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NEW RESULTS AND FUTURE PLANS WITHREAL PHOTONS AT MAMI�R. Be
k, R. Leukel and A. S
hmidtfor the A2- and TAPS-CollaborationsInstitut für Kernphysik, Johannes Gutenberg Universität MainzJohann-Joa
him-Be
her-Weg 45, 55099 Mainz, Germany(Re
eived January 22, 2002)The photon asymmetry in the rea
tion p(~
; �0)p has been measuredwith the photon spe
trometer TAPS using linearly polarized photons fromthe tagged-photon fa
ility at the Mainz Mi
rotron MAMI 
lose to the pionthreshold and in the �(1232)-resonan
e region. The total and di�erential
ross se
tions 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 predi
tionsof ChPT. With the photon spe
trometer 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 extra
ted.PACS numbers: 13.60.Le, 14.20.Gk, 13.60.Rj1. Pion photoprodu
tion in the threshold regionThe photoprodu
tion of pions near threshold has been a topi
 of 
on-siderable experimental and theoreti
al a
tivities over the past years, eversin
e the results of the experiments, performed in Sa
lay [1℄, Mainz ([2, 3℄)and Saskatoon [4℄, were at varian
e with the predi
tion of a Low EnergyTheorem (LET), whi
h was derived in the early 70's [5, 6℄. Being based onfundamental prin
iples, this LET predi
ted 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 nu
leon.The dis
repan
y 
ould be explained by a 
al
ulation in the frameworkof heavy-baryon Chiral Perturbation Theory (ChPT) [7℄, whi
h showed thatadditional 
ontributions due to pion loops in �2 have to be added to the oldLET. Re�ned 
al
ulations within heavy-baryon ChPT [8℄ led to des
riptions� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(813)



814 R. Be
k, R. Leukel, A. S
hmidtof 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, whi
h haveto be �tted to the data or estimated by resonan
e 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 a
hieved by measuring the photonasymmetry using linearly polarized photons, in addition to the measurementof the total and di�erential 
ross se
tions.The di�erential 
ross se
tions 
an be expressed in terms of the S- andP -wave multipoles, assuming that 
lose to threshold neutral pions are onlyprodu
ed 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 se
tion 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�erential
ross se
tion is d�(�)d
 = qk (A+B 
os(�) + C 
os2(�)) ; (1)where � is the 
.m. polar angle of the pion with respe
t to the beam dire
tionand q and k denote the 
.m. momenta of pion and photon, respe
tively. The
oe�
ients A = jE0+j2 + jP23j2, B = 2Re(E0+P �1 ) and C = jP1j2 � jP23j2are fun
tions of the multipole amplitudes with P 223 = 12(P 22 + P 23 ). Earliermeasurements of the total and di�erential 
ross se
tions 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 ne
essary to measure, in addition to the 
rossse
tions, the photon asymmetry � ,� = d�? � d�kd�? + d�k ; (2)where d�? and d�k are the di�erential 
ross se
tions for photon polarizationsperpendi
ular and parallel to the rea
tion 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�eren
e of the squares ofP3 and P2: � (�) = q2k (P 23 � P 22 ) sin2(�)d�(�)d
 : (3)A measurement of the rea
tion p(~
; �0)p [9℄ was performed at the MainzMi
rotron MAMI [10℄ using the Glasgow/Mainz tagged photon fa
ility[11, 12℄ and the photon spe
trometer TAPS [13℄. The MAMI a

eleratordelivered a 
ontinuous wave beam of 405 MeV ele
trons. Linearly polar-ized photons were produ
ed via 
oherent bremsstrahlung in a 100 �m-thi
kdiamond radiator [14, 15℄ with degrees of polarization of up to 50%. Theneutral pion de
ay photons were dete
ted in TAPS [16℄, an array of 504BaF2-dete
tors, whi
h was built up around a liquid hydrogen target.The total and di�erential 
ross se
tions were measured over the energyrange from �0-threshold to 168 MeV. Fig. 1 shows the results for the total
ross se
tion 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 predi
tion of a dispersion theoreti
al 
al
ulation (DR) by Hanstein,Dre
hsel and Tiator [17℄. The photon asymmetry was determined from allthe data between threshold and 166 MeV for whi
h the mean energy was159.5 MeV. The theoreti
al predi
tions are shown for the same energy.
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Fig. 1. Total 
ross se
tions for �0 photoprodu
tion 
lose to threshold with statisti
alerrors (without systemati
 error of 5%) as fun
tion of in
ident photon energy (solidsquares, this work Ref. [18℄, open 
ir
les, Ref. [4℄, open diamonds Ref. [3℄).The values for the real and imaginary part of E0+ and the three P -wave
ombinations were extra
ted via two multipole �ts to the 
ross se
tions andthe photon asymmetry simultaneously. The two multipole �ts di�er in the
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Fig. 2. Photon asymmetry � for �0 photoprodu
tion at 159.5 MeV photon energywith statisti
al errors (without systemati
 error of 3%) as a fun
tion of the polarangle � (solid line: �t to the data) in 
omparison to ChPT [8℄ (dotted line) andDR [17℄ (dashed line).energy dependen
e of the real parts of the P -wave 
ombinations. For the�rst �t the usual assumption of a behaviour proportional to the produ
t ofq and k was adopted (qk-�t, �2=dof = 1:28). The assumption made for these
ond �t is an energy dependen
e of the P -wave amplitudes proportionalto q (q-�t, �2=dof = 1:29). This is the dependen
e whi
h ChPT predi
ts forthe P -wave amplitudes in the near-threshold region, but at higher energiesthe predi
tion is in between the q and qk energy dependen
e.The results of both multipole �ts for ReE0+ as a fun
tion of the in
identphoton energy are shown in Fig. 3 and 
ompared with the predi
tions 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
 andstatisti
al errors. The experimental value for P3 is higher than the valueof ChPT, whi
h 
an be explained by the smaller total and di�erential 
rossse
tions of Ref. [3℄, used by ChPT to determine the dominant low-energy
onstant bP for this multipole [19℄. A new fourth-order 
al
ulation in heavy-baryon ChPT by Bernard et al., introdu
ed in [20℄ and 
ompared to the newMAMI data presented in this letter, shows, that the potentially large �-isobar 
ontributions are 
an
eled by the fourth-order loop 
orre
tions to the



New Results and Future Plans with Real Photons at MAMI 817

145 150 155 160 165
E / MeV

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

R
eE

0+
/

10
-3

/m
+

this work: q-fit
this work: q k-fit

DR [17]
ChPT [8]

Ethr
n

+

=151.4 MeVFig. 3. Results for ReE0+ with statisti
al errors as a fun
tion of in
ident photonenergy E
 for an assumed energy dependen
e of the P -wave amplitudes propor-tional to q k (solid squares) and q (open squares) in 
omparison to ChPT [8℄ (dottedline) and DR [17℄ (dashed line). TABLE IResults of both �ts (qk-�t and q-�t) for ReE0+ at the �0- and �+-threshold (unit:10�3=m�+), for the parameter � of ImE0+ (unit: 10�3=m2�+) and for the three
ombinations of the P -wave amplitudes (unit: q � 10�3=m2�+) with statisti
al andsystemati
 errors in 
omparison to the predi
tions of ChPT [8, 19℄ (O(p3)) and ofa dispersion theoreti
al approa
h (DR, [17℄).This work ChPT DRaqk-�ta q-�tE0+(Ep�0thr ) �1:23� 0:08� 0:03 �1:33� 0:08� 0:03 �1:16 �1:22E0+(En�+thr ) �0:45� 0:07� 0:02 �0:45� 0:06� 0:02 �0:43 �0:56� 2:43� 0:28� 1:0 5:2� 0:2� 1:0 2.78 3.6P1 9:46� 0:05� 0:28 9:47� 0:08� 0:29 9:14� 0:5 9.55P2 �9:5� 0:09� 0:28 �9:46� 0:1� 0:29 �9:7� 0:5 �10:37P3 11:32� 0:11� 0:34 11:48� 0:06� 0:35 10:36 9.27P23 10:45� 0:07 10:52� 0:06 11.07 9.84aValues of the P -wave 
ombinations 
onverted into the unit q � 10�3=m2�+ .
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k, R. Leukel, A. S
hmidtP -wave low-energy theorems. This gives 
on�den
e in the third-order LETpredi
tions for P1 and P2, whi
h are in agreement with the present MAMIdata. With the new value of bP [20℄, �tted to the present MAMI data, theChPT 
al
ulation is in agreement with the measured photon asymmetry.2. The 
N ! �(1232) transition and the E2/M1 ratioLow energy ele
tromagneti
 properties of baryons, su
h as mass, 
hargeradius, magneti
 and quadrupole moments are important observables forany model of the nu
leon stru
ture. In various 
onstituent-quark models atensor for
e in the inter-quark hyper�ne intera
tion, introdu
ed �rst by deRujula, Georgi and Glashow [21℄, leads to a d-state admixture in the baryonground-state wave-fun
tion. As a result the tensor for
e indu
es a smallviolation of the Be

hi�Morpurgo sele
tion rule [22℄, that the 
N ! �(1232)ex
itation is a pure M1 (magneti
 dipole) transition, by introdu
ing a non-vanishing E2 (ele
tri
 quadrupole) amplitude. For 
hiral quark models orin the Skyrmion pi
ture of the nu
leon, the main 
ontribution to the E2strength stems from tensor 
orrelations between the pion 
loud and the quarkbag, or meson ex
hange 
urrents between the quarks. To observe a stati
deformation (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 resonan
e, or equivalently theE3=21+ partial wave amplitude in the � ! N� de
ay. The experimentalquantity of interest to 
ompare with the di�erent nu
leon models is the ratioREM = E2=M1 = E3=21+ =M3=21+ of the ele
tri
 quadrupole E2 to the magneti
dipole M1 amplitude in the region of the �(1232) resonan
e. In quarkmodels with SU(6) symmetry, for example the MIT bag model, REM = 0is predi
ted. Depending on the size of the hyper�ne intera
tion 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 beenpredi
ted by Skyrme models [27℄ while results from 
hiral bag models [28℄give values in the range �2% to �3%. The �rst Latti
e QCD result isREM = (+3 � 9)% [29℄ and a quark model with ex
hange 
urrents yieldsvalues of about �3:5% [30℄.The determination of the quadrupole strength E2 in the region of the�(1232) resonan
e has been the aim of a 
onsiderable number of experimentsand theoreti
al a
tivities in the last few years. Experimental results havebeen published for the di�erential 
ross se
tion and photon asymmetry ofpion photoprodu
tion o� the proton from the Mainz Mi
rotron MAMI andthe laser ba
ks
attering fa
ility 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
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ussions about the 
orre
t way toextra
t the E2/M1 ratio from the new experimental data. In parti
ular thelarge variation in the REM values obtained in theoreti
al 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 unsatisfa
tory. Sin
esmall di�eren
es in the di�erential 
ross se
tion o

ur in the mentionedMAMI/DAPHNE and LEGS experiments, a new experiment on neutral pionphotoprodu
tion o� the proton has been performed at the Mainz Mi
rotron
overing the full polar angle range of the pion. The new enlarged set ofexperimental results should allow a determination of REM more a

urately.2.1. New experimental results for 
N ! �(1232)Figure 4 shows the new results for the photon asymmetry for six di�erentenergies in the �-resonan
e 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 theoreti
al analysis of Hanstein [35, 36℄ and good agreementis found.The unpolarized di�erential 
ross se
tions for the same six photon ener-gies in the �-resonan
e 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 se
tion 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 photoprodu
tionit is su�
ient to take into a

ount s- and p-waves, i.e. l� = 0 or 1 only. Theangular distributions for the unpolarized 
ross se
tion d�0=d
 , the parallelpart d�k=d
 (pion dete
ted in the plane de�ned by the photon polarizationand the photon momentum ve
tor), and perpendi
ular 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, respe
tively, and j indi
ates the parallel (k), perpendi
ular (?) andunpolarized (0) 
omponents. The 
oe�
ients Aj , Bj and Cj are quadrati
or bilinear fun
tions of the s- and p-wave amplitudes. In parti
ular, d�k=d
is sensitive to the E1+ amplitude, be
ause of interferen
e with M1+ in theterms Ak = j E0+ j2 + j 3E1+ �M1+ +M1� j2 ; (5)
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Fig. 4. Photon asymmetries � in the �-resonan
e region (solid 
ir
les, this workRef. [38℄, open diamonds Ref. [31℄ and 
rosses Ref. [32℄).Bk = 2Re [E0+(3E1+ +M1+ �M1�)�℄ ; (6)Ck = 12Re [E1+(M1+ �M1�)�℄ : (7)Furthermore, the ratioR = 112 CkAk = Re(E1+(M1+ �M1�)�)j E0+ j2 + j 3E1+ +M1+ �M1� j2 (8)
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e region. MAMI/TAPS resultsare shown with statisti
al (1�2 %) and systemati
 errors (solid 
ir
les, this workRef. [38℄, open diamonds Ref. [31℄ and 
rosses Ref. [32℄)
an be identi�ed with the ratio REM = E3=21+ =M3=21+ at the �(1232) resonan
e(Æ33 = 90Æ) R ' REM = ImE3=21+ImM3=21+ �����W=M� : (9)
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+
-data)

Hanstein(DR)

R=REMFig. 6. The energy dependen
e of the ratio E3=21+ =M3=21+ is shown as solid diamonds.In addition, the energy dependen
e of R = Ck=(12Ak)is shown as solid squares.This is the 
ru
ial point of our analysis [37℄. This method o�ers the ad-vantage of being independent of absolute normalization and insensitive tomany systemati
 errors, be
ause REM is extra
ted from the ratio of the 
o-e�
ients Ck and Ak �tted to the angular distribution of d�k=d
 . Further,the following identity 
an be derived [38℄:R = 112 CkAk = 112 CA + � (� = 90Æ)1� � (� = 90Æ) � REM (10)whi
h depends only on the shape (C=A) of the di�erential 
ross se
tiond�=d
 and the photon asymmetry � at �CMS = 90Æ. Using equation (10),the ratio REM 
an be extra
ted [38℄REM = (�2:4� 0:16stat: � 0:24sys:)% : (11)A

ording to the Fermi�Watson theorem the E3=21+ and M3=21+ partial waveshave the same phase Æ33 and the ratio E3=21+ =M3=21+ is real quantity. As shownin Fig. 6, this ratio is strongly dependent on the photon energy and variesfrom �8% at E
 = 270 MeV to +2% at E
 = 420 MeV.3. Future plans with real photons at MAMIWe propose to use the intense, high quality, ultra-�ne tagged, linearlyand 
ir
ularly polarized photon beams of MAMI together with a 4� multi-photon spe
trometer (Crystal Ball + TAPS) and a proton target (polar-ized and unpolarized) to perform a series of pre
ision experiments on non-perturbative QCD. We intend to make sensitive tests of Chiral perturbation
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tive Lagrangian models su
h as the �ux-tube quark model andvarious Latti
e QCD 
omputations. Highlights of the program in
lude:� threshold strangeness and threshold ! produ
tion,� �; !; 3�0; 2�0; �0 produ
tion to measure the radiative 
ouplings of N�and � resonan
es,� radiative pion produ
tion to determine the magneti
 dipole momentof the �+(1232) resonan
e; also radiative � produ
tion 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 resonan
e P11(1440).Furthermore we plan to investigate:� Meson photoprodu
tion rea
tions of a neutron target using a deu-terium target.� Compton s
attering with polarized beams and targets.� 2�0, � and ! produ
tion on 
omplex targets to investigate mediummodi�
ations.� Coherent �0 produ
tion on heavy nu
lear targets to study nu
learradii.The Crystal Ball, CB, spe
trometer 
onsists of a highly segmented spheremade of NaI. The sphere has an entran
e and exit tunnel for the beam anda spheri
al 
avity for the liquid hydrogen target, see Fig. 7. The targetis surrounded by a 
ylinder of s
intillation 
ounters that fun
tion as the
harged parti
le 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 physi
s at DESY.The CB is 
onstru
ted of 672 opti
ally isolated NaI(Tl) 
rystals, 15.7radiation lengths thi
k. The 
ounters are arranged in a spheri
al shell withan inner radius of 25.3 
m and an outer radius of 66.0 
m. The hygros
opi
NaI is housed in two hermeti
ally sealed eva
uated hemispheres. The CBgeometry is based on that of an i
osahedron. Ea
h of the 20 triangular fa
es(�major triangles�) is divided into four �minor triangles�, ea
h 
onsisting ofnine separate 
rystals. Ea
h 
rystal is shaped like a trun
ated 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. Ea
h
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Fig. 7. Left: The Crystal Ball dete
tor. Right: Typi
al Crystal Ball 
rystal.
rystal is individually wrapped in re�e
tor paper and aluminized mylar; it isviewed by its own a 5.1 
m diameter SRC L50 B01 photomultiplier, sele
tedfor linearity over a wide dynami
 range. The phototube is separated from the
rystal by a glass window and a 5 
m air gap. The 
rystals have been sta
kedso as to form two me
hani
ally separate top and bottom hemispheres. Theboundary between the two hemispheres is 
alled the equator region. It is� 0:8 
m thi
k, 
onsisting of two 1.6 mm stainless steel plates separatedby 5 mm of air. This introdu
es an ina
tive spa
e 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 entran
e and exit opening for the beam whi
hresults in a loss of 4.4% of a

eptan
e.This work is supported by Deuts
he Fors
hungsgemeins
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