arXiv:nucl-th/0202086 v2 1 May 2002

Phi meson production in relativistic heavy ion collisions

Subrata Pal, C.M. Ko, and Zi-wei Lin Cyclotron Institute and Physics Department, Texas A&M University, College Station, Texas 77843-3366

Within a multiphase transport model we study phi meson production in relativistic heavy ion collisions from both superposition of initial multiple proton-proton interactions and the secondary collisions in the produced hadronic matter. The yield of phi mesons is then reconstructed from their decaying product of either the kaon-antikaon pairs or the dimuon pairs. Since the kaon-antikaon pairs at midrapidity with low transverse momenta are predominantly rescattered or absorbed in the hadronic medium, they can not be used to reconstruct the phi meson and lead thus to a smaller reconstructed phi meson yield than that reconstructed from the dimuon channel. With in-medium mass modifications of kaons and ϕ mesons, the ϕ yield from dimuons is further enhanced compared to that from the kaon-antikaon pairs. The model result is compared with the experimental data at the CERN/SPS and RHIC energies and its implications to quark-gluon plasma formation are discussed.

PACS numbers: 24.10.Cn, 24.10.Pa, 25.75.Dw

I. INTRODUCTION

One of the major goals in relativistic heavy ion collisions is to study the properties of hot and dense matter and possibly to create and identify a new form of matter, the quark gluon plasma (QGP). It was suggested [1] that enhanced strangeness production could serve as an important signal for the deconfined matter. The dominant production of ss̄ pairs via gluon-gluon interaction may lead to strangeness (chemical and flavor) equilibration times comparable to the lifetime of the plasma and much shorter than that of a thermally equilibrated hadronic fireball. The subsequent hadronization is then expected to result in an enhanced production of strange and multistrange particles and antiparticles. In particular, it has been argued that with the formation of quark-gluon plasma not only the production of phi mesons, which consist of ss̄, is enhanced but they also retain the information on the conditions of the hot plasma as it is believed that phi mesons interact weakly in the hadronic matter and therefore freeze out quite early from the system [2].

Using a proton or sulfur projectile at 200 GeV/nucleon and a tungsten or uranium target, phi meson production has been previously studied at CERN/SPS by the NA38 Collaboration [3] and the HELIOS-3 Collaboration [4] via the dimuon invariant mass spectra. The double ratio (ϕ/(ω + ρ^0))_{SU(W )}/(ϕ/(ω + ρ^0))_{pW} has been measured and was found to have a value of 2 ∼ 3. Various theoretical attempts have been made to understand this enhancement. In particular, an enhancement of phi meson yield may be a signature of the formation of a quark gluon plasma in the collisions [2]. However, this enhancement can also be explained either using hadronic models if one takes into account the reduced phi meson mass in nuclear medium [5] or via the fragmentation of color ropes that are formed from the initial strings [6].

Recently, phi meson production has also been measured in central Pb+Pb collisions at 158A GeV at the CERN/SPS. The NA49 Collaboration [7] has identified the phi meson via the decay channel ϕ → K^+K^−, while the NA50 Collaboration [8] measured it using ϕ → μ^+μ^− decay. It was found that the extracted number of phi meson from dimuon channel exceeds by a factor between two and four from that extracted from the K^+K^− channel. This difference has been attributed to the fact that not all phi mesons can be reconstructed from K^+K^− resulting from their decays due to rescattering of the K^+ and K^− in the hadronic matter. The suppression factor can be 40-60% based on the RQMD model [9]. This effect has been further studied in a schematic model by including the effect of changing kaon masses in the hadronic medium [10].

In the present paper, using a multiphase transport (AMPT) model we make a detailed and consistent study of the production of phi mesons reconstructed from the K^+K^− and μ^+μ^− decay channels. The effects of in-medium mass modification to the phi meson yield and spectra are also studied and are compared with the experimental findings by the NA49 and NA50 Collaborations at the SPS energies. We also present the phi meson yield and spectra at the RHIC energy of √ s = 130A GeV.

This paper is organized as follows. In Section II, we briefly review the AMPT model, discuss the phi meson production and interaction cross sections in hadronic matter as well as the medium effects on kaon and phi meson masses. The identification of phi mesons from both the dimuon and dikaon channels in the transport model is described in Section III. In section IV, we show the results on phi mesons from heavy ion collisions at both SPS and RHIC. Finally, summary and conclusions are given in Section V.

II. THE MODEL

A. A Multiphase transport model

To describe the heavy ion collision dynamics, we employ a multiphase transport model (AMPT) that includes both the initial partonic and final hadronic interactions. The AMPT model [11] is a hybrid model that uses as input the minijet partons from the hard processes and the strings from the soft processes in the HIJING model [12]. The dynamical evolution of partons are then modeled by the ZPC [13] parton cascade model, while the transition from the partonic matter to the hadronic matter is based on the Lund string fragmentation model [14]. The final-state hadronic scatterings are modeled by the ART model [15]. The AMPT model has been quite successful in describing the measured transverse momenta of pions and kaons, and the rapidity distributions of charge particles [16,17] as well as the particle to antiparticle ratios [18] in heavy ion collisions at both SPS and RHIC. Including melting of initial strings to partons, the model can also account for the observed large elliptic flow [19] and the measured two-pion correlation function [20] at RHIC. In the original AMPT model, phi mesons are produced only from initial string fragmentation. In the present work, we extend it to also include phi meson production and interactions in the hadronic matter.

B. phi meson production and interactions

For phi meson production from hadron scatterings in the ART model, we consider both the baryon-baryon interaction channels BB → ϕN N and the meson-baryon channels (π, ρ)B → ϕB, where B ≡ N, Δ, N^∗. The cross sections for these processes have been evaluated in the one-boson-exchange model [21] and are used here. We have also included phi meson production from the reaction KΛ → ϕN with the cross section taken from Ref. [5] based on a kaon-exchange model.

Phi meson can be further produced from kaon-antikaon scattering. For a kaon-antikaon pair with invariant mass M , the total cross section for KK̄ → ϕ is taken to be a Breit-Wigner form

σ_K¯_{K→ϕ}(M ) = 3π k^2

(m_ϕΓ_ϕ)^2 (M^2 − m^2_ϕ)^2 + (m_ϕΓ_ϕ)^2

, (1)

where the phi meson decay width to KK̄ is given by

Γ_{ϕ→K}¯_K (M ) = g^2_{ϕKK̄} 4π ( m^2_ϕ − 4m^2_K )_{3/2} 6m^2_ϕ

, (2)

with the coupling constant g^2_{ϕKK̄}/4π ≈ 1.69 determined from the empirical width of 3.7 MeV, corresponding to 83% of the total width, at M = m_ϕ.

For phi meson interactions with baryons, we include the absorption reactions given by the inverse reactions of phi meson production from meson-baryon interactions given above. The corresponding cross sections are obtained using the detailed balance relations. The cross section for phi meson elastic scattering with a nucleon is taken to be 0.56 mb as extracted from the data on phi-meson photoproduction using the vector meson dominance model [22]. These cross sections are shown in the upper left panel of Fig. 1.

Phi mesons can also be scattered by mesons. Using effective hadronic Lagrangians, where coupling constants were determined from experimental partial decay rates, the total collisional width of ϕ due to the reactions ϕπ → KK^∗, ϕρ → KK, ϕK → ϕK and ϕϕ → KK was found to be less than 35 MeV [23] (where K denotes either a kaon or an antikaon as appropriate). However, recent calculations [24] based on a Hidden Local Symmetry Lagrangian shows that the collisional rates of ϕ with pseudoscalar (π, K) and vector (ρ, ω, K^∗, ϕ) mesons are appreciably large, especially for the K^∗, resulting in a much smaller mean free path, of about 2.4 fm in a hadronic matter at temperature T > 170 MeV, compared to the typical hadronic system size of ∼ 10 − 15 fm created in heavy ion collisions. We have included all these possible interactions, i.e., ϕM → (K, K^∗)(K, K^∗), and ϕ(K, K^∗) → M (K, K^∗), where M ≡ (π, ρ, ω) with cross sections determined from the partial collisional widths given in Ref. [24]. Specifically, we take matrix elements |M|^2 of these reactions to be independent of the center-of-mass energy and extract their values from the collisional widths. The cross sections for these reactions are then given by dσ/dΩ ∼ |M|^2k_f /(k_is^2), where s is the c.m. energy and k_i and k_f are, respectively, the initial and final c.m. momenta of the colliding hadrons. The cross sections for the inverse reactions of the above processes are then obtained from the detailed balance relations. In Fig. 1, we show the cross sections for phi-pion and phi-rho scattering (upper right panel), phi-kaon scattering (lower left panel), and phi-K^∗ scattering (lower right panel). The elastic cross section of phi meson with other mesons can be similarly obtained and is found to be about 2 mb.

FIG. 1. Phi meson scattering cross sections by nucleons (upper left panel), mesons (upper right panel), kaons (lower left panel), and K^∗ (lower right panel).

C. medium effects

Since the phi meson mass is only 32 MeV above the kaon-antikaon threshold, it is strongly coupled to the kaon and antikaon dynamics, i.e., to the strangeness content of the surrounding medium. A small change in the masses of either the phi meson or kaon thus would appreciably affect the decay width of phi meson.

Studies based on various approaches, such as the relativistic mean-field theory [25] and the chiral effective Lagrangian [26], have led to a general consensus that K^+ feels a rather weak repulsive potential while the K^− feels a relatively stronger attractive potential. With such modifications, the kaon yield and spectra could be successfully explained at SIS energies (1-2A GeV) [27–29] and even at AGS energy (∼ 11A GeV) [30]. In the present study, we adopt the kaon and antikaon energies from chiral effective Lagrangian, i.e.,

ω_{K,}¯_K = [ m^2_K + k^2 − a_Kρ_S + (b_K ρ)^2 ]_{1/2} ± b_K ρ , (3)

where b_K = 3f^2_π /8 ≈ 0.333 GeV fm^3, a_K ≈ 0.22 GeV^2 fm^3 for kaons, and a¯_K ≈ 0.45 GeV^2 fm^3 for antikaons. The K^+ potential, defined by U_K = ω_K − √ m^2_K + k^2 and given by the plus sign in Eq. (3), is then ∼ +20 MeV at normal nuclear density and is consistent with that determined from the impulsive approximation using the empirical kaon-nucleon scattering length [31]. The K^− potential, given by the minus sign in Eq. (3), at normal nuclear density is about −110 MeV and is somewhat less than that extracted from the kaonic atoms [32]. The present set of parameters was found to reproduce well the K^+ and K^− kinetic energy spectra and the ratio of their yields for heavy ion collisions at the SIS energy [33].

For the in-medium phi meson mass, the QCD sum rule studies show that it decreases slightly in hot dense matter [34–36]. Using the result from Ref. [34], we have m^∗_ϕ m_ϕ ≈ 1 − 0.0255 ρ ρ_0

, (4)

where ρ_0 is the normal nuclear matter density.

The in-medium decay width of phi meson to kaon-antikaon pair is then given by

Γ^∗_{ϕ→KK̄} (M ) = g^2_{ϕKK̄} 4π 1 6m^{∗5}_ϕ [( (m^{∗2}_ϕ − (m^∗_K + m^∗_{K̄} )^2 ) ( (m^{∗2}_ϕ − (m^∗_K − m^∗_{K̄} )^2 )]_{3/2} . (5)

Although the phi meson mass decreases in the medium, the larger reduction of the overall kaon-antikaon mass with increasing density results in an increase of phi meson width Γ^∗_{ϕ→KK̄} in the medium. At density ρ = 2ρ_0, the phi meson in-medium width is about 45 MeV.

III. RECONSTRUCTION OF PHI MESONS

Since phi meson is unstable, it can only be detected from its decay product of either the kaon-antikaon pair or the lepton pair. The kaon-antikaon pair decaying from a phi meson is, however, likely to undergo appreciable rescattering in the medium, and this would lead to a reconstructed invariant mass situated outside the original phi meson peak. In fact, the momentum transfer to a kaon suffering one collision with a pion at T = 150 MeV can be estimated to be about 45 MeV which is much larger than the total phi meson width of Γ_ϕ = 4.45 MeV. Hence phi mesons decaying in the dense medium is difficult to be identified via reconstructed kaon-antikaon pairs. In contrast, dileptons have negligible final-state interactions with the surrounding hadronic medium and therefore escape essentially unscathed during the entire evolution of the system. Dileptons are thus considered to carry useful information about hadron properties in hot and dense hadronic matter [37], which are expected to be different from those in free space.

A. dileptons

To detect a phi meson from its dimuon decay, we need the decay width for ϕ → μ^+μ^− [38], which in the medium is

Γ^∗_{ϕ→μ}+_μ− (M ) = C_μ+_μ− m^{∗4}_ϕ M^3 ( 1 − 4m^2_μ M^2 )_{1/2}( 1 + 2m^2_μ M^2 ) . (6)

The coefficient C_μ+_μ− ≡ α^2 / 27(g^2_{ϕKK̄}/4π) = 1.634 × 10^{−6} is determined from the measured width at M = m_ϕ. Since dimuons are emitted continuously during the evolution of the system, the total number of dimuon is given by [38]

N_μ+_μ− = ∫_{tf} 0 dt N_ϕ(t)Γ^∗_{ϕ→μ}+_μ− (M ) + N_ϕ(t_f ) Γ_{ϕ→μ}+_μ− Γ_ϕ

, (7)

where N_ϕ(t) denotes the number of phi meson at time t. In the above, the first term corresponds to dimuon production before the freeze-out time of t_f = 35 fm/c considered in our calculation, while the second term refers to dimuon emission after freeze-out. The reconstructed phi meson number is obtained by dividing the above expression by the dimuon branching ratio in free-space of Γ_{ϕ→μ}+_μ− /Γ_ϕ = 3.7 × 10^{−4}. Since most previous studies [9,10] have neglected the phi meson annihilation and production channels via baryons and especially by pseudoscalar and vector mesons, the phi meson lifetime in these studies is thus comparable to the lifetime of the system. Consequently, phi mesons from dimuon channel get significant contributions only after freeze-out.

B. kaons

The number of kaon-antikaon pair stemming from phi meson decay can be similarly expressed as Eq. (7) for dimuon production, i.e.,

N_K¯_K = ∫_{tf} 0 dt N_ϕ(t)Γ^∗_{ϕ→KK̄} (M ) + N_ϕ(t_f ) Γ_{ϕ→K}¯_K Γ_ϕ

. (8)

The phi meson abundance from kaon-antikaon decay is obtained by dividing Eq. (8) by the KK̄ branching ratio in free-space Γ_{ϕ→K}¯_K /Γ_ϕ. It is evident from Eqs. (7) and (8) that in absence of any medium effect on the masses and decay widths, i.e. for Γ^∗_{ϕ→KK̄} = Γ_{ϕ→K}¯_K and Γ^∗_{ϕ→μ+ μ−} = Γ_{ϕ→μ}+_μ− , the number of reconstructed phi meson from dimuon channel is same as that from the kaon-antikaon channel if all the kaon pairs escape the collision zone unscattered. On the other hand, with large in-medium phi meson width both the production and annihilation of phi meson from ϕ ↔ KK̄ is enhanced. If the production of phi meson dominates over its decay especially at the early dense stage of the collision, the dimuons originating from the phi meson decay will be enhanced. On the other hand, the kaon-antikaon pairs from phi meson decays will be essentially undetected in the phi meson reconstruction as they are expected to be rescattered and experience strong medium modifications of their masses.

IV. RESULTS

We have used the extended AMPT model described in the above to study phi meson production in heavy ion collisions at both SPS and RHIC energies.

A. SPS

1. time evolution

The time evolution of phi meson abundance at midrapidity for central Pb+Pb collisions at 158A GeV in the AMPT model is shown in the upper left panel of Fig. 2. The solid curves are the results from calculations where both kaon and phi meson medium effects are neglected. The minijet partons and predominantly string decays in the HIJING model at the SPS energy produces about 2.6 initial number of phi mesons per event. Since these phi mesons are produced at different times as a result of finite formation time, they appear successively in the ART hadronic transport. Subsequent multiple rescattering in the hadronic medium leads to a peak value of N_ϕ ≈ 4.0 at t = 3 fm/c, which finally decays to ∼ 2.3 at an average freeze-out time of t_f ≃ 35 fm/c. Because of small decay width of ϕ into KK̄ pair, most of the phi mesons decay outside the fireball (see upper right panel of Fig. 2). In spite of this small width, the production of phi meson from the inverse reaction dominates over the decay due to considerable abundance of kaons from the HIJING model at the early stage of the reaction. At times t > 15 fm/c the process ϕ ↔ KK̄ is seen to approach chemical equilibrium. Note that even at late times at around the freeze-out value there is a substantial phi meson production from the kaon-antikaon channel which has been neglected in the previous study [10].

Time evolution of the production and absorption rates of phi meson from different channels are shown in the lower panels of Fig. 2. Of all the collisional channels considered for the phi meson, the dominant ones are ϕM → (K, K^∗)(K, K^∗) and ϕK^∗ → M (K, K^∗) (M ≡ π, ρ, ω), which are of comparable magnitude. Although the cross section in the former reaction is smaller compared to that of ϕ − K^∗ (see Fig. 1), the larger abundance of pions relative to kaons (K^+/π^+ = 0.12 from the HIJING) leads to similar contribution to phi meson production in both these reactions. Moreover, the small abundance of phi meson results in identical production and annihilation rates for ϕ − M collision (lower left panel), i.e. chemical equilibrium in this reaction is rapidly achieved. In contrast, phi meson production overwhelms its destruction (lower right panel) due to larger abundances of the mesons M (= π, ρ, ω) relative to K and especially K^∗. In particular, the process M K^∗ → ϕK^∗ with its largest cross section and smaller threshold contributes ∼ 80% to the total ϕ + K^∗ formation. This enhanced production at about 3 fm/c is reflected in the rapid increase of the phi meson abundance (upper left panel). The production and annihilation rates for phi mesons in processes involving K̄ and K̄^∗, which are not shown in the figure, exhibit similar qualitative features as for those with K and K^∗, but are about a factor of 1.5 smaller reflecting the K̄/K ratio of 0.70 at the SPS energy. The phi meson collisional rate as observed here is considerably larger than that predicted in all previous calculations [23,39]. As the system expands the collisional rate drops and these reactions reach chemical equilibration at t = 7 fm/c. Finally, at a later time phi meson decay becomes more effective than its absorption. It may be noted that the initial dominance of phi meson production and its subsequent absorption as observed in the present transport calculation is different from the findings of Ref. [24], where ϕ mesons embedded in a gas of (π, K, ρ, ω, K^∗) at chemical equilibrium, are found to decrease with evolution of the system.

The chemical equilibration of phi mesons via production and annihilation in the hadronic matter can be better seen by switching off the initial phi production from string decays in the HIJING model. As shown by the dash-dotted

FIG. 2. Upper left panel: Time evolution of midrapidity (|y| < 0.5) phi meson from Pb+Pb collisions at the SPS energy of 158A GeV at an impact parameter of b ≤ 3.5 fm in the AMPT model. The results are for without (solid curve) and with (dashed curve) in-medium mass modifications, and with further increase of phi meson number by two in the HIJING model (dotted curve). The phi meson yield obtained from purely hadronic rescattering without any medium effects is shown by dash-dotted curve. Upper right panel: The phi meson production (solid curves) and decay rates (dashed curves) for the process ϕ ↔ K^+K^−. The thin curves are without in-medium mass modification while the thick ones include medium mass modification. Lower panels: ϕ production (solid curves) and absorption rates (dashed curves) for different channels without any mass modifications; where M ≡ π, ρ, ω.

curve in the upper left panel of Fig. 2, this leads to a suppressed peak in the time evolution of phi meson abundance but does not change much the phi meson number at later times, when compared to that in the case of including the initial phi mesons from string decays.

2. rapidity distribution

The rapidity distribution of phi mesons reconstructed from K^+K^− and μ^+μ^− channels in central Pb+Pb collision at 158A GeV is shown in Fig. 3. In absence of any medium effects, the results for phi mesons from the the K^+K^− channel (thin solid curve) are in good agreement with the NA49 experimental data [7] (solid circles). With free-space decay width of phi meson, the rapidity distribution of all phi mesons from the K^+K^−, neglecting their scattering, is identical to that reconstructed from the μ^+μ^− channel (thin dashed curve). Due to rescattering or absorption of the kaon pairs, ∼ 30% of all ϕ mesons are lost in the reconstruction, of which about 40% of the decaying kaons have at least one (anti)kaon that suffer elastic scattering. The maximum depletion of phi mesons from the K^+K^− channel occurs at midrapidity where kaon-antikaon pairs undergo appreciable scattering in the dense hadronic medium. Note that around y = 0, phi meson from dimuon channel is about a factor 1.7 larger than from the kaon-antikaon channel, which is smaller than the factor of 2-4 enhancement observed in the NA50 data [8].

FIG. 3. Rapidity distribution of phi meson reconstructed from K^+K^− pairs (solid curves) and from μ^+ μ^− channel (dashed curves) for Pb+Pb collisions at 158A GeV at an impact parameter of b ≤ 3.5 fm in the AMPT model. The results are for without (thin curves) and with (thick curves) in-medium mass modifications. The dotted curve corresponds to phi mesons from the dimuon channel with in-medium masses and with the phi meson number from HIJING increased by a factor of two. The solid circles are the NA49 experimental data [7] from the K^+K^− channel.

3. transverse mass spectrum

In Fig. 4, we show the transverse mass spectra at midrapidity for phi meson from kaon-antikaon (solid squares) and dimuon (open squares) channel without medium effects. It is seen that at low m_T the phi meson from K^+K^− channel is suppressed due to rescattering. Since the transverse momentum of a particle increases due to increasing number of scattering and due to pressure build-up inside the system, the decayed kaons at the early stages, which are predominantly scattered, thus have low transverse momenta. The transverse mass spectra can be approximately fitted by exp(−m_T /T ). The inverse slope parameter T reported by NA50 [8] from the μ^+μ^− channel for 1.7 < m_T < 3.2 GeV/c^2 at midrapidity is T = 227 ± 10 MeV, which agrees well with the AMPT model prediction of T = 228 MeV. In contrast, the slope parameter extracted by NA49 [7] from the K^+K^− channel for 1 < m_T < 2.2 GeV/c^2 is T = 305 ± 15 MeV. The depletion of reconstructed ϕ at low m_T in the AMPT model leads only to a slighter higher slope of T = 267 MeV, and thus is much smaller than the NA49 data. The ratio of the yields at midrapidity, R(m_T ) = N_K+_K− (Γ_ϕ/Γ_{ϕ→K}¯_K ) / N_μ+_μ− (Γ_ϕ/Γ_{ϕ→μμ}), from Eqs. (8) and (7) corrected by their respective branching ratios, is shown in the inset of Fig. 4. The maximum suppression of ∼ 40% at low m_T in the kaon channel as observed in the AMPT model (squares) is larger than the suppression factor of 60% found in the RQMD calculation [9]. This can be traced back to enhanced phi meson production from large collisional scattering among the mesons leading to a peak in the ϕ yield at the early stage (see Fig. 2; upper left panel). The dimuons from these phi meson escape the fireball freely while the K^+K^− are rescattered in the dense hadronic medium and do not contribute to the reconstruction of phi mesons.

4. In-medium effect

Modification of phi meson and kaon masses is expected to enhance the production and decay of phi meson in the medium and to lead to a possible further increase of the suppression factor R(m_T ). The abundance of phi meson as a function of time of the colliding system with in-medium mass modification is shown in the upper left panel of Fig. 2 (dashed curve). The abundance exhibits 20% increase at the peak, and it finally merges with the free-space value at large times when medium effects are negligible and chemical equilibrium in all channels sets in. This enhancement can be mainly attributed to the increase in the K^+K^− → ϕ production rate due to larger width Γ^∗_{ϕ→KK̄} in the dense medium, as shown by thick curves in the upper right panel of Fig. 2.

FIG. 4. Transverse mass spectra for midrapidity (|y| < 1) phi mesons reconstructed from K^+K^− pairs (solid symbols) and from μ^+μ^− channel (open symbols) for Pb+Pb collisions at 158A GeV at an impact parameter of b ≤ 3.5 fm in the AMPT model. The results are for without (squares) and with (triangles) in-medium mass modifications. The solid circles are the NA49 data [7] for ϕ → K^+K^− decay, and the open circles are the NA50 data [40] for ϕ → μ^+μ^−. In the inset is shown as a function of mT the ratio R(mT ) for phi mesons decaying to kaon-antikaon pairs that are not scattered to those determined from the dimuon channel. The results are for without (squares) and with (triangles) in-medium mass modification, and with a further increase of phi meson number by two in the HIJING model (circles).

The rapidity distribution of ϕ from kaon pairs that have not suffered any collision is shown in Fig. 3 with inmedium masses (thick solid curve), which is found to lie within the error bars of the NA49 data. Since free-space branching ratio is used to determine the phi meson abundance from the kaon channel, it is evident from Eq. (8) that large in-medium width Γ^∗_{ϕ→KK̄} leads to appreciable production and simultaneous decay of phi meson, resulting in dN/dy ≈ 7.1 at y ≈ 0 for all these kaon pairs. In contrast, since the branching ratio for ϕ → μ^+μ^− is largely unaltered in the medium, the dN/dy of the reconstructed phi mesons at y ≈ 0 is 4.5 and thus about 1.9 times larger than that from the kaon channel.

The transverse mass spectra in the kaonic channel with medium effects (solid triangles in Fig. 4) reveals nearly identical slope as for the bare masses. On the other hand, the large number of dimuon production at low m_T in the early stage of collisions with in-medium masses leads to a slightly steeper mass spectra with a slope parameter of T = 220 MeV. This is clearly seen in the inset of Fig. 4 (triangles) for the ratio R(m_T ) where the suppression at low m_T is ≃ 33%.

5. discussions

Our results on the phi meson yield reconstructed from kaon and dimuon channels differs at most by about a factor of two in the AMPT model, which corresponds only to the lower bound to the differences found in the NA49 and NA50 data. For a systematic comparison with theory it is instructive to undertake an experiment where both the kaon and muon pairs from phi mesons are determined in the same m_T and y range. If differences as large as a factor of four corresponding to the upper bound of the NA49 and NA50 data is indeed observed in the same experiment, this may then suggest that other mechanisms, such as formation of color rope [6] or quark-gluon plasma [2], are needed for phi meson production. In the QGP scenario, because of copious production of ss̄ pair, its subsequent hadronization may result in a dramatic increase of phi meson abundance in excess of that produced purely by hadronic rescatterings [2]. The phi meson produced at the initial stage should contribute primarily to the dimuon channel. To mimic the effect of enhanced phi meson production in QGP, we make an ad hoc increase in the phi meson number by a factor of two in the HIJING model. The time evolution of N_ϕ is illustrated in Fig. 2 (dotted curve) where the phi meson yield, instead of exhibiting a peak, rapidly decreases to its equilibrium value which corroborates the findings of Ref. [24]. Including also the medium effect, the rapidity distribution from non-scattered kaon is increased by another ∼ 8%, whereas the yield from μ^+μ^− channel is considerably enhanced (dotted curve in Fig. 3). The resulting suppression factor R(m_T ) at low m_T is ≈ 21% as is evident from the inset of Fig. 4 (circles).

The importance of initial phi mesons to the dimuon yield is also seen in the scenario of neglecting phi mesons from the initial string decays. In this case, we find that the phi number obtained from the K^+K^− channel is essentially unaffected due to chemical equilibration via the hadronic scatterings, but the phi meson reconstructed from dimuons is, however, significantly suppressed.

B. RHIC

FIG. 5. The rapidity distribution (top panel) and the transverse mass spectra (bottom panel) for midrapidity (|y| < 0.5) phi mesons reconstructed from K^+K^− pairs (solid curves) and from μ^+ μ^− channel (dashed curves) for Au+Au collisions at RHIC energy of √ s = 130A GeV at an impact parameter of b ≤ 5.3 fm in the AMPT model. The solid circles are the STAR experimental data [41] for 0 − 11% central collisions for ϕ reconstructed from K^+K^− decay.

In the AMPT model, heavy ion collisions at RHIC differ from that at SPS mainly in the increasing effect of minijet gluons. However, the initial heavy ion collision dynamics at RHIC remains dominated by soft string fragmentation processes as at SPS. In Fig. 5 (top panel), we present results from the AMPT model for the rapidity distribution of phi mesons reconstructed from K^+K^− and μ^+μ^− pairs for central Au+Au collisions at the RHIC energy of √ s = 130A GeV. Of the total phi meson yield of 37 per event, about 24% of these are lost in the kaonic channel by hadronic rescattering and absorption. Note that in spite of enhanced phi meson production in the early stages of the collision as compared to the SPS energy, its abundance at y ≈ 0 is only about a factor of 1.5 large in the dimuon channel. This may be attributed to fewer kaons lost by rescattering at RHIC as they can escape rapidly out of the collision zone unperturbed due to of their large energies. It is seen that phi meson multiplicities reconstructed from K^+K^− pairs at midrapidity in the AMPT model is consistent with the STAR data [41].

The transverse mass spectra of ϕ meson from the two channels are shown in the bottom panel of Fig. 5, and compared with the STAR data [41] for the K^+K^− channel. Compared to a slope parameter of T = 379 ± 50 MeV in the data, the AMPT model predicts a smaller value of T = 335 MeV in the kaonic channel in the range 0 < m_T − m_ϕ < 1 GeV. The slope parameter for phi mesons determined from the μ^+μ^− channel is T = 297 MeV resulting in a suppression factor at low m_T of R(m_T ) = 58%. Note that at both SPS and RHIC energy, the slope parameter of phi mesons from K^+K^− decay is smaller compared to the experimental data. We have increased the phi meson elastic cross sections with baryons and mesons to 8.3 mb, which corresponds to the upper bound estimated from phi meson photoproduction data [21], and find that this increases only slightly the slope parameter. On the other hand, an enhanced flow is expected to be generated by converting the strings produced from soft processes into interacting partons in the high energy density created in ultra-relativistic heavy ion collisions [19]. Since in the default HIJING model the strings are basically noninteracting, the latter modification was found to reproduce the large elliptic flow observed in Au+Au collisions at √ s = 130A GeV [17]. Results based on this new AMPT model will be reported in the future.

V. SUMMARY AND CONCLUSIONS

In summary, we have investigated in a multiphase transport (AMPT) model the production of phi mesons reconstructed from K^+K^− and μ^+μ^− decays. Considering all possible collisions of ϕ with the hadronic medium, we find the phi meson yield from dimuon channel is about a factor of 1.7 higher than the kaon-antikaon channel for central Pb+Pb collisions at the SPS energy. The kaons originating from phi meson decay in the dense hadronic medium are predominantly scattered and absorbed and thus do not contribute to the phi meson yield, whereas all the μ^+μ^− pair freely escape. Inclusion of in-medium modification of masses of kaons and phi mesons enhances the phi meson width and results in a factor of two increase of the phi meson yield from the dimuon channel compared to the kaon-antikaon channel. However, strikingly different results were found by two experiments: The NA50 [8] measured ϕ → μ^+μ^− and found its yield a factor of 2-4 larger with a smaller slope parameter compared to ϕ → K^+K^− measurements by NA49 [7] for central Pb+Pb collisions at 158A GeV. Such a large enhancement of four at low transverse mass from dimuon over the kaon channel could only be explained in the AMPT model by an ad hoc increase of phi meson number by about three from the initial stage. This may be suggestive of other mechanisms, such as the formation of color ropes or quark-gluon plasma in these collisions. To pin down these differences an experiment measuring phi meson from both dimuon and kaon decays in the same kinematic range is therefore called for. For heavy ion collisions at RHIC energy of √ s = 130A GeV, the AMPT model gives the yield and slope parameter of phi mesons from the K^+K^− channel that are in reasonable agreement with the STAR data. Similar to the results for heavy ion collisions at SPS, the phi meson yield from the dimuon channel is about 1.5 times larger than that from the K^+K^− channel in the absence of additional phi meson production due to the formation of the initial partonic stage. This number is expected to increase significantly if we include such enhanced production of initial phi mesons. Indeed at RHIC, large energy densities are expected to be reached, and a partonic matter with a longer lifetime and occupying a larger volume could be formed. Compared to SPS energy, larger ss̄ production in the partonic stage and its subsequent hadronization would therefore result in an enhanced phi meson abundance, especially at the early stages. These phi mesons should contribute dominantly in the dimuon channel while most of them will escape detection in the kaonic channel. It is thus of great interest to have experimental data on phi mesons from the dimuon measurement at the RHIC energy.

VI. ACKNOWLEDGMENT

This paper is based on work supported by the National Science Foundation under Grant Nos. PHY-9870038 and PHY-0098805, the Welch Foundation under Grant No. A-1358, and the Texas Advanced Research Program under Grant No. FY99-010366-0081.

[1] J. Rafelski and B. Müller, Phys. Lett. B 111 (1982) 101;

P. Koch, B. Müller, and J. Rafelski, Phys. Rep. 142 (1986) 167. [2] A. Shor, Phys. Rev. Lett. 54 (1985) 1122. [3] R. Ferreira, Nucl. Phys. A 544 (1992) 497c. [4] M.A. Mazzoni, Nucl. Phys. A 566 (1994) 95c. [5] C.M. Ko and B. H. Sa, Phys. Lett. B 258 (1991) 6.

[6] M. Berenguer, H. Sorge, and W. Greiner, Phys. Lett. B 332 (1994) 15. [7] S.V. Afanasiev et al., (NA49 Collaboration), Phys. Lett. B 491 (2000) 59. [8] M.C. Abreu et al., (NA50 Collaboration), J. Phys. G. 27 (2001) 405; and references therein. [9] S.C. Johnson, B.V. Jacak, and A. Dress, Eur. Phys. J. C 18 (2001) 645. [10] P. Filip and. E.E. Kolomeitsev, Phys. Rev. C 64 (2001) 054905. [11] B. Zhang, C.M. Ko, B.A. Li and Z. Lin, Phys. Rev. C 61 (2000) 067901;

B. Zhang, C.M. Ko, B.A. Li, Z. Lin, and B.H. Sa, ibid. 62 (2000) 054905; Z. Lin, S. Pal, C.M. Ko, B.A. Li and B. Zhang, ibid. 64 011902 (2001) 011902.

[12] M. Gyulassy and X.N. Wang, Comp. Phys. Comm. 83 (1994) 307. [13] B. Zhang, Comp. Phys. Comm. 109 (1994) 193. [14] T. Sjöstrand, Comp. Phys. Comm. 82 (1994) 74. [15] B.A. Li and C.M. Ko, Phys. Rev. C 52 (1995) 2037. [16] B.B. Back et al., Phys. Rev. Lett. 85 (2000) 3100. [17] K.H. Ackermann et al., Phys. Rev. Lett. 86 (2001) 402. [18] B.B. Back et al., nucl-exp/0105011.

[19] Z.W. Lin and C.M. Ko, Phys. Rev. C 65 (2002) 034904. [20] Z.W. Lin, C.M. Ko, and S. Pal, nucl-th/0204054.

[21] W.S. Chung, G.Q. Li and C.M. Ko, Nucl. Phys. A 625 (1997) 347; and references therein. [22] H. Joos, Phys. Lett. B 24 (1967) 103.

[23] C.M. Ko and D. Seibert, Phys. Rev. C 49 (1994) 2198. [24] L. Alvarez-Ruso and V. Koch, nucl-th/0201011.

[25] J. Schaffner, J. Bondorf, and I.N. Mishustin, Nucl. Phys. A 625 (1997) 325. [26] D.B. Kaplan and A.E. Nelson, Phys. Lett. B 175 (1986) 57;

G.E. Brown, C.H. Lee, M. Rho, and V. Thorsson, Nucl. Phys. A 567 (1994) 937; T. Waas, N. Kaiser, and W. Weise, Phys. Lett. B 365 (1996) 12.

[27] C. M. Ko, and G.Q. Li, J. Phys. G 22 (1996) 1673;

C.M. Ko, V. Koch, and G.Q. Li, Annu. Rev. Nucl. Part. Sci. 47 (1997) 505. [28] G.Q. Li, C.-H. Lee and G.E. Brown, Nucl. Phys. A 625 (1997) 372. [29] G.Q. Li and G.E. Brown, Nucl. Phys. A 636 (1998) 487. [30] S. Pal, C.M. Ko, Z. Lin, and B. Zhang, Phys. Rev. C 62 (2000) 061903(R). [31] T. Barnes and E.S. Swanson, Phys. Rev. C 49 (1994) 1166.

[32] E. Friedman, A. Gal, and C. J. Batty, Phys. Lett. B 308 (1993) 6; Nucl. Phys. A 579 (1994) 518;

E. Friedman, A. Gal, J. Mares and A. Cieplý, Phys. Rev. C 60 (1999) 024314. [33] G.Q. Li, C.-H. Lee and G.E. Brown, Phys. Rev. Lett. 79 (1997) 5214. [34] T. Hatsuda and S.H. Lee, Phys. Rev. C 46 (1992) R34;

T. Hatsuda, Nucl. Phys. A 544 (1992) 27c.

[35] M. Asakawa and C.M. Ko, Nucl.Phys. A 572 (1994) 732. [36] F.Klingl, T.Waas, and W. Weise, Phys.Lett. B 431 (1998) 254. [37] G.Q. Li and C.M. Ko, Nucl. Phys. A 582 (1995) 731. [38] G.Q. Li, C.M. Ko, and G.E. Brown, Nucl. Phys. A 606 (1996) 568;

G.Q. Li, C.M. Ko, G.E. Brown, and H. Sorg, ibid., 611 (1996) 539; W.S. Chung, C.M. Ko, and G.Q. Li, ibid., 641 (1998) 357.

[39] K. Haglin, Nucl. Phys. A 584 (1995) 719;

W. Smith and K. Haglin, Phys. Rev. C 57 (1998) 1499. [40] V. Friese, Dissertation (1999), University of Marburg;

D. Röhrich, J. Phys. G. 27 (2001) 355.

[41] C. Adler et al., Submitted to Phys. Rev. Lett.; http://www.star.bnl.gov.