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In this work we demonstrate the range of application of our generalized Nambu—Jona-I(&Sinienodel.
We discuss the scalar-isoscalar mesons that are thought to hgees#ructure 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 lowegf) 0** state is thefy(1370). [The f,(400—1200) that now appears in the data
tables may be generated dynamicallyrinr scattering and is not a “preexisting” state of the spectjunThe
f4(980) anda,(980) are often designated &K 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-masseson, whose effects would be generated dynamically
in the nonlinear model. While it is not necessary to ever introduce a low-maseson, we describe some
calculations which may be interpreted in terms of such a meson. That only represents a formal device, and no
low-masso is to be found in experiment. However, the use of the low-naaas 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
o meson momentum. We also use our generalized NJL model to discuss the spectrum of scalar-isoscalar states
under the assumption that thig(1370) is the 1°P, nn state and thd,(1710) is the 1°P, Ss state before
consideration of quarkonium-glueball mixing. That analysis allows us to provide a microscopic model of the
two qq states used by Close and Kirk in their recent description of quarkonium-glueball mixing in which they
obtain wave functions of théy(1370), f,(1500), andf,(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 heeds modification.
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[. INTRODUCTION use that designation. For the purposes of this work, we will
characterize ther meson to bgpredominately a meson of
There is a good deal of discussion in the literature congq character that is “preexisting” in the sense that it is not
cerning the nature of thed* meson”[1]. In this work we  generated dynamically im-7 scattering.
wish to see under what circumstances one may usefully in- It is useful to survey a few of the various opinions and
troduce a low-mases. Various researchers have quite differ- results concerning the nature of scalar mesons. For example,
ent interpretations of the nature of that meson. A scalar meMeissner suggests that tfig(400—1200) is not a “preexist-
son may be used to describe the strong attractive interactiong” resonance, but is a dynamic effect due to the strong
seen in low-energyr-7r scattering from threshold to about 1 pion-pion interaction in th& =0, | =0 wave[3]. He further
GeV. That meson appears in the data tables as thstates that thé,(400—1200) is certainly not the chiral part-
fo(400—-1200) resonancin some cases, thig(400—1200) ner of the pion that appears in the linear sigma model, for
is identified as the scalar meson that appears in the lineasxample. On the other hand, Pennington, while agreeing that
sigma model. The scalar attraction between two nucleonsthe o is a very short-lived correlation between pion pairs,
is generated by correlated two-pion exchange in a study aguggests that such a sigma is expected to be the field whose
dispersion relations as they relate to the nucleon-nucleon imonzero vacuum value breaks chiral symméirly (That last
teraction[2]. A low-mass scalar is often use to represent theobservation is in contrast to Meissner’s opinjonPenning-
effects of correlated pion exchange when describing théon also indicates that an analysis of the role of the
nucleon-nucleon interaction in the vacuum or in nuclear matfo(400—1200) in two-photon processes indicates that it has a
ter. (uu+dd) composition. Pennington also remarks thaand
Since there are several phenomena associated witth a “u-channelp exchange can explain the stromgm interaction
meson,” we need to clarify what we have in mind when wein the L=0, | =0 state[1]. However, based upon duality
arguments, he argues that tieneson could also exist as an
s-channel pole when studying- scattering 1].
*Electronic address: casbc@cunyvm.cuny.edu Hannah remarks that the existence of fgé400—1200)
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may be considered controversial. In a study of the pion scalaand
form factor based upon dispersion relations and chiral per-
turbation theory, Hannah finds a resonance polgsat 445
—i235MeV, which he claims provides further evidence for
the existence of a meson[4]. A study of the nonstrange
(nn) scalar sector using QCD sum rule techniques argues
that both thef,(400-1200) and the,(980) are notnn
stateq5].

Another body of work concerning scalar mesons is that o
Hatsuda and Kunihird6-9]. In that work the sigma that
represents the strong- correlation at low energy is iden-
tified as the chiral partner of the pion in a theory with

SU, (2)® SUg(2) symmetry. For example, a bosonization of . i X _
the NJL model without confinement gives rise to a IinearSlgnment of barejq states, with the £P, sS'state at about

sigma model with a sigma meson of mass approximatel)}670 MeV and the £P, state at 1350 MeV, is possible, we

equal to twice the constituent quark mass. If the up and dowﬁllf;ctsg:essi\tlgiténf ;O;g:?gig]n?gzg;j rl:r?]%?]ﬁ)?)ctl)sn#nj?;ions
guark masses are 364 MeV, as in our model, one would® Y. 9 9 9

expectm, =728 MeV. However, in our model, confinement of the scalaxjq states.

moves this scalar state upward in enefgg), In our earlier 5 AITEERE S O BEE R B T OETE
work we identified thef ,(980) as the lowesyq 0* " state P 9 ’

[10]. However, a recent study of quarkonium-glueball mix- short-range NJL interaction is considered, the stitésind

. ; have approximately the energies used in . In that
ing supports the assignment of thg(1370) as the lowest l‘?shion ngcan proviglle wave fugnctions for tEdm}aand

0™" nn state[nn=(uu+dd)/v2] and thefo(1710) as the |g) introduced there. However, we provide evidence that the
lowestss state[11]. In Ref.[11] these states are mixed with assignment of configurations implied in the work of Close
the scalar glueball to become the experimentally determineg,q Kirk is quite unlikely to be correct. In Sec. Il we de-
fo(1370), f(1500), andfo(1710) resonances. scribe the bosonization of the NJL model and remark upon
The experimental data might be considered to argughe modification of such results in our generalized NJL
against thef,(1370) being mainly the 2Py Ss state, as  model, which includes a covariant model of confinement. As
found to be the case in RéfLO], since the relative branching \ye will see, bosonization of the standard NJL mogeith-

f4(1370)=0.60G)—0.13S)—0.79N). (1.4

In this work we show how the generalized NJL model can
generate the “bare’tq states used above. That is, we would
gike to have the 1°P, ss state at about 1670 MeV and the
1 3P, nn state at about 1350 MeV, corresponding to the
parametrization of Ref.11]. [These assignments are consis-
tent with the fact that the # decay of thef,(1710) is very
small[12].] While in this work we show that such an as-

ratios for this state arf12] out confinementgives rise to a linear sigma model, which
_ - may be used if the meson momentum is spacelike. We dis-
7 KK: 77:47=1:0.46-0.19:0.16-0.07:34.0¢°. cuss the pion-nucleon sigma term and some properties of

nuclear matter using the linear sigma model. We justify our
[However, we can assume that the largedecay is driven  application to the calculation of the mean scalar field in
by another component of thi(1370), which might be a nuclear matter by using some results of QCD sum rules as
qqqq state. We consider this an unresolved matter at thigipplied in nuclear matter. Finally, Sec. IV contains some
time.] The branching ratios for théy(1500) andfy(1710)  further discussion and conclusion.
are also given in Ref.12]. Close and Kirk have used these
branching ratios and other data to determine the wave func-

tions of the fo(1370), fo(1500), and fo(1710), when Pi2+k
quarkonium-glueball mixing is taken into account. Their -ig(P?) p.. —p
model has eight parameters, four of which appear in the ma-
trix that is diagonalized to obtain the wave functiddq]: -P/2+k
(a)
Mg f  Vv2f
P/2+x
M=| f Mg O |[. (1.2)
Vit 0 My AKg(P?) P - P
Heref=(G|H|S)=(G|H|N)/v2, with |G) denoting the bare P/2-x
glueball,|N) the [nn) state, andS) the |ss) state. A typical (b)
parameter set hasMg=1440t16MeV, Mg=1672
+9MeV, My=1354-28MeV, and f=91*11MeV, FIG. 1. (a) The polarization function-iJ¢(P?). Here the solid
where the uncertainty is related to the data-fitting procedur&iangular region denotes our confinement vertex, which eliminates
[11]. The physical states are found to be the spurious cut that would otherwise appear when the quark and
antiquark go on mass shel#]. (b) The polarization function
|fo(1710)=0.39G)+0.91S)+0.14N), (1.2 —iK4(P?). Here the wavy lines are pions, kaons, or eta mesons,

corresponding to the decayg— =, KK, n1, 77, etc. The solid
|fo(1500)=—0.69G)+0.31S)—0.62N), (1.3  regions are confinement vertex functions.
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Il. CALCULATION OF QUARK-ANTIQUARK STATES 1
1.0 : : . . .
IN A GENERALIZED NJL MODEL 6 é éll é 8 1'0
The procedure for obtaining the spectrum of scalar states P¥GeV?)

in our model was given in Ref10]. The important functions
that appear in our analysis are shown in Fig. 1. Figus 1
shows the basic vacuum polarization functity{P?) of our
generalized NJL model. Here the filled regions denote our
covariant confinement vertex function&0]. These vertex vertex functions are singular at those energi€ge the cap-
functions serve to eliminate spurious singularities that wouldions to Figs. 3 and 4.
otherwise arise when the quark and antiqguark go on mass We now consider the short-range NJL interaction. The
shell. In Fig. 1b) we show the functiorkK(P?) which de- Lagrangian of our model ig10]
scribes the effects of coupling to two-meson decay channels.
[Note thatJg(P?) is of ordern, and Kg(P?) is of order
1.] The T matrix for our model is shown in Fig. 2, where G2
we have not shown the wave matrices that impose confine-  £=gq(i4—m®)q+ — > [(G\'q)2+ (i ysh'q)?]
ment for the initial and finabq pairs. (That feature is de- 2 =0
scribed in Ref[13].) , G, B

Values obtained fodg(P<), when the quarks have masses _ v TVEN D)2+ (TvEveNid)?
m,=my=0.364 GeV, are given in Fig. 3. The values for 2 izo LAy Q)+ (ar®ysha)’]
Js(P?) when the quarks have mass,=0.565GeV are G
shown in Fig. 4. These functions have singularities at the -b al a(1—
energies of the bound states in the confining field, since the " 2 {detq1+ys)q) +defq(l-ys)al}

FIG. 4. The functionJ2(P?). Here m,=0.565 GeV.(See the
caption to Fig. 3.

+£tensor+ ‘Cconf- (2-1)
1.0
0.8
0.6 Here the fourth term is the 't Hooft interaction, amsor
o denotes interactions added to study tensor masons, while
0.4 Lcont denotes our model of confinement. In Eg.1), m° is
< o2- the current quark mass matrim®=diagMm?’,mg,md), the
S ol | \i(i=1,...,8) are the Gell-Mann matrices, aing=/2/3l,
— r(/r with 1 being the unit matrix in flavor space. In our previous
a 021 ( ( work, we had Gs=11.83GeV? and Gp=86.39GeV?
w_,g 04 [10]. Thus the interaction in singlet states wd3,
1 =10.46 GeV? and the interaction in octet states Wagg
067 =12.46 GeV?2 In the case ofapproximatg ideal mixing,
-0.8- we putG,=11.12 GeV 2 andG4=11.79 GeV'2. (The de-
10 . ' . ' . ' | ' yiation f_rom iqleal mixing induced by the 't Hooft interaction
0 2 4 6 8 is described in Refl10].)
P*(GeV?) For the Minkowski-space calculations reported here and

in our earlier work, we found it useful to neglect energy
FIG. 3. The functionJ5,(P?). Herem,=m,=0.364GeV. A transfer by the confining field in the meson rest frame. For
Gaussian regulator of the form dxpkd/a?] is used with o  €xample, if we start with the potentiaV“(r)=«r exp
=0.605GeV. The parameter of the confining fidltio] is «  [—ur] and form the Fourier transform, we have the form of
=0.065 GeV. the interaction used in the meson rest frame:
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- 1 4u? 3.0
VE(K—K')= — 8| —— B . [
[(k_k/)2+M2]2 [(k_k/)2+M2]3 : —_— e e
07 I pu——
23 25t e
Here u is a small parameter used to soften the infrared sin- [
gularities ofVC. If u is small enough, the potential approxi- e
mates a linear potential with “string tensionk over the ool —
range ofr relevant for our problem(Since we use Lorentz- ~“r -
vector confinement, our value afdiffers from_ that usually | e
quoted for a Lorentz-scalar model of confinementThe [ L
. . . ; o
potential of Eq.(2.2) may put in a covariant form if we use Pt 150 — —G
the four-vectork” andk’#, TN
. k-P)P# .
ko e— % 23 10} @ (b) (©
and !
05
o .. (KPP~
k'*=k “—?, (2.9 i
0

B S L " Trp_— M
since, wherP—O, we havek”=[0k] andk M_[_O’k I T'he FIG. 5. The energies of bourgly states of our generalized NJL
calcula_ltlon of bouno_l states_and _vertex_fgnctlons using th‘ﬁwodel.(a) The energies of the boundn states in the confining
potential of Eq.(2.2) is described in detail in Ref10]. field. There are bound states at 1458, 1783, 2045, 2274, 2467, 2633,

To find the bound states in the presence of both confinezng 2783 MeV.(b) The energies obtained when the short-range
ment and the short-range NJL interaction, we consider  NJL interaction is included. There are bound states at 1337,

1717, 2013, 2251, 2454, and 2629 MeV and bowsdstates at

-1
G~ Jug(PH)=0 (2.5 1680, 2004, 2265, 2471, 2660, 2822, and 2965 Mey/The ener-
gies of the bounds states in the confining field. There are bound
and states at 1767, 2048, 2284, 2491, 2664, 2820, and 2964 MeV.
Gss —JsdP)=0. 28 yse of the relation$ = (G|H|S)=(G|H|N)/v2 implies that

the state$N) and|S) have the same number of nodes. In the
model of Close and Kirk, these states would both b&Pg
states, with the ;(980) eliminated by considering that reso-

nance to be &K molecule. However, recent work of Malt-
man, who uses QCD sum rules and other techniques, shows
that theay(980) has a much larger decay constant than it

S/p2 _ m
andJ (P*) for x=0.065 GeV.] _ _ would have if it were &K molecule[14,15. In Table | we
In Figs. 5a) and 3c) we show the energies of thien and g6,y the values obtained by Maltman and compare them to

ssbound states in the confining field. In Fighbwe show |5/,es we have calculated using the standammodified
the results of including the short-range NJL interaction. In

that manner we generate states that correspond to the states
[Ny and |S) of Ref.[11]. [See Fig. ®).] The figure also
shows the energies of the states with nodes in their wave m2f. (GeVP)
functions. We find that wher=0.065 GeV, the 1°P, nn L
state is at 1445 MeV and the®P, ssstate is at 1758 MeV. Meson Configuraton TDA? RPA® Maltman[14,15
Inclusion of the short-range interaction moves the state

In our previous studies, we foune=0.055 GeV from a fit
to a very large number of states of light mesdd§]. In
order to obtain bargq 1 3P, Ssandnn masses compatible
with the Kirk-Close assignments, it is necessary to use

=0.065 Ge\. [See Figs. 3 and 4 where we preséfg(Pz)

TABLE |. Meson decay constanf46].

down to 1334 MeV, where it can be identified with the state 2,(980) 12P° 0.0649 0.0868  0.04470.0085
IN) of Ref.[11]. At the same time, the 3P, ss state moves a(1450) 2”Po 0.0357  0.0420  0.06470.0123
down to 1673 MeV where it can be identified with the state 20(1834F 3°Pg 0.0377 0.0424
|S> 01_: Ref. [11]. Our analys_is, the_refore, provide_s a micro- K% (1430) 13p, 0.0614 0.0508 0.08420.0045
scopic model for the starting point of Re[fll]_, since we  yx(1730f 23p, 0.0425 0.0375
now have both the wave functions and energies of the state}gé(l%o) 33p, 0.0414 0.0378

[Ny and |S) used there.
We now wish to argue that, while the spectrum of scalafTamm-Dancoff approximation.

states could be fit using our generalized NJL model, othePRandom phase approximation.

information precludes the use of Ed..1). We note that the C‘These states are predicted to exist in our formalism.
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values of the parameters of our generalized NJL mptel ~ Here m®=diagMm?’m) is the current quark mass matrix,
with x=0.055GeV. [The fact that our value for the which we will neglect in part of the following discussion.
a0(980) coupling constant is about a factor of 2 larger thanwe have found that iiGs=11.83GeV? and a cutoff of
Maltman’s value suggests that thg(980) has an important A ;=0.622 GeV is used for the quark momentum, a pion of
KK component. mass 138 MeV is obtained when)=mJ=5.5 MeV [20].

We also note that our most recent analysig] of the  The Goldberger-Trieman relation is satisfied withy
scalar spectrum using=0.055 GeV places thef,(980) at =0.364 GeV,f,=0.093 GeV, andy ,qq=3.91. The relation
980 MeV and thea(980) at 950 MeV in what is essentially between the constituent mass and the condensate is
a parameter-free calculation, since the parameters have been o
fixed in our studies of the pseudoscalar and vector mesons. m=m’—Gg(0|uu+dd|0), (3.9
In our model thef,(980) anda,(980) are 1°P, states.

Using this body of information, we infer that the two which leads to<0|uﬁ[0>=<0|dg|o>=—(0.247 GeV§. We
states|N) and [S) used by Close and Kirk have a different ajso see that the Gell-Mann—Renner—Oaks relafipm?
number of nodes. For example, in our model th€1370) is = mP(0|ut+ dElO) is well satisfied.

a ss state before quarkonium-glueball mixing is taken into It is useful to proceed with a bosonization of the NJL

account and théo(1500) is the 2°P, state in our model. Lagrangian via the introduction of a sigma field and a pion
We have sufficient confidence in these assignments that We, |y Thus we introduce

can conclude that Eq1.1) is not appropriate for the study of

guarkonium-glueball mixing. An analysis of quarkonium- Gs
glueball mixing based upon our NJL model was presented in o=— qq (3.5
Refs.[18,19 and is more appropriate for this problem. 9Ymqq
and
I1l. BOSONIZATION OF THE NJL MODEL
. Gs . .

We may consider the equation analogous to @) in ™="3 qi ys7q. (3.6)
the case we deal with scalar states in theBflavor NJL a9
model without confinement: If we neglectm® and writem= —Gg(0[qq|0), we see that

N N the vacuum value ofr is f ., as is well known.
Gs = Js(m;)=0. 3.9 As a formal device, we may introduce a sigma dominance

model by relating a chain of NJL polarization diagrams to

. the propagator of a & meson.” For example, we may write,
constituent quark mass of the ¢gr down quark. Thus the © Prop 9 7 P ywn
L o With 9qq=9oqq>
low-masso meson found in this manner is just above the
threshold for theyq states that starts an, . However, if we Gs

It is well known thatm’=(2mg)?+mZ2, wherem, is the

2
gaqq

include our model of confinement, we have oo = — > (3.7
1-Gglg(P?) PZ—m;.
Gg'-JgP?)=0, (3.2
for P? small orP2<0. Thus
whereJg(P?) is calculated with the confinement vertésee
Fig. 1. SinceJg(P?)<Jg(P?), the mass obtained from | Gs 1 _ _Yoqq 3.9
Eq. (3.2 is a good deal larger tham,=2m,. Indeed, a 9rqq 1—-Gglg(P?) P2—m§' '

solution of Eq.(3.2) is obtained for a mass of about 1.3 GeV
whenk=0.065 GeV (see Fig. 5and at about 1.0 GeV when On the left-hand side of Eq(3.8, we see the factor
x=0.055Ge\. Thus we see that confinement eliminates a(—Gs/g,qq that appears in E¢3.5), while the “o propa-
low-masso meson from our results. However, fsmall P> gator” is on the right-hand side of the equation. The point to
>0 or P?<0, confinement is a quite small effect and may bekeep in mind is that Eq3.8) with m,=2m, is only valid for
neglected. Since that restriction 83 is appropriate for most P2<0 or for smallP?>0.
nuclear physics studies, we will neglect confinement in the We take this occasion to update our calculation of the
following discussion[Again, we stress that there is no low- pion-nucleon sigma term made in REZ1], where we used a
mass sigma to be found in experiment if we exclude fromsigma dominance model with a quark mass of,
consideration the strongr- interaction that leads to the =260MeV. We foundoy=51.8 MeV in that work. Since
introduction of thefy(400—1200). That meson is unrelated we are now usingn,=my=0.364 GeV in our most recent
to the low-massr meson obtained upon bosonization of thework, we can repeat the calculation given there for the new
NJL model] mass value.

We recall the Lagrangian of the NJL model with QY We had defined a scalar form factor of the nucléah,
flavor symmetry

F(P?)u(k+P,s")u(k,s)s,.

. Gs. .,
L(X)_Q(I‘g_mo)q+7[(qq)2+(q|757-q)2]' (33) :<N,|z+F_;,S,,T’|q)(0)q(0)|N,|Z,S,T>, (39)
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and wrote

Fs(0)= <N|EQ| N>val+<N|aq| N>c )

IV. USE OF THE LINEAR SIGMA MODEL IN THE
DESCRIPTION OF MEAN-FIELD ASPECTS OF NUCLEAR

(3.10 MATTER

In this section we wish to show that the linearmodel

where the second term is due to the “meson cloud.” Indhe  fings some limited application in the study of properties of

dominance model, we found that

_ 1 _
<N|qq|N>: 1_GS[JS(O)+ KS(O)] <N|qq|N>vaI-

nuclear matter, even though there is no low-masseson of

gq character to be found in experiment. That is, the partial
restoration of chiral symmetry described by a reduced value
for the o field in matter is consistent with the calculation of

(3.11 the self-energy of a nucleon in matter made using QCD sum

rules[24,25. For example, the scalar potential experienced

With m,=my=0.364GeV, we havel(0)=0.0485Ge¥ by a nucleon in nuclear matter s=—G_ o', Where
and K4(0)=0.0110GeV. Since we now neglect confine- G,yy is the constant describing the coupling of the sigma
ment, we can use the value 6f=11.83GeV? mentioned field to the nucleon. We can provide a rough estimate of

above. Thus

(N[qq|N)=3.3qN[qQq|N)a-

Gonn by writing G nn=3095qq= 39 7qq=11.7, so thatVg
=—407 MeV. That is close to the value used in Dirac phe-

(3.12 nomenology{ 26] or in the Walecka mod€l27] to describe

the scalar potential felt by a nucleon in nuclear matter. To

The value of{N[gq|N),.=3.02£0.09 has been obtained in Provide some justification of this viewpoint, we consider the
a lattice QCD calculatiofi22]. Therefore, with the definition correlator of two loffe currents,

0 mg -

oN=—

we have

on=56.1+1.7 MeV,

which is a satisfactory result fary. Thus we see that near

) =(TL7n(X) 7n(0)]1), (4.)
(3.13 o .
which is related to the propagator of a nucleon in nuclear
matter[25]. After transformation to momentum space, one
has
(3.14 I1(q)=1T4(q%q-u) +dI14(g?g-u)+ U1, (g%,q-u),

4.2

whereu* describes the flow of nuclear matté the rest

P2=0, where this calculation is made, the linear sigmago e we haveu®=[1,0,0,0.) It is found that, for a
model with a sigma mass of2=4mZ+m’ may be used | ,cleon in matter T '

and confinement may be neglectgt@ihe inclusion ofk 5(0) '

in the calculation will reduce the sigma mass somewhat from <qq>

the value obtained in the simplest bosonization scheme. Re- I1;(0%,q-u)= ype Zq In(—g®) 5%+, (4.3
call thatJg(P?) is of ordern, andKg(P?) is of order 1]

Another well-known relation is the density dependence of

the condensatfg23-25:

<aq>p . ONP
2

(QAhvac ~ fom?

whereoy is the pion-nucleon sigma term. At nuclear matter

1
2 N — — 222 |n( — A2
IT4(9%,9-u) 647Tz(q )< In(—qg*)
1 (a'a)
(319 +z2duin(—g?) 5

4.9

density p=(0.111 GeV®, so with oy=45MeV, we have a
37.4% reduction of the condensate and a corresponding re-

duction of theo field so that, in matterg=f_—o’,

with 2 t
I1,(g%q- u)— 3,24 In(—q )<q2—q>"+---, (4.5

where

(3.16 (qq),=[(uu)y,+(dd),] (4.6)

o' =34.8MeV.
In the linear sigma model, E§3.15 may also be written
as
o oNp
f. f2m2

and

In order to see that the use of thefield as an order param-

eter for the scalar quark condensate yields a consistent pic- (a'a),=[(uu),+(d"d),]. 4.7
ture, we may make reference to the use of QCD sum rules in

the calculation of the nucleon self-energy in maft24,25. Recall thato=f_— ¢’ and
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Gy _ function J5(P?) becomes complex. If confinement is in-
(qa),, (4.8)  cluded in the analysislg(P?) is a real function whose value
is reduced relative to the function calculated without con-
so that finement. Withx=0.055 GeV, the lowest-energyq scalar
g state is at about 1.0 GeV. That is about 300 MeV greater
—\ = oqq than the value obtained from the bosonization scheme. On
(Ga),=(da) Gs - 49 the other hand, studies of the nucleon-nucleon interaction or
the partial restoration of chiral symmetry at finite density
require that we analyze the theory ®8f<0. Confinement is
1 @@, 1 a rather small effect for spacelike?, so thatJg(P?), with
1,(9%,9-u)= —0q%In(—g?) +-—q°In(—q?) P2 small or P?<0, is largely unchanged when confinement
a4 2 Am is introduced. That has the consequence that the usual
bosonization procedure may be used to obtain the effeative
o't (410 mass forspacelike P.
The small massm,=600—700MeV, obtained from
The nucleon mass in matter, is related to the scalar part of bosonization, leads to the belief that tfig(400—1200)
the self-energym¥=my+3g, with might be the chiral partner of the piotHere we agree with
Meissner that that is an incorrect assumptigh) The two-
— 872 9oqq| pion decay width of thef;(400—1200) is very large, since
M? | 2G, g (41D that resonance may be described as a state with two pions
loosely coupled by the interaction arising frggrexchange.
whereM is the Borel mas$25]. If we putg,qq=3.91,Gs  In our earlier work[10], we made the assumption that the
=11.83GeV? M=1.0GeV, andsr’'=34.8MeV (from the  f,(980) was a £P, nn state. That led to the identification
last sectiof, we find 3.s=—454 MeV. We expect about a of the f4(1370) as the P, ss state, which at first appears
10% reduction in this value, when short-range correlationgncompatible with the very large 74 decay of that state.
are included, so thaks~—409MeV [26]. That value is [However, one may always make the assumption that a
close to the value used in Dirac phenomenology and in theqqq state that decays strongly to ther 4ontinuum is ad-

o= —
g(rqq

We will concentrate on the scalar field and rewlitg as

_ Yoqq

*| 726G,

2=

Walecka model, as noted eatrlier. mixed in thefy(1370) wave functiod. In this work we
We remark that the Goldberger-Treiman relation have considered the suggestion_thataBGQSO) andf ,(980)
2 o 04— are notnn states, but may bk-K moleculeq 28] or qqqq

famz=—mg(ad)o (412 tates. With this new approach we were able to make contact

with the phenomenological study of quarkonium-glueball
mixing carried out by Close and Kirkl1]. However, we
ofwmz = —m%ac 4.1 have stressed that that assumption is not tenable, given the
T alda)y 413 recent analysis of the scalar decay consthids15.
in matter. That this is correct may be checked by using a Recently we have seen some quite excellent fits to the

generalizes to

relation obtained in the bosonization procedure, scattering of light pseudoscalar mesons made using chiral
perturbation theory in a model that respects unitaf29].
Gsg mg The pole position of ther meson is found at/s=442
Joqq - m2_f7T (4.19 —i227 MeV. (The effective mass is approximately 600 MeV
i and the effective width is very large. If one is interested in
and recalling that calculating phase shifts, the work of RE29] is quite appro-

priate. However, in our work we have been interested in the
guark configurations to be assigned to the scalar mesons and
frmo'=- (ag),,- (419 {0 the use of a low-mass scalar meson as an order parameter.
In that regard, our generalized NJL model provides a suitable
If we assume tham? is unchanged in matter, we see that formalism to discuss the issues of interest to us. Oller, Oset,
we reproduce Eq3.16) upon taking the ratio of Eq$4.13  and Ramo$30] come to the conclusion that the singlet con-
and(4.12. tribution to thefy(980) and a scalar octet around 1.35 GeV
are the lightest preexisting scalar states, while the
V. DISCUSSION 0,k,80(980), and some part of thi,(980) are generated
dynamically by multiple scattering using the lowest-order
A source of confusion in the study of scalar mesons is thehiral Lagrangian[Here theo refers to what is usually des-
attempt to understand the spectrum without introducing agnated as thé,(400—1200)] Their remarks seem to be in
model of confinement. For example, the result of the stanaccord with the conclusion of Rei6] where it is also stated
dard bosonization procedure for the scalar masé, that the f,(400—1200) anday(980) are not standardn
=(2mq)2+ m2, puts theo mass in the quark-antiquark con- states. If theay(980) is generated dynamically and is not
tinuum, which starts aP°=2mq. Above that energy, the “preexisting,” one would have to put thay(1450) in the
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same octet as tHeg (1430). If we do that, we do not see the Therefore, the strength at the propagator pole is reduced

upward shift in the mass that is expected when you chang®om unity, indicating a significant admixture of tieK con-
an up or down quark to a strange quark. For example, thénuum in thef,(980) resonance. We hope to discuss this
p(770) is in the same octet as th€* (892). That represents matter more fully in a future work.
an upward shift in mass of about 120 MeMi. one replaces The bosonized NJL model has also been used to describe
both the up and down quarks by strange quarks, one finds the nucleon-nucleon interactio82—34; however, we do
#(1020, so that the upward shift in mass from thés about  not take up that matter here. A recent discussion of scalar
250 MeV] This problem, related to the energies of the exchange in th&N interaction, made within the chiral uni-
states in the scalar nonet, has recently been discussed in Refry approach30], may be found in Ref{35], where refer-
[31], where it is suggested that mixing witfggq states may ences to related work may be found. An alternate method for
be important in understanding the spectrum of isospinor anghe study of radial excitations of light mesons, which makes
isovector scalar mesons. We hope to investigate the role afse of a bosonization scheme, may be found in RE&6-
0qoq states in the case of the isoscalar states in the futureg]. However, the assignment of the quark configurations to
That is a more difficult problem than the one addressed inhe various scalar states in those works differs from ours.
Ref.[31], as the authors of that reference point out.
Although we have described thig(980) as the £P, nn
state in Ref[10], the physical situation is more complicated.
For example, if we introduce the propagator of f3€980), This work was supported in part by a grant from the Na-
the self-energy of that resonance is strongfy dependent tional Science Foundation and by the PSC-CUNY Faculty
due to cusp behavior at the opening of tK& channel. Research Award Program.
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