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We present a coupled channels model {0 scattering based oN, A, andNg;,(1535) pole and nonpole
contributions, plus correlated2and a, meson exchange. The open channels consideredldrenN, oN,
and7A. The model gives a qualitatively good fit to the phase shifts and elasticity parameters in both isospin
channels for partial waves up fo= % and«N c.m. energies of 1.4 GeV. Above that energy the appearance of
resonances in various partial waves precludes a precise fit to the data without explicitly including resonances
in those partial waves and—probably—additional inelastic channels. Within the modiEfi535) reso-
nance appears to require a genuine three-quark component, whereld$, {ti440) resonance appears to
permit description as a purely dynamical eff&0556-28188)01803-2

PACS numbes): 13.75.Gx, 14.20.Gk, 24.10.Eq, 25.80.Dj

I. INTRODUCTION through the inclusion of more mesons and more baryon reso-
nances, as well as the adoption of a coupled channels ap-
Nuclear and intermediate-energy physics may, with somg@roach for dealing with the inelasticities. The inclusion of
accuracy, be described as the study of effective interactionisigher baryon resonances also means that one must deal with
for hadrons. The objective, ultimately, is to connect the efthe problem of which resonances are “genuine,” i.e., true
fective interactions with an underlying fundamental theory,qqq states which must be included explicitly in the model,
i.e., QCD. A more achievable goal, at least for the momentand which resonances are generated dynamically by the in-
is the construction of an effective model which unifies re-teractions in the model.
lated phenomena, such as meson-meson, meson-nucleon, andThe work we will present is organized as follows. In the
nucleon-nucleon interactions, in a limited energy domain. lnext section we will present a discussion of thi/yN sys-
is towards this objective that meson exchange models forem and theN% ;(1535), leading to extensions of our basic
mm and K7 scattering have been developgtl, and the  model needed for a detailed description of 8l 7N par-
results of these models incorporated in megamd baryon  tial wave. Section Ill contains a corresponding discussion of
exchange models fd(N [2], 7N [3,4], andNN [5] scatter-  the problems and treatment of the;,(1440), the so-called
ing. These models are based on effective Lagrangians—th@oper resonance. In Sec. IV we present the results of the
is, on Lagrangians written in terms of the mesonic degrees aéxtended model compared with thé\ partial wave data for
freedom—uwhich respect at least some of the symmetries ghe energy range from 0 to 520 MeV c.m. kinetic energy and
QCD, such as chiral symmetry, which is especially necessanyonclude in Sec. V with a summary and outlook. The for-
in 7 and 7N systems. Unitarity is found to be extremely malism for calculatingrN partial wave amplitudes is that of
important in these systems, so that crossing symmetry is 103t to which the reader is referred for details. Formulas spe-

in the process of unitarization through a scattering equatiornific to the extensions to the basic model of | are given in the
However, the low-energy theoren$§], for example, are Appendix.

obeyed to ordem?. This was the motivation behind our
previous efforts[3,4], hereafter referred to as | and I, in
which we achieved a good quantitative descriptiorsofnd
P-wave N phase shifts for pion laboratory momenta up to
500 MeV/c (= 300 MeV c.m. kinetic energy The model
includeds- andu-channelN andA poles, supplemented by A. Phenomenology of themN/7N system

J=0 andJ=1 correlated 2Zr t-channel contributions.

We seek in this work to extend the energy range of | by a Since then meson is, after the pion, the lightest member
factor of approximately 2. Doing this means that we will be of the pseudoscala(Goldstong boson octet, and contains
investigating an energy domain in which several higherhidden strangeness, it is a logical candidate for inclusion in
nucleon resonances appear, and in which inelasticity besur extended model. Furthermore, hadronic reactions in
comes a significant phenomenon. To achieve a reasonablyhich » mesons are produced are among the most interest-
good gquantitative fit to the data in this extended energy rangang processes in intermediate energy physics. The openings
requires a significant increase in the complexity of the modebf » production channels lead to clear threshold cusps in

II. THE &N/»N COUPLED CHANNELS
AND THE N%;,(15359 RESONANCE
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scattering 8]. Even in nuclear reactions, one finds clear sig- v
natures of they threshold 9]. In these, the cross section for N
7 production is, without exception, large. For example, the N
total reaction cross section fotr~ p— »n just above the

threshold is about 2.7 mld.0], which accounts for about 6%

of the total7™ p cross section at these energies. m N N in

Since they, in contrast to ther, is an isscalar, » pro-
duction in 7~ p scattering acts as an isospin filter, which N fo !
makes it an especially interesting tool for the investigation of N ‘N -
the baryon spectrum. Elastie™ p scattering and the charge-
exchange reactiomr p— 7°n are a mixture of isospia and
3, and are influenced by (I=2), as well as byN* (I=3)
resonances. However, the reactionp— »n is purely isos-  since three pseudoscalars mesons cannot couple, the lightest
pin 3, so that onlyN* states can be excited in this channel. mesons to whichr and 7 can couple are, respectively,
The production ofy’s by photons, electrons, as well as had-the a; and thef,
ronic probes is therefore the object of a number of current Theay andf, exchange in this work are not to be taken as
and planned experimenf8,11-14. genuine meson exchanges; rather, they are to be understood

In order to understand all these experiments, an undels parametrizations of mesonic systems with the correspond-
standing of they production in the reactiomN— zN is of  ing quantum numbergThis in no way contradicts the inter-
fundamental importance. The theoretical description of thiretation of thea, andf, as dynamical poles in the meson-
reaction’ as well as of the diagonaN reaction requires a meson interactior{ZZ].) Contributions to the interactions
coupled-channel approach. Since thi system can lead to from heavier meson exchanges will not be considered explic-
m#aN as well as7N final states, several theoretical modelsitly here. The additional contributions to our basic modg!|
[15-17 therefore employ a third two-body channel to pa-@re illustrated in Fig. 1. The interaction Lagrangians corre-
rametrize the other open channels. All the models differ inSPonding to the various vertices in the diagrams shown are
their various restrictions or approximations, but share théliven by
common thread of a direct coupling af and » to an

£1(1535) in order to parametrize the interaction nearshe
production threshold.

The N%;,(1535) occupies a very unusual place in the _ . .
nucleon spectrum as it is the only known resonance that is Lnna,= INNa, INTUN ¢a0,
strongly coupled to the;N reaction channel. The contribu-
tion of the #N channel to the total decay width of the reso-
nance is, at 30—55 %, about as large as that ofitNechan-
nel. The physical nature of the resonance is still a subject of

several reactions, such ap— 7°p, yp—7'n[7],or 7 p m N N in NN\

9o

FIG. 1. Additional contributions to the interaction through cou-
pling to the N channel.
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discussion as a result of the work of Her [18]. In the Lyay=GrnaMe by b bay,
speed plot of theS11l #N partial wave one finds a sharp

i hich is indistinguishable f h _
maximum at an energy which is indistinguishable from the L oyto= Gyt M bbb,

7N threshold, but no structure around 1535 MeV. According
to Ref.[18], the maximum is the combined contribution of a

threshold cusp and a resonance. LnxNa= IneNa N TN Gt H.C,
These considerations raise the question of whether the .
S11 partial wave’s behavior is necessarily due to a genuine L ny= ne Ny s Une,+ H.C. (2.2

three-quark resonand¢@9-21], or whether it can be under-
stood solely through the dynamics of the opening of #fé  Derivative couplings for theN* N and N* N7 were also
channel. This is the question we will address in the remainconsidered initially, but were found to give too slow an in-

der of this section. crease in the phase shift. The expressions for the potentials
obtained from these interactions Lagrangians are given in the
B. The coupling of the N channel Appendix.

The potentials for the various contributions contain form
actors. For theay and f, exchange we use at each vertex a
monopole form factor

As the 7 is a pseudoscalar meson with isospin 0, thef
contributions to the transition interactiomN— »N and to
the direct(diagonal #N interaction are strongly restricted by

selection rules. For exampld, exchange in the transition A2— 2
interaction is absent because isospin conservation rules out F(ﬁr 2)— S (2.2)
NA # vertices. Meson exchange processes for the transition A%+p, ?

7N— nN are limited to isovector mesons with negati@e
parity, while for the diagonahN interaction only exchanges where the index denotes thea, or the f,. We adopt the
of isoscalar mesons with positiv@ parity will do. Also, same form for the form factor at theN#» vertex in the
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7 120 TABLE I. Common parameters for models B1, B2, and (B8e
i 4 100 text). Masses and form factor parameters are given in MeV.
%so- // o] -
.:;_.40- ’1 "Eo.so mn mao mf0 f NNz
£304 Y . -
zm ¢ Eo40 A
glo_ . o] 547.45 982.7 974.1 0.009336
nnbo T1200 1.éoo '[’1‘4'1‘)%' 1500 1600 o'Mn'oo " 1200 1300 '['1‘4'00 " 1500 1600 Aao Af0 ANNr/ AN*(1535,165())
B 2500 2500 2500 3000
FIG. 2. Attempt at a dynamical explanation of the nucleon reso
nanceNg;,(1535): phase shift and inelasticity in tBg, 7N partial
wave as a function of the c.m. energy. The solid line shows the INNaTmra
results of model B1 and the dashed line those of model B2. The #:6.6...16.2. (2.6)
o

data points are from the Karlsruhe-Helsinki analysis KA24]
(solid triangle$ and the VPI analysis SM9®8] (open squares

nucleon exchange potential, with, and 5, the mass and
momentum of the nucleon. For tHé* pole diagrams we
take the form

dysa, 4
AR MY

= 2 .
AQH+ (Ep+ wp)*

FRA(P ?) 2.3

Those coupling constants in E@.1) not known or fixed

As the fq is lighter than 2, , we cannot make a similar
estimate ofg,mfo; therefore, it is treated as a free parameter,

as are the bare coupling constagﬁ@,\,w(n) and fﬁ,*Nw(”),
respectively.

Besides theN%,;,(1535), on which we are concentrating,
there is another resonance at higher enéigy(1650). The
increase of th&11 phase leading to this second resonance is
generated by aMg;;(1650) pole diagram. This contribution
is needed as the basis for our investigation of the lower-lying

£,1(1535). The introduction of this pole diagram param-

by the basic model will be treated as free parameters. Witlizes certain processes which are not explicitly contained in

the assumption of SB)gayorX SU2)spin SYymmetry, we can
determine theNN# coupling constant if we treat the as the
eighth member of the pseudoscalar o¢#8,24] and obtain

0.6

fNanzﬁfNNw- (2.4)

our interaction model, such as the effects of the coupling of
the #N system to the strangeness production chanikels
and K2, whose thresholds are at 1611 and 1689 MeV, re-
spectively. Since the dired(X is very attractive, one can
easily imagine that th&lg;,(1650) may have something to
do with a quasibound state in this chanfizb]. The poten-
tials for theN* pole contributions are given in E¢A6) of

The NN# coupling is thus significantly weaker than the the Appendix.

NN coupling.
In the ay exchange, the product of tiéNay and nmag
coupling constants appears. For théla, coupling we take

C. Results
As a first step in the analysis of this channel, we wish to

the valuegﬁ,NaO/4w=2.82 from the full version of the Bonn learn to what extent the peak in t!811 phase shift can be

potential[25]. (Note that thea, is denoted ag in Ref.[25].)

described as a pure threshold phenomenon; that is, as a

As thea, mass is greater than the sum of the masses of theurely dynamical effect. For this purpose we included only

7 and they, thea, can decay intar . This is the dominant
decay mode of the,, so that theaym# coupling can be
determined from the, decay width:

2 2
gﬂ'nao mz
87 mg Po-

0

(2.9

wherepy is the on-shell momentum of the (or ») in the
rest frame of the decaying,. Since the width of the, is
not well determined, using,, = 983 MeV andI' between

50 and 300 MeV, we estimate

the higher-lying resonancéyg,;;(1650), in the model. The
results of two slightly different parametrizations, which we
refer to hereafter as models B1 and B2, are shown in Fig. 2,
and the corresponding model parameters are given in Tables
I and Il. (We should point out here that the coupling of the
7N channel has very little effect on the otheiN partial
waves, with the exception of thB13, for which the N
threshold effect accounts for most of the inelastigitodel

B1 yields a qualitatively good description of the phase shift
and inelasticity(cf. Fig. 2. However, one should be aware
that this model is somewhat unrealistic because here also
those contributions to the inelasticity which result from other

TABLE Il. Parameters for models B1, B2, and B3. The bli‘e masses are given in MeV.

InngGmma,  INNEI gt Q(NOK;%%SW 9(N°&§535,, MR (1539 QEN;GSOW MR (1650
4m 4m 47 4 4
B1 15 15 0 0 0 0.10 1730
B2 12 15 0 0 0 0.12 1735
B3 8 0 0.001 0.30 1650 0.14 1750
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) e model B3, which includes the contribution of a genuivig;(1535)
FIG. 3. Total cross section for the reactienp—»n asafunc-  resonance. The data points are from the Karlsruhe-Helsinki analysis

tion of the pion laboratory momen_tur_n from thg-production gy [27] (solid triangle$ and the VPI analysis SM9B8] (open
threshold toE; ,,~ 1.65 GeV. The solid line is the result for model squares

B1 and the dashed line is the result for model B2. The data points
are from Refs[29] (circles, [30] (squarel and[31] (triangles. essentially the result of a direbt* N7 coupling; the contri-
bution of f; exchange to the diagongN interaction is neg-
open channels, especially7N, are parametrized into the ligible. As we discussed previously, this leads to a prediction
7N channel. One recognizes this when one calculates thir the » production cross section which is somewhat too
total cross section fom production in the reactionr™ p large. One could include coupling to other purely phenom-
— zn. As Fig. 3 shows, the prediction of model B1 is aboutenological channel§l5-17, as in earlier studies, but this
15% too large. If we reduce the strength of thél— »N  would be just a parametrization of the scattering data and
transition interaction by reducing tre, exchange coupling Wwill not be pursued here. As explained above, a full micro-
(model B2; cf. Table I, the #~p— nn cross section can be scopic description of thés11 partial wave in this energy
described fairly well; only the threshold region is overesti-range also calls for an understanding of the strangeness pro-
mated. However, it can be seen from Fig. 2 that the inelasduction channel& A andKZ,, in addition to explicit consid-
ticity produced by model B2 is now distinctly smaller than eration of pion productiohi26]. Nevertheless, as the results
for model B1. Clearly, other reaction channels, besigls  of our present model B3 are in much better agreement with
are needed in order to reproduce the inelasticity ofSh&  the phase shift analysis than models B1 and B2, it appears
N partial wave and the-production cross section consis- very probable that there is a genuine three-quark component

tently. of the N%;,(1535).
Although the description of th&11 partial wave ampli-
tude in this model—which contains no explicit IIl. THE NATURE OF THE ROPER RESONANCE

N¥;,(1535)—is qualitatively good, the models display sig-
nificant deviation from the data. In these two variations of
the model, the maximum in the phase shift is a threshold In the spectrum of the nucleon aml resonances, the
cusp due to the opening of thgN channel, and sits exactly Roper resonandsf;;(1440) occupies a special place. Itis at
on the thresholdE, ,,~ 1487 MeV. In both the Karlsruhe- once noteworthy that this resonance produces no immedi-
Helsinki partial wave analysi®7], and the more recent VPI ately observable signature in the observables Nf scatter-
analysis[28], the maximum in the phase shift lies at a dis-ing. Whereas, for example, the resonahgg ,(1520) can be
tinctly higher energy, namely, at approximately 1515 MeV.identified with a maximum in the totakp cross section,
(Evidently, the maximum of thés11 phase shift lies at a the Roper resonance produces no separate extremum at lower
somewhat higher energy than the maximum found in thenergies; rather it contributes only to the background of the
speed plot of this partial wave, discussed earlier in this paother resonances. It is necessary to carry out a partial wave
per) No reasonable variation of the coupling constants camnalysis in order to recognize the Roper resonance. It was
shift the position of the maximum; it is fixed by theN  only relatively recently that it was directly confirmed in a
threshold. Insofar as the partial wave analyses are reliabl@adronic reactioh32].
the description of th&l%,;,(1535) as a threshold phenomenon  Indeed, the attempt to understand the Roper resonance
must be considered incomplete. theoretically in the framework of the quark model leads to

The description of theS11 partial wave can be signifi- considerable difficultie§19,20. The Roper resonance is the
cantly improved by the inclusion of a “true’Ng;,(1535) first excitedN* state of the nucleon, and it hassitivepar-
pole contribution with a relatively strong coupling to thyé& ity. In the spectrum of observed nucleon resonances, the
channel, which we call model B&ee Table I\. This strong Roper is followed in energy by two groups of resonances
coupling to theN%,;,(1535) resonance, compared with the with negativeparity Ng;,(1535) andNp,5(1520), as well as
very weak coupling to th&l%,,(1650) (which we hereafter by a tripletNg;;(1650),Np;5(1700), andNp,5(1675), also
neglecj, can be explained in quark models of baryonsof negative parity, at slightly higher energy.
[19,20 by a strong mixing of three-quark states with total TheseN* states of negative parity can be immediately
spin 3 and3. understood in a simple quark modé&B]. There one employs

As shown in Fig. 4, thes11 phase and inelasticity in the the ansatz of a flavor-independent harmonic oscillator poten-
region of theN ,(1535) is now even quantitatively well tial to provide confinement, and the residual interaction of
described—after the above addition to our model. This ighe quarks is modeled by a term of the foom Ej , which is

A. Phenomenology of the Roper resonance
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from the ground state to a state with orbital angular momen-

motivated by the one-gluon exchange. Excitation of quarks ™ J*A .
tumL =1 (excitation of the oscillator by & w) results in the T N T A o !
N i £ N i ~ N S

pair of N* resonances through the coupling of the total spin

of the quarksS= 3 with L=1 toJ= 3 andJ=3. The triplet at

higher energy corresponds to quark spiroupled withL =1

to J=3, J=3, andJ=3. In this admittedly oversimplified : o . A

picture, one immediately obtains an obvious explanation of : # : %

the nucleon resonances with negative parity. J‘ > '
A

Il
Ve
I
'
'

A aval

\ A P
| ' '
| '

P N ‘v A L

How can an excited state of the nucleon with positive
parity, based on the harmonic oscillator, be understood? The
energetics of the lowest-lying excited state with positive par- FIG. 5. Diagrams considered in the transition interactien
ity is the result of the excitation of quarks th2» with L=0  _, /A anq in the diagonatrA interaction.
andL=2. Such an excited state should lie higher in energy
than theL=1 excited states, which we have identified with ;N— 7A and in the diagonairA interaction we take into
the negative-parity nucleon resonances. The explanation @fccount nucleon, andp exchange processes.
the Roper resonance as a radial excitation of the nucleon in | addition, one could consider the exchange ef ane-
the quark model requires large additional interaction terms t@ppy in the diagonalrA interaction. We do not take this
bring the energy of this excited state to a value below th&ontribution explicitly into account for a number of reasons.
energies of the negative-parity resonances. In comparisogj| of the diagrams introduced in the diagonal\ interac-
with the N*s with negative parity, the explanation of the tion of our model give attractive potentials in tRa.1 partial

Roper resonance appears less intuitive. wave. This attraction in therA channel will be dominated
Several models of the Roper resonance have been deveﬂy p meson exchange. The coupling constans.., fya
. 7T p

oped. For example, the model of Browhal.[33] produces andg(;™ given by the SU2)xSU(2) quark mode[35] (see

the resonance through the anharmonic collective osciIIatio%ISO Ref.[25]) are to be interpreted only as estimates. The

of a bag surface. In this model, however, one obtains NQdditional effect of ar-exchange potential can easily be ac-

sa_\(tjltsr:‘acft(::]y description _Oft therN s”caltterlng (iljataéglz the commodated by a slight variation of the parameters for the
width of the resonance is too small. Isgur and Kd:9,20 vertices considered here.

attribute the lowering of the positive-parity state to a large, In a complete microscopic model one should treat dhe

first-order, anharmonicity in the confining potential, Whereasandp exchanges in the diagonaiA channel as correlated

Glozman and Riskg21] produce it through flavor symmetry 27 exchange processes, analogously to our procedures in Il

breaking in the exchange of the pseudoscalar mesons in tl?gr the wN channel. The starting point for this would be a
residual quark-quark interaction due to the large mass differ- '

ences in the pseudoscalar octet. Finally, on a somewhat diffynamical model for thé A — 7 reaction. In contrast with
ferent footing, Pearce and Afnan studied the Roper resg?U’ model for the Zr exchange in themN channel, one
nance in a Faddeev-type three-body calculation employing@nnot fix parameters by comparison with quasiempirical
interactions based on the cloudy bag ma@]. However, amplitudes; one can at b_est arrive at only an estimate of the
regardless of the scheme, a quantitative description of theorrelated 2r exchange in therA interaction. We choose,
scattering data is lacking. thereforg, a more phenomenological treatment for the diago-
In parallel with the preceding section, we wish to asknal mA interaction. _ o
again the question of to what extent the Roper resonance can 1he contributions of the various processes in Fig. 5 are
be understood as a product of the dynamics of our mesofivaluated using the interaction Lagrangians
exchange model. We have already seen in | that the rise of
the Plllphase Iegding to the Roper resonance in the reglion Lans=— ”JA L YY* T ¢Z'3M<Zw,
of elastic scattering, can be reproduced without a genuine Mz
three-quark resonance. In an extension of the energy domain
of our model above the energy of the Roper resonance, we
should observe that thRe11 partial wave ighe partial wave
of the =N interaction which shows significant inelasticity at 1
the lowest energy~1.3 Ge\). Therefore the investigation g7 L V— gV M) b Tyl
of the Roper resonance requires the consideration of pion © am, 98897 Gy =00 | T,
production processes. These take place in our model through
the coupling to the reaction channetd andoN. Thus, the
A channel describes &a7N intermediate state in which a
pion and the nucleon form B33 state, and the'N interme- -
diate state represents a correlatedr subsystem in the —d,ppu), (3.9
scalar-isoscalar channel of ther interaction.

fAA

_ v .
Lanp==¥a ¢ 1 92apYu®Py

fNAp
m,

Lnap=i (ENYSY’L-FI#Z_JZYSY”T—T(#N)'(%I;V

in addition to LNy, Lnans @nd L, ., given in |. Expres-
sions for the potentials corresponding to the Lagrangians in
Eq. (3.1) appear in the Appendix.

We start with the coupling of therA channel shown in With the addition of the coupling to the'N reaction
the diagrams in Fig. 5. Both in the transition interactionchannel, we consider the processes shown in Fig. 6. Our

B. The coupling of the reaction channelswA and =N
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FIG. 6. Contributions to the interaction model from coupling to T
the oN channel. 4

model for themN— oN transition interaction therefore does  FIG. 8. Self-energy contributions of th& isobar and ther
not contain the diagram for the pion exchange from Fig),7 meson.

which would also appear to contribute. Were we to introduce

this into our model, iteration of the scattering equation wouldmodel for both theP33 7N partial wave and theSoo 7
result in the contribution to theN interaction shown in Fig. Partial wave in which pole diagrams, in the framework of
7(b). This contribution, however, is implicitly contained in time-ordered perturbation theory, are iteratsée Fig. 3.
our model for the correlated72 exchange in therN inter- Hereafter we take expressions for the self-energies ofAthe
action. Inclusion of the single pion exchange would then leadnd o which appear in the propagators of the\ and oN

to double counting(At this point we must also point out that intermediate states in our scattering equation

the inclusion of these diagrams in our model, which is based

on time-ordered perturbation theory, would cause significant G._A\(Z,p)= 1

technical difficulties. For energies above therN threshold mal£:P Z—\Jm2+p?—(m2)2+p2—3(Z,p) '

the maN intermediate state gives rise to a gste Fig. 7c)]. "
Without the consistent accounting for all contributions of the

. . . 1
same order to the interaction, especially that of the nucleon G _,(z,p)= )
self-energy, the cut would result in a violation of unitarjty. Z— \/m§+ p2— \/(m2)2+ p2—3,(Z,p)
The potentials corresponding to the diagrams of Fig. 6 (3.3

follow from the interaction Lagrangians o o
By taking into account the self-energy contributions we pre-

Lane=0nN ‘E,\I’Nqﬁ ' serve the correct threshold behavior for the description of
7 7 7 pion production in therN system.
Lovo=Y0ooMybybode, (3.2) One should recall that in | and 1l we introduced realistic

models forzr7r scattering in thé=J=0 partial wave and for
and are given in the Appendix. For the effectid®No cou- 7N scattering in theP33 partial wave. In this section, for
pling we use the value from R€f36]; the coupling constant technical reasons, the models far isobar and for theo
d,., We take as a free parameter and adjust it to the scattemeson stand, in contrast, as effective parametrizations of the
ing data. For therenormalizedl o mass we take the value 77 andxN T matrices in the corresponding partial waves.
from the energy at which théy, 7w phase shift passes ~ The P33 7N partial wave in the region of tha reso-
through 90°, thusn, =850 MeV. nance can be well approximated by a direct pole contribution

The vertices in the diagrams of Figs. 5 and 6 have formas given by Eq(A3) of | if the bare parameters of the are
factors. TheNNs form factor is fixed by the nucleon ex- Suitably adjusted. In Fig. 9 we show the model with the
change in therN channel. For the other vertices we use parametersn} = 1415 MeV, f{({2/47 = 0.36, andA )
form factors of the form given in Eq2.2). At the vertices =1500 MeV, which we use to calculate the self-energy of
where aA appears, the square of the form is used in order tdhe A in this work. Following I, the iteration of a pole dia-
ensure convergence. gram of the form

T
~ i i UoU
C. The self-energies of theA isobar and o meson VvP= 0 (3.4

With the A isobar in thewrA channel and the- meson in
the oN channel we are not dealing with stable particles.
Rather, theA and o here stand forrN and 777 subsystems
with the quantum numbers of the33 partial wave in the 1404
7N system and thé=J=0 partial wave in thers system,
respectively. In order to simulate these, we adopt a simplified

& [degrees]
g 3B

N o Ny L N 4 40
______ N A - W 20
‘ : 0 50 100 150 200 250 300 350 400 450 500
N o NAT e N L Py [MeV/c]
(a) (b) (c) FIG. 9. Approximation of thd?3; partial wave inN scattering

by a A pole diagram:7N phase shift as a function of the pion
FIG. 7. Pion exchange in the transition interacti®N— oN. laboratory momentum. The data are from H&fZ|.
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results in theT matrix

Uovg

=7 mo-s (39

wherev? stands for the vertethere,A— 7N) and2 for the
self-energy which, in the rest frame of the is given by

v () [ve ()]
Zy—En(0)—w(q)°

The self-energy of thd is a function of the energg, of

EA(ZA>=f g’dq (3.6

the isobar. For a moving intermediate state one carries this
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FIG. 10. Approximation of théy, partial wave inr7r scattering
by a o pole diagram:77 phase shift as a function of the c.m.

energy through, so that one subtracts the energy of the SP€LAergy of ther system. The data are frofB8].

tator pion and the kinetic energy of the isobar from the
total energy of therA system:

ZA(Z,p)=Z—w.(p)—EX"(p)
=Z—w,(p)-[V(M)Z+p?-mi]. (3.7

For the description ofrm scattering in thedy, partial

wave, we start from ar pole diagram. We calculate the
corresponding expression for the potential from the interac-

tion Lagrangian

‘C'n'ﬂ'(T:gvTﬂ'o’mw(Zﬂ" (Zw d)ai (38)

from which one finds, after a partial wave decomposition,

1
’ Pol — 2 2
(@' IVo 10y =48 QoMo (3 20T

1 1
XmﬂgF(Q)F(q ) (3.9

where ¢, q' are the moduli of the relativerw three-
momentum in the c.m. systefie., q=|q|). For the form
factors we use the monopole ansatzF(q)
=AZ%_ /(A% +0?). By comparison with Eq(3.4), one ob-

tains for thewr o vertex

VT V3 g, meM,F(Q)
o (el

In the denominator of Eq3.9) the factorm® stands for the
on-mass-shell energy? of the bares meson which, in the

(3.10

In the propagation of &N intermediate state according to
Eq. (3.3 the w7 system is not at rest. The energy avail-
able to ther 7 subsystem is obtain by subtracting the energy
of the spectator nucleon and the kinetic energy ofa¢Hfeom
the total energy of the oN system:

Z,(Z,p)=Z—Eyn(p)—EX"(p)
=Z—En(p)—[V(m))2+p2-m®]. (3.12

D. A dynamical model for the Roper resonance

In the preceding sections we have laid the groundwork for
the development of a coupled-channels treatment ofrtNe
system from threshold to the energy domain of significant
inelasticity. As a penultimate step in this development we
present in this section a dynamical model for the Roper reso-
nance. It should be noted here that we aim at a description of
the P11 partial wave with a parameter set that yields also a
consistent picture for all othe#N partial waves as well. A
discussion of our full coupled-channel model for energies up
to E.,=1.6 GeV will be given in the next section.

We develop the model for the Roper resonance in stages.
The starting point is a variation on model 2 of II, for which
the ingredients are the direfole) and exchange contribu-
tions of nucleons ana isobars, as well as correlatedr2
exchange in ther and p channels. The first stage, using
these contributions, is to open thel channel, and readjust
some parameters. This simple, two-coupled-channels model
(called model C in the followingallows for some inelastic-
ity, which is missing from the earlier model. The processes

rest frame, is given by the bare mass. For the calculation ofonsidered are shown in Fig. 5. It makes sense to introduce
the o self-energy in a moving frame, one must use the onthe 7A channel first, since it couples with all the partial

mass-shell energy’, as in Eq.(3.10. One gets thd ma-
trix for our effective model ofr 7 scattering in this partial

wave from Eq.(3.5), in which the self-energy here is given

by

vg™(QLog™ ()]
Zo'_ zww(q)

As one can see from Fig. 10, th&, == partial can be

EU(ZU)=J g°dq (3.12)

waves we are treating in this work, in particular also to those
with | =3. By contrast, the influence of theN channel is
limited to partial waves with = 3, and, practically speaking,

is of relevance only for th&11 partial wave.

The results for this modeldash-dotted curyeare com-
pared with those of the purely elastic scattering model
(dashed curvein Fig. 11, and the relevant parameter sets are
given in Tables Il and IV. One can see that the basic model
gives a very good description of the phase shift ufEtg,

reasonably well described with our simple, effective model.~1.45 GeV. However, since the model has only one chan-

The parameters used here m% = 900 MeV, g~ = 9.5,
and A = 1500 MeV.

TTT

nel, the inelasticity is necessarily 1. As can be seen in the
lower part of the figure, in both the Karlsruhe-HelsihRi7]
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TABLE IV. Coupling constants, bare masses, and form-factor
parameters\ for the coupled-channel calculatiarN/7A (model
C). All masses and form-factor parameters are given in MeV.

FIG. 11. A dynamical model for the Roper resonance: phase

shift and inelasticity in thé>11 partial wave inmN scattering as a

function of the c.m. energy. The dashed line indicates the extrapo-

lation of the basierN model(see Table 1l), the dash-dotted line is
the coupled-channel modetN/7A (model Q, and the solid line
the full coupled-channel modetN/7N/7wA/aN (model D. The
data are from the Karlsruhe-Helsinki analysis KA&Z| (triangles
and the VPI analysis SM9R8] (squares

and the VPI[28] partial wave analyses, significant inelastic-
ity sets in at about 1.3 GeV.

In | it was explained that the bare parametéls,, and
m,?, of the nucleon pole diagram in our model for elasti

Vertex Process Coupling constantA
correlated 2r p channel 1500
exchange o channel 1150
2
NN N exchange fNszo o77g 1300
4 ’
(0) 2
NNz N pole,m3=1093.280 fnnz_ o0 1380
4 ’
2
NA 7 N—, A exchange fNMZO 36 2000
4 '
0y 2
NA7 A pole, mQ=1420 fNam_ g, 1700
4 '
2
AAT A exchange fAAvTZO 25o 1800
A ’
2
NAp p exchange fNApzzo 45 1500
A '
V2
AAp p exchange 938p_ 469 1500
4 '
gZAp: 6.1
gXAp
2
TP p exchange Ynmp_pgg 1500
4 '

nucleon pole diagram. The exact renormalization of the
nucleon is thus guaranteed in our calculation.

As can be seen in the upper part of Fig. 11, the coupling
of the wA channellmodel Q already gives rise to a resonant
behavior in theP11 partial wave at the correct energy. On
the other hand, as is evident in the lower part of the figure,

scattering were determined by a renormalization procedurghe influence of therA channel has only a slight effect on

[39] in such a way that the resultinfy matrix had a pole at

the inelasticity. The fit to th&®11 data can be improved—by

the physical nucleon mass, whose residue determines tr}gising the form factor mass for theN— 7A transition, for
physical 7NN coupling. In the coupled-channel model we example—but only at the cost of a much worse description
have developed here, we take into account the influence Qff the other #N partial waves. This particular example
all the reaction channels on the renormalization of theyoyld result in an inelasticity in th33 partial wave which

TABLE lll. The parameters for the basimncoupled model.
Masses and form-factor parametérsare given in MeV.

0 0

m, my my my mjy

138.03 938.926 1232  1053.791 1370

finm ik fRan ii7e

4 40 4 4

0.0778 0.0476 0.36 0.21

A AP A@ A A, A,
1270 1300 1500 2000 1150 1600

is too large.

At this stage one should note that the accounting for the
different contributions to the transition interactionN
— A is of great importance to the understanding of the
scattering data. While in thB11 partial wave the, N, and
A exchanges have all the same sigttractive, the nucleon
exchange changes sign in the isospichannel. As a result,
the different contributions in th®31 wave partially cancel
one another, and we get a very small net contribution to the
inelasticity, which is in agreement with the data. Taking only
p exchange in therN— 7A transition would result in a
large inelasticity in thd®31 wave, because of the larger isos-
pin factor forl =3, but hardly any inelasticity in th@11, in
strong contrast to the data.

The description of thé?11 partial wave can be signifi-
cantly improved by the additional coupling of tlsN reac-
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TABLE V. Coupling constants, bare masses and form-factormodel achieves a good agreement with the Karlsruhe-

parameters\ for the coupled-channel calculatiarN/7A/oN/»N  Helsinki analysis. Especially conspicuous here is the plateau

(model D. All masses and form-factor parameters are given inj, the phase shift beginning at an energy of about 1.55 GeV

MeV. which both the data and our model reach.

The quantitative description of the inelasticity requires a

vertex Process Coupling constantA contribution from the diagonarN interaction. In our model
correlated 2r p channel 1400 the effective coupling strength for the exchange in this
exchange o channel 1150 channel is taken as a freely adjustable parameter. In combi-
£2 nation with the potential for nucleon exchange, this couplin
NN N exchange Z:W=0-0778 1300 strength providgs a measure of the strengt% of the dia%ofal
interaction in theoN channel. By taking into account the
NN N pole, mQ=1110.456 %:0 0508 1410 self-energy in the propagation of tleN intermediate state
T we also obtain a qualitatively good description of the inelas-
) ticity in the threshold region.
NA 7 N, A exchange fNAv:0_36 1800 In our model, therN reaction channel plays a larger role
4m than thewrA channel in the description of the Roper reso-
0 £0)2 nance. This is in apparent disagreement with the results of
NA7 A pole, my=1405 2“:0.21 1650 the Particle Data Group0], which estimates the contribu-
7 tion of thewA channel to the width of the Roper resonance
AAar A exchange f?AM:O o5y 1800 as 20-30 %, while that of the'N only as 5-10 %. Their _
i results are based, however, on a resonance model analysis of
, the N scattering amplitude. In such an analysis the scatter-
NAp p exchange fNﬂz 0045 1400 ing data is inherently parametrized by ‘“genuine” reso-
47 ' nances. The strong nonpole interaction which we obtain in
V2 our model is therefore not considered. This emphasizes the
Adp p exchange 98p_, 69 1400  model dependence of the results of the Particle Data Group
4 [40], and of our model as well, in the description of the
T Roper resonance.
9asp_g 4
g\A/Ap IV. THE FULL COUPLED-CHANNEL MODEL
wp » exchange gi”f’:z,go 1400 OF THE @N INTERACTION
4 In comparison with our basi¢elastio model, we have,
2 with the construction of the couplegN/»N/7wA/aN chan-
NNer N-, o exchange 927,\:,:13 2000 1els modelmodel D) for the P11 partial wave, been able to
double the energy range for which the model describes the
oo o exchange Innobooo_ 5 oo 2000 scattering data. We here show what picture this full model
47 : yields for the other partial waves. The complete results for
) the isospins channel are shown in Fig. 12 and those for the
NNz7 N exchange fNNn:0_00934 2500  isospini channel in Fig. 13.
4m Since for the coupling of thegyN channel we have used
Innad almost the same parameter as in model B3 of Sec. Il, we
NNa, 778, a, exchange INN%T772 o o 2500 optain equivalent results for tH@l1 partial wave.
am In the P13 partial wave our model gives somewhat too
T . o 9% much repulsion. This phase, however, in the energy range
NNis35™7 N* pole, my. =1660 %=0.001 3000 ynder consideration, accounts for very little cross section, so
T that the absolute difference of the model from the data is
* S11 0 2 significantly smaller than the relative difference. Moreover,
NNisss 7 N* pole, my, =1660 gz—:‘T”:O-% 3000 or?e must >éons:ider the fact that there is an experimentally
well-established resonance in this partial wiNg,5(1720)]
NN* S N* pole, m%, =1770 gﬁ,N*,T:O 16 3000 which predominantly couples to theN channel[40]. It is
4ar ) therefore almost certain that the inclusion of the coupling to

the pN channel, which we have so far neglected in our
tion channel. The parameters for this coupled-channel§odel, would give attraction ifP13 partial wave. In this
model(model D are given in Table V(The coupling of the sense the divergence of the results of our model from the
7N channel turns out to be of no importance for th¢1  data can be understood. Work on coupling piNechannel is
partial wave) As one can see in Fig. 11, we obtain with this currently in progress.

model a good description of both the phase shift and the In the D13 partial wave our model, in its current form,
inelasticity. In the region of the Roper resonance, theyields only a background for the resonanii;(1520).
Karlsruhe-Helsinki analysi§27] and the more recent VPl Here we could achieve a good representation of the data by
analysis [28] differ significantly from one another. Our the additional contribution of &f,5(1520) pole diagram.
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FIG. 12. Results for the full coupled-channels mogebdel D FIG. 13. Results for the full coupled-channels mogebdel D
for the wN phase shifts and inelasticities in the isospin charnel for the 7N phase shifts and inelasticities in the isospin charinel
=1 compared with the empirical data from the Karlsruhe-Helsinki =3 compared with the empirical data from the Karlsruhe-Helsinki
analysis KA84[27] (triangles and the VPI analysis SM9f28] analysis KA84[27] (triangles and the VPI analysis SM9£28]
(squares (squares

However, in the context of our model, this would only be a ) o -

parametrization of the data and will not be pursued furtherdives a fairly good description of the empiricaN scatter-
Were we to do this, however, then the influence of e ing data in the elastic, as well as in the inelastic energy
should also be investigate@Aaron et al. [42] have devel- region, up to an energy d&.,~1.4 GeV, and even up to
oped a coupledrN/pN channel model which produces a =~1.6 GeV in partial waves not yet influenced by the onset of
dynamical resonance in tH213 wave. However, it repro- known resonances or opening inelastic channels.

duces theD13 data only qualitatively, with the resonance  The origin of our investigation was a dynamical model for
lying at too high an energy. the correlated Z exchange in therN interaction. In com-

At this point it should be remembered that in the presenbination with pole and exchange contributions of the nucleon
model only thewN and 7A reaction channels contribute to and A, we constructed a model for the elastic pion-nucleon
the isospinj partial waves. As one can observe in Fig. 13,interaction. Already in our single-channel model we obtained
the resonancé g;,(1620) cannot be produced dynamically a quantitative description of the elastic scattering. The inclu-
in our model through therA channel. The coupling of the sjon of different contributions to the interaction in tR83
wA channel to therN system is weak in this partial wave, partial wave in the framework of this microscopic model

as al=3 wA system cannot be in @state. The coupling to ndicated the importance of the nonpole parts of the interac-
the 7N S wave is therefore only possible through the rela-tjon for the understanding of th# isobar.

tively weak tensor transition. While the model yields a  pq single-channel model of | and Il forms a suitable
S%arly perfect f|rtl'tohthe§>33 pa.rtlal'wai\%gata, dtgere are ?Ta" starting point for many applications in intermediate-energy
ffferences at higher energies in t andD33 partia physics in which therN interaction at low energy plays a

waves. role. Examples of this would be pion productionNiN scat-

lltt.'s chTar that a precise f't to th?. d?tra, balr(ter?dy In t.h'stering [43] and pion photoproductiof#4]. In both processes
relatively low-energy range, 1s complicated by the growingy,q intaraction of therN system in the final state is of great
influence of numerous nucleon addresonances. Neverthe- importance

less, on the whole, our model achieves a fairly good descrip- To extend the model in order to apply it to higher ener-

tion of the wN scattering data in the domain below the onsetgieS, we have been led to include the coupling of more reac-
of these known resonances.

tion channels, and to use a coupled-channels approach to
take inelasticity into account. The ultimate goal of our inves-
tigations has been a better understanding of the observed
In this and previous work3,4] we have developed a me- spectrum of nucleon and resonances. Towards this goal,
son exchange model for the pion-nucleon interaction whictwe have attempted to see whether there are clear signs that

V. SUMMARY AND OUTLOOK
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1 2' 1 2 TABLE VI. Isospin factors for the coupled channel system
p S q P q 7N/ N/ oN/ A,
B B reaction channel Process IF (%) 156
P a P ! aN—aN N pole graph 3 0
1 2 1 2 N exchange -1
FIG. 14. Baryon exchange, pole, and meson exchange diagram A pole graph 0
for defining the notation. A exchange 4
3
these resonances contain genuine three-quark cores, or N¥;, pole graph 3
whether they can be understood solely on the basis of intetrN— zN N%,, pole graph J3
actions of nucleons and their meson clouds. In this regard we N exchange 3
find that theNg;;(1535) cannot be well described without a, exchange J3
the pole-type contribution. We see this as evidence for an,N_. ;N N%,, pole graph 1

underlying three-quark structure of the resonance. The situ-
ation for the Roper resonance looks quite different, however.
One of the major conclusions of this work is that it is pos-
sible, in the framework of a coupleaN/7A/oN system, to

. . oN—oN
explain the Roper resonance as a dynamical effect. The cou-
pling of the oN channel is of particular importance to this
understanding.

The full coupled7N/nN/7wA/oN channels model that
we have developed in this work forms a suitable basis for
further investigations of the baryon spectrum. As a next step
in this development, the coupling of theN channel would
logically come into consideration. Even in the limited energy
range we have treated, this reaction channel could already
play a noticeable role. Were one to treat fheneson as a
gauge boson of a local chiral transformata@i], one would
then have, among other effects, a thpearertex, which
would then result in a contribution throughexchange to a
diagonalpN interaction. It is quite possible that this potential
would play a similar role as our phenomenologicalex-
change in therN channel.

In the framework of such an expanded model, the ques-

7N—oN

7aN—7A

TA— A

N exchange
fo exchange
N exchange
N exchange
o exchange

N exchange

A exchange

p exchange

N exchange

A exchange

p exchange

%»—\ Hal—\»—\
w|

w| ugl

wl N

w| o

Wl N

%‘*’H % o 000 oo wk N
wl a1 ﬁo wldlo o o o P
o1

BoowiN

1

9
2
3

tion of the nature of the resonancedf,4(1520) and
A 531(1620) can be addressed. In the model considered so far,

we have not found any signs of a dynamical origin for eitherwrzx/mr2+ p, ; for the baryon resonance pole graphs

resonance, but the question still remains open in the contexy?= \/s and for the baryon exchange graph®=e;— e/,

of a more complete model.
In the work we have presented here, we have consciously g

limited the investigation ofrN scattering to hadronic inter- P’ ~P’

actions. As further steps, building on the knowledge gaine%

here, one should next strive for a consistent description o

photoproduction and electroproduction of pions apane-

sons, as well as of electromagnetic excitation of nucleon

resonances.

!
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APPENDIX: THE POTENTIALS

In this appendix we give the expressions for the poten-
tials from the different contributions to our interaction model
in the »N, wA, and oN reaction channels. The notation

Fig. 14. In the expressions we use, for compactnEss;

1 \/ml my \/ 1
K= 753 = = a A
(2m)° VE, Ep Y 20420

In addition, all the potentials must be multiplied by the
for the different particles and their momenta is given inisospin factorF(1). These factors are given in Table VI at
the end of this appendix.

with €;=(s+m?—m3)/2\/s and e, =(s—m3, +m>,)/2ys.
wq, and g indicating on-mass-shell energies of
aryons 1 and 1and, respectively, those of mesons 2 and

L 2 > 2. S 2 - 7 2
Epy=vVm o +p 02 wq(H= M, +q 2

(A1)

(A2)
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1. The coupling of the N channel

For the contributions to the transition interactiofl— 7N and to the directdiagonal #N interaction from Fig. 1 one finds
from the interaction LagrangiafiEq. 2.1, the following expressions.
(a) nucleon exchangeN— 7N and, respectivelyyN— #N:

—ypPrt My " - VOEr_Vpr+mN
Z_Er_wq_wq’ Z—Er—Ep—Epr

fNN7T n)fNNrj

- - 1
(P NIVR(2)[p N)=x AP "\ ¥* Y 5

m

X y2y"u(p ,\) IE(1). (A3)

(b) ag exchangerN— 7N:

1 1
+ ) . (A4)
p~ @q

0N IV(Z)|p \)= oM, u(p A )u(p I\
<p | aO( )|p > KgNNaOg 7730 (p ) (p ) Z_wr_Ep’_wq Z_wr_E -

(c) fo exchangenN— 7N:

- - — - 1 1 1
"NV Z)|p Ny=k 2 m, u(p ", A)u(p ,N) 1E( + . (A5
(P '\ fo( )P N) INNF Dy, (p u(p A) TF( )Zwr(Z—wr—Ep,—wq Z—wr—Ep—wq) (AS5)

(d) N* pole diagrammN— 7N and, correspondinglyyN— 7N:

N N — yOmN*-f—mN* >
"NV (Z N) =K ON*Nar snU(p "N )—————  u(p,\) TF(I). A6
(p"\'| Nsﬂ( )P A) IN* N( ) IN* N U(P )2mN*(Z—mN*) (p,N) TF() (A6)

2. The reaction channelwA
a. The transition interactioneN— A

(a) nucleon exchange:

- - fNwa NAT O, —yp+my  —y°E,—yp,+my >
"NV D) |p Ny=k———— + Syru(p ,N) IF(1).
<p | N( )|p > 2 2E Z—Er—wq—wq, Z—Er—Ep—Ep, Y (p ) ( )
(A7)
(b) A exchange:
=1y 7|\ /EX - fNA'”'fAA"T 5.7 2 KAV 1 Mmoo v
<p A |VA(Z)|p)\>: ’rqvu,u(p A )Y ’)’(pr—’—mA) - 3mipr pr_3mA(pr7 _pr'yﬂ)

ks

1
Jf_
Z-E—wq—w0g Z-E—~E,—Ep

xu(p N og ! IF(1). (A8)

(c) p exchange:

> - fNApOnn
(p 'N'|VI(D)|p \)= MEPETI (TN ) Y Y PAu(p N (a+a") —u,(p "\ ) Yo yu(a+a ) u(p ,\) p}

p

1 1 1
X + IF(I). (A9)
20, Z-o,—Ep—wq Z-o—E,~oy
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b. The diagonalzA interaction
(&) nucleon exchange:

2
NA 7

R R f — . 1
AN e — Y ! ’
(p "N |VR(2)p \)=« 7 Qudu (p'\ )2Er(

w

70Er_ YRyt My n - yoEr_ YRyt My
Z_Er_wq_wq’ Z—E,—Ep—Epr

)uV(ﬁ N TE(). (A10)

(b) A exchange:

R R fRam — - 1 2 1
(p 'N'IV¥(2Z)|p )\)=K?q7q5uu(p ’,k’)75y7(¢r+mA)| —g“r+ 57“7” 3?2 prpy— 3—mA(pM”—PfV“)J

1

X v°y%u (p ’7‘)2E, IFE(1). (A11)

1
_|._
Z-E—wq—w0g Z-E—~E,—E,

(c) p exchange:

T

gAAp I\ u vz , 1
2mA(vap ) ]u (p .M\ (g+q ),LZwr

(P 'N'IV(Z)|P N)=K Grmp UL(P ’,x'>{<glAp+gXAp>w—

1 1
X + IF(I). (A12)
Z-o,—Ep—wq Z-o—E,~oy

In the calculation ofp-exchange potentials of the form of EGA12), in analogy to the calculation of the exchange in the
Bonn potential for theNN interaction[25], the Gordon decompositiofinere at theAAp verteX has been used.

3. The reaction channeloeN
(@) nucleon exchangeN— oN:
YOEr_ YPr+ My n - ?’OEr_ YPr+ My
Z—E —wgq— wg Z—-E,—E,—E,

fuNTINNG
m’7T

)u(f) A TFE(DD.
(A13)

(PN IVR@Ip N)=—i « Quu(p " N) ¥y o
r

(b) nucleon exchangeN— o'N:

1 [ y°E,—yp,+my  —Y°E,—yp,+m .
(')’ r— ¥YPr N+ Y Er— VPr N)U(p,)\)||:(|). (A14)

D N VE(Z)|p ANy=k gZn u(p '\
(P 'N'VR(2)|p N) =k gunsu(p )2E, Z-E-wq—wq  Z-E,—E,—E,

(c) o exchangerN— oN:

- - — . - 1 1 1
"N IVE(Z)|P XY=k 6 InnoDoooMs UP "N IU(P ,N) TF(] + .
(P "NVG(D)|p M)= K 6 gnnod (p ".N)u(p ,\) ()Zwr(Z—w,—Ep,—wq z—wr—Ep—wq,>

4. Isospin factors
We show in Table VI the isospin factdF (1) to be used in the expressions for the potentials given above.
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