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Prominent features of exotic hadrons:

BGS]]I ( Zc(3900), Zcs(3985), X(4020), X(6900), Pe, Pes ...)

Most of them lie close to
some underlying thresholds :

7.(30000  DD*
X(4020)  D*D*

Kinematical effects ?

Z.5(3085)  D; D*

Important question that follows:

Or Hadron molecular ? Or Elementary/Compact state ?

Remain controversial

P.(4457), LHCb, PRL 115,072001(2015); T, arXiv: 2109.01038



The nature and structure of these exotic states are studied at the quark
level by constructing multi-quark systems!



Frame work

€ The chiral quark model

H = Z(m,,. —T.+ ZV(?U

Viry) = VUGE(Hj) + V{}PE(T?',_}-') + Vose(rij) + Veon(rij)
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€ Quark delocalization color screening model

® [n the early 1990s, Professor Wang Fan and others from Nanjing University
developed a new model based on the traditional constituent quark model - the

quark delocalization color screening model (QDCSM)

» Change the quark model wave » Made corrections to the quark
function in the RGM variational confinement potential
wave function

Uy(r) = ((ﬁ;.@n)/ N(e), i -il,-rff. if i, j occur in the same hadron orbit
U, (F) = (Br +€8)/N(e), Vi=i L e
Ne) = \fl 24 26 (bnldL). ' —0,h -A.,-}—L if 1, j occur in a different hadron orbit.

» The success of the QDCSM lies in explaining nuclear forces and hadronic interactions using a quark model with
minimal parameters. To date, this model is the only one that explains the similarity between nuclear and molecular
forces, addressing why atomic nuclei can be approximated as nucleonic systems rather than multi-quark



€ The resonance group method

® The conventional ansatz for two-cluster wave function is :

[ | 1S —

U = Al|¢B, (p1, }_':1)‘235‘33 (P2 32)] X(E)Z( em)];

® \Variational principle
v — [ Alpr(o1 A2, A)O(R — ROIX(R)AR",

{5IIFH|H _ B[ = 0 U — [ Alo1(pr, M) (p2 A2)S(R — ROIX(R)AR

50" = [ Alpr(pr. Ao (pa. A)S(R — ROISX(R")dR"

® The RGM equation can be written :

[ H(R",R)\(R)dR = E f N(R", R)x(R)dR'

A=A*A=LHA" | g m) = 5P (R RYS(RY - R + HEX (R, R)

Ald126(R — R)] ﬂ

)

H(R".R) } < o
) = ( A¢1020(R — R")]
{ N(R",R') N(R",R") = N?(R",R)0(R" — R') + NE*X(R", R)
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NP(R", R | | 1
( _ ) (R~ R) = /@’I(Pu A1) (p2, A2)d(R — R”) ( )
HD(R”? Rr’) H

Xg")l (,01: Al)@")g(pg, }\2)5(H — R’)dpld)\ldpgd)\gdh),

J.?VEX (R", Rf) | ‘ IA”
= /057(011/\1)6.53(02,/\2)0(3 - R")
HEX (Rrr'1 R_f) HAH

X P1(p1, A1) d2(p2, A2)o(R — R dpidAidpadXodR

® The RGM equation can also be written :

L(R",R)y(R)dR =0

L(R".R)=H(R".R)-EN(R"R) = LR.R)=[- Vi VDR = BulS(R — R+ HEX(R', R — ENPX(R', R)).
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€ Group theory method

® Group chain

v
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el ] sy
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® The physical basis wave function of qg-qq-g structure.

Va(q*) =

s W, >
[‘32] We, [!-52] [fz] Yolo My, Jo My,

v

[(:4].!’.1*}.1

Diquark-wave function

4y _ . . .
Vour (") = A [1-'*"‘2(Q'1‘1'2)‘+’?(‘ISQ4)]WC4 My, My, > [Diquark-Diquark-wave function

l

U,i(q'q) = [‘I’a4k4('—’f))’@[au.f@ﬁ)]

[e]dJ
WM;M; "
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® Symmetirc wave function of qg-qq-q structure.

(4| W,
(D&'4K'4 (f}4) - ) )
[Ca] We, [,U- 4] [fi] YalyMyp, JiMy,

.- _ 1 leldJ
(I)rr}i q g [(I)"'LiJH )).?T:J[C]f_(qa)]W’M’jﬂ-f} '

® Physics basis and symmetric basis can be mutually converted.

Var(q'q) ZCkK‘I’aK(G q)

_Zp[m] a)lpal (‘r[ﬁifi][fd][-fd]

* [Da][ea] [pal [05][ch] [ph) ™ [m2] [f2] [Ja] (s ] [F31[T5)
vapa fa

([fa]Yaly .
¢ [J"l:]};lfz YL IS ¢)rJ:I{ (q Q)..
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® Fractional parentage expansion technique

® Quark-quark interaction

[14][va [V4] [74] [ca] [pa] [a][fa] T4 [fa]Yals
(Parc | Hsa| Parr) = ZCV o). 121050 C ol el lan ea) ] C i | U 1 i ) C 1Y T el Va R
1,2
14][va][74] [Pa][ca][p24] [1a][fa]Ja [fa]Yals
Ozl 12104104 C 4 el L 4 eliy) Cl 115 mltras vy o va g
(V4] Wa, [alW, i . i i o
CloWar o, Conw, g, (1K1 |0 K ) {0 Ky | Hag oy Kp). (3-30)

® Quark-antiquark interaction

_ [14][”4 4] [74] [e4] [p4] [1ta][fa] Ja [fa]Yaly
(Peuc | Hag) Bt} = 320[1* Jalloal, (11141 Cloaliealeabialies)pua] Cluallfal gl 11 Cltava I v
1
Cf [14][va][P4] (7] [ca][pa] v[1a][fa]Ja Cr[f4]Y4I4

(18] [ws] (5], (1]l 27 ) (25 e ] (ks ] [ 11 1 ey 1 T A3 ], [ D LT 17 L)Y I A 1YY 1
U(C:sClCCI; C»i".?:z)UUSfl”I; f-qu)U(LLleJJI; J-qu)

U(dyc et eads ) U(IL I L) U (J5 0y J Ty Jyds)

.,-[Mj] W Ty [U4] W .':"4
; [.U;;]H.-’xs ’[Ul]u”xl J [V’;] H’;.fi i [U; ]H;_-;i

(asKs[al IK5) (o 5 K5).  (3-31)

® The matrix elements of H on the symmetric basis can be obtained.

'((I)f.tff | HE- |(I)f.tff" ) — 6((1)”_]{ | HS-’I | (I)rxh""> + 4 <(I)m:ff | H'“lﬁ |(Ijr.tf{">

Q
N
I
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Discussion on some work

® Hidden strange pentaquark states in constituent quark models.

PHYSICAL REVIEW C 98, 055203 (2018)
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For the first work:

Observation of PJin the A) — J/YpK~

 PF(ccuud) states were first observed in A), — J/pK ~using Runl data

* Analysis updated with X9 more data
* PF(4450) resolved into two peaks, P (4440) and P.f (4457)
« Anew state P.;¥(4312) observed

PRL 115 (2015) 072001 PRL 122 (2019) 222001 s*p°
> = F s
> 800 " :
s 31200—
O 700 (b) ** narrow LHCb 5 [ — datallf :
= + 2 - — total fit
4\9 600 * ++PC (4450) S 1000 __ background
g, Runl B
S 800~
I 500 tfr %wm* . g
4 ", % ool .
# =2 B [k~
N W L
| 400 7 :
i i, Pg(4440)"
- P(4312)
:....I-- .E 1 ..-.I\.\-—.J_....I.

4300 4250 4300 4350 4400 4450 4500 4550 4600

l mye [MeV]

States close to X} D and 2} D*° mass thresholds consistent with
molecular interpretation
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* The evidence for a new baryon state with hidden
The hideen charm pentaquark state: P} strange was reported by SPHINX Collaboration
in 1999

Eur. Phys.J.A'5, 409 (1999)

()

e N® bound state

. Phys. Rev. C 63, 022201(R) (2001)

The hideen strange pentaquark state: Py Phys. Rev. Lett. 64, 1011 (1990)

Phys. Lett. B 774, 108 (2017)
Phys. Rev. C 95, 055202 (2017)
Phys.Rev.C 73, 025207 (2006)
The work goals: arXiv:1804.09383

Phys.Rev.D 91, 114503 (2015)
To investigate whether the NO states

are bound or notin ChQM?
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® Three kinds of chiral quark models:

CHQM1, o meson exchange is used between any quark pair.
CHQM2, o meson exchange is only valid for u/d quark pair.
CHQM3, the full SU(3) scalar nonet-meson exchange is employed.

TABLE III. The symmetries of colorful ggg and g clusters.

Ab ¥ EY O NT AT X Ay * The color symmetries of qqq
[c] [21] [21] [21] [21] [21] [21] [21] and q C_[ cluster are all [111]
[o] [21] [21] [21] [3] [3] [3] [21]
[f] [3] [3] [3] [21] [21] [21] [111] _
I 2 1 ] ! 0 1 0 * The color symmetries of
5 0 ! 2 0 1 1 : hidden color clusters are [21]
r}f ¢f K*.’ K:kf
[c] [21] [21] [21] [21]
[o] [11] (2] [11] (2]
[f] [21] [21] [21] [21]
1 0 0 : :
S 2 2 1 1

TABLE IV. Channels of the N¢ system. . .
* the first five channels are color

single channels

1 2 3 4 5 6 7 8
N¢ AK*Y XZK* I*K  ZFK* Al¢t ZVYKY EYKY

9 10 11 12 13 14 15 16
N'y' N"¢' A'K' A'K” %'K' T'KY VK" A.K" e (Others are hidden-color ch?b_nnels




® The effective potential

» The definition of potential can be written as:

» The effective potential between two colorless cluster is defined as:

E(SH’T ) T

o <lP5q(S.=u)|H|lPSq(Sm)> .

<IP5q (Sm] |q’5q (S

m))

V(Sm) — E(Sm) _ E(DO),

200}

V(s) (MeV)

100 |

total
_______ Vv
.......... VG__;;__Tk
00 (a) ChQM 1
1 2

s (fm)

3

V(s) (MeV)

200 total

_________ v, Vg

150 F \REEEEE T,
100 +
50 F

(b) ChQM2

NEE
0 1 2

s (fm)

V(s) (MeV)

The potential of N® state in both CHQM1 and CHQM3 are attractive

The attraction in CHQMI is much larger than one in CHQM3

The potential in CHQM?2 is repulsive

200 + . R Ve
K T v,
100 + . T T,
0 N N

........ (c) ChQM3

-100 s

0 2 3
s (fm)
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® The dynamic calculation

TABLE V. The binding energies B with channel coupling.

B.&'c' (MEV) Bﬁc'{' (ME‘V} Blfu'c' (MEV)
ChQMI1 ub —5.70 —12.27
ChQM2 ub ub ub
ChQM3 ub ub ub

* The single channel N® is unbound 1n all three quark models
* The N® can be bound by the coupling of the color-single channels in
CHQM1
* The N® can be bound by the coupling of all channels in CHQM1
* the mass of N® in CHQMI1 by 16 channel coupling :
M = 1946.7 MeV

The channel coupling has an important impact on the No state !

18



® The relative motion wave function of N& state

0.010

0.008 |
0.006 |
0.004 |

0.002

u(r) (arbitrary unit)

0.000 F-

-0.002 ' : : ' ' . : !
0
r (fm)

FIG. 2. The relative motion wave function of the N¢ state in
three quark models.
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® The short summery

» The N® state can be bound through the interaction of ¢ meson exchange
plus the effect of channel coupling

» The effect of channel coupling has an influence on the existence of this
bound state.



Discussion on some work

® The explanation of some exotic states in the ¢scs tetraquark system.

Eur. Phys. J. C (2021) 81:950
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For the second work:

X states: New states in DI D

« Ofb~

| (. T

w
o

T
T

T

1 at LHCDb, near threshold structure X (3960) in B*
» X(4140) accounts for the dip around 4.14 GeV
. IfX(3960) and X(3915) the same partlcle’? More measurement needed.

- DID;K*, 120, JF = 0*F

i

LI |

LT ) A e

ool e+ Daa prellmmary ea + Dald prellmmary 1 230 4 Daa prellmmary -]
O 40k o' = Total fit o Total fit ] o | —— Total fit ]
g - Non-resonant D} 1)‘ {1 - Non-resonant D} D7 g g L Non-resonant D} D; ]
S F X(3960) i <2 X(3960) 1 S X(3960) .
Sk Xo(4140) 1 S22 Xo(4140) 1 St Xo(4140) +
2 | Y(4260) i 2 U(4260) 1 & | U(4260) '
g I 3 { £ 1(4660)
s 20 = L J = i
= f 210 1 Fwr +
S 10k g | ] 8 [
< s o [ o | i
0 40 4.2 44 46 4.8 %.4 I2.6 2.8‘ I .3.()' ‘3.2I 34 (5.4 ‘ 2.6 28 I I3.O. I 13.2A
m(D3D;) [GeV] m(DJK*) [GeV] m(Dy K*) [GeV]
Component  JF¢ M, [MeV] Iy [MeV] F [%) S [o]
X (3960) 0t++ 3955+6+12 48+17+10 242+£76+£79 126 (14.3)
X0(4140) 0t 4133+ 7+11 69417417 1774494+ 7.7 3 7 (3.9)
1(4260) 1 4230 55 3.7+04£3.0 1 {3.3)
1(4660) 1 4633 64 22:£10.2 £10:5 9 (3.2)
NR S-wave - - 46.6 £13.3+11.3 1(3.4)

34

LHCb-PAPER-2022-018

1 LHCb-PAPER-2022-019
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e X(3960): M, =3955+6+11MeV; I, =48+ 17 + 10 MeV; JPC = o++
e x:0(3930): My, = 3924 + 2 MeV; I, =17 + 5 MeV; JPC = ot

e Are they the same particle? If yes
FF: Fit fractions in
(X - D'D") 3 B(B* -D*D™K™Y) FT‘;{ - the two B* decays
I'(X - D;D;) B(B*->DID;K")FFX _ .. ..

= (.29 + 0.09 (stat) = 0.10 (syst) £ 0.08 (ext)

I'(X - D*D™) <T'(X - DI D;) implies the exotic nature of the state
« Conventional charmonium predominantly decay into D)D)
- It is harder to excite an s3 pair from vacuum compared with uii(dd)

O The creation of an ss quark pair from the vacuum is suppressed
relative to uu or dd pairs.

O X(3960) and xc0(3930) are either not the same resonance, or
they are the same non-conventional charmonium-like state, for
instance, a candidate containing the dominant ccss constituents

23



What is the nature of X(3960)?

€ Hybrid state can be ruled out, due to too low mass for a QCD-hybrid
candidate (the lightest 0** charmonium hybrid around 4450 MeV)[1]. X

@ Lightest ctss tetraquark, ~3920 MeV, is proposed by Lebed et al.[2]. The
QCD sum rule[3] also favors y.,(3915) as a 0" cqtg or cscs tetraquark.
favour
€ Molecular DI D7 (virtual) state, is calculated in the quark delocalization
color screening model [4]. The recent lattice QCD results[5] found a
narrow 07* D} D7 bound state. Some phenomenological studies[6] regard
it as the molecular (virtual) state. favour

€ cC mixed with exotic components, such as Ref.[7,8] favour

[1] arXiv:1204.5425. [2] arXiv:1602.08421, 2005.07100. [3]arXiv:1706.09731. [4] arXiv: 2103.12425.
[5] arXiv:2011.02542, 2111.02934. [6]arXiv: 1503.04431, 2101.01021. [7]arXiv: 2302.06278. [8]arXiv:2303.15388.
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QDCSMI QDCSM2 QDCSM3

Quark masses

m, (MeV) 313 313 313

my (MeV) 536 536 536

m. (MeV) 1728 1728 1728
Confinement

b(fm) 0.29 0.3 0.315

a. (MeV fm—2) 101 101 101

Vo, (MeV) —2.3928 —2.2543 —2.0689

Vi, (MeV) —1.9137 —1.7984 —1.6429

Vo, (MeV) —1.4175 —1.3231 —1.2052

Vo,, (MeV) —1.3448 —1.2826 —1.2745

Vo,. (MeV) —0.7642 —0.6739 —(.5452

Vo, (MeV) 0.6063 0.7555 0.9829
OGE

ot 0.2292 0.2567 0.3019

al’ 0.2655 0.2970 (.3484

oy’ 0.3437 0.3805 0.4405

i 0.3856 0.3604 0.3360

@’ 0.5969 0.6608 0.7649

at 1.5101 1.6717 1.9353

Table 2 The masses (in MeV) of the ground mesons. Experimental values are taken from the Particle Data Group (PDG) [45]

K K* T i) @ i) i
Exp. 495 892 139 770 782 548 958
QDCSMI 495 802 139 770 585 535 958
QDCSM2 495 892 139 770 598 538 958
QDCSM3 495 802 139 770 615 527 958
ol D, D} 1 S D o
Exp. 1020 1968 2112 2983 3096 1865 2007
QDCSMI 1020 1968 2112 2983 3096 1865 2007
QDCSM2 1020 1968 2112 2083 3096 1863 2007
QDCSM3 1020 1968 2112 2983 3096 1865 2007

25



® Two Kinds of configurations

‘ | e Meson-meson configuration

OaumO¥

* Diquark-antidiquark configuration

2
NOSmOF
()
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® The wave function construction

» Four fundamental degrees of freedom

Color, spin, flavor,orbit

» The multiquark system’s wave function is an internal product of the color, spin,
flavor, and orbit terms

The total wave function=color*spin*flavor*orbit



v" The color wave function

» The color wave function of a q g » The color wave function of a
cluster diquark cluster and antidiquark

—
e —
Cliyn =+ 37 + g + bb) /1
[111] |
, "‘_3 . C|I2.] = FF, C["&l — ‘.'I, [rf + ,IH‘}
Cian=rb,Cpyy = —rg ."_
4 TS - (1
Ciarp = gb, Cpayy = —bg C|31] = pg, CIiE] = E{rb + br)
i1y = &F. Cloyy = bF

,_

= '\.’ {;;FJ—HJ;;} CIZI = bb

C?

V307~ 8d)

6C*6C

-__ ___
._.| I\JI—-l

1
ch = —{r ), CH = u'f—(rb—br] N .
1 VI §—8 (1] Va2 A3 = V’gfqlzlcllzz] - CF:JC||52|| +C|32|C|322|

l':la,” —..‘.'— —Jr—gg—}-?bf;}

4 5 ~5 6 6
+C31C2) — Ci2)Ciag) + €2 C33)

|'
: C[;I]I B vliigb_bgl : 1 7 AT 8§ 8 9 9
[111] COlOI‘—Slngle(lc) — i = 3CanCaim = CinCam + CinCany)
. I|'l o L
[21] color-octer(8,) Claay = 77 Claay = =/ 5 & + &) _
*3
n 3:%3¢
: Ciyay = 28, Choy =+ = (7b + bF)
i =ClhinC * [22] 217y 2
A= Canm 1.*1, -
. ,'l]. Cﬁ’! - 'f—(_’-"_'f'-’_:).cﬁﬁq =f;|,_
16 = 3CanC = Cian € = CianCiayy TR
7 _,'ll-—_-,-_ B __'lll-____-_
+CP11Chiy = €1 Ciany + €1y Clany Clam =y 378 = 87 Cauy = =y 300 = b7)

5 4 -'_
~ConChn + ConChn) | 8.* 8, oy = V'%@’g by
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v" The flavor wave function

Fy = céss
. S
3 ——
1",[] = C5CH
5[5. = Xo0X00
T
5[‘% = \*."E{J{'I]IL—J — Xwxiw+ x1—-1x11)

—

3 _ /]
Si = ‘#"I 5 Grooxan + X1 xoo)

'_

v" The spin wave function

» The wave function of two
body clusters are:

X1 = oy,

"]
Xoo = ,‘f —(af — fa)

» The total spin wave functions:

Sp = V3 -fmmj — X11X00)
51 = Xooxii

-‘ff'=:{1l}fﬂu
1
= .,! ,j{..-{'l])"li] — X10xX11)

5_? = X1 X1
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v" The orbital wave function

> The total orbital wave function can be constructed

Ut = Y (R)Y2(R2) xL(R)

| i

F 3
R) =,/ C;
AL(K) V 4x (Err.bj) Z f

=

3 3 P
X fﬁ'xﬂ [— (R —-H';'II‘} Yiu(5i)ds;

4h?

The complete wave function can be written as:

W= A[[WES 1w, Flxd)
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Table 3 All possible channels for all quantum numbers

JPC — g+t JPC JPC - JPC — 2+t

Index F j Sf % Channels  Index F } S:E v x¢  Channels  Index F ; S:E ¢y Channels  Index F } E;f v xp Channels
[13):k] [13j:K] [i:):] [13j:K]

| [1.1.1] et | [1.7.1] J e | [1.5.1] 1] | [1.8.1] /g

2 [2,1,1] prps 2 [2,4,1) prps= 2 [1.6.1] I 2 [2.8.1] Dt P

3 [1.2.1] I 3 [3,3.3] (cs)(cF) 3 [2.3.1] DDy 3 [3.8.3] (cs)(cq)

4 [2.2.1] D p? 4 [3.3.4] (cs)(cs)y 4 [2.7.1] DD} 4 [3.8.4] (e$)(E5)

5 [3,1.3] (es)es) 5 [3.4.3] (e5)ics)

f [3.1.4] (cs)(CF) § [3.4.3] (cs)(cs)

7 [3,2,3] (es)ex) 7 [3,7.3] (cs )

8 [3.2.4] (e5)(CF) 8 [3.7.4] (es)(EF)
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Table 4 The lowest-lying eigenenersies (in MeV) of ¢és3 tetraquarks with J 7

0+

Index Channel Threshold QDCSMI QDCSM2 QDCSM3
£ £ Eniv Eoe E,.. Eiy | . E.. Eoi g

1 n 1 3942 3944 3938 @ 3944 3938 @ 3944 3938
2 DD, 3936 3938 3938 3938

3 J g 4117 4119 4119 4119

4 Dt p: 4224 4226 4226 4226

3 {esies) 4354 41648 4350 4163 4341 4138

6 {cs)(cs) 4553 4535 4499

7 {cs)(cs) 4469 4464 4453

) ()R 4310 4292 4752

The lowest energy of 3930 MeV is obtained by coupling all channels of two structures,
which 1s 6 MeV lower than the threshold of the lowest channel Ds+Ds-. There is a bound

state for the 0++ with the mass of 3930 MeV.

For this bound state, the percentage of Ds+Ds+ is about 85%.
X(3960) 1s a molecular state Ds+Ds-

This results is consistent with other work,(Lattice QCD, Bethe-Salpeter)
10.1007/JHEP06(2021)035

Prog. Phys. 41, 65-93 (2021)
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Table 5 The lowest-lying eigenenergies (in MeV) of ccss tetraquarks with

JrF‘-C' — |++

Index Channel Threshold QDCSMI QDCSM2 QDCSM3
E.'rr' E;'n' Em.‘.r E.'.r' En' Earjf.r E.':r' En' Emr'.'r
I J e 4117 4119 4082 4082 4119 4082 4082 4119 4082 4082
2 DI' Dy 4080 4082 4082 4082
7 (cx)cs) 4341 4311 4360 4328 4393 4365
8 (cs)(cy) 4377 4397 4426
Table 6 The lowest-lying eigenenergies (in MeV) of ¢cs# tetraquarks with J € = 17
Index Channel Threshold QDCSMI QDCSM2 QDCSM3
Ege Ege Eonix Ege Ee Enis Ese Ece Einix
1 Nedh 4004 4006 4006 4006 4006 4006 4006 4006 4006 4006
2 I 4055 4057 4057 4057
3 D_:r Di™ 4080 4082 4082 4082
4 D} ' D7 4224 4226 4226 4226
3 {cs)cs) 4434 4306 4431 4313 4424 4302
f {cs)cr) 4517 4504 4474
7 {cs)(es) 4484 4480 4469
8 (c5)(cF) 4397 4379 4341
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Table 7 The lowest-lying eigenenergies (in MeV) of ccsys tetraquarks with JEC = ot

Index Channel Threshold QDCSMI QDCSM2 QDCSM3
Ege Eep Emix | o Eor Comix Ege Ere Emin
I Jjbg 4117 4122 4122 4119 4122 4121 4119 4122 4121 4119
2 D pE- 4224 4228 4229 4229
3 (cs)ics) 4404 4399 4427 4421 4453 4444
4 (es)(es) 4409 4431 4454

* The energy of each channel is above the threshold of the corresponding channel

* There is no bound state in 1++, 1+-, 2++ system
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® The Stabilization method

e L . e A factor S, which is the distance between
) two cluster, is used to scale the finite
volume.

* With the increase of the distance between
two clusters, the continuum state will fall
off toward its threshold.

Energy (MeV)

* The bound states will remain unchanged

E— - : s : * A resonance state will tend to stable and
act as an avoid-crossing structure.

Figure 4 (Color online) Resonance shape in the real-scaling method.
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» The stabilization plots of the energies of 0++
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* A bound state and four resonance states
* X(4381) is close to the X(4350), so X(4350) can be explained as a compact tetraquark
resonance state with 0++
* This result is agree with some work(Born—Oppenheimer approach X(4370))
Phys. Rev. D 90, 014044 (2014)
* X(4524) is close to the X(4500), so it is possible to be a compact tetraquark with O++
* X(4630) is close to X(4630), but the 0++ is different from the reported 0-. X(4630)
may be X(4700). *°



» The stabilization plots of the energies of 1++
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* Aresonance states. X(4324)
X(4324) can be explain as X(4274)
This result 1s similar to the results of other work.
Phys. Rev. D 83, 034010 (2011)
(a resonance state with energy near 4.3 GeV is considered as X(4274))



» The stabilization plots of the energies of 2++
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¢ Two resonance states



® The short summery

Table 8 The energies (in MeV) of the resonance states for the ccss system

QDCSMI
JPC =g+t 3030% 4028 4401 4531 4632
JPC = 1++ 4307
J.PIC- — l+—
JPC =2+t 4394 4536
QDCSM2
JPC =g+t 3930 4033 4381 4524 4630
JPE = ++ 4324
J:'.PIL" — 'l+—
JPC =2+t 4418 4527
QDCSM3
JPC =g+t 3930 4031 4378 4501 4645
JPE =+t 4341
J:'.Pl!-- — 'l+— —
JPC =2++ 4448 4526
i* stands for bound state, —— means no resonance state exists)

* The molecular bound state Ds+Ds- with 0++ can be supposed to explain the X(3960)
* X(4350),X(4500),X(4700) can be explained as the compact tetraquark state with 0++

* X(4274) 1s possible to be a candidate of the compact tetraquark state with 1++
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Thanks you!
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