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Investigation of meson-meson interaction
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In the framework of the quark delocalization color screening model, we investigate the meson-
meson interaction in the fully light four-quark system . The calculation of the effective potentials
of all the S—wave states shows that for most states the interaction between two vector mesons
is attractive; the one between a pseudoscalar meson and a vector meson is repulsive or weakly
attractive; and the one between two pseudoscalar mesons is always repulsive. However, there is
still some exception. The interaction of the IJ = 00 w7 channel is attractive, while the one of
the IJ = 02 ¢¢ channel is repulsive. So it is difficult to use the S—wave ¢¢ state to explain
the X (2239) at present calculation. The S—wave pp states are more likely to be resonance states,
which are worthy of investigating in future work. The study of the contribution of each interaction
term shows that both the one-gluon exchange and the kinetic energy interaction are important in
the interaction between two mesons. The study of the variation of the delocalization parameter
indicates that the contribution of the kinetic energy relates to the intermediate-range attraction

mechanism in QDCSM, which is achieved by the quark delocalization.

PACS numbers:

I. INTRODUCTION

The study of the hadron-hadron interaction is one
of the most active frontiers. The study of nucleon-
nucleon (N N) interaction has lasted over seventy years.
The quantitative description of NN interaction has been
achieved in the one-boson-exchange models, the chiral
perturbation theory and quark models. The study of 7
interaction is also a classical subject in the field of strong
interactions. The 77 scattering process has been studied
as an important test of the strong interaction.

With the increasing experimental information of the
meson spectrum, it becomes more and more important
to develop a consistent understanding of the observed
mesons from a theoretical point of view. For the low-lying
vector and pseudoscalar mesons, this has been done quite
successfully within the simple quark model by assuming
the mesons to be quark-antiquark (qq) states. For the
scalar mesons, however, some questions still remain to
be answered. One of the most noteworthy issues is the
nature of the experimentally observed mesons f,(980)
and a(980). In a long-standing controversial discussion,
the fp(980) has been described as a conventional ¢ me-
son [1], a K K molecule [2-4], or a tetraquark state [5]. In
2018, the BESIII collaboration reported the observation
of the a¢(980) — fo(980) mixing [6], which would improve
the understanding of the nature of f;(980) and a((980).

In 2019, the BESIII collaboration analyzed the cross
section of the ete™ — KTK™ process at the center-of-
mass energy range from 2.00 to 3.08 GeV. A resonant
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structure X (2239) was observed, which has a mass of
2239.24+7.1+£11.3 MeV and the width of 139.8+12.34+-20.6
MeV [7]. This state aroused the interest of theoretical
physicists, and it has been studied extensively. Ref. [§]
investigated the mass spectrum of the ssss tetraquark
states within the relativized quark model, and found that
the X(2239) can be assigned as a P—wave 17~ ss5§
tetraquark state. Ref. [9] assigned the X(2239) to be
a hidden-strange molecular states from AA interaction.

Quantum chromodynamics(QCD) is the basic theory
describing the strong interaction. However, the low-
energy physics of QCD, such as the structure of hadrons,
hadron-hadron interactions, and so on, is difficult to cal-
culate directly from QCD, because of the nonperturba-
tive complication. Lattice QCD has provided numerical
results describing quark confinement between two static
colorful quarks, a preliminary picture of the QCD vac-
uum and the internal structure of hadrons in addition to
a phase transition of strongly interacting matter. But
a satisfying description of multiquark system is out of
reach of the present calculation. Various QCD-inspired
quark models have been developed to get physical in-
sights into the hadron-hadron interaction and multiquark
systems. There are the cloudy bag model [10], MIT
bag model [11], Skyrme topological soliton model [12],
Friedberg-Lee non-topological soliton model [13], the
constituent quark model |14, [15], etc. Different mod-
els use quite different effective degrees of freedom, which
might be indicative of the nature of low-energy QCD.

Among many phenomenological models, the quark de-
localization color screening model (QDCSM) was devel-
oped in the 1990s with the aim of explaining the similar-
ities between nuclear (hadronic clusters of quarks) and
molecular forces |[16]. In this model, the intermediate-
range attraction is achieved by the quark delocalization,
which is like the electron percolation in molecules. The
color screening provides an effective description of the
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hidden color channel coupling [17], and leads to the pos-
sibility of the quark delocalization. The QDCSM gives
a good description of NN and Y N interactions and the
properties of deuteron [18]. It is also employed to calcu-
late the baryon-baryon scattering phase shifts and pre-
dict the dibaryon candidates d* [19] and NQ [20]. Be-
sides, it has been used for a systematic search of dibaryon
candidates in the u, d, and s three flavor world [21)], and
the law of baryon-baryon interaction was proposed. In
QDCSM, the interaction between two decuplet baryons
is almost deeply attractive; the one between a decuplet
baryon and a octet baryon is always weakly attractive;
and the one between two octet baryons is mostly repul-
sive or weakly attractive. So it is interesting to extend
this model to the study of the meson-meson interaction,
which will help us to understand the low-energy physics
of QCD and explore the nature of the new hadron states.
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The structure of this paper is as follows. A brief intro-
duction of the quark model and wave functions are given
in section II. Section III is devoted to the numerical re-
sults and discussions. The summary is shown in the last
section.

II. MODEL AND WAVE FUNCTIONS

A. The quark delocalization color screening model
(QDCSM)

The quark delocalization color screening model (QD-
CSM) has been described in detail in the refs. [16, [18].
Here,we just present the salient of the model. The Hamil-
tonian of the model is
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Where S;; is quark tensor operator; Y (z) and H(z) are
standard Yukawa functions; T, is the kinetic energy of
the center of mass; oy is the quark-gluon coupling con-
stant; g.p is the coupling constant for chiral field,which
is determined from the N N7 coupling constant through

g

The other symbols in the above expressions have their
usual meanings. All model parameters, which are deter-
mined by fitting the meson spectrum, are from our previ-
ous work of tetraquark X (2900) [22]. A phenomenolog-
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ical color screening confinement potential is used here,
and p;; is the color screening parameter, which is de-
termined by fitting the deuteron properties, NN scat-
tering phase shifts, and NA and N scattering phase
shifts, with gy, = 045 fm=2, pus = 0.19 fm~2,
tss = 0.08 fm~2, satisfying the relation, u2, = fyufss-

The quark delocalization in QDCSM is realized by
specifying the single particle orbital wave function of QD-
CSM as a linear combination of left and right Gaussians,
the single particle orbital wave functions used in the or-



dinary quark cluster model,

Ya(sis€) = (Palsi) + €da(=si)) /N(e),
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N(e) = V14 €2 + 2ee—51/40° (9)
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Here s;, © = 1,2,...,n are the generating coordinates,

which are introduced to expand the relative motion wave-
function. The delocalization parameter €(s;) is not an ad-
justed one but determined variationally by the dynamics
of the multi-quark system itself. In this way, the multi-
quark system chooses its favorable configuration in the
interacting process.

B. Wave function

In this paper, the resonating group method
(RGM) [23], a well-established method for study-
ing a bound-state or a scattering problem, is used. The
wave function of the four-quark system is of the form

U = A [y ypp ] . (10)

where L, 7, 7, and ¢ are the orbital, the spin,
the flavor and the color wave functions respectively,
which are shown below. The symbol A is the anti-
symmetrization operator. For the meson-meson struc-
ture, A is defined as

A=1— Pi3 — Poy + Pi3Pas. (11)

where 1, 2 and 3, 4 represent the quarks in two meson
clusters, respectively.
The orbital wave function is in the form of

PP =1 (R1)ha(Ra)xL(R). (12)

where R, and R, are the internal coordinates for the
cluster 1 and cluster 2. R = R; — R5 is the relative
coordinate between the two clusters 1 and 2. The 4
and 1 are the internal cluster orbital wave functions of
the clusters 1 and 2, and xr(R) is the relative motion
wave function between two clusters, which is expanded
by gaussian bases

n
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where S; is called the generate coordinate, n is the num-
ber of the gaussian bases, which is determined by the sta-
bility of the results. By doing this, the integro-differential

equation of RGM can be reduced to an algebraic equa-
tion, generalized eigen-equation. Then we can obtain the
energy of the system by solving this generalized eigen-
equation. The details of solving the RGM equation can
be found in Ref. [23]. The flavor, the spin, and the color
wave functions are constructed differently depending on
different structures. Here, we investigate the meson-
meson interaction, so wwe construct these wave functions
within the meson-meson structure. As the first step, we
give the wave functions of the meson cluster. The flavor
wave functions of the meson cluster are shown below.
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where the superscript of the x is the index of the flavor
wave function for a meson, and the subscript stands for
the isospin I and the third component I,. The spin wave
functions of the meson cluster are:

1
Xi’ll = aa’ Xg'l() = \/;(aﬂ+/6a)7

X2 = BB X, = \/g(aﬁ—ﬂa)- (15)

and the color wave function of a meson is:

1, N _
My = /S5 g+ ), (16)

Then, the wave functions for the four-quark system with
the meson-meson structure can be obtained by coupling
the wave functions of two meson clusters. Every part of
wave functions are shown below. The flavor wave func-
tions are:
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The spin wave functions are:
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The color wave function is:
1 1
P = X[11)X[111]- (19)

Finally, multiplying the wave functions %, 17, ¢/, and
1)¢ according to the definite quantum number of the sys-
tem, we can acquire the total wave functions.



III. THE RESULT AND DISCUSSION

In this work, we investigate the interaction between
two light mesons, which includes three types: two pseu-
doscalar mesons (PP), a pseudoscalar meson and a vector
meson (PV), and two vector mesons (VV). As a prelim-
inary calculation, only the S—wave systems are studied
here, so we set the orbital angular momentum to zero.
Due to the limit of the spin quantum number, the PP
system has the total spin quantum number S = 0; the
PV system has the total spin quantum number S = 1;
while the VV system has three possible spin quantum
numbers, which are S = 0, 1, and 2. Since the orbital
angular momentum is L = 0, the total angular momen-
tum can be J = 0 for PP systems, J = 0 and 1 for PV
systems, and J = 0, 1, and 2 for VV systems. Besides,
the isospin of the four-quark systems with light quarks
can be I = 0, %, 1, %, and 2. All possible channels for
different systems are listed in Table[ll

TABLE I: Channels for different systems.

1J Channel

00 wm, ', '’y KK, ¢¢, ww, we, pp, K*K*

01 7p, np, nw, ', n'w, KK*, KK* KK* w¢, K*K*, K*K*
02 bb, ww, pp, wo, K*K*

10 mn, ™, KK, KK, wp, ¢p, K*K*, K*K*

11 7p, nd, 7w, np, n'p, KK*, KK*, KK* wp, ¢p, pp, K*K*
12 wp, ¢pp, K*K*, K*K*

20 T, PP

21 TP

22 pp

10 7K, tKnK, nK, " K, 7K, ¢K*, pK*, wK*,

wK*, pK*, pK*
1 ©K*, nK*, pK, pK, nK*, nK*, ' K*, ' K*, wK,
wkK, ¢K, oK, wK*, wK*, K™, ¢K*, pK*, pK*

N[

%2 K™, §K*, wK*, wK*, pK*, pK*
20 7K, 7K, pK*, pK*

31 nK*, nK*, pK, pK, pK*, pK*
32 pK*, pK*

To investigate the interaction between two mesons, we
calculate the effective potentials of all the channels listed
in Table[ll The effective potential between two mesons is
defined as V(S) = E(S) — E(o0), where E(S) is the di-
agonal matrix element of the Hamiltonian of the system
in the generating coordinate. All the results are shown
in Figs. 1-7, respectively. Here, we note that some chan-
nels have the same effective potential. For example, the
potentials of the 7K and mK are the same, because the
contribution of each interaction term to the 7K and mK
is the same. To save space, we only show the potential
for one of them in the figure. And the same treatment is
used in similar situations.

For the I = 0 system, there are five PP channels and
five VV channels for the system with J = 0. It is clear

that Fig. 1(a) shows the effective potential between PP
mesons, while Fig. (b) shows the effective potential be-
tween VV mesons. We can see that the potential is re-
pulsive for the nn, nn’, n'n’, and KK channels, while it is
attractive for the 77 channel. In contrast, the potential is
attractive for all channels of the VV systems. The attrac-
tion between p-p is the largest one, followed by that of the
ww channel, which is larger than that of the w¢ channel.
Besides, the attraction of both the ¢¢ and K*K* chan-
nels is very weak. For the J = 1 system, there are seven
PV channels and three VV channels. From Figs. 2(a)
and (b) we can see that the potential for the ¢, nw and
K K* channels is repulsive, while the one for other chan-
nels is attractive. In addition, the attraction of the VV
channels is a little deeper than that of the PV channels.
For the J = 2 system, there are five VV channels. It is
obvious in Fig. 2(c) that the there is a deep attraction
between two p mesons. The potential for all channels is
attractive, except the ¢¢ channels.

For the I = 1 system, there are four PP channels and
four VV channels for the system with J = 0. From Fig.
3(a) we can see that the potential for the four VV chan-
nels is all attractive, while it is repulsive for the four PP
channels. Moreover, there are four VV channels for the
system with J = 2, and the potential of all of them is
attractive, which is shown in Fig. 3(b). For the system
with J = 1, there are seven PV channels and four VV
channels, and the potential of them is shown in Fig. 4.
The potential for the PV channels 7w and np is repul-
sive, while it is attractive for the PV channels mp and
7' p. Besides, there is very shallow attraction for the PV
channels 7¢, K K* and K K*. By contrast, the potential
for all VV channels is attractive, and that for both wp
and pp channels is very deep.

For the I = 2 system, it is obvious in Fig. 5 that the
potential for both the 7w channel with J = 0 and 7wp
channels with J = 1 is repulsive, while the one for the pp
channel with J = 0 and J = 2 is attractive.

For the I = 3 system, Fig. 6(a) shows the poten-
tial for three PP channels and three VV channels with
J = 0. One sees that the potential is repulsive for both
two PP channels nK and 7' K, while it is attractive for
the 7K channel. Moreover, it is obviously attractive for
three VV channels. Fig. 6(b) shows the potential for six
PV channels and three VV channels with J = 1, from
which we can see that the potential is repulsive for four
PV channels nK*, n’ K*, wK and ¢K. However, the
potential is attractive for other PV channels 7K* and
pK. Besides, it is also attractive for all VV channels.
Meanwhile, Fig. 6(c) shows the potential for three VV
channels with J = 2. Obviously, the potential for both
the wK™* and pK™ is attractive, while it is repulsive for
the ¢ K* channel.

For the I = % system, Fig. 7 clearly shows that the

potential is attractive for the VV channel pK* with J =
0, 1 and 2. However, there is no attractive potential for
either the PP channel 7K with J = 0 or the PV channels
mK* and pK with J = 1.



From the above analysis, it is not difficult to find a rule
that for most channels the interaction between two vector
mesons is attractive; the one between a pseudoscalar me-
son and a vector meson is repulsive or weakly attractive;
and the one between two pseudoscalar mesons is always
repulsive. This law is similar with the one of the baryon-
baryon interaction. In Ref. [21], the interaction between
two decuplet baryons is almost deeply attractive; the one
between a decuplet baryon and a octet baryon is always
weakly attractive; and the one between two octet baryons
is mostly repulsive or weakly attractive. However, there
is still some exception. For example, the potential for
the PP channel 7 with IJ = 00 is attractive, while it
is repulsive for the 7w with IJ = 20. This conclusion is
consistent with most theoretical work. The 77 interac-
tion has been studied as an important test of the strong
interaction for a long time. Much attention has been
paid to the isospin I = 0 m7w S-wave interaction due to
its direct relation to the o particle and the scalar glueball
candidates [24-30]. Besides, the study of the I = 2 7w
S-wave interaction is also necessary since a correct de-
scription of the I = 2 wm S-wave interaction is important
for the extraction of the I = 0 7w S-wave interaction
from experimental data |31]. Therefore, the study of the
77 scattering process and exploring the resonance states
is our further work. Moreover, the S—wave ¢¢ channel is
a special state, which is composed of two vector mesons
but with the repulsive interaction. So it is difficult to use
the S—wave ¢¢ state to explain the X (2239) at present
calculation. To explore the candidate of X(2239), the
study of the high partial wave of the ¢¢ state will be
performed in future work. We will explain why the in-
teraction is repulsive between two ¢ mesons later.

In addition, the deep attraction between two vector
mesons also attracts great attention to the systems com-
posed of two vector mesons. For the S—wave pp state,
the deepest effective attraction of the states with different
quantum numbers is from about 100 MeV to 200 MeV.
We find that the attraction of the state with isospin I = 0
is larger than that with I = 2. For the I = 0 pp, the at-
traction of the state with the angular momentum J = 0
is larger than that with J = 2; while for the I = 2 pp, the
attraction of the state with J = 0 is smaller than that
with J = 2. Nevertheless, there is great attraction in
the pp state, which makes it more possible to form some
bound states or resonance states.

In order to explore the contribution of each interaction
term to the system, the interaction from various terms,
the kinetic energy (V,g), the confinement (V.,), the
one-gluon exchange (Voge), and the one-boson exchange
(Vx,Vk,V;) are studied. To save space, we take a few
states for examples, which are the np and pp states with
IJ = 11, and the 77 and pp states with I.J = 20. The
contribution of each interaction term is shown in Figs. 8
and 9. From the Fig. 8 we can see that the kinetic energy
term provides an attractive interaction for both IJ = 11
np and pp states, and this attraction of the pp state is
obviously larger than that of the np state. Besides, the
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FIG. 1: The Figures (a) and (b) are the effective potentials
of all channels for the system with I.J = 00.
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FIG. 2: The Figures (a) and (b) are the effective potentials
of all channels for the system with IJ = 01 and the Figure
(c) is for the system with IJ = 02.

one-gluon exchange interaction provides deep attraction
for the pp state, while it is repulsive for the 7np state.
In contrast, the contribution of other items is small. So
both the kinetic energy and the one-gluon exchange in-
teractions provide attraction, which leads a large total
attraction for the pp state; while for the np, the repulsive
interaction by the one-gluon exchange and the attractive
interaction by the kinetic energy almost cancel each other
out, which result in the total repulsive interaction. To-
wards the 7w and pp states with IJ = 20, we find that
the one-gluon exchange provides repulsive interaction for
both w7 and pp states. However, the kinetic energy inter-
action is attractive for the pp state, which leads to a total
attraction; while it is repulsive for the wm state, which
leads to a total repulsive interaction. From the above
discussion, we can see that the kinetic energy interaction
plays an important role in providing attractions, which
relates to the intermediate-range attraction mechanism
in QDCSM.

In QDCSM, two ingredients were introduced: quark
delocalization and color screening, the former is to en-
large the model variational space to take into account
the mutual distortion or the internal excitations of nu-
cleons in the course of interaction, and the latter is as-
suming that the quark-quark interaction dependents on
quark states and aims to take into account the QCD effect
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FIG. 3: The Figure (a) is the effective potentials of all chan-
nels for the system with 7J = 10 and the Figure (b) is for the
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FIG. 4: The Figure (a) and (b) are the effective potentials of
all channels for the system with I.J = 11.

which has not been included in the two body confinement
and effective one gluon exchange yet. In this model, the
intermediate-range attraction is achieved by the quark
delocalization, which is like the electron delocalization in
molecules. The color screening is needed to make the
quark delocalization effective. It is worth noting that
the delocalization parameter is not an adjusted one but
determined variationally by the dynamics of the system
itself. Here, we show the variation of the delocalization
parameter, which relates to the intermediate-range at-
traction for the different states.

In Fig. 10(a), the delocalization parameter of the pp
state with I.J = 11 is close to 1 when the distance S be-
tween two mesons is less than 0.8 fm, which means that
the quarks are willing to run between different clusters,
thereby reducing the kinetic energy and introducing the
attractive interaction. In contrast, the delocalization pa-
rameter of the np state with IJ = 11 approaches to 1
when S < 0.3 fm, and it quickly approaches to 0 as the
distance increases. Although it can also reduce the ki-
netic energy, the reduction of the np state is not as great
as that of the pp state, so the attraction of the np state is
smaller than that of the pp state as shown in Fig. 8. The
case is similar for the 77 and pp states with I.J = 20.
From Fig. 10(b) we can see that the delocalization pa-

FIG. 5: The Figure (a) is the effective potentials of all chan-
nels for the system with IJ = 20, Figure (b) is for the system
with IJ = 21 and Figure (c) is for the system with IJ = 22.
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FIG. 6: The Figure (a) is the effective potentials of all chan-
nels for the system with I.J = %07 Figure (b) is for the system
with J.J = 11 and Figure (c) is for the system with I.J = 2.

rameter of the pp state with IJ = 20 is close to 1 when
the distance S < 0.5 fm, then it approaches to 0 more
quickly than that of the pp state with IJ = 11, that is
why the kinetic energy of the pp state with IJ = 11 is
lower than that of the pp state with I.J = 20. With re-
gard to the 7m state with IJ = 20, the delocalization
parameter is close to 1 only when the distance S < 0.2
fm, and it approaches to 0 more quickly than that of
the np state with IJ = 11, so the kinetic energy of n7m
state with IJ = 20 is much higher than that of the np
state with IJ = 11, even it cannot provide the attractive
interaction.

The variation of the delocalization parameter can also
be used to explain the repulsive interaction of the ¢¢
state. We show the variation of the delocalization pa-
rameter for the IJ = 02 system in Fig. 11. Comparing
the ¢¢ and pp states, although both of them are com-
posed of two vector mesons, the quark component of the
oo state is s5s8, and the one of the pp state is ¢gqq (¢ = u
or d). The mass of the strange quark is heavier than that
of the nonstrange quark, so the strange quark is less will-
ing to run between two clusters. As shown in Fig. 11,
the delocalization parameter of the ¢¢ state is close to
1 only when the distance S < 0.2 fm, and it approaches
to 0 very quickly, so it cannot reduce the kinetic energy
too much. So the interaction between two ¢ is repulsive.
Besides, by comparing Fig. 11 and Fig. 2(c), we find
that the variation of the delocalization parameter relates
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to the interaction between two mesons. The more the
quark runs between the two mesons, the greater attrac-
tion between the two mesons has.

IV. SUMMARY

The study of the hadron-hadron interaction is one of
the critical issues in the hadron physics. In this work, we
investigate the meson-meson interaction in the fully light
four-quark system in the framework of the QDCSM. The
effective potentials of all the S—wave states, the contri-
bution of each interaction term to the states, as well as
the variation of the delocalization parameter, which re-
lates to the intermediate-range attraction for the different
states are all studied in this work.

Our results show that for most states the interaction
between two vector mesons is attractive; the one between
a pseudoscalar meson and a vector meson is repulsive or
weakly attractive; and the one between two pseudoscalar
mesons is always repulsive. However, there is still some
exception. The interaction of the IJ = 00 w7 channel is
attractive, while the one of the IJ = 02 ¢¢ channel is
repulsive. This law is similar with the one of the baryon-
baryon interaction. In the dibaryon systems, the interac-
tion between two A baryons is deeply attractive, which
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V(S) MeV

/ (a) nn
-100 L L

1 2
S(fm) S(fm)

FIG. 9: The contributions to the effective potentials from
various terms of w7 and pp with IJ = 20.
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FIG. 10: The delocalization parameter € of np and pp with
1J =11 and n7 and pp with IJ = 20.

leads to the well-known bound state d*. So we should
pay more attention to the four-quark system composed
of two vector mesons here. Among all these states, the
S—wave pp state, especially the state with IJ = 00 is
more likely to be a bound state or a resonance state. We
will continue to study these states in further work.

The study of the contribution of each interaction term
shows that both the one-gluon exchange and the kinetic
energy interaction play an important role in the inter-
action between two mesons. Besides, the kinetic energy
relates to the intermediate-range attraction mechanism
in QDCSM, which is achieved by the quark delocaliza-
tion. The delocalization parameter approaching to 1
means that the quarks are more willing to run between
the two mesons, thereby reduce the kinetic energy and
introduce the attractive interaction. Our results show
that the more the quark runs between the two mesons,
the greater attraction between the two mesons has.
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