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Light four-quark states and QCD sum rule
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Abstract The relations among four-quark states, diquarks and QCD sum rules are discussed. The situation

of the existing, but incomplete studies of four-quark states with QCD sum rules is analyzed. Masses of some

diquark clusters were attempted to be determined by QCD sum rules, and masses of some light tetraquark

states were obtained in terms of the diquarks.
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1 Introduction

A four-quark state was early predicted to exist
in the description of hadron scattering amplitudes™.
As an exotic meson, its properties have been stud-
ied extensively with many methods such as: MIT
bag model”, Color junction model®, Potential
model” | Effective Lagrangian!®, Relativistic quark
model”, QCD sum rules’ ¥ and many other
approaches"® 4
in Ref. [15]. So far, no four-quark state has been
confirmed. However, recent experiments!*® and the-

. Some related reviews can be found

oretical investigations revive people’s interest on this
topic.

In the constituent quark model, a four-quark state
consists of two quarks and two anti-quarks. Since a
quark/anti-quark has many degrees of freedom: color,
flavor, spin, etc., a four-quark state has a complicated
internal structure. Intrinsic quarks/anti-quarks may
have different correlations and make different clus-
ters. According to the spacial extension of the clus-
ters, four-quark states are usually supposed to have
two types: (qq)(qq) and (qq)(qd). The dynamics
among quarks in this two different kinds of four-quark
states may be different, but this two kinds of four-
quark states will mix. They will mix with related
normal qq mesons also. Unfortunately, no observable
has been established to distinguish the intrinsic cor-
relations or structures in these mesons.
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2 QCD sum rules and four-quark state

QCD sum rule is an effective non-perturbative
method of relating fundamental parameters of the
QCD Lagrangian and vacuum to parameters of

[17]

hadrons To proceed with a reasonable sum rule

analysis, the employment of a suitable interpolating
current (local operator) is very important. In the
literature, different interpolating currents have been
employed for the study of four-quark states.

In Ref. [7], the following (qq)(qq) currents

)
) (1)
)
j4 I) — fablclfab2c2 (qbllﬂh\cll)(qb2['/lch2)

are used.
In Ref. [8], both (qq)(aq) and (qq)(qq) currents

Jaa? = (@vs7q)(@V57%q),
Jaaz = €€(¢"Crsmq) (@ Cys1eq’)  (2)

are analyzed.
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In Ref. [9], (cq)(qq) currents
jO - eabcedcc(anC’ySCb)(ﬁd’YSCJcr)a

. €abcCdec T — —T
s = ——— |(u, Cys00) (BaY:C5, ) +ue—d|, (3
J \/5 [( Vs b)( 475 ) ] ( )

Jss = €abc€ec(5, C75¢6)(7a75C35,)

are used.
In Ref. [10], (cu)(50) currents
J = % eadceafgCEFkUCEffkﬁg+(uﬂd)} (4)
are used.
In Ref. [11], (ud)(8S) currents
Sabea = (575C5y ) (u; Csda)
Vibea = (8277505, ) (ue C*y5da)
Tuvea = (520, C5p) (ue Co™da) ()
Asbea = (5.7:.C'5p) (ug Cy*da)

Pabcd = (EaCEb)(u;FOdd)

are used. Similar currents were employed in some
other studies of four-quark states which we have not
mentioned here.

Obviously, both (qq)(qq) and (qq)(qq) currents
were used. Based on the structures of these cur-
rents, many conclusions on (qq)(qq) and (qq)(qq)
four-quark states have been drawn.

Have we really touched the structures of four-
quark states in terms of these currents? The answer
is NO. As pointed out in Ref. [12], in the framework of
QCD sum rules, the internal constituent quark struc-
tures of multi-quark states can hardly be detected
through the couplings of the interpolating currents
to hadrons. In other words, the intrinsic quark corre-
lations can hardly be detected with local operators.

This point is easy to be understood in another
qa)(qq)
will mix with each other under renormalization. On
the other hand, under a Fierz transformation (rear-
rangement), the current (qq)(qgq) can be transformed
into a current (qq)(qq) as follows

way. On one hand, currents (qq)(qq) and (

- 1 ~. =a ~ ., =a ~—a ~—a
Jaa2 = 1{(61%7 Q)(qVs7q) + (7" q)(qT"q) +

(@™ a) (@™ a) + (@77 ) (@177 ) —
1 = —a = —a

500, 7°0)(q0,0,7 q)}- (6)
Therefore, there is no definite difference among
Accordingly, conclusions on four-
quark states in terms of these four-quark currents are
not reasonable. In fact, there is no direct correspon-

dence between the current (operator) picture with the

these currents.

constituent quark picture.

Furthermore, in the existing literature, all calcu-
lations are terminated at the leading order of oy be-
cause of the difficulties in the operator product ex-
pansion, which may result in large deviations.

Recent publications drawing different conclusions
on the lowest scalar in the framework of QCD sum

rules appears™® .

3 Diquark and light tetraquark state

Diquark clusters in hadrons are in fact a kind of
strong correlation between pairs of quarks, which was
first mentioned by Gell-Mann®”. So far, people have
not found fact confirming the existence of diquarks
in hadrons. However, the concept of diquarks has
been applied successfully to many strong-interaction
phenomenal® 2,

Diquarks appear often in the interpolating cur-
rents within the QCD sum rule approach. However,
as we pointed out in Ref. [12], the diquark is a super-
ficial concept in that literature. A diquark is mean-
ingful in the constituent quark picture, but it is not
meaningful in the operator picture in the framework
of QCD sum rules.

As is well known, a diquark is not an isolated clus-
ter in a multi-quark state, but it may be approxi-
mately regarded as a bound state composed of two
quarks and may be used as a degree of freedom. In
history®® #! the diquark picture was applied to weak
hadron decays within the QCD sum rule approach.

In Ref. [12

in terms of the diquark current with flavor (sq)
gilx)= eijksz(:v)Cqu(:v) . (7)

Accordingly, the most “suitable” m
were determined as:

], an updated analysis was performed

qq and mg

Mgq ~400 MeV, so=1.2 GeV?,

Mg ~460 MeV, s,=1.2 GeV?.

The dependence of the diquark masses on flavor
is explicit. The mass scale of the diquark is the same
as that of the constituent quarks. Our results are
consistent with the fit of Maiani et all**.

Once the masses determined here are regarded as
the constituent diquark masses!*
tetraquark follow as in Ref. [14]

, the masses of 0T+

0%* [qq][aq]: ~490 MeV,
07" [sq][qq]: ~610 MeV, (8)
0%* [sq][sq]: ~ 730 MeV.
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Similarly, the masses of the L = 1 excited
tetraquark state follow

177 [qq][aq]: ~490+ B, MeV,

17 [sql[qal: ~610+ B, MeV, (9)

177 [sq][sq]: ~ 730+ B, MeV,

2 2
B = [M} Maap . B,=0.495 GeV,
Qg (mﬁ) q
where B is very sensitive to A.

Through this exploration, it seems reasonable to
identify f,(600) (or o), £,(980), a¢(980) and the un-
confirmed k(800) as the 07 light tetraquark states.

4 Conclusions and discussions

The relations among four-quark states, diquarks
and QCD sum rules are discussed. It is known that
both (qq)(@d) and (qq)(qq) interpolating currents
were employed within the QCD sum rule approach.
However, the properties of (qq)(qq) and (qq)(qq)
four-quark states can not be detected through these
currents. In principle, there is no difference between
these currents. On one hand, currents (qq)(qq) and

(q@)(qq) will mix under renormalization. On the

other hand, the current (qq)(qq) can be tranformed
into the current (qq)(qq) under a Fierz transforma-
tion.

Diquarks are useful in the constituent quark
model, but it is a superficial concept in the construc-
In fact, there is no
correspondence between the constituent quark pic-

tion of interpolating currents.

ture and the current (operator) picture.

The QCD sum rule was combined with the con-
stituent quark model to study the tetraquark state.
In this model the masses of diquarks were deter-
mined within the QCD sum rule and were regarded
as the masses of the constituent diquarks. The ob-
tained masses of the diquarks depend explicitly on
flavor. Subsequently, similar as in the constituent
quark model, the masses of the 0 and excited 1=~
tetraquark states were obtained in terms of those di-
quarks. It is pointed out that the identification of
£5(600) (or o), £,(980), a0(980) and the unconfirmed
k(800) as the 07" light tetraquark states seems rea-
sonable.

Of course, the diquark has not yet been confirmed.
Whether it can be studied with QCD sum rules re-
quires more exploration. Furthermore, the dynamics
in hadron is still not clear, the uncertainty of our
model is not clear either.

References

1 Rosner J L. Phys. Rev. Lett., 1968, 21: 950

Jaffe R L. Phys. Rev. D, 1977, 15: 267; 281

3 CHAN Hong-Mo, Hégaasen H. Phys. Lett. B, 1977, 72:
121

4 Weinstein J, Isgur N. Phys. Rev. Lett., 1982, 48: 659; Phys.
Rev. D, 1983, 27: 588; Weinstein J, Isgur N. Phys. Rev.
D, 1990, 41: 2236; Tornqvist N A. Phys. Rev. Lett., 1991,
67: 556; Glozman L Y, Riska D O. Phys. Rept., 1996, 268:
263

5 Black D, Fariborz A H, Schechter J. Phys. Rev. D, 1999,
59: 074026

6 Ebert D, Faustov R N, Galkin V O. Phys. Lett. B, 2006,
634: 214

7 ZHANG Ai-Lin. Phys. Rev. D, 2000, 61: 114021

Schafer Thomas. Phys. Rev. D, 2003, 68: 114017

9 Bracco M E, Lozea Matheus R D et al. Phys. Lett. B, 2005,
624: 217

10 Kim Hungchong, Oh Yongseok. Phys. Rev. D, 2005, 72:
074012

11 CHEN Hua-Xing, Hosaka A, ZHU Shi-Lin. Phys. Rev. D,
2006, 74: 054001

12 ZHANG Ai-Lin, HUANG Tao, Steele Tom. Phys. Rev. D,
2007, 76: 036004

13 Achasov N N, Devyanin S A, Shestakov G N. Phys. Lett.
B, 1982, 108: 134; Achasov N N, Ivanchenko V N. Nucl.
Phys. B, 1989, 315: 465; Pelaez J R. Phys. Rev. Lett.,

[\

oo

2004, 92: 102001; Anikin I V, Pire B, Teryaev O V. Phys.
Lett. B, 2005, 626: 86; Melikhov D, Stech B. Phys. Rev.
D, 2006, 74: 034022

14 Maiani L, Piccinini F, Polosa A D, Riquer V. Phys. Rev.
Lett., 2004, 19: 212002; Phys. Rev. D, 2005, 71: 014028

15 Godfrey S, Napolitano J. Rev. Mod. Phys., 1999, 71: 1411;
Amsler C, Tornqvist N A. Phys. Rept., 2004, 389: 61; Jaffe
R L. Phys. Rept., 2005, 409: 1

16 Nakano T et al. (LEPS Collaboration). Phys. Rev. Lett.,
2003, 91: 012002; Aubert B et al. (BaBar Collaboration).
Phys. Rev. Lett., 2003, 92: 242001; Choi S K et al. (Belle
Collaboration). Phys. Rev. Lett., 2003, 91: 262001

17 Shifman M A, AVainshtein A I, Zakharov V I. Nucl. Phys.
B, 1979, 147: 385

18 Matheus R D, Navarra F S, Nielsen M, da Silva R R.
arXiv:0705.1357[hep-ph]

19 CHEN  Hua-Xing,
arXiv:0707.4586[hep-ph]

20 Gell-Mann M. Phys. Lett., 1964, 8: 214

21 Anselmino M, Kroll, B. Pire B. Z. Phys. C, 1987, 36: 89

22 Dosch H G, Jamin M, Stech B. Z. Phys. C, 1989, 42: 167

23 Anselmino M, Predazzi E, Ekelin S, Fredriksson S, Licht-
enberg D B. Rev. Mod. Phys., 1993, 65: 1199

24 Jaffe R L, Wilczek F. Phys. Rev. Lett., 2003, 91: 232003

25 Karliner M, Lipkin H J. Phys. Lett. B, 2003, 575: 249

26 Shuryak E, Zahed I. Phys. Lett. B, 2004, 589: 21

27 Selem A, Wilczek F. hep-ph/0602128

28 Jamin M, Neubert M. Phys. Lett. B, 1990, 238: 387

Hosaka A, ZHU  Shi-Lin.



