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Hadron spectroscopy

« How do the rich and complex features of hadrons emerge from QCD?
« Understanding hadron spectra in terms of the quark and gluon degrees of freedom

« Key things to search for: exotic forms of matter beyond quark model

« Strong evidences for multi-quark in heavy quark sector  #etps;/qwg.ph.nat.tum.de/exoticshub/
« Evidence for gluonic excitations remains sparse
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Glueballs . 5
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* Glueballs are the most direct prediction of QCD ' o R
« Color singlets emerge as a consequence of the gluon N g 8
self-interactions 2 =

« Unique particles formed by gauge bosons (force)
« Essential for understanding of confinement and

2 YM mass gap, !
a $1M problem

mass dynamical generation T S
- Theoretical predictions from lattice QCD and arXiv:2305.04569
QCD-inspired models mostly consistent C}j@{) %@%
- Light-mass glueballs: JP¢ = 0*+, 2%+, 0=+ o
2 | o 2++
Quarkonia .:. qq_> '“:: 0+ %
— . . 4+ ‘ )
non-qq nature with ordinary  popi4s  ene 4G¢) “ )
quantum numbers is difficult + . |
to establish Glueballs <& |88) Yang-Mills glueballs on lattice
Multi- ._:._. g252) (quenched and unquenched)

quarks +



Glueball hunting for over 40 years

. luon-rich pr
Supernumerary states w.r.t. quark model gluon-rich processes @ @ cept 454 1)
» A priori, mixed with nearby qq o _ Charmonium decays:
« Assignment of some qg multiplets is difficult . BESIII, MRKIII...
» Detailed and accurate information about

couplings to production and decay "\&  pp double-Pomeron exchange:
channels is required “ WA102, GAMS...

» Strongly produced in gluon-rich processes ! 3. pp annihilation:

. Crystal barrel, OBELIX...

 Decay: gluon is flavor-blind

* SU(3)navor Symmetry expected, but differing
guark masses leads exceptions

« No rigorous predictions on decay patterns

« Could be analogy to OZI suppressed decays of

charmonium, as they all decay via gluons [PLB
380 189(1996), Commu. Theor. Phys. 24.373(1995)]




Some glueball candidates in the past

 The first glueball candidate, 1((1440), observed in J/y radiative decays in 1980s

« Scalar candidates f,(1370), f,(1500), f,(1710) (Markll in1980s, Crystal Barrel in
19905)

« Narrow tensor glueball candidate £(2230) (Marklll in 1980s/BESI in 1990s)
« Not confirmed by CLEO, BESII nor BESIII with much higher statistics

And,
« Odderon (odd C-parity) from DO and TOTEM (2021)

"Update on Glueballs” , C. Morningstar, Lattice 2024

“A review on glueball hunting” , D. Vadacchino, Lattice 2022

“The Physics of Glueballs” Mathieu, Kochelev, and Vento, 2009

“The Status of Glueballs” Ochs, 2013

“Glueballs as the Ithaca of meson spectroscopy: From simple theory
to challenging detection” Llanes-Estrada, 2021

“The Experimental Status of Glueballs” Crede and C. A.Meyer, 2009

1976 “find t glueball OR t gluonium” 202>



Story thus far (with

"Scalar: 1 nonet in quark model, f, & f,’
Exp: overpopulation
LQCD : ground state 0* glueball ~1.7 GeV;

\_ FJ/W = ¥Goi)/Trotar = 3.8(9) x 1072

BESIII" s inputs)

/\/B(]/IIJ — yfo(1710)) is x10 larger N
than fy(1500); suppression of
f,(1710) -» 1’

= Large gluonic component

Tensor: 2 nonets(°P,,*F,), complicated

Exp: large uncertainty

LQCD: 2**(2.3~2.4 GeV);
\_ CJ/W = YG21) /Trotar = 1.1(2) X 1072

/Pseudoscalar: n&n', “simple”

Exp: lacking of info. above 2 GeV; puzzles n(1295)?
n(1405/1475)?

LQCD: 0*(2.3~2.6 GeV)

BESIII [PRD 87 092009, PRD 92 052003, PRD 98 072003,
PRD 106 072012]

/
" v'Large production rate of h
f,(2340) in J/¢ radiative decays

BESIII [PRD 87,092009, PRD 93, 112011, PRD 98,072003,

\_ PRD 105,072002]

J

(v X(2370): a good candidate with\
analogy decay pattern as 1

N\ (/W = ¥Go_)/Teorar = 2.31(80) x 10~

\ PRL 132, 181901, PoS ICHEP2024 490]

BESIII [PRL 106, 072002, PRL 117, 042002, EPJC 80 746,

_/




Next steps /Dg;&

« Many channels to be explored in

existing 10B J/yr data at BESIII and STCF

« More information on the properties of
X(2370), f,(1710), ...

« Complementary information P
- —
« Two-photon process at Belle Il and STCF, Glyeball anti-filter? d
P - T Glueball filter? PLB397 333

even CEPC and FCC-ee
e Central Exclusive Production at LHC

« B hadron decays ,,
° o z =

» Full spectrum of glueballs, especially .
oddballs, at PANDA =

Mg (GeV)

all quantum numbers possible



Light hadrons with exotic quantum numbers

- Unambiguous signature for exotics «e

- Efforts concentrate on Spin-exotic M

 Forbidden for qq: +

o - 3 —I:berids CAC qqg>
JP¢ =0"",even™,odd™" N
Glueballs & |99)
Experiments: + )
Multi- @—@ @—@ |7°J")

* Hadroproduction: GAMS, VES, E852, COMPASS quarks +

* pp annihilation: Crystal Barrel, OBELIX, PANDA(under
construction)

* Photoproduction: GlueX(2017-), CLAS

J=L+S P=(-D! C= (-1
Allowed JP¢: 0=+, 01+, 17— 11— 2, ..



m/ MeV

Volume 60B, number 2 PHYSICS LETTERS 1 9 7 6

UNCONVENTIONAL STATES OF CONFINED QUARKS AND GLUONS™

R.L.JAFFE" and K. JOHNSON

Predictions

Rept.Prog.Phys. 86 (2023) 026201
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Lightest spin-exotic state in LQCD: 1~ " hybrid 150 o oL eV
Decay width of 17" hybrid 4 :




1=* Hybrids

« Candidates over 3 decades e Observation of an exotic1~—+
» 11 (1400), 1, (1600), ™,(2015) (needs Isoscalar state n,(1855)
Conflrmatlon), all isovetors BESIII PRL 129 192002(2022) ,

PRD 106 072012(2022)

Spin-exotic J*°=1"" waves at COMPASS
preliminary Tin X I p X h < aof
Nominal 71(1600) position E E S i 0
Ehn %h” = <Y1>
nrx P, R\l s -
o B .
1 N—— : pom Target Recol N iyt ;E: 20 _ without 71 (1855)
ﬁl‘i., Review: PRC 82, 025208 (2010), PPNP 82, 3 |
| p(770)7r 21 (2015), EPJC 83 (2023) 1125 % ol
[}
.. 8,(1320) ; : | ! | ‘ L
- 2 1700) 1.5 2 25 3
M()(GeV/c?)

P70 i (@) @
'ﬂlZSS)x L |

wo)ao m,(1400) & 1;(1600) can be one pole

1 15 2 25 [PRL 122, 042002 (2019), EPJ C 81, 1056 (2021]) 10
my [GeV/c?]

Individually scaled intensity

can be m;(1600)" s partner

‘A_AETEM b (1235)7
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1=* Hybrids

« What are the nature of m;(1600) and n,(1855) ?

. Hybrid/KKlMolecule/’[etraquark? 1, 16076 = 1- (1)
« Decay:]/y = v+ nf;, K4K ~ _
 Production: J/{ - wnn’ , dnn’ \ Ky 16(0%)= % (17)

« Where is the n!” ?
my 160P6)= 0* (1)

 Does K; exist and how to identify it? N1 16079 = 0t (17)
« Where are the other JP¢ = 07, event~,0dd™"
states?

* New results from COMPASS, AMBER, BESIII,
GlueX and PANDA are eagerly awaited



ceg hybrids

LQCD predicts similar supermultiplet as light hybrids

1500 -

1000 -

M-M,, (MeV)
|

070+ 1= 2+

« Y(4230)? [see Prof. Zhao' s talk on Monday]

« Other vector?

e Transitions between 1=~

17+

[

| ] =
D@':

[

| s |

and {0,1,2}~ %

« Molecule statesof 1= tand 1=~ ?

0++ 1+f 1++ 2++ 3+f

0+

s

2+

—

JHEP 07 (2012), 126

Further studied at
BESIII and Belle Il



Mass (MeV)

Heavy QCD exotics

Y(4790)——2023 Charmonia and charmonium-like states
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Courtesy to F.K. Guo

 Conventional cc meson fit well with

potential model

e Abundance of new states with

various probes

b-hadron decays
hadron/heavy-ion collisions
Yy processes

ete™ collisions

13



Heavy QCD exotics

With tremendous progress of multiquark candidates, many puzzles remain
* Proximity to open thresholds

« With few exceptions, mostly observed in single production modes
 Binding mechanism(s) unclear

14



Events/0.010 GeV

Further details
e.g. 22 yrs “young' X(3872)
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 More studies at BESIII, Belle Il, LHCb
 Model-independent lineshape measurements via beam scan at PANDA 15



High precision measurements + Sophisticated models

e.g., Y states

N. Husken, et al., arXiv:2404.03896
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FIG. 2. Fit result for Model 1. Lefi: «* e~ — DD, Right: e*e
values based on observed cross sections, as reported in Ref. [I8]; closed data points are from Hef. [I].
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S. G. Salnikov & A. I. Milstein, arXiv:2404.06160
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FIC. 3. Fit result for Model 1. Left: ¢"e™ - D" D). Right Energy dependence of the cross sections for production of charged particles.
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while green s the 909 confidence level. Black data points ar
from Belle [22].

The red region indicates the 68% confidence level,
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BESIIT [21], red data is from CLEO-c [23|24], blue data is
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Symmetries governing the multiplets

e.g. Z states

‘ Observed
. Evidence

‘ Missing

+ Jhy

+h

Z,(3900)"

. Observed
‘ Missing

Z,(4020)"

Z.(3900)*
Zoy (xxxx) | Z oy (3x%)
Z,.+(3985)"

=1

7.(3900)°

7,5(3992)°

Z5 (xxxx)° Z s (xxxx)*™
“
Z,(4020)*
Zoy (oxxx) | Z s (%)

Z o (XXXX) Z, (oxxx)®

courtesy to C.Z. Yuan

17



More production mechanisms
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« photoproduction at GlueX
« quasi-real photoproduction at ePIC@EIC
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Oys)

Complementary insights:
in-medium effects, femtoscopic techniques, ...

® LHCb pp, Vs=8 TeV, 2<y<4.5, P> 5 GeV/c
o LHCb pPb (Pbp), |s,,=8.16 TeV, 1.5<y<4 (-5<y<-2.5), P> 5GeVlic
l —
C Y CMS PbPb VSNNZS 02 TeV, lyl<0.9, pT>15 GeVic
-1
10 o
- ——
B _+—
A el B Il B ol Bt DI Wt Rl il | |
0 20 40 60 80 100 120 140 160 180 200 pPb Pbp PbPb

VELO
tracks

https://qwg.ph.nat.tum.de/exoticshub/

Weakly bound
>A~M@$a 4
s \*/1‘}'\‘

Weakly bound hadronic molecule has large
radius, samples large volume of nucleus

Tightly bound

A

Tightly bound compact tetraquark has small radius,
could more easily escape nucleus unscathed
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What | didn’ t cover

* Light baryons

« Missing states
| PRD 84 074508

e fm
1 =

Fe. g o
¢ O O
LT

« Various production mechanisms:
N, y(*)N , charmonium decays, KN ...

« Polarization observables

« Heavy baryons
« Since the 2017 £}, no other double

heavies yet

e tt cross-section enhancement at

threshold
« Elusive NRQCD phenomena

« Modelling of the threshold
region is challenging
« Spectrum of topped hadrons?

Run3 and HL-LHC, FCC-ee, CEPC

20



Summary

« New generation of experiments n

« more measurements, more
production/decay modes, more precision

A comprehensive
understanding of hadrons

S—

« Advance analysis techniques
« Amplitude analysis, ML, ...

* Close exp-th collaboration —

Thank you for your attention



