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Intrinsic and dynamically generated scalar meson states
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Recent work by Maltman has given us confidence that our assignment of scalar meson states to various
nonets based upon our generalized Nambu–Jona-Lasinio~NJL! model is correct.@For example, in our model
thea0(980) and thef 0(980) are in the same nonet as theK0* (1430).# In this work we make use of our model
to provide a precise definition of ‘‘preexisting’’ resonances and ‘‘dynamically generated’’ resonances when
considering various scalar mesons.@This distinction has been noted by Meissner in his characterization of the
f 0(400– 1200) as nonpreexisting.# We define preexisting~or intrinsic! resonances as those that appear as
singularities of theqq̄ T matrix and are in correspondence withqq̄ states bound in the confining field.
@Additional singularities may be found when studying theT matrices describingp-p or p-K scattering, for
example. Such features may be seen to arise, in part, fromt-channel andu-channelr exchange in the case of
p-p scattering, leading to the introduction of thes~500–600!. In addition, threshold effects in theqq̄ T matrix
can give rise to significant broad cross section enhancements. The latter is, in part, responsible for the intro-
duction of thek~900! in a study ofp-K scattering, for example.# We suggest that it is only theintrinsic
resonances which correspond toqq̄ quark-model states, and it is only the intrinsic states that are to be used to
form quark-modelqq̄ nonets of states.@While the k~900! and s~500–600! could be placed in a nonet of
dynamically generated states, it is unclear whether there is evidence that requires the introduction of other
members of such a nonet.# In this work we show how the phenomena related to the introduction of the
s~500–600! and thek~900! are generated in studies ofp-p andp-K scattering, making use of our generalized
Nambu–Jona-Lasinio model. We also calculate the decay constants for thea0 andK0* mesons and compare our
results with those obtained by Maltman. We find that the value obtained using QCD sum-rule techniques for
the a0(980) decay constant is smaller than the decay constant calculated using our generalized NJL model,

which suggests that thea0(980) may have a significantKK̄ component. We find rather good agreement with
Maltman’s values for the decay constants of thea0(1450) andK0* (1430). Maltman suggests that thea0(980)
andK0* (1430) should be in the same nonet, a result in agreement with our analysis.

DOI: 10.1103/PhysRevD.63.014019 PACS number~s!: 14.40.2n, 12.39.Fe
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I. INTRODUCTION

In the case of scalar mesons the assignment of the
served resonances to quark-model configurations is prob
atic. For example, one may identify either thes~500–600!,
the f 0(980), or thef 0(1370) with the 13P0 nn̄ state. The

latter choice arises if one dismisses thef 0(980) as aKK̄
molecule @1# or a qq̄qq̄ state @2#. If one chooses the
f 0(1370) to be the 13P0 nn̄ state, thef J(1710) could be
the 1 3P0 ss̄state, with thef 0(1500) having a large glueba
component. Without an underlying dynamical model, th
exist a broad range of options.

Black, Fariborz, Sannino, and Schechter have made
tensive studies of the scalar nonet of states@3–7#. In their
recent study of the isovector scalar states@7#, Black, Fari-
borz, and Schechter place thea0(980), k~900!, f 0(980), and
the s~500–600! in the nonet of lowest energy, with th
a0(1450) in the same nonet as theK0* (1430). The last
choice creates a series of problems related to the obse
energies of these resonances.@For example, one would ex
pect theK0* (1430) to be more massive than thea0(1450),
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0556-2821/2000/63~1!/014019~9!/$15.00 63 0140
b-
m-

e

x-

ed

since theK0* (1430) contains a strange quark.# To resolve
such problems, these authors introduce two additional st
with the quantum numbers of thea0(980) andK0* (1430).
~These additional states could be ofqq̄qq̄ character.! The
physicala0(980) andK0* (1430) then arise upon mixing o
the qq̄ states and theqq̄qq̄ states@7#.

In their description of quarkonium-glueball mixing Le
and Weingarten@8,9# and Close and Kirk@10# choose the
f 0(1370) as the 13P0 nn̄ state. Close and Kirk place th
bare glueball at 1434 MeV and configuration mixing th
distributes the bare state, more or less equally, in the ph
cal f 0(1500) andf 0(1710) resonances. Lee and Weingart
choose a larger value for the bare glueball mass so that, u
mixing, the main glueball component is in thef 0(1710),
with the f 0(1500) resonance having the largest componen
the 1 3P0 ss̄ state. Other attempts to understand the sca
meson spectrum may be found if one surveys the exten
references given in Ref.@7#.

In our study of the isovector@11# and isoscalar@12# scalar
qq̄ states we obtained the nonets shown in Figs. 1 and 2
this work we introduce some evidence to support our ana
sis. We also show how thes~500–600! andk~900! are gen-
erated dynamically. In our model thea0(980) andf 0(980)
are the intrinsic scalar states of lowest energy.
©2000 The American Physical Society19-1
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The Lagrangian of our model is@11,12#

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. ~1.1!

Here, the fourth term is the ’t Hooft interaction,Ltensor de-
notes interactions added to study tensor mesons, whileLconf
denotes our model of confinement@11,12#. In Eq. ~1.1! 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 previo
work we hadGS511.83 GeV22 andGD586.39 GeV22 @11#.
The interaction strength in singlet states wasG00
510.46 GeV2 and the interaction strength in octet states w
G88512.46 GeV22. ~The nonzero value ofGD induces some
small deviations from ideal mixing@12#.! If we go to a basis
of nn̄ and ss̄ states, we findGnn̄511.12 GeV22, Gss̄
511.84 GeV22 andGns̄520.94 GeV22. @See Eq.~4.28! of
Ref. @12#.# A more recent study, using an improved calcu
tional scheme in the analysis of theK(495), leads to the
valuesG88513.10 GeV2 andG00511.10 GeV22. Results for
meson decay constants and for the spectrum of thef 0 mesons
presented later in this work are based upon the most re
values ofG88 andG00 that were given above.

In Fig. 3 we show diagrammatic representations of
polarization functionsJS(P2) and KS(P2) that play an im-
portant role in our model.@Note thatJS(P2) is of ordernc
andKS(P2) of order 1.# In the figure the filled regions denot
confinement vertex functions of our model which serve
eliminate ~unphysical! singularities that would arise whe
the quark and antiquark go on mass shell in a theory with

FIG. 1. The nonets of 13S1 and 23S1 vector meson state
obtained in Ref.@11# are shown.
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confinement@11,12#. Thus, our functionJS(P2) is real. How-
ever,KS(P2) is complex, since the mesons appearing in F
3 can go on mass shell. Values calculated forJS(P2) for nn̄
states are shown in Fig. 4 and values calculated when b
quarks are strange are given in Fig. 5. The case where
one quark is strange corresponds to the functionJus̄

S (P2)
shown in Fig. 6. The expression forJS(P2) is fairly simple
in the case ofnn̄ states withmu5md . If PW 50, we have@11#

JS~P2!524ncE d3k

~2p!3

k2

E2~ k̄!
FGS

12~P0,k!

P022E~ k̄!

2
GS

21~2P0,k!

P012E~ k̄!
Ge2 k̄2 /a2

~1.2!

FIG. 2. The nonets of 13P0 and 23P0 scalar meson state
obtained in Refs.@11# and @12# are shown. Thef 0(1864) and
K0* (1738) are predictions of our analysis with thef 0(1864) being
the 2 3P0 ss̄ state.@The properties of the scalar-isoscalar states
modified when we consider quarkonium-glueball mixing. In R
@12# we identified thef 0(1770) as the state with the maximum
glueball component after such mixing. A covariant model
quarkonium-glueball mixing is presented in Ref.@13#.#

FIG. 3. ~a! The leading vacuum polarization diagram of the N
model is shown. The filled region denotes the confinement ve
function @11,12#. ~b! The vacuum polarization diagram that d
scribes coupling to two-meson continuum states. Since the me
may go on mass shell,KS(P2) is complex above the threshold fo
two-meson decay.
9-2
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INTRINSIC AND DYNAMICALLY GENERATED SCALA R . . . PHYSICAL REVIEW D 63 014019
524nCE d3k

~2p!3 F k̄2

E2~ k̄!
GGS

12~P0,uk̄u!

3F 1

P022E~ k̄!
2

1

P012E~ k̄!
Ge2 k̄2 /a2

, ~1.3!

where we have used the fact thatGS
21(2P0,k)

FIG. 4. The functionJ
ud̄

S
(P2) is shown. The singularities of this

function arise from the singularities of the confinement vertex fu
tion, which has singularities at the energies of the bound state
the confining field. The figure shows the singularities arising fr
the 1 3P0 , 2 3P0 , and 33P0nn̄ states. These states may be put in
correspondence with the first three resonances seen in Fig. 8.
the TDA was used. See Ref.@16# for the result of an RPA calcula
tion.

FIG. 5. The figure showsJss̄
S (P2). Here both quarks are strang

with ms5565 MeV. There are bound states in the confining field
1693, 1945, 2154, 2331, 2485, 2625, 2744, 2855, 2955, and 3
MeV. ~We have used a model that is not absolutely confining, s
that the continuum starts at 2ms1Vmax53150 MeV@12#.! Here the
TDA was used. See Ref.@16# for the result of an RPA calculation o
Jss̄

S (P2).
01401
5GS
12(P0,k) to write Eq.~1.3!. The confinement vertex func

tions,GS(P,k), are defined in Ref.@11#. The more complex
expressions obtained for unequal quark masses are
given in that work. In Eqs.~1.2! and ~1.3! the exponential
factor is a Gaussian regulator. In this and previous stud
we have useda50.605 GeV.

The organization of our work is as follows. In Sec. II w
review some aspects of our generalized Nambu–Jo
Lasinio ~NJL! model that are needed for the following di
cussion. In Sec. III we discuss the work of Maltman conce
ing the decay constants of thea0(980) andK0* (1430). We
also present the results of a calculation of these const
made in our model. In Sec. IV we describe the dynamics t
gives rise to thef 0(400– 1200) and to thek~900!. We argue
that these states are not intrinsic states, but are gene
dynamically. We also compare our results for thep-p and
p-K phase shifts with the experimental data. Finally, Sec
contains some further discussion and conclusions.

II. A GENERALIZED NAMBU –JONA-LASINIO MODEL

One method for studying the generalized NJL model is
consider the properties of theqq̄ T matrix @11,12#. In the
case of a single channel, we obtain the form

t~P2!52
Gs

12GS@JS~P2!1ReKs~P2!#2 iGS Im Ks~P2!
.

~2.1!

~See Fig. 7.! It is useful to write Eq.~2.1! as

t~P2!52
1

Gs
212@JS~P2!1ReKS~P2!#2 i Im KS~P2!

.

~2.2!

-
in

ere

t
39
h

FIG. 6. The functionJus̄
S (P2) is shown. The singularities are a

the energies of the 13P0 and 23P0 states which are bound in th
confining field. To obtain the mass of theK0* (1430) we may con-
sider the intersection of the curve with the line drawn atG88

21

50.0802 GeV. We obtained an energy of 1416 for the mass of
K0* (1430), when we neglected ReKS

pK in Eq. ~2.3! @11#. Here the
TDA was used in the calculation ofJus̄

S (P2).
9-3
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C. M. SHAKIN AND HUANGSHENG WANG PHYSICAL REVIEW D63 014019
To find the meson masses, we solve the equation

GS
212@JS~P2!1ReKS~P2!#50. ~2.3!

For an isolated resonance, we may consider an expan
about the valueP25mR

2 obtained from the solution of Eq
~2.3!:

JS~P2!1ReKS~P2!5JS~mR
2 !1ReKS~mR

2 !1~P22mR
2 !

3F]JS~P2!

]P2 1
] ReKS~P2!

]P2 G
P25m

R
2

1¯ . ~2.4!

With the definition

1

g2 5F]JS~P2!

]P2 1
] ReKS~P2!

]P2 G
P25m

R
2
1¯ ~2.5!

we write Eq.~2.2! as

t~P2!.2
g2

P22mR
21 imRGR

, ~2.6!

where

mRGR5g2 Im KS~mR
2 !. ~2.7!

We can generalize this formalism to the multichann
case, as was done in Refs.@11#, @12#. There, we obtained the
T matrix for p-p andK-K̄ scattering in theI 50 channels. In
thep-p case we took into account thepp, KK̄, hh andhh8
channels. However, thehh and hh8 channels were weakly
coupled, so we presented our results for only the coupledpp

andKK̄ channels. We found the values foruTpp(E)u2 shown
in Fig. 8. There we see resonances atP05980, 1550, 1840,
and 2060 MeV. The resonance at 980 MeV is an ela
resonance for whichuTpp(E)u251 at the peak. The reso
nances seen in Fig. 8 have their origin in theqq̄ bound states
in the confining field.~See Fig. 4.! In Fig. 4, we see singu
larities at the energies of the 13P0 , 2 3P0 and 33P0 nn̄
states that are bound in the confining field.~There are bound

FIG. 7. A perturbation expansion of aqq̄ T matrix of our
model is shown. Here we have not shown the vertex functions
implement confinement for the initial and finalqq̄ states. That mat-
ter is discussed in detail in Ref.@33#, where it is shown that theT
matrix is represented only in terms of bound states in a theory w
absolute confinement.
01401
ion

l

ic

states at the energiesP051369, 1667, 2095, 2262, 2413
2537 and 2651 MeV, which may be seen in Fig. 3 of R
@12#.! The states seen in Fig. 8 are obtained when we incl
the short-range NJL interaction and the effects of ReKS(P

2)
and ImKS(P

2) in the calculation ofuTpp(E)u2 @12#. These
states are in one-to-one correspondence with the states b
in the confining field and are therefore theintrinsic states
that we have defined at an earlier point of our discussion
Fig. 8 an enhanced cross section is seen in the region 2mp

,E<1200 MeV. We will return to a discussion of that en
hancement in Sec. IV, where we discuss thef 0(400– 1200)
@or s~500–600!#. Our result foruTKK̄(E)u2 for the I 50 chan-
nel was given in Ref.@12#. Those results were recalculate
and are shown in Fig. 9. In this case we have reduced

coupling to theKK̄ channel in the calculation of ImKS
KK̄(P2)

to yield more reasonable values for the widths, which w
overestimated in Ref.@12#. @The large value of the width o
the f 0(1370) found in Ref.@12# was due to an asymmetri
treatment of the pion and the kaon. We had neglected c
finement for the pion and included it for the kaon. A mo
symmetric treatment reduces the width of thef 0(1370) from
192 MeV to about 50 MeV, as seen in Fig. 9.# The states at
P051412, 1855 and 2105 MeV seen in Fig. 9 areintrinsic

states that arise from the 13P0 , 2 3P0 and 33P0 ss̄ states
bound in the confining field. These are among the states s
in Fig. 5. The other~small! peaks seen in Fig. 9 arise from
deviations from ideal mixing due to the presence of the
Hooft interaction. They correspond to the intrinsic states
ready seen in Fig. 8.

A comprehensive study of the spectrum of scalar sta
above P051 GeV requires a treatment of quarkonium
glueball mixing. A covariant treatment of such mixing

at

th

FIG. 8. The values of the squaredT matrix for pp scattering
obtained in Ref.@12# are shown. In the absence of inelastic even
the quantity shown is equal to sin2 d00(E). The first peak represent
the f 0(980) resonance and the second is thef 0(1500) resonance
which we found at 1550 MeV@12#. @In the case of thef 0(1500), the
width is greatly enhanced when we consider the decay to thep

channel. A discussion of thepp and KK̄ decay widths of the
f 0(1500) is given in Ref.@13#, where quarkonium-glueball mixing
is taken into account in a covariant model.#
9-4



at
th

tio

e
on
r b

t f

he
th-
e
f

on-

e

n-
a-
of

ts
-
r
m-
um
f the

a

e
e

le

n
V
h

INTRINSIC AND DYNAMICALLY GENERATED SCALA R . . . PHYSICAL REVIEW D 63 014019
given in Ref. @13#. ~We do not discuss the results of th
work, since they are not important for the purposes of
present study.!

III. SCALAR MESON DECAY CONSTANTS

Maltman has argued that we can gain some informa
concerning the correct assignment of thea0(980) to a scalar
nonet by comparing the decay constants of thea0(980) and
theK0* (1430) @14,15#. He remarks that it is natural to put th
K meson and the pion into the same octet of Goldst
bosons, since they have decay constants which only diffe
about 20%. He also notes that if thea0(980) were aKK̄
molecule, one would expect a quite small decay constan
the a0(980) relative to the decay constant of theK0* (1430),
which is believed to be a simpleqq̄ state. Maltman studies
the scalar correlator

P~q2!5 i E d4xeiq•x^0uT„j ~x! j †~0!…u0&, ~3.1!

with j du(x)5]m(d̄gmu) or j su5]m( s̄gmu). He then defines

2 i ^0u j su~0!uK0* ~1430!&5 f K
0* ~1430!mK

0* ~1430!
2

~3.2!

and

2 i ^0u j du~0!ua0~980!&5 f̂ a0~980!ma0~980!
2 . ~3.3!

In QCD, one has

]m~ q̄agmqb!5 i ~ma
02mb

0!Sab, ~3.4!

FIG. 9. Values ofuTKK̄(E)u2 are shown. These results may b
compared to those of Fig. 16 of Ref.@12#. Here we have reduced th

values of ImKS
KK̄(P2) by a factor of four to obtain a reasonab

value for theKK̄ decay width of thef 0(1370) of 50 MeV.@We
believe that the value ofgKqq

used in Ref.@12# was about 40% too
large due to an asymmetric treatment of the pion and the kao
that work ~see the text!.# The three small peaks above 1.5 Ge
correspond to the three peaks above 1.5 GeV seen in Fig. 8. T
presence represents deviations from ideal mixing.
01401
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with Sab5q̄aqb. It is then useful to define thea0 decay con-
stant using the relation

F ms2mu

md2mu
G^0u j du~0!ua0~980!&5 f a0~980!ma0~980!

2 . ~3.5!

Multiplication by (ms2mu)/(md2mu) leads to a value for
the a0(980) decay constant that is similar to that of t
K0* (1430), if these states have similar configurations. Wi
out that factor thea0(980) would have a zero value for th
decay constant ifmu5md . If we consider the mesons o
positive charge, we may use

2 i j su5~ms
02mu

0!s̄u ~3.6!

5~ms
02mu

0!
1

&
q̄Fl42 il5

&
Gq ~3.7!

and

2 i j du5~ms
02mu

0!
1

&
q̄Fl12 il2

&
Gq. ~3.8!

Using the expressions given in Eqs.~3.7! and~3.8!, we may
readily obtain the results for our model. We proceed by c
structing the wave functions of thea0 andK0* mesons. Equa-
tions may be written for the bound-state amplitudes@16#:

f i* ~k!5
Ĝ i

12~k!

Pi
02Ea~ k̄!2Eb~ k̄!

~3.9!

and

f i
2~k!52

Ĝ i
12~k!

P01Ea~ k̄!1Eb~ k̄!
,

~3.10!

whereEa(k)5@ k̄21ma
2#1/2. Here Ĝ i

12(k) is a vertex func-
tion for a bound state (i ) that includes the effect of both th
NJL interaction and confinement. The amplitudesf i

1(k) and
f i

2(k) satisfy coupled equations which are relativistic ge
eralizations of the nonrelativistic random-phase approxim
tion ~RPA! calculations made many years ago in the study
particle-hole excitations in nuclei@17#. We may also define
Tamn-Dancoff-approximation~TDA! calculations by ne-
glecting f i

2(k) as well as the second term in the bracke
appearing in Eqs.~1.2! and ~1.3!. The details of such calcu
lations are given in Ref.@16#. We present the results of ou
calculations in Table I, where the theoretical values are co
pared to those obtained by Maltman, who used QCD s
rules and other methods to obtain the decay constants o
a0(980), a0(1450) and K0* (1430). Our result for the
a0(980) is about twice Maltman’s value which suggests
significant KK̄ component in thea0(980) wave function.

in

eir
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C. M. SHAKIN AND HUANGSHENG WANG PHYSICAL REVIEW D63 014019
Our results for the decay constants of thea0(1450) and
K0* (1430) are quite satisfactory when compared to Ma
man’s values.

As may be seen in Table I, thea0(1450) andK0* (1430)
have similar decay constants which might suggest that t
belong in the same nonet. However, in our model, wh
reproduces the experimental energies of thea0(980),
f 0(980), a0(1450) andK0* (1430) quite well, thea0(1450)
is a 2 3P0 state and theK0* (1430) is a 13P0 state. There-
fore, the assignment of states to nonets in our model mus
that seen in Fig. 2. We can conclude from these observat
that similar values for meson decay constants is not a s
cient condition for placing meson states in the same no
The fact that we do rather well in reproducing Maltman
values of the decay constants serves to provide further
dence that our assignment of scalar states to nonet, b
upon the results of our generalized NJL model, is correc

IV. DYNAMICALLY GENERATED STATES

In this section we wish to describe the origin of the cro
section enhancements seen inpp and pK scattering that
lead to the introduction of thes~500–600! andk~900!. The
results oft-channel andu-channelr exchange were used i
Ref. @18# to define aK-matrix for pp scattering with the
result that

tand00~k!

r
52

g2

16p F21F8k214mp
2 1mr

2

2k2 G lnF mr
2

4k21mr
2G G ,
~4.1!

with k5uk̄u. Here,g5grpp.6.0,

r5S 12
4mp

2

P2 D 1/2

, ~4.2!

and

k̄25
P2

4
2mp

2 . ~4.3!

The phase shift generated in this manner is shown as a d
line in Fig. 10. We wish to combine thes-channel phase shif
calculated using our generalized NJL model and the ph

TABLE I. Meson decay constants for thea0 and K0* mesons
@16#. ~See Figs. 1 and 2.!

Meson Configuration

mi
2f i(GeV3)

TDA RPA Maltman@14,15#

a0(980) 1 3P0 0.0852 0.114 0.044760.0085
a0(1450) 23P0 0.0469 0.0552 0.064760.0123
a0(1834)

a
3 3P0 0.0495 0.0557

K0* (1430) 1 3P0 0.0806 0.0667 0.084260.0045
K0* (1738)a 2 3P0 0.0558 0.0492
K0* (1950) 3 3P0 0.0544 0.0497

aThese states are predicted to exist in our formalism.
01401
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shift due tor exchange. The simplest possible scheme is
to add the phase shifts. The result of that addition is see
the solid line in Fig. 10. In Fig. 11 we see that this procedu
yields a total phase that fits the data quite well, although
are somewhat above the data points in the region below
MeV. ~The small circles, which represent the values of o
calculated total phase shift, are not drawn in the regio
where they coincide with the data points.! Although our
treatment of the unitarity constraint is oversimplified, o
result does suggest that thef 0(400– 1200)@or the s~500–
600!# is a dynamically-generated state in the sense defi
above.

We have also performed a similar calculation of the lo
energyp-K phase shift. That phase shift is known to b
elastic below 1300 MeV. The threshold for theh8K channel
is at 1453 MeV and thehK channel is only weakly coupled
to the pK channel@19,20#. Again, there are phase shifts o
similar size arising fromr andK* exchange, ands-channel
enhancements of the cross section in ourqq̄ T matrix. If we

FIG. 10. The phase shiftd00(E) is shown for the case o
t-channel andu-channelr exchange~dotted line! @18#. The solid
line is the result obtained when the phase shift of our mode
added to the phase shift forr exchange as calculated in Ref.@18#.

FIG. 11. Experimental values of thed00 phase shift forpp
scattering as complied in Ref.@29# are shown. The small circles
represent the values given by the solid curve in Fig. 10.
9-6



ta
e
u
n
w
.

be
pr
e
e

o
g
g
e

es

e

e
C

n

o
n

ts

ift
e
JL
tis-
me

so-
cal
n-
ese
t the
tor
ef.
nce

o
tate

on-
ules

s
f
lus
ws
era-
ule,

a

n-

ng

t-
ut

by
as

ot
pole

ical

r
-

s
,
it
nd,

e
of

at
r-
ro

INTRINSIC AND DYNAMICALLY GENERATED SCALA R . . . PHYSICAL REVIEW D 63 014019
again add the phase shifts and neglect inelasticity, we ob
the dotted curve seen in Fig. 12. We note that the experim
tal data@19# for the phase shift pass through 90° at abo
1300 MeV which reflects the importance of the backgrou
amplitude in moving the 90° point to about 100 MeV belo
the energy of the resonance.@The model described in Ref
@11# places theK0* (1430) at 1416 MeV.#

V. CONCLUSIONS AND DISCUSSION

Recently, Cherry and Pennington have performed
model-independent analytic continuation of thepK scatter-
ing results below 2 GeV in order to determine the num
and position of the resonance poles. They find poles re
senting theK0* (1430) but no pole corresponding to th
k~900! @21#. That result might appear to eliminate the mod
in which one places thea0(980), f 0(980), s~500–600! and
k~900! in an SU3 nonet of states. However, the existence
the k~900! is still a controversial matter. It has been su
gested that the procedures used by Cherry and Pennin
might not be sufficient to decide this issue. Indeed, a rec
analysis ofpK scattering in a chiral model with resonanc
finds a k meson pole at 708–i305 MeV. The analysis of
scalar meson decay constants made by Maltman sugg
that thea0(980) belongs in the same octet as theK0* (1430).
For the a0(980), we find that our calculated value of th
decay constant is about twice the value obtained using Q
sum rules. This disagreement probably has its origin i
significant KK̄ component of thea0(980) wave function.
However, the overall agreement of the decay constants
tained by different methods suggests that the classificatio
scalar states shown in Fig. 2 is correct.

We have also described the origin of the enhancemen
the cross section in low-energypp and pK̄ scattering that
have led to the introduction of thes~500–600! and the
k~900!, respectively. We have consideredt-channel and
u-channelr exchange in the case ofpp scattering andK*

FIG. 12. The experimental values of thep-K scattering phase
shift is shown in the region below theh8K threshold at 1453 MeV
@19#. The dotted line represents the sum of the phase shift calcul
for r andK* exchange and thes-channel phase shift of our gene
alized NJL model. These effects give rise to an enhanced c
section from threshold to the energy of theK0* (1430) resonance.
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andr exchange in the case ofpK scattering. Although our
method of implementing unitarity by adding the phase sh
obtained in the study oft and u-channel exchange to th
s-channel phase shift calculated in our generalized N
model might be improved upon, the results provide a sa
factory fit to the experimental data. Our model has so
relation to that used in Ref.@22#. In that work a chiral model
with only meson degrees of freedom is used. Various re
nances in thepK system are inserted in a phenomenologi
manner andt andu-channel exchange of vector meson no
ets is considered. On the other hand, in our model, th
resonances are generated dynamically when we construc
qq̄ T matrix. That construction is supplemented by vec
meson exchange in a manner similar to that used in R
@22#. Our model has the advantage that the various resona
poles needed to fit the data in Ref.@22# can be separated int
three intrinsic states and a single dynamically-generated s
which we identify as thek~900!. It would be desirable to
improve our model ofpp andpK scattering with more at-
tention paid to unitarity and chiral symmetry constraints.

In addition to the work of Maltman@14,15#, there have
been a number of other attempts to gain information c
cerning the properties of scalar mesons using QCD sum r
@23,24#. The study of the nonstrange (nn̄) scalar sector re-
ported in Ref.@24# suggests that both thef 0(400– 1200) and
thea0(980) are notnn̄ states. However, Maltman conclude
that thea0(980) is ann̄ state. He explains that the work o
Ref. @24# has used a more restrictive single-resonance-p
continuum model for the input spectral function and sho
that that form leads to a very poor match between the op
tor product expansion and the hadronic sides of the sum r
in contrast to his results@15#. @We agree with Maltman’s
result that thea0(980) is ann̄ state, or at least, that it has
largenn̄ component.#

There are various opinions put forth in the literature co
cerning the f 0(400– 1200), ors~500–600!. For example,
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@25#. He also
states that thef 0(400– 1200) is certainly not the chiral par
ner of the pion. Contrasting points of view have been p
forth by Pennington@26# and Hatsuda and Kunihiro@27–30#.

In general, one may decide whether a meson ‘‘exists’’
looking for poles in the relevant scattering matrix, as w
done in Ref.@21#. The conclusion reached in Ref.@21# was
that thek~900! does not exist, however, that result is n
conclusive. On the other hand, there does appear to be a
associated with thes~500–600! @31–33#. In our work we
have stressed that, if one has an underlying dynam
model, some of these poles may be related toqq̄ states~or
more complex states! of a chiral quark model, such as ou
generalized NJL model@35#. The poles that have that corre
spondence are associated withintrinsic states and other pole
with dynamically-generatedstates. From this point of view
the existence of thek~900! is somewhat irrelevant, since
would be a dynamically-generated state in our model a
therefore, not a member of a SU3 quark-model nonet.

Finally, in Fig. 13, we show the relation between th
states bound in the confining field and the intrinsic states

ed

ss
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our model in the case of thef 0 mesons@12#. Columns~a! and
~c! show thenn̄ and ss̄ states bound in the confining field
The introduction of the short-range NJL interaction then g
erates theintrinsic states of column~b!. @The energies of the
intrinsic states are also modified somewhat by various
persive effects described byKS(P2) @12#.# The resulting in-
trinsic spectrum of column~b! may be compared to the ex

FIG. 13. This figure is taken from Ref.@34#. Column~a! shows
thenn̄ states bound in the confining field and column~c! shows the
ss̄states. The inclusion of the short-range NJL interaction and s
dispersive effects described byKS(P2) results in the energies of th
intrinsic states shown in column~b!. Column~d! shows the experi-
mental spectrum off 0 resonances.
v.

y

y

M

n

M

01401
-
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perimental spectrum off 0 states shown in column~d!.
When calculating the energies shown in columns~a!, ~b!

and~c!, parameters that were previously fixed were used
that these results may be considered predictions of the
viously constructed model Lagrangian. If we assume that
spectrum off 0 mesons may be obtained using paramet
determined in the study of the pseudoscalar and vector n
ets, we find that thef 0(980) is the isoscalarqq̄ state of
lowest energy. It is clear from this analysis that, in o
model, thes~500–600! must be identified as adynamically-
generatedstate, in accordance with our previous discussi

The distinction that we have made between intrinsic a
dynamically-generated states is model dependent, but ha
advantage that there is an underlying quark model tha
itself is related to meson spectroscopy based upon the i
tification of quark configurations. The identification of intrin
sic and dynamically-generated states is a different matter
theory of meson-meson scattering based upon the use of
ral Lagrangians, supplemented by a unitarization sche
For example, in Ref.@33# it is stated that ‘‘thea0(980), s
and k~900! resonances are meson-meson states origina
from the unitarization of theO(P2) xPT amplitude. On the
other hand, thef 0(980) is a combination of a strongS-wave
meson-meson unitarity effect and a preexisting singlet re
nance with a mass around 1 GeV.’’ We believe further wo
is required to understand the relation between ‘‘dynamica
generated’’ states as defined in Ref.@33# and the definition
we have put forth in this work.
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