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Photon- and meson-induced reactions on the nucleon
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Starting from a unitary effective Lagrangian model for the meson-nucleon scattering developed in T. Feuster
and U. Mosel, Phys. Reb8, 457 (1998, we come to a unified description of both meson scattering and
photon-induced reactions on the nucleon. To this end the photon is added perturbatively, yielding both Comp-
ton scattering and meson photoproduction amplitudes. In a simultaneous fit to all available data the parameters
of the nucleon resonances are extracted. We find that a global fit to the data of the various channels involving
the final stateyN, N, m7N, 7N, andKA is possible. Especially in eta photoproduction a readjustment of
the masses and widths found in the fits to hadronic reactions alone is necessary to describe the data. Only for
the D15(1520) do we find a possible disagreement for the helicity couplings extracted using the combined data
set and pion photoproduction multipoles alone. The model dependence introduced by the restoration of gauge
invariance is discussed and found to be significant mainly for resonances with small helicity couplings.
[S0556-28189)00901-3

PACS numbe(s): 14.20.Gk, 11.80.Gw, 13.30.Eg, 13.75.Gx

I. INTRODUCTION As a first step, we formulated a model for these hadronic
reactions employing thkK-matrix approximatiori1]. The in-
Photon- and meson-induced reactions on the nucleon ateraction potential is described solely in termssafu-, and
the main source of information about the nucleon resonancechannel Feynman diagrams. We have shown that a reliable
spectrum. From knowledge of the possible excitations of thextraction of the resonance parameters is possible in this
nucleon and their properties one hopes to extract informatiomodel and that the effective Lagrangian approach reduces
about the structure of the nucleon. To this end one needée number of free parameters considerably, since the non-
models that allow one to determine the masses and partisgsonant background is generated by a few couplings only.
decay widths of the resonances. Because of the constraint of Analyticity is not guaranteed in this approach, but there
unitarity, the different reaction channels can in principle notare estimates about the quality of tkematrix calculation as
be treated separately, but have to be taken into account sfompared to other approximatiof#,6]. These indicate that

multaneously. the final resonance parameters extracted in different approxi-
For the purely hadronic reactions models based on unitamations are very similar. - _
ity and analyticity have been widely us¢8—7]. Using an The aim of this paper is, now, to extend this model to

Ansatzdeveloped by the Carnegie-Mellon Berkel@MB)  include also photon-induced reactions. This would allow one
group, Dytmanet al, for example, have recently extracted to benefit from the very accurate data for such reactions that
resonance parameters from a fit to thsl— 7N, 77N, 7N already are or will be available in the near future. To this end
data[8]. we will at first shortly discuss the model used and the results
On the other hand, in calculations of meson photoproducof the fits to hadronic data. The extension to photon-induced
tion, effective Lagrangian models are the main tool for in-reactions and the database available for the various reactions
vestigationg9—-12]. In these models the important constraint will then be addressed. After that, the results of the fits to the
of gauge invariance can be easily implemented on the opergombined data are presented and discussed.
tor level. However, unitarity has only been fulfilled in a few An important new feature of this analysis is the extraction
calculations of pion photoproduction in tha region of electromagnetic coupling constants from a combined fit to
[9,10,13,14 and eta photoproductidri2]. Lately, also a de- meson photoproduction and Compton scattering data. Apart
scription of Compton scattering in this framework has beerfrom the t-channel contributions, the latter are determined
put forward[15]. only by the electromagnetic couplings and not by a product
With the availability of high-precision data from various of strong and electromagnetic couplings as in meson photo-
accelerator facilities like MAMI, ELSA, GRAAL, and production. Compton scattering data should thus provide an
TJINAF, there is also an urgent need to improve the modelgnportant constraint on the extraction of electromagnetic
for meson photoproduction. The most important ingrediencoupling constants. We will also use a comparison with a
for these improved models is the dynamical treatment of thelispersion theoretical analysis of these data to obtain infor-
meson rescattering in the same framework as the initial phomation about the quality of thk-matrix approximation.
toproduction reaction. To this end a description of the purely
hadronic reactions within the effective Lagrangian approach

. II. DESCRIPTION OF THE MODEL AND ITS
IS necessary.

APPLICATION TO PURELY HADRONIC REACTIONS

For easier reference we review in this section briefly the
*Electronic address: treatment of the hadronic channeld . This then forms the
Thomas.Feuster@theo.physik.uni-giessen.de basis of our inclusion of photon-induced reaction channels.
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A. K-matrix approximation time the model is kept as simple as possible. A description of
The Bethe-Salpeter equations encountered in mesoﬁbe 7777_N final state in terms of t\_/vo-particle intermediate
nucleon scattering, states likerA, wP11(1440), andoN is currently under way.
The potentialV is now calculated from the interaction
T=V+VGgsTl, (1) Lagrangians collected in Appendix A. Taken into account
are contributions from the nucleon Born termighannel ex-
can always be decomposed into two coupled equai®i$]  changes op, a,, andK*, and resonance contributions in the
s andu channels.
In this work we limit ourselves to partial waves with spin
1 and2. This is because only for these can the Lagrangians
be given in an unambiguous w4$9,2d. Furthermore, we
gestrict the energy range t@s<1.9 GeV because for higher
energies additional decay channels might be important.

K=V+V ReGpg)K,

Here Ggg is the Bethe-Salpeter propagator that describes th
intermediate propagation of the meson and the nucleon.

In Egs.(2) the second equation can easily be solved, since
the imaginary part of5g5 is always proportional t@& func- C. Form factors
tions that place the meson and nucleon on its mass shell. The |n order to investigate the dependence of the resonance
real part ofGgs in the first equation in Eq$2) amounts to a  parameters on the specific choice of the hadronic form fac-

principle-value integral and is, therefore, much harder taors, in[1] fits using combinations of the three basic forms
treat.

The K-matrix approximation now consists of neglecting o
this principle-value integral in the first equation and thus Fp(q9) = A (F—m?)?
usingK=V in the second one. This leads to

A4

2 2y2
% (q°—m9)
[TK]=[v+iVTK]=[m, (3) Fe(q2)=exp(—T ,
where the bra}cketé---] indicate thatV and Tx arenXxn A4+ (g2—m?/2)2
matrices ( being the number of asymptotic channels taken Fu(g?)= 4

4 2_ /2 2 2
into account and that Eq(3) is a matrix equation. A+ [0" = (ar+m7/2)]

Obviously, Tk as calculated from Ed3) does not neces- _
sarily fulfill a dispersion relation, as does the fillfrom  have been carried outr( denotes the mass of the propagat-
Egs. (2). Therefore, theK-matrix approximation does not g particle,q its four-momentum, and? is the value ofy?
guarantee analyticity by construction. However, Pearce andgt the kinematical threshold in tiechanne). The following
Jenningd4] have shown that inrN scattering the contribu- restrictions were imposed to limit the number of free cutoff
tions from ReGgg) are of minor importance, since the cor- parameters(i) the same functional forrk and cutoffAy is
responding principle-value integral is reduced by a very softised in all verticesrNN, »NN, andKNA, (ii) for all reso-
cutoff needed to regularize Eq®). Furthermore, Surya and hances we take the sarfeas for the nucleon, but different
Gross[6] estimated that in this process the error made byaluesA, and Ay, for the cutoffs for spins and spin3
putting the pion on shell is of the order ofEf resonances, andii) in all t-channel diagrams the sanke
—m,)E3/m{, and can therefore be neglected for small pionand A, are used.
energies. Based on these studies, it seems that the main con-
tributions in the Bethe-Salpeter equati@®) come from re- D. Resullts for the hadronic reaction channels
scattering with both intermediate particles on shell. This part
is correctly taken into account in th€-matrix approxima-
tion.

In this section we briefly recapitulate the main results of
the fits to the hadronic reactionsN— 7N, wN— 77N,
7N— 7N, andmN—KA. The reader is referred {d] for a
more detailed discussion.
(i) A qualitative and quantitative description of all had-
As asymptotic stategN, w7 N, 7N, andKA have been ronic data is achieved.
taken into account. A detailed description of the database (ii) The resonance parameters we find are in good agree-
used in the fits is given inl]. Neglected so far are final ment with the values obtained by other groigs3,5,7,18
states such a&> and wN. This has been done because and with the PDG valuegl7].
either the coupling of resonances to this channel is known to (iii) The 7~ p— »n data are not good enough to deter-
be small K [17]) or because only one resonance is knownmine the »N-branching fractions of the nucleon resonances
that might have a significant decay into this channeN(  very accurately. Nevertheless, we find nonvanishing cou-
[5D). plings for a few resonancegS;;(1535), P4(1710),
Also the pN channel is not contained in our analysis. To P13(1720), andD,5(1520)].
make at least partly up for this deficiency, we parametrize (iv) Only two resonancefS;;,(1650) andP,,(1710)] ex-
the w7 N decay by the coupling to a scalar, isovectane-  hibit sizable couplings to th&A channel. For higher ener-
son[1,12,13,18 with massm,=2m,. . This ensures that the gies ther™ p—KCA reaction is dominated by thechannel
importantN decay is taken into account, but at the sameK* exchange.

B. Contributions to the potential V
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(v) There are deviations from theN data for theP ;3 and  similar way. The usual isospin decomposition of pion photo-
D, partial waves. Below the resonance positions we underproduction, for example, is given 2,16
estimate the amplitudes, whereas for energies above the reso-
nance the fits give too large amplitudes. This indicates that a 1 1
fit with form factors that are asymmetric around the reso- il 171 7)= Tyt 377 oyt 83~ 37, 7-3>Tf7’§.
nance positiomg, (instead of our choices, ;) might lead to 5)

a better description of the data.

(vi) Already for energies above 1.6 GeV we find that theHere T5., contains the amplitude for isoscalar photons,
t-channel contributions are not adequately described by thehereasT~>3?are the amplitudes for total isospir- 3,3
corresponding Feynman diagrams anymore. It seems th#tduced by isovector photons. The important point to note is
stronger modifications than those from any of the form fac-that rescattering OTEW anqulTli takes place via the= 3 part
tors F, . are needed. A smooth transition to a Regge-likeof the hadronic reaction channele.g., T¥2), whereas for
behavior in this energy range would probably improve theTf;’i only T¥2 contributes. The =% amplitudes can, there-
quality of the fits for the highest energies. fore, be treated in the usual way. For the } sector a fur-

(vii) Because of this, in the fits therNN- and ther splitting of the final states intoyN)2, (yN)Z?,
pNN-coupling constants are driven below their usual values yN)$,, and (yN)¥2 needs to be introduced.

o M
This in turn also leads to a small&¥3(1232) masg1.229 The third and fourth points amount to neglecting photon-
GeV) and width(110-113 MeV. rescattering contributions when extracting the photoproduc-

A comparison with the resonance parameters obtaineggy, amplitudes from the data. Only a direct teraV.,, is
from other unitary and analytic analyses, as, for examplegen present in Eq@3). In our analysis of those ampyﬁtudes
those listed if17], shows that the hadronic reactions can beyhis can only be taken into account by using the fofm
described rather well in this effective Lagrangian approach- /4 iTv and notT=V/(1—iV), since in the latter case

employing theK-matrix approximation. direct and rescattering terms cannot be disentangled. For the
photoproduction of a scalar meserthis schematically leads
lll. EXTENSION TO PHOTON-INDUCED REACTIONS to

With the inclusion of theyN final state a model can now 13 13
be constructed that combines the advantages of describingt!y —v'» +i> 1'e V'v | =0 2,2, | =2 2.
the electromagnetic interactions using effective Lagrangians ¢7  ¢7 7 e¢’ ey’ Y 7272 2°2
with a dynamical treatment of the rescattering. In principle (6)
this extension is straightforward; it mainly consists of enlarg-
ing the matricegVV] and[T] to take into account the new For Compton scattering we end up with
final state. Equatiof3) then gives the unitarized amplitudes
for meson photoproduction and Compton scattering. How-
ever, there are four important points that make the combined
treatment of all possible reaction channels technically more
involved. Here the sum runs over all physical intermediate states

(i) The photon can induce electric and magnetic transie g., 7%, 7 *n, ... for yp— yp). Neglected in both cases
tions. Therefore, in the case of spirresonances two ampli- are contributions from the photon rescattering, since they are
tudes(called multipoles in photoproduction, instead of par-syppressed by an additional face. Because of the same
tial waves as in the hadronic reactipheve to be taken into  syppression, we also do not take electromagnetic corrections
account16]. . . . to the hadronic channel into account. We have checked this

(i) Furthermore, the interaction of the photon with the gpproximation by also calculating the photon-rescattering

nucleon can be split up into an isoscalar and an isovectontributions in theA region and found them to be negli-
part. For, e.g., pion photoproduction this leads to three d'f'gible.

ferent isospin amplitudesrf, T2, andT%?), instead of two
(TY?2 and T°?) as in#N scattering 16].

(iii) In the multipole decompositions of photoproduction
data any influence of Compton scattering is usually ne- The contributions to the potenti#l in the case of photon-
glected[21]. induced reactions come from bremsstrahlung of asymptotic

(iv) The Compton amplitudes cannot be fully isospin de-particles (N, ,K) and electromagnetic decagesg., nucleon
composed using experimental data alone. Since only tweesonances and vector mesprihe bremsstrahlung leads to
physical processesyp and yn) exist, only two of the four Born diagrams in ths, u, andt channels; decays of nucleon
amplitudes can be extracted. Therefore, the rescattering conesonances give contributions in thee and u channels,
tributions are normally calculated in a basis using physicalvhereas meson decays entertahannel diagrams.
states(e.g., 7 p, #°p, #'n, #°n) and not pure isospin To calculate the different contributions, we first of all
stateq 21]. need to specify the couplings to the photon. Since the

The first point can easily be taken into account by intro-Lagrangians have already been discussed many times
ducing two new final states yN)g and (yN),,, where the [10,9,11,12,2% we limit ourselves to a short summary.
index denotes the type of electromagnetic transition. The For the nucleon i, A, and2) and the scalar mesons
isoscalar-isovector nature of the photon can be treated in @enoted byy) we have

TON =Vt g T,Vey. )

A. Background contributions and resonance couplings



PRC 59 PHOTON- AND MESON-INDUCED REACTIONS ON TH.. .. 463

(1+ 73) v Ty v . exr mé_ m,%,
E}’NN:_eﬁ[ 2 ’yMA”‘—(KS'l'K 7'3) 4mNFM N, spin %:Al/ZZ Iz_rnN Z—rnNgl'
tS)
2 2
. eér Mg— My
— O SApm— o \
Lo s =Ny s 72 F#N, @ PN zAw= gm0 N Tam,
N
Mg _
Lpe=—€[@X(,0) 1A%, (10) X| £0:+ m(mwmmgz :
JoNN — 2 2
Lo onn=—€5— Nysy,[ 7X @]sAX. (12) _efgr [Mmp—my 1 _
yeNN 2my T 3 A3/2=+m Ty 1917 4—mN(mR+mN)gz :
The magnetic transitions moments are given lky (16)

=—0.613 andks =1.610[17,23. In the case of pseudovec- Here &
tor NN coupling, £, ,nn gives rise to the so-called seagull R
or four-point diagram.

For the decay of scaldrp) and vector {) mesons we use
(FMV:(?VA’U“—&#AV, U)\(r:arrv)\_&)\vrr)

denotes the phase at theNR vertex. These rela-
tions can easily be inverted to extract tg,.

In all these couplings we have to account for the
isoscalar-isovector nature of the photon. This is done in the
case ofl =3 resonances by using; ,=g3 ,+ 7307, in Egs.

(14) and (15). Note thatl =2 resonances only couple to is-

qu,=ezgywstF”V(ahqo)A”, ovector photons and therefore have the same couplin@s
2m, to d '
Yp andyn.
The formulas needed for the multipole decomposition of
gywv:ewgwmpwvm(p, (12  photoproduction and Compton scattering are somewhat
4am, lengthy and have been collected in Appendix B. There we

also list the connections of the amplitudes to the various

with the couplings extracted from the corresponding deca}ébservables.

widths[17]:
9,,-,0=—0.044, g, =0.167, B. Form factors and gauge invariance

As we have already stated in the Introduction, an effective

9,70,0=0.131, g@,,=,==0.103, g,,,0=1.020, Lagrangian model allows one to address the question of

gauge invariance on a fundamental level. Unfortunately,
9,m0,=0.313, g,,,=0.329, there is no unique way to restore gauge invariance once had-

ronic form factors have been introduced. This ambiguity af-

9ynokx0=0.631, gyqpex.==0.415. (13 fects only the Born terms, since all transition vertices fulfill

gauge invariance by constructif®)]. That is, having a vertex
functionI'g,, constructed from the corresponding Lagrang-
ian, we always have

For the spins resonances only a magnetic transition is
possible:

— T, _
L nry,=eRO; 4r¢]NNFW+ H.c., (14) IenyKe=0, (17)

wherek , is the photon momentum. The main reason for this

whereR is the resonance spinor. The operdfgy, is given s that aR— Ny transition cannot be derived from the had-
by yso,, for odd-parity resonances and by,, otherwise.  ronjic Lagrangians by minimal substitution, but has to be

3 : . s .

In the spin3 case two couplings can contribute: constructed by hand. Therefore, all corresponding vertex
ieg functions have to fulfill Eq(17) separately, in order to pre-

1= i i i H _

LoNRy,= 7 R*®,,(21)y,NF"* serve gauge invariance. Because of this, we have also intro

duced independent form factors at the electromagnetic verti-
e ces of the nucleon resonances. These form factors are taken
— _922_ ﬁa@aﬂ(zz)r(éyN)Fvu+ H.c., to have the same analytic form as .the hadronic ¢ok<Eq.

amy (4)]; only the cutoffsA are chosen independently.
For vertices derived through minimal substitution, only

1 the sum of all contributingd-, u-, andt-channel and four-
0,,(2)=Gau— 5(1+22) 0y, (15) point) diagrams needs to fulfill a constraint similar to Eq.
(17):
Here, the operatol” is either 1 orvys for odd- and even-
parity resonances, respectively. by —
The initial values for the electromagnetic couplings of the i:s,zu,m MV‘P"k” 0. (18)

resonances are calculated from the helicity couplings given
by the Particle Data Groupl7]. The connections between HereM% ; denotes the contribution of théh Born diagram
the g, , used here and th&,, 5, are as followq 24,25 to the photoproduction amplitude.
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In the case of pion photoproduction the vertex functionsdiagrams. Of course, the choice of independent variables is
arelyy, ', ., andT%_\y and lead to four possible dia- arbitrary, so that in its most general form the amplit(2#)
grams:s-, u-, andt-channel and four-point diagrams. Now contains, instead ofF(t), a common form factorF
the momenta at the hadronic vertices are different in all dia‘=|~:(s,u,t). This degree of freedom has, for example, been
grams. Since, correspondingly, the form factors have differyseq in the calculation of Nozawet al. [9], where a form
ent values for each diagram, all terms in Ed.8) are
weighted differently once hadronic form factors are intro-
duced. Hence, the inclusion of any of the factbrs, ; will
result in a violation of gauge invariance. ~ _
The first model that tries to solve this problem was pro- F(s,u.)=aiF(s)+azF(u)+asF (1), (22)
posed by Oht#26]. In his Ansatzt is assumed that the form | i the additonal constrairt, + a,+a;=1; in [27] the co-
factor F can be separately Taylor expanded with respect t%fficientsai were fitted in kaon photoproduction.

factorF = F(s) was taken into account. Following Haberzettl
[27], we use here aAnsatzof the form

the momentap, p’, andg. After minimal substitution in all To investigate the dependence of the electromagnetic cou-
three momenta, the resulting expressions can then be rBlings of the resonances on the gauge procedure, we have
summed in closed form. performed fits using both Ohta’s method and the prescription

To illustrate this in some detail, we focus on thehannel ot Haperzettl. Since this is mainly an exploratory study, we
Born diagram. For our choice of hadronic form factors thenaye in the latter case adopted the “democratic” choice and
amplitude M, _ ¢ is given by(suppressing factors aj taken thea;’s to be equal. For pion photoproduction this
leads to theAnsatz Ks,u,t)=31[F(s)+F(u)+F(t)], Eq.
(22). In the case of eta and kaon photoproduction, however,
we use a slightly different form factdf because in both
cases the Born terms consist of a smaller number of dia-
u(p). (19 grams. For the eta case we do not havechannel contri-

bution, whereas for the kaon photoproduction there is no

Using now Ohta’s prescription we obtain an additional coun-U-channel diagram involving a coupling to the charge of the

~ particles. Therefore, in our calculation thasatz
terterm/\/l’;ms|oma. After some rearrangements the sum of
both can be expressed as

ML =u(p')gnnF(S) vsh _(b+k)2+ m_’\; €
n (p+k)*—my
io™?

'}’#+ 2mN KNkV

X

- 1 1 1
~ Fa(sut)=zF(s)+zF(u)+zF(V),
M Jona= Mb, s+ MY Jona

5 1 1
P+ TN i(p) Fy(s0)=5F(s)+ SF(u),

=u(p')g nnYsh (Pr2_md,

+terms~o*'k,, . (20 ~ 1 1

FK(s,t)ziF(s)JrzF(t) (23
From this it is clear that the influence of the form fadtoon
the coupling to the charge of the nucleon has been fullyvas used for the different form factors. This prescription has
removed by the Ohta prescription. Only the coupling to thebeen chosen to avoid additional free parameters. But we
magnetic momentwhich is gauge invariant by itsglfs af-  want to stress again that Eq&2) and (23) can only be
fected by the introduction of at the hadronic vertex. The motivated by the structure of the hadronic vertices present in
same also holds for the- andt-channel diagrams. the photoproduction diagrams. Only in a microscopic model

Haberzett[27] has argued against this procedure becauseor the electromagnetic vertex could the form factor be de-
four-momentum conservation connegptsp’, andg and the  termined unambiguously.
form factor F is needed at an unphysical point  Finally, one could think about introducing form factors at
F(mg,m3 ,mfp). To incorporate both points, he has devel-the electromagnetic vertices of the nucleon and the pion and
oped an alternative method that leads to different expressior@on as well. For theyNN case this would lead to the fol-
for the final amplitude. lowing vertex:

If we choose, for examplgy andp’ as the independent
variables, we can remove thg dependence by using
=p’—p. After this, we get one counterterm less than in
Ohta’s method. The net result for the electichannel con- o
tribution is in this case given by +F,(p2p'2k2) i K

2my
M‘;W,S|Haberzetﬂ: Ml;w,s|0htax F(t). (21

T4n=U(p")e Fi(p?,p’ 2 k) y*

»|U(p). (29)

For real photons gauge invariance demaid$p?,p’2,0)
Instead of removing the influence &f altogether, we now =1. In addition, forF, we haver(mﬁ, ,mﬁ, ,0)=ky. Be-
have replaced the form factor used in the bare Born diagrarsides this, we have no further constraintonfor the case of
with the one fromt-channel exchange. Since the same hapmeson photoproduction. In the case of Compton scattering it
pens for the other diagrams as well, we have an overall factazan be showi28], however, that additional contributions are
F(t) multiplying the charge contributions from all four Born needed to restore gauge invariance, once a form faejor
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has been introduced. Unfortunately, also these contributionand the hadronic and electromagnetic couplings of the reso-
cannot be determined in an unambiguous way. To avoid thisances. Furthermore, it also contains thearameters of the
additional uncertainty, we have chosen not to include elecspin- resonances and the cutoffsof the form factors at all
tromagnetic form factors for the nucleon and scalar mesonsertices. In the case of the nonresonant background we have
in our calculation. the couplings of the scalar and vector mesons to the nucleon
and the cutoffs at those vertices. The vector meson decays
are calculated with the couplings fixed to Ed.3). Only
_ ] _ _ ynp0 @ndg,,, have been allowed to vary in the fits because
The calculation of photon-induced reactions is now car{he corresponding decay widths are only known to about
ried out as follows: (i) calculate the potentidV] from all 2504
contributing Feynman diagram@i) invert the hadronic sub-  As has been explained in Sec. Il B, only resonances with
matrix to give theT matrix [Thagd =[Vhaa!/(1=iVhaa)]:  spin 1 and 2 have been taken into account. These are
(iii) unitarize the meson photoproduction with the help Of811(1535)1 S11(1650), P11(1440), P1,(1710), D;5(1520),
Eg. (6); (iv) finally, calculate thel matrix for Compton scat-  p_(1700), S,;,(1620), P3y(1232), Pas(1600), and
tering using Eq(7). _ D33(1700). Furthermore, the potential contaitghannel
The potentia[ Viqqd is calculated using the results[df],  contributions from the hadronic and electromagnetic decays

with only one exception: at thg/NN vertex we now use of the vector mesong, o, a,, andK*. For the coupling of
pseudoscalatP9 instead of pseudovectdiPV) coupling.  the ¢ to the nucleon, the values

From eta photoproductiof29] it is known that PS coupling
leads to a much better description of the data. In purely had- Junn=7.98, K yn=—0.12 (25)
ronic reactions this RSPV difference is hardly visible be- ¢ e

cause of the suppresion of the Born terms due to the hadron'H:aVe been usefd,22]. The dependence of the electromag-

form factor. But since, at Iea_st for the Ohta prescr_iption, thenetic couplings of thé®s5(1232) on thewNN couplings has
influence of the form factor is removed by restoring gauge o investigated ir?flo 1314, Mainly due to the
invariance, in photoproduction the contribution of the Born —exchange contributions ,to tHéI 32 multivole both cou-
terms is enhanced as compared to others. For kaon photopr;c‘)’l—ingsg gndg of the P4(1232) la+re ianuF()enced by varia-
duction the situation is not so cleg80]; so we will use both 1 2 33 y

PS and PV couplings at tHeNA,3 vertices in the fits. tions ing,ny and k. Therefore, also the extractédM
ratio is somewhat sensitive to the values of those couplings.

In principle one could go ahead and also deterngipgy and
k,nn through fits to the data. However, we have not chosen
Our model thus consists of la-matrix treatment of the to do so, because we feel that the pion photoproduction data
following asymptoticchannels:#N, w=#N, 7N, KA, and alone do not offer enough sensitivity to reliably determine
yN. The K-matrix elements are calculated from a Lagrang-the NN couplings. In view of the aim of this study to find
ian given in[1] for the hadronic couplings and in the presenta simultaneous description of all included channels the so
paper for the electromagnetic couplings. Possilllermedi-  induced error in thd?35(1232) couplings is acceptable.
ate states are the nucleon and all three-star nucleon reso-
nances with spins 1/2 and 3/2 up to an invariant mass of

V1.9 GeV; thus no nucleon resonances appear in the final , o
states of a Feynman diagram. As a consequence of the The hadronic database has been describ¢il]innd con-

K-matrix approximation all intermediate particles propagate>iSts of partial-wave analysi®WA) results for bothN
only on shell. — N, 77N [3,5,7] and cross section and polarization data

With these ingredients all Feynman amplitudes are calcufor 7 pP— 7N, KA. Because of the much larger database
lated taking into account the, u-, andt-channel diagrams. Used in the SM95 PWA as compared to the KA84 solution,
The latter are used to consistently generate the backgrourf¥e only use the SM9S data and the corresponding parameter
amplitudes, thus eliminating the need to introduce separaté®t of[1] in this calculation. _ _
ad hochackground parametrizations. The iteration of the am- (i) YP— yp. Differential cross section data from various
plitude V contained in Eq.(3) then leads to a consistent measurementg31] have been used in the fits. Furthermore,

description of both resonance decay widths and rescatterinf€ include the LEGS data on photon polarizati¢8g]; the

in a hadronic reaction. For example, in a reaction with®ld data on the recoil polarization from Waegal. [31] have
asymptotic channelyN— »N a whole chain of rescatter- not been used here. Since, from the helicity couplings given
ings, like, €.g.;yN— N* — 77N—N** — N, whereN* and in [17], we expect sizable contributions from sginkeso-

N** are different nucleon resonances, is automatically gen?@nces[D15(1675) andF,5(1680)] not taken into account
erated. While the resonances in this way all acquire widthD€reé, we fit the Compton data only for energied.6 GeV.

and are thus “dressed,” higher order contributions to the©OnlY in this energy range can we be sure that all resonance

vertices are not taken into account and the extracted coifontributions are taken into account. _
plings therefore are “bare” ones. (i) yYN—aN. In this channel we use the single-energy

data of the multipole analysis SP97]. In principle, also
another analysi$MA97 [33]) is available, based mainly on
the latest MAMI and ELSA data. This analysis, however,
The parameters of the model can be grouped into resonaohly covers the energy region 1.35 GeV. Because of this
and nonresonant ones. The first group is given by the massesstriction, we do not use it in our fits. Nevertheless, differ-

C. Calculation of photon-induced reactions

D. Summary of the model

A. Reaction channels and database

IV. RESULTS OF THE FITS



466 T. FEUSTER AND U. MOSEL PRC 59

ences between the two solutions SP97 and MA97 and our fitssing the form factolF, from Eg. (4) for all vertices with
are shown in some of the plots. In a later stage of the invespropagating hadrons arfé, from the same equation for the
tigation it would be very interesting to perform restricted fits t-channel diagrams. They employ Ohta’s gauge-fixing
using the MA97 data. This could allow one to investigate themethod with hadronic parameters determined from a fit to
dependence of thé33(1232) couplings on the multipole hadronic channels alone, Ohta’s gauge-fixing method with
analysis used. all parameters refitted to all channels, including the photo-
Unfortunately, the spreading of the single-energy datenuclear ones, and Haberzettl's gauge-fixing method, respec-
SP97 is much larger than for theN analysis SM95. In order tively.
to further restrict the parameters, we also use the speeds
calculated from the energy-dependent solution SP97 in our
fits. However, some precautions are necessary when incor-
porating these data, in particular near the resonance positions In a first fit, we allowed only the electromagnetic cou-
of the P4,(1710) and thé;5(1700). Even though a resonant Plings to vary. All other values of masses and decay widths
structure cannot be ruled out from the SP97 single-energyvere taken from the parameter set SM95-pfidf Using the
solution, the SP97 speed data are smooth in the vicinity oprocedure of Ohta to restore gauge invariance, the param-
both resonances. In our calculation, however, we always finéters have been determined by a simultaneous fit to the full
resonant structures, even for resonances coupling onlgatabase as described above.
weakly toyN. For energies near these resonances, therefore, In Figs. 1-9 we show the results of this fit as dotted lines,
no fit to the SP97 speeds is possible. For this reason th@gether with the other fits described below. From the plots it
speed data for the resonant multipoles were not used near thg clear that the experimental data in all channels can be
P11(1710) and the15(1700) in our fit. reproduced rather well. The improvement over our old non-

(i) yN—zN. In the energy range below 1.54 GeV we ynjtary calculation[22] using the T-matrix approximation
only use the very precise data of Krusatteal. [34] for the  (aiso shown in Figs. 193s obvious.
differential and total cross section. For energies above that
only sparse data from different groups are avail§Big. For 1. Comparison to a T-matrix calculation
the total cross section there are also data from E[33 for . .
eta electroproduction at very smifl (= —0.056 GeV), but One of the most noticeable differences between the cal-

no differential cross sections. From measurements on deut§tlations performed here and thosegllzn ReR] is the im-

rum targets also neutron-to-proton ratios have been exProvement in the description of thEy? and M3 multi-
tracted[37]. Furthermore, a few target asymmetry data arepoles. In the case &2, itis well known that only a correct
available[38]. The latest measurements at GRAAL on pho-treatment of the rescattering allows a quantitative description
ton asymmetries, however, are not yet published. of this channel. The reason for this can best be seen in Fig.
(iv) yp—KTA. Here, the best data come from the 10, where a calculation with botR35(1232)Ny couplings

SAPHIR experimenf39]. The older measurements of differ- set to zero is shown. Even with no direct coupling to the
ential cross sections antpolarizationg40] have been care- resonance, the structure of the data inE& multipole can
fully investigated by Adleseck and Saghiag]. Because of  3jready be reproduced quite well. This shows that the rescat-
systematic deviations of certain data se.ts, the error bars ‘i’éring is responsible for the shape of this multipole and not
these data} have been enlarged. In our fits we also use thegg, girect excitation of the\. From this it is obvious, why
newly assigned errors. our old model[22] failed in describing this multipole.

The fits are labeledas in[1)) by the 7N PWA used to In [22] we have speculated that the same might be true for
determine the hadronic parameters and the type of form fac;[he M"  multivole. but Fia. 10 shows that this is not the
tors for thes- andt-channel resonances. An additional num- 2= po'e, g . ) :
ber inqlicates the method uged to gauge th_e Born contrib£ase- Direct coupllgg of the rrfasonan.ce is essential to describe
tions: (i) Ohta’s method26] with fixed hadronic parameters, the data for bottEz - and Mz multipoles. Therefore, the
(i) Ohta’'s method with all parameters fitted, afiid) Hab- ~ POOr .f|t in the old calculation was obviously driven py the
erzettl's method27] with fixed a;’s [cf. Eq. (23)]. Further- ~ contributions of theD,3(1520) to some other multipole.
more, from the fits performed for the hadronic channels, it isTheése were most likely the off-shell contributions that are
obvious that the exponential fori, leads to larger values Not treated correctly in th€-matrix approximation. One im-
of x? as compared to the other form factdfg and F. portant deficiency in this approximation is the appearance of

. : H p.n p,n 3/2
Therefore, we do not use the parametrizafigfor the case  SPurious resonancelike structuresg., Efy', My, Egi,

of photon-induced reactions. Finally, since the fits performedndM$?). These are induced by the off-shell contributions
in [1] usingF, andF lead to very similar descriptions of the of the spin3 resonances. As has been demonstratefd jn
data, we limit ourselves to fits starting from the parameter sethese structures are an artifact of thenatrix approximation
SM95-pt (given in[1] and also in the Tables lll-V Here and do not appear in a unitary calculation. Therefore, the
one must keep in mind that the use of different parametrizainvestigation of off-shell contributions of spf+esonances
tions for the form factors introduces a source of systemati@nd the corresponding parameters, as has been done re-
error that can be of comparable size to the statistical uncecently by Mizutaniet al. [41], is not very meaningful in a
tainty induced by the error of the data. T-matrix calculation. Without dynamical rescattering, the

In summary, the fit results are then labeled by SM95-pt-1parameters are mainly adjusted to minimize the induced off-
SM95-pt-2, and SM95-pt-3, standing for the SM95 partial-shell structures and reveal only little about the nature of the

wave analysis ofrN scattering of the Virginia grouf7], all  spin3 resonances. From what we have said aboutMje

B. Fit with fixed hadronic parameters
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pion photoproduction together with the data from
SP97[7]. Shown are all three fits: SM95-pt-1
(dotted ling, SM95-pt-2 (dot-dashed ling and
SM95-pt-3 (solid line). For comparison we also
show the results of &-matrix calculation[22]
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multipole, it furthermore seems that also some resonance The main contributions to the cross section come from the
couplings are influenced by this effect. Born s- and u-channel diagrams and the resonances
Also, the dynamical generation of the imaginary parts ofP;3(1232) andD,5(1520). This can be seen from Fig. 11,
the amplitudes leads to an improved fit. Especially in casesihere a decomposition of the differential cross section into
where the Born terms dominate the amplitude, the old calcuthe individual contributions is shown. It is also obvious that

lation did not generate the correct imaginary pa(, the #° and 5 t channel diagrams have a small influence
ED", andM?©). This is also easily understood, since in the under backward angles only. For energies below 1.6 GeV all
T-matrix approach the Born terms are purely real. other resonance contributions could be safely neglected;

none of them exceeds 5 nb/sr.
Furthermore, in our calculation there is no need for an

o ) additional attenuation factor for the Born terms, as intro-
This is the one of the first attempts to calculate Comptory,;ced by Ishiiet al.[31] (x=cos#):

scattering in a dynamical model beyond tAeresonance.

Therefore, we are for the first time able to check if the data ~

on Compton scattering and meson photoproduction can be Asom= Agorn€
described using the same helicity couplings for the various

resonances. As can be seen from Fig. 9, we are able to fit theith a free parameteC fitted to the Compton data. The
available data on Compton scattering very well. Both thestrong backward peaking of the Born contributions is an ar-
differential cross section and the photon asymmé&nare tifact of the T-matrix approximation employed by Istei al.
reproduced over the whole energy range. From this we corand does not persist once the amplitudes are properly unita-
clude that the Compton data are indeed compatible to th&zed. To illustrate the difference between thée and
experimental results for the photoproduction channels. T-matrix calculations, we show in Fig. 12 the Bosn and

2. Compton scattering

-e-x), (26
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FIG. 2. Same as Fig. 1, but for the neutron
multipoles.
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u-channel contributions to the differential cross section em{propagation into accour(ais the dispersion relation implic-

ploying bothK- andT-matrix approximations. The inclusion itly does, the Compton scattering “sees” theN channel

of mainly 7N rescattering leads to an enhancement of thealready for lower energies. This is the main reason for the

cross section under forward angles and to the abovedifferent results in% within about 50 MeV around therN

mentioned reduction under backward angles. Therefore, wireshold. We thus conclude that the off-shell “tails” of the

are able to fit the Compton data without an additional factopropagatoiGgg do not extend much farther than50 MeV.

e C(=x), This observation is in agreement with the results of Pearce
For the photon asymmety; we also show the results of and Jenningf4], who found that a rather soft off-shell cutoff

the isobar model of Wadet al.[31] in the lower part of Fig. in Ggg is needed A ~300 MeV) to describe therN phase

9. Obviously, thisAnsatzis not able to describe the data. shifts. Thus, it seems that tie-matrix approximation yields

Both the magnitude and shape are in disagreement with theeliable results for energies not too close to a meson produc-

experimental results. The dispersion relation calculations ofion threshold.

L'vov [42], on the other hand, can reproduce the polarization

data very well. In this region they practically coincide with

our results, whereas for energies~1.08 GeV both ap- Looking at the overall result from our fit, we find that all

proaches differ by a factor of 2. major structures of the data are also visible in the calculation.
This observation allows us to investigate the validity of Only for a few channels can significant deviations from the

the K-matrix approximation in some detail. The main differ- data be seen. The most prominent of these can be found in

ence to the dispersion relation calculation performef4i eta photoproduction below 1.6 Ge¢f. Figs. 4 and h As

is the on-shell approximation fdgs in Eq. (2). Therefore, we have pointed out earlier, especially in this region high-

in our calculation therN intermediate state does not con- precision measurements are already availdBB4]. Since

tribute belowmy+m_~1.08 GeV. Taking also the off-shell forthcoming experiments should yield data with comparable

3. Eta photoproduction
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FIG. 3. Same as Fig. 1, but for the= 2 mul-
tipoles.
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quality, the eta photoproduction can be seen as a “testingta photoproduction imposes much stricter constraints on the
ground” for all models that try to describe photon-inducedresonance parameters, as the purely hadronic data does. This
reactions. Only the full description of this data in all detailsclearly shows that new precise photoproduction measure-
might allow an unambiguous extraction of tl8,(1535) ments need to be accompanied by improved hadronic data as
resonance parameters. well. Otherwise, extractions of resonance parameters will al-
From the differential cross section it is clear that mainlyways be handicapped by the quality of the hadronic database.
the absolute magnitude is too small for energies below 1.5
GeV, whereas the isotropy is well reproduced. Therefore, an
increase of thes;;(1535)y coupling alone would not im-
prove the overall fit, since it would lead to a drastic overpre- In the other reaction channels this problem does not show
diction of the data for energies above 1.5 GeV. From this waup, mainly because of the lack of high-precision data. Only
conclude that a change in tkaeergy dependena# the reso-  in the case of kaon photoproduction for energies around 1.75
nance contribution is needed for a better fit in this channelGeV do we have indications of systematic deviations in
Such a change can only result from a variation of the hadbackward directions. Here the cross section is dominated by
ronic masses and couplings; the coupling to the photothe Born contributions, sincgg,y is rather large £ —6,
mainly influences the magnitude and not the shape of the.g., compared t@,yy=1-2). In the hadronic channels
S11(1535) contribution. only the product of coupling constant and hadronic form
This observation coincides with the fact that the poorfactor enters, which is much smaller 2.5 in the case of
7 p—nn data were responsible for the spread of thegy,,). Additionally, =~ p—K°A is for higher energies
S11(1535) parameters between the different fits carried out irlominated by th&* exchange in thé channel. So the Born
[1]. Also the smallersN couplings of the other resonances contribution, and thugjy yy, iS not well determined by the
could not be extracted reliably. At the moment, it seems thahadronic data.

4. Kaon photoproduction
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In kaon photoproduction, howevegy ,n plays a domi- able description of all data is possible. Especially due to the
nant role, since in the Ohta prescription the influence of thalynamical rescattering, the main shortcomings dFmatrix
hadronic form factor is completely removed. Furthermorecalculation have been resolved.
the contribution from the charge of the proton is not canceled
by a similar u-channel contribution, as is the case 4
production. Because of the hidden strangeness inKihe
final state, we have & (or 3) propagating in the crossed In this section we now discuss the results of a global fit to
diagram that only exhibits magnetic couplitas in7* pro- all hadronic and photon-induced channels in which also the
duction. Since all major contributions are therefore fixed hadronic parameters are allowed to vary. Ohta’s prescription
from the outset, the fit could only be improved by reducingwas used to gauge the hadronic form factors. The results are
the photon coupling of th&;,(1650). The resulting value also shown in Figs. 1-9.

(AP,=31x10"3 GeV ? is significantly smaller than the
number deduced from pion photoproductiol}f=69
x 1072 GeV Y2[7]). In our fit to the combined data of both ~ Looking at the plots for the different reaction channels,
channels th&}p data on pion photoproduction obviously do we in general find only a slight improvement using SM95-
not play such an important role as the kaon photoproductioRt-2. In the case of Compton scattering, the fit with fixed
data because of the large uncertainty of the former in théadronic parameters already describes the data rather well,
region of theS;;(1650). so that the new fit leads only to a relatively small decrease in

Already with fixed hadronic parameters we obtain a goody>, (7.15—5.20). Since the main contributions here come
overall fit. From the observed deviations it is clear that afrom the Born terms and thigs;(1232) andD 5(1520) reso-
further improvement can only be achieved by simultaneouslyances, the changes in the differential cross sections can eas-
varying some of the hadronic parameters as well. Before wéy be explained by the slightly different helicity couplings
show the results for such combined fits, we want to stresfound in both fits. For thé;3(1232) bothA,,, and Az, are
again that already with fixed hadronic parameters a reasomeduced and lead to the observed reduction for energies up to

C. Global fit using Ohta’s prescription

1. Compton scattering
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FIG. 5. Comparison with data for the calculated differenjipl— np cross sections at different energies. The data points are taken from
[34] (@) and[35]; our results are shown with the same line codes as in Fig. 1.

1.3 GeV. In contrast to this, the increase in Dgy(1520) pared to the SM95-pt-1 values. Except from this we note
helicities increases the interference with the other contribuenly minor changes, mainly for channels where the back-
tions to Compton scattering. Therefore, the cross section iground is dominated by the Born contributieag.,M,_ and
reduced slightly in this case as well. EDY). Accordingly, the values for the helicity couplings we
extract are very similar for both fits SM95-pt-1 and SM95-
pt-2. In general, the agreement with the PDG values is quite
. . . ) good. We find serious discrepancies for 8g(1650) (for

For pion photoproduction the reduction gf,/DF is due  the reasons discussed in the last sedtiand for both the
to the better fit of theM3? multipole. The increase in P,4(1720) andD44(1700). That we find no agreement in the
x2,./DF comes mainly from theS;; channel, since the case of theD 15(1700) comes as no surprise, keeping in mind
S,1(1535) parameters exhibit the largest changes as conthat this state is not well established and is found at rather

2. Pion photoproduction
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FIG. 6. Polarization observabl@s P, and7 for yp— np as compared to the data for different energies. For the photon asymketry
also the calculation of Knzhleinet al.[43] is shown(- -). The data points are taken frdr85,38, our results are shown with the same line
codes as in Fig. 1.

different energies in the different analyses. Furthermore, the 3. Eta photoproduction
helicitt))/ couplings are known to be small and have very large  Thea drastic reduction oﬁ /DF (6.09-3.00) is accom-
error bars. - :
. panied by only a small increase pf /DF (1.73—1.95), so

For both theP,5(1720) andD3y(1700) the background is 3¢ \e have an overall decreag;é7 for both channels (4.25
mainly due to the Born terms. As can be seen fromBinf, 5 56). Furthermore, the dramatic increase of the
Im(M{,), and ReE>?), this background is too large for p,(1520)Ny-decay width again shows the importance of a
higher energies. Accordingly, the helicity couplings of bothglobal fit to the full data set. Fits to the hadronic data alone
resonances are adjusted to compensate this contribution. Egiways yield very small values for this decay: {0 keV),
pecially for theD 35(1700) it is obvious that no good fit to the whereas the combined fits are much closeb( keV) to the
multipole data is possible with this large background. values found elsewherée.g., ~130 keV in [18]), if one



PRC 59 PHOTON- AND MESON-INDUCED REACTIONS ON TH.. .. 473

1.5647 GeV

.\...L'.'f.{.'.

1.589 GeV

do /do

1425 GeV

\,

0'-q.0 05 00 05 -10 -05 00 05 -10 -05 00 05 -10 -05 00 05 1.0

1.496 GeV 1.514 GeV 1.531 GeV 1.547 GeV

1.567 GeV 1.589 GeV

1.694 GeV 1.725 GeV 1.850 GeV

'—1.0 05 00 05 -10 -05 00 05 -10 -05 00 05 -10 -05 00 05 1.0

cos @c_m'

FIG. 7. Neutron/proton ratios and the isospin asymmegtfgr yp— np as compared to the data for different energies. The data points
are taken fronj37]; our results are shown with the same line codes as in Fig. 1.

takes into account the lower mass of thg4(1520) found Knochleinet al.[43] for the photon asymmetries. The agree-
here. In addition also theN-decay width of theS;;(1535) ment with their calculation up to 1.6 GeV is obvious. Since
significantly increases. As can be seen from Figs. 4 and S is dominated by th® ;5(1520) contribution, it seems that
this increase is driven by the better fit to the cross sectionthe »N coupling of this resonance is already well determined
close to threshold. by the differential cross section. In contrast to this, we are
Since we now have a reasonable agreement with the preot able to reproduce the target asymmetries for the low
cise data of Kruschet al.[34], we can turn to the extracted energies. At threshold none of our fits shows the measured
polarization observables. The results for the polarized photoforward-backward asymmetry. This is in agreement with the
asymmetry, the recoil nucleon polarizatioR, and the po- results of[43], which practically coincide with ours in this
larized target asymmetryare shown in Fig. 6, together with energy region. In a recent analysis Tiator and &mlein[44]
the few data points available and the calculations ofave investigated the target asymmetry in a more phenom-
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FIG. 8. Comparison with data for the calculated differenipl~K™* A cross sections andl polarizations for different energies. The data
points are taken frorh39] (J) and[40]; our results are shown with the same line codes as in Fig. 1.

enological approach and have shown that a reasonable desonances. At the moment we can only observe that the
scription of all data is only possible if one assumes a rathepolarization observables are not well determined from the fit
large, energy-dependent phase betweerSthendD 3 con-  to the differential cross section alone.

tributions; such a phase is obviously not present in our re- In addition to3, P, and7 we also show our results for the
sults. For the higher energies we find no consistent results fareutron/proton ratios of the differential cross sections. From
all three polarization observables. Above Big(1535) reso- Fig. 7 it can be seen that the few data points do not put
nance the small contributions of the various resonances cogtrong constraints on the fits because of their large error bars.
pling to N interfere strongly with each other and with the Nevertheless, it seems as if the helicity coupling of the neu-
background contributions. Further detailed investigationgral S,1(1535) deduced from th&g, multipole from pion
have to show if the sensitivity df, PP, and7 to small con-  photoproduction is too small to yield the measured neutron/
tributions can be used to uniquely disentangle the differenproton ratios.
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FIG. 9. Comparison with data frof81,32 for the calculatedyp— yp differential cross sectiongop) and photon asymmetrig€bottom).
The line codes are those of Fig. 1. Also shown are the result of the isobar model ofévaldg31] (dot-dashed lineand the dispersion
relation calculation from L'vof42] (dashed ling

We find large variations oflo,/do, for the higher ener-  ential cross sections. Therefore, we define an isospin asym-
gies. From the differential cross section it can be seen thanetry Z similar to the polarizations,
do,/dQ is rather small for forward and backward angles.

Therefore, our results are extremely sensitive to the exact do.—do
numbers obtained fodo,/dQ) in the calculation in these =—PF 1
regions. This indicates thalo,/do, is not a good quantity

to investigate if one of the cross sections is close to zero. For
example, even if there would be data for both channels undexhich is limited to —1<7<1. Besides this more technical
#=180° with an accuracy comparable to the results ofadvantage it also has a simple interpretation in terms of
Kruscheet al. (~0.01 ub/sp, we could still varydo,/do, isoscalar-isovector couplings, provided one contribution to
by an order of magnitude without losing the fit to the differ- the amplitudes is dominant:

(27)

- dopt+doy,’
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Obviously, Z vanishes only if eithegg or g, vanish. If the
coupling to the protonds+g,) or to the neutronds—g,)

vanishes takes on its maximum values 1. Furthermore,
in the case of one dominant amplitudeshould be rather

(9s+9,)°—(9s—9,)?

(95T 0,)%+ (95— 9,)%

isotropic.
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(dotted ling, Born s- and u-channel diagrams onlydashed ling
Left: P33(1232) contributions only(dot-dashed line Right:

1]
-1.0
cos @, .

D15(1520) contribution onlydot-dashed ling

(28)

The results forZ are shown in Fig. 7. It can be clearly
seen that two different production mechanisms for forward
and backward angles develop above 1.6 GeV. Below this
energy the amplitude is dominated by t8g(1535) contri-
bution. The positive value for the higher energies in forward
directions can be understood from the then domimpeantd @
contributions to eta photoproduction. Since both add up for
the proton case and have opposite sign for the production on
the neutron, we would clearly expeEt-0. Even the magni-
tude can be explained in this simple picture: takig, o
=1 andg,,,,= 0.3 we readily obtaif=0.55 from Eq.(28).
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FIG. 12. Influence of the rescattering on the nuclesnand
u-channel contributions to Compton scattering. Shown are the dif-
ferential cross sections for two energies for khenatrix calculation
(solid ling) and using thel-matrix approximation(dashed ling
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Under backward angles the situation is more complicated, 2. Pion photoproduction
since we there do not have one dominant contribution to the | pion photoproduction the most significant changes can
cross section. Here the Born terms, which are determined biye seen in th&,, ,M ;. andE,_,M,_ mutipoles. This can

ey and xy, play an important role. Already these two cou- he ynderstood from thansatz F.= 3[F(s)+ F(u)+F(t)],
plings alone have different decompositions into isoscalar angq. (23). The Born contributions to the-wave multipoles
isovector couplings. The same is true for the small contribqu+ , for example, are mainly affected I5(s), sinceF(u)
tions of the nucleon resonances. Therefore, one would neindF(t) induce angular-dependent modifications. Therefore,
expect a simple explanation for the extracted value of  the changes in thewave contributions are not very large for
this region. energies<1.5 GeV. Also the larger changes in the helicity
In summary, we find that the quality of the fits naturally amplitudes of the® ; andD, 3 resonancetcf. Table I)) show
improves, once we allow the hadronic parameters to readjusthat theS;; and Py, channels are affected only for higher
The improvement is most significant in eta photoproduction€nergiede.g., for theP,(1710)]. _
Mainly the resonanceS;;(1535) andD 5(1520) are affected 3,'§‘n '”tef;?,g“”g e;ffect can be seen fornthe changeg in the
by such a readjustment. For the other hadronic parameters?2- andM3 = multipoles as compa_red td_ . For the f|rst_
the masses of the resonances and the branching fractions 0 we have already concluded in Sec. IVC that an im-

. o ) oved description might only be found by changing the
not change in a global fit using Ohta's methiegkeept for o contributions. This can now be confirmed using Hab-

S14(1535) andD15(1520), as explained abojeThe partial  grzett's method. Also, the helicity couplings of the
decay widths vary, but only in some cag€s3(1600),I';y  D,4(1700) are now in somewhat better agreement with the
346 MeV—494 MeV  and D33(1700), ',y 477 MeV  ppg values, as can be seen in Table IIl. ObviouBly,led
—337 MeV] are the changes significant. Furthermore, wetg 3 significant reduction of the nonresonant backgro@hd
have found that the fits cannot be improved in channels thq{ig_ 3). SinceF . does not depend on isospin, we expect to
are dominated by Born contributions. Since we have use@lzve a similar reduction foER" and M®". That this is
Ohta’s prescription to restore gauge invariance for both fitSindeed the case can be seen in Figs. 1 and 2. In all four
the contributions of the Born terms are nearly unchangedmu|tipo|es the agreement to the data for energigs5 GeV
From this we conclude that a further improvement is onlyjs reduced due to the smaller background. The readjustment
possible if the couplings to the charge of the nucleon, pionef the D,4(1520) parameters in fit SM95-pt-3 then results in
and kaon are also changed by the inclusion of a form factorsome deviations, mainly in thisl}_ multipole, since there
the error bars are largest. From this we conclude that SM95-
pt-3 represents a compromise between the improvement in
D. Global fit using Haberzettl's prescription the D33(1700) case and the larger deviations for the multi-

From they? values(Table |) it is obvious that already a fit POles containing th®,5(1520). _
with fixed a;’s leads to a further improvement. We find that Additionally, in all three fits we find that we overestimate
mainly the better fit to the Compton scattering and the piorf"€EG multipoles for energies around 1.3 GeWigs. 1 and
production data is responsible for this, whereasythgalues ~ 2)- Only part of this is due to th€,,(1535), as can be seen

for the other channels remain fairly constant. from Fig. 13, where the results for Rg)(,) are shown with
and without this resonance. From this it seems that the back-
1. Compton scattering ground is too large in this energy region. It is interesting to

. . ! note that a similar discrepancy was also found in the

_The main improvement can be found in the fits t0 they atix calculation of Deutsch-Sauermaret al. [12],
differential cross sections at higher energieé Fig. 9.  \here an even larger nonresonant contribution was found
Looking at the photon asymmetdy, one is tempted to con- (¢f. Fig. 13. Since the background for these energies is
clude that the fit SM95-pt-3 is worse than SM95-pt-1,2. Thegominated by the Born terms, it might be possible to find a

solution to this puzzle is that, in the? analysis, theX data  petter description of the data if the parame&rs Eqgs.(23)
around 1.2 GeV are more important than the other pointswere also allowed to vary.

since their error bars are much smaller. Since these three
points are reproduced better in SM95-pt-3, }h’;g does not
increase, even though the slope of the data seems to be de-Since g,y is small compared t@,yy, We find only
scribed better using the other two fits. minor changes in the case of eta photoproduction. The dif-

3. Eta photoproduction

TABLE |. x? per data point values for the different fits. First line: Ohta’s method with fixed hadronic
parameters. Second line: Ohta’s method with a refit of the hadronic parameters. Third line: Haberzettl's
method, all parameters refitted. Also tyé/DF values for the different reaction channels are given sepa-
rately.

X°IDF X3 JDF  x2 IDF x2 IDF x%/DF x%.DF x%IDF X2 /DF x%/DF

SM95-pt-1 9.61 7.15 13.08 6.09 5.17 3.13 5.86 1.73 3.28
SM95-pt-2 7.76 5.20 9.62 3.00 3.91 5.78 9.43 1.95 3.77
SM95-pt-3 5.58 3.40 6.69 2.78 4.09 3.88 8.10 1.86 4.21
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TABLE II. Extracted helicity couplinggin units of 103 GeV~"? andz parameters for thé=3 reso-
nances. The first value denotes th& and the second\". First line, PDG value$17]: second line, Arndt
et al. [7]: third line, SM95-pt-1: fourth line, SM95-pt-2: fifth line, SM95-pt-3.

L2l 2s Axp Az z; z;
Sy;(1535) 70012 —46+27 - - -
60+=15 —20+35 — - -
03 —43 - - -
101 ~60 - - -
106 ~63 - - -
S11(1650) 5316  —15+21 - - -
69=5 —15+5 - - -
31 ~28 - - -
33 ~23 - - -
45 —26 - - -
P, ,(1440) —65+4 40+10 - - -
—63+5 45+ 15 - - -
73 51 - - -
—66 55 - - -
—84 47 - - -
P,,(1710) 9+22 —2+14 - - -
7+15 —2+15 - - -
8 —4 - - -
4 4 - - -
19 -19 - - -
P,4(1720) 1830 1+15  —19+20 —29+61 - -
—15+15 7+15 7+10 —-5+25 - -
36 20 23 32 0.028 —2.840
30 23 51 28 —0.282 —2.760
23 2 75 —-17 —0.852 1.086
D,4(1520) —24+9 ~59+9 166+ 5 ~139+11 - -
—-20x7 —48+8 167+5 —140+10 - -
-6 —46 140 —150 —-0.323 —-1.361
-9 —47 152 - 157 —0.256 —1.244
3 —47 136 —-98 —0.265 —0.475
D ,5(1700) —18+13 0+ 50 —2+24 _3+44 - -
—16+14 624 —9+12 —33+17 - -
20 —6 —-20 24 —1.734 1.372
—-34 34 —-11 18 2.015 —-0.614
5 47 41 —55 —-1.171 —2.322

ferential cross section in backward directions is larger forsimilar increase in forward directions are expected. The cal-
energies< 1.7 GeV; above this energy we have a reductionculated differential cross sections indeed show this behavior

as compared to SM95-pt-1,2. This is due to the changes iFig. 8). It can be seen that the useff does not lead to an

the interference of the Born terms with tpeand w contri- improved description of the cross sections.
butions. Since we have no dominant resonance in this energy |n contrast to this, the\ polarizations can clearly be re-
range, these changes can be easily observed. produced better using SM95-pt-3. Especially close to thresh-
old we find the polarization to have the right sign and mag-
4. Kaon photoproduction nitude, in contrast to the other fits SM95-pt-1,2. Responsible

For the kaon channels bobhi,( (3.91-4.09) andXZK for this improvement are not the changes in either Born or
(3.77—4.21) increase slightly as compared to SM95-pt-2.511(1650) parameters, but mainly the;,(1710) py cou-

Obviously, in the case of kaon photoproduction the effect of!iNg that increased by a factor of 2 in SM95-pte3. Table

Fi s largely compensated by the increaseggiy (—6.25 In summary, we find that Haberzettl's method, aside from

. H = _1 H . . . L. .
——8.65; cf. Table IV. Since Fy=3[F(s)+F(t)], this ijis theoretical appeal in that it incorporates the physical con-
compensation cannot be complete. Because ot tlepen-  straints on all momenta, also leads to a better fit, mainly in
dence ofF, a small reduction under backward angles and ghe Compton scattering and photopion channels. In a calcu-
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TABLE |Ill. Extracted helicity couplings (in units of TABLE IV. Couplings of the mesons to the nucleon ang, o,
102 GeV 2 andz parameters for the=§ resonances. Notation as obtained in the fits. First line, SM95-pt-1: second line, SM95-
as in Table II. pt-2: third line, SM95-pt-3.
L 2s A Asp Z; 2 g Value g Value K Value g Value
S31(1620) 2711 - - - O.nn 13.05  g,nn 2.35 KN 226 g,,0 112
35+ 20 - - - 13.05 1.94 3.44 1.08
0 — - - 13.09 2.07 3.01 1.05
0 - - - v L13 gann 018 - - Oy 020
-4 - - - 1.01 0.52 - - 0.23
P3y(1232) —140+5 —258+6 - - 0.36 041 - - 0.36
—141+5 —261+5 - - Okna  —6.12 Qgkena —6.52 kysny —0.43 - -
—132 —253 —0.534 1.372 —6.25 —5.82 —-0.42 - -
—129 —244  —-0.512 1.351 —8.65 —5.99 —-0.45 - -
—126 —233 —0.267 —0.658
P34(1600) —23+20 —9+21 - -
—18+15 —25+15 _ _ A. Background parameters
-12 -35 0.456 —2.345 In Table IV we list the final values for the couplings of
-14 —-44  —0.202 —4.493 the mesons to th& and A and also those fog,,,,0 and
—26 —52 2.782 —4.479 d,,0- The other photon-decay couplings of the mesons have
D34(1700) 104 15 85+ 22 - - been kept at the values given in Ed43). For these the
90+ 25 97+ 20 - - errors deduced from the uncertainties in the decay width are
102 172 —0.630 0532  of the order~5%, whereas fog,,0 ., we have~25%.
83 139 —2.446 0.664 Furthermore, only in eta photoproduction do we have some
75 08 0.462 —0.862 sensitivity on the background couplings also at higher ener-

gies because there is no dominant resonance contribution.
From previous studigl29,11,13 it is also known that in this
channel we have a large cancellation between the Born con-
tributions and thep and wt-channel exchanges. This also
nhances the sensitivity of the fits onto the parameters

lation in which also the parameteasin Eq. (22) are allowed
to vary, even more significant improvements can be obtaine
[27].

9900, -
ngor d-nn @and g,y Obviously all fits yield very similar
results, comparable to the SM95-pt-1 values, which have
V. PARAMETERS AND COUPLINGS been deduced ifiL] from the hadronic data alone. Fgryn
this comes as no surprise, since this value has already been
After the more phenomenological discussion in the laskextracted many times consistently from hadronic and photon-
section we now want to focus on the extracted parametergaduced reactions.
To this end we first investigate the nonresonant couplings |n the case ofg,,n Other groups find somewhat larger
and after that the resonance parameters as found in the difalues than the ones deduced here: 2.24 from eta photopro-
ferent fits. duction[29], 6-9 fromNN potentials[45]. In our analysis
the main sensitivity comes from the data under backward
- - - angles for bothm™ p— #n and yp— np. Interestingly, the
3 ] values we find are even smaller than those from other fits to

15 “-‘-;:.\ . eta photoproduction: Benmerroucheal. find g,yy~5 in a
LB ] T-matrix calculation using effective Lagrangiaf$l]. In
T I T 1 contrast to that Tiatoet al. [29] deduce 2.24 from a model
Ew‘_ \ ] that tries to incorporate unitarity by the use of energy-
= dependent phases at tRaNy vertices. Since we also find
Py somewhat smaller cross sections~10%) using the
2y

] T-matrix approximation, our even smaller valugsy
] ~1.0 might be due to rescattering effects. Especially, since
we have the above-mentioned cancellations between differ-
ent nonresonant contributions, the extracted values for the
background couplings are rather sensitive to the approxima-
tion used.

Vs [GeV] For thegcn, We have a totally different situation. Here,

FIG. 13. Different contributions to RE,). Full calculation us- the fits using Habe_rzettl's prescription find a much larger

ing SM95-pt-2(solid line), SM95-pt-2, but without theS,(1535) \{alue than those using no form factor a}t the cha_rge contribu-
(dashed ling The dot-dashed and dotted lines show the results ofiONs. However, as we h~ave already pointed out in Sec. IV D,
[12], both with and without theS;;(1535). the effectivecouplingg-F is of the same order for all fits,
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TABLE V. Comparison of SM95-pt-2 and a fit using PS cou- toproduction[46]. There resonance parameters very similar
pling at theKNA vertex. Shown are only the varioyg values and  to ours have been found:
the coupling constantgxna » Gkxna » aNd kxna -

mg=1.544 GeV,

x?/IDF XiK/DF XokIDF  Gkna  Oksna  Kkxna

PV 7.76 3.91 377 —-6.25 -—-582 -0.42
PS 7.74 3.70 341 -6.82 -6.20 -0.43

o= 212+20 MeV,

AP,=(120+26)x 10 % GeV 12 (29

e.g..g-E=—3.79 for SM95-pt-3. This coupling is therefore Furthermore, it has been demonstrated that larger values for

a very good example of it not making sense to compare th8'R also lead to a larger width. This trend can clearly be

bare couplings deduced from differehnsaze reactions, or ound in our results as well. We therefore confirm the find-
models once form factors have been taken into account. "9S 0f [46] that the eta photoproduction data can only be

Since we are now able to describe both the meson- anaxlplained using helicity couplings larger than the PDG
photon-induced production ¢ A using rather small values value. . :
gkna (~—6), it seems that the discrepancy in the (SU Since the PDG value has been extracted using pion pho-

predictions[~ — (10.3—16.7] cannot be removed easily. toproduction data alone, one might think of an inconsistency

But as can be seen from SM95-pt-3, only the effective couPetween both data sets. Our results show that this is not the

pling is determined by the fits. Therefore, the (S8JUvalues c%se and_that both re_actlons can_ be described using a large
can of course be used, as long as one introduces a suitadlgre:  ThiS observation was first made by Deutsch-

= P =
form factorF. This is clearly not very satisfactory, since it i"‘llgi@“ gn?/_e}/? l' [12].t TTe;eb the vatl)ge dOI_f\tl/z .102 d
renders the whole procedure of determiniggy, using € was extracled by a combined it to pion an

SU(3) questionable. Only from a microscopic model for the eta photqproduction. For this conclusiqn the treatment of the
form factor could one judge if a bare couplimgy, com- rescattering seems 1o be important, since if-atrix cal-
patible with SU3) would lead to reasonable fits to the data. cglatlon using effect:)ve Lagranggans a ?,Z"a”er helicity cou-
One other solution to this problem was sought in the usé’!'ng was deducedA},=87x 10" GeV " [22]) from the
of PS instead of PV coupling at theNA vertex. The inves- Pion data.
tigation of kaon photoproduction in nonunitary modéise The values forAj, of the Sy,(1650) are found to be
[30] for a detailed discussiorsuggested that PS coupling Smaller than the PDG values. It is mainly determined by the
leads to larger values fagyy, , in better agreement with _KA cha_nnel, as has bee_zn discussed in th_e last section. Here
SU(3). To check whether this conclusion also holds in aindeed it seems that this small value is in contradiction to
multichannel calculation, we performed a fit starting fromPion photoproduction. Unfortunately, the data on g,
SM95-pt-2 employing PS coupling. We only show the mostmultipole are not very good in this energy range. Therefore,
important results of this fit in Table V. From the? values they do not constrairA}, very much. Especially a better
we can see that both PS and PV yield fits of similar quality.determination of Img, ) would help to clarify this situation.
However, we do not find a significant increase @fya Pi1: In the case of thd?,,(1440) the fits SM95-pt-1,2
(—6.8 instead of-6.2). Already ther p— KA data alone agree very well with the values obtained elsewhere. Only for
are not compatible withgy . |> 10, even though the contri- SM95-pt-3 do we find a somewhat larger coupling}
bution of the Born terms is suppressed by the hadronic form= —84x 102 GeV 2. Nevertheless, the fit to thm®_
factors[1]. multipole is still as good as for the other two fits. The change
in A}, is therefore due to the use of Haberzettl's prescrip-
B. Resonance parameters tion, which leads to a reduction of the Born contributions.

Finally, we discuss the parameters of the nucleon reso- For the second resonance we also find larger couplings

nances as found in the fits. These are collected in Tables Ipnce we allow for a residual form factér. Unfortunately,
11, VI, and VII, where also the PDG values and the results ofthe data for pion photoproduction are not good enough to
Arndt et al. [7] for the various helicity couplings are listed. constrain the fit. As we have discussed in Sec. IVD, the
We do not show the results of other models for the purelyincrease oA}, in SM95-pt-3 is mainly driven by the data on
hadronic parameters. These and a detailed discussion can the A polarization in kaon photoproduction.
found in [1]. As can be seen from Tables Il and lll, the  Py3: Inthis channel we are not able to describe the imagi-
agreement of the helicity couplings deduced in this work tonary part of the multipoles. There are indications for a sec-
the PDG values and the values given by Aratlal.is quite  ond state with these quantum numbégR,3(1879) [5]],
reasonable. The most important deviatiops}, of the  which was not taken into account here. Maybe the inclusion
S,4(1535), S14(1650), and theD,4(1520) and also foA,,  of an additional resonance would lead to a better fit. Accord-
of the D35(1700)] have already been addressed in the previingly, the couplings that we find are not well determined and
ous sections. They have been related to the use of addition#®ry between the different fits.
data besides the pion photoproduction multipoles and to the Di3: For theD5(1520) the most obvious deviation from
influence of the gauge prescription used in the fits. the PDG values is foh},, (— 6 in SM95-pt-1 as compared to
S,;: For theS;;(1535) all three fits lead to helicity cou- —24+9). In the multipoles this shows up in tié5_ chan-
plings much larger than the PDG values. A similar discrep-nel, where we miss the imaginary part by roughly 20%. This
ancy was also found in the extraction Af,, from eta pho- disagreement is clearly driven by the simultaneous descrip-
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TABLE VI. Extracted resonance parameters. Notation as in Table IV. The signs of the couplings are given

in brackets.
M 1_‘tot I“n'N F{N 1_‘77N I‘KA
Lai2s [Gev] [MeV]  [MeV] [%] [MeV] [%] [MeV] [%] ([MeV] [%]
S;1(1535) 1.543 151 56¢() 37 5(+) 3 90(+) 60 - -
1.553 213 67¢) 31 6(+) 3 140(+) 66 - -
1.549 215 67¢) 31 13(+) 6 135() 63 - -
S,1(1650) 1.692 209  155() 74 41(+) 20 0(-) 0 13(+) 6
1.689 216 167¢) 77 37(+) 17 0(-) 0 12(+) 6
1.684 194  141¢) 73 43(+) 22 1(-) 1 9(+) 5
P,1(1440) 1.448 334  202() 60 132(+) 40 0.98 0 - -
1.438 300 178¢) 59 122(+) 41 —1.0¢° 0 - -
1.479 513 316¢) 62 197(+) 38 2.7% 0 - -
P,4(1710) 1.727 266 1) 0 138(—-) 52 89(+) 33  38(+) 14
1.724 272 o¢) 0 134(-) 49  115(H) 42 23(+) 8
1.709 284 0¢) 0 145(-) 51 90(+) 32 49(+) 17
P15(1720) 1.771 344 74¢) 22 241(+) 70 24(+) 7 5(+) 1
1.776 396 89¢) 22 270(+) 68 30(+) 8 7(+) 2
1.801 637 135¢) 21  475() 75 23(+) 4 4(+) 1
D,5(1520) 1.510 101 58¢() 57 43(—) 43 10(+) 0 - -
1.512 110 58¢) 53 52(-) 47 49(+) 0 - -
1.512 93 52¢) 56 41(-) 44 4AP(+) 0 - -
D45(1700) 1.901 359 35¢) 10 300(+) 84 24(-) 7 0(+) 0
1.910 222 34¢) 15 175() 79 13(-) 6 0(+) 0
1.940 412 43¢) 10 309+) 75 59(-) 14  1(+) 0
S51(1620) 1.598 150 44() 29 106(-) 71 - - - -
1.604 173 57¢) 33  116(-) 67 - - - -
1.579 153 32¢) 21 121() 79 - - - -
P33(1232) 1.230 110 1106¢) 100 - - - - - -
1.229 110 110¢) 100 - - - - - -
1.228 110 110¢) 100 - - - - - -
P33(1600) 1.686 405 59() 15  346(+) 85 - - - -
1.743 590 96¢) 16 494(+) 84 - - - -
1.721 485  74¢) 15 411(+) 85 - - - -
D35(1700) 1.675 547 70¢) 13 477() 87 - - - -
1.668 408 71¢) 17  337(+) 83 - - - -
1.677 387 55¢) 14 332(+) 86 - - - -

The couplingg,nr is given instead of the partial width.
PWidth in keV.

tion of Compton Scattering. This is illustrated in Flg 14 Ag/zzl-l GeV; the Compton Scattering cross section ob-

where we show the Compton result using the PDG heliCityained with this value is also shown in Fig. 14. Mainly be-

couplings for theD 15(1520). With these values the Compton ..se of the data in the pid\ﬁ’f multipole, the totaly?

data are overestlm_ated by a fac_tor of .2_3' while with Ol creases to 8.70 and the values for the Compton channel and
couplings a good fit to the data is obtained. Also shown i

Fig. 14 is the cross section usiogly the P55(1232). It can nthze pion photoproduction are fozund to hé/y; 12.44 a|_1d
=10.88 (as compared toy;,=3.40, x;,=6.69 in

be seen that this resonance gives a divergent contribution fafr= '
energies>1.8 GeV. This is due to the rather large cutoff SM95-pt-3. For theD,5(1520) the resulting value oA,
(AS,~4.0 GeV, see Table Vl)lobtained in all fits, which changed from 3 to-6 and is therefore not much closer to
use the Compton data only up to 1.6 GeV. As a consequencie PDG value-24+9.
the P54(1232) gives a large background already at lower Interestingly, in their old isobar model analysis of Comp-
energies, accounting for50% of the cross section in the ton scattering, Wadat al. [31] found A%, close to our val-
D13(1520) region. In this energy range teeandu-channel ues, namely,A},=—12.1x10 3 GeV Y2 Thus it seems
diagrams of theP33(1232) lead to a comparable cross sec-that this value is not dependent on the details of the model,
tion. Therefore, the small value @&, might be forced by but is forced by the Compton data; here clearly further in-
the interference with an unreasonably large background. vestigations are necessary.

To investigate this question in more detail, we have per- The changes in the couplings for fit SM95-pt-3 have al-
formed a fit starting from SM95-pt-2 with a fixed cutoff ready been discussed in Sec. IV D. There it was shown that
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TABLE VII. Fitted hadronicz parameters of the spi%-reso-
nances. Notation as in Table IV.

Z:N ZN Z,N Zg A
P,4(1720) -2200 -0210 —1.993 —0.421
—2.134 —0.218 —1.938 —0.448
—0.242 0.226  —2.453 —0.553
D,5(1520) 0.352 -0.171 0.823 -
0.311 —-0.317 0.574 -
0.319 —0.658 0.646 -
D5(1700) -1.281  —0.990 0.195 —2.240
—1.434 -0.777 0.582 1.383
0.424 0.887 0.516 0.616
P4(1232) —0.306 - - -
—0.339 - - -
—0.352 - - -
P33(1600) 1.587 0.094 - -
1.532 0.086 - -
-0.100 -0.753 - -
D(1700) 0.628 —0.212 - -
0.606 —-0.222 - -
—0.681 0.367 - —

in Tables VI and Il should only be seen as an indication that
a second resonance exists in this energy range.

S;1: Even without a direct photon coupling of the
S$;31(1620) we can describe the multipole data quite reason-
ably. As in the hadronic case, the background in this channel
is dominated by the Born terms and tRe3(1232) contribu-
tion. Therefore, the resonance parameters of35€1620)
are very sensitive to the parameters of th®;5(1232). This
can be seen from fit SM95-pt-3, where the sign change in
Ay is mainly driven by the change a@5.

P3.: We do not include a resonance in this channel. Nev-
ertheless, we are able to reproduce th-,{_z multipole up to
energies ~1.7 GeV. Above that, in the imaginary part
clearly the contribution of a higher-lying state becomes vis-
ible. Therefore, we use the data only up to this energy.

P33: In the global fits the hadronic parametétg;(1232)
tend to decrease even further. The numbers found are all at
the lower end of the allowed region. An unconstrained fit
would lead to even smaller valuesng=1.226 GeV, T .y
=105 MeV), but the improvement ig? would be minimal.
Since these small numbers can be understood in terms of the
p contribution to N scattering at higher energidas has
been discussed iri]), we have chosen to limit the parameter
range for theP;3(1232). The numbers in Table VI, which

the use of a residual form factor at the Born terms results irare all at the lower bounds, therefore indicate that the had-

large changes of the background amplitudes. Especially fofonic parameters of the;4(1232) are still too small, even in

MJ_ no good fit can be found in this case.
As in the purely hadronic fits, we find the secobds

resonance at rather high energied.9 GeV. Since we lim-

a global fit to all reactions.
All three fits yield somewhat smaller electromagnetic
couplings for theP35(1232) than the PDG values. As in the

ited our fits to this energy, we cannot meaningfully extractcase of theD,5(1520), this is due to the inclusion of the
the parameters of this resonance. Therefore, the values giv&ompton data. A fit without this channel would lead to

250

N
o
o

-
(8]
o

100

do/dQ [nb/st] (6, = 90°)

[3)]
o

Vs [GeV]

FIG. 14. Sensitivity of the Compton cross section under 90° on the helicity couplings bf;§#520). Full calculation using SM95-pt-2
(solid ling), result using SM95-pt-2 and PDG values #}), 5, of the D;5(1520) (dashed ling and theP33(1232) contribution only for
A$§,=4.0 GeV (dot-dashed lineand 1.1 GeV(dotted ling. The data fron{31] are shown without their error bars. The marking on the
energy axis indicates the range of data used in the fits.
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TABLE VIII. Values of the fitted cutoff parameters. Notation as in Table IV. For the nucleon reso-
nances the indicels ande name the cutoffs at the hadronic and electromagnetic vertices.

Value Value Value Value Value Value
[GeV] [GeV] [GeV] [GeV] [GeV] [GeV]
Ay 1.23 Ag,z 1.24 AS, 0.92 Ag,z 1.06 AS, 3.98 Ay 0.70
1.19 1.24 0.93 1.10 3.00 0.72
1.24 1.72 1.06 1.13 3.59 0.70

somewhat larger couplings. Nevertheless, these changes arep,,;: As discussed in Sec. IV D, a satisfactory fit could
small._ In this energy range both reactions can _therefore bSnIy be found using a residual form factBr, . This again
described by a single set of parameters that is in agreemegy,qys up in the extracted helicity couplings. Only for SM95-
with the values deduced from photoproduction alone. pt-3 do we find good agreement with the values obtained by

The E/M ratio deduced in our fits if9] Arndt et al. [7].
_ z parameters: We confirm the finding [df] that only the
Rem == (Mg—Mmy) z parameters of thé;5(1232) and theD;5(1520) can be
91— go.Mg/(2my) extracted reliably. Since these two resonances give large

contributions to the background in ti&andP waves, their
magnitude can be determined independently from the reso-
=—2.1(3)%, (30) nances in these channels.

Clearly visible in all cases is a dependence of ztgeon
where the number in brackets denotes the error in the laghe gauge prescription used. This can be understood because
digit. There has been some debate about the exact value tife residual form factof changes the nonresonant Born
this quantity, but it has been demonstrated that the differerterms, so that the background determined by zhgaram-
values extracted were due to the use of different data setsters needs to readjust during the fits. Main}yis effected
(see[47] for detaily. Using the SM97 PWA, Arndetal. by this, whereag, andz; remain rather stable. The values
deducedRg/y=—1.5(5)%; the use of th&1A97 PWA led  for the P34(1232) are found to be
to Rgym= —2.4(4)%. Wilbois et al. have pointed out that

X
g1(3mg+my) —gomg(Mmg—my)/(2my)

the E/M ratio extracted from dynamical models depends on z,=-(0.31-0.3%, 2z;=-(0.27-0.53,
the unitarization method usdd8]. From the differentAn-
size they foundRgy = —(0.7-5.7)%. In order to have a z,=-0.66-1.37, (33

model-independent quantity it was propoddd] to use a
speed plot analysis to determine tBEM ratio at the pole of
the P35(1232) (for a detailed discussion s¢48]). From this
one finds[47]

and can be compared to the extractions by Davidsoal.
[10] and by Olson and Osypows0] who, however, do not
use the second coupling of thi&3(1232) toyN:

i Davidsonetal. z,.=-0.24, z;=-0.53, z,=2.39;
SP97Rg/v=—0.0345)—0.05585)i;

Olson and Osypowski: z,=—0.2910), 2z;=0.7830).
MA97:Rg/y=—0.035-0.044. (31 (34)

Using the same technique here for the numerical results ofhe values found here are obviously in good agreement with
our fits, we extract afE/M ratio of both extractions.
For theD15(1520) our results are given by
Rg/m=—0.0223)—-0.0022)i. 32
E/M a3) a2) (32 2,=0.31-0.35, z,=—(0.17-0.66, z,=0.57-0.82,

The obvious disagreement with the values given in E8®.
can be traced back to the imaginary part of ## multi-
pole. As can be seen from Figs. 3 and 10, it does not ris

z,=—(0.26-0.3, z,——(0.48-1.36. (35

lere no other systematic investigation is available. Fits to

steeply enough in our fits. ! eta photoproduction alone found no sensitivity to these pa-
For the secondP3; resonance we find rather large values rameterg11]

for Az,. Furthermore, in the fits SM95-pt-2,3 also the mass
and width increase as compared to the purely hadronic fits.
Both effects are driven by the fit to thd f’f multipole. As

can be seen from Fig. 3, for higher energies only a change in The aim of this paper was to extend tKematrix calcu-

the mass and width leads to a good description of the data. lation of[1] to include photon-induced reactions. To this end
the Ef/f case only SM95-pt-3 yields a reasonable fit for en-we have introduced the final stajN into our model, lead-
ergies>1.5 GeV. However, also in this channel the data arang to the new reaction channelgN— yN, 7N, 7zN,KA.

not good enough to extract the helicity couplings of theFrom a fit to the combined database of hadronic and photon-
P33(1600) unambiguously. induced reactions three parametersets have been extracted.

VI. SUMMARY AND CONCLUSIONS
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It was shown that keeping the hadronic parameters fixedpaces and limited energy regimealso shows that the
to the values obtained ifil] no satisfactory fit to the eta K-matrix approximation is quite reliable.
photoproduction data could be obtained. Therefore, at least We have tried to obtain a more quantitative estimate for
in this channel, the photoproduction measurements arthe validity of theK-matrix approximation from a compari-
needed as additional input for the extraction of the resonancgon with dispersion relation calculations for Compton scat-
masses and width. tering. There we have found that both calculations agree very

The use of hadronic form factors at theNN vertices  well except for energiest 50 MeV around the pion thresh-
violates gauge invariance so that counterterms have to bald. This is quite understandable in view of the discussion
introduced to restore it. Unfortunately, these countertermsbove: just above threshold the bound state behavior can still
cannot be constructed in an unambiguous way. To investibe felt. We thus expect thK-matrix approximation to be
gate this systematic uncertainty, we have performed fits useasonable also for higher energies, except close to particle
ing both Ohta’s and Haberzettl's methods. production thresholds. Any remaining shortcomings of this

We find that only a few couplings are sensitive to themethod also have to be seen in comparison to its inherent
gauge prescription used. Mainly the parameters determiningnd practical advantages. First, because of the absence of
the nonresonant contributiorie.g., thez parameters of the off-shell propagators, no regularization of amplitudes is
spin3 resonancéschange between the fits. Furthermore,needed. There is therefore no need to renormalize, for ex-
some partial waves are affected more than others. The reasample, coupling constants, etc. Second, after a partial-wave
for this is the additional angular dependence introduced bgxpansion of the scattering amplitude has been made, the

the residual form factoF (s,u,t) found in Haberzettl’san-  original integral equation reduces to an algebraic equation
satz Even though we find it to be small, this model depen-Which can more easily be solved. _ _
dence has to be kept in mind when extracting helicity cou- In the future it is clearly desirable to combine the multi-
plings using effective Lagrangians. Only in a microscopicchannel calculation performed here with approximations be-
model for the hadronic form factors might this problem beYond theK-matrix Ansatz as they have been developed, e.g.,
resolved. by Surya and Grosg6] and Sato and LeEl4]. Work along

We have shown that the Compton data provide an importhese lines is currently under way.
tant additional source of information for the extraction of the In summary, we were able to describe the combined
electromagnetic coupling constant. The combined use of th@ataset of hadronic and photon-induced reactions using the
Compton data and the pion photoproduction multipolessame set of parameters. This model can therefore be used for
shows only one possible candidate for an inconsistency bélumerous detailed investigations that have not been possible
tween both data sets: the helicity couplings of Bng(1520)  before.
are found to be smaller as compared to values extracted from
pion multipoles alone. Here further investigations are neces- ACKNOWLEDGMENTS
sary, since we also find a rather large background in the
Compton amplitudes. For th®33(1232) a combined fit
yields couplings~5% smaller than the PDG values.

The authors would like to thank H. Haberzettl for fruitful
discussions regarding the problem of gauge invariance. Fur-

In the case of eta photoproduction the cross sections Catltie_rmore, we are obliged to C. Bennhold, A. Bock, O. Han-
be fitted rather well, but we are not able to reproduce the' <" P. Hoffmann-Rothe, B. Krusche, T. Mart, V. Pas-
measured target asymmetry close to threshold. For high Iutsa., and L. T|at0( for making th_elr experimental and
energies we find that especially the polarization observable i eoretical results available to us. This work was supported
sensitive to the tails of th&;,(1535) andD3(1520). The y BMBF, GSI Darmstad.

interference of weakly coupling resonances with this back-

ground leads to large fluctuations between the different fits. APPENDIX A: HADRONIC COUPLINGS

This effect might be used to look for these resonances, since |, this section we list the hadronic couplings used in our

they are otherwise hard to detect from the differential CroS$nodel. For a more detailed account, §& Throughout this
section alone. paper we use the notation of Bjorken and Dié&ll]. Four-

In all fits we find aKNA coupling of half the size of the 1,5 nenta are denoted by Here x is the absolute value of
SU(3) value. Since these results also persist using PS coyp, corresponding three-momentum Furthermore R is a
pling at theKNA vertex, we conclude that withxn, taken unit vector in the direction ok: %= x/x

from_ SU3) no fit to _the combined hadronic and photopro- For the nucleon, the following couplings have been used:

duction data is possible.
The basis for all these results is tiematrix method used TN — .

in the present study. The main approximation in this method Lyg=— = Nvysy,(9*¢)N—gsnns(NN)

is that all intermediate state particles are put on shell; this 2my

violates causality since the connection between real and T
imaginary parts of the propagator is lost. This approximation —OspeS(¢* @)—QUNNW( Yt =Ky 4:] v IN

is clearly unphysical for bound states, but for scattering N

states it seems to be quite reliable. We conclude this from the —Qyel X (d,0) 0" (A1)

cited studies of Pearce and Jennibdjsand Surya and Gross

[6]. Further, more heuristically, the agreement of the resoHere ¢ denotes the asymptotic mesons 7, andK; a cou-
nance parameters extracted in the present study with thogging to thel meson is not taken into accoustandv are the
obtained from other unitary analysé®r smaller channel intermediate scalar and vector mesoag,(p, andK*) and
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v#*'=9"v*—g*v” is the field tensor of the vector mesois; Spin3 resonances:

is either a nucleon or A spinor. For thd =1 mesong# and

p) ¢ andv* need to be replaced by- ¢ and =-v* in the giNR JEnEMy

©,uNN couplings and bye andv* otherwise. I'.=130 127m2 P 5 (AB)

For the S;; resonances we emplofpseudgscalar cou-
pling to mesons and nucleons in accordance WM®|. The  Again, the upper sign is used if the resonance and meson are
(pseudgvector coupling is used in the case of nucleons anf opposite parity.
all P,; resonances. This is done in order to reproduce the
wN-scattering lengths without an additional sigma meson.
For the spin resonances off-shell parametezsare taken APPENDIX B: EXTRACTION OF PARTIAL WAVES
into account at all vertices and fitted to the available data. AND MULTIPOLES

For theS;; and S3; we therefore use ) ) ) _
In general, the extraction of the partial waves in hadronic

P e = —0gunrRT@N+H.c., (A2)  Teactions and the multipoles in the photon-induced channels
M2 ¢ is done similarly. Starting point is always the invariant ma-

and in the case oP,; and P, the couplings are given by trix elementM;; and its connection t&, the scattering am-

plitude:
JeNR =
LoNR =— ———RT (*¢)N+H.c, (A3) . 4mys
eNRyj mgxmy  # M;i=u(p’,s")Ou(p,s)= ,X;r]:)(i- (B1)
ymm

with the upper sign for positive parity. The vertex operators

I"andI',, depend on the parity of the particles involved. Foryere & denotes the transition operator for a given reaction;

a meson with negative intrinsic parity coupling to two bary-m and m’ are the masses of the initial and final baryon,

ons with positive parity(e.g., 7NN) they are given byI"  regpectively. The decomposition of in terms of partial

=iys andI',= ysy,; otherwise[e.g., 7NS;y(1535)], we  \aves or multipoles is usually straightforward, but tedious.

havel'=i andl',=y,. . o _Once the relations between the expansion® afnd F have
For the spinz resonances the following coupling is used: been established, any contribution to the invariant matrix el-

Junr ement can therefore be decomposed into partial waves or
oNR —

Lonry,= 7y RO au(z,)T'(0¢)N+H.C., multipoles. In the following we want to list the relatiods
K — F for the three types of reactions that are described in our
1 model.
®au(z):gaﬂ_§(l+22)7ayﬂv (A4)

again with a vertex operatdr that is 1 for a particle with 1. Meson-nucleon scattering

negative intrinsic parity angs otherwise. In this case, the invariant matrix elememd;; and the
For the isovector mesons and ¢, ¢ in Egs.(A2)—(A4)  scattering amplitude are given by

needs to be replaced by ¢ for | =3 resonances and by

T- ¢ otherwise Mii=u(p’,s")T(A+BQ)u(p,s),
The couplings constants can be derived from the decay o
widths using the following formulasp( denotes the three- Fo=(A+Bo-p o p),
momentum of the meson and nucledgy and E, the _ _
nucleon and meson energy, respectiyely Fo=(Ao-p'+Bo-p), (B2)

For spins resonances we have the following: ) ) o o
with I'=1 for mesons with equal parity in the initial and

giNR EnT My filjal states, andl = y5 otherwise F, , are the scattgring am-
yp. p 5 plitudes for the case of equal or nonequal parity, respec-
S tively. The relation between the amplitudésB and their

PS coupling: T'.=I1SO

g2 counterpart®\,B can easily be establishé¢#], 16], and in turn
PV coupling: T.= |so% can be used to calculate the partial wailes from the in-
4m(mg=my) variant matrix elementx=cos 6):
2E (ENE,+p?) —m2(ExyEmy) JE =
[ @ ¢ ~ +=m’)(E+m)
xp : A= A+B(ys—)],
Js 875 [ ( ]
(A5)
~  J(E'Fm')(E-m) 5
The upper sign corresponds to decays of resonances into me- B=- 875 [A-B(VJs+f)], (B3
sons with opposite paritie.g., P11(1440)— 7wN]; the lower NS
sign holds if both have the same paritg.g., S;1(1535) Jad (1
—mN]. I1SO is the isospin factor; it is equal to 3 for decays Ti.= aq f dX[AP,(X)+BP,-(X)]. (B4)
into mesons with isospin 1, and 1 otherwise. -2 -1 -
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TABLE IX. Connection of the multipoleg\1,.. andé&, .. to the partial waves and usual Chen-Goldberger-
Low-Nambu (CGLN) multipoles.| denotes the photord, the total, and , the meson angular momentum;

a=1\kqI(I+1).

I,, CGLN notation

Partial
Multipole wave J P P,=- P,=+
M|+ —aTM |+% (_)|+1 I M|+ |+l M(|+l)7
M- —aT! -3 (=)t | M- -1 Ma-1)+
&+ T, I+3 () I+1 Eq+1)- | Ei+
& —aTE -3 () -1 Eg-1)+ | E,_
In Eqs;(§3), ,the upper sign holdg for mesons with equal Fp=io-go- eFi+ o (kX €) F,
parity, m=(m’£=m)/2. The reader is referred {d.6] for a
detailed derivation of this relation. +io-Qo-ke §F;+ie 0F,,
2. Photoproduction Fn=io-eF+ o go- (kx e)F,
In this section we list the formulas needed for extracting +io ke §F;+io-ge-§F,. (B8)

the multipole amplitudes from the invariant matrix elements.
This is by no means a complete listing of all the relations

between the different set of amplitudes; a detailed account qﬁere F, - refer to the parity of the meson that is produced
'/ "p,m .

this can be found if43].
For the multipole decomposition of the meson photopro—lr;:;]gnq (rj:snoégtit/heel :[r:;ez-a(i)tn:/eer;ttlérrnm()fﬂ:ge di?gc(:):i(c))rr: i?d the
duction, we first need the relation between the invariant ma- » FESPECUVEIX . . )
For our choice of amplitudedl;, the relations between

trix elementsM;s; and the CGLN invariants; [52]. To this ; . !
end we expand the Feynman amplitude 53] ']Egﬁovcvglél\[ggn]\./anantsﬁ and they's of Eq. (B5) are the

e k [E'=m’ A
Y4 24s

M= —T 4K, kK [E'FTm’

Fo=-— \|———

A7 24s

M,=2I"[(ep)(kp") —(kp)(ep)],
M3=T[é(kp)—k(ep)],
kq E'+m’

M= TTé(kp)—K(ep')] (®6) Foam N g [T0SmAs AL

4
iM=1(p’,s") >, AjM;u(p,s), (B5)
= _Vstm o (kp)

1 > Azt Jo-m

As

where

o Vsmm o (kp)
! 2 "% s+m

Aq

I'= 5 for the production of mesons with negative parity;

I'=1 otherwise. This decomposition differs from the one K Exm
usually used in pion and eta photoproductdd,43,53, to ]:4:_q [(Vs+m)As+A,], (B9)
simplify the inclusion of kaon photoproduction. The relation 4m 2\s

to the usual CGLN invariant®, is given by

- - - where the upper sign holds for mesons with negative parity.
Mi=Mji, My==M;, M3z=—(M3z=—My), k and g are the absolute values of the three-momieatadq.

In order to unify the formulas for mesons of positive or
negative parity, we introduce a notation different to the usual
one, by labeling the multipoles using initial variables instead
of final variables[53]. In Table IX we list the relation be-

In terms of Pauli spinors the scattering amplitude can beéween both notations. Thg; can now be expressed in terms
expressed using thg&;'s [12]: of these new multipoled, . and &~ :

M4:_(M3+M4)_2mNM1. (B?)
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7 IPlyy  (+1P_, P/ P/ M.
7 (1+1)P] 1P/ 0 0 M,
J’T = " n " " g . (BlO)
F3 | _P|+1 -1 P| P| g|+
‘ Pl Pl =Pl Pl T

Equation(B10) can now be inverted to yield the electric and magnetic multipoles. Using the orthogonality of the Legendre
polynomialsP(x) and recurrence relations to relate the derivativésand P” to the P’s, we obtain[11,12,43

1
P, -P _— 0
[ I+1 2|+16P
201+ 1M, _p, P, —1 5 0 F
2IM,_ _J‘l d 21+1 F> (B1)
20+1)&, |~ %% I+2 I+1 F |
218 Piy1 —P —2|+3(P|+2_P|) —2|+15P Fa
P p 2lpp ! p
-1 L g1 PTPi2) 5

with dP=P,,;,—P,_;. The T-matrix amplitudes ,i'E can now be obtained by multiplying thé4,. and &. by

Fykdl(I+1) (cf. Table IX).

Finally, we want to give the connection of the CGLN amplitudggo the helicity amplitude$d; [11]:

. 1 0
Hi=—ie "%(—3|FAL- 3)=— 5 Sin 0 cos5 (Fs+ 7).

6
Ha=—i(~ §|7113)=v2 cos,

. f
(-7'—2_}—1)"”3'”25(}—3_7:4)},

: 1 0
= —je 2i¢/L Iy T g in— —
H3 e <2|ﬂ11 2> ‘/23”103”’]2(.?3 F4)1

. 0 0
H,=ie '%(3|FAL13)=v2 cosz (J—‘2+J-'l)+co§§(f3+]—'4)

. (B12)

The numbers in the brackets denote the helicities of the photon and the initial and final baryons. In the c.m. system, the spins
of the nucleon are opposite to the helicities.

3. Compton scattering

In the case of Compton scattering, the decompositiorss afid M ; analogous to Eq$B2) and(B8) are rather lengthy and
will not be given here. They can be found, for exampl€,54]. It is more convenient to start from a set of helicity amplitudes,
analogous to Eq¥B12) [55]:

1 1
O, =D =——(13|T|1}), P,= =——(1,— 3|T|1,3),
1 (1/2)(1/2) 877\/§< 7 TILz) 4 (1/2)(312) 87r\/§< 7 TILz)
o=y, 1/2:—1 <_1_1|T|1l> D5=D 3 3/2:—1 <1_1|T|1_l>
(1/12)(=1/2) 877\/5 2 12/ (312)(3/2) 877\/5 T2 T2 )
G3=D g0 3/2:—:L (—13[TIL3), Pe=Dzp-32 N (—13[TI1,-3) (B13
(12(=3/2) 877\/§ 2 12/ (3129(=3/2) 877\/5 2 o2

Again, the numbers in the brackets denote the helicities of the initial and final photon and baryon. Their expansion in terms of
the amplituded ;" is given by
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[

®3=3 Z (I DIA+2)2(FEEY =150 £ 12(FEe= ) T 211+ 2) (e = fie) 1015555,

[

Z I+ DVIT+2)[(1+2)(FLg Y F iy ) £ (FEe fyw) F2(FEu T Fue) 1d1s 2,

l\)

2 I+ DIA+2)[(FEEY =y D = (FEe= fluw) = 2(FEw = fie) 1d5 2372, (B14)

def
with f2E=f%" =f2" =f2£=0. In an abbreviated notation, we can write E@@&l14) as

1 (1
SS,—2(2J+1)<I>SS,dSS,, with @7, = EJ_1o|x<1>ss,(x)o|§s,(x). (B15)

The inversion of Eqs(B14) can now be shown to b&5]

1 |1 |+2 I+
I+ I+1/2— g 1+ 1/2 L+12— |+1/2 [ +1/2— g1 +1/2
fee = O, T D) r——(P; + —— (P FDg ,
TTREST PR TERRE e >1
1 1 | |
(I+1)—_ 1+1/2— g 1 +1/2 1+1/2— g 1 +1/2 I +1/2— & | +1/2
anﬁw C(1+1)° _2((1) O x (|+2)((D3 + @ )+2(|+2)(q> + s )1’
fem= 1 _E((D|+l/21(b|+l/2)+ 1 ((I)|+l/2—q)|+l/2)+| ((I)|+l/2—q)|+1/2)
we (I+1)7[ 2771 RN T
e =fem, (B16)
EM ME

where the last line follows from time-reversal symmetry. Thenatrix amplitudesT,.. are now given by

EE N
TUM=KI(I+1)fEe |, TME—k\/ [(T+2)(1+1) fEM (B17)
- MM

APPENDIX C: ISOSPIN DECOMPOSITION

_ 2.
1. Meson-nucleon scattering (b|Tpalas)=— A TuT (C3

For thel =1 mesonsr and ¢ we use the usual projection . ) . . .
operatord56] with the matrix elementsa,b= 7, ¢) This has no influence on the calculated quantities, since in

the end we convert our amplitudes to the normal convention.
1

(bj|P1lai)= 377 2. Photoproduction

In our calculation we use a decomposition slightly differ-
ent from the one normally used in pion photoproductibn
For the same reason as in the hadronic case, we always use
(—1W3) 7 instead ofr as the projection operator for transi-
in a Cartesian basis. With the help of this, all possible reactions where either the photon or the meson have isobpin

1
<bj|P3/2|ai>:5ji_§TjTiy (Cy

tions can be written as =0. For thel =1 mesons this leads to
1 3/2 b _ 0 1 1/2 1 3/2
(bj| Tpalay)y = TmT + - zmm|The. €2 ¢ iITosl )= = 27 Toy 3 7i7sToy +{ 93— 3717 Ty

(CH
For the purd = reactions involvingr and{ the projec-
tor is usually taken to b&,,= 7 [56]. This choice has the
disadvantage that it does not agree with the Clebsch-Gordan 1
coefficients for the different reactions channels. Therefore (b Ty, v)= T _—7'3T1/2 (C5)
we choose insteada= , ¢, b= 7,k) 4

while for the other mesons we have
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This choice guarantees that there are no additional factors to do g 4
be taken into account in the calculation of the hadronic re- d0 = 2k Z
scattering. T
3. Compton scattering do a0 o= %
mE K Re(H,H* —H,H%) (photon asymmetry
For Compton scattering no isospin decomposition is per-
formed. As has been discussed in Sec. lll, in this case the
o q : o
rescattering takes place through the physical intermediate —_— 7)—__ Im(H,H%+H,H%) (recoil polarization,
states ¢°p, 7°n, etc). Therefore, the Compton amplitudes
are calculated for both channejg and yn directly. q
o4 -

Im(ﬁ HE+H3HE)  (target asymmetiy
(D3)

APPENDIX D: OBSERVABLES dQ

In this section we want to summarize the relations of the
various amplitudes from Appendix B to the observablesin complete analogy to the hadronic case, the total cross
Again, more detailed accounts can be found in various placesections are given in terms of the partial waves by
[1,43,59. In the following, the notatior® should indicate )
that the amplitud® for a specific reaction channel has been ™ M 2 |FE |2 FE |2 |5M |2
. : ) =— [+ )(| 775+ T +HI(| T |“+|T
constructed from the isospin-decomposed amplitudes: 7 2 [+ DT PHTE D HATE P+ T,

(D4)
e |
O_Z PO (DD from which the reduced cross section can be calculated via
The factorsp' are Clebsch-Gordan coefficients and can be ok
determined from isospin decompositions listed in Appendix Tred= '\ 4mq (D5)
C.

1. Meson-nucleon scattering 3. Compton scattering

Again, as in the case of photoproduction, the observables

The observables consist of the total cross sectmnhe are best expressed in terms of the helicity amplitudss)

differential cross sectiondo/d(), and the final state polar-

izationsP [16]: [55]:
do 1 - ., - e e
2 S A+ )Ty 2T 12, g0 = L P2+ D]+ 2(| D2+ D |2) + | Ds| >+ [ D[],
|
1 T = _U - _ & N T X Tk
=az[(l+1)T|++lT|,]P|, G0 > = ~RA(D1+ D) DF + (D~ Dg) D],
T
1 - ~ do _ - . ~ S _do‘
g=asin GEI [T, —T_1P/, g P=—IM{(@1+®5) ] — (B~ De)P3]= 55 T
(D6)

_‘T:|f|2+ g/2, 3_9 P=—2Im(f*g). (D2) Finally, the total Compton cross section is given by
[+ 1)[|TMM|2+|TEE
2. Photoproduction E {¢ )H | |
In terms of the helicity amplitudekl; of Eq. (B12), the +2(|T 1E[2 +|T |2)]+I(|:I"EM|2+|7I'ME|2)}
differential cross sections and the three single-polarization ! 1= 1= '
observables can be written Fkl] (D7)
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