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Y. Mao,50,52 L. Mašek,7,25 H. Masui,63 F. Matathias,12,59 M. C. McCain,23 M. McCumber,59 P. L. McGaughey,37 N. Means,59

B. Meredith,23 Y. Miake,63 T. Mibe,30 A. C. Mignerey,40 P. Mikeš,7,25 K. Miki,52,63 T. E. Miller,64 A. Milov,5,59
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7Charles University, Ovocný trh 5, Praha 1, 116 36, Prague, Czech Republic

8Chonbuk National University, Jeonju, 561-756, Korea
9Science and Technology on Nuclear Data Laboratory, China Institute of Atomic Energy, Beijing 102413, P. R. China

10Center for Nuclear Study, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan
11University of Colorado, Boulder, Colorado 80309, USA

12Columbia University, New York, New York 10027 and Nevis Laboratories, Irvington, New York 10533, USA
13Czech Technical University, Zikova 4, 166 36 Prague 6, Czech Republic

14Dapnia, CEA Saclay, F-91191, Gif-sur-Yvette, France
15Debrecen University, H-4010 Debrecen, Egyetem tér 1, Hungary

16ELTE, Eötvös Loránd University, H-1117 Budapest, Pázmány P. s. 1/A, Hungary
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The PHENIX experiment at the Relativistic Heavy Ion Collider has measured ω meson production via leptonic
and hadronic decay channels in p + p, d + Au, Cu + Cu, and Au + Au collisions at

√
sNN = 200 GeV. The

invariant transverse momentum spectra measured in different decay modes give consistent results. Measurements
in the hadronic decay channel in Cu + Cu and Au + Au collisions show that ω production has a suppression
pattern at high transverse momentum, similar to that of π0 and η in central collisions, but no suppression is
observed in peripheral collisions. The nuclear modification factors, RAA, are consistent in Cu + Cu and Au + Au
collisions at similar numbers of participant nucleons.

DOI: 10.1103/PhysRevC.84.044902 PACS number(s): 25.75.Dw, 25.40.Ve

I. INTRODUCTION

The measurement of hadrons produced in relativistic heavy-
ion collisions is a well established tool in the study of the
hot and dense matter created in the collisions. The PHENIX
experiment at the Relativistic Heavy Ion Collider has carried
out systematic measurement of hadrons in p +p, d + Au,
Cu + Cu, and Au + Au collisions at

√
sNN = 200 GeV. When

compared to existing measurements in p +p and d + Au,
measurements in heavy-ion collisions suggest that particle
production at high pT is affected by jet quenching, which
is considered to be an effect of extremely dense matter created
by the collisions [1]. High pT suppression of π0 and η was
measured in Cu + Cu and Au + Au [2–5] and the nuclear
modification factors (RAA) of these mesons were found to be
consistent with each other in pT and centrality. A comparison
with theoretical models was first done for π0 suppression in
[4], with the result that the suppression increases proportional
to the number of participating nucleons as N

2/3
part . This result is

consistent with existing energy loss models such as the Parton
Quenching Model (PQM) [6].

The ω meson comprises light valence quarks similar to the
π0 and η but has a larger mass (782 MeV) and a spin [1]. These

*Deceased.
†PHENIX Spokesperson:jacak@skipper.physics.sunysb.edu

differences make the omega measurement an additional probe
to a systematic study to understand mechanisms of parton
energy loss and hadron production in the collisions. The pT

dependence of the particle production ratio (ω/π ) and the
nuclear modification factors (RAA) should add information
about the parton energy loss mechanism. Furthermore, using
multiple decay channels: a leptonic channel ω → e+e− (with
branching ratio BR = 7.18 ± 0.12 × 10−5) and two hadronic
decay channels ω → π+π−π0 (BR = (89.1 ± 0.7) × 10−2)
and ω → π0γ (BR = (8.90 + 0.27 − 0.23)×10−2) [9] extends
the pT range by using the hadronic channels at high pT and
the leptonic channel at low pT .

Baseline measurements of the ω have been performed for
p +p via the leptonic channel [7] and for the p +p and d+Au
in the hadronic channel [8,10]. The ω/π0 ratio was found to
be independent of transverse momentum and equal to 0.85 ±
0.05stat ± 0.09syst in p +p and 0.94 ± 0.08stat ± 0.12syst in
d+Au collisions for pT > 2 GeV/c [8].

This article presents the first measurements of ω me-
son production in Cu + Cu and Au + Au collisions at
PHENIX via the π0γ channel. These measurements permit
the study of ω suppression at high pT . This paper
also presents measurements of the ω meson in d + Au
collisions with significantly reduced uncertainties in the
hadronic channel and a first measurement in the dielectronic
channel.
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II. EXPERIMENTAL SETUP

The PHENIX experiment is designed specifically to mea-
sure electromagnetic probes such as electrons, muons, and
photons [11]. The detectors of the PHENIX experiment can
be grouped into three categories: inner detectors close to the
beam pipe, two central arms with pseudorapidity coverage of
± 0.35, each covering 90 degrees in azimuthal angle, and two
muon detectors, which have 2π azimuthal and pseudorapidity
coverage of +(1.2–2.2) for the south muon arm and −(1.2–2.4)
for the north muon arm. The central arms are used to measure
the ω mesons at midrapidity.

The inner detectors are used for triggering, measurement of
the z coordinate of the collision vertex, and centrality of the
interactions with beam-beam counters (BBC) and zero-degree
calorimeters (ZDC). The central arms are capable of measuring
a variety of particles by using drift chambers and pad chambers
for tracking and momentum measurement of charged particles,
ring imaging Čerenkov detectors (RICH) for the separation of
electrons up to the π Čerenkov threshold at 4 GeV/c, and an
electromagnetic calorimeter (EMCal) for the measurement of
spatial positions and energies of photons and electrons. The
EMCal comprises six sectors of lead-scintillator calorimeter
and two sectors of lead-glass calorimeter. Additional details
of the PHENIX experimental setup and performance of the
detector subsystems can be found elsewhere [7,12].

We used data samples collected in 2004, 2005, 2007, and
2008 as summarized in Table I. The data were taken using
a minimum bias trigger (MB) and the EMCal-RICH-trigger
(ERT), which is described below. The 2003 d + Au data were
published in Ref. [8] and are included here for comparison.
The 2005 p +p data were published in Ref. [7] and are used
as the baseline for RAA in d + Au, Cu + Cu, and Au + Au.
Two Au + Au data samples were taken in 2004 and 2007.
The MB trigger required a coincidence between the north
and south BBC [13]. In the Au + Au data sample taken in
2004, additional coincidence between the ZDC and BBC was
required. To enhance the statistics at high pT , the ERT trigger
was used for p +p, d + Au, and Cu + Cu data taking, which
required the event to satisfy the MB trigger conditions and
that there be at least one high-pT electron or photon candidate

in the event. For electron candidates the ERT trigger required
a minimum energy deposit of 0.4 (0.6 and 0.8) GeV/c in a
tile of 2 × 2 EMCal towers matched to a hit in the RICH in
p +p (d + Au) collisions. For the photon candidates, the ERT
trigger required a minimum energy deposit of 1.4, 2.4, and
3.4 GeV/c in a tile of 4 × 4 EMCal towers in p +p, d + Au,
and Cu + Cu collisions, respectively. In the d + Au and the
Cu + Cu analysis, the MB data set was used to measure ω

production up to 4 GeV/c in d + Au and 6 GeV/c in Cu + Cu;
the ERT sample was used at higher pT . The ERT trigger
efficiencies measured for single photons and electrons and
calculated for ω mesons is described in Sec. III D.

III. DATA ANALYSIS

In this section, we describe the event selection and data
analysis for reconstructing the leptonic (ω → e+e−) and
hadronic (ω → π+π−π0 and ω → π0γ ) decay channels of
the ω. Corrections applied to the raw data to calculate the ω

meson invariant yields and systematic uncertainties related to
the measurements are also presented.

A. Event selection and basic analysis cut

For data taken in 2004, the correlation of the charge
deposited in the BBCs with energy deposited in the ZDCs
provides a determination of the centrality of the collisions. For
data taken in 2005, 2007, and 2008, the centralities were only
determined by using BBC. A Glauber Monte Carlo [14] with
the BBC and ZDC responses was used to estimate the number
of binary nucleon-nucleon collisions (Ncoll) and the number of
participating collisions (Npart) for each centrality bin [15].

Events are selected with a reconstructed z vertex within
30 cm of the center of the interaction region. Charged tracks
were required to have momenta in the range of 0.2 < pT <

5.0 (7.0) GeV/c for the ω → e+e− analysis in p +p (d + Au)
[7] and 0.3 < pT < 8.0 GeV/c for the ω → π+π−π0 decay
channel [8]. Charged particles with pT < 0.2 GeV/c have
a large bending angle in the axial magnetic field of the
PHENIX central magnet [16] and most of them do not pass

TABLE I. Summary of the analyzed data samples and ω meson decay channels. Values for previously published PHENIX data (PRD83) [7]
and (PRC75) [8] are given for comparison. Threshold refers to the thresholds for electron or photon candidates, which is discussed in text.

Data set Trigger Sampled events
∫

Ldt Threshold Decay channel Reference

2003 d + Au ERT 5.5B 2.74 nb−1 2.4 GeV ω → π+π−π 0 PRC75 [8]
2.4 GeV ω → π 0γ PRC75 [8]

2004 Au + Au MB 1.5B 241 μb−1 N/A ω → π 0γ This work
2005 p + p ERT 85B 3.78 pb−1 0.4 GeV ω → e+e− PRD83 [7]

1.4 GeV ω → π+π−π 0 PRD83 [7]
1.4 GeV ω → π 0γ PRD83 [7]

2005 Cu + Cu MB 8.6B 3.06 pb−1 N/A ω → π 0γ This work
ERT 3.4 GeV ω → π 0γ This work

2007 Au + Au MB 5.1B 813 μb−1 N/A ω → π 0γ This work
2008 d + Au ERT 160B 80 nb−1 0.6/0.8 GeV ω → e+e− This work

2.4 GeV ω → π+π−π 0 This work
2.4 GeV ω → π 0γ This work
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through the entire tracking system. Electrons and positrons
are identified mainly by the Čerenkov photons emitted in
the RICH by requiring at least two photomultipliers hit
in the RICH cells matched to the track [17]. Also, matching of
the energy measured for the charged track in the EMCal with
the momentum measured in the tracking system, |E/p − 1| <

0.5, helps to further improve e/π separation. Together the
RICH and EMCal provide an e/π rejection factor of about
1:104. Photon identification is performed by the shower shape
criteria in the EMCal [18], and the energy of the selected γ

clusters is above 0.2 GeV.

B. Leptonic analysis

The leptonic analysis is done only in p +p and d + Au. In
case of ω → e+e−, all electrons and positrons reconstructed
in each event are combined into pairs, resulting in signal peaks
that sit on top of a combinatorial background in the invariant
mass distribution. The uncorrelated part of the background is
estimated with an event-mixing technique, which combines
tracks from different events with similar event centrality and z

coordinate of the collision vertex. Details of the event mixing
procedure are presented in Ref. [19].

Figure 1 shows invariant mass spectra of e+e− pairs
in p +p and d + Au collisions at

√
sNN = 200 GeV

after subtraction of combinatorial background as described
above. The solid lines show the global fits which include:
(1) contributions from ω, ρ, and φ mesons approximated with
Breit-Wigner functions convolved with Gaussian distributions
to account for the detector mass resolution; masses and widths
of the ω, ρ, and φ are fixed to the PDG values; the ρ component
is calculated assuming that ω and ρ have the same yield
and vacuum branching ratios; (2) other correlated residual
background, which is dominated by a contribution from jets,
is approximated by a second-order polynomial function. The
detector resolution, which is determined from simulations, is
found to be dependent on mass and momentum and varies
from 6 to 18 MeV/c2.

The ω yield is determined by counting bin contents in a 3 σ

width (derived from the fitting) and subtracting the polynomial
background. An associated systematic uncertainty from the
raw yield extraction is calculated by varying the background
normalization, fitting functions, range, and counting methods.
The estimated value is 4–15% in p +p [7] and 8–15% in
d + Au collisions.

C. Hadronic analysis

In the ω → π+π−π0 and ω → π0γ channels, the first
analysis step is to reconstruct π0 mesons by combining pairs
of photons reconstructed in an event. Then the mass and width
of the π0 peak in the invariant mass distribution of photon pairs
are parametrized as a function of transverse momentum. The
1 σ width of the π0 peak varies from 13 to 9 MeV/c2 as pT

increases from 1 to 4 GeV/c and is determined by the EMCal
energy resolution. A pair of photons is selected as a π0 candi-
date if its invariant mass is within 2 σ of the reconstructed π0

mass. In Cu + Cu and Au + Au, an additional asymmetry cut
for π0 candidates is used to reduce combinatorial background,
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FIG. 1. (Color online) Invariant mass of e+e− pairs detected
by the PHENIX central arms with uncorrelated combinatorial
background subtracted (see text) for (a) p + p collisions and
(c) minimum-bias d + Au collisions at

√
sNN = 200 GeV and

integrated over pT . Inserts (b) and (d) show the raw spectra before
subtraction. The spectrum is fit to the ω and φ resonances where
the masses and widths are set to the PDG values; the Breit-Wigner
resonance shape is convolved with a Gaussian to account for detector
mass resolution estimated from simulation and then corrected for the
radiative tail. The ρ contribution is shown as the dotted (red) line with
an assumption that the yield is the same as that of the ω. The residual
continuum component is estimated by a polynomial fit as shown by
the dashed (blue) line.

α = |Eγ1 − Eγ2 |/|Eγ1 + Eγ2 | < 0.8. Selected π0 candidates,
which include true π0s and combinatorial background are
combined either with the third photon with energy Eγ >

1.0 GeV/c for the ω → π0γ or with a pair of opposite-sign
charged tracks for the ω → π+π−π0 decay.

In the p +p and d + Au analysis, the ω meson raw yields
are extracted by fitting the pT slices of the invariant mass
distribution with a combination of a Gaussian for the signal
and a second order polynomial for the background. The width
and mass of the reconstructed ω mesons were found to be in
good agreement with values expected from simulation. Details
of these analyses are described in Ref. [10].
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FIG. 2. (Color online) (a) Invariant mass and scaled mixed
background distributions for π 0γ decay at 7 < pT < 12 GeV/c in
Au + Au collisions. (b) Invariant mass distribution after subtraction
of scaled background.

In the Cu + Cu and Au + Au analysis, only the ω → π0γ

channel was analyzed due to high combinatorial background
in the ω → π+π−π0 channel. The uncorrelated combinatorial
background was estimated using an event mixing technique
where the third photon in the π0γ decay was taken from the
different events with a similar centrality and z vertex. For
every pT bin, before subtraction, the calculated background
was normalized to match the integral of the foreground at
an invariant mass 1.75 < Minv < 4.0 GeV/c2, over which
we expect the contribution from correlated background to
be small. An example of the invariant mass distribution and
normalized background distributions is shown in Fig. 2(a)
and the invariant mass distribution after subtraction shown
in Fig. 2(b). The resulting invariant mass distribution contains
residual background from correlated particles: the background
contributions are from Ks → π0π0 decays, and π0 and η,
where one of the photons from π0(η) → γ γ decay creates
a fake π0 candidate for the ω → π0γ reconstruction. The
ω → π0γ peak is further enhanced by a mixed background
subtraction. Finally, raw yields of ω are extracted by fitting the
spectra with a combination of a Gaussian and a polynomial.
The width of the Gaussian used in the fit to the data is limited
to ± 1 MeV/c2 around the value determined from simulation.
The ω yield is calculated as an integral of the Gaussian.

Systematic uncertainties associated with the raw yield
extraction are evaluated using different fitting functions and
ranges, different counting methods and kinematic cuts, varying
the EMCal resolution in simulation, and applying different
limits for the width of ω peaks in fits to data. The estimated
value is 13–35% in Cu + Cu and 20–35% in Au + Au
collisions.

D. Reconstruction efficiencies

The reconstruction efficiency of the ω is determined using a
GEANT simulation of the PHENIX detector tuned to reproduce
the performance of the detector subsystems. The ω mesons
are generated and decayed into corresponding decay channels
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FIG. 3. (Color online) Typical ERT trigger efficiencies for
(a) single electrons (0.6 GeV threshold) and photons (3.4 GeV
threshold) and (b) ω → e+e− and ω → π 0γ using corresponding
triggered electrons/photons.

and reconstructed with the same analysis chain as the real data.
The generated ω spectra were weighted to match the measured
particle spectra. It was verified that the simulated positions and
widths of the reconstructed particle peaks are consistent with
the values measured in real data.

The reconstruction efficiency is divided into three compo-
nents: ε, εtrig, and εemb. The efficiency ε is the reconstruction
efficiency for minimum bias events in a low-occupancy
environment, like in p +p and d + Au collisions. This
efficiency accounts for the limited geometrical acceptance,
resolution, and efficiencies of the detector subsystems as well
as for analysis cuts. When a selective ERT trigger is used,
an additional trigger efficiency factor, εtrig, is applied. This
factor measures the efficiency of the ERT trigger logic. For
higher multiplicity collisions, one needs to account for the
loss of efficiency from increased detector occupancy: this is
measured through the embedding efficiency εemb. A measured
raw yield then needs to be corrected for the total efficiency
ε × εemb × εtrig, depending on the collision, centrality, and
trigger involved.

The ERT data sample was used to measure dielectron and
hadronic decay channels of the ω at high pT in p +p, d + Au,
and Cu + Cu. The threshold settings for ERT are described in
Sec. II. The single particle ERT efficiency was measured by
dividing the energy spectra of gamma clusters or electrons that
fired the ERT trigger by the energy spectra of all clusters or
electrons in the minimum bias data sample. Figure 3(a) shows
a typical example of the ERT trigger efficiencies for single
electrons and single photons as a function of cluster energy.
The level of saturation of trigger efficiency curves is below
100% because of inactive areas of the ERT and the RICH
detectors.

The ERT efficiencies for the ω meson in both the leptonic
and hadronic decay modes were evaluated with the help of a
Monte-Carlo simulation. For all fully reconstructed ω mesons,
the calculated single photon or electron ERT efficiency curves
were used to calculate the probability that one of the particles
in the final state fires the ERT trigger. Figure 3(b) shows the
corresponding trigger efficiencies for ω → e+e− and ω →
π0γ . More detailed descriptions are presented in Refs. [7,10].
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FIG. 4. (Color online) Typical reconstruction efficiencies for
ω → e+e− and ω → π 0γ . The curves for ω → π 0γ include the
embedding efficiency in Au + Au collisions: solid, dotted, and dot-
dashed lines (red) are for 60–92%, 20–60%, and 0–20% centrality,
respectively.

Figure 4 shows typical reconstruction efficiencies ε for
ω → e+e− and ω → π0γ . In the case of Cu + Cu and
Au + Au collisions, an additional efficiency correction εemb

due to cluster overlap in high multiplicity environment must be
applied. In most central Au + Au events, the EMCal typically
detects more than 300 clusters corresponding to a detector
occupancy of ∼10%. To estimate the corresponding loss in
efficiency, the simulated ω decays are embedded into real
A + A events and analyzed. The merging effect results in
∼40% loss of reconstruction efficiency in 0–20% central
Au + Au collisions, ∼15% loss in 0–20% central Cu + Cu
collisions, and is almost negligible in peripheral collisions.
Figure 4 shows the reconstruction efficiencies derived for
Au + Au collisions at different centralities. Finally, in each
bin we apply also a correction factor [7] to replace the average
value of the yield in the analyzed pT bin by the value of the
yield in the middle of the bin.

E. Calculation of invariant yields

In p +p and minimum bias d + Au collisions, the invariant
yield is related to the invariant cross section as:

E
d3σ

dp3
= σ inel

pp

(
σ inel

dAu

) × 1

2πpT Nevt

d2N

dpT dy
, (1)

where σ inel
pp and σ inel

dAu are the total inelastic cross section, 42.2
and 2260 mb, respectively.

For a given centrality bin, the invariant yields as a function
of pT (invariant transverse momentum) are determined from:

1

2πpT

d2Ncent

dpT dy
≡ 1

2πpT N evt
cent

1

BR

1

ε(pT )εemb(pT , cent)εtrig(pT )

× N (�pT , cent)

�pT �y
, (2)

where N evt
cent is the number of events for a given centrality bin,

N (�pT , cent) is the raw yield of ω for each pT and centrality
bin, ε(pT ), εemb(pT , cent) and εtrig(pT ) are, as previously
defined, reconstruction efficiency, embedding efficiency, and
trigger efficiency, respectively. The trigger efficiency is applied

TABLE II. Summary of assigned systematic uncertainties of ω →
e+e− in p + p and d + Au analysis. (A), (B), and (C) refer to the
uncertainty type, which is explained in text.

Source p + p d + Au

Peak extraction 4–15%(A) 8.4–24.1%(A)
ERT efficiency 1–3%(B) 1–7%(B)
BBC cross section 9.7%(C) 7.9%(C)
Momentum scale 2–11%(B) 1.2–5.3%(B)
Acceptance correction 5%(B) 7%(B)
Electron ID 10%(B)
Branching ratio 1.7%(C)

only for the analyses using the ERT data set. BR is the decay
branching ratio from Ref. [9], (89.2 ± 0.7 × 10−2) for ω →
π+π−π0, (8.90 ± 0.27 × 10−2) for ω → π0γ , and (7.16 ±
0.12 × 10−5) for ω → e+e−.

F. Systematic uncertainties

In addition to uncertainties related to the raw yield
extraction described in the corresponding analysis sections,
other sources of the uncertainties should also be taken into
account. Uncertainties of the ERT trigger efficiency and
acceptance corrections were estimated by varying the analysis
cuts, energy, and momentum scales of the EMCal and drift
chamber by ∼1% [7]. Uncertainties of detector response
(mainly from the RICH for electron analysis and from the
EMCal for hadronic analysis) are estimated by changing
particle identification criteria in the analysis. A summary
of assigned systematic uncertainties is listed in Table II for
ω → e+e− in p +p and d + Au and in Table III for ω → π0γ

in Cu + Cu and Au + Au. Those are classified into three
types: Type A is pT -uncorrelated, Type B is pT -correlated,
and Type C is the overall normalization uncertainty. Total
uncertainties for ω → e+e− are 16–24% in p +p [7] and
19–26% in d + Au. The total uncertainties for ω → π0γ are
15–37% in Cu + Cu and 21–37% in Au + Au. Uncertainties
for ω → π0π+π0 analysis are 7–20% in p +p and 10–15%
in d + Au, as described in Ref. [8].

TABLE III. Summary of assigned systematic uncertainties of
ω → π 0γ in Cu + Cu and Au + Au analysis. (A), (B), and (C) refer
to the uncertainty type, which is explained in text.

Source Cu + Cu Au + Au

Peak extraction 13–35%(A) 20.1–34.5%(A)
ERT efficiency 3–4%(B) N/A
Energy scale 4–7%(B)
Energy resolution 2–3%(B)
Acceptance correction 3–6%(B)
Conversion 4.5%(C)
Branching ratio 3.4%(C)
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FIG. 5. (Color online) Invariant transverse momentum spectra of
ω production in p + p and d + Au collisions at

√
s = 200 GeV. The

dashed lines represent fits to p + p results by a Tsallis distribution
[20] scaled by the corresponding number of binary collisions for
d + Au. The previously published PHENIX data (PRD83) [7] and π 0

(PRC75) [8] are shown for comparison.

IV. RESULTS

A. Invariant transverse momentum spectra

Figure 5 presents the invariant transverse momentum
spectra measured for the ω meson in p +p and d + Au at√

s = 200 GeV. Previously published results are shown with
open markers [8]. Results for different decay channels and
data samples agree within uncertainties in the overlap region.
The dashed curves in Fig. 5 are fixed on p +p results at pT >

2 GeV/c using a Tsallis distribution [20] and then scaled by
the number of binary nucleon-nucleon collisions (Ncoll) esti-
mated using Glauber Monte-Carlo simulation [14] for d + Au
results.

Figure 6 shows the invariant transverse momentum spectra
measured for the ω meson in Cu + Cu and Au + Au collisions
at

√
sNN = 200 GeV. Measurements were performed only in

the ω → π0γ channel. Results are presented for three cen-
trality bins: 0–20%, 20–60%, 60–92% (60–94% in Cu + Cu)
and minimum bias collisions. The dashed lines represent Ncoll

scaled fits to p +p results, where Ncoll values were taken
from [15] summarized in Table IV. The results show that in
peripheral heavy ion collisions ω production generally follows
binary scaling, while in midcentral and central collisions,
production of ω mesons is suppressed at high pT . Such
behavior is similar to one previously observed for other
light mesons [4,21] and can be attributed to medium-induced
effects.

B. ω/π ratio

Measurement of ω production can be used to study
the relative production of vector and pseudoscalar mesons
consisting of the same valence quarks, i.e., ω/π ratio as a
function of transverse momentum. In calculating the ω/π ratio,
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FIG. 6. Invariant transverse momentum spectra of ω production
in (a) Cu + Cu and (b) Au + Au collisions from the ω → π0γ decay
channel for three centrality bins and minimum bias. The dashed lines
are the p + p results scaled by the corresponding number of binary
collisions. The (a) Cu + Cu data were recorded in 2005 and the
(b) Au + Au data were recorded in 2004 and 2007, as indicated.

the same methodology from [4,22,23] for the π+/π− and π0

was used. The charged pion results, (π+ + π−)/2, were used
to extend neutral pion measurements at the lower limit of
the pT range from 1 to 0.2 GeV/c. To produce the average
pion spectrum in p +p [22] and d + Au collisions [24],
we simultaneously fit (π+ + π−)/2 and π0 spectra with the
modified Hagedorn function [19]. Inclusion of the charged
pion spectrum in the fit has a small effect in the 1–2 GeV/c

overlap region, smaller than 5% compared to fitting neutral
pions alone. The resulting fitted pion distributions are used to
calculate ω/π ratios for p +p and d + Au. Uncertainties for
the fit values are evaluated by taking into account statistical
and systematic uncertainties of the experimental points as
described in [7,25].

Figure 7 presents the ω/π ratio measured in p +p

collisions at
√

s = 200 GeV as a function of transverse
momentum. Open markers show our previous measurements
of the ω/π ratio [8]. One can see good agreement between
previous results and this measurement. For completeness, we
also present similar measurements performed in lower-energy

TABLE IV. The number of participating collisions (〈Npart〉) and
the number of binary nucleon-nucleon collisions (〈Ncoll〉).

System 〈Npart〉 〈Ncoll〉
Au + Au MinBias 109.1 ± 4.1 257.8 ± 25.4
Au + Au 0-20% 280.5 ± 4.6 783.2 ± 77.5
Au + Au 20-60% 101.6 ± 5.4 197.5 ± 20.8
Au + Au 60-92% 11.8 ± 2.1 11.5 ± 2.5
Cu + Cu MinBias 34.6 ± 1.2 51.8 ± 5.6
Cu + Cu 0-20% 85.9 ± 2.3 151.8 ± 17.1
Cu + Cu 20-60% 33.2 ± 1.6 41.9 ± 4.8
Cu + Cu 60-94% 6.5 ± 0.6 5.1 ± 0.7
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FIG. 7. (Color online) Measured ω/π ratio as a function of
pT in p + p collisions at

√
s = 200 GeV. (Dashed line) Fit of a

constant value to data points at pT > 2 GeV/c. The fit result is
0.81 ± 0.02stat ± 0.09syst. (Gray box) The overall error of the fitting.
(Solid line) The PYTHIA prediction [28] for p + p at

√
s = 200

GeV. Shown for comparison are previously published results from
PHENIX (PRC75) [8] and lower collision energies at

√
sπN = 31

GeV (E706) [26] and
√

s = 62 GeV (ISR) [27].

experiments: π + Be at
√

sNN = 31 GeV (E706 [26]), p +p

at
√

s = 62 GeV (ISR [27]). Please note that the branching ratio
for the ω → π0γ decay was set equal to (8.8 ± 0.5)%, which
is 6% different from the latest PDG value of (8.28 ± 0.28)%.
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FIG. 8. (Color online) The ω/π ratios versus transverse momen-
tum at

√
sNN = 200 GeV in (a) d + Au collisions (0–88% centrality)

for ω → e+e−, π 0π+π−, and π 0γ and (b) Cu + Cu collisions
(0–94% centrality) and Au + Au collisions (0–92% centrality) for
ω → π 0γ . The dashed lines and boxes are a fit of a constant
value to the data points at pT > 2 GeV/c in p + p (Fit result:
0.81 ± 0.02stat ± 0.09syst). The previously published data (PRC75)
[8] are shown for comparison.

Within measurement uncertainties, the ω/π ratio in hadronic
interactions is energy independent at high pT .

A linear fit to the ratio at pT > 2 GeV/c gives a value
of the linear coefficient consistent with zero within less
then one standard deviation (−0.013 ± 0.009stat ± 0.014syst),
indicating no significant pT dependence of the ratio at pT >

2 GeV/c. A fit to a constant gives a value of the ratio
equal to 0.81 ± 0.02stat ± 0.09syst consistent with our previous
measurement of 0.85 ± 0.05stat ± 0.09syst [8]. The PYTHIA

prediction of the ω/π ratio, shown in Fig. 7 with a solid line,
lies above the measured ratio.

The ω/π ratios measured in minimum bias d + Au,
Cu + Cu, and Au + Au collisions at

√
sNN = 200 GeV are

presented in Fig. 8. As in the case of p +p collisions,
there is no indication that the ratios depend on transverse
momentum for pT > 2 GeV/c. Fits to a constant for
pT > 2 GeV/c give the following values of the ω/π ratio:
0.75 ± 0.01stat ± 0.08syst in d + Au, 0.71 ± 0.07stat ± 0.07syst

in Cu + Cu, and 0.83 ± 0.09stat ± 0.06syst in MB Au + Au
collisions. Within the uncertainties, the ω/π ratios measured in
different collision systems for pT > 2 GeV/c are in agreement.
This agrees with previous measurements in d + Au [8] within
the uncertainties. The ratios in various collision systems imply
similar suppression factors and pT dependencies within the
uncertainties for the ω and π production in nucleus-nucleus
collisions at high pT .
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FIG. 9. (Color online) Nuclear modification factor, RdAu, mea-
sured for the ω in 0–88, 0–20, and 60–88% centrality bins in d + Au
collisions at

√
s = 200 GeV. The gray box at the rightmost end of

the constant fit line shows the uncertainty of the fit. The previously
published data for ω (PRC75) [8] and π 0 (PRL98) [24] are shown for
comparison.
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C. Nuclear modification factors

To quantify medium-induced effects on high pT particle
production, the nuclear modification factor is defined as

RAB(pT ) = d2NAB/dydpT(〈Ncoll〉/σ inel
pp

) × d2σpp/dydpT

, (3)

where d2NAB/dydpT is the differential yield per event in
nucleus-nucleus collisions, 〈Ncoll〉 is the number of binary
nucleon-nucleon collisions averaged over the impact param-
eter range of the corresponding centrality bin calculated
by Glauber Monte-Carlo simulation [14], and σ inel

pp and
d2σpp/dydpT are the total and differential cross sections
for inelastic p +p collisions, respectively. In the absence
of medium-induced effects, the yield of high-pT particles is
expected to scale with 〈Ncoll〉, resulting in RAB = 1 at high-pT .

Figure 9 presents RdAu measured for the ω in minimum
bias, most central and peripheral d + Au collisions at

√
sNN =

200 GeV. Good agreement is observed between different decay
modes and between new and previously published PHENIX
ω results [8] shown with open markers. For comparison we
also present π0 results published in Ref. [24]. In peripheral
collisions, the measured values of RdAu are consistent with
unity over the whole pT range of measurements. In most
central collisions, a modest Cronin-like enhancement is ob-
served in a range of pT from 2 to 6 GeV/c and suppression
of ω production at pT > 8 GeV/c. A similar enhancement at
2–6 GeV/c was previously observed for neutral and charged
pions [22,24] and φ mesons [29]. Suppression of ω production
at higher pT is in agreement with π0 results [24]. Similarity of
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FIG. 10. RAA of the ω in Cu + Cu and Au + Au collisions from
the ω → π 0γ decay channel for three centrality bins and minimum
bias. The uncertainty in the determinations of p + p scaling are
indicated in gray boxes near the rightmost end of the RAA = 1 dashed
lines. Rhombuses in each plot are RAA of π 0 in Cu + Cu [23] and
Au + Au [4] shown as a comparison.
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FIG. 11. (Color online) RAA for the ω meson integrated over
the range pT > 7 GeV/c as a function of the number participating
nucleons (Npart). Results for π 0 (PRL101) [4] and η (PRC82) [5] are
shown for comparison. The dashed line shows the fitted fractional
energy loss function, RAA = (1 − S0N

a
part)

n−2.

the observed effects for the mesons with very different masses
suggests that the collective nuclear effects occur at the partonic
level [30–32].

Figure 10 shows the nuclear modification factors measured
in Cu + Cu and Au + Au collisions at

√
sNN = 200 GeV as

a function of pT . Results are presented for minimum bias,
most central (0–20%), midcentral (20–60%) and peripheral
(60–94% in Cu + Cu; 60–92% in Au + Au) collisions. The
nuclear modification factors do not depend on pT for pT >

6 GeV/c at all centralities. For Npart > 34 suppression of ω

production begins to be observed, with suppression increasing
as Npart increases.

Figure 11 shows RAA values integrated for pT > 7 GeV/c

as a function the number of participants. For ω mesons we
present four centrality bins in d + Au, and three centrality bins
in Cu + Cu and Au + Au. For comparison the average values
of RAA for π0 [4] and η mesons [5] mesons for pT > 7 GeV/c

are also plotted. To see whether the ω follows the suppression
pattern of π0 and η, the integrated RAA vs Npart dependence is
fit to a fractional energy loss function RAA = (1 − S0N

a
part)

n−2

[4,33]. The parameter n, which is an exponent of the power law
fit to the ω pT spectrum measured in p +p for pT >5 GeV/c

[7], was fixed to 8. The fitting gives χ2/ndf less than three and
parameters S0 = (9.9 ± 0.7) × 10−3 and a = 0.55 ± 0.01. As
in Ref. [4], we find the parameter a consistent with predictions
of the GLV [34] and PQM [6] models (a ∼ 2/3). Therefore,
we can conclude that ω production has a similar suppression
pattern as π0 and η, which supports the scenario that the energy
loss takes place at the parton level in the hot and dense medium
formed in the collisions.

V. SUMMARY

We measured production of the ω meson via both leptonic
and hadronic decay channels in p +p, d + Au, Cu + Cu,
and Au + Au at

√
sNN = 200 GeV. The invariant transverse

momentum spectra show good agreement in different decay
channels in p +p and d + Au. The RdAu shows a moderate
Cronin-like enhancement at intermediate pT 2–6 GeV/c
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and suppression for pT > 8 GeV/c in most central d + Au
collisions. The measurement of the nuclear modification factor
for the ω meson in Cu + Cu and Au + Au collisions show that
ω production has a similar suppression pattern as the π0 and
η within model agreement, thus supporting the scenario that
the energy loss takes place at the partonic level in the hot and
dense medium formed in the collisions.
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des Particules (France), Ministry of Industry, Science and
Tekhnologies, Bundesministerium für Bildung und Forschung,
Deutscher Akademischer Austausch Dienst, and Alexander
von Humboldt Stiftung (Germany), Hungarian National Sci-
ence Fund, OTKA (Hungary), Department of Atomic Energy
and Department of Science and Technology (India), Israel
Science Foundation (Israel), National Research Foundation
and WCU program of the Ministry Education Science and
Technology (Korea), Ministry of Education and Science, Rus-
sian Academy of Sciences, Federal Agency of Atomic Energy
(Russia), VR and the Wallenberg Foundation (Sweden), the
US Civilian Research and Development Foundation for the
Independent States of the Former Soviet Union, the US-
Hungarian Fulbright Foundation for Educational Exchange,
and the US-Israel Binational Science Foundation.

[1] X. N. Wang, Phys. Lett. B 579, 299 (2004).
[2] S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 96,

202301 (2006).
[3] B. Abelev et al. (STAR Collaboration), Phys. Rev. C 80, 44905

(2009).
[4] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 101,

232301 (2008).
[5] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 82,

011902 (2010).
[6] C. Loizides (PQM Collaboration), Eur. Phys. J. C 49, 339

(2007).
[7] A. Adare et al. (PHENIX Collaboration), Phys. Rev. D 83,

052004 (2011).
[8] S. Adler et al. (PHENIX Collaboration), Phys. Rev. C 75, 051902

(2007).
[9] K. Nakamura et al. (Particle Data Group Collaboration), J. Phys.

G 37, 075021 (2010).
[10] S. Adler et al. (PHENIX Collaboration), Phys. Rev. C 75, 024909

(2007).
[11] K. Adcox et al. (PHENIX Collaboration), Nucl. Instrum.

Methods A 499, 469 (2003).
[12] K. Adcox et al. (PHENIX Collaboration), Nucl. Instrum.

Methods A 499, 469 (2003).
[13] M. Allen et al. (PHENIX Collaboration), Nucl. Instrum. Meth-

ods A 499, 549 (2003).
[14] R. J. Glauber and G. Matthiae, Nucl. Phys. B 21, 135 (1970).
[15] M. L. Miller, K. Reygers, S. J. Sanders, and P. Steinberg, Annu.

Rev. Nucl. Part. Sci. 57, 205 (2007).
[16] M. Aizawa et al. (PHENIX Collaboration), Nucl. Instrum.

Methods A 499, 508 (2003).
[17] K. Adcox et al. (PHENIX Collaboration), Nucl. Instrum.

Methods A 499, 489 (2003).

[18] L. Aphecetche et al. (PHENIX Collaboration), Nucl. Instrum.
Methods A 499, 521 (2003).

[19] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 81,
034911 (2010).

[20] C. Tsallis, J. Stat. Phys. 52, 479 (1988).
[21] S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 95,

202001 (2005).
[22] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. C 74,

024904 (2006).
[23] A. Adare et al. (PHENIX Collaboration), Phys. Rev. Lett. 101,

162301 (2008).
[24] S. S. Adler et al. (PHENIX Collaboration), Phys. Rev. Lett. 98,

172302 (2007).
[25] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 77,

064907 (2008).
[26] L. Apanasevich et al. (E706 Collaboration),

arXiv:hep-ex/0004012 (2000).
[27] M. Diakonou et al. (ISR Collaboration), Phys. Lett. B 89, 432

(1980).
[28] T. Sjostand, L. Lonnblad, and S. Mrenna arXiv:hep-ph/0108264

(2001).
[29] A. Adare et al. (PHENIX Collaboration), Phys. Rev. C 83,

024909 (2011).
[30] R. J. Fries, B. Muller, C. Nonaka, and S. A. Bass, Phys. Rev. C

68, 044902 (2003).
[31] R. C. Hwa and C. B. Yang, Phys. Rev. C 70, 024905

(2004).
[32] J. W. Cronin et al., Phys. Rev. D 11, 3105 (1975).
[33] K. Adcox et al. (PHENIX Collaboration), Nucl. Phys. A 757,

184 (2005).
[34] M. Gyulassy, P. Levai, and I. Vitev (GLV Collaboration), Phys.

Rev. Lett. 85, 5535 (2000).

044902-11

http://dx.doi.org/10.1016/j.physletb.2003.11.011
http://dx.doi.org/10.1103/PhysRevLett.96.202301
http://dx.doi.org/10.1103/PhysRevLett.96.202301
http://dx.doi.org/10.1103/PhysRevC.80.044905
http://dx.doi.org/10.1103/PhysRevC.80.044905
http://dx.doi.org/10.1103/PhysRevLett.101.232301
http://dx.doi.org/10.1103/PhysRevLett.101.232301
http://dx.doi.org/10.1103/PhysRevC.82.011902
http://dx.doi.org/10.1103/PhysRevC.82.011902
http://dx.doi.org/10.1140/epjc/s10052-006-0059-8
http://dx.doi.org/10.1140/epjc/s10052-006-0059-8
http://dx.doi.org/10.1103/PhysRevD.83.052004
http://dx.doi.org/10.1103/PhysRevD.83.052004
http://dx.doi.org/10.1103/PhysRevC.75.051902
http://dx.doi.org/10.1103/PhysRevC.75.051902
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1088/0954-3899/37/7A/075021
http://dx.doi.org/10.1103/PhysRevC.75.024909
http://dx.doi.org/10.1103/PhysRevC.75.024909
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01956-3
http://dx.doi.org/10.1016/S0168-9002(02)01956-3
http://dx.doi.org/10.1016/0550-3213(70)90511-0
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1016/S0168-9002(02)01953-8
http://dx.doi.org/10.1016/S0168-9002(02)01953-8
http://dx.doi.org/10.1016/S0168-9002(02)01952-6
http://dx.doi.org/10.1016/S0168-9002(02)01952-6
http://dx.doi.org/10.1016/S0168-9002(02)01954-X
http://dx.doi.org/10.1016/S0168-9002(02)01954-X
http://dx.doi.org/10.1103/PhysRevC.81.034911
http://dx.doi.org/10.1103/PhysRevC.81.034911
http://dx.doi.org/10.1007/BF01016429
http://dx.doi.org/10.1103/PhysRevLett.95.202001
http://dx.doi.org/10.1103/PhysRevLett.95.202001
http://dx.doi.org/10.1103/PhysRevC.74.024904
http://dx.doi.org/10.1103/PhysRevC.74.024904
http://dx.doi.org/10.1103/PhysRevLett.101.162301
http://dx.doi.org/10.1103/PhysRevLett.101.162301
http://dx.doi.org/10.1103/PhysRevLett.98.172302
http://dx.doi.org/10.1103/PhysRevLett.98.172302
http://dx.doi.org/10.1103/PhysRevC.77.064907
http://dx.doi.org/10.1103/PhysRevC.77.064907
http://arXiv.org/abs/arXiv:hep-ex/0004012
http://dx.doi.org/10.1016/0370-2693(80)90159-8
http://dx.doi.org/10.1016/0370-2693(80)90159-8
http://arXiv.org/abs/arXiv:hep-ph/0108264
http://dx.doi.org/10.1103/PhysRevC.83.024909
http://dx.doi.org/10.1103/PhysRevC.83.024909
http://dx.doi.org/10.1103/PhysRevC.68.044902
http://dx.doi.org/10.1103/PhysRevC.68.044902
http://dx.doi.org/10.1103/PhysRevC.70.024905
http://dx.doi.org/10.1103/PhysRevC.70.024905
http://dx.doi.org/10.1103/PhysRevD.11.3105
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1016/j.nuclphysa.2005.03.086
http://dx.doi.org/10.1103/PhysRevLett.85.5535
http://dx.doi.org/10.1103/PhysRevLett.85.5535

