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SYNOPSIS

The Compressed Baryonic Matter (CBM) experiment is a dedicated relativistic heavy-
ion collision experiment to investigate the properties of the highly compressed baryonic
matter as it is anticipated to be produced at the Facility for Anti-proton and Ion Research
(FAIR) accelerator center, in GSI, Darmstadt, Germany. The primary objective of the
CBM experiment is the exploration of the QCD phase diagram in the region of moderate
temperatures but very high net baryon densities, by colliding heavy-ions in the beam
energy range Fj, = 10 — 35 A GeV. Model calculations performed so far, based on
transport as well as hydrodynamical equations, indicate that for central (b = 0) collisions
highest net baryon densities pp = (6 — 12)py (where py = 0.17/fm? is the density of
normal nuclear matter) are expected to be produced at the center of the collision zone.
The experiment will thus provide us the unique possibility to create and investigate
extremely dense nuclear matter in the laboratory through measurements of bulk as well
as rare probes. Such measurements will enable us to have deeper insight on some of
the fundamental issues of QCD like hadronic properties in dense nuclear matter which
might be connected to the chiral phase transition, de-confinement phase transition from
hadronic to partonic matter driven by high baryon densities and the nuclear equation of
state (EOS) at high baryon densities. The approach is complementary to the ongoing
scientific activities at RHIC (BNL) and LHC (CERN), which concentrate on the regions
of high temperatures and vanishingly small net baryon densities of the QCD phase
diagram.

Charmonium production has been identified as one of the most promising diagnostic
probes to indicate the occurrence of the de-confinement phase transition. Due to their
relatively large masses charmonia are predominantly produced in the early stages of col-
lision. In the CBM experiment, different charmonium states (J/1, ") will be identified
via their decay into lepton pairs. At FAIR energies (E, = 10 — 35 A GeV) charmonium
production will occur close to their kinematic thresholds and thus production cross sec-
tions will be extremely small. The main experimental challenge is thus the measurement
of these rare probes in an environment typical for heavy-ion collisions. Till date no data

exist on charmonium production in heavy-ion collisions below 158 A GeV. At FAIR,
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such measurements will be enabled for the first time in the world, mainly with the
help of unprecedented high heavy-ion beam intensities (~ 10?/sec) which would result
in high interaction rates (10 MHz) and detectors with very high rate capabilities and
radiation hardness. A muon detection system is under development by VECC and its

collaborators, for identification of charmonia through their di-muon decay channel.

Work presented in this thesis is based on the study of the production and detection
of J/1 mesons in the FAIR energy domain. The thesis is broadly divided into two parts.
The first part deals with the development of phenomenological models to calculate the
J /v production in low energy nuclear collisions relevant for FAIR. The second part
gives a detailed description of the design simulation of a muon detector system for
identification of J/¢ mesons in the di-muon channel. A brief discussion on each of these

topics and the main results are given below.
1. J/1 production in high energy nuclear collisions at FAIR
(a) The QVZ model and charmonium production in nuclear collisions

Under this topic, we have developed a model framework to calculate J/1 produc-
tion cross sections in p + p, p + A and A + A collisions. For this purpose, we have
adopted and adapted the originally proposed two component QVZ model. The model
describes the J/v production in hadronic collisions as a factorisable two step process:
(i) the production of the ¢¢ pairs which involves a short time scale and can be accounted
by perturbative QCD (pQCD) ii) formation of the .J/i) mesons from the initially pro-
duced cc pairs which is non-perturbative in nature and can be conveniently parametrized
through a function F(¢?) where F(q?) represents the transition probability of a color
averaged c¢ pair to form a .J/1 meson. Following the existing schemes of color neutral-
ization, different functional forms of F'(¢*) (¢* being the relative 4 momentum between
c and ¢) is constructed. Out of them two form namely the Gaussian form (F(©)(¢?))

and power-law (F(P)(¢?)) respectively bears the essential features of color-singlet model

(CSM) and color octet model (COM) of hadronization.

In case of p+ A and A+ A collisions the model takes into account for both initial state
modification of the parton distribution functions inside the nucleus (nPDF) and final

state dissociation of the produced pre-resonant c¢ pairs with the prevailing cold nuclear
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matter. The dissociation is modeled in an unconventional way through the multiple
scattering of the cc pairs inside the nuclear medium which in turn increases the energy
of the cc¢ pair. Dissociation is characterized through a parameter e defined as the energy

absorbed by the c¢ pair per unit path length of the medium.

(b) Analysis of the existing SPS data on J/¢ production cross sections

within the QVZ approach

Before applying to the FAIR energy domain, the QVZ model described earlier is
calibrated using the existing data on .J/¢ production in p + A and A + A collisions
at SPS energies. All the model parameters and their kinematic dependence are fixed
from the comparison with the p+A data at different collision energies. Both the ratio of
absolute cross sections as well as J/1 to Drell-Yan ratio are analyzed. In case of A+ A
collisions we have analyzed both the centrality dependence of nuclear modification factor
Raa and J/9 to Drell-Yan ratio as available for Pb+Pb and In+In collisions measured
by NA50 and NAG6O Collaborations of CERN-SPS respectively. Our analysis shows
that all the data, for both p + A and A + A collisions available from SPS, can be
reasonably described by cold nuclear matter effects alone. The model does not allow for

any additional suppression mechanism to set in even for most central Pb+Pb collisions.
(c) Prediction at FAIR energies

The QVZ model calibrated using the SPS data is extrapolated to the FAIR energy
domain to predict J/t¢ suppression at FAIR energies. Model calculations indicate a
larger CNM suppression at FAIR energies. It has also observed that data to be collected
from p+A collisions alone can help in experimental distinction of different mechanisms
of color neutralization scenarios. In case of heavy-ion (Au+Au) collisions a detailed
study of different nuclear effects indicate that almost 90% of the initially produced J/1)
are suppressed to the CNM effects, out of which around 15 — 20% can be attributed
to the shadowing effects of nuclear parton densities whereas rest comes from nuclear

dissociation of the pre-resonant c¢ pairs.

In addition, we have also studied the effects of Debye screening in a hot baryonic
plasma anticipated to be produced at FAIR energy nuclear collisions. Debye screening is

implemented through a variant of threshold model with the in-medium screening mass
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deciding the fate of a particular charmonium state implanted inside the QGP medium.
Comparison of different time scales related to the formation of the J/¢ mesons and that
of the plasma indicates that J/¢) mesons will be formed earlier to the formation of the
plasma. Hence J/1¢ mesons which survive the cold matter suppressions will be subject to
the plasma screening effects. Realistic space-time evolution of the plasma suggests that
Debye screening would induce a rather weak dissociation effect (~ 15 — 20%) compared
to the nuclear dissociations.

2. J/v detection in di-muon channel at FAIR energy collisions

Under this topic a detailed description has been given about the design simulation
of a muon detection system for the CBM experiment. The muon system is aimed to
be used for identification of J/1) mesons produced at FAIR energies through their di-
muon decay channel. The main objective of such simulation is to find out an optimized
version of the muon detection system which would make the above measurements fea-
sible. The novel feature of the muon system for CBM compared to other High Energy
Physics (HEP) experiments previous or planned is that the total absorber is sliced and
sensitive detectors (high resolution gas chambers) are placed in between the absorbers
to facilitate the momentum dependent track identification. The chapter depicts about
the optimization of the muon system in terms of absorbers material, their thickness,
placement, number of chambers in between the absorbers etc. The optimized muon
system is used to study the feasibility of .J/¢) measurements in central Au+Au collisions
at beam energy of 25 A GeV. The feasibility studies are performed within CBMROOT
simulation framework which allows for full event simulation and reconstruction. Signal
(J /v decaying to di-muon) and background particles are generated by event generators
PLUTO and UrQMD-3.3 respectively. The primary particles are transported through
the CBM detector set-up for muon identification using GEANT3. The produced pri-
mary and secondary tracks are reconstructed using realistic reconstruction packages.
Reconstructed muon tracks are selected for analysis applying different track quality
cuts including length of the track and track x?. The reconstructed di-muon invariant
mass spectra shows a clearly identifiable peak over the continuum which comprises the

combinatorial background coming from the weak decay of pions and kaons.
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Chapter 1

Relativistic Heavy lIon Collisions

and Quark-Gluon Plasma

1.1 Introduction

Matter, in statistical physics, is defined as a system of many constituents in thermal equi-
librium whose average properties are specified by a few global or macroscopic observables
(eg : temperature, pressure, density etc.). For different values of these observables, the
system may exhibit fundamentally different average properties, and so there exist differ-
ent states of matter, with “phase” transitions occurring when the system changes from
one state to the other. Often transitions from one phase to another are accompanied by
drastic and abrupt changes in the physical properties of the material like its electrical
resistivity, opacity, elastic properties among the others. Thermodynamic properties of
any macroscopic system is most readily expressed in the form of a phase diagram, a
graphical representation, in which different manifestations or phases of any substance
occupy different regions of a plot whose axes are calibrated in terms of the external
conditions or control parameters. Each point on the diagram corresponds to a stable
thermodynamic state. The most familiar example is of course water whose phases are
(partly) accessible to the everyday experience, as shown in Fig. The control param-
eters in this case are temperature (7') and pressure (P) and the three regions correspond

to the three phases of ice (solid), water (liquid) and steam (gas). The lines mark the
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Figure 1.1: The phase diagram of water (H20) in the (P,T) plane. The diagram is
taken from [1].

various coexistence curves P(T') where two phases are in equilibrium; a phase transition
such as melting or boiling is observed when moving along a path in the (7, P) plane
which intersects such curves. Two special points in the diagram are the triple point
where all three phases coexist, and the critical point where the meniscus separating
liquid from vapor disappears, and the two fluid phases become indistinguishable. For
T < T, the transition between liquid and vapor is first-order, implying discontinuities
in entropy and volume respectively leading to non-vanishing latent heat and interface
tension. This classification follows because entropy and volume are both first derivatives
of the Gibbs free energy G(T, P). At the critical point the transition becomes second
order, which means that singularities instead occur in specific heat Cp and isothermal
compressibility 7 of the fluid, which are related to second derivatives of the free en-
ergy. Another interesting phenomenon is critical opalescence: the size of droplets of the
liquid phase within the vapor (or vice versa) becomes comparable with the wavelength
of visible light, implying large optical path differences between adjacent parallel rays of
light and hence strong scattering — the system thus becomes opaque near the critical
point. Just beyond the critical point, thermodynamic observables still vary very rapidly
but continuously as one moves about the (7', P) plane due to the large values of Cp and

kr; this is known as a crossover region.

When sufficiently heated, water and for that matter any other substance, goes over

into a new ionized state, a 'plasma’, consisting of ions and free electrons. This transition
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Figure 1.2: Schematic view of the QGP formation due to extreme compression and
excessive heating.

is mediated by molecular or atomic collisions. It is continuous and hence not a true phase
transition in the strict thermodynamic sense. A true phase transition is characterized
by the singularity of the thermodynamic variables. Under certain conditions there may
also be a true plasma phase transition [2]. On the other hand, the plasma exhibits new
collective phenomena such as screening and 'plasma oscillations’ [3]. Plasma states can
also be induced by high compression, where electrons are delocalized from their orbitals
and form a conducting ’degenerate’ quantum plasma. In contrast to a hot plasma there
exists in this case a true phase transition, the 'metal-insulator’ transition [4, 5]. Some
natural examples include white dwarfs, stars at the end of their evolution which are
stabilized by the degeneracy pressure of free electrons [6, 7], that balances the inward

gravitational pull and stabilizes them from further collapse.

Exploration of the different states of matter, their characterization and transitions
among them has always been one of the most intriguing problems in physics research.
Strongly interacting matter opens up a new window in these studies. Nuclear matter
governed by strong interaction, one of the four fundamental forces in nature, is believed
to have a rich phase structure. Ever since the discovery of the strong force and the
multiple hadron production it may lead to, physicists are fascinated with the question
of ultimate fate of the strongly interacting matter as it is heated to extremely high

temperatures or compressed to extremely high densities [8, 9, 10, 11, 12]. In the Stan-
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dard Model of particle physics the strong interaction is described in the framework of a
relativistic quantum field theory called Quantum Chromodynamics (QCD), introduced
in 1973 [13]. This relativistic field theory is formulated in close analogy to Quantum
Electrodynamics (QED) as a gauge theory of massive fermionic matter fields interact-
ing with massless bosonic gauge fields. In QCD, point-like quarks and gluons are the
elementary degrees of freedom. Aside from the relativistic quantum numbers dictated
by Lorentz invariance, quarks come in six 'flavors’ (up, down, strange, charm, bottom,
top). To obtain the correct quantum statistics for hadronic wave functions it turns out
that quarks as well as gluons also have to carry 'color’ as an additional quantum num-
ber 15]. Unlike QED, where the photons do not carry any electric charge, gluons
in QCD carry color charge. This gives rise to gluon self-interactions which in turn lead
to the running of the QCD coupling constant o, = ¢2/4m with (space-time) distance
or momentum transfer (), such that o, decreases logarithmically with the increase in ()
(or reduction in the separation r) [16]. This phenomenon called asymptotic freedom
simplifies the description of certain high energy processes and is the reason behind the
success of perturbative QCD (pQCD). Conversely at large distances (or small @), com-
parable to the size of the nucleon, the interaction between two quarks is strong. The
amplification of the strong force with increasing distance is known as infrared slavery.
In this sense the QCD vacuum is an 'anti-screening’ medium in contrast to the QED vac-
uum, where the photon, although uncharged, can create virtual electron-positron pairs,
causing partial screening of the charge of a test electron. Even though a mathematical
proof is still missing, it is generally believed that the increase of the strong coupling con-
stant for low values of () is responsible for the permanent confinement of quarks and
gluons inside the composite hadrons. Due to growing a, toward small @), the standard
techniques of perturbative expansion breaks down and QCD enters the “strong” regime
where “non-perturbative” phenomena occur. Phase transitions in strongly interacting
matter occurs in the non-perturbative domain of QCD. Statistical QCD predicts that
in the realm of very high temperature and/or net baryon density strongly interacting
matter undergoes a transition from a color-confining hadronic phase to a plasma of de-

confined colored quarks and gluons. The situation is schematically shown in Fig. [1.2|
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and can be understood at least qualitatively through following simple picture: normal
nuclei or nuclear matter is made up of finite size nucleons (ry ~ 1 fm) bound together
by residual strong force, having density p = pg = 0.16/fm?® and temperature 7' = 0. If
we now start heating nuclear matter initially the thermal energy supplied to the system
would increase the kinetic energy of the nucleons. At sufficiently high temperatures
nuclei eventually dissolve into protons and neutrons (nucleons). At the same time light
hadrons (preferentially pions) are created thermally, which increasingly fill the space
between the nucleons. Because of their finite spatial extent (r, ~ 0.6 fm) the pions and
other thermally produced hadrons begin to overlap with each other and with the bags of
the original nucleons such that a network of zones with quarks, antiquarks and gluons is
formed. At a certain critical temperature T, these zones fill the entire volume in a 'per-
colation’ transition. We thus have a dense multiquark environment where description
of the system in terms of nucleonic or mesonic degrees of freedom is no longer possible.
This new state of quark matter is the quark-gluon plasma (QGP). There is, however,
a fundamental difference to ordinary electromagnetic plasmas in which the transition
is caused by ionization and therefore gradual. Because of confinement there can be no
liberation of quarks and radiation of gluons below the critical temperature. Thus a
relatively sharp transition with AT/T. << 1 is expected. A similar picture emerges
when matter is strongly compressed. In this case with increasing density nucleons start
more and more overlapping with each other. At a critical number density p. >> pg a
typical nucleonic volume would be occupied by several nucleons; a particular quark has
no way to identify which of these had been its partners in a specific nucleon at some
previous state of lower density. This will lead to a a cold degenerate QGP consisting
mostly of quarks. Since this deconfinement transition leads to a color-conducting state
it is considered as the QCD counterpart of the insulator-conductor transition in atomic
matter [17]. A further transition phenomenon, also expected from the behavior of atomic
matter, is a shift in the effective constituent mass. At 7" = 0, in vacuum, quarks dress
themselves with gluons to form the constituent quarks that make up hadrons. As a
result, the bare quark mass m, ~ 0 is replaced by a constituent quark mass M, ~ 300

MeV. In a hot and dense medium, this dressing melts and M, — m,. Since the QCD
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Lagrangian for m, = 0 is chirally symmetric, M, # 0 implies spontaneous chiral symme-
try breaking. The melting M, — 0 thus corresponds to chiral phase transition leading

to the restoration of chiral symmetry.

Presently the theoretical efforts of studying phase transitions and other non-perturbative
aspects of QCD are mainly pursued in two directions. The first one is the development
of various QCD inspired effective models with degrees of freedom appropriately adapted
to specific problems. They are rather successful in describing the physics within their
applicable energy range. For example in the low-energy regime of QCD, chiral perturba-
tion theory was developed with hadrons, rather than quarks and gluons, as the effective
degrees of freedom. The interaction term is dictated by the chiral symmetry, which is
approximately respected by the original QCD Lagrangian. After the effective coupling
constants are determined by fitting to experimental data, chiral perturbation theory
gains predictive power for low energy hadronic reactions/decays. Another example is
Non-Relativistic QCD, in which the heavy quarks are described by a Schrodinger field
theory while the gluons and light quarks are modeled by the usual relativistic Lagrangian
of QCD. The other approach is the only known way to solve the QCD equations in the
region of strong coupling (o ~ 1) from first principle calculations. The method is
known as lattice QCD (1QCD) [18], where the QCD Lagrangian density is discretized
on a discrete Fucledian space-time lattice. Here one makes use of the formal analogy
between Feynman’s path-integral formulation of a quantum field theory in imaginary
time 7 = it and the statistical mechanics of a system with temperature 7= 1/7. With
this method the partition function of the grand canonical ensemble, in the path integral

formulation,

1/T

Z(V.T, ) = / D[A, g e " 4r v o(Ebepinad'a) (1.1)

is evaluated stochastically via Monte Carlo sampling of field configurations, at least
at vanishing p,. From the partition function, the thermodynamic state functions such

as energy density and pressure can be determined, in the thermodynamic limit (V, N —
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00; N/V = const), using standard thermodynamic relations:

E T? /(0lnZ N 0lnZ
TV VYV ( aT )Vj“qv’ b < oV )M (1.2)

g

For matter with an equal number of baryons and anti-baryons i.e. for vanishing baryo-
chemical potential p, = 3y, one obtains in this way quantitative predictions for the
temperature dependence of thermodynamic quantities [19]. These ab-initio numerical
findings clearly show for p, = 0, the existence of a ’'cross over’ QGP transition at
T. ~ 154+9 MeV. While at i, = 0 the lattice results are relatively precise, the ab-initio
evaluation of the phase boundary in the (7 p,)-plane poses major numerical difficulties.
This is basically related to the Fermi-Dirac statistics of the quarks and is known in
many-body physics as the 'fermion-sign problem’. For the integral this implies
that the integrand becomes an oscillatory function and, hence, Monte-Carlo sampling
methods cease to work. New methods are being developed [20, 21,22, /23] to go into the
region of finite p,.

The study of the different states of strongly interacting matter is interesting not
only from a purely academic point of view but it does have practical relevance. So far
as natural occurrences are concerned our universe according to the Big Bang theory
is believed to have passed through a very high temperature and vanishingly small net
baryon density quark matter phase at the age of a few microseconds. Inside compact
stars such as neutron star the temperature is far lower compared to the earlier case,
but the high density makes it possible that the inside matter is in the color-conducting
phase. Since the properties of quark matter are characterized by the strong interactions,
new insights about the strong interaction is expected to be obtained by studying these

novel states of matter.

1.2 Historical background

In 1951 Pomeranchuk [10] conjectured that hadrons have an intrinsic size, with a radius
r, =~ 1 fm, and hence a hadron needs a space of volume V}, >~ (47/3)r} in order to exist.

This suggests a limiting density n, = 1/V}, ~ 0.24 fm~3 of hadronic matter. Beyond

28



this point, hadrons overlap more and more, so that eventually they cannot be identified
any more. Later in 1965 Hagedron first addressed the question of the fate of matter at
very high temperature in a seminal paper which was subsequently elaborated by
Frautschi [24]. The analysis was based on the (pre-QCD) statistical "bootstrap model’
in which strongly interacting particles (hadrons) were viewed as composite ‘resonances’
of lighter hadrons. A natural consequence of this model is the exponential growth in
the density of mass states: p(M},) o M,;S/Qth/TH. M, denotes the hadron mass. This
is well verified by summing up the hadronic states listed by the Particle Data Group. A
fit to the data yields Ty ~ 160 — 180 MeV. All thermodynamic quantities diverge when
T = Ty, which implies that matter cannot be heated beyond this limiting "Hagedorn
temperature’. The energy that is supplied is used entirely for the production of new
particles. In the early and mid of 1970’s it had gradually started becoming clear that
hadrons are not elementary objects rather they are built from quarks and gluons and
hence have substructure. However, the elementary building blocks of QCD, the quarks
and gluons (carrying an extra quantum number called ”color”) have not been directly
observed in experiments, although their fingerprints have been clearly identified in deep-
inelastic collisions and jet production. The paradox of Hagedorn was taken up in 1975 by
Cabibbo and Parisi [25] who noted that the quark-gluon substructure of hadrons opened
the possibility for a phase transition to a new state of deconfined quark-gluon matter.
Within this picture, the limiting temperature 7% is in reality close to or even coincides
with the critical temperature for the phase transition between colorless finite size hadrons
and colorful point like quarks and gluons. They demonstrated that the exponential mass
spectrum of hadronic states is a feature of any hadronic system which undergoes a second
order phase transition with critical temperature 7, since thermodynamical quantities
exhibit singularities at 7. This is realized in models that include ”"quark containment”
[25], so is in agreement with QQCD principles. It is interesting to note that Ref.
contains the first sketch of a phase diagram of nuclear matter. In the same year Collins
and Perry [26] demonstrated that asymptotically free QCD is also realized for large
densities. However the question that remained was how to produce such exotic states of

the strongly interacting matter in laboratory. Already in 1974, T. D. Lee in collaboration
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Figure 1.3: Schematic view of QCD phase diagram following current understanding,
in terms of the baryon chemical potential up and temperature T. Figure taken from

Ref. [30].

with G. C. Wick, first proposed [27, 28] that in high energy heavy ion collisions one may
possibly create the novel abnormal states of dense nuclear matter by distributing high
energy or high nucleonic density over a large volume that could temporarily restore
broken symmetries of physical vacuum. The term quark-gluon plasma (QGP) along
with initial ideas about the space-time picture of hadronic collisions were first introduced
by Shuryak [29] in 1978. QGP is now believed to be defined as: A locally thermally
equilibrated state of matter in which quarks and gluons are deconfined from hadrons, so
that color degrees of freedom become manifest over nuclear rather than merely nucleonic

volumes.

1.3 Phase Diagram of Strongly Interacting Matter

Over past three decades substantial experimental and theoretical efforts worldwide are
devoted to the exploration of the phase diagram of nuclear matter. As per contemporary
wisdom, a sketch of the possible phase diagram of the strongly interacting matter as a
function of the temperature T" and the baryo-chemical potential pp including several
partially speculative new phases and their boundaries is presented in Figure [1.3. For
very low net baryon densities where the numbers of particles and anti-particles are

approximately equal, QCD predicts that hadrons dissolve into quarks and gluons above
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a temperature of about 160 MeV [31,/19]. The inverse process happened in the universe
during the first few microseconds after the big bang: the quarks and gluons were confined
into hadrons. In this region of the phase diagram the transition is expected to be a
smooth crossover from partonic to hadronic matter [32]. Calculations suggest a critical
endpoint at relatively large values of the baryon chemical potential [33]. Beyond this
critical endpoint, for larger values of net baryon densities (and for lower temperatures),
one expects a first order phase transition from hadronic to partonic matter with a
phase coexistence region in between. A new phase of so called quarkyonic matter has
been proposed to exist beyond the first order phase transition at large baryon chemical
potentials and moderate temperatures [34]. This is an intermediate state in which
baryons dissolve into quarks, but mesons remain as confined states. The compression
of baryonic matter at low temperature could result in another type of transition. This
would set in if an attractive interaction between quarks in the deconfined baryon-rich
phase results in the formation of colored bosonic diquark pairs, the counterpart of Cooper
pairs in QCD. At sufficiently low temperature, these diquarks can then condense to form
a color superconductor. For a medium of quarks with color and flavor degrees of freedom,
the diquark state can in fact consist of phases of different quantum number structures
like CFL [35] phase where color degree of freedom couples strongly with flavor degree
of freedom. The large degree of compression without heating, required for formation
color superconductor presently seems to be impossible to achieve in the laboratory.
However such high-density strongly interacting cold matter is expected to exist in the
core of neutron stars, a few seconds after its birth in the supernova explosion. Heating
will dissociate the diquark pairs and turn the color superconductor into a normal color
conductor. The main goal of modern heavy ion experiments at intermediate energies is

to shed more light on the very interesting region of high net baryon densities.

1.4 Relativistic Heavy Ion Collisions

Relativistic heavy ion collisions make it possible to study the properties of strongly

interacting matter at energy densities far above those of normal nuclear matter. The idea

31



is that by accelerating heavy nuclei to very high speed and then colliding them a large
amount of their kinetic energy is deposited into a small spatial region and converted to
thermal energy resulting in extremely high temperature. In laboratory by colliding heavy
ions at various energies one can produce nuclear matter over a range of temperatures
and densities. Thus in principle the phase diagram of strongly interacting matter can

be accessed experimentally in nucleus-nucleus collisions at relativistically high energies.

1.4.1 Space-time picture of relativistic heavy ion collisions

The large body of experimental and theoretical research conducted over the past decades
at different experimental facilities like AGS, SPS, and RHIC has led to the following
“standard model” of heavy ion collisions. The time evolution of a typical heavy ion

collision at relativistic energies is understood to proceed through the following stages:

e Initial state and pre-equilibrium Two highly energetic lorentz-contracted nu-
clei travel along the light cone for ¢ < 0 and they collide with each other, with
an impact parameter b, at ¢ = 0 at the origin (z = 0). Depending on the impact
parameter, the two colliding nuclei overlap either partially in non-central collisions
(b > 0) or fully in central (b ~ 0) collision and dump a large fraction of their kinetic
energy due inelastic collisions between the nucleons, inside a small volume in the
centre of the collision zone. A large number of partons (quarks and gluons) are

liberated from the high energy deposited in the overlap region of the two nuclei.

e Thermalization: These highly energetic partons interact among themselves with
a characteristic mean free path much smaller compared to the size of the system.
After sufficient reinteractions for 7o=0.5-1fm/c the quarks and gluons undergo
equilibration and a Quark-Gluon Plasma (QGP) is supposedly created. Driven
by the pressure gradient the QGP expands and cools (for a duration of Togp ~3-
5fm/c).

e Hadronization and Freeze-out: The hadronization then follows as the energy
density falls below the critical value (¢, ~ 1 GeV/fm?) required for plasma forma-

tion by crossing the phase boundary. Further expansion occurs in the hadronic
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Figure 1.4: A schematic diagram showing the evolution of the fireball produced in
relativistic heavy ion collisions in the light cone picture. Phases at different times include
the pre-equilibrium partonic phase, thermalized quark-gluon plasma, hadronization and
its subsequent freeze out.

phase until the “chemical freeze-out” point when inelastic interactions cease with
fixing the chemical composition of the particles. After that further expansion/cooling
takes place until “kinetic freeze-out” or “thermal freeze-out” is reached. A thermal
freeze-out is defined as the point in temperature where the density of particles with
elastic cross section o becomes small enough so that the mean free path A = 1/no
is larger than the system size. Particle transverse momentum spectra fixed at this
point and free-streaming hadrons reach the detector. The total fireball lifetime is

approximately 10-15 fm/c depending on the beam energy.

The space-time diagram of the relativistic nuclear collisions is shown in Fig.[1.4. Due
to the time-dilation effect particles with larger v, in center of mass frame are “younger”
than the ones with smaller v,. This means that the above mentioned evolution of the
matter is “measured” by the longitudinal proper time 7=v/t2 — 22 rather than by the
lab time ¢, as illustrated in Fig. The local fluid velocity is ~ z/t and the local
proper time is constant so that the 7 surfaces that envelop the several dynamic regions
are approximately hyperbole. Due to the short lifetime of the medium, special probes
are needed to access the properties of the medium. The only probes turn out to be the

produced particles themselves. Interesting experimental information is contained in the
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study of the distributions of these particles which depending on their nature are emitted
from the different stages of the evolution of the fireball. Whether any information on

the phase transition can be gleaned from these investigations will be discussed below.

1.4.2 Theoretical formulation

Direct detection of free quarks and gluons is impossible due to the confining nature
of QCD. It is thus utmost important to model the dynamical evolution of heavy ion
reactions for getting insights about the interesting early stage of the reaction from the
final state particle distributions and for a rigorous interpretation of the experimental
observations. Theoretical models that have been developed to study the QGP pro-
duction and its subsequent evolution in relativistic heavy ion collisions are based on
Lorentz-covariant dynamical framework. They can be broadly classified into two cate-
gories: (i)relativistic transport models and (ii) relativistic hydrodynamics models. They
represent two opposite limits in their underlying assumptions.

Models based on transport approach aims at the description of heavy ion reactions
consistently from the initial state to the final state. They p provide a microscopic
description of the system in all stages of the collision on the basis of an effective solution

of the relativistic Boltzmann equation [306]

PO fi(at,p") =Ci . (1.3)

This equation describes the time evolution of the phase space distribution functions
fi(z”,p”), for particle species ¢ and includes the full collision term on the right hand
side. The advantage of such a microscopic description is that it is applicable to non-
equilibrium situations and the full phase space information is available at all stages of
the heavy ion reaction. However mostly the transport models are restricted to 2 — n
scattering processes to keep the calculation numerically tractable. The restriction to
binary collisions assumes large mean free paths of the particles. However if the particle
density increases in the system it becomes questionable if a restriction to two-particle

interaction is still justified. Another lacuna of this approach is to find an appropriate
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prescription to explain hadronization and the phase transition between the hadronic and
the partonic phase on a microscopic level. Different transport based dynamical Monte-
Carlo models are found in literature to simulate the relativistic heavy ion reactions over
a broad energy range. They are mostly based on hadronic and string degrees of freedom.
Some models are also available which additionally include partonic degrees of freedom
in the initial stage of the collisions. Some of the typical transport based calculations are
A Multi Phase Transport (AMPT) model [37], Ultra Relativistic Quantum Molecular
Dynamics (UrQMD) model, Hadron String Dynamics (HSD) model, Parton
Hadron String Dynamics model (PHSD) [40], Quark Gluon String Model (QGSM) etc.

Hydrodynamics, on the other hand, has been proposed many years ago as a tool for
the description of the hot and dense stage of heavy ion reactions on a macroscopic level
with a primary assumption of local thermal equilibrium of the produced system[41, 42,
43]. In this approach it is possible to model phase transitions explicitly because one of
the major inputs to a hydrodynamic calculation is the equation of state (EoS). Ideal
relativistic one fluid dynamics is based on the conservation of energy, momentum and
the net baryon number current. For the hydrodynamical evolution local equilibrium
is assumed and zero viscosity which corresponds to zero mean free path. The two
conservation equations that govern the evolution are the energy-momentum conservation
and net baryon density conservation for given initial conditions, i.e. spatial distributions
of energy and net baryon number densities. The coordinate space is divided into small
cells in which the distribution functions correspond to equilibrium distributions (Fermi

or Bose distribution). The conservation equations read as [11, 44]

0,I" =0 and 0,N" =0, (1.4)

where T is the energy-momentum tensor and N* is the baryon current. For an ideal
fluid the energy-momentum tensor and the net baryon number current take the simple

form

™" = (ens + P)ulu” — Pg" and  N" = pysu (1.5)
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where e, P and p¢ are the local rest frame energy density, pressure and net
baryon density, respectively. u* = 7(1,) is the four velocity of the cell and g" =
diag(+,—, —, —) is the metric tensor. The local rest frame is defined as the frame where
T has diagonal form, (i.e. all off-diagonal elements vanish). The four-velocity of the
cells is calculated via the transformation into the local rest frame. In this macroscopic
approach the propagated quantities are net baryon number and energy densities which
can be translated into information about the temperature and chemical potential via
the specific equation of state (EoS). Since the evolution is driven by pressure gradients
and the pressure is determined via the EoS, the EoS is the essential ingredient for the
hydrodynamical evolution. Thus, hydrodynamics is a good tool to describe collective
behavior. Ideal hydrodynamics applies to systems with small mean free path, otherwise
viscous effects have to be taken into account [11]. A general advantage of hydrody-
namics is the feature to explicitly incorporate phase transitions by changing the EoS.
The hydrodynamic description has gained importance over the last few years because
the high elliptic flow values that have been observed at RHIC seem compatible with
some ideal hydrodynamic predictions 47]. The initial conditions and freeze-out
prescription are the boundary conditions for a hydrodynamic calculation and therefore
a further crucial input. Thus, the hydrodynamic results depend strongly on the initial
and final state prescription that is applied in the specific calculation. An obvious disad-
vantage of the hydrodynamic calculations are apriori assumption of local thermalization
which prevents their us in the pre-equilibrium phase as well as in the late stage of the
heavy ion reaction when the system gets too dilute to maintain equilibrium. A proper
modeling of the hadronic rescatterings and resonance decays requires description in some

non-equilibrium prescription like transport theory.

To get a more consistent picture of the whole dynamics of heavy ion reactions various
so called microscopic plus macroscopic (micro+macro) hybrid approaches have been
developed [48, 49, 50| during the last decade where a transport model is coupled to
a hydrodyamic model such that non-equilibrium initial conditions are simulated by the
transport approach and the intermediate hot and dense stage of the collision is described

by hydrodynamical evolution. Subsequent freeze-out dynamics including the separation
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of chemical and kinetic freeze-out and final state interactions like resonance decays and

rescatterings are again accounted into the transport model.

1.4.3 Relativistic heavy ion Experiments

Till date the only laboratories providing sufficiently energetic nuclear beams are the
Brookhaven National Laboratory (BNL) at Long Island, New York (USA) and the Eu-
ropean Organization for Nuclear Research (CERN) in Geneva (Switzerland). Both began
experimentation in 1986, using existing accelerators. BNL had the Alternating Gradient
Synchrotron (AGS), designed for 30 GeV /c proton beams, CERN the Super Proton Syn-
chrotron (SPS) for 450 GeV/c protons. The injectors available at that time allowed only
the acceleration of nuclei containing equal numbers of protons and neutrons (A=27),
so that the beams were restricted to light ions (A<40). Both laboratories have in the
meantime built new injectors, allowing the acceleration of arbitrarily heavy nuclei in
AGS and SPS. The AGS program [51], carried out over a period of about 15 years by
several experiments (E802/864,917 E810, E814/877, E864, E895). The SPS program
has also been concluded. Compelling evidence for the production of a “New State of
Matter”, has been claimed to be found in central Pb+Pb collisions [52] studied by seven
experiments: WAS80/98, NA35/49, NA38/50/60, NA44 NA45/CERES, WA97/NA57,
and NA52. The currently running experimental facilities include the Relativistic Heavy
Ion Collider (RHIC) at at Brookhaven National Laboratory (BNL) and the Large
Hadron Collider (LHC) at CERN [54]. A vigorous research program, started with the
first data taking in 2001, is still on-going at RHIC with four experiments, BRAHMS,
PHENIX, PHOBOS and STAR. Among them BRAHMS and PHOBOS have already
stopped taking data whereas rest two are still running. The data collected at RHIC is
believed to lead to the discovery that quark-gluon matter in the vicinity of the phase
boundary behaves more like an ideal liquid, the so called strongly coupled quark-gluon
plasma (sQGP) rather than a weakly-interacting plasma. The strongly coupled quark-
gluon plasma is in many ways similar to certain kinds of conventional electromagnetic
plasmas consisting of electrically charged particles (electrons, ions) which also exhibit

liquid or even solid-like behavior. Strongly coupled systems are characterized by the
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Table 1.1: Experimental facilities for high energy nuclear collisions which have already
taken data. For each machine we have quoted the starting year of experimentation

Start Year | Machine Type Collision system | \/syn [GeV]
1986 BNL-AGS | Fixed Target Si+Au 5
1986 CERN-SPS | Fixed Target | S+Pb, O+Pb 19
1992 BNL-AGS | Fixed Target Au+Au 5
1994 CERN-SPS | Fixed Target Pb+Pb 17
2000 BNL-RHIC Collider Au+Au 200
2010 CERN-LHC Collider Pb+Pb 2760

coupling parameter I' defined as the ratio of the average potential energy to the average

kinetic energy per particle. The strong coupling regime corresponds to I' > 1.

A new era of experimental quark matter research has begun in 2009 with the start of
the experimental program at the LHC. At LHC the ALICE experiment is fully dedicated
for QGP research. Other experiments having ultra-relativistic heavy ion physics in their
research program are ATLAS and CMS. A summary of the past and existing heavy
ion collision experiments is given in Table 1.1l The forthcoming experimental facilities
include the dedicated fixed-target Facility for Antiproton and Ion Research (FAIR) at
Gesellschaft fiir Schwerionenforschung (GSI), expected to be operational in 2018 [55],
the NAG1 experiment at CERN-SPS ring and the nuclear collider (NICA) at Dubna. So
far at SPS, collisions have been conducted between various ion beams, such as proton
(p), deuteron (d), O, S, Pb, and different targets such as S, Si, Cu, W, Pb, U, at different
energies from 20 AGeV to 158 AGeV (for a proton beam it can reach up to 450 GeV).
RHIC has produced collisions between p+p, d4+Au, Cu+Cu and Au+Au at different
energies ranging from /s=7.7 A GeV to 200 A GeV. In near future Pb+Pb collisions
will be performed at LHC with up to /s=5.5 ATeV. FAIR will carry out heavy ion
collisions with /s close to 10 AGeV. Different heavy ion experiments, with different
beam energies, probe different regions in the QCD phase diagram: the matter created
in the central region of collisions with higher beam energies is more symmetric between
baryons and antibaryons, while the lower energy experiments (such as FAIR) enable to

study the properties of dense baryonic matter.
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1.5 Signatures of QGP in Relativistic Nuclear Col-
lisions

In this section we plan to briefly describe some of the different signatures that would
indicate the formation of QGP in relativistic heavy ion collisions. The central problem
connected with the detection of QGP in relativistic heavy ion collisions is the transient
life time of the fireball which prevents any direct measurement and one has to look for the
signals to search for the evidence for the QGP formation via indirect means. It is conse-
quently of particular relevance to find experimental observables which carry information
(preferentially) from one particular stage, in particular about the QGP phase. Over the
decades specific probes of QGP have been proposed [56, 57, 58, 59, 60] which are be-
lieved to carry unambiguous and experimentally signatures for deconfinement transition
in nuclear collisions.

But before making any conclusion on the possibility of plasma formation, it is essen-
tial to study the modification of all the proposed signals by the corresponding non-QGP,
nuclear effects. Nuclear effects are generally constrained from the measurements of p+ A
where no secondary medium is expected to be formed. Experimentally one tries to un-
derstand the onset of all the signals in terms of different handles available namely the
collision centrality (by selecting multiplicity or transverse or forward energy), collision
species (a controlled variation of system size) and the center of mass energy.

The specific questions which one aims to address via measurements of these probes

are the following:

e Are the initial energy densities, necessary to form QGP, reachable in heavy ion

collisions?

e Are the relevant space and time scales sufficiently large to achieve equilibrium?

Depending on the energy of the collision, two simple models are generally found in
literature two estimate the initial energy densities. They are known as Landau model
and Bjorken model [62] and are based on the degree of stopping of the participant

nucleons during the collision in the central region. The Landau model is based on the
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complete stopping of the colliding nuclei in the central rapidity region is valid for low
energy nuclear collisions. On the other hand in the Bjorken model two highly accelerated
colliding nuclei completely pass through each other leaving a large fraction of their kinetic
energy in the mid rapidity region which is subsequently used in particle production.
We will now discuss briefly some of the experimental signals which have been pro-

posed over the years to probe the matter created in heavy ion collisions.

1.5.1 Global Observables

Global observables like transverse energy Ep, particle multiplicities (N,, Ny, etc.), pr-
spectra of the produced particles and their pseudo-rapidity distributions with mass num-
ber and beam energy provide insight about the dynamics of the system and regarding
the formation of QGP [62, 63]. It is also proposed that the correlation of transverse
momentum pr and the multiplicity of the produced particles may serve as a probe for
the EoS of hot hadronic matter [64]. According to Landau’s hydrodynamic model [11],
the rapidity density (dN/dy), reflects the entropy and the mean transverse momentum
(< pr >) the temperature of the system. Except at the phase transition points, the
rapidity density linearly scales with < py >. If the phase transition is of first order,
then the temperature remains constant at the coexistence of the hadron gas and the
QGP phase, thereby increasing the entropy density. So < pr > will show a plateau
with increase of entropy. Hence the global observables like dN/dy and < pr > will give
indication of QGP phase and the order of phase transition. dEr/dn gives the maximum
energy density produced in the collision process which is necessary to understand the
reaction dynamics. The formation of QGP may also change the shape of the pseudo-
rapidity distribution [65, 66]. The event multiplicity distribution gives information of the
centrality and energy density of the collision. The scaling of multiplicity with number
of participant nucleons (NN,,) reflects the particle production due to soft processes (low
pr). Whereas, at high energy when hard processes (high-pr) dominate, it’s expected that
the multiplicity will scale with number of elementary nucleon-nucleon collision (N,y;).
There are models [67] to explain the particle production taking a linear combination of

Npart and Ny (called a two-component model).

40



1.5.2 Strangeness enhancement

Strangeness enhancement is one of the important probes of QGP formation [68, 69]. An
abundant production of strange hadrons in heavy ion collisions, than in similar energy
p+ por p+ A collisions, was proposed as a potential signature for the QGP formation
in the relativistic nuclear collisions way back in 1980 [70]. In a nucleus-nucleus collision,
no valence strange quarks are present in the initial colliding nucleons The strangeness,
which is created during the collisions, in the partonic or in the hadronic phase thus
provides information on the reaction dynamics.

In a thermally and chemically equilibrated QGP medium, the energy levels for u
or d quarks are almost filled up to the Fermi surface. Thus following Pauli’s exclusion
principle creation of an additional u@ or dd pair to the system would cost a minimum
of 2ep energy (er being the Fermi energy of the light quarks). However creation of ss
pairs is relatively much easier which are now considerably lighter due to chiral symmetry
restoration. Since the current mass for the strange quarks is in the range mg ~ 100 — 150
MeV, the maximum threshold energy for producing a ss pair in the plasma phase is
~ 2mg ~ 300 MeV.

In a purely hot hadronic medium, the production of particles containing strange
quarks is normally exponentially suppressed due to the high mass of strange quark
compared to the particles composed of light u and d quarks. The dominant channels
for strange hadron production are: N + N — N + A + K and 7 + 7 — K + K having
Q values around 670 MeV and 700 MeV, which is much larger than ss production
threshold. Thus strangeness production is much easier in partonic phase compared to
the hadronic phase. In the QGP phase, strangeness production predominantly occurs
through the two gluon fusion (g + g — $8). This should be reflected in an enhanced
production of strange hadrons in the QGP phase compared to a purely hadronic scenario,
at the same temperature. Due to the initial conditions in the heavy ion collisions, light
quarks ( u,d) will be more abundantly available than the corresponding anti quarks
(#,d). Hence during hadronization the s5 pairs can combine with each other to form a
¢ meson. Otherwise a § can combine with a u quark to form a K (us) or a s quark can

find a u and d quark to form a A(uds) (note that due to initial conditions it is easier
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for a s quark to form a baryon rather than forming a meson by combining with a % or
d quark). The higher number of s5 pairs in the plasma phase will finally show up in an
enhanced production of strange particles (¢, A, KT etc) in nuclear collisions compared
to p+ p collisions. The important observables in this respect are the yields of strange as
well as multi-strange hadrons and the ratios of the number of strange hadrons to non-
strange hadrons produced in the collision process. Strangeness enhancement has been
experimentally observed in experiments at SPS and RHIC. Strangeness enhancement

is a more useful probe particularly for plasmas having finite baryon chemical potential

(k> 0)

1.5.3 Electromagnetic radiations: Photons and Dilepton

Photons real or virtual (i.e. lepton pairs ete™ and p* ™) produced in relativistic heavy
ion collisions are collectively called as electromagnetic probes. Emission of electromag-
netic radiation is believed to be one of the most promising and efficient tool to charac-
terize the initial state of heavy ion collisions. In 1976 Feinberg [71] first pointed out the
importance of the electromagnetic probes. Photons and dileptons are produced in all
stages of the evolution of the fireball right from the early pre-equilibrium stage up to
the freeze-out. Once produced they interact with the surrounding medium dominantly
via electromagnetic interactions (a, << «g). Even at the highest temperatures and
compression reached in relativistic heavy ion collisions the mean free path (A = n—la) of
photons is typically 10> — 10 fm [72], which is much larger than the size of the fireball
(~ 10 fm). Consequently once produced they do not suffer any further interactions
before reaching the detectors and thus carry the unscathed information about the in-
teriors of the fireball where they are produced. Dileptons and photons are thus called
the “penetrating” probes of the hot and dense matter produced in the collisions. In
the beginning photons and dileptons were studied with the hope to get information the
temperature of the fireball. Eventually they have also been found to provide useful in-
formations about several other important aspects of the collision. For example photons
can used to study (i) evolution of the system size by intensity interferometry [73], (ii)

momentum anisotropy of the initial partons [74] as well as formation time of quark-gluon
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plasma [75] using elliptic flow of thermal photons, (iii) an accurate check on jet quench-
ing and other aspects of the collision dynamics by photons due to passage of high energy
jets through plasma [76] among the others. Dileptons, on the other hand are considered
as the most reliable messengers of the medium modification of vector mesons [77]. In
addition, studying the mass dependence of the dilepton interferometry in relativistic

heavy ion collisions has also been recently proposed as a tool for characterization of

QGP phase [78].

We here briefly discuss both the signals photons and dileptons useful for QGP diag-

nostics in relativistic nuclear collisions. More details can be found in [79,

In relativistic nuclear collisions, production of photons is a result of convolution of
the various emission sources from the entire evolution history of the fireball. Photons
are emitted from the pre-equilibrium stage, from QGP phase, from hadronic phase and
also from the decay of hadrons produced at the time of freeze-out. Depending on the
production mechanism photons can be broadly classified into two categories namely (i)
direct photons and (ii) decay photons. In a heavy ion collision experiment, the detector
captures all the emitted photons and the resultant spectrum is the inclusive photon

spectrum, with more than 90% of the photons coming from hadron decay.

Photons which are directly produced from a particle collision are called 'direct pho-
tons’. Depending on their origin they can be classified into several categories, namely,
(1) prompt photons, which originate from initial hard scatterings, (2) pre-equilibrium
photons, produced before the medium gets thermalized, (3) thermal photons from quark-
gluon plasma as well as by hadronic reactions in the hadronic phase, and (4) photons
from passage of jets through plasma. In relativistic heavy ion collisions, prompt pho-
tons are produced in the initial stage due to hard partonic collisions from the colliding
nucleons. The corresponding partonic sub-processes include quark gluon Compton scat-
tering (¢ + g — ¢ + 7), quark anti-quark annihilation process (¢ + ¢ — ¢ + 7), and
quark fragmentation ( ¢ — ¢ + ) following scattering of partons of the nucleons in the
colliding nuclei. At lowest order in a.a,, quark gluon Compton scattering and quark
anti-quark annihilation processes dominate the photon production. Since produced in

hard process, prompt photons have a very high pr and their contribution to the inclusive
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single photon spectrum in heavy ion collisions can be estimated by standard techniques
of pQCD, provided the nuclear effects are properly taken into account. Thermal photons
are likely to have two distinct origins namely thermal radiation from a QGP medium or
that from a hot hadronic medium. Photons radiated from the QGP phase are expected
to carry information on the thermodynamical state of the medium at the instant of their
production. The same partonic subprocesses responsible for prompt photons are also the
dominant sources for thermal photon radiation from a QGP phase. The only difference
is that in the later case the momentum distributions of quarks and gluons obey thermal
distribution whereas in the previous they are determined from the nuclear structure
functions. Hot hadronic matter in thermal equilibrium produced after the hadroniza-
tion of the quark-gluon plasma may also lead to production of thermal photons due to
hadronic reactions. These photons will dominate the spectrum at lower pr ( < 1 GeV ).
In a hot hadronic gas (having temperature of the order of pion mass), typical recations
for photon production are pion annihilation (7 + 7 — 7 + p) and Compton scattering
(m+p — v+ p) [72]. Apart from the thermal photons, the other possible source of
direct photons are jet-conversion photons, relevant for the ultra-relativistic heavy ion
collisions like RHIC and LHC. A quark (antiquark) jet during its passage through QGP
may annihilate with a thermal antiquark (quark) or undergo a Compton scattering with

a thermal gluon and lead to the production of high energy jet-conversion photon.

In addition to the directly produced photons, they are also produced copiously from
the decay of final state hadrons emitted from the freeze out surface (eg: 7° — ~ + v,
n — v+ etc.). Decay photons can be subtracted from the inclusive spectrum through
invariant mass analysis 83]. Theoretical models are required to identify the different
sources of direct photons and their relative importance in the spectrum [84]. Depending
on the source, the momentum distributions for different classes of photons would be
different. Higher the pr of the photons earlier they are produced in the collisions. One
thus needs to identify a suitable pr window where photons from QGP dominates over
its hadronic counter part 86,87, 88], which in turn can be used for determination of
initial temperature of the plasma [87, 89, 90, 91,92, 93]. Calculation of jet-conversion

photons on the other hand is particularly interesting, as there are indications that they
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measure the initial spatial anisotropy of the system [94].

Dileptons on the other hand, are sometimes believed to be more advantageous over
the photons due to their massive nature. The dilepton invariant mass M and the
transverse momentum pr are the two parameters available for dileptons, which can
be tuned to investigate the different stages of the expanding fireball. Similar to photons
dileptons are also emitted from every stage of heavy ion collisions and from different
sources [57, 58,180, 81]. Dileptons having large invariant mass and high pr, are emitted
very early, soon after the collision when the temperature of the system is very high. On
the other hand, those having lower invariant masses come out later from a relatively
cooler stages. The most significant physical source for di-lepton signal in the partonic
phase is the annihilation of quark-antiquark pairs (¢+q — [T +17, g+q— g+1"+17)
and Compton scattering (¢(q) + g — ¢(q) + 17 +17). In the hadronic sector, it is, 777~
(7t + 7 — " 4+ [7) annihilation. They are also produced from the direct decay of
hadronic resonances like p, w, ¢, J/WU, ' etc as well as from Drell-Yan process. In the
Drell-Yan process, a valence quark from a nucleon in the projectile nucleus interacts with
a sea anti-quark from a nucleon in the target nucleus to form a virtual photon, which
decays into a lepton pair. Apart from the direct hadronic decays there are contributions

O et +e +yw—m+et+e,np — et +e + 7 ete

from Dalitz deacy like 7
Depending on the pair invariant mass, the entire dilepton spectrum can be classified

into three distinct regimes:
a) Low Mass Region (LMR): M < M,(= 1.024 GeV): In this mass range, vector
meson decays are the dominating source of dilepton production and medium modified

spectral density is one of the key issues which needs to be addressed.

b) Intermediate Mass Region (IMR): My < M < Mj/g(= 3.1 GeV): In intermediate
mass region, continuum radiation from QGP dominates the dilepton mass spectrum and

thus this region is important for getting a pure QGP signature.

c) High Mass Region (HMR): M > M;,y: In the HMR, the most interesting phe-

nomenon are the primordial emission and heavy quarkonia like J/¥ and Y suppression.

Apart from the above signals the experimentally measured di-lepton spectrum con-

tains a background continuum having contributions from both physical and unphysical
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sources. The unphysical source is the combinatorial background mainly due to weak me-
son decays. Combinatorial background can be subtracted from the raw spectrum using
invariant mass analysis techniques. The physical background is constituted mainly from
the Drell-Yan scattering which mostly populate the high mass regime and the correlated
semileptonic decay of heavy flavor mesons (D, D etc.) that form a continuum in the
intermediate mass regime. Dileptons from Dalitz decay also form a continuum and pop-
ulate the low mass region. Contribution from the hard process like Drell-Yan production
occuring in the initial stage of the collisions, can be estimated from pQCD calculations.
The yield from Dalitz decays can be estimated from the hadronic spectra measured in
heavy -ion collisions. A study of the pr dependence of various mass windows might
perhaps help to disentangle the different contributions to the spectrum and the regime
where radiation from the plasma phase rides over all the other non-QGP sources. It
has been found that the invariant mass spectrum of thermal dilepton is dominated by
QGP radiation above ¢ mass and hadronic radiation outshines the QGP contribution
for M < M,. Theoretical calculations have also shown that ratio of the thermal photons
to dileptons can be used to estimate the initial temperature of the fireball by a suitable
selection of the pr and invariance mass window (of the leptopn pair) [95]. The ratio
can also be used to extract the radial low of the medium, non-monotonic variation of
which with pair mass is argued to be indicative of the quark-hadron phase transition at
SPS and RHIC energies [96]. Recently in [97], the authors have studied the variation
of elliptic flow of thermal dileptons with transverse momentum and invariant mass of
the pairs for Pb+Pb collisions at LHC energies. They found that a judicious selection
of M and pr windows can be used to extract the collective properties of quark matter,
hadronic matter and also get a distinct signature of medium effects on vector mesons.
Their results indicate a reduction of elliptic flow (vg) for M beyond phi mass, which if

observed experimentally would give the measure of vy of the partonic phase.

On the other hand, low mass vector mesons (p,w,¢) decaying into dileptons are
considered as the most reliable experimental probes to study the medium modification
of hadrons. Among them particularly interesting is p(770) meson. The low mass region

of the dilepton spectra is largely mediated by p(770), a broad vector meson, as a result
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of its strong coupling to the 77 channel and a short lifetime, which is about 1.3 fm/c. w
meson was also predicted to behave as chronometer and thermometer in hot and dense
hadronic matter due to opening up of the new in-medium decay channels forbidden in
vacuum [98]. The ultimate goal of the study of in-medium hadrons, is to find some
connection with the chiral phase transition. At high temperatures and large chemical
potentials, in addition to deconfinement transition, chiral symmetry (a fundamental
symmetry of QCD in the massless limit), spontaneously broken in the hadronic world, is
believed to get restored. According to our current understanding chiral symmetry gets
restored near (or at) the deconfinement phase boundary. The in-medium electromagnetic
response, which is dominated by the vector mesons p,w and ¢, provides a direct link to
chiral symmetry and its restoration near the transition temperature 7,.. Restoration of
chiral symmetry implies a strong reduction (‘melting’) of the quark condensate near T..
Furthermore, at the phase boundary, the vector- and axial-vector correlation functions
corresponding to the p meson and its chiral (parity) partner, the a; meson, must become
identical in the limit of vanishing quark masses [99, 100]. Theoretical calculations [101]
indicate that the dilepton yield calculated using the hadronic in-medium correlation
function near the phase boundary coincides remarkably well with that obtained from
lowest-order ¢g annihilation in the QGP, where chiral symmetry is restored. Since a
strong increase of the p-meson width is seen in the present di-lepton data [102, 103],
it thus seems that the signal for chiral symmetry restoration in the electromagnetic
response of hot and dense matter is a smooth 'melting’ of the p meson into a featureless
quark-antiquark continuum. It might also important to note in this context, that in the
recent data there is no evidence for a possible downward shift of the p mass, as had
been predicted early-on based on a scaling relation between the p mass and the
in-medium quark condensate. In a chirally symmetric world, the spectral distribution of
p meson should become degenerate with that of its chiral partner a; meson. Hence also
the a; meson has to melt smoothly into a quark-antiquark continuum. Experimentally
this is highly unfeasible to check as the dominant electromagnetic decay of the a; meson
involves, besides a virtual or real photon, a pion which suffers strong rescattering and

absorption in the fireball and hence the early stages of the collision are hard to probe.
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Thus so far as experimental detection of chiral phase transition is concerned, di-leptons

appears to be the only probe.

1.5.4 Quarkonium suppression

The bound states of a heavy quark (@) and its anti-quark ()) which are stable with
respect to strong decay into open charm or bottom hadrons are collectively called quarko-
nia. Depending on the heavy quark infrastructure, charm (c¢) or bottom (b), the cor-
responding bound states are known as charmonia or bottomonia, respectively. Due to
their close analogy with positronium atom (bound state of e™ and e™), the heavy quark
bound states are so named and contain a spectrum of resonances corresponding to var-
ious excitations of the heavy quark pair. However unlike its analog governed mainly by
electrostatic Coulomb force, properties of the quarkonium states are determined by the
strong interaction. The vector (spin-one) ground state of of charmonium (c¢) family is
known as J/1 and that of the bottomonium family is called Y. Apart from these vector
ground states both the ¢ and bb systems give rise to a number of other stable bound
states of different quantum numbers [105].

Quarkonia are some what different from the usual hadrons. The masses of the lighter
hadrons particularly in those of the non-strange mesons and baryons, almost entirely
arise from the interaction of their nearly massless quark constituents. In contrast, the
quarkonium masses are largely determined from the bare quark masses of charm or
bottom quark, coming from the electroweak sector of the standard model via Higgs
mechanism. Large quark masses enable the use of non-relativistic quantum theory to
calculate many basic properties of these quarkonium states. A specific characteristic of
quarkonia (particularly the ground and lower excited states) is their small size. While
the typical hadron radius is ~ 1 fm, the radii of charmonia and bottomonia range from
0.1—0.3 fm, resulting a large binding energy compared to the normal hadrons. Again the
stability of the c¢/bb quarkonium states implies that their masses satisfy M. < 2Mp
and M; < 2Mp, where D = cu and B = bu are the corresponding “open” mesons.
Hence their strong decays into DD /BB pairs are forbidden.

In 1986, Matsui and Satz in their seminal paper [106] argued that in a QGP, due
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to Debye screening by the free color charges, production of J/i and other quarkonium
resonances would be suppressed. The magnitude of the suppression for different quarko-
nium states should depend on their binding energy, with strongly bound states such as
the T showing less or no modification [107]. Suppression does not imply the that the c¢
pairs will not be produced. Rather it would indicate a depletion of the J/1 yield either
because an evolving c¢¢ pair fails to form a J/v¢ or the J/v produced is destroyed due
to its subsequent interactions with the medium. This suppression was thought to be an
ideal test of deconfinement phase transition as no other mechanism apart from plasma
screening could be identified that would lead to .J/v suppression in nuclear collisions.
Since then measuring J/1) suppression in nuclear collisions had been one of the major
experimental goals. A reduction of the J/v yield was indeed observed in different heavy
ion collision experiments with the first ever nuclear suppression was measured with Oxy-
gen beams at the SPS [108]; now attributed to cold nuclear matter (CNM) effects rather

than deconfinement [109].

However over the years many other hadronic mechanisms have been identified that
could also lead to the observed .J/v suppression in experiments. Thus .J/v suppression
in nuclear collisions is no longer a “smoking-gun” signature for deconfinement transition.
But the source of the observed J/1 plasma or hadrons, has still remained controversial.
Calculations of .J/1 suppression by a QGP as well as by a purely hadronic medium had
both been previously shown to be consistent with the measurements. At higher energies
in addition to the suppression, charmonium regeneration has also been proposed as an
alternative mechanism for .J/1 production due to recombination of the exogamous ¢, ¢
quarks in the plasma phase. Often the discussions were focused on whether one could
describe all the existing measurements simultaneously using hadronic models. No QGP
mechanism can be soundly established until all plausible hadronic scenarios have been

systematically excluded from the data. Till date the issue remains unsettled.

We will not discuss here any more detail about quarkonium suppression as a possible
signal for QGP formation in relativistic heavy ion collisions. In chapter [3, we will present
a brief overview on charmonium suppression in nuclear collisions. One of the main goals

of the present thesis is to estimate the J/i production and its suppression in the low
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energy collisions at the FAIR accelerator facility. In the heavy ion collisions at FAIR a
dense baryonic medium is anticipated to be produced which might lead to the formation
of a baryon rich QGP. We will come back to this issue in detail in chapter [6 where we
first discuss about the CNM effects prevailing in p+ A and A 4+ A collisions and leading
to the “normal” nuclear J/1 suppression. This will be followed by a discussion on the
possible “anomalous” suppression effects in nuclear collisions, presumably induced either

by a hot baryonic plasma or by a compressed baryonic medium.

1.5.5 Jet Quenching

Jet production in hadronic collisions is an archetypical hard QCD process. An elastic
(2 — 2) or inelastic (2 — 2 4+ X) scattering of two partons from each of the collid-
ing hadrons (or nuclei) results in production of two or more partons in the final state.
The two outgoing partons have a large virtuality ) which they reduce by subsequently
radiating gluons and/or splitting into quark-antiquark pairs. Such a parton branch-
ing evolution is governed by the QCD radiation probabilities given by the Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [111] down to virtualities 1 GeV2.
At this point the produced partons fragment non-perturbatively into a set of final state
hadrons. The characteristic collimated spray of hadrons resulting from the fragmenta-
tion of an outgoing parton is called a 'jet’. When the jets propagate through the hot and
dense medium produced in the relativistic nuclear collisions due to multiple scattering
they suffer further interaction with the medium and loose their energy. The resulting
attenuation or disappearance of the spray of hadrons coming out from the fragmentation
of a hard parton due to energy loss in the dense medium is called ’jet quenching’. It
was one of the first proposed ’smoking gun’ signature of QGP formation in relativistic
heavy ion collisions. Jets loose their energy both via radiative as well as collisional pro-
cesses. The energy loss is proportional to the both initial gluon density and life time
of the dense matter. Results from Au+Au collisions at \/syy = 200 GeV at RHIC
exhibited striking evidences for quenching effect through the suppression of the high
pr hadrons. Experimentally suppression is quantified in terms of nuclear modification

factor Ra4 defined as the ratio of yield the Au+Au collisions to that in p+p collisions,
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scaled by the number of binary collisions. In absence of any medium effect, Ryq = 1
which indicates that the nucleus-nucleus collision is an incoherent superposition of ele-
mentary nucleon-nucleon collisions. A value less than unity signifies the suppression of
high energy jets due to their interaction with the thermal medium. The py dependence
of Ryy for different particles was measured in RHIC at mid-rapidity for central
Au+Au collisions. A large suppression was visible in the data for 7° 7 and ¢ mesons
with a maximum of R4 4 ~ 0.2 indicating a suppression by a factor of five compared
to p+p collisions. Similar level of suppression for different mesons with different quark
infrastructure indicate that the suppression occurs at the partonic level where the dense
medium scatterers the partons at high py and thus degrading their momenta. On the
other hand direct photons which undergo only electromagnetic interactions do not suffer
from the suppression effects. They follow the binary scaling exhibiting R44 ~ 1. This
observation puts a strong evidence that the suppression is not an initial state effect but
a final state effect caused by the dense medium made up of unbound color charges. This
observation lends further support from the d+Au collision measurements at the same

energy, where Ry4(pr) ~ 1 for pions at mid rapidity and at sufficiently high pr.

1.5.6 Anisotropic Flow

One of the key observables in relativistic collisions of heavy nuclei is anisotropic flow,
which confirms the collectivity and early thermalization in the hot and dense fireball
created in the collisions. In non-central heavy ion collisions initial spatial anisotropy
of the nuclear overlap zone is converted into momentum space anisotropy of particle
distribution via the operation of azimuthally anisotropic pressure gradient. This leads to
an anisotropic azimuthal distribution d/NV/d¢ of particles emitted from the collision zone.
Anisotropic particle distributions were first suggested in [113] as a signal of collective flow
in ultra-relativistic heavy ion collisions. In usual practice, the flow pattern is quantified

via a Fourier expansion [114]:

d3N(b) B i d2N(b)
d3p S on prdprdy

142 Zvn(PT, b) cos [n(p — \I/n)]> (1.6)

n=1
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The Fourier (or flow) coefficients v,, depend on N4+ and are given by

vn(pr; b) = {cos [n(p — Wa)]), (1.7)

where the brackets denote an average over particles in a given pr bin and over events
in a given centrality class. In the above equations, n is the order of the harmonic, ¢ is
the azimuthal angle of the particle, and ¥, is the reaction plane angle of harmonic n,
the plane which maximizes the expectation value of v,, in each event. Among different
Fourier coefficients, most attention was given in the past to vy, the elliptic flow, which
is very strong in non-central collisions and is believed to signify the formation of a
thermalized medium in the early stages of the collision. Magnitude of v, is found to be
sensitive to the initial condition and the equation of state (EOS) of the hot and dense
fireball produced in the collisions. The elliptic flow magnitude increases continuously
with /s from SPS to RHIC [115, 116]. At top RHIC energy, v, ¢ reaches a value

compatible with the one predicted by hydrodynamics for a “perfect fluid”, i.e. a fluid

without internal friction and vanishing shear viscosity [117, 118,119, 120, 121]. Large

elliptic flow found at RHIC indicates the possibility of early thermalization of a partonic
phase. The matter created at LHC is also seen to behave like the (almost) perfect liquid
discovered at RHIC [124, 125]. Higher-order harmonics (vs, vy, vs etc.) have usually
been neglected because they were expected to be small for symmetry reasons. However
recent investigations have shown their importance to study the initial state fluctuations
in heavy ion collisions. A comprehensive study of all the flow harmonics is also found
to be useful to derive to n/s ratio (shear viscosity n over entropy density s), [122, 123]

of the fluid produced in the collisions.

1.5.7 Correlation and Fluctuations

Phase transition being a critical phenomenon, is associated with divergence of suscep-
tibilities and hence fluctuations in corresponding observables. Hence, observable fluc-
tuations could be used as probes of deconfinement phase transitions. Fluctuations are

very sensitive to the nature of the phase transition. First-order phase transition is ex-

52



pected to lead to large fluctuations due to droplet formation or more generally density
or temperature fluctuations. In case of a second-order phase transition the specific heat
diverges, and this has been argued to reduce the fluctuation s drastically if the matter
freezes out at the critical temperature. Even if the transition is not of first order, fluctu-
ations may still occur in the matter that undergoes a transition. The fluctuations may
be in density, chiral symmetry, strangeness or other quantities and show up in particle
multiplicities. The “anomalous” fluctuations depend not only on the type and order of
the phase transition, but also on the speed by which the collision zone goes through
the transition, the degree of equilibration, the subsequent hadronization process, the

amount of re-scattering between hadronization and freeze-out |[128].

There have been efforts to use observable fluctuations like, ratios of charged particles
[129, 130], baryon number multiplicity [131], net charge [132], mean py [133], transverse
energy [134], strangeness [135], isospin [136] etc., to probe the deconfinement phase tran-
sition. It is necessary to understand the role of statistical fluctuations, in order to extract
new physics associated with fluctuations. The sources of these fluctuations include im-
pact parameter fluctuations, fluctuations in the number of primary collisions and in the
results of such collisions, fluctuations in the relative orientation during the collision of

deformed nuclei, effects of re-scattering of secondaries and QCD color fluctuations.

1.6 Motivation and Organization of the thesis

The focal aim of the relativistic heavy ion collision experiments is to explore the QCD
phase diagram and to identify the formation of quark-gluon plasma in the laboratory.
The CBM experiment at FAIR is designed to unravel the phase structure of nuclear
matter in the region of moderate temperatures and extremely high net baryon densities.
J /1 suppression has been identified as one of the promising diagnostic probe to indi-
cate the possible occurrence of deconfinement phase transition in super dense nuclear
medium. The CBM experimental program thus includes a detailed plan to measure the
J /1 mesons via their decay into di-lepton channels. The measurements are particu-

larly challenging due to extremely low production cross section of the J/v¢ mesons in the
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CBM energy regime (E, = 2—35A GeV), which is close to the J/1 kinematic production
threshold (Ey, ~ 12.3AGeV). This in turn demands accelerators with unprecedentedly
high heavy ion beam intensities and detectors with extremely large rate-capabilities.
India along with Russia jointly holds the responsibility to design and build a muon
detector system for the CBM experiment which will be dedicated for measurement of
entire di-muon spectrum including the J/1¢ mesons. The main objective of the present
work is to study the J/1 production in the FAIR energy domain and its detection under
CBM experimental conditions via di-muon channel. The work done for the thesis can

be broadly divided into the following parts:

e The first part is devoted to the theoretical estimation of J/1 production and its
possible suppression in the FAIR energy regime. A theoretical model has been
developed for this purpose which has been calibrated by analyzing the available
data on J/v production cross section at SPS energies. In case of p + A collisions
suppression induced by different possible cold nuclear effects are taken into ac-
count. In case of heavy ion collisions additional suppression effects induced by a
hot and dense secondary medium has been estimated. We have explored the two
possible cases namely the suppression due to high density hadronic medium and

the dissociation due to baryonic plasma.

e In the second part of the thesis we have investigated the feasibility of J/¢ mea-
surements using the CBM muon detector setup. Different steps for optimization
of the muon detector system has been investigated in detail. The optimized setup

is then used for .J/v detection in p+Au and Au+Au collisions.

The organization of the thesis is the following. Chapter|2/describes the outline of the
CBM experiment at FAIR including a brief description of the FAIR accelerator facility,
the major physics goals and the corresponding potential observables of CBM and the
different detector sub-systems of the CBM experimental set-up. In chapter (3| we give
a detailed overview of charmonium production in nuclear collisions. Chapter 4 will be
dedicated to describe our theoretical formulation for calculation of J/¢ production in

nuclear collisions. In chapter [5 we discuss the analysis of existing data on J/¢ from
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different SPS experiments within our model framework. In chapter |6/ we present the
predictions for inclusive J/1 productions and expected level suppressions for different
probable scenario, in FAIR energy collisions. The detailed description on the design
simulation of the muon detector system for the CBM experiment and its physics capa-
bilities for detection of J/¢ in di-muon channel are depicted in chapter [7. Finally we

present our thesis summary and discussions in chapter (8.
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Chapter 2

The Compressed Baryonic Matter

Experiment

2.1 Introduction

Statistical QCD predicts that at high temperature and/or density, hadronic matter

undergoes a de-confining phase transition to a new state, where strongly interacting

matter shows partonic behavior. Relativistic heavy ion collision experiments give us

the opportunity to produce and study such a novel state of matter in the laboratory.

The upcoming Compressed Baryonic Matter (CBM) experiment [137], at the future ac-

celerator facility FAIR at GSI, aims at the production and characterization of super

dense nuclear matter in the laboratory. CBM is one of the four major scientific pil-

lars of the upcoming FAIR project. The primary goal of the CBM experiment is the

exploration of the phase diagram of nuclear matter in the region of moderate temper-

Table 2.1: Experiments investigating the high net-baryon density region in the QCD
phase diagram, their energy range and reaction rates which triggers the limitation.
The reaction rate of CBM is orders of magnitude higher in comparison to the other

experiments.
Experiment Energy range Reaction rate (Hz) | Limitation by
STAR-BES @ RHIC BNL | /s =7—200 GeV 1 - 800 luminosity
NA61 @ SPS CERN E.=20—-160 A GeV 80 detector
MPD @ NICA Dubna Vs =4-11 GeV 1000 luminosity
CBM @ FAIR Darmstadt | E, =2 —35 A GeV 10° — 107 detector
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atures and extremely high densities. In the laboratory hot and dense nuclear matter
can be generated over a wide range of temperatures and densities by colliding atomic
nuclei at relativistic energies. In the interior of the collision zone, matter is heated and
compressed for a very short time. At moderate temperatures and densities, nucleons
are excited to short-lived states (baryonic resonances) which decay by the emission of
mesons. At higher temperatures, baryon-antibaryon pairs are also created. This mixture
of baryons, antibaryons and mesons, all strongly interacting particles, is generally called
hadronic matter, or baryonic matter if baryons prevail. At very high temperatures or
densities the hadrons melt, and their constituents, the quarks and gluons, form a new
phase: the Quark-Gluon Plasma (QGP). The goal of the experiments at RHIC and
LHC is to investigate the properties of deconfined QCD matter at very high tempera-
tures and almost zero net-baryon densities. Several experimental programs are devoted
to the exploration of the QCD phase diagram at high net-baryon densities. Table
summarizes such current and upcoming experiments in the low and intermediate energy
region. The STAR collaboration at RHIC scanned the beam energies in order to search
for the QCD critical endpoint [138]. For the same reason, measurements are performed
at the CERN-SPS with the upgraded NA49 detector (NA61) using light and medium
size ion beams [139]. At the Joint Institute for Nuclear Research (JINR) in Dubna, a
heavy ion collider project (NICA) is planned with the goal to search for the coexistence
phase of nuclear matter [140]. However, due to luminosity or detector limitations these
experiments are constrained to the investigation of particles which are abundantly pro-
duced. In contrast, the Compressed Baryonic Matter (CBM) experiment at the Facility
for Antiproton and Ion Research (FAIR) in Darmstadt is designed for precision measure-
ments of multidimensional observables including particles with very low production cross

sections using the high-intensity heavy ion beams provided by the FAIR accelerators.
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Figure 2.1: Layout of the Facility for Antiproton and Ion Research (FAIR). [141]. The
double synchrotron SIS-100/300 directly provides the nuclear beams for the CBM ex-
periment. In parallel operation it transports the secondary beams of antiprotons or rare
nuclear isotopes from a production target to the new fragment separator (super FRS).
These beams are subsequently stored and further manipulated in special purpose storage
rings, like the HESR for antiproton research at PANDA detector or for nuclear structure
and atomic and plasma physics investigations at other rings.
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Figure 2.2: Evolution of net baryon density as function of elapsed time for central
Au+Au collisions, at the centre of the collision zone, at different beam energies. Cal-
culations are performed with two different transport models namely PHSD [40] and
UrQMD [38]. The figure is taken from [291].

2.2 The Facility for Antiproton and Ion Research

(FAIR)

The international Facility for Antiproton and Ion Research (FAIR), the new accelerator
facility coming up in Darmstadt will provide unique research opportunities in the fields
of nuclear, hadron, atomic and plasma physics [141]. The research program devoted to
the exploration of compressed baryonic matter will start with primary beams from the
SIS100 synchrotron (protons up to 29 GeV, Au up to 11 AGeV, nuclei with Z/A = 0.5 up
to 14 AGeV), and will be continued with beams from the SIS300 synchrotron (protons
up to 90 GeV, Au up to 35 AGeV, nuclei with Z/A = 0.5 up to 45 AGeV). The layout of
FAIR is presented in Fig.[2.1. The beam extracted to the CBM cave reaches intensities

up to 10° Au ions per second.

The SIS100/300 accelerators at FAIR are very well suited to create high net-baryon
densities. This is illustrated in Fig. which depicts results of transport code calcula-
tions for central Au+Au collisions. According to these calculations, densities of up to
7 times saturation density can be produced already at beam energies of 10 AGeV. Under
these conditions the nucleons overlap, and theory predicts a transition to a mixed phase

of baryons and quarks.
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2.3 Diagnostic probes of the high-density fireball

Figure depicts three snapshots of the evolution of a heavy ion collision at FAIR
energies as calculated with the UrQMD transport code [38], and illustrates the time
of production and eventual emission of various particle species. Particles containing
charm quarks are expected to be created in the very first stage of the reaction. Then,
D mesons and J/1) mesons may serve as probes for the dense fireball and its degrees
of freedom. Vector mesons like w, p and ¢ mesons are produced continuously via 77
annihilation during the course of the reaction, and decay either again into mesons, or
into a pair of leptons. However, as leptons are not affected by final-state interactions, the
dileptonic decay offers the possibility to look into the fireball. In particular, the short-
lived p meson is a promising diagnostic probe of hot and dense nuclear matter. Due
to their small hadronic cross sections, also multi-strange hyperons and ¢ mesons carry
information on the dense phase of the collision, in particular via their collective flow.
Finally, the bulk of the particles freezes out at densities below saturation density. Up
to date, essentially these freeze-out particles have been measured in heavy ion collisions
at beam energies between 2 and 40 AGeV (on stationary target). Diagnostic probes of
the dense stage of the fireball such as multi-strange baryons, dilepton pairs and charmed
particles will be measured for the first time by the CBM experiment in this beam energy
range. Therefore, the CBM experiment has a unique discovery potential both at SIS100
and SIS300 energies.

The experimental challenge is to measure multi-differential observables and particles
with very low production cross sections such as multi-strange (anti-) hyperons, particles
with charm and lepton pairs with unprecedented precision. The situation is illustrated
in Fig. 2.4 which depicts the product of multiplicity times branching ratio for various
particle species produced in central Au+Au collisions at 25 AGeV. The data points are
calculated using either the HSD transport code or the thermal model based on
the corresponding temperature and baryon-chemical potential [143]. Mesons containing
charm quarks are about 9 orders of magnitude less abundant than pions (except for
the ¢" meson which is even more suppressed). The dilepton decay of vector mesons is

suppressed by the square of the electromagnetic coupling constant (1/137)%, resulting
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Figure 2.3: Three stages of a U4U collision at a laboratory beam energy of 23 AGeV
as calculated with the UrQMD model [38]: the initial stage where the two Lorentz-
contracted nuclei overlap (left), the high density phase (middle), and the final stage
(“freeze-out”) when all hadrons have been formed (right). Different particles are created
in different stages of the collisions or escape from the interaction region at different times
(see text). Almost 1000 charged particles are created in such a collision, most of them
are pions.
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Figure 2.4: Particle multiplicities times branching ratio for minimum bias Au+Au col-
lisions at 25 AGeV as calculated with the HSD transport code [142] and the statistical
model [143]. For the vector mesons (p, w, ¢, J/1, ¢') the decay into lepton pairs was
assumed, for D mesons the hadronic decay into kaons and pions.

61



in a dilepton yield which is 6 orders of magnitude below the pion yield, similar to the
multiplicity of multi-strange anti-hyperons.

In order to produce high statistics data even for the particles with the lowest produc-
tion cross sections, the CBM experiment is designed to run at reaction rates of 100 kHz
up to 1 MHz. For charmonium measurements - where a trigger on high-energy lepton

pairs can be generated - reaction rates up to 10 MHz are envisaged.

2.4 CBM physics cases and observables

The CBM research program is focused on the following physics cases:
The equation-of-state of baryonic matter at neutron star densities.

The relevant measurements are:

e The excitation function of the collective flow of hadrons which is driven by the

pressure created in the early fireball (SIS100);

e The excitation functions of multi-strange hyperon yields in Au4+Au and C+C
collisions at energies from 2 to 11 AGeV (SIS100). At sub-threshold energies, =
and €2 hyperons are produced in sequential collisions involving kaons and A’s, and,

therefore, are sensitive to the density in the fireball.

In-medium properties of hadrons.
The restoration of chiral symmetry in dense baryonic matter will modify the properties

of hadrons. The relevant measurements are:

e The in-medium mass distribution of vector mesons decaying in lepton pairs in
heavy ion collisions at different energies (2 - 45 AGeV), and for different collision
systems. Leptons are penetrating probes carrying the information out of the dense

fireball (SIS100/300);

e Yields and transverse mass distributions of charmed mesons in heavy ion as a

function of collision energy (SIS100/300).

Phase transitions from hadronic matter to quarkyonic or partonic matter

at high net-baryon densities.
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Already at SIS100 energies densities of up to 7 times py are reached in central collisions
between heavy ions. A discontinuity or sudden variation in the excitation functions of
sensitive observables would be indicative of a transition. The relevant measurements

are:

e The excitation function of yields, spectra, and collective flow of strange particles

in heavy ion collisions from 6 - 45 AGeV (SIS100/300);

e The excitation function of yields, spectra, and collective flow of charmed particles

in heavy ion collisions from 6 - 45 AGeV (SIS100/300);

e The excitation function of yields and spectra of lepton pairs in heavy ion collisions

from 6 - 45 AGeV (SIS100/300);

e Event-by-event fluctuations of conserved quantites like baryons, strangeness , net-
charge etc. in heavy ion collisions with high precision as function of beam energy

from 6 - 45 AGeV (SIS100,/300).

Hypernuclei, strange dibaryons and massive strange objects.
Theoretical models predict that single and double hypernuclei, strange dibaryons and
heavy multi-strange short-lived objects are produced via coalescence in heavy ion colli-
sions with the maximum yield in the region of SIS100 energies. The planned measure-

ments include:

e The decay chains of single and double hypernuclei in heavy ion collisions at SIS100

energies;

e Search for strange matter in the form of strange dibaryons and heavy multi-strange
short-lived objects. If these multi-strange particles decay into charged hadrons

including hyperons they can be identified via their decay products.

Charm production mechanisms, charm propagation, and in-medium prop-
erties of charmed particles in (dense) nuclear matter.

The relevant measurements are:
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e Cross sections and momentum spectra of open charm (D-mesons) in proton-nucleus
collisions at SIS100/300 energies. In-medium properties of D mesons can be de-
rived from the transparency ratio Ty = (0,4 — DX)/(A x 0,y — DX) measured

for different size target nuclei;

e Cross sections, momentum spectra, and collective flow of open charm (D-mesons)

in nucleus-nucleus collisions at SIS300 energies;

e Cross sections, momentum spectra, and collective flow of charmonium (J/¢) in

proton-nucleus and nucleus-nucleus collisions at SIS100/300 energies.

As discussed above, a substantial part of the CBM physics cases can be addressed
already with beams from the SIS100 synchrotron. The intended measurements at SIS100
including the results of simulations and count rate estimates are described in [144]. A
general review of the physics of compressed baryonic matter, the theoretical concepts,
the available experimental results, and predictions for relevant observables in future

heavy ion collision experiments can be found in the CBM Physics Book [145].

2.5 The Compressed Baryonic Matter (CBM) ex-
perimental setup

In order to realize the physics goals presented in the previous section, the CBM experi-
mental strategy is to perform systematic both integral and differential measurements of
almost all the particles produced in nuclear collisions (i.e. yields, phase-space distribu-
tions, correlations and fluctuations) with unprecedented precision and statistics. These
measurements will be performed in nucleus-nucleus, proton-nucleus, and - for baseline
determination - proton-proton collisions at different beam energies. The identification
of multi-strange hyperons, hypernuclei, particles with charm quarks and vector mesons
decaying into lepton pairs requires efficient background suppression and very high in-
teraction rates up to 10 MHz with charge particle multiplicities up to 1000 per event..
In order to select events containing those rare observables, the tracks of each collision

have to be reconstructed and filtered online with respect to physical signatures. This
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Figure 2.5: The conceptual layout of the CBM experimental facility. Both the electron
mode (RICH and TRD) and muon mode (MUCH) are shown.

concept represents a paradigm shift for data taking in high-energy physics experiments:
CBM will run without hierarchical trigger system. Self-triggered read-out electronics,
a high-speed data processing and acquisition system, fast algorithms, and, last but not
least, radiation hard detectors are indispensable prerequisites for a successful operation
of the experiment. Figure 2.5/ depicts the CBM experimental setup with electron detec-
tors (at the top) and the muon detection system (at the bottom). The CBM experiment

comprises the following components:

Dipole magnet
The dipole magnet has the bending power in the region of 1 —2 Tm. In order to restrict
the size of the tracking detectors located inside the field, the field region is confined
within 1 m along the beam axis. It has a large aperture (acceptance) of +25° polar
angle, which results in a gap width of 1 m. Estimation of coil requirements assuming
a perfect yoke to close the field lines results in 2 coils with 800000A* turns each to
provide a field of 2 T. To reduce the operation cost superconducting coils will be used.

The current in the coils to generate the required field distribution is ~ 3000 A which
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generates a maximum field of 3 T in the inner edge of the coil. Indirect cooling will be
done using liquid He at 4.5° K. To minimise the eddy currents the ram-up/down time
is chosen to be 1/2 an hour. The coil shape consists of two half-circles (radius= 0.5 cm
) connected by a 12 cm long straight section. This geometry is found to optimize the

field configuration.

Micro-Vertex Detector (MVD)
The determination of the decay vertices of open charm particles (cr = 123 pm for D°
mesons and ¢ = 314 um for D* mesons) requires detectors with excellent position
resolution and a very low material budget in order to reduce multiple scattering. These
requirements are met by Monolithic Active Pixel Sensors (MAPS). The pixel size will
be between 18 x 18 pum? and 20 x 40 um?. A position resolution of ¢ = 3.5 - 6 um
can be achieved depending on the pixel size. The goal of the detector development is
to construct a vacuum compatible MAPS detector stations with a total thickness of
about 300 - 500 pum silicon equivalent for sensors and support structures, depending on
the size of the stations. The MVD consists of 3 MAPS layers located at 5, 10, and
15 ecm downstream of the target in the vacuum. This detector arrangement permits to
determine the secondary decay vertex of a D-meson with a resolution of about 50-100 pm

along the beam axis.

Silicon Tracking System (STS)
The STS is being designed for charged particle tracking in a magnetic field. Its task is to
provide track reconstruction and the standalone determination of the event multiplicity.
The system will be operated in the magnetic field in order to determine the momentum of
the charged particles from the track curvature. From simulations we have seen that the
typical track multiplicity of charged particles is up to 700 per central Au+Au collisions
at 25 A GeV within the detector acceptance. The STS consists of 8 tracking layers of
silicon detectors covering the aperture between the polar angles 2.5° < 6 < 25°. They
are located downstream of the target at distances between 30 cm and 100 c¢m inside the
magnetic dipole field. The number of tracking stations is a tradeoff between precision of
a track fit on one hand and special constraints like cost as well as requirement of minimal

material budget to reduce the distortion of tracks by multiple Coulomb scattering. The

66



required momentum resolution is of the order of Ap/p = 1%. An essential prerequisite for
this is hit reconstruction with efficiency € > 95%. This performance can only be achieved
with an ultra-low material budget not exceeding 1%X, per tracking station (X, being
the radiation length of silicon), imposing particular restrictions on the location of power-
dissipating front-end electronics in the fiducial volume. Such ultra-thin material budget
helps to minimize the multiple Coulomb scattering achieving a momnetum resolution of
required precision. The STS extends about 1 m along the beam and will be installed
in a ~ 1 m? volume inside the 1 T dipole magnet to generate sufficient bending power
for momentum measurements and suppress the low energy o electrons. The concept
of the STS tracking is based on silicon microstrip sensors mounted onto lightweight
mechanical support ladders. The sensors will be read out through multi-line micro-
cables with fast electronics at the periphery of the stations where cooling lines and
other infrastructure can be placed. The micro-strip sensors will be double-sided with a
stereo angle of 7.5° a strip pitch of 58 pm, strip lengths between 20 and 60 mm, and
a thickness of 300 pm of silicon (equivalent to 0.3%Xy). The micro-cables will be built

from sandwiched polyimide-Aluminum layers of several 10 pum thickness (0.17%Xj).

Ring Imaging Cherenkov Detector (RICH)
The RICH detector is designed to provide identification of electrons and suppression of
pions in the momentum range below 10 GeV/c. This will be achieved using a gaseous
RICH detector build in a standard projective geometry with focusing mirror elements
and a photo detector. COq with a pion threshold for Cherenkov radiation of 4.65 GeV /c
will be used as radiator gas. The detector will be positioned behind the dipole magnet
about 1.6 m downstream of the target. It will consist of a 1.7 m long gas radiator (overall
length approximately 2 m) and two arrays of mirrors and photo detector planes. The
mirror plane is split horizontally into two arrays of spherical glass mirrors, (4 x 1.5) m?
each. The 72 mirror tiles have a curvature of 3 m radius, a thickness of 6 mm and
a reflective AL+MgF5 coating. Rings of Cherenkov radiation will be projected onto
two photo detector planes (2 x 0.6) m? each located behind the CBM dipole magnet
and shielded by the magnet yokes. The design of the photo detector plane is based

on MAPMTs (e.g. H8500 from Hamamatsu) in order to provide high granularity, high
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geometrical acceptance, high detection efficiency of photons also in the near UV region
and a reliable operation. In-beam tests with a prototype RICH of real size length showed
that 22 photons are measured per electron ring. On the order of 100 rings are seen in
central Au+Au collisions at 25 AGeV beam energy due to the large material budget in
front of the RICH detector. Still, due to the high granularity (approx. 55000 channels)
and high number of photons per ring, a pion suppression on the order of 500 is expected

to be achieved according to simulations.

Muon Chamber System (MUCH)
The experimental challenge for muon measurements in heavy ion collisions at FAIR en-
ergies is to identify low-momentum muons in an environment of high particle densities.
The CBM concept is to track the particles through a hadron absorber system, and to
perform a momentum-dependent muon identification. This concept is realized by seg-
menting the hadron absorber in several layers, and placing triplets of tracking detector
planes in the gaps between the absorber layers. The absorber/detector system is placed
downstream of the Silicon Tracking System (STS) which determines the particle mo-
mentum. In order to reduce meson decays into muons the absorber/detector system has
to be as compact as possible. The actual design of the muon detector system consists
of 6 hadron absorber layers (carbon 60 cm, iron plates of 2 x 20 cm, 30 cm, 35 cm
and 100 cm thickness) and 18 gaseous detector planes located in triplets behind each
absorber slab. The identification of a muon depends on its momentum which varies
with the mass of the vector mesons and with beam energy. The challenge for the muon
detectors and for the track reconstruction algorithms is the very high particle density up
to a maximum of 0.3 hits/cm? per central event in the first detector layers after 20 cm
of iron. In case of minimum bias collsions the numbers are factor of 4 down. Hence for
a minimum bias reaction rate of 10 MHz this hit density translates into a hit rate of
0.75 MHz/cm?. Prototype detectors based on gas electron multiplier (GEM) technology

2 as measured by anode cur-

were operated successfully at rates of about 1.4 MHz/cm
rents using X-rays. In total, the muon chambers cover an active area of about 70 m?
subdivided into about half a million channels. The low particle multiplicities behind

the muon absorber favors the implementation of a trigger on muon pairs. The trigger
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concept is based on the measurement of short track segments in the last tracking station
triplet, and extrapolation of these tracks to the target. After selection of tracks with
good vertices the event rate can be reduced already by a factor of about 1000 for J/1)
measurements in minimum bias Au+Au collisions. For J/1¢ measurements at SIS100 a

MUCH start version with 3 chamber triplets is sufficient.

Transition Radiation Detector (TRD)
Three Transition Radiation Detector stations each consisting of 3 detector layers will
serve for particle tracking and for the identification of electrons and positrons with
p > 1.5 GeV/c (v > 1000). The detector stations are located at approximately 5 m,
7.2 m and 9.5 m downstream the target, the total active detector area amounts to about
600 m2. For example, at small forward angles and at a distance of 5 m from the target,
we expect particle rates on the order of 100 kHz/cm? for 10 MHz minimum bias Au+Au
collisions at 25 AGeV. In a central collision, particle densities of about 0.05/cm? are
reached. In order to keep the occupancy below 5% the minimum size of a single cell
should be about 1 ecm?. The TRD detector readout will be realized in rectangular pads
giving a resolution of 300-500 pum across and 3 - 30 mm along the pad. Every second TR
layer is rotated by 90 degree. Prototype gas detectors based on multi-wire proportional
chamber (MWPC) and GEM technology have been built and tested with particle rates
of up to 400 kHz/cm? without deterioration of their performance. The pion suppression
factor obtained with 9 TRD layers is estimated to be well above 100 at an electron
efficiency of 90%. For measurements at SIS100 only one station with 3 detector layers

will be used as an intermediate tracker between the STS and the time of flight (TOF)

wall.

Timing Multi-gap Resistive Plate Chambers (MRPC)
An array of Resistive Plate Chambers will be used for hadron identification via TOF
measurements. The TOF wall covers an active area of about 120 m? and is located
about 6 m downstream of the target for measurements at SIS100, and at 10 m at
SIS300. The required time resolution is on the order of 80 ps. For 10 MHz minimum
bias Au+Au collisions the innermost part of the detector has to work at rates up to

20 kHz/cm?. Prototype MRPCs built with low-resistivity glass have been tested with a
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time resolution of about 40 ps at 20 kHz/cm?. At small deflection angles the pad size is
about 5 cm? corresponding to an occupancy of below 5% for central Au+Au collisions

at 25 AGeV.

Electromagnetic Calorimeter (ECAL)
A “shashlik” type calorimeter as installed in the HERA-B, PHENIX and LHCb experi-
ments will be used to measure direct photons and neutral mesons (7°,7) decaying into
photons. The ECAL will be composed of modules which consist of 140 layers of 1mm
lead and Imm scintillator, with cell sizes of 3 x 3 cm?, 6 x 6 cm?, and 12 x 12 cm?. The
shashlik modules can be arranged either as a wall or in a tower geometry with variable

distance from the target.

Projectile Spectator Detector (PSD)
The PSD will be used to determine the collision centrality and the orientation of the
reaction plane. A precise characterization of the event is of crucial importance for the
analysis of event-by-event observables. The study of collective flow requires a well-
defined reaction plane which has to be determined by a method not involving particles
participating in the collision. The detector is designed to measure the number of non-
interacting nucleons from a projectile nucleus in nucleus-nucleus collisions. The PSD
is a full compensating modular lead-scintillator calorimeter which provides very good
and uniform energy resolution. The calorimeter comprises 44 individual modules, each
consisting of 60 lead/scintillator layers with a surface of 20 x 20 cm?. The scintillation
light is read out via wavelength shifting (WLS) fibers by Multi-Avalanche Photo-Diodes

(MAPD) with an active area of 3 x 3 mm? and a pixel density of 10%/mm?.

Online event selection and data acquisition
High statistics measurements of particles with very small production cross sections re-
quire high reaction rates. The CBM detectors, the online event selection systems, and
the data acquisition will be designed for event rates of 10 MHz, corresponding to a beam
intensity of 10° ions/s and a 1% interaction target, for example. Assuming an archiving
rate of 1 GByte/s and an event volume of about 10 kByte for minimum bias Au+Au
collisions, an event rate of 100 kHz can be accepted by the data acquisition. Therefore,

measurements with event rates of 10 MHz require online event selection algorithms (and
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hardware) which reject the background events (which contain no signal) by a factor of
100 or more. The event selection system will be based on a fast on-line event recon-
struction running on a high-performance computer farm equipped with many-core CPUs
and graphics cards (GSI GreenIT cube). Track reconstruction, which is the most time
consuming combinatorial stage of the event reconstruction, will be based on parallel
track finding and fitting algorithms, implementing the Cellular Automaton and Kalman
Filter methods. For open charm production the trigger will be based on an online search
for secondary vertices, which requires high speed tracking and event reconstruction in
the STS and MVD. The highest suppression factor has to be achieved for J/1) mesons
where a high-energetic pair of electrons or muons is required in the TRD or in the
MUCH. For low-mass electron pairs no online selection is possible due to the large num-
ber of rings/event in the RICH caused by the material budget of the STS. In the case

of low-mass muon pairs some background rejection might be feasible.

2.6 Dilepton measurements at FAIR

The CBM experimental program puts a special emphasis on measurement of di-leptons.
Importance of the lepton pair measurements is discussed in chapter 1. The comparison
of precision data with theoretical models has demonstrated that dilepton pairs emitted
in energetic heavy ion collisions provide valuable information on the evolution and on
the properties of the hot and dense fireball. It was shown, that the in-medium mass
distribution of short-lived vector mesons decaying in lepton pairs is modified both due to
their coupling to baryon resonances, and by their interaction with the chiral condensate.
A careful analysis of the measured dilepton excess yield - i.e. the dilepton mass distribu-
tion with the contribution from vector mesons subtracted - allows to extract the thermal
radiation, and, hence, the temperature evolution of the fireball. At top SPS energies,
the dilepton mass distribution in the intermediate mass range is dominated by radiation
from a deconfined phase. Analysis of the latest dimuon data from NA60 collaboration
shows that the effective temperature (or inverse slope parameter) 7. ss, extracted from

the pair py distribution, of the dimuon excess yield (Drell-Yan contribution subtracted)
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is found to increase with invariant mass in the low-mass range. This effect is attributed
to the increase of collective flow in the late phase of the collision. In the intermediate
mass range, the effective temperature drops. This observation suggests that the interme-
diate mass dimuons are emitted in the early (partonic?) phase of the collision where the
collective flow is not yet developed. The comparison of charmonium yields measured in
proton-nucleus and nucleus-nucleus collisions has led to the observation of an anomalous
dissociation of charmonium in central collisions of heavy nuclei which was explained by
color screening in the quark-gluon phase. This observation still is considered as one of
the convincing experimental facts hinting towards the existence of partonic degrees of
freedom in the fireball at top SPS energies. The dilepton measurements at the CERN-
SPS have been performed mainly at 158 A GeV, except for one spectrum taken in Pb+
Au at 40 A GeV by the CERES collaboration where even an increased excess yield has
been observed [148]. Similarly there is no data on J/1 production in heavy ion collisions
below top SPS energy. A systematic beam energy scan in order to search for the onset
of in-medium mass modifications of vector mesons or for partonic contributions to the
dilepton yield or onset of anomalous J/ suppression has not been performed yet. Up
to date, no dilepton data have been measured in heavy ion collisions in the FAIR energy
range, i.e. between about 2 AGeV (with DLS at LBL and HADES at GSI [147]),
and 40 A GeV (with CERES at CERN-SPS [148]). With the dilepton measurements
in heavy ion collisions at FAIR energies the CBM collaboration will open a new era of
dilepton experiments. Moreover, CBM will enter terra incognita: in the beam energy
range between 2 and 40 A GeV where the highest net- baryon densities can be created
in the laboratory no dileptons have been measured in heavy ion collisions. The CBM
experiment will systematically measure both dielectrons and dimuons in p+p, p+A and
A+A collisions as function of beam energy and size of the collision system. The dielec-
tron and dimuon high-precision data will complement each other, and will provide a
complete picture on dilepton radiation off dense baryonic matter. Therefore, the CBM
experiment has a large discovery potential both at SIS100 and SIS300. The experimental
challenge in dilepton measurements is to suppress the huge combinatorial background

of lepton pairs. In the case of muon measurements, which is one of the major goals of
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this thesis work, the muon background is generated by weak decays of pions and kaons,
by mismatches of hadrons upstream and muons downstream the hadron absorber, and

by hadrons punching through the absorber.

2.7 Running scenario

The total running time at SIS100 is about 10 months beam on target. A large fraction of
the physics program can be achieved with event rates between 105 and 10° collisions/s.
Some aspects, like charmonium production at top SIS100 energies or excitation functions
of multi-strange baryon and hypernuclei production, require event rates of up to 107 col-
lisions/s. The total dose for the STS is dominated by these high-rate runs, equivalent
to about 2 month of running at 10" Au+Au collisions/s. About 5-10% of the silicon
sensors will accumulate a total non-ionising dose of about 6 x 10" n.,(1 MeV)/cm?.
At SIS300 the expected running time is about 30 month including at least 15 month of
measurements at high rates. The resulting total non-ionising dose accumulated by the
sensors close to the beam pipe is in the order of 10 n.,(1 MeV)/cm?. The operation

scenario foresees an exchange of those sensors in case of higher doses.
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Chapter 3

An overview of Charmonium

production in nuclear collisions

3.1 Introduction

The focal aim of the high energy heavy ion collisions is to study the color deconfinement
and the resulting production of the quark-gluon plasma in the laboratory. However
transient nature of the plasma led its identification difficult and it is important to iden-
tify a clear signature of the expected occurrence of phase transition to QGP. In this
respect, quarkonia which itself is produced in the collision can serve as a potential
probe to study the medium produced in the collision. Thus the study of quarkonium
production in nuclear collisions, have long been of both theoretical and experimental
interest. Survival probability of different quarkonium states depend on the density
and (effective) temperature of the system leading to the expectation of progressively
suppressed quarkonia yields with increasing collision centrality and/or centre-of-mass
energy. Among the different charmonium states the most extensively studied state is
the J/¢ meson. It was discovered on 11th November, 1974. J/¢) was the first ob-
served resonance that contained previously unknown but anticipated charm quark and
its anti-qurak: cc. However the discovery created a lot of controversy. Observation of
J /1 resonance was simultaneously and independently announced by the Brookhaven

National Laboratory [149], in the proton-Beryllium collisions (p + Be — J/i¢ — ete™)
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Table 3.1: Masses, sizes, mass defects and binding energies of the lowest ¢ and bb bound
states, obtained within non-relativistic Schrédinger approach. The input parameters for
these results are m. = 1.25 GeV, my, = 4.65 GeV, /o = 0.445 GeV, a = 7/12.
state JW xe [V Y | xe | Y] x| Y
mass (GeV) | 3.10 | 3.53 | 3.68 | 9.46 | 9.99 | 10.02 | 10.36 | 10.36
AE (GeV) | 0.64 | 0.20 | 0.05 | 1.10 | 0.67 | 0.54 | 0.31 | 0.20
AM (GeV) | 0.02 | -0.03 | 0.03 | 0.06 | -0.06 | -0.06 | -0.08 | -0.07
ro (fm) 0.5 10721 09 |[028| 044 | 0.56 | 0.68 | 0.78

and by the Stanford Linear Accelerator Centre [150], in the process electron-positron
scatterings (ete” — v — J/¢ — ptp~). The priority of its discovery was so disputed
that it was given two names, dubbed as the J particle at BNL and v at SLAC. It had
also been realized that since in the SLAC experiment 1) was produced from ete™ an-
nihilation through a virtual photon so it had to carry the same quantum numbers as
v, in particular spin 1. Thus it could not be the ground state charmonium rather the
lowest lying state with total angular momentum 1 and thus identified as 12S; state of
charmonium. The higher lying states of charmonium family like ¢/ and y. were later
discovered at SLAC. Discovery of J/1 had been considered as a prominent landmark of

particle physics as it confirmed the basic validity of the quark model.

12 years after its discovery, absence of J/i¢) mesons in the final state of the high
energy nuclear collisions had been suggested as an unambiguous and experimentally
viable tool to confirm the production of quark-gluon plasma in the laboratory. In 1986,
Matsui and Satz in their seminal paper argued that in a QGP, due to Debye screening
by the free color charges, production of J/¢ and other quarkonium resonances would be

suppressed.

At FAIR energies, which is our ultimate interest, the production of bottomonium
resonances are not feasible. Hence from now onwards we restrict ourselves to charmo-
nium production only. However most of the following discussions are applicable for

bottomonia as well.
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3.2 Charmonium spectroscopy in vacuum

Due to large mass of the charm quarks (m. > Agep ~ 200 MeV), their speed is much
smaller (v, ~ 0.6¢) compared to the light quarks. Hence one widely used approach in
depicting charmonium states is to consider its dynamics analogous to atomic systems
or positronium and to treat it in the non-relativistic limit by means of the Schrodinger
equation with a central binding potential V() 151]. Being spherically symmetric,
V(r) depends only on the relative separation r between the quark and anti-quark. The

equation can then be written as:

o V) + V)W) = (M = 2m) W), (3.1)

where W(r) denotes the charmonium wave functiOrﬁ . Since Eq. (3.1) is a non-relativistic
description of the binding, the total rest mass must be subtracted from the masses M;
of the bound states. Once we find the eigenvalues M; of the system, we can also define
the “binding energy” AFE of each charmonium state, AE = 2Mp — M;. Lattice and

spectroscopic studies suggest for the potential V' (r) has the form [152

V() =or -, (3.2)

generally known as the “Cornell potential”. It is spherically symmetric, and consists
of two parts. The linearly rising part, which is dominant at long range, represents the
confining force, given in terms of the string tension o; lattice studies put its value at
around 0.2 (GeV)?. The second part, dominant at short range is an effective Coulomb
potential. It results from one gluon exchange and analogous to QED where the Coulomb
interaction arises from single photon exchange. It includes transverse string oscillations;
string theory suggests a = 7/12.

Exact solution of Eq.[3.1 gives a very good account of the full (spin-averaged) char-

monium spectroscopy as given in Table[3.1 . In addition the bottomonium states are

also shown. The line labeled AM shows the differences between the experimental and

'Note that the reduced mass of the c¢ pairs is m¢/2, so that we have —V?/m instead of the usual
—V?2/2m, for the kinetic energy term.
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the calculated values; they are in all cases less than 1 %. r( gives the QQ separation for
the state (i.e. twice the radius) in question. A fair estimate of the spin-averaged ground
state properties can also be obtained by means of a semi-classical formulation. It shows
that in vacuum the radius of the J/1, to a considerable extent, is still determined by
the confining part of the potential. From the above table one can see that in particular
J /1 and lower-lying bottomonium states are very tightly bound (AE >> Agep) and of
very small spatial size compared to the typical hadrons (ry < 27, ~ 2 fm). When put

inside a medium, the J/1¢ mesons can only be resolved by a sufficiently hard probe.

3.3 Charmonium dissociation in a thermal medium

After discussing the basic spectroscopic properties of the different charmonium states in
vacuum, we now turn to a description of the decay and dissociation of the charmonium
states inside a static thermal medium. More details are available in [105, 151]. The
basic idea behind this study is to gain insight about the modification of the charmonium
properties in a fully equilibrated QCD medium and how that can help us to identify the
state of the strongly interacting matter and transitions between different states in terms
of observable quantities calculated in QCD. Having learnt this, one can then think of
using charmonia as a sensitive probe for characterization of the hot and dense medium
expected to be produced in the high energy heavy ion collisions. Till date most of the
works related to the in medium spectral properties of charmonium are concentrated
to the case of vanishing baryon density (up ~ 0). As alluded above, in vacuum the
charmonium spectroscopy is well described by non-relativistic potential models. In a
medium the heavy quark potential is subject to screening effects both in its strength
and spatial range. The screening occurs with a characteristic radius, called Debye radius
(rp) which determines the range of the screening effect. It decreases with increasing
temperature, as the medium increases in density, resulting in weakening of the binding
between ¢ and ¢ quarks. Eventually a situation arises when a charmonium resonance

can longer remain as a bound state and gets melted.

We now turn to the question of how to determine quantitatively the charmonium
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dissociation points in a hot QCD plasma. Two different approaches are in vogue to

address this problem.

e The first one is the potential model approach where the Schrodinger equation
for a charmonium resonance is solved with a temperature-dependent potential
V(r,T), obtained either through phenomenological consideration or from heavy

quark lattice studies

e The alternative way is to calculate the charmonium spectrum directly in finite

temperature lattice QCD.

Though the second approach is the only model independent way, the direct lattice
study of charmonium spectra has become possible only a few years back. Much of what
is known so far is based on the Schrodinger equation studies with various model inputs.

We shall look at each of these approaches in turn.

3.3.1 Potential models for charmonium dissociation

The first quantitative assessment of charmonium dissociation at finite temperature due
to color screening was made by Karsch, Mehr and Satz [153]. It was based on screening
in the form obtained in one-dimensional QED, the so-called Schwinger model. In this
approach, the Cornell potential, Eq. operative in vacuum is generalized to non-zero

temperature in the form

V(r,T) = ﬁ {1—e#Dr} L emn(Tyr (3.3)

r

known as the screened Cornell potential. The T-dependence of the medium is encoded
in the “screening mass” p(7) = 1/rp(T), where rp(T) denotes the Debye screening
length of the medium at temperature 7. Eq. [3.3| gives the correct zero-temperature
limit, Eq. for u(T) — 0 as T'— 0. In order to determine the dissociation points for
different charmonium states, the corresponding Schrodinger equation with in-medium
potential V' (r, ) is solved to obtain the in-medium binding energies £, (1) (n,! being
the radial and orbital qunatum number respectively) from the corresponding bound state

masses M;(p). With increasing temperature, the binding energy starts decreasing (from
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its vacuum value at 7' = 0) and at the dissociation point the binding energy vanishes,
while the binding radius diverges. The result of this model is that the excited states
(¢ and x.) become dissociated around T ~ T, while the .J/v¢ survives up to about
T ~1.2T..

Though the Schwinger model approach provides some first insight to the problem
of charmonium dissociation in a thermal medium, it suffers from the following disad-
vantages: (i) The Schwinger form corresponds to the screening of the linear part of the
potential (or), in one space dimension and the actual form in three space dimension
is quite different [154]. (ii) The screening mass u(7T) is calculated from leading order
perturbative QCD; lattice studies indicate large non-perturbative corrections close to

the deconfinemment transition.

To overcome these shortcomings, a comparatively more rigorous approach was sug-

gested where the heavy quark potential is directly calculated in lattice QCD simula-

tions [155 (156, 157, 158, 159]. In this approach, lattice results for the temperature
dependence of the free energy of a static quark-anti-quark pair is used to determine the
required binding potential. The static QQ studies start from the partition function Z,
which is related to the free energy by Z = exp(—/F); this in turn gives the thermody-
namic potentials, free energy F'(r,T) and internal energy U(r,T). However it is not yet
clear whether F', U or a linear combination thereof is to be identified with heavy qurak
potential V(r,T). Assuming that U(r,T) provides the temperature dependence of the
heavy quark potential, and using results from N; = 2 lattice QCD the corresponding
Schrodinger equation can be solved. Dissociation temperatures are determined as earlier
by the infinite size or zero binding energy of the system. The results obtained from such
studies indicate that the v’ and x. are dissociated around a temperature T ~ 1.17,
but J/1 survives in the medium up to a temperature 7' ~ 2 T,. Comparing these re-
sults to the ones from the Schwinger model, we see that while there is agreement in
the case of the higher excited states, lattice potential models with V = U, predict a
considerably higher dissociation temperature for the .J/1. However if one directly uses
the free energy, F' of the static c¢¢ pair as the binding potential, resulting dissociation

temperatures for all the charmonium states are in agreement with Schwinger model ap-
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proach. F' and U are thus better to be considered as the two limits of the heavy quark
potential V', which corresponds to a slow and rapid charmonium dissociation inside hot
deconfined medium. For a rapid dissociation process, there is no heat exchange between
the heavy quarks and the medium and the potential is just the internal energy U of
the pair; while for a slow dissociation process there is enough time for the heavy quarks
to exchange heat with the medium and hence F' represents the binding potential. The
potential well is deeper for the case V = U and leads to much stronger binding re-
sulting higher dissociation temperatures. However it has also been realized that since
the entropy changes rapidly across the deconfinement temperature, the internal energy
computed on lattice provides more binding than vacuum potential. In literatures, a
number of effective potentials between F' and U having the form aU + (1 — a)F, with
0 < a <1, is used in the Schrodinger equation to evaluate charmonium evolution in
a thermal QCD medium. Such potentials tend to reduce binding and lower the disso-
ciation temperature as a is decreased. Recently attempts have been made to estimate
effect of relativistic corrections to the dynamical evolution of charmonium in the hot
medium [160]. For this purpose the covariant relativistic Schrédinger equation is solved
and the ground and excited state wave functions are obtained for the charmonium states
at finite temperature. Subsequent determination of dissociation temperature shows, T}
for J/1 increases by 7% to 13% when the central potential is varied between free energy
(F') and internal energy (U). Such corrections for bottomonium states are found to be
negligible. Another important point to note is that the potential used in the dynamical
equations to find the dissociation temperatures is calculated for a static c¢¢ pair. In
practice, the charmonium produced in high energy nuclear collisions will be moving and
it is important to investigate the velocity dependence of the charmonium dissociation
temperature [161]. It has been observed that including the relaxation of the medium in-
duced by the relative velocity between charmonia and the deconfined expanding matter,
the Debye screening is reduced and the charmonium dissociation takes place at a higher
temperature, compared to the static case. As a consequence of the velocity dependent
dissociation temperature, the quarkonium suppression at high transverse momentum is

significantly weakened in high energy nuclear collisions at RHIC and LHC.
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Figure 3.1: Schematic view of lattice results for charmonium dissociation. The figure is
adopted from [151

3.3.2 Lattice studies of charmonium correlator

The ideal way to resolve the above ambiguity would be to calculate the c¢ spectrum

directly on the lattice, as is being done by the present state-of-the-art lattice studies [162,

163, 164, 165, 166, 167]. Effects of the hot medium are imprinted on the spectral

function. More specifically, they calculate the c¢é spectrum o(w,T') in the appropriate
quantum channel, as a function of the temperature 7" and the c¢ energy w. Bound-states
show up as resonances in a plot of ¢ versus w. By performing simulations at different
temperatures, one can determine the temperature at which a particular peak disappears
into the background of continuum states which gives the clear indication of the melting
of a bound-state. This in turn allows to determine the dissociation temperature (7})
of that particular charmonium resonance. A schematic illustration is shown in Fig.[3.1.
The results presently indicate that y. is dissociated for T' > 1.17, whereas J /1 persists
up to 1.5 < T/T. < 2.3. Thus, on the basis of lattice studies, the following picture
emerges: The higher excited states dissociate around 7" = T, while the .J/1 survives up
to much higher temperature, in accord with the potential model studies based on the

internal energy U(r,T)).

There is, however, a caveat to these calculations. The discretization introduced by

the lattice limits the resolution of the peak. Lattice methods are thus useful in deter-
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mining the position and to some extent the amplitude of the peaks, but determining the
peak widths remains a challenge, nor is it easy to study the spectrum in the continuum

region (w > 4 GeV).

In all the above studies the estimation of dissociation temperatures for different
charmonium states are precisely related to the zero binding of that particular state.
However recently Laine and collaborators [168] have shown that the real time static QQ
potential has an imaginary part in addition to the real part. As a result the binding
energy of the different charmonium states will also have both real and imaginary parts.
Th imaginary part endows the charmonium a thermal width at any finite temperature
T. Explicit calculations indicate with increase of temperature while the real part of the
in-medium binding energy ez (7") decreases its imaginary part increases. A state can then
be considered as dissociated at the temperature when the two parts become comparable
i.e. the thermal medium effects of ~ T" are comparable to the binding energy. Above
this temperature the state will decay faster than it binds. At finite temperature this
new definition of Ty [169] is considered more realistic than the older idea of zero binding

condition which makes sense only at zero temperature.

In closing we note that all the above studies are performed in a baryon less medium.
Though lattice QCD has emerged as the most reliable tool to address particularly the
non-perturbative issues in QCD, progress in the application of the lattice computations
in a baryon rich medium is hindered by yet unsolved sign problem. Over the years some
techniques like Taylor series expansion, re-weighting and imaginary chemical potential
have been suggested to bypass the sign problem and employ the lattice simulations at
finite baryon density. However they are applicable in the domain of %' In [170], the
authors have studied the heavy quark free energies and screening at finite temperature
and density, for 2-flavor QCD. A small but finite baryon number density is included
via a 6th order Taylor expansion of the fermion determinant in the baryo-chemical
potential pp, that circumvents the sign problem. The Taylor expansion coefficients
of color singlet and color averaged free energies have been calculated and from this the
expansion coefficients for the corresponding screening masses are determined. They have

observed that for small up the free energies of a static quark anti-quark pair decrease in
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a medium with a net excess of quarks, to the first order in p% and that screening is well
described by a screening mass which increases with increasing pp. This suggests that
the screening length in a baryon rich or anti-baryon rich quark-gluon plasma decreases
with increasing net quark or anti-quark density. This is consistent with the common
expectation that presence of non-zero pp shifts the deconfinement transition to lower
temperatures. However these calculations suffer from the use of unrealistically large
pion mass as input. Till date no results are available from lattice QCD for realistic
values of pion mass or at large baryon densities. Due to lack of reliable direct lattice
simulations, parallel efforts are underway way to study the charmonium dissociation a

hot and baryon dense medium using potential model approach [171].

3.4 Overview of Charmonium Production in Nuclear

Collisions

After a brief review of the charmonium spectroscopy in vacuum and in a static QCD
medium, in this section we take a look on the different dynamical aspects of charmo-
nium production in nuclear collisions. Thus study of charmonium or more specifically
J /1 production in nuclear collisions, as a potential probe for QGP formation, have long
been of both theoretical and experimental interest. However to in order to unambigu-
ously identify charmonia (or rather is depleted production) as a probe to the deconfined
matter, one needs a clear understanding about its production in vacuum and how the
production is affected in presence of a hadronic medium is essential. We thus first con-
sider the issue of charmonium production in elementary p + p collisions and then in
p + A collisions where the production is affected by the presence of the normal nuclear
medium. Finally we shall describe the charmonium production in nuclear collisions.
One may note in this respect that m, is significantly larger than typical temperatures
in the early stages of heavy-collisions, even at the highest currently available collision
energies, Ty ~ 0.5—0.6 GeV at top LHC energy. Consequently, charm-quark production
is expected to be dominated by primordial N-N collisions, and thus can be bench marked

rather reliably via binary scaling from p + p reactions.
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3.4.1 Charmonium Production in Hadronic Collisions

Pedagogically charmonium production in hadron-hadron collisions, is believed be a two
stage process. The first stage is the production of c¢¢ pairs. Because of the large quark
mass (m. ~ 1.5 GeV ) this is a hard process, with the hard-scattering scale usually set
by a large momentum transfer (Q* > 4m?). Due to asymptotic freedom the running
coupling a,(Q?) is correspondingly small which allows one to use perturbative QCD to
calculate c¢ production cross section. A parton from the projectile interacts with one
from the target; the (non-perturbative) parton distribution within the hadorns are de-
termined empirically in other reactions eg. by deep inelastic lepton-hadron scattering.
At sufficiently high collision energies ¢¢ production dominantly occurs by gluon fusion
(99 — cc). In low energy collisions, in addition to gluon fusion, quark-anti-quark annihi-

lation (gg — cc) also plays a significant role. The ¢¢ so produced in general is in a color
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Figure 3.2: Feynman diagram showing the production of c¢¢ pairs in hadronic collision
through gluon fusion, in leading order perturbative QCD.

octet state. It has to neutralize its color in order to leave the interaction zone and form
a physical resonance like J/¢ or ¢ among the others. In the second stage, the color
neutralization occurs by interaction with the surrounding color field which results finally
forms the physical bound state. This stage is non perturbative in nature. Over the years,
the main debate on the mechanism of .J/1 production is focused on this non-perturbative
component of color neutralization, which is not yet fully understood on a fundamental
theoretical level. However this nonperturbative evolution of the c¢ pair into an observed

charmonium state has been discussed extensively in terms of phenomenological models
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and in terms of the language of effective theories of QCD. Different treatments of this
evolution have led to various theoretical models for inclusive charmonium production.
Most notable among these are the color evaporation model (CEM) [172], and the non-
relativistic QCD (NRQCD) [173] approach which can accommodate both color singlet
model (CSM) [174] and the so-called color octet model (COM) [175]. Here we briefly

describe each of them.

The color-singlet model

The Color Singlet model (CSM) was first proposed shortly after the discovery of the
J/. A detailed account of this model can be found in [176]. In this model, it is
assumed that the cc¢ pair that evolves into the quarkonium is in a color-singlet state
and that it has the same spin and orbital angular-momentum quantum numbers as the
quarkonium. The production rate for each quarkonium state is related to the abso-
lute values of the color-singlet c¢ wave function and its derivatives, evaluated at zero
cc separation. These quantities can be extracted by comparing theoretical expressions
for quarkonium decay rates in the CSM with experimental measurements. Once this
extraction has been carried out, the CSM has no free parameters. The CSM was suc-
cessful in predicting quarkonium production rates at relatively low energy. However
after the arrival of Tevatron data from CDF Collaboration [177], it was observed that
CSM seriously underestimates the prompt .JJ/1 and v’ production cross section, in p+ p
collisions, particularly in the high pr domain. Recently, it has been found that, at high
energies, very large corrections to the CSM appear at next-to-leading order (NLO) and
next-to-next-to-leading order (NNLO) in «ay [178, 180]. Consequently, the possibil-
ity that the CSM might embody an important production mechanism at high energies
has re-emerged. However, given the very large corrections at NLO and NNLO, it is not
clear that the perturbative expansion in «y is convergent. Furthermore, in the produc-
tion and decay of P-wave and higher-orbital-angular-momentum quarkonium states, the
CSM is known to be inconsistent because it leads to uncanceled infrared divergences.
(see Ref. [181] and references therein.) As we shall shortly see, the NRQCD factorization

approach encompasses the color-singlet model, but goes beyond it.
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The color-evaporation model

The color evaporation model (CEM) was proposed in 1977 [172] and has enjoyed consid-
erable phenomenological success over the years. CEM (also known as semi-local duality
approach) is motivated by the principle of quark-hadron duality. In the evaporation pro-
cess, the c¢ can either combine with light quarks to form open charm mesons(D and D)
or bind with each other to form a hidden charm/charmonium state. A fixed fraction of
the sub-threshold c¢ production is used in charmoinum production. The basic quantity
in this picture is the total sub-threshold charm cross section Sz, obtained by integrating
the perturbative c¢¢ production cross section o over the mass window from 2m,. to 2mp.
Production cross section of any particular charmonium state H is then given by an em-
pirical constant Fly that is energy-momentum and process independent. Once Fy has
been fixed by comparison with the measured total cross section for the production of the
resonance H, the CEM can predict, with no additional free parameters, the momentum
distribution of the produced charmonium states. An immediate further consequence
of the CEM is that the production ratios of different charmonium states, must be en-
ergy independent. Both these predictions have been compared in detail to charmonium
hadro-production data over a wide range of energies [182]. They are found to be well
supported, both in the energy dependence of the cross sections and the constancy of the
relative species abundances. Although the color evaporation model provides a viable
phenomenological description of the hadroproduction of quarkonia, leading to correct
quantitative predictions up to the highest energies under consideration, it cannot pre-
dict the fractions f; of the hidden charm cross sections. Moreover it does not give any
insight to the space-time evolution of color neutralization process. However for char-
monium production in proton-nucleus and nucleus-nucleus collisions, this evolution is
crucial which in turn calls for a more detailed description of color neutralization absent

in the evaporation approach.

The color-octet model

Another model used to describe the hadroproduction of J/1 is the so called Color Octet,

Model (COM). In the color octet scenario, the ¢¢ pair produced in the first stage of the
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collision, is assumed to be in the color-octet state (¢c¢)s. In order to form the physical
resonance state it has to neutralize its color and attain the quantum numbers of that par-
ticular state. The color octet model proposes that the color octet c¢ state propagates in
the medium together with a soft collinear gluon. After a short relaxation time 75 this pre-
resonance state (c¢ — g¢) turns into physical resonance by absorbing the accompanying
gluon, with similar formation processes for other resonances like y. and ¢’ production.
The color neutralization time 73 of the pre-resonant state can be essentially estimated
by the lowest momentum possible for the confined gluons 75 =~ m ~ (.25 fm.
The formation time for actual physical ground state (say J/v) is presumably somewhat
larger than 75. Although 7/ ~ 75 , the massive charm quarks move non-relativistically.
For the larger higher excited states , depending on their size, the formation time will then
be correspondingly larger. The color octet model encounters difficulties if the collinear
gluons are treated perturbatively, indicating once more that color neutralization seems
to require non-perturbative elements. However it dose provide a conceptual basis for

the evolution of the formation process.

The NRQCD factorization approach

The NRQCD (Non-Relativistic QCD) factorization approach [175] to heavy-quarkonium
production is by far the theoretically most sound and phenomenologically most success-
ful. NRQCD is an effective field theory obtained by integrating out the modes of energy
and momentum from the QCD Green functions which describe the heavy quark-anti-
quark (QQ) pairs. It is built in such a way that it describes the dynamics of QQ pairs
(not necessarily the same flavor) at energy scales in the center of mass frame much
smaller than their masses. Since the heavy quark mass is much larger than Agcp, the
QCD running coupling constant is much less than unity (as(m.) ~ 0.25, as(my,) ~ 0.18)
but perturbation theory can not directly applied due to the nonperturbative effects asso-
ciated with the quarkonium bound state dynamics. Hence QCD factorization technique
is explicitly used to separate out the short distance high momentum effects from long
distance low momentum part. In the NRQCD factorization approach, the inclusive cross

section for the direct production of a quarkonium state H is written as a sum of products
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of these NRQCD matrix elements with the corresponding QQ production cross sections:

o(H) = ou(M)(O}(N)). (3.4)

Here A is the ultraviolet cutoff of the effective theory. The o, are process inde-
pendent expansions in powers of v of the cross sections to produce a Q@ pair in the
color, spin, and orbital-angular momentum state n. The o, are convolutions of parton-
level cross sections at the scale p with parton distribution functions. (The former are
short-distance quantities, while the latter are long-distance quantities that depend on
the nonperturbative dynamics of the initial hadrons). The matrix elements (OX(A))
contain the nonperturbative physics associated with the QQ evolution into a measur-
able quarkonium state. One may note that Eq.[3.4 represents both processes in which
the QQ pair is produced in a color-singlet state and processes in which the QQ pair
is produced in a color-octet state. The NRQCD factorization is sometimes erroneously
called the "Color Octet Model’ since the color octet terms are expected to dominate in
some specific situations, such as J/v¢ production at large pr in hadron colliders. How-
ever, there are situations where color singlet terms are expected to be most significant
ones, as in J/1 production in e*e” collisions.

A further important aspect of charmonium production in elementary collisions is
that the observed (1S) ground state .J/v is partially produced through feed-down from
higher excited states [183]. Of the observed J/1 rates, only some 60 % is a directly
produced J/v¢ (15) state; about 30 % comes from x.(1P) and 10 % from 1/'(2S) decay.
Because of the narrow width of the excited states (I' ~ 100 keV), their decay occurs well
outside any interaction region. The presence of any medium in nuclear collisions would
therefore affect these excited states themselves, and not their decay products.

So far as the experimental situation is concerned, .J/1¢ production in hadronic colli-
sions has been measured over a wide range of energies, starting from the threshold up
to the LHC energies. The kinematic threshold for .J/¢ production in p + p collision,
is /s, >~ 5 GeV, in the CM frame. J/1 is identified via its decay into lepton pair,
through the peak in di-lepton invariant mass distribution. Both electron and muon

channels had been explored in the experiments. They have almost identical branching
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Table 3.2: Inclusive J/1 production cross section in the di-lepton channel for p + p
collisions as measured by different fixed target experiments

Experiment | v/syy Cuts channel | B. R (%) Bo
[GeV] [nb]
CERN-PS 6.9 pr <03 efe” | 6.9+09 | (386 +1.1) x 102
WA39 [185] 8.9 xp > 0. whp 7.0 (7+£0.35) x 1072
NA3 [180] 173 7 > 0 Wt [ T4AL12 -
NA3 [186] 20 xp >0 pwrpm | 7T4+1.2 3.364 + 0.464
NABL [187] 30 | —0.18<azp <014 | puip - 5.5+ 0.0

ratio. Hadroproduction of J/1) mesons has been studied over many years and with a
variety of hadronic systems like p + p collisions, m + p collisions and p + p collisions.
Since our ultimate aim is to estimate J/1¢ production in heavy ion collisions we stick to
the p 4+ p collisions only. Quarkonium production cross sections in p + p collisions are
usually reported as a function of xr and pr. Total cross sections are never really mea-
sured in a single experiment since no experiment covers the entire phase space. However
the experiments do report total cross sections, at least in the forward (zz > 0) region.
The required extrapolation to the unmeasured regions of phase space is very sensitive
to the way the data has been characterized. In Table[3.2 we have given the inclusive
J /1 production cross section in the di-lepton channel, as measured by different exper-
iments from the lowest up to the ISR energies, but not beyond. A global analysis of
the data sets however requires the suitable corrections for limited kinematic acceptances

and different value of the branching ratios.

The invariant cross section is usually assumed to be factorisable with the data fit to

separate functional forms describing the xzr and pr distributions,

d_a_l do _lE do
d3p

- — = 3.5
T dydp% T Do dydp% f(J:F) X g(pT) ( )

where ppa: = +/s/2 and —1 < zp < 1 in the centre of mass frame. The zp distribution
is assumed to be symmetric about xp = y = 0 in p+ p interactions, the data are usually

fit to the invariant form,

E—n~(1—xzp)" (3.6)



or the non-invariant form ,

do
— ~ (1= ¢ .
. (1—ap) (3.7)

while the py distribution is usually parameterized as

9(pr) ~ exp(—bpr) or exp(—ap}) (3.8)

The factorization given in Eq. [3.5/is difficult because xp itself is a function of pr,
Tp = 2"‘TSTSZ'nh(y). Quarkonium production cross sections are usually reported either
as integrated over forward region of phase space, (xp > 0) in the center of mass or in
the central rapidity region (ye,,. = 0). Since the fixed target experiments are forward
focused, most of the forward x region is accessible so that extrapolation to xp > 0 is
reasonable. The xp distributions narrow down with increasing collision energy, so that
at high energies the exponents d and ¢ become large while the measurable zp range
shrinks. To expand information in the limited xr range, the centre-of-mass rapidity of
J /1 meson is sometimes favored in collider experiments where the cross section is often
reported only at mid-rapidity (y.m,. =~ 0).

In literature, there are also different parameterizations available for inclusive J/1
production in elementary NN collisions, from different fixed target experiments. We
here review some of them below.

One of the oldest parameterizations available from E672 Collaboration [188] and valid
for collision energies \/Zs) < 31 GeV is called Schuler parametrization. It gives the total
cross section in the forward hemisphere (xp > 0) without including the branching ratio
to lepton pairs, as:

mg

o(xp >0) =0o(1 — —=)" (3.9)

\/g
where n = 12.0 £0.9 and oy = 638 &= 104 nb for a proton beam and mj; = 3.097 GeV is
the J/1¢ mass.
Slightly different parametrization is available from the E771 Collaboration [189
which studies J/v production in p+Si interactions with 800 GeV/c proton beam. Data

were collected in the di-muon channel with an open geometry large acceptance fixed
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Figure 3.3: A schematic diagram showing the evolution of J/¢ production in nucleon-
nucleus collision. The figure is adopted from [151

target spectrometer. Inclusive cross section per nucleon are obtained with an atomic

weight dependence A® with av = 0.92 + 0.008. The parametric form reads as :

B0 = a(1 — %)5 (3.10)

where 8 = 11.7 £0.5 and o9 = 59 = 6 nb and B, is the branching ratio for di-muon

channel.

Parametrization of a compilation of data by Lourenco [190] gives:

Buuo(azp > 0) = 37(1 — %)12 (3.11)

Finally we resort to a more recent calculation based on scaling analysis of near
threshold quarkonium production off cold nuclear matter [191]. Following this analysis

the J/v production in elementary p + p collisions can be written as:

B0 = BfiYy" (3.12)

where f; is a dimensionless parameter, ¥ = %log(%), with sg being the square of the

threshold energy for .J/i¢ production, in equivalent NN center of mass frame.

All the above parametrizations have been found to describe the existing data corpus

with reasonable accuracy.
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3.4.2 Charmonium production in p + A collisions

Proton-nucleus (p + A) collisions are believed to be an ideal measure of nuclear effects
on charmonium production. In p + A collision there is usually no formation time for
the medium, so that such collisions provide a tool to probe charmonium production,
evolution and absorption in confined matter. Since we eventually want to probe the
effect which the ‘secondary’ medium produced by nucleus-nucleus collisions has on char-
monium production, it is essential to account correctly for any effects of the 'primary’
nuclear medium initially present. The nuclear effects can arise in all evolution stages
of J/v production, and a number of different phenomena, collectively known as cold
nuclear matter (CNM) effects have been identified studied in considerable detail. The

two most important nuclear effects identified so far are:

e The presence of other nucleons in the nucleus can modify the initial state par-
ton distribution functions, which enter in the perturbative ¢¢ production process.
This can lead to a decrease (shadowing) or an increase (anti-shadowing) of the

production rate.

e Once it is produced the c¢ pair will evolve through the nuclear matter during which
it can undergo dissociation both in the pre-resonance as well as in the resonance

stage, caused by successive interactions with the target nucleons.

Apart from these two effects another important effect is the energy loss of the partons
before they fuse to produce a heavy quark pair. Due to these cold matter effects, char-
monium production is expected to get modified inside the nuclear medium as compared
to hadronic collisions. The modification occurs before any QGP formation takes place
and is independent of the effects due to a deconfined medium having free quarks and
gluons. So far as measurements of charmonium production in p + A collisions are con-
cerned one unambiguous feature observed in all the experiments is that the production
cross section per nucleon decreases with increase of the target mass A.

Two approaches are commonly followed for quantification of nuclear effects in char-
monium production in p + A collisions. Traditional way to characterize the nuclear

effects in chamonium production is the so called a-parametrization, which is generally
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Table 3.3: Variation of the parameter « for J/1 production, with beam energy in p+ A
collisions, from different fixed target experiments. Measurements are performed either

in di-muon or in di-electron channel.

Experiment Ecum Targets Phase space «
[GeV]
CERN-PS [184] 6.9 p, C, W pr < 0.3 0.92 £0.09
NAGO [197] 17.3 Be, Al, Cu, 0.28 < Yo, < 0.78 0.882 £+ 0.009
In, W, Pb, U £0.008
NA3 19.4 p, Pt xp >0 0.94 £0.03
NA38 [192] 194 Cu, W, U 0<xp <0.5 0.911 +£ 0.034
E331 [193] 20.6 C, Sn xp > 0.15 0.91 £0.05
NA38 [192,194] | 29.1 C,AlLChu, —0.11 <2p <0.16 | 0.919£0.015
W +0.02
NA38 [195] 29.1 C, Cu, W 0<axp <0.15 0.95£0.02
NA50 [196] 28.3 Be, Al, Cu, —0.425 < Yo, < 0.575 | 0.925 4+ 0.009
Ag, W, Pb
NAGO [197] 28.3 Be, Cu, Ag, —0.17 < Yerp, < 0.33 | 0.927 £ 0.013
W, Pb,U £0.009
NA50 [198] 29.1 Be, Al, Cu, —0.5 < Yem < 0.5 0.928 +0.015
Ag, W
E771 [189] 38.8 Si —01<zp<03 0.92 + 0.008
E772 [199] 38.8 | d, C, Ca, Fe, W | —0.15 < zp < 0.65 0.92 £ 0.008
E789 [201] 38.8 Be, C, W —0.1<zp<0.1 0.888 +0.026
E789 [200] 38.8 Au —0.35 <zxp <0.135 0.9 +0.02
E866 [202] 40.0 Be, Fe, W —0.065 < zp < 0.9 0.96 £ 0.01
HERAB 42.8 C, Ti, W —034d <zp <014 |0.981+£0.015

followed to study the nuclear target dependence of all the hard processes including char-
monium production. In this method the target mass (A) dependence of the charmonium

production cross section is fitted with a simple power law:

opa = 0g X A” (3.13)

where the exponent «, extracted from the data encodes all the nuclear effects. Mea-
sured values of a are found to be less than unity which then indicates suppression of
charmonium production in nuclear medium. Note that « is an effective quantity that
includes all possible nuclear effects present in the initial and final stage, leading to the
reduction of J/4 yield in p + A collisions compared to hadronic collisions. In case there
are no initial state effects, the case o = 1 is for particles which once produced do no

interact with the surrounding medium. For example, this is almost true for the muon
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pairs produced in Drell-Yan process at SPS energy regime. The NA50 Collaboration
at SPS has measured the Drell-Yan production cross section in p + A collisions with
400 GeV proton beam and a variety of targets from Be to Pb. Their analysis indicated
apy = 0.982 4+ 0.021, indicating small initial state effects. Different experiments had
measured o/, in p+ A collisions using variety of targets and for different proton beam
energies. In Table (3.3, we give the value of oy, integrated over the experimental kine-
matic acceptance, as reported by different fixed target experiments. Highest value of «
are from experiments with hydrogen target. It was concluded subsequently that when
results from p+ p collisions are considered together with p+ A data to extract «, results
are often inconsistent with a fit to the p 4+ A data alone, with deuterium or beryllium as
the lightest target [109]. Compared to J/v production less information is available for
nuclear target mass dependence of ¢’ production. The first significant result came from
E772 Collaboration[199], which reported o, consistent with high statistics .J/¢ result.
This observation of lack of noticeable difference between ¢’ and .J/v¢ suppressions in
p+ A collisions was consistent with the color octet model of charmonium production. It
indicated that the object being propagated and suppressed inside the target nucleus is
not one of the two physical resonances rather a common precursor (ccg)s colored state.
This observation was contradicted once the results from E866/NuSea Collaboration [202
became available. They studied p+Be, p+Fe and p+W interactions with an incident
proton beam energy of 800 GeV and found that over a broad range of xp suppression
patterns for J/v and v are different with cv > aj/,. Later the measurements available
from HEBA-B Collaboration at DESY and NA50 and NA60 Collaborations at SPS also

supported this observation.

The evolution of o with xr and pr has also been studied using differential mea-
surements in order to have deeper insight of the nuclaer suppression effects on J/1)
kinematics. A compilation of «;/, values as a function of xr as obtained from differ-
ent fixed target experiments is available by NA60 Collaboration [197] and is plotted in
Fig. [3.4.

Two main features that emerged from the comparison of different experiments are:
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Figure 3.4: The evolution of « as a function of 2y for J/¢ production in p+ A collisions
at different energies. The figure is adopted from

1. While moving from negative xr towards positive xp regime, a steadily decreases,
an effect which was already known from HERA-B and E866 measurements per-

formed at close incident proton beam energies (920, 800 GeV).

2. At a given xp, « is smaller when the incident proton energy is lowered, as seen
by comparison of the HERA-B/E866 results with NAGO results at 400 and 158
GeV. On the other hand, « values extracted from the NA3 measurements of .J/1
production at 200 GeV p + p and p+Pt collisions has been found to be in partial
disagreement. They are close to the values obtained from higher energy data
samples (E866/HERA-B), even after correcting for the bias introduced by the use

of hydrogen as the lighter target.

A satisfactory interpretation of the complex observed pattern is still missing. Various
theoretical calculations have underlined the importance of several cold nuclear matter
effects, including final state dissociation, initial state parton shadowing, initial and final
state parton energy loss and the presence of a charm component in the nuclear wave
function. Relative contributions of these effects are still under debate.

A much more rigorous formalism to describe the observed charmonium production
cross-sections is provided by the Glauber model [204, 57,58, 205]. The application of
Glauber systematics to describe J/1 production in nuclear collisions requires as input

parameters the inelastic nucleon-nucleon cross section and density distributions for var-
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ious nuclei. Having these quantities as input parameters the model gives as an output
Oaps, Which represents the break-up cross section of the c¢ pair in its pre-resonance or
resonance state due to inelastic collisions with the target nucleons along its path. Fol-
lowing Glauber systematics the charmonium production cross section in p+ A collisions

can be written as:

Opn = N / dba[l — (1 — Tu(ba)ol )] (3.14)

abs

oG . represents the charmonium absorption cross section and oyy is the elementary

nucleon-nucleon cross section for charmonium production. Its value is extracted from a
fit to several nuclear targets and not from a single measurement done in p + p collisions.
T4(b) is the nuclear thickness function defined as the nuclear density per unit surface
area. Often the detailed Glauber calculation, is approximated, in first order, by a

simplified < pL > exponential parameterization:

1
104 = oynexp(—o LY < pL >) (3.15)

Here < pL > denotes the average amount of nuclear matter crossed by the pre-
formed charmonium state from its production point up to exiting from the nucleus. One
obtains this formula by expanding the term in square parentheses in powers of o, and

retaining up to the terms o2,.. < pL > can be calculated as:

A-1
1) =25+ [ avlzao)? (3.16)
The < pL > parametrization can be connected to the o parametrization though the

relation:

< pL >

—== (3.17)

a~1—ous

We should take note of the fact that both o and o4, as reported by the experiments,
are effective quantities, used to describe the convolution of all cold nuclear matter ef-

fects reducing the J/v yield. But they do not easily allow to disentangle the different
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contributions (initial state shadowing, final state dissociation etc.) playing a role in
this reduction. However such isolations of different cold nuclear matter effects is indeed
theoretically possible. The commonly adopted procedure is the following [206]: (i) in
absence of any final state dissociation effect, the charmonium production cross section
per target nucleon is calculated using nuclear parton distribution functions (nPDF) for
the partons inside the target nucleons and free proton pdf for the projectile partons.
Depending on the collision kinematics, the production rate can thus be either enhanced
or reduced, compared to p 4+ p collisions, mainly depending on the initial state nuclear
modification of the gluon distribution functions. (ii) CEM predicts the production of
the different charmonium states from the initially produced c¢ pair. (iii) the c¢ pair
has thus been formed, with whatever nuclear modifications of the parton distribution
functions applied for its formation rate, and now traverses the remaining part of the
nucleus. The final state dissociation of the c¢ pairs in the pre-resonance or resonance
stage can then be estimated using either versions of the Galuber model. o, is then
exclusively gives the final state absorption cross section rather than the effective cold
nuclear suppression. However this method also suffered from an ambiguity. The amount
of final state absorption cross section (o) is highly sensitive to the choice of the nPDF
set used to model the initial state effects. For example, if for a given measurement a
particular nPDF produce anti-shadowing effects, one requires a smaller value of o,
compared to the case where one chooses a different nPDF set in the initial state which

does not include the anti-shadowing effects [206].

Table 3.4: Variation of the nuclear absorption cross section (o) for J/1 production as
function of beam energy in p + A collisions.

Experiment | Ecy [GeV] oG . [mb] (J/v) oG . [mb] (1)
NAG60 (197 17.3 7.6 £0.7£0.6 -
NAG60 [197 28.3 4.3+0.08+0.6 -

NA50 [196] 283 | 46+06 (34+1.2) | 10.1+1.6 (8.8 +2.3)
NA50 [198] | 29.1 (HI) |44+1.0 (43+£0.7) | 7.6+1.4 (78 +1.2)
NA50 [198] | 29.1 (LI) |41+04 (44+1.0) | 5.7+2.7 (68 +1.7)

Analysis of charmonium production cross section using Glauber formalism has been

extensively performed by the different experimental Collaborations at SPS. It was ini-
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tiated by the NA38 Collaboration who had collected the charmonium events first time
in 1988, with 450 GeV incident protons on various targets. Later both NA50 and NA60
Collaborations have extracted effective absorption cross section o, from their mea-
surements of charmonium production in p + A collisions with incident proton beams of
energies 450, 400 and 158 GeV. NA50 has extracted the nuclear absorption cross section
both by fitting the data on absolute J/¢) production cross section as well as .J/¢-to-
Drell-Yan ratio for different target nuclei. The advantage for the second quantity (ratio)
is that since both the processes are measured simultaneously they give a much better
control over the systematic uncertainties. However due to small production cross sec-
tion of the Drell-Yan process statistical errors associated with the -to-DY ratio are
much larger. The estimated values of o, for these two cases exhibit reasonable com-
patibility within errors. On the other hand due to large uncertainties associated with
the Drell-Yan muon pairs, NAG0 estimated the nuclear effects on J/1 yield from the A
dependence of the absolute production cross section ratios U%ﬁ / U?ﬁf. Since the data
for different targets were collected in the same run using a rotating target holder, this
ratio also helps to cancel out most of the systematics. In Table we summarize the
numerical vlues of o, for J/1¢ and ¢/ production, as reported by different experiments
obtained with full Glauber model calculation, at different SPS energies. Since they are
not corrected for initial state shadowing effects, they represent the overall global nuclear

suppression. The main outcomes of these studies are:

e for a given beam energy, the loosely bound 7 has larger absorption cross section
compared to J/1, leading to around 20% less ¥/’s per J/¢ when going from p+ p

to p+W collisions

e for a given state the absorption cross section depend on the collision energy and

increases with decreasing energy of the incident proton beam

e values of 0, obtained from full Glauber model calculation is ~ 10% (15%) larger
for J /3 ().

Apart from these inclusive absorption cross section obtained at mid-rapidity, nu-

clear suppression effect is also measured at forward and backward rapidities, though
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the measurements were challenged by statistics constraints and limited phase space
acceptance of the di-muon spectrometer. Nevertheless ¢/ is found to be more sup-
pressed compared to J/1, as in the mid-rapidity case and strongest )/ suppression

is observed in the most negative xp bin.

3.4.3 Charmonium production in heavy ion collisions

After discussing the J/1 production in p+ p and p 4+ A collisions, finally we have come
to the study of J/v¢ production in nuclear collisions. Here one would look for suppressed
production of .J/¢ mesons which can then be related to the formation of QGP. However
as we have seen earlier, J/v yield is already depleted in p+ A collisions owing to the cold
nuclear matter effects. This nuclear suppression will also be present in case of heavy
ion collisions, even at a higher degree due to the cold matter effects induced by both
target as well as projectile nucleons. If some “anomalous’ suppression in addition to
the normal nuclear suppression can be detected in the heavy ion data, then that can be
connected to the presence of a secondary medium eventually produced in the collisions.
A charmonium state produced in such a collision will in its early stages first be subject
to the possible effects of the nuclear medium, just as it is in p + A collisions, and then,

after the nuclei have separated, encounter the newly produced medium.

Cold nuclear matter suppression

The systematics those have been developed for p + A reactions to quantify the cold
matter effects can also be extended to nuclear collisions. The ‘a’ parametrization in is

written as:

oap = 09 X (AB)* (3.18)

On the other hand, the Glauber formalism used above to calculate the survival
probability of an evolving charmonium state in a p+ A collision can also be extended to

A + B interactions [205|. The survival probability at impact parameter b now becomes
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oan =~ / db(1— 1 Ta(baloG,)") / dby(1— [1 = T(bsloG,)”) (3.19)

abs X gabs

as extension of Eq. (3.14). With the dissociation cross sections o’;,, determined in
p + A collisions, Eq. (3.14) specifies the ‘normal’ survival probability, i.e., that due to
only the nuclear medium. Like p + A case, the detailed Glauber calculation can again

be simplified in the 'p < L >’ parametrization as:

“PL> < pL >) (3.20)

oap = onnABexp(—o))

where L = Ly + Lg. The effective path length L4(Lp) through the nucleus A(B), can
again be calculated using Eq. 3.16.

It is important to note that the effect cold nuclear matter absorption depends strongly

2R 4
sinhYp

on the passing time t; >~ of the two colliding nuclei, where R 4 is the nuclear radius
and Yp is their rapidity in the center-of-mass frame. While at SPS energy the collision
time is about 1 fm/c¢ and normal suppression is large the cold nuclear matter effect

in extremely energetic collisions should be small, due to the small collision time, for

example t; ~ 0.1 fm/c at RHIC and ¢; ~ 1/200 fm/c at LHC.

In order to use J/1 as a diagnostic probe for the produced medium, we now have to
study how the behavior observed in nuclear collisions differs from this predicted pattern.
Several possible and quite different effects have been considered as consequences of the

produced medium on charmonium production.

Color screening and sequential quarkonium suppression

If the produced medium in nuclear collisions is indeed a hot and dense quark-gluon
plasma (QGP), Debye color screening would set into operation. This will decrease the
quarkonium binding, both in strength and in its spatial range compared to the vac-
uum binding. With increasing the temperature of the medium the binding potential
weakens and the c¢ bound states dissociate at some characteristic Mott temperature 7.

If the maximum temperature of the medium produced in heavy ion collisions reaches
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Figure 3.5: A schematic diagram showing sequential J/v suppression by color screening
inside QGP medium. The figure is taken from [151

the Mott temperature, the Debye screening effect results in anomalous charmonium
suppression. Even though no quantitative conclusions on the precise value of the char-
monium dissociation temperatures have been reached yet, a common conclusion from
the phenomenological as well as lattice based calculations is that the different char-
monium states owing to different binding energies, correspond to different dissociation
temperatures. Since the larger and less tightly bound states melt at lower temperature

or energy density than the ground states, color screening would produce sequential sup-

pression [207, 1208, 107, 209]. Considering the feed down contributions from the long
lived excited states, to the inclusive J/1¢ production, inside a QGP medium, J/1 would
exhibit a step like suppression pattern. With increasing meium energy density, after
an initial threshold melting the ¢’ and hence removing its feed-down component for
J /1 production, there will be a second threshold for y. melting and then finally a third,
at which the direct J/v (1s) is dissociated. Such a step wise onset of suppression with
specified threshold dissociation temperatures is perhaps the most characteristic feature
predicted for charmonium production (as well as for bottomonium) in nuclear collisions.
It is illustrated schematically in Fig.[3.5 where the J/1) survival probability is defined to
be unity if the production rate suffers only the estimated nuclear suppression. Theoret-
ically, this is the chance of a J/1¢ to persist as a bound state in a deconfined medium.
How to properly define this quantity as a useful observable in experimental studies is
still a subject of intense discussion. The generic suppression pattern shown here would
of course be softened by nuclear profile effects, impact parameter uncertainties etc. On

the other hand this could be partially compensated if there is a discontinuous onset of
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deconfinement as a function of energy density of the medium.

In heavy ion collisions, .J/1 suppression in hot and dense medium induced by color
screening is usually described within a geometrical threshold model without considering
detailed microscopic dynamics [210, 211]. In this model, the J/¢ inclusive survival

probability for a collision at an impact parameter b can be written as

Siu(b) = / @585 (b, 5)0(ne =y (b, s) (3.21)

where S?/ZM (b, s) is the J/v survival probability after cold nuclear matter suppression,

and s is the transverse position of the J/1. The transverse participant density n,(b,s) in
the step function is assumed to be proportional to the local energy density of the medium
at a point (b,s). In the hot and dense interior of the fireball where n, is larger than the
critical density n.., all the J/1’s are dissolved due to strong screening effects and those
outside this region only suffer normal nuclear suppression effects. The threshold density
n. in this model is a parameter that can be fixed by comparing with the data. If the
matter with n, > n. is QGP, the critical density n. can be considered as the threshold
value to create QGP. Despite its simplicity, the threshold model was found successful to
describe the anomalous J /1 suppression observed in Pb+Pb collisions at SPS [210, 211].
Though found successful, the threshold model gives a crude description of the partonic
medium. It is a geometrical model applicable for a static medium. However the volume
of the produced fireball in relativistic heavy ion collisions is relatively small and expands
very rapidly, implying rather fast cooling and dilution and short fireball lifetimes. To
include the medium dynamics several variants of the threshold model had been proposed
in literature 213]. For example to describe the data on centrality dependence of
J /1 suppression at mid-rapidity in Au+Au collisions (y/syy = 200 GeV) at RHIC,
in [212], the J/4 survival probability at a point inside the plasma is modeled in terms
of the instantaneous thermal J/v decay width I'ys(T(x(7))) at a local temperature T
at the space time point (x,7). Following simple threshold ansatz the decay width is
parametrized such that it is either zero for 7' < Ty or infinity for 7" > T,. The space-
time evolution of the hot and dense partonic matter was described either by (3+1)-D

ideal relativistic hydrodynamics or (2+1)-D relativistic viscous hydrodynamics, with
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the assumption of local thermal equilibrium. J/1 is treated as an impurity traversing
through the medium. A detailed treatment of the matter evolution and .J/v suppression
within a threshold scenario at energies available from SPS and future FAIR facility had
also been carried out in the hadronic transport model HSD [213], where the J/1) motion

is traced microscopically throughout the medium.

The above pictures utilizing Debye screening effect were typically based on the exis-
tence of characteristic constant dissociation temperatures depending on which the sup-
pression is either total or absent. Attempts were also made to smear the step func-
tions [211, 212] modeling the survival probabilities in the plasma to incorporate the
effect of gradual thermal broadening of .J/1 rather than its abrupt change. This was

motivated by the fact that deconfinement, instead of abrupt one, is a continuous process.

In addition to Debye screening effects, another essentially important effect was found
to be the collisional dissociation of J/¢ due to hard partons which leads to sizable in-
elastic reaction rates comparable to the fireball expansion rate. In particular in a real
system, charmonia can be destroyed below the characteristic dissociation temperature.
Debye screening would be still operative by controlling the binding energy which in
turn determines the phase space (and thus the width) of the dynamic dissociation re-
actions [214]. An important such process in the QGP at leading order is the gluon
dissociation process [105] g+ J/1) — ¢+ ¢, in analogy to the photon dissociation process
of the electromagnetic bound states [215]. Close to the dissociation temperatures, the
binding energies of the charmonium states are small and the gluo dissociation becomes
kinemtaically unfavorable due to shrinking of phase space. As a result, the next-to-
leading order (NLO) processes take over [214, 216], most notably inelastic parton scat-
tering: ¢(q,q) + J/¥ — ¢(q,q) + ¢ + ¢. Debye screening being a macroscopic effect,
remains operative as the deconfined medium is in thermal equilibrium. On the other
hand collisional dissociation can be effective in the preequilibrium phase also as long as

the medium is in the deconfined state.
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Suppression by Comover Collisions

In addition to the hard partons, anomalous .J/1 suppression can also be induced due to

inelastic collisions with the secondary hadrons like 7, p and w produced in the nuclear

collisions and co-moving with J/1 [217, 218,219, 220]. The suppression due to comover

effect in a hot and dense hadronic phase can be schematically written as:

Seo = exp[— /TF AT{ Oco Vrel )Mo (T)] (3.22)

70

where n.(7) is the comover density at some proper time 7 at the position of J/v,
and the 0., denotes inelastic hadro-J/1 dissociation cross section (multiplied by the
relative velocity) and is averaged over various kinds of co-moving species and interaction
energies. 7y and 77 respectively denotes the co-mover formation time and freeze-out time
at which the inelastic interactions stop. Not all the hadrons produced in nucleus-nucleus
collisions (co)move with the J/¢. So the number density of comoving hadrons is given
by ne, = fenn, where ny is density of produced hadrons and f. is the fraction that
(co)moves with the J/¢. The comover density, n.(7), is generally obtained through
some kind of evolution mechanism of the matter. Generally the evolution is assumed
to be described by Bjorken’s boost invariant 1-D hydrodynamic scaling solutions [62],
so that co-moving density becomes inversely proportional to the proper time 7 and
fitted to the measured final state hadron yield dN.,/dy [221, 57, 58]. The co-mover
dissociation cross section is an adjustable parameter in the calculation. Charmonium
dissociation by interaction with hadronic comovers has received considerable attention
in the past [222]. However in some calculations the comover densities turned out to
be rather high, corresponding to energy densities well above the critical one computed
in lattice QCD. Consequently the partinent comover interaction cross sections assumed
rather small values like 0., ~ 0.65 mb which are more suitably interpreted as partonic
comover interactions. A more detailed treatment of the medium evolution together
with a dynamical description of the interactions between charmonia and comovers were
carried out in the framework of hadronic transport models like UrQMD and HSD [213].

Charmonia hadron cross sections were input parameters to these models.
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Charmonium Regeneration

The normal and anomalous suppression mechanisms discussed above are applicable to
the primordial .J/¢ mesons produced in initial hard nucleon-nucleon collisions. In case of
heavy ion collisions at SPS energy and below, there is typically no more than one c¢ pair
produced per central Pb+Pb collisions (N ~ 0.2 at Ep,, = 158 A GeV). Hence if the
two quarks can not form a (pre-resonant) charmonium bound state close to their creation
point, the probability to recombine in the medium and form a resonant state is very
small and can be safely neglected. However for nuclear collisions at collider energies like
those available from RHIC and LHC, the situation becomes quite different. In a central
Au+Au collision at the top RHIC energy, about 10-20 ¢¢ pairs are produced [223], while
the number is around 100 at LHC. Hence the uncorrelated ¢ and ¢ from different pairs
have a significant probability (proportional to N2) to meet and form charmonium bound
states in the medium. The J/1 regeneration in partonic and hadronic (or mixed) phases
arises as a possible new mechanism for charmonium production in heavy ion collisions at
RHIC and LHC. Regeneration is generally employed in two classes of models. Within the
statistical hadronization model, charm quarks are assumed to be equilibrate kinetically
and secondary charmonium production entirely occurs at the hadronization transition.
It further assumes in accord with color screening and the resulting suppression, that at
sufficiently high energies there is an almost complete dissociation of the J/v ’s produced
in primary nucleon-nucleon interactions. On the other hand, at such collision energies,
these interactions lead to abundant c¢ production; the rate for this process grows faster
than that for the production of light quarks, and if the c¢ pairs remain present in
the evolution of the medium, the system will at the hadronisation point show an over
saturation of charm, compared to the predicted thermal abundance. If these charm
quarks have become part of an equilibrated medium and as such undergo hadronisation
in the form of statistical combination, then such secondary charmonium formation can
convert more c¢ pairs into J/¢ ’s than the dynamical primary production mechanism,
provided the binding force between charm quarks from different sources is large enough.
This would lead to an effective J/1) enhancement in A + A collisions relative to p + p

results scaled by binary collisions. The statistical hadronization model has been found
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successful in describing the mid-rapidity J/v suppression in Au+Au collisions at top
RHIC energy. Extrapolation of the model calculations to the LHC domain led to a
striking prediction of increase of the enhancement with collision centrality [225], because
of the corresponding increase in the number of collisions and hence of the number of cc
pairs thermalized in QGP. On the other hand recent lattice calculations of charmonium
spectral functions suggest that directly produced J/i) mesons can exist in a thermal
environment at temperatures well above the deconfinement phase transition. Hence
unlike in the statistical model, charmonia in the kinetic formation model [224] can be
regenerated continuously throughout the QGP region and the formed .J/v’s reflect the
initially produced charm-quark spectra and their modification due to the interaction in
the medium. In the kinetic approach, the J/v¢ production during the entire lifetime of the
deconfined phase is dynamically calculated through (related) formation and dissociation
processes at finite temperature and density. The simplest dissociation reaction utilizes
absorption of the individual deconfined gluons in the medium to ionize the color singlet
J/, g+ J /1 — c+¢, resulting in a color octet c¢ pair. The inverse of this process serves
as the corresponding formation reaction, in which a c¢ pair in a color-octet state emits
a gluon and falls into the color-singlet J/1 bound state. The competition between the
J /1) formation and suppression is characterized by a kinetic rate equation that decides

the effective number of J/1 at any instant 7.

One common assumption of the statistical hadronization model and the kinetic model
is that the initially produced charmonia are entirely destroyed due to color screening in
the deconfined medium. Though it might be a reasonable approximation in central col-
lisions at RHIC and LHC energies, but for nuclear collisions at SPS and lower energies,
as well as for peripheral collisions and light ions one needs to include initial production
together with normal and anomalous suppressions. This was first accounted in the two-
component model [214], where the final charmonium yield is expressed as the sum of di-
rect’ and 'thermal’ production. The direct component are the .J/¢ mesons initially pro-
duced via hard processes with subsequent nuclear absorption and anomalous suppression
in the QGP. Regeneration in this model is restricted to statistical hadronization at the

boundary of the confinement phase transition, as in the statistical recombination models.
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Both direct and thermal components are subsequently subject to hadronic dissociation
processes. This approach incorporates inelastic processes beyond 2 — 2 scattering. This
is particularly important for small charmonium binding energies where inelastic 2 — 3
processes like g(q,q) + J/¥ — g(q,q) + ¢+ ¢, instead of gluo-dissociation generally used
in kinetic models, become important. In the hadronic phase, inelastic interactions with
pions (7 + J/¢ — D + D*, D + D*) and p mesons (p + J/¢p — D + D*, D + D*) are
accounted for which mostly affect the ¢’ abundance. Regeneration of charmonia essen-
tially occur at or before the hadronization transition. J/v regeneration may also occur in
hadronic matter by considering the backward channels D + D — .J/1)+ mesons through
detailed balance. While the regeneration is negligible at SPS energy, its contribution
to the final J/4 yield is essential and comparable to the dissociation by the comoving
mesons at extremely relativistic energies. The two component model has been found
successful to describe the data on J/¢ production from SPS to RHIC. At SPS energy,
the direct production prevails over the thermal component for both S+U and Pb+Pb
collisions at any centrality. The thermal contribution sets in when the temperature of
the system reaches the critical value for deconfinement phase transition and grows with
increasing open charm production. At RHIC energy, the J/v yield is still dominated
by initial production for peripheral collisions, but regeneration becomes comparable (or
even exceeds) direct production for semi-central/central collisions, though a significant

uncertainty due to incomplete charm-quark thermalization remains.

[t is important to note, so far J/1) enhancement with centrality has not been observed
in data collected at LHC. Moreover since our primary concern is the J/v production in
the FAIR energy domain, where number of ¢ pairs per collision is ~ 107°, we can safely

neglect the regenerating effects as far J/v¢ production in nuclear collisions is concerned.

Apart from the inclusive charmonium production, transverse momentum (p7) depen-
dence of the J/1 production can also provide information about the production process,
the evolution of the resonance formation and of that of the produced medium. In case of
p+ A and A+ A collisions, the py distribution of charmonia gets broadened in compari-
son to that in p+ p interactions, due to collision broadening of the incident gluons which

fuse to make cc pairs. For heavy ion collisions, the amount of broadening depends on the
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average number of collisions of a projectile parton in the target and vice versa as well
as the average “kick” which the incident parton receives in each subsequent collision.
As a result the (p2) 44 is found to rise linearly with the number of collisions. In the ab-
sence of any anomalous suppression, this would be the expected behavior of the average
J/1 transverse momentum. Now given the sequential suppression by color screening,
the J/v ’s observed for energy densities in a range above the onset of anomalous sup-
pression, €(25),e(1P) < e < ¢(15) are the directly produced 15 states unaffected by the
presence of the QGP. They should therefore still show the normal broadening pattern
as long as € < ¢(15) [209]. This broadening is a memory of the initial state and hence
essentially absent if the J/v is formed only at the hadronization point, where such
memory has been destroyed. Thus J/1) production through regeneration should show
a flat distribution as function of the number of collisions [228], in contrast to the rise
expected in the sequential suppression scenario. The behavior of (p2)a4 thus should
provide a clear indication of how the observed J/i¢ ’s were produced. A further inter-
esting signal is how an anomalous suppression behaves as function of pr. If the nascent
J/1 is formed as a small color singlet gradually expanding to its physical size, then
it can be out of the deconfining medium either spatially or temporally before suffering
serious suppression, provided it has a high enough transverse momentum. The “end” of

anomalous suppression as function of py could thus give indication on the size or life-time

of the QGP [229, 230, 231, 232,233, 234]. More recently, calculations have appeared
[235] which are based on the AdS/CFT correspondence applied to QCD; they indicate
the opposite effect, suggesting that J/v ’s of high transverse momentum should suffer
more suppression. It must be kept in mind, however, that binding and the dissociation
of specific bound states are clearly non-conformal phenomena, so that such modeling is

not necessarily valid.

Again it is important to note that in the low energy collisions at FAIR, anomalous
suppression pattern might be independent of pr, due to small py values of the produced

J /1 mesons. This issue is discussed at length in section [6.4 of chapter [6.

Over past 25 years, concentrated experimental efforts have produced a wealth of

data on charmonium production in nuclear collisions. Measurement of .J/1 suppression
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Figure 3.6: Measured-to-expected ratio of J/i production in 158 A GeV heavy ion
collisions at SPS. The figure is taken from [236

in heavy ion collisions was pioneered by the NA38 Collaboration at SPS in S+U and
O+Cu collisions with sulfur and oxygen beams of energy 200 A GeV. Data were pub-
lished in terms of J/1-to-Drell-Yan ratio (0,,/0py) as function of collision centrality
measured through the variable < L >. With increasing collision centrality, decrease
in the height of the J/1 mass peak with respect to Drell-Yan continuum was observed
which then indicated suppression of J/1 production. However the resulting centrality
dependence of .J/1 suppression pattern was found to be completely compatible with the
Glauber model calculations extrapolated from the previous p + A measurements by the
same group. The first significant measurement of J/¢) production in heavy ion collisions
were subsequently came from the NA50 Collaboration who measured the J/v¢ suppres-
sion in 158 A GeV Pb+Pb Collisions, in the di-muon kinematic domain 0 < y.,, < 1.
Data were published again in terms of .J/¢-to-DY ratio as a function of < L >. Cen-
trality bins and the corresponding < L > are were inferred from three independent
measurements of forward energy, transverse energy and charged particle multiplicity.
Suppressions above a certain centrality threshold were found to be about 20 — 40%
larger than that suggested by extrapolations of the p + A data measured by NA50 Col-
laboration with incident proton beams at energies 400 and 450 GeV, using Glauber
formalism. Such anomalous suppression of J/1 yield beyond that expected from cold
nuclear matter effects were expected to carry the evidence for deconfinement transition

at SPS. The onset of anomalous .J/1 suppression in Pb+Pb collisions and its absence in
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S+U collisions suggested studying a lighter A+ A combination to obtain further insight
about this phenomena. Hence the NAG0 Collaboration measured the J/1) suppression in
In+In collisions at the same energy and kinematic domain of NA50 heavy ion collisions
and again an onset of anomalous suppression was seen which appeared to occur at a
centrality (Npg+ ~ 80) at which the corresponding S+U data do not show such effect.
Due to poor statiscis of the Drell-Yan muon pairs, the results are finally published in
terms of measured-to-expected J/1 ratio as a function of the number of participants
(Npart), where the expected denotes the J/1 cross section calculated using a purely nu-
clear absorption scenario. The Pb+Pb data within errors were found to be compatible
with an earlier as well as a later onset position. However one common factor in both the
measurements was that the corresponding value of ajfj; ~ 4.2 mb, which was extracted
from the data collected in p+A collisions at 400 and 450 GeV and used to estimate
the effect of normal nuclear absorption. With the new measurements of charmonium
in p+A collisions at 158 GeV [236], where 03% turned out to be almost twice as large
as that at 400 GeV, the NA60 experiment reported the relative charmonium yield in
In+In collisions to be compatible within errors with absorption in cold nuclear matter,
as shown in Fig.[3.6/ An anomalous suppression of about 25 - 30 % still remained visible
in the most central Pb+Pb collisions. Apart from SPS, no other fixed target facility has
measured J/1 production in heavy ion collisions and hence till date there are no data
on J/v suppression in nuclear collisions below 158 A GeV. However so far as heavy ion

collider machines are concerned, J/v supression has been observed at both RHIC and

LHC.

The measurements of J/¢ production in p+p, d+Au, Au+Au and Cu+Cu and
Cu+Au collisions at /syy = 200 GeV energy were performed by the PHENIX and

STAR experimental Collaborations at RHIC [237, 238, 1239, 240, 241, 242, 243, 244].
The observed suppression of .J/1¢ production for the first time was presented in terms
of nuclear modification factor, R44, defined as the ratio of J/¢ production in A + A
collisions to the J/v production in p + p collisions, normalized to the number of binary
collisions, N.y;. R4 had been calculated as a function of collision centrality expressed

via number of participants, Ny, (or multiplicity or energy density), transverse momen-
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Figure 3.7: Centrality dependence of J/v suppression at SPS and RHIC. The figure is
obtained from [246

tum, pr and so on. The most striking observation from RHIC measurements observed
by PHENIX Collaboration was that in case of Au+Au collisions, suppression in for-
ward rapidity range 1.2 < |y| < 2.2 was found to be stronger than that in the central
rapidity (|y| < 0.35). For the most central collisions, the suppression reaches a value
near 80%. This phenomenon appeared contradictory with the models containing only
initial production mechanisms as anomalous suppression in the central region where the
highest temperatures are expected should be stronger than that at forward/backward
rapidities. However this observation found a natural explanation from the regeneration
effects since recombination mainly occurs in the central region and thereby compensat-
ing the initial suppression effects. The J/v¢ production in Au+Au collisions at large
transverse momentum py > 5 GeV/c for mid-rapidity range (Jy| < 1.0) was also mea-
sured in STAR experiment at RHIC. The suppression of .J/¢ production was smaller
than measured at PHENIX and was near 50% for most central collisions. J/i data
in Cu+Cu and Cu+Au collisions at RHIC exhibit a suppression close in magnitude to
that observed in in Au+Au collisions. At lower RHIC energies, measurements show a
J /1 suppression similar in magnitude to that measured at top RHIC energy. For ex-
traction of the CNM effects, the PHENIX data for Au+Au and d+Au collisions were
analyzed simultaneously. It was suggested that in p+p, p+A and d4+Au collisions the
hot and dense nuclear matter is not formed and the observed suppression was purely

due to the cold matter effects. The nuclear modification factor for cold nuclear matter,
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Raa(CNM) in Au+Au collisions was obtained. The ratio Ra4/Raa(C'N M) showed the
anomalous suppression of the J/1¢ production in the hot and dense nuclear matter pro-
duced in relativistic heavy ion collisions. At /s = 200 GeV the Raa/Raa(CNM) ratio
found to be approximately equal for different ranges of rapidity [245]. There is another
interesting feature related to RHIC data. Once the RHIC data were available, the SPS
data on Pb+Pb collisions from NA50 Collaboration were reanalyzed and published in
terms of R%f as a function of N, Initial comparisons showed a similar suppression
pattern at SPS and RHIC. This was explained either using the fact that the T} value
for directly produced J/1) is too high (TdJ AN 2T,) to get them melted either at SPS or
RHIC energy collisions. Hence in both the cases the suppression is due to the melting
of the excited states which contribute to the feed down production of .J/¢) mesons. This
finally leads to the identical suppression pattern. The other possible explanation of this
observed feature was based on the recombination mechanism. Even though the suppres-
sion is more severe in the central rapidity region of RHIC, due to secondary production
of J/1 via exogamous regeneration mechanism, the initial suppression is compensated
in such way that the overall observed reduction of J/v yield is same as that at SPS.
However it is important to note that at SPS in caclcualtion of Ri‘/;f , the corresponding
01/ for p + p collisions was not measured. Initial estimates of 44 were based on the
extrapolation of the then available 400 GeV p + A data up to A = 1. Once the p+ A
data were collected at 158 GeV, oy, for p + p collisions was recalculated using this 158
GeV data set. Resulting suppression pattern for Pb+Pb collisionsat SPS, was found to
be different than that observed in Au+Au collisions at RHIC [246].

The latest results on .J/1 production in nuclear collisions have recently become avail-
able from the CERN LHC, which provides the opportunity to study the quarkonium
production at a completely new energy domain more than ten times higher than that at
RHIC. At LHC, the experiments ALICE [247], ATLAS [248], CMS [249] and LHCb
are measuring charmonium production at various rapidity and pr ranges. During the
years 2010-2012 J/1¢ production was measured in p+p collisions at 2.76 TeV, 7 TeV
and 8 TeV and in Pb+Pb collisions at 2.76 TeV. Measurement of J/¢ production in

p+p collision at the same energy as in Pb+Pb collision, provides baseline for extraction
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Figure 3.8: Centrality dependence of J/v¢ suppression at LHC. The figure is obtained

from [247

of the nuclear modification factor R44. The mechanism of J/¢ production is inves-
tigated and the contribution of B-decay to J/i¢ production is measured. There is a
fair agreement for the p+p collision data obtained in ALICE, LHCb, CMS and ATLAS
experiments in the same kinematical domains [251]. The J/1 production cross section
is found to depend on rapidity. For forward rapidity the cross section is smaller. By
increasing the energy the mean py and production cross section of J/1 becomes larger.
The contribution of B-decay to .J/v¢ production cross section depends on rapidity and
increases for larger J/1 transverse momentum. This contribution is approximately 10%
for pr ~ 1.5 GeV/c [252]. Charmonium production in Pb+Pb collisions at 2.76 TeV was
measured at LHC in ALICE, CMS and ATLAS experiments. In ALICE experiment the
transverse momentum of inclusive J/¢ was measured from values zero up to 8 GeV/c
in rapidity range y < 0.9 via di-electron channel and 2.5 < y < 4 in di-muon channel.
In ATLAS and CMS experiments charmonium production was measured in the rapidity
range |y| < 2.4, but range of pr values depend on rapidity. In ATLAS experiment only
J /1 mesons with large transverse momentum (pr > 6.5 GeV/c) were measured. The
R4 dependence on centrality in ALICE experiment is not as strong as in PHENIX. In
ALICE for the most central events and for forward rapidity (2.5 < y < 4) the Ra4 value
is two times larger than that measured in PHENIX, so the suppression of J/1 produc-
tion is smaller. But in CMS experiment [252] the suppression of prompt .J/¢ production

(directly produced and obtained from feed-down of excited charmonium states) for most
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central event is approximately equal to the suppression measured at RHIC. A compari-
son of the centrality dependence of R 44 measured in ALICE was done with a statistical
hadronization model calculation, which is in good agreement with the RHIC data. The
model predicts larger values for Rq4 at LHC than at RHIC in agreement with ALICE
experimental data. The importance of .J/1¢ regeneration process is also seen from LHC
experimental data. Another strak difference between LHC and RHIC data on J /1 pro-
duction is observed in the pr dependence of R44. This is arguably the most prominent
difference between LHC and RHIC data in all multitude of observables studied till date.
With increasing pr, Raa of J/1 was seen to increase at RHIC at both mid and for-
ward rapidities, which is in accord within a screening scenario, where Debye screening
mechanism is expected to be effective at low pr (recall the discussions in the previous
section). On the other hand at ALICE both in the mid and forward rapidities, the J/1)
R4 is seen to decrease with increasing pr. This gives a strong support to the inter-
pretation of .J/v¢ production at LHC as dominated by the generation at hadronization
or by regeneration throughout the QGP lifetime as the statistical hadronization model
or the kinetic models repectively imply. It was shown with the transport models that
as expected regeneration is predominantly a low py phenomenon since ¢ and ¢ quarks
spend more time inside the QGP to recombine. This translates to average values of pr
very different at the LHC compared to the lower energies. The measurement of J/1)
elliptic flow parameter (vy) at the LHC brings another argument in favor of charmonium
production from thermalized ¢ and cquarks. Transport model predictions describe the
data well. Recent measurements by CMS Collaboration indicates that the prompt J/1)
mesons exhibit elliptic flow for pr as large as 10 GeV/c. It may be recalled that J/1
data at RHIC are compatible with a null flow signal. A v, signal was measured for J/1)

at the SPS and was interpretated as a path length dependence of the plasma screening.

3.5 Summary

To summarize, in this chapter, we engage in a brief review of the physics of charmonium

production in energetic nuclear collisions. Most of our discussions are concentrated on
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J /1, the most extensively studied charmonium state. Starting with discovery of J /1) me-
son, we first discuss the vacuum properties of different qurakonium bound states within
non-relativistic potential model approach. This is followed by a short narration of the
spectral analysis of the charmonium bound states in an equilibrated QCD medium. In
particular we concentrate on the determination of the dissociation temperature of vari-
ous charmonium states, estimated for a baryonless medium, within both potential model
approach and lattice correlator method. Next we move on the the dynamical produc-
tion of .J/1 mesons in nuclear collisions. We start with the case for elementary hadronic
collisions, where various models accounting for resonance binding of the charmonium
states are depicted in short. This is followed by a discussion on different aspects of
charmonium production in p+ A collisions. These reactions are believed to be the look-
ing glass to identify the effects of the nuclear medium. In such collisions, different cold
nuclear matter effects come into play which modify the perturbative c¢ pair production
as well as their evolution into physical bound states. We discuss in some detail the two
most important CNM effects namely the initial state nuclear modification of the parton
densities as well as the final state dissociation of the nascent c¢ pairs. Two conventional
methods for quantification of the CNM suppression of J/¢ production are discussed
along with the experimental results obtained from different fixed target experiments.
Finally we go to the A + A collisions. In this domain, we give a concise description of
the different mechanisms both in the partonic and in the hadronic sectors that might
give rise to the anomalous .J/1 suppression or its regeneration on the top of the normal
nuclear suppression induced by the cold nuclear matter. We end our review with a short
summary of the experimental observations made so far on .J/1 suppression in heavy ion

collisions.
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Chapter 4

Charmonium production in nuclear

collisions within QVZ approach

4.1 Introduction

In this chapter we discuss our theoretical formalism to calculate .J/¢ production cross
sections in proton-proton (p + p), proton-nucleus (p + A) and nucleus-nucleus (A + A)
collisions. Our estimations are based on the QVZ model, originally proposed by Qiu,
Vary and Zhang [253], for interpretation of centrality dependence of the then observed
J /1 suppression in 158 A GeV Pb+Pb collisions [254] measured by NA50 Collabora-
tion at SPS. For our present work, we have made several modifications as and when
required 256], which will be detailed in the following discussion. Within the QVZ
model, the generic nuclear absorption of .J/1) mesons, that affect their production in
p+ A and A 4+ A collisions, is treated in a completely unconventional way. Generically
the cold nuclear dissociation effects are evaluated within Glauber formalism, with o
quantifying the .J/1 absorption cross section within nuclear matter arising due to J/v-
nucleon inelastic collisions. On the other hand, in QVZ model, the nuclear dissociation
of J/1 is described in terms of the coherent multiple scattering of the pre-resonant cc¢
pairs inside the nuclear medium. As a result some of the c¢ pairs can absorb enough
energy from the medium to cross the open charm threshold to form DD pairs, which

finally results in depleted production of .J/¢ mesons both in p+ A and A + A collisions.
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The total energy gained by a c¢ pair is proportional to the path length traversed by the
pair inside the medium. The model does not consider further suppression in the hot
and dense secondary medium eventually created in the heavy ion collisions. Without
incorporation of any additional anomalous suppression mechanism, the approach was
found to be successful to reproduce the then available data on .J/1v suppression, the

transverse energy (E7) dependence of J/i¢ over Drell-Yan ratio [254], in 158 A GeV

Pb+Pb collisions [253, 257, 258]. These provocative results indicated a negligible ad-
ditional J/1 suppression (compared to CNM effects) even in the most central Pb+Pb

collisions, contrary to the expected signatures of the dense parton plasma.

4.2 QVZ model and J/¢ production in nuclear col-
lisions

In QVZ model, the J/v¢ production in high energy hadronic collisions is believed to a
factorisable two stage process. The first stage is as usual the production of a c¢ pair with
relative momentum square ¢, which is accounted by leading order perturbative QCD.
The second stage involves the (non-perturbative) formation of the color neutral physical
bound state J/v, from the initially compact c¢ pair, which is conveniently parameter-
ized, following existing schemes of color neutralization. As discussed in the previous
chapter the most common approaches are based either on color evaporation (CEM) or
non-relativistic QCD (NRQCD) approach. However, data from the CDF Collaboration
at Fermilab Tevatron seemed to be inconsistent with the predictions from both the ap-
proaches. The disagreement is thought be caused by radiation of semi-hard gluons from
the c¢ pair during its evolution to form a J/1) meson. The parameterizations incorpo-
rated in QVZ model are general enough to include the effect of semi-hard gluon radiation
as well as mechanisms addressed by the conventional approaches. The production rate
of the c¢ pairs with an invariant mass Q?, can be factorized into i) a convolution of two
parton distributions from the two incoming hadrons and, ii) dog p ey x/dQ?, which
represents the perturbatively calculable short-distance hard parts for the parton a and b

to produce the c¢ pairs with mass Q? [259]. At the leading order in strong coupling, the
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partonic contributions come from two subprocesses: quark annihilation (¢ — ¢¢) and
gluon fusion (gg — c¢¢). With the K-factor accounting for effective higher order contri-
butions, the single differential J/¢) production cross section in collisions of hadrons hy

and hs, at the center of mass energy /s can be expressed as,

J/d’ cc
M = Ky dQ2 Yhihg < F.. J/w(q2) (4.1)
da p v dQ2dx o ’

where Q? = ¢* + 4m?% with m¢ being the mass of the charm quark and zp is the Feyn-
man scaling variable. It can be related to z, and z, by xp = z, — a3, with z, and
xp being the momentum fractions carried by the incoming partons originating from the
beam and the target respectively. In Eq. Fee.yy(¢?) is the transition probabil-
ity that c¢ pair with relative momentum square ¢ evolve into a physical .J/1 meson,
in hadronic collisions. Without isolating contributions from different color channels,
Feeyy(¢*) in Eq. represents the transition probability of a color averaged cc¢ pair
to form a physical resonance. Three alternatives have been proposed for parameterizing
the transition probability, corresponding to the various physical mechanisms available

for color neutralization. They are read as:

FO (@) = Ny 0(?) 0(4m3, — dm? — ¢?) (4.2)
FO L (6% = Ny b(g®) exp [~¢*/(202)] (4.3)

F (@) = Nypb(e®) 0(4m3, — dm? — ) x (1= ¢*/(4m3, — 4m))"™" (4.4)

where 2mp is the mass scale for the open charm production threshold. In F_, J/d,(qQ),
Ny, and ap are the tunable parameters. They can be fixed by comparing the model
results with the existing total production cross section data from hadron-hadron col-
lisions. The different functional forms of the transition probability represent different
mechanisms of color neutralization. The F(©)(¢?) implies that a constant fraction of all
the produced cc pairs with invariant mass below the open charm production threshold

evolves into the physical J/1 mesons, and thus bears the central theme of the Color
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Evaporation Model [172]. F(©)(¢?) carries the essential ingredients of the Color-Singlet
Model [174]. It is assumed that the c¢ pair is produced in a color-singlet state. The
transition amplitude (cc|J/1) does not involve any radiation and interaction with the
medium, and thus proportional to square of the .J/1¢ wave function at the origin, param-
eterized as Gaussian. If we neglect the ¢*>-dependence in the production of the c¢ pairs
in Eq. 4.1} and require the c¢ to be color-singlet, the total cross section with F(©)(¢?) is
effectively the same as that from the Color-Singlet Model. In this approach, possibilities
for the c¢ pairs having large invariant mass to form J/v¢ mesons are strongly suppressed.
Finally, F®)(¢?) in Eq.4.4] mimics the essential features of gluon radiation effects. In
this scenario, the c¢ pairs are assumed to be produced in color-octet stage. Subsequent
formation of color-singlet physical resonances occurs through the gradual expansion of
the initially compact c¢ pairs. The expansion is associated with the radiation of soft
gluons necessary for color neutralization. The phase space between the threshold for
producing a c¢ pair and open charm meson is fairly large, 4m% — 4m2 ~ 5 GeV?2. Hence
during formation of the resonance, c¢ pairs with large invariant mass can radiate semi-
hard gluons. Though the heavy quark mass would suppress the radiation effect, it would
help to reduce the pair’s invariant mass and strongly enhances the probability for the
nascent pair to form a .J/1. The ¢*>-dependence of the transition probability is assumed
to be associated with that radiation, and a power-law (P) distribution, is believed to
represent the transition probability. If we expand the transition probability at ¢* ~ 0,
the normalization of F'(")(¢?) can be related to the combination of the matrix elements
in the Color-Octet Model [175].

In principle, with a different functional form of F(¢?), the factorized formula in
Eq. 4.1 can be generalized to calculate the inclusive cross sections for producing other
quarkonium states.

Instead of xp, one can also express the single differential cross section, in terms of

the center of mass rapidity y.,.., of the c¢ pair as,

da,‘l]l/ Z; da,‘l]{ ;f;
Tahe (g, _“Mhy 4.5
dYe.m (T2 + @) drp (4:5)

The inclusive cross sections as reported by different experiments can then be esti-

119



xf(x,Q ?)

‘ [ \\HH‘ [ \\HH““.V':T"' N

0
10° 1072 10

Figure 4.1: The MSTW 2008 leading order (LO) parton distribution functions in a free
proton for gluon (continuous line), up quark (long dashed), down quark (short dashed),
anti-up quark (dotted line) and anti-down quark (dashed-dot line). The parton densities
are evaluated at a scale Q) = m /.

mated by integrating over corresponding kinematic range.

The double differential cross section for producing a c¢ pair can be decomposed into

the individual contributions from different channels and at leading order is given by

dahl ho _ do—/(fhz do-icl?/g do‘igghg
Q2dl’p dQ2d$F dQle’F dQ2dIF7

(4.6)

where 0% is the contribution from annihilation of light quarks, ¢ = u,d, s, ot is
the contribution from intrinsic charm quarks, and ¢%9 is the contribution from fusion
of two gluons. Due to very small charmed sea distribution appearing quadratically in
the cross section calculation, the contribution of intrinsic component ot  is negligible
compared to the other terms [260|. Hence the significant contributions from the other

two leading terms read as

dal‘i?hg Z O’qq 2 Ta0h x[q f(l‘ Q2>q7f(w Q2)+q7f(x QQ)(] f(x QQ)]
dQ2d$F p3y QQ Py h1 as h?2 b h1 as h2 by

for light quark annihilation, and
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dUZ?hQ _&gg(Q2) Loy

e = Q7 2o a9 (0 @)gna(, Q7). (4.7)

for gluon fusion.

Here q(x,Q?), ¢(z, Q%) and g(x,Q?) signify the quark, anti-quark and gluon distri-
butions, respectively, in a hadron, evaluated at a scale Q. In the present work, we
have used the central set of MSTW 2008 [261] LO parton distribution functions for
free protons. Uncertainties for a central set are minimum. In our all present and fu-
ture calculations we have only considered the mean values of the PDF neglecting the
errors associated with them. Fig. 4.1 shows the momentum distributions for up and
down quarks, anti-quarks and gluons following MSTW 2008 LO central set, evaluated
at the scale () = my,. Because of the two-parton final-state at the leading order,
the incoming parton momentum fractions are fixed by the kinematics, and at a given
Vs, can be expressed in terms of zx and Q?, by z, = (1/2% +4Q?/s + xr)/2 and
Ty = (\/m — xr)/2, respectively. The partonic cross sections appearing in
Eqgs. and [4.7, in the leading log approximation, are given by [260, 262]

oo 24ma? 1

c1(Q*%) = 9302 A+5Mvi=-7, (4.8)

and

2 1 1++1— 7 31
699(Q%) = ;Tg; A+~ + EVQ) 10g(i¢—%) - (4_1 + EV)\/ 1—~],

where a,(Q?) is the QCD running coupling constant, and v = 4m?/Q?.

One important quantity in general for quarkonium production is the sub-threshold
QQ production. By sub-threshold c¢ pairs here we mean the c¢ pairs produced in the
partonic collisions, with an invariant mass between 2m¢ and 2mp(2me < Q < 2mp), i.e.
the so called hidden charm interval. It should not be confused with particle production
below kinematic production threshold. Thus it might be interesting to study the energy

evolution of these sub-threshold c¢ pairs. In Fig. 4.2 we have thus plotted sub-threshold
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Figure 4.2: Variation of the sub-threshold (dashed line) and total (continuous line) cé
production (left panel) and their ratio (sub-threshold fraction) (right panel) as a function
of the center of mass energy of the colliding hadrons.

0.6 (b)E,, =15GeV

(@ E._ =75GeV
c.m.

0.6

05 0.5

Fraction of cross sections
Fraction of cross sections

- — 99->cT — gg—->cT
0.4— e 7>t
— ag->cc 0.4F—=---~ ---qG->cC
:\ [ P P Coeoc e e e by |
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Xe Xe
0.8 (@) E, =40GeV

9w el
c
%) S [
c = B
g o L
3] »
3 @ 0.6/
§ g | ——gg—>cT
G © — -
5 s 0.4j--- qg->cC -
c =
% 3 E [ . -
8 (i L
L - JPtiae 0.27
beamer” 0 oo b b by T O Y S
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
XF X[:

Figure 4.3: Ratio of light quark annihilation and gluon fusion cross sections for cc
production in p+ p collisions to their sum as a function of the Feynman scaling variable
xp, at different values of the center of mass energies of the collision system. MSTW
2008 LO central PDF set is used as an input. The solid line is for quark contribution,
and the dashed line is for gluonic contribution as indicated in the figures.
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oez[2me, 2mp|, and total c¢ production cross section and their ratio as a function of
the center of mass energy /s of the colliding hadrons. For small values of /s, the two
cross sections are almost indifferent indicating that all the c¢ pairs are predominantly
produced within the hidden charm interval. However the sub-threshold cross section
is found to rise less steeply with collision energy compared to the total cross section,
resulting an increased separation between the two curves with increasing /s. The ratio
of these two cross sections, the sub-threshold fraction is first seen to decrease with energy
then gradually saturates for large /s. Thus higher be the energy of the collision, ¢¢ pairs

are more likely to be produced with an invariant mass above the sub-threshold domain.

As pointed out earlier, at leading order, the significant contribution to ¢¢ production
comes from the light quark annihilation and gluon-gluon fusions. Because of the larger
color factors, the inclusive cross section, at a given energy, due to gluon fusion is always
higher than that due to quark annihilation. However this may not the case if one looks
at the differential cross sections of these two processes. To estimate their relative size,
we plot in Fig. 4.3, the fraction of the total differential cross section due to each sub-
process in p + p collision for different values of \/s. At lower zx, gluon fusion dominates
the cc production whereas at higher zp, quark annihilation also plays a crucial role.
The critical value 2%, above which ¢g annihilation cross section rides over gg fusion is
not fixed and depends on the underlying collision energy. Higher be the /s, larger is
the contribution due to gluons. Consequently at RHIC (\/syny = 200 GeV) or at LHC
(v/snn = 5.5 TeV), J/4 production up to leading order can be reliably described by gg
fusion alone. However, at the other end of the energy scale, in the FAIR energy domain,
one needs to consider the light quark annihilation channel as well. This observation can
be easily understood by looking at the behavior of parton distribution functions shown
in Fig. Larger xr requires a beam parton at large z,, which in turn means small /s.
In this region the gluon distribution of a proton is very small compared to the valence
quark distribution. Consequently, the .J/1¢ production cross section at large xp is very

sensitive to the sea quark distributions of the target.

Let us now turn to a description of J/¢ production in proton-nucleus collisions[255].

In this case, our model incorporates two most important cold nuclear matter (CNM)
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effects, namely, 1) the initial state nuclear modification of the parton distribution function
affecting the perturbative c¢ pair production, ii) the final state dissociation of the nascent
cC pair in the pre-resonance or resonance stage, due to its interactions with nucleons

during its passage through the target nucleus.

The PDF in a nucleus with atomic number Z and mass number A is written as the

sum of the proton (f”*) and the neutron (f;"*

/") parton densities in a nucleus:

A=z M A-2z) 4, (4.9)

(2

where fz-n/ 4 is obtained from f? /4 by isospin conjugation: u™A = dr/A, qMA = yp/A,
sA = sP/A Deep inelastic scattering (DIS) and Drell-Yan measurements performed
with nuclear targets have shown that the distributions of partons in nuclei are signif-
icantly modified relative to those in free protons. These nuclear modifications depend
on the fraction of the total hadron momentum carried by the parton, =, on the momen-
tum scale, Q?, and on the mass number of the nucleus, A. The mechanisms governing
these modifications are not yet well understood. However based on global DGLAP anal-
ysis [111], several groups have produced parameterizations, R;(A,z,Q*), that convert
the free-proton distributions for each parton 4, f7(x,Q?), into nuclear ones, fi(x,Q?),

assuming factorization:

fl(@, Q%) = Ri(A,2,Q%) x f{(z, Q%) (4.10)

For a recent comprehensive review of different available nuclear PDF sets one can
see [263]. For our calculations, we have employed state-of-the-art EPS09 [264] inter-
face, which is available for all mass numbers. Fig. [4.4 shows the ratio R;(A,z,Q?%)
following EPS09 parameterization, again as a function of x, inside a Pb nucleus for va-
lence up quarks, sea up quarks and gluons, calculated at the scale, = m;,,. We note
that there are essentially four different regimes. Near z = 1, Fermi motion inside the
nucleus leads to an enhancement; following this is a suppression (the EMC effect) due
to nucleon-nucleon interactions. Close to x ~ 0.1, we then again have an enhancement

(“anti-shadowing” ), followed by a suppression at very small x (“shadowing”). Note that
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Figure 4.4: Nuclear modification of valence up (u,) and down (d,) quarks, sea up (us)
and down (ds) quarks and gluon (g) distributions inside a Au nucleus, following EPS09
interface. The parton densities are evaluated at the scale Q = 3.1 GeV, suitable for J/1
production. EPS09 gives R;(Pb, z,Q?), the scale dependent ratio of the distribution of
the parton flavor i for a proton in a nucleus A, to the corresponding parton distribution
in the free proton.

the particular x values where these PDF's switch from enhancement to suppression or
vice versa depend on the parton type. High energy collisions generally access regions
x < 0.4, so that anti-shadowing and shadowing are the phenomena of particular inter-
est. Depending on the collision energy and the momentum of the observed J/v | the
production rate can thus be either enhanced or reduced by the initial state nuclear mod-
ification of the gluon distribution function. It is important to note that, the quark and
anti-quark distribution functions are directly probed by the nuclear DIS and Drell-Yan
data, their nuclear effects are relatively well constrained and different parameterizations
give almost similar results. The connection between the measurements and the nuclear
gluon densities is much more indirect. Since gluon fusion plays the dominant role for
c¢ production, a complete understanding of charmonium production in proton-nucleus
collisions is presently lacking due to uncertainties in nuclear gluon distributions, as il-
lustrated in [206]. It may also be mentioned here that in the original version of QVZ
model, the nuclear effect to the parton distribution functions are ignored and free pro-
ton PDFs have been used to estimate the c¢ pair production in nucleon-nucleus and

nucleus-nucleus collisions.

125



For simulating the final state interactions we closely follow the method advocated
by Qiu et al. [253,260], who have treated the conventional nuclear dissociation in some-
what unconventional way. In nucleon-nucleus collisions, the produced c¢ pairs are likely
to interact with the nuclear medium before they exit. Observed anomalous nuclear
enhancement of the momentum imbalance in di-jet production [265] indicates that a
colored parton (quark or gluon) experiences multiple soft scatterings when it exits the
target nucleus [266]. Hence, the colored c¢ pair produced through partonic hard scat-
tering should also experience multiple soft scatterings when it passes through nuclear
matter. These multiple soft scatterings will increase the relative transverse momentum
between the ¢ and ¢, and consequently, increase the invariant mass of the c¢ pair. Some
pairs can thus gain enough momentum to be pushed over the threshold and become two
open charm mesons, and the J/v¢ production cross section will in turn be reduced in
comparison with nucleon targets. Larger be the size of the nucleus, more be the num-
ber of soft scatterings undergone by the pair and the reduction in the cross section for
J /1 production will be even larger. If the formation length for the .J/i) meson, which
depends on the momenta of the c¢ pairs produced in the hard collision, is longer than
the size of the nuclear medium, it is reasonable to assume that the transition probability
Feeyyp(q?), defined in Eq. , can be factorized from the multiple scattering. Then,
as far as the total cross section is concerned, the net effect of the multiple scattering of

the c pairs can be represented by a shift of ¢? in the transition probability,

¢ — C+AF =+ L(A) . (4.11)

In Eq. [4.11, A¢? is the total shift, linear in L(A), which effectively reduces the overlap
between c¢ pair and F(q®). L(A) is the effective length of nuclear medium traversed
by the c¢ pair, from its point of production till it exits and depends on the details of
the nuclear density distributions [205]. &* represents the square of the relative momen-
tum received by the pairs per unit length of the nuclear medium. It might be useful
to note here that there are variants of QVZ model [258], where the multiple scattering

is assumed to be a random walk, treated as a Krammer like process, resulting a new
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prescription of momentum gain as Aq¢?> — L2. However in all our following calculations
we closely follow the original formulation of QVZ approach.

Finally we consider the .J/1 production in nucleus-nucleus (A + B) collisions [256]. In
these collisions, parton densities are modified both inside projectile and target nuclei.
Depending on the collision geometry, either the halo or the core of the nuclei will be
mainly involved, and the resulting shadowing effects will be more important in the core
than in the periphery. Hence the shadowing factors have to be calculated for various
centrality intervals. Different prescriptions are available in literature to model the im-
pact parameter dependent shadowing factors [267,268,/269]. In the present calculations
we implement the spatial dependence of shadowing functions assuming them to be pro-
portional to the local nuclear density [267, 268], with Woods-Saxon (WS) profile chosen

for nuclear density distributions, as:

Rip(A,2,Q%s,2) = 1+ NA(Ri(A,2,Q%) — 1)’”‘(:’ 2), (4.12)
0

where N f is the normalization constant. The constant is fixed so to ensure that

(1/A) [dsdzR; (A, x,Q%s,2) = Ri(A,z,Q?), for a nucleus of mass number A and
radius Ry. For large vaues of radii, r(= /(s?+22)) >> R4 and R;, — 1, while at
the nuclear centre, the modifications are larger than the average R;. Inhomogeneous
shadowing effects inside the nucleus can also be invoked by postulating them to be
linearly proportional to the density weighted longitudinal thickness of nucleus at the
transverse position of the binary collision (T4 (rr) defined as Ta(rr) = [ pa(rr, 2)dz,
where pa(rr,z) is the local nuclear density at a point (rr,z) inside the nucleus A.
However these two parameterizations of local shadowing have been found to give similar
results at SPS energies, their difference lies within 2% — 3% [270]. Recently spatial
dependence of the nPDFs has been studied in detail using the A-dependence of the
spatially independent global EPS09 and EKS98 routines [269]. Spatial dependence is
modelled as a power series of T4, having terms up to (T4)*. Two spatially dependent

nPDF sets namely EPS09s and EKS98s have also been released for public use.

The effective length of the nuclear matter < L > | traversed by the c¢ par, is also

larger in nuclear collisions and depends on collision centrality. For a collision with an
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impact parameter, b, one can write < L(b) >=< L4(b) + Lp(b) >.

In our modified version of the QVZ approach, apart from the above two nuclear
effects, namely the initial state shadowing and final state dissociation no additional
effect either due to colliding or due to to produced medium is incorporated even for

nuclear collisions.

4.3 The Drell-Yan process

In relativistic heavy-ion collisions the data on .J/¢ measurements is often reported in
terms of ratio of the cross sections for J/i production and Drell-Yan (DY) process
(Z‘]’D—/;b) In the Drell-Yan process, a valence quark from a nucleon in the projectile nucleus
interacts with a sea anti-quark from a nucleon in the target nucleus (or vice versa) to
form a virtual photon, which decays into a lepton pair (" p~). Since the leptons interact
only electromagnetically the Drell-Yan di-muons once produced do not get affected by
any final state interaction of the surrounding medium. Hence Drell-Yan process is used
for characterization of J/1 suppression in nuclear collisions. A reduction in the J/1
peak height compared to the Drell-Yan continuum with increasing collision centrality
signifies larger .J/v suppression in more central collisions. The NA50 Collaboration at
CERN SPS measured first significant data on .J/1 suppression in heavy-ion collisions for
158 A GeV Pb+Pb interactions. In addition they also made significant measurements
of J/v production in p + A collisions at incident beam energies of 400 GeV and 450
GeV and for a variety of nuclear targets. For p 4+ A collisions they published two sets
of data (i) first the absolute J/v production cross section and second the 9-to-DY ratio
for different p + A systems. In case of A 4+ A collisions data is expressed in terms of
-to-DY ratio as a function of collision centrality. The advantage of measuring the ratio
is that since the muon pairs from both the processes (i.e. J/¢ decay and Drell-Yan
scattering) were collected in the same run systematic errors become minimal. However
the disadvantage is the large statistical errors associated with the ratio due to much
smaller production cross section (DY is a purely electromagnetic process) for Drell-Yan

/b

di-muons. Any how in the later chapters we will analyze the SPS data on Z? using
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the QVZ model for J/¢ production. Since this also demands the calculation of DY
production cross sections we here briefly outline the necessary formulae for the same.

More details can be found in [57, 221]

As mentioned at the tree level the Drell-Yan process is the production of a lepton
pair through the annihilation of a ¢q pair into a virtual photon. The partonic cross

section is give by:
do 4o’
T2 32 e2b(w1a0s — M?) (4.13)

where M is invariant mass of the produced dilepton, a@ = e*/4r is the fine structure
constant and z1, x5 respectively represent the projectile and target nucleons momentum

fractions carried by partons with charge e, in a collision of centre of mass energy +/s.

In order to obtain the cross section in hadronic collisions, as a function of pair
invariant mass M and pair rapidity y we need to convolute the partonic cross section
with the quark and anti-quark distributions inside the colliding hadrons. The double
differential cross section for production of Drell-Yan di-muons can be written as:

d*o(AB — pp”) 1ldma®

dydM? © 33M2
x Y e[ FM w1, M?)FP (20, M?) + F (1, M?)FP (2, M?)]

q

! 2 1 T
dzr dzyd(z1298 — M*)o(y — =In—)
0

2 )

(4.14)

where the factor % takes into account the quark and antiquark within the pair should
share the same color. After integrating the delta functions to obtain x5 = \/Mgexp(iy),
the leading order cross section evaluated at a scale Q* = M?, and taking into account

that o)V # oDV # ol # obY becomes

d*c(AB — putu™) 8ra® Za Na Zp
o = Korgags 2 el (S Ey (a0, Q) + —Fy (01, Q%) % (5 F (a2, Q) +
N Z N
S Fi e, @)+ (L Ff 0, @)+ —L (01, Q)
Z N
X (S Fp(a2, Q%) + 5 Fy (22, Q%) (4.15)

where Z4 p and Ny p are the numbers of protons and neutrons of the projectile and
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nuclei having mass numbers A and B respectively. Kpy like earlier takes care of higher
order contributions. The pdf sets used for free proton and nuclear structure functions

are the same as they used for calculation of charmonium production cross section.

4.4 Summary

In this chapter, we have described our theoretical framework for calculation inclusive
J /1 production cross sections in nuclear collisions. Our formulation is based on the
QVZ model. Within this model, the J/¢ production in hadronic collisions is assumed
to be a factorizable two stage process. The first stage is the perturbative production
of the hard c¢ pairs and second stage involves the non-perturbative binding of the c¢
pairs to the physical J/1 resonance. The transition from c¢ pairs to J/¢ meson is
simulated using parametric functions which incorporate various proposed mechanisms
of color neutralization. In case of p+ A and A + A collisions, two most important CNM
effects that have been incorporated in our calculations are the initial state modifications
of the parton densities inside target or projectile nucleus and the final state dissociation
of the pre-resonant cc¢ pairs during their passage through the nuclear medium. Nuclear
modifications of the parton densities are different for the quarks and gluons and also
depend on the kinematic region probed by an experiment. The final state dissociation
of the pre-resonant cc¢ pairs is incorporated through the multiple scatterings suffered by
them inside the nuclear medium. Heavy quark rescattering inside the medium increases
the relative four momentum between ¢ and ¢. Gain in momentum is linearly proportional
to the average path length traversed by the c¢ pair in the nuclear medium. By this
process, some of the pairs might have enough momentum to transmute to a DD pair.
This results in a reduction of the charmonium yield in p + A and A + A collisions
compared to p + p collision. Even in case of heavy ion collision no additional medium
effect is taken into consideration aside these CNM effects. In addition to the discussion
of QVZ approach, we end this chapter with a brief description on the Drell-Yan process,

often used for normalization of J/¢ data measured in nuclear collisions.
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Chapter 5

Analysis of inclusive J/v production

cross sections using QVZ model

5.1 Introduction

In the previous chapter we have introduced our theoretical formulation, the so called
QVZ approach for estimation of .J/¢ production in nuclear collisions. In this chapter we
examine the inclusive J/¢ production cross sections for proton-proton (p + p), proton-
nucleus (p + A) and nucleus-nucleus (A + A) collisions available from different fixed
target experiments within our adapted version of the QVZ model framework. Different
parameters of the model can be tuned by contrasting the model calculations with the
existing data for p + p and p + A collisions. Note that our model, in case of heavy-
ion collisions, does not incorporate any additional mechanism of .J/v suppression apart
from the cold nuclear matter effects. Thus all the model parameters can be fixed from
the data available on total J/¢ production cross sections in proton induced collisions
alone. Model so optimized will then be used to analyze the J/v¢ production in heavy-
ion collisions at SPS energy domain. Our ultimate goal is to estimate the level of J/1)
production and suppression that are expected to occur at FAIR energies. Hence in our
present analysis we confine ourselves to the data corpus available from different low
energy fixed target machines only. A large body of data is now available from both the

collider machines RHIC and LHC, and in principle one can apply the model to such
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high collision energies as well.

5.2 Analysis of the existing data at different fixed

target energies

5.2.1 Proton-proton (p+ p) interactions

Table 5.1: Basic features and results of the experiments measuring the J/¢ production
cross sections in p + p and p + A collisions. For p + A collisions results only from light
target nuclei like Lithium (Li) having A = 3 and Berrylium (Be) having A = 4 and
Carbon (C) with A = 6 are included. In case of nuclear target, the equivalent p + N
cross sections, estimated following a-parametrization (see text) are quoted. In addition
to the inclusive forward (zr > 0) production cross section, the mid-rapidity differential
cross section in di-muon channel is also given.

Experiment | Ecy [GeV] | system o [nb] Bu*u‘(é_g
CERN-PS [184] 6.1 pp | 01£005 | ~0.01
CERN-PS [184] 6.7 p-p | 0.31£0.09 | 0.055 £ 0.02

AGS [149] 7.3 p-Be 1+0.5 ~ 0.1

WA39 [185] 8.6 pp | 12£06 | 02=+01

[HEP [271] 11.5 p-Be 11+£3 1.2+04

E331 (272 16.8 p-Be — 5.6 £1.5

E331 273 16.8 p-Be 69 £ 23 1.24+04

NA3 [186] 16.8 pp | 47+ 10 -
NA3 [186] 19.4 p-p 61 £ 11 41+£0.3

E331 [193] 20.5 p-C 1477 143+£15

E331 [274] 20.5 p-C 95 £ 13 9.5£1.0

E705 23.8 p-Li 162 £ 22 —

UAG [276] 24.3 pp | 718+93 | 62+1.1

E288 274 p-Be 110 £ 27 8.9+22

WA39 [278] 30 p-p — 9.14+25

WA39 [279] 30.6 p-Be — 6.6 £1.8

E672 [188] 31.5 p-Be 161 £ 35 8§+2

WA39 [280] 52 p-p — 7.5+25

WAB39 [281] 52 pp | 350 £ 160 2+5

WA39 [282] 52 p-p - 12.8+3.2

WA39 [279] 52.7 p-p - 11.0+0.4

WA39 [278] 53 pp - 13.6+3.1

WA39 [279] 62.4 p-p — 10.2£0.7

WA39 [278] 63 P-p - 148+33

Let us begin with J/¢ production in hadronic collisions [255]. As stated earlier,

hadroproduction of J/1¢ mesons has been studied over many years and with a variety
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of hadronic systems like p + p collisions, 7 + p collisions and p + p collisions. Since
our ultimate aim is to estimate J/¢ production in heavy-ion collisions we stick to the
p + p collisions only. In all these experiments, J/¢ had been detected via its decay into
lepton pairs, through the peak in di-lepton invariant mass distribution. Both electron
and muon channels had been explored in the experiments. They have almost identical
branching ratio (~ 6%). Plethora of data exist today on J/¢ production in p+p or more
generally proton-nucleon (p + N) interactions. The experiments have used either liquid
hydrogen or light nuclei as the target. The measurements have been performed over a
time period spanning around 40 years, staring from the discovery experiment in 1974 in
p+Be collisions. Naturally over such a long period, several novel experimental techniques
have been invented by different groups and different input information were available
during the time of measurements. Hence comparing results of different experiments on
an equal footing requires an update of the then published numbers on several aspects.
To give an example, J/1¢ branching ratio into di-leptons has changed with time and the
treatments of nuclear effects are not homogeneous. Several attempts have been made to
adjust the data from different experiments to a common framework. For a theoretical
analysis one invariably needs a data set where all the measurements are readjusted using
a common approach. Such compilations are available in Refs. 283]. We take the
data from [221] which is tabulated in Table5.1. In addition to p+p collisions, data from
p+ A collisions for light ions are also included in the table. In case of the nuclear targets,
the target mass dependence is accounted for assuming A%Y (recall a-parametrization) to
obtain the equivalent p+ N cross sections. Total forward cross sections are obtained by
assuming a symmetric xp distribution around xr = 0, assuming the form discussed in
chapter 2. In addition to total inclusive forward cross section (o(zp > 0)), differential
distribution at mid-rapidity (ye.,. = 0) is also given in di-muon channel. The angular
distributions are assumed always to be isotropic. All cross section data are per nucleon
and adjusted with the same di-muon branching ratio (B,+,- = 0.0597£0.0025). In case

of inclusive cross sections branching ratio has been divided out.

We now use the data on the energy dependence of the total forward cross section

to fix the relevant parameters of the model. In case of hadroproduction of J/1, the
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Table 5.2: Values of fitting parameters f;,, and ap used in the calculation of J/v
production cross sections

F© F©) P
fJ/w 0.261 0.517 0.510
oF 0 1.2 GeV 1.0

model contains three parameters namely, (i) K/, , the K-factor to take care of the
contributions beyond leading order in perturbative c¢ production, (ii) ap and (iii) Ny
both of which appear in the parametric function representing the transition of the c¢ pairs
to physical J/¢) mesons. For optimizing the total number of parameters, we combine
the K-factor with the overall normalization constant N;/,. We are thus effectively left
with two free parameters ar and f;/y = K;j/yNj/p. The optimum values of these two
parameters are given in Table [5.2l They are extracted by fitting the model results
with the inclusive J/1 production cross section data in the forward region (zp > 0),
exclusively for p + p collisions given in Table [5.1. All the three parameterizations of
Fo, J/w(q2) are independently found to fit the available data reasonably well. Results
are shown in Fig. In addition to p 4+ p reactions, data points from equivalent p + N
collisions are also plotted, though they are not used in the fitting procedure. These
nuclear target data points represent the forward cross section per nucleon from light
targets (Li, Be, C). Their close agreement with the theoretical curves for p+ p collisions
indicates that for light-ions .J/v¢ production is least affected by the nuclear effects due
to the presence of few target nucleons. Theoretical curves from the model calculations
are also found to be in agreement with Schuler parameterization of the /s dependence

of inclusive J/1 production.

Once the parameters are fixed, the model can now also be used to calculate the
energy dependence of the cross section at mid-rapidity. This energy dependence has

also been parameterized long ago by Craigie [221] as:

—) (5.1)

where m is the mass of the particular resonance state, B is the branching ratio for

di-muon channel and C(.J/1)=40.0 nb. Fig.[5.2/thus shows the comparison of the data
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Figure 5.1: Total .J/v¢ production cross section in the forward region (xp > 0) as a
function of center of mass energy. In addition to p + p collisions, the plot also contains
the available data points for scaled p+ A collisions with light target nuclei from different
fixed target experiments. The model parameters for each of the parametric forms of the
transition probability F(¢?) is however fixed from the p + p data. The cross section as
obtained from Schuler parameterization is also included.

for the mid-rapidity J/v production in p+ N collisions at fixed-target energies with the
model calculations along with the parametric curve.

Thus we have seen that with all three parametric forms of the transition probabilities,
representing three possible physical scenarios of color neutralization, the model gives a
reasonable description of the data for J/¢) hadroproduction at the available fixed target
energies This observation is in line with the original studies made by Qiu et al. [253].
Note that particularly for hadronic collisions our present version of the model is exactly
similar to the original version. Even then the explicit values of the model parameters
obtained from fitting the data of hadronic collisions are different for the two cases. This
can largely be attributed to the choice of different input set of parton densities for

calculation of ¢¢ production cross sections.

5.2.2 Proton-nucleus (p + A) interactions

We now examine in detail the J/i¢ production for nuclear targets [255]. Since the
parameters ap and fj/, are already fixed from the analysis of p + p data, the only

parameter that is left free in case of nuclear collisions is €? that characterizes the square
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Figure 5.2: Evolution of the mid-rapidity .J/v production cross section in di-muon chan-
nel for proton-nucleon collisions, as a function of collision energy. The Craige parame-
terization of the differential cross section is also shown.

Table 5.3: Basic features of the experiments providing the inclusive J/¢ production
cross sections (or their ratios) for various nuclear targets

Experiment | Ej,, [GeV] Collision systems Phase space
NAG60 [197 158 p-Be, AL, Cu, In, W, Pb, U 0.28 < yem. < 0.78
NA50 [110 200 p-C,Al,Cu, Ag, Pb, U 0.0 < Yen. < 1.0
NA50 [196 400 p-Be, Al, Cu, Ag, W, Pb —0.425 < Yo, < 0.575
NAG60 [197 400 p-Be, Cu, Ag, W,Pb, U —0.17 < Yem. < 0.33
NA50 [198] 450 p-Be, Al, Cu, Ag, W —0.50 < Yem. < 0.50
E866 202 800 p-Be, W —0.10 < zp < 0.93
HERA-B 920 p-C, W —0.34 < z2p < 0.14

of the energy gained per unit path length, by the pre-resonant c¢ pairs due to their
multiple scattering in the nuclear medium. In p + A collisions the J/v¢ production is
influenced by the interplay of the variety of physical processes, as discussed earlier. For
a thorough understanding of the involved mechanisms, we need to have accurate sets
of data, spanning over large intervals of the incident proton beam energy and covering
large x and pp intervals. As far as present experimental situation is concerned, a wealth
of high statistics J/¢ data samples have been collected over the years in several fixed
target experiments covering different kinematic range and energy domains. The HERA-
B [203] experiment at DESY has recorded .J/v¢ production in p+C, p+W reactions at
920 GeV incident proton beam energy. E866 [202] at FNAL has studied p+Be, p+Fe and
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Figure 5.3: J/1 cross section ratios for p + A collisions at different energies of the
incident proton beam from different fixed target experiments. Data are fitted with
model calculations for two different forms of the transition probability representing two
different physical mechanisms of J/v formation from an initial c¢ pair.
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p+W collisions at 800 GeV, CERN-SPS experiment NA50 at 200 [110], 400 [196] and
450 [198] GeV and NAGO [197] at 158 and 400 GeV for several different nuclear targets.
A unanimous feature observed in all such measurements is that at fixed collision energy,
charmonium production rate per target nucleon decreases with increasing A, the mass

number of target nucleus.

Table 5.4: The €2 values obtained from fitting the data of different fixed target exper-
iments with different energy of the incident proton beam. &% and &% corresponds to
F®) (%) and F)(¢?) respectively. The errors correspond to fitting errors.

Experiment | Ey,;, [GeV] e, [GeV?/fm] e% [GeV?/fm]
NAGO 158 3.52x 1071 £1.72 x 1072 | 247 x 1071 £1.02 x 1072
NA50 200 2.616 x 1071 +8.72 x 1072 1.971 £5.67 x 1072
NA5’0 400 2.65 x 1071 £ 1.71 x 1072 | 1.86 x 1071 £1.07 x 1072
NA60 400 2.617 x 1071 +£222x 1072 | 1.82 x 1071 £1.37 x 1072
NA50 450 (HI) 194 x 107 £246 x 1072 | 1.38 x 1071 £1.6 x 1072
NA50 450 (LI) 1.79x 1071 £ 351 x 1072 | 1.3 x 1071 £2.35 x 1072
E866 800 1.83 x 1071 £328 x 1072 | 1.31 x 107+ £2.18 x 1073

HERA-B 920 142 x 107 £1.19 x 1072 | 1.04 x 1071 £ 8.16 x 1073

In the present work, we have analyzed the J/v¢ production cross section data mea-
sured in the energy range from 158 to 920 GeV. The data sets from different fixed target
experiments, that have been used in the present analysis are given in Table [5.3] along
with their phase space coverage. Among the listed experiments, NA50 presented their
results in terms of .J/1 production cross section in di-muon channel for different nuclear
targets as a function of the average nuclear path length < L >. On the other hand
NAGO has presented their results as the ratio of J/v production cross sections for a
particular nucleus to that due to the lightest bombarded target nucleus beryllium (Be),
as a function of < L >. In case of any model study, one advantage to work with ratios
is that we can get rid of the multiplicative parameters as they get cancelled. Hence for
NAS5O0 as well, we have fitted the model results with the cross section ratios rather than
their absolute values. For 400 and 450 GeV we have used the lightest available target
Be as the reference. In case of 200 GeV, we have chosen carbon nucleus (C) as our
reference instead of hydrogen (H), as the nuclear suppression are found to be sensitive
to the choice of the lightest target [206]. Fig.[5.3 illustrates our calculations fitted with

the corresponding data sets from NA50 and NAG0O. On the other hand, for E866 and
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HERA-B data we have fitted the ratio of J/¢ production cross section for W to C and
Be respectively as a function of x, calculated from the parameter a and given in [206].
L(A), as introduced in the description of the model in the preceding chapter, is replaced
by the respective value < L > for a target nucleus, as used in the corresponding data set
at a particular fixed target energy. The value of £? (the relevant parameter in the model
for quantifying the final state nuclear dissociation of J/1) at each energy is extracted by
fitting the available data independently with the model results for both parameteriza-
tions of the transition probability namely the Gaussian distribution F()(¢?) (simulating
the color singlet model) and the power law distribution F*)(¢?) (mimicking the color
octet formalism). The transition probability F(“)(¢?) containing the essential features
of color evaporation model (CEM) [172], is a special case of F")(¢?) for ap = 0. It
assumes that all the c¢ pairs with invariant mass less than open charm threshold has
the same constant probability to evolve in a J/¢ meson. However the pairs just below
the threshold should have a smaller probability to become .J/v, than those far below
the threshold. In other words, the power law parameterization F(")(¢?), with ap > 0
is believed represent more accurate physics for J/1¢ production since it includes gluon
radiation effect which is essential for color neutralization of the octet channel and also
for mass adjustment from c¢ pairs to final J/1) eigen state. We thus refrain ourselves
from further use of F(©)(¢?), while analyzing the .J /1) production in p+ A reactions. The
best fit values of €2 as obtained separately for F(©)(¢?) and F)(¢?) are presented in
Table 5.4. Both €% and €% show a non-negligible energy dependence with €? increasing
with decrease in the collision energy. This implies larger cold nuclear dissociation of
J/1) mesons at smaller collision energies. The observed energy dependence pattern of
g2 for different mechanisms of J/1 production, as emerged from our analysis is thus in
line with the earlier observations of the energy dependence of the .J/1 absorption cross

section in normal nuclear matter, both theoretically and experimentally [197].

It might be interesting to note that for the gaussian parameterization F(%)(¢?) of the
transition probability, as given in the previous chapter, a shift of ¢* to ¢°, for the J/v

suppression in p + A collisions gives the following relation
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Table 5.5: Comparison of the extracted £? and the corresponding absorption cross section
(0aps) values with free proton (p) and nuclear (n) parton distribution functions following
EPS09 interface at different beam energies in case of Gaussian transition probability.
The absorption cross sections extracted from the collected data from exponential p < 1 >
fitting are also included in the last column. The normal nuclear matter density is taken

as po = 0.15/ fm3.

Experiment | Epp 512) g2 ol ol O'Z;L>
(GeV] [GeV?/fm] [GeV?/fm] [mb] [mb] [mb]
NAG60 158 | 0.296 £0.0172 | 0.35£0.0172 | 6.85£0.4 8.1+£04 7.36 £ 0.7
NA50 200 0.22 £0.094 0.262 £ 0.087 | 5.09 £2.08 | 6.06 & 2.01 | 4.68 £ 3.55
NA50 400 0.195+0.017 | 0.265£0.017 | 4.51 £0.39 | 6.13 +0.39 | 4.69 £ 0.75
NAGO 400 0.187£0.022 | 0.262+0.022 | 4.3+0.51 | 6.06£0.51 | 4.44 £1.02
NA50-HI 450 0.15+0.026 | 0.1944+0.0246 | 3.47+0.6 | 449+£0.57 | 3.8+1.1
NA5O-LI 450 0.134 £0.038 | 0.179£0.0351 | 3.1 +£0.88 | 4.14+0.81 | 3.71 £ 1.51
2
pielV5) = 050 |~ LA) | o (V5), (52)

This relation is effectively the same as that accounted by the exponential p < L >
parameterization of Glauber formalism. From the equivalence of these two relations,

one can thus calculate the corresponding absorption cross section as

Tabs = ( (10 > ) (5.3)

2 X o X pp)
where 0, is expressed in milli barn (mb). Using the relevant values for ap and €% at 158
GeV, and taking pg ~ 0.15/ fm3, the corresponding absorption cross section comes out to
be o.ps ~ 8.154+0.4 mb. Though close, it is still larger than 7.6 mb, the mean value of the
J /1 absorption cross section, that reported by NA60 Collaboration with a full Glauber
model analysis. As pointed out earlier, the o, as reported by different experimental
groups are the effective quantities since they include both initial as well as final state
effects. However in our calculation £? and hence the corresponding o, characterizes only
the size of the final state dissociation, as the initial state effects are separately included by
using the nuclear parton distributions in calculation of perturbative c¢ pair production.
We can calculate the effective £2 (for F(¢)(¢?)) at different energies, following our adopted
model, if we neglect the initial state effect in our calculation and use free proton pdfs

without any nuclear modification for calculation of c¢¢ pair production cross section.
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Figure 5.4: Energy evolution of the shadowing factor S?° at mid-rapidity, following
EPS09 parameterization. The individual contribution due to light quark annihilation
(open triangles) and gluon fusion (open crosses) are shown separately along with their
joint contribution (open circles).

Table[5.5 shows a comparison between the best fitted €2 values at different SPS energies
with and without the nuclear modification of the parton distribution functions and along
with the corresponding o, calculated from Eq.[5.3. In addition, the effective absorption
cross sections extracted from the exponential fitting of the experimentally measured data
points are also shown.

It appears from the Table|5.5 that if we incorporate, as initial state effect, the nuclear
modification of the parton densities following EPS09 interface, we need a higher value of
€2 than that of a free proton pdf to reproduce the corresponding data, in the SPS energy
regime. This can be understood by studying the influence of the nuclear modification of
the parton distribution functions to the J/v¢ production. For this purpose let us define

the shadowing factor (54

7/ ) for a particular nucleus as the ratio between the per nucleon

J /1) production cross sections in p + A and p + p collisions:

A
SJ/w . l dgg/w/dycm

pA (yCm - A do_pp

A4
J/w/dyc.m. (5 )

Thus Sg;‘w less than unity indicates shadowing whereas Sg?w larger than unity signi-

fies anti-shadowing. Since the pdfs enter as an input to the calculation of perturbative
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Figure 5.5: Variation of the shadowing factor Sg’;‘w as function of < L > at NA60 for
two different energies E, = 158 GeV (left panel) and Ej, = 400 GeV (right panel) of
the incident proton beam. The contribution of the light quark annihilation and gluon
fusion are separately shown along their sum. The inclusive production cross sections
are obtained by integrating the differential cross sections over the respective rapidity
windows corresponding to the two beam energies. The Gaussian form of transition
probability is used for evolution of ¢¢ pairs into J/1) mesons.

c¢ pair production cross section, hence in Fig. [5.4] we plot Sf; b at mid-rapidity, as a
function of center of mass energy, in the domain of different fixed target experiments.
In the energy regime probed by the SPS experiments, charm production at mid-rapidity
explores x (fraction of nucleon momentum carried by partons) values corresponding to
the anti-shadowing region, where parton densities in the nuclei are enhanced with re-
spect to those of free protons. In the absence of any final state interaction this would
certainly result in enhancement of .J/1) production cross section per nucleon in p + Pb
collisions compared to p + p collisions. To make our study more quantitative let us
now calculate S‘I}ﬁﬁ for different nuclei as a function of < L > at NAG0 beam ener-
gies, corresponding to their respective kinematic interval. The results are depicted in
Fig. [5.5. As it appears from the figure, at both the energies we obtain an over all
anti-shadowing for all the nuclei, resulting in an increment in the J/¢ production cross
section compared to the p + p reactions in absence of any final state dissociation. At

158 GeV, the gq fraction of the cross section shows a very weak shadowing for heavier

nuclei, which is more than counterbalanced by the stronger contribution from gluon fu-
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sion. Hence if nuclear modification of parton densities is taken into account, one needs
a more severe amount of final state multiple scattering, than with a free proton pdf,
to reproduce the measured data collected at SPS, which actually show a suppression in
yield as a function of < L >. Naturally the absorption cross section extracted from the
corresponding 2 will also be larger if one takes into account the nuclear pdfs following
EPS09 interface compared to the free proton (as well as the experimentally measured)
case. The observation is in agreement with the earlier studies [197,/206]. The results are
sensitive to the adopted parameterization of the nuclear parton densities. For example,
the NA60O Collaboration has observed that if the initial state effects are evaluated with
EKS98 [284] parameterization, a larger absorption cross section is required to fit the
measured data (07/¥ (158 GeV) = 9.3 +07 + 0.7 mb and ¢/ (400 GeV) = 6.0 + 0.9
+ 0.7 mb). Slightly higher ajl{;/} has been obtained using EPS08 [285] parameteriza-
tion. To observation can be better understood by recalling the behavior of the evolution
of the nPDFS as a function of x, given in the previous chapter for Au nucleus, at a
momentum scale () = 3.1 GeV suitable for J/v production. The rapidity coverage of
NAGO at 158 GeV is 0.28 < yemm,. < 0.78. This roughly corresponds to a target = range,
Ty = m;\/gwe_ycm ~ 0.08 < x, < 0.13, where the gluon densities in a nucleon bound
inside a nucleus is largely enhanced compared to a free nucleon. So far as quarks are
concerned valence quark densities experience a small enhancement where as sea quark
densities are highly depleted inside a bound nucleon. Since gluon fusion dominates over
the quark-anti-quark annihilation hence we observe an overall anti-shadowing so far as
J /1 production is concerned. Due to this anti-shadowing effects, larger dissociation

cross sections are required in order to reproduce the observed suppression in the data.

Apart from the inclusive production cross sections, NA60 has also measured the J/1)
rapidity distributions [197] for several target nuclei at 158 GeV as well as 400 GeV.
Within the experimental coverage of NA6G0 di-muon spectrometer, the rapidity distri-
butions are found to be well reproduced by Gaussian functions. Preliminary analysis
reports that at 158 GeV, the distributions corresponding to the different p-A collisions
can simultaneously be described, by a single Gaussian function, having mean (j,) =

0.05 £ 0.05 and sigma (o) = 0.51 £ 0.02. At 400 GeV the corresponding fit parameters
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Figure 5.6: J/t rapidity distributions in p + A collisions for Be and Pb targets at
158 GeV (left panel) and 400 GeV (right panel) as obtained in our calculations. Two
different parametric forms of the transition probabilities produce almost similar results.

are mean (f,) ~ -0.2 (guided by the previous NA50 measurements at the same energy)
and (o) = 0.81 £ 0.03. However the data for rapidity distribution are presented in
arbitrary units. Cross section values have not yet been published. We thus compare
the shape of rapidity distributions at both energies, as obtained from our calculations
with the experimentally measured ones. The rapidity distributions for different collision
systems are simultaneously fitted by a single three parameter Gaussian function. For an
unbiased comparison we have also performed the Gaussian fitting of the experimental
data points. Results are given in Table [5.6l At both the energies, the widths of the
rapidity distribution are found to be higher in our model calculations in comparison
with the measured values. Moreover our calculations can not reproduce the negative
mean value of the rapidity distribution at 400 GeV. For illustration, we have shown the

rapidity distributions for Be and Pb targets, following our model calculations in Fig./5.6.

Apart from the absolute production cross sections, NA50 Collaboration has also
published the data on J/v production in p+ A collisions as well as Pb+Pb collisions in
terms of J/1 to Drell-Yan (DY) ratio. It might be interesting to check the viability of our
model analyzing the ratio in p+ A collisions [286]. The advantage of analyzing this ratio is
that the cross-sections for both the processes are directly measured in the experiment and

thus does not require any additional theoretical modeling or extrapolations. Moreover
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Figure 5.7: Model description of the data on ratio of the J/i-to-Drell-Yan production
cross-sections in 450 GeV and 400 GeV p + A collisions, measured by NA50 Collab-
oration at SPS. For 450 GeV proton beam energy, data for high intensity (HI) and
low intensity (LI) run are separately shown. The two theoretical curves represents two
different parametric forms of J/v formation probability (F(q?)).
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Table 5.6: Parameters of the Gaussian functions used to fit the .J/1 rapidity distributions
in p+ A collisions at 158 GeV and 400 GeV. The superscripts (P) and (G) respectively

denote the power law and Gaussian parameterizations.

B [ A7 | A [ T [

(GeV)

158 0.044 0.02 0.02 0.55 0.66 0.065
+£0.1 | £0.087 | £0.086 | £0.06 | £0.09 | £0.096

400 —0.27 | 0.0009 | —0.0002 | 0.86 0.97 0.92
£0.16 | £0.037 | £0.034 | +0.2 | £0.07 | £0.059

since the muon pairs for both events were collected in the same run, it certainly gives
a better control over the systematic uncertainties. However due to huge statistical
uncertainty in measurement of Drell-Yan di-muons, NA60 never published the results of
their analysis in terms of this ratio.

Fig. 5.7 shows the variation of the J/1 to Drell-Yan cross section ratio as a function
< L >, in p + A collisions measured by NA50 Collaboration. The two theory curves
result from fitting the above data sets following two parameterizations of F(¢?). The
< L > values as published with the data are used to generate the theoretical curves.
Note that for a given parameterization of F'(¢*) (power-law or Gaussian), our employed

2 and ap were already fixed

model contains three parameters. Two of them, namely €
earlier using inclusive .J/1 data on absolute production cross-sections in p+ A and p+p
collisions respectively. The only free parameter left in the present analysis is the K.zf
defined as Kcpp = f/4/Kpy where f;, = Ky X Ny Kpy takes care of higher
order effects in Drell-Yan production. As evident from the figure, both the curves can
give a satisfactory description of the data. This is of course expected from our earlier
observation, where we found that the .J/¢ production in p+ A collisions at SPS energies

is well described by both forms of F(¢?). This more or less completes our analysis of

J /1 production in p + A collisions within QVZ approach.

5.2.3 Nucleus-Nucleus collisions

We will now delve into the analysis of J/v¢ production in heavy-ion collisions 286).
Precisely we plan to examine the heavy-ion data available from CERN-SPS experi-

ments. We would like to reemphasize here that measurement of .J/i¢ suppression in
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Figure 5.8: Centrality dependence of .J/i-to-Drell-Yan ratio in 158 A GeV Pb+Pb col-
lisions measured within the acceptance (0 < ye,,. < 1 and —0.5 < cos(f.s) < 0.5) of
the NA50 muon spectrometer. Data were published using three independent central-
ity estimators.The theoretical curve correspond to the power law (F®)(q?)) parametric
form of the J/v transition function. Model calculations do not include the shadowing
corrections of the projectile nucleons into account and thus completely underestimate
the data.
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nucleus-nucleus collisions was initiated by the NA38 Collaboration at SPS in S+U and
O+Cu collisions with sulphur and oxygen beams of energy 200 A GeV. However the
data were later found to be well explained by conventional normal absorption mech-
anism in nuclear matter accounted by Glauber model formalism. Subsequently both
NA50 and NA60 Collaborations at SPS measured J/v production respectively in 158 A
GeV Pb+Pb and In+In collisions. Initially both the experiments observed significant
anomalous suppression of .J/1 yield, above certain centrality thresholds, beyond the cold

nuclear matter suppression modeled using Glauber formalism. Though the Pb+Pb data

were found to be well explained by a variety of models [210, 211, 220, 287,257, 258, 288],
with or without incorporating deconfinement scenario, none of them satisfactorily re-
produced the NA60 data. A coherent description of both the results were missing and
the theorized origin of the additional suppression thus remained unsolved and debated.
However in both the measurements, the corresponding value of normal nuclear absorp-
tion cross section (03% = 4.18 £0.35 mb) was extracted from the data collected in p+ A
collisions at 400 GeV [196]. With the new measurements of charmonium in p+A colli-
sions at 158 GeV [236], where ajff; turned out to be almost twice as large as that at 400
GeV, the NAGO experiment reported the relative charmonium yield in In+In collisions
to be compatible within errors with absorption in cold nuclear matter; an anomalous
suppression of about 25 - 30 % still remains visible in the most central Pb+Pb collisions.
Apart from SPS, J/1 suppression has also been measured by now at RHIC and LHC.
However in the present work we shall analyze the data available from NA50 and NA60
experiments only. In principle, our model can also be applied the higher /s available
from the colliders like RHIC and LHC. However in nuclear collisions at those energies
secondary production of charmonia due to regeneration effects should also be taken into

account.

Let us now look at the data available from SPS in more detail. In case of NA50
Pb+Pb collisions we have selected the latest data set that corresponded to their new
measurement of J/1 production in year 2000, under improved experimental conditions
with respect to their previous three heavy-ion runs between the time period 1995 to 1999.

The target system was placed in a vacuum chamber and the setup was better adapted to
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study in particular the most peripheral nuclear collisions with unprecedented accuracy,
which was otherwise polluted by out-of-target interactions particularly Pb-air interac-
tions. On the other hand use of a thin target compared to the previous runs helped
to avoid the re-interactions of the target fragments and thus helped to have precise
data in most central collisions. Data were originally published in terms of .J/-to-Drell-
Yan ratio as a function of collision centrality expressed in terms of average path length
< L >. Data were collected in the di-muon kinematical domain 0 < y.,,. < 1 and
—0.5 < cos(f.s) < 0.5. Drell-Yan differential cross-sections are integrated in the mass
domain 2.9 — 4.5 GeV/c?. Analysis has been performed using three independent cen-
trality estimators, namely, neutral transverse energy (Er) deposited in electromagnetic
calorimeter, forward energy (Ezpc) deposited in zero degree calorimeter and charge
particle multiplicity per unit of pseudo-rapidity at mid-rapidity (dNe,/dn)maez. For each
centrality estimator, the centrality classes and the corresponding values of number of
participant nucleons, N4, of impact parameter,b, and of the average path length of
nuclear matter traversed by the pre-resonant cc pair, < L > are given. We shall examine
all three data sets and like p + A case, we have used the published < L > values in our
model calculations. It is also important to mention that for Pb+Pb collisions, no model
parameter is tuned. All the model parameters are fixed from the present and previous
analysis of p+ A data. The NA60 Collaboration on the other hand, used two different
methods to analyze their data on J/1 production in In+In collisions, in the same energy
and kinematic domain as that of NA50. The first method followed the standard approach
used by NA38/NAS50 experiments where J/1) yield is normalized to the corresponding
Drell-Yan (DY) production and 0/, /0py was extracted in three centrality intervals. In
contrast to NASQ, centrality was inferred using only a zero degree calorimeter and is ex-
pressed in terms of N,,,¢. However very poor statistics of the Drell-Yan pairs limited the
statistical significance of the results and prevented any finer centrality binning. Hence
in the second approach NA60 published their final results in terms of ratio between
measured J/1 yield and expected J/1 yield which is calculated using Glauber model
assuming absorption in cold nuclear matter is the only active suppression mechanism.

However one obvious disadvantage of this so called measured-to-expected ratio that the
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data becomes sensitive to the theoretical model inputs. Particularly the models like
our present one where the cold nuclear dissociation are not accounted following Glauber
framework can not directly compared with the data. We thus desist from examining the
measured-to-expected J/1 ratio available from NA60 experiment. However post RHIC
era, the J/1v data from both Pb+Pb and In+In colliding systems were reanalyzed and
presented in terms of nuclear modification factor of J/1, Rj/jf as a function of Npg,
with the aim to compare results from different experiments on equal footing. However
there is caveat as well. For both Pb+Pb and In+In systems the common input to calcu-
late Rj/;f is the J/v production cross section in p + p collisions, a;],{w. But a{.%w was not
directly measured in either case, rather estimated from the extrapolation of the p + A
data up to A = 1. Hence initial estimations were based on the p+ A data collected at 400
GeV. Resulting suppression pattern for SPS Pb+Pb collisions (/s ~ 17.3 GeV) looked
similar to that obtained in Au+Au collisions at RHIC (y/s ~ 200 GeV). Subsequently
they were corrected by using the NA60 p + A data collected at 158 GeV and the sup-
pression patterns look different. We shall compare our model results with these latest
values of Raa expressed as a function of Ny, for both In+In and Pb+Pb systems. It

is also important to reiterate that for nuclear collisions, no model parameter is tuned.

All the model parameters are fixed from the analysis of the relevant p + A data sets.

We start with the centrality dependence of J/i-to-Drell-Yan ratio available for
Pb+Pb collisions. Alike p+ A systems, in this case also the production would be affected
by the initial state effects like nuclear modification of the parton densities both inside
target as well as projectile nucleons. To investigate the role played by parton shadowing
in detail let us first compare the data with our model calculations with out incorporating
the nuclear modifications of projectile nucleons. Results are illustrated in Fig.[5.8. Data
for three different centrality estimators are shown differently. The theoretical curves
correspond to the power law parametrization of F'(¢?). As evident from the figure, the
theoretical curves completely underestimate the data (Same is true for the Gaussian
though not shown explicitly). The dominant contribution to .J/¢ production comes
from gluon fusion and at the SPS kinematic domain gluons in the projectile nucleons

are heavily anti-shadowed. Once these shadowing corrections of projectile partons are
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Figure 5.9: Centrality dependence of J/¢ production in Pb+Pb collisions measured at
158 A GeV beam energy. Three independent centrality estimators were used to analyze
the data. Data sample were collected win the phase space window: 0 < y.,,. < 1 and
—0.5 < cos(0.s) < 0.5. The theoretical curves correspond to the two different parametric
forms of the J/1 transition function. Global shadowing corrections of the projectile and
target nucleons are taken into account.
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taken into account, a much better description of the data is obtained as seen in Fig. /5.9,
Here we have contrasted the data with both forms of the transition probability, F'(¢?).
For both the cases we have considered global shadowing implying the shadowing factors
are independent of the spatial location of the partons. The Gaussian form F(©)(¢?) gives
lower suppression than that observed in data. However the power law form, F")(¢?)
can fairly describe all the three data sets and for all centralities. It thus does not pro-
vide any additional room for any anomalous suppression mechanism either hadronic or
partonic to set in. One might recall that for F()(¢?), the corresponding suppression
is equivalent to that obtained in first order approximation of Glauber theory. Thus
though it can account for the peripheral and semi-central collisions but fails to generate
enough suppression for very central Pb+Pb collisions. On the other hand due to thresh-
old effect power law form generates a much stronger suppression for collisions involving
heavy nuclei. As all the model parameters namely ap, K.r; and €%, are constrained
from the p+p and p+A data, in our present calculations, no free parameter is required
to be tuned. The observed J/v suppression in Pb+Pb collisions can be fully accounted
for by the heavy quark re-scattering in the cold nuclear medium, without considering
further suppression in the hot medium created in the later expansion stages. FEarlier
the model has also been found successful to describe the then available NA50 data on
J /1 suppression in Pb+Pb collisions [257]. However in those studies shadowing correc-
tions to nuclear parton densities were ignored and Ep fluctuations had to be explicitly

incorporated, through a tunable parameter, for better reproduction of the data at large

Erp.

Finally in Fig. we have examined the effect of local shadowing. Shadowing
factors are assumed to be proportional to local nuclear density as depicted in previous
section. The effect of spatial dependence of shadowing is more visible for peripheral
collisions. The dominant contribution to J/¢ production comes from the gluon fu-
sion. At the SPS energy regime gluon densities in both target and projectile exhibit
anti-shadowing and hence when a spatial dependence of the nuclear parton densities
is incorporated in the model, gluons at the core are more effected compared to those

near the surface. Hence in peripheral collisions the .J/1¢ production cross section is less
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Figure 5.10: Model calculation of the centrality dependence of .J/v¢ production con-
trasted with the data for Pb+Pb collisions measured by NA50 Collaboration at 158 A
GeV beam energy and in the kinematic domain: 0 < y.,, < 1 and —0.5 < cos(f,.s) < 0.5.
Data sets corresponding to all three independent centrality estimators are shown. Shad-
owing corrections of the projectile and target nucleons as incorporated in the model,
are assumed to be proportional to the local nuclear density. For completeness global
shadowing corrections are also shown.
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Figure 5.11: Centrality dependence of the shadowing factors for J/v¢ (top left) and
Drell-Yan productions (top right) and ratio of the two production cross sections in di-
muon channel (bottom), in absence of any final state nuclear dissociation (Rf}/fb /Dy =

Bwof,‘/fb(EQ = 0)/ops) for J/¢ (right), in 158 A GeV Pb+Pb collisions. Total cross-
sections are obtained by integrating the differential cross-section in the rapidity range
0 < Yem. < 1, which corresponds to the rapidity coverage of the NA50O di-muon system
for the Pb-Pb run.

for local shadowing compared to the global case (where the amount of anti-shadowing
is independent of spatial position of the partons and thus same for different centrality
intervals) and for most central collision it is more. To examine such geometrical effects
in more detail, let us now calculate the shadowing function (S;/,(DY)), defined as the
ratio between J /1 (or Drell-Yan) production cross-sections in Pb+Pb and p+p collisions
in absence of any final state interaction. Since gluons and quarks are effected differently
by shadowing effects behavior of the resulting shadowing functions for J/¢) and Drell-
Yan productions will also be different. This is illustrated in Fig. 5.11, where we have
plotted the variation of the shadowing functions in 158 A GeV Pb+Pb collisions as a

function of impact parameter.

As evident from the figure, in the kinematic domain probed by SPS heavy-ion col-

lisions, J/v¢ production gets enhanced due to increasing gluon densities whereas the

154



---- total

14— —-@

Figure 5.12: Rapidity dependence of the shadowing factor for J/1 in 158 A GeV Pb+Pb
collisions within the coverage of NA50 muon system. The contributions from quark
annihilation and gluon fusion are shown separately.

shadowing effects in Drell-Yan production can be attributed to the depleted quark den-
sities inside the Pb nucleus. Effects are maximum for central collisions, as explained
above. We have also plotted the ratio Rf,‘f:b /DY defined as the ratio of the two produc-
tion cross sections in di-muon channel, in absence of any final state nuclear dissociation
(Rfﬁz}/DY = Bwaf/’:‘b(e2 = 0)/o83). Due to absence of final state dissociation the ra-
tio exhibits a decreasing trend with decrease in collision centrality. Note for b = 0,
the ratio assumes a value Rﬁlﬁb /py = 53. It is close to the normalization factor used
in [210] to describe the .J/¢-to-DY ratio in 158 A GeV Pb+Pb collisions. This can be
further illustrated by looking at the rapidity dependence of the shadowing function. In
Fig. 5.12] we have shown the rapidity dependence of the shadowing function for J/1)
production. The contributions arising from the gluons fusion and quark annihilation are

plotted separately along with the total. The shadowing effects for quark annihilation is

more than compensated by gluon fusion.

We plan to close this section with analysis of the centrality dependence of R%f for
In+In and Pb+Pb collisions. Like the previous case, our model does not contain any
adjustable parameter for nuclear collisions. Since we are calculating the ratio of the
production cross sections in A+ A and p + p collisions, the corresponding K-factors get
canceled out. Thus in this case the number of effective parameter are two, namely ap

and €2 both of which are fixed from p 4+ p and p + A data. Fig.[5.13/shows the variation
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Figure 5.13: Centrality dependence of J/¢ production in In+In (left panel) and Pb+Pb
(right panel) collisions measured at same energy (E, = 158 A GeV) and kinematic
domain (0 < Y., < 1). Data are represented in terms of nuclear modification factor
R a4 plotted as a function of N, estimating the collision centrality. Error bars include
both statistical and systematic uncertainties. Two different parametric forms of the
transition function are used for generating the theoretical curves.

of R%ff as a function of Ny for In+In and Pb+4Pb collisions as calculated from our
model in comparison with the available latest data [246]. The In+In data points can
be reasonably described within errors by both Gaussian (F()(¢?)) as well as power law
(FP)(g?)) forms of transition probability. In case of Pb+Pb collisions, as expected,
F(©)(g?) generates lower suppression than that observed in data though F)(¢?) can
describe the data reasonably well. Note that for Gaussian form the corresponding value
of €2, was obtained by analyzing the recent NA60 data for p+A collisions at 158 A GeV.
Naturally it can account for the In+In data but fails to generate enough suppression for

Pb+Pb case.

5.3 Summary

In summary, in this chapter we have examined the available data on .J/v¢ production
cross sections for different colliding systems from different fixed target experiments. The
J /1 production cross sections are calculated within the ambit of the adapted version

of the QVZ model described in the previous chapter. The model accounts for the cold
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nuclear matter dissociation of J/¢ in an unconventional way. Contrary to the usual
nuclear absorption picture quantified following Glauber formalism, our model describes
nuclear suppression of J/¢ mesons in terms multiple scattering of the c¢ pairs inside the
nuclear medium. The crucial quantity in this case is €2 defined as the gain in the square
of the relative four momentum between c¢ pair per unit length which can be fixed from
the data. On the other hand different form of J/v transition probability F(¢?) allows
one to accommodate a wide variety of physical mechanisms of color neutralization and
resonance formation. Over a wide energy range the J/v¢ production in proton induced
reactions are found to be fairly well described by our model with different forms of F'(¢?).
The data corpus for p + A collisions, includes the ratio of the absolute .J/¢ production

pA

cross sections (242) measured by both NA50 and NA60 Collaborations at different en-

pBe
3/

ergies of the incident proton beam. In addition to the absolute cross sections our model

also describe the 1-to-DY ratio measured in by NA50O Collaboration in p 4+ A reactions.

The same €2 values optimized from the p + A data on the target mass dependence of

pA
Ta/e

pBe
Ta/

viability of our analysis. Data do not show any preference for a particular mechanism

is also explain the target mass dependence of 1-to-DY ratio which establishes the

of resonance formation, over the other and same holds true for nuclear collisions with
lighter nuclei. In addition to p + A data, our calculations for both functional forms
of F(¢?) are found to match the J/v¢ production cross sections in 158 A GeV In+In
collisions measured by NA60 Collaboration and expressed in terms of R44. We have
used the latest R4 values where the J/v¢ production cross sections in p + p collisions
are directly obtained from the extrapolation of the p + A measurements (upto A = 1)
performed at 158 A GeV, instead of rescaling any high energy data. However for heavier
nuclei, gluon radiation effects are found to be mandatory for a complete description of
the data, provided the initial state shadowing effects are correctly taken into account.
We have analyzed the J/v cross sections in 158 A GeV Pb+Pb collisions, collected by
NA50 Collaboration. Results of our analysis indicate antishadowing effects inside both
target and projectile nucleons which unless properly taken into account, our calculations
underestimate the data. A further investigation of the initial state effects indicates that

in the kinematic regime probed by SPS heavy ion collisions quark densities show a shad-
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owing behavior which is more than overcompensated by the antishadowing of the gluon
densities. This ultimately leads to antishadowing enhancement for charmonium pro-
duction whereas shadowing reduction for Drell-Yan production. With the initial state
effects included, our model can explain the centrality dependence of J/1 suppression in
Pb+Pb collisions for all centrality bins with the power law form of F'(¢?) that incorpo-
rates the radiation of semi hard gluons from an evolving colored c¢ pair. In this case we
have matched the data both for ¢-to-DY ratio as well as J/¢ Ra4. The Gaussian form
of F(q*), which is equivalent to the usual Glauber systematics of course fails to explain
the data for central collisions. However the reproduction of the heavy ion data within
QVZ model, in principle, nullify the observation of any anomalous suppression at SPS
even for most central Pb+Pb collisions. Note that in case of A + A collisions no free
parameter is required to be adjusted in our calculations. All parameters are fixed from
the analysis of p + A data. Another important observation is the beam energy depen-
dence of the parameter £2, came out from the analysis of the p + A data. Larger values
of €2 with decreasing beam energy implies magnification of the cold nuclear suppression
effects at low energy collisions. This is also in agreement with the existing theoretical
as well as experimental evidences where larger nuclear absorption cross section has been

found at lower energies.
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Chapter 6

Prediction of J/¢ production and
suppression at FAIR energy

collisions

6.1 Introduction

In this chapter we give predictions for J/1 production and suppression expected to occur
in the FAIR energy domain. We shall start with calculations of J/v¢ production cross
sections in proton induced collision. The modified QVZ model, previously calibrated
using SPS data, will be extended to the FAIR energy collisions for this purpose. This
will be followed by the estimation of possible .J/1 suppression effects in nuclear collisions.
The cold nuclear matter suppressions will again be evaluated within the QVZ approach.
However a very high baryon density medium is anticipated in the heavy-ion collisions
at FAIR. Such a hot and baryon dense medium might induce additional suppression of
J /1 production. We will thus explore the issue of anomalous J/v suppression in a dense
baryonic medium.

FAIR is being constructed so as to be operated in a modularized structure. In the
first phase beams will be delivered by SIS-100 ring and one gets proton beams having
momentum up to 30 GeV/c. In the final phase, beams will be accelerated by SIS-300

ring, which will deliver protons having momentum up to 90 GeV/c. For heavy-ions the
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Figure 6.1: Rapidity distribution of .J/1¢ mesons produced in p + p collisions in di-muon
channel, for 15 GeV (top left panel), 30 GeV (top right panel) and 45 GeV (bottom
panel) incident proton beams. Such measurements will be performed in the SIS-100 and
SIS-300 rings of the upcoming CBM experiment at FAIR.

maximum beam energy at SIS-300 will be 35 (45) A GeV depending on their Z/A ratio.
We note that at threshold energy for .J/1 production in the reaction p+p — p+p+J/9
is about 12 GeV per nucleon in the laboratory frame. Thus at FAIR, J/v¢ production

will occur close to the kinematic production threshold.

6.2 J/iy production in proton-induced collisions

6.2.1 p+ p collisions

For precise determination of the medium effects on J/v production in nuclear collisions,
one quite essential pre-requisite is the measurement of J/v production cross sections in
p + p collisions, as discussed earlier. In these collisions .J/¢ production is not affected
by any kind of medium effects either primary or secondary. In the FAIR energy range,
inclusive J/1 production cross sections in p + p collisions was indeed measured in the

old experiments, as visible from Table [5.1] of chapter |5, though with large error bars.
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Figure 6.2: Variation of 2 with energy of the incident proton beam for a) F)(¢?) (left
panel) and b) F(@(¢?) (right panel). The points on the plots are taken from Table[5.4]
of chapter (5. In both the cases the energy dependence has been parameterized following
exponential functions.

Data suffer from low level of accuracy due to lack of statistics and limited experimental
techniques. At FAIR, one can aim at measuring the multi-differential observables with
the high intensity beams, for a fairly long data taking period.

In Fig. 6.1, we present the J/v rapidity distribution in protonic collisions with 15,
30 and 45 GeV proton beams, for all three different functional forms of the transition
probability, Frzj/,(¢®) [255]. As expected, the distributions are symmetric about the
center of mass rapidity y..,. = 0, and the width of the distribution decreases with the
decrease in the beam energy. The data for inclusive .J/v production cross section, in this
energy regime, are well accounted by all three different cases of formation mechanisms
as seen in the previous chapter. However the differential cross sections take different
values for different forms of Fi—j/y4(¢*). The yield is found to be minimum for constant
probability, F(©)(¢?) and maximum for power-law probability, F")(¢?), for all three

beam energies, with the relative difference decreasing with increasing beam energy.

6.2.2 p+ A collisions

We now move on to the issue of J/1 in p+ A collisions at FAIR [255]. For this purpose, we
have parameterized the observed dependences of €2 (parameter in the model accounting
for nuclear dissociation of the nascent c¢ pairs) on the energy of the incident proton beam,
for both F(@(¢?) and F")(¢?), using exponential functions. The parameterizations of

e?(ELq) are shown in Fig.[6.2. These parametric relations can now be extrapolated to
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Figure 6.3: J/v production cross section ratios in p+ A collisions, as a function of < L >
for different target nuclei in the FAIR energy domain, as predicted by our calculations.
We have used both the Gaussian F(@)(¢?) as well as power law F")(¢?) forms of the
transition probabilities for calculation of J/1 yield. Lower be the energy of the incident
proton beam the two different forms representing two different physical mechanisms
of J/v formation is seen to generate different amount of suppression. Gaussian form
(F(©(g?)) is seen to generate more suppression than the power law ( ') (¢?)) form.
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Table 6.1: J/1 absorption cross section (04s) in cold nuclear matter at FAIR energies.
EPS09 parameterization has been used as an input for calculation of J/¢ production
and thus the o, characterizes only final state dissociation.

Elab [GGV] O abs [mb]
15 104 £ 1.79
30 10.1 £ 1.77
45 9.87 = 1.76

derive the expected level of suppression at energies relevant to the CBM experiment at
FAIR. In the Fig./6.3|we have predicted the normal nuclear suppression in p+ A collisions,
for Erq =15, 30 and 45 GeV. Inclusive cross sections are obtained by integrating the
single differential cross sections over the kinematic range: —0.5 < y.,,,. < 0.5. Following
the same approach as NA60, we have calculated J/1) cross section ratios (with Be as
the reference) as a function of < L > for different target nuclei, for power-law and
Gaussian transition probabilities. In case of F(%)(¢?), one can also find the corresponding
final state absorption cross section, o4, as might be extracted from the data that will
be collected at FAIR. Results are given in Table [6.1. The value of o, in the FAIR
energy domain appears to be around 10 mb, which is larger compared to that obtained
at 158 GeV. However the experimentally measured values can be larger than those
reported here due to the interplay of the initial state parton shadowing effects. This
fact can again be appreciated by looking the behavior of the shadowing functions in
the lower energy regime, relevant for FAIR experiments. In Fig. 6.4, we have plotted
the shadowing function, Spjf/‘w, for different nuclei as a function of < L > at a beam
energy of 30 GeV of the incident proton beam. The inclusive production cross sections
are calculated over a rapidity interval —0.5 < y.,,. < 0.5. The contributions coming
from the two leading order process namely gluon f usion and quark annihilation are
shown separately along with their sum. As evident from the figure, incorporation of
nuclear PDF's following EPS09 parameterization, results in reduction of the c¢ and hence
J /1 production for nuclear targets compared to the protonic collisions, for both the
production processes. These observations can be understood by recalling the behavior
of EPS09 nPDF distribution given in chapter 2. The rapidity interval at 30 GeV beam

energy, considered in the present calculation, explores target x region, ~ 0.24 < x;, <
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Figure 6.4: Variation of the shadowing factor 5% Jps S function of the average path length
< L >, for a 30 GeV incident proton beam. Such measurements will be performed in
the SIS-100 phase of the upcoming CBM experiment at FAIR.

0.66. In this region parton population in a nucleon bound inside a nucleus is depleted
compared to a free nucleon. Since valence quark densities are more affected than the
gluon densities, shadowing effects are more prominent for quark annihilation than gluon
fusion. Thus, within the present theoretical scenario, a smaller dissociation cross section,
compared to the free proton case might be required to describe the .J/v suppression
expected to occur at FAIR. Of course a conclusive picture can be drawn only after the
measurements are performed.

In addition to the inclusive production cross sections, we also calculate the J/v
rapidity distributions for different target nuclei. Fig.[6.5 illustrates the J/v differential
production cross section at these three energies for three different p + A systems. The
obtained distributions can be fitted with the Gaussian functions. The corresponding
best fit parameters are given in the Table 6.2l

One important outcome of the above study is the following. At SPS and higher
energies, the calculated inclusive J/1v yields employing both the forms of transition
probabilities, are found to match the measured data for different p + A systems, within
error bars. Results for differential distributions are also in close proximity for the two

cases. In other words none of the inclusive or differential measurements help us to select
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Figure 6.5: The differential J/¢ production cross section per nucleon as a function of
the center of mass rapidity y..,. for different target nuclei (Be, In and Pb) in the FAIR
energy domain, at Frq,, = 15 GeV (top left panel), 3 0 GeV (top right panel), 45 GeV
(bottom panel), as predicted by our calculations. Both the Gaussian F()(¢?) (markers)
as well as power law F")(¢?) (lines) forms of the transition probabilities are used for

calculation of J/1 yield.
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Table 6.2: Parameters of the Gaussian functions used to fit the J/t¢ rapidity distri-
butions in p + A collisions for incident proton beam energies 15 GeV, 30 GeV and 45
GeV. The superscripts (P) and (G) respectively denote the power law and Gaussian
parameterizations.

Bra [GeV] |y uy” oy oy
15 1.34x1072 | 1.28x1072 | 2.11x107% | 2.04x 1071
30 1.81x1072 | 1.82x1072 | 3.57x107% | 3.51x 101
45 1.78x1072 | 1.89x1072 | 4.52x107% | 4.41x 1071

either of the existing schemes of color neutralization. However the picture appears to be
different at lower energies. The two possible hadronization schemes are found to generate
different amount of suppressions. The Gaussian distribution gives higher suppression
compared to the power law distribution. As the energy of the incident proton beam
decreases, the difference between the J/1 yields as predicted by two models increases.
This might be attributed to the difference between the physical mechanisms incorporated
in % (¢?) and F")(¢g?). As explained in chapter 2, F)(¢?) is associated with the
radiation of soft gluons by the nascent cc¢ pairs which in turn help them to reduce the
pair invariant mass and thus facilitating the formation of J/¢> mesons. However, for
the Gaussian probability F(%)(¢?), the related physical process is not assisted by any
gluon radiation during the evolution. As a consequence, the J/v formation probability
is highly suppressed for the c¢¢ pairs produced with large invariant mass. This results
in a difference between the J/v production cross sections following two hadronization
schemes, which becomes appreciable at lower beam energies. This can be quantitatively
understood by looking at the invariant mass distribution of the produced c¢ pairs at
different beam energies. Fig.[6.6 shows the distribution of the c¢ pairs produced at the
initial stage (from gluon fusion and light quark annihilation) at the two energies Fp 4,
= 30 GeV and 400 GeV for p+Pb collisions. The shape of the distributions are quite
different in two cases. At 400 GeV the produced pairs are almost uniformly distributed
over the allowed phase space interval. However at 30 GeV, the production of large
mass cc pairs is highly depleted due to the lack of available center of mass energy.
Each of these input distributions are convoluted with the two different functional forms,

F®P)(¢?) and F©)(g?), to obtain the final state distributions, as presented in Fig.[6.7]
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Figure 6.6: Histograms showing the invariant mass distribution of the initially produced
cc pairs at Erq = 30 GeV (left panel) and Epr,, = 400 GeV (right panel) in p+Pb
collisions.

At lower energy, the separation between the two distributions, corresponding to two
different physical processes of hadronization, becomes higher. This ultimately results in
the different production cross sections for two different processes. Now the accelerators
at FAIR complex will deliver beams with unprecedentedly high intensities (note that
the typical intensity for proton beam is ~ 10s~!). If the data can be collected for a
significantly long period, one can expect to have a data sample least affected by statistical
uncertainties. On the other hand if the data for different target nuclei are measured in
the same run, then one can expect to minimize the systematic errors particularly for the
cross section ratios (0,4/0,5.). Thus in addition to the accurate normalization of the
heavy-ion data, precise measurements of inclusive as well as differential J/ production
cross sections in p 4+ p and p + A collisions at FAIR might also help to distinguish the
predictions for different scenarios and thereby pinning down the correct mechanism for

color-neutralization.

6.3 J/¢ production in heavy-ion collisions

After the estimation of .J/v¢ production in proton induced collisions (p + p and p + A)
at FAIR, in this section, we investigate J/v production and its possible suppression in
nucleus-nucleus collisions at FAIR 289]. For the heavy ion case we use Au+Au
collisions as the colliding system in all our following calculations. First we extend our

adapted version of the QVZ model to estimate the amount of charmonium production
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Figure 6.7: Histograms describing the invariant mass distribution of the c¢ pairs at Ep4,
= 30 GeV and Fr,, = 400 GeV, at the final stage after they are convoluted with the
transition probabilities F(")(¢?) and F(¥)(¢?) for .J/v formation, in p+Pb collisions.

and suppression due cold nuclear effects at a beam energy of 25 A GeV, that will be
within the reach of the FAIR accelerators. Next we explore the possible suppression
effects induced by a dense baryonic medium, anticipated to be produced in the nuclear

collisions at FAIR energy domain.

To understand the role of different CNM effects let us first investigate the behavior of
the shadowing functions (introduced in chapter[5) that would tell us the role played by
initial state effects. In addition to J/W¥ production we also calculate Drell-Yan produc-
tions in the FAIR energy domain. Like NA50 Collaboration at SPS, here also Drell-Yan
di-muons can be used for characterization of J/1 suppression. As earlier, inclusive cross
sections are obtained at mid-rapidity (—0.5 < y.,n,. < 0.5). For Drell-Yan process, the
corresponding mass range is 2.9 < my, < 4.5 GeV/c?. Results are presented in the
Fig. where we have plotted the shadowing functions for the two production pro-
cesses as well as their ratios as a function of collision centrality expressed in terms of the
magnitude of the impact parameter, b. Both the J/¢ as well as Drell-Yan productions
exhibit shadowing, with Drell-Yan production showing stronger effects, where the pro-
duction cross sections in central Au+Au collisions reduces by almost 50% compared to
p+p collisions. The way these shadowing and anti-shadowing corrections affect the .J/v-
to-Drell-Yan ratio at different collision energies, can again be attributed to the evolution
of the EPS09 nuclear parton densities. Since at SPS and FAIR energies production is
dominantly at mid-rapidity, so let us consider the region ., ~ 0, which would corre-

spond to the kinematic domain 27 = xo = x = @/ /Syy. Hence at SPS (\/syn ~ 17.3
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GeV), we have xgpg =~ 0.18, where both the gluons and valence quarks densities exhibit
anti-shadowing whereas the sea quarks show shadowing effects. This is finally reflected
in Sy > 1 and Spy < 1 at SPS energies, as we have previously seen. On the other
hand, in 25 A GeV Au+Au collisions at FAIR (\/syny = 6.9 GeV), the kinematic region
that will be probed is zps;r &~ 0.45. In this regime, gluon, valence quark as well as
sea quark densities inside the nuclei get depleted (the so called EMC effect). Due to
higher depletion of sea quarks, Drell-Yan process shows stronger reductions. Also even
in the absence of the final state dissociation of the pre-resonance cc¢ pairs, the initial
state shadowing effects alone lead to a 10 -15 % suppression J/v production in Au+Au
collisions. Eventually this also leads to lower values for the ratio Rf}ffp /DY compared to

the SPS.

Let us now make quantitative predictions for J/i suppression 25 A GeV Au+Au
collisions at FAIR due to cold matter effects, which can be directly contrasted with the
data when available. We present our results both in terms of J/¢-to-Drell-Yan ratio
as well as nuclear modification factor (R44). In case the data for Drell-Yan production
suffers from lack of sizable statistics, the suppressions can also be characterized in terms
Raa. Most of the present day experiments like those at RHIC or LHC are publishing
their results on charmonium suppression in terms of R44. At FAIR energies also one
can express the data in terms of R44, though our wish in that case would be a direct
measurement of charmonium production cross sections in p + p collisions, rather than
the extrapolation of the p+ A results. Fig. shows our model predictions for centrality
dependence of J/v suppression in Au+Au collisions both in terms of J/i-to-Drell-Yan
ratio as well as R44. The two theory curves, as usual correspond to two different
parameterizations of F'(¢?). The corresponding values of €2 accounting for final state
dissociation are obtained from the beam energy dependence of ¢?(E}), parametrized in
the previous section. Alike nuclear collisions at SPS, at FAIR also F(%)(¢?) generates
larger suppressions for peripheral collisions. However with increasing collision centrality
suppression invoked by power-law parametrization increases and for close to central
suppression generated by power-law exceeds the Gaussian case. However both forms

of transition probability produce a very large degree of nuclear suppression compared
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Figure 6.8: Impact parameter dependence of the shadowing functions, for (a) J/v (top
left panel), (b) Drell-Yan productions (top right panel) and (c) the ratio of the two
production cross sections (bottom panel) in absence of any final state interaction of .J/1)
in the nuclear medium. Shadowing factors are evaluated at mid-rapidity, in 25 A GeV
Au+Au collisions.
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Figure 6.9: Model prediction for centrality dependence of the (a) J/i-to-Drell-Yan ratio

and (b) nuclear modification factor of .J/v (Riﬁ’ ), in 25 A GeV Au+Au collisions. Cal-
culations are for mid-rapidity. The CNM effects incorporated in the model calculations
include the density dependent shadowing corrections in the initial state and final state
dissociation of the pre-resonant c¢ pairs inside the nuclear medium. No hot medium
effect is taken into account. Two theory curves, as usual correspond to the two dif-
ferent parametric forms of the .J/v transition probability representing different color
neutralization mechanisms.

to SPS. This can be attributed to the both initial and final state cold nuclear effects
incorporated in our model calculations. At FAIR energies, both the quark and gluon
densities results in a strong initial state shadowing. Also magnitude of the final state
dissociation increases with decrease of beam energy. Thus unlike SPS energies, where the
two effects compete and partially compensate each other, at FAIR they together generate
remarkably large nuclear suppressions. Consider central (b = 0) Au+Au collisions for
example. The Gaussian form F (G)(q2) for which the resulting suppression is equivalent
to that of Glauber model, generates around 80% reduction of the J/¢ yield compared
to the p + p collisions. The power law F)(¢?) form causes 90% suppression of the
primoridal yield. FExplicit evaluation of the shadowing function indicates that initial
state effects which is same for both the cases causes around 19% suppresion. Rest is
due to the mutiple scattering of the c¢ pairs and dependent on the color neutralization
scheme. Thus if at all there is any additional suppression effects caused by any secondary
medium that would be operative on the remaining J/1s that would survive the large

CNM effects. However it seems obvious from our study that most dominant contribution
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to the observed J/1 suppression at FAIR will come from the CNM effects.

6.4 Anomalous J/vy suppression at FAIR

In the previous section we have seen that the nuclear effects are the most dominant
source of J/1 suppression in low energy nuclear collisions like those relevant at FAIR.
Only a few of the primordial J/¢ mesons (10 — 20%) which can escape the nuclear
dissociation will encounter the high baryon density medium subsequently produced in
the collisions. As we pointed out earlier, that the degree of suppression induced by cold
nuclear matter strongly depends on the passing time, t; = 2R 4 /7, of the two colliding
nuclei, where R4 is the nuclear radius and ~ is the Lorentz contraction factor. At SPS
energy (E.,,. ~ 17.3 GeV) the collision time is about 1 fm/c and the magnitude of
nuclear effects are large. At FAIR energies, the collision time (¢, ~ 3 fm/c) is even much
longer and the J/1 mesons during their evolution, will mostly encounter the (primary)
nuclear medium rather than any secondary medium formed eventually due to the col-
lision. Hence nuclear suppression are likely to play the most prominent role to govern
the overall suppression pattern. In this section we would like to examine if on the top
of this conventional source, the dense baryonic medium can cause additional J/1 disso-
ciation thereby reducing their yield further in the nuclear collisions at FAIR. One might
remember that till date no measurement exists on charmonium production in heavy ion
collisions below the top SPS energy, primarily due to the extremely low production cross
sections. This in turn demands accelerators delivering extremely high intensity heavy
ion beams and detectors with high rate handling capability. The upcoming Compressed
Baryonic Matter (CBM) experiment at FAIR [290], in GSI, Germany, for the first time, is
aiming at the measurement of charmonium production in low energy nuclear collisions,
over a beam energy range F,=10-40 A GeV. In this energy domain, highest possible
baryon densities, around (6 — 12)p,, where pg is the normal nuclear matter density, are
expected to be produced at the center of the collision zone [291]. This might lead to a
density driven QCD phase transition of the nuclear matter to a baryon rich quark-gluon

plasma (QGP). The other possibility is the creation of high baryon density hadronic
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Figure 6.10: Centrality dependence of .J/v suppression at 25 A GeV Au+Au collisions.
In addition to nuclear effects, additional suppression due to high baryon density a)
confined medium (left panel) and b) deconfined medium (right panel) are also shown.

medium. In this section we plan to investigate the possible effects of a dense baryonic
medium on J/v¢ production in heavy-ion collisions. To quantify the suppression effects
exclusively due to possible secondary medium, we plan to calculate the centrality de-
pendence of J/1 suppression pattern, in Au+Au collisions [256, 289]. Suppression is
characterized in terms of J /1 survival probability which is estimated under two distinct
scenarios namely, the suppression induced by a dense but confined baryonic medium

(hadronic scenario) and that due to a deconfined plasma (partonic scenario).

Previously predictions of J/¢ survival probability at FAIR energy regime (25 A
GeV Au+Au collisions) were made using HSD transport model [292]. Nuclear effects
were incorporated through conventional Glauber suppression scenario. For simulating
the anomalous suppression two different scenarios namely "QGP threshold melting” and
"’hadronic co-mover absorption’” were independently studied. For partonic scenario, a
variant of the geometrical threshold model [210] was used with different melting en-
ergy densities for different charmonium states. For the hadronic dissociation, inelastic
collisions with different mesons was considered. However in those calculations, the mag-
nitude of the CNM effects at FAIR is possibly underestimated as the value of effective
absorption cross section was taken from the p+A measurements at 400 GeV. Our present

estimates predict a much larger nuclear suppression
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The anomalous suppression induced by a confined baryon dense medium can be

schematically expressed as:

TI
55/s(b,s) = exp(—/ drpp(b,s,7) <voyy-n >) (6.1)

70

where Sf;f (b, s) denotes the J/¢ suffering dissociation due to inelastic collisions in a
high baryon density medium at the point (b,s) in the transverse plane. In the above
equation, o/y_n ~ 6.0 mb [293] is the average inelastic cross section of the nucleons
with the already formed J/v, v ~ 0.55 is J/1¢ velocity and pg(b,s, 7) is the net
baryon density at proper time 7 at the .J/v’s position. The spatial dependence of the
net baryon number density is set with the transverse profile of the participant density
Npart(b, s) [294] as

pB(b7 S, 7—) X pB,O(T) X npart(b; S) (62)

One can compute (b, s) using Glauber model as:

Npart(b,8) = Ta(s)(1 — e*"NNTB(b’S)) + Tp(s)(1 — e"’NNTA(b’S)) (6.3)

where oyy is the nucleon-nucleon inelastic cross section and depends on the collision
energy. For our present calculations we have used oy = 32 mb. T)4(s) is the nuclear
thickness function, as defined earlier. Note that setting the density profile with partic-
ipant density alone is a reasonable approximation in the low energy nuclear collisions
like FAIR, where the effects of hard collisions on the bulk profile is expected to be neg-
ligible. 7y and 77 respectively denotes the medium formation time and the interaction
time up to which J/v’s will continue interacting with the medium. Both of them will
depend on the path length through the nucleus and can be obtained using the standard
prescriptions given in [221]. The evolution of baryon density with proper time 7 can be
followed from the equation for conservation of net baryonic current. If we neglect the
transverse expansion (assuming that transverse expansion is slow and J/1) suppression

occurs much before the transverse expansion sets in), we are left with,

Tgp% = TpB (6.4)
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Figure 6.11: Comparison of the two different scenarios of .J/v¢ suppression in a com-
pressed baryonic medium.

where p% is the initial net baryon density at time 7o when the hydrodynamic evolution

starts. Using Eq. 6.4/ and Eq. 6.1, one obtains the effective survival probability as

S57ub.8) = exp(= iy (b,8) w0y )ln() (6:5)

Making use of Eq. the suppression pattern induced by a confined compressed
baryonic medium is shown in the left panel of Fig.[6.10. Calculations are performed for
different peak densities varying from pg to 10py. Higher be the density more violent is
the suppression. If the maximum density of the produced medium is as high as 10p,
Riﬁ) approaches to zero and almost no J/v will survive. However if such high density
is achieved in the initial phase of the collision, deconfinement might set in resulting
a phase governed by partonic degrees of freedom. In a partonic phase, the J/v will
interact differently with the medium. The interaction potential binding the ¢ and ¢
together will be subject to Debye screening induced by the free color charges. To mimic
the suppression pattern in a deconfined plasma, we follow the geometrical threshold

model 210], without considering the detailed microscopic dynamics. In this model the
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J /1 suppression function, at an impact parameter b, can be written as:

9P (1) = / P50, — n(b,s)) (6.6)

The density n,(b,s) in the step function is proportional to the local energy density
of the matter at position (b,s). In the hot and dense part of the fireball where n, is
larger than a critical/threshold value n., all the .J/v¢ are absorbed in the medium and
those outside this region only suffer normal suppression. The threshold density n. in
this model is a parameter, generally fixed from t he data. However it has been observed
earlier that a critical density n. ~ 3.6 — 3.7fm~2 can reasonably describe both the data
sets from SPS [211, 287] and RHIC [295]. n. can be thought of to be proportional

to the threshold dissociation energy density (eg/ ¥

) required for melting of J/¢. If we
assume a constant value of the critical energy density (e. ~ 1 GeV/fm?), independent
of baryon chemical potential up, required for deconfinement transition, then by analogy
the threshold dissociation energy density (ej/ w) and consequently the critical participant
density, n., can be assumed to be constant. The right panel of Fig.[6.10, represents the
behavior of R%f for three illustrative cases with three different critical densities. Smaller
be the critical density, lower will be the energy density required for J/1) melting and more
will be the suppression. We put an end to this section by making a comparative study
for these above two different mechanisms of anomalous suppression. For this purpose
we consider two illustrative cases: a) confined baryonic medium with highest possible
net baryon density (pp = 10py) and b) deconfined medium with approximately constant
threshold energy (and hence participant) density. The results are shown in Fig. [6.11.
Two different mechanisms produce distinguishably different amount of suppressions. In
a confined high baryon density medium, dissociation is more severe compared to that in
QGP phase. Thus measurement of J/1) production in nuclear collisions at FAIR might

also furnish valuable information about the phase structure and the relevant degrees of

freedom in such a high baryon density environment never observed before.
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6.4.1 J/v suppression in a dynamically evolving medium

In the preceding sub-section we have discussed our first calculations of the effect of
the compressed baryonic medium on the J/v suppression expected to be occurred at
FAIR. However suppressions estimated both due to plasma screening and that caused
by a brayon rich hadronic medium are based on rather simplified assumptions which do
not really hold good in practice. For example, in case of simulating the effects of color
screening inside the plasma, we followed the geometrical threshold model. Though found
successful to describe the then available NA50 data on J/1-to-Drell-Yan ratio in Pb+Pb
collisions, threshold model gives a crude description of the possible QGP scenario. It
is a static model and does not incorporate the plasma dynamics. Similarly in case
of hadronic dissociation due to the dense baryonic medium, the expansion dynamics is
approximated by Bjorken’s 1-D boost-invariant scaling flow. This might be well-justified
for hydrodynamic evolution of matter around mid-rapidity interval at top RHIC energies
and above. However in a rigorous calculation one should not pursue this assumption at
lower energies, since at \/syny ~ 20 GeV and below it becomes invalid because of the
absence of plateau in rapidity distribution of produced particles. Moreover evolution
was set to start with somewhat arbitrary initial density varying from p = (2 — 10)py,
instead of chosing the actual initial density from the temporal profile of the net-baryon
density (pp(7)), at a given collision energy. More reliable estimations in both the cases
thus demand a more realistic simulation of the medium expansion. In this section we
thus improve upon our previous estimations by quantifying the suppression effects in a
deconfined/confined medium on a more reasonable ground through the inclusion of the
medium dynamics following state-of-the-art model calculations. First we calculate the
survival probability of J/1 mesons in an evolving hot and baryonic QGP medium of
finite space-time extent [289]. This will be followed by the suppression induced by an
expanding hadronic medium of finite baryon density. For both the cases we now simulate
the full (34+1)-D expansion of the hot and dense medium produced in the collision. The
crucial inputs for this purpose, as will be described shortly, are the variation of the net
baryon density (pg) and total energy density (¢4) as a function of time, calculated for

Au+Au collisions. In the recent past, a number of existing dynamical models based on
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transport or hydrodynamical equations have been employed to simulate central collisions
of gold nuclei in the FAIR energy regime [291]. The employed models include UrQMD,
PHSD, 3-fluid hydrodynamics, GIBIUU, QGSM among the others. For each case, central
values of baryon density (pp) and the total energy density (€) are extracted as a function
of time, for beam kinetic energies, F, = 5, 10, 20, 30 and 40 A GeV. One striking
observation of this study was that a large degree of mutual agreement among the results
(pp(t) and €(t)) of the various models, despite of their very different mean fields and
degrees of freedom. This is ascribed to the fact that both pp and e are mechanical
variables and thus have well-defined values at all times. Particularly their extraction
does not require the local thermal equilibrium to set in. Even if equilibrium is reached
identical values of pg and e will generally lead to different values of the thermodynamic
quantities from one model to other depending on the nature of the incorporated equation
of state (EOS). By contrast the mechanical quantities pp and € are more robust variables
and are subject to the local conservation laws. Since the various dynamical models
abide by these basic conservation equations they will tend to give similar results for the
corresponding quantities. Hence for our present calculations we resort to the UrQMD
model to get pp(t) and €(t), extracted for a central cell of unit thickness (Az = 1 fm)
in the longitudinal direction, in 30 A GeV Au+Au collisions. Note that all our earlier
estimations for heavy-ion collisions at FAIR are based on 25 A GeV Au+Au collisions.
However to take the advantage of the already existing simulations [291], we decide to go
for 30 A GeV Au+Au collisions, as no data were simulated for the beam energy of 25 A
GeV. Fig.[6.12 shows the variation of the central densities, pg(0,0,0,t) and €(0,0,0,?),

in central Au+Au collisions at 30 A GeV.

One might take note of the fact that the density values used in our calculations are
those generated by a pure transport model calculations. Recently a hybrid model [50]
has been developed where the pure UrQMD is coupled to a 3-D ideal hydrodynamic
model for a better description of the hot and dense intermediate stage of the collision.
The absolute values of pp(t) are shown to be very similar in the two cases. To account
for the spatial non-uniformity of the medium, again as earlier we set the initial profiles

of pp and € in the transverse plane of the collision, in proportion to the participant
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Figure 6.12: Variation of the central net baryon density, pg (left panel) and total energy
density, € (right panel), as a function of proper time 7 in central collisions of Au nuclei
at 30 A GeV. The data points for these plots are obtained from [291].

density (npe(b,s)). Hence one can write

e(b,s,7) = k1€o(T) X npare(b, s) (6.7)

pB(b7 S7T) = kQIOB,O(T) X npm"t(bv S) (68)

where the constants k; and kg take care of the corresponding normalizations. The
normalization constants are fixed such a way that for b = 0 and at the point (0,0, 0) the
central values are recovered. In short we thus obtain the local values of pg and € at each
space-time point of an expanding medium. We require them for calculation for realistic
J /1) suppression patterns both inside a baryonic plasma and a hot hadronic medium

with finite pp.

Suppression in a baryon-rich quark-gluon plasma

Let us start with the case of the suppression due to Debye screening inside a baryon-rich
parton plasma. For this purpose we have developed a variant of the threshold model,
which incorporates the complete plasma dynamics. Debye screening mass as a function of
temperature and baryon chemical potential mp (7, ug), in a dynamically evolving plasma

is used to decide the fate of different charmonium state, implanted in the medium. Color
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screening and its possible effects on the observed quarkonium suppression in nuclear

collisions at SPS, RHIC and LHC have been studied at length in literature [229,230, 231,

232, 233, 234,212, 292|, using geometrical screening models. They are based on semi-

classical arguments assuming some sharply defined formation time and a suppression
which is total or absent depending on the time spent inside plasma being shorter or
longer than the formation time (for an alternative quantum mechanical prescription
for the evolution of a ¢¢ wave packet in the plasma see [296]). The basic underlying
theme is thus the existence of a characteristic threshold dissociation temperature (7y)
or equivalent energy density (¢; >~ T)f), which encloses the plasma volume dense enough
to cause the melting of a particular charmonium state. In other words, inside the volume
the Debye screening length is shorter than the characteristic Bohr radius of a particular
bound state. For easy visualization, let us consider a central nucleus-nucleus collision,
which results in the formation of quark gluon plasma at some time 7. Let us concentrate
at the transverse plane z = 0 and the region of energy density, € > ¢;. Assume that the c¢
pair is produced at the transverse position r at 7 = 0 on the z = 0 plane with momentum
pr. In the collision frame, the pair would take a time equal to tg = Tpyr = Tpmyp /M for
the quarkonium to form, where my = \/]m and M is the mass of the quarkonium.
7r denotes the intrinsic formation time of the quarkonium resonance under consideration
and 7 is the corresponding Lorentz dilation factor. During this time, the pair would
have moved to the location (r + 7zpy/M). If at this instant, the plasma has cooled
to an energy density less than ¢4, the pair would escape and quarkonium would be
formed. If however, the energy density is still larger than e, the resonance will not
form leading to charmonium suppression. Resonance formation is thus forbidden for
all c¢ pairs inside the region at the corresponding resonance formation time ¢z, in the
plasma frame. A complete suppression, as originally predicted, would however occur if
the plasma were of infinite temporal and spatial extent because the evolving cc¢ pairs
would not form the resonances as long as € > €¢;. The suppression would then be
independent of plasma energy density € and the velocity of the pair. However, in practice
both the lifetime and volume of the QGP are finite and the formation time of the

resonance is particularly important. Competition between ¢tz and the finite volume and
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life time of the plasma, leads to the characteristic transverse momentum (p7) dependent
survival probability at central rapidity region. Finite lifetime sets an upper limit on
the pr at which charmonia are suppressed. As described in detail in the chapter (3, the
characteristic T, values for different charmonium states were initially estimated in [153],
where the critical conditions for melting of quarkonia were obtained either through semi-
classical approach or by solving numerically the Schrodinger equation with an in-medium
generalized Cornell potential. The temperature dependence is inserted in the screening
mass. More recently they are available from lattice QCD calculations at vanishingly
small net baryon densities. In lattice QCD simulations two approaches are in vogue to
find the quarkonia dissociation points in a quark-gluon plasma. In the first approach, the
screening potential is directly obtained from the lattice estimations of the free energy of
a static heavy quark-anti-quark pair. The other method relies on the direct evaluation
of the quarkonia spectral functions o(w,T’) in the appropriate quantum channel as a
function of temperature T and c¢ binding energy w. Two methods give different values
of quarkonium dissociation temperatures particularly for J/1. Attempts have also been
made to extract the critical dissociation temperatures by comparison with the data [212].
The common lore in all such calculations is that the deconfined medium formed in the
nuclear collisions developed the thermal properties within a time comparable to the
formation time of the primordial c¢ pairs in the collision frame. Hence these cc pairs
would travel inside the plasma and those which satisfy the screening conditions, would
not be able to evolve as the physical bound states. However the situation might be
different at FAIR owing to different kinematic conditions. Due to large reduction in
collision energies, much longer time will be required for the produced medium to attain
thermalization compared to that at higher energies. Though thermalization in nuclear
collisions is not yet understood clearly, it is commonly granted that the lower bound on
the thermaliztion time can be estimated from the passing time, t; = 2R 4 /70, of the two
colliding nuclei, where R4 is the nuclear radius and + is the Lorentz contraction factor.
At SPS energy (y/syy =~ 17.3 GeV), tq is about 1 fm/c, whereas at FAIR energies
tg ~ 3 —4 fm/c. On the other hand due to small available energy in the center of

mass frame of the collision, the c¢ pairs will be produced with very small py, maximum
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Figure 6.13: Schematic of the J/1 survival probability suffering dissociation due to De-
bye screening inside the parton plasma. Suppression is modelled within the ambit of
threshold scenario in terms of the Debye screening radius rp. The continuous line repre-
sents an instantaneous dissociation whereas the dashed line includes gradual suppression
scenario (see text for more details).

of 1 —2 GeV/e. Consequently the Lorentz factor vyg; by which the corresponding
intrinsic formation time of the i** resonance is dilated in the collision frame, would also
be small (yg; ~ 1, so that tp;, = YriTr; =~ Tr;). For the charmonium states like
J/, " or x., the intrinsic formation time is 7g; ~ 1 — 2 fm [297]. Thus it might
be reasonable to consider that at FAIR, different charmonium states will be formed in
the pre-equilibrium stage and the plasma would encounter the already formed physical
bound states rather than their precursors as believed to be the case at higher energies.
Once plasma is produced, Debye screening would set in and if the local temperature
T(x) and chemical potential p(x) inside the plasma are such that the screening radius
rp(T(z), p(x)) < 1y, the i state will melt, where 7; is the rms separation radius of
the " charmonium state, calculated in non-relativistic quarkonium spectroscopy [105].
Hence, for an impact parameter b, the survival probability at a transverse position s,

at time 7 can be expressed as:

S (b, s, 7) = O(r; —rp(b,s, 7)) (6.9)

Modeling the dissociation by a theta function might be unrealistic as it completely

ignores the time scale involved in the melting process. In [211|, the authors showed that

182



their theoretical curve obtained using © function could not provide a perfect fit to the
NA50 data points with smaller error bars. Fit quality can be improved by considering
the gradual suppression mechanism which resulted in smearing of the © function by

small amount. In the same spirit, we also modify the survival probability in Eq.[6.9 as:

S,T) — T

S (b,s,7) = %(1 + tanh(”’(b’ ) ) (6.10)

where A denotes the smearing width; for each resonance state the corresponding smearing
width is fixed to 10% of its corresponding separation radius (A = 0.17;). The effect of
the smearing can be viewed in Fig.[6.13, where the survival probabilities for J/1) mesons
are plotted as a function of the Debye screening radius (rp) following Egs. /6.9 and
6.10. Determination of survival probability now boils down to the estimation of in-
medium Debye screening mass. Screening length is the inverse of the screening mass.
(mp(T, pp) = 1/rp(T, up)). At vanishing net baryon density, the color screening theory
has been analyzed in quite some detail. Compared to this our knowledge at finite
density is rather limited. In leading order perturbation theory, studied within real time

formalism, the pp dependence of the Debye screening mass reads as [298

N. Ny  N; /pig\2
T, g) = g(T, 11,) Ty | =5 + —L —(-‘J) 11

where i, = 52 is the quark chemical potential and N, and N; respectively denotes
the number of quark colors and flavors in the theory. In [299], screening mass at fi-
nite net-baryon density has been evaluated using thermo-field (TFD) dynamics. Within

0 is calcu-

imaginary time method, the time-time component of the gluon self energy 7°
lated which in the limit of (g0 = 0, q ~ 0) yields the screening mass. Result obtained by
this method is in complete agreement with that obtained in LO pQCD for any arbitrary
net-baryon density, as expected. The NLO level estimates of Debye mass suffer from
large uncertainties, particularly due to yet unresolved nature of the magnetic screening
mass. In the temperature and density ranges expected at FAIR, application of perturba-

tion theory is not beyond doubt. In lattice QCD, activities have been initiated to study

the screening of static quark anti-quark sources in a medium with a non-vanishing net
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quark density [170]. A small but finite baryon number density is included via Taylor ex-
pansion of the fermion determinant in pug. For temperatures above 7., Debye screening
masses are extracted from the large distance behavior of the free energies of the heavy
quark pair. Analysis suggests that the screening length in a baryon or anti-baryon rich
quark gluon plasma decreases with increasing value of the chemical potential. This is
consistent with the expectation that a non-zero g shifts the transition to lower temper-
atures. However the density dependence of screening masses has so far been analyzed for
2-flavor QCD and unrealistically large quark masses. In the present study, we thus desist
from using lattice results and restrict ourselves to the LO pQCD estimations only, as
given in Eq.[6.11. The (7T, up) dependence of the running coupling ¢(7, ) is obtained
from Ref. as:

127
33 — 2Nf)l0g(M2/A2QCD)

(o) = (6.12)

where g = 4mway and M denotes the effective momentum scale in the matter. Agep
is the scale fixing parameter of QCD. In a medium at finite temperature and baryon

density, the effective momentum scale can be approximated as

4
M? = 5,@ + 15.6277> (6.13)

Substituting Eq. 6.13/in Eq.[6.12 and using ¢ = 47wa, we get the running coupling
as a function of 7" and pup. Our theory now requires the local 7" and ug of the fluid, as a
function of collision energy and collision centrality. To get them we now make use of the
local net baryon and energy densities. Space time dependent density values (pg(b,s, T)
and €(b,s, 7)) can then be plugged in some suitable partonic equations of state (EOS)
to solve simultaneously for the corresponding values of local T" and upg, as a function of
collision energy and centrality. For our study, we employ phenomenological QGP EOS
proposed by Kapusta [301]. It is so constructed that it matches with the lattice QCD
simulation at ug =~ 0 and to the known properties of ground state nuclear matter at

zero temperature. The pressure (P), entropy density (s), baryon density (pp) and energy
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density (), in parametrized form are,

2 21N N N
P = [” <16 e A T T

90 2 18 32472"
— [CT*+ Dy’ + B| (6.14)
4 L 2N N
s = 9—75( f> T4 Ze’T - 20T (6.15)
_ Ny 2D (6.16)
e = —P—i—Ts—l—,upB (6.17)

The first three terms within braces, in Eq.[6.14 corresponds to ideal gas equation for
massless gluons and Ny quark flavors. The 2nd bracketed terms were included to account
for the interaction, as observed in lattice simulations. 2C' &~ 0.24, D ~ 0, B =~ T};, where
Ty can be identified with T, the pseudo-critical temperature at pup ~ 0. The critical
energy density (€.), required for deconfinement at pp ~ 0, can then be estimated by
using Eq. Since T, as a function of up is believed to follow a nearly constant
density curve, we assume €., to remain constant for increasing pug. Incorporation of e,
thus endows the plasma with finite space-time extent. In principle, we now have all the
ingredients to calculate the centrality dependence of the J/i¢ suppression pattern due
to screening in the QGP medium. In practice, it has been found that only about 60% of
the observed J/v originate directly in hard collisions while 30% of them come from the

decay of x. and 10% from the ¢". Hence, the total survival probability of .J/1/ becomes,

Stot = 065‘]/@[, + O'BSXC + O.lswl (618)

Inclusive survival probability for different states, can be obtained by integrating
Eq.[6.10 over space-time. In order to do so, we distribute J/v in the transverse plane,
following the transverse density of binary collisions 7., (b, s), since they are produced

in the initial hard collisions. Glauber model can again be used to calculate n..; as
Neot(b,8) = onnTa(s)Tp(b —s) (6.19)

Screening effects remain operational on a bound state, over the time it spends inside
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Figure 6.14: Variation of the minimum escape time of J/v¢, 7z with three different
constant values of pp and variation of the plasma life time, 7oep as a function of the
transverse co-ordinate r. Calculations are performed for 30 A GeV central Au+Au
collisions.

the plasma. The lower limit of the screening time is assumed to coincide with the ther-
malization time of the medium (¢;,). It might be reasonable to assume that relaxation
to local equilibrium cannot occur earlier than a certain time needed for the Lorentz

contracted nuclei to completely pass through each other. We calculate 7, following

Ref. as

QRA Az

v_ﬂ) + (%) (6.20)

Tth:(

where R4 denotes the nuclear radius and Az denotes the thickness of the central cell
in the longitudinal direction, chosen for extraction of densities. Eq.[6.20 gives the lower
bound of thermalization time. For beam kinetic energy E, = 30 A GeV, and for a
central cell of longitudinal width Az = 1 fm, as used in our present analysis, thermal

equilibration time comes out to be Togp =~ 3.7 fm (in natural units where ¢ = 1).

A charmonium state of mass m, inserted at a point r, in the transverse plane (z = 0)

of the plasma, with velocity v will travel a distance

d = —rcos¢ + \/ R4 — r2sin¢ (6.21)

in the time interval 75 = Mpd/pr, before it escapes from the partonic system of trans-
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verse extension R4, ¢ being the angle between the vectors r and v and Mp(Mp =
\/ (P7 +m?) denotes the transverse mass. For a given pr, 75 would be minimum for
¢ = 0. Hence if 7., denotes the plasma extinction time, minimum between the two
time scales 7 and 7., should fix the upper limit of duration a bound state suffers dis-
sociation due to screening. However as pointed out earlier, the quarkonia produced at
FAIR energies in the mid-rapidity (p, ~ 0) are expected to have very small py. Exper-
iments measuring .J/1 production cross sections in p + A collisions at BNL-AGS [149]
and CERN-PS in the same energy domain as FAIR, follows the py distribution to
be pr ~ exp(—6pr) or pr ~ exp(—ap3) with a = 1.6 GeV~2. Such anzatzes correspond
to an average transverse momentum of < pr >~ 0.34 GeV (exponential distribution)
or < pr >~ 0.7 GeV (Gaussian distribution). For such small pr, the charmonia are
found to remain inside the plasma, as long as the plasma is alive. This would essentially
result pr independent survival probability. This argument of py independent survival
probability can be elucidated in a more quantitative fashion in the following way. Note
that for a J/¢ with a given pr, the escape time, 75, will be minimum when ¢ = 0. In
the Fig. we have thus plotted the minimal escape time, 74" as a function of the
transverse co-ordinate r, for three different arbitrarily chosen constant values of charmo-
nium pr = 0.5, 1, 2 GeV. In addition the plasma life time, 7oqp is also plotted in the
same panel. For a given r, 7gqp is defined as 7oap(r) = 7es (1) — 7. Plasma extinction
time 7., is the time when the energy density of the medium drops down to the critical
energy density, €., requiredfor plasma formation. As seen from the figure, even for a pr
value as high as 2 GeV, life time of the plasma is much smaller than the corresponding
minimal escape time, 7. For smaller values of pr, 7% is even larger. Note that in
practice neither all the J/¢ will have ¢ = 0, nor all of them will be produced with pr as
high as 1 — 2 GeV. In fact due to want of enough center of mass energy most the J/1)
will have very small pr close to zero. For both the cases of small pr or ¢ > 0 75 will be
even larger than the present estimates. Hence unlike the cases of SPS, RHIC or LHC,
at FAIR we will have py independent J/v survival probability so far as dissociation due

to plasma screening is concerned.

After discussing our theoretical framework, let us now start describing the numerical
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Figure 6.15: Spatial variation of the local temperature (7") and baryon chemical potential
(1up), in the transverse plane of the plasma, for 30 A GeV Au+Au collisions. The
curves are generated at an instant 7 = 4 fm/c, for various values of the collision impact
parameter.
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Figure 6.16: Temporal variation of the local temperature (7') and chemical potential
(up) of the plasma in 30 A GeV central Au+Au collisions. The curves are generated for
three different values of the transverse coordinate r, as shown in the figure.

results from our model simulations. The ultimate goal is to estimate the centrality
dependence of the J /1 suppression pattern in a baryonic QGP medium, as anticipated in
FAIR energy collisions. For this we consider 30 A GeV Au+Au collisions as our reference
system. However before calculating the survival probability, it might be interesting to
take a look on the general characteristics of the plasma, produced in the collisions.
We begin with the space-time evolution of the local T" and pp inside the plasma, as
obtained from the UrQMD calculated density values using the Kapusta EOS given in
the previous section. In Fig.6.15, we have shown the snapshot of the spatial profile of
T and pp, in the transverse plane of the collision, at an instant 7 = 4 fm/c, just after
the formation of the plasma, for different collision impact parameters. As expected the
temperature and the chemical potential attain their maximum values at the center. For
central collisions the T and up profiles are identical along x and y directions due to
azimuthal symmetry of the overlap zone. In case of non-central collisions, owing the
spatial asymmetry of the overlap zone, the distributions are more elongated along y
direction. Fig.[6.16 represents the temporal evolution of fluid temperature and chemical
potential at three different transverse positions, in central Au+Au collisions. Evolution
starts at 7 ~ 3.7 fm, plasma formation time. As expected the fluid cells at the center

having highest densities evolve for the longest time.

189



150—

S
(0]
2 100
>
|_")
50
= | | | | ‘ | | | | ‘ | \\ | | |
0 500 1000 1500
uB (MeV)

Figure 6.17: Relation between critical temperature and critical baryon chemical potential
for dissociation of .J/9, as obtained within our model calculations. Calculations are done
both for two flavor (Ny = 2) as well as three flavor (Ny = 3) systems. Critical value of
the screening radius has been set to 0.5 fm, the separation radius of J /1.

It might also be interesting to look at the dependence of the critical temperature of
J/v melting (T;,,) as a function pp, as obtained within our model approach. Fig. 6.17)
shows the variation of T/, with up for Ny = 2 and Ny = 3. Melting temperature
decreases with increase of baryon density. T/, for Ny = 2 is larger than Ny = 3 and the
separation between two curves increases with increasing quark chemical potential. For
other charmonium states the corresponding critical screening radii would be even larger
which make them to melt at lower temperatures and densities. The results obtained here
are in qualitative agreement with that obtained in [299], though the absolute values in
our case are smaller. This could be corresponded to the differences in the criticality (of
screening) conditions employed in the two cases. At zero density the J/1 dissociation

temperature is smaller than that obtained by lattice QCD.

Let us now move on to the quantitative estimation of charmonium suppression in-
duced by Debye screening in the baryonic plasma. In Fig. we present the inclusive
survival probability as a function of impact parameter b for different charmonium states
(J/v, ¢ and x.), suffering dissociation due to plasma screening, in 30 A GeV Au+Au
collisions. The total J/v survival probability, which is actually measured in experiments

and that includes the contributions from the squential decays of the excited states is also
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Figure 6.18: Centrality dependence of the inclusive survival probability of different
charmonium states in a baryon rich QGP medium, assumed to be created in 30 A GeV
Au+Au collisions. Dissociation is exclusively due to Debye color screening. Centrality is
expressed in terms of collision impact parameter, b. In addition to the different directly
produced charmonium states (J/v, ¥ and x.), total J/¢ survival probability including
the feed down contributions is also shown. " and . are found to undergo visibly same
amount of suppressions.

shown. As expected the excited states are found to be more suppressed compared to the
ground state J/1¢. The excited states are found to undergo identical dissociation. All
the curves are generated for Ny = 2 and 7y = 154 MeV. The flavor dependence of the
suppression pattern is found to be very small and thus not shown explicitly. However
for our present calculations it is more reasonable to model the plasma using up and
down quarks only. For low energy collisions like those at FAIR, excitation of the strange
quarks will be rather small. Also we have assumed in our calculations y, = pp/3 which
is not valid for massive strange quarks.

Now it might be interesting to investigate the sensitivity of the suppression pattern
to the different input parameters used in our model calculations. In order to estimate
the sensitivity of the screening dissociation on the plasma EOS, survival probabilities
are calculated with three different values of Tj, which also corresponded to different
values of threshold energy density €.. A smaller value of €. in turn indicates longer life
time as well as spatial extent of the plasma. The reason for these particular choices of
Ty = 140,154,175 MeV is the following. Guided by the current state-of-the-art lattice
simulations of T [304], we have chosen Ty = 154 MeV. Note that for ug = 0, Ty coincides

with T.. The lowest value (Ty = 140 MeV) thus arises from the hope that T, cannot be
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Figure 6.19: Centrality dependence of the inclusive J/1¢ survival probability suffering
dissociation due to Debye screening, in a baryon rich QGP medium, produced in 30 A
GeV Au+Au collisions. Curves are generated for Ny = 2 and different input values of
To.

less than the pion rest mass. The highest value (7, = 175 MeV) is inspired from [305].
Results are shown in Fig. Suppression is indeed found to be sensitive to the choice
Ty. A higher Tj in turn results in higher €. for required deconfinement transition and
thus shrinks the spatio-temporal extent of the plasma. For purely central collisions
(b = 0) the difference in the maximum suppression from T = 140 MeV to T = 175
MeV increases by 10%.

Next we want to check the dependence of the J/v survival probability on the choice
of thermalization time (7p), from where the screening starts to be operative. As we
discussed above thermalization in heavy ion collisions is one of the grey areas that
remains unsolved till toady. In our calculations, we have estimated 79 = 3.7 fm, from
the transit time of the two colliding nuclei, following Eq. [6.20. It is the time by which
all the initial baryon baryon scatterings have taken place between the two colliding
nuclei. However we need to remember that such estimations are based on geometrical
arguments and thermalization is a dynamic phenomenon. For example if one looks at
the time evolution of the central baryon density in 30 A GeV central Au+Au collision,
peak of the distribution occurs at time 7 ~ 3 fm. It might be possible that at the centre

of the collision zone plasma is formed at time 7 ~ 3 fm, earlier than that at the corona.
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Figure 6.20: Sensitivity of the .J/v suppression pattern on the choice of thermalization
time. The curves depict the impact parameter dependence of the inclusive J /1 survival
probability, suffering dissociation due to Debye screening, in a baryon rich QGP medium,
produced in 30 A GeV Au+Au collisions. Curves are generated for Ny = 2, T = 154
MeV and different input values of 7.

On the other hand as discussed in Ref. [302], Eq.[6.20 gives the minimum value of 75 and
actual equilibration time can be higher than that. However we do not wish to engage
in calculations based on local thermalization time 7y(b,s). Rather we use a single value
of g for all collision centralities and transverse positions, which is a common practice
in standard hydrodynamical approaches. 7, should be viewed as some sort of average
thermalization time. Hence we calculate the J/1 suppression pattern for different input
values of 79 between 3 - 6 fm as shown in the Fig. The suppression decreases for
late thermalization (larger 75) due to reduced screening effects. For a typical value of
7o = 6 fm, the maximum suppression at b = 0 is even less than 10%.

It might also be interesting to find out the sensitivity of the suppression pattern
on the medium expansion dynamics, particularly the role of transverse flow in deciding
the screening effects. Most of the existing calculations so far, generally assume the
plasma to expand following Bjorken 1-D boost invariant scaling solutions. As we said
earlier, it is basically driven by the expectation that the suppression occurs before the
transverse expansion could set in. In our present calculations, we have followed the
time evolution of the densities from UrQMD which includes the full 3-D expansion of

the fireball. For a better understanding of the role played by transverse dynamics, we
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Figure 6.21: Sensitivity of total inclusive J/v survival probability in 30 A GeV Au+Au
collisions, to the plasma expansion dynamics. Curves are generated for Ny = 2 and
Ty = 154 MeV. Fluid is assumed to expand with and without transverse expansion. In
case of longitudinal Bjorken type expansion, two different ¢? values are considered.

have also calculated the suppression for a case where the fluid dynamics is governed
by Bjorken 1-D hydrodynamical expansion, though such cases are really not feasible in
practice. For such cases the net baryon density would evolve following Eq. 6.4 and the

energy densities would evolve as

er' T = constant, (6.22)

where ¢, denotes the speed of sound in the plasma. For ideal massless relativistic gas
¢? = 0.33. For a massive interacting system ¢? would be less than that. In Fig. we
have shown comparative suppressions between 3-D and 1-D expansions of the partonic
fluid. Magnitude of suppression exhibits a strong dependence on the medium expansion
dynamics, with larger suppression occurring in absence of transverse expansion. This
can be clearly understood by looking at Fig. [6.22, where we have plotted the time
evolution of various plasma parameters in the central fluid cell for 30 A GeV central
Au+Au collisions. The quantities are allowed to evolve till the plasma extinction point
is reached. In case of J/1¢ mesons for example, the screening is effective as long as
rp <1y ~ 0.5 fm. In the absence of transverse expansion, plasma expands slowly and

hence screening would operate for a longer time. Expansion rate in such cases, would
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Figure 6.22: Time evolution of various physical quantities in the central fluid cell for
30 A GeV central Au+Au collisions. Top panel shows the variation of central values
of energy density and net baryon density. Intermediate panel shows the evolution of
the corresponding temperature and baryon chemical potential. Bottom panel shows
the variation of screening length. The curves are generated both for a full (3+1)-D
space-time expansion of the medium as well as for a (141)-D expansion assuming boost
invariance. Evolution is fastest in presence of transverse expansion. In absence of
transverse dynamics, rate of expansion is governed by c,, the speed of sound.
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Figure 6.23: Dependence of the the plasma life time on the medium expansion dynamics.

be controlled by the value of ¢?. Among the three cases considered, slowest possible
expansion occurs for ¢? = 0.2, giving largest suppression effects. On the other hand
presence of the transverse expansion accelerates the rate of expansion thereby shortens
the plasma life, which would increase the chances for .J/1 to escape the dissociation. This
is also visible from Fig.[6.23, where we have plotted the plasma life time as a function

of transverse co-ordinate r for the different expansion dynamics discussed above.

Finally, before we end this discussion it might be worth estimating the sensitivity
of our results on the estimation of screening mass. In the preset paper, we have used a
simple leading order perturbative ansatz for estimation of Debye screening mass, due to
want of suitable calculations at finite density. At up = 0, lattice studies [170] indicate
that for T < 1.5T,., LO pQCD estimations of mp are underestimated by a factor A ~ 1.4.
Such non-perturbative effects might also be important at FAIR energy domain. Again
if Debye masses, at finite up, are evaluated at next-to-leading order level following
the prescriptions in [306], they come out to be on an average about 1.9 times larger
than the LO estimates. To explicitly check the effect of non-perturbative corrections to
the screening masses on the charmonium suppression pattern, we have calculated the
inclusive survival probability of the direct J/¢ mesons for an arbitrarily chosen large
non-perturbative correction factor A = 2, as shown in Fig.[6.24. The suppression merely

increases at the most by 5 — 6% in near central collisions. Such small changes would
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Figure 6.24: Sensitivity of the centrality dependence of inclusive survival probability of
J /1 on the non-perturbative effects in the Debye screening mass.

probably be too meagre to affect the overall suppression and possibly will not be detected

within finite experimental resolution.

With the above results we in principle end our discussions on studying the anomalous
J /1 suppression in a baryon rich parton plasma. But it might be useful to note that
the J/1 suppression due to screening effects inside the plasma are quantified through
the impact parameter dependence of the inclusive J/v survival probability. For theoret-
ical studies such observables could be used to investigate the centrality dependence of
suppression. However in order to have a direct quantitative comparison with the data
to be collected at FAIR, more direct observables are required. Hence before closing this
discussion, we express the suppression pattern in terms of the N, dependence of J/1
R4 for 30 A GeV Au+Au collisions, an observable that can be directly contrasted with
the data. In this case the suppression comes from both cold nuclear matter effects in
the pre-equilibrium phase as well as color screening due to the formation of plasma after
thermal equilibration. Note that since CNM effects and Debye screening effects become

operative at different time scales, one can write

RAA = RggM X SQGP (623)

As earlier we calculate the RGYM for 30 A GeV Au+Au collisions using the QVZ ap-
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Figure 6.25: Model predictions for the centrality dependence of the nuclear modification
factor for .J/v (R%ff ) in 30 A GeV Au+Au collisions. J/is are mostly suppressed due to
CNM effect. Formation of the deconfined matter enhances the dissociation, maximum
by a factor of 15 —25% depending on the choice of T}, an input parameter of the plasma
EOS.

proach. As we know in the QVZ model, different parametric forms have been formulated
for the transition probability, Fiz— /4 (¢?), of a c€ pair with relative momentum square
q? to evolve into a physical meson, following the existing prescriptions of color neutral-
ization. Out of them the power law form (F)(¢?)) has been seen earlier to describe
the latest .J/v¢ production cross section data at SPS, in p+A, as well as in In+In and
Pb+Pb collisions reasonably well, without incorporating any additional hot medium ef-
fects. Hence in the present calculation we opt for the power law form. Results are shown
in Fig. [6.25 with and without the QGP suppression effect. As evident from the figure,
the overwhelming contribution to the observed .J/1 suppression comes from the CNM
effects, a feature that has already been seen earlier for 25 A GeV collisions. This itself is
a very important observation. It tells us that at FAIR energies, the suppression of J/1)
in baryon rich matter will be dominated by the CNM effects. The CNM effects thus will
need to be understood in detail before any discussion of thermal effects and details of
them will become of relevance. Explicit evaluation of the shadowing functions (see sec-
tion for a detailed discussion on shadowing functions in nuclear collisions at FAIR)
at this particular energy, in absence of any final state dissociation (RGYM (2 = 0)),

indicates that around 15% reduction of the primordial production cross section arises
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due to the initial state shadowing effects; rest 75% can be attributed to the final state
nuclear dissociation resulting an overall about 90% reduction of the charmonium yield
compared to p+p collisions in central Au+Au collisions, due to nuclear effects alone. Re-
maining 10% surviving the cold matter suppression, would then encounter the secondary
medium subsequently produced in the collisions. Depending on the plasma characteris-
tics, Debye screening would then dissolve 15 — 20% of these remaining J/1) traversing
through the medium. One can take note that the differences of R, with and without
plasma screening effects are very little. In the deconfined medium, the contribution to
the color screening mass from quarks is dominant and that from gluons is small at low
temperatures. At high temperatures, the contributions to the screening mass come from
both quarks and gluons and thus color screening effects would be more stronger, higher
be the temperature of the plasma. However the plasma anticipated to be produced at
FAIR, will have smaller temperatures and higher baryon densities compared to that at
SPS or RHIC. Consequently the screening effects will be weaker resulting small suppres-
sion due to plasma screening. Hence experimental distinction of the exclusive plasma
effects, if any, in turn demands very accurate data set, with lowest possible systematic

and statistical errors, to be collected at FAIR.

Suppression in a baryon rich hadronic medium

For completeness, it is now time to discuss the fate of the charmonium states implanted
in a high baryon density hadronic medium. However the calculations in [291] suggest
that at FAIR energy collisions very large compression is expected to occur. For example,
in central Au+Au collisions at E, = 30 A GeV, the peak baryon density at the center
is as high as pp ~ 2.3/fm?® which as about 15 times larger than the saturation density
(po ~ 0.16/fm?) of normal nuclear matter. Following common wisdom, a rough esti-
mate of the critical baryon density for deconfinement transition can be made with the
assumption that the deconfinement sets in ground state nuclear matter (7' = 0, pg = po)
under extreme compression, when the internuclear separation is of the order of mean
nucleon radius (i.e. all nucleons start overlapping with each other). Considering mean

nucleon radius, < ry >~ 1 fm, the critical density comes out to be p. = (3 —4)pg. Thus
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Figure 6.26: Centrality dependence of the survival probability of different charmonium
states, undergoing dissociation in a high baryon density hadronic medium.

in the near central Au+Au collisions at FAIR, plasma formation seems to be inevitable.
However no first principle QCD calculations are available till now at such high baryon
densities. Also an experimental validation of color deconfinement in low energy nuclear
collisions is yet to be done. Data collected at the Bevalac and BNL Alternating Gra-
dient Synchrotron (AGS) showed no clear experimental evidence for QGP formation.
However the baryon densities achieved in these collisions at the center were found to
be around (2 — 4)py. Hence it might be interesting to assume a case where the FAIR
energy collisions lead to a highly dense but confined baryonic medium. Such compressed
baryonic medium could also lead to substantial reduction in the observed charmonium
yield through inelastic nucleon-charmonium collisions. As argued earlier, due to low
collision energies at FAIR, the secondary medium eventually formed in the nuclear col-
lisions would likely to encounter the physical resonances rather their precursors. The
survival probability in such a dense baryonic medium is already given by the Eq. 6.1l
Of course there the suppression pattern is calculated under various simplifying assump-
tions like Bjorken’s 1-D scaling solution for the evolution of net baryon density, arbitrary
choice of central initial density. Here we plan to use the full (3-+1)-D density evolution
profile as calculated within UrQMD simulations. For a smooth and continuous reading

we reproduce the formula below once again. The suppression induced by a secondary
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Figure 6.27: Sensitivity of the J/v suppression pattern to the expansion dynamics of the
dense brayonic medium. The full 3-D expansion is followed from UrQMD calculations.
For 1-D longitudinal expansion Bjorken boost invarinat scaling solutions are assumed
to be obeyed.

baryon dense confined medium can be schematically expressed as:

Shaa(b.s) = cap(~ [ drpa(b,s.7) (o) (6.24)

to

where all the symbols have their usual meanings. Note as earlier ¢y, denotes the medium
formation time which to start with we assume to coincide with the passing time of the
two colliding nuclei (t, = (27% + g—;)) t; denotes the time up till which the J/¢ mesons
interact with the medium. In principle ¢; should be the minimum between the two time
values namely the .J/1 escape time from the medium ¢, and the chemical freeze-out time
of the medium ¢ at which all the inelastic interactions cease. However in this case as
well, due low pr of the charmonioum states, baryonic dissociation will continue to operate
till the expanding medium becomes too dilute to support inelastic collisions and tp
instead of t;, sets the upper limit of temporal integration. As earlier following Ref. [293],
the average inelastic cross section of the nucleons with the already formed J/v, is taken
to be 0;/,_n = 6. mb. For any other resonance state 1), we estimate the corresponding
dissociation cross sections by geometrical scaling: oy_y = (Rpsi/Ryjp)*0p—n, where
R, denotes the radius of the state ¢. Note that in our previous calculation of baryonic

dissociation excited states are not taken into account. Results are shown in Fig.[6.26, for

different resonance states. For all three states suppression due to hadronic dissociation
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Figure 6.28: Comparison of the anomalous .J/i¢ suppression pattern due to plasma
screening and baryonic dissociation, in 30 A GeV Au+Au collisions.
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Figure 6.29: Model predictions for J/¢ Ra4 in 30 A GeV Au+Au collisions. Anomalous
suppression due to QGP and hadronic medium are separately shown.

is much larger compared to that inside a deconfined medium occurred due to plasma
screening. In contrast to the plasma case, amount of suppression is visibly different for
J/1,x. and ¢, with @' suffering from largest degree of suppression. For purely central
collisions almost all those 1" which escape cold matter suppression get dissociated. This
could be attributed to the different suppression mechanisms in the two cases. In case of
a confined medium the inelastic dissociation cross section scales with the square of the
size of the respective bound state, thus significantly magnifying the dissociation for the
weakly bound excited states.

Like the QGP case, for the hadronic case as well, we can check the effect of the

transverse expansion on the overall suppression pattern. In absence of the transverse
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motion, the medium expansion follows pgT = constant, provided Bjorken’s boost in-
variant scaling solutions are obeyed. Fig.[6.27] represents a comparative study of the
two cases, where we have plotted the total (including the contribution from feed down
decays) inclusive survival probability of J/i as a function of b. As expected absence
of transverse cooling, maginfies the dissociation to a much larger extent reducing the
J /1 survival probability from around 20% to below 5% for central Au+Au collisions.
Finally, in the Fig. 6.28 we have compared and contrasted the suppression patterns for
the two distinct cases namely partonic suppression due to plasma screening and hadronic
suppression due to collisional dissociation. For completeness we have plotted both the
full 3-D expansion scenario, the so called realistic case and the longitudinal expansion
scenario. Magnitude of suppression is found to be much larger in case of a confined dense
baryonic medium than a baryon rich plasma. This observations are surely in qualitative
agreement with our earlier investigations based on much simpler and cruder approxi-
mations. We conclude this chapter by showing the variation of J/v Raa with Npe in
Fig.16.29 in presence of the anomalous suppression induced by the compressed baryonic
matter. For completeness anomalous suppression due to plasma effects are also shown.
As clearly shown in the figure, suppression in the two cases is distinguishably different.
Hence data at FAIR might help in experimental settlement of the yet unresolved issue

of anomalous suppression.

6.5 Summary

In this chapter we describe the results of our theoretical investigations on .J/1 production
and suppression in the FAIR energy regime. We start our discussion with .J/1 production
in proton induced (p + A) reactions. Collision of proton beams off the nuclear targets
gives us the opportunity to estimate the level of normal J/1 suppression induced by cold
nuclear matter (CNM) effects. Such estimations are absolutely necessary to isolate the
genuine hot and nuclear matter effects leading to anomalous .J/1 suppression in heavy-
ion collisions. The adapted version of QVZ model has been employed to estimate the

CNM suppression at FAIR energies. Unlike the SPS energy domain, in the kinematic
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region of the FAIR both the quark as well as gluon densities inside the target nucleons
are found to exhibit strong shadowing effects. Moreover final state dissociation of the
nascent cc pairs is also found to increase with decrease in the beam energy. Together
these two effects lead to a large CNM suppression at FAIR energy collisions. Moreover
at FAIR, the suppression pattern generated by two different parametrizations of F(¢?),
representing different mechanisms of resonance binding, are found to be distinguishably
different. A precision measurement of the .J/1) production cross sections for different
nuclear targets, may also help us to shed light on the much debated issue of color

neutralization of a c¢ pair leading to the formation of hidden charm mesons.

After depicting the p + A collisions, we move on to the issue of J/1¢ suppression in
heavy ion collisions at FAIR. First we have estimated the normal nuclear suppressions
due to CNM effects. In case of nucleus-nucleus collisions parton densities both inside
projectile and target nucleons are affected by the shadowing effects and the shadowing
factors depend on the collision centrality. We have estimated the shadowing functions
both for J/1¢ as well as Drell-Yan (DY) productions. Both the processes show an overall
shadowing with the effect being stronger for DY process which can be comprehended by
differences in quark and gluon shadowing factors. The final results on J/1 suppression
exclusively due to CNM effects are calculated for 25 A GeV Au+Au collisions. Results
are given in terms of centrality dependence of nuclear modification factor (R44) and
J/1-to-DY ratio. Depending on the employed form of F(g?), about 80 — 90% of the
primordial J/is are seen to get dissociated due to cold matter effects. Out of this,
10 — 15% reduction occurs from the initial state shadowing and the rest is due to final

state dissociation.

In addition to the CNM effects, we have also computed the possible anomalous .J/1
suppression induced by the high baryon density medium anticipated in low energy nu-
clear collisions at FAIR. Such high densities might lead to the color deconfinemnet tran-
sition resulting in the formation of a baryon rich quark-gluon plasma. In our calculations
we have explored both the partonic scenario as well as hadronic scenario. Initially we as-
sume some simplistic scenarios for both the cases. Suppression due to plasma screening is

modeled via geometrical threshold model. Threshold model is a static model and does
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not incorporate the medium dynamics. Dissociation in high baryon density hadronic
medium results from the inelastic collisions of the nucleons with the fully formed .J/1)
mesons. In this case we include the longitudinal expansion of the medium following
Bjorken’s boost invariant 1-D hydrodynamics. For both the scenarios suppression ef-
fects are quantified through the centrality dependence of J/i¢ Ra4s. A comparison of
these two distinct scenarios reveals a much larger suppression in the compressed baryonic
medium.

The simple calculations mentioned above are improved later by inclusion of realistic
medium evolution dynamics. To model the dissociation due to plasma screening, we
have developed a variant of the threshold model where the in medium Debye screening
mass (mp (T, up)) is used to decide the fate of a charmonium state implanted inside the
medium. Incorporation of medium expansion, drastically reduces the suppression effects.
The same feature is observed for the baryon dense hadronic medium, where inclusion
of transverse acceleration of the medium results in much smaller suppression pattern.
Largest contribution to the overall .J/i¢ suppression in nuclear collisions, is found to
come from the CNM effects. One advantage of charmonium measurements at FAIR is
that the initial suppression effects would possibly not get compensated by subsequent
regeneration effects. Thus any additional suppression, if observed in data above the CNM
effects, can then be attributed to the dense baryonic medium eventually produced in the
collisions. The degree the additional suppression appears to be sensitive to the confining
status of the medium. Hence measurement of .J/v suppression in heavy ion collisions at
FAIR might help in experimental settlement of the mechanism of anomalous suppression,

an issue which unfortunately can not be resolved from the existing measurements.

205



Chapter 7

J/1¢ detection at FAIR

7.1 Introduction

In the previous chapters we have presented the theoretical predictions about the J/1)
production in the FAIR energy domain. In this chapter we will discuss about the feasi-
bility of J/1¢ measurements in the CBM experiment at FAIR. J/v¢ will be detected via
its decay into di-lepton channel. As we know, the strategy of the CBM experimental
program is to perform the charmonium measurements both via di-electron as well as di-
muon channel. However in our study we will particularly focus on the J/v identification
in the muon channel. In this context we will describe in detail the design-simulation of
the MUon CHamber detector system (MUCH), one of the detector systems at CBM,
aimed to study rare probes via the identification of the muon pairs produced in the
high energy heavy-ion collisions in the beam energy range 8 to 35 A GeV. A brief out-
line of the different sub detector systems of the CBM experimental has been given in
chapter 2. The measurement of the lepton pairs is a central part of the CBM physics
program, as they are believed to be very sensitive diagnostic probes of the conditions
inside the fireball produced in the nuclear collisions. The physics goal of the MUCH
setup is the reconstruction of the full di-muon spectrum in heavy-ion collisions at FAIR.
At low invariant masses, dileptons provide information on the in-medium modification
of vector mesons which is a promising observable for the restoration of chiral symmetry.

At intermediate invariant masses, the dilepton spectrum is dominated by thermal radi-
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ation from the fireball reflecting its temperature. At invariant masses around 3 GeV /c?,
dileptons are the appropriate tool to study anomalous charmonium suppression in the
deconfined phase. In the CBM experiment both electrons and muons will be measured,
within the same kinematic coverage, in order to obtain a consistent and comprehensive
picture of dilepton physics.

The MUCH project is to be realized in collaboration of institutes from India, Russia
and Germany. The detector system will be constructed and installed into the CBM

experiment for the start of FAIR operation in the year 2018.

7.2 Conceptual layout of the CBM muon detection
system

The general philosophy of a muon detector system used in a high energy physics (HEP)
experiment any where in the world is the following. The system comprises of absorber
capable of absorbing hadrons and a set of detectors for identification of muons. The basic
idea is that all other particles produced in the high energy nuclear collisions get absorbed
inside the absorber and the muons being highly non-interacting penetrate through the
absorbers and reach the detector. One important quantity for designing the hadron
absorber is the nuclear or hadronic interaction length (A;) of the absorber material. For
a given medium, A; is defined as the average distance traversed by a high energy hadron

inside the medium before it undergoes a nuclear interaction and can be calculated as:

A

Af= ———
! NAainelp

(7.1)

where A is the atomic mass number of the material, p is its density, N4 denotes the
Avogrado’s number and oy, is the total inelastic cross section for hadron nucleus inter-

action. For a nucleus-nucleus interaction, ¢;, is given by:

Oinet = 0(AYS. 4 A3 6)? (7.2)

projectile target —
where 0 = 68.8 mb and § = 1.32 [307]|. Empirically one can calculate the hadronic
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interaction length as:\; ~ 35A4Y% gmem™2.

The CBM muon setup is being so designed to stand the high luminosity and huge
background produced in reactions of a relativistic Au ion beam impinging on Au target
of thickness 1% interaction length. To face such a severe environment and meet the
specific experimental conditions related to di-muon and in particular .J/1) measurements

following major design considerations have been kept in mind:

e The total space occupied by the muon detector system should be kept as minimum
as possible, in order to minimize the combinatorial background due to meson
decays. Thus one should choose materials with sufficient high A to have \; as

small as possible resulting in a compact design.

e The vector mesons, p,w,®, /1,1’ are identified through their di-muon decay
channel; the mass resolution should be as good as possible in order to resolve the

Y and J/v as well as ¢ and p + w.

e High luminosity is demanded for di-muons with mass above 2 GeV/c? as their
cross section is extremely small; this in turn demands detectors with very high
rate capability particularly close to the interaction point where particle density is

substantially large.

One of the major experimental challenges of muon measurements in heavy-ion collisions
in the FAIR energy regime is the identification of low momentum muons, originating
from the decay of low-mass vector mesons, in a very high particle density environment.
The novel feature of the muon detection system for the CBM experiment, as compared
to the muon detectors in other HEP experiments, is that the total absorber is sliced
and detectors are placed in between absorbers to facilitate momentum dependent track
identification. This is to improve the capturing efficiency of low momentum muons,
which would have been otherwise stopped by the thick absorber. The high efficiency for
detection of low momentum muons is a prerequisite to reconstruct the low mass vector
mesons in the muon chambers (MUCH). The layout of the MUCH system, i.e. the
number, thickness and material of the absorber slices, and the number and granularity

of the tracking detectors, has been optimized by simulations of central Au+Au collisions
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Figure 7.1: Number of particles as function of traversed length in iron. Momentum
distribution of the particles are taken from the simulation of central Au+Au collisions
at a beam kinetic energy of 25 A GeV. The muons decayed from J/1) and w mesons,
are generated by PLUTO event generator while rest of the particles are generated by
UrQMD event generator.

at 25 A GeV beam energy generated by the UrQMD event generator. The emitted
particles are transported through the absorber and the tracking chambers using the
GEANT3 transport engine. Iron has been chosen as the principal component of the
hadron absorber with the goal to retain as much as possible the huge number of hadrons
produced in Au+Au collisions, prior to their decay into muons. Principal contribution
to the background muons comes from the weak decays of pions (eg: 7" — u* 4+ v) and
kaons. These decay muons constitute the resonance background and should be reduced
to the minimum. Simultaneously the absorber materials must be appropriate to reduce
the multiple scattering suffered by the muons, since this instrumental effect is the main
cause for the increase of fake matches which finally increases mismatched background
tracks. (Note that if the momentum of the tracks are measured after the pass through
the absorber, multiple scattering causes large degradation of the momentum resolution
which finally leads to poor mass resolution for the reconstructed pair. Fortunately this is
not the case for CBM as will be explained later). A compromise should be found between
the interaction length A7, which is proportional to A'/3 of the component material and
the radiation length, X, (Xy oc A/Z?). A; should be small enough to absorb the hadrons

in a reasonable absorber length, and X should be as large as possible in order to reduce
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Table 7.1: Characteristics of the materials used as hadron absorbers

Material | A; (¢cm) | p (gm/cm?) | Xj (cm)
C 44.72 1.93 22.1
Fe 18.32 7.2 1.92
W 10.4 17.8 0.38
Pb 3.98 11.35 0.55

the multiple scattering.
In Table[7.1lwe have quoted the characteristics of a few materials that are generally
used as absorbers. Note that multiple scattering is anti-correlated to Xy through the

scattering angle:

136 [z x

where (3, p and z are the velocity, momentum and charge number of the incident particle,
and - is the thickness of the scattering medium in units of radiation lengths. Taken
these demands into account, iron has been found as the optimum choice as the absorber
material. The required thickness of the hadron absorbers for the measurement of low-
mass vector mesons and charmonia can be estimated from Fig.[7.1/ where the absorption
of various particles is shown as a function of the thickness of an iron block. Whereas the
muons from J/1) traverse a distance up to 250 cm in iron without having any considerable
suppression, low momentum muons from w mesons get absorbed by a factor of 10 in
such a thick absorber. Moreover, it can be seen that beyond an iron thickness of 1.5
m the slope of absorption for muons from omega mesons and of pions and protons are
similar, which means that the signal-to-background ratio (S/B) will not improve further.
In conclusion, for the efficient detection of low mass vector mesons the iron absorber
thickness should not exceed 1.5 m, whereas for the measurement of muons from J/1)
decays one should add an iron absorber of about 1 m thickness together with a number
of detector layers. In practice the total absorber thickness for detection of low mass
vector mesons has been fixed to 125 cm of iron which amounts to be 7.5\;. For J/1
mesons the total absorber thickness is set to 225 cm of iron which is equivalent to 13.5);.

Apart from the total absorber thickness one has to optimize the thickness of the

individual absorber layers in the MUCH system. Particularly important is the thickness
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Figure 7.2: (Left) Variation of particle multiplicity (primary + secondary), per central
Au+Au collision at 25 A GeV (expressed in terms of primary particles within detector
acceptance), as a function of the thickness of an iron absorber. (Right) Radial distribu-
tion of particle density behind an iron block of various thicknesses. The thickness (Ape
values used in the simulation are 10 cm (black line), 20 cm (red line), 30 cm (blue line)
and 40 cm (green line).

and the material of the first absorber slice where one has to find a compromise between
hadron absorption and multiple scattering [308]. The absorber should be sufficiently
thick to reduce the hadron multiplicity and the hit density that decides the rate that
has to be handled by the tracking chambers placed immediately after the absorber. On
the other hand, a thick absorber increases multiple scattering and, hence, the number
of mismatched tracks (fake tracks) which finally results an increase of the combinato-
rial background and a poor S/B ratio. In the left panel of Fig. 7.2 we have shown the
variation of particle multiplicity as a function of thickness of the first iron absorber for
central 25 A GeV Au+Au collisions. The right panel of the same figure shows the ra-
dial distribution of the particle density, for the same set of collisions, on the tracking
chambers just after the first absorber of different thicknesses varying between 10 c¢m to
40 cm The simulations indicate that for the particle multiplicity is dominated by the
yield of secondary electrons that rises initially and then drops with increasing material
thickness. Similarly for a thin absorber of 10 ¢m thickness the maximum particle den-
sity is 1 hit/cm? /event which for a peak event rate of 10 MHz translates into a particle
rate of 107/cm?/s incident on the tracking chambers. Such high rates are too large to

be handled by the existing feasible detector technologies. From these considerations a
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Figure 7.3: Variation of the ratio of the reconstructed tracks to the accepted tracks in
the muon detection system as a function of the thickness of the first absorber block.
The simulation was performed for iron as the absorber material.

thick absorber slice having thickness 40 cm seems to be preferred as the first absorber.
However, as mentioned above, another important criterion for the optimization of the
thickness of the first hadron absorber is the small-angle multiple scattering, which in-
creases with the absorber thickness, and thus decreases the matching efficiency between
the incoming and outgoing tracks. This reduction in matching efficiency results in an
increased number of mismatches, and, finally, in a larger number of falsely reconstructed
background tracks. This effect is illustrated in Fig. [7.3| where the ratio of the recon-
structed tracks to the accepted tracks is shown as a function of the thickness of the first
absorber. The simulation clearly shows a strong increase of reconstructed background
tracks with increasing absorber thickness. The resulting invariant mass spectrum from
the reconstructed tracks, which represents background for the di-muon measurement is
plotted in Fig.[7.4. The result shows that the background increases by almost a factor of
10 when the thickness of the first iron absorber is increased from 10 cm to 40 cm. Thus,
a first iron absorber of 20 - 30 cm thickness seems to be an optimum choice between hit
density and background tracks. We have fixed the thickness of the first absorber to be

20 cm of iron.

Even though iron was taken to be the only absorber material in early days of sim-
ulation studies, more recently a carbon absorber (graphite block) of 60 c¢m thickness,

equivalent to 20 cm of iron in terms of interaction length, is found to be more preferable
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Figure 7.4: The reconstructed invariant mass spectrum for the combinatorial background
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Figure 7.6: Variation of the ratio of the reconstructed tracks to the accepted tracks in
the muon detection system as a function of the thickness of the first absorber. The
simulations are performed for iron and carbon as absorber materials.

as the first absorber slice. It can be seen in Fig. [7.5 that the multiplicity of particles,
in 25 A GeV Au+Au collisions, which traversed 60 ¢cm carbon or 20 c¢m iron is very
similar [309]. Also the hit densities after a 60 cm carbon block is of same order of mag-
nitude as that after a 20 cm iron block. Note that according to the existing design of
the CBM muon set up, the first absorber will be placed inside the high magnetic field
of the CBM dipole magnet. Hence taking into consideration the aspect of mechanical
integration, carbon (graphite) is preferable over iron. There is one additional advantage
of using carbon as the absorber material as well. Due to larger radiation length, the
amount of multiple scattering suffered by the tracks traversed through carbon is much
less. This helps to improve the matching efficiency and thus reduces the number of
fake background tracks. This can be clearly visualized in Fig.[7.6 where we plotted the
variation of the ratio of the reconstructed and input Monte Carlo tracks as a function
of thickness for both iron and carbon as the absorber materials. Apart from the first
one, rest all absorber slices are made up of iron to maintain the compactness of the total
detector system and to reduce the meson decay effects discussed earlier. They are not
also crucial in terms of fake tracks due to reduced track densities. So far as practical
design is concerned, the first absorber is divided into two pieces. The 40 cm thick first
piece is housed inside the dipole magnet where as the rest 20 cm is placed outside the

magnet. Note that even though all the iron absorbers are placed outside the magnet
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Figure 7.7: Reconstructed invariant mass distribution of the combinatorial background
for various values of the gap between the absorbers. The total abosrber thickness as
well as thickness of the individual segmented absorbers is kept same for different gap
widths. Iron has been used as the only absorber material.

to avoid the effect of any residual magnetic field they all are made up of stainless steel

instead of soft iron which is non magnetic in nature.

The sketch of the muon detection system optimized for heavy-ion collisions at SIS300
energies is shown in Fig.[7.9. It comprises of 6 absorbers, first one made of carbon and
rest of iron, and 6 tracking stations. Fach tracking station consists of three layers
of detectors located in the air gap after each absorber layer. The air gap between
the two successive absorbers has been optimized to 30 cm. Note that to reduce the
combinatorial background coming from the weak decays, one needs to design the set
up as compact as possible. With the increase of the gap between the absorbers total
size of the MUCH increases. It also results in an enhanced combinatorial background as
seen in Fig.[7.7, where the invariant mass distribution for the combinatorial background
relevant for lmvm measurements, is plotted for four gap values of 15, 30, 45 and 60
cm. Results indicate that the background is minimum for a 30 cm of air gap between
the two absorbers. For higher gap widths the background increases due to increased

fraction of meson decays. For smaller gap the background increases due to the short
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Figure 7.8: Hit densities in the tracking chambers of stations 1 - 5 for central Au+Au
collisions at 25 A GeV as calculated with the UrQMD event generator and the GEANT3
transport code. For a given station the hit density is averaged over the three layers (gas
chambers).

range secondary electrons that are emitted from the absorber and can easily reach the
following detector stations for small gaps. The total number of detector chambers is 18 (3
behind each absorber). Also a gap of 30 cm between two successive absorbers is required
to accommodate the total detector profile including cooling arrangements, mechanical
structure among the others. The total absorber length in the current design amounts
to 265 cm divided into 60 cm carbon and (20 + 20 + 30 +35 + 100) c¢m of iron which
is equivalent to 13.5 times A;. This geometry can be used both for the identification of
charmonium and low mass vector mesons at top FAIR energy. For the latter, only hits
in front of the last 100 cm absorber are relevant, i.e the effective number of detector
layers for low-mass vector meson measurement is 15, and the corresponding total hadron
absorber thickness is 60 cm of carbon and 1.05 m of iron. The angular acceptance of
the detector spans from =~ + 5° to 4+ 25°. The lateral size of the absorbers is sufficient
to completely shield the detectors from the primary particles emitted from the target.
The last station behind the 100 cm thick absorber is also used for charmonium trigger

as will be discussed latter.
We have performed simulations to estimate the hit density in the tracking chambers
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Figure 7.9: A schematic view of MUCH SIS300 layout. It consists of 18 detector layers
and 6 absorbers with total absorber thickness of 265 cm of carbon + iron. The time-of-
flight (TOF) wall is shown in the setup.

placed behind the absorbers. The results are shown in Fig. [7.8/in terms of counts per
cm? per event as function of the distance from the beam axis for central Au+Au collision
at 25 A GeV, for the stations 1 - 5 with the UrQMD event generator and the GEANT3
transport code. The hit density in the first station reaches values up to 0.3/cm?/event,
in the innermost part (i.e. for small polar emission angles). This value asks for a small
detector pad size of the order of 10-15 mm?), at least for the inner part of the first
detector station, in order to keep the occupancy at a reasonably low level ( 5%). In
case of minimum bias collision the particle densities are expected to lower by a factor of
4. Hence for a total reaction rate of 10 MHz, the peak rate to handled by the tracking

chambers in the first station comes out to be 0.75 MHz/cm?.

Apart from the SIS-300 configuration, MUCH will be taking data in the start version
of FAIR where proton beams with 30 GeV energy and Au ions up to 11 A GeV will
be available. As there is likely to be a time gap between the operation of start version

using SIS100 ring and the full version with SIS300, we have optimized a start version of
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Figure 7.10: A schematic view of MUCH SIS100 layout. It consists of 9 detector layers
and 3 absorbers. The last 3 layers are used for charmonium trigger. TOF wall be also
common to all the configurations.

MUCH at CBM for SIS100 collisions. As shown in the Fig.[7.10, SIS100 configuration
will consist of 3 stations each consisting 3 layers. Total absorber thickness will be same
as of SIS-300, except that the absorber segments will be relocated to make 3 absorber
layers: 60 cm carbon and two iron blocks of varying thickness, making a total iron
absorber of 205cm thick. This configuration is for J/1) measurement only and therefore
3 tracking stations are expected to be adequate with the last station to be used for muon

trigger.

The detectors planned to be used for the first stations are GEM-chambers [310],
a detailed discussion on which can be found in the technical design report (TDR) of
MUCH. For inclusion of a realistic scenario, modular structure has been implemented
in simulation. The covered active area of each layer has been divided into trapezoidal
sector-shaped modules. Each module is arranged on a support structure, having thick-
ness around 2 cm Detector modules are attached at the front and the back sides of

the support structure and filled with argon based gas mixture as the active medium.
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As per present status, all stations will have gaseous detectors of different technologies.
This allows us to use gas as sensitive medium throughout. The gas thickness is set to 3
mm. Cables, gas tubes, PCBs and front-end-electronics are not included in the present
version of simulation. The distance between the centers of detector layers is 10 cm to
provide enough space for accommodating the detector profile that includes electronics
boards, mechanics, cooling arrangement among the others. The spacing between layer
and absorber is 5 cm The modules are arranged in rows on both sides of each support
plane keeping 2 mm overlap in azimuth of sensitive volumes to avoid dead zones along
the radial direction. The number of sectors in a particular detector plane depends on the
radii of the stations. It might be important to note here that earlier we have also used
rectangular modules instead of sector shaped modules. Each detector layer was divided
in several modules of size 30 cm x 30 cm as the maximum size of the modules was lim-
ited by the GEM foil production technology. The practical disadvantage of this modular
design is the non-availability of large size GEM modules which in turn results in complex
detector design and large number of dead zones. One possible solution to this problem
that has been identified is to divide the detector planes into several sectors instead of
modules. In case of sector design, large GEM foils limited by 50 cm size (width) in one
direction and no limitation in length are available and prototypes are being made by
CMS and other experiments. These GEMs are produced using single-mask technology
which gives significantly larger yield of good foils compared to the conventional double-
mask GEM. Considering all the above advantages, we have presently switched over to
the sectorized geometry option. In Fig. [7.11] the layout of one layer of the first station
with trapezoidal sectors is shown. To accommodate detector electronics, cooling systems
etc. half of the total set of sectors are arranged in the front face and rest half in the back
face. The number of sectors that can be accommodated in a detector layer is indeed a
tunable parameter in simulation. However in a given layer, we have fixed the total num-
ber of sectors in the following way. As mentioned the maximum width of the trapezoidal
GEM foils is 50 cm Assuming that 10 cm will be required for support arrangement etc.
the usable width of one foil comes out to be 40 cm Hence for a layer of outer radius R,

(in cm) the number of sectors is calculated using the relation, Ny = %. It should
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Figure 7.11: Schematic view of the layout of the muon chambers with trapezoidal over-
lapping sectors

be mentioned that for the simulation results presented here, detectors in all six stations
are taken to be made -of GEM for ease of implementation in simulation geometry. Even
though in actual setup, other technological options like straw tubes or an existing Tran-
sition Radiation Detector will be used. However, given the realistic segmentation, gas

detector response of those chambers will be same as present implementation.

7.3 Simulation procedure of MUCH

7.3.1 Simulation framework

The simulation chain performed using the UrQMD event generator and the GEANT3
transport engine can be summarized by the block diagram given in Fig. It consists
of following fundamental blocks: (a) geometry implementation and transport, (b) seg-
mentation and digitization, (c¢) hit formation,(d) track propagation in MUCH chambers,
and (e) selection of tracks as muon candidates. The final identification of muon tracks

is part of the di-muon analysis.
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Figure 7.12: Block diagram showing a schematic layout of the simulation chain in MUCH

e Geometry implementation and transport: MUCH aims to study the propa-
gation of tracks inside the segmented absorbers. The study of geometry therefore
involves in implementation of conical absorbers of varying sizes placed around the
conical beam pipe. Conical absorbers are used to accept the forward focused pro-
duced particles. The detector modules are of trapezoidal profiles that are placed
behind each absorber block. For effective tracking, each tracking station consists of
3 layers of tracking chambers. Each tracking layer consists of a thin support struc-
ture and an equal number of sector-shaped modules are placed on two faces of the
support structure. For reducing the dead-space, modules on two faces are placed
in such a way that a border of the module on one side has overlap with an active
zone of the module on the opposite side. The number of stations, their shape,
size and number of modules are varied for optimization of efficiency and signal to

background ratio (S/B) for detecting low-mass vector mesons and charmonia.

e Digitization: GEANT3 provides the position of energy deposition inside the de-
tector module. These locations along with the energy depositions taken together
are called MUCH points. To account for realistic detector geometry, the read-
out planes of the modules are segmented in pads for obtaining final detectable
response. The procedure of distributing the MUCH points to pads, known as dig-

itization involves the detailed procedure of implementing the response of the gas
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detector to the energy deposition inside the chamber as described in detail later.
The projective segmentation scheme has been implemented as per the optimiza-
tion requirements of the modules. The pad dimensions are varied to reduce the
pad occupancy and the multi-hit probability in a pad. In the simple digitization
scheme, points falling inside a given pad area are added together to obtain a digit,
and in the advanced digitization scheme, MUCH points are subjected to create pri-
mary ionization, multiplication and signal generation inside the gas volume. For

the results presented here, advanced digitization scheme has been used.

Clustering and HitFinder: Digits are grouped into clusters using a suitable
clustering algorithm. Based on the particle multiplicity and associated cluster
overlap, the clusters are either broken into several sub-clusters which have been
treated as hits (advanced hit finder) or each cluster is treated as one hit (simple
hit finder). The centroids of the sub-clusters in case of advanced hit finder or of
the main cluster in case of simple hit finder is assigned to be the location of a

MUCH-hit which are then taken as candidates for track propagation.

Track propagation: Tracks reconstructed in STS are propagated using the
Kalman Filter technique to pass through the MUCH layers. MUCH hits located
around the propagation point are taken as the candidates of the propagated track.
For analysis of MUCH, x? of track fitting, number of STS and MUCH layers

associated to the propagated tracks are taken as track validation parameters.

7.3.2 Detector segmentation, digitization, clustering and hit

formation

The muon tracking chambers will be under the conditions of high hit density and large

event rates (10 MHz). The aim of the segmentation study is to get a realistic and

optimized detector layout with respect to the physics measurements. In order to take into

account the variation of hit density with the radial distance from the beam pipe (density

falls as 1/r), the muon detector readout planes are segmented in different annular regions

with pads of appropriate shapes and sizes required to achieve the desired pad occupancy.
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Figure 7.13: Schematic views of the segmentations of the sectorized modules, entire area
has been divided into projective pads of 1 degree angular regions and with two rings of
different angular dimensions

Apart from the hit-occupancy, another constraint is the spatial resolution that limits

the maximal pad size.

At the transport level, only basic gas volumes are created, while the detailed pad
readout structure is simulated a posteriori with a segmentation algorithm. In case of
sector geometry, projective pads of radially increasing size are implemented in segmen-
tation as shown in Fig.[7.13. The dimensions of the pads are determined by the angular
separation on transverse plane. The implemented segmentation algorithm determines
angular dimensions and positions of the pads automatically depending on radius in such
a way that the radial dimension of each pad is kept approximately equal to the az-
imuthal dimension (Ar ~ rA¢) at a given radius. The entire region could be divided
into pads of uniform or varying angular regions as shown in the figure. For our present
implementation, pads are used resulting in 1-degree separation in azimuthal angle. Total
number of pads over all the six stations comes out to be 8,02,320 for a case when all
the stations have pad readout. It is likely that only first three stations will be made of
GEM, but the segmentations in some other technology options are likely to remain same
and therefore this number is useful from the point of view of total number of required

readout channels. There is a possibility that straw and TRD might use strip readout
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Figure 7.14: Schematic representation of the signal generation in GEM

and the number of readout channels will be somewhat reduced. Even though all results
shown here are for 1 degree pads, which results in large pad size in the outer periphery
of layers, as a part of future optimization of the segmentation, if required, we have the
option to divide the pads at larger radii into smaller than 1 degree intervals.
Simulation of GEM detector response (digitization), which is schematically shown
in Fig. [7.14 is based on a simple assumption that a GEM active gas volume can be
split into the drift and avalanche regions. This means that the triple-GEM structure is
ignored in the simulation at the moment. The digitization algorithm can be logically

split into several steps:

e Determination of the number of primary electrons emitted in the drift volume for
each Monte-Carlo point is based on the Landau distribution for an argon-based gas
mixture, track length in the drift volume and particle type and energy. Parameters
of the Landau distribution namely the expectation value and the variance are
determined with the HEED [311] package. Primary electrons so produced are
then distributed randomly according to Poisson law along the direction of the

incident track.

e Determination of the number of secondary electrons emitted in the avalanche re-
gion for each primary electron. Exponential gas gain distribution with a default
mean gas gain of 10% is used in this step. The transversal diffusion of the avalanche

which gives the measure of the spot size is assumed to be constant.

e Intersection of secondary electron spots with the pad structure of a module and
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determination of the charge arrived at each pad. The default spot radius is set
to 0.6 mm as measured for the triple-GEM detectors during beam tests. Charge
arrival time is calculated from the Monte-Carlo point time plus the primary elec-
tron drift time: t = d/v (d -distance traveled by the primary electron towards the

avalanche region, v - drift velocity, v = 100 pum/ns by default).

Time-dependent summation of charges from all Monte-Carlo points pad-by-pad
and conversion of the charge-vs-time distribution into the timing response of the
foreseen MUCH readout electronics. Timing response on a delta-function-like
charge from secondary electrons is simulated by the linear peaking period of 20 ns
and the falling edge described as an exponential decrease with 40 ns slope. Re-
sponse to several delta-function-like charge signals is described as a convolution
in time of responses from several delta-functions. Random noise of the readout

electronics is also added at this step.

Application of the threshold to the readout response and determination of the time
stamp (a moment when the response exceeds the threshold value). The charge
information is converted into ADC channels with one of the three methods: am-
plitude with the flash discriminator, Wilkinson integration or time-over-threshold

approach.

The time stamp and the ADC information is decoded into 32-bit word and stored
in the array of CbmMuchDigi objects together with the 32-bit channel Id for

subsequent processing.

Fig. [7.15 illustrates the results obtained with the digitization algorithm showing

the reconstructed charge on pads corresponding to Monte-Carlo track projections. In

addition to the visual control of the fired pad to MC track correspondence, the quality

assurance algorithm has been developed. One of the quality criteria is the distribution

of the full charge from the track as function of energy and particle type. An example

of the charge vs. energy logarithm distributions is shown on Fig. [7.16. The obtained

distributions agree well with the Bethe-Bloch dependence of the most-probable value of

the input Landau shape corrected for the mean gas gain (see black line). Fig.[7.17 shows
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Figure 7.15: Illustration of digitization scheme for station 1(left panel) and station 2
(right panel)

the distributions of deposited charges by the minimum ionizing particles. The charge

deposition spectrum follows the Landau distribution as expected.

The detector parameters are tunable and could take values depending on the exact
micro-pattern detector technology. The spot radius is chosen such as to reproduce the
existing experimental data. The avalanche spot for each primary electron is projected
to the pad plane and the sum of charges at each pad is calculated. Apart from the
spot radius one can also tune the parameters like total number of ADC channels, the
maximum charge that can be collected by a pad and the threshold charge. The maximum
charge defines the dynamic range of the readout ASIC. If for a particular channel, the
corresponding energy deposition goes beyond the specified dynamic range, the channel
gets saturated. The threshold charge is set above the expected noise level. However, in
the present implementation, as no additional noise has been introduced in the simulation,
the applied threshold cuts signal thereby reducing the efficiency. The noise threshold
has therefore been kept at a reasonably low level. In the current study, we set following
values to the above parameters: (i) Number of ADC Channels: 2048, (ii) Qs : 100
fe, (iii) Qs ¢ 1.0 fc ,(iv) GEM spot radius: 600 pym. Note that muons are minimum
ionizing particles (MIP). Within a argon filled drift volume a MIP typically produces
100 - 120 primary electrons per cm Hence for a drift gap of 3 mm, the number of primary
electrons would be approximately 30 - 40. For an average gain of 10%, the total number
of electrons created by an incident muon track will be ~ 30 x 10* which is equivalent to

a deposited charge of 45 fc (1 fc = 6,600 electrons). Hence setting up a noise threshold
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Figure 7.16: Total charge created by the incident tracks inside the active volume of the
detector. The gas depth is set to 3mm in simulation. The figure describes deposited
charge versus particle kinetic energy for pions and protons. The black lines result from
a Bethe-Block fit to the mean values.
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Figure 7.17: Charge deposition by a minimum ionization particle (MIP) in the gas
volume of the detector. The mean gas gain has been set to to 10* in simulation. Hence
each MIP creates on the average about 33 primary electrons along its track inside the 3
mm gas volume.
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of Qi = 1 fc is not likely to significantly affect the signal.
The digits formed by the procedure discussed above are clubbed together to form
clusters, which are then deconvoluted to form hits. The following algorithms have been

implemented for the cluster deconvolution and hit finding:

e one hit per pad A trivial algorithm when a hit is created for each fired pad.
The hit positions correspond to pad centers, while the hit uncertainties are taken
as pad dimensions divided by v/12. Main advantages of this algorithm are the
simplicity of implementation and low CPU consumption. The main disadvantage
is that too many hits are created, many of them appear to be far from real track
positions. Many additional hits lead also to huge combinatorics and inefficiency

at the track finding level.

e one hit per cluster One hit per cluster is created. Hit coordinates are determined
by center-of-gravity averaging with weights equal to charges induced on pads. This
algorithm is also quite simple and fast. In the case of small pads, this algorithm
allows to define track position much better than in the previous case. In the case of
large clusters, this algorithm may cause too large difference between reconstructed

hit positions and real track coordinates (see fig. [7.18| center, for example).

e search for local maxima A search for local maxima in the charge distribution
is performed cluster-by-cluster. Hit coordinates are assigned to centers of pads,
corresponding to local maxima. If cluster dimensions are less than 2x2 pads, one
hit per cluster algorithm is used to determine hit coordinates for small clusters
with better precision. The main advantage of the method is that it works for
large clusters, it allows to find several single track hits that contributed to one
cluster (see fig.[7.18, right for example). Nevertheless, in the case of long clusters
(usually produced by single but very inclined low-energy electrons) local maxima
may originate from random fluctuations of charge on pads. Therefore search for
local maxima may lead to creation of fake hits, which do not correspond to real
tracks. Moreover, one should keep in mind that some tracks still could remain

unresolved by this algorithm (see fig. [7.18] right).
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Figure 7.19: Tllustration of different hit-finder algorithms in an event

The search for local maxima is used as a default algorithm in the MUCH simu-
lations. The developed algorithms for the cluster and hit finding can be used not only
for simulation purposes but also for the reconstruction of real data.

The performance of the hit finding algorithms is illustrated in Fig.[7.18 for one of large
clusters. Fig.[7.19/represents the results for the central region of the first MUCH station
where one expects maximum occupancies. Fig.[7.19 illustrates that track positions are

correctly reconstructed in majority of cases.

7.3.3 MUCH Track Reconstruction

The main challenge of the track recognition in the CBM-MUCH detector results from
the large multiplicity in heavy-ion collisions. About 1000 charged particles are produced
in central Au + Au collisions at CBM energies. This high charged particles multiplicity
leads to a high track and hit density in the MUCH detector, especially on the first

detector planes (see Figure 7.20).

The developed track reconstruction algorithm in MUCH is based on track following
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Figure 7.20: Visualization of one simulated central Au + Au collision at 25 A GeV.

using reconstructed tracks in the STS as seeds. The STS track reconstruction is based
on the cellular automation method [312] and STS track parameters are used as start-
ing point for the subsequent track prolongation. This track following is based on the
standard Kalman filter technique [313] and is used for the estimation of track param-
eters [314] and trajectory recognition. Main logical components are track propagation,
track finding, track fitting and finally a selection of good tracks. Each of the steps will

be described in the following in some more detail.

Track propagation

The track propagation algorithm estimates the trajectory and its errors in a covariance
matrix while taking into account three physics processes that influence the trajectory,
i.e. energy loss, multiple scattering and the influence of a magnetic field. The influence
of the material on the track momentum is taken into account by calculating the ex-
pected average energy loss due to ionization (Bethe-Bloch formula) and bremsstrahlung
(Bethe-Heitler formula) [315]. Adding process noise in the track propagation includes

the influence on the error, i.e. the covariance matrix due to multiple scattering. Here, a
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Gaussian approximation using the Highland formula [315] is used to estimate the average
scattering angle. The propagation of the trajectory is done according to the equation
of motion. If the track passes a magnetic field the equation of motion for a charged
particle is solved applying the 4" order Runge-Kutta method [316]. For passing a field
free region, a straight line is used for propagation and the transport matrix calculation.
The transport matrix is calculated by integrating the derivatives along the so-called zero

trajectory [317]. A detailed description of the developed track propagation can be found

in |318].

Track finding

In the track finding algorithm hits are attached to the propagated track at each detector
station using two different methods. In the nearest-neighbour method just the nearest
hit is attached to the track. In the branching method, on the other hand, all hits within
a certain environment are included. For the first method, only one track is further
propagated, the branching method allows for several track branches to be followed, one
for each attached hit. Common techniques to these methods are the above described
track following, the Kalman Filter and the calculation of the validation region for hits.

Assignment of new hits is done step by step at each detector station. After the
track propagation to the next station possible hits are attached and track parameters
are updated by the Kalman Filter. For the attachment of hits a validation gate is
calculated in order to allow for a high degree of confidence in the hit-to-track assignment.
The validation gate is defined based on the residual vector r (distance between fitted
track and the hit) and the residual covariance matrix R. In the context of Kalman-
based tracking filters, a validation gate can be expressed as v = rR~!r?T < d. The cut
value d is chosen such that a defined probability of rejecting the correct hit is achieved,
here this probability is chosen to be 0.001. Values for d can be taken from y? tables in
dependence on the number of effective degrees of freedom. Here the effective degree of
freedom is 1 for a straw tube detector hits and 2 for hits from pads in a GEM detector.
The algorithm takes into account possibly missing hits due to detector inefficiencies,

dead zones in the detector, inefficiency of hit finder algorithm etc.
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The two methods which can be chosen for hit assignment to tracks differ in the way
how a situation is dealt with in which several hits lie within the validation gate. In
case of the branching method, a new track branch is created for each hit lying within
the validation gate. Since the number of branches can grow exponentially, the x? value
is calculated for each track branch and unlikely ones are rejected. Also for each input
track seeds number of created branches is calculated and if it exceeds the limit than the
tracking continues using nearest neighbor approach. For the second method no track
branches are created. The nearest neighbor method attaches the hit with the smallest

v, if lying in the validation region at all.

Vertex determination

For each reconstructed MUCH track, the primary vertex determination has already been

done by the associated STS track.

MUCH Reconstruction Performance

After track finding, so called clone tracks (consisting of a very similar set of hits) and
ghost tracks (consisting of a random set of hits) have to be rejected while keeping
correctly found tracks with high efficiency. The selection algorithm works in two steps.
First, tracks are sorted by their quality which is defined by the track length and 2.
Then, starting from the highest quality tracks all hits belonging to a track are checked.
In particular, the number of hits shared with other tracks is calculated and the track is
rejected if more than 15% of the hits are shared. The results presented here are based
on studies performed with standard simulations for central Au + Au collisions at 25 A
GeV beam energy. Events were generated with the UrQMD event generator [38]. In
order to enhance statistics and investigate the MUCH response to primary muons, ten
J /1 particles decaying into u+ p— pair were embedded into each UrQMD event. The
SIS300 detector setup has been used for simulations.

The performance of the algorithms was obtained using information from the Monte
Carlo input. During the efficiency calculation the level of correspondence between the

found and simulated tracks is estimated. A track is defined as correctly found if it has
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Figure 7.21: Track reconstruction efficiency for primary muon tracks from J/¢ as a
function of track momentum for two tracking algorithms: nearest neighbor (red) and
branching (blue). Left plot shows MUCH tracking efficiency, right plot shows STS-
MUCH tracking efficiency. Horizontal lines represent numbers integrated over momen-
tum.

more than 70% of hits from one Monte-Carlo track, otherwise a track is defined as ghost
track. The track reconstruction efficiency is defined as €yack = Nreconstructed/Naceepted-
Niyeconstructed 18 the number of correctly found tracks after reconstruction, Ngccepted is the
number of reconstructable tracks in the MUCH acceptance, i.e. tracks that have at least
6 detected hits in the MUCH. Results shown here are for muon tracks since these are
the most important for the muon simulations.

Fig.|7.21 shows the track reconstruction efficiency in dependence on momentum for
MUCH and global tracking efficiency for STS-MUCH for 25AGeV beam energy. The
MUCH track reconstruction efficiency integrated over the momentum range 0-10GeV /c
is 95.9% for nearest neighbor method and 95.8% for branching method. The mean effi-
ciency for tracking in STS-MUCH is 95.1% for nearest neighbor and 94.9% for branching
method. Both methods show the same efficiency but nearest neighbor approach have
some advantages: it is easier to implement and it is faster. This method was used by

default in event reconstruction.

7.3.4 Muon identification and analysis

From the global reconstructed tracks, we apply a set of cuts at the analysis level to

identify muon tracks likely to be originated from J/1. The aim is to reduce background
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due to non-muonic tracks and muons from weak decays of pions and kaons. The cuts
which have been used on reconstructed tracks for selection of muon candidates are (a)
from STS: number of hits in STS and x? of STS segment of the track and (b) from
MUCH: number of much layers, x? of the MUCH segment of the track. Additionally, a
cut on x2,,,., is also applied. Based on the separation power of these cuts, we obtain a
set of final cuts that have been used in this analysis for selection of muon candidates. It
should be noted that for selection of muons from low-mass vector mesons and charmonia,
the numbers of MUCH layers in a track are taken to be different. Muons originating
from the decay of J/1 are relatively harder and thus expected to cross the full absorber
and reach the last station (trigger station). For selecting track candidates for .J/1 the
track should have at least 16 MUCH hits. On the other hand tracks coming from Imvms
are much softer they are expected to stop inside the last 100 cm thick iron block. Hence

for them the required number of MUCH hits dose not exceed 15.

We have performed various tests using MC data to evaluate the performance of
MUCH. One of the first tests performed was to test the survival of different types
of primary and secondary particles with the variation of number of hits in STS and
x2. As there is no muon from UrQMD output, decay muons are present only in the
secondary samples. It is seen that the use of a cut using minimum 6 STS hits and y?
less than 2.0 removes most of the pions and other particles without removing muons
significantly. It should be mentioned that for the discussions to follow, final efficiency
results are obtained after the use of final cuts that is aimed at reducing the background in
addition to increased efficiency. The cuts used therefore works as the effect of absorber in
addition to acceptance and track finding. The efficiency results obtained in subsequent

discussions should be viewed in that context when compared with the results shown in

previous section while describing tracking efficiency.

Each reconstructed muon track satisfying the above set of cuts are now selected for
di-muon invariant mass analysis. Each selected track is represented by its 4-momentum

vector:

By = (Ey pi) (7.4)
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where £, = /m2 +p712.

The di-muon 4-momentum vector can be constructed from the 4-momentum vector

of the single muon tracks and can be written as:

Pmm = Pm + Puz = (Eul + Eu27p;1 + p;z) (7.5)

From this one can construct the invariant mass (m;,,) of the di-muon pair, which
due to energy-momentum conservation should be equal to the mass of the J/i¢. The

invariant mass formula is given by:shirtless

m?,, = P2 ., =2m} +2(E, E,, — pj1.-pp2) (7.6)

inv Bap2

where m,, = 105 MeV is the rest mass of the muon. Being norm of a 4-vector m,, is in-
variant under Lorentz transformation. Apart from the pair mass, the other fundamental
di-muon kinematic variables are the pair pr, pair rapidity (Y') and the decay/opening
angle (6,1,2) defined as the angle between p,; and p,». Neglecting the muon mass in

Eql7.6, one obtains,

Miny ~ \/2p12[1 — cos01cos0y — sindysinfacos(py — o) (7.7)

where pp, 0; and ¢; are the magnitude of 3-momentum, polar and azimuthal angles of
the single muon tracks.

From the 4-momentum conservation the pair pr can be written as

PTplp2 = \/pg,mw + P2 e (7.8)

where

Pip1p2 = Piul + DPiu2; (Z =Y, Z) (79)

On the other hand the pair rapidity in the laboratory frame takes the form

1 E -
Y, = 5509( AL

) (7.10)
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where E and p, denote the pair energy and longitudinal momentum in the laboratory
frame. One can easily get the pair rapidity in the centre of mass frame of the collision

(Y*) using the following relation

Y. =Y "+ You (7.11)

where Yoy, is the rapidity of the centre of mass system in the laboratory and can be

expressed as

1+ 5.
1_/86

You = %lOQ( ) (7.12)

where [3. is the velocity of the center of mass of the collision system in the laboratory

and can be calculated as

g, — [Pl _ _|Phean
‘ Elab Ebeam + Mgt

(7.13)

where Pyegm and Eyeqn, are projectile momentum and energy and ., is the mass of

the target. For 25 A GeV Au+Au collisions, we have Yyeqm = 3.99 and Yoy, = 1.99.

Kinematics Resolution

In general the kinematic resolutions the di-muon experiments are governed by three

factors:

e the multiple scattering of the muons in the target and the hadron absorber
e the energy loss of the muons in the hadron absorber

e the proper error of the measurement in the tracking chambers

The last one being negligible compared with the previous two. Now, one novel
feature of the CBM experiment compared to the previous and existing experiments is
that the full tracking will be performed in the STS detector system upstream to the
absorber. Hence the momentum measurements will not be affected by the multiple

scattering or energy loss effects inside the absorber. Also the target thickness of CBM
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is much smaller (1%A;) compared to the existing measurements (for example the target
thickness in NA50 experiment was varied between 7—30%A;), which also helps to reduce
the multiple scattering and thus improve upon the momentum resolution. Under such
conditions, the momentum resolution will be considerably affected by magnetic field
only. Note that for a dipolar magnetic field of strength B and extended over a length L,
the momentum resolution of a track having momentum p can be written as:

Ap ' p

L 7.14
> < B2 (7.14)
With the existing dipole magnet designed for tracking, the momentum resolution of

the muon tracks are % ~ 1%. So far as di-muon mass resolution is concenred, note

that from Eq. 7.6, neglecting the muon mass, we can write

m?m) = 2pu1pu2<1 - Cos(eul;ﬂ)) (715)

where the symbols carry their usual meanings. Since the average single momentum
strongly increases with mass, the multiple scattering which contributes to the angular
resolution (A#,1,2) is more important at low masses and has negligible effect in the high
mass (eg: J/1, 1) regime. On the other hand energy loss of the single muons has a
stronger contribution which in our case is also not very prominent as explained above.

Neglecting the angular resolution, we can estimate the expected mass resolution as:

= (7.16)

which comes out to be 0.7%.

7.4 Physics performance studies

7.4.1 Input

Simulations for the optimization of the detector design in the di-muon measurement

setup have been performed within the cbmroot framework that allows full event simula-
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tion and reconstruction. Apart from cbmroot, the event generators PLUTO [319] and
UrQMD3.3 [320] have been used for generating signals and background events, respec-

tively, as will be detailed below.

J/1 phase space distribution

PLUTO generates the J/1¢ mesons following a thermal fireball model with thermal mp
and Gaussian rapidity distributions in the centre of mass frame of the collision. The

pr/mr distributions are generated according to the form:

dN dN mr
= = mpr K (— 717
mrdmy  prdpr mr K T ) (7-17)
where my = \/(p% + m?), with m being the particle rest mass, denotes the transverse

mass. K; denotes the Bessel function of second kind and first order in %:

mr e—(mz/T)
Kl —_— ) = —Pﬁ T mr 7.18
() /T (T'/mr) (7.18)

where Fy is a polynomial of order 6. The inverse ‘slope’ parameter 1" can be identified
with the kinetic freeze-out temperature T, at which particles decouple from the fireball.

The rapidity distributions are generated in the centre of mass frame using Gaussian
function with a mean p, = 0 and width o, as

dN —y?

- — 1
3y =5 (719)

where y denotes the J/1 rapidity in the centre of mass frame.

Ty and o, are the free parameters, whose values are required to be set. Unfortunately,
there is not data on J/v¢ production in heavy-ion collisions below 158 A GeV, which
could have otherwise guided our choice of input parameters. The existing data on
J /1 production from the p + A collisions, at FAIR energies are also based on inclusive
measurements rather than differential distributions. In absence of any experimental
guidance we go by the following arguments. The NA50 Collaboration at SPS measured
the mr spectra of J/¢ and ¢’ in 158 A GeV Pb+Pb collisions. The distributions were
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Figure 7.22: Input distributions of different kinematic variables for .J/i as obtained
from PLUTO. The pr distribution is shown at the top and rapidity distribution in the
laboratory frame is shown in the middle panel. The bottom panel contains the .J/v

3-momentum distribution in the laboratory frame. Due to boost in the forward direction,
Py is much larger than pé/ v
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Figure 7.23: Input momentum distributions of the single muons generated from the decay
of J/1¢. Left figure shows the pr spectra and the right figure shows the 3-momentum
spectra of the muons.

found to be fitted with a thermal distribution as given in Eq. with an inverse
slope parameter 7™ ~ 220 MeV. Subsequent analysis within a hydrodynamical model
of QGP expansion and hadronization revealed that the data could be reproduced with
a common freeze-out temperature Ty ~ 170 MeV and average collective transverse
expansion velocity v ~ 0.2. On the other hand the equilibrium hadron gas (HG) model
describes remarkably well the hadron multiplicities measured in A 4+ A collisions at top
SPS and RHIC energies. The extracted hadronization temperature parameter is similar
for both energies Ty = 1704+ 10 MeV. It was thus argued that unlike the lighter particles
(eg: pion), the kinetic freeze-out of the J/1¢ and ¢’ mesons takes place directly at the
hadroniztion, after the transition of the QGP to the hadron gas, due to their large
mass and small hadronic cross sections. At RHIC energies (y/syy = 200 GeV), Ty was
assumed to be the same in accordance with Ty whereas the transverse hydrodynamic
flow was expected to be stronger. If T remains the as we go down from top RHIC to
top SPS energy, we can safely assume the same value of Ty = 170 MeV at FAIR as well.
However at FAIR, dominant contribution of J/1 production comes from primordial hard
N — N collisions and the statistical production of charmonia at hadronization is expected
to be negligibly small. In other words J/vs are unlikely to get equilibrated and inherit
the flow of the medium. We thus assume vy = 0 and Ty = 170 MeV to generate the

transverse momentum distribution of J/1.
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So far as rapidity distribution is concerned, o, is fixed at a given energy in the
following way. The width of the pion rapidity distribution is estimated using Landau
formula. Width of rapidity distribution for any heavier meson is decreased proportionally
to the maximum rapidity with which such a meson can be produced for a given /s.

Hence we have

i
ol = o7 x (7.20)

us
ymax

where following Landau’s expression,

oy = \/log(\/s/2my) (7.21)

where my being the nucleon mass. The maximum rapidity for a particle of mass m is

given by

Y™ = log(V/s/m) (7.22)

With the above formulation, the width of J/v rapidity distribution comes out to be
O'?‘J] ¥ = (.24, for 25 A GeV Au+Au collisions. This above parametrization for generating
rapidity distributions has been used by several experiments as it describes reasonably
well the existing measurements. In Fig.[7.22, we have given the input transverse mo-
mentum (pr), rapidity (y) and three momentum (p) distributions of the J/¢ mesons
produced with the parameters Ty = 170 MeV and oyJ ¥ = (0.24. Another commonly used

function for generating rapidity distributions is of the form ) which is similar to

a Gaussian distribution of width o, = 0.75/a. The J/1 mass distribution is assumed to
be a Dirac Delta function, with mass 3.097 GeV/¢? since its natural width (T, = 87
KeV) is orders of magnitude smaller than the experimental resolution. It is also assumed
that J/v is directly produced in the collision, without taking into account the fraction
of events that come from the decay of the higher states. Once the J/v’s are produced

they are decayed into di-muons following isotropic angular distributions. The input

mometum distributions for the single muons decayed from .J/v sre shown in Fig.[7.23.
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Table 7.2: Elementary nucleon-nucleon .J/1 production cross section (nb), in dimuon
channel at 25 A GeV following different parameterizations

Schuler | E771 | Lourenco | Scaling
0.066 | 0.063 | 0.062 0.065

Estimation of J/¢ multiplicity

Apart from the kinematic distributions, another quantity required for estimation of S/B
ratio of J/1 detection is the multiplicity of J/¢) production in 25 A Ge Au+Au colli-
sions. PLUTO does not give any information on .J/v multiplicity. The common practice
in the CBM simulations is to pick up the multiplicity values for different signal particles
from the HSD transport code. However instead of doing that we perform the follow-
ing exercises to calculate J/¢ multiplicity in 25 A GeV Au+Au collisions at a given
impact parameter b. In chapter[3, we have made a survey of the different parameteri-
zations available in literature, for inclusive J/v production in elementary NN collisions,
as obtained from different fixed target experiments. The important parameterizations
include the (i) Schuler parametrization from E672 Collaboration, (ii) parametrization
from the E771 Collaboration (iii) parametrization given by Lourenco (iv) and finally the
more recent parametrization for near threshold charmonium production based on scaling
analysis. All of these parameterizations agree reasonably well with the existing data on
inclusive J/v¢ production in p + A collisions in the FAIR energy domain. The mean
values of oy in the di-muon channel, as obtained from different parameterizations for
a beam kinetic energy 25 A GeV is given in Table As seen from the table all the
above parameterizations predict nearly similar values of .J/1 cross sections in elementary
collisions. For a conservative estimation of .J/¢ multiplicity in heavy-ion collisions, let
us choose oyy = 0.062 nb. Since at FAIR energies, .J/¢ production will be dominated
by initial hard scatterings, in absence of all possible medium effects the .J/¢ multiplicity

in 25 A GeV Au+Au collisions, at an impact parameter b can be written as:

Nyt (b) = Tayau(b) x o', (7.23)

where, T, 4, 18 the nuclear overlap function calculable using Glauber model. At large

impact parameter, not every encounter of two nuclei leads to an inelastic collision.
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Figure 7.24: Variation of J/¢) multiplicity in the di-muon channel with collision impact
parameter in 25 A GeV Au+Au collisions.

Hence to compute the multiplicity, one needs to consider the probability of an inelastic
collision, given by, pitf4“(b) = 1 — exp(—Neou(b)), Where Noo(b) is the number of
binary collisions, defined as Ny (b) = onny X Tap(b). onn denotes the inelastic nucleon-
nucleon inelastic cross section, and at FAIR energies we have assumed ony ~ 32 mb.
The impact parameter dependence of .J/¢ multiplicity in 25 A GeV Au+Au collisions is
given in Fig.[7.24. J/v multiplicity in the di-muon channel (i.e. yield times branching
ratio) in purely central Au+Au collisions is N,/ (b = 0) = 1.83 x 107%. Our multiplicity

values are somewhat larger than that obtained with HSD model. In a minimum bias

Au+Au collision, the average J/v multiplicity is given by

NAu+Au — fdepzne+Au (b) (724)
" J oyl
This comes out to be
< Nyjp >0 = gl < Tyyp, >=62.94 x 07" (7.25)

where, < Taya, >= 62.94fm™2. Substituting Up/w 0.062 nb (1 nb = 1077 fm?),
the J/1 multiplicity in 25 A GeV minimum bias Au+Au collisions comes out to be
3.9 x 1077,
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Figure 7.25: Reconstructed invariant mass spectra of .JJ/¢ mesons in 25 A GeV central
Au+Au collisions. Top panel shows the pure J/1 signal, middle panel shows the signal
superposed on the combinatorial background and the bottom panel depicts the total
spectra where properly weighted signal and background are added together.
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Table 7.3: Dependence of J/1 reconstruction efficiency and S/B ratio on various track

selection cuts

Much hits | STS hits | Xferer | Xo7s | Xaruen | €3/0(%) | S/B | a5 (MeV)
16 4 3.0 3.0 3.0 24.5 0.35 29.1
16 5 3.0 3.0 3.0 24.26 | 0.362 28.9
16 6 3.0 3.0 3.0 23.77 0.41 28.7
16 7 3.0 3.0 3.0 22.64 0.51 28.3
16 7 3.0 3.0 3.0 22.64 0.51 28.3
17 7 3.0 3.0 3.0 20.74 0.59 28.2
17 6 3.0 3.0 3.0 21.76 | 0.474 28.73
17 7 3.0 3.0 2.0 17 0.93 28.13
17 7 3.0 3.0 2.0 17 0.93 28.13
17 7 3.0 2.0 2.0 16.73 0.94 28
17 7 2.0 2.0 2.0 12.54 1.08 27.4
17 7 2.0 1.5 2.0 12.22 1.11 27.92
17 7 2.0 1.5 1.5 7.53 1.57 27.72
17 7 1.5 1.5 1.5 5.44 1.6 27.4
16 6 1.5 1.5 1.5 6.16 1.35 28.3
16 6 2.0 2.0 2.0 14.3 0.91 27.7
17 6 2.0 2.0 2.0 13.16 0.95 27.6

7.4.2 Results for SIS-300 collisions

In this section we give the final results of our feasibility study on J/v¢ detection via
di-muon channel in 25 A GeV Au+Au collisions at FAIR. Note that the measurement of
J /1 mesons is favored by the absorber technique as the decay muons from charmonium
exhibit harder momentum spectra compared to those from p or w mesons, and, hence,

are much less absorbed.

7 (Gt
o

1™

Figure 7.26: Phase space distribution of the reconstructed .J/¢ mesons, in Y — pr plane,
for 25 A GeV central Au+Au collisions.
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Figure 7.27: Composition of the reconstructed background tracks in 25 A GeV central
Au+Au collisions. Only those tracks are selected with statify the required criteria for
J /1 analysis (see text for details).

The two quantities required to quantify the performance of the CBM muon set up
are the J/1 reconstruction efficiency and the signal-to-background (S/B) ratio. The
J /1) reconstruction efficiency is defined as the ratio of the numbers of the reconstructed
and generated Monte-Carlo J/v. The di-muon efficiency is related to the reconstruc-
tion efficiency of the single muon tracks satisfying all the specified reconstruction and
selection cuts for J/1¢ analysis. Reconstruction of single muons is directly related to
the chamber detection efficiency. If €, is the efficiency for single muon tracks originated

from J/v, the J/1 detection efficiency can be written as:

€7/ = Ept X € (7.26)

Use of harder track selection cuts results in decrease of €;/, but helps to increase
the S/B ratio by reducing the background. Higher reconstruction efficiency ensures a
larger data sample over a given time period whereas S/B represents the actual figure-
of-merit of any measurement. One thus has to find an optimized choice between these
two quantities. In order to do so, we have calculated the J/1 reconstruction efficiency
and S/B ratio for a set of values of the track selection cuts as shown in Table [7.3!
The optimum results (€7, = 12.12% and S/B = 1.11) are obtained for selected tracks
having > 7 sts hits, > 17 much hits, x?,,,.. < 2.0, X37¢ < 1.5 and x3,,., < 2.0. These

tracks selected with optimal set of analysis cuts are now projected to the TOF plane
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Figure 7.28: Momentum distribution of the reconstructed signal muons (left) and J/1)
mesons (right), in 25 A GeV central Au+Au collisions. Both the distributions are
superposed on their respective input distributions.

where we apply the TOF mass cut as the final selection cut. The resulting invariant
mass spectra are shown in Fig. The top panel shows the pure signal, middle panel
depicts the properly scaled invariant mass spectra separately for signal and background
superposed on each other. The J/1 peak is clearly visible and can be nicely fitted with
a symmetric Gaussian function. The bottom panel shows the total spectra in the J/1
mass region where signal and combinatorial background are added together according
to their respective weights. The reconstruction efficiency and S/B ratio are 5% and 2
respectively. The mass resolution comes out to be o/, = 28 MeV. The basic important

features of the invariant mass spectra are the following:

e The input Dirac Delta function for J/i¢ mass distribution degenerate into Gaus-
sian distribution at the reconstruction level. This can be attributed to the finite
momentum (and angular resolution) of the single muon tracks. Note that the mass
distribution is a pure Gaussian without having non symmetrical mass dependent
dispersion tails even at a region away from the pole mass. This itself is a novel fea-
ture compared to the previous experiments like NA50 and NA60 at SPS, where the
muon momenta were measured after they pass through the hadron absorber and
J /1 reconstructed mass distributions were found to be described by asymmetric
Gaussian distributions with increasing smearing tails. The observed asymmetry
between Right and left tails was caused by two effects: while multiple scattering

inside the hadron absorber affected in the same way, both right and left tails, the

247



energy loss (%) affects more the left tail, since muons energy whose straggling
corresponds to the Landau tail of energy loss is not totally compensated in the
reconstruction process, just a mean correction was performed. On the other hand,
in case of CBM experiment the muon momentum is fully determined at STS where
they least affected by either of the above effects due to low material budget. This

the reconstructed mass shapes do not show any taily nature.

The J/v mass resolution is found to be ¢/, ~ 28 MeV which is factor of 4 better
compared to NA5O (0/4(NA50) ~ 100 MeV) and factor of 3 better compared to
NAG60 (0/4(NA60) ~ 70 MeV. In NA50 experiment, the complete momentum
determination was performed in the muon spectrometer placed after the hadron
absorber which in turn results is poor momentum and angular resolution of the re-
constructed tracks. In NA60 this situation was improved by additional momentum
measurement in the silicon vertex telescope upstream the absorber and momen-
tum matching between the reconstructed tracks before and after the absorber. In
CBM complete momentum determination is performed upstream the absorber in
the STS detector system which results in a momentum resolution of ~ 1%. From
Eq. we see that such a good momentum resolution would approximately lead

to a mass resolution o ~ 0.7 X mj/, ~ 20 MeV.

We have not simulated the 2s charmonium state ¢’. However .J/i¢ mass resolu-
tion of the order of 30 MeV clearly indicates that J/¢ and ¢’ will be completely

separable in the CBM muon set up.

The S/B ratio is calculated by estimating the background within £20 around the

signal mass peak. Improvement in o itself also helps to improve the S/B ratio.

The acceptance plot of the reconstructed .J/¢ mesons is shown in Fig.[7.26 illustrating

that the majority of the phase-space is covered. Let us now analyze the results in some

more detail. Note that in all our calculations the background continuum comes from

the combinatorial contribution only. The composition of the reconstructed background

tracks per event for .J/¢ mesons from central Au+Au collisions at 25 A GeV is shown

in Fig.[7.27. The background is completely dominated by muons from weak decays of
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Figure 7.29: Transverse momentum and rapidity distributions of the reconstructed J/1)
mesons, in 25 A GeV central Au+Au collisions. The corresponding input distributions
are also plotted in the same canvas.

pions and kaons. Next to understand the effect of absorbers on the signal muons, we
plot in Fig. [7.28 reconstructed momentum distribution of the single muons originated
from the decay of J/1¢ along with their input distribution obtained from PLUTO. As
evident from the figures the hadron absorbers introduce a threshold of pL”m =3.2GeV/c
on the single momentum level below which all the signal muons are absorbed. The
corresponding threshold momentum for .J/1) is pf}%} ~ 6.5 GeV/c below which no J/1 is
reconstructed. Since the absorbers are placed along the forward direction, they induce
the cut on the longitudinal component rather than the transverse component of the
momentum. This can be clearly visualized in Fig. where we have separately shown
the pr and rapidity distribution of the reconstructed J/i) mesons. The pr range for
input and reconstructed mesons are identical down to pr = 0, where as in case of rapidity
distribution (reflecting the p distribution) the low rapidity J/¢) mesons are absorbed.
Rapidity of the reconstructed .J/i correspond to the range: < 1.5 < Y, < 2.8 in
the laboratory frame. Following Eq. [7.12, the rapidity of the centre-of-mass at a beam
energy of 25 A GeV is Yoy ~ 2.0. Hence from Eq. [7.11, rapidity coverage of the J/1
mesons in the centre-of-mass frame appears to be —0.5 < Yf/w < 0.8, which reflects the
combined effects of finite geometrical acceptance of the CBM muon set up as well as the
hadron absorbers that absorbs the low momentum muons as well.

In addition to the central collisions it might also be interesting to look at the J/v
invariant mass spectra in 25 A GeV minimum bias Au+Au which will be measured

experimentally in practice. In Fig. 7.30/ we have shown the total invariant mass spectra
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Figure 7.30: Reconstructed invariant mass spectra of J/1¢ in 25 A GeV minimum bias
Au+Au collisions. Properly normalized signal and background spectra are superposed
on each other.
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Figure 7.31: Reconstructed invariant mass spectra of J/¢ in 30 GeV p+Au collisions.
Such measurements are an integral part of the SIS-100 physics program.

in the J/1 mass region. The reconstruction efficiency and S/B respectively comes out

to be 11.3% and 10. The mass resolution is found to be 30 MeV.

7.4.3 Results for SIS-100 collisions

In addition to the Au+Au collisions, we have also studied the feasibility of J/v mea-
surements in p + A. Measurements of .J/1¢ production in p + A collisions is extremely
important in order to study the cold nuclear matter effects which are required to be iso-
lated in case of heavy-ion data to identify the genuine hot and dense medium effects. To

study p + A collisions we have chosen 30 GeV p+Au collisions as our reference system,
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which is an important part of SIS-100 physics program. Fig [7.31]depicts the invariant
mass distributions for J/1 mesons in the SIS100 configuration (see Fig.[7.10) for p+Au
collisions at 30 GeV beam energy. The J/1 reconstruction efficiency was found to be
30%. Even after processing of 5 million UrQMD events without signal, the background
below the J/v peak region has been found to be extremely small. Therefore, the shape
of the background shown in Fig.[7.31/has been estimated from a superevent analysis, and
then fitted with an exponential function to the few background events obtained with an
event-by-event analysis. In spite of the uncertainties in the estimation of background,
the identification of J/¢) mesons in proton-nucleus collisions at top SIS100 energy seems
to be easily feasible. It remains to be demonstrated how far one can go down in energy

before loosing the signal.

7.4.4 Estimation of J/v¢ collection rate

After showing the feasibility of J/1¢ measurements through di-muon channel in 25 A
GeV Au+Au collisions it is now important to have an estimate of the J/v¢ yield that
will be collected over a given beam time period. In any experiment, the event rate (R,)

defined as the number of collisions per second, can be written as:

Re = LG X Oinel (727)

where, L;, is the instantaneous luminosity of the beam delivered by the accelerator. In

a fixed target experiment L;, can be defined as:

Lm = [b X np X AT (728)

where, np is the number density of the target and A denotes the target thickness.
Thus using thicker targets one can increase the event rate. Instead of L;,, different
experiments sometimes also quote their integrated beam luminosity (L;,;) defined as
L = f L;,dt, where the time integration is over the entire data taking period. The

number density of the target material can be calculated as:
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nr = (NA X p)/AtaT‘get (729)

Thus substituting for ny in Eq. [7.28 and using Eq.[7.1 in Eq.[7.27 one gets:

. ]bXLT
= N

R. (7.30)

Now the FAIR accelerators are so designed to deliver proton beams of intensity
4 x 10" /s and Au beams of intensity 10° — 10'° ions/s. Note that these intensities are
unprecedented and about 5 orders of magnitude higher in case of proton beams and 100
- 1000 times higher in case of the heavy-ions beams available at CERN-SPS machine.
The thickness of the Au target as optimized through simulations is set to 250 um for
muon runs. Following Eq. this would correspond to 1%A; of Au target (A% ~ 2.4
cm). Such a thin target (even thinner than the thinnest target for SPS) would surely
help to aviod the re-interactions in the target. Thus the event rate (see Eq. [7.30) for
Au+Au collisions, with a conservative estimation of beam intensity of 10% ions/s, comes
out to be 10 MHz. The J/¢) multiplicity in the di-muon channel in 25 A GeV minimum
bias Au+Au collisions is found to be 3.9 x 10~7. Hence the J/v production rate in the
di-muon channel at FAIR, in absence of any medium effect is around 3.9 per second.
To calculate the number of detected .J/1¢ need to take into account the geometrical
acceptance of the CBM detector system as well as the J/v reconstruction efficiency. We
have seen that with a realistic design of the muon system, the product of geometrical
acceptance and pair reconstruction efficiency comes out to be 11%. Hence the J/1)
collection rate at CBM will be ~ 0.39 .J/v per second. For a typical data taking period
of 2 months (2 months ~ 5.2 x 10° s) the total number of J/¢ collected in the di-muon
channel, in absence of any medium effect will then be 2.02 x 10°. Similar estimates can
also be made for J/1 production in p+Au collisions. For a 250 pm thick Au target, the
event rate in p+Au collisions is 4 x 10! /s. On the other J/1 production cross section
in elementary N-N collisions in the di-muon is ~ 0.1 nb. The corresponding value of
J /v multiplicity in 30 GeV p+Au collisions is ~ 66 x 107%. Considering the 30% J/v

reconstruction efficiency, the J/1 yield in di-muon channel comes out to be 7.92 x 10 /s.
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Table 7.4: Basic features of .J/¢ measurement by NA50 Collaboration at SPS [322].

Year | Energy | Collision | Sub-targets Target Intensity Ny
(GeV) | System thickness | (107 ions/sec) | (x10?)
1995 | 158 Pb+Pb 7 (in air) 17%A; 0.63 50
1996 | 158 Pb+Pb 7 (in air) 30%Ar 1.04 190
1998 | 158 Pb+Pb 7 (in air) T%A1 1.15 49
2000 | 158 Pb+Pb | 7 (in vacuum) 10%A; 1.46 129

1096 | 450 A Be, AL, Cu, | 26 — 39%\; 40:130 350:300
1998 Ag,W

1998 450 p+A Be, Al, Cu, |26 —39%\; 8:25 80:180

2000 Ag, W

2000 400 p+A Be, Al, Cu, | 26 —39%\; 90:130 38:68
Ag, W, Pb

Hence for the same data taking period of 2 months, the typical number of .J/v that will
be collected in absence of any suppression effects is ~ 4 x 10'!. However in practice
J /v production in p + A and in A + A collisions at FAIR will be reduced than what
has been estimated due to suppressions induced by cold nuclear matter effects and hot
and dense matter effects in case of heavy-ion collisions. Depending on the magnitude of

suppression the yield will be accordingly lower.

It might also be interesting to know how does the J/1 yields estimated for CBM
compare with the existing measurements from the NA50 Collaboration at SPS. The SPS
ring had usually operated at two energies: 450 GeV, which corresponds to extraction
of proton beams at 450 GeV incident beam kinetic energy and 400 GeV allowing the
extraction of protons with 400 GeV and fully stripped Pb ions (Pbiag ) with 158 GeV
per nucleon beam kinetic energy (note E4 = (%) x E,, where E4 and E, are the
beam kinetic energies of the nucleus and proton respectively). For A + B collisions,
the intensity was ~ 7 x 107 ions in a beam cycle of 19.2 s, and an effective spill of
4.8 s. The ion nominal intensity was limited by pile-up, which needed to kept under
control to avoid re-interactions in the target which might finally lead to ambiguities in
the energy measurements. Depending on the objective of the collision, NA50 experiment
used several targets. For p + A collisions, Be, Al, Cu, Ag, W and Pb targets were used.
In Pb+Pb collisions, depending on the data taking period, a Pb sub-targets system was
used: a single sub-target in the 1998 and 2000 runs and several ones in the 1995 and

1996 ones. The target thickness was varied between 7% and 30%A; for heavy-ion runs
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Figure 7.32: Radial distribution of the density of the MUCH points (MUCH
points/cm?/event) in the first station (average over three layers), after 60 cm of car-
bon (chosen as the first absorber block), for 25 A GeV central Au+4Au collisions.

and 26 — 39%A; for p + A runs. In Table [7.4] we summarize the basic features of J/1)

measurement by the NA50 Collaboration.

7.5 Data rate on chambers

The CBM experiment is designed to measure rare diagnostic probes of the fireball,
and hence, will be operated at reaction rates of up to 10 MHz. This poses challenges
with respect to the rate capability and radiation hardness on the muon chambers. We
have studied two parameters in detail that are related to the rate capability: the particle
density and the detector occupancy. The density of the Monte Carlo (MC) points on the
much detectors i.e. the number of MUCH points per unit area per event on the chamber
planes gives an estimate of the particle rate incident on the chamber planes. The particle
density is maximum at the first station and reduces for the chambers downstream. In
Fig. [7.32 we have plotted the radial distribution of MUCH points in the first MUCH
station (average over the three layers). As input we have used 1000 central Au+Au
collisions at 25 A GeV. For minimum bias collisions, the numbers will be around 25 %
of the central values. As expected, the density is maximum near the beam pipe and

falls off as we go the edges. For 1 cm? pads, the envisaged maximum data rate in the

254



QOccupancy vs radius: station 1 Qccupancy vs radius: station 2 QOccupancy vs radius: station 3

-

-

Qceupancy, %
Qccupancy, %
Qceupancy, %

A
e & & & o & o
of

00 120 140 180 180

20 140
Radius [em] Radius [em] Radius [em]

Occupancy vs radius: station 4 Qccupancy vs radius: station 5 QOccupancy vs radius: station 8

2y, g &£
r y y ¢
1 g g b
gaas o S
s s o
r
3 o - 4
- a
[ *
" 4 W
.
. F " . oot t "
[ LN o 5 F
e F ' = *, |
0 F " oest #i-"i-‘u- \ }MP 'I}VH! i Hi
a5 as F ity
e S F M’-n” L4
E el F Pt et [
o I I S P P o a
20 0 160 % 50 % 50 200 50 05

200 250 a
Radius [om] Radius [om] Radius [om]

Figure 7.33: Radial distribution of occupancy for six stations of SIS300 MUCH geometry
with trapezoidal modules. The plot is generated for central Au + Au collisions at 25 A
GeV beam energy

central zone, for a peak event rate of 10 MHz will be 0.31x0.25x10 MHz = 0.75 MHz,
on the first station. After digitization, the ionization process (primary and avalanche)
adds to the profile of much points and thereby increases the data volume accordingly.
The data rate shown for 1 cm? pad reduces according to the pad size. The occupancy
defined as the fraction of total number of pads fired per event gives an estimate of the
actual data rate. In Fig.[7.33, we have shown the radial distributions of occupancy for
trapezoidal modules, for all six stations of the SIS-300 geometry, for 25 A GeV central
Au+Au collisions. Again for the self-triggered system, more useful quantity from the
data rate requirement will be the occupancy for minimum bias events, which is roughly
2% at a region of the first station near the beam pipe. These quantities are extremely
useful in designing the layout of the readout boards in the detector plane.

The number of pads fired in the first station is maximum due to the highest particle
density. Ideally for a projective segmentation, if the pad area is projected according to
the hit rate, then the occupancy should remain constant over the entire radial distance.
In our case, we have taken a square pad approximation in which the length of the pad
corresponds to 1 degree in azimuth. This therefore results in falling occupancy as shown
in Fig. [7.33. However, even for beam energy of 25 A GeV the maximum occupancy

at the first station is 8% and falling rapidly. The pad size therefore is close to what
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is expected for a design value of 5% occupancy. In case of trapezoidal modules, where
radially increasing pads of angular width 1 degree in azimuth is used, the maximum
occupancy is observed in the first station, that translates into a peak data rate of 200
KHz, for minimum bias Au+Au collisions. Difference with the extrapolated value from
Fig. can be attributed to the implementation of actual pad area (which comes out
to be factor of 10 down compared to 1 cm?) in the occupancy estimation as well as the

inclusion of full detector response including ionization.

7.6 Trigger simulation with MUCH

We have seen above that at FAIR energies, J/1 production cross sections are extremely
small which drives the necessity for an extreme interaction rate of 10 MHz. The foreseen
data acquisition (DAQ) system will be able to record events at a rate of 25 kHz. Thus,
efficient on-line selection of events rich in .J/v¢ is mandatory. We have made an effort
to develop an algorithm to trigger on J/¢ online and the rejection of background
events based on the information from a subset of the muon detectors only. It is envisaged
that this algorithm could be applied on the data available using the First-Level Event
Selection (FLES) algorithms running on the computer farm [324]. The scheme of the
trigger logic is depicted in Fig.[7.34l Our aim is to select events on-line which contain
muon pairs coming from charmonium decay. We have run the algorithm both in SIS-300
and SIS-100 MUCH geometries. For faster selection, we have used hits only from the
3 layers of the last station positioned after the 1 m thick iron absorber, which we call
trigger station. Since our muon detection system is placed outside the magnetic field,
high momentum muons coming from decay of J/1) mesons will go approximately straight

up to the last station. The present algorithm is based on following steps:

(a) Take 3 hits from the trigger station with one from each of the 3 layers and fit the
hits with straight line both in X-Z and Y-Z plane passing through the origin (0, 0) i.e.
X =mgXZ ; Y=m; X7

(b) Make all possible combinations

(c) Find x? and apply cut on both x% and x3
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Figure 7.34: Schematic of the trigger logic

(d) Hit combinations satisfying the cuts are called triplets.

(e) Hit once used for formation of a valid triplet has not been used further

(f) Find my and m; of the fitted straight lines

(g) Define a parameter a=+/(m2 + m?)

(h) Apply a cut on « .

The cuts are applied in sequential order.

For estimating the performance of the proposed algorithm, we have simulated 80K
minimum bias UrQMD events for 25 A GeV Au + Au collisions for simulating the
background and 1K Pluto events for signals from .J/1¢ decayed into muons. The results
for background suppression factors (BSF) and the J/4 efficiency are shown in Table
In the table the specification of the cuts are as follows. Cut-1 demands that an event
should have at least one triplet, whereas those events having two triplets satisfy cut-2.
Cut-3 specifies that at least one of the two triplets satisfies the a cut, whereas cut-4
signifies that both the triplets satisfy the o cut. The J/1 reconstruction efficiency is
obtained after full reconstruction of tracks and measurement of area under the invariant
mass peak. It has been found from the study on the effect of different trigger cuts on
the acceptance of J/v that there is no significant change in the phase space coverage of
the accepted J/v for the events accepted after application of trigger cuts. It has also

been shown that a similar algorithm can be employed to select .J/v enriched events at
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Table 7.5: Efficiency and suppression factors for different cuts in trigger algorithm devel-
oped for selection of charmonium trigger in 25 A GeV minimum bias Au+Au collisions.

Cut | €gperan(%) | Suppression factor
No cut 29.3 -
1 29.2 30
2 24.5 314
3 24.2 879
4 15.3 1430

SIS100 energy.

7.7 Summary

This chapter describes in detail the different aspects of the design simulation and physics
performance of the MUCH system, of the CBM experiment at FAIR. The detector sys-
tem is so designed to identify muon pairs which are produced in high energy heavy ion
collisions in the beam energy range from 2 to 40 A GeV. In this thesis we particualrly
focus on the identification of muon pairs from .J/¢ mesons that would populate the high
mass region of the di-muon spectrum and believed to carry promising information on
the occurence of deconfinement transition. The experimental challenge for muon mea-
surements in heavy ion collisions at FAIR energies is to identify low-momentum muons
in an environment of high particle densities. The CBM strategy is to track the particles
through a hadron absorber system, and to perform a momentum-dependent muon iden-
tification. This concept is realized by an instrumented hadron absorber, consisting of
staggered absorber plates and tracking stations. The hadron absorbers vary in material
and thickness, and the tracking stations consist of detector triplets based on different
technologies. The MuCh system is placed downstream of the dipole magnet hosting the
Silicon Tracking System (STS) which determines the particle momentum. In order to
reduce pion and kaon week decays into muons the absorber/detector system has to be
as compact as possible.

Detailed simulations have been performed to optimize the detector system with re-
spect to efficiency, signal-to-background ratio, and phase-space coverage. The event

generator UrQMD and the transport code GEANT3 have been used within the CBM-
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root framework to simulate for example the worst-case background scenario, i.e. central
Au+Au collisions. As a result, the actual realistic design of the MuCh system consists of
6 hadron absorber layers (60 cm carbon and iron plates of 2 x 20 ¢cm,30 c¢m, 35 ¢m, and
100 c¢m thickness) and 6 gaseous tracking chamber triplets behind each iron slab. The
tracking chambers are based micropattern gas detector (GEM) technology capable of
handling high rates. The physics performance studies of the MuCh system are based on
a realistic detector segmentation and response. Digitization and clustering algorithms
have been developed in order to define the hits which then are used to reconstruct the
particle trajectories. The trajectories in the MuCh are reconstructed by a track follow-
ing method using the reconstructed tracks in the STS as seeds. The track reconstruction
in the STS is based on the Cellular Automaton method. For track following from the
STS into the MuCh the Kalman filter technique is used. Trajectories which do not
point to the primary vertex or do not fit well to a certain number of hits are rejected in
order to suppress week decays and mismatches of tracks in the STS with tracks in the
MuCh. The tracks which survive the quality cuts are used to calculate the combinatorial
background. For the feasibility studies, the background is calculated for central Au+Au
collisions using the UrQMD code. The signal muon pairs from decays of J/1 mesons
are imbedded in UrQMD events, and then reconstructed. For central Au+Au collisions
at 25 A GeV the signal-to-background ratio for the J/¢ a value of S/B=1.7 is found
whereas for minimum bias collisions at the same energy and for same colliding system
the value is ~ 10. At SIS100 energies, J/¢ mesons produced in 30 GeV p+Au collisions
can be already identified even with a reduced configuration made up of 3 absorber layers
and 3 tracking stations. Detailed simulation with realistic detector system thus clearly

establishes the J/1) measurements via di-muon channel in the FAIR energy collisions.
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Chapter 8

Summary and discussions

The quantitative understanding of the rich phenomenology of strong interaction physics
is a fascinating challenge for modern day fundamental research and the prime focus of
the upcoming FAIR accelerator facility at GSI, Darmstadt, Germany. Relativistic heavy
ion collisions in the FAIR energy domain will provide the unique possibility to create
and investigate compressed nuclear matter in the laboratory and hence the experimental
program is named as the Compressed Baryonic Matter (CBM) experiment. The main
objective of the CBM experiment is to explore the phase structure of the strongly in-
teracting matter in the region of moderate temperatures and extremely high net baryon
densities. J/1 suppression has long been recognized as an important signature for the
occurrence of color deconfinement in nuclear collisions. Measurement of .J/v suppres-
sion in the CBM environment has been identified as a potential probe to look for the
signatures of deconfinement transition from hadronic to quark-gluon plasma phase at
high baryon densities. Till date no measurement exists on .JJ/1 production in heavy ion
collisions below the top SPS energy, primarily due to their low production cross sections.
The CBM experiment at FAIR, is planning to perform for the first time, a detailed study
of charmonium production in nuclear collisions, at beam energies E, = 10 — 40 A GeV.
The J/14 mesons produced at an early stage of the collisions might help in characterizing
the confining status of the highly compressed baryonic medium, anticipated to be pro-
duced in these collisions. Charmonium measurements at FAIR energies are particularly

challenging due to the very low charm production cross section which requires heavy ion
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beams with unprecedented high intensities and very fast detectors capable of handling
high rates. J/v mesons will be detected at CBM via their di-lepton decay channel. As
per present plan the experiment will take data both in di-electron (e*e™) and di-muon
(utp™) channels. A detector system is being developed to enable to di-muon measure-
ments at FAIR. This thesis is dedicated to study the different aspects of charmonium
physics at FAIR. The motivation of the present thesis work has been two fold: (i) to
theoretically estimate the .J/i¢ production cross sections and (ii) to study the design
simulation of the muon detector system and its physics performance for detection of

J /1 in the di-muon decay channel.

In chapter|1 of the thesis we have given a brief general introduction to the physics of
quark-gluon plasma produced in relativistic heavy ion collisions. After a short discussion
on the historical perspective of QGP studies we briefly mention about the contemporary
understanding on the phases of strongly interacting matter. Next we discuss about the
QGP production in relativistic heavy ion collision experiments. First we describe the
space time evolution picture of the hot and dense fireball produced in the collision, next
we mention about the different theoretical approaches to model the evolution dynamics
which is followed by a small discussion on the different experimental facilities around
the world, dedicated for the QGP study. We end the chapter with a discussion on some

of the various signatures of QGP that has studied over the years.

Chapter 2 presents a general overview of the CBM experiment at FAIR. The outline
of the FAIR accelerator facility is depicted first followed by the discussion on the differ-
ent physics goals of the CBM experiment and the corresponding potential observables
required to probe the high density matter anticipated at FAIR. The chapter ends with
a brief account on the configuration of CBM experimental setup and each of its sub

systems.

A non comprehensive review of the pioneering works available on literature related
to the charmonium production in nuclear collisions is given in chapter 3. Starting with
the simultaneous discovery of .J/¢ mesons at BN and SLAC, we first give a brief account
of the quarkonium spectroscopy in vacuum. This is followed by the short description of

the spectral properties of charmonium in a thermal medium. The goal of this study is
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find out the dissociation points of different quarkonium states inside a global medium
in thermodynamic equilibrium. For a baryonless medium (up ~ 0), two methods are
in vogue to compute the dissociation points of different quarkonium states. The first
method is the potential model approach where the interaction potential of a static heavy
cc pair is either directly configured phenomenologically or extracted from the lattice es-
timation of the free energy. The other method relies on the direct evaluation of the
quarkonia spectral functions in the appropriate quantum channel as a function of tem-
perature 1" and c¢ binding energy w. Two methods give different values of quarkonium
dissociation temperatures particularly for J/i¢. The status of the existing calculations
to extend the problem of determining the dissociation temperatures at finite pp is also
briefly mentioned. The chapter ends with a brief overview of charmonium production
in nuclear collisions. Here we have first discussed the issue of charmonium production
in hadronic collisions. Different QCD inspired models have been developed over the
years to account for quarkonium production in hadronic collisions. The models which
are most commonly found in literature are the Color Evaporation model (CEM), Color
Singlet Model (CSM) and Non-Relativistic QCD (NRQCD). Short descriptions on each
of these approaches are given. Next we move on to the issue of charmonium production
in proton-nucleus (p+ A) collisions where .J/1 production is presumably suppressed due
to the prevailing cold nuclear matter (CNM) effects. Two main aspects arising from
charmonium production in p + A collisions are the initial state nuclear modification
of the parton densities and final state absorptions of the nascent c¢ pairs during their
passage through the nucleus. Both the aspects are discussed in some detail and oper-
ational methods for quantifying the CNM suppression effects in experimental studies
are also specified. Finally we go the issue of charmonium production and suppression
in nuclear collisions. Several possible and quite different effects have been proposed in
literature as consequences of the produced secondary medium on charmonium produc-
tion. They include charmonium (i) suppression due to Debye color screening inside the
plasma (partonic scenario) (ii) dissociation due to inelastic collision co-moving hadrons
(iii) enhancement due to regeneration of the exogamous ¢ ¢ pairs via recombination pro-

cess at the phase boundary during hadronization of the QGP. Salient features of each
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approach is discussed. Finally we close the chapter with a summary of experimental

results for J/1) suppression in heavy ion collisions as observed at SPS, RHIC and LHC.

As a part of this thesis, we have worked on two aspects of understanding the high
density nuclear matter using charmonia as a probe. The works are on: (i) theoretical
formulation and estimation of J/v¢ production cross sections in FAIR energy collisions
and (ii) feasibility studies of J/1 detection in di-muon channel at CBM. In chapter 4] we
have described in detail our theoretical formulation, for calculation of J/v¢ production
cross sections in nuclear collisions. Our formulation is based on the QVZ approach. For
our present work we have extended the model in several aspects though keeping the main
features unchanged. Following QVZ framework, we model the J/¢ production in ele-
mentary hadronic interactions as a factorizable two component process. First stage is the
perturbative production of c¢ pairs, followed at a much later stage by non-perturbative
formation of J/1¢ resonance. The corresponding A + B — J/¢ + X production cross
section at leading order in strong coupling is dependent on the transition probability,
F(q?) for c¢ to evolve into a final state J/1 meson, where ¢* denotes the relative four
momentum of the c¢¢ pair. Various J/v¢ formation mechanisms can be accommodated
via suitable functional form of F'(¢). In case of a nuclear medium, as present in p+ A or
A+ A collisions, the model includes J/v suppression via multiple parton scatterings of
the preresonant cc¢ pairs in cold nuclear matter only. The model does not consider any
further suppression in the hot medium later created in the nuclear collisions. Multiple
scattering of the c¢ pair increases the ¢? of the pair and thus reducing the overlap with
F(q¢?) which finally results in reduction of J/v¢ production cross section in p + A and
A 4+ A collisions. More be the scattering larger is the reduction. Effect of the heavy
quark re-scattering in the cold nuclear medium is modeled with a constant shift in ¢?
linear in nuclear path length: ¢*> — ¢*> + A¢® = ¢> +€? < L >, where €2 denotes the gain
in the relative momentum square due to scatterings per unit path length and < L >
denotes the average path length traversed by the cc¢ pair in the nuclear medium. In
addition to final state dissociation, our calculations also incorporate the another im-
portant CNM effect i.e— the initial state nuclear modification of the parton densities

(shadowing effects), ignored in the original prescription, which affects the perturbation
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c¢ production cross sections. In case of nucleus-nucleus collisions we further implement
the spatial dependence of the shadowing functions in proportion with the local nuclear
density. This finally results in centrality dependent initial state effects a precise estima-
tion of which is necessary for a correct interpretation of the different CNM effects in the
heavy ion data. Apart from these above two cold matter effects no other medium effect
(either primary or secondary) is implemented in our calculations. We end this chapter
with a short description of standard method required for calculation of Drell-Yan (DY)
production cross section. A proper estimation of Drell-Yan process is required as often

the data on J/1 suppression in reported in terms of 1-to-DY ratio.

In chapter[5 we have calibrated our previously formulated QVZ model by analyzing
the available data on .J/v¢ production cross sections for different colliding systems from
different fixed target experiments. Model parameters have been tuned from the analysis
of the data from the proton induced reactions. Both the absolute .J/v¢ production cross
sections as well as 1-to-DY ratio have been calculated and contrasted with the data.
Over a wide range of beam energies model results with different forms of F'(¢?) mimicking
various mechanisms of color neutralization are found to be in fair agreement with the
data. Model with all its parameters optimized from p + A reactions is then applied to
examine the heavy ion data available from NA50 and NA60 Collaborations. For NA50
experiment, we have analyzed both the data sets for centrality dependence of -to-
DY ratio and nuclear modification factor (Ra4) in 158 A GeV Pb+Pb collisions. For
NAGO experiment we have examined centrality dependence of R4 in 158 A GeV In+In
collisions. The NA60 data have been again found to be well explained by different
forms of F(¢?) accommodated in the model. For the Pb+Pb case however only the
power law form of F(¢?), that includes soft gluon radiation from the nascent cc¢ pairs
for color neutralization, is found to match the data for all centrality bins. The Gaussian
form of F(¢?), which bears essential features of color singlet model and is equivalent
to Glauber systematics for nuclear absorption, underestimates the observed suppression
in near central collisions. However full description of the heavy ion data (using power
law parametrization of F(¢?)) within the QVZ approach does not allow any room for

further anomalous suppression mechanisms to set in. Cold nuclear matter effects alone

264



are found to be sufficient to generate the required suppressions even in most central
Pb+Pb collisions at SPS, provided the final state dissociation effects are quantified in
terms of heavy quark re-scatterings inside the nuclear medium. Detailed investigations
are also made on the effects of initial state modification of the parton densities on J/1)
and Drell-Yan production cross sections. The two processes are found to be affected
differently due to shadowing effects. In the kinemtic domain of SPS; J/v¢ production
observes antishadowing enhancements whereas shadowing effects are visible for Drell-

Yan process.

In chapter 6 we have given predictions for FAIR energy collisions using our modified
version of QVZ model, tuned previously using SPS data. We have started with the
rapidity distribution of J/¢) mesons in p+ p collisions at different beam kinetic energies.
Calculations are made for different parametrizations of .J/1 formation probability, F'(¢?),
all of which can describe the existing inclusive production cross sections in this energy
domain. Next we have calculated the J/1 production cross sections in p + A collisions,
as we know p+ A collisions enable us opportunity to study the CNM effects on charmo-
nium production. CNM effects (the final state dissociations) are more significant with
lowering the beam energy and thus will play an important role at FAIR. The most string
observation in this respect is that our calculations with two different forms of F'(¢?) pre-
dict distinguishably different amount of suppressions and the difference increases with
the decrease in beam energy, a feature unobserved at higher collision energies. Thus in
addition to probe the effects of confined medium, data on J/v cross sections in p + A
collisions at FAIR, might also help to throw some light on the yet unresolved issue of
color neutralization and resonance formation. Finally we move on to the topic of J/1
suppression in heavy ion collisions. We have calculated the centrality dependence of
both the observables R44 and 1-to-DY ratio for 25 A GeV Au+Au collisions. Our cal-
culations reveal that about 80—90% of the initially produced .J/ mesons are dissociated
due to CNM effects. A detailed analysis of the CNM suppression further shows that in
the kinematic regime of FAIR experiments, both the quark as well as gluon densities,
in nuclear collisions, exhibit shadowing effcets leading to about 10 — 20% suppression in

J /1 production compared to the p+p reactions. Rest comes from the dissociation of the
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evolving cc¢ pairs during their passage through the nuclear medium. In addition to the
normal nuclear suppression induced by CNM effects, we have also computed the possible
anomalous suppression pattern induced by a compressed baryonic medium anticipated
at FAIR energy collisions. We have explored both the possible secnarios namely the
suppression caused by Debye screening in a baryon rich QGP as well as dissociation in-
side a high baryon density hadronic medium. Realistic medium expansion scenarios are
incorporated following UrQMD transport model calculations. Anomalous suppression
in either case is found to be much smaller compared to the CNM suppression effects.
However suppression in the hadronic scenario is found to be visibly larger than in the
partonic scenario. Thus heavy ion data at FAIR might offer us with golden opportunity
to experimentally settle the theorized origin of anomalous J/1 suppression that have

not yet resolved by the existing measurements.

So far we have discussed about our theoretical estimation of charmonium produc-
tion and its various probable in medium dissociations in the FAIR energy domain. In
chapter |7 we have engaged in a description of the simulation studies to explore the fea-
sibility of J/1 detection via the di-muon decay channel, under the CBM experimental
conditions. Having started with the conceptual design of the muon detector system we
describe the different steps towards optimization of the configuration of the muon set up.
In CBM muon system, tracking chambers are gas filled detectors and they are placed
in between the segmented absorbers. Optimizations are made in terms of absorber
materials, their thickness, thickness of the gap between the absorber and detector cham-
ber, choice of detector granularity among the others. The optimized set up is the used
for identification of J/v¢ mesons buried in a background composed of high momentum
hadrons, decay muons and secondaries generated from various passive materials. In this
respect we have described the entire simulation chain required for selection of di-muon
track candidates within a realistic scenario. Reconstruction of the invariant mass spectra
clearly shows the J/1 mass peak above the continuum from combinatorial background.
Estimations are made for both central as well as minimum bias Au+Au collisions. So far
as p+ A collisions are concerned, even a reduced version of the standard muon system is

found to be sufficient for .J/v identification in 30 GeV p+Au collisions. In addition, an
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estimate of the expected .J/1 collection rate with foreseen beam conditions is also made
which clearly establishes the feasibility of the measurement of such rare probes in the
low energy collisions. These primary studies are also supplemented by additional studies
like simulation of data rate, chamber occupancy etc. specifically required for detector
design. We end this chapter with a conceptual design of an online trigger logic required
for selection of charmed events and thus to suppress the rate to recordable events to a
level that can be handled by the foreseen data acquisition systems.

In summary, in the work presented in this thesis, we have worked on both estimating
the J/¢ production and the feasibility of their detection in the FAIR energy domain.
Based on formulating a .J/¢ production mechanism using the extended QVZ model
which has been calibrated using the available p + p and p + A data, it has been shown
that CNM effects play a major role in .J/t suppression in heavy ion collisions at FAIR
energies. Modeling of the anomalous J/1 suppression scenario indicates that there are
competitions between hadronic and partonic scenarios is dissociation of J/1 in the dense
baryonic medium anticipated in the nuclear collisions at FAIR. We have established a
case that it is of utmost importance to perform high precision J/1 measurements in the
CBM experiment at FAIR.

In our work therefore, we have also carried out detailed realistic simulation of a
muon detector system using segmented absorbers and have established the feasibility of
J /1 measurements via the di-muon decay channel, in the FAIR energy range for both

nucleon-nucleus and nucleus-nucleus collisions.
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