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HADRONS...

 color charged quarks and gluons are the fundamental
degrees of freedom of QCD

« confinement: quarks and gluons bind and form
color-neutral hadrons

Conventional hadrons

{ Proton

Meson Baryon
Nature Rev. Phys. 1 (2019) no.8, 480-494

« hadron spectrum is one access to study the strong
interaction in the non-perturbative regime
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... AND EXOTIC HADRONS

Non-standard hadrons

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

We then refer to the members u%, d-%, and s-7 of
the triplet as "quarks" 6) g and the members of the
anti-triplet as anti-quarks . Baryons can now be

Molecule Tetraquark

tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (q q) similarly gives
just 1 and 8.

Hybrid

Glueball

Nature Rev. Phys. 1 (2019) no.8, 480-494 Pentaquark




... AND EXOTIC HADRONS

PRL 110 (2013) 252001
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QUARKONIUM(-LIKE) STATES




QUARKONIUM PRODUCTION
« in e*e” machines: Besm

: : D
* in weak b decays:
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QUARKONIUM

« QCD-analogue to hydrogen atom / positronium

» spectrum from potential models:

4 as(r)
Vog = —3-

3 r+k

+ spin-dependent terms
Nature Rev. Phys. 1 (2019) no.8, 480-494
see e.g.: Godfrey & Isgur, PRD 32 (1985) 189-231
Barnes, Godfrey, Swanson, PRD 72 (2005) 054026
Godfrey & Moates, PRD 92 (2015) 054034

« good agreement with experiments (BaBar, Belle,
BESIII, CLEO, ...) for charmonium and bottomonium




QUARKONIUM
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BOTTOMONIUM
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BOTTOMONIUM

5 4f | | 11.2F :
_ ' e bottomonium
g 2 &
5 s 11+ Y(11020)
g 48- N (AN
8 200l é 200 T, (55 ‘Tgiiio) e — m(B:B))
s : 108 —— -y b o iy oo 23] e P} — | micis)
= YX ((:st'))- ———————————————— Z,(10650) MENA=N)
‘ Qal 10.6 _le_(“_s_ Y(4351) y _3______________,_ "b""""”l m(S%B)
00 | 100 o (% 6P | s 0P o Py 122 P m(E8)
o gl
m, (3'S)
3
| : O .l [ 2P |
‘ ' ~ Y (D)
E 10 n, (2'S,)
oy e L L R B & —
5 - B [, (7P| )] [ (PP
ete~ - B*B* | | [P ] 7P
g 400 |- 9.8
2 2 | ]
g 200r A =
ﬂ\ T * 06|
- ‘o | YT observed bottomonium
} o 200 “I | — Y (s
100; / A g:f Al| ||| ] 9.4 W potential model
[ l e+e— N bb 1 O-+ i 1+ O++ 1+ o+t 7
y \ i S R model values from PC
%6 107 108 108 11 111 112 PRD 92 (2015) 054034 J
0 I s (GeV)

CPC 44 (2020) no.8 083001
JHEP 06 (2021) 137

JHEP 10 (2019) 220



BOTTOMONIUM

K-matrix analysis of ¢* e~ annihilation in the bottomonium region 11'2|_ - bottomonium
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BOTTOMONIUM

bottomonium
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CHARMONIUM
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CHARMONIUM Z,(3900) - J jym
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CHARMONIUM Z,(3900) - J jym
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CHARMONIUM
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+ many other new, exciting results...

X- states in ]/l/)(]5 at LHCb

PRL127 (2021) 082001
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FU LLY'CHARM ED chz-z-

» fully-heavy tetraquark (cccc) candidate T,.z- (X(6900)), first observed by LHCb in T,.;c = J /Y ] /Y
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PENTAQUARKS

2015: first LHCb P, in A% — J /WpK ™

another P. in B? - J /ypp
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are these genuine pentaquark states, cusp effects, caused by triangles?
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PENTAQUARKS
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. 2015: first LHCb P. in AS > J /ypK -
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HYBRID MESONS




HYBRID MESONS

qg meson
P = (_1)L+1
C = (_1)L+S

— JPC =077, 0dd ™%, event™
not possible for gg mesons
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ISOVECTOR 77 (1600)

* 1;(1600) decays predicted from lattice-QCD
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ISOVECTOR 7 (1600)

m,(1600) decays predicted from lattice-QCD
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AN ISOSCALAR HYBRID 14(1855)?

« study of /Y — ynn' radiative decays using 10B J/y at BESIII
14

PRL 129 (2022) 192002, Erratum: PRL 130 (2023) 159901
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SO, WHERE DO WE STAND?

LHCDb collaboration, P. Koppenburg, List of hadrons observed
at the LHC, LHCb-FIGURE-2021-001, 2021, and 2023 updates
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« modern, high statistics experiments reveal many b0 )
new, interesting structures (hadrons?)
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