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Lightest 0~ " Glueball as Dominant Constituent of X(2370)
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Standard Model (Gauge Theory)

describes EW and Strong interactions

Matter is made of
leptons and quarks

EW and strong interactions are
mediated by gauge bosons:

® EW interaction by y/W/Z

® Strong interaction by Gluons

Higgs Boson —
origin of mass



QCD and its important predictions

QCD —— SU(3) non-Abelian gauge theory:

At high energy
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" o, running, widely confirmed
experimentally (Nobel Prize 2004)

At low energy

= self-interaction of gluons -
bound states of gluons —— Glueballs

= Many candidates, not established yet




Glueballs

* Unique particles formed by gauge bosons arxiv:2305.04869
due to non-Abelian self-interactions
* Unique kind of matter made of pure force 0.
(unlike usual matter formed by fermions) _ %)@(]) % @% C})
@) ©
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* Lattice QCD predictions :
 0** ground state: 1.3~2 GeV/c? -
« 2** ground state: 2.3~2.8 GeV/c* tow
0~ ground state: 2.3~3 GeV/c? o]

— All LQCD calculations predict the existence of 0

glueballs.
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Unique Importance of Glueballs

* Direct proof of self-interactions of gluons — Direct proof of non-
Abelian gauge interactions of QCD

 Unique particle/matter made of pure force (bosons)

( called ‘force particle’, ‘forcon, JJ-F?' —— named by Yifang Wang,
IHEP former Director)

* Direct proof of origin of mass from strong interaction



Glueball production and decays

— Signatures of glueballs



Glueball production in J/{ radiative decays

« Gluon rich environment * Rich glueball production in J/{
radiative decays:

j;{hadmns Jf@f}EEEhudrons * Glueball production rate in J/Y
radiative decays could be higher than

normal hadrons
~ Ol0ls” ~ 008

* Isospin filter: final states dominated by I1=0

Y Y
processes
e Q& ' <
had
. SJ)Cln parlty filter: c parlty must be +, so : glueball c < nadrons

0++ 1++ 2++ 2
~ (1(152 ~ oot

* Clean environment in e*e™ collision: very
different from p-p collision

-> J /Y radiative decays are believed to be an ideal/golden place to search for glueballs.
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LQCD Predictions on B(J /Y = yGy-+)

LQCD prediction on lightest e LQCD also predicts the mixing mechanism

pseudoscalar glueball- between 0" cc and 0 glueball.
| PLB 827 (2022) 136960

M = 2395 + 14 MeV
cc(07) A Go-

B(J/Y - yGy-+) = (2.31+ 0.80) x 10~*

QA

o

e Such a mixing mechanism can significantly
increase the production rate of the mixture
0+ particleto (2~20) x 1073

PRD 100 (2019) 054511 even with tiny mixing angle 2° ~ 5°

arXiv: 2605.01757

- High production rate is expected for 0~ glueball in J /1 radiative decays.
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Glueball Decays
flavor-singlet and decay pattern similarities to charmonium decays

No rigorous predictions, but physics pictures are quite clear:

Glueballs contain no quark flavor — The glueball decays should have similar
flavor-singlet states decay patterns to the charmonium families
(O++ — Xco» 2T = Xc2» 0~F — 77C) since they

= Most important feature for glueballs :
all decay via gluons.

= Flavor symmetric decays into light hadrons

= For 0~* glueball, K*K mode is forbidden
due to generalized G-parity conservation.

PLB 106 (1981) 114

PLB 109 (1982) 326 Commun.Theor.Phys. 24 (1995) 373 (hep-ph/9502408 )

Phys. Rep. 454 (2007) 1 PLB 380 (1996) 189




Glueball Decays —
OZ| Forbidden decays and narrow partial widths

p<<: ]/IIJD C:

OZI allowed decays OZI| forbidden decays

* Most light meson decays are OZI allowed decays:
—> Typical partial widths > 100 MeV, and usually have dominant decay modes.

* J/Y and n. decays are all OZI forbidden decays:

—> Partial decay widths should be very narrow and have no dominant decay modes

= signature of gluon decays. < Glueballs decay similarly
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Narrow partial decay width of 0~ glueball

e Glueball width ~ vVOZI rule [Nucl. Phys. B 130 (1977) 328-348]

['(Gy-+ — mmn) = /T(0ZI allowed) x I'(n, — mrn)

= ,/(100~200) MeV X 0.5 MeV
~ a few MeV

A

al
OZI allowed decays



Glueball Decays — 12
suppressions of G = yw, Yy

* yw, Y@ decay modes are regarded as tags of uut + dd and sS contents
inside a meson, and are also called flavor filters. (pLB 164 (1985)379, PRD 67
(2003) 074031)

* Glueballs contain no quarks, and gluons have no direct interaction with
photons

G — yw, y¢ should be strongly suppressed

* J/Y — yyw,yye are good places to study this property.



Expected Signatures of Glueball

* Production:
high production rate in J /1 radiative decays

* Decay: via gluons
* flavor-singlet state
e decay pattern similarities to charmonium decays
* narrow partial decay width to each mode
* suppressions of yw, y¢ decay modes

The combination of these signatures enable us to identify whether a
particle is a glueball or not.
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PPP Modes — Golden Decay Modes for 0~ Glueball Searches 14

» Typically, PPP (3 pseudoscalar mesons, such as i, nrn’, KKm) modes are
believed as golden decay modes in 0~ "glueball searches.
« S —wave decays for 0~ mesons, no suppression factor, major decay modes
« PPP modes are either forbidden or strongly suppressed in 0**or 2** mesons decays —
spin-parity filter
« PP (2 pseudoscalar mesons) modes are forbidden for 0~* mesons

* VV modes (2 vector mesons, such as ww, ¢, pp, K*K™) —
« P-wave decays for 0~ mesons — suppressed near mass threshold
- All JP¢ mesons allowed, not a spin-parity filter

« Baryon modes
« All J¢ mesons allowed, not a spin-parity filter

e Multi-pion modes -
« All J¢ mesons allowed, not a spin-parity filter

« 0~* mesons decay mainly via two-body sequential decays, i.e., mainly via f,(1270),
a,(1260) pair intermediate states — 0% glueball mass may not be high enough, i.e., PS
Is not allowed.

|
ANAIISUSS MO




15

Historical Glueball Candidates

e 0** scalar glueball candidates
* fo(1710)

* Discovered by Markll in 1980’s as 6,(1720) at
beginning, only based on a fit to the angular
distribution. Lots of studies at Markll, DM2, BESI.

 JPC was firstly changed to 0++ at BESII based on a full
PWAin /Y - yKK

« With PWA, it was carefully studied at BESIII inJ /y
- YKK, ymm, ynm, ynn'.

* The high production rate of J /Y — yf, (1710) and the
suppression of f; (1710) — ynn' measured from BESIII
strongly support its interpretation as a scalar glueball

or it has large glueball content if it is a mixture of
glueball and normal meson.

 Difficulty: With phase space subtracted, from BESII
and BESIII measurements, we obtainedI'(f,(1710)

*B(J/Y - yf,(1710) - ynm) = (4.01 +1.0) x 10~*
BESII: PLB 642 441 (2006)

*B(J/Y - vf,(1710) - yK K,) = (2.0050055038) x 10™*
BESIII: PRD 98 072003 (2018)

* B(f,(1500) = n1")/B(f,(1500) - mrr) = (1.66%7735) x 107+
* B(f,(1710) » nn")/B(f,(1710) -» ) < (2.9%11) x 1073
BESIII: PRD 106 072012(2022)

Main Difficulties:
1. Mixing with nearby fy’s
2. Hard to exclude other interpretations
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Historical Glueball Candidates

* 0** scalar glueball candidates

* fo(1500)

* Discovered by Crystal Barrel in 1990’s as a unique _
0** candidate since f,(1710) was f, at that time. BESIII:

« Difficulty: compared with f;(1710), much lower B(]/w - ]/fﬂ(]-SOO))"“OZQ x 10~3

production rate than f;(1710) disfavors its

interpretation as a scalar glueball. B(]/l[) — ]/fﬂ (1 710)) ~2.2%x 1073

* Mixing between f,(1500) / f,(1710), or even with

f0(1790)? Main Difficulties:

* Difficulty: dynamic mixing mechanism needs to be . : ’
understood from the first principle of QCD (not just 1. Mixing with nearby f0’s

phenomenological understanding). 2. Hard to exclude other
interpretations
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Historical Glueball Candidates

* 2** Tensor Glueball Candidates - Ty—y@o
£(2230) Y ook BESHI e
* First observed by Marklll is / /1) - yKK in 1980’s, then by BESI in E - 4 T 0., ool dependert.
1990’sin J /Y —» yKK, ynm, ypp with very narrow mass peak. S 1500 £ ; i*‘*"" 2" model dependont
It was a tensor glueball candidate due to good flavor symmetric @ - ¥ iy
decay property. £ 1000 [- " 'H”*“*"*w+1,+
-+ Difficulty: it was not confirmed by BESII, nor BESIIL N a
* f2(2340) - b e e
* Many wide f, mesons in the mass region of 2.3 GeV from the LQCD D{ 29 24 o5
predictions M(00) (GeV/c?)

 Difficulty: no clear mass peak of these f, mesons can be directly
observed in J /1 radiative decays due to large overlaps among
various wide resonances. They can only be seen as PWA
components. n(2225) 2216707 18513ME (2,40 +£0.10757) 280

. . . . . ')100. ] 30+75 ] 36+ 181 0.18 22
* f,(2340): its large production rate in J /Y radiative decays favors 7(2109) 20507 20 (3.:30£0.09-55,) =0

Resonance M (MeV/c?) T (MeV/c%) B.E (x107%)  Sig.

2426 3—-164 304

. . . . ')5[)“] -")4-;0 154101 ')'a[:} f)—l ‘i() 0 17 + 0 [:}2 1]1] gg
its interpretation as a tensor glueball candidate. X(2590) e 3 -o08) 250
. . fo(2100) 2101 224 (043 +0 ()4_””1 24e

* More PWA studies are needed to check the consistency among £2(2010) 2011 202 (0.35+0.0502) 950
various decays modes. However, due to large overlaps again, no £>(2300) 2297 149 (044 4007508 640
independent mass and width scan can be performed in PWA, i.e., @ (2340) 2339 319 (1.9140.1497) 110
the masses and widths of these f, mesons have to be fixed to 0~ PHSP (274 £0.15913) 6%

previous measurements.
Main difficulties: two many 2** nearby, hard to distinguish from other interpretations
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Historical Glueball Candidates

e 0~ * Pseudoscalar Glueball Candidate

* 11(1405) first discovered by MarkII in 1980’s, named as 1(1440) with complicated structures.
Lots of studies at Markll, Marklll, DM2 and BES.

* Believed as the first glueball candidate due to its large production rate in J /Y radiative decays
and lack of reliable LQCD predictions in 1980’s

 No longer to be believed as 0~ glueball candidate due to its large different mass from LQCD
prediction.

Until 2011, no good 0~ glueball candidate observed above 2.3 GeV



BESIII Studies on X(2370)



Beljlng Electron P03|tron Collider (BEPCII)

World unlque ete accelerator In charm energy reglon -~

1 2004-2008:
Construction

- Double rings
- Beam energy:
1.0 — 2.3 (2.45)GeV

- Designed
luminosity:

1X10% cm? st

% 2009-now: BESIII

! BRE. ./ = physics runs
et oS




BESIII detector

Designed for neutral and charged particles with excellent resolution, PID, and large coverage

o MDC: small cell & He gas
RPC: 9 RPC: 8 Oxy = 130 Hm

Electro Magnetic ayers
0 ,/p=0. 5% @1GeV

Iayers Calorimeter

SC |

Solenoid ; ; dE/dX = %

Barrel | | o TOF: plastic scintillator/MRPC
E;z;p | o1 = 80 ps Barrel

Tor or =110 (60) ps Endcap
Quadsfim'e o BEMC: CsI crystals

= SRR HHE—e AE/E = 2.5% @ 1GeV — Barrel

AE/E = 5% @ 1GeV - Endcap
Total weight 730 tons, . Muon TID: 9 layer RPC

740, 000 readout channels .
Data rate: bk Hz, 50 Mb/s ¢ Magnet: 1T Superconducting

In full operation since 2008, all sub-detectors are in a very good condition!
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BESIII Data samples

Totally about 50fb~! integrated luminosity

107
e
Data sets collected so far: w
10
! , . -1
+ 10X 10° J/y events ? a—ceauas = AR . e - ST
; ¢
+2.7TX 109 lp(ZS) events data below open-charm threshold
0 2.23~3.67 GeV: 14 points ~110 pb~*
+ 20 fb! y(3770) 2.00~3.08 GeV: 21 points ~550 pb™!
0.5 1 1.5 2 2.5 3
+ Scan data between 1.8 and 3. 08 7 .
GeV, and above 3.74 GeV - . RS
: | w(2s): 27x10 I ¢(4040)05ﬂ:‘ ]
436
+ Large datasets for XYZ V@705 20 T P . osm | 442
. o ot T :
studies: 4 a18:3m Pu
- * e # 4.60-4.95
. 1 T i 1 ~6.3 " intotal
Scan Wlth >500 pb pe]f' energy R scan data above open-charm threshold
point space 10—-20 MeV apart 3.85~4.59 GeV: 104 points, ~800 pb-1

Huge J/y data sample : ~10 billion

22



Key scientific question to be answered at BESIII:
Glueballs exist or not?

* Searching for glueballs has been the top physics goal of BEPC and
BEPCII for about 40 years!

* With 10 billion J /1 data, we should be able to answer this key
guestion — either we find them, or exclude them.

e BESIII Physics Yellow Book

—> We started to find the answer...

23



HIH-FRIRPE

« BESIIFE J /Y » yrnT ' RILX(2370)FKIF

20114E,

SELTE

lliﬁA
JOON

?:_

A R ILX (2370) Frki T

FRIEMEE LR K

= X(1835) — BEPCE I E— N

Resonance M( MeV/c?) NG S Stat.Sig. *}‘Z%
X(1835) 1836.5+ 3.0+5'6_2'1 190.1+ 9.0+38_36 >200
. \ = |
X(2120) 2122.4+6747,,  83+163l,, 7.20 = FEFBIAX(1835)RFRIETIER,
(6= 7
4 X(@370) 23763+8732,,  83+17%, 640 BN BRIMX(2370)FTRLF
\
108 ] /Y PRL129 (2022) 042001
58M 220 M
I PRL95(2005)262001 ,],./T/J,.F’R.L,lQ‘?’.Q?Z.QQZ. (2011) &~ 35F e
120 . 500 — l(b) IIIIII § 30F BESI” gg}:?(ground e A
BESII X(1835) T o, X(183) ] S o ;
80 3 - e 7 w3y ] = X(1835)
S 300 F W WeTR — 20f 5
= C - i o X(2120) X(2370) y o600 *
a 100; H £ ; ;
. Y
1.4 20 286 14 1.6 1.8 20 22 24 26 2.8 O-

M(r'tn’) (GeV/c?)

M(mrn’ ) GeV/c?)

R

1
M) (GeV/c?)

2 2.5




Spin-parity Determination of X(2370) in ]/tp%ngKgn’

2L (b) n'—n'nm

||||||||||||||||||||||

Data

s
caz0be) ] wowr 1., OF(d) | o
2100, “ ’l | oms S 40 W fom
R TR b ST T
1"“ | 'u~H~ hh'ﬂlIM """"" TN Um’ﬂ!‘ M!HM W il
% ::;:J #Hh HHHHH §1o;||H | HHW HH

MKSKSn' GeV/c?

Mnggn- GeV/c?

PRL 132 (2024) 181901

* Almost background free channel
* 10 billion J /1 data
* Very good BESIII detector performance

JP¢ =01 with significance > 9.8¢

M = 2395 + 11736 MeV

I = 188113 124 Mev

B(J/¥ - yX(2370)) x B(X(2370) - f,(980)n")

X B(f¢(980) - KJK?)
=(1.3140.22333) x 107>
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New decay modes: X(2370) —

KQKIm®, n°n%n,a,(980)r°

Observed X (2370) decay modes show strong similarities to those of

x10°
22-_|"'|"'|"'1'"|“'|"'|"'|"'|"'|'_-
: / KK27°
200 Jly = yKsKs
18F =
165_ + Data ]
145 — PHSP MC =

Events / (0.030 GeV/c?)
=
[\%]
T

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

2141618 2 22242628 3

X(2370) > K2K¢

TTTTT

TT T T T T[T T T T[T T T T[T T[T

Jy — yKeKJn®

— Fit result
..... X(2370)
----- Polynomial

2 2122 23 24 2.5- 2.6 2.7
2
Moy, (GeV/c?)

Kdn°® (> 140)

x10°
35__|‘''|‘''|‘''|.*"|"'|'>'|"'|"'|"'|'__
R s Jy -y’
W 30F . =
2 - 3
& 25;_ Tt | Data B
§ 200 - — PHSPMC 1
€ ko ;
g b " ;
g 10¢ E
;:i Fe - 7
5; RO . '.—:
0: i \|||J||||||||L|l|\|||\|||\|||:
12141618 2 22242628 3
RS RAS RN RS RN IR R
2500 J/w—)}/ﬂoﬂun —
S 2000f .
C r
O r 1
S1500F 00 L ; .
S L T, ]
£ [ Fitresult
7 1000 ... x(2370)
g [ oevees Polynomial
2 500F .

T T s
0,21 zz 23 z4 25 2.6 27
My, (GeV/c?)

X(2370) » 7% (> 200)

Events / (0.030 GeV/c?)

Events / (0.005 GeV/c?)

x10°
T IRAAN RARE AN AR RN LA R
16 Jhp = yaday
14 (b) ay(980) signal region _
12 . {  Data ]
10 — PHSP MC E
8 . .t . =
6 g
aF 3
2 Wy

01.214161.8 2 2.22.4262.8 3

I"'I""I""I""I'"'I""I""
800 Thy — y 2o

700 ( C) ay(980) signal region
i Data
600 - — Fit result

Polynomial+Exponential

4005 N
300
200
100

0

2 21 2.2 2.3 2.4 2.5 26 27
Mo (GeV/c?)

Tan

X(2370) - a,(980)7° (> 90)

arxiv:2605.26495
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X(2370) Combined Mass and Width

arxiv: 2605.26495

(a) Combined: M = 2359 *13 MeV/c? (b) Combined:T" = 170 *33 MeV

X(2370) — £,(980)n'

£,(980) — KK

X(2370) - KoKin' —8—

X(2370) - n'z"n

—=®— Measured mass £,(980) — KK

I Combined mass

X/ Ny = 2.20

X(2370) — KoKin°

X(2370) — £,(980)n'

X(2370) - 7°n"n ——

L e —

—®— Measured width

| | Combined width

22/ Ny = 0.32

2250 2300 2350 2400 24;0
MX(2370) (MeV/c")

Combined result:

0 150 250 350

1ﬂX(zsm) (MeV)

MX(237O) —_ 2359t%431_MeV/C2

Fx(2370) — 170tggMeV
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https://arxiv.org/pdf/2605.26495

High production rate of B(J/Y—>yX(2370))

28

Decay channel

B (x107%)

J/ — v X (2370) - yK K7
J/ — vX(2370) — vy
J/ — vX(2370) — yrrn’
J/ — vX(2370) - yK K7/

3.25 4+ 0.2579 72
3.24 01707
1.94 £ 0.04 1933
0.39 & 0.05 £ 0.10

 The total sum from the left table is
~09 x 1073

* Considering other unmeasured
decay modes, it is reasonable to
conclude:

B(J /W — yX(2370)) > 1 x 1073




Flavor-singlet state: non-observation of X(2370) —» K*(892)K + c.c.

Events / (0.030 GeV/c?)

20 Jhy — yKgK{n® 3

1.2141618 2 22242628 3
MK;]K;'JT" (GeV/Cz)

LIS INLINLENL I BN LN LN L L L

245 Jiy — yKIKA"

0 (GeV/cd)
N
T

S

M.,

0.6:—1...| |

TT T T

|

saa b Lo by Laay
16 1.8 2 2224262
M(gK:”o (GeV/CZ)

Laal
8 3

Forbidden by Generalized G-parity conservation

Events / (0.0050 GeV/c?)

TT T[T T rr[rrrrrr

2 21 22 23 24 25 26 2.7
MKS" Kor® (GEV/ C 2)

UM RARRE RRRARRE!
I Data =
— Fit result 3
---- X(2370) -
---- Polynomial

Jly — yKIKn"

Significance of the X(2370) = 0.10

BlJ /¢ - yX(2370)] x B|X(2370) - K*(892)°K{ + c.c.—» KIKIn®| < 2.7 X 107 @90% C.L.

B[X(2370)>K*(892)°KJ+c.c.oKIKIT

B[X(2370)->KIKIO]

0
1 <0.081 @90% C.L.

X(2370) is a flavor-singlet state, the first observed above 1 GeV.




Narrow partial decay widths of X(2370) 0

* These processes are dominated by S-wave two-body
decay process, with flavor symmetry

a) KKn': f,(980)n’

Decay channel B (x10™%) b) mmn’: f,(980)7’, fo(500)n’
J/p — vX(2370) - yKKn 3.25 +0.2570 73 c) mrn: ao(980)m°, f,(500)n, f,,(1500)n, f,(1710)n
T/ib — X (2370) — 3.2 4 0.1+09 d) KKn: KJ(_143.0)I?, K;(800)K, ay(980)7°, many more
, 0.3 isospin combinations
J/ — vX(2370) — ymw7n 1.94 4+ 0.047 33
T/ — v X (2370) — vKKn' 0.39 4 0.05 + 0.10 * There may be other unmeasured decay modes of X(2370),

such as 'V, multi-pion modes

— Each above S-wave two-body decay mode has a BR
1~10%, corresponding to a partial width ~ a few MeV,
since X(2370) total width is only ~¥150MeV




Events / (15.0 MeVi?)

Events / (16.5 MeV/c2)

x

Suppressions of X(2370) - yw, Y@

J/Y = yyw

TN
“"’”ﬁﬂ** i

.416182222426283

of /N, = 97.15/80= 121 1

4o s
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"’J"\w‘\‘ E

400F ydof = 1.62 F y¥dof = 1.23
C %L 200
300 g
=
™
200 o
‘é 100~
c
100 2
w
gnrmi t t Hﬁ wald et st dem g H.i - i
.-_... o b Ly o . e
A A M A | ++"“ +"t+
T2 14 16 18 z 2.2 4
M(Tluwm) (Yh gh(x))
J / Y ovre
1oooix2/N = 115.40/80= 1.44 TR
i bin * . f,(1285) S
n(1405) = [
f(1420) 2 400~
500' f(1510) ®©
i o h(1828) & o
- -~ X(1835) ‘u::‘J i
[ ~1,(1950) T [
0 o i —1,(2010) 0
SF . ; f,(2200) SF
g—-~*‘fmgvf‘m~u?ft,.w¢.,s“t,_:.-f T;’ g Y WL
T 12 14 16 18 2 22 16 18 2

My, 0) (GeV/c?)

55 24 26 28 3

M(y,, o) (GeV/c?)

PRD 111(2025) 052011

* |/ — yyw,yy® have been studied with

amplitude analysis at BESIII

J/p = YR — yy¢
(x107°) [30]

J/Y — YR — yyw

Resonance R (><10_6) 2]

n(1405) 3.54 4+ 0.2070-52 3.57 +0.181027
X (1835) <0.11 3.37 £0.19+978
X (2370) <0.04 <01l >

» With B(J/¢ - yX(2370)) > 1 x 1073,
these suppressions are very strong




Comparisons of decay widths of yw, y® (l)

We did not observe X(2370) in the amplitude analyses on / /Y — yyw, yy¢, and we obtain the upper limits on product
BRs:

« B[J/Y - ¥X(2370) - yyw] < 0.04 X 107® @ 90% C.L.
« B[J/Y - yX(2370) - yy¢] < 0.11 x 107° @ 90% C.L.

From our paper, we have B[] /1 — yX(2370)] > 1 x 1073, so we have:
e B[X(2370) » yw] < 4 x 107>
« B[X(2370) > yp] <1x107*

With X (2370) width 170 MeV = 1.7 x 105 keV, we have:
e partial width of X(2370) — yw < 6.8 keV
e partial width of X(2370) - y¢p < 17 keV

Actually, given large P-wave phase spaces of high mass resonance decaying into yw and y¢, the
above partial widths are very small, see below.
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Comparisons of decay widths of gamma omega, gamma phi (ll) 33

In our paper, we compare them with the n(1405)/1n(1475) and X(1835). From amplitude analyses, we have:
« B[J/Y - yn(1405)/1n(1475) - yyw] = 3.5 X 107°.

s B[J/Y - yn(1405)/n(1475) - yy¢] = 3.6 X 107,
B[/ - yX(1835) = yyd] = 3.4 x 107C.

With B[J /i — y1(1405)/n(1475) ] ~ 5 x 10~ and B[] /) — yX(1835)] ~(4 — 8) x 10~%, we have:
«  B[n(1405)/n(1475) » yw] =7 X 107*

« B[n(1405)/n(1475) » yp] = 7.2 x 107

. B[X(1835) - y¢p] = (4 — 8) x 1073

Then from above BRs and the widths of n(1405)/1(1475) ~50-90 MeV =5 — 9 x 10* keV, and width of X(1835)
= 130 MeV = 1.3 x 10° keV, we have:

 partial width of n(1405)/1n(1475) = yw ~35-63 keV
 partial width of n(1405)/n(1475) = y¢ ~36-65 keV
 partial width of X(1835) = y¢ ~ 500-1000 keV

From all above numbers, compared with 1(1405) /1n(1475), with further considering ~10 times larger P-
wave phase spaces of X(2370) — yw, y¢ than those of n(1405)/n(1475), the decays of X(2370) — yw
, Y¢ are strongly suppressed.



Examine consistencies of X(2370) with
glueballs and other interpretations



Events / (0.030 GeV/c?)

Events / (0.030 GeV/c?)
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High production rate of B(J /Y — yX(2370))

Jhy — yKK2n®
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B(J/Y —» yX(2370)) >1x 1073

* High production rate is expected by glueball+cc
mixing mechanism

* X(2370) is unique between 2.3 GeV and 7. as seen in left plots

—>0Other 01 mesons either with much lower production rates or
with much broader widths than X(2370)

* Disfavor baryonium-like states, given (PDG 2026):

« BJ/Y - yAA) < 1.3 x10™* @ 90% C. L.

« B(J/¥ - ypp) = (3.8 + 1.0) x 10~*




25

X(2370) is flavor-singlet

negative parity
—

..z
=

20(

05}

PRD 83 (2011) 111502

Most important glueball expectation

Disfavor qq interpretation

« LQCD prediction: no flavor-singlet from uii + dd and
$S mixing above 1 GeV

* PDG data support this prediction

Hybrid and multiquark states can hardly
form flavor-singlet states
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Multiquark flavor-singlet?

s uutiti + dddd + uudd + dduu + uuss + ddss + ss55 +...mixing
to form flavor-singlet?

->Maybe, but quite un-natural

—>Not seen even any candidate-like in PDG



X(2370) decays similar to n,

* Expected for 0~ glueball

* Other interpretations can hardly explain this, e.g., full strange
tetraquark states cannot have such similarities.
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Narrow partial decay widths of X(2370)

e Expected for glueball decays

e Estimated from VOZI rule ~ a few MeV

* Disfavor gg , multi-quark or hybrid states (with gg inside them )

- They are all dominated by OZI allowed decays (typical decay width ~ 100 MeV)
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Strong suppressions of X(2370) - yw,y¢

* Expected for 0~ glueball

* Light qq content inside X(2370) should be very small
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Discussion on XX baryonium (I)

* High production rate of B(J/y - yX(2370)) > 1 x 1073 disfavor this
interpretation.

B(J/Y » 2 +32929)~2x 1073
->B(J /Y — yZX) ~10"*or even smaller

(Internal preliminary study confirmed this)



Discussion on XX baryonium (II)

e 2% is not a flavor-singlet state.
* Many six-quark mixing states

(uuuiititi + uudutid + udsuds + ussuss +... ... mixing?)
* Quite un-natural, even if it exists, its mass can hardly be at ¥¥ mass threshold
anymore

¥ —» K*K may be suppressed (6 quark=>4 quark)
* But NOT forbidden!

* Keep in mind: “suppression” is different from “forbidden”
(more data is needed, of course difficult to conclude “forbidden”)



Discussion on XX baryonium (IID)

¥ has NO X(2370) — n.-like decay pattern
* ¥ : 6 quark — 3 body decays to KK, ntn, mn’, KKn'... dominant

* X(2370),n. » KKm,wmn, ten’, KKn' ... all dominant by 2-body decays,
almost no 3-body decays

»> has completely different decay pattern with X(2370)
= IT CANNOT BE X(2370)!



J/y -y

« ttm™n’ is the first mode to discover the
X(2370)
1, in the

* In the 2D plot of My vs. M,

f0(980) mass band, clear signals of both
X(2370) and n,

* Additional important information:
* X(2370) —» iy’ almost 100% via f;,(980)n’
* n., = nnn' dominantly via X(1800)n’
 NO phase space for X(2370) — X(1800)n’
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M +.-VS Mn+n_n’
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J/¥ - YKIKIn'

e In the f;(980) mass band of KJ K¢
mass, clear signals of both
X(2370) and n,.

* Additional important information:

: X(2370),—> KKn' almost 100% via
f0(980)7

* 1. & KKn' dominantly via
X(1800)n"

* NO phase space for X(2370)
— X(1800)7’

2 22 24 26 28 3 2 22 24 26 28 3
Moo, GeV/c? M. o 0. GeV/c?
sKsn KsKs
PRL 132 (2024) 181901
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Evidence of X(2370)in J/Y — ngKgn

In the 2D mass plot of MKSng) vS. Mo 0Ky IN the BESIII p.apér Moy, (GeVIC)
on the spin-parity determination of the X(1835), qualitatively, 2T
we can clearly observe: auf. pata
© 20F
* In the upper MK§K§’ mass band of 1.5 — 1.7 GeV range, clear signals S -

1_B_BESIII (SRS
of both X(2370) and 7,.. &: o
Evidence of X(2370), n, — f,(1500)n, f,(1710)n £ | a8

* In the lower MKgKg mass band of f;,(980), no X(2370), nor 1.
Suppressions of X(2370), n. = f,(980)n

PRL115,091803 (2015)

> High similarities between X(2370) and 1. decays!



Discussion on XX baryonium (IV)

e ¥ cannot have narrow partial width to KKn, nmn, nen’, KKn' ...
They are all OZI allowed decays, no ANY suppression factors



Discussion on XX baryonium (V)

e In X(2370) mass lineshap, NO “fast drop” distortion at XX mass
threshold
. c.f: £,(980), X(1835)

=X (2370) has NO strong coupling with X%

Summarize ALL above discussions:
X(2370) STRONGLY DISFAVOR a X7 state



Examination of Possible Interpretations of X(2370)

Qualitative compatibility of each interpretation with observed X (2370) properties

High production  Flavor-singlet / n.-like decay Narrow partial Strong suppression  Overall

Possible interpretation in J/Y radiative suppressed : :
decays K*(892)K pattern widths of yw, y¢ consistency

Glueball-dominant X(2370) v v v/ v/ v v
Convent_lon_al qq ps,eu_doscalar v v % % v v

excitation (n/n’-like)
ZZ; /baryonium / v X/ v v / v

six quark state

Tetraquark state X X /? X X X X
Hybrid meson (qqg) ? X X X ? X

Legend: v = naturally compatible / can explain; X = in tension / not naturally explained. This is a qualitative synthesis, not a single—
observable exclusion test.

Main message: the glueball-dominant constituent is essential because it explains the combined pattern, not merely one
isolated property.



Summary

* Properties of X(2370) :

* high production rate in J /1 radiative decays
* flavor-singlet state

* decay pattern similarities to 1,

* narrow partial decay widths

* strong suppressions of yw,y¢ decays

* These properties are fully consistent with the expected signatures of glueball.
e Other interpretations can hardly explain all of them simultaneously

 The lightest 0~ glueball is needed for a natural and complete explanation of
X(2370) properties measured by BESIII.

- The lightest 0~ " glueball is the dominant constituent of X(2370)
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BESHMERIX(2370) R 255
s REMBRFEFHSKEQDME—H (LQCDITEFRESE)

« X(2370)RFRI~H 51 =QCD S — (LQCDITEFESF)
J/Y RFREHREETE

* X(2370)RFRITMHR:
« IRETS
s RFFHRNRERN — Sy ZTRAEMNE GRIRELIE. =iF)
BB PMHERTASHREDEERN GERRRE, ®iF)
s R RT R ETEN FHEER
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55
Estimation of constraint on normal gq contribution inside

X(2370) based on K*K upper limit (suggestion from F-K. Guo)

* Theoretical calculations on the partial width of normal gg - K*K
is about 20~200 MeV

* Br(X(2370)>K*K + c.c.)/Br(X(2370)>KKm) < 0.08
 Reasonable assumption: Br(X(2370)>KKn) < 10%
 Then we have Br(X(2370)2>K*K + c.c.) < 0.008

- partial width of X(2370)2>K*K < 2MeV

So the normal gq contribution in X(2370) < 10%~1%
-> normal qq contribution inside X(2370) is very small!



& it
PRIKFIE!

s WHFERKA BEBA . STEMMBRBESIINE FIHIX (2370) KT
HIFr B T4% R

s NERMFIERRIA: RIKZEX(2370)RFHIEFT
o SCPR EIERRERAR 7 M iZIAEE N (<10%)
« 1B FIZRABRHBEE T “ThARIKERE
FEEREE: wINEABRIXKFEEARRS ‘T8
>3E100%BR TRk S ERIX (2370)RIF100% 1 1ERR T BREKEI TR EE !
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« Y EHintroduction BFXEME T -

WIERR Tk 5 E SR 7 BYR &K F =X IR EKFERY AR 7 1ERA

ball and the ¢¢ component [11]. Such a mixing mech-
anism means that 0~ glueball might only be found in
the 0~ glueball and ¢ mixture, i.e., identification of
the 0~ glueball dominant mixture particle should be an
unambiguous proof of the existence of the 0~ glueball.
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Behold the ‘glueball, a strange new form of matter

Collider in China forges elusive particle, made of force-carrying gluons

RE (B7) R&SHkE

nature

Explore content ¥  About the journal ¥ Publish with us v Subscribe

Colin Morningstar ##% (Carnegie Mellon K2 BTk
PEER) XBXE EM—REF, X—&I2EAM
IR D SRR -

It’ s an experimental triumph. The finding is a
monumental achievement for fundamental physics

William Detmold ##% (MIT #Z4IBE2R):
BREKSHRBRIKHASE, KPR BLIL. BRM
HERBSSERB S EEBFE

Detmold adds that the history of glueball searches
has been long and mostly inconclusive. But the new
result “is really ticking all the boxes” , he
says.

nature > news > article

NEWS 12 August 2026

A particle made of force: physicists
say they’ve found mysterious
‘clueball’

Scientists have predicted the existence of a particle made of gluons for a long time, but
detecting it has taken decades.

Ulrik Egede##% (Monash X2 SEIGRFHIFEER):
XZIEE S AERAIESE

It is quite convincing evidence.

Bruce Yabsley#i#% (Sydney XZF K-FHIHEER):
AT EMIEEFT RN . XEBEEEERIKIRZ R .
The current finding quite persuasive. This is the
beginning of the road to understanding glueballs.
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Discovery of X(2370) b

PRL106 (2011) 072002

* Discovered by BESIll in J /Y — )/Tl'+1'l'_1]’ in 2011. “© s00F b X(2120) (23]*3}
= X(1835) 4 f
Resonance M( MeV/c?) ['( MeV/c?)  Stat.Sig. gd-ﬂﬁ; |
X(1835) 1836.5+3.0%6,;, 190.1+9.0°38 5, >200 :
X(2120) 2122.4+6.747,;,  83+1631 7.20 :
G X(2370) 2376.3+£8732,;  83+17-%, 640 b :
[ | i ]
. . . _ D r'."F'.".I.ll.. M B P BT B B ]
* Confirmed by BESHll in J/Y —» yr"m™n', yKKn' (more data 1416182022242025
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Evidence of X(2370)in J/Y — ngKgn

In the 2D mass plot of MKSng) vS. Mo 0Ky IN the BESIII p.apér Moy, (GeVIC)
on the spin-parity determination of the X(1835), qualitatively, 2T
we can clearly observe: auf. pata
© 20F
* In the upper MK§K§’ mass band of 1.5 — 1.7 GeV range, clear signals S -

1_B_BESIII (SRS
of both X(2370) and 7,.. &: o
Evidence of X(2370), n, — f,(1500)n, f,(1710)n £ | a8

* In the lower MKgKg mass band of f;,(980), no X(2370), nor 1.
Suppressions of X(2370), n. = f,(980)n

PRL115,091803 (2015)

> High similarities between X(2370) and 1. decays!
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5 major 1, decay modes (from PDG)
— 5 “Golden” modes in 0~ glueball traditional searches

Decays involving hadronic resonances

n'(958) (2.0 £0.4 )%
' (958) K K ( 1.73+0.35) %
Decays into stable hadrons
KK (7.1 £0.4 )%
KKn ( 1.324£0.15) %
nwt T (1.6 £04 )%

X(2370) is observed in all 5 modes
—> High similarities between X(2370) and 1. decays
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Estimation of constraint on normal qq contribution
inside X(2370) based on K* K upper limit

* Theoretical calculations on the partial width of normal gg - K*K
is about 20~200 MeV

* Br(X(2370)>K*K + c.c.)/Br(X(2370)>KKm) < 0.08

* Reasonable assumption: Br(X(2370)2>KKn) < 10%

 Then we have Br(X(2370)2>K*K + c.c.) < 0.008
- partial width of X(2370)2>K*K < 2MeV

So the normal gq contribution in X(2370) < 10%~1%
-> normal qq contribution inside X(2370) is very small!
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0

n’n%n invariant mass spectrum in ay,(980) signal region

» After requiring |mgo0 — 1.5/ > 0.15 GeV to veto fy(1500) signal, there is

the clear X(2370) signal in the ay(980) signal region, but not in the
an(980) sideband region.

L L R I L I B IR R L R Il I L L R I R B LA B B B B L L LR B I
4500 Jiy—ynonn 8001 Jy—ynnn J: 0,01
% 40002— % 700 E N(-)150005— Jy—-ym TC"‘IT]_E
; 35002_ :_‘-; 600:_ -4 314000:_ _:
[ E © E 3 @ 42000F- 3
G 3000F- O b 3 O 12000 -
S 2500F ) 2 3 & 10000 i
S 2000F g E B oo E
& 15005 8 °F E § sooo- E
> E > F - > C ]
W 1000 - w2005 E LU a000F- =
500 1001~ H 2000 =
OE||||||||||||I|||||||||||||||I|||I|||I 0:-|-|||||||||||||I|||I|||I||||||||||||| 0:-|-||||||||||||||I|||I||. T .I.:
1.2 14 16 18 2 22 24 26 28 3 1.2 14 16 1.8 2 22 24 26 28 3 06 08 1 12 14 16 18 2 22
Moo, (GEV/C?) Moo, (GEV/C?) M., (GeV/c?)
a9(980) signal region a9(980) sideband region M(n°7%) > 2 GeV
|m 0, — 0.98] < 0.05 GeV 0.2 < |myo, — 0.98| < 0.25 GeV

N 2, f w Ly
‘r (@\'F’% ?ﬁ‘% % %‘f/zqﬂ"ﬁ( Peng ZHANG zhangpeng97@ihep. ac. cn 67
Institute of High Energy Physics
Chinese Academy of Sciences




J/Y >yt

« ttm™n’ is the first mode to discover the
X(2370)
1, in the

* In the 2D plot of My vs. M,

f0(980) mass band, clear signals of both
X(2370) and n,

* Additional important information:
* X(2370) —» iy’ almost 100% via f;,(980)n’
* n.~> mrn’ dominantly via X(1800)n’
* NO phase space for X(2370)>X(1800)n’
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J/¥ - YKIKIn'

e In the f;(980) mass band of KJ K¢
mass, clear signals of both
X(2370) and n,.

* Additional important information:

- X(2370) - KKn' almost 100% via
fo980)

* N, = KKn' dominantly via
X(1800)n’

* NO phase space for X(2370)
— X(1800)7’

2 22 24 26 28 3 2 22 24 26 28 3
Moo, GeV/c? M. o 0. GeV/c?
sKsn KsKs
PRL 132 (2024) 181901
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Feynman diagram of the two-photon process
» The 1, and glueball decay to two photons

Compared with mn, suppressed: a? ~0.1

FX(237O)—>]/)/ ~ 0.1

Fnc—WY

Ly TOHEHS K PHUL
&y it BESII




Search for yy — X(2370) with m* w1’ final state

> Perform a y? fit to the m*m n'mass spectrum extracted from PRD 86,
052002 (2012)

® No PWA yet. Conservatively assuming that all events in the plot are from 0—+, fix
the X (2370) peak and width to BESIII value
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Event rate and Ix(2370)-yy /Iy, ~yy

» For two photon process

Nx(2370) _FX(2370)—>yyB[X(2370)—>7T+7T_77’]
Nnc Fﬂc—WYB[nC_)T[-I_n_n,]

® Since n_ has much larger phase space than X(2370) so as to have many more decay modes than
X(2370), so naively, we may have B[X(2370) » n*n~n']/B[n, » n*tn™n'] ~5-10

I'x(2370 Nx(2370
® So, (2370)2VY _ (1/5-1/10) * 1\(/ ) (0.1-0.2)*(0.98+/-0.33) ~ 0.1-0.2, as

r’?c—ﬂ/g Nc
expected from af ~O0.1

® Without considering sys. errors, I (,370)-y, rate is not inconsistent with glueball within 2 ¢
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