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Review papers on glueballs

Int.J.Mod.Phys. E18 (2009) 1-49   

Inspire: f t glueball after 28/2/2013: 93 articles. ‘Soon’ a new review will be needed. 

Previous reviews:
Int.J.Mod.Phys. E18 (2009) 1-49   



Francesco Giacosa

Lattice review: 2305.04869 

F. Gross et al.,

50 Years of Quantum Chromodynamics,

[arXiv:2212.11107 [hep-ph]]. 
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Quark Gluon

Gluon-quark-antiquark 

vertex

3-gluon vertex 4-gluon vertex

Feynman diagrams of QCD

Gluon-quark-antiquark 

vertex

QuarkQuark

GluonQuark

Already here one may ask: what about bound states of gluons???
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Chiral transformations and axial anomaly

U(1)A SU(3)RxSU(3)L Chiral

Chiral or axial anomaly: the axial divergence does not vanish!



Francesco Giacosa

From quarks and gluons to hadrons d.o.f.
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Hadrons

The QCD Lagrangian contains ‘colored’ quarks and 

gluons. However, no ‚colored‘ state has been seen.

Confinement: physical states are white and are called 

hadrons.

Hadrons can be:

Mesons: bosonic hadrons

Baryons: fermionic hadrons
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Definition(s):

1) A meson is a strongly interacting particle with 

integer spin.

2)  A meson is a strongly interacting particle with 

zero baryon number.

Meson

A meson is not necessarily a quark-antiquark state.

A quark-antiquark state is a conventional meson.
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Rho-meson

Pion

MeV 7+
du
mm

MeV 775=+
m

MeV 139=+
m

Example of conventional quark-antiquark states: 

the ρ and the π mesons

Mass generation in QCD

is a nonpert. phenomenon

based on SSB 
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1) Glueballs                                    2) Hybrids

3) Four-quark states

Non-conventional mesons:  

theoretical expectations

Compact diquark-antidiquark states

Molecular states (a type of dynamical generation)

Companion poles (another type of dynamical generation)
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Masses of glueballs
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Glueball masses: bag models

                                   

1 GeV
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Theoretical approaches: BS and lattice

Bethe-Salpeter results: Huber, Fischer, Sanchis-Alepuz: 

Eur.Phys.J.C 81 (2021) 12, 1083 and Eur.Phys.J.C 80 (2020) 11, 1077 
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Lattice 2006

                                   

Quoted by the PDG in the ‘Quark Model’ review.

See also: Gregory et al, JHEP 1210 (2012) 170
Towards the glueball spectrum from unquenched lattice QCD

Conclusions and future prospects The most conservative interpretation of our results is that the masses in terms of 

lattice representations are broadly consistent with results from quenched QCD. We do not see any evidence for large 

unquenching  effects, however a definitive calculation requires a continuum extrapolation, and the inclusion of 

fermionic operators. 
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Lattice: comparison

Table from 2212.03272

https://arxiv.org/abs/2212.03272
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Which masses fit better? 

According to thermodynamics, the ‘AT’ ones
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Masses: summary

Agreement of different methods. AT favored. 

Lightest state: a scalar glueball between 1.5 – 1.7 GeV

Next: tensor and pseudoscalar glueballs.

Mass of the pseudoscalar glueball: 2.5 GeV

Glueballs with exotic quantum numbers (oddballs)

are also predicted to exist.
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Pseudoscalar glueball
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Pseudoscalar glueball
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Gluonium content in 

In general, one has a 3-body mixing.

Chiral anomaly important. 

However, the mixing should be suppressed

by the large glueball mass (2.6 GeV).

Results not conclusive.
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Pseudoscalar glueball

The bare states

mix and form the 3 resonances.

Usually, in such studies the glueball turns

out to sit mostly in the eta(1405) state.

Conflict with Lattice!



Francesco Giacosa

Pseudoscalar glueball

Issues 

The very existence of two separated  pseudoscalar

resonances between 1.4-1.5 GeV is disputed.

Severe conflict with Lattice expectations! 

Pseudoscalar glueball on lattice much heavier. 
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Framework for phenomenology

Extended Linear Sigma Model: eLSM

eLSM: Chiral model with all previous fields + glueballs, 

hybrids… 

(since 2008 up to now, for spectroscopy and medium properties)

Recent review paper in:  Prog.Part.Nucl.Phys. 143 (2025) 104176 

Ordinary and exotic mesons in the extended Linear Sigma 

Model

F.G., S. Jafarzade,  P. Kovacs

arXiv: 2407.18348 [hep-ph].
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(Pseudo)scalar mesons: heterochiral scalars

Pseudoscalar mesons: {π, K, η(547), η’(958)}

Scalar mesons: {a0(1450), K0*(1430),f0(1370),f0(1500)}

f0(1710) mostly glueball

See 1408.4921 
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Chirally invariant terms

Francesco Giacosa

We call the transformation of the matrix Φ heterochiral!

We thus have heterochiral scalars or heteroscalars.

clearly invariant; typical terms for a chiral model.

interesting, since it breaks only U(1)A axial anomaly



The chiral anomaly in mesons
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Easiest chiral anomalous term

The constant  csi1 can be calculated 

as an overage over instanton density.

See G. ‚t Hooft,

How Instantons Solve the U(1) Problem

Phys.Rept. 142 (1986) 357-387

Recent evaluation/extension:

F.G, R. Pisarski, S. Jafarzade

Phys.Rev.D 109 (2024) 7, L071502

2309.00086

2309.00086



Axial anomaly: 2 terms
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Vacuum phenomenology is possible with both.

Probably, both terms are nonzero in Nature.

They arise from Q=1 and Q=2 instantons, respectively.

Important (and peculiar) effects at nonzero temperature.



Columbia plot
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FG, G. Kovacs, P. Kovacs, R. Pisarski, F. Rennecke

Anomalous U(1)A couplings and the Columbia plot,

PRD [arXiv:2410.08185 [hep-ph]

Chiral anomaly: From vacuum to Columbia plot

[arXiv:2601.03710 [hep-ph]].



Decays of the pseudoscalar glueball
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2309.00086 and 1208.6474

Is this meson the pseudoscalar glueball?

Strong coupling to ’ is promising!

Decay with of about 200 MeV also ok. 
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Pseudoscalar glueball

Chiral-anomaly

driven decays!

Note: here only ratios!

1208.6474
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Not only ratios
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Thanks to dilaton instanton gas it was possible to estimate the coupling constant

cg  10

Then not only ratio possible, but actual widths!

Total decay width of the order of 150-200 MeV. In agreement with data!

FG, S. Jafarzade, R. Pisarski  2309.00086
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In mathematics: known as ‘mixed discriminant’ 

Alexandrov, 1939, Panov 1987, Bapak 1989,…

2502.15617 [math-ph]

https://arxiv.org/abs/2502.15617


How to include the chiral anomaly for mesons 

beyond ground-state (pseudo)scalars?

A novel mathematical object? Extension of det

Francesco Giacosa

2502.15617 [math-ph]

https://arxiv.org/abs/2502.15617


Consider two (pseudo)scalar multiplet 1 and 2.

the standard anomalous terms are: 
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det1                                             det2



New interactions via polydeterminant: 
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(1,1,2 )              (1,2,2)



Example with mesons with spin: 

pseudovector heterochiral multiplet

Francesco Giacosa

Recall the ‘standard’anomaly term: 

2309.00086



Isoscalar mixing angle for h1 mesons
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Angle between 0-10 degrees: between red and yellow lines

2309.00086



Ongoing work

Coupling of the pseudoscalar glueball to vector particles, 

also using the polydeterminant

Calculation of additonal decays 

Stay tuned!
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Concluding remarks

The search for glueballs is an active field. 

Expected other 1000 publications in the next  20 years. 

Hopefully with conclusive results.

The pseudoscalar glueball is very promising!

Thank You
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SU(3)color: exact. Confinement: you never see color, but only white states.

Dilatation invariance: holds only at a classical level and in the chiral limit. 

Broken by quantum fluctuations (trace anomaly)

and by quark masses.

SU(3)RxSU(3)L: holds in the chiral limit, but is broken by nonzero quark 

masses. Moreover, it is spontaneously broken to U(3)V=R+L

U(1)A=R-L: holds at a classical level, but is also broken by quantum 

fluctuations (chiral anomaly)

Symmetries of QCD: summary
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0=
i
m

YM 250 MeV 

Chiral limit:

is a classical symmetry, which is how broken 

by quantum fluctuations (trace anomaly)

Dimensional transmutation

Trace anomaly: the emergence of a dimension

2

S

g (Q)
( Q)

4
  = =



a a,G G 0

 Gluon condensate:

In Yang-Mills (QCD without quarks) it is:
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Flavor symmetry

jiji
qUq →

Gluon-quark-antiquark vertex.

The gluon is democratic! It couples to each flavor with the same strength.

VU U(3) U U 1 + → =

iq

i
q
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Chiral symmetry

In the chiral limit (mi=0) chiral symmetry is exact.

i,Rq

i,R
q
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Even more: the gluon couples with the same strength to quarks with different chiralities. 
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Hadronic experiments

Proton-proton

(WA79,WA102,LHC,RHIC)

Electron-positron (with strange-antistrange,

                                            charm-anticharm or bottom-antibottom formation)

(Belle, Babar, BES, KLOE,…)
G

J/ c

c
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Photoproduction: Compass at CERN (also with pion instead of the photons), 

Amber

GlueX AND CLAS12 at Jlab

EIC
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Proton-antiproton

(Lear,Fermilab, and in the future: PANDA)

PCJ 0  , 1  , 2 ,...+− −+ +−=

Exoitc quantum numbers: 
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Theoretical approaches/1

QCD Sum rules
H. G. Dosch and S. Narison, Nucl. Phys. Proc. Suppl. 

121 (2003) 114 [arXiv:hep-ph/0208271].

H. Forkel, Phys. Rev. D 71, 054008 (2005)

[arXiv:hep-ph/0312049].

Hamiltonian QCD
A.P. Szczepaniak, E.S. Swanson, Phys. Lett. B577 

(2003) 61. hep-ph/0308268.
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Theoretical approaches/2

• Flux-tube models

• Bethe-Salpeter approach

• ADS/QCD

Sanchis-Alepuz et al, 

Phys. Rev. D 92, 034001 (2015)

N. Isgur, J.E. Paton, 

Phys. Lett. B124 (1983) 247
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Glueball decays: blindness

Flavour blindness (widely used for the scalar glueball):

Even more: chiral blindness (could be relevant for heavier 

glueballs):
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Glueball  decay: Large-Nc

0

cG NM 

Glueball masses are Nc-indipentent for large-Nc 
(just a convetional quark-antiquark mesons)

Decay amplitude of a glueball into (conventional) 

mesons scales as:

Recall that for a conventional quark-antiquark state: 

         21
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Glueball-quarkonium: mixing and large-Nc

The picture is complicated by mixing. 

A glueball with conventional quantum numbers mix with

nearby quark-antiquark states.

Mixing suppressed in large-Nc but phenom. relevant 

For comparison:



Francesco Giacosa

`Rough’ estimate of the glueball’s width/1

OZI-dominant decays of conventional 

quark-antiquark mesons:
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Estimate of the glueball’s width/2

Hence, for glueballs we „guess”:

OZI-suppressed decays of conventional 

quark-antiquark mesons:



Francesco Giacosa

1) Nf = 2 (with frozen glueball): Parganlija FG DHR PRD82 (2010) 054024

2) Nf = 2 (with glueball): Janowski Parganlija FG DHR PRD84 (2011) 054007

3) Nf = 3 (with frozen glueball): Parganlija Kovacs Wolf FG DHR PRD87 (2013) 014011

4) Nf = 3 (with glueball): Janowski FG DHR PRD90 (2014) 114005

5) Pseudoscalar glueball: Eshraim Janowski FG DHR PRD87 (2013) 054036 Eshraim Schramm PRD95 (2017) 014028

6) Nf =4: Eshraim FG DHR EPJ.A51 (2015) no.9, Eshraim Fischer 112 EPJ A54 (2018) 139

7) Vector glueball:  Sammet Janowski FG PRD95 (2017) no.11, 114004

8) Excited (pseudo)scalar mesons: Parganlija FG Eur.Phys.J. C77 (2017)  450

9) Consistency with ChPT: Divotgey Kovacs FG DHR Eur.Phys.J. A54 (2018)  5

10) f0(500) as a four-quark in the vacuum: Lakaschus Mauldin FG DHR arxiv: 1807.03735

11) Hybrid mesons Eshraim et al., EPJ+135 (2020) no.12, 945 arXiv:2001.06106

12) Tensor mesons and tensor glueballs Vereijken et al, PRD108 (2023) no.1, 014023 arXiv:2304.05225 

SJafarzade et al. PRD106 (2022) no.3, 036008 [arXiv:2203.16585

Meson phenomenology - literature
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1) Baryonic eLSM for Nf = 2: Gallas FG DHR PRD82 (2010) 014004, Gallas FG IJMP.A29 (2014) 1450098

2) Nucleon-nucleon scattering: Teilab Deinet FG DHR Phys.Rev. C94 (2016) 044001

3) Nf = 3 (with four multiplets): Olbrich Zetenyi FG DHR Phys.Rev. D93 (2016) 034021

4) Nf = 3 and axial-anomaly for baryons: Olbrich Zetenyi FG DHR  Phys.Rev. D97 (2018) no.1, 014007

5) Nuclear matter: Gallas Pagliara FG Nucl.Phys. A872 (2011) 13-24

6) Inhomogenous condensation in nuclear matter: Heinz FG DHR Nucl.Phys. A933 (2015) 34-42

7) Nf = 3 Olbrich et al, PRD93 (2016) no.3, 034021 ;PRD97 (2018) no.1, 014007 

Baryon phenomenology - literature

Nonzero temperature and density (and critical endpoint) - literature

Kovacs et al., PRD93 (2016) no.11, 114014 ; PRD106 (2022) no.11, 116016
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New development: glueball-glueball scattering



Francesco Giacosa

Future experimental search, e.g. at BES and PANDA

Details in: 

W. Eshraim, S. Janowski, F.G., D. Rischke, Phys.Rev. D87 (2013) 054036. arxiv: 1208.6474 .

W. Eschraim, S. Janowski, K. Neuschwander, A. Peters, F.G., Acta Phys. Pol. B, Prc. Suppl. 5/4, arxiv: 1209.3976 

0~ =
→G

The pseudoscalar glueball: 

predictions from the eLSM

MG = 2.6 GeV from lattice as been used as an input.

X(2370) found at BESIII is a possible candidate.


	Slajd 1: Hunting the pseudoscalar glueball 
	Slajd 2
	Slajd 3
	Slajd 4: Review papers on glueballs
	Slajd 5
	Slajd 6
	Slajd 7
	Slajd 8: The QCD Lagrangian
	Slajd 9: Feynman diagrams of QCD
	Slajd 10: Chiral transformations and axial anomaly
	Slajd 11
	Slajd 12: Hadrons
	Slajd 13
	Slajd 14: Example of conventional quark-antiquark states: the ρ and the π mesons
	Slajd 15
	Slajd 16
	Slajd 17: Masses of glueballs
	Slajd 18: Glueball masses: bag models
	Slajd 19: Theoretical approaches: BS and lattice 
	Slajd 20: Lattice 2006
	Slajd 21: Lattice: comparison
	Slajd 22: Which masses fit better?  According to thermodynamics, the ‘AT’ ones
	Slajd 23: Masses: summary
	Slajd 24
	Slajd 25: Pseudoscalar glueball
	Slajd 26: Gluonium content in 
	Slajd 27: Pseudoscalar glueball
	Slajd 28: Pseudoscalar glueball
	Slajd 29: Framework for phenomenology Extended Linear Sigma Model: eLSM
	Slajd 30: (Pseudo)scalar mesons: heterochiral scalars
	Slajd 31: Chirally invariant terms
	Slajd 32: The chiral anomaly in mesons
	Slajd 33
	Slajd 34: Axial anomaly: 2 terms
	Slajd 35: Columbia plot
	Slajd 36: Decays of the pseudoscalar glueball
	Slajd 37: Pseudoscalar glueball
	Slajd 38
	Slajd 39: Not only ratios
	Slajd 40
	Slajd 41: How to include the chiral anomaly for mesons beyond ground-state (pseudo)scalars? A novel mathematical object? Extension of det
	Slajd 42: Consider two (pseudo)scalar multiplet 1 and 2.  the standard anomalous terms are: 
	Slajd 43: New interactions via polydeterminant: 
	Slajd 44: Example with mesons with spin:  pseudovector heterochiral multiplet
	Slajd 45: Isoscalar mixing angle for h1 mesons
	Slajd 46: Ongoing work
	Slajd 47: Concluding remarks
	Slajd 48: Symmetries of QCD: summary
	Slajd 49: Trace anomaly: the emergence of a dimension
	Slajd 50
	Slajd 51: Chiral symmetry
	Slajd 52: Hadronic experiments
	Slajd 53
	Slajd 54
	Slajd 55: Theoretical approaches/1
	Slajd 56: Theoretical approaches/2
	Slajd 57: Glueball decays: blindness
	Slajd 58: Glueball  decay: Large-Nc
	Slajd 59: Glueball-quarkonium: mixing and large-Nc
	Slajd 60: `Rough’ estimate of the glueball’s width/1
	Slajd 61: Estimate of the glueball’s width/2
	Slajd 62
	Slajd 63
	Slajd 64: New development: glueball-glueball scattering
	Slajd 65: The pseudoscalar glueball:  predictions from the eLSM

