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Extension of the Bonn meson exchange NN potential above pion production threshold:
Rale of the delta isobar
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Based on a meson exchange NN interaction, which contains Nh and hh box diagrams, the contri-
butions of one-pion loop self-energy corrections to the nucleon and delta-isobar propagators are
studied. In the framework of time-ordered perturbation theory, their independent iteration on both
baryon lines leads to dressing factors which give we11-defined off-shell corrections to the meson ex-

change contributions and provide the isobar width. Results are presented for the NN phase shifts
and a number of observables up to 1 GeV. Satisfactory agreement with empirical data is found, in-

dicating no need for introduction of genuine quark effects.

I. INTRODUCTION

Although quantum chromodynamics (QCD) is believed
to be the theory of strong interactions in terms of the fun-
damental constituents, i.e., quarks and gluons, conven-
tional hadrons like nucleons, delta isobars, and mesons
surely reinain the relevant (collective) degrees of freedom
for a wide range of low-energy nuclear physics phenome-
na. Hadron masses, coupling constants, and vertex form
factors, which are the physical parameters of such a
theory, are then left to be ultimately explained by QCD.
Moreover, in the large N, limit (N, being the number of
colors), QCD is supposedly equivalent to a local meson
field theory. In any case, meson exchange is at present,
and in the foreseeable future, the only quantitative model
for the nucleon-nucleon (NN) interaction. Such a repre-
sentation of the nuclear force, provided by an underlying
physical picture, is needed as a starting point for a con-
sistent description of the large Geld of nuclear structure
physics including the important subtleties due to mesonic
and isobar degrees of freedom.

Recently, ' the Bonn group has presented a meson-
exchange model of the NN interaction for application
below pion production threshold. It is solely based on
meson-nucleon-nucleon and meson-nucleon-delta-isobar
(6) vertices W, which represent a natural and effective
description of complicated multiquark reactions. 8'
contain form factors F, which suppress the meson-
exchange contributions for high momentum transfers,
i.e., small distances. The presence of such form factors is
dictated by the extended quark structure of the hadrons.
In lack of a reliable determination from QCD, they are
parametrized in the conventional monopole form with a
parameter A, the so-called cutoff mass, which is deter-
mined empirically by a fit to the two-nucleon data.

The vertices 8' build up an infinite number of (irre-
ducible) meson-exchange processes contributing to the

NN interactiori V. (Reducible diagrams are generated by
the scattering equation. ) In practice, however, one
should make a choice according to the following guide-
lines: First, since the total meson mass exchanged be-
tween two nucleons determines the range of the NN force
(higher mass implying shorter range), one should restrict
oneself to meson exchanges with a mass below the cutoff
mass A . The reason is that it does not make sense to
take meson exchange seriously in a region in which
modifications due to the extended structure are applied.
%'ith A —1.3 GeV, it is, therefore, reasonable and con-
sistent to include all relevant exchanges up to a mass of
about 1 GeV.

Furthermore, not only uncorrelated but also correlated
2n.-exchange processes should be considered since there is
a strong interaction between two pions. In fact, this
correlated 2m-exchange contribution provides about —', of
the total 2m exchange.

In addition, one has to take into account the structure
of m and p exchange; namely, the corresponding tensor
forces have opposite sign. Thus, there is partial cancella-
tion between explicit 2m.-exchange diagrams and those in-
volving mp exchange. Consequently, it is imperative to
group them together.

There are further 3~-exchange contributions of compa-
rable range, which, however, due to a similar counter-
structure between correlated m.m. S-wave contributions
(providing attraction) and (repulsive) co exchange, are to a
large extent cancelled by corresponding 4n.-exchange
terms. In fact, those cancellations become even stronger
in higher orders. In this way, convergence in our di-
agrammatic expansion is clearly established provided
that the diagrams are grouped in a suitable way as dictat-
ed by the physics of the NN problem. This convergence
is further improved (a) by the presence of form factors,
and (b) due to the empirically established repulsive core
of the NN interaction. Both phenomena reduce to the
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influence of higher-order short-ranged contributions.
Based on this (full) Bonn model (see Ref. 1), a quantita-

tive description of the deuteron data, NN scattering
phase shifts, and observables below pion production
threshold in achieved. Most noticeably, the resulting ten-
sor force is quite weak, which is seen in a low percentage
D state of the deuteron, whereas the quadrupole moment
and the asymptotic D/S state of the deuteron are large
and in perfect agreement with experiment. The weak
tensor force can be attributed to p exchange, a realistic
nNN form factor, and the inclusion of meson retardation.

There are several reasons for this thorough and
comprehensive approach to the NN interaction. First,
there is a rather basic motivation: One wants to know if,
and to what extent, meson exchange alone is able to pro-
vide a quantitative model for the NN interaction. Obvi-
ously, the extremely good reproduction of the empirical
NN data with this model proves the usefulness of the
meson-exchange picture as an effective description of the
(low-energy) NN interaction. Furthermore, the field-
theoretical approach provides an unambiguously defined
off-shell behavior of the nuclear force. Moreover, the
vertex functions (with parameters being fixed) together
with the set of diagrams contributing to the NN interac-
tion form a sound basis for a well-defined and consistent
generalization to three-body forces and meson-exchange-
current contributions to the electromagnetic properties of
nuclei.

Naturally, the next step is to extend the model of Ref.
1 above the threshold of pion production, i.e., above a nu-
cleon lab energy of about 300 MeV. The interest in this
(inelastic) region was stimulated by a series of polarized
beam experiments which showed a strong energy and po-
larization dependence of various observables at inter-
mediate energies. Phase shift analyses2' showed counter-
clockwise looping in the Argand diagrams for several
partial waves and suggested an interpretation in terms of
genuine dibaryon resonances. However, since pion pro-
duction provides strong inelasticities in this energy re-
gion, the counterclockwise looping may also be caused by
the opening of isobar channels, mainly the N-5 channel,
which can be handled in the conventional framework.

In order to really decide whether meson exchange
remains a valid concept above pion threshold, i.e., up to a
nucleon lab energy of about 1 GeV, the same vertices,
fixed below threshold, should now be used consistently,
both in the elastic and inelastic channels, or in other
words, in the NN interaction and in the pion production
mechanism. However, the energy dependence of the
(time-ordered) meson propagators leads to direct meson
production. (Note that the use of static propagators does
not include this possibility. ) Therefore, in order to still
guarantee unitarity, nucleon and delta-isobar self-energy
diagrams (which, so far, have only roughly been taken
into account by using empirical masses, see Ref. 1) must
now be included explicitly.

In a first step (referred to as I in the following) we
have studied self-energy effects arising from the dressing
of the nucleon. This step is relatively simple since it can
be treated on the one-boson-exchange (OBE} level. Nev-
ertheless, it has suf5cient structure to provide insight into

the characteristic features and problems encountered in
renormalization. We have demonstrated that, in the
framework of noncovariant perturbation theory, the in-
dependent iteration of one-pion loops on both nucleon
lines leads to dressing factors which provide well-defined
off-shell corrections to the meson-exchange contributions.
It turned out that nucleon dressing yields additional at-
traction in lower partial waves. A slight readjustment of
meson parameters (especially a reduction of the cutoff
mass in the mNN vertex) leads to a reproduction of the
empirical NN data below pion threshold which is of the
same quality as before. The resulting inelasticities are,
however, much too small. Therefore a different mecha-
nism is needed which couples to the NN system to pionic
channels. The most obvious way to do this is to let pion
production proceed via virtual delta-isobar intermediate
states. These are of outstanding importance already
below pion threshold since they provide about half of the
intermediate-range attraction of the nuclear force (see
Ref. 1). So, for several reasons, there is compelling need
for the inclusion of such contributions, which is the sub-
ject of the present paper.

In Sec. II, we will define the model and describe the
basic formalism of including isobar self-energy effects.
Section III provides the results, which consist mainly of
NN phase shifts and some observables up to 1 GeV.
Some concluding remarks are given in Sec. IV.

II. FORMALISM

A. Definition of the model

The starting point of our considerations is the Bonn
meson-exchange NN interaction (see Ref. 1), which con-
tains iterative as well as noniterative (stretched and
crossed box} diagrams. Although the latter contributions
proved to be quite important for a quantitative fit of the
data below threshold they have not been included explic-
itly in the present work since their evaluation (including
self-energy effects) is extremely involved. Their contribu-
tion is roughly taken into account by appropriately rais-
ing the correlated 2m. S-wave contribution, which is, in
the Bonn potential, effectively described by a scalar iso-
scalar cr exchange. Note however that such a procedure
suppresses contributions to inelastic channels. Conse-
quently, our present approach will certainly underesti-
mate them. Nevertheless, the iterative diagrams, which
we include, should provide the dominant contribution to
pion production.

Thus, our model for the potential consists of the fol-
lowing diagrams, which are unitarized in the scattering
equation:

(i) One-boson-exchange diagrams (m, co, 5) and the
correlated 2m exchange in P wave (p} and S wave (o ).

(ii) Iterative box diagrams involving NA and b,b;-
intermediate states with 7rvr, op, and pp exchange (Fig. 1).

Note that in order to fulfill the weak unitarity bound
(o„,)o',&) diagrams with double-p exchange, which are
not present in the Bonn potential, ' must be included now.
For their explicit evaluation, we refer the reader to Refs.
1 and 5.
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FIG. 1. Nh- and 2th-box diagrams contained in the present
model.

B. Isobar box diagrams including self-energy e8'ects

Above pion threshold, the singularity structure of the.

diagrams in Fig. 1 gets more complicated: In the con-
sidered energy range up to 1 GeV, singularities appear in
those propagators of the transition potentials Vzz and

V&& which involve a pion. They are very similar to those
of the one-pion-exchange (OPE) interaction between two
nucleons. In fact, the region in which the singularities of

I

the transition potentials are located, has the same bounds
as the region of the singularities of the OPE propagator.
So we can use the same (complex) contour deformation
technique for solving the scattering equation as used in I.

Let us now turn to the effects resulting from the dress-
ing of the 5 isobar. As for the nucleon [Fig. 2(a)], we re-
strict ourselves to the simple (Lee-model-type) self-energy
diagram involving the pion only [Fig. 2(b)]. It has been
shown in I that, in time-ordered perturbation theory, the
independent iteration of the bubble diagram, Fig. 2(a), on
both nucleon lines leads to off-shell corrections, con-
tained in a (multiplicative) dressing factor to the meson
exchange diagrams. For example, the iterative diagram
involving dressed NN intermediate states now acquires
the following structure

yNN ( ) yNN ( )
1

a& a2 a~a2 R —2 (z)(z E E ) a~a&a~a&
ala2 NN ala2 al a2

(2.1)

where yNN(z) is the conventional (energy-dependent)
OBE-interaction containing renormalized quantities only.
z is the starting energy and the sum goes over the inter-
mediate states a&, a2. The characteristic dressing factor
NNR (z) depends, as expected, on the starting enegy

1 2

and the intermediate states; it is given explicitly in I.
A corresponding factor N~R (z), generated by the

l 2

dressing of the nucleon as well as of the b, isobar, arises in
Nh box diagrams. Furthermore, since the 6 is a reso-
nant state, its energy gets an imaginary part which is re-
lated to the resonance width. Therefore, the inclusion of
such self-energy effects leads to the following structure of
Nh box diagrams

yNh (z) yNh (z)
1

NaR (z)Iz —[E, —i b (z E)]—E— (2.2)

Here V is the interaction describing the transition
NN~Nh.

The argument of 5 takes into account that the imagi-
l

nary part of the b, self energy. depends on the presence of
the spectator nucleon a2. According to Appendix A, it
can be written as

R (z) = 1 —(z E E)[1—(z —E)—
+r. (z —E.' )]

with

(2.5)

(2.3)

where

h (z E)=m.g ~

W' —
pq '~ 5(z E Ep a)1, )— — —

Pk

(2.4)

r.'(z E. )=y-
pl, (E Ei3 cok) (z E~— E—

p cok)—— —

(2.6)

for the dressing of the delta isobar and

~

W(NN )~2

I (z E)=g-
pk (E~ Ep cuk) (z E—~ E—p cok)— — —

(2.7)

is the imaginary part of the delta bubble diagram [Fig.
2(b)) with W' &z"' denoting the DNA vertex function.

Analogously to the NN case, see I, the dressing factor can
be written as

for the dressing of the nucleons. (E is the relativistic en-
1

ergy of the b isobar. )

The generalization to b 6 box diagrams can be done in
a straightforward way. Their structure is given by
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aaR~ (z)tz [—E —ib, (z E—)]—[E —iA (z E—)]I
(2.8)

where

and

(z E—) =aaR h (z E—)
l J

(2.9)

&&R (z) = 1 —(z E —E—)

X[r.'(z —E.' )+r.'(z —E.' )] . (2.10)

III. RESULTS AND DISCUSSION

The meson parameters of our model used throughout
this paper are given in Table I. Note that the inclusion of
self-energy corrections leads to a constraint for the pion
cutoff since the Z factor, which characterizes the norm of
the nucleon and 5 state, respectively (see I) must remain
positive. This condition implies an upper limit of A&N~
in the range of 1200 MeV if a monopole form factor at
the vertex is used and leads to Z» (m)=0.36 (which
means that the total nucleon wave function consists of a
64% pion cloud). A roughly equivalent choice, which is
used here, is a dipole form with AN&~ ——1700 MeV lead-
ing to Z» (m}=0.44 fm for the nucleon together with a
mass shift Z (m)h (m) = —585 MeV.

Based on the quark model value fNa l4»r=0 224, a.
corresponding limit of AN& ——1000 MeV is obtained for
the b, isobar, which yields Z ' (ma)=0.62 and a reso-
nance shift Z (ma }h a(ma ) = —517 MeV.

Figure 3 shows the momentum dependence of the Z
factor. (A corresponding result is obtained for the mass
shift. ) Obviously, it stays essentially the same in the
relevant momentum range, i.e., the amount of pion cloud
does not depend on'the momentum of the particle, which
is physically appealing.

We next want to study the effect of baryon dressing on
the N5 box diagram W(q', q 2E» } [Eqs. (2.2)]. Figure 4

shows the contribution of 8' in the 'So state, for
q'=q0= 250 MeV, as function of q. (Note that an. , »rp as
well as pp exchange is included. ) Like in the NN case (see
I},the Nb, dressing factor z&R» (z) enhances the (attrac-
tive} contribution of the Nh interaction. Furthermore,
the dressing of the nucleon gives an effect about twice as
large as the dressing of the 5 isobar. Consequently, delta
dressing in diagrams with b 5 intermediate states is com-
parably unimportant. Since baryon dressing is an off-
shell effect it is quite small in higher partial waves. How-
ever, in lower partial waves, it has a visible effect leading
always to additional attraction, especially for higher ener-
gies. This is due to the fact that here the iterations of the
potential become important, which are attractive and are
increased by the dressing factor. In our model, this addi-
tional attraction is compensated for by the use of slightly
stronger cutoffs than used in Ref. 1.

Above pion production threshold the contribution of
the NA box diagrams becomes complex, firstly due to the
delta width, which appears in the box propagator [see Eq.
(2.2)], secondly because of singularities present in the Nh
dressing factor as well as in the pion exchange propaga-
tors. It turns out that the main contribution to the imag-
inary part of the interaction and therefore to the inelasti-
cities is given by the delta width. The contributions of
the pion propagators are of the same magnitude as those
in the NN case (see I) and thus quite small.

The quantity characterizing the b width, h a(z E)—
depends on the starting energy z as well as on the
momentum q of the (intermediate) b, state. As Fig. 5
demonstrates, this dependence is quite dramatic: h

grows with increasing z, but drops off quite fast for
higher momenta q. (The dependence on the spin state A,

is negligibly small. )

We mention that the contribution of box diagrams in-
volving b,h intermediate states is quite small, because of
the higher threshold.

q, Eq TABLE I. Meson parameters used in the present model. The
form factors at the vertices are parametrized as
F =(A —m /A +(q —k) )

k

q, Eq

NNn.

P

o'

5

2
ga
4m'

14.4
0.7(6. 1)

20.0
8.8396
0.0567

m (MeV)

138.03
769.0
782.6
580.0
983.0

A (MeV)

1700
1400
1650
1600
2000

FIG. 2. Nucleon (a) and delta isobar (b) self-energy diagram
involving the pion. Nhp

4m.

0.224
15.51

m. (MeV)

138.03
769.0

A (MeV)

1000
1500
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FIG. 3. Z-factor of the nucleon [Z, ~(E, ); dashed line] and
of the delta isobar [Z, 2's(E~s); solid line] as function of the par-
ticle momentum q.

The partial wave phase shifts and inelasticity parame-
ters, obtained from our model by solving a Lippmann-
Schwinger equation for the scattering amplitude T, are
shown in Fig. 6 for isospin I and compared to results
from empirical analyses. Obviously, the latter differ
widely from each other, especially for the inelasticity pa-
rameters, which is an indication that experimental data
still contain rather large uncertainties in the energy re-
gion above pion production threshold.

%e also did a calculation with a q-independent 6
width, putting q =0 in h (z E) bu—t keeping the
starting-energy dependence. As expected from Fig. 5,

0.2.

0.0

Q)
-0.2

a -0.4
~ A

C
(g -0.6
o

-0.8
lO

I

-1.0

-1.2
0

I
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I
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I

750 1000

q (Me V/c)
FIG. 4. Effect of the dressing factor &&Rq (z) on the N4-box

diagram, W(q', q ~
2E~ ) [Eq. (2.2)], for q'=qo =250 MeV. The

dashed line shows W without any baryon dressing. The dash-
dot line is obtained by dressing the 6 isobar, the solid line con-
tains delta as well as nucleon dressing.

Elab 4' MeV

o =-—
0 100 200 500 400

q {MeV/c)

FIG. 5. Delta width for various starting energies z as func-
tion of the particle momentum q. z:—2Eq is related to the lab

qo

energy E»b ——2qo /m.

such a procedure overestimates the inelastic contribu-
tions especially in the energy region shortly above pion
production threshold. This is in line with results ob-
tained already by Kloet and Tjon. The differences be-
tween these two off-shell extrapolations of the delta width
are most clearly seen in the higher partial waves '64 and
F4. In the F4 state, the constant delta width overesti-

mates the correct result in the whole energy region,
whereas in the 'G4 state it overestimates the correct re-
sult for energies smaller than 700 MeV and underesti-
mates it for larger energies. Here both calculations lie in
between the empirical analyses, whereas in the Argand
plot of the 'Gs state (see Fig. 7) only the calculation with
the q- and z-dependent delta width lies close to the exper-
imental points. The constant delta width shows a more
resonancelike behavior because of its stronger looping.

The most interesting partial wave states of the T =1
channels are the 'D2 and F3 states because in both states
the NN-NA threshold is very important. Both partial
waves are very inelastic and show a counterclockwise
looping in the Argand plot with increasing energy, see
Fig. 8. Note that for F3 the looping is not strong
enough compared to the empirical data. Obviously, the
inelastic threshold provided by our model is not strong
enough, which is not surprising since, e.g. , we left out the
inelasticities arising from crossed-box diagrams.

The effect of the individual contributions to the NN in-
teraction for these two states is displayed in Figs. 9 and
10. They both show a strong bump when the attractive
Nbmm contribution is added. Especially in the D2 state,
this strong attraction is suppressed by adding the short-
range repulsion given by mp exchange.

The NN partial wave phase shifts for the I =0 channels
are displayed in Fig. 11. Apart from the 'P, state the
empirical data are described fairly well. The inelasticities
are solely arising from conventional one-pion exchange
and thus quite small; see I.
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FIG. 7. Argand plot of the partial wave phase shift '64 in

NN scattering. The result of the present model for lab energies
from 400 MeV to 1000 MeV is given by solid circles whereas

open circles stand for a calculation with a q-independent delta
width. The experimental data points (open triangles) are taken
from Ref. 7, the dotted line represents the unit circle.

It should be noted that the discrepancies between the
different empirical analyses are here even more pro-
nounced than in the T =1 channels. Especially for the
inelasticities the data seem to be quite uncertain and
should be improved. This would be of special importance
if Nh-crossed-box diagrams will be included since these
also contribute to I =0 states.

We now want to compare the results of our model to
those obtained by Faassen and Tjon, who work in a co-
variant Bethe-Salpeter framework. The physical content
of their model is however comparable. The authors like-
wise leave out crossed-box diagrams and neglect (virtual)
ant&particle contributions; they automatically keep
stretched-box diagrams, which are however quite small.
Therefore it should be of no surprise that their results are
very similar compared with ours. For example, their
inelasticities in 'D2 and F3 are also too small. Note that
the model of Ref. 8 contains Nb hN transitions, -which
we leave out in order to avoid a coupled channel formal-
ism. Therefore, the unitarity is not exactly fulfilled in our
model whereas the weaker unitarity condition o.„,&o.,~

still holds. Since the numerical results are so similar for
both models these transitions obviously play only a minor
role in the XXchannel.

So far in this work we have always compared the pre-
dictions of our model above pion production threshold
with empirical phase shift analyses. As discussed before,
these still contain uncertainties, especially for the inelasti-
cities. Therefore, we have also computed several scatter-
ing observables for which experimental data exist. For
the calculations we have used partial waves up to J=25,
neglecting the (negligible) contributions of the Nb, - and
hA-diagrams for J & 10.

We first turn our attention to the inelastic cross section

0.3 .

0.2 .
0
0hh 0

d h

~ 0
0.1,

0

o.o
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

due to single-pion production, see Fig. 12. (The results in
Figs. 12—16 have been derived from the optical theorem.
This is only approximately correct since, in the present
stage, our model is not exactly unitary. The expected
minor changes should not affect our qualitative con-
clusions. ) Our model as well as that of Ref. 8 underesti-
mates the empirical data considerably. This was to be ex-
pected since the inelasticity parameters of the strongly in-
elastic partial wave amplitudes are undersized, too. As
mentioned before, the reason is that processes providing
further inelasticity are still missing in both models.

Note that the use of a momentum-independent delta
width, which overestimates the inelastic contributions,
can in fact provide a rougly correct description of the
empirical data. However, as discussed before, it leads to
inconsistencies in the partial wave inelasticity parame-
ters.

The inelastic longitudinal cross section difference ho L".

=hcrL( ) bo'I"(~—) is a sensitive measure of the bal-
ance {or imbalance) of the pseudoresonant channels 'D2
and F3 since the contributions of singlet and uncoupled

Re z

FIG. 8. Argand plots of the partial wave phase shifts 'D2 (a)
and 'F3 (b) in NN scattering. Solid circles denote the results of
the present model for lab energies from 200 MeV to 1000 MeV.
The experimental data points are taken from Ref. 6 (open trian-
gles), Ref. 26 (open squares), and Ref. 27 (open circles); the dot-
ted line represents the unit circle.
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triplet waves enter with positive, respectively, negative
sign. Moreover, the inelastic cross sections are indepen-
dent of the phase shifts and therefore only sensitive to the
pion production rate.

The wrong description of ho'L" given by the meson ex-

change model of Kloet and Silbar, ' see Fig. 13, is some-
times taken as a proof for the necessary failure of conven-
tional meson theory in general. However, this model is
based on a Nh interaction with pion exchange only,
which is known to overestimate the 'Dz state consider-
ably. In our model, m.p-exchange together with retarda-
tion effects in the meson propagators puts the balance in
the right direction.

An even better balance is obtained from a calculation
by Jauch, Konig, and Kroll. " These authors start with a
deck model for the NN interaction, in which the isobar
production amplitude is given by single ~ exchange with
the mN amplitude taken from empirical data. This pure

I I I I I I I I I I I I

32

deck model describes the data as poorly as the model of
Ref. 10. If then the contribution in the F3 state is
artificially enhanced by adding a phenomenological piece
assumed to arise from a 3 -dibaryon state, the data are
described quite well (though not perfectly). However, we
strongly feel that it is premature to consider this as an
unambiguous signal for a genuine dibaryon resonance,
since already in the present stage our model provides a
reasonable description and there is still considerable
room for improvement in the conventional meson ex-
change framework.

In Fig. 14, we compare our results for the inelastic
transverse cross section difference, her'T", with the results
obtained in Refs. 8 and 10. Again, as expected, the un-
realistic (due to lack of np exchange) meson exchange
model of Ref. 10 strongly overestimates the data. Note
that this cannot be cured by adding again a correspond-
ing 3 -dibaryon since now uncoupled triplet states do
not contribute. Thus a consistent description of both
60& and ho'T" seems to be possible only if conventional

~p exchange is included.
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The corresponding total cross section differences ho. T
and herl are shown in Figs. 15 and 16. The predictions
for her T of our model have the right shape and the right
order of magnitude; only their energy dependence is
slightly wrong. On the other hand, boL is seriously
overestimated. (A comparable result has been obtained
in Ref. S.) The reason is that now the real phase shifts
enter, which are not described suSciently accurately by
the present model. Of course, if the DNA -vertex provid-
ing the pion production mechanism is treated indepen-
dently from that in the NN interaction and NN~Nh
transition potential by using e.g., different cutoff parame-
ters, a better description can easily be obtained. ' '
However, it should be clear that such a procedure, al-
though possibly connecting a sizable amount of data, is

surely not able to really explore the range of validity of
the meson exchange picture.

In this connection we would like to make some re-
marks concerning the relation of our model to mN

scattering, especially in the P33 partial wave. In the sim-

plest, Lee-model-type approach (see Appendix A} the P33
amplitude is built up by iterations of bubble diagrams in-
volving the b, isobar, Fig. 2(b). With the parameters for
the ONE vertex used in our NN model (see Table I}, we
calculated the imaginary part of the P33 scattering ampli-
tude. As shown in Fig. 17, the resulting resonance width
is much too narrow compared to the empirical data, and
it is well known that, in this framework, much smaller
cutoff'masses are required. Indeed, with fN/, /4n =0.36
and AN&

——300 MeV, a reasonable description is ob-
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FIG. 12. Inelastic cross section due to single-pion produc-

tion. The prediction of our model is represented by the solid
line. The dotted curve results from a similar calculation taken
from Ref. 8. The experimental data are taken from Ref. 9.

lab Ener gy (GeV)
FIG. 14. Inelastic transverse cross section difference

Ao''T(pp~NNm. ). The prediction of our model (solid line) is

compared with the results of Ref. 10 (dash-dot line) and with
those obtained in Ref. 8 (dotted line). The experimental data
points are taken from Ref. 13.

tained. We stress, however, that it is absolutely impossi-
ble to use such parameters consistently in our NN poten-
tial model. Because of the extremely small cutoff mass,
the diagrams involving b isobars would give almost no
contribution to the NN interaction and consequently the
resonance structure in the NN channels would disappear
completely. Thus, one might be tempted to conclude that
a consistent and simultaneous description of the NN and
mN system is not possible in the meson-exchange frame-
work. This conclusion is however much too hasty; name-

ly, we have to realize that the Lee-model-type approach
used for mN is much too simple. A consistent treatment
clearly requires to include further diagrams; especially
the nucleon crossed graph gives a sizable contribution.
In fact, it has been shown that the inclusion of such dia-
grams, with parameters consistent with those of NN
scattering, strongly improves the agreement with the
empirical situation.

If one nevertheless wants to describe the NN and mN
interaction (in the P33 partial wave) simultaneously by us-

ing for the latter system only the Lee-model-type pole

10.
20.

5.
10.

0.

0

0.2 0.4 0.6 0.8 1.0 -10
0.0 0.2 0.4 0.6 0.8 1.0

lab Energy (GeV)
FIG. 13. Inelastic longitudinal cross section difference

Acr'L(pp~NNm. ). The prediction of our model (solid line) is
compared with the results of Ref. 10 (dash-dot line) and Ref. 11
(dashed line). The experimental data are taken from Ref. 12 and
do not include m.d contributions.

lab Ener gy {GeV)
FIG. 15. Transverse cross section difference ho. T. The pre-

diction of our model (solid line) is compared with that of Ref. 8

(dotted line). The experimental data points are taken from Ref.
14 (open squares) and Ref. 6 (open triangles).
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FIG. 16. Longitudinal cross section difference AOI . The no-

tation is the same as in Fig. 15. The experimental data points
are taken from Ref. 15 (open squares) and Ref. 16 (open trian-
gles) ~

Total Ener gy W (Gevj
FIG. 17. Imaginary part of the m.N T matrix in the P33 par-

tial wave plotted vs the total energy of the mN system. The solid
line shows a Lee-model-type calculation with f„'~ /4m =0.224
and Azz ——1000 MeV whereas the dashed curve is obtained
with f„'z /4m=0. 36 and A„' =300 MeV. The experimental
curve (dotted line) is taken from Ref. 19.

graph, one has to use completely different parameter
values in the ONE vertex appearing in the transition po-
tentials and in the isobar self-energy diagram. In order to
test whether such a parameter choice has a sizable effect
on the NN partial wave phase shifts we left the parame-
ters of the exchange contributions unchanged but used
for the delta bubble diagram fza /4m=0 36 and.
AN&„——300 MeV. Such an inconsistent treatment only
slightly enhances the bump structure in 'D2 and F& as
well as their inelastic contribution for higher energies,
but leaves the other partial wave phase shifts essentially

unaltered. As discussed before, major effects on the NN
inelasticity parameters arise from the special off-shell ex-
trapolation of the isobar width.

In Table II the predictions of our model for the deute-
ron data and the low-energy scattering parameters are
given and compared with the experimental values. Obvi-
ously, the characteristic features of the model presented
in Ref. 1, namely a small D-state probability of the deute-
ron combined with a quadrupole moment QD which is
rather large and reasonably close to the experimental
value is not affected by the one-pion loop self-energy con-

TABLE II. Deuteron and low-energy scattering parameters predicted by the present model.

Binding energy cz (MeV)
D-state probability PD (%)
Quadrupole moment Q~ (fm )

Asymptotic S state Az (fm ' ')
Asymptotic D/S state D/S

Theory

Deuteron

2.22461
4.67
0.282
0.8927
0.0265

Experiment

2.224575+0.000009'
5.0+2.0'

0.2860+0.0015
0.8846+0.0016 '
0.0271%0.0008 '

Neutron-proton low-energy scattering (scattering length a; effective range r):

'So. a, (fm)

r, (fm)

S, : a, (fm)
r, (fm)

—23.7451
2.7041
5.4359
1.7652

—23.748+0.010
2.75+0.05

5.424+0.004
1.759+0.005

'There is no direct experimental access to PD.
The "experimental" value for As is model dependent. In general, for its derivation energy indepen-

dence of the nuclear force is assumed which however is not true for this model.
'Reference 22.
Reference 23.

'Reference 24.
'Reference 25.
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tributions to the baryon propagators. This again shows
that baryon dressing is mainly an off-shell effect.

IV. SUMMARY

This is the second paper dealing with the extension of
the Bonn meson-exchange NN interaction above pion
production threshold, which requires the inclusion of nu-
cleon and delta-isobar self-energy diagrams. While in the
first paper we have outlined the basic principles of our
renormalization procedure and studied the consequences
of nucleon renormalization, we have concentrated here
on the effects resulting from the dressing of the b isobar.
It turned out that, like below pion threshold, the in-
clusion of p exchange and retardation effects in the tran-
sition potentials is crucial.

In order to really establish the range of validity of the
meson-exchange picture we have, in contrast to other au-
thors, strictly avoided the use of different parameter
values for the same meson-baryon-baryon vertex at
different places, i.e., each vertex (e.g., n.Nb, ) has the same
parameter values in the NN~Nh (b, b, ) transition poten-
tials and in the isobar self-energy diagram. Of course,
this restricts very much the possibilities of fitting data.
Nevertheless, a reasonable description of the empirical
data, especially of their resonance structure, up to 1 GeV
could be obtained. Thus, there is no indication of a

dramatic breakdown of the meson exchange concept in
this region, and there appears to be no need for introduc-
ing genuine quark effects at this stage.

So far, crossed meson exchange diagrams (which are
present in Ref. 1) have not been considered. Because of
unitarity arguments, their inclusion would require to in-
troduce in addition the whole set of nucleon and isobar
self-energy diagrams up to fourth order in the ~NN cou-
pling constant explicitly, and would therefore lead to an
enormous complication. Corresponding studies are
planned for the future.
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APPENDIX A:
MODEL FOR n.N SCATTERING IN THE P33 CHANNEL

If we build up the mN scattering amplitude T in the 33
channel by iterating the delta-isobar self-energy diagram
[Fig. 2(b)j, we obtain, in terms of unrenormalized AND

vertices W pk and bare isobar energy E

o* o o* o
Wap'k Wapk Wap k. Wap«k

Tpk pk(z)= g + g Tp k pl (z}
z E~' ir

—
k ~ (z E~' )(z—E& cok )— —

0 0
WaP'k ' WaPk

z —E '
a

h (z)

z Eho

'n

o* o
Wap'k' Wapk. z E." f.—( )z'—

where 0 (z) is the delta mass operator:

(Al)

WO 2.pk I

p.k«Z —Ep« —cok«+l E'

I
~'}rk I'

p„k„z—Ep —Nk

—:h (z) ih ' (z) . —

in+I ~—~p 'k
I

&(z Ep ml, .)——
P«k «

(A2)

Note that we take the renormalization of the nucleon in-
termediate state into account by using its physical energy
Ep« ~

The shift of the delta resonance position from the bare
energy E ' to the physical (renormalized) energy E is
given by h (E )=E E. Consequent—ly, the propa-
gator in Eq. (Al) can be written as

z E~' h~(z) =z E——+h (E ) —h —(z)+ih (z} .

(A3)

h (E )( —h (z)=(z —E )[Z ' (z) —1] (A4)

with

(A5,'

and making use of the definition of the renormalized ma-
trix element W'

pk
'= W pk/Z (E ), Eq. (A3) goes into

z E' —h (z)=(z —E)Z (z)+ih (z—)Z ' (E )

Z' (z}—:1+P Q
I
~'pk I'

pk (z Ep n)„)(E —Ep —co„)——

Noting that (A6)
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since

h (z) =Z (E )h (z)

with

h (z)—:m. g ~ W~pk 'i 5(z E—
p cu—k) .

Pk

Furthermore, defining a dressing factor r (z) as

Z2, 5(EA )
r~(z) =-

Z."(z}

(A7)

(AS)

(A9)

APPENDIX B:
EVALUATION OF h ~, h ~, Zg ', pygR ~ ~, ggR ~ ~

Here, we evaluate explicitly the b, -energy shift [Eqs.
(A2) and (A8)], the Z factor [Eq. (A5)] and the Nb, [Eq.
(2.5)], respectively, b,b, dressing factor [Eq. (2.10)], based
on the self-energy diagram, Fig. 2(b).

Starting point is the mob, (renormalized) interaction
matrix element

W(sNg) 1 .
( k)

m [2r0, (2~) ] ~

and

b, (z)—:h (z)r (z) (A10)
&(u "(q,A~ )u(k, A~).F„&&[(q—k)z], (Bl)

the propagator can ultimately be written as

z E ——h (z)

where u (k, i, ) denotes the usual (positive-energy) Dirac
spinor with u+u =1 and co' 'k =—[m +(q —k) ]'~ is the
relativistic pion energy. ui'(q, A, )(A, .=4—,', +—,'} is the
Rarita- Schwinger spinor describing the b isobar

=Z (E )Iz —[E ih—(z)]Ir (z) . (A 1 1)

So the T matrix Eq. (Al) can be written in terms of renor-
malized quantities only

u "(q,A, )= g S,"z(q, r)u(q, s), (B2)

pre(bNn) pr(ANm)
aP'k' agk

Tp'k'pl (z) = X q . ra(z)
z E+ib,—(z)

(A12)
where St'z(q, r ) is the spin-transition operator

S,"&(q,r) —= g ( —,'A,
~

lr ,'s )e"(q—,r) (B3)

Explicitly r (z) is given by

~

W"N'~'
r (z)=1—(z E)+-

pi, (E Ep cok
—) (z —Ep cok—)—

(A13)

Obviously, for z=E, r (z)=1 and the residue of the
real part of the T matrix is given by the renormalized ma-
trix elements 8"

pk
'. Note, finally, that the Z factor, Eq.

(A5), can also be written in terms of renormalized quanti-
ties, namely

Z ' (z)=1 Pg- (A14)
pk (z Ep cok )(Eg

—Ep—cok )——

s"(q, r) (r =1,2, 3) are the polarization vectors fulfilling
the completeness relation

3 p v

g s"(q, r )e"(q, r }= —g" +
r=1 mg

(B4)

2 2
AN~ —m „

A N~+(q —k)
(B5)

A„za being the corresponding cutoff mass. [Note that
the isospin dependence is suppressed in Eq. (B1).]

I' N~ is the mN 5 form factor, conventionally
parametrized as

We first calculate Bi (q) —= g, ~, W' „.'W'
~ „',which appears in all quantities to be considered:

2

Bi„(q)= 3" f d k (q —k)„u "(q,A, )A+(k)u "(q, A, )(q k)gNza„. —
2&q —k

(The isospin dependence leads to a trivial factor of 1.)
If we put q into the z axis and k into the x-z plane, the polarization vectors are explicitly given by

(B6)

s"(q, +1)= 1

(2)'

and Eq. (B6) goes into

+1
s"(q, 0)=—1 Pl g

0
q

(B7)

fv~ 1 E Ek q k+m~m- .
Bz(q)= '

d k gi(q, k, cos8) FN~
(27r) m 2coq k 2Eq Ek

where 0 is the angle between q and k and

(B&)
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1/2

gk(q, k, cos8) —= g (q —k)„S,"kS;k (q —k }„.
s = —1/2

Speci6cally,

g3i2 ———,'k (1—cos 8)2 2

2

g, &2
———,'k (1—cos 8)+—', (q —k cos8)

m&

which implies that the results will depend on the spin component of the 6 isobar.
Therefore we obtain for the energy shift

h &(E ) f~s „k2 +i (E Ek+mm& qk c—os8}gk(q, k, cos8)F~a
dk d cos8

Z,', (E, ) (4»r)'m +, coq „(Eq Ek —coq k
—)

and

(89)

(810)

(811)

lios(s —E (=o f dk f dcosq(EssEs imsss —qk cos(((
(4~)' m~,'

Xgk(q, k, cos8)FI»&~(coq k ) '5(z E E—k co—
» k

—)

Furthermore,

Z;,"(Eq')=1 Iq', —

f„'c,„„k2 +, (E, E„+mrna qk cos8)—gk(q, k, cos8)FN~

(4 )q'rm+ coq k(Eq Ek coq—k )—
and the dressing factors become

„R, ,'(z)= 1 -(z E, E, )-[I', ,-(z E, )+I', (z--E, )]

with

k' +& (Eq Ek —m ' —qk cos8)F~c»~r, (z —E,')= dk d cos8
4m 4mEq 0 Ek coq k(Eq Ek coq k ) (z ——Eq Ek —co—

q k )—

for the nucleon dressing (see I) and

fl'qa k2 +i (Eq Ek+mmc, qk cos8)gk(q—, k, cos8)FNc(~
I » k(z Eq)= z 2 a

— dk d cos8
(4qr) m+» o Ek

q k(Eq —Ek —&q k ) (Z Eq —Ek —&q —k )—
for the dressing of the 6 isobar. Finally,

R (z)= 1 -(z -2E, )[I,, (z E, )+I, (z -E, )] . -

(812)

(813}

(814)

(815)

(816)

(817)

For q =0, the above expressions simplify considerably. Especially, the dependence on the spin component A. disappears
since

+1 +1
d cos8g, &2(O, k, cos8}= d cos8g3/2(O, k, cos8) .—1 —1

For example, one obtains for the shift of the b -resonance position

h (E ) f~s „k(Ek+m )

Z»' (Eq )» o 4m"6»rm„o Ekcok(ms Ek —cok)—

(818)

(819)

k ms(Ek+m)FNs
I (z E}= dk-

4qr. 6qrm +» o Ek(ma Ek cok ) (z Eq —Ek——coqk )cok- —

This form keeps the important threshold behavior and ensures that I still vanishes for sufBciently large, q.
[co k

=—(m +q +k )'i, which is obtained by putting cos8=0.] An analogous expression is taken for the dressing fac-
tor I »(z E» ) appearing in the—b 6-box diagrams. For further details we refer the reader to Ref. 21.

(820)

which is a well-known result from pion-nucleon scattering. In order to simplify the singularity structure and to get rid
of the spin dependence in the dressing factors also for q +0, the following approximate expression is used for I
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