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SHADOWING AND FRAGMENTATION INHIGH-ENERGY PHOTO-MESON PRODUCTION �Ulrih MoselInstitut fuer Theoretishe Physik, Universitaet GiessenD-35392 Giessen, Germanye-mail: mosel�theo.physik.uni-giessen.de(Reeived July 5, 2000)A model for the desription of photonulear reations in the multi-GeVrange is desribed that ombines the oherent initial state interations(shadowing) of the inoming photon with an inoherent oupled hanneldesription of �nal state interations of outgoing partiles. Partile pro-dution itself is treated either, at low energies, through nuleon resonanedeays or, at higher energies, through string fragmentation. The initialstate nuleons an be far-o�-shell due to ground state orrelations. Resultsare shown for semi-inlusive meson prodution.PACS numbers: 25.20.Lj, 13.60.Le1. IntrodutionPhoto- and eletroprodution of mesons in nulei o�ers the possibility tostudy the interation of photons with nuleons in the nulear medium. Inthe energy regime from a few hundred MeV up to a few GeV one passes the(fuzzy) borderline between a purely hadroni and a parton-dominated world.One may thus gain insight into how the transition from meson-produtionthrough �lassial� t- and s-hannel proesses to the fragmentation regionis ahieved; the former proesses involve interations between nuleons andtheir resonanes, mesons and photons, the latter is dominated by primary in-terations of the inoming photon with the partons inside the nuleons. Howfragmentation is in�uened by surrounding nuleons is so far unknown, butthe EMC e�et has shown that inlusive proesses of virtual photons with nu-leons hange in the nulear environment [1℄. From a study of semi-inlusiveproesses one may also learn something about the in-medium properties, inpartiular their masses, of the produed hadrons in the nulear medium.Suh information would be a very valuable supplement to similar studies in� Presented at the Meson 2000, Sixth International Workshop on Prodution, Proper-ties and Interation of Mesons, Craow, Poland, May 19�23, 2000.(2269)



2270 U. Moselrelativisti heavy-ion ollisions. While there signi�antly higher peak densi-ties are ahieved, the reations proeed through a long history of densitiesand temperatures and all observables integrate intrinsially over this history.In ontrast, in photonulear reations the density of the nulear system islow (< �0), but the reations proeed in a rather stable environment muhloser to the groundstate. In addition, the in-medium sensitivity of suhreations is as large as that of ultrarelativisti heavy-ion ollions [2℄.Photoprodution of partiles on nulei is usually treated within theGlauber model (see the review in [3℄). While this model gives an e�ientdesription of oherent initial state interations (shadowing), it is rather su-per�ial in its treatment of �nal state interations of the produed hadrons.The Glauber method � at least in its pratial implementations � de-sribes only �nal state absorption. This may not be su�ient for a reliabledesription of semi-inlusive reations where the spei� hadron-hannel un-der study an not only be attenuated, but also be fed by interations withother hannels.In this talk I will present a model that ombines the Glauber treatmentof initial state interations with an inoherent oupled-hannel desriptionof �nal states. The latter is based on a oupled hannel treatment of hadroninterations in a dense environment, as it was originally developed for the de-sription of relativisti and ultrarelativisti heavy-ion ollisions. The modelallows to take the important ground state orrelations of nuleons into a-ount and thus to use realisti nulear ground-state spetral funtions. Par-tile prodution in this model is treated either through a realisti, �xed byexperiment desription of meson prodution on nuleons or � at higher in-variant energies above roughly 2 GeV � by the LUND string fragmentationmodel. The desription presented here thus has all the essential ingredientsfor a desription of high energy photonulear proesses on nulei. The de-tails of the model as applied to photomeson prodution on nulei an befound in [4℄; it an easily be generalized to eletroprodution (for the �rstresults in the lower energy (up to a few 100 MeV) region see [5℄).2. Model ingredientsHere I brie�y summarize the main ingredients of the present model.Details an be found in [4, 5℄ and [12℄.2.1. ShadowingThe initial state interations of the inoming photon with the nuleus aredominated at the higher photon energies by a oherent multiple satteringof the photon from the nuleons. The total photon�nuleus ross setion isthen given by [3℄:
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�A = A�N +XV 8�2kkV Im8<:ifV fV  Z d2b 1Z�1 dz1 1Zz1 dz2 n12(~b; z1; z2)� exp [iqV (z1 � z2)℄ exp"� 12�V (1� i�V ) z2Zz1 dz0 n(~b; z0)#9=; : (1)Here �N is the total photon�nuleon ross setion, fV the amplitude forphotoprodution of a vetor meson V on a nuleon, n the nulear density,n12 the orrelated two-body density, qV the momentum transfer from photonto vetor meson, �V the total vetor meson ross setion on a nuleon and�V the ratio of the real to the imaginary part of the amplitude for forwardsattering of a vetor meson on a nuleon. While it is known sine about25 years that suh a desription works well for high energies (> 5 GeV), wehave shown that the same expression also desribes the reently observedshadowing at low energies, from about 1 GeV photon energy on upwards, ifthe real part of the V N sattering amplitude is taken into aount [6℄. In [6℄we have furthermore shown that this real part leads to an e�etive shift ofthe vetor meson mass in the nulear medium. Thus shadowing is diretlytied in to the ongoing researh on properties of vetor mesons in nulei (fora reent review see [7℄). 2.2. Partile produtionThe primary prodution of a meson m on a nuleon N in the nulearmedium is in our method desribed by�A!A�m = Z d3xn(~x)sN (~x)�N!Nm : (2)Here the shadowing funtion sN (~x) is impliitly de�ned by the total pho-toabsorption ross setion on nulei (1) written in the form�A = Z d3xn(~x)sN (~x)�N (3)and �N!Nm is the free ross setion for produing meson m on the nu-leon N . Equation (2) essentially orresponds to multiplying the total rosssetion in (3) with the partial ross setion for produing meson m.For invariant energies in the photon�nuleon system below 2.1 GeV weobtain the needed ross setions for the primary interations N as in [8℄ byan expliit alulation of the ross setions for produing nuleon resonanes



2272 U. Moselas well as one-pion, two-pion, eta, vetor meson and strangeness. For higherenergies, where spei� nuleon resonanes are no longer visible, we use thestring fragmentation model FRITIOF [9℄ in the way desribed in [4℄.2.3. Final state interationsThe �nal state interations are desribed in a semilassial oupled han-nel transport alulation that inludes all nuleon resonanes up to an in-variant mass of 2.1 GeV, all relevant mesons in this range, and the stringfragmentation mehanism of the FRITIOF model for higher energies, on-sistent with the desription of the primary prodution proess. The model,desribed in detail in [10℄, allows a full oupled hannel treatment of �-nal state interations, inluding nonforward proesses. It has been testedand proven to give a very good desription of photonulear proesses in theMAMI energy regime (up to 800 MeV photon energy) [5, 8℄.2.3.1. Groundstate orrelationsNulear groundstate orrelations manifest themselves in the presene ofhigh-momentum omponents, far beyond the Fermi momentum of nulearmatter, in the nulear wavefuntions. Their presene an have signi�antonsequenes for partile prodution lose to or even below the free thresh-old. While there are very sophistiated many body alulations (see e.g. [11℄)of these orrelations we have reently shown (in [12℄) that the spetral fun-tion of nuleons in nulear matter is dominated by phase-spae e�ets andan be alulated from exatly the ollision integrals entering the transportalulations just desribed. An example of these results is shown in Fig. 1.
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Shadowing and Fragmentation in . . . 2273We have reently implemented this spetral funtion into our transportalulations. These spetral funtions have a strong in�uene on the primarypartile prodution very lose to threshold [13℄. In the GeV range treatedhere, this would be the ase, for example, for D-meson or J= photoprodu-tion. In addition, the spetral funtions may in�uene the FSI in the �rstfew reation steps. 3. ResultsIn [4℄ I show results of this approah for pion, eta, kaon and �+�� pro-dution. Here I just demonstrate the e�ets of various model ingredients onkaon photoprodution. In Fig. 2 the total ross setions for photoprodu-tion of K+ mesons are shown. These results show that shadowing is muhmore e�etive in the heavier nuleus Pb than in C, beoming important for
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2274 U. Moselenergies > 2 GeV. At the highest energy shown here (7 GeV) it redues theross setion to about 60% of its unshadowed value. The formation time ofthe string fragmentation model has a somewhat larger e�et in the heaviernuleus beause there reabsorption has more time to at in the ase of zeroformation time (the standard value used is 0.8 fm/). The most interestinge�et is the enhanement of the K+ prodution ross setion due to the �nalstate interations. This is a lear oupled hannel e�et: sine the �s quark inthe K+ meson annot be absorbed in ollisions with nuleons, there is onlyvery little reabsorption of low-energy K+ mesons. The �nal state intera-tions then at only to populate this hannel through seondary interations,suh as, e.g. �+N ! K+�. We expet a similar behavior for the harmed�D0 and D� mesons with a free threshold of about 3.7 GeV.
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Shadowing and Fragmentation in . . . 2275Thus, the full oupled hannel treatment of �nal state interations isimportant for all those partiles whose mean free path in matter is long.Here the sidefeeding has to be taken into aount.As a seond example of the results obtained with this method I show inFig. 3 the invariant mass distribution of �+�� pairs for bombarding energiesof 2�6 GeV on a C target. This reation is of interest in onnetion with the�-eletroprodution in high-energy reations [14℄.In the alulations presented here we know whih pions originated from a�; we an thus distinguish between true and random oinidenes. The �nalstate interations (FSI) play a dominant role at the lowest energies whereastheir e�et beomes smaller at the highest one. This is due to the energydependene of the �N ross setion. It is also seen that the � meson an beidenti�ed in the mass-spetrum at all energies; this beomes more di�ultin heavier nulei. The strong bakground rising down to the threshold at2m� is due to pions from resonane deays. The �gure also shows that amass shift of the � meson aording to the predition of [15℄m�� = �1� 0:18 ��0�m� (4)is hardly visible in the pion invariant mass spetrum. This is simply due tothe strong reabsorption and resattering of pions in the nulear medium; the� peak �nally seen is then that of a � meson already deaying in the nulearsurfae. 4. SummaryIn this talk I have desribed a new theoretial approah to photo- andeletroprodution at high energies. This approah ombines shadowing inthe inoming state with a oupled-hannel treatment of �nal state inter-ations. The FSI are treated in a transporttheoretial method, originallydeveloped for the desription of heavy-ion reations, and later also extendedto hadron�nuleus [16℄ and photo- and eletroprodution experiments atsmaller energies [5,8,17℄ where it yielded very good results in omparison toMAMI data. I have illustrated some results of this method for photoprodu-tion in the GeV energy regime; more an be found in a reent publiation [4℄.The method, when extended to higher energies and eletroprodution,shows some promise for investigations of phenomena suh as olor trans-pareny and the EMC e�et. Sine the model also allows to inlude realistinulear spetral funtions in a simple way [12℄ we expet it also to be usefulfor a quantitative, realisti desription of semi-inlusive reations on nulei.It should also help in a reliable analysis of experiments aiming for a determi-nation of nulear struture funtions and their transition to partoni degrees
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