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Quark model and Exotic hadrons

7 @ .0
» Quark Model: gg mesons and gqq baryons K

» Exotic Hadrons: hadrons beyond QM, such as
multiquarks, hybrids, glueballs...
» Hybrids and Glueballs: very distinctive

predictions of QCD!
& 7 &
fano  X(3872) Xo,1(2900) X (6200)
£(1500) [ X(1835) Zc(4430) 7 (3900) O ch (4220) X(6600)
A(1405) /13700 ©+(1540) ® - C X (6900) Z.,(4000) X(7300)
2] 000 © O | |
L 1 1 1 1 1 1 1 1 | 1 | | >
1960s 1990s 2003 2005 2008 2011 2013 2015 2019 2020 2021 2022 year
® " | @ @
X(1812) u -
X (1860) . Z5(10610)  P.(4380) P,(4312) Fes(4459) P}, (4338)
| § | O O
Zy(10650)  P.(4450) P,(4440
D*(2317) Y(2175) 5 10850) (A490) Zea(3085) T¢s0(2900) 0

P,(4457)
D,,(2460) 3



Glueballs: colorless bound states of gluons as gluons have a

self-coupling

» Mixing with normal qq states, it is hard to isolate the pure glueballs
experimentally.

» No universal definition of constituent gluon: massless or massive?

> Plenty of theoretical studies in the past half century based on

various methods. . .
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Mass spectrum of glueballs in LQCD
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Lightest glueballs:

JPC = 0**: 1710 + 50 + 80 MeV

JPC = 2%+ 2390 + 30 + 120 MeV

JP¢ =07*: 2560 + 35+ 120 MeV

There are some candidates

these channels!

Y. Chen et. al., PRD73(2006)014516
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Scalar glueball: H.X.Chen et. al., RPP86(2023) 026201
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Average mass predictions:

Mlgg;0++) ~ 1650 MeV



Candidates: scalar light mesons

M|gg;0++> ~ 1650 MeV

Name £5(500) fo(1370) fo(1710) £6(2020) f0(2200)

M (MeV) 410 £ 20 1370 + 40 1700 + 18 1925 + 25 2200 + 25
400 — 550 1200 — 1500 1704 + 12 1992 + 16 2187 + 14

T (MeV) 480 + 30 390 + 40 255 £25 320 + 35 150 + 30
400 — 700 100 — 500 123 + 18 442 + 60 ~200

Name £>(980) fo(1500) fo(1770) fo(2100) fo(2330)

M (MeV) 1014 + 8 1483 £+ 15 1765 + 15 2075 + 20 2340 + 20
990 + 20 1506 + 6 2086179 ~2330

T (MeV) 71 £ 10 116 + 12 180 =+ 20 260 + 25 165 + 25
10 — 100 112+9 28415 250 + 20

Production rates in the gluon-rich j /1 radiative decay processes:

BESIII:Natl.Sci.Rev. 8 (2021)

B(J /v — vy (1500)) ~ 0.29 x 1072, awab198

B(J/v = v£(1710)) ~ 2.2 x 1073,

B(J/v —

gg;07)) =(3.8+£0.9) x 107, PRL110(2010)021601



Mixing scheme: PLB826(2022)36906
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Tensor glueball' H.X.Chen et. al., RPP86(2023) 026201
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B(J/¢ — 1f2(2340) — YKK) = (5.54 020 745) X 1072,
B(J/¢ — 1£>(2340) — i) = (5.60F 2824237y x 1073,
B(J/v — 1£2(2340) = vpp) = (1.91 £0.143372) x 103,

BESIII’'s measurements

B(J/¢Y — v|gg;2*T)) = (1.1£0.2+0.1) x 1072

PRL113(2013)091601 9



Pseudoscalar glueball:

RPP86(2023) 026201
3

3 e
& x ¢ % : X ® IE
E % x
= D } ﬁ F : E )
()
Q) [} : X
g |
|
CEU 1r | -1
|
l
|
O L 1 | l | | | O
1970 1980 1990 2000 2010 2020 2030

Average mass predictions:

Mgg.0-+) ~ 2360 MeV
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Pseudoscalar candidate X(2370): BESIII
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Production rates in the radiative /¢ decays:

B(J/v¥ — vX(2370) = vK+TK™ ')

EPJC80(2020)746;

= (1.79£0.23 £ 0.65) x 10~%,
PRD93(2016)112011

B(J/v — 7X(2370) — YK{K{n ')
= (1.18 £0.32+0.39) x 10~°.

B(J/4 — vX(2500) — v$¢) = (1.7 £0.2302) x 105
Close to the LQCD prediction of the pseudoscalar glueball

B(J/y — v|gg;0~ 1)) = (2.31 £ 0.80) x 107,

PRD9100(2019)054511
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Evidence for a t-channel exchanged odderon
PRL127(2021)062003
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The discrepancy suggests the existence of a t-channel exchanged
odderon with C=-. If exist, it should be a three-gluon glueball!
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QCD sum rule calculations of glueballs

The relativistic two-gluon and three-gluon operators:
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All spin-1 two- and three-gluon operators with C=+ vanish!

PRD103 (2021) L091503;PRD104(2021) 094050 y



Three-gluon operators: —
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Glueball sum rules:

Two-point correlation function:
n(z/}.a'/)"(qZ) =i / (ﬂ'x.eiq_\‘<0|T[j(II/)' (A_)j(l,’/}’-;'(o)] |O>
= (" - g $)I(gP).

Gluon field strength tensor
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Full gluon field propagator in the fixed point gauge
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OPEs are calculated up to d=8 condensates

(d)
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Pseudoscalar glueball
PRD104(2021) 094050
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Mass prediction:

M'GG:O") =2.17 £ 0.11 GeV.
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Glueball mass spectrum

Working Regions

Glueball Current sfin [GeV?] so [GeV?] M?% [GeV?] Pole [%] Mass [GeV]
|GG;0*+) Jo 7.8 9.0+ 1.0 3.70-4.19 4048 1.78%317
|GG;2++) il 8.5 100+ 1.0 3.99-4.60 40-50 1.86%017
IGG;0~) Jo 8.2 9.0+ 1.0 3.28-3.70 40-47 2,171
|GG;2~+) juabib, 8.1 10.0 + 1.0 3.27-4.20 40-55 22451
IGGG:0*+) o 31.6 33.0+3.0 7.25-7.61 40-44 4.46:017
|GGG;2++) pliea bl 16.0 35.0::3.0 4.77-9.04 40-90 418508
IGGG:0~) ilo 17.0 33.0+3.0 4.48-8.13 40-88 413353
|GGG;2+) TRl 331 350+3.0 8.10-8.53 4044 429107
IGGG;1+7) £ 9.0 340+4.0 3.16-9.09 40-99 A.G1Hse
|GGG;2+-) guahib: 32.7 350+£4.0 7.53-8.09 40-46 442104
IGGG;3™)  gnanhbb 30.2 33.0+4.0 7.69-8.40 40-47 430108
|GGG;1—) Eb 312 340+4.0 5.81-6.77 40-51 49119
IGGG:27) gnahib; 19.7 36.0 £4.0 5.80-9.47 40-81 425305
IGGG;37)  gnam il 35.8 380+4.0 6.15-7.22 40-49 5.59t0%

PRD103 (2021) L091503;
PRD104(2021) 094050



Comparing to LQCD’s results
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Productions and decays

C

J /W radiative decay

PRD103(2021)LO91503
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double pomeron exchange
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Summary

The existence of glueball is one of the most distinctive prediction of
QCD, and essential to the confirmation of the theory!

We systematically calculated the mass spectra of the two-
gluon and three-gluon glueballs.

The ground state of spin-1 glueballs with C=+ do not exist in
the relativistic framework.

Some gluon-rich processes are expected to detect glueballs.

Thank you
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