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Symmetries of QCD
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Paris

Died
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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:
is a classical symmetry broken by quantum fluctuations

(trace anomaly)

Dimensional transmutation

Trace anomaly: 

the emergence of a dimension

2

S

g (Q)
( Q)

4
α µ = =

π

MeV 8005000 * −≈→=
gluongluon
mmEffective gluon mass: 

a a,G G 0µν
µν ≠Gluon condensate:



Francesco Giacosa

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

i
q
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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 fields



Francesco Giacosa

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.



Francesco Giacosa

Rho-meson

Pion

MeV 7≈+
du

mm

MeV 775=+ρ
m

MeV 139=+π
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 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:     u,d,s,… R,G,B

Quark-antiquark bound states: conventional mesons

)(3/1 GGBBRRcolor ++=

Conventional mesons
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Conventional mesons/2

Surely, with quark-antiquark states we can understand a lot of QCD, 

but definitely not everything.

LP )1( −−= SLC +−= )1(

PCJL , S J = L+ S
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K u s sp ace : L 0 sp in : S 0 R R BB G G

...

+ = = = + +

0D u c sp ace : 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+π = = = + +
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*K (892) u s sp ace : L 0 sp in : S 1 R R BB G G

...

+ = = = + +

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

PCL 0 , S 1 J =1   vector mesons−−= = →

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

...

+ρ = = = + +

*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

corresponds to  the  resonance f (1370).

...

...

σ = + = = + +

c 0 (1S) cc space : L 1 sp in : S 1 R R BB G Gχ = = = + +
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PDG quark-antiquark listing
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2

0m 0  Mexican hat

SSB: uu dd 0

< →

σ ∝ + ≠

( ) ( )
2

2
2 2 2 20m

V
2 4

λ
= σ + π + σ + π

0 1 2(uu dd)  neutral pionπ = π ≡ −

01 2(uu dd) f (1370)σ ≡ + ≡

Spontaneous symmetry breaking at the meson

level

Chiral transformation:   σ↔ π

The mass of the pion vanishes, the mass of the sigma is large.
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Jean Buridan (in Latin, Johannes Buridanus) (ca. 1300 – after 1358)

The donkey of Buridan

Picture taken from A. Pich, arXiv:0705.4264 [hep-ph], 

Cern-Claf Lecture on ‘The Standard model of electroweak interactions ’
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Chiral anomaly and η η’ mesons

Mixing angle large (due to the anomaly, driven e.g. 

by instantons); non-perturbative phenomenon of 

QCD

Pseudoscalar fields (L=S=0)
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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)

Today: I shall not speak of those fields, but to detect them we need to understand q-antiq
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The state a1(1260) 
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The meson a1(1260)

• L=1, S= 1 coupled to J=1

• Chiral partner of the rho meson (hence a quark-antiquark state)

• …but different interpretations exist (as rho-pion molecular state)

• Important to understand both for spectroscopy but also for chiral
symmetry and its breaking
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Axial-vector mesons
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The eLSM: a chiram model of QCD



Francesco Giacosa

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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Overall phenomenology is good (many more quantities can be calculated)

Scalar mesons  a0(1450) and K0(1430) above 1 GeV and are quark-antiquark states.

Importance of the (axial-)vector mesons on the phenomenology

Glueball: f0(1710)

arXiv:1208.0585

Results of the eLSM (11 parameters, 21 exp. quantities)
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a1 -> ρπ

The decay of a1 into ρπ is poorly known experimentally 

(200-600 MeV quoted by the PDG).

The ρ further decays into two pions, finally one has a 3-

pion decay.

Can one measure it better? (Presently, we have tau-

decays. However, there is a strong mixing  with non 

resonant background).
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a1 -> γπ

This is a very peculiar channel and crucial for chiral 

symmetry and the  chiral condensate.

Namely, before the Mexican hat forces the formation of the 

chiral condensate, one has:

But upon condensation of the chiral condensate: 

πσ µ

µ
∂−= 11int agL N

NNN φσσ +→

...11int +∂−= πφ µ

µ
agL NN

Mixing proportional 

to the chiral condensate
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a1 -> γπ: intuitive origin
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Present experimental information

Need for more precise value for both the strong and 

the radiative decay of this state
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Pseudotensor mesons
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ArXiv: 1608.08777 
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Pseudotensor mesons

L=2, S =0, out of which J =2
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Lagrangians and decays

Pseudotensor mesons: {π2(1670), K2(1770),η2(1645),η2(1870}

Lagrangians based on flavour symmetry
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Results for I = 1 and I = 1/2

ArXiv: 1608.08777 
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Comments
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Comments/2
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Isoscalar sector: mixing

Let us allow for a large mixing angle!
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Isoscalar sector: naive results

ArXiv: 1608.08777 
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Only a large and negative mixing angle works

ArXiv: 1608.08777 
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Results in the isoscalar sector for a large mixing

ArXiv: 1608.08777 
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Comments
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Branching ratios of η2(1870) /1

Large conflict for the first entry! Which experiment is right? Can we get new data? 
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Branching ratios of η2(1870) /2

ArXiv: 1608.08777 
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Considerations
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Large mixing angle: where does it come from? 
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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? /2 

Details in: 1709.07454
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Excited vector mesons
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Phys.Rev. D96 (2017) no.5, 054033, arXiv: 1708.02593
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Excited vector mesons

L=2, S =1 coupled to: J =1

L=0, S =1 (but n = 2): J =1
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Excited vector mesons: properties
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Matrices of fields
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Lagrangians
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Strong and radiative decay widths
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Results: radially excited vector mesons/1

arXiv: 1708.02593



Francesco Giacosa

Results: radially excited vector mesons/2

arXiv: 1708.02593
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Which mass for the missing state? 



Francesco Giacosa

Orbitally excited/1

arXiv: 1708.02593
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Orbitally excited/2

arXiv: 1708.02593
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Prediction for φ(1930)

arXiv: 1708.02593

Can one find this state? 
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Conclusions

• There are open issues in the realm of conventional 

mesons below 2 GeV

• a1(1260): decay into ρπ and γπ

• Pseudotesnor mesons: decays of η2(1870)

• Excited vector mesons: search for φ(1930)
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Thanks
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Back-up slides
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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=redχ
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The weak tau-decay into mesons

W−
τ ττ→ ν →ππν W−

τ ττ→ ν →πππν

ds

dN

N

V

V

1
ds

dN

N

A

A

1

A. Habersetzer and F. G., J.Phys.Conf.Ser. 599 (2015) 012011
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Quark-antiquark currents
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Pseudotensor glueball: predicitons
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Other considerations on pseudotensor mesons
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Useful ratios from PDG


