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Abstract: We study the states 7; (1600) and 7; (2015) in the QCD sum rule. We classify the tet-

raquark currents of the quantum numbers I°J"=1"1"", and find that the flavor structure (3 @

6 YP (6 K) 3) is preferred when using a diquark-antidiquark construction. By using both the SVZ

and finite energy sum rules, we obtain a mass around 1. 6 and 2. 0 GeV, for the states with the

quark contents qqqq and gsqs , respectively. We also study their decay patterns.
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1 Introduction

Since 1976, Jaffe has suggested to use the
four-quark system which contains two strongly
correlated diquarks to explain the low-lying scalar
(6(600), «(800) , a, (980) and
£, (98001,
m s with exotic quantum numbers I¢JT¢ =1"1""

are also tetraquark candidates®.

mesons

Besides these states, the meson states

There are alto-

gether three m;s experimentally. They are
7 (1400) , 7, (1600) and m; (2015). Their masses
and widths are (1376 £ 17 , 300 £ 40) MeV,
(1653%;, 2257%) MeV, and (2014 +20+16, 230
+21 £73) MeV, respectively'® *). They are inter-
preted as hybrid states in many papers’® . Tet-
raquark states can also carry these exotic quantum
numbers. In this proceeding, we will use the tet-
raquark structure to explain m; (1600 ) and
71 (2015) by using the method of QCD sum rule,
which has proven to be a very powerful and suc-
cessful non-perturbative method"® . The detailed a-
nalysis can be found in Ref. [7].

In order to classify the flavor structure of

* Received date: 29 Aug. 2008; Revised date: 2 Sep. 2008

Document code: A

four-quark system with quantum numbers J7 =
177, we start with the consideration of the charge-
conjugation symmetry. The charge-conjugation
transformation changes diquarks into antidiquarks,
while it maintains their flavor structures. There-

fore, the internal diquark (qq) and antidiquark

(qq) can have the symmetric flavor structure 6; ()
g( (S), the antisymmetric flavor structure gr X

3; (A ) ,and the combination of g[ () 6[ and 6; &
ST

qqqq (S qsqs(S) ~ 6, 6; (S),
qsqs(A) ~ 3, @ 3, (A),
qqqq(M ), qsqs (M),
~ B, R6,)PG6,R3,) M), (1

where g represents an up or down quark, and s re-
presents a strange quark. The flavor structures are
shown in Fig. 1 in terms of SU(3) weight dia-
grams. The ideal mixing scheme is used since it is
expected to work well for hadrons except for the

pseudoscalar mesons.
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Fig. 1 Weight diagrams for 6; Q6; (S) (top panel) . 3; @3,

(A) (middle panel), 3, @6, (M) (bottom panel).
Weight diagram for 6; @3 (M) is the charge-conju-

gation transformation of the bottom one.

For each state, there are several independent
currents. We list them in the following. For the

two isospin triplets of 6; X 6, (S):

Pow ~ul CysdyCu, 7,7 Cdy +uyy,7: Cdl) +
w!Cy,vsdy(u,v: Cdl +u,y; Cdl)

B~ ul Cyd, (o, Cdl —us, CdD) +

W' Co,dy(u, 7 Cdl —u, 7 Cdl)
o ~ul Cys s,Cue 7,7 Csi +uyv,7: Csl) +
ul Cy, 75, vs Csl +u, 7, CsD)
w,6,,CsI) +
ul Co,,s,(u, v Csi —u, 77 Cs. (2)

where the sum over repeated indices (u, v, =++ for

S T . - ~ T
7, ~ s Cy s, (u,o,, Csy —

Dirac spinor indices, and a, b, **+ for color indices)

is taken. C is the charge-conjugation matrix, T re-

presents the matrix transposition. 7;, and 23, are
the two independent currents containing only light
flavors, and 73, and 7}, are the two independent
ones containing one ss pair. We use “~” to make
clear that the quark contents here are not exactly
correct. However, the QCD sum rule results are
the same and so correct.

For the isospin triplet of 3, @3 (A):

A T () N LT o ~ T

My ™ Ua CvssiCu.v,7:Csiy —uy 7,7 Cso) +
T ~ . - ViT - 17"1‘
we C 7, 7s 5075 Csy —u, ¥7s Csa) s

A T T T

o ~ ua C 7 5, (uuo,, Csy +uy0,,Csy) +

ul Co,,50(u, 7" Csi +u, 77 Csl). (3
where qﬁ, and 77?,, are the two independent currents.

For the two isospin triplets of (3 (%) 6, YP (6,
& 3 )(M )

o~ ul Cy,d,u, Cdl +u,Cd) +
W Cdyuy, Cdl+ a7, Cdl)
P~ ul Co, vs dyCu, v v, Cdl +
w, Y'Y Cdl) +
ul Cyvys dy(uio,, 7s Cc?,f +
wa,, v Cdl)
P~ Cdyu, v, Cdl —u,y,Cdl) +

W Cyod,(u,Cdl —u,CdT)

771;/,11 ~ul Cyysd,(u, Ouv Vs Cd, —
uyo,,7; Cdl) +
u;, C Cuv Vs dyCu, v v; Cdj —
w, 7' v; Cdl) s
e~ s C 5, (u, Csy +u, Csi) +
ul Cs,Cu, 7, Cs) +u,y,Csl)
7& ~ulCo,, Vs s,(ug v ys Cst+
w, 7" v; Csl) +
ul Cy* s s (u, Ouv Vs Cs, +
L?/,G/w Vs C;Z) ’
e ~ul CsyCu, v, Csi —uyy,Csi)+
ul C7,5,(u, Cs; —u, CsD
7]%[4 ~ul Cyrys s (u, Cuv Vs Csj) —
;1)0'#»75 CsDH +
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ul Co,, 75 s,(u, v v; Cs, —

w, 7' ys CsI) 4)
where 77]1\/{2,3,4 are the four independent currents con-
taining only light flavors, and 7’;4,2,3,4 are the four
independent ones containing one ss pair.

We have performed the OPE calculation up to
dimension 12. The full OPE expressions are too
lengthy and are omitted here. In our numerical
analysis, we use the following values for various
condensates and m, at 1 GeV and a, at 1.7
GeVLs 8l

(qq) = — (0. 240 GeV)*,

(ss) =—(0.840.1) X (0.240 GeV)?,

(g:GG) =(0.48 + 0.14) GeV',

(g.go Gg) =—M: X {qq),

M; =(0.8+0.2) GeV?,

m,(1 GeV) =125+ 20 MeV ,

a (1.7 GeV ) =0.328 £0.03£0.025 .

(5

There is a minus sign in the definition of the mixed
condensate (g.goGq), which is different from that
used in some other QCD sum rule studies. This
difference just comes from the definition of cou-

pling constant g.*.

Fig. 2 Spectral densities for the current p%,, 7, (—), 7i,,
1/‘?# (=), 7}?,1 and 1/?# (— — —). The labels besides the
lines indicate the flavor symmetry (S or A) and suffix :

of the current ;" (i=1,2,3,4).

There are altogether five possibilities: qqqq
(S), gsqs (S), gsgs (A), qqqq (M), and gsgs
(M ). However, we find that the spectral densities
are negative in the energy region 1—2 GeV for the

currents belonging to the flavor representations 6;

@ 6; (S) and 3;@ 3; (A). They are shown in
Fig. 2. Therefore, the flavor structures 6; &) 6,
and g{ & 3¢ are not preferred. Then there are two
possibilities left: qqqq(M ), and gqsqs(M ), which
belong to the mixed flavor structure (3 (%) 6 )P
(6, & 3;).
shown in Fig. 3. The convergence of the OPE is
very good in the region of 2 GeV?*<<M}; <5 GeV?.

Therefore, we will use these currents to perform

Their spectral densities are positive as

the QCD sum rule analysis.

M
(7

Fig. 3 Spectral densities for the current 7 The spectral
densities for the currents with the quark contents qqqq
are shown on the top panel, and those with the quark
contents gsqs are shown on the bottom panel. The la-

bels besides the lines indicate the suffix 7 of the current

P G=1..8).

The mass is obtained as functions of Borel
mass My and threshold value s,. As an example,
we show the mass calculated from currents 7]%{ and
s, in Figs. 4 and 5, respectively. The first one has
quark contents qqqq ; while the last one has quark
contents gsqs . From figures on the top panel, we
find that the dependence on Borel mass is weak. In
figures on the bottom panel, the mass is shown as
functions of s, we find that there is a mass mini-
mum, which is around 1. 6 and 2. 0 GeV for 72, and
ni.» respectively. Although there are four inde-

pendent currents, we find that they give a similar
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result. Therefore, our QCD sum rule analysis and qsgs, respectively. For comparison, we have
leads to a mass around 1. 6 and 2. 0 GeV for qqqq also used the method of finite energy sum rule, and
)5 arrive at the same results.
(a) We have also studied their decay patterns and
2 a0l A | found that the possible final states are S-wave b,
(RN S0~
> LT J““““S;:'i“ (1235)7 as well as P-wave modes 7y and m/ , etc.
§ 1.5 s, =2.5
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