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Abstract

In this article we report on recent research on the progedieelementary parti-
cle matter governed by the strong nuclear force, at extrahbgh temperature and
energy density. At about 3®Kelvin, the theory of the strong interaction, Quantum
Chromodynamics (QCD), predicts the existence of a new sthtaatter in which
the building blocks of atomic nuclei (protons and neutrogissolve into a plasma
of quarks and gluons. The Quark-Gluon Plasma (QGP) is keliéw have prevailed
in the Early Universe during the first few microseconds atfter Big Bang. Highly
energetic collisions of heavy atomic nuclei provide thequei opportunity to recre-
ate, for a short moment, the QGP in laboratory experimerdsstudy its properties.
After a brief introduction to the basic elements of QCD in aeuum, most notably
quark confinement and mass generation, we discuss how thesemena relate to
the occurrence of phase changes in strongly interactintemetthigh temperature, as
inferred from first-principle numerical simulations of QQattice QCD). This will
be followed by a short review of the main experimental findirg the Relativistic
Heavy lon Collider (RHIC) at Brookhaven National LaboragtoiThe data taken in
collisions of gold nuclei thus far provide strong evidentatta QGP has indeed been
produced, but with rather remarkable properties indiesfiv an almost perfect liquid
with unprecedentedly small viscosity and high opacity. Wentdiscuss how heavy
quarks (charm and bottom) can be utilized to quantitatipebbe the transport prop-
erties of the strongly-coupled QGP (sQGP). The large hegark mass allows to set
up a Brownian motion approach, which can serve to evaluffereint approaches for
heavy-quark interactions in the sQGP. In particular, weulis an implementation of
lattice QCD computations of the heavy-quark potential m@GP. This approach gen-
erates “pre-hadronic” resonance structures in heavykgs@attering off light quarks
from the medium, leading to large scattering rates and sdifflision coefficients.
The resonance correlations are strongest close to theatriémperatureTg), sug-
gesting an intimate connection to the hadronization of t&PQTrhe implementation
of heavy-quark transport into Langevin simulations of apasmding QGP fireball at
RHIC enables quantitative comparisons with experimerdatd.dThe extracted heavy-
quark diffusion coefficients are employed for a schematicrege of the shear viscos-
ity, corroborating the notion of a strongly-coupled QGPHa vicinity of T.



2 Ralf Rapp and Hendrik van Hees

1 Introduction

1.1 Elementary Particles and Forces

The quest for the elementary constituents from which theenatround us is built has
always fascinated mankind. In the fifth century B.C., Greblkgsophers introduced the
notion of anindivisibleentity of matter, thextouoo (atom). More than 2000 years passed
before this concept was systematized in the nineteentluigeint terms of the chemical
elements as the building blocks of the known substanceslarge variety of the chemical
elements, however, called for a deeper substructure witlgise atoms, which were soon
revealed as bound states of negatively charged electeohaiid positively charged atomic
nuclei, held together by their mutual attraction providgdhe electromagnetic force. The
nuclei, while very small in size (but carrying about 99% of titom’s mass), were found
to further decompose in positively charged protopsgnd uncharged neutrons)( both

of approximately equal mashl,, ~ 0.94 GeVLE?. This was a great achievement, since at
this point all matter was reduced to 3 particlgs:n, €. There was still the problem of
the stability of the atomic nucleus, since packing togethany positive charges (protons)
in a small region of space obviously implies a large electulsion. The solution to this
problem triggered the discovery of the Strong Nuclear Faating between nucleons (pro-
tons and neutrons); it turned out to be a factordf00 stronger than the electromagnetic
one, but with a very short range of only a few femtometer (1I61=2° m). In the 1950’s
and 1960’s, rapid progress in particle accelerator tecigyobpened new energy regimes
in collision experiments of subatomic particles (eq-p collisions). As a result, many
more particles interacting via the Strong Force (so-cdiedions) were produced and dis-
covered, including “strange” hadrons characterized byrasfimngly interacting particles
untypically long lifetime. Again, this proliferation of ates (the “hadron zoo”) called for
yet another simplification in terms of hadronic substruetuGell-Mann introduced three
types of “quarks” [1] as the elementary constituents fronicitall known hadrons could
be built; they were dubbed up)( down @) and strangedj quarks, with fractional electric
charges +2/3, -1/3 and -1/3, respectively. In this scheradrdns are either built from 3
quarks (forming baryons, e.gp,= (uud), n= (udd)), or a quark and an antiquark (forming
mesons, e.girt = (ud) or K® = (d3)). Three more heavy quark “flavors”, carrying signif-
icantly larger masses than the light quanksd, s), were discovered in the 1970’s — charm
(c) and bottom Ip) — as well as in 1995 — the top) (Quark.

The discovery of an increasingly deeper structure of theldnmental matter particles
is intimately related to the question of their mutual foredsch, after all, determine how
the variety of observed composite particles is built up. Tihderstanding of fundamental
interactionsis thus of no less importance than the identification of th&enaonstituents.
The modern theoretical framework to provide a unified desiom are Quantum Field The-
ories (QFTs), which combine the principles of Quantum Medtawith those of Special
Relativity. In QFTs, charged matter particles (fermiongalf-integer spin) interact via the
exchange of field quanta (bosons with integer spin). The (FRfecElectromagnetic Force
is Quantum Electro-Dynamics (QED), where the associatéidigantum is the photory)
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Figure 1: Dependence of the QCD coupling constagt: g2/41, on the momentum trans-
fer, Q (or inverse distance/t ~ Q), of the interaction. Figure taken from Ref. [6].

coupling to electric charges (positive) and antichargegétive). The coupling constant (or
charge) of QED is rather smalle, = e2/4n=1/137, which allows one to organize theoret-
ical calculations in a series of terms characterized byeiasing powers oflen, So-called
perturbation theory. The smallnessmf, then allows for precise perturbative calculations
of electromagnetic observables with an accuracy excedadimgignificant digits for select
guantities, rendering QED one of the most successful tagdmiphysics.

The QFT of the strong nuclear force, Quantum Chromo-Dynarf@@CD), has been
developed in the early 1970’s [2, 3]. The chromo (=color)rgkaof quarks comes in three
variants: red, green and blue (plus their antichargeseemg QCD a mathematically
more involved theory. In particular, the force quanta (tgig”) themselves carry a nonzero
(color-) charge [4], giving rise to gluon self-interactionThe latter are closely related to
another remarkable property of QCD, namely the “anti-gureg of its charges in the
vacuum: quantum fluctuations, i.e., the virtual quark-glaetoud around a color charge,
induces an increase of the effective charge with increadistgnce, a phenomenon known
as asymptotic freedom which manifests itself in the runmiogpling constant (or charge)
of QCD, as(Q), cf. Fig. 1. On the one hand, the interactions at small destayn (which,
by means of Heisenberg’s uncertainty principle, corregdpda large momentum transfers,
Q~ 1/r, in a scattering process), are comparatively weak and fxation theory is appli-
cable (much like in QED). In this regime, QCD is well testeélinty in excellent agreement
with experiment (albeit not at the same level of precisioQ&D; even at very larg®, as
is still a factor of~10 larger tharoen). On the other hand, the coupling constant grows
toward smallQ entering the realm of “strong QCD” where n&wnperturbativegphenom-
ena occur. Most notably these are the Confinement of colagesand the “Spontaneous
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Breaking of Chiral Symmetry” (SBCS). The former refers te fact that quarks and glu-
ons have never been observed as individual particles, yicome in “colorless” baryons
(where the 3 quarks carry an equal amount of the 3 differelutr atharges) or mesons
(where quark and antiquark carry color charge and antieghagpontaneous Chiral Sym-
metry Breaking is closely related to the complex structdrthe QCD vacuum; the latter
is filled with various condensates of quark-antiquark andglfields. In particular, the
scalar quark condensate of up and down quarks can be quamtifia vacuum expecta-
tion value, (0/qq|0) ~ (—250 MeV)3, translating into a total pair density of about 4 per
fm3.1 Thus, the QCD vacuum is a rather dense state, and the quaille ithe hadrons
propagating through it acquire an effective mas$, ~ 350 MeV, which is much larger
than their bare massy ; ~ 5-10 MeV. The QCD condensates are thus the main source
of the visible (baryonic) mass in the Universe. The theoattinderstanding of the mech-
anisms underlying Confinement and SBCS, and their possibderélation, constitutes a
major challenge in contemporary particle and nuclear gisysisearch. Currently, the only
way to obtain first-principle information on this nonpetiative realm of QCD is through
numerical lattice-discretized computer simulationgigatQCD). However, even with mod-
ern day computing power, the numerical results of latticd@0Gmputations for observable
quantities are often hampered by statistical and systeraatrs (e.g., due to finite volume
and discretization effects); the use of effective modekhis an indispensable tool for a
proper interpretation and understanding of lattice QCitesand to provide connections
to experiment.

1.2 Elementary Particle Matter and the Quark-Gluon Plasma

A particularly fascinating aspect of the Strong Force isdbestion of what kind of mat-
ter (or phases of matter) it gives rise to. The conventiohakps of matter (such as solid,
liquid and gas phases of the chemical elements and their @onas, or even electron-ion
plasmas) are, in principle, entirely governed by the eteatignetic force. Matter governed
by the Strong Force is “readily” available only in form of atiw nuclei: the understand-
ing of these (liquid-like) droplets of nuclear matter (chaerized by a mass density of
~ 1.67-10'%g/cm’) is a classical research objective of nuclear physics. Buitvinap-
pens to nuclear matter under extreme compression and/tng@awhat happens to the
(composite) nucleons? Is it possible to produce truly etgarg-particle matter where nu-
cleons have dissolved into their quark (and gluon) corestitsi (as may be expected from
the asymptotic freedom, i.e., small coupling constanthefduark and gluon interactions
at short distance)? Does the condensate structure of thex@@im melt, similar to the
condensate of Cooper pairs in a superconductor at suffigieigh temperature? Are there
phase transitions associated with these phenomena? Tésigation of these questions
not only advances our knowledge of strong QCD (includingftmelamental problems of

in nuclear and particle physics it is common practice to useswfh (Planck’s constant); (speed of light)
andk (Boltzmann constant); in these units, energies, e.g., eatohverted into inverse distance by division
with hc~ 197.33 MeV fm; energies are also equivalent to temperature.
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confinement and mass generation), but also directly relatbe evolution of the early uni-
verse, as well as to the properties of extremely compadasiabjects (so-called neutron
stars). Lattice-QCD computations at finite temperature@upredict that hadronic matter
undergoes a transition to a state of matter where quarkslandgare no longer confined
into hadrons. The temperature required to induce this itrangnto the “Quark-Gluon
Plasma” (QGP) is approximatekT ~ 0.2 GeV=2-10® eV, or T ~ 10'?K. The Universe
is believed to have passed through this transition at al@us (=0.0000X) after its birth.
This was, however;,- 15 billion years ago, and the question arises how one canbpss
study the QGP, or more generally the phase diagram of QCDeméatiday [5]. Clearly,
without input from experiment, this would be a hopeless gmise.

It turns out that by colliding heavy atomic nuclei at high egies, one can create highly
excited strongly interacting matter in the laboratory. Ti&oming kinetic energy of the
colliding nuclei is largely converted into compression dnermal energy, and by varying
the collision energy one is able to produce a wide range ¢réiht matter types as char-
acterized by their baryon densifgs and temperaturd,. This is illustrated in a schematic
phase diagram of strongly interacting matter in Fig. 2. lphesent article we will mainly
focus on heavy-ion collisions at the highest currently lakdé energies. These experiments
are being conducted at the Relativistic Heavy-lon ColligRiIC) at Brookhaven National
Laboratory (BNL, Upton, New York): gold (Au) nuclei, fullytigpped of their electrons,
are accelerated in two separate beam pipes to an enekjy-df00 GeV per nucleon, be-
fore being smashed together head on at four collision paihtse two large (PHENIX and
STAR) and two smaller (BRAHMS and PHOBOS) detector systeawe been positioned.
With each gold nucleus consisting A£197 nucleons (as given by the atomic mass num-
ber of gold), a total (center-of-mass) energyEgf, ~ 200A GeV ~ 40 TeV= 4103 eV
is brought into the collision zone. Note that the energy ef dlccelerated nuclei exceeds
their rest mass by more than a factor of 100 (recall that teemass of the nucleon is
My ~ 0.94 GeVE?). In a central Au-Au collision at RHIC approximately 5000rficles
are produced (as observed in the detectors), emanatingtfreroollision point with ve-
locities not far from the speed of light. Most of these padeticare pions, but essentially
all known (and sufficiently long-lived) hadrons madeuwfd ands quarks are observed.
The key challenge is then to infer from the debris of prodysadicles the formation and
properties of the matter - the “fireball” - that was createdha immediate aftermath of
the collision. While the typical lifetime of the fireball isty about~ 10~22s, it is most
likely long enough to form locally equilibrated stronglyténacting matter which allows for
a meaningful analysis of its properties in terms of thernrmazghgic concepts, and thus to
study the QCD phase diagram as sketched in Fig. 2. This haslbegly deduced from
the multiplicities and momentum spectra of produced haslrartich allow to determine
typical temperatures and collective expansion velocidfdhe exploding fireball, at least in
the later (hadronic) phases of its evolution. A possiblyrfed QGP will, however, occur in
the earlier (hotter and denser) phases of a heavy-ion ogadthe identification and assess-
ment of suitable QGP signatures is at the very forefront of@mporary research. Hadrons
containing heavy quarks (charm and bottd&n:= c,b) have been identified as particularly
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Figure 2: Schematic view of the phase diagram of stronggratting matter, in terms of the
nucleon (or baryon) chemical potentigl, and temperaturd,. The former determines the
net baryon density in the system. The shaded bands are stbeimers of the different
phases as expected from theoretical model calculationsiadishingLyy, current lattice
QCD calculations indicate a crossover transition from teatrbnic matter to the QGP at a
(pseudo-) critical temperature @=160-190 MeV [7,8]. Normal nuclear matter (as present
in atomic nuclei) is located on thie=0 axis atuy ~ 970 MeV (corresponding to a nucleon
density ofpy ~ 0.16 fm~3, the nuclear saturation density). At larger (and smallT < 50-
100 MeV), one expects the formation of a Color-Supercormy&, 10], i.e., cold quark
matter with a BCS-type condensate of quark Cooper pdfgg|0) # 0. The “data” points
are empirical extractions dfun, T)-values from the observed production ratios of various
hadron speciest, p, K, A, etc.) in heavy-ion experiments at different beam eneidiés

promising probes of the QGP. The basic idea is as followgesitnarm- and bottom-quark
massesm. ~ 1.5 GeVk? andm, ~ 4.5 GeVk?, are much larger than the typical tempera-
tures, T ~ T, ~ 0.2GeV, of the medium formed in a heavy-ion collision, they @-enly
produced very early in the collision (upon first impact of tw#liding nuclei) and, (ii) not
expected to thermalize during the lifetime of the firebalirthermore, the largest changes
of their momentum spectra occur when the collision rate anchentum transfer are the
highest. This is facilitated by a large density and tempeeafi.e., in the early phases of a
heavy-ion reaction), but is crucially dependent also onrtteraction strength. Both aspects
are embodied into the notion of transport coefficients. Tlagrobjective of this article is
to provide a theoretical description of heavy-quark tramsm the QGP, and to test the
results in applications to RHIC data.

The remainder of this article is organized as follows: In.S2we present a general
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overview of the physics of the Strong Force and the facets afifferent matter phases. We
start in Sec. 2.1 by introducing basic features of Quantumo@bdynamics (QCD), the
guantum field theory describing the strong interactions/bet quarks and gluons, the ele-
mentary building blocks of hadrons. In Sec. 2.2 we brieflyeevour current understanding
of strongly interacting matter and its phase diagram ag étigally expected from both nu-
merical lattice QCD computations and model analysis. In 3&we elucidate the main
ideas and achievements of the experimental high-energyyhea programs as conducted
at the Relativistic Heavy lon Collider (RHIC) at the Brookiza National Laboratory (New
York), as well as at the Super Proton Synchrotron (SPS) améutare Large Hadron Col-
lider (LHC) at the European Organization for Nuclear ResledCERN, Geneva, Switzer-
land). We summarize what has been learned about hot and steoisgly interacting matter
thus far, and which questions have emerged and/or remaperd @ his leads us to the cen-
tral part of this article, Sec. 3, where we discuss in somaildée theoretical developments
and phenomenological applications in using heavy quatkarfa and bottom) as a probe
of the Quark-Gluon Plasma. In Sec. 3.1 we concentrate orh#@étical understanding
of heavy-quark (HQ) interactions in the QGP. We mostly agsliglastic scattering, within
both perturbative and nonperturbative approaches, wherkatter are divided into a reso-
nance model an@-matrix calculations utilizing potentials extracted frémttice QCD. The
HQ interactions in the medium are used to compute pertirgfiesergies and transport
coefficients for drag and diffusion. In Sec. 3.2 the latteriamplemented into a Brownian
motion framework of a Fokker-Planck equation which is mautarly suitable for describing
the diffusion of a heavy particle in a heat bath. In Sec. 3e3¢hconcepts are applied to
heavy-ion collisions, by implementing a Langevin simwatof HQ transport into realistic
QGP fireball expansions for Au-Au collisions at RHIC. To malamtact with experiment,
the quarks have to be hadronized which involves a quark soatee approach at the phase
transition, in close connection to successful phenomeyoilo light hadron spectra. This
is followed by an analysis of transverse momentum spectngafy mesons and their elec-
tron decay spectra for which experimental data are availdblSec. 3.4 we recapitulate on
the ramifications of the theoretical approach in a broadatest of Quark-Gluon Plasma
research and heavy-ion phenomenology, and outline fuies bf investigation. Sec. 4
contains a brief overall summary and conclusions.

2 TheQuark-Gluon Plasma and Heavy-lon Collisions

2.1 The Strong Force and Quantum Chromodynamics

The basic quantity which, in principle, completely deteres the theory of the strong in-
teraction, is the Lagrangian of QCD,

R | ,
ZLoco=0q (i P—1y) g— ZGquu ) (1)

whereq andq denote the elementary matter fields, quarks and antiqu@hesquark fields
are specified by several quantum numbers: (i) color chaggk green or blue), (ii) flavor
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Figure 3: Feynman diagrams for quark-quark scatteringhgéaeixchange of a gluon (top

left) quark-antiquark scattering via annihilation intolaan (top right), quark-gluon scat-
tering and gluon-gluon scattering (bottom panels).

(up, down, strange, charm, bottom and top) and (iii) sﬁir%li). The mass matrixng =
diag(my, mg, ms, me, My, M) is a simple diagonal matrix in flavor space. It roughly sefesra
QCD into a light-flavor ¢, d with bare massesy, 4~0.005 GeV¢?) and a heavy-flavor
sector ¢, b, t with me~1.3 GeVt?, my~4.5 GeVE?, m~175 GeVLt?), while the strange-
quark mass is somewhat in between0.12 GeV£?). The interactions of the quarks
are encoded in the covariant derivati®=¢ — ig &, whereA denotes the gluon field, the
carrier of the Strong Force, and the gauge coupijmgantifies the interaction strength as
referred to in Fig. 1. A pictorial representation of thedefiactions can be given in terms of
Feynman diagrams: quarks interact via the exchange of gluwdnFig. 3. The gluons are
massless particles with spin 1; most notably, they alsy@mior charge (which comesin 8
different charge-anticharge combinations, e.g., re@yesdn, red-antiblue, etc.), giving rise
to gluon self-interactions. These are encoded in the leste€Eq. (1) wherés,,, = d, A, —
OvAy + 9[AL, Av]; the commutator termA,, Av] = Ay - Ay — Ay - Ay is a consequence of
the 3x3 matrix structure in color-charge space and generates®4agiuon interaction
vertices (as depicted in the bottom right panel of Fig. 3)ctEateraction vertex brings in
a factor ofg into the calculations of a given diagram (except for the daglvertex which
is proportional tog?). All diagrams (more precisely, the pertinent scatteringphitudes)
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Figure 4: The static potential between a heavy quark andwautk in vacuum, as a function
of their distance, as computed in lattice QCD [13]. Potémaima distance are given in units
of the string tension,/o ~ 0.42 GeV~ 2.12 fnT! (where the conversion has been done
usinghc~ 0.197 GeV fm).

shown in Fig. 3 are thus proportional tg = g?/4m, while more complicated diagrams
(involving additional quark/gluon vertices) are of higleeder inas. This forms the basis

for perturbation theory: for smadls, higher order diagrams are suppressed, ensuring a rapid
convergence of the perturbation series. Perturbative QD) indeed works very well

for reactions at large momentum transfgrwhereas(Q) is small, cf. Fig. 1, while it breaks
down for smallQ. One possibility to obtain information on the nonpertunminteractions

is to investigate the potential between two static quarkgds i.e., the potential between a
heavy quark and antiquark. In the color neutral channel gmpimenological ansatz can be
written as a combination of a Coulombic attraction at shistiashces which merges into a
linearly rising potential at large distance (signifyingrfimement),

VQQ(I'):—:—%T‘FOT, 2)
whereo ~ 1 GeV/fm denotes the “string tension”. Such a potential les a good de-
scription of the observed spectra of heavy quarkonium state., charm-anticharm and
bottom-antibottom quark bound states. In recent yeardyehgy-quark potential has been
computed with good precision in lattice QCD, which fully éomed the phenomenologi-
cal ansatz, Eqg. (2), (see, e.g., Fig. 4). Subsequently,dtenpal approach, in combination
with expansions organized in powers of the inverse HQ nmags(rather than the coupling
constant), has been developed into an effective theorywetloergy QCD, cf. Ref. [14] for
a review.

Besides the (external) quark masses, QCD has only onen@ittyidimensionful scale
which is generated by quantum effects (loop correctionsg [atter give rise to the running
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coupling constant,
1

(1IN; — 2Nf)In(Q?/Ngcp)

whereN:=3 is the number of color charges aNg the number of active quark flavors at
givenQ (i.e., the number of flavors withng < Q). It is tempting to interpret the value of
Nqcp = 0.2 GeV as the dividing line between perturbative and nonpleative regimes of
QCD. In practice, however, the scale for the onset of nonpeative effects is significantly
larger, typically given by the hadronic mass scale-GfGeV. To understand the emergence
of this scale, it is important to realize that the QCD vacudracture is rather rich, char-
acterized by quark and gluon condensates. E.qg., in thedigiar quark-antiquark channel
(uuanddd) a strongly attractive force leads to the spontaneous fitomand condensation
of qq pairs (reminiscent to a Bose condensatén important consequence of the conden-
sate formation is that the light quarks acquire an effeatngss when propagating through
the condensed vacuum, which is given by the condensatg asG(0|qq0) ~ 0.4 GeV,
whereG is an (instanton-induced) effective quark coupling conistdNote that this mass
exceeds the bare quark masses by about a factot 00, being the major source of the pro-
ton massMp ~ 3y, and thus of the visible mass in the Universe. Formally, tres@nce
of the constituent quark mass (and quark condensate) islglosated to the phenomenon
of “Spontaneous Breaking of Chiral Symmetry” (SBCS): in timait of vanishing bare-
guark masses (which is a good approximation for the venyt liggndd quarks), the QCD
Lagrangian is invariant under rotations in isospin andaityr (handedness), i.e., transfor-
mations that changeinto d quarks and left-handed into right-handed quarks. Thisrinva
ance is equivalent to the conservation of isospin and chirahtum numbers of a quark.
However, the constituent quark mass breaks the chiral symirfiee., massive quarks can
change their chirality so that it is no longer conserved)CSBiot only manifests itself in
the QCD ground-state, but also in its excitation spectruen,hadrons. Therefore, hadronic
states which transform into each other under “chiral roteg? (so-called chiral multiplets
or partners) are split in mass due to SBCS. Prominent examplbe meson spectrum are
11(140)-0(400-1200) ang(770)-a1(1260), orN(940)N*(1535) in the nucleon spectrum.
In the following Section, we will discuss how the presencstaingly interacting matter
affects the nonperturbative structure of the QCD vacuumth@dhteractions therein.

as(Q) = 3)

2.2 Strongly Interacting Matter and the QCD Phase Diagram

When heating a condensed state, the general expectativat ie condensate eventually
“melts” (or “evaporates”), and that the interactions areesnoed due to the presence of
charged particles in the medium. Transferring this expexetdo the QCD vacuum implies

that, at sufficiently large temperature, the condensatesldtvanish and the quarks and

2The origin of this force is most likely not the perturbativekange of gluons, but nonperturbative gluon
configurations - so-called instantons - which correspontlitmeling events between topologically different
vacua and are characterized by a 4-dimensional “radiug’ef(0.6 GeV) ™%, cf. Ref. [15] for a review
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Figure 5: The equation of state of strongly interacting sratis computed in lattice
QCD [12] in terms of the energy density (left panel) and gmgrdensity (right panel) as

a function of temperature (aiz = 0). The computations use bare light and strange quark
masses close to their physical values.

gluons are released from their hadronic bound states (fiaeoment), forming the Quark-
Gluon Plasma (QGP). Numerical lattice QCD (IQCD) computagiof the thermodynamic
partition function at finite temperature have substantigllantified this notion over the last
two decades or so. The pertinent equation of state (EoS)the pressure, energy and
entropy density, indeed exhibits a rather well defined ftemms as shown in Fig. 5 for a
IQCD calculation with close to realistic input for the baight and strange quark masses.
At high temperaturesl( > 3T¢) the equation of state is within15% of the values expected
for an ideal gas, known as the Stefan-Boltzmann (SB) limhe BB values are given by
Eqq = 40egET* andeg = dg ZT# with degeneraciedys = NoNsNgN; = 12Ny for quarks
plus antiquarksN¢=3 for red, green and blue colos;=2 for spin up and down and;=2
for anti-/quarksNy is the number of massless flavors), alge= NsNe = 16 for gluons =8
color-anticolor combination$\s=2 transverse spin polarizations); the relative factor/8f 7
is due to the difference of Fermi vs. Bose distribution fims for quarks vs. gluons. For
N¢=3 one findsesg = &45+ £y ~ 15.6 T4, as indicated by thegsg” limit in the upper right
corner of the left panel in Fig. 5. Likewise, usiRg= sT — € (for quark chemical potential
Hq = 0), one finds for the SB limit of the entropy density: (10.5Nt +16) %ﬁ ~20.8T8,

cf. right panel of Fig. 5.

Returning to the phase transition region, the rapid change is accompanied by
comparably sudden changes in the quark condensate, ancphbetation value of the
so-called Polyakov loop, an order parameter of deconfingneénFig. 6. The latter is,
roughly speaking, proportional to the exponent of the hegwgrk free energy at large dis-
tance, éFgQ/T, which vanishes in the confined phase (or at least becomgsrell since
Foa = Fog(r — =) is large), but is finite in the deconfined QGP.

Detailed studies of the HQ free energy as a function of thativel distancey, of the
Q-Q pair have also been conducted in finftdlattice QCD, see, e.g., Fig. 7. One finds
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Figure 6: Lattice QCD computations of the (subtracted andhatized) light-quark chiral
condensate (left panel) and the (renormalized) Polyakop Expectation value as a func-
tion of temperature [12, 16].

the qualitatively expected behavior that the interact®increasingly screened with in-
creasing temperature, penetrating to smaller distaneas,@aracteristic for a decreasing
color-Debye screening length (or, equivalently, incregddebye masg/p). However, the
implications of these in-medium modifications for the bimgliof quarkonium states are
quite subtle. The first problem is that, unlike in the vacuwase; the identification of the
free energy with an interaction potential is no longer gigfiorward, due to the appearance
of an entropy termJ 32(5,

FQd(r,T) = UQé(r,T) — T%@(r,T), 4)

whereUqg denotes the internal energy. It is currently an open probigmtherFy5 [18]
orUqg [19,20, 21,22, 23] (or even a combination thereof [24]) esitiost suitable quantity
to be inserted into a potential model calculation for quaikm states in the medium (typ-
ically carried out using a Sctdinger equation). The different choices lead to conshigra
different results for the quarkonium binding in the QGP. @a bne hand, when directly
using the free energiog, the charmonium ground state (tBevave J/y or n states)
dissolves not far above the critical temperature, at abdufgl[18]. On the other hand,
the use olUg implies deeper potentials and thus stronger binding, aedgytbund-state
charmonium survives up to temperatures-@-2.5T.. The stronger bound bottomonia are
more robust and may not dissolve untifl Te.

An alternative way to address the problem of quarkoniumadisgion in the QGP is
the computation 0Q-Q correlation functions, which are basically thermal Greemnhc-
tions (orQ-Q propagators). However, the oscillating nature of the pgapar for physical
energies (i.e., in real time) renders numerical IQCD evabna intractable. However, one
can apply a trick by transforming the problem into “imaginéime”, where the propaga-
tors are exponentially damped. The price one has to pay isagtecal continuation back
into the physical (real time) regime of positive energielsistransformation is particularly
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Figure 7: The heavy-quark free energy as a function of sizef the HQ pair, for various
temperatures as computed in lattice QCD [13,17].

problematic at finite temperature, where the imaginaretaxis in the statistical operator
(free energy) is given by the inverse temperature, whiclkredy limits the accuracy in the
analytic continuation (especially for a limited discretember of points on the imaginary-
time axis). However, probabilistic methods, in particutee so-called Maximum Entropy
Method (MEM), have proven valuable in remedying this prablR6]. LQCD compu-
tations of charmonium correlation functions in the QGHRdiwked by a MEM analysis to
extract pertinent spectral functions, support the notiat the ground state&s{wave) char-
monium survives up to temperatures-01.5-2 T, [27], cf., e.g., the left panel of Fig. 8.
Even in the light-quark sector IQCD computations indicatepossibility that mesonic res-
onance states persist above the phase transition [28,2Blstrated in the right panel of
Fig. 8.

To summarize this section, first principle lattice-QCD cédtions at finite temperature
have confirmed that hadronic matter undergoes a transhimna Quark-Gluon Plasma.
This transition is characterized by rapid changes in theaggm of state around a tem-
perature ofT=0.15-0.20 GeV, which is accompanied by variations in onpErameters
associated with deconfinement and the restoration of chyrametry (i.e., vanishing of the
chiral quark condensate). While thermodynamic state bbegare within 15% of the ideal
gas limit at temperatures ¢f3 T, the analysis of the heavy-quark potential and mesonic
spectral functions indicate substantial nonperturbaffects at temperatures belev2 T..
This suggests that up to these temperatures the QGP is qgfficienit from a weakly in-
teracting gas of quarks and gluons. Substantial progresariinderstanding of hot and
dense QCD matter has emerged on a complementary front, nénowl experiments using
ultrarelativistic heavy-ion collisions. The following &@n gives a short overview of the
key observations and pertinent theoretical interpretatio
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Figure 8. Meson spectral functions in the Quark-Gluon Pidnased on imaginary-time
correlation functions computed in finifedattice QCD, followed by a transformation in the
physical regime using the Maximum Entropy Method. Left daBavave charm-anticharm
channel (spin-parity® = 1~, corresponding to thé/ (s meson) in a QGP with; = 2 fla-
vors [27]; the critical temperature in these calculati@aboufl, ~ 200 MeV. Right panel:
quark-antiquark channels with a bare quark mass correspgial strange quarks [28], in
the scalarJF = 0%), pseudoscalarf = 07), vector 0° = 17) and axialvectorJ” = 17)
channels in a pure gluon plasmalat1.4 Te.

2.3 Relativistic Heavy lon Collisions and the Quest for the QGP

The first years of experiments at the Relativistic Heavy@atlider have indeed provided
convincing evidence that a thermalized medium is produsedsi= 200 AGeV collisions.
In this section we give a brief summary of the basic obsesuatiand pertinent interpre-
tations [30f. A schematic pictorial sketch of the main stages of the gimiwf a head-
on collision of heavy nuclei is displayed in Fig. 9. The mabservables are momentum
spectra of various hadron species. We will concentrate oticfgs with zero longitudinal
momentum p,=0) in the center-of-mass frame of a nucleus-nucleus @afljghe so-called
mid rapidity (y=0) region, where one expects the largest energy deposiitire interpen-
etrating nuclei. The main kinematic variable is thus th@sk@rse momentunpg) of a
particle. Three major findings at RHIC thus far may be clasdify theirpr regime (see
Fig. 10 for 3 representative measurements):

e Thermalization and collective matter expansion in the [pwegimept ~ 0-2 GeV;,
e Quark coalescence in the intermedigteregime,pr ~ 2-5 GeV;
e Jet quenching in the highy regime,pt > 5 GeV.

It turns out that all of the 3 regimes, and the associatedipalyphenomena, are relevant
for our discussion of heavy-quark observables below. InfetHewing, we will elaborate
on the characteristic features of these momentum regimssme detail.

3For an assessment of the earlier CERN-SPS experimentsat émergies, cf. Ref. [31].
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Figure 9: Schematic representation of the various stageshafavy-ion collision. From
left to right: incoming nuclei at highly relativistic eneéeg moving at close to the speed of
light (which induces a substantial Lorentz contractioatieé to their transverse size; at full
RHIC energy of 100+100 GeV, the Lorentz contraction is adiaof ~1/100); upon initial
impact of the nuclei, primordial (“hard”) nucleon-nucleoallisions occur; further reinter-
actions presumably induce the formation of a Quark-Gluasik (aftero = 0.5— 1 fm/c),
whose pressure drives a collective expansion and coolarg(fluration offggp ~ 5fm/c),
followed by hadronization and further expansion in the badr phase (for a duration of
Ty ~ 5— 10fmfc); at thermal freezeout the (short-range) strong intevasticease (after
approximately 15 fnd total fireball lifetime).

In the low-pr regime, the spectra of the most abundantly produced hadronk,
p, A\, etc.) are well described by hydrodynamic simulations otaploding fireball [35,
36,37, 38]. At its breakup (or thermal freezeout), where(8tert-range) interactions of
the hadrons cease rather abruptly, the fireball matter iarekipg at an average collective
velocity of about 60% of the speed of light and has cooled dmwantemperature of about
Tio ~ 100 MeV. The hadro-chemistry of the fireball, characterizgdhe thermal ratios of
the various hadron species [11], is “frozen” at a higher terajure of abouf:, ~ 170 MeV
(as represented by the “data” points in Fig. 2). The separaif chemical and thermal
freezeout is naturally explained by the large differencthainelastic and elastic reaction
rates in a hadronic gas. Elastic scattering among hadraiasigated by strong resonances
(e.g.,tit— p — mrror N — A — 1N) with large cross sectionsyes~ 100 mb, implying
a thermal relaxation time of abo@erm >~ (0pnrVviel) ~ 1 fm/c (assuming a typical hadron
density of 02fm~2 and a relative velocity of;e) = 0.5c). Inelastic cross sections, on the
other hand, are typically around 1 mb, implying chemicahxation times in a hadron gas
of ~100 fmik, well above its lifetime of10 fm/c.

A hadronic observable which is sensitive to the early exjpenghases of the fireball
is the elliptic flow,v2, which characterizes the azimuthal asymmetry in the echhisedron
spectra (i.e., the second harmonic) according to

dNy B dNy
d2prdy  mdp2dy

[142v2(pr) cos20) + .. | (5)
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Figure 10: Key experimental measurements in Au-Au colfisiat the Relativistic Heavy
lon Collider in its first years of operation, as reflected amgverse-momentum spectra of
hadrons [30]. Left panel: Elliptic flow compared to hydrodymic calculations [32] in the
low-pt regime; middle panel: nuclear modification factor of nelupians compared to
perturbative jet-quenching calculations [33] in the highregime; right panel: universal
scaling of the hadronig, interpreted as an underlying quark[34].

(at mid rapidity, the system is mirror symmetric in the tnegrsex-y plane and odd Fourier
components in the azimuthal angpevanish). In a noncentral Au-Au collision, the initial
nuclear overlap zone in the transverse plane is “almondpset, cf. Fig. 11. Once the
system thermalizes, the pressure gradients along the axisrof the medium are larger
than along the long axis. As a result, hydrodynamic expansiti be stronger along the
x-axis relative to they-axis, and thus build up an “elliptic flow” in the collectiveatter
expansion, which eventually reflects itself in the final ledspectra via a positive, co-
efficient. The important point is that a largg can only be generated if the thermalization
of the medium is rapid enough: an initial period of (almostefstreaming will reduce the
spatial anisotropy and thus reduce the system'’s abilitptwert this spatial anisotropy into
a momentum anisotropy (i.e4). In this way, the magnitude of (and itspr dependence)
is, in principle, a quantitative “barometer” of the therimation time, 7. Applications of
ideal relativistic hydrodynamics have shown that the expentally measured,(pr) for
various hadronsr{, K, p, A\) is best described when implementing a thermalization time
of 1p=0.5-1 fmk. The agreement with data extends frgm= 0 to ~2-3 GeV, which (due
to the exponentially falling spectra) comprises more th&a# Df the produced hadrons.
Not only do the interactions for thermalizing the matteridaphave to be very strong, but,
for ideal hydrodynamics to build up the obserwed the viscosity of the formed medium
must remain very small (it is zero in ideal hydrodynamickg typical timescale for build-
up of the observed is on the order of the system size or QGP lifetimggp ~ 5 fm/c.
These features have triggered the notion of a “stronglyplaali QGP (sQGP); its initial
energy density at RHIC, as implied by the above thermabpaiimes, amounts tey ~ 10-
20 GeV/fn?, which is a factor of~10 above the estimated critical energy density for the
phase transition (and a factor ©fL00 above that for normal nuclear matter).

In the highpr regime, the production mechanism of hadrons changes araiesc
computable in perturbative QCD, in terms of hard partorigracollisions upon first im-
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Figure 11. Schematic representation of a noncentral haavgellision, characterized by
an almond-shaped initial overlap zone, and a subsequessyredriven build-up of elliptic
flow.

pact of the incoming nucleons (cf. left panel in Fig. 9). Tmeduced high-energy partons
subsequently fragment into a (rather collimated) sprayagfirbns, called jet. Back-to-back
jets are routinely observed in high-energy collisions @eéntary particles, but are dif-
ficult to identify in the high-multiplicity environment of heavy-ion collision. However,
a jet typically contains a “leading” particle which carriggst of the momentum of the
parent parton (as described by an empirical “fragmentéafiorction). High-pr spectra in
heavy-ion collisions thus essentially determine the modifon underlying the production
of the leading hadron in a jet. This modification is quantifigadthe “nuclear modification
factor”, A
RaA(PT) = S~ 19NN /g ngNéﬂpT :
ot NG /dpr

where the numerator denotes the hadron spectrum in theusdolecleus collision and the
denominator represents the spectrum in an elementaryansalgcleon collision, weighted
with the number of binaril-N collisions in the primordial stage of tieA collision. Thus,

if there is no madification of the leading hadron spectrunhim heavy-ion collision, then
Raa(pr >5 GeV) = 1. RHIC data ontproduction in central Au-Au collisions have found a
large suppression by a factor of 4-5 uppp~ 20 GeV. Originally, this has been attributed
to radiative energy-loss, i.e., induced gluon radiatidnaohigh-energy quark (or gluon)
traversing a gluon plasma [39, 40], as computed within pedtive QCD (pQCD). In the
approach of Ref. [39], the initially extracted gluon deiesiturned out to be consistent with
those inferred from hydrodynamic calculations in the Ipwfegime. In the approach of
Ref. [40], the interaction strength of the energy-loss pssds quantified via the transport
coefficientq’= Q?/A, which characterizes the (squared) momentum transfer panrree
path of the fast parton; the experimentally observed sugspra requires this quantity to
take on values of 5-15 Geé¥fm, which is several times larger than expected in pQCD.[41]
More recently, the importance of elastic energy loss hasa bealized, in particular in the
context of heavy-quark propagation [42, 43, 44, 45, 33], asnmil discuss in more detail

(6)
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below.

In the intermediatepr regime, RHIC experiments have observed an unexpectedly lar
ratio of baryons to mesons, e.@/m~ 1 or (A+A)/(4K?) ~ 1.3 in central Au-Au col-
lisions. On the one hand, within the pQCD energy loss pictime typical value ofp/
is close to~0.2 as observed in elementapyp collisions. On the other hand, within hy-
drodynamic calculations, a collective flow could, in prplei, account for such an effect,
but the applicability of hydrodynamics appears to ceaseahemta ofpy > 3 GeV (as,
e.g., indicated by the saturation (leveling off) of themit flow, which in hydrodynam-
ics continues to grow). Another remarkable observatiomiermediatepr hadron spectra
is a constituent-quark number scaling (CQNS) of the hadrexni(pr), as determined by
the numbern, of constituent quarks in each hadrdm,giving rise to a single, universal
function,

V2q(Pr/n) = Vzn(pr)/n, (7)

which is interpreted as the partonic (quavk)at the time of hadronization. Both CQNS
and the large baryon-to-meson ratios are naturally exgdhin terms of quark coalescence
processes of a collectively expanding partonic sourcesgpliase transition [46,47,48,49].
The most recent experimental data [34,50] indicate thast¢héng persists at a surprisingly
accurate level even at lopr, but only when applied as a function of the transverse kineti
energy, KE = mr —my, of the hadrons (whereyr = (p% 4+ )2 is the total transverse
energy of the hadron, ant, its rest mass). In Ref. [51], the quark coalescence model
has been reformulated utilizing a Boltzmann transport ggnavhere the hadron forma-
tion process is realized via the formation of mesonic resoes close td.. This approach
overcomes the instantaneous approximation of previouslpdnsuring energy conser-
vation in the coalescence process, as well as the propendidgnamic equilibrium limit.
This, in particular, allows for an extension of the coaleseeidea into the lowsr regime,
and initial calculations are consistent with KBcaling forv, p.

To summarize this section, we conclude that RHIC data haweigied clear evidence
for the formation of an equilibrated medium with very sma#icosity (an almost “perfect
liquid”) and large opacity with associated energy densivell above the critical one; in ad-
dition, indications for the presence of partonic degredssafdom have been observed. This
medium has been named the strongly coupled QGP, or sQGP.Mdnwiee understanding
of its microscopic properties remains an open issue at trg:pWhat are the relevant de-
grees of freedom and their interactions around and abg®eAre the 3 main phenomena
described above related, and, if so, how? Is there diredeeck for deconfinement and/or
chiral symmetry restoration? Results from lattice QCD, igsubssed in the previous sec-
tion, may already have provided several important hints tighter connections to RHIC
data need to be established.

Toward this goal, heavy-quark observables are hoped tagegmew decisive and quan-
titative insights: Do charm and bottom quarks participatiée flow of the medium, despite
their large mass? Do they even thermalize at ® Do they suffer jet quenching at high
pr? Do they corroborate evidence for quark coalescence pesednitial measurements
of heavy-quark observables have been performed providin@lizing evidence that the
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answer to these questions may indeed be largely positivetbstantial elliptic flow and
suppression of single-electron spectra associated wittilesgtonic heavy-meson decays
has been observed, i.e., electrons (and positrons) ang&ngdecays of the typ® — evX
andB — evX (the heavy-light meson§) = (cq) andB = (bq), are composed of a heavy
quark €, b) and a light antiquarkq = u,d), and as such are the main carriers of heavy
quarks in the system).

We now turn to the main subject of this article, i.e., the tetioal and phenomenolog-
ical description of heavy-quark interactions in the QGP padinent observables at RHIC.

3 Heavy Quarksin the Quark-Gluon Plasma

The special role of heavy quark® & b, ¢) as a probe of the medium created in heavy-ion
collisions resides on the fact that their mass is signifigdatger than the typically attained
ambient temperatures or other nonperturbative scalgss> Te, Agcp.? This has several
implications:

() The production of heavy quarks is essentially consediio the early, primordial
stages of a heavy-ion collision. Thus the knowledge of titeairheavy-quark (HQ)
spectrum (from, sayp-p collisions) can serve as a well defined initial state, even fo
low-momentum heavy quarks. The latter feature rendersyagasrk observables a
prime tool to extract transport properties of the medium.

(i) Thermalization of heavy quarks is “delayed” relativee light quarks by a factor of
~ mg/T =~ 5-15. While the bulk thermalization time is of ordef.5 fmk, the ther-
mal relaxation of heavy quarks is expected to occur on a ttalescomparable to
the lifetime of the QGP at RHICiocp ~ 5 fm/c. Based on the thus far inferred
properties of the sQGP, charm quarks could “thermalize” ¢erdain extent, but not
fully. Therefore, their spectra should be significantly nfied, but still retain mem-
ory about their interaction history — an “optimal” probe. odeding to this estimate,
bottom quarks are expected to exhibit notably less modidinat

(iii) As is well-known from electrodynamics, Bremsstrahguoff an accelerated (or de-
celerated) charged particle is suppressed by a large pditstioe mass;- (rrh/rnc)4
for heavy relative to light quarks. Therefore, induced gluadiation off heavy quarks
(i.e., radiative energy loss) is much suppressed relatiedetstic scattering.

(iv) The typical momentum transfer from a thermal medium tieeavy quark is small
compared to the HQ momenturptzh ~mgT > T? (where py, is the thermal mo-
mentum of a heavy quark in nonrelativistic approximatip?g/ZmQ ~3T/2; fora
relativistically moving quark, it is parametrically evearder, pmn ~ mgv). This ren-
ders a Brownian Motion approach (Fokker-Planck equatiaiitable and controlled
theoretical framework for describing the diffusion of aweguark in the (s)QGP.

4Note that the production of the heaviest known quark, the i®put of reach at RHIC; moreover, its
lifetime, = 1/t ~ 0.1 fm/c, is by far too short to render it a useful probe.
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(v) The HQ mass can furthermore be utilized as a large scatleweloping effective
(nonperturbative) interactions, such as HQ effective thew potential model ap-
proaches. In principle, this allows to make contact withistateraction potentials
from finite-temperature lattice QCD, although a number sfiés have to be resolved
before reliable quantitative predictions can be made.

(vi) Atlow momenta, nonperturbative (resummation) effdotcome relatively more im-
portant with increasing mass. E.g., for bound state fomnathe binding energy is
known to increase with the (reduced) mass of the constisu&iatr the concrete prob-
lem of the charm diffusion constant, it has recently beenvshthat the perturbation
series is badly convergent even for values of the stronglowuponstant as small as
as=0.1[52].

Before first RHIC data on HQ observables became availaldegxpectation based on
pQCD radiative energy loss was that themeson spectra are much less suppressed than
light hadron spectra [53], with a small elliptic flow of up ¥ ~ 4% [54]. At the same
time, the importance of elastic collisions was emphasindRifs. [42,43,44]. In particular,
in Ref. [42] nonperturbative HQ resonance interactionshan @GP (motivated by lattice
QCD results, cf. Fig. 8) were introduced and found to redneeHQ thermalization times
by a factor of~3 compared to elastic pQCD scattering. Predictions fobtmesornv, and
pr spectra in the limiting case in which the degree of HQ theizatibn is similar to light
qguarks can be found in Ref. [55]; including the effects ofleeaence with light quarks, the
D-meson elliptic flow reaches up to arouvgjz 15%, about a factor of-4 larger than in
the pQCD energy-loss calculations. This analysis also destnated the important feature
that the single-electromt) spectra arising from the semileptonic decdys; evX, closely
trace the suppressioR{a) and elliptic flow of the parerD meson (see also Ref. [56]). In
the following, we elaborate on the underlying approachekfarther developments with
applications to HQ transport properties and RHIC data.

3.1 Heavy-Quark Interactionsin the QGP

The scattering of charm and bottom quarks in a Quark-GluasrRé is dominated by in-
teractions with the most abundant particles in the mediuen, gluons as well as lighti(
andd) and strange quarks. The basic quantity to be evaluateatisftire the scattering
matrix (or cross section), which can be further utilized tonpute in-medium HQ self-
energies and transport coefficients. For reasons givereiprvious Section we focus on
elastic 2— 2 scattering processe@+i — Q+i with i = g,u,d,s. Our discussion is orga-
nized into perturbative (Sec. 3.1.1) and nonperturbatyE@aches (Secs. 3.1.2 and 3.1.3).
While the effective resonance model (Sec. 3.1.2) involvasai undetermined parameters
in terms of the resonance masses and coupling constantgttibe-QCD based potential
scattering (Sec. 3.1.3) is an attempt to generate the Hagwyguark interactions micro-
scopically without free parameters (albeit with significancertainties in the extraction of
the interaction potentials).
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Figure 12: Feynman diagrams for leading-order perturbaii@ scattering off light partons.

\QQ 0

3.1.1 Perturbative Scattering

In QCD, the simplest possible diagrams for HQ interactioiik light partons are given by
leading order (LO) perturbation theory. The pertinent Fegn diagrams are very similar to
the ones depicted in Fig. 3, and are summarized in Fig. 12.igksislsed in Sec. 2.1, these
processes can be expected to constitute a realistic desorgli HQ scattering in regimes
where the strong coupling constamis, is small (higher order diagrams will contribute
with higher powers irag). In principle, this can be realized either for large HQ maoiae
(implying the relevant momentum transfers to be large) drigh temperatures where the
interaction is screened and/or the typical momentum tearnsf orderQ? ~ T2 is large.
Since the color charge of gluons is larger than that of qu@nks factor of 9/4 to ordews),
the dominant contribution to pQCD scattering arises frotaractions with gluons, more
precisely thet-channel gluon exchange I@(p(l4)) +g(p§4)) — Q( p(34)) +g(p§4)), where
pi(4) = (Ej, Bi) denotes the energy-momentum vector (or 4-momentum) ofcfeirt(we
usep; = |pi| for the magnitude of the 3-momentum). The correspondirfgrdifitial cross
section is given by
dUgQ . 1
d  16m(s—M?)

S|4 (8)

wheret = (p(34) — p(l‘l))2 = 2(rr12Q —E1E> + P1- Ps) is the energy-momentum transfer on the
heavy quark withf; - P3 = p1p3cos@, sis the squared center-of-mass enesgy (p(14) +

p(24))2, and© the scattering angle of the heavy quark. The squared sogt@mplitude,
averaged over initial and summed over final spin polarizatio

M2 M2
77 = 2| 328 M)t(zs+t M) ] ©)

turns out to be dominated by thehannel gluon exchange diagram (third panel in Fig. 12),
corresponding to the expression explicitly written in thadkets. The factor /42 repre-
sents the (squared) propagator of the exchanged gluon \Wddk to a large cross section
for smallt implying a small scattering angl®, i.e., forward scattering. However, as dis-
cussed in Sec. 2.2, the interaction is screened in the meaiuah, in a simplistic form, can
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Figure 13: Total HQ scattering cross sections off light gastin pQCD (blue lines) and
within the effective resonance model (red lines) [57].

be implemented as an in-medium gluon propagater-1 u3), leading to a reduction of the
cross section (note that foichannel gluon exchange, the 4-momentum transfés,neg-
ative). To lowest order in perturbation theory, the gluorbil®Emass is given byp ~ gT.
The total cross section follows from integrating the expi@s in Eq. (8) ovet; the results
including all LO diagrams for charm-quark scattering ofacks and gluons are displayed
in Fig. 13. The total pQCD cross sections, computed for amugtically largeas = 0.4,
are, in fact, quite sizable, at aroumg; = 4(1.5) mb for gluons (quarks). In a schematic
estimate these cross sections may be converted into aageaate by using the “pocket
formula” I'c = acinvel. TO Obtain an upper limit, one may use ideal-gas masslessrpar
densitiesn; = d; 72 T3, with quark, antiquark and gluon degeneraciedgf= 10.5Ns with

Nt = 2.5 anddy = 16 (recall Sec. 2.2 and Fig. 5), in connection with a relatigtocity
Vrel = C. One findd ¢ ~ 0.4 GeV=0.5fm/c) %, a rather large elastic scattering rate. How-
ever, as we will see below, the relevant quantity for detemng the thermalization time
scale is the transport cross section, which involves armegular weight proportional to
sir © when integrating over the differential cross section. Teisders pQCD scattering
rather ineffective in isotropizing HQ distributions, dueits predominantly forward scat-
tering angles; the resulting thermal relaxation tim%s“%rm, are therefore much larger than
what one would naively expect from the large scattering eatamated above.

3.1.2 Resonance Model

As was discussed in Sec. 2.2, lattice calculations sugbesexistence of hadronic reso-
nances (or bound states) in the QGP for temperatures of1-ih Ref. [42] the idea has
been introduced that such resonances are present in the-liglatvquark sector and are
operative in a significant increase of the interaction gitlerof heavy quarks in the QGP.
The starting point of this investigation is an effective taggian.assuminghe presence of
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heavy-light fields®, which couple to a heavy quark and light antiquark accortting
0 0 0 1+ v _
$¢Qq:$¢+$Q+$q +ZGmQTCDm qu+h.c.. (10)
m

The first 3 terms on the right-hand-side represent the kimgtergy and mass terms giving
rise to free particle propagation while the last term (h.chermitean conjugate), roughly
speaking, indicates all terms with particles and antipkadi interchanged (i.eQ — Q,

g — q, etc.). The key term is the explicitly written interactia@rin generatingp-Q-q (3-
point) vertices whose strength is controlled by pertinemipting constantsG,,, which

in this approach are free parameters. The summation mvaccounts for the different
guantum numbers of th@-fields (which in turn are related to the structure of the dimgp
matrices,l'm). The couplings can be largely inferred from symmetry cdesations. As
alluded to toward the end of Sec. 2.1, the spontaneous lnggakchiral symmetry (SBCS)
in the vacuum implies hadronic chiral partners to split irssjan theD-meson sector, this
applies to the chiral partners in the scaldf & 0") - pseudoscalarJf = 0~) multiplet,

D and D}, as well as to the vectod{ = 17) and axialvector J” = 1*) chiral multiplet,
D* andD;. The pertinent chiral breaking is nicely borne out of recmeasurements of
the D-meson spectrum in vacuum [58], where the chiral splitting heen established to
amount to aboudM = 0.4 GeV, cf. Fig. 14. In the QGP, however, the spontaneouslkéiro
chiral symmetry will be restored, recall, e.g., the left @ain Fig. 6. Chiral restoration is
necessarily accompanied by the degeneracy of chiral partas is indeed observed in
IQCD computations of meson spectral functions abyef. right panel of Fig. 8. We thus
infer that the chiral partners in tli&-meson spectrum, i.e., scalar and pseudoscalar (as well
as vector and axialvector) should have the same mass anul iwittie QGP.

In addition, QCD possesses heavy-quark symmetries, incpkt a spin symmetry
which states that hadrons containing heavy quarks are degfenf the HQ spin is flipped
inside the hadron. Within the constituent quark model, treedfore expects a degeneracy
of pseudoscalar and vector mesons, where the heavy andlighk are coupled in a relative
Swave (orbital angular momentuin= 0) and the total spinJ, of the meson is solely
determined by the coupling of the two quark spins. The asdesymmetry is accurate
within ~0.1-0.15 GeV in thé&-meson spectrun-D* andDgy-D3, cf. Fig. 14), and within
~0.05 GeV in theB-meson spectrum (as given by tB€280)-B* (5325 mass difference;
note that the accuracy of the HQ symmetry indeed appearsate sith the inverse HQ
mass,m./m, ~ 1/3). Since the heavy-light resonance mass in the QGP itssliligect
to uncertainties on the order of possibly up to a few hundre/Mhere is little point in
accounting for the relatively small violations of HQ spimmayetry. In Ref. [42] it was
therefore assumed that also the pseudoscalar-vector (hasvecalar-axialvector) states
are degenerate.

With both chiral and HQ symmetry, the effective Lagrangiag, (10), essentially con-
tains 2 parameters in both the charm and bottom sector, velnécthe (universal) resonance
mass,mp g, and coupling constanGp g. The former has been varied over a rather broad
window above th&)-q threshold. Note that bound states cannot be accessed ihddo-
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Figure 14: Level spectrum dD-mesonsD = (cq), in the vacuum according to recent
measurements reported in Ref. [58]. The masses of the staeshown as a function of
their guantum numbers indicated in the upper portion of teréi. Note, on the one hand,
the splitting (non-degeneracy) of the chiral partnBrand D, as well as ofD* andD;,
by aboutAM = 0.4 GeV (believed to be a consequence of spontaneous bredkitiyal
symmetry in the vacuum). On the other hand, HQ symmetry,yimgldegeneracy db-D*
and ofDy-Dy, is satisfied withidM = 0.15 GeV.

scattering due to energy conservation, i.e., the bound stass is by definition below the
2-particle thresholdgn=mg+mg. Once the mass is fixed, the (energy-dependent) width for
the two-body decay of the resonande— Q+ q, is determined by the coupling constant

as
2 M2 _ 2
o) = 25 (T o4y g a1)
where the mass of the light antiquark has been put to zero. efermine the coupling
constant, some guidance can be obtained from effectivkguadels at finite temperature
[59, 60], where an in-medium-meson width of several hundred MeV was found (see also
Ref. [61] and Fig. 18 below).

The effective Lagrangian, Eqg. (10), generates 2 diagramsefsbnance exchange in
heavy-light quark scattering, so-calledandu-channels, as shown in Fig. 15. The per-
tinent total cross sections for charm-quark scatteringdisplayed by the red lines in
Fig. 13, assumindp-meson masses and widthsmof = 2 GeV andl'p = 0.4 GeV (the
charm- and bottom-quark masses have been set o= 1.5,4.5 GeV). In the energy
regime relevant for scattering of thermal partons in the (FaR ~ mg + Eah ~ 2.2 GeV
(E}]h ~ 3T ~ 0.75 GeV atT = 0.25 GeV), the cross section is largely dominated by the
s-channel resonance formation, and is substantially lahgarthe LO pQCD result fa-q
scattering. This is not so compared to pQCD scattering ofbig$. However, the angular
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Figure 15: Feynman diagrams for nonperturbative charmikgjogeractions via effectiv®-
meson exchange mchannel scattering off antiquarks (left panel) anchannel scattering
off quarks (right panel) [42].

distribution of the differentiat-channel resonance cross section (not shown) is essgntiall
isotropic (in the rest system of the resonance), which nemitlsignificantly more efficient
for thermalizing the HQ distributions (as we will see in SB2 below). The interaction
introduced via the Lagrangian, Eq. (10), cannot predictlztvtemperatures the effective
resonance fields dissolve. This, however, can be overcore iinteraction underlying
the resonance formation is treated on a more microscopét. I&ven more importantly, a
microscopic treatment could, in principle, eliminate tlegling-constant and mass param-
eters. First steps in this direction will be discussed inrtexet section.

3.1.3 Potential Scattering Based on Lattice QCD

The advances in finite-temperature IQCD to compute the idinme free energy of @-6
pair as a function of its size have, in principle, opened thesfbility to extract their static
(chromo-electric) interaction potential, see the dismrsaround Eq. (4). If this problem
can be well defined and solved, the next desirable step isdaokcthe quantitative con-
sequences of such an interaction in the light quark sectbe(gIQCD has also found
indications for resonance formation), eventually inchgdiransport and bulk properties. In
Refs. [62, 19] a relativistic correction has been suggestadrms of a velocity-velocity
interaction (known as the Breit interaction in electrodyimngs). In those works the focus
has been on the bound state problem, by solving an under§echgdinger equation. In
Ref. [20], aT-matrix approach to thg-q interaction has been set up, which allows for a
simultaneous treatment of bound and scattering states fidmework has been applied
for heavy-light quark scattering in Ref. [61]. Thus far theadission was constrained to
the color neutral (singlet)-q channel (i.e., a blue-antiblue, green-antigreen or retezh
color-charge combination), but a quark and an antiquarkatem combine into a color-
octet (a combination of red-antiblue, blue-antigreen) et addition, one can extend the
approach to the diquarkXq) channel, where color-antitriplet and sextet combinatiare
possible (see also Ref. [19]). Finite-temperature lattm@putations of the free energy of
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a heavy diquark [63] suggest that the relative interactimmgth in the meson and diquark
systems follows the expectations of perturbative QCD @ted Casimir scaling, which

essentially reflects the color-charges of the partons)enavrég = ng’Q) = —4Vé%; thatis,
the interaction in the color-triplet diquark channel isflz attractive as in the color-neutral
diguark channel while it is weakly repulsive for a color-s®diquark.

The starting point for the calculations of the heavy-lighttk T-matrix is the relativis-
tic Bethe-Salpeter equation for elastie-2 — 3+ 4 scattering,

4K
Tn(1,2;3,4) = Kn(1,2,3,4) + / ((ZJIW Km(1,2;5,6) G?(5,6) Tn(5,6;3,4),  (12)

which accounts for the full 4-dimensional energy-momentl@pendence of the scattering
process (including “off-shell” particles for which energnd 3-momentum are indepen-
dent variables)m characterizes all guantum numbers of the composite mesdigoark
(color, total spin and flavor¥m is the interaction kernel an@® (5,6) is the two-particle
propagator in the intermediate state of the scatteringga®icThe integration in the second
term of Eq. (12) accounts for all possible momentum trassfecompliance with energy-
momentum conservation. The labgls- 1,...,6 denote the quantum numbers (including
4-momentum) of the scattered single particles. Eq. (12)essmts a rather involved in-
tegral equation for the full scattering-matrix. However, the (static) potentials extracted
from IQCD do not contain the rich information required foet-D interaction kerndfy,.

It is therefore in order to adopt suitable reduction schef®és65], which are well-known
in nuclear physics, e.g., in the context of nucleon-nuclscattering [66]. A reduction
amounts to neglecting additional particle-antiparticletiiations for the intermediate 2-
particle propagator and puts the latter on the energy siih allows one to perform
the energy integration (ovég) in Eqg. (12). Importantly, it furthermore enables to idénti
the reduced interaction kernel with a 2-body poten¥al, and therefore to establish the
connection to the potentials extracted from lattice QCDe mbw 3-dimensional scattering
equation, known as Lippmann-Schwinger (LS) equation, igrsable to an expansion in
partial waves characterized by the angular momentum goantumber) =0,1,.. ., corre-
sponding to relativés- andP-waves, etc. Assuming HQ spin symmetry, the spin quantum
number does not explicitly enter, and one arrives at

Tal(E5F,P) =Vt (P )+ = [ OkIVa (K Goa(ER Tar (Ek ), (19

wherea = 1,3,6,8 labels the color channel. In the Thompson reduction schéraenter-
mediate heavy-light quark-quark (or quark-antiquark)pagator takes the form

Q
Gon(E:K) = 1- (@) — f(a) (14)

4E — (o iz (@l K) — (@@ +iZ(wd.K)

with @ = (Mg o+ k?)Y/2 the on-shell quark energies, ahtto®?) the thermal Fermi dis-
tribution functions (the numerator in Eq. (14) accountsRauli blocking, which, however,
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Figure 16: Diagrammatic representation of the Brueckneblem for HQ interactions in
the QGP [61,67]; upper panél-matrix equation for HQ scattering off thermal light quarks
or antiquarks; middle panel: HQ self-energy due to intéoastwith gluons and quarks or
antiquarks; lower panel: Dyson equation for the in-mediu@ ptopagator.

is essentially irrelevant at the temperatures consideeeg) h A pictorial representation of
the T-matrix scattering equation is given in the upper panel gf EB. Due to the interac-
tions with the medium, the quark propagators themselvemathfied which is encoded in

a single-quark self-energ¥, o, figuring into the 2-particle propagator, Eq. (14). It can be
related to the heavy-light-matrix, as well as due to interactions with gluons, as

d3
Zo(kiT) =Zag+ [ 50 1(6) Toa(Ei K (15)

cf. the middle panel in Fig. 16. The self-energy can be resachim a Dyson equation for
the single-quark propagator according to

Dq =D +D32qDq, (16)

where the free propagator is given D%(w, k) =1/(w— cq?) (omitting any guantum num-
ber structure and denoting the free particle on-shell gneygo?). The Dyson equation is
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graphically displayed in the lower panel of Fig. 16. It carsbésed algebraically, resulting
in the full in-medium single-particle propagator

1

Do=— .
Q w—wE—ZQ

17)

The convolution of the full propagator®g andDq, within the Thompson reduction scheme
leads to the 2-particle propagator, Eq. (14). In generalstif-energy is a complex-valued
guantity (as is th@ -matrix), with its real part affecting the in-medium quasificle mass
while the imaginary part characterizes the attenuatioadgiiion) of the propagating par-
ticle (wave).

Since the HQ self-energy depends on the heavy-lightatrix, and the latter, in turn,
depends on the self-energy, one is facing a Brueckner-tglfesnsistency problem, as
illustrated in Fig. 16. In the light-quark sector, the systef Egs. (13) and (15) has been
solved by numerical iteration and moderate effects duelteceasistency have been found.
For a heavy quark, the impact of self-consistency (which large extent is governed by
the real parts okf) is weaker (since the relative corrections to the HQ massatras large
as for light quarks). Therefore, in the calculations of Thenatrix in Ref. [61], the real
and imaginary parts of the self-energies of light and heawarks have been approximated
by (constant) thermal mass corrections (largely beingpatied to the gluon-induced self-
energy termzqg, in Eq. (15) and resulting im’ = 0.25 GeV anch{} = 1.5,4.5 GeV) and
quasiparticle widths of g ¢ = 0.2 GeV. The underlying heavy-light interaction potentials,
Vi1 368 have been identified with the internal eneldy,, extracted from the lattice results

of the in-medium singlet free energl;‘/(—l), in combination with Casimir scaling for the
strengths in the non-singlet color channels. Since the-thisgnce limit of the internal
energy,U(°§°Q = UQQ(r — o), does not go to zero, it needs to be subtracted to ensure the
convergence of the scattering equation,

Vao(r) =Ugo(r) — U%)Q ) (18)

Clearly, for infinite separation in a deconfined medium, thred between 2 quarks should
vanish, which is consistent with the leveling off of the ffaad internal) energy at largen
Fig. 7°. This energy contribution is naturally associated withramiedium mass correction
(in fact, in the vacuum, it can be identified with the diffecerbetween the bare charm-
quark and thé®-meson mass). However, an open problem is the entropy batitmn in the
internal energ\Waq = Fag+ T S5, Which does not vanish far— o; especially close to
the critical temperature, thES: . term becomes uncomfortably large, and its subtraction
consequently leads to a rather strong effective potemtiakqg. (18). This is currently the
largest uncertainty in the extraction of potentials from f@CD free energy, which may be
as large as 50%, as illustrated in Fig. 17. The use of theriatenergy may be regarded as
an upper estimate for the strength of the thus constructeshpials.

5Recall that the force is the gradient of the potenti&l= —[IV (r)
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Figure 17: Left panel: subtracted color-singlet heavyrguaternal energyJoa(r) —US@
numerically evaluated froriis=2 lattice QCD computations in Ref. [25], as a function of
Q-Q distance for various temperatures (figure taken from Ré&f) [Right panel: Compar-
ison [20] of different extractions of the color-singl@tQ potential, Eq. (18), aT=1.5T,
(SZ=[19], MP=[21], Wo= [24], MR= [20]).

The numerical calculations of the in-medium heavy-ligjhtatrices in the scheme out-
lined above [61] have found that the dominant interactioiesagerative in the attractive
color-singlet (mesons) and color-antitriplet (diquarkaonels, while they are strongly sup-
pressed in the repulsive sextet and octet channels. Thisecanderstood from the iterative
structure of theT-matrix Eq. (13), implying that higher order terms in the Beries,
T=V+VGV+VGVGV+---, are of alternating sign for repulsive potentials, whileyth
add for attractive potentials. Moreover, from the left gdamieFig. 18 one sees that the
color-singlet meson channel supports charm-light quas&mance structures in the vicinity
of the 2-body threshold up to temperatures of possibly5 T;, and up to~1.2 T in the
antitriplet diquark channel (all numerical results rethte theT-matrix approach as shown
here and below are based on the potential labelled “Wo” initite panel of Fig 17).

The interaction strength may be better quantified via the El@energies, displayed in
the right panel of Fig. 18 for charm quarks. While the reatpare small at all temperatures
(not exceeding 0.02 GeV), the imaginary parts are subsiamtanslating into scattering
rates (or quasiparticle widths) of up g = —2 ImZ; ~ 0.2-0.3 GeV not too far abovg.
Part of the reason for the different magnitudes in real arajimary parts is that the real part
of the T-matrix assumes both positive (repulsive) and negativea@ive) values, which
compensate each other when integrated over (or from diffefeannels). The imaginary
part of theT-matrix is strictly negative (absorptive) and always addthe self-energy.

In the following Section we will set up a Brownian-Motion fmework for HQ diffusion
in the QGP and address the question of how the differentdotiems we have discussed
above reflect themselves in the thermal relaxation for crearethbottom quarks.
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Figure 18: Left panel: in-mediuni-matrix for HQ potential scattering off light quarks
and antiquarks in the QGP in the color-antitriplet diquankl @olor-singlet meson chan-
nels, respectively, at 2 different temperatures [61]; triggnel: real and imaginary parts of
charm-quark self-energies at different temperaturedtiegdrom a sum over all -matrix
channels; the real parts are generally small, while the inaag parts are related to the
scattering rate b/ = —2 ImZ_.

3.2 Heavy-Quark Transport

The description of the motion of a heavy patrticle in a fluidifeat bath) has a long history
and a wide range of applications, including problems as raneds the diffusion of a drop
of ink in a glass of water. A suitable approach is given in teoha diffusion equation for
the probability densityp;, of the “test particle” 1. More rigorously, one starts frone tfull
Boltzmann equation for the phase space density, p,t),

<£+E.|_jr—(_|er)-ﬁp> fl(?, ﬁ,t) = ICO”(fl) ) (19)

where.Z = —[,V represents the force on the test particle due to an extémaiédium)
potential,V, andlq(f1) is the collision integral induced by scattering off pagiin the
heat bath. The application to heavy-quark motion has firenhksdvocated in Ref. [68].
Neglecting the mean-field term in Eg. (19), and assuming Botmimedium, one can in-
tegrate the Boltzmann equation over the spatial coordsnat@btain an equation for the
distribution function,fq, of the heavy quark in momentum space,

fo(pit) = [ drior.p). (20)
which is solely determined by the collision term,

ACLESESE 1)
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The latter can be written as an integral over all momentumsfeask,

lon(f) = [ Pw(p+k ) To(p-+K) ~W(p.K) fo(p) @2)

where the key ingredient is a transition ratép, k), for the HQ momentum to change from
pto p—k. The two terms in the integral represent the scattering @htbavy quark into
(“gain term”) and out (“loss term”) of the momentum stgteThe transport equation (21)
still constitutes a differential-integral equation flyy which in general is not easily solved.
At this point, one can take advantage of the HQ quark massdingva large scale, so that
the momentunp of the heavy quark can be considered to be much larger thaypreal
momentum transfelk ~ T, imparted on it from the surrounding medium. Under these
conditions, the transition rate in Eq. (22) can be expandedrhallk. Keeping the first two
terms of this expansion, Eq. (21) is approximated by the Ecktanck equation,

dfq(pt) 0 [

ot ap A-(p)+i_5i,-(p)} fa(p,t) - (23)

op;

where the transport coefficien®,andB;j, are given by

A(D) = [ dkw(p. Kk, By(p)= 5 [ Phuip ki (24)

in terms of the transition rate; A, encodes the average momentum change of the heavy
quark per unit time and thus describes the friction in theiomagdwhile Bj; represents the
average momentum broadening per unittime, i.e., the diffi®s momentum-space. For an
isotropic medium (in particular a medium in thermal equiliin), the transport coefficients
can be reduced to

A = VPP, By(p) = & - 5 Bo(e?) + PRl @9
where the friction coefficieny = 1,2 is equivalent to a thermal relaxation time, aBgl
andB; are diffusion coefficients. It is very instructive to examithe limit of momentum
independent coefficients (which in general is not the cadenalhnot be assumed below),
in which case the Fokker-Planck equation reduces to a péatlg simple form,

ofg 0 0

17}
= y——(pifo) + Do ——fq 26
ot dpi(p' Q) opi api Q (26)

which clearly illustrates the form of the diffusion termoportional to a single diffusion
constanD. The diffusion and friction constants are, in fact, relat@Einstein’s famous
fluctuation-dissipation relation,

D
T Tmg’
reducing the problem to a single transport coefficient. Nb&intimate connection be-
tween the HQ transport coefficients and the temperatureso$tirounding medium. This

y (27)
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demonstrates that the Fokker-Planck equation is a consigpproximation to the Boltz-
mann equation in the sense that it recovers the proper kquiti limit: both friction and
diffusion terms are essential to implement the principleetailed balance; a “pure” dif-
fusion equation (i.e.y=0) is only applicable in the limiT,mg — . Even in the presence

of momentum dependent transport coefficients, the Einséddiion (27), remains valid in
the zero-momentum limit — 0) and provides for a valuable check whether the computed
HQ diffusion constant® andy recover the temperature of the ambient medium.

In phenomenological applications to heavy-ion collisidhs evolution of highpr par-
ticles is often approximated within an energy-loss treaiyehich amounts to neglecting
the diffusion term, i.e.p — 0. This means that only momentum- (or energy-) degrading
processes are taken into account, which is reflected in thetétn equation as the — 0
limit (with D/T finite). The lack of momentum diffusion implies that both memum ran-
domization and energy-gain processes are neglected. faiparticles can neither equi-
librate nor become part of the collectively expanding med{which is, of course, crucial
for the transfer of transverse and elliptic flow from the nuedito the particles propagating
through it). Nevertheless, at high momentum this approtiomamay be in order if the
microscopic processes underlying energy loss are raretdnigramomentum transfer. In
this case the Fokker-Planck equation is not reliably applie.

Let us now turn to the microscopic input to the calculatiothaf transport coefficients.
Throughout the remainder of this paper, we employ fixed HQsemain. = 1.5 GeV and
my, = 4.5 GeV. Using Fermi's Golden Rule of guantum mechanics (ontyra field theory),
the transition ratev can be expressed via the quantum mechanical scatteringtamep!
A , underlying the pertinent scattering process in the medibor elasticQ+i — Q+i
scatteringi(= g, q, g), the rate can be written as

di d3q —
9= | ToamPanan s 10 AP (2m*0(@n + o~ 0~ ) - (28)
In perturbative QCD, the amplitude is explicitly given by.Eg) representing the Feynman
diagrams depicted in Fig. 12. Likewise, tlematrix discussed in the previous Section can
be directly related to the# amplitude, see Ref. [61]. In Eq. (28); denotes the spin-
color degeneracy of the partofi(q) is its phase-space distribution in the medium, wipile
andq (p— k andqg+ k) are the initial (final) momenta of the heavy quark and thequar
respectively. All in- and outgoing particles are on theirssahell, i.e.op = /m? + p?
with their respective massas,= mqg; the d-function enforces energy conservation in the
process.

In Fig. 19, we compare the temperature dependence of thesaection coefficient
(thermal relaxation time) for charm quarks at zero momerfauralastic scattering in pQCD
(as discussed in Sec. 3.1.1) with the effective resonandeh({Bec. 3.1.2). The latter leads
to substantially lower thermalization times than pQCD tratg, by around a factor 63
at temperature$ ~ 1-2 T¢. In contrast to pQCD, the values tftherm =~ 2-10 fmk within
the resonance model are comparable to the expected QGmdifat RHIC,1ocp~ 5 fm/c;
thus, if resonances are operative, significant modificatimihcharm spectra at RHIC are
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Figure 19: Thermal relaxation times of heavy quarks at zenaoBhentum as a function
of temperature in the QGP [42]; left panel: charm quarks enrbsonance model (with a
D-meson width p=0.3-0.8 GeV; lower band) compared to LO-pQCD (with a stroog-
pling constantis=0.3-0.5; upper band) [76]. Right panel: comparison of nes@e+pQCD
interactions (red lines) and pQCD only (blue lines) for chand bottom quarks.

anticipated due to (the approach to) thermalization. Thetrainty band covered by vary-
ing the effective coupling constar®, over a wide range is comparatively moderate. We
recall that the magnitude of the underlying total crossisastfor pQCD and the resonance
model (cf. left panel of Fig. 13) are not largely differen; immportant effect thus arises due
to the angular dependence of the differential cross seftioscattering amplitudes), which
is forward dominated in pQCD (corresponding to a small 3--on@mentum transfet,or

k) while isotropic in the rest frame of B-meson resonance implying larger momentum
transfersk. Since the expression fdx (and thus fory), Egs. (24) and (25), directly in-
volvesk, large-angle scattering is more efficient in thermalizingd-quark distributions.
Charm-quark relaxation in the resonance model appearscante less efficient at high
temperatures. This is not due to the disappearance of thearses (as will be the case in
the lattice-QCD based potential approach), but due to a atidmbetween the excitation
energy of the resonances and the increasing average thenex@y of the partons in the
heat bath. E.g., a = 0.5 GeV, the latter amounts t@nerma= 3 T = 1.5 GeV, which

is well above the optimal energy for formingxmeson resonance in collisions with a
zero-momentum charm quark. Thus, with increasing temperathe efficiency of the res-
onances irc-quark scattering is diminished since the partons in theosmding medium
become too energetic.

The effect ofB-meson resonances on bottom quarks is relatively similéhdacharm
sector, i.e., a factor of3 reduction in the thermal relaxation time compared to pQCD,
cf. right panel of Fig. 19. However, the magnitude ®fnerm Stays above typical QGP
lifetimes at RHIC, especially below R where almost all of the QGP evolution is expected
to occur (based, e.g., on hydrodynamic simulations). Thenemum dependence of the
relaxation times for LO-pQCD and resonance interactioniustrated in Fig. 20. The
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Figure 20: Thermal relaxation times of charm (left panel) Bottom quarks (right panel)
in the QGP as a function of 3-momentum at 3 different tempeeat using either pQCD
(0s=0.4; upper 3 lines gv=0 for charm, and lines 1, 2 and 4 from abovea0 for bottom)
or resonance scatterinf4=0.4 GeV; lower 3 lines ap=0 for charm, and lines 1, 2 and 4
from below atp=0 for bottom) [42]. The temperatures are1.1 T, 1.4T; and 1.8T; from
top to bottom within each set of interaction.

latter show a more pronounced increase of the relaxatiomwiith increasing, since their
interaction strength is concentrated at low energies. dtheen found that even at high
momenta, the main interaction is still via resonance foromatvith a “comoving” parton
from the heat bath (rather than from tails of the resonanéetéractions with partons of
typical thermal energies).

Next, we examine the transport coefficients as computed thail -matrix approach
using IQCD-based potentials (as elaborated in in Sec.)3.1tBFig. 21 we display the
temperature dependence of the thermal relaxation timehame quarks. Close t&, the
strength of theT -matrix based interactions (including all color channésyery compa-
rable to the effective resonance model. It turns out thattiler-singlet meson channel
and the color-antitriplet diquark channel contribute @ fitiction coefficient by about equal
parts; the somewhat small&matrix in the diquark channel is compensated by the 3-fold
color degeneracy in the intermediate scattering statescdhtribution of the repulsive sex-
tet and octet channels is essentially negligible. Contratyoth pQCD and the resonance
model, the IQCD-basetdi-matrix approach leads to an increase of thguark relaxation
time with increasing temperature, despite the substamitaéase of the parton densities
with approximatelyT 3. The increase in scattering partners is overcompensatétedgss
of interaction strength as determined by weakening of tHeld¢pased potentials, which is
largely attributed to color screening. As a consequenagnthlization due to LO-pQCD
scattering becomes more efficient than the nonperturbativetrix for temperatures above
T ~ 1.8 T;. This feature is very much in line with the generally expddiehavior that the
QGP becomes a more weakly coupled gas at sufficiently largpdeatures. More quanti-
tatively, it is reflected by lattice QCD computations of buflatter properties, in particular
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Figure 21: Thermal relaxation times for charm quarks in tli&PQas computed from the
heavy-light quark -matrices utilizing potentials estimated from lattice Q@axluding all

4 color combinations irq andcqg channels [61, 67]. The temperature dependence at zero
3-momentum (middle line in the left panel) and the 3-momentiependence at 3 tem-
peratures (lower 3 lines a=0 in the right panel) oft¢ therm are compared to LO-pQCD
scattering (upper blue curves @t0). Note that in the right panel, the curves are for tem-
perature§ =1.1T, 1.4T., 1.8T; from bottom top (top to bottom) for thE-matrix (pQCD)
interactions.

by the so-called “interaction measure’;— 3P, which may be interpreted as an indicator
of nonperturbative effects: as apparent from the left pah€ig. 5, this quantity becomes
close to zero at temperatures abev2l; ~ 0.4 GeV. Similarly, up to~2T, the (renormal-
ized) Polyakov loop exhibits substantial deviations frome ¢i.e., the value corresponding
to a “fully” deconfined QGP), cf. right panel of Fig. 6. The 33mentum dependence of
theT-matrix based relaxation times, shown in the right paneligf 1, reconfirms the loss
of interaction strength at high momenta as found in the raso@ model. The transport
properties of the bottom quarks as evaluated inTth@atrix approach are summarized in
Fig. 22; one finds very similar features as in the charm segtantitatively differing by a
factor of ~my/m; = 3.

The momentum-space diffusion (or friction) coefficient ¢tenconverted into a spatial
diffusion constant, defined in the standard way via the wagaof the timet() evolution of
the particle’s position,

(X%) — (x)2 = 2Dyt . (29)
with dT
Dx=— (30)
mQy

and Ds = Dy/d whered denotes the number of spatial dimensions. In Fig. R3for
charm and bottom quarks is summarized for the 3 differemtrautions (LO-pQCD, res-
onance+pQCD model and nonperturbafivenatrix+pQCD). Nonperturbative interactions
lead to a substantial reduction of diffusion in coordingtace compared to LO pQCD,
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Figure 22: Same as Fig. 21 but for bottom quarks [61, 67].
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Figure 23: Spatial diffusion constardg, for charm (left panel) and bottom (right panel)
quarks in units of the thermal wave length/(2mnT), as a function of temperature.
Compared are results from elastic pQCD scattering, res@tggQCD model and -
matrix+pQCD model.

especially for charm quarks. E.g., for a central Au-Au sidin at RHIC, taking as an illus-
trationT ~ 0.2 GeV,t = 1qgp~~ 5 fm/c, Ds = 6/2nT andd = 2 (in the transverse plane), one
finds Ax = /2Dyt ~ 4.3 fm/c compared to~ 8.6 fm/c for LO pQCD only. This indicates
that spatial diffusion is significantly inhibited in the gence of nonperturbative interac-
tions, and is smaller than the typical transverse size dfitekeall, R ~ 8 fm/c, indicating a
strong coupling of the charm quark to the medium over thetthuraf its evolution.

3.3 Heavy-Quark Observablesat RHIC

In this Section we elaborate on how the above developed Bamavotion approach can be
implemented into a description of HQ observables in ultediéstic heavy-ion collisions
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(URHICs) [43, 45, 70, 78] This requires the following ingredients: (i) a realistiokition

of the expanding QGP fireball; (ii) Langevin simulationsoé theavy quarks in the fireball
background with realistic input spectra; (iii) hadronirpatof the HQ spectra intD- andB-
meson spectra at the end of the QGP fireball evolution, andémileptonic decays of the
D- andB-mesons to compare to experimental single-electedi $épectra. We will focus
on Au-Au (,/s= 200 AGeV) collisions at RHIC where first measurements of thelewar
modification factorRaa(pr), and elliptic flow,v>(pr), have become available over the last
~3-4 years.

3.3.1 Langevin Simulations

The Fokker-Planck equation for the time evolution of the gghapace distribution of a
heavy particle moving through a fluid can be solved stocbalfi utilizing a Langevin
process. The change in position and momentum of the heavk guar a discrete but
small time intervaldt, are evaluated in the rest frame of the medium (QGP) acoptdin

52:% 5t, Op=—A(t,p+0p) pot+OW(t, p+3p), (31)

wherew, denotes the on-shell HQ energy apgw is its relativistic velocity. The drag
and diffusion terms of the Fokker-Planck equation deteeniivte change of momentum,
dp. The momentum diffusion is realized by a random change of emumd3W which is
assumed to be distributed according to Gaussian noise [69],

. Bjowiowk] 4
P(6W) O exp {—IKT} . Bij=0BYi, (32)

where(B~1);; denotes the inverse of the mati, the momentum-diffusion coefficients
of Eq. (25). The Gaussian form of this force is inherentlysistent with the underlying
Fokker-Planck equation which was derived from the Boltzmaguation in the limit of

many small momentum transfers (central limit theorem).

A realistic application to URHICs hinges on a proper degiwip of the evolving
medium. As discussed in Sec. 2.3, ideal hydrodynamic sitionis, especially for the QGP
phase, reproduce the observed collective expansion piepén central and semicentral
Au-Au collisions at RHIC very well, and have been employedH8) Langevin simula-
tions in connection with LO-pQCD transport coefficients iafR43]. Alternatively, the
basic features of hydrodynamic evolutions (collective fenwd expansion timescales) may
be parametrized using expanding fireball models. In Rel, Ebearlier developed fireball
model for central Au-Au collisions [74] has been extendeddoount for the azimuthally
asymmetric (elliptic) expansion dynamics closely rentaig of the hydrodynamic simu-
lations of Ref. [75]. Let us briefly outline the main compoteof such a description. The
starting point is the time dependent volume expansion oéafilinderVrg = z(t) ma(t)b(t)

8For implementations into parton transport models, see, Rafs. [72,73].
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Figure 24: Thermal fireball expansion for semicentral Au-allisions at RHIC. Left
panel: temperature evolution for either a massless gas dwith42 or a massive quasi-
particle gas withdger=48 and thermal parton massesmt0.25 GeV; right panel: time
evolution of the inclusive elliptic flowy,, of the bulk medium (upper solid curve) and for
heavy quarks as following from relativistic Langevin cdétions: charm quarks with LO-
pQCD interactions onlyds=0.4, lowest line), as well as charm (upper band) and bottom
quarks (lower band) for the resonance modig)£0.4 GeV) + pQCD.

wherea(t) andb(t) characterize the elliptical expansion in the transveraaghlnd(t) the
longitudinal size (typically coverindy = 1.8 units in rapidity, corresponding to the width
of a thermal distribution). As in ideal hydrodynamics, tlvelation is assumed to be isen-
tropic, i.e., to proceed at a fixed total entroBywhich is matched to the number of observed
hadrons at the empirically inferred chemical freezeoutFaj. 2. The time dependence of
the entropy densitys(t) = S/Vgg(t) = S(T), then determines the temperature evolution,
T(t) of the medium usingqep(T) = deﬁ%ﬁ in the QGP (withdes ~ 40 to account for
deviations from the ideal gas, cf. Fig. 5) and a (numericatjrbn resonance gas equation
of state sy (T), in the hadronic phase. At, which at RHIC energies is assumed to coin-
cide with chemical freezeout @tnem= 180 MeV, the hadron gas is connected to the QGP
phase in a standard mixed-phase construction. Assumingreafimn time of the thermal
medium of1p = 1/3 fm/c (translating into a longitudinal size @ = 1oAy = 0.6 fm) af-
ter the initial overlap of the colliding nuclei, the initie@mperature for semicentral (central)
Au-Au(,/s= 200 AGeV) collisions amounts ff = 0.34(0.37) GeV. The subsequent cool-
ing curve and elliptic flow of the bulk medium are displayedrig. 24. The last ingredient
needed for the HQ Langevin simulations are the initial chand bottom-quark spectra.
They have been constructed to reproduce available expetatiaformation orD-meson
ande® spectra in elementary-p andd-Au collisions at RHIC [76], where no significant
medium formation (and thus modification of their productipectra) is expected.

In Fig. 25 we compare the results for H spectra and elliptic flow of Langevin sim-
ulations in the above described fireball expansion usirtieeit O-pQCD scattering with
as= 0.4 (which may be considered as an upper estimate) or a contirtheQ-+q — @
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Figure 25: Nuclear modification factor (left panel) andmlt flow (right panel) of heavy
quarks as a function of their transverse momentum in sermalgb=7 fm) Au-Au colli-
sions [45].

resonance interaction with LO-pQCD [45]. This combinatismotivated by the fact that
in the resonance model the interaction of a heavy quark teats to (light) antiquarks
from the medium, while LO-pQCD is dominated by interactiovith thermal gluons (the
contribution from antiquarks is small, at thel0-15% level of the total pQCD part). One
finds that both the suppression at intermediateand the elliptic flow of charm quarks
are augmented by a factor 3-5 over LO-pQCD interactiongeqeiminiscent to what has
been found at the level of the transport coefficients. Theetamty due to variations in
the effective resonance parameters is moderate, art3380. It is remarkable that the
Langevin simulations naturally provide for a leveling offtbe elliptic flow as a character-
istic signature of the transition for a quasi-thermal regia low pr to a kinetic regime for
pr > 2 GeV, very reminiscent to the empirical KEscaling shown in Fig. 10. Even the
guantitative plateau value of 7-8% is recovered, indicatirat with the resonance+pQCD
model thec-quarks are largely participating in the collective expan®f the medium. On
the other hand, bottom quarks strongly deviate from thearaal behavior, which is of
course due to their much larger masg,= 4.5 GeV.

The results of the HQ Langevin calculations in a hydrodymasimulation for semi-
central Au-Au collisions are summarized in Fig. 26 [43]. hese calculations, the pQCD
HQ scattering amplitudes have been augmented by a fulljpatiue in-medium gluon ex-
change propagator with a fixed Debye masgg$1.5T, while the strong coupling constant
as has been varied to produce a rather large range of diffusiostants. The hydrodynamic
evolution is performed for Au-Au collisions at impact parterb=6.5 fm with a thermal-
ization time oftg=1 fm/c (corresponding to an initial temperatureTgf= 0.265 GeV) and
a critical temperature of.=0.165 GeV. The basic trends of the HQ spectra and elliptic
flow are consistent with the fireball simulations of Ref. [48Hicating a strong correlation
between large, and smallRaa (Strong suppression). Comparing more quantitatively the
simulations with a “realistic” pQCD HQ diffusion constarft@s = 24/2mT to LO-pQCD
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in the fireball evolution (corresponding B ~ 30/27T), reasonable agreement is found,
with Raa(pr=5 GeV)~0.7 andvy(pr=5 GeV)~1.5-2 %, especially when accounting for
the lowerTy in the hydro evolution (implying less suppression) and timalter impact
parameter (implying les).

It is very instructive to investigate the time evolution betsuppression and elliptic
flow, displayed in Fig. 27 for the resonance+pQCD model infittedall evolution. It turns
out that the suppression Rna is actually largely built up in the early stages of the medium
expansion, where the latter is the hottest and densestharacterized by a large (local)
opacity. On the other hand, the elliptic flow, being a collecphenomenon, requires about
~4 fm/c to build up in the ambient fireball matter, implying that thHeaom-quarkv, starts
building up only 1-1.5 fm¢ after thermalization, and then rises rather gradually,lstte
panel of Fig. 24. Thus, the time evolution Bha and v, is not much correlated, quite
contrary to the tight correlation suggested by the final ltesurhis will have important
consequences for the interpretation of the experimentalidésec. 3.3.2.

Finally, we show in Fig. 28 the fireball simulation results feavy quarks in the non-
perturbativeT -matrix approach augmented by LO-pQCD scattering. Herelatter only
includes gluonic interactions to strictly avoid any doubtaunting with the perturbative
(Born) term of theT -matrix (which involves scattering off both quarks and qu#érks from
the heat bath). The results are very similar to the effecégenance+pQCD model.

3.3.2 Heavy-Meson and Single-Electron Spectra

To make contact with experiment, the quark spectra as cadgntthe previous section
require further processing. First, the quarks need to beertad into hadronslY andB
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Figure 26: Nuclear modification factor and elliptic flow ofazim quarks as a function of
their transverse momentum in semicenti&®.5 fm) Au-Au collisions using a hydrody-
namic evolution of the bulk medium at RHIC [43].
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Figure 28: Nuclear modification factor (left panel) andmlt flow (right panel) of charm
guarks in central/semicentral Au-Au collisions at RHIC asputed within HQ Langevin
simulations in a thermal fireball background with nonpdraiive potential scattering off
thermal quarks and antiquarks plus LO-pQCD scatteringlaffrgs [61, 67].

mesons, their excited states, and possibly baryons camgaieavy quarks). Second, since
the current RHIC data are primarily for single electrons, plertinent semileptonic decays,
D,B — eveX, need to be evaluated.

The hadronization of quarks produced in energetic cohiisiof elementary particles
(e.g.,ete” annihilation or hadronic collisions) is a notoriously diffit problem that has
so far evaded a strict treatment within QCD and thus requhemomenological input. A
commonly employed empirical procedure to describe hadetiain of quarks produced at
large transverse momentum is to define a fragmentationiam®, ; (z), which represents
a probability distribution that a partom, of momentump; hadronizes into a hadrom,
carrying a momentum fraction= p,/p; of the parent parton (with & z < 1, reflecting
the fact that color-neutralization in the fragmentationgass requires the production of
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extra “soft” partons, which, in general, do not end umjnAt large enouglpr, the parton
production occurs at a very short time scaljgyq ~ 1/pr, and thus hadronization, charac-
terized by a typical hadronic scalgaq~ 1/Aqcp, becomes independent of the production
process (this is roughly the essence of the “factorizati@otem” of QCD [77]). There-
fore, the distributiorD(z) is supposed to be universal, i.e., can be determined (onfit) i
e.g..e"e- — hadronsand then be applied to hadronic collisions. For light quankd glu-
ons,D(z) is typically a rather broad distribution centered aroune 0.5, while for heavy
quarks it is increasingly peaked toward= 1, sometimes even approximated by a Dirac
o-function,D(z) = 6(z— 1) (so calledd-function fragmentation). Toward lowexr, other
hadronization processes are expected to come into plagdrohic collisions, a possibility
is that a produced quark recombines with another quark dgjueark from its environment,
e.g., valence quarks of the colliding hadrons [78]. Theemiple empirical evidence for the
presence (and even dominance) of the recombination messhanibothp-p and-p col-
lisions, in terms of flavor asymmetries of hadrons (inclgdiharmed hadrons [79, 80, 81])
produced at forward/backward rapidities, where reconthmnawith valence quarks is fa-
vored). E.g., for charm production im N collisions, theD~ /D™ ratio is enhanced at large
rapidity, y, indicating the presence @d — D~ recombination with a-quark from the
m = du (but notcd — D).

As discussed in Sec. 2.3, the quark recombination (or coate) model has received
renewed interest in the context of RHIC data, by providinguecessful explanation of
2 phenomena observed in intermedigtehadron spectra, namely the constituent quark-
number scaling of the elliptic flow and the large baryon-teson ratios. It is therefore
natural to also apply it to the hadronization of heavy qu#BRs55], where it appears to be
even more suited since the HQ mass provides a large scalieedt@which corrections to
the coalescence model are relatively suppressed even ahdomentum. We here follow
the approach of Ref. [55] where tipe spectrum of &-meson is given in terms of the light
and charm quark or antiquark phase space distributiigrsas

dngeal / p-do
dy?pr ) (2n)3

wherep = pg+ PBc denotes the momentum of tilemesongp a combinatorial factor (en-
suring color-neutrality and spin-isospin averaginig).d,x) the Wigner function of th®-
meson which is usually assumed to be a double Gaussianfiveatgomentumg = p. — By
and sizeJ =T — g, and dr represents an integration over the hadronization volurhe. T
charm-quark distribution function is directly taken frofvetoutput of the Langevin sim-
ulations discussed in the previous section, while the dgghdrk distributions are taken as
determined from the successful application of the coalesenodel of Ref. [47] to light
hadron observables at RHIC. The coalescence mechanismevbnvdoes not exhaust all
charm quarks for hadronization, especially at highwhere the light-quark phase-space
density becomes very small; in Ref. [45], the “left-over’acim quarksN;, have been
hadronized withd-function fragmentation (as was done when constructingripet spec-
trum in connection withp-p andd-Au data). The totaD-meson spectrum thus takes the

/ﬁm@mwmwumm, (33)



Heavy Quark Diffusion as a Probe of the Quark-Gluon Plasma 43

T T T ]
—D-e 2 =7

10

3 T T T T
4 t _B_e z c+b re‘so 25 o STAR prel. — creso
— 0+ . € sum 3 -- — c+b pQCD 4o ® PHENIX — c+breso
3 sb N N E [ — creso ] E — c+b pQCD]
& 10 B g:g ESS\ pp) 15 o PHENIX prel. pQ
oL N " 4 -3 15F 4
g 10 i STAR (prel, d+A7.5)] ¢ 5
5 10°F i\j\ E T TH o
8 =
g 10%F il E % % ¢ st
= 10 gy, ] oos d :
10f O /0=49x10 3 - - 0
10 1 0 - Au-Au (\/S:ZOp GeV) | _ ‘ 2 Au‘-Au (VS:%OO GeV,
00T s e T s o 1 2 3 7 5 % 1 2 3 7 5
Py [GeV] p; [GeV] p; [GeV]

Figure 29: Left panel: single-electron spectra from heflayer decays inp-p andd-Au
collisions; the empirically inferred decomposition [46] Ts compared to STAR data [86,
85]. Middle and right panek™ elliptic flow and nuclear modification factor in semicentral
Au-Au collisions p=7fm/c) [45, 76] compared to first RHIC data [88, 89, 90].
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In the approach of Ref. [45] the formation of baryons contgjrcharm quarks (most no-
tably Ac = udc) has been estimated to be rather small, withe@D ratio significantly
smaller than 1, and is therefore neglected. The same proeedufor charm quarks is
also applied for bottom-quark hadronization. In princjplee QGP and mixed phase is
followed by an interacting hadronic phase (cf. Fig. 9), véierandB mesons are subject
to further reinteractions. In Ref. [8Z)-meson reaction rateE,BG, have been estimated
in a hot pion gas. Even at temperatures closé&te 0.18 GeV, FHG < 0.05 GeV, which
is significantly smaller than in the QGP at all consideredgeratures, cf. Fig. 18, and
are therefore neglected in the calculations of Ref. [45haly, theD- andB-meson spec-
tra are decayed with their (weighted average) semileptdeoay branching~10% forD
mesons), assuming a dominance of 3-body decays [@:g.,Kev). Before discussing the
pertinent singles™ spectra in more detail, two important features should balled: (i)
the shape and magnitude of the decay electrons closelyv®litbose from the parem
mesons [55, 56]; (ii) the electron spectra are a combinaifocharm and bottom decays
which experimentally have not yet been separated. Sinderhejuark spectra (and thus
their decay electrons) are predicted to be much less modifeadcharm spectra, a reliable
interpretation of th&™ spectra mandates a realistic partitioning of the 2 contiobs. Fol-
lowing the strategy of Ref. [45], the input charm and elettspectra are constructed as
follows: one first reproduces availalilemeson spectra id-Au collisions [84], calculates
the pertinent electron decays and then adjusts the bottainilmation to reproduce the*
spectra inp-p andd-Au reactions. As a result of this procedure, the bottom ridoution to
thee™ spectra in the elementary system exceeds the charm cditrila momentgr ~5-
5.5 GeV, see left panel of Fig. 29; this is consistent with(tla¢her large) margin predicted
by perturbative QCD [87].
The first comparison of thee® spectra obtained within the Langevin reso-
nance+pQCD+coalescence model [45, 76] to RHIC data aveiktithe time is shown in

(34)
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Figure 30: Elliptic flow and nuclear modification factor oketrons from heavy-flavor
decays in Au-Au collisions at RHIC as computed within HQ Lawvig simulations in a
thermal fireball background employing the resonance+pQ@BDeathfor HQ interactions in
the QGP [45,57]. In the lower panels, quark coalescenceepeas at hadronization are
switched off. The data are from Refs. [91,92,93].

the middle and right panel of Fig. 29. While no quantitatiemclusions could be drawn,
a calculation with pQCD elastic scattering alone was dfeg. One also notices that
the bottom contribution leads to a significant reductionhe\; at pr > 3 GeV, as well
as a reduced suppressionRf,, where thec andb contributions become comparable for
pr > 4.5 GeV in semicentral collisions.

The resonance+pQCD+coalescence model is compared tovetwd data [91,92,93]
in the upper panels of Fig. 30. For central Au-Au collisiotise e suppression ap-
pears to be underpredicted startingpat~4-5 GeV (with theb contribution exceeding
the charm atpy > 3.7 GeV), indicating the presence of additional suppressiecha-
nisms at higher momenta. The lower panels in Fig. 30 showedhelts of calculations
without quark coalescence, i.e., allandb quarks are hadronized with-function frag-
mentation. The shape of tH&,(pr), as well as the magnitude of, are not properly
reproduced. This conclusion has been consolidated by enimtiprovement of the exper-
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Figure 31: Elliptic flow and nuclear modification factor oketrons from heavy-flavor
decays in Au-Au collisions at RHIC. Left panel: PHENIX da®@] compared to theoretical
predictions based on the Langevin simulations in the rasmygpQCD+coalescence model
(bands) [45] or with upscaled pQCD interactions (dashetbdind dotted lines) [43], as well
as with radiative energy-loss calculations (dashed life4]) Right panel: PHENIX [94]
and STAR [95] are compared to Langevin simulations emplpiA® T-matrix interactions
plus coalescence [61].

imental results, displayed in the left panel of Fig. 31 tbgetwith theoretical predictions
within the resonance+pQCD+coalescence model [45], thedaythamic Langevin simu-
lations with pQCD-inspired transport coefficients [43] vl as the radiative energy-loss
approach with a transport coefficiat4 Ge\?/fm [54]. Both Langevin simulations point
at a HQ diffusion coefficient of arounids ~ 5/(2mT), cf. Fig. 23. The comparison of the
2 Langevin approaches reiterates the importance of thesoahce contribution: the lat-
ter is absent in the hydro calculations of Ref. [43] whichrmmarsimultaneously describe
the measured elliptic flow and suppression with a singleevafithe diffusion coefficient.
Quark coalescence, on the other hand, introduces an “amtation” of vo andRaa into
the spectra which increases tWhebut decreases the suppression (laRgy), which clearly
improves on a consistent description of the data. In theataeienergy loss approach [54],
the suppression is approximately reproduced but the ahmhasymmetry is too small, es-
pecially at lowpr. As discussed in connection with the Fokker-Planck Eq., @& rgy-loss
calculations do not account for momentum diffusion; a nersx; is therefore solely due
to the geometric path length difference across the long haedhort axes of the almond-
shaped transverse fireball area (a shorter path lengthimgliess suppression). The lack of
Vo thus corroborates the interpretation that the charm (angbenbottom) quarks become
part of the collectively expanding medium, while the langasport coefficient supports the
strongly coupled nature of the medium, even without diffasand coalescence.
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Finally, the right panel of Fig. 31 shows the predictions ofball Langevin simula-
tions employing the nonperturbatifematrix+pQCD+coalescence approach for HQ inter-
actions [61]; the agreement with PHENIX data is fair. Oneustitkeep in mind that the in-
herent uncertainties in this approach, e.g., in the extiaetnd definition of an in-medium
two-body potential from the lattice-QCD free energy, ai#t appreciable, estimated at
around+30% at the level o&* observables [61]. A conceptually attractive feature of the
T-matrix+coalescence approach is that it directly connwatsthus far disconnected phe-
nomena observed at RHIC, namely the strongly coupled QGRyaark coalescence: the
very same interaction that induces the strong coupling efhbavy quarks to the QGP
leads to the formation of “pre-hadronic” resonance stmasiclose tdle. The latter are
naturally identified with the mesom) and diquark dq) states building up hadrons in a
g+q— M andq+q— dqg,dg+q— B processesR: baryon), as suggested by the univer-
sal constituent-quark number scaling (CQNS), see also[RHf.

3.4 SQGPat RHIC?

Let us now try to elaborate on the possible broader impadieturrent status of the HQ
observables and their interpretation. It is gratifying ¢@ shat the available electron data
thus far confirm the strongly coupled nature of the QGP predumt RHIC; relativistic
Langevin simulations have quantified this notion in termexdfacted transport coefficients
which are a factor of 3-5 stronger than expectations basethstic perturbative QCD inter-
actions. At least in the low-momentum regime, this should beliable statement since the
heavy-quark mass warrants the main underlying assumptiamnsely: (i) the applicability
of the Brownian motion approach, and (ii) the dominance ag#t interactions. Clearly,
an important next step is to augment these calculations lmontatled implementation of
radiative energy-loss mechanisms, see, e.g., Ref. [9¢&] fiost estimate. As for the micro-
scopic understanding of the relevant interactions unieglihe HQ rescattering, it should
be noted that large couplings necessarily require resuionsadf some sort, especially for
the problem at hand, i.e., HQ diffusion, for which the pdration series converges espe-
cially poorly [52]. An example of such a (partial) resumnoatiis given by theT-matrix
approach [20, 61] discussed above, which is particuladiyalde when it can be combined
with model-independent input from lattice QCD. Here theeshiye must be to reduce the
uncertainties in the definition and extraction of a suitgiéential. This task can be fa-
cilitated by computing “Euclidean” (imaginary time) colagon functions for heavy-light
mesons and check them against direct lattice computatitishvean be carried out with
good accuracy. These kinds of constraints are currentigyaat in the heavy quarkonium
sector [21,22,23], i.e., fdD-Q correlation functions, indicating that potential modeais a
viable framework to describe in-medium HQ interactions.

An alternative nonperturbative approach to describe theiune of a strongly-coupled
gauge theory has recently been put forward by exploitingieotions between string theory
and Conformal Field Theory (CFT), the so-called AdS/CFTrespondence. The key point
here is a conjectured duality between the weak-coupling lifha certain string theory
(defined in Anti-de-Sitter (AdS) space) and the strong-tinggimit of a supersymmetric
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Figure 32: The ratio of shear viscosity to entropy densitys. Left panel: lattice QCD
computations in a gluon plasma [100] compared to resulesiiefl from perturbation the-
ory [101, 102]. Right panel: schematic estimates utilizing HQ diffusion constant em-
ploying (a) LO pQCD elastic scattering{=0.4) in the weakly interacting limit (38) (dashed
line), (b) the effective resonance model in the strong-tingpimit (35) (band enclosed by
dashed lines), and (c) the lattice-QCD potential baBedatrix approach (augmented by
pQCD scattering off gluons) represented by the band ertlbgesolid lines constructed
from the weak and strong coupling limits.

gauge theory (“conformal” indicates that the theory dodscaory any intrinsic scale, such
as/\qcp in QCD,; this difference may, in fact, be the weakest link ie thentification of
the CFT plasma with the QGP; it implies, e.g., the absence @it@al temperature in
CFT). A remarkable result of such a correspondence is theatien of a universal value
for the ratio of shear viscosity to entropy density pertagnio a large class of strongly
coupled quantum field theorieg,/s = 1/(4m), which was furthermore conjectured to be
an absolute lower bound for any quantum liquid [97]. Withie same framework, the HQ
diffusion has been computed, with the redddt~ 1/(27T) [98,99]. The assumption that
the QGP is indeed in a strongly coupled regime (sQGP) canhibariilized to establish a
relation betweem /sand the heavy-quark diffusion constant, and thus obtairaatifative
estimate ofy /s. Based on AdS/CFT, and exploiting the proportionatjtys 0 Ds (as, e.g.,
borne out of kinetic theory) one has

n_1 21
S~ 2-Ds(2nT) =5 T Ds  (AdS/CFT) (35)

using the empirically inferreBs(27T )=4-6, one arrives aj /s=(4-6)/(4r)=(1-1.5)ft. This
may be compared to a rather recent lattice QCD computatepiadied in the left panel of
Fig. 32 [100], which also contains the result of a pertuslgatialculation. A caveat here is
that the lattice computations are for a pure gluon plasma.(GP

An alternative estimate fay /smight be obtained in the weak-coupling regime. Starting
point is a kinetic theory estimate gffor an ultrarelativistic gas [103, 104]

4

n& N (P) Atr (36)
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wheren is the particle density)y the transport mean free path over which a particle’s
momentum is degraded by an average momenpim Assuming the latter to be of order
of the average thermal energy of a massless parton, on® pas € (the energy density of
the gas). Further usinfjs=¢+P = %s andAy = Ty, One obtains

n 1
—r~=TTy. 7
s7s Ttr (37)
Finally, accounting for the delayed thermal relaxationetiof a heavy quark viag ~
(T/mo) 1w, and using the expression, Eq. (30), for the HQ diffusiorstant, one arrives at
the following rough estimate for a weakly coupled (perttiszg QGP (WQGP),

~ é TDs (WQGP . (38)

n

s
Note the significantly smaller coefficient in this estimabenpared to the one in expression
(35), which reflects the expected underestimation of tharshiscosity if a gas estimate
is applied in a liquid-like regime (as emphasized in Ref.3]10 As a rough application
we may use the LO pQCD results for the HQ diffusion coefficiewtith D(27T) ~ 40
for a gluon plasma (GP) &t=0.4 GeV (see Fig. 23, with &25% increase for removing
the contributions from thermal quarks and antiquarks), famés n /s ~ 1.25, which is
surprisingly close to the perturbative estimate conseédigt Ref. [L00] which is based on a
next-to-leading logarithm of the shear viscosity [102] anklard-thermal-loop calculation
of the entropy density [101] (both of which represent pQCIzwations beyond the LO
estimate of the HQ diffusion constant in Fig. 23).

In the right panel of Fig. 32 we attempt a schematic estimiatg/ein the Quark-Gluon
Plasma based on the 3 basic calculations of the HQ diffusiefficient discussed through-
out this article. For the LO-pQCD calculation, we adopt tiséreate (38) for a weakly
coupled gas, while for the resonance+pQCD model we use thegstoupling estimate
(35). The most realistic estimate is presumably repreddmnteheT-matrix+pQCD calcu-
lation, for which we constructed a pertinent bandjifs as follows: the lower limit of the
band is based on the weak-coupling estimate, while for tipeulmit we adopt the strong-
coupling estimate at the low temperature efd@.2 GeV), the LO-pQCD only result at
the highT end (T=0.4 GeV) and a linear interpolation in between these 2 teatpees
(there are additional uncertainties which are not displagey., due to the extraction of the
IQCD-based interaction potentials).

A remarkable feature of the lattice-QCD potential ba3ethatrix approach is that
the interaction strengttlecreasesvith increasing temperature - in other words, the most
strongly coupled regime appears to be close to the critemaperature. It turns out that
the occurrence of a maximal interaction strength at a phassition is a rather generic
phenomenon which is present in a large variety of substaratetheir critical pressure,
helium, nitrogen and even water have a very pronounced mimirim /s at the critical
temperature, as is nicely demonstrated in Ref. [106] andpdedhin Fig. 33 taken from
Ref. [105]. This plot also contains calculations fpfs in the hadronic phase, using free
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Figure 33: Compilation of the ratio of shear viscosity torepy density for various sub-
stances [105]: atomic He, moleculas Bind HO [106] (upper 3 symbols), pure-glue lattice
QCD (upward triangles abovk) [100], pion gas (downward triangles beldy [107] and
empirical estimates from heavy-ion data (hexagons) [105].

-1t interactions in a pion gas [107] (similar results are olgdifor ar-K gas with empir-
ical (vacuum) scattering phase shifts [109]). The decreésg/sin a hot meson gas with
increasingl corroborates the presence of a minimum around the crigeaperature. The
finite-temperature QCD phase transitionug0 is presumably a cross-over, but the mini-
mum structure of] /s close toT. is likely to persist, in analogy to the atomic and molecular
system above the critical pressure [106]. If such a minimsimdeed intimately linked to
the critical temperature, the AAS/CFT correspondence neagfbimited applicability to
establish rigorous connections between the sQGP (and RRéGgmenology) and CFTs,
since, as mentioned above, the latter do not possess arsintscale.

The question of how a gluon plasma (GP) compares to a quadagblasma is not
merely a theoretical one, but also of practical relevanedelavy-ion collisions at collider
energies (RHIC and LHC), the (very) early phases of the r@aeare presumably dominated
by the (virtual) gluon fields in the incoming nuclei. A lot ofggress has been made in
recent years in the determination of these gluon distrimstiand their early evolution in
URHICs [108]. The modifications of the HQ spectra due to thaseng “color” fields
should certainly be addressed in future work. In the subseigevolution, an early formed
GP is estimated to chemically equilibrate into a QGP ratapidly, and closer td; quark
coalescence models are suggestive for the dominance d€ degrees of freedom - this is
where thel -matrix approach with IQCD-based potentials is predontiyanperative (recall
that it hinges on the presence of quarks and antiquarks im#gium). The underlying
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interactions could therefore provide a unified and quaitédramework for HQ diffusion,
quark coalescence and the sQGP in the vicinitypbased on input which, in principle, is
directly extracted from IQCD. lIts further development slioaim at a better determination
of potentials extracted from IQCD, include constraintsrtattice correlation functions and
applications to quarkonia, and implement contributions ttugluon radiation processes.

4 Conclusion and Outlook

The study of elementary particle matter has been an extyeawtive research field over
the last 20-30 years, and it may not have reached its peakytneWe are beginning to
understand better what the key features of media are whosesfare directly governed by
gauge theories. Here the strong nuclear force between gjaarkgluons (as described by
Quantum Chromodynamics) occupies a special role due targe interaction strength and
the self-couplings of its field quanta. On the one hand, QGERgrise to novel nonper-
turbative phenomena in the vacuum, most notably the conéinewf quarks into hadrons
and the chiral symmetry breaking (generating the major pfathe visible mass in the
universe), whose underlying mechanisms are, however, etatryderstood. On the other
hand, the Strong Force generates a very rich phase strugftitsedifferent matter states
(upon varying temperature and baryon density), which aem éess understood. Pertinent
phase transitions are, in fact, closely connected with imement and chiral symmetry
restoration. First principle numerical calculations cfaetized (lattice) QCD at finite tem-
perature have clearly established a transition (or a ragisiscover) from hadronic matter
into a deconfined Quark-Gluon Plasma with restored chinalrsgtry at a temperature of
T ~ 0.175 GeV. This state of matter is believed to have prevaildtiénearly Universe in
the first few microseconds after the Big Bang. A particularygiting aspect of this research
field is that such kind of matter can be reproduced, at least &hort moment, in present-
day laboratory experiments, by accelerating and collidiegvy atomic nuclei. However,
to analyze these reactions, and to extract possible evidienQGP formation out of the
debris of hundreds to thousands of produced hadrons, isn@idable task that requires
a broad approach, combining information from lattice QCfieaive models of QCD in
a well-defined applicability range, and their implemematinto heavy-ion phenomenol-
ogy. Large progress has been made at the Relativistic Heswvollider (RHIC), where
clear evidence for the formation of thermalized QCD mattel wbove the critical energy
density has been deduced. The apparently small viscosityeofmedium is inconsistent
with a weakly interacting gas of quarks and gluons, but isidg related to recent results
from lattice QCD which suggest the presence of resonangletions for temperatures up
to ~2 T.. We have argued that heavy quarks can serve as controlled pfahe transport
properties of the strongly coupled QGP (sQGP). The modifinatof heavy-quark spec-
tra in Au-Au collisions at RHIC can be evaluated in a Brownmaation framework which
allows to establish quantitative connections between daeyrquark diffusion coefficients
and observables, such as the suppression of their spedtespacially their elliptic flow.
Theoretical analyses have confirmed that perturbativedot®ns are too weak to account
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for the measured heavy-quark observables (i.e., theitreledecay spectra), while an ef-
fective resonance model seems to furnish the required mampative interaction strength.
An appealing framework to calculate heavy-quark intecandi(and transport properties)
in the medium is to extract interaction potentials fromit&tQCD and iterate them in a
nonperturbativel -matrix equation. This approach is, in principle, free ojuathble pa-
rameters, but currently subject to significant uncertastprimarily in the definition of the
potentials and their applicability to light quarks and agfhmomentum. However, promis-
ing results have been obtained in that Thenatrix builds up resonance-like structures close
to the phase transition, which could be instrumental in &xhg the observed elliptic
flow. In addition, the resonance correlations naturallyl@xpthe importance of quark co-
alescence processes for the hadronization of the QGP (msiied by the measured light
hadron spectra). Clearly, a lot more work is required to @late these connections more
rigorously and quantitatively, to implement additionahgmonents toward a more complete
description (e.g., energy loss via gluon radiation or tHeat$ of strong color fields), to
scrutinize the results in comparison to improved latticdB@@mputations, and to confront
calculations with high precision RHIC (and LHC) data. Thié¢daare expected to emerge
in the coming years and will surely hold new surprises, frgpushing the frontier of our
knowledge of the Quark-Gluon Plasma.
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