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Background

* Since the discovery of X(3872) in 2003, numerous exotic structures “XYZ” and pentaquark states have been
observed in experiments.

Hybrid Glueball Tetraquark Pentaquark Hadronic molecule

H.X. Chen et al., Phys. Rept. 639, 1
* Light quark g (¢ = u, d, s) makes problem complicated

F. K. Guo et al., Rev. Mod. Phys., 015004
Y. R. Liu et al., Prog.Part.Nucl.Phys. 107 237-320
C. Z. Yuan, Int.J.Mod.Phys. A33,1830018

; C
\ U 2§ g
v' Loosely bound molecule VS. compact tetraquarks. @ <° WU
v Coupled-channel effect: QQ meson core & QQqq .
molecule tetraquark

V' Relativistic effects.
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Fully-heavy tetraquark

* The fully-heavy tetraquark state T, g,5.0,(Q = ¢, D) is a good candidate for compact
tetraquark state.

v Heavy quarks: short range one-gluon-exchange (OGE) potential dominates.

v The light-meson-exchange interaction is suppressed (unlikely molecule).

» Diquark-antidiquark (QQ)-(QQ): 3, ® 3., =1,and 6, ® 6, = 1.

- Golden platform to investigate multi-quark system.
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Experimental search for T, 55
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JHEP 1810, 086 (2018). arXiv: 2002.06393

« LHCb and CMS: search for T, 55 in Y(1S)u™ u~ invariant mass spectrum.
* No significant excess observed for T, 55.

* CMS: An example signal at 19 GeV with a significance of about one standard deviation.
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Experimental search for T, z¢
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e Search for TCCC_E in dl-]/lp channel. Science Bulletin 65 (2020) 1983.
» A broad structure ranging (6.2, 6.8) GeV.
* X(6900): A narrow peaking structure at 6.9 GeV with the signal significance > 5o.
* The theoretical prediction for ground S-wave T, z: (6.3, 6.5) GeV.
« X(6900) is an candidate for excited tetraquark state.
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Formalism

* The strong interactions : one-gluon exchange (OGE) plus phenomenological linear confinement.

/\i A 1
H = Hy+ 5 - F Vi) + Vi§ (rig) + Views (73]
4 p2
Hy = ZE:1 277; -+ g m; — T

- V9 . OGE Coulomb + linear confinement + hyperfine

cen

Phys. Rev. D 72, 054026

Phys. Rev. D 32, 189

1 1 : : : : .
. VSE, )+ Vtgn)s : spin-orbital and tensor interactions & perturbatively.
Vo) (rig) = Ve (1i5) + Vo (rag)-
1 dVoow 17 ( 1 1 4 1 1
VO (1) = — _[ LS+ (—= — — )L - (s; }
so(Tij) ry dri; 4 (mf + mJQ + mﬂ”j) g 9ij t (mzz m?) i (si—sj)
VS ) g in 1) 7 1] J
=8 (T J) Tij dTij ( me + ng )
02 1 0 . Voou
Vi (i) = — - — e
tens (T ]) (87’% Tz'j 6Tij 3mimj i
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Formalism

TABLE 1. The parameters of the quark model and the cor-
responding mass spectrum (THE) of the charmonia c¢¢ com-

pared with their experimental values (EXP) [89]. ppG 2020

» Four parameters are determined by mass spectra of cc.

parameter Mass spectrum (MeV) ]
S —————— Calculate the mass spectrum in two stages.
J SO
Qs 0.5461 LS Ne 2983.9 2984
b IGeVA]  0.1452 3SO i S9N iS00 vV H=H,+ chl) (OGE Coulomb+ confinement+ hyperfine)
: & Schrodinger equation to obtain 1/)10] :
m. [GeV] 1.4794 Py Xco 3414.7 3426 z
\/ V — V(O) + V(l) + V(l)
o [GeV] 1.0946 3P, Xe1 35107 3506 Ycen ' Vso tens o _ .
- ho(1P) 35254 3516 & diagonalizing the Hamiltonian matrix in the basis of i, .
1 c .
3P Xe 3556.2 3556
: - v Extended to study T, sz
150 n.(2S) 3637.5 3634
Sy ¥(28)  3686.1 3675
381 ¥(3S)  4039.0 4076
35, ¥(4S)  4421.0 4412
2021/7/30
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Formalism

» Few-body problem: Gaussian expansion method Prog. Part. Nucl. Phys. 51 223-307

wJJZ = Z [Spna(]a (I'12, 60,) ® Py Jp (1’34, 51)) ® ¢NLab(r7 6)]JJZ 9

» Basic wave function of each Jacobi coordinate

Ja
PngJoa Mg = [¢nala<r1276a)xsa]Ma X fXca

* Gaussian function: Pral, (112, Ba) = {25”2(21/%)”3/2 }1/2"“ beeVnaTi2
ate V20, + !
TABLE II. The color-flavor-spin configurations of the QQ (QQ) diquark (antidiquark).
» Construct the color-spin-flavor configurations with Haver | Swaell—0) Spim Color J
diquark and antidiquark. . B S(See=1) 3(4)  [@Qk 17
S S A(Sqq =0)  6.(S) [QQs. 0*
Flavor | P-wave (L =1) Spin Color
([QQL..pl,. 0
S A S(See=1) 6:(S) [[QQM..pl;, 1°
(QQR..p); 2
3 A A(See =0) 3.(A) [[QQIS.pl; 1°
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70001 2007 018 7024  _.7036_.. _7030  --10%8-.
r - 6954
¢ The S-Wave 7-'CCCTCT State: L12 — L34 = LT' = O' ;::::::::::::::::6:29:5::::::::::::::::§:§6_-§:9§‘E5:-::%:5:':‘?:2:1:-9:':-:"::::
6367
(1) (1) . . 6800_—
V..~ + V. . :couple with non-S wave excited state & neglected. _ |
so tens & ol
: : !
« Color-flavor-spin wavefunction: 2 GA%_ _ 483 6481 50 —O02— 6479
S o400} —0— 6371
_ B _ . I
1 110 + 1 171 I
1 1 1
VR (CACE AN [[QQ13,[QQ.]; e .
6000
0 1AA10 1° ++ 1 1AA1L 12 e . Helle
[QQl5.[QQE.],. 2 [[QQI5,[QQs. ] . = =

FIG. 2. The mass spectrum of the S-wave tetraquark states

° O++ state: an admixture of §C - 3C and 6(: — éc conﬁgurations. T.. The dot-dashed red and the blue bars represent the n}ass
spectra from two quark models and. The green dashed lines

 No bound states exist in the quark model. stand for the X (6900) mass in the two fits obtained by exper-
iments.
* Wide S-wave Teeee: di- ]/, di-ne, ne /. Jre Decay Modes
L X(6900)' Wlde S-Wave States ]PC = 0++ or 2++. 0++ NecTNe, J/¢J/¢a Xclnc(P'Wave)7 J/whc(lp)(P'wave)’ J/WP(?S), Xc0Xco
1t- Ned /Y, hene(P-wave), J/vxc (P-wave), n.’, hexeo
277 | T/ T/, nexer (P-wave), nexez(P-wave), J/vphe(P-wave), J/$1p(2S), XcoXe2
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S-wave T,.z¢

.]PC =(0tt:

0ft | Mass | 3c®3. 6.®6. 1c®1. 8:®8: T12/734 T T13/T24 T
6405 31.9% 68.1% 96.9% 3.13% 0.52 0.31 0.48 0.37
6498 67.7% 32.3% 5.7% 94.3% 0.51 0.36 0.51 0.36
6867 10.6% 89.4% 80.6% 19.4% 0.65 0.35 0.58 0.46
7007 89.7% 10.3% 26.0% 74.0% 0.49 0.47 0.59 0.35

1S

2S

« 0™+ ground state: 6, — 6, component is lighter and dominates.

 The root mean square is small.

5 )
— attractive

I Compete
/1i/1j> 1

Aidj 2 ) _ .
< — > = — = attractive < > | = 3 repulsive
2 3

1 )
—3 attractive
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P-wave T ¢q¢

A-mode p-mode
» P-wave state: A-and p- mode excitations. ]
_ . e e 8RR = 35 ([[10Q1.. 15, QA
« Color-flavor-spin wavefunction: same except 071857 R) = [[[QQI.IQQI],, A, o
655° Po) = &5 ([[[QQIL.. o5, 1QQ1,]" +c
coupling of the spin and orbital angular momentum. \ } _
_ e il 35:° P1) = 5 ([[[QQ]a )5, QQ.] +e
© . . _ 171385 ) = [[[QQR.1QQ];, ]
«H = Hy+V,, in Schrodinger equation. 655° Pr) = 25 ([[[QQIk.. s, [QQR,] +e.
1 3PP =% o4 2Ql3, ]
. V( ) + Vtgn)s contribute to mass shifts. 271310 B) = [[[QQILIQQ.]T A | )= 35 ([[9@k, o5, Qa1 +
675° Po) = 3 ([[[QQIA.. ol 1QQ1S,]" +c.
. - 3,5 Po) = 25 ([[1Q@13,. ol [QQL,
] 6;5° Po) = % ([[1QQl.. 5, [QQ,
@ Q3 0, 0s . o
355" ) = [[[QQIL1QQR.]; . A], 3,5 Py = % ([[1QQ13,. o], [QQL,
77 et P = [[[QQISIQQIT A 6,5 Pr) = 25 ([[[Q@1R.. ol [QQ,
35° P2 = [[[QQl, Q@12 A]L
L 1373° Po) = %5 ([[1QQ13.. ;5
2 1355 Po) = [[[QQI[QQIT} A (0 s
ATOIE AL 65° Py = 2 ([[[QQ1.. 412,
377 135° P = [[QQE.[QQI]] ]
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.H:HO

+ V(O) :

cen

J™t | Mass | [3F®Poi2)  13F:%Poa2)  160;%Poa2) | 1e®1. 8. ®8

IAT) | 6746 99.5% 0.4% 0.1% 33.4%  66.6%

J™t | Mass | 312 Poa2)  [31;°Po12)  160;°Pon2) | le®1e  8.®8. 65 <35 <3f
lp7) | 6599 0.1% 24.5% 75.4% 58.5%  41.5%

o) | 6894 0.5% 72.0% 27.5% 42.5%  57.5%

J~~ | Mass 1355 Pr) 655" P1) 135;°P123) | 1le®1c 8:.® 8.

IAT) | 6740 98.9% 1.1% 0% 33.7%  66.3%

IA;) | 6741 0% 0% 100% 33.3%  66.7%

IA3) | 6885 1.4% 98.6% 0% 66.2%  33.8% | 6, <3 <6, <3,
J™7 | Mass | |3, Po,2)  16,5° Po,1,2) 1.®1le 8:®8:

lp7) | 6561 27.1% 72.9% 57.6%  42.4%

lp7) | 6913 72.1% 27.9% 42.6%  57.4%

(1

o] —=/ *(J = 0,1,2,3): Same mass spectrum and differences will be induced by ng)l) + Vigns -

* OGE Coulomb & Linear confinement: do not contribute to the mixing of the A-and p- mode excitations.
* Hyperfine: quite small mixing of A- and p- mode excitation.

* Eigenstates is dominated by one excitation mode.

'6p<3/1<6/1<3p.
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- With V.3V + y LY

ens
e Mass|IAT/ ™) A7) 1Ag) 18/ 7) los/ Mria/rsa v ria/ra o/ 7000p
6740 -2 0 -10 9 6555| 0.3% 1.6% ~0% 97.5% 0.6% | 0.61 0.32 0.59 0.49 f O3 o0 ol S
—2 6741-23 T  —19 26 6716| 0.6% 94.8% 0.4% 2.0% 2.1% | 052 042 0.65 0.37 6900:f::é%i;::m:::::::f::é%%zi:::::::::éé:g:é::
1| o 7 6885 -2 —25 6740 98.8% 0.9% ~0% 02% 01% | 051 043 065 036 [7
10 -19 -2 6561—1 21 6864| 0.2% 2.2% 55.7% 0.1% 41.9%| 062 0.35 0.64 047 _ | 643 6752 640 6730 6153
9 26 —25 21 6913—28 / |6911| 0.1% 0.5% 43.9% 0.2% 55.3%| 0.61 0.36 0.63 0.47 26700' 6723 sl
6746 +6 7 10 6592 0.2% 99.7% 0.1% | 0.63 0.33 0.60 0.50 7 |
ort 7 6599-6 13 6752 99.4% 02% 04% | 0.52 043 0.66 036 S 6600[_ 6380 —28=—F505 T ggy T 1/
10 13 6804+ 18 6913 | 0.4% 0.2% 99.4%| 0.57 0.38 0.60 0.47 = 008 e v
6741—2 7T -9 6554 0.1% 99.7% 0.2% | 0.61 0.32 0.59 049 0500 F T7777TTTTTIIIII e
B 7 6561—6 —15 6739 99.6% 0.1% 0.2% | 0.51 0.43 0.66 0.36 [
9 ~15 6913+ 20 6934 0.2% 0.2% 99.6%| 0.57 0.38 061 048 A0 o
g 6741 + 11 6753 100% 0.51 0.43 0.66 0.36 0 1 2 0 - - 3~
JPC

* The VSE,l) + Vt(eil)s contributes to the mass shifts and small mixing of A1- and p-mode excitations.

* T.ccz 1s domananted by one excitation mode.

« The lowest P-wave T,.zz ’s are almost be p-mode excitation with 6, — 6, configurations.

* X(6900): Narrow P-wave state : J°¢ = 17" or 277,
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SO tens
7000
: 6013 611 6934 o005 g2 Decay Modes
6900 k=== -EQQy -~ T 6899, = OZHR
T ZoReE ¥ 0+ T [ [4(P-wave), nexco, J/whe, J/wih(2S)(P-wave)
6800} 1=+ J/pJ/p(P-wave) J/vhe, J/pp(2S)(P-wave)
o i 6123 6743 6752 gzilg 6739 6753
2 6700} I 27" J/ YT/ p(P-wave), nexcz, J/Phe, J/11p(2S)(P-wave)
= 6600::"6_5_8_5 """ m e . ) 1J/gh, 0 neJ/(P-wave), J/1Xc1, ncyp(2S)(P-wave)
S ey 5. o 177 | ned/y(P-wave), nehe, J/xeo, J/PxXe1, J/¥Xcz, et (P-wave)
R 100 7,
! 27 nC']/w(P'W&VG)? J/¢Xc1, J/wXCQa ﬂcTP/(P‘WaVe), hCXCO(P'Wave)
6400 ------------------------------------------------------------------------- M0 83—~ J /X e2
0+ 1+ 2+ 0 1— 2 3

JP C

 The phase-space-allowed decay modes for the lowest P-wave T,.z= ’s are the P-wave channels.
* The P-wave T, sz ’s are narrow.

* X(6900): Narrow P-wave state J°¢ = 1" or 277,
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Discussion

* For a confined charmonium cc, the H in harmonic oscillator potential is

2 2 2 : ak
Z Di 2 p UnW™ 2 with L =4f—
H — L + k"]" = + T lt Um I Wm )

cCcimp —mg =R [~ ~ 400 ~ 500 MeV.
mq

* For a confined T, ¢¢ ,

- P; 2 2 10,2 2 2 2 a1 a2 W, wa
H:ZQ -+ ark(riy +734) + a2k (113 + 124 + 714 +723) - : :
5 SEN N BTG STE
2 2 2 2 2 2 a i i
_Pa | Py | Pgp | YWy o UbW, 5 UghW) o 6.—6. | -1 3% =
= ou, T ouy " 2u, | 2 2T Tg et
- Dynamical calculation:
Ifk =k, 6,<3; <3, <6,. E
po=PA e A i o P-wave Teeee: 6, < 31 < 63 < 3,
3k .
" Tecee: mp —Ms = hawy = h 2mg ~ 245 ~ 300 MeV. -+ Small mass gap between S-wave and P-wave T,z .
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Summary

e S-wave states e P-wave states
7007 _.018 _ . 7024 036 7030 -.1028. 7000
7000} ———— 6954 6934
I 6 99_5._-_______---___;._;f_)§9=4_;._____-.6.9_1_7.-___-_'_-§_9:1_-9_'_-: ____ PTeTe 0] — L 0913 6899 091l " 6905 __.
68001 ~ 6867 [ esa7 T 68647 T 6886
6800[
- 6752 6753
E 6600} = 63 8143 6740 _e730 G-
< 6498 6483 6481 6450 6502 6479 % 6700
g 6405 ----------- %)
6400 6371 N S il
= m e S 6600[ 6380 00085507 g50) Tk
6555 _6554
6200 [ T N 1me
""""""""""""""""""""""""""""""""""""""""" TICJ/w
S Helle 40 {xeo
0+ 1+ 2+ 0 = 2+ 0" - P 3
JPC

» The mass spectrum of the fully charmed tetraquark state : quark model & Gaussian expansion method.

* 6. — 6, is important even dominant in the ground state.

* No stable bound states exist in the quark models.

« X(6900): wide S-wave states J*¢ = 0** or 2** or Narrow P-wave state : JP¢ = 17" or 277,
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Thank you for your attention!
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Back up side
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Number of base
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I 4" 'cece ]
[ e i ]
7w = e Qi 1
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FIG. 2. The dependence of the mass spectrum on the number
of Gaussian basis N®. The line and dashed line represent the
numerical results in model I and model II, respectively.

v N3

» The dependence of the mass spectra on the number of the expanding base.
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Tetraquark

0.8 T T T T 0.8 T
0** cccc Model | | 0** cccc Model I
osl
6 I
I
"!-
s A s
3 [ 13
=04 =
3 :".l rialrag N°=1®  -=-= r N°=13 =Y rialrsg N°=1®  -=-= r N®=13
L ‘!' riz/raa N°=2° —-—— rN°=2° L ri2/raa N°=23 ——— rN°=23
riafrys N°=3%  ——— r N3=3? ralrss N3=33  ——— 1 N3=33
0.2+ rialryg N3=43  ----- r N3=43 ralrsg N3=43 - r N3=43
0.0 . . ) A ) . . .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
r [fm] r [fm]
(a) Model I. (b) Model II.

FIG. 1: The dependence of the root mean square radius \/(ri2) (1/(r34)) and /(r) on the extension of the

wave function.

p(r) = /W(le, T34, 7“)|2d7712d’f_"34d;_"

p(ri2) = /|¢(7'12, T34, T)IQdFd’FMd?:’iz
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S-wave fully-tetraquark state

7200
13400+ 13375
ol [ —odan| 1 R R - e .1 e —
I E— Model I1 6919 _ —}’}%5— —B-%gg—
------- 6'915'-K§% 6919 13200} Model I
6800[ _ 6856 6864 bb _
R cccc R cC
> >
g o0 < 13000/ 12946 12,949
2 _._._._6_425.._6.‘_‘8_3. g P PR u— 6479 2 ::::1;8-6;1:258:6 e 12924 ——rmimmmif2E
= 6400 0371 6423 6432 = 13363 17363
6377 128000 12847
(371 S 1 &2 X . — By AT
6080.8
"""""""""""""""""""""""""""""""""""""" neJy
12600+
6000 :_________________________________5_9_6_7_8 ________________________________ /777 S 12’.54_9_-8 _________________________________ Bch
0+ 1+ 2++ 0;+ lJlr— 24Ir+
Jre JrC
20200
S Y - R 20077
200001 Model I
----- Model IT
1oso0l oce e 19813 cmeome 19523 v The lowest 0T states are located
= 1600 DbbD L TR about 300 ~ 450 MeV above the
2 lowest scattering state.
2 19400]
: e 19305 1931 cmemmemen 19328
= 19200 2L ALY IE 19247 19249
i 19215 . .
v/ No bound states exist in the two
19000+
SeS——————— T ————— L1100 { quark models
18800 oo B8 ] 57Tb
o - - Phys. Rev. D. 100, 096013 (2019)
JPC
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Properties of S-wave state

TABLE IV. The mass spectrum (MeV), the percentage of different color configurations, and the root mean square radius (fm)
of the S-wave tetraquark states.

0** | Mass | 3.®3. 6.6, 1. ®1. 8.®8. 7T12/r3s r r13/T24 r’
1S 6405 31.9% 68.1% 96.9% 3.13% 0.52 0.31 0.48 0.37
6498 67.7% 32.3% 5.7% 94.3% 0.51 0.36 0.51 0.36
93 6867 10.6% 89.4% 80.6% 19.4% 0.65 0.35 0.58 0.46
7007 89.7% 10.3% 26.0% 74.0% 0.49 0.47 0.59 0.35

1"~ | Mass | 3:®3. 6.®6. 1.®1. 8:.®8:. 7ri2/ras r r13/T24 ¥
1S 6481 100% 0% 33.3% 66.7% 0.48 0.37 0.51 0.34
2S 6954 100% 0% 33.3% 66.7% 0.61 0.44 0.61 0.43
3S 7024 100% 0% 33.3% 66.7% 0.66 0.42 0.62 0.46

2t | Mass | 3.®3. 6.®6. 1.®1. 8.®8 ri2frsa 1  rizfraa 1
1S 6502 100% 0% 33.3% 66.7% 0.49 0.39 0.53 0.35
2S 6917 100% 0% 33.3% 66.7% 0.55 0.60 0.72 0.39
3S 7030 100% 0% 33.3% 66.7% 0.64 0.46 0.64 0.45
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Properties of P-wave state

TABLE VI. The mass spectrum (MeV), the percentages of different A- and p-mode components, and the root mean square
radius (fm) of the P-wave tetraquark states. In the second row, we display the mass spectrum obtained with the leading
potentials in Eq. (2) and the mass corrections from the perturbative spin-orbital and tensor interactions in the mass matrix.

Je Mass||AF/ 7Y A7) A3) |ed/) |p;’/~) ri2/raa T Ti3fraa '
6746 20 20 34 6589 3.5% 92.8% 3.7% | 0.62 0.33 0.60 0.50
() —-20 6599 + 2 —42 6723 | 90.4% 52% 4.4% | 0.52 043 0.66 0.37
—-34 —42 6894 — 62 6847 6.0% 2.1% 91.9%| 0.57 0.38 0.61 0.47
g ( 6561 + 31 -11 ) 6592 99.9% 0.1% | 0.61 032 059 0.49
-11 6913 — 14 6899 0.1% 99.9%| 0.58 0.38 0.61 0.48
6746 — 3 —4 —6 6608 | 0.1% 99.8% 0.1% | 0.63 0.33 0.60 0.50
—4 6599 + 9 8 6743 99.7% 0.1% 02% | 051 043 0.66 0.36
—6 8 6894 — 10 6884 0.2% 0.1% 99.7%| 0.57 0.37 0.60 0.47
6740 -2 0 —10 9 6555| 0.3% 1.6% ~ 0% 97.5% 0.6% | 0.61 0.32 0.59 0.49
-2 6741-23 T -19 26 6716 | 0.6% 94.8% 0.4% 2.0% 21% | 0.52 0.42 0.65 0.37
LT 0 7 6885 -2 —-25 6740|98.8% 0.9% ~ 0% 0.2% 0.1% | 0.51 0.43 0.65 0.36
—-10 -19 -2 6561 —1 21 6864 | 0.2% 2.2% 55.7% 0.1% 41.9%| 0.62 0.35 0.64 0.47
9 26 —25 21 6913 — 28 / [6911] 0.1% 0.5% 43.9% 0.2% 55.3%| 0.61 0.36 0.63 0.47
6746 + 6 7 10 6592 0.2% 99.7% 0.1% | 0.63 0.33 0.60 0.50
ey 7 6599 — 6 13 6752 99.4% 0.2% 04% | 052 043 0.66 0.36
10 13 6894 + 18 6913 | 0.4% 0.2% 99.4%| 0.57 0.38 0.60 0.47
6741 — 2 (g -9 6554 0.1% 99.7% 0.2% | 0.61 0.32 0.59 0.49
7] 7 6561 — 6 —-15 6739 99.6% 0.1% 02% | 051 043 0.66 0.36
-9 —-15 6913 + 20 6934 0.2% 0.2% 99.6%| 0.57 0.38 0.61 0.48
< SR 6741 + 11 6753 100% 0.51 043 066 0.36
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