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We discuss hadron production in heavy ion collisions at RHIC. We argue that hadrons at transverse
momenta Pr < 5 GeV are formed by recombination of partons from the dense parton phase created
in central collisions at RHIC. We provide a theoretical description of the recombination process for
Pr > 2 GeV. Below Pr = 2 GeV our results smoothly match a purely statistical description. At high
transverse momentum hadron production is well described in the language of perturbative QCD by
the fragmentation of partons. We give numerical results for a variety of hadron spectra, ratios and
nuclear suppression factors. We also discuss the anisotropic flow v2 and give results based on a flow in
the parton phase. Our results are consistent with the existence of a parton phase at RHIC hadronizing
at a temperature of 175 MeV and a radial flow velocity of 0.55c¢.

1 Introduction

Recent data from the Relativistic Heavy Ion
Collider (RHIC) have shown a strong nu-
clear suppression of the pion yield at trans-
verse momenta larger than 2 GeV/c in cen-
tral Au + Au collisions, compared to p + p
L. This is widely seen as the
experimental confirmation of jet quenching,

interactions

the phenomenon that high energy partons
lose energy when they travel through the hot
medium created in a heavy ion collision 234,
entailing a suppression of intermediate and
high Pr hadrons.

However, the experiments at RHIC have
provided new puzzles. The amount of sup-
pression seems to depend on the hadron
species. In fact, in the production of protons
and antiprotons between 2 and 4 GeV/c the
suppression seems to be completely absent.
Generally, pions and kaons appear to suffer
from a strong energy loss while baryons and
antibaryons do not. Two stunning experi-
mental facts exemplify this > 78, First, the
ratio of protons over positively charged pi-
ons is equal or above one for Pr > 1.5GeV/c
and is approximately constant up to 4 GeV/c.
Second, the nuclear suppression factor Ra4
below 4 GeV/c is close to one for protons and

lambdas, while it is about 0.3 for pions.
There have been recent attempts to
describe the different behavior of baryons
and mesons through the existence of gluon
junctions ? or alternatively through recom-

bination as the
10,11

dominant mechanism of
. The recombination pic-
ture has attracted additional attention due
to the observation that the elliptic flow pat-
tern of different hadron species can be ex-
plained by a simple recombination mecha-
nism 213:1415  The anisotropies vy for the
different hadrons are compatible with a uni-
versal value of vy in the parton phase, re-
lated to the hadronic flow by factors of two
and three depending on the number of va-
lence quarks 16.

hadronization

The competition between recombination
and fragmentation delays the onset of the
perturbative/fragmentation regime to rela-
tively high transverse momentum of 4-6
GeV/c, depending on the hadron species,
providing a natural explanation for the afore-
mentioned phenomena.

2 Formalism

In the fragmentation process a parton with
transverse momentum pr is leaving the inter-
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action zone while still being connected with
other partons by a color string. The break-
ing of the string creates quark antiquark pairs
which finally turn into hadrons. The distribu-
tion of one of these hadrons, which is bound
to have less transverse momentum Pr = zpr,
is then described by a fragmentation func-
tion. The average value (z) is about 0.5 for
pions in p + p collisions. In other words the
production of a, say, 5 GeV/c pion has to
start with a 10 GeV/c parton in average,
which are rare to find due to the steeply
falling parton spectrum. Jet quenching even
enhances the lack of high pr partons. On the
other hand, the 5 GeV/c pion could be pro-
duced by the recombination of a quark and
an antiquark with about 2.5 GeV/c each in
average. 2.5 GeV/c and 10 GeV/c are sep-
arated by orders of magnitude in the parton
spectrum. The price to pay is of course that
two of these partons have to be found close
to each other in phase space.
do have a densely populated phase space in
central heavy ion collisions at RHIC where
we even expect the existence of a thermal-

However we

ized quark gluon plasma.

Recombination of quarks has been con-
sidered before in hadron collisions 17
also applied to heavy ion collisions In
QCD the leading particle effect in the forward
region of a hadron collision is well known.

Since the hadron structure is best known
in a light cone frame, we proceed in terms of
light cone coordinates in a frame where the
hadron has no transverse momentum but a
large light cone component PT.
be achieved by a simple rotation from the
lab frame. Introducing the momentum k =
P/2 — q of parton a in this frame we have
kt = zPt with 0 < o < 1.
ansatz for the Wigner function of the meson

in terms of light cone wave functions ¢as(x).
10

and was
18

This can

We make an

The final result can be written as

1
e _ cM/daP “)( )/dmm( )2
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X wq (o3 xPt) wy (o (1 — z)PT)

For a baryon with valence partons a, b and ¢
we obtain

1
Np P -u(o)
Eﬁ CB/dgw/del d(EQ d(Eg

X 8(z1 + @2 4 23 — 1) |¢5(21, 22, 3)|
X wa(a;x1P+)wb(o;12P+)wc(o;x3P+)

op(x1, T2, x3) is the effective wave function
of the baryon in light cone coordinates.

It turns out that for a purely exponential
spectrum the shape of the wave function does
not matter. In that case the dependence on
x drops out of the product of phase space
densities

wo (o5 Pt )wy (0 (1 — z)PT)

_ + (11— + _pt
o—aPT/T j—(1—a)PT/T _ —P"/T

~

Fragmentation of partons is given by:

d
d3P Z/ Do ()

The sum runs over all parton species a and
0, is the cross section for the production of
parton ¢ with momentum P, = P/z. Energy
loss of the partons is taken into account by a
shift of the parton spectrum by

Apr =/ ApT.

dog
d3P

3 Selected Results

The upper frame of fig. 1 displays the scaled
ratio Rcp for neutral pions and protons.
The ratio of impact parameters 0 and 12
fm is used and compared to data from the
PHENIX collaboration 2. The data for pro-
tons shows Rcp to be between 0.8 and 1 be-
low 4 GeV /¢, which is quite surprising, con-
sidering the strong suppression suffered by
the pions in that momentum domain. As al-
ready noticed above, recombination is more
effective for protons than for pions. Therefore
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our calculation for the protons yields a sim-
ilarly value of 0.8 as observed by the experi-
ment. This implies that protons from recom-
bination make up for the loss suffered from
jet quenching at intermediate transverse mo-
menta. Our calculations predicts sharp drops
in Rcp and R4 4 for protons and antiprotons
beyond 4 GeV/c where fragmentation with
jet quenching start to dominate.

In the lower frame of fig. 1 we compiled
Reop for K2 and A + A together with data
from STAR 22. For the first time experimen-
tal data indicate that a steep decrease in Rcp
for baryons will occur beyond 4 GeV/c. The
data on A+ A suggest a drop to the perturba-
tive value even sharper than what our results
show. This could be due to too less A baryons
from fragmentation using this particular set

of fragmentation functions 2.

e
N

- ° #° PHENIX
Q A p+pbar PHENIX
§ 10 IEH } — 2° (b=0)/(b=12) R+F
S 084 % —— p+pbar (b=0)/(b=12) R+F
e
<06
e
é 0.4 i
3 LI
0.2

0.0

2 3 4 5 6 7 8 9 10
P (GeV)

1.2
e * K’ STAR
Q * A+Abar STAR
§ 1.0 § # } —_ Ki (b=0)/(b=12) R+F
2084 }% } --- A+Abar (b=0)/(b=12) R+F
o
xo.
e
& 0.
o
o 0.

0.

Figure 1. Upper frame: Rcp for neutral pions (bot-
tom) and protons (top) given by the ratio of particle
yields at impact parameters 0 and 12 fm compared to
data from PHENIX. Lower frame: Rcp for Kg (bot-
tom) and A + A (top) given by the ratio of particle
yields at impact parameters 0 and 12 fm compared
to data from STAR.
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The left panel of fig. 2 shows hadron ra-
tios. The top frame displays the ratio of
charged hadrons to neutral pions reported by
PHENIX 23 in comparison with our results.

Preliminary results for the ratios (A +
A)/4K? and were presented by the STAR
collaboration 22.
large peak in the A/kaon ratio and a sharp
decrease beyond 4 GeV /c similar to the p/7°
ratio. First indications of such a sharp tran-
sition can be seen in the STAR data. The
predicted decrease in the proton/pion ra-
tio, if confirmed, and first observations of
a similar drop in the A/kaon ratio will be

strong arguments in favor of the recombina-

Recombination predicts a

tion+fragmentation picture.

Anisotropic flow vy is defined as the
second Fourier coefficient of the azimuthal
hadron spectrum wvy(Pr) = (cos2®). Such
an asymmetry arises in heavy ion collisions
with non-vanishing impact parameter b > 0.

Our results on the particle dependence
of elliptic flow are summarized in fig. 3. One
can see the different behavior of mesons and
baryons by comparing protons with pions and
kaons with As. v for baryons saturates at a
higher value than for mesons in the recom-
bination domain. At higher Pr, when frag-
mentation takes over, the results rapidly ap-
proach each other. In our calculation, where
we do not take into account the binding ener-
gies, we cannot resolve the splitting between
protons and mesons coming from the mass
difference. Nevertheless the agreement with
data from PHENIX 24 and preliminary data
from STAR 6 is good.

It can be shown that in the region
where recombination of partons dominates
the hadronization process (i.e. for Pr < 4(6)
GeV for mesons (baryons)) and mass effects
are suppressed (i.e. Pr > 1 GeV), vy obeys
a simple scaling law

v2(Pr) ~ nvy(Pr/n)

where n is the number of valence quarks of
the hadron. Here it is assumed that strange
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quarks and light quarks have the same ellip-
tic flow vd. At higher transverse momentum,
Pr > 6 GeV, where fragmentation of partons
dominates, the v of all hadrons lies on a uni-
versal curve since the effect of fragmentation
functions largely cancels. We refer the reader
to Refs. 25:26 for a more detailed discussion.
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Figure 2. (ht + h~)/27% and (A + A)/4K?9 and
2(E~ + =E1)/(A + A) ratios as functions of trans-
verse momentum Pr. We show data from STAR and
PHENIX as well as results from the statistical model
(dash dotted lines).

4 Conclusion

In summary, we propose a two component
behavior of hadronic observables in heavy
ion collisions at RHIC. These components in-
clude fragmentation from a high-pr pertur-
bative parton phase and recombination from
a thermal parton phase. We have found
that the competition between recombination
and fragmentation of partons as hadroniza-
tion mechanisms can simultaneously explain
several of the surprising features of the pub-
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Figure 3. Anisotropic flow for p and 7+ compared to
PHENIX data (top) and for K+ and A+ A compared
to STAR and PHENIX data (bottom).

lished data. In particular, the proton excess
at intermediate Pr, the different nuclear sup-
pression observed in pion and proton spec-
tra, and the different saturation thresholds
in the elliptic flow, can be consistently ex-
plained. We predict that all baryon spec-
tra will exhibit a rapid transition around 5
GeV/c to a region dominated by parton frag-
mentation. Finally, we emphasize that our
scenario requires the assumption of a ther-
malized partonic phase characterized by an
exponential momentum spectrum and with-
out strong multi-parton correlations. Such a
phase may be appropriately called a quark-
gluon plasma.
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