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Symmetries of QCD

Born
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The QCD Lagrangian
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Confinement: quarks never ‘seen’ directly. How they might look 

like 

Picture by Pawel Piotrowski
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Chiral limit:
is a classical symmetry broken by quantum fluctuations

(trace anomaly)

Dimensional transmutation

Trace anomaly: 

the emergence of a dimension
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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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baryon number      anomaly U(1)A SSB into SU(3)V

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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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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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 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 
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1) Glueballs                                    2) Hybrids

3) Four-quark states

Non-conventional mesons:  beyond qq

Compact diquark-antidiquark states

Molecular states (a type of dynamical generation)

Companion poles (another type of dynamical generation)
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(Some) novel results 

for 

conventional mesons
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Strategy

• For a given nonet , write down the corresponding model-

Lagrangian respecting flavor (or if possible chiral) symmetry.

• Consider only C, P, invariant terms

• Calculate decays in all possible channels (first at tree-level, 

in some selected case including finite width or loop effects;

• Fit free parameters to known experimental value;

• Make postdictions and predictions.
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Mesons with J=3
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Decays of J=3-mesons
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J=3: post- and predictions
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Tensor and (axial-)tensors
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Building the Lagrangian

Also in this case: small isoscalar mixing angle
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Postdictions (left) predictions (right)
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Pseudotensor mesons
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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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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
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(Excited) vector mesons
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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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Unconventional (exotic) mesons



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.



Light glueballs



Scalar glueball
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Recent BES results



Pseudoscalar glueball
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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…

Glueballs and YM at nonzero T: talk of S. Jafarzade and poster of E. Trotti



Francesco Giacosa

Dulcis in fundo: scalar sector



Higgsonium?
V. Shastry and F.G. ,

Higgs-Higgs scattering and the (non-)existence of the Higgsonium

e-Print: 2212.01272 [hep-ph] (today online)



Higgsonium/2
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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)
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Thanks
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Back-up slides
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Quark:     u,d,s,…       R,G,B

Quark-antiquark bound states: conventional mesons

)(3/1 GGBBRRcolor 

Conventional mesons

J = L+ SL , S

LP )1(  SLC  )1(
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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  

u d space : L 0 spin : S 0 RR BB GG     
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*K (89 2) u s space : L 0 sp in : S 1 R R BB G G

...

     

j / cc space : L 0 sp in : S 1 R R BB G G     

PCL 0 , S 1 J =1   vector mesons  

u d space : L 0 sp in : S 1 R R BB G G

...

     

*0D u c space : L 0 sp in : S 1 R R BB G G

...
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PCL S 1 J =0   scalar mesons  

0

u u d d space : L 1 sp in : S 1 R R BB G G

correspo nds to  the  resonance f (1370).

...

...

      

c 0 (1S) cc space : L 1 sp in : S 1 R R BB G G     
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Quark model(s) and their QFT extensions

QCD phenomenology based on a chiral effective Lagrangian

T. Hatsuda, T. 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

Baryons as relativistic three-quark bound states

G. Eichmann et al.

Progr. Part. Nucl. Phys. 91 (2016) 1

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
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Quark-antiquark currents
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Tensor and axial-tensor: the Lagrangian

Also in this case: small isoscalar mixing angle
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Excited vector mesons: properties



Radially excited vector mesons: some results
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A previous work on hybrids (decay ratios only)
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The eLSM: a chiral model of QCD
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Other considerations on pseudotensor mesons
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Results for I = 1 and I = ½ (pseudotensor)

ArXiv: 1608.08777 
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Results in the isoscalar (large isoscalar mixing!)

ArXiv: 1608.08777 

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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Considerations
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Excited vectors: Lagrangians
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Strong and radiative decay widths
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Matrices of fields
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Which mass for the missing state? 


