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X(1835), X(2120), and X(2370) in flux tube models
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Nonstrange hexaquark state ¢g>g> spectrum is systematically studied by using the Gaussian expansion
method in flux tube models with a six-body confinement potential. All the model parameters are fixed by
baryon properties, so the calculation of hexaquark state ¢>g> is parameter-free. It is found that some
ground states of g°3® are stable against disintegrating into a baryon and an anti-baryon. The main
components of X(1835) and X(2370), which are observed in the radiative decay of J/¢ by BES
collaboration, can be described as compact hexaquark states NgNg and AgAg with quantum numbers
I6JP€ =010~ ", respectively. These bound states should be color confinement resonances with three-
dimensional configurations similar to a rugby ball, however, X(2120) can not be accommodated in this

model approach.
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L. INTRODUCTION

In 2003, X(1860) was observed in the pp invariant
mass spectrum in the radiative decay J/¢ — ypp by
BES collaboration, the mass and the width are M =
18597345,, MeV and T' <30 MeV, respectively [1]. In
2005, X(1835) was first observed in J/ ¢ — ya* 7 n/
decays with a statistical significance of 7.70 by BES-II
[2], the parameters of X(1835) are M = 1833.7 + 6.5 *
2.7 MeV and I' = 67.7 = 20.3 = 7.7 MeV. Very recently,
the X(1835) was confirmed by BES-III in the radiative
decay J/¢ — ym* 7 n' with mass and width M =
1836.5 = 3.073¢ MeV and I' = 190 + 9*3 MeV, respec-
tively [3]. The mass is consistent with the BES-II
result, while the width is significantly larger. Mean-
while, X(2120) and X(2370) were also observed in
the same process, the masses and the widths are
MX(ZIZO) = 21224 + 67t3; MeV, Mx(2370) = 23763 +
87ti% MeV, Fx(2120) =83 *= 16t?1 MeV, and rx(2370) =
83 * 171¢* MeV, respectively.

Various theoretical works were stimulated to interpret
the natures and structures of these resonances. Datta and
O’Donnell described X(1860) as a zero baryon number,
deuteron-like singlet pp®S, state in a simple potential
model with a A - A confining interaction [4]. Ding and
Yan discussed X(1860) as a baryonium and investigated
mesonic decays of X(1860) due to the nucleon-antinucleon
annihilation [5]. Gao and Zhu understood X(1860) as the
pp bound state with quantum numbers 1¢JP¢ =070+
and demonstrated that it cannot decay into final state
a7, 27° KK and 37 [6]. Kochelev and Min explained
X(1835) as the lowest pseudoscalar glueball state due
to the instanton mechanism of partial U(1), symmetry
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restoration [7]. He et al.. studied X(1835) using the QCD
sum rule and interpreted it as a pseudoscalar state with a
large gluon content [8]. Li investigated X(1835) asa 0~
pseudoscalar glueball using an effective Lagrangian ap-
proach [9]. Ding et al.. treated X(1835) as a baryonium
with a sizable gluon content [10]. Liu proposed that
X(1835) contained a baryonium component from the
large-N, QCD point of view [11]. Dedonder et al. studied
X(1835) in the conventional NN potential model and sug-
gested that it could be a broad and weakly bound state
NN(1870) in the 'S, wave. Huang and Zhu treated
X(1835) as the second radial excitation of 1'(958) and
discussed the strong decay behavior by the effective
Lagrangian approach [12]. Li and Ma studied several
two-body strong decays of X(1835) associated with
1(1760) by the quark-pair-creation model, where X(1835)
is assigned as the n**!1L; = 31§, ¢g state. Entem and
Fernandez derived a NN interaction from a constituent
quark model constrained by the NN sector to investigate
the possible baryonium resonant state X(1835) [13]. Yu
et al.’s study indicated that: (i) X(1835) could be the second
radial excitation of 1'(958); (ii) X(2120) and (2370) can be
explained as the third and fourth radial excitations of
n(548)/7'(958) [14].

QCD is widely accepted as the fundamental theory to
describe the hadron and the strong interaction and has
verified in high momentum transfer process. In the low
energy region, such as hadron spectroscopy and hadron-
hadron interaction study, the ab initio calculation directly
from QCD becomes very difficult due to the complication
of nonperturbative nature. Recently, lattice QCD (LQCD)
and nonperturbative QCD method have made impressive
progresses on hadron properties, even on hadron-hadron
interactions [15-19]. However, QCD-inspired constituent
quark model (CQM) is still a useful tool in obtaining
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physical insight for these complicated strong interaction
systems. CQM can offer the most complete description of
hadron properties and is probably the most successful
phenomenological model of hadron structure [20]. In tradi-
tional CQM, a two-body interaction proportional to the
color charges A; + A; and r;, where n = 1 or 2 and r;; is the
distance between two quarks, was introduced to phenom-
enologically describe quark confinement interaction. The
model can automatically prevent overall color singlet mul-
tiquark states disintegrating into several color subsystems
by means of color confinement with an appropriate SU(3)
Casimir constant [21]. The model also allows a multiquark
system disintegrating into color-singlet clusters, and it
leads to interacting potentials within mesonlike ¢4 and
baryonlike ggq subsystems in accord with the empirically
known potentials [21]. However, the model is known to be
flawed phenomenologically because it leads to power
law van der Waals forces between color-singlet hadrons
[22-26]. It is also flawed theoretically in that it is very
implausible that the long-range static multibody potential
is just a sum of the two-body ones [21]. The problems are
related to the fact that this model does not respect local
color gauge invariance [27-30]. Robson proposed to use
many-body confinement potentials for meson-meson and
baryon-baryon systems [30], which contains the essential
features of the solution which emerges from the flux model
based on the strong coupling limit of LQCD Hamiltonian
and on the explicit local color gauge invariance [31].
QCD does not deny the existence of multiquark states
although experimental candidates have not been confirmed
up to now. The structures of multiquark systems and
hadron-hadron interactions are abundant [32-34], which
have important information that is absent in ordinary had-
rons, such as ggg and ¢g ¢ interactions [35]. Recently,
LQCD calculations on mesons, baryons, tetraquark, and
pentaquark states reveal flux-tube or string like structure
[36-39]. The confinement of multiquark states are multi-
body interactions and can be simulated by a potential
which is proportional to the minimum of the total length
of strings connecting the quarks to form a multiquark
system. A naive flux-tube or string model basing on this
picture has been constructed [32—34]. It takes into account
multibody confinement with harmonic interaction approxi-
mation, i.e., where the length of string is replaced by the
square of the length to simplify the numerical calculation.
There are two arguments to support this approximation:
One is that the spatial variations in separation of the quarks
(Iengths of the string) in different hadrons do not differ
significantly, so the difference between the linear and
quadratic forms is small and can be absorbed in the adjust-
able parameter, the stiffness. The calculations on nucleon-
nucleon interactions support the argument [32,40,41]. The
second is that we are using a nonrelativistic description of
the dynamics and, as was shown long ago [42], an inter-
action energy that varies linearly with separation between
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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.

The flux tube model has been applied to the study of
exotic mesons [33]. The results suggest that the multibody
confinement should be employed in the quark model study
of multiquark systems instead of the additive two-body
confinement. The flux tube model with four-body confine-
ment potential also described light scalar meson spectrum
well in the framework of a tetraquark picture [43]. This
paper extends the model to hexaquark ¢’g> system, to
investigate systematically the non-strange baryonium
states with six-body confinement potential. The numerical
results are obtained by Gaussian expansion method
(GEM) [44]. The paper is organized as follows: the model
Hamiltonian and wave function for 3-quark system are
presented in Sec. II. The six-body confinement potential
and the wavefunction of a hexaquark system are introduced
in Sec. III. Section IV presents the numerical results and
discussions. A brief summary is given in the last section.

II. QUARK MODELS AND MODEL PARAMETERS

The nonrelativistic quark model was formulated under
the assumption that the hadrons are color singlet nonrela-
tivistic bound states of constituent quarks with phenome-
nological effective masses and interactions.

A. Isgur-Karl model

Isgur-Karl model incorporating effective one gluon ex-
change (OGE) and confinement potentials successfully
describe the properties of baryon spectrum [45-47]. The
model Hamiltonian used for baryons takes the form

3 p2
H = ;(ml + zmi

3
)—TCM+ZV,€;+VC, (1)

i>)
1 1 = 1 1 4
G — gl === —+—+t——0;"
Vij_ZasAi Ajl:rij Zé(rij)(ml.z+m?+3m,-mjai Uj)]’

K
Ve = ?[(rl =)+ (= r3)? + (r — 1'3)2], (3)
the confinement potential V¢ can also be written as
VC _ K[(rl - r2)2 i (r] + r, — 2r3)2]. (4)
V2 V6

When the model is extended to study multiquark states
[48], the confinement can be equivalently expressed as

VEe=Y —a.r - Nrd (5)

ij*
i>j
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Where T, is the center-of-mass kinetic energy, r;, m;, and
Pp; are the position, mass and momentum of the ith quark, A
and o are the SU(3) Gell-Mann and SU(2) Pauli matrices,
respectively. Note that A — —A* for antiquark. All other
symbols have their usual meaning. An effective scale-
dependent strong coupling constant [49] is used here

ag

2 29
5]
where u is the reduced mass of two interactional quarks,
and «g, w, and A, are determined below. The 6 function,
arising as a consequence of the nonrelativistic reduction of
the one-gluon exchange diagram between point-like parti-
cles, has to be regularized in order to perform numerical
calculations. It reads [50]

a,(u) = (6)

1 2 2

— —ri/B
5(”[,‘) = We , (7

where S is the model parameter which is determined by
fitting the experiment data.

B. Chiral quark model

The SU(2) X SU(2) chiral quark model described NN
phase shifts and the properties of deuteron quite well
[51-53]. Subsequently, the SU(3) X SU(3) chiral quark
model where constituent quarks interact only through
pseudoscalar Goldstone bosons exchange (GBE) was de-
veloped to describe the baryon spectra [54]. The model
including both OGE and GBE was successfully applied
to the NN and nucleon-hyperon interactions [55-57].
The Goldstone bosons exchange potentials can be ex-
pressed as,

3 7
B — ,, 7 aRa K aRa
VE =i D F{FS + v Y FiFY
a=1 a=4

+ v} (F}F% cosfp — F)F) sind)p), (8)
3 2
v = g%h my AX g0
Yoo Aa 12mim; AL —m?
AS
X I:Y(erij) - —g(Y(AXVij)],
my 9)
x=mK,n,
v = =S A ) = 2o v )]
o= —2och T _m myr;) — —= ri) |
ij 4o A%. _m%r T alij m, alij

where Y(x) is the standard Yukawa functions defined
by Y(x) = <~ and F* is flavor SU(3) Gell-Mann matrices.
The angle 6p appears as a consequence of considering the
physical 7 instead of the octet one. m ., mg, and m,, are the
masses of the SU(3) Goldstone bosons, took their experi-
mental values. m,, is determined through the PCAC rela-
tion mg ~ m7. + 4m, , [58]. The chiral coupling constant
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gen 1s determined from the 7NN coupling constant
through

2
g_gh _ <§>2 g2y M (10)

47 5) 4w m%

Here the flavor SU(3) is assumed to be an exact system
and only broken by the different mass of the strange
quark. The confinement and OGE interaction terms are
the same as those of the Isgur-Karl model and will not be
rewritten here.

C. Flux-tube model

This model assumption is inspired by the LQCD calcu-
lation. LQCD calculations for baryons reveal flux-tube
or string like structure [37,59]. The simplified version,
Y-shape structure, is shown in Fig. 1, where the r; repre-
sents the spatial position of the ith quark denoted by a
black dot and y, denotes the junction where three color flux
tubes meet. The confinement is proportional to the mini-
mum of the sum of the square of the length of three flux
tubes. In the flux tube model with quadratic potential, the
three-body confinement can be written as

VE = K[(r; —yo)* + (r; — yo)* + (r; —yp)’]  (11)

For the confinement potential V¢, the position of the
junction y, can be fixed by minimizing the energy of the
system, then we get

=r1+r2+r3

Therefore, the minimum of the confinement potential for
baryons VE. has the following forms

Vﬁin _ K[(rl \;;2)2 N <2r3 —\;’61 - r2>2i|' (13)

The other parts of the Hamiltonian of the flux tube model
are the same as the Isgur-Karl model (denoted as Model I
hereafter) or chiral quark model (Model II). It should be
noted that for a baryon the three-body quadratic confine-
ment potential is exactly equivalent to the sum of two-body
one, A-shape in Fig. 1 (although it is not exactly the case
for the linear confinement potential). As far as baryon is
concerned, the flux tube model is not a new model.
However, when it is applied to multiquark systems, the

r, r,
/k A
r, r, r r,

FIG. 1.

Yo (12)

Three-body and two-body confinement potential.
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flux-tube confinement potential is different from the tradi-
tional two-body confinement ((Isgur-Karl model and chiral
quark model) [32-34].

In this work, the tensor forces and spin-orbit forces
between quarks are omitted in three models, because of
their small or zero contributions to the ground state
baryons.

D. Wave functions and baryon spectrums

For baryons, the color part wave function ¢ is antisym-
metrical because of the color singlet requirement. The
spatial wave function lprMT(R, r) is assumed to be sym-
metrical because we are interested in ground states. So the
spin-flavor wave function # 57, sp,, the SU(6) D SU(2) X
SU(3) symmetry is used here, is symmetrical under the
exchange of two identical particles. The total antisymmet-
rical wave function can be described as

@ r,m, (R, 1) = l//c[ o7 (R, r)lﬂm,SMS] . (14)

MM,

[- - “1im,sm, means coupling the spin S and total orbital

angular momentum Ly with Clebsch-Gordan coefficients.
We define Jacobi coordinates r;; and Ry for the cyclic

permutations of (1, 2, 3),

m,»l‘,- + mjl"

R,=r,——————4 (15

Y ! 7 m; + m;

Then, the spatial symmetrical wave functions can be
expressed as

3
> (@) bR, u,-  (16)

i,j,k=1

‘I'LTMT(R, r) =

& 1m(r;;) and ¢y (Ry) are the superpositions of Gaussian
basis functions with different sizes,

Mmax

¢lm(rl] Z c anrzje o '] Ylm(rz]) (]7)
n=1
Nﬂ]ax 5 N
m(Ry) = Z enNaLREe ™ RY Ly (Ry), (18)
N=1

where N,; and Ny, are normalization constants. Gaussian
size parameters v, and vy are taken as geometric
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1 rn 1/nmax_1
rn:rlan_l’ Vp = =5, a:(ﬂ) ’

Iy r

(19)
1 R l/Nmaxil

RN — RIAN*I’ vy = — A= ( dex)

R} R

(20)

The numbers n and [ (N and L) specify the radial and
angular momenta excitations with respect to the Jacobi
coordinates r (R), respectively. The angular momenta [
and L are coupled to the total orbit angular momentum L.
In the present work all three angular momenta are assumed
to be zero.

Using the above Hamiltonian and wave functions, the
light baryon spectra and the corresponding model parame-
ters can be obtained by solving the three-body Schrodinger
equation

(H; — E)(I)IM,JM,(R» r)=0 (21)

with Rayleigh-Ritz variational principle. The converged
results, which are shown in Table I, are arrived by setting
ri=R =03fm, r, =R, =20fm and ny, =
Npax = 5. It can be seen from Table I that Isgur-Karl
model and chiral quark model give similar numerical
results, which can describe well the light baryon spectrum.
The fitting parameters in the Isgur-Karl model and chiral
quark model] are listed in Table II, in which five parameters
are readjusted to fit the light baryon spectrum. Other
parameters A, A,, A,, Ak, 0p, Ay, and u,, which
are fixed by fitting the meson spectra, are taken from
Ref. [49].

II1. SIX-BODY CONFINEMENT POTENTIALS
IN THE FLUX TUBE MODEL

In the flux tube model it is assumed that the color-
electric flux is confined to narrow, string-like tubes joining
quarks. A flux tube starts from every quark and ends at an
antiquark or a Y-shaped junction, where three flux tubes
annihilate or are created [60]. In general, a state with N +
I-particles can be generated by replacing a quark or an
antiquark in an N-particles state by a Y-shaped junction
and two quarks or two antiquarks.

The ¢33 systems have been studied in the usual con-
stituent quark model including a two-body confinement
potential proportional to a color factor, no bound state is

progression, found for a non-strange system [61,60]. Vijande et al..
TABLE I. Baryon spectra (unit: MeV).
State N A p3 =] A 3 = Q
Isgur-Karl 939 1022 1196 1307 1232 1397 1542 1673
Chiral 939 1048 1249 1375 1232 1391 1536 1670
Experiment 939 1116 1195 1315 1232 1384 1533 1672
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TABLE II. Model parameters.
Classification Parameters Isgur-Karl Chiral
(Model I) (Model II)

m,; MeV) 313 360

my; (MeV) 585 560

Readjusted K MeV fm™2) 336 224
B (fm) 0.32 0.08

g 6.82 5.21

Ay (Ffm™1) 0.187 0.187

o (fm™1) 0.113 0.113

A, (fm™1) 42

A, (fm™1) 4.2

Ag (fm™1) 5.2

Fixed A, (fm™1) 52
m, (fm~1) 0.70

mg (fm™1) 251

my (fm™") 277

m, (fm™1) 3.72

0p (0) e —15

g2, /4T 0.54

recently studied the stability of hexaquark states (¢® and
¢>3?) in the string confinement and found that the ground
states of Q3> are stable against disintegrating into two
color singlet baryons [61]. For ¢°3® system, it can be
consisted of a color singlet baryon and a color singlet
antibaryon as in the usual hadron degree of freedom de-
scription, but also of a color octet baryon and a color octet
antibaryon coupled to an overall color singlet six quark
state. The former is named as hadronic molecule state, the
latter is called hidden color channel and because of color
confinement, the hidden color channel exists in the two-
cluster overlap region only. These two structures are shown
in Figs. 2 and 3, respectively. In general, a hexaquark
system ¢G> should be a mixture of these two components.
These two structures for ¢g>> system are considered in the
present work.

In Figs. 2 and 3, r,, represents the position coordinate of
the quark ¢, (antiquark g,) which is denoted by a solid

(hollow) dot, where & = i, ..., n, (i, j, k) and (I, m, n) are
cyclic indexes for (1, 2, 3) and (4, 5, 6), respectively. \f]
represents a junction, where 8 =1,...,4. A thin line

connecting a quark and a junction represents a fundamental

FIG. 2. Hadronic molecule structure.
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r rk

rn r
m

FIG. 3. Hidden color flux tube structure.

string, i.e., a color triplet, a thick line connecting two
junctions is for color sextet, octet or others, namely a
compound string.

Within the flux tube model, the confinement potential
for a hadronic molecule state can be written as

v =G ) (M a)
NEA RS o

With respect to a hidden color state, the confinement
potential has the following form:

VEH =K[(r; —y))* + (r; —y)* + (r; — y0)?
+(r, —y3)? +(r,—yg)* + (r,, —y4)*
+ kg, (V1 = ¥2)? + K4y, (V2 — ¥3)* + K4, (y3 — ¥0)*
(23)

The string stiffness constant of an elementary or color
triplet string is K, while K« is other compound string
stiffness. The compound string stiffness parameter «,,

[62] depends on the color dimension, d;;, of the string,

j

(24)

where Cd,»j is the eigenvalue of the Casimir operator asso-
ciated with the SU(3) color representation d; ; on either end
of the string, namely C; =%, C¢ =12, and Cy = 3. In
numerical calculations, the average «, for Ka, is used for
simplicity. .

For given quark (antiquark) positions r,, those junction
coordinates yg are obtained by minimizing the confine-
ment potential. By introducing the following set of canoni-
cal coordinates R;,
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R—l(r—r) R—l(r—r)
1 \/5 i j’ 2 \/i 1 m/)»
1
=\/—1_2(ri+rj—2rk—2rn+rl+rm),
1
Ry=——o (@ +r,—wirg + wir, — 1, —1,),
V33 +5/33
1
Rs = ————(r; +r; + wory —wyor, =1, —1,),
V33533
1
Ry = (r;+r;+r,+r,+1, +1,), (25)

7
where w, = f—” and w, = */_ , the minimum of the
confinement potentlal takes the followmg form,

3Kd
2+3Kd
2x4(Kkg +w3) 2k4(Kkg +wy)
2K§+7Kd+2 4 2K5+7Kd+2

where wy = 7+*/— and w, = 1= */— . Clearly this confine-
ment potential i 1s multibody mteractlon rather than the sum
of a two-body one in the sense that a move of a quark may
affect the flux tubes connecting pattern.

When two clusters ¢> and §> separate in a long distance, a
baryon and an antibaryon should be a dominant component
of a hexaquark ¢>g> system because other hidden color flux
tube structures are suppressed due to the confinement. On
the other hand, if the separation is intermediate, a hadronic
molecule state may be formed if the attractive force be-
tween a baryon and an antibaryon is strong enough. When
the two quark-clusters are close enough to be within the
range of confinement (about 1 fm), all possible flux tube
structures will appear due to the excitation and rearrange-
ment of flux tubes. In this case, the confinement potential of
a hexaquark system ¢>3> should be taken to be the mini-
mum of two flux tube structures. It reads

Ve = min[VEM yea] 27

min min’ min

2
min R 3

VEH = K[R2 +R3+

Rg], (26)

IV. NUMERICAL RESULTS AND DISCUSSIONS

The flux tube structure specifies how the colors of quarks
and antiquarks are coupled to form an overall color singlet.
Therefore, the model wave function with defined quantum
numbers /7 and J; can be expressed as

3= =3
W =Y e dl08, 00, e F (X, (28)

q3 q}
fI)C]” and CDCZI
colorless baryon and anti-baryon, respectively. The spatial
wave functions are the same as those of baryons shown

before, [- - -], represents all the needed coupling: color,
isospin, and spin coupling. F;:(X) is the relative orbital

1y are cluster wave functions of colorful or
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wave function between ¢> and > clusters. All the possible
channels are taken into account in our multichannel cou-
pling calculation, the details can be seen in Table III. The
Jacobi coordinates for a ¢3g> system are shown in Fig. 4,
which can be expressed as

r;+r,;
rij=r,-—rj, Rk:rk_ 5 s

r, +r, o)
Fip =T — Iy, Rn =r, - 2 ’ (9)
X=r,»+rj+rk_r,+rm+rn

3 3

Using GEM, the relative orbital wave function F;/(X) can
be written as

!
Nmux

/
Z CN/NN/LIXL
N'=1

Fp(X) = e XY p(X).  (30)

Now we turn to the numerical calculations on ¢3g>
systems. In Model I and II, where a six-body confinement
potential is used, all the model parameters are fixed by
fitting the ground state baryon spectrum, no new parameter
is introduced in the six-body calculation. The eigenvalues
and eigenfunctions of the g*>3> states can be obtained by
solving the following six-body Schrédinger equation

(Hy — EYW$7 =0, (31)

with Rayleigh-Ritz variational principle. The calculated
results are converged with ng, =35, Ny =35, and
N!.x = 5. Minimum and maximum ranges of the bases
are 0.3 fm and 2.0 fm for coordinates r, R, and X,
respectively.

The lowest multichannel coupling results for all possible
quantum numbers are listed in Table 111, the superscript and
subscript of N(A) represent spin quantum number and
color dimensions, respectively. E;(B + B) is the threshold
of decaying into a baryon and an antibaryon AE ;and AE;,;
are binding energies of hexaquark states ¢*g> in Model 1
and Model II, respectively. It can be seen from Table III
that the states with /9J°¢€ =073"", 1737, and 31~
are bound states only in Model II. For other states almost
the same qualitative results are obtained in two models. It
suggests that there are some bound states below the lowest
threshold in the present calculations. The states with
I6JP€ =00~ " and 170" are stable against disintegrat-
ing into N + N. The states with /°JP¢ = 172" 271",
and 2727+ are stable against disintegrating into N + A or
N + A, but decay to NN is allowed. The states with
I6JPC =0727", 270", and 370~ are stable against
disintegrating into A + A, decaying to NN 7 is allowed.
The states with 76JP¢ =0"1"",1717~,2737,372™*,
and 3737 states are not bound both in two models. The
multibody confinement potential based on the color flux
tube picture can give more attraction than the additive
two-body confinement interaction which is proportional
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TABLE III.
Model I and II. (unit: MeV).

PHYSICAL REVIEW D 86, 014008 (2012)

Binding energies of lowest ¢3g> states with all possible quantum numbers in

16JP¢ Coupled channels E;(B+ B) AE, AE,
00+ NgPNY?, MRS NN, 939 + 939 —44 —34
NN, AA
01" NYPNY? NP2, AYPAL?, 939 + 939 0 0
Ni2NY?, N3*N3?, NN, AA
0+2~+ NIPNI2, NI, 1232 + 1232 ~269 -200
Ni*NY?, AA
03~ NZ2N3?, AA 1232 + 1232 0 —58
170~ Ny2NY?, NyPAY2, AYPNY?, 939 + 939 —44 -5
ALPAY? NYPNY? NN, AA
N§/2N51;/2’ Né/ZAé/Z’ N§/2N~;/2,
11 AYPNLY? AYPAL? AR, 939 + 939 0 0
N§/21\_7é/2, Ng/ZAéﬂ’ N§/2N§/2,
NN, NA, AN, AA
NYPNI2, AYPNIP, NIPNY?,
1727+ Ny?AY?, NyPNY NA, 939 + 1232 -7 -71
AN, AA
137~ Ni*NY?, AA 1232 + 1232 0 —44
2+0~* NIPAY? AN 1232 + 1232 —88 —87
AYPAL2 AA
Né/ZAéﬂ’ AéﬂNé/Z’ Aéﬂ&é/Z,
2717 AN NGPAY?, NA, 939 + 1232 -13 -108
AN, AA
2+ * NgPAYR, AN, 939 + 1232 -7 —34
NA, AN, AA
273 AA 1232 + 1232 0 0
370°F AYPAL2 AA 1232 + 1232 —88 ~76
3t17- AYPAY? AA 1232 + 1232 0 -67
3727 AA 1232 + 1232 0 0
3+37- AA 1232 + 1232 0 0

to color factors used in early multiquark state calculations,
due to avoiding the appearance of the anti-confinement in a
color symmetrical quark or antiquark pair. In fact one
gluon exchange and one boson exchange interaction also
provide attractive interaction for some states [61].

FIG. 4. Jacobi ordinates for a ¢°g> system.

For the state 79JP¢€ = 070~ ", the wave function can be
separated into two groups, NN + NgNg and AA + AgAg.
In Model I, there is no interaction between NN + NgNg
and AA + AgAg due to the absence of a boson exchange
term. The states NN + NgNg and AA + AgAg have the
lowest energies 1834 MeV and 2376 MeV, respectively.
However, NN + NgNg and AA + AgAg are mixed in
Model II because there is interaction among them due to
one boson exchange. But the mixing effect is not large. The
energies of NN + NgNg and AA + AgAg are 1865 MeV
and 2384 MeV in the Model II if the mixing effect among
two groups is neglected. The mixing moves the energies of
NN + NgNg to 1844 MeV and AA + AgAg to 2388 MeV.
NN + NgNg and AA + AgAg are bound states because
their energies are lower than the corresponding thresh-
olds of NN and AA in these two models. The masses of
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TABLE IV. Rms for NN + NgNg and AA + AgAg (fm).

Model Distances <quq2)1/2 <quq2)1/2 (X212

Model I NN + NgNy 0.61 0.61 0.51
AA + AgAg 0.65 0.65 0.60

Model I NN + NgNy 0.66 0.66 0.58
AA + AghAg 0.71 0.71 0.66

NN + NgNg and AA + AgAg states are close to the
masses of newly observed states X(1835) and X(2370),
so it is possible to interpret the main components of
X(1835) and X(2370) as NN + NgNg and AA + AgAg in
the present calculation, respectively. However, another
state X(2120) observed by BES-III cannot be described
in the present calculations.

Using the wave functions of NN + NgNg and AA +
AgAg, the root mean square radii (rms) of the two
states with 19JP°€ = 00~ are calculated and given in
Table IV, where

R r;tr;+tr
qqq—ri_f

and
R —p Nt
444 l :

3

It can be seen from Table IV that the radii are small and very
close in two models. The two clusters ¢* and g* are highly
overlapped, therefore the main components of X(1835) and
X(2370) are not loose hadronic molecule states but compact
hexaquark states with three-dimensional configurations
similar to a rugby ball in the present calculations.

All hidden color components cannot decay into two
colorful hadrons directly due to color confinement.
X(1835) and X(2370) must transform back into three color
singlet mesons by means of breaking and rejoining flux
tubes before decaying into n/7" 7~. This decay mecha-
nism is similar to compound nucleus formation and there-
fore should induce a resonance which is named as a ““color
confined, multiquark resonance’ state [63] in our models.
It is different from all of those microscopic resonances
discussed by S. Weinberg [64]. Bicudo and Cardoso
studied tetraquark states using the triple flip-flop potential

PHYSICAL REVIEW D 86, 014008 (2012)

including two meson-meson potentials and the tetraquark
four-body potential. They also found plausible the exis-
tence of resonances in which the tetraquark component
originated by a flip-flop potential is the dominant one [65].

V. SUMMARY

By using a high precision few-body calculation method,
GEM, non-strange hexaquark states 3> including BgBy
and BB components are studied in flux tube models, the
extended chiral quark model (Model II) and the Isgur-Karl
model (Model I), with a six-body confinement potential. In
the present version of flux tube models, the system will
automatically choose its favorable configuration by means
of the recombination of the flux tube when the quarks and
antiquarks are moving. The flux tube models, which in-
cludes multibody confinement potential, generally give
more attraction than the two-body confinement models
with color factors that was used in the early multiquark
calculations. The two types of flux tube models give simi-
lar results for non-strange hexaquark system. Our calcu-
lations suggest that some states are stable against decaying
into a baryon and an anti-baryon. One gluon exchange and
one boson exchange interaction also provide attractive
interaction for some states, and therefore should be taken
into account altogether.

The states X(1835) and X(2370) can be explained as
NN + NgNg and AA + AgAg bound states in the flux tube
models, the main components are compact hexaquark
states NgNg and AgAg, respectively. Such states should
be color confinement resonances with three-dimensional
configurations similar to a rugby ball. X(2120) cannot be
accommodated in this model. We admit that this analysis is
based on the mass calculation only, the decay properties of
these states have to be invoked to check the assignment,
which is left for the future.
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