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  Why do you think your paper is highly cited?

With the advent of our paper the so-called baryon
puzzles at the Relativistic Heavy Ion Collider (RHIC)
could be solved. At present our paper provides the
most comprehensive description of hadron spectra at
RHIC so far. It further provides very direct evidence
that quark degrees of freedom are present during the
collision through a quark counting rule for an
observable called elliptic flow. This was met with
great excitement, since most signals of the phase
transition are only indirect and hard to interpret.

  Does it describe a new discovery or a new
methodology that's useful to others?

Several groups are working with the same idea and
try to refine our understanding of high energy
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hadronization of a quark
gluon plasma.”

nuclear collisions. Because of its simplicity I expect quark
recombination to be a very useful tool for the further
analysis of data from RHIC and future experiments, like the
Large Hadron Collider at CERN. The first goal of RHIC was
to prove that a quark gluon plasma is created. The quark counting rule that can be
understood with quark recombination is a major step toward that claim.

  Could you summarize the significance of your paper in layman's terms?

In this work we propose a new way to describe the hadronization of a quark gluon
plasma. A few microseconds after the Big Bang, the universe was extremely hot.
The temperature was roughly (~ 1,000,000,000,000 K), more than 1,000 times
hotter than in the interior of the sun. Under such conditions all matter dissolves
into the most fundamental building blocks. Even atomic nuclei, protons, and
neutrons can no longer exist, but evaporate into quarks and gluons. When the
universe expanded and cooled to a certain critical temperature, a phase transition
occurred at which the quarks and gluons were freezing out and creating bound
states, the known hadrons. The protons and neutrons among these hadrons
eventually formed the nuclei of all the chemical elements observed in the
universe. The phase transition to the quark gluon plasma is studied at the
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Lab on Long Island.
This machine smashes gold ions into each other with extreme energies (about 40
TeV per collision). Part of this energy is converted into heat. For a very short time,
roughly 10^(-23) seconds, the temperature peaks above the phase transition
temperature and a quark gluon plasma is created. We try to study the properties
of this high-temperature phase by analyzing the particles created in the collision.
Our paper describes the hadronization process through a recombination of quarks
into bound states (the hadrons). Several observations at the Relativistic Heavy Ion
Collider could not be understood with conventional wisdom, e.g., through an angle
of 90 degrees from the beam axis as many protons as pions are seen with large
momentum (several GeV/c), while one expected to see a ratio of roughly 1:4. In
our paper we explain how protons (consisting of 3 quarks) are boosted to larger
momentum by a factor of 3, while pions (consisting of 1 quark and 1 antiquark)
are only boosted by a factor of 2, which cancels the inherent suppression of
protons.

  How did you become involved in this research?

I first started working on problems related to high-energy nuclear collisions while
working on my Ph.D. in Regensburg, Germany. I got involved full-time with RHIC
physics during my stay as a postdoc at Duke University, where this paper was
written in collaboration with Berndt Muller, Chiho Nonaka, and Steffen A. Bass.

Dr. Rainer J. Fries
Research Associate, Nuclear Theory Group
School of Physics and Astronomy
University of Minnesota
Minneapolis, MN, USA
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We argue that the emission of hadrons with transverse momentum up to about 5 GeV=c in central
relativistic heavy ion collisions is dominated by recombination, rather than fragmentation of partons.
This mechanism provides a natural explanation for the observed constant baryon-to-meson ratio of
about one and the apparent lack of a nuclear suppression of the baryon yield in this momentum range.
Fragmentation becomes dominant at higher transverse momentum, but the transition point is delayed
by the energy loss of fast partons in dense matter.

DOI: 10.1103/PhysRevLett.90.202303 PACS numbers: 25.75.Dw, 24.85.+p
mechanism is the energy loss of the propagating parton
in the surrounding medium, which leads, in first approxi-
mation, to a rescaling of the variable z. This would affect

has thermal character.
Let us consider an expanding system of quarks and

antiquarks. We assume that the recombination of these
Data from the Relativistic Heavy Ion Collider (RHIC)
have shown a strong nuclear suppression of the pion yield
at transverse momenta larger than 2 GeV=c in central
Au� Au collisions, compared with p� p interactions
[1]. The emission of protons and antiprotons does not
appear to be similarly suppressed, and the p=�� ratio
reaches or even exceeds unity for transverse momenta
above 2 GeV=c [2–5]. These results lack a consistent
explanation in the standard picture of hadron production
at high transverse momentum, which assumes that had-
rons are created by the fragmentation of energetic par-
tons. Whereas the observed suppression of the pion yield
is attributed to the energy loss of partons during their
propagation through the hot and dense matter created in
the nuclear collision—a phenomenon commonly referred
to as jet quenching [6]—the absence of a similar effect in
the proton spectrum is puzzling [7].

We propose that hadron production at momenta of a few
GeV=c in an environment with a high density of partons
occurs by recombination, rather than fragmentation, of
partons. Below we show that recombination always domi-
nates over fragmentation for an exponentially falling
parton spectrum, but that fragmentation wins out even-
tually, when the spectrum takes the form of a power law.
We also show that recombination can explain some of the
surprising features of the RHIC data, as first suggested by
Voloshin [8].

In the fragmentation picture [9] the single parton spec-
trum is convoluted with the probability for a parton i to
hadronize into a hadron h, which carries a fraction z < 1
of the momentum of the parent parton. It has been argued
that the fragmentation functions Di!h�z� can be altered
by the environment [10]. The dominant modification
0031-9007=03=90(20)=202303(4)$20.00
all produced hadrons in the same way, in contradiction
with the observations at RHIC.

Another mechanism of hadron production is quark
recombination. In the recombination picture, three quarks
or a quark/antiquark pair in a densely populated phase
space can form a baryon or meson, respectively. The
amplitude for this process is determined by the hadron
wave function. This mechanism has recently been identi-
fied as the source of unnatural isospin ratios in the pro-
duction of D mesons in the fragmentation region in
�� � A interactions at Fermilab [11]. Hadron production
in heavy ion collisions by recombination of quarks has
been considered before [12], primarily at small transverse
momentum. Quark recombination has recently been in-
voked to explain some aspects of the RHIC data, such as
the flavor pattern of elliptic flow [13], and in the context
of a scaling model [14].

In the formalism of perturbative QCD, recombination
is a more exclusive process, and falls off faster than
fragmentation with increasing transverse momentum.
On the other hand, for a meson of given momentum P
fragmentation starts out with a parton with much higher
momentum p � P=z, �z < 1�, whereas recombination re-
quires a quark/antiquark pair where each parton carries
only about P=2 in average. However, the spectrum of
high-momentum partons is steeply falling and further
reduced by the energy loss in dense matter. Our main
result is that the momentum range, in which recombina-
tion processes can successfully compete with fragmenta-
tion, may extend up to 5 GeV=c in the favorable
environment of central heavy ion collisions at RHIC.
We will show below that recombination is effective when-
ever the phase-space distribution of a system of partons
 2003 The American Physical Society 202303-1
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partons into hadrons occurs on a spacelike hypersurface
	f . The RHIC experiments indicate that the freeze-out is
very rapid. The measured two-particle correlation func-
tions are consistent with an extremely short emission
time in the local rest frame, suggesting a sudden transi-
tion after which individual hadrons interact only rarely
[15]. In our treatment, we assume that the dense parton
matter is devoid of dynamical thermal gluons and pre-
dominantly composed of quarks and antiquarks at the
moment of hadronization. We neglect a possible effective
quark mass, because we are here interested in hadron
production at high transverse momentum.

Denoting the density matrix of the parton system on	f
as �̂�f , we can express the number of mesons at freeze-out
as EdNM=d3P � �2���3 hM;Pj �̂�f jM;Pi . Here jM;Pi is
a meson state with momentum P. We now introduce the
single-particle Wigner functions for quarks and anti-
quarks, wa�r;p� and �wwb�r;p�, respectively, and neglect
multiparticle correlations in the density matrix. Further
introducing the timelike, future oriented unit vector
u��r� orthogonal to the freeze-out hypersurface at r 2
	f [16,17], we obtain the following expression for the
meson emission spectrum:

E
dNM
d3P

�
Z
	f

d�
P � u�r�

�2��3
X
a;b

Z 1
0
dz j Mab�z�j

2wa�r; zP��

� �wwb�r; �1� z�P��: (1)

Because we are considering the emission of a meson with
high momentum, it is most convenient to use a distribu-
tion amplitude in terms of light-cone coordinates in a
frame where P�  P� and the transverse momentum of
the meson vanishes. z and 1� z are the momentum frac-
tions carried by the quark and antiquark, respectively,
and a; b denote the internal quantum numbers of the
202303-2
quarks (spin, flavor, color). For baryons, a similar calcu-
lation yields

E
dNB
d3P

�
Z
	f

d�
P � u�r�

�2��3
X
a;b;c

Z 1
0
dz1

Z 1�z1
0

dz2

� j Babc�z1; z2�j
2wa�r; z1P

��wb�r; z2P
��

� wc�r; �1� z1 � z2�P��: (2)

The overall normalization is fixed by the number of
quarks on the hypersurface 	f:

Na �
Z
	f

d�
d3p

�2��3p0
p � u�r�wa�r;p�: (3)

It is important to note that our results are not really
sensitive to the model used for the recombination process.
A complete dynamical description in terms of QCD is
hard to achieve. However, for the observables that we
discuss below, it is essential to use two common features:
the probability for the emission of a meson (baryon) is
proportional to the single parton distribution squared
(cubed), and the parton momenta sum up to the hadron
momentum. At this level of sophistication a description
with the light-cone wave functions replaced by three-
dimensional, spatial quark wave functions leads to iden-
tical results.

To make further progress, we need to specify the
parton Wigner functions. We first consider the case that
these are described by the exponential tail of a thermal
distribution wa�r;p� � exp���p � u���=T� with local
temperature T�r� and chemical potential ��r�, indepen-
dent of the internal quantum numbers. The constraint that
the momentum fractions of all partons in the hadron wave
function must add up to the total momentum P of the
hadron then ensures that the product of all Wigner func-
tions entering into the hadron yield is solely dependent on
the hadron momentum:
wa�r; zP
�� �wwb�r; �1� z�P�� � exp��P � u=T�;

wa�r; z1P
��wb�r; z2P

��wc�r; �1� z1 � z2�P
�� � exp���P � u��B�=T�; (4)
where �B � 3�. One can then perform the integrations
over the momentum fractions in (1) and (2) and obtain the
result that the baryon-to-meson ratio is independent
of the momentum P and simply given by the ratio of
the number of quark degrees of freedom contributing to
the emission of the specific hadrons: dNB=dNM �P
a;b;ce

�B=T=
P
a;b.

The summations over color, flavor, and helicity give
rise to degeneracy factors for mesons and baryons, CM
and CB, respectively. In order to derive an upper limit to
the nucleon-to-pion ratio, we make the simplifying as-
sumption that all decuplet baryon states � contribute to
the nucleon yield through decay, but neglect the contri-
butions to the high-PT pion spectrum from the decay of
unstable hadrons. If we require the partons to form color
singlets at recombination, we obtain C�� � 1 and Cp �
20=�2� 3!� � 5=3, yielding the result
dNp=dN�� � e�B=TCp=C�� �
5

3
e�B=T: (5)

Decay of unstable hadron states is likely to reduce this
value, but will not change the prediction that the p=��

ratio is constant as a function of particle momentum and
significantly larger than the value expected from quark
fragmentation. We note that this result is in good agree-
ment with the RHIC data, which show dNp=dN�� reach-
ing a plateau around unity in the range 2 GeV=c �
PT � 4 GeV=c [18]. For the �-hyperon yield, we need
to include the channels �, 	0 and 	�0, leading to C� �
4=3. This would predict a plateau at 4=3 in the �=K0s
yield, which will be diluted by kaons from the decay of
K�. The �pp=p ratio is also predicted to be independent of
momentum and equal to exp��2�B=T�, again in rather
good agreement with the RHIC data [3].
202303-2
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FIG. 1 (color online). Top: inclusive PT spectrum of charged
hadrons in central Au� Au collisions at

��������
sNN

p
� 200 GeV;

data taken from the PHENIX collaboration. Bottom: ratio of
protons to �� as a function of PT . The region below 4 GeV=c is
dominated by recombination, the region above 6 GeV=c by
parton fragmentation.
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The predictions are radically different, when one con-
siders a power law spectrum as it is characteristic in
perturbative QCD at large transverse momentum:

wperta �r;p� � Aa

�
1�

pT
B

�
�!
: (6)

One then finds that mesons always dominate over baryons
at large momentum, dNB=dNM � �27=4P�!CBA

2
q=CMA �qq,

and that eventually parton fragmentation wins out over
quark recombination. For pions, the local ratio of the two
contributions is dNfrag� =dNrec� / P!. On the other hand, for
an exponential quark spectrum, fragmentation is always
suppressed with respect to recombination.

This result constitutes the main insight gained from
our considerations: Hadron emission from a thermal par-
ton ensemble is always dominated by parton recombina-
tion; only when the thermal distribution gives way to a
perturbative power law at high momentum does fragmen-
tation become the leading hadronization mechanism. The
threshold between the two domains depends on the size of
the emitting system and the hadron species.

That the meson spectrum from recombination is de-
termined, on the average, by w�P=2�, whereas the baryon
spectrum depends on w�P=3�, implies that those kine-
matic properties of the hadron spectrum, which are due to
collective flow of partons, extend to higher values of the
transverse momentum for baryons than for mesons [13].
This effect is clearly visible in the RHIC data [18,19],
which exhibit a linear rise of the elliptic flow velocity v2
with PT , which continues further in PT for protons and
hyperons than for pions and kaons.

Realistic calculations require the specification of the
freeze-out hypersurface 	f and the parton spectrum.
Here we assume boost invariance of 	f according to $f ����������������
t2f � z2f

q
� const [17]. For the thermal part of the quark

spectrum we use an axially and longitudinally expanding
thermal source,

wtha �&; y; pT� � Athe�pT cosh�&�y�=Te�y
2=2�2 ; (7)

characterized by an effective temperature T � 350 MeV,
which includes the blueshift caused by the radial expan-
sion, and a rapidity width � � 2. Here & and y are the
rapidities in space time and momentum. The form of this
spectrum agrees with the results of the parton cascade
VNI/BMS [20], which yields a parton distribution exhib-
iting an exponential shape at low transverse momentum
and a power law shape for high transverse momentum. For
the power law tail of the parton spectrum we choose the
results given by a lowest-order perturbative QCD calcu-
lation [21], shifted by�pT � �

���������
(pT

p
with ( � 1 GeV to

account for the energy loss of fast partons, and standard
fragmentation functions [22]. The normalization of the
thermal part of the spectrum is adjusted to fit the mea-
sured inclusive spectrum of charged hadrons from
PHENIX [23], as shown in the upper frame of Fig. 1.
The contributions from recombination and fragmentation
are shown separately to exhibit the location of the rapid
202303-3
crossover between these two mechanisms at about
5 GeV=c. We note that, in the parton spectrum wth �
wpert itself, the crossover between the thermal and the
perturbative part occurs already at about 3 GeV=c, con-
sistent with parton cascade predictions [20]. The recom-
bination mechanism shifts this point to higher values of
pT in the hadron spectrum.

The lower frame of Fig. 1 shows our prediction for the
p=�� ratio. The rapid drop of its value in the range
4–5 GeV=c is an unambiguous prediction of our model.
Experiments at RHIC have not yet been able to probe this
PT range, because the identification of protons has not
been feasible beyond 4 GeV=c. The identification of hy-
perons is possible to higher PT , and indications of a rapid
drop in the �=K0s ratio have been found [4].

Figure 2 shows the scaled ratio of particle yields in
Au� Au and p� p collisions, called RAA. (We use fits
to data for the p� p yields and our predictions for Au�
Au.) The energy loss of fast partons leads to a nuclear
suppression in the fragmentation region (PT > 5 GeV=c).
For low PT this suppression is counteracted by the re-
combination mechanism, which is absent in p� p reac-
tions. Recombination is more important for protons than
for pions, resulting in much less nuclear suppression for
protons.

RHIC data [19] exhibit a strong increase of the aniso-
tropic flow parameter v2 for mesons and baryons at small
202303-3
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FIG. 2 (color online). Ratio RAA of hadron yields in central
Au� Au to p� p collisions, scaled by the number of binary
nucleon-nucleon interactions. Data for pions taken from
PHENIX [24].
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PT , which finally saturates. This happens earlier for mes-
ons than for baryons. It has been argued that the flow
anisotropy originates in the partonic phase [25]. In the
recombination region mesons at transverse momentum
PT reflect the properties of partons with an average trans-
verse momentum PT=2, while baryons reflect those of
partons with PT=3. It follows that v2 saturates later for
baryons than for mesons [8]. The transition to the frag-
mentation region would provide such a mechanism, but it
occurs at too high momentum. The observed saturation of
v2 must, therefore, be due to some other mechanism or
require a more realistic description of the space-time
evolution of the system.

In summary, we propose a two component behavior of
hadronic observables in heavy ion collisions at RHIC.
These components include fragmentation of high-pT par-
tons and recombination from a thermal parton distribu-
tion. The competition between recombination and
fragmentation of partons can explain several of the sur-
prising features of the published data. In particular, the
proton excess at intermediate PT , the different nuclear
suppression observed in pion and proton spectra, and the
different saturation thresholds in the elliptic flow are
easily explained. We predict that all baryon spectra will
exhibit a rapid transition around 5 GeV=c to a region
dominated by parton fragmentation. Finally, our scenario
requires the assumption of a thermalized partonic phase
characterized by an exponential momentum spectrum.
Such a phase may be appropriately called a quark-gluon
plasma.

We thank T. Mehen and M. Asakawa for very helpful
discussions. This work was supported by RIKEN,
Brookhaven National Laboratory, DOE Grants No. DE-
FG02-96ER40945 and No. DE-AC02-98CH10886, and
by the Alexander von Humboldt Foundation.
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Note added.–We draw attention to the closely related
recent work of Greco et al. [26], who also propose that
parton recombination can explain the large baryon/
meson ratio observed at RHIC.
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