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Abstract. Based on the observation that K∗0 (1430) is lighter than its SU3 counterpart, a0(1450), we ex-
amine the possibility that these particles, together with f0(1370), f0(1500) and f0(1710), fill a tetraquark
recurrence of the sub-GeV 0++ nonet mixed with a glueball state. We find the picture to be consistent with
the known data about the three f0 resonances, more than the qq̄ hypothesis. Conventional spin–orbit coup-
ling suggests the qq̄, P-wave, nonet to lie around 1200 MeV. We review possible experimental indications of
a scalar isovector resonance at 1.29 GeV, first observed by OBELIX in pp̄ annihilation.

PACS. 12.39.Mk; 12.40.-y; 13.25.Jx

1 Introduction

Meson spectroscopy has provided important clues to the
understanding of the strong interactions. QCD is definitely
well established as the basic theory, but we are still far from
deriving the spectrum of mesons from first principles, in-
cluding the determination of which quark configurations
produce reasonably defined bound states and which do not.
In this area, meson phenomenology can still provide valu-
able input for more fundamental considerations.
In this paper, we analyze the positive parity scalar

mesons in the mass range 1–2 GeV. In the current pic-
ture, these states are supposed to arise from P-wave, qq̄
configurations, described long ago in [1]. The well-known,
JPC = 2++, 1++and1+− nonets, identified by a2(1320),
a1(1260) and b1(1235) respectively [2] do fit in the qq̄
picture quite well. The case of 0++ mesons is more com-
plicated. The well-established, sub-GeV scalar mesons
a0(980) and f0(980) do not fit in the (qq̄)P-wave picture.
In addition, lattice QCD predicts the appearance of a 0++

glueball at a mass 1500–1700GeV [3], followed by 2++ and
1+− states at considerably higher mass.
There are ten established scalar mesons in the 1–2 GeV

range, namely: a0(1450), K
∗
0 (1430), with I = 1, 1/2 re-

spectively, and three isosinglets: f0(1370), f0(1500) and
f0(1710). It could be natural to identify these states with
the qq̄ nonet with L= 1, S = 1, J = 0 (L, S, and J denote
orbital, spin and angular momentum of the qq̄ system).
This classification is, however, disfavored by two facts.
(i) The masses are too high. For S = 1, the spin–

orbit coupling gives the ordering [1] m(2++) ≥m(1++)≥
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m(0++). Tensor forces may distort the regular spacing be-
tween multiplets but are unlikely to push the scalar state
to the top. In the case of charmonium states, for example,
the scalar χc0(1 P) is the lowest of the χ states, with tensor
forces pushing it further down with respect to the spin–
orbit coupling prediction.
(ii) Most important, K∗0 (1430) is lighter than a0(1450)

by some 62MeV, repeating the pattern of the κ(800) with
respect to a0(980) and at variance with the level ordering
in the other positive parity nonets1.
Our starting point is that the reversed-octet pattern is

natural for a tetraquark, [qq][q̄q̄], nonet with each pair an-
tisymmetric in flavor. Such a structure has been advocated
long ago for the sub-GeV scalar nonet [4]2 and was recently
re-proposed [6] in connection with new evidence for the
f0(600) and κ(800) resonances in non-leptonicD decays [7–
10]; see also [11] for recent theoretical developments.
In the present paper, we propose that the 0++ decimet

is made by a tetraquark recurrence of the light 0++ nonet,
with isosinglets mixed with the lightest glueball.
We use a QCD inspired form of the mass matrix and

of the decay amplitudes and neglect mixing with the low-
est scalars. We find that the picture is consistent with the
known information about the three f0 resonances. We con-
firm the hypothesis [18–21] that the f0(1500) has a dom-
inant glueball component. As a byproduct, we predict the

1 In this paper we adopt the name convention of the Par-
ticle Data Book; the number used to identify each particle
deviates in some cases from the actual value of its mass;
notablym[K∗0 (1430)] = (1412±6)MeV, m[a0(1450)] = (1474±
19)MeV [2].
2 For a recent discussion, see [5] and references therein.
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mass of the still missing JPC = 1+− singlet to be in the
range 1470–1500MeV.
A crucial prediction of our model is that there should

be an additional nonet, the genuine qq̄, P-wave scalar, most
naturally around or below the a1(1260). In this region, an
additional I = 1 scalar state decaying in K±K0S was in-
dicated by the OBELIX Collaboration [12, 13] and is not
excluded by a more recent analysis of the ηπ resonances in
pp̄ annihilation [14]. There exists also some evidence for an
additional isosinglet, e.g. the hypotheticalX(1110) [15]. It
seems fair to say that the possibility of a nonet around or
below the a1(1260) cannot be excluded at the moment.
The problem of scalar mesons has been addressed by

several authors with very different proposals; see [16] for
a recent review. Here, we recall the investigations more
closely related to our proposal.
In the framework of the qq̄ picture, issues (i) and (ii)

above have been addressed by Schecter and collabora-
tors [17], who invoke amixing of the higher and lower scalar
nonets. The f0(1500) has been identified with a glueball
mixed with the P-wave qq̄ states f0(1370) and f0(1710) by
Close and collaborators [18–21]. Spectrum and mixing of
scalarmesonswithglueballshasbeenstudiedwithQCDsum
rules since the seminal investigation in [22]. In [23], a situ-
ation similar to that of [18–21] is found, namely a glueball
mixed at 20% with a qq̄ meson3. However, QCD sum rules
give also a very light glueball, in the range of the f0(600). Fi-
nally,theauthorsof [24]arguethatasingleqq̄ statecouldgive
risetomultipleresonances,e.g. toboth a0(980)anda0(1450),
due to dressing by hadronic interactions.
The variety of the proposed solutions points to the need

of more accurate experiments to determine the actual num-
ber of scalar nonets as well as their decay properties, such
as will be provided for pp̄ annihilation by the new antipro-
ton facility at GSI.
The plan of the paper is as follows.
We give in Sect. 2 the effective couplings used to ana-

lyze masses and decays of the mesons with negative parity
nonets (identified by π and ρ), positive parity nonets (iden-
tified by a0(980), a1(1260), b1(1235) and a2(1320)) and the
scalar decimet associated to a0(1450).Wediscuss the result-
ing mass spectra in Sect. 3 and the decay rates in Sect. 4,
where we compare our results with [17] and [18–21], and
Sect. 5. We comment on the possible evidence for an addi-
tional scalarnonet inSect. 6; conclusionsaregiven inSect. 7.

2 Effective Lagrangians

We describe nonet fields with the 3×3 matrixΠ ,

Π =

⎛
⎜⎜⎝
X1√
2
+
a00√
2

a+0 K+0

a−0
X1√
2
−
a00√
2
K00

K−0 K̄00 X2

⎞
⎟⎟⎠ . (1)

3 QCDsumruleshavebeenapplied to the correlation functions
of pure glue operators and quark bilinears. It would be interest-
ing to consider quark quadrilinears as well, to include tetraquark
mesons in the picture.

The states associated toX1,2 correspond to the eigenstates
of the quark mass matrix,

qq̄ : 1 = |nn̄〉 ; X2 = |ss̄〉

[qq] [q̄q̄] : X1 = | [ns] [n̄s̄]〉 ; X2 = | [nn] [n̄n̄]〉 . (2)

In the notation of [18–21],n represents u and d quarks, and
the isospin zero combination in nn̄ and nn is understood.
We write the physical mass eigenstates according to

f0,low = cos θX1+sin θX2 ,

f0,high =− sin θX1+cos θX2 . (3)

Interesting situations correspond to θ � 0 (qq̄, ideal mix-
ing); θ � 90◦ ([qq][q̄q̄], ideal mixing); or to θ � −54◦

(f0,low � f8).
We parametrize the nonet mass matrix according to

(∆= diag(0, 0, δ))

Lmass =m(a)+Tr
(
∆ ·Π 2

)
+ c[Tr(Π )]2 . (4)

The second term represents the effect of the strange to
light quark mass difference. The coefficient c embodies the
contribution of annihilation diagrams, with one quark pair
transformed into any other one, via intermediate states
made by pure glue. If δ were dominant, the mass matrix
would be diagonal in the X1,2 basis; with c dominant it
would be diagonal in the octet–singlet basis.
We expect annihilation to give a rather small contri-

bution in the 1–2 GeV region. This is basically related to
the asymptotic freedom of QCD as evidenced by the small-
ness of the decay φ(1020)→ 3π, due to quark annihilation
into glue and confirmed by the almost ideal mixing we shall
find below in the meson mass spectrum (for an alternative
view see [25] and references therein). As a consequence, we
neglect even smaller SU3 breaking corrections to the anni-
hilation contributions. The mass formula (4) is thus more
restricted than required by a first order expansion in SU3
breaking.
In the presence of a 0++ glueball we include additional

terms mixing X1,2 with the glueball as well as a diagonal
glueball mass, mG =m(a)+∆mG. As before, we neglect
SU3 breaking in the annihilation diagrams leading from
quark matter to pure glue states, so that the X1,2 to glue-
ball mixing is described by a single parameter, w. In the
X1, X2, G basis, we are led to the 3×3 matrix

M =m(a)+

⎛
⎝
2c

√
2c

√
2w√

2c c+2δ w√
2w w ∆mG

⎞
⎠ . (5)

We shall fix the combination Σ = 3c+∆mG from the sum
of isosinglet masses and take δ from theK0–a0 mass differ-
ence. In addition setting ∆mG =Σ(1−α), we arrive at the
two parameter formula

M =m(a)+

⎛
⎜⎜⎝

2
3αΣ

√
2
3 αΣ

√
2w

√
2
3 αΣ

1
3αΣ+2δ w

√
2w w (1−α)Σ

⎞
⎟⎟⎠ , (6)
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with Σ =
∑
im(f

(i)
0 )−2δ−3m(a), α and w independent

parameters. The same formula with α = 0 was proposed
in [26, 27].
Next we consider decay rates.
We restrict to decays into pairs of pseudoscalar, strictly

octet, states. Amplitudes for the decay in isosinglet par-
ticles, i.e. η or η′, involve additional, undetermined pa-
rameters. In the exact SU3 limit, the effective Lagrangian
contains three terms:

Ldecay =A{[Tr(Π ·P
2)−xTr(Π )Tr(P2)]+γGTr(P2)} ,

(7)

where P is the pseudoscalar meson matrix, the analog of
(1), G the glueball field, and A, x and γ unknown pa-
rameters, the latter describing the relative coupling of the
glueball to two meson states.
As a further simplification, we require that the quarks

originally present in the decaying meson appear in the final
mesons. It is an approximation related to the OZI rule [28–
30] and to the smallness of the annihilation processes, dis-
cussed previously after (4). The rule restricts the value of x
by requiring that either X2 (for qq̄) or X1 (for [qq][q̄q̄]) do
not decay to ππ. This gives

qq̄ : x= 0 (8)

or

[qq][q̄q̄] : x=−1/2 . (9)

For singlet decays, we have to substitute the combina-
tions corresponding to the eigenstates of (6), namely

f (i) = c
(i)
1 X1+ c

(i)
2 X2+ c

(i)
3 G, i= 1, 2, 3 . (10)

If we call gh the coefficient in (7) of a given decay channel,
the decay rate is

Γh =
|p|

8π3M2
|F (p2)|2g2h . (11)

M is the mass of the decaying particle, p the decay mo-
mentum and F (p2) a form factor suppressing the emis-
sion of fast particles by the initial meson, due to its ex-
tended structure. In [18–21], the following parametrization
is used:

|F (p2)|2 = e−p
2/8β2 , (12)

Table 2. Same as in Table 1 for the multiplets in 1–2 GeV. For the 1+− the
experimental ∆mf is not available, since h

′
0 has not yet been observed

JPC 1++ 1+− 2++ 0++

∆mf (MeV) 144(144 ) 328(–) 250(250) see text
lin. mass f. δ (MeV) 67 145 112 −62

θ −24◦ 6.9◦ 6.5◦ see text

∆m2f (GeV
2) 0.39(0.39) 0.80(–) 0.67(0.70) see text

quad. mass f. δ (GeV2) 0.19 0.36 0.31 −0.18
θ −20◦ 6.7◦ 5.6◦ see text

with β = 400MeV.We shall consider also the extreme cases
of no form factor (β = +∞) or β = 240MeV to exemplify
a more extended structure than qq̄.

3 The mass spectrum

For each nonet, the parameter δ is obtained fromK–amass
splitting, and c can be fixed by the value of the sum of isos-
inglet masses. Thus, we can predict the difference of the
isosinglet masses, ∆mf , as well as the mixing angle.
To test the accuracy of (4), we have reported in Tables 1

and 2 the predicted values of ∆mf compared to the experi-
mental ones, given in parentheses, for the well-identified
pseudoscalar, vector, tensor and axial vector nonets and for
the two scalarmultiplets. The δ parameters and theX1–X2
mixing angles are also reported.
Masses have been taken from [2] except for the low-

est lying 0++ nonet, for which we have taken the values
quoted in [7, 8]. The values quoted by the BES Collabo-
ration [9, 10] are consistent, within the large experimental
errors.
Our mass formula can be applied with squared masses.

Squared mass formulae work somewhat better, as seen
from the tables, in particular for the pseudoscalar mesons.
For simplicity of exposition, we shall restrict to linear mass
formulae in what follows.
The experimental spectra are illustrated in Figs. 1–3.

The difference of the pattern exhibited by the scalar multi-

Table 1. Multiplets below 1 GeV. Upper rows, for the linear
mass formulae: i) the predicted values of the isosinglet mass dif-
ferences, ∆mf , compared to the experimental values (in paren-
theses); ii) theSU3 breaking parameter, δ; iii) the isosinglet mix-
ing angles. Lower rows: same for the quadratic mass formulae

JPC 0−+ 1−− 0++

∆mf (MeV) 728(411) 229(238) 354(502)
lin. mass f. δ (MeV) 358 117 −188

θ −21◦ −2.1◦ 79◦

∆m2f (GeV
2) 0.71(0.62) 0.37(0.43) 0.64(0.73)

quad. mass f. δ (GeV2) 0.23 0.19 −0.33
θ −36◦ −4.4◦ 86◦
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Fig. 1. Mass spectra of the lowest lying meson multiplets, the pseudoscalar, vector and the scalar mesons below 1 GeV. In blue
the I = 1 states, in pink and orange I = 1/2 and I = 0 respectively. Masses and particle symbols are taken from the Particle Data
Group [2], except for f0(600) and κ(800), where we use the values given by E791 [7, 8]

Fig. 2. Mass spectra of the axial mesons multiplets; same conventions as in Fig. 1. Strange states are mixed by SU3 breaking
and are reported separately. The green-dashed line indicates our predicted position of h′1. We have also indicated the position of
a possible candidate, the h1(1380) reported in the Particle Data Listings with quantum numbers I

G(JPC) =?−(1+−). The black
dot with error indicates the PDG average; in red is the most recent determination [31]

Fig. 3. Mass spectra of the tensor mesons
and of the higher scalar mesons. Same con-
ventions as in the previous figures. Note the
inversion of the ordering of I = 1 versus I =
1/2 states for scalar mesons with respect to
the well-established (qq̄)S/P-wave multiplets.

In addition, there is an extra 0++, isoscalar,
state, indicated by the green-dashed line

plets sticks out conspicuously and is reflected in the nega-
tive sign of δ in Tables 1 and 2.
A few comments are in order.

– With the well-known exception of the pseudoscalar
mesons, the predicted values of ∆mf are in general
agreement with observation, and mixing angles are all
close to maximal, see (2), thus supporting the ansatz
made for the mass formula.
– Mixing angles reproduce well the affinities for the
non-strange (ππ, ρπ, etc.) or strange (KK̄, K∗K̄,
etc.) decay channels of the qq̄ nonets and of the
lowest scalar nonet, the latter under the [qq][q̄q̄]
hypothesis [6].

– The contribution of gluon annihilation to the mass ma-
trix is rather small, as expected. As an example, we find
for the tensor mesons

√
2c(2++)�−28MeV. (13)

– The two axial vector nonets differ in charge conju-
gation, but the K states are mixed by SU3 break-
ing. The mass matrix contains seven parameters
which can be determined from the known masses,
yielding a prediction for the yet unknown h′1, with
a slight difference between linear and quadratic mass
formula:
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Fig. 4. Distribution in parameter space of χ2 as computed
from the eigenvalues of the mass matrix (6). The arrow in the
right panel points to the region preferred by particle decays in
the [qq][q̄q̄] hypothesis. The bars in the panel give the probabil-
ities of the quark/glueball composition of the eigenvectors. The
left panel corresponds to the qq̄ hypothesis

m(h′1) = 1474MeV (quadratic) ;

m(h′1) = 1498MeV (linear) . (14)

PDG listings report a resonance h1(1380) with quan-
tum numbers IG(JPC) =?−(1+−). The average re-
ported in PDG is mh1 = 1386±19MeV. However, the
most recent determination [31] gives a somewhat larger
value, with 60MeV error, which would be compatible
with our prediction; see Fig. 2. To fit the masses, we
need a rather small non-diagonal element of the Hamil-
tonian between kaon states:

〈K++|H|K+−〉= 53MeV . (15)

The results in (13) and (15) indicate a rather small
configuration mixing and annihilation contributions in the
meson states above one GeV.
For the 0++ decimet, we solve numerically the eigen-

value equation corresponding to (6). We use the masses
and errors given in [2] to compute the χ2 of each de-
termination (χ2 =

∑
i(mth−mexp)

2/∆m2exp), except for
f0(1370), whose mass is rather poorly known. In this case,
we take for definitenessm= 1370±60MeV.
We show in Fig. 4 the distribution of χ2 in parameter

space4. The red region gives a better χ2, but acceptable
masses are found in the whole green region. In the left cor-
ner (w� 0, α small) the glueball corresponds to the highest
mass, and it moves to the intermediate mass at the right
corner (w � 0, α large). Of the other two states, the high-
est one is mostly X1 and the lowest X2. For qq̄ states, this
corresponds to the ss̄ state being lighter than the nn̄, and
it is, of course, a consequence of the unnatural sign of the
effective strange to light quark mass difference, implied by
theK0–a0 splitting. For tetraquark states, on the contrary,
this is the natural level ordering; see (2).

4 w can be made positive by an appropriate definition of the
sign of the G field

4 Decay rates of singlet mesons
and best solution

For singlet meson decays, we have explored the parame-
ter space by optimizing χ2 with respect to the ratios of
the branching fractions reported in the first two columns of
Table 3.
In the [qq][q̄q̄] hypothesis, a reasonable picture is ob-

tained for the point indicated in Fig. 4, right panel, with
α= 0.81, w/Σ = 0.16 and γ =−0.26.
For reference, we give explicitly the mass matrix (16), in

the basisX1,X2, G:

M =

⎛
⎝
1626 108 64
108 1426 45
64 45 1528

⎞
⎠ (16)

and the corresponding eigenvectors and eigenvalues:

⎛
⎝
f (1)(1706)
f (2)(1497)
f (3)(1377)

⎞
⎠=

⎛
⎝
−0.834 −0.385 −0.395
−0.411 −0.0447 0.911
0.368 −0.922 0.121

⎞
⎠
⎛
⎝
X1
X2
G

⎞
⎠ .

(17)

The value mG = 1528 is consistent with lattice determina-
tions [3].
The numerical values of the branching fraction ratios

computed in correspondence to (17) are given in Table 3.
Values generally agree with the trend of the experimen-
tal figures. A larger form factor damping is preferred. The
values in the third column reproduce well the affinity of
f0(1370) to non-strange channels (indicated independently
by the large branching ratio in four pions, B4π[f0(1370)]�
80% [2]).
The same procedure with the qq̄ hypothesis gives as

best solution the point indicated by the left panel in Fig. 4,
corresponding to α = 0.23, w/Σ = 0.14. The mass matrix
and corresponding eigenvalues and eigenvectors for this
case are

M =

⎛
⎝
1519 32 56
32 1373 39
56 39 1688

⎞
⎠ , (18)

⎛
⎝
f (1)(1711)
f (2)(1505)
f (3)(1363)

⎞
⎠=

⎛
⎝
0.294 0.136 0.946
−0.941 −0.135 0.312
0.170 −0.981 0.089

⎞
⎠
⎛
⎝
X1
X2
G

⎞
⎠ .

(19)

Branching fraction ratios for the qq̄ assumption are
also reported in Table 3. For the first two columns we find
reasonable agreement with the data. However, within our
model of the mass matrix, the lowest state is essentially ss̄,
see Fig. 4, and the f0(1370) is predicted to have a strong
affinity for strange decay channels, in contrast with the
data.
Before closing this section, we compare our results with

the previous proposals in [17] and [18–21].
In [17], the anomalous properties of the 0++ multiplet

above 1 GeV are ascribed to mixing of the P-wave qq̄ states



614 L. Maiani et al.: Positive parity scalar mesons in the 1–2 GeV mass range

Table 3. Ratios of branching fractions for ππ andKK̄ decays of the 0++ isosinglets. Upper rows: [qq][q̄q̄] hy-
pothesis with three different assumptions on the form factor. Middle row: qq̄ hypothesis (no form factor gives
the best agreement). Lower row: experimental data from Particle Listing 2005 [2]: a [32], b [33], c [34], d [35]

Bππ/BKK [f0(1710)] BKK/Bππ[f0(1500)] BKK/Bππ [f0(1370)]

no form factor 0.5 0.18 0.14
[qq][q̄q̄] β = 400MeV [18–21] 0.42 0.23 0.17

β = 240MeV 0.31 0.32 0.23
qq̄ no form factor 0.24 0.42 22

Expt. < 0.11a, 0.24b±0.024±0.036 0.246±0.026 0.1c–0.9d

with the sub-GeV scalar mesons assumed to be of a differ-
ent kind (i.e. hadronic molecules or tetraquarks). A suit-
able mixing of the two multiplets could push the qq̄ scalars
above what is expected in the spin–orbit coupling scheme
and could in addition make the I = 1 state heavier than the
I = 1/2 one.
The mixing needs to be very fine-tuned and, in addition,

it turns out to be quite large.Quantitatively, for linearmass
formulae, anon-diagonalmatrix elementof theHamiltonian
of about 250MeV is required in [17] to push the a0(1450)
above the K∗0 (1430). This result is rather unnatural, given
the very different configurations of the states involved (qq̄
versus qqq̄q̄) and given that it involves quark pair annihila-
tion. In the more favorable case of the strange mesons be-
longing to the 1++ and 1+− octets (both a qq̄ configuration,
no annihilation required), we have found a quite smaller re-
sult, see (15). On the other hand, the non-diagonal matrix
elements in (16) and (18) are similar to (15).
Comparison with [18–21] requires some qualification.

Without mixing to the sub-GeV multiplet, the inverted
pattern of the I = 1 and I = 1/2 masses could still be ex-
plained, in the qq̄ model, as due to an overcompensation of
the strange to non-strange quark mass difference by spin
effects (which also depend upon the quark masses). Within
our ansatz for the mass matrix, however, the wrong sign
of the SU3 breaking in the octet propagates to the singlets
and results in the scalar made up by strange quarks be-
ing lighter than the one made up by non-strange quarks.
For this reason, the qq̄+glueball assumption fails in repro-
ducing the affinity of f0(1370) for non-strange channels;
see Table 3. The tetraquark+glueball model fares better
in that the association of the heavier meson with strange
quarks is preserved in the reversed octet.
With a more general mass matrix, the correlation be-

tween octet and singlets would be lost, and the observed
affinities to non-strange or strange channels could be re-
produced. The difficulty would remain, however, of how to
explain the opposite sign of SU3 breaking in the 0

++ octet
with respect to the other P-wave octets.

5 The decay rates of a0(1450)→KK̄
and K�

0(1430)→Kπ

In the exact SU3 limit, these partial decays are given in
terms of one single amplitude. Comparing with the data,

we can test whether the two particles belong indeed to the
same SU3 octet. Reference [2] quotes

Γ [K∗0 (1430)] = 294±23MeV ,

B[K∗0 (1430)→Kπ] = 0.93±0.10 , (20)

whereby

Γ [K∗0 (1430)→Kπ] = 253±51MeV . (21)

Using (11), in the SU3 limit we predict

Γ (a+0 →KK̄)SU3 =
2

3

pa0
pK0

M2K0
M2a0

Γ (K+0 →Kπ)

= 150±28MeV . (22)

As for the data on the a0(1450) decays, [2] quotes the
three observed decay channels ηπ, η′π and ωππ and gives
the total width and the ratios of the partial widths to the
ηπ one:

Γ (a0(1450)) = 265±13MeV ;

Γ (η′π)

Γ (ηπ)
= 0.35±0.16 ;

Γ (KK̄)

Γ (ηπ)
= 0.88±0.23 ;

Γ (ωππ)

Γ (ηπ)
= preferred value not quoted . (23)

Neglecting the ωππ contribution, we find

Γ (a+0 →KK̄) = 105±46MeV . (24)

In [17] the discrepancy of the central values was
taken to support unequal mixing angles of a0(1450) and
K∗0 (1430) with their lighter partners. However, this would
be an SU3 breaking effect of the same order as similar ef-
fects neglected in the decay rates, so the argument may not
be so compelling. In fact, given the large experimental er-
rors and the neglect of SU3 breaking, the assignment to the
same multiplet can be consistent.
A reduction of the experimental errors and, most im-

portant, a determination of the partial width of a0(1450)→
ωππ would greatly help to clarify the situation.



L. Maiani et al.: Positive parity scalar mesons in the 1–2 GeV mass range 615

6 Another scalar nonet?

The crucial feature of our model is that it requires an ad-
ditional nonet, the genuine qq̄, P-wave scalar, around or
below the a1(1260).
The experimental search for the SU3 scalar nonets has

been focused on isovector resonances decaying into K±K0S
or ηπ.
The very accurate analysis of pp̄ annihilation at rest

done by the OBELIX Collaboration [12, 13] showed a clear
peak in the mass distribution of K±K0S around 1.3 GeV,
where the a2(1320) is expected. However, a comparison
of annihilation events produced in targets with a different
density showed that the peak shifts from 1.32 GeV at the
lowest density target (where most of the reaction proceeds
from P-wave), to 1.29GeV in the liquid hydrogen target
(where annihilation from S-wave dominates). The best fit
for the 1.29GeV resonance is obtained for JPC = 0++, in-
dicating an additional scalar isovector a0(1290), produced
dominantly by S-wave annihilation.
The most recent, high-statistics, analysis presented

in [14] considered pp̄ annihilation in flight, where it is not
possible to separate the different partial waves, and it fo-
cused on the ηπ channel. Also in this case, a peak around
1.3 GeV was seen. The best fit was indeed obtained for
JPC = 0++, with a mass consistent with a0(1290), but
a larger width than indicated by OBELIX. A lower quality
fit is obtained for the a2(1320), which was preferred “be-
cause of the weight of numerous final states, including ηπ,
in which a2(1320) has been observed, and not a0(1290)”. In
view of the OBELIX data, the most likely situation would
be in fact that the two resonances coexist in the final states.
The latter hypothesis was also tried in [14], but with incon-
clusive results.
It seems to us fair to say that the possibility of a nonet

around or below the a1(1260) cannot be excluded at the
moment, and that the issue of the a0(1290), a good candi-
date for the qq̄ P-wave scalar, deserves closer scrutiny.

7 Conclusions

Scalar mesons present many puzzling aspects, which have
given rise to several different speculations.
We have presented a novel proposal in which the

presently observed scalars, both below 1GeV and in the
1–2 GeV range, are tetraquark states. This naturally ex-
plains the mass ordering of the I = 1/2 and I = 1 states
exhibited by both multiplets and is consistent with known
facts about their decays. The f0(1500) is naturally in-
cluded in the picture as a light glueball, mixed with the
tetraquark singlet states f0(1370) and f0(1710).
A direct consequence of our proposal is that there

should exist another scalar nonet, probably around
1.2 GeV, the genuine qq̄ P-wave state. Evidence of such
a complex may have been seen by OBELIX in pp̄ anni-
hilation at rest and may be indicated, or anyway is not
excluded, by a recent high-statistics experiment on pp̄ an-
nihilation at higher energy.

A thorough exploration of the scalar spectrum in the
1–2 GeV region and a more precise determination of de-
cay modes and branching ratios is clearly needed for the
resolution of the nature of scalar mesons, an issue of the
utmost importance for understanding the way QCD works
for bound states.
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