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hadmandfor the TAPS and the A2 CollaborationsII Physikalis
hes Institut, Justus Liebig Universität GiessenHeinri
h Bu� Ring 16, 35392 Giessen, Germany(Re
eived January 22, 2002)The experiments with the ele
tromagneti
 
alorimeter TAPS usingtagged photon beams fo
us on meson produ
tion from the free proton andfrom nu
leons bound in nu
lei. Following an introdu
tion, results fromthe re
ent TAPS 
ampaign at the tagged photon fa
ility MAMI (Mainz)on double pion photo-produ
tion are presented. The observations usinga proton target provide dire
t eviden
e for a � strength in the de
ay of theD13 resonan
e. Furthermore, double pion produ
tion from nu
lei is used asa tool to study in-medium modi�
ations of the �� intera
tion whi
h mightindi
ate a partial restoration of 
hiral symmetry.PACS numbers: 13.60.Le, 14.20.Gk, 25.20.Lj1. Introdu
tionNu
leons are 
omposite parti
les 
ontaining quarks and gluons. The
omplex nu
leon stru
ture manifests itself in a ri
h ex
itation spe
trumexhibiting several nu
leon resonan
es. This 
an be seen in Fig. 1 wherethe total photo-absorption 
ross se
tion on the proton is seen to have res-onan
e stru
ture. Three resonan
e regions are observed. The �rst, aroundE
 = 330MeV, 
ontains the lowest ex
itation state, a P33 resonan
e, 
alledthe � resonan
e. Two more resonan
e regions are observed at higher en-ergies, the se
ond and third resonan
e regions, ea
h 
onsisting of severaloverlapping resonant states.� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.�� This work was supported by Deuts
he Fors
hungsgemeins
haft (SFB 201) and theU.K. Engineering and Physi
al S
ien
es Resear
h Coun
il.(873)



874 S. S
hadmandNu
leon resonan
es are short-lived and de
ay via the emission of mesons.Therefore, a more detailed investigation requires the study of meson pro-du
tion. The left panel of Fig. 1 shows the de
omposition of the photo-absorption 
ross se
tion on the proton into single and double meson produ
-tion. In photo-absorption as well as single �0 produ
tion, the identi�
ation
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Fig. 1. Total photo-absorption 
ross se
tion on the proton and de
ompositioninto single and double meson produ
tion rea
tions (left). Comparison of photo-absorption 
ross se
tions on the proton (solid line) and nu
lei, taken from [2℄ (right).of the individual resonan
es is hindered by their large widths and strongoverlap with ea
h other. However, a separation of the resonan
es in these
ond resonan
e region is possible via their 
hara
teristi
 de
ay into two� and into � mesons. Fig. 2 gives an overview of the nu
leon ex
itationspe
trum and the 
hara
teristi
 de
ay modes of the resonan
es. The ex
i-tation spe
trum shows nu
leon resonan
es a

essible with beam energies asprovided by the tagged photon beam fa
ility at the MAMI ele
tron a

el-erator. Here, the se
ond resonan
e region with M(N?)=1400�1600MeV is
overed. The P11(1440), S11(1535), and D13(1520) resonan
es are 
ontribut-ing to this region. The notation originates from pion s
attering experimentson the proton where the angular momentum L refers to the relative angularmomentum between the pion and the proton. The resonan
e properties andde
ay modes are listed in Table I. Chara
teristi
 de
ays are P11 ! N��,D13 ! N��, and S11(1535) ! N�, as 
an be seen from the probabilities forthe various de
ay modes. The information quoted in [1℄ has been extra
tedby means of 
oupled 
hannel analyses.A 
omparison of photo-absorption 
ross se
tions on the proton and onnu
lei in the right panel of Fig. 1 shows strong di�eren
es in the se
ond reso-nan
e region [2℄. The resonan
e stru
ture is prominent in photo-absorptionon the free nu
leon and appears strongly suppressed for photo-absorptionon nu
lei. In this energy region, the D13(1520) resonan
e is dominantlyex
ited in photoprodu
tion and an in-medium broadening of this resonan
e
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ould be the 
ause of the observations. The broadening would arise from
oupling the resonan
e to the N� �nal state [3,4℄ where the � meson itself isappre
iably broadened in the nu
lear medium [5℄. This s
enario is based ona substantial �-de
ay width of the D13 resonan
e whi
h should be observableon the free proton. The �-de
ay width of the free D13 resonan
e is quotedby the Parti
le Data Group [1℄ and Manley [6℄. However, the parameterswere extra
ted from 
oupled 
hannel analyses of pion indu
ed rea
tions andthe de
ay 
hannel was not dire
tly observed. Indi
ations for � strength inphoto-absorption experiments have been dedu
ed by the DAPHNE groupin the 
 n ! �� � �0 p rea
tion on a deuteron target [7℄ by 
omparison tomodel 
al
ulations of O
hi et al. [8℄. In the experimental analysis, e�e
tsstemming from the fa
t that the neutron is bound in the deuteron targethad to be a

ounted for. In Se
. 3, the TAPS results on the �rst dire
tobservation of the � strength from the rea
tion 
 + p [9℄ are reported.The study of double pion produ
tion is extended to nu
leons embeddedin nu
lei in order to investigate in-medium modi�
ations of the �� intera
-tion whi
h might indi
ate a partial restoration of 
hiral symmetry [11�13℄.The results of pion-indu
ed experiments (�+,�+��) [14℄ and (��,�0�0) [15℄
ould be interpreted in that sense. Photon-indu
ed rea
tions 
an rea
hhigher nu
lear densities and should be more sensitive to in-medium e�e
ts.In Se
. 4, the TAPS study of the rea
tions 
 + A! �0�0 +X with A= p,D, C and Pb is dis
ussed.
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hadmand TABLE IResonan
es 
ontributing to the se
ond resonan
e region and their de
ay propertiesa

ording to [1℄. The resonan
es de
ay to about 50% via single pion emission.Chara
teristi
 de
ays are P11 ! N��, D13 ! N��, and S11(1535)! N�.Resonan
e Width De
ay De
ayN?(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 dete
tor [16℄ in 
om-bination with the Glasgow tagged photon beam fa
ility [17℄ at the MAMIa

elerator in Mainz [18℄. Six dete
tor blo
ks 
onsisting of 64 BaF2 plasti
teles
opes, respe
tively, and a forward wall of 120 teles
opes were arrangedin a plane around the s
attering 
hamber. The dete
tion system providestime-of-�ight, energy, and pulse shape information of the dete
ted parti
les.In addition, neutral/
harged parti
le identi�
ation 
an be derived from thinplasti
 s
intillators in front of the BaF2 
rystals. In the experimental 
am-paign, quasi-mono
hromati
 photons up to 850 MeV were employed. �0�0and �+�0 data were simultaneously a
quired using the same dete
tion sys-tem and similar analysis. �0 and � mesons are identi�ed via their 2 photonde
ay using an invariant mass analysis and 
harged pions via time-of-�ight.The studies are performed on the free proton as well as on nu
leons boundin nu
lei.
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tion on the protonFig. 3 shows the total 
ross se
tion of the rea
tion 
 p ! �+�0 n and
 p ! �0�0 p as a fun
tion of the in
ident photon energy. The TAPS re-sults (�lled and open 
ir
les) are 
ompared to theoreti
al predi
tions of [19℄(solid 
urve). In both panels of Fig. 3, dashed 
urves represent the the-oreti
al result without a � 
ontribution [20℄. The TAPS result is 
onsis-tent with a previous measurement performed with the DAPHNE dete
tor(open squares) [21℄ 
on�rming the resonan
e stru
ture at the D13(1520) res-onan
e (E
=760 MeV). �� produ
tion pro
eeds to a large extent throughthe sequential de
ay of the D13(1520) (E
 = 760 MeV) via the �(1232)resonan
e [22℄. N� invariant mass distributions from the present data setindi
ate that a sequential de
ay 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 stru
ture in the �+�0 
ross se
tion is explained by an interfer-en
e of the D13 ! N�-de
ay with the � Kroll�Rudermann 
ontribution [19℄,both indi
ated separately (short-dashed and dotted 
urves), and indi
atesthe importan
e of a � 
ontribution.
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Fig. 3. �+�0 [9℄ (left) and �0�0 [22℄ total photoprodu
tion 
ross se
tion from theproton as a fun
tion of in
ident photon energy (right).The statisti
s of the TAPS results allow to dire
tly 
ompare �� invariantmass distributions from the rea
tions 
 p ! �+�0 n and 
 p ! �0�0 p [9℄.The �! �� 
ontribution 
an be observed in the �+�0 invariant mass distri-butions but the �-meson de
ay 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 rea
tions on the proton. At low ex
itation energies both ex-
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hadmandperimental distributions agree within the error bars with phase spa
e. Apartfrom pure phase spa
e 
ontributions, this low energy behavior is 
onne
tedto the 
ontribution of the sequential de
ay of the D13 resonan
e whi
h pro-vides a featureless distribution similar to a phase spa
e distribution. In these
ond resonan
e region the �+�0 system shows a pronoun
ed shift to highermasses. As pointed out above, the �0 meson 
annot de
ay 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 
al
ulations
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m(ππ) [MeV]Fig. 4. Invariant mass distributions of pion pairs from the proton for �ve bins ofin
ident photon energy. Comparison of the shape of the distributions for 
p !�+�0n (solid 
ir
les) and 
p ! �0�0p (open 
ir
les). Dashed 
urve: phase spa
eexpe
tation, full 
urve: �t to the �+�0 data [9℄. The verti
al s
ale 
orresponds tothe �0�0 data, the �+�0 data and the 
urves are normalized to the same area (left).Comparison of the �+�0 distributions to the 
al
ulations with (solid line) [19℄ andwithout (dash-dotted line) [20℄ � 
ontributions (right).
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lusion of the D13 ! N�- and �-Kroll�Rudermannde
ays, using the PDG-values for masses and widths [1℄. The deviations areassigned to a � bran
h of the D13(1520) resonan
e sin
e this state is pre-dominantly ex
ited in the se
ond resonan
e region and the �+�0 
ross se
-tion in Fig. 3 shows a broad peak at the D13(1520) resonan
e (E
=760 MeV,�D13 = 120 MeV).This 
on
lusion is supported by a simpli�ed �t to the data 
onsideringa phase spa
e 
ontribution (representing sequential de
ays 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 spa
e amplitudesdedu
ed from the �t to the �+�0 data is shown in Fig. 5. The ratio, plotted
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hannel and phase spa
e amplitudes dedu
ed from the�t to the �+�0 data from the proton as in Fig. 4.as a fun
tion of the 
enter of mass energy ps, is a measure of � 
ontributionsand exhibits a resonan
e stru
ture near the mass pole of the D13(1520)resonan
e. The result that the D13 resonan
e has a substantial �-de
aybran
h is 
on�rmed by the rigorous theoreti
al treatment of double pionphotoprodu
tion [19℄ whi
h has been motivated by this experiment. Here,the 
ross se
tion is reprodu
ed for a bran
hing ratio of 20% for theD13 ! N�
hannel.
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tionThe elusive � meson is assumed to be an isos
alar�s
alar �� state(JP =0+) and is quoted to have a mass of 500�1200 MeV in the va
uum [1℄.This meson would be 
onsidered a tool to investigate 
hiral symmetry resto-ration as it has the same quantum numbers as the QCD va
uum. Partialrestoration of 
hiral symmetry is expe
ted to be progressing with in
reas-ing baryon density or temperature and would lead to a dropping of the �mass [10℄, rea
hing the � mass in the 
ase of full 
hiral symmetry restora-tion. The � meson, being a Goldstone boson, does not experien
e su
hdrasti
 mass 
hanges.The dropping of the � mass should be observable via its de
ay intopion pairs. Here, the �� invariant mass distributions should exhibit a shifttowards the two-pion threshold with in
reasing baryon density [11�13℄. Thissignature of partial 
hiral symmetry restoration is expe
ted to set in alreadyat normal nu
lear density. However, the observed pions may experien
e �nalstate intera
tions and appropriate 
are has to be taken in the interpretationof the results.In the TAPS photoprodu
tion experiments at MAMI, the rea
tions
+ A! �0�0+X with A = p, D, C and Pb were studied. The 
oherentprodu
tion 
ross se
tion is negligible and the investigation deals with nu-
leons embedded in nu
lei. The in
ident 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 intera
tions. 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 expe
ted from theoreti
al predi
tions 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 are
ompared to �+�0 distributions in order to judge the in�uen
e of �nal stateintera
tions. The �+�0 produ
tion 
hannel, 
arrying isospin I = 1, 
annotstem from the � meson de
ay but the 
harged pions undergo �nal state in-tera
tions similar to neutral pions. The �+�0 distributions do not exhibitthe same mass shift. It 
an be 
on
luded that �nal state intera
tions of theprodu
ed pions play a minor role at these energies. The observed shift inthe �0�0 mass distributions is 
onsistent with the predi
tion of partial 
hiralsymmetry restoration at normal nu
lear density. This result 
on�rms ear-lier measurements by the CHAOS 
ollaboration with pion beams [14℄ whi
hwere hampered in their quantitative interpretation by a

eptan
e issues.
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Fig. 6. Preliminary TAPS �0�0 invariant mass distributions (solid 
ir
les) for vari-ous targets at 400�460 MeV in
ident photon energies. The data are normalized for
omparison with the Crystal Ball results (open 
ir
les). Solid 
urves are �ts to theTAPS points. 5. SummaryThe �� photo-produ
tion from the proton up to 820 MeV ex
itationenergy has been dis
ussed. Here, the �+�0 system has been 
ompared tosimultaneously measured �0�0 data for produ
tion on the free nu
elon aswell as on nu
leons embedded in nu
lei.For the proton the �+�0 invariant mass distributions are shifted towardshigher masses. This behavior provides �rst experimental eviden
e for a 
on-tribution of an intermediate �+ meson with a subsequent de
ay into twopions in the rea
tion 
 p! �+ n! �+�0 n. Be
ause of the resonant behav-ior this � strength is assigned to the de
ay of the D13(1520) resonan
e asalso found in re
ent 
al
ulations by Na
her et al. [19℄. The �-de
ay bran
hof the D13(1520) is of great interest for the understanding of medium modi-�
ations in nu
lear rea
tions. A strong broadening of the � spe
tral fun
tion
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t on the de
aying resonan
e and might play a role inthe depletion of the nu
lear photo-absorption 
ross se
tion in the se
ondresonan
e region.The TAPS results on double pion photoprodu
tion from nu
lei are usedas a tool to study a possible signature of partial 
hiral symmetry restora-tion. In 
ontrast to previous pion-indu
ed measurements, photon-indu
edrea
tions avoid absorption of the in
ident probe on the nu
lear surfa
e. Themass distributions show a shift in the �0�0 invariant mass distributions to-wards small invariant masses whi
h is not observed in the �+�0 
hannel.The shift in
reases gradually as a fun
tion of target mass number. It is 
on-sistent with theoreti
al expe
tations of partial 
hiral symmetry restorationand the 
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