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Reminder: Forms of hadrons

» The basic theory for strong interactions is quantum chromodynamics (QCD). Hadrons
are the bound states of QCD

» Hadrons consist of 2 or 3 quarks in conventional quark model

® Mesons (quark-antiquark states)

N9

® Baryons (3-quark states) o Baryon

» New forms of hadrons allowed by QCD:

® Multi-quark: quark number>=4 % ﬁ
® Hybrid state: the mixture of quark and gluon Cﬁ‘;fe )
® Glueball: composed of gluons (gg, ggg, gggg ....) g % g

Lots of candidates, but new forms of hadrons have not been established yet!

@ tﬁﬁﬁﬁéﬁi%gﬁ;&ﬁ Besm Peng ZHANG | zhangpeng97@ihep.ac.cn

fzcs se Academy of Sci




Glueball

» The self interaction of gluons — gauge bosons of strong interactions, is unique
property of QCD. Glueball formed by self-interacted gluons.

= Direct test of QCD

3500

3000

» Lattice QCD predictions on glueball masses:

® 0** groundstate: 1.3~2 GeV/c?
® 2** ground state: 2.2 ~ 2.8 GeV/c?
® 0~ ground state: 2.3 ~ 2.8 GeV/c?
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Light-mass glueball: 07+, 2%+, 0~
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Yang-Mills glueballs on lattice
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arxiv:2305.04869
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Ref. [61] (V; = 2,m,, = 490 MeV)
Ref. [68] (N; = 2,m,, = 650 MeV)
Ref. [68] (N = 2,m = 960 MeV)
Ref. [70] (V; =2+ 1,my = 140 MeV)
Ref. [67] Ny =2+ 1, my = 360 MeV)
Ref. [63] (N = 4.m = 250 MeV)
Ref. [48] (quenched)
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J/P radiative decays

> Gluon rich environment

> Isospin filter: final states dominated by I1=0 processes COX) = + for [/ — yX

> Spin-parity filter: C parity must be +,so0 JP¢ = 0=+, 0+, 1+, 2=+ 2+ .
» Clean environment in electron-positron collision

® very different from proton-antiproton collision

<

J/Y < hadrons

hadrons
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Glueball Production in J/y radiative decays
» Rich production in J/U radiative decays

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

4
J/
QEK glueball v

~aa? ~aay

hadrons

= J/Y radiative decays are believed to be an ideal place to search for glueballs.
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Glueball Decays

» Via gluons — flavor symmetric decays
» Norigorous predictions on glueballs’ decay patterns and their branching fractions

» The decay patterns of glueballs may resemble those of the Charmonium family, as they also decay
through gluons.

® The 0~ glueball could have similar decays of n,.

® One of the largest decay modes of 1. is mmtn’, so J /Y — ymnn' could be a good place to search for the
0~ glueball
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» Different energy scales between the charmonium and glueballs

® Different decay branching ratios; n. has larger phase space region than a 0~* glueball with lower mass
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Glueball Search

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

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

® Scalar Glueball candidate (07 %): f,(1710)
® Tensor Glueball candidate (277): £,(2340)

BES, BESII, BESIII,
Crystal barrel,

® Pseudoscalar Glueball candidate (0~ ): n(1405) DM2,
MARK Il, MARK III, ...
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B(] /¥ — y scalar

Scalar glueball candidate BUw—  BOm— b

v f0(1500)) ¥ fo(1710)) (LQCD calculation)
(1073) (1073) (1073)

» Expected production rate of scalar glueball in J/@
radiative decays ~0.29 ~22 38(8)

® B[]/Y - yG,-+] = 3.8(8) x 1072 @ LQCD

J/Y - vfo(1500)  J/¥ - yfe(1710)
» Observed B[] /Y — yf,(1710)] is x10 larger than

f5(1500) @ BESIII 7K e -
» The high production rate of J /Y — yf,(1710) and | ‘

the suppression of f;(1710) — nn’ supports that - o

® f,(1710) has a large overlap with glueball (pro 106 072012(2022); N N I

Branching fraction (107)

still await undisputed confirmations
P Natl. Sci. Rev. 8, no.11, nwab198 (2021)
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Tensor glueball candidate

» Expected production rate of tensor glueball
® B[]/Y - yG,++] = 1.1 X 107? @ LQCD [PRL 111 (2013) 091601]

» Observed f,(2340) @ BESIII:

® B[J/Y - yf,(2340) » y@®] = 1.91 + 0.14%J72 x 10~*

» 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.

PRD 93 (2016) 112011

(f) 2500 L CI) CI) 0" model independent
% ....... -+
L b)Y T VPP e,
D r }_é? +:*-: ------- 0" model dependent
= - :+-: 4+ 2" model independent
8 1 500 - Py :’I-:+ ---- 2" model dependent
.8 éé' "':_t:H
= — : 'F-ge
£ 1000 ’ ros,
LU » '*':o:’
: * . .
500 L . . . iu‘"."-"-‘- 50
oy ank g
0 '_,#“"“.‘1‘ g.,:_.{; T""l"i'!""lg-'--fl-ll-tt.“.‘L‘Ti'..‘.lr.‘-
2 2.2 2.4 2.6
M(00) (GeV/c?)
Resonance M (MeV/c?) I’ (MeV/c?) B.E. (x10™)  Sig.

n(2225) 22161420 1851258 (240 +0.1012]) 286
n(2100) 205073975 25013518 (3.30 £0.091945) 220
X(2500)  2470%;5%53" 2301317 (0.17 £0.02205¢) 8.80
f0(2100) 2101 224 (0.43 +£0.04702) 240
£2(2010) 2011 202 (0.35+0.0570%) 9.50
300) 2297 149 (044400700

f2(2340) 2339 319 (1.91+0.147072) 1lo

SP (2. -1.48 o
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https://doi.org/10.1103/PhysRevLett.111.091601

Pseudoscalar glueball candidate 2 , : |

(a
» Expected mass @LQCD: 2.3~2.8 GeV
10 +— .
> Pseudoscalarn(1405) 0 e O J]W;fmﬂ

(b)

® 1(1405) first discovered by MARK Il in 1980’s, named as
1(1440). Lots of studies at MARK II, MARK Ill, DM2 and BES.

EVENTS/(0.025 GeVv/c2)

® Believed as the first glueball candidate due to its large

20 | ]
production rate in J /Y radiative decays and lack of reliable
LQCD predictions in 1980s [S =
® No longer to be believed as 0~* glueball candidate due to its

large different mass from LQCD prediction. | ofin can 7R A 7e

1.0 .9 2.0 2.5
MKSKiTr; (GGV/CZ)
MARK I PLB 97, 329 (1980)
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BEPCII and BESIII
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Beijing Electron Positron Collider (BEPCII)

- R, SR, RE o

S 35 S S

World unique e* e~ accelerator in charm physics energy region /

e

”/ Energy spread: 5.16 X 10
o No. of bunches: 93

e 2004: started BEPCII/BESIII construction
Double rings

E., = 2.0~4.6 (4.9 since 2019) GeV
Design luminosity: 1 X 1033¢m™2s1
(reached 2016 @E,,,, = 3.77 GeV)
2008: test run

2009~ today: BESIII physics runs

S
‘o

BESIII detector fv
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BESIII detector

FPC' 9 Electro Magnetic
ayers Calorimeter

S€
Solenoid

Barrel
ToF

Endcap
ToF

SC
Quadrupole

RPC: 8
ayers

Multilayer Drift Camber (MDC)
o,/p <0.5% @1GeV (1T)
Oxy ~130 um
dE /dx~6%

Time Of Flight (TOF)
o < 68ps (barrel)
o < 60ps (endcap)

Electromagnetic Calorimeter (EMC)
o /E <2.5% @ 1 GeV (barrel)
og/E < 5% @ 1 GeV (endcap)

axy~6mm @ 1 GeV

o —— -

Nucl. Instr. Meth. A614, 345 (2010)

Muon Counter
Ogpatial < 2¢m

P BHE D kB i BES ]I[
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BESIII data collections

» Totally about 50 fb! integrated luminosity. Data sets collected so far include

® 10x10°J/P events
® 2.7x10°P(2S) events

® 20 fbty(3770) World largest J/y data sample : ~10 billion.
° Provide a good opportunity to search for glueball
7 10.0%10° 2.7%10°
‘ | | ‘ | | ]
I/ $(25) 32" 1
6 — A |Mark-1 ) —
Mark-1 + LGW 0.5fb"’ 111;)1 fbo- 5.6 fb"!
W | Mark-I1 29 fb‘1 | 74415
R 5 5 elrruTo 'l,b;,—,m I,blmn “;J.’J | I[ } } @10 ptS ]
| Crystal Ball | ?.1
4 «|2Es B e glgfb:m |
| KEDR | | ‘":ﬁf-*‘*"_ “LT#‘—"— ‘ |
B \ | T ,,_T:‘ﬁw,‘* o l | 1 ‘ N
3 | [t Lk - - -5
, ol ______:ﬂ* Mo E
‘ | L ‘ L L L L
3 3.5 4 4.5 5
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Discovery of X(2370) on BESIII
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X(1835) X(Z%ZO) X(2370)

X(2370)

~ 500F (b)\ : x / E
i i . — > 400: " A P :
»> First observation by BESIIl of the X(2370) inJ/yp - yn*rn™n" & N b N 7 Saigds
< C
[an] L
M(MeV/c2) '(MeV) Sig. 2 200
> 100 f
X(1835)  1836.5 + 3.0%5¢ 190.1 + 9.0%3% >200 SR P :
oo
X(2120) 21224+ 6.737 83 + 16137 7.26 14 16 18 2.0 22 2.4 26 238
+3'2 +44 M’ )(GeV/c?)
» Confirmed by BESII! m]/yb - yKKn (new mode), yn*™n’
10°
200 T ] " T T T a~ F T T T T T T
S _JL“’_;";’;“” ”*“’E‘-E:;Q;che\, @) < 5°°§ﬂ“1;1*;"" “*"P_Pi’z’,:;byche\, (b) Lot (8) = B .
= 150 - PHSP 4 = - ---- PHSP = g
8 oo e 4 8 %Z'.;T;“Qm) ------ L. 8 1of X(2370) -
o [ Jhy— KK '+ c.c. S 300f - ’ - +ec. o ] =
Sl S s Sl \, / —xcd600)
5 sof 5 = VA YA Y N
& | & ,‘ E 5F E
0 52 23 24 25 26 27 001 22 23 24 25 26 27 =5 > Y B
My (GeVIc ) Moy (GeVIc ) Mnn'n] (GeV/c?)
Eur. Phys. ]. C 80, 746 (2020) PRL 129 (2022) 042001
tﬂﬁtﬁ)ﬁ}?ﬁﬁfg)ﬁ;‘;ﬁ Besm Peng ZHANG | zhangpeng97@ihep.ac.cn 16
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.072002
https://link.springer.com/article/10.1140/epjc/s10052-020-8078-4
https://doi.org/10.1103/PhysRevLett.129.042001

X(2370) —— good candidate of 0~ " glueball

> Its mass is consistent with LQCD prediction on the lightest 0~ glueball

» Observed in the best place to search for the 0~ glueball:
® in J/Y radiative decays

® Flavor symmetric decay modes of t w1’ and KKn' —— favorite decay modes of 0~F glueball

» Determination of its spin-parity is crucial

Ll /z ‘M\ #% ?ﬁ% i jﬁlf%ﬂ)”{j l/"( Besm Peng ZHANG | zhangpeng97@ihep.ac.cn
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Spin-Parity determination of the X(2370) in J /¢ - yKJKJn'

Journal: Phys. Rev. Lett. 132 (2024) 181901

Advantages of this channel:
» ~10B clean J /Y events

» Almost no background:

® Possible dominant background processes of J /i —» nPKQKIn" and J /1 — KQKIn' are forbidden by
exchange symmetry and C-parity conservation.

» High efficiency and precise resolution of charged particles and photons:

® good reconstruction for K§ and

® good reconstruction for ' for two dominant decay modesof ' - yn*tn~ andn’ » ntn™n

N — BHEURACEL MR A |
e /; t}:}iﬁm(yf}ﬁgﬁéfrqu)ﬁym;( Peng ZHANG | zhangpeng97@ihep.ac.cn 18
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Selection for J /Y - yK¢KIn',n' -> ntn™n

/> Signal selection:
® At least 3 charged pairs + 3 photons

® K reconstruction: |Mn+n— — Mo

» Background veto:

\0 % veto: [M,, — M_o| > 20 MeV/c?

® Constraint kinematic fit with energy-momentum conservation

< 9 MeV/c? Jy
® 7' reconstruction: |M+,-, — M, /| < 10 MeV/c?

~

TP
500
Mc

(MeV/&)
w F
(=] (=]
o o

Events/0.5
N
[=]
o

100 |

LI L B A S B B B S BN R R S B B R

Seegs-obs-Lo-

1 40

i R ;
0.476 0.492 0.508 0.524
M,.. (GeV/c)

8

Clean K and n’ Signal

-0.54 8.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

M, (GeV/c)
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Selection for J /Y —» yKSKIn',n' - yntr™

&Signalselection: \ ¢
® At least 3 charged pairs + 2 photons ’ C g
® Constraint kinematic fit with energy-momentum conservation
® K reconstruction: |Mn+n- — Mgo| <9 MeV/c? J/w
® 1’ reconstruction: [M, .+~ — M| < 15 MeV/c? [+ g

4
» Background veto:
0 . 2 2
\o n®/n veto: |M,, — M o| > 20 MeV/c?,|M,, — M,| > 30 MeV/y
700 ' } data M=y _ 350 _ } data ;,, R
go00L ¢ ; G300F | we b
gsoo ; 3o} +
= o ] = i
3400+ ; 5200 @ f{’ {
3300 | 3 Sg“150§— 4 *;}
5200 | ] 2100 | & t
o f E ) l’tg!‘
100 ; 50 o
846 0476 0492 0508 0524 054 852 0.93 0.04 0.95 0.96 0.97 0.98 0.99 1

M...- (GeV/c)

Clean K and n’ Signal

M., (GeV/c)
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Background estimation

> Negligible mis-combination for K2 reconstruction ( <0.1%)
> No background from J /i - m°KJKIn': 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’ - n*n™n;6.8% forn’ - yntn~

160 ]

C ¢ Data S N [ ¢ Data "yt ]

@1 40 — Fit result N " O 250 :_ — Fit result = _:
S R Signal S - Signal N
8 120 MRTTIL Background @ 8 200 [ - Background @ -
5 100 = X .
S ant S 150 -
s 80 A ]
2 60p B100F E
c r C B b

Q 40 0 - ]

L 5 [ -
20 S0

(P . . . . ',4-.6m-|ia . Ve e e S WGz o .

92 0.93 0.94 0.95 0.96 0.97 0.98 099 1 092 093 094 095 096 097 098 099 1

M(rtn)/GeV/c? M(yn) GeV/c?

Spin-Parity determination benefits from low background level
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Mass spectra after final selection

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

80 PRL 132 (2024) 181901

-
[}

> Similar structures inn’ > ¥t nandn’ -yt
40 modes

MKSKE (GeV/c?)
[=}]

-
£

0 @ Evident f,(980) in KK mass threshold
10 ® A clear connection between the £,(980) and X(2370)

1.2}

Ifo(980) |-> -

2 222 26 28 3
KO GeV/cz)

%120 ‘ sy '_: " 505"('(1')" “ nnn > £0(980) in selection with M op0 < 1.1 GeV/c?
f‘;“’“ Wl | o : 3405_ ” Hm” ip.:mc 1| ® Clearsignal of the X(2370) and 1,
2 8o | ]][IH ll Moo ] 2 30F ” ”’ H’ ”}’.B“"“’"“j 1| @ Reduce PWA complexities from additional intermediate
S A 18 T | o e
40-* M 72T T
@ zo;—j iy @10 _

022722 24 26 28 3 0 2792 2426 28 3

Mooy GeV/c? Mooy GeV/c?
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Partial wave analysis (PWA) J
» PWA is a key tool to hadron spectroscopy @ —

® Input: four-momenta of the final-state particles

® Measure the resonances’ spin-parity, resonance parameters, production and decay properties, ...

> PWA of ] /i - yKQKJIn' is performed using covariant tensor formalism [ . The signal
amplitudes are parametrized as quasi-sequential two-body decays:

® J/Y->yX,X->Yn,Y > KoKYorX —» ZK%,Z —» Koy’

v K9 and n' constructed with daughter particles as they are unstable states

® Differential cross section is observable: w(¢, ) = 3—; =X, Aj|2

» An unbinned maximum likelihood fit is performed on the data.
[1] Zou & Bugg, Eur. Phys. J. A 16, 537-547 (2003)
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PWA Fit

T T T T

oo (a) ancmee 3 % Best fit can well describe the data including resonances (>50):
g 140k meees 4 X(1835), X(2370), X(2800), 1,
Z100p M Dy . . . . e
§1gg a0 E‘i ® Spin-parity of the X(2370) is determined to be 0~ with significance
£ oo | iE larger than 9.80 w.r.t. other JF¢ assumptions
o 40F | i i . )
N 20f | S ® X(2800): a broad structure for the effective contributions from possible
072 22 24 26 28 3 high mass resonances
Myaie, (GeV/c?)
A50F T T
a00k (d) iy = 31.69/19 state Decay mode | Mass (MeV/c?) | Width (MeV) | Significance
O 222 T - X(2370) fo(980)y 23951 188715 14.90
S »eo } X(1835) fo(980)y’ 1844 192 22.00
£ 200 } X(2800) fo(980) 2799+32 6607130 16.40
e fo(980)y’ 2983.9 32.0 > 20.00
’ KOKO —wave - - = .0
PHSP n'( s g)s 9.00
U’(KSKS )D—wave - - - - - - 16.30
PRL 132 (2024) 181901
{f@ ﬁ% %:% % jﬁlf,m{j ’("( Peng ZHANG | zhangpeng97@ihep.ac.cn 24
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PWA Validations

» Intermediate process: significance <30 and impact is ignored

® /”C and decay modes for each components: f,(1500)7, £, (1270)n', K*(1410)K?, K;(1430)K?,
* 0 0 (00 7 (1701 0\ ot (1707 170 (1 0.7 p §» 70 S
K5 (1430)Kg, K*(1680)KS, (KJKS) n', (KSKS) n's (KSn') K3, (KSn') K

» Additional resonance checks: significance <50

® No evidence of the X(2120) in the K K2 mass threshold region for J /i - yKQKIn' only
® The significance of X(2600) — f,(980)n"is4.20
® |Impact from the X(2120) and X(2600) is considered 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 7, 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

N S ‘fﬂ ﬁ‘% ®AERBR UL fu(
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Results

X(2370) measurements: LQCD prediction on lightest pseudoscalar glueball:

PRL 132 (2024) 181901
> JPC = 0~ with significance > 9.80 > JFe=0""

> M = 2395%11(stat.)*38(syst.) MeV/c? » M = 2395+ 14 MeV/c?
> I' = 188718 (stat.) 1% (syst.) MeV

> B[J/Y — yX(2370)] - B[X(2370) - £,(980)n'] - B[f,(980) | » BlJ/¢Y = yGy-+] = (2.31 £ 0.80) x 10~*
— KIK9] = 1.31+322(stat. ) 1383 (syst.) x 107> PRD 100 (2019) 054511

» The measurements agree 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 consistent with LQCD predictions

® The estimation onB[J/Y — yX(2370)] and prediction onB|[] /iy — yG,-+] are at the same level

= SRASHEB BN BEST
” ( ;'.L /;2 Institute of High Energy Physics
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X(2370) seen in ]/l/) — )/KSQK.S(‘)U Journal: Phys. Rev. Lett. 115 (2015) 091803

> In the 2D scatter plot of M(K2K9) vs. M(K2K2n), qualitatively, we can clearly
observe same decay patterns between the X(2370) and n,. if phase space allows

Observation and Spin-Parity Determination of the X(1835) in J/y — ngKgn 24 _ tc) o IDlata o -
2.2F
With 1.31B J/y events S 20
Q 1.8}
* Inthe upper M(K2K?) mass band of 1.5-1.7 GeV range, %,1_6:_
clear signals of both X(2370) and n,. E"x“‘1-4_
1 -
* Inthe lower M(KJ{K?) mass band of f;,(980), no X(2370), n Ao
nor .. 7716 1.8 2.0 2.2 2.4/2.6 2.8\3.0

Moo, (GeV/c?)

» The similarity between the X(2370) and n,. decay modes supports the glueball
interpretation of the X(2370)

BHEURACEL MR A i
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Discovery of a Glueball-like Particle: X(2370)

12 o+ 5 BESII ——@—— Measured X(2370) mass with total uncertainty
) Theory Prediction of lightest 0™ glueball
10 2 w— 2 4 J/lf.—:ym'n' 6.45, PhysRevLett.106.072002
++ -
3 3" Jhy—yKKny' 8.30, Eur. Phys. J. C 80,8,746
8 -
-+ - )
Eo 2 17 e 3 E J/w—wK(S’Kgn' (select f (980)) 11.70, PhysRevLett.132.181901
o 6 gl <
2 =
2
4 0+ m—
1
2
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> Only one 0~ resonance observed with mass, spin-parity, production rate and decay property
consistent to 0~ glueball expectation

® |nthe mass range of 2.3 - 2.8GeV: consistent with LQCD prediction

® Production rateinthe J/y radiative decays: : consistent with LQCD prediction

® Decay property like n.: two favorite decay modes decay modes of t*7 "5’ and KKn'
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.014516

Summary

» Glueballs are important predictions from LQCD:

® Unique particles formed by gluons (force carriers) due to self-interactions of gluons

» The X(2370) is the first particle that matches the theoretical expectations for a glueball
® ]PC — 0—+
® Measurements and predictions on mass are consistent within uncertainties
® observedin J/ radiative decay and its production rate meets expectation

® 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 n,. to understand the decay
pattern of this glueball-like particle

/ 5 typical 17, decay modes (from PDG) —— \
5 “Golden” modes in 0~ glueball searches

Decays involving hadronic resonances

( 1.8740.26) % (RPL 106 (2011) 072002 1
Eur. Phys. ]. C 80, 746 (2020)

PRL 132 (2024) 181901 J

Observed

K ( 1.614+0.25) %
Decays into stable hadrons

1 7/(958)mn
(958)

(T30 KK (7.0 +0.4 )%
ongoing < I35 KK ( 1.32+0.15) % [Seen PRL 115 (2015) 091803
nrt T (1.7 £0.5 ) %

» Improve the measurements on X(2370)’s mass, width, branching ratio and production rates

» Close collaboration between theory and experiment. Looking forward to more reliable LQCD
studies on the glueball properties and Light Meson spectroscopy
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Thanks!
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