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Quark model

Meson

Symmetry
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Light meson spectrum observed from exp.

iy JAE | =1 | =3 Y | =0
ud, ud, us, ds; i f
%(d&—uﬁ) ds, s
'S 0+t =« K n n’(958)
1281 17 p(770) K*(892) |¢(1020) w(782)
1°Py 07" ag(1450) K (1430) | fo(1370,1500,1710)
1P 17 b1(1235)  Kig® h1(1415) h1(1170)
1*P 17F a;(1260) Kix® F1(1420)  f1(1285)
°P, 277 a(1320)  K3(1430) | £5(1525) f2(1270)
1*D; 17— p(1700) K*(1680)"| ¢(2170)¢ w(1650)
1'Dy 277 m3(1670)  K2(1770)*| n2(1870) n2(1645)
1*Ds 37~ p3(1690)  K3(1780) | ¢3(1850) w3(1670)
PFy 4T a4(1970) K (2045) | f1(2300)  £4(2050)
1°Gs 57~ p5(2350) K#(2380)
215y 07" m(1300) K (1460) |n(1475)¢ n(1295)
2351 17~ p(1450) K*(1410)"| ¢(1680) w(1420)
22P, 17t a1(1640)  K;(1650)
2Py 27 a2(1700)  K3(1980) | £f2(1950)° fy(1640)
21Dy 271 mwy(1880)
31Sy 07t «(1800) K (1830) n(1760)

Poorly understanding for the
excited isoscalar states

v Tetraquark state?

v Gluon ball?

v How to understand the
experimental findings

v Why were the 0++, 1++, 1-- states

not well established or still missing?
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Light baryon spectrum observed from exp.

et (BEN] 8 Octet members Singlets
1727 (56,05) 1/2 N(939) [A(1116) X(1103) S(1318) Poorly understanding for the excited
y S
1/2F  (56,03) 1/2 N(1440)|A(1600) X(1660)
1/2= (70,17) 1/2 N(1535)|A(1670) X(1620) =(1620) A(1405) hyperon States especially for ﬂ and
2 (1560) ’
3/2= (70,17) 1/2 N(1520)|A(1690) X(1670) Z(1820) A(1520) =)
1/2=  (70,17) 3/2 N(1650)|A(1800) X(1750) Z(1690) -
X (1620)f o o
3/2-  (7017) 3/2 Natoo|la)  z(oa0)t =) v Missing resonance problem
5/2~ (70,17) 3/2 N(1675)|A(1830) X(1775) =(1950)f v
1/2+ (70,03) 1/2 N(1710)|A(1810) X(1880) Z=(?) A(1810)t Low mass problem
3/2F  (56,23) 1/2 N(1720)|A(1890) X(?) =(7) . o
5/2F (56,2]) 1/2 N(1680)|A(1820) $(1915) =(2030) v How to looking for the missing
7/2-  (70,33) 1/2 N(2190)|A(?) 2(?) =(7) A(2100)
9/2= (70,33) 3/2 N(2250)|A(?) (%) =(7)
9/2+ (56,43 1/2 N(2220)|A(2350) 2(?) =(7) states
Decuplet members ‘/ Inner StrUCture
3/27  (56,05) 3/2 A(1232) |£(1385) =(1530) (2(1672) v
3/2T  (56,03) 3/2 A(1600) | X(1690)F =(?) 2(?) Meson-baryon components
1/2= (70,17) 1/2 A(1620) | X (1750)F =(?) 2(7)
3/2= (70,17) 1/2 A(1700) | Z(?) =(7) 2(2012) \/Dynamics
Bf2Y (56,20) 8/2 A[LIGE) | =) 2(?) 2(7)
7/2F  (56,23) 3/2 A(1950) | £(2030) =(?) Q(7?)
11/2+ (56,4F) 3/2 A(2420) | Z(?) =(7) Q(7?)
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Model for spectrum——

potential model

3 3
Hyo = ) \/pi+mi+) (Vy+Cy)
=

1<J

_ \/Conf , y/OGE
Vi =Vii" + Vi

3
on 3
VC / = Z—E(A DV )bz'jrij-
<<
VOGE _ Z (‘/;?oul i ‘/Zjd) ’
1<J
Coul QQU
Vi Z 3 a
1<J

Spin-dependent potential of OGE:
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Strange mesons

Based on our works:

FX Liu, MS Liu, XH, Q Zhao, PRD 103, 016016 (2021);

Q Li, LC Gui, MS Liu, QF Lv, XH, Chin. Phys. C 45, 023116 (2021);
FX Liu et al, unpublished
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Strangeonium spectrum

2800 ops1 27012691 o685 E
2600 L — E
R VI N\ ]
2400 :X( ) 2198f (2410) 2 297 2085 oo e ]
2200 121 RN f ) -
: \ 2027 2030 X 2062) :
7 f(2170 — .
;2000 : ( )H — D :
1800 ST e ;
0 Ji19 ' :
S1600 T (e T (159 -
] ANN\Y Egﬁﬁiﬂ :
] & :
1200 - £,(1370) -
1000 - LY St rangeoni um spect rum
_ 1017
797
800 T g
" pT“I O++| 1++| 2++| 1+_| 1,2,3, 2_+| 2++| 3++|4++| 3+_| |
ZS+1LJ ISO 381 3P0 3P1 3P2 lpl 3D1 SDg 3D3 1D2 3F2 3F3 3F4 1F3

Many low-lying states are still missing!

€ How to understand f,(1500,1710)?

f,(1370): 1250-1440, 200-500
13Py(ss): 1373, 338

€ Could X(2500) be evidence of the 41S,
state? [BESIIL PRD93,112011(2016)]
Exp: 2428-2586, 162-350, o
Th: 2580, 409, KK*10% , ¢¢1%

@ Could £,(2410) be the 33P, state?
[BESIIIL, PRD98,172003(2019)]
Exp: 2411, 348, KK
Th: 2434, 346, K*K* 10%,KK3%,

| @ Could X(2062) be evidence of the 2!P,

state? [BESIIL, PRD99,112008(2019)]
Exp: 2062, 177, ¢’
Th: 1991, 279, KK*18% , ¢’ 2%

I©



Strangeonium spectrum

@ Could ¢(2170) be the 33S, state?
Exp: 2164, 88+26-21, not seen in K*K* seen in ¢n,on’,¢nn
Th: 2198, 276, K*K*8% , ¢n 3%, ¢n’ 0.1%
Predicted width 1s too broad, the K*K* decay mode 1s not seen!

€ Could ¢$(2170) be the 23D, state?
Exp: 2164, 88+26-21, not seen in K*K* seen 1in ¢n,on’,¢nn
Th: 2272, 283, K*K*8% , ¢n 0.9%, ¢n’ 0.1%
Predicted mass and width are too large, the K*K* decay mode 1s not seen!
@ Could the newly observed state X(2300) be the 31P, state?
[BESIII, PRL134,191901(2025)]
Exp: 2316, 89+-41, seen 1n ¢n,on’
Th: 2435, 269, KK*5% , K*K*7%, ¢n 2%, ¢’ 0.6%
Predicted mass and width are too large! Could ¢(2170) and X(2300)
be tetraquark states?



Towards establishing the 1D states

€ 1'D, state
¢ 13D, state 2 fOno, TR 10
Th: 1840, 128, KK*70% , ¢n 20% %ortﬁiiss;f\(f)&lK'K 0%, KERF10%
Worth observing! &
@ 13D, state
Th: 1809, 707, KKI1(1270)88% , KK4%, KK*6%, Too broad!
Towards establishing the 2P states & 21P, state
. E S 0 3 V) 0
@ 2P, state Th.6(y1991,, 2})/79, KK*18%, K*K*17%,
Th: 2027, 315, KK*13%, K*K*16% V\"f’“ o "’b‘l’” 0
Worth observing! OTHL ODSEIVING:
@ 23P, state
¢ 23P, state Th:1971, 849, KK,(1270)50%,

Th: 2030, 147, KK3%, K*K*17% KK(1460) 35%
Worth observing! Too broad!



Fully strange tetraquarks

Mass (MeV)

3300 — L L |__u__”| | I | | |
3200 4 m 2S ssss spectrum
3100 o,
3000 w0 e ]
o s i opgy il 2984 2007 1P
2900 ' 2909 2943 2948 T o —
. [ 2535, a— — | 2821
2800 ! 2 = 2761 2786 210 2837
4 ' — 2719
oro0f —_—
i ; 2635 gy 2632 255, e
2600 § —
. E o 2537
2500  —
d 2507 2446
2400 4 | 2440 2378 ! 2445
4 2323 T
2300 o —
2004 T
2100 +—— — — — —T I I | | | I
0" 0 1 1" 27 2" 0 0" 1 1" 27 27 3

Could ¢(2170) and X(2300) be
tetraquark states?

@ The mass of the lowest tetraquark
state 1s about 2.2 GeV.

@ The $(2170) cannot be explained
as a fully strange tetraquark state.

@ From the point of view of mass, the
X(2300) 1s a good candidate of a

fully strange tetraquark state with
JPC=]"-,



Fall-apart decays

State m m' ' ul nfo nfi nfs, n'fo wh o wfs o | mm2S) wn2S)  ¢P(2S)
M. + My, 1096 1506 1916 2034 1921 2040 2061 2331 2450 2471 2479 2167 2571 2716
Tor+omasy | 3.22 11.00 8.72 13.86 / / / /] // /l i 0.16 i //
To++@aaoyasy | 0.13 048 045 35438 / / / ,06 /1 /] // 0 // /]
To++2798)25) | 0.60 191 146 048 / / @\Q / / / / 1.10 1.58 28.92
To++0876)25) o 0.24 035 2646 / J Q@\\ ¥ / / / 0.14 2.00 33.08
To++29s42s) | 0.33 1.36 1.49 3.52 / f / / ¢ / / 155 15035 24.04
To++3155)28) o 0.17 0.20 1.94 / / / / / / / 0.66 1.45 10.48
T'1++2043)25) / / / 0.24 0.07 0.64 1.14 0.13 051 1.14 392 / / 0.16
Tr++2378)015) | 0.36 0.75 0.26 o / 0.69 021 i I ol // o i tf
Tr++285)25) | 0.20 0.51 0.29 0.60 / 0.39 0.21 i 0.47 0.13 o 0.11 o 10.72
Tr++posn2sy | 0.05 023 0.23 8.60 / 1.10 1.08 / 1.40 1.16 o 0.11 0.27 105.44
To-+@as1)1p) / / [ 134 | 4382 f 073 314 / /] // / // it
To-+0635)1P) / / /]  28.92 .81 / 2.11 8.64 / 1.14 1192 / 4 ol
To-+@2761)01P) / f } 488 | 13.12 / 8.89 29.54 [ 9.17 1.24 / / o
T+ 2564)(1P) / f / 0.24 / 5.12 0.25 ¥ 5.25 o 2.08 o tif tf
T'1-+0632)1pP) / / / 5.14 / o 0.07 / .11 o 38.80 o o £
T'\-+0778)1P) / / / 9 / 7.96 = / 14.96 B o o 2 o
Ty sy / / / o| 080 151 188 022 031 080 0.4 / // i
Tr-+(2669)(1P) / / / 0.10 0.23 0.28 206  0.18 0.13  3.70 14.00 / / i
Tr-+0s377(1P) / / f 016 009 012 1.06  0.11 0.09 236 15.00 / / o




Fall-apart decays

State ng n¢  nhy  n'h Jo¢ h¢ Ho  np2S)  ¢n(2S) 7' (2S)
M + My, 1565 1975 2010 2420 2390 2509 2530 22477 2636 2657
To+-2891)28) f [ 2.94 5.61 1.08 0.48 212 / / /
To+-2967)(25) } /  1.29 0.89 1.16 5.52 0.04 4 / J
T+-232305) | 6.54  10.13 / // i // // o // //
T1+-(2835)005) | 1.42 2.00 / / 1.68 1.32 1.88 6.62 13.84 5.43
T+ 2950025y | 2.06 503 / i 3.00 5.16 8.08 0.05 38.44 7.66
T+ (2965)(25) o 0.1 034 029 032 080 0.08 0.05 o 0.09
LTo—@sonap | 4.66  6.01 / / / // // 0.12 // I
To—psonap | 137 347 / / / 6996  3.20 0.60 o 0.16
T\—-@usap | 0.07 o o o 24.80 /] {f o il //
T\—-osenap | 4.65 677 1.17 0.53 0.80 3272 13.20 o // //
T\ 60701 P) o 0.07 2.68 3.65 1.64 3.20 5.64 o // £l
T—oeeapy | 0.41 031 305 396 51.40 0.48 2,12 0.20 o 0.09
Ti—oosoam | 087 131 1376 2576 1.68 1684 40.76 o 008 o
To-omonm | 115 140 011 009 020  // : /] /]
Ty oesmap | 0.14 024 0.18 : o 2376 21.28 g ; y
Ty awmap | 007 009 o o 120 2208 3048 0.11 o 009
Ts—p7190p) | 0.20 0.18 0.09 0.07 1.48 3.04 27.20 ) o o




Some states may be found in experiments

@ Two 1S 0++ states (2218,2440) and one 2S 0++ state (2876) have large
decay rates into ¢¢.

@ The 2S 0++ states have large decay rates into the ¢p(1680) channel.

State m m’ 'y ol nfo nfi nfy  nh  ThHh 10f ¢hy | M (2S) 7' 2S)  ¢P(25)
My +M; | 1096 1506 1916 2034 | 1921 2040 2061 2331 2450 2471 2479 2167 2577 2716
Tor+@aigas) | 322 11.00 8.72 13.86 / / / // // ff /] 0.16 i 1/
To++@uoas) | 0.13 048 045 3548 / / / / i/ // // 0 { 7/
Tor+a7980s) | 0.60 191 146  0.48 / / / / / / / 1.10 1.58 28.92
To++(2876)25) o 024 035 2646 / / / / / / / 0.14 2.00 33.08
Tor+oossy | 033 136 149 592 / } / / / / / 1.58 15.05 24.04
To++3155)28) o 017 020 194 / / / / / / / 0.66 1.45 10.48
T'1++083y025) / / / 024| 007 064 114 0.3 051 114 392 / / 0.16
Tyerzmas) | 036 075 026 0 / 0.69 0.21 / // // // o /] 2,
Torrossmes) | 020 0.51 029  0.60 /059 0.21 / 047 0.13 0 0.11 0 10.72
To++@oznes) | 0.05 023 025  8.60 / 1.10  1.08 / 140 1.16 0 0.11 0.27  105.44




The newly observed X(2300) favors the 1+- T4s state

w(3686)—dnn’ @ BESIII [PRL 134,191901 (25)]

Mexp: 23 16+39_39 MeV, Fexp=89+41_41 MeV

50 ——————7———+—r—+—7—— . e P -
N - —+ Data g . N [ S i
-&? 40 :_ — Fit X /nbin = 0.64_: H(e 40 :— Y /nbin = 1'57_:
3 [ —X(2300)-¢n @] 3 _f (b) :
= 3p0fF —- ®(2170)—¢n 2 S 30F -
S F - 9(2170)—0n’ I - z
~  20f — X(2300)—0n’ s ~ 20F -
= h,(1900)—o¢1’ *%‘ .
L%) 10 ;_ PHSP _: Lﬁ 10 :_ 3
q E T Wa maN e — = T 0 [ " = s . = . 1 o
5 2 2.5 2 2.5 3
M, (GeV/c?) Moy (GeV/c?)

Both the mass and decay properties predicted in theory are consistent with the
observations.



Some hints of 1+- T,(2323) may be seen in J/y decays as well

Jw—bnn’ @ BESII [PRD 99,112008 (19)],

—
B OO 0 9O
L= — . — N~ )

Events/(20MeV/c?)

)
=

B N R N
M(on’) (GeVic?) M(om') (GeV/c?)

More precise observations in ¢n, d1n’ may is needed!

Can we observe the 1+- T4c¢ (6500) state in J/yn,. channel?

2025F6530H Y



Experimental evidence for 0++ tetraquarks

Jhy—yX—ydd @ BESIII [PRD 93,112011 (16)]

Two O++ resonances with masses around 2.2 GeV and
2.4 GeV were extracted from the data.

B)—Jwdd @ LHCb [JHEP1603,040 (16) ]

One 0++ resonance with mass around 2.2 GeV was
extracted from the data.

A. A. Kozhevnikov, PRD99, 014019 (19);PRD 95, 014005 (17).

2025F6530H
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Strange baryons

Based on our works:

Hui-Hua Zhong et al, unpublished;
MS Liu, KL. Wang, QF Lv, XH, PRD101, 016002(2020);
LY Xiao, XH, PRD98, 034004 (2018)



Q(sss) spectrum

2450
2400 | 2Py, .
2 (2380
2350 | 2
1°D,, 1"Dy)p- A 22p
2300 | - A 12
~2250 "Dy, 14D3/2+ A .
> T2 A== 1D, € (2250)
é’ 2200 A "Dy,
~ i A
§2150 78, ,. A
2100 | C(2109
E 24s3/2 \Q‘bé ) ( )
2050 | &\6\ I"Pyp-
2000 Q@ L T CQo)
1?P,
1950 | —A=
= 14S3/2+ N
1eso | _—— C(1672)
JP=12" 327 52 72 12 3/27 PDG.

Old results labeled by Triangles (MEZR) :

LS ago ' L-S
Yoo pr R 3(my 4+ my 4+ my)t

New results labeled by short lines (based
on QCD):

o) _ 1.dVerl(r) (ryXpi-S; _r; Xp;-§;
g rij- drij 21'5,’112 ZﬁI?
P XPj=Sy—Fyp X Pi+ S,
i, ’
yools) —_ _ 1 dVC‘J”f(rU) rijXpi 'S;‘_rf;’ Xp;-S;
1 r,;j drl-j Zﬁ'llz 2%3

Obvious differences of two models
can be seen!

Confirm the mass gap between the two 1P states: ~60 MeV! The mass of the 1P -
state should be ~1950 MeV!



Three-body spin-orbit term p X p,

Complete form from OGE:
L dV5™ (7 xp; -8 T Xp;-8; Ty Xp;-Si—7i XPi-S;\  [Tsqur]
Tz‘j d?“z‘j . 2 mimj

Vso(u) _

i

2ms: 21m=

i<j i J

A simple form with approximation
a 1 1 4 1 1 .
P, =— Pj —> 3;% [(m? + = + mfmj)ij . (SI- +Sj) + (m—!2 - m_ﬁ)Lff ; (Si — Sj)] [Hiyama]

However, for a baryon system p. +— pj

The complete form should be:

1 ac b | 2a b
LS —_— S - — S — . — | |
Ve (riz) D) 2 (/.93 _ZP)LP (S{+5S,) e (\@p:” +p)ﬂ xp;-(S1—393)

There is an additional three body spin—-orbit (TBso) term!!!

» T.Yoshida, E.Hiyama, PRD.92.114029 (2015); S. Capstick and N. Isgur, PRD 34, 2809 (1986)



Three-body spin-orbit term p X p, is crucial !

Mass splitting : AMEN)1/2-— ATAW)3/2- Hui-Hua Zhong, MS Liu, RH Ni, MY
Chen, XH,

PRD 110 (2024) 11, 116034

No Tbso term: V'{S <L, - (S+S;) = 0 ==) Degenerate states

With Tbso term: Vi o pxp;-(S1—5,) = 0 mmp AM =60 MeV

Mass splitting : Q(2012)(1P)1/2-—Q(1950)(1P)3/2-
No Tbso term: Degenerate states

With Tbso term: AM ~ 60 MeV



Strong decays—chiral quark model

Chiral Lagrangian: Los = ——iyuvs;d-0"du,

xf b
strong decay: i, K, n mass spectrum:
/ q > > q
q > /»q , L, K, n
(\q > 9 [) ————— 1 g ‘ g q
jq > q K q > > q
H; = HNE 4 HEC
R=g) (gﬂ'j g+ g)TMaj -m) F(g*)]jpu, Vonn(ry) = Vi (ry) + Vic (rig) + Vy'(ris)
j q
HRC = — 25 "t (o; - q)
323 Vope(ry) =V, (ry) + Vi (rig) + V| (135),

+26;- (g —2p;) x (g xp;)|F(q°)];om



Strong decay properties

14Dy 1759 1273 025  30.57 NR
2
E E'K  Qpn Sum 2236 6.18 326 0.03 9.47 NR+RC
12P,- 24.70 - - 24.70 NR 388 267 0.02 6.57 mix
1952 3471 - . 3471 NR+RC I*Dy» 188 474 031 693 NR
5 3 TYETTRTIIT 2298 083 628 0.12 7.23 NR+RC
A (&oﬁ co Sl 0.14 543 007 564 mix (\q@
. ) N
2018 7.10 @}\ 7.10 NR om, 773 a0 &
% % % 10.13 Q- - 10.13 NR+RC 2 @
2268 1898 1.99 0.00 2097 NR R
228 .+ 0.69 0.39 < 1.08 NR 36.16 4.07 0.01 40.24 NR+RC
2
2162  19.09 2.02 - 31.26 NR+RC I*Ds+ 355 1626 033 20.14 NR
2237 673 521  0.06 1200  NR+RC
4 —
S gy R 500 222 0Bl 7.95 mix
20 169 2.65 ) et A 12Ds+ 264 1212 194 6.70 NR
% % % 2132, 1217 - 33.69 NR+RC :
2314 491 569 0.46 11.06  NR+RC
6.92 443  0.09 11.44 mix

All of the excited states within N=2 shell have relatively narrow widths!



New €2(2109) favors the 2S state with JP=3/2+

ete” - 0(2109) O+, @BESII [PRL 134,131903

10—

9{]2— —= (21097 + Data in signal region - I_%
= e (2012  ——— Total fit a =
g 8{]? —_— --=.--- Simultaneous background fit _E AA‘2 (2109)_ — [2 .I 08.5 i 5-23tat i O-QSySt] MEV/CZ
2 ok 3
S sof = _
E 40F I_Q(2'|09)_ - [183 + 16-4stat T 5'73yst] MeV
5 30F
= =
@ 20F
10 2
05 Ts T I3 i EeE o Ss

RMg+Mg-m_. (GeV/ c?)

Both the mass and decay properties predicted in theory are consistent with the

observations.
also suggested by the Lanzhou group, [arXi1v:2504.14648]

2025F6530H -



Towards establishing the low-lying 1P state with JP="4-

€ Mass ~1950 MeV, width ~ 30 MeV @ production 0.
Strong decay channel: K-=9, KV =-,
RPF NRPF
) rQ2—-Q™ (X)~zt) r[Q2—-QM (X)zt] QY- Q™ (X)nt]
Final state M; (MeV) E; B Q=0 7] I'; B Q=0 7] | B T[Q—0 7]
Q(l“S%+)7r+ 1672 26 10.5 1.0 3.8 1.6 1.0 21 8.2 1
Q(12P et 1957 9.5 3.8 0.38 2.0 0.80 0.50 Bl 3.6 0.44
Q(IZP%w et 2012 54 2.2 0.22 12 0.49 0.31 32 2.1 0.26
§2(225%—+)Jr+ 2232 1.2 50x10 0.05 39x10°!  0.16 0.01 15 63xI10~ 0.08
Q(Z“Sy)zr+ 2159 3.0 1.2 012 0.8 0.34 0.21 3.3 1.4 0.17
Q(lzlj%+)zr+ 2245 21x107'84x102 0.008 6.7 % 10-%2.7 3 1052 0.002 2.6x 10 1.1x 101 0.01
Q(]ZD%+)E+ 2308 13x107250x107° 50x107®* 54x107720x10° 1x107° 19x1W027%Tx10~ 94 %10+
Q(l“D;J)rr+ 2141 3.3 1.3 013 8.8 x 1071 0.36 0.23 3.6 1.5 0.18
Q(14Dé+)f[+ 2188 2.3 0.95 0.09 6.8 x10°! 0.28 0.18 2.7 1.1 0.13
Q(l“Dgﬁ)ﬁ+ 2252 33%10771.3%x10™% 13x107* 12%107745%10* 28x10™* 42%10°1L7x102 21 xio™
Q(I4D%+)zr+ 2321 32x10713x107° 13210 13x107°51x107* 3Zx 10 47x107°18x106~ 23 x10+

KL Wang, QF Lv, JJ Xie, XH, PRD107,

034015(2023)



» The study of Ss is crucial, the first orbital states are not well established .

» A better understanding of the convectional ss meson states is useful for glueball
searching at BESIII.

» Fully strange tetraquark states may have been observed at BESIII.
» The new €(2109) observed at BESIII favors the 2S state with JP=3/2+.

» It is worth to looking for the missing orbital state €2(1950)1/2-.
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