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Scalar-isoscalar meson exchange in the calculation of the nucleon-nucleon interaction

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 April 1996!

We provide a unified description of~i! scalar-isoscalar exchange in the nucleon-nucleon interaction,~ii ! the
pion-nucleon sigma term, and~iii ! the scalar form factor of the nucleon. Our analysis requires that we specify
a parameter that appears in the description of a nucleon valence-quark ‘‘core.’’ Other parameters are fixed
either by our analysis of the Nambu–Jona-Lasinio model, or with reference to a recent lattice simulation of
QCD in which the scalar form factor of the nucleon was calculated. We find that our model has some
predictive power. Once the parameters are fixed, we find that we reproduce the values of the scalar form factor
of the nucleon, as determined in the lattice simulation. We also predict the strength of the scalar-isoscalarNN
potential for the particular one-boson-exchange model considered here, where the effects of~virtual! D exci-
tation are treated in an explicit fashion. However, the overall strength of the force obtained in this work is
sensitive to the approximations used in the calculation.@S0556-2813~97!01802-5#

PACS number~s!: 21.30.Cb, 12.39.Fe, 12.39.Ki
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I. INTRODUCTION

This paper is mainly concerned with the role of a lo
masss meson in nuclear physics. Such a meson plays
important role in the one-boson-exchange model of
nucleon-nucleon interaction, where it is usually assigne
mass of about 550 MeV@1#. A low-masss is needed to
provide the intermediate-range attraction in theNN interac-
tion. It also plays an important role in the Walecka model@2#
and in relativistic Brueckner-Hartree-Fock theory@3#. When
these many-body theories are used to describe nuclear
ter, a mean scalar field of about2400 MeV is obtained.
~There is also a large repulsive vector field due tov ex-
change, with a magnitude of approximately 300 MeV.! It has
been suggested that the large scalar field in matter is an o
parameter describing the reduction of theq̄q condensate
from its vacuum value in the presence of matter@4#. With
that interpretation one can readily make contact with
body of work that deals with QCD sum rules in matter@5–7#.

One approach to the calculation of the intermediate-ra
attraction in the nucleon-nucleon force is through the use
dispersion relations. In that work thes appears as aneffec-
tivemeson that is introduced to represent the effects of c
related two-pion exchange@8#. While that may be correct
the dispersion-relation formalism does not relate the eff
tive s to theq̄q condensate, so that the basis found for thes
in correlated two-pion exchange does not make contact w
the work on QCD sum rules in matter@5–7#, nor with the
suggestion of partial restoration of chiral symmetry at fin
baryon density@4#.

Further evidence for the need for a low-mass scala
seen in the recent work of Furnstahl, Serot, and Tang@9#.
Their goal was to create an effective chiral Lagrangian tha
consistent with the symmetries of QCD. In that regard, i
natural to adopt the nonlinears model, since that mode
forms the basis for chiral perturbation theory and many ot
applications of chiral symmetry in particle physics@10#.

*Electronic address: casbc@cunyvm.cuny.edu
550556-2813/97/55~2!/614~6!/$10.00
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However, in Ref.@9# it was necessary to introduce an add
tional low-mass scalar of the type that appears naturally
the linears model. Thus, we are back to the problem
describing the origin and nature of such a scalar field.
will argue in the following that the difficulty of interpretation
of the low-mass scalar is made less severe when we re
nize that the meson momenta in nuclear structure studies
spacelike.

While the above remarks indicate the importance o
low-mass scalar-isoscalar meson in various aspects
nuclear physics, one has the problem that such a meson
not appeared in the data tables until quite recently. Now
finds af 0 meson of mass between 400 and 1200 MeV in
latest list of elementary particles and resonances@11#. More
to the point, we have the recent work of To¨rnqvist and Roos,
who find strong evidence in their theoretical study for as
meson with Breit-Wigner parametersms5860 MeV and
Gs5880 MeV @12#. As discussed in Ref.@12#, thes field is
an extremely important degree of freedom, since it plays
role of the ‘‘Higgs meson’’ in QCD. That remark is base
upon the relation of thes field to theq̄q condensate which
in turn, is responsible for a large part of the mass of
constituent quark and the nucleon, for example@13#. @Törn-
qvist and Roos also claim that the very broads resonance is
responsible for generating most of the pion-pion phase s
d 0
0(L50,T50) for energies less than 900 MeV.#
Now, if we consider the Nambu–Jona-Lasinio~NJL!

model @14# with SU~2! flavor, one finds a scalar-isoscala
state, withms

254mq
21mp

2 . Here, mq is the constituent
quark mass. Formq5260 MeV, we havems5540 MeV.
That is certainly of interest, since it corresponds to the lo
masss meson needed for nuclear physics studies. As we
see, upon bosonization of the NJL model, thes field is di-
rectly related to the expectation value of the scalar quan
q̄(x)q(x). ~In vacuum thes field has the valuefp .!
One problem has been to reconcile the absence of a

masss meson in the data tables with the mode found in
NJL model. In our work, we have seen that the inclusion
a model of confinement in the NJL model moves the ene
of thes excitation upward by about 300 MeV. It then has
614 © 1997 The American Physical Society
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55 615SCALAR-ISOSCALAR MESON EXCHANGE IN THE . . .
energy quite consistent with that found by To¨rnqvist and
Roos @12#. However, it is important to remember that th
momenta of mesons used in nuclear structure physics
spacelike~q2<0!. We find that the physical state at 860 Me
does not govern the dynamics in the spacelike region, wh
the ~effective! s mass is still 540 MeV.~We have seen, in an
earlier work, that the coupling of thes to the two-pion con-
tinuum becomes progressively less important as one mo
further into spacelike domain for the meson momentum, t
is, as2q2 increases@15#.! We, therefore, suggest that w
need not consider the properties of thes for timelike values
of the momentum and that we can make use of the resul
a study of the NJL model when the meson momenta
spacelike. One way to carry out this program is to study
quark-quark scattering amplitude in the NJL model. We fi
in such a study that, if we limit consideration to spaceli
scalar-isoscalar exchange, theT matrix behaves exactly as
there were a pole in the timelike region withms.540 MeV.

In this work we will use some information gained from
recent QCD lattice simulation@16#, where a study was mad
of the pion-nucleon sigma term and the scalar form facto
the nucleon. One of our goals is to study the scalar-isosc
component of the nucleon-nucleon interaction, making
of the extended version of the Nambu–Jona-Lasinio mo
that we have developed@17–19#. In particular, we are inter-
ested in understanding the parametrization of the one-bo
exchange~OBE! model of the nucleon-nucleon interactio
@1# in the case of scalar exchange.

The organization of our work is as follows. In Sec. II w
review a calculation of the pion-nucleons term sN made
earlier and also define the scalar form factor of the nucl
FS(q

2). We also show how to rewrite the quark-quarkT
matrix in terms of meson masses and momentum-depen
coupling constants. This is a kind of ‘‘momentum spa
bosonization.’’ In Sec. III we discuss the role of sigma e
change in the one-boson-exchange model of the nucle
nucleon force and also provide a fit to the scalar form fac
of the nucleon obtained in the lattice QCD study@16#. Fi-
nally, Sec. IV contains some further discussion and con
sions.

II. NUCLEON SCALAR FORM FACTOR
AND THE PION-NUCLEON s TERM

It is useful to start our discussion with a review of o
calculation of the nucleon scalar-isoscalar form factor at z
momentum transfer@5#. Let us define the scalar form facto
FS(q

2), such that

FS~q
2!ū~p1q,s8!u~p,s!dtt8

5^N,p1q,s8,t8uq̄~0!q~0!uN,p,s,t&. ~2.1!

@Hereq(x) is the quark field andu~p,s! is a Dirac spinor.# In
our earlier work, we calculatedFS~0! in a s-dominance
model @20#. ~See Fig. 1.! In Fig. 1 we show the various
ingredients of the calculation. The operatorq̄(0)q(0) is rep-
resented by a large filled circle. The single lines represen
~constituent! quarks, while the string ofqq̄ loops may be
expressed in terms of the basic quark-antiquark loop inte
of the NJL modelJS(q

2) @17,20#.
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The first diagram gave a contribution toFS~0! that we
may denote aŝNuq̄quN&val , where the subscript indicates
that we have separated the form factor into a valence part
and a part due to the ‘‘meson cloud’’@16,20#. Thus

FS~0!5^Nuq̄quN&val1^Nuq̄quN&C . ~2.2!

The value obtained forFS~0! in the QCD simulation was
FS~0!.10.0, with 85% of this value coming from the up and
down quark contribution. It was also found that
^Nuq̄quN&val53.02 @16#. ~See Table I.! The diagram repre-
senting the valence contribution in Ref.@16# was the same as
the diagram of Fig. 1~a!. In Ref. @16# that diagram repre-
sented a connected amplitude, while the remaining~meson
cloud! contribution was given by a disconnected diagram. It
was also found that the meson cloud contribution was about
twice the valence contribution. It is of interest to see that our
s-dominance calculation has the same feature. To under-
stand that comment, we present the result of the analysis
given in Ref.@20#. There we had

FIG. 1. Calculation of the scalar form factor of the nucleon. The
operatorq̄(0)q(0) is denoted by the large filled circle. The single
lines represent quarks or antiquarks.~a! The valence contribution is
shown; ~b! and ~c! A series of quark-antiquark loop diagrams are
shown;~d! A s dominance model representing the diagrams shown
in ~a!, ~b!, ~c!, etc. There the small open circle representsgsqq .

TABLE I. Results of lattice simulation and of the SU~2! NJL
model.@We identifyFS

val(0) with gS,con of Ref. @16#.#

Ref. @16# This work

Smu
01md

0

2 D 5.84 ~13! 5.50 MeV

^puūuup& 4.55 ~16!
^pud̄dup& 3.92 ~16!
^Nus̄suN& 1.53 ~7! 0
^Nuūu1d̄duN& 8.47 ~24! 9.42
FS(0)5^Nuūu1d̄d1 s̄suN& 10.00 ~25! 9.42
DsN5sN(2mp

2 )2sN(0) 6.62 ~59! MeV ;6.6 MeV
sN~0! 49.7 ~2.6! MeV 51.8 MeV
FS
val(0) 3.0260.09 3.02

~taken from Ref.@16#!

y5
2^Nus̄suN&

^Nuūu1d̄duN&

0.36 ~3! 0



es

.

n

th
o
ed

w

ar
wa

ic
o
e

of

res

-

ay

m

r the

the

still
ss
sion

the
JL
-
ce

616 55C. M. SHAKIN AND WEI-DONG SUN
^Nuq̄quN&5
1

12GSJS~0!
^Nuq̄quN&val , ~2.3!

where the factor@12GSJS~0!#21 serves to generate the seri
depicted in Figs. 1~a!, 1~b!, 1~c!, etc. We may write Eq.~2.3!
as

^Nuq̄quN&5^Nuq̄quN&val1S 1

12GSJS~0!
21D ^Nuq̄quN&val ,

~2.4!

where the second term is the ‘‘meson cloud’’ contribution
We usedGS57.91 GeV22 and found @12GSJS~0!#21

53.12 in Ref.@20#. ~See Table II.! Thus, since we had take
^Nuq̄quN&val53.0, we obtained̂Nuq̄quN&59.36. In Eq.~2.4!
the meson cloud contribution is 6.36, which is 2.12 times
valence contribution. While it is not clear whether our mes
cloud contribution is directly related to the disconnect
~meson cloud! contribution of Ref.@16#, the numerical val-
ues obtained are remarkably similar. Note further that
may define the pion-nucleons term forq250, with qq̄5ūu
1d̄d, as

sN5Smu
01md

0

2 D ^Nuq̄quN&, ~2.5!

wheremu
0 andmd

0 are the current quark masses. In our e
lier work we found that the average current quark mass
5.50 MeV, if we were to obtainmp5138 MeV, when we
used a Euclidean cutoff ofLE51000 MeV. ~See Table II.!
Thus, we hadsN551.5 MeV, which is very close to the
value obtained in the QCD lattice simulation:sN549.7~2.6!
MeV. ~Here 2.6 MeV represents a measure of the theoret
uncertainty.! Our result is also consistent with the analysis
Vogl and Weise@21# that is based upon the use of th
Feynman-Hellman theorem@22,23# in the calculation ofsN .
Vogl and Weise calculate a pion-quarks term and then mul-
tiply by 3 to obtain the pion-nucleons term. It was found
that @21,24#

TABLE II. The parameters of the NJL model (LE ,mq
0 ,GS)

used in Ref.@20# and the quantities calculated in Ref.@20# are
given.

LE 1.0 GeV
mq

0 5.5 MeV
GS 7.91 GeV22

mq 260 MeV
ms 538 MeV
12GSJS~0! 0.321
@12GSJS~0!#21 3.12
gsqq 2.58
gpqq 2.68
fp 93 MeV
mp 138 MeV
22mq

0^0uūuu0& 1.763108 MeV4

^0uūuu0&1/3 2252 MeV
sN 51.5 MeV
e
n

e

-
s

al
f

sN53mp
2 S mu

4mu
21mp

2 D . ~2.6!

Our analysis of the NJL model foundmq5260 MeV for
LE51.0 GeV. Therefore, from Eq.~2.6!, we havesN551.3
MeV, which is quite close to the valuesN551.5 MeV ob-
tained from our study of the scalar form factor@20#. We
remark that, in the work of Vogl and Weise@21#, up and
down quark masses of about 360 MeV are used. Use
mu5360 MeV in Eq.~2.6! leads tosN538 MeV. That value
is considered to be too small and, therefore, other featu
~such as diquark correlations in the nucleon! that enhance the
calculated value ofsN are studied@21#.

In order to introduce thes ‘‘meson’’ into the analysis, it
is useful to write

GS

12GSJS~q
2!

52
gsqq
2 ~q2!

q22ms
2 ~2.7!

for q2,0. Equation~2.7! serves to define the momentum
dependent meson-quark coupling parametergsqq(q

2). For
values of2q2 that are positive, and not too large, we m
write @21#

GS

12GSJS~q
2!

.2
gsqq
2

q22ms
2 , ~2.8!

1

12GSJS~q
2!

52S gsqq

GS
D 1

q22ms
2 gsqq , ~2.9!

wheregsqq52.58 andms5540 MeV @20#. Thus, the factor
~2gsqq/GS! in Eq. ~2.9! may be understood as arising fro
the bosonization relation

s~x!52
GS

gsqq
q̄~x!q~x! ~2.10!

that appears in the simplest bosonization scheme used fo
NJL model.@In vacuum, Eq.~2.9! may be identified with the
Goldberger-Treiman relationf p5mq/gp , where for exact
chiral symmetrygp[gsqq5gpqq .# Equation~2.8! and Eq.
~2.3! may be used to generate the diagrams of
s-dominance model, such as that shown in Fig. 1~d!.

While the comments made above are suggestive, we
have to describe how these ideas may be used to discus
exchange in the nucleon-nucleon interaction. That discus
will be taken up in the next section.

III. s EXCHANGE IN THE OBE MODEL
OF THE NUCLEON-NUCLEON INTERACTION

In earlier work we have discussed a relation between
OBE model of the nucleon-nucleon interaction and the N
model @25–27#. To describe that relation, it is useful to de
fine a parameterls that governs the momentum dependen
of the valencescalar form factor of the nucleon:

FS
val~q2!5FS

val~0!S ls
2

ls
22q2D , ~3.1!
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with FS
val(0)5^Nuq̄quN&val . We putFS

val(0)53.02 in accor-
dance with the analysis of Ref.@16#. ~See Table I.!

In the OBE model there are vertex cutoffs that are dep
dent upon a parameterLs . Thus the OBE force in the scala
channel is@1#

Vs
OBE~q2!5gsNN

2 S Ls
22ms

2

Ls
22q2 D

2 1

q22ms
2 . ~3.2!

~We suppress reference to Dirac and isospin matrices
simplicity.! In Table B.1 of Ref.@1#, we findLs51.5 GeV,
g sNN
2 /4p56.32, andms5550 MeV. ~These parameters ar

given for the case where the effects of the virtual excitat
of the delta are treated explicitly.! It is useful to define

~GsNN
OBE!2

4p
5
gsNN
2

4p S Ls
22ms

2

Ls
2 D 2. ~3.3!

With the values given above, we findGsNN
OBE57.71.

The corresponding amplitude in the NJL model is giv
in terms of the quark-quarkT matrix tqq(q

2), such that

Vs
NJL~q2!5tqq~q

2!@FS
val~0!#2S ls

2

ls
22q2D

2

~3.4!

5
gsqq
2

q22ms
2 @FS

val~0!#2S ls
2

ls
22q2D

2

.

~3.5!

@See Fig. 2~b!.# For consistency we should haveGsNN
NJL

5GsNN
OBE , with

GsNN
NJL 5gsqqFS

val~0!. ~3.6!

Evaluation of the right-hand side of Eq.~3.6! with
gsqq52.58 andFS

val(0)53.02 yieldsGsNN
NJL 57.79, so that

GsNN
OBE/GsNN

NJL 50.99. Thus, we see that the strength of t
force is predicted accurately for this choice of parameter

FIG. 2. ~a! The OBE amplitude due tos exchange between
nucleons. The large open circles denote the vertex cutoffs of
OBE model@1#. ~b! The representation ofs exchange in the NJL
model based upon the use of the valence form factor seen in
1~a!. ~c! The nucleon-nucleon interaction is related to a quark-qu
T matrix. A s dominance model of theT matrix is shown in~b!.
n-

or

n

As in our previous work, we determinels by equating
Vs
NJL(q2) andVs

OBE(q2). We find thatls51.1 GeV yields an
excellent fit. For example, we may put

Vs
NJL~q2!5Vs

NJL~0!hs
NJL~q2! ~3.7!

and

Vs
OBE~q2!5Vs

OBE~0!hs
OBE~q2!, ~3.8!

where hs
NJL(0)5hs

OBE(0)51. We compare the values o
hs
OBE(q2) andhs

NJL(q2) in Fig. 3 for the casels51.1 GeV. It
is seen that the fit is excellent for the chosen value ofls .

We now ask whether our formalism has any further p
dictive power. To that end, we may now calculate our valu
for the scalar form factor of the nucleon. We see that in o
s-dominance model

FS~q
2!5

1

12GSJS~q
2!
FS
val~0!S ls

2

ls
22q2D , ~3.9!

whereFS~0!53.02, as determined in Ref.@16#. ~See Table I.!
We now define

f S~q
2!5

FS~q
2!

FS~0!
~3.10!

5
@12GSJS~0!#

@12GSJS~q
2!# S ls

2

ls
22q2D . ~3.11!

In Fig. 4, the solid line representsFS(q
2), while the ‘‘data

points’’ are the result of the QCD lattice simulation of th
scalar form factor@16#. Again, we find a good fit for our
choice ofls51.1 GeV.

IV. DISCUSSION

In our work we have stressed that the linears model is
quite useful for nuclear physics studies. However, that d
not argue against the use of the nonlinears model. For ex-
ample, thephysicals mass has been given as 860 MeV, wi
a large width of 880 MeV@12#. Therefore, if one wishes to

e

ig.
k

FIG. 3. The values ofhs
OBE~q2! ~dotted line! andhs

NJL~q2! ~solid
line! are shown. HereLs51.5 GeV andls51.10 GeV. For the
OBE amplitudems50.550 GeV.@See Eqs.~3.7! and ~3.8!#.
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618 55C. M. SHAKIN AND WEI-DONG SUN
write a Lagrangian describing meson-meson interactions,
neglect of the scalar octet is probably a good approximat

On the other hand, if one limits oneself to the consid
ation of only spacelikemomenta, the linears model is a
useful effective theory.„We note that the linears model has
been studied by Ko and Rudaz, who have also included v
tor mesons in the effective Lagrangian@28#. They attempt to
relate thes to observed scalar states and therefore nee
find a mechanism for reducing the large width of thes for
s→p1p. They find such a mechanism when includin
p2a1 coupling. This model is therefore quite different tha
that of Ref.@12#, where thes has a very large width~880
MeV! and is not identified with any scalar-isoscalar meso
previously known.…

We have seen that we have obtained an excellent fit to

FIG. 4. The values calculated forf S(q
2)5FS(q

2)/FS(0) are
shown.@See Eqs.~3.9! and~3.11!.# Herels51.10 GeV. The circles
with error bars are results of the QCD lattice simulation of R
@16#.
-

:

d

ev

. C
.

st
,

he
n.
-

c-

to

s

e

strength of the OBE scalar-isoscalar force and to theq2 de-
pendence of that force. We also fit the values of the sc
form factor of the nucleon that were obtained in a QC
lattice simulation@16#. However, some cautionary remark
are in order. Our results are sensitive to the value obtai
for @12GSJS~0!#. Various modifications may be considere
For example, if we include a model of confinement,JS~0! is
replaced byĴS~0! which is about 6 percent smaller thanJS~0!
@25,26#. However, we may also include coupling to the tw
pion continuum, as discussed in our earlier work@15,17#. If
both effects are included,@12GSJS~0!# is replaced by
$12GS[ ĴS(0)1K̂S(0)]%, where K̂S(q

2) describes the cou
pling of theqq̄ states to the two-pion continuum. We rema
that K̂S~0! is positive and about 10% of the value ofJS~0!.
Therefore, our results are only slightly modified in a fir
approximation, if we include such effects. These correctio
suggest that the rather precise agreement found forGsNN

NJL and
GsNN
OBE may be somewhat fortuitous. However, small mod

cations of the value of@12GSJS~0!# will not change the gen-
eral success of our analysis. We have also seen that the v
of the enhancement factors,@12GSJS~0!#2153.12, found in
Ref. @20# and used here, provides a satisfactory value forsN .
The associated value of the constituent quark mass,mq5260
MeV, also yields a good phenomenological description
the nucleon scalar form factor and the OBE potential in
scalar-isoscalar channel. In a future work we hope to ext
our model to study the SU~3!-flavor version of the NJL
model so that we can make a more detailed compariso
the results of Ref.@16#.
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