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Recent RHIC data show evidence of multiple hadron production mechanisms, depending on the
momentum of the produced particle. I will review the measurements of collective flow, high mo-
mentum quenching, and two particle angular correlations to show that neither thermal production
nor string fragmentation can describe the abundances, the angular distributions or the kinematic
properties of all hadrons produced at RHIC. The proposed new hadronization mechanisms not
only serve as evidence for a deconfined partonic phase of matter, but also for strong coupling of
the degrees of freedom in the deconfined phase. I will speculate that these properties of the QGP
are likely to change with the increase in collision energy at the LHC, and that these differences in
the phase properties are potentially measurable through identified particle properties in heavy ion
collisions at the LHC. I will point out a surprising lack of flavor dependence in these properties at
RHIC, though, which might have to lead to further revisions of our understanding of the relevant
degrees of freedom in the partonic phase and during the hadronization process.
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1. Introduction

High energy elementary collisions indicated that the hadronization process in vacuum can be
described by jet formation through string fragmentation [1]. Although no explicit hadronization
mechanism is given in this picture the hadronic particle distribution can be parametrized through
the fragmentation function Dh

q, which yields the probability that a certain parton ’q’ fragments
into a certain hadron ’h’. Baryon formation in such a model generally requires the formation of a
di-quark structure, as a remnant of the initial hard scattering in a proton-proton collision.

Hadronization in medium should be different simply because the majority of partons which
contribute to the hadron formation are likely to equilibrate to a thermal state before hadronization
occurs. In that sense we do not expect to see features of a.) jet formation and b.) string fragmenta-
tion at least in the low momentum part of the particle emission spectra. Early RHIC measurements
have shown though that we can expect to see the characteristics of modified (due to quenching)
jet formation at sufficiently high transverse momenta (pT ) [2, 3]. In addition, the intermediate pT

range shows features of a recombination mechanism, using either thermal [4] or non-thermal [5]
partons in an additional hadronization process. Differential measurements of the flavor dependence
of collective phenomena such as elliptic flow and jet quenching should allow us to better understand
hadron formation. I will review the details of the first five years of identified particle measurements
at RHIC and show that the measured flavor dependencies are not well understood and lead to new
questions about hadron production in medium.

In the final chapter I will briefly review the anticipated changes in the initial conditions of the
partonic phase when the collision energy is increased from RHIC to LHC. In particular I will argue
that the strong coupling seen in the Quark Gluon Liquid at RHIC is likely to reduce to a point
where the early phase is a weakly interacting plasma. I will comment on the effects that this drastic
change in conditions might have on the hadronization and the collective phenomena measured at
RHIC.

2. Hadronization in vacuum

Over the past five years the RHIC experiments have studied particle formation in proton-proton
collisions in great detail. These results go beyond the initial ISR [6] and even the recent FNAL
[7] studies, in terms of particle identification capabilities and the application of modern analysis
methods, which are largely based on the analysis of heavy ion reactions. The most relevant results
regarding hadronization out of the vacuum are:

a.) breakdown of the so-called mT -scaling at intermediate pT as shown in Fig.1a [8]. Instead
of a common scaling for all identified mT spectra, STAR has found a baryon/meson scaling at
sufficiently high transverse momentum. This can be explained by the requirement of di-quark
formation for baryon production, which leads to a di-quark suppression factor which needs to
be applied to the baryon spectra in order to find a common hadron scaling. This effect is well
described by the gluon fragmentation model in PYTHIA. It is the first experimental evidence for
di-quark formation at RHIC though.

b.) gluon dominance in the fragmentation process at RHIC energies. Besides the mT scaling,
the lack of discernible differences in the particle vs. anti-particle production over the kinematic
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Particle production from RHIC to LHC

Figure 1: a.) Scaled transverse mass mid-rapidity (y = +-0.5) spectra measured in 200 GeV proton proton
collisions in STAR and PHENIX [8]. b.)Λ/K0

s ratio compared to various PYTHIA fits with and without
enhanced next-to-leading order corrections (described through enhanced K-factor) and di-quark suppression
factor.

range measured at RHIC, and the enhanced gluon fragmentation contribution in PYTHIA and
fragmentation function fits [9], necessary to describe RHIC data [8, 10], shows that at these colli-
sion energies the parton interactions are indeed dominated by low x gluons. Gluon dominance and
subsequent di-quark suppression factors are also necessary to describe the measured baryon over
meson ratios as shown in Fig.1b [11].

c.) contributions of non-valence quark fragmentation to, in particular, baryon production at
RHIC. This effect is best documented by several new parametrizations of the baryon fragmentation
functions by Albino et al. [9], Bourelly and Soffer [12], and DeFlorian et al. [13].

3. Hadronization in medium

The debate over a different hadronization mechanism from a deconfined partonic phase com-
pared to the vacuum has been fueled by detailed measurements of dynamic effects in identified
particle production at RHIC. Two of the most apparent effects are the strong elliptic flow in semi-
central collisions, v2, which is defined as the second moment of the Fourier decomposition of the
measured particle momentum spectrum, and the nuclear suppression factor, RAA, which is defined
as the ratio of the measured transverse momentum spectra in AA and pp collisions scaled with the
appropriate number of binary collisions. Experiments often substitute RAA with RCP, where the ra-
tio is formed between spectra from different centrality classes in AA and therefore does not rely on
a separate pp measurement. The results for collective elliptic flow and nuclear suppression in the
intermediate pT range can both be parametrized with the number of constituent or valence quarks
(nq) in baryons and mesons. The scaled measurements are shown in Figs. 2 and 3, respectively.
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Figure 2: STAR data on (a) RCP vs pT in Au+Au Collisions at
√

sNN = 200 GeV. (b) RCP vs pT /n in Au+Au
collisions at

√

sNN = 200 GeV using n=3 for baryons and n=2 for mesons. RCP is calculated from 0-5% and
40-60% central Au+Au collisions.

Figure 3: v2/nq vs. pT /nq and KET /nq for several particle species measured by STAR and PHENIX as
indicated in Au+Au collisions at

√

sNN = 200 GeV [14].
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Figure 4: Nuclear suppression factor for non-photonic single electron spectra in semi-central Au+Au colli-
sions at RHIC compared to the RAA for charged hadrons (i.e. light quark suppression) and various models
[19].

This gave rise to a whole series of theory papers describing the process of partonic recombi-
nation as an additional production mechanism for hadrons from the medium [4, 15] at intermediate
pT . The low momentum bulk matter exhibits features of thermal emission, but unfortunately the
possible contribution of an interacting hadronic phase to the thermal properties (radial flow, mass
scaling etc.) make the interpretation of the hadronization mechanism for low momentum parti-
cles quite ambiguous. In the intermediate to high momentum range, where the mass of the light
constituent quarks is negligible, we can probe the mechanism in a more detailed way.

In that context it is interesting to note that there is a total lack of constituent quark mass
dependence in the scaling of v2. In recombination approaches this is largely attributed to the fact
that the constituent quark mass of the up, down and strange quarks is quite similar (300 and 460
MeV, respectively) and that all identified particles measured until recently did not include heavier
flavors. The recent measurement of the nuclear suppression factor and the elliptic flow for D-
mesons, based on electrons from the semi-leptonic decay of the heavy mesons [16, 17, 18], should
allow us to determine the applicability of partonic recombination a little better. In other words a
heavy constituent quark should change the pattern of the v2 and RAA measurements. Early results,
though, seem to indicate that this is not the case. Both, the RAA and the v2 measurements, can only
be explained if one assumes identical pT -dependencies for the flow and the quenching of light and
heavy quarks as is shown in Fig.4 for RAA [19] and in Fig.5 for v2 [20].

Many models, as shown in Fig.4, have been proposed to address these measurements and in
particular the apparent lack of a dead cone effect for induced gluon radiation, as well as the lack
of a heavy quark mass dependence in the v2. The most successful of these models try to give the
heavy quark a special status, by postulating either the survival of heavy quark resonant states above
Tc [21, 22] or the reduced formation time of heavy quark hadrons from the partonic phase [23].
Fig.6 shows a comparison of the data to the heavy quark bound state model.
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Figure 5: Elliptic �o w (non-scaledandnq scaled)for non-photonicsingleelectronspectrain semi-central
Au+Au collisionsatRHIC comparedto light quarkhadrons[20].

Figure6: Nuclearsuppressionfactor(left panel)andelliptic �o w (right panel)for non-photonicsingleelec-
tronspectrain semi-centralAu+Au collisionsatRHIC. Data[16, 17, 18] arecomparedto theorypredictions
[22] usingLangevin simulationswith elasticc- andb-quarkinteractionsin anexpandingQGP�reball and
heavy-light quarkcoalescenceathadronization[21].

ThenearidenticalpT-dependenceof thev2 andthequarkenergy lossbetweenlight andheavy
quarksis very striking, though,andmight requirea muchmore fundamentalexplanation. One
possibilityis thatthequasi-particlestateformednearTc is really not dependingon theconstituent
or evenbarequarkmassconcept,but rathersimply thenumberof partons,which couldbemostly
gluons,until closeto hadronization.Still, for a dynamicevolution measuresuchasthe v2 asa
functionof pT , thedynamicsof thedegreeof freedomhasto play a role,andat leasttheeffect of
thebarequarkmassshouldbemeasurableif we indeedprobethefragmentationor recombination
of quarks. A detailedmeasurementof reconstructedD-mesonsandB-mesonsis sorelyneeded
to remove theambiguitiesin thesemi-leptonicmeasurements,anda futuremeasurementof high
momentumheavy �a vor mesonsandbaryonsshouldanswerthe questionof the applicability of
recombinationasahadronizationmechanism.

Detailedmeasurementsof strangeparticle productionand correlationsin jets have already
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