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World largest data sample directly collected in
the t-charm region
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Ordinary vs exotic matter

Baryon Meson
@ Conventional hadrons
Glueball Hybrid Tetraquark I\HA?)%SS:;

@ QCD allows for "exotics”

@ Searching for those states provides test of QCD



New resonant structures at BESIII

Charmonium(-like) particles® st
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J/v :an ideal lab for light exotics
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» Especially radiative J/1 decays: gluon rich production

» Production rates for exotic hadrons is expected to be compatible to the ones

for conventional hadrons.



Glueball searches

A\NANANAN Y

Two big issues V%

g*
® What is the production mechanism to utilize? \m

® What is the mixing with quark model mesons?

Production rate could be calculable in LQCD, | systematic studies needed
but the manifestation of a “glueball” can be

) « Outnhumbering of conventional QM states
tricky!

« Abnormal properties ? eg., small

Chanowitz, Phys.Rev.Lett. 95(2005)172001 production rate in fwo photon process




Pseudoscalar glueball

Where is the 0-* glueball?

* LQCD: 0%(2.3~2.6 GeV)

The small number of expected
pseudoscalars in the quark model
provide a clean and promising
environment for the search of
glueballs

searches
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H.X.Chen, W Chen, X Liu, Y.R. Liu, S.L. Zhu Rept.Prog.Phys. 86 (2023) 2, 026201
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Pseudoscalars above 2 GeV

Very little was known for pseudoscalars above 2 GeV. Experimental
results are essential for mapping out the pseudoscalar excitations
and searching for O-* glueball

Nuzsoo - # 07 model independent
-:; B ======: 7" model dependent
{]_)2000 — T s 0" model independent
E B ib ¢ :*_ === 0% model dependent
(- N - = =.+.= 2*" model independent
g 1 500 B ?- '*E+-_-- 2" model dependent
2 bF
21000 7 Ty,
"E - b +“=lr.
W 500F b Pt
o) :_L#E"fm?ﬂuﬁ-“?"ﬂ"#!-hﬁrI ‘_.,'.".I."'.:,'; 4
2 2.2 2.4 2.6
() M(dd) (GeV/c?)

Resonance M(MeV/c®) I'(MeV/c*)

B.F.(x107%)  Sig.

n(2225) 221671018 1851131 (240 £ 0.10751%) 28.10
9(2100) 2050730700 25050 IR (3.30 £ 0.0975 %) 21.50
X(2500) 2470715753 23075755 (0,17 £0.027553) 8.8¢
fo(2100) 2102 211 (0.43 £ 0.047027) 24.20
f2(2010) 2011 202 (0.35 £ 0.05773%) 9.50
f2(2300) 2297 149 (0.44 £ 0.077512) 6.40
f2(2340) 2339 319 (1.91 £ 0.0770722) 10.70
0~ " PHSP (2.74 £ 0.157)1%) 6.80

Phys. Rev. D97, 051101 (2018)

Dominant contribution from pseudoscalars: n(2225), n(2100) and X(2500)
* Three tensors f,(2010), f,(2300) and f,(2340)
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X(2370): new glueball candidate ?

An updated review of the new hadron states

6 Glueballs and light hybrid mesons 91
6.1 Glueballs . . . . . . .. . 92
6.1.1 Lattice QCD and QCD sum rule calculations. . . . . . . ... .. 93

6.1.2  Scalar glueballs and the f,(1500)/fo(1710). . . . . . . . .. .. .. 95

6.1.3 Tensor glueballs and the f»(2340). . . . . . . ... ... ... ... 100

< 6.1.4 Pscudoscalar glueballs and the X (2370). . . . . . .. ... 101

We collect as many theoretical predictions on the pseudoscalar glueball mass as we
can, and summarize them in Fig. 71. The average value of the mass predictions obtained
after the year 1990 is

M‘gg;0—+> ~ 2360 MeV . (125)

Accordingly, the resonance X(2370) first observed in 2010 [880] becomes a_possible
candidate for the low-lying pseudoscalar glueball, whose mass and width were measured
to be [884]:

X(2370) : M =2341.6 £ 6.5+ 5.7 MeV , (126)
['=117£10+ 8 MeV.

H.X.Chen, W Chen, X Liu, Y.R. Liu, S.L. Zhu Rept.Prog.Phys. 86 (2023) 2, 026201
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Pseudoscalars above 2 GeV: X(2370)

new glueball candidates ?

6 Glueballs and light hybrid mesons 91
6.1 Glueballs. . . . . . .. . 92
6.1.1 Lattice QCD and QCD sum rule calculations. . . . . ... .. .. 93

6.1.2  Scalar glueballs and the fo(1500)/fo(1710). . . . . . . . .. . . .. 95

6.1.3 Tensor glueballs and the f»(2340). . . . . . .. .. ... ... ... 100

< 6.1.4 Pseudoscalar glueballs and the X (2370). . . ... ... R (]

Rept.Prog.Phys. 86 (2023) 2, 026201
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Physics \ General Physics

Editors' notes

Physics \ Quantum Physics

Possible evidence of glueballs
found during Beijing
Spectrometer lll experiments

[ REPORT |
by Bob Yirka , Phys.org




Observation of the X(2370) in KYKon® and n'n7

— Fit result
X(2370)
Polynomial
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+ — Fit result
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X(2370) -» 7% (> 200)

arxiv:2605.26495
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K"(892)" signal region

{ Data
— Fit result
- X(2370)

---- Polynomial

2 22 24 2.6
MK_;)K;]J[“ (GEV/CZ)

X(2370) > K*(892)K°
arxiv:2607.20366

o Decay modes of X(2370)— nnn' ,KKn',KKm,tmtn, KKn, a(980)T observed

¢ No evidence of the decay of X(2370) — K*(892)F) significance is only 0.10)

¢ Such high decay pattern similarity between the X(2370) and nc strongly supports the
glueball interpretation of the X(2370)

@
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Mass, Width, High Production Rate and Narrow Partial Decay Width

Decay chan@ékiv:2607.20366 B (x107%)
(a) Combined: M = 2359 *13 MeV/c? (b) Combined: T = 170 *3; MeV -
J/p — vX(2370) - yKKn  3.2540.257073
i‘(ﬁ:}‘;):ég“)ﬂ' —®— Measured mass ;igg)n—:@gmnl T —®— Measured width J/'l,b — 'YX(2370) — ’Yﬂ-ﬂ-’r] 3-2 :I: 0-11_(1)(9)
I Combined mass I Combined width J/¢ — ’}’X(2370) — ’Yﬂ'ﬂ"r]’ 194 :I: 0.04tggg
X tathecly B T/ — v X (2370) — vKKn'  0.39 + 0.05 + 0.10
XN 4 p =220 KN 4op =032 —
X(2370) - 7'7"n lo- X(2370) — 7'7"n —a—= KKn’; fO (98())77’
PRI | T SR N RN A nrn’: f,(980)7n’, f,(500)n" ...
2250 2300 2350 2400 2450 50 150 250 350 0
My 3370, (MeV/c?) Ty o370, (MeV) n: ag(980) ", f,(500)n, f,(1500)n,f,(1710)7 ...

arxiv:2605.26495

KKm: K;(1430)K, K;(800)K,a,(980)7° ..
Combined results (consistent with lightest 0 glueball predictions)
* MasSS: My(y370) = 235913 MeV /c?
* Width: ry3,0) = 170%42Mev
 Based on BR measurements in 4 channels + accounting for missing decay modes:
* Reasonable to have the high production rate: gy - yx(2370)) > 1 x 1073

* Narrow partial decay width: S-wave two-body decay with 1~710% - partial width ~ a
few MeV



Lightest O-* Glueball as Dominant Constituent of X(2370)

* Properties of the X(2370)
* High production rate in ;/y radiative decays

* Decay pattern similarities to .

The combination of these signatures
enable us to identify the X(2370) is a
* Narrow partial decay widths glueball

* Flavor-singlet state

e Strong suppressions of yv,y¢ decays
* These properties are fully consistent with the expected signatures of glueball
* Other interpretations can hardly explain all of them simultaneously

* The lightest 0" glueball is needed for a natural and complete explanation of the
X(2370) properties

15



Scalar glueball searches

« Why light scalar mesons are interesting?
* There have been hot debates on the existence of o and k
- g, k and f,(980) are also possible mutiquark states. They are all near threshold.

* Lattice QCD predicts the 0** scalar glueball mass ~ 1.6 GeV. f,(1500) and f,(1710) are
good candidates.

Overpopulated!
Scalar mesons
1500) (1710)
mgﬁ>x o
/ \ 6 Glueballs and light hybrid mesons 91
(600) 6.1 Glueballs. . . . . . . . . 92
‘K (1430)‘ ng 6.1.1 Lattice QCD and QCD sum rule calculations. . . . . . . ... .. 93
—6.1.2 Scalar glueballs and the f,(1500)/fo(1710). . . . . . . . . .. .9
(\) n 6.1.3 Tensor glueballs and the f5(2340). . . . . . . ... ... ... ... 100
‘ 980
\ y | %(1450) 6.1.4 Pseudoscalar glueballs and the X (2370). . . . . .. .. ... ... 101
AW
‘ K(800) | ’/ f \\\
/ {K;(1950): From M. Pennington
- ) g

H.X.Chen, W Chen, X Liu, Y.R. Liu, S.L. Zhu Rept.Prog.Phys. 86 (2023) 2, 026201
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505 ‘
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* f,(1710) and f,(1500) are dominant
* f,’(1525) also seen

* Broad bump above 2 GeV, contributions from
scalar and tensor
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Scalar glueball candidate: f;(1710)

Flavor-blindness of glueball decays

D(J/p = vGo+) = 5-0 ergl |E1(0)|* = 0.35(8)keV #F(G—)mr:K]?:nn:nn'zn’n') =3:4:1:0:1
I/ = 0.33(7)/93.2 = 3.8(9) X 10-3 PS5,
CLQCD, Phys. Rev. Lett. 110, 021601 (2013) *with chiral suppression
i PRL 98 149103
: (G - nm)/T(G - KK) fr 0.48
Experimental results ) a7
»B(hy > 1E,(1710) > yKK)=(8.512) x 10~ i

»>B(J/y 2 yf,(1710) = yrm)=(4.0+1.0)x 10~

>B(ly > 1£,(1710) > yom)=(3.1+1.0)x 10~ —T(G » nm: KK:mn) =~ 1.3:3.16: 1

P.S.
>B(Jhy > yfy(1710) > ynn)=(2.352513%5:55)x 107*

= B(J/y 2> y1,(1710)) > 1.7x 1073

f0(1710) largely overlapped with scalar glueball

18



Tensor glueball searches

BESIII results

8+062+237

L(J/Y — vGy+) = 1.01(22)keV Br(J/y — ¥f,(2340) — ymn) = (3.8 ¢z, ;) x 107

) Phys.Rev. D87, 092009 (2013)
T(J/1 — vGot)/Tior = 1.1 X 10~
(J/% = ¥G2+) /Tiot . . Br(J/y — f,(2340) = yod) = (1.91+0.14'772)x 10"
CLQCD, Phys. Rev. Lett. 111, 091601 (2013) Phys.Rev. D93, 112011 (2016) |

3.82

Br(J/y — vf,(2340) —» KK ) = (5.547037 "yx10~°
Phys.Rev. D98, 072003 (2018)

6 Glueballs and light hybrid mesons

6.1 Glueballs. . . . . . . . .. 92
6.1.1 Lattice QCD and QCD sum rule calculations. . . . . .. ... .. 9B
6.1.2 Scalar glueballs and the fo(1500)/fo(1710). . o . . . . . o ... 95 f,(2010), f,(2300) and f,(2340) are observed
<613 Tensor glueballs and the £,(2340). . . . . . . . =
6.1.4 Pseudoscalar glueballs and the X (2370). . . . .. ... ... ... pwith a strong PI"OdUCTiOﬂ of f2(2340), consist with
Rept. Prog.Phys. 86 (2023) 2, 026201 central production and pp-bar annihilations

It is desirable to search for more decay modes!

19



Landscape of light glueball has updated

(e . : v Strong production of N
Scalar: Overpopulation £ (1710)/£,(2100) in J /i
« LQCD : ground state 0* glueball - Yl]n/KK/ET, tChS’ pattern
~1.7 GeV, first excitation ~2.1 » ;?Qj:ﬁfovr\]”t Q >
_ GeV )
4 v Strong production of
Tensor: large uncertainty =N 1/:5‘%3402 o Slléfclg 7\/')(’;]""_6[2'(3/"
« LQCD: 2**(2.3~2.4 GeV) prediction
N
Pseudoscalar: very little known v Trajectory: A
above 2 GeV, puzzles in low mass * 1,(1285), no n(1295)
: » . n(1405) /n(1475) can be
reg|0n one resonance
*+ LQCD: 07(2.3~2.6 GeV) O Above 2 GeV: X(2370)
o )

20



Prospects: 10B J/y and 2.7B y(2S) provide great opportunities

® OF, 27 : coupled channel analysis
or 2 |0 ® J/—yPP

J/Y->yPP ® J/U—w/p + X

J/U->yVV ® (O : trajectory >2 GeV, X(2370)

J/Y->yPPP ® J/y—yPPP

®J/y—yyV
)/b->YPPPP . VY

® J/y—yn)

® XY™ 7777§’),7T7T1

C W C P

Anti filter: X —

N—
\ nn C SS

el

Two photon process €
Flavor Filters: J/y>w/d +X 21



pp threshold enhancement X(pp) : Bar'yomum state?

* First observed in J/y — ypp at BESII, 2 700 PRL 108 112003 (a)
confirmed by BESIIl and CLEO-c S
-]
* PWAOf ]/ —» ypp : JF¢ = 07" =
* The fit with a BW and S-wave FSI (1=0) factor >z
can well describe pp mass threshold structure §
aa
* Non-observation in hadronic decays: not
from pure FSI

8001 "02 "'03
M__-2m. (GeV/cz)

E 500 1000 T L v
80 F — ot o/ 9(1) D ssof-(a) o ) —~ - -
N e el o g gt JyDopp g ‘I’(3686)-)¢pp
o 0F 5N (- 0 X(5P) > 350F- —e—Data S 700 S ! _
% 60 F non-resonant contribution Z %0E — Global Fit = 600 [0} 15
O £  sideband fit = 250E __ X(pP) T 500 >
= 50 5— o sideband data a ':’:2 - - Background a ;Zg . 7 8 i
G = @
g’ iy E_ H 100 @ 200 D > i 10 :
) - 50 100 .
£ 30E -l- ~ % - T E— 1 okl
$ 20E A= » 0.4 : 0d = R e
it T+ 2 03 e g ask 0 e w ho <0
10 € 02F e S 02f~acmcm==="""" — g B e -
AL AN ETEEFLEREE BEERR RV RN RRN R R W0 A Syt w o01f ()0 - 505 0'1 0 ;5
D 0.05 0.1 0.15 02 oi;)oo 0.05 o ;o 0goo 0.05 o ;o ) i '
i ) : . ; : >
M(pp)-2m, (GeV/c) M,_;-2m, (Gev/c?) M,;-2m;, (GeV/c?) Mpp-2mp (GeV/c?)

PRD87,112014(2013) PRD93,052010(2016) PR D99 112010(2019) 2
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10 MeV/c?

N

Events /

Observation of NN-bar threshold structure X(1880)

L ¢ data 920000:_ 4 X(1840) signal
20000} § :E'(t(qe;:(')tyrx (1880) s [t X(1880) signal |
- | - X(1840) *8' . 1+€08° 6, 18:0, -
2 | - -X(1880) ® 15000 | )
o 4 b = L - 1+c0s%6 | s
it : terf t B X(1880)
1 el background e 0 o > &S | |
10000} o 1000 | %‘%%ﬁ_ ' | 399’ |
L PRL132,151901 (2024) = = ‘ ‘ T
i = = i i ‘ !
i ' £ 5000 ,
o E e T e | :
o e S S T ME———— -
| | | | | | | | | . | | | . | | ] |
T I R T N ST NN HNY T 1 AN R SRRV MR 00 0.2 0.4 0.6 0.8
1.6 1.7 1.8 1.9 2 |COS€X|
M(61) (GeV/c?)
Resonanc M( MeV/c?) I'( MeV/c?) Featured in Physics:

e
X(1880) 1882.1+1.7+0.7  30.7+55+24

n

"Evidence of a new subatomic particle

X(1830) 1832.5+3.1+25  80.7+5.2+7.7

Narrow state around NN-bar threshold!  Consistent with pseudoscalars

PRL132,151901(2024)
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Exotic 1-* state

4-__ - - B - 3. | Rept. Proq Phys. 86 (2023) 026201 MIT bag model
-_ - — = - : : x  Others
N - 3t+ ar S‘ : : Flux-tube model
_: = ﬁ 2] .x;} i o : s 12 % QCD sum rules
2 - . % o ;lk : I Constituent gluon model
- - — g 1 x : : 1 I Lattice QCD
o 1 2 : : I QCD sum rules
[ I
my = 391 MeV 0 - Lo L : | I Others
245 % 128 1970 1980 1990 2000 201 0 2020 2030
isoscalar ﬁ
isovector [
Mass of 1" hybrid
PRD 88 094505(2013)

Spin-exotic state of 1 : forbidden in conventional quark model
LQCD predicts the lightest nonet of 1* hybrids: 1.7 - 2.1GeV

e Can be produced in the gluon-rich charmonium decays

Exotic state 1 provide an unique way for hybrid search




Observation of 111(1855) with exotic 1-* in J/y-ynn’

Events/(10MeV/c?)

400

300

200

100 |

ot

{ (@) x¥dof = 1.57
—e— Data
o

2++
— 4++ ]
R (n,(1855)) -
—_— 1+' -
=+« PWA fit projection (exclude n 1) ]
W — PWA fit projection (baseline fit) 4

15 2 25 3
Mnn')(GeV/c?)

PRL129, 192002(2022)

Isoscalar state with JF¢é=1""

Weight sum/(10 MeV/c?)

M =1855 + 91% MeV/c?
I =188 + 18%3 MeV

M’ )(GeV/cz)

Critical to establish the 1* hybrid nonet |
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© CLEO-c results: evidence of an exotic P-wave n'r amplitude with4o and but no significant phase motion

© PWAiInvY' - yyx.(xe1 » ©7n™n') with higher i’ data sample @ BESIII:

* First observation of Exotic 1* Isovector state 7(1600) with a significance >210

* The significance of phase motion is also greater than 110

» Difference mass shape descriptions achieve the consistent pole position:

(1690 + 16139 — i(217 £ 5175) MeV

arxiv:2604.12524 submitted to PRL

Blx. = m1(1600)*1*] x B[m;(1600)* - #tn'] = (4.30 + 0.147}:9%) x 10~*



A Covariant Tensor Partial Wave Analysis Framework (CTPWA)

H.J. Jing,.. J.J. WU et al., JHEP 06, 039 (2023), PRD 110, 016014 (2024)
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o G e o ~100 times faster than the conventional PWA !
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Summary & Future prospects

BEPCII/BESIII: the world's largest sample produced in
e+e- annihilations

Significant progresses on light exotics

@ Glueballs, baryonium and hybrids
BEPCII/BESIIT upgraded in 2024

@ Luminosity 3 times higher
@ Extend E_, up to 5.6 GeV
@ Continue to run for >5 years

More exciting results are expected in the near future |
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Many thanks!



qu)er'vat,ion of 1n,(1855) with exotic 1-* in

—ynn
400 FT——————T———————————=
& [ 4 (@) x¥/dof = 1.57 : .
R —o— Data .
; 300 __ _I 0++ —- g
q) B o+ i )
E : i l_.'. : — 4t : %
?_, 200 [ 7 '} Sy — 11' (n,(1855)) - 2
E - . ) ===« PWA fit projection (exclude 1) ] g_) 100
qC) B " W — PWA fit projection (baseline fit) L
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Isoscalar state with exotic quantum numbers
JPC=1""*
Critical to establish the 1 spectroscopy !

(€) x%/dof = 0.96

M =1855 + 91$ MeV/c?
I =188 + 1873 MeV
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Anomalous line-shape of 3(m"m™) inJy—y3(w ™)

L | | O R | | | ENER [T AR | | T | X
e
o
(¥}

6000 g ]
| —— ++ n
++ ++++ C.'
4000 -
2000

1.6

M(6r) (GeV/c?)

PRL132,151901(2024)

e e e e e e
18 2 22 24 726 25 S

15000
&
S
=
()

= 10000
o
g
7))

£ 5000
(]
>
LLI

10

5

0

-5

10

Flatte function

¢ data
— fit result
...... X(1840)
............ total background
== non-resonant
Jhy—n3(n*r)

-
-
.........

(a)

[P
\\\\\\
""""
“‘ ‘‘‘‘‘‘‘‘
-

Pl

_____

-
N
'''''
-
...................

. | RO |
- o
. TTLIL sed, °* ies%s
?fiziiiiiE’{‘ ;iiii 5,7 af,0 a5 08
e I O e i i PR TR
1.6 17 1.8 1.9 2

M(6r) (GeV/c?)

Flatte function can not describe data welll
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¢ No evidence of the decay of x2370) - k*892)x° (significance is only 0.10)

+Branching fraction ratio in xoxox° mode: g = BXE7OK @K Irecokkin _ o 461 @90%C. L.

X(2370)>KJKIm0

+Branching fraction ratio w.r.t. total X(2370) production: sx2370) -
K*(892)K] < 1.6%@90%C. L.

¢ Suppression of x2370) - k*(892)k° mode indicates the X(2370) to be a
flavor-singlet state

+First flavor-singlet hadron state observed above 1GeV

arxiv:2607.20366
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¢ LQCD prediction: no flavor singlet formed via ss/uu + <2 mixing above 1GeV (supported by PDG data)

Suppression of qg contents

J/Y - yyw

il T

18

iB Z
Wt

—_—

Events / (16.5 MeV/c2

X

J/Y - yyd

1000

500

[N =]
T T T

[ (2N, =115.40/80= 144

1 Resonance R

J[p > YR —=>yw  J/p = yR—yv¢

.
N O

- i
--w*M%‘:‘M'..’.’:«Wy.,k’ﬁ.;’m

T 12 14 16 18 & 22

M(r,,,8) (GeV/c?)

PRD 111(2025) 052011

(x107°) [29] (x107°) [30]
n(1405) 3.54 +0.2019:5 3.57 +0.1879:%
X (1835) ) 74+ 0.1979-78
K (2370) < 0.04 <0.11

B(J /Y - yX(2370)) > 1 x 1073

® StUdy in J/ = yyw and J/ = yyd
+ Strong suppression of x@2370) - yw,v¢: disfavor ssluu+q4a content

+ Significantly lower than the decay rates of ;1405) and X(1835): disfavor /' excitation
¢ Narrow partial decay widths ~a few MeV: disfavor ,;, multi-quark or hybrid states (typical OZl decay width

~100MeV)

¢ Flavor-singlet property sx370) - k*892)k] < Lew(decay width <2MeV): disfavor ;' excitation (expected 15-200MeV)

ssiutl + dd content should be strongly suppressed in X(2370)
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Observation of the X(2370) in K¢KJm® and m°r°n
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& Decay modes of X(2370)— nrn’ ,K En’,K En,nm), K En, a(980)m observed

¢ Such high decay pattern similarity between the X(2370) and nc strongly supports the
dglueball interpretation of the X(2370) 34
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