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Mechanism for a next-to-lowest lying scalar meson nonet

Deirdre Black,* Amir H. Fariborz,† and Joseph Schechter‡
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Recent work suggests the existence of a nonconventional lowest-lying scalar nonet containing thea0(980).
Then thea0(1450) and also theK0* (1430) are likely candidates to belong to a conventionalp-waveqq̄ nonet.
However, a comparison of their properties with those expected on this basis reveals a number of puzzling
features. It is pointed out that these puzzles can be resolved in a natural and robust way by assuming a ‘‘bare’’
conventionalp-wave scalarqq̄ nonet to mix with a lighter four-quarkqqq̄q̄ scalar nonet to form new ‘‘physi-
cal’’ states. The essential mechanism is driven by the fact that the isospinor is lighter than the isovector in the
unmixedqqq̄q̄ multiplet.

PACS number~s!: 13.75.Lb, 11.15.Pg, 11.80.Et, 12.39.Fe
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I. INTRODUCTION

The identification and interpretation of the low-lying sc
lar mesons are questions of great current interest. A var
of approaches and models have been explored@1–22#. In the
effective chiral Lagrangian approach from which this pap
is motivated, a light isoscalars~560! in addition to the
known light isoscalarf 0(980) are needed@1# to produce a
pp scattering amplitude which agrees with experime
Similarly, a light strangek~900! state is needed@2# to under-
stand the experimentalpK amplitude. These three particle
were postulated@3# to form a nonet, taken together with th
known isovectora0(980). Consistency of this picture wit
the properties of thea0(980) as seen inh8→hpp decay@4#
and as required inph scattering@5# was checked. The pat
tern of masses, coupling constants, and especially the
scalar mixing angle was observed@3# to be much closer to
the one expected from a four-quark (qqq̄q̄) picture rather
than from the conventional two-quark (qq̄) picture for this
scalar nonet. The four-quark picture was proposed by J
@23# in the framework of the MIT bag model. Very rece
experiments@24# on the radiative decaysf→phg and f
→ppg have been interpreted@25,26# as evidence in favor o
the four-quark picture of the low-lying scalarsa0(980) and
f 0(980).

Now if one adopts the above picture or, as a matter
fact, any other picture in which an unconventional non-qq̄
nonet made of thes~560!, k~900!, a0(980), and f 0(980)
exists, there is an interesting puzzle concerning the conv
tional qq̄ scalar nonet. Such a nonet has an interpretatio
the constituent quark model as ap-wave excitation and
should, therefore, share many characteristics of the o
p-wave states~the tensor nonet and two axial vector none
with different charge conjugation properties!. To see the puz-
zling features let us focus attention on the experimental s
lar candidates with nontrivial isospin quantum numbers
the greater than 1 GeV energy range. These are the isov
a0(1450) and the strange isospinorK0* (1430). According to
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the Particle Data Group survey@27# ~see Table 13.2 on p
110!, they are the likely candidates for aqq̄ scalar nonet.
Then one has the following unusual features.

~i! The mass of thea0(1450) ~presumablya0
1;ud̄! is

listed as 1474619 MeV, about 50 MeV heavier than th
strange K0* (1430) ~presumablyK0*

1;us!, which has a
listed mass of 142966 MeV. Our normal expectation is tha
the replacement of thed̄ quark in aud composite by ans̄
quark should make the resulting state heavier rather t
lighter.

~ii ! Upon comparison with the corresponding members
the p-waveJPC5211 nonet, we see that theqq̄ scalar me-
son candidates are not lighter; specificallym@a0(1474
619)#.m@a2(1318.160.7)# and m@K0* (142966)#
'm@K2* (1432.361.3)#. Usually it is expected in the con
stituent quark model thatL•S forces should make the spin-
particle lighter than the corresponding spin-2 particle. This
experimentally evident in the~perhaps too simple! cc̄ system
where m@xc2(1P)#53556.1760.13 MeV andm@xc0(1P)#
53415.160.1 MeV.

~iii ! If a0(1450) andK0* (1430) belong to a conventiona
nonet their decay widths into pseudoscalars should be
lated. Now, only decay modes into two pseudoscalars h
been observed for these particles:K0* (1430)→pK and

a0(1450)→ph, KK̄ and ph8. As we will see later, SU~3!
symmetry predicts

G@a0~1450!#51.51G@K0* ~1430!#, ~1.1!

assuming that the total widths are saturated by the de
modes mentioned. On the other hand, the experimental re
is

G@a0~1450!#5~0.9260.12!G@K0* ~1430!#, ~1.2!

which clearly differs from the SU~3! prediction.
In this note we will show that there exists a model whi

naturally provides a solution to these three problems. T
model simply consists of allowing theqq̄ nonet to mix with
a lighterqqq̄q̄ nonet. Notice that the isovector in the lighte
nonet has a structureud̄ss̄, with two strange quarks. On th
other hand, the isospinor in the lighter nonet has a struc
us̄dd̄, with only one strange quark. Thus, before mixing t
©2000 The American Physical Society01-1
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BLACK, FARIBORZ, AND SCHECHTER PHYSICAL REVIEW D61 074001
lighter nonet will have the isovector heavier than the stra
isospinor. This situation is illustrated in Fig. 1, where t
notation is explained. Details will be given later, but we c
easily see how the scheme works. The two isovectors
with each other as do the two isospinors. Since the mixing
the two levels repels them, this explains point~ii !, which is
why the qq̄ scalars appear heavier than expected. Simila
the qqq̄q̄ scalars are pushed down in mass. Point~i!, the
level crossing of theqq̄ isovector and isospinor, can be sim
ply understood in the perturbation theory approximatio
since thea02a08 splitting is smaller than theK02K08 split-
ting the ‘‘energy denominator’’ for the isovector mixing wi
be smaller than the one for the isospinor mixing. Hence
isovectors will be more strongly repelled. We must assu
that thea02K0 splitting is large enough so that there is n
level crossing for the lower mass scalars. Finally, point~iii !,
the difference in coupling constants of theK0* (1430) and the
a0(1450), can be readily understood from the greater ‘‘co
tamination’’ of thea0(1450) wave function with the four
quark isovector state.

In our present work we do not discuss in detail the is
calars of the scalarqq̄ nonet. The reason is that the expe
mental situation is rather fluid at the moment, with ma
candidates. These include thef 0(1370) ~which may actually
correspond to two different states!, the f 0(1500) ~which may
be a glueball state! and thef J(1710). The present schem
suggests a fivefold mixing between thes~560!, the f 0(980),
two heavierqq̄ isoscalar scalars, and a glueball.

II. MIXING FORMALISM AND MASS SPECTRA

Our interest is in investigating the mass spectra and l
the decay properties of scalar mesons which are a mixtur
‘‘conventional’’qq̄ p-wave states andqqq̄q̄ states.

In the quark model the usualqq̄ type scalars are groupe
into a nonet, sayN8, with

Na8
b;qaq̄b, ~2.1!

wherea andb are flavor indices andq1 ,q2 ,q35u,d,s. So,
for example,N38

3 contains one strange quark and one an

FIG. 1. Mixing of two nonets.a8, K8, a, andK stand, respec-
tively, for the ‘‘physical’’ statesa0(1450), K0* (1430), a0(980),
and k(900). K0 and a0 are the unmixed isospinor and isovect
qqq̄q̄ states, whileK08 and a08 are the corresponding unmixedqq̄
states.
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strange quark,N38
1 and N38

2 contain one strange quark an
one light antiquark, whileN18

1 and N28
2 have no strange

quarks. One can also construct ‘‘multiquark’’ hadrons,
idea originally discussed by Jaffe@23#. In this paper we focus
on a scalar flavor SU~3! nonetN of color SU~3! singlet states
with quark compositionqqq̄q̄. Within the context of the
MIT bag model, Jaffe showed moreover that the light
such scalar nonetN should have a mass less than or in t
vicinity of 1 GeV due to the strong binding energy of th
qqq̄q̄ configuration arising from hyperfine interactions b
tween the quarks. The four-quark scalar nonetN, which
transforms in an identical manner toN8 under flavor SU~3!,
can naturally be decomposed~this discussion is a summar
of Sec. II of @3#! in terms of ‘‘dual’’ flavor quarks~actually
diquarks!:

Na
b;TaT̄b, ~2.2!

where

Ta5eabcq̄
bq̄c, T̄a5eabcqbqc . ~2.3!

So N3
3 contains no strange quarks,N1

3 and N2
3 contain one

strange antiquark each, whileN1
1, N2

2, and N1
2 contain two

strange constituents each. As explained in the Introduc
we are not including the experimentally ambiguous isos
lars in our present discussion and so the pureqq̄ states inN8
of interest are the isovector and isospinor; their charged c
ponents are~using the notation of Fig. 1!:

a08
1;ud̄, K08

1;us̄, ~2.4!

and the corresponding members of theqqq̄q̄ nonetN are

a0
1;usd̄s̄, K0

1;uds̄d̄. ~2.5!

By simply considering the strange quark content of the
states, and also bearing in mind that theqq̄ nonetN8 pre-
sumably lies in the same mass range as thep-wave axial and
tensor meson nonets whereas the bag-model indicatio
that theqqq̄q̄ nonetN should be less than about 1 GeV, w
expect an ordering of the masses of these states

mK0
,ma0

<ma
08
,mK

08
, ~2.6!

as illustrated in Fig. 1. Suppose initially that the scalar m
son nonetN8 is ‘‘ideally mixed’’ according to the classic
idea of Okubo@28#, applied originally to the lightest vecto
mesons. ‘‘Ideal mixing’’ within the nonet may be defined b
the following mass terms of an effective Lagrangian dens
for the qq̄ scalars:

Lmass8 52a8Tr~N8N8!2b8Tr~N8N8M!. ~2.7!

In fact as discussed in@3# we may define a generalized ide
mixing model for theqqq̄q̄ nonetN by the mass terms:

Lmass52aTr~NN!2bTr~NNM!. ~2.8!

HereM is the ‘‘spurion matrix’’ @M5diag(1,1,x) wherex
is the ratio of strange to nonstrange quark masses in the u
1-2
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MECHANISM FOR A NEXT-TO-LOWEST LYING SCALAR . . . PHYSICAL REVIEW D 61 074001
interpretation#. It is worth remarking that although Eqs.~2.7!
and ~2.8! are similar in appearance, the difference at
quark level betweenN and N8 manifests itself through op
posite signs ofb andb8. This can be seen by noting that1

mK0

2 2ma0

2 5~x21!b,

mK
08

2
2ma

08
2

5~x21!b8, ~2.9!

where the numerical value ofx is around 20.5@29#. Hereb8
is taken positive, whileb is taken negative; this agrees wi
counting the number of constituent strange quarks.

To see whether a mixing between the nonetsN8 and N
can give states whose properties reproduce those of the
perimental scalar isovector and isospinor candidates abo
GeV, we consider the simplest invariant term which w
induce mixing betweenN andN8, namely

Lmass8 52g Tr~NN8!. ~2.10!

For the isovectors and isospinors we have the 232 mixing
matrices

Ma
25Fma0

2
g

g ma
08

2 G and MK
2 5FmK0

2
g

g mK
08

2 G .

~2.11!

For orientation, we first consider the mixing from th
point of view of simple perturbation theory applied to tw
two-state systems. At second order in perturbation theory
see that the shifts in the square masses for thea02a08 and
K02K08 systems have magnitudes

Da5
g2

ma
08

2
2ma0

2 and DK5
g2

mK
08

2
2mK0

2 , ~2.12!

respectively. Clearly the ordering of the masses in Eq.~2.6!
implies thatDa.DK and so if the gap betweenma0

andmK0

is sufficiently large relative to thea082K08 mass difference
we will naturally be able to obtain the level-crossing beha
ior of Fig. 1.

Next we proceed to an exact treatment. Invariance of
trace ofMa

2 upon diagonalization implies that

ma0

2 1ma
08

2
5ma

21ma8
2 ~2.13!

with an analogous equation holding for the isospinors. Us
this condition and the eigenvalue equation

1Squared masses are being used since we are working in an e
tive Lagrangian framework. Consequently the relativistic invarian
of our treatment is manifest. A similar mechanism would be
pected to hold in a nonrelativistic treatment where the masses
not squared.
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~ma0

2 2ma
2!~ma

08
2

2ma
2!2g250, ~2.14!

we solve for the masses of the original unmixed states
obtain

ma0 /a
08

2
5

1

2
@ma

21ma8
2

7A~ma8
2

2ma
2!224g2#. ~2.15!

Analogous equations follow from the diagonalization ofMK
2 .

These equations may be read as giving for each valueg2 the
corresponding masses of the unmixed states which will, u
inclusion ofLmass8 , lead to the experimentally known phys
cal masses. Reality of the masses implies that 4g2

<Min$(ma8
2

2ma
2)2,(mK8

2
2mK

2 )2%.
We are interested in a scenario where the ordering of

unmixed masses is as in Eq.~2.6!. We find that this can
happen provided thatma8

2
2ma

2,mK8
2

2mK
2 ~which holds for

most of the experimentally allowed range of masses! because
in this case the behavior of the bare masses is as show
Fig. 2. Of course the bare and physical masses must coin
for g50. We definegmax

2 51/4(ma8
2

2ma
2)2; the value ofgmax

2

depends~since ma is very accurately known! on the exact
value of ma8 . For g5gmax the I 51 states are maximally
mixed and the unmixed states are degenerate with sq
masses equal to 1/2(ma

21ma8
2 ). We see from Fig. 2 that the

choiceg5gmax is expected to result in the largest splitting
the bareqq̄ massesmK

08
2

2ma
08

2
.

A detailed numerical search shows that the largest va
of this splitting is in fact obtained forg25gmax

2 50.33 GeV4

and with the choice of physical masses~within the allowed
‘‘experimental’’ range!

ec-
e
-
re

FIG. 2. Evolution, as a function ofg2, of the bare masses
needed to produce the physical ones. Of course, the bare and p
cal masses coincide forg250. This picture corresponds to the ca
mK8

2
2mK

2 .ma8
2

2ma
2, which holds for the central ‘‘experimental’

values. Here the plot is shown for the physical masses chosen a
end of Sec. II. The dot-dashed curve ismK0

2 , the solid curve isma0

2 ,

the dotted curve ismK
08

2 , and the dashed curve isma
08

2 .
1-3
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BLACK, FARIBORZ, AND SCHECHTER PHYSICAL REVIEW D61 074001
ma50.9835 GeV, ma851.455 GeV,

mK50.8750 GeV, mK851.435 GeV. ~2.16!

Figure 3 shows all the allowed points and their correspo
ing mass splittings. Notice thatmK is obtained from the
analysis ofpK scattering given in@2#. This then yields the
following masses for the unmixed states:

ma0
5ma

08
51.24 GeV,

mK0
51.06 GeV, mK

08
51.31 GeV. ~2.17!

We see thatmK
08
2ma

08
'65 MeV which is comparable

with the analogous splitting of the tensor and axial famil
of order 100 MeV. We also notice that in addition to sat
fying the ordering in Eq.~2.6! @which can be an explanatio
for puzzle~i!#, we can understand puzzle~ii ! in this picture
since the unmixedqq̄ scalar states are lighter than the ana
gous tensors. Specifically, we have thatm@a08#
,m@a2(1318.1)# andm@K08#,m@K2* (1432.361.3)#.

III. DECAY WIDTHS

In this section we address the third puzzle presented in
introduction. The total widths of thea0(1450) and the
K0* (1430) are listed in the Review of Particle Physics@27# as

G tot@K0* ~1430!#5287623 MeV and

G tot@a0~1450!#5265613 MeV, ~3.1!

which implies the ratio in Eq.~1.2!. The only listed decay
mode of theK0* (1430) ispK with a branching fraction of
(93610) % which is close to 100%. On the other hand,

FIG. 3. Scan showing the values of the bare mass split
mK

08
2ma

08
resulting from different experimentally allowed mass

of a, a8, K, K8, and ofg2. The mechanism gives the correct orde
ing for the approximate range 0.26,g2,0.38 GeV4.
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the a0(1450), the experimental knowledge of the exclusi
decay modes is less certain; theph, KK̄ andph8 modes are
listed as ‘‘seen’’ without stating any branching fractions.
the detailed listings the following ratios are presented:

G@a0~1450!→KK̄#

G@a0~1450!→ph#
50.8860.23 and

G@a0~1450!→ph8#

G@a0~1450!→ph#
50.3560.16. ~3.2!

In this section we also denote the physical statea8
5a0(1450) bya0* and the physical stateK85K0* (1430) by
K0* . Despite the uncertainty, for the purpose of our analy

we shall assume that theph, KK̄ and ph8 modes saturate
the a0(1450) decays and that their ratios expressed ab
hold as stated.

Using isotopic spin invariance the scalar-pseudosca
pseudoscalar trilinear interaction terms relevant for these
cay channels can be written as2

2L5
ga

0*
KK

&
]mK̄t•a0* ]mK1ga

0* pha0* •]mp]mh

1ga
0* ph8a0* •]mp]mh8

1
gK0* Kp

&
~]mK̄t•]mpK0* 1H.c.!. ~3.3!

Hence, the perturbative decay width of theK0* (1430) is

G~K0* →pK !5
3

2

gK0* Kp
2

32p

q

mK
0*

2 ~mK
0*

2
2mp

2 2mK
2 !2,

~3.4!

whereq is the momentum of the decay products in thek0*
rest frame. Analogous expressions follow for thea0(1450)
partial widths. Thus we have that

G~a0* →ph!50.0099ga
0* ph

2
,

G~a08→ph8!50.0028ga
08ph8

2
,

G~a0* →KK̄ !50.0070ga
0* KK̄

2
,

G~K0* →pK !50.0143gK
0* pK

2
. ~3.5!

Let us initially suppose that thea0(1450) andK0* (1430)
are members of a hypothetical unmixed scalarqq̄ nonetN8,
i.e., g50. Then their decays into two pseudoscalars are p
sumably described by the interaction

2Derivative coupling is being used because we want our Lagra
ian to be a piece of a chiral invariant object. See AppendixB of @3#.

g
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LN8ff52A8Tr~N8]mf]mf!, ~3.6!

wherefa
b is the matrix of pseudoscalar fields. This pureqq̄

coupling term, when expanded into individual fields a
compared with Eq.~3.3! above~where the coupling constan
conventions are defined!, leads to the identifications:

ga
0* ph522& cosupA8, ga

0* ph8522& sinupA8,

ga
0* KK̄5gK

0* pK522A8. ~3.7!

whereup is the pseudoscalar mixing angle, which we take
be 37°@29#. Now if we substitute into Eq.~3.5! we find the
qq̄ SU~3! predictions for the ratios of the total widths:

G tot~a0* !

G~K0* →pK !
51.51, ~3.8!

and for the partiala0(1450) widths:

G~a0* →KK̄ !

G~a0* →ph!
50.55,

G~a0* →ph8!

G~a0* →ph!
50.16. ~3.9!

We see that while Eqs.~3.9! are just a little below the
experimentally allowed ratios~3.2!, the ratio~3.8! is not con-
sistent with the experimental ratio which follows from E
~3.1!. Thus considering thea0(1450) and K0* (1430) as
members of a pureqq̄ SU~3! nonet does not give goo
agreement with experiment.

Next we study the predictions for the decay widths of t
a0(1450) and theK0* (1430) in the mixing picture of Sec. II
In @3# we discussed the general SU~3! flavor invariant cou-
pling of members of a scalar nonet to two pseudoscalars.
the case of theqq̄ scalar nonetN8 the most standard form i
as taken in Eq.~3.6! above. However, for the four-quar
nonet,N, a more natural structure which to a first appro
mation reproduces the scalar decay pattern is

LNff5Aeabcede fNa
d]mfb

e]mfc
f . ~3.10!

For qqq̄q̄ mesons it seems reasonable that the dominant
cays will simply be ones that involve a ‘‘falling apart’’@23#,
or rearrangement, of the four quarks into twoqq̄ mesons. So,
for example, sinceN3

3 contains no strange quarks one wou

expect its decay intoKK̄ to be suppressed. Indeed the L
grangian~3.10! predicts zero coupling ofN3

3 into KK̄.
Upon diagonalization of Eq.~2.11! the physical isospinors

areK5k(900) andK85K0* (1430) and we take the mixing
convention:

S k~900!
K0* ~1430! D5S coscK 2sincK

sincK coscK
D S K0

K08
D . ~3.11!

Likewise the isovector mass eigenstates area5a0(980) and
a85a0(1450) given by

S a0~980!
a0~1450! D5S cosca 2sinca

sinca cosca
D S a0

a08
D , ~3.12!
07400
o

or

e-

where the mixing angles are obtained as

tan~2cK!5
2g

mK
08

2
2mK0

2 and tan~2ca!5
2g

ma
08

2
2ma0

2 .

~3.13!

Now if we take the total trilinear interaction Lagrangian de
sity to be the sum of Eqs.~3.6! and ~3.10! and expand the
relevant unmixed isovector and isospinor members ofN and
N8 in terms of the physical fields using the mixing conve
tion above, we find that@see Eq.~3.3! and compare with the
unmixed case~3.7!#

ga
0* ph522~sinca sinupA1& cosup coscaA8!,

ga
0* ph852~sinca cosupA2& sinup coscaA8!,

ga
0* KK̄522~sincaA1coscaA8!,

gK
0* pK522~sincKA1coscKA8!. ~3.14!

Again we calculate the widths using Eqs.~3.5! and compare
their ratios with experiment. It turns out to be helpful
begin by analyzing these ratios in different regions.

First we consider the limit whereuA8/Au is large. In this
region,

G~K0* →pK !

G~a0* →ph!
;F1.444

1

2 cos2 up
GFcoscK

cosca
G2

. ~3.15!

The term in the first bracket is what we obtained above fr
the couplings in Eq.~3.7! and so gives the prediction~3.8!
which is smaller than experiment. Recalling Eq.~3.13! we
see that for mixing anglesca ,cKP@0,p/4# ~which is all that
is needed in this limit since the relative sign introduced
consideringca ,cKP@2p/4,0#, and so for the opposite sig
of g may be absorbed in a change of the relative sign oA
and A8!, we will always have thatca.cK since we are
considering the scheme where the ordering of the mass
as in Eq.~2.6!. Hence, the ratio~3.15! alwaysincreasesrela-
tive to theqq̄ prediction in this limit and so the ratio of th
total widths~3.8! will decrease, as required. This behavior i
independent of the choice of experimental masses as lon
they satisfymK8

2
2mK

2 .ma8
2

2ma
2, which is true whenever

the mechanism works in order to produce the correct lev
crossing behavior for the masses. For example, for the il
trative input masses considered at the end of Sec. II we h
that ca5p/4 andcK'31° which implies that

G~a0* →ph!

G~K0* →pK !
'0.606 ~3.16!

giving that

G tot~a0* !

G~K0* →pK !
'1.036. ~3.17!
1-5
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BLACK, FARIBORZ, AND SCHECHTER PHYSICAL REVIEW D61 074001
Within the errors quoted in@27# this agrees with the experi
mental result~3.1! and is much closer than theqq̄ prediction
of Eq. ~3.8!. Furthermore, from Eq.~3.14! for large uA8/Au
we have the same prediction as in Eq.~3.9!.

Next we suppose conversely thatuA/A8u is large. In this
region,

G~K0* →pK !

G~a0* →ph!
;F1.444

1

cos2 up
GFsincK

sinca
G2

'2.115,

~3.18!

for cK531°. The ratios of thea0(1450) widths now become

G~a0* →KK̄ !

G~a0* →ph!
;0.7071

1

sin2 up
51.95,

G~a0* →ph8!

G~a0* →ph!
50.2828 cot2 up50.49. ~3.19!

In this limit, where it is theqqq̄q̄ decay modes of the
a0(1450) and theK0* (1430) that dominate, we see that
particular the first ratio in Eq.~3.19! is well outside the ex-
perimentally allowed range.

For A8;A a graphical analysis is helpful since in th
region the ratios of the widths blow up. In Fig. 4 we plot t
widths themselves~up to an overall normalization of 1/A2!.
It is seen that, for the central values of Eqs.~3.1! and ~3.2!
the correct width orderG(K0* →pK).G(a0* →ph).G(a0*

→KK̄).G(a0* →ph8) is obtained for the ‘‘asymptotic’’ re-
gions A8/A.1.2 and A8/A,23.2. Inside, where23.2
,A8/A,1.2, the correct width order cannot be obtained
the central values.

In summary, the above analysis shows that for la
uA8/Au the mechanism significantly improves@see, for ex-
ample, Eq.~3.17!# the ratio G tot(a0* )/G(K0*→pK) compared

FIG. 4. Plot of G/A2 againstA8/A. The dot-dashed curve i
G@K0* (1430)→pK#, the solid curve isG@a0(1450)→ph#, the

dashed curve isG@a0(1450)→KK̄# and the dotted curve is
G@a0(1450)→ph8#.
07400
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with the prediction based on a pureqq̄ description of the
a0(1450) and theK0* (1430). Outside of this asymptotic re
gion more detailed analysis is needed and requires additi
experimental guidance.

IV. NUMERICAL ANALYSIS OF THE DECAY WIDTHS

In this section we give a more detailed numerical analy
of the decay widths. We will take into account the expe
mental uncertainties for comparison with theory. Furth
more we will include a more general form of decay intera
tion. Finally, the decay widths of the lighter scalarsK
5k(900) anda5a0(980) will also be discussed. The inpu
masses will be kept the same as in Eq.~2.16!, and we will
continue to useg25gmax

2 50.33 GeV4. The general interac-
tion Lagrangian describing the decay widths has the fo
~see@3#!

Lint5Aeabcede fNa
d]mfb

3]mfc
f 1C Tr~N]mf!Tr~]mf!

1A8eabcede fNa8
d]mfb

e]mfc
f 1C8Tr~N8]mf!Tr~]mf!

1¯ , ~4.1!

where the three dots stand for terms which do not contrib
to isovector or isospinor decays.

We first consider the limitC50 andC852A8, as in Sec.
III. In this limit, the above Lagrangian simplifies3 to

Lint5Aeabcede fNa
d]mfb

e]mfc
f 12A8Tr~N8]mf]mf!1¯ .

~4.2!

We scan theAA8 parameter space numerically and search
regions consistent with the available experimental data
the decay widths of these scalars. We start with thea0(1450)
decay widths as they impose the strongest restrictions on
parameter space. First, we find that the experimental estim
G tot@a0(1450)#5265613 MeV restrictsA and A8 to the pe-
rimeter of the ellipse shown in Fig. 5—the thickness of t
perimeter is related to the 13 MeV uncertainty of the dec
width. We then search for regions that are consistent with
current experimental estimates on the ratiosG@a0(1450)
→KK̄#/G@a0(1450)→ph#50.8860.23, and G@a0(1450)
→ph8#/G@a0(1450)→ph#50.3560.16. Regions consis
tent with the first and second ratios are, respectively, sho
by dark and light shading. The vertical axis corresponds
the conventional interaction term forqq̄ nonets, whereas the
horizontal axis represents a natural interaction forqqq̄q̄ non-
ets, as previously discussed. We see in Fig. 5 that within
model we cannot exactly describe the current experime
data on the partial decay widths ofa0(1450). Obviously a
natural four-quark interaction is far from the allowed r
gions, while a natural two-quark interaction seems to b

3It is helpful to use the identity:

A8eabcedefNa8
d]mfb

e]mfc
f52A8Tr~N8]mf]mf!

2A8Tr~N8!Tr~]mf]mf!

22A8Tr~N8]mf!Tr~]mf!

1A8Tr~N8!Tr~]mf!Tr~]mf!.
1-6



er
o
n
o
ur
,
b

tu

y

rac-

tion
the

c-
ri-

hat

I,
li-
or

ates
y

o
see
f

the
the
ical
ace

ers
th
-
i-
h

o
n

e

MECHANISM FOR A NEXT-TO-LOWEST LYING SCALAR . . . PHYSICAL REVIEW D 61 074001
favorable scenario for the description of the available exp
mental data. Also small distortions from the natural tw
quark interaction, although slightly improving the situatio
do not exactly describe the data. This is described m
quantitatively in Table I. We have fitted the prediction of o
model for the total decay width as well as the decay ratios
the above experimental estimates and searched for the
values ofA andA8. The natural two-quark interaction~col-
umn one! is compared with the more general case that na
ral four-quark interactions are also allowed~column two!.
Although thex2 of the fit gets slightly reduced, effectivel

FIG. 5. Regions in theAA8 parameter space@see Eq.~4.2!#
consistent with the currently available experimental estimates
the decay widths ofa0(1450). Points on the ellipse are consiste
with the total decay width ofa0(1450). Dark and light gray re-
gions, respectively, represent points consistent with the experim

tal ratio G@a0(1450)→KK̄#/G@a0(1450)→ph#50.8860.23, and
G@a0(1450)→ph8#/G@a0(1450)→ph#50.3560.16.
07400
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the best point remains around the natural two-quark inte
tion.

In order to see whether we could get a better descrip
of a0(1450), we have also extended our investigations to
more general case whereCÞ0 andC8Þ2A8 i.e., working
with the general Lagrangian~4.1!. The result is given in col-
umn three of Table I, indicating that even with the introdu
tion of more general interaction terms, the current expe
mental data is still not exactly described. We also notice t
in this caseC822A8'0 and thatu2A8u dominatesA andC.
Thus the best fit in this case also is similar to column
although the fit is slightly improved. Therefore, the simp
fied model Eq.~4.2! already provides a reasonable picture f
understanding the nature of thea0(1450). We should em-
phasize, however, that the available experimental estim
of the decay channels ofa0(1450) are not very accuratel
known. More accurate experimental data ona0(1450) would
be useful for our purposes.

Next, we include theK0* (1430) in the picture. We take
experimental values@27# G tot5287610621, andGpK /G tot

593610%, and search for regions that giveG@K0* (1430)
→pK#'267650 MeV. These are shown in Fig. 6 with tw
parallel strips in the northwest to southeast direction. We
in the figure that within our model~4.2! there are overlaps o
regions in parameter spaceAA8 that explain most of the
decay properties of botha0(1450) andK0* (1430).

Now that we can understand the decay widths of
heavier scalars, we explore the possibility of explaining
decay widths of the light scalars within the same theoret
setup. We proceed by further exploring the parameter sp
AA8 in the limit C50 andC852A8, for regions that explain
decay properties of the lighter physical nonet memb
a0(980) andk(900). We search for regions consistent wi
G@a0(980)→ph#'6565 MeV in agreement with experi
mental measurement in@30# as well as the theoretical est
mate in @4#. We also search for regions consistent wit4

n
t

n-
interac-
artial
ral for
e

ude as
TABLE I. Best numerical values for the free parameters in the scalar pseudoscalar pseudoscalar
tion Lagrangian, found by fitting the prediction of our model for the total decay width and ratio of the p
decay widths ofa0(1450) to the experimental data. The first column corresponds to an interaction natu
qq̄, while in the second column interaction terms natural forqqq̄q̄ are also included. In the third column th
more general interaction Eq.~4.1! is considered.

Fitted parameters Eq.~3.6! Eq. ~4.2! Eq. ~4.1!

A~GeV21! 0 0.1060.12 1.0360.12
A8~GeV21! 22.5560.06 22.6060.06 23.5360.12
C~GeV21! 0 0 1.3660.27
C8~GeV21! 2A8 2A8 26.5660.27

Predicted decay widths
G tot@a0(1450)#~MeV! 265 265 265

G@a0(1450)→KK̄#/G@a0(1450)→ph# 0.55 0.53 0.53
G@a0(1450)→ph8#/G@a0(1450)→ph# 0.16 0.18 0.18

x2 1.161 1.157 1.157

4This is a width corresponding to the numerator, rather than denominator of a partial wave amplit
explained in@2#.
1-7
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G8@k(900)→pK#'4065 MeV in agreement with theoreti
cal estimates of the properties ofk(900) given in@3#. The
result is also shown in Fig. 6, indicating that there are
gions in the parameter space of our model (A'61 andA8
'73! that are approximately consistent with the dec
properties of the light scalars inaddition to those of the
heavy scalars.

We have given in Table II our best fits forA, A8, C, and
C8, resulting from comparing our theoretical prediction
the experimental data. We have also displayed in the s
table the predicted decay widths. In the limitC50 andC8
52A8 ~column one!, the resulting decay widths have th
right order of magnitude, although some of them are
within the ranges allowed by experiment. The fit giv
A8/A522.4 and so, as expected from the discussion of F
4 the widths G@a0(1450)→KK̄# and G@a0(1450)→ph#
have the wrong order. Outside this limit~column two!, we
get a better agreement with experiment~as x2 of fit also
indicates!, and except for the ratio G@a0(1450)
→KK̄#/G@a0(1450)→ph#, all other decay widths are
within their experimentally allowed ranges. We notice that
the general case~column two!, C8'2A8, which means that
the decay interaction for nonetN8 remains close to that natu
ral for qq̄. We also notice that in this general case,CÞ0,
which is expected from our previous results on decays of
low-lying light scalars@3#.

V. DISCUSSION

~i! We studied the properties of thea0(1450) and
K0* (1430) scalar mesons~which are usually considered t

FIG. 6. Regions in theAA8 parameter space@see Eq.~4.2!#
consistent with the current experimental and theoretical estim
on the decay widths ofa0(1450),K0* (1430),a0(980), andk(900).
Points on the ellipse are consistent with the total decay width
a0(1450). Squares and circles, respectively, represent points
sistent with the experimental ratio G@a0(1450)

→KK̄#/G@a0(1450)→ph#50.8860.23, and G@a0(1450)
→ph8#/G@a0(1450)→ph#50.3560.16.
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belong to a conventionalp-wave qq̄ nonet in the quark
model! in a framework where a lighter scalar nonet~of qqq̄q̄
type! was also present. It was found that certain puzzl
features of these two particles could be naturally explaine
the qq̄ and qqq̄q̄ nonets mix with each other to form new
physical states. The essential mechanism is driven simply
the fact that the isospinor is lighter than the isovector in
unmixedqqq̄q̄ multiplet.

~ii ! Although we carried out the analysis in aqqq̄q̄ pic-
ture for the unmixed light scalar nonet, it seems reasona
that it could also be done for other models of the light scal
~like the unitarized quark model@6,14#, or molecular models
@31#! in which they have somewhat different four-quark i
terpretations. Indeed it seems likely that the mixing ofqq̄
states withqqq̄q̄ states already has a lot of similarity to th
mixing with two mesons states induced by unitarization
those schemes. For example, the internalqqq̄q̄ wave func-
tion can be rewritten as a linear combination of color sing
qq̄3 color singletqq̄ and other pieces~see, for example,
Table VI of @3#!.

~iii ! We did not discuss the heavier isoscalar particles
this paper, mainly because the experimental situation is
rather ambiguous. Clearly, this is an interesting futu
project. Nevertheless, it seems interesting to discuss s
aspects of this question. The simplest way to proceed i
assume the validity of the dual ideal mixing model~2.8! for
the lighter scalar nonent and the ordinary ideal mixing mo
~2.7! for the heavier scalar nonet. Actually in our earli
treatment@see Eq.~2.10! of @3## it was necessary to includ
additional terms labeled by parametersc and d to fully de-
scribe the isoscalar masses and mixings of the light sc
nonet. These terms do not contribute to the isovector
isospinor particle masses and so are irrelevant for our
ceding discussion. But when the isoscalar particles are ex
ined they can definitely contribute as can two addition
terms labeled byc8 and d8 for the heavier nonet. If we se
c5d5c85d850 we would predict in the present model th
isoscalarss, s8, f, f 8 defined by

S s
s8 D5S coscs 2sincs

sincs coscs
D S N3

3

N38
3D , ~5.1!

S f
f 8 D5S cosc f 2sinc f

sinc f cosc f
D S ~N1

11N2
2!/&

~N18
11N28

2!/& D , ~5.2!

with cs522.1°, c f545° and massesms50.69 GeV, mf
50.98 GeV,ms851.45 GeV, andmf 851.46 GeV. With our
previous interpretation this makess mostly ofududtype,s8
mostly ofsstype, whilef and f 8 would be equal mixtures o
(uū1dd̄)/& andss̄(uū1dd̄)&. Amusingly, these masses
which were obtained by using the ‘‘external’’ mixing term
~2.10!; have reasonable orders of magnitude. However,
predicted masses do not seem to be accurate in detail. T
we should include thec, d, c8, d8 terms and compare with
the experimental heavier isoscalar candidate masses~which
are apparently not definitively established!. This would lead
us to a 434 mixing matrix (535 if a scalar glueball state is
included! instead of the two 232 mixing matrices above.

es

f
n-
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TABLE II. Best numerical values for the free parameters in the scalar-psuedoscalar-pseudoscala
action Lagrangian, found by fitting the prediction of our model for both the low lying and next-highest sc
to the experimental data. The first and second columns correspond, respectively, to the limit (C50 and
C852A8) and to the general case outside this limit.

Fitted parameters Eq.~4.2! Eq. ~4.1!

A~GeV21! 1.4060.12 1.1960.16
A8~GeV21! 23.2660.07 23.3760.16
C~GeV21! 0 1.0560.49
C8~GeV21! 2A8 26.8760.50

Predicted decay widths
G tot@a0(1450)#~MeV! 274 263

G@a0(1450)→KK̄#/G@a0(1450)→ph# 0.30 0.42

G@a0(1450)→ph8#/G@a0(1450)→ph# 0.52 0.32
G@K* (1430)→pK#~MeV! 245 298
G@a0(980)→ph#~MeV! 57 65
G@k(900)→pK#~MeV! 45 41

G tot@a0(1450)#/G@K* (1430)→pK#
~Expected value: 0.9960.24!

1.12 0.88

x2 1.864 0.757
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For the estimation of the decay widths of the isosca
particles the simplest procedure would be just to use thA
andA8 terms in Eq.~4.2!. We have found that this does no
give an especially good description of the perturbat
widths. Again the full situation is more complicated as o
may see from Eq.~3.8! of @3#. Previously we required the
four terms defined there proportional toA, B, C, andD for
light scalars. Now the parametersB, D, B8, andD8 do not
contribute to the previously discussed isovector and
spinor particle decays but will contribute to the decays of
isoscalars. Altogether eight additional parameters may be
volved in the treatment of the isoscalars.

~iv! In our treatment we used the simplest mixing te
~2.10! and obtained fairly good agreement with experime
The model can easily be generalized to include differ
mixing terms in the effective Lagrangian; for example,

Tr@M~NN81N8N!#, Tr~N!Tr~N8!,

Tr~MN!Tr~N8!, Tr~MN8!Tr~N!. ~5.3!

~iv! Although our focus in this paper was on the heav
scalars, the model of course describes the lighter ones to
we want to describe only the lighter scalars, as in@3,4#, we
can imagine ‘‘integrating out’’ the heavier scalars. In t
simplest approximation, based on neglecting the symme
breaking terms in Eqs.~2.7! and~2.8!, we would just replace
y

y

07400
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y-

N8→2
g

2a8
N. ~5.4!

To check the consistency of this with our previous work w
might ask how much the decay coefficient of the light scal
@A in Eq. ~3.10!# gets modified due to this replacement. U
ing Eq. ~3.6! and the identity in footnote 3 then gives

A→A2
g

2a8
A8. ~5.5!

Using A51.2 GeV21 and A8523.4 GeV21 from column 2
of Table II, together with g250.33 GeV4 and a8
50.76 GeV2 from Eq. ~2.8! shows thatA51.2 GeV21 in the
present paper is to be replaced byA52.5 GeV21 in a model
where the heavy scalars have been eliminated. This i
rough agreement withA52.9 GeV21 found in Table III of
@3#.
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