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Nucleon-nucleon interaction with consistently soft
form factors for one and two pion exchange
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It has recently proven possible to construct an acceptable one-boson-exchange potential in which
the NNm form factor is quite soft. In order to do so it was necessary to add an effective x' meson
which increased the short-range tensor force. It is much less obvious that one can use such soft form
factors if the two-pion-exchange diagrams are calculated explicitly rather than being parametrized
as scalar meson exchange. Here we show that it is indeed possible to construct a model which
describes nucleon-nucleon data with comparable quality as the original full Bonn potential, but in
which the two pion exchange is included explicitly with consistently soft NNx and ENm vertices.

PACS number(s): 21.30.+y, 13.75.Cs

I. INTRODUCTION

A microscopic understanding of the nucleon-nucleon
(NN) force is an essential ingredient of modern theories
of nuclear structure. Traditionally one tends to model
this force &om the outside in. That is, one begins with
one pion exchange at the largest separations and works
in through two and three pion exchange to some phe-
nomenological parametrization at very short distance.
Rather than deal explicitly with correlated two and three
pion exchange it has proven very useful to work with the
so-called one-boson-exchange (OBE) models. These can
provide a reasonable description of NN data in terms of
relatively few parameters, while being simple enough to
be applied in three-, four-, and many-body systems.

From a theoretical point of view the main defect of
the OBE potentials is that, in addition to the observed
vector mesons (p and u), one must include an isoscalar
scalar meson (oQBE), which definitely does not exist
at low mass, but should be considered as an efFective
parametrization mainly of correlated and uncorrelated
2m-exchange processes in the scalar-isoscalar channel.
Given the crucial role of the b, (1232) in low-energy pion
physics that is not too surprising. A large part of the phe-
nomenological scalar exchange arises &om two-nucleon
irreducible diagrams involving the excitation of a virtual
L. This was clearly demonstrated by the Paris and Stony
Brook groups [1,2] through their construction of a com-
plete two-pion-exchange (TPE) potential using disper-
sion relations —see also Ref. [3].

The full Bonn potential [4] was constructed to preserve
as much as possible the simplicity of the OBE description
while making the role of the coupling to virtual b,N (and
EA) states explicit. This permits one, for example, to
examine medi»m modi6cations of the longest range TPE
force. As expected the signi6cance of the phenomenolog-
ical o exchange decreased considerably (by about 30%)
once the explicit AN component of the TPE force was
included; the remaining part is mainly built up by contri-
butions &om correlated 2m exchange, which in the (full)

Bonn potential is still parametrized in terms of an efFec-
tive scalar exchange (called o' in Ref. [4]).

We have been forced to reexamine the full Bonn poten-
tial in the light of recent developments concerning one-
pion exchange (OPE) which was previously considered
well known. In particular, there is now overwhelming ev-
idence that the NNm vertex form factor is much softer
than has been conventionally assumed in NN models
[5—8]. In the full Bonn potential the cutofF mass A~N
was taken to be 1.3 GeV (in a monopole form-factor
parametrization) in order to be able to reproduce the
properties of the deuteron. On the other hand, all in-
dications Rom systems other than NN indicate a value
less than 1 GeV.

Within the pure OBE &amework we showed recently
[9] that this problem could be resolved by the introduc-
tion of a heavy z' meson (with a mass of 1.2 GeV). That
is, one can obtain a comparable 6t to NN data with a
soft NNvr form factor as long as there is some additional
short-range, isovector, tensor force. The physical inter-
pretation of the x' is unclear as yet, but mechanisms con-
sidered include short-distance quark exchange [10] (with
gluons or pions), dressing of the pion propagator [ll] and
correlated z'-p exchange [12,13].

At this point one remark is in order: It was advo-
cated in Ref. [4] that it does not make much sense to
include meson exchanges with masses larger than the
smallest cutofF mass, i.e., to include meson contributions
explicitly which are shorter ranged than the form-factor
parametrization. However, this argument holds only if
the form factor is phenomenologically adjusted (as in
Ref. [4]). If it is treated dynamically, representing in
one possible scenario (a), the hadronic core extension or,
alternatively (b), arising &om explicit meson exchange
diagrams (cf. Ref. [13]) then it is perfectly legitimate to
include shorter-ranged mechanisms like explicit quark-
exchange diagrams in case of (a) or correlated np ex-
change in case of (b).

In retrospect it is not so surprising that one can live
with a soR form factor in an OBE model if m' exchange is
added. What is less obvious is whether this is also possi-
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ble in a more extended treatment like in the (full) Bonn
potential, in which a good part of the effective scalar ex-
change is described explicitly in terms of (uncorrelated)
2x-exchange diagrams. Obviously, these terms are in-
Buenced by the choice of NNm and NAvr form factors
whereas in OBE models, the eff'ective o. exchange is as-
surned to be unchanged.

The purpose of the present paper is to show that the
full Bonn potential can also accommodate a soft NNm
and NAx form factor provided the NAx coupling con-
stant is increased to a value which in fact appears more
realistic.

There is another at least as interesting possibility with
regard to the one-pion-exchange potential; namely, there
are claims by several groups [14,15] that the nNN cou-
pling constant gNN is considerably smaller than previ-
ously assumed (about 13.5 vs 14.4). We decided to still
use the "old" value, for two reasons: First, the modifica-
tion advocated in Refs. [14,15] is not universally accepted
(see e.g. , the review by Ericson [16]). Second, our quali-
tative conclusion (namely, that soft NNvr and Nb, x form
factors are not ruled out by NN data) should not be in-
fluenced by the precise value of g~s~ . We will provide
corresponding arguments later.

The structure of the paper is as follows. In Sec. II
we briefly recap the main ingredients of the full Bonn
potential. The parameters of the new version and the
corresponding phase shifts and deuteron properties are
then presented and discussed. In Sec. III we make some
concluding remarks.

II. CALCULATION AND RESULTS

The full Bonn potential is based upon the solution of
the relativistic Lippmann-Schwinger (LS) equation

T(E) = V+ V(E+ —ho) 'T(E).

The potential V is energy dependent because of the in-
clusion of retardation. In the present version we include

7T

Tf,p, a', 4g

(b)

7T,p

(c)

FIG. 1. Diagrams included in the full Bonn NN in-
teraction model. (a) One-boson-exchange contributions.
(b) Irreducible (stretched- and crossed-box) parts of the
two-boson-exchange contributions involving nucleons in in-
termediate states. (c) Two-boson-exchange contributions in-
volving the E isobar in intermediate states.

in V the exchange of 7t,x',p, and u mesons as well as 0'
and b Howev.er, the essential feature of the model is the
inclusion of explicit TPE involving the b,—see Fig. l.
In the present work we constrain the form factors at all
the NNx and KNvr vertices to have a (monopole) cutofF
mass of 0.9 GeV.

In order to evaluate the NN phase shifts we solve the
R-matrix equation:

R= V+V R
P

0

[where T = R —in Rb(E —ho)T] in the helicity represen-
tation. Full details of the construction of the potential in
the helicity representation, and the relation between the
on-shell R matrix and the bar phase shifts may be found
in Ref. [4]. For the evaluation of deuteron properties we
likewise refer the reader to Ref. [4].

TABLE I. Meson parameters applied in the model with soft pion form factor. Numbers in round
brackets denote corresponding values of the full Bonn potential, when diferent. Nucleon mass
m=0.938926 GeV; mass of ¹isobar=1.232 GeV.

Vertex

N¹r'
NNp

N¹o
NNb

NAp

I(J )
of meson

1(0-)

1(0 )
1(1 )

0(1 )
1(0')

0(0+ )

Meson mass
m (GeV)

0.13803

1.2
0.769

0.7826
0.983

0.600
(0.550)
0.13803

0.769

14.4

70.0
0.88 [6.7]

(0.84) [6.1])
20.0
3.7644

(2.81V3)
?.4466

(5.6893)
0.35

(0.224)
25.20

(20.45)

CutoK mass
A (GeV)

0.9
(1 3)
2.0
1.25

(1.4)
1.5
2.0

1.7

0.9
(1.2)
1.425

(1.4)
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In Table I we present the new meson parameters re-
sulting from a best fit to the NN scattering phase shifts,
in comparison with those used in the full Bonn poten-
tial. Compared with the corresponding OBE model of
Ref. [9], the required Ir' contribution is now reduced by
30% (from 100 to 70). The main reason for this is that
the NNm cutoH' has now been fixed as 0.9 GeV, rather
than 0.8 GeV, as in Ref. [9]. On the other hand, the
softening of both the NNvr and ANvr form factors now
suppresses further higher-order diagrams —especially the
important iterative diagrams involving mn' and mp ex-
change with NA and LA intermediate states. Therefore
it should be of no surprise that the ANm. coupling con-
stant now has to be increased substantially —&om 0.224
to 0.35—in order to obtain a comparably good fit. It is
interesting to note that such an increase would improve
the predictions of the Bonn model for pion production.
According to the calculations of Elster et al. [17] the use
of g&N

——0.224 underestimated the inelastic NN cross
sections considerably.

Of course, making the NNvr and AN+ form factors
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FIG. 2. Half-shell potential V(q', q;qe) generated by the
NA iterative two-pion-exchange diagram for q' = qo = 250
MeV/c in the (a) Se and (b) G4 partial waves. The dashed
curve corresponds to the full Bonn NN model [4]. The dotted
curve is obtained by replacing the (original) NNn and ANs
cutoff masses by 0.9 GeV. For the solid line in addition the
AN@' coupling constant is increased from 0.224 to 0.35.

softer while increasing the ANm coupling constant leads
to a net effect quite difFerent in various partial waves.
For example, form-factor modifications affect the lower
partial waves only. This is clearly demonstrated in Fig.
2, which shows the half-shell potential V(q', q;qo) gen-
erated by the NA iterative two-pion-exchange diagram
for q' = qo ——250 MeV/c in both the So and G4 par-
tial waves. Whereas the change in the form factor leaves
the potential in G4 for the relevant momenta essentially
unaltered, the contribution in iSo is reduced by more
than a factor of two. Even with the increase in the
LNm coupling constant, noted above, it remains some
30% smaller, whereas the combined modification results
in a considerably increase in G4. In order to compen-
sate for this effect, we had to give the IT' contribution
(parametrizing correlated 2n-exchange processes in the
scalar t channel) a somewhat shorter range, i.e., increase
the 0' mass by 50 MeV, and at the same time increase
the coupling constant by about 20% to keep the over-
all Ir' strength. Also some other parameters had to be
changed slightly in order to obtain the same quantitative
description as before.

In Fig. 3 we show the resulting phase shifts for total
angular momentum J = 0—2 and for both the present
model and the full Bonn potential. In all cases but one
the results are quite comparable. The only exception is
the eq xnixing parameter. Here the new xnodel leads to a
strong rise with energy which can be traced to apprecia-
bly more high-momentuxn tensor force components —due
to the sizable vr' contribution. The increase appears to
be a little too strong compared with experiment and thus
indicates that the mass of the effective n' has been cho-
sen somewhat too high. Indeed, in the xNN form-factor
calculation of Ref. [13], the spectral function generated
essentially by correlated xp exchange has its maximum
very near the mass of the vr'.

Nevertheless it is well known that, if such a spectral
function is approximated by a single, sharp mass ex-
change, this mass should be considerably smaller than
the maximum of the spectral function in order to take
into account the comparably stronger effect of the left
(longer ranged) tail. Clearly it will be quite interesting
to see the outcome if the phenoxnenological vr' is replaced
by a realistic treatment of correlated vrp exchange; such
calculations are presently under way in our group.

We mention here that a slight decrease of the nNN
coupling constant (by at most 10%) as advocated in
Refs. [14,15] would not in8uence the qualitative conclu-
sions of the present paper: The reason is that the mod-
ification of the interaction induced by such a change is
likewise about 10% and thus much smaller than the mod-
ification due to the change of the mNN cutoH' mass dis-
cussed in this paper, which is xnore than a factor of 2 in
low partial waves, cf. Fig. 2. Consequently, a coxnpara-
ble description should be obtained, possibly with a slight
increase of the ANm and m' coupling constant.

Finally in Table II we show the deuteron and low-
energy scattering parameters predicted by the new
model. Again for coxnparison we show the values ob-
tained with the full Bonn potential. The increase of the
short-range tensor force in the present model manifests
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FIG. 3. np phase shifts for partial vraves J & 2. The solid curve is the result for the model vrith soft pion form factor; the
dashed curve is the full Bonn potential [4]. Experimental phase shifts are from Bugg and Bryan [18] and Stoics et al. [19].
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TABLE II. Deuteron and low-energy scattering parameters predicted by the model with soft
pion form factor and by the full Bonn potential compared with experiment. The experimental
values are taken from the references indicated in the footnotes; low-energy scattering data are from
Dumbrajs et al. [24]. Note that the deuteron properties are calculated from the nucleonic wave
functions normalized to unity.

Full Bonn
(Ref. [4])

Present
model

Deuteron:
binding energy sz (MeV)
D-state probability Pz ('%%up)

Quadrupole moment Qg (fm )
Asymptotic S-state A, (fm ~ )
Asymptotic-D/S state D/S
b b, probability Pa&(%)

Neutron-proton low-energy scat tering
'Sp. a. (fm)

r (fm)
Sg. ag (fm)

rg (fm)

2.2247
4.25
0.2807
0.9046
0.0267
0.62'

a, efFective range r):
—23.75

2.766
5.427
1.755

2.2247
5.01
0.2817
0.9039
0.0266
0.39

(scattering length
—23.75

2.782
5.426
1.754

Reference [20]
Reference [21]

'Reference [22]
Reference [23]

'This value is more accurate than the one given in Ref. [4].

Expt.

2.224 575

0.2859+0.0003
0.8846+0.0016'
0.0256+0.0004

—23.758+0.010
2.75+0.05

5.424+0.004
1.759+0.005
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itself in the larger D-state probability. (Note that al-
though in both cases it is quite small this is a well-known
feature of the energy dependent interaction, not a sign of
a weak tensor force. For the same reason, due to the lack
of wave-function renormalization in these calculations,
the resulting values of A, are somewhat larger than the
experimental value. )

III. CONCLUDING REMARKS

in the present stage is not meant to replace the full Bonn
potential [4]. Considerable work is still required in order
to replace the purely fictitious vr' by a realistic evalua-
tion of correlated vrp exchange processes; also, the model
should then be con&onted in more detail with the empir-
ical data. We believe, however, that the results presented
so far indicate already the possibility for a satisfying con-
sistency in that one can model forces in the one, two, and
three nucleon systems in terms of the safe soft form fac-
tors.

The purpose of the present paper was to show that a
meson exchange model with consistently soft form factors
for one- and two-pion exchange can be constructed, which
provides a reasonable description of low energy NN data.
This is important since there is considerable evidence fa-
voring the use of relatively soft NNx and ANm form
factors in making a three-body force [25]. The same is
true of pion-nucleon scattering [26]. However, this model
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