PHYSICAL REVIEW D 82, 074001 (2010)
Tetraquark state and multibody interaction
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The tetraquark states with diquark—anti-diquark configuration have been studied in the flux-tube model,
in which the multibody confinement is used. In this model approach, the states Y(2175), f,(600), f,(980),
and X(1576) can be assigned as tetraquark states. They are color confinement resonances with three-
dimension structure. This study suggests that the multibody confinement should be employed in the quark
model study of multiquark states instead of the additive two-body confinement.

DOI: 10.1103/PhysRevD.82.074001

I. INTRODUCTION

Quantum chromodynamics (QCD) is widely accepted as
the fundamental theory of strong interaction and has been
verified in high momentum transfer processes. In the low
energy region, such as hadron spectroscopy and hadron-
hadron interaction study, the ab initio calculation directly
from QCD becomes very difficult because of the compli-
cation of nonperturbative nature. Recently, lattice QCD
and nonperturbative QCD method have made impressive
progresses on hadron properties, even on hadron-hadron
interactions [1,2]. However, QCD-inspired quark models
are still an useful tool in obtaining physical insight for
these complicated strong interaction systems. In the con-
stituent quark model, hadrons are composed of ¢g (meson)
and gqqg (baryon). The states with dominant components
beyond ¢ and ¢>, such as multiquark ¢%>3>, ¢*g, ¢°, quark-
gluon hybrids ¢gg, ¢’g, glueballs gg, are called exotic
hadrons. QCD does not deny the existence of exotic had-
rons. The investigation of multiquark states included the
two quarks and two antiquarks started by Jaffe [3] about
30 years ago. Since then, different models have been
applied to the gqg g studies [4-10]. Recently, the four-
quark state studies have been revived [11-20] due to Belle,
BABAR, and other experimental collaborations that have
discovered a number of open and hidden charm meson
states, which are difficult to fit into the conventional gg
meson spectra [21].

The color confinement is the most prominent feature of
QCD and should play an essential role in the low energy
hadron physics. For ¢g meson and ¢ baryons, the color
structures are unique. This makes the construction of quark
models easier and effective. However, it also minimizes the
effects of quark confinement. For multiquark systems and
hadron-hadron interactions, the color structures are abun-
dant (see Fig. 1). Is it reasonable to directly extend the two-
body color confinement for usual hadrons to multiquark
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system by means of the Casimir scaling [22]? This is an
open question. For example, the use of the Casimir scaling
will lead to anticonfinement for some color structure in
the multiquark system [23]. Lattice QCD calculations for
mesons, baryons, tetraquarks, and pentaquarks reveal flux-
tube or string-like structure [24,25] which links quark to
form hadrons, as shown in Fig. 1, where a black dot
represents a quark while a hollow dot represents an anti-
quark. The confinement of multiquark states is generally a
multibody interaction. Lattice QCD calculations indicate
that confinement potential energy is proportional to the
minimum of the total length of strings which connect the
quarks to form a multiquark state.

It is interesting to apply the multibody confinement to
the multiquark calculations. This can be realized by em-
ploying the naive flux-tube or string model [26,27], which
is based on lattice QCD picture by simplifying the multi-
body confinement with harmonic interaction approxima-
tion, i.e., the total length of strings is replaced by the sum
of the square of the string lengths to simplify the calcu-
lation. A comparative study between linear and quadratic
potential showed the inaccuracy of this replacement is
quite small [26,27]. There are two reasons to expect this:
One is that the spatial variations in separation of the quarks
(lengths of the string) in different hadrons do not differ
significantly, so the difference between the two functional
forms is small and can be absorbed in the adjustable
parameter, the stiffness. The second is that we are using
a nonrelativistic description of the dynamics and, as was
shown long ago [28], an interaction energy that varies
linearly with separation between fermions in a relativistic,
first order differential dynamics has a wide region in
which a harmonic approximation is valid for the second
order (Feynman-Gell-Mann) reduction of the equations of
motion.

In our previous paper [27], a new string structure based
on the flux-tube model, the quark benzene for six-quark
system was proposed and its possible effect on NN
scattering was discussed. In the present work, the same
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FIG. 1. Possible string structures of multiquark systems.
flux-tube model is extended to the study of tetraquark
states by using Gaussian expansion method (GEM) [29],
which is a powerful method for few-body system with high
precision. The paper is organized as follows: in Sec. II the
model Hamilton and parameters for describing mesons are
given. In Sec. III we present the confinement potential of
tetraquark state in the framework of flux-tube model. The
brief introduction of GEM and the construction of the wave
functions of tetraquark states are given in Sec. IV.
Section V presents the numerical results and discussions.
A summary is given in the last section.

II. MODEL AND PARAMETERS
FOR ¢ MESON AND TETRAQUARK

The quark model inspired by QCD should include per-
turbative (effective one-gluon exchange) and nonperturba-
tive (color confinement and the spontaneous breaking of
chiral symmetry) properties. The origin of the constituent
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quark mass can be traced back to the spontaneous breaking
of chiral symmetry and consequently constituent quarks
should interact through the exchange of Goldstone bosons
[30]. However, there are some controversies on the use of o
meson, and it is argued recently that the o meson exchange
used in the chiral quark model can be replaced by the quark
delocalization and color screening mechanism [31].
Therefore, the o meson is not included in the following
Hamiltonian. The model Hamiltonian of the ¢g (n = 2)
and tetraquark system (n = 4) is chosen as follows:

n 2 n
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where Ty, is the center-of-mass kinetic energy, Y (x) is the
standard Yukawa function, and all symbols have their usual
meaning. The delta function in the one-gluon exchange
potential should be regularized [32]; the regularization is
justified based on the finite size of the constituent quark and
should, therefore, be flavor dependent [33,34],

1 1
4 rijr(z)(ﬂ)

e~/ ro(p), (7)

where u is the reduced mass of the gg system and ry(u) =
7o/ and the 7, is a model parameter to be determined by
ground state meson masses.
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The model parameters are fixed as follows: the u,
d-quark masses are taken as the same and are assumed to
be exactly % of the nucleon mass, namely, m, = m; =
313 MeV, the masses of 7, K, n take the experimental
values, the A, Ag, A,, 6,, Ay, and u are taken the same
values as in Ref. [33], namely, A, =42 fm™!, Ax =
A,=52fm™', 0,=-15°, Ay=36.98 MeV, and
Mo = 0.113 fm. The chiral coupling constant g, is deter-
mined from the 7NN coupling constant through

g_gh = <§)2 g2y Mind )
v, d 5 47 m2 '

and flavor SU(3) symmetry is assumed, where % = 0.54.
The rest parameters my, k, A, «, and 7, are determined by
fitting ground state meson spectra. An effective scale-
dependent strong coupling constant [33] is given by

. 9)

Qg

i
In M MG
[ Ag ]

aS(M) =

The meson spectra are obtained by solving the following
Schrodinger equation:

hZ
[ 5,V 4V~ E|wnmi =0 (0)
where ¢, is the relative orbital motion wave functions,
. 1s the color-spin-flavor wave function. i, (r) can be
expanded by means of Gaussian functions with different
size [29],

Mmax

Gin(®) =D ,Nyrle 7Y, (#). (11)

n=1

Gaussian size parameters are taken as geometric progres-
sion

Vn=l rp=ria"" !, a=(ﬂ>l/(”mx 1). (12)
r

With ry = 0.1 fm, r, = 2.0 fm, and n,,, =7, we can

obtain converged results. The model parameters and the

obtained meson masses are shown in Tables I and II,

respectively.
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From Table II, one can see that the calculated meson
masses are consistent with experimental values. The
masses of mesons with orbital angular momentum L = 1
are also given in Table II.

III. THE CONFINEMENT OF
A TETRAQUARK STATE

The diquark picture is often used in the multiquark
studies because of its attractive property. Maiani et al.
obtained a rather good description of light scalar mesons
with diquark—anti-diquark configuration [35,36]. Iwasaki
and Fukutome discussed the possibility of the existence of
tetraquark states made of four quarks based on diquark—
anti-diquark picture in the string (flux-tube) model [37].
Ding and Yan interpreted X(1576) as the P-wave excitation
of a diquark—anti-diquark bound state [38]. Here the
diquark—anti-diquark configuration is used to study the
tetraquark state in the flux-tube model. The configuration
is shown in Fig. 2, where a solid dot represents a quark,
while a hollow dot represents an antiquark, r; is quark’s
position, and y; represents a junction where three strings
(flux tubes) meet. A thin line connecting a quark and a
junction represents a fundamental representation, i.e. color
triplet, and a thick line connecting two junctions is for a
color sextet or other representations, namely, a compound
string. The different types of string may have different
stiffness [22,39]. Color couplings satisfying overall color
singlet of tetraquark are [[gq 1[G 7ls}y and [[qq1o[7 dle 1.
and subscripts represent the dimensions of color repre-
sentations.

In the flux-tube model with quadratic confinement, the
confinement potential of the tetraquark state has the
following form:

VE=Fkl(r; —y)? + (r; —y)* + (r; — y»)?
+ (ry — y2)* + ka(y; — ¥2)*1 (13)

where k is the stiffness of the string with the fundamental
representation 3 which is determined by meson spectrum,
and kk, is the different compound string stiffness. The
compound string stiffness parameter «, [22] depends on
the color representation d of the string,

TABLE I. The model parameters.
mg (MeV) m, (MeV) k (MeV fm™2) 7o (MeV fm) A (fm?) ay
520 1700 2133 30.85 0.5 4.25
TABLE II. Meson spectra (MeV).

Meson: T K p K* ® 1) DO D* D, D} Ne J/
Theor. (L = 0) 139 502 761 897 735 1023 1928 2001 2014 2112 2992 3144
Exp. (L = 0) 139 496 770 898 780 1020 1865 2007 1968 2112 2980 3097
Theor. (L = 1) 1054 1204 1102 1226 1098 1342 2304 2310 2401 2405 3419 3420
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FIG. 2. Diquark—anti-diquark state.

(14)

where Cq4 is the eigenvalue of the Casimir operator asso-
ciated with the SU(3) color representation d of the string,
C3=‘—3‘,C6=13—0,andC8=3.

For given quark positions r;, we can fix the positions of
the junctions y; by minimizing the energy of the system.
After fixing y;, a set of canonical coordinates Q; is intro-
duced to simplify expressions of the energies of the system.
The orthogonal transformation between quark’s coordi-
nates r; and Q; can be written in the form of

4
Q=D aq; (15)
j=1

where q; = /m;r; and m; is the mass of the quark g;. Then
the kinetic and potential energy of the system read

& 1 e
T=- LoVve=2 2Q7, 16
22 PIEE

respectively. If all quarks have same mass, the set of
canonical coordinates are simplified as

Q, = \/%(ﬁ — 1), Q, = \/%(1'3 — 1),

Q; = \/g(rl + 1, — 13— Iy, (17)

m
Q= \/;(1'1 Tyt

In the center-of-mass system of four quarks, the confine-
ment potential V¢ can be written as

k
VC=E<Q%+Q§+

Ky 2

Taking into account potential energy shift [see Eq. (6)
above], the confinement potential V< used in the present
calculation has the following form:

Ve — k[((l‘l —2r2)2 B A) N ((1‘3 —2r4)2 B A) +- :de

e R G
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The confinement potential is a multibody interaction. In
this way, our model is different from the string model of
Ref. [37], where the four-body problem is simplified to
two-body one by treating diquark as a antiquark and anti-
diquark as a quark.

IV. Y(2175) AND WAVE FUNCTIONS

Recently, BABAR Collaboration observed a resonance
Y(2175) near the threshold in the process ete™ —
& fp(980) via initial-state radiation [40-42]. The Breit-
Wigner mass is M = 2.175 £0.010 = 0.015 GeV, and
the width is narrow I' = 0.058 = 0.016 = 0.020 GeV. It
is claimed as an isospin singlet and its spin-parity is
determined to be JP¢ = 17", It was also confirmed by
the BES collaboration in the process J/ ¢ — nd f(980)
[43]. Various theoretical interpretations have been pro-
posed to explain this resonance. Ding and Yan interpreted
it as a strangeonium hybrid and studied its decay properties
in the flux-tube model and the constituent gluon model
[44,45]. Wang studied Y(2175) as a tetraquark state ss3§
by using QCD sum rule and suggested that there might be
tetraquark components in the state Y(2175) [46]. Zhu
reviewed Y(2175) and indicated that the possibility of
Y(2175) arising from S-wave threshold effects cannot be
excluded [47]. Napsuciale et al. studied the reaction
ete” — ¢ for pions in an isoscalar S-wave channel.
By selecting the ¢ f,(980) contribution as a function of the
e + e energy, they reproduced the experimental data ex-
cept for the narrow peak, yielding support to the existence
of a 177 resonance [48]. Bystritskiy et al. calculated the
total probability and the differential cross section of
the process e"e” — ¢ f,(980) by using the local
Nambu-Jona-Lasinio model [49]. Torres et al. performed
a Faddeev calculation for the three meson system, ¢ KK,
taking the interaction between two pseudoscalar mesons
and between a vector and a pseudoscalar meson from the
chiral unitary approach which generates dynamically the
low lying scalar mesons and the low lying axial vector
mesons. They obtained a neat resonance peak around a
total mass of 2150 MeV [50]. Chen et al. studied the mass
of the state ¥(2175) in the QCD sum rule and obtained a
mass around 2.2-2.4 GeV [51]. They also discussed pos-
sible decay properties of Y(2175) if it is a tetraquark state.

Here we also treat the Y(2175) as a tetraquark state with
two s and two § quarks. Since the Y(2175) has quantum
numbers J©€ = 177, the combined effects of the negative
parity and the total angular momentum J = 1 require a unit
of orbital angular momentum excitation. The Jacobi coor-
dinates of the tetraquark are defined as (see Fig. 2)

r =r; — Iy R=r;—r,4 (20)

_ nmry + myIry . msIrs + myry

X , 21

my + my mz + my
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where particles 1 and 2 are the s quarks, and particle 3 and
4 are the 5 quarks. We assume that the Y(2175) is the first
orbital angular momentum excitation between a diquark
and anti-diquark, ([ss],-wavel 3 5 |s-wave) p-wave and with total
spin S = 0. The total wave function for Y(2175) can be
written as a sum of the following direct products of color,
isospin, spin, and configuration terms,

(‘I)IJTMT = [[[qﬁﬁml (r)\Pslm:l ]JlM]
X[¢f,, R)¥,,,, 1ty ront XE0a X050,
X [\Pcl \Pcz]c[\pll \I,Iz ]I: (22)

where [;, s;, and c;, i = 1, 2 represent isospin, spin, and
color of diquark and anti-diquark, respectively. The four-
quark state is an overall color singlet with well defined
parity P = (—1)1"2"L isospin I, and total angular mo-
mentum Jy. For Y(2175), I =0, J; =1, , + L+ L =
odd. In this calculation, /;, =0, [, =0, and L = 1 are
assumed. Because orbital and flavor wave functions are
symmetric under exchange of two identical particles, the
combinations of color, and spin wave functions should be
antisymmetric, which leads to two possibilities: channel 1
color [[ss]¢[5 51g]; and spin [[ss]o[5 5]yJo, channel II color
[[ss]5[55]s]y, and spin [[ss]i[55];]p. The diquarks in
channel I and channel II are not “good” diquarks [52]
because of the orbital and flavor wave functions are
symmetric.

To obtain a reliable solution of few-body problem, a
high precision method is indispensable. In this work, the
GEM [29], which has been proven to be rather powerful to
solve few-body problem, is used to study four-quark sys-
tems in the flux-tube model. In GEM, three relative motion
wave functions are written as

1y max

¢7, (0 =D ¢, N,yrie ™"y, (&), (23)

n=1

12 max
$¢, R) = ¢, N, ,R:e =Ry, (R),  (24)

ny=1

N3 max

X6u(X) = 3 ¢ NoyXle Xy (X). (25

ny=1

The choice of Gaussian size is the same as that of mesons.

V. NUMERICAL RESULTS AND DISCUSSIONS

The energy of Y(2175) is obtained by solving the four-
body Schrodinger equation

(H—E)®;;y, =0 (26)
with Rayleigh-Ritz variational principle. In GEM

the calculated results are converged with ny,, = 10,
Nymax = 10, and n3,,c = 10. Minimum and maximum
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TABLE III. Numerical results for different models (MeV).
Models Channel I Channel II Channel coupling
Native 2559 2442 2422
Chiral 2538 2413 2387
Flux-tube 2290 2188 2176

ranges of the bases are 0.1 and 3.0 fm for coordinates r,
R, and X, respectively. Eventually, the model space is
constructed by 2000 basis functions.

Numerical results of different models are shown in
Table III. In the flux-tube model, the energy of channel I
is 2290 MeV, about 110 MeV higher than the experimental
value. The energy of channel Il is 2188 MeV which is very
close to experimental value. The difference between
channel I and channel II mainly comes from the one-gluon
exchange. Channel coupling reduce the energy to
2176 MeV, which is consistent with experimental value.
For comparison, the results of naive [53] and chiral quark
models, where the confinement of multiquark systems is
the sum of two-body interactions, are also shown in
Table III, which are higher than experimental value. The
chiral quark gives similar results as the naive quark model,
which means the Nambu-Goldstone-boson exchange does
not pull down the energy of the system much. Generally,
the Goldstone-boson exchange is important for the split-
ting within a multiplet of hadrons but not important for the
average energy of the multiplet and the splitting due to
Goldstone boson exchange in tetraquark systems are
several MeV to several tens of MeV. To find the spatial
structure of the tetraquark, the distances between any two
quarks are calculated and shown in the following:

(rt,) = (r3,;) = 1.0 fm?, 27)

(rd) = (1) = (r3;) = (r3) = 1.5 fm%.  (28)

Obviously, the Y(2175) can not be planar, as shown in the
Fig. 3.

To check the universality of the multibody confinement
potential for the multiquark states in the flux-tube model,
the calculation is extended to other tetraquark states with
the same configuration and parameters. For nonstrange

I

I,

FIG. 3. Spacial structure of the Y(2175).
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TABLE IV. Energies for some tetraquark states (MeV), n = u, d.

States nni i nnnn nsns nsns SS5§
IGJPC otott otott 1-0tt 171 orotT
Energy 587 1019 1306 1715 1925
Candidate f0(600) f0(980) ay(1450) X(1576) f0(2020)
States SS5§ cncn cnen cnen cne i
Energy 2176 3776 4020 3644 3978
Candidate Y(2175) X(3872) Y(4008)
Stages cSC3§ cSC§

]GJPC otott 0t1——

Energy 4038 4292

Candidate Y (4260)

tetraquark, the ground state and the first radial excited state
with quantum numbers /°J°¢ = 010" " are investigated.
The masses 587 and 1019 MeV are obtained (see Table IV),
which are consistent with the experimental values of
f0(600) and f,(980). So the scalar mesons f,(600) and
f0(980) are identified as tetraquark states in the present
calculation, other than the gg P-wave excited states (see
Table II). Chen et al. have also studied the lowest-lying
scalar mesons in the QCD sum rule; the same conclusion is
obtained [54].

X(1576) was considered as the tetraquark state gsg s
with quantum numbers J°¢ = 17~ by Karliner and Lipkin
[55]. In our calculation, the mass 1715 MeV is obtained,
which is a little higher than experimental value but it is still
in the region of error bar, 157674 (stat) *g3(syst) [56]. The
ground state of gsgG5 with quantum numbers /¢JFC =
170" in the flux-tube model has energy 1306 MeV, which
is lower than the mass of the possible candidate a(1450).
Channel coupling with gg may be needed to push the
energy up to make this assignment possible.

In Table IV, the energy of the tetraquark state ss5 § with
quantum numbers 19J°€ = 070" is also given. The en-
ergy 1925 MeV is about 100 MeV lower than the mass of
scalar meson f,(2020).

The calculation is also extended to charmonium states.
The energies of states cq¢ G, g = u, d, s with J* = 07+,
17" and 17~ are given in Table IV. From the mass, the
states Y(4008) and Y(4260) can be assigned to be tetra-
quark states cqgc g, ¢ = u, d (mass 3978 MeV) and csc §
(mass 4292 MeV) with J?¢ = 177, Assuming X(3872) as
a tetraquark state cq¢ g with J* = 17, the mass is about
100 MeV lower than experimental values. The tetraquark
state cs¢ 5 with JP€ = 0" was taken as the candidate of
Y(4140) by the Ding [57], In the present work the state has
energy 3953 MeV, which is about 100 MeV lower than the
experimental value.

From Table IV, we can see an interesting phenomenon.
Taking as the possible candidates of scaler meson observed
experimentally, the ground states that contain s, ¢ quarks in
our model have energies about 100 MeV lower than ex-
periment values, while the excited states are consistent

with experiment values. Further study is needed to clarify
the situation.

For tetraquark systems, lattice QCD calculations show
that a three-dimensional tetrahedral structure is rather sta-
ble against the transition into two mesons [58]. The decay of
the tetraquark state Y(2175) and others into color singlet
hadrons requires the breakup of the nonplanar flux-tube
structure into conventional color singlet hadrons, which
involves flux-tube structure rearrangement which is similar
to the structure transformation as in isomer in chemistry.
This might be the reason for the narrow width of the
Y(2175) but certainly needs further quantitative calculation.

VI. SUMMARY

By employing multibody confinement, which is consis-
tent with the lattice QCD calculations, the flux-tube model
is used to investigate the tetraquark states with diquark—
anti-diquark configuration. The model parameters are de-
termined by meson spectra. So the masses of tetraquark
states are all theoretical prediction. In the present calcu-
lation, the scalar meson f;,(600), f,(980) can be identified
as nonstrange tetraquark states with quantum numbers
16JPC = 070" ". X(1576) is tetraquark gsg 5 with quan-
tum numbers /¢JP€ = 17177, Y(2175) is hidden strange
tetraquark ss§5 with [6JP€ =0"17". Y(4008) and
Y(4260) can be assigned to be tetraquark states cqc g,
g =u, d, and cs¢§ with JP€ = 177, The multibody in-
teraction plays an important role in reducing the energy of
the system. Of course, the identification should be checked
by decay calculation.

Because all the tetraquark states studied here can have
qq as their component, the calculation with two-quark and
four-quark mixing is needed. Even limiting to a four-quark
system, the mixing with other configurations, e.g., di-
meson, should also be considered. This is still a difficult
task at present, because no reliable information about the
transition interaction between different color structures
available. Lattice QCD may be helpful here.

Multibody flux-tube confinement connects the four
quarks into a tetraquark state. The states cannot decay
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into two colorful hadrons directly due to color confine-
ment. They must transform into color singlet mesons be-
fore decaying. The situation is similar to compound
nucleus formation and therefore should induce a reso-
nance. Those are ““color confined, multiquark resonance”
states [27,59] in our model, which is different from all of
those microscopic resonances discussed by Weinberg [60].
Its decay width is sensitively dependent on the transition
interaction between color singlet mesons and genuine
multiquark hidden color configuration. Both of these call

PHYSICAL REVIEW D 82, 074001 (2010)

for the transition interaction between different color
structures.

ACKNOWLEDGMENTS

This work is supported partly by the National Science
Foundation of China under Contracts No. 10775072,
No. 10435080, and No. 10375030, the Research Fund for
the Doctoral Program of Higher Education of China under
Grant No. 20070319007, and the Ph.D. Program Funds of
Chongqing Jiaotong University.

[1] P. Maris and C.R. Roberts, Int. J. Mod. Phys. E 12, 297
(2003).

[2] N. Ishii, S. Aoki, and T. Hatsuda, Phys. Rev. Lett. 99,
022001 (2007).

[3] R.L. Jaffe, Phys. Rev. D 15, 267 (1977); 15, 281
(1977).

[4] J. Weinstein and N. Isgur, Phys. Rev. Lett. 48, 659 (1982);
Phys. Rev. D 27, 588 (1983); 41, 2236 (1990).

[5] S. Zouzou, B. Silvestre-Brac et al., Z. Phys. C 30, 457
(1986).

[6] A.V. Manohar and M.B. Wise, Nucl. Phys. B399, 17
(1993).

[7]1 B. Silvestre-Brac and C. Semay, Z. Phys. C 57, 273
(1993); 59, 457 (1993); 61, 271 (1994).

[8] B. Silvestre-Brac, Phys. Rev. D 46, 2179 (1992).

[9] S. Pepin, Fl. Stancu, M. Genovese, and J.-M. Richard,
Phys. Lett. B 393, 119 (1997).

[10] D.M. Brink and Fl. Stancu, Phys. Rev. D 49, 4665 (1994);
57, 6778 (1998).

[11] C.Y. Wong, Phys. Rev. C 69, 055202 (2004).

[12] F.E. Close and P.R. Page, Phys. Lett. B 578, 119 (2004).

[13] E.S. Swanson, Phys. Lett. B 588, 189 (2004).

[14] N.A. Tornqvist, Phys. Lett. B 590, 209 (2004).

[15] L. Maiani, F. Piccinini, A.D. Polosa, and V. Riquer, Phys.
Rev. D 71, 014028 (2005).

[16] H.Hogaasen, J. M. Richard, and P. Sorba, Phys. Rev. D 73,
054013 (2006).

[17] D. Ebert, R.N. Faustov, and V.O. Galkin, Phys. Lett. B
634, 214 (2006).

[18] N. Barnea, J. Vijande, and A. Valcarce, Phys. Rev. D 73,
054004 (2006); J. Vijande, E. Weissman, N. Barnea, and
A. Valcarce, Phys. Rev. D 76, 094022 (2007); 76, 094027
(2007).

[19] D. Janc and M. Rosina, Few-Body Syst. 35, 175 (2004).

[20] J. Vijande, F. Fernandez, and A. Valcarce, Eur. Phys. J. A
19, 383 (2004).

[21] S.L. Olson, Nucl. Phys. A827, 53c (2009), and references
therein.

[22] G.S. Bali, Phys. Rev. D 62, 114503 (2000).

[23] V. Dmitrasinovic, Phys. Rev. D 67, 114007 (2003).

[24] C. Alexandrou, P. de Forcrand, and A. Tsapalis, Phys. Rev.
D 65, 054503 (2002); T.T. Takahashi, H. Suganuma, Y.
Nemoto, and H. Matsufuru, Phys. Rev. D 65, 114509
(2002).

[25] F. Okiharu, H. Suganuma, and T. T. Takahashi, Phys. Rev.
Lett. 94, 192001 (2005).

[26] Fan Wang and C.W. Wong, Nuovo Cimento A 86, 283
(1985).

[27] J.L. Ping, C.R. Deng, F. Wang, and T. Goldman, Phys.
Lett. B 659, 607 (2008).

[28] T. Goldman and S. Yankielowicz, Phys. Rev. D 12, 2910
(1975).

[29] E. Hiyama, Y. Kino, and M. Kamimura, Prog. Part. Nucl.
Phys. 51, 223 (2003).

[30] A. Manohar and H. Georgi, Nucl. Phys. B234, 189 (1984).

[31] L.Z. Chen, H.R. Pang, H.X. Huang, J.L. Ping, and F.
Wang, Phys. Rev. C 76, 014001 (2007).

[32] R.K. Bhaduri, L.E. Cohler, and Y. Nogami, Phys. Rev.
Lett. 44, 1369 (1980).

[33] J. Vijande, F. Fernandez, and A. Valcarce, J. Phys. G 31,
481 (2005).

[34] J. Weinstein and N. Isgur, Phys. Rev. D 27, 588 (1983).

[35] L. Maiani, F. Piccinini, A.D. Polosa, and V. Riquer, Phys.
Rev. Lett. 93, 212002 (2004).

[36] L. Maiani, V. Riquer, F. Piccinini, and A. D. Polosa, Phys.
Rev. D 72, 031502 (2005).

[37] M. Iwasaki and T. Fukutome, Phys. Rev. D 72, 094016
(2005).

[38] G.J. Ding and M. L. Yan, Phys. Lett. B 643, 33 (2006).

[39] K. Johnson and C.B. Thorn, Phys. Rev. D 13, 1934
(1976); C. Semay, Eur. Phys. J. A 22, 353 (2004).

[40] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 74,
091103 (2006).

[41] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 76,
012008 (2007).

[42] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 77,
092002 (2008).

[43] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett.
100, 102003 (2008).

[44] G.J. Ding and M.L. Yan, Phys. Lett. B 650, 390
(2007).

[45] G.J. Ding and M. L. Yan, Phys. Lett. B 657, 49 (2007).

[46] Z.G. Wang, Nucl. Phys. A791, 106 (2007).

[47] S.L. Zhu, Int. J. Mod. Phys. E 17, 283 (2008).

[48] M. Napsuciale, E. Oset, K. Sasaki, and C.A. Vaquera-
Araujo, Phys. Rev. D 76, 074012 (2007).

[49] Yu.M. Bystritskiy, M. K. Volkov, E. A. Kuraev, E. Bartos,
and M. Secansky, Phys. Rev. D 77, 054008 (2008).

074001-7


http://dx.doi.org/10.1142/S0218301303001326
http://dx.doi.org/10.1142/S0218301303001326
http://dx.doi.org/10.1103/PhysRevLett.99.022001
http://dx.doi.org/10.1103/PhysRevLett.99.022001
http://dx.doi.org/10.1103/PhysRevD.15.267
http://dx.doi.org/10.1103/PhysRevD.15.281
http://dx.doi.org/10.1103/PhysRevD.15.281
http://dx.doi.org/10.1103/PhysRevLett.48.659
http://dx.doi.org/10.1103/PhysRevD.27.588
http://dx.doi.org/10.1103/PhysRevD.41.2236
http://dx.doi.org/10.1007/BF01557611
http://dx.doi.org/10.1007/BF01557611
http://dx.doi.org/10.1016/0550-3213(93)90614-U
http://dx.doi.org/10.1016/0550-3213(93)90614-U
http://dx.doi.org/10.1007/BF01565058
http://dx.doi.org/10.1007/BF01565058
http://dx.doi.org/10.1007/BF01498626
http://dx.doi.org/10.1007/BF01413104
http://dx.doi.org/10.1103/PhysRevD.46.2179
http://dx.doi.org/10.1016/S0370-2693(96)01597-3
http://dx.doi.org/10.1103/PhysRevD.49.4665
http://dx.doi.org/10.1103/PhysRevD.57.6778
http://dx.doi.org/10.1103/PhysRevC.69.055202
http://dx.doi.org/10.1016/j.physletb.2003.10.032
http://dx.doi.org/10.1016/j.physletb.2004.03.033
http://dx.doi.org/10.1016/j.physletb.2004.03.077
http://dx.doi.org/10.1103/PhysRevD.71.014028
http://dx.doi.org/10.1103/PhysRevD.71.014028
http://dx.doi.org/10.1103/PhysRevD.73.054013
http://dx.doi.org/10.1103/PhysRevD.73.054013
http://dx.doi.org/10.1016/j.physletb.2006.01.026
http://dx.doi.org/10.1016/j.physletb.2006.01.026
http://dx.doi.org/10.1103/PhysRevD.73.054004
http://dx.doi.org/10.1103/PhysRevD.73.054004
http://dx.doi.org/10.1103/PhysRevD.76.094022
http://dx.doi.org/10.1103/PhysRevD.76.094027
http://dx.doi.org/10.1103/PhysRevD.76.094027
http://dx.doi.org/10.1007/s00601-004-0068-9
http://dx.doi.org/10.1140/epja/i2003-10128-9
http://dx.doi.org/10.1140/epja/i2003-10128-9
http://dx.doi.org/10.1016/j.nuclphysa.2009.05.018
http://dx.doi.org/10.1103/PhysRevD.62.114503
http://dx.doi.org/10.1103/PhysRevD.67.114007
http://dx.doi.org/10.1103/PhysRevD.65.054503
http://dx.doi.org/10.1103/PhysRevD.65.054503
http://dx.doi.org/10.1103/PhysRevD.65.114509
http://dx.doi.org/10.1103/PhysRevD.65.114509
http://dx.doi.org/10.1103/PhysRevLett.94.192001
http://dx.doi.org/10.1103/PhysRevLett.94.192001
http://dx.doi.org/10.1007/BF02812694
http://dx.doi.org/10.1007/BF02812694
http://dx.doi.org/10.1016/j.physletb.2007.11.051
http://dx.doi.org/10.1016/j.physletb.2007.11.051
http://dx.doi.org/10.1103/PhysRevD.12.2910
http://dx.doi.org/10.1103/PhysRevD.12.2910
http://dx.doi.org/10.1016/S0146-6410(03)90015-9
http://dx.doi.org/10.1016/S0146-6410(03)90015-9
http://dx.doi.org/10.1016/0550-3213(84)90231-1
http://dx.doi.org/10.1103/PhysRevC.76.014001
http://dx.doi.org/10.1103/PhysRevLett.44.1369
http://dx.doi.org/10.1103/PhysRevLett.44.1369
http://dx.doi.org/10.1088/0954-3899/31/5/017
http://dx.doi.org/10.1088/0954-3899/31/5/017
http://dx.doi.org/10.1103/PhysRevD.27.588
http://dx.doi.org/10.1103/PhysRevLett.93.212002
http://dx.doi.org/10.1103/PhysRevLett.93.212002
http://dx.doi.org/10.1103/PhysRevD.72.031502
http://dx.doi.org/10.1103/PhysRevD.72.031502
http://dx.doi.org/10.1103/PhysRevD.72.094016
http://dx.doi.org/10.1103/PhysRevD.72.094016
http://dx.doi.org/10.1016/j.physletb.2006.10.022
http://dx.doi.org/10.1103/PhysRevD.13.1934
http://dx.doi.org/10.1103/PhysRevD.13.1934
http://dx.doi.org/10.1140/epja/i2004-10097-5
http://dx.doi.org/10.1103/PhysRevD.74.091103
http://dx.doi.org/10.1103/PhysRevD.74.091103
http://dx.doi.org/10.1103/PhysRevD.76.012008
http://dx.doi.org/10.1103/PhysRevD.76.012008
http://dx.doi.org/10.1103/PhysRevD.77.092002
http://dx.doi.org/10.1103/PhysRevD.77.092002
http://dx.doi.org/10.1103/PhysRevLett.100.102003
http://dx.doi.org/10.1103/PhysRevLett.100.102003
http://dx.doi.org/10.1016/j.physletb.2007.05.026
http://dx.doi.org/10.1016/j.physletb.2007.05.026
http://dx.doi.org/10.1016/j.physletb.2007.10.020
http://dx.doi.org/10.1016/j.nuclphysa.2007.04.012
http://dx.doi.org/10.1142/S0218301308009446
http://dx.doi.org/10.1103/PhysRevD.76.074012
http://dx.doi.org/10.1103/PhysRevD.77.054008

CHENGRONG DENG et al.

[50]
[51]
[52]

[53]

[54]

A. M. Torres, K. P. Khemchandani, L. S. Geng et al., Phys.
Rev. D 78, 074031 (2008).

H.X. Chen, X. Liu, A. Hosaka, and S.L. Zhu, Phys. Rev.
D 78, 034012 (2008).

R. L. Jaffe, Phys. Rep. 409, 1 (2005); Nucl. Phys. B, Proc.
Suppl. 142, 343 (2005).

A. De Rujula, H. Georgi, and S. L. Glashow, Phys. Rev. D
12, 147 (1975); N. Isgur and G. Karl, Phys. Rev. D 18,
4187 (1978); 19, 2653 (1979); 20, 1191 (1979).

H. X. Chen, A. Hosaka, and S.L. Zhu, Phys. Rev. D 76,
094025 (2007).

074001-8

PHYSICAL REVIEW D 82, 074001 (2010)

[55] M. Karliner and H.J. Lipkin, arXiv:hep-ph/0607093v2.
[56] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett.

97, 142002 (2006).

[57] G.J. Ding, Eur. Phys. J. C 64, 297 (2009).
[58] F. Okiharu, H. Suganuma, and T. T. Takahashi, Phys. Rev.

D 72, 014505 (2005).

[59] Fan Wang, J.L. Ping, H.R. Pang, and L.Z. Chen, Nucl.

Phys. A790, 493c (2007).

[60] S. Weinberg, The Quantum Theory of Fields (Cambridge

University Press, Cambridge, United Kingdom, 1995),
Vol. 1, p. 159.


http://dx.doi.org/10.1103/PhysRevD.78.074031
http://dx.doi.org/10.1103/PhysRevD.78.074031
http://dx.doi.org/10.1103/PhysRevD.78.034012
http://dx.doi.org/10.1103/PhysRevD.78.034012
http://dx.doi.org/10.1016/j.physrep.2004.11.005
http://dx.doi.org/10.1016/j.nuclphysbps.2005.01.058
http://dx.doi.org/10.1016/j.nuclphysbps.2005.01.058
http://dx.doi.org/10.1103/PhysRevD.12.147
http://dx.doi.org/10.1103/PhysRevD.12.147
http://dx.doi.org/10.1103/PhysRevD.18.4187
http://dx.doi.org/10.1103/PhysRevD.18.4187
http://dx.doi.org/10.1103/PhysRevD.19.2653
http://dx.doi.org/10.1103/PhysRevD.20.1191
http://dx.doi.org/10.1103/PhysRevD.76.094025
http://dx.doi.org/10.1103/PhysRevD.76.094025
http://arXiv.org/abs/hep-ph/0607093v2
http://dx.doi.org/10.1103/PhysRevLett.97.142002
http://dx.doi.org/10.1103/PhysRevLett.97.142002
http://dx.doi.org/10.1140/epjc/s10052-009-1146-4
http://dx.doi.org/10.1103/PhysRevD.72.014505
http://dx.doi.org/10.1103/PhysRevD.72.014505
http://dx.doi.org/10.1016/j.nuclphysa.2007.03.084
http://dx.doi.org/10.1016/j.nuclphysa.2007.03.084

