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NEW RESULTS AND FUTURE PLANS WITHREAL PHOTONS AT MAMI�R. Bek, R. Leukel and A. Shmidtfor the A2- and TAPS-CollaborationsInstitut für Kernphysik, Johannes Gutenberg Universität MainzJohann-Joahim-Beher-Weg 45, 55099 Mainz, Germany(Reeived January 22, 2002)The photon asymmetry in the reation p(~; �0)p has been measuredwith the photon spetrometer TAPS using linearly polarized photons fromthe tagged-photon faility at the Mainz Mirotron MAMI lose to the pionthreshold and in the �(1232)-resonane region. The total and di�erentialross setions were also measured simultaneously with the photon asymme-try. This allowed determination of the S-wave and all three P -wave ampli-tudes. The results in the threshold region are ompared to the preditionsof ChPT. With the photon spetrometer TAPS the full polar angular rangeof the pion ould be overed and from the new results in the �(1232) regiona E2/M1-ratio of �(2:4� 0:16stat: � 0:24sys:)% is extrated.PACS numbers: 13.60.Le, 14.20.Gk, 13.60.Rj1. Pion photoprodution in the threshold regionThe photoprodution of pions near threshold has been a topi of on-siderable experimental and theoretial ativities over the past years, eversine the results of the experiments, performed in Salay [1℄, Mainz ([2, 3℄)and Saskatoon [4℄, were at variane with the predition of a Low EnergyTheorem (LET), whih was derived in the early 70's [5, 6℄. Being based onfundamental priniples, this LET predited the value of the S-wave thresh-old amplitude E0+ in a power series in � =m�=mN , the ratio of the massesof the pion and nuleon.The disrepany ould be explained by a alulation in the frameworkof heavy-baryon Chiral Perturbation Theory (ChPT) [7℄, whih showed thatadditional ontributions due to pion loops in �2 have to be added to the oldLET. Re�ned alulations within heavy-baryon ChPT [8℄ led to desriptions� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(813)



814 R. Bek, R. Leukel, A. Shmidtof the four relevant amplitudes at threshold by well-de�ned expansions up toorder p4 in the S-wave amplitude E0+ and p3 in the P -wave ombinationsP1, P2 and P3, where p denotes any small momentum or pion mass, theexpansion parameters in heavy-baryon ChPT. To that order, three Low-Energy Constants (LEC) due to the renormalization ounter terms appear,two in the expansion of E0+ and an additional LEC bP for P3, whih haveto be �tted to the data or estimated by resonane saturation.However, two ombinations of the P -wave amplitudes, P1 and P2, arefree of low-energy onstants. Their expansions in � onverge rather wellleading to new LETs for these ombinations. Therefore, the P -wave LETso�er a signi�ant test of heavy-baryon ChPT. However, for this test the S-wave amplitude E0+ and the three P -wave ombinations P1, P2 and P3 haveto be separated. This separation an be ahieved by measuring the photonasymmetry using linearly polarized photons, in addition to the measurementof the total and di�erential ross setions.The di�erential ross setions an be expressed in terms of the S- andP -wave multipoles, assuming that lose to threshold neutral pions are onlyprodued with angular momenta l� of zero and one. Due to parity andangular momentum onservation only the S-wave amplitude E0+ (l� = 0)and the P -wave amplitudes M1+, M1� and E1+ (l� = 1) an ontributeand it is onvenient to write the di�erential ross setion and the photonasymmetry in terms of the three P -wave ombinations P1 = 3E1+ +M1+ �M1�, P2 = 3E1+�M1++M1� and P3 = 2M1++M1�. The .m. di�erentialross setion is d�(�)d
 = qk (A+B os(�) + C os2(�)) ; (1)where � is the .m. polar angle of the pion with respet to the beam diretionand q and k denote the .m. momenta of pion and photon, respetively. Theoe�ients A = jE0+j2 + jP23j2, B = 2Re(E0+P �1 ) and C = jP1j2 � jP23j2are funtions of the multipole amplitudes with P 223 = 12(P 22 + P 23 ). Earliermeasurements of the total and di�erential ross setions already alloweddetermination of E0+, P1 and the ombination P23.In order to obtain E0+ and all three P -waves separately and to test thenew LETs of ChPT, it is neessary to measure, in addition to the rosssetions, the photon asymmetry � ,� = d�? � d�kd�? + d�k ; (2)where d�? and d�k are the di�erential ross setions for photon polarizationsperpendiular and parallel to the reation plane de�ned by the pion and



New Results and Future Plans with Real Photons at MAMI 815proton. The asymmetry is proportional to the di�erene of the squares ofP3 and P2: � (�) = q2k (P 23 � P 22 ) sin2(�)d�(�)d
 : (3)A measurement of the reation p(~; �0)p [9℄ was performed at the MainzMirotron MAMI [10℄ using the Glasgow/Mainz tagged photon faility[11, 12℄ and the photon spetrometer TAPS [13℄. The MAMI aeleratordelivered a ontinuous wave beam of 405 MeV eletrons. Linearly polar-ized photons were produed via oherent bremsstrahlung in a 100 �m-thikdiamond radiator [14, 15℄ with degrees of polarization of up to 50%. Theneutral pion deay photons were deteted in TAPS [16℄, an array of 504BaF2-detetors, whih was built up around a liquid hydrogen target.The total and di�erential ross setions were measured over the energyrange from �0-threshold to 168 MeV. Fig. 1 shows the results for the totalross setion in omparison to Ref. [4℄ and [3℄. The results for the photonasymmetry are shown in Fig. 2 in omparison to the values of ChPT [8℄ andto a predition of a dispersion theoretial alulation (DR) by Hanstein,Drehsel and Tiator [17℄. The photon asymmetry was determined from allthe data between threshold and 166 MeV for whih the mean energy was159.5 MeV. The theoretial preditions are shown for the same energy.
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Fig. 1. Total ross setions for �0 photoprodution lose to threshold with statistialerrors (without systemati error of 5%) as funtion of inident photon energy (solidsquares, this work Ref. [18℄, open irles, Ref. [4℄, open diamonds Ref. [3℄).The values for the real and imaginary part of E0+ and the three P -waveombinations were extrated via two multipole �ts to the ross setions andthe photon asymmetry simultaneously. The two multipole �ts di�er in the
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Fig. 2. Photon asymmetry � for �0 photoprodution at 159.5 MeV photon energywith statistial errors (without systemati error of 3%) as a funtion of the polarangle � (solid line: �t to the data) in omparison to ChPT [8℄ (dotted line) andDR [17℄ (dashed line).energy dependene of the real parts of the P -wave ombinations. For the�rst �t the usual assumption of a behaviour proportional to the produt ofq and k was adopted (qk-�t, �2=dof = 1:28). The assumption made for theseond �t is an energy dependene of the P -wave amplitudes proportionalto q (q-�t, �2=dof = 1:29). This is the dependene whih ChPT predits forthe P -wave amplitudes in the near-threshold region, but at higher energiesthe predition is in between the q and qk energy dependene.The results of both multipole �ts for ReE0+ as a funtion of the inidentphoton energy are shown in Fig. 3 and ompared with the preditions ofChPT and of DR. The results for the threshold values of ReE0+ (at the �0-and �+-threshold), for the parameter � of ImE0+ and for the values of thethreshold slopes of the three P -wave ombinations of the qk-�t and the q-�tare summarized in Table I, for more details see [18℄.For both �ts the low-energy theorems of ChPT (O(p3)) for P1 and P2agree with the measured experimental results within their systemati andstatistial errors. The experimental value for P3 is higher than the valueof ChPT, whih an be explained by the smaller total and di�erential rosssetions of Ref. [3℄, used by ChPT to determine the dominant low-energyonstant bP for this multipole [19℄. A new fourth-order alulation in heavy-baryon ChPT by Bernard et al., introdued in [20℄ and ompared to the newMAMI data presented in this letter, shows, that the potentially large �-isobar ontributions are aneled by the fourth-order loop orretions to the
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818 R. Bek, R. Leukel, A. ShmidtP -wave low-energy theorems. This gives on�dene in the third-order LETpreditions for P1 and P2, whih are in agreement with the present MAMIdata. With the new value of bP [20℄, �tted to the present MAMI data, theChPT alulation is in agreement with the measured photon asymmetry.2. The N ! �(1232) transition and the E2/M1 ratioLow energy eletromagneti properties of baryons, suh as mass, hargeradius, magneti and quadrupole moments are important observables forany model of the nuleon struture. In various onstituent-quark models atensor fore in the inter-quark hyper�ne interation, introdued �rst by deRujula, Georgi and Glashow [21℄, leads to a d-state admixture in the baryonground-state wave-funtion. As a result the tensor fore indues a smallviolation of the Behi�Morpurgo seletion rule [22℄, that the N ! �(1232)exitation is a pure M1 (magneti dipole) transition, by introduing a non-vanishing E2 (eletri quadrupole) amplitude. For hiral quark models orin the Skyrmion piture of the nuleon, the main ontribution to the E2strength stems from tensor orrelations between the pion loud and the quarkbag, or meson exhange urrents between the quarks. To observe a statideformation (d-state admixture) a target with a spin of at least 3=2 (e.g. �matter) is required. The only realisti alternative is to measure the transitionE2 moment in the N ! � transition at resonane, or equivalently theE3=21+ partial wave amplitude in the � ! N� deay. The experimentalquantity of interest to ompare with the di�erent nuleon models is the ratioREM = E2=M1 = E3=21+ =M3=21+ of the eletri quadrupole E2 to the magnetidipole M1 amplitude in the region of the �(1232) resonane. In quarkmodels with SU(6) symmetry, for example the MIT bag model, REM = 0is predited. Depending on the size of the hyper�ne interation and thebag radius, broken SU(6) symmetry leads to �2% < REM < 0 [23�26℄.Larger negative values in the range �6% < REM < �2:5% have beenpredited by Skyrme models [27℄ while results from hiral bag models [28℄give values in the range �2% to �3%. The �rst Lattie QCD result isREM = (+3 � 9)% [29℄ and a quark model with exhange urrents yieldsvalues of about �3:5% [30℄.The determination of the quadrupole strength E2 in the region of the�(1232) resonane has been the aim of a onsiderable number of experimentsand theoretial ativities in the last few years. Experimental results havebeen published for the di�erential ross setion and photon asymmetry ofpion photoprodution o� the proton from the Mainz Mirotron MAMI andthe laser baksattering faility LEGS at Brookhaven National Laboratory,with the results REM = �(2:5�0:2stat:�0:2sys:)% from the Mainz group [31℄and REM = �(3:0�0:3stat:+sys:�0:2mod)% from the LEGS group [32℄. These



New Results and Future Plans with Real Photons at MAMI 819new REM results have started intense disussions about the orret way toextrat the E2/M1 ratio from the new experimental data. In partiular thelarge variation in the REM values obtained in theoretial analysis of thesedata at RPI [33℄ (REM = �(3:2�0:25)%), VPI [34℄ (REM = �(1:5�0:5)%)and Mainz [35℄ (REM = �(2:5 � 0:1)%) was quite unsatisfatory. Sinesmall di�erenes in the di�erential ross setion our in the mentionedMAMI/DAPHNE and LEGS experiments, a new experiment on neutral pionphotoprodution o� the proton has been performed at the Mainz Mirotronovering the full polar angle range of the pion. The new enlarged set ofexperimental results should allow a determination of REM more aurately.2.1. New experimental results for N ! �(1232)Figure 4 shows the new results for the photon asymmetry for six di�erentenergies in the �-resonane region. For the �rst time this new experimentdelivers data in the full polar angle range. The new results are in goodagreement with the experimental data of MAMI/DAPHNE and LEGS. Inaddition, the photon asymmetries of all three experiments are ompared tothe dispersion theoretial analysis of Hanstein [35, 36℄ and good agreementis found.The unpolarized di�erential ross setions for the same six photon ener-gies in the �-resonane region are shown in �gure 5. The new results are inagreement with the MAMI/DAPHNE, the LEGS data di�er not only in theabsolute values of the di�erential ross setion but show as well a di�erentangular distribution. In addition, the results of the Hanstein analysis forthe MAMI/TAPS data are shown.In the angular momentum expansion of the neutral pion photoprodutionit is su�ient to take into aount s- and p-waves, i.e. l� = 0 or 1 only. Theangular distributions for the unpolarized ross setion d�0=d
 , the parallelpart d�k=d
 (pion deteted in the plane de�ned by the photon polarizationand the photon momentum vetor), and perpendiular part d�?=d
 an beexpressed in the s- and p-wave approximation by the parameterizationd�j(�)d
 = qk �Aj +Bj os(�) + Cj os2(�)� ; (4)where q and k denote the enter of mass momenta of the pion and thephoton, respetively, and j indiates the parallel (k), perpendiular (?) andunpolarized (0) omponents. The oe�ients Aj , Bj and Cj are quadratior bilinear funtions of the s- and p-wave amplitudes. In partiular, d�k=d
is sensitive to the E1+ amplitude, beause of interferene with M1+ in theterms Ak = j E0+ j2 + j 3E1+ �M1+ +M1� j2 ; (5)
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New Results and Future Plans with Real Photons at MAMI 823theory, e�etive Lagrangian models suh as the �ux-tube quark model andvarious Lattie QCD omputations. Highlights of the program inlude:� threshold strangeness and threshold ! prodution,� �; !; 3�0; 2�0; �0 prodution to measure the radiative ouplings of N�and � resonanes,� radiative pion prodution to determine the magneti dipole momentof the �+(1232) resonane; also radiative � prodution to measure themagneti dipole moment of the S11(1535) state,� a double polarization experiment of linearly polarized photons on alongitudinally polarized proton target. This is a unique probe of theRoper resonane P11(1440).Furthermore we plan to investigate:� Meson photoprodution reations of a neutron target using a deu-terium target.� Compton sattering with polarized beams and targets.� 2�0, � and ! prodution on omplex targets to investigate mediummodi�ations.� Coherent �0 prodution on heavy nulear targets to study nulearradii.The Crystal Ball, CB, spetrometer onsists of a highly segmented spheremade of NaI. The sphere has an entrane and exit tunnel for the beam anda spherial avity for the liquid hydrogen target, see Fig. 7. The targetis surrounded by a ylinder of sintillation ounters that funtion as theharged partile veto. The solid angle of the CB is 93% of 4� steradian.The Crystal Ball was build at SLAC and used in J= measurements atSPEAR and b-quark physis at DESY.The CB is onstruted of 672 optially isolated NaI(Tl) rystals, 15.7radiation lengths thik. The ounters are arranged in a spherial shell withan inner radius of 25.3 m and an outer radius of 66.0 m. The hygrosopiNaI is housed in two hermetially sealed evauated hemispheres. The CBgeometry is based on that of an iosahedron. Eah of the 20 triangular faes(�major triangles�) is divided into four �minor triangles�, eah onsisting ofnine separate rystals. Eah rystal is shaped like a trunated triangularpyramid, 40.6 m high, pointing towards the enter of the Ball. The sideson the inner end are 5.1 m long and 12.7 m on the far end, see Fig. 7. Eah
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Fig. 7. Left: The Crystal Ball detetor. Right: Typial Crystal Ball rystal.rystal is individually wrapped in re�etor paper and aluminized mylar; it isviewed by its own a 5.1 m diameter SRC L50 B01 photomultiplier, seletedfor linearity over a wide dynami range. The phototube is separated from therystal by a glass window and a 5 m air gap. The rystals have been stakedso as to form two mehanially separate top and bottom hemispheres. Theboundary between the two hemispheres is alled the equator region. It is� 0:8 m thik, onsisting of two 1.6 mm stainless steel plates separatedby 5 mm of air. This introdues an inative spae amounting to 1.6% ofthe solid angle. The inner wall of the hemisphere is 1.5 mm stainless steelor 0.09 r.l. The Ball has an entrane and exit opening for the beam whihresults in a loss of 4.4% of aeptane.This work is supported by Deutshe Forshungsgemeinshaft (SFB 201and SFB 443). REFERENCES[1℄ E. Mazzuato et al., Phys. Rev. Lett. 57, 3144 (1986).[2℄ R. Bek et al., Phys. Rev. Lett. 65, 1841 (1990).[3℄ M. Fuhs et al., Phys. Lett. B368, 20 (1996).[4℄ J.C. Bergstrom et al., Phys. Rev. C53, R1052 (1996); Phys. Rev. C55, 2016(1997).[5℄ P. de Baenst, Nul. Phys. B24, 633 (1970).[6℄ I.A. Vainshtein, V.I. Zakharov, Nul. Phys. B36, 589 (1972).[7℄ V. Bernard, J. Gasser, N. Kaiser, U.-G. Meiÿner, Phys. Lett. B268, 291(1991).
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