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MEDIUM MODIFICATIONS OF HADRONS STUDIEDWITH PHOTONUCLEAR REACTIONS� ��S. Shadmandfor the TAPS and the A2 CollaborationsII Physikalishes Institut, Justus Liebig Universität GiessenHeinrih Bu� Ring 16, 35392 Giessen, Germany(Reeived January 22, 2002)The experiments with the eletromagneti alorimeter TAPS usingtagged photon beams fous on meson prodution from the free proton andfrom nuleons bound in nulei. Following an introdution, results fromthe reent TAPS ampaign at the tagged photon faility MAMI (Mainz)on double pion photo-prodution are presented. The observations usinga proton target provide diret evidene for a � strength in the deay of theD13 resonane. Furthermore, double pion prodution from nulei is used asa tool to study in-medium modi�ations of the �� interation whih mightindiate a partial restoration of hiral symmetry.PACS numbers: 13.60.Le, 14.20.Gk, 25.20.Lj1. IntrodutionNuleons are omposite partiles ontaining quarks and gluons. Theomplex nuleon struture manifests itself in a rih exitation spetrumexhibiting several nuleon resonanes. This an be seen in Fig. 1 wherethe total photo-absorption ross setion on the proton is seen to have res-onane struture. Three resonane regions are observed. The �rst, aroundE = 330MeV, ontains the lowest exitation state, a P33 resonane, alledthe � resonane. Two more resonane regions are observed at higher en-ergies, the seond and third resonane regions, eah onsisting of severaloverlapping resonant states.� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.�� This work was supported by Deutshe Forshungsgemeinshaft (SFB 201) and theU.K. Engineering and Physial Sienes Researh Counil.(873)



874 S. ShadmandNuleon resonanes are short-lived and deay via the emission of mesons.Therefore, a more detailed investigation requires the study of meson pro-dution. The left panel of Fig. 1 shows the deomposition of the photo-absorption ross setion on the proton into single and double meson produ-tion. In photo-absorption as well as single �0 prodution, the identi�ation
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Fig. 1. Total photo-absorption ross setion on the proton and deompositioninto single and double meson prodution reations (left). Comparison of photo-absorption ross setions on the proton (solid line) and nulei, taken from [2℄ (right).of the individual resonanes is hindered by their large widths and strongoverlap with eah other. However, a separation of the resonanes in theseond resonane region is possible via their harateristi deay into two� and into � mesons. Fig. 2 gives an overview of the nuleon exitationspetrum and the harateristi deay modes of the resonanes. The exi-tation spetrum shows nuleon resonanes aessible with beam energies asprovided by the tagged photon beam faility at the MAMI eletron ael-erator. Here, the seond resonane region with M(N?)=1400�1600MeV isovered. The P11(1440), S11(1535), and D13(1520) resonanes are ontribut-ing to this region. The notation originates from pion sattering experimentson the proton where the angular momentum L refers to the relative angularmomentum between the pion and the proton. The resonane properties anddeay modes are listed in Table I. Charateristi deays are P11 ! N��,D13 ! N��, and S11(1535) ! N�, as an be seen from the probabilities forthe various deay modes. The information quoted in [1℄ has been extratedby means of oupled hannel analyses.A omparison of photo-absorption ross setions on the proton and onnulei in the right panel of Fig. 1 shows strong di�erenes in the seond reso-nane region [2℄. The resonane struture is prominent in photo-absorptionon the free nuleon and appears strongly suppressed for photo-absorptionon nulei. In this energy region, the D13(1520) resonane is dominantlyexited in photoprodution and an in-medium broadening of this resonane



Medium Modi�ations of Hadrons Studied with . . . 875ould be the ause of the observations. The broadening would arise fromoupling the resonane to the N� �nal state [3,4℄ where the � meson itself isappreiably broadened in the nulear medium [5℄. This senario is based ona substantial �-deay width of the D13 resonane whih should be observableon the free proton. The �-deay width of the free D13 resonane is quotedby the Partile Data Group [1℄ and Manley [6℄. However, the parameterswere extrated from oupled hannel analyses of pion indued reations andthe deay hannel was not diretly observed. Indiations for � strength inphoto-absorption experiments have been dedued by the DAPHNE groupin the  n ! �� � �0 p reation on a deuteron target [7℄ by omparison tomodel alulations of Ohi et al. [8℄. In the experimental analysis, e�etsstemming from the fat that the neutron is bound in the deuteron targethad to be aounted for. In Se. 3, the TAPS results on the �rst diretobservation of the � strength from the reation  + p [9℄ are reported.The study of double pion prodution is extended to nuleons embeddedin nulei in order to investigate in-medium modi�ations of the �� intera-tion whih might indiate a partial restoration of hiral symmetry [11�13℄.The results of pion-indued experiments (�+,�+��) [14℄ and (��,�0�0) [15℄ould be interpreted in that sense. Photon-indued reations an reahhigher nulear densities and should be more sensitive to in-medium e�ets.In Se. 4, the TAPS study of the reations  + A! �0�0 +X with A= p,D, C and Pb is disussed.
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876 S. Shadmand TABLE IResonanes ontributing to the seond resonane region and their deay propertiesaording to [1℄. The resonanes deay to about 50% via single pion emission.Charateristi deays are P11 ! N��, D13 ! N��, and S11(1535)! N�.Resonane Width Deay DeayN?(M) mode probabilityP11(1440) 350 MeV N� 60�70%N�� 30�40%�� 20�30%N� <8%N(��)l=os�wave 5�10%D13(1520) 120 MeV N� 50�60%N�� 40�50%�� 15�25%N� 15�25%N(��)l=os�wave <8%S11(1535) 150 MeV N� 35�55%N� 30�55%N�� 1�10%2. Experimental setupThe experiments were performed with the TAPS detetor [16℄ in om-bination with the Glasgow tagged photon beam faility [17℄ at the MAMIaelerator in Mainz [18℄. Six detetor bloks onsisting of 64 BaF2 plastitelesopes, respetively, and a forward wall of 120 telesopes were arrangedin a plane around the sattering hamber. The detetion system providestime-of-�ight, energy, and pulse shape information of the deteted partiles.In addition, neutral/harged partile identi�ation an be derived from thinplasti sintillators in front of the BaF2 rystals. In the experimental am-paign, quasi-monohromati photons up to 850 MeV were employed. �0�0and �+�0 data were simultaneously aquired using the same detetion sys-tem and similar analysis. �0 and � mesons are identi�ed via their 2 photondeay using an invariant mass analysis and harged pions via time-of-�ight.The studies are performed on the free proton as well as on nuleons boundin nulei.



Medium Modi�ations of Hadrons Studied with . . . 8773. Double pion photoprodution on the protonFig. 3 shows the total ross setion of the reation  p ! �+�0 n and p ! �0�0 p as a funtion of the inident photon energy. The TAPS re-sults (�lled and open irles) are ompared to theoretial preditions of [19℄(solid urve). In both panels of Fig. 3, dashed urves represent the the-oretial result without a � ontribution [20℄. The TAPS result is onsis-tent with a previous measurement performed with the DAPHNE detetor(open squares) [21℄ on�rming the resonane struture at the D13(1520) res-onane (E=760 MeV). �� prodution proeeds to a large extent throughthe sequential deay of the D13(1520) (E = 760 MeV) via the �(1232)resonane [22℄. N� invariant mass distributions from the present data setindiate that a sequential deay is also important in the �+�0 hannel [9℄.This is in agreement with the assumption of Refs. [20, 23℄ and an be seenin Fig. 3 by omparing the experimental data and the dashed urves (with-out �). The struture in the �+�0 ross setion is explained by an interfer-ene of the D13 ! N�-deay with the � Kroll�Rudermann ontribution [19℄,both indiated separately (short-dashed and dotted urves), and indiatesthe importane of a � ontribution.
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Fig. 3. �+�0 [9℄ (left) and �0�0 [22℄ total photoprodution ross setion from theproton as a funtion of inident photon energy (right).The statistis of the TAPS results allow to diretly ompare �� invariantmass distributions from the reations  p ! �+�0 n and  p ! �0�0 p [9℄.The �! �� ontribution an be observed in the �+�0 invariant mass distri-butions but the �-meson deay into �0�0 is forbidden. Therefore, deviationsof �+�0 from �0�0 invariant mass distributions are regarded as a measureof the � ontribution. Fig. 4 shows �� invariant mass distributions for the�0�0 and �+�0 reations on the proton. At low exitation energies both ex-



878 S. Shadmandperimental distributions agree within the error bars with phase spae. Apartfrom pure phase spae ontributions, this low energy behavior is onnetedto the ontribution of the sequential deay of the D13 resonane whih pro-vides a featureless distribution similar to a phase spae distribution. In theseond resonane region the �+�0 system shows a pronouned shift to highermasses. As pointed out above, the �0 meson annot deay into 2�0. The de-viation towards higher invariant masses in the harged hannel is attributedto an intermediate �+ meson. Here, the low energy tail of the broad � mesonof mass 770 MeV and full width 150 MeV is populated. The right hand sideof Fig. 4 shows a omparison of the mass distributions to the alulations
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Medium Modi�ations of Hadrons Studied with . . . 879with and without the inlusion of the D13 ! N�- and �-Kroll�Rudermanndeays, using the PDG-values for masses and widths [1℄. The deviations areassigned to a � branh of the D13(1520) resonane sine this state is pre-dominantly exited in the seond resonane region and the �+�0 ross se-tion in Fig. 3 shows a broad peak at the D13(1520) resonane (E=760 MeV,�D13 = 120 MeV).This onlusion is supported by a simpli�ed �t to the data onsideringa phase spae ontribution (representing sequential deays in approximation)and a � ontribution as in p! �+n! �+�0n. The �t is explained in moredetail in [9℄. The ratio of squared � hannel and phase spae amplitudesdedued from the �t to the �+�0 data is shown in Fig. 5. The ratio, plotted
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880 S. Shadmand4. In-medium double pion photoprodutionThe elusive � meson is assumed to be an isosalar�salar �� state(JP =0+) and is quoted to have a mass of 500�1200 MeV in the vauum [1℄.This meson would be onsidered a tool to investigate hiral symmetry resto-ration as it has the same quantum numbers as the QCD vauum. Partialrestoration of hiral symmetry is expeted to be progressing with inreas-ing baryon density or temperature and would lead to a dropping of the �mass [10℄, reahing the � mass in the ase of full hiral symmetry restora-tion. The � meson, being a Goldstone boson, does not experiene suhdrasti mass hanges.The dropping of the � mass should be observable via its deay intopion pairs. Here, the �� invariant mass distributions should exhibit a shifttowards the two-pion threshold with inreasing baryon density [11�13℄. Thissignature of partial hiral symmetry restoration is expeted to set in alreadyat normal nulear density. However, the observed pions may experiene �nalstate interations and appropriate are has to be taken in the interpretationof the results.In the TAPS photoprodution experiments at MAMI, the reations+ A! �0�0+X with A = p, D, C and Pb were studied. The oherentprodution ross setion is negligible and the investigation deals with nu-leons embedded in nulei. The inident photon energy was hosen to be400�460 MeV in order to keep the sum of the pion kineti energies below100 MeV, thereby minimizing pion �nal state interations. From the protonto the arbon and to the lead target, the resulting �0�0 mass distributions, asseen in Fig. 6, exhibit a gradual mass shift towards small invariant masses, aswould be expeted from theoretial preditions of hiral symmetry restora-tion. For the arbon target, good agreement is found with the �0�0 datameasured with the Crystal Ball using pion beams [15℄. The results areompared to �+�0 distributions in order to judge the in�uene of �nal stateinterations. The �+�0 prodution hannel, arrying isospin I = 1, annotstem from the � meson deay but the harged pions undergo �nal state in-terations similar to neutral pions. The �+�0 distributions do not exhibitthe same mass shift. It an be onluded that �nal state interations of theprodued pions play a minor role at these energies. The observed shift inthe �0�0 mass distributions is onsistent with the predition of partial hiralsymmetry restoration at normal nulear density. This result on�rms ear-lier measurements by the CHAOS ollaboration with pion beams [14℄ whihwere hampered in their quantitative interpretation by aeptane issues.
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Fig. 6. Preliminary TAPS �0�0 invariant mass distributions (solid irles) for vari-ous targets at 400�460 MeV inident photon energies. The data are normalized foromparison with the Crystal Ball results (open irles). Solid urves are �ts to theTAPS points. 5. SummaryThe �� photo-prodution from the proton up to 820 MeV exitationenergy has been disussed. Here, the �+�0 system has been ompared tosimultaneously measured �0�0 data for prodution on the free nuelon aswell as on nuleons embedded in nulei.For the proton the �+�0 invariant mass distributions are shifted towardshigher masses. This behavior provides �rst experimental evidene for a on-tribution of an intermediate �+ meson with a subsequent deay into twopions in the reation  p! �+ n! �+�0 n. Beause of the resonant behav-ior this � strength is assigned to the deay of the D13(1520) resonane asalso found in reent alulations by Naher et al. [19℄. The �-deay branhof the D13(1520) is of great interest for the understanding of medium modi-�ations in nulear reations. A strong broadening of the � spetral funtion
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