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Fundamental Structure of Matters
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Hadron spectroscopy can provide us clues for the understanding
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of fundamental structure via the hadron property study
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Forms of hadrons

Quark model

O

Mesown

¢ Quark model (QM)

+ Identify hadrons as compound objects consisting of quarks and antiquarks

Raruyon

+ Dynamics description inside hadrons

New forms of hadrons

¢ New form of hadrons:

compact tetraquark

O

+ Multi-quark: quark number >= 4

multi—quark states

Y

: eluc-— + Hybrid state: the mixture of quark and gluon
. Q; ball
quarkonium + Glueball: composed of gluons

cuonic 1@ |dentification from QM: challenging

excitations

%
Q Q ybrid + Exotic quantum states
hadronic i

molecule + Crypto exotic with particular properties
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Beijing Electron Positron Collider (BEPCII)
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World unlque e+e accelerator in charm phy3|cs energy reglon
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2004: Construction
- Double rings
- Beam energy:
1.0 - 2.3 (2.45)GeV
- Designed luminosity:

1%x1033 cm-—2 s-1

S 2008: test run

2009-now: BESIII
physics runs



RPC: 9
layers

BESIII detector

Designed for neutral and charged particle with excellent resolution, PID, and large coverage
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Total weight 730 ton,
~40,000 readout channel
Data rate: 5kHz, 50Mb/s

¢ Magnet: 1T Superconducting
¢ MDC: small cell & He gas

Oxy = 130 pm

0o/p=0.5% @1GeV
dE/dx = 6%

¢ TOF: plastic scintillator/MRPC
ot = 80 ps Barrel

or = 110 (60) ps Endcap
¢ EMC: Csl crystals
AE/E =2.5% @ 1GeV - Barrel

AE/E = 5% @ 1GeV - Endcap
¢ Muon ID: 9 layer RPC

Has been in full operation since 2008, all sub-detectors are in a very good status!



BESIII Data samples

Totally about 50fb-1 integrated luminosity

107°
Data sets collected so far include » ®
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World largest J/{ data sample : ~10 billion




Glueballs

¢ The basic theory for strong interactions is quantum chromodynamics (QCD)

+ Gluon self-interaction: prediction of non-Abelian Gauge SU(3) QCD theory
+ Glueballs are unique particles formed with force carriers via self-interactions

+ Glueballs to QCD is just as important as Higgs Boson to EW

¢ Lattice QCD (LQCD) is a non-perturbative method from the 3500
first principles in theory.

2500 -

with dynamical quarks) ¢ro

2000 -

+ Predictions on masses and production rates of pure glueballs Z 5 od
1500 - D
@

¢ Different lattice QCD groups (including lattice simulations <]>a><1> <}>®®+

+ Consistent results and expected to be reliable.

Ref. [61] (N; =2, my = 490 MeV)
Ref. [68] (Nf =2,m; = 650 MeV)
Ref. [68] (N; = 2,m = 960 MeV)
Ref. [70] (Ny =2+ 1,m, = 140 MeV)
Ref. [67] (N; =2+ 1,my = 360 MeV)
Ref. [63] (Nf =4,m; =250 MeV)
Ref. [48] (quenched)

1000 A

¢ Lattice QCD predictions on glueball masses:
+ 0+ ground state: 1.5 - 1.7 GeV/c?
+ 2+ ground state: 2.3 - 2.4GeV/c? : o > 0

J
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+ 0+ ground state: 2.3 - 2.6GeV/c? arxiv:2305.04869




Historical Glueball Candidates

¢ Many experiments searched for glueballs over the past 4 decades

¢ Many historical glueball candidates, but with some difficulties/controversies.

+ Scalar Glueball candidate (0++): fo(1500), fo(1710)

+ Tensor Glueball candidate (2++): f2(2340)

+ Pseudoscalar Glueball candidate (0-+): n(1405)



X(2370)

¢ Discovered by BESIHll in J/yw — y# 771" in 2011

PRL 106, 072002 (2011)
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X(2370) - good candidate of 0-+ glueball

#®[ts mass is consistent with LQCD prediction on
the O-+ glueball

®Produced in the gluon-rich J/ radiative decays

®QObserved in flavor symmetric decay modes of

ntn~n' and KKn' — favorite decay modes of
O-+ glueball

¢ Determination of its spin-parity is crucial
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Events / 0.015 GeV/c?

Spin-Parity determination of the X(2370) in J/\y—yK%K%n’
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¢ Analysis advantage of J/Pp—yK0osK0n’:

+ Almost background free channel (exchange symmetry and
C-parity conservation)

+ 10billion J/y data

+ Very good BESII| detector performance
¢ Similar structures in n’—=r1trt-n / yrtt- modes:

+ Evident f5(980) in KOsK0% mass threshold

+ Clear signal of X(1835),X(2370),nc with fo(980) selection
¢ Best PWA fit can well describe the data:

+ Spin-parity of the X(2370) is determined to be 0-+ with
significance larger than 9.8c w.r.t. other Jr¢ assumptions

11



Spin-Pa

rity determination of the X(2370) in J/y—yK%Komn’

1802— ( a) x2In,. = 82.68/69 _
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% 140;_ B Background _;
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o W : + 10billion J/y data

J : + Very good BESIII detector performance

¢ Similar structures in n’—1tren / yret- modes:
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PRL 132 (2024) 181901
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Compared with LQCD prediction on Lightest 0-+ Glueball

X(2370) measurements: PRL 132 (2024) 181901 LQCD prediction on lightest pseudoscalar glueball:

Jrc = 0-+ with significance >9.80 Jrc = O+

M = 2395 +11+26_g4 MeV

M = 2395 14 MeV
I = 188+18_17+124_33 MeV

B(J/y—yX(2370))B(X(2370)—fy(980)n’) B(fo(980)— KOs KOs)
B(J/y—7Go-+) = (2.31 £ 0.80) x10-4
_ (131 % 0.22+285 5,5, )x10-5 (JAy—7Go-+) = ( ) X PRD 100 (2019) 054511

¢ The measurements are in a good agreement with the predictions on lightest pseudoscalar glueball

+ The spin-parity of the X(2370) is determined to be 0-+ for the first time

+ Mass is in a good agreement with LQCD predictions

+ The estimation on B(J/yw—y X(2370)) and prediction on B(J/\y—yGo-+) are consistent within errors
(assuming ~5% decay rate, B(J/yv—y X(2370)) = (10.7+22.8.7 )x10-4)

13



X(2370) in J/y—yKO%Kon

Observation and Spin-Parity Determination of the X(1835) in J/y — yKKon
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‘S 2.0 :
In the upper KK mass band of 1.5-1.7GeV > :

range, clear signals of both X(2370) and r

In the lower KK mass band of f,(980), no

o0 (€
> &
Dy ®

My

.......
......
wolihTaney

1.6 1.8 2.0 ZZ 24 26 2.8
2
MKgKgn (GeV/c?)
PRL 115 (2015) 091803

X(2370), NOr Tc

14



Observation of new decay modes of the X(2370)
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First observation of X(2370) — KSKS]ZO, X(2370) — 7% and X(2370) — a(980)z"
with significances >> 56 and accompanied with 7.
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Observation of the X(2370) in the 5 golden decay modes

¢ The glueball decays could be the analogy to Charmonium decays since they all decay via gluons (OZI
suppression) [PLB 380 189(1996), Commu. Theor. Phys. 23.373 (1995)]

+ e.g. the O+ glueball could have similar decays of nc

.
----------

5 major m.decay modes (from PDG)
— 5 “Golden” modes in 0-* glueball traditional searches

¢ The 0-+ glueball decays could be the
analogy to 7. decays

Decays involving hadronic resonances

1 7(958)n= ( 1.87+0.26) %
M 1/(958)K K ( 1.61+0.25) % _ _
Decay modes of X(2370)— 1, KKn', KK,
Decays into stable hadrons = .
re KRn & (7.0 +04 )% iy, KKn, a(980)r observed, consistent
M35 KK (1.32+0.15) % with 0-+ glueball
M3 nNmt7— (1.7 £05 )%

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

16
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Width of 1-+ hybrid

¢ Spin-exotic state of 1-+ : forbidden in conventional quark model

¢ EXxotic state 1-+ provide an unique way for hybrid search:
¢ LQCD predicts the lightest nonet of 1-+ hybrids: 1.7 - 2.1GeV
+ Can be produced in the gluon-rich charmonium decays

17



Spin-exotic mesons

¢ Qver 3 decades, experimental evidence for 3 candidates with 1-+ state:

Decay
-

+ All 1-+ Iso-vectors
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_ _ e W Beo n'mr~n°Be VES
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Observation of Exotic 1-+ Isovector state 7(1600)
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¢ CLEO-c results: evidence of an exotic P-wave #n'nm amplitude with 46 and but no significant phase motion
¢ PWAiny' — yy.(x., = n"n~n’) with higher v’ data sample @ BESIII:

+ First observation of Exotic 1-+ Isovector state 7(1600) with a significance >10c better than other J©¢
assumption

+ The significance of phase motion is also greater than 100
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Observation of An Exotic 1-+ Isoscalar ni(1855)

Isoscalar (1-+) is critical to establish the nonet hybrid multiplet: partners for the Isovector (1-+)

400__| L L L I

- 1 % 4of b
< [y (a)x¥dof= 1.57 1 LY (0)
Q 300 -_ A —o— Data _' D I'. | H
e 2 | g I B | N
o~ - i | — 4™ | r— | | _
\ K, IG(]P)=% (17) g 200 | § L — 1" (n,(1855)) — E 20_ _{ without m(‘l 855)
E _ | ... PWAfit projection (exclude 1) (?) . | p _5-. S
G A PC + N (IC) 100 - % — PWA fit projection (baseline fit) - E i | L; ( 2 + \ b 44 +
wIgr=0ta £ 100 gL TR Y
Ny 19079)= 0+ (17%) IR 2 0 i \ i B TR ey
0 : : -l ; I ++ | + | |
1.5 2 2.5 3 1.5 2 2.5 3

M(nn’)(GeV-/cz)

PRL 129 192002(2022), PRD 1Y5BY4GY/5022)

¢ J/P—ynn’ is a good channel for ni(1-+) search

¢ Observation of an isoscalar 1-+ n1(1855) in J/U—ynn’ (>190)
+ PWA: quasi two-body decay amplitudes in the sequential decay processes with covariant tensor formalism
+ M= 1855+9+6_1MeV, =188+18+3_g MeV, B(J/Pp—yn1(1855)—ynn’)=(2.70+0.41+0.16_5 35)x 106

¢ Mass consistent with hybird on LQCD, and more interpretations (KK Molecule/Tetraquark)
20



Events/(0.02GeV/c?)

Events/(0.005GeV/c?)
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Observation of X(pp) and X(1835)

¢ pp mass threshold enhancement X(pp) :

+ Discovered in J/y — ypp by BESII in 2003 and confirmed by BESIII and CLEO-c
+ Further determination of Spin-parity to be 0-+

0.1 0.2 0.3

500 f
400
300 |
200 |

100

Events / 0.02 GeV/c?

U 14 16 18 20 22 24 26 28

M(r*rt'ny’ )(GeWcZ)

PRL 106 (2011)0/72002

+ No similar threshold structure in other channels — It can not be pure FSI effect

M= 1832+19.5+18_17+19 MeV/c?,

70}
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IR Pt I I I
= (d) ~+ Data E
Il Background :

— H — Phase space MC—:

0

LL . i
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PRL 115 091803

[=13+19MeV/c2 (<76MeV/c2@90% C.L.)

~® X(18395):

+ Discovered by BESII and confirmed by BESIII in
JIy — ynrn’

+ Determination of Spin-parity to be 0+ in J/y — yK. K1
M= 1844+9+16o5 MeV/c?
[ =192+20_17+62_43 MeV/c?
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Direct link between the X(pp) and X(1835)

2500_Illl| llllllllllll L L ;lllllllllllllllllll_

: 15000 __ ¢ qata L r r r r T r r r r T r r 7
“_‘2(?;2%;“ & [ oo Xtios0pxcisso (b) < 1000 XZ/me =115.40/80= 1.44 (a) -
- e 5 = S X (1840 <
2000 [~ -~~~ X(1835)4X(1870) > 100001 ---- XE1880; % 1
i ----X(2120) = — interference term 2
' - — Non-Resonant | o Rt total background
Q i - [mBackground ] — s non-resonant Lo
E} 1500 | o pp threshold B 5000 IR Jrp—m03(mar) 2 L
o i = i e — 500
= I |_C|I>JJ i R e e 2 I
£ 1000 0 I el W) § -
) B — -
2 — - . L]
I 4 H% ¢ I
- 2 H* + i 0
500 | _g—*%“i%r i 9 +r it I*‘H ;1 T 5F
T T < oF w.m W *:wwm N ~]
N 6 17 18 13 2 5k
3 14 15 16 17 18 19 2 21 22 M(6x) (GeV/c?) 1 T2 14 16 18 2 2 2
Mn*r] (GeV/c?) GeV/c?
PRL 132 (2024) 151901 M g, ) (GEVIED)
PRL 117, 042002 arxiv:2401.00918

& Anomalous 777’ line shape near M threshold: first establish the direct link between the X(1835) and X(pp)

+ Two models (Flatte formula/2-resonance) can fit data well: interpretations of pp mass threshold as a molecule state or a
bound state

¢ Anomalous shape observed in J/y — y3(zx) near M ,; threshold
+ Two structures of X(1840) and X(1880) give a good description on data: interpretation of a bound state

¢ Mass and width of the X(1835) in J/y — yy¢ are consistent with those in J/yw — yK K #:

+ X(1835) contains a sizable ss component
22



w(3686) — ppr’ and w(3686) — ppy

1000 2/ hin— 2/
3000 - (a) x*nbin=197.4/160 (b) +*nbin=260.7/167 _ (2) /mbin=125.0/85 | (®) X /mbin=133.7/91
3 g & &
2 2 > > 1000
> > Z z
@ 2 > =
S 2000 s & >
— — — —
-’ A’ = 500 =
> ~ @ 2 500
5 1000 5 5 5
= 3 = =

2.0 25 30

M - (GeV/c?) M, .. (GeV/c?) M - (GeV/c?) M,, (GeV/c?)
—+—D
(©) +2nbin=203.3/167 " Total Fit (©) +2mbin=113.1/91 —+ Data

— 3000 7 B(z;clks%liound o — Total Fit

§ - nggg; § 1000 .. [ ]Background

< - 1%((21272150)) 2 - —— ©(2205)

S 2000 — ... N(2300) ) — ©(1960)

> oy = s

g — .. Egggg; § 500, % N(1895)

) _

§ 1000 o Eg?gg; 5 — N(1710)
— N(1520) —--- N(1650)
— .- N(2570) . — N(1535)

1.5 2.0 2.5

M., (GeV/c?)

PRD 111 (2025) 032011 Mm@V

¢ Data can be well described by the well-established N* states

¢ Ratio of the N(1535) decays is measured, which suggests a strong ss components
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w(3686) — ppr’ and w(3686) — ppy

10°E */ndf=5.66/6 | o () 10 /ndf=136/6 o (b) ¢ B (1/1(3686) — DpTT O) [B(J/ W — ppr O)
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- ---- Continuum - ---- Continuum
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w(3686) — AXV7Y

A(1405) Faltte-like model
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¢ Due to limited statistics, no separation power for the two A(1405) models (110)

¢ A(2325) is necessary to better describe data with its spin-parity J© = 3/2~
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Summary

® A set of interesting and important results from the light hadron spectroscopy achieved:

+ Discovery of a glueball-like particle: X(2370)

+ Strong correlation between the X(1835) and Mpp threshold enhancement. A molecule state or a
bound state?

+ Observation of An Exotic 1-+ Isoscalar state n1(1855) and Isovector state z(1600)

+ ...

¢ With the more data, the more extensive and intensive investigation are ongoing, looking forward
to new results in the near future.
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