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Photon- and meson-induced reactions on the nucleon

T. Feuster* and U. Mosel
Institut für Theoretische Physik, Universita¨t Giessen, D-35392 Giessen, Germany

~Received 27 April 1998!

Starting from a unitary effective Lagrangian model for the meson-nucleon scattering developed in T. Feuster
and U. Mosel, Phys. Rev.58, 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 statesgN, pN, ppN, hN, andKL 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
theD13(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.
@S0556-2813~99!00901-2#

PACS number~s!: 14.20.Gk, 11.80.Gw, 13.30.Eg, 13.75.Gx
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I. INTRODUCTION

Photon- and meson-induced reactions on the nucleon
the main source of information about the nucleon resona
spectrum. From knowledge of the possible excitations of
nucleon and their properties one hopes to extract informa
about the structure of the nucleon. To this end one ne
models that allow one to determine the masses and pa
decay widths of the resonances. Because of the constrai
unitarity, the different reaction channels can in principle n
be treated separately, but have to be taken into accoun
multaneously.

For the purely hadronic reactions models based on un
ity and analyticity have been widely used@2–7#. Using an
Ansatzdeveloped by the Carnegie-Mellon Berkeley~CMB!
group, Dytmanet al., for example, have recently extracte
resonance parameters from a fit to thepN→pN,ppN,hN
data@8#.

On the other hand, in calculations of meson photoprod
tion, effective Lagrangian models are the main tool for
vestigations@9–12#. In these models the important constra
of gauge invariance can be easily implemented on the op
tor level. However, unitarity has only been fulfilled in a fe
calculations of pion photoproduction in theD region
@9,10,13,14# and eta photoproduction@12#. Lately, also a de-
scription of Compton scattering in this framework has be
put forward@15#.

With the availability of high-precision data from variou
accelerator facilities like MAMI, ELSA, GRAAL, and
TJNAF, there is also an urgent need to improve the mod
for meson photoproduction. The most important ingredi
for these improved models is the dynamical treatment of
meson rescattering in the same framework as the initial p
toproduction reaction. To this end a description of the pur
hadronic reactions within the effective Lagrangian appro
is necessary.

*Electronic address:
Thomas.Feuster@theo.physik.uni-giessen.de
PRC 590556-2813/99/59~1!/460~32!/$15.00
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As a first step, we formulated a model for these hadro
reactions employing theK-matrix approximation@1#. The in-
teraction potential is described solely in terms ofs-, u-, and
t-channel Feynman diagrams. We have shown that a reli
extraction of the resonance parameters is possible in
model and that the effective Lagrangian approach redu
the number of free parameters considerably, since the n
resonant background is generated by a few couplings on

Analyticity is not guaranteed in this approach, but the
are estimates about the quality of theK-matrix calculation as
compared to other approximations@4,6#. These indicate tha
the final resonance parameters extracted in different appr
mations are very similar.

The aim of this paper is, now, to extend this model
include also photon-induced reactions. This would allow o
to benefit from the very accurate data for such reactions
already are or will be available in the near future. To this e
we will at first shortly discuss the model used and the res
of the fits to hadronic data. The extension to photon-indu
reactions and the database available for the various reac
will then be addressed. After that, the results of the fits to
combined data are presented and discussed.

An important new feature of this analysis is the extracti
of electromagnetic coupling constants from a combined fi
meson photoproduction and Compton scattering data. A
from the t-channel contributions, the latter are determin
only by the electromagnetic couplings and not by a prod
of strong and electromagnetic couplings as in meson ph
production. Compton scattering data should thus provide
important constraint on the extraction of electromagne
coupling constants. We will also use a comparison with
dispersion theoretical analysis of these data to obtain in
mation about the quality of theK-matrix approximation.

II. DESCRIPTION OF THE MODEL AND ITS
APPLICATION TO PURELY HADRONIC REACTIONS

For easier reference we review in this section briefly
treatment of the hadronic channels in@1#. This then forms the
basis of our inclusion of photon-induced reaction channe
460 ©1999 The American Physical Society
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A. K-matrix approximation

The Bethe-Salpeter equations encountered in me
nucleon scattering,

T5V1VGBST, ~1!

can always be decomposed into two coupled equations@4,16#

K5V1V Re~GBS!K,

T5K2 iK ~GBS!T. ~2!

HereGBS is the Bethe-Salpeter propagator that describes
intermediate propagation of the meson and the nucleon.

In Eqs.~2! the second equation can easily be solved, si
the imaginary part ofGBS is always proportional tod func-
tions that place the meson and nucleon on its mass shell.
real part ofGBS in the first equation in Eqs.~2! amounts to a
principle-value integral and is, therefore, much harder
treat.

The K-matrix approximation now consists of neglectin
this principle-value integral in the first equation and th
usingK5V in the second one. This leads to

@TK#5@V1 iVTK#5F V

12 iV G , ~3!

where the brackets@¯# indicate thatV and TK are n3n
matrices (n being the number of asymptotic channels tak
into account! and that Eq.~3! is a matrix equation.

Obviously,TK as calculated from Eq.~3! does not neces
sarily fulfill a dispersion relation, as does the fullT from
Eqs. ~2!. Therefore, theK-matrix approximation does no
guarantee analyticity by construction. However, Pearce
Jennings@4# have shown that inpN scattering the contribu
tions from Re(GBS) are of minor importance, since the co
responding principle-value integral is reduced by a very s
cutoff needed to regularize Eqs.~2!. Furthermore, Surya an
Gross@6# estimated that in this process the error made
putting the pion on shell is of the order of (Ep

2mp)Ep
3 /mN

4 and can therefore be neglected for small pi
energies. Based on these studies, it seems that the main
tributions in the Bethe-Salpeter equation~1! come from re-
scattering with both intermediate particles on shell. This p
is correctly taken into account in theK-matrix approxima-
tion.

B. Contributions to the potential V

As asymptotic statespN, ppN, hN, andKL have been
taken into account. A detailed description of the datab
used in the fits is given in@1#. Neglected so far are fina
states such asKS and vN. This has been done becau
either the coupling of resonances to this channel is know
be small (KS @17#! or because only one resonance is kno
that might have a significant decay into this channel (vN
@5#!.

Also therN channel is not contained in our analysis. T
make at least partly up for this deficiency, we parametr
the ppN decay by the coupling to a scalar, isovectorz me-
son@1,12,13,18# with massmz52mp . This ensures that the
importantppN decay is taken into account, but at the sa
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time the model is kept as simple as possible. A description
the ppN final state in terms of two-particle intermedia
states likepD, pP11(1440), andrN is currently under way.

The potentialV is now calculated from the interactio
Lagrangians collected in Appendix A. Taken into accou
are contributions from the nucleon Born terms,t-channel ex-
changes ofr, a0 , andK* , and resonance contributions in th
s andu channels.

In this work we limit ourselves to partial waves with sp
1
2 and 3

2 . This is because only for these can the Lagrangi
be given in an unambiguous way@19,20#. Furthermore, we
restrict the energy range toAs<1.9 GeV because for highe
energies additional decay channels might be important.

C. Form factors

In order to investigate the dependence of the resona
parameters on the specific choice of the hadronic form f
tors, in @1# fits using combinations of the three basic form

Fp~q2!5
L4

L41~q22m2!2 ,

Fe~q2!5expS 2
~q22m2!2

L4 D ,

Ft~q2!5
L41~qt

22m2/2!2

L41@q22~qt
21m2/2!#2 ~4!

have been carried out (m denotes the mass of the propaga
ing particle,q its four-momentum, andqt

2 is the value ofq2

at the kinematical threshold in thet channel!. The following
restrictions were imposed to limit the number of free cut
parameters:~i! the same functional formF and cutoffLN is
used in all verticespNN, hNN, andKNL, ~ii ! for all reso-
nances we take the sameF as for the nucleon, but differen
valuesL1/2 and L3/2 for the cutoffs for spin-12 and spin-32
resonances, and~iii ! in all t-channel diagrams the sameF
andL t are used.

D. Results for the hadronic reaction channels

In this section we briefly recapitulate the main results
the fits to the hadronic reactionspN→pN, pN→ppN,
pN→hN, andpN→KL. The reader is referred to@1# for a
more detailed discussion.

~i! A qualitative and quantitative description of all ha
ronic data is achieved.

~ii ! The resonance parameters we find are in good ag
ment with the values obtained by other groups@2,3,5,7,18#
and with the PDG values@17#.

~iii ! The p2p→hn data are not good enough to dete
mine thehN-branching fractions of the nucleon resonanc
very accurately. Nevertheless, we find nonvanishing c
plings for a few resonances@S11(1535), P11(1710),
P13(1720), andD13(1520)#.

~iv! Only two resonances@S11(1650) andP11(1710)# ex-
hibit sizable couplings to theKL channel. For higher ener
gies thep2p→K0L reaction is dominated by thet-channel
K* exchange.
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462 PRC 59T. FEUSTER AND U. MOSEL
~v! There are deviations from thepN data for thePI3 and
DI3 partial waves. Below the resonance positions we und
estimate the amplitudes, whereas for energies above the
nance the fits give too large amplitudes. This indicates th
fit with form factors that are asymmetric around the re
nance positionmR ~instead of our choicesFp,e) might lead to
a better description of the data.

~vi! Already for energies above 1.6 GeV we find that t
t-channel contributions are not adequately described by
corresponding Feynman diagrams anymore. It seems
stronger modifications than those from any of the form f
tors Fp,e,t are needed. A smooth transition to a Regge-l
behavior in this energy range would probably improve
quality of the fits for the highest energies.

~vii ! Because of this, in the fits thepNN- and
rNN-coupling constants are driven below their usual valu
This in turn also leads to a smallerP33(1232) mass~1.229
GeV! and width~110–113 MeV!.

A comparison with the resonance parameters obtai
from other unitary and analytic analyses, as, for exam
those listed in@17#, shows that the hadronic reactions can
described rather well in this effective Lagrangian approa
employing theK-matrix approximation.

III. EXTENSION TO PHOTON-INDUCED REACTIONS

With the inclusion of thegN final state a model can now
be constructed that combines the advantages of descr
the electromagnetic interactions using effective Lagrangi
with a dynamical treatment of the rescattering. In princip
this extension is straightforward; it mainly consists of enla
ing the matrices@V# and @T# to take into account the new
final state. Equation~3! then gives the unitarized amplitude
for meson photoproduction and Compton scattering. Ho
ever, there are four important points that make the combi
treatment of all possible reaction channels technically m
involved.

~i! The photon can induce electric and magnetic tran
tions. Therefore, in the case of spin-3

2 resonances two ampli
tudes~called multipoles in photoproduction, instead of pa
tial waves as in the hadronic reactions! have to be taken into
account@16#.

~ii ! Furthermore, the interaction of the photon with t
nucleon can be split up into an isoscalar and an isove
part. For, e.g., pion photoproduction this leads to three
ferent isospin amplitudes (T0, T1/2, andT3/2), instead of two
(T1/2 andT3/2) as inpN scattering@16#.

~iii ! In the multipole decompositions of photoproductio
data any influence of Compton scattering is usually
glected@21#.

~iv! The Compton amplitudes cannot be fully isospin d
composed using experimental data alone. Since only
physical processes (gp andgn) exist, only two of the four
amplitudes can be extracted. Therefore, the rescattering
tributions are normally calculated in a basis using phys
states~e.g., p2p, p0p, p1n, p0n) and not pure isospin
states@21#.

The first point can easily be taken into account by int
ducing two new final states (gN)E and (gN)M , where the
index denotes the type of electromagnetic transition. T
isoscalar-isovector nature of the photon can be treated
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similar way. The usual isospin decomposition of pion pho
production, for example, is given by@12,16#

^p j uTpgug&5t jTpg
0 1

1

3
t jt3Tpg

1/21S d j 32
1

3
t jt3DTpg

3/2 .

~5!

Here Tpg
0 contains the amplitude for isoscalar photon

whereasTpg
1/2,3/2 are the amplitudes for total isospinI 5 1

2 , 3
2

induced by isovector photons. The important point to note
that rescattering ofTpg

0 andTpg
1/2 takes place via theI 5 1

2 part
of the hadronic reaction channels~e.g., Tpp

1/2), whereas for
Tpg

3/2 only Tpp
3/2 contributes. TheI 5 3

2 amplitudes can, there
fore, be treated in the usual way. For theI 5 1

2 sector a fur-
ther splitting of the final states into (gN)E

0 , (gN)E
1/2,

(gN)M
0 , and (gN)M

1/2 needs to be introduced.
The third and fourth points amount to neglecting photo

rescattering contributions when extracting the photoprod
tion amplitudes from the data. Only a direct term;Vgg is
then present in Eq.~3!. In our analysis of those amplitude
this can only be taken into account by using the formT
5V1 iTV and notT5V/(12 iV), since in the latter case
direct and rescattering terms cannot be disentangled. Fo
photoproduction of a scalar mesonw this schematically leads
to

Twg
I g 5Vwg

I g 1 i(
w8

T
ww8

I w V
w8g

I g , I g50,
1

2
,
3

2
, I w5

1

2
,
3

2
.

~6!

For Compton scattering we end up with

Tgg
p,n5Vgg

p,n1 i(
c

TgcVcg . ~7!

Here the sum runs over all physical intermediate statec
~e.g.,p0p,p1n, . . . for gp→gp). Neglected in both case
are contributions from the photon rescattering, since they
suppressed by an additional factore2. Because of the sam
suppression, we also do not take electromagnetic correct
to the hadronic channel into account. We have checked
approximation by also calculating the photon-rescatter
contributions in theD region and found them to be negl
gible.

A. Background contributions and resonance couplings

The contributions to the potentialV in the case of photon-
induced reactions come from bremsstrahlung of asympt
particles (N,p,K) and electromagnetic decays~e.g., nucleon
resonances and vector mesons!. The bremsstrahlung leads t
Born diagrams in thes, u, andt channels; decays of nucleo
resonances give contributions in thes and u channels,
whereas meson decays enter ast-channel diagrams.

To calculate the different contributions, we first of a
need to specify the couplings to the photon. Since
Lagrangians have already been discussed many ti
@10,9,11,12,22#, we limit ourselves to a short summary.

For the nucleon (N, L, and S! and the scalar meson
~denoted byw! we have
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LgNN52eN̄F ~11t3!

2
gmAm2~ks1kvt3!

smn

4mN
FmnGN,

~8!

LgNL,S5eN̄kL,S

smn

4mN
FmnN, ~9!

Lgww52e@w3~]mw!#3Am, ~10!

LgwNN52e
gwNN

2mN
N̄g5gm@t3w#3Am. ~11!

The magnetic transitions moments are given bykL

520.613 andkS51.610@17,23#. In the case of pseudovec
tor wNN coupling,LgwNN gives rise to the so-called seagu
or four-point diagram.

For the decay of scalar~w! and vector (v) mesons we use
(Fmn5]nAm2]mAn, vls5]svl2]lvs)

Lggw5e2
gggw

2mw
«mnlsFmn~]lw!As,

Lgwv5e
ggwv

4mw
«mnlsFmnvlsw, ~12!

with the couplings extracted from the corresponding de
widths @17#:

gggp0520.044, gggh50.167,

ggp0r050.131, ggp6r650.103, gghr051.020,

ggp0v50.313, gghv50.329,

ggp0K* ,050.631, ggp6K* ,650.415. ~13!

For the spin-12 resonances only a magnetic transition
possible:

LgNR1/2
5eR̄g1

Gmn

4mN
NFmn1H.c., ~14!

whereR is the resonance spinor. The operatorGmn is given
by g5smn for odd-parity resonances and bysmn otherwise.
In the spin-32 case two couplings can contribute:

LgNR3/2
52

ieg1

2mN
R̄aQam~z1!gnGNFnm

2
eg2

4mN
2 R̄aQam~z2!G~]nN!Fnm1H.c.,

Qam~z!5gam2
1

2
~112z!gagm . ~15!

Here, the operatorG is either 1 org5 for odd- and even-
parity resonances, respectively.

The initial values for the electromagnetic couplings of t
resonances are calculated from the helicity couplings gi
by the Particle Data Group@17#. The connections betwee
the g1,2 used here and theA1/2,3/2 are as follows@24,25#:
y

n

spin 1
2 :A1/257

exR

2mN
AmR

22mN
2

2mN
g1 ,

spin 3
2 :A1/252

ejR

4mR
AmR

22mN
2

3mN

3S 6g11
mR

4mN
2 ~mR7mN!g2D ,

A3/257
ejR

4mN
AmR

22mN
2

mN
S g12

1

4mN
~mR7mN!g2D .

~16!

Here jR denotes the phase at thepNR vertex. These rela-
tions can easily be inverted to extract theg1,2.

In all these couplings we have to account for t
isoscalar-isovector nature of the photon. This is done in
case ofI 5 1

2 resonances by usingg1,25g1,2
s 1t3g1,2

v in Eqs.
~14! and ~15!. Note thatI 5 3

2 resonances only couple to is
ovector photons and therefore have the same couplingg1,2T3
to gp andgn.

The formulas needed for the multipole decomposition
photoproduction and Compton scattering are somew
lengthy and have been collected in Appendix B. There
also list the connections of the amplitudes to the vario
observables.

B. Form factors and gauge invariance

As we have already stated in the Introduction, an effect
Lagrangian model allows one to address the question
gauge invariance on a fundamental level. Unfortunate
there is no unique way to restore gauge invariance once
ronic form factors have been introduced. This ambiguity
fects only the Born terms, since all transition vertices ful
gauge invariance by construction@9#. That is, having a vertex
function GRNg

m constructed from the corresponding Lagran
ian, we always have

GRNg
m km50, ~17!

wherekm is the photon momentum. The main reason for t
is that aR→Ng transition cannot be derived from the ha
ronic Lagrangians by minimal substitution, but has to
constructed by hand. Therefore, all corresponding ver
functions have to fulfill Eq.~17! separately, in order to pre
serve gauge invariance. Because of this, we have also in
duced independent form factors at the electromagnetic v
ces of the nucleon resonances. These form factors are t
to have the same analytic form as the hadronic ones@cf. Eq.
~4!#; only the cutoffsL are chosen independently.

For vertices derived through minimal substitution, on
the sum of all contributing (s-, u-, and t-channel and four-
point! diagrams needs to fulfill a constraint similar to E
~17!:

(
i 5s,u,t,4

Mgw,i
m km50. ~18!

HereMgw,i
m denotes the contribution of thei th Born diagram

to the photoproduction amplitude.
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In the case of pion photoproduction the vertex functio
areGgNN

m , Ggpp
m , andGgpNN

m and lead to four possible dia
grams:s-, u-, and t-channel and four-point diagrams. No
the momenta at the hadronic vertices are different in all d
grams. Since, correspondingly, the form factors have dif
ent values for each diagram, all terms in Eq.~18! are
weighted differently once hadronic form factors are intr
duced. Hence, the inclusion of any of the factorsFp,e,t will
result in a violation of gauge invariance.

The first model that tries to solve this problem was p
posed by Ohta@26#. In his Ansatzit is assumed that the form
factor F can be separately Taylor expanded with respec
the momentap, p8, andq. After minimal substitution in all
three momenta, the resulting expressions can then be
summed in closed form.

To illustrate this in some detail, we focus on thes-channel
Born diagram. For our choice of hadronic form factors t
amplitudeMgp,s

m is given by~suppressing factors ofi )

Mgp,s
m 5ū~p8!gpNNF~s!g5q”

~p”1k” !1mN

~p1k!22mN
2 e

3Fgm1
ismn

2mN
kNknGu~p!. ~19!

Using now Ohta’s prescription we obtain an additional cou
tertermM̃gp,s

m uOhta. After some rearrangements the sum
both can be expressed as

Mgp,s
m uOhta5Mgp,s

m 1M̃gp,s
m uOhta

5ū~p8!gpNNg5q”
~p”1k” !1mN

~p1k!22mN
2 egmu~p!

1terms;smnkn . ~20!

From this it is clear that the influence of the form factorF on
the coupling to the charge of the nucleon has been f
removed by the Ohta prescription. Only the coupling to
magnetic moment~which is gauge invariant by itself! is af-
fected by the introduction ofF at the hadronic vertex. The
same also holds for theu- and t-channel diagrams.

Haberzettl@27# has argued against this procedure beca
four-momentum conservation connectsp, p8, andq and the
form factor F is needed at an unphysical poi
F(mN

2 ,mN
2 ,mw

2). To incorporate both points, he has dev
oped an alternative method that leads to different express
for the final amplitude.

If we choose, for example,p and p8 as the independen
variables, we can remove theq dependence by usingq
5p82p. After this, we get one counterterm less than
Ohta’s method. The net result for the electrics-channel con-
tribution is in this case given by

Mgp,s
m uHaberzettl5Mgp,s

m uOhta3F~ t !. ~21!

Instead of removing the influence ofF altogether, we now
have replaced the form factor used in the bare Born diag
with the one fromt-channel exchange. Since the same h
pens for the other diagrams as well, we have an overall fa
F(t) multiplying the charge contributions from all four Bor
s
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diagrams. Of course, the choice of independent variable
arbitrary, so that in its most general form the amplitude~21!

contains, instead ofF(t), a common form factorF̃
5F̃(s,u,t). This degree of freedom has, for example, be
used in the calculation of Nozawaet al. @9#, where a form
factorF̃5F(s) was taken into account. Following Haberze
@27#, we use here anAnsatzof the form

F̃~s,u,t !5a1F~s!1a2F~u!1a3F~ t !, ~22!

with the additonal constrainta11a21a351; in @27# the co-
efficientsai were fitted in kaon photoproduction.

To investigate the dependence of the electromagnetic c
plings of the resonances on the gauge procedure, we h
performed fits using both Ohta’s method and the prescrip
of Haberzettl. Since this is mainly an exploratory study,
have in the latter case adopted the ‘‘democratic’’ choice a
taken theai ’s to be equal. For pion photoproduction th
leads to theAnsatz F̃(s,u,t)5 1

3 @F(s)1F(u)1F(t)#, Eq.
~22!. In the case of eta and kaon photoproduction, howev
we use a slightly different form factorF̃ because in both
cases the Born terms consist of a smaller number of
grams. For the eta case we do not have at-channel contri-
bution, whereas for the kaon photoproduction there is
u-channel diagram involving a coupling to the charge of t
particles. Therefore, in our calculation theAnsatz

F̃p~s,u,t !5
1

3
F~s!1

1

3
F~u!1

1

3
F~ t !,

F̃h~s,u!5
1

2
F~s!1

1

2
F~u!,

F̃K~s,t !5
1

2
F~s!1

1

2
F~ t ! ~23!

was used for the different form factors. This prescription h
been chosen to avoid additional free parameters. But
want to stress again that Eqs.~22! and ~23! can only be
motivated by the structure of the hadronic vertices presen
the photoproduction diagrams. Only in a microscopic mo
for the electromagnetic vertex could the form factor be d
termined unambiguously.

Finally, one could think about introducing form factors
the electromagnetic vertices of the nucleon and the pion
kaon as well. For thegNN case this would lead to the fol
lowing vertex:

GgNN
m 5ū~p8!eFF1~p2,p82,k2!gm

1F2~p2,p82,k2!
ismn

2mN
knGu~p!. ~24!

For real photons gauge invariance demandsF1(p2,p82,0)
51. In addition, forF2 we haveF2(mN

2 ,mN
2 ,0)5kN . Be-

sides this, we have no further constraint onF2 for the case of
meson photoproduction. In the case of Compton scatterin
can be shown@28#, however, that additional contributions a
needed to restore gauge invariance, once a form factorF2
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has been introduced. Unfortunately, also these contribut
cannot be determined in an unambiguous way. To avoid
additional uncertainty, we have chosen not to include e
tromagnetic form factors for the nucleon and scalar mes
in our calculation.

C. Calculation of photon-induced reactions

The calculation of photon-induced reactions is now c
ried out as follows: ~i! calculate the potential@V# from all
contributing Feynman diagrams;~ii ! invert the hadronic sub
matrix to give theT matrix @Thadr#5@Vhadr/(12 iVhadr)#;
~iii ! unitarize the meson photoproduction with the help
Eq. ~6!; ~iv! finally, calculate theT matrix for Compton scat-
tering using Eq.~7!.

The potential@Vhadr# is calculated using the results of@1#,
with only one exception: at thehNN vertex we now use
pseudoscalar~PS! instead of pseudovector~PV! coupling.
From eta photoproduction@29# it is known that PS coupling
leads to a much better description of the data. In purely h
ronic reactions this PS↔PV difference is hardly visible be
cause of the suppresion of the Born terms due to the hadr
form factor. But since, at least for the Ohta prescription,
influence of the form factor is removed by restoring gau
invariance, in photoproduction the contribution of the Bo
terms is enhanced as compared to others. For kaon photo
duction the situation is not so clear@30#; so we will use both
PS and PV couplings at theKNL,S vertices in the fits.

D. Summary of the model

Our model thus consists of aK-matrix treatment of the
following asymptoticchannels:pN, ppN, hN, KL, and
gN. The K-matrix elements are calculated from a Lagran
ian given in@1# for the hadronic couplings and in the prese
paper for the electromagnetic couplings. Possibleintermedi-
ate states are the nucleon and all three-star nucleon r
nances with spins 1/2 and 3/2 up to an invariant mass
A1.9 GeV; thus no nucleon resonances appear in the
states of a Feynman diagram. As a consequence of
K-matrix approximation all intermediate particles propag
only on shell.

With these ingredients all Feynman amplitudes are ca
lated taking into account thes-, u-, andt-channel diagrams
The latter are used to consistently generate the backgro
amplitudes, thus eliminating the need to introduce sepa
ad hocbackground parametrizations. The iteration of the a
plitude V contained in Eq.~3! then leads to a consisten
description of both resonance decay widths and rescatte
in a hadronic reaction. For example, in a reaction w
asymptotic channelsgN→hN a whole chain of rescatter
ings, like, e.g.,gN→N*→pN→N**→hN, whereN* and
N** are different nucleon resonances, is automatically g
erated. While the resonances in this way all acquire wid
and are thus ‘‘dressed,’’ higher order contributions to t
vertices are not taken into account and the extracted c
plings therefore are ‘‘bare’’ ones.

IV. RESULTS OF THE FITS

The parameters of the model can be grouped into reso
and nonresonant ones. The first group is given by the ma
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and the hadronic and electromagnetic couplings of the re
nances. Furthermore, it also contains thez parameters of the
spin-32 resonances and the cutoffsL of the form factors at all
vertices. In the case of the nonresonant background we h
the couplings of the scalar and vector mesons to the nuc
and the cutoffs at those vertices. The vector meson dec
are calculated with the couplings fixed to Eq.~13!. Only
gghr0 andgghv have been allowed to vary in the fits becau
the corresponding decay widths are only known to ab
25%.

As has been explained in Sec. II B, only resonances w
spin 1

2 and 3
2 have been taken into account. These a

S11(1535), S11(1650), P11(1440), P11(1710), D13(1520),
D13(1700), S31(1620), P33(1232), P33(1600), and
D33(1700). Furthermore, the potential containst-channel
contributions from the hadronic and electromagnetic dec
of the vector mesonsr, v, a0 , andK* . For the coupling of
the v to the nucleon, the values

gvNN57.98, kvNN520.12 ~25!

have been used@9,22#. The dependence of the electroma
netic couplings of theP33(1232) on thevNN couplings has
been investigated in@10,13,14#. Mainly due to the
v-exchange contributions to theM11

3/2 multipole both cou-
plings g1 and g2 of the P33(1232) are influenced by varia
tions in gvNN andkvNN . Therefore, also the extractedE/M
ratio is somewhat sensitive to the values of those couplin
In principle one could go ahead and also determinegvNN and
kvNN through fits to the data. However, we have not chos
to do so, because we feel that the pion photoproduction d
alone do not offer enough sensitivity to reliably determi
the vNN couplings. In view of the aim of this study to fin
a simultaneous description of all included channels the
induced error in theP33(1232) couplings is acceptable.

A. Reaction channels and database

The hadronic database has been described in@1# and con-
sists of partial-wave analysis~PWA! results for bothpN
→pN,ppN @3,5,7# and cross section and polarization da
for p2p→hn,K0L. Because of the much larger databa
used in the SM95 PWA as compared to the KA84 solutio
we only use the SM95 data and the corresponding param
set of @1# in this calculation.

~i! gp→gp. Differential cross section data from variou
measurements@31# have been used in the fits. Furthermo
we include the LEGS data on photon polarizations@32#; the
old data on the recoil polarization from Wadaet al. @31# have
not been used here. Since, from the helicity couplings gi
in @17#, we expect sizable contributions from spin-5

2 reso-
nances@D15(1675) andF15(1680)# not taken into accoun
here, we fit the Compton data only for energies,1.6 GeV.
Only in this energy range can we be sure that all resona
contributions are taken into account.

~ii ! gN→pN. In this channel we use the single-ener
data of the multipole analysis SP97@7#. In principle, also
another analysis~MA97 @33#! is available, based mainly on
the latest MAMI and ELSA data. This analysis, howeve
only covers the energy region,1.35 GeV. Because of this
restriction, we do not use it in our fits. Nevertheless, diffe
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466 PRC 59T. FEUSTER AND U. MOSEL
ences between the two solutions SP97 and MA97 and ou
are shown in some of the plots. In a later stage of the inv
tigation it would be very interesting to perform restricted fi
using the MA97 data. This could allow one to investigate
dependence of theP33(1232) couplings on the multipole
analysis used.

Unfortunately, the spreading of the single-energy d
SP97 is much larger than for thepN analysis SM95. In order
to further restrict the parameters, we also use the spe
calculated from the energy-dependent solution SP97 in
fits. However, some precautions are necessary when in
porating these data, in particular near the resonance posi
of theP11(1710) and theD13(1700). Even though a resona
structure cannot be ruled out from the SP97 single-ene
solution, the SP97 speed data are smooth in the vicinity
both resonances. In our calculation, however, we always
resonant structures, even for resonances coupling
weakly togN. For energies near these resonances, there
no fit to the SP97 speeds is possible. For this reason
speed data for the resonant multipoles were not used nea
P11(1710) and theD13(1700) in our fit.

~iii ! gN→hN. In the energy range below 1.54 GeV w
only use the very precise data of Kruscheet al. @34# for the
differential and total cross section. For energies above
only sparse data from different groups are available@35#. For
the total cross section there are also data from ELSA@36# for
eta electroproduction at very smallk2 (520.056 GeV2), but
no differential cross sections. From measurements on de
rium targets also neutron-to-proton ratios have been
tracted@37#. Furthermore, a few target asymmetry data
available@38#. The latest measurements at GRAAL on ph
ton asymmetries, however, are not yet published.

~iv! gp→K1L. Here, the best data come from th
SAPHIR experiment@39#. The older measurements of diffe
ential cross sections andL polarizations@40# have been care
fully investigated by Adleseck and Saghai@23#. Because of
systematic deviations of certain data sets, the error bar
these data have been enlarged. In our fits we also use t
newly assigned errors.

The fits are labeled~as in @1#! by the pN PWA used to
determine the hadronic parameters and the type of form
tors for thes- andt-channel resonances. An additional num
ber indicates the method used to gauge the Born contr
tions: ~i! Ohta’s method@26# with fixed hadronic parameters
~ii ! Ohta’s method with all parameters fitted, and~iii ! Hab-
erzettl’s method@27# with fixed ai ’s @cf. Eq. ~23!#. Further-
more, from the fits performed for the hadronic channels, i
obvious that the exponential formFe leads to larger values
of x2 as compared to the other form factorsFp and Ft .
Therefore, we do not use the parametrizationFe for the case
of photon-induced reactions. Finally, since the fits perform
in @1# usingFp andFt lead to very similar descriptions of th
data, we limit ourselves to fits starting from the parameter
SM95-pt ~given in @1# and also in the Tables III–V!. Here
one must keep in mind that the use of different parametr
tions for the form factors introduces a source of system
error that can be of comparable size to the statistical un
tainty induced by the error of the data.

In summary, the fit results are then labeled by SM95-p
SM95-pt-2, and SM95-pt-3, standing for the SM95 parti
wave analysis ofpN scattering of the Virginia group@7#, all
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using the form factorFp from Eq. ~4! for all vertices with
propagating hadrons andFt from the same equation for th
t-channel diagrams. They employ Ohta’s gauge-fixi
method with hadronic parameters determined from a fit
hadronic channels alone, Ohta’s gauge-fixing method w
all parameters refitted to all channels, including the pho
nuclear ones, and Haberzettl’s gauge-fixing method, res
tively.

B. Fit with fixed hadronic parameters

In a first fit, we allowed only the electromagnetic co
plings to vary. All other values of masses and decay wid
were taken from the parameter set SM95-pt of@1#. Using the
procedure of Ohta to restore gauge invariance, the par
eters have been determined by a simultaneous fit to the
database as described above.

In Figs. 1–9 we show the results of this fit as dotted lin
together with the other fits described below. From the plot
is clear that the experimental data in all channels can
reproduced rather well. The improvement over our old no
unitary calculation@22# using theT-matrix approximation
~also shown in Figs. 1–3! is obvious.

1. Comparison to a T-matrix calculation

One of the most noticeable differences between the
culations performed here and those in Ref.@22# is the im-
provement in the description of theE11

3/2 and M22
n multi-

poles. In the case ofE11
3/2 , it is well known that only a correct

treatment of the rescattering allows a quantitative descrip
of this channel. The reason for this can best be seen in
10, where a calculation with bothP33(1232)Ng couplings
set to zero is shown. Even with no direct coupling to t
resonance, the structure of the data in theE11

3/2 multipole can
already be reproduced quite well. This shows that the res
tering is responsible for the shape of this multipole and
the direct excitation of theD. From this it is obvious, why
our old model@22# failed in describing this multipole.

In @22# we have speculated that the same might be true
the M22

n multipole, but Fig. 10 shows that this is not th
case. Direct coupling of the resonance is essential to desc
the data for bothE22

n and M22
n multipoles. Therefore, the

poor fit in the old calculation was obviously driven by th
contributions of theD13(1520) to some other multipole
These were most likely the off-shell contributions that a
not treated correctly in theT-matrix approximation. One im-
portant deficiency in this approximation is the appearance
spurious resonancelike structures~e.g., E11

p,n , M11
p,n , E01

3/2 ,
and M12

3/2). These are induced by the off-shell contributio
of the spin-32 resonances. As has been demonstrated in@1#,
these structures are an artifact of theT-matrix approximation
and do not appear in a unitary calculation. Therefore,
investigation of off-shell contributions of spin-3

2 resonances
and the correspondingz parameters, as has been done
cently by Mizutaniet al. @41#, is not very meaningful in a
T-matrix calculation. Without dynamical rescattering, thez
parameters are mainly adjusted to minimize the induced
shell structures and reveal only little about the nature of
spin-32 resonances. From what we have said about theM22

n
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FIG. 1. Results for the proton multipoles o
pion photoproduction together with the data fro
SP97 @7#. Shown are all three fits: SM95-pt-1
~dotted line!, SM95-pt-2 ~dot-dashed line!, and
SM95-pt-3 ~solid line!. For comparison we also
show the results of aT-matrix calculation@22#
~dashed line!.
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multipole, it furthermore seems that also some resona
couplings are influenced by this effect.

Also, the dynamical generation of the imaginary parts
the amplitudes leads to an improved fit. Especially in ca
where the Born terms dominate the amplitude, the old ca
lation did not generate the correct imaginary part (E01 ,
E11

p,n , andM11
p,n). This is also easily understood, since in t

T-matrix approach the Born terms are purely real.

2. Compton scattering

This is the one of the first attempts to calculate Comp
scattering in a dynamical model beyond theD resonance.
Therefore, we are for the first time able to check if the d
on Compton scattering and meson photoproduction can
described using the same helicity couplings for the vari
resonances. As can be seen from Fig. 9, we are able to fi
available data on Compton scattering very well. Both
differential cross section and the photon asymmetryS are
reproduced over the whole energy range. From this we c
clude that the Compton data are indeed compatible to
experimental results for the photoproduction channels.
ce

f
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n
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s
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e

n-
e

The main contributions to the cross section come from
Born s- and u-channel diagrams and the resonanc
P33(1232) andD13(1520). This can be seen from Fig. 1
where a decomposition of the differential cross section i
the individual contributions is shown. It is also obvious th
the p0 and h t channel diagrams have a small influen
under backward angles only. For energies below 1.6 GeV
other resonance contributions could be safely neglec
none of them exceeds 5 nb/sr.

Furthermore, in our calculation there is no need for
additional attenuation factor for the Born terms, as int
duced by Ishiiet al. @31# (x5cosu):

ÃBorn5ABorne
2C~12x!, ~26!

with a free parameterC fitted to the Compton data. Th
strong backward peaking of the Born contributions is an
tifact of theT-matrix approximation employed by Ishiiet al.
and does not persist once the amplitudes are properly u
rized. To illustrate the difference between theK- and
T-matrix calculations, we show in Fig. 12 the Borns- and



n

468 PRC 59T. FEUSTER AND U. MOSEL
FIG. 2. Same as Fig. 1, but for the neutro
multipoles.
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u-channel contributions to the differential cross section e
ploying bothK- andT-matrix approximations. The inclusio
of mainly pN rescattering leads to an enhancement of
cross section under forward angles and to the abo
mentioned reduction under backward angles. Therefore,
are able to fit the Compton data without an additional fac
e2C(12x).

For the photon asymmetryS we also show the results o
the isobar model of Wadaet al. @31# in the lower part of Fig.
9. Obviously, thisAnsatzis not able to describe the dat
Both the magnitude and shape are in disagreement with
experimental results. The dispersion relation calculations
L’vov @42#, on the other hand, can reproduce the polarizat
data very well. In this region they practically coincide wi
our results, whereas for energiesAs'1.08 GeV both ap-
proaches differ by a factor of 2.

This observation allows us to investigate the validity
theK-matrix approximation in some detail. The main diffe
ence to the dispersion relation calculation performed in@42#
is the on-shell approximation forGBS in Eq. ~2!. Therefore,
in our calculation thepN intermediate state does not co
tribute belowmN1mp'1.08 GeV. Taking also the off-she
-

e
e-
e
r

he
of
n

f

propagation into account~as the dispersion relation implic
itly does!, the Compton scattering ‘‘sees’’ thepN channel
already for lower energies. This is the main reason for
different results inS within about 50 MeV around thepN
threshold. We thus conclude that the off-shell ‘‘tails’’ of th
propagatorGBS do not extend much farther than'50 MeV.
This observation is in agreement with the results of Pea
and Jennings@4#, who found that a rather soft off-shell cuto
in GBS is needed (L'300 MeV) to describe thepN phase
shifts. Thus, it seems that theK-matrix approximation yields
reliable results for energies not too close to a meson prod
tion threshold.

3. Eta photoproduction

Looking at the overall result from our fit, we find that a
major structures of the data are also visible in the calculat
Only for a few channels can significant deviations from t
data be seen. The most prominent of these can be foun
eta photoproduction below 1.6 GeV~cf. Figs. 4 and 5!. As
we have pointed out earlier, especially in this region hig
precision measurements are already available@34#. Since
forthcoming experiments should yield data with compara
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FIG. 3. Same as Fig. 1, but for theI 5
3
2 mul-

tipoles.
tin
ed
ils

ly
1
, a

re
w

e
ad
to
th

o
he
t
s
ha

the
. This
ure-
ta as
al-

ase.

ow
nly
.75
in
by

s
rm
quality, the eta photoproduction can be seen as a ‘‘tes
ground’’ for all models that try to describe photon-induc
reactions. Only the full description of this data in all deta
might allow an unambiguous extraction of theS11(1535)
resonance parameters.

From the differential cross section it is clear that main
the absolute magnitude is too small for energies below
GeV, whereas the isotropy is well reproduced. Therefore
increase of theS11(1535)pg coupling alone would not im-
prove the overall fit, since it would lead to a drastic overp
diction of the data for energies above 1.5 GeV. From this
conclude that a change in theenergy dependenceof the reso-
nance contribution is needed for a better fit in this chann
Such a change can only result from a variation of the h
ronic masses and couplings; the coupling to the pho
mainly influences the magnitude and not the shape of
S11(1535) contribution.

This observation coincides with the fact that the po
p2p→hn data were responsible for the spread of t
S11(1535) parameters between the different fits carried ou
@1#. Also the smallerhN couplings of the other resonance
could not be extracted reliably. At the moment, it seems t
g

.5
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e
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e
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t

eta photoproduction imposes much stricter constraints on
resonance parameters, as the purely hadronic data does
clearly shows that new precise photoproduction meas
ments need to be accompanied by improved hadronic da
well. Otherwise, extractions of resonance parameters will
ways be handicapped by the quality of the hadronic datab

4. Kaon photoproduction

In the other reaction channels this problem does not sh
up, mainly because of the lack of high-precision data. O
in the case of kaon photoproduction for energies around 1
GeV do we have indications of systematic deviations
backward directions. Here the cross section is dominated
the Born contributions, sincegKLN is rather large ('26,
e.g., compared toghNN'1 – 2). In the hadronic channel
only the product of coupling constant and hadronic fo
factor enters, which is much smaller ('22.5 in the case of
gKLN). Additionally, p2p→K0L is for higher energies
dominated by theK* exchange in thet channel. So the Born
contribution, and thusgKLN , is not well determined by the
hadronic data.
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FIG. 4. Results for the totalgp→hp ~upper
plot! and gp→K1L ~lower! cross sections as
compared to data from@35,40#. In the case of eta
photoproduction the reduced cross section
shown. The line codes are those of Fig. 1.
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In kaon photoproduction, however,gKLN plays a domi-
nant role, since in the Ohta prescription the influence of
hadronic form factor is completely removed. Furthermo
the contribution from the charge of the proton is not cance
by a similar u-channel contribution, as is the case inp0

production. Because of the hidden strangeness in theKL
final state, we have aL ~or S! propagating in the crosse
diagram that only exhibits magnetic coupling~as inp1 pro-
duction!. Since all major contributions are therefore fixe
from the outset, the fit could only be improved by reduci
the photon coupling of theS11(1650). The resulting value
(A1/2

p 53131023 GeV21/2) is significantly smaller than the
number deduced from pion photoproduction (A1/2

p 569
31023 GeV21/2 @7#!. In our fit to the combined data of bot
channels theE01

p data on pion photoproduction obviously d
not play such an important role as the kaon photoproduc
data because of the large uncertainty of the former in
region of theS11(1650).

Already with fixed hadronic parameters we obtain a go
overall fit. From the observed deviations it is clear tha
further improvement can only be achieved by simultaneou
varying some of the hadronic parameters as well. Before
show the results for such combined fits, we want to str
again that already with fixed hadronic parameters a rea
e
,
d

n
e

d
a
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e
s
n-

able description of all data is possible. Especially due to
dynamical rescattering, the main shortcomings of aT-matrix
calculation have been resolved.

C. Global fit using Ohta’s prescription

In this section we now discuss the results of a global fit
all hadronic and photon-induced channels in which also
hadronic parameters are allowed to vary. Ohta’s prescrip
was used to gauge the hadronic form factors. The results
also shown in Figs. 1–9.

1. Compton scattering

Looking at the plots for the different reaction channe
we in general find only a slight improvement using SM9
pt-2. In the case of Compton scattering, the fit with fix
hadronic parameters already describes the data rather
so that the new fit leads only to a relatively small decreas
xgg

2 (7.15→5.20). Since the main contributions here com
from the Born terms and theP33(1232) andD13(1520) reso-
nances, the changes in the differential cross sections can
ily be explained by the slightly different helicity coupling
found in both fits. For theP33(1232) bothA1/2 andA3/2 are
reduced and lead to the observed reduction for energies u
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FIG. 5. Comparison with data for the calculated differentialgp→hp cross sections at different energies. The data points are taken
@34# ~d! and @35#; our results are shown with the same line codes as in Fig. 1.
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1.3 GeV. In contrast to this, the increase in theD13(1520)
helicities increases the interference with the other contri
tions to Compton scattering. Therefore, the cross sectio
reduced slightly in this case as well.

2. Pion photoproduction

For pion photoproduction the reduction ofxgp
2 /DF is due

to the better fit of theM11
3/2 multipole. The increase in

xpp
2 /DF comes mainly from theS11 channel, since the

S11(1535) parameters exhibit the largest changes as c
-
is

-

pared to the SM95-pt-1 values. Except from this we n
only minor changes, mainly for channels where the ba
ground is dominated by the Born contribution~e.g.,M12 and
E11

p,n). Accordingly, the values for the helicity couplings w
extract are very similar for both fits SM95-pt-1 and SM9
pt-2. In general, the agreement with the PDG values is q
good. We find serious discrepancies for theS11(1650) ~for
the reasons discussed in the last section! and for both the
P13(1720) andD33(1700). That we find no agreement in th
case of theD13(1700) comes as no surprise, keeping in mi
that this state is not well established and is found at rat
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FIG. 6. Polarization observablesS, P, andT for gp→hp as compared to the data for different energies. For the photon asymmeS
also the calculation of Kno¨chleinet al. @43# is shown~- -!. The data points are taken from@35,38#, our results are shown with the same lin
codes as in Fig. 1.
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different energies in the different analyses. Furthermore,
helicity couplings are known to be small and have very la
error bars.

For both theP13(1720) andD33(1700) the background is
mainly due to the Born terms. As can be seen from Im(E11

p ),
Im(M11

n ), and Re(E22
3/2), this background is too large fo

higher energies. Accordingly, the helicity couplings of bo
resonances are adjusted to compensate this contribution
pecially for theD33(1700) it is obvious that no good fit to th
multipole data is possible with this large background.
e
e

Es-

3. Eta photoproduction

The drastic reduction ofxgh
2 /DF (6.09→3.00) is accom-

panied by only a small increase ofxph
2 /DF (1.73→1.95), so

that we have an overall decrease for both channels (4
→2.56). Furthermore, the dramatic increase of t
D13(1520)Nh-decay width again shows the importance o
global fit to the full data set. Fits to the hadronic data alo
always yield very small values for this decay ('10 keV),
whereas the combined fits are much closer ('50 keV) to the
values found elsewhere~e.g., '130 keV in @18#!, if one
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FIG. 7. Neutron/proton ratios and the isospin asymmetryI for gp→hp as compared to the data for different energies. The data po
are taken from@37#; our results are shown with the same line codes as in Fig. 1.
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takes into account the lower mass of theD13(1520) found
here. In addition also thehN-decay width of theS11(1535)
significantly increases. As can be seen from Figs. 4 an
this increase is driven by the better fit to the cross secti
close to threshold.

Since we now have a reasonable agreement with the
cise data of Kruscheet al. @34#, we can turn to the extracte
polarization observables. The results for the polarized pho
asymmetryS, the recoil nucleon polarizationP, and the po-
larized target asymmetryT are shown in Fig. 6, together wit
the few data points available and the calculations
5,
s

e-

n

f

Knöchleinet al. @43# for the photon asymmetries. The agre
ment with their calculation up to 1.6 GeV is obvious. Sin
S is dominated by theD13(1520) contribution, it seems tha
thehN coupling of this resonance is already well determin
by the differential cross section. In contrast to this, we
not able to reproduce the target asymmetries for the
energies. At threshold none of our fits shows the measu
forward-backward asymmetry. This is in agreement with
results of@43#, which practically coincide with ours in this
energy region. In a recent analysis Tiator and Kno¨chlein@44#
have investigated the target asymmetry in a more phen
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FIG. 8. Comparison with data for the calculated differentialgp→K1L cross sections andL polarizations for different energies. The da
points are taken from@39# ~h! and @40#; our results are shown with the same line codes as in Fig. 1.
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on/
enological approach and have shown that a reasonable
scription of all data is only possible if one assumes a rat
large, energy-dependent phase between theS11 andD13 con-
tributions; such a phase is obviously not present in our
sults. For the higher energies we find no consistent results
all three polarization observables. Above theS11(1535) reso-
nance the small contributions of the various resonances
pling to hN interfere strongly with each other and with th
background contributions. Further detailed investigatio
have to show if the sensitivity ofS, P, andT to small con-
tributions can be used to uniquely disentangle the differ
de-
r

-
or

u-

s

t

resonances. At the moment we can only observe that
polarization observables are not well determined from the
to the differential cross section alone.

In addition toS, P, andT we also show our results for th
neutron/proton ratios of the differential cross sections. Fr
Fig. 7 it can be seen that the few data points do not
strong constraints on the fits because of their large error b
Nevertheless, it seems as if the helicity coupling of the n
tral S11(1535) deduced from theE01

n multipole from pion
photoproduction is too small to yield the measured neutr
proton ratios.
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FIG. 9. Comparison with data from@31,32# for the calculatedgp→gp differential cross sections~top! and photon asymmetries~bottom!.
The line codes are those of Fig. 1. Also shown are the result of the isobar model of Wadaet al. @31# ~dot-dashed line! and the dispersion
relation calculation from L’vov@42# ~dashed line!.
th
s
a

F
d
o

r-

ym-

l
of
to
We find large variations ofdsn /dsp for the higher ener-
gies. From the differential cross section it can be seen
dsp /dV is rather small for forward and backward angle
Therefore, our results are extremely sensitive to the ex
numbers obtained fordsp/dV in the calculation in these
regions. This indicates thatdsn /dsp is not a good quantity
to investigate if one of the cross sections is close to zero.
example, even if there would be data for both channels un
u5180° with an accuracy comparable to the results
Kruscheet al. ~'0.01 mb/sr!, we could still varydsn /dsp
by an order of magnitude without losing the fit to the diffe
at
.
ct

or
er
f

ential cross sections. Therefore, we define an isospin as
metry I similar to the polarizations,

I5
dsp2dsn

dsp1dsn
, ~27!

which is limited to21<I<1. Besides this more technica
advantage it also has a simple interpretation in terms
isoscalar-isovector couplings, provided one contribution
the amplitudes is dominant:
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FIG. 10. Influence of the rescattering on some of the multipoles. Shown are the results for the fit with fixed hadronic parame
~solid line! and without~dashed line! direct resonance coupling. Left:P33(1232) andE11

3/2 andM11
3/2 multipoles. Right:D13(1520) andE22

n

andM22
n multipoles.
y
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I5
~gs1gv!22~gs2gv!2

~gs1gv!21~gs2gv!2 . ~28!

Obviously,I vanishes only if eithergs or gv vanish. If the
coupling to the proton (gs1gv) or to the neutron (gs2gv)
vanishes,I takes on its maximum values71. Furthermore,
in the case of one dominant amplitudeI should be rather
isotropic.

FIG. 11. Comparison of contributions to the differentialgp
→gp cross section~data from@31#!. Full calculation using SM95-
pt-2 ~solid line!, without thep0 andh contributions in thet channel
~dotted line!, Born s- and u-channel diagrams only~dashed line!.
Left: P33(1232) contributions only ~dot-dashed line!. Right:
D13(1520) contribution only~dot-dashed line!.
The results forI are shown in Fig. 7. It can be clearl
seen that two different production mechanisms for forwa
and backward angles develop above 1.6 GeV. Below
energy the amplitude is dominated by theS11(1535) contri-
bution. The positive value for the higher energies in forwa
directions can be understood from the then dominantr andv
contributions to eta photoproduction. Since both add up
the proton case and have opposite sign for the production
the neutron, we would clearly expectI.0. Even the magni-
tude can be explained in this simple picture: takinggghr0

51 andgghv50.3 we readily obtainI50.55 from Eq.~28!.

FIG. 12. Influence of the rescattering on the nucleons- and
u-channel contributions to Compton scattering. Shown are the
ferential cross sections for two energies for theK-matrix calculation
~solid line! and using theT-matrix approximation~dashed line!.
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Under backward angles the situation is more complica
since we there do not have one dominant contribution to
cross section. Here the Born terms, which are determine
eN andkN , play an important role. Already these two co
plings alone have different decompositions into isoscalar
isovector couplings. The same is true for the small contri
tions of the nucleon resonances. Therefore, one would
expect a simple explanation for the extracted values ofI in
this region.

In summary, we find that the quality of the fits natura
improves, once we allow the hadronic parameters to read
The improvement is most significant in eta photoproducti
Mainly the resonancesS11(1535) andD13(1520) are affected
by such a readjustment. For the other hadronic parame
the masses of the resonances and the branching fraction
not change in a global fit using Ohta’s method@except for
S11(1535) andD13(1520), as explained above#. The partial
decay widths vary, but only in some cases@P33(1600), GzN

346 MeV→494 MeV and D33(1700), GzN 477 MeV
→337 MeV# are the changes significant. Furthermore,
have found that the fits cannot be improved in channels
are dominated by Born contributions. Since we have u
Ohta’s prescription to restore gauge invariance for both
the contributions of the Born terms are nearly unchang
From this we conclude that a further improvement is o
possible if the couplings to the charge of the nucleon, pi
and kaon are also changed by the inclusion of a form fac

D. Global fit using Haberzettl’s prescription

From thex2 values~Table I! it is obvious that already a fi
with fixed ai ’s leads to a further improvement. We find th
mainly the better fit to the Compton scattering and the p
production data is responsible for this, whereas thex2 values
for the other channels remain fairly constant.

1. Compton scattering

The main improvement can be found in the fits to t
differential cross sections at higher energies~cf. Fig. 9!.
Looking at the photon asymmetryS, one is tempted to con
clude that the fit SM95-pt-3 is worse than SM95-pt-1,2. T
solution to this puzzle is that, in thex2 analysis, theS data
around 1.2 GeV are more important than the other poi
since their error bars are much smaller. Since these t
points are reproduced better in SM95-pt-3, thexgg

2 does not
increase, even though the slope of the data seems to b
scribed better using the other two fits.
d,
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2. Pion photoproduction

In pion photoproduction the most significant changes c
be seen in theE11 ,M11 andE22 ,M22 mutipoles. This can
be understood from theAnsatz F̃p5 1

3 @F(s)1F(u)1F(t)#,
Eq. ~23!. The Born contributions to thes-wave multipoles
E01 , for example, are mainly affected byF(s), sinceF(u)
andF(t) induce angular-dependent modifications. Therefo
the changes in thes-wave contributions are not very large fo
energies,1.5 GeV. Also the larger changes in the helici
amplitudes of thePI3 andDI3 resonances~cf. Table II! show
that theSI1 and PI1 channels are affected only for highe
energies@e.g., for theP11(1710)#.

An interesting effect can be seen for the changes in
E22

3/2 andM22
3/2 multipoles as compared toM22

n . For the first
two we have already concluded in Sec. IV C that an i
proved description might only be found by changing t
Born contributions. This can now be confirmed using Ha
erzettl’s method. Also, the helicity couplings of th
D33(1700) are now in somewhat better agreement with
PDG values, as can be seen in Table III. Obviously,F̃p led
to a significant reduction of the nonresonant background~cf.
Fig. 3!. SinceF̃p does not depend on isospin, we expect
have a similar reduction forE22

p,n and M22
p,n . That this is

indeed the case can be seen in Figs. 1 and 2. In all
multipoles the agreement to the data for energies,1.5 GeV
is reduced due to the smaller background. The readjustm
of theD13(1520) parameters in fit SM95-pt-3 then results
some deviations, mainly in theM22

n multipole, since there
the error bars are largest. From this we conclude that SM
pt-3 represents a compromise between the improvemen
the D33(1700) case and the larger deviations for the mu
poles containing theD13(1520).

Additionally, in all three fits we find that we overestima
theE01

p,n multipoles for energies around 1.3 GeV~Figs. 1 and
2!. Only part of this is due to theS11(1535), as can be see
from Fig. 13, where the results for Re(E01

p ) are shown with
and without this resonance. From this it seems that the ba
ground is too large in this energy region. It is interesting
note that a similar discrepancy was also found in
K-matrix calculation of Deutsch-Sauermannet al. @12#,
where an even larger nonresonant contribution was fo
~cf. Fig. 13!. Since the background for these energies
dominated by the Born terms, it might be possible to find
better description of the data if the parametersai in Eqs.~23!
were also allowed to vary.

3. Eta photoproduction

Since ghNN is small compared togpNN , we find only
minor changes in the case of eta photoproduction. The
onic
rzettl’s
pa-
TABLE I. x2 per data point values for the different fits. First line: Ohta’s method with fixed hadr
parameters. Second line: Ohta’s method with a refit of the hadronic parameters. Third line: Habe
method, all parameters refitted. Also thex2/DF values for the different reaction channels are given se
rately.

x2/DF xgg
2 /DF xgp

2 /DF xgh
2 /DF xgK

2 /DF xpp
2 /DF xpz

2 /DF xph
2 /DF xpK

2 /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 couplings~in units of 1023 GeV21/2) andz parameters for theI 5
1
2 reso-

nances. The first value denotes theAp and the secondAn. First line, PDG values@17#: second line, Arndt
et al. @7#: third line, SM95-pt-1: fourth line, SM95-pt-2: fifth line, SM95-pt-3.

L2I ,2S A1/2 A3/2 z1 z2

S11(1535) 70612 246627 – – –
60615 220635 – – –

93 243 – – –
101 260 – – –
106 263 – – –

S11(1650) 53616 215621 – – –
6965 21565 – – –

31 228 – – –
33 223 – – –
45 226 – – –

P11(1440) 26564 40610 – – –
26365 45615 – – –

273 51 – – –
266 55 – – –
284 47 – – –

P11(1710) 9622 22614 – – –
7615 22615 – – –

8 24 – – –
4 4 – – –

19 219 – – –
P13(1720) 18630 1615 219620 229661 – –

215615 7615 7610 25625 – –
36 20 23 32 0.028 22.840
30 23 51 28 20.282 22.760
23 2 75 217 20.852 1.086

D13(1520) 22469 25969 16665 2139611 – –
22067 24868 16765 2140610 – –

26 246 140 2150 20.323 21.361
29 247 152 2157 20.256 21.244

3 247 136 298 20.265 20.475
D13(1700) 218613 0650 22624 23644 – –

216614 6624 29612 233617 – –
20 26 220 24 21.734 1.372

234 34 211 18 2.015 20.614
5 47 41 255 21.171 22.322
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ferential cross section in backward directions is larger
energies,1.7 GeV; above this energy we have a reduct
as compared to SM95-pt-1,2. This is due to the change
the interference of the Born terms with ther and v contri-
butions. Since we have no dominant resonance in this en
range, these changes can be easily observed.

4. Kaon photoproduction

For the kaon channels, bothxgK
2 (3.91→4.09) andxpK

2

(3.77→4.21) increase slightly as compared to SM95-pt
Obviously, in the case of kaon photoproduction the effec
F̃K is largely compensated by the increase ofgKNL (26.25
→28.65; cf. Table IV!. Since F̃K5 1

2 @F(s)1F(t)#, this
compensation cannot be complete. Because of thet depen-
dence ofF̃K , a small reduction under backward angles an
r
n
in

gy

.
f

a

similar increase in forward directions are expected. The c
culated differential cross sections indeed show this beha
~Fig. 8!. It can be seen that the use ofF̃K does not lead to an
improved description of the cross sections.

In contrast to this, theL polarizations can clearly be re
produced better using SM95-pt-3. Especially close to thre
old we find the polarization to have the right sign and ma
nitude, in contrast to the other fits SM95-pt-1,2. Respons
for this improvement are not the changes in either Born
S11(1650) parameters, but mainly theP11(1710) pg cou-
pling that increased by a factor of 2 in SM95-pt-3~cf. Table
II !.

In summary, we find that Haberzettl’s method, aside fro
its theoretical appeal in that it incorporates the physical c
straints on all momenta, also leads to a better fit, mainly
the Compton scattering and photopion channels. In a ca
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lation in which also the parametersai in Eq. ~22! are allowed
to vary, even more significant improvements can be obtai
@27#.

V. PARAMETERS AND COUPLINGS

After the more phenomenological discussion in the l
section we now want to focus on the extracted paramet
To this end we first investigate the nonresonant coupli
and after that the resonance parameters as found in the
ferent fits.

TABLE III. Extracted helicity couplings ~in units of
1023 GeV21/2) andz parameters for theI 5

3
2 resonances. Notation

as in Table II.

L2I ,2S A1/2 A3/2 z1 z2

S31(1620) 27611 – – –
35620 – – –

0 – – –
0 – – –

24 – – –
P33(1232) 214065 225866 – –

214165 226165 – –
2132 2253 20.534 1.372
2129 2244 20.512 1.351
2126 2233 20.267 20.658

P33(1600) 223620 29621 – –
218615 225615 – –

212 235 0.456 22.345
214 244 20.202 24.493
226 252 2.782 24.479

D33(1700) 104615 85622 – –
90625 97620 – –

102 172 20.630 0.532
83 139 22.446 0.664
75 98 0.462 20.862

FIG. 13. Different contributions to Re(E01
p ). Full calculation us-

ing SM95-pt-2~solid line!, SM95-pt-2, but without theS11(1535)
~dashed line!. The dot-dashed and dotted lines show the results
@12#, both with and without theS11(1535).
d

t
rs.
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A. Background parameters

In Table IV we list the final values for the couplings o
the mesons to theN and L and also those forgghr0 and
gghv . The other photon-decay couplings of the mesons h
been kept at the values given in Eqs.~13!. For these the
errors deduced from the uncertainties in the decay width
of the order;5%, whereas forgghr0,v we have;25%.
Furthermore, only in eta photoproduction do we have so
sensitivity on the background couplings also at higher en
gies because there is no dominant resonance contribu
From previous studies@29,11,12# it is also known that in this
channel we have a large cancellation between the Born c
tributions and ther and vt-channel exchanges. This als
enhances the sensitivity of the fits onto the parame
gghr0,v .

For gpNN and ghNN obviously all fits yield very similar
results, comparable to the SM95-pt-1 values, which h
been deduced in@1# from the hadronic data alone. ForgpNN
this comes as no surprise, since this value has already
extracted many times consistently from hadronic and phot
induced reactions.

In the case ofghNN other groups find somewhat large
values than the ones deduced here: 2.24 from eta photo
duction @29#, 6–9 fromNN potentials@45#. In our analysis
the main sensitivity comes from the data under backw
angles for bothp2p→hn and gp→hp. Interestingly, the
values we find are even smaller than those from other fit
eta photoproduction: Benmerroucheet al. find ghNN;5 in a
T-matrix calculation using effective Lagrangians@11#. In
contrast to that Tiatoret al. @29# deduce 2.24 from a mode
that tries to incorporate unitarity by the use of energ
dependent phases at theRNg vertices. Since we also find
somewhat smaller cross sections (;10%) using the
T-matrix approximation, our even smaller valuesghNN
;1.0 might be due to rescattering effects. Especially, si
we have the above-mentioned cancellations between di
ent nonresonant contributions, the extracted values for
background couplings are rather sensitive to the approxi
tion used.

For thegKNL we have a totally different situation. Here
the fits using Haberzettl’s prescription find a much larg
value than those using no form factor at the charge contr
tions. However, as we have already pointed out in Sec. IV
the effectivecoupling g•F̃ is of the same order for all fits
f

TABLE IV. Couplings of the mesons to the nucleon andgghr0,v

as obtained in the fits. First line, SM95-pt-1: second line, SM9
pt-2: third line, SM95-pt-3.

g Value g Value k Value g Value

gpNN 13.05 grNN 2.35 krNN 2.26 gghr0 1.12
13.05 1.94 3.44 1.08
13.09 2.07 3.01 1.05

ghNN 1.13 ga0NN 0.18 – – gghv 0.20
1.01 0.52 – – 0.23
0.36 0.41 – – 0.36

gKNL 26.12 gK* NL 26.52 kK* NL 20.43 – –
26.25 25.82 20.42 – –
28.65 25.99 20.45 – –
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e.g.,g•F̃523.79 for SM95-pt-3. This coupling is therefor
a very good example of it not making sense to compare
bare couplings deduced from differentAnsätze, reactions, or
models once form factors have been taken into account.

Since we are now able to describe both the meson-
photon-induced production ofKL using rather small value
gKNL (;26), it seems that the discrepancy in the SU~3!
predictions @;2(10.3– 16.7)# cannot be removed easily
But as can be seen from SM95-pt-3, only the effective c
pling is determined by the fits. Therefore, the SU~3! values
can of course be used, as long as one introduces a sui
form factor F̃. This is clearly not very satisfactory, since
renders the whole procedure of determininggKNL using
SU~3! questionable. Only from a microscopic model for t
form factor could one judge if a bare couplinggKNL com-
patible with SU~3! would lead to reasonable fits to the da

One other solution to this problem was sought in the
of PS instead of PV coupling at theKNL vertex. The inves-
tigation of kaon photoproduction in nonunitary models~see
@30# for a detailed discussion! suggested that PS couplin
leads to larger values forgKNL , in better agreement with
SU~3!. To check whether this conclusion also holds in
multichannel calculation, we performed a fit starting fro
SM95-pt-2 employing PS coupling. We only show the mo
important results of this fit in Table V. From thex2 values
we can see that both PS and PV yield fits of similar qual
However, we do not find a significant increase ofgKNL

~26.8 instead of26.2). Already thep2p→K0L data alone
are not compatible withugKNLu.10, even though the contri
bution of the Born terms is suppressed by the hadronic fo
factors@1#.

B. Resonance parameters

Finally, we discuss the parameters of the nucleon re
nances as found in the fits. These are collected in Table
III, VI, and VII, where also the PDG values and the results
Arndt et al. @7# for the various helicity couplings are listed
We do not show the results of other models for the pur
hadronic parameters. These and a detailed discussion ca
found in @1#. As can be seen from Tables II and III, th
agreement of the helicity couplings deduced in this work
the PDG values and the values given by Arndtet al. is quite
reasonable. The most important deviations@A1/2

p of the
S11(1535), S11(1650), and theD13(1520) and also forA1/2
of the D33(1700)# have already been addressed in the pre
ous sections. They have been related to the use of additi
data besides the pion photoproduction multipoles and to
influence of the gauge prescription used in the fits.

S11: For theS11(1535) all three fits lead to helicity cou
plings much larger than the PDG values. A similar discre
ancy was also found in the extraction ofA1/2

p from eta pho-

TABLE V. Comparison of SM95-pt-2 and a fit using PS co
pling at theKNL vertex. Shown are only the variousx2 values and
the coupling constantsgKNL , gK* NL , andkK* NL .

x2/DF xgK
2 /DF xpK

2 /DF gKNL gK* NL kK* NL

PV 7.76 3.91 3.77 26.25 25.82 20.42
PS 7.74 3.70 3.41 26.82 26.20 20.43
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toproduction@46#. There resonance parameters very simi
to ours have been found:

mR51.544 GeV,

G tot5212620 MeV,

A1/2
p 5~120626!31023 GeV21/2. ~29!

Furthermore, it has been demonstrated that larger values
mR also lead to a larger width. This trend can clearly
found in our results as well. We therefore confirm the fin
ings of @46# that the eta photoproduction data can only
explained using helicity couplings larger than the PD
value.

Since the PDG value has been extracted using pion p
toproduction data alone, one might think of an inconsisten
between both data sets. Our results show that this is not
case and that both reactions can be described using a
A1/2

p . This observation was first made by Deutsc
Sauermannet al. @12#. There the value ofA1/2

p 5102
31023 GeV21/2 was extracted by a combined fit to pion an
eta photoproduction. For this conclusion the treatment of
rescattering seems to be important, since in aT-matrix cal-
culation using effective Lagrangians a smaller helicity co
pling was deduced (A1/2

p 58731023 GeV21/2 @22#! from the
pion data.

The values forA1/2
p of the S11(1650) are found to be

smaller than the PDG values. It is mainly determined by
KL channel, as has been discussed in the last section.
indeed it seems that this small value is in contradiction
pion photoproduction. Unfortunately, the data on theE01

p

multipole are not very good in this energy range. Therefo
they do not constrainA1/2

p very much. Especially a bette
determination of Im(E01

p ) would help to clarify this situation.
P11: In the case of theP11(1440) the fits SM95-pt-1,2

agree very well with the values obtained elsewhere. Only
SM95-pt-3 do we find a somewhat larger coupling (A1/2

p

528431023 GeV21/2). Nevertheless, the fit to theM12
p

multipole is still as good as for the other two fits. The chan
in A1/2

p is therefore due to the use of Haberzettl’s prescr
tion, which leads to a reduction of the Born contributions

For the second resonance we also find larger coupli
once we allow for a residual form factorF̃. Unfortunately,
the data for pion photoproduction are not good enough
constrain the fit. As we have discussed in Sec. IV D,
increase ofA1/2

p in SM95-pt-3 is mainly driven by the data o
the L polarization in kaon photoproduction.

P13: In this channel we are not able to describe the ima
nary part of the multipoles. There are indications for a s
ond state with these quantum numbers@P13(1879) @5##,
which was not taken into account here. Maybe the inclus
of an additional resonance would lead to a better fit. Acco
ingly, the couplings that we find are not well determined a
vary between the different fits.

D13: For theD13(1520) the most obvious deviation from
the PDG values is forA1/2

p (26 in SM95-pt-1 as compared t
22469). In the multipoles this shows up in theM22

p chan-
nel, where we miss the imaginary part by roughly 20%. T
disagreement is clearly driven by the simultaneous desc
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TABLE VI. Extracted resonance parameters. Notation as in Table IV. The signs of the couplings are
in brackets.

M G tot GpN GzN GhN GKL

L2I ,2S @GeV# @MeV# @MeV# @%# @MeV# @%# @MeV# @%# @MeV# @%#

S11(1535) 1.543 151 56(1) 37 5(1) 3 90(1) 60 – –
1.553 213 67(1) 31 6(1) 3 140(1) 66 – –
1.549 215 67(1) 31 13(1) 6 135(1) 63 – –

S11(1650) 1.692 209 155(1) 74 41(1) 20 0(2) 0 13(1) 6
1.689 216 167(1) 77 37(1) 17 0(2) 0 12(1) 6
1.684 194 141(1) 73 43(1) 22 1(2) 1 9(1) 5

P11(1440) 1.448 334 202(1) 60 132(1) 40 0.95a 0 – –
1.438 300 178(1) 59 122(1) 41 21.00a 0 – –
1.479 513 316(1) 62 197(1) 38 2.79a 0 – –

P11(1710) 1.727 266 1(1) 0 138(2) 52 89(1) 33 38(1) 14
1.724 272 0(1) 0 134(2) 49 115(1) 42 23(1) 8
1.709 284 0(1) 0 145(2) 51 90(1) 32 49(1) 17

P13(1720) 1.771 344 74(1) 22 241(1) 70 24(1) 7 5(1) 1
1.776 396 89(1) 22 270(1) 68 30(1) 8 7(1) 2
1.801 637 135(1) 21 475(1) 75 23(1) 4 4(1) 1

D13(1520) 1.510 101 58(1) 57 43(2) 43 10b(1) 0 – –
1.512 110 58(1) 53 52(2) 47 49b(1) 0 – –
1.512 93 52(1) 56 41(2) 44 43b(1) 0 – –

D13(1700) 1.901 359 35(1) 10 300(1) 84 24(2) 7 0(1) 0
1.910 222 34(1) 15 175(1) 79 13(2) 6 0(1) 0
1.940 412 43(1) 10 309(1) 75 59(2) 14 1(1) 0

S31(1620) 1.598 150 44(1) 29 106(2) 71 – – – –
1.604 173 57(1) 33 116(2) 67 – – – –
1.579 153 32(1) 21 121(2) 79 – – – –

P33(1232) 1.230 110 110(1) 100 – – – – – –
1.229 110 110(1) 100 – – – – – –
1.228 110 110(1) 100 – – – – – –

P33(1600) 1.686 405 59(1) 15 346(1) 85 – – – –
1.743 590 96(1) 16 494(1) 84 – – – –
1.721 485 74(1) 15 411(1) 85 – – – –

D33(1700) 1.675 547 70(1) 13 477(1) 87 – – – –
1.668 408 71(1) 17 337(1) 83 – – – –
1.677 387 55(1) 14 332(1) 86 – – – –

aThe couplingghNR is given instead of the partial width.
bWidth in keV.
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tion of Compton scattering. This is illustrated in Fig. 1
where we show the Compton result using the PDG helic
couplings for theD13(1520). With these values the Compto
data are overestimated by a factor of 2–3, while with o
couplings a good fit to the data is obtained. Also shown
Fig. 14 is the cross section usingonly the P33(1232). It can
be seen that this resonance gives a divergent contribution
energies.1.8 GeV. This is due to the rather large cuto
~L3/2

e '4.0 GeV, see Table VIII! obtained in all fits, which
use the Compton data only up to 1.6 GeV. As a conseque
the P33(1232) gives a large background already at low
energies, accounting for;50% of the cross section in th
D13(1520) region. In this energy range thes- andu-channel
diagrams of theP33(1232) lead to a comparable cross se
tion. Therefore, the small value ofA1/2

p might be forced by
the interference with an unreasonably large background.

To investigate this question in more detail, we have p
formed a fit starting from SM95-pt-2 with a fixed cuto
y

r
n

for

e,
r

-

r-

L3/2
e 51.1 GeV; the Compton scattering cross section o

tained with this value is also shown in Fig. 14. Mainly b
cause of the data in the pionM11

3/2 multipole, the totalx2

increases to 8.70 and the values for the Compton channe
the pion photoproduction are found to bexgg

2 512.44 and
xgp

2 510.88 ~as compared toxgg
2 53.40, xgp

2 56.69 in
SM95-pt-3!. For theD13(1520) the resulting value ofA1/2

p

changed from 3 to26 and is therefore not much closer
the PDG value22469.

Interestingly, in their old isobar model analysis of Com
ton scattering, Wadaet al. @31# found A1/2

p close to our val-
ues, namely,A1/2

p 5212.131023 GeV21/2. Thus it seems
that this value is not dependent on the details of the mo
but is forced by the Compton data; here clearly further
vestigations are necessary.

The changes in the couplings for fit SM95-pt-3 have
ready been discussed in Sec. IV D. There it was shown
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the use of a residual form factor at the Born terms result
large changes of the background amplitudes. Especially
M22

n no good fit can be found in this case.
As in the purely hadronic fits, we find the secondD13

resonance at rather high energies.1.9 GeV. Since we lim-
ited our fits to this energy, we cannot meaningfully extra
the parameters of this resonance. Therefore, the values g

TABLE VII. Fitted hadronicz parameters of the spin-3
2 reso-

nances. Notation as in Table IV.

zpN zzN zhN zKL

P13(1720) 22.200 20.210 21.993 20.421
22.134 20.218 21.938 20.448
20.242 0.226 22.453 20.553

D13(1520) 0.352 20.171 0.823 –
0.311 20.317 0.574 –
0.319 20.658 0.646 –

D13(1700) 21.281 20.990 0.195 22.240
21.434 20.777 0.582 1.383

0.424 0.887 0.516 0.616
P33(1232) 20.306 – – –

20.339 – – –
20.352 – – –

P33(1600) 1.587 0.094 – –
1.532 0.086 – –

20.100 20.753 – –
D33(1700) 0.628 20.212 – –

0.606 20.222 – –
20.681 0.367 – –
in
or

t
en

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

S31: Even without a direct photon coupling of th
S31(1620) we can describe the multipole data quite reas
ably. As in the hadronic case, the background in this chan
is dominated by the Born terms and theP33(1232) contribu-
tion. Therefore, the resonance parameters of theS31(1620)
are very sensitive to thez parameters of theP33(1232). This
can be seen from fit SM95-pt-3, where the sign change
A1/2 is mainly driven by the change ofz2 .

P31: We do not include a resonance in this channel. N
ertheless, we are able to reproduce theM12

3/2 multipole up to
energies ;1.7 GeV. Above that, in the imaginary pa
clearly the contribution of a higher-lying state becomes v
ible. Therefore, we use the data only up to this energy.

P33: In the global fits the hadronic parametersP33(1232)
tend to decrease even further. The numbers found are a
the lower end of the allowed region. An unconstrained
would lead to even smaller values (mR51.226 GeV, GpN

5105 MeV), but the improvement inx2 would be minimal.
Since these small numbers can be understood in terms o
r contribution topN scattering at higher energies~as has
been discussed in@1#!, we have chosen to limit the paramet
range for theP33(1232). The numbers in Table VI, whic
are all at the lower bounds, therefore indicate that the h
ronic parameters of theP33(1232) are still too small, even in
a global fit to all reactions.

All three fits yield somewhat smaller electromagne
couplings for theP33(1232) than the PDG values. As in th
case of theD13(1520), this is due to the inclusion of th
Compton data. A fit without this channel would lead
he
FIG. 14. Sensitivity of the Compton cross section under 90° on the helicity couplings of theD13(1520). Full calculation using SM95-pt-2
~solid line!, result using SM95-pt-2 and PDG values forA1/2,3/2

p of the D13(1520) ~dashed line!, and theP33(1232) contribution only for
L3/2

e 54.0 GeV ~dot-dashed line! and 1.1 GeV~dotted line!. The data from@31# are shown without their error bars. The marking on t
energy axis indicates the range of data used in the fits.
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TABLE VIII. Values of the fitted cutoff parametersL. Notation as in Table IV. For the nucleon res
nances the indicesh ande name the cutoffs at the hadronic and electromagnetic vertices.

Value
@GeV#

Value
@GeV#

Value
@GeV#

Value
@GeV#

Value
@GeV#

Value
@GeV#

LN 1.23 L1/2
h 1.24 L1/2

e 0.92 L3/2
h 1.06 L3/2

e 3.98 L t 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
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somewhat larger couplings. Nevertheless, these change
small. In this energy range both reactions can therefore
described by a single set of parameters that is in agreem
with the values deduced from photoproduction alone.

The E/M ratio deduced in our fits is@9#

RE/M52~mR2mN!

3
g12g2mR /~2mN!

g1~3mR1mN!2g2mR~mR2mN!/~2mN!

522.1~3!%, ~30!

where the number in brackets denotes the error in the
digit. There has been some debate about the exact valu
this quantity, but it has been demonstrated that the diffe
values extracted were due to the use of different data
~see @47# for details!. Using the SM97 PWA, Arndtet al.
deducedRE/M521.5(5)%; the use of theMA97 PWA led
to RE/M522.4(4)%. Wilbois et al. have pointed out tha
the E/M ratio extracted from dynamical models depends
the unitarization method used@48#. From the differentAn-
sätze they foundRE/M52(0.7– 5.7)%. In order to have
model-independent quantity it was proposed@49# to use a
speed plot analysis to determine theE/M ratio at the pole of
the P33(1232) ~for a detailed discussion see@48#!. From this
one finds@47#

SP97:RE/M520.034~5!20.055~5!i ;

MA97:RE/M520.03520.046i . ~31!

Using the same technique here for the numerical result
our fits, we extract anE/M ratio of

RE/M520.022~3!20.002~2!i . ~32!

The obvious disagreement with the values given in Eqs.~31!
can be traced back to the imaginary part of theE11

3/2 multi-
pole. As can be seen from Figs. 3 and 10, it does not
steeply enough in our fits.

For the secondP33 resonance we find rather large valu
for A3/2. Furthermore, in the fits SM95-pt-2,3 also the ma
and width increase as compared to the purely hadronic
Both effects are driven by the fit to theM11

3/2 multipole. As
can be seen from Fig. 3, for higher energies only a chang
the mass and width leads to a good description of the dat
the E11

3/2 case only SM95-pt-3 yields a reasonable fit for e
ergies.1.5 GeV. However, also in this channel the data
not good enough to extract the helicity couplings of t
P33(1600) unambiguously.
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D33: As discussed in Sec. IV D, a satisfactory fit cou
only be found using a residual form factorF̃p . This again
shows up in the extracted helicity couplings. Only for SM9
pt-3 do we find good agreement with the values obtained
Arndt et al. @7#.

z parameters: We confirm the finding of@1# that only the
z parameters of theP33(1232) and theD13(1520) can be
extracted reliably. Since these two resonances give la
contributions to the background in theS andP waves, their
magnitude can be determined independently from the re
nances in these channels.

Clearly visible in all cases is a dependence of thez’s on
the gauge prescription used. This can be understood bec
the residual form factorF̃ changes the nonresonant Bo
terms, so that the background determined by thez param-
eters needs to readjust during the fits. Mainlyz2 is effected
by this, whereaszw andz1 remain rather stable. The value
for the P33(1232) are found to be

zp52~0.31– 0.35!, z152~0.27– 0.53!,

z2520.66– 1.37, ~33!

and can be compared to the extractions by Davidsonet al.
@10# and by Olson and Osypowski@50# who, however, do not
use the second coupling of theP33(1232) togN:

Davidson et al.: zp520.24, z1520.53, z252.39;

Olson and Osypowski: zp520.29~10!, z150.78~30!.
~34!

The values found here are obviously in good agreement w
both extractions.

For theD13(1520) our results are given by

zp50.31– 0.35, zz52~0.17– 0.66!, zh50.57– 0.82,

z152~0.26– 0.32!, z252~0.48– 1.36!. ~35!

Here no other systematic investigation is available. Fits
eta photoproduction alone found no sensitivity to these
rameters@11#.

VI. SUMMARY AND CONCLUSIONS

The aim of this paper was to extend theK-matrix calcu-
lation of @1# to include photon-induced reactions. To this e
we have introduced the final stategN into our model, lead-
ing to the new reaction channelsgN→gN,pN,hN,KL.
From a fit to the combined database of hadronic and pho
induced reactions three parametersets have been extrac
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It was shown that keeping the hadronic parameters fi
to the values obtained in@1# no satisfactory fit to the eta
photoproduction data could be obtained. Therefore, at l
in this channel, the photoproduction measurements
needed as additional input for the extraction of the resona
masses and width.

The use of hadronic form factors at thewNN vertices
violates gauge invariance so that counterterms have to
introduced to restore it. Unfortunately, these counterte
cannot be constructed in an unambiguous way. To inve
gate this systematic uncertainty, we have performed fits
ing both Ohta’s and Haberzettl’s methods.

We find that only a few couplings are sensitive to t
gauge prescription used. Mainly the parameters determin
the nonresonant contributions~e.g., thez parameters of the
spin-32 resonances! change between the fits. Furthermo
some partial waves are affected more than others. The re
for this is the additional angular dependence introduced
the residual form factorF̃(s,u,t) found in Haberzettl’sAn-
satz. Even though we find it to be small, this model depe
dence has to be kept in mind when extracting helicity c
plings using effective Lagrangians. Only in a microscop
model for the hadronic form factors might this problem
resolved.

We have shown that the Compton data provide an imp
tant additional source of information for the extraction of t
electromagnetic coupling constant. The combined use of
Compton data and the pion photoproduction multipo
shows only one possible candidate for an inconsistency
tween both data sets: the helicity couplings of theD13(1520)
are found to be smaller as compared to values extracted
pion multipoles alone. Here further investigations are nec
sary, since we also find a rather large background in
Compton amplitudes. For theP33(1232) a combined fit
yields couplings;5% smaller than the PDG values.

In the case of eta photoproduction the cross sections
be fitted rather well, but we are not able to reproduce
measured target asymmetry close to threshold. For hig
energies we find that especially the polarization observab
sensitive to the tails of theS11(1535) andD13(1520). The
interference of weakly coupling resonances with this ba
ground leads to large fluctuations between the different
This effect might be used to look for these resonances, s
they are otherwise hard to detect from the differential cr
section alone.

In all fits we find aKNL coupling of half the size of the
SU~3! value. Since these results also persist using PS c
pling at theKNL vertex, we conclude that withgKNL taken
from SU~3! no fit to the combined hadronic and photopr
duction data is possible.

The basis for all these results is theK-matrix method used
in the present study. The main approximation in this meth
is that all intermediate state particles are put on shell;
violates causality since the connection between real
imaginary parts of the propagator is lost. This approximat
is clearly unphysical for bound states, but for scatter
states it seems to be quite reliable. We conclude this from
cited studies of Pearce and Jennings@4# and Surya and Gros
@6#. Further, more heuristically, the agreement of the re
nance parameters extracted in the present study with t
obtained from other unitary analyses~for smaller channel
d
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spaces and limited energy regimes! also shows that the
K-matrix approximation is quite reliable.

We have tried to obtain a more quantitative estimate
the validity of theK-matrix approximation from a compari
son with dispersion relation calculations for Compton sc
tering. There we have found that both calculations agree v
well except for energies650 MeV around the pion thresh
old. This is quite understandable in view of the discuss
above: just above threshold the bound state behavior can
be felt. We thus expect theK-matrix approximation to be
reasonable also for higher energies, except close to par
production thresholds. Any remaining shortcomings of t
method also have to be seen in comparison to its inhe
and practical advantages. First, because of the absenc
off-shell propagators, no regularization of amplitudes
needed. There is therefore no need to renormalize, for
ample, coupling constants, etc. Second, after a partial-w
expansion of the scattering amplitude has been made,
original integral equation reduces to an algebraic equa
which can more easily be solved.

In the future it is clearly desirable to combine the mul
channel calculation performed here with approximations
yond theK-matrix Ansatz, as they have been developed, e.
by Surya and Gross@6# and Sato and Lee@14#. Work along
these lines is currently under way.

In summary, we were able to describe the combin
dataset of hadronic and photon-induced reactions using
same set of parameters. This model can therefore be use
numerous detailed investigations that have not been pos
before.
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APPENDIX A: HADRONIC COUPLINGS

In this section we list the hadronic couplings used in o
model. For a more detailed account, see@1#. Throughout this
paper we use the notation of Bjorken and Drell@51#. Four-
momenta are denoted byx. Here x is the absolute value o
the corresponding three-momentumx. Furthermore,x̂ is a
unit vector in the direction ofx: x̂5x/x.

For the nucleon, the following couplings have been us

LNR52
gwNN

2mN
N̄g5gm~]mw!N2gsNNs~N̄N!

2gswws~w* w!2gvNNN̄S gmvm2kv

smn

4mN
vmnDN

2gvww@w3~]mw!#vm. ~A1!

Herew denotes the asymptotic mesonsp, h, andK; a cou-
pling to thez meson is not taken into account.s andv are the
intermediate scalar and vector mesons (a0 , r, andK* ) and
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vmn5]nvm2]mvn is the field tensor of the vector mesons;N
is either a nucleon or aL spinor. For theI 51 mesons~p and
r! w and vm need to be replaced byt•w and t•vm in the
w,vNN couplings and byw andvm otherwise.

For the SI1 resonances we employ~pseudo!scalar cou-
pling to mesons and nucleons in accordance with@12#. The
~pseudo!vector coupling is used in the case of nucleons a
all PI1 resonances. This is done in order to reproduce
pN-scattering lengths without an additional sigma mes
For the spin-32 resonances off-shell parameterszi are taken
into account at all vertices and fitted to the available dat

For theS11 andS31 we therefore use

LwNR1/2

PS 52gwNRR̄GwN1H.c., ~A2!

and in the case ofP11 andP31 the couplings are given by

LwNR1/2

PV 52
gwNR

mR6mN
R̄Gm~]mw!N1H.c., ~A3!

with the upper sign for positive parity. The vertex operato
G andGm depend on the parity of the particles involved. F
a meson with negative intrinsic parity coupling to two bar
ons with positive parity~e.g., pNN) they are given byG
5 ig5 and Gm5g5gm ; otherwise@e.g., pNS11(1535)#, we
haveG5 i andGm5gm .

For the spin-32 resonances the following coupling is use

LwNR3/2
5

gwNR

mp
R̄aQam~zw!G~]mw!N1H.c.,

Qam~z!5gam2
1

2
~112z!gagm , ~A4!

again with a vertex operatorG that is 1 for a particle with
negative intrinsic parity andg5 otherwise.

For the isovector mesonsp and z, w in Eqs. ~A2!–~A4!
needs to be replaced byt•w for I 5 1

2 resonances and b
T•w otherwise

The couplings constants can be derived from the de
widths using the following formulas (p denotes the three
momentum of the meson and nucleon,EN and Ew the
nucleon and meson energy, respectively!.

For spin-12 resonances we have the following:

PS coupling: G65ISO
gwNR

2

4p
p

EN7mN

As
,

PV coupling: G65ISO
gwNR

2

4p~mR6mN!2

3p
2Ew~ENEw1p2!2mw

2~EN6mN!

As
.

~A5!

The upper sign corresponds to decays of resonances into
sons with opposite parity@e.g.,P11(1440)→pN#; the lower
sign holds if both have the same parity@e.g., S11(1535)
→pN#. ISO is the isospin factor; it is equal to 3 for deca
into mesons with isospin 1, and 1 otherwise.
d
e
.

s
r

y

e-

Spin-32 resonances:

G65ISO
gwNR

2

12pmp
2 p3

EN6mN

As
. ~A6!

Again, the upper sign is used if the resonance and meson
of opposite parity.

APPENDIX B: EXTRACTION OF PARTIAL WAVES
AND MULTIPOLES

In general, the extraction of the partial waves in hadro
reactions and the multipoles in the photon-induced chan
is done similarly. Starting point is always the invariant m
trix elementMf i and its connection toF, the scattering am-
plitude:

Mf i5ū~p8,s8!Ôu~p,s!5
4pAs

Amm8
x f

†Fx i . ~B1!

Here,Ô denotes the transition operator for a given reacti
m and m8 are the masses of the initial and final baryo
respectively. The decomposition ofF in terms of partial
waves or multipoles is usually straightforward, but tedio
Once the relations between the expansions ofÔ andF have
been established, any contribution to the invariant matrix
ement can therefore be decomposed into partial wave
multipoles. In the following we want to list the relationsÔ
→F for the three types of reactions that are described in
model.

1. Meson-nucleon scattering

In this case, the invariant matrix elementsMf i and the
scattering amplitudesF are given by

Mf i5ū~p8,s8!G~A1BQ” !u~p,s!,

Fe5~Ã1B̃s•p̂8s•p̂!,

Fn5~Ãs•p̂81B̃s•p̂!, ~B2!

with G51 for mesons with equal parity in the initial an
final states, andG5g5 otherwise.Fe,n are the scattering am
plitudes for the case of equal or nonequal parity, resp
tively. The relation between the amplitudesA,B and their
counterpartsÃ,B̃ can easily be established@1,16#, and in turn
can be used to calculate the partial wavesTl 6 from the in-
variant matrix element (x5cosu):

Ã5
A~E86m8!~E1m!

8pAs
@A1B~As2m̃!#,

B̃52
A~E87m8!~E2m!

8pAs
@A2B~As1m̃!#, ~B3!

Tl 65
Aqq8

2 E
21

1

dx@ÃPl~x!1B̃Pl 6~x!#. ~B4!
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TABLE IX. Connection of the multipolesMl 6 andEl 6 to the partial waves and usual Chen-Goldberg
Low-Nambu~CGLN! multipoles. l denotes the photon,J the total, andl w the meson angular momentum
a5 1/Ak q l ( l 11).

Multipole
Partial
wave J P

l w , CGLN notation

Pw52 Pw51

Ml 1 2aT l 1
M l 1 1

2 (2) l 11 l M l 1 l 11 M ( l 11)2

Ml 2 2aT l 2
M l 2 1

2 (2) l 11 l M l 2 l 21 M ( l 21)1

El 1 aT l 1
E l 1 1

2 (2) l l 11 E( l 11)2 l El 1

El 2 2aT l 2
E l 2 1

2 (2) l l 21 E( l 21)1 l El 2
a

ing
ts
n
t

ro
a

y;
ne

n

b

d.
the

ity.

or
ual
ad

s

In Eqs. ~B3!, the upper sign holds for mesons with equ
parity, m̃5(m86m)/2. The reader is referred to@16# for a
detailed derivation of this relation.

2. Photoproduction

In this section we list the formulas needed for extract
the multipole amplitudes from the invariant matrix elemen
This is by no means a complete listing of all the relatio
between the different set of amplitudes; a detailed accoun
this can be found in@43#.

For the multipole decomposition of the meson photop
duction, we first need the relation between the invariant m
trix elementsMf i and the CGLN invariantsFi @52#. To this
end we expand the Feynman amplitude as@53#

iMf i5ū~p8,s8!(
j 51

4

AjM ju~p,s!, ~B5!

where

M152G«”k” ,

M252G@~«p!~kp8!2~kp!~«p8!#,

M35G@«” ~kp!2k” ~«p!#,

M45G@«” ~kp8!2k” ~«p8!#. ~B6!

G5g5 for the production of mesons with negative parit
G51 otherwise. This decomposition differs from the o
usually used in pion and eta photoproduction@11,43,52#, to
simplify the inclusion of kaon photoproduction. The relatio
to the usual CGLN invariantsM̃ i is given by

M̃15M1 , M̃252M2 , M̃352~M32M4!,

M̃452~M31M4!22mNM1 . ~B7!

In terms of Pauli spinors the scattering amplitude can
expressed using theFi ’s @12#:
l

.
s
of

-
-

e

Fp5 i s•q̂s•«F11s•~ k̂3«!F2

1 i s•q̂s• k̂«•q̂F31 i «•q̂F4 ,

Fm5 i s•«F11s•q̂s•~ k̂3«!F2

1 i s• k̂«•q̂F31 i s•q̂«•q̂F4 . ~B8!

Here,Fp,m refer to the parity of the meson that is produce
k and q denote the three-momentum of the photon and
meson, respectively.x̂ is a unit vector in the direction ofx.

For our choice of amplitudesMi , the relations between
the CGLN invariantsFi and theAj ’s of Eq. ~B5! are the
following @53#:

F15
k

4p
AE86m8

2As
FA12

As1m

2
A31

~kp8!

As2m
A4G ,

F25
k

4p
AE87m8

2As
F2A12

As2m

2
A31

~kp8!

As1m
A4G ,

F35
kq

4p
AE86m8

2As
@2~As2m!A32A4#,

F45
kq

4p
AE87m8

2As
@~As1m!A31A4#, ~B9!

where the upper sign holds for mesons with negative par
k and q are the absolute values of the three-momentak andq.

In order to unify the formulas for mesons of positive
negative parity, we introduce a notation different to the us
one, by labeling the multipoles using initial variables inste
of final variables@53#. In Table IX we list the relation be-
tween both notations. TheFi can now be expressed in term
of these new multipolesMl 6 andEl 6 :
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S F1

F2

F3

F4

D 5(
l S lPl 118 ~ l 11!Pl 218 Pl8 Pl8

~ l 11!Pl8 lPl8 0 0

2Pl 119 Pl 219 Pl9 Pl9

Pl9 2Pl9 2Pl 119 2Pl 119

D SMl 1

Ml 2

El 1

El 2

D . ~B10!

Equation~B10! can now be inverted to yield the electric and magnetic multipoles. Using the orthogonality of the Lege
polynomialsP(x) and recurrence relations to relate the derivativesP8 andP9 to theP’s, we obtain@11,12,43#

S 2~ l 11!Ml 1

2lMl 2

2~ l 11!El 1

2lEl 2

D 5E
21

1

dxS Pl 2Pl 11
1

2l 11
]P 0

2Pl Pl 21
21

2l 11
]P 0

Pl 11 2Pl
l 12

2l 13
~Pl 122Pl !

l 11

2l 11
]P

Pl 21 2Pl
12 l

2l 21
~Pl2Pl 22!

2 l

2l 11
]P

D S F1

F2

F3

F4

D , ~B11!

with ]P5Pl 112Pl 21 . The T-matrix amplitudesT l 6
M ,E can now be obtained by multiplying theMl 6 and El 6 by

7Akql ( l 11) ~cf. Table IX!.
Finally, we want to give the connection of the CGLN amplitudesFi to the helicity amplitudesHi @11#:

H152 ie2 if^2 1
2 uFu1,2 1

2 &52
1

&
sin u cos

u

2
~F31F4!,

H252 i ^2 1
2 uFu1,1

2 &5& cos
u

2 F ~F22F1!1sin2
u

2
~F32F4!G ,

H352 ie22if^ 1
2 uFu1,2 1

2 &5
1

&
sin u sin

u

2
~F32F4!,

H45 ie2 if^ 1
2 uFu1,1

2 &5& cos
u

2 F ~F21F1!1cos2
u

2
~F31F4!G . ~B12!

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

3. Compton scattering

In the case of Compton scattering, the decompositions ofF andMf i analogous to Eqs.~B2! and~B8! are rather lengthy and
will not be given here. They can be found, for example, in@54#. It is more convenient to start from a set of helicity amplitudes
analogous to Eqs.~B12! @55#:

F15F~1/2!~1/2!5
1

8pAs
^1,1

2 uTu1,1
2 &, F45F~1/2!~3/2!5

1

8pAs
^1,2 1

2 uTu1,1
2 &,

F25F~1/2!~21/2!5
1

8pAs
^21,2 1

2 uTu1,1
2 &, F55F~3/2!~3/2!5

1

8pAs
^1,2 1

2 uTu1,2 1
2 &,

F35F~1/2!~23/2!5
1

8pAs
^21,1

2 uTu1,1
2 &, F65F~3/2!~23/2!5

1

8pAs
^21,1

2 uTu1,2 1
2 &. ~B13!

Again, the numbers in the brackets denote the helicities of the initial and final photon and baryon. Their expansion in te
the amplitudesf f i

l 6 is given by
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F2
15

1

2 (
l

~ l 11!@~ l 12!2~ f EE
~ l 11!26 f MM

~ l 11!2!6 l 2~ f EE
l 1 6 f MM

l 1 !72l ~ l 12!~ f EM
l 1 6 f ME

l 1 !#d1/2,61/2
l 11/2 ,

F4
35

1

2 (
l

~ l 11!Al ~ l 12!@~ l 12!~ f EE
~ l 11!27 f MM

~ l 11!2!6 l ~ f EE
l 1 7 f MM

l 1 !72~ f EM
l 1 7 f ME

l 1 !#d1/2,73/2
l 11/2 ,

F6
55

1

2 (
l

~ l 11!l ~ l 12!@~ f EE
~ l 11!26 f MM

~ l 11!2!6~ f EE
l 1 6 f MM

l 1 !62~ f EM
l 1 6 f ME

l 1 !#d3/2,63/2
l 11/2 , ~B14!

with f EE
015 f MM

01 5 f EM
01 5 f ME

01 5
def

0. In an abbreviated notation, we can write Eqs.~B14! as

Fss85(
J

~2J11!Fss8
J dss8

J , with Fss8
J

5
1

2 E
21

1

dxFss8~x!dss8
J

~x!. ~B15!

The inversion of Eqs.~B14! can now be shown to be@55#

f
MM
EE
l 1

5
1

~ l 11!2 F1

2
~F1

l 11/27F1
l 11/2!6

l 12

Al ~ l 12!
~F3

l 11/27F4
l 11/2!1

l 12

2l
~F5

l 11/27F6
l 11/2!G ,

f
MM
EE
~ l 11!2

5
1

~ l 11!2 F1

2
~F1

l 11/27F1
l 11/2!6

l

Al ~ l 12!
~F3

l 11/27F4
l 11/2!1

l

2~ l 12!
~F5

l 11/27F6
l 11/2!G ,

f
ME
EM
l 1

5
1

~ l 11!2 F2
1

2
~F1

l 11/27F1
l 11/2!6

1

Al ~ l 12!
~F3

l 11/27F4
l 11/2!1

l

2
~F5

l 11/27F6
l 11/2!G ,

f
EM
ME
~ l 11!2

5 f
ME
EM
l 1

, ~B16!

where the last line follows from time-reversal symmetry. TheT-matrix amplitudesTl 6 are now given by

T
l 6
MM
EE

5kl ~ l 11! f
MM
EE
l 6

, T
l 1
ME
EM

5kAl ~ l 12!~ l 11! f
ME
EM
l 1

. ~B17!
n
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APPENDIX C: ISOSPIN DECOMPOSITION

1. Meson-nucleon scattering

For theI 51 mesonsp andz we use the usual projectio
operators@56# with the matrix elements (a,b5p,z)

^bj uP1/2uai&5
1

3
t jt i ,

^bj uP3/2uai&5d j i 2
1

3
t jt i , ~C1!

in a Cartesian basis. With the help of this, all possible re
tions can be written as

^bj uTbauai&5
1

3
t jt iTba

1/21S d j i 2
1

3
t jt i DTba

3/2. ~C2!

For the pureI 5 1
2 reactions involvingp andz the projec-

tor is usually taken to beP1/25t @56#. This choice has the
disadvantage that it does not agree with the Clebsch-Go
coefficients for the different reactions channels. Theref
we choose instead (a5p,z, b5h,k)
-

an
e

^buTbauai&52
1

)
t iTba

1/2. ~C3!

This has no influence on the calculated quantities, since
the end we convert our amplitudes to the normal convent

2. Photoproduction

In our calculation we use a decomposition slightly diffe
ent from the one normally used in pion photoproduction~5!.
For the same reason as in the hadronic case, we always
(21/))t instead oft as the projection operator for trans
tions where either the photon or the meson have isospI
50. For theI 51 mesons this leads to

^bj uTbgug&52
1

)
t jTbg

0 1
1

3
t jt3Tbg

1/21S d j 32
1

3
t jt3DTbg

3/2,

~C4!

while for the other mesons we have

^buTbgug&5Tbg
0 2

1

)
t3Tbg

1/2. ~C5!



rs
re

e
th
ia
s

th
es
c

en

b
di

-

tio

oss

via

les

PRC 59 489PHOTON- AND MESON-INDUCED REACTIONS ON THE . . .
This choice guarantees that there are no additional facto
be taken into account in the calculation of the hadronic
scattering.

3. Compton scattering

For Compton scattering no isospin decomposition is p
formed. As has been discussed in Sec. III, in this case
rescattering takes place through the physical intermed
states (p0p, p0n, etc.!. Therefore, the Compton amplitude
are calculated for both channelsgp andgn directly.

APPENDIX D: OBSERVABLES

In this section we want to summarize the relations of
various amplitudes from Appendix B to the observabl
Again, more detailed accounts can be found in various pla
@1,43,55#. In the following, the notationÕ should indicate
that the amplitudeO for a specific reaction channel has be
constructed from the isospin-decomposed amplitudes:

Õ5(
I

pIOI . ~D1!

The factorspI are Clebsch-Gordan coefficients and can
determined from isospin decompositions listed in Appen
C.

1. Meson-nucleon scattering

The observables consist of the total cross sectionss, the
differential cross sectionsds/dV, and the final state polar
izationsP @16#:

s5
4p

q2 (
l

@~ l 11!uT̃l 1u21 l uT̃l 2u2#,

f 5
1

q (
l

@~ l 11!T̃l 11 l T̃ l 2#Pl ,

g5
1

q
sin u(

l
@ T̃l 12T̃l 2#Pl8 ,

ds

dV
5u f u21ugu2,

ds

dV
P522 Im~ f * g!. ~D2!

2. Photoproduction

In terms of the helicity amplitudesHi of Eq. ~B12!, the
differential cross sections and the three single-polariza
observables can be written as@11#
ly,

in
r-
to
-

r-
e
te

e
.
es

e
x

n

ds

dV
5

q

2k (
1

4

uH̃ i u2,

ds

dV
S5

q

k
Re~H̃1H̃4* 2H̃2H̃3* ! ~photon asymmetry!,

ds

dV
P52

q

k
Im~H̃1H̃3* 1H̃2H̃4* ! ~recoil polarization!,

ds

dV
T5

q

k
Im~H̃1H̃2* 1H̃3H̃4* ! ~ target asymmetry!.

~D3!

In complete analogy to the hadronic case, the total cr
sections are given in terms of the partial waves by

s5
2p

q2 (
l

@~ l 11!~ uT̃ l 1
M u21uT̃ l 1

E u2!1 l ~ uT̃ l 2
E u21uT̃ l 2

M u2!#,

~D4!

from which the reduced cross section can be calculated

s red5A sk

4pq
. ~D5!

3. Compton scattering

Again, as in the case of photoproduction, the observab
are best expressed in terms of the helicity amplitudes~B14!
@55#:

ds

dV
5

1

2
@ uF̃1u21uF̃2u212~ uF̃3u21uF̃4u2!1uF̃5u21uF̃6u2#,

ds

dV
S52Re@~F̃11F̃5!F̃3* 1~F̃22F̃6!F̃4* #,

ds

dV
P52Im@~F̃11F̃5!F̃4* 2~F̃22F̃6!F̃3* #5

ds

dV
T.
~D6!

Finally, the total Compton cross section is given by

s5
2p

k2 (
l

$~ l 11!@ uT̃l 1
MMu21uT̃l 1

EEu2

12~ uT̃l 1
MEu21uT̃l 1

EMu2!#1 l ~ uT̃l 2
EMu21uT̃l 2

MEu2!%.

~D7!
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@43# G. Knöchlein, D. Drechsel, and L. Tiator, Z. Phys. A352, 327

~1995!; ~private communication!.
@44# L. Tiator and G. Kno¨chlein, Report No. 9802064, nucl

th@xxx.lanl.gov
@45# R. Brockmann and R. Machleidt, Phys. Rev. C42, 1965

~1990!.
@46# B. Krusche, N. C. Mukhopadhyay, J.-F. Zhang, and M. Be

merrouche, Phys. Lett. B397, 171 ~1997!.
@47# R. A. Arndt, I. I. Strakovsky, and R. L. Workman,pN News-

letter 13, 73 ~1997!.
@48# T. Wilbois, P. Wilhelm, and H. Arenho¨vel, Phys. Rev. C57,

295 ~1998!.
@49# O. Hanstein, D. Drechsel, and L. Tiator, Phys. Lett. B385, 45

~1996!.
@50# M. G. Olsson, Nucl. Phys.B78, 55 ~1974!; M. G. Olsson and

E. T. Osypowski,ibid. B87, 399~1975!; Phys. Rev. D17, 174
~1978!; Nucl. Phys.B101, 136 ~1975!.

@51# J. D. Bjorken and S. D. Drell,Relativistic Quantum Mechanic



u,

PRC 59 491PHOTON- AND MESON-INDUCED REACTIONS ON THE . . .
~McGraw-Hill, New York, 1964!.
@52# G. F. Chew, M. L. Goldberger, F. E. Low, and Y. Namb

Phys. Rev.106, 1345~1957!.
@53# M. Gourdin and J. Dufour, Nuovo Cimento27, 1410~1963!.
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