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Introduction

Some of the observed exotic states

f0(980)  fo(1500)

D;,(2317) X1(2900) T%0(2900)*

A(1405)  ay(980) fo(1710) X1(3872) Z,.(4430) Z,(390 X(2900) T%(2900)°

| | ] ] I ] | ] | I I

1961 1970s 1983 2003 2008 2011 20182015 2020 2022
f0(1370) O+ (1540) Z,(10610) 4312)  T.(3875) X(6600)

Z,(10650) P.(3450) P (4459) P(433



Introduction

{a) meson

g

. p

(b) baryon

() hybrid state

Conventional hadrons

B e e

(g) weakly-bound hadronic molecules

H.X. Chen, W. Chen, X. Liu, Y.R. Liu, S.L. Zhu, Rep. Prog. Phys. 86, 026201 (2023)



(n=u,d)

cccce

State Mass(MeV) ' (MeV)  Observed channels
¥c1(4140)[CDF:2009jgo] 4143.0+2.9+1.2 11.77:3+3.7 BT — J/9oK™
X (4350)[Belle:2009rkh] 43507 =% & 0.7 1357 £ 4 vy = J /o

Xc1(4274)[CDF:2011pep] 4274784 + 19 32.3%219476 Bt - J/woK™
Xc0(4500)[LHCb:2016axx] 4506 4+ 117112 92+ 212 BT — J/oKT
Xc0(4700)[LHCb:2016axx] 4704 + 1013 120 £ 31755 BT — J/YoK™T

X(4630))[LHCb:2021uow] 4626 + 16715, 174+ 27+$§4 Bt — J/y¢oK™T T oo
X (4685)[LHCb:2021uow| 4684 + 712 126 + 15737 BT — J/yoKt
CSCS X (3960)[LHCb:2022aki] 3956 +5+10 43+13+8 Bt - DID;K*
X0(4140)[LHCb:2022aki] 4133+ 6+ 6 67+17+7 Bt - DID;K*
State Mass (MeV) '(MeV) Observed channels
X (6900)[LHCbH:2020bwg] 6905 + 11+ 7 MeV 80 4 19 + 33 MeV di-J /4
X (6600)[CMS:20230wd] 6552 + 10 4+ 12 MeV 124132 + 33 MeV diJ /4
X (7200)[CMS:20230wd] 7287120 + 5MeV 95159 + 19MeV di-J /4
X (6400)[ATLAS:2023bft] 6.41 + 0.08729% GeV 0.59 + 0.3570-12GeV di-J /1
X (6600)[ATLAS:2023bft] 6.63 + 0.0573-9% GeV 0.35+ 0.117211GeV di-J /4
X (7200)[ATLAS:2023bft] 7.22 4+ 0.03700,;GeV 0.095 + 0.6190% GeV  J/¢ + ¢(25)

State Mass(MeV) I' (MeV)

Observed channels

n Tch(QQOO)” [LHCb:2020pxc,LHCb:2020bls] 2866 +7+2 57+124+4 BT - DD K™

Te51(2900)° [LHCb 2020pxc,LHCb:2020bls] 2904+ 5+1 110+11+4 BT — DD K™

“5(2900)°[LHCb:2022sfr, LHCb:20221zp] 2892+ 21+2 119+ 29
< 0(2900) " [LHCb:2022sfr, LHCb:20221zp] 2921 +£23+2 137+ 35

B 5 DDrn—
BT - D Dfmt




Hidden-charm pentaquark-like baryons (n = u, d):

State Mass (MeV) [' (MeV)  observable channels

(4380) T [LHCb:2015yax] 4380+8-+29 215+18+86 A) — J/¢ypK~

uud  P.(4312)T[LHCb:2019kea] 4311.94+0.775% 9.8 +2.7F31  A) — J/vpK~
P.(4440)*[LHCb:2019kea] 4440 +1.3%,2 20.6 £4.97, A} — J/uYpK~
P.(4457)T[LHCb:2019kea] 4457.3 +£0.611% 6.44+2.07°7  A) — J/ypK~

uds  P.s(4459)°[LHCb:2020jpq] 4458.8 £2.9747 17.3+6.5780 =, — J/YAK™
P.(4337) " [LHCb:2021chn] 4337+ R B? — J/¢pp
P-+(4338)° [LHCb:2022jad] 4338.24+0.7+04 7.0+1.2+ 1.3 B~ — J/¢YAp

Can we understand above exotic mesons and baryons in the compact multiquark picture?

S-wave states here



Formalism: color-magnetic interaction (CMI) model [symmetry analysis]

H = Zﬂ‘?l +Heff;
« Although problems: i M =}, m; + Ecwmi
Dynamics (no); H.pp = =) Cijki+ Xjoi - 0y
Spatial information (no); i< ]

Effective quark masses (system to system);
Effective coupling constants (conventional — multiquark?);
Estimated masses (uncertainty).

« Simple for estimation of rough positions of multiquark states
« CMI model for mass splittings can catch basic features of spectra
e In the model:
(1) Construct flavor-color-spin wave function bases;
(2) Mixing between different color-spin structures
— Base independent results



Formalism: mass fomulas for compact tetraquark states

In original CMI:

M =) . m; + Ecmr

In threshold scheme:
M = [Myer — (Ecmi)ref] + Ecwr

where ref=hadron-hadron state and M,.r is its (measured) threshold.

In the scheme we will use:

M = Mx (4140) — (Ecmr) x(4140) + Zﬂ»zjﬂij + Bomi

(]

where we assume X(4140) as the ground 1** ¢scs compact
tetraquark and A;; denotes mass gap between two different

quarks.



Original CMI:

Hadron CMI Hadron CMI Parameter(MeV)

N 8ol A BEL Con = 18.4

z ECan —2C,s r* 8 Cun +28C, I o H = Z m; — Z C.gj )\3‘ . )\jU-i 0y,
= §(c,, —4C,,) S 2(Cee + Cys) : —y

Q " s, 3 Cys = 6.5 ‘ i

A SHC

D ~16C,; D* LCa Con =0 my, = 361.8 MGV,

D, ~16C,; D; lsc, Cs=6.7

B —16C4s B* B, Cpn = 2.1 .

B, —16(?:;. B g—ﬁci C':;. =23 Hly = 5404 MGV,

", —16C.5 Iy sc, C.=53

UL —16C,; T LCy; Cop = 2.9 mc — 1724. 8 Mev,

Z 8Crn —2C.s b2 8C +2C, Cen =40

o V= S o Ve 151 Crmt8 my = 5052.9 MeV

) iC,, —2C, £ iC,. +4C,, Coy =13 : :

= 8 Cps — Cp —2C, = 8Cp +5Cpy +3Cy, Cps = 1.2 ('n, = u, d)

TABLE III. Comparison for hadron masses between experimental data and theoretical estimation. All the values are in units of MeV.
Hadron Theory Experiment Deviation Hadron Theory Experiment Deviation
D 19759 1864.8 111.1 w 21210 2007.0 114.0
D, 2154.5 1968.3 186.2 5 2299.5 21123 187.4
1, 3361.0 2983.6 377.4 J/y 3474.1 3096.9 32
2 24529 2454.0 Y 2 25169 2518.4 -1.5
Q. 2796.2 2695.2 101.0 £ 2845.3 2765.9 794
= 25259 2471.0 54.9 = 2612.3 237789 344
= 2680.6 2645.9 34.7

Bad theoretical results! mainly due to quark masses 1o




Formalism: CMI models

e Alternative schemes to study multiquark spectrum:
M =)_;mi + Ecmr —) = |Mrey — (EcMD)ref| + Eomr

(1) Reference scale — hadron-hadron threshold
M= [Mref=(meson—meson) - (ECMI)ref] + ECMIr
(same quark content for ref and multiquark)
more reasonable tetraquark masses than original CMI.
But, from studies for

cscs, QQQQ, qqQQ, QqQq, QQQq —“Miow
[1605.01134, 1608.07900, 1609.06117,1707.01180, 1810.06886, 2001.05287, 2008.00737]
(2) Reference scale — mass of X(4140) —M 1 oasonable

Assumption: X (4140) observed in J/y ¢ as the ground 1** c¢scs tetraquark
11



Formalism: mass splitting model Li et al., PRD 108, 056015 (2023)

Wu et al., PRD 99, 014037 (2019);
M = Mx (4140) — (Ecomr) x(4140) + Z?’lﬁjﬁzj + Ecomr Cheng et al.,, PRD 101, 114017 (2020)
ij
where Ajj = m; — m; denotes the effective quark Ap.=3340.2MeV,
mass gap between quark i and quark j.
A.,=1280.7TMeV,

Ci; n s c b C; n 5 ¢ b Asn=90.6MeV,
n 183 121 4.0 1.3 n 298 187 6.6 2.1 A.s=1180.6MeV,
S b 4.3 13 8 98 6.7 2.3 _
c 35 2.0 c 5.3 3.3 Bt SEIL ANV
b 19 b 2.9 Approximate relations:
Consistent with Buccella et al., EPJC 49, 743 (2007).
ACH%ACS _I_ ASHJ
Ccc - Cbb s Cbc = Onn ~ 2 A %A A :
C.. — ObE — Ch- — Cin ~ 3 bs be 1 cS
Godfrey-Isgur model: mp+ —mp, = 70 MeV (n = u,d) .



Formalism: mass splitting model

Why is X(4140) selected?

l.1tisa J/yd resonance confirmed by different experiments.
JPC = 1%+ determined; suppressed mixing with c¢ states;

2. JPC = 1++ partner states X(4274) and X(4140) can be
consistently interpreted as compact ¢scs tetraquark states;

[Stancu, J.Phys.G 37, 075017 (2010); Wu et. al., PRD 94, 094031 (2016)]

3. X(4140) as the reference state can provide more reasonable
explanations for other observed cscs states.

[Li et. al., Chin.Phys.C 48, 063109 (2024)]

13



Formalism: mass fomulas for compact tetraquark states

In original CMI (v1):

M =) .m; + Ecmr

In threshold scheme (v2):

M =

Mrer — (EoMl)ref)

+ EcoMmr

additional attraction needed

superfluous attraction included

where ref=hadron-hadron state and mesured M ,.r is its threshold.

In the scheme we will use (v3):

(]

M = Mx (4140) — (Ecmr) x(4140) + Zﬂ»zjﬂij + Bomi

Usually, My, < M,z < M,

(size: hadron-hadron state > compact tetraquark > conventional hadron)

14



Formalism: rearrangement decay

e Combine information from spectrum and decay to analyze multiquark properties

« Asimple decay scheme:
1. decay Hamiltonian is a constant: H gecay = C system-dependent C

2. measured width ~sum of two-body rearrangement decay widths: I'xp = I sum

M = (initial|Hgecay| final) = C Zij LiYj

A — E . Tl We analyzed masses and widths of the Pc states in:
\Ijznztzal — xz(QlQQQBQ4)a y
- PRD100, 054002(2019); PRD 108, 056015 (2023)
o State Mass(MeV) ' (MeV) Observed channels
Vpinal = E Yi (Ql 92%94)- PY(4380)*[22)  4380£8+29 215+ 18+86  A)— J/UpK-
i PN(4312)*[23] 4311.940.7%8% 9.8 +£2.7+31 A — J/pK~

) [22]
)" (23]
I — | M |2 |P| P} (4440)"([23] 4440 £1.3%;7 206+4.97%, A)— J/ypK-
_ STM?2 . . N 4 44.1 +5.7 0 _
tnitial P?P (4457) [23] 4457.3 £+ 0.6_1_7 6.4 & 2.0_1'9 Ab — J/ZD})K
P4459)°[54] 44588 £2.9%77 17.3+6.5787 E; — J/YAK-
PJ7(4337)* (53] 43374742 gis B — J/ipp
P} (4338)° [55] 4338.2+0.7+04 7.0+12+13 B~ —= J/YAp




(nnn)s, (cc)s,.-(nnn)1, (cc)1,

Th. T (P.(4421)%) : ['(P.(4461)%) = 2.42, J.B. Cheng, Y.R. Liu, PRD100, 054002(2019);
“““““““““““““““ o O D(P(4421)%) : T(Po(4312)") = 1.24, ‘Lietal, PRD 108056015 (2023) |
o jjﬁ‘; “““““ S F(}:Dc(4312)+) : D(P(4461) ) = 1.96, 10
————————————————————————————————— (=D) ['(P.(4324)") : T'(P,(4461)") = 2.64,
< ""“ﬁggi\ o) F(éc(4324)1) :_1“( }:(4312)1) =_1-35.~. ;
=3 PPV 4249 I'(P.(4324)™) : T'(P.(4421)™) = 1.09 2 []
& nput - | Bp. TR0 ) TR =322, = N B E N B B
—— 4119 I'(P.(4440)*%) : T(P.(4312)") = 2.1118 3 0
--------------------------------- (NJIy) T'(P.(4312)") : T(P.(4457)%) = 1.5T 12,
] = % nnnce states FAE "'(4337)1) L5, “(4457):) - 45:{5% ™ Ratios between decay widths
_ . [(Pe(4337)7) : T'(Pe(4312)7) = 3.0T57, - of different pentaquarks

[(P:(4337)%) : [(P.(4440)") = 1.431 7. I N -
P.(4457)", P.(4440)*, P.(4337)* can be regarded as the J=3/2, J=1/2, and J=1/2 pentaquark states, respectively.

For P.(4457)F
For P.(4440)%
For P.(4312)"

For P.(4337)"

T(S:D) : T(A.D) :[T(NJT /4

PlAaD") z PlBED ) TlAE) :

T(NJ/v) | T(AD*) = 1.1

T'(A.D) :[T(NJ/) |= 1.3

=23:4.0:1.0

L(NJ/9) : T(N7e)

= 45.5:3.0:3.0: 75710

- Predictions

16



Example of formalism: Pcs states (n = u, d)

(nns)s, (cc)s,.-(nns)1, (cc)1,

Li etal, PRD 108, 056015 (2023) =5

Ml

d
2

If we assign the P.;(4459)°, P.;(4338)° to be J=3/2 pentaquark
states ., (4478), P.,(4338), respectively, TI'(P.,(4478)) : I'(P.;(4338)) ~ 0.12

which is contradicted with the experimantal value.

(A:Ds)
(NJy)

(An,)

malon

I = 0 nnscc states

Both P.,(4459)° and P.,(4338)° can be regarded as %_
I'(A.D;):T(2.D*)

ForP,,(4459)°,
For P.s(4338),

- T(P,,(4328)°

> P.,(4459)° Other possible assignments:
: T(P.,(4371)%)

= 0.15,

0.56,

P.5(4338)

: T'(P.,(4318)°

= 2.57,

Theoretical widths are much smaller

: T(P,,(4304)°

: T(P.,(4338)°

= 0.17,

than the measured results.

0.72,
0.61,

: T(P.,(4328)°

— 278,

'(AJ /)

['(AJ /)

:T'(A,D,)=3.0

: [(P,(4318)°

)
)
)
: T'(Pes (4371)°
)
)
)
: T(P.,(4304)"

)
)
)
)
)
)
)
)

=2.3:1.1:1.0

12.71,
0.83.

pentaquark states.

- Predictions

The J=5/2 state, the lighestJ=3/2 state, and the lighest J]=1/2 state are narrow.

Exp:

['(P,,(4459)°) : T'(P.;(4338)%) = 2.51 1%

17




(1) cscs states

Li et al., Chin.Phys.C 48, 063109 (2024)

MX(414O) =4146.5 MeV C — 728215 MeV
Xc1(4140) WIDTH

VALUE (MeV) EVTS DOCUMENT 1D TECN COMMENT

19 * I OuR AVERAGE

162 =21 *23 24k 1 AAL 21E LHCB B+ — J/ypdKT
________________________________ iga 1044 o 19 2 AALTONEN 17 CDF Bt — J/uoKT
16.34+ 5.6+11.4 616 3 ABAZOV 15mM DO pp — J/¢Y¢ + anything
; i - P= 20 +13 + g 52 4 ABAZOV 14A DO Bt — J/wepKT
L e O e T 2 28 1]} +19 03k SCHATRCHYANI4M CMS BT — J/woK™
--%-— Lo oo 3938 S e S R e e e o o \We di;:t use the follov;ir;g data for averages, fits, limits, etc. e »
© BE 2L o, 4289 L AAL 17¢ LHCB BT — J/yopK™T
= 117t 834 37 14 89 AALTONEN 09aHCDF Bt — J/wopK™T
State MaSSpD(;(l\-’ICV) 'ppa (MCV) I sum
Ye1(4140) 4146.5+ 3.0 197 83.0 MeV
————————————————————————————— ‘ arnt4.6 +18 y
Parameter [MeV] Current analysis X (4350 43505, 38: 07 1375 =4 T40MeV
A/[xcl(ﬁ&”ﬂl) 42984+6+9 Xcl(4274) 4286 q 1l :I: 7 769 1\/10\/
Do iz 092 157 X(3960)[LHCh:2022aki] 3956 £5+10 43+13+8 31.8 MeV
| | Xo(4140)[LHCb:2022aki] 41334646 67+17+7 60.2 MeV
0+t 1+ 1++ ok

18



(1) cscs states

JrL Mass Channels | By
] | Jve BrTDET — ] ]
St | [ 4316.9 (83.4, 53.8)  (47.5,23.9) ] F(J/qub) : F(DS Ds) ~ 4.9, 77.7
| 4294.6 | | | (16.6,10.2) | (52.5, 23.2) | 33.4
_ | e | (DItDI —DIDIT)/V2 - s
(4 | [ 43136 (9.8, 63.9) (8.2,13.0) M/F(J/wqb) PRSI NE iR 76.9
| 4146.5 | (0.2,0.1) | (91.8,82.9) | | 83.0 |
J/ -'.r;,:'r;" Nen DAt Dt DT
- 4372.6 7 | [ (57.1,40.9) 1 - (0.0,0.0) - (0.0,0.0) 7 [ (52.8,32.9) T - (0.1,0.2) - 74.0 1
o+t | | 42490 (39.5,21.2) (0.8,0.7) (0.7,0.8) (42.7,11.4) (2.3.2.2) 36.3
4078.5 a1 (18.0, 10.4) (16.0, 16.6) (3.8, ) (49.2, 33.2) 60.2
| 3938.2 T\\ : (34.0, —) | (30.3,28.2) (0.8, —) | (48.4,3.6) | | 31.8 |
J/vm Ned DtDi= | (BFtDg +DFDI) NG
'43(]8.{}‘| - (0.8,0.8) - (8.5,6.9) 1 T (97.7,46.9) ] - 7(0.2,0.4) * BEET
4+ | | 4225.1 (2.7,2.7) (36.8, 26.0) (1.6,0.1) (23.4, 30.3) 60.9
4166.9 (1.9,1.9) (54.5, 33.8) 0.1, —) (49.6, 50.8) 87.5
| 4089.8 h(41.7,38.2) | (0.2,0.1) (0.6, —) | (26.8,9.3) | | 61.0 |
-+ g
['(nen’) : T(nen) : T(DF D7) ~1:1.6: 3.2,
\F??c’f] I‘\(D+D )"“-’78
Li et al., Chin.Phys.C 48, 063109 (2024) 19



(2) QQqq states

70 |
: | LHCb .
60 |- : ofb™ & gg :
: : 3o +
o I ! s 10 Jfﬁ.;r\t
% 40 :— i > g o I+++ _+. _ii
> i é ??ti PP 3.874 3.876
@ RO i — —— Background Mype. (GeV¢?)
5 . i Total
Tob M ; ----- D*DS":;‘:::;?:S | |
o +'+ WM N
3.87 3. 88 3.139 ll

(GeV ¢?)

LHCb, Nature Phys. 18, 751 (2022):
mp«+ +mpo = 3875.1 MeV
— (Mp«+ + mp)
Smpw = 273+ 61 £ 5112 keV
Dpw = 410 £ 165 £ 43753 keV

amEmTJr

LHCb, Nature Commun. 13,3351 (2022):
= —360 40712 keV
keV

om

rpole

pole
- +0

Minimal quark content: ccud

20



Cpw = 410 4+ 165 + 43718 keV
(2) Lowest I (JP) = 0(1*) c cTam tetraquark state: T, = ccad ~°" ~ —38 %6

Tpole = 48277, keV-

C=7282.15 MeV from X(4140)
——— 4226
— 4143 II{JH] Mass Ch_ﬂ_nm-:ls r
. D D~
> e —— 4074 1(2F) [4143.2] | (’13 3, zn 8) ] [ 20.8 ]
ek 0.2 (17) [4072.8 ] | 'ﬂ{]] [ 53.0 ]
= 1{17) 4072 {lb" 53.(
ﬁ ——— 3949 DD _
4225.9 (55 7 41 2) ] (0.3,0.3) 43.5 |
] Epepsrepn siesuny —aur et ;J‘ D) 1{ﬂ+} [ 3948.8 } [ {2 E —} | (41.4, 35.9) } | 35.9 |
D*D
4074.0 {43 4,2 20 9] [(6.2 19.8) ] [ 40.7 ]
0(1%) [ 3878.2 } [ [(1.6,—) (18.8, 7.2) 7.2
———————————————————————————————— (DD)
ccnn Width sensitive to mass for near-threshold states.

If M — 3876 MeV, =3.0 MeV,;
If M — 3880 MeV, =9.7 MeV.

With measured mass M. = M ps+ + Mp — 273 keV,

quasi-two-body decay width [Capstick, Roberts, PRD 49 \/AF (2Mpo + M) \/M? — M?2
4570 (1994)].

mCL.T =

2Mp+

k'mu:ﬂ 2 2
o (Mpt — Epe+ (k) — Epo(k))? + 3T pes (27)2 My Epos (k) Epo (k) ~105 keV

21




(2) Lowest I (JP) = 0(1%) ¢ c i tetraquark state: T .. = ccu

PHYSICAL REVIEW D 104, 114009 (2021)

Color and baryon number fluctuation of preconfinement system in
production process and 7', structure

Yi Jin,1 Shi-Yuan Li,2 Yan-Rui Liu,2 Qin Qin,3 Zong-Guo Si,2 and Fu-Sheng Yu*>6

IV. CONCLUSION

The consistency between the theoretical analysis on the
T .. production by Qin, Shen and Yu [37] and the data [8,9]
strongly favors that the newly discovered resonance 7,.. 1s
produced as a real four-quark state. We in this paper clarify

lation. The cross section pp —>+X is around
3 x 10>pb, which is one order lower than that of the
production rate of the four-quark state [37].

/

Chinese Physics C  Vol. 45, No. 10 (2021) 103106
Discovery potentials of double-charm tetraquarks
QinQin(%¥%)"  Yin-FaShen(il%)  Fu-Sheng Yu(FHiTH™"

*

From mass, width, and production properties, it is possible to assign
the LHCb T .. as the lowest I(JP) = 0(1%) ccud tetraquark state.

22



(2) ccms and c ¢SS states: spectrum

——— 4295 4367
— 4918 ——— 4294
—— 4182
—— 4147 - 4D00- — - (D.D%)
S| - oeees (D°D}) s o
s s
] ot 9
s 4009 4018 = 4091 (D:D.)
(D"Dg,DD?) -
threshold~3979 MeV
------------------------------ (DD,) (DsDy)
24- 1+ ﬂi— E+ 1 D

Belle: PRD 105, 032002 (2022): No X ..z is observed

23



(2) b bqq states: spectrum

—10834 — 10904 — 10976
—0T00 — 10870 ——— 10946
—10773 —— 10847 ——10922
" —10738 = —10819 =y
= 10718 > —— 10808 > 10879
s s s
= | — B Pt (B'B) e (BSB;)
( 10?22.
I T TS B'B,BBY)| [Tttt (B,B:)
threshold~10682 MeV
------------------------------ (BB,) e e
@ Ay 10y oy T A T Ca—
(a) bbnn (b) bbns (c) bbss
Almost all theoretical studies support this bound bbud.
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Table 10.

Stability of the double-heavy tetraquarks in various studies. The meanings of S,

and "not determined," respectively.

" "US," and "ND" are "stable," "unstable,"

].B. Cheng et al,

Reference (cchh) (cch®) ) (bbii) (pbas) ) (bb55) (behin) (beits) (be55) CPC 45 043107
This work uUs us us S S us ND us us '
[8] s s S s S uUs (2021)
[11] S S us S S us S S us
[16] S S
[18] S S S
[19] US S S ch < 3965 MeV
[20] us S S us Us
[24] S S S Tup < 10627 MeV
[28] S us us S S us S us us
[29] S S S Tbc < 7199 MeV
[30] uUs us us S us Us us Us us
[31] uUs us us S us us us us us
[32] us us us
[33] us us us S S S
[34] S S
[39] us S
[44, 45] us us S s S us
[47] S
[48] S S us uUs
[63] us S ND
[69] ND us
[83] us us us S S us us us us
[84] us us us S S us us uUs us 25




(2) b c q q states: spectrum

threshold~7190 MeV (—7207)
threshold~7144 MeV."  (—153p,

-_oEny
7500
7467
7438
7421
_ 7401
% = igage
=|  —7342 7320 7323
ﬁ e % ——
18]
e T 17 10 TN 1\

Mass(MeV)

—_— = o ———

. S

1) (1) 10, 0Z)

J.B. Cheng et al, CPC 45, 043102 (2021):
Karliner, Rosner, PRL 119, 202001 (2017): 11 MeV below BD;
Alexandrou et al, PRL 132, 151902 (2024): shallow bound bcud with J=0 and 1.

~7232.MeV
L = +

(b) bens

— 7669
— 7641
— 7618
—— 7586
g‘ —
e e o e D:
g FE— ?510 l: s S)
7] —_—
2 ——— 7483 (B.D))
=
—————————————————————————————— (BSDS)
—————————————————————————————— (BsDs)
2 T 0

71167 MeV & 7223 MeV;
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(2) Q Q q q states: rearrangement decay

©eTLTL bbnT
II:JP) Mass Channels r II:J'F] Mass Channels r
DYD™ BB
1(2+) [ 4143.2 ] [ (33.3,20.8) [ 20.8 ]|1(2F) [ 10795.3] [ (33.3,5.3) ] [ 5.3]
D*D B*B
1(1F) [ 4072.8 ] [ (16.7,53.0) [53.0 ] |1(aT) [ 10772.9] [ (16.7,11.5) ] [ 11.5 ]
D¥*p* DD B*B* BB
1(01) [ 4225.9} | (55.7,43.2) (0.3, 0.3) q { 43.5 ] 1(01) { 10834.4] (57.4.10.3) (1.2, 0.3) { 10.5 }
3048.8 | [ (2.6, —) [(31.4, 35.9) 35.9 10738.4 (0.9, 0.1) (40.5, 7.2) 7.4
D¥D* D*D B*B* B*RB
o(1+) [ 4074.0 } (48.4, 20.9) (6.2, 19.8) { 40.7 ] 0(1+) { 10717.8 ] IT (41.2, 4.8) (12:2. 7.0) { 11.6 }
3878.2 1.6, —) (188, 7.2 | 7.2 10584.5 [ (8.8, ) (12.8, —) | 0
conE bbbz
oDy BB
2T [ 4217.6] [ (83.8,35.5) [35.56 ]| 2T [ 10869.9] [ (33.3,10.0) ] [ 10.0 ]
D*D* D*Dg DD* B*B* B* B BE*
4182.2 [(A976.42.7) (4.1,6.4) (4.5, 7.0) 56.1 10846.5 (0.1.0.0) {15.1. 4.9) (18.2.5.9) | [ 10.9
1t 4146.6 (0.0, 0.0) (16.7, 24.1) (16.6, 23.7) 47.8 1T 10819.1 (44.2, 10.4) (11.3, 3.4) (8.8, 2.6) 16.3
4000.2 (0.4, (20.9, 13.9) (20.5, 13.1) 27.0 10722.2 | [ (5.7, —) (15.3, 2.3) (14.7,2.1) 4.3
D*D¥ DD, B¥ B* BB,
o+ [ 4295.1 w P(ﬁ{i.a, T6.7) (0.2, 0.4) { 77.1 1 o+ { 10903.8 } (56.7.18.9) (0.7,0.3) { 19.2 ]
4018.8 (8:8;—) (41.5, 65.0) 65.0 10807.8 (1.7,0.4) (41.0, 13.8) 14.2
CCES hbhsE
DIDZ BB
2T [ 4203.5 ] [ (33.3,14.6) [14.6 ]| 2T [ 10046.1] [ (33.3,4.7) [ 4.7 ]
DIDg IBg
1t [ 4222.0] [ (16.7,42.7) [42.7 ]| 1T [ 10921.6] [ (16.7,10.3) ] [ 10.3 ]
D¥p* DyDg B*B* B.B
ok [ 4366.6 l P(as..n,:m.a) {0.1,0.1) { 33.8 “ i { 10975.71 (55.8, 8.7) (0.3, 0.1) { 8.81
4090.7 (3.3, —) (41.5,29.1) 29.1 10878.7 (2.5, 0.2) (41.3, 6.5) 6.8
I5 Mass bcss Channels T
BIDZ
. . ' . . + " -
Ratios between partial widths as predictions 27|l 7170 [ @333 128 ] [ 128
= = = =
for tetraquark states that have two or three __|[ 76405 46.2.19.7) (0.4.0.2) 24.1
1 7586.4 (3.0,0.9) (1.4.0.8) 14.1
rearrangement decay channels. | 75102 ||| (0.8, —) |IL(39.8.18.2) | 192
B*D* B.D
o+ [ 7668.6 ] | [L(55.2,26.1) ] (0.2,01) 1] [ 26.3 ]
TA82.6 (3.2, =) (41.5, 20.6) 20.6
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(3) cccCc states

TABLE I: Masses (M) and widths (I') of the fully-heavy tetraquark states in units of MeV. Their observation channels are
presented in the last column. Both CMS and ATLAS Collaborations used two models in determining the resonance parameters.

Collaboration| State (M, T) Observation Channel
LHCb [1] |X(6900) (6905 + 114 7, 80 & 19 + 33) J/pJ [
Interference model No-interference model
cMS[3]  [X(6600) (663815317, 44013507540) (6552 & 10+ 12, 12475 + 33) T/ /o
X[6900) (6847 5555, 191 2 (6927 £ 9 + 4, 122737 £ 18)
X(700)  (TlsdPere gptinenyy (7287+20 1 5 95+59 1 19)
Model A Model B
T80 T120
ATLAS[4] |[X(6600) (66304 50130, 350 + 1101}.°)
X(6900) (6860 + 3075, 1104+ 50770) (6910 4+ 10 4 10, 150 + 30 + 10)
Model « Model 3 T/(25)
X(7200) (7200 4+ 30730, 90 +£607E0) (6960 + 50 + 30, 510 4+ 17011 50)
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(3) cccCc states

State

Mass (MeV)

Observed channels

I'(MeV)

X (6600)[CMS:20230wd]

Mass(MeV)

6552 + 10 4+ 12 MeV

124732 + 33 MeV diJ /4

X (6400)[ATLAS:2023bft] 6.41 + 0.0875 05 GeV |0.59 #+ 0.35703°GeV di-J /4
X (6600)[ATLAS:2023bft] 6.63 £ 0.051905 GeV |0.35+ 0.1113-31GeV di-J /4y
'} 6694 System | JP© Mass Channels r
6638 Ty Tjn. e

218 MeV—+6581 B gtt 6637.5 (33.3, 80.2) 80.2

e 1t- 6581.0 |  [smImIy 172.1

¢—6476 162 MeV g | [ 66943 (54.9,138.2) (01,03 138.5
Input CMS X(6600)—[64764| | | (3569 | | (41.6,110.7) 117.7

ATLAS: System|J* (©) Mass Channels r

X(6600)-X(6400)~220 MeV J/YJ[Y J/Une TeTle
|2t | 66375 | (33.3;213:5) 213.5
| 6ssL (167, 4580 INPUL ATLAS X(6600) 4559
““““““““““““““““ (Vgdiw)(0.2) - J 6694.1 W [ (54.9,367.7) w [ (0.1,09) W 368.6 W

All QQQOQ tetraguarks ATLAS [X(6400)+ 6476.4 (3.5,18.5) (41.6,294.8) 313.2

‘are unstable (nedlw)t System|JF“)|  Mass Channels E

JpJ [ J/me MeMe

-------------------------------- ()02 | |27 | 66375 | (333, 352.3) Input ATLAS X(6600)— 3523
Ceee 11t | 65810 (16.7, 755.8) 755.8
g++ | | 66941 (54.9,606.8) (0.1,1.4) 608.2
o** 1+ 2™ ATLAS X(6400)+1 6476.4 (3.5,30.5) (41.6,486.4) 29 516.9




State Mass(MeV) I' (MeV) Observed channels

(4) Qqqq states
T.+0(2900)"[LHCb:2020pxc, LHCb:2020bls] 2866 +7+2 57+12+4 BT - DTD K™ -

P=- — [171(2900)"[LHCH:2020pxe. LHCH:2020blsT 2004 £ 5+ 1 110£11+£4 BT = DTD™ K™

Mass(MeV)

a 0 r —
2 0(2900)°[LHCb:2022sfr, LHCb:2022lzp] 2892 +214+2 119429 B’ - D°Dinr
C=13.577 GeV « |[[%,(2900)*T[LHCb:2022sfr, LHCb:20221zp] 2921 £234+2 137+35 BT — D DIfn*
/
( I(JF)] Mass Channels i
DTp DK~
1(2t) [ 3058.0 | [ [ (95.8,340.4) | [ (26.9,94.8) | [ 435.2 ]
2971.3 (4.2,10.9) (73.1,179.3) 190.1
) T Dip T Dlx i D.p DrK* D*'K DK™ i i
" 3082.1 7| [ (71.1,266.6) 7 [ (0.0,0.2) 7 [ (4.5,22.7) 71 [ (22.5,84.1) T (0.8,4.6) (9.3, 46.7) [ 424.9 7
3004.4 (26.8, 80.9) (0.3,2.0) (22.7,103.6) (61.8,181.3) (1.3,7.5) (1.3,6.1) 381.4
2002.7 (0.0,0.0) (0.7,4.2) (44.1, 166.0) (12.6.2.7 (0.0,0.2) (12.4, 45.5) 218.5
2837.3 (1.3, =) (0.0, 0.0) (26.8, 80.2) (0.1, =) (3.2, 16.5) (70.9,198.4) 295.1
2636.4 (0.8, -) (10.7,51.5) (1.8, —) (1.5,—) (72.7,258.8) (4.4, ) 310.3
| 23859 ||| (0.0,=) | | (88.2,253.0) | | (0.0,=) | L (14,-) | (22.1,~) (1.7,~) | 253.0 |
D p D,r D*K* DK
3149.7 7| 1 (63.3,266.6) 7 [ (0.0,0.3) 7 [(46.3,196.1)7 [ (0.2,1.7) 1 4646
2917.9 (34.1,54.9) (0.7,5.1) (47.4,56.9) (3.1,20.1) 137.0
2537.5 (2.5, —) (17.3,96.4) 7 B - (67.0,297.1) 393.5
22143 ]|l (0.1,-) 1 L(®19,2356)] L (21,-) 1 L (29.6,-) | 235.6
Mass Channels I
Diw D'K"
[ 3058.0 | | [ (95.8,333.6) ] [ (26.9,94.8) l [ 428.4 ]
2071.3 | || (4.2,104) | | (73.1,179.3) | 189.7 |
Diw Dy Dy D.w D*K* DK DK*
© 3082.1 7| [ (71.1,262.0) T (0.0,0.1) r(0.0,0.0) 7 [ (4.5,22.5) 7 [ (22.5,84.1) ) (0.8, 4.6) (9.3, 46.7) M 420.0 7
3004.4 (26.8, 78.5) (0.2,0.8) (0.2, <) (22.7,102.3) (61.8, 181.3) (1.3, 7.56) (1.3,6.1) 376.4
2902.7 (0.0, 0.0) (0.3,1.4) (0.4, —) (44.1,162.4) (12.6,2.7) (0.0,0.2) (12.4, 45.5) 212.1
2837.3 (1.3,-) (0.3,0.0) (0.0, -) (26.8,77.1) (0.1, -) (3.2,16.5) (70.9,198.4) 202.0
2636.4 (0.8, ) (5.0, —) (5.7, —) (1.8, —) (1.5, -) (72.7,258.8) (4.4, -) ‘ 258.8
| 23859 | (| (0.0,-) | (41.5, —) | (46.7,—) | L (0.0,—=) | L (14,-) | (22.1,-) (L7, =) —
Diw D,n Dy’ D*K* DK
" 3149.7 7| [ (63.3,263.3) 7 (0.0,0.1) F(0.0,0.1) 7 [(46.3,196.1)7 [ (0.2,1.7) 7 [ 461.3 7
\2917.9 (34.1,47.8) [ (0.4,2.0) ] (0.4,0.1) (47.4,56.9) (3.1,20.1) 126.9
| 2537.5 (2.5,—) (8.1,12.6) (9.1,-) (4.1,-) (67.0,297.1) 309.7
2 1* 0* “bezias || L (01,0 (38.6, —) 433 | @i= ] | es=3 | A
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(4) Qqqq states

State

Mass(MeV)

I' (MeV)

Observed channels

T.<0(2900)°[LHCDb:2020pxc,LHCb:2020bls| 2866 +7+2 574+12+4 BT - DD K™

P=- — m
% 0(2900)° [LHCb:2022sfr, LHCb:20221zp] 289242142 119+29 B’ — D°Din-
C=13.577 GeV « | T%,(2900)*T[LHCb:2022sfr, LHCb:20221zp] 2921 £23+2 137+35 BT — D Dfn*
I Mass Channels r
3129 D*K*
3058 (}(2+) [ 2998.3 ] [ (66.7, 380.2) ] [ 380.2 ]
2998 D*f_{* _D*_P_f DR*
2088 2954 2953.5 ||| (47.6,203.0) | [ {1.3,14.5) (10.6, 88.5) 306.1
.............. e 2002 o 0(1T)|| 2784.3 (2.4, —) (1.8,17.8) (47.6,151.9) 169.7
N 2851 o || 2500.6 | (0.1,—) | (55.2,—) | (0.1, —) 0
% TCSO(ZQOO) D*}_{* DK
= | 2784 DR (0| 28505 [ [ (41.4, —) W T (257, 8a.4) ] [ 34.4 W
% 2694 2320.7 (0.3, —) (55.6, —) 0
=
2606 W‘P ) Mass Channels T
V5 Lo
2987.5 (33.3,180.1) 180.1
— 2501 : L es -] D*K DER* : ]
3058.0 ||[ (46.9,329.8) 1 [ (0.4,4.5) ] (7.1,69.0) [ 403.3
2902.3 (2.2 0.3) (LT 121 (30.7,225.3) D
----------------------- - DK [ 2693.7 | (0.9, —) | (40.2,333.5) | [ (3.9, —) ] | 3835 |
@ D*K™* DK
. . ! - I 4 6 31289 | | (55.1,451:%) | 0, 2 [ 4532
o+ 1+ 0* (O )\|;\2606.4 (3.2, —) (41.5, 419.3) 419.3

(e) I = 0/1 esnn states
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Summary M = Mx 4140y — (Ecmr)x(4140) + Z“—Tl«ajﬁ\«,ﬁj + Ecumr

With one mass formulae and a simple decay scheme:

€ X(3960) is a good candidate of the lowest 0" c¢sCs tetraquark state.

& The lowest 0(1%) ccud tetraquark state can be used to understand

the LHCb T .. state. [mass, width, production]

& X(6660)/X(6400) consistent with 0""/0** cccc tetraquark states
[2++/0++7].

® T7.0(2900) as the second highest I=1 cn'sn tetraquark state;
T .50(2900) as the higher I=0 c sud tetraquark state.
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