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Vector meson production and nucleon resonance analysis in a coupled-channel approach
for energiesmNËAsË2 GeV. I. Pion-induced results and hadronic parameters

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 first part, we present the results of the pion-induced reactions and the extracted resonance
and background properties with emphasis on the difference between global and purely hadronic fits.
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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#!.

Basically all information about nucleon resonances id
tified so far from experiment@4# stems from analyses o
pion-inducedpN and 2pN production@5–7#, and also from
pion photoproduction@8,9#. However, it is well known that,
for example, in the case of theS11(1535) the consideration
of the hN final state is inevitable to extract its properti
reliably, and similar effects can be expected for higher ly
resonances and different thresholds. Only in the analysi
Vrana et al. @7# the model space has been extended to a
include information onpN→hN in the comparison with
experimental data. On the other side, quark models pred
much richer resonance spectrum than has been found inpN
and 2pN production so far, giving rise to speculations th
many of these resonance states only become visible in o
reaction channels. This is the basis for a wealth of analy
concentrating on identifying these ‘‘missing’’ or ‘‘hidden
resonances in the production of other final states ashN, KL,
KS, or vN. For a consistent identification of those res
nances and their properties, the consideration of unitarity
fects are inevitable and as many final states as possible
to be taken into account simultaneously. With this aim
mind we developed in Refs.@10,11# a unitary coupled-
channel effective Lagrangian model~Giessen model! that in-
corporated the final statesgN, pN, 2pN, hN, andKL and
was used for a simultaneous analysis of all available exp
mental data on photon- and pion-induced reactions on
nucleon. In later studies the model was used to also ana
kaon-induced reactions@12# and for a first investigation on
pN→KS @13#. The premise is to use thesame Lagrangians
for the pion- and photon-induced reactions allowing for
consistent analysis, thereby generating the background
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namically fromu- and t-channel contributions without new
parameters.

In an extension of the model to higher center-of-ma
energies, i.e., up to c.m. energies ofAs52 GeV for the in-
vestigation of higher and hidden or missing nucleon re
nances, the consideration of thevN state in a unitary mode
is mandatory. Furthermore,v production on the nucleon rep
resents a possibility to project outI 5 1

2 resonances in the
reaction mechanism. The inclusion ofKS gives additional
information on resonance properties, since especially in
pureI 5 3

2 reactionp1p→K1S1 many data have been take
in the 1960s and 1970s. It is also known@14# that the inclu-
sion of theKS final state can have an important influence
the description ofKL observables. Hence we have extend
the model of Refs.@10,11# to also includevN andKS.

For the newly incorporated channelsvN andKS, almost
all models in the literature are based on single-channel ef
tive Lagrangian calculations, ignoring rescattering effe
~often called ‘‘T-matrix models’’! and thereby the influence
of the extracted resonance properties on other reaction c
nels. This problem can only be circumvented if all chann
are compared simultaneously to experimental data ther
restricting the freedom severely; this is done in the mo
underlying the present calculation. To our knowledge,
only other calculation considering thevN channel in a
coupled-channel approach is the model by Lutzet al. @15#,
where pointlike interactions are used. There, the comple
of the vector-meson nucleon states is further simplified
the use of only one specific combination of theVN helicity
states~cf. Appendix A!. Due to the lack ofJP5 1

2
1 and JP

5 3
2

1 ~P! waves in their model, these authors are only able
compare to production cross sections at energies very c
to the corresponding threshold by assumingS-wave domi-
nance. The photon coupling is implemented via strict vec
meson dominance~VMD !, i.e., the photon can only couple t
any other particle via its ‘‘hadronic’’ components, ther and
v mesons.

In Ref. @16# we have presented our first results on t
analysis of the pion-induced reactions. In this work, we g
a comprehensive discussion of the results for the pi
induced reactions, both with and without additionally taki
into account the photoproduction data, which allow us to
down the resonant contributions even more reliably. The
©2002 The American Physical Society11-1
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
sults of the photoproduction reactions themselves are
sented in the succeeding paper@17#, called PMII in the fol-
lowing. Hence this analysis differs from all other resonan
analyses by its larger channel space. For the investigatio
thepN→vN channel, this calculation is different from othe
models in the following respects: First, a larger energy
gion is considered, which also means there are more res
tions from experiment, second, the reaction process is in
enced by all other channels and vice versa, and third, al
largev photoproduction data base is taken into account. T
leads to strong constraints in the choice ofvN contributions,
and it is therefore possible to extract these more reliably

We start in Sec. II with a review of the model of Ref
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@10,11,16# with special emphasis on the extensions. In S
III the performed calculations are described and in Sec.
these calculations are compared to the available experime
data. We conclude with a summary. In the appendixes,
give a self-contained summary of the full formalism unde
lying the present model; more details can be found in R
@18#. The formalism and the results for the photon-induc
reactions are given in PMII@17#.

II. GIESSEN MODEL

The scattering equation that needs to be solved is
Bethe-Salpeter equation~BSE! for the scattering amplitude:
M ~p8,p;As!5V~p8,p;As!1E d4q

~2p!4
V~p8,q;As!GBS~q;As!M ~q,p;As! ~1!
l

in the notation given in Appendix A. Here,p ~k! andp8 (k8)
are the incoming and outgoing baryon~meson! four-
momenta. After splitting up the two-particle BS propaga
GBS into its real and imaginary parts, one can introduce
r
e

K matrix via ~in a schematical notation! K5V
1*VReGBSM . ThenM is given byM5K1 i *M ImGBSK.
Since the imaginary part ofGBS just contains its on-shel
part,
i Im@GBS~q!#52 ip2

mBq(lBq

u~pq ,lBq
!ū~pq ,lBq

!

EBq
EMq

d~kq
02EMq

!d~pq
02EBq

!, ~2!
w-
ted
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the BS equation simplifies to

T l8l
f i

5K l8l
f i

1 i E dVa(
a

(
la

T l8la

f a K lal
ai , ~3!

where we have introduced theT andK amplitudes defined in
Appendix A.a represents the intermediate two-particle sta
As shown in Appendix B this can be further simplified f
parity conserving and rotationally invariant interactions by
partial-wave decomposition inJ, P, andI and one arrives a
an algebraic equation relating the decomposedT f iandK f i :

T f i
IJ65F K IJ6

12 iK IJ6G
f i

. ~4!

Hence unitarity is fulfilled as long asK is Hermitian.
To date, a full solution of the BSE~1! in the meson-

baryon sector has only been possible for low-energypN
scattering@19#, i.e., where no other channels are importa
Consequently, various approximations to the BS Equation~1!
preserving unitarity can be found in the literature. Many
these approximations reduce the four-dimensional BSE~1! to
.

.

f

a three-dimensional Lippmann-Schwinger equation. Ho
ever, due to technical feasibility, most of them are restric
to elastic pion-nucleon scattering, while only a few ones a
include inelastic channels@20,21#. A general problem of the
three-dimensional~3D! reduction is the way the reduction i
performed. There is no unique method@20#; it can even be
shown that the 3D reduction can be achieved in an infin
number of ways, all of which satisfy Lorentz invariance a
elastic two-body unitarity@22#. In view of the number of
parameters that have to be determined by comparison of
effective Lagrangian calculation with experimental data,
apply the so-calledK-matrix Born approximation, which is
the only feasible method that still satisfies the important c
dition of unitarity. In theK-matrix Born approximation, the
real part ofGBS is neglected and thusK reduces toK5V.

The validity of the effective LagrangianK-matrix method
as compared to calculations accounting also for analyti
has first been tested by Pearce and Jennings@23#. By fitting
the pN elastic phase shifts up to'1.38 GeV with various
approximations to the intermediate two-particle propaga
GBS, these authors have found no significant differences
the parameters extracted in the various schemes. It has
1-2
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
been deduced that the contributions ofGBS to the principal
value part of the scattering equation are of minor importan
since they have been reduced by a very soft cutoff dicta
by experimental data. It has been concluded that — in or
to fulfill the low-energy theorems — an important featu
of the reduced intermediate two-particle propagator is a d
function on the energy transfer. It has also been argue
@24#, that forpN scattering the main effect of the real part
the intermediate loop integrals is a renormalization of
coupling constants and masses of the involved partic
Therefore in the presentK-matrix calculation these are take
to be physical values and are either taken from other relia
sources~if available! or to be determined by compariso
with experimental data.

It should be mentioned that within theK-matrix method
the nature of a resonance as a genuine three-quark excit
or dynamic scattering resonance cannot be determined. T
are, e.g., hints, that the RoperP11(1440) resonance is a qua
siboundsN state@21#. In addition, in the chiral models o
Refs. @14# and @25# the S11(1535) can be explained as
quasibound meson-baryon (KS andhN) state. Moreover, it
has been shown in Ref.@26#, by using a generalized sepa
rable Lee model, that explicitS11(1535) resonance contribu
tions might not play a large role if the coupled-state syst
pN% hN is treated analytically, i.e., the real part of th
Bethe-Salpeter propagatorGBS is taken into account. Be
cause of the neglect of the real part ofGBS in the K-matrix
approximation, these resonances cannot be generated
namically as quasibound meson-baryon states, but have
put into the potential explicitly. We note, however, that
clean distinction between dynamic and quark-state re
nances is very difficult, if not impossible. If at all possible,
may require more and other data than analyzed here, in
ticular also from electroproduction~see, e.g., Ref.@27#!,
where information on the spatial extent of the states can
obtained.

A. Potential

The interaction potential in the Giessen model is de
mined by the inclusion ofs-, u-, andt-channel contributions
generated by means of an effective generic Lagrangian,

L5LBorn1Lt1LRes , ~5!
n
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whereLBorn1Lt is given fully in Eq.~C1! and the resonance
Lagrangians are summarized in Appendixes C2 and C3. C
sequently, the background is dynamically generated by
Born terms (LBorn), the t-channel exchanges (Lt), and the
u-channel contributions of the resonance couplings (LRes).
Since these background terms give contributions to all pa
waves simultaneously, the number of free parameters
largely reduced.

1. Background contributions

In this section, we discuss the ingredients of the Born a
t-channel LagrangianLBorn1Lt of Eq. ~5!, where thepN
part underlies special constraints due to chiral symmetry

Since an effective hadronic interaction Lagrangian sho
resemble the underlying fundamental theory QCD as clos
as possible, the interaction also should be in conformity w
chiral symmetry, which is known to be important for low
energypN physics. We choose Weinberg’s nonlinear realiz
tion @28# and thus pseudovector pion-nucleon couplin
g5gm]mp•t and identify the Weinberg-Tomazawa conta
term @28,29#, which automatically accounts for the values
the pN scattering lengths, with ar meson exchange. Thus
the r couplings should be fixed by the Kawarabayas
Suzuki-Riazuddin-Fayyazuddin ~KSRF! relation @30#:
Agrgrpp5mr /(2 f p) with the pion-decay constantf p593
MeV, which givesgr'2.84 using the valuegrpp56.02. It
should be remarked that this equivalence only holds
threshold, while the energy dependence of ther exchange is
different from the Weinberg-Tomazawa contact term. Sin
the aim of the present calculation is the analysis of a w
energy region, we allow for deviations from the KSRF re
tion by varying ther nucleon couplinggr .

In the nonlinear chiral symmetry realization thes meson
is not needed. Nevertheless, at-channels exchange can be
used to model an effective interaction, representing high
order processes such as the correlated 2p exchange in the
scalar-isoscalar wave, which is not explicitly included in o
potential. In order to keep the agreement with chiral symm
try and the soft-pion theorem, the derivative coupling of t
sigma to the pion (s]mp]mp) should be used. Indeed, in th
pN sector the background part ofL of Eq. ~5! respects chiral
symmetry and is identical to that used in Refs.@19,23,31#:
Lx52ūF gp

2mN
g5gm~]mp!t1gss1grS gm2

kr

2mN
smn]r

nDrmtGu2
gspp

2mp
~]mp!~]mp8!s2grpp@p3~]mp8!#rm. ~6!
nt
of

y
m
of
y

Note that in Ref.@10,11# the sigma meson had not bee
included. To investigate the effects of chiral symmetry bre
ing, we have also performed a calculation using a dir
spp coupling as in Refs.@24,31#.

Since thes meson is supposed to model the scal
isoscalar two-pion correlated exchange, its massms is a pri-
ori not fixed. In Refs.@19,23# ms was thus used as a fre
-
t

-

parameter and fitted topN→pN data. In our calculation, it
turns out that the final quality of the fit is almost independe
of the actual value. As long as it is in a reasonable range
ms'450–750 MeV a change inms can be compensated b
a change ingsNNgspp . For example, a mass change fro
ms5650 MeV to 560 MeV leads to a coupling reduction
about 30% while all otherpN parameters change at most b
1-3
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TABLE I. Properties of all asymptotic particles and intermediatet-channel mesons entering the potenti
For those particles, that appear in several charge states, averaged masses are used. For the meso
reaction channels, where the corresponding meson appears in at-channel exchange, are given.

Mass@GeV# S P I t-channel contributions

N 0.939
1

2
1

1

2

L 1.116
1

2
1 0

S 1.193
1

2
1 1

p 0.138 0 2 1 (g,g),(g,p),(g,v)
z 0.276 0 1 1

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)

s 0.650 0 1 0 (p,p)
r 0.769 1 2 1 (p,p),(p,v),(g,p),(g,h)
a0 0.983 0 1 1 (p,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)

K0* 1.412 0 1
1

2
(p,L),(p,S)
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a few percent. The mass of the sigma meson has thus
chosen as 650 MeV, which was also used in Ref.@21#. There,
the correlated two-pion exchange in the scalar-isosc
channel was also parametrized by as meson exchange an
ms was determined by comparison to thepp dynamical
model of Ref.@32#. The value forms is in line with the
values found by Refs.@23# and@19#, and also in the range o
pp calculations and predictions@33,34#.

Several investigations onh production @10,11,35–37#
have foundhNN couplings five to ten times smaller com
pared topNN, leading to a minor significance of the choic
for the hNN coupling. In particular, this has been demo
strated in Ref.@36#, where several fits onh photoproduction
data using pseudoscalar~PS! and pseudovector~PV! eta-
nucleon coupling have been performed, showing that the
sulting magnitude of thehNN coupling and the quality of
the fit hardly differ. In the case ofKLN, however, from
SU~3! considerations, the coupling is expected to be larg
Thus one would expect observable differences between
and PV coupling. This point has been examined in the G
sen model@11# and in a single-channel effective Lagrangi
model @38#. Performing calculations with both couplin
schemes, however, has revealed that neither the magnitu
gKLN nor the quality of the fit differ significantly in both
cases as long as form factors are used. Therefore here
05521
en

ar

e-

r.
S

s-

of

the

same PS-PV choice is made as in Ref.@11#, i.e., using PV
coupling for all Born couplings besideshNN. Note, that as
in Ref. @10,11# no u-channel Born diagrams are taken in
account inKL andKS production.

To circumvent the problem of the inclusion of the fu
2pN complexity (pD, rN, sN,•••), we continue to pa-
rametrize the 2pN channel effectively by thezN channel
@10,11,37#. Here,z is treated as a scalar-isovector meson
massmz52mp . A consistent description of background co
tributions for the 2pN channels is hence difficult, since eac
background diagram would introduce meaningless coup
parameters. In the case of the baryon resonances, how
the situation is different because the decay intozN can be
interpreted as the total (sN1pD1rN1•••) 2pN width.
As it turns out, a qualitative description of the 2pN partial-
wave flux data from Manleyet al. @39# ~see Sec. IV C! is
indeed possible by allowing for the 2pN production only via
baryon resonances. Therefore not-channel and Born contri-
butions to 2pN are included in the model.

The nucleon couplings to thev meson are chosen in ana
ogy to thegNN and rNN couplings and are the same a
used in Refs.@11,16#.

The properties of all consideredt-channel mesons~and
asymptotic particles! are given in Table I. The interaction
Lagrangians of these particles can be found in Appendix
1-4
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2. Resonance contributions

For the spin-12 resonances, we follow the PS-PV conve
tion used in Refs.@10,11#. For the positive-parity spin-1

2

resonances, PV coupling is used just as in the nucleon c
For negative-parity spin-1

2 resonances, PS coupling is us
since this coupling has also been applied in other models
the S11(1535) onhN photoproduction@35,37#. The vN de-
cay interactions are in analogy to the electromagnetic dec
~see Ref.@16#! and are given in Appendix C2. Note that as
result of the problem of pinning down the correspondi
resonance parameters reliably,u-channel contributions by
hyperon resonances in theKL and KS production are ne-
glected as in Refs.@10,11#.

In combination with the conventional spin-3
2 couplings,

e.g., forD(1232)→pN ~omitting isospin!,

LDNp5
gDNp

mp
ūD

muN]mp, ~7!

the Rarita-Schwinger propagatorGmn(q) also contributes
off-shell (q2ÞmR

2) to spin-12 partial waves. To examine th
influence of the off-shell spin-1

2 contributions so-called off-
shell projectors have been introduced:

Qmn~a!5gmn2agmgn , ~8!

wherea is related to the commonly used off-shell parame
z @40# by a5(z1 1

2 ). There have been theoretical attempts
fix the value ofa @40,41# and to thereby remove the spin-1

2

contributions. However, in Ref.@42# it has been shown tha
these contributions are always present for any choice oa.
Furthermore, it has been argued that in an effective the
where the spin-12 spin-32 transition between composite pa
ticles is described phenomenologically, these parame
should not be fixed by a fundamental theory assuming po
like particles, but rather be determined by comparison
experimental data. This is also confirmed by the fact t
only a poor description of pion photoproduction multipol
is possible when the values fora given in Ref.@40# are used
for the D resonance@42#.

It has, furthermore, been shown@43# that for any choice
of the off-shell parameters, the ‘‘conventional’’pND inter-
action ~7! leads to inconsistencies: Either the constraints
the free theory are explicitly violated (aÞ1) @40# or it gives
rise to the Johnson-Sudarshan-Velo-Zwanziger problem@44#
(a51). Pascalutsa and Timmermans@43# have thus recently
suggested an interaction that is invariant under gauge tr
formation of the Rarita-Schwinger field (uR

m→uR
m1]me) and

consequently consistent with the free spin-3
2 theory. The

premise is that consistent interactions should not ‘‘activa
the spurious spin-1

2 degrees of freedom, and therefore the f
interacting theory must obey similar symmetry requireme
as the free theory. These interactions can be easily c
structed by allowing only couplings to the manifestly gau
invariant Rarita-Schwinger field tensor,

UR
mn5]muR

n 2]nuR
m , ~9!
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and its dualŨR
mn5 1

2 «mnabURab . The resulting amplitude is
therefore proportional to the spin-3

2 projector,

P 3
2

mn
~q!5gmn2

1

3
gmgn2

1

3q2
~q”gmqn1qmgnq” !,

as already anticipated by thead hocprescription used in Ref
@45#. Pascalutsa has proposed in Ref.@43# the following
pND interaction:

LpND5 f pNDŨ̄R
mngmg5uN]np. ~10!

Using this interaction, the net result is a Feynman amplitu
that resembles the conventional one, with the difference

the full Rarita-Schwinger propagatorG 3
2

mn
(q) is replaced by

its spin-32 part2(q”2m)21P 3/2
mn(q) and the amplitude is mul-

tiplied by an overallq2. Demanding on-shell (q25mD
2 )

equivalence with the conventional interaction, the coupl
constant f pND can be identified to be f pND

5gpND /(mpmD). This equivalence procedure can be gen
alized to any spin-32 vertex ~in particular to the electromag
netic and vector meson decay vertices given in Appendix!
by the replacement

GmuR
m→Gmg5gnŨR

nm ~11!

leading effectively to the substitution of the propagatorGmn

and an additional overall factor ofq2/mR
2 in the Feynman

amplitude. Here,q denotes the four-momentum of the inte
mediate resonance.

Pascalutsa has also shown@46# that using the ‘‘inconsis-
tent’’ conventional couplings leading tos- and u-channel
contributions is equivalent at theS-matrix level to using the
‘‘consistent’’ ~gauge-invariant! couplings plus additiona
contact interactions. The advantage, however, of using c
sistent couplings is that they allow for an easier analysis
separating background and resonance contributions. This
also been confirmed by Tang and Ellis@47# in the framework
of an effective field theory. These authors have shown t
the off-shell parameters are redundant since their effects
be absorbed by contact interactions. In addition, Pascal
and Tjon @31# have demonstrated that the gauge-invari
and the conventionalpND interaction result in the samepN
threshold parameters once contact terms are included
some coupling constants are readjusted. Pascalutsa@46# has
thus concluded that within an effective Lagrangian approa
any linear spin-32 coupling is acceptable, even an inconsiste
one. The differences to the use of consistent couplings p
contact terms are completely accounted for by a chang
coupling constants.

In our model, calculations with both spin-3
2 couplings are

performed to extract information on the importance of o
shell contributions — or, correspondingly, conta
interactions — from the comparison with experimen
data. I.e., for the pion-induced reactions we present calc
tions where the additional spin-1

2 contributions are allowed
in the spin-32 propagators and the off-shell parameters
used as free parameters, and calculations where t
1-5
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contributions are removed by the above prescription~11!.
The remaining background contributions are identical in b
calculations, in particular the samet-channel exchange dia
grams are taken into account and no additional contact
grams are introduced when using the Pascalutsa couplin

B. Form factors

To account for the internal structure of the mesons a
baryons, as in Refs.@10,11#, the following form factors are
introduced at the vertices:

Fp~q2,m2!5
L4

L41~q22m2!2
, ~12!

Ft~q2,m2!5

L41
1

4
~qt

22m2!2

L41Fq22
1

2
~qt

21m2!G2 . ~13!

Hereqt
2 denotes the value ofq2 at the kinematical threshold

of the correspondings, u, or t channel. Guided by the result
of Refs. @10,11# and to limit the number of free cutoff pa
rametersL, the following restrictions on the choice of form
factors and cutoff parameters are imposed on the pre
calculations:

~i! The same form factor shape@Fp of Eq. ~12!# and cutoff
value LN is used at all nucleon-final-state vertices (NNp,
NNh, NLK, NSK, andNNv) in the s andu channel.

~ii ! The same form factor shape (Fp) is used at all baryon
resonance vertices (RNg, RNp, RNz, RNh, RLK, RSK,
and RNv), but it is distinguished between spin-1

2 and -32
resonances and between hadronic and the electromag

final state. This leads to four different cutoff valuesL 1
2

h
, L 1

2

g
,

L 3
2

h
, andL 3

2

g
, where the second and fourth only contribute

the global fits.
~iii ! The same form factor shape@Fp or Ft of Eqs. ~12!

and ~13!# and cutoff valueL t is used at all baryon-baryon
mesont-channel vertices.

III. DESCRIPTION OF CALCULATIONS

From the Lagrangians introduced in Sec. II A and summ
rized in Appendix C, the spin dependent amplitudesV l8l

f i

5^ f uVu i & are calculated from the Feynman diagrams for
various reaction channels as described in Appendix D. Th
spin dependent amplitudes are then decomposed into he
partial wavesT l8l

IJ6 of good total isospinI, spinJ, and parity
P56 as discussed in Appendixes B and F.

For the determination of all parameters entering
model, the calculation is compared to experimental data
do so, thepN→pN partial waves~see Appendix E! and the
observables on all other reactions~see Appendix G! are ex-
tracted from the helicity partial waves. This comparison
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performed via ax2 minimization procedure, where thex2

~per datum! is defined by

x25
1

N (
n51

N S xc
n2xe

n

Dxe
n D 2

. ~14!

Here,N is the total number of data points,xc
n (xe

n) the cal-
culated~experimental! value andDxe

n the experimental error
bar. For the pion-induced reactions, the implemented exp
mental data are identical to the ones given in Ref.@16#. Al-
together, more than 6800 data points are included in the
bal and about 2400 in the purely hadronic fitting strate
which are binned into 96 energy intervals; for each an
differential observable we allow for up to 10215 data points
per energy bin. A summary of all data references and m
details on data base weighing and error treatment are g
in Ref. @18#.

After having discussed all the ingredients of the mod
the results of the fitting procedure will be presented in
following Sec. IV. There, the results from the fits to the pio
induced data~hadronic fits! are also compared to those fro
the fits to pion- and photon-induced data~global fits!. The
extracted hadronic background and resonance parameter
presented in Secs. V A 3 and V C.

We have started the fitting procedure with an extension
the preferred global fit parameter set SM-95-pt3 of Feus
and Mosel@11#. The first step has been the inclusion of t
KS andvN data in a fit to the pion-induced reaction data.
addition to the t-channel exchange processes included
Refs. @10,11#, we have taken into account the exchange
the two scalar mesonsK0* (1430) ands to improve the de-
scription of the associated strangeness production and p
nucleon elastic scattering, respectively, as compared to R
@10,11#. Furthermore, this allows for more background co
tributions in the extended energy range up toAs52 GeV.
The s exchange is supposed to model the correla
isoscalar-scalar two-pion exchange inpN→pN. Since the
direct coupling of the scalara0 meson to ph (L5
2ga0

ma0
pha0) was chosen in Refs.@10,11#, this coupling

has also been used for theK0* and thes meson in our first
calculation, thereby also accessing chiral symmetry break
effects as in Ref.@24#, see Sec. II A 1. At the same time, i
this first calculation we have tried to minimize the number
parameters and only varied a subset of all possiblevN cou-
pling constants, i.e., in the fitting process we have allow
for two different couplings (g1 and g2) to vN for those
resonances, that lie at or above thevN threshold
@P11(1710), P13(1720), P13(1900), D13(1950) @48## and
one coupling (g1) for the subthreshold resonance highest
mass:S11(1650).

Since it has turned out in this calculation, that especia
in the vN channel~and to some minor degree also inKL
and hN production! large background contributions, man
fested by large spin-3

2 off-shell parameters~cf. Eq. ~8!!, are
needed, the subsequent calculations have been performe
also allowing for more contributions from subthresho
resonances — as, e.g.,S11(1535)→KL — and coupling
possibilities@49#. Note that in the coupled-channel model
1-6
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
Lutz et al. @15#, the authors have also found large subthre
old contributions togN/pN→vN, in particular a contribu-
tion assigned to theD13(1520). Recently, Titov and Lee
@50#, Zhao @51#, and also Ohet al. @52# have extracted im-
portant D13(1520) and S11(1535) contributions ingN
→vN. Moreover, allowing for all possible contributions
the only way to fully compare to predictions from qua
models as, e.g., Ref.@3#, and to model all different helicity
combinations of thevN production mechanism@see Eqs.
~C9! and ~C17!#. It is important to note that due to th
coupled-channel calculation, the couplings to one spec
final state are not only determined by the comparison to
experimental data of this channel, but via rescattering a
strongly constrained by all other channels. Finally, upon
inclusion of the photoproduction data in the global fittin
analysis, the extracted parameters can be further pin
down.

Not unexpectedly, the inclusion of the chiral symme
breakingspp coupling does not improve the description
pN elastic scattering significantly. Therefore, and to be
conformity with chiral symmetry, all subsequent fits ha
been performed with the chirally symmetric derivativespp
coupling @cf. Eq. ~6!#. The effects of the chiral symmetr
breaking coupling in comparison with the chiral symmet
one are discussed in Sec. IV A.

Feuster and Mosel@10,11# have found similarly good de
scriptions of experimental pion- and photon-induced data
the final statesgN, pN, 2pN, hN, andKL up to 1.9 GeV,
when either using the form factorFp ~Eq. ~12!! or Ft ~Eq.
~13!! for the t-channel meson exchanges. Since it is noa
priori clear, whether these findings will hold true for th
extended energy region and model space, calculations
been performed using both form factors. In addition, we h
checked the dependence of the results on the choice o
spin-32 resonance vertices~see Sec. II A 1! and thea priori
unknowngvrp coupling sign.

We choose the following notation for the labeling of th
fits:

~i! ‘‘ C’’ or ‘‘ P’’ denotes whether the conventional or Pa
calutsa couplings are used for the spin-3

2 resonance vertices
~ii ! The following letter ‘‘p’’ or ‘‘t’’ denotes whether the

form factorFp or Ft @cf. Eqs.~12! and ~13! in Sec. II B# is
used in thet-channel contributions.

~iii ! The following symbol denotes whether the fit is
purely hadronic~‘‘ p ’’ ! or global ~‘‘ g ’’ ! fit.

~iv! The concluding symbol denotes the sign of thegvrp

coupling.
~v! For the chiral symmetry breaking calculation, ax” is

inserted.
The seven hadronic fits and four global fits, which ha

been performed, can be summarized as follows:
~vi! Using the conventional spin-3

2 vertices, four fits have
been carried out allowing for both form factor shapes@Fp
~12! or Ft ~13!# in the t channel and also both signs of th
couplings ofgrvp : C-p-p1, C-p-p2, C-t-p1, C-t-p2.
For the results of the last two fits, see in particular Sect
V A 2.
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~vii ! One calculation has been performed with the chi
symmetry breaking directspp coupling ~see Sec. II A 1!:
C-p-px”1. @53#

~viii ! Since in the conventional coupling fits, it has turn
out that theFp t-channel form factor results in a betterx2

result, only two fits using the Pascalutsa spin-3
2 vertices have

been carried out:P-p-p1, P-p-p2.
~ix! For the global fits, we extended the best hadronic

(C-p-p6, C-t-p6) to also include the photon-induce
data:C-p-g1, C-p-g2, C-t-g1, C-t-g2. For the results
of the last two fits, see in particular Sec. V A 2.

IV. RESULTS ON PION-INDUCED REACTIONS

The extension of the Giessen model to also include a v
tor meson final state requires some checks whether the
final state is incorporated correctly. As pointed out in R
@16# ~see also Appendix B!, in the presented partial-wav
formalism this inclusion is straightforward by simply spli
ting up thevN final state into its three helicity statesvN3/2,
vN1/2, vN0, where the same helicity notation forvN is
used as given in Appendixes C2 and C3. Thus effectively
has introduced three new final states. The correct inclusio
these three final states has been checked by simulatin
single-channel problem, where just one resonance, wh
couples to only onevN helicity state, has been initialize
with the help of Eqs.~C9! and ~C17!, while all other final
states are switched off. It has been shown in Ref.@10# that
the resulting partial-waveK matrix,

K vlvl

IJ6 ;
2AsGvl

~s!

s2mR
2

, ~15!

leads via Eq.~4! to aT matrix that resembles a convention
relativistic Breit-Wigner. This artificial situation is then sim
lar to the low-energyP33 pN→pN partial wave, which can
be well approximated by a single resonance@P33(1232)#
only decaying and consequently contributing topN. Thus
we have successfully checked that the partial-wave am
tude T vlvl

IJ6 resulting from the single-helicityvN situation

TABLE II. Resultingx2 of the various fits. For comparison, w
have also applied the preferred parameter set SM95-pt-3 of
@11# to our extended and modified data base for energies up to
GeV. For thex2 results of the fitsC-t-g6, see text.

Fit Total p xpp
2 xp2p

2 xph
2 xpL

2 xpS
2 xpv

2

C-p-p1 2.66 3.00 6.93 1.85 2.19 1.97 1.24
C-p-p2 2.69 2.76 6.86 1.84 2.40 2.36 1.12
P-p-p1 3.53 3.72 9.62 2.47 2.69 2.92 2.17
P-p-p2 3.60 3.96 8.49 2.50 3.31 2.79 2.03
C-p-px”1 3.09 3.75 6.79 2.07 2.16 2.47 2.13
C-t-p1 3.09 3.32 7.46 2.06 2.48 2.42 3.48
C-t-p2 3.03 3.24 6.74 1.91 2.84 2.48 2.81
C-p-g1 3.78 4.23 7.58 3.08 3.62 2.97 1.55
C-p-g2 4.17 4.09 8.52 3.04 3.87 3.94 3.73
SM95-pt-3 6.09 5.26 18.35 2.96 4.33
1-7
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FIG. 1. Effect of the chirally
symmetric ~calculationC-p-p1:
dash-dotted! as compared to the
chiral symmetry breaking~calcu-
lation C-p-px”1: dash-double-
dotted! spp coupling in theS11

pN elastic partial wave. Left: rea
part; right: imaginary part. Data
are from Ref.@54#.
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has the correct width and energy behavior and that all p
due to the resonance denominator in Eq.~15! cancel in the
matrix inversion~4!.

The resultingx2 values for all calculations performed a
presented in Table II. Note that in contrast to Refs.@10,11#,
we have included in the present calculation all experime
data up to the upper end of the energy range, in partic
also for all partial-wave and multipole data up toJ5 3

2 . A
very good simultaneous description of all pion-induced re
tions is possible, even when the photon-induced data are
considered. This shows that the measured data for all r
tions are indeed 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.@11# 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 calculationC-p-g1 results in a better description i
almost all channels; only forpN→hN thex2 of Ref. @11# is
slightly better. This is due to the fact that for example for t
understanding ofKL production, the coupled-channel e
fects due to the final statesKS andvN have to be included
This is discussed in Sec. IV E below; see also the discus
on KL photoproduction in PMII@17#.

The results for the hadronic fits in Table II also reveal th
while vN production seems to be rather independent of
sign of gvrp , the effect of sign switching becomes obvio
in the KL and KS results, showing that both reactions a
very sensitive to rescattering effects due to thevN channel.
Only the global fitting procedure gives a significant pref
ence of the positive sign forgvrp in the pion-inducedvN
production. It is also interesting that while in Ref.@10# simi-
lar results have been found using either one of the fo
factors Ft and Fp for the t-channel meson exchanges, t
extended data base and model space shows a clear prefe
of using the form factorFp for all vertices, i.e., also for the
t-channel meson exchange. Especially in the global fitt
procedure, not even a fair description of the experimen
data has been possible. This is discussed in detail in
V A 2.

Therefore we do not display the results of the fitsC-t-p
6/C-t-g6 in the following; furthermore, for reasons of cla
ity, we restrict ourselves in this section to displaying t
pion-induced results for the best global fitC-p-g1, the best
hadronic fit C-p-p1, and the calculation using the Pa
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calutsa spin-32 verticesP-p-p1. Only in those cases, wher
important differences are found, also the other calculati
are discussed.

In the subsequent sections, we start with a discussio
the influence of the treatment of thes meson and the spin-3

2

vertices on the pion-induced results. Then the different ch
nels are discussed separately and the section ends with
presentation of the background and resonance propertie

A. s meson, chiral symmetry, and spin-32 vertices

As compared to the calculation of Refs.@10,11# we have
added as mesont-channel exchange. In Section II A 1 it ha
been pointed out that the inclusion of as meson is not nec-
essary from the viewpoint of chiral symmetry, whe
pseudovectorpNN coupling is used. However, thes meson
can still be used to simulate the correlated two-pion sca
isoscalar exchange, but conformity with chiral symme
then requires a derivativespp coupling. The preference o
a chirally symmetric coupling has become obvious, when
have switched from the chiral symmetry breaking coupli
~calculationC-p-px”1) to the chirally symmetric derivative
coupling ~calculationC-p-p1): Even without any refitting
thex2 in thepN partial waves improves by about 10%. Th
improvement comes especially from the threshold region
the S11 ~and alsoP13) partial wave, see Fig. 1, and eve
extends up to the energy region of the second resona
(As'1.65 GeV).

The importance of the inclusion of a chirally symmetrics
meson becomes especially obvious in the calculations, wh

FIG. 2. Effect of thes meson exchange on the real part of t
S31 partial wave inpN scattering.P-p-p1 ~solid line!, P-p-p1
without s ~dotted!, C-p-p1 ~dashed!, C-p-p1 without s ~dash-
dot!, C-p-p1 without P33(1232) ~dash-double-dotted!. Data are
from Ref. @54#.
1-8
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
the Pascalutsa spin-3
2 vertices~cf. Sec. II A 1! are used. It

turns out in the present model that the use of the chir
symmetric coupling is mandatory: With the nonderivati
coupling, not even a fit to low-energy~up to 1.4 GeV! pN
scattering has been possible. In Refs.@10,11#, where thes
meson was not included, it was shown, that in particular
pN S31 partial wave can hardly be described when the sp
1
2 off-shell contributions of theP33(1232) were neglected. In
the present calculations, however, we find that the inclus
of a chirally symmetrics meson exchange with a derivativ
spp coupling allows the description of low-energypN
elastic scattering even without this off-shell contribution
i.e., using the Pascalutsa prescription for the spin-3

2 vertices.
From Fig. 2 it is obvious that a good description of theS31
partial wave is indeed possible when the Pascalutsa
plings are used. At the same time it turns out that thes
meson as a background contribution is enhanced as c
pared to when the conventional spin-3

2 couplings are used
This is not only manifested in the increase of thes couplings
~see Table IV below!, but also thet-channel cutoff paramete
L t ~see Table V below! increases by a factor of 2, meanin
that the missing spin-1

2 off-shell background contributions o
the spin-32 resonances are compensated by largert-channel
diagram contributions in the lower partial waves of all rea
tion channels. The resemblance of the calculationsP-p-p

FIG. 3. pN→pN partial waves forI 5
1
2 . CalculationC-p-g

1: solid line, C-p-p1: dotted line,P-p-p1: dashed line. Data
are from Ref.@54#.
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1 without thes meson andC-p-p1 without theP33(1232)
resonance also asserts the finding of Pascalutsa@46# and Pas-
calutsa and Tjon@31# that the two prescriptions for the spin
3
2 vertices become equivalent when additional backgrou
contributions are included, i.e., when the spin-1

2 off-shell
contributions are reshuffled into other contributions. Simi
observations concerning the importance of the inclusion o
s meson have also been made in the full BSEpN→pN
model of Lahiff and Afnan@19#. These authors have als
allowed for the inclusion and neglect of theP33(1232) spin-
1
2 off-shell contributions by using conventional and Pa
calutsapND couplings. A ten times smallergsNNgspp value
in the conventional as compared to the Pascalutsa case
found. At the same time, the cutoff value of thes form
factor in the conventional case has been much softer
reducing thes contribution even further.

B. pN\pN

The resulting descriptions of thepN elastic scattering
partial waves are shown in Figs. 3 and 4 in comparison w
the continously updated single-energy partial wave@54#
analyses of the Virginia Polytechnic Institute~VPI! group,
which greatly simplifies the analysis of experimental da
within the coupled-channel formalism. Note that for tho
energies, where the single-energy solutions have not b

FIG. 4. pN→pN partial waves forI 5
3
2 . Notation and data as

in Fig. 3.
1-9
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
available, the gaps have been filled with the ener
dependent solution of the VPI group. In most partial wav
the hadronic calculations using the Pascalutsa (P-p-p1)
and conventional (C-p-p1) spin-32 vertices are very similar
and equally well reproduce thepN→pN single-energy data
points of Ref.@54#. The largest differences are found in th

~i! P11 wave around theP11(1710) resonance. Since the
is no prominent structure in thepN elastic scattering data
the width of this resonance is difficult to fix resulting in th
different structures in Fig. 3. This also explains why t
P11(1710) mass as given by the references in the Par
Data Group~PDG! review@4# ranges from about 1.69 to 1.7
GeV.

~ii ! S11 wave around theS11(1650) resonance. Due to th
missing off-shell contributions a more pronounced resona
behavior is needed in the Pascalutsa calculation to be ab
describe the high-energy tails of the real and imaginary p

~iii ! S31 wave above 1.7 GeV. In this partial wave, it h
turned out that adding a second resonance@besides the
S31(1620)] around 1.98 GeV improves thex2 considerably
in the Pascalutsa calculation. However, the same does
hold true for the other calculations, which consequen
show less structure in the high-energy tail. See also Sec.
below.

~iv! D13 wave above 1.8 GeV. In this partial wave, it h
also turned out that adding a third resonance between 1.7
1.8 GeV improves thex2 considerably in the Pascalutsa ca
culation. Since the resulting resonance is rather nar
(G tot'55 MeV), the difference to the other calculations r
mains small and is only visible in the imaginary part betwe
1.7 and 1.8 GeV. See also Sec. V C below.

The calculation with the chiral symmetry breakings con-
tribution is not shown in Figs. 3 and 4 since it is very simil
to the calculationC-p-p1; the main differences are con
tained in the low-energy tails of the spin-1

2 partial waves and
especially in theS11 wave, see Fig. 2 above.

For the extension of the model up to 2 GeV it turns out
be essential to add a resonance in theP13, P31, and P33
partial waves as compared to Refs.@10,11#. This is in line
with Manley and Saleski@5#, who found additional state
around 1.88, 1.75, and 2.01 GeV, respectively. Without th
resonances, those three partial waves cannot complete
described above 1.8 GeV in our model; see also R
@10,11#. However, in thePI3 waves, the new resonances a
at the boundary of the energy range of the present mo
This means that their properties cannot be extracted w
certainty, but in both partial waves there is a clear indicat
for an additional contribution. See also Sec. V C below.

The most striking differences between the global and
purely hadronic fits can be seen in the low-energy tails of
S11 and P11 waves, which in the latter case is accompan
by an increase of the mass and widths of theP11(1440).
While in the hadronic calculations the threshold behavior
all J5 1

2 partial waves is nicely reproduced, which also lea
to rNN couplings in line with the KSRF relation~see Sec.
V A 1 below!, in the global calculation this description
inferior. The reason for this behavior can be found in t
necessity of the reduction of the nucleon form factor cut
LN in the global fits due theE01

p/n multipoles, see also the
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discussion on pion photoproduction in PMII@17#. Thereby
the low-energy interference pattern inpN scattering between
ther meson and the nucleon is misbalanced and deterior
in comparison with the hadronic fits. Moreover, the reson
structure due to theP13(1900) in theP13 wave turns out to
be more pronounced in the global fits as compared to
hadronic calculations. This is a consequence of the nece
of an enhancedP13 contribution in the vN production
mechanism, see Sec. IV G. In the isospin-3

2 partial waves,
there is hardly any difference between the hadronic and
global fit results. The reason is that theI 5 3

2 resonances only
contribute to pion andKS photoproduction, and are henc
not submitted to that many additional constraints of the p
toproduction data as the isospin-1

2 resonances.
For a detailed discussion of the individual resonance c

tributions to the partial waves and the discrepancies in
D13 partial wave below 1.45 GeV, see Sec. V C below.

C. pN\2pN

Manleyet al. @39# have performed a partial-wave analys
of pion-induced two-pion production on the nucleon taki
into account the two-pion isobar statespD, rN, sN, and
pN* (1440). Since in our model only one effective two-pio

FIG. 5. pN→2pN partial-wave (JP) cross sections forI 5
1
2

~upper panel! andI 5
3
2 ~lower panel!. The solid dots (d) are taken

from Ref. @39#, the open dots (s) are the inelasticpN→pN
partial-wave cross sections extracted from the VPI analysis@54#.
Notation as in Fig. 3.
1-10
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
state (zN) is included, wherez is an artificial isovector-
scalar meson, it is not possible to compare our calculatio
the partial waves extracted in Ref.@39# for the individual
2pN final states. To get a handle on the strength of the 2pN
flux in the various partial waves, we use as experimen
input thepN→2pN partial-wave cross sections defined b

s IJP5
4p

k2 (
l,l8

S J1
1

2D uT l8l
IJP u2

that were also extracted in Ref.@39#. These cross section
correspond to the sum of all individual 2pN fluxes for one
partial wave, thus representing the total 2pN inelasticity. As
a consequence of modeling the 2pN state by a two-body
state within our model, one cannot expect that all details
these data can be described within the model. In particu
the threshold and phasespace behavior is different from
individual three-body final states. However, even with t
assumption that thez meson only couples to resonances~see
Sec. II A 1, the 2pN flux is well reproduced in most partia
waves up toJ5 3

2 , see Fig. 5. This indicates that the pio
induced 2pN production is indeed dominated by baryo

FIG. 6. Inelastic partial-wave cross sections ofpN→pN for I
5

1
2 . Data as in Fig. 5. Upper panel: Notation as in Fig. 3. Low

panel: Decomposition of the inelasticities for calculationC-p-g
1. Partial-wave cross section of 2pN: dotted, 1hN: dashed,
1KL: dash-dotted,1KS: dash-double-dotted, total (1vN): solid
line.
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resonances. Since the 2pN final state clearly dominates a
partial-wave inelasticities besidesS11, P11, andP13 ~see be-
low!, cf. Fig. 5, the qualitative description of this channel
mandatory in a unitary model. The various calculations
the 2pN partial-wave cross sections are very similar in
partial waves, with the exception of theS11 wave. There, the
Pascalutsa calculation results in a largely decreasedS11 2pN
production above 1.7 GeV, below the 2pN production data.
Although theS11 vN partial-wave cross section is increas
simultaneously by about 0.5 mb as compared to the conv
tional calculations, the resulting total inelasticity is still r
duced, see Fig. 6. All calculations show a kink structure
theS11 and theD13 2pN flux at theKS and thevN thresh-
olds, respectively, indicating that 2pN flux is moved to the
corresponding channels.

The largest changes in the 2pN production upon inclu-
sion of the photoproduction data can be observed in theP11

andD13 waves above thevN threshold. The inclusion of the
very precise preliminaryvN photoproduction data of the
SAPHIR Collaboration@55# requires that inelastic contribu
tions are moved from 2pN to vN in the P11 wave and vice
versa in theD13 case. This can also be seen in the drama
change of the totalpN→vN cross section behavior whe
the photoproduction data are included, see Fig. 15 be
Otherwise, similarly to thepN→pN case, also the 2pN
production is only slightly changed by the inclusion of th
photoproduction data. A small, but interesting change c
however, be observed in the high energy tail of theP31 and
P33 waves, which can be traced back to the shift of inel
ticity caused byKS from P33 in the hadronic calculations to
P31 in the global calculations; see also Sec. IV F.

The only obvious discrepancy between the calcula
2pN partial-wave cross sections and the Manleyet al. @39#
data is given in theP13 partial wave. In the energy regio
between 1.55 and 1.72 GeV the inelasticity increases up
mb in line with the calculated 2pN cross section, while the
measured 2pN cross section is still zero. At the same tim
the total cross sections from all other open inelastic chan
(hN, KL, andKS) add up to significantly less than 4 mb
This indicates that either the extracted 2pN partial-wave
cross section is not correct in theP13 partial wave or another
inelastic channel~i.e., an additional 3pN channel! gives no-
ticeable contributions to this partial wave. The same probl
with the P13 inelasticity has also been observed in a re
nance parametrization ofpN→pN andpN→2pN by Man-
ley and Saleski@5#. Since this is the only partial wave wher
such a large discrepancy is observed, no additional final s
is introduced in the present model, but instead, we h
largely increased the error bars of the 2pN data points in this
energy region. However, it would be desirable to account
3pN contributions in future investigations by the inclusio
of, e.g., arD final state. This might also clarify whethe
there is a missing (3pN) contribution in theP33 wave above
1.7 GeV, see Fig. 5 and Sec. V C below. So far, no analy
has given such a contribution.

In addition, there is the same problem as inpN scattering
with the description of the rise of the 2pN production in the
DI3 waves, i.e., in theD13 wave below 1.45 GeV and in the

r
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
FIG. 7. p2p→hn total cross section. The new threshold data from Ref.@56# are denoted bys, all other data~see Ref.@10#! by h. Left:
Results from the different calculations. Notation as in Fig. 3. Right: Partial-wave decomposition of the total cross section for the ca
C-p-g1. JP5

1
2

2(S11): dashed line;12
1(P11): dotted line; 3

2
1(P13): dash-dotted line;32

2(D13): dash-double-dotted line~in brackets the
pN notation is given!. The sum of all partial waves is given by the solid line.
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D33 wave below 1.55 GeV, see Fig. 5. This effect is proba
due to the effective description of the 2pN state in the
present model; see the detailed discussion in Sec. V C be

It is interesting to note that the inelasticities ofpN
→pN scattering only enter the fitting procedure indirect
since the real and imaginary part of the partial waves are
input for the calculations. Therefore, the very good desc
tion of the partial-wave inelasticpN cross sections in al
calculations, see the upper panel in Fig. 6, is an outcom
summing up the partial-wave cross sections of all ot
pN-induced channels. Note, that the inelasticities for thI
5 3

2 partial waves are not shown for the different calcu
tions, since due to the smallness of theKS contributions, the
results are almost identical to the 2pN partial-wave cross
sections. From Figs. 5 and 6 we can thus deduce that
only is the PWD of all inelastic channels on safe groun
but also that all important channels for the considered ene
region are included. At the same time, this shows that
experimental data on the various reactions are indeed c
patible with each other, in particular no significant discre
ancy between the measuredpN inelasticity and the sum o
all partial-wave cross sections is observed. The only exc
tions are the aforementioned indications for missing (3pN)
contributions in thePI3 waves.

Note also that the inclusion of the photoproduction d
only slightly changes the total inelasticities of the individu
partial waves. The only noticeable differences between
hadronic and global calculation is a decrease of theS11 in-
elasticity between 1.6 and 1.7 GeV, and an increase in
P13 inelasticity around theP13(1720).

In the lower panel of Fig. 6, the decomposition of thepN
inelasticity of the best global fitC-p-g1 is shown. It can be
deduced that thepN inelasticities are made up in all partia
waves mainly by the 2pN channel. This also allows us t
deduce that the Manley 2pN data@39# are in line with the
pN inelasticitis of the VPI analysis@54#. The only contradic-
tions can be observed in theD13 wave at 1.6, 1.7, and 1.8
GeV, in theS31 wave above 1.85 GeV and theD33 wave
between 1.7 and 1.85 GeV.

Besides the 2pN channel, there are in all partial wave
important contributions to the inelasticities from other cha
05521
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nels. Thus the necessity of the inclusion of a large set of fi
states in a coupled-channel calculation can be seen in var
partial waves:

~i! In the S11 wave there is the well knownhN contribu-
tion around theS11(1535). Note that thehN inelasticity also
exhibits a second hump, which is due to the interferen
between theS11(1535) and theS11(1650) resonances, al
though the latter only has a very smallhN width. See also
Sec. IV D.

~ii ! In theP11 wave there is also an important contributio
by the largehN andvN widths of theP11(1710) resonance
This contrasts previous analyses@11,5#, where this contribu-
tion has been assigned to theKL channel.

~iii ! The P13 wave contains important contributions from
hN and vN as well, where the first one stems from th
P13(1900) resonance, while the latter one consists of imp
tant contributions from bothP13 resonances.

~iv! The D13 wave is also fed by a smoothly increasin
vN contribution.

The other final states, i.e., the associated strange
channelsKL andKS, are only of minor importance for the
pN inelasticities. While both give visible contributions i
the S11 wave,KL also shows up in theP13 andKS in the
P11 wave.

D. pN\hN

In the first coupled-channel effective Lagrangian mod
on hN production by Sauermannet al. @37#, this channel has
been described by a pureS11 mechanism for energies up t
As51.75 GeV. As Fig. 7 shows, thepN→hN reaction is
indeed dominantly composed of theS11 contribution due to
the S11(1535), however, only for energies up t
'1.65 GeV.Due to its largehN width theP11(1710) domi-
nates in the following energy window up to 1.8 GeV, whi
for the highest energies, theP13(1900) resonance is stron
gest. The double hump structure in theS11 contribution is
due to the destructive interference between theS11(1535)
andS11(1650) resonances, even though the latter one h
much smallerhN decay ratio. This interference pattern e
hibits maximal destructive interference at theS11(1650)
resonance position, while above 1.7 GeV theS11 contribution
is resurrected.
1-12
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
FIG. 8. p2p→hn angle-differential
cross section. For the data references,
Refs.@10,18#. Notation as in Fig. 3.
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The importance of theP11(1710) contribution has also
been found in the resonance parametrization ofpN→pN for
I 5 1

2 and pN→hN by Batinić et al. @57#, who extracted a
total width for this resonance of about 120 MeV and anhN
decay ratio of almost 90%. However, in contrast to the
sults of these authors, we also find in the present calcula
important contributions of theP13(1900) at higher energies
These contributions are in line with the observed differen
cross section at higher energies, see Fig. 8. However, s
deviations in the differential cross section behavior betw
calculation and experimental data are observed and the
gular structure cannot be fully described. But one has
note, that at higher energies, there are almost only exp
mental data available from Brownet al. @58# (h in Fig. 8!,
which enter with enlarged error bars due to problems w
the momentum calibration in the experiment, see R
05521
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@10,57#. Hence these discrepancies hardly influence the
ting procedure and the resultingx2 is still rather good. Since
at energies above 1.8 GeV, there are almost only data a
able from Brownet al. @58#, a reliable decomposition in this
region can only be achieved after the inclusion of t
hN-photoproduction data.

In this reaction channel, large differences between
Pascalutsa and conventional calculations are observed.
is related to the visible differences in theS11 pN→pN par-
tial wave, since this partial wave constitutes the largest c
tribution in thehN production mechanism. An obvious dif
ference is that the Pascalutsa calculation results in
angular structure of the angle-differential cross section
higher energies, however, influencing the resultingx2 only to
a minor degree, see above. On the other side, the inclusio
the photoproduction data hardly changes the total cross
1-13
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
FIG. 9. p2p→K0L total
cross section. For the data refe
ences, see Ref.@10#. Left: Results
of the different calculations. Line
code as in Fig. 3. Right: Partial
wave decomposition of the
total cross section. Notation as i
Fig. 7.
s
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tion behavior. Only theP11(1710) contribution is slightly
emphasized, which also leads to the observed difference
the differential cross section. Moreover, thevN threshold
effect in theP11 wave can be clearly observed in calculati
C-p-g1 andC-p-p1.
05521
in
E. pN\KL

KL production turns out to be a channel which is ve
sensitive to rescattering effects. The inclusion of theKS and
vN final states strongly alters the total cross section in t
reaction, especially in the hadronic calculations, see Fig
f.
FIG. 10. p2p→K0L angle-
differential cross sections~upper panel!
and polarization measurements~lower
panel!. For the data references, see Re
@10,18#. Notation as in Fig. 3.
1-14
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TABLE III. Resulting x2 of the various fits for the three different charge reactions ofpN→KS.

Fit Total xpS
2 x2(p2p→K0S0) x2(p2p→K1S2) x2(p1p→K1S1)

C-p-p1 1.97 2.14 1.85 1.97
C-p-p2 2.37 3.08 1.86 1.96
P-p-p1 2.93 3.34 1.67 3.01
P-p-p2 2.80 3.04 1.90 2.91
C-p-px”1 2.48 2.63 2.29 2.42
C-t-p1 2.42 3.18 1.61 2.05
C-t-p2 2.48 3.67 1.92 1.66
C-p-g1 2.97 2.76 2.06 3.45
C-p-g2 3.94 4.06 4.90 3.53
y

e
e

ki
th
e

a

on
n-

s
-
ht

io
b

ion.

to

ue

n

the
he

the
at
the

he

not
In both of the displayed hadronic calculations, theKS chan-
nel leads to a kink in theS11 partial wave, which has alread
been observed in the coupled-channel chiral SU~3! model of
Ref. @14# including onlySandP waves, while thevN chan-
nel strongly influences theP waves. The inclusion of thes
coupled-channel effects and of theP13(1900) resonance ar
major improvements as compared to Refs.@10,11#. There,
these mechannisms were not included and thus theKL chan-
nel was not subjected to any threshold effect and the pea
behavior around 1.7 GeV had to be fully described by
P11(1710) resonance. In the extended model space, this r
nancelike behavior is mainly caused by theP13(1720) reso-
nance, but also influenced by the opening of these two ch
nels.

The S wave behavior in the Pascalutsa calculati
P-p-p1 differs above 1.65 GeV from that in the conve
tional calculationC-p-p1 ~see Sec. IV B and Fig. 3!. The
largest differences between these calculations can thu
observed in theS11 wave contribution, which is more pro
nounced in the Pascalutsa calculation giving rise to a slig
different behavior at the lowest energies and at theKS
threshold. The coupled-channel effects become less obv
once the photoproduction data are included. In the glo
05521
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calculationC-p-g1 the S11 andP13 waves are only slightly
influenced by thevN threshold, while theKS threshold ef-
fect has completely vanished. Note that theP13 wave domi-
nates over almost the complete considered energy reg
The second most important part comes from theS11 staying
almost constant in the upper energy range, while close
threshold, a slight peak caused by theS11(1650) is visible.

Although the newP13(1900) only has a smallKL width,
it improves the description of the reaction significantly d
to rescattering, similarly to theS11(1650) resonance inpN
→hN. Thus theP13(1900) gives rise to a good descriptio
of the angle differential observables, while in Ref.@10# only
contributions from theS11(1650) andP11(1710) resonances
were found. The improvement becomes most visible in
high-energy region, where the full angular structure of t
cross section and polarization of theKL channel can be
described, see Fig. 10. Especially for a description of
upward bending behavior of the differential cross section
backward angles at the highest energies, the inclusion of
P13(1900) turns out to be important. Note that due to t
change of theK0* coupling ~cf. Table IV!, the extreme for-
ward peaking behavior of the hadronic calculations is
e
.
f.

-
n

l

FIG. 11. pN→KS total cross
sections for the different charg
reactions. Notation as in Fig. 3
For the data references, see Re
@16,18#. Left: Results of the differ-
ent calculations. Notation as in
Fig. 3. Right: Partial-wave decom
position of the total cross sectio
for the calculationC-p-g1. JP

5
1
2

2(SI1): dashed line;12
1(PI1):

dotted line; 3
2

1(PI3): dash-dotted
line; 3

2
2(DI3): dash-double-

dotted line. The sum of all partia
waves is given by the solid line.
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
FIG. 12. p1p→K1S1 differ-
ential cross sections~upper panel!
and S1-polarization measure-
ments ~lower panel!. Notation as
in Fig. 3. For the data references
see Ref.@16,18#.
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visible any more in the global calculation.
The polarization data hardly influence the determinat

of the parameters due to the large error bars, see Fig.
However, all calculations give a good description of the a
gular and energy dependent structure, in particular the p
positive polarization for lower energies and the change
negative values for the backward angles at higher energ

F. pN\KS

Due to the isospin structure of theKS final state, the
pN→KS channel is similar topN elastic scattering. The
reaction process is determined by two isospin amplitudeI
5 1

2 and I 5 3
2 ), while data have been taken for the thr

charge reactionsp1p→K1S1, p2p→K0S0, and p2p
05521
n
0.
-
re
o
s.

(

→K1S2. Since the first reaction is purelyI 5 3
2 , it allows a

stringent test of theI 5 3
2 ~resonance! contributions in the

present model, while the other two are a mixture ofI 5 1
2 and

I 5 3
2 contributions@see Eqs.~F3!#. Within our model it is

possible to describe all three charge reactions with appr
mately the same quality, see Table III, corroborating the is
pin decomposition of theKS channel in the present calcula
tion. From the total cross section behavior, shown in Fig.
one deduces, that the threshold behavior of the reactions
I 5 1

2 contributions is influenced by a strongS11 wave, arising
from the S11(1650) just below theKS threshold, and
PI1-wave dominance for increasing energies, which st
from the P31(1750) and in particular theP11(1710). How-
ever, theP13(1900) is also visible in theK1S2 channel. In
1-16
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
FIG. 13. p2p→K0S0 differ-
ential cross sections~upper panel!
and S0-polarization measure-
ments ~lower panel!. Notation as
in Fig. 3. For the data references
see Refs.@16,18#.
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the pureI 5 3
2 reaction theS wave importance is largely re

duced, and theP waves dominating over the complete ener
range. Note that theJP5 3

2
2 waves do not give any notice

able contribution to the cross sections, see also below. In
hadronic reactions it turns out that the main contribution
the I 5 3

2 channel comes from theP33(1920), however, the
inclusion of the photoproduction data moves this stren
over to theP31(1750); see also Sec. IV C above. A simil
observation is made in theI 5 1

2 sector, where strength is als
moved over from theP13 to theP11 waves and the latter on
is realized in a largeP11(1710) KS width.

These contributions result in a very good description
the differential cross sections and polarization measurem
for all three reactions, see Figs. 12–14. As pointed
above, the three reaction channels, which are built up
05521
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only two isospin amplitudes, allow for strong constraints
the partial-wave decomposition of theKS production.
Within our model the full angular structure of all thre
charge reactions can be well described, while in the SU~3!
model of Ref.@14# problems have been observed with t
description of the backward peaking behavior of the an
differential p2p→K1S2 cross section at higher energie
This large difference to the other two charge reactions, w
both show a forward peaking behavior in this energy ran
can, however, be easily explained with the help of t
t-channel meson contributions ofK1 andK0* . Since both are
I 5 1

2 particles, they can only contribute top2p→K0S0 and
p1p→K1S1, but not toK1S2 production, which conse-
quently tends to small values at forward angles. The lack
t-channel contributions also explains the good result of
1-17
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FIG. 14. p2p→K1S2 angle-
differential cross section. Notation
as in Fig. 3. For the data refer
ences, see Refs.@16,18#.
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calculationC-t-p1 for p2p→K1S2, where the form fac-
tor Ft has been used, although this form factor leads in g
eral to worse results~see Tables II and III!. On the other
hand, the very good result ofC-t-p2 for p1p→K1S1 has
to be compensated by a much worsep2p→K0S0 result.

This is also related to the observed difference between
Pascalutsa and the conventional calculations in the diffe
tial cross section ofKS production at higher energies. Th
large forward peaking behavior for higher energies in
K1S1 andK0S0 production cannot be described in the Pa
calutsa calculation. Due to the lack of the spin-3

2 offshell
contributions, in this calculation a larger cutoff valueL t is
extracted, thus giving rise to more background contributio
over the complete angle and energy range. At the same t
a description of the forward peaking behavior at high en
gies requires large couplings to thet-channel mesons, but in
the Pascalutsa calculations this would spoil the agreeme
backward angles and lower energies. Consequently, the
striking differences between the Pascalutsa and conventi
calculations are found in the high-energy region. For m
details on thet-channel form factors and couplings, see t
discussion in Secs. V A 2 and V A 3.

While the polarization measurements forp2p→K0S0

hardly influence the parameter extraction due to the la
05521
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error bars, the measurements forp1p→K1S1 largely con-
strain the I 5 3

2 contributions, see Figs. 12 and 13. Th
change of negative to positive polarization values at forw
angles with increasing energy, peaking around cosq'0.4 is
nicely described as a result of theP33(1920) contribution,
confirming the strong necessity ofKS flux in the P33 partial
wave at higher energies. Note further that although the c
tribution of theD33(1700) to the total cross section is neg
gible ~cf. Fig. 11!, it leads to the negative hump at cosq
'0.7 in theS1 polarization close to threshold, thus affirm
ing the necessity of subthreshold contributions. Polarizat
measurements of comparable quality for the reactions w
isospin-12 contributions would be very interesting for testin
the importance of the various resonance contributions, s
due to the large error bars, the different calculations for
polarization measurement inp2p→K0S0 result in a quite
different behavior. The only common characteristic of t
different calculations in theK0S0 polarization is caused by
the D33(1700) and P33(1920) resonances, enforcing th
change from negative polarization values at low energie
positive values at high energies in the forward region.

G. pN\vN

As can be seen from Fig. 15 thevN channel, which
s,

s

FIG. 15. p2p→vn total cross
section. For the data reference
see Refs.@16,18#. Left: Results of
different calculations. Line code
as in Fig. 3. Right: Partial-wave
decomposition of the total cros
section.JP5

1
2

2: dashed line;12
1:

dotted; 3
2

1: dash-dotted; 3
2

2:
dash-double-dotted.
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
FIG. 16. p2p→vn angle-
differential cross section. Line
code as in Fig. 3. For the data re
erences, see Refs.@16,18#.
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strongly influences all other reactions, cannot be comple
fixed by using the pion-induced data alone. While in t
hadronic calculationsC-p-p1 andP-p-p1, the total cross
section is dominated by aJP5 3

2
2 wave, resonating below

1.85 GeV and accompanied by a strong3
2

1 wave, this picture
is changed once the much more precisevN photoproduction
data from the SAPHIR Collaboration@55# are included. In
the global calculation, the12

1 and 3
2

1 waves dominate up to
05521
lyenergies of 2 GeV. TheP11(1710) leads to the peaking in th
1
2

1 wave around 1.76 GeV, while theP13(1900) gives rise to
the peaking behavior of the32

1 contribution around 1.9 GeV
see Fig. 15. This decomposition leads to a slower increas
the total cross section at energies above 1.745 GeV; a p
erty which is also indicated by the precise Karami total cro
section data@59#. This is in contrast to our findings in Re
@16#, where a dominant32

2 contribution has been extracte
s

TABLE IV. Nucleon andt-channel couplings. 1st line:C-p-g1; 2nd line: C-p-g2; 3rd line: C-p-p

1; 4th line: P-p-p1; 5th line:C-t-p1. The values for theK1 meson are given for the global calculation
C-p-g1 andC-p-g2.

g Value g Value g Value g Value

gNNp 12.85 gNNs•gspp 22.92 gNNr 4.53 kNNr 1.47
12.75 25.14 4.40 1.41
12.77 26.88 5.59 1.51
12.80 39.16 2.71 1.16
13.01 13.66 2.21 1.30

gNNh 0.10 gNNa0
270.60 gNNv 3.94 kNNv 20.94

0.12 245.82 3.87 0.17
0.06 39.56 4.06 0.48
0.07 22.98 3.90 0.59
0.29 8.60 3.94 -0.90

gNLK 212.20 gNLK
0*

52.54 gNLK* 227.61 kNLK* 20.50
212.88 2.32 228.29 20.55
218.48 225.56 227.85 20.36
214.35 2.36 3.10 0.01
211.53 211.58 25.86 20.39

gNSK 2.48 gNSK
0*

252.30 gNSK* 4.33 kNSK* 20.86
1.56 254.44 3.88 20.98

15.39 65.28 2.29 0.40
12.44 22.14 24.22 20.33
2.50 11.06 0.71 20.11
1-19
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
because the more precise photoproduction data have
been considered simultaneously. The comparison of this
sult with the coupled-channel model of Lutzet al. @15# is
especially interesting, because there,pN→vN is described
by a pure3

2
2 production mechanism. This is due to the fa

that in the model of Ref.@15# no P wave contributions are
included. These authors’ findings seem to lead to an ove
timation of the pN inelasticity in the 3

2
2 (D13) channel,

which just starts overshooting the experimental data at
vN threshold. Unfortunately, they do not compare their c
culation to the angle-differential Karami cross section@59#,
which would allow for a further evaluation of the quality o
their calculation. There has also been a single-channel an
sis onpN→vN by Titov et al. @60,61#. These authors hav
extracted dominant contributions from the subthresh
S11(1535), S11(1650), and P11(1440) resonances, whic
only give minor contributions in the present calculatio
These authors also neglected theP11(1710) and resonance
beyond theP13(1720), both of which turn out to be mos
important in the present calculation.

This once again shows the necessity of the inclusion
photoproduction data for a reliable analysis of resona
properties, especially in channels~as thevN production!,
where only few precise pion-induced data are available.

The differential cross section shows an almost flat beh
ior close to threshold, see Fig. 16, even for the global ca
lation dominated byP waves. To get a handle on the angl
differential structure of the cross section for higher energ
(As>1.8 GeV) we have used the corrected cosine event
tributions given in Ref.@62# to also extract differential cros
sections with the help of the given total cross sections. W
the differential cross section at forward angles is almost c
stant above 1.8 GeV, the backward cross section decre
These data points strongly constrain the nucleonu-channel
contribution thereby restricting thevNN coupling constants
and the downbending behavior is best described by the
bal fit. At these energies also the forward peaking beha
becomes visible which is due to thet-channelr meson ex-
change. This contribution is also the reason why the forw
peaking behavior is more pronounced in the Pascalutsa
culation. Although the extractedrNN coupling is smaller
than in the other calculations, the cutoff valueL t ~cf. Tables
IV and V below! is much larger than in the other calculatio
resulting in an effectively larger contribution, see also t

TABLE V. Cutoff values for the form factors. 1st line:C-p-g
1; 2nd line:C-p-g2; 3rd line: C-p-p1; 4th line: P-p-p1; 5th
line: C-t-p1. The upper indexh denotes that the value is applie
to a hadronic vertex, while the lower one denotes the particle go
off shell, i.e., N: nucleon; 1

2 : spin-12 resonance;32 : spin-32 reso-
nance;t: t-channel meson.

LN @GeV# L1/2
h @GeV# L3/2

h @GeV# L t
h @GeV#

0.96 4.00 0.97 0.70
0.96 4.30 0.96 0.70
1.16 3.64 1.04 0.70
1.17 4.30 1.02 1.80
1.11 3.80 1.00 0.70
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discussion in Sections Secs. V A 2 and V A 3 below.
It should also be noted that thevN parameters are no

constrained by thevN data points alone but also great
influenced by thepN inelasticities and cusp effects appea
ing in hN, KL, andKS production due to thevN threshold
opening. Therefore the extracted partial-wave decomposi
of pN→vN is on safe grounds, since all other channels a
in particular thepN→pN partial waves and inelasticitie
and the pion-induced 2pN production are well described in
the energy region above thevN threshold. However, more
precise cross section measurements at energies above
GeV and polarization measurements of thepN→vN pro-
duction would be the perfect tool to corroborate the pres
findings.

V. EXTRACTED HADRONIC PARAMETERS

A. Background contributions and t-channel form factor

The values of all Born andt-channel coupling constants
which have been varied during the calculation, are listed
Table IV. Note, that no other background parameters
used in the calculations, emphasizing the reduced freedo
the background in our model as compared to analyses dr
by resonance models~see, e.g., Ref.@7#!.

1. Born couplings

Our values ofgpNN are consistently lower than the value
extracted by other groups, for example the value ofgpNN
513.13 from the VPI group@54#. However, one has to kee
in mind that the present calculation considers a large ene
region using only onepNN coupling constant, thereby put
ting large constraints through all production channels on
coupling and the threshold region only plays a minor ro
For example in the global fits, thepNN coupling is espe-
cially influenced by thet-channel pion exchange mechanis
of vN photoproduction, which is due to the restriction
using only one cutoff valueL t for all t-channel diagrams.

For the other couplings of the nucleon to the pseudosc
final state mesons, the situation in the pion-induced react
is different. As found in previous analyses@10,11,37# the
hNN coupling turns out to be very small and the prec
value thus hardly influences thex2 of hN production. Also
in pN→KL/KS, the Born couplings are only of minor im
portance due to the large offshellness of the nucleon and
associated large reduction of its contributions by the h
ronic form factor. For example, a doubling of theKNL/S
coupling constants keeping all other contributions fixed le
to a worsening inx2 for p2p→K0S0/K1S2 of only about
10%, and forp2p→K0L of about 15%. This also explains
why theNKS coupling extracted from the pion-induced da
alone, always ends up to be large compared to SU~3! expec-
tations. However, the situation changes drastically when
photoproduction data is included. As a result of gauge inv
ance, the importance of the Born diagrams is enhanced in
photoproduction reactions and allows to determine the B
couplings more reliably. The resulting relations between
Born couplings of our best global fit are actually close
SU~3! relations with aFD5F/(F1D)P@0.25;0.41# ~see,

g
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VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
e.g., Ref. @63#!, which is around the value ofaFD'0.35
predicted by the Cabibbo-theory of weak interactions and
Goldberg-Treiman relation@63#.

As has already been pointed out in Ref.@16#, the vNN
coupling constants have more influence on the angular
pendent behavior of the pion-induced reaction process
the NKL and NKS couplings and can therefore be bett
fixed already in the hadronic fits, see Table IV. This is
result of the nucleonu-channel contribution, which strongl
influences the behavior of the angle-differential cross sec
in the backward direction at higher energies, and expla
why the resulting values for this coupling are very similar
all calculations. Note that a valuegvNN'4 is extracted in
our calculations, even though the same nucleon cutoffLN

'1 GeV ~see Table V! is used for all final states, which is i
contrast to the results found in single-energy analysis~see,
e.g., Ref.@60#!.

2. t-channel form factors

It is interesting to compare our value ofgvNN;4 with,
e.g., the value of 15.9 which has been extracted in the Bo
model for nucleon-nucleon scattering@64#. In nucleon-
nucleon scattering, thev only contributes viat-channel ex-
change and thus its coupling is always modified by a fo
factor. The actual shape of the form factor and the kinem
region are thus of great importance for the applicability
the extracted coupling.

We have examined the influence of the form factor sh
by performing calculations with two different form facto
Fp ~12! andFt ~13! for the t-channel exchanges. In Ref.@10#
no significant differences in the resulting quality of the fi
have been found, when either of the two form factors h
been used and consequently, in Ref.@11# only calculations
usingFt have been performed. However, as Table II sho
this result is not valid any more for the extended chan
space and kinematic region of the present model. The ca
lations C-t-p6, which useFt instead ofFp as in C-p-p
6, result in an overall description, which is worse by mo
than 10%, with the largest differences in thepN→vN reac-
tion. This reaction differs fromhN, KL, and KS, which
have comparablex2, in that respect, that in thet channel the
r meson is exchanged. Since this exchange also contrib
to pN elastic scattering, the combination of coupling a
form factor for theNNr vertex is tested in two differen
reactions and thus in a wide kinematic region. As a resul
the larger data base forpN elastic scattering, the value o
grNN is adjusted to this reaction and there is no freedom
for pN→vN. Since the calculations usingFp can describe
both reactions simultaneously, the form factor shapeFp

seems to be applicable to a wider kinematic region thanFt .
Note that this finding is even fortified when we look at t
global fits. There, no satisfying description of the experim
tal data usingFt has been possible, see PMII@17#. This
comes about because of the quite differentq2 dependent be-
havior of the two form factorsFp and Ft below the pole
mass and in the lowutu5uq2u region.
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3. t-channel couplings

Having performed calculations with two differen
t-channel form factor shapes allows us to compare those
plings, which only contribute tot-channel processes. As ca
be seen from Table IV, large differences in these couplin
are found comparing the calculations with the conventio
spin-32 couplings, with the Pascalutsa couplings, and with
use ofFt instead ofFp in the t channel, while in the two
global fitsC-p-g6, differing only by the sign ofgvrp , the
couplings are almost identical. The reduction of thet-channel
couplings whenFt is used is not surprising, since the for
factor shape~13! leads to less damping thanFp ~12!. In the
case of the Pascalutsa calculations, the need for backgro
contributions also in lower partial waves is enhance
thereby leading to larger cutoff valuesL t , see Table V. At
the same time, the corresponding couplings have to be
duced to prevent an overshooting at forward angles
higher energies as inpN→KS, see Sec. IV F above. Com
paring the last three lines in Table V, where basically th
different background models have been used, one still fi
that the off-shell behavior of the nucleon and resonance c
tributions are similarly damped, thus leading to similar res
nant structures in the three calculationsC-p-p1, P-p-p
1, andC-t-p1.

Thus our analysis shows that coupling constants extra
from t-channel processes strongly depend on the chosen
off function and cutoff value. As in thepN→vN reaction,
this can in particular lead to the effect that a calculation w
a smaller t-channel coupling (P-p-p1) results in larger
t-channel contributions than a calculation with a smaller c
pling (C-p-p1), see Fig. 16 above. Only when those co
plings are also tested close to the on-shell point or a w
kinematic range, the applicability of the couplings and fo
factors is subjected to more stringent test and the extra
values and form factor shapes become meaningful. In
present model, this holds true forNNr and NNs in pN
elastic scattering, and theNNv, NNp, andNNh couplings,
where the latter three appear simultaneously ins-, u-, and
t-channel processes.

Hence couplings asgvNN from, e.g., the Bonn-mode
@64#, can only be interpreted in combination with the cuto
usedand in the kinematic region where it has been appli
to. This point has also been examined by Pearce and
nings @23#. These authors have shown that the use of fo
factors as ours as compared to the one in the Bonn pote
leads to large differences in the off-shell behavior of t
effective couplings.

A similar consideration as for thepNN coupling has also
to be applied to therNN coupling. Due to the fitting of the
complete energy region from threshold up to 2 GeV, the
sultingrNN coupling represents an averaged coupling wh
can deviate from values extracted in a restricted kinem
regime. Furthermore, therNN coupling is also influenced by
p and h photoproduction and also pion-inducedv produc-
tion. Thus it is a priori not clear how well the resulting
coupling reproduces the KSRF relation. As pointed out
Sec. II A 1, the KSRF relation, which relates ther t-channel
exchange to the Weinberg-Tomazawa contact term, requ
1-21
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G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
a coupling ofgrNN52.84. At first sight, it seems from Tabl
IV that only in the calculations when the Pascalutsa spi3

2

couplings is used is this relation fulfilled. However, the on
meaningful quantity entering the calculations is the prod
of form factor and coupling constant. EvaluatingFp for L t

51.804 ~0.705! as in calculationP-p-p1 (C-p-p1) for
q250 shows thatgrNN

e f f 5grNN•Fp(q250)52.62 ~2.31! at
threshold; thus both calculation result in a similar effect
coupling close to the KSRF value. Although ther tensor
couplingkr'1.6 turns out to be small compared to the e
pirical VMD value of 3.71, it points in the direction of th
value recently extracted in a model based on a gauge for
ism includingr mesons, baryons, and pionic loop contrib
tions @65#.

It is interesting to note that therNN coupling constant is
decreased in the global fits as compared to the purely h
ronic fits, thus deviating from the KSRF relation. The reas
for this behavior is related to the cutoff valueLN of the
nucleon form factor. It is well known that ther and nucleon
contributions interfere in low-energypN elastic scattering.
Since the pion photoproduction multipolesE01

p/n ~see the dis-
cussion on pion photoproduction in PMII@17#! demand a
reduced nucleon contribution at higher energies,LN is de-
creased from 1.15 GeV for the hadronic fits to 0.95 GeV
the global fits, thereby damping this contribution. At t
same time, this also affects the interference betweenr and
nucleon at lower energies, leading to the necessity of sim
taneously reducing therNN coupling. Nevertheless, th
same interference as in the hadronic fits cannot be achie
and the low-energy tails of theS11 and P11 are not as well
described, see Fig. 3 above.

As we have pointed out above, chosing the chirally sy
metric spp coupling leads to consistently better results
pN elastic scattering, even in the intermediate energy reg
Our final results always require a positivegsNNgspp value
as in Pearce and Jennings@23,66#, which means that thes
contribution is attractive in theS waves and repulsive in th
P waves. The actual value of thes coupling strongly de-
pends on the choice of the spin-3

2 couplings. When the Pas
calutsa couplings are used, we always find a larger value
this coupling, thereby indicating the need for stronger ba
ground contributions inpN elastic scattering, see Sec. IV
above.

The othert-channel couplings (a0 , K* , K0* ), in particular
those of the scalar mesonsa0 andK0* , turn out to be large in
almost all calculations. However, since the value oft is
rather negative and thus thet-channel meson far off shell, th
effective contribution is strongly damped by the form fac
in the corresponding processes. ForKL andKS production,
we have included twot-channel processes in the pion- (K*
andK0* ) and two in the photon-induced (K* andK1) reac-
tions. In the purely hadronic fits, the differentiation betwe
theK0* andK* meson is difficult; in the global fits, howeve
the freedom of the relative importance of the mesons is
duced, since theK* contributes to both the hadro- and th
photoproduction reactions.

In the case of using the Pascalutsa spin-3
2 couplings, the

t-channel couplings differ significantly from the values of t
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other calculations. This is because the missing spin-1
2 off-

shell contributions of the spin-3
2 resonances have to be com

pensated by other background, i.e.,t-channel, contributions
and thus the extracted cutoff value for thet-channel pro-
cessesL t becomes much larger. This also means that
t-channel contributions are not only important in the extre
forward region~low utu), but rather for the complete cosq
range. Consequently, very larget-channel couplings fora0 ,
K* , andK0* would not be in line with the angle-differentia
observables and thus the couplings are reduced; see als
discussion aboutKS production in Sec. IV F.

B. Scattering lengths

The scattering lengths and effective ranges extracted f
the present analysis are in general agreement with the va
obtained by other groups, see Table VI. For the vectorme
statevN we follow the notation of Lutzet al. @15# for the
extraction of the scattering length:

ā1/25
1

3
ā1/2S J5

1

2 D1
2

3
ā1/2S J5

3

2 D ~16!

and similarly for r̄ 1/2. The upper index denotes the isosp
ThevN helicity state combinations contributing at thresho
are @15#

UvN;J5
1

2L 5UvN,
1

2
;J5

1

2L 1
1

A2
UvN,10;J5

1

2L ,

UvN;J5
3

2L 5UvN,
3

2
;J5

3

2L 1
1

A3
UvN,

1

2
;J5

3

2L
1A2

3UvN,10;J5
1

2L . ~17!

The extracted scattering lengths, however, have to be ta
with care, since the present analysis does not concentrat
the threshold regions of the reactions, but aims on a desc
tion of a large energy range. This can result in significa
differences to well known values, as, e.g., in thepN elastic
scattering, see the discussion in Secs. IV B and V A. Furth
more, in particular in thevN case, more polarization mea
surements are needed for a reliable determination of the
act decomposition of the production mechanism close
threshold, see Sec. IV G and also the discussion onv pho-
toproduction in PMII@17#.

C. Resonances

In the extension of the energy range and final state sp
the inclusion of more resonances as compared to Feuste
Mosel @10,11# has become necessary. We find striking e
dence for three more resonances, which are of vital imp
tance for a satisfying description of all experimental da
below 2 GeV: aP31(1750), aP13(1900), and aP33(1920),
which are only rated by the PDG@4# by one, two, and three
stars, respectively. Omitting one of these resonances, the
culations result in a considerably worse totalx2 by more
1-22



The

VECTOR MESON PRODUCTION AND . . . .I . . . . PHYSICAL REVIEW C 66, 055211 ~2002!
TABLE VI. Scattering length~in fm! from the present analysis in comparison with other calculations.
upper index denotes the isospin.

Present Lutzet al. @15# Others

pN a1/2 0.197 0.246a

r 1/2 0.660
a3/2 20.117 20.130a

r 3/2 18.33

hN a1/2 0.9911 i0.347 0.431 i0.21 0.710(30)1 i0.263(23)b

r 1/2 22.0812 i0.812

KL a1/2 20.1541 i0.084 0.261 i0.10 20.1481 i0.165c

r 1/2 23.0211 i0.187

KS a1/2 20.2701 i0.172 20.151 i0.09 20.3631 i0.112c

r 1/2 24.0321 i2.064
a3/2 20.0111 i0.005 20.131 i0.04 20.1261 i0.046c

r 3/2 34.792 i3.561

vN
ā1/2S J5

1

2D 21.0931 i0.958 20.451 i0.31

r̄1/2S J5
1

2D 20.0011 i7.765

ā1/2S J5
3

2D 20.2281 i0.621 20.431 i0.15

r̄1/2S J5
1

2D 13.312 i17.11

ā1/2 20.5161 i0.733 20.441 i0.20 1.61 i0.30d

r̄ 1/2 8.8732 i8.820

aReference@54#.
bReference@57#.
cReference@25#.
dReference@67#.
o
a
e
n

a

-

re

t t
-

m

s, the

of
u-

ely
.
red
-
nces

e
the

el

sent
ob-

ase
This
nes
un-
than 15%. We can furthermore corroborate the findings
Feuster and Mosel@10,11# that there is a strong need for
D13 resonance in the energy range between 1.9 and 2 G

In the global calculations, the properties of almost all co
sidered resonances can be very well fixed~see Tables VII–
X!, even the couplings of the subthreshold resonances
practically identical forC-p-g1 andC-p-g2. The only ex-
ceptions are theP11(1710), P13(1900), and the exact de
composition of thevN strength into thevN helicities. Note
that the properties of theP11(1710) also differ largely when
comparing the references given in the PDG review@4#.
Moreover, Arndtet al. @9# had similar problems with fixing
theP11(1710) properties. However, in contrast to Ref.@9#, in
the present calculation the properties of theS11(1535) can be
well fixed due to the simultaneous inclusion ofhN produc-
tion data.

In the K-matrix formulation the resonance properties a
identified with the implemented parameters@7#, thus the
given decay widths and branching ratios are calculated a
resonance mass (As5mR). Since the widths are energy de
pendent~cf. Appendixes C2 and C3! and theRNf vertices
are modified by form factors, the total decay widths donot
necessarily respresent the full width at half maximu
~FWHM!, which can, e.g., be observed in thepN elastic
partial waves.
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Just as the extracted resonance masses and coupling
spin-32 off-shell parametersa, given in Table X, are also very
similar in the two global calculations with the exception
the vN values. Large differences only occur when the co
pling of the resonance to the final state is also larg
changed, thus keeping the productg•a in the same range
Note that our values are also very close to the prefer
global fit SM95-pt-3 of Ref.@11# and that the observed dis
crepancies can be explained by the additional resona
considered in the present calculation.

In Tables XI and XII we give a direct comparison of th
extracted resonance properties of the present model with
values given by the PDG@4#, extracted by Feuster and Mos
@11#, and extracted by thepN→pN/2pN analysis of Vrana
et al. @7#. Note, that in some cases@e.g.,P11(1710) mass and
width, D13(1950) andP33(1920) mass, etc.# noticeable dif-
ferences to the estimated values of the particle data group@4#
are found. The estimated values and errors from the pre
model give the average and rms deviation of the values
tained in the global calculationsC-p-g1 and C-p-g2,
since only in these two calculations the complete data b
including pion- and photon-induced data has been used.
also means that the given errors are only rough guideli
and can, sometimes, even be misleading if both fits are
1-23



width
ing

G. PENNER AND U. MOSEL PHYSICAL REVIEW C66, 055211 ~2002!
TABLE VII. Properties ofI 5
3
2 resonances considered in the present calculation. Mass and total

G tot are given in MeV, the decay ratiosR in percent of the total width. In brackets, the sign of the coupl
is given ~all pN couplings are chosen to be positiv!. P: Only found in calculationP-p-p1. 1st line:
C-p-g1; 2nd line:C-p-g2; 3rd line: C-p-p1; 4th line: P-p-p1.

L2I ,2S Mass G tot RpN R2pN RKS

S31(1620) 1611 196 34.3 65.7(2) 0.14a

1614 209 34.4 65.6(2) 0.16a

1612 175 36.0 64.0(2) 0.94a

1630 177 43.4 56.6(1) 0.48a

S31(1900)P 1984 237 30.4 69.5(2) 0.1(2)

P31(1750) 1712 660 0.8 99.1(1) 0.1(1)
1712 626 1.0 98.9(1) 0.1(1)
1752 632 2.3 97.2(1) 0.6(1)
1975 676 19.5 79.4(1) 1.1(2)

P33(1232) 1228 106 100.0 0.021(2)b

1228 107 100.0 0.040(2)b

1231 101 100.0 0.002(1)b

1230 94 100.0 0.000(1)b

P33(1600) 1667 407 13.3 86.7(1) 0.03a

1667 388 13.1 86.9(1) 0.05a

1652 273 13.7 86.3(1) 0.22a

1656 350 13.2 86.8(1) 0.28a

P33(1920) 2057 494 15.9 81.6(2) 2.4(2)
2058 557 15.0 83.2(2) 1.8(2)
2057 527 15.5 79.5(2) 5.0(2)
2056 435 9.1 86.8(2) 4.1(2)

D33(1700) 1678 591 13.9 86.1(1) 0.75a

1679 621 14.1 85.9(1) 0.97a

1680 591 13.6 86.4(1) 2.09a

1674 678 14.6 85.4(1) 3.68a

aThe coupling is given since the resonance is below threshold.
bDecay ratio in 0.1%.
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satisfactory in a given energy region, see in particular
discussion below on the properties of theP11(1440) and
P33(1920) resonances. Furthermore, we want to point
that the results of the global calculationC-p-g1, given in
Tables VII–X, are to be preferred, since this calculati
gives a better description in the pion-induced sector~see
Table II!, while in the photon-induced reactions the qual
of the two global calculations are identical, see PMII@17#.

In the following, the extracted resonance properties
discussed in detail for each partial wave. We refer in parti
lar to Figs. 3–6 in the discussion.

1. Isospin-12 resonances

S11: For the two four-star resonances in this partial wa
@S11(1535) andS11(1650)], the parameters can be well fixe
in the present model; the differences between the global
purely hadronic fit parameters are not very large. The ex
properties ofS11(1535) can, however, only be extracted
the simultaneous analysis of pion- and photon-induced d
which has already been pointed out by Feuster and M
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@11#. The secondS11 resonance has an almost negligiblehN
width, but nevertheless interferes destructively in thepN
→hN reaction with theS11(1535), see Sec. IV D. In the
purely hadronic fits the extracted properties of theS11(1535)
andS11(1650) are very similar to the values of Vranaet al.
@7# and Batinić et al. @57#, who found the masses 1.54
(1.543) and 1.689 (1.668) GeV and the widths 112 (15
and 202~209! MeV. The inclusion of the photoproductio
data, however, requires the lowering of theS11(1535) mass
and total width, in particular for a description of theE01

p

multipole, see the discussion on pion photoproduction
PMII @17#. Note that the decay ratios of theS11(1535) are
almost identical in the global and hadronic calculations. F
thermore, it is worth mentioning, that theKL decay ratio of
the S11(1650) is considerably lowered as compared
Feuster and Mosel@11#. This is a consequence of the fact th
in the best global calculationC-p-g1, theKL production is
now explained by a dominatingP13 mechanism, while the
S11(1650) is only important very close to threshold, see S
IV E above.
1-24
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TABLE VIII. Properties ofI 5
1
2 resonances considered in the calculation. Notation as in Table VII.

L2I ,2S Mass G tot RpN R2pN RhN RKL RKS RvN

S11(1535) 1524 121 36.6 9.8(1) 53.6(1) 21.28a 0.83a

1528 137 35.6 11.2(1) 53.3(1) 21.62a 1.00a

1542 148 37.7 11.5(1) 50.8(1) 0.02a 0.27a

1545 117 36.6 0.9(2) 62.6(1) 24.46a 0.26a

S11(1650) 1664 131 67.6 28.3(1) 1.6(2) 2.4(2) 20.59a

1667 155 61.8 34.7(1) 0.4(2) 3.1(2) 20.72a

1671 158 65.1 22.7(1) 5.1(2) 7.1(2) 20.54a

1699 276 68.2 14.7(2) 3.8(1) 13.3(2) 20.50a

P11(1440) 1512 628 57.2 42.8(1) 1.69a 22.70a 0.53a

1522 709 57.1 42.9(1) 1.79a 26.65a 6.78a

1490 463 61.5 38.5(1) 3.27a 3.43a 21.01a

1515 639 60.6 39.4(1) 4.17a 1.97a 3.64a

P11(1710) 1749 445 7.4 38.5(2) 24.9(1) 3.4(1) 12.6(2) 13.4
1755 327 21.7 12.1(2) 47.0(1) 7.4(1) 0.0(2) 11.7
1770 430 2.0 42.7(1) 31.6(2) 0.9(1) 6.3(2) 16.4
1701 348 8.5 25.7(2) 38.3(1) 26.3(2) 1.3(2)

P13(1720) 1696 165 19.1 69.0(1) 0.1(1) 11.8(2) 0.0(2)
1715 310 14.8 79.1(1) 0.4(2) 5.6(2) 0.1(2)
1724 295 15.4 65.2(1) 1.2(1) 9.9(2) 7.5(2) 0.7
1700 148 14.2 83.1(1) 0.0(1) 1.7(1) 1.0(1)

P13(1900) 2003 581 14.6 42.7(2) 9.4(2) 0.1(2) 2.0(2) 31.2
1898 664 17.9 14.7(1) 19.2(2) 0.0(1) 0.0(2) 48.1
1962 683 19.1 58.2(2) 11.9(1) 1.9(2) 0.8(1) 8.1
1963 694 15.7 58.2(2) 3.0(1) 0.1(1) 0.0(1) 22.9

D13(1520) 1509 99 55.8 44.2(2) 2.0b(1) 20.09a 1.13a

1510 102 55.5 44.5(2) 2.7b(1) 20.35a 0.84a

1512 95 58.7 41.3(2) 3.1b(1) 0.44a 1.20a

1509 91 60.1 39.9(2) 2.2b(1) 0.86a 23.23a

D13(1700)P 1745 55 1.6 43.4(1) 1.7(1) 6.7(2) 1.2(2) 45.3
D13(1950) 1946 865 12.9 67.2(1) 5.4(1) 0.0(2) 0.3(1) 14.1

1946 852 10.7 51.3(1) 8.6(1) 0.4(2) 1.1(2) 27.9
1946 885 16.2 49.1(1) 2.2(2) 1.2(1) 1.9(1) 29.4
1943 573 13.3 50.8(1) 0.0(2) 2.2(2) 0.7(1) 32.9
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Since in the resonance analyses of Vranaet al. @7#, Ba-
tinić et al. @57#, and Manley and Saleski@5#, a thirdS11 has
been found below 2 GeV~i.e., at 1.82, 1.705, and 1.93 Ge
respectively!, we have also checked whether the inclusion
a third S11 below 2 GeV would improve the results. How
ever, the fit has always decreased all partial-decay width
such a resonance to zero. Hence we do not find any hin
a third S11 resonance below 2 GeV in our analysis.

P11: The mass and width of the RoperP11(1440) reso-
nance turn out to be rather large in the global fits in comp
son with other analyses~note, however, the range of th
width given by Vranaet al. @7#: 4906120 MeV, and that
Cutcosky and Wang@68# found in analyzing thepN→pN
andpN→2pN data for theP11 partial-wave values for the
width of 661 and 545 MeV, depending on thepN→pN
single energy partial-wave analysis used!. The reason for
these large values is that theP11(1440) parameters are ex
tremely sensitive to background contributions, i.e., to the
05521
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terference pattern between nucleon andr. Since in the global
fit, the nucleon cutoff has been reduced for a better desc
tion of theE01

p/n photoproduction multipoles~see the discus-
sion on pion photoproduction in PMII@17#!, the description
of the P11 wave ~and alsoS11) at low energies has becom
worse. The fit has tried to compensate for this effect by
creasing theP11(1440) mass and width, which can hence n
be reliably extracted in the present calculation. This probl
might also be related to the fact that there are hints that
P11(1440) resonance is a quasiboundsN state@21#, which
cannot be generated in the presentK-matrix approach. The
decay ratios intopN and 2pN, however, turn out to be
reliably determined in all calculations.

Once the photoproduction data are included, the mas
the largely inelasticP11(1710) resonance is fixed at aroun
1.75 GeV due to its important contributions tohN andvN;
a mass, which is 40 MeV above the PDG@4# estimate. In all
calculations, it turns out to have a decay ratio of more th
1-25
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TABLE IX. vN helicity decay ratios ofI 5
1
2 resonances. The total widths are given in MeV, all ratios

percent. P: Only found in calculationP-p-p1. First line: C-p-g1; second line:C-p-g2; third line:
C-p-p1; fourth line: P-p-p1.

L2I ,2S Mass G tot RvN RvN
0 RvN

1/2 RvN
3/2

S11(1535) 1524 121 3.64a 6.10a

1528 137 1.77a 5.66a

1542 148 24.51a 22.61a

1545 117 2.50a 4.99a

S11(1650) 1664 131 4.75a 21.78a

1667 155 3.24a 3.42a

1671 158 20.15a 0.00a

1699 276 1.84a 5.35a

P11(1440) 1512 628 218.73a 10.14a

1522 709 15.56a 10.82a

1490 463 21.55a 2.09a

1515 639 26.30a 3.95a

P11(1710) 1749 445 13.4 0.0(2) 13.3(2)
1755 327 11.7 0.0(2) 11.7(2)
1770 430 16.4 10.1(2) 6.3(1)
1701 348 5.2a 25.3a

P13(1720) 1696 165 214.0a 221.3a 5.3a

1715 310 29.4a 215.9a 27.5a

1724 295 0.7 1.5(1)b 7.8(1)b 62.1(1)b

1700 148 0.0 8.8a 22.8a 22.8a

P13(1900) 2003 581 31.2 0.0(2) 7.8(1) 23.4(1)
1898 664 48.1 16.7(2) 19.3(1) 12.1(1)
1962 683 8.1 0.9(1) 0.0(2) 7.2(1)
1963 694 22.9 5.3(1) 0.0(1) 17.6(1)

D13(1520) 1509 99 221.33a 27.12a 27.71a

1510 102 211.68a 14.67a 16.32a

1512 95 213.07a 21.37a 23.91a

1509 91 23.98a 25.36a 7.04a

D13(1700)P 1745 55 45.3 14.2(2) 7.5(2) 23.6(2)
D13(1950) 1946 865 14.1 13.0(1) 1.1(2) 0.0(1)

1946 852 27.9 7.0(1) 14.7(1) 6.2(1)
1946 885 29.4 9.8(1) 2.1(1) 17.5(1)
1943 573 32.9 12.1(1) 0.1(1) 20.7(1)

aThe couplingg1 (g2 ,g3) is given in columnRvN
0 (RvN

1/2, RvN
3/2).

bThe ratio is given in 0.1‰.
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10% tovN and more than 25% tohN. The latter result has
also been found by Batinic´ et al. @57#. The KS decay ratio
seems not to be well determined, since the large value
12.6% of C-p-g1 is not confirmed in the calculation
C-p-g2. However, also inC-p-g2 a largeP11 contribution
to KS is found, which can be seen by the increase of theKS
coupling constant of theP11(1440). Since the switch of the
sign of gvrp leads to a change of sign ofkvNN ~see Table
IV ! due to interference effects invN production, also the
behavior of theP11 KS wave, which reacts sensitive onvN
rescattering, has to be altered. However, since the simu
neous description of photon- and pion-induced data is m
better in the calculationC-p-g1 ~see Table II!, the large
P11(1710) KS decay ratio seems to be favored by the e
05521
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perimental data. In contrast to Feuster and Mosel@11# and
the PDG @4#, we find a reducedKL decay ratio of the
P11(1710), which is due to the shift of this strength to th
P13 sector. Note that the increasingpN inelasticity of the
P11 wave above 1.6 GeV~see Fig. 6! is caused by thehN
channel.

Manley and Saleski@5# have found a thirdP11 around
1.88 GeV, while Vranaet al. @7# have identified such a reso
nance only around 2.08 GeV, but with a huge width of mo
than 1 GeV, thus also having a large influence on this par
wave below 2 GeV. Therefore we have checked the con
bution of an additionalP11 around 1.9 GeV, but just as in th
S11 wave, its contribution is always decreased to zero in
fit, and we do not find any indication for a missingP11
contribution below 2 GeV.
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TABLE X. Off-shell parametersa of the spin-32 resonances. 1st line:C-p-g1; 2nd line:C-p-g2; 3rd
line: C-p-p1; 4th line: SM95-pt-3 of Ref.@11#. NC: not considered~energy range ended at 1.9 GeV!.

L2I ,2S apN azN ahN aKL aKS avN1 avN2 avN3

P13(1720) 20.658 0.832 24.000 0.573 20.473 0.679 23.072 3.495
20.005 0.768 23.999 0.018 23.998 1.758 24.000 2.648

0.183 0.587 1.943 20.625 22.728 1.108 23.499 21.858
0.258 0.726 21.953 20.053

P13(1900) 21.249 20.457 20.003 0.852 23.999 2.920 0.897 23.874
2.123 20.362 21.628 23.828 24.000 20.945 23.647 20.180
0.205 0.437 20.739 3.410 23.687 2.195 0.092 1.454

NC
D13(1520) 0.872 20.249 0.366 0.794 0.501 22.442 24.000 24.000

0.871 20.407 0.744 1.164 0.318 0.774 23.998 2.562
0.861 20.351 1.796 0.856 2.692 0.344 20.445 21.050
0.819 20.158 1.146

D13(1950) 0.789 0.588 0.353 1.661 2.091 20.685 20.247 22.000
0.663 0.365 1.025 0.503 0.215 20.153 23.986 0.284
0.966 0.668 0.211 1.019 0.663 20.016 20.976 21.152
0.924 1.387 1.016 1.116

P33(1232) 0.222 21.156
0.211 21.006
0.233 4.000
0.148

P33(1600) 1.798 0.363 23.047
1.937 0.363 24.000
1.266 0.291 20.783
0.400 20.253

P33(1920) 22.827 1.244 21.762
22.492 1.111 21.683
23.137 1.264 21.145
NC

D33(1700) 20.282 0.414 20.156
20.288 0.413 0.001
20.220 0.425 0.473
20.181 0.867
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P13: In all calculations, the mass of the firstP13 is well
fixed between 1.695 and 1.725 GeV. We find important c
tributions of this resonance toKL and alsovN; in the latter
case although the resonance position is below threshold
comparison to Feuster and Mosel@11# the P13(1720) plays a
less important role inhN ~which is mainly due to the inclu-
sion of a secondP13, see below!, but turns out to be much
more important inKL production.

Guided by the observation of Feuster and Mosel, t
there are contributions missing in this partial wave for high
energies (As.1.8 GeV), we have included apart from th
well establishedP13(1720) the PDG two-starP13(1900)
resonance in the calculation. Although the mass of the s
ond resonance cannot be well fixed in the present calcula
(1.9<mR<2 GeV), it turns out that this second resonan
gives very important contributions in all pion-induce
reactions — in particular the hN, KL, and vN
production — and to some minor degree also in the pho
production reactions. The inclusion of this secondP13 also
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strongly influences the properties of theP13(1720). As com-
pared to Ref.@11#, the P13(1720) hN decay ratio and the
mass are reduced. Note that theP13(1720) mass now turns
out to be in the PDG region, in contrast to the value found
Ref. @11#. In the higher energy region (As.1.8 GeV), a rea-
sonable fit to the various reactions is virtually impossib
without including a secondP13 resonance. Especially in th
vN production, the resultingx2 turns out to be at least two
times worse when such a resonance is excluded. It is in
esting to note that Manley and Saleski@5# have also found a
secondP13 resonance at 1.88 GeV with a large width
about 500 MeV, a third of which has been attributed to t
~effective! vN channel.

As discussed in Sec. IV C, we also find indications f
missing flux in this partial wave, i.e., contributions of a fin
state which is not included in the present model~e.g., a 3pN
state!.

D13: In this partial wave, we find discrepancies in th
description of the lower tail of theD13(1520) resonance. The
1-27
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TABLE XI. Estimated properties ofI 5
3
2 resonances from the present calculation~1st line!, see text, in

comparison with the values from Ref.@4# ~2nd line!, Ref. @11# ~3rd line!, and Ref.@7# ~4th line!. In brackets,
the estimated errors are given. The mass and total width are given in MeV, the decay ratios in perce
not considered~energy range ended at 1.9 GeV!. P: CalculationP-p-p1, see text and Tables VII and VIII
above.

L2I ,2S Mass G tot RpN R2pN RKS

S31(1620) 1612~2! 202~7! 34~1! 66~1!

1620 150 25~5! 75~5!

1579 153 21 79
1617~15! 143~42! 45~5!

S31(1900)P 1984 237 30 70 0.1
1900 200 20~10!

NC
1802~87! 48~45! 33~10!

P31(1750) 1712~1! 643~17! 1~1! 99~1! 0.1~0.1!
1750 300 8
NF
1721~61! 70~50! 6~9!

P31(1910)P 1975 676 19 79 1.1
1910 250 23~7!

NC
1995~12! 713~465! 29~21!

P33(1232) 1228~1! 106~1! 100(0) 0.03~0.01!a

1232 120 .99 0
1228 110 100
1234~5! 112~18! 100~1!

P33(1600) 1667~1! 397~10! 13~1! 87~1!

1600 350 18~7! 82~8!

1721 485 15 85
1687~44! 493~75! 28~5!

P33(1920) 2057~1! 525~32! 15~1! 82~2! 2.1~0.3!
1920 200 13~7!

NC
1889~100! 123~53! 5~4!

D33(1700) 1678~1! 606~15! 14~1! 86~1!

1700 300 15~5! 85~5!

1677 387 14 86
1732~23! 119~70! 5~1!

aThe decay ratio is given in 0.1‰.
e

low

e

t c

tr

-

ski
i-

ded
s of
6

oo
el.
asymmetric behavior around theD13(1520) partial wave
cannot be described within our model, neither in elasticpN
scattering, see Fig. 3, nor inpN→2pN, see Fig. 5~nor in
the E22 and M22 proton and neutron multipoles, see th
discussion on pion photoproduction in PMII@17#!. Even after
allowing different cutoff values in thepN and the 2pN
channel or using a different cutoff shape, i.e., a cutoffFt(q

2)
~13!, for this resonance, the slope of the partial wave be
the D13(1520) resonance position cannot be reproduced
either channel. From the inelasticity and the 2pN production
~see Figs. 5 and 6 above! one deduces, that this might be du
to the description of the 2pN channel by an effectivez
meson with a fixed mass. Both the inelastic and the 2pN
production cross sections rise steeper than in the presen
culation. A more physical 2pN description by includingpD
and rN might change this behavior because of the spec
05521
in

al-

al

functions of theD and ther. Furthermore, in theJP5 3
2

2

wave, therN andpD states can be produced in anS wave,
leading to a stronger rise of the 2pN production cross sec
tion, while ourz meson can only be produced in aP wave
for JP5 3

2
2.

This is confirmed by the analyses of Manley and Sale
@5# and Vranaet al. @7#, since both groups extracted a dom
nant 2pN Swave decay of theD13(1520) intorN andpD.
It is also interesting to note that the rise of the 2pN partial-
wave cross section in theP33 partial wave~see Fig. 5!, where
rN and pD cannot be produced in anS wave, is well de-
scribed in the present model. Since we have not yet inclu
these effects in the calculation, an increase of the error
the D13 2pN partial-wave cross section by 1 mb up to 1.4
GeV is introduced to prevent the calculation from putting t
much weight into this shortcoming of the present mod
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TABLE XII. Comparison ofI 5
1
2 resonance properties. Notation as in Table XI.

L2I ,2S mass G tot RpN R2pN RhN RKL RKS RvN

S11(1535) 1526~2! 129~8! 36~1! 10~2! 53~1!

1535 150 45~10! 6~5! 43~12!

1549 215 31 6 63
1542~3! 112~19! 35~8!

S11(1650) 1665~2! 138~7! 65~4! 31~4! 1.0~0.6! 2.7~0.4!
1650 150 72~17! 15~5! 6~3! 7~4!

1684 194 73 22 1 5
1689~12! 202~40! 74~2!

P11(1440) 1518~5! 668~41! 57~1! 43~1!

1440 350 65~5! 35~5!

1479 513 62 38
1479~80! 490~120! 72~5!

P11(1710) 1752~3! 386~59! 14~8! 26~14! 36~11! 5.4~2! 7~7! 13~2!

1710 100 15~5! 65~25! 15~10!

1709 284 0 51 32 17
1699~65! 143~100! 27~13!

P13(1720) 1705~10! 237~73! 17~2! 74~5! 0.2~0.2! 9~3! 0.0~0.1!
1720 150 15~5! .70 8~7!

1801 637 21 75 4 1
1716~112! 121~39! 5~5!

P13(1900) 1951~53! 622~42! 16~2! 29~15! 14~5! 0.1~0.1! 1.0~1.0! 39~9!

1900 500 26 45
NC
NF

D13(1520) 1509~1! 100~2! 56~1! 44~1! 2.3(0.4)a

1520 120 55~5! 45~5!

1512 93 56 44 4.3a

1518~3! 124~4! 63~2!

D13(1700)P 1745 55 2 43 1.7 7 1.2 45
1700 100 10~5! 90~5! ,3
NF
1736~33! 175~133! 4~2!

D13(1950) 1946~1! 859~7! 12~2! 59~8! 7~2! 0.2~0.2! 0.7~0.4! 21~7!

2080
1940 412 10 75 14 0
2003~18! 1070~858! 4~2!
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Upcoming investigations will reveal whether the inclusion
more realistic two-pion nucleon final states, which allow f
the correct partial-wave behavior and account for the spec
functions of the two-body states will resolve this problem

Furthermore, we confirm the finding of Refs.@6,10,11#
that there is no strong evidence — if at all — for a res
nance in this partial wave between 1.7 and 1.9 GeV,
below. Moreover, we corroborate the importance of aD13
resonance between 1.9 and 2 GeV as in Refs.@10,11#, espe-
cially in hN andvN production at higher energies; althoug
thehN decay ratio is found to be small as compared to R
@11#. Due to rescattering, this resonance also gives la
background contributions at higher energies in thepN elas-
tic amplitude. It is also interesting to note that when only t
05521
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pion-induced data are considered, the importance of
resonance is even stronger in thevN channel and become
also visible inKS production. We have checked this findin
by also performing fits without this resonance, but alwa
ended up with much higherx2, no matter which spin-32 cou-
plings andgrvp coupling sign have been initialized. Th
final structure of this resonance is always very broad, hav
a width of more than 600 MeV and being located close to
upper boundary of the considered energy range, wh
makes the exact determination of its total width difficu
Note that also other resonance analyses identified a
broadD13 resonance in this energy region: For example, B
tinić et al. @57# ~analyzing pN→pN for I 5 1

2 and pN
→hN) and Vrana et al. @7# ~analyzing pN→pN, pN
→2pN, and using the results from Ref.@57#! both have
1-29
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found aD13 resonance at 2 GeV with a large width of abo
1 GeV.

When we allow for anotherD13 resonance in the energ
region between 1.7 and 1.9 GeV for the calculation using
conventional spin-32 couplings, the fit systematically de
creases the resonance’s width until it is only be visible via
off-shell contributions in the spin-1

2 channels. The outcom
is a very narrow (G tot<30 MeV) resonance, and the bestx2

in this situation is still worse than in the calculation wh
such a resonance is neglected. However, the situatio
slightly different in the case when using the Pascalutsa c
plings. Adding aD13(1700) in this case improves the overa
x2 by about 5–10% percent. The resulting total width
50–55 MeV, half of which are due to 2pN and the other half
due tovN. ThepN decay ratio is only about 2%, hence th
resulting resonance is similarly inelastic as in the analysis
Vrana et al. @7# and Batinićet al. @57#. Since we only find
small x2 improvements due to this resonance in the P
calutsa calculations, the indication for aD13(1700) in the
experimental data seems to be only weak and not of reso
nature, and can thus also be described by nonresonant
tributions generated by spin-3

2 off-shell ~or additional other
background! contributions. It is interesting to note that th
slight hump around 1.76 GeV in the imaginary part of t
pN→pN partial wave is close to thevN andKS thresholds
and could therefore be due to kinematic effects of these
channels.

2. Isospin-32 resonances

In the isospin-32 sector, a very good agreement among
resonance parameters extracted from the different calc
tions can be observed, cf. Table VII above. Even the inc
sion of the photoproduction data basically only changes
KS couplings and decay ratios.

S31: In all our calculations, the firstS31 resonance is
found around 1.62 GeV with a width of about 175 Me
Depending on the spin-3

2 prescription, the value for its mas
is either 1.61 or 1.63 GeV, for the conventional and the P
calutsa, respectively, couplings. The former value is corro
rated upon taking into account the pion-photoproduct
multipoles. TheE01

3/2 multipole helps to pin down the exac
resonance properties, in particular the mass, see the dis
sion on pion photoproduction in PMII@17#. In the global fits,
the mass is fixed at 1.611 GeV, in agreement with the va
of the pion-photoproduction analysis of Arndtet al. @9#, but
smaller than the PDG@4# value.

The particle data group@4# lists a secondS31 resonance
around 1.9 GeV with a two-star status, which has been fo
by Manley and Saleski@5# and Vranaet al. @7#. However, in
the latter analysis, this resonance turns out to be very nar
with large uncertainties in the width:G tot548645 MeV.
We have also checked the importance of such a resonan
the present model, and only found very weak indications
its existence. Upon inclusion of a secondS31 above
1.85 GeV, thex2 is greatly enhanced in thepN elastic and
pN→2pN channels for the case of the conventional spin3

2

couplings. Using the Pascalutsa spin-3
2 couplings, additional

strength is needed in theS31 partial wave above 1.9 GeV
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and thus a secondS31 resonance improves thex2 slightly.
The mass is found inP-p-p1 andP-p-p2 between 1.9 and
1.99 GeV, while the width is 180–240 MeV, about 30%
which are due topN and the other 70% due to 2pN. This
shows, similarly to theD13(1700) case, that the indication
for a secondS31 resonance are only weak and rather of no
resonant nature. Hence the neededS31 strength above
1.85 GeV can also be explained easily by background c
tributions. Note that Arndtet al. @6# have not found a
S31(1900) either.

P31: In this partial wave, the particle data group@4# lists
two resonances below 2 GeV, a one-star at 1.75 GeV an
four-star at 1.91 GeV. Therefore we have checked the
portance of these two resonances, which have not been
sidered by Feuster and Mosel@10,11#. As in theS31 partial
wave, we do not find a resonance in the energy region ab
1.85 GeV when using the conventional spin-3

2 couplings.
Again, the inclusion of such a resonance deteriorates thex2

tremendously in thepN elastic andpN→2pN channel.
However, there is a strong need for a very inelas
P31(1750) resonance below 1.8 GeV to be able to correc
reproduce the change of slope in the real part of thepN
elastic partial wave. This is in stark contrast to the four-s
rating of the P31(1910) and the one-star rating of th
P31(1750) PDG@4#. Only in the calculation with the Pas
calutsa couplings, theP31 resonance moves to approximate
1.98 GeV with a broad inelastic width of around 700 Me
But as is obvious from Fig. 4, this resonance can rather
seen as a compensation of missing background in the h
energy region, since the high-energy tail of theP31 partial
wave starts deviating from the data in this calculation. In
conventional coupling calculation, this additional strength
generated by spin-3

2 off-shell contributions. Thus also th
indication for aP31(1910) is very weak in the experimenta
data and seems to be only of nonresonant nature. This fi
ing is confirmed upon inclusion of the photoproduction da
which allows to additionally nail down theP31(1750) prop-
erties. The change of slope of the imaginary part of theM11

3/2

multipole ~see the discussion on pion photoproduction
PMII @17#! leads to a reduction of theP31 mass by about 40
MeV, while its total width and inelasticity stay about th
same.

P33: In all calculations, the extracted properties of t
P33(1232) are almost identical. A striking difference, how
ever, is seen in the total width extracted in the Pascalu
calculation, which is rather low with 94 MeV. However, th
value is not surprising. As a result of the additional fac
s/mD

2 in the amplitude~see Sec. II A 1!, the effective width
of the resonance is increased above the resonance pos
To prevent large discrepancies with thepN partial-wave
data, the width at the resonance position has to be redu
This effect is only visible for this resonance, since the high
the resonance mass, the smaller is the variation ofs/mR

2

around the corresponding resonance position.
Besides the well fixedP33(1232) resonance, we can als

confirm the need for aP33(1600) as in Refs.@10#, @11#, @7#,
and @5#. While the width and decay ratios are similar to th
values of the PDG@4# and of Feuster and Mosel@11#, the
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mass is fixed due to the 2pN production at 1.665 GeV
which is considerably higher than the PDG value, but low
than the value of Feuster and Mosel.

Furthermore, in the present calculation, there is a need
additional (pN) strength in this partial wave at higher ene
gies, which is not generated by the implemented backgrou
This gives rise to the necessity of the inclusion of a th
P33. Although its mass is fixed above 2 GeV~see Table VII!,
its resonant structure already shows up below 2 GeV, see
4. However, as a result of this high mass, the extracted p
erties of this thirdP33 resonance can only be of qualitativ
nature, i.e., that the resonance is located above 2 GeV, th
has a large inelastic decay fraction, and also gives impor
contribution inKS production. The inclusion of the thirdP33
also affects the properties of theP33(1600). In particular, the
P33(1600) mass is lowered in all calculations to about 1
GeV, as compared to the results of Feuster and Mosel,
have found in their global fit a mass of 1.72 GeV.

Similarly as in theP13 wave, we find indications for a
missing inelastic contribution of about 1 mb in theP33 par-
tial wave above 1.7 GeV~cf. Fig. 5! in the present model
i.e., the contribution of a 3pN state asrD. While the 2pN
partial-wave cross section decreases to about 2 mb, the
elastic partial-wave cross section stays almost constant
mb. The missing inelasticity can only be compensated in
model above 1.91 GeV since there are no 2pN data points
any more and thus inelastic strength can be shifted to
2pN channel.

D33: In theD33 partial wave, we only need one resonan
below 2 GeV for a satisfying description of the experimen
data. In all calculations, the resulting properties are v
similar. The width is found to be about 600 MeV, 86%
which coming from the 2pN decay. Due to thepN→2pN
partial-wave cross section data, already in the hadronic
the mass of theD33(1700) is well fixed between 1.675 an
1.68 GeV. This mass is confirmed in the global fit, where
resulting value of 1.678 is also in accordance with the va
of 1.668 GeV of Arndtet al. @9#. Moreover, the inelasticity is
in good agreement with Ref.@9# and also with Manley and
Saleski@5#, while Vranaet al. @7# found a much narrowe
(G5120 MeV) and even more inelastic~95%! resonance a
1.73 GeV. Although the resonance position is just below
KS threshold, it gives important contributions to pion- a
photon-inducedKS production, see Sec. IV F and the di
cussion onKS photoproduction in PMII@17#.

As in the D13 case, the resulting 2pN production cross
section does not rise steeply enough from 1.3 GeV up to
D33(1700) resonance position. For the same reasons as
cussed for theD13(1520), this is probably due to the defi
ciency of the effective treatment of the 2pN final state in the
present model.

VI. SUMMARY OF PION-INDUCED RESULTS

A very good description of all pion-induced data onpN,
2pN, hN, KL, KS, and vN with one parameter set i
possible within the present model, where unitarity is guar
teed by solving the scattering equation via theK-matrix ap-
proximation. This shows that all important contributions
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to 2 GeV are included and also, that the experimental dat
all channels are consistent with each other. Since the driv
potential is built up by the use of effective Lagrangians
Born-, t-channel, spin-12 , and spin-32 resonance contributions
also the background contributions are generated consiste
for all partial waves and the number of parameters is gre
reduced. The extension of the energy range and model s
has required the inclusion of additional resonanc
@P13(1900),P31(1750),P33(1920)] as compared to the pre
vious analysis of Feuster and Mosel@11#, where the former
two are particularly important in the production mechanis
of the higher-lying final statesKL, KS, and vN. These
extensions lead to differences in the descriptions of so
final states, as, e.g., theKL production, which is now domi-
nated by aIJP5 1

2
3
2

1 (P13) in contrast to theIJP5 1
2

1
2

1

(P11) dominance of earlier analyses@5,11#. Since a good
description of all channels is possible although no spin5

2

resonances are considered in our model, this indicates,
higher-spin (> 5

2 ) resonances are only of minor importan
in the production ofhN, KL, KS, andvN. This point is
investigated further at present@69#.

Due to the inclusion of all important final states below
GeV, all threshold effects are included correctly. As co
pared to the calculation of Feuster and Mosel@10,11#, this
leads especially to an improvement of the description of
KL channel, which is influenced by both theKS and thevN
thresholds. Thus, in contrast to the speculation of Re
@10,11#, the inclusion ofu-channel contributions from hy
peron resonances is far less important for a good descrip
of the associated strangeness channelspN→KL/KS than
the correct treatment of all unitarity effects.

The effects of chiral symmetry have been checked by
lowing for a chirally symmetric or a chiral symmetry brea
ing spp coupling vertex. The chiral symmetric one ha
proven superior not only for the low, but also for the inte
mediate energy region inpN elastic scattering.

The description of the pion-induced data is also still po
sible, when we further reduce the freedom of our backgrou
contributions by using Pascalutsa spin-3

2 vertices instead of
the conventional ones. These couplings remove the off-s
spin-12 contributions of the spin-3

2 resonance processes, th
reducing the background contributions in the spin-1

2 sector.
This reduction automatically leads to an increase of the
portance of thet-channel diagrams, resulting in a muc
harder cutoff valueL t . Thereby, the contributions of th
t-channel diagrams become more important in the lower p
tial waves and agreement with the experimental data
achieved. However, the increase of the totalx2 from the
conventional to the Pascalutsa prescription (2.66→3.53)
shows that indeed additional background terms are neces
for a better description of the experimental data.

As a result of the additional inclusion of the photoprodu
tion data on all channels, the description of the pion-induc
reactions becomes worse. This is not unexpected, since
to the more recent photoproduction data of high quality,
reaction process is much more constrained and thus all
for less freedom. However, the pion-induced data are
well described in a global calculation including all pion- an
photon-induced data. The largest changes are observed i
1-31
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I ,J5 1
2 (S11 and P11) waves, where the properties of th

S11(1535), S11(1650), andP11(1710) can be better con
trolled once the photoproduction data — in particular
hN, KL, and vN — are included. Differences are als
found in the backgroundrNN coupling, which turns out to
be close to the KSRF value in the hadronic calculations. T
differences in the global fits can be traced back to the ne
sity of changing the nucleon form factor cutoffLN for the
description of the pion-photoproduction multipoles, see a
PMII @17#. The Born couplings extracted from the global fi
are close to SU~3! values.

The influence of the sign ofgvrp can be best summarize
when comparing the results of the two global calculatio
C-p-g1 andC-p-g2. Switching the sign ofgvrp leads to
basically the same extracted couplings and resonance pa
eters. The main difference is a switch of signs of somevN
couplings, i.e.,kNNv , gv1

of the P11(1440), andgv2
and

gv3
of the D13(1520), while almost all othervN contribu-

tions are similar. This indicates that the same interfere
pattern between these specific contributions and
t-channel contribution is preferred in the pion-induced re
tion, while the remaining contributions are rather unaffect
Comparing the quality of the fits, there is a tendency of p
ferring the positivegvrp sign in line with SU~3! flavor sym-
metry. This becomes most obvious in thex2 of the vN pro-
duction channels, while all other channels remain basic
unchanged. Especially the pion-inducedvN production can
be much better described with the positive sign, when
photoproduction data are included.

There are also some indications for room for improv
ment of the model. Assuming that the 2pN data @39# are
correct, there are evidences for important additional 3pN
final state contributions, which are not considered up to n
in the JP5 3

2
1 partial waves. We also find evidences for t

necessity of a more correct treatment of the 2pN state in the
low-energy tails of theD13(1520) andD33(1700) resonance
As a consequence of the generalization of the partial-w
decomposition, which has become necessary in the pre
model for the inclusion of thevN final state, a more realistic
description of the 2pN final state in terms ofrN andpD is
now possible. The inclusion of these final states allows
mimic the three particle phase space while still dealing w
two body unitarity. The accounting for the spectral functi
of the r meson and theD baryon would then allow for the
complete description of 2pN production within the presen
model. This extension will probably improve the descripti
of the DI3 waves below the first resonance.

In PMII @17#, the results of the two global fitsC-p-g1
andC-p-g2 on all photoproduction reactions are presen
and discussed in detail.
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APPENDIX A: NOTATIONS

We work in the c.m. frame and use the metric of Bjork
and Drell @70#, i.e., gmn5diag(1,21,21,21). Four-
momenta are denoted by italic letters (p, k, q, etc.!, three-
momenta by bold letters (p, k, q, etc.! @71#, their absolute
values by upright letters (p, k, q, etc.!, and their unit vectors
by p̂, k̂, q̂, etc. In general, incoming, outgoing, and interm
diate meson~baryon! momenta are denoted byk, k8, andkq
(p, p8, andpq), respectively.

Two-particle momentum states with helicityl[lk2lp
are normalized in the following way:

^ f u i &[^p8k8,l8upk,l&

5d4~P82P!
As

kEBEM
d~Vk82Vk!dl8l

5d4~P82P!
As

kEBEM
^q8w8,l8uqw,l&. ~A1!

The helicity notation for thevN and gN helicity states is:
60: l5lV2lB506 1

2 , 6 1
2 : l5617 1

2 , and 6 3
2 :

l5616 1
2 .

The relation between the scattering matrixSand the tran-
sition matrixT is defined as

S[112iT. ~A2!

With the two-particle states~A1!, the matrixM is given by

^ f uSu i &5d f i2 i ~2p!4d4~Pf2Pi !S )
j 51

4

Nj D ^ f uM u i &

~A3!

with the usual normalization factors~see, e.g., Ref.@70#! and
hence

^ f uTu i &52
1

2
~2p!4d4~Pf2Pi !S )

j 51

4

Nj D ^ f uM u i &.

~A4!

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

tudeK l8l
f i (q) are defined by

T l8l
f i [2

App8mB8mB

~4p!2As
^ f uM u i &, ~A5!

K l8l
f i [2

App8mB8mB

~4p!2As
^ f uKu i &, ~A6!

whereK5V in theK-matrix Born approximation and̂f u and
u i & denote two-particle momentum states as defined abo
1-32
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APPENDIX B: PARTIAL-WAVE DECOMPOSITION

Using the rotational invariance of the interaction and
properties of the Wigner functions (d functions!, the c.m.
scattering amplitudeT l8l

f i (q) can be decomposed into am
plitudes with total angular momentumJ:

T l8l
f i

5(
J

2J11

4p
T l8l

J
~As!dll8

J
~q!, ~B1!

where we have definedT l8l
J (As)[^J,l8uT(As)uJ,l&. The

dll8
J (q) play the role of the Legendre polynomials, but f

half integer spin. Equation~B1! can be inverted to

T l8l
J

~As!52pE
21

11

d~cosq!dll8
J

~q!T l8l
f i . ~B2!

The helicity statesuJ,l&[uJ,lklp& fulfill the parity property
@72#:

P̂uJ,l&5hkhp~21!J2sk2spuJ,2l&. ~B3!

Here,hk , hp , andsk , sp are the intrinsic parities and spin
respectively of the two particles. The construction of norm
ized states with parity (21)J61/2 is now straightforward:

uJ,l;6&[
1

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

⇒ P̂uJ,l;6&5~21!J6
1
2 uJ,l;6&, ~B4!

where we have defined

h[hkhp~21!sk1sp1
1
2 . ~B5!

For parity conserving interactionsT5 P̂21TP̂ one has

^J,l8uT~As!uJ,2l&5h~h8!21^J,l8uT~As!uJ,l&
~B6!
05521
e

l-

and one can use the states~B4! to project out helicity partial-
wave amplitudes with a definite parity of (21)J61/2:

T l8l
J6 [^J,l8;6uTuJ,l;6&5T l8l

J
6hT l82l

J . ~B7!

These helicity partial-wave amplitudesT l8l
J6 have definite,

identicalJ and definite, but opposite parity. It is quite obv
ous that this method is valid for any meson-baryon final st
combination, even cases as, e.g.,vN→pD.

The parity properties of the angle dependent c.m. helic
scattering amplitudesT l8l

f i (q) follow:

T 2l8,2l
f i

~q!5h~h8!21~21!l2l8T l8l
f i

~q!, ~B8!

Now the rescattering part of the BS equation~3! can be de-
composed into partial waves:

T l8l
f i

5K l8l
f i

1 i E dVq(
lq

Tl8lq
Klql

5K l8l
f i

1 i(
lq

(
J

2J11

4p
dll8

J
~q8!T l8lq

J K lql
J ,

where theT l8lq

J andK lql
J are defined in the same way as

Eq. ~B2!. Inserting this into the BS equation and integrati
over 2p*d(cosq8), we arrive at an algebraic BS equatio
for each partial wave:

T l8l
J

5K l8l
J

1 i(
lq

T l8lq

J K lql
J . ~B9!

Using the parity conserving states we finally have

T 1l8,l
J6

5K 1l8,l
J6

1 i (
lq.0

T 1l8,lq

J6 K 1lq ,l
J6 . ~B10!

Apart from the recursion formulas for thed functions
d1/2,61/2

J , d1/2,63/2
J , which can be found in many textbook

there is also a need for a recursion formula ford3/2,63/2
J :
App-
d
1

3
21

3
2

J21
~q!5

21

~11cosq!F 2d
1

1
21

1
2

J
~q!1AJ1

1

2

J2
3

2

~2 sinqd
1

1
21

3
2

J21
~q!2~12cosq!d

2
1
21

3
2

J21
~q!!G ,

d
1

3
22

3
2

J21
~q!5

1

~12cosq!F 2d
2

1
21

1
2

J
~q!1AJ1

1

2

J2
3

2

~2 sinqd
2

1
21

3
2

J21
~q!2~11cosq!d

1
1
21

3
2

J21
~q!!G . ~B11!

APPENDIX C:
LAGRANGIANS, WIDTHS, AND COUPLINGS

All interaction Lagrangians given below in this appendix also contain an isospin part, which is discussed in
endix F3.
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1. Background interactions

The asymptotic particles and intermediatet-channel mesons entering the potential interact in the hadronic reactions v
background Lagrangian,

LBorn1Lt52ūB8~p8!F gw̃

mB1mB8

g5gm~]mw̃!1ghig5h1gSS1gVS gmVm1
kV

2mN
smnVmnD GuB~p!2

gS

2mp
~]mw8!~]mw!S

2gVw8~]mw!Vm2
g

4mw
«mnrsVmnV8rsw, ~C1!
is

s

r

k
ip

of

e-

the
with the asymptotic baryons B,B85(N,L,S), the
~pseudo!scalar mesonsw̃5p,K, (w,w8)5(p,h,K), S
5(s,a0 ,K0* ), the vector mesonsV5(r,v,K* ) and

Vmn5]mVn2]nVm. ~C2!

Note that for comparison, also a nonderivativeSww coupling
L52gS8mSw8wS is used in one calculation. Here,gS8 is re-
lated togS via gS852gS(mS

22mw
22mw8

2 )/(4mSmp).
Using the values for the decay widths from Ref.@4#, the

following couplings are extracted:

grpp56.020, gvrp52.060,

gK* Kp526.500,

gK
0* Kp520.900, ga0hp522.100. ~C3!

The vrp coupling constant is determined from thev
→rp→p1p2p0 decay width of'7.4 MeV.

2. Spin-1
2 baryon resonance interactions

a. (Pseudo)scalar meson decay

For negative-parity spin-1
2 resonances, PS coupling

used:

L 1
2 Bw
PS

52gRBwūRS 1

2 ig5
D uBw. ~C4!

For the positive-parity spin-1
2 resonances, PV coupling i

used:

L 1
2 Bw
PV

52
gRBw

mR6mB
ūRS g5

i D gmuB]mw. ~C5!

In both cases, the upper~lower! sign and operator hold fo
pseudoscalar~scalar! mesonsw.

For negative-parity resonances~PS coupling!, this leads to
the decay width

G6
PS5 f I

gRBw
2

4p
kw

EB7mB

As
~C6!

and for positive-parity resonances~PV coupling! to
05521
G6
PV5 f I

gRNw
2

4p
kw

EB7mB

As
S As6mB

mR6mB
D 2

5

As5mR

G6
PS ~C7!

with the absolute value of the meson three-momentumw .
The upper~lower! sign always corresponds to a parity-fl
~parity-nonflip! transition, e.g.,P11(1440)→pN @S11(1535)
→pN#. The isospin factorf I is equal to 1 for isospin-3

2

resonances, equal to 3 for the decay of isospin-1
2 resonances

into a I 51%
1
2 final state, and equal to 1 for the decay

isospin-12 resonances intoI 50%
1
2 .

b. Vector meson decay

For thevN decay we apply the Lagrangian

L1
2 Nv52ūRS 1

2 ig5
D S g1gm2

g2

2mN
smn]v

n DuNvm.

~C8!

The upper ~lower! operator corresponds to a positiv
~negative-!parity resonance.

The resulting helicity decay amplitudes are

A 1
2

vN
57

AEN7mN

AmN
S g11g2

mN6mR

2mN
D ,

A0
vN57

AEN7mN

mvA2mN
S g1~mN6mR!1g2

mv
2

2mN
D . ~C9!

The lower indices correspond to thevN helicities and are
determined by thev and nucleon spin-z components as in
Appendix A: 1

2 : 12 1
2 5 1

2 and 0: 01 1
2 5 1

2 . The resonance
vN decay widths are then given by

GvN5
2

2J11 (
l50

l51J

Gl
vN , Gl

vN5
kvmN

2pmR
uAl

vNu2.

~C10!

3. Spin-3
2 baryon resonance interactions

For all the conventional spin-3
2 couplings given below, the

corresponding Pascalutsa couplings can be extracted by
replacement
1-34
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GmuR
m→Gmg5gnŨR

nm , ~C11!

where the dual of the resonance field tensor is given
ŨR

mn5 1
2 «mnabURab5 1

2 «mnab(]auRb2]buRa). At the same
time, the off-shell projectorsQmn(a) @cf. Eq. ~C14!# are
dropped.

a. (Pseudo) scalar meson decay

The interaction with~pseudo!scalar mesons for positive
parity spin-32 resonances is

L3
2 Bw5

gRBw

mp
ūR

mQmn~aRBw!S 1

2 ig5
D uB]nw ~C12!

and for negative-parity resonances

L3
2 Bw52

gRBw

mp
ūR

mQmn~aRBw!S ig5

1 D uB]nw. ~C13!
a

05521
y:

As in the spin-12 case, the upper~lower! operator holds for
pseudoscalar~scalar! mesonsw. Qmn is the off-shell projec-
tor:

Qmn~a!5gmn2agmgn , ~C14!

wherea is related to the commonly used off-shell parame
z by a5(z1 1

2 ).
These couplings lead to the decay width:

G
6

3
2 5 f I

gRBw
2

12pmp
2
kw

3 EB6mB

As
. ~C15!

The upper~lower! sign corresponds to the decay of a res
nance into a meson with opposite~identical! parity, e.g.,
P33(1232)→pN @D13(1520)→pN#. The isospin factorf I is
the same as in Eqs.~C6! and ~C7!.

b. Vector meson decay

For thevN decay we use
rs
L3
2Nv52ūR

mS ig5

1 D S g1

2mN
ga1 i

g2

4mN
2

]N
a1 i

g3

4mN
2

]v
a D ~]a

vgmn2]m
vgan!uNvn. ~C16!

The upper~lower! operator corresponds to a positive-~negative-!parity resonance. Note that for clarity, the off-shell projecto
Qmn(a) @cf. Eq. ~C14!#, which are contracted with each coupling operator, are not displayed. This leads to thevN helicity
decay amplitudes:

A 3
2

vN
52

AEN7mN

A2mN

1

2mN
S g3

mv
2

2mN
2g1~mN6mR!1g2

mR
22mN

2 2mv
2

4mN
D ,

A 1
2

vN
56

AEN7mN

A6mN

1

2mN
S g3

mv
2

2mN
6g1

mN~mN6mR!2mv
2

mR
1g2

mR
22mN

2 2mv
2

4mN
D , ~C17!

A0
vN56mv

AEN7mN

A3mN

1

2mN
S g17g2

mR
21mN

2 2mv
2

4mRmN
7g3

mR
22mN

2 1mv
2

4mRmN
D . ~C18!
f
.

The helicity notation is the same as in the spin-1
2 case; in

addition, there is the helicity state32 : 11 1
2 5 3

2 . The reso-
nancevN decay widths is given by Eq.~C10!.

APPENDIX D: CALCULATION OF AMPLITUDES

The calculation of the amplitudesV f i[^ f uVu i & which en-
ter Eq.~A6! 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
. ~D1!

1. Spin-0 spin-12 scattering

The Dirac operatorG is given by

G~s,u!5Q•~A141Bk”̄ !, ~D2!
where k̄ is the average of the meson momenta:k̄5(k
1k8)/2 and Q514 for incoming and outgoing mesons o
identical parity andQ5 ig5 for mesons of opposite parity
Realizing that

ū~p8,s8!~ ig5!56 i ū~p8,s8,EB81mB8→EB82mB8!
~D3!

for s856 1
2 , the Pauli operatorF results in

F5u•~Ã121B̃s• k̂8s• k̂! ~D4!

with u512 for mesons of identical parity andu5 i s• k̂8 for
mesons of opposite parity. Here,Ã andB̃ are related toA and
B in the following way:

Ã51
AR1R68

8pAs
FA1

1

2
B~S21S78 !G ,
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B̃52
AR2Rm8 p

8pAs
FA2

1

2
B~S11S68 !G , ~D5!

where the upper sign is for mesons of identical and the lo
one for mesons with opposite parity and

R65EB6mB , R68 5EB86mB8 ,

S65As6mB , S68 5As6mB8 . ~D6!

Usings• k̂8x
6

1
2

f
56x

6
1
2

f
ands• k̂x

6
1
2

i
6x

6
1
2

i
the helicity de-

pendent amplitudes result in:

V1
1
21

1
2
56V2

1
22

1
2
5 f

4pAs

AmBmB8

cos
q

2
~Ã1B̃!,

V1
1
22

1
2
56V2

1
21

1
2
5 f

4pAs

AmBmB8

sin
q

2
~Ã2B̃! ~D7!

with the upper sign andf 51 for mesons of identical and th
lower sign andf 5 i for mesons of opposite parity.

2. Spin-1 spin-12 \ spin-0 spin-12

Replacing the Dirac operatorG→Gm«lV

m the general form

of Gm is

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

1Dk”gm#, ~D8!

with Q5 ig5 for pseudoscalar andQ514 for scalar outgoing
mesons.F is constructed in analogy to the virtual photo
case@36#:

F5 i s•«F11s• k̂8s•~ k̂3«!F21 i s• k̂«• k̂8F3

1 i s• k̂8«• k̂8F42 i«0~s• k̂8F51s• k̂F6!, ~D9!
05521
r

with «lV

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

longitudinal polarizations. This has to be replaced for sca
meson production byF→2 i s• k̂8F. Equations~D8! and
~D9! are related via

F15
1

8pAs
AR68 R1~C2S2D !,

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 !

~D10!

with

F̃i5«•p8Fi1«•pFi~Ap8→Ap ,Bp8→Bp!,

«•p[«0
mpm5

kAs

mM
,

«•p8[«0
mpm8 5

1

mM
~EB8k1k8EMcosq!.

In the c.m. system theFi are related to the helicity depende
amplitudes via@73#
V1
1
21

3
2
56V2

1
22

3
2
5 f

4pAs

AmBmB8

1

A2
sinqcos

q

2
~2F32F4!

V1
1
22

3
2
57V2

1
21

3
2
5 f

4pAs

AmBmB8

1

A2
sinqsin

q

2
~2F31F4!,

V1
1
21

1
2
57V2

1
22

1
2
5 f

4pAs

AmBmB8

A2cos
q

2 F2F11F21sin2
q

2
~F32F4!G ,

V1
1
22

1
2
56V2

1
21

1
2
5 f

4pAs

AmBmB8

A2sin
q

2 FF11F21cos2
q

2
~F31F4!G ,

V1
1
21057V2

1
2205 f

4pAs

AmBmB8

«0cos
q

2
~2F52F6!,
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V1
1
22057V2

1
2105 f

4pAs

AmBmB8

«0cos
q

2
~2F51F6!, ~D11!
th
ce
n-
et

ntz
pan

-

in-
w to
z
m-
via
his
where the upper~lower! sign andf 5 i ( f 51) hold for pseu-
doscalar~scalar! meson production. Here, we have used
helicity notation introduced in Appendix A.

3. Spin-1 spin-12 \ spin-1 spin-12

Replacing the Dirac operator G(s,u) by

Gmn(s,u)«lV

m «lV 8

†n
, it is straightforward to rewriteGmn by

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

1Ggmgn1Hk”gmgn ~D12!

with

Amn5Apppmpn1App8pmpn81Ap8ppm8 pn1Ap8p8pm8 pn8

1Aggmn , similarly for Bmn ,

Cn5Cppn1Cp8pn8 , similarly for Dn ,

Em5Eppm1Ep8pm8 , similarly for Fm .
~D13!
05521
e
Note that this is not a minimal set of Lorentz tensors, sin
by applying parity considerations the minimal set must co
sist of 3323332/2518 elements, whereas the above s
contains 20 elements. This is due to the mixing of Lore
and Dirac space. An alternative approach would be to s
the Lorentz space first via a basis nm

[$pm ,pm8 ,km ,«mabdpap8bkd%, and then combining this ba
sis with the nonreducible contractions of theg matrices with
the basis’ elements:Gmn5nmnn ^ $k” ,1/g5k” ,g5%, where the
g5 is needed when exactly one Levi-Civita tensor is
volved. By comparing these two sets one can deduce ho
rewrite the set~D13! in terms of a minimal set of 18 Lorent
tensors. However, since it is more straightforward to deco
pose the Feynman amplitudes in terms of the set given
Eq. ~D13! the corresponding formulas are presented for t
set. In the notation

Vl8l[
1

A4mBmB8R1R18
Al8l ~D14!

one finds
A1
3
21

3
2
52cos3

q

2 H Q2F2kk8sin2
q

2
~Ap8p22Fp8!1Ag12GG1Q1

s F2kk8sin2
q

2
Bp8p1Bg12HG J ,

A1
3
22

3
2
5sin3

q

2 H Q1F2kk8cos2
q

2
~Ap8p22Fp8!2Ag22GG1Q2

s F2kk8cos2
q

2
Bp8p2Bg22HG J ,

A1
1
21

3
2
5cos2

q

2
sin

q

2 H Q1F2kk8sin2
q

2
~Ap8p22Fp8!1Ag12GG1Q2

s F2kk8sin2
q

2
Bp8p1Bg12HG

12k8@P2Ep81P1
s Fp8#J ,

A1
1
22

3
2
52sin2

q

2
cos

q

2 H Q2F2kk8cos2
q

2
~Ap8p22Fp8!2Ag22GG1Q1

s F2kk8cos2
q

2
Bp8p2Bg22HG

12k8@P1Ep81P2
s Fp8#J ,

A1
3
21

1
2
52cos2

q

2
sin

q

2 H Q1F2kk8sin2
q

2
~Ap8p22Fp8!1Ag12GG1Q2

s F2kk8sin2
q

2
Bp8p1Bg12HG

22k@P2~Cp12H !1P1
s Dp#J ,
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A1
3
22

1
2
5sin2

q

2
cos

q

2 H Q2F2kk8cos2
q

2
~Ap8p22Fp8!2Ag22GG1Q1

s F2kk8cos2
q

2
Bp8p2Bg22HG

12k@P1~Cp12H !1P2
s Dp#J ,

A1
1
21

1
2
52cos

q

2 H Q2F S 2kk8sin2
q

2
~Ap8p22Fp8!1AgD cos2

q

2
22sin2

q

2
GG

1Q1
s F S 2kk8sin2

q

2
Bp8p1BgD cos2

q

2
22 sin2

q

2
HG12 sin2

q

2
@P1$k~Cp12H !1k8Ep8%1P2

s ~kDp

1k8Fp8!#J ,

A1
1
22

1
2
52sin

q

2 H Q1F S 2kk8cos2
q

2
~Ap8p22Fp8!2AgD sin2

q

2
12cos2

q

2
GG

1Q2
s F S 2kk8cos2

q

2
Bp8p2BgD sin2

q

2
12 cos2

q

2
HG22 cos2

q

2
@P2$k~Cp12H !2k8Ep8%

1P1
s ~kDp2k8Fp8!#J ,

A1
3
2105A2cos2

q

2
sin

q

2 H Q2Fk$«•p~App22Fp!1«•p8~Ap8p22Fp8!%2
EM

mM
~Ag12G!G

1Q1
s Fk~«•pBpp1«•p8Bp8p!2

EM

mM
BgG1

kP1
s

mM
Cp1mM~kP2Dp22Q1H !J ,

A1
3
2205A2sin2

q

2
cos

q

2 H Q1Fk$«•p~App22Fp!1«•p8~Ap8p22Fp8!%2
EM

mM
~Ag12G!G

1Q2
s Fk~«•pBpp1«•p8Bp8p!2

EM

mM
BgG1

kP2
s

mM
Cp1mM~kP1Dp22Q2H !J ,

A1
1
22051A1

3
2101A2sin

q

2 H P1~«•pEp1«•p8Ep8!1P2
s ~«•pkFp1«•p8Fp8!1

Q2
s

mM
G1mMQ1HJ ,

A1
1
21052A2

3
2102A2 cos

q

2 H P2~«•pEp1«•p8Ep8!1P1
s ~«•pFp1«•p8Fp8!1

Q1
s

mM
G1mMQ2HJ ,

A101
3
2
52A2 cos2

q

2
sin

q

2 H Q2Fk8~«8•p8Ap8p81«8•pAp8p12«8•kFp8!2
EM8

mM8

~Ag12G!G
1Q1

s Fk8~«8•p8Bp8p81«8•pBp8p!2
EM8

mM8

~Bg12H !G1
k8

mM8

~P81
s Ep81P2

ssFp8!J ,

A102
3
2
5A2sin2

q

2
cos

q

2 H Q1Fk8~«8•p8Ap8p81«8•pAp8p12«8•kFp8!2
EM8

mM8

~Ag12G!G
1Q2

s Fk8~«8•p8Bp8p81«8•pBp8p!2
EM8

mM8

~Bg12H !G1
k8

mM8

~P82
s Ep82P1

ssFp8!J ,
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A102
1
2
52A101

3
2
1A2sin

q

2 H P1~«8•pCp1«8•p8Cp822«8•kH!1P2
s ~«8•pDp1«8•p8Dp8!

1
1

mM8

~Q82
s G1Q1

ssH !J ,

A101
1
2
52A102

3
2
1A2cos

q

2 H P2~«8•pCp1«8•p8Cp822«8•kH!1P1
s ~«8•pDp1«8•p8Dp8!

2
1

mM8

~Q81
s G1Q2

ssH !J ,

A10105cos
q

2 H Q2@«•p~«8•pApp1«8•p8App812«8•kFp!1«•p8~«8•p8Ap8p81«8•pAp8p12«8•kFp8!

1«•«8~Ag12G!#1Q1
s @«•p~«8•pBpp1«8•p8Bpp8!1«•p8~«8•p8Bp8p81«8•pBp8p!

1«•«8~Bg12H !#1
P1

s

mM
~«8•p8Cp81«8•pCp22«8•kH!1mMP2~«8•p8Dp81«8•pDp!

1
P81

s

mM8

~«•pEp1«•p8Ep8!1
P2

ss

mM8

~«•pFp1«•p8Fp8!1
1

mM8mM

~Q2
ssG1mM

2 Q81
s H !J ,

A10205sin
q

2 H Q1@«•p~«8•pApp1«8•p8App812«8•kFp!1«•p8~«8•p8Ap8p81«8•pAp8p12«8•kFp8!

1«•«8~Ag12G!#1Q2
s @«•p~«8•pBpp1«8•p8Bpp8!1«•p8~«8•p8Bp8p81«8•pBp8p!

1«•«8~Bg12H !#1
P2

s

mM
~«8•p8Cp81«8•pCp22«8•kH!1mMP1~«8•p8Dp81«8•pDp!

1
P82

s

mM8

~«•pEp1«•p8Ep8!2
P1

ss

mM8

~«•pFp1«•p8Fp8!2
1

mM8mM

~Q1
ssG1mM

2 Q82
s H !J ~D15!
s
ion
te
ion
with

Q65R18 R16kk8, P65kR18 6k8R1 ,

Q6
s 5R18 R1S26kk8S1 , P6

s 5kR18 S16k8R1S2 ,

Q86
s 5R18 R1S28 6kk8S18 ,

P86
s 5kR18 S18 6k8R1S28 ,

Q6
ss5R18 R1S2S28 6kk8S1S18 ,

P6
ss5kR18 S1S28 6k8R1S2S18

and forlV , lV850:

«8•p5
1

mM8

~EBk81EM8k cosq!, «8•p85
Ask8

mM8

,

05521
TABLE XIII. Isospin operators in the interaction Lagrangian
for 112→3. For the notation, see text. The missing normalizat
factor of 1

2 for 1%
1
2 → 1

2 is absorbed in the coupling constant. No
that in the last case, the coefficient resulting from the transit

operator is just the Clebsch-Gordan coefficient (3
2 ,I 3zu1,I 1z ; 1

2 ,I 2z).

I 1 I 2 I 3 operator

0 1

2

1

2

x3
†x2

0 1 1 w3
†w2

1 1

2

1

2

x3
†t•w1x2

1 1 1 i w3
†
•(w13w2)

1 1

2

3

2

T3
†
•w1x2
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«8•k5
1

mM8

~EMk82EM8k cosq!,

«•«85
1

mMmM8

~kk82EMEM8cosq!. ~D16!

The other helicity amplitudes follow via

Al8l5~21!l82lA2l82l . ~D17!

We have checked these formulas numerically against the
culation method developed by@74#, where the combinations
l

05521
al-

ūGmnu«m«8†n have been calculated by a decomposition
Gmn into the 16 434 Clifford algebra elements.

APPENDIX E: PARTIAL WAVES AND HELICITY
AMPLITUDES

In this appendix the relation between the helicity part
waves and the standard partial waves forpN→pN is given.

Using Eqs.~B2!, ~D7! and the well-known relations be
tween the Wignerd functions and the Legendre polynomia
Pl (x), x5cosq one recovers the standard partial waves
p

T 1
2

1
2

J6
5T

1
1
21

1
2

J
6T

1
1
22

1
2

J
52

App8mB8mB

8pAs
E dx~d

1
1
21

1
2

J
~q!V

1
1
21

1
2

J
6d

2
1
21

1
2

J
~q!V

1
1
22

1
2

J
!

52
App8

2 E dxFd
1

1
21

1
2

J
~q!cos

q

2
~Ã1B̃!6d

2
1
21

1
2

J
~q!sin

q

2
~Ã2B̃!G

52
App8

2 E dx@ÃPl p
~x!1B̃Pl p61~x!#5Tl p6

pp , ~E1!
g
pli-
,

where the pion angular momentuml p is related to the tota
angular momentum byJ5l p6 1

2 .

APPENDIX F: ISOSPIN DECOMPOSITION
OF HADRONIC REACTIONS

1. Scattering of „IÄ1Š 1
2 … into „IÄ1Š 1

2 …

The isospin projection operators for scattering of (I 51
%

1
2 ) into (I 51%

1
2 ) can be written in a cartesian basis as
@ P̂ 1
2
#k j[^wkuP̂ 1

2
uw j&5

1

3
tkt j ,

@ P̂ 3
2
#k j[^wkuP̂ 3

2
uw j&5dk j2

1

3
tkt j , ~F1!

where uw j& and ^wku refer to the incoming and outgoin
asymptotic isospin-1 particles. The possible charge am
tudes can hence be decomposed into isospin amplitudes
K wk ;I 5
1

2UTf iUw j ;I 5
1

2L 5 K wk ;I 5
1

2UP̂ 1
2
Tf i

1
2 1 P̂ 3

2
Tf i

3
2Uw j ;I 5

1

2L 5 K I 5
1

2U 1

3
tkt jTf i

1
2 1S dk j2

1

3
tkt j DTf i

3
2UI 5

1

2L , ~F2!

where uI 5 1
2 & and ^I 5 1

2 u have to be replaced by the isospinorsx65u 1
2 ,6 1

2 &. Using the pion phase conventionup6&5
71/A2u1,6 i ,0&, this leads explicitly to

K 1,11;
1

2
,1

1

2 UTf iU1,11;
1

2
,1

1

2L 5 K 1,21;
1

2
,2

1

2UTf iU1,21;
1

2
,2

1

2L 5Tf i

3
2 ,

K 1,21;
1

2
,1

1

2 UTf iU1,21;
1

2
,1

1

2L 5 K 1,11;
1

2
,2

1

2UTf iU1,11;
1

2
,2

1

2L 5
1

3
~Tf i

3
2 12Tf i

1
2 !,

K 1,0;
1

2
,2

1

2UTf iU1,21;
1

2
,1

1

2L 5 K 1,0;
1

2
,1

1

2UTf iU1,11;
1

2
,2

1

2L 5
A2

3
~Tf i

3
2 2Tf i

1
2 !,

K 1,0;
1

2
,1

1

2UTf iU1,0;
1

2
,1

1

2L 5 K 1,0;
1

2
,2

1

2UTf iU1,0;
1

2
,2

1

2L 5
1

3
~2Tf i

3
2 1Tf i

1
2 !, ~F3!

which is is in line with the Condon-Shortley convention@75# and the usual Clebsch-Gordan coefficients@4#.
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2. Scattering of „IÄ1Š 1
2 … into „IÄ0Š 1

2Ä
1
2 …

Choosing theI 5 1
2 projection operator in accordance wi

the Condon-Shortley convention and hence correctly norm
ized,

@ P̂ 1
2
# j5

21

A3
t j ,

the isospin decomposed amplitudes are

K I 50;I 5
1

2UTf iUI 51;I 5
1

2L 5 K I 5
1

2U2 1

A3
t jTf i

1
2UI 5

1

2L
~F4!

and explicitly

K 0,0;
1

2
,2

1

2UTf iU1,21;
1

2
,1

1

2L 52
A2

A3
Tf i

1
2 ,

K 0,0;
1

2
,1

1

2UTf iU1,11;
1

2
,2

1

2L 5
A2

A3
Tf i

1
2 ,

K 0,0;
1

2
,1

1

2UTf iU1,0;
1

2
,1

1

2L 5
21

A3
Tf i

1
2 ,

K 0,0;
1

2
,2

1

2UTf iU1,0;
1

2
,2

1

2L 5
1

A3
Tf i

1
2 . ~F5!

3. Isospin operators in the interaction Lagrangians

The isospin operators in the hadronic interacti
Lagrangians for 112→3 are given in Table XIII, where the
vectorT for I 5 3

2 particles is given by

T~M !†5(
r ,m

S 3

2
,MU1,r ;

1

2
,mDwr

†xm
†

with ( 3
2 ,M u1,r ; 1

2 ,m) the usual Clebsch-Gordan coefficien
~see, e.g., Ref.@4#!.
n,

C

05521
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APPENDIX G: OBSERVABLES

1. Cross sections

The uniform differential cross section expression for
reactions is

ds

dV
5

4mBmB8

4~4p!2s

k8

k

1

si
(
l,l8

uMl8l~q!u2

5
~4p!2

k2

1

si
(
l,l8

uTl8l~q!u2, ~G1!

where Eq.~A5! was used and the sum extends over all valu
of l and l8. si is the usual spin averaging factor for th
initial state. The amplitudeTl8l(q) is given by ~e.g., for
l,l8.0):

Tl8l~q!5
1

2p (
J

S J1
1

2Ddll8
J

~q!Tl8l
J

5
1

4p (
J

S J1
1

2Ddll8
J

~q!~Tl8l
J1

1Tl8l
J2

!.

~G2!

The total cross section reads for all reactions

s5
4p

k2

1

si
(
J,P

(
l,l8

S J1
1

2D uTl8l
JP u2, ~G3!

where the second sum extends only over positivel andl8.

2. Recoil polarization

The recoil asymmetry results in

I~q!P52 ImT1
1
2 1

1
2
T2

1
2 1

1
2

* , ~G4!

where we have used the amplitude of Eq.~G2! and the cross
section intensity

I~q![ 1
2 (

l,l8
uTl8l~q!u2. ~G5!

Here the sum extends over all possible values forl andl8.
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Nörenberg, and J. Wambach@Gesellschaft fu¨r Schwerionen-
physik ~GSI!, Darmstadt, 2000#, nucl-th/0003012~to be pub-
lished!; M. Lutz, G. Wolf, and B. Friman, Nucl. Phys.A661,
526c~1999!; B. Friman, Acta Phys. Pol. B29, 3195~1998!; B.
Friman, talk given at theAPCTP Workshop on Astro-Hadro
Physics, Seoul, Korea, 1997, nucl-th/9801053~to be pub-
lished!.

@16# G. Penner and U. Mosel, Phys. Rev. C65, 055202~2002!.
@17# G. Penner and U. Mosel, Phys. Rev. C66, 055212~2002!,

following paper.
@18# G. Penner, Ph.D. dissertation~in English!, Universität Gießen,

2002, available via http://theorie.physik.uni-giessen.de
@19# A.D. Lahiff and I.R. Afnan, Phys. Rev. C60, 024608~1999!.
@20# F. Gross and Y. Surya, Phys. Rev. C47, 703 ~1993!; Y. Surya

and F. Gross,ibid. 53, 2422~1996!.
@21# O. Krehl, C. Hanhart, S. Krewald, and J. Speth, Phys. Rev
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