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PERSPECTIVES OF SCALAR- AND VECTOR-MESONPRODUCTION IN HADRON�NUCLEUSREACTIONS� ��W. CassingyInstitut für Theoretishe Physik, Universität GiessenD-35392 Giessen, Germany(Reeived July 10, 2000)The prodution and deay of vetor mesons (�; !) in pA reations atCOSY energies is studied with partiular emphasis on their in-mediumspetral funtions. It is explored within transport alulations, if hadroniin-medium deays like �+�� or �0 might provide omplementary infor-mation to their dilepton (e+e�) deays. Whereas the �+�� signal fromthe �-meson is found to be strongly distorted by pion resattering, the !-meson Dalitz deay to �0 appears promising even for more heavy nulei.The perspetives of salar meson (f0; a0) prodution in pp reations areinvestigated within a boson-exhange model indiating that the f0-mesonmight hardly be deteted in these ollisions in theK �K or �� deay hannelswhereas the exlusive hannel pp! da+0 looks very promising.PACS numbers: 13.25.�k, 13.60.Le, 13.75.�n1. IntrodutionThe modi�ation of the vetor meson properties [1�7℄ in nulear mat-ter has beome a hallenging subjet in dilepton physis from ��A, pAand AA ollisions. Here the dilepton (e+e�) radiation from �'s and !'spropagating in �nite density nulear matter is diretly proportional to theirspetral funtion whih beomes distorted in the medium due to the inter-ations with nuleons [8�13℄. Apart from the vauum width � 0V (V = �; !)these modi�ations are desribed by the real and imaginary part of the re-tarded self energies �V , where the real part Re�V yields a shift of the� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.�� Supported by BMBF, FZ Jülih and the Heisenberg�Landau program.y In ollaboration with E.L. Bratkovskaya, M. Büsher, Ye.S. Golubeva, V. Grishina,V. Hejny, L.A. Kondratyuk, G.I. Lykasov, M.V. Rzjanin, A. Sibirtsev, H. Ströher.(2177)



2178 W. Cassingmeson mass pole and the additional imaginary part Im�V (half) the olli-sional broadening of the vetor meson in the medium. We reall that themeson self energy in the t � � approximation is proportional to the om-plex forward V N sattering amplitude fV N (P; 0) and the nulear density�(X), i.e. �V (P;X) = �4��(X)fV N (P; 0). The sattering amplitude it-self, furthermore, obeys dispersion relations between the real and imaginaryparts [14�16℄ while the imaginary part an be determined from the totalV N ross setion aording to the optial theorem. Thus the vetor mesonspetral funtionAV (X;P )= �V (X;P )(P 2�M2V�Re�V (X;P ))2+�V (X;P )2=4 ; (1)where �V (X;P )=�2Im�V (X;P ), an be onstruted one the V N elastiand inelasti ross setions are known. Note that in (1) all quantities dependon spae-time X and four-momentum P .2. Prodution and deay of vetor mesons at �nite densityAs mentioned before, the in-medium vetor meson spetral funtions anbe measured diretly by the leptoni deay V!e+e� or the Dalitz deay!!�0, respetively. The vetor meson prodution in pA ollisions an beonsidered as a natural way [17℄ to study the �- and !-properties at normalnulear density under rather well ontrolled onditions. This also holds forthe photo-prodution of vetor mesons on nulei [18℄.The following alulations have been performed for p+A ollisions at2.4�2.5 GeV by introduing a real and imaginary part of the vetor mesonself energy as UV = Re�V2M0 'M0 � �(X)�0 (2)and width � � = Im�V2M0 ' � 0V+�oll�(X)�0 (3)in the t��-approximation. Here M0 and � 0V denote the bare mass andwidth of the vetor meson in vauum while �(X) is the loal baryon densityand �0=0.16 fm�3. The parameter �'�0.16 was adopted from the modelsin Refs. [1�7℄. The preditions for the !-meson ollisional width �oll atdensity �0 range from 20 to 50 MeV [1, 2, 19℄ � depending on the numberof !N �nal hannels taken into aount � while the ollisional width of the�-meson should be about 100�120 MeV at �0 due to the strong oupling tobaryon resonanes (f. Fig. 6 of Ref. [16℄).



Perspetives of Salar- and Vetor-Meson Prodution : : : 21792.1. �0-mesonsIn Ref. [20℄ the �+�� deays of �0-mesons produed in pA reations hasbeen investigated with the aim of testing the in-medium �0-spetral funtionat normal nulear matter density.

Fig. 1. (l.h.s.) The invariant mass distribution of two pions from p+ 12C ollisionsat 2.5 GeV using the bare spetral funtion of the �-meson for pz � 2 GeV/ andpT � 0:8 GeV/. Displayed are the total �+�� invariant mass spetrum (all), the� signal after subtration of the ombinatorial bakground (dashed line) as well asa Breit�Wigner distribution with the bare �-meson properties normalized to thetotal �-prodution ross setion from the transport approah (see text).(r.h.s.) The invariant mass distribution of two pions from p + 12C at 2.5 GeV(pz � 2 GeV/ and pT � 0:8 GeV/) employing the in-medium modi�ation ofthe �-meson aording to Eq. (2) for � = �0:16. In (b) the solid histogram showsthe �-meson signal from (a); the dashed line is a statistial �t while the hathedhistogram is the di�erene between the � signal and the statistial �t, whih anbe desribed again by a Breit�Wigner funtion (solid line) with M�0 = 708 MeVand � = 270 MeV (see text).Some results of the transport model studies from Ref. [20℄ are displayedin Fig. 1 for the reation p+12C at 2.5 GeV. The l.h.s. displays the in-variant mass distribution of two pions using the bare spetral funtion ofthe �-meson for pz � 2 GeV/ and pT � 0:8 GeV/. In (a) the solid his-togram shows the total �+�� invariant mass spetrum while the dashedhistogram indiates the � signal after subtration of the ombinatorial bak-ground. The solid line is a Breit�Wigner distribution with the bare �-mesonproperties normalized to the total �-prodution ross setion from the trans-



2180 W. Cassingport approah as expeted in ase of no �nal state interations. In (b) thehistogram shows the �-meson signal from (a) while the dotted line is the�statistial spetrum�; the dashed line is a Breit�Wigner funtion with the�-meson properties M0 = 766:9 MeV and �0 = 173 MeV while the solid lineshows the sum. The dashed histogram in the r.h.s. of Fig. 1(a) representsthe �-signal as obtained by bakground subtration from unorrelated ����pairs in ase of the in-medium modi�ation (2) with � = �0:16. It is seenthat not only the shape of the mass spetra, but also the absolute normal-ization are di�erent from the alulations with the bare �-properties (l.h.s.).The �-meson signal is shown again in Fig. 1(b) (r.h.s.) in terms of the solidhistogram, whih at �rst glane is quite ompliated to analyze in order toextrat in-medium properties of the �-meson. To this aim we have �ttedthe spetrum with a statistial distribution [20℄ as shown in Fig. 1(b) by thedashed line. The hathed histogram in Fig. 1(b) then shows the di�erenebetween the �-mass spetrum and the statistial distribution; it an be �ttedby a Breit�Wigner distribution with M�0 = 708 MeV and � = 270 MeV.In omparison with the l.h.s. of Fig. 1(b) a dropping of the �-meson massthus might be extrated from the invariant mass distribution of two pionsfor light nulei suh as 12C. However, the analysis is partly model dependentand the experiment requires large area detetors.2.2. !-mesonsThe situation hanges for the in-medium !-meson Dalitz deay sinehere only a single pion might resatter whereas the photon esapes prati-ally without reinteration. Again the alulations are performed within thetransport model used before for �0 and K� studies [15, 20℄ by taking intoaount both the diret pN!!pN , pN!!pN� and seondary pN!�NN ,�N!!N prodution mehanisms employing the ross setions from Ref. [21℄as well as !N elasti and inelasti interations in the target nuleus (withross setions from Ref. [19℄) and aounting for �0N resattering. Here the! propagation is desribed by the Hamilton's equation of motion and itsDalitz deay to �0 by Monte Carlo aording to the survival probabilityP!(t�t0)= exp(�� 0V (t�t0)) in the rest frame of the meson that was reatedat time t0.We �rst present the results without employing any medium modi�ationsfor the !-meson. The l.h.s. of Fig. 2 shows the resulting �0 invariant massspetrum for p+C and p+Cu ollisions at a beam energy of 2.4 GeV. Thesolid histogram displays the spetral funtion of !'s, whih deay outside thenuleus at densities ��0:05 fm�3; the distribution from the !!�0 deayfor �>0:05 fm�3 for events without �0-resattering is shown by the lighthathed areas while events that involve �0N elasti or inelasti sattering
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Fig. 2. (l.h.s.) The �0 invariant mass spetra from p+C and p+Cu ollisionsat a beam energy of 2.4 GeV alulated without in-medium modi�ations of the!-meson. The di�erent ontributions are explained in the text. (r.h.s.) The �0invariant mass spetra from p+Cu ollisions at 2.4 GeV alulated for �oll = 20and 50 MeV (open histograms) when employing the potential (2) for � = �0:16.The hathed histograms indiate the ontributions from !-mesons, that deay at�nite density and inlude �0 resattering, while the solid lines show the !-spetralfuntion in vauum for omparison.are displayed in terms of the dark areas. The solid lines show the Breit�Wigner distribution determined by the pole mass and width for the free!-meson. As an be seen from Fig. 2 (l.h.s.) most of the !-mesons fromthe 12C target deay in the vauum (92%) and onsequently ! deays inthe medium as well as �0 resattering are rather sare. The situationhanges for a Cu target where �0 oinidenes from �nite density are morefrequent (19% !'s deay inside the target), however, also �0 resatteringgives a substantial bakground whih in the invariant mass range of interestan approximately be desribed by an exponential tail in ps = M!. Note,that experimentally the in-medium ! spetral funtion an only be observedby the �0 invariant mass distribution from !-mesons deaying inside thenuleus without �0-resattering.Now we examine the feasibility of a diret detetion of an in-mediummodi�ation of the !-spetral funtion via the �0 invariant mass spetrum.The solid histograms in Fig. 2 (r.h.s.) show the alulated �0 invariant massspetra from p+Cu ollisions at 2.4 GeV alulated with �oll = 20MeV (up-per part) and �oll = 50 MeV (lower part) while employing the potential (2)with � = �0:16. The results are shown for an `experimental' mass resolutionof 10 MeV. The solid lines indiate the Breit�Wigner distribution given by



2182 W. Cassingthe mass and width for the vauum !-meson for omparison. The resultsindiate a substantial enhanement of the low mass �0 spetra due to theontribution from !-mesons deaying inside the nuleus while feeling the at-trative potential (2). Apparently, there is no substantial di�erene betweenthe �0 spetra alulated with �oll = 20 and 50 MeV sine the shape ofthe low invariant mass spetrum is dominated by the (density dependent)in-medium shift of the !-pole. Only above the vauum !-pole mass one ansee a slightly enhaned yield in ase of the higher ollisional broadening.Moreover, the ontribution from `distorted' !-mesons (due to �0 resatter-ing), whih is shown in Fig. 2 by the dark hathed histograms, is small andrepresents an approximately exponential bakground in the available �0energy.As demonstrated in Ref. [22℄ !-meson mass shifts omparable to Fig. 2(r.h.s.) may also be observed for targets as light as 12C or heavy as 208Pb.Suh experiments might be arried out at COSY with neutral partile de-tetors looking for the 3 invariant mass distribution and gating on eventswhere 2 's yield the invariant mass of a �0. This program is omplemen-tary to dilepton studies in pA reations with the HADES detetor at GSIDarmstadt [23℄. 3. Salar meson produtionThe salar meson setor plays a very important role in the physis ofhadrons. Nevertheless, the struture of the lightest salar mesons a0(980)and f0(980) is not yet understood and is one of the most important topisof hadroni physis ( [24, 25℄ and referenes therein). It has been disussedthat they ould be either �q�q states�, �Four-quark ryptoexoti states�, K �Kmoleules or vauum salars ( [24℄). Nowadays, theory gives some prefereneto the Unitarized Quark Model (UQM) proposed by Tornqvist [26℄, however,other options annot be ruled out experimentally. Moreover, there is a strongmixing between the unharged a0(980) and the f0(980) due to a oupling toK �K intermediate states. It is, therefore, important to study independentlythe unharged and harged omponents of the a0(980) beause the latter arenot mixed with the f0(980) and preserve their original quark ontent.3.1. The reation NN!f0NNThe prodution of salar mesons (f0; a0) in pp reations is investigatedwithin a meson-exhange approximation. The relevant diagrams for theNN!f0NN!K �KNN reation are those involving pion emission from thenuleons with s-hannel prodution of the f0-meson and its subsequent de-ay to K �K or �� (for details the reader is referred to Ref. [27℄). The ou-pling onstant at the ��f0 vertex is determined from a �t to the reation



Perspetives of Salar- and Vetor-Meson Prodution : : : 2183��p ! f0n ! nK+K� [27℄. A form fator at the f0�� vertex has to beinorporated sine both pions are o� their mass-shell; we use the formFf0��(q21 ; q22) = F�NN (q21)F�NN (q22); (4)where the �NN form fator is taken as F (t) = (�2 �m2�)=(�2 � t) with aut-o� parameter �=1.05 GeV. The form fator (4) is normalized to unity atq21 = m2� and q22 = m2�, whih is onsistent with the kinematial onditionsfor the determination of the f0�� oupling onstant.
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2184 W. CassingWe thus alulate the K+K� invariant mass spetrum from the pp!K+K�pp reation at a beam energy of 2.85 GeV, whih orresponds tothe kinematial onditions for the DISTO experiment at SATURNE [28℄.Sine at this energy the �-meson prodution beomes possible we inludeits ontribution to the K+K� spetrum. The pp!�pp total ross setionwas taken from Ref. [31℄ and the K+K� invariant mass was distributedaording to the Breit�Wigner resonane presription with a full �-mesonwidth �� = 4.43 MeV and a branhing ratio Br(�! K+K�) = 49:1%.The solid line in Fig. 3 (r.h.s.) shows the K+K� invariant mass spe-trum for the pp!�pp reation as well as the bakground spetrum from thepp!K+K�pp reation, whih was alulated as in Ref. [30℄ on the basis ofpion and kaon exhange diagrams. The dashed line indiates the K+K�spetrum alulated with the oupling onstants from set A and withoutform fator at the f0�� vertex. For these oupling onstants it is quiteobvious that the f0-meson annot be diretly deteted in pp ollisions byusing the K+K�-mode. Note, that when introduing a form fator (4) atthe f0�� vertex the ontribution from pp!f0pp!K+K�pp beomes evensmaller.To test the sensitivity of the model to the f0 parameters we also per-formed a alulation with gf0�� = 3.05 GeV and gf0KK = 4.3 GeV (set B)[27℄ and show the result in terms of the dotted line in Fig. 3 (r.h.s.). Indeed,in this ase the f0 ontribution is very strong at low K+K� invariant mass,however, the experimental data from DISTO [32℄ exlude this possibility.3.2. The reation pp! da+0The missing mass spetrum in the reation pp! d(MM)+ for deuteronsprodued at 0Æ in the laboratory and inident momenta of 3.8, 4.5 and 6.3GeV/ has been measured at LBL (Berkeley) [33℄. It is interesting that apartfrom the peaks orresponding to � and � prodution, there is a distintivestruture in the missing mass spetrum at 0.95 GeV2 whih was identi�edas a0 prodution.In order to estimate the ross setion of the reation pp! da+0 at lowermomenta � whih are available at COSY � the two-step model (TSM)desribed by the triangle diagram is used ( [34,35℄). For the deuteron wavefuntion we take the parameterization from Ref. [36℄ and neglet the D-wavepart whih gives only a small ontribution ompared to the S-wave term.The amplitudes taken into aount are: (i) the a0 oupling to twonuleons through the f1(1285) and �-meson exhanges; (ii) the a0 ou-pling through �- and �-meson exhanges; (iii) the prodution of a0-mesonsthrough pion exhange with s- and u-hannel nuleon urrents. The ouplingonstants and ut-o� parameters �i for �- and �-meson exhanges are taken



Perspetives of Salar- and Vetor-Meson Prodution : : : 2185from the Bonn potential model; for the a0- and f1(1285)-mesons the valuesfrom Ref. [37℄ are employed while the ut-o� � at the nuleon exhangevertex was onsidered as a free parameter within the interval 1.2�1.3 GeV.Within this model the mehanisms (i) and (ii) are of minor importane andthe dominant ontribution omes from the nuleon u-hannel exhange.The results of the alulations for the forward di�erential ross setionat various beam momenta [35℄ math with the data from [33℄ for a ut-o�� = 1:3 GeV and indiate that ross setions of 50�100 nb/sr should bereahed at a bombarding energy of 2.6 GeV, whih provides very promisingperspetives for exploring the a0 properties and dynamis at COSY.4. SummaryIn this ontribution the prodution and deay of vetor mesons (�; !) inpA reations at COSY energies has been studied with partiular emphasison their in-medium spetral funtions. It is found within transport alu-lations, that hadroni in-medium deays like �+�� or �0 might provideomplementary information to their dilepton (e+e�) deays. However, the�+�� signal from the �-meson is strongly distorted by pion resatteringon nuleons even for light nulei like 12C. On the other hand, the !-mesonDalitz deay to �0 appears promising even for more heavy nulei sine onlythe neutral pion may resatter and 3-photon events (�0 ! ) have a verysmall bakground at high invariant mass.Furthermore, the perspetives of salar meson (f0; a0) prodution in ppreations have investigated within a boson-exhange model indiating thatthe f0-meson might hardly be deteted in the K �K or �� deay hannels inthese ollisions whereas the exlusive hannel pp! da+0 looks very promisingwhen deteting the deuteron and analyzing the missing mass spetrum inthe range 0.9�1 GeV2. REFERENCES[1℄ F. Klingl, N. Kaiser, W. Weise, Nul. Phys. A624, 527 (1997).[2℄ B. Friman, Ata Phys. Pol. B29, 3195 (1998).[3℄ K. Saito et al., Phys. Lett. B433, 243 (1998); Phys. Rev. C59, 1203 (1999).[4℄ T. Hatsuda, S.H. Lee, Phys. Rev. C46, R34 (1992).[5℄ F. Klingl, T. Waas, W. Weise, Nul. Phys. A650, 299 (1999).[6℄ W. Cassing, E.L. Bratkovskaya, Phys. Rep. 308, 65 (1999)[7℄ R. Rapp, J. Wambah, hep-ph/9909229.[8℄ G.Q. Li et al., Nul. Phys. A 611, 539 (1996).
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