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Chapter 1
Introduction

In this introductory Chapter, we first give an overview of the theory of strong in-
teractions, Quantum Chromodynamics. We focus on the properties of QCD relevant
for our studies, namely confinement and chiral symmetry. We then turn to the experi-
mental heavy-ion program, and present a few observables related to the study of QCD
at finite temperature and density. We conclude this chapter with charm spectroscopy
and introduce the family of charmonium bounds states which play a central role in our

thesis.

1.1 Quantum Chromodynamics

Nowadays, it is commonly believed that Quantum Chromodynamics (QCD) is the
theory of strong interactions [1, 2]. In QCD, the matter particles are spin-1/2 colored
quarks which interact through eight colored spin-1 gauge bosons, the gluons, associated

with the color gauge symmetry SU(3).. Strong interactions are governed by the QCD

Lagrangian
Ny 1
Locp =Y sy Dy — my)py — 1ha P (1)
!
where the gluon field strength tensor Fy, reads
Fo, = 0,A% — 0,A% +ig farc AL AS (2)

in terms of the gluon gauge fields A# (a= 1---8). The colored quark fields ¢y (f =

1---Ny) are coupled to the gluons through the gauge covariant derivative
D VR
Dy =0y — ZQEAM ) (3)

13



where )\, are the Gell-Mann matrices generators of the SU(3). group satisfying

[)\aa )\b] = fabc>\c 5 (4)

fave being the structure constants of SU(3)..

1.1.1 Properties of QCD
Asymptotic freedom

The coupling constant g characterizing the strength of the strong interactions is a
function of the momentum transfer scale @, g = g(@Q). The gluons carry a color charge
and are self-interacting due to the non-Abelian nature of the theory. This is at the origin
of the asymptotic freedom [3, 4] property of QCD: the coupling constant g tends to zero
as the inverse of the logarithm of the energy scale. Writing a, = ¢*/4m, to one-loop,
the coupling evaluated at the momentum transfer scale () is related to the coupling at

the scale Qg by

_ QS(QO)
QS(Q) 1+QS(Q0)33I2275Vf n <g_§> .

To obtain a parameterization of the () dependence of ay, one usually introduces the

()

dimensional parameter Agcp whose value is then determined by comparison with ex-
periments. Although various definitions have been adopted (see [5] for a discussion),

typically one has Agcp ~ 200 MeV and

47
(11 = SNp)I(Q*/Adep)

The strength of the interaction decreases as the scale ) grows. It follows that for

QS(Q) =

(6)

processes involving large momentum transfer (), so-called hard processes, perturbation
theory is applicable. The asymptotic freedom property of QCD has been widely tested
experimentally, mostly in Deep Inelastic Scattering (DIS) and eTe™ experiments, as
shown in Fig. 1.1, from Ref. [6]. However, Fig. 1.1 also shows that towards typical
hadronic energy scales, the coupling grows and becomes large so that non-perturbative

methods are needed to study QCD at such scales.

Confinement

Another important property of QCD is the confinement of quarks. As one tries

to separate two quarks from each other, the strong-interaction potential between them

14
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Figure 1.1: Strong coupling constant o, as a function of the momentum transfer @) in

a variety of experiments, compared to theoretical calculations (lines). Figure borrowed
from Ref. [6].

increases so that it becomes energetically favorable to create a quark-antiquark pair from
the vacuum to form two colorless mesons. Therefore, in nature, only colorless objects
are observed, as opposed to free colored quarks and gluons. A characteristic energy scale
for confinement is given by the typical size of a hadron (~ 1 fm) which corresponds to
an energy scale of A ~ 200 MeV.

Although QCD is firmly established, its elementary degrees of freedom have never
been directly observed. Evidence of the existence of quarks and gluons stems from DIS
[7, 8, 9] and high energy ete™ collisions [10], among other types of experiments. In
ete” annihilations, a quark-antiquark pair is created and as the quarks move away from
each other, qq pairs form along their trajectories to neutralize color. The original quark
and antiquark are thus accompanied by large concentrations of hadrons along their

direction of propagation, forming jets. Experimental events with three distinguishable

jets indicate gluon production.

15



Chiral symmetry

Besides asymptotic freedom and confinement, another important aspect of QCD is
chiral symmetry, see Ref. [11] for an introduction. Quarks come in six different flavors
(Nf = 6), namely up(u), down (d), strange (s), charm (c), bottom (b) and top (¢). The
masses of these quarks differ by more than four orders of magnitude. The ordering is

the following:

My =~ Mg ~ 5 MeV < m, ~ 100 MeV
< Agep <<

me ~ 1.3 GeV, my ~ 4.5 GeV << m; ~ 175 GeV .

This suggests a separation of the QCD matter particles into light flavors (u, d, s) and
heavy flavors (¢, b, t). In the limit of massless quarks in the light sector, the QCD

Lagrangian Lgcp can be rewritten as

0. . 1 vV 1a
Locp = Yriy" Dby, + Yriv" Dyr — ZF‘;L F,W ) (7)
where
1 1
v = 5(1 — Y5 and Yr = 5(1 + )0, (8)

which are respectively the left-handed and right-handed components of the fermion
field (when working in a L+R, L-R basis, one recovers the vector and axial-vector
symmetries). The Lagrangian (7) shows that left- and right-handed quarks do not mix.

It is invariant under the transformations

SU(2)z : Y — e WiTlZy, Yr — YR 9)
SU2)g : Yr — e R 2yp YL — Y, (10)

which constitute the SU(2), ® SU(2)g chiral symmetry. Due to the larger mass of
the strange quark (compared to u, d), chiral symmetry is usually considered only for
two flavors, although sometimes the strange quark is included as well leading to a
SU(3);, ® SU(3)r chiral symmetry. Such symmetry seems to imply that chiral partners
(hadronic states that transform into each other under chiral transormations) should be
degenerate. However, as evidenced by the mass difference observed in the hadronic
spectrum between chiral partners, (e.g. Am = mg —m, ~ 500 MeV) chiral symmetry

is spontaneously broken in the vacuum (i.e. the ground state does not possess the the

16



symmetry of the Lagrangian). The QCD vacuum breaks the chiral symmetry of the

QCD Lagrangian by formation of a chiral condensate

() = (O|reor + Yrpr|0) # 0 . (11)

1.1.2 QCD phases transitions

QCD at low temperatures and baryon chemical potentials is characterized by con-
finement and spontaneous breaking of chiral symmetry. In this regime, the effective
degrees of freedom are hadrons, seen as excitation of the QCD vacuum. An interesting
question to ask then is what happens to the QCD vacuum when external parameters 7T,
(g increase and become comparable to the confinement scale Agep ~ 200 MeV ?

Intuitively, if hadronic matter is compressed highly enough so that hadrons start to
overlap and loose their individual identity, one expects the relevant degrees of freedom
describing the system to change from hadronic to partonic. This corresponds to the de-
confinement phase transition of QCD [12]. Under very energetic conditions, one expects
a new phase of matter, essentially a free gas of individual quarks and gluons, generically
called the Quark-Gluon Plasma (QGP).

It must be pointed out that well before the advent of QCD, Hagedorn derived a
limiting hadronic temperature [13]. He noted that the density p(m) of hadronic states

grows exponentially with the mass m of the hadronic states

1
— /T 12
p(m)fxma6 (12)

From a fit to the known hadronic resonances, one obtains T ~ 160 MeV. In the narrow
resonance approximation, this leads to a divergence in the partition function Z of the
hadronic system

Z ~ /dm p(m) e”™T (13)
as T" approaches Ty. Thus, Ty can be seen as a limiting hadronic temperature and is
suggestive of a phase transition.

A different kind of estimate is obtained, making explicit reference to the underlying
partonic QCD degrees of freedom. The following example also illustrates that the origin
of the phase transition lies in the more abundant massless degrees of freedom in the
deconfined phase than in the hadronic phase. At low temperatures, a hadron gas is

primarily a pion gas whose pressure Ppq, assuming free massless pions is given by

Pyg = 312T4 (14)
HG — 90 )

17



where the factor 3 accounts for the three pionic degrees of freedom. Conversely, in a

deconfined phase with two light flavors, one has
2
awp=3§ET4—B, (15)

where B is the MIT bag constant [14, 15], corresponding to the vacuum energy density
which exerts a pressure on quarks and keeps them confined inside the bag. By equating
the pressure in the two phases, one can deduce a critical temperature above which
the Quark-Gluon Plasma phase is thermodynamically favored. Depending on the value
chosen for B, the resulting critical temperature is ~ 150 — 200 MeV.

Also, chiral symmetry is expected to be restored at high temperatures/baryon chem-
ical potentials. This has been suggested to be related to the disappearance of individual
instantons (which are semi-classical configurations of the gluon fields in euclidean space
and provide a mechanism of spontaneous chiral symmetry breaking) at large tempera-
tures and densities [16]. This is also indicated by chiral perturbation theory calculations
[17], which to leading order give the following result for the temperature dependence of
the chiral condensate with two light flavors and f; being the pion decay constant

(@) = (Oldw]0) (1 - g) . (16)

The chirally restored phase is then characterized by a vanishing value of the quark
condensate (1)) = 0.

From the previous estimates, it seems that at the energy scales where the deconfine-
ment and the restoration of chiral symmetry are expected, the strong coupling constant
a is still large and perturbative QCD inapplicable. Therefore, to study the aforemen-
tioned QCD phase transitions, one has to invoke non-perturbative approaches. Besides
phenomenological model building, another attempt to approach QCD problems in the
non-perturbative limit is given by ab-initio calculations of QCD observables on the lat-

tice.

1.1.3 Lattice gauge simulations of QCD

In the recent years, lattice gauge simulations of QCD — see [18] for an introduction
— have contributed to the improved understanding of Quantum Chromodynamics. The

main idea is to study a discretized version of QCD performing Monte-Carlo simulations

[19, 20, 21].
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The space-time discretization on a N, x N2 lattice provides a regularization of the
ultra-violet divergences of the theory by introducing a cutoff scale A = 1/a where a is
the elementary lattice spacing. The QCD partition function Z(7, V') can be evaluated
on the lattice (so far limited to small or zero values of the chemical potential) and

provides a connection with statistical physics through thermal averages of observables

1

(0(G.5.0) = 5 [[Gddlavie I =0(G.b.v). (17)

as well as the usual thermodynamics quantities such as pressure, energy density, free
energy, ... etc.

Fig. 1.2 provides two examples of such lattice QCD calculations, for the energy den-
sity as a function of temperature (left panel) and for the value of the quark condensate

as a function of temperature (right panel). Fig. 1.2 is suggestive of the deconfinement

T T T T T 06— ————F—+——+——F7—" 7177171
16.0 —_
14.0 4 L ) /T4 1 0.50 ]
12.0 f ot ) —= 1
0.4F
10.0 3 & 2 1 i
80 | 1 o.3F
6.0 - 3 flavour —— 1 o2k
4.0 r 2 flavour 1 |
0.1F
20 1 ]
TIT, m/T =0.08 |
0.0 i 1 1 1 1 1 oL v v [ S S SR
1.0 15 20 25 30 35 40 52 5.3 54

Figure 1.2: Left panel: Lattice calculation of the energy density of QCD matter as a
function of temperature for different numbers of dynamical quark flavors. Right panel:
Strength of the chiral condensate as a function of temperature. Both figures are repro-
duced from Ref. [18].

phase transition (rapid increase in the energy density) and chiral symmetry restoration
(rapid decrease of the value of the quark condensate). The inferred critical temperatures
are on the order of ~ 200 MeV, and lattice QCD studies seem to imply that the two
phase transitions occur at the same temperature. Further studies have investigated the
order of the phase transition. They indicate that the non-zero light-quark masses as well
as the precise value of the strange quark mass play an important role to discriminate

between first order, second order or even a smooth cross-over.
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The phase diagram of QCD is richer and more complex than suggested by these two
brief accounts of the deconfinement and chiral restoration phase transitions. Important
theoretical progresses have predicted new phases of QCD, in particular at large baryon
chemical potential where a transition to a color superconducting phase of QCD matter
is expected [22, 23, 24|, most likely first order, inducing the existence of a tri-critical

point [25, 26].

1.2 Heavy-ion collisions

The investigation of the QCD phase diagram is not merely an academic problem as
QCD at finite temperature and density is very relevant to describe (i) the state of matter
of the universe, a few microseconds after the Big-Bang and (7i) the core of compact
astrophysical objects such as neutron stars. Since astrophysical signatures of new states
of matter predicted by QCD are not easily obtained, experimentally, properties of QCD
at finite temperatures/densities are assessed “in the laboratory” using (ultra-)relativistic

heavy-ion collisions.

1.2.1 Experimental programs

The idea behind the heavy-ion program is that by colliding two heavy nuclei accel-
erated to ultra-relativistic energies, nuclear matter gets highly compressed and excited
due to the conversion of the longitudinal energy of the beam into transverse energy.
Provided that the conditions are energetic enough, one expects to recreate in the labo-
ratory a deconfined and/or chirally symmetric state of matter [27]. Heavy-ion physics
has been fastly growing from its birth two decades ago, with an increasing available
energy in the center of mass of the collision.

Historically, the first nuclear collision experiments used fixed targets where only one
ion beam is accelerated and hits the target. The heavy-ion experimental program started
at the Lawrence Berkeley Laboratory (LBL) with the Bevalac particle accelerator. At
the Alternating Gradient Synchrotron (AGS), experiments using O, Si and Au beams
at energies around 10 GeV per projectile nucleon were conducted. At the Schwer-Ionen-
Synchrotron (SIS), in the regime of a 1 — 2 AGeV, data was taken, e.g., for Au-Au
and Ni-Ni collisions. In 1986, the CERN Super-Proton-Synchrotron started being

used as a heavy-ion facility to carry out experiments with Oxygen and Sulfur beams
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and was later on upgraded to study Pb(160 AGeV)-Pb collisions. This coincides with
the beginning of the series of Quark Matter conferences devoted to heavy-ion physics.
Despite a reduced beam time (compared to high-energy particle physics experiments),
the experimental collaborations at CERN produced significant results summarized by a
CERN press release in 2000 claiming the discovery of a new state of matter (but let us not
enter these rather controversial matters). Nowadays, heavy-ion experiments have their
own dedicated facility at the Brookhaven National Laboratory where the Relativistic
Heavy-Ion Collider (RHIC) produces collisions between two gold beams at /syy = 200
GeV. The future lies in the Large Hadron Collider (LHC) now under construction at
CERN with a designed cms energy of 5.5 TeV. According to model calculations, the
initial temperatures reached at LHC should be on the order of 500 MeV, well above
T.. However, as the energy increases, the nuclei become more transparent and the
baryonic densities achieved are smaller. Thus, to study density effects, smaller energies
are preferable (the baryon stopping being larger). Such a program will be carried out
at a new GSI facility (Gesellschaft fiir Schwer-Ionen Forschung), recently approved for

funding [28].

Evolution of a heavy-ion collision

To understand how ion collisions can provide information about QCD, let us sketch
the space-time evolution of a typical collision. Upon impact of the two colliding nu-
clei, provided that the conditions are energetic enough, we expect the quark and gluon
degrees of freedom to be liberated. Following a pre-equilibrium partonic stage, the as-
sumption is that the system thermalizes to form a plasma of quarks and gluons at an
initial temperature T above the critical temperature 7T, of the deconfinement transition.
The strong reinteractions in the plasma phase should lead to appreciable collective phe-
nomena and an approach toward chemical equilibration in the light sector. The system
continuously expands and cools down until it hadronizes when its temperature reaches
T.. Although lattice QCD results seem to disfavor a first order phase transition, for
simplicity one can imagine that when the system reaches T,, hadronic bubbles start to
form. When hadronization is complete, hadrons continue to interact until the densities
are so low that they decouple. This point in time where the elastic collisions cease is
usually referred to as thermal freeze-out. From then on, the particles are free streaming

to the detectors. It must be pointed out that so far, there is still a lack of understanding
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of the pre-equilibrium partonic stage, as well as of the hadronization process. Since the
final products of the collision observed in the detectors are hadrons, the study and proof
of new state of matter formation necessitates the identification of clear probes (called
signatures), which retain information about the initial hot and/or dense matter created

in heavy-ion collisions, even after hadronization.

1.2.2 Experimental observables

We now review a few of the observables available from experiments and their con-
nection with a putative Quark-Gluon Plasma formation. We articulate our discussion
around a few recent experimental results. Our arbitrary selection of topics is guided by
the desire to introduce a few concepts useful for our studies of charmonium production,
and is influenced by the recent advent of RHIC results. We wish to give to the reader a

feeling for the many facets of heavy-ion physics but this review is far from exhaustive.

Flow and other global observables

For sufficiently central collisions, the matter formed in collisions of heavy nuclei
constitutes a strongly interacting system and the produced particles exhibit collective
behaviors often referred to as flow phenomena. The collective expansion of the matter
is reflected, e.g., in the pp-spectra hardening of hadrons.

We present here a specific type of collective phenomenon named elliptic flow [29, 30].
As a preliminary, we need to introduce the notion of centrality in heavy-ion experiments.
Heavy ions cannot be treated as point-like particles and the characteristics of a collision
of two such extended objects often depend upon the minimal distance of approach
between the two centers of the colliding nuclei, called the impact parameter b. Assuming
for a moment that the two nuclei can be approximated by two hard spheres of radius
R, it is clear that the impact parameter ranges from b = 0 (for head-on collisions)
to b ~ 2R (for the most peripheral collisions where the two nuclei barely touch each
other). However, b is not directly accessible experimentally and we will present in
Chapter 2 a simple model (the Glauber model) used to relate the impact parameter of
the collision to experimentally accessible quantities such as, e.g. the transverse energy
deposited in the calorimeters. Although one may, a priori, be more interested in central
collisions, because more energetic, the varying centrality of a collision also gives rise

to very interesting phenomena. For example, in semi-central to peripheral collisions,
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the geometry of the initial interaction region has the shape of an ellipse (seen in the
plane perpendicular to the beam axis: the transverse plane). This initial geometrical
anisotropy translates into stronger pressure gradients in the direction of the smaller axis
of the ellipse. In turn, this induces momentum correlations among particles which flow
preferentially along the small axis of the ellipse. The corresponding “elliptic low” is
characterized by a quantity v, which is the second coefficient (associated with (cos(2¢)))
in the Fourier expansion of the azimuthal particle distribution.

Fig. 1.3 shows the reconstructed vy (pr) for different centrality bins at RHIC in Au-
Au collisions, y/syy = 130 GeV. v, smoothly increases as the collisions become more
peripheral, due to an increase in the initial anisotropy of the initial interaction region.
Fig. 1.3 demonstrates that the matter expands collectively, i.e. the system is the place

of strong rescattering among the produced particles. Due to the faster expansion in the
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Figure 1.3: vy elliptic flow at RHIC. The data points are from the STAR collaboration
[31], and the lines correspond to hydrodynamical calculations [32].

smaller direction of the initial interaction zone, the initial anisotropy tends to disappear.
Therefore, elliptic flow is a good observable of the early times of the reaction. The
connection between elliptic flow and Quark-Gluon Plasma formation is the following:
the speed of sound being larger in a plasma phase than in the hadronic phase, we expect
a stronger collective expansion (i.e. a larger vg) if a plasma is formed [33]. The fact
that the measured vy is substantially larger at RHIC than at SPS seems to indicate that
the early stages at RHIC are dominated by a strong collective partonic expansion. This
is further supported by comparison with hydrodynamic calculations [34, 32| assuming

the initial formation of an equilibrated Quark-Gluon Plasma (see full lines in Fig. 1.3)
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while conventional hadronic cascade models do not predict any significant increase in v
from SPS to RHIC.

Let us mention two other global observables which are commonly discussed to infer
properties of the system created in heavy-ion collisions. The first one, is the HBT
(Hanbury-Brown-Twiss) interferometry technique which attempts to determine the size
of the system, based on Bose-Einstein correlations among particles [35]. It may be used
to infer a delayed hadronization if the system goes through a plasma phase and then a
mixed phase in which the expansion of the matter is very slow. However, so far it is still
controversial and the fact that the characteristics of the emitting source seem to be the
same at SPS and RHIC remains unexplained.

The second observable we wish to mention is the hadro-chemistry of the system. The
relative chemical abundances of the particles in the fireball may hold some clue about
the properties of the QCD matter encountered. As an example, consider strangeness
production [36]: the lightest strange hadrons, the kaons, have a mass of nearly 500 MeV.
Since strangeness is produced in pairs, strangeness production in a hadron gas has a
threshold ~ 1 GeV. If a plasma is formed, a nearly massless strange quark could be
more easily produced in a deconfined phase, leading to a strangeness enhancement with
respect to a superposition of individual p-p collisions. The latter was indeed observed
at the SPS [37], going from peripheral to central collisions of Pb-Pb. The observed
enhancement also increases with the strangeness content of the produced hadrons. This
is at variance with predictions from hadronic rescattering since multi-strange hadrons
have high-mass thresholds and small cross-sections. However, strangeness enhancement
remains a questionable signature of QGP formation since the E910 experiment [38]
reported a strangeness enhancement already in p-A collisions at AGS energies where no

QGP is expected to be formed.

Observables of the early stages

We turn to a different kind of observables, more directly related to the very early
times of the collision. Consider a particle with a very large py: it must have been
produced very early in the collision, upon impact of the two colliding nuclei in hard N-
N scattering. Later on during the evolution, typical exchanged momenta are too small
to build up a particle momentum up to, e.g. 10 GeV. In addition, high-p; particles

are fast and may escape the interaction region early, carrying information about the
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early phases. Fig. 1.4 displays the so-called R 44 ratio (left panel) and the back-to-back

suppression of jets (right panel). For a given type of particles (7% in the left panel of
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Figure 1.4: Left: Raa(pr) ratio at RHIC for neutral pions [39]. Right panel: angular
correlations of particles [40].

Fig. 1.4), Raa is the ratio of the observed number of particles over what is expected
if the heavy-ion system was a superposition of independent N-N collisions. This is
a very general approach in heavy-ion physics. Many observables are compared to the
same observable measured in p-p collisions and scaled by the number of binary collisions
(i.e. the number of primordial N-N collisions from the two colliding nuclei). Such
an approach allows to characterize how the system deviates from a superposition of
elementary p-p collisions and thus gives information on the matter created in heavy-
ion collisions (including initial nuclear effects). In Fig. 1.4, the Ra4 ratio is given as
a function of the transverse momentum of the detected particles. In central collisions
(full dots), the particles with large pr are very suppressed from what is expected with
binary scaling, they seem absorbed by the system in contrast to peripheral collisions
(where little matter, if any, is formed, as in p-p) where they freely escape the interaction
region. This phenomenon, dubbed “quenching” [41] is monotonously increasing with
the centrality of the collision. This is suggestive of the formation of a QGP where
reinteractions of the particles with partonic degrees of freedom entails a larger energy
loss — on average, reinteractions of high-py particles in the medium tend to reduce
their transverse momentum, bringing the system closer to thermal equilibrium — than
in the hadronic phase. Other interpretations of these experimental results in Au-Au
collisions at RHIC have been proposed in terms of pre-equilibrium effects (initial state

interactions as described in the Color Glass Condensate [42]) but they seem disfavored
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by the recent results of the d-Au system which do not exhibit such quenching, implying
that the underlying mechanism indeed corresponds to final state interactions (such as
energy loss in the plasma [43]). The right panel of Fig. 1.4 displays a study of two-
particle angular correlations. Usually, when a jet is produced it has its back-to-back
counterpart in order to conserve momentum. Thus, when experiments identify a jet,
they study the angular correlations of the other identified particle with respect to the
direction of the jet. In p-p collisions, as indicated by the full line in the right panel of
Fig. 1.4, particles are strongly correlated in the direction of the jet (this is the angular
spread of the jet itself) and also for ¢ = 180 degrees, demonstrating the presence of
the back-to-back companion of the first identified jet. The stars correspond to the same
observable in central Au-Awu collisions at RHIC. The disappearance of the back-to-back
jet is clearly visible. This again points toward a strong energy loss of the jet in the

matter, which can be interpreted as a signal of QGP formation.

1.2.3 Electromagnetic probes

Another probe of the interaction region in the early times of the collision is given by
thermal photons [44]. They are produced in quark-antiquark annihilation or Compton
scattering in the plasma. The main advantage of photons is that they are insensitive to
the strong interaction and they escape the hot and/or dense medium without further
rescattering. Their ppr-spectra give then access to the temperature at which they were
produced. One has to mention that many processes in a hadron gas lead to photon
production. Detailed calculations [45, 46] have actually shown that around 7., the
Hadron Gas “shines” as bright as the QGP. In addition, one severe limitation of the
photon signal is the huge secondary photon background arising from hadronic decays.

An interesting electromagnetic signal is also obtained by the detection of leptons,

in particular lepton pairs (dileptons) which are experimentally accessible although their

2

production rates are a factor o,

smaller than strong particle production rates [27].
Their main advantage is the same one as for the photon, they are a direct signal of the
medium in which they were produced since due to their leptonic nature they should
escape the system with minimal rescattering. Fig. 1.5 shows an e®e™ invariant mass
spectrum from the NAS50 collaboration [47], obtained at the CERN SPS in Pb(158
AGEV)-Pb collisions. A lot of information is present in such a spectrum so that it is

usually divided into three regions: the low-mass region M;+,- < 1 GeV, the intermediate-
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Figure 1.5: eTe™ invariant mass spectrum in Pb(160 AGeV)-Pb collisions at SPS,
adapted from [47].

mass region (IMR) for 1 < M;+;- < 3 GeV and the high-mass region, above 3 GeV. From
the hadronic point of view, the low-mass region is the region of light vector mesons (p,
w, ¢) and allows the study of the manifestation of chiral symmetry restoration [48]. The
intermediate-mass region is the place of an important process for our studies, namely
the semi-leptonic decay of D mesons, which we will return to later on. The high-mass
region is dominated by the charmonium vector mesons, the study of which is the object
of this thesis. In the low- and intermediate-mass region, another important source of
dileptons is given by thermal radiation either from the plasma or the hadronic phase.
Provided that all hadronic sources can be accurately evaluated, the hope is to identify
the plasma contribution (coming from quark-antiquark annihilation). However, since
around T, the plasma and hadronic rates of thermal dilepton radiation are comparable,
rather high temperatures need to be achieved to isolate the plasma effect. Last but not
least, the Drell-Yan process (hard process where two quarks from the incoming nucleons
annihilate into a lepton pair [49]) must be precisely evaluated to extract the other
signals. This is usually done by fitting the high-mass tail of the spectrum, saturated
by the Drell-Yan. The study of dileptons in heavy-ion collisions offers a very rich
physics involving both the confinement and chiral symmetry properties of QCD. The fact
that the dilepton mass spectrum covers such a broad range of invariant mass gives an
additional constraint to models which should describe dilepton production consistently
over the full spectrum. We expect great results from the PHENIX experiment at RHIC

whose detector is designed to detect dileptons and electromagnetic probes, among other
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observables.

Heavy-ion collisions offer a broad range of observables to study in the laboratory the
properties of QCD at finite temperature and density. Various model approaches indicate
that the temperatures and densities achieved in central collisions of heavy nuclei, at
cms energies comparable to SPS and above, should allow to observe the deconfinement
phase transition and chiral symmetry restoration as predicted by lattice calculations.
The systems produced seem large and strongly interacting enough to justify the use of
macroscopic concepts such as thermal equilibrium and hydrodynamic descriptions. It
seems fair to say that the hope for a single signal providing a clear signature of Quark-
Gluon Plasma formation has been elusive. The evidence for a newly created state of
matter will rather emerge from a scenario invoking many different observables accounted

for within a common coherent picture.

1.3 Charm and charmonium in heavy-ion collisions

1.3.1 A brief history of charm

Before its experimental discovery, the existence of the charm quark had been postu-
lated by Glashow-Iliopoulos-Maiani [50] to explain the absence of strangeness changing
neutral currents. It was predicted to have the same charge +2/3e as the lighter up
quark, but a substantially larger mass to account for its absence in the known hadron
spectrum in the early 70’s.

+

One first experimental hint of the charm quark was given in 1972 from e™e™~ collisions

[51] where the ratio

+o— Ny
R N 1s)
was measured for the first time at /s > 3 GeV and was found to be greater than two
(its value if there would be only up, down and strange quarks).

Another strong evidence of the charm quark came in 1974 with the simultaneous
observation of a narrow resonance at ~ 3.1 GeV in the e™e™ spectrum, both at BNL
[52] and SLAC [53]. At BNL, in p(30 GeV)-Be collisions, the observed width of 20
MeV was compatible with the experimental resolution of the detector, suggesting an

narrower resonance. The newly found particle was called the “j7. At the same time, at
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the SLAC ete™ collider, the width of the “¢)” was measured to be 1.3 MeV. Due to its
high mass, and its narrow width the .J/v state was more suggestive of a bound state
of heavy quarks rather than a high-lying light-quark excitation. Subsequently, similar

higher mass resonances were identified at SLAC (hence, their name ', x, ...).

1.3.2 Charm and charmonium spectroscopy

We give in Fig. 1.6 the full spectrum of known charmonium bound states [5]. Among
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Figure 1.6: Charmonium spectrum from Ref. [5]. The arrows indicate strong and elec-
tromagnetic decays.

the states composing the charmonium mass spectrum of Fig. 1.6, we will consider only
the J/1, ¥/, xa and x. states and leave out the 7., xo, ... for the following reason:
experimentally, in heavy-ion collisions, charmonium states are observed in dilepton spec-
tra (ee” or ptp~ invariant mass spectrum), from the decays of vector mesons J/1,
y’. On the contrary, the scalars 7. and o are not easily detected. There exists higher-
lying states (1(3770), 1(4030), ...) above the open-charm threshold which have broader
widths due to their dominant decay into a DD pair. The charmonia of interest for our

purposes have the following masses and widths:

myp = 3096.87 + 0.04 MeV, Ty = 8T+5keV,

my = 3685.96 %+ 0.09 MeV, Ty = 300=£25keV (19)
my,, = 3510.51+0.12 MeV, Iy, = 0924013 MeV ,

my, = 3556.18+0.13 MeV, I,, = 2.0840.17 MeV .

These states are characterized by widths much smaller than typical hadronic widths
indicating that the mechanism for their strong decay is highly suppressed. This is a
consequence of the OZI rules [54]. Since the J/v¢ and the ¢’ are below the open-charm
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threshold, their strong decay must proceed through c¢ annihilation and disconnected
quark diagrams which are OZI suppressed channels. The situation is different for the
¥(3770) and higher states which can decay into a DD pair and have widths comparable
to typical hadronic widths.

The 9" and the y states have hadronic and radiative decays into the J/«. This is of
importance for the J/v yield observed in heavy-ion collisions since a large fraction of it
arises from this feeddown. It has been experimentally determined that only ~ 60% of
the total J/v yield comes from prompt J/v’s. Approximately 32% of it comes from y .
and x.o radiative decays while about 8% are due to ¢’ feeddown [55]. Since, a priori,
J/¢, 4" and x’s evolutions in heavy-ion collisions may be different, this distinction has
to be made when computing the J/1¢ yield. We are aware that these fractions bear a
substantial uncertainty when used in the heavy-ion context since they were determined
in p-, m-p collisions.

Charmonium states carry zero net charm charge and are sometimes referred to as
hidden charm. In contrast, since the discovery of the .J/v¢, many open-charm hadrons
have been identified, most importantly, the D mesons which are made of a charm quark
and a light quark. The lowest-lying ones, the D° D° (m = 1864 + 0.5 MeV) and
D* (m = 1869 £ 0.5 MeV) constitute the open-charm threshold at around ~ 3.74
GeV. Charmed strange mesons have also been identified as well as charmed baryons
containing one charm quark. For completeness, let us mention that the recent discovery
of new charmed-strange mesons by the BABAR [56] and CLEO [57, 58] experiments,
identified as chiral partners of the D, [59, 60], has attracted considerable interest and
may influence the repartition of open charm among the different charmed particles in
heavy-ion collisions.

We conclude this section by noting that the bottom quark offers a system in all
points analogous to the charm family of states. Most of what can be said about charm
and charmonium is directly applicable to bottom hadrons and bottomonium (bb bound
states). The higher mass of the bottom quark (my ~ 4.5 GeV) improves the perturba-
tive description of bottom production and the non-relativistic treatment of bottomonia.
However, bottom has a high production threshold and significant bottom production is

not expected until LHC energies are reached.
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1.3.3 J/v suppression as a QGP signature

Although the J/v constitutes an interesting story by itself, so far we have not ex-
plained why it has attracted so much interest in the context of heavy-ion collisions. The
originally proposed picture is (was) simple: since the J/v is made of (heavy) charm
quarks, it was thought to be exclusively produced early in the collision through hard
scattering of incoming nucleons. Therefore, the J/1 could serve as a probe of the whole
evolution of the heavy-ion collision system and by comparing with J/v production in
p-p (or light systems) where matter is absent, the hope was to infer properties of the
hot and/or dense phases of matter produced in central collisions of heavy nuclei.

More importantly, the J/1 is a small and very tight bound state, lying ~ 640 MeV
below the open-charm threshold. This rather robust state should, in principle, be only
mildly affected in a hadronic environment. If on the contrary, J/v is destroyed by QGP
formation, J/v¢ and its suppression appears as a valuable probe of QGP formation.

J/1¢ as a signature of the QGP was first suggested in 1986 by Matsui and Satz
[61]. In their picture, if a QGP is formed, the attractive c¢ potential responsible for the
J/1 binding gets screened as the temperature of the medium increases, due to larger
abundances of color charges screening the interaction between the ¢ and ¢ quarks. One
then expects the existence of a critical temperature Ty;,s, above which J/1 is no longer
bound. If a QGP is formed (and is hot enough), the J/1 is thus expected to dissolve
into separate ¢ and ¢ quarks surrounded by their own Debye Cloud.

A similar phenomenon is expected for the ¢" and the y states, although their lower
binding energies imply smaller dissociation temperatures (not even necessarily above
T.). The resulting picture consists of a sequential dissolution (', x’s and J/1 in order
of increasing Ty;ss) of the charmonium states in heavy-ion collisions. Experimentally,
varying the collision energy, choosing different projectile/target combinations and study-
ing the centrality dependence of the expected suppression, offers the possibility to study
in detail the suggested suppression pattern.

However, recent developments have modified our understanding of .J/1 suppression

as a QGP signature. These constitute the main part of this thesis.

1.3.4 Outline

In Chapter 2, we review existing models of primordial open-charm and charmonium

production, going from p-p to p-A and A-A collisions. Theoretical frameworks have
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been developed to explain charm production in p-p collisions, however extrapolations to
the heavy-ion environment are not always straightforward. In particular, open-charm
production uncertainties in the heavy-ion case are emphasized and we recall that J/¢
suppression already occurs in p-A collisions (where no plasma formation is expected)
due to nuclear absorption.

Chapter 3 is devoted to static properties of charm in equilibrium matter. The aim
of this chapter is two-fold: first, based on recent lattice QCD calculations, we dis-
cuss medium effects on the cc potential. We give our interpretation of the modified cc
potential in terms of a reduced open-charm threshold, possibly associated with chiral
symmetry restoration, the effects of which we assess within a NJL model. In addition,
we discuss recent lattice studies of charmonium spectral functions which show that J/1)
states can survive in the plasma phase up to temperatures ~ 1.5 T, (above previously
inferred .J/v dissociation temperatures). Second, we discuss a recently suggested mech-
anism of soft J/¢ production [62, 63], by coalescence of ¢ and ¢ quarks at the hadroniza-
tion transition. We present how this additional source of .J/1’s complicates the simple
picture of .J/1 suppression especially when the equilibrium abundances become compa-
rable to the initial hard production. In addition, we show how the in-medium effects
suggested by the lattice results influence statistical J/v¢ production.

In order to make closer contact with heavy-ion collisions, we calculate in Chapter 4
the dissociation rates of charmonia in the plasma and hadronic phases of the reaction.
In the QGP, we introduce a new calculation of J/v¢ destruction by quarks and gluons
using a “quasifree” mechanism [64]. In the hadronic phase, we discuss J/¢ hadronic
interactions, based on a SU(4) symmetric effective theory developed in [65, 66, 67]. This
is a necessary step to distinguish between plasma and hadronic suppression. We also
consider medium effects on open-charm states, which accelerates inelastic collisions in
the hadronic phase and, in particular, allow for direct decay of higher charmonia (')
into DD pairs [68].

We present in Chapter 5 our model of the space-time evolution of a heavy-ion col-
lision. To present a coherent picture of heavy-ion collisions, we use a thermal fireball
model developed earlier for application to dilepton production in the low- [69] and
intermediate-mass [70] region. This thermal evolution scenario is consistent with global
observables such as the hadro-chemistry [71] or the observed flow velocities, and is also
in line with the main features of hydrodynamic calculations. The simple thermal fireball

model (which accounts for the bulk properties of the evolution) provides a convenient
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framework to study J/¢) dynamics.

We present in Chapter 6 the main results of our model of charmonium production.
We develop a two-component model [64, 72] including two sources to account for the
observed J/v yield: (i) a direct component of primordially produced J/1’s subjected to
nuclear, plasma and hadronic suppression and (ii) a statistical component arising from
coalescence of ¢ and ¢ at the hadronization transition. We first compare our approach
to available data at SPS energies for S-U and Pb-Pb collisions. In addition to the
J/1 centrality dependence, we evaluate the v’/ ratio. At SPS, we find that the J/v
yield is dominated by direct J/1’s. We then turn to RHIC energies, where the statistical
component is found to dominate over the direct one. This leads us to the conclusion that
J /1) suppression as to be reevaluated as a plasma signature at collider energies, and we
suggest that the excitation function of J/1 production (normalized to the open-charm
production) would be valuable to study the transition from the regime of suppressed
hard .J/+ production at SPS to mainly statistical (soft) J/1 production at RHIC.

Chapter 7 presents improvements over our two-component model in two respects:
First, we account for the in-medium effects inferred in Chapter 3 from lattice QCD
studies. Specifically, this may help to resolve the discrepancy in the v’/1) ratio that was
identified in the two-component model of Chapter 6. Second, we adopt a more micro-
scopic description of J/1 regeneration by solving rate equations including the backward
reaction in charmonium dissociation processes (thus allowing for J/¢ formation in the
plasma, as suggested by lattice results).

We conclude in Chapter 8 and give a few directions along which we plan to expand the
work undertaken in this thesis. The issue of charm quark thermalization, .J /1 transverse
momentum spectra as well as comparable studies for the bottomonium systems should
be addressed to develop a broader and consistent picture of heavy-quarkonia in heavy-

ion collisions.
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Chapter 2

Open-Charm and Charmonium

Primordial Production

We start with a brief review of primordial open-charm and charmonium production
from p-p to A-A collisions. “Primordial” (or hard) production refers to the production
of charm in the very early stages of the collision (7 < 1 fm/c) through hard N-N
collisions, which due to the large mass m, of the charm quark, m, ~ 1.3 GeV/c?, occurs

on a natural time scale of

1
T~—n~02fm/c. (20)

C

The importance of knowing the primordial production of open-charm and charmonium
is clear: since we intend to use charmonium as a probe to characterize the hot and/or
dense matter created in heavy-ion collisions, it is necessary to assess the amount of
charm produced initially to estimate subsequent reinteractions of charm/charmonium
in the medium.

We first describe open-charm production, going from p-p to p-A and A-A collisions.
Due to the lack of theoretical accuracy to calculate charm production (although the
charm quark is heavy, its mass is still rather moderate in regards to typical perturbative
QCD scales and significant non-perturbative effects are involved in charm production),
the emphasis will be on experimental results. We then give a short account of the differ-
ent theoretical models of prompt charmonium production and show how they compare
to experiments. Finally, we describe a simple model of early “pre-equilibrium” char-
monium interactions (the so-called nuclear absorption) as it has been inferred from p-A

and light A-A collisions.
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2.1 Open-charm production

Heavy-quark production is a very interesting field of research by itself, because it
constitutes a benchmark process to study perturbative QCD since m defines the scale
at which «y is evaluated. Moreover, for charm, one expects to shed light on the non-
perturbative effects which accompany charm production by comparing perturbative cal-
culations to data. It is also a flag for very specific production mechanisms (e.g. W +
charm hadro-production which probes the strange content of the proton) and has been

under intense investigations, see [1] for a review.

2.1.1 Open-charm production in p-p collisions

In perturbative QCD, charm production occurs through gluon fusion which domi-

nates at high energies, and quark annihilation
gtg—cte  qtq—octe, (21)

whose corresponding Feynman diagrams at leading order are shown in Fig. 2.1. Such

c g c g c q c
B R TR

c g c g c q c

Figure 2.1: Feynman graphs of charm production in leading order perturbative QCD.

9

g

processes have been calculated to leading order (LO) and next-to-leading order (NLO)
perturbative QCD, see e.g. [2]. Due to the “not so heavy” mass of the charm quark,
NLO corrections are large as characterized by the theoretical K-factors

oLO 4 GNLO

5~ 3. (22)

The hadro-production of charm is then obtained by convolution of the partonic cross-
sections with the parton distribution functions inside the nucleons. The differential
charm production cross-section is then given by:

do
dy.dyzdp?

= 1617rs Z$1fi<xluM)foj(x2aﬂ)i|Mij|2 (23)
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where the M;; correspond to the matrix elements of the graphs shown in Fig. 2.1.
Ye (yz) is the rapidity of the outgoing ¢ (¢) and the f;;’s are the parton distribution
functions of the incoming 7, j partons. s is the center of mass energy, and z; » are given

by
T = mr (eyc + efya) ’ To = mr (eyc _ efya) ’ (24>

Vs Vs
where mp = \/m is the transverse mass of the heavy quarks. The produced heavy
quarks are close in rapidity and have typical momenta of the order of mg. The factor-
ization scale p in Eq. (23) and the uncertainty on the charm quark mass induce strong
dependencies in the total charm cross section. Nevertheless, NLO pQCD and a simple
phenomenology of non-perturbative effects such as (i) the use of universal fragmentation
functions to describe hadronization and (i) the inclusion of an intrinsic k7 broadening
(to account for pre-scattering and/or the Fermi motion of partons inside the nucleons)
give a coherent picture of charm (and bottom) production which reproduces experimen-
tal data on the cms energy dependence, the transverse momentum and the azimuthal
distributions of o.; (0y3). Calculations using event generators such as PYTHIA (LO
pQCD) upscaled by experimental K-factors (K ~ 4 — 5) also describe reasonably well

the main features of oz [3].

2.1.2 Open-charm in p-A collisions

Charm production being a hard process, one expects the following scaling from p-p

to p-A collisions for the charm production cross-section
o(pA — cc) = Ao(pp — cc) , (25)
or equivalently for the charm multiplicities
NEA = AVBNEP (26)

This has been experimentally verified [4, 5] as shown in Fig. 2.2. After background
subtraction, the contributions of charm decays to the dimuon invariant mass spectrum
(thick dashed line, scaled according to Eq. (25)), in addition to small J/v¢ and Drell-Yan
yields (thin dashed lines) account very well for the data in the intermediate mass region

(full line) for a wide range of targets with different A numbers.
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Figure 2.2: Open-charm contributions to the dilepton invariant mass spectrum in the
intermediate mass region for p-Al, p-Cu, p-Ag and p-W collisions at the CERN-SPS,
from [5]. The full line is the sum of the DD contribution (thick dashed line) extrapolated
according to Eq. (25) with the J/¢ and Drell-Yan contributions (thin dashed lines).

2.1.3 Open-charm production in A-A collisions

In heavy-ion collisions, the production of c¢ pairs is also expected to behave as a

hard process, i.e. to scale with the number of primordial N-N collisions or equivalently,
0(AB — ¢¢) = ABo(NN — cc) . (27)

However, for heavy-ion reactions, only indirect measurements via semi-leptonic decays
are available so far (hopefully, the STAR experiment at RHIC will be able to reconstruct

D-mesons in the K7 invariant mass spectrum). The semi-leptonic decay of D-mesons

+
DDt ) e
wovRY

allows to infer the charm production cross-sections by studying dilepton spectra (NA50
at SPS) or single lepton spectra (PHENIX at RHIC) provided that all other known
sources of leptons are under control.

In Pb-Pb at SPS energy, /sny=17.3 GeV, the NA38/NAS50 collaborations [5] found
an enhancement of intermediate-mass (IM, M,,=1.5-2.5 GeV) dimuon pairs over the

expected Drell-Yan and open charm sources, gradually increasing with centrality up

to a factor of ~2.5 in the most central events. This excess is well reproduced if an
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Figure 2.3: Description of the dilepton excess in the intermediate mass region of the
dilepton spectrum observed by the NA50 collaboration at SPS [5] described in term of
thermal radiation from an equilibrated fireball [6].

increase in open charm production by a factor of ~3.5 is postulated. However, underlying
mechanisms for such an increase are not easily conceivable. In fact, it has been found 6,
7, 8] that thermal dimuon radiation from a fireball with reasonable initial temperatures,
T;=200-250 MeV, can, maybe more naturally, account for the IM dimuon excess, as
shown in Fig. 2.3. In the intermediate mass region, the thermal dimuon radiation
(short-dashed line) including a QGP contribution (long-dashed line) dominates over
Drell-Yan (dot-dashed) and charm (dotted) contributions, and successfully explains the
observed dilepton excess (difference between the full lines). The definitive experimental
resolution of this problem is expected from the NA60 experiment [9].

In Au-Au at RHIC energy, \/syny=130,200 GeV, single-electron (e*) transverse-
momentum (p;) spectra have been measured at various centralities [10, 11]. After sub-
traction of light-hadron decay sources, the remaining spectra can be accounted for by
“standard” charm-production extrapolated from N-N event generators, as shown in
Fig. 2.4. For all four classes of centrality, the electron signals expected from charm
decays (data points) are well described by binary scaling of ¢¥2. On the one hand, this
limits the possibility for an appreciable charm enhancement. On the other hand, it is
somewhat surprising that even for central collisions the spectral shape is reasonably well
reproduced without any reinteractions, as one would naively expect a softening if charm

quarks (partially) thermalize. However, thermalization also implies that c-quarks partic-
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Figure 2.4: Single electrons spectra at RHIC for four classes of centrality [11], after
background subtraction. The full lines correspond to LO pQCD calculations (upscaled
by a K-factor ~ 4 —5) scaled with the number of binary collisions at a given centrality.

ipate in the collective matter expansion. In Ref. [12] it has been shown that the current
PHENIX data [10, 11] for “charm-like” e* are also consistent with the assumption of
complete c-quark thermalization and collective flow. As discussed in the next chapter,
c-quark reinteractions have important consequences for charmonium production; the
obvious observable to disentangle the two extremes is the c-quark elliptic flow [12].
Overall, it seems that in heavy-ion collisions, charm production indeed scales like
a hard process. Fig. 2.5, taken from Ref. [10] shows the total charm cross-section
divided by the number of binary collisions over a wide range of cms energies. The oz
excitation function is well reproduced by a PYTHIA calculation which indicates the
hard process nature of charm production in A-A collisions. The preliminary PHENIX
experimental point (y/s = 200 AGeV at RHIC [11], not shown on Fig. 2.5) is also well
in line with standard extrapolation. Therefore, throughout this work, we will assume
that charm production is given by hard scaling from p-p and we will not consider any

further the open-charm enhancement at SPS energies advocated in [13, 14, 15]. We
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Figure 2.5: Excitation function of the charm production cross-section per binary collision
[10]. The data follow the trend of o%? (LO pQCD, thick line) indicating the hard process
nature of charm production.

rely on extrapolations from the experimental data, similar to Fig. 2.5, to input N, in
our models. Typically, in the SPS regime (\/syy =~ 20 GeV) o¥2 ~ 5ub, while at full
RHIC energy, ot? ~ 600ub. When extrapolated to central collisions of heavy nuclei, one
expects roughly 0.2 N, per central collision at SPS to be compared to N, ~ 10 — 20 at
RHIC. As we will see, this two order of magnitude increase in the charm abundance is

very important for the dynamics of charmonium formation, going from SPS to RHIC.

2.2 Hidden-charm production in p-p collisions

In p-p collisions, only a small fraction f ~ 1 — 2% of the total charm production
develops into a charmonium state. Intuitively, this may be understood in terms of the
azimuthal distributions of ¢¢ production, which are strongly peaked at ¢ = 7, ¢ being
the angle between the ¢ and the ¢ quarks. Namely, ¢ and ¢ quarks are produced most
of the time back-to-back and fly away from each other. The case of two comoving ¢
and ¢ quarks, which seems more likely to lead to the formation of a charm bound state
occurs only in a small fraction of events, entailing a small abundance of charmonia with
respect to open-charm abundances.

We review in this section the different theoretical models of charmonium production

in p-p collisions, which have been under intense investigation both theoretically and

45



experimentally, and have significantly improved over the course of the last decade, see

Ref. [16] for a review..

2.2.1 The Color Evaporation Model

We start with the simplest, yet phenomenologically rather successful, model of char-
monium production, namely the Color Evaporation Model (CEM) [17, 18, 19]. The c¢
pair, whose production mechanism within the framework of pQCD has been detailed
in Sec. 2.1.1, is usually produced in a colored state (¢g annihilation always leads to a
colored c¢ pair while gluon fusion leads to a mix of singlet and octet states). Therefore,
to form a fully developed charmonium state, the c¢ pair needs to neutralize color with
the surrounding color field.

The underlying assumption of the CEM is that color quantum numbers are adjusted
at no cost in rate and with no dynamical effects. Hence, in this model, the production

cross-section oy of a charmonium state ¥ is given by:

2mp
d cc
Ov = Jw / dmcad;;i (28)
~ cC

where fg is a constant associated to the charmonium W, usually obtained by fit to the
data. One immediate prediction of the Color Evaporation Model is that ratios of differ-
ent charmonium states are energy independent. Being rather successful at describing x ¢
distributions and the energy dependence of charmonium production, the CEM model

has recently attracted renewed interest [19, 18].

2.2.2 The Color Singlet Model

Before 1993, charmonium production was usually calculated within the Color Singlet
Model (CSM) [20, 21, 22, 23, 24]. This model relies on the assertion that charmonium
production involves two distinct length scales: the first scale 1/m, concerns the short
distance part of the amplitude corresponding to the production of a c¢ pair and is much
smaller than the typical length scale associated with the charmonium wavefunction.
The cc pair is created point-like (calculated within pQCD) and subsequently develops
into a charmonium state through non-perturbative effects encoded in the charmonium

wavefunction.
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The production cross-section for a 2*1L; charmonium state is then factorized as

2

dl
do(pp = Ly + X) = do(pp — ce(1,*°™ L;) + X) '—Rnl(()) : (29)

dr!

where 1 indicates a cc¢ pair in a color singlet state. The first factor in the product of
the right-hand-side (rhs) is the short distance part of the amplitude calculated per-
turbatively. It takes into account the number of gluons needed to arrive at a color
singlet state and therefore, the expansion of the different graphs for a given process is
organized in powers of a; (see Fig. 2.6). The second factor in the rhs product is the
wavefunction at the origin of the charmonium state under consideration and encodes
all non-perturbative effects. This factorization scheme confers a big predictive power to
the color singlet model since only the wavefunction at the origin is needed, a quantity
which is obtainable from the study of decay widths.

In the CSM model, selection rules are imposed by quantum numbers as shown in

Fig. 2.6 which compares the production of (7., xo, x2) to that of (J/¥, x1, ¥'). In this

\QQQ c Ne \QQQ c Jw
’ X, W
T

9}553& X, 9}553& X,

Figure 2.6: Graphs of charmonium production within the factorization scheme of the
CSM model. The ellipses represent the wavefunction at the origin of the different
charmonia.

ol

model, the J/1 and ¢’ production mechanism is of higher order in «; than y production
which is not seen in the data. Actually, the CSM underpredicts the J/v and 1)’ yield
observed at the Tevatron by the CDF collaboration [25, 26] by a factor 50. It also fails
at describing charmonium production at large transverse momenta, predicting spectra
much softer than the ones observed at the Tevatron. This points toward the limitations
of the CSM model which among others include: (i) the relative velocity (whose average
value is roughly v? ~ 1/3 for charmonium systems) between the ¢ and the ¢ quarks is
neglected and (7i) color-octet processes which can make a non-perturbative transition

to a color-singlet state by radiating a soft gluon are simply absent.
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2.2.3 NRQCD and the Color Octet Model

Since 1993, the major shortcomings of the CSM model, corrections due to the relative
velocity v between ¢ and ¢ and absence of color octet processes have been successfully
addressed and have led to the Color Octet Model (COM) [27, 16, 28] based on Non-
Relativistic QCD (NRQCD). The latter is an effective field theory developed in Ref. [29]
in which the heavy quarks are treated non-relativistically, approaches that have proven
to be successful to describe heavy quarkonium physics (e.g. potential models for char-
monium spectroscopy). In NRQCD, the heavy quarks are described by a Schrédinger
field theory while the gluons and light quarks are modelled by the usual relativistic
Lagrangian of QCD. NRQCD and the COM improve on the Color Singlet Model with
progress made on the factorization between the short distance physics of heavy-quark
creation and the long distance physics of bound state formation. Essentially, two scales

of charmonium physics are identified as shown below:

M ‘ MU
1.5 GeV 750 MeV
cé formation ~ mi CC size ~ ﬁ

If these two scales are well separated, the formation of the bound state should be
insensitive to the details of the heavy-quark creation process, which is essentially local
on the scale of the quarkonium size.

The power counting is done in terms of the small parameter v? and allows to separate
the scales m. and m.v so that all effects of the scale m.v are isolated in a c¢ subdiagram
which is reproduced by NRQCD. The parts of the diagram involving the scale m, are
included in the hard scattering subdiagram and are dealt with within pQCD. Thus the
formation of a charmonium state ¥ is factorized as

do(¥+ X) = Y do(celn] + X) (0¥[n]) (30)
n=1,8
where the sum runs over all color and angular momentum states of the c¢ pair. The
short distance coefficients do((cc[n] + X) are given by pQCD and the long distance
matrix elements (OY[n]) are calculated as matrix elements of the NRQCD operators.
An example of power counting is shown in Fig. 2.7.

The organization of charmonium production processes in powers of ay, m., pr and v
shows that color octet processes induce small corrections as long as the hard scattering
subparts of the diagrams, given by do((cc[n]+ X), have same magnitude for singlet and

octet mechanisms. However, when extra suppression by powers of a; and /or kinematical
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(a) leading-order colour-singlet: g+ g — ce*S"] + ¢

I/

2m,.)"
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w W
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(b) colour-singlet fragmentation: g+ g — [06[35’9)] +99]+g

(¢) colour-octet fragmentation: g+ g — cé[3S§8)] +g

(d) colour-octet ¢-channel gluon exchange: g+ g — 06[15’[()8), 3PJ(8)] +g

Figure 2.7: Power counting in the Color Octet Model, taken from Ref. [30].
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factors, octet processes can dominate. This is especially relevant at high p; where octet
graphs give a harder spectrum (falling as 1/p%, see graph (c) in Fig. 2.7) and dominate
over the leading order color singlet term (graph (a)) which falls steeply as 1/p5..

Within the COM, NRQCD matrix elements are obtained from decay widths or by fits
to experimental data (such as charmonium transverse momentum distributions). This
model gives a solid theoretical framework to hidden charm production in p-p collisions.
It describes well the CDF data [25, 26] on .J/v¢ production at large pr and also accounts
for the recent PHENIX experimental results obtained in p-p collisions at RHIC, /s =
200 AGeV [31]. Both the py distributions, the rapidity distribution and the center of
mass energy dependence can be described using the COM with a reasonable choice of
parameters.

In the future, the PHENIX experiment at RHIC will, in addition, further address
the remaining issue of the J/v polarization. The Color Octet Model predicts that the
J/1 should be polarized at very large pr since the dominant process (the color octet
fragmentation, see graph (c) of Fig. 2.7) preserves spin. This is however at variance

with the CDF data on J/1 polarization [32].

2.2.4 Total J/v cross-section in p-p collisions

For our purposes, i.e. the study of the J/1) yield observed in heavy-ion collisions, we
rely on experimental measurements and consider 0?’/’ , @s an input of our models. Fig.
2.8 shows the excitation function of the J/¢ production cross-section in p-p collisions
for 5 GeV < /s < 200 GeV. The amount of J/1 initially produced in p-A and A-A
collisions is then inferred from the p-p cross-section using standard extrapolation (i.e.

scaling with the number of binary collisions).

2.3 Nuclear absorption of charmonia in p-A and A-A

collisions

From experimental studies of J/1 production in p-A, it was realized that for such
systems, J/1¢ production deviates from scaling with the number of binary collisions (as

expected for a hard process). Experiments at SPS [33, 34, 35, 36] and Fermilab [37, 38|
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Figure 2.8: J/v total cross-section at /syy = 200 GeV obtained by the PHENIX
collaboration [31] and compared with previous measurements at other values of 4/s.
The curves correspond to COM calculations.

found
o (AB — J/y, ") = (AB)" o (pp — J/,¢") a=0.92+0.02. (31)

In p-A collisions at cms energies around /s ~ 20 GeV, one does not expect significant
reinteractions with secondaries. In addition, the fact that such suppression is quanti-
tatively similar for J/v¢ and 1’ which are very different charmonium states in size and
binding energies, makes it difficult to explain by means of conventional hadronic physics.
Following extensive experimental studies of charmonium suppression in p-A and light
A-A reactions, it is now a well established fact such a suppression can be understood
as the absorption of a pre-resonance state c¢¢ — g in nuclear matter. As seen in the
previous sections, charmonium production occurs mostly through a c¢ pair in a colored
state which couples to a gluon to neutralize color. In this picture, the actual physical
charmonium state forms outside the nucleus, and charmonium suppression in p-A and
light-ion collisions is interpreted as the absorption of a the c¢ — g state in nuclear matter.
This picture accounts for the fact that very different charmonia such as J/v and v’ suf-
fer similar absorption. In A-A, we use the framework of the Glauber model to introduce
the geometry of nucleus-nucleus collisions in the calculation of nuclear absorption as a

function of the centrality of the collision.
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2.3.1 Glauber calculation of nuclear absorption

In the Glauber model of A-B collisions, the probability for the pre-resonance c¢ — g
state to be absorbed on its way through the nucleus, at fixed impact parameter b = ||b||,

is
Suuelbr o) = [ @5 dz 2 pa(5.2) pull - 5.2) (32)

X exp{—(A—l)/ dzApA(é’,zA)crnuc}
X exp{—(B—l)/ dzBpB(g—g,zB)crnuc} ,

!

where pa(§,z) is the nuclear density profile of the corresponding nucleus taken from
[39], § the position of the production point in the transverse plane (with respect to the
beam axis), and z (resp. z’) is the position within nucleus A (resp. B) along the axis
of the collision. The above formula has a single parameter ,,,., corresponding to the
dissociation cross-section of the charmonium precursor with nucleons, which is adjusted
phenomenologically to reproduce the experimental data. S,uc(b, e = 0) corresponds
to the usual nuclear overlap function of the two colliding nuclei, often referred to as
T4p(b). Note that the nuclear density profile and the overlap function are normalized
such that
/d28 dz pa(5,z) =1 and /d2bTAB(b) =1. (33)
To compare the Glauber calculation to available experimental data and infer o,,,., we
have to relate the impact parameter b which is a geometrical quantity to the centrality
of the collision. The experiments NA50 and NA38 determine the centrality of a collision
measuring the transverse energy deposited in their calorimeter, which can be related
to the centrality of the collision using the wounded nucleon picture [40]. A wounded
nucleon (or participant) is a nucleon from either the projectile or the target which suffers
at least one inelastic collision and fragments to produce the observed secondary hadrons.
Under the assumption that each participant produces on average N, secondary hadrons

with an average energy ¢, one has

ET(b) = GhNh = quart(b) s (34)
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where the number of wounded nucleons N4 is given within the Glauber theory by

Npi(b) = A / &5 T (3) {1 [l — 0 Ts(5— E)]B} (35)
+ B/d% Tp(5—b) {1 - [1 — 0, Ta(®)"} |
and T4 p(5) are the so called thickness functions defined by
75 = [ ds pa(si) (30)

In addition, to account for fluctuations of transverse energy Er at fixed impact param-

eter 5, we use a Fp — b distribution function given by

1 [Er — N5 (b)]?
Pap(Er,b) = exp {— 52 N’fB Eb) , (37)
2mq aszift(b) 47N part

where ¢ is the proportionality factor between the transverse energy and the number of
participant

ET(b) = quart 5 (38)

which depends on the specific experiment settings and a is a phenomenological parameter
which characterizes the size of the fluctuations in the relation between Er and b. Values
of ¢ and a are determined either with data on minimum bias distribution or with Drell-
Yan data versus centrality. The suppression of charmonium in nuclear matter as a

function of Er follows as

B O'pp f d2b 7DAB(E1T7 b)Snuc(b7 Unuc)
_ MR T/ <39>

Opy Thy J @ Pap(Er,0)Snuc(b; 0pue = 0)

Buuosse

where B, is the branching ratio for J/¢ decaying into a muon pair. The pre-factor
B.0" /\Ij /o has not been measured accurately experimentally and depends on the
energy of the collision. Therefore, we will leave it as a free normalization parameter

adjusted to the available data.

2.3.2 Normalization and comparison with experiments at SPS

Pre-resonance charmonium absorption in nuclear matter as seen in p-A and light-

ion reaction constitute a baseline reference, the so-called “normal” J/1 suppression.
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Therefore, it is important for any model to reproduce this effect in order to characterize
any additional source of J/1¢ suppression. We concentrate on two different systems:
S(200 AGeV)-U studied by the NA38 collaboration and Pb(158 AGeV)-Pb studied by
the NA50 collaboration. For these two different systems, we use the values of ¢ and a
reported by the experiments, i.e. ¢ = 0.275 and a = 1.27 for Pb-Pb (resp. ¢ = 0.72 and
a = 1.56 for S-U). We found that a value of ¢,,. = 6.4 mb reproduces the data (prior
to 2002) very well. To compare with NA50 and NA38, we used normalization factors of
52.8 for Pb-Pb and 48.2 for S-U. Our description of nuclear absorption are shown Fig.
2.9 and coincides with the studies of NA50 and NA38 [41, 42, 43]. NA50 data have been

35F r }‘
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Figure 2.9: Nuclear absorption calculations for the S(200 AGeV)-U (left panel) and
Pb(158 AGeV)-Pb (right panel) systems at the CERN-SPS, compared to data from ,
respectively, NA38 [44] and NA50 [42] using 0., = 6.4 mb (full lines). The normaliza-

tion factor B Map/ /ol has been fixed at 48.2 (52.8) for the S-U (Pb-Pb) system. The
right panel also includes reanalyzed data by the NA50 experiment [43] together with a
nuclear absorption calculation using ¢, = 4.4 mb (dashed line).

reanalyzed in 2002 [43] and the resulting updated data are also shown in the right panel
of Fig. 2.9. They are described by a Glauber calculation using the updated o, = 4.4
mb (dashed line) together with a normalization of 43.6.

Nuclear absorption alone seems to describe the data on S-U very well. However,
let us recall that such nuclear absorption calculations correspond to two-parameter fits
which renders questionable the interpretation of the S-U data in terms of nuclear ab-
sorption alone. It would certainly be preferable to determine o,,,. and the corresponding

normalization using only p-A data. For the Pb-Pb system, the data depart from nu-
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clear absorption at Ep ~ 40 GeV. This deviation from standard nuclear absorption
was reported by the NA50 collaboration [45] as “anomalous” J/1) suppression and was

suggested as an evidence for Quark-Gluon Plasma formation [46].

2.3.3 Nuclear absorption at RHIC

There is no available data on nuclear absorption at RHIC yet. Hopefully, the d-Au
run at \/syn = 200 AGeV will allow to shed light on nuclear absorption at RHIC since
extrapolations to RHIC energies differ vastly. It is not very clear how the mechanism
of nuclear absorption is modified at higher energies. Some authors expect a stronger
suppression, mostly due to most energetic conditions. Others [47], using field theoretical
methods to infer nuclear absorption at RHIC find that one should expect the same
magnitude as at SPS. Finally, it has also been predicted [48], that for charmonia at mid-
rapidity, nuclear absorption at RHIC may be weaker than at SPS based on the fact that
the time scale over which the two nuclei pass through eachother (7 ~ 2R/v, R: radius
of the nuclei; v: Lorentz factor) is shorter at RHIC and consequently, the charmonia
form outside the nuclei. We show in Fig. 2.10 two curves of nuclear absorption at RHIC
for different values of ¢,,. = 6.4 mb (dashed) and o,,. = 4.4 mb (solid) normalized to

the p-p point.
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Figure 2.10: Study of nuclear absorption at RHIC for ¢,,. = 6.4 mb (dashed line) and
Onue = 4.4 mb (solid line), normalized to the p-p value from PHENIX data [49].

The precise magnitude of nuclear absorption has important consequences if one wants
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to characterize additional effects. This reinforces the need for a detailed analysis of .J/
suppression in d-Au collisions at RHIC together with the reference p-p cross-section
already obtained. In this work, we have been using the same values of 7,,. at RHIC
and SPS energies. In early predictions (see Chapter 6), we used the previously reported
value of 045 = 6.4 mb by the NA50 collaboration, while for more recent work (see
Chapter 7), the latter was updated to o = 4.4 mb to reflect the latest analysis of the
NA50 experiment [43].
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Chapter 3

Equilibrium Properties of Charm in

Matter

In this chapter, we study the properties of open charm and charmonium in matter,
both in the plasma and in the hadronic phases. Since there is no direct experimental
access to medium effects on charmed hadrons, we rely on static Lattice QCD studies of
charmed systems to infer the possible medium modifications occurring at finite density
and temperature. We first present some recent lattice gauge simulations of the heavy-
quark potential at finite temperature as well as spectral functions of charmonia. We
then show how one can model the medium modifications which affect the charm quark
and the charmed mesons from a phenomenological point of view, and we further study

the consequences of the medium modifications on J/1 thermal equilibrium abundances.

3.1 Lattice QCD Results

The free energy of a heavy-quark pair at finite temperature
Foo(r,T) = Voo(r,T) = TSgo(r,T) (40)

has been recently studied on the Lattice (see e.g. [1] for a review), in both quenched
and unquenched situations. Such a calculation, including dynamical fermions, is shown
in Fig. [2], where the free energy of a heavy-quark pair is plotted as a function of the
distance r between the two quarks, for a set of different temperatures ranging from
0.58 T, to 1.15 T,. The full lines indicate the Cornell potential, i.e. a parameterization

of the heavy-quark potential at T = 0, showing the characteristic Coulomb behavior
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Figure 3.1: Heavy-quark free energy from the unquenched lattice gauge calculations of
[2] as a function of the distance r separating the two heavy-quarks. The different sets
of points correspond to different temperatures as labeled on the right of the plot.

at short distances (r < 1 fm) and the rising linear confining term at larger distances.
For T' # 0, the heavy-quark free energy is strongly modified. Starting below T, the
free energy exhibits a plateau at large distances. At large distances, the interaction
between the two quarks is completely screened and the free energy reaches its plateau
value, naively corresponding to two independent charmed particles in the medium (the
lowest-lying ones), that is two charm quarks above T, and two D-mesons below T.. The
fact that the free energy reaches its plateau value for smaller and smaller distances as
the temperature increases illustrates how the screening increases with temperature.

An important feature of Fig. 3.1 is that the asymptotic value of the free energy
decreases as the temperature increases. Since, as mentioned previously, this plateau
may reflect the open-charm threshold, lattice QCD results seem to point toward an
in-medium reduction of the open-charm threshold. This important result may find its
origin in (partial) chiral symmetry restoration, which is expected to occur at the same
temperature as the the deconfinement phase transition from lattice gauge simulations
[1]. As chiral symmetry gets restored, the constituent light-quark mass is expected to
drop (as it is linked to the chiral condensate (gq)) possibly entailing a reduction of the
D-meson masses'. Fig. 3.2 shows the decrease of the plateau value as a function of the

temperature. If one takes the lattice results on a quantitative level, the potential drops

LOther authors [3] find that the main effect is an increased width of the D-meson. The drop in the
constituent light-quark mass may be compensated by an increase in the light-quark kinetic energy and
more detailed studies are needed to assess the bound state mass.
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Figure 3.2: Evolution of the asymptotic value (r — oo) of the heavy-quark free energy
as a function of temperature, taken from [1]. The two last points on the right correspond
to temperatures above T..

from T'=0 to T' ~ T, by roughly AV ~ 600 MeV, quite reminiscent to twice the mass
of a constituent light quark.

Another interesting feature revealed by lattice calculations of the heavy-quark po-
tential is that the temperature dependence of the plateau value is remarkably smooth,
even across T.. The open-charm threshold does not exhibit any jump through the phase
transition. This is suggestive of a continuity of the open-charm states across the phase
transition which we identify to an in-medium charm quark mass m. ~ 1.6 GeV. The
difference to the bare charm quark mass (m. ~ 1.3 GeV) is naturally attributed to a
thermal correlation energy of heavy quarks in the QGP, see Sec. 3.2.1. This has interest-
ing implications on the charmonium yield in heavy-ion collisions, which we will return
to in Chapter 7.

This finite-T" heavy-quark potential has been used to infer charmonium “dissociation”
temperatures Tys [4, 5], upon solving the Schrodinger equation for the bound state
problem. The resulting dissociation temperatures are smaller than T for the ¢' and x
states and lead to Ty;ss ~ 1.17T, for J/¢. However, such calculations suffer from the fact
that the heavy-quark interaction potential (Vgg(r,T') in Eq. (40)) is hard to extrapolate
from the free energy Fioo(r,T') due to the distance dependent entropy term in Eq. (40).
In addition, even if a bound state moves above its threshold for spontaneous decay, this

does not necessarily mean that the state disappears from the spectrum, but it can rather

63



survive as a resonance. This is indeed found in two recent (quenched) lattice calculations
[6, 7], where reconstructed 7. and .J/i¢ spectral functions exhibit well-defined states up
to T' ~ 1.5 T.. Such a spectral function is shown in Fig. 3.3 for two temperatures,

T=09T.and T'=1.2T,. Below T,, the charmonium peak is very well defined with a
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Figure 3.3: 7. spectral function on the lattice, below and above T, from [7]. The J/1
spectra function exhibits a very similar behavior.

very small width. However, contrary to the dissolution scenario of [5], the charmonium
state still persists above T, as indicated by the remaining peak in the spectral function.
Note that the study of spectral functions is a very valuable tool since they include all
information (mass and width) on the charmonium system in the medium. In particular,
such spectral functions incorporate both (static) screening and (dynamical) dissociation
mechanisms. The masses appear to be essentially T-independent (as opposed to the
open-charm states) whereas the widths increase significantly, to about 0.2 ~ 0.5 GeV

slightly above T, [6, 7].

3.2 In-medium properties of charm

Based on the lattice QCD results discussed in the previous section, medium effects
on charmed particles may manifest themselves by a reduction of the D-meson masses
in the hadronic phase and by an increased effective charm quark mass in the plasma

phase. Let us now present model calculations of such effects.
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3.2.1 QGP phase: Thermal correlation energies of charm

In the plasma, the charm quark acquires an effective mass associated with a thermal
correlation energy. The latter is the result of the interaction of a static charge (the
charm quark) with its Debye cloud. The correlation energy can be estimated classically

[8] by writing the screened Coulomb potential and expanding at small distances

—mupr
V()= 32 2 S (41)
The correlation energy is then given by (A being the Laplacian operator)
Eeorr = L / VAVdr (42)
8T
leading to
Eeorr = —%asm) ~g'T. (43)

In practice, due to the remarkable continuity of the heavy-quark potential (at large
distances) through T,, we make the hypothesis of a continuity in the open-charm states
across the phase transition. Thus, the charm quark mass is obtained such that the open-
charm abundances on the plasma side (calculated using Eqgs. (72)- (73)) smoothly match
the open-charm abundances approaching 7. from the hadronic side according to Eq. (62)
with in-medium charmed meson masses. A D-meson mass drop of A,,(7.) ~ 140 MeV

(see next section) entails an effective charm quark mass
m,, ~ 1.6 GeV (44)

to be compared to the bare charm quark mass m, ~ 1.3 GeV.

3.2.2 Hadronic phase: reduction of the D-meson masses within

a NJL calculation.

Although QCD is widely believed to be the theory of strong interactions, it has
been mostly tested in the kinematic range of large momentum transfer, when the strong
coupling constant a, becomes small and allows for a perturbative expansion. However,
at moderate temperatures (around T,), one expects the relevant physical processes to
be dominated by non-perturbative effects. One then has to look for simpler models,
incorporating the most relevant features of QCD one wishes to study, characterized by
a more “tractable” Lagrangian. Since the reduction of the D-meson mass draws its
natural explanation from the restoration of chiral symmetry, one model of choice is

certainly the Nambu-Jona-Lasinio (NJL) model.
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The Nambu-Jona-Lasinio model at finite temperature and density

Historically, the Nambu-Jona-Lasinio model [9, 10] was introduced as a pre-QCD
theory of nucleons interacting through an effective two-body interaction. Since then it
has been reinterpreted as a theory with quarks degrees of freedom, reviewed in [11]. The
main features of the NJL model are that it respects chiral symmetry (which is present in
the QCD Lagrangian in the limit of massless quarks) and it implements the complicated
gluon exchange process between quarks and antiquarks by means of a simple 4-point
pointlike interaction characterized by the strength of the coupling constant GG. We start

from the following NJL Lagrangian [12]

c:m@_mm+aﬁamﬂw@mwfy w=<z> (45)

where ¢ is a SU(2) spinor, m the current quark mass (we work in the approximation

O41~243 is a standard Dirac

m, ~ mg), T are the isospin Pauli matrices and 5 = iy
matrix. The Lagrangian Eq. (45) is invariant under chiral symmetry, see Sec. 1.1.1.
One shortcoming of the NJL model resides in the point-like character of the interaction
between quarks (which necessitates the introduction of a regularization scheme) and
in the fact that the model does not confine. However, a simple phenomenological way
to overcome the first difficulty is to introduce a cutoff scale A which renders finite the
momentum integrals appearing in the theory.

To study the effect of temperature and density on the quark condensate and on

the constituent light-quark mass, we follow the work of [12] who calculate the quark

self-energy Y entering the propagator S
S~ Hk) =¥ —2(k) —m + ice (46)

in the Hartree-Fock approximation using the formalism of imaginary time Green’s func-

tion. Upon decomposing the self-energy ¥ as

Y= g1 — ’)/00'0 s (47)
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one obtains the following set of coupled gap-equations (see Appendix A for details)

G
o = 2—7T2(2nfnc+1)(01+m)
A
2 — +
/— ltanh (ﬁﬂ) + tanh <5ﬂ)} dk (48)
Wi 2 2
0
2G r
0 = — k> (nf —ny) dk (49)
0
where
w? = K2+ (o1 +m)?, (50)
E = k(i) 1)
-1
e o= (1eth) (52)

with § = 1/T being the inverse temperature and p the quark chemical potential. In
the limit of zero temperature and density, 0g = 0 and we recover the well-known NJL
gap-equation

o1 = £(annC + 1)(o1 +m) / E—de . (53)

272
0

For T, # 0, we solved numerically Eqs. (48, 49) for oy and o7 which characterize
the propagation of light quarks in the medium. In particular the effective constituent

light-quark mass M* is given by
M*=0,+m. (54)

Our results for the constituent light-quark mass M™* as a function of temperature and

chemical potential are shown in Fig. 3.4 with our choice of parameters

A = 700 MeV (55)
GA* = 1.9 (56)

which give a reasonable account of vacuum physics (i.e. T'= p = 0) for the pion decay
constant fr = 97 MeV and the quark condensate —(gq) 1/3 = 280 MeV. Note also that
in the chiral limit, we obtain a phase transition temperature T, of the order of T, ~ 170
MeV. We have used a current quark mass m = 5.5 MeV which breaks explicitly chiral

symmetry and delays the restoration of chiral symmetry to higher temperatures and
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Figure 3.4: Effective light-quark mass as a function of quark chemical potential and
temperature in the NJL model.

chemical potential than in the chiral limit. However, approaching T, ~ 170 MeV from
below, we see that temperature and density effects significantly reduce the effective mass

of the light quarks.

In-medium D-meson masses

We proceed to calculate the masses of the D-mesons in the medium, as relevant to
heavy-ion collisions. We work in the simplest (and very crude) approximation where
the D-meson mass is simply given by the sum of the charm quark mass and the light
quark mass. Since we do not expect the charm quark mass to be significantly altered
below T., the D-meson mass reduction at finite temperature and density amounts to
the drop in the light quark mass obtained from our previous NJL calculations. To
make contact with heavy-ion collisions, we used phenomenological parameterizations of
the baryon chemical potential p1p = 34 as a function of temperature as the system
cools down from hadronization to thermal freezeout. The corresponding in-medium D-
meson masses are shown in Fig. 3.5 as a function of temperature for SPS and RHIC
collisions. With our current set of parameters, the D-meson mass drop at the transition
temperature is roughly A,,(7,) = 140 MeV (SPS: T, = 170 MeV, RHIC: T, = 180
MeV). Since the reduction of the D-meson mass follows from a simple approximation
and is not accurately known, we also considered the cases of A,,(7.) = 80 MeV and
A, (T.) = 250 MeV (as indicated by the band enclosed between the dotted lines in

Fig. 3.5) in latter calculations.
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Figure 3.5: In-medium D-meson masses as a function of temperature including density
profiles expected at SPS (dashed line) and RHIC (full line). The dotted curves defining
the band correspond to weaker (A,,(7,) = 80 MeV) and stronger (A,,(7%.) = 250 MeV)
medium effects.

The reduction of the D-meson masses has important consequences on different as-
pects of charm physics in heavy-ion physics to which we shall return throughout this
work: it impacts the equilibrium abundances of open-charm and charmonium (see
Sec. 3.3), it increases charmonium inelastic reactions (Sec. 4.4.1) and also renders direct

decays of higher charmonia, such as 1)’ — DD possible as discussed in Sec. 4.4.2.

3.3 Charmonium equilibrium abundances and in-

medium effects

Recently, besides hard .J/¢ production as described in Chapter 2, another source of
charmonium in heavy-ion collisions has been attributed to statistical production either at
the hadronization transition [13, 14, 15] or throughout the course of the QGP evolution
[16]. The underlying mechanism of this soft charmonium production is the coalescence of
c and ¢ quarks (or the interaction between to D mesons in the hadronic phase). In this
section, we describe this soft production mechanism (also referred to as regeneration
since it occurs after the initial hard production and recreates charmonia from open-
charm states). We first review briefly the statistical models of particle production as

they have been successfully employed before to describe particle abundances in the light
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and strange sectors [17]. We then turn to their application to calculate charmonium
production by statistical coalescence and we finally consider the consequences of the
reduction of the open-charm threshold in the medium on the charmonium abundances

given by such models.

3.3.1 Statistical models of light particle production

Statistical models have been put forward to explain the observed abundances of light
and strange particles in heavy-ion reactions over a wide range of cms energies from SIS
to RHIC, see [18] for a recent review. With the exception of strange particles, they
even give a satisfactory description of particle ratios in p-p and e*e™ [19, 20] collisions,
although their validity for such small systems is rather questionable or at least not re-
ally understood. In such models, upon the assumption of thermal equilibrium, hadron
production occurs in a narrow interval of temperature near the chemical freezeout tem-
perature T, (when the relative abundances of the different flavors are frozen) according
to the available phase space. Statistical models that use a grand canonical ensemble to
formulate the partition function and hadron thermal multiplicities of species i are then

given by
—1

: (57)

di [ P? +mi —
N, =Vy— [ p%d . +1
i [ (252

0
where d; is the spin-isospin degeneracy of a particle ¢ with mass m;. Vg and T, are the

volume and the temperature of the system. The pertinent particle chemical potential
i

i = bijip + Sifls + ... (58)
encodes all conserved charges such as net baryon and strangeness numbers. If one
considers ratio of particle abundances, the volume dependence drops out and the model
has only two parameters, assumed to be common for all particle species, namely the
temperature T, of chemical freezeout and the baryon chemical potential pp which
regulates the net baryonic density of the hadron gas system. In addition, such models
include the contributions from resonance decays so that the total measured multiplicity
for a given specie 7 is

N = N; + Z BR(res — 1) Nyes - (59)

The freezeout temperature and baryon chemical potential are then fitted using particle

abundances ratios and can be used to predict any other ratio of particle abundances.
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The results of such a model are shown in Fig. 3.6 for particle ratios observed at RHIC,

vsyn = 130 GeV. The agreement with the observed ratio is impressive. In the strange
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Figure 3.6: Two parameter fit to ratios of particle abundances at RHIC, |/syny = 130
GeV, from the statistical model of [21]. The two parameters of the model extracted
from the fit are T, = 174 £ 4 MeV and pup = 46 MeV.

sector, strangeness appears equilibrated, a feature not found in p-p and e*e™ collisions
and not easily understood within hadronic event generators, which has been put forward
as a signature for QGP formation. Equally good fits are obtained at SIS energies [22, 23],
AGS [24, 18], SPS [25, 17, 26]. Fig. 3.7, taken from Ref. [18], summarizes the extracted
chemical freezeout temperatures and baryon chemical potentials for different collision
systems at various cms energies. These chemical freezeout parameters define a line in
the phase diagram (the T-pp plane) which is well described by a constant energy per
particle (E)/(N) ~ 1 GeV of the system [27] or a constant baryon density ng ~ 0.12
fm—3 [28]. At SPS and RHIC, the chemical freezeout temperature is very close to the
expected phase transition temperature, suggesting a possible chemical equilibration in
the partonic stage. Even though statistical models have been proven to be very successful

at describing ratios of particles abundances, they have raised serious issues, including:

e Their success in p-p and eTe™ collisions remains unexplained. If in heavy-ion
collisions, one expects to create systems large enough to justify the macroscopic
concept of thermal equilibrium, the picture of p-p or eTe™ collisions is counterin-

tuitive in that respect.
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Figure 3.7: Compilation of the different chemical freezeout parameters extracted from
thermal models fit from SIS to RHIC energies, taken from [18]

e The apparent chemical equilibration of strangeness at SIS and AGS energies is

surprising — one does not expect to form a plasma, and timescales for the equili-

bration of strangeness in the hadronic phase are on the order of ~ 80 fm/c [29],

much longer than the duration of the hadronic phase — and remains unexplained.

e Most thermal models use vacuum properties of particles which may however be

modified (masses and/or widths) at finite temperatures and densities.

e If the system is in thermal equilibrium, the main advantage is that the details

of the dynamics can be ignored. However, it would be satisfying to understand

microscopically how chemical and thermal equilibrium are reached.

3.3.2 Charmonium production in statistical models

One feature of the statistical models is that the multiplicities of observed particles

scale with the volume at hadronization which in turn is proportional to the number of

participants in the collision. It was first observed in Ref. [30] that the J/v¢ yield per

charged hadron at SPS is remarkably constant as a function of the centrality of the

collision as shown in Fig. 3.8. Based on this observation, the authors of Ref. [30] argued
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Figure 3.8: J/v yield per negatively charged hadron as a function of the number of
participants in various collision systems (O-Cu, O-U, S-U and Pb-Pb) at the SPS, from
Ref. [30].

that all J/¢’s were created statistically at the hadronization transition. The deduced
temperature of 7'~ 175 MeV is well in line with the chemical freezeout temperature of
light hadron production described in the previous section.

Another consequence of statistical production is that the particle ratios do not de-

pend on the centrality of the collision and are given (in the Boltzmann approximation)

b
’ d1 mp—mg ma 3/2
RLQ =—e T <—) . (60)

do Mo
The observation made in [31] that for sufficiently central collisions of Pb-Pb nuclei at
SPS, the ¢’/1 ratio approaches its thermal value of ~ 4%, see Fig. 3.9, was also put
forward by Braun-Munzinger and Stachel [13] as an argument for statistical charmonium
production. Their picture of charmonium production developed in [14, 13, 15] is the
following: One calculates the abundances of all known charmed particles as given by
statistical models using the parameters (7, up) determined by fit to light hadrons
ratios. Hence, charmed particle multiplicities are calculated with Eqs. (57) and (59)

upon inclusion of a charm quantum number and its corresponding chemical potential
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Figure 3.9: ¢’ /4 ratio at SPS, for S-U and Pb-Pb collisions, taken from [13]. For both
systems, the ratio in central collisions approaches its thermal value indicated by the
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e such that
Wi = szB + Sifts + Cifle (61)

where . is determined by a zero net charm charge. However, the resulting value of
fte constrains charm conservation only in the average sense (globally). For the small
multiplicities of charmed particles, the grand-canonical ensemble treatment is not valid
and one has to conserve charm exactly (i.e. locally), within the canonical ensemble
[32, 33]. Therefore, the abundances of open-charmed hadrons are suppressed by a so-
called “canonical suppression” factor (multiplicities of charmonium states are the same
in the canonical and grand-canonical ensemble since they have zero charm charge).

Writing
Ny = Y N;, i=DD" DD AA,--- (62)
Nhid - ZNja j:ncallla"' ) (63)

the canonical ensemble multiplicities of open-charm states are related to the grand-

canonical ones according to

NOcl.)e — Ny-ce ]1 (Ngl;c.e)

— s 4
ST (64

where I, Iy are modified Bessel functions. It is instructive to consider the two extreme
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limits of large and small arguments of the Bessel functions. We have

Il(x)ﬁ{ 1, >>1

(65)
0 or<<1

2
Therefore, for large multiplicities (N, >> 1), we recover the grand-canonical limit, i.e.
NG¢ ~ Ng¢. On the other hand, for small multiplicities (Ng,“¢ << 1), the canonical
abundances are suppressed from the grand-canonical ones by an extra Ng:“¢/2 factor,
which corresponds to the constrained probability of finding the partner of a produced
charmed particle. This is particularly relevant at SPS energies where for central collisions
of Pb-Pb at /s = 17.3 AGeV, one typically expects 0.2 ¢¢ pair per collision.

Contrary to [30] where no underlying mechanism for the production of ¢¢ was speci-
fied, we use as developed in [15, 14, 13] the dynamically well justified hypothesis that at
SPS energies, (and also at RHIC) all ¢ pairs are exclusively created in primordial (hard)
parton-parton collisions (secondary creation in a partonic medium has been shown to
be negligible even at full RHIC energy [34]). This is motivated by the expectation that
heavy flavor production does not equilibrate [35] but is rather determined by the number
N,z of pairs created in primordial N-N collisions, which is from then on frozen. Ther-
mal equilibration of charm quarks, however, seems possible [36]. Thus the corresponding

relaxation times might well satisfy a hierarchy
TR S>> 1pp >> T (66)

This necessitates the introduction of a fugacity ~. = 7z for charm and anti-charm quarks

constrained by

1 I (7N,
N.. = _%NOPM
2 IO(%NOP)

Upon solving Eq. (67) for 7., we obtain the thermal equilibrium (but chemical off-

+ 72 Nhid - (67)

equilibrium) J/v production at the hadronization transition according to

Nﬁi}w = Vi [ngpp + ZBR(X — J/p) nx| , (68)
X

where the summation is carried over the charmonium states X with finite decay branch-
ing into J/¢’s (feeddown). An important feature of this model is that charmonium
production is linked to open-charm production, through the determination of v.. In the
canonical limit, parametrically, one has N, oc 72V?, i.e. at fixed N,

NCE

N, o S (69)
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In the grand-canonical limit, N « ~.V leads to
2

N=
N, 7 (70)

Thus we expect that when the open-charm production is large enough to reach the
grand-canonical regime, J/1¢ production is enhanced growing quadratically with N.
We consider in more details the role of this statistical production mechanism for the

situation of heavy-ion collision in Sec. 6.1.2.

3.3.3 In-medium effects on charmonium equilibrium numbers

Here we examine how the in-medium effects inferred from lattice calculations and
developed in Sec. 3.2 influence the J/1 equilibrium numbers. Based on recent lattice
calculations, low-lying charmonia seem to survive above T,. This leads to consider
the production of J/¢’s in the plasma through the coalescence mechanism and not
only at the hadronization transition. The second insight from lattice QCD calculations
involves the in-medium modified charm/D-meson masses. Modified masses imply a
change in the thermal multiplicities of open-charm which in turn entails a change in
charmonium multiplicities through ~. (even though the mass of the charmonium is
remarkably constant across the transition). We therefore compare the J/1 equilibrium
abundances in the plasma and in the hadronic phases for (i) the free case using vacuum

masses for the open-charm states and (4i) in-medium modified charmed particles.

J/1¢ equilibrium numbers in the plasma

Since J/1’s seem to exist in the plasma, as inferred from studies of charmonium
spectral functions on the lattice (Fig. 3.3), we consider the statistical production of
J/1’s obtained by coalescence of a ¢ and a ¢ quark in the plasma. f¥ being the thermal

J /1 distribution, the J/v equilibrium density is calculated as

d3
e =32 [ Gt ) (71)

where the J/1) mass is unchanged from its vacuum value and ~, is determined upon

solving Eq. (67) with the number N,, of open-charm states given by

Nop = 2 Ven(T) 7u(T) n.(T) | (72)
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with
d3q

(27)°

We studied the dependence of Eq. (71) on the charm quark mass. Fig. 3.10 shows

nc(Tv ’Yc) = nE(Tv ’Yc) = Vcnc(T) =6 Ve / fc(mca T) . (73)

the J/v equilibrium abundances for situations comparable to SPS and RHIC central

collisions. One observes a large sensitivity to the in-medium charm quark mass, with
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Figure 3.10: Equilibrium J/¢» abundances (assuming my(T) = m;‘) in an isotropic,

adiabatically expanding Quark-Gluon Plasma at fixed (anti-) charm quark number N,
resembling conditions at RHIC and SPS for two values of the charm quark mass.

larger values of m} requiring a larger fugacity ~. (at fixed N.), and thus entailing a
larger equilibrium abundance of charmonium states.

The temperature dependence of J/1 equilibrium abundances exhibits different be-
haviors according to the in-medium charm quark mass, see Fig. 3.10. This can be
understood if one considers the grand-canonical limit and use approximate thermal

densities to rewrite Eqgs. (67) and (68) as

“T\N*? .

mfzﬁwvfgj eIt (74)
T\ 3/2

N¥, = 32V (%) emlT (75)

Solving Eq. (74) for v, and substituting into Eq. (75) we get

ih my \*? i

C
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From Eq. (76), we readily see that when 2m} > my (see dashed curves in Fig. 3.10)
the J/1 equilibrium abundances increase as T decreases. Conversely, when 2m?} < my,
the J/1 equilibrium abundances decrease as T' decreases since it becomes energetically

favorable to distribute the charm in open-charm states rather than in J/¢’s.

J/1 equilibrium numbers in the hadronic phase

The effect of the in-medium reduction of the charmed hadron masses on the J/1
equilibrium numbers in the hadronic phase is completely analogous to varying m. in the
QGP. A reduction of the D-meson masses by ~ 140 MeV at T, ~ 170 MeV lowers the
J /1 equilibrium level by a factor ~ 3. This is illustrated in Fig. 3.11 where the full lines
correspond to J/v equilibrium numbers in the hadronic phase using vacuum values for
the charmed meson masses, to be compared with the dashed lines where the in-medium

masses of Fig. 3.5 have been used to calculate the open-charm multiplicities.
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Figure 3.11: J/4 equilibrium numbers in the hadronic phase (under equivalent condi-
tions as in Fig. 3.10) using free and in-medium hadron masses.

The other noticeable feature of the J/v equilibrium abundances in the hadronic
phase is that they increase with decreasing temperature, which is a consequence of
the increasing 7. at fixed N, together with m, < 2mp. Therefore, for heavy-ion
reactions, this implies that if J/1’s equilibrate close to T, subsequent hadronic reactions
would favor additional formation over dissociation. Such a behavior, quite contrary to
the commonly assumed hadronic dissociation, has indeed been observed in kinetic and

transport model calculations at RHIC [34, 37, 38].
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We conclude here our considerations about the equilibrium properties of charm (in
matter). We found that statistical J/1) production was conceivable and we will include it
in our two-component model of charmonium production in heavy-ion collisions developed
in Chapter 6. In-medium effects on the charmonium yield in heavy-ion collisions will be

addressed in Chapter 7.
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Chapter 4

Charmonium Inelastic Reaction

Rates

The deviation of the J/v yield from nuclear absorption systematics in Pb(158 AGeV)-
Pb has triggered extensive theoretical analysis. The responsible underlying mechanisms
are still a matter of debate, ranging from destruction in a QGP and/or hadron gas to
thermal production at T,.. As stressed previously, this work attempts a comprehensive
treatment of all three of these aspects within a minimal set of assumptions, which, in
particular, is based on a thermal description of the collision dynamics including Quark-
Gluon Plasma formation if the initial conditions are energetic enough. In this chapter,
we compute .J /1 dissociation rates for both the plasma and hadronic phases of heavy-ion

reactions.

4.1 Charmonium dissociation in the Quark-Gluon
Plasma

J /1 dissociation in a thermalized QGP has been studied in both static and dynamical
frameworks. Within the former, one typically evaluates the screening of the heavy quark
potential by color charges, whereas the latter involves inelastic parton collisions using,

e.g. , the QCD analogue of photo-dissociation,
g+ J/V —c+ec. (77)

Here we adopt a dynamical approach, accounting however for reduced charmonium

binding energies in the plasma.
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4.1.1 Reduced charmonium binding energies in the QGP

In vacuum, the open-charm threshold corresponds to a DD pair and the binding

energy gy of a charmonium state ¥ is given by
&'E)II = 2mD — My . (78)

This gives for the charmonia we consider in this work: d)p = 640 MeV, gf)p/ = 60 MeV
and £y ~ 240 MeV. However, if a Quark-Gluon Plasma is formed, one expects the
open-charm threshold to be reduced due to the screening of the heavy-quark potential
and/or a change in asymptotic states (free ¢ and ¢ quarks, with m, ~ 1.5 — 1.6 GeV).
To evaluate the resulting reduction of the charmonium binding energies in a QGP at
temperature T', we follow the work of Karsch, Mehr and Satz [1].

Within the framework of a non-relativistic potential model for a cc¢ system, the
Hamiltonian is given by

Hr. T) = 2m, — mivﬁ LV T) | (79)
where m, is the charm quark mass. At "= 0, V(r,7 = 0) corresponds to the Cornell
potential [2, 3]
o

V(ir,'=0)=o0r— = (80)

with 0 = 0.192 GeV? and a = 0.471, obtained in [4] to fit the charmonium spectrum.
or corresponds to the linear confining part of the potential at large distances while
—2 represents the Coulombic attraction at short distances. In [1], to account for the
color screening between the ¢ and ¢ charges, the authors proposed to parameterize the

interaction potential V (r,T) as

9 (1 _ G*HD(T)T) _ ge*MD(T)T

e = ) A

(81)

where pp(7T) is the temperature dependent Debye screening mass. For pup = 0, one
recovers Eq. (80) while for up # 0, the potential behaves as 1/r at short distances
and is exponentially decreasing at large distances with the screening mass pp (7). Note
that this potential depends on the temperature exclusively through pp(7"). Once the
temperature dependence of the potential has been specified, one obtains the dissociation

energy for a charmonium state by solving the Schrodinger equation

H(r, up)Pni(r, pp) = Eni(1p)ona(r, ip) (82)
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where n is the principal quantum number and [ the orbital quantum number of a char-
monium state ¥ (J/¢p :n=1,1=0; x:n=2,1=1;, ¢ :n =2, 1=0). The
corresponding dissociation energy is then obtained using

n o
Eji(pp) = 2me + ip Eni(pp) (83)

which is positive for a bound state and becomes negative for the continuum. The last
step consists of specifying the temperature dependence of the Debye screening mass
pp(T). To such end, we use the estimate obtained in leading order perturbation theory
[5]

up ~ gl . (84)

Since, strictly speaking, perturbation theory is not really applicable under the moderate
plasma temperatures expected even at RHIC energies, we regard the strong coupling
constant «g as an effective parameter to be adjusted to the J/¢ data at SPS. With
a typical g ~ 1.7 (inferred from a fit to SPS data on J/v¢ centrality dependence), the

resulting .J/1¢ binding energy as a function of temperature is shown in Fig. 4.1. Around

0.25[- .

Lo v b v b by by NI R
%.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
T [GeV]

Figure 4.1: Temperature dependence of the J/v binding energy in the plasma obtained
upon solving the Schrodinger equation with the screened heavy-quark potential accord-
ing to (81).

T. = 170 MeV, the J/¢ binding energy is Fys = 250 MeV, strongly reduced from
its vacuum value 580 = 640 MeV. It keeps decreasing as T increases, reaching Fyss =
100 MeV at T' = 230 MeV and vanishing around T" ~ 360 MeV. Higher charmonia states

such as x’s and v’ have essentially zero binding energy in the plasma phase.
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4.1.2 Parton induced J/v breakup

To make contact with heavy-ion collisions, we follow a dynamical approach of J/
dissociation in the Quark-Gluon Plasma rather than the static picture of .J/1 dissolution
by Debye screening originally suggested by Matsui and Satz in 1986 [6]. We first review
the QCD analogue of the photo-dissociation process before turning to the mechanism of
inelastic parton scattering which is more efficient to destroy a loosely bound charmonium

state.

J/v gluo-dissociation

To our knowledge, dynamical dissociation of a J/v in the Quark-Gluon Plasma has
been mostly discussed using the analogue in QCD of the photo-dissociation process

g+ J/i — ¢+ ¢ illustrated in Fig. 4.2. Based on the assumption that the binding

9 C

Y C

Figure 4.2: J/1 breakup by the QCD analogue of the photo-dissociation process.

energy ¢ of the J/v is large compared to Agep, Bhanot and Peskin [7, 8] derived the
following expression for the gluon-quarkonium cross-section

where k is the momentum of the incoming gluon and mg the mass of the heavy-quark.

The corresponding thermal averaged cross-section [9]

[ dkk*e= /T (k/eq — 1)*%(k/eo)~°
ogu(T) =65 mb x = - (86)
[ dkk2e=+/T

€0

is shown in Fig. 4.3 (dashed line). For temperatures relevant at SPS energies (7" ~ 200
MeV), the cross-section remains sub-millibarn and is not very effective at destroying the
J/1. Let us stress that the cross-section obtained in Fig. 4.3 is, strictly speaking, only

valid when the bound state binding energy ¢y is large compared to Agcp. This limits the
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Figure 4.3: Thermal averaged o,/ (1) cross-sections in a QGP. The dashed line indi-
cates the QCD analogue of the photo-dissociation process and the full line corresponds
to our quasifree calculation, see text for details.

applicability of this approach when considering a .J/1) whose binding energy is reduced
in the medium and makes it questionable (at best) to treat the ¢’ and the y which
have even smaller binding energies. In addition, for such small binding energies, the
photo-dissociation process becomes inefficient due to unfavorable breakup kinematics.

Inelastic parton scattering in the quasifree approximation

Having in mind the picture of a loosely bound c¢ pair being destroyed as one of the
charm quark interacts with a surrounding parton in the thermal medium, we found [10]

that inelastic parton scattering

9(¢.qQ) +J/p—g(q,q9) +c+ec, (87)

illustrated in Fig. 4.4 is a more important mechanism (see full line in Fig. 4.3).
9-4 c q q g g g g g g
% S :{ ¥ 3‘.{ " ‘Q;s&"”,e' + Eﬁg“j
J/ U c c c c c c c c c
Figure 4.4: Graphs of the quasifree process: Since the charmonium state is loosely bound

in the plasma, the interaction of any of the charm quarks with a surrounding parton
destroys the c¢ correlation and eventually the J /1.

87



The respective cross-sections are evaluated in quasifree approximation using leading-
order pQCD [11] for
g+tc—g+ec, g+c—q+c. (88)

Again, due to the questionability of the use of pQCD, the strong coupling constant ag
which is the main parameter of the calculation is considered as an effective parameter
adjusted to the magnitude of J/v suppression observed at SPS. The resulting typical
values of ag (~ 0.3) seem quite reasonable.

Another advantage of this formalism to calculate .J/v interactions in the plasma is
that it applies straightforwardly to essentially unbound ¢’ and x states as well, and

allows to treat these charmonium states on an equal footing with the J/v.

4.1.3 Charmonium dissociation rates

To calculate the magnitude of the J/v suppression in a thermal QGP, one needs to
convert the previous dissociation cross-sections into dissociation rates. Assuming that
the surrounding partons in the medium are in thermal equilibrium at a temperature T,
the corresponding thermal dissociation rates are obtained by convolution of the inelastic

cross-sections with the thermal distribution functions of the surrounding partons

3
Dliss = _Z / (;17:;;3 F(k, TYvrao e (s) (89)
=09 ki
where k,,;, denotes the minimal on-shell momentum of a quark or gluon from the heat
bath necessary to dissolve an in-medium charmonium bound state ¥ into a free c¢ pair.
Here, s = (pg4 + py)? and we work in the static approximation (py, = 0). The thermal

distribution functions read
1

fikT) = ,  i=yg (90)
exp (V) ~ 1
: 1
fik,T) = — : i=wu,d,s (91)
exp <7m;m) +1
where we have included thermal quasiparticle masses for light quarks and gluons [12]
2T2
my = . (92)
2T2
m? = w4 (93)
2T2
m2 = 4 - (94)
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where ¢ is the same strong coupling constant used in the quasifree calculation. The re-
sulting .J/v dissociation rates as a function of temperature are given in Fig. 4.5 for the

different dissociation cross-sections considered in this work. The full line corresponds to

10—

- — quasifree (s(r)ned) ]
10'2? —— gluo-diss. (g, ) *

[ gluo-diss. (somed)

10 02 0% 03 03 04 045
T [GeV]

Figure 4.5: Dissociation rates for a J/¥ in a QGP as a function of temperature. The
full curve corresponds to the leading-order QCD process for quasifree g,q+c¢ — g,q+c¢
scattering with in-medium J/¥ bound state energies. The dashed (dotted) curve results
from the gluo-dissociation mechanism ¢g.J/¥ — c¢, assuming the vacuum (in-medium)
dissociation energy.

the quasifree process and for temperatures relevant at SPS, it is more efficient in dissolv-
ing J/v’s than gluo-dissociation (dashed line). At higher temperatures this tendency
is reversed, mostly due to an increasing Debye mass which suppresses the t-channel
gluon-exchange graphs for g(q,q) + J/v — g(q,q) + ¢+ ¢. The dotted line indicates the
results of the gluo-dissociation process accounting, however, for an in-medium reduced
binding energy (¢g — &(7T") in Eq. (85)). Under such conditions, the gluo-dissociation
process becomes increasingly inefficient as the temperature increases due to the fact
that the absorption of the incoming gluon (whose average energy is 37") is more diffi-
cult as the open-charm threshold moves toward the J/1) mass. At temperatures around
T,., where kinematics constraints are less pronounced, the quasifree calculation and the
gluo-dissociation process including in-medium binding energies give very similar results.

Finally, to make contact with the time scales encountered in heavy-ion collisions,

we plot in Fig. 4.6 the lifetimes rﬁGP of J/1¢, 9" and x in the plasma as a function of
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temperature. The latter are related to the dissociation rates 'y, through

= (Th) (95)
The full (dashed) line indicates the J/i (¢, x) lifetime. Close to T, the vanishing

binding energies for ¢’ and y entail lifetimes which are about a factor of three below

the one for J/¢-mesons.

— Quasifree JW
— — Qquasifree W', x

015 02 025_ 03 035 04

Figure 4.6: Lifetimes of a J/v (¢', x) in a thermalized QGP as a function of temperature
T using the quasifree dissociation process. The full curve corresponds to the J/1 (e¥ #
0) while the dashed curve illustrates ¢ =0 (¢, x).

4.2 Hadronic interactions of charmonium

Subsequent to quark-gluon plasma dissociation, when the system converts to the
hadronic phase, charmonia undergo further interactions with surrounding hadrons. There
are a number of theoretical models for J/v¢ 4+ hadron processes [9, 13, 14, 15, 15, 16,
17, 18, 19] whose results span an appreciable magnitude. Calculations involving excited
charmonia [20], such as ¢’ and y (which contribute to the J/v yield via electromag-
netic feeddown), are scarce. Consequently, the impact of inelastic hadronic scattering
is not very well under control. An illustration of the current status of the theory is
shown in Fig. 4.7, taken from Ref. [18]. The band, which is the main result of [18],

reflects the pion-induced dissociation cross-section as assessed within a QCD sum rule
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Figure 4.7: 7 J/v» — DD, D*D, DD* dissociation cross sections in various approaches;
band: QCD sum rules [18], dotted line: short-distance QCD [9], dashed-dotted line:
meson-exchange [21], dashed line: non-relativistic constituent quark model [16].

analysis. It is in reasonable agreement with evaluations from both constituent quark-
model estimates [16, 22| as well as meson-exchange calculations [13, 15, 21, 17] (once
soft form factors with cutoffs A ~ 1 GeV are included), but significantly above earlier
short-distance QCD calculations [9] based on gluo-dissociation [8] folded with the (very
soft) gluon distribution functions within light hadrons. p- [14, 17, 15] and nucleon-
induced [14, 23] break-up cross sections tend to be somewhat larger. But even under
rather extreme assumptions, e.g. an average cross-section of 1 mb and a total hadron
density npqg=3n9>=0.5 fm ™3, the chemical relaxation time, 7,=[(cv)npqq) ~'230-40 fm/c,

is well above typical hadronic fireball lifetimes.

4.2.1 SU(4) effective theory of .J/1 interactions with light hadrons
As a baseline calculation, we reproduce results obtained first by Haglin [14], Lin and

Ko [17], Haglin and Gale [15] within a SU(4) effective theory.

SU(4) Lagrangian

The starting point is a SU(4)-flavor symmetric effective Lagrangian formulated with

4-by-4 pseudoscalar and vector meson matrices. In the limit of SU(4) invariance, the
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free Lagrangian for pseudoscalar and vector mesons reads
1 174
Lo ="Tr (0,P'0"P) — STr (F},F") , (96)

where F,, = 9,V, — 9,V, and P and V corresponds to the pseudo-scalar and vector

meson matrices in SU(4) written as

nt kT ™ K* Do
P=— " “hthtR K v (97)
V2 K- KO _\/gn + D
DO D+ Dt _\;%
and,
BthT Pt K+ Do
V2 K* JH0 St ;]/% D
D*0 D*t DLt _3;1//_#2

Interactions are generated from the free Lagrangian by replacing the spacetime derivative

with a gauge covariant one
ig
Oy — D, =0, + —§Vﬂ , . (99)

Using the hermiticity of P and V' leads to the following effective Lagrangian

2

L=Ly + igTr(@PIPV,)) = LTr (PV])

2

n igTr(a"V”[Vﬂ,Vy])—i-%Tr (V. Vo2 (100)

The terms of order g correspond to 3-point vertices while the terms of order g? generate
4-point interactions. From Eq. (100), one can extract the Lagrangians relevant for
charmonium hadronic interactions whose expressions are given in Appendix B. Although
the SU(4) symmetry is strongly broken by the c-quark mass, the hope is that symmetry-
breaking effects are largely accounted for by the use of the hadronic physical masses in
the calculations of the different processes.

Before we turn to the detailed calculation of the J/1 hadronic interactions, let us
mention a few words about the determination of the coupling constants entering Eq.

(100). We employ coupling constants as calibrated by Haglin and Gale in Ref. [15] based
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on the p — mm decay to fix the gauge coupling, which results in K* widths consistent
within 10% of experiments and D* widths in agreement with other phenomenological
determinations of the coupling constants [14, 17]. Other choices are possible [18, 24] and
the lack of experimental constraints renders it difficult to discriminate between different
sets of coupling. Our choice of couplings has also been guided by results obtained within

constituent quark model approaches to describe hadronic J/1 interactions [20].

J/1 cross-sections with pions and rhos

Within the previous model, we study the interactions of J/v¢ with pions and rhos
which are the most abundant mesons in the heat bath. The Lagrangian (100) leads to
the following .J/v interactions with pions and rhos (for simplicity, we have neglected

interactions with kaons which are also included in the Lagrangian (100))

m+J/Y — D+ D*, D+ D* (101)
p+Jyp — D+D (102)
p+J/p — D*+ D*. (103)

Other processes, e.g. J/©¥ + 7 — 1.+ p, involve vector-vector-pseudo-scalar vertices
which are part of the Lagrangian (100) and have not been included. Fig. 4.8 displays
the Feynman graphs for the three processes above and the corresponding amplitudes
can be found in Appendix B as well as the calculations of the cross-sections for Egs.
(101), (102) and (103). The latter are shown in Fig. 4.9 (full lines) as a function of the

cms energies of the incoming particles.

e The resulting J/1¢ 4+ cross-section rises quickly above threshold to level-off around
6 mb. This may seem a somewhat large value but the effective hadronic theory has
to be supplemented with vertex form factors, to be discussed in the next section,

which reduce the magnitude of the scattering processes.

e The J/¢ + p — DD is exothermic and decreases very rapidly with increasing
cms energy. Overall, this process gives a small contribution to the inelastic J/1

break-up in the hadronic phase.

e The J/1 + p — D*D* cross-section depends weakly on the cms energy and gives

a somewhat comparable contribution as the J/¢ + 7 process.
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Figure 4.8: Feynman diagrams for .J/v break-up in the hadronic phase. First row:
J/¢ + 7 — D*D, second row: J/¢ + p — DD and last row: J/v + p — D*D*.
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Effects of form factors

The effective hadronic theory is not applicable at very short distances and is therefore
supplemented by vertex form factors to simulate finite size effects and take into account
the composite nature of hadrons. Since there is little experimental information on form
factors for charmonia and charmed mesons, we rely on simple assumptions to introduce

the form factors in the theory, especially regarding the 4-point vertices.

Non-covariant form factors

As done previously by Lin and Ko in [17], for simplicity we use the following monopole

form factors at the 3-point vertices,

A2

fr=— 104

t A2 + qt2 ( )
and )
A

w= oS53 105

f A2 _'_ qZQ ( )

respectively in the ¢-channel and wu-channel of the graphs from Fig. 4.8. A is a cutoff
parameter which sets the upper energy scale up to which the hadronic effective theory is

believed to apply. ¢ (respectively q_{f) is the squared three-momentum transfer in the

center of mass frame given by ¢;> = (pi — p3)2,, (respectively ¢,> = (pi — p1)2,) for the
t- (respectively u-) channels. For the contact terms, it is assumed that the form factors

can be written as
A2 \?
(= 1

¢ is the averaged squared three-momentum transfer in the ¢ and u channels ,

where

1 3 4 e = * *
¢ =5 [ —p3) + (01 = p3)],,, = Pi* + 1} (107)

C

In principle, one can introduce different cutoff values for the different vertices, according,
e.g. to the mass of the incoming mesons and/or the mass of the exchanged meson.
However, for simplicity, we use a common value of A for all the interaction vertices. In
Fig. 4.9, we study the effects of form factors for a common value of A =1 GeV or A = 2
GeV. The form factors strongly reduce the magnitude of the J/v hadronic interactions,
to a mb or sub-mb level. Even if the calculations are shown to be rather sensitive to the
precise value of A, overall, when form factors are included, the J/v seems to interact

only mildly with the surrounding hadrons. We checked that up to the choice of coupling
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Figure 4.9: Hadronic cross-sections including form factors for .J/¢+m — D+ D* (upper
plot), J/¥ + p — D+ D (middle plot) and J/v + p — D* + D* (lower plot). The full
curves correspond to calculations without form factors while the band enclosed between
the dashed curve (A = 2 GeV) and the dot-dashed curve (A = 1 GeV) reflects the
sensitivity of the calculation to the choice of cutoff parameter A.
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constants and the implementation of form factors, our calculations are consistent with

the original results of [14, 17, 15].

Gauge-invariant form factors

As first noted in [15], the form chosen in Eq. (106) for the contact term breaks
gauge invariance (in this model, vector mesons are treated as gauge particles which
have the quantum numbers of the photon. Therefore, the corresponding amplitudes
must satisfy gauge invariance in the electromagnetic sector) which is possible to restore
by introducing appropriate counter-terms. Following Haglin and Gale [15], we discuss
how to achieve a gauge invariant theory using the J/1 + 7 cross-section as an example,
and we study the sensitivity of our results to the choice of form factors. The introduction
of form factors at the three-point vertices amounts to multiplying the matrix elements of
the (u-) t-channels by the product of two monopole form factors, i.e. My, — My, X f2
and My, — My, x f2, where My, and My, are the matrix elements of the graphs
(la) and (1b) from Fig. 4.8. It remains to introduce form factors for the contact term
(1c) which preserve gauge invariance. To do so [25, 15], one writes the most general
(respecting the symmetry properties of the interaction) 4-point interaction, i.e. one

makes the substitution (ignoring the overall coupling constant)
Mo = —g" — Ag" + B oy + paph) + C (0.0 + Paph-)
+ D (phpy +vppp) + E(0hpy + pppbs) 5, (108)

where the coefficients A, B, C, D and E are determined using gauge invariance which

requires the current conservation laws
pipM"™ = 0. (109)

to be satisfied. Here, p;,, corresponds to the 4-momentum of the external vector meson

j. One possible solution (gauge invariance alone does not allow to uniquely determine

the coefficients A, B, C, D and E) is given by

A = —f (110)
2 2
_ D= Ji = Ja (111)
PJ/p-Pr + Pijyp-PD
= E=0 (112)
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We show in Fig. 4.10 the resulting J/t) + © — D + D* cross-section using Lorentz
invariant form factors as in Ref. [15],

A2 A2
= - d w = ,
e ey N A v ey

Je (113)

along with the 4-point interaction vertex determined by Egs. (108) and (110)-(112)

which renders the full amplitude M, Lorentz and gauge invariant. They are compared

oL JW+m~ D +D i
5 — No Form Factor -
I —-N=12GeV

' 4 _ Gauge Invariant,

£ A =1.25-2 GeV

o 3 i
2 |, T T T —— e __ _
1, I
%.5‘ | | 4 — ‘4‘.5‘ — 5 - 55 - 6

Vs[GeV]

Figure 4.10: Comparison of different choices of form factors functional for the J/¢ + 7
cross-section. Full line: without form factors. Dot-dashed line: Lorentz and gauge
invariant form factors with cutoff A = 1.25—2 GeV (similar to original work from Haglin
and Gale in [15]). Dashed line: Form factors from Eqs. (104)-(106) with A = 1 — 2
GeV.

with our previous simple choice of non-covariant monopole form factors using a cutoff
value of A = 1 GeV. The two different implementations of form factors into the hadronic
theory agree rather well with eachother, certainly within the overall accuracy of the
model. Therefore, for simplicity, in the remaining part of this work, we will use the

form factors given by Eqgs. (104)-(106) using a common value of A =1 GeV.

Anomalous processes

We furthermore investigated the role of so-called anomalous processes such as 7 +
J/VU = n.+p, 1+ J/V — n.+by, and p+J/V — n.+7, suggested in Ref. [15]. In there,
the relevant hadronic coupling constants, e.g. gj/wuy,, have been estimated applying the

vector dominance model (VDM) to the radiative decay J/¥ — ~n.. We believe, however,
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that this procedure leads to a significant overprediction of the hadronic coupling, for
the following reason. For vertices carrying identical quantum number structure, namely
J/Wwn and J/Wwn', both hadronic and corresponding radiative decay information is

available from experiment. One finds [26],

D(J/U — wn) /Ty = 1.6 x 107, T(J/U — wn/) /Ty = 1.7 x 107+,
D(J/U — n) /T = 8.6 x 1074, T(J/W — 1) /Tpor = 4.3 x 1072,

i.e. , the hadronic branching ratios are comparable or even below the radiative ones.
This is in marked contradiction to VDM within which the latter are suppressed by a
factor (e/g,)? which is much smaller than the moderate increase in phase space due
to the final state decay momenta (also note that VDM is more strongly violated with
increasing mass of the pseudoscalar meson). Thus it appears that VDM cannot be ap-
plied, and that an accordingly reduced gy, coupling renders the pertinent ¢-channel
w exchange processes in 7 + J/U — n. + p and 7 + J/¥U — 1. + by negligible. We

therefore decided not to include anomalous processes in our analysis.

4.2.2 Constituent quark model based approaches

The fact that the SU(4) symmetry of the Lagrangian (100) is severely broken due to
the large quark mass, in addition to the uncertainty related to the coupling constants,
has raised criticism. To establish the J/v hadronic interactions on a firmer ground, we
compare the cross-sections obtained in Fig. 4.10 to the ones obtained by Wong, Barnes
and Swansson [16] using a constituent quark model approach.

The authors of [16] (see also [22] for a similar approach) start from a non-relativistic
quark potential model writing an interquark Hamiltonian which includes a Coulomb
term, a linear confining term and a spin-spin hyperfine interaction. The parameters
entering the Hamiltonian are fitted to the meson spectrum and, then, fully determine
the wavefunctions of the external mesons. One can then evaluate the meson-meson
scattering amplitudes at the Born order assuming a constituent interchange scattering
mechanism. Their results [16] for the J/1 + 7 inelastic break-up cross-section are shown
in Fig. 4.7 (dashed line) and compared to meson exchange calculations (dot-dashed
line). The two different approaches yield rather similar results. Both cross-sections rise
sharply just above threshold to reach peak values of ~ 1 mb. In the effective Lagrangian

approach, they do not fall off as quickly as in the constituent quark based calculations,
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however, the difference between the two approaches at large /s has little impact on the

hadronic dissociation rates.

4.3 Charmonium dissociation rates in the hadronic

phase

4.3.1 J/¢ dissociation

We proceed to calculate the J/v dissociation rate in the hadronic phase using the
J /1 hadronic cross-sections of Fig. 4.9. Asin Sec. 4.1.3, the dissociation rates are given
by the convolution of the thermal distribution functions with the inelastic cross-sections.
Under the assumption that the particles follow a Boltzmann distribution, this can be

conveniently expressed as

. [ dzX <22T2, mz,mi/w) Oasp (8 = 2°T?) K (2)

al” 2
Pcfl{ZﬁqD — g - min _ ’ (114)
Z Tk ()

where a = 7, p, s = (py + pa)? and \ is the usual kinematical function
A (xZ,yZ, 22) = [x2 — (y+ 2)2} [ZL‘Q —(y— 2)2} ) (115)

Writing z = /s/T, the threshold of the process is given by

my + Mo m3+m4) (116)

Zmin = MAT ( T T
The resulting dissociation rates are displayed in Fig. 4.11 as a function of the tempera-
ture of the hadron gas. The main contribution to the J/1 dissociation is given by the
J/v 4 p — D* + D* process (dot-dashed line) which is slightly more effective than the
pion process (dashed line). The J/v + p — D + D (dotted line) is rather small. The

sum of the three processes we have considered corresponds to the full line in Fig. 4.11.

With a value of I'HAP ~ 1 MeV at T = 170 MeV, the hadronic phase, in the absence of

diss
in-medium effects, is very ineffective at destroying J/v’s.
4.3.2 ¢/ and x dissociation

As mentioned previously, ¥ and x hadronic interactions are even more difficult to

assess than the J/1¢ ones within meson exchange models. To obtain an estimate that
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Figure 4.11: J/4 dissociation rates by pions and rhos as a function of the temperature
T of the hadron gas. The full line is the sum of the three contributions, J/¢ +m (dashed
line), J/¢ + p — D* + D* (dot-dashed line) and J/¢ + p — D + D (dotted line).

can be used in our calculations of the J/v¢ yield in heavy-ion collisions, we assume
a geometric scaling of the calculated J/v cross-sections with the squared ratio of the

respective charmonium radii. Hence, we use

2
AP = (T"’W ) PHAP ~ 373 THAP (117)
Tf
and )
[HAD _ (T—X> [HAD ~ 9 36 [HAD 118
X TJ/@D J/ J/ ( )

where the values of the different charmonium radii obtained in non-relativistic potential

models are taken from Ref. [27]

ree = 0.88 fm (120)
ry = 0.70 fm . (121)

The corresponding lifetimes we obtain are shown in Fig. 4.12. The assumption of
geometric scaling for the ¢’ and y cross-section lacks theoretical justification, however,
it is further supported by comparison with constituent quark model approaches [16] in
which ' and x are directly accessible to calculations. In Fig. 4.13, we compare the
rates obtained for the ¥ + 7 interactions using (i) the results of the quark interchange

model of [16] which give cross-sections for all three charmonia J/, ¢’ and x and (i) our

101



| ! ! ! | ! ! ! | ! ! ! ! ! !
107512 0.14 0.16 0.18 0.2

T [GeV]

Figure 4.12: Lifetimes of charmonia in the hadronic phase as a function of temperature.
The " (dashed line) and the x (dot-dashed line) lifetimes are deduced from the J/1)
lifetime (solid line) using geometric scaling.

results within an SU(4) effective theory for the J/1 supplemented by geometric scaling

for ¢" and y. The agreement is rather reasonable, especially in the region of interest

10'17 E
—— Y, CQM E
— W, S  __——= f

Figure 4.13: Comparison of the dissociation rates for ¥+ 7 between a constituent quark
model approach (set of dashed curves) and a SU(4) effective theory including geometric
scaling (set of full curves). See text for details.

(i.e. slightly below T.), given the assumption of geometric scaling of the cross-sections.
Overall, the lifetimes of charmonia in the hadronic phase are significantly longer than the

typical duration of the hadronic phase in heavy-ion collisions, entailing a mild hadronic
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suppression.

4.4 In-medium effects in the hadronic phase

At this point, although the impact of inelastic hadronic scattering is not very well un-
der control, most calculations, including recent ones based on quark exchange models or
on SU(4) symmetric effective Lagrangians, seem to indicate a rather moderate influence
of the hadronic medium on the J/¢. The situation may change if additional medium
effects are present, most notably reduced D-meson masses, as discussed in Chapter 3.
From a practical point of view, the lowering of the DD threshold has several conse-
quences among which (i) the increased phase space accelerates the inelastic reactions

and (7i) excited charmonia may move above threshold.

4.4.1 Medium effects on J/¢ hadronic interactions

If the D-meson mass gets reduced, possibly due to chiral symmetry restoration as
discussed in Sec. 3.2.2, one expects stronger hadronic interactions. We repeated the
calculations of the J/v + 7, p cross-sections including reduced temperature dependent
D-meson masses, according to Fig. 3.5. Our results are displayed in Fig. 4.14 for

the J/v + 7 process for different temperatures achieved in the hadronic phase. The

I JW+m-D+D 1
~

1 S T —— g
o) T T R R T —
E |
S ]
—— T=170MeV

-—- T=150 MeV
-+ T=130MeV |

T =110 MeV

— T=0

L | I I L L ‘ L L L L ‘

0.1 45 5 55

Vs[GeV]
Figure 4.14: J/v + 7 — D + D* cross-sections as a function of the cm energy of the

collisions for different temperatures (see curve labels) including reduced in-medium D-
Meson masses.
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reduced D-meson masses substantially increase the J/1 47 cross-section (similar results
are obtained for results involving the p-meson) and lower the threshold of the process.
However, despite the increase due to medium effects in the hadronic phase, the hadronic

dissociation rates remain smaller than their QGP counterparts, see Sec. 4.1.3.

4.4.2 ' in-medium decay

The other consequence of reduced D-meson masses is related to higher-lying char-
monia states which are near the open-charm threshold. For example, in vacuum, the 1’
(my = 3.686 GeV) is only 60 MeV below the open-charm threshold (2mp = 3.74 GeV).
As the D-meson mass is reduced, the ¢ may move above threshold and be allowed to
directly decay into a DD pair. When considering in-medium effects on .J/% yields in
heavy-ion collisions (Chapter 7), we allow for such decays. However, as was first noted
by Friman et al. [28], the naive extrapolation of the decay rate according to the increase
of the available phase space needs to be reevaluated taking into account effects of nodes
in the wavefunction. Fig. 4.15, taken from Ref. [28], shows the width of excited charmo-
nia, calculated parametrically as a function of the D-meson mass, taking into account

precise charmonium wavefunctions. Upon folding the ¢’ width with our temperature

0.8 .
0.7t — X0(3417) .
—-—- %2(3556)
oet N === W(3686) i
——— Y(3770)
< 0.5} \ ]
> \
()]
Q) 0.4 .
L 0.3 _
0.2 _
01 \\ e ~ . 4
a)\‘ ////—‘\\ \\\
0 18 T 1.9

Figure 4.15: Calculations of the width of excited charmonia as a function of the D-meson
mass, taken from Ref. [28].

dependence of the D-meson mass, we obtain the decay rate of the ¢ into a DD pair in
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the medium, as a function of temperature. We used the results of Ref. [28] to include
this process in our study of in-medium effects on J/1) production which has important

consequences, most notably on /1 ratio.
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Chapter 5

Thermal Fireball Description of

Heavy-Ion Collisions

To calculate the final number of J/v¢’s remaining in the system after the plasma
and hadronic phases, we need to convolute the dissociation rates of Chapter 4 with
the space-time history of the heavy-ion collision. To describe how the system created
in the collision of two heavy nuclei expands over time, a few suitable approaches are
conceivable, among which are hydrodynamical, transport and thermal fireball models.

In hydrodynamical models of heavy-ion collisions (see [1] for a recent review), the
assumption is made that the strong interaction maintains local thermal equilibrium
so that the system can be divided into elementary cells in which thermodynamical
quantities such as temperature, energy density and pressure are well defined. The
system expands according to the conservation of the energy-momentum tensor 9, 7" =
0 supplemented by continuity equations for conserved currents 9,j%, 0,j% = 0 where
Ji and j& are the baryon number and strangeness currents. Hydrodynamical models
require three inputs: the equation of state (EOS) of the expanding matter, as well as
the initial conditions and a freeze-out prescription. Such models have proven rather
successful at describing collective phenomena, e.g. radial and elliptic flows in heavy-ion
collisions.

Another large class of models attempting to describe heavy-ion collisions is consti-
tuted by transport models, reviewed in [2]. Their starting point is a set of coupled
Boltzmann equations for the phase-space distributions f; of particle i. The change in
fi due to the motion of particle 7 in the average potential field produced by other par-

ticles equals a collision term which evaluates the two-body scattering rate of particle ¢

109



(as well as its production/decay rates) with other particles in the medium. Transport
models rely on empirical information to input the in-medium potentials and the 2-to-2
cross-sections involved in the Boltzmann equation. They have been successfully used
to reproduce single-particle spectra, to study strangeness exchange reactions and HBT
radii.

There is an abundant literature on hydrodynamic and transport models, however
in this work we use a simplified picture of the reaction dynamics taking place in the
course of a heavy-ion collision. To model the space-time evolution of the system, we em-
ploy a schematic thermal fireball expansion [3, 4], which however, incorporates essential

features of hydrodynamical calculations.

5.1 Thermal fireball model

We assume that the system is equilibrated after a formation time 7y, similar to the
formation time used in hydrodynamical calculations. From then on, the system expands
homogeneously and isentropically, at fixed entropy per baryon S/Np = s/np where the
total entropy S = sVpp and the net baryon number Ng = ngVpp are related to the
corresponding densities via the time-dependent 3-volume Vgg. The volume prescription
sets the time scale of the evolution and we model it in cylindrical symmetry, according
to

1

1
Vep(T) = (20 + 0,7 + §aZ72)7r(7‘0 + 56@72)2 , (122)

where 7y denotes the initial transverse overlap of the two colliding nuclei at given impact
parameter b. The expansion parameters {v,,a,,a,} are adjusted in line with hydro-
calculations to reproduce observed flow velocities in connection with (thermal) freezeout
times of 7, >~ 10 — 14 fm/c. The parameter 2, is equivalent to the formation time 7
(in the Bjorken limit zy ~ 79Ay), specifying the initial conditions of the evolution.
We alternatively used two fireballs, to conveniently cover the whole rapidity window of
particle production in Pb(160 AGeV)-Pb collisions at SPS and one fireball, which may
be more realistic when applied to the coalescence of charm quarks (due to the strong
longituninal flow, it is hardly conceivable that charm could coalesce over more than
two units of rapidity). Note, however, that the sensitivity of our results to the number
of fireballs employed is rather small (e.g., to describe the J/1 centrality dependence

at SPS, switching from one fireball to two fireballs entails a change in our effective
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parameter «, smaller than 10%).

5.1.1 Phases of the fireball

At any given time 7, the fireball volume Vgp(7) specifies the temperature of the sys-
tem through the corresponding entropy density s(7) = S/Vrp(7) in either the hadronic
or the QGP phase. The latter is modelled by a ideal gas of massive quarks and gluons.
Hence, the entropy density in the QGP at a temperature 7" is given by

s(r) = Q%m?’ Do) = (123)

1

> K (k%) + : gluons
P i - quarks

where ¢ are degeneracies and the masses m correspond to thermal quasiparticle masses
as in Egs. (92)-(94). In the hadronic phase, we use a resonance gas equation of state
including the 37(37) lowest lying mesons (baryons). A similar hadron gas equation
of state was recently compared to lattice data in [5] and is seen to provide a good

description of the hadronic phase EOS from the lattice (see Fig. 5.1). At T, the critical
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Figure 5.1: Comparison of a resonance gas equation of state with lattice data, taken

from Ref. [5]

entropy density calculated in the plasma phase sggp is roughly twice as large as the
critical entropy density calculated in the hadronic phase s, 4, also quite reminiscent of
the rapid entropy increase around 7, observed in lattice QCD calculations. If s(7) lies

in between the entropy densities st p and s§4p, a standard mixed phase construction
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[6] is employed at the critical temperature T,

S
VFB<T>

which determines the volume partitions f and (1 — f) for hadronic and quark-gluon

= f syap + (L= f) shep (124)

matter respectively. Thus, we obtain the typical temperature profiles displayed in Fig.
5.2 for central collisions at SPS and RHIC. At SPS, for central collisions (N, = 360),

0.35 E
| — RHIC-200: §p,=250
03} - SpS17: dpg=26 E
%‘o 251 Central Npart:360 .
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ro ! L T T
Q! ' i
01E o ! Mix i HG i
N ] | 1
0.05— "5
t [fm/c]

Figure 5.2: Typical temperature profiles at SPS (\/syn = 17.3 GeV, dot-dashed line)
and RHIC (y/syny = 200 GeV, full line) for central collisions (N = 360) of heavy

nuclei.

the QGP phase lasts for 1 —2 fm/c and the mixed phase continues up to 4 —5 fm/c. At
RHIC, due to the more energetic conditions, the plasma phase lasts up to 3 — 4 fm/c

with the mixed phase continuing up to 6 — 7 fm/c.

5.1.2 Initial conditions, centrality and energy dependence of

the fireball

The initial conditions of the collision are specified via the quantities zy, 7o and the
entropy over baryon number ratio s/np (sometimes referred to as specific entropy) which
are impact parameter and/or energy dependent.

2o is taken in connection with formation times 79 ~ 1 fm/c at SPS and 75 ~ 1/3
fm/c at RHIC. It is conceivable that z, also depends on the impact parameter b of the
collision, since it is expected that for peripheral collisions, the less energetic conditions

lead to longer equilibration times or even partial equilibration. However, due to the lack
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of theoretical handle on the impact parameter dependence of 7y, we kept zy constant
unless otherwise stated.

ro is a geometrical quantity which characterizes the overlap of the two colliding
nuclei in the transverse plane. Therefore, it is expected to depend only on the impact
parameter of the collision and we calculate it as follows: we evaluate within a Glauber
model the density of participant nucleons in the transverse plane. Due to the Wood-
Saxon parameterization of the nuclear profile of the colliding nuclei, the distribution of
participant nucleons does not have sharp edges and we apply a cutoff at the distance
r = ro when the density has dropped by a factor 1/e with respect to its maximal value.
This defines our initial volume inside which the number of participant nucleons given
by a Glauber calculation is distributed homogeneously.

The entropy over baryon number is determined to reproduce the correct multiplicities
of observed particles and its value grows from s/np = 26 at SPS to s/np = 250 at
RHIC. It is fully consistent with the (7', up) chemical freeze-out parameters inferred
from hadro-chemistry analysis [7, 8]. The total entropy of the system at a given impact
parameter is then obtained by multiplying the s/npg ratio by the number of net baryons
included in the rapididty range covered by the fireball. The centrality dependance of the
net baryon number is assumed to be proportional to the number of participants whose
distributions as a function of the impact parameter b are shown in Fig. 5.3 for the three
different systems we have considered: S-U, Pb-Pb at SPS and Au-Au at RHIC.

Note that the parameters {v,,a,,a } are also centrality dependent since we expect
less stopping (i.e. vP"" > v} and smaller pressure gradient (i.e. a?"™" < a$™) in
peripheral collisions compared to central ones. However, the sensitivity of our results
with respect to these variations is small.

We take into account the cms energy dependence of T, (less stopping entails a smaller
pp and hence a larger T,) which increases smoothly from 7, = 170 MeV at SPS to
T, = 180 MeV at RHIC. The baryon and strangeness chemical potential at T, are
inferred from p/p and A/A ratio and their energy dependence is shown in Fig. 5.4. It
was recently realized [9] that at RHIC, the experimental fact of anti-baryon conservation
affects appreciably the evolution of the hadronic phase. This is implemented using an
effective baryon chemical potential u%ff which results in a much faster cooling of the
system as well as larger baryon chemical potential at thermal freezeout (compared to
previous hydro calculations [10]). Thus, we observe that the baryon chemical potentials

pp have (approximately) a linear temperature dependence, from their value at chemical
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Figure 5.3: Number of participant nucleons versus the impact parameter b of the collision
within a Glauber picture for three different systems: S-U, Pb-Pb at SPS and Au-Au at
RHIC.

2
500 o M =
- s Hy
_ o
@ oot |
S 30 E
= 2008 E
: N ;
R 4 N E
100F '~ E
SR e~ B
: A — :
O: I I | I I | I - ; | I 1 T I ‘v—.v_.i

0 50 100 150 200

Vs[GeV]

Figure 5.4: Excitation function of the baryon chemical potential 5 (7,) (dot-dashed line)
and the strangeness chemical potential ps(7,) (dashed line). The points correspond to
extracted values from particle ratios, while the curve correspond to empirical fits.
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freezeout to essentially up >~ my at T'= 0.

The thermal fireball model includes light-hadron chemical potentials (required to
maintain the numbers of particles which do not decay strongly: pions, kaons, ...)
which build up in the hadronic phase when the system cools down from the chemical
freeze-out to the thermal freeze-out. To reproduce, the observed pion multiplicities, the
pion chemical potential typically reaches p, ~ 80 MeV at thermal freeze-out.

Finally, we also accounted for 10 — 20% variations in s/np with centrality following

particle production systematics reported by NA49 [11] and PHOBOS [12].

5.1.3 Successes and limitations of the fireball model

It is important to emphasize the general approach we have adopted in this work:
As mentioned in the Introduction, we tried to develop a consistent picture of heavy-ion
collisions including, but not limited to, charmonium production. Despite the few quan-
tities entering the thermal fireball model, we do not consider them as actual parameters
of the calculation of the charmonium yield in heavy-ion collisions. Our fireball evolution
had been developed earlier to calculate dilepton production in heavy-ion collisions [13].
The same framework was also used to resolve the anti-proton puzzle at SPS and RHIC
[14] and to evaluate direct photon production [15]. The idea is to attempt, within this
common fireball evolution, a coherent picture of the hadro-chemistry, the space-time
evolution, as well as dilepton and charmonium production in heavy-ion collisions.

We, however, keep in mind that fireball models give a rather simplified picture of the
reaction dynamics of a heavy-ion collision. The uniform temperature and density profiles
of the fireball should be understood as an average of hydrodynamical calculations. In
addition, the formation time 7y bears appreciable uncertainty (as in hydrodynamics),
especially for peripheral collisions where the validity of fireball models is not really
established. We nevertheless expect to capture the main features of the space-time

evolution of the system, at least for central to mid-central collisions.
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Chapter 6

Two-Component Model of
Charmonium Production in

Heavy-lon Collisions

On the one hand, according to the “standard” suppression picture of Matsui and
Satz [1], in heavy-ion collisions, J/¢’s are produced in early hard N-N collisions and
are then subjected to nuclear, plasma (if any) and hadronic suppression. Within this
scenario, the number of J/1’s remaining at the end of the collision, which we refer to as
“direct” J/v’s, can be calculated by integrating the plasma and hadronic dissociation
rates detailed in Chapter 4 over the space-time history of the collision given by our
fireball model of Chapter 5.

On the other hand, following the recent suggestion that statistical hadronization
provides another mechanism for J/v¢ production in heavy-ion collisions, some authors
(2, 3, 4, 5] have attempted to describe the J/1 yield in Pb-Pb collisions at SPS solely in
terms of statistical production as delineated in Sec. 3.3.2. However, a common assump-
tion shared by the latter models is that the primordial production of J/v is absent:
J/Y’s either do not form or are fully destroyed in the plasma, which at SPS energies,
with expected plasma lifetimes of 1 — 2 fm/c in conjunction with initial temperatures
below 250 MeV is hardly conceivable. In addition, to reproduce the observed J/1 yield
in central Pb-Pb collisions at SPS, statistical models require a significant (up to a factor
x3) increase in the open-charm production which is not easily justified theoretically.

This led us to propose in [6] a two-component model for charmonium production in

heavy-ion collisions. It incorporates both (i) a primordial yield (subject to subsequent
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dissociation) as well as (ii) a thermal contribution from statistical recombination of ¢
and ¢ quarks at the hadronization transition. Both components are evaluated within
the common thermal fireball framework described in the previous chapter. Another
important feature is that we refrain from invoking any “anomalous” open-charm en-

hancement.

6.1 Two-component model

We first describe the two separate components which make up the observed J/v yield
in heavy-ion collisions. Let us mention that in the remainder of this chapter, we will
not consider any medium effects (besides the reduction of charmonia binding energies
in the plasma, entering the quasifree dissociation calculation). Medium effects on the

J /1 yield will be assessed separately in Chapter 7.

6.1.1 “Direct” component

The direct component corresponds to the J/1’s that are initially produced in hard
N-N collisions and subjected to various suppression mechanisms. Therefore the corre-
sponding yield is given by the product of the initial hard production times the survival
probabilities for a charmonium state ¥ at the end of the collision. The latter are calcu-
lated as follows: we start from the evolution equation for the number of each charmonium

species i (i = J/1, ', x) in the system at time T,

d]\;iT(T) = —ThissNi(7) - (125)
The destruction rate T, is specified according to the phase and temperature T'(1) of
the system,
Thap » T>T.
biss =3 fThe+ (1= Alhgp,  T=T. (126)
FiHG ) T<T,

with f given by Eq. (124), FZQGP and ', from Secs. 4.1.3 and 4.3. Eq. (125) is readily

integrated to obtain the survival probability at time 7 during the collision,

; 7}Fiiss(7l)dT/
Soarina(T) =€ 0 ’ : (127)

The final survival probability, Soap+ma, relevant for experimental observables is given

by the value of S,¢p, () at the moment of thermal freeze-out, 7f,, where all hadrons
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cease to interact. Note that SiQG p+uc depends on the impact parameter b of the collision
through the space-time evolution of the system.

Fig. 6.1 shows J/v¢ and ¢’ survival probabilities at full SPS and RHIC energies for
central collisions (Npq+ = 360) as a function of time with a value of g = 1.7 for the strong
coupling constant (which provides reasonable agreement with SPS data to be discussed

below). Most of the suppression originates from the plasma and mixed phases, with

— Jv, AL‘I-AU V5, =200 GeV ]
—— W, Au-Au \/SNN=200 GeV -
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Figure 6.1: Survival probability of J/1 (dot-dashed line: SPS, solid line: RHIC) and ¢’
(dotted line: SPS, dashed line: RHIC) for central collisions (N, = 360) as a function
of time. The curves are obtained upon integration of the dissociation rates calculated
in Secs. 4.1.3 and 4.3.

hadronic effects playing little role. Under SPS conditions, the destruction of ¢’ states
(dotted line) turns out to be far from complete (with a fraction of about 1/3 remaining
at the end of the collision); this may in fact point at a lack of our understanding of the
hadronic ¢ interactions, since () it will cause problems in describing the measured ¢’ /1)
ratio (see Sec. 6.2.3), and (i) it appears to be incompatible with recent interpretations
of lattice calculations [7, 8] which claim a dissolution of the ¢’ in the hadronic phase
(although no statement about time-scales could be made). As expected, the overall
dissociation is much stronger at RHIC (full line: J/4; dashed line: v’), although 25%
of primordial J/v’s endure the evolution.

For a combination of the (suppressed) primordial production with the statistical
one it is necessary to convert the survival probabilities into absolute yields. At a given

impact parameter b, the number of J/1 mesons initially produced in hard N-N collisions
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is
N (b) = 0}V ABTp(b) . (128)
Data on charmonium production in p-p collisions in the RHIC energy regime still bear

appreciable uncertainties. The PHENIX collaboration reported [9]
aggw = 3.99 £ 0.61(stat) & 0.58(sys) £ 0.40(abs) ub , /syn = 200 GeV (129)

where 0{.%¢ has not been corrected for feeddown from ¢’ and x’s. This is somewhat in
between a phenomenological fit based on low-energy systematics, the so-called Schuler
parameterization [10], giving ot (y/5 = 200 GeV) = 1.0ub and the simple ansatz
ag;],{w = fojo with f ~0.025 [11] (which, together with LO pQCD extrapolations of open-
charm production, also reproduces low-energy data and leads to a;f,{’”(\/g =200 GeV) =
8.75 pb). This obviously introduces appreciable uncertainties in establishing the J/1
yield arising from primordial production mechanisms.

In addition, higher charmonium states (in particular ¢’ and various y states) con-
tribute significantly to the measured .J/i¢ abundance via strong and electromagnetic
decays (feeddown). Since these resonances have different hadronic and plasma cross
sections, the distinction between prompt and secondary .J/v’s has to be made. Conse-
quently, the total number of J/v’s stemming from primordial charmonium states after

nuclear, plasma and hadronic suppression, becomes

ir J !
N (b) = /Y ABTup(b)S e 0.680p- 116 + 0.088 564 + O.3282§GP+HG] . (130)

6.1.2 “Statistical” component

Statistical models [12, 13] and their application to charmonium production [3, 4, 5,
14] have already been discussed in detail in Sec. 3.3.2. The thermal equilibrium (but
chemical off-equilibrium) J/9 yield takes the form

Here, Vi denotes the fireball volume from Sec. 5.1 at the moment when hadronization

is complete, Vg = Veg(T = 7). We recall that ~,. is obtained upon solving

[1 (70nopVH)

2
idVH 132

1
NCE = §’Yc Nop VH

to account for the chemical off-equilibrium situation (in the charm sector) encountered

in heavy-ion collisions at SPS and RHIC energies. The actual value of N.: depends on
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both collision energy and impact parameter. The former dependence is inferred from
PYTHIA computations [15] upscaled by an empirical K-factor (K ~ 5) extracted from
a best fit to existing pN and 7N data [16]. Such an extrapolation to RHIC energies
compares well with recent measurements from the PHENIX collaboration which found
15

oy = 380 £ 60(stat) £ 200(sys) ub , /sy = 130 GeV (133)

using single-electron pr-spectra to infer indirectly og°. At full RHIC energy, preliminary
results indicate o5y (1/s = 200GeV) ~ 650ub (with large error bars). Such cross-sections
are larger than the next-to-leading order pQCD estimates [17, 18] which gives of ~
350ub at full RHIC energy.

By construction, statistical charmonium production at 7T, is only active for ¢ and
¢ that emerge from a deconfined environment prior to recombination. Therefore, in
peripheral collisions where the initial volume is only partially filled with the QGP phase,
only a fraction of the c¢ pairs is available for coalescence. Accordingly, the hadronization
volume which enters Eq. (132) arises from the initial volume in the plasma phase after
expansion and N, is distributed between the plasma and hadronic phases following the
respective volume partitions.

Eq. (131) is valid if (anti-) charm quarks are kinetically equilibrated, i.e. the mo-
mentum distribution of ¢ and ¢ quarks is thermal which is questionable under SPS and
even RHIC conditions. We therefore implement the following correction: we introduce
a thermalization time 7., for ¢ and ¢ quarks, approximated as 7., = 1/no, where n is the
total density of quark- and gluon-quasiparticles in the system, and o is the elastic scat-
tering cross section for the processes g(q, q) + ¢(¢) — g(q, q) + ¢(¢). Within a relaxation
time approach, the relative reduction R in thermal .J/v formation is then estimated as

TH
R=|1—exp|— dr , (134)

Teq
0

where 7 is the time at which hadronization is completed. Our expression for the number
of J/¢’s produced at the hadronization transition by coalescence of a ¢ and ¢ quark is
thus modified according to

Ny =72 Vi nyR . (135)
We have checked that our results do not change significantly with the definition adopted

for 7. The latter is not a sharply defined quantity since the mixed phase lasts for a few
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fm/c. However, smaller values of 74 (e.g., if taken in the middle of the mixed phase)
lead to smaller volumes and larger 7, implying an increase in thermal .J/v¢ production
which, in turn, is (partially) compensated by a lesser degree of thermalization through
a smaller value of R.

The charmonia statistically produced at the hadronization transition are still subject
to reinteractions in the hadronic phase, so that their final contribution to the observed

J/ yield is accounted for via
N37¢ = Vy N/ S;’/g + ZnX SI){(GBR(X — J/Y)| R, (136)
X

where the summation is carried over the charmonium states X with finite decay branch-

ing into J/4¢’s (feeddown).

6.2 Comparison with experiments at SPS

By combining the two sources of charmonium as discussed in the previous sections,
we now turn to applications to heavy-ion collisions at SPS energy (v/syy = 17.3 GeV).
We first address the observable that has drawn the most attention, i.e. the centrality

dependence of the J/1 yield, and then investigate the v’ /1 ratio.

6.2.1 Centrality dependence of J/v production

One important finding of the NA38 and NA50 experiments at CERN is that the J /¢
yield in p-p and p-A collisions with light and heavy targets is well explained by hard
production coupled with nuclear absorption, cf. Sec. 2.3. Thus, any attempt to describe
the J/v yield in heavy-ion collisions should reproduce this feature. In particular, for
very peripheral collisions involving only a few participant nucleons, the J/1 suppression
pattern should coincide with nuclear absorption.

In our two-component model, the total number of observed J/1’s is the sum of direct

and statistical production according to Eqgs. (130) and (136), respectively,
Ny = N§Jy + N5, (137)

Both terms on the right-hand side depend on centrality (via the impact parameter b) and
collision-energy. For very peripheral collisions in the SPS regime, the initial conditions

are not energetic enough to induce a transition into the QGP. Therefore, the .J/1 source
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of statistical recombination at T, is absent; at the same time the hadronic interactions
are not frequent enough to induce sizable effects. Thus, for large impact parameters our
approach is consistent with the NA38/NA50 results.

For a detailed comparison with data, we need to evaluate the ratio BWU"/ v/ oDY
commonly displayed by NA38/NA50 as a function of the transverse energy deposited
in their calorimeter. Following the treatment outlined in Sec. 2.3, we convolute our
theoretical results (which are obtained as a function of the impact parameter b) with the
probability distribution P(E7,b). This amounts to replacing the numerator in Eq. (39)

by the expression
BMMUJ/¢(ET) = BMMU§I;¢/d2b PAB(ET,I))

x| SueSagsn + Niju /(07 ABTap()| Tan() . (138)

Our results are compared to NA38/NA50Q data in Fig. 6.2 for both the S(200 AGeV)-U
(left panel) and Pb(158 AGeV)-Pb (right panel) systems. At all centralities, direct pro-
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Figure 6.2: Results on J/1 production within the two-component model as a function
of centrality compared to NA38 [19] (left panel) and NA50 data [20] for S(200 AGeV)-
U and Pb(158 AGeV)-Pb, respectively. Dotted lines: direct production with nuclear
absorption alone; dashed lines: direct production subject to nuclear, QGP and hadronic
absorption; dot-dashed lines: statistical (thermal) production from a hadronizing QGP
including hadronic dissociation; solid lines: combined direct and statistical yield (sum
of dashed and dot-dashed lines).

duction (dashed line) prevails over the thermal component (dot-dashed line). The latter
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sets in once a QGP starts forming, which, in turn, requires a stronger QGP suppression
of the direct component than without the thermal contribution. The adjustment of the
only free parameter (strong coupling constant g = 1.7) to the most central Pb-Pb data
allows for a satisfactory reproduction of the centrality dependence for this system. For
S-U collisions, the results are somewhat on the low side. Note that in our approach
the “drop” in the Pb-Pb data around Er ~ 40 GeV is a combination of a rather strong

QGP suppression coupled with the onset of thermal production.

6.2.2 High Ep effects in the NA50 experiment

So far, our model does not capture the appearance of the “second drop” in the
data for the most central Pb-Pb collisions at Ep > 100 GeV. In fact, the maximum
transverse energy in our description is at E7'* = Er(b = 0) = 100 GeV, well below the
experimental limit which extends up to Er ~ 125 GeV. It has been suggested that these
features are associated with transverse energy fluctuations [21, 22, 23] and/or trigger
energy losses [24], and are thus not necessarily related to a shortcoming in an underlying
(microscopic) model description of J/1 production (suppression).

Let us first address the Er fluctuations. From the minimum bias (M B) event dis-
tribution of transverse energy, dN/dEr, as measured in the NA50 apparatus [25], one
finds a rapid falloff beyond E; = 100 GeV, the so-called “knee” of the distribution.
The tail of the latter, which reaches beyond Er = 100 GeV, is associated with fluctua-
tions in transverse energy at fixed geometry for b = 0. Events which fluctuate beyond
Er > 100 GeV contain a larger initial entropy and consequently have a hotter ini-
tial temperature and a longer plasma phase which implies additional .J/1 suppression
(charm and J/% production being hard processes are not coupled to fluctuations in the
“soft” sector). To account for this phenomenon [21], we replace in our calculations the

total entropy at fixed impact parameter, S;,(b), by

Stot(b) — Stot(b)%?b) . (139)

This does not affect our results for Er < Er(b = 0) ~ 100 GeV, but beyond the knee
of the distribution, Sy, is enhanced by the factor Er/Er(b = 0). The effect of this
modification is shown in the left panel of Fig. 6.3, where we compare our calculations to

data on J/¢ production normalized to the minimum bias Ep-distribution!. Obviously,

!This way of normalizing the data has the advantage of the much better statistics for dN/dEr as
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the description of the observed turnover for EFr > 100 GeV is improved by inclusion
of Ep-fluctuations (cf. dashed versus dot-dashed curve), but does not suffice to quanti-
tatively explain the data. Note that this effect relies on additional J/v suppression in
both the direct component (due to stronger suppression) and the thermal component
(due to a larger hadronization volume entailing a smaller value of ~. at fixed N.; and

thus weakening the enhancement induced by the canonical-ensemble treatment).
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Figure 6.3: Left panel: J/v¢ over Minimum Bias (M B) ratio compared to calculations
within the two-component model (dot-dashed curve) with additional inclusion of effects
due to Er fluctuations (dashed curve) and trigger energy loss (solid curve). Right panel:
impact of a model for trigger energy loss on the Drell-Yan (DY) over M B ratio. All
data points are from NA50 for Pb(158 AGeV)-Pb [25].

However, as has been suggested by Capella et al. [24], there might be an additional
feature in the large Ep-region unrelated to J/1 physics, which can be gleaned from the
Drell-Yan (DY) over minimum bias data, cf. right panel of Fig. 6.3. The theoretical
ratio DY /M B (dotted line) computed by NA50 flattens out at large values of Er > 100
GeV, whereas the data seem to indicate a slight turnover [25]. The argument [24] to
explain this turnover (which equally applies to the J/i event sample) is that for DY-
events the hadronic transverse energy deposited in the calorimeter is slightly reduced
as compared to the corresponding M B-events due to triggering on the DY (or J/v)
pair (2.9 GeV< Mpy <4.5 GeV). As elaborated in Ref. [24] a estimate of this effect

is obtained by rescaling the amount of transverse energy in the J/v and DY events

compared to the Drell-Yan sample. On the other hand, since Er production is governed by soft physics
(which essentially scales with the number of participants rather than the number of N-N collisions),
the characteristic features of J/1 suppression are not readily discernible.
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according to
Noport — 2
Ep(b) — Ep(b)—22 =
Npart

When incorporated into the Ep-b correlation, Eq. (37), this rather small loss in Er
entails a drop of up to ~20-30% in the tail of the (DY/M B) distribution, cf. Fig. 6.3

(140)

(solid curve in the right panel).

Returning to the (J/v)/M B ratio (left panel of Fig. 6.3), we see that the combined
effect of Fr fluctuations and trigger energy loss, implemented within our microscopic
model, gives a satisfactory description of the experimental findings. This also holds true
for the more common representation of the data via the J/¢/DY ratio, cf. Fig. 6.4.
Note that in this case the trigger energy-loss correction only applies to the “M B” data

sets, which have been extracted using a theoretical expression for the M B/DY ratio

I/ _ (I MB
<W) MB analysis B <MB)exp (DY )th ) (141)

where the theoretical DY /M B ratio is illustrated by the dotted line in the right panel
of Fig. 6.3.
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Figure 6.4: Results of the two-component model without (dot-dashed line) and with
additional inclusion of transverse energy fluctuations (dashed line) and trigger energy
loss (full line), for the centrality dependence of the B,,,o”/% /aPY ratio in Pb(158 AGeV)-
Pb collisions.
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6.2.3 U'/V ratio

In p-p collisions in the SPS energy regime, the ratio of produced v’ to J/1) mesons
amounts to a value of about 15%), which persists for p-A collisions as nuclear absorption
affects both charmonium states in practically the same way, cf. Sec. 2.3. A marked
deviation from this behavior has been observed in S(200 AGeV)-U and Pb(158 AGeV)-
Pb collisions, with an onset at rather low centralities. For central collisions, the v’/
ratio does not seem to go to zero, but rather levels off at a value of around 3-4% (cor-
responding to the straight line in Fig. 6.5, which however includes the branching ratios
of J/¢ and v’ into dimuons). This is contrary to the expectation that 1" mesons, due
to their much smaller binding energy than the J/1 states, would be almost completely
suppressed. In Ref. [26] it has been suggested that, under the premise that all ¢/’ states
are dissolved in the QGP, their abundance is regenerated in the hadronic phase from
remaining ¥ states as a consequence of chiral symmetry restoration, via the process
Y+ m — ¢ + 7. The interaction was assumed to be mediated through ¢(500) meson
exchange, the mass of the latter approaching the pion mass thereby substantially en-
hancing 1)’ formation. From another point of view, the fact that the value of 4% reflects
the thermal ratio of ¢’ /1 at a temperature of T'= 170 MeV (with little latitude), has
been put forward in Ref. [3] as evidence for statistical charmonium production at the
hadronization transition.

Within our two-component model as laid out above, the 1/’ /¢ ratio follows without
further assumptions. The results for both S-U and Pb-Pb systems are compared to
NA38/50 data in Fig. 6.5. The discrepancy with experiment is rather significant, both
for S(200 AGeV)-U and Pb(160 AGeV)-Pb. Since in the former reaction QGP effects are
not expected to play a pronounced role, it seems that the deficiency in our description
has to be assigned to the hadronic phase, i.e. an underestimation of the hadronic cross
sections for the ¢’. Indeed, an artificial increase of this quantity by, e.g., a factor of 5
clearly improves the agreement with the data. We have checked that such an increase
in the ¢ hadronic cross sections has negligible impact on the ¢/ DY ratio as plotted in
Fig. 6.4 (the ¢’ contributes maximally 8% to the observed J/1 yield).

As mentioned before, recent lattice calculations indicate a large width of the ¢’ in
a static environment well below the phase transition temperature, due to the lowering
of the DD continuum threshold below the in-medium 7’ mass. In a hadronic model

framework, this can be implemented by an in-medium reduction of the D-meson masses,
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Figure 6.5: Our calculations for the centrality dependence of ¢'/1) compared to data
from NA38/50. The solid and dashed line are for S(200 AGeV)-U and Pb(158 AGeV)-
Pb, respectively, using hadronic 1’ dissociation cross sections obtained by geometric
scaling of the J/v one, cf. Fig. 4.12. The dashed and dotted lines are the corresponding
results when artificially increasing the 1’ cross sections by another factor of 5.

which has been motivated in Ref. [27] by chiral restoration arguments inducing a lowering
of the light-quark mass within the ¢ and ¢q states. We have investigated this possibility
within the hadronic approach employed here, and found a strong sensitivity to the
detailed modeling of the light-quark related portion of the D-meson masses. In fact, if
the lifetimes of the charmonium states become comparable to duration of the fireball
expansion, one needs to account for the reverse reaction of charmonium formation (as

required by detailed balance), which is further investigated in Chapter 72

6.2.4 Comparison to other model approaches at SPS

Alternative models to describe the J/1 centrality dependence observed at SPS ex-
ist, which we review below. Two main mechanisms have been considered to explain
the “anomalous” [28] J/v suppression (i.e. beyond normal nuclear matter absorption)
reported by the NA50 collaboration, for Pb(158 AGeV)-Pb collisions. The extra sup-
pression is either attributed to J/1 destruction in the QGP [29, 30, 31] or to interactions
with comoving hadrons [32, 33]. A third approach, recently developed, attributes the

2Note that with an increase by a factor of 5 for ¢’ dissociation rate over the results shown in Fig. 4.12
(as applied in Fig. 6.5) the ¢’ lifetimes in the vicinity of T, are indeed close to the expansion time of
the hadronic phase.
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J/1 yield in central Pb-Pb collisions to statistical production [3, 5, 4].

J/1{ suppression by Quark-Gluon Plasma formation

Blaizot and Ollitrault proposed in [29] a simple model in which J/¢ suppression is
related to the local energy density of the matter created in the collision. They assume
that above a critical energy density ., all J/1’s are destroyed. The magnitude of the
suppression is then related to the size of the fireball region whose local energy density
exceeds .. Since the maximum energy densities reached in S-U and Pb-Pb collisions
at SPS do not differ by more than 35% (according to Glauber type calculations), this
indicates a strong sensitivity of the suppression mechanism to the local energy density,
which is naturally attributed to Quark-Gluon Plasma formation. The critical energy
density e, above which plasma suppression sets in is determined by comparing the
density of participants in the transverse plane in S-U collisions (where no plasma is
assumed to be formed) to the ones of Pb-Pb collisions [29]. The results of such a

calculation are shown in Fig. 6.6. Such a model gives a very good description of
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Figure 6.6: J/1 centrality dependence, including transverse energy fluctuations at large
Er, in the model of Blaizot and Ollitrault [22].

the J/1 centrality dependence observed at the SPS. Similar attempts to attribute the

“anomalous” J /1 suppression to Quark-Gluon Plasma formation differ by the criterion
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determining when the J/1¢ destruction occurs. FE.g., in [8], J/i’s are destroyed above
a critical temperature T,.; corresponding to the Debye temperature above which J/«
formation is prevented by color screening of the cc¢ potential in the plasma. We have
considered a scenario of .J/1 suppression in the plasma based on [29, 22] which leads to
a plasma suppression comparable to our quasifree mechanism, see Sec. 6.3.5. However,
pictures relying on plasma suppression alone entail very different predictions for the J/

abundances at RHIC compared to our two-component approach.

J/1{ suppression by comoving hadrons

J /1) suppression has also been interpreted in terms of .J/¢ interactions with comoving
hadrons [32, 33]. In such models, besides nuclear absorption, J/v is further suppressed
by the comover interaction suppression factor S written as [34]

S(b, s) = exp —acocho(b, s)In (LN;;; S))} , (142)
where N°(b, s) is the local density of charged comovers in the rapidity region of the
dimuon trigger and N2 the corresponding density in p-p collisions. The factor 3/2
accounts for neutral particles. The J/¢-comover cross-section 0, assumed to be a
constant, is left as a free parameter of the model, together with the absolute normaliza-
tion. Comover models differ by the assumptions made for the local density of comovers,
e.g. taken to be proportional to the density of participants in the transverse plane
Neo(b,s) o< Npare(b,s) [31, 35], or calculated within the Dual Parton Model [36, 24].
Fig. 6.7 illustrates the results of the comover model which are also in good agreement
with the NA50 data set. Comover models, upon reasonable assumptions on the 1)’-
comover cross-section can describe the ¢’/¢ ratio at SPS [37]. Comover models are
often presented as an hadronic alternative to explain J/1 suppression without invok-
ing Quark-Gluon Plasma formation. It should be noted, however, that the comover
densities reached in the early stages of the collision, from which most of the suppres-
sion originates, correspond to energy densities well above critical ones obtained from
Lattice QCD. This renders such models difficult to interpret as an exclusively hadronic
scenario of J/1 suppression. The comover scenario entails a stronger suppression at
RHIC, compared to SPS, due to larger densities of comoving hadrons, albeit this may
be compensated by smaller nuclear suppression at RHIC (charmonia forming outside

the nuclei) as advocated in [34].
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Figure 6.7: J/1 centrality dependence in the comover model of Capella [34], including
transverse energy fluctuations at large Er.

Statistical J/¢ production at SPS

Before we developed our two-component model, Braun-Munzinger and Stachel [3, 4]
and Gorenstein, Kostyuk, Stocker and Greiner [5, 38| proposed to describe the J/
yield in central Pb-Pb collisions solely in terms of statistical coalescence of charm at the
hadronization transition. Such approaches, as seen in Sec. 3.3.2, share the assumption
that at the hadronization transition, no primordial .J/’s remain in the system and
the whole J/1 yield stems from statistical coalescence. Fig. 6.8 displays the results of
[39] (left panel) and [40] (right panel). The models [39, 40] have similar assumptions
(modulo detailed prescription for ¢¢ production and the hadronization volume) and lead
to similar conclusions: an open-charm enhancement factor of ~ 3 (in central collisions)
from standard p-p extrapolation is needed to account for the data. This coincides (see
dot-dashed curve in the left panel of Fig. 6.8) with the open-charm enhancement needed
to explain the dimuon excess reported by NA50 [41] in the Intermediate Mass Region
(IMR). Attempts have been made [42] to provide a mechanism for the open-charm
enhancement which should be confirmed/ruled-out by the NA60 experiment. Let us
recall that other mechanisms, such as thermal dimuon radiation [43, 44, 45], exist to

explain the dimuon excess in the IMR. One marked feature of the statistical models of
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Figure 6.8: J/v centrality dependence at SPS given by statistical models of charmonium
production. The figures are taken from [39] (left panel) and [40] (right panel).

J/1¢ production is that their predictions for the J/v¢ yield at RHIC are very different
from the ones obtained in QGP and/or hadronic suppression scenarios. Due to the much
more copious open-charm production expected at RHIC, statistical J/¢ production is

much more abundant, see Secs. 6.3.2 and 6.3.3 for detailed results at RHIC.

6.3 Excitation function and predictions for RHIC

An essential part of the experimental program at RHIC is again on (penetrating)
electromagnetic probes. The PHENIX detector will provide dilepton data via both
the (forward) muon arms as well as electron identification in the central region. The
results on charmonium should allow for valuable constraints on models. At full RHIC
energy, standard extrapolations predict an open-charm production that is about two
orders of magnitude larger than in the SPS regime, entailing a substantial increase in
the statistical recombination mechanism for charmonia. At the same time, direct (hard)
charmonium production, albeit also enhanced by presumably a similar factor as open

charm, ought to be more strongly suppressed due to longer lived and initially hotter

QGP phases.
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6.3.1 From SPS to RHIC

A quantitative comparison between SPS and RHIC within our two-component model
is performed in Fig. 6.9 where the final (observed) number of J/1’s, normalized to the
number J/1’s remaining after nuclear absorption, N T is displayed for central collisions

as a function of the fireball evolution time [46].
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Figure 6.9: Time dependence of the ratio N, /N7 at SPS (dashed line) and RHIC

(full line) for central collisions with Npe = 360, where N3¢ is the number of J/¢’s

remaining after nuclear absorption. The respective fractions of direct ( fg;,-) and thermal
(fin) yields are indicated by the arrows.

The freeze-out value for this ratio increases by about 50% going from SPS to RHIC
(from 0.65 to about 1). In addition, the composition in terms of underlying sources is
very different: whereas at SPS the (suppressed) direct yield dominates, .J/¢-mesons at
RHIC originate to approximately 80% from thermal production (being proportional to
(Nee)?). The upward jump of the two curves in Fig. 6.9 is located at the respective end of
the mixed phase, 7y, where in our approximation all thermal production is concentrated.
As elucidated in Sec. 6.1.2, the final results are not sensitive to the exact production
time within the mixed phase.

Since the phenomenological extrapolations for absolute numbers of primordial J/1
and charm-quark production up to RHIC energies, which are input parameters to our
calculations, are beset with appreciable uncertainties, it is desirable to define a quantity
which reduces this sensitivity. Therefore, we show in Fig. 6.10 the predictions of our

two-component approach for centrality dependencies of the ratio N;/y/Ne, which, in
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connection with open-charm measurements at RHIC, also has the virtue of being com-

posed of experimental observables®. Whereas at SPS energies this quantity exhibits a

Figure 6.10: Comparison of the centrality dependence of the N/, /Nez ratio at SPS and
RHIC full energy (full line). The direct (thermal) contributions are shown separately,
respectively in the dashed (dot-dashed) lines.

monotonous decrease with increasing number of participants (left panel of Fig. 6.10),
it saturates already for rather peripheral collisions at full RHIC energy. Note that the
decrease of the thermal component for N4, > 100 at SPS is caused by canonical en-
semble effects, while at RHIC statistical production, for the most part, proceeds in the
grand-canonical limit entailing a smooth increase with centrality. Thus, one may be able
to discriminate between standard .J/1 suppression as opposed to thermal regeneration

at full RHIC energy.

6.3.2 Two-component model predictions vs. PHENIX data

At the Quark Matter 2002 conference, the PHENIX collaboration reported prelim-
inary measurements of the J/1 centrality dependence at full RHIC energy [47]. Their
results are presented as the number of .J/1’s per binary collision at midrapidity (y = 0)
versus the number of participants. Since the open-charm production scales with the
number of binary collisions, a comparison with our predictions [46] shown in the right
panel of Fig. 6.10 is straightforward (by multiplying with a proportionality factor in-
cluding the branching ratio, 0¥ and the rapidity coverage of our fireball). Fig. 6.11

3However, this ratio may still be sensitive to, e.g. shadowing effects: since the J/¢ yield, being
mostly thermal, goes as N2 a modification of c¢ production due to nuclear shadowing does not cancel
out in this ratio.
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displays such a comparison [48]. The agreement of the two-component model predic-
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Figure 6.11: Centrality dependence of the N/, /Neoy ratio at RHIC full energy (full line).
The direct (thermal) contributions are shown separately, respectively in the dashed (dot-

dashed) lines [48].

tions (full line) with the data is rather encouraging. Despite the large error bars which
prevent from drawing definitive conclusions, we see that the substantial statistical re-
generation (dot-dashed line) in central collisions compensates in our picture the strong
direct suppression (dashed line). Models involving only J/1 suppression whose results
are similar to our direct contribution (dashed line) are disfavored by the data (unless
nuclear absorption turns out to be much weaker at RHIC than at SPS [34]) as well as
scenarios predicting large J/1¢ enhancement [49, 50] (see also Fig. 6.13).

6.3.3 Other model approaches at RHIC

Let us confront calculations for RHIC energies from the other model approaches
described in Sec. 6.2.4. The dot-dashed line in the left panel of Fig. 6.12 corresponds to
calculations from Kostyuk et al. [51], for the J/1 centrality dependence expected in the
QGP suppression scenario of [29, 22]. Due to higher energy densities achieved in RHIC
collisions, the J/1 suppression is almost complete for central Au-Au collisions. Kostyuk
etal [51], reached a similar conclusion within a comover model approach (dashed line,
left panel of Fig. 6.12). In general, scenarios involving only the standard picture of .J/¢
suppression from Matsui and Satz [1] (see also dashed line of Fig. 6.11), independently
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Figure 6.12: Comparison of models approaches for J/¢ suppression at RHIC. Left
panel: QGP suppression, comover calculation and statistical coalescence model [51].
Right panel: statistical coalescence with sensitivity to the open-charm production per
unit of rapidity [39].

of the details of the suppression mechanism (Debye screening in Quark-Gluon Plasma,
dynamical quasifree destruction, or comover interactions) predict a very strong .J/i¢
suppression in central Au-Au collisions at RHIC [52].

On the other hand, J/v regeneration by statistical charm coalescence (full line - left
panel - and right panel of Fig. 6.12), seems to account rather well for the observed data.
Note, however, that the statistical model yields have inherent uncertainties, illustrated
by the set of curves in the right panel of Fig. 6.12 reflecting the uncertainty of the open-
charm yield. Further studies as well as more precise data are needed to make a definitive
statement. In addition, nuclear absorption effects need to be experimentally clarified,
since a reduced nuclear absorption together with a “suppression only” mechanism could
be consistent with the data refraining from invoking any regeneration process.

More extreme scenarios of .J/1 recombination from c¢ coalescence have been put for-
ward in [49, 50], where J/9 formation in a pure plasma scenario was considered. In their
approach, Rafelski and Thews solve the rate equations for J/1 dissolution/formation in
an expanding Quark-Gluon Plasma, using the gluo-dissociation process (Fig. 4.2) and
its reverse reaction, without invoking medium effects. Their results are presented in
Fig. 6.13. The strong J/1 enhancement predicted by the simplest version of this model

(diamonds) is disfavored by the data. However, (thermal) off-equilibrium corrections
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Figure 6.13: J/1 centrality dependence at RHIC within the model of [49, 50]. The
sets of lozenges corresponds to different rapidity windows in which J/1¢ formation is
considered. The full lines illustrates off-thermal equilibrium effects of the ¢, ¢ momentum
distributions on the J/v yield.

reduce the J/1v formation rate and lead to a significantly better agreement with the

data (full lines).

6.3.4 J/¢ excitation function

Within our two-component approach, we clearly predict a change from direct J/1)
production dominating the yield at SPS to mostly thermal production at RHIC. As we
first pointed out in [6], it is therefore valuable (and experimentally feasible at RHIC) to
map out the transition between the regimes of predominantly direct to thermal charmo-
nium production as a function of cms energy /syn. In Fig. 6.14 we present a prediction
of the excitation function for N;,,/N. ratio® [46]. Although not strongly varying, the
ratio exhibits a nontrivial minimum structure around ,/syy ~ 50 GeV, which is a
marked feature of the interplay between hard and thermal production (assuming no

anomalies in open-charm production, cf. Ref. [53, 14]).

4As compared to our earlier results [6], we here also incorporate the corrections from feeddown of
excited charmonia and from hadronic suppression. Within the uncertainty band quoted in Ref. [6], the
results agree.
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Figure 6.14: Excitation function of the N/, /N ratio (full line). The interplay be-
tween the direct contribution (dashed line) and the thermal component (dot-dashed
line) results in a minimum in the excitation function around /syy =~ 50 GeV [6, 46].

6.3.5 Other QGP suppression mechanisms

Finally, we investigate the sensitivity of the minimum structure with respect to dif-
ferent QGP suppression mechanisms. Upon replacing the quasifree destruction process
by the gluon photo-dissociation process shown in Fig. 4.5 (dashed line), we observe a
slight overall increase in the yield without significant alteration of the shape. How-
ever, it seems difficult to reproduce the magnitude of the observed J/1 suppression in
central Pb-Pb collisions at SPS using the gluo-dissociation process (with vacuum bind-
ing energies). In a more extreme scenario based on Debye-screening, we assume J/1)
mesons to be entirely suppressed if they are formed in a region with initial energy den-
sity €0(r) > €penye (along the lines of Ref. [29, 22]). Within the Glauber model, the
spatial distribution of primordial J/1’s is inferred from the nuclear thickness function
Tap(r) (characterizing the number of N-N collisions), whereas the energy-density profile
is taken to be proportional to the density of participants in the transverse plane. We fix
€ Debye tO Obtain a suppression consistent with the NA50 data at Vs =17.3 GeV (trans-
lating into Tpepye =~ 220 MeV). As expected, the pertinent excitation function exhibits
a stronger suppression pattern with increasing /s, generating a more pronounced min-
imum structure (at similar position) in the N/, /Nez ratio than found with dynamical

dissociation processes, cf. Fig. 6.15.
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Figure 6.15: Comparison of Debye-screening (dashed curves), photo-dissociation (dotted
curves) and quasifree dissociation (full curves) of J/1’s in a thermalized QGP at various
collision energies, combined with thermal production. Photo-dissociation (with vacuum
J/1 binding energy) gives results similar to quasifree suppression (with in-medium Fy;)
whereas Debye screening induces stronger suppression reflected in a more pronounced

minimum around /s = 50 GeV.
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Chapter 7

In-Medium Effects on Charmonium

Production in Heavy-Ion Collisions

The previously discussed two-component model approach gives a good description
of the J/1 centrality dependence observed at SPS and RHIC. However, the 1)’ suppres-
sion seems to be underestimated. In addition, recent lattice data indicates that J/1)
survives as a resonance in the plasma. This has led us to subsequently improve the
two-component approach along the following lines [1, 2]: (i) we adopt a more micro-
scopic description of charmonium regeneration by solving rate equations within a kinetic
approach and (i7) we take into account the recent lattice results presented in Chapter
3: First, the survival of lowest-lying charmonia in the plasma leads us to consider J/v
recreation throughout the whole evolution (both in the QGP and hadronic phases) and
not only at the hadronization transition. Secondly, we invoke a reduction of the open-
charm threshold due to in-medium effects on open-charm states, which opens new decay
channels, such as ¢/ — DD in hadronic matter, anticipated to help resolving the ' /1)

ratio issue. Let us start with the main elements of our improved approach.

7.1 Kinetic approach - rate equations

In the two-component model, charmonium regeneration was accounted for by simply
adding a statistical component to the .J/v¢ yield at the hadronization transition. On a

more microscopic level, one has to consider the reaction channels

(L)
VA Xo o Xotete(D+D) (143)
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If charm quark reinteractions are strong in the medium, it implies an approach toward
thermalization and the backward channel in the charmonium dissociation equation (143)
has to be included. Consequently, to model the time dependence, Ng(7), of charmonia
in heavy-ion collisions, we solve the corresponding kinetic rate equation of Eq. (143),

which applies as long as a well-defined W state exists, i.e. 74" (7) = ['y(7) << my,

% = —NyL(7) + G(7) (144)

where L(7) corresponds to the loss term (charmonium dissociation) and G(7) denotes
the gain term (charmonium regeneration). If we make the additional assumption that
the surrounding light and open-charm constituents (either quarks or hadrons, depending

on T') are in thermal equilibrium, Eq. (144) can be simplified to

dNy 1 .

where 7y is the equilibration time of the charmonium state under consideration and Ng!
is the corresponding thermal equilibrium abundance. This form of the rate equation
clearly shows under which conditions the gain term can be neglected. Namely, when 7y
is large compared to the typical fireball lifetimes and either (i) the initial abundances
are large compared to the equilibrium ones (which is the case at SPS but not necessarily
at RHIC) or (i1) no bound state exists.

The general solution of Eq. (145) is given by

t

[ dt Ng! at’
Ng(r) =exp | — - N + T—jexp / P dt| . (146)
0 0 0

Hence, the abundance of charmonium states ¥ in the system is fully characterized by
Ty, Ng! and the initial conditions N, given the temperature profile of the reaction (i.e.
the relation between the temperature 7" at a time ¢t which we extract from the fireball

model of Chapter 5).

7.1.1 In-medium equilibration times

In the plasma, the bare charm quark mass is modified due to a thermal charm quark
correlation energy. We incorporate this modified charm quark mass m} in our quasifree
calculation of QGP charmonium dissociation exposed in Sec. 4.1.2, which induces small

variations from the dissociation rates calculated with the vacuum value of m, (see Fig.
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4.5). Let us recall that the quasifree calculation includes in-medium reduced binding
energies. As pointed out in Sec. 4.1.3, the J/4 lifetimes we obtain are reminiscent of the
J /1 widths in the plasma observed in lattice calculations (within the large uncertainties
of the lattice results, one has I' ~ 0.2 GeV for T' = 1.1 T, [3] which corresponds to
T = 290 MeV since the lattice calculations are quenched).

In the hadronic phase, medium effects increase the inelastic hadronic reactions, and
with the reduction of the open-charm threshold, the process v — DD becomes possible.
A detailed treatment of the in-medium effects in the hadron gas phase has been provided
in Sec. 4.4 and the main results are summarized in Fig. 7.1 which shows the in-medium

hadronic lifetimes of J/¢, 1" and x. Note that the ¢’ lifetime is well below the J/¢

*
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Figure 7.1: In-medium charmonia hadronic lifetimes. See Sec. 4.4 for details.

one, beyond geometric scaling. This is due to the direct decay v’ — DD which opens
up in hadronic matter with the reduction of the open-charm threshold. Thus, as we
will see in Sec. 7.2.2, in-medium effects inferred from lattice QCD lead to a stronger
Y’ suppression, helping to resolve the discrepancies in the 1)’ /1¢ ratio identified in the

previous chapter.

7.1.2 In-medium equilibrium abundances

The rate Eq. (145) also involves the equilibrium abundances of charmonia in the
plasma and hadronic phases of the reaction, calculated as explained in Sec. 3.3.3.

In principle, it is conceivable that also low-lying open-charm resonances (D(1870) or
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D4(1970)) persist slightly above T, [4, 5]. Such correlations are, however, at least par-
tially encoded in the effective charm-quark mass, m}, in the QGP. In fact, due to the
very smooth decrease of the plateau of the heavy-quark free energy around 7, seen in
lattice calculations, we assume a continuity of the open-charm states across the phase
transition. Therefore, in what follows, we fix m*(7.) such that the total open-charm
multiplicity in the QGP at T, matches the open-charm content of the hadronic phase at
T.. Fig. 7.2 displays the J/4¢ equilibrium abundances at RHIC and SPS for the value

of the charm quark mass m ~ 1.65 GeV corresponding to a drop in the D-meson mass

of A,,(T.) = 140 MeV, calculated within the NJL calculation detailed in Sec. 3.2.2. At
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Figure 7.2: J/¢ abundances (with m,(T) = my’) in an isotropic, adiabatically ex-
panding system at fixed N,z for SPS and RHIC conditions for m} ~ 1.65 GeV smoothly
matching the open-charm abundances on the hadronic side with in-medium reduced
D-meson mass by A,,(T.) = 140 MeV. The arrows correspond the initial hard J/«
production, after nuclear suppression.

T., the J/1) equilibrium abundances are higher in the QGP than in the hadronic phase.
This is a consequence of our hypothesis of continuity of the open-charm spectrum: at
fixed N,z and since at T, the open-charm densities are equal in the plasma and hadronic
phases, the larger volume of the hadronic phase leads to a smaller value of . which
entails a decrease in the equilibrium charmonium levels through 7.. On the contrary,
in a full chemical equilibration scenario (7, = 1) without medium effects, Ny decouples

from N, and increases proportionally to the volume expansion.
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7.1.3 Initial conditions and off-equilibrium effects

The last quantity needed for an actual solution of the rate equations is the initial
condition, N9, which we take from hard production systematics as in the two-component

model. At RHIC, we use the recently reported value of
ol = 3.99 & 0.61(stat) + 0.58(sys) & 0.40(abs) pb , Vs =200 GeV  (147)

by the PHENIX experiment. After taking into account the limited rapidity coverage
of our fireball description and scaling the cross-section (Eq. (147)) with the number
of binary collisions, the primordial charmonium yield is subjected to initial-state nu-
clear absorption (to account for “pre-equilibrium” dynamics) with a recently updated
absorption cross-section o, = 4.4 mb [6] which we keep constant from SPS to RHIC.
The total charm number, N, in a A-A reaction at given centrality is determined by
standard N-N cross-sections scaled by the number of primordial N-N collisions.

If the system is far from equilibrium, then the equilibrium term N’ is actually much
smaller and our approach overestimates the charmonium regeneration. Thus, as in the
two-component model, we relax the assumption of thermal equilibrium for the heavy-
quarks by introducing a thermal relaxation time correction, R = 1—exp(— [ dr/7iherm),
which reduces Ny’ in the early phases of the reaction.

Another correction concerns the effective volume over which the charm quantum
number is conserved (figuring into Eq. (132) via the argument of the Bessel functions).
If only few cc pairs are present, their pointlike primordial production implies that they
cannot explore the entire fireball volume in the early stages!. This problem is well-known
from strange particle production at fixed target energies, where a phenomenological
”correlation volume”, Vj, has been introduced to localize strangeness conservation [7].
We adopt the same procedure here for local charm conservation by replacing Vieg(T)
in the argument of the Bessel functions in Eq. (132) with Vy(7)=4w(ro + (ve)7)3/3.
ro=~1.2 fm represents a minimal radius characterizing the range of strong interactions,
and (v.)~0.5¢ denotes the average relative speed of produced ¢ and ¢ quarks as inferred
from experimental p, -distributions of D-mesons [8]. We have checked that our results

exhibit a very small sensitivity to the details of the correlation volume expansion.

'We thank U. Heinz for pointing this out to us, including useful discussions on the correlation
volume.
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7.2 Comparison to experiments at SPS

7.2.1 Centrality dependence

We first confront our improved approach to data obtained by the NA50/NA38 exper-
iments in \/syny=17.3 GeV Pb-Pb at CERN-SPS. Fig. 7.3 displays the ratio of J/¢—pupu
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Figure 7.3: Centrality dependence of J/1/Drell-Yan dimuons at SPS; NA38 data [9]
for the S-U system (left panel) and NA50 data [6] (Pb-Pb, right panel) are compared
to our results with (solid line) and without (dashed line) charmonium regeneration
(represented by the dot-dashed line). The dotted line includes longer thermalization
times 7y in peripheral collisions.

to Drell-Yan dimuons as a function of centrality. The agreement between model (solid
line) and data is fair for semi-/central collisions (at E7>100 GeV, the data can be re-
produced by accounting for transverse energy fluctuations and losses in the minimum
bias analysis at impact parameters close to zero [10, 11, 12], cf. discussion in Sec. 6.2.2).
Since the initial J/¢ number is well above the equilibrium level (cf. lower arrow in
Fig. 7.2), J/1 regeneration (the gain term in Eq. (144)) is very moderate (dot-dashed
line). Therefore, in line with our previous findings [13], J/v¢ suppression is the main
effect at SPS energies.

In peripheral collisions, the suppression appears to be somewhat overestimated. We
believe this discrepancy to reside in limitations of our fireball description. In particular,
thermalization is expected to be delayed (and/or incomplete) at large impact param-

eters due to less energetic initial conditions. This is also borne out of hydrodynamic
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calculations, which, e.g. , reproduce the observed elliptic flow for mid-central collisions,
but overestimate it for peripheral ones. A suitable increase of the equilibration time
would amount to up to a factor of ~32. Such a scenario is indicated by the dotted line

in Fig. 7.3, which obviously improves the agreement at small Er.

7.2.2 V')V ratio

Another important observable is the ¢’ /1 ratio. In the 2-component approach [13],
the 9" dissociation rates were too small by a factor of ~5 to account for NA50 data [14].
With in-medium D-meson masses, however, FZ‘%d increases substantially, primarily due
to the opening of the ¢ — DD decay channel. As a result, the ¢’ /1) data are reasonably
well described, cf. Fig. 7.4.
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Figure 7.4: Centrality dependence of the ¢’ /1) data [14] at SPS compared to our results
with (full line) and without (dashed line) in-medium reduced D-meson masses.

7.3 In-medium effects at RHIC

At RHIC, the initial hard production is quite similar in magnitude to the J/v equi-
libration abundances in the plasma. Consequently, one expects that regeneration will
become much more important than at SPS. This is indeed the case, as shown in Fig.

7.5 where the J/v¢ abundances are shown as a function of time for central Pb-Pb at

2P. Kolb, private communication
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Vs = 17.3 AGeV collisions (left panel) and Au-Au at /s = 200 AGeV for RHIC (right
panel). At SPS, the J/1 yield (full line) is always significantly above the J/v equilibrium
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Figure 7.5: J/1 abundance as a function of time for central (N, = 360) Pb-Pb collisions
at SPS (left panel), and Au-Au collisions at RHIC (right panel). The solid line indicates
the results obtained by solving the full rate equation. The dashed line corresponds to the
J/1¢ when regeneration has been switched off. The difference, attributed to recreation
is shown by the dot-dashed line.The dotted line depicts the J/1 equilibrium number.

abundances (dot-dashed line) entailing a moderate regeneration (difference between full
and dashed lines). This is no longer the case at RHIC where substantial regeneration
occurs: The final J/v yield is close to the initial yield (after nuclear absorption), that
is J/1 regeneration and dissociation almost compensate eachother. Regeneration (dif-
ference between the full and the dashed lines in the right panel of Fig. 7.5) is shown
to be preponderant at RHIC and occurs mostly in the plasma and the mixed phase of
the reaction, delimited by the vertical lines in Fig. 7.5. Early in the hadronic phase,
the J/v yield reaches its final value since the effect of the hadronic phase on the J/% is
rather moderate.

We also studied the sensitivity of our predictions for RHIC [13, 15] to different in-
medium modifications, cf. Fig. 7.6. Since reduced D-meson masses entail a lower J/1)
equilibrium level (cf. Fig. 3.11), the regeneration of .J/v’s is somewhat less pronounced
than the statistical production with free hadron masses in the 2-component model [13].
Nevertheless, in central Au-Au collisions, regenerated J/1’s still exceed the suppressed
primordial contribution, with the total yield (solid curve) in line with published PHENIX
data [17]. The uncertainty in the charm-hadron mass reduction is illustrated by the band
in Fig. 7.6, corresponding to 80 MeV<Am,(T.)<250 MeV with accordingly matched

charm-quark masses in the QGP. Nuclear shadowing corrections, which could affect
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Figure 7.6: J/v yield per binary N-N collision versus participant number in
VSnvn=200 GeV Au-Au collisions. Preliminary PHENIX data [16] are compared to
our model calculations; band: total J/¢ yields with different values for in-medium
open-charm masses; dot-dashed line: thermal regeneration; dashed line: suppressed
primordial production.

both N. and J/v numbers, have been neglected. The main difference between our
previous two-component model, besides in-medium effects, is that here .J/1 regeneration
is considered throughout the entire evolution, including in the plasma phase, and not
only at the hadronization transition.

We conclude this chapter by presenting a prediction of the v’/ ratio at RHIC. It
is displayed in Fig. 7.7 as a function of the number of participants in the collision.
Although the composition of the J/¢ and v’ yields in terms of direct and secondary
charmonia are rather different from SPS to RHIC, the centrality dependence of the v’ /1)

ratio appears very similar going from SPS energies to RHIC energies.
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Chapter 8
Conclusions and Outlook

We have investigated the role of the J/v, ¢’ and y mesons in the studies the hot
and/or dense QCD matter produced in collisions of heavy nuclei at ultra-relativistic
energies.

In the original suggestion of J/1) suppression by Matsui and Satz [1], the J/v yield
measured in heavy-ion collisions stems from an initial hard production of (“direct”)
J/1’s subsequently destroyed in nuclear, plasma and hadron gas interactions. Recently,
other (soft) mechanisms of J/v¢ production have been put forward [2, 3, 4, 5], in particu-
lar scenarios based on the coalescence of ¢ and ¢ quarks at the hadronization transition.
To describe the J/1 yield at SPS solely in terms of statistical recombination requires
a large open-charm enhancement (up to a factor ~ 3) [4, 5]. Since (i) such a large
open-charm enhancement lacks theoretical justification and (i) these two mechanisms
are not exclusive, we proposed to evaluate the J/v yield in heavy-ion collisions as the
combination of the two sources aforementioned [6].

The first source amounts to the calculation of the number of direct .J/1’s and involves
charmonium interactions with nuclear, partonic and hadronic matter. In the plasma
phase, J/1 properties are expected to be modified both by Debye screening of the heavy-
quark potential and by dynamical dissociation with surrounding partons. We attempted
to include both effects following a dynamical picture. However, the conventional gluo-
dissociation process [7], widely used in the literature before, does not take into account
the reduced binding energies of the charmonium states in the plasma and is hardly
applicable for the ¢’ and y states. This has led us to propose a novel calculation of
J/1 interactions in the QGP [6] evaluating inelastic parton scattering in a quasifree

approximation. This approach, which includes reduced charmonium binding energies
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and can be aplied to the 9" and y mesons as well, has been found to dominate over
the gluo-dissociation mechanism. For the J/1 interactions in the hadronic phase, as
a baseline calculation, we have reproduced the results of Haglin [8], Lin and Ko [9],
Haglin and Gale [10] using a SU(4) symmetric effective theory. The ¢ and x hadronic
interactions were deduced from the J/1 ones using geometric scaling [11].

As a second source, the statistical component of the J/1 yield has been evaluated for
a system in thermal equilibrium (but in chemical off-equilibrium) following the original
suggestions of Braun-Munzinger and Stachel [3, 4] and Kostyuk, Gorenstein, Stocker
and Greiner [5]. We refrained, however, to invoke an open-charm enhancement. We
included, in a simplified way, thermal off-equilibrium effects.

The two components of the .J/v yield are then evaluated within a common thermal
evolution scenario, including QGP formation when the initial conditions are energetic
enough. The space-time description of the collision is modelled using a thermal fireball
[12, 13] which captures the main properties of the reaction dynamics and provides a
common framework to study hadro-chemistry [14, 15], dilepton production in the low-
[12] and intermediate-mass [13] region, as well as direct photons [16].

Our findings have confirmed that at SPS energies, the main mechanism to interpret
the NA50 data is J/1) suppression. The total yield of J/¢ mesons is largely accounted
for by primordial J/v’s, subsequently destroyed by nuclear, plasma and hadronic in-
teractions. In our approach, since the abundances of open-charm states are small at
SPS, J/1 regeneration by coalescence of ¢ and ¢ quarks is very moderate. In the ab-
sence of medium effects, the experimental 1’/ ratio cannot be described, indicating an
underestimation of the ¢’ interactions in the hadron gas [11].

At RHIC energies, within our framework including .J/v suppression and J/1 regen-
eration, a picture of charmonium production has emerged which is very different from
the originally proposed scenario of [1]. The stronger suppression, attributed to a hotter
and longer plasma phase than at SPS, is essentially compensated by .J/1v regeneration,
in line with purely statistical models [3, 5, 4]. The corresponding prediction, namely
that the J/v¢ yield at RHIC would not exhibit the strong suppression expected in the
Matsui and Satz picture, is in line with first PHENIX measurements [17, 18], although
it is fair to say that at this point the experimental accuracy does not suffice to draw
definitive conclusions.

Our prediction [6] that the main underlying J/v production mechanism is very dif-

ferent at SPS (hard production coupled with suppression) and at RHIC (soft coalescence
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production) suggests that the J/1¢ excitation function (normalized to open-charm pro-
duction) will exhibit a non-trivial structure and is a valuable tool to study the interplay
between the two mechanisms of J/¢ production we have considered in this work.

Recent lattice calculations [19, 20, 21] have provided new information on open and
hidden charm states at finite temperature. They seem to indicate that J/1 states sur-
vive in the plasma up to temperatures ~ 1.5 T, and that the open-charm threshold is
reduced as the temperature of the medium increases [22]. Therefore, to improve on the
two-component model, we have considered within a rate equation formalism J/v regen-
eration throughout the entire evolution of the system (including in the plasma phase)
[23]. We have also shown that the lowering of the open-charm threshold, attributed to a
partial restoration of chiral symmetry, opens new decay channels in the hadronic phase,
most notably ¢/ — D + D. In turns, this entails stronger 1/’ hadronic interactions and
provides a plausible explanation to the discrepancies observed in the v’/ ratio in the
absence of medium effects [23].

With the gross features of charmonium production rather well reproduced within
our approach, further experimental as well as theoretical scrutiny is needed. From the
experimental side, we expect exciting measurements at RHIC to further test our ap-
proach. In addition, theoretical discrepancies in nuclear absorption have to be resolved.
In that respect, it is crucial to have reliable experimental studies of nuclear absorption
at RHIC energies, and the results of the recent d-Au run are eagerly awaited. Since
the secondary J/1 yield is (parametrically) proportional to N2, tight constraints on
open-charm production from experiments (e.g. direct measurements using D mesons
reconstructed in the K invariant mass spectrum) will be very valuable to reduce the-
oretical uncertainties. The still standing issue of an open-charm enhancement at SPS
— alternatively explained by thermal radiation [13] — has to be clarified (hopefully by
NAGO [24]).

From the theoretical point of view, significant J/1 regeneration at RHIC energies
relies mostly on (i) an abundant open-charm production and (i) thermal equilibration
in the charm sector. These two points raise issues that we plan to address in the future.
The first point involves nuclear shadowing effects [25, 26] which decrease the open-charm
production and are expected to become even more important when extrapolating our
approach to LHC energies. The second point, regarding thermalization in the charm
sector, is part of the more general issue of thermalization. From thermal models of

particle production and pr spectra, we have evidence that the systems produced in
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heavy-ion collisions at SPS and RHIC are in thermal equilibrium in the light sector. In
the charm sector, the plausible assumption of thermal equilibrium [27] has to be further
scrutinized and we intent to assess more precisely thermal off-equilibrium effects. One
direction of investigation may be given by the elliptic flow of charmed particles [28,
29]. If charm quarks approach thermalization, they should participate in the collective
expansion of matter which in turn would translate into a non-zero elliptic flow. The
hadronic calculations of charmonium inelastic cross-sections also offer a good starting
point to evaluate elastic D-meson scattering in the hadronic medium [30] and infer the
corresponding equilibration time.

Another significant aspect of charmonium production which we have not addressed
yet concerns transverse momentum spectra of charmonia. They are experimentally
available and provide another interesting mean to delineate hard from soft production
mechanisms, thus further testing our model. The coalescence mechanism should produce
J/1’s at small pr but also implies an increase in the average pr if J/1 participate in the
collective expansion of the system. At the other end of the spectrum, J/v’s with large
pr are more likely to arise from the early stages, that is hard N-N collisions. Moreover,
the suppression of fast J/1¢’s is expected to be reduced since they are more likely to
escape the system. Therefore, transverse momentum distributions should further exhibit
the interplay between hard and soft .J/¢ production and will be calculated within our
model to be confronted with experimental results.

Two natural extensions of our model are in order: First, our studies can be extrap-
olated to LHC energies. There, we expect the hard production to be (almost) totally
suppressed and the observed yield should be a direct reflection of J/1 regeneration.
The second extension is based on the analogy between charm and bottom physics. The
analysis carried out for charmonium production throughout this work can be carried
over to the upsilon family of bound states. The higher mass of the bottom quark should
only “shift” the transition from direct production to statistical production to higher
cms energies. It will be very interesting to evaluate the upsilon yield at LHC energies
in terms of direct and secondary production to see which regime dominates.

Let us conclude here this thesis with these remarks on the exciting future of heavy-

quarkonium production in heavy-ion collisions.
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Appendix A

The Nambu-Jona-Lasinio Model at

Finite Temperature and Density

For two comprehensive reviews of the NJL model, including developments at finite
temperature and density, see [1, 2]. Here we follow the original work of Bernard, Meissner
and Zahed [3] to derive the set of coupled NJL gap-equations Eqgs. (48)-(49).

The Lagrangian (45) contains scalar interactions ()% and pseudo-scalar ones (¢iTy51)2.

We work in the Hartree-Fock approximation illustrated by the corresponding graphs be-

Hartree Fock
(PS) (S
(PS) S S
|-[y5 1 iTYg iTYg 1 1

where we have given a finite range to the point-like NJL interaction for illustration
purposes. The left graph corresponds to the Hartree term and its contribution to the
self-energy associated with the scalar vertex is given by

ES

Hartree —

—2G / %Tr[é’(k)] , (148)

where S(k) is the quark propagator in the medium S~(k) = } — X(k) — m + ie. The
Fock term reads (graph on the right)

o= —2G /%5(/@) . (149)
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Similarly, for the pseudo-scalar vertex, one has

X iree = 2 G / =g 0Ty I liTysS (k)] , (150)

and
pSs d4k3 . .
Z]Fock =-2G (27T)4ZT75S(]{;)ZT’Y5 . (151)

The finite density case shifts the Hamiltonian of the system by a term pi 1) where p is
the chemical potential and 1y the quark number density operator. Thus the density
effects can be reabsorbed in the kinetic term of the Lagrangian as long as the self-energy
>’ has the structure

Y =0 —~ . (152)
The propagator can then be rewritten as

K +o1+m

S(k) = k? — (o1 +m)? +ie’

(153)

with & = (Ko, k') = (ko+ 00+ 1, k). Upon performing the trace in Eq. (148), the scalar

contribution to the self-energy in the Hartree approximation gives

dgk’ dk’o [} + m
Iy =2GANN; [ —— [ =2 : 154
Hartree — f/ (271')3 / 1T k?/2 . wk ( )
with w? = k2 + (07 4+ m)? . Similarly,
d3k dk: K
Z]sFock = —2G / — Ofyk‘,;— o ;_ m (155)
Zlﬁartree = (156>
dgk’ dk?o —k’lo’}/o + 01 + m
»bs = —-2G3 — [ — . 157
Fock / (2#)3 o kf% . w2 ( )

At finite temperature, the integral over the energy is replaced by a sum over Matsubara

frequencies w,, = (2n + 1)T. With § = 1/T, the substitution reads
dko 1
— = — . 158
o2y (159

Therefore, writing k,, = pu + o¢ + iw,, we have

3 _ 0
S —90 Z / d°k (AN.Ny+2)(m+ 01) — 4k,

2 2
k:n_wk

(159)
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Identifying with Eq. (152), we get the system of coupled equations

1 A3k ky,
[ — _SG ;B /(27T)3k%_w2
1

Bk m+ oy

Using the summation formula [4],

f 1 _ m(cot mx — cot my)
(n —z)(n —y) y—a ’

with, denoting wif = wy, & (i + 09),

cot(mz) = cot (-g + ﬁ%) = —jtanh (ﬁ—;}’j)

cot(my) = cot <—g — Zﬁ;k ) = ¢ tanh (ﬁ—;k_>

one arrives at Eqs. (48)-(49

)
%(21\7ch +1)(01 +m)

A
/k_Q[tanh (ﬁ“’ )H h<BW+)]dk,
k 2 2
0
G A
= —2/ —nk k,
0

where nif = (1 + e )1

g1 =

N}

DO

165

(160)
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Appendix B

SU(4) Effective Theory of J/v

Hadronic Interactions

The first calculation of hadronic J/v interactions using a SU(4) symmetric effective
theory was performed by Matinian and Miiller in [1]. This approach was later extended
by Haglin [2] and Lin and Ko [3] to include contact graphs, necessary to satisfy gauge
invariance. Here, following [3], we reproduce the calculations of the matrix elements of

the graphs given in Fig. 4.8.

Interaction vertices

We are interested in the vertices involving the J/v, the light mesons 7, p and the
charmed mesons D, D*. Inserting the SU(4) pseudo-scalar and vector meson matri-
ces Egs. (97)-(98) in the Lagrangian (100), we obtain the following 3- and 4-points

interaction vertices relevant for = + J/1 inelastic scattering

Lrpp- = igrpp- D7 (DO,7 — 9,D7) + Hec. | (167)
Lypp = igypp V" (DI,D —0,DD) , (168)
Lyppr = igyp-p- ¥ (0,0 Dy — D™"9,Dy)
+ (8,0" Dy — ¥ 0,Dy) D*#
+ D™ (¢"9,D; — 9,4"Dy)] (169)
Leypp- =  —Gappp+ V" (DiFD + D7D - 7, (170)
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and for p + J/1 scattering,
L,pp = igpp (DT0,D —08,D7TD) - p (171)
Loyypp = YpuDD @/)“DFD : Pﬁu ) (172)
Lopp- = igp+p- [(0,D"7D;— D*79,Dz) - p
+ (D*7 - 0,0, — 0,D*7 - p,) D*+
+ D" (7-0"0,D; — 7-0,0"D3)] . (173)
Loyp-p+ = Goyprp- (VW D,7D% + " D7Dy — 20, D 7Dy) - (174)
where 7 are the Pauli matrices and 7 (p) corresponds to the pion (rho) meson isospin

triplets.

J /¢ + m — DD* process

The amplitude for the 3 graphs corresponding to J/¢ + 7 inelastic scattering reads

M1 = MT)\ EYvED*A = ( Z M;i‘) EYrED* X, (175)

i=a,b,c
where MY corresponds to each single process in the top row of Fig. 4.8, labelled a, b
and c. The €, correspond to the polarization of external vector mesons. Isospin factors
have been omitted and there is a remaining sum (average) over final (initial) spins. The

matrix elements themselves are given by

v 1 12
M) = —gzppgypp (—2px + pp-)* <t 2 ) (P = pp+ +pp)", (176)
D
M = gepp-gypp-n (—pr — Pp)” (177)
y 1 s — (Pr — Pp)a(Px —Pp)s
u —m3,. o0 m.
x [(=py — pp+)?9"* + (=px + Py +20)*¢” + (px + pD- — D) 9],
M7 = —grppp- 97 (178)

Averaging over initial spins and summing over final spins leads to the differential J /v +

m — DD* cross-section, including isospin factors

dory 1 A\ N DDy DD*\PD*\
- 1 . v T T o5 e T 5 1
dt 967Tsp*2/\/l1 M g m;, I m3,. (179)

s and t being the usual Mandelstam variables and p*? the initial state meson 3-momentum
in the center of mass frame. The remaining integration over t is easily performed nu-

merically over the allowed kinematical domain.
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J /¥ +p — DD

Similarly, for the J/v + p — DD process, depicted in the second row of Fig. 4.8,

with the corresponding notations, the full amplitude reads

My = Mg”gp,ﬁlw = ( Z Mg:) EpuEypr (180)
i=a,b,c
where
pnv " 1 v
Mo = —9o009ypD (Pp — 2PD) P (pp —pp + D), (181)
D
14 1 14
My = —g,pp9ypp (—Pp +2pp)" (u — ) (—=p, —pp +pp)" (182)
D
My, = gepp 9" . (183)

The cross-section is then given by

dO' D 1 1o ' ’
pp—DD _ uv *u' v L PouPou L DPyvPyv 184
dt 2887T8p*2M2 M2 <guu m% ) (gw/ mi ) . ( 8 )

J /4 + p — D*D*

The last process we have considered is J/1¢ + p — D*D* (cf. last row of Fig. 4.8).
Its full amplitude is

_ LVAW _ HrAw
Mz = M5 e1,60,830 800 = < E M, ) E1uE20E30E 4w, (185)
i=a,b,c

with the individual matrix elements

M4 = gopepegypepe [(—Pp — DD)" " +2 P + 2. 9]

y (t%) [gaﬁ (P pD*)a2(pp - pD*)ﬁ]

— M. mp.

x [=2p59™ + (py + pp-)"9" — 20%5.9™] (186)

M = gopepegypp+ [—2059°" + (D, + Pp+) " — 20'5.9]

v (#) |:ga,8 ~ (Po=Pp+)alpp — pD*)ﬁ}

u— m2. m.
x [(=py — pp)’g" + 2p39™ + 2p%.9™] | (187)
Mgcu)\w _ gwa*D* (gu)\guw + guwgu)\ o quu )\w) ) (188)
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Finally, the differential cross-section is given by

dO' D 1 1IN ’ ’
pp—DD _ /,,LV)\WM*,LL V' N w L PouPop L DPopvPoypr
dt 288msp*2” ® 3 (gw m?2 ) (gw mfp

PD*\PD* N PD*wPD*w
X g\ — 2 Juw' — P) .
M mp.

The resulting cross-sections are indicated by the full lines in Fig. 4.9.
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Production des états liés charmés dans les collisions d’ions lourds

Résumé : Nous avons étudié la production des états liés charmés dans les collisons ultra-
relativistes d’ions lourds. Nous proposons tout d’abord un modele de la production des
mésons J/1, a deux composantes, qui inclut : (i) une production primordiale des .J/
dans les collisions dures couplée a 'absorption des J/¢ dans la matiére nucléaire, le
plasma de quarks et de gluons et la matiere hadronique, et (77) une production statis-
tique des J/v¢ résultant de la coalescence de quarks c et ¢ lorsque le systeme hadro-
nise. Les deux sources de J/1 sont évaluées dans un scénario d’équilibre thermique et
notre modele permet de rendre compte de fagon satisfaisante des données expérimentales
obtenues au CERN-SPS et a RHIC. Nous étudions ensuite les conséquences des effets de
milieux sur la production des hadrons charmés, en nous basant sur de récents résultats
de la chromodynamique quantique sur réseau. Nous envisageons la régénération des
J/1¢ dans le plasma de quarks et de gluons et montrons que les effets de milieux dans
la matiere hadronique permettent d’expliquer la dépendance en centralité du rapport

V1.

Charmonium production in heavy-ion collisions

Summary: We investigate the production of charmonia in ultra-relativistic heavy-ion
collisions. We first construct a two-component model of charmonium production, which
includes (i) early hard .J/¢ production coupled with nuclear, Quark-Gluon Plasma
and Hadron Gas suppression and (ii) statistical production of .J/i¢’s by coalescence
of ¢ and ¢ at the hadronization transition. Both components are evaluated within a
common thermal evolution scenario. Available data on J/v¢ production at CERN-SPS
and BNL-RHIC energies are reasonably well reproduced. We then improve our approach
to account for in-medium effects on open and hidden charm states, inferred from recent
lattice QCD results. Within a kinetic theory framework, we solve rate equations for
charmonium abundances during the course of a heavy-ion collision. The survival of J/1)
states above the phase transition temperature T, favors their recreation in the QGP.
In-medium effects in the hadronic phase, possibly linked to the (partial) restoration of
chiral symmetry, largely resolve earlier identified discrepancies in the 1’/ ratio.

Mots-clés : J/U, états liés charmés, collisions d’ions lourds, plasma de quarks et de
gluons

Keywords: J/¥, charmonium, heavy-ion collisions, quark-gluon plasma
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