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Why vector light mesons?

BESIII, Belle Il, COMPASS, GlueX
experiment

hadrons

Precoil p p

2026 F B FERAIIS

The vector channel is experimentally special

e Directly accessed in e*e™ annihilation through
v*.

* ISR data provide a continuous scan of low-
energy hadron spectra.

e Light vector states can also be generated by
multiple production modes.

More complicated confinement dynamics

e The confinement regime of the light quark-antiquark
interaction is more complicated.

* The relativistic effect is important.
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The ¢$-meson family

0 mesons W mesons ¢ mesons
IGUPC}=1+(1__) IGUPC)ZO_{I__] IGUPC]:U_(1__}
State Mass Width State Mass Width State Mass Width
p(770)° 77526 +023 147.4+08
782 782.66+0.13 8.68x0.13
p(770)% 775.11 + 0.34 1491+ 0.8 w( ) @(1020) 1019.460x0.0164.249+0.013
0(1450)" 1465 + 25 400 + 60 . : .
p(1570)7 1570 +36+62 144 +75+43
* - b [ r
p(1700) 1720 + 20 250 + 100 w(1650) 1670 + 30 315+ 35 6(2170) 2164 + 5 8g+20
p(1900)7 1860 — 1910 10-160
1.
p(2150)t 2034 — 2255 20 = 460 w(2220) 2188 21 105+ 34 MoV
MeV MeV

" PG estimate; T PDG listing omitted from summary table

Listen to Qing-Song Zhou'’s talk on 17/05

$(1020) $(1680) $(1D) $(2170)/Y(2175)
1S Ss vector meson 2S Ss vector meson missing / broad state in around 2.2 GeV
well established dominant K K* throry controversial

* * * *

) ) I ) ,\,Tass
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Y(2175) vs Y(4230)

A Structure at 2175-MeVine’ e — qb f0(980) Observed via Initial-State
Radiation

BaBar Collaboration » Bernard Aubert (Barcelona U., ECM) et al. (Oct, 2006)

o | Counted up to 13. 05.2026
Published in: Phys.Rev.D 74 (2006) 091103 - e-Print: hep-ex/0610018 [hep-ex]

pdf @ links & DOI [4 cite Fd reference search 2) 234 citations

Observation of a broad structure in the 7T+7T_J/?,D mass spectrum around
4.26-GeV/c?

BaBar Collaboration « Bernard Aubert (Annecy, LAPP) et al. (Jun, 2005) Counted up to 13. 05.2026

Published in: Phys.Rev.lett. 95 (2005) 142001 - e-Print: hep-ex/0506081 [hep-ex]

pdf & links & DOI [4 cite [ reference search I-E) 1,126 citations I

[BaBar], Phys. Rev. D 74, 091103 (2006)
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FIG. 6: The ete” — ¢(1020)f5(980) cross section, with
about 10% of the ¢ contribution, obtained via ISR in the
KYK-nta~ (circles) and K+ K~ 7%z" (squares) final states.
The curves represent results of the fits described in the text.
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I ‘e /ISR hidden-strang

Experimental overview of Y(2175)

I : /ISR open-strangeness

eness

I //y decay hidden-strangeness

BESIII
BESII PRL 124,112001
PRL 100, 102003 PRD 99 032001 2001.04131
0712.114 1811.08742
K(1460)K
$f(980) K1(1400)K
BESIII
BaBar BaBar BaBa ESII JHEP 07, 045 BESIII
PRD 74, 091103 PRD 77092002 PRD B0, 01 2008 PRD 35 1013014 PRD DB Oh2008 2202.06447 JHEP U1, 180
hep-ex/0610018 07104451 1103.3001 170904323 2003.1L3064 2309.13883
) ; X K" (892)K " =
e 61580 o158 = p—
i l l - = l L» Year
2006 2007 2008 2009 2012 2015 2019 2020 20121 2022 20123 2024
$5(980) UL #f3(980) gt
$f(980)
BaBar BESIII BESIII
PRD 76, 012008 Belle FRD 91, 052017 PRD 104} 032007 PRD 108, 032011
0704.0630 PRD 80, 031101 1412.5258 2104.05549 2112.13219
Q808.0006
S — —r———r—— 250
800+ BABAR -
4 BELLE SEESH BESII ~ BESHI Data
3 e BESH ] onbEER e 7 e BABAR PRD 104, 092014 5 2°F — Fit
: 600+ l I ’ - 0. — Fit 2105.13597 [=%
1 | s
£ I‘l Iw‘ — m = 2239.2 + 7.1 MeV/c?
Sa00f | | 1 2 ool
T | H 4 ] < 02 I =139.8 +12.3 MeV
" by
‘ 200 | 1 !
LR Wity o
u il o
oF , . L L S R IR ks crcs - TEC W N [T N N T 0 O DT V| R N S O
1.5 2.0 25 3.0 2 22 24 28 28 3 3.2 2 22 24 26 28 3
Vs (GeV)

[BESIII], Phys. Rev. D 108, 032011 (2023)

[BESIII], Phys.Rev.D 99 (2019) 3, 032001

2026 F B FERAIIS

Vs (GeV)

(s (GeV)

[BESIII], Phys.Rev.D 102 (2020) 1, 012008

FRE (BEXRKXF)
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Puzzle | : extracted resonance parameters are channel dependent

PHYSICAL REVIEW D 99, 032001 (2019)

—$— BESII

-t BABAR B —&— PDG ((2170) - ee -y 0f(980)
0.3 Fit 250+ e'e’ »y_ dmm e =y K* K f,(980)
Measurement of e*e~ — K* K~ cross section at 1/s=2.00-3.08 GeV 5 = .
= m=2239.2 £ 7.1 MeV/c = e'e =y BN _é_ Jhy =1 o 1 (980)
BESIII Collaborati =, . 200 .
( ollaboration) - 02 I'=139.8 £ 12.3 MeV < - e'e’ - 1 01 (980) e goe s K'K'
O =
The cross section of the process e* e~ — KK~ is measured at a number of center-of-mass energies I = 150 =
from 2.00 to 3.08 GeV with the BESIII detector at the Beijing Electron Positron Collider (BEPCII). 0 1; = -
results provide the best precision achieved so far. A resonant structure around 2.2 GeV is observed in L E - - ]
cross section line shape. A Breit-Wigner fit yields a mass of M =2239.2 + 7.1 + 11.3 MeV/c2 an u = E |
widthof I' = 139.8 + 12.3 - 20.6 MeV, where the first uncertainties are statistical and the second ones (.. .. L v ks L B g 100 ]
systematic. In addition, the timelike electromagnetic form factor of the kaon is determined at the indivic 2 22 2.4 26 2.8 1 ] 3.2 N J:k—.
center-of-mass energy points. ,Irg (G eV) u I -
50 J
: g - ‘
£ = b b -
';' '; 1 ; y ( ) C i i i i ] i i i i ] i i i i | i i i i ] i i i i
8 S 2050 2100 2150 2200 2250 2300
£ Gosp MMy Mass (MeV)
2 / O i S
PHYSICAL REVIEW LETTERS 124, 112001 (2020) § o N § L \ VA
2 2122232425 2627 T 2 212223242526 27 100 Mev mass

(s (GeV) Vs (GeV) .
disgrepancy!

5S¢

4F (c) ok (d)
3_

2f

1F N S

0 ——

Observation of a Resonant Structure in ete™ — K*K - 2'2"

E ]

=T T —— o

(BESII Collaboration)

ole'e->K!(1270)K) (nb)

reerme— several nearby resonances?
strong channel dynamics?

5 51525354 252627
s (GeV)

ole’e->K " (882)K " (892)) (nb)
[=] -

{5 (GeV)
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Puzzle Il : why does ¢n' look so prominent?

BESIII ¢n’ cross section &n cross section

R B Nominal fit
i s I Without ¢(2170) fit
— 3000 — ¢(2170) contribution
B - Ml e Interference
E E : —@— This work
5 o ; —s— BABAR n — yy [3]
B —_ 2000 L BABAR 1 — m*m*n® [43]
B & L
K g i~ i
B m s L
- © 1000
5 IR S RN N SN RN RN N T RN T 0 !

2 2.2 2.4 2.6 2.8 3

(s (GeV)

[BESIII], Phys.Rev.D 102 (2020) 1, 012008 [BESIII], Phys.Rev.D 104 (2021) 3, 032007
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Puzzle Il : why does ¢n' look so prominent?

this width is consistent with the Y(2175) structre in open-

BESIII ¢n’ cross section charm channels and ¢f,
Parameter Solution |/ Solution [/ exp ”_“34+H-Eﬁ solution 1,
M {MEVX{'E} 2177.5 + 4 8(stat) £+ 19.5(syst] n/n - 1_12tﬂii solution IL
I'® (MeV) 149.0 £ 15.6(stat) + 8.9(syst)
Brlg: - (V) 7.1 £0.7(stat) £ 0.7(syst) The broad state is missing for the ¢n channel
¢ (rad) 3.13+£2.01 —0.01 £ 2.36
Ratio of phase space is about 4.3
BESIII ¢n cross section

1 000 Mominal fit
i Without ¢(21 ?0) ﬁt
Parameter Solution I Solution II ! J lt,‘;(i:r?et:{);:ztrlbutlon
K /ndf 36.8/97 2 Ik e
ao ~0.11+9-99 —0.24 £ 0.58 2 . J e bl
+0.61 +2.86 » 500
, a1 ) 1'91—0.76 2-54_1_55 g: I i
Bz;}zlm}pfﬁlfﬂ} 0.2479-12 eV 10.1173-5% eV 35 ,
My(2170) 2163.5 ijﬁ.? MeV /c? il
L 42170y | 31.11“11'_(1i MeV l o bonic ]
Dy (2170) 1.827,3] —2.927 706 A S
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Theoretical interpretations before the new open-strange constraints

Conventional ss

$(3S) or $(2D);
strong-decay pattern
is the central test.

Ding, Yan, PLB 657,
49 (2007)

Wang et al., PRD 85,
074024 (2012)

Coito et al., PRD 80,
094011 (2009)

Pang, PRD 99, 074015
(2019)

Hybrid ssg

Selection-rule
expectations; open-
strange channels are
decisive.

Ding, Yan, PLB 650,
390 (2007)

Ding, Yan, PLB 657,
49 (2007)

Ho et al., PRD 100,
034012 (2019)

2026 F B FERAIIS

Tetraquark

Mass can be
accommodated

Z. G. Wang, NPA 791,
106 (2007)

Chen et al., PRD 78,
034012 (2008)

Drenska et al., PLB
669, 160 (2008)

Ke, Li, PRD 99,
036014 (2019)

Agaev et al., PRD 101,
074012 (2020)

Two-body
molecules

¢dfo or AA
components

Napsuciale et al., PRD
76, 074012 (2007)

Alvarez-Ruso et al.,
PRD 80, 054011
(2009)

Zhao et al., PRD 87,
054034 (2013)

Dong et al., PRD 96,
074027 (2017)

Three-body

molecule

¢ KK Faddeev
dynamics predicts
¢dfo-like structure
around 2.15 GeV.

Martinez Torres et al.,
PRD 78, 074031
(2008)

8/26



Recent theoretical researches: ¢fs or dK K

K-(RY K'(892)

¢
5, e KK y 2%
Our results Model B 0.62 +0.20 JB
Model C 0.11 + 0.04 KHKY K'+(892)
Experiment Solution 1 0.64 £0.92
Solution 2 0.03 £ 0.04
_ & 0.1 5
B. — [y—k+1a60)k-  Brlgy — K7(1460) K] ik € oef @| €
1 = = T s Our results Model A 1304 (Poles z,, z,) - b | <
[k (1400)K- Br(¢r — K (1400)K~] 36+12  (Pole 7)) = ‘-f &
88 +28 (Pole z,) g o i R $r =
Model B 16+6 e —4—} e = I
_ 1.2+04 (Solution §) R 1 *® oF S
B, = Lk (1a0)k- _ Brlgg — K*(1460)K"]| Model C  0.12£004  (Solution S,)  ® —002F * ® o
N = — : 1] i LiE] Y .
= + -1* 0.05 =0.02 (Solution §5) =-004F 2 , L N
Frfzﬁ—»xl' (1270)K~ Br[(‘bR — K, (1270)K ] : : = 5 51222324 062627 © 2 212202304 02502627
Experiment Solution 1 0.40 = 0.54 e — e
Solution 2 0.02 £ 0.03 (s (GeV) = s (GeV)
S 5 £ 2
5 =
= = 4 —\%\ ©| = (d)
B- X af %
- (] E —
Our results Model B 0.04 £+ 0.01 rﬂ 2F 4
Cyemkr2m0x-  Brigpg = K| (1270)K"] 0094002 (Solions)  F F AT F ¢ | §
B; — = n . Model C 0.96 £0.16 (Solution S,) A OFTY Thommmemeeed i
T Dk (1a00)k- Br(¢r — K| (1400)K~] 2404040 (Solution Sy B b N ¥ b
: : i T b ‘® et
Experiment  Solution 1~ 1.6241.38 C T2 125 2324252627 'n 2 21222324 25 28 27
Solution 2 1.55 +0.19 '-g (GE‘V) D ‘lg (Gev}

Malabarba, Ren, Khemchandani and Martinez Torres, Phys. Rev. D 103, 016018 (2021)

2026F B F TS FRE (BEXRKXF) 9/26



Recent theoretical researches: ¢fo or &K K and AN

3 (Degree) —15 —19.47 —22

LI 4.30 £0.93 3.27 £ 0.71 2.76 4 0.60
[(2170) GI 5144+ 1.11 3.91 £ 0.85 3.29 £ 0.71
b LIT 3.38 £0.73 2.59 £ 0.56 2.20 4+ 0.48
GIT 4.17 +0.91 3.20 £ 0.69 2.71 £+ 0.59 ‘ ‘
‘ S R,/ =3.9+13.
LI 0.84 £0.18 0.83 = 0.18 0.81 = 0.18
[(2170) GI 0.94 £0.20 0.93 £ 0.20 0.91 £ 0.20
@’ LITI 0.80 £ 0.18 0.80 &= 0.17 0.79 4 0.17

GII 0.95 £0.21 0.94 £ 0.20 0.93 £ 0.20

In) = cosBlns) — sinBlm),

") = sinfB|ns) + cosB|m),
A pw
AB)n+ BB + = rt K+
o = AP+ BB~ K R, =~ 0.43 —0.86
K~ KO C(S)?I-I- D(ﬂ}ni nsmn
gy = _SmA | cosh P—k- R4
@) = -+ 2, ( a) n.n' (p)
o sinf - cosf
B(f) N
gy — S5 _ EJ?(“Of-;-’ ;
P =="5 V3 Malabarba, Khemchandani and Torres, Phys. Rev. D 108, 036010 (2023)
2. . cosf3
D(5) = —\\I,f Esm;i + ?
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Recent theoretical researches: fully-strange tetraquark

3300 — T T 1 T T I | T T T T
3200 - ﬁ 25 ssss spectrum -
3100 | i
3000‘; ........ 2978 777777777777 - . " 20 PC - PC - 1 PC +
= o s I8 s o 2007 " (?'2 S ” (25)7(25) ('f). it , , 11 1 25)H(S) (© ] =2 _
2900 45555 ... 2043 o 1 — o ol o6 1'(25)  9o(25) n'n'(39) 76 79(25) 7/(25)9 1'$(35) n/(35), o $(25) $9(38)
- 1 S ST 60 | oL, L. - T‘W )
3 X0 &= e e EO mol 3 oot i 1 15219 3 3 5 %% % | 5
1 o : - R 5 Y - g ! . i I
S o700 or e ——d = F & CT7E5GS) v ® LI & L 3 o 5635) | j
uw_] _ 26350 2g27 [2632 cmmmm == i_ LTI . 0 i Pl i '.0: y x y i p ’, 0 (=== ¥
T 2600 1 4 E -aof -5 PO 0 . A L S L ; !
= | , — 2537 = 4 ® ¥ > : i Ly ! oy h 2 = ® : ®
: 2567 Wo5p4 — ; =10 A . . T g ! ' ¥ : : » bx ‘.
2500-_ 7121 B g 2446 1] -60 -15 A PAx o ¥ A v + ¢ '
2400 || 2440 2378 || 2445 H 3120 3130 3140 3150 3160 v 4 & A IO 40 3250 3260 3270 3280
41 2323 185 _————r 4 _80 il . : L AR : R TIN . - ‘h ML . L % R . ] ,
2300 4! — . 1500 2000 2500 3000 1750 2000 2250 2500 2750 3000 32502000 2250 2500 2750 3000 3250
2004 T i ;
2100 ““--I""----I"-““;“-""I"-""i"“-nl- | I ] | I I I I
0" 0" 1" 1" 27 2" o o] 1|17 2 2" 3 . . .
Constituent quark potential model, by solving the full

four-body Schrodinger equation and usuing the complex

o , . scaling method to identify resonant states
Non-relativistic potential model within

diquark-antidiquark approximation
Ma, Wu, Meng, Chen and Zhu, Phys. Rev. D 110, 074026 (2024)
Liu, Liu, Zhong and Zhao, Phys. Rev. D 103, 016016 (2021)
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Recent theoretical researches: fully-strange tetraquark

My, = 234+0.17GeV. 21620.14 Gev
2? 1 1 L} L] 1 ) L} 1 1 1) L] 3'9 I i I i
264 [Ty - 36 A —— Central value 7
255 2.55 N i
250 — — — Error bounds
2.5 250 249 249 A
= 3.0
2,44 !
—_— 2 241 —
; 24 4 24y P - 2 e || -~ 2.7
2 231 . v 2.4
g 2.3 1 i 232 - E T e e e e = == = = —
2 QAMp—Y—— T == === - = — =
S 25 S-wave P-wave ] 2 T
_________________________ 18}
214 i 2.09 a 1.5 L
206
2.0 - 1.99 A 12F
e ﬂ‘g N 1 M 1 1 N 1 N 1 L
1.9 1.20 1.35 1.40 1.45 1.50 1.55 1.60

o 1™ 2™ 0 0" 17 17 27 277 37

T(GeV?)

QCD sum rule method within diquark-antidiquark picture

Su and Chen,
Phys. Rev. D 106, 014023 (2022)

2026F B FERMIFN S

B(YQ —

Xin and Wang,
Chin.Phys.C 48 (2024) 3, 033104

FRE (BERKZE)

25 - : : > 25
[ e ]
20, s B(Y 2o loign) 20
o B(Y2-¢r:¢n) 15
‘o | ‘_'.v’ |
£ 10 - = === B(Yz2ohin¢n) 10
£ 080/ _/0.80
[ | |
5075 10.75
E I 1
070 m e i ek e i e 1070
065 1065
060" 0.60

-26° -20° -15° -10° -5° 0 5° 10° 156°
Mixing Angle 0

the Fierz rearrangement

pn: pp' o pfo m(1415))
1: 0637072 : 1952180 : 0.69 147

Jiang, Tan, Chen and Cui,
Symmetry 16, 1021 (2024)
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Recent theoretical researches: strangeonium hybrid

Table 4. The fitted masses m, of the 17 states for two different types of operators and different time windows [fuiy, ma] and x? per
degree of freedom (y*/dof) for the 8=2.4 and g=2.8 lattices. All the masses are converted to values in physical units using the lattice
spacing a, in Table 1.

Tmin Y /dof my /GeV ma [GeV my [GeV
=24 g = 40 (55)
8 0.84 1.013(1) 1.753(77) 2.16(22)
7 0.81 1.013(1) 1.787(93) 2.08(19) .
6 0.83 1.014(1) 1.732(47) 2.13(12) [(d(2170) = én) 5 | ky .
5 0.92 1.015(1) 1.709(36) 2.11(08) [(6(2170) - on') = lan” Q(E) d
p=24 tmax = 45 (s5g)
16 1.40 1.011(1) 1.72(12) —
15 1.42 1.011(1) 1.66(10) —
14 1.42 1.009(1) 1.77(08) =
13 1.67 1.007(1) 1.83(06) -
B=28 e = 30 (55
o o3 i) 1_634(:]4] — lattice QCD in the quenched approximation
9 1.97 1.003(4) 1.633(86) 2.02(18)
8 211 0.999(3) 1.665(81) 2.30(20)
7 2.39 0.998(3) 1.668(52) 2.34(17)
£=28 taax = 45 (55g)
19 1.17 1.006(4) 1.51(6) =
8 139 1.003(3) 1.55(6) -
17 1.50 1.005(3) 1.51(5) —
16 145 0.998(2) 1.58(4) —

Ma, Chen, Gong and Liu, Chin. Phys. C45, 013112 (2021)
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Recent theoretical researches: strangeonium hybrid

(NLO) QCD sum rule analysis for light hybrid mesons

NLO LO
Parameters
55q uung 559 ung
2. L17x107° | 232 x107° | 5.99 x 107° | 4.83 x 107

s0(GeV?) | 6.15+1.21 | 5.85+1.21 | 8.91+1.43 | 8.45+ 1.52
m(GeV) | 2.3140.23 | 22540.23 | 2.774+0.22 | 2.70 +0.24

Table 2. Single-resonance GSR fitting results in different scenarios. The values shown are determined

via a Monte Carlo uncertainty analysis (the (gg) and (ss) are assumed to have a 10% uncertainties).
2 : - o 2

The y:,;, denotes the average minimum x=.

Kg =3, kg = 2 kg =3, Kg = 5
Parameters
559 uig 559 uig
XZin 285 x 1077 | 7.28 x 1077 | 1.74 x 104 | 4.30 x 1074

s0(GeV?) | 6.03+1.21 | 6.02+1.31 | 6.40+1.60 | 7.03+£2.16
m(GeV) | 22040.23 | 228 +0.24 | 2.34+0.28 | 2.43+£0.37

Table 3. Single-resonance NLO GSR fitting results for different factorization deviation factors.
Obtained in a same way as in table 2.

Listen to Zhuo-Ran Huang’s talk on 17/05
Li, Huang, Chen and Jin, JHEP 03, 087 (2026)
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Recent theoretical researches: triangular singularity

vopr G(1680)\X(1750),p1 , 7

__p___é__p___

~ . ;.-,-'__Ip_{ I & BES]]I
e 0.8T * Belle
I’n} © T .M ,.-E L TDta] ﬁt-
D, Pa " [JE'H'-.'I.-'[ I".. ]
P g - - Higher K,
. o 0.61 | —— $(1680)
K.g—p _.i_h I | 1 . - = }:.(1?5[]]
T, F: 3 ' r‘illl
- = 0.4f A
T i 7
\\\ | | ,.
(b) aillch +m L I; II-" ‘
& 027 [\ g
) S /N Thl :t ": [
o 1f 3 J _\K ™~ 4 "': L5 T
t . 0. () L= e e T ir——— ——
£ 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
2 V3(MeV)

M+ n-(MeV)

Wei, Shen, Liu and Xie, Phys. Rev. D 113, 014022 (2026)
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Recent theoretical researches: interference effect from strangeonium 3S and 1D

the strangeonium hybrid and excited strangeonium ¢(3S) and ¢(2D) should dominantly decay into open-strange
modes, so the newly observed structure around 2.2 GeV in open-strange processes should be good candidate of
hybrid and excited ¢ mesons.

S . h b .d ® G. J. Ding and M. L. Yan, Y(2175): Distinguish Hybrid State
trangeonium hybri from Higher Quarkonium, Phys. Lett. B 657, 49-54 (2007).

The observation of a vector structure around 2.2 GeV in KK and KK(1460) channel does not favor the
hybrid explanation, but no signal in K*K* is consistent with expectation of hybrid configuration.

$(3S) and $(2D) @

K1(1270)K and K*K* were predicted to be dominant decay channels of ¢(3S) and ¢(2D), so the
BESIII data does not support these theoretical predictions.

T. Barnes, N. Black and P. R. Page, Strong decays of strange
quarkonia, Phys. Rev. D 68, 054014 (2003).

C. Q. Pang, Excited states of ¢ meson, Phys. Rev. D 99, no.7,
074015 (2019).

Understanding the puzzle of inconsistent resonance parameter of Y(2175)

2026F B F TR FRE (BERKZE) 16/26



Recent theoretical researches: interference effect from strangeonium 3S and 1D

There are ( ), and (3  partner states)

and and states around 2.0 GeV, so it should be very
difficult to analyze the open-strange processes above 2.0 GeV

States p(2D) p(45) p(3D) p(55) w(2D) w(4S) w(3D) w(58)
Mass (Gov) 2 003 7 180 2 923 2420 7 003 2 180 7 2R3 2,420
[ o (keV) 0.020 0.063 0.016 0.036 0.0022 0.007 0.0018 0.004
T o (MeEV) T70 TOD 138 80 181 102 o 00
B(KK) 0.006 0.002 0.002 - 0.006 0.002 0.003
BKK*) 0.001 0.001
B(K*K*) see 0.003 cee 0.003 cee 0.003 0.001 0.003
KO 5 B(KK(1270)) 0.010 0.004 0.010 0.005
— v , :
MDjr = [V(k2)l€7yu(k1) [ 6(15’4 P3)FKK('? (C] ), BKK*(1410)) 0.001 0.001
B(K*K;(1270)) s 0.004 e 0.004 s 0.004 S 0.005
2 2 B(KK(1460)) 0.002 0.003 0.003 0.001 0.002 0.002 0.005 0.001
KKO  _ 150y r —8’”’0 —emy, —8ov + qplv/My,
MV = [V( 2)!6"}//.11{( l)] D) f ) 2 . I States #(1D) #(3S) #(2D) B(4S) #(3D)
q Vv o oq— mq/ + myl oy Mass (Gevo 1 860 2.103 2 236 2423 2510
y v | [, (keV) 0.063 0.106 0.017 0.050 0.010 | |
[_g(VKK(f)(p4 — )], (3) Mo (MeV) S5T5 156 265 140 71
B(KK) 0.076 0.059 0.087 0.047 0.084
KK* avoo N 2 BKK") 0.100 0.242 0.067 0.145 0.050
MDir — [V(kg)zey“u(k]) [68 P qﬂp4pEK*O.FKK* (q )]a B(K*K™) 0.016 0.007 0.105 0.014 0.139
BKK*(1410)) .- 0.180 0.080 0.142 0.052
5 / 5 BKK*(1680)) V.- . . 0.004 0.003
. —oMP —em — + n B(K*K*(1410)) 0.045
MI; = [f)(kz),fg'y “(kl)J g v pv T dpYv/ My BKK3(1430)) 0.115 0.043 0.091 0.043
H qz f'V qz _ mz + imel e B(K*K3(1430)) 0.057 0.047
% g e 4 B(KK,(1270)) 0.799 0.185 0.356 0.154 0.293
avwo * B(K*K,(1270)) . ‘e 0.110 0.018 0.095
X [g(VKK*S qdpdleK*o-] » (4) B(KK;(1400)) . 0.064 0.026 0.027 0.015
B(K* K, (1400)) .- . - 0.126 0.003
. . B(KK(1460)) . 0.127 0.112 0.073 0.101
Wang, Wang, Liu and MatSUkI, BK*K(1460)) 0.013 0.005
B(K* Ko(1430)) .- .. . 0.049 .
Phys. Rev. D 104, 054045 (2021) BiKki(1750)
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Recent theoretical researches: interference effect from strangeonium 3S and 1D

500
(a) ‘ o~ (b) = . 2500
Al * BaBar \ ¢ BaBar(g.) Ne f
. o =0 5000} (e + BESII
= . BESII Q. 1200}, , - - Direct o () L Dt o ® - - Direct
o 400} \ == ?&‘?It ~ 3 ! Total e — Total 2000 Total
~ . --=- y(2D) — L,  4000f L
—_ * 9(38) S 900 — =
l 300} Soo [ 9(4S) < = S 1500
54 . _._[,,gg Tt & 3000t F
.y = =
9 lkc.' 600 Pl * 1000
N 200} b:F NS 2000} N
: 'y, 300 T T
+Q.) 100k . - +QJ _Lm 1000 _l_m 500
S, fite- T ELAR ) S )
b ------------ o .- b b of b 0
] SEER R PRI PP bbb 0
2.0 21 22 23 24 25 26 2.7 20 21 22 23 24 25 26 2. 20 22 24 26 20 21 2.2 2.3 24 25 286 2.7
s 50 2500 100
re) — d « BESHI Q2 (9) o BESI ™, b e —y(1D)—K, (1270)K]
e (d) - - Di o - = Direct - ate—(38)—K, (1270)K
= Q L ~ 2000} Totai : i
e L 100 Total - ota 80 ; . e"e—g(2D)—K, (1270)K"
’;.‘ 300f [ L Yoo e ere—(4S)—K, " (1270)K-
—_— * .
< \ ( Y ete—p(3S)—K, (1400)K-
+ ?54’\ ;‘4 1500 a 60 t *e—y(2D)—K, (1400)K
§ 200} vy A o &0 =S ~K, (1400)K
E E 1000} = -« s eter (35K K™
= = T @] 0 \ ' —y(2D)—K K"
& | ., W s e'e—(45)—K K"
' 100} ‘v _
~ T o 500}
' < €
+§ = 0
© 0 ©
2.0 21 22 23 24 25 26 2.7
2.0 2.1 22 2.3 24 25 26 2.7 2.0 21 22 23 2.4 25 2.6 2

Js (GeV)

Wang, Wang, Liu and Matsuki, Phys. Rev. D 104, 054045 (2021)
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Recent theoretical researches: understanding the puzzle phenomenon

associated with ¢n and ¢n’

Predicted ratio for ¢(2170) - and ¢n’
Ry =T[¢(2170) - cg;]/r[cp(znm(ar(}m’] on

Assignment
s5 338,
s§ 338,
s§ 23D,
s5§ 338,
s5 23D,
sSg hybrid

sSg hybrid

Decay model

3Py model
SHO wave functions

3Py model
modified GI wave functions

3P, model
modified GI wave functions

nonrelativistic
linear-potential quark model

nonrelativistic
linear-potential quark model

flux-tube / hybrid
decay model

hybrid interpretation
of Y(2175)

Reference Ry
Barnes, Black, Page 1.91
PRD 68, 054014 (2003) .
Pan
PRD 99, 074015 (2019) 77
Pan
PRD 99, 074015 (2019) 9.9
Li, Gui, Liu, Lu, Zhong 25
CPC 45, 023116 (2021)
Li, Gui, Liu, Li, Zhong 1.13
CPC 45, 023116 (2021) *
Page, Swanson, Szczepaniak
PRD 59, 034016 (1999) 9.5-200
Ding, Yan 3

PLB 650, 390 (2007)

2026F B FERMIFN S
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Ratio of phase space is about 4.3
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Recent theoretical researches: understanding the puzzle phenomenon

associated with ¢n and ¢n’

n/n’ (ps)
K™ (q,) —
Parameters #(2S) #(2D) #(3S) Y(2175)(Hybrid)
Mass (MeV) 1680+20| 2183+1 2290+3 217510+ 15 K® (q)
[ o (MeV) 150 + 50 185 +4 312+6 148.7
e (eV) 285 106 17 ? K™ (q) ~N—
BKK) 0.108 0.059 0.087 0237 ¢ (p2)
B(K*K) 0.851 0.242 0.067 0.025 S — Lok = BoKE.
K*K* 0.007 0.105
S 8kkn = (@+7V)8skk, 8kky = (B+0)8skk,
B(KK,(1270 0.185 0.356 0.237
(KK ) gxkn = (@+7Y)gvvp, Ekky = (B +0)gyvp,
B(KK;(1400)) 0.064 0.026 0471
B(¢n) 0.041 0.011 0.003 0.0081 ' '
Bl A Shont - cosf — V2sinf 3 V2cos 6 + sind
n’ . . . a = , = i
V6 V6
B —2cosf— V2sin@ 2 V2 cosf — 2sin @
The resonance parameters are very reliable from the fit to ¥ = N 0T V6

the cross section of multiple open-charm channels |
8k9k%n  —cosf—2V2sind
= ' : ~ —0.094
SKOK )y 2 V2cos @ — siné

(C) I
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Recent theoretical researches: understanding the puzzle phenomenon

associated with ¢n and ¢n’

o n/m' (ps) e”
¢ ¢
v’ Yoo ¢t )
W W
e’ ¢ (12) e’
(a) (b)
The reaction amplitude
_g,c'v

Mpi, = ﬁ(kZ)(ieyp)”(kl)Fg}frﬁumspvaﬁ(*ip]; )ip)eP (pa).

1

. 4 —em2 o

¢ _ . 8 o* 8 (p1)
Miee = Vk)(ieyeulky) — 7 5 2“ —r
p]. ¢* p]_ - m¢* _+_ Im@* ¢*

X8 gm0 Envap (=P ip3)EP (p2). (
X 6 10
My = 4% DM+ gpase Y M
j=1 =7

2026F B FERMIFN S

n/m' (3)

¢ (p2)

e

€+

n/n' (p3)

K (q)

K(qq)
¢ (p1) ‘
K (q2)

(a)

Ky (q1)
¢ (p1)
K* (q)
K(q2)

(2)

FRE (BERKZE)

¢ (p2)

n/n' (p3)

¢ (p2)

n/m" (ps)

K® (@)

¢ (p2)

n/n' (p3)

K (q)

K (q1)
¢ (1)
K (q)
Ki(q2)
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Recent theoretical researches: understanding the puzzle phenomenon

associated with ¢n a

‘\(\3(\1 3000:

X G\\ 2 |
Parameters Zphase = 1 ‘gphase =1 ‘é 2000 i
C (3 2.14 +0.02 2.00 + 0.02 .
ny (GeV™2) 1.68 +0.01 1.67 +0.01 N s
¢, (rad) 1.16 +0.03 1.09 + 0.04 1000
¢1> (rad) 4.00 +0.07 4.00 +0.07
C, (3 0.26 +0.01 0.31 +0.01
ny (GeV™) 0.57 +0.05 0.71 + 0.05 ¢
¢5> (rad) 0.80 £0.11 0.93 +0.10
a 3.62+0.08  5.00 (upper limit) 250 :—
Y/ndf 1.08 1.08
ThLoop(9(2S) = ¢m) (MeV) 0.79 1.82 200
Tro(6(25) > ¢ (MeV) 9.23 10.79 g
TLoop(#(3S) — ¢n) (MeV) 0.23 0.26 § 150 -
o (0(3S) — ¢n) (MeV) 1.75 1.97 o [
TLoop(3(3S) — ¢’) (MeV) 7.97 6.79 s 100 -
T ($(3S) — ¢17) (MeV) 8.57 7.06 50:
0 =5
2.0

2026F B FERMIFN S

nd ¢on'

° BESIII BaBar
Total fit Continuum
re—ce P(2S) - - #(3S)

o BESIII
Total fit Continuum

- — ¢(3S)

FRE (BERKZE)

L o BESIIT
3000 Total fit
—es 405)
% i
<2000
S L
‘T
5

1000}

BaBar
Continuum

#3S)

0 1 L L
16 18 20 22 24 26 28 3.0
Ecm (GeV)

T T T T T T T ]
250F -
i BESIII .
L Total fit Continuum 4
200f “ e :
gphase=-1 —
.......... I;. .._‘..;I . ]

2.8 3.0

Ecm (GeV)
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Recent theoretical researches: understanding the puzzle phenomenon

associated with ¢n and ¢n’

Parameters Gphase = 1 Ephase = —1
C () 2.03 + 0.03 1.95 + 0.03
m (GeV™) 1.67 + 0.01 1.65 = 0.02 s
o
11 (rad) 1.14 + 0.04 1.11 +0.04 =
13 (rad) 3.98 + 0.08 3.97 +0.08 E
15 (rad) 1.87 +0.65 179 +0.47 N
Cy () 0.48 = 0.02 0.58 + 0.02
ny (GeV2) 1.24 +0.05 1.26 +0.04
s (rad) 0.60 = 0.07 0.77 £ 0.07
3 (rad) 469+0.11 454 +0.18
a 427 +£0.39 5.00 (upper limit)
¥ nd.f 0.99 1.02
ThLoop(#(28) — ¢17) (MeV) 121 1.82
i ($(2S) — ¢ (MeV) 9.93 10.79
TLoop($(35) — ¢17) (MeV) 0.36 0.26 =
Trow(@(3S) = ¢) (MeV) 1.69 1.97 =
TLoop($(3S) = ¢17') (MeV) 12.09 6.79 §
Troa (6(3S) — ') (MeV) 12.89 7.06 bﬁ
Tloop(é(2D) — ¢17) (MeV) 0.35 0.31
Cro ($(2D) — ¢17) (MeV) 0.29 0.52
TLoop(#(2D) — ¢17') (MeV) 18.95 9.71
T (6(2D) — ¢y') (MeV) 23.72 11.39

I I I I I I I I
° BESIII BaBar
3000 Total fit Continuum =1
s PH(2S) - #(3S)
© m=s $(2D)
2000 -
1000} ]
gphasez1
0 e e e ¢ e |
1.6 1.8 20 22 24 26 28 3.0
E.n (GeV)
I ] ! ] | ] i
250F .
i ° BESIIT ]
Total fit Continuum
200 :_ ] s P(3S) e #(2D) ]
150F .
100F ]
50 j gphasezl
0_ R —I - _|- —I —" |—"="_ '_'T—Ll.' l_f'-lg-lll_ a;
2.0 2.2 2.4 2.6 2.8 3.0
E.n (GeV)
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Oete¢p (pb)

o BESIIIT BaBar
3000 Total fit Continuum =]
s—e 92S) = = 439 @‘

) . (\
2000
1000

‘\..
1.6 1.8 20 22 24 26 28 3.0
Eem (GeV)

T T T T T T T T .

250F -

° BESIIIT 1

Total fit Continuum

200:_ ’ —- $(3S) = = $(2D) -

150F [ -

100F -

SOj ) ’ gphase=—1

22 o D 3
O = — 17 [ i e et B
2.0 2.2 2.4 2.6 2.8 3.0
Eem (GeV)
23/26



Recent theoretical researches: understanding the puzzle phenomenon

associated with ¢n and ¢n’

T T T T T ] 1 1 ] 1 1 ] 1
-_ . BESIIL BaB _- = o BESIII BaBar
a‘v 3000 [ Total fit Conétiinflflm | 3000 Total fit Continuum
\‘\m\(\ v—— $2S) = = Y(Q2175) i— $2S) = = Y(2175)
". ?ﬂ‘ > . S i :5 i
Parameters Gphase = 1 Gphase = —1 & 2000 _ & 2000
= =
C, (7 2.01 £0.03 1.89 £0.10 ? i ? [
n, (GeV™2) 1.69 +0.01 1.69 + 0.06 +: +§
b - S I
@11 (rad) 1.17 £ 0.04 1.12+0.15 1000 . 1000
¢14 (rad) 3.80 +£0.09 3.56+0.19 I gphase=1 - [ gphase=—1 :
C () 0.70 £ 0.02 0.85 +0.04 . 1
n, (GeV2) 1.32 £ 0.04 1.48 +£0.07 0 A= Sy |f='_""r"='- ORhmrs cymmar o it PR M fr'=""'"T""'=-
TS (€V) 8365+ 1179 47571138 24 26 28 30 1.6 18 20 22 24 26 28 30
My@175) MeV) 2174.20 = 3.63 2167.95 £4.77 E., (GeV) Eom (GeV)
I“I,‘é“l'w MeV) 75.54 £9.92 50 (lower limit) ; | | ; r I I T T T I
¢4 (rad) 0.95+0.10 0.70 + 0.29 5 a § 250 [
@ 3.99+0.11  5.00 (upper limit) 20 *  BESII E [ =
R R ' PP [ Total fit Continuum [ 3{:‘(’;3117% Continuum
X /n.df 0.98 1.22 200 s—ss Y(2175) 200
TLoop(#(2S) — ¢17) MeV) 1.02 1.82 ]
Tora(9(2S) — ¢n (MeV) 9.62 10.79
ILoop(Y(2175) — ¢n) (MeV) 0.03 0.02
Troa (Y (2175) — ¢n) MeV) 0.57 0.52
Tioop(Y(2175) — ¢1') (MeV) 1.05 0.18
o (Y(2175) — ¢1') (MeV) 1.24 0.12
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Recent theoretical researches: understanding the puzzle phenomenon

associated with ¢n and ¢n’

. a(v 3 == BESIII
. m\(\ 2 2000 (a) — Total fit
_V_'Pl“e\'\l' — 1 + T * T *r T ° 1 - 1 - 1 - 1~ 1 - T r° 1 I 1;.‘ 777 Mesonance
i L4 BESIII BaBar T B - § === Interference
3000F Total fit Continuum = 30001 ° BESIII BaB . - * 1000~
| — - - Total fit Continuum 1*
#(2S) $(3S) —— $2S) = = Y(Q175) 24
$(2D) 11 -
- 1- 4 @ — B
"8_‘ | i a | ] tE 0 et N PR S s o i i S P
=~ 2000 -1 2000 4° b
S L 4 & R i 2 25 3
T i
) 's 7 Is (GeV)
&) b * -
S 1000 i 10 1000 B 1 Parameter Solution 1 Solution 2
B i I 1l My(Mev/e?) 2164.7+9.1 £3.1
Zphase=1 gphase=1 4 ry(Mev) 3244210418
R ] 1 IYe B(eV) |1.0£02£01 73.6+£4.4£2.0
OFg:-— ..,IA_JISZ'I.T;}%-@‘M—-?-EF:--TJ- il ki i i 0 e . . o it S e TR Chms G marnistall S oy (rad) 25+£05+01 —-1.7£0140.1
1.6 1.8 20 22 24 26 28 3.0 , , 0 22 24 26 28 30  Sisnificance 3.20

E., (GeV)
[BESII], JHEPO1(2024)180

The existence of two Y(2175) around 2170 MeV? (a narrow state and a broad
state, and the former may a good candidate of exotic vector light hadron )
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e We reviewed the experimental and theoretical progress on $(2170), with emphasis on the
new constraints from hidden- and open-strangeness channels after 2019.

¢ We proposed a unified interpretation of two central puzzles: the channel-dependent
resonance parameters and the unexpected enhancement in ¢$n’. Both can be understood
from the interference of spectroscopically supported 3S and 2D strangeonium states, with
the dn’ enhancement naturally driven by kaon meson-loop effects.

¢ Although the present ¢n and ¢n’ cross sections can be well described, the data may
indicate an additional narrow vector structure. If confirmed, such a state would be a
promising exotic candidate in the light vector sector.

Thanks for your attention!
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