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THE STRANGENESS AND CHARMOF DENSE NUCLEAR MATTER�Peter SengerGesellshaft für Shwerionenforshung (GSI)Postfah 110552, 64220 Darmstadt, Germany(Reeived Deember 28, 2001)The reation of strangeness and harm in nuleus�nuleus ollisions atthreshold beam energies is disussed as a probe for ompressed baryonimatter. Experimental data on strangeness prodution at SIS energies in-diate that the properties of kaons and antikaons are modi�ed in densenulear matter. An experiment is proposed at the future GSI faility toexplore the QCD phase diagram in the region of highest baryon densities.An important observable will be harm prodution lose to threshold.PACS numbers: 25.75.Dw 1. IntrodutionThe goal of the nulear reation program at the present and the futureGSI aelerators is to investigate the properties of highly ompressed nulearmatter. Suh a form of matter exists in various so far unexplored phases inthe interior of neutron stars and in the ore of supernova explosions. Fig. 1illustrates strutures of neutron stars as proposed by various models (om-pilation by Weber [1℄). Novel phases of subatomi matter are expeted toexist in the ore of neutron stars � eah having their own nulear equation-of-state.Further progress needs information on the hemistry of quarks and had-rons at high densities, in partiular for strange partiles. The hemial po-tentials of hadrons depend strongly on the in-medium properties of thesepartiles. It is of ruial importane to know at whih baryon density thehadrons dissolve into quarks and gluons and how the masses of the partilesare modi�ed in the di�erent phases of strongly interating matter. Exper-iments using heavy ion aelerators are performed world-wide in order toobtain suh information. The melting of hadrons into quarks and gluons� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (125)
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Fig. 1. Strutures of neutron stars and novel phases of subatomi matter as pre-dited by di�erent models (taken from [1℄).at high densities explores the phenomenon of on�nement, one of the mostfasinating features of strong interation physis. The theory of strong in-teration, Quantum Chromo Dynamis (QCD), predits a deon�nementphase transition at a temperature around 170 MeV at zero net baryon den-sity. Calulations for low temperatures and �nite baryon densities, however,are largely unertain. Hene, a quantitative understanding of on�nementis still laking.Another enigma of QCD is the origin of hadron masses. Why is a hadron,that is omposed of light quarks, muh heavier than the sum of the massesof its onstituents? (This question is not to be onfused with the genera-tion of masses of quarks and leptons by the Higgs-�eld.) The question ofhadron masses is losely related to hiral symmetry, a fundamental prop-erty of QCD in the limit of vanishing quark masses (see also the ontribu-tion by V. Metag). During the �rst few miroseonds after the Big Bangthe Universe went through a phase transition where the quarks and gluonswere on�ned into hadrons. Simultaneously, the original hiral symmetrywas spontaneously broken. At high temperatures or at high baryon densi-ties, however, hiral symmetry is expeted to be at least partially restored.



The Strangeness and Charm of . . . 127Hene, the experimental investigation of hadron properties in hot and densematter provides an aess to this symmetry breaking mehanism and to theorigin of hadron masses.In the laboratory hadroni matter an be generated in a wide range oftemperatures and densities by olliding atomi nulei at high energies. Fora very short time highly ompressed nulear matter is formed in the ollisionzone. The time evolution of the baryon densities during the ourse of entralollisions between two gold nulei at di�erent beam energies is depited inFig. 2 whih shows the results of a transport alulation [2℄. A major fration

Fig. 2. Baryon density as funtion of time for entral Au+Au ollisions (full lines).The dashed lines represent the density of baryons whih underwent at least oneollision (taken from [2℄).of the energy of motion of the two nulei is onverted into heat, i.e. haotimotion of the nuleons orresponding to a �nite temperature. If the energypumped into the ollision zone is su�iently high the quark�gluon substru-ture of nuleons beomes relevant. At �rst nuleons are exited to shortlived states (baryoni resonanes, omposites with 3 quarks) whih deay bythe emission of mesons (quark�antiquark pairs). This mixture of nuleons,baryons and mesons, all strongly interating partiles (and antipartiles), isgenerally alled hadroni matter, or baryoni matter if baryons prevail. Ateven higher temperatures the hadrons melt, and the onstituents, the quarksand gluons, an move freely forming a new phase, the Quark�Gluon�Plasma.



128 P. Senger2. Strange mesons in dense baryoni matterStrange mesons are regarded as promising probes both for the studyof the in-medium properties of hadrons and the nulear equation-of-state.Aording to alulations, the e�etive mass of a K+-meson inreases mod-erately with inreasing baryon density whereas the e�etive mass of K�-mesons dereases signi�antly (see e.g. [3, 4, 6℄). In mean-�eld alulations,this e�et is aused by a repulsive K+N potential and an attrative K�Npotential. It has been speulated [5℄ that an attrative K�N potential willlead to Bose ondensation of K�-mesons in the ore of neutron stars abovebaryon densities of about 3 times saturation density (f. �nuleon star�model in Fig. 1). Mirosopi alulations predit a dynamial broadeningof the K�-meson spetral funtion whih is shifted towards smaller ener-gies [7,8℄. The ultimate goal is to relate the in-medium spetral funtion ofkaons and antikaons to the antiipated hiral symmetry restoration at highbaryon density.Experiments on kaon and antikaon prodution and propagation in heavy-ion ollisions at relativisti energies have been performed with the KaonSpetrometer and the FOPI detetor at the heavy-ion synhrotron SIS atGSI Darmstadt. Reent results are published in [9�14℄.In order to see indiations for in-medium e�ets on K+ and K� produ-tion we ompare nuleus�nuleus to proton�proton ollisions. Fig. 3 showsthe multipliity of K+- and K�-mesons per average number of partiipat-

Fig. 3. K+ (irles) and antikaon (squares) multipliity per partiipating nuleonas a funtion of the Q-value for C+C (open symbols) and Ni+Ni (full symbols)ollisions [11, 13, 15℄. The lines orrespond to parameterisations of the produtionross setions forK+ (solid) andK� (dashed) in nuleon�nuleon ollisions [16�18℄.



The Strangeness and Charm of . . . 129ing nuleons MK=hAparti as funtion of the Q-value in the NN system.The data were measured in C+C and Ni+Ni ollisions by the KaoS Collab-oration [11, 13, 15℄. The lines represent parameterisations of the availableproton�proton data averaged over the isospin hannels [16�18℄. In nuleon�nuleon ollisions the kaon multipliity exeeds the antikaon multipliityby 1�2 orders of magnitudes at the same Q-value. This large di�erenehas disappeared for nuleus�nuleus ollisions where the kaon and antikaondata nearly fall on the same urve. This observation demonstrates thatin nuleus�nuleus ollisions the prodution of antikaons is muh more en-haned than the prodution of kaons. Within transport alulations, theK� yield enhanement is explained by two e�ets: (i) strangeness exhangereations suh as ��! K�N and (ii) a redued e�etive K� mass in densenulear matter [6℄.A omparison of experimental data to results of transport alulations ispresented in Fig. 4. The �gure shows the K+ and K� multipliity densitiesdN=dy and their ratio for near-entral Ni+Ni ollisions at 1.93 AGeV as fun-tion of the rapidity yCM. The rapidity is de�ned here as yCM = y�0:5�yproj.

Fig. 4. Multipliity density distributions of K+ (upper panel) and K�-mesons(enter panel) for near-entral (b < 4.4 fm) Ni+Ni ollisions at 1.93 AGeV. Cirles:KaoS data [13℄, squares: FOPI data [9, 19℄. The measured data (full symbols)are mirrored at yCM=0 (open symbols). Lower panel: K�=K+ ratio. The dataare ompared to BUU transport alulations. Solid lines: with in-medium e�ets.Dotted lines: without in-medium e�ets. Calulation [6℄ is always above [20℄.



130 P. SengerThe value yCM = 0 orresponds to mid-rapidity and yCM = v � 0:89 toprojetile or target rapidity, respetively. Fig. 4 ombines data measuredby the KaoS Collaboration (irles) [13℄ and by the FOPI Collaboration(squares) [9, 19℄.The data are ompared to results of RBUU transport alulations per-formed by Li and Brown (grey lines [20℄) and Cassing and Bratkovskaya(blak lines [6℄). The dashed lines represent the results of alulations withbare kaon and antikaon masses whereas the solid lines are alulated with in-medium masses. The �bare mass� alulations learly overestimate the K+yield and underestimate the K� yield. The results of the �in-medium� alu-lations reprodue well the K+ data but not the K� data whih are overesti-mated by Li and Brown and underestimated by Cassing and Bratkovskaya.The data allow for a �ne tuning of the strength of the K�N potential whihis a free parameter in those models.Another observable onsequene of in-medium KN potentials is theirin�uene on the propagation of kaons and antikaons in heavy-ion ollisions.The measured azimuthal emission patterns of K+-mesons, whih annot beabsorbed as they ontain an antistrange quark, ontradit the naive pi-ture of a long mean free path in nulear matter. The partiular feature ofsideward �ow [12℄ and the pronouned out-of-plane emission around mid-rapidity [10℄ indiate that K+-mesons are repelled from the regions of in-reased baryoni density as expeted for a repulsive K+N potential [21,22℄.The azimuthal angle distribution of K+-mesons from Au+Au ollisions ata beam energy of 1 AGeV is shown in Fig. 5. The data (full symbols) [10℄are ompared to results of a QMD transport alulation with (open irles)and without (open squares) K+N potential [22℄.The key observable is the azimuthal emission pattern of K�-mesons.If an attrative K�N potential exists as suggested by the measured K�yields, the K�-mesons will be emitted isotropially in semi-entral Au+Auollisions [22℄. This observation would be in ontrast to the behaviour ofpions andK+-mesons and hene would provide strong experimental evidenefor in-medium modi�ations of antikaons. Suh an experiment has beenperformed by the KaoS Collaboration. The analysis is in progress.One the in-medium properties of kaons are under ontrol, one an at-tak an old problem of nulear physis whih is the determination of thenulear equation of state. The idea is that the prodution of K+-mesons inollisions between very heavy nulei at subthreshold beam energies is sen-sitive to the baryon density. The density reahed in the �reball dependson the nulear ompressibility. Reent measurements of the K+ produtionexitation funtion in Au+Au and, as a referene system, in C+C ollisionsprovide evidene for a soft nulear equation of state [14, 23℄.
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Fig. 5. K+ azimuthal angle distribution for semi-entral Au+Au ollisions at1 AGeV. The data (full dots) are measured in the rapidity range 0:2 � y=yproj � 0:8[10℄. The open symbols and the lines respresent results of a QMD transport alu-lation [22℄ with repulsive K+N potential (open irles, full line) and without K+Npotential (open squares, dashed line).3. Future experiments at high baryon densitiesExperiments at the CERN�SPS have studied high-energy heavy-ion ol-lisions in order to explore the QCD phase diagram in the region of hightemperatures and low baryon densities. In nature suh extreme ondi-tions were reahed in the early universe, a few miroseonds after the BigBang. Experiments at RHIC and at the future LHC will ontinue this wayand investigate the quark�gluon plasma at vanishing net baryon density(see Fig. 6).The major goal of the nulear reation experiment at the future GSIfaility is to explore the presently almost unknown region of high baryondensities in the phase diagram of strongly interating matter. The territoryof dense baryoni matter aessible in heavy-ion ollisions is loated betweenthe line of hemial freeze-out and the hadron/parton phase boundary, asindiated by the hathed area in Fig. 6. Moreover, new states of matterbeyond the deon�nement and hiral transition at high net baryon densi-ties and moderate temperatures may be within the reah of the experiment.A partiular hallenge for future heavy-ion experiments is the searh forthe predited �ritial point� in the phase diagram of strongly interatingmatter. Pioneering experiments whih investigated hadroni observablesin the energy range from 2 to about 15 AGeV have been performed at
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Fig. 6. The phase diagram of strongly interating matter. The symbols representfreeze-out points obtained with a statistial model analysis from partile ratiosmeasured in heavy ollisions [24�26℄. The urve through the data points refers toa alulation of the hemial freeze-out whih ours at a onstant baryon densityof �B = 0.75 �0 (with �0 = 0:16 fm�3). The urve labelled �Lattie QCD� representsthe phase boundary as obtained with a QCD lattie alulation [28℄ with a ritialpoint (full dot) at T = 160 � 3:5 MeV and �B = 725 � 35 MeV (�B � 3�0). Inthe region of the irle labelled �dilute hadroni medium� the baryon density is�B = 0:038 fm�3 � 0:24�0. The orresponding value for the other irle (�densebaryoni medium�) is �B = 1:0 fm�3 � 6:2�0 . The hathed area marks the regionof equilibrated matter at high baryon densities.



The Strangeness and Charm of . . . 133the AGS in Brookhaven. Fig. 6 presents a alulated hemial freeze-outurve and the freeze-out points (full dots) as derived from partile produ-tion data obtained at SIS, AGS, SPS and RHIC [24�27℄. The baryon densityat freeze-out orresponds to a value of 0.75 �0. The urve labelled �LattieQCD� represents the phase boundary as predited by a reent QCD lattiealulation for �nite baryon hemial potential [28℄. Aording to the alu-lations, the phase boundary and the freeze-out urve merge at small baryonhemial potentials (�B � 200�300 MeV). The SPS and RHIC data sug-gest that, at ultra-relativisti beam energies, hadronization and freeze-outours almost simultaneously (whih implies that the �reball was born intothe quark�gluon phase).The QCD lattie alulation predits a ritial point at a temperatureof 160� 3:5 MeV and a hemial potential of 725� 35 MeV (orrespondingto a baryon density of about 3 �). The ritial point is loated not too farfrom the AGS freeze-out point and hene ould be reahed with the futureGSI aelerator. The disovery of the ritial point would represent a majorprogress in the exploration of the QCD phase diagram [29℄.With the proposed experimental setup one will be able to measure theobservables disussed above in nuleus�nuleus ollisions at beam energiesbetween 2 and 30 AGeV. The energy range from 2 to 7 AGeV will be overedby the (slightly modi�ed) HADES detetor whereas the new CompressedBaryoni Matter (CBM) experiment is designed for the energy range from7 to 40 AGeV. The envisaged physis program inludes:� searh for signatures of hiral symmetry restoration in dense baryonimatter. Probes: Dilepton pairs from light vetor mesons, the yield ofopen harm (D-mesons) and the ratio of open to hidden harm;� searh for signatures of the deon�nement phase transition at largebaryoni hemial potentials. Probes: harmonium, strangeness, ol-letive �ow;� searh for the ritial point. Probes: event-by-event �utuations ofhadroni observables (K=� ratio, average transverse momentum ofhadrons);� searh for exoti states of matter suh as ondensates of strange par-tiles or olor superondutivity. Probes: strange and multistrangepartiles, K=� ratio.The interest in heavy ion ollisions at beam energies around 30 AGeV wasenhaned by reent results of experiments on strangeness prodution [30,31℄as shown in Fig. 7. It was observed that the kaon-to-pion yield ratio
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Fig. 7. K+/�+ ratio measured in entral Au+Au (Pb+Pb) ollisions as funtionof bombarding energy. AGS data [30℄, SPS data [31℄.(K+=�+) measured in entral Au+Au (Pb+Pb) ollisions exhibits a maxi-mum in the beam energy range between about 20 and 40 AGeV. This relativemaximum of the strangeness ontent has been attributed to the enhanedprodution of strange quarks (and antiquarks) in the deon�ned phase [32℄.On the other hand, a maximum of the ratio of strange to nonstrange partileprodution is predited for beam energies around 30 AGeV by a statistialmodel alulation without assuming a phase transition [33℄. This maximumis unique to heavy ion ollisions, and has no equivalent in ollisions betweenelementary partiles. The model alulations indiate that the distint max-imum of the ratio of strange to nonstrange partiles around 30 AGeV isdominantly aused by the relative abundane of strange baryons.The data on the K+=�+ ratio and their interpretations indiate that�strange� onditions exist inside the �reball as reated in heavy ion ollisionsaround 30 AGeV. Future detailed experimental studies of nuleus�nuleusreations in this energy range, in partiular the prodution of multistrangehyperons (�; ��;
; �
), will help to unravel the role of strangeness at highbaryon densities. The observation of mesons ontaining harm quarks is ofpartiular importane. Due to the large mass of harm quarks, a harm�antiharm pair an be produed only in a hard ollision between two quarksor two gluons. Hene harmed mesons are messengers from the early �reball� reated prior to expansion and freezeout. For entral lead�lead ollisionsan anomalous suppression of J= mesons has been observed at SPS ener-



The Strangeness and Charm of . . . 135gies [35℄. This e�et was predited and interpreted as sreening of � pairsin the quark phase [36℄. Most of the reated harm quarks, however, areon�ned in D-mesons together with a light quark. Therefore, the observa-tion of open harm in heavy ion ollisions is of ruial importane for theinterpretation of signatures of a possible deon�nement phase transition. Sofar D-mesons have not been observed in nuleus�nuleus ollisions.Charm prodution (both J= and D-mesons) will be also an importantprobe for the high baryon density regime of the QCD phase diagram. In par-tiular at beam energies lose to threshold, harm prodution might dependon the onditions inside the dense �reball. The harmonium yield, measuredas funtion of ollision entrality, will be sensitive to a possible deon�ne-ment phase transition. The measurement of open harm provides the uniquepossibility to study in-medium properties of hadrons at very high baryonidensities. The e�etive masses of D-mesons, whih onsist of a heavy harmquark and a light quark, are expeted to be modi�ed substantially in densematter, in a way analogous to the masses ofK-mesons [37,38℄). The produ-tion thresholds in proton�proton (or proton�neutron) ollisions are 11.3 GeVfor J= mesons, 11.9 GeV for D-mesons and 14.9 GeV for Anti-D-mesons.Fig. 8 shows multipliities of J= , D-mesons and lighter mesons produedin entral Au+Au ollisions as funtion of beam energy as alulated withthe HSD transport model [39℄.

Fig. 8. Multipliities of mesons produed in entral Au+Au ollisions as funtionof beam energy aording to the HSD transport ode [39℄.



136 P. SengerThe (partial) restoration of hiral symmetry is expeted to modify thein-medium spetral funtion of short lived vetor mesons like the �-meson.This e�et is studied experimentally by measuring the deay of a �-mesoninto a pair of leptons whih are not disturbed by interation with the �reballmatter. An enhaned yield of eletron�positron pairs in the low mass regionof the invariant mass spetrum has been observed in entral lead-lead olli-sions at 158 AGeV [40℄. It is still under debate whether this enhanementis aused by a shift and/or a broadening of the �-meson spetral funtion orby thermal radiation from the quark�gluon plasma [41℄.No dilepton experiment has been performed so far in the beam energyrange between AGS and CERN�SPS. We propose to measure the leptonideay of light vetor mesons (�-, !- and �-mesons) at beam energies between5 and 30 AGeV. These data will shed light on the fundamental question towhat extend hiral symmetry is restored at high baryon densities and howthis a�ets hadron masses.A simultaneous measurement of harmonium, D-mesons, multistrangehyperons and light vetor mesons (together with protons, pions and kaons)in one single experiment has not been performed up to now. Suh an ex-periment permits to study the behavior of di�erent probes and their orre-lations under idential experimental onditions (suh as impat parameterseletion). An intriguing idea is to investigate ollisions between deformeduranium nulei and to selet those events where the two nulei ollided tip-on-tip. In suh a ollision the baryoni density is inreased by about 30%(with respet to a ollision between two spherial nulei) and the reationtime is extended by almost a fator of 2 [42℄.4. The Compressed Baryoni Matter (CBM) experimentWe propose to build a universal instrument whih will be able to measureboth leptons and hadrons and to identify e�iently rare probes in a largebakground of harged partiles. The experimental hallenge is the largetrak density of harged partiles in entral Au+Au ollisions at 25 AGeV.Aording to the URQMD event generator [43℄ suh an event onsists ofabout 160 protons, 800 harged pions and 60 kaons (K+ and K�). Basedon these simulations we have designed the experimental setup. It turns outthat the apparatus desribed below aepts about 80% of the protons, 60%of the kaons (inluding deay in �ight), 67 % of the pions, 20% of J= mesonsand 30 % of the D-mesons (branhing ratios for the deays J= ! e+e�and D ! K�� not inluded).The experiment ombines state-of-the-art detetor omponents whih inpart are under development for future experiments at the Large HadronCollider at CERN: large arrays of radiation hard silion pixel (and strip)



The Strangeness and Charm of . . . 137detetors for preise traking and vertex reonstrution, transition radiationdetetors and ring-imaging Cherenkov detetors for eletron identi�ationand resistive-plate-hamber arrays for time-of-�ight measurements.The proposed experimental setup (see Fig. 9) onsists of the followingomponents:� Dipole magnet.The magneti �eld bends the partiles aording to their momentum(and harge) and prevents most of the abundantly produed Æ-eletronsfrom hitting the detetors.� Radiation hard Silion pixel/strip detetors.A set of Silion pixel (and strip) detetors lose to the target allowto determine the partile trajetory (and hene the momentum) withhigh auray. This Silion traker will measure the deay topology ofhyperons and hene their invariant mass. A vertex resolution of betterthan 50 �m is required for the identi�ation of harmed mesons.� Transition radiation detetor (TRD).The TRD allows to identify high energy eletrons ( > 2000) andhene the measurement of harmonium via the invariant mass of theeletron�positron pair.

Fig. 9. Sketh of the experimental setup (see text).



138 P. Senger� Ring imaging Cherenkov detetor (RICH).The RICH detetor provides identi�ation of eletrons with  > 40orresponding to the momentum range of di-eletrons from deaying�-mesons. When using a radiator with higher refrative index theRICH signals an be used to identify high energy pions and kaons.� TOF stop wall: resistive plate ounters (RPC).The large area RPC provides the stop signal for the time-of-�ight mea-surement whih allows the identi�ation of low momentum partiles.A TOF distane of 10 m results in a time di�erene of 400 ps for pionsand kaons of 3 GeV/ momentum.� TOF start detetor.A Diamond pixel detetor provides the start signal for the TOF mea-surement. It will ount diretly the beam partiles up to intensities of109 ions/se.The Compressed Baryoni Matter (CBM) experiment is part of a pro-posal for a new aelerator faility at GSI in Darmstadt (see also the on-tribution of V. Metag).The data on strangeness prodution presented in this paper were mea-sured and analyzed by my olleagues of the KaoS Collaboration: I. Bötther,A. Förster, E. Grosse, P. Kozo«, B. Kohlmeyer, M. Menzel, L. Naumann,H. Oeshler, E. Shwab, W. Sheinast, Y. Shin, H. Ströbele, C. Sturm,F. Uhlig, A. Wagner and W.Walu±. The oneptual design study of the om-pressed baryon matter experiment is performed by a working group whihatually onsists of A. Androni, P. Braun-Munzinger, C. Fink, B. Friman,N. Herrmann, R. Holzmann, W. König, M. Lutz, P.S., Y. Shin, R. Simon,H. Ströbele and J. Stroth. REFERENCES[1℄ F. Weber, J. Phys. G; Nul. Part. Phys. 27, 465 (2001).[2℄ B. Friman, W. Nörenberg, V.D. Toneev, Eur. Phys. J. A3, 165 (1998).[3℄ G.E. Brown et al., Phys. Rev. C43, 1881 (1991).[4℄ J. Sha�ner-Bielih et al., Nul. Phys. A625, 325 (1997).[5℄ G.Q. Li, C.H. Lee, G.E. Brown, Phys. Rev. Lett. 79, 5214 (1997).[6℄ W. Cassing, E. Bratkovskaya, Phys. Rep. 308, 65 (1999).
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