respectively the charge and mass number of the colliding
nuclei. In the LHC case the pPb (Pbp) collisions will lead to a rapidity shift
of ∆y = +0.47 (−0.47) thus allowing a larger x1 and x2 coverage. This
effect could be exploited in order to explore lower x values with J/ψ on one
hand, and to allow the use of Υ as probe for x < 10−5 on the other.
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Chapter 7

Conclusions

In the present thesis, the ALICE muon spectrometer performance for heavy
quarkonia detection has been studied.

Yields for charmonium and bottomonium states expected in 107 s of
collected data with foreseen luminosity for pp collisions at 14 TeV at the
LHC have been evaluated. The cross sections adopted are provided by the
Color Evaporation Model (CEM).

The analysis was performed with the aid of fast simulation, which ena-
bles processing of the high statistics expected. The input parameterizations
of quarkonia rapidity (y) and transverse momentum (pT ) distributions were
provided, respectively, by CEM and by recent results from CDF data, op-
portunely scaled to LHC center of mass energies.

The simulation takes into account the correlated background, constituted
by muons coming from heavy flavored hadron decays, but they do not yet
include the combinatorial background. Though its contribution is expected
to be only a fraction of the correlated one, the combinatorial background
has to be added in the near future.

Simulation results end in very high statistics for J/ψ’s, and high statis-
tics for ψ′ and bottomonium states, thus allowing an accurate analysis of
quarkonia in different pT and y bins, showing that pT and y distributions
can be precisely measured, at least for J/ψ’s and Υ’s. Further work has yet
to be done for higher mass quarkonia, because, due to their lower statistics,
they are influenced by the shape of the tails of 1S states.

The distributions were corrected for the muon spectrometer acceptance
and divided by the integrated luminosity in order to obtain the J/ψ and
Υ differential cross section in the interval 2.5 < y < 4.0 (the detector
acceptance).

The obtained pT differential cross section for J/ψ and Υ can be used to
provide very useful information on the quarkonia production mechanism.
This topic has already been analyzed by CDF data, but the higher center
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of mass energy and, most importantly, the possibility of studying quarkonia
down to pT = 0 will allow ALICE to contribute significantly to open ques-
tions.

During the course of the thesis it was for the first time noted that the y
distributions of J/ψ in rapidity region covered by the ALICE muon spectro-
meter could provide important information on gluon distribution functions
at low-x. At present the available data cover an x region down to 10−5 for
energies on the order of charmonium state mass, and even higher x values
for the energy scale of bottomonium. For lower x values, extrapolation are
used for gluon distributions.

Leading Order calculations performed in the present thesis show that,
owing to the high rapidity range covered by the ALICE muon spectrometer,
the shape of the J/ψ rapidity differential cross section is sensitive to gluon
distribution functions at low-x. In addition, the comparison with simulations
suggests that the measured y distributions can, in principle, be used to
constrain the gluon PDFs in the x range of sensitivity.
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Appendix A

Kinematics and muon
spectrometer acceptance

Despite of the complexity of the particle production in proton-proton col-
lisions at LHC, which can be appropriately studied through numerical si-
mulations, an approximate study of the pure kinematics can be performed,
thus providing a deeper understanding of the phase space region accessible
inside the detector acceptance.

In the following pages, a brief investigation of the kinematics of quarkonia
production is presented. I will concentrate more in charmonium states, but
the reasonings will apply to bottomonium states as well.

A.1 Momentum acceptance

As the muon spectrometer detects resonances decaying in muon pairs, the
kinematics of the process is the two bodies one, which makes calculations
easy.

In the muon pair center of mass rest frame1, the momentum of the couple
of particles produced is fixed and equal to2:

|~p ∗µ | =
√
M2 − 4m2

2

with ~p ∗µ = muon 3-momentum in the center of mass rest frame, M = reso-
nance mass, m = muon mass.

In the passage from the center of mass frame to the laboratory one, the
muons undergo a Lorentz boost. In this case two possible situations can
occur, according to the relation between the boost and muon β. This leads
to a momentum limit, |~p limres |, for the resonance such that

1In the following all of the quantities related to the center of mass rest frame will be
indicated with the apex ∗

2Here and in the following, Natural Units are adopted in formulae.
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Kinematics and muon spectrometer acceptance

• |~pres| < |~p limres | ⇒ a lower limit in the angle between muons in the
laboratory occurs (when ϑ ∗µ = π

2 )

• |~pres| > |~p limres | ⇒ an upper limit in the angle between muons in the
laboratory occurs

with |~pres| = resonance momentum, ϑ ∗µ = angle in the muon pair center of
mass between the muon direction and the direction of the resonance in the
laboratory.

Indicating with βµ and βres the speed of the muon and of the resonance
respectively, the described limit condition is obtained when β ∗µ = βres. In
formulae

β ∗µ =
|~p ∗µ |
E ∗µ

=

√
M2 − 4m2

M

βres =
|~pres|
Eres

|~p limres | =
M
√
M2 − 4m2

2m

Let’s now consider the case |~pres| < |~p limres |, when a minimum angle (ϑminµµ )
between muons can be found. Due to the detector geometry, it exists a
maximum angle between muons (ϑmaxdet = 18◦) such that they can both be
detected, and it can be reached only when quarkonia are emitted along the
beam axis (ϑres = 0) (see figure A.1)

It is clear that muons are not in the spectrometer acceptance if
ϑminµµ > ϑmaxdet .
We get:

tanϑµ =
|~pµ⊥|
|~pµ‖ |

=

√
M2 − 4m2

γresβresM

which leads:

ϑminµµ = 2 arctan

√
M2 − 4m2

|~pres|
(A.1)

The formula shows that as quarkonium momentum decreases, the minimum
angle between muons increases. But ϑminµµ cannot be greater than 18 ◦ and
thus we get:

|~pminres | =
√
M2 − 4m2

tan
ϑmaxdet

2

(A.2)

Table A.1 summarizes the minimum momentum values of quarkonia analyz-
able by the spectrometer.

It is important to notice that all values of |~pminres |
(
GeV
c

)
are less than

|~plimres |
(
GeV
c

)
, so that the calculations performed are consistent.
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Fig. A.1: Maximum angle detector acceptance

Quarkonium |~pminres |
(
GeV
c

)
|~p limres |

(
GeV
c

)
J/ψ 19.508 45.28

ψ′ 23.235 64.19

Tab. A.1: Minimum momentum values of charmonia analyzable by the
muon spectrometer and charmonium states momenta above
which the angles between muons have an upper limit instead
of a lower one

Finally let’s consider the case |~pres| > |~p limres |, searching for a maximum
momentum value beyond which no quarkonia can be detected. If the res-
onance is emitted with an angle between 2 ◦ and 9 ◦3, its momentum has
clearly no upper limit, as the higher it is, the narrower is the angle between
muons that can in this way enter in the spectrometer acceptance.

A different situation is encountered when the resonance forms an angle
less than 2 ◦ with the beam axis. If that condition is considered, the Lorentz
boost can force muons to be produced in a small cone around the quarko-
nium direction, and the particles can pass through the hole in the middle
of the detector itself. Calculations, performed numerically, show that the
momentum of resonances has to be extremely high (more than 600 GeV/c
for J/ψ), in order, for the cone width, to be less than the angular width of
the detector hole (ϑmindet = 4 ◦).

3See footnote at page 20
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Figure A.2 shows the plot of the distribution of the angles between muons
(ϑµµ) as a function of the J/ψ momentum. The red dots represent the ϑµµ
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Fig. A.2: Angle between muons as a function of the quarkonium momen-
tum

that we get when ϑ∗µ = π/2. If we zoom in the region where pres > plimres (see
figure A.3), we notice that the Lorentz boost tends to distribute the bulk
of the particles in the region close to such red dots. Thus, if we consider
a quarkonium momentum slightly larger than the one for which the angle
between muons produced at π/2 in the resonance rest frame becomes less
than (ϑmindet ), we can see that the number of detectable pairs become very
low.

Therefore, we can conclude that the expression

|~pmaxres | =
√
M2 − 4m2

tan
ϑmindet

2

(A.3)

can give a rough estimate of the maximum quarkonium momentum for which
a consistent part of the muon pairs can be detected.

This result is extremely important in order to understand the rapidity
acceptance discussed in the following section.

A.2 Rapidity acceptance

Rapidity and pseudorapidity are two important physical variables which are
strictly correlated among each other. In particular if we call p, m and γ
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Fig. A.3: Angle between muons as a function of the quarkonium momen-
tum. Zoom.

respectively the momentum, the mass and the Lorentz factor of a particle,
and if we define as ϑ the angle with respect to the beam axis, which is
chosen to be the z axis, we get that pseudorapidity is approximately equal
to rapidity when p� m and ϑ� 1/γ.

In the present thesis a big part of the analysis was made by studying
different rapidity bins, so it is oppotune to get a better understanding of
this physical variable and of the spectrometer acceptance.

The pseudorapidity, defined as

η = − ln tan
ϑ

2

has a pure geometrical meaning, being related only to the angle that the
particle makes with the beam axis. In the case of the ALICE, as the muon
spectrometer covers the azimuthal region 2 ◦ < ϑ < 9 ◦, we can easily esti-
mate that the corresponding pseudorapidity region is 2.5 < η < 4.05.

A more complex case is instead offered by the rapidity, defined as

y =
1

2
ln

(
E + pz
E − pz

)
with E and pz the particle energy and the momentum along the beam axis.
The quantity actually depends both on the geometry and the kinematics.

It is clear that with the ALICE muon spectrometer it is possible to
measure quarkonia with η = 0, but this doesn’t correspond to an infinite
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rapidity. In fact the conditions necessary to get a divergent rapidity are:

y →∞⇔ E = pz ⇔
{
m = 0 or |~p | → ∞
ϑ = 0

This can be easily understood if we rewrite the rapidity as:

y =
1

2
ln


√
tan2ϑ+ 1 + m2

p2
z

+ 1√
tan2ϑ+ 1 + m2

p2
z
− 1


As previously seen (cf. section A.1) the two conditions cannot be satisfied
at the same time because |~p | → ∞ only if 2 ◦ < ϑ < 9 ◦, while if ϑ = 0
quarkonia must have a momentum less than the one showed in equation A.3
in order to be detected. The maximum rapidity corresponds then to one of
these two situations, that can be numerically evaluated. Results are shown
in table A.2.

ϑ = 0

Quarkonium |~pmaxres |
(
GeV
c

)
ymaxres

J/ψ 88.477 4.046

ψ′ 105.382 4.046

ϑ = 2 ◦ |~pres| → ∞
Quarkonium ymaxres

J/ψ 4.0481

ψ′ 4.0481

Tab. A.2: Maximum rapidity values of charmonia analyzable by the muon
spectrometer

The evaluation of the minimum rapidity value is a more difficult task. As
rapidity increases when ϑ decreases, one could say that the minimum value
is obtained with the maximum angle with respect to beam axis, i.e. 9 ◦. Un-
fortunately muons coming from quarkonium decay lay in a cone around the
mother particle direction whose width decreases with momentum. Thus as
far as quarkonium direction gets closer to detector acceptance, its momen-
tum has to grow so that the cone inside which muons lay is entirely inside
the spectrometer acceptance. Unfortunately rapidity grows with momen-
tum and the absolute minimum value it can get depends on the combining
action of angle and momentum which have opposite effects. So the precise
value has to be determined through simulations, and it is found to be about
2.5.

However, considering that it is about the same value for all the reso-
nances, we can suppose that it is determined by geometrical reasons more
than kinematical ones. So we can make an approximate calculation taking
into account the condition ϑ → 9 ◦ and |~p| → ∞, which gives a value of
yminres = 2.542.
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Appendix B

From the CEM formula to
the rapidity differential cross
section

In the following section, the algebraic calculations that lead from the color
evaporation model formula for quarkonia production of equation 3.1 to the
rapidity differential cross section of equation 6.2 will be shown.

Let’s recall again the first formula:

σCEMC = FC
∑
i,j

∫ 4m2
H

4m2
Q

dŝ

∫
dx1dx2 fi/A(x1, µ

2)fj/B(x2, µ
2)σ̂ij(ŝ)δ(ŝ−x1x2s)

In order to perform the integration over x2, it is necessary to write the Dirac
delta in a suitable way, namely δ(x2− x0

2). We use a property which states:

δ(f(x)− f(x0)) =
δ(x− x0)

|f ′(x0)|

where f ′(x0) is the prime derivative of function f(x) calculated in x0.
In our case f(x2) = x1x2s and f(x0

2) = ŝ, thus

δ(ŝ− x1x2s) =
δ(x2 − ŝ

x1s
)

x1s

If we now perform the integration over x2 we get:

σCEMC = FC
∑
i,j

∫ 4m2
H

4m2
Q

dŝ

∫
dx1

x1s
fi/A(x1, µ

2)fj/B(
ŝ

x1s
, µ2)σ̂ij(ŝ)

Let’s recall again the relation (equation 6.1) occurring between x and the
rapidity y, namely :

x1 =

√
ŝ

s
eyQQ̄ x2 =

√
ŝ

s
e−yQQ̄
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If we substitute these relations inside the integral we find that dx1 = x1dy,
and hence:

σCEMC =
FC
s

∑
i,j

∫ 4m2
H

4m2
Q

dŝ

∫
dyfi/A(

√
ŝ

s
ey, µ2)fj/B(

√
ŝ

s
e−y, µ2)σ̂ij(ŝ)

Deriving both sides with respect to rapidity we finally get:

dσCEMC

dy
=
FC
s

∑
i,j

∫ 4m2
H

4m2
Q

dŝ σ̂ij(ŝ)fi/A(

√
ŝ

s
ey, µ2)fj/B(

√
ŝ

s
e−y, µ2)

.

.

.
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Appendix C

Detection probability

One of the most important part of a simulation is the determination of the
detection probability, which is a convolution of the geometrical acceptance
and the trigger and tracking reconstruction efficiency. Its determination
requires the knowledge of kinematic distributions of both produced and de-
tected particles. The detection probability can depend on several obser-
vables, but in the following it will be considered only as a function of the
transverse momentum pT and the rapidity y.

The total number of produced particles depends on luminosity (L), cross
section (σ) and acquisition time (t) (see equation 5.2). Nevertheless, if we
don’t directly measure those particles, we are interested only in the ones
decaying in the products that can be detected. The number of such events
is

Nprod = BRLt
∫

dpT

∫
dy

d2σ

dpT dy

where BR is the branching ratio in the considered process.
The number of revealed particles is instead

Ndet = BRLt
∫

dpT

∫
dy

d2σ

dydpT
ε(pT , y)

where ε(pT , y) is the detection probability,
The total detection efficiency is clearly defined as

ε =
Nrev

Nprod

If we are instead interested in the efficiency as a function of one of the
two variables, let’s say pT but the case for y is analogous, we have

ε(pT )
def
≡

dNriv
dpT

dNprod
dpT

=

∫
dy d2σ

dydpT
ε(pT , y)∫

dy d2σ
dydpT
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