s€SII

Discovery of a Glueball-like particle X(2370) @ BESIII
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Forms of hadrons

¢ In quark model:

o

Mesoh Raruyoi

® ® o0

+ Hybrid state: the mixture of quark and gluon
+ Glueball: composed of gluons (99, 999, 9gggg ....) g % g

@ Other forms of hadrons:

+ Multi-quark: quark number >= 4

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



Glueball

Glueballs are unique particles via self-interactions and formed with force carriers

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

+ Different lattice QCD groups (including lattice . <]><D +@®+
: : : . (I)CD(D <I>
simulations with dynamical quarks) now have |

consistent predictions on the masses and ; dod;,
production rates of pure glueballs. 15001 D

MeV

Ref. [61] (Nf =2,m, = 490 MeV)
Ref. [68] (Nf =2,mx = 650 MeV)
Ref. [68] (N; =2,m, = 960 MeV)
Ref. [70] (N; =2+ 1,m, = 140 MeV)

1000 A

Ref. [67] (Ny =2+ 1,m, = 360 MeV)

¢ Lattice QCD predictions on glueball masses:
+ 0+ ground state: 1.5 - 1.7 GeV/c? 7 arxiv:2305.04869 i
+ 2+ ground state: 2.3 - 2.4GeV/c? " U "
+ 0-+ ground state: 2.3 - 2.6GeV/c2
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J/y radiative decays

® Gluon rich environment

< hadrons
-

~ OloLg? ~ OLOLO

@ Isospin filter: final states dominated by I=0 processes
¢ Spin-parity filter: C parity must be +, so Jec=0-+, 0++, 1++, 2++, 2+ ..

@ Clean environment in electron-positron collision: very different from
proton-proton collision

= |deal place to search for glueballs



Glueball Production in J/y radiative decays

¢ Rich production in J/y radiative decays:

+ Glueball production rate in J/y radiative decays could be higher than normal
hadrons




Glueball Decays

®No rigorous predictions on decay patterns and their branching ratios

® The glueball decays could have similar decays to the Charmonium families since both of them
can only decay via gluons

ata- K+*K— 12 For a glueball, say, a JF¢ = 2+ glueball, which is made of two gluons,
its decay proceeds via the two-gluon hadronization, which is similar to the second step of

the y.2 decay. The difference between the 2% glueball and x.; in their decays is that the
two gluons are hadronized at different energy scales, and consequently in the two cases the
branching ratio for a given final state can be different. At the higher energy scale like the x.2

From Kuang-Ta Chao 1995 Commu. Theor. Phys. 24.373

it is worth noticing that there are not any other parti-
cles showing such properties [ 12] as & except for the
particles with pure OZI suppressed decay modes such
as J/, x.0, X2, etc. The flavor-symmetric couplings

ple equally to all flavors. Since there has been no
glueball confirmed by experiments, the best way look-
ing into the flavor symmetry should be to study the
decay processes which proceed through a two gluon

intermediate state [ 10]. Fortunately, a lot of experi- The knowledge [12] about the hadronic decays of
ments have already studied such processes as the de- J/¥, e, xo and yc which proceed through pure
cays of charmonium family. One example is, the two gluon intermediate state suggests that the glueballs

From Tao Huang, Kuang-Ta Chao et al. PLB 380 (1996) 189-192



0-+ Glueball Decays
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¢ The 0-+ glueball could have similar decays of nc

+ One of the favorite decay modes of nc is rinn’, so J/Y—y ninn’ could be a good place to
search for the O0-+ glueball

¢ Different energy scales between the charmonium and glueballs
+ Different decay branching ratios

+ The nc has larger phase space region than a O-+ glueball with lower mass



Golden decay modes in 0-* glueball search

& Typically, PPP (3 pseudoscalar mesons, such as nny, nznn’, KKx) modes are
believed as golden decay modes in 0-+ glueball searches

+ S wave decays for 0-+ mesons, no suppression factor, dominant decay modes
+ PPP modes are strongly suppressed in 0++, 2++ meson decays — spin-parity filter

¢ PP (2 pseudoscalar mesons) modes are mostly forbidden for 0-+ mesons

¢ VV (2 vector mesons, such as ww, ¢¢, pp, K*K*)

+ P wave decays for O-+ mesons — suppressed decays, especially near mass
threshold

+ All JPC mesons allowed, not a spin-parity filter
¢ Baryon modes
+ All JPC mesons allowed, not a spin-parity filter



Glueball Search

¢ Many experiments searched for glueballs over the past 4 decades.

¢ Many historical glueball candidates, but also some difficulties/controversy.

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

+ Tensor Glueball candidate (2++): f2(2340) More details in Beijing’s talk

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



Historical Glueball Candidates — Scalar 1o(1710)
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¢ The fo(1710) was discovered in J/p—ym+t- and J/Pp—yK+K- by Marklll in 1987 as 62(1720)
+ Jre = 2++from a simple fit to the angular distribution

+ The significance of 2++ state is ~30 better than 0++ assumption
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Historical Glueball Candidates — Scalar 1o(1710)

:
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¢ The fo(1710) was firstly changed to be 0+t on a full PWA of J/p—> YKK @ BESI. Lots of studies at
Markll, DM2, BESI,BESII, BESIII

¢ The fo(1710) favors to be a scalar glueball or large glueball content if it is a mixture of glueball
and normal meson

+ High production rate of JAhp—> yfo(1710) + Decay suppression in fo(1710)> nn’
BlJ/w = yfy(1710) = yzr] = (4.0 £1.0) x 107

BESII: PLB 642 (2006) 44 B[ fy(1710) = nn'lfy(1710) — zz] < (2.9+% ) x 107
BlJ/y — 7f(1710) — yK)K{] = (2.007 3 +031) x 107 BESIII: PRD 106 072012(2022)

BESII: PRD 98 (2018) 072003
11



Historical Glueball Candidates — Scalar 1o(1710)
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¢ Controversy: with PS subtraction, I'(fo(1710)— ntm:KK )=1:2.43, in contrast to the flavor symmetry

property of a pure glueball

3

BESII: PLB 642 (2006) 441

BlJ/w = yfy(1710) —» yK°K"] = (2.00

BESII: PRD 98 (2018) 072003

+0.03 +0.31
—0.02 -0.10

BlJ/y = vf,(1710) = yan] = (4.0 £ 1.0) x 107*

)y x 1074

¢ Difficulty: needs to be understood from first principle of QCD (not just phenomenological understanding)

+ What causes the flavor symmetric breaking?

+ Dynamic mixing mechanism: mixing between fo(1500)/fo(1710), or even with fo(1790)

12



Historical Glueball Candidates — Tensor 12(2340)

@ |ts large production rate in J/Y—y(KK/Nnn/n’n’/o®) : inconsistent with LQCD prediction on a tensor glueball .
¢ Difficulty:

+ Many wide f2 mesons and large overlaps in the mass region of 2.3GeV (2++ glueball mass from the
LQCD predictions)

no clear mass peak of these f2 mesons.
+ More PWA studies are needed to check the consistency among various decays modes.

However, due to large overlaps again, no independent mass and width scan can be performed in PWA.

(f) 2500 - e 0" model independent
C\IO J/\V_)VCD(D ------- 0" model dependent
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Historical Glueball Candidates — Pseudoscalar n(14035)

20 ] : . CrTrrT£"rrrr-r-rrororor-orr-r-reerrrrererT T T T T T T T - -| ------------

14000~ — -
(0) -+ Data - & 1000 X3/N,. =115.40/80= 1.44 (a) -
S 12000 —_ — Total Fit - \b L bln -
o r - L R 0, 5 s | A -
— [Oh) 10000 Y | N (Kng) ey -] 2
No (D [ S S-wave Lf) -
> O = - - 0> a,(1320)°n° )
> 2 8000 2 < i
g o n ﬁn HU]M ﬂTFAIUh S - -- 15 K (892)Kg — 500
S S 6000 . 1, a(980\°x0 g
2 (b) @ -  2,080) . " -
> L i L R - et
Z 20 L E T = T2 ay(980) T L Lt e e - > -
:;‘.j - 2000F Lo TR, Ll I
"]HJ]‘ =a '.-.—.---,—-.—f::'-—'-.'-:-f,-'-:-;’;.'-"-".';‘:ﬂ-,- R S r"".’— S 0
or } SR A S SO e ot S ot Sttt 5
‘;E'a:""' ai e e T e i s 7 R OF- W et NS A L P 88, O
S0l st ] ] ' ()
. T T . 125 T3 13 T4 145 15 15 16 > 14 18 18 2 22
.0 .5 2.0 2.5 MK Ksn")(GeVice) o) (GeV/c?)

MGy
Mett CVPhys, Lett. 97B (1980) 2 JHEP 03 (2023) 121 arxiv: 2401.00918

@ first discovered by Markll in 1980, named as n(1440) with complicated structures.
+ Believed as the first glueball candidate due to its large production rate in J/ap radiative decays

® Lots of studies at Markll, Marklll, DM2 and BES:

+ No longer to be 0-+ glueball candidate due to its large different mass from LQCD
prediction (Lack of reliable LQCD predictions in 1980’s)

+ Jly = yK K : 2 isoscalar states n(1405) and n(1475) around 1.4GeV
+ J/w — yyd: observed n(1405) with 18.90 and no significance of n(1475)

14




BESIII Data samples
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World largest J/{ data sample : ~10 billion
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Observation of the X(2370) in 2011

A B ] ] ] ] ] ] ] | ] ] ] ] | ] ] ] |
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PRL 106, 072002 2011) M___(GeV/c?)

TLTTT)

¢ Discovery of X(2370) in J/p—yr*it-n’ with the statistic significance of 6.4
® First observation of one particle: a good candidate for 0-+ glueball

+ Mass, production and decay property are consistent with the LQCD prediction

16



Confirmation of the X(2370) in J/y—yKKry’

20— 7T T e L L L B L L
- - Iy —yK'K, n'=mnm, n—yy (a)- . 500 JAy—yK'KW, n'—=yp°, plortn (b}:
NQ | —— Data — = Chebychev ] NQ [ —— Data — = Chebychev ] . ) )
> 100 —Fitresur 777 PHSP 7 > 400 —Fitresut " PHSP - @ Combination with 1.31x10° J/y events
| _ === Total bkg | @ [ _ -+« Total bkg ]
O ~ 5% Signal X(2370) + {' .} O [ 5% Signal X(2370) 4
O C e Jhy—s KK 1+ c.c. ¥ o 300f o gy KK mc.c B d-gIT o’ g
> 100 IV n h - i v n T «  Jy—yKK1’ and J/y—yK;K
= [ -=1’ sideband + A3 i = - == 1’ sideband ! +‘+ ' -] V=T N VT RB
® _ 1 1 & 200F B RE S LIPT
§ 50 :— “‘ + ________ -_E § . 5 g ‘//// ] ° rl’ —YTTT and n’—)nnn
T .0 e o D T00F e E
: 5 o -+ '_-'- : “:.:::..,,.....---"” """“'" o , /’/ ........ % SRR s At d s
0 3 B e e o T T C T Ittt ] 0' ----------- T R T ey @ Confirmation of the X(2370) with 8.3¢
2 2.1 22 2.3 24 25 26 27 2 2.1 22 23 24 25 26 2.7
My (GeV/c?) My (GeV/c?) + M =2341.6+6.5(stat.)£5.7(syst.) MeV
G O I e B L B BB L S [0 o e B B B AL B B
~ o[RS W, 1oy (©)] . gof kK, W, pPoom'n (d): « T = 117£10(stat.)=8(syst.) MeV
0  29F ——pata — = Chebychev _ O - —— Data — = Chebychev .
> - — Fit result PHSP ; > 0 fam Fit result oo PHsk E
o = .=+ Total bk - o - ==+ Total bk = . +IK-n2)= 5
8 20} 2 G 70 : |8 o sgmxesro : - Br(J/y—yX(2370)—yKK1’)=(1.79+0.23+0.65)x 10
O qg[ - nsideband || | S OUF - -y sideband “l I ;‘
2 i S 40p ][ S *  Br(J/w—yX(2370)—yKsKsn’)=(1.18+£0.32+0.39)x10-3
N __ g 2] - gl G
2 1o0f Wit 2 30 Pkt
RN SR LR S i 102 2of et T o
n > e R gt F ,0:0:::0:0,0 ----------- i - 10 y gl +”+ .0203»3«,00 T P oA E AR it
b e e s s T T R T e
O2 2.1 22 2.3 24 25 26 27 02 2.1 22 23 24 25 26 2.7
MKOKO (GeV/c?) MK(S,Kgn, (GeV/c?)

EPJC (2020) 80:746

Observation: X(2370) new decay mode of KKn’
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X(2370) - good candidate of 0-+ glueball

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

©Observed in flavor symmetric decay modes

of ztn~n' and KKin’' — favorite decay
modes of O-+ glueball

®\We need to know its spin-parity

ro Mg

12 |

10 |

Mg (GeV)
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Spin-Parity determination of the X(2370) in J/w—yK%K?%n’

Make use of four advantages:

& Clean J/y — yK K5’ process

+ Almost no background: possible dominant background processes of J/y — ﬂOKOKOn
and J/y — KOKOn are forbidden by exchange symmetry and C-parity conservation.

¢ ~10B clean J/y events

¢ High efficiency and precise resolution of charged particles and photons: good
reconstruction for K/n

¢ Two dominant decay modes of ' — y7 7~ and ' — 77 7~ 1: good reconstruction for 7’

19



Selection for J/y — yKOKOn n' — n Ty
K Signal selection: \ 7 @:g

+ At least 3 charged pairs + 3 photons C | g \@
+ Constraint kinematic fit with energy-momentum conservation st et tatatui (1"
+ KOs reconstruction: |Mmn - mks| < 9 MeV/c2 ]/l// m ®\G
+ n’ reconstruction: |Mmm - my| < 10 MeV/c2 [ g @_@
¢ Background veto: \G

K* o veto: |Myy - mno| > 20MeV/c? j
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Clean K% and n’ Signal
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Selection for J/y — yKSKSn’, n' — yr'm
K Signal selection: \ ¥ o

+ At least 3 charged pairs + 2 photons | @_@
\6
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c |

¢ Background veto: ®\@
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Clean K% and n’ Signal
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Background estimation

¢ Negligible mis-combination for K% reconstruction ( <0.1%)
¢ No background from J/P—nPK9%KO%n’: further validation directly from data
¢ Little background from non-n’ processes: estimated directly from n’ mass sideband region:

+ No peaking background

+ Non-n’ background fraction: 1.8% forn’—mtintn 6.8% for n’ 2 yr+m-
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The process with almost no background is suitable for the PWA -




Mass spectrum atter final selection

1o | ® Similar structures in n’—m+mnn / yn+tn- modes:

, (GeV/c?)

30 + Evident fo(980) in KO%sK0% mass threshold

Mo

10 + A clear connection between the fo(980) and X(2370)
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PWA Fit

8- (a) 'I' emeuam 2@ Best fit can well describe the data including resonances (>50):
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c 60F I | -
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2 : / 52 180
o 3 _X300) fo(980)7 2799+32 6607 180 1640
f e fo(980)n’ 2983.9 32.0 > 20.00
; | 1 (KOKYs_use 9.0
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PWA Validations

¢ Additional decay modes: significance <30 and impact is ignored

+ Jrc and decay modes for each components: f,(1500)n’, £2(1270)n’, K*(1410)K9, Ko*(1430)K9, Ko*(1430)K9,
Kz*(143O)KSO, KO*(1680)KSO, (KSOKSO)ST],, (KSOKSO)DT],, (Kson,)PKsO, (Kson’)DKsO

¢ Additional resonance checks: significance <5c¢

+ No evidence of the X(2120) in the KsKs mass threshold region for J/P—=yKsKsn’ only
+ The significance of X(2600)—fo(980)n’ is 4.20

+ Impact from the X(2120) and X(2600) is taken into account as systematic uncertainty
¢ The X(2800) with a mass of 2799 MeV and width of 660 MeV:
+ Used to described effective contributions from high mass region

+ Strongly reply on the description of nc lineshape: different variations are included into the
systematic uncertainty

+ Statistical uncertainties of the X(2800) mass and width are included in the systematic uncertainties
on the X(2370) measurements

25



Final results

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)—(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 agreement with the predictions on lightest pseudoscalar gluebali
+ 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/y—vy X(2370)) and prediction on B(J/\y—yGo-+) are consistent within errors
(assuming ~5% decay rate, B(J/y—vy X(2370)) = (10.7+22-8_7 )x10-4)
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Study in J/y—yK%K%n

Observation and Spin-Parity Determination of the X(1835) in J/y — yKKon

ith 1.31x10° J/P events

Qualitatively, we can clearly observe: same decay modes  ,r o
between the X(2370) and rn if phase space allows 10 Data
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In the upper KK mass band of 1.5-1.7GeV S
range, clear signals of both X(2370) and r

In the lower KK mass band of f,(980), no
X(2370), NOr Tc

<o (GeV/c?)
PRL 115 (2015) 091803

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

X(2370) Ne Interpertation on the X(2370)

fo(980)n’ \ \ Disfavors ¢ meson with pure yii/dd component

fo(980)n |Suppressed|Suppressed| Disfavors gg meson with pure ss component

fo(1500)n v v Disfavors gg meson with pure s5 component

¢ The X(2370) decay properties:

+ Major decay mode fo(980)1" with large ss component: disfavor the pure uii + dd meson interpretation

+ Major decay mode fo(1500)n with large uu + dd component: disfavor the pure ss meson interpretation

+ The suppression of fo(980)n mode: disfavor the pure ss meson interpretation

+ The high similarities between X(2370) and 7. decay modes strongly support the 0-+ glueball interpretation
¢ The X(2370) production properties:

+ richly produced in J/y radiative decays as the glueball expectation

+ In the mass region larger than 2.3GeV, the unique particle X(2370) for the 0-+ glueball candidate in J/y radiative decays
and two golden decay modes (771’ and KK#n')
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Summary

¢ Glueballs are important predictions from LQCD:

+ Unique particles formed by gluons (force carriers) due to non-Abelian Gauge self-
interactions of gluons

¢ The X(2370) is the first particle that matches the theoretical expectations for a glueball
+ Spin-parity guantum numbers are determined to be Jrc = 0+
+ Measurements and predictions on mass and production rate are consistent within errors

+ production and decay properties: the X(2370) is observed in J/ radiative decay and
flavor symmetric decay modes (favorite decay modes of 0-+ glueball)

— Glueball-like particle, X(2370) is discovered by BESIII
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Prospects

¢ More decay modes of the X(2370): check the similarities with nc to understand the decay pattern of
this glueball-like particle

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

Decays involving hadronic resonances
1 1'(958)7~« ( 1.87+0.26) %PRL 106, 072002 (2011) PRL 132 (2024) 181901
)

Mo 1/(958)KK (1.61+0.25)%  EPJC (2020) 80:746

Decays into stable hadrons

. . T KK (7.0 £0.4 )%
Ongglng, aiming for <'35 KK (1.3240.15) % PRL115 (2015) 091803
publlcatlon @ICHEP2024 36 T T (1.7 £05 )%

¢ Improve the measurements on the mass, width, branching ratio and production rates of the
X(2370)

+ Need to have better ways to understand and control the interferences in PWA.

¢ Close collaboration between theory and experiment. Looking forward to more reliable LQCD
studies on the glueball properties

30



31



Historical Difficulties in Glueball Searches

¢ Experimentally:
+ Data sample was not big enough
+ No good way modeling background in many cases.
+ Interference among mesons makes the analysis more complicated:

- PWA is a must, but it is complicated and takes a quite long time.
® Theoretically:
+ Very rare prediction on the glueball production rate I'(J/y—yG)

+ No rigorous predictions on decay patterns and branching ratios so far (even the order)

+ Mix with ggbar mesons or even with 49, ggg, mesons? Mixing dynamics?
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Glueball-like particle: X(2370)

¢ X(2370) is a UNIQUE particle with mass, spin-parity, production rate and decay
property consistent with 0-+ glueball expectation

+ Unique 0-+ particle produced above 2.3GeV in J/y radiative decays in the golden 0-+
glueball decay modes

+ Unique 0+ particle with decay modes highly similar to 7. (even only with qualitative
observations)

¢ The reasonable interpretation of X(2370) is the lightest 0-+ glueball
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