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Symmetries of QCD

Born
Giuseppe Lodovico Lagrangia
25 January 1736
Turin

Died 10 April 1813 (aged 77)
Paris



Some historical facts

• Nel 1793 un decreto della Convenzione ordinava l’arresto degli 
stranieri nati in Paesi in guerra con la Repubblica, tra i quali figurava 
il Regno di Sardegna. La comunità scientifica si schierò in difesa di 
Lagrange, che fu posto in requisizione con l’incarico di studiare 
problemi di balistica e venne mantenuto libero in Francia. 

• Nel 1799 fu tra i primi membri del Senato della Repubblica 
francese, previsto dalla nuova Costituzione dell’anno VIII che seguì 
al colpo di Stato del 18 brumaio (9 novembre) del generale 
Napoleone Bonaparte. Porta la sua firma il senatoconsulto dell’11 
settembre 1802 con cui il Piemonte fu annesso alla Francia.

• Source: https://www.treccani.it/enciclopedia/
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Quark:     u,d,s and c,b,t       R,G,B
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Confinement: quarks never ‘seen’ directly. How they might look 
like 

Picture by Pawel Piotrowski
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Chiral limit:
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Dimensional transmutation
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Flavor symmetry

jiji
qUq 

Gluon-quark-antiquark vertex

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

VU U (3) U U 1   

iq

iq
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Chiral symmetry

In the chiral limit (mi=0) chiral 
symmetry is exact, but is 
spontaneously broken by the 
QCD vacuum 
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Chiral (or axial) anomaly: explicitely broken by quantum fluctuations
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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 (scale 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 and breakings
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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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Conventional mesons:  

quark-antiquark states
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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

A meson is not necessarily a quark-antiquark state.
A quark-antiquark state is a conventional meson.
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Quark model(s) and their QFT extensions

QCD phenomenology based 
on a chiral effective Lagrangian
Tetsuo Hatsuda, Teiji Kunihiro
Phys.Rept. 247 (1994) 221-367

The Infrared behavior of QCD Green's functions: 
Confinement dynamical symmetry breaking, and hadrons 
as relativistic bound states
R. Alkofer, L. von Smekal
Phys.Rept. 353 (2001) 281

G. Eichmann et al,
Baryons as relativistic three-quark bound states, 
Prog. Part. Nucl. Phys. 91 (2016), 1-100

Mesons in a Relativized Quark Model 
with Chromodynamics
S. Godfrey, N. Isgur
Phys.Rev. D32 (1985) 189-231

NJL: quark-based model with
chiral symmetry and SSB
chiral condensate
Effective quark mass
Mesons as quarkonia (pion: ok)

DS: 
quarks and gluons propagators 
from QCD
Condensates
Effective quark and gluon masses
Spectra of mesons as quarkonia
(pion: ok) and baryons as qqq states



Lattice QCD

e.g.

J. J. Dudek et al.

Toward the excited meson spectrum of dynamical QCD,

Phys. Rev. D 82 (2010), 034508 doi:10.1103/PhysRevD.82.034508

[arXiv:1004.4930 [hep-ph]]. 



Jean Buridan (in Latin, Johannes Buridanus) (ca. 1300 – after 1358)

SSB and the donkey of Buridan: 
hadronic approaches

  N N  



• Chiral pertrubation theory (nonlinear realization of CS)

• Effective chiral hadronic models (LSM, eLSM,…linear real.)

e.g.
D. Parganlija, P. Kovacs, G. Wolf, F. Giacosa and D. H. Rischke, 
Meson vacuum phenomenology in a three-flavor linear sigma model 
with (axial-)vector mesons,
Phys. Rev. D 87 (2013) no.1, 
[arXiv:1208.0585 [hep-ph]]. 

e.g.
S. Scherer and M. R. Schindler, 
Chiral perturbation theory for mesons,
Lect. Notes Phys. 830 (2012), 65-144 
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Quark-antiquark bound states: conventional mesons

)(3/1 GGBBRRcolor 

Conventional mesons



Conventional mesons/2

Surely, with quark-antiquark states we can understand a lot of QCD, 
but definitely not everything.
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Exotic quantum numbers

PCJ 0  , 1  , 2 ,...  

Not all quantum numbers are permitted for a quark-antiquark states. 

are exotic quantum numbers. 
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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. penomenon
based on SSB 
(mentioned previusly).
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Quark-antiquark states: the large-Nc limit

As IG have shown, the quark model works. 
Theoretical justification relies on the large-Nc  expansion.

For a comprehensive review on Nc:

Baryons in the 1/n Expansion

Edward Witten
Nucl.Phys. B160 (1979) 57

Mesons beyond q-qbar: the first term in the first expansion is of non-quarkonium type



K u s space : L 0 sp in : S 0 R R BB G G

...

     

0D u c space : L 0 sp in : S 0 R R BB G G

...

    

PCL S 0 J =0   pseudoscalar mesons  

0 uu dd space : L 0 spin :S 0 RR BB GG      

u d space : L 0 spin : S 0 RR BB GG     

du space : L 0 spin :S 0 RR BB GG     

Flavor symmetry: the 3 pions have the same mass.



*K (89 2) u s space : L 0 sp in : S 1 R R BB G G
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PCL S 1 J =0   scalar mesons  

0
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correspo nds to  the  resonance f (1370).

...

...

      

c 0 (1S) cc space : L 1 sp in : S 1 R R BB G G     



How do we see things: experiments
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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/y c

c
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Proton-antiproton

(Lear,Fermilab, and in the future: PANDA)
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Photoproduction:
Compass at CERN (also with pion instead of the photons) 
GlueX AND CLAS12 at Jlab
EIC (planned)



EIC plan



B. Touschek et al.



Anectode

È entrato nella storia un ulteriore aneddoto. Oltre alla fisica, Bruno aveva una grande 
passione per le motociclette. Quando era a Roma aveva una Puch che aveva 
affettuosamente rinominato Josephine. Sosteneva che quando usciva fino a tardi, e 
quando alzava un po’ il gomito, Josephine sapeva sempre come riportarlo a casa 
sano e salvo. Una sera, arrivando a Frascati (esattamente a Vermicino), ebbe un 
incidente in cui andò a scontrarsi con la sua moto contro un camion e fu trasportato 
immediatamente alla Clinica Neurologica. Bruno era in un evidente stato confusionale 
e gli venne chiesto di ricostruire l’incidente:
“Io ero fermo- iniziò Touschek- e un camion a marcia indietro mi ha investito”
“Ma come- rispose il medico- ma è stato Lei ad andargli addosso!”
“Ma se Lei fa un’operazione di inversione temporale si renderà conto che è come 
dico io!”.
A questo punto la reazione fu immediata: “È pazzo! Basta, Elettroshock!”

Fortunatamente stava passando di lì Valentino Braitenberg, che qualche tempo dopo 
diventò un grande neurobiologo, che intervenne dicendo che forse non si trattava di 
un pazzo ma di un fisico. Telefonò quindi all’Istituto di Fisica e chiese ad Amaldi se 
“avevano perso un fisico”. Amaldi rispose dicendo che, effettivamente, erano un paio 
di giorni che Bruno Touschek non si faceva vedere.
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Quark-antiquark mesons (PDG 2018)
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Quark-antiquark mesons (PDG 2018)
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Some selected nonets
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Chiral partners
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Table from:

F.G., R. Pisarski, 
A. Koenigstein
Phys.Rev.D 97 (2018) 9, 
091901 
e-Print: 1709.07454 



Three open questions for conventional mesons



Open questions 1: where are the axial-tensor 
mesons?



Small isoscalar mixing angle
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Postdictions (left) predictions (right)
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Open questions 2: 
mixing in the pseudotesnor meson sector
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ArXiv: 1608.08777 
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Large mixing angle: where does it come from? 

For a recent re-analysis with decay widhts partial-wave : 
V. Shastry, E. Trotti, F.G., Phys. Rev.D 105 (2022) 5, 054022 • e-Print: 2107.13501
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Open question 3: where is the (excited) vector 
meson phi? 
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Prediction for ϕ(1930)

arXiv: 1708.02593; it does not fit with ϕ(2170)

Can one find this state? 
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1) Glueballs                                    2) Hybrids

3) Four-quark states

Non-conventional mesons:  
beyond quark-antiquark

Compact diquark-antidiquark states

Molecular states (a type of dynamical generation)

Companion poles (another type of dynamical generation)



Four-quark candidates: light sector



The light scalar mesons

0 0f (980)    f (500))980(0a

PCJ 0

They (most probably!) are not quark-antiquark states!!!



An example of „good diquark” is:

)(:)(:(:0: BRRBcduudfSpinLSpaceqq 

A tetraquark is the bound state of two diquarks

Example:  )980(0a
du s]][u,s,d[- (and not          )

The light scalars can be interpeted as tetraquark state
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Jaffe 1976, see also Ebert, Lucha,…



0I 0
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f (500)

f (980)
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1
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1I )980(0a

M < 1 GeV Molecular interpretation 0PCJ

πK enhanchement

KK bound-state/enhancement

ππ enhancement

KK bound-state/enhancement

Oset, Llanes-Strada, Baru, Meissner,…



Existence and pole position of f0(500)

Complicated PDG history. Existence through the position of the pole.
Now: established. 



Existence and pole position of f0(500)

From 2010 to 2012: update…

Tornqvist and Roos, 
Resurrection of the sigma meson,
PRL 76 (1996) 1575

[arXiv:hep-ph/9511210 [hep-ph]].

J. R. Pelaez, 
From controversy to precision on the sigma meson: 
a review on the status of the non-ordinary f0(500) resonance,
Phys. Rept. 658 (2016), 
[arXiv:1510.00653 [hep-ph]]. 



Madrid-Krakow and Bern results for the poles

From R. Kaminski, EEF70, Coimbra (2014).



Pion-pion phase-shift

W.Broniowski, F.G., V. Begun, 1506.01260, PRC: 
cancellation of the sigma meson in thermal models



K0*(700) from PDG



K0*(700) as a companion pole of K0*(1430)

based on M. Soltysiak, T. Wolkanowski and F. G.,
K0*(800) as a companion pole of K0*(1430),'

Nucl. Phys. B 909 (2016) 418
[arXiv:1512.01071 [hep-ph]].

K0*(1430) and K0*(700) together
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Glueballs:
where are You????
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Masses of glueballs
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Glueball masses: bag models

1 GeV
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Lattice

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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Other 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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Other 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



Info from finite temperature YM theory?

Arxiv: 2212.03272



Pressure of a gas of glueballs
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Masses: summary

Agreement of different methods.

Lightest state: a scalar glueball between 1- 2 GeV

Next: tensor and pseudoscalar glueballs.

Glueballs with exotic quantum numbers (oddballs)

are also predicted to exist.
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Decays of glueballs: simple features
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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

2121





  cMMGcMMG NNA

         12/1

2121


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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:
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Glueball production and decays: 
gluon-rich processes

Glueballs should be find in gluon-rich processes

(such as J/ψ decays, proton-antiproton fusion, …)

Glueball should have suppressed decay into flavor
breaking channels (eg eta-etaprime)

Moreover, glueballs should have a suppressed (but 

nonzero!) decay into photons.



Light glueballs
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The scalar glueball
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Ellis-Lanik warning (1984)

Physics Letters 150 B, 1984

Dilaton Lagrangian which mimics the trace anomaly: very large glueball is found.
Decay into pion reads: 

J. Schechter et al, 
Phys. Rev. D 24, 2545 (1981)

M. Migdal and Shifman, 
Phys. Lett. 114B, 445 (1982)

For a glueball of about 1.5 GeV in mass,
one gets a width of about 4.5 GeV!

Disagreement with the large-Nc expectation 
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Mixing pattern

Above 1 GeV one has two 
quark-antiquark  states and a 
bare glueball. 

They mix to form the 3 resonances
on the right. 

0 0f (980)    f (500))800(k)980(0a

Note:

are regarded as non-quarkonium objects 
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Close-Amsler (1995 and 1996)

Decuplet: nonet+glueball. 
3P0 model for decay.
Flavour symmetry.
Fit to data on decays.
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Lee and Weingarten (1999)

One of the first lattice studies. 

Coupling of the glueball to 

pions and kaons (via mixing)
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My PhD time (2005)

Starting point: Lagrangian (with both derivative and 
non-derivative terms is in agreement with ChPt; nonlinear real. of 
chiral symmetry)

Flavour symmetry is crucial.
Fit to all available PDG data.
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My PhD time (2005)/2

But we found also an alternative solution:
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Various works have followed

Int.J.Mod.Phys. E18 (2009) 1-49
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Details of the model: 
D. Parganlija, P. Kovacs, G. Wolf , F. G., D. H. Rischke, Phys.Rev. D87 (2013) 014011  arXiv:1208.0585

Janowski et al (2014)

Based on the 
extended Linear Sigma Model: 
Chiral model with (pseudo)scalar and 
(axial-)vector mesons. 
Dilaton built in.
Valid up to 1.7 GeV.
We did not study the scalar sector alone
but as part of a larger picture.

Unique assignment is found:
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Lattice result on J/Psi decay into glueball

From the PDG (decay of the j/ψ): the radiative decays into f0(1710) are larger than into f0(1500).

G
J/y c

c



Francesco Giacosa

Decays of the scalar glueball in holography

f0(1710) fits well into

the picture.

Total width calculated to be 

about 100 MeV. 

Alternative direction to study 

glueballs.



Recent BES results



The splitted scalar glueball scenario

Klempt et al.,

Phys.Lett.B 826 (2022) 136906 • e-Print: 2112.04348 [hep-ph]

Phys.Lett.B 816 (2021) 136227 • e-Print: 2103.09680 [hep-ph]
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glueball-glueball scattering: a new state? 



Glueballonium mass

Can one see that? In YM-lattice, probably yes.
In experiment? Hard, but…



Higgsonium? 
2212.01272 [hep-ph]



Higgsonium/2
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Tensor glueball

Candidate: fJ(2220)
It is not on the Regge trajectories

V. V. Anisovich, JETP Lett. 80, 715 (2004) [Pisma Zh. Eksp. Teor. Fiz. 80, 845 (2004)] [arXiv:hep-ph/0412093];
V. V. Anisovich, M. A. Matveev, J. Nyiri and A. V. Sarantsev, arXiv:hep-ph/0506133.

No decay into photon-photon
Two-pion/two-kaon ratio in agreement with flavor blindness.

Details and further refs. in: 
C. Amsler and N. A. Tornqvist, Phys. Rept. 389, 61 (2004).

F. G, T.Gutsche, V. E. Lyubovitskij and A.~Faessler, 
``Decays of tensor mesons and the tensor glueball in an effective field approach,''

Phys. Rev. D 72 (2005) 114021 [hep-ph/0511171]. 



Tensor glueball

PDG 2014

PDG 2022



Present status in PDG

Recent work:
Klempt et al., Phys.Lett.B 830 (2022) 137171 • e-Print: 2205.07239 [hep-ph]

Our work: ongoing
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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 yet... 
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Situation not clarified yet. 

According to Lattice, 
the pseudoscalar glueball 
has a mass of about 2.6 GeV.

Mixing should be suppressed.
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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!
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Pseudoscalar glueball

Issues with both approaches (one should at least try a 5-

mixing) and with the very existence of two separated 

pseudoscalar resonances between 1.4-1.5 GeV.

Severe conflict with Lattice expectations.
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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 as been used as an input.

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



Pseudoscalar glueball/novel result?
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Other glueballs: ???

vector, pseudotensor,... glueballs. 

Oddballs. 

F.G. et al., decays of the vector glueball,
Phys.Rev.D 95 (2017) 11, 114004 • e-Print: 1607.03640 [hep-ph]
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Remarks

• We did not find glueballs yet. 
• We have some good candidates for the scalar sector and less good 

candidates for the tensor and pseudoscalar sector.
• Are (at least some) glueballs narrow enough? This is a decisive 

information. Help from Lattice would be very welcome!
• Ongoing and future experiments: 

BESIII
COMPASS@CERN - LHCb@CERN
CLAS12@JLAB, GLUEX@JLAB
BELLE2
RHIC/STAR 
PANDA@FAIR is very well suited for the search of glueballs.



Toward a nonet of hybrid state/PDG



A unique I=1 hybrid state

π1(1600) and π1(1400) are the same state 
(in agreement with various models and lattice QCD) 

C. Meyer and E. Swanson, 
Hybrid Mesons,
Prog. Part. Nucl. Phys. 82 (2015) 21
[arXiv:1502.07276 [hep-ph]]. 





New experimental finding: η1(1855)

Phys.Rev.Lett. 129 (2022) 19, 192002 2202.00621 [hep-ex]
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A nonet of hybrid states? 

arXiv:2203.04327

Beides π1(1600) and η1(1855), we expect also:
K1(1750) and η1(1660). The last two not yet seen.
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Conclusions and outlook

Many nonets fit well in the quark-antiquark picture, but…

• axial-tensor mesons basically unknown;
• pseudotensor mesons, is there a large isoscalar mixing? 
• vector mesons: which is the orbitally excited ϕ meson?

Unconventional mesons:

• hybrid mesons: a new nonet?
• Glueballonium (possible), Higgsonium (improbable) 

Outlook:

• tensor glueball (ongoing)



Francesco Giacosa

Thanks
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Back-up slides



Francesco Giacosa



Francesco Giacosa

Decays of J=3-mesons
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Results (post- and predictions)



Isoscalar mixing is small

Francesco Giacosa
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The eLSM: a chiral model of QCD
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D. Parganlija, P. Kovacs, G. Wolf , F. Giacosa, D. H. Rischke, Phys.Rev. D87 (2013) 014011
S. Janowski, D. Parganlija, F. Giacosa, D. H. Rischke, Phys. Rev. D84, 054007 (2011)

Model of QCD – eLSM with scalar Glueball
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Error from PDG or 5% of exp. 
Scalar-isoscalar sector not 
included.

arXiv:1208.0585

Results of the eLSM (11 parameters, 21 exp. quantities)

2 1.2red
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Pseudotensor: Lagrangians and decays

Pseudotensor mesons: {π2(1670), K2(1770),η2(1645),η2(1870}
Lagrangians based on flavour symmetry
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Such a mixing is suppressed...                         But this can be large

• For pseudoscalar mesons: η(547) and η’(958). Θmix = -42° Large 
mixing caused by the axal anomaly.

• For vector mesons: ω(782) and φ(1020).  Θmix = -3° Very small mixing. 

• For tensor mesons:  f2(1270) and f’2(1525).  Θmix = 3° Also very small 
mixing. Why?

• Pseudotensor mesons: also large, but confirmation is needed. 

Large mixing angle: where does it come from?  

Details in: 1709.07454




