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Pion-nucleon scattering in a meson-exchange model
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The 7N interaction is studied within a meson-exchange model and in a coupled-channels approach which
includes the channelsN, 7N, as well as three effectivenN channels, namelyN, 7A, andoN. Starting out
from an earlier model of the Julich group systematic improvements in the dynamics and in some technical
aspects are introduced. With the new model an excellent quantitative reproduction fhtease shifts and
inelasticity parameters in the energy region up to 1.9 GeV and for total angular modse8ia is achieved.
Simultaneously, good agreement with data for the total and differemhiab #N transition cross sections is
obtained. The connection of theN dynamics in theS;; partial wave with the reactionrN— #N is discussed.
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I. INTRODUCTION 77N channelqoN, pN, andA7) and thenN channel[8,24].
The treatment of correlated7 exchange was made more

The 7N interaction is interesting for several reasons. First, . . o
it is one of the main sources of information about the baryonconS'Stent and transparent in RE25]. The possibility of

. nerating resonan namically w I tematicall
spectrum. Thereby it serves as a doorway to the understands < ating resonances dynamically was also systematically

) . . . . tudied. It turned out that only one of them, namely the
ing of QCD in the nonperturbative regime, and especially o R .

- . S . 7 “Roper resonanci;4(1440, can be understood in this way in
the confining mechanism, which is most important for bind-

the framework of the JulichrN model [8,24]. Other reso-

ing a system of quarks into a hadron. For example, experi-
mental information about the mass, width, and decay of oh c> such &5,(1539, S;4(1650, D15(1520, andA(1232

. d to be included explicitly. The latest model provided a
baryon resonances serves as a testing ground for seveg@

X : : od qualitative, and in many partial waves even a quantita-
models of the internal structure of the nucleon and its excite ive, description ofrN scattering in the energy region from

states. Most of this information is extracted from partial inreshold up to 1.9 GeV8].
wave analyses ofrN scattering datgl—-3). Unfortunately, a further improvement of this model by
The 7N interaction is also interesting by itself. The wealth simply introducing further resonances and by including ad-
of accurate data and the richness of structures shown by thegitional inelastic channels proved to be impossible due to
provide an excellent but also challenging testing ground foseveral reasons. First of all, in some partial waves the devia-
any model description in terms of effective degrees of freetion of the model predictions from the data at higher energies
dom, e.g., for chiral perturbation theof4,5] but also for the are seemingly not due to missing resonance contributions
more conventional meson-exchange pictige8g|. only. Already the basi¢nonresonant or backgroundontri-
Finally, the 7N interaction is an important ingredient in butions of the model by Krehét al. [8] are incompatible
many other hadronic reactions and in particular for the mewith the general trend exhibited by the experimental phase
son production in nucleon-nucleaNN) collisions [9,10]. shifts.
N rescattering is an essential mechanism in the reaction The second problem is a strong influence of Mi&1650
NN— NN near threshold11-13. There are also strong in- resonance on the low ener@y; phase shift. In fact, it gives
dications that rescattering involving theN system plays an the main contribution to this partial wave even at threshold —
important, if not dominant role, in the production of the  which is, of course, unphysical. This means, in turn, that any
[14-17 and @ mesons[18,19 and even for the associated additional channels that couple to th&(1650 resonance
strangeness productiofNN—NAK,NN—NXK) [20,2T.  will likewise have a strong influence on tt&; phase shift
Thus, model investigations of such production reactions reelose to threshold, a certainly undesirable feature.
quire solid information about the corresponding elementary Finally, the existingmN model yields only an unsatisfac-
reactions such agN— 7N, "N— wN, 7N—KA, "N—KZX,  tory description of the inelasticity parameter in the partial
etc. wave and at the same time it overestimates ie— 7N
Over the past few years, in a series of papers, the Jilictransition cross section close to thl threshold. These two
group has investigated theN interaction in the meson- related problems are believed to be due to shortcomings in
exchange frameworf8,22-24. One of the main novelties of the treatment of thermN channel.
the model was treating the- and p-mesont-channel ex- In this context, let us mention that ti8, partial wave is
changes as correlated two-pion exchange, using the dispeuf particular importance for thgN andKA channels close to
sion relation technique. The Jilich model was originally con-their thresholds. ForrN— 7N as well as7N—KA experi-
structed to describe elastieN data not far from threshold mental information on the transition cross sections and also
[22]. Later the model was extended to higher energies bylifferential cross sections and polarization observables are
including several inelastic channels, namely, three effectivavailable. An analysis of these data within our model re-
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quires a satisfactory description of t8g 7N partial wave in  malism of Ref.[30]. The dominant clusters are tiein the
the relevant energy range. Moreover, an adequate descriptiarN interaction, thep in the vector-isovectotrar interaction
of the S;; inelasticity and of therN— #N transition ampli- and the strong correlation in the scalar-isoscalarinterac-
tude is also needed if one wishes to investigafgoduction  tion, which we callo. Therefore—besides theN and N
in NN collisions [17]. Similarly, the #N—KA(X) transition =~ channels—we include in our model the reaction channels
amplitude plays an important role in studies/Aaf®) produc-  #A, oN, andpN.
tion in NN collisions. It is the main ingredient in the produc-  Accordingly, we have to solve the coupled-channel scat-
tion amplitude based on the pion rescattering mechanisrtering equatiori31]
[20]. i . . i
In the present work we want to remedy the above- (K'Aahg|T,,|Kh{Ap) = (k’)\37\4|V'W|k)\l)\2>
mentioned deficiencies of the JulietN model[8]. Thereby
we aim at a quantitative description of thé\ phase shifts +>0 > f d3q<lz')\3)\4|v'w\q)\1)\’>
and inelasticities for all partial waves with<3/2, from Y
threshold up to around 1.9 Gev. A further and equally impor-

tant goal is the consistent description of the experimental % AT T
information on themN— N transition. E—Wy(q)+ie<q 2T lkhak),
The paper is structured in the following way. In Sec. Il the (1)

main ingredients of ousrN model are described with special
emphasis on those parts of the dynamics where changes amdere \j,\i.»,\{,(i=1,2) are the helicities of the baryon
improvements were made. For the time being, apart from th@nd meson in the initial, final, and intermediate statds,
N channel(described effectively via theN, pN, andAs  the total isospin of the two body system, apdv,y are
channel only the N channel is taken into account. How- indices that label different reaction channeld/(q)
ever, the inclusion of th&A channeand everwN andKS)  =\g?+M,+\g?+m,, wherem,(M,) is the mass of the me-
is expected to be straightforward within the new improvedson (baryon in the channely. We work in the center-of-
model. In Sec. Il we present results for thé&l elastic scat- momentum frame ank(k’) are the momenta of the initial
tering. Specifically, we compare theN phase shifts and in- (final) baryon.
elasticities of the new model with experimental values and The pseudopotentiaV'W (i.e., the interaction between
with the description achieved within the model of Kredil  baryon and mesgrthat is iterated in Eq(l) is constructed
al. [8]. In addition, and as the main result of our paper wefrom an effective Lagrangian. Our interaction Lagrangian
examine in detail the transition reactietN— 7N. Calcula- (see Table ) is based on that of Wess and Zumif@2],
tions for the total transition cross section but also for differ-which we have supplemented with additional terms for in-
ential observables are presented. Furthermore, we shed sorlading theA isobar, thew, 7, a; meson, and the. We also
light on peculiar structures which occur in thél— 7N total  have included terms that characterize the coupling of the
cross section of our old model, but also in other models irresonancedl’ (1535, N'(1520, andN"(1650 to various re-
the literature[26—28. The paper ends with a summary. action channels. The diagrams that built up the interaction in
the 7N— 77N, 7N— #N, and sN— N channels are shown in
Figs. 1 and 2 as an example and also to introduce our nota-
IIl. DESCRIPTION OF THE MODEL tion. The full set of diagrams, including also the transitions

The general framework as well as all technical aspects ofd interactions in the other reaction channigN, oN, and
the JilichmN model have been thoroughly described in ear-™2), ¢an be found in Ref8]. In that paper one can also find
lier paperg8,22,29. Therefore, we refrain from repeating all eXPlicit expressions for all the matrix elements
the details here. Rather we want to give a brief account of iték’A3A4|VLV|kA1A2>.
main features with specific emphasis on the new and im- As already indicated in the Introduction, there are some
proved ingredients of the present model. modifications and improvements in the present model and

Our model of thewN interaction is derived within the we want to summarize them here. First, we now use deriva-
meson-exchange framework in time-ordered perturbatiotive coupling for theS;; N* resonances, as demanded by chi-
theory. Within the envisaged range of validity of our modelral symmetry. The corresponding Lagrangians for the
of up to around 1.9 GeV inelasticities play an increasinglyN"(S;;)N7 and N'(S;)N# vertices can be found in Table I.
important role, as is evidenced by the results of phase-shifsecond, we introduce a coupling of ti$g; N'(1535 reso-
analyses. Hence, coupling to reaction channels that are r@ance to therA channel. Also, this Lagrangian is given in
sponsible for these inelasticities have to be taken into actable I. Finally, the subtraction constant that appears in the
count. The decay modes of the nucleon resonances in thdispersion relations which constitute the contribution of the
energy range under consideration show that the dominamorrelated== exchange in the scalar-isoscalar) channel
decay [besides#N and zN for the N'(1535] is the waN [22] is not set to zero as in our previous modg8s24], but
channel[29]. Since a three-body calculation is much too allowed to assume a finite value. Interpreted in terms of ef-
complicated for realistic potentials, we represent theN  fective exchanges this contact term corresponds to the ex-
channel by effective two-body channels. In doing this we arechange of ar meson with scalar coupling in addition to the
guided by studying strong interactions, between two-bodyderivative coupling as it occurs now for the exchange
clusters of the three-body =N state in the spirit of the for- stemming from the subtracted dispersion integral. Note,
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TABLE I. The effective Lagrangian.
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N T N . U
b , N F)=|\ 25z - 2
P3AsN\_-* Palg P3 /P Pz Pa A“+{
/! ap !
alN '&l v :::@ We use monopole form factoré=1) except for theA
' | q exchange, for which the convergence of the integral in Eq.
PiAL S PoAs Py \p, B, P (1) requires a dipole form factan=2).
N N o N T For the nucleon exchange at thélN vertex
@ (b) (© )
F(o) = Af-my (3)
von N NoB VN[ mDim P+ @
This choice ensures that the nucleon pole and nucleon
A A A N* exchange contribution cancel each other at the Cheng-
' Dashen point, which is needed for a calculation of the
. \ . term[22].
N N - N T For N, N, andA pole diagrams
(d) (e) )
A*+mg n
FIG. 1. Contribution to the elastieN channel. F(q) = AT ESQ) + o QT (4)

wheren=1 is used forS and P-wave resonances, amd
when interpreting the low energy constantsas they occur =2 for resonances in higer partial waves.

in the chiral perturbation theory analysis e scattering, The correlatedrm exchange is supplemented by the form
phenomenologically in terms of resonance exchanges, botiRctor

coupling structures of a scalar to pions can also be identified 2 A2

[§3]. Expligit expressions for those matrix elements F(py Pg) = T O (5)
(K'Nah\g|V,,,[K\\p) which differ from the ones employed in P2 Pa

our old model[8] can be found in the Appendix. Note that this choice differs from the form employed in

~ Mesons and baryons are not pointlike particles, but have gy previousmN models, where the form factor appeared

(mis mesonB is baryon also have a finite structure which, e apply in the present work has the following advan-
in our model, is taken into account by means of form factorsiages: (i) it does not depend on energgij) it does not
These form factors are parametrized by the following anamodify strongly the on-shell potentidhich is assumed
Iytich forms, in whichq is th_e three-momentum transfer {5 pe fully determined by the dispersion integdads long
carried by the exchanged particle. as the energy is not too high; aii ) it does not change

For meson and baryon exchange the t dependence of the potential.

For the contact interaction in the Wess-Zumino Lagrang-
ian [32],

(6)

A2+ m‘21A2+ mg 2
Foupi= (e v
Finally, we want to emphasize that tikeisobar in therA
N channel and ther and p mesons in thexN and pN chan-
us N us N n nels are not treated as stable particles. Rather, as already
@ (b) (©) mentioned above, tha, o, andp here stand forrN and
77 subsystems with the quantum numbers of Fhg par-
NN tial wave in thewN system and thé=J=0 and|1=J=1
. partial waves in therm system, respectively. In order to
simulate these, a simplified model for thy; 7N partial
N* wave as well as for théy, and &;; = partial waves was
adopted in which pole diagrams, in the framework of
. time-ordered perturbation theory, are iteraté8,24].
N n' Q N These models are then used to construct the self-energies
(d) (e of the A, o, andp which appear in the propagators of the
7A and oN intermediate states in our scattering equation,
FIG. 2. Contribution to therN— %N transition(a)—(c) and to  i.e., we replace the two-particle intermediate state propa-
the 7N channel(d)—(e). gator for wA, oN, andpN by
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TABLE Il. Masses of mesons and baryafis MeV) used in the Most of the coupling constants have been taken from
calculations. other sources. The coupling constants of the pole diagrams
are constrained by values determined from their decay

Mesons Baryons widths, for which we take the estimates of RE38]. The
m_ 138.03 m, 782.6 My 938.926 parameters which are not fixed from other sources are shown

in boldface. These are the purely phenomenological coupling

mn ng :1? 1928(;2(').70 m 1282.0 constant at the tripler vertexg,,, and the subtraction con-
m" 769.0 1 stantA, for the dispersion relation in the channel. In addi-
P i tion, the cutoff masses are treated as free parameters. These

free parameters are determined by a fit to#iNephase shifts
1 1 gnd inelasticities fod=<3/2 and therN— #N cross section

— , (7) in the energy range from threshold to about 1.9 GeV. Here

E-Wya) E-W,q)-2,(Esp we should emphasize that we restrict ourselves to values of
where the cutoff masses of about 1-1.5 Gé&W some cases up to
2 GeV for heavy exchanged particjes.e., values in line

Equp=E - 0,(q) —[V(MQ)?+ G2 - MS] for theA, with typical hadronic scales.

Parameters of the pole diagrarttsare masses and cou-

—E_ T2y 72 O _ pling constantsare given in Table IV. Note that the bare
Esup=E~En(@ ~[N(M)"+ ¢ -m] forr=p, o (8) nucleon mass and bareN coupling constant®,, are not
is the energy of the decaying cluster at rg34]. The bare free parameters, because they are fixed by the physical val-
massesM} andm’ are determined by fitting the models to ues of these quantitigsf. Ref.[22]). However, the cutoff at
the relevant phase shifts of theN and == systems, cf. the 7NN vertex was allowed to vary, in order to fit tH®
Refs.[8,24] for details. By taking into account the self- partial wave. The resulting parameters for the nucleon pole
energy contibutions we preserve the correct threshold beare
havior for the description of pion production in theN (8 )2
system. NN _

The scattering equatiofl) is reduced to a set of one- Mo=1239 MeV,—, = 47 =0.0166,A = 1950 MeV.. (9)
dimensional integral equations by means of the usual parti
wave decompositioj34] and then solved numerically by
standard contour-deformation methd@s,34.

allhe cutoff masses for all other resonance diagrams were
set to 2 GeV.Indeed, the results depend only weakly on
the particular values of the cutoff masses, since their ef-
fects can be always compensated by a change in the cor-
responding coupling constants. The largeness of the cutoff
In this section we present the results of our model#br ~ masses in the resonance diagrams is motivated by the spe
elastic scattering and for theN— 77 transition in the en- cific analytical form of the employed resonance form fac-
ergy range frommN threshold up to 1.9 GeV. First we dis- tors, which fall off with momentum rather rapidly even for
cuss the parameters that enter into our model calculatiorsuch a large cutoff mags9].
Then we present the results for thé\ phase shifts and in-  In general, we adopt positive values for the sign of the
elasticities. In particular, the role of the background and ofbare coupling constants. However, we use negative coupling
the resonance contributions is analyzed. We also compare tig@nstants if this leads to a better agreement with the data. In
results with those of the previous version of the model. Furthe case of tthp (1720 7N vertex we changed the sign of
thermore, we analyze in detail the results for tild— »N  the coupling constant because this allows us to obtain a bet-
total cross section and angular distributions and discuss thier description of therN— »N differential cross section via

IIl. RESULTS

role of the background in this process. an interference of th@,; with other partial waves. Finally,
we would like to remark that among the three phase-shift
A. Parameters of the model analyses, whose results are shown in figures, we use the en-

. . . . [ lysis f R h i ide-
Our model is based on the effective potential, which Waﬁe;%yfér;(jtﬁgefr&gﬁgtp&:gi’gf;&srerom €2] as the main guide

described in Sec. Il. The masses of all the particles appearing
in the model are collected in Table Il. Here one should pay
attention to the mass of the meson. While ther exchange
in the WN— 77N potential is evaluated using a dispersion re- We start the discussion of the elastitN data by first
lation, we have anothet-channelo exchange in thesN looking at the phase shifts as they result from the original
—oN potential. In this case we choose the valog model of Krehlet al. [8] (cf. the dashed curves in Figs. 3, 4,
=650 MeV, which was extracted from a Breit-Wigner pa-and 5 In general, the quality of the description is rather
rametrization of the correlategt exchange in Ref{37]. good, but there are some unsatisfactory features which we
Table 11l contains coupling constants and cutoff param-would like to point out here.
eters of the form factors for the vertices entering thand First, there are significant deviations of the model results
u-exchange diagrams and the contact terms, i.e., those whidtom the data in some partial waves, specifically in Ehg,
constitute the background. S;1, and D33 waves. Evidently, the discrepancies are prima-

B. #N elastic scattering
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TABLE lIl. Parameters of the vertices which enter into the background diagrams. Free parameters are
given in boldface.

Vertex Type of the diagram Coupling constant Reference CutaieV)
Correlatedww exchange:
p channel 1000
o channel Ag=25MeV/F2 900
f2
NN N exchange %EO.O??S [59] 1100
v
NAm A exchange %’:0.36 [59] 1800
w
NNo N exchange gélﬂ"-’:o.84 [59] 1600
T
k=6.1 [59]
NNpm Contact term ~FanaONNp 1100
NN 7 exchange ~1;NN7T 900
wp m exchange Grmp 900
NN R
@ w exchange %":11.0 [59] 1200
T
@mp w exchange g4ﬂ72:10.0 (18,60 1200
T
NNg a; exchange ~fNNm 1600
a,mp a; exchange ~ONNp 1600
NNp p exchange ONNps K 1400
ppp p exchange ~ONNp 1400
NNpp contact term 2~g§NPK 1200
f
NAm N exchange ;—A’T:o.e,a [59] 1600
T
f
Al A exchange %:0.252 (61,62 1800
T
f
NAp p exchange NAr_20.45 [59] 1400
2
Adp p exchange %2:4.69, (61,62 1400
T
9;
Zo8=6.1 (61,62
Ap
Y p exchange —F:Z.QO [63] 1400
vl
NNor N exchange i’:—N":lS [37] 1800
T
e 7 exchange %’{—’“’:0.25 [64] 1050
T
NNo o exchange ~ONNe 1700
2
i o exchange %1’;'”:0.275 1700
24T
NN7 N exchange %7:0.00934 [24] 1500
T
OINNa, 97
NNz ay exchange WZ"—”%:S.O [24] 1500
ar
TNy ay exchange 1500

rily due to the presence of resonances in these partial wavesigny. However, as one can see from Figs. 3 and 4, in the
which are not yet included in the model. However, it is easyP,; partial wave the phase goes in the opposite direction to
to see that the inclusion of the resonances in question alortee data, and irs;; partial wave the deviation from the data
will not help in the case oP,3 andS;;. This is because such at energies above the position of the resonance is huge.
resonance contributions will vanish again above the position The second problem of theN model of Krehlet al.is the

of the resonance within the energy range given roughly byresence of a long tail of th® ,(1650 resonance. This leads
the width and the phase shift will change by 18&°the  to the undesirable feature that even at very low energies the
resonance contribution and the background have the san®; phase shift is strongly influenced by this resonance, in
signg or turn back to the background they have opposite conflict with chiral symmetry. As was shown by Weinberg
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TABLE IV. Parameters of the pole graphs: bare masses and
coupling constants. The minus sign in parentheses indicates that thf50 .

Phase shift [degree] Inelasticity (1-r]2)
coupling constant is negative. b

T T T T T
o

120
f2/(4) 90

Resonance Bare mass wN TA pN 7N 60
(MeV) 20

Ng,(1539 ~ 2051  0.00045 1.09) 0.0247 0
Ng (1650 1919  0.0067 0.046 180
N5 (1720 1910 0.0031 0.0085) 0.079-) 150
Np (1520 ~ 2263  0.00037 00118 0.609 0.0008 1:8
A(1232 1459 0.163 o
As (1620 2419  0.0154  2.9%) 30
Ap,(1910 2121  0.0043  0.007) 0
Ap, (1700 2252 000038 0.03) 0.011 0

and Tomozawd40,4] the isovectorsswave 7N scattering
length is fully determined to leading order by the pion mass
m, and pion decay constaiit,. Therefore, the presence of -10
contributions related to thy" (1650 resonance at low ener-
gies is unnatural and physically hard to justify. Figure 5
shows the discussed effect. One can see that the low energ]f0 I
S, phase shift even changes its sign when all couplings toloo-—
the S;4(1650 resonance are switched off. |
A detailed inspection of this problem revealed that the g
long tail of theS;1(1650 resonance is predominantly due to
the rather hard form factors used in the model of Kretél.
and, in particular, in those diagrams contributing to tié
— pN transition potentiafthere is a direct coupling of theN
?’lzsvmr]‘r?(l)(;(()alﬂ\:vfll\fvla6n5tot]6 éf/(;liv c? S;hrgelrjlélgnoefd e?(?:grr‘r? é|l; It:rz e FIG. 3_. ThenN phase shifts and inelasticities for the isospin
. =1/2 partial waves. The dashed curves show the results ofrithe
cutoff masses anyway. A further reduction of the near thresh-

S . : model of Krehlet al. [8]. The dash-dotted curves represent the
old coptrlbutlon fr'om'th(-Sll(16$O resona*nce is achieved by results based on the background contributions of our new model, as
choosing the derivative coupling for t N vertex(see

= g ) discussed in the text. The results of the full model are given by the
the Appendi in analogy with theNNa coupling. In the new  s|id lines. The data are from the phase-shift analyses K58t
model the missing strength at low energies is provided by th&wmos 2], and SE-SM952]

correlatedr exchange in ther channel. It can be generated
by allowing the subtraction constant, which occurs in thealso that thep exchange alone provides such a strong attrac-
corresponding dispersion relations, cf. Eg1) in Ref.[22],  tion in the Py, partial wave that it is almost sufficient for the
and which was set to zero by hand in the old md@) to  formation of a resonance. However, it is partly canceled by
assume a finite but still small value. the contribution from the nucleon pole. One should empha-
Now, let us consider the nonresonant p@mt the back- size here that, in contrast to the old model, we do not have
ground of the new model. First one should note that themuch freedom in varying the strength of tpeand o ex-
main contribution to the background at low energies is, ofchanges(except for the subtraction constant mentioned
course, provided by diagrams that involve only #ié chan-  above, since their contributions at low energies are basically
nel. Therefore, we start by discussing the importance of varifixed due to our choice of the form factotsee Sec. I
ous 7N graphs for the different partial waves. There are fiveThus, the simultaneous description of the background in
diagrams in therN— 7N potential, cf. Figs. (8—1(e): cor-  seven partial waves with a rather small number of parameters
related wm exchange in thd=0, =0 (¢) andJ=1, =1 (p) is to be considered as a success of our m¢dfetash-dotted
channels, nucleon and u-channel exchanges, and the lines in Figs. 3 and ¥ We have not included the,; partial
nucleon(s-channel pole diagram. It turned out that the con- wave in these considerations, because there the coupling to
tribution from the A exchange is very small in all partial the oN channel plays a rather important role.
waves. (As a consequence of this, we do not include As a confirmation for the quality of the background con-
u-channel graphs involving heavier resonancebBhe S  tribution we also looked at the phase shifts with5/2, cf.
waves are dominated by tipeand o exchanges. The nucleon Fig. 6. These partial waves were not included in the fitting
exchange becomes important in higher partial waves. Notprocedure and, therefore, are genuine predictions of our

0 i
1.11.21.31.415161.71.81.9 1.11.21.31.415161.71.81.9
Z [GeV] Z [GeV]
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FIG. 5. Phase shifts and inelasticities feN partial waves with
J=5/2. Sameadescription of curves and experiments as in Fig. 3.

1.11.21.31.415161.7138 1.11.21.31.415161.71.8 The channelgN and wA are important for the inelastici-
Z [GeV] Z [GeV] ties at high energies in all partial waves, but, in particular, in
the Dy3, P33, and P35 In the P33 partial wave there are no
FIG. 4. ThenN phase shifts and inelasticities for the isospin resonances in this energy region that couple strongly to the
=3/2 partial waves. Same description of curves and experiments agN system[29]. Thus, coupling to these channels #aand
in Fig. 3. u-channel exchange diagrams is the only source of inelastic-
ity in the P33 7N partial wave. The most important diagrams
model. It is evident that our results are quite in line with thefor the Pz inelasticity are thep exchange in thertN— 7A
general trend of the dataisregarding the resonance struc- potential and, partly, the nucleon exchange in ti¢— pN
tures, of course potential. One should mention here also #hexchange dia-
The next step is the inclusion of the inelastic channelsgram in themN— pN transition. It turns out to be much too
The most important ones are those that represent effectivelstrong in theP,5; and S;; partial waves, independent of the
the ##N channel, namelyN, oN, and7A. The oN channel cutoff used. Its contribution alone produces a very strong
couples dominantly to th®,; #N partial wave. It is a con- cusp in the region of theN threshold in theS;; phase shift,
sequence of the parity difference betweerand o, which  and drastically modifies the behavior of tRe; phase shift,
implies that theP;, 7N partial wave couples to aBwave in  bending it upwards. Luckily ther-exchange contribution is
the oN system. In the course of adjusting the free parametersanceled to a large extent by thé&— pN contact term from
attraction is introduced into theN channel and also a strong the Wess-Zumino Lagrangian, and also by thexchange
7N— oN transition potential results. This, in turn, provides diagram. Ultimately, on the whole, the phase shifts are not
additional attraction in therN channel via coupled-channels too much affected by the inelastic channels.
effects and eventually leads to a dynamical generation of the The final step in the description of the elastitN data
N"(1440 (Rope) resonance in thé®;; partial wave. This consists in adding the resonance terms. We included reso-
mechanism and also its implications for the Roper resonanceances in all partial waves except for tifg; where our
were discussed extensively in previous stud&24 by the  model reproduces the phase shift and inelasticity, including
Julich group and, therefore, we do not repeat the argumentbe structure associated with the Roper resonance, dynami-
here. However, it is certainly reassuring that also within thecally via a strong coupling to theN channel, as already
new model the Roper resonance turns out to be dynamicallgnentioned above. In thg,; partial wave there are two reso-
generated, and no genuih&(1440 (three quarkresonance nances, namely, thi" (1539 and theN'(1650. The former
is needed to explain thi,;; partial wave. dominates the near threshoteN— #N cross section(The
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30— — TABLE V. The s and p-wave 7N scattering lengths and vol-
umes in terms ofn;(f“l).
20}
'g‘ This work Referencg65] SM95[2]
:'; 101 S 0.195 0.173+0.003 0.175
% ol S -0.110 -0.101+0.004 -0.087
P11 —-0.089 —0.081+0.002 —-0.068
10 P31 -0.046 —0.045+0.002 -0.039
2 5 3 T P13 -0.031 —0.030+£0.002 -0.022
@ Ec.m. [GeV] P33 0.209 0.214+0.002 0.209
nel, which opens at around 1.7 GeV, to these particular par-
Y tial waves[42]. Therefore, the inclusion of theN channel
might improve the description of these data.
20 ] Finally, let us mention that also the low energy parameters
g e 2 of wN scattering are in reasonable agreement with available
5 10f data, as it should be, since we fit our model to the phase-shift
i analyses. Th& and P-wave scattering lengths and volumes
w  Of are collected in Table V.
1ol C. Description of the N channel
S — The reactionmN— N near theyN threshold is closely
11 1.2 13 1.4 . "
E  [GeV] related to t_he properties of _thé (1535 resonance. The total
(b) em: cross section of this reaction has a very pronounced peak

o ] structure at the position of the resonaricé Fig. 7). In the
FIG. 6. wN phase shift in thé&, ; partial wave. The results of the previous version of the JulichN model the totatz p— 7n
moge: OI tlﬁreglettt a"@hare shown at the to% ?”?hth?slf of thel d”ew cross section was overestimated by about 20—-30% around
:?:]O € r?d ¢ etho forl]lmm ;ﬁ;‘i’tﬁstﬁo”esnﬁﬁg tion ef tu nz?étgo the maximum. The reason for this deficiency is that only the
€) and to e ull mode _he co ution of N and 7N channels were allowed to couple to tNg1535
resonance switched oftlashed ling The data are from the phase- . . :
i resonance. Therefore, in order to describe$herN ampli-
shift analyses KA8450], SM95[2], and SE-SM952]. . . L
tude one had to generate basically the whole inelasticity in
7N channel will be discussed in detail in the following sec- this partial wave by the coupling to theN channel. Indeed,
tion.) As can be seen from the parameters given in Table 1Vthe contribution of theS;; partial wave to the inelastiez™p
among the effectivermN channels, therA channel is al- cross section is given by

lowed to couple to most of the resonances. This channel o
becomes relevant already at rather low energiesontrast Oin=-—(1- 772), (10)
to the pN channel and it can contribute to botfi=1/2 and 3Ky

I=3/2) isospin states. Since we cannot calculaté— 77N |\ hich amounts tar,,~3.5 mb at the maximum using the
observables directly at the momedte to technical difficul- inelasticity 7 as given by the phase-shift analysis. How-
ties that arise from three-body singularijiesvhich would

allow us to further constrain the relative importance of the 35 ‘
different w7N channels—we choose this particular channel 3; |
for describing the bulk of thermN part of thewN inelastic- i " Ref.[51]
ity. However, in addition, theN channel needs to be coupled 251 5 s §
to some resonances, namel,5(1520, S;4(1650, and - P
D35(1700. In these cases the different energy behavior re- = 2r A Ref.[56] 7
sulting from thepN channel is required for a satisfactory % i * Retlol
description of the experimental phase shifts as well as the 1'5f
inelasticities. 1

The position of theP3,(1910 resonance is located already
above the energy region we are intereste@which is from 0.5
7N threshold up to~1.9 Ge\). Nevertheless it was included N
because its tail still influences noticeably the energy region 0501800 100 - 1850 " is00
around 1.8-1.9 GeV. E. . [MeV]

Note that, among others, the inelasticity in g partial
wave shows an incorrect trend at higher energies, and the FIG. 7. 7~ p— #n total cross section. The solid line corresponds
data are underestimated. A similar, but less pronounced déo the full calculation. The dashed line indicates the paweave
ficiency can be found in th®,5 inelasticity. Some authors contribution. The results of the old model are shown as a dotted line
claim, that there is a sizable contribution from thl chan-  (only swave). The data are from Ref§51-57.
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N*(1650 resonance. Expandin@y_.,n in powers ofZ

below 3 mb, cf. Fig. 7. Thus, it is clear that there must be-Z,, whereZ, is the position of the “zero,” one can see

contributions of other channels to tisg; inelasticity. The
only other channel which is open at energies aroundsthe
threshold is thermN channel. Indeed, ther#N channel
was found to be important in an analysis of thaN
S-waves within the chiral unitary approach of Inoeteal.
[43]. Accordingly, we introduce a coupling of therA
system—which in our model is one of the effective channel
that represent therN channel—to theN" (1535 resonance.
This enables us to describe simultaneously the tafgl
— 7n cross section and the inelasticity in tBg partial wave

in the resonance region, as can be seen in Figs. 7 and
respectively.

The inclusion of arN"A# coupling improves also the de-
scription of theS;; inelasticity above the position of the
N"(1535 resonance. In Fig. 3 one can see that the old Jilic
model produces a strong dip in ti&; inelasticity, which
then leads to a similar dip in th&wave 7 p— #n cross

that the #"p— »n cross section is proportional t¢Z
-Zy)>—which explains the structure of the dip in the cross
section exhibited by the old Jiulich mod@lotted line in
Fig. 7). It is interesting to note that the same effect can be
found in other model analyses, e.g., in the ones by Grid-
nev and Kozlenkd26] and by the Giessen groyRg7,2§

Sn general, when there are more than two channgls,

becomes complex and the cross section at the dip will be
finite—but it will still be small (provided that the inelas-
ticity is not too large.

3. 1n our model theS;; inelasticity in the energy region
around the #» threshold is partly determined by the
N"(1539A7 coupling. In the Aw system this resonance
couples to a pur® wave. Because of this the maximum of

Ii‘he 7N— 7rA transition cross section is shifted to somewhat

higher energies as compared to the resonance energy. Its con-
tribution to the inelasticity is likewise shifted to somewhat

section. We found that the origin of this behavior is eSSeNpigher energies and fills up the dip that can be seen iSthe

tially a unitarity constraint from therN channel. It can be

inelasticity predicted by the old model, cf. Fig. 3. It also

easily understood schematically if we assume a two-channgl,,othens out the effect discussed above and, therefore, we

problem involving only themN and N systems. We also
assume that, apart from th& (1535 resonancéwhose con-
tribution drops quickly when one moves away from its
peal, there is some background contribution to thél

— yN transition potential and that at the same ti(nich is
the crucial point the directyN— 7N potential is negligibly
small. (These conditions are satisfied in the old Julich
model) Then themN— »N T matrix (we consider only the
S; partial wave is given by

T7TN—> 7N = V7TN—> 7]N(1 + GOTWN—>7TN) ) (11)
which can be reexpressed in the fofsee, e.g., Ref44])

77e2i5_l

— |V . 12
2|k,n.N ) WN*V)?N ( )

T*rrN~>7]N = (l +(B+ ikﬂ'N)
Here B is the inverse of the characteristic range of inter-
action, which is determined by the principal value inte-
gral, 6 and n are theS;; phase shift and inelasticity pa-
rameter, andk,y is the on-shell momentum in theN

channel. Let us now examine under what circumstances

we can havel . ,n=0. Given our simplifying model as-
sumption, the conditior _,,n=0 implies that»=1 and
consequentlyg is purely real. Then, it is convenient to
rewrite Eq.(12) as

Tonen =€V + BC sin(y = )V oy, (19)

where y=arctari8/k,y) and a=46-m/2. Note that in the
specific situation we discuss that the phasecrosses
712 (a=0), due to the presence of ttN (1650 resonance
in the 7N— @N interaction, and then continues to rise
rapidly, whereass is a smooth function ok_y and has a
typical value in the order of several hundred Médthe
exact value is, of course, model dependgesb that in the
region of interest we have<1. It is thus easy to con-
vince oneself that the expression in E#j3) equals zero at
some energy abovébut not far fron) the position of the

can achieve a fairly realistic description of the energy depen-
dence ofo,-, ., Over the region of th&' (1650 resonance.
Specifically, we do not get this strong double hump structure
prominently visible in the model analysis of R¢R7], cf.
their Fig. 7.

Let us now look at the energy dependence of the total
cross section over a wider energy range and also at the
7 p— mn differential cross section in order to examine the
importance of higher partial waves. To include the effect of
higher partial waves we introduced a coupling of thi
system to thé?;5(1720 andD; (1520 resonances. These are
the most pronounced resonances in the energy region below
1.9 GeV that couple strongly to theN system. Note that
there are other three-stdf resonance$29] in this region.
However, we do not include these because their coupling to
the N channel is very weak and therefore their parameters
cannot be sufficiently constrained from thé® data.

At energies below 1.6 GeV the slight deviation of the
differential cross section from the isotropic distribution can
be easily described by the interference of Iy resonance
with the Swave amplitudg45], cf. Fig. 8. For the total cross
section theD,5 contribution is of minor importance. Above
1.6 GeV the total cross section can be described by introduc-
ing a coupling of theyN system to thd?;5(1720 resonance,
as is evidenced by the results shown in Fig. 7. However, as is
obvious from Fig. 9, this coupling alone is not sufficient to
achieve also good agreement with the data for the differential
cross section in this energy region. Most likely this points to
missing contributions from higher partial waves, and specifi-
cally from J=5/2 resonances. At present we do not aim to
include these. We would also like to remark that the existing
data do not allow one to discriminate between different
partial-wave contributions—one would need to know polar-
ization observables for this purpose.

Finally, we want to draw attention to the fact that in our
model there is also a background contribution to tHé
— »N transition interaction which is provided kychannel
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FIG. 8. 7 N— 7n differential cross section at energies close to _ ) . . . .
the 7N threshold. The solid curve corresponds to the full result. The_ F!G: 9- @ N—n differential cross section at higher energies.
dashed line corresponds to the case whenDhgpartial wave is The data are from Ref§51] (L), [54] (V), [56](A), and[58](x).
switched off. The data are from Re{&1] (0), [54] (V). [56] (A),  meson-exchange picture and it is derived in its main part
and([58] (X). from the phenomenological Wess-Zumino Lagrangian, con-

_ sistent with chiral symmetry. TherN interaction in the

exchange of they(980 meson, cf. Fig. ). However, the  gcaiar-isoscalar and vector-isovector channels is calculated
role of a exchange is now strongly reduced as compared tQy means of dispersion relations from correlated ex-
the old Jiilich model, mainly because in the present modelhange in order to constrain the contributions of the corre-
we avoid large values of the cutoff mass. In any case, th@yondings andp exchanges. In the present work ambiguities
influence of thea,(980) meson is suppressed at energiesi the treatment of dispersion relatiofd. Sec. Il B of Ref.
above theN (1535 resonance due to the mechanism dis-[22)) are even further reduced by a choice of the form factors

cussed above. , which does not modify the strength ahdependence of the
We also want to present thN effective range parameters jnteraction at low energies. In addition, some more improve-
predicted by our model. They are ments have been implemented. In particular, we now use
a, = (0.41 +0.26 fm, derivative coupling for thés;; N resonances at theN and

7N vertices, as is demanded by chiral symmetry anyway. We
_ . also include some more resonance diagrams, specifically for
Fon= (= 3.4 +i0.4) fm. (14 the S5(1620, P;4(1720, P1910, D;41520, and
Obviously, our result for R@,y) is at the lower end of the Ds3(1700 resonances. o o
spectrum of values that one can find in the literature, cf., The potential constructed in this way was unitarized in a
e.g., the compilation given in Table | of Ré#6]. In fact, coupled channels-Lippmann-Schwinger equation to obtain
it is even slightly lower than the one of the old Julich the reaction amplitudes for various processes. The reaction
model, which yieldsa,y=(0.42+0.34 fm. However, we channels included in the present investigation ahkg 7N,
want to emphasize that such a value is pretty much in line@N, pN, and 7A, where the latter three channels are under-
with conclusions drawn from recent analyses of ti¢  Stood as an effective description of the physigaiN state.

final state interaction in the reactiongl— np» [46] and With the new model an excellent quantitative reproduc-
pn—dz [47,48. tion of the 7N phase shifts and inelasticity parameters in the
energy region up to 1.9 GeV and for total angular momenta

IV. SUMMARY J=<3/2 was achieved. In addition, a good description of the

background in thel=5/2 partial waves was obtained auto-
We have presented results of an extended and improveaiatically. As far as theP;; partial wave is concerned we
version of the Julichm/N model. The model is based on the confirm the results of our earlier investigations that the struc-
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ture associated with the Roper resonance is generated dy- ACKNOWLEDGMENTS
namically by the mpdel so that no genq|Ne(144O (three- We thank S. Krewald and I. R. Afnan for stimulating dis-
quark resonance diagram needs to be included. CUSSIONS.

As the main new aspect we studied in detail the coupling
of the 7N system to theyN channel. First of all we showed
that the overestimation of the"p— »n cross section in the
region of theN’ (1535 resonance by the old Jilich model can
be removed by introducing additional flux from theN to
the w#A channel. Furthermore, the inclusion of thl cou-
pling to theP;5(1720 resonance turned out to lead to a sig-
nificant improvement of the total cross section at higher en;
ergies. At the same time the puzzle of the dip in He
inelasticity, present in the old Jilich model but also in other,
models in the literatur§26,27], could be explained. The ori-
gin of this deficiency turned out to be an almost model inde-
pendent effect of coupleq qhannels upltarlty cqnstramts We E = \W w = \W (A1)
also improved the description of the"p— »n differential
cross section. A remaining discrepancy with the data afl is the four-momentum of the intermediate particle. The
higher energies is most likely caused by contributions front€nsor operatoP*” is given in Eq.(A12) of Ref. [8].
partial waves withJ>3/2 which are not included in our Since we work in time-ordered perturbation theory, all the
model calculation. Note that a detailed partial-wave analysigotentials contain the normalization factor

of this reaction at such energies is presently impossible be-
cause of the lack of data on polarization observables. K= \ /M Mg
(277) E1Es

APPENDIX: THE PSEUDOPOTENTIAL

In this appendix we give the expressions for those contri-
butions to the interaction potentials that differ from our ear-
lier work [8]. For convenience we also summarize here all
pole diagrams since most of them were not included in the
old model. All other expressions for the pseudopotential can
be found in Appendix A of Ref[8]. The notation for the
different particles and their momenta is given in Fig EL,
E3, wy, and w, indicate on-mass-shell energies of baryons 1
and 3 and those of mesons 2 und 4, respectively:

A2
The model in its present form enables a straightforward 2w22w4 (A2)
inclusion of further reaction channels, and specifically those
nearest in energy, namel§A, KX, andwN. Such an exten-
sion of the present model in this direction is planned for the L aN—aN
future. Correlatedsrmr exchange in ther channel[Fig. 1(c)]:
|
= KU(P3, ANa)U(Py, M) | Ag + 16(— 2p; pﬁf)fdt' iE) 2 P(t") |IF (1), (A3)
g (t' = 2me)(t' - 4my)

where P(t')=(1/2wy)([1/(E-w,—Ez—wy) ] +[1/(E-ws—E;—wy)]), wp=Vo?+t’, and f is a Frazer-Fulco amplitude
[25,49. The isospin coefficients are equal #6,(1/2)=1 andIF 4(3/2)=1.
N'(S;1,S31) pole diagramgFig. 1(g)]:

2 q+m0*

1 N
K ~3 “U(ps 3)!04 *E— 0 B2u(Pr, M)IF (1) (A4)
Nucleon,N"(P3,) pole diagrams:
fﬁ N q+ ml?l*
u(p3, )\3)75154 P ——5 ¥ Pu(Py, NIF (1) (A5)
N N
N"(P,3, P39 pole diagrams:
fﬁl*N 1 P*(q)
K u(ps, )\3)P4,L2 0 E- o P2, U(P1, AM)IFps(1). (A6)

m

N"(D;3,D35) pole diagrams:

1 P ”(Q)

U(p3, )\3)75154P4M2 ——5 Y b2P2,u(P1, M) IF (1), (A7)

™ N

IFNo(1/2)=3,IF\s(3/2)=1.
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2. aN—- N
N'(S,,) pole diagram:
0
fnena NNy 1 4+mg ~

K————U(Pg, 7\3)Ib4 —5 B2U(PBy, M) IF (1)

mﬂ mN* E- my-

N"(P,5) pole diagram:

fena NNy 1 “V(Q)

KTU(D& As)p4#2 E_rl. P2,U(P1, A)IFNs(1).

™ N

N*(D;5) pole diagram:

fnena NNy 1 P*(q)
S (g, A u IF o).
K mi (P3 3)?’5p4p4;¢2m E_ N Vslbzpz (P M)IF (1)
IFys(1/2)=13.
3. aN—pN
N'(S,,) pole diagram:
0
 FenaON N 1 4+my .
Ik (P AV (B Na) o =5 Bai(Bu, M) IFye(1).
m; 2my s E=mg.
N"(D;3,D33) pole diagrams
o NN .o . P“*(q)
.IKmET—mPPU(p& N3)[Pa€,(Ba Na) = Paué (Pa, M)]mpz Y bu(P1, M)IF (1)
IFyo(1/2)=3 andIF((3/2)=1.
4. iN— A
N'(S,1,S;y) pole diagrams:
0
fnrna N A 1 4+mg
NN AT (Bay A U(By, A)IF ().
K mﬂ U, (P3 3)p4752mN*E_ma*l?52 (B1, M)IF (1)
N"(P3,) pole diagram:
0
fN N7TfN Am_ +m
—_— N U(py, M) IF ().
K mw U, (B3, N3)py mﬁ E_ ’(3‘75?52 By, AIF ()
N*(P,5 pole diagram:
fnnafnan 1 P*(q)
k————U,(Ps, N3) 75¥54 ———5 P2, u(P1, M)IF (D).
mﬁ N*E my
N"(D;3,D33) pole diagrams:
fnna N AT 1 P*(q)
- k——5—U,(Pa, (B, AM)IFE NS
K mw U,(P3 3)¢42m% E_ mN yslbng (P, M)IF (1)
IFns(1/2)==\6 andIF 4(3/2)=13.
5. )N— N

N*(S,,) pole diagram:
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2

fN N 1 4+ mN
"U(p3, )\3)¢)4 — Pu(B1, AM)IF (D).
- mN* E-mg
N*(P,5) pole diagram:
e 1P
U(pa, N3)Pay——5 =5 P2,U(P1, M) IF (1)
- 2my E-mg»
N"(D;5) pole diagram:
fie 1P q)

Zmﬁ(p& \3) )/5754p4#2 Jﬁpzpzvu(pl, AM)IFNS(D),

m

IF\o(1/2)=1.

6. yN—pN
N*(S,,) pole diagram:
o PO .o 1 q+mN
~ i T(3, N) VE (Bay M) =5~ =5~ Bali(By, M) IF (1),
= 2mN*E my-
N"(D;5) pole diagram:
C enafene_ .. N P**(q)
m#um& A9 (e, (B M) =P (B M) o™ o, PBou(Py, \)IF (1),
IFns(1/2)=13.
7. g)N— A
N'(S,,) pole diagram:
fnngfnar 1 9+ mN
———1Uu A IF ().
K mﬂ U, (Ps, 3)p4752m,?,*E m,?l pou(B, NM)IF (1)
N*(P,5 pole diagram:
N (AP Ba e e iy APl
K— y " y * .
mﬂ P3, A3 4m§E m’?‘pz P A)IF N
N*(D;5) pole diagram:
NN ar_ 1 P*(q)
- kU (D3, 3)!154 =0 ¥ P2P2,u(Pr, M)IF (1),
m:, 2my E- mN
IFpo(1/2)=—2.
8. pPN—pN
N'(S;,) pole diagram:
1 4+m

KgN npU(P3: A3) )Y€ (Ba Na) —5~ o y5é(p2, AU(Py, M)IF s

2m E—
N"(D;3,D35) pole diagrams:
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(A17)

(A18)

(A19)

(A20)

(A21)

(A22)

(A23)

(A24)

(A25)
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v T, PH(q)
] U(P3, Na)[Pa€ (Bas Na) = Panf (B, M)]m[lﬁzf (B2 o) = P2, € (Bo M) TU(By, M)IF (1), (A26)

IFns(1/2)=3,IF\¢«(3/2)=1.

9. pPN—>mA
N"(D,3,D39 pole diagrams:
furnpfnan P#*(q)
ik————U,(P3, A EEEE— N Vé , No) Ju(pPg, M) IR A27
K m,m, (B3 3)!1542 me(E—m )[pzf P2, N2) — P2ué (B2, o) JU(Py, M) IF o1, ( )
IFns(1/2)==\6,IFy(3/2)=15.
10. mA—7mA
N'(S,1,S;;) pole diagrams:
fonn 1 4+ my
~ k—>U,(P3, NPy Y —5~ 0 75p2u (P, M)IFes(1). (A28)
m., 2md. E-
N"(P3,) pole diagram:
2 0
N an 4+my
K U, (P, 7\3)p4 E— 0 Pau,(Pr, AM)IFNS(1). (A29)
N"(P,3 pole diagram:
fz P“(q)
m2 U,(Ps, 3)75lb4 E— Yslézu (B, M)IF () (A30)
N'(D13,D39 pole diagrams:
f2 1 P
N*A7_ Q)
Kz u U, (P3, )\3)l54 —5 BaU(P1, M)IF (D). (A31)
- mN E-mg
IFn(1/2)=2,IF\o(3/2)=3
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