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Stimulated by the newly observed charged hidden-charm state Z.,(3985)~ by BESIII Collaboration,
Z.,(4000)*, Z,,(4220)* and the excited BY states by LHCb Collaboration, a full calculation including
masses, decay widths, and the inner structures of the states has emerged in the chiral quark model. For Z
states, we assign quantum numbers I(J”) =1(1%) and quark composition cZsii according to the
experiment. For BY states, systematically, investigations are performed with 7(J”) = 0(0%),0(1%+),0(2%)
in both two-body b5 and four-body bsqq (¢ = u or d) systems. Each tetraquark calculation takes all
structures including meson-meson, diquark-antidiquark, and all possible color configurations into account.
Among the numerical techniques to solve the two-body and four-body Schrédinger equation, the spatial
wave functions are expanded in series of Gaussian basis functions for high precision, which is the way
Gaussian expansion method (GEM) so called. Our results indicate that the low-lying states of the four-
quark system are all higher than the corresponding thresholds either for c¢sii or for b5gg systems. With the
help of the real scaling method, we found two molecular resonance states with masses of 4023 and
4042 MeV for the ccsi system. The state ¢¢sit(4042) has a close mass and decay width with the recent
observed state Z.,(3985)~. For the b5¢qg system with J = 0, some resonance states are also found. The
newly observed excited BY states can be accommodated in the chiral quark model as 25 or 1D states, and
the mixing with four-quark states also needs to be considered.

DOI: 10.1103/PhysRevD.104.014017

I. INTRODUCTION

Recently, for the first time, the BESIII Collaboration has
reported a structure Z.(3985)” in the Kt recoil-mass
spectrum near the D;D*® and D*~D° mass thresholds
in the process of ete™ — KT(D;yD** + D;~D°) at the
center-of-mass energy /s = 4.681 GeV, with the mass and
narrow decay width [1],

M, = (398218 £2.1) MeV,
I, = (128737 £3.0) MeV, (1)

and the significance was estimated to be 5.3c6. Soon
afterward, a significant state Z.,(4000)", with a mass of
4003 £ 61}, MeV, a width of 131+ 15426 MeV, and
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spin parity J© =1%, was observed by the LHCb
Collaboration, including another exotic state Z.(4220)"
[2]. The discovery of the charged heavy quarkoniumlike
structures with strangeness could shed light on the proper-
ties of the charged exotic Z states reported before [3].

Besides Z,, states, two excited BY states have been
observed in the BYK~ mass spectrum in a sample of
proton-proton collisions at center-of-mass energies of 7, 8,
and 13 TeV very recently by the LHCb Collaboration [4].
The masses and widths of the two states are determined
to be

M, = 6063.5 + 1.2(stat) £ 0.8(syst) MeV,
'} = 26 + 4(stat) & 4(syst) MeV, (2)

M, = 6114.5 + 3(stat) + 5(syst) MeV,
I', = 66 + 18(stat) 4+ 21(syst) MeV. (3)

For Z,,, it is classified into the exotic state as the strange
partner of Z.(3900) and has intensively attracted more
attention and investigations theoretically within a very short
time [5—15]. These explanations basically cover various
exotic hadron configurations. One feature of the Z ., is that
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its mass is on the verge of the D,D* or D} D threshold, so a
molecular resonance is suggested. For example, Lu Meng
et al. obtained the mass and width of Z ., in good agreement
with the experimental results by considering the coupled-
channel effect and strongly supported the Z,. states as the
U/V-spin partner states of the charged Z.(3900) [5]. In
the chiral effective field theory up to the next-to-leading
order, Z, also was regarded as the partner of the Z.(3900)
in the SU(3) flavor symmetry and the D,D* /DD molecu-
lar resonance [6]. In the QCD sum rule, Z., can be well
defined as a diquark-antidiquark candidate with quark
content ccus [8]. In Ref. [12], two models, the chiral
quark model and the quark delocalization color screening
model, are applied to investigate the system. They exclude
the molecular state explanation of Z..(3985), and some
resonance states are predicted by analyzing the effective
potentials for the diquark-antidiquark csc # systems.

On the contrary, J. Ferretti pointed out that the meson-
meson molecular model could not be used to describe
heavy-light tetraquarks with non-null strangeness content,
and in the case of csc¢n (n = u or d) configurations, the
compact tetraquark ground-state is about 200 MeV below
the lowest energy hadrocharmonium state, n.K [13].
Another explanation is that Z.; can be naturally regarded
as a reflection structure from a charmed-strange meson
D%,(2573) by the Lanzhou group [14]. By adopting a
one-boson-exchange model and considering the coupled-
channel effect, Ref. [10] excluded Z, as a D*'D;7/
D°D:~/D*°D?~ resonance. In Ref. [15], the authors try
to explain the Z.,(3985) using the chiral constituent quark
model in a coupled-channel calculation. In the model, both
the Z.,(3985) and the predicted Z.,(4110) are not reso-
nances but a virtual state. As more and more exotic states
named as XYZ have been observed in different experi-
ments, their structures are still inexplicable and controver-
sial theoretically. Investigating charged charmoniumlike
states can extend our knowledge of hadrons and our
understanding of the nature of strong interaction. So, we
believe that the study of the newly observed Z_, states in
the chiral quark model can provide some useful information
on exotic hadrons. In present work, for Z.,, the quantum
number is assigned as I(J”) = 1 (17), and the quark com-
position is ccsit.

Now let us turn to the newly observed excited BY states.
In the past few years, many experiment collaborations such
as CDF, DO, and LHCb have made contributions to find the
radial and orbital excitations of the bottom and bottom-
strange meson families. More and more higher excitations
emerged in experiments [16—19]. Therewith, many theo-
retical studies of the bottom and bottom-strange mesons
follow close on another [20-25]. The mass spectrum and
strong decay patterns are studied most in the conventional
two-body quark-antiquark system, which can describe the
ground states very well but has poor understanding for
higher excitations of bottom and bottom-strange mesons.

Studying the B and B; mesons will help us not only
understand of excited mesons but also put the discove-
red excited charm and chram-strange mesons into the
larger context, since the present situation of experimental
exploration of bottom and bottom-strange states is very
similar to that of D and D, states in 2003 [26-32]. With
new observation of the excited B states by the LHCb
Collaboration [4], now it is a good time to carry out a
comprehensive theoretical study on higher bottom-strange
mesons. In this work, all possible quantum numbers with
1(JP) =0(0%),0(1%),0(2") are studied for BY states.
Considering the possible limitation of quark-antidiquark
system in the conventional quark model in describing the
higher excitations and the possible production of quark-
antiquark pair in the vacuum, we obtain the masses of
BY states in two-body quark-antidiquark system and four-
body b5qq (¢ = u or d) system, respectively. b5s§ is not
included here because of its high energy.

Each tetraquark calculation takes into account the mix-
ing of structures, such as meson-meson and diquark-
antidiquark structure, along with all possible color, spin
configurations. In the meantime, in order to find possible
stable resonance states, high-precision computing way
Gaussian expansion method (GEM) [33] and a useful
stabilization real scaling method are both employed
[34,35] in our calculations.

The paper is arranged as follows. Theoretical framework
including the chiral quark model, the wave functions of Z
and BY, along with GEM are introduced in Sec. II. In
Sec. I, the numerical results and discussion are presented.
A short summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Chiral quark model

The review of the chiral quark model and GEM was
introduced in Refs. [36-38], and here they will be intro-
duced briefly, and we mainly focus on the relevant features
of Z,, and BY states.

The Hamiltonian of the chiral quark model can be
written as follows for the four-body system:

4 2 2 2
P | P3| Piaa
H = m; + + +
; Y 2un 2pss 2o

4
C G c
LY |verves ¥ ovievgl @

i<j=1 x=nKn

The potential energy Vl-Cj'G'X’” represents the confinement,

one-gluon-exchange (OGE), Goldstone boson exchange,
and o exchange, respectively. The detailed forms can be
referred to Eq. (13) in Ref. [36], which are omitted here for
space saving. All the model parameters are determined by
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TABLE 1. Model parameters, determined by fitting the meson
spectrum.
Quark masses m, = my 313
(MeV) my 536
m, 1728
Goldstone bosons m, 0.70
(fm~! ~ 200 MeV) my 342
m, 277
mg 2.51
A=A, 4.2
A, = Ak 5.2
/(4 0.54
0,(°) —-15
Confinement a. MeV fm2) 101
A (MeV) -78.3
OGE o 3.67
Ag(fm™") 0.033
Ho(MeV) 36.98
so(MeV) 28.17

fitting the meson spectrum, from light to heavy; and the
resulting values are listed in Table I.

It is to be noted that only V#=" of Goldstone boson
exchange plays a role between the u and s quarks, and for
the u and # interacting quark-pair, not only does V*=""
work, but also V° works; for other quark pairs such as
(Q.u), (Q.5). (Q.0Q) (Q = c, b), only V7 is considered
without Goldstone bosons and ¢ exchange.

B. Wave functions

There are three quark configurations for the Z., and
b5qg system: two meson-meson structures and one
diquark-antidiquark structure, which are shown in Fig. 1.
We denote a and f as the spin-up and spin-down states of
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FIG. 1. Structures of Z. and b3qg system, (a)/(a’) and
(b)/(b") represent two meson-meson structures, and (c)/(c’)
represents diquark-antidiquark structure.

quarks and the spin wave functions for the two-quark
system take

1
X1 = aa, X10 :7(0ﬂ + pa), X1-1 = PP,
1
X00 :%(aﬂ—ﬁaﬁ (5)

then a total of six wave functions of the four-body system
are obtained easily and are shown in Table II (the first
column). The subscript SMg of y represents the total spin
and the third projection of total spin of four-quark system,
with § =0, 1, 2, and only one component (Mg = S) is
shown for a given total spin S. For the flavor part, the
flavor wave functions (two meson-meson structures plus
one diquark-antidiquark structure) are also tabulated in
Table II (the second column). The wave functions y/!, y/2,
/3 correspond to the picture (a), (b), (c) in Fig. 1 for Z,,,
respectively, and the y/*, /3, /© are the wave functions of
pictures (a'), ('), (¢') for the b5qg system. For the color
part, there are four wave functions in total (the third column
in Table II): y¢! color singlet-singlet (1 ® 1) and y* color
octet-octet (8 ® 8) for meson-meson structure and y<
color antitriplet-triplet (3 ® 3) and y“* sextet-antisextet
(6 ® 6) for diquark-antidiquark structure.

So, we can get all allowed spin @ flavor ® color
channels of the Z., and b5qqg system by taking meson-
meson structures, diquark-antidiquark structure, along with
all kinds of color spin configurations into account, and
these are shown in Table III.

Next, let us discuss the orbital wave functions for the
four-body system. They can be obtained by coupling
the orbital wave function for each relative motion of the
system,

Wi = (19, (r0) ¥, (1)), P, (Misa) 12 (6)

where [; and [, are the angular momentum of two
subclusters, respectively. ¥, (rj,34) is the wave func-
tion of the relative motion between two subclusters with
orbital angular momentum L,. L is the total orbital angular
momentum of four-quark states. Because of the positive
parity (P = (—=1)th+E = ) for Z,., and b3qg, it is natural
to assume that all the orbital angular momenta are zeros.
With the help of the GEM, the spatial wave functions are
expanded in series of Gaussian basis functions,

Mmax

¥r(r) = Z Calt i (); (7a)

WG, (x) = Nyrle™" Y, (§),

where N,; are normalization constants,
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TABLE II. The wave functions of spin, flavor, color part for Z., and b5qg system by considering all kinds of quark structures.

Spin Flavor Color
X80 = XooXoo 7/ = cist v = % (7r 4 g + bb)(7r + gg + bb)
12 oz s _ s = o -
18(2) = \/g()(ll)fl—l — X10X10 + X1-1X11) AT = cosu x? :\g(%rrb+3grrg+_3lzggb+39bbg+3rg_gr+3r1_ybr
+ 2Frrr + 29999 + 2bbbb — 7rgg — ggrr — bbgg — bbrr
— Ggbb — 7rbb)
)((1;? = Xo00X11 ){f3 = csuc )(03 :\/75(7’_97_”§—Vgg_l_”-}-gi’{_}_?—gr_?{]—i-rbfl_?—rb_Zﬂ
B + brbF—br7b+gbgb —gbb g+bgb g—bggb)
X5 =210 x* =5 (bdds + buus)  yed = N8 (2rrF 742995 §+2bbb b +rgF g

+ rggF+grgr+gri g+rbrb+rbbF
+ brb F+br7b+gbg b +gbb §+bgb §+bgg b)

x5 =75 o = o) x5 = =1 (bsuin + bsdd)
13 =xuxn 216 = =L (buit5 +bdd’)
3+ 1 . .
N, = 217 (2w, 2] (8) W = AL G I Iy
"R+

(i=1~6 j=1~6 k=1~4),

where A is the antisymmetrization operator, for the Z_.; and
bsqqsystem, A = 1. Atlast, the eigenvalues of the four-quark
system are obtained by solving the Schrodinger equation

¢, are the variational parameters, which are deter-
mined dynamically. The Gaussian size parameters are
chosen according to the following geometric progression:

MM, _ 1hagMiM,
HY; "/ =E"Y,,/"". (10)
1 r max=1 . . . .
Uy = r, =ra"!, a= ("—“) . (9)  To obtain stable results in our work, the Gaussian width and
" " Gaussian number of each inner cluster take r; = 0.1 fm,

r, =2 fm, n = 12. For the relative motion between two

This procedure enables optimization of the expansion subclusters, ry = 0.1 fm, r,, =6 fm, n = 7.

using just a small number of Gaussians. Finally, the

complete channel wave function ‘P%’ %’ .. for the four-quark II. CALCULATIONS AND ANALYSIS

system is obtained by coupling the orbital and spin, flavor, In the present work, we calculated the mass spectrum
color wave functions get in Table III: of newly observed Z ., and excited BY states in the chiral

TABLE III. Allowed channels for the Z.; and b3¢gg system are showed. The third row Structure (a), (b), (c) represents the three
structures for Z, in Fig. 1. (¢’), (b'), (¢’) represents the three structures for b5¢g system in Fig 1. For saving context space, we give
abbreviations for channels, e.g., for meson-meson structure [picture (a)] of Z,., ‘311’ represents the third spin wave function ;(ﬁ ® the first
flavor wave function /! ® the first color wave function y°!. 312’ represents the third spin wave function Zﬁ ® the first flavor wave
function /! ® the second color wave function y>. The corresponding wave functions can refer to Table II. The rest of the channels can be
read in the same manner. The last row gives the total numbers of channels by considering meson-meson structures, diquark-antidiquark
structure, and all kinds of color spin configurations for the Z,; and bsgg system with quantum numbers 0(07),0(1%),0(2%).

System Z s bsqq
107) 1(1%) 0(0") 0(1) 0(2")
Structure (@ b  © (a) () () (&) @) () (@) @) ()

Channel (Spin - flavor - color) 311 321 333 341 351 363

312 322 334 141 151 163 342 352 364

411 421 433 142 152 164 441 451 463 641 651 663
412 422 434 241 251 263 442 452 464 642 652 664
511 521 533 242 252 264 541 551 563

512

6

522 534 542 552 564

6 6 4 4 4 6 6 6 2 2 2
Total 18 Total 12 Total 18 Total 6

Number of channels
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TABLE IV. The mass spectra of b5 meson families in the chiral
quark model in comparison with Ref. [20] and experimental data
[39] (unit: MeV).

System 1(JP) Ref. [20] Experiment [39]
118, 5367.4 5390 5366.84 £ 0.15
135, 5410.2 5447 5415.8 £ 1.5
218, 6017.3 5985

238, 6057.2 6013

1°P, 5749.2 5830

1°P, 5779.3 5859 5828.65 +£0.24
1°P, 5812.0 5875 5839.92 £0.14
1'P, 5797.6 5858

23P, 6345.9 6279

23P, 6381.9 6291

23p, 6422.9 6295

2'P, 6403.9 6284

1°D, 6179.3 6181

1°D, 6145.3 6185

1°D; 6094.2 6178

1'D, 6128.2 6180

23D, 6778.1 6542

2°D, 6743.9 6542

23D, 6692.9 6534

2'D, 6726.8 6536

quark model. For the excited BY states, we first treat them
as ordinary quark-antiquark states. Using the model param-
eters given in Table I, the convergent results of the b5 mass
spectrum up to the second D-wave states in the chiral quark
model are obtained and shown in Table IV, where the
experimental data are also listed for comparison. Until now,
there have been only very limited experimental values on
the low-lying bottom-strange mesons, which are called
BY(5366), B;(5415), B,(5830), and B?,(5840)° [39]. In
Table IV, we can see that the 2.5 and 1D states have masses

between 6000 and 6200 MeV, so it is possible that the
newly observed excited BY are 2S5 or 1D states of bs.
However, for the excitation energy as high as 700 MeV, the
excitation of the light quark-antiquark pair from the
vaccuum is highly favored. So, considering the excited
BV states as the four-quark h5gg (¢ = u or d) system is
also necessary. In the following, the four-quark b5qg
(g=u or d) system with quantum numbers I(J¥) =
0(0%),0(17),0(27%) is investigated.

For Z,,, the minimal quark component should be ccsi
rather than a pure c¢ since it is observed as a charged
particle with strangeness. Both of Z. and bsqg states
have two kinds of meson-meson structures and one
diquark-antidiquark structure, which are shown in Fig. 1.
Along with all possible color and spin configurations, we
take all kinds of structures into account. Table V gives the
mass spectra of some relevant quark-antiquark mesons in
the present work in the chiral quark model. From the table,
we can see that the chiral quark model is very successful in
describing the meson spectra. And the mass spectra of Z
and b3qg system are demonstrated in Table VL.

From the table, for both the Z.; and b5qqg systems, we
can easily find that the low-lying energies in diquark-
antidiquark are all much larger than those in meson-meson
structures. All of them are higher than the lowest theoretical
thresholds. Besides, the effects of the structures mixing
seem to be tiny for the ground state energy. The coupling
energies E,. are a little higher than the relevant thresholds.
So, we cannot find the bound states of the ccsit and bsqg
tetraquark in the chiral quark model.

Because the colorful clusters cannot fall apart directly,
there may exist resonances even with the higher energies.
Using the stabilization method (real scaling method), we
try to find possible resonance for ccsit and bsgg system. To
realize the real scaling method here, we multiply the
Gaussian size parameters r, in Eq. (9) by a factor a,

TABLE V. The mass spectra of some relevant mesons in present work in the chiral quark model, compared with the experimental data
[39] (unit: MeV). ¢ represents the u or d quark. (Expt: experiment.).

n?HL, E(D®))  Expt E({)) Expt  E(BY) Expt  E(KM)  Expt  E(c?) Expt E(qg) Expt
1'S, 1862.5 D(1869) 1952.5 D*(1968) 5280.8 B(5279) 4939 K(493) 3097.3 5.(15)(2983) 669.2 5(547)
218, 2721.2 2665.3 6090.2 1573.8 3592.1 7.(25)(3639) 1762.2

135, 1980.5 D*(2006) 2079.9 D(2112) 5319.5 B*(5325) 913.5 K*(892) 31612 J/w(3096) 701.6 w(782)
238, 2829.6 2777.4 D%,(2700) 6127.7 1887.7 36504 w(25)(3686) 1799.2

1°D, 3017.6 2872.7 6358.1 1984.9 3706.9 w(3770) 1954.2

23D, 3823.5 3523.1 7122.4 2917.3 4156.6 2998.3

13P,  2351.5 D;(2400) 2380.0 D*,(2317) 5749.7 1149.0 K;(1430) 3420.4 y.(1P)(3414)

23P, 3162.3 3028.2 6515.0 2109.6 3869.7 y.0(2P)(3915)

1'P, 2447.9 2478.1 D, (2460) 5783.4 B,(5721) 1400.0 K,(1400) 3455.1 h.(1P)(3525)

2'p, 3258.1 3134.9 6554.6 2327.4 3910.7

1°p, 2417.9 D,(2420) 2440.9 5777.1 1315.6 K,(1270) 3439.7 y.(1P)(3510)

2%p, 3228.4 3094.9 6545.3 2258.8 3892.9 y.,(2P)(3872)

1°3P, 24748 Dj(2460) 25117 D%,(2573) 5782.9 B;(5747) 1499.5 K;(1430) 3469.6 y.,(1P)(3556)

2p, 32944 3175.9 6559.9 2447.4 3928.0 y.,(2P)(3927)
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TABLE VI.

The low-lying eigenvalues of the Z,, and b3gg system with allowed quantum numbers. E(a), E(b), E(c) represent the

energies in pure meson-meson structures and the pure diquark-antidiquark structure for Z ., corresponding to parts (a), (b), and (c) in
Fig. 1. E(a) ® E(c), E(b) ® E(c), E(a) ® E(b) are the energies considering the mixture of one meson-meson structure and one
diquark-antidiquark structure, or two meson-meson structures, severally. E.. represents ground state energy for each state after
considering the coupling of all possible quark structures, color, and spin channels (refer to Table III). It is the same with b5gg. The last

column gives the theoretical lowest thresholds (unit: MeV).

E(a) E(b) E(c) E(a) ® E(c) E(b) ® E(c) E(a) ® E(b) E. Lowest thresholds
Zs % (17) 39345 36563 4247.1 3934.5 3655.4 3934.5 3656.2 3655.1(J/wK™)
E(d) E(b) E(c) E(@)®E() ED)QE(K) E(d)®EWD) E.. Lowest thresholds
bsqg 0(0%) 5776.6 6040.2 6283.2 5776.5 6040.2 5776.6 5775.3 5774.8(B~K™)
0(1") 58154 6072.6 63169 5815.3 6072.6 5815.4 58141  5813.5(B*K")
0(2t) 62348 61149 6483.7 6234.7 6114.9 6234.8 6114.3 6111.7(B,*w)

r, — ar, only for the meson-meson structure with the
color singlet-singlet configuration. Then, we can locate the
resonances of ccsit and b3qg system with respect to the
scaling factor a, which takes the values from 1.0 to 3.5.
With the variation of a, the scattering states will level off to
corresponding thresholds, but a resonance will appear as an

Energy(MeV)

Zcs
3900 T T T T T T T T T

8

S
T
/
1

Energy (MeV)
rd
/
/

7
/
/

——,

o, S—

s, S—

b,
st

JIyK

3600 1 1 1 1 1 1 1 1 1
1.

FIG. 3. The stabilization plots of the energies (3600—
3900 MeV) of césit states for 1(J7) =1(17) with respect to
the scaling factor a.

avoid-crossing structure, which is illustrated in Fig. 2 [34].
The above line represents a scattering state, and it will fall
down to the threshold. The down line is the resonance state,
which tries to keep stable. The resonance state will interact
with the scattering state, which can bring about an avoid-
crossing point in Fig. 2. With the increasing of the scaling
factor a, if the time of repetition of avoid-crossing points is
larger than or equals 2, it will be a resonance [34].

To make it clear for the reader, we illustrated the
stabilization plots of the energies from 3600 to
4100 MeV for Z. states, respectively, in Figs. 3-5
[Fig. 3 (360073900 MeV), Fig. 4 (390074000 MeV),
Fig. 5 (400074100 MeV)]. In Fig. 3, we see the first green
horizontal line, which represents the lowest threshold
J/wK(1 ®0—1). In the energy region 3900 to
4000 MeV (Fig. 4), there are two thresholds D*D7 (1 ®
0 — 1) and D°D:(0 ® 1 — 1). In the higher energy range
4000 to 4100 MeV in Fig. 5, two thresholds 7.K*(0 ®
1 = 1) and D*D?(1 ® 1 — 1) appear. Meanwhile, in the
figure, we can clearly see the repeated avoid-crossing
points which are marked with red circles, and the red

4000
3990 £
3980 E

3970 F

3960 F
3950 \

S
[0]
2
= :
) o,
8 3940 \-4-#“\_ .......... o D*Ds
5 — DD,
3930 £ :
3920 E
3910 E

3900 Heronin L L | :'l .......... L L | FTTTTeT L | T

FIG. 4. The stabilization plots of the energies (3900-
4000 MeV) of cesii states for I(J¥) =1 (1) with respect to
the scaling factor a.
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FIG. 5. The stabilization plots of the energies (4000-
4100 MeV) of cesii states for I(J7) =1 (1) with respect to
the scaling factor a.

horizontal lines are on behalf of two genuine resonance
states, with the energy 4023 and 4042 MeV. The energies of
the resonances are not far from the experimental values
of Z.,(3985)" observed by BESII and Z. (4000)"
observed by LHCb. To see the structures of resonances,
the percentages of each channel of the resonances are also
calculated in Table VII. The results show that the reso-
nances with energies 4023 and 4042 MeV are molecular
states, and the dominant components are D*Dj.

For the b5qg system, we show the results with all
possible quantum numbers I(J¥) =0(0"), 0(1T), and
0(2%) in Figs. 6-10. Figures 6-8 represent the b5qq
system for 0(0"). In the energy range 5700 to
6000 MeV (Fig. 6), there is one threshold BK, and no
resonance is found. Above 6000 MeV in Figs. 7 and 8, we
find several resonances, such as 6050, 6078, 6140, 6155,
and 6241 MeV. Besides these resonance states, we can find
that there exist some repetition avoid-crossing points just
above and very close to the thresholds line. In our work, we
regard them as the threshold effect but resonance states.
From Fig. 7, we can see that nearby the energy with
6155 MeV, two repetition avoid-crossing points emerge.
Similarly, nearby the energy with 6140 MeV, we also

TABLE VII. The decay widths and the dominant component of
predicted resonances of ccsu and bsgg system. (unit: MeV).

Resonance state r Dominant component
ccsi(4023) 3.1 D*D%(89%)
ccsi(4042) 13.7 D*D¥(90%)
b3qg(6050) 7.8 B?n(99%)
bsqq(6078) 44.1 B?n(SO%)
bsqq(6140) 18.3 Biw(80%)
bsqq(6155) 8.7 Biw(80%)
b5qq(6241) 4.1 B~K™(70%)

J=0
6000 T
.,
5900 [ ]
S
(0]
=3
>
>
(0]
c
% 5800 \ ]
BK
5700

10 12 14 16 18 20 22 24 26 28 3.0 32 34
o

FIG. 6. The stabilization plots of the energies (5700-
6000 MeV) of bsqq states for 1(J*) = 0(0") with respect to
the scaling factor a.

find two repetition avoid-crossing points. At these avoid-
crossing points, the line with smaller slope is the resonance
state, which tries to keep stable. Otherwise, the line with
bigger slope is the scattering state. At the avoid-crossing
point, the resonance state and scattering state couples
strongest, and that is the reason the avoid-crossing points
emerge. So, we can easily find that the first avoid-crossing
point respectively for 6155 and 6140 MeV shares the same
resonance line (with smaller slope), as well as the second
repeated avoid-crossing point for them. So, in our calcu-
lations, we just found one resonance with energy 6140 to
6155 MeV. Besides, we calculated the proportions of total
12 channels for this resonance, and the results indicate
that it has a dominant molecular component B}®(80%).

J=0

6200

6155
6140

B, o

s

6100

Energy (MeV)

6078

6050
Bn

6000 ! ! Ll ! ! ) ! ! ) ! !
10 12 14 16 18 20 22 24 26 28 3.0 32 34
o

FIG. 7. The stabilization plots of the energies (6000—
6200 MeV) of bsqq states for I(J¥) = 0(0T) with respect to
the scaling factor a.
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FIG. 8. The stabilization plots of the energies (6200-
6300 MeV) of b3qg states for I(J¥) = 0(0") with respect to
the scaling factor a.

In Table VII, the dominant component of the other
resonances of the b5qg system is demonstrated. The results
show that these resonances all have a dominant molecular
component. For 0(17) and 0(27) states in Figs. 9 and 10,
we cannot find any resonance states in our work.

What is more, we calculated the decay widths of these
resonance states using the formula taken from Ref. [34],

= 4v(e) S5 (1)

|Sc_Sr ’

where V(a) is the difference between the two energies at
the avoid-crossing point with the same value . S, and S,
are the slopes of scattering line and resonance line,
respectively. For each resonance, we get the decay width
at the first and the second avoid-crossing points, and we
finally give the average decay width of these two values.

J=1

6300 .. E

6200 f:

6100 ..

Energy (MeV)

6000

5900

5800 [ 4B K

FIG. 9. The stabilization plots of the energies of b5¢g states for
1(J?) = 0(1%) with respect to the scaling factor a.

J=2

7200
7100

7000 F
6900 £
6800 £

6700 F
6600 E

Energy (MeV)

6500 £
6400 £
6300 £

6200 F.

6100 F

FIG. 10. The stabilization plots of the energies of b5qg states
for I(JP) = 0(2*) with respect to the scaling factor a.

The results are shown in Table VII. For the ccsit(4042)
state, the decay width of 13.7 MeV is very consistent with
the experimental values of Z.(3985)~, with the decay
width of 12.8 MeV. Besides, we can see that the mass and
decay width of the b5qg(6078) state are relatively close to
the experimental values M = 6063 MeV and I' = 26 MeV
by LHCb Collaboration [4]. Combining with the results of
the b5 system, it is possible that the newly observed excited
BY states are mixing states of b5 and b5ggG (¢ = u, d). The
unquenched quark model should be invoked to study the
highly excited mesons.

IV. SUMMARY

Motivated by the recent experimental information
from BESIII and LHCb collaborations, we calculated
the masses, decay width, and the inner structures of
the Z., with I(J7) =1(17) and BY states with I(J") =
0(07),0(17),0(2") in the framework of the chiral quark
model using the Gaussian expansion method. Meson-
meson and diquark antidiquark structures and the coupling
of them are considered.

For the Z,., state with quark component ccsitz, we found
that the low-lying eigenvalues are all higher than the
corresponding thresholds in either structure, leaving no
space for a bound state. But we found two resonances with
mass 4023 and 4042 MeV for the ccsut system with the
help of the real scaling method, and the decay widths are
3.1 and 13.7 MeV, respectively. The state ccsii(4042) has a
close mass to the recent observed state Z.(3985)” and
Z.,(4000)", but the decay width is close to the exper-
imental value of Z.,(3985)” and far narrower than the
experimental value Z.,(4000)". Besides, we found that the
resonances ccsit(4023) and ccsii(4042) are molecular
states, and the dominant components are D*Dj.

To find the excited B? state observed by the LHCb
Collaboration, we give the mass spectrum in both the two-
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body b5 system and four-body b5qq (¢ = u or d) system by
considering the possible production of quark-antiquark pair
in the vacuum. For the quark-antiquark system, the 2.5 and
1D states have masses close to the newly observed BY, so
the chiral quark model can accommodate these excited BY
states. For four-quark system, no bound state is found.
However, several molecular resonances have emerged.
They have energies 6050, 6078, 6140~ 6155, and
6241 MeV. The decay widths are all relatively narrow.

Comparing with the experimental data, we found that it is
also possible to interpret the observed BY states as four-
quark states. Therefore, the better way to investigate the
highly excited states is to invoke the unquenched quark
model [36], which is our future work.

These possible resonant states should be tested in more
precise experimental data in the future, and we need more
experimental studies on the dominant decay channels of
Z.s and By to figure out their inner configurations.
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