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Vector meson production and nucleon resonance analysis in a coupled-channel approach
for energiesmy<s<2 GeV. I. Pion-induced results and hadronic parameters
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We present a nucleon resonance analysis by simultaneously considering all pion- and photon-induced ex-
perimental data on the final statesl, =N, 27N, 7N, KA, KX, andwN for energies from the nucleon mass
up to Ys=2 GeV. In this analysis we find strong evidence for the resonaig&l750), P15(1900),
P35(1920), andD 15(1950). ThewN production mechanism is dominated by lafgg(1710) andP,5(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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[. INTRODUCTION namically fromu- andt-channel contributions without new
parameters.

The reliable extraction of nucleon resonance properties In an extension of the model to higher center-of-mass
from experiments where the nucleon is excited via eitheenergies, i.e., up to c.m. energies (#=2 GeV for the in-
hadronic or electromagnetic probes is one of the major issuegstigation of higher and hidden or missing nucleon reso-
of hadron physics. The goal is to be finally able to comparenances, the consideration of tad\ state in a unitary model
the extracted masses and partial-decay widths to predictionls mandatory. Furthermore, production on the nucleon rep-
from lattice QCD(e.g., Ref[1]) and/or quark modelgée.g.,  resents a possibility to project olit=3 resonances in the
Refs.[2,3]). reaction mechanism. The inclusion K& gives additional

Basically all information about nucleon resonances ideninformation on resonance properties, since especially in the
tified so far from experiment4] stems from analyses of purel =% reactionm"p—K 3" many data have been taken
pion-inducedzN and 27N production[5-7], and also from  in the 1960s and 1970s. It is also knoyi] that the inclu-
pion photoproductioi8,9]. However, it is well known that, sion of theKS. final state can have an important influence on
for example, in the case of tH#,(1535) the consideration the description oK A observables. Hence we have extended
of the #N final state is inevitable to extract its properties the model of Refs[10,11] to also includewN andK3..
reliably, and similar effects can be expected for higher lying For the newly incorporated channet®N andK2,, almost
resonances and different thresholds. Only in the analysis ofll models in the literature are based on single-channel effec-
Vranaet al. [7] the model space has been extended to alséive Lagrangian calculations, ignoring rescattering effects
include information onwN— 7N in the comparison with (often called “T-matrix models’) and thereby the influence
experimental data. On the other side, quark models predict @f the extracted resonance properties on other reaction chan-
much richer resonance spectrum than has been foumdNin  nels. This problem can only be circumvented if all channels
and 27N production so far, giving rise to speculations thatare compared simultaneously to experimental data thereby
many of these resonance states only become visible in otheestricting the freedom severely; this is done in the model
reaction channels. This is the basis for a wealth of analysesnderlying the present calculation. To our knowledge, the
concentrating on identifying these “missing” or “hidden” only other calculation considering theN channel in a
resonances in the production of other final stategMsK A, coupled-channel approach is the model by Letal. [15],

K3, or wN. For a consistent identification of those reso-where pointlike interactions are used. There, the complexity
nances and their properties, the consideration of unitarity efef the vector-meson nucleon states is further simplified by
fects are inevitable and as many final states as possible hatee use of only one specific combination of &l helicity
to be taken into account simultaneously. With this aim instates(cf. Appendix A. Due to the lack ofif°’=3* andJ”
mind we developed in Refg.10,11] a unitary coupled- =3* (P)waves in their model, these authors are only able to
channel effective Lagrangian mod@&iessen modgkhat in-  compare to production cross sections at energies very close
corporated the final stateaN, 7N, 27N, »N, andKA and  to the corresponding threshold by assumBgave domi-
was used for a simultaneous analysis of all available experinance. The photon coupling is implemented via strict vector
mental data on photon- and pion-induced reactions on theneson dominanc@&/MD), i.e., the photon can only couple to
nucleon. In later studies the model was used to also analyzeny other particle via its “hadronic” components, theand
kaon-induced reactiondl 2] and for a first investigation on « mesons.
7N— K2 [13]. The premise is to use tleame Lagrangians In Ref. [16] we have presented our first results on the
for the pion- and photon-induced reactions allowing for aanalysis of the pion-induced reactions. In this work, we give
consistent analysis, thereby generating the background dy comprehensive discussion of the results for the pion-
induced reactions, both with and without additionally taking
into account the photoproduction data, which allow us to pin
*Electronic address: gregor.penner@theo.physik.uni-giessen.de down the resonant contributions even more reliably. The re-
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sults of the photoproduction reactions themselves are prg410,11,16 with special emphasis on the extensions. In Sec.
sented in the succeeding papéi], called PMII in the fol- Il the performed calculations are described and in Sec. IV
lowing. Hence this analysis differs from all other resonancehese calculations are compared to the available experimental
analyses by its larger channel space. For the investigation afata. We conclude with a summary. In the appendixes, we
the ¥N— wN channel, this calculation is different from other give a self-contained summary of the full formalism under-
models in the following respects: First, a larger energy relying the present model; more details can be found in Ref.
gion is considered, which also means there are more restri¢18]. The formalism and the results for the photon-induced
tions from experiment, second, the reaction process is influreactions are given in PM[I17].
enced by all other channels and vice versa, and third, also a
largew photoproduction data base is taken into account. This
leads to strong constraints in the choicewdd contributions,
and it is therefore possible to extract these more reliably. The scattering equation that needs to be solved is the
We start in Sec. Il with a review of the model of Refs. Bethe-Salpeter equatidBSE) for the scattering amplitude:

Il. GIESSEN MODEL

dq
(2m)*

M(p',p:fs>=V<p',p;J§>+f V(D',0: V5) Gas(G; VOM(a,p; V5) @

in the notation given in Appendix A. Here, (k) andp’ (k') K matrix via (in a schematical notation K=V
are the incoming and outgoing baryofmeson four-  +[VReGggM. ThenM is given byM=K+i[MImGgK.
momenta. After splitting up the two-particle BS propagatorSince the imaginary part oBgs just contains its on-shell
Ggs into its real and imaginary parts, one can introduce theart,

Mg, 2, U(Pq \e,)U(Pg. s,)

. _ -2 Bq 0_ 0_
M Geg(a)]=—im Eo 8(k§—Ew,) 8(P3—Es,), @
|
the BS equation simplifies to a three-dimensional Lippmann-Schwinger equation. How-
ever, due to technical feasibility, most of them are restricted
R [ a i-ai to elastic pion-nucleon scattering, while only a few ones also
™ ’ + ’ ] . . .
Tin=Kn If dﬂaz %‘f 7 nra & include inelastic channe[R0,21]. A general problem of the

three-dimensional3D) reduction is the way the reduction is

where we have introduced tiand/C amplitudes defined in  performed. There is no unique methf®D]; it can even be
Appendix A.a represents the intermediate two-particle stateshown that the 3D reduction can be achieved in an infinite
As shown in Appendix B this can be further simplified for number of ways, all of which satisfy Lorentz invariance and
parity conserving and rotationally invariant interactions by ag|astic two-body unitarity22]. In view of the number of
partial-wave decomposition i@, P, andl and one arrves at - parameters that have to be determined by comparison of our
an algebraic equation relating the decompogéand £ "": effective Lagrangian calculation with experimental data, we

. apply the so-calleK-matrix Born approximation, which is
o ]
fi

1-ich

J*x _

4) the only feasible method that still satisfies the important con-
fi

dition of unitarity. In theK-matrix Born approximation, the
real part ofGgzg is neglected and thus reduces tdK=V.
Hence unitarity is fulfilled as long a& is Hermitian. The validity of the effective Lagrangiak-matrix method

To date, a full solution of the BSEL) in the meson- as compared to calculations accounting also for analyticity
baryon sector has only been possible for low-energy  has first been tested by Pearce and Jenr(i2gk By fitting
scattering[19], i.e., where no other channels are important.the 7N elastic phase shifts up t&1.38 GeV with various
Consequently, various approximations to the BS Equdtipn approximations to the intermediate two-particle propagator
preserving unitarity can be found in the literature. Many ofGgg, these authors have found no significant differences in
these approximations reduce the four-dimensional BSEo  the parameters extracted in the various schemes. It has also
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been deduced that the contributions@gg to the principal whereLgy.,+ £; is given fully in Eq.(C1) and the resonance
value part of the scattering equation are of minor importancel.agrangians are summarized in Appendixes C2 and C3. Con-
since they have been reduced by a very soft cutoff dictatedequently, the background is dynamically generated by the
by experimental data. It has been concluded that — in ordeBorn terms (g,,,), the t-channel exchanges’(), and the

to fulfill the low-energy theorems — an important feature y-channel contributions of the resonance couplingg 0.

of the reduced intermediate two-particle propagator is a delt&jnce these background terms give contributions to all partial

function on the energy transfer. It has also been argued ifgyes simultaneously, the number of free parameters is
[24], that for wN scattering the main effect of the real part of largely reduced.

the intermediate loop integrals is a renormalization of the

coupling constants and masses of the involved particles. o

Therefore in the preseit-matrix calculation these are taken 1. Background contributions

to be physical values and are either taken from other reliable |n this section, we discuss the ingredients of the Born and
sources(if availablg) or to be determined by comparison t-channel Lagrangiaig,,+ £; of Eq. (5), where thewN
with experimental data. part underlies special constraints due to chiral symmetry.

It should be mentioned that within tie-matrix method Since an effective hadronic interaction Lagrangian should
the nature of a resonance as a genuine three-quark excitatig@semble the underlying fundamental theory QCD as closely
or dynamic scattering resonance cannot be determined. Thesg possible, the interaction also should be in conformity with
are, e.g., hints, that the Ropey,(1440) resonance is a qua- chiral symmetry, which is known to be important for low-
siboundoN state[21]. In addition, in the chiral models of energyﬂ-N physics. We choose Weinberg’s nonlinear realiza-
Refs. [14] and [25] the S;4(1535) can be explained as a tion [28] and thus pseudovector pion-nucleon coupling:
quasibound meson-baryoKE and 7N) state. Moreover, it yyy, 9“7 7 and identify the Weinberg-Tomazawa contact
has been shown in Ref26], by using a generalized sepa- term[28,29, which automatically accounts for the values of
rable Lee model, that explic,;(1535) resonance contribu- the 7N scattering lengths, with g meson exchange. Thus,
tions might not play a large role if the coupled-state systemhe p couplings should be fixed by the Kawarabayashi-
mN& »N is treated analytically, i.e., the real part of the Suzuki-Riazuddin-Fayyazuddin (KSRP relation [30]:
Bethe-Salpeter propagat@gg is taken into account. Be- mz m,/(2f ) with the pion-decay constarit,=93
cause of the neglect of the real part®fs in the K-matrix  MeV, which givesg,~2.84 using the valug,,,=6.02. It
approximation, these resonances cannot be generated dshould be remarked that this equivalence only holds at
namically as quasibound meson-baryon states, but have to Bigreshold, while the energy dependence of ghexchange is
put into the potential explicitly. We note, however, that agifferent from the Weinberg-Tomazawa contact term. Since
clean distinction between dynamic and quark-state resahe aim of the present calculation is the analysis of a wide

nances is very difficult, if not impOSSibIe. If at all pOSSibIe, it energy region, we allow for deviations from the KSRF rela-
may require more and other data than analyzed here, in pagion by varying thep nucleon couplingg,, .

ticular also from electroproductiorisee, e.g., Ref[27]), In the nonlinear chiral symmetry realization temeson
where information on the spatial extent of the states can bg not needed. Neverthelesst-ahannelo exchange can be
obtained. used to model an effective interaction, representing higher-
order processes such as the correlatedekchange in the
A. Potential scalar-isoscalar wave, which is not explicitly included in our

The interaction potential in the Giessen model is deterPoténtial. In order to keep the agreement with chiral symme-
mined by the inclusion of-, u-, andt-channel contributions try and the soft-pion theorem, the derivative coupling of the

generated by means of an effective generic Lagrangian, ~Sigma to the pion¢d, =" m) should be used. Indeed, in the
7N sector the background part 6fof Eq. (5) respects chiral

L=Lgornt Li+ Lres » (5) symmetry and is identical to that used in Rgfs9,23,31:

Yu e quaZ)pMTu_ ggﬂ-w((?uﬂ)((yuﬂ,)(f—gpﬂ'ﬂ'[ﬁx(alu’n-/)]p'u- (6)

9
[’X:_a{_’)/S’V/.L(aMﬂ)le—go’a-—‘_gp - ZmN 2m

2my

Note that in Ref.[10,11] the sigma meson had not been parameter and fitted teN— 7N data. In our calculation, it
included. To investigate the effects of chiral symmetry breakturns out that the final quality of the fit is almost independent
ing, we have also performed a calculation using a direcbf the actual value. As long as it is in a reasonable range of

o coupling as in Refs[24,31]. m,~450-750 MeV a change im, can be compensated by
Since thes meson is supposed to model the scalar-a change ing,nnOq-»- FOr €xample, a mass change from
isoscalar two-pion correlated exchange, its nragss a pri- m, =650 MeV to 560 MeV leads to a coupling reduction of

ori not fixed. In Refs[19,23 m, was thus used as a free about 30% while all othe#rN parameters change at most by
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TABLE I. Properties of all asymptotic particles and intermediatbannel mesons entering the potential.
For those particles, that appear in several charge states, averaged masses are used. For the mesons also all
reaction channels, where the corresponding meson appeatsdhnaanel exchange, are given.

Mass[GeV] S P | tchannel contributions
N 0.939 1 + 1
2 2
1
A 1.116 - + 0
2
1
s, 1.193 = + 1
2
- 0.138 0 - 1 (v, (v, ), (7, 0)
¢ 0.276 0 + 1
K 0.496 0 - % (7, A).(7.2)
7 0.547 0 - 0 (7,7),(v,0)
) 0.783 1 - 0 (v,m), (v, m)
o 0.650 0 + 0 (7, )
p 0.769 1 - 1 (m,m),(m ), (v,7),(y.,7)
ag 0.983 0 + 1 (m,7)
K* 0.894 1 - ; (m,A),(m,2),(v,A),(7,%)
1
Ky 1.273 1 + 5 (7, A).(7.%)
. 1
KE 1.412 0 + 5 (mA),(m,%)

a few percent. The mass of the sigma meson has thus besame PS-PV choice is made as in Héfl], i.e., using PV
chosen as 650 MeV, which was also used in [R&f]. There, coupling for all Born couplings besidegNN. Note, that as
the correlated two-pion exchange in the scalar-isoscalan Ref.[10,11] no u-channel Born diagrams are taken into
channel was also parametrized byraneson exchange and account inK A andKZ, production.
m, was determined by comparison to ther dynamical To circumvent the problem of the inclusion of the full
model of Ref.[32]. The value form, is in line with the 27N complexity (wA, pN, oN,---), we continue to pa-
values found by Refg§23] and[19], and also in the range of rametrize the ZN channel effectively by th&N channel
7 calculations and predictiori83,34. [10,11,37. Here,{ is treated as a scalar-isovector meson of
Several investigations om production [10,11,35-37  massm,=2m_,. A consistent description of background con-
have foundzNN couplings five to ten times smaller com- tributions for the 2rN channels is hence difficult, since each
pared torNN, leading to a minor significance of the choice background diagram would introduce meaningless coupling
for the NN coupling. In particular, this has been demon- parameters. In the case of the baryon resonances, however,
strated in Ref[36], where several fits om photoproduction the situation is different because the decay ifitd can be
data using pseudoscalédPS and pseudovecto(PV) eta- interpreted as the totaloN+ 7A+pN+---) 27N width.
nucleon coupling have been performed, showing that the reAs it turns out, a qualitative description of therRl partial-
sulting magnitude of theyNN coupling and the quality of wave flux data from Manlet al. [39] (see Sec. IV Cis
the fit hardly differ. In the case oKAN, however, from indeed possible by allowing for ther2N production only via
SU(3) considerations, the coupling is expected to be largerbaryon resonances. Therefore tachannel and Born contri-
Thus one would expect observable differences between Pi&utions to 27N are included in the model.
and PV coupling. This point has been examined in the Gies- The nucleon couplings to the meson are chosen in anal-
sen mode([11] and in a single-channel effective Lagrangian ogy to the yYNN and pNN couplings and are the same as
model [38]. Performing calculations with both coupling used in Refs[11,16].
schemes, however, has revealed that neither the magnitude of The properties of all considerggchannel mesongand
Okan hor the quality of the fit differ significantly in both asymptotic particleésare given in Table I. The interaction
cases as long as form factors are used. Therefore here thagrangians of these particles can be found in Appendix C1.
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2. Resonance contributions

For the spins resonances, we follow the PS-PV conven-
tion used in Refs[10,11]. For the positive-parity spig-

resonances, PV coupling is used just as in the nucleon case.

For negative-parity spig- resonances, PS coupling is used

PHYSICAL REVIEW C 66, 055211 (2002

and its dualU4”=3e#"*PUg, ;. The resulting amplitude is
therefore proportional to the spiyprojector,

) 1 1
P’g (q)=g*"— 57“7”—3—(12(017%” q“y"d),

since this coupling has also been applied in other models for

the S;4(1535) onyN photoproductiorf35,37. The wN de-

as already anticipated by tlagl hocprescription used in Ref.

cay interactions are in analogy to the electromagnetic decayg5|. Pascalutsa has proposed in R3] the following

(see Ref[16]) and are given in Appendix C2. Note that as a
result of the problem of pinning down the corresponding
resonance parameters reliablyychannel contributions by
hyperon resonances in theA and KX production are ne-
glected as in Refqd.10,11].

In combination with the conventional spih-couplings,
e.g., forA(1232)— 7N (omitting isospin,

JaNmT—
EANW:_m UKUN&MW,
T

@)

the Rarita-Schwinger propagat@“”(q) also contributes

off-shell (q°# mZR) to spin+ partial waves. To examine the
influence of the off-shell spig- contributions so-called off-

shell projectors have been introduced:

®MV(a):gMV_ayﬂyV' (8)

wherea is related to the commonly used off-shell paramete|J

z[40] by a=(z+3). There have been theoretical attempts to
fix the value ofa [40,41] and to thereby remove the spjn-
contributions. However, in Ref42] it has been shown that
these contributions are always present for any choica. of
Furthermore, it has been argued that in an effective theor
where the spirk spin transition between composite par-
ticles is described phenomenologically, these paramete
should not be fixed by a fundamental theory assuming poin
like particles, but rather be determined by comparison t
experimental data. This is also confirmed by the fact tha
only a poor description of pion photoproduction multipoles
is possible when the values fargiven in Ref.[40] are used
for the A resonanc¢42].

It has, furthermore, been showWa3] that for any choice
of the off-shell parameters, the “conventionat’NA inter-
action (7) leads to inconsistencies: Either the constraints o
the free theory are explicitly violateda 1) [40] or it gives
rise to the Johnson-Sudarshan-Velo-Zwanziger proljlkesh
(a=1). Pascalutsa and Timmermdds] have thus recently
suggested an interaction that is invariant under gauge tran
formation of the Rarita-Schwinger fieldig— ug+ ¢*¢€) and
consequently consistent with the free spirtheory. The
premise is that consistent interactions should not “activate’
the spurious spig-degrees of freedom, and therefore the full
interacting theory must obey similar symmetry requirement

as the free theory. These interactions can be easily COR:teractions — from the com

structed by allowing only couplings to the manifestly gauge
invariant Rarita-Schwinger field tensor,

- v__ M
UR"=d*ug—3d"ug,

9)

I

t=. ; : . .
Fistent couplings is that they allow for an easier analysis of

7NA interaction:

‘CTrNA: f‘rrNAU!RLV‘yM‘YSuNﬁvW' (10)
Using this interaction, the net result is a Feynman amplitude
that resembles the conventional one, with the difference that
the full Rarita-Schwinger propagat@’gv(q) is replaced by

its spin3 part—(¢—m)~'P45(q) and the amplitude is mul-
tiplied by an overallg?>. Demanding on-shell ?=m3)
equivalence with the conventional interaction, the coupling
constant f_ya can be identified to be f_ ya
=g,.na/(Mm_m,). This equivalence procedure can be gener-
alized to any spirg vertex (in particular to the electromag-
netic and vector meson decay vertices given in Appendix C3
by the replacement

eading effectively to the substitution of the propaga®yy,
and an additional overall factor a?/m3 in the Feynman
amplitude. Hereq denotes the four-momentum of the inter-
mediate resonance.

Pascalutsa has also shoy6] that using the “inconsis-
ent” conventional couplings leading te- and u-channel
¢ontributions is equivalent at tH&ématrix level to using the
“§onsistent" (gauge-invariant couplings plus additional
contact interactions. The advantage, however, of using con-
'fzeparating background and resonance contributions. This has
also been confirmed by Tang and E[li&/] in the framework
of an effective field theory. These authors have shown that
the off-shell parameters are redundant since their effects can
be absorbed by contact interactions. In addition, Pascalutsa
and Tjon[31] have demonstrated that the gauge-invariant

nd the conventionarNA interaction result in the sanmeN
threshold parameters once contact terms are included and
some coupling constants are readjusted. Pascdli@aas
thus concluded that within an effective Lagrangian approach,

any linear sping coupling is acceptable, even an inconsistent

one. The differences to the use of consistent couplings plus
contact terms are completely accounted for by a change of

coupling constants.

In our model, calculations with both spiheouplings are
erformed to extract information on the importance of off-
hell  contributions — or,  correspondingly, contact
parison with experimental
data. l.e., for the pion-induced reactions we present calcula-
tions where the additional sp#-contributions are allowed
in the spin3 propagators and the off-shell parameters are
used as free parameters, and calculations where these
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contributions are removed by the above prescriptibi). performed via ay? minimization procedure, where the?
The remaining background contributions are identical in both(per datum is defined by

calculations, in particular the santehannel exchange dia- )

grams are taken into account and no additional contact dia- 1 Xg—Xg
. . . 2_
grams are introduced when using the Pascalutsa couplings. X'TN nZl A (14)
N e
B. Form factors Here,N is the total number of data points; (x7) the cal-

ulated(experimental value andAxg the experimental error

ar. For the pion-induced reactions, the implemented experi-
mental data are identical to the ones given in R&6]. Al-
together, more than 6800 data points are included in the glo-
bal and about 2400 in the purely hadronic fitting strategy,
= (12)  which are binned into 96 energy intervals; for each angle

A*+(g?—m?)? differential observable we allow for up to 05 data points

per energy bin. A summary of all data references and more
details on data base weighing and error treatment are given
in Ref.[18].
After having discussed all the ingredients of the model,
1 2 (13)  the results of the fitting procedure will be presented in the
qz—i(qt2+ mz)} following Sec. IV. There, the results from the fits to the pion-
induced datdhadronic fit3 are also compared to those from
the fits to pion- and photon-induced ddglobal fitg. The
; ; extracted hadronic background and resonance parameters are
at the kinematical threshold presented in Secs. VA3 and V C.

We have started the fitting procedure with an extension of
the preferred global fit parameter set SM-95-pt3 of Feuster
%;d Mosel[11]. The first step has been the inclusion of the

andwN data in a fit to the pion-induced reaction data. In
addition to thet-channel exchange processes included in
Refs.[10,11], we have taken into account the exchange of
the two scalar mesori§j (1430) ando to improve the de-
scription of the associated strangeness production and pion-
nucleon elastic scattering, respectively, as compared to Refs.
[10,11). Furthermore, this allows for more background con-

ibutions in the extended energy range up\te=2 GeV.

e o exchange is supposed to model the correlated
; isoscalar-scalar two-pion exchange #iN— 7N. Since the
As, andAg, where the second and fourth only contribute indirect coupling of the scalam, meson to wy (L=
the global fits. —ga,Ma,778g) Was chosen in Ref§10,11], this coupling

(iii) The same form factor sha&, or F, of Egs.(12)  has also been used for thg and thes meson in our first
and (13)] and cutoff valueA, is used at all baryon-baryon- calculation, thereby also accessing chiral symmetry breaking
mesont-channel vertices. effects as in Ref[24], see Sec. Il A 1. At the same time, in

this first calculation we have tried to minimize the number of
parameters and only varied a subset of all possiii\ecou-

To account for the internal structure of the mesons an(f)
baryons, as in Ref§10,11], the following form factors are
introduced at the vertices:

A4
Fp(qza m2)

1
A4+Z(qf—m2)2
Fi(g?,m?) =

A+

Hereqf denotes the value af?
of the corresponding, u, ort channel. Guided by the results
of Refs.[10,11] and to limit the number of free cutoff pa-
rametersA, the following restrictions on the choice of form
factors and cutoff parameters are imposed on the prese
calculations:

(i) The same form factor shapg , of Eq.(12)] and cutoff
value Ay is used at all nucleon-final-state vertice$§Nr,
NN7, NAK, NXK, andNNw) in the s andu channel.

(i) The same form factor shap& ) is used at all baryon
resonance verticeRNy, RNw, RN, RNz, RAK, R2K,
and RNw), but it is distinguished between spinand 3
resonances and between hadronic and the electromagne

final state. This leads to four different cutoff valuﬁ%, AI,
2 2

[ll. DESCRIPTION OF CALCULATIONS pling constants, i.e., in the fitting process we have allowed
) ) ) for two different couplings ¢, and g,) to wN for those
From the Lagrangians introduced in Sec. Il Aand sumMayoconances. that lie at or above theN threshold

rized in Appendix C, the spin dependent amplltudéiéh [P1(1710), P,4(1720), P15(1900), D,4(1950) [48]] and
=(f|V[i) are calculated from the Feynman diagrams for theone coupling ¢,) for the subthreshold resonance highest in
various reaction channels as described in Appendix D. Thes@ass:S,;(1650).
spin dependent amplitudes are then decomposed into helicity Since it has turned out in this calculation, that especially
partial Wavesz"f,g of good total isospirl, spinJ, and parity  in the N channel(and to some minor degree also K\
P==* as discussed in Appendixes B and F. and »N production) large background contributions, mani-
For the determination of all parameters entering thefested by large spi- off-shell parameterscf. Eq. (8)), are
model, the calculation is compared to experimental data. Taeeded, the subsequent calculations have been performed by
do so, thewrN— 7N partial wavegsee Appendix Eand the also allowing for more contributions from subthreshold
observables on all other reactiofsee Appendix Gare ex- resonances — as, €.95,4(1535)-KA — and coupling
tracted from the helicity partial waves. This comparison ispossibilities[49]. Note that in the coupled-channel model of
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Lutz et al.[15], the authors have also found large subthresh- TABLE Il. Resulting x* of the various fits. For comparison, we

old contributions toyN/7N— wN, in particular a contribu- have also applied the preferred parameter set SM95-pt-3 of Ref.

tion assigned to thd;4(1520). Recently, Titov and Lee [11] to our extended and modified data base for energies up to 1.9
. s 5 _

[50], Zhao[51], and also Otet al. [52] have extracted im- CG€V- For thex” results of the fit<C-t-y=, see text.

portant D;5(1520) and S;;(1535) contributions inyN

; 2 2 2 2 2 2
— wN. Moreover, allowing for all possible contributions is Fit Total ™ Xor Xeow Xy Xmn Xz X
the only way to fully compare to predictions from quark C-p-m+ 266 3.00 6.93 185 219 197 1.24
models as, e.g., Ref3], and to model all different helicity — C-p-7— 269 276 6.86 184 240 236 1.12
combinations of thewN production mechanisnisee Egs. P-p-m+ 353 372 9.62 247 269 292 217
(C9 and (C17]. It is important to note that due to the P-p-7— 360 396 849 250 331 279 2.03
coupled-channel calculation, the couplings to one specific C-p-7x+ 3.09 375 6.79 207 216 247 213
final state are not only determined by the comparison to the C-t-7+ 309 332 746 206 248 242 348
experimental data of this channel, but via rescattering also C-t-7— 303 324 6.74 191 284 248 281
strongly constrained by all other channels. Finally, upon the C-p-y+ 378 423 758 3.08 362 297 155
inclusion of the photoproduction data in the global fitting C-p-y— 417 409 852 3.04 387 394 3.73

analysis, the extracted parameters can be further pinnedSM95-pt-3 6.09 526 1835 2.96 4.33
down.

Not unexpectedly, the inclusion of the chiral symmetry . ) ) ]
breakingom coupling does not improve the description of (Vi) One calculation has been performed with the chiral
7N elastic scattering significantly. Therefore, and to be inSYmmetry breaking direcrarar coupling (see Sec. 1A L
conformity with chiral symmetry, all subsequent fits haveC'p'Tf/( + [53_] . S
been performed with the chirally symmetric derivative (viii) Since in the conventional coupling flt.S, it has turned
coupling [cf. Eq. (6)]. The effects of the chiral symmetry out tlhat tIher t]:_channel fﬁrmpfactolr results in a be:}tg?
breaking coupling in comparison with the chiral symmetric [)esu b on_y;cjwo t'fis usmf tPe asi:a utsa spimertices have
one are discussed in Sec. IV A. een carrleh oul bpl? » P ded the best hadronic fi

Feuster and MoséglL0,11] have found similarly good de- () For the global fits, we e_xten ed the best adronic Its

. . . . C-p-m=, C-t-w*) to also include the photon-induced
scriptions of experimental pion- and photon-induced data o ata:C-p-y+, C-p-y—, C-t-y+, C-t-y—. For the results
the final stateyN, 7N, 2N, 7N, andKA up 10 1.9 GeV, ot the Jast two fits, see in particular Sec. V A 2.
when either using the form factdt, (Eq. (12)) or F; (Eq.

(13)) for the t-channel meson exchanges. Since it is aot
priori clear, whether these findings will hold true for the
extended energy region and model space, calculations have The extension of the Giessen model to also include a vec-
been performed using both form factors. In addition, we havéor meson final state requires some checks whether the new
checked the dependence of the results on the choice of tHmal state is incorporated correctly. As pointed out in Ref.
spin< resonance verticesee Sec. Il A 1and thea priori  [16] (see also Appendix B in the presented partial-wave

IV. RESULTS ON PION-INDUCED REACTIONS

unknowng,,, coupling sign. formalism this inclusion is straightforward by simply split-
We choose the following notation for the labeling of the ting up thewN final state into its three helicity stateNs»,
fits: wN1/5, wNg, where the same helicity notation fesN is

(i) “C” or “ P” denotes whether the conventional or Pas- useq as given in Appendixgs C2 and C3. Thus effe_ctively one
calutsa couplings are used for the séimesonance vertices. has introduced three new final states. The correct inclusion of

(i) The following letter “p” or “t’ denotes whether the these three final states has been checked by simulating a

form factorF or F; [cf. Egs.(12) and(13) in Sec. Il B] is single-channel problem, W.h?fe Just one resonance, which
: L couples to only onavwN helicity state, has been initialized
used in thet-channel contributions.

. . with the help of Eqs(C9) and (C17), while all other final
pur(gll ))/ ggjrgﬁliliywlg) z;r/rgll;ﬂa?ﬁnczt;a?itwhether the fit is a states are switched off. It has been shown in R&@] that
T Y .

the resulting partial-wav& matrix,
(iv) The concluding symbol denotes the sign of thg gp

coupling. _\/grm (s)

(v) For the chiral symmetry breaking calculationais S (15)
inserted. AN s—mi

The seven hadronic fits and four global fits, which have
been performed, can be summarized as follows: leads via Eq(4) to a7 matrix that resembles a conventional

(vi) Using the conventional spif-vertices, four fits have relativistic Breit-Wigner. This artificial situation is then simi-
been carried out allowing for both form factor shajjés,  lar to the low-energyPs; mN— N partial wave, which can
(12) or F; (13)] in the t channel and also both signs of the be well approximated by a single resonarjés;;(1232)]

couplings ofg,,,: C-p-w+, C-p-m—, C-t-w+, C-t-w—.  only decaying and consequently contributing#®. Thus
For the results of the last two fits, see in particular Sectiorwe have successfully checked that the partial-wave ampli-
VA2 tude 7;,, resulting from the single-helicitysN situation
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0af "

A o5k 0 §
%{%?% A FIG. 1. Effect of the chirally
03[ é/ i % 0.4 é{g\\é ] symmetric (calculation C-p-7+:
—~ 1 § ,’ §;, R b dash-dottefl as compared to the
Loz BT ‘«5 é ] —0s i Rl chiral symmetry breakingcalcu-
o0 i/ & %oz- ! ] lation C-p-m}+: dash-double-
Dﬁ,e@ %\ /;,/',‘% =" dotted o coupling in theS;;
01 & R B ] =N elastic partial wave. Left: real
! ¢ ik part; right: imaginary part. Data
/ ‘ ‘ . ‘ . ‘ ﬁwéﬁ-?& =3 ‘ . . 1
00 12 1.3 1.4 15 16 00 1.1 1.2 1.3 1.4 1.5 1.6 are from Ref[54].
Vs [GeV] Vs [GeV]

has the correct width and energy behavior and that all polegalutsa spirg verticesP-p-m+. Only in those cases, where
due to the resonance denominator in EXp) cancel in the  important differences are found, also the other calculations
matrix inversion(4). are discussed.

The resultingy® values for all calculations performed are | the subsequent sections, we start with a discussion of
presented in Table II. Note that in contrast to R¢#,11,  the influence of the treatment of themeson and the spié-
we have included in the present calculation all experimentajertices on the pion-induced results. Then the different chan-
data up to the upper end of the energy range, in particulahe|s are discussed separately and the section ends with the

. . 3 : .
also for all partial-wave and multipole data upde=3. A presentation of the background and resonance properties.
very good simultaneous description of all pion-induced reac-

tions is possible, even when the photon-induced data are also
considered. This shows that the measured data for all reac- .
tions are indeed compatible with each other, concerning the AS compared to the calculation of Refd0,11 we have
partial-wave decomposition and unitarity effects. As a guide-2dded & mesoni-channel exchange. In Section Il A 1 it has
line for the quality of the present calculation, we have alsoP€en pointed out that the inclusion obameson is not nec-
included a comparison with the preferred parameter se#Ssary from the viewpoint of chiral symmetry, when
SM95-pt-3 of Ref[11] applied to our extended and modified PSeudovectorrNN coupling is used. However, the meson
data base. It is interesting to note that although this comparfe@n still be used to simulate the correlated two-pion scalar-
son has only taken into account data up to 1.9 GeV for thdSoscalar exchange, but conformity with chiral symmetry
final statesyN, 7N, 27N, »N, andKA, the present best then requires a derivativers coupling. The preference of
global calculationC-p-y+ results in a better description in & chirally symmetric coupling has become obvious, when we
almost all channels; only forrN— 7N the x2 of Ref.[11] is have sw_ltched from the chiral symmetry brea_lkmg _cou_plmg
slightly better. This is due to the fact that for example for the(calculationC-p-mx+) to the chirally symmetric derivative
understanding oKA production, the coupled-channel ef- coupling (calculationC-p-+): Even without any refitting
fects due to the final staté€> andwN have to be included. thex”in the 7N partial waves improves by about 10%. This
This is discussed in Sec. IV E below; see also the discussiofflProvement comes especially from the threshold region in
on KA photoproduction in PMI[17]. the S; (and alsoP;3) partial wave, see Fig. 1, and even
The results for the hadronic fits in Table Il also reveal that€Xtends up to the energy region of the second resonance
while N production seems to be rather independent of thd VS=1.65 GeV). . _ _ _
sign ofg,,,, the effect of sign switching becomes obvious ~ The importance of the inclusion of a chirally symmeisic
in the KA andK3 results, showing that both reactions are Mmeson becomes especially obvious in the calculations, where
very sensitive to rescattering effects due to &M channel. ——————————————————

A. o meson, chiral symmetry, and spin% vertices

Only the global fitting procedure gives a significant prefer- 04l

ence of the positive sign fag,,,, in the pion-inducedoN

production. It is also interesting that while in RgL0] simi- _oz2r

lar results have been found using either one of the form ok .

factors F; and F, for the t-channel meson exchanges, the OO
extended data base and model space shows a clear preference N Y

of using the form factoF , for all vertices, i.e., also for the o2r S
t-channel meson exchange. Especially in the global fitting oal e T - 2 3
procedure, not even a fair description of the experimental LT
data has been possible. This is discussed in detail in Sec. 11 12 13 14 15 16 17 18 19 20
VA2 Vs [GeV]

Therefore we do not display the results of the @tg-m FIG. 2. Effect of the meson exchange on the real part of the
i/C't-'yi in the fO”OWlng, furthermore, for reasons of clar- SSl partia] wave inTN scatteringlp_p_w+ (SOlId |ine), P_p_,n-+
ity, we restrict ourselves in this section to displaying thewithout o (dotted, C-p-7+ (dashed, C-p-m+ without o (dash-
pion-induced results for the best global@tp-y+, the best  dot), C-p-7+ without P33(1232) (dash-double-dottdd Data are
hadronic fit C-p-7+, and the calculation using the Pas- from Ref.[54].
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FIG. 3. sN—«N partial waves forl = 3. CalculationC-p-y FIG. 4. mN— =N partial waves fol =35. Notation and data as

+: solid line, C-p-m+: dotted line,P-p-7+: dashed line. Data in Fig. 3.

are from Ref[54].

. . + without thee meson andC-p-7+ without theP35(1232)
the Pascalutsa spih-vertices(cf. Sec. Il A are used. It resonance also asserts the finding of Pascaldjaand Pas-

turns out in the present model thf’ﬂ the use of the .Ch'r.a"ycalutsa and Tjom31] that the two prescriptions for the spin-
symmetric coupling is mandatory: With the nonderivative 3 : . .

. ! 5 vertices become equivalent when additional background
coupling, not even a fit to low-energyp to 1.4 GeV 7N

. : contributions are included, i.e., when the spirsff-shell
%:;fg'rﬁagiitﬁﬁinjggjs;? Lsésmsﬁjﬁ’ﬁém':eraert}zsgr th econtributions are reshuffled into other contributions. Similar
. ' - P . “observations concerning the importance of the inclusion of a
7N S;; partial wave can hardly be described when the spin-

L meson have also been made in the full BGE N
3 off-shell contributions of thd;y(1232) were neglected. In godel of Lahiff and Afnan[19]. These authors hz;/g also
the present calculations, however, we find that the inclusio

of a chirally symmetric meson exchange with a derivative allowed for the inclusion and neglect of thay(1232) spin-
Y Sy xehang 3 off-shell contributions by using conventional and Pas-
oma coupling allows the description of low-energyN

. . . . 27 calutsarNA couplings. A ten times smallgy,ynd - Value
_eIasUc_scattermg even without .th'.s off-shell co_ntrlputlons,in the conventional as compared to the Pascalutsa case was
i.e., using the Pascalutsa prescription for the spirertices.

From Fig. 2 it is obvious that a good description of B found. .At the same time, the cutoff value of tle form

partial wéve is indeed possible when the Pascalutsa coJ?Ctor. in the convepuqnal case has been much softer thus
. : ; feducing theo contribution even further.

plings are used. At the same time it turns out that ¢he

meson as a background contribution is enhanced as com-

pared to when the conventional sgineouplings are used.

This is not only manifested in the increase of theouplings The resulting descriptions of theN elastic scattering

(see Table IV beloy but also tha-channel cutoff parameter partial waves are shown in Figs. 3 and 4 in comparison with

A, (see Table V beloyincreases by a factor of 2, meaning the continously updated single-energy partial wg®]

that the missing spig-off-shell background contributions of analyses of the Virginia Polytechnic Institut€Pl) group,

the spin3 resonances are compensated by latgeitannel  which greatly simplifies the analysis of experimental data

diagram contributions in the lower partial waves of all reac-within the coupled-channel formalism. Note that for those

tion channels. The resemblance of the calculatiBas-w  energies, where the single-energy solutions have not been

B. wsN—=xN
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available, the gaps have been filled with the energy- [ T
dependent solution of the VPI group. In most partial waves,
the hadronic calculations using the PascalutBap{w+)
and conventionalG-p-7+) spin- vertices are very similar
and equally well reproduce theN— 7N single-energy data
points of Ref.[54]. The largest differences are found in the s
(i) P11 wave around thé€,,(1710) resonance. Since there
is no prominent structure in theN elastic scattering data,
the width of this resonance is difficult to fix resulting in the 8
different structures in Fig. 3. This also explains why the |
P11(1710) mass as given by the references in the Particle
Data GroupPDG) review[4] ranges from about 1.69 to 1.77 ol BT
GeV. . 4 f‘\‘v‘li’!f? = sl i ‘ ‘ £ =
(i) S;; wave around thé&,;(1650) resonance. Due to the 12 18 14 15 16 17 18 19 12 1.3 14 15 18 1.7 18 1.9 20
missing off-shell contributions a more pronounced resonance Vs [GeV]
behavior is needed in the Pascalutsa calculation to be able t 4}
describe the high-energy tails of the real and imaginary part. ;i
(iii) S3; wave above 1.7 GeV. In this partial wave, it has
turned out that adding a second resonaflesides the
S51(1620)] around 1.98 GeV improves thé considerably 1f
in the Pascalutsa calculation. However, the same does nog
hold true for the other calculations, which consequently E&
show less structure in the high-energy tail. See also Sec. V C¢" 4
below. 3
(iv) D13 wave above 1.8 GeV. In this partial wave, it has
also turned out that adding a third resonance between 1.7 an

5, [mb]
(=

PRORY.eed !

32 E]
1.8 GeV improves thg? considerably in the Pascalutsa cal- i ﬁﬁtkm w Iw#%ﬁ/’ ,
culation. Since the resulting resonance is rather narrow R Iy Iy TR
(T';o=55 MeV), the difference to the other calculations re- s [GeV]
mains small and is only visible in the imaginary part between .
1.7 and 1.8 GeV. See also Sec. V C below. FIG. 5. ’N—27N partial-wave @) cross sections fot= 3

The calculation with the chiral symmetry breakiogcon-  (upper paneland| =3 (lower pane). The solid dots @) are taken
tribution is not shown in Figs. 3 and 4 since it is very similar from Ref. [39], the open dots @) are the inelasticmN— 7N
to the calculationC-p-7+; the main differences are con- partla_l-wave_cro_ss sections extracted from the VPI analysis
tained in the low-energy tails of the spinpartial waves and Notation as in Fig. 3.
especially in theS;; wave, see Fig. 2 above.

For the extension of the model up to 2 GeV it turns out to
be essential to add a resonance in Bhg, P3;, and P33
partial waves as compared to Ref&0,11]. This is in line

discussion on pion photoproduction in PMIL7]. Thereby
the low-energy interference patternrN scattering between
the p meson and the nucleon is misbalanced and deteriorates

; - in comparison with the hadronic fits. Moreover, the resonant
with Manley and Saleskj5], who found additional states structure due to the,5(1900) in theP5 wave turmns out to

around 1.88, 1.75, and 2.01 G_eV, respectively. Without theSBe more pronounced in the global fits as compared to the
resonances, those three partial waves cannot completely l?]

; . @dronic calculations. This is a consequence of the necessity
Fleosirjljbel—? above '1.?he(P3eV n ourthmodel, see also Refsof an enhancedP,; contribution in the N production
af t'he .boﬁ\rgv;e\l/rer’olp the é?\g\rlaverzn ee(r)lfem;e:;(r);:enrgcesm?(rji echanism, see Sec. IV G. In the isospirpartial waves,
This means thgt their bro (gr}t/ies cgannot be F:extracted Wit here is hardly any difference between the hadronic and the
certainty, but in both pagtialpwaves there is a clear indicatio lobal fit results. The reason s that the 3 resonances only
for an additional contribution. See also Sec. V C below. contribute to pion andk2., photoproduction, and are hence

The most striking differences between the global and th not submitted to that many additional constraints of the pho-

urely hadronic fits can be seen in the low-energy tails of thgoproduction data as the isospjnresonances.
purely 9y For a detailed discussion of the individual resonance con-

Sy and Py, waves, which in the latter case is accorm’amedtributions to the partial waves and the discrepancies in the

by an increase of the mass and widths of #g(1440). .
While in the hadronic calculations the threshold behavior oP13 partial wave below 1.45 GeV, see Sec. V C below.

all J=3 partial waves is nicely reproduced, which also leads
to pNN couplings in line with the KSRF relatiofsee Sec.
V A1l below), in the global calculation this description is  Manleyet al.[39] have performed a partial-wave analysis
inferior. The reason for this behavior can be found in theof pion-induced two-pion production on the nucleon taking
necessity of the reduction of the nucleon form factor cutoffinto account the two-pion isobar statef\, pN, oN, and
Ay in the global fits due theESLn multipoles, see also the «N*(1440). Since in our model only one effective two-pion

C. aN—-2aN
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resonances. Since ther® final state clearly dominates all
partial-wave inelasticities besid&s,, P,;, andP; (see be-
low), cf. Fig. 5, the qualitative description of this channel is
mandatory in a unitary model. The various calculations for
the 27N partial-wave cross sections are very similar in all
partial waves, with the exception of ti$g; wave. There, the
Pascalutsa calculation results in a largely decre&sed =N
production above 1.7 GeV, below therRl production data.
Although theS;; wN partial-wave cross section is increased
simultaneously by about 0.5 mb as compared to the conven-
tional calculations, the resulting total inelasticity is still re-
/ . : duced, see Fig. 6. All calculations show a kink structure in
2 1-.3 14 15 16 17 18 19 12 1.; 14 15 16 17 18 19 20 the S;; and theD 3 27N flux at theK>, and thewN thresh-

Vs [GeV] olds, respectively, indicating thatz2 flux is moved to the
st % et el . corresponding channels.

The largest changes in ther® production upon inclu-
sion of the photoproduction data can be observed irPthe
andD ,; waves above theN threshold. The inclusion of the
very precise preliminarywN photoproduction data of the
SAPHIR Collaboratior{55] requires that inelastic contribu-
tions are moved from 2N to oN in the P;; wave and vice
versa in theD ;5 case. This can also be seen in the dramatic
change of the totaltrN— wN cross section behavior when
: the photoproduction data are included, see Fig. 15 below.

Otherwise, similarly to therN— 7N case, also the 2N
] production is only slightly changed by the inclusion of the
‘ 2 photoproduction data. A small, but interesting change can,
2 13 14 15 186 1.7 18 19 12 13 14 15 16 1.7 18 19 20 . . .
Vs [GeV] however, be observed in the high energy tail of Bhg and
P33 waves, which can be traced back to the shift of inelas-
1F|G- 6. Inelastic partial-wave cross sectionsmd— 7N for I ticity caused byK=, from P33 in the hadronic calculations to
=3. Data as in Fig. 5. Upper panel: Notation as in Fig. 3. Lower p,, in the global calculations; see also Sec. IV F.
panel: Decomposition of the inelasticities for calculatiGap-y The only obvious discrepancy between the calculated
+. Partial-wave cross section ofz: dotted, +#N: dashed, 27N partial-wave cross sections and the Manéyal. [39]
J_rKA: dash-dotted;- KX : dash-double-dotted, total{wN): solid data is given in theP; partial wave. In the energy region
line. between 1.55 and 1.72 GeV the inelasticity increases up to 4
o . L mb in line with the calculated 2N cross section, while the
state ¢N) is included, wherel is an artificial isovector-  maaqured 2N cross section is still zero. At the same time

scalar meson, it is not possible to compare our calculation t§,e total cross sections from all other open inelastic channels
the partial waves extracted in Rdf39] for the individual (7N, KA, andKS) add up to significantly less than 4 mb.

2N final states. To get a handle on the strength of th\2 g indicates that either the extractedri@ partial-wave

flux in the various part|_al Wwaves, we use as eXp‘?”ment%ross section is not correct in tig ; partial wave or another
input thewN— 27N partial-wave cross sections defined by inelastic channeli.e., an additional N channel gives no-

ticeable contributions to this partial wave. The same problem
O_IJP:4_7T 2 J+ E) |TIJ,P|2 with the P53 inelasticity has also been observed in a reso-
k2 2)17 A nance parametrization afN— 7N and7N— 27N by Man-
ley and SalesKi5]. Since this is the only partial wave where
that were also extracted in Rgf39]. These cross sections such a large discrepancy is observed, no additional final state
correspond to the sum of all individualzN fluxes for one is introduced in the present model, but instead, we have
partial wave, thus representing the totat!? inelasticity. As  largely increased the error bars of thelf data points in this
a consequence of modeling therR state by a two-body energy region. However, it would be desirable to account for
state within our model, one cannot expect that all details o87N contributions in future investigations by the inclusion
these data can be described within the model. In particulanf, e.g., apA final state. This might also clarify whether
the threshold and phasespace behavior is different from théhere is a missing (3N) contribution in theP 55 wave above
individual three-body final states. However, even with thel.7 GeV, see Fig. 5 and Sec. V C below. So far, no analysis
assumption that thé meson only couples to resonan¢ese  has given such a contribution.
Sec. I A 1, the 2rN flux is well reproduced in most patrtial In addition, there is the same problem asiN scattering
waves up taJ=3, see Fig. 5. This indicates that the pion- with the description of the rise of thezzN production in the
induced 27N production is indeed dominated by baryon D,; waves, i.e., in th® 3 wave below 1.45 GeV and in the

o, [mb]
3 o

5, [mb]
(=]
gl

i
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1 1.9

7 1.8
Vs [GeV]
FIG. 7. #~ p— #n total cross section. The new threshold data from ] are denoted by, all other datasee Ref[10]) by (1. Left:
Results from the different calculations. Notation as in Fig. 3. Right: Partial-wave decomposition of the total cross section for the calculation
C-p-y+. IP=37(S;y): dashed linez*(P,,): dotted line;3*(P,5): dash-dotted line2~(D,4): dash-double-dotted linén brackets the
7N notation is giveh The sum of all partial waves is given by the solid line.

D33 wave below 1.55 GeV, see Fig. 5. This effect is probablynels. Thus the necessity of the inclusion of a large set of final
due to the effective description of ther® state in the statesin a coupled-channel calculation can be seen in various
present model; see the detailed discussion in Sec. V C beloyartial waves:

It is interesting to note that the inelasticities afN (i) In the S;; wave there is the well knowyN contribu-
—aN scattering only enter the fitting procedure indirectly, tion around theS;;(1535). Note that theyN inelasticity also
since the real and imaginary part of the partial waves are théxhibits a second hump, which is due to the interference
input for the calculations. Therefore, the very good descripPetween theS,,(1535) and theS,;,(1650) resonances, al-
tion of the partial-wave inelastierN cross sections in all though the latter only has a very smaiN width. See also
calculations, see the upper panel in Fig. 6, is an outcome 0$qu IVD. ) , o
summing up the partial-wave cross sections of all other (i) In thePy; wave there is also an important contribution
mN-induced channels. Note, that the inelasticities for the 2Y th€ 1argenN andwN widths of theP,,(1710) resonance.
T3 . . This contrasts previous analygddd4,5], where this contribu-
=3 partial waves are not shown for the different calcula-

tions, since due to the smallness of & contributions, the tion has been assigned to tHe\ channel.
: . . . ' (iii) The P53 wave contains important contributions from
results are almost identical to therRl partial-wave cross

. F Figs. 5 and 6 hus ded h N and wN as well, where the first one stems from the
sections. From Figs. 5 an we can thus deduce that n 13(1900) resonance, while the latter one consists of impor-

only is the PWD of all inelastic channels on safe grounds,iant contributions from bot#P 5 resonances.

but also that all important channels for the considered energy (iv) The D5 wave is also fed by a smoothly increasing
region are included. At the same time, this shows that the, N contribution.

experimental data on the various reactions are indeed com- The other final states, i.e., the associated strangeness

patible with each other, in particular no significant discrep-channels A andK3,, are only of minor importance for the
ancy between the measured inelasticity and the sum of 7N inelasticities. While both give visible contributions in

all partial-wave cross sections is observed. The only excepthe S;; wave, KA also shows up in th®;3 andK? in the
tions are the aforementioned indications for missingrk P,, wave.

contributions in theP,; waves.
Note also that the inclusion of the photoproduction data D. iN— N

only slightly changes the total inelasticities of the individual In the first coupled-channel effective Lagrangian model

partial waves. The only noticeable differences between thg 7N production by Sauermaret al.[37], this channel has
hadronic and global calculation is a decrease of3$hgin- been described by a puf; mechanism for energies up to
elasticity between 1.6 and 1.7 GeV, and an increase in th%:1_75 GeV. As Fig. 7 shows, theN— 7N reaction is
P13 inelasticity around thé;5(1720). - indeed dominantly composed of ti$; contribution due to

In the lower panel of Fig. 6, the decomposition of il e 5,,(1535), however, only for energies up to
inelasticity of the best global fiE-p-y+ is shown. It canbe ~1 65 GeV.Due to its largegN width the P;,(1710) domi-
deduced that therN inelasticities are made up in all partial nates in the following energy window up to 1.8 GeV, while
waves mainly by the 2N channel. This also allows us to for the highest energies, thHe;3(1900) resonance is stron-
deduce that the Manley72N data[39] are in line with the  gest. The double hump structure in tBg, contribution is
7N inelasticitis of the VPI analysib4]. The only contradic- due to the destructive interference between $hg1535)
tions can be observed in tH2,; wave at 1.6, 1.7, and 1.8 and S;;(1650) resonances, even though the latter one has a
GeV, in the S;; wave above 1.85 GeV and th2s;; wave  much smalleryN decay ratio. This interference pattern ex-
between 1.7 and 1.85 GeV. hibits maximal destructive interference at ti8,(1650)

Besides the ZN channel, there are in all partial waves resonance position, while above 1.7 GeV $econtribution
important contributions to the inelasticities from other chan-is resurrected.
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The importance of thé®;;(1710) contribution has also [10,57. Hence these discrepancies hardly influence the fit-
been found in the resonance parametrizatiomNf— 7N for  ting procedure and the resulting is still rather good. Since
=% and wN— yN by Batinic et al. [57], who extracted a at energies above 1.8 GeV, there are almost only data avail-
total width for this resonance of about 120 MeV andgx able from Brownet al.[58], a reliable decomposition in this
decay ratio of almost 90%. However, in contrast to the retegion can only be achieved after the inclusion of the
sults of these authors, we also find in the present calculatiofyN-photoproduction data.
important contributions of th®,5(1900) at higher energies. In this reaction channel, large differences between the
These contributions are in line with the observed differentialPascalutsa and conventional calculations are observed. This
cross section at higher energies, see Fig. 8. However, sonig related to the visible differences in tig; #N— 7N par-
deviations in the differential cross section behavior betweeitial wave, since this partial wave constitutes the largest con-
calculation and experimental data are observed and the atribution in the #N production mechanism. An obvious dif-
gular structure cannot be fully described. But one has tderence is that the Pascalutsa calculation results in less
note, that at higher energies, there are almost only experangular structure of the angle-differential cross section at
mental data available from Browet al.[58] (O in Fig. 8,  higher energies, however, influencing the resulfidgnly to
which enter with enlarged error bars due to problems witha minor degree, see above. On the other side, the inclusion of
the momentum calibration in the experiment, see Refsthe photoproduction data hardly changes the total cross sec-
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FIG. 9. 7 p—KOA total
cross section. For the data refer-
ences, see Ref10]. Left: Results
of the different calculations. Line
code as in Fig. 3. Right: Partial-
wave decomposition of the
total cross section. Notation as in
Fig. 7.
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tion behavior. Only theP,(1710) contribution is slightly E. aN—KA

emphasized, which also leads to the observed differences in o production turns out to be a channel which is very
the differential cross section. Moreover, taeN threshold  sensitive to rescattering effects. The inclusion of K& and
effect in theP,; wave can be clearly observed in calculation ,N final states strongly alters the total cross section in this
C-p-y+ andC-p-7+. reaction, especially in the hadronic calculations, see Fig. 9.
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TABLE III. Resulting xy? of the various fits for the three different charge reactionsriif—K3.

Fit Total Xiz Xi(m p—KO29) Xi(m p—K™3) X(m T p—KTSH)
C-p-m+ 1.97 2.14 1.85 1.97
C-p-7m— 2.37 3.08 1.86 1.96
P-p-7+ 2.93 3.34 1.67 3.01
P-p-m— 2.80 3.04 1.90 2.91
C-p-mrg+ 2.48 2.63 2.29 2.42
C-t-mr+ 2.42 3.18 1.61 2.05
C-t-m— 2.48 3.67 1.92 1.66
C-p-y+ 2.97 276 2.06 3.45
C-p-y— 3.94 4.06 4.90 3.53

In both of the displayed hadronic calculations, KiE chan-  calculationC-p-y+ the S;; and P, waves are only slightly
nel leads to a kink in th&,, partial wave, which has already influenced by thesN threshold, while the&<S, threshold ef-
been observed in the coupled-channel chira(3thodel of  fect has completely vanished. Note that g wave domi-
Ref.[14] including onlySandP waves, while thesN chan-  pates over almost the complete considered energy region.
nel strongly influences thE waves. The inclusion of these The second most important part comes from Shestaying
coupled-channel effects and of thgy(1900) resonance aré 4imost constant in the upper energy range, while close to
major improvements as compared to Rf0,11. There, o oqnoid; a slight peak caused by Bg(1650) is visible.
these mechannisms were not included and thu&thehan- Although the newP;5(1900) only has a smak A width

. . 13 y
nel was not subjected to any threshold effect anq the peakmlg improves the description of the reaction significantly due
behavior around 1.7 GeV had to be fully described by the

P1,(1710) resonance. In the extended model space, this restf) rescattering, similarly to t.hsll(.1650) resonance imN
nancelike behavior is mainly caused by thg(1720) reso- . 7N. Thus theP,5(1900) gives rise to a good description
pf the angle differential observables, while in Rif0] only

nels. contributions from the5;1(1650) andP44(1710) resonances
The S wave behavior in the Pascalutsa calculationWere found. The improvement becomes most visible in the

P-p-7+ differs above 1.65 GeV from that in the conven- high-energy region, where the full angular structure of the
tional calculationC-p-w+ (see Sec. IV B and Fig.)3The  Cross section and polarization of tfeA channel can be
largest differences between these calculations can thus sescribed, see Fig. 10. Especially for a description of the
observed in theS;; wave contribution, which is more pro- upward bending behavior of the differential cross section at
nounced in the Pascalutsa calculation giving rise to a slightljpackward angles at the highest energies, the inclusion of the
different behavior at the lowest energies and at K P13(1900) turns out to be important. Note that due to the
threshold. The coupled-channel effects become less obvioushange of theki coupling (cf. Table IV), the extreme for-
once the photoproduction data are included. In the globalvard peaking behavior of the hadronic calculations is not

0.8 0.8

n'p - KX }

061 061

041 0.4

FIG. 11. ’N—KZ total cross
sections for the different charge
reactions. Notation as in Fig. 3.
For the data references, see Ref.
[16,18. Left: Results of the differ-
ent calculations. Notation as in
Fig. 3. Right: Partial-wave decom-
position of the total cross section
for the calculationC-p-y+. JP
=17(S,,): dashed line3 " (P,,):
dotted line;3*(P,): dash-dotted
line; 27(D,5): dash-double-
dotted line. The sum of all partial
waves is given by the solid line.
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visible any more in the global calculation. —K*3". Since the first reaction is purely=3, it allows a

The polarization data hardly influence the determinatiorstringent test of thd =2 (resonance contributions in the
of the parameters due to the large error bars, see Fig. 1@resent model, while the other two are a mixturd of; and
However, all calculations give a good description of the an4 =2 contributions[see Eqgs(F3)]. Within our model it is
gular and energy dependent structure, in particular the purgossible to describe all three charge reactions with approxi-
positive polarization for lower energies and the change tgnately the same quality, see Table 1, corroborating the isos-

negative values for the backward angles at higher energiespin decomposition of th&3, channel in the present calcula-
tion. From the total cross section behavior, shown in Fig. 11,
F. aN—KX one deduces, that the threshold behavior of the reactions with
Due to the isospin structure of th€> final state, the I =1 contributions is influenced by a strog, wave, arising
7N—KZ2 channel is similar torN elastic scattering. The from the S;;(1650) just below theK2, threshold, and
reaction process is determined by two isospin amplitudles (P,;-wave dominance for increasing energies, which stem
=% and|=2), while data have been taken for the threefrom the P5,(1750) and in particular th®,,(1710). How-
charge reactionsr'p—K*™S*, 7 p—K°° and # p  ever, theP;5(1900) is also visible in th& "%~ channel. In
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the purel =2 reaction theS wave importance is largely re- only two isospin amplitudes, allow for strong constraints on

duced, and th® waves dominating over the complete energythe partial-wave decomposition of th&X production.

range. Note that tth:%* waves do not give any notice- Within our model the full angular structure of all three

able contribution to the cross sections, see also below. In theharge reactions can be well described, while in the35U
hadronic reactions it turns out that the main contribution tomodel of Ref.[14] problems have been observed with the
the |=2 channel comes from thB,3(1920), however, the description of the backward peaking behavior of the angle
inclusion of the photoproduction data moves this strengtttlifferential 7~ p—K*2~ cross section at higher energies.
over to theP3,(1750); see also Sec. IV C above. A similar This large difference to the other two charge reactions, who
observation is made in tHe= ; sector, where strength is also both show a forward peaking behavior in this energy range,
moved over from thé, 5 to theP;; waves and the latter one can, however, be easily explained with the help of the
is realized in a largd;,(1710) KX, width. t-channel meson contributions Kf* andK} . Since both are
These contributions result in a very good description ofl =3 particles, they can only contribute to~ p—K°3° and

the differential cross sections and polarization measurements p—K* X", but not toK "X~ production, which conse-
for all three reactions, see Figs. 12—14. As pointed outjuently tends to small values at forward angles. The lack of
above, the three reaction channels, which are built up by-channel contributions also explains the good result of the
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calculationC-t-m+ for m p—K*X~, where the form fac- error bars, the measurements fof p—K*X" largely con-
tor F, has been used, although this form factor leads in genstrain the=3 contributions, see Figs. 12 and 13. The
eral to worse resultésee Tables Il and I)l On the other change of negative to positive polarization values at forward
hand, the very good result @-t-m— for 7" p—K*S* has angles with increasing energy, peaking arounddee8.4 is

to be compensated by a much worsep— K°3° result. nicely described as a result of th®;3(1920) contribution,

This is also related to the observed difference between thgonfirminr? tL\e strong.necessityflsifzhﬂuxhin thlehpss phafﬂa|
Pascalutsa and the conventional calculations in the differefY2ve at higher energies. Note further that although the con-

tial cross section oKS production at higher energies. The tribution of theD 35(1700) to the total cross section is negli-

large forward peaking behavior for higher energies in thediPle (Cf: Fig. 11, it leads to the negative hump at @bs
K+92+ andKOE% prodgction cannot be c?escribed ?n the Pas-%o'7 in theX ™ polarization close to threshold, thus affirm-

. : ing the necessity of subthreshold contributions. Polarization
calut.f,a qalculaﬂon: Due to t.he lack of the s@mﬁshgll measurements of comparable quality for the reactions with
contributions, in _th_|s ca_\lculatlon a larger cutoff valm 'S isospin4 contributions would be very interesting for testing
NIhe importance of the various resonance contributions, since
over thg cpmplete angle and energy range. At the same img, e 1o the large error bars, the different calculations for the
a description of the forward peaking behavior at high ener'polarization measurement in~p— K3 result in a quite
gies requires large couplings to thehannel mesons, but in djfferent behavior. The only common characteristic of the
the Pascalutsa calculations this would spoil the agreement atﬁerent calculati(;ns in th&®s.0 polarization is caused by
backward angles and lower energies. Consequently, the mo, e D4y(1700) and P4y(1920) resonances, enforcing the
striking differences between the Pascalutsa and conventiong]_langeé3 from negativeggpolarization values at low energies 1o
calculations are found in the high-energy region. For mor ositive values at high energies in the forward region
details on the-channel form factors and couplings, see the ’
discussion in Secs. VA2 and V A 3.

While the polarization measurements far p—K°3°
hardly influence the parameter extraction due to the large As can be seen from Fig. 15 theN channel, which

G. aN—wN
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ash . N | est } { FIG. 15. 7~ p— wn total cross

' 1 . section. For the data references,
T ] see Refs[16,18. Left: Results of
different calculations. Line code
as in Fig. 3. Right: Partial-wave
decomposition of the total cross
section.JP=1": dashed line3*:
dotted; 3*: dash-dotted; 3~:
dash-double-dotted.
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code as in Fig. 3. For the data ref-
erences, see Refgl6,18.
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strongly influences all other reactions, cannot be completelgnergies of 2 GeV. ThE,(1710) leads to the peaking in the
fixed by using the pion-induced data alone. While in the:™ wave around 1.76 GeV, while th,5(1900) gives rise to
hadronic calculation€-p-m+ andP-p-7+, the total cross the peaking behavior of th&" contribution around 1.9 GeV,

2~ wave, resonating below see Fig. 15. This decomposition leads to a slower increase of

section is dominated by a°=3"
1.85 GeV and accompanied by a strghigwave, this picture  the total cross section at energies above 1.745 GeV; a prop-
erty which is also indicated by the precise Karami total cross

is changed once the much more preaigé¢ photoproduction
section datd59]. This is in contrast to our findings in Ref.

data from the SAPHIR Collaboratioib5] are included. In
the global calculation, the* and3 ™ waves dominate up to [16], where a dominané ~ contribution has been extracted

TABLE IV. Nucleon andt-channel couplings. 1st lin€C-p-y+; 2nd line: C-p-y—; 3rd line: C-p-m
+; 4th line: P-p-7+; 5th line: C-t-m+. The values for th&; meson are given for the global calculations
C-p-y+ andC-p-y—.

g Value g Value g Value g Value
ONN# 12.85 InNe* Jomr 22.92 INNp 4.53 KNNp 1.47
12.75 25.14 4.40 1.41
12.77 26.88 5.59 151
12.80 39.16 271 1.16
13.01 13.66 2.21 1.30
gNN?] 0.10 gNNao —70.60 gNNw 3.94 KNNo —-0.94
0.12 —45.82 3.87 0.17
0.06 39.56 4.06 0.48
0.07 —2.98 3.90 0.59
0.29 8.60 3.94 -0.90
OINAK —12.20 gNAKS 52.54 ONAK* —27.61 KNAK* —-0.50
—12.88 2.32 —28.29 —0.55
—18.48 —25.56 —27.85 —0.36
—14.35 2.36 3.10 0.01
—11.53 —11.58 —5.86 —0.39
gNEK 248 gNZKS _5230 gNEK* 433 KNZK* _086
1.56 —54.44 3.88 —0.98
15.39 65.28 2.29 0.40
12.44 —2.14 —4.22 —0.33
2.50 11.06 0.71 -0.11
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TABLE V. Cutoff values for the form factors. 1st lin€-p-y discussion in Sections Secs. VA 2 and V A 3 below.
+; 2nd line:C-p-y—; 3rd line: C-p-m+; 4th line: P-p-m+; Sth It should also be noted that theN parameters are not
line: C-t-mr+. The upper index denotes that the value is applied ~gnstrained by theosN data points alone but also greatly
to a hadronic vertex, while the lower one denotes the particle gom%fluenced by therN inelasticities and cusp effects appear-
; . L oepind 3. opinl I .
off shell, ii.e., N: nucleon; 3: spin-; resonancey: spin reso- o4 in N KA, andKS production due to theN threshold
nance;t: t-channel meson. . - o
opening. Therefore the extracted partial-wave decomposition

Ay [GeV] Al [GeV] A%, [GeV] AP [GeV] of 7N— wN is on safe grounds, since all other channels and
in particular thewrN— 7N partial waves and inelasticities
0.96 4.00 0.97 0.70 and the pion-induced2N production are well described in
0.96 4.30 0.96 0.70 the energy region above theN threshold. However, more
1.16 3.64 1.04 0.70 precise cross section measurements at energies above 1.76
1.17 4.30 1.02 1.80 GeV and polarization measurements of tbl— oN pro-
111 3.80 1.00 0.70 duction would be the perfect tool to corroborate the present
findings.
because the more precise photoproduction data have not
been considered simultaneously. The comparison of this re- V. EXTRACTED HADRONIC PARAMETERS
sult with the coupled-channel model of Luet al. [15] is A. Background contributions and t-channel form factor

especially interesting, because therd\— N is described )
by a pured ~ production mechanism. This is due to the fact  1ne values of all Born antichannel coupling constants,
that in the model of Ref{15] no P wave contributions are which have been varied during the calculation, are listed in
included. These authors’ findings seem to lead to an overed@ble V. Note, that no other background parameters are
timation of the 7N inelasticity in the2~ (Dys) channel, used in the calcglatlons, emphasizing the reduced freedor_n of
which just starts overshooting the experimental data at thf!® Packground in our model as compared to analyses driven
N threshold. Unfortunately, they do not compare their cal-0Y résonance modelsee, e.g., Ref.7]).
culation to the angle-differential Karami cross sectjé8],
which would allow for a further evaluation of the quality of
their calculation. There has also been a single-channel analy- Our values ofy .y are consistently lower than the values
sis onmN— wN by Titov et al. [60,61]. These authors have extracted by other groups, for example the valueggfy
extracted dominant contributions from the subthreshold=13.13 from the VPI group54]. However, one has to keep
S;1(1535), S;3(1650), andP,;(1440) resonances, which in mind that the present calculation considers a large energy
only give minor contributions in the present calculation.region using only onerNN coupling constant, thereby put-
These authors also neglected fhg(1710) and resonances ting large constraints through all production channels on this
beyond theP5(1720), both of which turn out to be most coupling and the threshold region only plays a minor role.
important in the present calculation. For example in the global fits, theNN coupling is espe-
This once again shows the necessity of the inclusion otially influenced by thé-channel pion exchange mechanism
photoproduction data for a reliable analysis of resonancef wN photoproduction, which is due to the restriction of
properties, especially in channelas thewN production, using only one cutoff valué\, for all t-channel diagrams.
where only few precise pion-induced data are available. For the other couplings of the nucleon to the pseudoscalar
The differential cross section shows an almost flat behavfinal state mesons, the situation in the pion-induced reactions
ior close to threshold, see Fig. 16, even for the global calcuis different. As found in previous analys¢$0,11,37 the
lation dominated byP waves. To get a handle on the angle- NN coupling turns out to be very small and the precise
differential structure of the cross section for higher energiesalue thus hardly influences the¢ of #N production. Also
(\/52 1.8 GeV) we have used the corrected cosine event dish 7N—KA/KZ, the Born couplings are only of minor im-
tributions given in Ref[62] to also extract differential cross portance due to the large offshellness of the nucleon and the
sections with the help of the given total cross sections. Whilexssociated large reduction of its contributions by the had-
the differential cross section at forward angles is almost conronic form factor. For example, a doubling of tHeNA/X
stant above 1.8 GeV, the backward cross section decreasesupling constants keeping all other contributions fixed leads
These data points strongly constrain the nucleezhannel to a worsening iny? for 7 p—K°%2%K "3~ of only about
contribution thereby restricting theNN coupling constants, 10%, and form~ p—K°A of about 15%. This also explains,
and the downbending behavior is best described by the glawvhy theNKZ coupling extracted from the pion-induced data
bal fit. At these energies also the forward peaking behavioalone, always ends up to be large compared t¢35Expec-
becomes visible which is due to tliechannelp meson ex- tations. However, the situation changes drastically when the
change. This contribution is also the reason why the forwargbhotoproduction data is included. As a result of gauge invari-
peaking behavior is more pronounced in the Pascalutsa ca&nce, the importance of the Born diagrams is enhanced in the
culation. Although the extractedNN coupling is smaller photoproduction reactions and allows to determine the Born
than in the other calculations, the cutoff valte (cf. Tables  couplings more reliably. The resulting relations between the
IV and V below is much larger than in the other calculations Born couplings of our best global fit are actually close to
resulting in an effectively larger contribution, see also theSU(3) relations with app=F/(F+D)€[0.25;0.4]1 (see,

1. Born couplings
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e.g., Ref.[63]), which is around the value ofirp~0.35 3. t-channel couplings
predicted by the Cabibbo-theory of weak interactions and the Having performed calculations with two different

Goldberg-Treiman relatiof63]. _ t-channel form factor shapes allows us to compare those cou-
As has already been pointed out in REf6], the oNN  jings which only contribute to-channel processes. As can
coupling constants have more influence on the angular dgse seen from Table 1V, large differences in these couplings
pendent behavior of the pion-induced reaction process thagre found comparing the calculations with the conventional
the NKA and NKX couplings and can therefore be better gin 3 couplings, with the Pascalutsa couplings, and with the

fixed already in the hadronic fits, see Table IV. This is ause Oth instead ofF , in the t channel, while in the two
result of the nucleom-channel contribution, which strongly global fits C-p-y=, dif’:‘ering only by the sign of,,,., the
influences the behavior of the angle-differential cross SeCtiOEoupIings are almost identical. The reduction ofttlru,;hannel

in the backward direction at higher energies, and explain§0up”ngs wherF, is used is not surprising, since the form
why the resulting values for this coupling are very similgr infactor shape13) leads to less damping thaf, (12). In the

all calculations. Note that a valug,yy~4 is extracted in  ca5e of the Pascalutsa calculations, the need for background
our calculations, even though the same nucleon cUlff  ontributions also in lower partial waves is enhanced,

~1 GeV (see Table Vis used for qll final states, Which.is in thereby leading to larger cutoff values,, see Table V. At
contrast to the results found in single-energy analysé®, he same time, the corresponding couplings have to be re-
e.g., Ref[60]). duced to prevent an overshooting at forward angles and
higher energies as itN—K?3,, see Sec. IV F above. Com-
2. t-channel form factors paring the last three lines in Table V, where basically three
different background models have been used, one still finds

Itis interesting to compare our value gt"NNN.A' with, that the off-shell behavior of the nucleon and resonance con-
e.g., the value of 15.9 which has been extracted in the Bonfip, tions are similarly damped, thus leading to similar reso-
model for nucleon-nucleon scattering4]. In nucleon-

X ; : nant structures in the three calculatio@sp-=+, P-p-m

nucleon scattering, the only contributes via-channel ex- +, andC-t-7+.

change and thus its coupling is always modified by a form Tnys our analysis shows that coupling constants extracted

factor. The actual Shape of the form factor and the kinemati(from t_channe' processes Strong'y depend on the Chosen cut-

region are thus of great importance for the applicability ofoff function and cutoff value. As in therN— wN reaction,

the extracted coupling. this can in particular lead to the effect that a calculation with
We have examined the influence of the form factor shap@ smallert-channel coupling P-p-m+) results in larger

by performing calculations with two different form factors t-channel contributions than a calculation with a smaller cou-

Fp (12) andF (13) for thet-channel exchanges. In R¢10]  pling (C-p-w+), see Fig. 16 above. Only when those cou-

no significant differences in the resulting quality of the fits plings are also tested close to the on-shell point or a wide

have been found, when either of the two form factors hakinematic range, the applicability of the couplings and form

been used and consequently, in Rfl] only calculations factors is subjected to more stringent test and the extracted

usingF, have been performed. However, as Table Il showsyalues and form factor shapes become meaningful. In the

this result is not valid any more for the extended channePresent model, this holds true f&¢Np and NNo in 7N

space and kinematic region of the present model. The calci@lastic scattering, and téNw, NNz, andNN# couplings,

lations C-t-w+, which useF, instead ofF, as in C-p-m where the latter three appear simultaneoushs-inu-, and

+ result in an overall description, which is worse by moret-channel processes.

than 10%, with the largest differences in th&l— wN reac- Hence couplings ag,y from, e.g., the Bonn-model
tion. This reaction differs fromyN, KA, andKS, which [64], can only be interpreted in combination with the cutoff

P : usedand in the kinematic region where it has been applied
have comparablg®, in that respect, that in thechannel the to. This point has also been examined by Pearce and Jen-

p meson is _exchange_d. Since this Qxchange also cpntribut?]§ngs [23]. These authors have shown that the use of form
to 7N elastic scattering, the combination of coupling andg, .45 a5 ours as compared to the one in the Bonn potential
form factor for theNNp vertex is tested in two different o545 1o |arge differences in the off-shell behavior of the
reactions and thus in a wide kinematic region. As a result ogffective couplings.

the larger data base farN elastic scattering, the value of A similar consideration as for theNN coupling has also
g,nn is adjusted to this reaction and there is no freedom lefto pe applied to th@ NN coupling. Due to the fitting of the

for ’N— wN. Since the calculations usirfg, can describe complete energy region from threshold up to 2 GeV, the re-
both reactions simultaneously, the form factor shdfe  sultingpNN coupling represents an averaged coupling which
seems to be applicable to a wider kinematic region than can deviate from values extracted in a restricted kinematic
Note that this finding is even fortified when we look at the regime. Furthermore, theNN coupling is also influenced by
global fits. There, no satisfying description of the experimen-r and » photoproduction and also pion-inducedproduc-

tal data usingF; has been possible, see PMIL7]. This tion. Thus it isa priori not clear how well the resulting
comes about because of the quite differghtiependent be- coupling reproduces the KSRF relation. As pointed out in
havior of the two form factord-, and F; below the pole Sec. Il A 1, the KSRF relation, which relates the-channel
mass and in the loWt|=|g?| region. exchange to the Weinberg-Tomazawa contact term, requires
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a coupling ofg = 2.84. At first sight, it seems from Table other calculations. This is because the missing Spivi-
IV that only in the calculations when the Pascalutsa $pin- shell contributions of the spig-resonances have to be com-
couplings is used is this relation fulfilled. However, the only pensated by other background, i.echannel, contributions
meaningful quantity entering the calculations is the producend thus the extracted cutoff value for thehannel pro-
of form factor and coupling constant. Evaluatifig for A, ~ cessesA; becomes much larger. This also means that the
=1.804 (0.709 as in calculationP-p-7+ (C-p-w+) for ~ t-channel contributions are not only important in the extreme
q?=0 shows thatgf,HNIQpNN'Fp(q2=0)=2-62 (2.31) at forward region(low |t|), but rather for the co_mplete cos
threshold; thus both calculation result in a similar eﬁectiverafge' Cogsequently, very Ia.rge:hz.innel couplmg; foao,.
coupling close to the KSRF value. Although tpetensor K*, andKg would not be in Ilne_ with the angle-d.|fferent|al
coupling k,~ 1.6 turns out to be small compared to the em_o.bservqbles and thus the cc_)upl.mgs are reduced; see also the
pirical VMD value of 3.71, it points in the direction of the discussion abouk: production in Sec. IV F.
value recently extracted in a model based on a gauge formal-
ism includingp mesons, baryons, and pionic loop contribu-
tions [65]. The scattering lengths and effective ranges extracted from

It is interesting to note that theNN coupling constant is the present analysis are in general agreement with the values
decreased in the global fits as compared to the purely hadbtained by other groups, see Table VI. For the vectormeson
ronic fits, thus deviating from the KSRF relation. The reasorstatewN we follow the notation of Lutzt al. [15] for the
for this behavior is related to the cutoff valuey of the  extraction of the scattering length:
nucleon form factor. It is well known that theand nucleon
contributions interfere in low-energyN elastic scattering. T
Since the pion photoproduction multipole§’" (see the dis- a3
cussion on pion photoproduction in PMIL7]) demand a .
reduced nucleon contribution at higher energigg, is de-  and similarly forr2. The upper index denotes the isospin.
creased from 1.15 GeV for the hadronic fits to 0.95 GeV forThe wN helicity state combinations contributing at threshold
the global fits, thereby damping this contribution. At the are[15]
same time, this also affects the interference betweemd

wN;J= E> =

B. Scattering lengths

2
< iR
+3a

3
J==

J_1
B 2

5 (16)

nucleon at lower energies, leading to the necessity of simul-
taneously reducing the NN coupling. Nevertheless, the
same interference as in the hadronic fits cannot be achieved
and the low-energy tails of th§,; and P, are not as well 3
described, see Fig. 3 above. wN:J= _> =

As we have pointed out above, chosing the chirally sym- 2
metric orr coupling leads to consistently better results in
7N elastic scattering, even in the intermediate energy region. n \ﬁ
Our final results always require a positigeyngq - Value 3
as in Pearce and Jenning®3,6€, which means that the )
contribution is attractive in th& waves and repulsive in the The extracted scattering lengths, however, have to be taken
P waves. The actual value of the coupling strongly de- With care, since the present analy5|s does not concentrate on
pends on the choice of the spineouplings. When the Pas- t_he threshold regions of the reactions, but aims on a d_e_scrlp-
calutsa couplings are used, we always find a larger value fdfon of a large energy range. This can result in significant
this coupling, thereby indicating the need for stronger backdifferences to well known values, as, e.g., in thi elastic

ground contributions intN elastic scattering, see Sec. IV A Scattering, see the discussion in Secs. IV B and V A. Further-
above. more, in particular in thevN case, more polarization mea-

The othert-channel couplingsa,, K*, K%), in particular surements are.rlleeded for a reliablg determinat_ion of the ex-
act decomposition of the production mechanism close to
threshold, see Sec. IV G and also the discussiom qrho-
toproduction in PMII[17].

wN,+0;J=—>. a7

those of the scalar mesoag andK§ , turn out to be large in
almost all calculations. However, since the valuetois
rather negative and thus thehannel meson far off shell, the
effective contribution is strongly damped by the form factor
in the corresponding processes. Rok andKZ, production, C. Resonances
we have included twad-channel processes in the piork* In the extension of the energy range and final state space,
andKg) and two in the photon-induce( andK,) reac-  the inclusion of more resonances as compared to Feuster and
tions. In the purely hadronic fits, the differentiation betweenMosel [10,11 has become necessary. We find striking evi-
theK§ andK* meson is difficult; in the global fits, however, dence for three more resonances, which are of vital impor-
the freedom of the relative importance of the mesons is retance for a satisfying description of all experimental data
duced, since th&* contributes to both the hadro- and the below 2 GeV: aP3;(1750), aP;5(1900), and aP35(1920),
photoproduction reactions. which are only rated by the PD{&] by one, two, and three

In the case of using the Pascalutsa spineuplings, the stars, respectively. Omitting one of these resonances, the cal-
t-channel couplings differ significantly from the values of the culations result in a considerably worse tojdl by more
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TABLE VI. Scattering lengthin fm) from the present analysis in comparison with other calculations. The
upper index denotes the isospin.

Present Lutzt al.[15] Others
aN at’? 0.197 0.248
ri? 0.660
a’? -0.117 —-0.13¢
r32 18.33
7N a'’? 0.991+i0.347 0.43i0.21 0.710(30¥i0.263(23)
ri —2.081-i0.812
KA al? —0.154+i0.084 0.26-i0.10 —0.148+i0.16%
riz —3.021+i0.187
KX al? —0.270+i0.172 —0.15+i0.09 —0.363+i0.112
r12 —4.032+i2.064
ad? —0.011+i0.005 —0.13+i0.04 —0.126+i0.046
r3z 34.79-i3.561
oN _ 1 —1.093+i0.958 —0.45+i0.31
al/2 J:—)
2
o1 —0.001+i7.765
r ( J= z)
_ 3 —0.228+i0.621 —0.43+i0.15
al/Z JZ—)
2
1 13.31-i17.11
r J —E)
al? —0.516+i0.733 —0.44+i0.20 1.6+i0.3¢
T2 8.873-i8.820
8Referencd54].
bReferencd57].
‘Referencd25].
dReferencd 67].

than 15%. We can furthermore corroborate the findings of Just as the extracted resonance masses and couplings, the
Feuster and Mosdl10,11] that there is a strong need for a spin3 off-shell parameters, given in Table X, are also very

D3 resonance in the energy range between 1.9 and 2 Ge\kimilar in the two global calculations with the exception of

_ In the global calculations, the proper'gies of almost all conhe N values. Large differences only occur when the cou-
sidered resonances can be very well fixede Tables VIl—  yjing of the resonance to the final state is also largely
X), even the cquplmgs of the subthreshold resonances a'?fhanged, thus keeping the produpta in the same range.
practically identical foiC-p-y+ andC-p-y—. The only ex- - 510 that our values are also very close to the preferred
ceptions are thé>,,(1710), P15(1900), and the exact de- global fit SM95-pt-3 of Ref[11] and that the observed dis-

fﬁ;?ﬁ:m?g Zfrggg‘)ol}l t‘cr’;[éengf;]l'gtoatlzg”glﬁgfl:::'zsl' N?]t:n crepancies can be explained by the additional resonances
propert i ) : gely w considered in the present calculation.

comparing the references given in the PDG revipd. In Tables Xl and Xll we give a direct comparison of the

Moreover, Arndtet al. [9] had similar problems with fixing ' .

the P4;(1710) properties. However, in contrast to K&, in extracted resonance properties of the present model with the

the present calculation the properties of 81¢(1535) can be values given by the PDB!], extracted by Feustt_ar and Mosel
[11], and extracted by theN— 7N/27N analysis of Vrana

well fixed due to the simultaneous inclusion N produc- .
tion data. et al.[7]. Note, that in some casfs.g.,P11(1710) mass and

In the K-matrix formulation the resonance properties areWidth, D15(1950) andP33(1920) mass, etgnoticeable dif-
identified with the implemented parametdrd], thus the ferences to the estimated values of the particle data debup
given decay widths and branching ratios are calculated at th@e found. The estimated values and errors from the present
resonance mass/6=mg). Since the widths are energy de- model give the average and rms deviation of the values ob-
pendent(cf. Appendixes C2 and Q3and theRN¢ vertices tained in the global calculation€-p-y+ and C-p-y—,
are modified by form factors, the total decay widthsrdi  since only in these two calculations the complete data base
necessarily respresent the full width at half maximumincluding pion- and photon-induced data has been used. This
(FWHM), which can, e.g., be observed in theN elastic also means that the given errors are only rough guidelines
partial waves. and can, sometimes, even be misleading if both fits are un-
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TABLE VII. Properties ofl :g resonances considered in the present calculation. Mass and total width
I'io; @re given in MeV, the decay ratid®in percent of the total width. In brackets, the sign of the coupling
is given (all 7N couplings are chosen to be posjtiV’: Only found in calculationP-p-7+. 1st line:
C-p-y+; 2nd line:C-p-y—; 3rd line: C-p-w+; 4th line: P-p-7+.

Lo os Mass Tiot Ran Roan Ris
S31(1620) 1611 196 34.3 65.%() 0.14
1614 209 34.4 65.6¢) 0.16"
1612 175 36.0 64.0¢) 0.94
1630 177 43.4 56.6¢) 0.48
S51(1900)° 1984 237 30.4 69.5¢) 0.1(-)
P31(1750) 1712 660 0.8 99.1) 0.1(+)
1712 626 1.0 98.9¢) 0.1(+)
1752 632 2.3 97.2¢) 0.6(+)
1975 676 19.5 79.4¢) 1.1(-)
P3y(1232) 1228 106 100.0 0.02%(°
1228 107 100.0 0.046()°
1231 101 100.0 0.002()°
1230 94 100.0 0.000¢)®
P33(1600) 1667 407 13.3 86.%() 0.03
1667 388 13.1 86.9¢) 0.08"
1652 273 13.7 86.3¢) 0.22
1656 350 13.2 86.8¢) 0.28
P45(1920) 2057 494 15.9 81.6() 2.4(-)
2058 557 15.0 83.2() 1.8(-)
2057 527 15.5 79.5¢) 5.0(~)
2056 435 9.1 86.8() 4.1(-)
D35(1700) 1678 591 13.9 86.%() 0.78"
1679 621 14.1 85.9¢) 0.97
1680 591 13.6 86.4¢) 2.0
1674 678 14.6 85.4¢) 3.68

&The coupling is given since the resonance is below threshold.
®Decay ratio in 0.1%.

satisfactory in a given energy region, see in particular thé11]. The second;; resonance has an almost negligisN
discussion below on the properties of tRg,(1440) and width, but nevertheless interferes destructively in thi
P33(1920) resonances. Furthermore, we want to point out- 7N reaction with theS,;(1535), see Sec. IV D. In the
that the results of the global calculati@p-y+, given in  purely hadronic fits the extracted properties of $3¢(1535)
Tables VII-X, are to be preferred, since this calculationand S;;(1650) are very similar to the values of Vraagal.
gives a better description in the pion-induced seds®e [7] and Batinic et al. [57], who found the masses 1.542
Table 11), while in the photon-induced reactions the quality (1.543) and 1.689 (1.668) GeV and the widths 112 (155)
of the two global calculations are identical, see PMIT]. and 202(209 MeV. The inclusion of the photoproduction
In the following, the extracted resonance properties arejata, however, requires the lowering of t8g(1535) mass
discussed in detail for each partial wave. We refer in particuand total width, in particular for a description of ti],

lar to Figs. 3—6 in the discussion. multipole, see the discussion on pion photoproduction in
. PMII [17]. Note that the decay ratios of ti#(1535) are
1. Isosping resonances almost identical in the global and hadronic calculations. Fur-

S,;: For the two four-star resonances in this partial wavethermore, it is worth mentioning, that theA decay ratio of
[S;1(1535) andS;,(1650)], the parameters can be well fixed the S,,(1650) is considerably lowered as compared to
in the present model; the differences between the global andeuster and Mos¢lL1]. This is a consequence of the fact that
purely hadronic fit parameters are not very large. The exadn the best global calculatioG-p-y+, theKA production is
properties ofS;,(1535) can, however, only be extracted in now explained by a dominating,; mechanism, while the
the simultaneous analysis of pion- and photon-induced dat&3,,(1650) is only important very close to threshold, see Sec.
which has already been pointed out by Feuster and MosdV E above.
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TABLE VIII. Properties ofl :% resonances considered in the calculation. Notation as in Table VII.

Loios Mass [0t Ran Roan RN Ria Rgs Ron
S,4(1535) 1524 121  36.6 9.8()  53.6(+) -1.28 0.83
1528 137 356  11.2)  53.3(+) —1.62 1.00%
1542 148  37.7  11.5({)  50.8(+) 0.02 0.27
1545 117  36.6 0.9¢) 62.6(+) —4.46 0.26
S,4(1650) 1664 131  67.6  28.3() 1.6(—) 24(-) —0.59
1667 155  61.8  34.7%) 0.4(-) 31(-) -072&
1671 158  65.1  22.%) 5.1(-) 71(-) —054
1699 276 682  14.%) 3.8(+) 13.3(-) —0.50°
P,,(1440) 1512 628 572  42.38() 1.69 —2.70° 0.53
1522 709  57.1  42.9) 1.79 —6.65 6.78
1490 463 615  38.5() 3.27 3.43 —1.07
1515 639  60.6  39.4() 417 1.97 3.64
P,,(1710) 1749 445 74 385  24.9(+) 3.4(+) 12.6(-) 134
1755 327 217  12.H)  47.0(+) 7.4(+) 0.0(-) 117
1770 430 20  4277)  31.6(-) 0.9(+) 6.3(-) 16.4
1701 348 85 25.7%)  38.3(+) 26.3(-) 1.3(—)
P,5(1720) 1696 165  19.1  69.8() 0.1(+) 11.8(-) 0.0(-)
1715 310 148  79.}K) 0.4(-) 5.6(—) 0.1(-)
1724 295 154  65.2f) 1.2(+) 9.9(-) 7.5(-) 0.7
1700 148 142  83.K) 0.0(+) 1.7(+) 1.0(+)
P15(1900) 2003 581 146  42.%) 9.4(-) 0.1(-) 2.0(-) 312
1898 664 179  14.7%)  19.2(-) 0.0(+) 0.0(-) 481
1962 683  19.1  582()  11.9(+) 1.9(—) 0.8(+) 8.1
1963 694 157  58.2¢) 3.0(+) 0.1(+) 0.0(+) 229
D;5(1520) 1509 99 55.8  44.%() 2.0°(+)  —0.09 1.13
1510 102 555  44.5¢) 2.7°(+) -0.38 0.84
1512 95 58.7  41.3() 3.1°(+) 0.44 1.204
1509 91 60.1  39.9¢) 2.2(+) 0.86 -3.23
D,x(1700f 1745 55 1.6 43.4¢) 1.7(+) 6.7(-) 1.2(-) 453
D,5(1950) 1946 865 129  67.%) 5.4(+) 0.0(-) 0.3(+) 141
1946 852  10.7  51.3¢) 8.6(+) 0.4(-) 1.1(-) 279
1946 885  16.2  49.1) 2.2(-) 1.2(+) 1.9(+) 294
1943 573 133  50.8) 0.0(-) 2.2(-) 0.7(+) 329

Since in the resonance analyses of Vratal. [7], Ba- terference pattern between nucleon an&ince in the global
tinic et al.[57], and Manley and Saleskb], a thirdS;; has fit, the nucleon cutoff has been reduced for a better descrip-
been found below 2 GeVi.e., at 1.82, 1.705, and 1.93 GeV, tion of the ESQn photoproduction multipolessee the discus-
respectively, we have also checked whether the inclusion ofsion on pion photoproduction in PMJL7]), the description
a third S;; below 2 GeV would improve the results. How- of the P,; wave (and alsoS;;) at low energies has become
ever, the fit has always decreased all partial-decay widths afiorse. The fit has tried to compensate for this effect by in-
such a resonance to zero. Hence we do not find any hint fagreasing theéP,,(1440) mass and width, which can hence not
a third S;; resonance below 2 GeV in our analysis. be reliably extracted in the present calculation. This problem

P.1: The mass and width of the Rop®r,(1440) reso- might also be related to the fact that there are hints that the
nance turn out to be rather large in the global fits in comparif,,(1440) resonance is a quasiboumtl state[21], which
son with other analysetnote, however, the range of the cannot be generated in the pres&amatrix approach. The
width given by Vranaet al. [7]: 490+120 MeV, and that decay ratios intorN and 27N, however, turn out to be
Cutcosky and Wang68] found in analyzing therN— 7N reliably determined in all calculations.
and rN— 27N data for theP,; partial-wave values for the Once the photoproduction data are included, the mass of
width of 661 and 545 MeV, depending on theN— 7N the largely inelastid®;,(1710) resonance is fixed at around
single energy partial-wave analysis use@he reason for 1.75 GeV due to its important contributions #dN and wN;
these large values is that ti,(1440) parameters are ex- a mass, which is 40 MeV above the PG estimate. In all
tremely sensitive to background contributions, i.e., to the in-calculations, it turns out to have a decay ratio of more than
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TABLE IX. oN helicity decay ratios of:% resonances. The total widths are given in MeV, all ratios in
percent.”: Only found in calculationP-p-7+. First line: C-p-y+; second line:C-p-y—; third line:
C-p-m+; fourth line: P-p-m7+.

Lo 2s Mass Tiot Ron Ron R RIK
S,4(1535) 1524 121 3.64 6.10%
1528 137 1.77 5.66
1542 148 —45P —-2.61
1545 117 2.50 4.99
S14(1650) 1664 131 4.75 -1.78
1667 155 3.22 3.42
1671 158 -0.158 0.00%
1699 276 1.84 5.358
P14(1440) 1512 628 -18.73% 10.14
1522 709 15.5% 10.82
1490 463 —-1.5% 2.08
1515 639 - 6.3C% 3.98
P14(1710) 1749 445 13.4 0.8() 13.3(-)
1755 327 11.7 0.0¢) 11.7(-)
1770 430 16.4 10.1) 6.3(+)
1701 348 5.2 -5.3
P15(1720) 1696 165 —-14.0% -21.3 5.3
1715 310 -9.4 -15.¢ -7.58
1724 295 0.7 1.5¢)° 7.8(+)° 62.1(+)°
1700 148 0.0 838 -2.8 -2.8
P15(1900) 2003 581 31.2 0.6() 7.8(+) 23.4(+)
1898 664 48.1 16.7%) 19.3(+) 12.1(+)
1962 683 8.1 0.9¢) 0.0(-) 7.2(+)
1963 694 22.9 5.3¢) 0.0(+) 17.6(+)
D15(1520) 1509 99 -21.33% 712 -7.78
1510 102 -11.68 14.67 16.3%
1512 95 —13.07 21.37 —3.92
1509 91 -3.98 —5.36 7.048
D,4(1700Y 1745 55 45.3 14.2¢) 7.5(—) 23.6(-)
D5(1950) 1946 865 14.1 13.8() 1.1(-) 0.0(+)
1946 852 27.9 7.0¢) 14.7(+) 6.2(+)
1946 885 29.4 9.8¢) 2.1(+) 17.5(+)
1943 573 32.9 12.3) 0.1(+) 20.7(+)

2The couplingg; (g,,9s) is given in columnR®, (R, R%12).
®The ratio is given in 0.1%o.

10% towN and more than 25% tgN. The latter result has perimental data. In contrast to Feuster and M¢4é&] and
also been found by Batiniet al.[57]. TheKS decay ratio the PDG[4], we find a reducedKA decay ratio of the
seems not to be well determined, since the large value dP11(1710), which is due to the shift of this strength to the
12.6% of C-p-y+ is not confirmed in the calculation P13 Sector. Note that the increasingN inelasticity of the
C-p-y—. However, also irC-p-y— a largeP; contribution ~ P11 Wave above 1.6 GeVsee Fig. 6 is caused by theyN

to KX is found, which can be seen by the increase ofkRe channel.

. , . Manley and Saleskj5] have found a thirdP;; around
coupling constant of the,,(1440). Since the switch of the 1.88 Ge\y while Vranal:a[t ;I. [7] have identified stjlch a reso-
sign ofg,,,, leads to a change of sign af,\y (see Table |

. , , nance only around 2.08 GeV, but with a huge width of more
IV) due to interference effects i@N production, also the han 1 GeV, thus also having a large influence on this partial
behavior of theP;; KX wave, which reacts sensitive @N  \yave below 2 GeV. Therefore we have checked the contri-
rescattering, has to be altered. However, since the simultasytion of an additionaP,, around 1.9 GeV, but just as in the
neous description of photon- and pion-induced data is muck , wave, its contribution is always decreased to zero in the
better in the calculatiorC-p-y+ (see Table I, the large fit, and we do not find any indication for a missiriy,
P,1(1710) K3 decay ratio seems to be favored by the ex-contribution below 2 GeV.
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TABLE X. Off-shell parameters of the spin% resonances. 1st lin€-p-y+; 2nd line: C-p-y—; 3rd
line: C-p-m+; 4th line: SM95-pt-3 of Ref[11]. NC: not consideredenergy range ended at 1.9 GeV

Lo 2s arn aN a,n aka aks ayn ayn2 auns

P,«1720) —0.658 0.832 —4.000 0.573 —0.473 0.679 —3.072 3.495
—0.005 0.768 —3.999 0.018 —3.998 1.758  —4.000 2.648
0.183 0.587 1.943 —0.625 —2.728 1.108 —3.499 —1.858
0.258 0.726 —1.953 —0.053
P,4(1900) —1.249 —0.457 —0.003 0.852 —3.999 2.920 0.897 —3.874
2123 -0362 —1628 —3.828 —4.000 -0.945 —3.647 —0.180
0.205 0.437 —0.739 3.410 —3.687 2.195 0.092 1.454
NC
D15(1520) 0.872 —0.249 0.366 0.794 0.501 —2.442 —4.000 —4.000
0.871 —0.407 0.744 1.164 0.318 0.774 —3.998 2.562
0.861 —0.351 1.796 0.856 2.692 0.344 —0.445 —1.050
0.819 —0.158 1.146
D,4(1950) 0.789 0.588 0.353 1.661 2.091-0.685 —0.247 —2.000
0.663 0.365 1.025 0.503 0.215 —0.153 —3.986 0.284
0.966 0.668 0.211 1.019 0.663 —0.016 —0.976 —1.152
0.924 1.387 1.016 1.116
P44(1232) 0.222 —1.156
0.211 —1.006
0.233 4.000

0.148
P43(1600) 1.798 0.363 —3.047
1.937 0.363 —4.000
1.266 0.291 ~0.783
0.400 —0.253
P,i(1920) —2.827 1.244 ~1.762
—2.492 1.111 ~1.683
~3.137 1.264 ~1.145
NC
Ds(1700) —0.282 0.414 ~0.156
—0.288 0.413 0.001
—0.220 0.425 0.473

—0.181 0.867

P15: In all calculations, the mass of the fiB 5 is well ~ strongly influences the properties of tRg;(1720). As com-
fixed between 1.695 and 1.725 GeV. We find important conpared to Ref[11], the P;5(1720) »N decay ratio and the
tributions of this resonance A and alsowN; in the latter mass are reduced. Note that they(1720) mass now turns
case although the resonance position is below threshold. lout to be in the PDG region, in contrast to the value found in
comparison to Feuster and Mo$gl] the P13(1720) plays a Ref.[11]. In the higher energy region/6>1.8 GeV), a rea-
less important role imN (which is mainly due to the inclu- sonable fit to the various reactions is virtually impossible
sion of a secondP,3, see beloy, but turns out to be much without including a secon@,; resonance. Especially in the
more important irK A production. wN production, the resulting? turns out to be at least two

Guided by the observation of Feuster and Mosel, thatimes worse when such a resonance is excluded. It is inter-
there are contributions missing in this partial wave for higheresting to note that Manley and Sale§&] have also found a
energies (/s>1.8 GeV), we have included apart from the secondP,; resonance at 1.88 GeV with a large width of
well establishedP5(1720) the PDG two-staiP13(1900) about 500 MeV, a third of which has been attributed to the
resonance in the calculation. Although the mass of the sedeffective wN channel.
ond resonance cannot be well fixed in the present calculation As discussed in Sec. IV C, we also find indications for
(1.9=mr=2 GeV), it turns out that this second resonancemissing flux in this partial wave, i.e., contributions of a final
gives very important contributions in all pion-induced state which is not included in the present mo@eg., a 3rN
reactions — in particular the #N, KA, and oN statg.
production — and to some minor degree also in the photo- D;3: In this partial wave, we find discrepancies in the
production reactions. The inclusion of this secdng also  description of the lower tail of thB 15(1520) resonance. The
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TABLE XI. Estimated properties olfzg resonances from the present calculatitst ling, see text, in
comparison with the values from Ré#i] (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 percent. NC:
not consideredenergy range ended at 1.9 GeV: CalculationP-p-7+, see text and Tables VII and VIII

above.
Lo 25 Mass Tiot Ran Raan Rgs
S51(1620) 16122) 2027) 34(1) 66(1)
1620 150 265) 75(5)
1579 153 21 79
161715 143(42) 45(5)
S4;(1900F 1984 237 30 70 0.1
1900 200 2010
NC
180287) 48(45) 33(10
P4,(1750) 17121) 64317) 1(1) 99(1) 0.1(0.1)
1750 300 8
NF
172161) 70(50) 6(9)
P4,(1910F 1975 676 19 79 1.1
1910 250 287)
NC
199512) 713465 29(21)
P33(1232) 12281) 106(1) 100(0) 0.080.01)2
1232 120 >99 0
1228 110 100
12345) 112(18) 100(1)
P4(1600) 16671) 397(10) 13(1) 87(1)
1600 350 187) 82(8)
1721 485 15 85
168744) 49375) 28(5)
P33(1920) 20571) 52532 15(1) 82(2) 2.1(0.3
1920 200 187)
NC
1889100 12353 5(4)
D44(1700) 16781) 606(15) 14(1) 86(1)
1700 300 1%6) 85(5)
1677 387 14 86
1732293 11970) 5(1)

#The decay ratio is given in 0.1%o.

asymmetric behavior around th@,5(1520) partial wave functions of theA and thep. Furthermore, in thedP=3"
cannot be described within our model, neither in elastit ~ wave, thepN and wA states can be produced in &wave,
scattering, see Fig. 3, nor mN—2=xN, see Fig. 5nor in  leading to a stronger rise of thes production cross sec-
the E,_ and M,_ proton and neutron multipoles, see the tion, while our{ meson can only be produced inPawave
discussion on pion photoproduction in PNIlI7]). Even after  for JP=3".

allowing different cutoff values in therN and the 2rN This is confirmed by the analyses of Manley and Saleski
channel or using a different cutoff shape, i.e., a cuifj>)  [5] and Vranaet al.[7], since both groups extracted a domi-
(13), for this resonance, the slope of the partial wave belownant 27N Swave decay of th® ;5(1520) intopN and 7A.

the D43(1520) resonance position cannot be reproduced iit is also interesting to note that the rise of the partial-
either channel. From the inelasticity and the® production  wave cross section in tHe;; partial wave(see Fig. 5, where
(see Figs. 5 and 6 abovene deduces, that this might be due pN and 7A cannot be produced in a8 wave, is well de-

to the description of the 2N channel by an effective  scribed in the present model. Since we have not yet included
meson with a fixed mass. Both the inelastic and theN2 these effects in the calculation, an increase of the errors of
production cross sections rise steeper than in the present calhe D13 277N partial-wave cross section by 1 mb up to 1.46
culation. A more physical 2N description by includingrA GeV is introduced to prevent the calculation from putting too
and pN might change this behavior because of the spectrainuch weight into this shortcoming of the present model.
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TABLE XIll. Comparison ofl :% resonance properties. Notation as in Table XI.

L2 2s mass Tiot Ran Raan RN Ria Ris Ron
S,1(1535) 15262) 1298) 36(1) 10(2) 53(1)
1535 150 4810) 6(5) 43(12)
1549 215 31 6 63
15423) 112(19 35(8)
S,1(1650) 166%2) 1387) 65(4) 31(4) 1.0(0.6) 2.700.9
1650 150 7217) 155 6(3) 7(4)
1684 194 73 22 1 5

168912 202(40) 74(2)
P11(1440) 15185) 66841) 57(1) 43(1)

1440 350 6%B)  3505)
1479 513 62 38
147980) 490120  72(5)
P,,(1710)  17523) 386(59) 148)  26(14)  36(11) 5.4(2) 7(7) 13(2)
1710 100 186) 65025 15(10)
1709 284 0 51 32 17
169965 143100  27(13
P,(1720) 1705100 23773 172)  745) 0202 903 0.000.1)
1720 150 1%6)  >70 a7)
1801 637 21 75 4 1
1716112  121(39) 5(5)
P,(1900) 195153 62242 16(2) 2915  14(5) 0.10.1) 1.01.0 3909
1900 500 26 45
NC
NF
D,4(1520)  15091) 100(2) 56(1)  44(1)  2.3(0.4F
1520 120 58)  45(5)
1512 93 56 44 43
15183) 124(4) 63(2)
D,4(1700 1745 55 2 43 1.7 7 1.2 45
1700 100 16) 905 <3
NF
173633 175133  4(2)
D,41950)  19461) 8597) 122) 598  7(2) 0.20.2 0.70.4 217
2080
1940 412 10 75 14 0

200318) 1070858  4(2)

Upcoming investigations will reveal whether the inclusion of Pion-induced data are considered, the importance of this

more realistic two-pion nucleon final states, which allow for '€S0Nance is even stronger in thél channel and becomes

the correct partial-wave behavior and account for the spectr%ISO visible inkX. production. We have checked this finding

functions of the two-body states will resolve this problem. eﬁ daéljou p(\e/\cif%rrmﬂghﬁrgis witgoﬂgtm:\ttr:f\?v?]?cnhc? i%Jt::lljv_vays
Furthermore, we confirm the finding of Ref$,10,1] P gner, P

. . o - _plings andg,,,, coupling sign have been initialized. The
that there is no strong evidence if at all for a reso final structure of this resonance is always very broad, having

nance in this partial wave between 1.7 and 1.9 GeV, seg iqih of more than 600 MeV and being located close to the

below. Moreover, we corroborate the i'mportance ob g upper boundary of the considered energy range, which
resonance between 1.9 and 2 GeV as in Réf3,11, espe-  makes the exact determination of its total width difficult.

cially in »N andwN production at higher energies; although Note that also other resonance analyses identified a very
the »N decay ratio is found to be small as compared to RefproadD 5 resonance in this energy region: For example, Ba-
[11]. Due to rescattering, this resonance also gives larg@ni¢ et al. [57] (analyzing wN— =N for 1=% and =N
background contributions at higher energies in #i¢ elas- — »N) and Vranaet al. [7] (analyzing wN— =N, =N
tic amplitude. It is also interesting to note that when only the—2#N, and using the results from Ref57]) both have
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found aD,5 resonance at 2 GeV with a large width of aboutand thus a secon8;; resonance improves the? slightly.

1 GeV. The mass is found iR-p-7+ andP-p-7— between 1.9 and
When we allow for anotheD,; resonance in the energy 1.99 GeV, while the width is 180—240 MeV, about 30% of

region between 1.7 and 1.9 GeV for the calculation using thuhich are due torN and the other 70% due tom\. This

conventional spirg couplings, the fit systematically de- shows, similarly to theD,4(1700) case, that the indications

creases the resonance’s width until it is only be visible via itsor 4 seconds,; resonance are only weak and rather of non-

off-shell contributions in the spig-channels. The outcome esonant nature. Hence the need8g, strength above

is a very narrow [',,<30 MeV) resonance, and the bast 1 g5 Gev can also be explained easily by background con-
in this situation is still worse than in the calculation When,tributions. Note that Arndtet al. [6] have not found a

such a resonance is neglected. However, the situation :
slightly different in the casge when using the Pascalutsa cou- 1(1900) either.
plings. Adding aD 15(1700) in this case improves the overall
x2 by about 5-10% percent. The resulting total width is
50-55 MeV, half of which are due to72N and the other half

P3;: In this partial wave, the particle data gro[4 lists
two resonances below 2 GeV, a one-star at 1.75 GeV and a
four-star at 1.91 GeV. Therefore we have checked the im-

due towN. The 7N decay ratio is only about 2%, hence the portance of these two resonances, which have not been con-

resulting resonance is similarly inelastic as in the analysis ofidered by Feuster and Mosdl0,11. As in the Sy partial
Vranaet al. [7] and Batinicet al. [57]. Since we only find Wave, we do not find a resonance in the energy region above

small y2 improvements due to this resonance in the Pasi-85 G€V when using the conventional sgineouplings.

calutsa calculations, the indication forly(1700) in the Adain, the inclusion of such a resonance deterioratesythe
experimental data seems to be only weak and not of resonaffgmendously in therN elastic andmN—27N channel.
nature, and can thus also be described by nonresonant cofWever, there is a strong need for a very inelastic
tributions generated by spi-off-shell (or additional other ~P31(1750) resonance below 1.8 GeV to be able to correctly
backgroundl contributions. It is interesting to note that the 'eProduce the change of slope in the real part of #i¢
slight hump around 1.76 GeV in the imaginary part of theela,St'C partial wave. This is in stark contrast to Fhe four-star
7N— 7N partial wave is close to theN andKS. thresholds ~ 'aling of the P5,(1910) and the one-star rating of the

and could therefore be due to kinematic effects of these tw&31(1750) PDG[4]. Only in the calculation with the Pas-
channels. calutsa couplings, thB3; resonance moves to approximately

1.98 GeV with a broad inelastic width of around 700 MeV.
4 But as is obvious from Fig. 4, this resonance can rather be
2. Isospin resonances seen as a compensation of missing background in the high-
In the isosping sector, a very good agreement among theenergy region, since the high-energy tail of tReg, partial
resonance parameters extracted from the different calculavave starts deviating from the data in this calculation. In the
tions can be observed, cf. Table VII above. Even the incluconventional coupling calculation, this additional strength is
sion of the photoproduction data basically only changes th@enerated by spig- off-shell contributions. Thus also the
K2 couplings and decay ratios. indication for aP31(1910) is very weak in the experimental
Ss;: In all our calculations, the firs8;; resonance is data and seems to be only of nonresonant nature. This find-
found around 1.62 GeV with a width of about 175 MeV. ing is confirmed upon inclusion of the photoproduction data,
Depending on the spi-prescription, the value for its mass Which allows to additionally nail down thB;,(1750) prop-
is either 1.61 or 1.63 GeV, for the conventional and the Paserties. The change of slope of the imaginary part ofNH
calutsa, respectively, couplings. The former value is corrobomultipole (see the discussion on pion photoproduction in
rated upon taking into account the pion-photoproductionPMIl [17]) leads to a reduction of thes; mass by about 40
multipoles. TheEg’f multipole helps to pin down the exact MeV, while its total width and inelasticity stay about the
resonance properties, in particular the mass, see the discugame.
sion on pion photoproduction in PMIL7]. In the global fits, P33 In all calculations, the extracted properties of the
the mass is fixed at 1.611 GeV, in agreement with the valu®33(1232) are almost identical. A striking difference, how-
of the pion-photoproduction analysis of Arneital. [9], but ~ ever, is seen in the total width extracted in the Pascalutsa
smaller than the PD@#4] value. calculation, which is rather low with 94 MeV. However, this
The particle data group4] lists a seconds;; resonance Vvalue is not surprising. As a result of the additional factor
around 1.9 GeV with a two-star status, which has been foun&/m3 in the amplitude(see Sec. Il A 1, the effective width
by Manley and Saleskb] and Vranaet al.[7]. However, in  of the resonance is increased above the resonance position.
the latter analysis, this resonance turns out to be very narrodio prevent large discrepancies with theN partial-wave
with large uncertainties in the widtH’,,;=48+45 MeV. data, the width at the resonance position has to be reduced.
We have also checked the importance of such a resonance Trnis effect is only visible for this resonance, since the higher
the present model, and only found very weak indications fothe resonance mass, the smaller is the variatiors/ofA
its existence. Upon inclusion of a secorf; above around the corresponding resonance position.
1.85 GeV, they? is greatly enhanced in theN elastic and Besides the well fixedP55(1232) resonance, we can also
mN— 27N channels for the case of the conventional spin- confirm the need for #55(1600) as in Refg[10], [11], [7],
couplings. Using the Pascalutsa sgircouplings, additional and[5]. While the width and decay ratios are similar to the
strength is needed in th®;; partial wave above 1.9 GeV, values of the PDG4] and of Feuster and Mosgl1], the
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mass is fixed due to the7N production at 1.665 GeV, to 2 GeV are included and also, that the experimental data of
which is considerably higher than the PDG value, but lowerall channels are consistent with each other. Since the driving
than the value of Feuster and Mosel. potential is built up by the use of effective Lagrangians for
Furthermore, in the present calculation, there is a need faBorn-, t-channel, spirg, and spin3 resonance contributions,
additional (wN) strength in this partial wave at higher ener- also the background contributions are generated consistently
gies, which is not generated by the implemented backgroundor all partial waves and the number of parameters is greatly
This gives rise to the necessity of the inclusion of a thirdreduced. The extension of the energy range and model space
P33. Although its mass is fixed above 2 Gésee Table VIl,  has required the inclusion of additional resonances
its resonant structure already shows up below 2 GeV, see FigP5(1900), P5;(1750), P35(1920)] as compared to the pre-
4. However, as a result of this high mass, the extracted propsous analysis of Feuster and Mogéll], where the former
erties of this thirdP33 resonance can only be of qualitative two are particularly important in the production mechanisms
nature, i.e., that the resonance is located above 2 GeV, thatdf the higher-lying final state&KA, K3, and oN. These
has a large inelastic decay fraction, and also gives importargxtensions lead to differences in the descriptions of some
contribution inKX production. The inclusion of the thifdl;;  final states, as, e.g., the@A production, which is now domi-
also affects the properties of tifa;(1600). In particular, the nated by alJP=32" (P;5 in contrast to thelJP=337
P13(1600) mass is lowered in all calculations to about 1.66(P,;) dominance of earlier analys¢§,11]. Since a good
GeV, as compared to the results of Feuster and Mosel, whdescription of all channels is possible although no spin-
have found in their global fit a mass of 1.72 GeV. resonances are considered in our model, this indicates, that
Similarly as in theP,; wave, we find indications for a higher-spin &3) resonances are only of minor importance
missing inelastic contribution of about 1 mb in tRg; par-  in the production ofyN, KA, KX, and wN. This point is
tial wave above 1.7 Ge\cf. Fig. 5 in the present model, investigated further at presef&9.
i.e., the contribution of a 3N state apA. While the 27N Due to the inclusion of all important final states below 2
partial-wave cross section decreases to about 2 mb, the iGeV, all threshold effects are included correctly. As com-
elastic partial-wave cross section stays almost constant at@@ared to the calculation of Feuster and MogHD,11], this
mb. The missing inelasticity can only be compensated in outeads especially to an improvement of the description of the
model above 1.91 GeV since there are neN2data points KA channel, which is influenced by both tK&. and thewN
any more and thus inelastic strength can be shifted to théhresholds. Thus, in contrast to the speculation of Refs.
27N channel. [10,11], the inclusion ofu-channel contributions from hy-
D3: In the D45 partial wave, we only need one resonanceperon resonances is far less important for a good description
below 2 GeV for a satisfying description of the experimentalof the associated strangeness chanadis—KA/K2, than
data. In all calculations, the resulting properties are vergthe correct treatment of all unitarity effects.
similar. The width is found to be about 600 MeV, 86% of The effects of chiral symmetry have been checked by al-
which coming from the ZN decay. Due to therN— 27N lowing for a chirally symmetric or a chiral symmetry break-
partial-wave cross section data, already in the hadronic fithh\g om#m coupling vertex. The chiral symmetric one has
the mass of thd ;3(1700) is well fixed between 1.675 and proven superior not only for the low, but also for the inter-
1.68 GeV. This mass is confirmed in the global fit, where themediate energy region imN elastic scattering.
resulting value of 1.678 is also in accordance with the value The description of the pion-induced data is also still pos-
of 1.668 GeV of Arndeet al.[9]. Moreover, the inelasticity is  sible, when we further reduce the freedom of our background
in good agreement with Ref9] and also with Manley and contributions by using Pascalutsa sgirvertices instead of
Saleski[5], while Vranaet al. [7] found a much narrower the conventional ones. These couplings remove the off-shell
(I'=120 MeV) and even more inelasti®5%) resonance at spin-4 contributions of the spig- resonance processes, thus
1.73 GeV. Although the resonance position is just below theeducing the background contributions in the spisector.
K3, threshold, it gives important contributions to pion- and This reduction automatically leads to an increase of the im-
photon-inducedK > production, see Sec. IV F and the dis- portance of thet-channel diagrams, resulting in a much
cussion orKY, photoproduction in PMI[17]. harder cutoff valueA,. Thereby, the contributions of the
As in the D43 case, the resulting2N production cross t-channel diagrams become more important in the lower par-
section does not rise steeply enough from 1.3 GeV up to théal waves and agreement with the experimental data is
D35(1700) resonance position. For the same reasons as digehieved. However, the increase of the totdl from the
cussed for theD5(1520), this is probably due to the defi- conventional to the Pascalutsa prescription (243553)
ciency of the effective treatment of ther final state in the  shows that indeed additional background terms are necessary

present model. for a better description of the experimental data.
As a result of the additional inclusion of the photoproduc-
V. SUMMARY OF PION-INDUCED RESULTS tion data on all channels, the description of the pion-induced

reactions becomes worse. This is not unexpected, since due
A very good description of all pion-induced data @i, to the more recent photoproduction data of high quality, the
27N, 7N, KA, KX, and oN with one parameter set is reaction process is much more constrained and thus allows
possible within the present model, where unitarity is guaranfor less freedom. However, the pion-induced data are still
teed by solving the scattering equation via Kwnatrix ap-  well described in a global calculation including all pion- and
proximation. This shows that all important contributions upphoton-induced data. The largest changes are observed in the
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1,J=3% (S;; and P,;) waves, where the properties of the ington, D.C., in the early stages of this work. This work was

S11(1535), S;1(1650), andP44(1710) can be better con- supported by DFG and GSI Darmstadt.

trolled once the photoproduction data — in particular on

7N, KA, and oN — are included. Differences are also APPENDIX A: NOTATIONS

found in the backgroun@NN coupling, which turns out to

be close to the KSRF value in the hadronic calculations. The We work in the c.m. frame and use the metric of Bjorken

differences in the global fits can be traced back to the necesind Drell [70], ie., g,,=diag(1-1,—-1,—-1). Four-

sity of changing the nucleon form factor cutoffy for the =~ momenta are denoted by italic letters, (k, g, etc), three-

description of the pion-photoproduction multipoles, see alsanomenta by bold lettersp( k, g, etc) [71], their absolute

PMII [17]. The Born couplings extracted from the global fits values by upright letters (p, k, g, etcand their unit vectors

are close to S(B) values. by p, k, g, etc. In general, incoming, outgoing, and interme-
The influence of the sign &, can be best summarized diate mesor{baryon momenta are denoted tyk’, andk,

when comparing the results of the two global calculationgp, p’, andp), respectively.

C-p-y+ andC-p-y—. Switching the sign of,,,, leads to Two-particle momentum states with helicity=X\,—\,

basically the same extracted couplings and resonance paragre normalized in the following way:

eters. The main difference is a switch of signs of sani¢

couplings, i.e.,kNNe » Jo, of the P4(1440), andng and (fliY=(p'K",\"|pk,\)

Yo, of the D,5(1520), while almost all othewN contribu- 55

tions are similar. This indicates that the same interference :54(p'_p)_s (L —Q) 8y 1y

pattern between these specific contributions and the KEgEwm

t-channel contribution is preferred in the pion-induced reac- \/§

tion, while the remaining contributions are rather unaffected. =5%P’'—P) (90" N'[9@,\). (Al
Comparing the quality of the fits, there is a tendency of pre- KEgEwm

ferring the positiveg,,, . sign in line with SU3) flavor sym- o _ o _
metry. This becomes most obvious in te of the wN pro-  The helicity notation for thesN and yN helicity states is:
duction channels, while all other channels remain basically-0: A=Ay—Ag=0%*3, *3: A=*1%3, and *3:
unchanged. Especially the pion-inducet production can A=*1*3. _ _

be much better described with the positive sign, when the The relation between the scattering matiand the tran-

photoproduction data are included. sition matrixT is defined as
There are also some indications for room for improve- )
ment of the model. Assuming that therR® data[39] are S=1+2T. (A2)

correct, there are evidences for important additionaN3

final state contributions, which are not considered up to nowWVith the two-particle stategAl1), the matrixM is given by
in theJP=2" partial waves. We also find evidences for the A
necessity of a more correct treatment of theN? state in the , ) 4 ,
low-energy tails of thé 15(1520) andD;3(1700) resonance. (f[Sli)y= o1 —i(2m)*&*(P—Py) 11:[1 N;j [ (f[M]i)

As a consequence of the generalization of the partial-wave (A3)
decomposition, which has become necessary in the present

mode_l fqr the inclusion_of theN fi_naI state, a more reaIi_stic with the usual normalization facto(see, e.g., Ref70]) and
description of the N final state in terms opN and7A iS  hence

now possible. The inclusion of these final states allows to

mimic the three particle phase space while still dealing with 1 4

two body unitarity. The accounting for the spectral function (f|T|i)=— —(2m)484(P;— pi)< H Nj)<f|M|i>_

of the p meson and thé baryon would then allow for the 2 =1

complete description of 2N production within the present (A4)
model. This extension will probably improve the description _ _ i . _
of the D,; waves below the first resonance. The scattering amplitudé,,, () and theK-matrix ampli-

In PMII [17], the results of the two global fit€-p-y+ tudelcii,k(i}) are defined by
andC-p-y— on all photoproduction reactions are presented

and discussed in detail. )\i,AE— m(fw“), )
(4m)2\s
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to us. One of the authof&.P) is grateful to C. Bennhold for whereK =V in the K-matrix Born approximation an¢f| and
the hospitality at the George Washington University, Wash{i) denote two-particle momentum states as defined above.
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APPENDIX B: PARTIAL-WAVE DECOMPOSITION

Using the rotational invariance of the interaction and the
properties of the Wigner functiongd (functiong, the c.m.

scattering amplituddi,x(ﬁ) can be decomposed into am-

plitudes with total angular momentudn

T;\i'ng

2J+1

where we have defined,, (v/s)=(J,\'|T(\/s)|J,\). The
dix,(f}) play the role of the Legendre polynomials, but for

half integer spin. EquatiofB1) can be inverted to

+1
Th(ﬁhzﬂj,ld(cosﬁ)dwﬂi'm (2

The helicity state$d,\)=|J,\,\,) fulfill the parity property

[72]:

PlIN) = mmp(—1)7 7553, = \). (B3)

Here, n., n,, andsy, s, are the intrinsic parities and spins,
respectively of the two partlcles The construction of normal-

ized states with parity € 1)***2 is now straightforward:

1
[IN;E)y=—(|J,+N\)£ 7

N
2 )
S PIN; )= (1) 2| I\ ), (B4)
where we have defined
7= nnp(— 1)Sctspt 3 (B5)

For parity conserving interactiori&= P~ TP one has

T, (\s)d),  (9), (B1)

PHYSICAL REVIEW C 66, 055211 (2002

and one can use the stat@&2}) to project out helicity partial-
wave amplitudes with a definite parity of-(1)?=%2

T =N =TI 2)=T),, =973, ,. (B7)

)\’)\_

These helicity partial-wave amplitude‘s‘;i have definite,
identical J and definite, but opposite parity. It is quite obvi-
ous that this method is valid for any meson-baryon final state
combination, even cases as, e@N— 7A.

The parity properties of the angle dependent c.m. helicity

scattering amplitudeg |, () follow:
T, (D =n(n) (=D NT,(9), (B

Now the rescattering part of the BS equati@ can be de-
composed into partial waves:

Tj\,}\_IC;',}\—HJ dﬂq%: Tin Ko

2J+1

:’C;i'ﬁ' E 2

J
)\)\’ ﬁ )T‘){')\ ’C)\ g’

where the‘]‘i,}\ andICf\q)\ are defined in the same way as in
q

Eqg. (B2). Inserting this into the BS equation and integrating
over 2w [d(cosd’), we arrive at an algebraic BS equation
for each partial wave:

J .
T)]\,)\=IC)\,)\+I)\E T;,Aqlcf\q)\. (B9)
q
Using the parity conserving states we finally have
T =K i E U H L. (B10)

Apart from the recursion formulas for thd functions

(I N[ T(s M =7(7")"HIN[T(V)|IN) d1/51/2, d1j55, Which can be found in many textbooks,
(B6)  there is also a need for a recursion formulacll(§r2+3,2
|
J+z
0 (=t | 2d’ s w(+ 22 sin0d” 1 o(9)— (1-cosd)d” 2 5(9))
+z+3 (1+cosd) +3+3 3 +3+3 *% 3 '
J__
L 2
d % (a)—; (9)—(1+cosd)d’ 3(9)) (B11)
+3-3777 (1—cos®) % 3 1 3

APPENDIX C:
LAGRANGIANS, WIDTHS, AND COUPLINGS

All interaction Lagrangians given below in this appendix also contain an isospin part, which is discussed in App-

endix F3.
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1. Background interactions

The asymptotic particles and intermedi&tghannel mesons entering the potential interact in the hadronic reactions via the

background Lagrangian,

UB(D)_ Is

T ’ ~ ; Kv v
Lgomt Li=—Ug/(p") o Y5Yuld®)+ 9,1l ysn+9sS+ay| v, V- + EUWV# ) (0",L<P )(*)S
B B’
’ " 9 2% /po’
—0ve (&}L(P)V _4m ,uvp(rv \ (Cl)
|
with  the asympt0t|c~baryons B,B'=(N,A,Y), the pv_ . 9RNe, Ep+Mg Js+mg?
(pseudgscalar mesonse=m,K, (¢,¢')=(m 7,K), S Fo=t = Ke 5 \mg=m
=(0,a9,K3), the vector meson¥=(p,w,K*) and s RTT®
WY NV AU\ Vs=mg
VAV = gi\Y — gUVE, (C2) S )

Note that for comparison, also a nonderivatige coupling
L=—-gimse’ ¢S is used in one calculation. Hergg is re-
lated togs via g5= —gs(mg—m; — mi,)/(4msmw).

Using the values for the decay widths from REf], the
following couplings are extracted:

gp'n'fn': 60201 gwpﬂ-: 2060,

gK* Kor— — 6500,

gKSKWZ—O.9OO, Gagnm™ —2.100. (C3

The wpm coupling constant is determined from the
—pm—7t 7~ 70 decay width of~7.4 MeV.

2. Spin-% baryon resonance interactions

a. (Pseudo)scalar meson decay

For negative-parity spig- resonances, PS coupling is
used:

Ug®. (C4

[ 1
ElB ~—OrBeU R( i e
For the positive-parity spig- resonances, PV coupling is
used:

OrBe — [ 75
Ugr| . Ugd“ep.
Me* Mg R( i YuUgo™ @

'C%BQD:_ (Ch)

In both cases, the uppélower) sign and operator hold for
pseudoscalafscalaj mesonse.

For negative-parity resonanc@S coupling, this leads to
the decay width

EB+ mB
Vs

and for positive-parity resonancéBV coupling to

gRB(p
A Ko

ros=f, (C6)

with the absolute value of the meson three-momentym k
The upper(lower) sign always corresponds to a parity-flip
(parity-nonflip transition, e.g.P11(1440)— 7N [ S;4(1535)
—N]. The isospin factorf, is equal to 1 for isospig-
resonances, equal to 3 for the decay of isogpimesonances
into al=1@3 final state, and equal to 1 for the decay of
isospins resonances intb=0a 3.

b. Vector meson decay

For thewN decay we apply the Lagrangian

»
—iys

The upper (lower) operator corresponds to a positive-
(negativejparity resonance.
The resulting helicity decay amplitudes are

UN(J)IJ'.

(C8)

92
91V~ Z—mN%MZ

/:%Nw: _UR(

oN VENF My ( my=* mR)
Al =F——| 01t 0r——/,
2 A mN 2mN
\EN+mN m2
LuN_—
Ay = - \/— g1(my= mR)+922 . (CY

The lower indices correspond to theN helicities and are
determined by thes and nucleon spiz-components as in
Appendix A: 3: 1—2=1% and 0: O+ 2=3. The resonance
oN decay widths are then given by

A=+J

k,m
wN wN
2 Iy =52

|A N2,
(C10

3. Spin-3 baryon resonance interactions

For all the conventional spi-couplings given below, the
corresponding Pascalutsa couplings can be extracted by the
replacement
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FﬂugHFM’YS'YVU EM '

(C1y
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As in the spins case, the uppeflower) operator holds for
pseudoscalafscalaj mesonsy. 0 ,, is the off-shell projec-

where the dual of the resonance field tensor is given bygor:

UR'=38"""PUrap=36"""#(9aUrs— IpUra)- At the same
time, the off-shell projector® ,,(a) [cf. Eq. (C14)] are
dropped.

a. (Pseudo) scalar meson decay

The interaction with(pseudgscalar mesons for positive-
parity spin3 resonances is

IRBe—, 1
RB(PU[Fé@p.v(aRBq;)( i y5) ugd’e (C12

L3Be="m

and for negative-parity resonances

OrBe—,
m U0 .. (are,)
am

iy
15) Ugd’e. (C13

/7

LiBe=~

01
2my

92
E%Nw:

Yo maﬁﬂ mf?ff,) (009ur= 99ar)Un®".
N

®MV(a):gﬂv_a7;LYV1 (C14)
wherea is related to the commonly used off-shell parameter
zbya=(z+3).
These couplings lead to the decay width:

Eg=mg
Vs
The upper(lower) sign corresponds to the decay of a reso-

nance into a meson with oppositeentica) parity, e.g.,

P33(1232)— 7N [ D13(1520)— 7N]. The isospin factof, is
the same as in Eq$C6) and(C7).

2
gRB(p

r
! 127Tm%

=f

(C19

1+ NIw

P
e

b. Vector meson decay

For thewN decay we use

9s (C16)

N

The upper(lower) operator corresponds to a positiyeegative}parity resonance. Note that for clarity, the off-shell projectors
0 ,,(a) [cf. Eq.(C14)], which are contracted with each coupling operator, are not displayed. This leadsddthelicity

decay amplitudes:

AwN_ ENI My 1 mi N . m%_ mﬁ_mi
: 2my 2my 92 2my 91(MyEMg) 9 —me )
AwN_+\/ENI my 1 m2, L Mn(myE mR)—mi+ m2—m? —m? .
2 Jemy 2My gSZmN =01 Mk 92 amy , (C17)
Envmy 1 m&+mg—m;, m&—m?2+m?
wN: + M - — R N w _ R N "
Ag =*m, ,—3mN 2my, ( 01+02 Amgmy +03 Amamn (C18

The helicity notation is the same as in the spircase; in
addition, there is the helicity stag: 1+ 2=2. The reso-
nancewN decay widths is given by EqC10.

APPENDIX D: CALCULATION OF AMPLITUDES
The calculation of the amplitudas’'=(f|V|i) which en-

ter Eq.(A6) are extracted from the Feynman diagrams via

Yl =u(p’ Ag)T(s,u)u(p,\g)

477\/5
=2, F(S,U) X,
Jmgmg,

(D1)

1. Spin-0 spin4 scattering
The Dirac operatof” is given by

[(s,u)=0-(Al,+BKk), (D2)

where k is the average of the meson momentes (k
+k’)/2 and ®=1, for incoming and outgoing mesons of
identical parity and® =i+ys for mesons of opposite parity.
Realizing that

u(p’,s")(iys)=~iu(p’,s’,Eg +mMg —Eg —Mg:)
(D3)

for s'=+1, the Pauli operatof results in

F=0-(Al,+Bo-k' oK) (D4)

with 6=1, for mesons of identical parity ané=io-k’ for

mesons of opposite parity. Her®,andB are related té and
B in the following way:

JR,R.

N +
877\/g

1
A+ EB(S_+S’:)},
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VR_Rfp

T\/g A (D5) longitudinal polarizations. This bas to be replaced for scalar
meson production byF— —io- k' F. Equations(D8) and

where the upper sign is for mesons of identical and the lowe(D9) are related via

one for mesons with opposite parity and

_ with s{‘vz (£°,€). Obviously,Fs and F5 only contribute for
B: —

5B(S.+8,)|,

1
Rt:EBimB, R —EB/ Mg, 77_\/5 RiR+
S.={stmg, S.={stmg. (D6)
. ; RLR_ D).
Using o k’)( = *x,1ando- k)( 1% x, 1 the helicity de- 877\/—
-2 =2 *3
pendent amplltudes result in: "
RLR_ +S.By),
477\/5 '& ~ 77\/5 - p toP )
Vilid iv_%_%zf cos—(A+B),
mgMmg: 2 o
RLR +S_By),
11 1,1 47T\/§'ﬂ~~ W\/§++p p)
Vid-3=%V-1+ §=fmsm§(A— B) (D7)
1
with the upper sign anéi=1 for mesons of identical and the Fs=— k’ Fa= 87rmM\/—VR R- (S+C+mMD)
lower sign andf=i for mesons of opposite parity.
1.
2. Spin-1 spin4 — spin-0 spin-4 Fe=— F C— \/_\/R "R,(S_.C—mZD)
T
Replacing the Dirac operatdifal“ﬂsg‘v the general form M (D10)
of I, is with
_ ’ 4 ~
Iu(s,u)=0-[Ayp,+Ayp,+(Byp,+Byp,)k+Cy, Fme-p'Fite pF(Ay—Ay.By—B,),
+Dky,], D8
Yul (D8) k\/_
with ® =i y5 for pseudoscalar an@ =1, for scalar outgoing e P=eoPu= my
mesons.F is constructed in analogy to the virtual photon

case[36]: 1
[ ] 8p,Eggp;L:m—(EBrk‘}'k/EMCOS’&)
M

F=io eF+ oK o (kxe)Fy+io ke K Fy
o R R In the c.m. system th&; are related to the helicity dependent
+io-K'e- k' Fy—ieo-K Fs+o-kFs), (D9  amplitudes vig73]

Amys 1

)
3= f = smf}cos—( Fz—Fa)
VmgMg: \/— :
4wf 1
\/mBmB, V2

4
v+§+g=1v_g_§=f%fc035
BB’

477\/5 o

Vol i=+p 1 1=f——— [2sin-
Vitgm sy gof AT
1=FV L =
Tt 2 Ny

<
+
(SIS
+
Nlw
I
I+
<
Nlm

O
—sin ﬂsm—( Fat+Fa),

<
+
l\)lll—‘
NIw
Il
+
=
l\.)ll—‘

43
2

f1+f2+3|n2 (.7'-3 f4)}

U
Fi+Fot co§§(f3+ Fa) |,

o O
£°C0S; (— J5~ Fe),
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¢ 477\/5

VMgMg!

Vit o=+V_1.0=

where the uppeflower) sign andf=i (f=1) hold for pseu-

04
socosz(—]-‘SJr}"e),
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(D11)

Note that this is not a minimal set of Lorentz tensors, since

doscalar(scalaj meson production. Here, we have used theby applying parity considerations the minimal set must con-

helicity notation introduced in Appendix A.

3. Spin-1 spin4 — spin-1 spin-
Replacing the Dirac  operator I'(s,u) by
FMV(SyU)Sf\,SI;, , it is straightforward to rewritd’ ,, by
r,(suw=A,+B,k+C,y,+D Ky, +E,v,+F, Ky,
+Gy, v, THKy, v, (D12
with
A,uV:Appp,upv"'App’ pup;'}_Ap’pprv'*'Ap’p'p;Lp;

+Ag0,,, similarlyfor B,,,

C,=Cpp,+Cyp,, similarlyfor D,,

E,.=Eyp,+Epp,, similarlyfor F,.

(D13

siﬁg(Q+

+
NIw
|
Nlw
Il

o o2 sin?
Al g=co 5Siny Q.

+2k’[P_Ep,+Pin,]},

2

LY 0 L L0
AL 3= —sir 5cos51 Q| 2Kk coS' = (Aprp = 2F ) —Ag—2G

+2k’[P+Ep/+PSFp/]},

, s’-ﬁ D
Aisii=—co >sin

Q+

NI=

—2KP_(C,+2H)+ PiDp]],

N
2kK'COS 5 (Aprp = 2F )~ Ag—2G

o) 19
2KK'Sir? - (Ap1p= 2F 1) + Ag+2G

L,
2KK'SirP = (App= 2Fpr) +Ag+2G

sist of 3X2X3X2/2=18 elements, whereas the above set
contains 20 elements. This is due to the mixing of Lorentz
and Dirac space. An alternative approach would be to span
the Lorentz space first via a basisn,
={p..P, K, .&,.aps0"P' Pk, and then combining this ba-
sis with the nonreducible contractions of thematrices with

the basis’ elementst”,,=n n,®{Kk,1/ysk,ys}, where the

vs is needed when exactly one Levi-Civita tensor is in-
volved. By comparing these two sets one can deduce how to
rewrite the setD13) in terms of a minimal set of 18 Lorentz
tensors. However, since it is more straightforward to decom-
pose the Feynman amplitudes in terms of the set given via
Eq. (D13) the corresponding formulas are presented for this
set. In the notation

V= (D14

! A
Jamgmg R, R,

one finds

S ! of ﬁ
+Q3| 2kK'sir? 5By + By + 2H

|

S| 2Kk’ §ﬁ
+Q| 2kk' co EBp,p—Bg—ZH ,

S ! of 1?
+Q2| 2kK'sir’ 5By + By + 2H

+Q3

L0
2kK'coS Bpyp—Bg— 2H

S ! of 13
+Q2| 2kK'sir’ 5 Byrp+ By + 2H
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A +Q3

NIw

¥
2kK'coS 5 Bpyp—Bg—2H

L rco2 )
,%=5|n2§COS§ Q-|2kk COSZE(Ap’p_ZFP')_Ag_ZG

+2K P, (Cp+2H)+ PS_Dp]],

2

b} L0 5} 9
Al i=—cos;{Q_||2kk sunZE(Ap,p—sz,)jLAg co§§—23|nz§G

o
+QS +2 sinZE[P+{k(Cp+2H)+k’Ep,}+ P° (kD

¥ Y ¥
(Zkk’sinZEBp,p—F Bg)coszE—Z sirf > H

+k’Fp,)]],

2

0 L0 L, ¥
Asdoi=—siny) Q.|| 2Kk cos = (Ayp—2F ) —Ag|sin’ o +2c08 5 G

+Q°

L L0 L, & Y ,
2kK'CoS 5Byp— By |SiP 5 +2 co$ - H | —2 co$ o [P_{k(Cp+2H) —K'Ep }

+Pi(kDp—k’Fp/)]],

E
k{s-p(App—2F ) +e- p'(Ap,p—sz,)}—m—:”A(Ag+ ZG)}

9 9
A+g+0=\/§co§§sm§(Q

Ew
+Q3_ k(s-pop+8~p/Bprp)—mB

KPS
8| " Cot Mu(KP-Dp=2Q.H)

E
k{e-p(App—2F ) +e- pI(Ap,p—sz,)}—m—:’;(Ag+ 20)}

U )
A2 o= \/55|nz§cos§[Q+

] KPS
+Q° - Cot My (kP Dp—2Q H)

(e PByyte-p'Byrp)— B
E- E- ’ —
PBpp™ &P Bprp) =1y By
s Q2
A+%_0=+A+g+o+\/§sm§ Pi(e-PEpte-p'Ep)+ P2 (e pkFpte-p'Fp)+——G+myQ.Hy,
M

ﬁ ’ S ! Qi
A+%+0:—A_g+o—ﬁcosz P (¢-pEpte-p'Ep)+PS(e-pFpte-p Fp,)+m—MG+mMQ_H ,

Ew
K'(8'-p'Aprpr+e’-pAypt 28’ -KF ) —— - (Ag+2G)
mM/

DAY
Aigid=— \/5c0§§sin§{ Q.

+Q%
mM/

k/
+_(P,iEpr+Ps_str)} y

EM/
k,(SI . p,Bprpr+8, . porp)__(Bg+ ZH)
mM/

A‘FO*

NIlw

H /l? ﬂ ! ! ! ! ’ EM’
=2si? 5cos; | Q.| K'(e” P Ayt e’ -PAyp+ 26 «ka,)—m—w(Ag+2G)

+Q°

k/
+—(P'5Ep,—PSpr,)],

EMI
k’(S" ’B ’ /+8,' B/ )__(B +2H)
P Bpp PBpp m g e

M’
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9
A+o_%=—A+O+g+\/§sm§ P.(e'-pCy+e’-p'Cp—2¢'-kH)+PS (e’ -pDp+e’-p'Dy)
1
+—(Q’S_G+QS+SH)J,
mM/
9
A+o+%=—A+o_g+\/§cosz— P_(e'-pCp+e’-p'Cp—2¢"-kH)+PS (' -pDy+e’-p'Dy)

1
~——(Q'5G+QH)

mMr

U
A+0+0=COSE[ Q_[e-p(e"-pAppte’ - p'Apyt+2e' -KFy)+e-p'(e'-p'Aypte’ -pAypt2e’-KFy)

te-&'(Ag+2G)]1+Q%[e-p(e’-pBypte’-p'Bpp)te-p'(e-p'Bppt+e’-pBpip)
S

P
+e-e (Bg+2H)]+m—M(8 p'Cpt+e’-pCy—2&"-kH)+myP_(e'-p'Dy+e’-pDp)

1S PSS 1
+ ’ — ’ ’
+—(e-pEp+e-p'Ep)+——(e-pFpte-p'Fp)+ (QSG+m3Q'SH) |,
mM/ mM/ mMImM

O
A+0,0=Sln§ Qile-p(e"-pAspte’ p'Apy+2e' -KFy)+e-p'(e"-p' Ay t+e’ -pAypt2e’-KFy)

+8-8’(Ag+2G)]+QS,[8-p(s’-pop+8’-p’Bpp,)+s~p’(s"p'Bp,p,—l—s'-po,p)
S

+8~8’(Bg+2H)]+m(s'-p'Cp,-i-s’~pCp—28'-kH)+mMP+(8'-p’Dp/+s’~pr)

p’s pss 1
+——(8-pEy+e-p'Ep)———(e-pFpte-p'Fp)— (Q3G+m%4Q'5 H) (D15)
mmr mMr limM

with TABLE XIll. Isospin operators in the interaction Lagrangians
for 1+2—3. For the notation, see text. The missing normalization
! !
Q-=RiR;*kk', P.=kRy*k'R,, factor of 3 for 1@ 3— 3 is absorbed in the coupling constant. Note
that in the last case, the coefficient resulting from the transition
QS =R,R,S_*+kk'S,, P5=kR,S,*k'R,.S_, operator is just the Clebsch-Gordan coefficiehitl 6,1, 1,;3,15,).
Q'S =R\R,S *kk'S, Iy Iy I3 operator
P'S =kR,S, =K'R, S’ , 0 1 1 Xbxe
2 2
*=R,R,S_S’ *+kk'S,S, 0 1 1 RN
N
1 1 X3T @1X
PSS=kR.S,S *k'R,S_S, 5 5 s
and forhy, Ay, =0: 1 1 1 i@ (1% )
1 \/gk’ 1 1 3 T; $P1X2
e'-p=—(Egk’ +Ey kcosd), &' -p'=—-o, 2 2
mM! mM!
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1 UI‘WUS“s’T” have been calculated by a decomposition of
g’ k= — (Emk’ —En/kcosd), I',, into the 16 4<4 Clifford algebra elements.
M!

eg' = (kk' — EyEyyCOS9). (D16) APPENDIX E: PARTIAL WAVES AND HELICITY

My My AMPLITUDES
The other helicity amplitudes follow via In this appendix the relation between the helicity partial

r_ waves and the standard partial waves#dt— N is given.
An=(=DN AL, (D17) P - g

Using Egs.(B2), (D7) and the well-known relations be-
We have checked these formulas numerically against the calween the Wigned functions and the Legendre polynomials

culation method developed by 4], where the combinations P/#(x), X=cosd one recovers the standard partial waves:

. Vpp' mg:m
Ti=T 3 1T 1 1=~ PP e de (d 1 1(15‘)V Lard (VL )
22 212 272 877\/— 2tz —2t2 272
vVpp' v~ o
=—ﬂ dx| d ; ;(13‘)cos—(A+B)+dJ 1 1(9)sin7(A—B)
2 +32+3 —2t3 2
- [;p J dx[AP/ (x)+BP/ +1(x)] T/ ., (ED
|
where the pion angular momentuwy, is related to the total 1
2 1 2 2
angular momentum by=/"_*3 [p%]kj5<¢k|p%|¢j>:§7.k7.j ,
APPENDIX F: ISOSPIN DECOMPOSITION R R 1
OF HADRONIC REACTIONS [P2lj=(eu Ple)= k=3 e (FD)

i =101 1@l
1. Scattering of (I =1@3)into (1=1&3) where |¢;) and (¢,| refer to the incoming and outgoing
The isospin projection operators for scattering b=(  asymptotic isospin-1 particles. The possible charge ampli-
@3) into (I=1®3) can be written in a cartesian basis as tudes can hence be decomposed into isospin amplitudes,
. 1o, 3
2 2
PITA+P3TS

1 1 1 1 11 1 1 3
ng;IZETfi gDJ,IZE = (,Dk,lzi |¢11|:§ = |:2 3TkT]T it 5k] 3Tij Tfi

where [|=3) and (I=3| have to be replaced by the isospingfs=|3,*3). Using the pion phase conventigm=)=
F1/J/2|1,%i,0), this leads explicitly to

1 1.1 1\ 1 111 1
1+ 1§1+§ - ' 151_5

1
I_E , (F2)

1 1
1,+1;§,+§ Ty Tii

1 1
1,_1;§,+§ Tfi

112 45} =110 - T
TR T T\ T g

10'1 1T 1 l'l L = 10'1 1T 1 1'1 L _\/E Tg T%
3 151_5 fi ' 1§1+§ - ) 1§1+§ fi 1+ 151_5 _?( f|_ f|)l
_l 1 _1 1 _l 1 _1 1 2 i
1,0,§,+§Tfi 1,0,5,4’5 = 1,0,5,—51—“ 1,0,5,—— ——(2T +T ) (F3)

which is is in line with the Condon-Shortley conventipfb] and the usual Clebsch-Gordan coefficiedth
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3)

1 projection operator in accordance with

2. Scattering of (I=1@3) into (I=0@3=
Choosing thd =

the Condon-Shortley convention and hence correctly normal-

ized,

-1
[P=757

the isospin decomposed amplitudes are

I=0;l lT I=1;l ! I u T%I !
SRt B LT R = A | L
(F4)
and explicitly
1 1 1 1 J2 1
- ) _ .- )= 2
<0|0|21 Z‘Tfl 1! 1121+2> 3Tf|;
1 1 1 1\ 2 :
. i X - )= 2
<0,0,2,+ Z‘TfI 1,+1,2, 2> 3Tf|,
000+ ST, 1,00 4+ ) = 173
’ 12 2 fi ’ 151 z _E i
00'l T O'1 1_1 T% F5
[ 12 2 fi 3 151 E _ﬁ fi- ( )
3. Isospin operators in the interaction Lagrangians
The isospin operators in the hadronic interaction

Lagrangians for +2—3 are given in Table XIIl, where the
vector T for | =3 particles is given by
3 1
TM)'=2> (E,Ml,r:z,m)som

r,m

with (3,M|1,r;%,m) the usual Clebsch-Gordan coefficients

(see, e.g., Ref4)).
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APPENDIX G: OBSERVABLES

1. Cross sections

The uniform differential cross section expression for all
reactions is

do  4mgmg k' 1

E 4(477) k s, g/ |M>\'>\(19)|
_m’1
2 5 2 PP (G

where Eq(A5) was used and the sum extends over all values
of A and\'. s; is the usual spin averaging factor for the

initial state. The amplitudeZ, /,(9) is given by (e.g., for
NN >0):
7;\')\(13)_%2 ( )\)\1(19)7;]\/)\
! 77
E; m\'(ﬁ)( o)
(G2
The total cross section reads for all reactions
4o 1
o= — — P12 G3

where the second sum extends only over positivend\ ’.

2. Recoil polarization
The recoil asymmetry results in
I()P=2ImT, 1, 1T L, 1, (GH

where we have used the amplitude of E§2) and the cross
section intensity

T(H=32 [T (9|2 (G5)
)\,)\’

Here the sum extends over all possible values\fand\'.
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