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Light scalar meson o (600) in QCD sum rule with continuum
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The light scalar meson ¢(600) is known to appear at low excitation energy with very large width on top
of continuum states. We investigate it in the QCD sum rule as an example of resonance structures
appearing above the corresponding thresholds. We use all the possible local tetraquark currents by taking
linear combinations of five independent local ones. We ought to consider the 77-7 continuum contribution
in the phenomenological side of the QCD sum rule in order to obtain a good sum rule signal. We study the
stability of the extracted mass against the Borel mass and the threshold value and find the ¢(600) mass at
530 MeV * 40 MeV. In addition, we find the extracted mass has an increasing tendency with the Borel
mass, which is interpreted as caused by the width of the resonance.
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I. INTRODUCTION

The light scalar mesons, o(600), «(800), f,(980), and
ay(980), have been intensively discussed for many years
[1-3]. However, their nature is still not fully understood
[4-8]. They have the same quantum numbers J°¢ = 0**
as the vacuum, and hence the structure of these states is a
very important subject in order to understand nonperturba-
tive properties of the QCD vacuum such as spontaneous
chiral symmetry breaking. They compose of the flavor
SU(3) nonet with the mass below 1 GeV, and have a
mass ordering which is difficult to be explained by using
a gg configuration in the conventional quark model [9-13].
Therefore, several different pictures have been proposed,
such as tetraquark states and meson-meson bound states,
etc. Here we note that hadrons with complex structures
such as tetraquarks may exist in the continuum above the
threshold energy of two hadrons with simple quark
structure.

The tetraquark structure of the scalar mesons was pro-
posed long time ago by Jaffe with an assumption of strong
diquark correlations [14,15]. It can naturally explain their
mass ordering and decay properties [16—18]. Yet the basic
assumption of diquark correlation is not fully established.
In this paper, we study o(600) as a tetraquark state in the
QCD sum rule approach as an example of resonances in the
continuum states above the 7r-7r threshold. In the QCD
sum rule, we calculate matrix elements from the QCD
(OPE) and relate them to observables by using dispersion
relations. Under suitable assumptions, the QCD sum rule
has proven to be a very powerful and successful nonper-
turbative method in the past decades [19,20]. Recently, this
method has been applied to the study of tetraquarks by
many authors [21-24].
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In our previous paper [24], we have found that the QCD
sum rule analysis with tetraquark currents implies the
masses of scalar mesons in the region of 600-1000 MeV
with the ordering m, <m, <my, ,, while the conven-
tional gg current is considerably heavier (larger than
1 GeV). To get this result, first we find there are five
independent local tetraquark currents, and then we use
one of these currents or linear combinations of two currents
to perform the QCD sum rule analysis. But these interpo-
lating currents do not describe the full space of tetraquark
currents. In order to complete our previous study, we use
more general currents by taking linear combinations of all
these currents. It describes the full space of local tetraquark
currents which can couple to o(600). Since the o(600)
meson is closely related to the 77-7r continuum and it has a
wide decay width, we also consider the contribution of the
m-7r continuum as well as the effect of the finite decay
width.

This paper is organized as follows. In Sec. II, we estab-
lish five independent local tetraquark currents and perform
a QCD sum rule analysis by using linear combinations of
five single currents. In Sec. III, we perform a numerical
analysis, and we also study the contribution of -7 con-
tinuum. In Sec. IV, we consider the effect of the finite
decay width. Section V is devoted to summary.

II. QCD SUM RULE

The local tetraquark currents for o(600) have been
worked out in Ref. [24]. There are two types of currents:
diquark-antidiquark currents (¢¢)(g §) and meson-meson
currents (Gg)(gGq). These two constructions can be proven
to be equivalent, and they can both describe the full space
of local tetraquark currents [24]. Therefore, we shall just
use the first ones. Since we use their linear combinations to
perform the QCD sum rule analysis, we cannot distinguish
whether it is a diquark-antidiquark state or a meson-meson
bound state. However, we find that tetraquark currents with
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a single term do not lead to a reliable QCD sum rule result
which means that ¢(600) probably has a complicated
structure. The five independent local currents are given by

8¢ = Wl Cysdy) (i, ysCdl — i, ysCdL),

VY = (ufCyuysdy) gy ysCdy — iy y*ysCdy),

T¢ = (ulCo,,dp) ot Cdl + i,o#” Cdl), (1)
A7 = (ul Cy,dy) i, y*Cd] + i, y*Cdy),

Py = (ul'Cdy)(i,Cd} — i, Cdl).

The summation is taken over repeated indices (u, v, - - - for
Dirac, and a, b, - - - for color indices). The currents S, V, T,
A, and P are constructed by scalar, vector, tensor, axial-
vector, pseudoscalar diquark, and antidiquark fields, re-
spectively. The subscripts 3 and 6 show that the diquarks
(antidiquarks) are combined into the color representations,
3. and 6, (3, and 6,), respectively.

These five diquark-antidiquark currents (gq)(g §) are
independent. In this work we use general currents by taking
linear combinations of these five currents:

n =187 + 1, V] + 136! Tg + 1,e"" A7
+ tse's Py, 2)

where #; and 6; are ten mixing parameters, whose linear
combination describes the full space of local currents
which can couple to ¢(600). We cannot determine them
in advance, and therefore we choose them randomly for the
study of the QCD sum rule.

By using the current in Eq. (2), we calculate the OPE up
to dimension eight. To simplify our calculation, we neglect
several condensates, such as (g>G?), etc., and we do not
consider the a, correction, such as g*(Gq)*, etc. The
obtained OPE are shown in the following. We find that
most of the crossing terms are not important such as p;3,
and even more some of them disappear: p;5 = 0, etc. For

the most cases, we find that the OPE terms of Dim = 6 and
|
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FIG. 1. The convergence of the two-point correlation function
[1(Mg, so). The threshold value is taken to be s, = 1 GeV?, and
we show its behavior up to certain dimensions, as functions of
M%. The solid line is for IT1(M, so) up to Dim = 8. The short-
dashed line around it is for IT1(Mp, sq) up to Dim = 10, and the
long-dashed line around it is for I1(Mp, s0) up to Dim = 12.

Dim = 8 give major contributions in the OPE series in our
region of interest. This is because the condensates (gg)>
(D = 6) and {(Gg){ggoGq) (D = 8) are much larger than
others.

Since the OPE series should be convergent to give a
reliable QCD sum rule, we also calculate the OPE of
Dim = 10 and Dim = 12. However, we find that these
terms are not important. Using the parameter set (2) and
the values of the condensates of the next section as an
example, we show the convergence of the two-point corre-
lation function TT(My, so) = [ p(s)e™*/Msds in Fig. 1 as
functions of M. The threshold value is taken to be sy =
1 GeV2, and we show its behavior up to certain dimen-
sions. We find that the OPE up to Dim = 0 and Dim = 2
are very small; the OPE of Dim = 4 gives a minor con-
tribution; the OPE of Dim = 6 and Dim = 8 are both
important; the OPE of Dim = 10 and Dim = 12 are both
small, and so we shall neglect them in the following
analysis.

p(s) = 11p11(s) + Bpa(s) + 13p33(5) + pas(s) + B3pss(s) + 2111, cos(0; — 05)p1a(s) + 21115 cos(0; — 03)pi5(s)
+ 2t1t4cos(0 — 04)p14(s) + 21515 cos(0; — 63)paz(s) + 21515 c08(6, — 04)pas(s) + 21215 c0s(8; — O5)pos(s)

+ 21314 c08(03 — 04)p3u(s) + 21315 cos(03 — 05)p3s(s), (3)
where
pii(s) = st (_ m,’ mumy  mg? >s3 N ((gZGG> - mqq) md<c‘1q>)s2
1 61 4407° 15367°  15367°  15367° 61447°  1927* 19274
N (_ mi(g*GG)  m,mig*GG) mig*GG) m,(gGoGq) mLgqoGq) <51q>2) _ Tmi{qq)*
102470 102470 1024 7° 647" 647 1272 4872
L mamalaq)® _ Tmidqa?  mig*GGXaq) _ ma(e’GGXaq) | (qaXeqoGq) @
4772 4872 7687 7687 1272 ’
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st mS2  mmg  mj2 N\ 5 | (GG mlqq)  miLqq)
= - - + + o+ 2 5
P2() = 15360 ( 38475 76870 38477-6)s (3072776 24t 240 )S ©®)
(_ mi(g?GG)  mymi(g’GG) _ mi(e’GG)  m(g4oGq)  magdoGq) _ <éq>2) 11m;i{Gq)*
s+
51270 51270 51270 327 327 672 1272
2m,mGq)? | 11miqq* m e?GGXaq) m(g*GGXqq) (GqXgqoGq)
. N : ©)
2 1272 384 7% 384 7% 672
4 2 2 11 2 - - 11 2/,2 11 2/,2
() = — 4 (_ mu6 omy 6)S3 +( (g G6G> +mu<q4q> N md<‘]4Q>)s2 N (_ m(g 6GG)_ mg 6GG>)
12807 32 32 7687 dar 47 1287 1287
2/54\2 = \2 2/54\2 2 ~ 2 ~
N Sm{qq) N 20m,,m{qq) N S5m{qq) N 11m,(g°GGXqq) N 11m,(g GG><qq>’ o
a? 2 ? 9674 967
s m,? m,my m? 5(g*GG)
= Rl (i S L S22 8
Pasls) = oo ( 19275 38475 192776)s 30727° ®)
N (_ Smi(g?GG) | Smymy(g?GG) _ Smile’GG)  m(gGoGq) _mygqoGq) <c761>2) _ mi{qq)*
N
51270 51270 5127° 167* 167" 372 672
L 8mumlaq)® _ mqq? | m(e’GGXaq) | mae’GGXqq) | (G9)XeqoGq) ©
372 67 12874 12874 372 ’
p (S) — S4 + (_ mu2 o m,my o de )S3 + (<82GG> + mu(éﬂ) + md<éQ>)S2 (10)
3 61 4407° 15367° 15367° 15367° 61447° 647" 64nt
( mi(g*’GG) m,mg*GG) mi(g*GG)  m,gGgoGq)  mygGoGq) <c7q>2) 17m%(Gq)*
+(- - - + + - s+
10247° 10247° 10247° 647" 64t 1272 4872
L Tmumglqq)®  1Tmiqq? | m(g?GGNaq) | ma(e’GGXaq) _ (49XeGorGq) an
1272 4872 2567 2567 1272
[
) ( ml L omgmg o omg ) : +( m(qq) ) ( Imilg’GG) _ 9m,my(g*GG)
S) = S - S)—\|— -
P12 30727 153670 | 307270 4874 P2 204876 102475
B md<‘_1‘1>)sz N (_ m, gqoGq) mgqoGq) _ 9m>(g*GG) N 3m, (g2 GG)Gq)
487 327 27 20487° ) 647
N <6’161>2>s  Smilgq?  mymiaq) . 3ma(g*GG)qq) (15)
67 1272 27 64" ’
sm2GqY?  (GggXegoG
B md<q§1> +<qq><gq;f 61>’ (12)
127 o6
(g’GG) < 3m2{g’GG) 3m2<g2GG))
2 ) 202 — 2 4 (=2 _ 2
pisls) = — 8GO o | (3 mlg"GG) | 3myg GG))S P2() = {0500 51275 51276 )
10247° 51270 51270 ) : s )
) _ , _ L m(g°GGNaq) | ma(g"GGNaq) 16
_ mu<g GG><‘](]> _ md<g GG)(‘]‘]> 128774 1287T4 ’ ( )
1287 12874
(13)
» (3m§<g2GG> | 3m,m(g*GG) 3m§<g2GG>> pasls) = (m5<ngG> L mma(8’GG) m§<g26G>)s
S) = S 6 6 6
P14 4096776 20487T6 40967T6 409677 20487 409677
m,(g°GGXqq) mg>*GG)Xqq) ~ m(g*GGXaq) m«g*GGXaq) a7
- 128774 - 1287T4 ’ (14) 3847T4 3847T4 ’
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mu2 m,mgy de 3 mu@ﬂ) md<‘?¢l> 2 15m5<g2GG> lsmumd<g2GG>
paals) = (= 6 6 )t raa el D 6 6
2567 1287° 2567 ¥y 47 20487 10247
_ 15mi{g?GG) | 3m(3qoGq) | 3mygqoGq) _Aqq)*\ | Smilqq’ , 6mmiqq) | Smiqq)’
6 7 7 )T T 2 + 2
20487 8 87 T T T T

L Imlg?GGXGq) | Smig’GGXaq) _ 2Aqq)XeqoGq)

(18)

647 647 7

p3s 102475 51270 51076
_ m(g’°GGXaq) mg*GGXqq) 19)

12874 12874
III. NUMERICAL ANALYSIS

To perform the numerical analysis, we use the values for
all the condensates from Refs. [25-30]:

(gg) = —(0.240 GeV)?,
(5s) = —(0.8 = 0.1) X (0.240 GeV)?,
(g2GG) = (0.48 * 0.14) GeV*,

m, = 5.3 MeV, myg = 9.4 MeV, (20)
m,(1 GeV) = 125 + 20 MeV,
(8,G0Gq) = —Mj X {(qq),

M2 = (0.8 + 0.2) GeV>.

As usual we assume the vacuum saturation for higher
dimensional operators such as (0|gggql0) ~ (0|gql0) X
(0|Gq|0). There is a minus sign in the definition of the
mixed condensate {g,GoGgq), which is different with some

TABLE 1.

s

other QCD sum rule calculation. This is just because the
definition of coupling constant g, is different [25,31].

Altogether we took 50 randomly chosen sets of #; and 6;.
Some of these sets of numbers lead to negative spectral
densities in the low energy region of interest, which should
be, however, positive from their definition. This is due to
several reasons. One reason is that the convergence of OPE
may not be achieved yet for those currents for the tetra-
quark state. Another reason is that some currents may not
couple to the physical states properly. Except them, there
are 15 sets which lead to positive spectral densities. We
show these 15 sets of ¢; and #; in Table I, and label them as
(01), (02), - - -, (15). They are sorted by the fourth column
“Pole contribution” (PC):

_Jy e Mip(s)ds
[ e Mip(s)ds

Pole contribution (21)

The PC is an important quantity to check the validity of the
QCD sum rule analysis. Here, p(s) denotes the spectral
function. It depends on the ten mixed parameters as well as
My and s,. We note that the 7-7 continuum, which we
shall study later, is not included in the pole contribution.
By fixing 5o = 1 GeV?2, we show the PC values in Table I
for the 15 sets. “PC(0.5),” “PC(0.8),” and “PC(1.2)”
denote pole contribution by setting M% = 0.5 GeV?,

Values for parameters t;, 6;, the mass range M,,, the pole contribution (PC) and the continuum amplitude a(z;, ;). The

meaning of these quantities are given in the text. There are altogether 15 sets, which are sorted by the fourth column “PC.” “PC(0.5),”
“PC(0.8),” and “PC(1.2)” denote pole contribution by setting M3 = 0.5 GeV2, 0.8 GeV?, and 1.2 GeV?, respectively.

No t, 6 ty ti |t 0, 0, 0, 0, 05 M, (MeV) PC(0.5) PC(0.8) PC(1.2) a (GeV%
(1) 003 003 073 037 024 27 34 47 55 36  510-580  92%  52% 13% 1.2x 1077
(2) 003 092 075 070 003 56 080 41 29 25 510-590 90% = 46% 11% 55x 1077
(3) 025 079 016 095 022 18 12 61 044 18  510-600 87%  44% 11% 3.6 X 1077
(4) 053 026 093 024 076 29 040 20 25 33 510-610 8%  41% 10% 1.7 x10°°
(5) 074 054 074 065 067 015 31 14 27 6.1 520640 81%  36% 8% 1.9%x107°
6) 098 050 0.12 033 003 20 40 63 13 1.6 510-590 82%  32% 6% 58X 1078
(7) 098 042 084 082 072 0095 15 37 24 30 540-700  70% = 26% 6% 4.2 x10°°
(8) 048 068 0.58 096 004 18 25 30 43 37 530-690 70%  25% 6% 1.9x10°°
9 053 1.0 099 034 086 56 48 53 41 0076 540-700  68%  24% 5% 45X 107°
(10) 075 096 032 0.2 011 43 26 093 5.1 29  560-760  57%  17% = 4% 9.5x 1077
(1) 031 081 071 0 010 42 18 28 54 51 570-780  55%  17% 4% 32X 107°
(12) 047 040 0 046 091 018 19 19 0091 094 540-730 58%  16% 3% 2.0X 1077
(13) 0.60 026 044 027 024 33 36 092 59 37 620-850  43%  13% 3% 17x107°
(14) 074 073 073 032 028 13 13 46 33 56  620-850 42%  12% 3% 43X 107°
(15) 0.65 055 092 0.19 096 49 52 40 55 33 730-930  25% % 2% 5.4%10°°
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0.8 GeV?, and 1.2 GeV?, respectively. We find that the
pole contribution decreases very rapidly as the Borel
mass increases. Since we have discussed the convergence
of OPE in the previous section, and found that the Dim =
10 and Dim = 12 terms are much smaller than the Dim =
6 and Dim = 8 terms, and so it is only the pole contribution
which gives a upper limitation on the Borel mass. The
Borel window is wider for the former parameter sets
(1), (2), - - -, and narrower for the latter ones. It almost
disappears for the set (15), whose mass prediction is also
much different from others. The Borel window should be
our working region. However, since the Borel stability is
always very good when M% > 0.5 GeV?, we shall keep the
idea of Borel window in mind and work in the region 0.5 <
M?% < 2 GeV2. On the other side, we shall care more about
the threshold value s.

By using these 15 sets of numbers, we perform the QCD
sum rule analysis. There are two parameters, the Borel
mass Mp and the threshold value s, in the QCD sum rule
analysis. We find that the Borel mass stability is usually
good, but the threshold value stability is not always good.
We show the mass range of ¢(600), M, in Table I, where
the working region is taken to be 0.8 GeV? < s, <
1.2 GeV? and 0.8 GeV? < M% <2 GeV?. We find the
mass range is small when the pole contribution (PC) is
large.

The parameter sets (01)-(06) lead to relatively good
threshold value stability. Taking the set (02) as an example,
we show its spectral density p(s) in Fig. 2 as function of s.
It is positive definite, and has a small value around s ~
1.2 GeV?. Therefore, the threshold value dependence is
weak around this point, as shown in Fig. 3 for the extracted
mass as functions of both M?% and s,,. We find all the curves
are very stable in the region 0.5 GeV? < M% <2 GeV?
and 0.6 GeV? < s, < 1.4 GeV?. From the set (02) we can
extract the mass of ¢(600) around 550 MeV. From other
good cases, we find that the mass of ¢(600) is around
50 MeV as well.

The parameter sets (07)-(15) lead to the threshold value
stability, which is not good. Taking the set (13) as an

4 4
o 3 3
>
Q
2
) 2
o
g
a1 1

0 0

0 1 2 3
S [GeV2]

FIG. 2. The spectral density p(s) calculated by the mixed
current 7, as a function of s. We show the results of the
parameter set (02) as an example.
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0 0 0 0
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FIG. 3. The extracted mass of ¢(600) as a tetraquark state
calculated by the mixed current 7, as functions of the Borel mass
Mp and the threshold value s,. We show the results of the
parameter set (02) as an example. At the left panel, the solid,
short-dashed, and long-dashed curves are obtained by setting
so = 0.8, 1, and 1.2 GeV?, respectively. At the right panel, the
solid and dashed curves are obtained by setting Mlz; =0.5,1, and
2 GeV?, respectively.

example, we show its spectral density in Fig. 4 as a
function of s (left figure), and the extracted mass in
Fig. 5 as a function of s, (upper three curves). The mass
increases with sy and we cannot extract the mass from this
result. Many effects contribute to the mass dependence on
the threshold value, but for ¢(600) the -7 continuum
contribution is probably the dominant one. Hence, we add
a term p .. (s) in the spectral function in the phenomeno-
logical side to describe the 7-7r continuum:

p(s) = f38(s = M3) + prn(s) + peom-  (22)

where p.. 18 the standard expression of the continuum
contribution except the 7-7r continuum. To find an expres-
sion for p . (s), we introduce a coupling

Apr = QOlyla™ 7). (23)
The correlation function of the 7r-7r continuum is
d*q i
Qm)? (p+ q)* — m> + ie

l

I,.(p?) =i

X % (24)

0
g*—mi+ie "

and the spectral density of the 7-7 continuum is just its
imaginary part

4 4 — 4 4
_ >
0 23
% 3 393 3
[ 7
3 -
.2 2 22 2
- 3
z ¢
g1 1 & 1 1
OG. E/

0 0 %20 0

0 1 2 3 0 1 2 3
s [GeV?] s [GeV?]

FIG. 4. The spectral density p(s) calculated by the mixed
current 7, as a function of s. We show the results of the
parameter set (13) as an example. The left figure shows the
full spectral density as given on the left-hand side of Eq. (22),
while the right figure is the one with p_..(s) subtracted.
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1.0

0.8

0.6

0.4

Mass [GeV]

0.2 0.2

0.6 0.8 1 12 14
so [GeV?]

FIG. 5. The extracted mass of ¢(600) as a tetraquark state
calculated by the mixed current 7, as functions of the threshold
value sy. We choose the parameter set (13) as an example. The
solid, short-dashed, and long-dashed curves are obtained by
setting M% = 0.5, 1, and 2 GeV?, respectively. The upper three
curves are obtained without adding the contribution of the 7-7
continuum in the spectral density in the phenomenological side,
while the lower three curves are obtained after adding the
contribution of the 7-7 continuum.

1 4m?
pon(s) = ImII,(s) = —2\/1 - (29)
167 )

We may calculate A, by using the method of current
algebra if we know the property of the resonance state.
However, this is not the topic of this paper. Moreover, in
this paper we use a general local tetraquark current to test
the full space of local tetraquark currents, so we again
make some trial and error tests, and find that the following
function leads to a reasonable QCD sum rule result, A, ~
s. Hence, we take the spectral density of the -7 contin-

uum as
4 2
prn(s) = alt;, 01-)s2,/1 - (26)
S

We add the continuum contribution p . (s) in the phe-
nomenological side and perform the QCD sum rule analy-
sis. The values of parameter a(z;, ;) are listed in Table 1.
After adding the continuum contribution, the threshold
value stability becomes much better. Still taking the set
(13) as an example, we show its spectral density in Fig. 4 as
a function of s (right figure), and the extracted mass in
Fig. 5 as functions of s (lower three curves). We see that
now the spectral density has a small value around s ~
1.1 GeV?, and the stability of the threshold value is sig-
nificantly improved.

Hence, we made the same analysis for all the other
cases. We found all the cases are good except one, which
is the case (15), where we are not able to get the desired
stability as a function of s,. The mass function has a small
stability region and increases rapidly with s,. Hence, we
consider this case is between the good case and bad case,
and remove it from the further analysis in this paper. We
show several results out of all the good cases in Fig. 6,

PHYSICAL REVIEW D 81, 114034 (2010)
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FIG. 6. The extracted mass of ¢(600) as a tetraquark state
calculated by the mixed currents 7, as functions of the threshold
value sy. We choose the parameter sets (01), (03), (06), (09),
(12), and (14). The results are shown in sequence. The solid,
short-dashed, and long-dashed curves are obtained by setting
M2 = 0.5, 1, and 2 GeV?, respectively.

which are obtained by using the parameter sets (01), (03),
(06), (09), (12), and (14). We list the used a(z;, ;) in
Table I for all the cases. All the masses behave very nicely
as functions of the Borel mass and s, as shown in Fig. 6. In
our working region 0.8 GeV? < s, < 1.2 GeV? and
0.8 GeV2 < M% <2 GeVZ, all the cases lead to a mass
within the region 495 MeV ~ 570 MeV. From this mass
range, the mass of ¢(600) is extracted to be 530 MeV =
40 MeV.

IV. THE EFFECT OF FINITE DECAY WIDTH

After the s, stability has been improved, we notice now
that the mass increases systematically with the Borel mass
as seen in Fig. 6 in all the cases. We therefore try to
consider a possible reason for this systematic result. The
o(600) meson has a large decay width. We parametrize it
by a Gaussian distribution instead of the 6-function for the
a(600).

2 (5 — My)?

PPV (s) = fix exp(— \/—72’() (27)
2oy 20%

The Gaussian width oy is related to the Breit-Wigner

decay width I' by oy = I'/2.4. We set oy = 200 MeV,
and My = 550 MeV and calculate the following ‘““mass’:

]‘80 e—s/Mgsexp(_ (Ss—My)*\ ds

207 2./s
M*(Mp, 5) = 0 (28)
It e=5/M exp(— (ﬁz—gﬂgx)z 2d_j§
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FIG. 7. The extracted mass considering a finite decay width.
The solid, short-dashed, and long-dashed curves are obtained by
setting M% = 0.5, 1, and 2 GeV?, respectively.

We find that the obtained mass M is not just 550 MeV, but
increases as M% increases as shown in Fig. 7. Hence, the
extracted mass in the QCD sum rule analysis ought to
depend on the Borel mass. The amount of the change of
the extracted mass in the QCD sum rule analysis is similar
to the one found in this model calculation. Moreover, we
find that the finite decay width does not change the final
result significantly, which we have also noticed in our
previous paper [24].

V. SUMMARY

In summary, we have studied the light scalar meson
o(600) in the QCD sum rule. We have used general local
tetraquark currents, which are linear combinations of five
independent local ones. This describes the full space of
local tetraquark currents, which can couple to o (600)
either strongly or weakly. We find some cases where the
stability of the Borel mass and threshold value is both
good, while in some cases the threshold value stability is
not so good. The resonance mass has an increasing trend
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with s, which indicates a continuum contribution. Hence,
we have introduced a contribution from the -7 contin-
uum, and obtained a good threshold value stability. The
mass of o(600) is extracted to be 530 MeV = 40 MeV. A
very interesting observation is that the mass increases
slightly with the Borel mass. We have made a model
calculation by taking the Gaussian width of 200 MeV
centered at 550 MeV and try to make a sum rule analysis.
We see a similarly increasing trend as seen in the QCD sum
rule analysis.

The continuum contribution exists in the background of
the o-(600) meson and it is very important to consider this
fact in the QCD sum rule analysis for exotic states. We
have seen a clear tendency of the mass increase with the
Borel mass after getting a good signal of the threshold
dependence. The decay width of o(600) is related to this
increase tendency. We are now trying to calculate this by
using the three-point correlation function within the QCD
sum rule approach. The present analysis is very encourag-
ing to apply the QCD sum rule including the continuum
states for other scalar mesons. Moreover, the continuum
contribution should be important in many other resonances
such as A(1405) etc., which lies in some continuum back-
ground. In the future, we will use the QCD sum rule
analysis with continuum to study various resonances.
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