ARE THE LIGHT SCALAR MESONS FOUR-QUARK STATES?
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We use the QCD sum rule approach to study the two point-function for the scalar mesons
o, K, fo(980) and ao(980) as diquak-antidiquark states. We find that the masses are consistent
with existing experimental data, supporting the four-quark structure for the light scalar mesons.

PACS numbers: 11.55.Hx, 12.38.Lg , 13.25.-k
The experimental proliferation of light scalar mesons is consistent with two nonets, one below 1 GeV region and

another one near 1.5 GeV. If the light scalars (the isoscalars o(500), 75(980), the isodoublet x and the isovector
20(980)) form an SU(3) flavor nonet, in the naive quark model the flavor structure of these scalars would be:

1 -
o= Zsuitdd),  fo=ss,
ag = %(uﬂ — dd), af =ud, af =da,
kT =u3  k°=ds, RO=sd, &~ =si. 1)

- Although with this model it is difficult to understand the mass degeneracy of fo(980) and ao(980), and it is hard to
; explain why o and  are broader than fo(980) and 2¢(980), its use is not yet discarded {1-5]. Some alternative models
- allow a mixing between the isoscalars. However, different experimental data lead to different mixing angles [6-8].
' On the other hand, the scalar mesons in the 1.3 — 1.7 GeV mass region (the isoscalars fo(1370)), fo(1500), the
| isodoublet K3(1430) and the isovector ao(1450)) may be easily accommodated in an SU(3) flavor nonet. Therefore,
' theory and data are now suggesting that QCD forces are at work but with different dynamics dominating below and
¢ above 1 GeV mass. Below 1 GeV the phenomena point clearly towards an S—wave attraction among two quarks and
- two anti-quarks, while above 1 GeV the preferred configuration is P—wave qq [9].

Below 1 GeV the inverted structure of the four-quark dynamics in S-wave is revealed with f0(980), ao(980), k and

o symbolically given by [10]

- 1 -
o = udid, = ——(ust3 + dsd3),
fb \/5( S )
ag = dsis, ad = %(usﬁé‘ —dsds), af = usds,
Kk = udds, k® =udus, R°=wusud, K~ =dsad. (2)

- This is supported by a recent lattice calculation (11], and by QCD large N, scaling (12]. In this four-quark scenario
for the light scalars, the mass degeneracy of f0(980) and a¢(980) is natural, and the mass hierarchy pattern of the
nonet is understandable. Besides, it is easy to explain why o and « are broader than f, and ag. The decays ¢ — 7,
&k — Km and fo, ap — KK are OZI superallowed without the need of any gluon exchange, while fy — w7 and
tag — nm are OZI allowed as it is mediated by one gluon exchange. Since f0(980) and a(980) are very close to the
- KK threshold, the f5(980) is dominated by the 77 state and ao(980) is governed by the nm state. Consequently, they
i are narrower than o and «.
. In this work we use the method of QCD sum rules (QCDSR) [13] to study the two-point functions of the scalar
' mesons, considered as four-quark states. The first evaluation of the fo(980) as a four-quark state in the QCDSR
formalism was done in [14] for the meson-vacuum decay constant, and in (15] for the hadronic coupling contants (for
a review see [16]). We extend these works by considering all the scalar mesons in the nonet and by using different
currents.
We follow ref. [17] and consider that the lowest lying scalar mesons are S-wave bound states of a diguark-antidiquark
pair. As suggested in ref. (18] the diquark is taken to be a spin zero colour anti-triplet, flavour anti-triplet. Therefore,
the (¢)%(q)? states make a flavour SU (3) nonet. The corresponding interpolating fields are:

Jo = eabcfdec(ufc'}'sdb)(ﬁd’YSC‘ZZ):
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Ik = Eabcfdec(uZC’stb)(quSCgf)r qg=1u, J, 3)
where a, b, ¢, ... are colour indices and C' is the charge conjugation matrix. The other members of the nonet are

easily constructed.
The coupling of the scalar meson S, to the scalar current js, can be parametrized in terms of the meson decay

constant fg as [14]:

(0ls|S) = V2fsm}§ . (4;
In order to compute this parameter with QCDSR, we consider the two-point correlation function
We) =i [ d' =T ls(@A00) )

In the QCD side we work at leading order and consider condensates up to dimension six. We deal with the strange
quark as a light one and consider the diagrams up to order m,. In the phenomenological side we consider the usual
pole plus continuum contribution. Therefore, we introduce the continuum threshold parameter so {19]. In the S U(2)
limit the fg and aq states are, of course, mass degenerate, and we get the same decay constant for them. After doing

a Borel tranform the two-point sum rules are given by:

MP®E, (g®G)M®E, (Gg)°M‘E;

2.8 —mg/M:" _—
2fsmoe = 39576 9103776 1272
10 = - 2,42\ 476 —\2 (ANl
s s it MOEy  my(2q) = () e, GPCOMOEy | (@) + @03 g
2femxe = 2%5n6 seami M B2t Tnge 2472 !
ms(3g0.Gs) m,(ggo.Gq) (3 202 4
+ —W—“M“El‘l”———ﬂz—" -2-—].11(M /AQCD) M*®E;,
—md m2 . MYEs  mg(2(dq) = (39)) 5 o6 (g*G*)MOE, | (39)(55) , 4
2ffme M = e — T g M B2t Tomgs forr M B
ms(590.Gs) m4(gg90.Gq) (3 272 :
+ WM4E1+—-—26_TFT— 5—1n(M /AQCD) M4E1, (6)
where
—s0/M? . o \* 1
EnEl—'e ° kZ(—ME) I—c-!', (7)
=0

which accounts for the continuum contribution.
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FIG. 1: The scalar meson masses as a function of the Borel mass. Dashed: mo; solid: m,; dotted: mys, = Maq.

In the numerical analysis of the sum rules, the values used for the strange quark mass and condensates are:
m, = 0.13 GeV, (7g) = —(0.23)2 GeV?, (3s) = 0.8(dq), (g9o-Gq) = m3(gq) with m§ = 0.8 GeV?, (g2G?) = 0.5 GeV*
and we take Agcp = 150 MeV. For the continuum thresholds we use 58 =0.8 GeV?, sf =1.1 GeV?, sé" =1.5 GeVZ%
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In order to get rid of the meson decay constant and extract the resonance mass, mg, we first take the derivative of
‘Egs. (6) with respect to 1/M? and then we divide it by Egs. (6).

In Fig. 1 we show the masses of the mesons o, s and fy, as a function of the Borel mass. Althought the result
for m, is a little bigger than the experimental value [20]: my = 0.5 GeV, the masses for the other resonances are in
agreement with the experimental values: m, = 0.8 GeV, my, = 0.98 GeV. For the three cases we get very stable
results as a function of the Borel mass. The problem with these sum rules, as already noticed in ref. [14], is that the
:continuum contribution is only smaller than the pole contibution for small values of the Borel mass (M? < 0.6 GeV?
for o and x and M2 < 0.8 GeV? for fo and ag). However, for these values of the Borel mass the perturbative
‘contribution is smaller than the four-quark condensate contribution. The -perturbative contribution will get bigger
than the four-quark condensate contribution only for M2 ~ 1.5 GeV? for ¢ and K, and M? ~ 2.GeV? for f, and aq.
' Therefore, the Borel windows used represent a compromise between these two restrictions. For these Borel windows
we get

my = (0.56 £0.01) GeV, m, = (0.82£0.02) GeV, my, = (0.98 + 0.02) GeV. (8)
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FIG. 2: The scalar meson decay constants as a function of the Borel mass. Solid: fro = fao; dashed: fx; dots: f,.

To estimate the decay constants we use the experimental values for the scalar meson masses. From Fig. 2 we see
that we get a very stable result, as a function of the Borel mass, for fro and fc. In the case of f, the stability is
not so good, but it is still acceptable. Allowing a variation of 0.2 GeV? in the continuum thresholds we arrive at the
following values for the decay constants:

fo=(75£1.0)MeV, fo=(1.6+03)MeV, fy, =(1.1+0.1)MeV. 9)

We have presented a QCD sum rule study of the scalar mesons considered as diquark-antidiquark states. We
have evaluated the mesons masses and decay constants. We found that the masses are consistent with existing
experimental data. Therefore, we consider this result as one more point in favor of the four-quark structure of the
light scalar mesons.
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