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STRANGE MESONS IN DENSE NUCLEAR MATTER �Peter SengerGSI Darmstadt, Germanyand the KaoS Collaboration y(Reeived July 13, 2000)The prodution and propagation of kaons and antikaons in nuleus-nuleus ollisions has been measured with the Kaon Spetrometer at SIS.We present the exitation funtion of K+ prodution in C+C and Au+Auollisions. In Ni+Ni ollisions at 1.93 AGeV we measured the phase-spaedistributions of K� and K+ mesons. The K�=K+ ratio was measured inC+C, Ni+Ni and Au+Au ollisions at 1.5AGeV and was found to be almostindependent of the mass of the ollision system. Within the frameworkof present days transport alulations, the measured K+ and K� yieldsan only be explained if in-medium modi�ations of the K meson massesare assumed. In Au+Au ollisions at 1 AGeV, we observe a nonisotropiazimuthal emission pattern for K+ mesons. This e�et is an be explainedby transport odes when a repulsive in-medium K+N potential is takeninto aount.PACS numbers: 13.60.Le, 05.60.�k1. IntrodutionThe properties of strange partiles in dense nulear matter play a ruialrole in the dynamis of supernovae and for the stability of neutron stars [1�3℄.It was speulated that a Bose ondensation of K� mesons signi�antly soft-ens the equation-of-state of neutron star matter and hene atalyzes theformation of low-mass blak holes [1℄. This idea is based on theoretial al-ulations prediting in-medium kaon-nuleon potentials whih are repulsive� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.y P. Kozo«, F. Laue (now at Ohio State University, Columbus), E. Shwab (GSIDarmstadt), A. Förster, H. Oeshler, C. Sturm, F. Uhlig (TU Darmstadt), Y. Shin,H. Ströbele (University of Frankfurt), I. Bötther, B. Kohlmeyer, M. Menzel, F.Pühlhofer (University of Marburg), M. D�ebowski, G. Surówka, W. Walu± (JagellonianUniversity, Craow), F. Dohrmann, E. Grosse, L. Naumann, W. Sheinast, A. Wagner(FZ Rossendorf). (2313)



2314 P. Sengerfor kaons but attrative for antikaons [4�6℄. The ultimate goal is to relatethe in-medium spetral funtion of kaons and antikaons to the antiipatedhiral symmetry restoration at high baryon density [7℄.Experiments with heavy-ion beams provide the unique possibility tostudy strange mesons in baryoni matter at densities well above satura-tion density. The in-medium KN potentials are expeted to in�uene boththe prodution and the propagation of kaons and antikaons in heavy ionollisions. The orresponding observables are (i) the di�erential produ-tion ross setions and (ii) the azimuthal angular distributions. The KNpotentials will modify the in-medium prodution thresholds: the produ-tion of K+ mesons is expeted to be suppressed whereas the produtionof K� mesons will be favored. The kaon azimuthal emission pattern is ex-peted to be modi�ed aording to the density pro�le of the nulear medium:K+ mesons will be repelled from the regions of inreased baryoni densitywhereas K� mesons will be attrated [8℄.First data on kaon and antikaon prodution and propagation in heavyion ollisions at SIS energies have been published in [10,11,13,14℄. In the fol-lowing we will present data measured reently with the Kaon Spetrometerat SIS/GSI [9℄.2. Prodution yield of K mesons in nuleus�nuleus ollisionsThe multipliity of K+ mesons has been measured in C+C ollisions atbeam energies between 0.8 and 2 AGeV and in Au+Au ollisions between 0.6and 1.5 AGeV [18℄. Fig. 1 shows the inlusive K+ multipliity per averagenumber of partiipating nuleons MK+=hAparti for C+C and Au+Au olli-sions as a funtion of beam energy. The data are ompared to results of QMDtransport alulations with (solid lines) and without (dashed lines) kaon in-medium e�ets [19℄. The model alulation overpredits the kaon yield bothfor the light and the heavy ollision system if in-medium modi�ations of thekaons are negleted. The assumption of a repulsive K+N potential reduesthe kaon yield signi�antly. This e�et is more pronouned in the Au+Ausystem with its high baryon density. Within the transport model alula-tions, the K+ mesons are predominantly produed in seondary ollisionssuh as �N ! K+Y or �N ! K+NY with Y = (�;�). In these proesses,the pions or the � resonanes serve as energy reservoirs. Similarly, the an-tikaons are reated in reations like �N ! K+K�N or �N ! K+K�NN .However, K� mesons may be reated as well in the strangeness exhangereations � Y ! K�N with a hyperon and a pion produed in the �rststep. On the other hand, K� mesons are reabsorbed by the inverse pro-ess K�N ! Y � whereas K+ mesons are not absorbed due to strangenessonservation.
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0.6 0.8 1 1.2 1.4 1.6 1.8 2Fig. 1. Inlusive K+ multipliity per average number of partiipating nuleons forAu+Au and C+C ollisions as funtion of the projetile energy per nuleon (sym-bols). The solid and dashed lines represent the results of QMD alulations withand without in-medium modi�ations [19℄. The alulations are based on a softnulear equation-of-state and take into aount momentum-dependent interations.Fig. 2 presents the K�=K+ ratio measured in C+C, Ni+Ni and Au+Auollisions at a beam energy of 1.5 AGeV. The ratio is approximately onstantfor the three systems, allthough the reabsorption probability for K� mesonsshould be very di�erent: theK� mean free path is about 1.5 fm at saturationdensity. In a geometrial model, the losses of K� mesons due to strangenessexhange K�N ! Y � are estimated to be more than 10 times larger in Authan in C nulei. However, if the e�etive mass of a K� meson is lowered inthe nulear medium, the proessK�N ! Y � will not be exotherm any moreand, therefore, is suppressed. The data in Fig. 2 suggest that in the Au+Ausystem the absorption of K� is ompensated by an enhaned produtionand/or that the K� absorption proess is suppressed. Both e�ets an beaused by a redued in-medium e�etive mass of antikaons.
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Fig. 2. K�=K+ ratio measured in C+C, Ni+Ni and Au+Au ollisions at a beamenergy of 1.5 AGeV.In a reent experiment we have measured phase-spae distributions ofK� and K+ mesons in Ni+Ni ollisions at 1.93 AGeV. The data were takenat laboratory angles �lab = 32, 40, 50, and 60Æ. In Fig. 3 we show theK+ and K� rapidity densities dN=dy and their ratio for near-entral Ni+Niollisions at 1.93 AGeV (irles) as funtion of the rapidity yCM. The near-entral ollisions are de�ned as the most entral 620�30 mb of the reationross setion whih orresponds geometrially to impat parameters smallerthan b = 4:4 fm. The square symbols represent data measured by theFOPI ollaboration around target rapidity [14℄. In the overlap region bothexperiments �nd absolute yields whih are in good agreement within the ex-perimental errors. The rapidity is de�ned here as yCM = y�0:5�yproj. Thevalue yCM = 0 orresponds to midrapidity and yCM = �0:89 to projetile ortarget rapidity, respetively.The data are ompared to results of RBUU transport alulations [20℄.The dashed line represents the result of a alulation with bare kaon andantikaon masses whereas the solid line is alulated with in-medium masses.In the transport model, the in-medium masses of K mesons are assumed tovary linearly with baryon density aording to m�K = m0K(1 � ��=�0) withm0K the bare K meson mass, �0 the saturation density and � = 0:24 for K�and �0:06 for K+. The �bare mass� alulations learly overestimate theK+ yield and underestimate the K� yield. The results of the �in-medium�alulations deviate muh less from the data.
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-1.5 -1 -0.5 0 0.5 1 1.5Fig. 3. Rapidity density distributions of K+ (upper panel) and K� mesons (enterpanel) for near-entral (b < 4:4 fm) Ni+Ni ollisions at 1.93 AGeV. Cirles: KaoSdata [12℄, squares: FOPI data [14℄. Full data points are measured and mirroredat yCM=0 (open points). Lower panel: K�=K+ ratio. The data are ompared toBUU transport alulations [20℄; solid line: with in-medium e�ets, dotted line:without in-medium e�ets.3. The azimuthal emission pattern of K+ mesonsFigure 4 presents the K+ azimuthal angular distribution measured inAu+Au ollisions at 1 AGeV [13℄ with the Kaon Spetrometer at SIS/GSI.The kaons were aepted within a range of transverse momenta of 0:2 GeV=� pt� 0.8 GeV= for two ranges of normalized rapidities 0:4 � y=yproj � 0:6(left) and 0:2 � y=yproj � 0:8 (right) with yproj the projetile rapidity. Thereation plane is reonstruted from the projetile fragments deteted atsmall forward angles (�lab = 0:5Æ�7Æ). The ollision entrality is determinedvia the multipliity of harged partiles measured at larger angles (�lab=12Æ�48Æ). The data are orreted for the unertainty of the determinationof the reation plane on the basis of a Monte Carlo simulation.The K+ emission pattern learly is peaked at �=�90Æ whih is perpen-diular to the reation plane. Suh a behaviour is known from pions [16℄
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Fig. 4. K+ azimuthal distribution for semi-entral Au+Au ollisions at 1 AGeV(full dots). The data are analyzed at 0:4 < y=yproj < 0:6 (left) and 0:2 < y=yproj <0:8 (right) [13℄. The lines represent results of transport alulations from the StonyBrook group using a RBUU model (left [8℄) and a QMD model from the Tübingengroup (right [15℄). Both models take into aount resattering, the QMD versionalso onsiders Coulomb e�ets. Solid lines: with in-medium KN potential; dashedlines: without in-medium KN potential.whih interat with the spetator fragments. TheK+ mesons, however, havea long mean free path of about 5 fm and therefore are less sensitive to resat-tering. This is demonstrated in Fig. 4 by the dotted lines whih representthe results of a transport alulation taking into aount K+ resatteringonly ( [8℄, left) and additional Coulomb e�ets ( [15℄, right). However, if arepulsive in-medium KN potential is assumed, the alulations reproduethe pronouned anisotropy of the data (solid lines in Fig. 4). Although it isenouraging that a onsistent piture arises from di�erent transport models,additional data and a less model dependent experimental signature of in-medium e�ets is highly desirable. A promising observable in this sense isthe azimuthal emission pattern of antikaons. In ontrast to the K+ mesons,the K� are expeted to exhibit a pronouned enhanement at ' = �90Æif the attrative antikaon in-medium potential is absent. This anisotropyis aused by the strong absorption of K� mesons in the spetator frag-ments. In ontrast, if an attrative antikaon-nuleon potential exists, it willompensate for the K� meson loss and hene the K� emission pattern ispredited to be isotropi around midrapidity. The two ases are illustratedin Fig. 5 whih presents the results of a QMD transport alulation for theK� emission pattern around midrapidity in Au+Au at a beam energy of1.8 AGeV [15℄. Aordingly, the K� pronouned anti�ow signal expetedat target/projetile rapidities without in-medium e�et is expeted to van-ish in the ase of an attrative potential [17℄. The KaoS Collaboration has
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Fig. 4.21Fig. 5. K� azimuthal distribution as predited by QMD transport model alula-tions for Au+Au ollisions at a beam energy of 1.8 AGeV [15℄. Open irles: noin-medium K�N potential; full irles: with in-medium K�N potential.performed an exploratory measurement of the K� azimuthal emission pat-tern in Au+Au ollisions at 1.5 AGeV. Within a preliminary analysis, theK+ azimuthal angular distribution is peaked around � = �90Æ as expetedfor a repulsive K+N potential. The K� distribution, however, still haslarge error bars and further measurements will have to redue the statistialunertainties. 4. Conlusions and outlookWe have presented data on the prodution and propagation of strangemesons in heavy ion ollisions in the SIS energy range. The prodution yieldsof kaons are overestimated by transport alulations by about a fator of twowhereas the yields of antikaons are underestimated by a fator of about fourwhen negletion in-medium e�ets. The observation of similar values for theK�=K+ ratio for C+C, Ni+Ni and Au+Au ollisions at 1.5 AGeV providesevidene for suppressed K� absorption. This e�et indiates a modi�ation
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