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Recent RHIC data show evidence of multiple hadron production mechanisms in heavy ion colli-
sions compared to simple fragmentation in vacuum. I will review the measurements of collective
flow, high momentum quenching, and two particle angular correlations to show that neither ther-
mal 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 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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Degrees of freedom in partonic fluid

1. Introduction

The measurements of anisotropic particle flow and jet quenching at RHIC have revealed a
deconfined state of matter at high temperature and partonic density, which is characterized best as
a near perfect fluid, i.e. a collective state with an extremely low ratio of shear viscosity to entropy.
Indeed over the past year the experiments at RHIC were able to experimentally verify the original
conjecture of a state near the quantum limit through several independent measurements of the 1/s
ratio. Fig.1 shows a summary of calculations based on <pr>-fluctuation, light and heavy quark
elliptic flow, and quenching measurements [[l], B} B, /l]. These calculations are still model dependent,
but it is intriguing to recognize that, if the initial conditions assumed in the models are correct, the
new state of matter is not well described by either perturbative QCD or a purely hadronic model.
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Figure 1: Summary of recent model dependent determinations of the shear viscosity over entropy ratio (1/s)
based on measurements from STAR and PHENIX.

This led to the definition of the sQGP, a strongly coupled Quark Gluon Plasma, rather than
the weak coupling phase we expected from lattice QCD at sufficiently high initial temperature.
Since then recent lattice calculations and their comparison to hard thermal loop calculations have
revealed that the conditions at RHIC are not sufficient to reach the weakly coupled limit, but that
the LHC energies might be sufficient to generate perturbative QCD like conditions [f]]. This unex-
pected behavior of the deconfined matter at RHIC poses the question of the nature of the degrees of
freedom in the partonic liquid and the details of the QCD phase transition from a strongly coupled
partonic system to the hadronic gas. Clearly this mechanism might be different to the fragmentation
picture in vacuum which has been verified through numerous measurements in elementary particle
collisions over the past three decades. In this paper I will try to show that the particle emission
spectra, the particle correlations as well as the anisotropic particle flow reveals details of compet-
ing hadronization mechanisms in heavy ion collisions which are either non-existent or much less
prominent in elementary collisions. These novel mechanisms might have a profound impact on our
understanding of the formation of baryonic matter in the universe.

2. The difference between hadronization in vacuum and in medium

In 1977 two competing papers appeared that tried to model the hadronization process in high
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energy elementary collisions. The initial Feynman/Fields paper describes the hadronization process
in vacuum through jet fragmentation [[]. This approach was later on extended to string fragmen-
tation. Although no explicit hadronization mechanism is given in this picture the hadronic particle
distribution can be parametrized through the fragmentation function D”, which yields the probabil-
ity 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.

The other paper was by Das and Hwa [[f]] and it tried to describe hadronization through recom-
bination or coalescence of independent free quarks. The clustering of quarks is modeled through a
momentum overlap probability function. Again, there is no explicit hadronization mechanism, but
the particle emission spectra are described well by this approach. This model has been the basis
for many recent recombination models used in heavy ion collisions (e.g. [B} PlI).

Over the years the fragmentation approach has been widely accepted as the main hadronization
mechanism in vacuum, but recent evidence in particle spectra measured in heavy ion collisions at
RHIC has re-ignited the interest in the recombination approach.

This is mainly due to two key heavy ion results, the particle identified elliptic flow and quench-
ing measurements. In both cases the intermediate transverse momentum region of the measured
spectra has revealed a scaling, the so-called constituent quark scaling, which can be interpreted as
evidence for not only deconfinement but also quark recombination. Figs. 2 and 3 show a summary
of the results for R¢p, the nuclear suppression factor defined as the ratio of the transverse momen-
tum spectra measured in different centrality bins and scaled with the appropriate number of binary
collisions, and v2, the second moment of the Fourier decomposition of the measured identified
momentum spectra.
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Figure 2: STAR data on (a) Rcp vs pr in Au+Au Collisions at /syy = 200 GeV. (b) R¢p vs pr/n in Au+Au
collisions at /syy = 200 GeV using n=3 for baryons and n=2 for mesons. R¢p is calculated from 0-5% and
40-60% central Au+Au collisions.

The scaling parameter could be called the number of constituent quarks or the number of
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Figure 3: v2/n, vs. pr/n,; and KE7/n, for several particle species measured by STAR and PHENIX as
indicated in Au+Au collisions at /syy = 200 GeV ].
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Figure 4: a.) A/K? measurements in pp and AA collisions at different centralities as measured by STAR. b.)
Comparison of central A/K to recombination models [§, [).

valence quarks. Quark scaling apparently works, but the relevant degree of freedom is not well
defined. Popular recombination models [, Pj] have taken the approach of using thermalized con-
stituent quarks, with a well defined mass, to describe not only the flow data but also the unexpected
baryon to meson (B/M) ratio at intermediate pr. A comparison to STAR B/M measurements is
shown in Fig.4.

The main features of the central data results are rather well described by the models. The B/M
ratio peaks at about 2-3 GeV/c and it is considerably higher than in proton proton collisions. It is
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interesting to note, though, that the pp data already show a "hump’ at intermediate py. This hump
is rather well described by a tuned PYTHIA fit [[[1]], which shows that string fragmentation can
describe the overall trend of the baryon to meson production, but in terms of the amplitude of the
B/M ratio any fragmentation model underestimates the enhanced baryon production by at least a
factor 2-3. Recombination on the other hand seems to be easily tuneable to the proper B/M ratio.
The main reason is that in a thermalized fireball it is easy to achieve large momentum overlap of
the quarks in the thermal pool, which then leads to the production of higher momentum baryons,
whereas the fragmentation of very high momentum quarks into intermediate p7r baryons is a rare
process. The required thermal pool of quarks is not achievable in elementary collisions, but likely
in heavy ion collisions.

A direct comparison of the spectral features obtained in pp and AA collisions seems to further
confirm the change in hadronization mechanism, at least for hadrons in a specific momentum range.
The proton-proton measurements at RHIC reveal a breakdown of the so-called mr-scaling at inter-
mediate pr [[1§]. Instead of a common scaling for all identified m7 spectra, which was established
in ISR measurements at lower collision energies, the RHIC data show a baryon/meson scaling at
sufficiently high transverse momentum. This can be explained by requiring 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 [[[T]]. It is the first experimental evidence for di-quark formation
at RHIC, though. Di-quark formation leads to baryon/meson differences but it can not describe the
constituent quark scaling measured in AA collisions. In fact di-quark formation should lead to a
distinct lack of scaling inasmuch as a diquark-quark based formation process should scale similar
to the quark-antiquark based process. Investigations of scaling of balance functions for identified
particles in pp are underway to test this hypothesis. The validity of the di-quark picture to describe
the my-scaling of the identified spectra in pp collisions requires gluon dominance in the fragmen-
tation process at RHIC energies. Besides the my scaling, the lack of discernible differences in the
particle vs. anti-particle production over the kinematic range measured at RHIC, and the enhanced
gluon fragmentation contribution in PYTHIA and fragmentation function fits [[[7]], necessary to de-
scribe RHIC data [[[6, [[§], shows that at these collision energies the parton interactions are indeed
dominated by low x gluons. This dominance is likely to further increase at the LHC due to the even
lower x coverage at the higher energies.

Extensions to the simple inclusive B/M ratio measurements in heavy ion collisions have been
recently performed by the STAR collaboration. B/M ratios were measured in structures which
appeared in high momentum two-particle correlation measurements. Fig.5a shows a comparison
of B/M ratios in same-side and away-side jet cones triggered by a high momentum charged par-
ticle [[[3], Fig.5b shows a comparison of B/M ratios in the same side jet cone and the same-side
long-range correlation ridge as measured by STAR [[[3]. In both cases it seems that inside the
unquenched jet the B/M ratio is consistent with expectations from fragmentation models, whereas
the in-medium response to the traversing jets leads to a ratio that is better described by the recom-
bination scenario.

At higher momenta (pr > 6 GeV/c) the particle identified spectra exhibit all the features of
pure jet fragmentation, both in single particle and particle correlation measurements [[4], [3].
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Figure5: STAR measurementsf theinclusive L /K ratio asafunctionof centralityandtransiersemomen-
tum, a.) comparedo ratiosmeasuredn the same-sidandaway-sidejet region from triggeredtwo-particle
correlationd12], b.) comparedo ratiosmeasuredn the same-sidget andthelong-rangecorrelationridge
region from triggeredtwo-particlecorrelationg13].

3. Doesstrong coupling require a specialdegreeof freedom?

It is interestingto notethatthereis atotal lack of constitueniquarkmassdependence the
scalingof v2 asshavn in Fig.3. In recombinatiorapproachethis is largely attributedto the fact
that the input constituentquark massof the up, dowvn and strangequarksis quite similar (300
and460MeV, respectiely) andthatall identi ed particlesmeasuredintil recentlydid notinclude
heavier avors. The recentmeasurementf the nuclearsuppressioriactorandthe elliptic ow
for D-mesonspasedn electrondrom the semi-leptonialecayof the heary mesong19, 20, 21],
allows usto determingheapplicability of partonicrecombinatioralittle further, andearlyresults
seemo indicatethatboth,the Raa andthev2 measurementsanonly beexplainedif oneassumes
identicalpy-dependenciefor the o w andthe quenchingf light andheary quarksasis shavn in
Fig.6for Raa [22] andin Fig.7 for v2 [10].

At somehigh momentumthe massof the bareor constituentheary quarkshouldbe neggligi-
ble, but this shouldnot be the casefor the intermediateanomentameasuredere. Many models,
asshown in Fig.4, have beenproposedo addresgshesemeasurementsndin particularthe appar
entlack of a deadconeeffect for inducedgluon radiation,aswell asthe lack of a heary quark
massdependencé the v2. The mostsuccessfubf thesemodelstry to give the heavy quarka
specialstatus by postulatingeitherthe survival of heary quarkresonanstatesabove T [23, 24]
or thereducedormationtime of heary quarkhadrondrom the partonicphas€g25]. Fig.8 shavsa
comparisorof the datato the heary quarkboundstatemodel.

Thenearidenticalpr-dependencef thev2 andthe quarkenegy lossbetweerlight andheavy
quarksis very striking, though,and might requirea much more fundamentakxplanation. One
possibilityis thatthe quasi-particlestateformednearT. is really not dependingn the constituent
or evenbarequarkmassconceptput rathersimply the numberof partonswhich could be mostly
gluons,until closeto hadronization.Still, for a dynamicevolution measuresuchasthe v2 asa
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