
Theoretial perspetive on strangeness produtionChe Ming Ko1,⋆1Cylotron Institute and Department of Physis, Texas A&M University, College Station, Texas 77843-3366, USAAbstrat. A brief review of some highlights and puzzles on strangeness pro-dution in heavy ion ollisions is given. These inlude strangeness produtionand the nulear equation of state; deeply subthreshold strangeness prodution;mean-�eld potentials on strange hadrons; phi meson in dense matter; anoma-lous strange hadron to pion ratios; density �utuations on partile prodution;
Λ hyperon polarization and the vortiity �eld, and exoti hadrons.1 IntrodutionStrangeness prodution in heavy ion ollisions has been a topi of ontinuous interest sinethe �rst experiment in 1982 at Bevala to study kaon prodution in various ollision systemsat 2.1 AGeV [1℄. The motivation at that time was to use kaon as a probe of the densematter produed in high energy heavy ion ollisions beause it has a muh smaller satteringross setion with nuleon than the pion. Based on a simple row-on-row asade model,the kaon yield was alulated in Ref. [2℄ using as input the di�erential ross setions forkaon prodution in elementary baryon-baryon ollsions estimated in a simple model, and thepredited result was later found to be omparable to that measured in Ref. [1℄. This wasin ontrast with the result from a thermal model study [3℄, whih assumes that kaons areprodued from a thermally and hemially equilibrated �reball. In this study, the preditedkaon yield was about a fator of 40 larger than that from Ref. [2℄, although the thermal modelould desribe the measured pion yield. The failure of the thermal model used in Ref. [3℄was later known to be due to the overlook of exat strangeness onservation in its grandanonial treatment of partile distributions [4℄. Inluding strangeness onservation throughthe anonial treatment, whih is naturally inluded in the asade model study of Ref. [2℄through the pair prodution of kaon and lambda, would give a signi�antly smaller numberof strange hadrons if their mean number is small, alled the anonial suppression. It waslater shown in Ref. [5℄ via the kineti theory for kaon prodution in heavy ion ollisions atthe Bevala energy that taking into aount strangeness onservation would lead to the sameequilibrium number as that from the anonial formulation of the onservation law in thethermal model.With inreasing ollision energy than that available at Bevala, a quark-gluon plasma(QGP) would be produed during the early stage of heavy ion ollisions. Sine the mass
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of strange quark is below the temperature of the QGP, strange quarks are expeted to beabundantly produed in QGP and reah hemial equilibrium with light quarks as shown inRef. [6℄. In heavy ion ollisions, these strange quarks will be onverted to strange hadrons,leading to an enhanement of their prodution than the ase without the formation of a QGP.Enhaned prodution of strange hadrons, suh as the phi meson [7℄, in heavy ion ollisionshas thus been onsidered as a signal for the formation of the QGP.Beause of the unique feature of strangeness prodution in heavy ion ollisions, strangehadron prodution has sine been studied at SIS, AGS, SPS, RHIC and LHC. The presenttalk will review some highlights from these studies and disuss a few puzzles that remainto be explained. These inlude strangeness prodution and the nulear equation of state,deeply subthreshold strangeness prodution and baryon resonanes, mean-�eld potentials onstrange hadrons, phi meson in dense matter, anomalous strange hadron to pion ratios, density�utuations on partile prodution, Λ hyperon polarization and the vortiity �eld, and exotihadrons.2 Strangeness prodution and the nulear equation of stateDetermining the nulear equation of state, whih is important for understanding the propertiesof neutron stars, has been one of the main motivations for studying heavy ion ollisions, inwhih nulear density of many times of that in normal nulei an be reahed. Besides theolletive �ow of harged partiles [8℄, the prodution of kaon in heavy ion ollisions at energybelow its prodution threshold in a nuleon-nuleon ollision, whih is 1.56 GeV, was shownin Ref. [9℄ to be sensitive to the sti�ness of nulear equation of state at high density. Forentral Nb + Nb ollisions at 700 AMeV studied in Ref. [9℄, the kaon prodution probabilityfrom a soft nulear equation of state with the ompressibility of 200 MeV was a fator of2.5 larger than that from a sti� equation of state with the ompressibility of 380 MeV. Inboth ases, the kaon is mostly produed at the ompressional stage of the ollision whenthe density is about three times that of normal nulear matter. Comparing results from thetransport model study with the experimental data from SIS for Au + Au ollisions has ledto the onlusion that the nulear equation of state is soft, similar to the onlusion from thestudy of the olletive �ow of harged partiles [8℄.Subthreshold strange hadron prodution is also sensitive to the density dependene of thenulear symmetry energy, whih is the energy needed per nuleon to onvert a symmetrinulear matter to a pure neutron matter and is essentially unknown at densities above thenormal nulear matter density [10℄. Studies based on isospin-dependent transport modelshave shown that besides the π−/π− ratio [11℄, the K+/K0 [12, 13℄ and the Σ−/Σ+ [14℄ratio in heavy ion ollisions with neutron-rih nulei depend on the sti�ness of the nulearsymmetry energy at high density, with the soft one giving larger values than the sti� one.Measuring these ratios of strange hadrons thus provides a potential probe to the nulearsymmetry energy at high density.3 Deeply subthreshold strangeness prodution and baryon resonanesStrange hadron prodution in heavy ion ollisions at subthreshold energies further providesthe possibility to �nd the signals for the missing baryon resonanes predited by the quarkmodel and the deay hannels of known resonanes that are not yet observed in experiments.A reent study of Ξ− prodution using the UrQMD model [15℄ for Ar + KCl ollisions at



1.76 AGeV at SIS, whih is substantially below the threshold energy of 3.74 GeV in thenuleon-nuleon ollision, has shown that to desribe the experimental data from the HADESCollaboration [16℄ requires ontributions not only from the strange-exhange reations K̄Y →
πΞ [17℄ and Y Y → NΞ [18℄ but also from deays ofN∗(1990),N∗(2080),N∗(2190),N∗(2220),and N∗(2250) to ΞKK with a branhing ratio of 10%, whih is obtained from �tting theexperimental data on Ξ− prodution in nuleon-nuleon ollisions. This is very di�erent from
Ξ− prodution in Au + Au ollisions at 6 AGeV at AGS, whih is muh above the thresholdenergy. In this ase, the experimental data an be satisfatorily desribed by the transportmodel that inludes only the reation K̄Y → πΞ [19℄. Inluding ontributions from the deayof above baryon resonanes to Nφ with a branhing ratio of 0.2%, whih is also determinedfrom �tting φmeson prodution in nuleon-nuleon ollisions, an also improve the desriptionof the UrQMD for φ meson prodution in Ar + KCl ollisions at 1.76 AGeV at SIS [15℄.4 Phi meson in nulear mediumThe φ meson is deteted in experiments through its deay either to KK̄ or e+e− (µ+µ−).While the former allows the determination of the number of phi mesons at the kineti freeze-out in a heavy ion ollision, the latter an further provide information on the phi mesonnumber during the expansion of the hot dense hadroni matter [20, 21℄. Both earlier [22, 23℄and reent [24℄ alulations have indiated that the phi meson absorption ross setions by thenuleon, pion and kaon are appreiable, whih is onsistent with the experimental results thatphi meson prodution from nulei is suppressed due to absorption in the nulear medium [25�27℄. Sine experiments from both SPS [28℄ and RHIC [29℄ have shown that the phi mesonyields determined from KK̄ and e+e− (µ+µ−) hannel are similar, the phi meson numberthus does not vary muh during the hadroni evolution. The appreiable absorption andregeneration of phi mesons in the hadroni stage then indiates that they �ow with the matter.The observation that the ellipti �ow of phi mesons at RHIC follows approximately thenumber-of-onstituent quark saling (NCQ) by the STAR Collaboration [30℄ is thus onsistentwith the piture that the ellipti �ow in heavy ion ollisions at RHIC is largely produed duringthe partoni phase [31℄. The observed violation of NCQ for the phi meson �ow in heavy ionollisions at LHC by the ALICE Collaboration [32℄ is then the result of their sattering duringthe longer hadroni phase than at RHIC [33℄.Although phi meson prodution in heavy ion ollisions has been generally understood,reent experimental data from Pb + Pb ollisions at SPS show an anomalous energy de-pendene of the width of its rapidity distribution ompared to those of other hadrons [34℄.The values of the root-mean-squared rapidity width of π−, K+, K−, and Λ at a given olli-sion energy derease with inreasing hadron mass, and all inrease linearly with the ollisionenergy. Both the larger width for lighter hadrons and the inrease of width with ollisionenergy are expeted. The larger K+ than K− rapidity width may be due to their respetiverepulsive and attrative potentials in baryon-rih matter produed at these ollision energies.The anomalous behavior of the phi meson rapidity width, whih is similar to that of Λ at lowollision energy but that of π− at high ollision energy, is at present not understood.5 Mean-�eld potentials on strange hadronsE�ets of mean-�eld potentials on strange hadrons have been well studied in heavy ion ol-lisions at SIS energies [35, 36℄. In partiular, the kaon and antikaon potentials at normal



nulear matter density are about 20 MeV and −120 MeV, respetively, based on the hirale�etive Lagrangian that �ts the empirial data on kaon- and antikaon-nuleus sattering [35℄.It was shown in Ref. [37℄ that the repulsive kaon potential would lead to a smaller diret �owof kaons relative to that of nuleons. This e�et was indeed seen in experiments at bothSIS [38℄ and AGS [39℄. The kaon diret �ow almost vanishes in ollisions at SIS energy andeven beomes negative in ollisions at AGS due to the muh higher baryon density reahedat higher ollision energy. The repulsive kaon potential may provide an explanation for thedereasing net kaon direted �ow with deeasing ollision energy observed in the preliminarydata from the STAR Collaboration in the beam energy san (BES) program at RHIC. Thekaon and anitkaon mean-�eld potentials have also been shown to ontribute to the splittingbetween the kaon and antikaon ellipti �ows in Au + Au ollisions [40, 41℄, whih is found bythe STAR Collaboration to be appreiable at √sNN = 7.7 GeV and dereases with inreasingollision energy [42℄.6 Anomalous strange hadron to pion ratiosOne anomalous struture in the ollision energy dependene of the strange hadron to pionratios, suh as the K+/π+ and (Λ+Σ0)/π+, measured from heavy ion experiments at AGS,SPS and RHIC is the peak at √sNN ≈ 8 GeV, alled the horn [43℄. In the statistial modeldesription of heavy ion ollisions, this has been attributed to the onset of QGP formation [43℄.A reent study based on the PHSD model [44℄ has shown, however, that it is due to therestoration of the hiral symmetry, whih leads to an enhaned prodution of strange quarkpairs than light quark pairs from the string fragmentation during the initial stage of theollisions. It is assumed in this study that the hiral symmetry restoration proeeds beforethe deon�nement transition in baryon-rih matter. Suh a senario has been suggested inRef. [45℄ from arguments based on the large NC limit of QCD. In the absene of lattie QCDalulations at �nite baryon hemial potential, it is not known if nature behaves this way.7 Density �utuations on strange hadron produtionThe searh for the ritial endpoint (CEP), where the �rst-order phase transition from theQGP to the hadroni matter ends, of the QCD phase diagram in heavy ion ollisions isurrently of great interest. Studies based on both the hydrodynami approah [46℄ and themirosopi transport model [47℄ have shown that the spinodal instability during the �rst-order phase transition between the QGP and hadroni matter an indue large baryon density�utuations. This large density �utuation an be probed by studying ratios of partileyields. Similar to the derivation in Ref. [48℄ based on the oalesene model for light nuleiprodution, whih shows that the yield ratio N3HNp

N2d in heavy-ion ollisions is sensitive tothe neutron relative density �utuation ∆n = 〈(δn)2〉/〈n〉2 at kineti freeze-out, the yieldratio Ξ
−π−

Σ−K−
is sensitive to the s quark relative density �utuation ∆s = 〈(δs)2〉/〈s〉2 at theQGP to hadroni matter phase transition if they are produed through quark oalesene. Itis known from the suess of the statistial model in desribing the yield ratios of hadronsthat hemial freeze-out in heavy ion ollisions ours at the phase transition temperature,whih has reently been shown to be related to the onstany of the entropy per partileduring evolution from the hemial to the kineti freeze-out [49℄. Therefore, the yield ratiosof hadrons are not expeted to be modi�ed during the hadroni evolution, and studying theirdependene on ollisions energy ould provide a unique probe to the �utuations of quark



densities during the �rst-order phase transition from the QGP to the hadroni matter, whihwould help loate the CEP in the QCD phase diagram.8 Λ hyperon polarization and the vortiity �eldReently, the STAR Collaboration has observed that the Λ hyperon produed in non-entralrelativisti heavy ion ollisions is partially polarized along the diretion perpendiular tothe reation plane [50℄. This on�rms an earlier suggestion in Ref. [51℄ that due to theirspin-orbit interations, quarks and antiquarks in the produed QGP an be polarized by thelarge orbital angular momentum in non-entral heavy ion ollisions, and they then lead tothe prodution of polarized Λ hyperons after hadronization. In more reent studies basedon the hydrodynami [52�55℄ and transport [56℄ model, the measured spin polarization of
Λ hyperons an be understood by assuming that Λ hyperons are in thermal equilibrium inthe �nal rotating �reball. Also, based on the hiral kineti approah using initial onditionsfrom a multiphase transport model [57℄, the spin polarizations of quarks and antiquarks innon-entral heavy ion ollisions have been studied in Ref. [58℄. Beause of the non-vanishingvortiity �eld due to the large orbital angular momentum in these ollisions, quarks andantiquarks are found to aquire appreiable spin polarizations in the diretion perpendiularto the reation plane. Converting quarks and antiquarks to hadrons via the oalesene model,the resulting spin polarizations of Λ and Λ̄ hyperons, whih are the same in this study, areomparable to those measured in experiments by the STAR Collaboration. To explain theseemingly larger Λ̄ than Λ polarization seen in the experimental data requires, however,additional mehanisms suh as the magneti �eld. Also, the e�et of hadroni evolution on Λand Λ̄ polarizations is not inluded in this study, whih may also ontribute to the di�erenein the Λ and Λ̄ polarizations beause of their di�erent dynamis in baryon-rih matter.9 Exoti strange hadronsBeause of the abundant number of strange quarks present in the produed QGP, relativistiheavy ion ollisions provides the opportunity to study exoti strange hadrons [59�61℄. Forthe most known H dibaryon (uuddss) [62℄, whih has the same quark struture as two Λhyperons, analyses of measured ΛΛ orrelation funtions in heavy ion ollisions at RHICseem to indiate that the attrative interation between two Λ is not strong enough to leadto a bound state [63, 64℄. This onlusion is onsistent with results from the lattie QCDalulations. Although lattie alulations show that the H dibaryon is bound in the massivepion ases [65℄, it evolves to a resonane near the ΞN threshold when the baryon-baryonpotentials obtained from the lattie QCD alulations with a smaller pion mass are used inalulations based on the oupled-hannel Shrödinger equation [66℄. On the other hand,various theoretial models have indiated that Ξ−Ξ0 might be bound [67℄. Even the diomega
ΩΩ has been shown in the hiral quark model to be bound [68℄, whih seems to be supported bythe strong attrative ΩΩ potential from the latest lattie QCD alulation [69℄. Experimentalmeasurements of Ξ−Ξ0 and ΩΩ orrelations, as well as others suh as the pΩ [70, 71℄ and
pΞ− orrelations [72℄, will be of great interest to on�rm these preditions10 SummarySine the �rst experiment at Bevala on kaon prodution from heavy ion ollisions and thetheoretial study using a simple asade model, a lot of progress has been made in the study
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