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Investigation of csc § tetraquark in the chiral quark model
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Inspired by the recent observation of exotic resonances X(4140), X(4274), X(4350), X(4500), and
X(4700) reported by several experiment collaborations, we investigated the four-quark system csc § with
quantum numbers J°€ = 17+ and 0+ in the framework of the chiral quark model. Two configurations,
diquark-antidiquark and meson-meson, with all possible color structures are considered. The results show
that no molecular state can be formed, but the resonance may exist if the color structure of the meson-
meson configuration is 8 ® 8. In the present calculation, the X(4274) can be assigned as the c¢s¢s
tetraquark states with JPC€ = 17+, but the energy of X(4140) is too low to be regarded as the tetraquark
state. X(4350) can be a good candidate of the compact tetraquark state with J*¢ = 0+, When the radial
excitation is taken into account, the X(4700) can be explained as the 2. radial excited tetraquark state with
JP€ = 07*. As for X(4500), there is no matching state in our calculation.

DOI: 10.1103/PhysRevD.99.094032

I. INTRODUCTION

Recently, several exotic resonances were observed in the
invariant mass distribution of J/w¢. In 2009, the CDF
Collaboration found the X (4140) with mass M = 4143.0 +
294+ 12MeV and width I'=11.71374+3.7 MeV in
BT —» J/w¢K*t decay [1]. In 2010, a narrow resonance
X(4350) with mass M =4350.63%+0.7 MeV and
width T = 13738 + 4 MeV was reported by the Belle
Collaboration in the yy — J/y¢ process, and the possible
spin parity is JF¢ = 0*F or 2+ [2]. A few years later, the
exotic resonance X(4140) was observed by some other
collaborations including LHCb, DO, CMS, and BABAR
[3-6]. In 2011, another resonance X (4274) with mass M =
42744+ 1.9 MeV and width I' =32.3 +7.6 MeV was
observed by the CDF Collaboration in BT — J/w¢K™
decay with 3.1¢ significance [7]. In 2016, the LHCb
Collaboration performed the first full amplitude analysis
of the BT — J/w¢K™ process, and the existence of the
X(4140) and X(4274) was confirmed. Their quantum
numbers are fixed to be JP¢ = 11+ [8]. At the same time,
the collaboration observed two other resonances, X (4500)
and X(4700), with JP€ = 0", Their masses and decay
widths have been determined as [9]

*jlping@njnu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2019/99(9)/094032(7)

094032-1

My as00) = (4506 £+ 117]2) MeV, (1)
Tx(as00) =(92 & 21526) MeV, (2)
My (4700) =(4704 £ 101}}) MeV, (3)
Txason) =(120 £ 31733) MeV. (4)

With the discovery of these exotic resonances, many
theoretical works, such as approaches based on quark
models [10-14], QCD sum rules [15], etc., have been
performed. In the framework of the relativized quark
model, the X(4140) can be regarded as the c¢sc 5 tetraquark
ground state, and the X(4700) can be explained as the 2§
excited tetraquark state [10]. Based on the simple color-
magnetic interaction model, possible ground cscs tetra-
quark states in the diquark-antidiquark configuration have
been investigated, and the interpretation of X(4500) and
X(4700) needs orbital (radial or angular) excitation [11].
Deng et al. investigated the hidden charmed states in the
framework of the color flux-tube model, and they found
that the energy of the first radial excited state (¢s)(¢ 5) with
23Dy, is in full accord with that of the state X(4700) [12].
In a simple quark model with chromomagnetic interaction,
Stancu suggested that the X(4140) could possibly be the
strange partner of X(3872) in a tetraquark interpretation
[13]. Lebed and Polosa argued that X(4140) was a J°€ =
17" cess state in the diquark-antidiquark model because it
has been not been seen in two-photon fusion [16]. Ortega
et al. claimed that the X(4140) resonance appeared as a
cusp in the J/yw¢ channel due to the near coincidence of the
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D¥D** and J /y¢ mass thresholds when the nonrelativistic
constituent quark model was employed [14]. According to
the QCD sum rules, Chen et al. pointed out that the
X(4500) and X(4700) may be interpreted as the D-wave
csc s tetraquark states with opposite color structures [15].
Recently, an approach, which tried to unify the description
of “XYZ” particles, based on the Born-Oppenheimer
approximation, was applied to the tetraquark system with
double heavy flavors [17,18], X(4140), X(4274), and
X (4350), all taken as ccss tetraquarks [17]. It should be
emphasized that most of these explanations do not agree
with each other, and many of these investigations neglected
the spin-orbital interaction when the orbital excitations
were taken into account.

To see whether these exotic resonances can be described
by cs¢ 5 tetraquark systems with JP¢€ = 0+F, 1%, we do a
high-precision four-body calculation based on the frame-
work of the chiral quark model, which describes the hadron
spectra and hadron-hadron interaction well [19,20]. The
high-precision few-body method, the Gaussian expansion
method (GEM) [21], is employed for this purpose. Two
configurations, (¢g)(qg) (meson-meson) and (g¢q)(gq)
(diquark-antidiquark), are considered. All the color con-
structions for each configuration are taken into account.
For the meson-meson configuration, the color structures are
1 ® 1 and 8 ® 8, and for the diquark-antidiquark configu-
ration, the color structures are 3 ® 3 and 6 ® 6. To explain
the two higher exotic resonances X(4500) and X(4700),
the orbital excitation with the inclusion of spin-orbital
interaction is invoked. To expose the structures of the
states, the distances between two quarks (antiquarks) for
given states are calculated.

This paper is organized as follows. In Sec. II, the chiral
quark model and wave functions of cs¢s tetraquark
systems are introduced. The numerical results and a
discussion are presented in Sec. III. Finally, we give a
brief summary of our investigation and the future work to
be done in Sec. IV.

II. CHIRAL QUARK MODEL AND WAVE
FUNCTIONS

The chiral quark model has achieved great success when
describing hadron spectra and hadron-hadron interactions
[20]. The specific introduction of the chiral quark model can
be found in Ref. [19]. The Hamiltonian of csc¢ 5 tetraquark
systems, which is shown below, includes the mass, the kinetic
energy, and different kinds of interactions. These interactions
include the confinement V¢, one-gluon-exchange VO,
and Goldstone bosons exchanges V*(y = z,k,n); only 5
exchange plays a role between s and §. Scalar meson
exchange V° is not included in these interactions because
it is expected to exist between u(i) and d(d) only. Because
of the existence of orbital excitation, the spin-orbit coupling
terms are also taken into consideration,
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where T ., is the kinetic energy of the center-of-mass motion;
Y (x) is the standard Yukawa functions; the ¢ and A represent
Pauli and Gell-Mann matrices, respectively; and the strong
coupling constant of one-gluon exchange is «;, the running
property of which is given as

Qp
In [(u% + u3)/ N3]

as(ﬂij) = (11)

where u;; represents the reduced mass of two interacting
particles.

For the diquark-antidiquark configuration, the subclus-
ters gq and g g can be treated as compound bosons Q and Q
with no internal orbital excitation. If the relative orbital
angular excitations between the two clusters is L, the four-
body spin-orbit interactions can be simply expressed as
[22,23]

1
CLS _ __ a2c . 1c .
Vop = —acky: /IQ—4MQMQL S (12)
G,.LS As ne 4e 1 3
Voo = 3R Fomg et S P

where the M (M) is the total mass of subcluster, X is the
distance between the two clusters, and S is the total spin of
the tetraquark state. This simplification can be generalized
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TABLE I. Parameters of the chiral quark model.

Parameters Values Parameters Values
m, (MeV) 313 A, = A, (fm™") 4.2
m,; (MeV) 313 A, = A (fm™) 5.2
my; (MeV) 536 2,/ (4x) 0.54
m,. (MeV) 1728 0,(°) —15
my, MeV) 5112 a. MeV) 101
m, (fm~!) 0.70 A (MeV) -78.3
m, (fm™1) 3.42 ay 3.67
m, (fm~) 2.77 Ay (fm™1) 0.033
m, (fm=1) 2.51 1y (MeV) 36.976

to color-octet meson subclusters in the meson-meson
configuration.

In this paper, the model parameters of the chiral quark
model are directly taken from our previous work [24],
which is shown in Table I. These parameters are obtained
by fitting the meson spectrum. Some of the calculated
meson spectra have been given in Table II.

Next, we will introduce the wave functions for the ¢sc §
tetraquark. A quark (antiquark) has 4 degrees of freedom,
including orbit, flavor, spin, and color. For each degree of
freedom, first we construct the wave function for each
subcluster and then couple the wave functions of two
subclusters to get the wave functions for the final tetraquark
systems.

For the spatial part, the total spatial wave functions of
tetraquark systems can be obtained by coupling three
relative orbital motion wave functions,

(14)

Yim, = [[1/111 (1'12)1//12(1‘34)] WL,(R)]LML,

L
where y; (ry,) and y;, (r34) are the relative orbital motions
between two particles in each subcluster with angular
momentum /; and [, respectively, and y; (R) is the
relative orbital wave function between two subclusters
with angular momentum L,. In the present calculation,
we do not consider the orbital excitation in each subcluster,
sowe set/; = [, = 0and L, = L, which is the total orbital
angular momentum of tetraquark systems. In GEM, three
relative orbital motion wave functions are all expanded by
Gaussian functions [21],

TABLE II. Meson spectra (in mega-electron-volts).

Mesons E PDG [25] Mesons E PDG [25]
/4 140.1 139.6 Dy 19534 1968.3
p 774.4 775.3 D} 2080.2 2112.2
1) 708.2 782.7 ¢ 1015.8 1019.5
K 496.4 493.7 7 824.0 957.8
K* 918.4 891.8 e 2986.3 2983.9
D 1875.4 1869.7 J/w 3096.4 3096.9
D* 1986.3 2010.3

Mmax

l//lm(r) = Z Cnl¢;?lm(r) (15)
n=1
Slm (I’) = anrle—v,,rz Yln1<f) (16)
B 21+2(2yn)l+3/2 3
n= () an

where N,,; are normalization constants, and the expansion
coefficients c,; are obtained by solving the Schrodinger
equation. The Gaussian size parameters are set according to
the geometric progression

1
Uy :lz’ Ty :rminan_ls a= ("hlam)”mﬂx"’ (18)
Ty T'min
where the n,,,, is the number of Gaussian functions and a is
the ratio coefficient. After parameter optimization through
continuous calculation, we find the calculation results
begin to converge, when n,, = 7.
For the spin part, since the spin of each quark (antiquark)
is 1/2, the spin of each subcluster can only be O or 1.
After coupling the spins of the two subclusters, the total
spin of tetraquark may be 0, 1, and 2. The total spin S of
the tetraquark system is obtained from the coupling
S ®S, - S, where S; and S, represent the spins of
two subclusters. We use y;(i = 1 ~ 6) to denote the total
spin wave functions of tetraquark systems. All of the six
possible spin channels are given as

71:0@0—-0 x:1Q®1-0
3:0Q@1 -1 x4 1Q@0—-1 ys:1@1-1

Y6t 1 @1 -2 (19)

For the flavor part, the isospins of all quarks (antiquarks)
are all zero, so there is no need to consider the coupling of
the isospin. We use ¢;(j = 1 ~3) to represent the total
flavor wave functions of tetraquark systems, and they can
be written as

(9]

@) = (ct)(ss
@y = (c5)(s¢
@3 = (cs)(C5),

=t}

):
):
(20)

where ¢, and ¢, are for the meson-meson configuration
and @5 is for the diquark-antidiquark configuration.

For the color part, there are four different color wave
functions of tetraquark systems, which are denoted by
wy(k =1 ~4). w and w, stand for the color singlet-singlet
1 ® 1 and octet-octet 8 @ 8 in the meson-meson configu-
ration, respectively. The remaining two color wave func-
tions @5 and @, stand for the color antitriplet-triplet 3 ® 3
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and sextet-antisextet 6 ® 6 in the diquark-antidiquark
configuration, respectively. The specific construction proc-
ess and forms of these color wave functions can be found
in Ref. [24].

Finally, the total wave functions for the tetraquark
systems can be given as

sz}{M, = A[WL)(:’M//,‘/’jwk’
(i=1~6,j=1~3k=1~4), (21)

where J is the total angular momentum and M is the third
component of the total angular momentum. Because of the
two quarks (antiquarks) in c¢sc §, tetraquark systems are all
nonidentical particles, the antisymmetrization operator
A=1.

The eigenenergies of the tetraquark systems can be
obtained by solving the Schrodinger equation

ijk ijk ijk
H LPL]JMJ = ELJJMA, ‘PL]JM_,’ (22)

where the Hamiltonian H and wave functions ‘P%Mj have
been given in Egs. (5) and (21), respectively.

III. NUMERICAL RESULTS AND DISCUSSIONS

The JPC of these exotic resonances observed recently in
BT — J/w¢K™ decay are fixed to 17" and 07", In our
current calculation, only the states with these two sets of
quantum numbers are considered. Because the parities of
these exotic resonances is positive, the total orbital angular
momentum L must be even, so must L,, according to
Eq. (14). Meanwhile, these exotic resonances all have the
definite positive C parity, and we need to combine the spin
and flavor wave functions to construct the eigenstates of
the charge conjugate operator. We use [(¢g)%' (¢g)%*]° and
[(qq)%'(g q)%*]° to represent the combination of spin and
flavor wave functions. According to Ref. [26], all of these
eigenstates with positive C parity are given as

xs5@1 = [(ce)! (s5)"]", (23)

[(c5)°(se)']" + [(c5)' (s2)°]),  (24)
([(e)°@5)"]" + [(cs)'(©5)°]"),  (25)
xigr = [(ce)’(s5)°]°,

X192 = [(¢5)°(s2)"]°,

K1 = [(ce)!(s5)'°, (26)
2202 = [(c5)'(se)'°,  (27)
203 = [(cs)'(€5)'°,  (28)

Xep1 = [(ct)' (s35)']? (29)

2193 = [(c5)°(c5)°)°,

TABLE III. Energy of S-wave csc§ tetraquark states with
JPC = 17+ (in mega-electron-volts).
Channel Eg E, E, Elheo E.”
wsyseiw, 411277 41127 41169 4112.2 41164 (J/y¢)
wsys@iw, 43052 4305.2 4309.4
sy, 4033.8 40337 4080.7 4033.5 4080.5 (D,Dy)
Wsxpprw, 4370.6 4370.8 4417.8
sy pp3ws 43434 43327
s pp3ws 43615 4374.3
X6@2 = [(¢5)'(s2)']? (30)
X603 = [(cs)'(€5)']%, (31)

where the y, in Eqs. (24) and (25) is % (3 +x4)-

Generally, we only consider the S-wave states for the
low-lying state, i.e., L, =0 for states with J°C = 1+,
However, for the high-lying states, X(4500) and X(4700),
we will take into account the D-wave states, i.e., L, = 2 for
some states with JP€ = 0++,

First, we calculated the energies of the S-wave csc s
states with JP¢ = 17* and 0**. The results are given in
Tables III and IV, respectively. In the tables, Eg (E,g)
denotes the energy of the first (second) S-wave state with
single channel calculation, and E,,(E.,) represents the
energy through coupling of two different color structures.
Ef°(E,P) represents the theoretical (experimental) two-
body threshold. Because the theoretical calculation cannot
reproduce the experimental data exactly for the meson
spectrum, we make a correction, E' = E — E® + E*P_ for
the meson-meson configuration to minimize the theoretical
uncertainty. E',(E.,) represents the corrected energy of
E. (E.,). For the diquark-antidiquark configuration, the
correction is not applied because of no asymptotic physical
state in this case.

From Tables III and IV, we can see that the energies of
the color singlet-singlet (1 ® 1) structure are all a bit
higher than the corresponding theoretical thresholds. The
adiabatic energy of the system in this case is shown in
Fig. 1 (the adiabatic energy is obtained by setting the
number of Gaussians for the relative motion between two
subclusters to 1). When we gradually increase the distance
between the two subclusters, the energy slowly tends to the
theoretical threshold. This phenomenon suggests that the
two mesons tend to stay away and no bound states can be
formed when the color structure is 1 @ 1. The reason for
this phenomenon is that the Goldstone bosons exchange
between the two subclusters is too weak to bind the two
mesons together. When the color structure is octet-octet
(8 ® 8), the energies are generally higher than the corre-
sponding color singlet-singlet (1 ® 1) structure. According
to Fig. 1(b), the two colorful subclusters cannot fall apart or
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TABLE IV. Energy of S-wave cs¢ 3 tetraquark states with J¥€ = 0" (in mega-electron-volts).

Channel Es E. E, Elheo Ep” Esg E, E,
YK 19101 3810.7 3810.6 3942.0 3810.3 3941.7 (n.n")

Ysx1P102 4359.1 4360.2 4491.6 4712.7 4844.1
YK 4114.0 4114.0 4118.2 4112.2 4116.4 (J/y¢)

Wsy2010n 4273.4 4273.4 4277.6 4601.2 4605.4
YK 19201 3908.0 3908.0 3837.8 3906.8 3936.6 (D,Dy)

Wy 1920, 4376.1 4376.3 4406.1 4910.6 4940.4
Yl rPr®1 4161.6 4161.6 4225.6 4160.4 42244 (DiDy)

YsHrPr@r 4304.8 4304.4 4368.4 4655.4 47194
wsxipaws 43237 4319.1 e 4643.5  4641.7 e
YsK19304 4384.9 4390.0 4976.5 4980.4

YsK2303 4370.0 4376.1 49243 4926.8

VsX2P304 4304.2 4292.1 4607.4 4601.4

get too close. That is because the existence of confinement
V  prevents the far separation of the two colorful clusters.
This phenomenon suggests that the resonances with com-
pact tetraquark structure may exist in our present calcu-
lation when the color configuration of the meson-meson
configuration is octet-octet (8 ® 8). Because of the small
overlap between the two color structures, 1 ® 1 and 8 ® 8,
the coupling between two color structures is small, which
makes the resonance possible. When the configuration is
diquark-antidiquark, the two color structures antitriplet-
triplet (3 ® 3) and sextet-antisextet (6 ® 6) have similar
energies, and the coupling between them is rather strong.
According to Figs. 1(c) and 1(d), whether 3 ® 3 or 6 ® 6,
the two subclusters are both colorful, and they cannot stay
too far away from each other, and short-range repulsion
prevents the two subclusters from getting too close. So, the
resonances with compact tetraquark structure may also
exist in the diquark-antidiquark configuration.

For the states with J’¢ = 17+ (Table III), the energies of
the 1S ground state are all between 4300 and 4420 MeV
except the state with color structure 1 ® 1. The corrected
energy E/, of the hidden color (8 ® 8) channel is around
4309.4 MeV, and the lowest energy of the diquark-anti-
diquark configuration is about 4332 MeV. Both energies
are not far from the mass of X(4274). The mix of two
configurations may reduce the energy a little, and the
lowest energy of the state with JP¢ = 1*+ is expected to
approach the experimental value of the X(4274). So, the
X(4274) can be a candidate of the compact tetraquark state
in our present calculation. As for X (4140), the energy is too
low, and there is no matching state for it in our calculations,
which is different from the results of Refs. [10,13,16,17].
For the states with J¢ = 0** (Table IV), the energies of
1§ ground state are all between 4277 and 4492 MeV except
the state with color structure 1 @ 1. It is worth mentioning
that the energy of the X(4350), which was reported by
Belle Collaboration in the yy — J/w¢ process, is close to
the energy of hidden color (8 ® 8) state of (c5) (sc),
4368.4 MeV. If the JC of X(4350) can be determined

to be 0™, we think it can be a candidate for the compact
tetraquark state, which agrees with the results of the Born-
Oppenheimer approach, in which a mass of 4370 MeV was
obtained [17]. As for the 2S radial excitation, the energy of
a hidden color (8 @ 8) state of (c5) (s¢) is 4719.4 MeV,
which is very close to the mass of the X (4700) found by the
LHCb Collaboration. In addition to the hidden-color state
with color structure 8 @ 8, the 2§ states with the diquark-
antidiquark configuration have energies around 4650 MeV,
which are not much different from the X (4700), too. So, the
X(4700) can be explained to be a 2S radial excited state
with a compact tetraquark structure in our calculation,
which agrees with the results of diquark model and color
flux-tube model [11,12]. The other exotic resonance recently
found in the experiment by the LHCb Collaboration is
X(4500), but there is no matching state for it in our
calculations. Whether X(4500) can be explained by the
tetraquark structure requires further study.

For the D-wave states with J*¢ = 0+ (see Table V), the
energies of the meson-meson configuration with color
structure 1 @ 1 are still very close to the corresponding
theoretical threshold. That is because the too-far distance
between the two clusters makes the effect of the D-wave
excitation negligible. When the color structure is 8 @ 8
or the configuration is diquark-antidiquark, the energies of
D-wave excitation are all too high to be explained as the
X(4700) and X(4500). So it is not appropriate to use
angular excitation to explain these exotic resonances in our
present calculation.

To analyze the spacial structure of the csc 5 tetraquark,
we calculated the distances between two g(g) for (¢5)(sc)
and (cs)(c 5) ground states with J°¢ = 0" (see Tables VI
and VII). According to Table VI, when the color structure is
1 ® 1, the distance between the two ¢(g), which are in two
different subclusters, is big. This phenomenon shows that
two subclusters tend to stay away from each other. When
the color structure is 8 ® 8, the distances between any two
q(g) are all very close, and now the structure is a compact
tetraquark structure. After coupling the two color structures
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for the meson-meson configuration, the change is small
because of the weak coupling between these two color
structures. For the diquark-antiquark configuration in
Table VII, the distance between any two ¢(g) is small,

TABLE V. Energy of D-wave c¢scs tetraquark states with
JPC = 0+ (in mega-electron-volts).

Channel Eip E, E., Etheo ESP

Woxellorw, 41166 41164 41206 41122 411/6.4
J/we)

Woxel’prw, 5173.8 51740 5178.2

Woxelprw; 41635 41632 42272 41604 42244
(D;D3)

[Woxel’pr0, 5141.0 5141.0 5205.0

Woxelpsw; 48538 4847.6

woxel’psms 5173.8 5177.6
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Energy of csc5 tetraquark states with different color structures as a function of the distance between two subclusters.

and now the structure is also very compact. After coupling
the two color structures for the diquark-antiquark configu-
ration, the change is obvious. Strong coupling between
these two color structures is the cause of this phenomenon.

TABLE VI. Distance between ¢(g) and q(g) for (c3)(sc)
ground states with J7€ = 0.

Channel cs sC cs sc cc ss
WX 1201 0.50 0.50 5.86 5.86 5.84 5.87
WX 1P 0.70 0.70 0.67 0.67 0.44 0.84
Coupling 0.50 0.50 5.86 5.86 5.84 5.87
0.71 0.71 0.68 0.68 0.43 0.85
Wy 0.60 0.60 5.86 5.86 5.85 5.88
Yy 0.67 0.67 0.64 0.64 0.42 0.80
Coupling 0.60 0.60 5.86 5.86 5.85 5.88
0.69 0.69 0.68 0.68 0.46 0.85
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TABLE VII. Distance between ¢(g) and ¢(g) for (cs)(¢5)
ground states with J°€ = 0F+.

Channel cs cs cc ss c§ sC

wonesw; 061 061 051 080 067  0.67
wonesws 071 071 044 085 068  0.68
Coupling 059 059 032 069 054 054

075 075 057 096 079 0.79
wongsw; 063 063 050 082 068  0.68
wonesws 067 067 041 080 063  0.63
Coupling 042 042 037 056 048 048

083 083 052 099 079 0.79

In addition, the relative kinetic energy between two light
q(g) is greater than that of two heavy ¢(g). That is why the
distance between two light ¢(g) is bigger than that of two
heavy ¢(g) in our calculations.

IV. CONCLUSIONS

In this work, we investigated the csc s tetraquark states
in the framework of chiral quark model and tried to
explain those exotic resonances recently observed in the
invariant mass distribution of J/w¢. Two configurations,
(9q)(qq) and (qq)(g g), with all possible spin and color

structures were taken into consideration. We found that
the (¢g)(qg) configuration cannot form the bound states
when the color structure is 1 ® 1 because the Goldstone
bosons exchange is too weak to bound the two mesons.
If the color structure of (¢g)(qq) is 8 ® 8 or the
configuration is (¢q)(g g), the resonances can be formed.
In our calculation, the X(4274) and X(4350) in experi-
ment can be regarded as the ground state of cs¢ § compact
tetraquark states. The X(4700) can be explained to be the
2S radial excitation, but the X(4500) has no match in
the present calculation. Because of the too-low energy of
X (4140), it is impossible to use the tetraquark state to
explain this exotic resonances in our work. The current
work does not consider the coupling between the con-
figurations (¢g)(¢gq) and (¢q)(g q), and the coupling of
the S wave and D wave is also ignored. These legacy
situations will be considered in future work.
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