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P. Constantin,41 M. Csanád,18 T. Csörgő,73 T. Dahms,65 S. Dairaku,37, 58 I. Danchev,70 K. Das,21 A. Datta,45, 5114

M.S. Daugherity,1 G. David,7 M.K. Dayananda,22 M.B. Deaton,1 K. DeBlasio,51 K. Dehmelt,20, 65 H. Delagrange,6615

A. Denisov,26 D. d’Enterria,14 A. Deshpande,59, 65 E.J. Desmond,7 K.V. Dharmawardane,52 O. Dietzsch,6216

L. Ding,30 A. Dion,30, 65 J.H. Do,74 M. Donadelli,62 O. Drapier,38 A. Drees,65 K.A. Drees,6 A.K. Dubey,7217

J.M. Durham,41, 65 A. Durum,26 D. Dutta,4 V. Dzhordzhadze,8 L. D’Orazio,44 S. Edwards,21 Y.V. Efremenko,5418

J. Egdemir,65 F. Ellinghaus,13 W.S. Emam,8 T. Engelmore,14 A. Enokizono,40, 54, 58, 60 H. En’yo,58, 59 S. Esumi,6919

K.O. Eyser,8 B. Fadem,48 N. Feege,65 D.E. Fields,51, 59 M. Finger,9, 32 M. Finger, Jr.,9, 32 F. Fleuret,38 S.L. Fokin,3620

Z. Fraenkel,72, ∗ J.E. Frantz,53, 65 A. Franz,7 A.D. Frawley,21 K. Fujiwara,58 Y. Fukao,37, 58 T. Fusayasu,5021

S. Gadrat,42 C. Gal,65 P. Gallus,15 P. Garg,3 I. Garishvili,67 H. Ge,65 F. Giordano,27 A. Glenn,13, 40 H. Gong,6522

M. Gonin,38 J. Gosset,16 Y. Goto,58, 59 R. Granier de Cassagnac,38 N. Grau,2, 14, 30 S.V. Greene,70 G. Grim,4123

M. Grosse Perdekamp,27, 59 Y. Gu,64 T. Gunji,12 H. Guragain,22 H.-Å. Gustafsson,43, ∗ T. Hachiya,24, 5824

A. Hadj Henni,66 C. Haegemann,51 J.S. Haggerty,7 K.I. Hahn,19 H. Hamagaki,12 J. Hamblen,67 R. Han,5625

S.Y. Han,19 J. Hanks,14, 65 H. Harada,24 E.P. Hartouni,40 K. Haruna,24 S. Hasegawa,31 E. Haslum,43 R. Hayano,1226

X. He,22 M. Heffner,40 T.K. Hemmick,65 T. Hester,8 H. Hiejima,27 J.C. Hill,30 R. Hobbs,51 M. Hohlmann,2027

R.S. Hollis,8 W. Holzmann,14, 64 K. Homma,24 B. Hong,35 T. Horaguchi,24, 58, 68 D. Hornback,67 T. Hoshino,2428

S. Huang,70 T. Ichihara,58, 59 R. Ichimiya,58 H. Iinuma,37, 58 Y. Ikeda,58, 69 K. Imai,31, 37, 58 Y. Imazu,58 M. Inaba,6929

Y. Inoue,58, 60 A. Iordanova,8 D. Isenhower,1 L. Isenhower,1 M. Ishihara,58 T. Isobe,12 M. Issah,64, 7030

A. Isupov,32 D. Ivanischev,57 D. Ivanishchev,57 Y. Iwanaga,24 B.V. Jacak,65 S.J. Jeon,49 M. Jezghani,2231

J. Jia,7, 14, 64 X. Jiang,41 J. Jin,14 O. Jinnouchi,59 B.M. Johnson,7 T. Jones,1 E. Joo,35 K.S. Joo,49 D. Jouan,5532

D.S. Jumper,1, 27 F. Kajihara,12 S. Kametani,12, 71 N. Kamihara,58 J. Kamin,65 M. Kaneta,59 J.H. Kang,7433

J.S. Kang,23 H. Kanou,58, 68 J. Kapustinsky,41 K. Karatsu,37, 58 M. Kasai,58, 60 D. Kawall,45, 59 M. Kawashima,58, 6034

A.V. Kazantsev,36 T. Kempel,30 J.A. Key,51 V. Khachatryan,65 A. Khanzadeev,57 K. Kihara,69 K.M. Kijima,2435

J. Kikuchi,71 A. Kim,19 B.I. Kim,35 C. Kim,35 D.H. Kim,19, 49 D.J. Kim,33, 74 E. Kim,63 E.-J. Kim,10 H.-J. Kim,7436

M. Kim,63 Y.-J. Kim,27 Y.K. Kim,23 E. Kinney,13 Á. Kiss,18 E. Kistenev,7 A. Kiyomichi,58 J. Klatsky,2137

J. Klay,40 C. Klein-Boesing,47 D. Kleinjan,8 P. Kline,65 T. Koblesky,13 L. Kochenda,57 V. Kochetkov,2638

M. Kofarago,18 B. Komkov,57 M. Konno,69 J. Koster,27, 59 D. Kotchetkov,8 D. Kotov,57, 61 A. Kozlov,72 A. Král,1539

A. Kravitz,14 J. Kubart,9, 29 G.J. Kunde,41 N. Kurihara,12 K. Kurita,58, 60 M. Kurosawa,58,59 M.J. Kweon,3540

Y. Kwon,67, 74 G.S. Kyle,52 R. Lacey,64 Y.S. Lai,14 J.G. Lajoie,30 A. Lebedev,30 D.M. Lee,41 J. Lee,19 K.B. Lee,35, 4141

K.S. Lee,35 M.K. Lee,74 S.H. Lee,65 T. Lee,63 M.J. Leitch,41 M.A.L. Leite,62 M. Leitgab,27 B. Lenzi,62 X. Li,1142

P. Lichtenwalner,48 P. Liebing,59 S.H. Lim,74 L.A. Linden Levy,13 T. Lǐska,15 A. Litvinenko,32 H. Liu,41 M.X. Liu,4143
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A. Toia,65 J. Tojo,58 L. Tomášek,29 M. Tomášek,15 H. Torii,24, 58 M. Towell,1 R. Towell,1 R.S. Towell,1 V-N. Tram,3873

I. Tserruya,72 Y. Tsuchimoto,24 C. Vale,7, 30 H. Valle,70 H.W. van Hecke,41 M. Vargyas,73 E. Vazquez-Zambrano,1474
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18ELTE, Eötvös Loránd University, H - 1117 Budapest, Pázmány P. s. 1/A, Hungary99
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The PHENIX experiment at the Relativistic Heavy Ion Collider has performed a systematic160

study of K0
S and K∗0 meson production at midrapidity in p+p, d+Au, and Cu+Cu collisions at161 √

s
NN

= 200 GeV. The K0
S and K∗0 mesons are reconstructed via their K0

S → π0(→ γγ)π0(→ γγ)162

and K∗0 → K±π∓ decay modes, respectively. The measured transverse-momentum spectra are used163

to determine the nuclear modification factor ofK0
S andK∗0 mesons in d+Au and Cu+Cu collisions at164

different centralities. In the d+Au collisions, the nuclear modification factor of K0
S and K∗0 mesons165

is almost constant as a function of transverse momentum and is consistent with unity showing166

that cold-nuclear-matter effects do not play a significant role in the measured kinematic range.167

In Cu+Cu collisions, within the uncertainties no nuclear modification is registered in peripheral168

collisions. In central collisions, both mesons show suppression relative to the expectations from the169

p+p yield scaled by the number of binary nucleon-nucleon collisions in the Cu+Cu system. In the pT170

range 2–5 GeV/c, the strange mesons (K0
S, K

∗0) similarly to the φ meson with hidden strangeness,171

show an intermediate suppression between the more suppressed light quark mesons (π0) and the172

nonsuppressed baryons (p, p̄). At higher transverse momentum, pT > 5 GeV/c, production of all173
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particles is similarly suppressed by a factor of ≈ 2.174
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I. INTRODUCTION176

At very high energy densities, exceeding approximately 1GeV/fm3, quantum chromodynamics predicts a phase177

transition from ordinary hadronic nuclear matter to a new state of matter where the degrees of freedom are quarks178

and gluons [1]. This state of matter exhibits very strong coupling between its constituents and is thus called the179

strongly coupled quark-gluon plasma (sQGP) [2]. Matter at such high energy density can be produced in laboratory180

conditions by colliding heavy nuclei at relativistic energies. Many measurements are available from experiments at181

the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) [3].182

High-momentum penetrating probes are among the observables attracting primary attention. Highly energetic183

partons traversing the sQGP medium suffer significant energy loss [4, 5], leading to modification of the fragmentation184

functions [6] and softening of the measured transverse momentum (pT ) distribution. The softening of the spectrum185

is quantified by the “nuclear modification factor” (RAB) defined as:186

RAB =
d2NAB/dydpT

Ncoll × d2Npp/dydpT
, (1)

where the numerator is the per-event yield of particle production in A+B (heavy ion) collisions, measured as a187

function of pT , d
2Npp/dydpT is the per-event yield of the same process in p+p collisions and Ncoll is the number of188

nucleon-nucleon collisions in the A+B system [7, 8]. RAB different from unity is a manifestation of medium effects.189

However, to untangle final state effects, such as energy loss, from possible contributions of cold nuclear matter and190

initial state effects (e.g. shadowing [9] and the Cronin effect [10]), the nuclear modification factor must also be191

measured in systems like p+A or d+A.192

A significant suppression of hadrons produced in heavy ion collisions was first measured at RHIC [11–20] and193

recently at the LHC [21, 22] also with fully reconstructed jets [23–25]. In central Au+Au collisions at RHIC, RAB194

of hadrons reaches a maximum suppression of a factor of ∼ 5 at pT ∼ 5GeV/c [13, 15, 16, 26]. At higher pT , the195

suppression is found to be independent of the particle type, mesons or baryons, and their quark flavor content [27–29].196

In central Pb+Pb collisions at the LHC, the suppression reaches a factor of ∼ 7 at pT ∼ 6–7 GeV/c [21, 22]. At higher197

pT , the RAB starts to increase reaching a value of 0.5 at pT > 40GeV/c.198

In the intermediate pT range (2 < pT < 5GeV/c), mesons containing light quarks (π, η) exhibit suppression [15, 30],199

whereas protons show very little or no suppression [30–32]. Other processes, such as the Cronin effect [10], strong200

radial flow [33], and recombination effects [34] have been invoked to explain the differences between mesons and201

baryons in this momentum range. Recent results obtained at the LHC in p+Pb collisions [35–37] and at RHIC in202

d+Au collisions [30, 38] suggest that collective effects might be present even in small systems and can significantly203

modify the particle properties in the intermediate transverse momentum range.204

Measurements of particles with different quark content provide additional constraints on the models of collective205

behavior, parton energy loss and parton recombination. Experimental measurements of particles containing strange206

quarks are important to find out whether flow or recombination mechanisms boost strange hadron production at207

intermediate pT and to understand their suppression at high pT . In heavy ion collisions, the φ meson [16] shows208

at high pT the same suppression as particles containing only u and d quarks, however at intermediate pT it is less209

suppressed than the π meson. On the other hand, the η meson, which has a significant strange quark content, is210

suppressed at the same level as π meson in the pT range from 2–10 GeV/c [15]. Open questions are: Which physics211

mechanism prevails in the intermediate pT region and which processes are responsible for the suppression of particles212

with strange quark content.213

This article presents results of the K0
S and K∗0 meson production as a function of pT at midrapidity in p+p,214

d+Au and Cu+Cu collisions at
√
s
NN

= 200GeV. The present measurements significantly extend the pT reach of the215

previous PHENIX results on the measurement of K0
S meson in p+p collisions [39]. The K0

S meson is reconstructed via216

the K0
S → π0(→ γγ)π0(→ γγ) decay mode. The K∗0 and K∗0 mesons are reconstructed via the K∗0 → K+π− and217

K∗0 → K−π+ decay modes, respectively. The yields measured for the K∗0 and K∗0 mesons are averaged together218

and denoted as K∗0. The invariant transverse momentum spectra for K0
S mesons are measured over the pT range of219

2–13 (3–12) GeV/c in the d+Au (Cu+Cu) collision systems. The K∗0 meson spectra are measured in the pT range220

from 1.1 GeV/c up to 8–8.5 GeV/c depending on the collision system. The measurements extend the momentum221

coverage of the previously published results by the STAR collaboration [40–42]. The nuclear modification factors are222

obtained for both particles in d+Au and Cu+Cu collisions at different centralities and are compared with those of the223

φ and π0 mesons. The measured pT ranges and the centrality bins used in the different systems are listed in Table I.224

The paper is organized as follows. The next section gives a brief description of the PHENIX detector. The analysis225

procedures used to measure K0
S and K∗0 mesons are described in Section III. The results, including the invariant pT226

distributions and RAB, are given in Section IV. A summary is given in Section V.227
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TABLE I. Summary of centrality bins and measured pT ranges for the K0
S and K∗0 studies.

Centrality Measured pT
Collision bins range
System (%) (GeV/c)

K0
S d+Au 0–20, 20–40, 40–60, 60–88 2.0–13.0

Cu+Cu 0–20, 20–60, 60–94 3.0–12.0
K∗0 p+p ————– 1.1–8.0

d+Au 0–20, 20–40, 40–60, 60–88 1.1–8.5
Cu+Cu 0–20, 20–40, 40–60, 60–94 1.4–8.0

II. PHENIX DETECTOR228

A detailed description of the PHENIX detector can be found in Ref. [43]. The analysis reported here is performed229

using the two central-arm spectrometers, each covering an azimuthal angle φ = π/2 and pseudorapidity |η| < 0.35 [44]230

at midrapidity. Each arm comprises a Drift Chamber (DC), two or three layers of pad chambers (PC), a ring-imaging231

Čerenkov detector (RICH), an electromagnetic calorimeter (EMCal) and a time-of-flight detector (TOF). This analysis232

uses the east arm of the TOF detector that covers π/4 in φ.233

The global event information is provided by the beam-beam counters (BBC) [45], which are used for event triggering,234

collision time determination, measurement of the vertex position along the beam axis and the centrality determina-235

tion [8, 46]. The typical vertex position resolution of the BBC depends on the track multiplicity and varies from ∼236

1.1 cm in p+p collisions to ∼ 3mm in central Au+Au collisions.237

Track reconstruction in PHENIX is provided by two detectors: DC and PC [44]. The DC and the first layer of238

the PC (PC1) form the inner tracking system, whereas PC2 and PC3 form the outer tracker. The DC is a multiwire239

gaseous detector located outside the magnetic field between the radii of 2.02m and 2.48m in each PHENIX arm.240

The DC measures the track position with an angular resolution of ∼ 0.8mrad in the bending plane perpendicular to241

the beam axis. A combinatorial Hough Transform technique [47] is used to determine the track direction in azimuth242

and its bending angle in the axial magnetic field of the central magnet [48]. The track-reconstruction algorithm243

approximates all tracks in the volume of the DC with straight lines and assumes their origin at the collision vertex.244

This information is then combined with the hit information in PC1 which immediately follows the DC along the245

particle tracks. PC1 provides the z-coordinate information with a spatial resolution of σz ∼ 1.7mm. The resulting246

momentum resolution for charged particles with pT > 0.2GeV/c is δp/p = 0.7 ⊕ 1.1 % p (GeV/c), where the first247

term represents multiple scattering and the second term is due to the intrinsic angular resolution of the DC. Matching248

the tracks to hits in PC2 and PC3 located at radii of 4.2m and 5.0m respectively helps to reject secondary tracks249

that originate either from decays of long-lived hadrons or from interactions with the detector material. Detailed250

information on the PHENIX tracking can be found in Ref. [44, 49].251

The TOF detector [50] identifies charged hadrons; pions, kaons and protons. It is located at a radial distance of252

5.06m from the interaction point in the east central arm. The total timing resolution of TOF east is 130 ps, which253

includes the start time determination from the BBC. This allows for a 2.6σ π/K separation up to pT ≃ 2.5GeV/c and254

K/p separation up to pT = 4.5GeV/c using an asymmetric particle-identification (PID) cut, as described in Ref. [51].255

The EMCal [52] uses lead-scintillator (PbSc) and lead-glass (PbGl) technologies and measures the position and256

energy of electrons and photons. It also provides a trigger on rare events with high momentum photons. The EMCal257

covers the full acceptance of the central spectrometers and is divided into eight sectors in azimuth. Six PbSc sectors258

are located at a radial distance of 5.1m from the beam line and comprise 15,552 lead-scintillator sandwich towers with259

cross section of 5.5 × 5.5 cm2 and depth of 18 radiation lengths (X0). Two PbGl sectors are located at a distance of260

5m and comprise 9,216 towers of 4× 4 cm2 and a depth of 14.3X0. Most electromagnetic showers extend over several261

towers. Groups of adjacent towers with signals above a threshold that are associated with the same shower form an262

EMCal cluster. The energy resolution of the PbSc (PbGl) calorimeter is δE/E = 2.1 (0.8)% ⊕ 8.1 (5.9)/
√

E[GeV]%.263

The spatial resolution of the PbSc (PbGl) calorimeter reaches σ(E) = 1.55 (0.2) ⊕ 5.74 (8.4)/
√

E[GeV]mm for264

particles at normal incidence.265

Analyses presented in this paper use both the minimum bias (MB) and the rare event, EMCal-RICH trigger (ERT).266

For p+p, d+Au, and Cu+Cu collisions, the MB trigger requires a coincidence of at least one channel firing on each267

side of the BBC. It further requires the vertex position along the beam axis z, as determined from the BBC timing268

information, to be within 38 cm of the nominal center of the interaction region. Photon ERT utilizes the EMCal to269

select events with at least one registered high pT photon or electron. For every EMCal super module [52], the ERT270

sums the registered energy in adjacent 4× 4 EMCal towers. This trigger is used to collect samples for the K0
S meson271

analysis. The trigger fires if the summed energy exceeds 1.4 and 2.8 GeV threshold in d+Au and Cu+Cu collisions,272



7

respectively. The calculation of the ERT efficiency for photons and K0
S mesons is described in Section III C.273
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FIG. 1. (color online) (a) Reconstructed mass and (b) 1-σ Gaussian width of π0 as a function of the reconstructed pT for
inclusive π0 mesons from data (open crosses), simulations (circles) and for π0 coming from K0

S decays (squares) in Cu+Cu
collisions.
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FIG. 2. (color online) The invariant
mass distribution for π0π0 pairs mea-
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8 < pT < 9GeV/c. The invariant
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rections is shown with red squares.
The invariant mass reconstructed af-
ter corrections for the mass of recon-
structed π0 to the PDG value is shown
with blue open crosses. Same with ad-
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difference between inclusive π0 mesons
and neutral pions produced in K0

S me-
son decay as described in the text is
shown with black circles.

III. ANALYSIS PROCEDURE274

This section describes the analysis procedure for the measurement of the K0
S meson and K∗0 meson transverse275

momentum spectra. The measurements are done using the data sets collected by the PHENIX experiment in the276

2005 (p+p and Cu+Cu) and in the 2008 (d+Au) physics runs. The data samples used in the analysis correspond277
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to integrated luminosities of 3.78 pb−1 in p+p, 81 nb−1 in d+Au and 3.06 nb−1 in Cu+Cu collision systems. The278

mesons are reconstructed via the decay modes K0
S → π0(→ γγ)π0(→ γγ) and K∗0 → K±π∓. The MB triggered279

data samples are used for the K∗0 meson study in p+p, d+Au and Cu+Cu systems. The K0
S meson measurements280

are done using both the MB and ERT-triggered data samples in d+Au and Cu+Cu collisions. The MB samples281

provide the measurements at low and intermediate pT . The low pT reach of these measurements is limited by the282

rapidly decreasing signal to background ratio and subsequent difficulties in the extraction of the K0
S meson raw yield.283

The ERT-triggered data give access to intermediate and high pT production of K0
S mesons due to larger sampled284

luminosities. In the overlap region, results obtained with the MB and ERT data samples are found to be in very good285

agreement. For the final K0
S meson production spectrum in d+Au (Cu+Cu) collisions, the MB results are used up to286

4 (5) GeV/c and the ERT results are used at higher transverse momenta. Details about the K0
S meson measurement287

in p+p collisions can be found in Ref. [39].288

A. Reconstruction of K0
S meson invariant mass289

TheK0
S meson with a lifetime of cτ ∼ 2.7 cm decays to two π0 mesons with a branching ratio BR = 30.69±0.05% [53].290

The neutral pions further decay into two photons with BR = 98.823 ± 0.034% [53]. The π0 mesons are measured291

by combining the pair of photon clusters reconstructed in the EMCal. The energy of the clusters is measured in the292

EMCal and momentum components are calculated assuming that the particle originates at the event vertex. Besides293

electromagnetic showers created by photons and electrons, the EMCal also registers showers associated with hadrons.294

Because hadron showers are typically wider than the electromagnetic ones, a shower profile cut [54] is used to reject295

hadron-like clusters. The shower profile cut is based on a comparison of the registered cluster energy distribution in296

the EMCal towers to a reference shower shape expected for electromagnetic showers. Most hadrons are not absorbed297

in the EMCal and traverse it as minimum ionizing particles. The typical hadron energy loss in the EMCal is ∼298

0.3GeV [54]. To reduce hadron contamination and to account for the poorer EMCal resolution at lower energies, a299

minimum energy Eγ > 0.2GeV is required for clusters reconstructed in all d+Au events and in peripheral Cu+Cu300

events. In more central Cu+Cu collisions it is increased to Eγ > 0.4GeV. The two clusters from the same π0 meson301

are also required to fall within the acceptance of the same EMCal sector to suppress boundary effects. The energy302

balance between the two clusters forming a π0 candidate is characterized by α = |E1 − E2|/|E1 + E2|, where E1 and303

E2 are the cluster energies. For π0 → γγ decays the parameter α has an almost flat distribution between 0 and 1 [54].304

Due to the steeply falling pT spectrum of all particles produced in the event, most of the EMCal clusters have a low305

energy partner, therefore the distribution of the parameter α calculated for combinatorial pairs has a distinct peak306

close to 1 for high pT pairs. To exclude those pairs, parameter α is required to be less than 0.8.307

A pair of γ-clusters is selected as a π0 candidate if its reconstructed invariant mass is within ±2 standard deviations308

from a parameterized π0 mass:309

|Mγγ(pT )−Mπ0(pT )×RM (pT )| < 2σπ0(pT )

× Rσ(pT ), (2)

where Mγγ is the reconstructed invariant mass of a pair of the γ-clusters, pT is the transverse momentum of the pair,310

Mπ0(pT ) and σπ0(pT ) are the parameterizations of the mass and 1-σ width of the π0 peak as a function of transverse311

momentum. The parameterization is performed using an inclusive sample of π0 mesons. RM (pT ) and Rσ(pT ) are312

correction factors accounting for the difference between inclusive π0 mesons and neutral pions produced in K0
S meson313

decays.314

To determine Mπ0(pT ) and σπ0(pT ), the peak position and width of the π0 peak in the invariant mass distribution315

of the cluster pairs are measured for different pT bins and are parameterized as a function of pT . The mass and width316

of the π0 are determined by fitting the invariant mass distribution with a sum of a Gaussian function describing the317

signal and a second order polynomial describing the background. Figure 1 shows reconstructed mass and width of318

the π0 as a function of pT in Cu+Cu collisions for one of the EMCal sectors. The uncertainties in the fit parameters,319

both in data and simulations, are of the order of 1 MeV/c2 and are not shown in the figure.320

Because of the long lifetime of the K0
S meson, the neutral pions from its decay are produced at a displaced vertex321

and thus the momentum components of the clusters are misreconstructed. This results in a different reconstructed322

mass and width of π0 mesons from K0
S decays compared to those reconstructed for inclusive π0 mesons that mostly323

originate from the event vertex. In the data we have no means to isolate a sample of neutral pions from K0
S meson324

decays. Therefore a quantitative study of this effect is possible only in Monte Carlo simulation. Samples of π0 mesons325

produced from the decay of K0
S mesons with a realistic pT distribution and neutral pions produced at the primary326

collision vertex with the inclusive pT distribution were generated. Neutral pions were reconstructed using the same327

analysis chain as in real data. From Fig. 1 (a) and (b), one can see the reconstructed masses and widths of simulated328
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inclusive π0 mesons (circles) originating from the event vertex are consistent with the values measured in real data329

(open crosses). Neutral pions from K0
S decays are reconstructed with smaller mass and larger width. The correction330

factors RM (pT ) and Rσ(pT ) are calculated as the ratio of the parameterizations of Mπ0(pT ) and σπ0(pT ) for neutral331

pions from K0
S mesons and inclusive π0 mesons. These correction factors improve the signal-to-background ratio by332

30%–50%.333

The K0
S mesons are reconstructed by combining the π0 candidates in pairs within the same event. Pairs of π0

334

candidates that share the same cluster are rejected. To improve the signal-to-background ratio π0 candidates are335

required to have pT > 1.0GeV/c in the d+Au sample and pT > 1.5GeV/c for Cu+Cu events with centrality > 20%336

and pT > 2GeV/c for Cu+Cu events with centrality < 20%.337

The red squares in Fig. 2 give an example of the invariant mass distribution for π0π0 pairs measured in the minimum338

bias d+Au collisions at 8 < pT < 9 GeV/c. Due to the steeply falling pT spectrum of produced particles, the finite339

energy/position resolution and nonlinear response of the EMCal, the reconstructed mass of π0 mesons differs from340

the nominal PDG value MPDG = 134.98MeV [53]. To match the reconstructed mass of π0 candidates to the PDG341

value, the energy and momentum of clusters building a pair are multiplied by the ratio of measured and nominal π0
342

mass: MPDG/Mγγ . This correction decreases the width of reconstructed K0
S meson peak by ≈ 50%. An example of343

the invariant mass distribution after energy correction is shown with blue open crosses in Fig. 2. The black circles344

correspond to the case when π0 candidate selection is changed according to Eq. 2 to account for the difference between345

inclusive π0 mesons and neutral pions produced in K0
S meson decays.346

The K0
S meson raw yield in each pT bin is extracted by fitting the π0π0 invariant mass distribution to a combination347

of a Gaussian function for the signal and a polynomial for the background. A second order polynomial provided348

adequate description of the background shape outside of the K0
S peak and varied smoothly under the peak. The349

fitting range was set to about ±8 standard deviations from the peak center and was enough to constrain the fit. A350

wider fitting range would require a higher order polynomial to describe the background. All fits resulted in χ2/NDF351

values close to one. TheK0
S meson yield in each pT bin is calculated as the integral of the Gaussian function. Examples352

of π0π0 invariant mass distributions are shown in Fig. 3 (a) and (b) for d+Au and Cu+Cu, respectively.353
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FIG. 3. (color online) The invariant mass reconstructed from two π0 mesons in the range 5 < pT < 6GeV/c in (a) d+Au and
(b) Cu+Cu collisions at

√
s
NN

= 200 GeV for the MB data. The distributions are approximated by a Gaussian plus a second
order polynomial shown by solid red and blue dashed curves respectively.

The typical signal/background ratio, integrated within ±2σ around particle mass, for different centrality classes354

grows from 0.5 to 0.86 (0.04–0.85) in d+Au (Cu+Cu) collisions with increasing transverse momentum. The width355

and the mass of the reconstructed K0
S mesons were found to be in good agreement with the values expected from356

simulation.357
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TABLE II. Different techniques used in K∗0 measurement and their pT coverage in p+p, d+Au and Cu+Cu collisions at√
s
NN

= 200 GeV. The table also shows the range of signal-to-background, integrated within ±3σ around particle mass (S/B),
values for each sample.

Collision Technique pT range S/B
System used (GeV/c)
p+p fully identified 1.1–4.0 0.011–0.023

kaon identified 1.1–4.0 0.005–0.0147
unidentified 2.3–8.0 0.006–0.021

d+Au fully identified 1.1–4.0 0.009–0.015
kaon identified 1.4–4.5 0.003–0.0118
unidentified 2.3–8.5 0.009–0.012

Cu+Cu fully identified 1.4–4.0 0.0048–0.0076
kaon identified 1.7–4.5 0.0006–0.0039
unidentified 2.9–8.0 0.0011–0.0036

B. Reconstruction of K∗0 meson invariant mass358

The K∗0 and K∗0 mesons are reconstructed from their hadronic decay channels K+π− and K−π+, respectively.359

We denote the average of K∗0 and K∗0 as K∗0. Tracks selected for this analysis are required to have pT > 0.3GeV/c.360

The TOF system used in this analysis covers approximately one half of the east central arm spectrometer acceptance361

and can identify charged kaons up to approximately 2.5GeV/c [51]. To extend the high pT reach of the K∗0 meson362

measurement, unidentified, oppositely charged tracks are also included in the analysis. These tracks are required363

to have associated hits in PC3 or EMCal and are referred to as the PC3-matched tracks. Depending on the track364

selection criteria, three different techniques are considered in this analysis.365

1. fully identified where tracks are identified as kaons and pions via the TOF.366

2. kaon identified where one of the tracks is identified as a kaon via the TOF and the other is a PC3-matched367

track to which the pion mass is assigned.368

3. unidentified where both tracks are the PC3-matched tracks.369

The three techniques are exclusive to each other and statistically independent. The PC3-matched tracks are assigned370

the nominal mass of the π orK mesons depending on which technique is used. The pT ranges accessible in the different371

techniques in p+p, d+Au and Cu+Cu collisions are given in Table II.372

The “fully-identified” sample with both charged particles identified in the TOF has the highest signal-to-background373

ratio and provides access to K∗0 meson production at low and intermediate pT . However, due to the limited PID374

capabilities of the TOF technique and the small acceptance of the TOF detector, this data set does not provide375

sufficient statistical precision for pT > 4GeV/c. The “kaon identified” sample allows for the best signal extraction376

at intermediate pT . The “unidentified” sample has a poor signal-to-background ratio that prevents signal extraction377

at low pT . Signal extraction is possible at higher pT > 2.3GeV/c in p+p or d+Au collisions and pT > 2.9GeV/c378

in Cu+Cu collisions, because of the smaller combinatorial background. The highest pT reach of K∗0 measurements379

with the “unidentified” sample is limited only by the sampled luminosity. Measurements performed with the three380

techniques have a wide overlap region that is used for evaluation of the systematic uncertainties.381

The invariant mass distribution for Kπ pairs comprises both signal and background. The uncorrelated part of the382

background that arises from the random combination of tracks in the same event is estimated using the mixed event383

technique [55]. The event mixing technique combines positively (negatively) charged tracks from one event with the384

charged tracks of opposite sign from another event within the same centrality class. The number of mixed events for385

each event in the data is set to 20 for p+p and d+Au and to 10 for Cu+Cu collisions, to have sufficient statistics. The386

mixed event invariant mass distribution is normalized by the number of events mixed and then it is subtracted from the387

unlike sign distributions. The correlated part of the background is dominated by track pairs from misreconstructed or388

not fully reconstructed decays of light hadrons. Two such processes, φ → K+K− and K0
S → π+π−, produce smeared389

peak structures in the invariant mass distribution in the close vicinity of the K∗0 mass peak. Contributions of these390

two sources are estimated using measured yields of the φ meson [16] and K0
S meson [39]. The location and shape391

of these peaks are modeled by the PHENIX based simulations. The estimated contributions are then normalized by392

the number of events analyzed for K∗0 meson and subtracted from the measured K∗0 invariant mass distributions.393

Apart from these contributions, a residual background due to other correlated sources [40] remains in the subtracted394

spectra. The residual background is different depending on the collision systems, analysis techniques and also on the395
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FIG. 4. (color online) The invariant mass distributions of Kπ candidates, where K is identified in the TOF and π is matched
in PC3, in the range 2.3 < pT < 2.6GeV/c for (a) p+p, (b) d+Au, and (c) Cu+Cu collisions at

√
s
NN

= 200 GeV. The
distributions are shown after subtraction of the mixed event background and the correlated background from misidentified
φ → K+K− decays (see text for details). The distributions are fitted to the sum of the RBW function for the signal and a
polynomial (second order in p+p and third elsewhere) for the background shown with solid red curve. The residual background
is also shown separately with blue dashed curve. The φ contribution is shown by the magenta colored histogram.

pair pT . Examples of invariant mass distributions for Kπ candidates, where the K is identified in the TOF and the396

pion mass is given to the PC3 matched tracks, are shown in Figs. 4 (a), (b) and (c) for p+p, d+Au and Cu+Cu397

collisions, respectively. The distributions are shown after subtraction of the mixed event background and correlated398

background from φ → K+K−. The contribution from K0
S → π+π− is negligible in this case, as K is identified in the399

TOF. The φ contribution is shown by the magenta colored histogram. It is seen that this contribution is very small400

in Cu+Cu case, even smaller in d+Au case and negligible in p+p case. The residual background is clearly seen in the401

subtracted mass spectra. In the “fully-identified technique”, this residual background is relatively small. It is larger402

in the “kaon-identified technique” and even larger in the analysis based on unidentified tracks.403

The invariant mass distribution in each pT bin is fit to the sum of a relativistic Breit-Wigner (RBW) function for404

the signal and a 2nd or 3rd order polynomial for the residual background.405

RBW =
1

2π

MKπMK∗0Γ

(M2
Kπ −M2

K∗0)2 +M2
K∗0Γ2

, (3)

whereMKπ is the reconstructed invariant mass, MK∗0 is the fitted mass ofK∗0 meson and Γ is the width ofK∗0 meson406

fixed to the value obtained from simulation. Because the experimental mass resolution (∼ 5MeV/c2) is much smaller407

than the natural width of the K∗0 meson the simulated Γ is very close to the nominal width of 48.7MeV/c2 [53].408

Due to the difference in the shape of the invariant mass distributions of K0
S and K∗0 mesons, two different methods409

are used to obtain their raw yields. The reconstructed K0
S meson peak in the invariant mass distribution has a410

Gaussian shape with a width of ∼ 12 - 14 MeV/c2, whereas, the K∗0 meson peak has much wider width (∼ 48411

MeV/c2) and long tails intrinsic to RBW distribution. Hence, it is convenient to use the Gaussian integral to obtain412

the raw yield for K0
S meson due to its well defined shape. To obtain the raw yield for K∗0 meson, it is sensible to413

use bin counting in a limited mass window. In the present analysis we used a mass window of ± 75 MeV/c2, around414

the nominal mass of K∗0 meson, which includes both signal and residual background. The residual background415

contribution is obtained by integrating the background component of the fit (second or third order polynomial) in416

the same mass window and subtracted from the total signal to obtain the raw yield for K∗0 meson. It is important417

to note that both the integration and bin counting methods are used to estimate the systematic uncertainties in the418

K0
S and K∗0 meson yields (See Section IIID).419
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C. Calculation of invariant yields420

The invariant yields of K0
S and K∗0 mesons are calculated by421

1

2πpT

d2N

dpT dy
=

1

2πpT ∆pT ∆y

× Yraw

Nevt ǫ(pT )BR
× Cbias

ǫtreff
, (4)

where Yraw is the meson raw yield (see Sections III A and III B), Nevt is the number of sampled events in the centrality422

bin and ǫ(pT ) includes geometrical acceptance, reconstruction efficiency, and occupancy effects in the high multiplicity423

environment of heavy ion collisions. The branching ratio (BR) for K0
S → π0π0 is 30.69 ± 0.05% (BR for π0 → 2γ424

is 98.823 ± 0.034%). The branching ratio for the K∗0 → K+π− is close to 67%. The trigger bias correction Cbias425

is 0.69 [16] for p+p collisions and for d+Au collisions it varies from 1.03 to 0.94 [30] with increasing centrality. The426

trigger bias correction in Cu+Cu collision system is taken equal to unity in all analyzed centrality bins. The ERT427

efficiency for K0
S meson ǫtreff determines the probability of K0

S → π0π0 → 4γ decay products to fire the ERT. For the428

K∗0, which uses no additional trigger, ǫtreff = 1.429

The invariant cross section in the p+p system is given by :430

E
d3σ

dp3
= σinel

pp × 1

2πpT

d2N

dpT dy
, (5)

where σinel
pp = 42.2± 3mb [39] is the total inelastic cross section in p+p collisions at

√
s = 200GeV.431

The reconstruction efficiencies for the K0
S and K∗0 mesons are obtained from Monte Carlo simulations. Both432

the K0
S and K∗0 mesons are generated using single particle event generator Exodus [56]. The primary mesons are433

decayed into the measured channel and all particles are traced through the PHENIX setup using the geant [57] based434

PHENIX simulation package. The decayed particles are reconstructed using the same analysis procedures as used in435

the analysis of real data. The reconstruction efficiency is calculated as the ratio of the number of reconstructed mesons436

counted in the same way as in data, to the number of generated mesons and is found to be the same for p+p and437

d+Au collision systems. Due to high detector occupancy in Cu+Cu collisions, the reconstruction efficiency becomes438

smaller due to hit and cluster merging in the detector subsystems. To take this effect into account the reconstruction439

efficiencies for K0
S and K∗0 mesons were determined after embedding the simulated signals in real events. The K∗0

440

meson reconstruction efficiency in Cu+Cu is reduced by ∼ 5% in the most central collisions and by ∼ 1% in peripheral441

collisions. These corrections are included in ǫ(pT ), as shown in Fig. 5.442

The probability that one of the K0
S meson decay products fires the ERT trigger is estimated based on the measured443

single photon ERT efficiency, ǫγ . The latter is evaluated as the ratio of the number of clusters that fired the ERT to444

the number of clusters of the same energy in the minimum bias data sample. The trigger efficiency is calculated as a445

function of cluster energy separately for each EMCal sector. An example of ǫγ in one of the EMCal sectors is shown446

in Fig. 6 (a) for the case of Cu+Cu collisions.447

The trigger efficiency grows steeply with energy and reaches 50% at the energy approximately corresponding to the448

ERT threshold setting. The curves saturate at approximately twice the threshold energy. The level of saturation is449

below 100% because of inactive areas of the ERT. The trigger efficiency for K0
S meson (ǫtreff) is evaluated using Monte450

Carlo simulations. The K0
S meson is considered to fire the ERT if at least one of the photons in the final state fires451

the trigger. The resulting trigger efficiency for K0
S → π0(→ γγ)π0(→ γγ) is shown in Fig. 6 (b). The trigger efficiency452

uncertainty for K0
S mesons was evaluated by varying the single photon ERT efficiency within the uncertainties of the453

measurement.454

D. Systematic Uncertainties455

1. Systematic Uncertainties for K0
S456

Several factors contribute to the systematic uncertainty of the measurement of the K0
S meson invariant yield: the457

raw yield extraction, the reconstruction efficiency and detector acceptance and the K0
S → π0π0 decay branching ratio458

uncertainty. Evaluation of the systematic uncertainties associated with the K0
S meson raw yield extraction is done459

by varying the raw yield extraction method and by modifying the background shape around the K0
S peak. The π0π0

460

invariant mass distribution is approximated by a second order polynomial outside three standard deviations from the461

center of the peak region. The polynomial is then interpolated under the peak and subtracted from it. The yield is462



13

 (GeV/c)
T

p
0 2 4 6 8 10 12 14

R
ec

on
st

ru
ct

io
n 

E
ffi

ci
en

cy

0

0.01

0.02

0.03

0.04

0.05

0.06

(a)

0
SK

 (GeV/c)
T

p
0 1 2 3 4 5 6 7 8

 R
ec

on
st

ru
ct

io
n 

E
ffi

ci
en

cy
 

-410

-310

-210

-110

Unidentified

 Kaon Identified× 7 
 Fully Identified×5 

*0K

(b)

FIG. 5. (color online) Reconstruction efficiency for (a) K0
S and (b) K∗0 for d+Au collisions. The gray bands show the

systematic uncertainty. Please refer to Table III for systematic uncertainties. Fig. (b) shows the reconstruction efficiencies for
the “unidentified”, “kaon identified” and “fully identified” techniques for the K∗0 analysis are shown by the dotted dashed blue
curve, red solid curve and black dashed curve, respectively.

obtained by integrating the subtracted invariant mass distribution in a three standard deviation window around the463

mean of the peak. To modify the background shape the “cross π0 meson” cut is used. This cut significantly changes464

the background shape in the invariant mass distributions of π0π0 pairs in the vicinity of the K0
S meson peak. If two465

photons with the largest energy, assigned to different π0 candidates, produce an invariant mass within ±4× σπ0
(pT )466

from the Mπ0(pT ) given in Eq. 2, the entire combination of four clusters is rejected. The RMS of the corrected raw467

yields obtained in all combinations of yield extraction and background modification is taken as an estimate of the468

systematic uncertainty for the signal extraction.469

The uncertainty in the reconstruction efficiency is dominated by mismatches in detector performance between data470

and Monte Carlo. The uncertainty on the EMCal acceptance is estimated by artificially increasing dead areas in471

the EMCal by 10% and redoing the analysis. To estimate the contribution of the EMCal energy resolution to the472

systematic uncertainty, the K0
S meson reconstruction efficiency is recalculated with the energy resolution artificially473

worsened by 3%. The 3% variation of the energy resolution was chosen as a maximum value that would still provide474

consistency between the π0 meson widths from real data and simulations. The contribution of the EMCal energy scale475

uncertainty was estimated by varying the energy scale within ±1% in simulation. The variation range is constrained476

by the π0 meson peak positions in real data and simulation. Photon conversion in the detector material is accounted477

for in the calculation of the reconstruction efficiency. However, detector materials are described in the simulation478

with some precision and thus an uncertainty associated with the photon conversion is introduced. The conversion479

correction uncertainty was estimated in Ref. [54] to be equal to 3% for the neutral pions. Thus the K0
S meson480

conversion correction uncertainty is 6%.481

The π0 meson candidates are selected within two standard deviations around the π0 meson peak position in the482

invariant mass distribution of two photons. The difference between the π0 meson width parameterizations in real483

data and Monte Carlo simulations does not exceed 10%. To estimate the π0 selection cut uncertainty, the window484

around the π0 meson peak position is varied by 10%. The difference between the K0
S meson reconstruction efficiencies485

calculated with changed and default cuts is taken as the uncertainty related to the π0 candidate selection cut. The486

K0
S meson trigger efficiency uncertainty is evaluated by varying the single photon ǫγ trigger efficiency within the487

uncertainties of its measurement. Relative systematic uncertainties for the K0
S meson measurements in d+Au and488

Cu+Cu systems are given in Table III. The uncertainties are categorized by types: A, B and C. Type A denotes the pT489

uncorrelated uncertainty, type B denotes the pT correlated uncertainty and type C denotes the overall normalization490
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FIG. 6. (a) Trigger efficiency for single photons as a function of cluster energy. (b) K0
S trigger efficiency as a function of pT .

The bands show the systematic uncertainty. Results are presented for the Cu+Cu data recorded in 2005.

TABLE III. Relative systematic uncertainties in percent for theK0
S meson measurement. The given ranges indicate the variation

of the systematic uncertainty over the pT range of the measurement.

Source d+Au Cu+Cu Uncertainty
(%) (%) Type

Raw yield 4–31 14–26 A
extraction
Acceptance 6 5 B
ERT 2–7 3–4 B
efficiency
EMCal energy 4–5 3–6 B
resolution
EMCal scale 4–5 3–5 B
π0 selection 5–11 6–10 B
γ conversion 6 6 C
Branching ratio 0.2 0.2 C
BBC cross section 8 – C

uncertainty such as the minimum bias trigger efficiency in p+p and d+Au collisions, branching ratio of the parent491

particle, γ-conversion factor etc.492

2. Systematic Uncertainties for K∗0
493

The main systematic uncertainties of the K∗0 measurement include uncertainties in the raw yield extraction,494

EMCal-PC3 matching, TOF PID cuts, track momentum reconstruction, acceptance and BBC cross section. The495

systematic uncertainty associated with the raw yield extraction is estimated by varying the fitting ranges, varying the496

width of the K∗0 meson peak by ±2% around its simulated value and taking the integral of the fitted RBW function497

instead of summing up the yield in each pT bin. In addition, the yield difference when the K∗0 meson mass is fixed498
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to the PDG value and when it is a free parameter in the fit of the mass spectrum, is included in the systematic499

uncertainty. To evaluate the uncertainties from EMCal-PC3 matching and TOF PID cuts, the corresponding cuts500

are varied within ±17%. The uncertainty in momentum reconstruction is estimated by varying the momentum scale501

within 0.5% in the simulation. The systematic uncertainties for all three techniques in a particular collision system502

are similar. A summary of the systematic uncertainties for the case of “kaon identified” analysis technique in p+p,503

d+Au and Cu+Cu collisions is given in Table IV.504

IV. RESULTS AND DISCUSSIONS505

In this section we present pT spectra of K0
S and K∗0 mesons in p+p, d+Au and Cu+Cu collisions at

√
s
NN

= 200506

GeV. The invariant pT spectra are used to calculate the nuclear modification factors in d+Au and Cu+Cu collisions507

at different centralities. These nuclear modification factors are compared to those previously measured for neutral508

pions, charged kaons, φ mesons and protons.509

A. Invariant transverse momentum spectra510

Figure 7 (a), shows the cross section of K∗0 mesons production as a function of pT in p+p collisions at
√
s =511

200 GeV. Experimental points shown with different symbols correspond to the different analysis techniques listed in512

Table II. The systematic uncertainties, mostly uncorrelated for different techniques, are shown along with the data513

points and include raw yield extraction, track matching and TOF PID uncertainties listed in Table IV.514

The solid line in Figure 7 (a) is the result of a common fit of the data with the Tsallis function in the form used515

in [39]:516

1

2π

d2σ

dydpT
=

1

2π

dσ

dy

(n− 1)(n− 2)

(nT +m(n− 1))(nT +m)

×
(

nT +mT

nT +m

)−n

, (6)

where dσ/dy, n, and T are the free parameters, mT =
√

pT 2 +m2 and m is the mass of the particle of interest.517

The parameter T determines the shape of the spectrum at low pT where particle production is dominated by soft518

processes whereas n governs the high pT part of the spectrum dominated by particles produced in hard scattering.519

The fit parameters to the p+p data are dσ/dy = 1.28 ± 0.14 mb, T = 121 ± 19 (MeV) and n = 9.67 ± 0.62 with520

χ2/NDF = 6.9/10. The uncertainties in the parameters include both the statistical and systematic uncertainties in521

quadrature. Figure 7 (b) shows the ratio of the K∗0 meson cross sections obtained with the different techniques to the522

fit. A good agreement is observed for the cross sections obtained with different analysis techniques, demonstrating523

the robustness of the results. The final K∗0 production spectrum is obtained by standard weighted averaging [53] of524

the cross sections and uncorrelated errors for the same pT bin obtained from the different analysis techniques. The525

STAR experiment measured the K∗0 over the pT range 0–1.5GeV/c, shown by the solid star symbols in Fig. 7 (a). In526

the overlap region STAR results agree with our measurement within one sigma of combined statistical and systematic527

uncertainties.528

TABLE IV. Relative systematic uncertainties in percent for the K∗0 meson measurement in “kaon identified” technique. The
given ranges indicate the variation of the systematic uncertainty over the pT range of the measurement.

Source p+p d+Au Cu+Cu Uncertainty
(MB) (MB) Type

(%) (%) (%)
Raw yield 5–8 7–12 2–4 A
extraction
Acceptance 1–5 3–7 1–3 B
Track Momentum 1–4 2–7 1–5 B
reconstruction
Track Matching 1–4 4–7 2–13 B
TOF PID 1–6 4–9 1–4 B
BBC cross section 10 8 – C
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FIG. 7. (color online) (a) Cross section of K∗0 meson production as a function of pT obtained with the “kaon identified”, “fully
identified” and “unidentified” analysis techniques in p+p collisions at

√
s = 200GeV. The systematic uncertainties shown with

boxes are mostly uncorrelated between analysis techniques. The solid blue line is the Tsallis function fit to the combined data
points. The star symbols are the K∗0 meson measurements from the STAR collaboration [40]. (b) Ratio of the yields obtained
with the three analysis techniques to the fit function. The scale uncertainty of 10% is not shown.

Figures 8 and 9 show the invariant pT spectra of K0
S and K∗0 mesons in d+Au and Cu+Cu collisions, respectively,529

at
√
s
NN

= 200 GeV. The results for different centrality bins are scaled by arbitrary factors for clarity. The p+p530

results for K0
S , both the data points and the parameters of the Tsallis fit, are taken from Ref. [39]. The published531

cross section of K0
S meson production and the cross section of the K∗0 meson production, shown in Figure 7, are532

converted into yield using Eq. 5 and shown with open circles in figures 8 and 9. The solid curves represent the Tsallis533

fit to the p+p data. The dashed curves represent the same fit, scaled by the number of binary collisions corresponding534

to the centrality bins concerned. In d+Au collisions, the production of both mesons follows the binary scaling for all535

centralities in the measured pT range. A similar behavior is also observed in peripheral Cu+Cu collisions. In central536

and semi-central Cu+Cu interactions, the production of K0
S and K∗0 mesons is suppressed at pT > 4GeV/c and537

pT > 2–3GeV/c, respectively.538

Figure 10 shows the ratio K0
S/π

0 for different centrality bins in Cu+Cu collisions at
√
s
NN

= 200 GeV. The ratio539

is flat with respect to pT with a value of ∼ 0.5, irrespective of the system and collision centrality. The statistical540

uncertainties are shown by vertical bars and the systematic uncertainties are shown by boxes.541
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B. Nuclear Modification Factors542

The nuclear modification factors for K0
S and K∗0 mesons were calculated using Eq. 1. The average number of543

inelastic nucleon-nucleon collisions 〈Ncoll〉 and participants 〈Npart〉 estimated for each centrality bin analyzed in544

d+Au and Cu+Cu collisions are summarized in Table V [58, 59].545

Figure 11 shows the nuclear modification factors RdAu, measured for the K0
S and K∗0 mesons in the most central546

and peripheral d+Au collisions at
√
s
NN

= 200 GeV. Within uncertainties, the RdAu are consistent with unity for547

all centralities at pT > 1GeV/c. However, in the most central d+Au collisions, there is a hint of a modest Cronin-548

like enhancement in the range 2 < pT < 5GeV/c and of suppression at pT > 6–8GeV/c. Results for φ and π0
549

mesons [16, 60] and protons [30] are also shown for comparison in Fig. 11. The RdAu for all measured mesons shows550

similar behavior. Based on these results one can conclude that either the CNM effects do not play an important551

role in the production of these mesons or different CNM effects compensate each other in the studied pT range.552

Unlike mesons, baryons [30] exhibit a strong enhancement at intermediate transverse momenta in (semi)central d+Au553

collisions that could be explained by recombination models [34].554

Figure 12 shows the nuclear modification factors RCuCu measured for K0
S and K∗0 meson in Cu+Cu collisions at555 √

s
NN

= 200 GeV. The results are presented for different centrality bins corresponding to the 〈Ncoll〉 and 〈Npart〉556

given in Table V. In peripheral Cu+Cu collisions the production of K0
S and K∗0 mesons follows the binary scaling as557

expected from figures 8 and 9. The RCuCu factors become smaller with increasing centrality and in the most central558

Cu+Cu collisions the production of both mesons is suppressed at high pT . For the most central collisions, RCuCu559

drops to a value of 0.5 at pT > 5GeV/c, both for K0
S and K∗0 mesons.560

Figure 13 compares the RCuCu results for K0
S and K∗0 mesons to results obtained for the π0 meson [8] and φ561

meson [16] in the most central, most peripheral, and MB Cu+Cu collisions. In peripheral collisions, the nuclear562

modification factors are consistent with unity for all measured mesons at all pT . In central and MB collisions, above563

pT ≥ 5GeV/c, the RCuCu of all mesons is below unity, and within the uncertainties the suppression is the same for564

all measured mesons, indicating that its mechanism does not depend on the particle species. However, at lower pT565

between 1–5GeV/c, there are differences among the different particles. The K∗0 meson RCuCu shows no suppression566

at pT ∼ 1–2GeV/c and then decreases with increasing pT , as previously observed for the φ meson. The π0 meson567

RCuCu shows significantly stronger suppression and flat behavior over the same pT range.568

Figure 14 compares the suppression patterns of light-quark mesons, strange mesons, and baryons. Shown are the569

RAA of π0, K∗0 and φ mesons measured in Cu+Cu at
√
s
NN

= 200 GeV. Because there are no measurements of570

RAA for protons and charged kaons in the Cu+Cu system, we compare to proton and charged kaon measurements571

made in Au+Au collisions at the same energy [30]. The comparisons are made for centrality bins corresponding to572

similar number of participating nucleons (Npart), in the Cu+Cu and Au+Au systems: Cu+Cu 40%–94% (〈Npart〉 =573

11.93 ± 0.63) and Au+Au 60%–92% (〈Npart〉 = 14.5 ± 2.5) in the bottom panel and Cu+Cu 0%–40% (〈Npart〉 =574

65.5 ± 2.0) and Au+Au 40%–60% (〈Npart〉 = 59.95 ± 3.5) in the top panel. In peripheral collisions the RAA factors575

for all mesons are consistent with unity for pT > 2GeV/c. A modest enhancement of ≈ 1.3 is observed for protons.576

In central collisions, all hadrons show suppression. In the intermediate pT range (pT = 2–5 GeV/c), there seems to577

be some hierarchy with baryons being enhanced, neutral pions being suppressed the most and K∗0 and φ mesons578

showing an intermediate behavior. At higher pT , all particles are suppressed and they seem to reach the same level579

of suppression, within uncertainties, irrespective of their mass or quark content. The fact that RAA of all mesons580

becomes the same is consistent with the assumption that energy loss occurs at the parton level and the scattered581

TABLE V. Ncoll and Npart in d+Au and Cu+Cu collisions at
√
s
NN

= 200 GeV.

Collisions Centrality bin (%) 〈Ncoll〉 〈Npart〉
d+Au 0–20 15.1 ± 1.0 15.3 ± 0.8

20–40 10.2 ± 0.7 11.1 ± 0.6
40–60 6.6 ± 0.4 7.8 ± 0.4
60–88 3.1 ± 0.2 4.3 ± 0.2
0–100 7.6 ± 0.4 8.5 ± 0.4

Cu+Cu 0–20 151.8 ± 17.1 85.9 ± 2.3
20–40 61.6 ± 6.6 45.2 ± 1.7
40-60 22.3 ± 2.9 21.2 ± 1.4
60–94 5.1 ± 0.7 6.4 ± 0.4
0–94 51.8 ± 5.6 34.6 ± 1.2
20–60 42.0 ± 4.8 33.2 ± 1.6



18

 (GeV/c)
T

p
2 4 6 8 10 12

 ]
 -

2
 [ 

(G
eV

/c
)

dy
T

dp
N2 d

 
T

 pπ
2 

1

-1910

-1710

-1510

-1310

-1110

-910

-710

-510

-310

-110

10

 2 10×  MinBias 
 1 10×  0-20%  

  20-40% 

 -1 10×  40-60% 
 -2 10×  60-88% 
 -3 10×  pp data 

 pp data fitted with Tsallis function 0
S  K

 coll N× Tsallis function in pp 0
S  K

 = 200 GeVNNs+Au at d

0π0π → S
0K

 (a) 

 (GeV/c)
T

p
2 4 6 8 10 12

-11

-1

10

2 10×  MinBias 

 2  ×  0-20% 

 0.2  ×  20-60% 

 0.05 ×  60-94% 

 -2 10×  pp data 

 pp data fitted with Tsallis function 0
S  K

coll N× Tsallis function in pp 0
S  K

 = 200 GeVNNsCu+Cu at 

0π0π → S
0K

 (b) 

FIG. 8. (color online) K0
S meson invariant pT spectra (a) for d+Au and (b) for Cu+Cu collisions at

√
s
NN

= 200 GeV for

different centrality bins. The systematic uncertainties are shown by the boxes. The solid curves are a fit of the K0
S p+p data

by the Tsallis function [39]. The dashed curves are the fit function scaled by Ncoll. The global p+p uncertainty of ∼ 10% is
not shown.
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FIG. 9. (color online) K∗0 meson invariant pT spectra (a) for d+Au and (b) for Cu+Cu collisions at
√
s
NN

= 200 GeV for

different centrality bins. The systematic uncertainties are shown by the boxes. The solid curve is a fit of the K∗0 p+p data by
the Tsallis function [39]. The dashed curves are the fit function scaled by Ncoll. The global p+p uncertainty of ∼ 10% is not
shown.
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partons fragment in the vacuum. We also note that the RAA of the K∗0 and φ mesons appear to be very similar to582

the RAA of electrons from the semi-leptonic decay of heavy flavor mesons [28]. The present results provide additional583

constraints to the models attempting to quantitatively reproduce the nuclear modification factors in terms of energy584

loss of partons inside the medium.585

V. SUMMARY AND CONCLUSIONS586

The PHENIX experiment measured K0
S and K∗0 meson production via π0π0 and K±π∓ decay, respectively, in587

p+p, d+Au and Cu+Cu collisions at
√
s
NN

= 200 GeV. The invariant transverse momentum spectra and nuclear588

modification factors are presented for different centralities in the d+Au, and Cu+Cu systems covering the pT range589

of 1.1–8.5GeV/c and 3–13GeV/c for K∗0 and K0
S respectively. In the d+Au system, the nuclear modification factor590

of K0
S and K∗0 mesons is almost constant as a function of pT and consistent with unity showing that cold nuclear591

matter effects do not play a significant role in the measured kinematic range. A similar behavior is seen in RdAu for592

all measured mesons. In the Cu+Cu collisions system, no nuclear modification is registered in peripheral collisions593

within the uncertainties of the measurement. In central Cu+Cu collisions both mesons show suppression. In the594

range pT = 2-5GeV/c, the strange mesons show an intermediate suppression between the more suppressed π0 and595

the nonsuppressed baryons. This behavior provides a particle species dependence of the suppression mechanism and596

provides additional constraints to the models attempting to quantitatively reproduce nuclear modification factors. At597

higher pT , all particles, π
0, strange mesons and baryons, show a similar level of suppression.598
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