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MESON PRODUCTION IN PHOTONUCLEAR,�-INDUCED AND HEAVY-ION REACTIONS:ELEMENTARY PROCESSES AND MEDIUM EFFECTS�V. MetagII. Physikalishes Institut, Universität GiessenHeinrih Bu� Ring 16, D-35392 Giessen, Germany(Reeived January 26, 2000)The struture of the nuleon has been investigated by studying thephotoexitation of nuleon resonanes and their subsequent meson deay.The photon spetrometer TAPS has been used in a series of orrespondingexperiments at the Mainz mirotron MAMI. A omparison of the photo-prodution of mesons on the free nuleon and on nuleons bound in nuleireveales di�erenes attributed to hanges in the properties of hadrons in thenulear medium. Most of the nuleon resonanes exhibit only a small shiftin mass but an appreiable broadening. The largest e�et is observed forthe D13-resonane whih may be attributed to its �-meson deay. Variousalulations predit a hange in the spetral funtion of this vetor meson inthe nulear medium. First experimental evidene for medium modi�ationsof vetor mesons may have been observed in ultra-relativisti heavy-ion ol-lisions, e.g. with the CERES detetor. A dediated program fousing onthe properties of mesons in the nulear environment at di�erent temper-atures and baryon densities will be taken up with the HADES di-leptonspetrometer at GSI, utilizing the �- and heavy-ion beams from SIS. Pho-tonulear, hadron and heavy-ion indued reations are thus omplementaryapproahes to study the properties of hadrons in nulear matter.PACS numbers: 25.75.Dw, 25.20.�x, 25.80.Hp1. IntrodutionNuleons and mesons have a omplex substruture of valene quarks,gluons and quark-antiquark pairs. In most ases, the mass of a ompositesystem is nearly equal to the sum of masses of the onstituents. For atomsand nulei, the binding fores among the onstituents only ause a slight� Invited talk presented at the NATO Advaned Researh Workshop, Krzy»e, PolandSeptember 2�4, 1999. (197)



198 V. Metaghange in the overall mass of the system. In ontrast, the nuleon mass �and therefore the mass of our marosopi world � is dominated by thestrong on�ning interation among the onstituents of the nuleon while thebare masses of the onstituents ontribute only a few perent to the nuleonmass. Beause of this sensitivity to the interation, properties of isolatedhadrons � in partiular their mass � may be di�erent from those embed-ded in nulear matter with many other nuleons nearby. In addition, theseproperties may be further modi�ed if the nulear environment is ompressedor heated as e.g., in nuleus-nuleus ollisions.In this ontribution, experimentally established medium e�ets in pho-tonulear reations will be presented and disussed. The photoprodutionof mesons on free and bound nuleons is used as a tool for studying mediummodi�ations of nuleon resonanes. These e�ets may be linked to the in-medium modi�ations of mesons whih feed bak on the properties of thedeaying states. The e�et of the nulear environment on mesoni propertiesis also studied in hadron and heavy-ion indued reations. A orrespondingresearh program at GSI Darmstadt will be desribed.2. Photoabsorption on free and bound nuleonsThe absorption of photons on free and bound nuleons in the 0.1�2.0 GeVenergy regime has been studied by several groups. The experimental results

Fig. 1. Comparison of photoabsorption ross setions on free and bound nule-ons [1℄.are displayed in Fig. 1. As in the Frank�Hertz experiment on atoms, energyan only be transferred to the nuleon in ertain portions. The distintstrutures in the exitation funtion on the free proton an thus be assoiated
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Fig. 2. Exitation energy spetrum of the nuleon. The states are separated aord-ing to their isospin. Main deay modes and the exitation energy range aessibleat MAMI are indiated.with exited states of the nuleon. These are the �(1232)-resonane, thelowest non-strange exitation of the nuleon, overlapping resonanes in theseond resonane regime (P11(1440), D13(1520), S11(1535)) (see Fig. 2) andstill higher lying states in the third resonane regime. Due to meson deayvia the strong interation the resonanes are very short lived (� � 3�10�24s)and orrespondingly have widths of the order of 150 MeV. The observationof the � resonane in the early 50's was atually the �rst indiation for theomposite struture of the nuleon long before the quark-gluon substrutureof the nuleon was disovered and studied in deep-inelasti lepton satteringat the end of the 60's.The ross setion per nuleon for photoabsorption on nulei shows dif-ferent features. While the struture assigned to the �-exitation of a boundnuleon is still learly pronouned, the bump assoiated with the seondresonane regime is washed out. The photoabsorption on a free and on abound nuleon are distintly di�erent, indiating a strong medium e�et, amodi�ation of hadroni properties in nulear matter. To trae the mediummodi�ation to individual resonanes it is not su�ient to study the in-lusive photoabsorption proess. Instead, the exitation of the individualresonanes in exlusive reations has to be investigated. Here, the hara-teristi deay properties of the di�erent resonanes an be exploited. The�(1232)-resonane deays via single pion emission; the resonane strutureis most pronouned in the neutral pion hannel sine non-resonant ontri-



200 V. Metagbutions (Born-terms) are suppressed. The S11(1535) resonane deays to� 50% into � mesons. Sine no other nuleon resonane has a omparablylarge � branhing ratio the observation of an � meson is a harateristi tagon the exitation of the S11(1535) resonane. The D13(1520) resonane has apredominant deay mode into two pions. Most deays our via subsequentemission of the two pions but some pions are orrelated as e.g., in the deayvia a � meson. In the subsequent setions, these deay properties are usedto establish di�erenes in free and in-medium properties of the individualresonanes. 3. Experimental approahThis setion gives a brief aount of the experimental approah to studythe photoprodution of mesons with the Two-Arm-Photon-SpetrometerTAPS at the Mainz mirotron MAMI. Bremsstrahlung photons are produedby the 880 MeV ontinuous wave eletron beam from MAMI impinging on a

Fig. 3. Energy tagging of bremsstrahlung photons.
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Meson Prodution in Photonulear, �-Indued and: : : 201radiator wire. The photon energy is dedued event-by-event from the energyof the sattered eletron measured in oinidene in a magneti spetrome-ter (tagger), as illustrated in Fig. 3. After ollimation, the bremsstrahlungbeam is transported to the nulear target in an evauated beam line. Typialphoton �uxes are about 500 kHz/(2MeV). The photon energy resolution isabout 2 MeV. Neutral mesons produed in the target are deteted via their2-deay with the 508 BaF2-sintillation detetors of the Two-Arm-Photon-Spetrometer TAPS, arranged in the horizontal plane around the satteringhamber in 6 bloks and a forward wall. For eah photon pair deteted inTAPS the invariant mass is determined. The two photon invariant massresolution for �0 and � mesons is illustrated in Fig. 4.4. Properties of free nuleon resonanesIn this setion, experimental results on the photoprodution of mesonson the free nuleon are presented.4.1. �(1232) resonaneThe ross setion for single pion photoprodution on the free proton(see Fig. 5) exhibits a strong peak at a photon energy of 330 MeV whih
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Fig. 5. Cross setion for single �0 photoprodution from the proton. The �gure isadapted from [2℄.orresponds to the exitation of the �(1232) resonane. The resonane massand width dedued from the �gure are 1230 MeV and 120 MeV, respetively,in agreement with the partile data values. The �0 angular distribution atthe resonane energy (not shown) is onsistent with the well known spinJ = 3=2 of the � resonane.



202 V. Metag4.2. S11(1535) resonane

Fig. 6. Cross setion for photoprodution of � mesons from the proton. The dataare ompiled from [3,4℄.

Fig. 7. Angular distribution of � mesons from the p ! p� reation for di�erentphoton energy bins [3℄.Fig. 6 shows the exitation funtion for the photoprodution of � mesons.The steep rise in the ross setion is attributed to the presene of the S11 res-onane with a resonane pole 50 MeV above the � threshold. The �-angulardistributions shown in Fig. 7 are almost isotropi at least near threshold,demonstrating the s-wave harater of this resonane.



Meson Prodution in Photonulear, �-Indued and: : : 2034.3. D13 (1520) resonaneThe ross setion for the photoprodution of 2 �0 mesons rises steeplyabove E = 400 MeV and peaks at E = 740 MeV (see Fig. 8) whihorresponds to ps = 1510 MeV, lose to the mass pole of the D13 resonane.
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Fig. 8. Cross setion for 2 �0 photoprodution from the proton. The data are takenfrom [5,6℄.

Fig. 9. ���0 invariant mass spetra from the reation n ! p���0. The dataare from [7℄; the urves represent three-body phase spae distributions and thealulations (dashed) are from Ohi et al. [8℄.



204 V. MetagA detailed analysis of the three partile exit hannel using Dalitz plots hasestablished that the deay ours predominantely via sequential emission ofthe two neutral pions with the � resonane as an intermediate state [5℄.A orresponding analysis of the reation n ! p���0 , performed by theDAPHNE group, showed a deviation from equal phase spae population inthe ���0 invariant mass distribution, indiating a orrelation between thetwo pions as shown in Fig. 9. This deviation from a phase spae distributionhas been taken as evidene for the emission of a low mass �-meson [7℄ (the� resonane has a width of 150 MeV). This experimental observation isorroborated by a reent TAPS measurement of the p ! p�+�0 reation.A di�erene between the �+�0 � and �o�0 � invariant mass distributionshas been observed [9℄. Sine there is no �0 ! �0�0 deay this di�erene anbe attributed to a �+ ! �+�0 ontribution. This is further supported by the�+�0 angular distribution. It is, however, not yet lear to what extent the �strength an really be attributed to the D13 ! N� deay or to bakgroundterms. 5. Properties of bound nuleon resonanesIn this setion, experimental results on the photoprodution of mesonsfrom nuleons bound in nulei are presented.5.1. �(1232) resonaneThe exitation of a bound nuleon to the � resonane has been studiedin the photoprodution of �0 mesons on 4He and 12C as shown in Figs. 10,11. In the theoretial analysis of Drehsel et al. [11℄ the interation of the� resonane with the nulear environment is taken into aount by addinga self energy term �� in the free �-propagator:1W �M� + i��(W )=2 =) 1W �M� + i��(W )=2 ��� : (1)The self energy is parametrized as��(E ; q2) = V (E)F (q2); F (q2) = e��q2 ; (2)where V is a omplex potential whih re�ets the medium modi�ation ofthe � resonane and is obtained from a �t to the data. The real and imagi-nary part of V represent additional ontributions to the resonane mass andwidth, respetively. They are shown in the lower part of Fig. 10. A massshift of the order of 20 MeV is a small orretion (� 2%) while the inreasein width is of the order of 30%. The remarkable result of the analysis byDrehsel et al. is that the same potential parameters also reprodue the
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Fig. 10. Energy dependene of the total ross setion for the 4He(; �0)4He re-ation. The experimental data are from [10℄; the urves represent PWIA andDWIA alulations and alulations inluding the � self energy term [11℄. Theorresponding parameters of the potential are given in the lower �gure.

Fig. 11. Energy dependene of the di�erential ross setion for oherent �0 pho-toprodution from 12C at ��0lab = 600. The experimental data are from [12℄, thealulations from [11℄.



206 V. Metagross setion for oherent �0 prodution on 12C (see Fig. 11), indiating asaturation of the �-nuleus interation.5.2. S11(1535) resonaneThe in-medium properties of the S11 resonane have been studied bymeasuring the photoprodution of � mesons on nulei [13, 14℄. The exper-
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Fig. 12. Energy dependene of the � photoprodution ross setion on Carbon. Thedata are from [13, 14℄. The solid urve represents a QMD alulation desribedin [14℄.imental results for 12C are shown in Fig. 12. Aording to [14℄ a resonanewidth of 250 MeV is needed to reprodue the experimental exitation fun-tion whih again orresponds to an inreased width by about 30 - 40 %ompared to the free S11 width while the resonane mass is hardly e�eted.5.3. D13(1520) resonaneThe photoprodution of mesons on the free proton in the D13 resonanemass range revealed an appreiable �-strength (see Setion 4). As disussedin Setion 6, there is evidene for a strong spreading of the � meson strengthin the nulear medium beause of its ouplings to N�-hole exitations. Thiswould imply a strong inrease of the � deay width and thus of the totalD13 width. As a onsequene, the opening of phase spae for � deay ofthe D13 resonane may provide enough resonane broadening to explain thedisappearane of strutures in the photoabsorption on nulei. The result ofa orresponding transport model alulation [15℄ is shown in Fig. 13. In thissenario the disappearane of strutures in the photoabsorption on nulei istraed to medium modi�ations of a vetor meson whih in a self-onsistenttreatment have an impat on the in-medium properties of the D13 resonane.
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Fig. 13. Photoabsorption ross setion in the seond resonane region on the pro-ton and on 40Ca in omparison to theoretial alulations [15℄ taking di�erentin-medium e�ets into aount.6. Properties of vetor mesons in the nulear mediumFurther understanding of the in-medium e�ets observed in the photoab-sorption on nulei requires a disussion of the urrent status of vetor mesonproperties in the nulear medium. Several groups have studied the intera-

Fig. 14. Spetral funtion of the � meson for di�erent momenta [16℄.tion of � mesons with the surrounding nulear medium (see e.g., [16�18℄).All groups onsistently �nd a strong broadening of the � spetral funtion innulei at normal density; an example is shown in Fig. 14. Experimental evi-dene for a lowering of the in-medium � mass stems from studies of di-leptonprodution in heavy-ion ollisions at ultra-relativisti energies. Di-leptonsare partiularly suited as probes of vetor meson properties in hadroni mat-
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210 V. Metag10�20% is expeted. The kinematis of the ��p! n! reation on a boundproton allows for almost reoilless !-prodution in nulei whih ensures thata high fration of ! mesons deays within the nuleus. This fration an befurther enhaned by appropriate seletions on the ! momentum. The e�etof a mass modi�ation is best seen by omparing dilepton spetra from the! deay in a big and small nuleus as shown in Fig. 17.7. SummaryThe medium e�et observed in the photoabsorption on nulei has beeninvestigated by omparing the properties of free and bound nuleon reso-nanes, studied via the photoprodution of mesons. An intriguing sugges-tion for the disappearane of strutures in the photoabsorption ross setionin the seond resonane regime may be a broadening of the D13 resonaneaused by a shift of the � strength to lower masses in the nulear medium.This senario establishes a diret link between the photo nulear studies ofbaryon properties in the nulear medium and investigations of in-mediumhadron properties using heavy-ion and hadron beams.The results presented in this artile are largely based on the work of theTAPS and A2 ollaborations at MAMI. I would like to thank the sientists,tehniians and in partiular the many Ph.D. students who have arried themajor load in data taking and analysis. It is a pleasure to aknowledgeilluminating disussions with M. E�enberger and U. Mosel. I am grateful toJ. Ritman and S. Shadmand for ritial omments on the manusript.REFERENCES[1℄ C. Amsler et al., Nul. Phys. A622, 315 (1997).[2℄ B. Krushe et al., Eur. Phys. J. A6, 309 (1999).[3℄ B. Krushe et al., Phys. Rev. Lett. 74, 3736 (1995).[4℄ B. Shoh, Prog. Nul. Part. Phys. 34, 43 (1995).[5℄ F. Härter et al., Phys. Lett. B401, 229 (1997).[6℄ A. Braghieri et al., Phys. Lett. B363, 46 (1995).[7℄ A. Zabrodin et al., Phys. Rev. C60, 055201 (1999).[8℄ K. Ohi, et al., Phys. Rev. C56, 1472 (1997).[9℄ W. Langgärtner, thesis, Univ. Giessen, 1999.[10℄ F. Rambo et al., Nul. Phys. A660, 69 (1999).[11℄ D. Drehsel et al., Nul. Phys. A, in press.[12℄ M. Shmitz, Ph.D. thesis, Univ. Mainz, 1996.
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