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Calculation of the nucleon-nucleon interaction due to vector-meson exchange

L. S. Celenza, C. M. Shakin, and Wei-Dong Sun
Department of Physics and Center for Nuclear Theory, Brooklyn College of the City University of New York, Brooklyn, New York

~Received 15 January 1996!

We make use of a momentum-space bosonization of a generalized Nambu–Jona-Lasinio model to calculate
the contribution of rho and omega exchange to the one-boson-exchange~OBE! model of the nucleon-nucleon
interaction. Momentum-dependent meson-quark coupling constants are obtained in the bosonization scheme. A
vector-meson-dominance~VMD ! model is used to obtain information concerning the momentum dependence
of the meson-nucleon vertex, other than that which arises from the momentum dependence of the meson-quark
coupling constants. We find good agreement with the magnitude of the force atq250 for both rho and omega
exchange. The momentum dependence of the interaction in the region20.2 GeV2<q2<0 was calculated. We
only obtain about two-thirds of the strength of the OBE interaction atq2520.2 GeV2, suggesting the impor-
tance of interactions of shorter range than that considered here.~We note that, for20.2 GeV2<q2<0, we span
the range ofq2 of significance for nuclear structure studies.! @S0556-2813~96!00408-6#

PACS number~s!: 13.75.Cs, 12.40.Vv, 21.30.Fe, 24.85.1p
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I. INTRODUCTION

The parametrization of the nucleon-nucleon potential a
given by the one-boson-exchange~OBE! model @1# is ex-
tremely useful for nuclear structure studies and provides th
basis for the calculation of the properties of nuclear matter i
relativistic-Brueckner-Hartree-Fock theory@2#. The OBE po-
tentials of Ref.@1# have been extensively applied in the study
of the properties of nuclear matter and finite nuclei. In th
relativistic-Brueckner-Hartree-Fock theory, one finds goo
values for the nuclear saturation density and binding energ
One is also able to reproduce the strength of the large~Lor-
entz! scalar and vector potentials that are used in Dirac ph
nomenology to within a few percent. However, the relation
of the OBE model to more fundamental models of the stron
interaction has not been understood. We have undertaken
program to study the OBE model, making use of a bosonize
version of an extended Nambu–Jona-Lasinio~NJL! model
@3,4#. ~It is necessary to extend the NJL model to include
description of confinement in order to calculate the prope
ties of the rho and omega mesons. Such a generalization
the NJL model has been given in our earlier work@5,6#.!

In our work we make use of a Lagrangian describing th
interaction of up and down quarks,

L~x!5q̄~x!~ i ]”2mq
0!q~x!1

GS

2
@~ q̄q!21~ q̄ig5tWq!2#

2
GV

2
@~ q̄gmtWq!21~ q̄g5g

mtWq!2#2
Gv

2
~ q̄gmq!2

1Lconf~x!, ~1.1!

whereLconf(x) refers to our treatment of confinement. Here
we will concentrate on the rho and omega mesons and w
write Gr rather thanGV in the following. The treatment of
confinement in our model has been discussed extensive
elsewhere@5–7#. However, we will include a few comments
relevant to our model of confinement in the next section.
540556-2813/96/54~2!/487~8!/$10.00
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The organization of our work is as follows. In Sec. II we
will define some tensors that play an important role in th
bosonization scheme and present two basic bosonization
lations used to introduce the rho and omega mesons in t
formalism. In Sec. III we review the phenomenological rep
resentation of isoscalar and isovector electromagnetic for
factors of the nucleon. In Sec. IV we go on to provide
vector-meson-dominance~VMD ! model of the nucleon elec-
tromagnetic form factors. Our model envisions a valenc
quark ‘‘core’’ that is strongly coupled to various meson
fields. In the VMD model, a photon couples to the rho an
omega fields in the vicinity of the nucleon. The dipole form
for the electromagnetic form factors then emerges from a
interplay of the meson propagator, the core form factor an
the momentum dependence of the meson-quark coupli
constant. In Sec. IV we specify those core form factors th
allow us to fit the isoscalar and isovector electromagnet
form factors of the nucleon using our VMD model. In Sec. V
we make use of the core form factors to calculate th
nucleon-nucleon interaction that arises from rho and ome
exchange.~We point out that, although our results are gen
erally satisfactory, there are a large number of diagrams th
we have not considered. We believe these diagrams will gi
interactions of shorter range than the interactions we co
sider here. Therefore, we do not expect our model to wo
well for large values of2q2.! Finally, in Sec. VI, we include
some further discussion and conclusions.

II. MOMENTUM-SPACE BOSONIZATION
OF THE NJL MODEL

In this section we review procedures used in th
momentum-space bosonization of an extended NJL mod
for the quark-antiquark channels with the quantum numbe
of the rho and omega mesons@7#. We will begin our discus-
sion by defining the tensors

Ĵ~r!
mn~q!52g̃mn~q!Ĵ~r!~q

2!, ~2.1!

Ĵ~v!
mn ~q!52g̃mn~q!Ĵ~v!~q

2!, ~2.2!
487 © 1996 The American Physical Society
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54KIN, AND WEI-DONG SUN
with g̃mn(q)5gmn2qmqn/q2. Here the Ĵmn(q) represent
quark-antiquark loop integrals obtained when evaluating t
diagrams shown in Fig. 1@7#. The carets over the symbols in
Eqs. ~2.1! and ~2.2! indicate that we have included verte
functions in the calculation ofĴmn(q) that sum a ladder of
confining interactions@6#. These vertex functions are repre
sented by solid triangular areas in Fig. 1.

For the case of the rho, it is particularly important t
include the effects of coupling to the two-pion continuum
Thus, we define the tensor@7#

K̂ ~r!
mn~q!52g̃mn~q!K̂ ~r!~q

2!. ~2.3!

~See Fig. 1.! For q2.4mp
2 , K̂ (r)(q

2) has an imaginary part
that gives rise to the rho width. Note that, because we ha
included a model of confinement, these various tensors h
no quark-antiquark cuts in the complexq2 plane.~The con-
fining interaction prevents the quark and antiquark from g
ing on-mass shell simultaneously.!

Bosonization may be achieved by considering a string
quark-antiquark interactions. For example, consider a sc
tering amplitude for a quark-antiquark pair with the quantu
number of the rho meson. If we suppress reference to Di

FIG. 1. ~a! The basic quark-antiquark loop diagram of the NJ
model is shown for the rho and omega channels. The solid trian
lar area denotes a vertex function for the confining interaction~a
linear potential!. ~b! The equation that is solved to obtain the ve
tex operator for the confining potential,VC, is shown. The driving
term isgm, or gmt3, for the isoscalar and isovector channels, respe
tively. ~c! Calculation of the diagram shown yields the tenso
K̂ (r)

mn (q), that describes the coupling of the vector-isovector chan
to the two-pion continuum. Forq2.4mp

2 , K̂ (r)
mn (q) has an imagi-

nary part that provides the width for the rho meson. We note th
mrGr(q

2)5g rqq
2 (q2)Im K̂ (r)(q

2).
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T~r!~q
2!5

Gr

12Gr@ Ĵ~r!~q
2!1K̂ ~r!~q

2!#
. ~2.4!

We may then write

T~r!~q
2!52

grqq
2 ~q2!

q22mr
21 imrGr~q2!

, ~2.5!

where

mrGr~q2!5grqq
2 ~q2!Im K̂ ~r!~q

2!. ~2.6!

For this work we only consider the regionq2<0. Therefore,
K̂ (r)(q

2) will be real in our study. Values forgrqq(q
2) are

obtained when equating theT(r)(q
2) of Eqs.~2.4! and~2.5!.

In an analogous fashion, we may define

T~v!~q
2!52

gvqq
2 ~q2!

q22mv
21 imvGv~q2!

. ~2.7!

We have calculatedgvqq(q
2) andgrqq(q

2) in an earlier
work @8#. Values ofgrqq(q

2) and gvqq(q
2) obtained there

are presented in Table I. For that analysis we putmr50.77
GeV andmv50.783 GeV. A confining field was used of the
form VC(r )5kre2mr , wherek50.22 GeV2. ~The parameter
m was introduced to soften the momentum-space singular
ties of the potential so as to facilitate the numerical analysi
We chosem50.050 GeV.! The value ofgrqq(mr

2) obtained
in Ref. @8# was used to calculate the rho-pion coupling con
stant, grpp(mr

2), and a good value was obtained
@grpp(mr

2)55.90#. The coupling constantsgrqq(mv
2 ) and

gvqq(mv
2 ) were used in the calculation of the matrix elemen

that describes rho-omega mixingu~mv
2!5^vuHSBur

0& @9#. We
found a quite satisfactory value foru~mv

2! in Ref. @9#. These
results lead us to believe that the momentum-space bosoniz
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TABLE I. Values of grqq(q
2) and gvqq(q

2) obtained in an
earlier work@8# are presented.

q2 ~GeV2! grqq(q
2) gvqq(q

2)

0.7 2.66 2.80
0.6 2.82 2.98
0.5 2.98 3.14
0.4 3.13 3.30
0.3 3.27 3.45
0.2 3.41 3.59
0.1 3.54 3.73
0.0 3.66 3.86

20.1 3.74 3.96
20.2 3.81 4.04
20.3 3.88 4.11
20.4 3.92 4.16
20.5 3.97 4.21
20.6 4.01 4.25
20.7 4.04 4.29
20.8 4.07 4.32
20.9 4.10 4.35
21.0 4.12 4.38
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tion scheme is working well, with respect to the calculat
of the meson-quark coupling constants.

III. ELECTROMAGNETIC FORM FACTORS
OF THE NUCLEON

In this section we review a number of well-known re
tions, with the aim of providing a phenomenological rep
sentation of the isoscalar and isovector form factors of
nucleon. We recall that proton and neutron form factors m
be defined, withe.0,

^pW 8,s8,t851/2uJem
m ~0!upW ,s,t51/2&

5eū~pW 8,s8!FgmF1
p~q2!1

ismn

2mN
qnF2

p~q2!Gu~pW ,s!, ~3.1!

^pW 8,s8,t8521/2uJem
m ~0!upW ,s,t521/2&

5eū~pW 8,s8!FgmF1
n~q2!1

ismn

2mN
qnF2

n~q2!Gu~pW ,s!. ~3.2!

HerepW 85pW 1qW .
One further defines electric and magnetic form factor
on

a-
re-
the
ay

GE
p~q2!5F1

p~q2!1
q2

4mN
2 F2

p~q2!, ~3.3!

GM
p ~q2!5F1

p~q2!1F2
p~q2!, ~3.4!

GE
n~q2!5F1

n~q2!1
q2

4mN
2 F2

n~q2!, ~3.5!

and

GM
n ~q2!5F1

n~q2!1F2
n~q2!. ~3.6!

We also put

F1
p~q2!5F1

S~q2!1F1
V~q2!, ~3.7!

F2
p~q2!5F2

S~q2!1F2
V~q2!, ~3.8!

F1
n~q2!5F1

S~q2!2F2
V~q2!, ~3.9!

and

F2
n~q2!5F2

S~q2!2F2
V~q2!. ~3.10!

We then solve for the isoscalar and isovector form factors
F1
S~q2!5

GE
p~q2!1GE

n~q2!2~q2/4mN
2 !@GM

p ~q2!1GM
n ~q2!#

2~12q2/4mN
2 !

, ~3.11!

F2
S~q2!5

@GM
p ~q2!1GM

n ~q2!#2@GE
p~q2!1GE

n~q2!#

2~12q2/4mN
2 !

, ~3.12!

F1
V~q2!5

@GE
p~q2!2GE

n~q2!#2~q2/4mN
2 !@GM

p ~q2!2GM
n ~q2!#

2~12q2/4mN
2 !

, ~3.13!

and

F2
V~q2!5

@GM
p ~q2!2GM

n ~q2!#2@GE
p~q2!2GE

n~q2!#

2~12q2/4mN
2 !

. ~3.14!
c
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m
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We remark thatF 1
S~0!50.5, F 2

S~0!520.06, F 1
V~0!50.5,

andF 2
V~0!51.85. For the range of momentum of interest to

us, we may use the dipole forms~with q2 in GeV2 units!,

GE
p~q2!5

1

~12q2/0.71!2
, ~3.15!

GM
p ~q2!5mpGE

p~q2!, ~3.16!

GM
n ~q2!5mnGE

p~q2!. ~3.17!

Here, mp52.79, mn521.91, andGE
n(q2).0. Use of Eqs.

~3.15!–~3.17! in Eqs. ~3.11!–~3.14! provides a phenomeno-
logical representation of the isoscalar and isovector form fa
tors. We will describe a procedure for obtaining theoretica
values forF 1

S(q2) andF 2
V(q2) in the next section.
-
l

IV. THE VECTOR-MESON-DOMINANCE MODEL
FOR THE NUCLEON ELECTROMAGNETIC

FORM FACTORS

It is well known that hadron electromagnetic form factor
may be calculated in some form of the vector-meson
dominance~VMD ! model. ~Indeed, the VMD model pro-
vides a remarkably accurate representation of the pion for
factor for both timelike and spacelike values ofq2 @10#.!
Here, we will develop a version of the VMD model for the
nucleon electromagnetic form factors that will provide som
information needed in the calculation of rho and omega e
change in our study of the nucleon-nucleon interaction.

We will not use the bag model in our analysis; howeve
we do have in mind a picture of the nucleon as a valenc
quark ‘‘core’’ strongly coupled to surrounding meson fields
From this point of view, we may consider the processe
shown in Fig. 2. There the wavy line denotes a photon, th
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single lines are quarks and the crosshatched area repre
the ‘‘valence-quark core.’’ In Fig. 2~a! the photon is ab-
sorbed by a quark in the core. The process shown in Fig.~a!
gives rise to an isoscalar amplitude

Am~p,p8!5
e

2
ū~pW 8,s8!

3Fgm f 1
S~q2!1

ismn

2mN
qn f 2

S~q2!Gu~pW ,s!,

~4.1!

where f 1
S(q2) and f 2

S(q2) are form factors of the core. In
Figs. 2~a! and 2~b!, we see the photon being absorbed, w
subsequent rescattering of the quark-antiquark pair.~Note
that we do not show the confinement vertex in these figu
to avoid excessive complexity in the figure.! Inclusion of the
full series ofqq̄ ‘‘bubbles,’’ as shown in Figs. 2~a!–2~c!,
etc., yields the amplitude in the omega channel~J512, I50!

B~v!
m ~p8,p!5

e

2

1

12Gv@ Ĵ~v!~q
2!1K̂ ~v!~q

2!#
ū~pW 8,s8!

3Fgm f 1
S~q2!1

ismn

2mN

qn f 2
S~q2!Gu~pW ,s!.

~4.2!

From this form we may identify the VMD result by using ou
bosonization relations.@See Eqs.~2.4!, ~2.5!, and~2.7!.# We
find

FIG. 2. ~a! Here the wavy line represents a photon of mome
tum q. The lines with arrows denote quarks, while the crosshatc
area represents a nucleon ‘‘core’’ that is ‘‘dressed’’ by various m
sons~r,v, . . . !. ~b! Here the solid dot denotes a coupling consta
of the extended NJL model~Gr orGv!. ~c! Here we represent the
development of the bubble string of the extended NJL model. T
bubble string may be replaced by a meson propagator through
use of the relation Gr/$12Gr[ Ĵ(r)(q

2)1K̂ (r)(q
2)] %

52g rqq
2 (q2)/[q22mr

2] in the case of the rho meson, for ex
ample. ~d! Via bosonization, one may introduce the omega prop
gator, which is represented by a double line in the figure. At
photon-meson vertex, one has a factormv

2 /gv(q2), wheregv(q2) is
the momentum-dependent meson decay constant of the omega
son.
ents

th

res

r

B~v!
m ~p8,p!5

e

2

1

Gv

gvqq
2 ~q2!

mv
22q2

ū~p8,s8!

3Fgm f 1
S~q2!1

ismnqn

2mN
f 2
S~q2!Gu~pW ,s!.

~4.3!

This may be put in a somewhat more familiar form by de
fining a meson decay constantgv(q2) @10#:

mv
2

gv~q2!
5
gvqq~q

2!

6Gv
. ~4.4!

Thus

B~v!
m ~p8,p!5eS mv

2

gv~q2! D 1

mv
22q2

gvqq~q
2!ū~pW 8,s8!

3Fgm f 1
S~q2!1

ismn

2mN
qn f 2

S~q2!Gu~pW ,s!.

~4.5!

Thus, we may identify isoscalar form factors of the
nucleon

F1
S~q2!5

1

6Gv

gvqq
2 ~q2!

mv
22q2

f 1
S~q2!, ~4.6!

F2
S~q2!5

1

6Gv

gvqq
2 ~q2!

mv
22q2

f 2
S~q2!. ~4.7!

We can definef 1
S~0!53 and require thatf 2

S~0!520.36.
@Since f 2

S~0! is quite small, we will neglect it at this point.#
We may useGv524.3 GeV22, mv50.783 GeV, and
gvqq~0!53.86, and find F1

S~0!50.5. Note that
gvqq
2 (0)/(mv

2Gv)51 in a gauge-invariant formalism.
For the isovector form factors, entirely similar consider-

ations allow us to write

F1
V~q2!5

1

2Gr

grqq
2 ~q2!

mr
22q2

f 1
V~q2!, ~4.8!

F2
V~q2!5

1

2Gr

grqq
2 ~q2!

mr
22q2

f 2
V~q2!. ~4.9!

Here, we require f 1
V~0!51 and f 2

V~0!53.70, so that
F 1

V~0!50.5 and F 2
V~0!51.85. Note thatgrqq

2 (0)/(mr
2Gr)

51 with Gr522.6 GeV22.
We have seen in past work that, if one uses a relativist

version of the SU~6! quark-model wave functions of the
nucleon, it is quite easy to fit theq250 values of the nucleon
form factors in what may be considered to be a pure ‘‘core’
model @11#. That is, in Ref.@11#, we did not use the VMD
model, nor did we consider the contribution of the ‘‘meson
cloud.’’ The success of that analysis was based on the fa
that, if one calculates the matrix element of the isoscala
current,j S

m(x)5q̄(x)gmq(x), between nucleon states, the re-
sulting value off 2

S~0! is quite small. On the other hand, if
one calculates the matrix element of the isovector curren
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j V
m(x)5q̄(x)gmt3q(x), a large value off 2

V~0! is obtained.
Indeed, the moments of the neutron and proton were v
well fitted by the simple ‘‘core’’ model of Ref.@11#. How-
ever, in the present work we have used a VMD model an
nucleon ‘‘core’’ to facilitate our study of the nucleon
nucleon force due to vector-meson exchange.

The purpose of the foregoing analysis was to find som
information concerning the core form factors. To that en
we put

f 1
V~q2!5

~l1
V!2

~l1
V!22q2

, ~4.10!

f 2
V~q2!53.70

~l2
V!2

~l2
V!22q2

, ~4.11!

f 1
S~q2!53

~l1
S!2

~l1
S!22q2

, ~4.12!

f 2
S~q2!520.36

~l2
S!2

~l2
S!22q2

. ~4.13!

At this point, we may find values of the variousl’s by
using the phenomenological values ofF 1

S, F 2
S, F 1

V, andF 2
V

given in Sec. III. We will concentrate onF 1
S(q2) and

F 2
V(q2), since these form factors appear in the most impo

tant components of the nucleon-nucleon interaction that ar
from vector-meson exchange. In Fig. 3 we show a fit
F 1

S(q2) obtained withl 1
S50.745 GeV and in Fig. 4 we show

a fit to F 2
V(q2) obtained withl 2

V50.70 GeV.~If we convert
these values ofl to a ‘‘core radius’’ by using the formula
R5A6/l, we findRr.0.69 fm andRv.0.65 fm. These val-
ues represent about 80% of the value of the electromagn
radius of the nucleon.!

V. VECTOR-MESON EXCHANGE IN THE OBE MODEL

The one-boson-exchange model provides a particula
simple representation of the nucleon-nucleon interaction@1#.
One characteristic of the model is the inclusion of a vert

FIG. 3. Values ofF 1
S(q2) are shown. The phenomenologica

values are given by the solid line, while the result of our fit usin
the VMD model is represented by the dashed line. Herel1

S50.745
GeV. @See Eq.~4.12!.#
ry
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e
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ex

cutoff at each meson-nucleon vertex. For the monopole for
of the vertex cutoff, we have, for mesoni ,

FiOBE~q2!5
L i
22mi

2

L i
22q2

~5.1!

at each vertex. For example, for omega exchange, one has
amplitude

f ~v!
OBE~q2!5

gvNN
2

4p S Lv
22mv

2

Lv
22q2 D

2 1

mv
22q2

. ~5.2!

Here,gvNN is the omega-nucleon coupling constant as de
fined in Ref.@1#. We have included a factor of~1/4p! in Eq.
~5.2!, since the value of the coupling constant is usually
given by specifying the value ofg2/4p. For example, we
haveg vNN

2 /4p520.0 andLv51.5 GeV as typical values in
the OBE model@1#. From these values, we havef ~v!

OBE517.26
GeV22, if we use the definition off ~v!

OBE~q2! given in Eq.
~5.2!.

To calculate the corresponding amplitude in the extende
NJL model, we consider the diagrams of Fig. 5. Note that t
obtain an expression similar to that of the OBE model, w
may consider the interaction of the valence quark ‘‘cores’
that were introduced in the last section. For example, w
may write, for omega exchange,

GNJL
m 5ū~pW 22qW ,s28!Fgm f 1

S~q2!2
ismn

2mN

qn f 2
S~q2!G

3u~pW 2 ,s2!
Gv

12GvĴ~v!~q
2!

3ū~pW 11qW ,s18!Fgm f 1
S~q2!1

ismn

2m
qn f 2

S~q2!G
3u~pW 1 ,s1!. ~5.3!

We now use our basic bosonization relations to extract th
amplitude proportion to [f 1

S(q2)] 2. We again insert a factor
of ~1/4p! and write

l
g

FIG. 4. Values ofF 2
S(q2) are shown. The phenomenological

values are given by the solid line, while the dashed line shows th
result of the VMD model withl2

V50.70 GeV.@See Eq.~4.11!.#
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f ~v!
NJL~q2!5

1

4p

gvqq
2 ~q2!

mv
22q2

@ f 1
S~q2!#2 ~5.4!

5
1

4p
tqq
~v!~q2!S ~l1

S!2

~l1
S!22q2D

2

@ f 1
S~0!#2,

~5.5!

where we have putt qq
(v)(q2)5g vqq

2 (q2)/(mv
22q2) and made

use of Eq.~4.12!. With l 1
S50.745 GeV,gvqq~0!53.86 ~see

Table I! and f 1
S~0!53.0, we obtainf ~v!

NJL~0!517.4 GeV22,
which is close to the valuef ~v!

OBE~0!517.3 GeV22 calculated
above. The functionsf ~v!

NJL~q2! and f ~v!
OBE~q2! are compared in

Fig. 6. We see thatf ~v!
NJL~q2! falls off more quickly than

f ~v!
OBE~q2! as2q2 is increased.
We now turn to a consideration of rho exchange. Here

will concentrate on the tensor component of the force. In
OBE model, we consider the amplitude

f ~r!
OBE~q2!5

f rNN
2

4p S Lr
22mr

2

Lr
22q2 D

2 1

mr
22q2

, ~5.6!

where, in the OBE model,f rNN is related togrNN by
f rNN/grNN56.1 @1#. The coupling constants,grNN and f rNN ,
are used to parametrize the form of the meson-nucleon
tex in the OBE model. For example, the vertex for rh
nucleon coupling is@1#

GOBE
m 5ū~pW 1qW ,s8!FgrNNgm1 f rNN

ismnqn

2mN
G

3u~pW ,s!^t8ut3ut&S Lr
22mr

2

Lr
22q2 D . ~5.7!

Here, we see that, in the case of the OBE model, the s
value ofLr is used in the central and the tensor term. W
haveg rNN

2 /4p50.99 andLr51.3 GeV as typical values in

FIG. 5. ~a! Diagrams that are considered when using the
tended NJL model to calculate the meson-exchange between
nucleon core states. The solid dot represents eitherGr or Gv . The
‘‘bubble string’’ may be summed by using the relatio
Gv/[12GvĴ(v)(q

2)]52gvqq
2 (q2)/(q22mv

2 ) in the case of the
isoscalarqq̄ channel, for example. ~b! The omega propagator i
shown as a double line. The small solid dots denote factors
gvqq(q

2).
we
he

er-
-

me
e

the OBE model. ~See Table A.2 of Ref.@1#.! Thus,
f rNN
2 /4p536.8 in the OBE model and, from Eq.~5.6!, we

find f ~r!
OBE~0!526.2 GeV22.

The NJL amplitude is obtained by considering an expres
sion analogous to Eq.~5.3!. In Eq. ~5.8! we have not written
the isospin factors, for simplicity. Thus,

GNJL
m 5ū~pY 22qY ,s28!Fgm f 1

V~q2!2
ismnqn

2mN

f 2
V~q2!G

3u~pY 2 ,s2!
Gr

12Gr@ Ĵ~r!~q
2!1K̂ ~r!~q

2!#

3ū~pY 11qY ,s18!Fgm f 1
V~q2!1

ismbqb

2mN

f 2
V~q2!G

3u~pY 1 ,s1!, ~5.8!

f ~r!
NJL~q2!5

1

4p

Gr

12Gr@ Ĵ~r!~q
2!1K̂ ~r!~q

2!#
@ f 2

V~q2!#2

~5.9!

5
1

4p

grqq
2 ~q2!

mr
22q2

@ f 2
V~q2!#2 ~5.10!

5
1

4p
tqq
~r!~q2!S ~l2

V!2

~l2
V!22q2D

2

@ f 2
V~0!#2.

~5.11!

Noting thatgrqq~0!53.66, f 2
V~0!53.70, andmr50.77 GeV,

we find f ~r!
NJL~0!524.6 GeV22, which is 94% of the corre-

sponding OBE result given above:f ~r!
OBE~0!526.2 GeV22.

~See Fig. 7 and Table II.!

VI. DISCUSSION

It is worth noting that, if we had calculated the magnitude
of the NJL amplitude using the values of the meson-quar
coupling constants atq25mv

2 , or q25mr
2, we would have

found only about 60% of the value of the OBE amplitude a

x-
two

n

of

FIG. 6. The figure shows values off (v)
OBE(q2) ~dashed line! and

f (v)
NJL(q2) ~solid line!. @See Eqs.~5.2! and ~5.4!.#
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q250. That is, the momentum dependence ofgrqq(q
2) and

gvqq(q
2) is quite important, since [grqq(mr

2)/grqq(0)]
2 and

[gvqq(mv
2 )/gvqq(0)]

2 are both equal to approximately 0.6
~See Table I.!

We need not expect perfect agreement when compar
OBE and NJL amplitudes, since, for the nucleon-nucle
scattering problem, there are many diagrams~corresponding
to shorter-range forces! that we have not considered. Som
such diagrams are shown in Figs. 8~b!–8~e!. The fact that
our amplitudes fall off more rapidly withq2 than the OBE
amplitudes may indicate that the shorter-range proces
shown in Figs. 8~b!–8~e! are important fort-channel ex-
change processes with the quantum numbers of the om
and the rho mesons.

In recent years there has been some interest in study
nucleon-nucleon scattering in models that exhibit chiral sym
metry at the meson-nucleon level@12#. In an earlier work
@13# we studied various two-pion exchange diagrams th
arose in a chiral model of the pion-nucleon interaction@14#.
We calculated two-nucleon-irreducible amplitudes, since o
goal was to study a potential that could be iterated in
Bethe-Salpeter equation. We also limited our consideratio
to the isospin zero potentials. The two-pion-exchange d
grams were classed as two-point loop diagrams, three-po
loop diagrams, box diagrams, and crossed-box diagram
~See Fig. 2 of Ref.@13#.! The results were sensitive to a
cutoff, L, that was used to make the various two-pion
exchange diagrams finite.~Also, when calculating theirre-
ducible amplitudes, the result depends upon whether o

FIG. 7. The figure shows values off (r)
OBE(q2) ~dashed line! and

f (r)
NJL(q2) ~solid line!. @See Eqs.~5.6! and ~5.11!.#

TABLE II. Parameters of the OBE model for rho and omeg
exchange and those calculated in this work. For the OBE para
eters, see Table A.2 of Ref.@1#. Herek5f rNN/grNN .

OBE NJL ~this work!

grNN
2

4p

0.99 2.52

frNN
2

4p

36.8 34.6

k 6.1 3.7

gvNN
2

4p

20.0 20.0
.

ing
n

e

ses

ega

ing
-

at

ur
a
ns
ia-
int
s.

-

ne

uses pseudoscalar or pseudovector coupling of the pion
the nucleon.!

In Ref. @13# we presented a tensor decomposition of the
interaction. The resulting potentials had quantum number
that allowed for their classification as scalar, vector,
pseudovector, axial-vector and tensor-exchange potentia
The ~isoscalar! vector-exchange potential~that has its origin
in two-pion exchange! acts in the same channel as the
omega-exchange potential considered in this work. For th
irreducible interaction, with pseudovector pion-nucleon cou
pling, the contribution to the isoscalar vector interaction was
very small.~See Figs. 7 and 8 of Ref.@13#.! For pseudoscalar
coupling of the pion to the nucleon, the irreducible potentia
corresponding to isoscalar vector exchange was repulsiv
This two-pion exchange potential corresponded to an ampl
tude, atq250, that was about 4–6% of the value off v

NJL~0!
calculated in the present work.~See Figs. 5 and 6 of Ref.
@13#.! These results suggest that those corrections to th
model for vector exchange considered in the present work
that would arise from the implementation of chiral symmetry
at the meson-nucleon level, are small.~As noted in Ref.@13#,
if we calculated the two-nucleon-reducible amplitudes for
two-pion exchange, the results are the same for the pseud
scalar and the pseudovector pion-nucleon coupling scheme!

Some further support for the application of the NJL mode
in the calculation of the nucleon-nucleon interaction come
from our study of pion exchange. In Ref.@3# we considered
the amplitude

hp
NJL~q2!5

tqq
~p!~q2!

tqq
~p!~0!

S lp
2

lp
22q2D

2

, ~6.1!

where t qq
(p)(q2) is the T matrix for quark-quark scattering

with t-channel pion exchange.@Note thathp
NJL~0!51.# Here

lp parametrizes the momentum dependence of the pion
nucleon vertex. Sincet qq

(p)(q2) was fixed by the NJL model,
we only had the single parameter,lp , to adjust when fitting
the corresponding OBE amplitude,

a
m-

FIG. 8. Processes that contribute tot-channel exchange with the
quantum numbers of the rho.~a! The model forf (r)

NJL(q2) used in
this work is shown. Here the double line is a rho propagator and th
small filled dots represent rho-quark coupling constants.~b!–~e!
Various processes involving intermediate states of a delta and
nucleon~or two deltas! that can contribute tot-channel exchange
with the quantum numbers of the rho.
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hp
OBE~q2!52S Lp

2

Lp
22q2D

2 mp
2

q22mp
2 , ~6.2!

where Lp51.3 GeV @1#. We found that the choice of
Lp50.80 GeV puthp

NJL~q2! andhp
OBE~q2! in excellent agree-

ment for spacelikeq2 out to q2522.0 GeV2. Recently, it
was found thatlp.0.8 GeV in an application of QCD sum
rules in the calculation of the momentum dependence of t
d

he

pion-nucleon vertex@15#. That result lends some further sup-
port for the application of our extended NJL model in the
calculation of the nucleon-nucleon interaction.
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