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Application of a generalized Nambu–Jona-Lasinio model to the calculation of the properties
of scalar mesons and nuclear matter
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In this work we demonstrate the range of application of our generalized Nambu–Jona-Lasinio~NJL! model.
We discuss the scalar-isoscalar mesons that are thought to have aqq̄ structure and also consider some
properties of nuclear matter. The spectrum of scalar-isoscalar mesons provides some insight into the sigma
models that may be used to describe the dynamics of pseudoscalar and scalar mesons. Some authors have
suggested that the lowestqq̄ 011 state is thef 0(1370). @The f 0(400– 1200) that now appears in the data
tables may be generated dynamically inp-p scattering and is not a ‘‘preexisting’’ state of the spectrum.# The

f 0(980) anda0(980) are often designated asK-K̄ molecules. However, recent work does not support that
assignment. Since there is no low-lying scalar state, the model of choice in describing pseudoscalar meson
dynamics is the nonlinear sigma model. However, there are a number of applications of the Nambu–Jona-
Lasinio model in the study of nuclear matter properties that can be described in terms of the linear sigma
model. In the linear sigma model there is a low-masss meson, whose effects would be generated dynamically
in the nonlinear model. While it is not necessary to ever introduce a low-masss meson, we describe some
calculations which may be interpreted in terms of such a meson. That only represents a formal device, and no
low-masss is to be found in experiment. However, the use of the low-masss as an order parameter for partial
restoration of chiral symmetry at finite density is quite consistent with the picture obtained in the application
of QCD sum rules to the calculation of the nucleon self-energy in nuclear matter. We discuss such sum rules
to show that the linear sigma model has some limited application if we consider only spacelike values of the
s meson momentum. We also use our generalized NJL model to discuss the spectrum of scalar-isoscalar states
under the assumption that thef 0(1370) is the 13P0 nn̄ state and thef 0(1710) is the 13P0 ss̄ state before
consideration of quarkonium-glueball mixing. That analysis allows us to provide a microscopic model of the
two qq̄ states used by Close and Kirk in their recent description of quarkonium-glueball mixing in which they
obtain wave functions of thef 0(1370), f 0(1500), andf 0(1710) resonances. However, we also present an
argument to show that the configuration assignments implied in the work of Close and Kirk are probably
incorrect and that the standard scheme for the discussion of quarkonium-glueball mixing needs modification.

DOI: 10.1103/PhysRevC.63.025209 PACS number~s!: 12.39.Fe, 14.40.Cs, 21.65.1f
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I. INTRODUCTION

There is a good deal of discussion in the literature c
cerning the nature of the ‘‘s meson’’ @1#. In this work we
wish to see under what circumstances one may usefully
troduce a low-masss. Various researchers have quite diffe
ent interpretations of the nature of that meson. A scalar
son may be used to describe the strong attractive interac
seen in low-energyp-p scattering from threshold to about
GeV. That meson appears in the data tables as
f 0(400– 1200) resonance.@In some cases, thef 0(400– 1200)
is identified as the scalar meson that appears in the lin
sigma model.# The scalar attraction between two nucleo
is generated by correlated two-pion exchange in a stud
dispersion relations as they relate to the nucleon-nucleon
teraction@2#. A low-mass scalar is often use to represent
effects of correlated pion exchange when describing
nucleon-nucleon interaction in the vacuum or in nuclear m
ter.

Since there are several phenomena associated with as
meson,’’ we need to clarify what we have in mind when w
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use that designation. For the purposes of this work, we
characterize thes meson to be~predominately! a meson of
qq̄ character that is ‘‘preexisting’’ in the sense that it is n
generated dynamically inp-p scattering.

It is useful to survey a few of the various opinions a
results concerning the nature of scalar mesons. For exam
Meissner suggests that thef 0(400– 1200) is not a ‘‘preexist-
ing’’ resonance, but is a dynamic effect due to the stro
pion-pion interaction in theL50, I 50 wave@3#. He further
states that thef 0(400– 1200) is certainly not the chiral par
ner of the pion that appears in the linear sigma model,
example. On the other hand, Pennington, while agreeing
the s is a very short-lived correlation between pion pai
suggests that such a sigma is expected to be the field w
nonzero vacuum value breaks chiral symmetry@1#. ~That last
observation is in contrast to Meissner’s opinion.! Penning-
ton also indicates that an analysis of the role of t
f 0(400– 1200) in two-photon processes indicates that it ha
(uū1dd̄) composition. Pennington also remarks thatt- and
u-channelr exchange can explain the strongp-p interaction
in the L50, I 50 state@1#. However, based upon dualit
arguments, he argues that thes meson could also exist as a
s-channel pole when studyingp-p scattering@1#.

Hannah remarks that the existence of thef 0(400– 1200)
©2001 The American Physical Society09-1
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may be considered controversial. In a study of the pion sc
form factor based upon dispersion relations and chiral p
turbation theory, Hannah finds a resonance pole atAs5445
2 i235 MeV, which he claims provides further evidence f
the existence of as meson@4#. A study of the nonstrange
(nn̄) scalar sector using QCD sum rule techniques arg
that both thef 0(400– 1200) and thea0(980) are notnn̄
states@5#.

Another body of work concerning scalar mesons is tha
Hatsuda and Kunihiro@6–9#. In that work the sigma tha
represents the strongp-p correlation at low energy is iden
tified as the chiral partner of the pion in a theory wi
SUL(2)^ SUR(2) symmetry. For example, a bosonization
the NJL model without confinement gives rise to a line
sigma model with a sigma meson of mass approxima
equal to twice the constituent quark mass. If the up and do
quark masses are 364 MeV, as in our model, one wo
expectms.728 MeV. However, in our model, confineme
moves this scalar state upward in energy@10#. In our earlier
work we identified thef 0(980) as the lowestqq̄ 011 state
@10#. However, a recent study of quarkonium-glueball m
ing supports the assignment of thef 0(1370) as the lowes
011 nn̄ state@nn̄5(uū1dd̄)/&# and thef 0(1710) as the
lowestss̄ state@11#. In Ref. @11# these states are mixed wit
the scalar glueball to become the experimentally determi
f 0(1370), f 0(1500), andf 0(1710) resonances.

The experimental data might be considered to ar
against thef 0(1370) being mainly the 13P0 ss̄ state, as
found to be the case in Ref.@10#, since the relative branchin
ratios for this state are@12#

pp:KK̄:hh:4p51:0.4660.19:0.1660.07:34.029
122.

@However, we can assume that the large 4p decay is driven
by another component of thef 0(1370), which might be a
qq̄qq̄ state. We consider this an unresolved matter at
time.# The branching ratios for thef 0(1500) andf 0(1710)
are also given in Ref.@12#. Close and Kirk have used thes
branching ratios and other data to determine the wave fu
tions of the f 0(1370), f 0(1500), and f 0(1710), when
quarkonium-glueball mixing is taken into account. The
model has eight parameters, four of which appear in the
trix that is diagonalized to obtain the wave functions@11#:

M5F MG f & f

f MS 0

& f 0 MN

G . ~1.1!

Here f 5^GuHuS&5^GuHuN&/&, with uG& denoting the bare
glueball, uN& the unn̄& state, anduS& the uss̄& state. A typical
parameter set has MG51440616 MeV, MS51672
69 MeV, MN51354628 MeV, and f 591611 MeV,
where the uncertainty is related to the data-fitting proced
@11#. The physical states are found to be

u f 0~1710!&50.39uG&10.91uS&10.14uN&, ~1.2!

u f 0~1500!&520.69uG&10.37uS&20.62uN&, ~1.3!
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u f 0~1370!&50.60uG&20.13uS&20.79uN&. ~1.4!

In this work we show how the generalized NJL model c
generate the ‘‘bare’’qq̄ states used above. That is, we wou
like to have the 13P0 ss̄ state at about 1670 MeV and th
1 3P0 nn̄ state at about 1350 MeV, corresponding to t
parametrization of Ref.@11#. @These assignments are cons
tent with the fact that the 4p decay of thef 0(1710) is very
small @12#.# While in this work we show that such an a
signment of bareqq̄ states, with the 13P0 ss̄ state at about
1670 MeV and the 13P0 state at 1350 MeV, is possible, w
also stress that the formalism based upon Eq.~1.1! is unsat-
isfactory, given our most recent assignment of configurati
of the scalarqq̄ states.

The organization of our work is as follows. In Sec. II w
determine a parameter of the confining field so that, when
short-range NJL interaction is considered, the statesuN& and
uS& have approximately the energies used in Ref.@11#. In that
fashion we can provide wave functions for the stateuN& and
uS& introduced there. However, we provide evidence that
assignment of configurations implied in the work of Clo
and Kirk is quite unlikely to be correct. In Sec. III we de
scribe the bosonization of the NJL model and remark up
the modification of such results in our generalized N
model, which includes a covariant model of confinement.
we will see, bosonization of the standard NJL model~with-
out confinement! gives rise to a linear sigma model, whic
may be used if the meson momentum is spacelike. We
cuss the pion-nucleon sigma term and some propertie
nuclear matter using the linear sigma model. We justify o
application to the calculation of the mean scalar field
nuclear matter by using some results of QCD sum rules
applied in nuclear matter. Finally, Sec. IV contains som
further discussion and conclusion.

FIG. 1. ~a! The polarization function2 iJs(P2). Here the solid
triangular region denotes our confinement vertex, which elimina
the spurious cut that would otherwise appear when the quark
antiquark go on mass shell@4#. ~b! The polarization function
2 iK s(P2). Here the wavy lines are pions, kaons, or eta meso

corresponding to the decaysf 0→pp, KK̄, hh, hh8, etc. The solid
regions are confinement vertex functions.
9-2
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II. CALCULATION OF QUARK-ANTIQUARK STATES
IN A GENERALIZED NJL MODEL

The procedure for obtaining the spectrum of scalar sta
in our model was given in Ref.@10#. The important functions
that appear in our analysis are shown in Fig. 1. Figure 1~a!
shows the basic vacuum polarization functionJS(P2) of our
generalized NJL model. Here the filled regions denote
covariant confinement vertex functions@10#. These vertex
functions serve to eliminate spurious singularities that wo
otherwise arise when the quark and antiquark go on m
shell. In Fig. 1~b! we show the functionKS(P2) which de-
scribes the effects of coupling to two-meson decay chann
@Note that JS(P2) is of order nc and KS(P2) is of order
1.# The T matrix for our model is shown in Fig. 2, wher
we have not shown the wave matrices that impose confi
ment for the initial and finalqq̄ pairs. ~That feature is de-
scribed in Ref.@13#.!

Values obtained forJS(P2), when the quarks have mass
mu5md50.364 GeV, are given in Fig. 3. The values f
JS(P2) when the quarks have massms50.565 GeV are
shown in Fig. 4. These functions have singularities at
energies of the bound states in the confining field, since

FIG. 2. The figure shows a perturbative expansion ofqq̄ T
matrix.

FIG. 3. The functionJud
S (P2). Here mu5md50.364 GeV. A

Gaussian regulator of the form exp@2k̄2/a2# is used with a
50.605 GeV. The parameter of the confining field@10# is k
50.065 GeV2.
02520
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vertex functions are singular at those energies.~See the cap-
tions to Figs. 3 and 4.!

We now consider the short-range NJL interaction. T
Lagrangian of our model is@10#

L5q̄~ i ]”2m0!q1
GS

2 (
i 50

8

@~ q̄l iq!21~ q̄ig5l iq!2#

2
GV

2 (
i 50

8

@~ q̄gml iq!21~ q̄gmg5l iq!2#

1
GD

2
$det@ q̄~11g5!q#1det@ q̄~12g5!q#%

1Ltensor1Lconf. ~2.1!

Here the fourth term is the ’t Hooft interaction, andLtensor

denotes interactions added to study tensor masons, w
Lconf denotes our model of confinement. In Eq.~2.1!, m0 is
the current quark mass matrixm05diag(mu

0,md
0,ms

0), the
l i( i 51,...,8) are the Gell-Mann matrices, andl05A2/3I,
with I being the unit matrix in flavor space. In our previou
work, we had GS511.83 GeV22 and GD586.39 GeV22

@10#. Thus the interaction in singlet states wasG00
510.46 GeV22 and the interaction in octet states wasG88
512.46 GeV22. In the case of~approximate! ideal mixing,
we putGnn̄511.12 GeV22 andGss̄511.79 GeV22. ~The de-
viation from ideal mixing induced by the ’t Hooft interactio
is described in Ref.@10#.!

For the Minkowski-space calculations reported here a
in our earlier work, we found it useful to neglect energ
transfer by the confining field in the meson rest frame. F
example, if we start with the potentialVC(r )5kr exp
@2mr# and form the Fourier transform, we have the form
the interaction used in the meson rest frame:

FIG. 4. The functionJss̄
S (P2). Here ms50.565 GeV.~See the

caption to Fig. 3.!
9-3
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VC~kW2kW8!528pkF 1

@~kW2kW8!21m2#2
2

4m2

@~kW2kW8!21m2#3G .

~2.2!

Herem is a small parameter used to soften the infrared s
gularities ofVC. If m is small enough, the potential approx
mates a linear potential with ‘‘string tension’’k over the
range ofr relevant for our problem.~Since we use Lorentz
vector confinement, our value ofk differs from that usually
quoted for a Lorentz-scalar model of confinement.! The
potential of Eq.~2.2! may put in a covariant form if we us
the four-vectorsk̂m and k̂8m,

k̂m5km2
~k•P!Pm

P2 ~2.3!

and

k̂8m5k8m2
~k8•P!Pm

P2 , ~2.4!

since, whenPW 50, we havek̂m5@0,kW # and k̂8m5@0,kW8#. The
calculation of bound states and vertex functions using
potential of Eq.~2.2! is described in detail in Ref.@10#.

To find the bound states in the presence of both confi
ment and the short-range NJL interaction, we consider

Gnn̄
212Jud

S ~P2!50 ~2.5!

and

Gss̄
212Jss̄

S ~P2!50. ~2.6!

In our previous studies, we foundk50.055 GeV2 from a fit
to a very large number of states of light mesons@10#. In
order to obtain bareqq̄ 1 3P0 ss̄ andnn̄ masses compatible
with the Kirk-Close assignments, it is necessary to usek
50.065 GeV2. @See Figs. 3 and 4 where we presentJ

ud̄

S
(P2)

andJss̄
S (P2) for k50.065 GeV2.#

In Figs. 5~a! and 5~c! we show the energies of thenn̄ and
ss̄ bound states in the confining field. In Fig. 5~b! we show
the results of including the short-range NJL interaction.
that manner we generate states that correspond to the s
uN& and uS& of Ref. @11#. @See Fig. 5~b!.# The figure also
shows the energies of the states with nodes in their w
functions. We find that whenk50.065 GeV2, the 1 3P0 nn̄
state is at 1445 MeV and the 13P0 ss̄ state is at 1758 MeV.
Inclusion of the short-range interaction moves thenn̄ state
down to 1334 MeV, where it can be identified with the sta
uN& of Ref. @11#. At the same time, the 13P0 ss̄ state moves
down to 1673 MeV where it can be identified with the sta
uS& of Ref. @11#. Our analysis, therefore, provides a micr
scopic model for the starting point of Ref.@11#, since we
now have both the wave functions and energies of the st
uN& and uS& used there.

We now wish to argue that, while the spectrum of sca
states could be fit using our generalized NJL model, ot
information precludes the use of Eq.~1.1!. We note that the
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use of the relationsf 5^GuHuS&5^GuHuN&/& implies that
the statesuN& and uS& have the same number of nodes. In t
model of Close and Kirk, these states would both be 13P0
states, with thef 0(980) eliminated by considering that res
nance to be aKK̄ molecule. However, recent work of Malt
man, who uses QCD sum rules and other techniques, sh
that thea0(980) has a much larger decay constant than
would have if it were aKK̄ molecule@14,15#. In Table I we
show the values obtained by Maltman and compare them
values we have calculated using the standard~unmodified!

FIG. 5. The energies of boundqq̄ states of our generalized NJ
model. ~a! The energies of the boundnn̄ states in the confining
field. There are bound states at 1458, 1783, 2045, 2274, 2467, 2
and 2783 MeV.~b! The energies obtained when the short-ran
NJL interaction is included. There are boundnn̄ states at 1337,
1717, 2013, 2251, 2454, and 2629 MeV and boundss̄ states at
1680, 2004, 2265, 2471, 2660, 2822, and 2965 MeV.~c! The ener-
gies of the boundss̄ states in the confining field. There are boun
states at 1767, 2048, 2284, 2491, 2664, 2820, and 2964 MeV.

TABLE I. Meson decay constants@16#.

Meson Configuration

mi
2f i ~GeV3!

TDAa RPAb Maltman @14,15#

a0(980) 1 3P0 0.0649 0.0868 0.044760.0085
a0(1450) 23P0 0.0357 0.0420 0.064760.0123
a0(1834)c 3 3P0 0.0377 0.0424

K0* (1430) 1 3P0 0.0614 0.0508 0.084260.0045
K0* (1730)c 2 3P0 0.0425 0.0375
K0* (1950) 3 3P0 0.0414 0.0378

aTamm-Dancoff approximation.
bRandom phase approximation.
cThese states are predicted to exist in our formalism.
9-4
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APPLICATION OF A GENERALIZED NAMBU–JONA- . . . PHYSICAL REVIEW C 63 025209
values of the parameters of our generalized NJL model@16#
with k50.055 GeV2. @The fact that our value for the
a0(980) coupling constant is about a factor of 2 larger th
Maltman’s value suggests that thea0(980) has an importan
KK̄ component.#

We also note that our most recent analysis@17# of the
scalar spectrum usingk50.055 GeV2 places thef 0(980) at
980 MeV and thea0(980) at 950 MeV in what is essentiall
a parameter-free calculation, since the parameters have
fixed in our studies of the pseudoscalar and vector mes
In our model thef 0(980) anda0(980) are 13P0 states.

Using this body of information, we infer that the tw
statesuN& and uS& used by Close and Kirk have a differe
number of nodes. For example, in our model thef 0(1370) is
a ss̄ state before quarkonium-glueball mixing is taken in
account and thef 0(1500) is the 23P0 state in our model.
We have sufficient confidence in these assignments tha
can conclude that Eq.~1.1! is not appropriate for the study o
quarkonium-glueball mixing. An analysis of quarkonium
glueball mixing based upon our NJL model was presente
Refs.@18,19# and is more appropriate for this problem.

III. BOSONIZATION OF THE NJL MODEL

We may consider the equation analogous to Eq.~2.5! in
the case we deal with scalar states in the SU~2!-flavor NJL
model without confinement:

GS
212 ĴS~ms

2 !50. ~3.1!

It is well known thatms
25(2mq)21mp

2 , where mq is the
constituent quark mass of the up~or down! quark. Thus the
low-masss meson found in this manner is just above t
threshold for theqq̄ states that starts at 2mq . However, if we
include our model of confinement, we have

GS
212JS~P2!50, ~3.2!

whereJS(P2) is calculated with the confinement vertex~see
Fig. 1!. Since JS(P2), ĴS(P2), the mass obtained from
Eq. ~3.2! is a good deal larger thanms.2mq . Indeed, a
solution of Eq.~3.2! is obtained for a mass of about 1.3 Ge
whenk50.065 GeV2 ~see Fig. 5! and at about 1.0 GeV whe
k50.055 GeV2. Thus we see that confinement eliminates
low-masss meson from our results. However, forsmall P2

.0 or P2,0, confinement is a quite small effect and may
neglected. Since that restriction onP2 is appropriate for mos
nuclear physics studies, we will neglect confinement in
following discussion.@Again, we stress that there is no low
mass sigma to be found in experiment if we exclude fr
consideration the strongp-p interaction that leads to th
introduction of thef 0(400– 1200). That meson is unrelate
to the low-masss meson obtained upon bosonization of t
NJL model.#

We recall the Lagrangian of the NJL model with SU~2!
flavor symmetry

L~x!5q̄~ i ]”2m0!q1
GS

2
@~ q̄q!21~ q̄ig5tWq!2#. ~3.3!
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Here m05diag(mu
0,md

0) is the current quark mass matrix
which we will neglect in part of the following discussion
We have found that ifGS511.83 GeV22 and a cutoff of
L350.622 GeV is used for the quark momentum, a pion
mass 138 MeV is obtained whenmu

05md
055.5 MeV @20#.

The Goldberger-Trieman relation is satisfied withmq
50.364 GeV,f p50.093 GeV, andgpqq53.91. The relation
between the constituent mass and the condensate is

m5m02GS^0uuū1dd̄u0&, ~3.4!

which leads to^0uuūu0&5^0udd̄u0&52(0.247 GeV)3. We
also see that the Gell-Mann–Renner–Oaks relationf p

2 mp
2

5m0^0uuū1dd̄u0& is well satisfied.
It is useful to proceed with a bosonization of the NJ

Lagrangian via the introduction of a sigma field and a pi
field. Thus we introduce

s52
GS

gpqq
q̄q ~3.5!

and

pW 52
GS

gpqq
q̄ig5tWq. ~3.6!

If we neglectm0 and writem52GS^0uq̄qu0&, we see that
the vacuum value ofs is f p , as is well known.

As a formal device, we may introduce a sigma dominan
model by relating a chain of NJL polarization diagrams
the propagator of a ‘‘s meson.’’ For example, we may write
with gpqq5gsqq ,

GS

12GSJS~P2!
.2

gsqq
2

P22ms
2 ~3.7!

for P2 small orP2,0. Thus

2F GS

gpqq
G 1

12GSJS~P2!
5

gsqq

P22ms
2 . ~3.8!

On the left-hand side of Eq.~3.8!, we see the factor
(2GS /gpqq) that appears in Eq.~3.5!, while the ‘‘s propa-
gator’’ is on the right-hand side of the equation. The point
keep in mind is that Eq.~3.8! with ms.2mq is only valid for
P2,0 or for smallP2.0.

We take this occasion to update our calculation of
pion-nucleon sigma term made in Ref.@21#, where we used a
sigma dominance model with a quark mass ofmq
5260 MeV. We foundsN551.8 MeV in that work. Since
we are now usingmu5md50.364 GeV in our most recen
work, we can repeat the calculation given there for the n
mass value.

We had defined a scalar form factor of the nucleon@21#,

Fs~P2!ū~kW1PW ,s8!u~kW ,s!dtt8

5^N,kW1PW ,s8,t8uqW ~0!q~0!uN,kW ,s,t&, ~3.9!
9-5
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and wrote

Fs~0!5^Nuq̄quN&val1^Nuq̄quN&c , ~3.10!

where the second term is due to the ‘‘meson cloud.’’ In thes
dominance model, we found that

^Nuq̄quN&5
1

12GS@JS~0!1KS~0!#
^Nuq̄quN&val .

~3.11!

With mu5md50.364 GeV, we haveJs(0)50.0485 GeV2

and Ks(0)50.0110 GeV2. Since we now neglect confine
ment, we can use the value ofGs511.83 GeV22 mentioned
above. Thus

^Nuq̄quN&53.39̂ Nuq̄quN&val . ~3.12!

The value of̂ Nuq̄quN&val53.0260.09 has been obtained i
a lattice QCD calculation@22#. Therefore, with the definition

sN5Fmu
01md

0

2 G^Nuq̄quN&, ~3.13!

we have

sN556.161.7 MeV, ~3.14!

which is a satisfactory result forsN . Thus we see that nea
P250, where this calculation is made, the linear sigm
model with a sigma mass ofms

254mq
21mp

2 may be used
and confinement may be neglected.@The inclusion ofKS(0)
in the calculation will reduce the sigma mass somewhat fr
the value obtained in the simplest bosonization scheme.
call thatJS(P2) is of ordernc andKS(P2) is of order 1.#

Another well-known relation is the density dependence
the condensate@23–25#:

^q̄q&r

^q̄q&vac
512

sNr

f p
2 mp

2 , ~3.15!

wheresN is the pion-nucleon sigma term. At nuclear mat
densityr5(0.111 GeV!3, so with sN.45 MeV, we have a
37.4% reduction of the condensate and a corresponding
duction of thes field so that, in matter,s5 f p2s8, with
s8534.8 MeV.

In the linear sigma model, Eq.~3.15! may also be written
as

s

f p
512

sNr

f p
2 mp

2 . ~3.16!

In order to see that the use of thes field as an order param
eter for the scalar quark condensate yields a consistent
ture, we may make reference to the use of QCD sum rule
the calculation of the nucleon self-energy in matter@24,25#.
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IV. USE OF THE LINEAR SIGMA MODEL IN THE
DESCRIPTION OF MEAN-FIELD ASPECTS OF NUCLEAR

MATTER

In this section we wish to show that the linears model
finds some limited application in the study of properties
nuclear matter, even though there is no low-masss meson of
qq̄ character to be found in experiment. That is, the par
restoration of chiral symmetry described by a reduced va
for the s field in matter is consistent with the calculation
the self-energy of a nucleon in matter made using QCD s
rules @24,25#. For example, the scalar potential experienc
by a nucleon in nuclear matter isVS52GsNNs8, where
GsNN is the constant describing the coupling of the sigm
field to the nucleon. We can provide a rough estimate
GsNN by writing GsNN53gsqq53gpqq.11.7, so thatVS
.2407 MeV. That is close to the value used in Dirac ph
nomenology@26# or in the Walecka model@27# to describe
the scalar potential felt by a nucleon in nuclear matter.
provide some justification of this viewpoint, we consider t
correlator of two Ioffe currents,

P~x!5^T@hN~x!h̄N~0!#&r , ~4.1!

which is related to the propagator of a nucleon in nucl
matter @25#. After transformation to momentum space, o
has

P~q!5P1~q2,q•u!1q”Pq~q2,q•u!1u”Pu~q2,q•u!,
~4.2!

whereum describes the flow of nuclear matter.~In the rest
frame, we haveum5@1,0,0,0#.) It is found that, for a
nucleon in matter,

P1~q2,q•u!5
1

4p2 q2 ln~2q2!
^q̄q&r

2
1¯, ~4.3!

Pq~q2,q•u!52
1

64p2 ~q2!2 ln~2q2!

1
1

3p2 q•u ln~2q2!
^q†q&r

2
1¯ ,

~4.4!

and

Pu~q2,q•u!5
2

3p2 q2 ln~2q2!
^q†q&r

2
1¯ , ~4.5!

where

^q̄q&r5@^ūu&r1^d̄d&r# ~4.6!

and

^q†q&r5@^u†u&r1^d†d&r#. ~4.7!

Recall thats5 f p2s8 and
9-6
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s52
Gs

gsqq
^q̄q&r , ~4.8!

so that

^q̄q&r5^q̄q&02
gsqq

GS
s8. ~4.9!

We will concentrate on the scalar field and rewriteP1 as

P1~q2,q•u!5
1

4p2 q2 ln~2q2!
^q̄q&0

2
1

1

4p2 q2 ln~2q2!

3F2
gsqq

2Gs
Gs81¯ . ~4.10!

The nucleon mass in mattermN* is related to the scalar part o
the self-energy,mN* 5mN1SS , with

Ss5
28p2

M2 Fgsqq

2Gs
Gs8, ~4.11!

whereM is the Borel mass@25#. If we put gsqq53.91, GS
511.83 GeV22, M51.0 GeV, ands8534.8 MeV ~from the
last section!, we find SS.2454 MeV. We expect about a
10% reduction in this value, when short-range correlatio
are included, so thatSS;2409 MeV @26#. That value is
close to the value used in Dirac phenomenology and in
Walecka model, as noted earlier.

We remark that the Goldberger-Treiman relation

f p
2 mp

2 52mq
0^q̄q&0 ~4.12!

generalizes to

s f pmp
2 52mq

0^q̄q&r ~4.13!

in matter. That this is correct may be checked by usin
relation obtained in the bosonization procedure,

GS

gsqq
5

mq
0

mp
2 f p

, ~4.14!

and recalling that

f p2s852
GS

gsqq
^q̄q&r . ~4.15!

If we assume thatmp
2 is unchanged in matter, we see th

we reproduce Eq.~3.16! upon taking the ratio of Eqs.~4.13!
and ~4.12!.

V. DISCUSSION

A source of confusion in the study of scalar mesons is
attempt to understand the spectrum without introducin
model of confinement. For example, the result of the st
dard bosonization procedure for the scalar mass,ms

2

5(2mq)21mp
2 , puts thes mass in the quark-antiquark con

tinuum, which starts atP052mq . Above that energy, the
02520
s

e

a

t

e
a
-

function JS(P2) becomes complex. If confinement is in
cluded in the analysis,JS(P2) is a real function whose value
is reduced relative to the function calculated without co
finement. Withk50.055 GeV2, the lowest-energyqq̄ scalar
state is at about 1.0 GeV. That is about 300 MeV grea
than the value obtained from the bosonization scheme.
the other hand, studies of the nucleon-nucleon interactio
the partial restoration of chiral symmetry at finite dens
require that we analyze the theory forP2<0. Confinement is
a rather small effect for spacelikeP2, so thatJS(P2), with
P2 small or P2,0, is largely unchanged when confineme
is introduced. That has the consequence that the u
bosonization procedure may be used to obtain the effectivs
mass forspacelike P2.

The small massms.600– 700 MeV, obtained from
bosonization, leads to the belief that thef 0(400– 1200)
might be the chiral partner of the pion.~Here we agree with
Meissner that that is an incorrect assumption@3#.! The two-
pion decay width of thef 0(400– 1200) is very large, sinc
that resonance may be described as a state with two p
loosely coupled by the interaction arising fromr exchange.
In our earlier work@10#, we made the assumption that th
f 0(980) was a 13P0 nn̄ state. That led to the identificatio
of the f 0(1370) as the 13P0 ss̄ state, which at first appear
incompatible with the very large 4p decay of that state
@However, one may always make the assumption tha
qq̄qq̄ state that decays strongly to the 4p continuum is ad-
mixed in the f 0(1370) wave function.# In this work we
have considered the suggestion that thea0(980) andf 0(980)
are notnn̄ states, but may beK-K̄ molecules@28# or qq̄qq̄
states. With this new approach we were able to make con
with the phenomenological study of quarkonium-glueb
mixing carried out by Close and Kirk@11#. However, we
have stressed that that assumption is not tenable, given
recent analysis of the scalar decay constants@14,15#.

Recently we have seen some quite excellent fits to
scattering of light pseudoscalar mesons made using ch
perturbation theory in a model that respects unitarity@29#.
The pole position of thes meson is found atAs5442
2 i227 MeV. ~The effective mass is approximately 600 Me
and the effective width is very large.! If one is interested in
calculating phase shifts, the work of Ref.@29# is quite appro-
priate. However, in our work we have been interested in
quark configurations to be assigned to the scalar mesons
to the use of a low-mass scalar meson as an order param
In that regard, our generalized NJL model provides a suita
formalism to discuss the issues of interest to us. Oller, O
and Ramos@30# come to the conclusion that the singlet co
tribution to thef 0(980) and a scalar octet around 1.35 Ge
are the lightest preexisting scalar states, while
s,k,a0(980), and some part of thef 0(980) are generated
dynamically by multiple scattering using the lowest-ord
chiral Lagrangian.@Here thes refers to what is usually des
ignated as thef 0(400– 1200).# Their remarks seem to be i
accord with the conclusion of Ref.@6# where it is also stated
that the f 0(400– 1200) anda0(980) are not standardnn̄
states. If thea0(980) is generated dynamically and is n
‘‘preexisting,’’ one would have to put thea0(1450) in the
9-7
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same octet as theK0* (1430). If we do that, we do not see th
upward shift in the mass that is expected when you cha
an up or down quark to a strange quark. For example,
r~770! is in the same octet as theK* (892). That represent
an upward shift in mass of about 120 MeV.@If one replaces
both the up and down quarks by strange quarks, one finds
f~1020!, so that the upward shift in mass from ther is about
250 MeV.# This problem, related to the energies of t
states in the scalar nonet, has recently been discussed in
@31#, where it is suggested that mixing withqq̄qq̄ states may
be important in understanding the spectrum of isospinor
isovector scalar mesons. We hope to investigate the rol
qq̄qq̄ states in the case of the isoscalar states in the fut
That is a more difficult problem than the one addressed
Ref. @31#, as the authors of that reference point out.

Although we have described thef 0(980) as the 13P0 nn̄
state in Ref.@10#, the physical situation is more complicate
For example, if we introduce the propagator of thef 0(980),
the self-energy of that resonance is stronglyP2 dependent
due to cusp behavior at the opening of theKK̄ channel.
-

cs
6.

A

on

nz
M

, B

e

e

M
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Therefore, the strength at the propagator pole is redu
from unity, indicating a significant admixture of theKK̄ con-
tinuum in the f 0(980) resonance. We hope to discuss t
matter more fully in a future work.

The bosonized NJL model has also been used to desc
the nucleon-nucleon interaction@32–34#; however, we do
not take up that matter here. A recent discussion of sc
exchange in theNN interaction, made within the chiral uni
tary approach@30#, may be found in Ref.@35#, where refer-
ences to related work may be found. An alternate method
the study of radial excitations of light mesons, which mak
use of a bosonization scheme, may be found in Refs.@36–
38#. However, the assignment of the quark configurations
the various scalar states in those works differs from ours
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