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Tagged linearly polarized photons have been used at the Mainz Micr@#tAMl ) for simultaneous mea-
surements of the(y,p)«° and p(&,rr*)n reaction channels to study thgN— A(1232) transition. The
energy dependence of the magnetic digdl&? and electric quadrupolg®? amplitudes have been extracted
from these data in the photon energy range from 270 to 420 MeV.ERI 1 ratio for theyN—A(1232)
transition has been determined to b€2.5+ 0.1;,,+0.2,J% at the resonance positioid=90°).

PACS numbes): 13.60.Le, 14.20.Gk, 13.60.Rj

I. INTRODUCTION —3%. The first Lattice QCD result iBgy=(+3%=9)% [9]
and a quark model with exchange currents yields values of
Low energy electromagnetic properties of baryons, suclkabout—3.5% [10].
as mass, charge radius, magnetic and quadrupole momentsThe determination of the quadrupole streng in the
are important observables for any model of the nucleomegion of the A(1232) resonance has been the aim of a
structure. In various constituent-quark models a tensor forcesonsiderable number of experiments and theoretical activi-
in the interquark hyperfine interaction, introduced first by deties in the last few years. Very recently, new experimental
Rujula, Georgi, and Glashoyd], leads to ad-state admix- results have been published for the differential cross section
ture in the baryon ground-state wave function. As a result thand photon asymmetry of pion photoproduction off the pro-
tensor force induces a small violation of the Becchi-ton from the Mainz MicrotronMAMI ) and the laser back-
Morpurgo selection rulg¢2], that theyN—A(1232) excita- scattering facility(LEGS) at Brookhaven National Labora-
tion is a pureM 1 (magnetic dipolgtransition, by introduc- tory, with the results Rgy=—(2.5%0.25* 0.2%,9%
ing a nonvanishing=2 (electric quadrupojeamplitude. For  from the Mainz group[11] and Rgy= —(3.0%0.3;a¢1 sys
chiral quark models or in the Skyrmion picture of the =0.2,,,9% from the LEGS groud12]. These newRgy
nucleon, the main contribution to tl&2 strength stems from results have started intense discussions about the correct way
tensor correlations between the pion cloud and the quark bam extract theE2/M 1 ratio from the new experimental data.
or meson exchange currents between the quarks. To obserire particular, the large variation in tHeg,, values obtained
a static deformationd-state admixturea target with a spin in theoretical analyses of these data at RP3] (Rgy=
of at least 3/2(e.g.,A mattey would be required. The only —(3.2-0.25)%), VPI [14] (Rgy=—(1.5=0.5)%), and
realistic alternative is to measure the transit®d moment  Mainz[15] (Rgy= —(2.5+0.1)%) was quite unsatisfactory.
in3/t2he yN—A transition at resonance or, equivalently, the | this paper we present the MAMp(y,p)=° and
E1i partial wave amplitude in thé —Nw decay. Tlhe am- n(y,7")n differential cross sections and photon asymme-
plitudes in theN final state are usually denoted By. and  tries; and discuss in detail different analyses to extracsthe
M|, whereE and M are the electric and magnetic multi- andp- partial wave amplitudes and t&2/M1 ratio. In Sec.
poles,| is the isospin andlis the orbital angular momentum || we briefly describe the experimental setup and show a
of the N7 system, and the- sign refers to its total angular selection of the measured cross sections and photon asym-
momentumJ=1=1/2. metries for both pion production channels from the proton in
The experimental quantity of interest compared with theSec. 1. The essential ingredients of a multipole analysis are
different nucleon models is the ratiRgy=E2/M1  outlined in Sec. IV. Three different analyses of our data to
=EJ?/M3’2 of the electric quadrupol&2 to the magnetic  extract thes- and p-partial wave amplitudes and tHe2/M 1
dipole M1 amplitude in the region of th&a(1232) reso- ratio are discussed in Secs. V and VI. We conclude with a
nance. In quark models witBU(6) symmetry, for example, summary and outlook in Sec. VII.
the MIT bag modelRgy =0, is predicted. Depending on the

size of the hyperfine interaction and the bag radius, broken || expERIMENTAL SETUP AND DATA ANALYSIS
SU(6) symmetry leads to-2%<Rgy<0 [3—6]. Larger

negative values in the range 6%<Rgy<—2.5% have Since the experimental setup used for this measurement
been predicted by Skyrme model§’], while results was described in detail in Ref16], we will restrict the
from chiral bag model$8] give values in the range-2 —  present discussion to the main features of the experiment.
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Linearly polarized photons were produced by coherentlosest to the detector axis, ensured a complete rejection of
bremsstrahlung in a 10@m-thick diamond crysta17,18.  particles coming from the target windows and walls. As a
The photon energy was determined by the Glasgow taggingesult no empty target subtraction was needed.
spectrometer at the Mainz MicrotrdMAMI ) [19] which, in The main contributions to the systematic error in the de-
a 352-channel focal plane detector, analyzes the momentutg@rmination of the unpolarized differential cross section are
of the electron that has radiated the bremsstrahlung photatiue to uncertainties in the photon flux-@%), thetarget
[20]. This detector system is able to energy tag photons ilensity (+0.5%), and ¢-2%) for the proton/pion separa-
the range of 50—-800 MeV with a resolution of about 2 MeV tion with the range method.
[21]. The collimation of the photon beam yielded a tagging
efficiency of about 55% for incoherent bremsstrahlung. To IIl. EXPERIMENTAL RESULTS
continuously monitor the tagging efficiency and the photon _ _
polarization, a pair detector was used downstream of the had- !N single pion photoproduction, the differential cross sec-
ron detector DAPHNE. This pair detector consists of a 0.51ion for linearly polarized photons and unpolarized targets is
mm-thick Cu converter followed by two 2-mm-thick plastic given by the expression
scintillators operated in coincidence. Its efficien&=~3%
for photong was regularly checked with a lead glass detector da(6,4) _ dayo(6) [1-3(6)cog2¢)] 1)
(e=100% for photonkin calibration runs at low beam in- dQ dQ '
tensity. The photon polarization was determined from the
photon spectrum measured by the tagging spectrometer MihereX is the photon asymmetry, artdand ¢ are the polar
coincidence with the pair detector and with the aid of theo-and azimuthal angles of the pion with respect to the beam
retical calculationg22]. The quality of these calculations direction. Since DAPHNE has full2 azimuthal coverage it
was tested by an absolute measurement of the photon pola@Hlows a direct measurement of the dependence of the
ization using coherent® photoproduction orfHe as a po- differential cross section and, therefore, the determination of
larimeter reaction with an analyzing powAr=100%. Ex- 2 and the unpolarized cross sectido,/d{) at the same
cellent agreement between calculations and experiment wagne.
found[23] and, in this way, both the photon polarization and A selection of the measured cross sections and photon
the photon flux could be determined with an absolute preciasymmetries in the c.m. frame for thgo—p=° and yp
sion of better thant2%. —n=" reaction channel§ll,26 are shown in Figs. 1-4.
The liquid hydrogen cryogenic target was contained in arhis is the first data set for which the two observables
43-mm-diameter, 275-mm-long Mylar cylinder with a wall doy/dQ andX have been measured simultaneously at all
thickness of 0.1 mm. The target density was stabilized anéngles and photon energies for both pion production chan-
determined to an accuracy af0.5% by means of an auto- nels from the proton. The measurement covers the whole
matic pressure and temperature control system. A(1232) resonance region in 16 energy bins betwEen
The reaction products, the recoil proton fropp— p®° =270 and 420 MeV, wherk, is the tagged photon energy
and the pion fromyp—n=" were detected using the large in the lab frame. The angular distributions e, /dQ2 and
acceptance detector DAPHNE (29<159°, 0°<¢ X were measured from 45° up to 135° for the ™ channel.
=<360°) built by the CEA/DAPNIA-SPhN at Saclay and the In the p7° case the angular range varied from 95° to 125° at
INFN sezione di Pavi§24]. Good definition of the charged E,=270 MeV to 65° to 125° for the highest energy point at
particle tracks was obtained from the central vertex detectok, =420 MeV. In Figs. 1-4 the result of a fixeddispersion
consisting of three coaxial cylindrical multiwire proportional relation analysis[27], which will be discussed below, is
chambers providing a polar angular resolutionfof<1° shown as a solid line. Our differential cross sections and
full width at half maximum(FWHM) and an azimuthal reso- asymmetries are in good agreement with the dispersion rela-
lution A¢p=<2° FWHM. This vertex detector is surrounded tion analysis except for the differential cross sections around
by a segmenteddE—E— AE plastic scintillator telescope 330 MeV where we find a slight discrepancy.
with successive thicknesses of 10 mm, 100 mm, and 5 mm, Figures 5 and 6 compare the energy dependence of the
respectively. The outermost layer is a lead-aluminum scintilpresent MAMI results and the recent LEGS res{ig] for
lator sandwich designed to enhance th detection effi-  yp—p® at 6,0=90° andyp—n=" at4,+=85°. For the
ciency and to provide additional energy loss information forLEGS results the statistical error and the angle and energy
charged particles. dependent error have been evaluated point by point and com-
In the first step of the analysis those events were selecte@jned to the net uncertainty bars, which are shown in Figs. 5
that had only one charged trajectory with its polar angle inand 6. The error bars on the MAMI points are only statisti-
the range 21% #=<159°. After this cut, the basic task of the cal. The systematic scale uncertainties ar8% for the
data analysis was to identify the pions and protons. ThisMAMI results and~1% for the LEGS results. There is an
separation was performed by using a range method as denergy dependent discrepancy of up to 15% between the
scribed in detail in Ref[25], which simultaneously uses all absolute differential cross sections. For beth— p=° and
of the measured energy losses in the scintillator layers ofp—n=", the LEGS cross sections start to rise above the
DAPHNE to identify charged hadronsna(", p) and to deter- MAMI data at E, =280 MeV, reaching=15% higher val-
mine their energy. A restriction made on the vertex positionues at the highest energy LEGS data point &
defined as the point on the reconstructed track, which lies=323 MeV. Since the difference is energy dependent it will
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~ FIG. 1. The differential cross sectiatu/d(} for p(y,p) 7° at FIG. 2. The photon asymmetd for p(y,p) = at six different
six different photon energies. The splld line shows the result of theshoton energies. The solid line shows the result of the energy de-
energy dependent multipole analysis. pendent multipole analysis.

IV. MULTIPOLE ANALYSIS OF THE MAMI DATA
affect the absolute values of the resonant partial wawgg
andE>? (see discussion below

In Fig. 7 the LEGS and MAMI angular distributions for In yN— N7 both incident particles and the final nucleon
the differential cross section and the photon asymmetry argave two spin states yielding in eight degrees of freedom.
compared aE =320 MeV for p(7.p)° and p(7,7)n. From parity conservation this is reduced to a total number of

One sees that the differential cross sections differ not only iiour complex amplitudes to describe the reaction. Allowing

absolute magnitude, but also in angular shape. The two mo Qr one arbitrary phase factor, there are therefore seven inde-
forward angular poi,nts ab o=70° and 80° of.the LEGS pendent physical quantities which need to be measured at

0 4 . . any setting ofE,, and ¢, . Different sets of amplitudes are
p7 differential cross section drop faster than the MAMI used in the literature, e.g. the helicity amplitudes

T . :
resultsﬁ. Thoe samoe behaworols seen formhe cross section (H,,H,,Hs,Hy) introduced by Jacob and WidR8] or the

at 07T+_—20 . 150°, and 17_0 . This difference in the shgpe ofpauli amplitudes F,,F,,Fs,F,) by Chew, Goldberger,
the differential cross sections for the two data sets will pIayLOW, and Nambu29]. While the observables of single pion
an important rple in the d_'SCUSS'O” of the non-Born contri-photoproduction are more elegantly expressed by the helicity
bution for partial waves with ;=2. On the other hand, the amplitudes, the Pauli amplitudes are particularly suited for
photon asymmetry agrees well for ther® channel and decomposition into partial wave¢80,31].

shows only small differences for ther" data, where the A complete database for pion photoproductidthe
MAMI results are slightly above the LEGS data. “complete” experiment requires at least eight independent

A. General aspects
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_ FIG. 3. The differential cross sectiato/d() for p(y,7")n at FIG. 4. The photon asymmetsy for p(y,7*)n at six different
six different photon energies. The splld line shows the result of theshoton energies. The solid line shows the result of the energy de-
energy dependent multipole analysis. pendent multipole analysis.

observables to specify the multipole amplitudes to all orderdharkov analy5|s and the known pion-nucleon scattering
in | [32—34. Such complete information is not available at Phases3;' was only —(2.3+0.5)° over the entire energy
present and standard multipole analyses have to rely on tH@ngek, —250— 500 MeV.

differential cross sectioda/d() and the three single polar- The pwo and nt multipole amplitudesM,. (M,
ization observable¥ (photon asymmety P (recoil nucleon  stands foEq, M;_, .. .) arerelated to the isospin 1/2 and
polarization, and T (target asymmetdy For pion photopro- 3/2 components\ ;- 112 and/\/l 32 by

duction from threshold up to th&(1232) resonance region,

these four observables provide sufficient conditions for a 0 1/2 312

complete database, if the higher partial wal/ez 2 can be Mi=(pm) =M=+ M'*’ @
adequately represented by the Born contributions. This ap-

proach is expected to be appropriate up to the region of the L 12 a2

higher resonances(,~600 MeV) and even they may affect Mi=(nm™)= \/7( 2| Mz M ) 3

only certain multipolege.g.,D13(1520%~E,-, M,-). Such

arguments were used by Grush[i35] to analyze the The multipole amplitudes|. are complex functions of the
Kharkov datg36] (do/d€), 3, P, andT) for yp—p=°and c.m. energyW. Below the two-pion production threshold
yp—na". In their analysis both the real and imaginary (E,=310 MeV), the Fermi-Watson theor€®7] allows one
parts of thes andp wave amplitudes could be determined for to express the phases of the complex multipole amplitudes
the first time independently of the pion-nucleon phase shiftby the corresponding pion-nucleon scattering phase shifts
5™ . The mean difference between th™ phase from the  §|..
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FIG. 5. The energy dependence of the differential cross sectior 0 30 60 90 120 150 180 0 30 60 90 120 150 180
at 6,,0=90° for p(y,p)«° in comparison with our energy depen- Oy (dep) Oy (deg)
dent multipole analysigfull line) and the VPI solution SP97(ldot- FIG. 7. The differential cross secticir/dQ and the photon

ted ling. For the LEGS points the statistical error and part of the
systematic error are combined to the net uncertainty [l The
error bars on the MAMI/DAPHNE point$26] and the MAMI/
TAPS resultd42] are only statistical. The systematic scale uncer-
tainties are~2% for LEGS, ~4% for MAMI/DAPHNE, and
~6% for MAMI/TAPS.

asymmetry3, for p(y,p)=° (left) and p(y,7")n (right) at E,
=320 MeV. The MAMI data are compared to the results of LEGS
and our energy dependent multipole analydidl line). For the
LEGS points the statistical error and part of the systematic error are
combined to the net uncertainty bd®l]. The error bars on the
MAMI points [26] are only statistical. The systematic scale uncer-
tainties fordo/dQ) are ~2% for LEGS, ~4% for MAMI, and
M. =|M|.|exp(i. +nm), (4)  ~2% for the photon asymmetry of MAMI.

the P53 partial wave are very small, which suggests that the
Fermi-Watson theorem can be applied well above the two-
pion threshold.

There exist two basic methods to extract the multipole
— Hanstein ® MAMI/DAPHNE amplitudes from the database: the “energy independent”
""" SAID POk 5 Do and the “energy dependent” approach. In the energy inde-
251 LI pendent approach, each energy is investigated independently

by the use of standarg? minimization techniques, the fit
parameters being the real and imaginary parts of the multi-
pole amplitudeSMfi . Below the two-pion production
threshold the Fermi-Watson theorem is used, which reduces
the number of the necessary observables for a complete ex-
periment by a factor of 2, because only the absolute values
|IM }i| of the partial wave amplitudes need to be determined
from the fit. In the energy dependent approach, the data at all
energies are analyzed simultaneously. Either an energy de-
pendent parametrization of the partial wave amplitudes must
be assumed or, as in our case, the energy dependence is
taken from dispersion relations. The principal advantage of
this method is that continuity is built in from the beginning
and systematic errors tend to cancel out. In some cases one
Qr the other of these two approaches is to be preferred. If the
at 6, =85° for p(y,7*)n in comparison with our energy depen- data are closely spaced in energy and cover both differential
dent multipole analysigfull line) and the VPI solution SP97idot-  Cr0SS sections and polarization observatilEomplete ex-
ted ling. For the LEGS points the statistical error and part of theP€riment”) at each energy, the energy independent approach
systematic error are combined to the net uncertainty [&ifs The IS more advantageous. If, on the other hand, the data are
error bars on the MAMI point§26] and the Bonn result48] are  Widely spaced and only few polarization observables are
only statistical. The systematic scale uncertainties -a2% for  available, the energy dependent approach is the better one.
LEGS, ~4% for MAMI, and ~6% for Bonn. This approach is also useful if the general resonance struc-

wherel can be 1/2 and 3/2, andis an integer. However,
even at energies of about 400 MeV, thé&l inelasticities in

30

20t

(pbarn/sr)

15}

do(85%) 7 dQ

O ) ) ) )
200 250 300 350 400 450
E, (MeV)

FIG. 6. The energy dependence of the differential cross sectio
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ture is already known and the main interest is to obtain the
small partial wave amplitudes. However, the experimental
data has to cover the complete energy range of the dominal g, 20
ing resonances in order to allow a reliable separation. For§ s
instance, in the case of thkl,, amplitude in theyN g
—A(1232) transition, one has to cover the complete reso-i
nance region (256450 MeV) to get theM, multipole as

precise as possible&8,35.

25

5

B. Higher partial waves

A general problem common to both the energy dependen

and the energy independent approach is to decide at Whicl(;b 20
value of the angular momentuhy the partial wave expan- 21
sion should be truncated in the fit and how to approximate 2
the higher partial waves. The maximum valug,, that the

data can determine is found by fitting the angular distribu-
tions to a Legendre series or, equivalently, a power series

B 10
3

nos
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expansion in cos:

do q Mmax FIG. 8. The difference of the linear polarization cross sections,
E A'cos' 0, (5 (do, /dQ—doy /dQ)/(2 sifA(6) =S do/dQ sin 2 6 for p(y,p) 7°
a0 “= L /a I p(y,p)m
andp(y,7)n.
do 1 q "max Cs= |dwave| (12
O os K E Al cod' 4, (6)
sin” 6 In the case where only the wave [Ey,) and p waves
(M;., M;_, andE; ) contribute, this difference would be
do 1 q Mmax proportional toAs and, therefore, independent of the pion
dQ sing k¢ 2 Al cod' 0, (7) angle . The multipole dependence of the coefficieAs,
By, andCs is described in Appendix A.
N Figure 8 shows the difference dir, /d)—do /d() for
do 1 ¢q %‘:‘X N cod both pion reaction channels on the proton at our lowest pho-
PaQ sing ~ k &, Apcos 0- ®  ton energyE,, =270 MeV, atE,=350 MeV, and at our

hlghest energ)Ey 420 MeV. In thepw channel one rec-
ognizes only above the resonance a small deviation from the
constant behavior. This is due entirely to the Born contribu-
tion to the By coefficient, i.e., the interference between the
Ireal part of the dominar¥l, amphtude and the real part of
thed -wave amplitudes, for example, in terms like Re(,
JReE,_. Such contributions become extremely
at resonance since Ré(, —M,_)=0.

The behavior of the differencélo, /d{)—doy /d(2, for

the ;/p—>p7-r° data from the LEGS collaboration is different.
Their observed angular dependence seems to require a size-

The experimentally accessible polynomial coefficieitsare
quadratic or bilinear products of the electig.. and mag-
netic M, multipole amplitudes.

In this section we examine the sensitivity to higher partial
wave contributions of the coefficients” and AY extracted
from the present data. The difference of the cross sections f%fmall
the photon polarization perpendicular and parallel to the re-
action planedo, /dQ)—doy/dQ}, is particularly sensitive to
higher partial waves. With partial waves up ltp=2, the

difference able non-Born contribution frord andf waves. The origin of
the different angular dependence of the LEGS results for
1 (doy doy) _do 1 do, /dQ—doy /dQ arises from the different shape of their
2 sir? 0 dQ /) “dQ s unpolarized cross section data. The LEGS photon asymme-

tries alone are well described by our multipole fit which
takes Born contributions in higher partial waves lg&=2
into account.

In contrast the difference afo, /dQ)—do /dQ for yp
—nw" shows a strong angular dependence at all energies.
The main reason is that in charged pion photoproduction the
pion pole Born graph leads to significant contributions of
higher partial waves.

The sensitivity of the differential cross section to higher
partial waves is most pronounced at the extreme forward and
backward angles. Taking partial waves ud te=2, the dif-
ferential cross section is

= %(Az-i- By cosf+ Cy cog 6)
©)
has three polynomial coefficienfs; , By, andCys with

:AE(S\Naue !pwaue) + Rq:EOer:/ave] + |dwave|21 ( )
10

sz:(Ml-F_Ml—)d\Tvaye]l (11)
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0,0=0 9,0=90 0,0 =180° Born contribution was assumed for,=4. At 6,0=90°,
the contributions from the higher partial waves are far
below 1%, because they arise only from an interference term
with the small s wave Ey,, for example, in the form
Re(Eo. dy}4c) asin Eq.(15). Below and above thA (1232)
resonance, however, contributions frone2 are of the or-
08 der of 10-20% of the differential cross section at 0° and
200 300 400 500 300 400 500 300 400 500 180°. These contributions arise almost completely from the
Ey (Mev) By (Mev) Ey (MeV) interference between the dominavit, . amplitude and the
FIG. 9. The contribution of higher partial wavels,&2) to the Born partS_Of Fhe highe_r pg_rtial waves. In our ar_]aly_SiS there
differential cross section foyp—pm® at §,=0°, 9,=90°, and &€ No indications of significant non-Born contributions for
.=180°. The solid line is the raticdgsP/da'") of the differen-  higher partial wavesl(=2).
tial cross section for onlg and p waves to the differential cross
section including higher partial wave contributiofBorn contribu-

tion for | ,=4). The curves are obtained from SA[B9] solution C. Influence of systematic errors in the database
SM95. An important issue for any multipole analysis is the
question of how to handle the systematic errors of the ex-
d_‘T: S[AJFBCOS( 0)+C co(0)+ D cos(6) perimental results for the different observables used in the
dQ  k database. The ideal database should contain experimental
+Ecod(0)], (13) results for bpthyp—>p7-r° and yp—nzw", measm_Jred simul-
taneously with one setup for all photon energies and cover-
with five coefficients of the form ing the full range of polar angles to minimize energy and

angular dependent systematic errors. The analysis of such
A=A(Syave Pwave) + REEq+ A el +[dwavel>, (14 data would yield a consistent separation of the isospin 1/2
and 3/2 parts from the partial waves of tper® andnz™
B=B(Swave Pwave) TRE (M1 =M )dyael, (15  reaction channels. However, the isospin separation will fail if
there is a considerable inconsistency, such as a normalization
C=C(Swave:Pwave) T REEo Ayayel +dwavel®s (16)  error, between theyp—nz* and yp—p=° observables
(do/dQ, %, T, ...). The existing pion photoproduction
D=Re (M, —M; )d}ael, (17 data, for example, the SAID database, are far from the re-
quirements of the ideal case. Most of the experimental data
are taken at one photon energy at a time, the angular distri-
butions are not measured simultaneously for all angles and,

D because of an interference term between the lafge more impo_rtantly, the consistenpy bgtween different mea-
amplitude and thel waves. However, the contributions of surements is less good than their assigned errors would sug-

these terms can be neglected at the top of the resonan8&St When combining data fr_om different experiments into
(833=90°). As an example this is illustrated for the combi- ON€ database, one has the difficult task to account properly

E= |dwave| 2, (18

The effect of thed waves is largest for the coefficierisand

nation for the angular and energy dependent systematic errors. A
common procedure is to combine the experimental system-
Rg(My, —M; )E}_1=ReM, —M; )ReE,_ atic errors in quadrature with the statistical errors or to mul-
tiply all data from one set with a systematic scale error
+Im(My;—M;_)ImE,_, (0sy) by a common factof while adding —1)%/ 0%, to

(19 the X2 [40]. The latter method allows for adjustments of an
overall scale(angle independent systematic erjpitsut not

where the first term vanishes, because NRe(—M,_) for systematic effects in the shape of the angular distribu-
passes through zero at the resonance posidgp=90°) and  tions which is important for the determination of the small
the second term can be neglected, becausg,lmis small E2 amplitude. As shown in the following paragraph, it is the
due to the smalt-wave phase. Figure 9 illustrates the sen-shape of the differential cross section and the photon asym-
sitivity of the differential cross section to higher partial metry neard=90°, however, which is sensitive to tHe2
waves. The solid line shows the ratid¢*P/do ") of the  amplitude. Combining all existing#® andn=" data in one
differential cross section for onlg- and p-wave contribu- database regardless of their consistency will result in mean
tions to the differential cross section with higher partial values for the dominant partial waveM(, andEg.) but
waves. The calculated cross section ratio is shown at the piomeaningless values for the small partial wavés ( and
angles6,0=0°, 90°, and 180° in the energy region be- M;_). Any reliable partial wave analysis for the small am-
tween 200 and 500 MeV. For this calculatif8®] the SAID  plitudes will require a careful selection of the experimental
solution SM95 was used, in which partial waves uplfo results used in the database. In practice one has to choose
=3 were allowed to vary to fit the data set, but the normalobservables that are sensitive to the small amplitude from
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0 0
10 ol 35 pr A z§||v| 12+ 3 REE, M%) (22
E,=340Mey  — ful 50| =340 MV R SRR
0.8 r =™
i <Pt and contributes to bottic/d(Q) and%. WithoutE, , strength
0.6 S the shape of the differential cross section would be deter-
WOA 5|y mined by C/A=-3/5; and the photon asymmetry by
Z o 3,(90°)=As /A=3/5. ForE,, IM;, =—2.5% these values
02 S 5 would change t&C/A=—0.7 andX(90°)=0.54. Setting the
E;,. multipole to zero(dotted ling results in an increased

0.0
0 30 60 90 120 150 180

0
0 30 60 90 120 150 180

differential cross section at the extreme angles 0° and 180°,

O (deg) 0 (deg) and a lower value at 90°. The photon asymmetry in contrast
10 o 35 nr is enhanced at 90° fdE,, =0. The same behavior f& is
By=300Mey  — ful 50 | By 3O MeY found in thens" channel. In the differential cross section
08 k.| B for n* the effect ofE,, is most sizable at the backward
06 angles.
A From the above discussion it becomes obvious that a re-
04 . liable extraction of the smaklt, , amplitude will require pre-
02 cise photon asymmetry data around 90° and precise data for
e the differential cross section at all angles.

0.0 0
0 30 60 90 120 150 130 0
O, (deg)

30 60 90 120 150 180

0, (deg) V. DISCUSSION OF THE DIFFERENT ANALYSES

We have performed three different analyses of our data in
order to extract thes- and p-wave amplitudes, and the
E2/M1 ratio. First, a fit to the differential cross section and
photon asymmetry only in thep— p#° channel; second, an
energy independent simultaneous multipole analysis of the
yp—p7® and yp—n=" data to get the isospin separation
in the whole energy region (270420 MeV). In the third
nalysis an energy dependent fixedispersion analysis has
een performed, which includes additional observables in or-
er to study the stability of the different multipole solutions.

FIG. 10. The sensitivity of differential cross sectiods/d()
and photon asymmetries to the E,, multipole and higher partial
waves (,=2) for p(y,p)7° and p(y,7"p)n at E,=340 MeV.
The dashed lines are obtained withndp waves only. The dotted
lines exclude thés, . amplitude and the full lines show the results
with all partial waves.

one experiment, or one has to use analyzing methods whi
are insensitive to energy and angle dependent systematic up
certainties.

Figure 10 showsdo/dQ) and X for different multipole
contributions at the\ (1232) resonancedgz=90°). This il-
lustrates the sensitivity to the higher partial waves=2)
and to the smallE;, amplitude. The contribution of the
higher partial waves to thgp—n=" channel is significant
at all angles. For the differential cross sectionfgt-=0°
and the photon asymmetry arouig+=290°, the full calcu-
lation and the truncation te andp waves differ by as much photon polarization and the photon momentum vectand
as a factor of 2. Theyp—pm° case is different and one perpendicular partio, /dQ) can be expressed in tree and
cannot distinguish between the full calculation and the resulp-wave approximation by the parametrization
where onlys andp waves are taken into account. The main
reason is that the pion pole term does not contribute in neu-
tral pion photoproduction. Figure 10 shows also the sensitiv-
ity of ¥ anddo/dQ to the smallE;, amplitude for both
pion channels. The main effects of tEg, multipole in the ~Whereq andk denote the center-of-mass momenta of the
p7° channel is found neaf_o=90° for the photon asym- Pion and the photon, respectively, amnhdmates the parallel
metry and near 0°, 90°, and 180° for the differential cross). perpendicular (), and unpolarized0) components.
section. This sensitivity has its origin in the interference term! he coefficientsA;, B;, and C; are quadratic or bilinear

Re(E;+M*,), which appears in the coefficients functions_ of the_gr and p-wave am_plitudes. In partiqular,
do/dQ) is sensitive to thée;+ amplitude because of inter-

A. Analysis of the MAMI p#° data

Since the result from the fit to thep—p=° channel

alone has already been publishdd], we summarize here
only the key points of our analysis. Ther® angular distri-
butions for the unpolarized cross sectidory/d(), the par-
allel partdo/dQ) (pion detected in the plane defined by the

do-l(ﬂ)_g
daQ  k

[A;+B; cog §)+C; cog(h)], (23

5 ) . ference withM, in the terms
A=5[M1.[*~3 ReEMT,), (20) ) )
A\|:|E0+| +[3E1+ —Mys+M % (29
3 Bj=2 R4 E(:(3E1 + My =M )*], (25)
~_ _ 2 *
C=3IMw 9 ReELMIL), 20 C|=12R4E; (My, —M; )*], (26)
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Furthermore, the ratio 15 15
—_ O B (1/2) | O M,(1/2)
& ® E,,(32) & ® M, (372)
10 ReELMyM) o B 2
== f? 009" v
12A1 |Eqs[*+[3E1 + My — My |2 g s g
= = ﬁe—ﬁ—ﬁ‘e‘e—o_o'o_evb_
is very close to the rati®Rgy=E3?/M3'? as we will show :% 0 % 0 e .
below. At theA(1232) resonancedsgz=90°) the ratioR can -~ 5 = Slesgtetttitveg
be identified with theRgy, value, . Poeeter |
= 0 o0t = 10 ’
Im E32 N e
~ —_ 1t -15 -15
R=Ren= Im M 372 (28) 3 50
1+ Tw=m — o B | _ o M)
A & 5 *EOD | TR o M.G/2)
This is the key point of our analysis. The method has the ..~ o
advantage of being independent of absolute normalizatior = =%
and insensitive to many systemati_c_errors, becd_?@,@ is £ & 20
extracted from the ratio of the coefficier@g andA fitted to 8 S
the angular distribution oflo/d(). Analyzing the data by S =, 10
this method the following result is obtaingdi1]: =l <
& - gz) 0toeo0 000000
Rem= —(2.520.2;4) %. (29

- -10
. . . . . _ 270 300 330 360 390 420 270 300 330 360 390 420
Without any correction for neglecting the isospin 1/2 contri- B (McV) E (McV)

butions toE;, andM,, , the maximum absolute systematic 7 7
error for Rgy would be =0.5%. To further reduce this sys-  F|G. 11. The isospii =1/2 andl=3/2 components of the-
tematic error one can take the Born contribution and estimatgnd p-wave multipoles for the protof26] compared to the energy
the size of the isospin 1/2 contribution f&, andMi..  dependent result of the fixeddispersion analysif27]. The plotted
With a conservative estimate the abso_lute systematic erfyantities Re\t |, /coss |, = M{ie‘m:r are equal to the absolute
reduces to less than 0.2% (see Appendix B for details value|M .| up to a signsee Eq(4)].

and ne* data 3, for the two pion channels, because it relates eight param-
eters to the eight “observables’A, B, C, andAy coeffi-
cients for the two-pion channgldncluding additional polar-
ization observables in the database and performing an energy
ependent multipole analysis overcomes these shortcomings.

To obtain the isospin decomposition for thandp waves
in the whole energy range (273120 MeV), we have per-
formed an energy independent multipole analysis of our dat
In this analysis we fit eight parameters, the absolute values o
thes andp waves for isospin 1/2 and 3/E{?, EY?, M12,
M2 Y2 E¥2 M12, andM??), to the photon asymme- . _ _ _
try and the differential cross section for the— p=° and In a third analysis the MAMI pion photoproduction data
yp—n=" reaction channels. Higher partial wavds¥2) are analy;ed using f|xgdd|sper3|on reIat!ons based on Lor-
are taken into account by the Born terms, includingndw ~ €NtZ invariance, isospin symmetry, unitarity, and crossing
exchange in the channel. We obtain the coefficients B, ~ Symmetry[15,27). This analysis includes the recent MAMI
and C from the angular distribution of the differential cross data for the d|fferegmal cross sectiahy/d() and photon
section andAs from the photon asymmetry. The two-pion @symmetryX for p7® andnz" from the protor(26,41,43,
reaction channels are described by eight coefficients, whicRoth older and more recent data from Bonn for the target
are independent combinations of the isospin 1/2 and 3/2 mu@SymmetryT [43—45, and differential cross section data on
tipole amplitudes of thes and p waves. In addition, the 7 Production off the neutron from Frasc4#6] and re-
Fermi-Watson theorem is used to determine the real an@ently from TRIUMF[47].
imaginary parts of the- and p-wave multipole amplitudes. With this method we performed both an energy dependent

In Fig. 11 we show our fitted multipole amplitudes as and an energy independent multipole fit as shown in Fig. 12
ReM . /coss|. , which is the absolute value of the ampli- Y Open circlesenergy independenand the 392|'d Ilne(esrllz-
tude up to a sign that can change with photon energy as ififgy dependeit The agreement between B and M "
the case oEf’f. The values of the- andp-wave amplitudes multipole results obtained from the dispersion analysis and
are fitted independently at each energy to the MAMI datahe multipole analysis described in the previous section is
yp—p=° and yp—n=*. The results for the isospin com- Very good. Both energy independent results show the same
ponents for thes: and p-wave amplitudes are presented for €nergy behavior for the two multipoles. For the real and
16 photon energy bing26]. Although systematic errors are imaginary parts of thev f’f amplitude the two results are in
greatly reduced because ther® andn=" data are obtained excellent agreement, the solid dots lying on top of the open
with the same set up, this method is sensitive to small reeircles up to 425 MeMsee Fig. 12 The agreement is also

C. Energy dependent multipole analysis of the MAMI data
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30 05 TABLE I. Imaginary parts of the multipoleE>? andM3'2 in
= 5 -~ units of 10°%/m,.+, and the ratidRey=Im EY?/Im MYZ|yy_y, in
& £ the energy dependent dispersion analysis. The different rows corre-
f?; 10 m; spond to differential cross section data from MAN6,42, LEGS
= . - [12], and Bonn[48,49.
S g
E 10 \,\/ cl Data Im M3 Im E372 Rew(%)
) I DY) A N MAMI 37.66 —-0.924 —2.54
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500 LEGS 3935 —1.276 —324
% E, MeW) o E, (MeV) Bonn 38.31 ~0.643 ~1.68
< a0 ~ 00 9 was measured by detecting the two decay photons ofrthe
2 S o5 with lead glass blocks in a different experimgbi]. Each of
s 20 S5 10 these experiments has a systematic error of the order of
= T +59%, and it takes much less than this systematic error to
£ 10 E s o change the shape afo/d() (C/A ratio) and with this the
0 2.0 REM Value
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500 In the case of the LEGS data the larger cross section leads
E, (MeV) E, (MeV)

to larger values for the resonant multipoléls’? and E3'? .

FIG. 12. The real and imaginary isospir3/2 components of | h€ main reason for this is that the cross section difference
theM,, andE,, multipoles. The solid dots show the result from between the LEGS and MAMI data is energy dependent
the energy independent fit only to the MAMI da@a/dQ and3)) (resonance behavipas shown in Figs. 5 and 6. Inclusion of
[26]. The solid line and open circles show the energy dependent andne polarization datd, %, andP from Kharkov[36] does not
energy independent results from the fixedispersion analysi®7]. affect our fit because of the large statistical and systematic

errors, especially for thep— p=°® channel.
very good in the case of the sm&f'? amplitude. In particu-
lar, we find that the inclusion of other observables in addition VI. DISCUSSION OF THE RESULTS

to the MAMI pion photoproduction data decreases the fluc-

tuations slightly for theEi”f multipole. According to the Fermi-Watson theorem ti&g'? and

The results of the energy dependent($iolid line in Fig. M;;f pg/gtlgl waves have the same phagg and the ratio.
12) agree well with theM,, multipole derived from the E1+/Mif isareal quantity. As shown in Fig. 13, this ratio is
energy independent fit, but small systematic differences magtrongly dependent on the photon energy and varies from
be seen for the electric multipo, ., at energies above the —8% atE,=270 MeV to+2% atE,=420 MeV. The ra-
A(1232) resonanceE, =360 MeV). The ratioRgy, at the tio Rgy is defined at thel (1232) resonance position, where
resonance agrees quite well in both dispersion analyses: 933=90°, by

Rem= — (2.5 0.152) % (30) E3?2 ImE32
EM™ 132 - 312 (32
] M ImM
for the energy dependent fit and I+ Tw=m, T+lw=m,
Rem=—(2.33+0.17,,,)% (31) We note that within thé-matrix fomalism this ratio is free
of background contributions sindd , is the K-matrix pole.
for the energy independent fit. The extraction of the genuinA(1232)-resonance parts of

In addition we have checked the effect of changes in théhe magnetic dipole and electric quadrupole multipoles is
database. Replacing our differential cross section by thenodel dependentsee for example the work on dynamical
Bonn data obtained in the seventigs8,49 reproduces the models[52—54 and the recently proposed speed plot analy-
results for the leading multipoles but changes the smallesis [15,55. In order to get a reliable value fdRgy it is
multipoles to some degrdsee Table)l The Bonn results for important to use a database with small angle dependent sys-
do/dQ at very forward and backward angles force the fit totematic errors, because the sna|l, amplitude depends on
a smallerE, , value near the resonance. However, it shouldthe shape oflo/dQ) and the absolute magnitude of the pho-
be kept in mind that the overall compilation of the Bonnton asymmetry at 90°. To obtain a consistent separation for
yp—p=° data by Genzekt al. [49] results from different the isospin 1/2 and 3/2 parts of the partial waves, experimen-
experimental setups, which have been reappraised and r&al data are required with small inconsistencies in the abso-
evaluated before combining them into one data set. The mailute normalization between thgp— p«® andyp—n=" ob-
part of the angular distribution (5626,.<160°) fordo/dQ) servables. To reduce the influence of such systematics in the
was measured by detecting the recoil proton in a magnetimultipole analysis, the observabl&sand do/d() for both
spectrometef50], i.e. by fixed angle and single energy mea-reaction channelp#® andn=" were simultaneously mea-
surements. The differential cross section for £&,<70°  sured at all angles and energies with the DAPHNE detector
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C —3/2+9Rgy

O G124y A~ 52-3Rey
EM

(34)

2t @ Ef/MY

and the photon asymmetry at 90°
As  3/2+3Rgy
A 5/2-3Rgy’

(35

(%)

27 As we have stated before, the compilation of all the existing
experimental data into one database can result in mean val-
ues for the dominant multipoles and meaningless values for
the small multipoles. For example, if one combines the new
MAMI data with the Bonn differential cross section results,
then theRgy value is affected by small systematic differ-
ences in the two data sets. The Bonn differential cross sec-
tions range from 10° to 160°, while the MAMI cross sec-
tions cover angles from 75° to 125° and are slightly below
the Bonn data & ,= 340 MeV. In the combined data set the
shape of the differential cross section is changed, i.e., the
C/A ratio gets smaller. This is the main reason that for the
combined Bonn and MAMI data set th®:), value is even
below the value which one gets from the Bonn data alone.
This influence of the Bonn data on the extracted value of the
ratio Rgy has been confirmed by the BNIL2] and RPI/VPI
groups[58].

In a second Commerjtl3] our p7° data were analyzed
by the RPI group, who obtained the res®t,,=—(3.2
+0.25)%. However, the inclusion of ourm* data in the

_ database lowered this value Rz ;= — (2.64+0.25)%[59],
at MAMI. The three different analyses to extr&ty from agreement with our analysis.

the MAMI data agree very well with each other and, at the

4t

ratio

8t

260 280 300 320 340 360 380 400 420 440

E (MeV)

y

FIG. 13. The energy dependence of the rd&f?/M3? . The
solid dots(energy independentand the solid lingenergy depen-
den) present the result from the fixeéddispersion multipole analy-
sis [27]. In addition, the energy dependenceR#C /(124 is
shown as open squares.

A(1232) resonance, we get the final result VIl. SUMMARY AND OUTLOOK
We made the first simultaneous and accurate measure-
Im Ei/f ments of the differential cross sections and photon asymme-
Rem=——7%5=—(25%0.1,=0.2,9%. (33 tries for the reactionsp(y,p)7° and p(y,#")n in the
ImMyy A(1232) region. Using this data we have performed a mul-

tipole analysis to obtain the isospin decomposition of ¢he
andp-wave multipoles and extract tHe2/M 1 ratio over the

In addition, the discussions about the extraction of the Cor'energy range 270420 MeV. Our final results at the

rect Rgy, ratio from our data, which arose in the literature A(1232) resonance positiondg;=90°) are Rey=— (2.5

after our first publicatior[11] can now be summarized as _ 1,.*0.2.,9%, and Agp— —(131+1)(10 %/GeV)
— Y--stat— Y-4sy ’ 1/2—

follows. In the Comment of the VPI groufl4], our pz° e - :
data were included in the SAID datal?aseb;rgd a vﬁpigg andd Agp=—(251+1)(107%/GeV) for the helicity ampli-
tudes.

=—(1.5+0.5)% was obtained. As pointed out in our Reply . - 5 .
[56], the difference between the VPI result and our value !N the meantime, morp(y,")p data[60] for the differ-
Reym=—(2.5+0.2)% is due to the database used in the€ntial cross section and the photon asymmetry have been

SAID analysis. As has been recently confirmed by the vPaken. This new experiment covers the full range of polar
group [57], the exclusion of all pre-198@° differential angles by observing the two decay photons in the TAPS

cross section data in the SAID database charRgg to detector at MAMI. The analysis is in progress and will pro-
—2.5%. It is obvious that the key problem arises from theduce new differential cross sections for the extreme forward

inconsistencies in the different data sets used in the analysi@nd backward angles. In this way we hope also to clarify the

The forward and backward angles for the differential cros@bSC"”te normalization problem in the differential cross sec-
sections used in the SAID database force the VPI solution t§On between LEGS and MAML.

smallerRgy, values. However, this solution overpredicts the
Mainz photon asymmetry data at resonag@®0°)=0.58,
compared to the Mainz resu}(90°)=0.54. The reason is The authors wish to acknowledge the excellent support of
that at resonancesg;=90°) the fit has only one parameter, K. H. Kaiser and H. Euteneuer, and the accelerator group of
the Rgy value, to describe simultaneously the shape of theMAMI, as well as many other scientists and technicians of
differential cross section the Institut fu Kernphysik at Mainz, DAPNIA/SPhN at
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APPENDIX A

The coefficientsA, B, C, and As in the s- and p-wave

+27 M, |*+ Re(Eg 4 (6E4 +3My, +E,— —3M,_)*)
+Re(Ey-(— 635+ —9IM,_+9M,,)*)
+Re(M, (81E,, +81M,,)*)—Re(81IM,  E7. ),

— _ _ *
approximation for the differential cross section and the pho- D=2ReM,. (30E;, —12M5, —18M5-)%)

ton asymmetry:

2 9 2 5 2
A(Swaveapwave):|EO+| +§|E1+| +§|M1+|

~[M;_|?~ 3 Re(E; 4 (Mg, —M;_)*%)
+Re(M;_M3,),

B(Swave :Pwave) =2 R8Eg+ (3E 4 + My, —M;_)¥),

9 2 3 2
C(Swaueipwaue):§|E1+| _§|M1+|
+9REE (M1, =M )¥)
—3RgM;_M1,),
9 2 3 2
AE(S\Naueapwaue):_§|El+| +§|M1+|

+3 RdE1+(M1+_ le)*)
+3RgM;_M*%,).
The differential cross section up tg=2 partial waves
o q
g0~ K[A+Bcogf)+C co(6)+D cos(6)+E co(6)]
has five coefficients with
5 , 45 )
A=A(Syave rPwave) T §|E27| + Z|E2+|
9 9
+ §||V|2—|2Jr §|'V|z+|2

+Re(Eg+ (—6Ez —3My —Ep_+3M;_)%)

15 *
+R EZ* ?E2++3M2,+3M2+
* 9 .
+R §M2+ 2+ |»
B:B(S\Naueapwave)

+2ReM, (Ey- —9E,, +9M,, +6M,_)*)
+RdMl,(lsEer_2E2,+9M2++6M2,)*)

9
+Re<M2(—9M2+—§E2+

+6REE,, (—2E,_ +3M,_+3M,, +3E,.)*),

+Re(M;_(—30Ep, — 15M5,)*)
+ RdEl+( - 36M 2— + 36M 2+ + 18E2+ + 18E27)*),

45 ) 45 ) .
E:Z|E2+| _?|M2+| —90Re&M;, M3_)

45
+ 5 Re(Ep+ (Mo, ~5Mp_ +3E5)*).

The photon asymmetry,
s do
dQ) sir? ¢

has three coefficients with

= %(AEJr By cosf+ Cy cog 6)

3 2 2 9 2
AEZAE(Swaueipwave)_ElEZ—| _9|E2+| _§|M2—|

+ReEp (E;- +Ezy + My )%)
21 * 9
+ReE; | 3Ma-+ 5By | |- SREE,, 3-),

Bs=+3 R&M ;. (5E,. +4M,, +6M,_)*)
—3ReM;_(5E;; —5M,,)*)
—3 ReE;; (9B, —9E;, )*),

45
(32:7||\/|2+|2—45|Ez+|2

45
+ ERe(E2+(3E2—_2M2—_ M,)*)
+90R&M,.3M% ).

APPENDIX B

At the A(1232) resonance position, where the phége
passes through 90%E(=340 MeV) we find ReM,+(3/2)
=0, ReM+—M,-)=0, and negligible contributions from
higher partial wavesl(;=2) (see Sec. IVB The ratioR of
the coefficientsA; and C; for p({z, p)7° can then be ex-
pressed by

_ CH _ Re(E1+(M1+_M1—)*)
1281 |Egy[|?+[3E1s =My + My |?
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Neglecting |Eq.|?, 9|E;.|? and all terms with Rel .,
—Mj_) results in

R— IME;;Im(My;—M;y)
—6IME; . ImM(M4;—M;_)+Im3(My,—M;_)

Dividing by Im*(M,, —M;_) we obtain

PHYSICAL REVIEW C 61 035204
(b) For ImE}2/ImE;, =10%,

R: CH — 1'1RE|V|
12A| 1-6.6Rey

(c) For mEY2/ImE,, =20%,

R0
R=———, C 1.2R
1-6R,0 R= 12£|‘: 1_7.;’;M—>REM=—2.45%,
with
B Im E1+ with
T ImM, —ImM,_
If we further neglect InM ; _ and the isospin 1/2 components REM:—13/+2-
ImM7’2 and ImE}?, then the largest correction comes from Im M7~

ImE}"2, which is of the order of 16 20 % of ImE,, . The
final result depends on the ratio of Iﬁi’fllm E,.(p70). If
we further assum®= —2.5% we obtain

(@) For ImE}Y2=0,

Without any correction for the isospin 1/2 contributions to
E;, andM,, the maximum systematic error &,, would

be £0.5% absolute. To further reduce this systematic error
we can estimate the size of the isospin 1/2 contribution by

R= C - 1Rey the Born contribution. A conservative estimate of the re-

= ~ = — 0%
12A” 1—6.REM —)REM 295/0,

maining systematic error is less tharD.2% absolute.
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