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Abstract. Identified hadron analyses in heavy ion collisions at RHIC show particle-type dependences of
hadron yields, especially a baryon/meson difference at intermediate pT (2–5 GeV/c). In

√
sNN = 200 GeV

Au+Au collisions, there is a significant suppression in meson yields compared to expectations from scaled
p+p results. In contrast, a large enhancement of baryons relative to mesons is observed at intermediate pT.
The pT reach of charged hadron identification has been extended by high statistics Au+Au data and the
introduction of an aerogel Cherenkov detector. We can now study the identified charged hadron production
at higher pT using the PHENIX detector. In this paper, we present identified charged hadron pT spectra,
particle ratios, nuclear modification factors in Au+Au collisions at

√
sNN = 200 GeV.

PACS. 25.75.Dw; 25.75.-q

1 Introduction

Identified hadron analyses in heavy ion collisions at RHIC
show particle-type dependences of hadron yields, especially
a baryon/meson difference at intermediate pT (2–5 GeV/c).
In central Au+Au collisions at

√
sNN = 200GeV, there is

a significant suppression in meson yields (π, K, etc.) com-
pared to peripheral Au+Au or p+ p results. In contrast,
a large enhancement of baryons (p, p, Λ, etc.) relative to
mesons is observed at intermediate pT [1–4]. In this pT re-
gion, jet fragmentation process dominates the hadron pro-
duction in p+p collisions. And we expect that the fragmen-
tation is independent of the collision system. Therefore the
large baryon fraction observed atRHIC is one of the surpris-
ing findings. By performing a control experiment – d+Au
collisions, in which only cold nuclearmatter is produced, we
found that the suppression of hadron yields is not caused by
initial state interactions, but by final state interactions (i.e.
jet quenching) [5].We also found that the Cronin effect (en-
hancement frommultiple scattering) has a particle-type de-
pendence. The Cronin effect is larger for protons than those
for pions, kaons. But, this difference between baryons and
meson is not enough to account for the baryonenhancement
seen in Au+Au collisions [6].
The observed baryon enhancement is explained in some

different ways: (1) strong radial flow which pushes the
heavier particles to larger pT [7], (2) recombination of
hard-scattered quarks with quarks from the thermalized
medium [8–10], etc. On the other hand, in elliptic flow
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measurements, a baryon/meson difference is also found
in its magnitude (v2 as a function of pT). Moreover, by
scaling with the number of constituent quarks, we obtain
a common v2 curve for any particle types [11]. This scaling
feature supports the quark recombination picture for the
hadron production at RHIC. Recently the intermediate pT
region is considered a transition region from soft to hard
hadron production mechanisms. Here, soft part includes
hydrodynamic flow, quark recombination, etc. and hard
part includes jet fragmentation which is well described by
pQCD calculation. We expect to observe a transition from
soft to hard hadron production in this pT region.
In the PHENIX experiment, the pT reach of charged

hadron identification has been extended by high statis-
tics Au+Au data and the introduction of a new aero-
gel Cherenkov detector. We can now study the identi-
fied charged hadron production at higher pT using the
PHENIX detector. A detailed study of identified hadron
spectra and yields in this pT region could be effective to un-
derstand multiple hadron production mechanisms as men-
tioned above. In this paper, we present identified charged
hadron pT spectra, particle ratios, nuclear modification
factors in Au+Au collisions at

√
sNN = 200GeV.

2 Data analysis

Data sets used here are Au+Au collisions at
√
sNN =

200GeV and 62.4 GeV taken in RHIC Run4. Events with
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a vertex position along the beam axis within |z| < 30 cm
were triggered by the beam–beam counters (BBC) located
at |η| = 3.0–3.9. The Au+Au minimum bias data sample
is subdivided into different centrality bins, where a col-
lision centrality is determined from the charged particle
multiplicity measured by the BBC. Charged particle tracks
are reconstructed at mid-rapidity |η| < 0.35 using a drift
chamber and multi-wire proportional chambers with pad
readout. Particle identification is performed with a time-
of-flight detector and an aerogel Cherekov detector. The
time-of-flight detector has a timing resolution of ∼ 120 ps.
The particle identification is based on particle mass calcu-
lated from the measured momentum, the velocity obtained
from time-of-flight and path length along the trajectory.
The aerogel Cherenkov detector (having a refractive in-
dex of n∼ 1.011) was installed just before Run4, and was
started to take collision data from Run4. The pT reach
of particle identification is extended (up to 5 GeV/c for
charged pions, and 6 GeV/c for (anti)protons) by the in-
troduction of the aerogel Cherenkov detector. Corrections
to the charged particle spectrum for geometrical accept-
ance, decay in flight, tracking efficiency, and momentum
resolution are determined using a single-particle GEANT
Monte Carlo simulation. Multiplicity-dependent correc-
tions for the detection efficiencies are evaluated by embed-
ding simulated tracks into real events. Once all correction
factors are determined as a function of pT and centrality,
they are applied to the raw spectra to obtain the final ones.

Fig. 1. pT spectra for charged pions for different centralities in Au+Au collisions at
√
sNN = 200 GeV

No feed-down correction fromweak decays is applied to the
results presented in this paper.

3 Results

3.1 pT spectra

Figures 1 and 2 are pT spectra for charged pions and
(anti)protons for different centralities in Au+Au collisions
at
√
sNN = 200GeV. The spectra are measured by the

aerogel detector. No feed-down correction from weak de-
cays is applied for the results.

3.2 p/π ratios

The pT dependence of p/π ratios provides more insights
to the baryon production. Figure 3 shows p/π+ (p/π−) ra-
tios as a function of pT in minimum bias Au+Au collisions
at
√
sNN = 200GeV. After reaching a maximum at ap-

proximately 2–3 GeV/c, the ratios then decrease at higher
pT and looks to approach some constant values. Figure 4
shows the centrality dependence of p/π+ (p/π−) ratios as
a function of pT. The p/π ratios in the intermediate pT
range show a centrality dependence with higher relative
baryon production in more central collisions. In central
collisions, the p/π ratio shows that approximately equal
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Fig. 2. pT spectra for pro-
tons and antiprotons for
different centralities in Au+
Au collisions at

√
sNN =

200 GeV. Note that no feed-
down correction for weak de-
cays is applied

Fig. 3. p/π+ (left) and p/π−

(right) ratios as a function of
pT in minimum bias Au+Au
collisions at

√
sNN = 200 GeV.

Note that no feed-down cor-
rection for weak decays is ap-
plied. Curves show various
model predictions [8–10]

amounts of protons and pions are produced in the mo-
mentum range of pT = 1.5–3.5 GeV/c. This is significantly
higher than the results in elementary collisions (p+p, e++
e−) or pQCD calculations, p/π ∼ 0.2 [8–10, 12, 13]. A defi-
nite turnover is observed for all centrality classes. The peak
position is at 2–3 GeV/c independent of centrality. Beyond
the peak, the ratios are falling toward the values in p+
p collisions, though with the current limited statistics no
conclusion can be drawn whether the ratios at high pT in

Au+Au are the same as in p+ p. Au+Au collisions in-
dicates that the dominant source of hadron production in
this pT range is not jet fragmentation in vacuum. Theoret-
ical model calculations for p/π ratios [8–10] are compared
to the experimental data in Fig. 3. These models are simi-
lar in that they subscribe to a recombination process of
quarks, but they have different implementations. Quark
recombination models qualitatively describe the observed
ratios.
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Fig. 4. p/π+ (left) and
p/π− (right) ratios as
a function of pT for dif-
ferent centralities in Au+
Au collisions at

√
sNN =

200 GeV. Note that no
feed-down correction for
weak decays is applied

Fig. 5. p/π+ (left) and
p/π− (right) ratios as
a function of pT for dif-
ferent centralities in Au+
Au collisions at

√
sNN =

62.4 GeV. Note that no
feed-down correction for
weak decays is applied

The lower energy data provides an important infor-
mation on the baryon production and transport at mid-
rapidity between SPS and RHIC. Figure 5 shows the p/π+

(p/π−) ratios as a function of pT in Au+Au collisions
at
√
sNN = 62.4GeV. The ratios show a peak structure

around 2–3 GeV/c and a centrality dependence as seen
at
√
sNN = 200GeV. Comparing to the 200GeV data,

the 62.4 GeV data shows a slightly larger proton con-
tribution at intermediate pT, while there is a less an-
tiproton contribution. These observations may be related
to the following differences: (1) larger difference between
the slopes of spectra from fragmentation and recombina-
tion processes at 62.4GeV than that at 200GeV [14], (2)
larger baryon chemical potential at 62.4GeV than that
at 200GeV, or (3) stronger transport of baryon num-
ber from the incoming beams to midrapidity at lower
energy.

3.3 p/p ratios

Figures 6 and 7 show p/p ratio for minimum bias and cen-
trality selected data respectively in Au+Au collisions at√
sNN = 200GeV. The ratio is almost independent of pT
and centrality up to 6 GeV/c. Theoretical pQCD calcula-
tions predict a decrease in the ratio over all pT [15, 16]. In
contrast, the measured ratio does not show such a clear de-
creasing trend. This observation indicates an importance
of non-perturbative effects in baryon production even at
pT = 6GeV/c.

3.4 Nuclear modification factor (RCP)

To look at the centrality dependence on the spectra in de-
tail, it is useful to calculate the nuclear modification factor.
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Fig. 6. p/p ratio as a function of pT in minimum bias Au+Au
collisions at

√
sNN = 200 GeV. Note that no feed-down correc-

tion for weak decays is applied. Curves are the predictions from
a jet quenching model [15, 16]

The nuclear modification factorRCP is the ratio ofNbinary-
scaled spectra of central to peripheral Au+Au collisions.
Nbinary is the number of binary collisions for each central-
ity bin evaluated by a Glauber Monte Carlo calculation.
Figure 8 shows the nuclear modification factor RCP for pi-
ons, kaons and (anti)protons in 0%–10% central collisions

Fig. 7. p/p ratio as a function of pT for different centralities in Au+Au collisions at
√
sNN = 200 GeV. Note that no feed-down

correction for weak decays is applied

Fig. 8. Nuclear modification
factor RCP for pions, kaons,
and (anti)protons. Note that
no feed-down correction for
weak decays is applied

normalized by peripheral 60%–80% collisions. The overall
systematic error (Nbinary uncertainties) onRCP is shown as
a vertical band. The statistical errors are shown as an error
bar on each data point. For the proton RCP, the statisti-
cal errors has been significantly reduced compared to Run2
results by the high statistics data and the introduction of
the aerogel detector. The result shows a stronger suppres-
sion for pions than protons in the intermediate pT range.
In this pT region, where jet fragmentation dominates for
the hadron production, one should expect similar values
of RCP for pions and protons if parton energy loss is the
same. But we do not see such a tendency for the values
of RCP to approach each other at least up to 5 GeV/c.
This means that soft hadron production like quark recom-
bination may still be significant even at this pT. Over the
measured pT range, we do not observe a difference in RCP
between particles and antiparticles. In 2005, the PHENIX
experiment has collected the high statistics p+p data at√
s= 200GeV. The data can be used as a reference to ob-
tain the nuclear modification factor RAA at high pT.

4 Summary

Results on identified hadron production in Au+Au colli-
sions at

√
sNN = 200GeV are presented. The results are
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obtained with the high statistics Au+Au data and the
new aerogel Cherenkov detector. The baryon enhancement
at intermediate pT (2–5 GeV/c) is confirmed again with
a small statistical error and an extended pT reach. The
measured features at intermediate pT are consistent with
the thought that there are multiple hadron production
mechanisms including both soft (quark recombination)
and hard (jet fragmentationwith parton energy loss) parts.
Based on the observations: (1) baryon enhancement and
(2) constituent-quark-number scaling of v2, quark recom-
bination process is thought to be a dominant hadron pro-
duction mechanism in this pT range. Soft part of hadron
production extends to this pT region in heavy ion collisions
at RHIC.We also observe an indication of a transition from
soft to hard hadron production in the p/π ratio. Compar-
ing to the 200GeV data, the 62.4GeV Au+Au data shows
a slightly larger proton contribution at intermediate pT,
while there is a less antiproton contribution. Different ex-
planations of these observations are possible, for example,
the larger difference between the slopes of spectra from
fragmentation and recombination processes at 62.4GeV
than that at 200GeV. A new time-of-flight detector, based
on multi-gap resistive plate chambers, has been installed in
Summer 2006. Together with the existing aerogel detector,
we are now able to study the hadron production at high pT
with high precision in the future RHIC runs.
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