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Introduction

® Traditional quark model

meson(gq) baryon(gqq)

® Exotic hadron: glueball, hybrid state, tetraquark, etc.

glueball hybrid tetraquark

® Exotic spin-parity quantum numbers

0O——,0", 17", 2"~
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Figure 61. Mass spectra of (a) two-gluon glueballs from Ref. [800] (red squares)
and Ref. [836] (blue triangles) as well as (b) three-gluon glueballs from Ref. [837] (red

squares) and Ref. [799] (blue triangles). Lattice QCD calculations from Ref. [815]
(black error bars) are given for comparisons.
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Table 1: Masses of two- and three-gluon glueballs, in units of GeV. Our QCD sum rule results are listed in the 2nd column, and Lattice QCD results
are listed in the 3rd-6th columns, taken from Refs. [12-14] (quenched) and Ref. [15] (unquenched).

Glueball | QCD sum rules Ref. [12] Ref. [13] Ref. [14] Ref. [15]
IGG; 0*) 7L g 1.71 £0.05+0.08 | 1.73£0.05+0.08 | 1.48 £0.03 £0.07 | 1.80+0.06
IGG; 2**) 1.8630 1 2.39+0.03+0.12 | 240 +0.03 +0.12 | 2.15+0.03+0.10 | 2.62+0.05
IGG; 07*) 205081 2.56 +0.04 £0.12 | 2.59 £0.04 £0.13 | 2.25 +0.06 £ 0.10 -
IGG; 27+) 25040 3.04£0.04 £0.15 | 3.10£0.03+0.15 | 2.78 £0.05+0.13 | 3.46+0.32

IGGG:0**) - ek Bpih - 2.67+0.18+0.13 | 276 £0.03 £0.12 | 3.76+0.24
IGGG;2*) 3.9072:% - - 2.88 £0.10 £ 0.13 -
IGGG;07*) 4.001027 - 3.64+0.06+0.18 | 3.37 £0.15+0.15 | 4.49+0.59
IGGG;27) 4.0210°0 - - 3.48 £0.14 £0.16 -
IGGG; 1*7) 31900 298 +0.03+0.14 | 294+0.03+0.14 | 2.67+0.07 £0.12 | 3.27+0.34
IGGG;2*") >4.13 4.23 +£0.05+0.20 | 4.14 £0.05 £0.20 - -
IGGG;3*") 3463102 3.60 £0.04 £0.17 | 3.55+£0.04 £0.17 | 327 £0.09+0.15 | 3.85+0.35
IGGG;177) 51010 3.83+£0.04+£0.19 | 3.85+0.05+0.19 | 3.24 £0.33 £0.15 -
IGGG;27) 435102 4.01 £0.05+0.20 | 3.93+0.04 £0.19 | 3.66 +0.13 £0.17 | 4.59+0.74
IGGG:3™") 547038 420£0.05+0.20 | 413 £0.09 +£0.20 | 4.33 £0.26 +£0.20 -
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Introduction

Some limitations

® Most theoretical analyses rely, to varying degrees, on specific model assumptions,
leading to discrepancies among results obtained from different approaches and
making it difficult to reach consistent conclusions.

® Due to the possible significant mixing between glueballs and conventional meson
states, relying solely on mass spectrum information is often insufficient to
unambiguously determine their nature.

® How to characterize, based on the fundamental symmetries of QCD, the decay
mechanism of glueballs into light hadron final states—particularly the feature that
glueballs should exhibit flavor-universal couplings in their decay processes—
remains an open issue.

Therefore, in this work, we will apply the Fierz rearrangement method to

systematically analyze the decay properties of two-gluon and three-gluon glueballs,

and to determine the glueball components among the three glueball candidates
(1500), (1710) and »(2370).
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Method of the Feriz rearrangement

Jp = QEG‘E""GL,, . . , o s
> s il Gt = G AL — G, AL L g FIRAL AL,
L i pLe =y Lt T E] ity
Jﬂ = ngf G,I'.L.If ’ 1
o = F9* 3G G Gs . A i gt
B e : — Aop X T Vg’
T = dquEGgqustEJ 3 d R y
® some simplifying assumptions:
1. the decay of glueballs is assumed to be dominated by two- or three-
constituent gluons
2. each gluon is converted into a quark—antiquark pair

3. mesons are treated as quark—antiquark bound states
4. final-state interactions among the produced mesons are neglected

® the merits:

1. use of the universal symmetries of QCD for analyzing the algebraic
structure of glueball decay channels.

2. retain a certain degree of generality across different model settings
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Method of the Feriz rearrangement
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Excited light meson operators

construct excited light _ .2 B o e
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Excited light meson operators

HD 8 *MZ
CVGy = H2++( M;’) < 5%
® Convergence of OPE 21+ (00, M)
I , M
CVGq = 2+(% f) < 10%.
.. . . I, 1 (oo, M)
® Sufficient amout of pole contribution
S I1 So, M2
Pole contribution= 2+ (50 g) > 40%.
Iy, (00, M%)
70% 70%
60% -soty: = 090GeV? = 2 < 144GeV?
3 | &
5 50%| 150% §
£ 40% 40% 3
5 30%/ 130% E Moy =1 44709 GeV,
E 20% 120% {i ‘
0 S 0" - {1313 T GeN,
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Excited light meson operators

sy Working Regions
perators| Meson [J° i s o Pole [%]| Mass [GeV]| Decay Constant | Candidate [4
0 Fe
[GeVE] | ME [GeV?] | sp [GeV?]
lgg; 17 7) 3.8 1.70 2.05 4.6 40 52 | 1707011 106027017 GeV?| p(1700) /w(1650)
s |Gs; 17) 3.8 1.71 2.09 4.7 0-53 | ETIthY [esrrtiin Gayd K*(1680)
= o P
|3s;177) 5.1 2.25 2.81 6.4 40 55 | 2.00701% |0.968F0380 Gev?
|ga/qs/3s; 07 ()
lgg; 177) 2.1 1.00 1.21 2.6 40 53 | 1.22701% 0257006 GeV®|bi(1235)/h1(1170)
. |gs; 1F) 9.9 1.01 1.23 2.7 40-53 | 1271210 |o27iilies gy K, (1270)
g |3s; 1) 2.6 1.18 1.43 3.2 40 53 | 1411019 [0.348F0086 (1ayd Iy (1415)
|gq/Gs/35;07 )
|lgg; 1H) 24 0.94 1.15 2.6 40 53 | 1.257019 1011130019 ev2|a, (1260)/ 1 (1285)
lgs; 1) 2.1 0.92 1.13 2.6 40 53 | 1.28%0% 191061001 Qev? K, (1270)
it |3s; 1) 2.5 1.08 1.33 3.1 40 53 | 1.42701% 1011430012 Gev? J1(1420)
w G5 1~1) 3.5 2.34 2.98 43 40 52 | 165701 032879052 ev2| i (1600)
g 17) 3.9 2.65 3.35 4.8 40-52 | 172500 0364 T GeV® K*(1680)
|as; 17 1) 4.6 3.20 4.02 5.7 40-51 | 1851012 1A tRo Gay? 7 (1855)
lgg; 2+) 2.3 0.93 1.14 2.8 40 53 | 1367011 (028610 08 GeV?®|a2(1320)/ f2(1270)
It lgs; 2%) 2.4 0.90 1.14 2.9 40-54 | 1441008 1031310098 Gay® K3(1430)
|5s; 27 ) 9.5 0.92 1.22 3.1 40-57 | 1521008 1035812008 GeV? J4(1525)
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Excited light meson operators

o o Working Regions » i 2 .
Operators| Meson [J7°] Pole [%]| Mass [GeV]| Decay Constant landidate [4]
[GeV?] | ME [GeV?] | 50 [GeV?]
lgg; 1) - B 1.60 1.97 4.5 40 53 | 1707012 10 1490015 e 5(1700)/w(1650)
lgs; 17) 3.7 1.61 2.01 4.6 40:54 | 1S OIS gey?
e 8s;177) 5.0 2.16 2.74 6.3 40 55 | 2.00101% |0.16610 05 GeV?®
Z lgg; 1+°) 3.2 2.14 2.76 4.0 40 52 | 1607010 030510057 ey by (1505)
lgs; 1+) 3.5 2.38 2.98 4.3 40-51 | 164121l 1032710082 ey
|38 1+7) 4.5 3.10 3.94 5.6 40-52 | 1843037 (04930 (e
lgg; 27 ) 3.4 1.40 1.76 4.2 40 54 | 1693012 1056710147 Gev?
E i lgs;27) 4.1 1.73 2.13 5.0 4053 | L8121 jo.7o il Qey® K, (1820)
|3s;27) 4.5 1.90 2.39 5.6 40 55 | 1913512 logs55+020 Gave
lgg; 0F ) 2.8 1.23 1.51 3.4 40 53 | 1.4530-12 1031070930 GeV?|an(1450)/ fo(1370)
o lgs; 0) 2.7 1.20 1.46 3.3 40 53 | 1431012 10.304709% GeV? K5 (1430)
g |55; 01+) 4.0 1.72 2.12 4.9 40 53 | 1787913 03557099 qev2|  fo(1770)
\ga/qs /51~ )
|gg; 0~ ) 4.1 1.80 2.19 5.0 40 53 | 178012 1036810037 GeV?| w(1800)/n(1760)
Tt |gs; 07) 4.2 1.84 2.28 5.2 a-5¢ | 183t logretd®T cuy? K(1830)
Jh - .
|3s; 0+ 5.1 2.18 2.76 6.4 40 55 | 2.03301% |0.405%008 Gev*®
|ga/qs/35; 1))
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» Decay behavior of two- and three-gluon glueballs
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Decay behavior

|GGG>

FIG. 1: Diagram (a) illustrates the schematic diagram of a two-gluon glueball decaying into two mesons via a single Fierz
rearrangement, while Diagram (b) depicts the schematic diagram of a three-gluon glueball decaying into three mesons through
two successive Fierz rearrangements.

|GG;07)

Channel Ratio Channel Ratio Channel Ratio Channel Ratio
T 1.00 KK 1.93 KR 1.19 m 0.43
pp 6.49 x 10 ? oo 5.76 x 10 2 'y 2.27 x 10 2 ww 1.02x 10 2

Fierz analyses on the decay properties of two- and three-gluon glueballs



Decay behavior

| G- > In particular, the ¢¢, ww, and ¢pw channel exhibit relatively
! large branching fractions.

Channel Ratio Channel Ratio Channel Ratio

fom 1.00 we 46.38 ww 36.72
pb1(1235) 13.51 o) 11.39 K*K;(1270)  M.28
why(1170) 5.45 n£o(1770) 4.37 may(1320) 414

K K;(1430) 3.83 K K3;(1430) 1.88 may(1450) 1.85

kK 1.31 nf2(1270) 1.26 for 0.31
nf4(1525) 0.23 1 fo(1370) 0.10 nfo(1370) 5,74 sl
1 f2(1270) 4.47 x 1072 on 6.63 x 104 o1 1.31 21074
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Decay behavior

IGGG;0+)

Channel Ratio Channel Ratio Channel Ratio
W 1.00 KK¢ 0.75 KKp 0.69

KEp 0.35 KKuw 0.35 ppw 0.35

KEQ 0.34 K¥K*p 0.24 K*K*¢ 0.21
KRw 0.18 o fo(1270) 0.14 K'K'w 0.12
KKua,(1320) 7.59x102 KK f5(1270) 472x1072 KK f}(1525) 4.34x1072
kRas(1320) 243x1072 i 2.24x1072 n'n'e 1.78%1072
Jofod 1.76x1072 KR f2(1270) 1.52x1072 KR f3(1525) 1.31x1072
I 8.82x1073 KR fo 7.41x1073 Pibh 6.88x1073
Wik 5.64x107 oow 4.76x107 my f3(1525) 1.68x1073
1 f2(1270) 1.47x10°3 'nw 1.43%x10°3 m f4(1525) 1.35%10°3
i’ f2(1270) 9.02x10™ kRO 769%10* ao f2(1270) 4.85%107*
n'n f5(1525) 3.59x10 fofofi(1525) 2.59x104 fofofo 2.24%10™
7' f2(1270) 1.10x10™ oog 467x107®
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Decay behavior

IGGG; 1)
Channel Ratio Channel Ratio Channel Ratio
T 1.00 T 1.49 KKuw 0.83
KR 0.29 KKdo 0.27 i 0.16
KKp 0.15 KEd 0.14 mao 7.62%102
Tow 469x1072 ood 2.88%1072 n'n'w 462x1073
KKf, 3.65x1073 n'n'e 3.51x1073 fofow 5.38x 107
' ¢ 4.95x107% 7' fo 412x1074 mfo 8.77x10°5
' fo 4.58x10°% fofod 3.61x107 T 9.35x 107
KERe 2.80x10°¢ n'n fo 1.27x10°¢ e 8.05x1078
o 3.40x10°" o 2.38x107* KKa,(1260) 1.62x10715
KK f,(1420) 7.18x107* KK f(1285) 6.25%107° w f1(1285) 3.58x1071°
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Summary

® We calculate the relative branching ratios of two-gluon glueballs with =
T/ 7" and three-gluon glueballs with = T/ .In total, we derive
nearly one hundred ratios for these glueballs.

® Our results suggest that the ( )and ( ) likely contain a significant

gluon component, whereas the gluon componentin ( ) appears to be
small.
® We propose observing the three-gluon glueball with = ""inthe and
~ channels, and the three-gluon glueball with =/ " inthe , ,
and  channels.

® Our findings provide a theoretical framework to assist the search for glueball
states in high-luminosity experiments, such as BESIII, GlueX, LHCb, and
PANDA.

Thanks for your attention !
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