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Introduction

Some of the observed exotic states
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(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) State Mass(MeV) I' (MeV)  Observed channels T .-(3875)
Yc1(4140)[CDF:2009jgo] 4143.0+29+1.2 11.7:5+£3.7 BT — J/¢YoK™ o
X (4350)[Belle:2009rkh] 43507 & 0.7 135" .4 vy — J /1 s i 523
Xc1(4274)[CDF:2011pep] 4274%824+1.9 3231719476 BT — J/yYoK™ % ﬂ |
Xc0(4500)[LHCb:2016axx] 4506 + 11112 92+21%5 Bt = J/yeKt [ | B0 + b ++3
Xco(4700)[LHCb:2016axx] 4704 + 107} 120431752 BT — J/pgKT 3% ||, . heatllihee
X (4630)[LHCb:2021uow] 4626 £ 16115, 174+ 27%24 BY = J/pgKt B0 | sgon Moy (@Y )
X (4685)[LHCb:2021uow] 4684 4+ 7712 126 £ 15757 Bt — J/oKt  Cw } Dy heshon
CSCS | X(3960)[LHCb:2022aki] 3956 + 5 £ 10 43+13+8 Bt - DID-K?t ol + H + H * +
X0(4140)[LHCb:2022aki + DKt : HH it #H* +++H+ *H +
0 : al] 4133 & 6+ 6 g7zt 1rsef Bv—lll D K R ﬂﬂ ﬂ+
Collaboration| State (M, I Observation Channel 3-5_*7 | 388 339 3.9
LHCb [1] |X(6900) (6905 4+ 11 &= 7, 80 & 19 + 33) J/pJ] Moo (GeV ¢?)
Interference model No-interference model
___ cMms[g  |X(6600) (6638T33T1%, 440FF0F1N0) (65524 10+ 12, 124732 + 33)| J/pd /0 om = Mt — (Mmpe+ + mp)
cccce X(6900) (684"* I D i (h927:|:<}:|:-t 122'gj‘ T 18) ' —— 5'ﬁ}}1 ke
S \rmif 19:. ) — \i:h?;a ) Ppw =410+ 165 £ 43755 keV
X (6400) (6110:*:80-'—“1- J90i3*30+}eﬁ[:) +30 4, +60 ST/
ATLAS[4] [[X(6600) (6630 + 50739, 350 + 1101}1%) o000 = 8050, 440 = 00 50) I om ofs = —360 i40fg keV
X(6900) (6860 + 30710 110+ 50725) (6910 + 10 + 10, 150 4 30 + 10) P +0
Model o Model 8 7/ (28) rpole = 48 i 2_14 keV
|X(7200) (7200 = 30755, 90 £ 601355) (6960 = 50 + 30, 510 + 170 157) At ]
State Mass(MeV) I' (MeV) Observed channels
csTT | Tes0(2900)°TLHCD:2020pxc, LHCH:2020bls] 2866 £ 7+ 2 57+12+4 BT - DTD KT
T,;ﬂ(zgoo)ﬂ'LHCb 2020pxc,LHCb:2020bls] 2904+4+54+1 110+114+4 BT - D™D K™
cnsn | T2,(2900)°[LHCDb:2022sfr, LHCb:2022Izp] 2892+21+2 119429 B’ = D°Dirn~
T%,(2900)"* [LHCb:2022sfr, LHCb:2022lzp] 2921 +23+2 1374+35 BT — D DInm"




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

Mass (MeV) I' (MeV)  observable channels

State
uudcc  Pc(4380)T[LHCb:2015yax]
P.(4312) " [LHCb:2019kea]
P.(4440) " [LHCDb:2019kea)
P.(4457)T[LHCb:2019kea]

udscc  P.5(4459)°[LHCbH:2020jpq]
P.(4337)F [LHCb:2021chn]

4380 £8+29 215+ 18486 A) — J/yYpK~
4311.94+0.7768 98+ 2737 A 5 J/ypK~
4440 £1.3741 206 +£4.97%7, A = J/ypK~
44573+ 0.677% 6.4+2.0737  A) — J/YpK™
4458.8 +2.9717 173+65780 = — J/PAK™
4337t 99 t26-+14 B? — J/vpp

P.5(4338)° [LHCb:2022jad] 4338.24+0.7+04 7.0+1.2+13 B~ — J/¢YAp

T, 0,p,W

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

Where are other tetraquark/pentaquark states?

Here: S-wave spectra and rearrangement decays in a model
based on color-magnetic interaction (CMI) [symmetry analysis]



Original CMI;

Hadron CMI Hadron CMI Parameter(MeV)
N 8ol A 8Com Con = 18.4
z %Crrrr —%Cm by %{nn + (-rr'. C =124 Z ﬂll Z CI_'} )\ )\ UI g‘j .
=0 E(C,, —4C,) =0 L, + C..) i< j
Q e Cys = 6.5 ]\/f Z B
A —8C,, == z . y
D —16C.a D e, E =B = Tl + LoMmI
D, ~16C, D; e, C=67
B —16C,; B’ L7 eI Cpn = 2.1
B, —16C s B* L7 Cpz =23 mn — 361.8 MGV, (n = U, d)
n ~16C,. Iy 5c, C..=53
Mo —16C,; T Tﬁcbb Cpp = 2.9 ms = 540.4 Mev’
Ze ECm—2Cp e CM +2C, Con =40
= e, —Lc.,-%c, = MR C.,=48 -
b2 ' %(_"m _%Cb" £ .HC + I.ﬁ(b" O =43 mc _— 1724. 8 hﬂ:e\/j
=, EC, —LC, — L0y, =t ECu +58C, +3Cy, Gy =12

— — mp = 5052.9 MeV.
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 -




Formalism: CMI models

e Alternative schemes to study multiquark spectrum:
(1) Reference scale — hadron-hadron threshold
M=[M,er—(Ecmirerl + EcMmi
(same quark content for ref and multiquark)

Studies for ¢sTs, QQQQ, qqQQ, QqQq, QQQT - My,

[1605.01134, 1608.07900, 1609.06117, 1707.01180, 1810.06886,
2001.05287, 2008.00737]

(2) Tetraquark: reference scale—M x1140) —M oasonable

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

Pentaquark: reference scale—=Mpc312) M reasonable

Assumption: Pc(4312) observed in J/wp as a 3/2” ccuud pentaquark
[consistency requires]



Formalism: mass splitting model for tetraquarks

Wu, Liu, Liu, Zhu, PRD 99, 014037 (2019);
M = Mx(4140) — (Ecarr) x(a1a0) + 9 nijAij + Ecarg|  Cheng, Li, Liu, Liu, Si, Yao, PRD 101, 114017 (2020)

(¥]

where A;; = 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 3 ¢ b Asn=90.6MeV,
n 183 121 4.0 1.3 n 298 187 6.6 2.1 A.s=1180.6MeV,
o as a0 o 53 aa|  (Aw=45202MeV.
b 19 b 2.9 Approximate relations:
Consistent with Buccella et al., EPJC 49, 743 (2007).
ACH%‘ACS _I_ ASHJ
Coe — Cbb — e — Cnn oy A A T

2
Coz Ciz  Chz  Cun = 3
7

Godfrey-Isgur model: mp= —mp, = (0 MeV (n = u,d) .



Formalism: mass splitting model for tetraquarks

Why is X(4140) selected?

1.

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

. 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)]

. X(4140) as the reference state can provide more reasonable

explanations for other observed cscCs states.
[Li et. al., Chin.Phys.C 48, 063109 (2024)]
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Formalism: mass fomulas for compact tetraquark states

In original CMI (v1):

M =) .m; + Ecmr

In threshold scheme (v2):

M = Mye;t — (EcMI)ref

+ EcoMmr

additional attraction needed

included superfluous attraction

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

In the scheme we use (v3):

(]

M = Mx (4140) — (Eomr)x (4140) + Zﬂ»zjﬂz’j + Ecumi

Usually, My, < M,z < M,

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

11



Formalism: rearrangement decay

« Combine information from spectrum and decay to
analyze multiquark properties

« Asimple decay scheme with assumptions:

1. decay Hamiltonian is a constant: H gecay = C — system-dependent C

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

M = (initial|Hgecay| final) = C ) ;. xy;

Vinitiat = Y 2i(q1920374),
i

Vrinal = Z i (q19243q4)-
r

P
I'= |M|28?TM.2

initial

12



J. Wu, Y.R. Liu, K.Chen, X.Liu, S.L. Zhu, PRD 94, 094031 (2010)

(1) cscCs states S.Y. Li, Y.R. Liu, Z.L. Man, Z.G. Si, J. Wu, CPC 48, 063109 (2024)

MX(414O) =4146.5 MeV C — 728215 MeV

s X(3960) is a good candidate of the

________________________________ (J o) lowest 07" ¢sCs tetraquark state

______________________________ ~(ne9)(Dy D3)
Fe====-3dQ38 -c======c=======>g===: crf)(ﬁgos)

State MaSSpD(;(l\-’ICV) I'ppc (MCV) L
X1 (4140) 4146.5 £ 3.0 197, 83.0 MeV
I Parameter [MeV] Current analysis X(4350) 4350-'—_?3'.? %0-7 13i—€138 +4 74.0 MeV
j\/[Xcl(4274) 42984+6+9 )(cl(4274) 4286+g 1l :I: 7 769 MeV
A 02+2 157 X (3960)[LHCb:2022aki] 3956 +5+10 43+13+8 318 MeV
| | X0(4140)[LHCb:2022aki] 41334+6+6 67+£17+7 60.2 MeV
0+ 1+ 1++ o+t

13



(2) Lowest T (J P)

= 0(17%) c cnn tetraquark state: T .. = ccud

2

— 3949

Mass (MeV)

-------------------------------- (DD)

S.Y. Li, Y.R. Liu, Z.L. Man, Z.G. Si, J. Wu, 2401.00115
S.Q. Luo, K. Chen, X. Liu, Y.R. Liu, S.L. Zhu, EPJC 77, 709 (2017)
J.B. Cheng, S.Y. Li, Y.R. Liu, Z.G. Si, T. Yao, CPC 45, 043102 (2021)

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

the LHCb T .. state.

Width sensitive to mass for near-threshold states.

If M — 3878 MeV, =7.2 MeV,;
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

4570 (1994)]:

mCL.T =

Taw = 410 + 165 + 43718 keV

I = 28227 keV

— (2Mpo + M;)2 \/M; L — M2

I'p«+ 5 pog+

k'ﬂ’ll’.[:ﬂ
I'= / dk
0 (AITct o ED*-I— U’f)

~ Epo(K)2 + T pes (27)2Myz Epet (k) Epo (k)

2M T+

~105 keV

14



(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.

15



State Mass (MeV) '(MeV) Observed channels

(3) cccCc states X(6900)[LHCb:2020bwg] 6905 £ 11 £ 7 MeV  80£19 £33 MeV ~~ di-J/op |
X (6600)[CMS:20230wd] 6552 4+ 10 4+ 12 MeV | 124732 + 33 MeV diJ /v -
X (7200)[CMS:20230wd] 7287720 + 5MeV 95759 4+ 10MeV  di-J/u |
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
3 6694 X(6660)/X(6400) consistent with 077 /07" cccc tetraquark states—
6638 [2tt/011?]. o . N
— 6581 | == 6637.5 (33.3, 80.2) If CMS X(6600 80.2
¢218 MeV 162 MeV e | e 6581.0 (16.7, 172.1) ( )\ 172.1
¥ 6478 ot 6694.3 (54.9,138.2) (0.1,0.3) 138.5
= 6476.4 (3.5,6.9) (41.6,110.7) 117.7
% ATLAS exp: System|J" ()| Mass Channels I
“g‘ X(6600)-X(6400)~220 MeV J/J J/Une Nelle
g |2t | 66375 | (33.3;213:5) If ATLAS X(6600) 213.5
O | 1% | 65810 (16.7, 458.0 458.0
"""""""""""""""" {J/wdlw)(0,2)" e [6694.1} [(54.9,367.7)} Natholer T“ﬂﬁs 3( T4OO 368.6}
All QOO tetraquarks e 64764 | || (3.5,185) (41.6,294.8) 313.2
_éfé_ah_s_t_a_f) |_e_ __________________ (f?c fl#) System JEAG) Mass Channels r
JpJ [ J/me MeMe
-------------------------------- (Mene )02 | | 27| 66375 | (333, 3523 If ATLAS X(6600)— 3523
Ceee 11t | 65810 (16.7, 755,8 755.8
g+ | | 66941 (54.9, 606.8) road r TPDA%?( 400) 608.2
0+ 1+ 2 6476.4 (3.5, 30.5) (41.6,486.4) 16 516.9




(4) Qqqq states State Mass(MeV) I' (MeV) Observed channels

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

P=- — m

% 0(2900)°[LHCb:2022sfr, LHCb:2022lzp] 2892+214+2 119429 B’ — DDinr

C=13.577 GeV as < |pa (9900)*+|LHCh:2022sfr, LHCH:20221zp] 2921 £23+2 137+35 Bt — D Dfr*
input to get widths

. — T ¢50(2900) as the second highest I=1 cnsn tetraquark state !

3058.0 [ (95.8,340.4) | (26.9, 94.8) [ 435.2 ]
3150 12Y) | | 29713 (4.2,10.9) (73.1,179.3) 190.1
Dp Din D.p D*K* DK DK*
- 3082.1 7|1 (71.1,266.6) 7 [ (0.0,0.2) 1 [ (4.5,22.7) 7 [ (22.5,84.1) T (0.8,4.6) (9.3,46.7) r424.9
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
Lty | | 29027 (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) 2 (1.5,—) (72.7,258.8) (4.4,—) 310.3
| 23859 ||| (0.0,-) ] L(882,253.0)] | (00,-) ] | (14,-) | (22.1,-) (1.7, =) | 253.0 |
. : D*p D, D*K* DK
SYfesdisersssi e tEnsateEeis: DADNY | 21407 T | riEaaz660) (0.0,0.3) (46.3,196.1) (0.2,1.7) 464.6
) . \ oty | T 20179 (34.1,54.9) (0.7,5.1) (47.4, 56.9) (3.1,20.1) 137.0
= v e . Din 2537.5 (2.5,—) (17.3,96.4) (4.1, —) (67.0,297.1) 393.5
Ty — . (22143 1|l (01,-) | l(sro0,2356)] | (21,-) 1 | (29:6,—) | | 235.6 |
W N )
g - 2538 \\\ I(JT) Mass Channels P
. D'w DK
A or2* [ 3058.0 | | [ (95.8,333.6) ] (26.9,94.8) [ 428.4
. 25| | 20713 (4.2, 10.4) [ 73. 1 m 3) l 189.7
____________ —2086 _______. pk - |7 bl Dy D.w D*K* DK DK* ' '
\ - 3082.1 7 | [ (71.1,262.0) ] [{r} u ‘0 1)7 [(0.0,0.0)7 [ (4.5,225) 7 [ (22.5,84.1) 1 (0.8, 4.6) { (9.3,46.7) 7|1 4200 7
\ 3004.4 (26.8, 78.5) (0.2,0.8) (0.2, ) (22.7.102.3) (61.8, 181.3) (1.3,7.5) (1.3,6.1) 376.4
_______________________________ D' vo(+) || 29027 (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
2914 $ W 2837.3 {1.3:=5 { (0.3,0.0) (0.0, —) (26.8,77.1) (0:1; =) (3.2,16.5) { (70.9, 198.4) ‘ 292.0
\ 2636.4 (0.8, —) 5.0, } (5.7.-) (1.8, -) (1.5, -) (72.7,258.8) (4.4, -) 258.8
« ||l23ss9 ||l (00,-) | { 1.5, | @iy L ey | | Gd=y | (22.1,-) (L7, =) =
------------------------------- D1t AN D*w D.n D,n' D*K* DK
- 3149.7 7 | T (63.3,263.3) T (0.0,0.1) r (0.0,0.1) 7 [ (46.3,196.1)7 [ (0.2,L.7) 1 r 461.3 T
, oot | | 22170 (34.1,47.8) (0.4,2.0) (0.4,0.1) (47.4, 56.9) (3.1,20.1) 126.9
: 2 2 2537.5 (2.5, =) (8.1,12. G} (9.1, —) (4.1,=) (67.0,297.1) 309.7
2 1 0 | 22143 ) || (0.1,-) (38.6, — @z | @iy | | "ees—=y" :
17

cnsn : |1=0 & I=1 degenerate



(4) Qqqq states

State

Mass(MeV)

I' (MeV)

Observed channels

T.<0(2900)°[LHCDb:2020pxc,LHCb:2020bls| 2866 +74+2 57+12+4 BT — DTD K™|-

cs0

C=13.577 GeV as J__ ra

(2900)**[LHCb:2022sfr, LHCb:2022Izp] 2921 + 23 + 2

119 £+ 29
137+ 35

T (2900) TCHCh:2020pxe. LHCh:2020bIsT 2004 5 £ 1T TI0E£1T£4 BT = DTD" K™

%0(2900)°[LHCb:2022sfr, LHCb:20221zp] 2892 + 21 £ 2 B 5 DD

Bt = D-Dfrt

input to get widths il

T :s0(2900) as the higher I1=0 cstud tetraquark state

I Mass Channels r
3129 D*K™
3058 0(21) [ 2998.3 ] [ (66.7, 380.2) ] [ 380.2 ]
2998 D*f_{* _D*_P_f DR*
2088 2954 [ 29535 ||| (47.6.203.0) | | (1-3,14.5) (10.6, 88.5) 306.1
................ . 9002 . pr0@T)|| 2784.3 (2.4, —) (1.8,17.8) (47.6, 151.9) 169.7
N 2851 | 2500.6 (0.1,—) | {Ba.9 ) | (0.1, —) 0
= ] i DK
= | 2784 DR o(0+)| [72850-5 [ [ (41.4, —) W (2:7,34.4) [ 34.4 W
73] c . .
é 5694 2320.7 (0:8,—) (55.6, —) 0
2606 F % Mass Channels T
D
= 1(21T)| [ 208%7.5 (33.3. 180.1) 180.1
— 2501 D'K [ N s =l —— p— [ ]
[ 3058.0 ||] (46.9,329.8) 1 [ (0.4,4.5) ] (7.1,69.0) [ 403.3
_ 1(1t)|| 2902.3 (2.2 0:3) % 0 o (30.7, 225.3) 2.5 i
-------------------------- DK 2693.7 (0.9, —) (40.2, 333.5) (3.9, —) 333.5
. ! - I 1(0+ [Brzsa | | (55.4,4850:2) | [ 001,293 [ 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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Tetraquark states M = Mx (a140) — (Ecnmr)x(a140) + Z A 8 e

With one mass formulae and a simple decay scheme:
€ X(3960) is a good candidate of the lowest 0" c¢sCs tetraquark state.

Wu, Liu, Chen, Liu, Zhu, PRD 94, 094031 (2016); Li, Liu, Man, Si, Wu, CPC 48, 063109 (2024)
& The lowest 0(1%) ccud tetraquark state can be used to understand

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

Li, Liu, Man, Si, Wu, 2401.00115 (to appear in PRD); Luo, Chen, Liu, Liu, Zhu, EPJC 77, 709 (2017)
J.B. Cheng, S.Y. Li, Y.R. Liu, Z.G. Si, T. Yao, CPC 45, 043102 (2021)

& X(6660)/X(6400) consistent with 0""/0** cccc tetraquark states
[2Ft/07+7].

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

19



Studies of QQqqq/QQ qqq states in the literature
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« Park, Cho, Lee, PRD 99, 094023 (2019)

e Giannuzzi, PRD 99, 094006 (2019)

e Shimizu, Harada, PRD 96, 094012 (2017)

e Chen, Hosaka, Liu, PRD 96, 116012 (2017)

e« Z.H. Guo, PRD 96, 074004 (2017)

» Dias, Debastiani, Xie, Oset, PRD 98, 094017 (2018)
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Rept.Prog.Phys.,86,026201 (2023)

e Chen, Li, Sun, Liu, Zhu, PLB 822, 136693 (2021)

« Chen, Wang, Zhu, 103, 116017 (2021)

« Dong, Guo, Zou, CTP 73, 125201 (2021)

« Wang, Feijoo, Song, Oset, PRD 106, 116004 (2022)

e Zhou, Wang, Liu, Liu, PRD 106, 034034 (2022)

e Yalikun, Dong, Zou, CPC 47, 123101 (2023)

e Liuetal, 2312.04390

« Wang, Wang, |JMPA 39, 2450067 (2024)

« Duan, Wang, Yang, Chen, Chen, PRD 109, 094018 (2024)
« Wang, Xiao, Sun, Liu, PRD 109, 034038 (2024)

« Wang, Liu, PRD 108, 074022 (2023); PRD 109, 014043 (2024)
« Wang, Chen, Meng, Zhu, PRD 109, 074035 (2024)

« U.Ozdem, 2405.07273 20



Formalism: mass fomulas for hidden/double-charm pentaquark states

M = [Mp,(a312) — (Ecm1)p.(4312)] + Ecmr + Z (E AT M = ), mi + Ecwmr
] M =[Mx (4140) — (EoM1) x (4140)) + Eomr + Z:niing
]
= Mpenta T ECMI 4 Z Uzy &13 =Mitetra + EoMmr + Z”iinj-
1] ij
. Moennn = Tipenta + Ecni
Mcﬁnnn = Mypenta - EOM’I-; cennn ' penta c ,
A _ 5 A Moprng = Mpenta T Ecomr + Asn;
. = m “ T . ~
conms penta Lalat o Meensn = Mpenta T Ecmr + Agn,
ﬂ’fcénsg = ?ﬁpenta + ECJMI + 2&,5?1: Mecenss = Tﬁpenta =+ EC’M'I + Qﬂ.sn:
Mccsgﬁ — ﬁlpent& + EC'MI + 255?1:

MCESSS — Tﬁpent& Gy ECJMI i 3&5?1- B
MccssE — MMpenta T ECMI + 3A5ﬂ.'

Assumption: Pc(4312) observed in J/wp as a 3/2” ccuud pentaquark
[consistency requires]

Mpenta = 4382.6 MeV, Ag, = 90.6 MeV

ﬁitetra - 42311 MeV
Mpenta-Mietra=Mn-2Ag,=151.5 MeV = #i,=332.7 MeV 21



Pc states (n = u, d) C =4647.9 MeV]  (nnn)s,_(cc)s,-(nnn)1,(cé)1,

EXp. |I'(P.(4440)T) : [(P.(4457)") = 3.272:1. J.B. Cheng, Y.R. Liu, PRD100, 054002(2019);
“““““““““““““““““ S ['(P.(4440)%) : T(P,(4312)") = 2.11{ %, L, Liu, Man, Si, Wu, PRD 108, 056015 (2023)
————————————— ddpr———120" 55 "
— 4471 4400 * I'(P.(4312)%) : T'(P.(4457)") = 1.5119, 10
--------------------------------- (=:D) T'(P.(4337)%) : T'(P,(4457)") = 4.5729, ;_
7 P NCE— D) | :
T - | e -3 S ) [(P,(4337)") : T(P.(4312)*) = 3.0134, :
D
S| —— 4227 4249\| X [(P.(4337)*%) : [(P.(4440)*) = 14116 | & []
8 npu _ - - c N =
. e ——— o | The IP(P,(4421) ) : T(P,(4461)F) = 2.42, : N = = =
['(P,(4421)T) : T(P,(4312)7) = 1.24,
“““““““““““““““““ (i) ['(P.(4312)") : I'(P.(4461)1) = 1.96, |
» ; D o i T -5 . .
I = 1 nnnct states- [(F.(4324)") : (P (4461)") = 2.64, °  Ratios between decay widths
- S S— ['(P.(4324)") : T'(P.(4312) 1) = 1.35, ~ of different pentaquarks
2 2 2 T'(P.(4324) %) : T'(P,(4421)%) = 1.09. T 2 3 a2 5 8 7

)
P.(4457)", P.(4440)*, P.(4337)" can be assigned as the 3/2, 1/2, and 1/2 pentaquark states, respectively.

For P.(4457)% [P.(4461)T] T(X:D):T(A.D):|T(NJ/vy) =2.3:4.0:1.0

For P.(4440)% [P,(4421)*] T(A.D*):T'(X.D) :T(A.D) :|I(NJ/v¥) : T(Nn.)=45.5:3.0:3.0:7.5: 1.0
For P,.(4312)* T(NJ/9) | T(AD*) = 1.1 - Predictions
For P.(4337)% [P.(4324)"] D(A.D) :|T(NJ/¥)|= 1.3
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Pcs states (n = u, d)

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

Li et al, PRD 108, 056015 (2023)

(=D

I = 0 nnscc states

If we assign the P.(4459)°,
states P, (4478),

P.5(4338)° to be J=3/2 pentaquark
P..(4338), respectively, T'(P.,(4478)) : I'(P.;(4338)) ~ 0.12

which is contradicted with the experimantal value.

> P,.,(4459)°

Other possible assignments:

Theoretical widths are much smaller

than the measured results.

EXp:

Both P.4(4459)° and P.,(4338)° can be assigned as %_

For P..(4459)° [P.,(4497)°],

For P, (4338)° [P.,(4328)"],

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

I'(P.s(4478)%) : T'(P.s(4371)%) = 0.15,
(P, (4478)°) : T(P.4(4328)°%) = 0.56,
Pes(4338)  [1(P,.(4478)0) : [(Poo(4318)°) — 2.57,
(\D.) T'(P,.,(4478)°) : T'(P.,(4304)°) = 0.17,
(/) I'(P.,(4497)°) : T'(P,.s(4371)°) = 0.72,
I'(P.5(4497)%) : T'(P.s(4338)%) = 0.61,
(An.) I'(P.,(4497)%) : T(P.,(4328)°) = 2.78,
I'(P,5(4497)%) : T(Ps(4318)°) = 12.71,
I'(P.,(4497)°) : T'(P.,(4304)°) = 0.83.
pentaquark states.
T'(AD¥) {T(AJ /) |=2.3: 1.0
[(AJ/¥):T(A.D,)=3.0

I'(P.s(4459)%) : T(P.(4338)°) = 2.51 1§

- Predictions
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ccnnn states (n = u, d)

4726.3——
_____________ CETLoD B e O L
i L e
4504,3—— ¥
- b==—=========44102====---_-U17.0——_ ot Zep, T, D
>
) e S A I, Tl )
=
< DU
()]
S AT D SOOI N PRI B NS
=
4064.2 4042.0——
5 3 1
2 2 2

(a) ccnni states with I, = 1 and T = 2,

Lowest ccudn (I,, =0, I = %):

Zhou, Chen, Liu, Liu, Zhu, PRC 98, 045204 (2018)
Wang, EPJC 78, 826 (2018) [QSR]
Giannuzzi, PRD 99, 094006 (2019) [di-di-anti]

3755 MeV:
4.2119-19 GeV:

4.54 GeV:

Mass (MeV)

Stable

state possible

5 3
2 2

(b)eecnni states with I, =0 and [ = 3

3.841+0.290 GeV: Xing, Niu, EPJC 81, 978 (2021) [di-tri]
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ccnns / ccsnn states (n = u, d)

Mass (MeV)

SEIRR A R e, A O g
4564.3
4673.4—— .
__________________________ 8 - (Z.D,) e R T T e
4609.2—— HERE )
e (BB ,%:D,) 4455.5 4456.3——
_____________ ABE0 P s saspnn (Euk’) £ | R
—————————————————————————— 4TI T " (z.0,) @
= 43309——
———————————————————————————————————— 255 74 Mo
1]
L N S RIS SR
=
4290.6—— e 2[RRI
————————————— A B D e (B K}
____________________________________ = K 3993.3——
------------------------------------ (2K e e (R )
T . I o e e e ()
Stable|state possible N
5 3 1 5 | 3 | L | 3 1
2 2 2 2 2 2 2 2 2
(¢) cenns states with I =1 (d) ecenns states with T =0 (e) ccnsn states with I = 1.0

Lowest ccuds:
4060 MeV: Zhou, Chen, Liu, Liu, Zhu, PRC 98, 045204 (2018)

=2 .cK-135 MeV: Park, Cho, Lee, PRD 99, 094023 (2019)
4.092+0.298 GeV: Xing, Niu, EPJC 81, 978 (2021) [di-tri]
=.cK +18.5 MeV: Park, Noh, PRD 108, 014026 (2023)

+100 MeV, still below
= ..K threshold
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ccssn/ ccnss states (n = u, d)

__________________________ d_-:r_a_g_'z_T__ e {EE; L'l' :
_____________ a185—— .. (Q.0')
ABBE He==— s e A0EE e {.‘l:ﬂ Ff‘ )
————————————— R S S RS (2. D)
-1 M s
= 4534 6—— B
[F)]
w
L]
=
4342.9——
= ¢
———————————————————————————————————— (12, K)
———————————————————————————————————— (2. K)
5 3" .
2 2 2
(g) cessn states with I = 2

Mass (MeV)

__________________________ 47807 —— (2. D,)
________ 1 B e
??%%‘?ZZ:Z:ZZZ;E&QZEZZ:ZZZZZ‘EELSLB_T}_‘IT:Z (Eath B Dy D K
4642.6 s B e e e o (S, Ext)
:::::::::::::%gé%g::::::::::::::: (E‘ Di,ﬂuh )
e S e e e e (E.D,,E.n')
ArE 4560 .8——— Pl A
————————————— 4553-2————————4:54—1?————— (Z.'D,)
4472.1——
————————————— 444—]—9:—————————————— |:Er}_}:|
4409 5——
————————————— T (0, K)
———————————————————————————————————— (So)
———————————————————————————————————— (0, K)
__________________________ 4176 8————_ (Et)
5 3 1.
2 2 2
(h) censs states with I = 2
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ccCcsSSS states

Unstable but may be narrow

cesss states

2
2

b | Lo

b2 | el

| 4732.5

[ 4747.0
4692.3
4684.5
4536.2

[ 1822.2
4737.6
4609.9
4520.4

QD3 Q¢
(_1_): : (_:_]]
(9340 540  Q.D;
(—3=) ()
(——) {5
(=) ()
_(_1_)_ _(_:_)_
L9 0 @5 D
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(——) {—5—=)
(=) (= —)
i) (5

0.0,

[ (0.0,0.0) |

(0.3,0.0)
(_: _)

(_:_)

Mass (MeV)
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::::::::::::::::::::::::::42822:2:2:::::: (!"l,,f_?:,ﬂ:,,_é)
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(f) ccsss states
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 Qeen
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Pentaquark states

M = [f"fP[_-H:ﬂm - (ECMI)R;HHIE]] + Ecpr + Z nijA-ij
L

With one mass formula and a simple decay scheme using the same parameters:

® Consistent hidden-charm pentaquark assignments in the model:

P.(4312), P,(4457): > cTuud;

P_.(4440), P_(4337): * ccuud;

2
P.5(4459), P.;(4338): - ccuds.

& Stable double-charm pentaquarks:
(1) lowest ccnnnwithI,, =0, 1] =55,

(2) lowest ccnns with I J = O%.

€ Unstable states seem to have narrow widths
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Summary

€1t is possible to understand X(3960), LHCb T .., T¢<(2900),
T cs0(2900), and X(6660)/X(6400) in tetraquark picture.

@ It is possible to understand P.(4457), P.(4440), P.(4337), P.4(4459),

and P.,(4338) in pentaquark picture if P.(4312)isa JP =2 state.

N|W

€ More narrow/stable multiquark states are possible, e.g.
I=0csud, 1] = O% ccuds

Thank you for your attention!



