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Ordinary vs exotic matter

Baryon Meson
@ Conventional hadrons
, Hadronic
Glueball Hybrid Tetraquark Molecule

@ QCD allows for "exotics”
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@ Searching for those states provides test of QCD



BEPCII/BESIII : t-charm factory
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BESIII: ~50 fb-! data in E_, = 2-4.95 GeV o Charm physics
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New resonant structures at BESIII
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J/y : an ideal lab for light hadron spectroscopy
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- Especially radiative J/i decays : gluon rich production
* Production rates for exotic hadrons is expected to be compatible to the ones

for conventional hadrons.



Glueball searches

Two big issues
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® What is the production mechanism to utilize? \ 0"

® What is the mixing with quark model mesons?

Production rate could be calculable in LQCD,
but the manifestation of a “glueball” can be
tricky!

Chanowitz, Phys.Rev.Lett. 95(2005)172001

Systematic studies needed
« Outnumbering of conventional QM states
« Abnormal properties ? Eg., small

production rate in two photon process




Pseudoscalar glueball searches

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
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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 0-* glueball
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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 fy(1500)/fo(1710). . . . . . . . . . . . .. 95

6.1.3 Tensor glueballs and the f5(2340). . . . . . . ... ... ... ... 100

< 6.1.4 Pseudoscalar 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 41048 MeV.

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



QCD sum rules

X(ZéOO) new glueball candidate ? sq. zhang et al, PrD 106 (2022) 7, 074010
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Motivated by the newly observed resonance X(2600) by BESIII Collaboration, we examine the
trigluon glueball interpretation for it in the framework of QCD sum rules. We evaluate the mass
spectra of the trigluon glueballs with quantum numbers 0~+ and 2=+ up to dimension 8 condensate
in the operator product expansion. Qur numerical results indicate that the mass of the 2~ trigluon
glueball is about 2.66 + 0.06 GeV, which is consistent with the mass of the X(2600) within the
uncertainties, while 0~ has a mass of 2.01 £ 0.14 GeV. The possible decay channels of the 2=+ state
are analyzed, which are crucial in decoding X (2600)’s internal structure and are hopefully measurable

in BESIII, BEIEII, PANDA, and LHCDb experiments.

Cases Possible decay channels
0~ two-gluon glueball — ao(980) + 7 {f0(500), f0(980)} +n
{£0(500), £0(980), fo(1370), fo(1500)} +n  mmm, m’, {n, n'} +7 + 7
fo(500) + fo(980) +n {ww, pp} + fo(500)
0~ trigluon glueball — fo(500) + fo(500) + {n, n'} NN
{f0(500), f0(980)} + a¢(980) + =
2~T two-gluon glueball — az(1320) + m fo(500) + f1(1285)
f2(1270) +n
112(1645) + £o(500) 2£1(1285), 2a1(1260), 2h1(1170)
{£2(1270), f5(1525)} + {n, n'} p+p+ fo(980)
2+ trigluon glueball — a3(1320) + fo(500) + 7 {ww, pp, w+ ¢} + fo(500)
{£2(1270), f5(1525)} + £o(500) + n h1(1170) + w + 7
{£2(1270), £5(1525)} + ao(980) + {h1(1170), hy(1415)} + p + 7
w+¢+n, {rr, ww, pp} +{n, '} NN, AA, X%, B2




Scalar glueball searches

* Why light scalar mesons are interesting?
« There have been hot debates on the existence of o and k
« g, k and fy(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 H

6 Glueballs and light hybrid mesons 91

6.1 Glueballs. . . . . . . . 92
@ 6.1.1 Lattice QCD and QCD sum rule calculations. . . . . . .. .. .. 93

— 6.2 Scalar glueballs and the f,(1500)/fo(1710). . . . . .. . . .. .9

6.1.3 Tensor glueballs and the f,(2340). . . . . . .. .. ... ... ... 100
6.1.4 Pseudoscalar glueballs and the X (2370). . . . .. ... ... ... 101
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K(800)
K (1950) From M. Pennington

H.X.Chen, W Chen, X Liu, Y.R. Liu, S.L. Zhu Rept.Prog.Phys. 86 (2023) 2, 026201
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Events / 20 MeV/c?
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Events / 15 MeV/c?
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Scalar glueball candidate: f,(1710)

Flavor-blindness of glueball decays

1

L(J/¢ = vGo+) = EO‘M|2| |E1(0)|* = 0.35(8)keV — (G KK :qn:nqn':n'n')=3:4:1:0:1
I'/T\pr = 0.33(7)/93.2 = 3.8(9) X 103 PS5,
CLQCD, Phys. Rev. Lett. 110, 021601 (2013) *with chiral suppression
i PRL 98 149103
: r(G - r'G - KK) fl 0.48
Experimental results ) /T( 7
>B(hy = y£,(1710) > yKK)=(8.5*32) x 104 i

>B(Jhy > y£,(1710) > ynm)=(4.0+1.0)x 10~*

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

P.S.
>BI/y > vf(1710) > ynn)=(2.35* 3131 325)x 1074

= B(/y > yf,(1710)) > 1.7x 1073

f0(1710) largely overlapped with scalar glueball

14



Tensor glueball searches

BESIII results

8+o.62+2-37

L(J/¢Y — vGyt) = 1.01(22)keV Br(J/ v — vf,(2340) — yqn) = (3.8 ") x 107

" Phys.Rev. D87, 092009 (2013)
T'(J/% — vGa+)/Tor = 1.1 X 10~
(J/% = ¥Ga+)/Trot Br(J/y — f,(2340) — yd) = (1.91+0.147°7)x 10™*
CLQCD, Phys. Rev. Lett. 111, 091601 (2013) Phys.Rev. D93, 112011 (2016) '

Br(J/y — yf,(2340) > yKKg) = (5.54703 ") x 107
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. . . . . .. ... .. 93

6.1.2  Scalar glueballs and the f,(1500)/fo(1710). . . . . . . . . ... .. ()‘Fz(ZO].O), f2(2300) and f2(2340) are observed
< 6.1.3  Tensor glueballs and the f,(2340). . . . . . .. .. = . .. 100

U—

6.1.4 Pseudoscalar glueballs and the X (2370). . . . ... ... ... .. Wwith a s-l-r-ong pr'oducTion of f2(2340)’ consist with

central production and pp-bar annihilations

Rept.Prog.Phys. 86 (2023) 2, 026201

It is desirable to search for more decay modes!

15



Landscape of light glueball has updated

/Scalar : Overpopulation

« LQCD : ground state 0* glueball
~1.7 GeV, first excitation ~2.1 -

v Strong production of N

y m/KK/nm, the pattern
consists with LQCD’ s
prediction

above 2 GeV, puzzles in low mass »
region

+ LQCD : 0+(2.3~2.6 GeV)
\

_ GeV )
4 v Strong productionof
Tensor : large uncertainty =) 253)10);'2 c%lslj ;SVVUR(]KK/

« LQCD : 2+*(2.3~2.4 GeV) LQCD’ s prediction
N J
Pseudoscalar : very little known v Trajectory : A

. £,(1285), no n(1295)

* n(1405) /n(1475) can be

one resonance
OAbove 2 GeV: X(2370)?

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

* First observed in J/y — ypp at BESI|, § b PRL 108 112003 (a)
confirmed by BESIII and CLEO-c & 000}
_ e 4 S 500F
* PWAof ]/ - ypp : JP¢ = 0 S 400}
* The fit with a BW and S-wave FSI (1=0) factor Z 300k
can well describe pp mass threshold structure § éOOE
. . . a8 -
* Non-observation in hadronic decays: not 100k
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Events/(0.02GeV/c?)

Anomalous line shape of n't*'rt” near pp mass threshold

X(1835) observed in J/y-yn'n - X(pp) observed in J/y—>ypp
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The anomalous line shape :

-- Suggest the existence of a state, either a broad state with strong

couplings to pp, or a narrow state just below the pp mass threshold

-- Support the existence of a pp molecule-like state or bound state
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Consistent with pseudoscalars

Two BWs
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Observation of 1+ 1n;(1855) in J/Y—-ynn’
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Prospects: 10B J/y and 2.7B y(2S) provide great opportunities
® 0*, 2" : coupled channel analysis
O* 2% |0 ® J/—yPP

J/Y—>yPP ® J/Y—w/@ + X

J/P->yvV ® O : trajectory >2 GeV, X(2370)
J/Y->yPPP ® JuyPPP

®J/y—yyV
J/\->yPPPP . vy

® J/y—ynd

® y.. — i, mm

Anti filter: X —_

; — —
NN = S5

o]

Two photon process €
Flavor Filters : J/U—~>w/d + X 22



Charmonium(-like) states

et C
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Hints of a new heavy flavor spectrum

Z,(10610)

X(3872) 7,(10650) | Z(3900) ] Z(4020) | Y,(10750) Z,,(3985) P(4338) | X(3960)
Belle Belle BESIII/Belle BESIII Belle BESIII LHCb LHCb
2003 2012 2013 2013 2019 2021 2022 2022

P.(4312) W X(6900) | X,(2900) T..(3875) | Y(4500) X(6600)
P.(4440) LHcb | X4(2900) LHCb BESIII CMS BESIII

BaB Y(4630 CDF
z%%asr z;?)oa7r (Belle) 2008 P.(4457) 2020 LHCb 2021 2022 2023 2023
LHCb 2020

2007/08 From C.Z. Yuan [

v(4260) | Y(4360) | Y(4660)/ | X(4140)

Candidates of hadronic molecules, hybrids, and multiquark states |
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Couple channel analysis of X(3872) line shape

165_ == Signal 70— 2405 ‘ .
o M Background ek eels IX(3872) lineshape
Q = ---= Lineshape Q - 200__ .
~ 12F < F - i
% 10: % 50:_ '_’(“ 180:_ ,i
> o R . 1601 i
5 8f w YO 3 140" %
= 6f w 30 T 9120:_ ‘
+ » W + E : <] E :
§ o f 5 20F M = 100F
B oE T ‘L l M 10 .':' 5 80F 1
g e et L 0%@%4 i AT 3 60- 1
3.86 3.88 3.9 3.92 3.94 3.96 3.98 3.75 3.8 3.85 ; 40%
2 T[rlTl] ;HI,HH *I}HJ Hr}lh Il lll i I[]'{Tl‘lh] ;H”'I } “I!I'l'h' '{ h" H 28z.‘---«--‘--i----";"T"é—-': . .‘I TR :.-:-.I..-uu.l-";mlmu."f"f"
o SRR MM S A S LA T UAR S R R T e R LA TR 3.866 3.868 3.87 3.872 3.874 3.876 3.878 3.88
3.86 3.88 39 _ 392 3.94 3.96 3.98 3.75 3.8 3.85 3.9 3.95 4 E (GeV)
M (D°D%%) (GeV /c?) M (wtn=J/p) (GeV /c?)
+ i
Parameters g o (MeV) Mx (MeV) ['(X(3872)—m 75 _Jé¢) — 0.05+0 01+88%
* L ] L ] —_— y
Fit results 016 £ 0.10  2.67+1.77 3871.63+0.13 L (X(3872)—DOD*9)
LHCb: 0.114+0.03

Hanhart, Kalashnikova, Nefediev, PRD 81, 094028 (2010)

A. Esposito et al., Phys. Rev. D 105, L031503 (2022).

Field renormalization constant : Z=1: pure elementary state;
Z=0: pure bound (composite) state.

7 —0.18 LHCb: Z=0.15
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Fine Structure of Y(4260) 2 Y(4220) +Y(4320)?
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Observations of Y(4230), Y(4500) and Y(4710)

_ ete” > KYKJ/Y ee” = KKsJ /Y

fz/ 3 _ ¢ BESIII (2022) ¢ This work — Fit result E =

S [ -~ Y(4230) -+ Y(4500) - Y(4710) — 4 @& Data —— Fit result (b) -

= - =3 . Y (4230) -=== Y(4500) -

g [ = I Y(4710)

n . S L -

S - . PRD 107,:092005 (2023)_|

@) - oéw L

© [ 7

(D) B g B

5 o

-~ F =nm e > New decay mode of Y(4230)

= 1000 ... Continuum — Scan data » Confirmation of Y(4500)

L 800 " F > Y(4710): one of the heaviest vector charmonium-
C*"% ] N i L Lo | Sy like state, hybrid, 5S charmonium, 5S-4D/6S-5D
o 400F ] (@At Tl T mixing?
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5 o0 Mgl e

L M~4710 MeV/c?, T'~ 180 MeV
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.092005
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Observation of a new char'momum like state Y(4790)

= ete— Ds*Ds* =

3 { PRL 131, 151903 (2023) E
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== continue ---
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[T

\_ -
¢ data~_ " /
— fitted line
IBW1I2

T N T

Result 1 Result 2 Result 3

M; (MeV/c?) 4186.5+9.0 4193.8+7.5 4195.34+7.5
I'; (MeV) 55417  61.2+£9.0 61.849.0
My (MeV/c*) 4414.543.2 4412.843.2 4411.043.2
2 MeV) 122.6£7.0 120.3£7.0 120.047.0
M3z (MeV/c?) 4793.3£7.5 4789.84£9.0 4786+10
s MeV)  27.1£7.0  414£39 60435

> Y(4160) or Y(4260) [strong coupling to Ds*Ds*?]
» Consistent with W(4415)
» Y(4790): necessary to improve fit quality (>60)
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o[r'ny (3823)-n'myy_] (Pb)

Observation of Y(4360)/Y(4660)>rt*ny,(3823)

- —4-Data

- = Two-BW fit

o

| «-- One-BW fit

1N
]

N
T | T T

PRL 129, 102003 (2022)

Two coherent Y(4360)+Y(4660)

o

I'[4(4660) =T 715 (3823)]

Ve

| 46
E._(GeV)

T[4 (4660) 7+ 7~ (29)]

Parameters Solution I Solution II
M|[R1] 4406.9 +=17.2 + 4.5
[tot [Ri1] 1284 =S 2.3

D.+o-BF By 0.36 £0.10+0.03 0.30 % 0.09 + 0.03

M|R2] 4647.9 + 8.6 £0.8
FeslRs] 33.1 +18.6 +4.1
I +.-Bi2By 0.24+0.07+0.02 0.06=+0.03 +0.01
b 267.1+162+3.2 —324.8+43.0+5.7

~ 20%

* 1,(980)wy(2S) molecule ?
- Radial excitation of W(2S)?
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Observation of Z_(3985): SU(3) partner of Z.

ete” > KTK~J /¢
Given tetraquark state assumption, there
should exist SU(3) partner Z ., state with

) @ strangeness
e
ete” » K*(D;D*° + D;"D?) ete” - K2(DID*~ +D:*D") ete" > K"K |/¥
PRL126(2021)102001 PRL129(2022)112003 PRL131, 211902 (2023)
40 C 30 _
Vs = 4.681 GeV —4— Data 200 | - (s =4.63 ~4.92 GeV
i s © Total fit (D) All data % 25 F
: — —_ z (3985) 150¢ > o0 £
: e D*(2600)°D® : -
1 100 5 = 45 ;_
| 50¢ 210k
[ : Lﬁ 5F
O 405 41 415 93 LN .
RM(K") (GeV/c?) U8 39 4 41 42 43

, , _ , M, ox(K*J/y) (GeV/c?)
» M=(3985.2153+1.7) MeV/c? > M=3992.2 + 1.7 + 1.6) MeV/c?

> T =(13.8'2144.9) MeV > T =(7.7535+4.3) MeV
Not significant !
Close mass but very different widths for Zcs(4000) at LHCb ! g
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Plan of BEPCII/BESIIl upgrade

* Optimize E_, at 4.7 GeV with luminosity 3
times higher than the current BEPCIl —
more effective data taking
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Summary

@ World largest data samples at BESITI

O Offers a unique place to investigate light hadron physics

@ Recent progresses on hadron spectroscopy are briefly overviewed

O Provides novel insights into the hadron spectroscopy

@ To understand the "new" hadron spectroscopy

O More theoretical/experimental efforts strongly necessary
[ A great need for a new experiment: STCF |

Many thanks for your attention !
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