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Mysterious gluons

AHow does QCD give rise to hadrons?
A What is the origin of confinement?
A How is the mass generated in QCD?

ARole of gluons in hadrons

AKey thing to search for: hadrons explicitly
manifest the gluonic degrees of freedom

A Gluonic excitations: Glueballs and hybrids , which
provide critical information on the strong force and
QCD vacuum
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Glueballs

AGlueballs are the most direct prediction of QCD

A Color singlets emerge as a consequence of the gluon
self-interactions

A Unique particles formed by gauge bosons (force)

A Essential for understanding of  confinement and mass
dynamical generation

ATheoretical predictions from lattice QCD and
QCD-inspired models mostly consistent

A Light -mass glueballs: * m g hm
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Yang-Mills glueballs on lattice
(quenched and unquenched)
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Glueball hunting for over 40 years

ASupernumerary states  w.r.t. quark model gluon -rich processes o\ asa 1]
A A priori, mixed with nearby 1l o ~ Charmonium  decays:
ADetailed and accurate information about W BESILPUNLLL =
couplings to production and decay "
channels is required ~ pp double -Pomeron exchange:
ﬁg WA 102, GAMSa

A Strongly produced in  gluon -rich processes -

ADecay: gluon is flavor -blind > 1"l annihilation:

A 3 %o) singlet ..
A No rigorous predictions on decay patterns _;‘_;
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A Could be analogy to OZI suppressed decays of -~
charmonium , as they all decay via gluons  [pL 380 sy 5, T uirons iy
189(1996), Commu . Theor. Phys. 24.373(1995)] e C:

”’

.
---------------

R



Beumg Electron Positron Collider (BEPCII)

[l > yH)~0(@a)) > Ty = M)~ 0(ac?)

* 1989-2004 (BEPC):
Lpeak=1.0x10%! /cm?s
* 2004: started BEPCIl upgrade,
BESIII construction
9 ¢ 2008: testrun
@ . 2009-now (BEPCII):
Lpea= 1.0 X10%3/cm?2(4/5/2016)

2020: energy upgrade to 2.45
GeV & top-up mode ‘J/lp

BESIII 6
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Charmonium decays provide an ideal lab for Gluonic Excitations
A Gluon -rich process
A Well defined initial and final states

- Kinematic constraints
- Isospin and J P¢ filters

A Clean high statistics data samples: e/ and 8 @ BESIII
- High cross sections of "H"H © & h
- Low background 5



Scalar glueball candidate:

AScalar glueball is expected to have a large
production in€f radiative decays
ALQCD3(*IC © ' )73 ofw) p T

A3(CIC O ' )73 P8 () p T
AObserved *IS O r/Ep x p 1s x10 larger
thanEp v M

u BESII'H largely overlapped with
scalar glueball

production properties

U ©r1"Qpumm ur °crQpxpm

[w
Poore

—e—

Natl. Sci. Rev. 8, no.11, nwab198 (2021)
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B(J /v — v£5(1500)) ~ 0.29 x 10~°
F =T B(J/Y = v£5(1710)) ~ 2.2 x 1073,
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Branching fractions p 1t

BESIII PRD 87 092009 (2013)
BESIII PRD 92 052003 (2015)
BESIII PRD 98 072003 (2018)




Scalar glueball candidate: decay properties

Flavor-blindness of glueball decays NEW |npUtS from 87 O L
1 [BESIII PRL 129 192002(2022) , PRD 106 072012
WF(G Sz KK :ngn:gnn'n')=3:4:1:0:1 A Significant AEp L TT T

"AHpuLTRS s
o U SR AA PHo3) pm

o : :
with chiral suppression consistent with PDG

PRL 95 1720011 PRL 98 149103 A Absence of "H
Expectation: A " Hpx MO s s @ |
F(Gﬁnn)/F(G%KK)z%zO.48 n ﬁE(p)( ﬂ)T)OAA C&JX p Tt 9 WT BG 8
K
Measured: v U Supports to the hypothesisthat AEp X p T

overlaps with the ground state scalar glueball
A Scalar glueball expected to be suppressed
"(Oss)F(C oAy maUT

[PR D 92, 121902; PR D 92, 114035]
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55 [(G - mm:KK:m) ~ 1.3:3.16:1

Bottom line: Predictions on mixing scheme and decay property of glueball are model -dependent 7



ldentification of scalar glueball with
coupled -channel analyses based on BESIII data

Scalar isoscalar mesons and the scalar glueball from radiative J/¢ decays

A.V. Sarantsev®®, 1. Denisenko®, U. Thoma®, and E. Klempt®
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Abstract

A coupled-channel analysis of BESIII data on radiative J/i decays into 7, KK, nn and w¢ has been performed. The partial-wave
amplitude is constrained by a large number of further data. The analysis finds ten isoscalar scalar mesons. Their masses, widths and
decay modes are determined. The scalar mesons are interpreted as mainly SU(3)-singlet and mainly octet states. Octet isoscalar
scalar states are observed with significant yields only in the 1500-2100 MeV mass region. Singlet scalar mesons are produced over
a wide mass range but their yield peaks in the same mass region. The peak is interpreted as scalar glueball. Its mass and width are

determined to M = 186525*10 MeV and I = 3705030 MeV, TS VICIT TH T4dIAtve 7/ Gecays 10 (08 = 10) 1072

Phys.Lett.B 816, 136227 (2021)
Eur.Phys.J.C 83 1125(2023)
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Scalar and tensor resonances in J/% radiative decays
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We perform a systematic analysis of the .J/¢» — y7°7® and — yK2 K¢ partial waves measured by
BESIII. We use a large set of amplitude parametrizations to reduce the model bias. We determine the
physical properties of seven scalar and tensor resonances in the 1-2.5 GeV mass range. These include
the well known fp(1500) and fo(1710). that are considered to be the primary glueball candidates.
The hierarchy of resonance couplings determined from this analysis favors the latter as the one with
the largest glueball component.

Eur.Phys.J.C82, 80 (2022)
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Indications of tensor glueball

BESHI*IC © r n iiPRD 93, 112011 (2016) ]

NU2500 s 0" model independent
'(J/p — vGa+) = 1.01(22)keV :__;2000- 0 e spre
o F o 0" mde dependont|
T(J/% — ¥Ga+)/Tior = 1.1 X 1072 = S T e,
CLOCD, Phys. Rev. Lett. 111, 091601 (2013) ﬂ" 500 | ?
7]
. 21000]
Experimental results =
wn rng 5 L 500 :-'-. I_-"'_“"--.I_
AT © "HC ) ) (8 § §) T
BESIII PRD87,092009 (2013) /2 - i 26
AT © "H )O© ) (8 8 &) (f) M(06) (GeV/c?)
BESIII PRD 93, 112011 (2016 .
AGT © W )0 Ego (8 Sl ) A £,(2010), f,(2300) and f ,(2340) in pp
= 8 8 reactions are all observedin &f ©
AT O T f =SHPRD 98’07;003 (2015) 8 with a strong production of f ,(2340)
e M ) ) ( 5 ) A Consistent with double -Pomeron

BESIII PRD 105,072002 (2022) exchange from WA]_OZ@CERN

still desired to study more decay modes

More complicated due to the large number of tensor states | ’
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: -+ | Reproduced f X(2500)
Where is the 0" glueball o) DS GRiTI @01)
;| n(2225)
_ : . X(1835) X(2370)
APseudoscalar sector, a promising window — 4 7(2320)
> ' X(2100)
A Only s, s (& radial excitations) from quark model § 3 n(2010)
NE 2.
AMass 11w
A LQCDyx 0-* glueball (2.3~2.6 GeV) 01 7
A Puzzles remain in low mass region 1| 2 3 4 5
n
AProduction
o :
ALQCD:3(*f6 © ' )¥3 (c® p oM p 1T, atthe o 00 in PDG
same level as O -* mesons Decays involving hadronic resonances
[y 0/(958)77 ( 187+0.26) %
A Decays [y 1 (958)KK ( 1.6140.25) %
A Possible guidance: OZI suppressed decays of - ~ Decays into stable hadrons
: [ KK7 (7.0 £04)%
. 0O =
A 3¢ o0 is a good place to look for s KK (122015)%
A 3¢.-0 ¢ Os forbidden [ naTn (17 +05)%
A 3¢-0 g0 can via S-wave, while 3- or 5- is suppressed A No dominant decay

A Flavor symmetric *°



Events/(0.01GeV/c?)

The nature of ==( )

ADiscovered by BESIIlin & © in 2011

AConfirmed by BESIHlIin *I§ O rs A A £ £and £ €

A Not seen in *IC © rs s gBESIII PRD 103 012009 (2021) ]. Upper

limits of BF are well consistent with predictions of 1 glueball 141.61.82.02. 13&%§ z)s
[

nm']

BESIII PRL 106 072002(2011)
A Mass consistent with LQCD prediction for glueball
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The nature of ==( )

BESIII PRL 132, 181901(2024
A Spin-parity determined to be ( )

e O €nE

2 220 oi(b) ;:t:n """"" "
g 18 60 & 1s;— 60 Mre = 0-+ with significance >9.80
§ o R j-.l. .' > IM = 2395 +11+26.9; MeV
1.4 100 e r
= : S a0 I = 188+18.17+124 33 MeV

2 22 - B(J/y—yX(2370))B(X(2370)—fo(980)n’)B(fo(980)— KOs K0s)

s rvern it L 0 ites Sotvesrsewe) 0 = 1.31 + 0.22+285.5 4 x10-5
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Events / (0.030 GeV/c?)

Events / (0.005 GeV/c?)

The nature of ==( )

BESIII arXiv:2605.26495
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The nature of =( )

BESIII arXiv:2605.26495

(a) Combined: M = 2359 *1 MeV/(? (b) Combined:T" =170 ©3 MeV
X(2370) — £,(980)1' X(2370) — £,(980)1"
£,(980) — K/K] 0 —=®— Measured mass £,(980) = KK, = —=®— Measured width
I Combined mass I Combined width
X(2370) - K/K(n" —ft— X(2370) - KK’ ———
XN oy =220 XN 4oy = 0.32
X2370) = =°7z"n deo- X2370) = 2°72'n —e—=
(I N | I I I I I A FTTT] FTET Ladosloasslasnnlasssl
2250 2300 2350 2400 2450 50 150 250 350
My 5379 MeVie %) Ty 2370) (MeV)

A According to the measured product branching fractions, " *¥¢ © r §c o ) Tis
estimated to be greaterthanp p 1t

A LQCD prediction:"(Gff ©71°0 ) (¢c& p oM p T [15, Which can be
iIncreasedto( ¢ M p T mipviaoO — mixing with a very small mixing angle
¢’ vl
A -6s width is enlarged [By t he miRrRRGpoEsgeIyi t h gl u

[2] PLB 827 136960{2022)
[3] arXiv:2605.01757



*TC O r r ,ra Qflavor filter

PR D97 051101 (2018)
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o
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300
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0 yield/(0.035 GeV/c2)

%2 14 16 18 2
My9) (GeVic?)

From the amplitude analysis,

Amplitude analysis with
ML techniques for
background subtraction

A s(p t 1 is observed, while s(p T ¥ oan not be excluded

A 8(p W g9 r nsuggests its assignment of

S excitation

A s O r nare observed. The very first radiative decay mode of

A Observation of AHp wyY and Ac ¢ T r N

unfavored their glueball interpretations

A No evidence of 1

[PRD 107, 114020, NPA 1037, 122683]

5

a Fit to mass spectrum

S

BESIII PhysRevD.111.052011(2025)

& 1000

500

Events / (16.5 MeV/c2

0
5

YN, =115.40/80= 1.44 ]

<~ o
-5

¢
% * )
\?.M = M’n‘a‘r‘;Mq,%‘%t’;‘; G

1

600

Events / (18.75 MeV/c?)

400

200

1.2 1.4 1.6 1.8 2 2.2
My, 0) (GeV/c?)

:‘leme= 97.15/80= 1.21 _

24"

-

¢ . e
.- »aw PP n’vﬂe‘_ ‘;‘;“’7 S “"4!»‘ -

6 18 2 22 24 26 28 3
M(y,  0) (GeVic?)

[PRD 108, 014023, Sci.China Phys.Mech.Astron . 67 (2024) 11, 111012 ]

, well consistent with the predictions for glueball/hybrid

15



Events / (21.3 MeVi?)

Events / (15.0 MeVE?)
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The suppression of 8(¢ o Y ¢t %and [T

¢ flavor filter

[this analysis]

BESIII Preliminary

[PRD 111, 052011 (2025)]

Resonance J/y¥ — YR — yyw(x107%)  J/y = YR — yyp(x107%) ﬁ%ﬁg
£1(1285) 1.73 £0.12+0.13 0.29 + 0.03*0:11 35+1.5
£1(1420) 0.88 +0.10*0:20 0.55 + 0.07+0:18 1.1+0.7

‘ 1(1405) 3.54 +0.20705 3.57 £ 0.18% 2] 0.3+0.1
Me 0.20 £ 0.06700 0.21 +0.03790 0.8+0.5
17(1295) <0.35 < 0.84
~ Data n(1475) <0.14 < 0.38
---,(1285) +0.78
 (1405) \ X(1835) <0.11 3.37 +0.19*978
11420) [ X(2370) < 0.04 <0.11
—1(1270) n1(1855) <0.33 <4.74
f,(1565)
— 2"(phsp)
—n,(1645)
T‘Ic
Indicate low quark content 16



Story thus far for X(2370)

V A pseudoscalar

V Mass consistent with LQCD prediction for T glueball
V Largely produced in the gluon -rich *JC radiative decays
V Flavor symmetric decay modes and narrow partial widths

V8(c o ) @t r nand rd decays are highly suppressed

Stay tuned



Light hadrons with exotic quantum numbers

AFinding unambiguous signature for exotics € ¢
AEfforts concentrate on Spin  -exotic — —ull
: o e Quarkon
AForbidden for 1 ~ 4
gEA RHT "HIR "H'H Hybrids en@ [q9%)
_|_
Glueballs & gg>
+ 2 —2>
- . Multi- —@ @—@ (] ]
Experiments: quarks +

AHadroproduction:GAMS, VES, E852, COMPASKRER
A’l’l annihilation: Crystal Barrel, OBELPANDA
APhotoproduction:GlueX2017), CLAS

B E R'E ( )E
Allowed£E® h h
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Predictions
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A Meson excitations similar to quark model

A Hybridsupermultiplet

A Lightest spirexotic state in LQCD: & UK A
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Studiesof A IN? O A A S

PR D84 112009 (2011) PR D95 032002 (2017)
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P Hybrids m, 16(gP) = 1-(17%)
Alsoscalar IS critical to establish the \
hybrid nonet
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Observation of An Exotic p  Isoscalar State s p Yy v U
PRL 129 192002(2022) , PRD 106 072012(2

400 ................. —
A An isoscalar , , has been observed in S f (8) x?/dof = 1.57 :
ef © >19 Q) g X} 0" '
Pwow )- ABA,3 (pw py)- AFA 2 200f — T ) :
"CTCOrs(pyYY®rs) (cEmMEpPpF) pm g | b oW i rofcton (asein
A Mass consistent with hybrid on LQCD T
055 2 25 3
: : - : M@nn')(GeV/c?)
A &n P -waves uniquely indicates exotic S a0
T a0l
guantum numbers é : 3%
o I without 771 (1855)
Z 20
A Opens a new direction to completing the picture of % j
spin - exotics s |
A Inspired many interpretations: g’ —

Hybrid/ ++ Molecule/Tetraquark? 15 > 25 3



Events / (5 MeV/c?)

30

20

Searchfor s n? © ss

| —— Data

I — Total Fit

[ 1,, signal

| ruwee X, signal
o Yo signal

[ -~ T polynominal

[ 7' sideband
w1 Syl

34 SO 36
M(mn)(GeV/c?)

(a)

B(xe1r — nmm') = (1.39-

Events / (5 MeV/c2)

[+ Data
20 [ — Total Fit
[ X Signal
[ xﬂsigna\
15 === ¥, signal
[ ... " polynominal
[ 1’ sideband
10| ==y, =y Sydhy—ymn’
5 L
o

M(mn)(GeVic®)
(b)

Events / (40 MeV/ic?)

Events / (40 MeV/ic?)

:0.13(Stat.):

10F
I +Data
[ — Fitted
Background
e f,(1500)
5[ 0" NR
0 2 T
M(nhlghn’)(Gercz)
(a)
10} + Data
[ — Fitted
Background
[ 1o(1500)
sl O NR
0 2 T 25 '2
M(nhlghn’)(Gerc )

Events / (40 MeVic2)

Events / (40 MeV/c2)

BESIII CPC49, 10 (2025)

WH il

2
M(T]Iown’) (GeVic?)

(b)

2.5

H

1.5 2
M(T\Dwn’) (GeVic?)

-0.09(sys.)) x 10~*
B(xe1 — n1(1855)n) - B(n1(1855) — nn’) < 9.79 x 10~°

2.5

Events / (40 MeV/ic?)

Events / (40 MeVic?)

L

o e A

15 2
M (nhighnlnw)(Ge VJ'CZ)

(c)

M (nhighnlnw)(G|e VJ'CZ)

()

25



BESIII preliminary

PWA results of - © o ++
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PWA results of tf+ © o ++

Resonance
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P  Hybrids
AHow to discriminate hybrid/molecule/tetraquark?

As (p 9 ® As, + + are important
A3 o T3 o isnotavailable yet

AWhere is the ?

AWhy — is the observation channel for ( ) and ?5 (1)
anomaly?

ADoes £ exist and how to identify it?

AWhere are the other * (m HAOATH A A states? Analogin daoexists?

ANew results via various probes are eagerly awaited
Y

Mheam ~a___ X 1 {” p X {I' ﬂ/
Iy ,
P, R || e i——

—— hp11

Target e el N " ['(Jly - yH) ~




Summary

ABESIII has a rich and fruitful program of light meson spectroscopy

AGreat potential to be fully explored
Auv B data on disk, including p m prt *IS and ¢& pm €
AUpgrade accomplished

Afl o9 Wi=4.7 GeV
AT O u®"0Q &
ACGEM inner tracker

33 L
* Upgrade BEPCII
(BEPCII-U)

BEPCII

hank you for your attention
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