arXiv:nucl-ex/0501005 v1 10 Jan 2005

Strangeness and heavy flavor at RHIC: Recent results from PHENIX

Masashi Kaneta† (for the PHENIX Collaboration)‡

† RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton NY 11973-5000, USA

E-mail: kaneta@bnl.gov

Abstract. We report recent results of strangeness and heavy flavor measurements from PHENIX. The topics are: Elliptic flow of strangeness and heavy flavor electron production comparing to the other hadrons, ϕ meson production, and an exotic particle search.

(Some figures in this article are in color only in the electronic version)

1. Introduction

This talk will focus on strangeness and heavy flavor and report recent results from PHENIX. The topics are the following: (1) event anisotropy of charged π, K, p and p̄ in √ s_{N N} = 62.4 GeV Au+Au collisions comparing to 200 GeV, (2) event anisotropy of heavy flavor electron in 200 GeV Au+Au, (3) the invariant cross-section of ϕ meson production in 200 GeV d+Au and Au+Au, (4) exotic particle search in 200 GeV p+p, d+Au and Au+Au, and (5) detector upgrade for future strangeness and heavy flavor measurement at PHENIX. A detailed report and discussion about heavy flavor results is presented in [1].

The PHENIX detector consists of two central arms and forward muon arms. The central arms have the capability of identifying and measuring charged hadrons (π^±, K^±, p, p̄, d, and d̄), electrons and positrons, photons, and anti-neutrons. By using the invariant mass spectrum, weak-decay particles and resonances can be identified, for example, π^0, ϕ, Λ (Λ̄), and Σ̄^±. The forward muon arms identify μ^±. A detailed description of the PHENIX detector can be found in [2].

2. Event anisotropy of hadrons

Event anisotropy analysis is a powerful tool to study properties of the early stage in highenergy heavy ion collisions. The second Fourier coefficient of the azimuthal momentum distribution, v_2, characterizes the event anisotropy. Recent results of charged π, K, p,

‡ For the full PHENIX collaboration author list and acknowledgments, see appendix ‘Collaboration’ of this volume.

Figure 1. (Color online) The left plot shows PHENIX preliminary results of charged π, K, and p v_2 as a function of p_T from minimum bias data in √ s_{NN} = 62.4 GeV Au+Au collisions. The π^±, π^0, K^± p, and p̄ v_2 in 200GeV Au+Au collisions are shown in the right-hand side. The identified charged hadron v_2 is from [3] and π^0 data has been presented in [4]. The systematic errors related to particle identification and background are similar in both 62.4 GeV and 200 GeV. The difference comes from systematic uncertainties in the reaction plane determination due to different statistics and multiplicity in the BBC between 62.4 GeV and 200 GeV.

and p̄ v_2 are shown in figure 1 in 62.4 GeV and 200 GeV Au+Au collisions. Both 62.4 GeV and 200 GeV results are from minimum bias trigger data (about 40M and 30M events, respectively). The charged hadrons are identified by Time-Of-Flight (TOF) information with momentum. The neutral pion is reconstructed from photon pairs measured by the Electro-Magnetic Calorimeter (EMCal). The v_2 is computed with respect to the reaction plane which is defined by hits in the Beam-Beam counters (BBC) located in the forward/backward regions (north and south) at |η| = 3.1-3.9. Since the v_2 measured is smeared due to reaction plane resolution, it is necessary to correct for their effect. The correction factor is calculated from the two reaction planes defined by data from the north and south BBC separately, using a method described in [5].

The v_2 in √ s_{N N} = 62.4 GeV Au+Au collisions shows the same order of magnitude and mass dependence as in 200 GeV Au+Au. As we reported in [3, 4], there is a crossover point among hadrons around p_T = 2GeV/c in 200 GeV Au+Au. The proton v_2 crosses the pion and kaon around p_T = 2 GeV/c in 62.4 GeV Au+Au, the same as in 200 GeV. Since the lower p_T (< 2 GeV/c) region in 62.4 GeV Au+Au shows similar mass dependence to 200 GeV Au+Au, it might be well described by hydrodynamical models. In the p_T >2 GeV/c, the meson v_2 remains different from that for baryons. This suggests a scaling rule from a quark coalescence model [6], which relates to the different number of quarks in mesons and baryons. Additionally, it might indicate that the hadron v_2 is generated during the early partonic stage before the hadronization.

Figure 2 is a simple check of the coalescence picture in v_2 for normalizing both v_2 and p_T by the number of constituent quarks. The data in 62.4 (200) GeV Au+Au collisions

Figure 2. (Color online) v_2 as a function of p_T scaled via the coalescence prescription. The solid (open) markers show the data from √ s_{NN} = 62.4 (200) GeV Au+Au.

are shown by solid (open) markers in the figure. We make the following observations: (1) The 62.4 GeV data seem to be described by the coalescence picture, (2) the 62.4 GeV data are slightly smaller than 200 GeV but consistent within the systematic uncertainty, and (3) observables (1) and (2) suggest a saturation of azimuthal anisotropy in Au+Au collisions in the range from 62.4 to 200 GeV. More statistics in 62.4 GeV Au+Au is needed to conclude whether the particle type dependence of v_2 as a function p_T and centrality are the same as in 200 GeV Au+Au collisions.

3. Event anisotropy of “non-photonic” electrons

PHENIX has measured inclusive electrons (and positrons). The data include two components, which are ‘photonic’ and ‘non-photonic’ electrons. The ‘photonic’ electrons mainly come from Dalitz decay (of π^0, η, ω, ϕ, and etc.), di-electron decays (of ρ, ω, ϕ, and etc.), photon conversions, and kaon (→ πeν) decays. The ‘non-photonic’ electrons are estimated by subtracting ‘photonic’ electrons from inclusive electrons. (A detailed discussion of the electron measurement is found in reference [8].) Although the nonphotonic electrons are decay products from both charmed and bottom mesons, event anisotropy for the p_T range from the Run-2 data set are dominantly charmed meson decays.

The ‘non-photonic’ electron v_2 in 200 GeV Au+Au collisions from Run-2 is shown in figure 3 with statistical error (vertical bar) and systematic errors (shaded box). The

Figure 3. (Color online) “Non-photonic” electron v_2 as a function of p_T in √ s_{NN} = 200 GeV minimum bias Au+Au collisions from Run-2. The vertical bar on each point shows the statistical error and systematic errors are shown by the colored box. The horizontal bar shows the RMS of dN/dp_T in each bin. Hash marks at the top indicate bin boundaries for the p_T bins and the last bin is an average of p_T = 1.75 to 4.0 GeV/c. The solid and dashed lines are model calculations shown in [7]. The solid line shows the prediction for D meson decays which are completely thermalized, including transverse expansion for the charm quark. The dashed line is for D decays which have no rescattering, corresponding to perturbative QCD spectra for the c-quark.

two lines in figure 3 address two scenarios from a model calculation in [7]. The solid line shows one scenario in which D mesons are made from completely thermalized charm and light quarks; the other (dashed line) is that there is no interaction of the c-quarks, so that the flow contribution in D’s is only from the light quarks. Within the available statistics, both models are consistent with data. It will be very interesting to pursue this comparison of charm flow with that of mesons containing light quarks using the higher statistics Run-4 data set. Additionally, the systematic error of the ‘non-photonic’ electron v_2 is expected to be relatively smaller for the Run-4 data analysis, because uncertainty of the cross-section and v_2 for ‘photonic’ electrons will be reduced.

4. ϕ meson production

The ϕ meson invariant cross sections in √ s_{N N} = 200 GeV d+Au and Au+Au collisions are shown as a function of m_T -m_ϕ in figure 4, where m_T is the transverse mass (= √ p_T^2 + m_ϕ^2) and m_ϕ is the ϕ mass from PDG values. In d+Au collisions, 31M single-electron triggered events were used for the e^+e^− analysis and 62M minimum bias events were used for the K^+K^−. 20M minimum bias triggered events are used in the

Figure 4. (Color online) The left-hand plot shows the invariant cross-section for ϕ production as a function of (m_T - mass of ϕ) for the indicated centrality bins in √ s_{NN} = 200 GeV Au+Au collisions (from [9]). The data points are for the ϕ → K^+K^− channel only. The lines are m_T exponential fits (see text in detail). The results from √ s_{NN} = 200 GeV d+Au collisions are shown in the right-hand. Statistical error bars are shown.

analysis of Au+Au collisions. These numbers include a vertex cut (|z_{vertex}| < 30 cm).

The ϕ spectrum is fit with the exponential function: 1 2πm_T dN^2 dm_T dy = dN/dy 2πT (T + m_ϕ) e^{−(mT −mϕ )/T} (1) where dN/dy and the inverse slope parameter T are fit parameters. The fit results are shown in figure 5 and table 1. The left-hand plot of figure 5 show the inverse slope parameter as a function of average number of participants (⟨N_{part}⟩) in 200 GeV d+Au and Au+Au collisions. The dN/dy normalized by ⟨N_{part}⟩ are shown in the right-hand of figure 5. The Au+Au results are from the ϕ → K^+K^− channel only, while results from ϕ → K^+K^− and ϕ → e^+e^− channels are presented in d+Au collisions. In the d+Au collisions, the invariant cross sections from the two channels show agreement around m_T − m_ϕ = 1 GeV/c. Both the inverse slope parameter and the yield for the two channels are consistent, as can be seen in figure 5.

Because of large statistical and systematic errors in the electron channel, ⟨N_{part}⟩ dependence of phi meson will be discussed with only the kaon channel data in the following. The inverse slope parameter as a function of ⟨N_{part}⟩ seems to be flat over all ⟨N_{part}⟩ bins within errors in d+Au and Au+Au collisions. On the other hand, (dN/dy)/⟨N_{part}⟩ increases by about a factor of two from d+Au to Au+Au data. Within the statistical and systematic error bars, the yield normalized to the number of participants is independent of centrality in Au+Au collisions.

The ratio R_{CP} (central to peripheral ratio scaled by number of collisions) of protons ((p+p̄)/2) is different from neutral pions as a function of p_T in √ s_{N N} = 200 GeV Au+Au collisions. As shown in figure 6, proton R_{CP} increases up to p_T = 2 GeV/c and appear

Strangeness and heavy flavor at RHIC: Recent results from PHENIX 6

Figure 5. (Color online) The inverse slope parameters (left) and the yield normalized by the average number of participants ⟨N_{part}⟩ (right) of ϕ in √ s_{NN} = 200 GeV d+Au and Au+Au collisions as a function of ⟨N_{part}⟩ are shown. Those values are obtained by a fit using equation 1. The fits are done separately for the electron and kaon channels. The vertical bars show the statistical error only. The systematic errors are shown as shaded boxes.

Table 1. The inverse slope parameters and the yield of ϕ meson in √ s_{NN} = 200 GeV d+Au and Au+Au collisions. Values are obtained using equation 1. The fits are done separately for the electron and kaon channels. ⟨N_{part}⟩ is shown with only statistical errors. Errors of the inverse slope and the yield are statistical (first) and systematic (second).

Collision Decay Inverse slope system ⟨N_{part}⟩ mode [MeV] dN/dy d+Au (Min. Bias) 9.2±0.8 e^+e^− 326 ± 94 ± 173 0.056 ± 0.015 ± 0.028 K^+K^− 414 ± 31 ± 23 0.0468 ± 0.0092^{+0.0095}_{−0.0092} Au+Au (40-92%) 32.0±2.9 K^+K^− 359 ± 15 ± 16 0.32 ± 0.03 ± 0.05 Au+Au (10-40%) 171.8±4.8 K^+K^− 360 ± 13 ± 23 2.22 ± 0.18 ± 0.35 Au+Au (top 10%) 325.2±3.3 K^+K^− 376 ± 24 ± 20 3.94 ± 0.60 ± 0.62

to saturate around 1, up to p_T = 4.5 GeV/c. The π^0 R_{CP} is about 0.4 over p_T = 1 to 7 GeV/c. The ϕ R_{CP} is about 0.6 over p_T = 0.8 to 3.0 GeV/c and closer to the pion than proton. It suggests that there is a scaling with the number of valence quarks in R_{CP} . On the other hand, a detailed discussion on such scaling should be based on more hadrons, for example, K^0_S , Λ, Σ, Ξ, and Ω.

5. Exotic particle search

One of the most interesting and important topics in hadron physics is the possible existence of a five-quark state. The LEPS collaboration has reported evidence for a narrow S=+1 baryon resonance state [10]. The reported resonance is a candidate

Figure 6. (Color online) R_{CP} (central to peripheral ratio scaled by number of collisions N_{coll} for ϕ, (p + p̄)/2, and π^0 are shown as a function of p_T in √ s_{NN} = 200 GeV Au+Au collisions. The shaded solid bar around R_{CP} =1 is 12% systematic error of the ratio. The vertical dotted bar on the right presents the error on N^{0−10%}_{coll} /N^{40−90%}_{coll} . The dotted horizontal line on the ϕ data points is a straight-line fit to the ϕ data.

for the state of Θ^+(uudds̄) which was predicted with mass 1.540 GeV. Θ^+ has two decay modes, K^++n and K^0+p. Additionally, the NA49 experiment at CERN-SPS has reported additional potential pentaquark states that are called Ξ^{−−}_{32} (ssddū) and Ξ^03_2 (ssudd̄) [11]. Since the anti-baryon to baryon ratio is larger than 0.75 at mid-rapidity in √ s_{N N} = 200GeV p+p and Au+Au collisions [12, 13, 14, 15], we expect a similar or larger antipentaquark to pentaquark ratio than 0.75. We search for the pentaquark by using an anti-neutron, that is, Θ̄^−→K^−+n̄. The advantages are the following. The anti-neutron will be identified by the Electro-Magnetic Calorimeter (EMCal), and the K^−+n̄ channel (two-body decay) has a larger acceptance than K^0_S +p (p̄) (with three final state, i.e., π^++π^−+p (p̄)).

The anti-neutron leaves a large energy deposit and a different energy shower shape than for photons and electrons. Therefore, we identified anti-neutrons requiring three conditions: (1) An energy deposit in EMC is larger than 1 GeV, (2) the energy deposit is not due to a charged particle, (3) the shower shape is different from photons and electrons. The neutron momentum is reconstructed by the TOF in the EMcal and path length. The momentum range of the neutrons is 0.5 to 3.0 GeV/c in p_T , with the above conditions. The K^− is identified by a cut of momentum and EMCal Time-of-Flight (within 3 σ of TOF resolution, with 1 σ about 500 ps).

The resolution of momentum calculated by EMCal TOF is studied with an antiproton sample. We compared momentum from two calculations, a normal tracking method for charged particles and the other from TOF. The results shows that the resolution is less than 4%, 10%, 20% in p_T <1.0, 1.4, 3.0 GeV/c, respectively. Another study was done for invariant mass for Σ̄^± (π^± + n̄) reconstruction. The Σ̄^± peak was confirmed at the expected mass within 10 MeV for Σ̄^± p_T <3 GeV/c, and the results were consistent with the momentum resolution study.

The data set of minimum bias trigger that we used consists of 35M, 91M and 36M event in √ s_{N N} = 200GeV p+p, d+Au and Au+Au collisions, respectively. The invariant mass distribution of K^− and n̄ pair is calculated in each event. The distribution has a combinatorial background and we estimate it by event mixing, i.e., by pairing tracks of similar vertex and centrality from different events. The results show no significant pentaquark peak around expected mass (∼ 1.540 GeV/c^2) in p+p, d+Au and Au+Au collisions.

6. Detector upgrade

There are several projects to enhance the particle identification capability for the higher momentum region, and to improve the momentum resolution in PHENIX. Aerogel Cherenkov Counters have been installed to cover |η|<0.35 and Δϕ=π/8 in 2003 and 2004. Proton separation from π/K will be done up to p=7 GeV/c (The current maximum momentum is 4 GeV/c by TOF detector). The following four detectors are planned. A silicon vertex detector and TPC are planned to enhance momentum resolution and to measure in-flight-decay particles. They will be located close to the collision vertex and will reduce background in the high p_T region from in-flight-decay. A hadron blind detector will surround the TPC and has the capability of electron ID by Cherenkov radiation detected by a photocathode layer. To measure jets in the forward region, a nosecone calorimeter is being designed and will cover η=0.7-2.6.

References

[1] Pereira H et al (PHENIX Collaboration) 2004 SQM2004 talk in this proceeding [2] Adcox K et al (PHENIX Collaboration) 2003 Nucl. Instrum. Methods A 499 469 [3] Adler S S et al (PHENIX Collaboration) 2004 Phys. Rev. Lett. 91 182301 [4] Kaneta M et al (PHENIX Collaboration) 2004 J. Phys. G: Nucl. Phys. 30 S1217 [5] Poskanzer A M and Voloshin S A 1998 Phys. Rev. C 58 1671 [6] For example, Greco V, Ko C M and Levai P 2003 Phys. Rev. C 68 034904 Fries R J, Muller B, Nonaka C and Bass S A 2003 Phys. Rev. Lett. 90 202303 Molnár D and Voloshin S A 2003 Phys. Rev. Lett. 91 092301 [7] Greco V, Ko C M and Rapp R 2004 Phys. Lett. B 595 202 [8] Adler S S et al (PHENIX Collaboration) 2003 Preprint nucl-ex/0409028 [9] Adler S S et al (PHENIX Collaboration) 2004 Preprint nucl-ex/0410012 [10] Nakano T et al (LEPS Collaboration) 2003 Phys. Rev. Lett. 91 012002 [11] Alt C et al (NA49 Collaboration) 2003 Phys. Rev. Lett. 92 042003 [12] Bearden I G et al (BRAHMS collaboration) 2004 Preprint nucl-ex/0409002 [13] Adler S S et al (PHENIX collaboration) 2004 Phys. Rev. C 69 034909 [14] Back B B et al (PHOBOS collaboration) 2004 Preprint nucl-ex/0409003 [15] Adams J et al (STAR Collaboration) 2004 Phys. Rev. Lett. 92 112301

PHENIX Collaboration

467 Participating Authors:

S.S. Adler,^5 S. Afanasiev,^{20} C. Aidala,^{5,10} N.N. Ajitanand,^{46} Y. Akiba,^{23,41} A. Al-Jamel,^{37} J. Alexander,^{46} G. Alley,^{38} R. Amirikas,^{14} K. Aoki,^{27} L. Aphecetche,^{48} J.B. Archuleta,^{30} J.R. Archuleta,^{30} R. Armendariz,^{37} V. Armijo,^{30} S.H. Aronson,^5 R. Averbeck,^{47} T.C. Awes,^{38} R. Azmoun,^{47} V. Babintsev,^{17} A. Baldisseri,^{11} K.N. Barish,^6 P.D. Barnes,^{30} B. Bassalleck,^{36} S. Bathe,^{6,33} S. Batsouli,^{10} V. Baublis,^{40} F. Bauer,^6 A. Bazilevsky,^{5,17,42} S. Belikov,^{19,17} Y. Berdnikov,^{43} S. Bhagavatula,^{19} M.T. Bjorndal,^{10} M. Bobrek,^{38} J.G. Boissevain,^{30} S. Boose,^5 H. Borel,^{11} S. Borenstein,^{28} C.L. Britton Jr.,^{38} M.L. Brooks,^{30} D.S. Brown,^{37} N. Brun,^{31} N. Bruner,^{36} W.L. Bryan,^{38} D. Bucher,^{33} H. Buesching,^{5,33} V. Bumazhnov,^{17} G. Bunce,^{5,42} J.M. Burward-Hoy,^{29,30,47} S. Butsyk,^{47} M.M. Cafferty,^{30} X. Camard,^{48} J.-S. Chai,^{21} P. Chand,^4 W.C. Chang,^2 R.B. Chappell,^{14} S. Chernichenko,^{17} A. Chevel,^{40} C.Y. Chi,^{10} J. Chiba,^{23} M. Chiu,^{10} I.J. Choi,^{55} J. Choi,^{22} S. Chollet,^{28} R.K. Choudhury,^4 T. Chujo,^5 V. Cianciolo,^{38} D. Clark,^{30} Y. Cobigo,^{11} B.A. Cole,^{10} M.P. Comets,^{39} P. Constantin,^{19} M. Csanad,^{13} T. Csorgo,^{24} H. Cunitz,^{10} J.P. Cussonneau,^{48} D.G. DEnterria,^{10,48} K. Das,^{14} G. David,^5 F. Deak,^{13} A. Debraine,^{28} H. Delagrange,^{48} A. Denisov,^{17} A. Deshpande,^{42} E.J. Desmond,^5 A. Devismes,^{47} O. Dietzsch,^{44} J.L. Drachenberg,^1 O. Drapier,^{28} A. Drees,^{47} K.A. Drees,^5 R. duRietz,^{32} A. Durum,^{17} D. Dutta,^4 V. Dzhordzhadze,^{49} M.A. Echave,^{30} Y.V. Efremenko,^{38} K. ElChenawi,^{52} M.S. Emery,^{38} A. Enokizono,^{16} H. Enyo,^{41,42} M.N. Ericson,^{38} B. Espagnon,^{39} S. Esumi,^{51} V. Evseev,^{40} L. Ewell,^5 D.E. Fields,^{36,42} C. Finck,^{48} F. Fleuret,^{28} S.L. Fokin,^{26} B.D. Fox,^{42} Z. Fraenkel,^{54} S.S. Frank,^{38} J.E. Frantz,^{10} A. Franz,^5 A.D. Frawley,^{14} J. Fried,^5 Y. Fukao,^{27,41,42} S.-Y. Fung,^6 S. Gadrat,^{31} J. Gannon,^5 S. Garpman,^{32,∗} F. Gastaldi,^{28} T.F. Gee,^{38} M. Germain,^{48} T.K. Ghosh,^{52} P. Giannotti,^5 A. Glenn,^{49} G. Gogiberidze,^{49} M. Gonin,^{28} J. Gosset,^{11} Y. Goto,^{41,42} R. GranierdeCassagnac,^{28} N. Grau,^{19} S.V. Greene,^{52} M. GrossePerdekamp,^{18,42} W. Guryn,^5

H.-A. Gustafsson,^{32} T. Hachiya,^{16} J.S. Haggerty,^5 S.F. Hahn,^{30} H. Hamagaki,^8 A.G. Hansen,^{30} J. Harder,^5 G.W. Hart,^{30} E.P. Hartouni,^{29} M. Harvey,^5 K. Hasuko,^{41} R. Hayano,^8 N. Hayashi,^{41} X. He,^{15} M. Heffner,^{29} N. Heine,^{33} T.K. Hemmick,^{47} J.M. Heuser,^{41,47} M. Hibino,^{53} J.S. Hicks,^{38} P. Hidas,^{24} H. Hiejima,^{18} J.C. Hill,^{19} R. Hobbs,^{36} W. Holzmann,^{46} K. Homma,^{16} B. Hong,^{25} A. Hoover,^{37} T. Horaguchi,^{41,42,50} J.R. Hutchins,^{14} R. Hutter,^{47} T. Ichihara,^{41,42} V.V. Ikonnikov,^{26} K. Imai,^{27,41} M. Inaba,^{51} M. Inuzuka,^8 D. Isenhower,^1 L. Isenhower,^1 M. Ishihara,^{41} M. Issah,^{46} A. Isupov,^{20} B.V. Jacak,^{47} U. Jagadish,^{38} W.Y. Jang,^{25} Y. Jeong,^{22} J. Jia,^{47} O. Jinnouchi,^{41,42} B.M. Johnson,^5 S.C. Johnson,^{29} J.P. Jones Jr.,^{38} K.S. Joo,^{34} D. Jouan,^{39} S. Kahn,^5 F. Kajihara,^8 S. Kametani,^{8,53} N. Kamihara,^{41,50} A. Kandasamy,^5 M. Kaneta,^{42} J.H. Kang,^{55} M. Kann,^{40} S.S. Kapoor,^4 K.V. Karadjev,^{26} A. Karar,^{28} S. Kato,^{51} K. Katou,^{53} T. Kawabata,^8 A. Kazantsev,^{26} M.A. Kelley,^5 S. Kelly,^{9,10} B. Khachaturov,^{54} A. Khanzadeev,^{40} J. Kikuchi,^{53} D.H. Kim,^{34} D.J. Kim,^{55} D.W. Kim,^{22} E. Kim,^{45} G.-B. Kim,^{28} H.J. Kim,^{55} E. Kinney,^9 A. Kiss,^{13} E. Kistenev,^5 A. Kiyomichi,^{41,51} K. Kiyoyama,^{35} C. Klein-Boesing,^{33} H. Kobayashi,^{41,42} L. Kochenda,^{40} V. Kochetkov,^{17} D. Koehler,^{36} T. Kohama,^{16} R. Kohara,^{16} B. Komkov,^{40} M. Konno,^{51} M. Kopytine,^{47} D. Kotchetkov,^6 A. Kozlov,^{54} V. Kozlov,^{40} P. Kravtsov,^{40} P.J. Kroon,^5 C.H. Kuberg,^{1,30} G.J. Kunde,^{30} V. Kuriatkov,^{40} K. Kurita,^{41,42} Y. Kuroki,^{51} M.J. Kweon,^{25} Y. Kwon,^{55} G.S. Kyle,^{37} R. Lacey,^{46} V. Ladygin,^{20} J.G. Lajoie,^{19} Y. LeBornec,^{39} A. Lebedev,^{19,26} V.A. Lebedev,^{26} S. Leckey,^{47} D.M. Lee,^{30} S. Lee,^{22} M.J. Leitch,^{30} M.A.L. Leite,^{44} X.H. Li,^6 H. Lim,^{45} A. Litvinenko,^{20} M.X. Liu,^{30} Y. Liu,^{39} J.D. Lopez,^{30} C.F. Maguire,^{52} Y.I. Makdisi,^5 A. Malakhov,^{20} V.I. Manko,^{26} Y. Mao,^{7,peking,41} L.J. Marek,^{30} G. Martinez,^{48} M.D. Marx,^{47} H. Masui,^{51} F. Matathias,^{47} T. Matsumoto,^{8,53} M.C. McCain,^1 P.L. McGaughey,^{30} R. McKay,^{19} E. Melnikov,^{17} F. Messer,^{47} Y. Miake,^{51} N. Miftakhov,^{40} J. Milan,^{46} T.E. Miller,^{52} A. Milov,^{47,54} S. Mioduszewski,^5 R.E. Mischke,^{30} G.C. Mishra,^{15} J.T. Mitchell,^5 A.K. Mohanty,^4 B.C. Montoya,^{30} J.A. Moore,^{38} D.P. Morrison,^5 J.M. Moss,^{30} F. Muehlbacher,^{47} D. Mukhopadhyay,^{54} M. Muniruzzaman,^6 J. Murata,^{41,42} S. Nagamiya,^{23} J.L. Nagle,^{9,10} T. Nakamura,^{16} B.K. Nandi,^6 M. Nara,^{51} J. Newby,^{49} S.A. Nikolaev,^{26} P. Nilsson,^{32} A.S. Nyanin,^{26} J. Nystrand,^{32} E. OBrien,^5 C.A. Ogilvie,^{19}

H. Ohnishi,^{5,41} I.D. Ojha,^{3,52} H. Okada,^{27,41} K. Okada,^{41,42} M. Ono,^{51} V. Onuchin,^{17} A. Oskarsson,^{32} I. Otterlund,^{32} K. Oyama,^8 K. Ozawa,^8 D. Pal,^{54} A.P.T. Palounek,^{30} C. Pancake,^{47} V.S. Pantuev,^{47} V. Papavassiliou,^{37} J. Park,^{45} W.J. Park,^{25} A. Parmar,^{36} S.F. Pate,^{37} C. Pearson,^5 H. Pei,^{19} T. Peitzmann,^{33} V. Penev,^{20} J.-C. Peng,^{18,30} H. Pereira,^{11} V. Peresedov,^{20} A. Pierson,^{36} C. Pinkenburg,^5 R.P. Pisani,^5 F. Plasil,^{38} R. Prigl,^5 G. Puill,^{28} M.L. Purschke,^5 A.K. Purwar,^{47} J.M. Qualls,^1 J. Rak,^{19} S. Rankowitz,^5 I. Ravinovich,^{54} K.F. Read,^{38,49} M. Reuter,^{47} K. Reygers,^{33} V. Riabov,^{40,43} Y. Riabov,^{40} S.H. Robinson,^{30} G. Roche,^{31} A. Romana,^{28} M. Rosati,^{19} E. Roschin,^{40} S.S.E. Rosendahl,^{32} P. Rosnet,^{31} R. Ruggiero,^5 M. Rumpf,^{28} V.L. Rykov,^{41} S.S. Ryu,^{55} M.E. Sadler,^1 N. Saito,^{27,41,42} T. Sakaguchi,^{8,53} M. Sakai,^{35} S. Sakai,^{51} V. Samsonov,^{40} L. Sanfratello,^{36} R. Santo,^{33} H.D. Sato,^{27,41} S. Sato,^{5,51} S. Sawada,^{23} Y. Schutz,^{48} V. Semenov,^{17} R. Seto,^6 M.R. Shaw,^{1,30} T.K. Shea,^5 I. Shein,^{17} T.-A. Shibata,^{41,50} K. Shigaki,^{16} K. Shigaki,^{16,23} T. Shiina,^{30} M. Shimomura,^{51} A. Sickles,^{47} C.L. Silva,^{44} D. Silvermyr,^{30,32} K.S. Sim,^{25} C.P. Singh,^3 V. Singh,^3 F.W. Sippach,^{10} M. Sivertz,^5 H.D. Skank,^{19} G.A. Sleege,^{19} D.E. Smith,^{38} G. Smith,^{30} M.C. Smith,^{38} A. Soldatov,^{17} R.A. Soltz,^{29} W.E. Sondheim,^{30} S.P. Sorensen,^{49} I.V. Sourikova,^5 F. Staley,^{11} P.W. Stankus,^{38} E. Stenlund,^{32} M. Stepanov,^{37} A. Ster,^{24} S.P. Stoll,^5 T. Sugitate,^{16} J.P. Sullivan,^{30} S. Takagi,^{51} E.M. Takagui,^{44} A. Taketani,^{41,42} M. Tamai,^{53} K.H. Tanaka,^{23} Y. Tanaka,^{35} K. Tanida,^{41} M.J. Tannenbaum,^5 V. Tarakanov,^{40} A. Taranenko,^{46} P. Tarjan,^{12} J.D. Tepe,^{1,30} T.L. Thomas,^{36} M. Togawa,^{27,41} J. Tojo,^{27,41} H. Torii,^{27,41,42} R.S. Towell,^1 V-N. Tram,^{28} V. Trofimov,^{40} I. Tserruya,^{54} Y. Tsuchimoto,^{16} H. Tsuruoka,^{51} S.K. Tuli,^3 H. Tydesjo,^{32} N. Tyurin,^{17} T.J. Uam,^{34} H.W. vanHecke,^{30} A.A. Vasiliev,^{26} M. Vassent,^{31} J. Velkovska,^{5,47} M. Velkovsky,^{47} W. Verhoeven,^{33} V. Veszpremi,^{12} L. Villatte,^{49} A.A. Vinogradov,^{26} M.A. Volkov,^{26} E. Vznuzdaev,^{40} X.R. Wang,^{15} Y. Watanabe,^{41,42} S.N. White,^5 B.R. Whitus,^{38} N. Willis,^{39} A.L. Wintenberg,^{38} F.K. Wohn,^{19} C.L. Woody,^5 W. Xie,^6 Y. Yang,^7 A. Yanovich,^{17} S. Yokkaichi,^{41,42} G.R. Young,^{38} I.E. Yushmanov,^{26} W.A. Zajc,^{10,†} C. Zhang,^{10} L. Zhang,^{10} S. Zhou,^7 S.J. Zhou,^{54} J. Zimanyi,^{24} L. Zolin,^{20} and X. Zong,^{19}

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

PHENIX Collaboration 12

3Department of Physics, Banaras Hindu University, Varanasi 221005, India 4Bhabha Atomic Research Centre, Bombay 400 085, India 5Brookhaven National Laboratory, Upton, NY 11973-5000, USA 6University of California - Riverside, Riverside, CA 92521, USA 7China Institute of Atomic Energy (CIAE), Beijing, People’s Republic of China 8Center for Nuclear Study, Graduate School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo 113-0033, Japan 9University of Colorado, Boulder, CO 80309 10Columbia University, New York, NY 10027 and Nevis Laboratories, Irvington, NY 10533, USA 11Dapnia, CEA Saclay, F-91191, Gif-sur-Yvette, France 12Debrecen University, H-4010 Debrecen, Egyetem tér 1, Hungary 13ELTE, Eötvös Loránd University, H - 1117 Budapest, Pázmány P. s. 1/A, Hungary 14Florida State University, Tallahassee, FL 32306, USA 15Georgia State University, Atlanta, GA 30303, USA 16Hiroshima University, Kagamiyama, Higashi-Hiroshima 739-8526, Japan 17Institute for High Energy Physics (IHEP), Protvino, Russia 18University of Illinois at Urbana-Champaign, Urbana, IL 61801 19Iowa State University, Ames, IA 50011, USA 20Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia 21KAERI, Cyclotron Application Laboratory, Seoul, South Korea 22Kangnung National University, Kangnung 210-702, South Korea 23KEK, High Energy Accelerator Research Organization, Tsukuba-shi, Ibaraki-ken 305-0801, Japan 24KFKI Research Institute for Particle and Nuclear Physics (RMKI), H-1525 Budapest 114, POBox 49, Hungary 25Korea University, Seoul, 136-701, Korea 26Russian Research Center “Kurchatov Institute”, Moscow, Russia 27Kyoto University, Kyoto 606, Japan 28Laboratoire Leprince-Ringuet, Ecole Polytechnique, CNRS-IN2P3, Route de Saclay, F-91128, Palaiseau, France 29Lawrence Livermore National Laboratory, Livermore, CA 94550, USA 30Los Alamos National Laboratory, Los Alamos, NM 87545, USA 31LPC, Université Blaise Pascal, CNRS-IN2P3, Clermont-Fd, 63177 Aubiere Cedex, France 32Department of Physics, Lund University, Box 118, SE-221 00 Lund, Sweden 33Institut für Kernphysik, University of Muenster, D-48149 Muenster, Germany 34Myongji University, Yongin, Kyonggido 449-728, Korea 35Nagasaki Institute of Applied Science, Nagasaki-shi, Nagasaki 851-0193, Japan 36University of New Mexico, Albuquerque, NM 87131, USA 37New Mexico State University, Las Cruces, NM 88003, USA 38Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA 39IPN-Orsay, Universite Paris Sud, CNRS-IN2P3, BP1, F-91406, Orsay, France 40PNPI, Petersburg Nuclear Physics Institute, Gatchina, Russia 41RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama 351-0198, JAPAN 42RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973-5000, USA 43St. Petersburg State Technical University, St. Petersburg, Russia 44Universidade de São Paulo, Instituto de Física, Caixa Postal 66318, São Paulo CEP05315-970, Brazil

45System Electronics Laboratory, Seoul National University, Seoul, South Korea 46Chemistry Department, Stony Brook University, Stony Brook, SUNY, NY 11794-3400, USA 47Department of Physics and Astronomy, Stony Brook University, SUNY, Stony Brook, NY 11794, USA 48SUBATECH (Ecole des Mines de Nantes, CNRS-IN2P3, Université de Nantes) BP 20722 - 44307, Nantes, France 49University of Tennessee, Knoxville, TN 37996, USA 50Department of Physics, Tokyo Institute of Technology, Tokyo, 152-8551, Japan 51Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 52Vanderbilt University, Nashville, TN 37235, USA 53Waseda University, Advanced Research Institute for Science and Engineering, 17 Kikui-cho, Shinjuku-ku, Tokyo 162-0044, Japan 54Weizmann Institute, Rehovot 76100, Israel 55Yonsei University, IPAP, Seoul 120-749, Korea ∗Deceased †Spokesperson

Submitted to: J. Phys. G: Nucl. Phys. E-mail: zajc@nevis.columbia.edu

Acknowledgments

We thank the staff of the Collider-Accelerator and Physics Departments at Brookhaven National Laboratory and the staff of the other PHENIX participating institutions for their vital contributions. We acknowledge support from the Department of Energy, Office of Science, Office of Nuclear Physics, the National Science Foundation, Abilene Christian University Research Council, Research Foundation of SUNY, and Dean of the College of Arts and Sciences, Vanderbilt University (U.S.A), Ministry of Education, Culture, Sports, Science, and Technology and the Japan Society for the Promotion of Science (Japan), Conselho Nacional de Desenvolvimento Científico e Tecnológico and Fundação de Amparo à Pesquisa do Estado de São Paulo (Brazil), Natural Science Foundation of China (People’s Republic of China), Centre National de la Recherche Scientifique, Commissariat à l’Énergie Atomique, Institut National de Physique Nucléaire et de Physique des Particules, Institut National de Physique Nucléaire et de Physique des Particules, and Association pour la Recherche et le Développement des Méthodes et Processus Industriels (France), Ministry of Industry, Science and Tekhnologies, Bundesministerium für Bildung und Forschung, Deutscher Akademischer Austausch Dienst, and Alexander von Humboldt Stiftung (Germany), Hungarian National Science Fund, OTKA (Hungary), Department of Atomic Energy and Department of Science and Technology (India), Israel Science Foundation (Israel), Korea Research Foundation and Center for High Energy Physics (Korea), Russian Ministry of Industry, Science and Tekhnologies, Russian Academy of Science, Russian Ministry of Atomic Energy (Russia), VR and the Wallenberg Foundation (Sweden), the U.S. Civilian Research and Development Foundation for the Independent States of the

Former Soviet Union, the US-Hungarian NSF-OTKA-MTA, the US-Israel Binational Science Foundation, and the 5th European Union TMR Marie-Curie Programme.