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I. Tserruya,51 H. Tsuruoka,48 S. K. Tuli,3 H. Tydesjö,29 N. Tyurin,15 H.W. van Hecke,27 J.Velkovska,5,44 M.Velkovsky,44

L. Villatte,46 A. A. Vinogradov,23 M. A. Volkov,23 E. Vznuzdaev,37 X. R. Wang,13 Y. Watanabe,38,39 S. N. White,5

F. K. Wohn,16 C. L. Woody,5 W. Xie,6 Y. Yang,7 A. Yanovich,15 S. Yokkaichi,38,39 G. R. Young,35 I. E. Yushmanov,23

W. A. Zajc,9,† C. Zhang,9 S. Zhou,7,51 and L. Zolin17

(PHENIX Collaboration)

1Abilene Christian University, Abilene, Texas 79699, USA
2Institute of Physics, Academia Sinica, Taipei 11529, Taiwan

3Department of Physics, Banaras Hindu University, Varanasi 221005, India
072301-1 0031-9007=03=91(7)=072301(6)$20.00  2003 The American Physical Society 072301-1



P H Y S I C A L R E V I E W L E T T E R S week ending
15 AUGUST 2003VOLUME 91, NUMBER 7
4Bhabha Atomic Research Centre, Bombay 400 085, India
5Brookhaven National Laboratory, Upton, New York 11973-5000, USA
6University of California–Riverside, Riverside, California 92521, USA

7China Institute of Atomic Energy (CIAE), Beijing, People’s Republic of China
8Center for Nuclear Study, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan

9Columbia University, New York, New York 10027, USA, and Nevis Laboratories, Irvington, New York 10533, USA
10Dapnia, CEA Saclay, F-91191, Gif-sur-Yvette, France

11Debrecen University, H-4010 Debrecen, Egyetem tér 1, Hungary
12Florida State University, Tallahassee, Florida 32306, USA

13Georgia State University, Atlanta, Georgia 30303, USA
14Hiroshima University, Kagamiyama, Higashi-Hiroshima 739-8526, Japan

15Institute for High Energy Physics (IHEP), Protvino, Russia
16Iowa State University, Ames, Iowa 50011, USA

17Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia
18KAERI, Cyclotron Application Laboratory, Seoul, South Korea

19Kangnung National University, Kangnung 210-702, South Korea
20KEK, High Energy Accelerator Research Organization, Tsukuba-shi, Ibaraki-ken 305-0801, Japan

21KFKI Research Institute for Particle and Nuclear Physics (RMKI), H-1525 Budapest 114, PO Box 49, Hungary
22Korea University, Seoul, 136-701, Korea

23Russian Research Center, ‘‘Kurchatov Institute,’’ Moscow, Russia
24Kyoto University, Kyoto 606, Japan

25Laboratoire Leprince-Ringuet, Ecole Polytechnique, CNRS-IN2P3, Route de Saclay, F-91128, Palaiseau, France
26Lawrence Livermore National Laboratory, Livermore, California 94550, USA

27Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
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Transverse momentum spectra of neutral pions in the range 1 < pT < 10 GeV=c have been measured
at midrapidity by the PHENIX experiment at BNL RHIC in Au � Au collisions at

��������

sNN
p

� 200 GeV.
The �0 multiplicity in central reactions is significantly below the yields measured at the same

��������

sNN
p

in
peripheral Au � Au and p� p reactions scaled by the number of nucleon-nucleon collisions. For the
most central bin, the suppression factor is �2:5 at pT � 2 GeV=c and increases to �4–5 at pT �
4 GeV=c. At larger pT , the suppression remains constant within errors. The deficit is already apparent
in semiperipheral reactions and increases smoothly with centrality.
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High energy collisions of heavy ions provide the means
to study quantum chromodynamics (QCD) at energy
densities where lattice calculations [1] predict a transition
from hadronic matter to a deconfined, chirally symmetric
plasma of quarks and gluons (QGP). The large center-of-
mass energies,

��������

sNN
p

� 200 GeV, available in Au � Au
collisions at the BNL Relativistic Heavy Ion Collider
(RHIC), have resulted in a significant production of
high transverse momentum hadrons (pT > 2 GeV=c)
for the first time in heavy-ion physics. High pT particle
production in hadronic collisions results from the frag-
mentation of quarks and gluons emerging from the initial
high Q2 parton-parton scatterings [2]. Thus, hard pro-
cesses in nucleus-nucleus (AA) collisions provide direct
information on the early partonic phases of the reaction.
In the absence of nuclear medium effects, hard scattering
yields in AA reactions are expected to scale like an
incoherent superposition of nucleon-nucleon (NN) colli-
sions because of the small probability of hard scattering
processes per NN collision. In AA reactions, the number
of NN collisions (Ncoll) at impact parameter b is simply
proportional to the geometric nuclear overlap function,
TAA�b�, and can be calculated in an eikonal approach [3].
After scaling by the nuclear geometry, spectra of high pT
particles measured in AA reactions can be compared to
the baseline p� p, p� A data, as well as to perturbative
[4–7] and classical-field [8] QCD predictions. Any de-
parture from the expected Ncoll-scaled result provides
information on the strongly interacting medium in central
heavy-ion reactions.

One of the most significant observations from the first
RHIC run (run 1) was the suppressed yield of moderately
high pT neutral pions (pT � 1:5–4:0 GeV=c) in central
Au � Au at

��������

sNN
p

� 130 GeV with respect to the
Ncoll-scaled p� p and peripheral Au � Au data [9].
This result points to strong medium effects present in
central Au � Au and has triggered extensive theoretical
studies on its origin [4–8,10–13]. Most of these studies
are based on the prediction [14,15] that a QGP would
induce multiple gluon radiations from the scattered fast
partons, effectively leading to a suppression of high pT
hadronic fragmentation products (‘‘jet quenching’’).
Alternative interpretations have been proposed based on
initial-state gluon saturation [8] or final-state hadronic
interactions [13].

This Letter presents �0 results obtained by the
PHENIX experiment in Au � Au collisions at

��������

sNN
p

�
200 GeV and compares them to the p� p ! �0 X data
measured in the same experiment at the same center-of-
mass energy [16]. The analysis uses 30 	 106 minimum
bias events, triggered by a coincidence between the zero
degree calorimeters (ZDC) and the beam-beam counters
(BBC), with vertex position jzj< 30 cm. In run 2, the
electromagnetic calorimeter (EMCal) was fully instru-
mented providing a total solid angle coverage at midra-
pidity of approximately �� � 0:7 and �� � � and the
072301-3
total collected �0 statistics was a factor of �100 larger
than in run 1 [9]. The combination of larger acceptance,
high statistics, and the measurement of p� p data in the
same detector permits a precise study of the high pT �0

production mechanisms in AA collisions at RHIC.
Neutral pions are reconstructed via their �0 ! ��

decay through an invariant mass analysis of � pairs
detected in the EMCal [17] which consists of six lead-
scintillator (PbSc) and two lead-glass Čerenkov (PbGl)
sectors. The large radial distance of the calorimeters to
the interaction region (> 5 m) and their fine granularity
(��	 �� � 0:01 	 0:01) keep the tower occupancy
low, <10% even in the highest multiplicity Au � Au
events. The energy calibration is obtained from beam
tests and, in the case of PbSc, from cosmic rays data
and the known minimum ionizing energy peak of
charged hadrons traversing the calorimeter. It is then
confirmed using the �0 mass, as well as the agreement
of the calorimeter energy with the measured momentum
of identified electrons. The systematic error on the
absolute energy scale is less than 1.5%. Photonlike clus-
ters are identified in the EMCal by applying time-of-
flight and shower profile cuts [17]. The selected clusters
are binned in pair invariant mass m�� and pT . An addi-
tional energy asymmetry cut, jE�1 �E�2j=�E�1 �E�2�<
0:7�PbGl�;0:8�PbSc�, is applied to the reconstructed pairs.
The signal-to-background in peripheral (central) is ap-
proximately 20 (5) and 0.5 (0.01) for the highest and
lowest pT , respectively. The combinatorial background
is estimated and subtracted by mixing clusters from dif-
ferent events with similar centrality and vertex, and
normalizing the distribution in a region outside the �0

mass peak. The �0 yield in each pT bin is determined by
integrating the subtracted m�� distribution in a �3�
window determined by a pT-dependent parametrization
of Gaussian fits to the �0 peaks.

The raw PbSc and PbGl �0 spectra are normalized to
one unit of rapidity and full azimuth (this acceptance
correction quickly reaches the �1=0:35 pure geometric
factor at high pT). The spectra are further corrected for
(i) the detector response (energy resolution, dead areas),
(ii) the reconstruction efficiency (analysis cuts), and
(iii) the occupancy effects (cluster overlaps). These cor-
rections are quantified by embedding simulated single
�0’s from a full PHENIX GEANT [18] simulation into
real events, and analyzing the merged events with the
same analysis cuts used to obtain the real yields. Each
correction is determined, for each centrality bin, as the
ratio of the input to the reconstructed simulated pT dis-
tributions. The overall yield correction amounts to �2:5
with a centrality dependence & 25%. The losses are
dominated by fiducial and asymmetry cuts.

The main sources of systematic errors in the PbSc and
PbGl measurements are due to the uncertainties in (i) the
yield extraction (background subtraction and minv inte-
gration), (ii) the yield correction (efficiency factors), and
072301-3



TABLE II. Centrality bin, average nuclear overlap function,
number of NN collisions, and number of participant nucleons
from a Glauber MC [21,22] and the BBC and ZDC responses
for Au � Au at

��������

sNN
p

� 200 GeV. The centrality bin is ex-
pressed as percentiles of �AuAu � 6:9 b.

Centrality hTAuAui (mb�1) hNcolli hNparti

0%–10% 22:75 � 1:56 955:4 � 93:6 325:2 � 3:3
10%–20% 14:35 � 1:00 602:6 � 59:3 234:6 � 4:7
20%–30% 8:90 � 0:72 373:8 � 39:6 166:6 � 5:4
30%–40% 5:23 � 0:44 219:8 � 22:6 114:2 � 4:4
40%–50% 2:86 � 0:28 120:3 � 13:7 74:4 � 3:8
50%–60% 1:45 � 0:23 61:0 � 9:9 45:5 � 3:3
60%–70% 0:68 � 0:18 28:5 � 7:6 25:7 � 3:8
60%–80% 0:49 � 0:14 20:4 � 5:9 19:5 � 3:3
60%–92% 0:35 � 0:10 14:5 � 4:0 14:5 � 2:5
70%–80% 0:30 � 0:10 12:4 � 4:2 13:4 � 3:0
70%–92% 0:20 � 0:06 8:3 � 2:4 9:5 � 1:9
80%–92% 0:12 � 0:03 4:9 � 1:2 6:3 � 1:2
Min. bias 6:14 � 0:45 257:8 � 25:4 109:1 � 4:1
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FIG. 1. Invariant �0 yields at midrapidity as a function of pT
for minimum bias and nine centralities in Au � Au at

��������

sNN
p

�
200 GeV [0%–10% (80%–92%) is most central (peripheral)].

TABLE I. Summary of the dominant sources of systematic
errors on the PbSc and PbGl �0 yields and total errors on the
combined measurements. The error ranges are quoted for the
lowest to highest pT values.

Source Syst. error PbSc Syst. error PbGl

Yield extraction 10% 6%–7%
Yield correction 8% 8%

Energy scale 3%–11% 7%–13%

Normalization
Total error (%) Stat. Syst. Central Peripheral

Comb. �0 spectra 2– 40 10–17 5 5
RAA 2–45 11–22 14 30
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(iii) the energy scale (absolute calibration of the calo-
rimeter). The relative contributions of these effects to the
total error differ for the PbSc and PbGl (Table I). The
weighted average of the two independent measurements
reduces the total error. The nominal energy resolution
[17] is adjusted in the simulation to reproduce the true
width of the �0 peak observed at each pT , smearing the
energies with a constant term of 7% for PbSc and �9%
for PbGl. The shape, position, and width of the �0 peak
measured in all different centralities are then confirmed
to be well reproduced by the embedded data. The final
systematic errors on the spectra are at the level of �10%
at 1 GeV=c and �17% at the highest pT (Table I). A
correction for the true mean value of the pT bin is applied
to the steeply falling spectra. No corrections have been
applied to account for the contribution of feed-down �0’s
(mainly coming from K0

s and � decays) which are <5%
based on HIJING [19] simulations.

The event centrality is determined by correlating the
charge detected in the BBC with the energy measured
in the ZDC detectors. A Glauber model Monte Carlo
(MC) calculation combined with a simulation of the
BBC and ZDC responses [20–22] gives an estimate of
the associated averaged number of binary collisions
(hNcolli) and participating nucleons (hNparti) in each cen-
trality bin (Table II). Fully corrected and combined PbSc
and PbGl �0 pT distributions are shown in Fig. 1 for
minimum bias and for nine centrality bins scaled by
factors of 10.

We quantify the medium effects on high pT production
in AA collisions with the nuclear modification factor
given by the ratio of the measured AA invariant yields
to the NN collision scaled p� p invariant yields:

RAA�pT� �
�1=Nevt

AA�d
2N�0

AA=dpTdy

hNcolli=�inel
pp 	 d2��0

pp=dpTdy
; (1)

where the hNcolli=�inel
pp is just the average Glauber nuclear

overlap function, hTAuAui, in the centrality bin under
consideration (Table II). RAA�pT� measures the deviation
of AA data from an incoherent superposition of NN
072301-4
collisions. For pT & 2 GeV=c, RAA is known to be below
unity, since the bulk of particle production is due to soft
processes which scale closer to the number of participant
nucleons [20] than to hNcolli.

Figure 2 shows RAA as a function of pT for �0 mea-
sured in 0%–10% central (closed circles) and 80%–92%
peripheral (open circles) Au � Au. The PHENIX p�
p ! �0 data [16] is used as the reference in the denomi-
nator. The RAA values for central collisions are noticeably
below unity, as found at 130 GeV [9]. This is in contrast to
the enhanced high pT �0 production (RAA > 1) observed
072301-4
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FIG. 2. Nuclear modification factor RAA�pT� for �0 in central
(closed circles) and peripheral (open circles) Au � Au at
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experimental (p� p, Au � Au) errors. The shaded bands rep-
resent the fractional uncertainties in hTAuAui and in the �0

yields normalization added in quadrature, which can move all
the points up or down together (in the central case the shaded
band shown is the fractional error for the first point).
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at CERN Super Proton Synchrotron energies [23], inter-
preted in terms of initial-state pT broadening effects
(‘‘Cronin effect’’ [24]). Within errors, peripheral Au �
Au collisions behave like a superposition of p� p colli-
sions with regard to high pT �0 production (RAA � 1). In
central collisions, the suppression is smallest at 2 GeV=c
and increases to an approximately constant suppression
factor of 1=RAA � 4–5 over the pT range of 4–10 GeV=c,
�30% above the expectation from Npart scaling (dotted
line in Fig. 2).

The magnitude and pT dependence of RAA (correspond-
ing to parton fractional momenta x � 2pT=

���

s
p

�
0:02–0:1 at midrapidity) is inconsistent with the ex-
pectations of leading-twist ‘‘shadowing’’ effects on the
nuclear parton distribution functions alone [25].
Different jet quenching calculations [4–7,10–12], based
on medium-induced radiative energy loss, can repro-
duce the magnitude of the �0 suppression assuming the
formation of a hot and dense partonic system. The pre-
dicted pT dependence of the quenching, however, varies
in the different models. All models that include the
Landau-Pomeranchuck-Migdal (LPM) interference ef-
fect [15,26] predict RAA effectively /

������

pT
p

[10]. Such
a trend is not compatible with our data over the entire
pT range. Analyses which combine LPM jet quenching
together with shadowing and initial-state pT broadening
generally reproduce the whole pT dependence of the �0

suppression [4], as do recent approaches that take into
account detailed balance between parton emission and
072301-5
absorption [7]. However, based solely on the data pre-
sented here, we are not able to distinguish between par-
tonic or hadronic [13] energy loss scenarios.

The centrality dependence of the high pT �0 suppres-
sion is shown in Fig. 3 as a function of hNparti. The
suppression is characterized as the ratio of Au � Au
over p� p yields integrated above 4 GeV=c and normal-
ized using two different scalings. RAA (circles) denotes
the Ncoll scaling as in Eq. (1), whereas Rpart

AA (crosses)
indicates Npart scaling expected in scenarios dominated
either by gluon saturation [8] or by surface emission of
the quenched jets [10]. Figure 3 indicates that the tran-
sition from the Ncoll scaling behavior (RAA � 1) apparent
in the most peripheral region, to the strong suppression
seen in central reactions (RAA � 0:25) is smooth. In addi-
tion, although there is no exact participant scaling
(Rpart

AA > 1 for all centralities), the �0 production per
participant pair above 4 GeV=c is approximately con-
stant over a wide range of intermediate centralities, in
qualitative agreement with a parton saturation model
prediction [8].

In summary, transverse momentum spectra of neutral
pions have been measured at midrapidity up to pT �
10 GeV=c for nine centrality bins of Au � Au collisions
at

��������

sNN
p

� 200 GeV. The spectral shape and invariant
yield for peripheral reactions are consistent with those
of p� p reactions scaled by the average number of
inelastic NN collisions. Central yields, on the other
hand, are significantly lower than peripheral Au � Au
and p� p scaled yields, as found at

��������

sNN
p

� 130 GeV.
The observed suppression increases slowly with pT to as
much as a factor of 4–5 in the 10% most central collisions,
072301-5
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remaining constant within errors above �4 GeV=c. The
suppression is already apparent in semiperipheral reac-
tions and increases smoothly with centrality. The magni-
tude of the deficit can be reproduced by parton energy
loss calculations in an opaque medium, but its pT and
centrality dependence puts strong constraints on the de-
tails of energy loss and the properties of the medium. The
role of initial-state effects, including shadowing, pT
broadening, and gluon saturation will be studied with
data from the recent RHIC run using d� Au, where
final-state medium effects such as jet quenching are
minimal.
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