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Vector meson production and nucleon resonance analysis in a coupled-channel approach
for energiesmNËAsË2 GeV. II. Photon-induced results

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

~Received 25 July 2002; published 27 November 2002!

We present a nucleon resonance analysis by simultaneously considering all pion- and photon-induced ex-
perimental data on the final statesgN, pN, 2pN, hN, KL, KS, andvN for energies from the nucleon mass
up to As52 GeV. In this analysis we find strong evidence for the resonancesP31(1750), P13(1900),
P33(1920), andD13(1950). ThevN production mechanism is dominated by largeP11(1710) andP13(1900)
contributions. In this second part we present the results on the photoproduction reactions and the electromag-
netic properties of the resonances. The inclusion of all important final states up toAs52 GeV allows for
estimates on the importance of the individual states for the GDH sum rule.

DOI: 10.1103/PhysRevC.66.055212 PACS number~s!: 11.80.2m, 13.60.2r, 14.20.Gk, 13.30.Eg
tie
he
u

ar
io

in

er
th

e
al
rs

e

he
ea
on
io
re
a

n
e
i

or
a

so
ex

ing
o-
er

oft

-

tion
d

vis-
n

y
tal
er
also
ao
,
t-
nd
d-

a-

on
l

, an
the
ects
by
so-
lied
tion
gle

re
re-

un-de
I. INTRODUCTION

The reliable extraction of nucleon resonance proper
from experiments where the nucleon is excited via eit
hadronic or electromagnetic probes is one of the major iss
of hadron physics. The goal is to be finally able to comp
the extracted masses and partial-decay widths to predict
from lattice QCD~e.g., Ref.@1#! and/or quark models~e.g.,
Refs.@2,3#!.

With this aim in mind, in Refs.@4,5# we developed a
unitary coupled-channel effective Lagrangian model that
corporated the final statesgN, pN, 2pN, hN, andKL, and
was used for a simultaneous analysis of all avaible exp
mental data on photon- and pion-induced reactions on
nucleon. The premise is to use thesame Lagrangiansfor the
pion- and photon-induced reactions, allowing for a consist
analysis, thereby generating the background dynamic
from u- andt-channel contributions without new paramete
In the preceding paper@6#, called PMI in the following, we
presented the results of the extension of the model spac
center-of-mass energies ofAs52 GeV, which requires the
additional incorporation of the final statesvN andKS. The
ingredients mandatory for a unitary description of all t
above final states and the results on the pion-induced r
tions have been discussed both for calculations where
the pion-induced reactions were considered and calculat
where pion- and photon-induced reactions were conside
In this paper, we concentrate on the photoproduction re
tions.

For the photoproduction of the newly incorporated cha
nels vN and KS, almost all models in the literature ar
based on single-channel effective Lagrangian calculations
noring rescattering effects~often called ‘‘T-matrix models’’!.
Especially the inclusion of nucleon Born contributions f
the v production mechanism in these models has led to
overestimation of the data for energies above;1.77 GeV,
and only either the neglect of these diagrams or very
form factors has resulted in a rough description of the
perimental data. In the first calculation onv photoproduc-
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tion, performed by Friman and Soyeur@7#, a rough descrip-
tion of the experimental data was achieved by only includ
p and s t-channel exchange. In the model of Oh and c
workers@8,9# the nucleon contributions are damped by rath
soft form factors@LN50.5–0.7 GeV usingFp , Eq. ~9!#. A
similar observation was made in the model of Babacanet al.
@10#, where the Born contributions were not damped by s
form factors, but a very smallvNN coupling constant was
extracted (gvNN<1). Hence in both models, the Born con
tributions are effectively neglected. Since Babacanet al. did
not include any baryon resonances, the effective reac
process is almost purely given byt-channel exchanges, an
is thus close to the model of Friman and Soyeur. Ohet al.,
however, included baryon resonances by using nonrelati
tic Breit-Wigner descriptions with vertex functions take
from the quark model of Capstick@2#, and thus did not con-
sistently generate au-channel background. An imaginar
part of the amplitude was only taken into account via to
widths in the denominator of the implemented Breit-Wign
resonance description. In a similar way resonances were
included in the effective Lagrangian quark model of Zh
and co-workers@11–13# on v photoproduction. However
none of these models onv photoproduction included resca
tering effects. Only in the most recent two works of Oh a
co-workers@8# did the authors start to consider the couple
channel effects of intermediatepN andrN states.

This restriction to a single-channel analysis is a fund
mental weakness of all theT-matrix models. Although the
above models onvN and also single-channel analyses
KL or KS @14–18# photoproduction aim to provide a too
for the search and identification of missing resonances
inherent problem of such an extraction is ignored: Due to
restriction on one single reaction channel, rescattering eff
can only be incorporated in those models by putting in
hand a total width in the denominator of the included re
nances. It often cannot be examined whether the app
resonance parameters are compatible with other reac
channels. Thus the ‘‘hunt for hidden resonances’’ by sin
channel analyses becomes questionable.

This problem can only be circumvented if all channels a
compared simultaneously to experimental data, thereby
stricting the freedom severely; this is done in the model
©2002 The American Physical Society12-1
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derlying the present calculation. The aim of this paper is
discuss the results of the photoproduction reactions. We
in Sec. II with a review of the necessary extension of
model for the inclusion of photoproduction reactions. In S
III the implemented data base is discussed and the cha
with respect to Ref.@5# are pointed out. In Sec. IV our ca
culations are compared to the available experimental d
and we conclude with a summary. In the Appendixes,
give a summary of the extensions of the formalism unde
ing the present calculations necessary for the inclusion
photoproduction reactions; more details can be found in P
@6# and in Ref.@19#.

II. INCLUSION OF PHOTOPRODUCTION
IN THE GIESSEN MODEL

For the inclusion of photon-induced reactions in t
Bethe-Salpeter equation~see Appendix B and PMI@6#!,

T l8l
f i

5K l8l
f i

1 iE dVa(
a

(
la

T l8la

f a K lal
ai , ~1!

a full isospin decomposition of the photon-induced reactio
including Compton scattering has to be performed. In
~1!, a represents the intermediate two-particle state. Althou
this decomposition can in principle be easily achieved~see
Ref. @19#!, one runs into problems concerning gauge inva
ance of Compton scattering. This is due to the fact that
rescattering takes place via theI 5 1

2 and 3
2 amplitudes, thus

weighing the Compton isospin amplitudesTgg
11,1/2 with I 5 1

2

and Tgg
11,3/2 with I 5 3

2 of Eq. ~D4! differently, while gauge
invariance for the nucleon contributions is only fulfilled fo
the proton and neutron amplitude~more precisely, for the
combinationTgg

11,1/212Tgg
11,3/2). This is related to the fact tha

only two physical amplitudes for Compton scattering ex
(gp→gp,gn→gn) and rescattering effects are usually c
culated in a basis using physical (p0p,p1n,p2p,p0n), not
isospin states@20#. Consequently, the electromagnetic inte
action is included only perturbatively in the present calcu
tion model@21#. The perturbative inclusion is equivalent
neglecting all intermediate electromagnetic statesa in the
rescattering part of Eq.~1!. Due to the smallness of the fin
structure constanta, this approximation is reasonable. Th
consequence is that the calculation of the hadronic react
decouples from the electromagnetic ones and can be
tracted independently. Hence the full partial-wave deco
posedK-matrix equation
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T f i
IJ65F K IJ6

12 iK IJ6G
f i

, ~2!

whereK}^ f uKu i &5^ f uVu i & @see Eq.~B2! in Appendix B#, is
only solved for the hadronic states. In the second step,
meson photoproduction amplitudes can be extracted via

T f g
IJ65K f g

IJ61 i(
a

T f a
IJ6K ag

IJ6 , ~3!

where the helicity indices are omitted. The sum runs o
over hadronic states. Finally, the Compton amplitudes re
from

T gg
IJ65K gg

IJ61 i(
a

T ga
IJ6K ag

IJ6 ~4!

with a running again only over hadronic states. Since
Compton isospin amplitudes of the potential only enter in
direct contributionK gg

IJ6 and only the proton and neutro
Compton amplitudes of Eq.~D5! are of interest, gauge in
variance is fulfilled.

A. Electromagnetic part of the potential

The contributions to the potentialV in the case of photon-
induced reactions come from bremsstrahlung of asympt
particles (N,S,p,K), electromagnetic decays of nucleo
resonances, and intermediate~vector! mesons. Since the cor
responding Lagrangians have already been given in Ref.@5#,
we only present a short summary of the electromagnetic
of the interaction, which is added to the hadronic part spe
fied in PMI @6#. Thes-, u-, andt-channel Born contributions
and the Kroll-Rudermann term are generated by

TABLE I. Properties of asymptotic and intermediatet-channel
mesons entering the potential for the photon-induced reactions.
those particles, that appear in several charge states, averaged m
are used. In the last column, all reaction channels~including pion-
induced channels!, to which the mesons contribute, are given.

Mass@GeV# S P I t-channel contributions

p 0.138 0 2 1 (g,g),(g,p),(g,v)
K 0.496 0 2 1

2 (g,L),(g,S)
h 0.547 0 2 0 (g,g),(g,v)
v 0.783 1 2 0 (g,p),(g,h)
r 0.769 1 2 1 (p,p),(p,v),(g,p),(g,h)
K* 0.894 1 2 1

2 (p,L),(p,S),(g,L),(g,S)
K1 1.273 1 1 1

2 (g,L),(g,S)
L52eūB8~p8!F S êgmAm1
k

2mN
smnFmnD1

gw

mB1mB8

g5gmAmGuB~p!2 iêew* ~]m
w2]m

(w* )!wAm

2e
gw

mB1mB8

ūB8~p8!g5gmuB~p!Am, ~5!
2-2
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VECTOR MESON PRODUCTION AND . . . . II . . . . PHYSICAL REVIEW C 66, 055212 ~2002!
with the asymptotic baryonsB,B85(N,L,S), the pseudo-
scalar mesons (w,w8)5(p,K) andFmn5]mAn2]nAm.

For the intermediate (t-channel! mesons, which are sum
marized in Table I, the additional Lagrangian

L52 igK1
S gmK1

m1
kK1

2mN
smnK1

mnD g5uB~p!

2
g

4mw
«mnrsVmnV8rsw1e

gK1Kg

2mK
KFmnK1

mn ~6!

is taken.Vmn andK1
mn are defined in analogy toFmn. Note

that the second term in Eq.~6! summarizes all processes a
e.g., v→gp and p/h→gg. The meson and baryon cou
pling constants entering Eqs.~5! and ~6! are summarized in
Appendix A.

The radiative decay of the spin-1
2 resonances is describe

by

L1
2 Ng52e

g1

4mN
ūRS 1

2 ig5
DsmnuNFmn, ~7!

and for the spin-32 resonances by

L3
2 Ng5ūR

meS ig5

1 D S g1

2mN
gn1 i

g2

4mN
2

]N
n D uNFmn . ~8!

In Eqs. ~7! and ~8!, the upper~lower! factor corresponds to
positive-~negative-! parity resonances. Note that in the spi
3
2 case, both couplings are in addition contracted by an
shell projectorQmn(a)5gmn2agmgn , wherea is related to
the commonly used off-shell parameterz by a5(z1 1

2 ) ~see
PMI @6# for more details!.

The calculation of the amplitudes, the extraction of ele
tromagnetic multipoles from partial waves, the isospin d
composition, and the calculation of observables are give
Appendixes A, B, C, D, and E, respectively.

B. Form factors and gauge invariance

To account for the internal structure of the mesons a
baryons, as in Refs.@4,5#, the following form factors are
introduced at the vertices:

Fp~q2,m2!5
L4

L41~q22m2!2
, ~9!

Ft~q2,m2!5
L41 1

4 ~qt
22m2!2

L41@q22 1
2 ~qt

21m2!#2
. ~10!

Hereqt
2 denotes the value ofq2 at the kinematical threshold

of the correspondings, u, or t channel. As in Ref.@4#, the
form factor Fp is applied to alls- and u-channel baryon
resonance vertices and to all hadronics- andu-channel Born
vertices. Only in thet-channel diagrams have calculatio
been performed using eitherFp or Ft at the meson-baryon
baryon vertex; see Sec. IV.
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In an effective Lagrangian model, the question of gau
invariance can be addressed on a fundamental level. S
the above resonance and intermediate meson electromag
decay vertices fulfill gauge invariance by constructi
(Gmkm50, wherekm is the photon momentum!, these verti-
ces and the corresponding hadronic vertices can be inde
dently multiplied by form factors. However, it is well know
that the inclusion of hadronic form factors in the Born di
grams of photoproduction reactions leads to problems,
cause only the sum of all charge contributions of the Bo
diagrams contributing to one specific reaction is gauge
variant. Form factors at the hadronic vertices of these d
grams lead to puttingq2-dependent weights on the differen
diagrams; thus the sum becomes misbalanced and gaug
variance is violated. In order to restore gauge invariance,
needs to construct additional current contributions beyo
the usual Feynman diagrams~contact diagrams! to cancel the
gauge violating terms. As pointed out by Haberzettl@22#
~also see the detailed discussion in Ref.@5#! the effect of the
additional current contributions is to replace the hadro
form factors multiplying the charge contributions of the Bo
diagrams in pion photoproduction by a common form fac
F̂(s,u,t). In the present model we follow Davidson an
Workman @23#, who proposed a crossing symmetric sha
for this form factorF̂(s,u,t), which ensures that the add
tional current contributions are pole-free:

F̂~s,u,t !5F1~s!1F1~u!1F3~ t !2F1~s!F1~u!

2F1~s!F3~ t !2F1~u!F3~ t !1F1~s!F1~u!F3~ t !.

~11!

This form can also be applied easily toh and v photopro-
duction by settingF3(t)50 and toKL photoproduction by
setting F1(u)50, since the corresponding Born diagram
are absent. Furthermore, no form factors are used at the
tromagnetic vertices of the Born diagrams, see Refs.@5# and
@19#. Note that Feuster and Mosel@5# used the Haberzett
suggestion for the common form factor multiplying th
charge contributions of the Born diagrams,

F̂~s,u,t !5a1F1~s!1a2F2~u!1a3F3~ t !. ~12!

with a15a25a35 1
3 .

III. EXPERIMENTAL DATABASE

In this section, the implemented experimental photop
duction database is presented, especially in view of chan
and extensions as compared to Ref.@5#. A summary of all
references and more details on data base weighing and
treatment are given in Ref.@19#.

gN→pN: For pion photoproduction we have imple
mented the continuously updated single-energy multip
analysis of the Virginia Polytechnic Institute~VPI! group
@24#, which greatly simplifies the analysis of experimen
data within the coupled-channel formalism. For those en
gies, where the single-energy solutions have not been a
able, the gaps have been filled with the energy-depend
2-3
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solution of the VPI group. Since the latter data are mo
dependent, they enter the fitting procedure only with
larged error bars.

gN→2pN: As discussed in PMI@6#, for simplicity we
continue to parametrize the 2pN final state by an effective
zN state, wherez is an isovector scalar meson with ma
mz52mp . A consequence is that thezN state is only al-
lowed to couple to baryon resonances, since only in this c
the decay of the resonance intozN can be interpreted as th
total (sN1pD1rN1•••) 2pN width. As it turns out in
the pion-induced calculations, a qualitative description of
pN→2pN partial waves extracted by Manleyet al. @25# up
to J5 3

2 is possible. The same agreement as in the pi
induced 2pN production, however, cannot be expected
the 2pN photoproduction reaction. It has been shown~e.g.,
Refs. @26–28#! that thegN→2pN reactions require strong
background contributions from, e.g.,r contact interactions
which can only be included in the present model by
introduction of separate 2pN final states. Furthermore, ther
is no partial-wave decomposition of this reaction as the
by Manleyet al. for pN→2pN @25#, which is the only way
for comparing ourzN production with experiment. There
fore, thegN→2pN reaction is calculated in the model an
included in the rescattering summation, but not compare
experimental data; also see Sec. IV G.

gN→gN: In addition to the data used in Ref.@5#, the
differential cross sections and beam-polarization data of R
@29# are implemented. Since the spin-5

2 resonances
D15(1675) andF15(1680) are known to have large photo
couplings @30#, it is certain, that for higher energies the
contributions will be important. Therefore, we continue
compare Compton scattering only up to a maximum ene
of 1.6 GeV.

gN→hN: We have added the differential and total cro
sections, beam- and target-polarizations from Ref.@31#. All
of the published cross section data concentrate almost ex
sively on the energy region below 1.7 GeV. Only recen
the CLAS collaboration@32# also accessed the energy regi
above 1.7 GeV. Therefore, the preliminary CLAS data, m
than 100 data points of which are directly included in t
fitting procedure, are also important to obtain a handle on
higher energy region ofh photoproduction and are cons
quently included.

gN→KL: The recent cross section andL polarization
measurements of the SAPHIR Collaboration@33# have been
added.

gN→KS: For this reaction, experimental data on cro
sections and theS polarization forgp→K1S0/K0S1 are
included@34#.

gN→vN: For this reaction, only the cross section me
surements of the ABBHHM Collaboration@35# and of
Crouchet al. @36# are published up to now. Using only thes
data, even in combination with the pion-induced data, i
difficult to extract thevN couplings reliably. Thus, in addi
tion we have also considered the very precise prelimin
differential cross section data of the SAPHIR Collaborat
@37#, more than 140 data points of which are directly i
cluded in the fitting procedure.

Altogether, more than 4400 photoproduction~plus 2400
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pion-induced! data points are included in the fitting strateg
which are binned into 96 energy intervals; for each an
differential observable we allow for up to 10–15 data poin
per energy bin.

IV. RESULTS ON PHOTON-INDUCED REACTIONS

The details of the calculations to extract the resona
couplings and masses by comparison with experimental
are discussed in PMI@6#. Here we only shortly review the
properties of the global calculations, where the photoprod
tion data are also considered for the determination of
parameters. For these calculations, we have extended
four best hadronic fits C-p-p6 and C-t-p6. Here the first
letter C denotes that the conventional spin-3

2 couplings with
spin-12 off-shell contributions are used~see PMI @6#!; the
next letter ‘‘p’’ or ‘‘t’’ denotes whether the form factorFp
@Eq. ~9!# or Ft @Eq. ~10!# is used in thet-channel diagrams,p
stands for using only pion-induced data, and the last le
denotes thea priori unknown sign of the couplinggvrp .
Note that this coupling gives rise to the importantt-channel
r exchange inpN→vN. Correspondingly, the four globa
calculations are labeled C-p-g6 and C-t-g6.

Similar to Feuster and Mosel@5#, our first attempt for the
inclusion of the photoproduction data in the calculation h
been to keep all hadronic parameters fixed to their val
obtained in the fit to the pion-induced reactions. In contr
to the findings of Ref.@5#, no satisfactory description of th
photoproduction reactions has been achieved with these
ronic parameters. As a consequence of the smaller data
used in Ref.@5# at most three photoproduction reactio
(gN→gN,gN→pN,gN→hN) had to be fitted simulta-
neously. Above 1.6 GeV, no data were available onh pho-
toproduction.

The extended model space and data base now const
all production mechanisms more strongly, especially for
ergies above 1.7 GeV, where precise photoproduction dat
all reactions~besides Compton scattering! are used. Due to
the lack of precise data in the high energy region for pio
inducedhN and vN production, these production mech
nisms have not been correctly decomposed in the purely h
ronic calculations, thus leading to contradictions in t
photoproduction reactions when the hadronic parameters
kept fixed. Moreover, as pointed out in PMI@6#, the Born
couplings in the associated strangeness production only
a minor role in the pion-induced reactions while, as a res
of the gauging procedure, these contributions are enhan
in photoproduction thus allowing for a more reliable dete
mination of the corresponding couplings. Consequently,
KL/S photoproduction also turns out to be hardly descr
able when the hadronic parameters are kept fixed. Only w
also these parameters are allowed to vary a simultane
description of all pion- and photon-induced reactions is p
sible.

The resultingx2 values for the calculations C-p-g6 are
presented in Table II; for the results of the calculatio
C-t-g6 see below. Note, that, in contrast to the previo
analysis@5#, in the present calculation we have included
experimental data up to the upper end of the energy rang
2-4
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particular also for all partial-wave and multipole data up
J5 3

2 . At first sight it seems that the totalx2 is only fair;
however, one has to note that the main part of this va
stems from the pion-photoproduction multipoles@24#, which
have very small error bars but also scatter a lot~cf. Figs. 3–5
in Sec. IV B below!. Note, that in this channel, there are 40
of all data points. Taking this channel out, the totalx2 per
data point is reduced from 6.56 to 3.87 for the prefer
global fit. Thus a very good simultaneous description of
reactions is possible, which shows that the measured dat
all reactions are compatible with each other, concerning
partial-wave decomposition and unitarity effects. As a gui
line for the quality of the present calculation, we have a
included a comparison with the preferred parameter
SM95-pt-3 of Ref.@5# applied to our extended and modifie
data base. It is interesting to note that although this comp
son has only taken into account data up to 1.9 GeV for
final statesgN, pN, 2pN, hN, andKL, the present bes
global calculation C-p-g1 results in a better description i
almost all channels; only forpN→hN the x2 of Ref. @5# is
slightly better. This is a consequence of the fact that,
example, for the understanding ofKL production, the
coupled-channel effects due to the final statesKS and vN
have to be included. This is discussed in Sec. IV D below

Moreover, while in Ref.@4# similar results were found
using either one of the form factorsFt and Fp for the
t-channel meson exchanges, and in Ref.@5# only Ft was ap-
plied, the extended data base and model space shows a
preference of using the form factorFp for all vertices, i.e.,
also for thet-channel meson exchange. We have also tried
perform global fitting calculations usingFt in the t-channel
exchange processes (C-t-g6), but have not found any satis
factory parameter set for a global description in this ca
Even when the fitting procedure has been reduced to the
most important final states—gN, pN, 2pN, hN, and
vN—we have found forg/pN→hN x2’s of only '5 and
for gN→vN (pN→vN) x2’s of '30 ('7), while pion
production and Compton scattering have been only slig
worse as compared to C-p-g6. The much worse descriptio
usingFt in the global fits can be explained by the fact th
for the photon-induced reactions, theNNv coupling now not
only appears as a final state coupling, but also contribute
the production ofpN and hN. Conversely thepNN cou-

TABLE II. Resultingx2 of the various fits. For comparison, w
have also applied the preferred parameter set SM95-pt-3 of Ref@5#
to our extended and modified data base for energies up to 1.9

Fit Total p xpp
2 xp2p

2 xph
2 xpL

2 xpS
2 xpv

2

C-p-g1 3.78 4.23 7.58 3.08 3.62 2.97 1.5
C-p-g2 4.17 4.09 8.52 3.04 3.87 3.94 3.7
SM95-pt-3 6.09 5.26 18.35 2.96 4.33 — —

Fit Totala xgg
2 xgp

2 xgh
2 xgL

2 xgS
2 xgv

2

C-p-g1 6.57 5.30 10.50 2.45 3.95 2.74 6.2
C-p-g2 6.66 5.15 10.54 2.37 2.85 2.27 6.4
SM95-pt-3 24.40 16.45 42.07 8.01 4.64 — —

aThis value includes all pion- and photon-induced data points.
05521
e

d
ll
for
e
-

o
et

ri-
e

r

lear

to

e.
ve

ly

,

in

pling constant is now also of great importance inv photo-
production. Thereby, the validity of the form factors is test
in a wide kinematical region, since, in our model, many
the t-channel meson couplings contribute to several reacti
and also as final state couplings~cf. Table I above!. We con-
clude thatFp is applicable to a much wider kinematic regio
~especially to higher energies! than Ft . This comes about
because of the quite differentq2-dependent behavior of th
two form factorsFp andFt below the pole mass and in th
low utu5uq2u region. To find satisfactory results with th
form factorFt in the present model, it would be necessary
lift the restriction of using only one cutoff valueL t for all
t-channel diagrams.

In the following sections, the photoproduction results
the two global calculations C-p-g1 and C-p-g2 are dis-
cussed in detail.

A. Compton scattering

A simultaneous description of Compton scattering
gether with the inelastic channels is essential because
process is dominated by the electromagnetic coupling
may thus impose more stringent requirements on those. A
consequence of the data from Ref.@29# we have doubled the
Compton scattering data base from 266 to 538 data point
compared to Ref.@5#. This means that the description o
Compton scattering becomes more difficult, resulting
largerx2 values than in Ref.@5#. However, as Fig. 1 shows
our calculations are able to describe the differential cr
section in the considered energy region up toAs
51.6 GeV. Only in the intermediate energy region betwe
1.3 and 1.5 GeV are there indications of contributions mi
ing in the present model. These missing contributions are
to the lack of 2pN rescattering contributions, since in th
present model only resonant 2pN photoproduction mecha
nisms are included; see Sec. III. This leads to the lack
background contributions in the low energy two-pion pho
production; also see the discussion in Sec. IV G below.

The same discrepancy in this energy region can also
observed in the 90° region of the beam polarization~see Fig.
2!, which is well described for energies below 1.3 and abo
1.45 GeV and also other angles. For comparison, we a
display the results on the beam polarization of the dispers
theoretical analysis of L’vovet al. @38#. In the model of Ref.
@38#, analyticity constraints are taken into account by sa
rating s-channel dispersion relations with use of the V
pion-photoproduction multipole analysis and resonance p
tocouplings. In addition, two-pion photoproduction bac
ground contributions are also taken into account. These
thors’ description of the beam asymmetry is rather close
our description, with the exception of the above mention
energy region and thepN threshold region. This asserts th
findings of Pearce and Jennings@39#, that, due to the ex-
tracted soft form factor, the off-shell rescattering contrib
tions of the intermediate two-particle propagator in the sc
tering equation, which are neglected in theK-matrix
approximation, have to be damped by a very soft form fac
in pN elastic scattering, also see PMI@6#. Thus the effects of
the off-shell rescattering part only become visible very clo

V.
2-5
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055212 ~2002!
FIG. 1. gp→gp differential
cross section for differentAs as
indicated in the figure. Calculation
C-pg1: solid line; C-pg2:
dashed line. Data are from Re
@29#.
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to thepN threshold, in line with the above comparison of t
present model with the dispersion theoretical analysis
L’vov et al. @38#. The cusp in the beam polarization at th
pN threshold is due to theT 12

EE multipole amplitude@cf. Eq.
~C4!#, which has also been found by Kondratyuk and Sch
ten @40#.

As expected, the two global fits C-p-g6 lead to practi-
cally identical results since Compton scattering is only c
sidered up to 1.6 GeV, which is still far below thevN thresh-
old. The dominant contributions stem from the nucleon, fr
theP33(1232) resonance, and from theD13(1520), while the
P11(1440) andS11(1535) only make small contributions.
05521
f
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B. Pion photoproduction

Pion photoproduction is most precisely measured of
the channels considered in the present work. This has
led to the development of a large amount of models on
reaction~see references in Ref.@5#!, most of them concen-
trating on the low-energy@P33(1232)# region. The Mainz
MAID isobar model of Drechselet al. @41# covers a similar
energy region as the present analysis. In MAID, the Born a
vector meson background contributions wereK-matrix uni-
tarized with the help of the VPIpN→pN partial waves
@42#. Instead of using a form factor for thepNN vertex, a
pseudovector~PV!-pseudoscalar~PS! mixture scheme is in-
2-6
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FIG. 2. gp→gp differential
beam polarization. Line code an
data as in Fig. 1. In addition, the
results of the analysis of L’vov
et al. @38# are given by the dash
dotted line.
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troduced to regularize the nucleon contributions at hig
energies. Since the resonance contributions are generate
unitarized Breit-Wigner descriptions, the resonances do
create additional background byu-channel diagrams. The ad
vantage of this procedure is that the inclusion of spin-5

2 reso-
nances is straightforward and, consequently, theF15(1680) is
also taken into account. The free parameters~e.g., the vector
meson couplings! are adjusted to the VPI multipoles@24#,
and a very good description is achieved. As a consequenc
the Breit-Wigner description and the restriction on pion ph
toproduction, the extracted electromagnetic helicity am
tudes of the resonances are very close to the Particle
Group~PDG! values@30#, while in our analysis all resonanc
contributions are also constrained by Compton scatter
hN, KL/S, andvN photoproduction data.
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As a consequence of the precise experimental data,
pion-photoproduction channel is of great importance in o
data base and contains about 40% of all data points, man
which have very small error bars. Thus this channel stron
influences the photon and pion couplings and also the ma
of the resonances. For example, the masses of theS11(1535),
S31(1620), P31(1750), andD33(1700) are influenced by the
pion-photoproduction multipoles; see Figs. 3–5 and PMI@6#.
Although the resultingx2 seems to be rather high (;10),
Figs. 3–5 reveal, that the properties of almost all multipo
up to J5 3

2 are well described in the present model.
The largest contributions to the totalx2 stem from the real

parts of theE11
p , E22

p , M11
3/2 , and E22

3/2 multipoles. In the
latter three cases, this is a consequence of the fact,
around the resonancesD13(1520), P33(1232), and
2-7
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055212 ~2002!
FIG. 3. gN→pN proton@see Eq.~D3! in Ap-
pendix D 2# multipoles. Line code as in Fig. 1
Data are from the VPI@24# single-energy (s)
and energy-dependent (3) solution.
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the
D33(1700) the multipoles are known with very high acc
racy, and thus even very small deviations in the calculat
lead to a largex2. For theD13(1520) multipolesE22

p/n and
M22

p , but also for theD33(1700) multipoleE22
3/2 , in the

imaginary parts we observe the same problem of the incr
ing behavior below the resonance position as in the co
spondingpN partial waves~see PMI@6#!, which is probably
due to deficiencies in the present model concerning the 2pN
final state description. In the case of theE11

p multipole the
deviation is due to the lack of some background contributi
which might be related to the problem in the description
thepN→pN P13 partial wave described in PMI@6# due to a
missing (3pN) inelastic channel. It is interesting to note th
the discrepancy between the calculation and the VPI d
points in theE11

p multipole starts around 1.6 GeV, which
the same energy, where the problems in theP13 pN→pN
wave arise, and also where a sudden increase in the
cross section ofgp→pp1p2p0/np1p1p2 was observed
in experiments@35,43#. For the neutron multipoles, there a
only data of the energy-dependent solution available at e
05521
n

s-
e-

,
f
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tal

r-

gies above 1.8 GeV. Since these data are model depen
they only enter with enlarged error bars in the present ca
lation, and the high-energy tails of the neutron multipoles
not well fixed. This explains the pronounced resonant str
ture in the imaginary part of theE11

n and M11
n multipoles,

not observed in the VPI multipole data@24#.
As can be seen in Figs. 3–5, the differences between

two global calculations C-p-g1 and C-p-g2 can be mainly
found in theJP5 3

2
1 proton and neutron multipoles abov

thevN threshold. This is a consequence of the fact that th
multipoles give important contributions to thevN produc-
tion mechanism~see Sec. IV F below and also the results
pN→vN in PMI @6#! and are thus very sensitive to th
change of sign of thet-channel background contribution i
pN→vN.

Apart from theE11
p multipole discussed above, we fin

indications for missing background only in theM22
n and

M22
3/2 multipoles, while in all other multipoles the back

ground contributions seem to be in line with the VPI@24#
analysis. Since the background is mainly generated by
2-8
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VECTOR MESON PRODUCTION AND . . . . II . . . . PHYSICAL REVIEW C 66, 055212 ~2002!
FIG. 4. gN→pN neutron @see Eq.~D3! in
Appendix D 2# multipoles. Line code as in Fig. 1
data as in Fig. 3.
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Born terms, the multipoles strongly influence the nucle
cutoff value LN . In Fig. 6 we show the sensitivity of th
E01

n , M11
n , and M12

3/2 multipoles to the cutoff valueLN ,
which is used in thepNN form factor. As we have pointed
out in PMI @6#, theS11 andP11 pN→pN partial waves are
more poorly described once the pion-photoproduction dat
included. This effect can be traced back to the necessit
reducing the value ofLN51.16 GeV of the hadronic calcu
lation to LN50.96 GeV in the global calculation. Using th
latter value, the background contributions in the multipo
are in line with the VPI analysis@24#, while with the former
value the incorrect background description leads to larg
increasedx2 values. The price one has to pay for the im
provement in the mentioned multipoles is the deterioration
the low-energyS11 andP11 pN elastic partial waves leadin
also to an increase of theP11(1440) mass and width. Sinc
the Born terms are very sensitive to the gauging proced
the resulting good description of most of the backgrou
features also indicates that the Davidson-Workman gaug
procedure @Eq. ~11!# is supported by the pion
05521
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of
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ly

n

e,
d
g

photoproduction data. As an example, we show the effec
switching to the Haberzettl gauging procedure@Eq. ~12!# in
the imaginary part of theM12

3/2 multipole in Fig. 6. Similar
observations are also made in other multipoles. This is a
related to the largex2 improvement of the present calcula
tion as compared to Ref.@5#, where the Haberzettl gaugin
procedure has been used. The largest differences as
pared to Feuster and Mosel@5# can be observed in the rea
part of the I 5 1

2 E01 multipoles; see, e.g.,E01
n in Fig. 6.

Note that it was already speculated in Ref.@5# that modifying
the gauging procedure might improve the description
these multipoles.

In the M22
3/2 multipole, in addition to the missing back

ground mentioned above, also a too small resonance co
bution is extracted in the present model. However, this c
tribution is also strongly constrained by the spin-1

2 off-shell
contributions of theD33(1700) to theE01

3/2 and M12
3/2 multi-

poles. Since these multipoles are more precisely known t
theM22

3/2 multipole, the fitting procedure is dominated by th
2-9
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055212 ~2002!
FIG. 5. gN→pN I5 3
2 multipoles. Line code

as in Fig. 1, data as in Fig. 3.

FIG. 6. Examples for the influence of th
nucleon cutoff value LN on the pion-
photoproduction multipoles: neutronE01

n ~left!,
neutron M11

n ~middle!, and I 5
3
2 M12

3/2 ~right!.
C-p-g1 with LN50.96 GeV: solid line;
C-p-g1 with LN51.16 GeV: dash-dotted line
For E01

n , also the calculation of Ref.@5# is dis-
played ~dotted line!. For the imaginary part of
M12

3/2 , the calculation C-p-g1 using the Hab-
erzettl gauging procedure is also shown~dash-
double-dotted line!.
055212-10
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VECTOR MESON PRODUCTION AND . . . . II . . . . PHYSICAL REVIEW C 66, 055212 ~2002!
FIG. 7. gp→hp. Data as given in Sec. III. Left: Reduced cross section. Line code as in Fig. 1. Right: Partial-wave decompositio
total cross section,JP5

1
2

2: dashed;12
1: dotted; 3

2
1; dash dotted;32

2: dash-double dotted.

FIG. 8. gp→hp differential cross section.
Line code as in Fig. 1. Data are as given in Se
III. The data from Ref.@32# are not shown.
055212-11
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055212 ~2002!
FIG. 9. gp→hp target- ~upper panel! and
beam-~lower panel! polarization measurements
Line code as in Fig. 1. Data are as given in Se
III.
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background contributions of theD33(1700) in the spin-12
multipoles, resulting in photon couplings which deteriora
the M22

3/2 description.

C. h photoproduction

Several investigations@5,44,45# showed, that thehN pho-
toproduction is dominated by aJP5 1

2
2 production mecha-

nism, in particular at threshold. While we find in the pio
induced reaction still important12

1 and 3
2

1 cross-section
contributions, only a small contribution of theP11(1710) is
visible in the photon-induced reaction, and the1

2
2 contribu-

tion is by far dominant up to 2 GeV, see Fig. 7. Here we ha
also displayed the so-called reduced cross section, w
takes out effects caused by phase space and is give
s red5As totk/(4pk8) ~cf. Appendix E!, and allows for more
conclusive investigations close to threshold. As can
clearly seen in Fig. 7, the production mechanism is w
under control in the present model down to the very thre
old. Thus the energy dependence of thehN total cross sec-
05521
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by
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tion is correctly described, although the inclusion of the pi
photoproductionE01

p multipole data requires a reduction o
the S11(1535) mass from'1.544 to'1.526 GeV; also see
PMI @6#. Note that our calculations do not follow the in
crease of the GRAAL total cross section@31# around 1.7
GeV, which is not observed in the estimated total cross s
tion from the CLAS collaboration@32# either.

In the first coupled-channel model on photon- and pio
inducedhN production up toAs51.75 GeV by Sauermann
et al. @45#, it has been found that an important producti
mechanism is due to the vector meson (r andv) exchanges.
In line with these authors’ findings, it also turns out in th
present model that these exchanges give important contr
tions in all partial waves and the neglect would lead to to
cross sections below the experimental data already at
GeV. Note that in the present calculation the forward peak
behavior of the differential cross section at higher energie
less pronounced as compared to Ref.@5# ~see Fig. 8!, which
is in line with the preliminary CLAS@32# and the older ex-
perimental data@46#.
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VECTOR MESON PRODUCTION AND . . . . II . . . . PHYSICAL REVIEW C 66, 055212 ~2002!
FIG. 10. gp→K1L total cross section. Data are as given in Sec. III. Left: Line code as in Fig. 1. Right: Partial-wave decompo
Notation as in Fig. 7. In addition, the contribution of higher partial waves (J> 5

2 ) is indicated by the short-dashed line.
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The resulting decomposition of thehN photoproduction
describes the differential cross sections and polariza
measurements very well in the complete considered en
region; see Figs. 8 and 9. As pointed out in Sec. III prior
the differential cross section measurements of the CL
Collaboration @32#, there were hardly any measuremen
taken above 1.7 GeV. Consequently, the preliminary CL
data give strong constraints on the reaction mechanism in
upper energy region, which would otherwise be mainly d
termined by the pion-inducedhN data being of poor quality
at higher energies; see PMI@6#.

It is interesting to note that we find a considerably sma
D13(1520)hN width than, e.g., Batinic´ et al. @47#. However,
since theD13(1520) basically gives the only contribution t
the low-energy behavior of the beam polarizationS @5#, our
value of around 20 KeV~as compared to 140 KeV! is
strongly corroborated by the measurements of the GRA
collaboration@31#, since these data are very well described
the complete measured region; see Fig. 9. Note also
Tiator et al. @48# deduced from the GRAAL beam asymm
try data aD13(1520) hN branching ratio of 0.8‰60.1‰,
which is about half of our value. This is related to the fa
that in these authors’ analysis, the PDG@30# electromagnetic
helicity amplitudes have been used, which are larger than
ones deduced from our analysis; see Table VII below. In R
@48# it was also shown that the forward-backward asymme
of the beam polarizationS between 1.65 and 1.7 GeV~see
Fig. 9! can only be explained by contributions with spinJ
> 5

2 . Since in the present model noJ> 5
2 resonances are in

cluded, the asymmetric behavior is generated by the ve
meson exchanges. Since the GRAAL data cannot be c
pletely described at 1.69 GeV, this might be an indicat
that spin-52 resonances indeed play a role inhN photopro-
duction. At higher energies (As.1.8 GeV), an opposite be
havior of the beam asymmetry for our two calculations
backward angles is observed. Since there are no data po
only the behavior at forward angles is fixed. The differen
in the two calculations can be explained by the oppo
photon helicity amplitudes of theD13(1950) ~see Table VII
in Sec. IV I below! and the differenthN strength~5.4% for
C-p-g1 and 8.6% C-p-g2). Thus beam-asymmetry mea
05521
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surements at energies above 1.7 GeV forhN photoproduc-
tion would be a great tool to study the properties of th
‘‘missing’’ resonance and also the necessity for the inclus
of a spin-52 resonance in more detail.

For the target polarization, we find small values in t
complete energy region; see Fig. 9. Only in the lowest
ergy bins, the experimental data seem to indicate a no
structure. Tiatoret al. @48# showed that this behavior ca
only be explained by a strong energy dependence of the r
tive phase between theS11(1535) andD13(1520) contribu-
tions, which is not found in the present calculation. For t
region above 1.6 GeV, our calculations change from posi
to negative values, which seems not to be supported by
Mainz data@31# at backward angles. It turns out that th
target polarization is dominated in our calculation by t
P11(1710) resonance properties, and, hence, more exp
mental data on the target polarization at higher energ
would also help to clarify whether this resonance plays s
an important role inhN photoproduction as found in th
present analysis.

D. KL photoproduction

The decomposition of theKL photoproduction channe
turns out to be very similar to the pion-induced reaction.
contrast to Feuster and Mosel@5#, where theS11(1650) and
the P11(1710) dominated this reaction, in the present cal
lation the former one turns out to be important only ve
close to threshold, while the latter one hardly gives any si
able contribution at all; see Fig. 10. At low energies, t
P13(1720) (JP5 3

2
1) resonance is dominating, causing

resonant structure around 1.7 GeV. At higher energies,
P13(1900) still makes important contributions due to resc
tering in spite of its smallKL width. The strong1

2
2 contri-

bution very close to threshold, which is caused by t
S11(1650), is strongly influenced by thevN threshold lead-
ing to a sudden increase in the total cross section. Note,
the finite width of thev meson of 8 MeV, which is not taken
into account in the present model, smears out this thresh
effect. A similar observation of the feeding ofKL ~and also
KS, see Sec. IV E below! photoproduction through thresh
2-13
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055212 ~2002!
FIG. 11. gp→K1L differential cross section~upper panel! andL-recoil polarization~lower panel!. Line code as in Fig. 1. Data are a
given in Sec. III.
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old effects has also been made in the coupled-channel m
of Lutz et al. @49#. As a consequence of the inclusion of th
K* andK1 meson exchanges, we also find important con
butions to the total cross section by partial waves withJ
> 5

2 ; cf. Fig. 10.
A striking difference to the pion-inducedKL production

mechanism is observed in the12
1 wave, which exhibits a

structure resonating around 1.9 GeV, where a second pe
also visible in the SAPHIR total cross section data@33#.
However, there is noP11 resonance included in the prese
model around this energy. It turns out that the1

2
1 behavior is
05521
del

i-

is

caused by the interference of the nucleon andK* contribu-
tions. Switching these two contributions off leads to a1

2
1

wave, which is practically zero for energies higher than
P11(1710) peak. This is in contrast to the findings of t
single-channel model of Mart and Bennhold@15#, where the
peaking behavior in the SAPHIR total cross section@33# was
explained by the sameD13(1950) resonance, which wa
found by Feuster and Mosel@4,5# around 1.9 GeV. This ex-
ample emphasizes the importance of coupled-channel an
ses for the correct identification of missing resonances.
though theD13(1950) is included in the present calculatio
2-14
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VECTOR MESON PRODUCTION AND . . . . II . . . . PHYSICAL REVIEW C 66, 055212 ~2002!
in the simultaneous analysis of all channels it turns out to
of negligible importance forKL photoproduction. Similar
results were already found by Janssenet al. @50#. Using a
field-theoretic model, these authors deduced that the pre
KL-photoproduction data alone are insufficient to ident
the exact properties of a missing resonance in a sin
channel analysis onKL photoproduction. Moreover, thes
properties also depend on the background contributio
Since in the present model the background is uniformly g
erated for the various reaction channels, and pion-
photon-induced data are analyzed simultaneously, the
tracted background and resonance contributions are m
strongly constrained than in Ref.@15#, and more reliable con
clusions can be drawn.

The recoil polarization~see Fig. 11! is equally well de-
scribed in the two global calculations C-p-g1 and
C-p-g2, although the difference in thegvrp sign leads to
changes in theP-wave resonance couplings. However, sin
the differential cross section displayed in Fig. 11 isP-wave
dominated, slight changes in the forward peaking and ba
ward decrease can be seen in this observable. This diffe
behavior is the reason for the betterx2 value of C-p-g2 as
compared to C-p-g1, and again shows thatKL production
reacts very sensitively on rescattering effects due tovN.

As a consequence of the inclusion of the photoproduc
data, theNKL coupling is only reduced from218.8 to
212.2 from the best hadronic (C-p-p1; see PMI@6#! to the

TABLE III. Resulting x2 of the two global fits for the two
different charge reactions ingp→KS.

Fit Total xgS
2 x2(gp→K1S0) x2(gp→K0S1)

C-p-g1 2.74 2.81 2.38
C-p-g2 2.27 2.28 2.17
05521
e

ent

e-

s.
-
d
x-
re

k-
nt

n

best global (C-p-g1) fit ~also see Table V in Sec. IV H
below!. Thus, in contrast to other models onKL photopro-
duction, the resulting agreement of the present calcula
with experimental data is neither achieved with a very lo
NKL coupling far off SU~3! predictions, nor with a very sof
nucleon form factor; see Table VI in Sec. IV H. Note that t
same cutoff valueLN50.96 GeV is used in all nucleons-
andu-channel diagrams.

E. KS photoproduction

As it turns out in the present model, it is also possible
simultaneously describe both measuredgp→KS charge re-
actions~see Table III and Fig. 12!, while still being in line
with all three pion-inducedKS charge channels~see Table II
and PMI @6#!. Similarly to KL photoproduction, theKS
mechanism also proves to be very sensitive to rescatte
effects viavN. The IJP5 1

2
1
2

2 KS wave is fed by thevN
channel, leading to a sudden increase in theK1S0 and
K0S1 total cross sections. As pointed out in Sec. IV D, su
an effect has also been observed in the coupled-cha
model of Lutzet al. @49#. Note that the finite width of thev
meson of 8 MeV, which is not taken into account in th
present model, smears out this threshold effect.

The total cross section ofgp→K1S0 is dominantly com-
posed ofJP5 1

2
2 and 1

2
1 contributions, where the latter i

generated by theP31(1750) andK* exchange contributions
The higher partial waves, especially those withJ> 5

2 , hardly
play any role. In thegp→K0S1 reaction, the situation is
changed in such a way that the contribution of theP11(1710)
becomes more pronounced, and theJP5 3

2
1 contribution due

to the P33(1920) and in particular toP13(1900) is empha-
sized. TheJP5 3

2
2 and higher partial-wave contributions re

main negligible. A similar decomposition of theKS- photo-
production mechanism was found by Janssenet al. @51#. By
c.

-

FIG. 12. gp→KS total cross
sections. Data are as given in Se
III. Left: Line code as in Fig. 1.
Right: Partial-wave decomposi
tion. Line code as in Fig. 7.
2-15
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055212 ~2002!
FIG. 13. gp→K1S0. Upper
panel: differential cross section
lower panel: S0-recoil polariza-
tion. Line code as in Fig. 1. Data
are from Ref.@34#.

FIG. 14. gp→K0S1 differential cross section
and S1 recoil polarization. Line code as in Fig
1. Data are from Ref.@34#.
055212-16



VECTOR MESON PRODUCTION AND . . . . II . . . . PHYSICAL REVIEW C 66, 055212 ~2002!
FIG. 15. gp→vp total cross section. Data are froms @53#, 3 @35#, andh @36#. The data from Ref.@37# are not shown. Left: Line code
as in Fig. 1. Right: Partial-wave decomposition. Notation as in Fig. 10.
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applying a tree-level isobar model, these authors were ab
exclude any relevance of theD13 wave and to identify im-
portant contributions from theP11(1710) andS11(1650) as
in our model. AlsoP13, S31, and P31 contributions have
been identified; however, those have been attributed to
P13(1720),S31(1900), andP31(1910) resonances instead
P13(1900), S31(1620), andP31(1750) in the present mode
Note, that we have checked for the importance ofS31(1900)
and P31(1910) contributions within the present model~see
PMI @6#!, but have not found any sizable contributions.

The differential cross section behavior ofgp→K1S0,
shown in Fig. 13, is very similar for the two global calcul
tions C-p-g6 with different coupling signs ofgvrp . Both
describe the angular structure of the cross sections very
and show a tendency to decrease at forward angles for hi
energies, which is caused by theK* exchange. In theS0

recoil polarization of gp→K1S0, the two calculations
C-p-g1 and C-p-g2 show behaviors opposite in sign fo
energies above 1.9 GeV. This difference can be traced b
to the differentP11(1440), P11(1710), andD13(1950) con-
tributions in the two calculations. Thus more precise exp
mental data in the higher-energy region on theS0 polariza-
tion would certainly help to clarify the exact decompositio

We also observe a very similar behavior of the two cal
lations for thegp→K0S1 ~see Fig. 14! differential cross
section andS1 polarization. Unfortunately, the few SAPHIR
data points@34# are not precise enough to judge the qual
of the description.

As a result of the inclusion of the photoproduction da
theNKS coupling is reduced from 15.4 to 2.5 from the be
hadronic (C-p-p1) to the best global (C-p-g1) fit. As
pointed out in Sec. IV H and PMI@6#, the pion-induced re-
actions are only slightly influenced by the exactNKS cou-
pling value and are thus still well described in the glob
calculation. The final value for theNKS coupling is close to
SU~3! expectations; see Sec. IV H.

F. v photoproduction

The literature onv photoproduction does not offer a cle
picture of the importance of individual resonance mec
05521
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nisms in this channel, which is due to the fact that basica
all models are only single-channel analyses. Hence resca
ing effects and the impact of the drawn conclusions on ot
channels are neglected. While Titov and Lee@52# recently
found important contributions of the sub-thresho
D13(1520) andF15(1680) resonances, Ohet al. @9# extracted
dominant contributions from aP13(1900) and aD13(1960)
resonance. Furthermore, in the model of Zhao@12# the
P13(1720) andF15(1680) were shown to give dominant con
tributions, but the low lyingS11(1535) andD13(1520) were
also important. All models agree, however, on the imp
tance of thep0 exchange, which has already been conside
in one of the first models onv photoproduction by Friman
and Soyeur@7#. The higher partial-wave contributions of th
p0 mechanism also dominate the cross section beha
aboveAs'1.82 GeV in the present model; see Fig. 15. T
clear dominating threshold contribution stems from t
P11(1710), just as in the pion-induced case~see PMI@6#!.
The importance of the other resonances, however, is redu
and only theJP5 3

2
1 contributions of theP13(1720) and

P13(1900) remain non-negligible.
The dominance of thep0 exchange mechanism becom

even more obvious in the differential cross section; see F
16. However, in particular in the middle- and backwar
angle region the resonance contributions destructively in
fering with the pion exchange are mandatory to describe
precise preliminary SAPHIR data@37#, which cover the com-
plete angular range@56#. When these resonance contributio
are neglected, the total cross section behavior is stron
altered and the calculation largely overestimates the t
cross section; see Fig. 17.

The upper limit of the partial-wave decompositionJmax
turns out to be essential for thev photoproduction channe
because of the importance of the pseudoscalarp0 exchange.
Performing the decomposition only up toJmax5

11
2 as in

Refs. @4,5#, the full upward bending behavior at forwar
angles is not reproduced. This is displayed in Fig. 17.
have checked forJmax providing good convergence in th
angular structure and found a satisfying behavior forJmax
' 27

2 , which is consequently used in the partial-wave deco
2-17
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FIG. 16. gp→vp. Line code
as in Fig. 1. Upper panel: differen
tial cross section. Data are as i
Fig. 15. The preliminary CLAS
data@54# (n) have not been used
in the fitting procedure. Lower
panel: Beam asymmetryS. Pre-
liminary data are from Ref.@55#.

FIG. 17. gp→vp. Data as in Fig. 15. Left: total cross section. Solid line: full calculation C-p-g1. Dash-dotted line: C-p-g1 with
resonance contributions switched off. Right: Solid line: full calculation C-p-g1. Dash-dotted line: C-p-g1 with Jmax5

11
2 ; see the text.
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VECTOR MESON PRODUCTION AND . . . . II . . . . PHYSICAL REVIEW C 66, 055212 ~2002!
position for the present calculation. The necessity of the c
sideration of higher partial waves when pseudoscalar
change mechanisms are included was also pointed
recently by Davidson and Workman@57#. These authors
demonstrated striking differences in the forward peaking
havior for a pion-photoproduction calculation at 1.66 G
using the VPI multipoles only up tol p55 (⇔Jmax5

11
2 ) or

additionally taking into account the full angular structure
the Born terms, in particular the pion-Bremsstrahlung con
bution.

Although the inclusion of the precise SAPHIR photopr
duction data@37# allows for a better disentangling of th
importance of different resonances, the various resona
~helicity! couplings tovN cannot be fixed with certainty; se
PMI @6#. To clarify the situation, there is an urgent need
data on polarization observables ofvN photoproduction, as
e.g., currently extracted at GRAAL. For comparison, we g
our results on the beam asymmetryS in Fig. 16. Note that
the preliminary GRAAL data@55# have not yet been include
in the fit.

G. Photoabsorption on the nucleon

In the present model, we have included all important
elasticpN channels belowAs52 GeV, and hence, we ca
also compare the resulting total photoabsorption cross
tion sabs

T 5 1
2 (sabs

1/2 1sabs
3/2 ) on the proton with experimenta

data@58,59#. As can be seen from Fig. 18 our model is in lin
with experiment all through theD(1232) region, but we can
not describe the total photoabsorption cross sectionsabs

T

above the 2pN threshold. This is not unexpected: the ph
toproduction of 2pN cannot be described within our mod
as well as the pion-induced 2pN production, since in the
photon-induced reaction, e.g.,rN or pD contact ~Kroll-
Rudermann like! interactions are also known to be importa
@26–28#.

FIG. 18. Total photoabsorption cross section on the protongp
→X. Calculation C-p-g1: solid line; C-p-g2: dashed line; cross
sectionDs of Ref. @38# ~see the text!: dotted line; sum of calcula-
tion C-p-g1 and Ds: dash-dotted line;gp→2pN of C-p-g1:
dash-double-dotted line~see the text!. Data are from3 @59# ands

@58#.
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In the dispersion theoretical analysis of Compton scat
ing by L’vov et al. @38#, exactly this part of the total photo
absorption cross section has been determined. By subtra
from the experimental total photoabsorption cross sec
sabs

T 5 1
2 (sabs

1/2 1sabs
3/2 ) on the proton@58,59# the single-pion

photoproduction cross section, determined via the VPI m
tipoles, and their 2pN cross section simulated via nucleo
resonances, they extracted a remaining cross sectionDs sup-
posed to be due to the aforementioned background inte
tions. Ignoring interference effects~see Ref.@38#!, one can
just addDs to our total photoabsorption cross section. T
resulting sum is remarkably close to the experimental pho
absorption cross section@58,59# up to about 1.6 GeV~see
Fig. 18!, above which important contributions of spin-5

2 reso-
nances can be expected, which are so far missing in
analysis. Thus it seems that the resonance contribution
the 2pN photoproduction, displayed in Fig. 18 by the das
double-dotted line, are rather well described within t
present model. This provides an additional cross check
at least up to 1.6 GeV all important channels are correc
described in our model. Above 1.6 GeV the data of t
ABBHHM Collaboration on 3pN photoproduction@35# in-
dicates that this channel contributes'30–40mb to sabs

T ,
less than 10mb of which are due tovN.

Realizing the limitations of the present model, we c
nevertheless give estimates on the contributions of the v
ous final states to the Gerasimov-Drell-Hearn~GDH! sum
rule @60# ~also see Ref.@61# and references therein!, which
allows one to relate the static property of the anomalo
magnetic moment of the nucleon to the photoabsorpt
cross section differencesabs

1/2 2sabs
3/2 via dispersion relations

The contributions of the individual reactions on the prot
target up toAs52 GeV are given in Table IV. As is clea
from the above discussion, our estimates forpN and 2pN
deviate from the rather well known values for reasons w
understood. For all other final states (hN, KL, KS, and
vN) our model is compared to all available experimen
observables and thus allows for reasonable estimates o
contributions to the GDH sum rule. It is interesting to no
~see Table IV! that our values for the contributions fromhN,
KL, KS, and in particularvN deviate from the values o
Refs.@13,62,63#, all of which have been extracted in single
channel analyses.

H. Born and background couplings

The values of all Born and background couplings of o
two global fits and the extracted cutoff valuesL are summa-

TABLE IV. Contributions~in mb) of the individual final states
to the GDH sum rule up toAs52 GeV on the proton target. Firs
line: Calculation C-p-g1; second line: C-p-g2.

pN 2pN hN KL KS vN

2157.5 221.2 19.2 11.1 11.6 10.8
2162.7 220.7 18.6 10.9 11.8 10.1
2171a 245a 115a 11.7b 12.4b 22.0c

aReference@62#.
bReference@63#.
cReference@13#.
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TABLE V. Nucleon andt-channel couplings. First line: C-p-g1; second line: C-p-g2.

g Value g Value g Value g Value

gNNp 12.85 gNNs•gspp 11.46 gNNr 4.53 kNNr 1.47
12.75 12.57 4.40 1.41

gNNh 0.10 gNNa0
235.30 gNNv 3.94 kNNv 20.94

0.12 222.91 3.87 0.17
gNLK 212.20 gNLK

0*
26.27 gNLK* 227.61 kNLK* 20.50

212.88 1.16 228.29 20.55
gNSK 2.48 gNSK

0*
226.15 gNSK* 4.33 kNSK* 20.86

1.56 227.22 3.88 20.98
gNLK1

219.20 kNLK1
21.83 gNSK1

22.80 kNSK1
2.40

224.35 21.99 23.29 2.06
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rized in Tables V and VI. Since these values were alre
discussed in PMI@6#, we only outline the main properties.

When realizing that the values ofgpNN are lower than the
values extracted by other groups, for example the value
gpNN513.13 from the VPI group@42#, one has to keep in
mind that the present calculation considers a large ene
region using only onepNN coupling constant, and that th
pNN coupling is especially influenced by thet-channel pion
exchange mechanism ofvN photoproduction. Remembe
that only one cutoff valueL t50.7 GeV ~see Table VI! is
used for allt-channel diagrams. As a result of gauge inva
ance, the importance of the Born diagrams is enhanced in
photoproduction reactions and, consequently, the other B
couplings can also be more reliably extracted in the glo
calculations than when just the pion-induced data is con
ered. As found in previous analyses@4,5,45# the hNN cou-
pling turns out to be very small and the precise value t
hardly influences thex2 of the hN production. TheKL and
KS couplings turn out to be larger than extracted in oth
calculations. Thus the resulting relations between the B
couplings for the pseudoscalar mesons of our best globa
are actually close to SU~3! relations withaFD5F/(F1D)
P@0.25;0.41# ~see, e.g., Ref.@64#!, which is around the
value ofaFD'0.35 predicted by the Cabibbo-theory of we
interactions and the Goldberger-Treiman relation@64#. Fur-
thermore, thevNN coupling constants are also larger th
extracted in other calculations, which is only possible sin
rescattering effects are properly taken into account in
present model. Note, that our value for the nucleon cu
LN50.96 GeV~see Table VI! is the same for all final states

TABLE VI. Cutoff values for the form factors. First line: C-p
g1; second line: C-p-g2. The upper indexh or g denotes whether
the value is applied to a hadronic or electromagnetic vertex, w
the lower one denotes the particle going off-shell, i.e.,N: nucleon;
1
2 : spin-12 resonance;32 : spin-32 resonance;t: t-channel meson.

LN

~GeV!
L1/2

h

~GeV!
L1/2

g

~GeV!
L3/2

h

~GeV!
L3/2

g

~GeV!
L t

h

~GeV!

0.96 4.00 1.69 0.97 4.30 0.70
0.96 4.30 1.59 0.96 4.30 0.70
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TABLE VII. Electromagnetic helicity amplitudes ~in
1023 GeV21/2) of I 5

1
2 resonances considered in the calculatio

First line: C-p-g1/C-p-g2; second line: PDG@30#; third line:
Feuster and Mosel@5#; fourth line: Arndtet al. @65#. In brackets, the
estimated errors are given. ‘‘NF’’: not found. ‘‘NG’’: not given
‘‘NC’’: not considered~energy range ended at 1.9 GeV!.

L2I ,2S A1/2
p A1/2

n A3/2
p A3/2

n

S11(1535) 90/93 224/234 —
90(30) 246(29) —
106 263 —

NG —
S11(1650) 49/47 211/213 —

53~16! 215(21) —
45 226 —
74~1! 228(4) —

P11(1440) 287/281 121/112 —
264(4) 40(10) —
284 47 —
267(2) 47(5) —

P11(1710) 44/28 224/41 —
9(22) 22(14) —
19 219 —

NG —
P13(1720) 253/265 24/3 27/34 3/2

18(30) 1(15) 219(20) 229(61)
23 2 75 217

NG
P13(1900) 217/218 216/221 31/8 22/228

NC
D13(1520) 23/1 284/274 151/153 2159/2161

224(9) 259(9) 166~5! 2139(11)
3 247 136 298

224(2) 267(4) 135~2! 2112(3)
D13(1950) 12/21 23/215 210/222 29/22

5 47 41 255
2-20



TABLE VIII. Electromagnetic helicity amplitudes ofI 5
3 resonances. Notation as in Table VII.
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The only t-channel meson which exclusively contribut
to photoproduction reactions in the present model, is theK1
meson. Although the couplings are almost identical in b
calculations, we find that it only plays a minor role inKL
andKS photoproduction; far more important are the cont
butions fromK* exchange~also see Secs. IV D and IV E!.

I. Resonance electromagnetic helicity amplitudes

In Tables VII, VIII, and IX the extracted electromagnet
properties of the resonances are summarized in compa
with the values of the PDG@30#, Feuster and Mosel@5#, and
the pion photoproduction analysis of Arndtet al. @65#. One
has to note that in the present model the helicity amplitu
of the resonances are not only determined by one spe
reaction alone, but by a simultaneous consideration of
included photoproduction reaction channels, largely reduc
the freedom of the choice of these values. This in particu
holds true for the proton helicity amplitudes. For the neutr
these values can be determined only from pion photoprod
tion data on the deuteron; such data for other final states
very scarce. Moreover, in some neutron pion photoprod

TABLE IX. Electromagnetic off-shell parametersag of spin-32
resonances. First line: C-p-g1; second line: C-p-g2; third line:
SM95-pt-3 of Ref.@5#. ‘‘NC’’: not considered~energy range ended
at 1.9 GeV!.
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tion multipoles (M22
n ) the data situation is not very good

and above 1.8 GeV only the energy-dependent VPI@24# so-
lution ~see Secs. III and IV B! is available, hindering a reli-
able extraction of the neutron helicity amplitudes of the c
responding resonances~also see below!. This problem can
only be overcome, once data for more final states are av
able on the deuteron target.

In the following, the helicity amplitudes of the resonanc
are discussed in detail. A guideline for their uncertain
within the present model is given by the variation betwe
the two calculations; cf. Tables VII and VIII.

1. Isospin-12 resonances

S11: In contrast to Arndtet al. @65# the properties and in
particular the helicity amplitudes of theS11(1535) can be
well fixed in the present calculation, which is a result of t
inclusion of theh-photoproduction data. The extracted low
value for A1/2

p as compared to Feuster and Mosel@5# is
caused by the different gauging procedure and the fact th
lower mass is extracted in the present calculation. The
ferences in the neutron value, however, can be explained
the improved data base underlying the pion-photoproduc
neutron multipoles; see Fig. 4.

The helicity coupling of theS11(1650) is also influenced
by KL photoproduction in our analysis, but the extract
value agrees well with the PDG@30# value. However, the
most recent VPI photoproduction single-energy analysis p
sented in Ref.@65# indicates that the structure of this res
nance is enlarged as compared to the analysis@24# used in
the present calculation, which leads to the larger val
found by Arndtet al.

P11: The P11(1440) values are extremely sensitive to t
damping of the nucleon contributions and consequently
gauging procedure. This leads to large differences in the n
tron amplitude as compared to Feuster and Mosel, the P
and Arndtet al. However, the error bars in the neutron mu
tipole allow for a large range of resonance contributions~see
Fig. 4!. As a consequence of the largeP11(1440) mass and
width ~see Sec. IV B and PMI@6#! the resonant behavior o
the M12

p pion photoproduction multipole between 1.25 a
1.4 GeV cannot be completely described; see Fig. 3. T
2-21
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P11(1440) proton helicity amplitude is mostly constrained
the small error bars in the real part ofM12

p between 1.4 and
1.5 GeV. A different helicity amplitude would largely dete
riorate the overall description of this multipole. Summar
ing, as a consequence of the largeP11(1440) width neces-
sary in the present model, theP11(1440) helicity amplitudes
cannot be reliably fixed. Possible reasons for this prob
are the lack of analyticity in the present model leading
shortcomings close to the 2pN threshold, and the missin
background contributions in the 2pN photoproduction~see
Secs. III, IV A, and IV G!.

Similarly to Arndtet al., the electromagnetic properties o
the secondP11 cannot be completely fixed in the prese
calculation. While in the proton case, theP11(1710) photon
coupling is roughly identical for both global calculations, t
lack of precise neutron target pion-photoproduction data
pecially above 1.8 GeV~see Fig. 4! does not allow one to pin
down theP11(1710) neutron coupling.

P13: Since bothP13 resonances considered in the pres
calculation not only give important contributions to pio
photoproduction, but also toKL andv photoproduction, the
resulting proton couplings are rather well determined,
though the structure in theE11

p pion photoproduction multi-
pole cannot be completely described~see Sec. IV B!. This is
in contrast to Arndtet al. @65#, where the values of the
P13(1720) are not given. Note that our coupling signs for t
P13(1720) are opposite to the PDG values, but in line w
the ones of Arndt, Strakovsky, and Workman@66#: A1/2

p

5215(15) andA3/2
p 57(10) ~in brackets, the estimated e

rors are given!. The newly includedP13(1900) also influ-
ences theP13(1720) properties, thus explaining the diffe
ences in the couplings of the latter to Feuster and Mosel@5#.
As pointed out in Sec. IV B, the lack of neutron data for t
pion-photoproduction multipoles above 1.8 GeV leaves
P13(1900) neutron photon couplings essentially unde
mined.

D13: As shown in Ref.@5#, the D13(1520) photon cou-
plings are extremely sensitive to Compton scattering. The
fore and due to the enlarged Compton data base, the di
ences to the values of Arndtet al. @65# and Feuster and
Mosel @5# can be understood. Furthermore, as pointed ou
Sec. IV B, theD13(1520) neutron photon couplings are al
influenced by the lack of preciseM22

n multipole data, thus
fixing the D13(1520) neutron photon couplings partially b
its influences on theJ5 1

2 multipoles. TheD13(1950) photon
couplings always result in small values, since neither in p
photoproduction nor in the other photoproduction chann
such a resonant structure is found. However, more polar
tion measurements on the nonpion photoproduction d
would allow for a closer determination of the electroma
netic properties of this resonance.

2. Isospin-32 resonances

S31: Similarly to theIJ5 1
2

1
2 channels, theE01

3/2 multipole
is also very sensitive to background contributions. Thus,
though in our calculation and in the analysis of Arndtet al.
@65# the resonance peak of theS31 ~1620! is nicely described,
the extracted helicity amplitude differs by a factor of
05521
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Feuster and Mosel@5# also found a smaller helicity value
which, however, can be explained by the fact that, in
older multipole analysis used in Ref.@5#, this resonance’s
peak was less pronounced.

P31: As a consequence of the large error bars in theM12
3/2

multipole, the photon coupling of theP31(1750) differs in
the two global calculations. However, the extracted valu
describe the tendency in the data correctly and are als
line with the influence of theP31(1750) onKS photopro-
duction.

P33: Although Compton scattering is simultaneously an
lyzed in the present model, our helicity coupling nice
agrees with the recent analysis of Arndtet al., corroborating
the compatibility of the Compton and pion-photoproducti
experimental data. The ratio of electric and magnetic tran
tion strength for theD @P33(1232)# resonance is of specia
interest, because it vanishes for a zero quadrupole defor
tion of this excited nucleon state. Combining Eqs.~C2! and
~A9! and using the normalization entering Eq.~C3!, we find

RE/M
D 5

A 1
2

D
2A 3

2

D
/A3

A 1
2

D
1A3A 3

2

D 52

g1
D2g2

D
mD

2mN

g1
D

3mD1mN

mD2mN
2g2

D
mD

2mN

.

~13!

Our value of 22.6% (22.5%) of calculation C-p-g1
(C-p-g2) is also identical with the PDG@30# value of
22.560.5% and the one of Tiatoret al. @67# 22.560.1,
even though theE11

3/2 multipole is very sensitive to rescatte
ing @5#. For the two higher lyingP33 resonances, we find
small electromagnetic contributions resulting in hardly a
visible structure in theM11

3/2 andE11
3/2 pion multipoles. How-

ever, since these resonances also influenceKS photoproduc-
tion, both global calculations result in basically identical va
ues.

D33: As pointed out in Sec. IV B, we observe problems
the description of theM22

3/2 multipole due to the lack of a
background contribution in this multipole and the helici
amplitudes are difficult to extract. Moreover, sinceKS pho-
toproduction also proves to be sensitive to theD33(1700)
helicity amplitudes, ourA3/2 values differ from those of the
other references. Note that in Ref.@5# similar observations
were also made and the extractedA3/2 strength ranged from
98 to 172.

3. Electromagnetic off-shell parameters

The electromagnetic off-shell parametersag ~see Sec.
II A ! turn out to be mostly well fixed in the two global ca
culations; see Table IX. Exceptions are theag1

values of the

P13 resonances, which can, however, be explained by the
that the corresponding couplingsgg1

are very small and thus
the off-shell parameters are very sensitive to any change
the D13(1950) case, the differences between the two cal
lations are related to the fact that the helicity amplitudes
also not be well fixed, see Table VII. Since the off-sh
parameters determine the background contributions in thJ
2-22
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51
2 waves, it is also quite clear that these parameters are

sensitive to the gauging procedure, which has already b
found by Feuster and Mosel@5#. This explains, why even in
the case of theP33(1232) resonance, our values differ fro
those extracted in Ref.@5#, where the Haberzettl gaugin
procedure@Eq. ~12!# was used instead of the Davidso
Workman procedure~11! ~note that the values of Ref.@5# for
the hadronic off-shell parameters are mostly similar to ou
see PMI@6#!.

V. SUMMARY AND OUTLOOK

The presented model provides a tool for nucleon re
nance analysis below energies ofAs52 GeV. Unitarity ef-
fects are correctly taken into account, since all import
final states, i.e.,pN, 2pN, hN, KL, KS, andvN are in-
cluded. Since the driving potential is built up by the use
effective Lagrangians for Born-,t-channel, spin-12 , and spin-
3
2 resonance contributions, the background contributions
also generated consistently and the number of paramete
greatly reduced. The dependence on different descript
for the spin-32 resonance vertices has been investigated
the pion-induced reactions and similar results have b
found.

The simultaneous consideration of thegN final state guar-
antees access to a much larger and more precise data
allowing for strong tests on all resonance contributions
has turned out that the inclusion of photoproduction data
inevitable to extract the resonance masses and widths
ably. A side effect is that within such a model the consisten
of the experimental data for the various reactions can
checked, and no discrepancies are found.

A simultaneous description of all pion and photo
induced reactions on these final states is possible with
parameter set. Although we have largely extended our d
base on pion photoproduction and Compton scattering, b
channels~and hN photoproduction! are still well described
in the energy region belowAs51.6 GeV. The extracted
electromagnetic properties of theP33(1232) resonance per
fectly agree with other analyses. In general, the agreem
with the previous analysis of Feuster and Mosel@5# is quite
good. The main differences are found for resonances in th
partial waves, where additional higher lying states have b
added, and in the electromagnetic off-shell parametersa of
the spin-32 resonances, which is a consequence of the dif
ent applied gauging procedures.

No global fit has been possible when the form factorFt
~10! is used for thet-channel exchange diagrams. Even wh
using Fp a readjustment of the parameters obtained fr
purely hadronic reactions is necessary, since, especiall
thehN andvN channels, the resonance contributions can
be well fixed using the pion-induced data alone. In additi
in the associated strangeness channels the Born coup
have to be readjusted, since the corresponding contribut
are largely enhanced as a consequence of the gauging p
dure. The resulting Born couplings of the global parame
set are close to SU~3! predictions. The background in pio
photoproduction is very sensitive on nucleon contributio
and in particular on the gauging procedure. Although t
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background is fixed by only a few parameters, it is w
described in most multipoles, thus giving confidence in
applied Davidson-Workman gauging procedure@Eq. ~11!#.

In the KL, K0S1, and vN channels we find a strong
need for contributions of aP13(1900) resonance between 1
and 2 GeV, similar to the pion-induced reactions. The inc
sion of this resonane also leads to changes in the prope
of the P13(1720) as compared to previous analyses. In p
ticular, we find that the role of theP13(1720) is largely en-
hanced inKL photoproduction. However, for a clear dise
tanglement of the resonant contributions in the energy reg
above 1.7 GeV more polarization measurements in partic
on vN and hN are needed to completely determine t
P13(1900) and also theD13(1950) resonance properties.

The associated strangeness photoproduction chan
prove to be very sensitive to thevN threshold and interfer-
ence effects. This leads to the explanation of a resonance
structure in theKL total cross section by an interference
K* and nucleon contributions, instead of a resonance.
vN production is mostly dominated by thep0 exchange
mechanism, but large interference effects due to the im
mented resonances are necessary to find a satisfactory
scription of the preliminary SAPHIR data@37#. The pseudo-
scalar nature of thep0 exchange mechanism requires t
inclusion of partial waves up toJmax5

27
2 in the PWD. The

threshold behavior of this reaction is mostly explained by
largeP11(1710) contribution, in contrast to all other mode
on vN photoproduction.

The good description of all photoproduction channels
ables us to evaluate the GDH sum rule contributions of
various final states. We find small values for the contrib
tions of hN, KL, KS, andvN, which are remarkably dif-
ferent from those extracted in single-channel analyses.

Deficiencies of the present model concerning the 2pN
production are visible in Compton scattering, where a ba
ground contribution in the energy region between t
P33(1232) andD13(1520) resonance is missing. We ha
nevertheless shown that the resonance contributions to 2pN
photoproduction are well under control in the present mod
Moreover, similar topN elastic scattering, there are als
evidences of the influence of a 3pN final state in theJP

5 3
2

1 multipole E11
p . As a consequence of the lack of spi

5
2 resonances, the analysis of Compton scattering is restri
to energies belowAs51.6 GeV. Since all data onhN, KL,
KS, and vN are well described without such resonanc
they seem to be of minor importance in these reactions. T
point is being investigated further at present@68#.

Using the generalization of the partial-wave decompo
tion presented here for the inclusion of thevN final state a
more realistic description of the 2pN final state in terms of
rN and pD is now possible. The inclusion of these fin
states allows one to mimic the three particle phase sp
while still dealing with two-body unitarity. Accounting fo
the spectral function of ther meson and theD baryon would
then allow for the complete description of 2pN production
within the present model.

While for larger energies threshold effects due to unitar
are of main importance, at lower energies considerable
2-23
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fects are known to be caused by analyticity. This has b
demonstrated by the comparison of the present analysis
models also taking analyticity into account. Therefore, a
work along analytic extensions of theK-matrix ansatz, e.g.
in the direction proposed by Kondratyuk and Scholten@40#,
should be pursued.
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APPENDIX A: LAGRANGIANS, COUPLINGS,
AND HELICITY AMPLITUDES

1. Background

The Born contributions are generated by
L52eūB8~p8!F S êgmAm1
k

2mN
smnFmnD1

gw

mB1mB8

g5gmAmGuB~p!2 iêew* ~]m
w2]m

(w* )!wAm

2e
gw

mB1mB8

ūB8~p8!g5gmuB~p!Am, ~A1!
of
t

er

ith
ated
-

d to
re.
gs
et to
-
n in

d

with the asymptotic baryonsB,B85(N,L,S), the pseudo-
scalar mesons (w,w8)5(p,K), andFmn5]mAn2]nAm. Ac-
counting correctly for the masses entering the hype
anomalous magnetic moments, thek values that enter the
Lagrangian above can be extracted from the PDG@30# values
for the magnetic moments:

kL520.613, kS0→Lg51.610, ~A2!

kS151.671, kS2520.374.

For the intermediate (t-channel! mesons the additiona
Lagrangian

L52 igK1
S gmK1

m1
kK1

2mN
smnK1

mnD g5uB~p!

2
g

4mw
«mnrsVmnV8rsw1e

gK1Kg

2mK
KFmnK1

mn ~A3!

is taken.Vmn andK1
mn are defined in analogy toFmn. Using

the values for the decay widths from Refs.@30# and @69#
@G(K1

0(1270)→K0g)573 keV#, the following couplings
are extracted:

grpg50.105, grhg520.805,

gvpg50.313, gvhg520.291,

gK* 1K1g520.414, gK* 0K0g50.631,

gK
1
1K1g50.217, gK

1
0K0g50.217,

gpgg50.037, ghgg50.142. ~A4!
n

Note that an isospin averaged value for thegrpg coupling is
used; see Ref.@19#. The ratio between the radiative decay
the charged and the neutralK1(1270) meson has not ye
been measured; for simplicity, we usegK

1
1K1g5gK

1
0K0g . For

the relative sign between the charged and the neutralK*
coupling, we follow the quark model prediction of Sing
and Miller @70#.

A remark on ther andv radiative decays intohg is in
order. Unfortunately, the decay widths are known only w
large uncertainties; the values above represent the estim
mean given in Ref.@30#. Taking into account the given er
rors, the ranges for these couplings are

ugrhguP@0.636,0.930#, ugvhguP@0.268,0.313#.
~A5!

Due to the uncertainties, these couplings are also allowe
vary within the given ranges during the fitting procedu
However, in all calculations, larger values for both couplin
are preferred and consequently, these couplings are s
grhg520.930 andgvhg520.313. Note that all other me
son decay constants are also kept fixed to the values give
Eq. ~A4!.

2. Resonances

The radiative decay of the spin-1
2 resonances is describe

by

L1
2Ng52e

g1

4mN
ūRS 1

2 ig5
DsmnuNFmn, ~A6!

and for the spin-32 resonances by
2-24
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L3
2Ng5ūR

meS ig5

1 D S g1

2mN
gn1 i

g2

4mN
2

]N
n D uNFmn . ~A7!

In both cases, the upper~lower! factor corresponds to
positive-~negative-! parity resonances. Note that, in the sp
3
2 case, both couplings are also contracted by an off-s
projectorQmn(a)5gmn2agmgn , wherea is related to the
commonly used off-shell parameterz by a5(z1 1

2 ) ~see PMI
@6# for more details!.

In analogy to thevN helicity amplitudes~see PMI@6#!
the electromagnetic helicity amplitudes, which are norm
ized by an additional factor (2Eg)21/2 @71#, are extracted:

A 1
2

gN
5

jR

A2Eg

^uR ,lR5 1
2 uGmuu,l5 1

2 &Am

52eg
jR

2mN

AmR
22mN

2

A2mN

~A8!

for spin-12 resonances, and

A 1
2

gN
51

ejR

4mN

AmR
22mN

2

A3mN
S 6g1

mN

mR
2g2

mN7mR

4mN
D ,

A 3
2

gN
56

ejR

4mN

AmR
22mN

2

AmN
S g11g2

mN7mR

4mN
D ~A9!

for spin-32 resonances. Here,jR denotes the phase at th
RNp vertex. The lower indices correspond to thegN helici-
ties and are determined by theg and nucleon helicities:12 :
lg2lN512 1

2 5 1
2 and 3

2 : 11 1
2 5 3

2 . Note the differences o
Eq. ~A9! to the formulas given in Ref.@5#, which are due to
the different sign choice for theg1 coupling in Eq.~A7! for
negative parity resonances.

APPENDIX B: CALCULATION OF AMPLITUDES

The scattering amplitudeT l8l
f i (q) and theK matrix am-

plitude K l8l
f i (q), which enter the partial-wave decompos

Bethe-Salpeter equation~1!, are defined by

T l8l
f i [2

Ap p8mB8mB

~4p!2As
^ f uM u i &, ~B1!

K l8l
f i [2

Ap p8mB8mB

~4p!2As
^ f uKu i &, ~B2!

where K5V in the K-matrix Born approximation, and̂f u
and u i & denote the final and initial two-particle momentu
states, respectively; see PMI@6#.
05521
ll

l-

The calculation of the amplitudesV f i[^ f uVu i & which en-
ter Eq.~B2! are extracted from the Feynman diagrams vi

Vl8l
f i

5ū~p8,lB8!G~s,u!u~p,lB!

5
4pAs

AmBmB8

xlB8

† F~s,u!xlB
. ~B3!

1. Photoproduction of „pseudo… scalar mesons

The calculation of the spin-dependent amplitudesVl8l
f i is

identical in this case to the reactionsp/zN→VN ~see also
PMI @6#!: Replacing the Dirac operatorG→Gm«lV

m the gen-

eral form ofGm is

Gm~s,u!5Q•~Appm1Ap8pm8 1~Bppm1Bp8pm8 !k”1Cgm

1Dk”gm!, ~B4!

with Q5 ig5 for pseudoscalar andQ514 for scalar outgoing
mesons. Applying gauge invariance considerations (Gmkm

50), Gm can be recasted into the usual form of pseudosc
meson electroproduction@19#. For example for real photon
(k25k” 250), the relation to the standard set of four gau
invariant amplitudes~see, e.g., Ref.@5#!

Vf i5ū~p8,s8!(
j 51

4

AjM ju~p,s!,

with

M152 ig5«”k” ,

M252ig5~«•pk•p82«•p8k•p!,
~B5!

M35 ig5~«”k•p2k”«•p!,

M45 ig5~«”k•p82k”«•p8!,

is given by

A15D, A252
Ap8

2p•k
5

Ap

2p8•k
,

A352Bp , A452Bp8 . ~B6!

F of Eq. ~B3! is constructed in analogy to the virtual photo
case@44#,

F5 is•«F11s• k̂8s•~ k̂3«!F21 is• k̂«• k̂8F3

1 is• k̂8«• k̂8F42 i«0~s• k̂8F51s• k̂F6!, ~B7!

with «lV

m 5(«0,«). Obviously,F5 andF6 only contribute for

longitudinal polarizations. ThisF has to be replaced for sca
lar meson production byF→2 is• k̂8F. The decompositions
in Eqs.~B4! and ~B7! are related via
2-25
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F15
1

8pAs
AR68 R1~C2S2D !, ~B8!

F25
1

8pAs
AR78 R2~C1S1D !,

F35
k8

8pAs
AR68 R2~2Ap81S1Bp8!,

F45
k8

8pAs
AR78 R1~Ap81S2Bp8!,

F552
1

k8
F̃42

1

8pmMAs
AR78 R2~S1C1mM

2 D !,

F652
1

k8
F̃32

1

8pmMAs
AR68 R1~S2C2mM

2 D !,

with

F̃i5«•p8Fi1«•pFi~Ap8→Ap ,Bp8→Bp!,

«•p[«0
mpm5

kAs

mM
,

«•p8[«0
mpm8 5

1

mM
~EB8k1k8EMcosq!.

Using Eq.~B6!, theF1 to F4 of Eq. ~B8! reduce to the well
known photoproduction case~cf. Eq. ~B9! in Ref. @5#; also
see remark@72#!.

In the c.m. system theFi are related to the helicity depen
dent amplitudes via@73#.

V1
1
21

3
2
56V2

1
22

3
2

5 f
4pAs

AmBmB8

1

A2
sinq cos

q

2
~2F32F4!,

V1
1
22

3
2
57V2

1
21

3
2

5 f
4pAs

AmBmB8

1

A2
sinq sin

q

2
~2F31F4!,

V1
1
21

1
2
57V2

1
22

1
2

5 f
4pAs

AmBmB8

A2cos
q

2 F2F11F2

1sin2
q

2
~F32F4!G ,

~B9!
05521
V1
1
22

1
2
56V2

1
21

1
2

5 f
4pAs

AmBmB8

A2sin
q

2 FF11F2

1cos2
q

2
~F31F4!G ,

V1
1
21057V2

1
2205 f

4pAs

AmBmB8

«0cos
q

2
~2F52F6!,

V1
1
22057V2

1
2105 f

4pAs

AmBmB8

«0cos
q

2
~2F51F6!,

where the upper~lower! sign andf 5 i ( f 51) hold for pseu-
doscalar~scalar! meson production. Here we have used t
helicity notation introduced in Appendix A, and in additio
~for electroproduction! 0: lg2lN501 1

2 5 1
2 .

2. Compton scattering and photoproduction of vector mesons

Replacing the Dirac operator G(s,u) by

Gmn(s,u)«lV

m «lV8

†n
, Gmn can be rewritten by

Gmn~s,u!5Amn1Bmnk”1Cngm1Dnk”gm1Emgn1Fmk”gn

1Ggmgn1Hk”gmgn ~B10!

with

Amn5Apppmpn1App8pmpn81Ap8ppm8 pn1Ap8p8pm8 pn8

1Aggmn , similarly for Bmn ,

Cn5Cppn1Cp8pn8 similarly for Dn , ~B11!

Em5Eppm1Ep8pm8 similarly for Fm ,

which underlies six gauge constraints in photoproduction
vector mesons (Gmnkm50) and another six in Compton sca
tering (Gmnk8n50), reducing the number of independent o

TABLE X. Relation between the partial-wave multipolesTj g1

and the CGLN multipoles in pion electroproduction.l p denotes the
pion angular momentum,j g the total photon spin,J andP the total
spin and parity of the amplitudes;a5Ak k8 j g( j g11), b
5Ak k8( j g11), andb85Ak k8 j g .

PW CGLN mult. J P lp

T j g1
M 1aM j g1 j g1

1
2 2(21) j g j g

T j g2
M 2aM j g2 j g2

1
2 2(21) j g j g

T j g1
E 2aEj g1 j g1

1
2 (21) j g j g11

T j g2
E 2aEj g2 j g2

1
2 (21) j g j g21

T j g1
S 2bEj g1 j g1

1
2 (21) j g j g11

T j g2
S 1b8Ej g1 j g2

1
2 (21) j g j g21
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erators correctly~also see Ref.@19#!. The formulas for the
calculation of the spin dependent amplitudesVf i are identical
to the calculation forVN→VN ~see PMI@6#!.

APPENDIX C: PARTIAL WAVES
AND ELECTROMAGNETIC MULTIPOLES

The partial-wave decomposition of the photoproduct
reactions works completely analogously to the hadronic
actions, which is discussed in detail in PMI@6#. In this ap-
pendix the relations between our helicity partial waves a
the standard photoproduction multipoles are given.
h

ol
be
n

nd
io

05521
-

d

Our helicity states are given by

uJ,l;6&[
1

A2
~ uJ,1l&6huJ,2l&), ~C1!

with parity P5(21)J6
1
2, h[hkhp(21)sk1sp1

1
2, and the

intrinsic parities (hk ,hp) and spins (sk ,sp) of the two par-
ticles. After some Clebsch-Gordan manipulation, one can
tract the relations between the helicity states of Eq.~C1! and
the usual magnetic (M ), electric (E), and scalar~S! photon
nucleon multipole states@19,74#:
uJ5 j g1 1
2,M /E&57

1

A2~ j g11!
~Aj guJ, 1

2 ;6&1Aj g12uJ, 3
2 ;6&!,

uJ5 j g2 1
2,M /E&57

1

A2 j g

~Aj g11uJ, 1
2 ;7&2Aj g21uJ, 3

2 ;7&), ~C2!

uJ5 j g6 1
2,S&56uJ,0;7&.
ard

on,
g

Here the photon angular momentuml g and the total photon
spin j g are given byj g5 l g for the magnetic andj g51% l g
for the electric and scalar states. Since the two-particle

licity states uJ,l;6& are of parity P5(21)J6
1
2, this also

holds true for the corresponding nucleon photon multip
states. With this relation, establishing the connection
tween the photoproduction multipoles of any final state a
the two-particle helicity amplitudes is straightforward, a
can also be easily achieved for more complicated react
such asgN→pD.

1. Photoproduction of pions

Sandwiching the interaction matrixT between the multi-
pole states@Eq. ~C2!# and thepN parity helicity states of Eq.
~C1! ^J,l;6upN5(^J,1lu6^J,2lu)/A2, one finds the
electromagnetic partial-wave multipoles:

T j g1
M /E5pN^J,l;6uTu j g1,M /E&

57
1

A2~ j g11!
~Aj gT 1

2
1
2

J6
1Aj g12T 1

2
3
2

J6
!,

T j g2
M /E5pN^J,l;7uTu j g2,M /E&

57
1

A2 j g

~Aj g11T 1
2

1
2

J7
2Aj g21T 1

2
3
2

J7
!,

T j g6
S 5pN^J,l;7uTu j g6,S&56T 1

2

J7

0 ,
e-

e
-

d

ns

with the notation j g6: J5 j g6 1
2 . Using the relations be-

tween the above partial-wave multipoles and the stand
CGLN multipoles@44,75# ~cf. Table X! @76# one finds, set-
ting J5 l p1 1

2 ,

Ml p152
1

A2k k8~ l p11!
S T 1

2
1
2

J1
1Al p12

l p
T 1

2
3
2

J1 D,
M ( l p11)251

1

A2k k8~ l p11!
S T 1

2
1
2

J2
2A l p

l p12
T 1

2
3
2

J2 D,
E( l p11)252

1

A2k k8~ l p11!
S T 1

2
1
2

J2
1Al p12

l p
T 1

2
3
2

J2 D,
El p152

1

A2k k8~ l p11!
S T 1

2
1
2

J1
2A l p

l p12
T 1

2
3
2

J1 D,
S( l p11)252

1

Ak k8~ l p11!
T 1

2

J2

0,

Sl p152
1

Akk8~ l p11!
T 1

2

J1

0. ~C3!

2. Compton scattering

Proceeding in the same way as in pion photoproducti
the interaction matrixT is sandwiched between incomin
and outgoing multipole states of Eq.~C2! to project out the
desired multipole amplitudes:
2-27
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T j g1
EE
MM

51
1

2~ j g11!
@ j gT 1

2
1
2

J6
1Aj g~ j g12!~T 3

2
1
2

J6
1T 1

2
3
2

J6
!1~ jg12!T 3

2
3
2

J6
#,

T ( j g11)2
EE
MM

51
1

2~ j g11!
@~ j g12!T 1

2
1
2

J7
2Aj g~ j g12!~T 3

2
1
2

J7
1T 1

2
3
2

J7
!1jgT 3

2
3
2

J7
#,

T j g1
EM
ME

52
1

2~ j g11!
@Aj g~ j g12!~T 1

2
1
2

J7
2T 3

2
3
2

J7
!2jgT 3

2
1
2

J7
1~ jg12!T 1

2
3
2

J7
#,

T ( j g11)2
EM
ME

52
1

2~ j g11!
@Aj g~ j g12!~T 1

2
1
2

J6
2T 3

2
3
2

J6
!1~ jg12!T 3

2
1
2

J6
2jgT 1

2
3
2

J6
#, ~C4!
-
e
r

q.

n
la

ce
nd

are

nto
uc-
where the lower index ofT characterizes the incoming pho
ton state and the total spin thus is always chosen to bJ
5 j g1 1

2 . With the multipole normalization facto
@kAj g( j g11)#21 and time reversal symmetry (T l8l

J

5T ll8
J ) the Compton multipole amplitudes given in E

~A6! of Pfeil et al. @77# and Eq.~B16! of Ref. @5# are recov-
ered.

APPENDIX D: ISOSPIN DECOMPOSITION

The isospin decomposition of photon-induced reactio
can be realized by splitting up the photon into an isosca
uI ,I z&5u0,0& and the third component of an isovectoruI ,I z&
r
e

al

al

05521
s
r

5u1,0& particle. Taking into account this isospin ambivalen
of the photon, all photon couplings can also be split up a
the isospin operators in the Lagrangians of Appendix D
identical to the hadronic reactions given in PMI@6#; also see
Ref. @19#.

1. Photoproduction of „IÄ1Š 1
2 … final states

The isospin ambivalence of the photon is introduced i
the isospin decomposition of the amplitude for photoprod
tion of I 51%

1
2 hadronic final states (pN,zN,KS) by com-

bining the equations for the isospin decomposition ofpN
→pN andpN→hN ~see PMI@6#!,
^wk ;I 5 1
2 uTf gug;I 5 1

2 &5K I 5 1
2U 1

3 tkt3Tf g

1
2 1~dk32 1

3 tkt3!Tf g

3
2 2

1

A3
tkTf g

0 U I 5 1
2 L , ~D1!
-

where^wku refers to the outgoing asymptotic isospin-1 pa
ticle. The meaning of the upper indices is similar to the h
licity notation:

~i! 0: isoscalar photon coupling with the nucleon~total
isospinI 5 1

2 ).
~ii ! 1

2 : isovector photon coupling with the nucleon to tot
I 5 1

2 .
~ii ! 3

2 : isovector photon coupling with the nucleon to tot
I 5 3

2 .
This leads explicitly to the following amplitudes:

^1,0;1
2 ,1 1

2 uTf gug; 1
2 ,1 1

2 &5
1

3
~2Tf g

3
2 1Tf g

1
2 !2

1

A3
Tf g

0 , ~D2!

^1,0;1
2 ,2 1

2 uTf gug; 1
2 ,2 1

2 &5
1

3
~2Tf g

3
2 1Tf g

1
2 !1

1

A3
Tf g

0 ,
-
-̂ 1,11; 1

2 ,2 1
2 uTf gug; 1

2 ,1 1
2 &5

A2

3
~Tf g

3
2 2Tf g

1
2 !1

A2

A3
Tf g

0 ,

^1,21; 1
2 ,1 1

2 uTf gug; 1
2 ,2 1

2 &5
A2

3
~Tf g

3
2 2Tf g

1
2 !2

A2

A3
Tf g

0 .

The so-called proton (Tpg
p ) and neutron (Tpg

n ) isospin am-
plitudes introduced in Ref.@78# are commonly used ampli
tude combinations with total isospinI 5 1

2 and related to the
above ones in the following ways:

Tpg
p [

1

3
~2A2^p1nuTugp&1^p0puTugp&!

51
1

3
Tpg

1
2 2

1

A3
Tpg

0 ,
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Tpg
n [

1

3
~1A2^p2puTugn&2^p0nuTugn&!

52
1

3
Tpg

1
2 2

1

A3
Tpg

0 .

2. Photoproduction of „IÄ0Š 1
2Ä

1
2 … final states

For photoproduction ofI 50%
1
2 5 1

2 hadronic final states
(hN,KL,vN) only a total isospin ofI 5 1

2 is allowed and the
result is a slight extension of the isospin decomposition
pN→hN ~cf. PMI @6#!:

^I 50;I 5 1
2 uTf gug;I 5 1

2 &5K I 5 1
2UTf g

0 2
1

A3
t3Tf g

1
2 U I 5 1

2 L .
o
o

05521
f

The resulting proton (Tf g
p ) and neutron (Tf g

n ) isospin ampli-
tudes are

Tf g
p [^0,0;1

2 ,1 1
2 uTf gug; 1

2 ,1 1
2 &52

1

A3
Tf g

1
2 1Tf g

0 ,

~D3!

Tf g
n [^0,0;1

2 ,2 1
2 uTf gug; 1

2 ,2 1
2 &51

1

A3
Tf g

1
2 1Tf g

0 .

3. Compton scattering

For Compton scattering, the incoming and outgoing ph
tons are decomposed into their isoscalar and isovector
tributions. Thus the isospin decomposition now reads
^g;I 5 1
2 uTggug;I 5 1

2 &5K I 5 1
2UTgg

00 2
1

A3
t3~Tgg

01 1Tgg
10 !1 1

3 Tgg
11,

1
21

2

3
Tgg

11,
3
2UI51

2L ~D4!
in
r

-

y:
because oft3
2512. The upper indices denote the isospin

the outgoing and incoming photons. For the case when b
photons are isovectors~11!, the total isospin of thegN system
is the given. Experimentally, only two amplitudes (gp
→gp andgn→gn) are accessible. For these cases Eq.~D4!
results in

^g;puTggug;p&5Tgg
00 2

1

A3
~Tgg

01 1Tgg
10 !1

1

3
Tgg

11,
1
21

2

3
Tgg

11,
3
2 ,

~D5!

^g;nuTggug;n&5Tgg
00 1

1

A3
~Tgg

01 1Tgg
10 !1

1

3
Tgg

11,
1
21

2

3
Tgg

11,
3
2 .

APPENDIX E: OBSERVABLES

1. Cross sections

The differential cross section

ds

dV
5

~4p!2

k2

1

si
(
l,l8

uTl8l~q!u2 ~E1!

with ~e.g., forl,l8.0)

Tl8l~q!5
1

4p (
J

~J1 1
2 !dll8

J
~q!~T l8l

J1
1T l8l

J2
! ~E2!
f
th
and total cross section formulas

s5
4p

k2

1

si
(
J,P

(
l,l8

~J1 1
2 !uT l8l

JP u2 ~E3!

are completely identical to the hadronic reactions given
PMI @6#. si in Eq. ~E3! is the usual spin averaging factor fo
the initial state. Note that, while in Eq.~E1! the sum runs
over all values forl and l8, in Eq. ~E3! the second sum
extends only over positivel andl8. The reduced cross sec
tion in h photoproduction is

s red5A s

4p

k

k8
5A 1

k k8

1

si
(
J,P

(
l,l8

~J1 1
2 !uT l8l

JP u2.

2. Polarization observables

With the cross section intensity

I~q![
1

2 (
l,l8

uTl8l~q!u2, ~E4!

where the sum extends over all possible values forl andl8,
the polarization observables are given in the following wa

a. Photoproduction of (pseudo) scalar mesons

The single polarization observables are given by
I~q!S52Re~T1
2

3
2
T 1

22
1
2

* 1T1
2

1
2
T 1

22
3
2

* ! photon asym.,

I~q!P52Im~T1
2

3
2
T 1

22
3
2

* 2T1
2

1
2
T 1

22
1
2

* ! recoil asym.,
2-29



es can be

G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055212 ~2002!
I~q!T52Im~T1
2

3
2
T 1

2
1
2

* 2T1
2 2

3
2
T 1

22
1
2

* ! target asym. ~E5!

b. Compton scattering

The single polarization observables are given by

I~q!S52Re@~T3
2

3
2
1T1

2
1
2
!*T1

22
3
2
1~T3

22
3
2
2T1

22
1
2
!* T3

2
1
2
#,

I~q!T52Im@~T3
2

3
2
1T1

2
1
2
!*T3

2
1
2
2~T3

22
3
2
2T1

22
1
2
!* T1

22
3
2
#5I~q!P ~E6!

for the photon and target/recoil asymmetry, respectively.

c. Photoproduction of vector mesons

The single polarization observables are given by

I~q!S52Re~1T 3
2

3
2

* T3
22

1
2
1T 1

2
1
2

* T1
22

3
2
1T 3

22
3
2

* T3
2

1
2
1T 1

22
1
2

* T1
2

3
2
1T

0
3
2

* T
02

1
2
1T

02
3
2

* T
0

1
2
,

I~q!T52Im~1T 3
2

3
2

* T3
2

1
2
2T 1

2
1
2

* T1
2

3
2
2T 3

22
3
2

* T3
22

1
2
1T 1

22
1
2

* T1
22

3
2
1T

0
3
2

* T
0

1
2
2T

02
3
2

* T
02

1
2
,

I~q!P52Im~2T 3
2

3
2

* T1
2

3
2
1T 1

2
1
2

* T3
2

1
2
2T 3

22
3
2

* T1
22

3
2
1T 1

22
1
2

* T3
22

1
2
2T

0
3
2

* T
02

3
2
1T

0
1
2

* T
02

1
2
! ~E7!

for the photon and target/recoil asymmetry, respectively. The vector meson and some double polarization observabl
found in Appendix B of Ref.@79#.
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Tietge, and W. Weilnbo¨ck, Nucl. Phys.B26, 121 ~1971!; P.
Feller, D. Menze, U. Opara, W. Schulz, and W.J. Schwi
ibid. B39, 413 ~1972!; SAPHIR Collaboration, M. Q. Tran
et al. ~Ref. @33#!; SAPHIR Collaboration, S. Goerset al.,
Phys. Lett. B464, 331 ~1999!.

@35# ABBHHM Collaboration, R. Erbeet al., Phys. Rev.175, 1669
~1968!.

@36# H.R. Crouchet al., Phys. Rev.155, 1476~1967!.
@37# J. Barth, Ph.D. dissertation, Photoproduction of the Vector M

sonsv(782) andf(1020) on the Proton from Threshold up
a Photon Energy of 2.6 GeV~in German!; SAPHIR Collabo-
ration, BONN-IR-02-06 May 2002~unpublished!.

@38# A.I. L’vov, V.A. Petrun’kin, and M. Schumacher, Phys. Rev.
55, 359 ~1997!.

@39# B.C. Pearce and B.K. Jennings, Nucl. Phys.A528, 655~1991!.
@40# S. Kondratyuk and O. Scholten, Phys. Rev. C64, 024005

~2001!.
@41# D. Drechsel, O. Hanstein, S.S. Kamalov, and L. Tiator, Nu

Phys.A645, 145 ~1999!; S.S. Kamalov, D. Drechsel, O. Han
05521
.

.

,

-

.

stein, L. Tiator, and S.N. Yang,ibid. A684, 321c~2001!.
@42# M.M. Pavan, R.A. Arndt, I.I. Strakovsky, and R.L. Workma

Phys. Scr.T87, 62 ~2000!; pN-Newsletter15, 171 ~1999!;
nucl-th/9807087; R.A. Arndt, I.I. Strakovsky, R.L. Workman
and M.M. Pavan, Phys. Rev. C52, 2120~1995!; updates avail-
able via http://gwdac.phys.gwu.edu/

@43# J. Wißkirchen, Ph.D. dissertation, Universita¨t Bonn, 1999,
BONN-IR-99-21.

@44# M. Benmerrouche, N.C. Mukhopadhyay, and J.F. Zhang, Ph
Rev. D51, 3237~1995!.

@45# C. Sauermann, B.L. Friman, and W. No¨renberg, Phys. Lett. B
341, 261 ~1995!; C. Deutsch-Sauermann, B. Friman, and W
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