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MESON PRODUCTION IN PHOTONUCLEAR,�-INDUCED AND HEAVY-ION REACTIONS:ELEMENTARY PROCESSES AND MEDIUM EFFECTS�V. MetagII. Physikalis
hes Institut, Universität GiessenHeinri
h Bu� Ring 16, D-35392 Giessen, Germany(Re
eived January 26, 2000)The stru
ture of the nu
leon has been investigated by studying thephotoex
itation of nu
leon resonan
es and their subsequent meson de
ay.The photon spe
trometer TAPS has been used in a series of 
orrespondingexperiments at the Mainz mi
rotron MAMI. A 
omparison of the photo-produ
tion of mesons on the free nu
leon and on nu
leons bound in nu
leireveales di�eren
es attributed to 
hanges in the properties of hadrons in thenu
lear medium. Most of the nu
leon resonan
es exhibit only a small shiftin mass but an appre
iable broadening. The largest e�e
t is observed forthe D13-resonan
e whi
h may be attributed to its �-meson de
ay. Various
al
ulations predi
t a 
hange in the spe
tral fun
tion of this ve
tor meson inthe nu
lear medium. First experimental eviden
e for medium modi�
ationsof ve
tor mesons may have been observed in ultra-relativisti
 heavy-ion 
ol-lisions, e.g. with the CERES dete
tor. A dedi
ated program fo
using onthe properties of mesons in the nu
lear environment at di�erent temper-atures and baryon densities will be taken up with the HADES di-leptonspe
trometer at GSI, utilizing the �- and heavy-ion beams from SIS. Pho-tonu
lear, hadron and heavy-ion indu
ed rea
tions are thus 
omplementaryapproa
hes to study the properties of hadrons in nu
lear matter.PACS numbers: 25.75.Dw, 25.20.�x, 25.80.Hp1. Introdu
tionNu
leons and mesons have a 
omplex substru
ture of valen
e 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 nu
lei, the binding for
es among the 
onstituents only 
ause a slight� Invited talk presented at the NATO Advan
ed Resear
h Workshop, Krzy»e, PolandSeptember 2�4, 1999. (197)
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hange in the overall mass of the system. In 
ontrast, the nu
leon mass �and therefore the mass of our ma
ros
opi
 world � is dominated by thestrong 
on�ning intera
tion among the 
onstituents of the nu
leon while thebare masses of the 
onstituents 
ontribute only a few per
ent to the nu
leonmass. Be
ause of this sensitivity to the intera
tion, properties of isolatedhadrons � in parti
ular their mass � may be di�erent from those embed-ded in nu
lear matter with many other nu
leons nearby. In addition, theseproperties may be further modi�ed if the nu
lear environment is 
ompressedor heated as e.g., in nu
leus-nu
leus 
ollisions.In this 
ontribution, experimentally established medium e�e
ts in pho-tonu
lear rea
tions will be presented and dis
ussed. The photoprodu
tionof mesons on free and bound nu
leons is used as a tool for studying mediummodi�
ations of nu
leon resonan
es. These e�e
ts may be linked to the in-medium modi�
ations of mesons whi
h feed ba
k on the properties of thede
aying states. The e�e
t of the nu
lear environment on mesoni
 propertiesis also studied in hadron and heavy-ion indu
ed rea
tions. A 
orrespondingresear
h program at GSI Darmstadt will be des
ribed.2. Photoabsorption on free and bound nu
leonsThe absorption of photons on free and bound nu
leons in the 0.1�2.0 GeVenergy regime has been studied by several groups. The experimental results

Fig. 1. Comparison of photoabsorption 
ross se
tions on free and bound nu
le-ons [1℄.are displayed in Fig. 1. As in the Fran
k�Hertz experiment on atoms, energy
an only be transferred to the nu
leon in 
ertain portions. The distin
tstru
tures in the ex
itation fun
tion on the free proton 
an thus be asso
iated
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Fig. 2. Ex
itation energy spe
trum of the nu
leon. The states are separated a

ord-ing to their isospin. Main de
ay modes and the ex
itation energy range a

essibleat MAMI are indi
ated.with ex
ited states of the nu
leon. These are the �(1232)-resonan
e, thelowest non-strange ex
itation of the nu
leon, overlapping resonan
es in these
ond resonan
e regime (P11(1440), D13(1520), S11(1535)) (see Fig. 2) andstill higher lying states in the third resonan
e regime. Due to meson de
ayvia the strong intera
tion the resonan
es are very short lived (� � 3�10�24s)and 
orrespondingly have widths of the order of 150 MeV. The observationof the � resonan
e in the early 50's was a
tually the �rst indi
ation for the
omposite stru
ture of the nu
leon long before the quark-gluon substru
tureof the nu
leon was dis
overed and studied in deep-inelasti
 lepton s
atteringat the end of the 60's.The 
ross se
tion per nu
leon for photoabsorption on nu
lei shows dif-ferent features. While the stru
ture assigned to the �-ex
itation of a boundnu
leon is still 
learly pronoun
ed, the bump asso
iated with the se
ondresonan
e regime is washed out. The photoabsorption on a free and on abound nu
leon are distin
tly di�erent, indi
ating a strong medium e�e
t, amodi�
ation of hadroni
 properties in nu
lear matter. To tra
e the mediummodi�
ation to individual resonan
es it is not su�
ient to study the in-
lusive photoabsorption pro
ess. Instead, the ex
itation of the individualresonan
es in ex
lusive rea
tions has to be investigated. Here, the 
hara
-teristi
 de
ay properties of the di�erent resonan
es 
an be exploited. The�(1232)-resonan
e de
ays via single pion emission; the resonan
e stru
tureis most pronoun
ed in the neutral pion 
hannel sin
e non-resonant 
ontri-



200 V. Metagbutions (Born-terms) are suppressed. The S11(1535) resonan
e de
ays to� 50% into � mesons. Sin
e no other nu
leon resonan
e has a 
omparablylarge � bran
hing ratio the observation of an � meson is a 
hara
teristi
 tagon the ex
itation of the S11(1535) resonan
e. The D13(1520) resonan
e has apredominant de
ay mode into two pions. Most de
ays o

ur via subsequentemission of the two pions but some pions are 
orrelated as e.g., in the de
ayvia a � meson. In the subsequent se
tions, these de
ay properties are usedto establish di�eren
es in free and in-medium properties of the individualresonan
es. 3. Experimental approa
hThis se
tion gives a brief a

ount of the experimental approa
h to studythe photoprodu
tion of mesons with the Two-Arm-Photon-Spe
trometerTAPS at the Mainz mi
rotron MAMI. Bremsstrahlung photons are produ
edby the 880 MeV 
ontinuous wave ele
tron beam from MAMI impinging on a

Fig. 3. Energy tagging of bremsstrahlung photons.
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ed and: : : 201radiator wire. The photon energy is dedu
ed event-by-event from the energyof the s
attered ele
tron measured in 
oin
iden
e in a magneti
 spe
trome-ter (tagger), as illustrated in Fig. 3. After 
ollimation, the bremsstrahlungbeam is transported to the nu
lear target in an eva
uated beam line. Typi
alphoton �uxes are about 500 kHz/(2MeV). The photon energy resolution isabout 2 MeV. Neutral mesons produ
ed in the target are dete
ted via their2
-de
ay with the 508 BaF2-s
intillation dete
tors of the Two-Arm-Photon-Spe
trometer TAPS, arranged in the horizontal plane around the s
attering
hamber in 6 blo
ks and a forward wall. For ea
h photon pair dete
ted inTAPS the invariant mass is determined. The two photon invariant massresolution for �0 and � mesons is illustrated in Fig. 4.4. Properties of free nu
leon resonan
esIn this se
tion, experimental results on the photoprodu
tion of mesonson the free nu
leon are presented.4.1. �(1232) resonan
eThe 
ross se
tion for single pion photoprodu
tion on the free proton(see Fig. 5) exhibits a strong peak at a photon energy of 330 MeV whi
h
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Fig. 5. Cross se
tion for single �0 photoprodu
tion from the proton. The �gure isadapted from [2℄.
orresponds to the ex
itation of the �(1232) resonan
e. The resonan
e massand width dedu
ed from the �gure are 1230 MeV and 120 MeV, respe
tively,in agreement with the parti
le data values. The �0 angular distribution atthe resonan
e energy (not shown) is 
onsistent with the well known spinJ = 3=2 of the � resonan
e.



202 V. Metag4.2. S11(1535) resonan
e

Fig. 6. Cross se
tion for photoprodu
tion of � mesons from the proton. The dataare 
ompiled from [3,4℄.

Fig. 7. Angular distribution of � mesons from the 
p ! p� rea
tion for di�erentphoton energy bins [3℄.Fig. 6 shows the ex
itation fun
tion for the photoprodu
tion of � mesons.The steep rise in the 
ross se
tion is attributed to the presen
e of the S11 res-onan
e with a resonan
e pole 50 MeV above the � threshold. The �-angulardistributions shown in Fig. 7 are almost isotropi
 at least near threshold,demonstrating the s-wave 
hara
ter of this resonan
e.
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eThe 
ross se
tion for the photoprodu
tion of 2 �0 mesons rises steeplyabove E
 = 400 MeV and peaks at E
 = 740 MeV (see Fig. 8) whi
h
orresponds to ps = 1510 MeV, 
lose to the mass pole of the D13 resonan
e.
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Fig. 8. Cross se
tion for 2 �0 photoprodu
tion from the proton. The data are takenfrom [5,6℄.

Fig. 9. ���0 invariant mass spe
tra from the rea
tion 
n ! p���0. The dataare from [7℄; the 
urves represent three-body phase spa
e distributions and the
al
ulations (dashed) are from O
hi et al. [8℄.



204 V. MetagA detailed analysis of the three parti
le exit 
hannel using Dalitz plots hasestablished that the de
ay o

urs predominantely via sequential emission ofthe two neutral pions with the � resonan
e as an intermediate state [5℄.A 
orresponding analysis of the rea
tion 
n ! p���0 , performed by theDAPHNE group, showed a deviation from equal phase spa
e population inthe ���0 invariant mass distribution, indi
ating a 
orrelation between thetwo pions as shown in Fig. 9. This deviation from a phase spa
e distributionhas been taken as eviden
e for the emission of a low mass �-meson [7℄ (the� resonan
e has a width of 150 MeV). This experimental observation is
orroborated by a re
ent TAPS measurement of the 
p ! p�+�0 rea
tion.A di�eren
e between the �+�0 � and �o�0 � invariant mass distributionshas been observed [9℄. Sin
e there is no �0 ! �0�0 de
ay this di�eren
e 
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� de
ay or to ba
kgroundterms. 5. Properties of bound nu
leon resonan
esIn this se
tion, experimental results on the photoprodu
tion of mesonsfrom nu
leons bound in nu
lei are presented.5.1. �(1232) resonan
eThe ex
itation of a bound nu
leon to the � resonan
e has been studiedin the photoprodu
tion of �0 mesons on 4He and 12C as shown in Figs. 10,11. In the theoreti
al analysis of Dre
hsel et al. [11℄ the intera
tion of the� resonan
e with the nu
lear environment is taken into a

ount 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 whi
h re�e
ts the medium modi�
ation ofthe � resonan
e and is obtained from a �t to the data. The real and imagi-nary part of V represent additional 
ontributions to the resonan
e mass andwidth, respe
tively. They are shown in the lower part of Fig. 10. A massshift of the order of 20 MeV is a small 
orre
tion (� 2%) while the in
reasein width is of the order of 30%. The remarkable result of the analysis byDre
hsel et al. is that the same potential parameters also reprodu
e the
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Fig. 10. Energy dependen
e of the total 
ross se
tion for the 4He(
; �0)4He re-a
tion. The experimental data are from [10℄; the 
urves represent PWIA andDWIA 
al
ulations and 
al
ulations in
luding the � self energy term [11℄. The
orresponding parameters of the potential are given in the lower �gure.

Fig. 11. Energy dependen
e of the di�erential 
ross se
tion for 
oherent �0 pho-toprodu
tion from 12C at ��0lab = 600. The experimental data are from [12℄, the
al
ulations from [11℄.



206 V. Metag
ross se
tion for 
oherent �0 produ
tion on 12C (see Fig. 11), indi
ating asaturation of the �-nu
leus intera
tion.5.2. S11(1535) resonan
eThe in-medium properties of the S11 resonan
e have been studied bymeasuring the photoprodu
tion of � mesons on nu
lei [13, 14℄. The exper-
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Fig. 12. Energy dependen
e of the � photoprodu
tion 
ross se
tion on Carbon. Thedata are from [13, 14℄. The solid 
urve represents a QMD 
al
ulation des
ribedin [14℄.imental results for 12C are shown in Fig. 12. A

ording to [14℄ a resonan
ewidth of 250 MeV is needed to reprodu
e the experimental ex
itation fun
-tion whi
h again 
orresponds to an in
reased width by about 30 - 40 %
ompared to the free S11 width while the resonan
e mass is hardly e�e
ted.5.3. D13(1520) resonan
eThe photoprodu
tion of mesons on the free proton in the D13 resonan
emass range revealed an appre
iable �-strength (see Se
tion 4). As dis
ussedin Se
tion 6, there is eviden
e for a strong spreading of the � meson strengthin the nu
lear medium be
ause of its 
ouplings to N�-hole ex
itations. Thiswould imply a strong in
rease of the � de
ay width and thus of the totalD13 width. As a 
onsequen
e, the opening of phase spa
e for � de
ay ofthe D13 resonan
e may provide enough resonan
e broadening to explain thedisappearan
e of stru
tures in the photoabsorption on nu
lei. The result ofa 
orresponding transport model 
al
ulation [15℄ is shown in Fig. 13. In thiss
enario the disappearan
e of stru
tures in the photoabsorption on nu
lei istra
ed to medium modi�
ations of a ve
tor meson whi
h in a self-
onsistenttreatment have an impa
t on the in-medium properties of the D13 resonan
e.
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Fig. 13. Photoabsorption 
ross se
tion in the se
ond resonan
e region on the pro-ton and on 40Ca in 
omparison to theoreti
al 
al
ulations [15℄ taking di�erentin-medium e�e
ts into a

ount.6. Properties of ve
tor mesons in the nu
lear mediumFurther understanding of the in-medium e�e
ts observed in the photoab-sorption on nu
lei requires a dis
ussion of the 
urrent status of ve
tor mesonproperties in the nu
lear medium. Several groups have studied the intera
-

Fig. 14. Spe
tral fun
tion of the � meson for di�erent momenta [16℄.tion of � mesons with the surrounding nu
lear medium (see e.g., [16�18℄).All groups 
onsistently �nd a strong broadening of the � spe
tral fun
tion innu
lei at normal density; an example is shown in Fig. 14. Experimental evi-den
e for a lowering of the in-medium � mass stems from studies of di-leptonprodu
tion in heavy-ion 
ollisions at ultra-relativisti
 energies. Di-leptonsare parti
ularly suited as probes of ve
tor meson properties in hadroni
 mat-
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Fig. 15. In
lusive invariant e+e� mass spe
trum in 158 AGeV Pb-Au 
ollisions [19℄.The solid 
urve represents the e+e� yield from hadron de
ays. The 
ontributionsof the individual de
ay 
hannels are also shown.ter sin
e dileptons from ve
tor meson de
ays 
an leave the intera
tion zonewith a low res
attering probability. In 158 AGeV Pb+Au 
ollisions, theCERES 
ollaboration has observed unexpe
tedly high dilepton yields for in-variant di-lepton masses in the range between 200 and 600 MeV/
2 [19℄ (seeFig. 15). This observation 
an be a

ounted for by 
onsidering se
ondarypro
esses su
h as �+�� ! e+e� annihilation if one allows for in-medium
hanges in the � spe
tral fun
tion [20℄. Other s
enarios like 
ontributionsof radiation from a partoni
 phase in the heavy-ion 
ollision are, however,dis
ussed as well.The study of ve
tor meson properties in hadroni
 matter is one of themain goals of the physi
s program with the dilepton spe
trometer HADES(see Fig. 16) whi
h is being installed by a European 
ollaboration at GSI,Darmstadt. The dete
tor system is designed to measure e+e� pairs withhigh a

eptan
e (� 40%) and high resolution (�M � 1%) for transversemomenta up to 1.5 GeV/
 and invariant masses up to 1.5 GeV/
2. The ex-perimental program will take advantage of the various beams available fromthe SIS a

elerator, in
luding heavy-ion, proton and se
ondary � beams.This will allow a study of ve
tor meson properties in hadroni
 matter overa wide range of baryon densities and temperatures as well as di�erent kine-mati
 
onditions.One of the key experiments will be the study of the ! mass at normalnu
lear matter density whi
h, as a free parti
le, has a rather narrow widthof 8 MeV. A

ording to 
al
ulations shown in Fig. 17, a shift in mass by
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210 V. Metag10�20% is expe
ted. The kinemati
s of the ��p! n! rea
tion on a boundproton allows for almost re
oilless !-produ
tion in nu
lei whi
h ensures thata high fra
tion of ! mesons de
ays within the nu
leus. This fra
tion 
an befurther enhan
ed by appropriate sele
tions on the ! momentum. The e�e
tof a mass modi�
ation is best seen by 
omparing dilepton spe
tra from the! de
ay in a big and small nu
leus as shown in Fig. 17.7. SummaryThe medium e�e
t observed in the photoabsorption on nu
lei has beeninvestigated by 
omparing the properties of free and bound nu
leon reso-nan
es, studied via the photoprodu
tion of mesons. An intriguing sugges-tion for the disappearan
e of stru
tures in the photoabsorption 
ross se
tionin the se
ond resonan
e regime may be a broadening of the D13 resonan
e
aused by a shift of the � strength to lower masses in the nu
lear medium.This s
enario establishes a dire
t link between the photo nu
lear studies ofbaryon properties in the nu
lear medium and investigations of in-mediumhadron properties using heavy-ion and hadron beams.The results presented in this arti
le are largely based on the work of theTAPS and A2 
ollaborations at MAMI. I would like to thank the s
ientists,te
hni
ians and in parti
ular the many Ph.D. students who have 
arried themajor load in data taking and analysis. It is a pleasure to a
knowledgeilluminating dis
ussions with M. E�enberger and U. Mosel. I am grateful toJ. Ritman and S. S
hadmand for 
riti
al 
omments on the manus
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