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Nónica, Paulo, Zé, Carol, Hilda,
sorry pelo breve comment, estão em GRANDE! 
Nónica, Paulo, Zé, Carol, Hilda,
sorry pelo breve comment, estão em GRANDE! 

For ++ discussions, we also apply quark-gluon models and Lattice QCD, 
using pc clusters and graphics boards, to all sorts of exotics, molecules
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LOL, and some of us also develop surf technology too!

Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model
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The modern χχχχQuark Model with chiral symmetry breaking was developped in 
the 1980’s for light quarks, to address the low ππππ mass problem, and to 
microscopically compute correct hadron-hadron interactions. The model is 
closer to QCD, to which it relates with diagram truncations either in the 
Coulomb gauge or in the Balitsky gauge. Moreover the Quark Model
remains confining and able to estimnate any hadronic mass or reaction. 

Thus the confining and chiral symmetric quark model are possibly the most 
adequate framework, appart from Lattice QCD which is much harder to 
solve, and appart from QCD whic is unsolved, to address two phenomena.

Our 1st main motivation is to understand the light excited Meson and 

Baryon spectra to be studied at CBELSA, CLAS ... Fair, LHC, RHIC...

We are able to study the very excited light hadrons, since the χχχχQM is 
confining and chiral symmetric. The study of excited hadrons has been 
strongly pushed in particular by Leonid in the 2000’s.

Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model



excited spectra + QCD ☺☺☺☺ w confin & χχχχS QM 6
Pedro Bicudo @ Bormio 10

Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model

LEAR CB data, thanks to David Bugg et al
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Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model

CBELSA data, thanks to Ulrike Thoma et al
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The 2nd main motivation is to contribute to understand the QCD phase 

diagram, for finite T and µµµµ, to be studied at LHC, RHIC and FAIR.

Using modern quark models for light quarks we address chiral symmetry 
breaking, or quark mass generation, at finite T

Recently we used the bottomonium and charmonium as good prototypes to 
study finite T quark-antiquark potentials, in that case had to solve the 
Schrödinger equation with static lattice QCD potentials, since
mb, mc >> LQCD and  mc >> Tc
Alowed us to neglect in the quarksector, temperature effects, spontaneous 
chiral symmetry breaking, relativistic effects and coupled channels.

Here we address the light quarks at finite T and in the future we may, 
- compute the spectrum of any hadron at finite T and µµµµ

- compute the interaction of any hadron-hadron  at finite T and µµµµ

Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model
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Illustration, thanks to FAIR

Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model
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NA60 data, thanks to Carlos Lourenço et al

Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model
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The mass gap equation at the ladder/rainbow truncation of Coulomb 
Gauge QCD in equal time reads,

=
-1 -

1
-1

-

0

Excited Spectra and QCD Phase Diagram in Confining and Chiral S Quark Model

... this is tricky and nasty due to the cancelling infrared divergences already
mentioned by Eric... but once it is solved, one then one just has to solve the 
Bethe Salpeter equation to get the whole hadronic spectra for mesons, 
baryons, glueballs, hybrids, multiquarks, constituted by light quarks, heavy 
quarks, gluons, and also to compute hadron-hadron interactions
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The chiral symmetry restoration, or chiral symmetry insensitivity,
in the excited hadron spectrum, can be udestood in the light quark limit,
(opposite to the heavy quark limit of Isgur and Wise). When

m(k) / k -> 0

but before this limit is reached, a breaking of the chiral symmetry
remains and the m(k)/k becomes a good expansion parameter, appearing
in any remaning breaking of chiral symmetry, in particular in the splittings
of parity quasi-doublets. We propose to

Extracting the quark mass from excited baryons
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Extracting the quark mass from excited baryons

The average momentum ina baryon
increases with the respective J

The quark mass runs with
momentum, and is enhanced
in the infrared

We propose that the running quark mass can be measured from the spectrum 
of excited baryons, say at ELSA, JLAB, FAIR, LHC, RHIC...
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Extracting the quark mass from excited baryons

1st parity
doublet

2nd parity
doublet

doublet-doublet

We compute for 
the 1st time a 
baryon spectrum
with chiral
symmetry and 
confinement!
We have 12 dim
eigenvalue
integral equations
1 year of coding :P

For the ∆∆∆∆s
we show that
we have a nearly
degenerate
quartet, with
two parity
doublets
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In the meson sector there is a large degeneracy, similar to the one 
of QED where there ia  a principal quantum number

Meson large degeneracy and gluon excitations

Well... the j / n degeneracy is very puzzling for the χQM ... but 
adding string degrees of freedom, and using the einbein approximation
to the confining potential, as Fabien and Vincent usually do, we can
show that the masses of the excited mesons approximately follow 

so we find a principal quantum number!
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moreover, combining the two spectra, we find that the principal
N qq + N g quantum number simplifies to 
j+ n
where j is the total angular momentum, 
and n indexes excitations with the same quantum numbers 

Meson large degeneracy and gluon excitations
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Fits of the finite T string tension from the Lattice QCD energy F1

quark antiquark

Confining string

The confinement, modelled by a string, is dominant at moderate distances

V(r) ----> π + Vo + σ r
12 r

At short distances we have the Luscher or Nambu-Gotto Coulomb due to the 
string vibration + the OGE coulomb, however the Coulomb is not important for 
chiral symmetry breaking, 
thus we will focus on the linear confinement

σσσσ is the string tension

pr
el
im
in
ar
y



excited spectra + QCD ☺☺☺☺ w confin & χχχχS QM 18Pedro Bicudo @ Bormio 10

The Polyakov loop is a gluonic path, closed in the imaginary time t4 / inverse 

temperature T direction in QCD discretized in a periodic boundary euclidian 

Lattice. It measures the free energy F of one or more static quarks

P = N Exp[ - F /T ]

Fits of the finite T string tension from the Lattice QCD energy F1

T

x

y
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If we consider a single solitary lonely quark in the universe, in the confining 

phase,  his string will travel as far as needed to look for a partner antiquark, 

resulting in an infinite energy F.  Thus the 1 quark Polyakov loop P is a 

frequently used order parameter for deconfinement. 

q

T

P(T)

Tc

However, since we are interessed in appoaching the deconfinement transition

from below Tc, we perefre here to use the string tension σσσσ as the order 

parameter , computed in the quark-antiquark colour singlet Polyakov loop P. 

It is a phase transition 
in pure gauge QCD!

END 

OF THE 

UNIVERSE

Fits of the finite T string tension from the Lattice QCD energy F1
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Potential: V(r) = - f d r

Free Energy: F1 (r)= - f d r – S d T OK for isotermic

Internal Energy: E1 (r)= - f d r + T d S OK for adiabatic

C C

With

Temperature:

Volume αααα r

Pressure αααα f

Fits of the finite T string tension from the Lattice QCD energy F1
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Lattice QCD data, thanks to Olaf Kaczmarek et al.

Free

Energy

F1

T=0 potential V

Fits of the finite T string tension from the Lattice QCD energy F1
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Free

Energy

F1

T=0 potential V
Lattice QCD data, thanks to Olaf Kaczmarek et al.

Fits of the finite T string tension from the Lattice QCD energy F1
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Internal

Energy

U1

T=0 potential V
Lattice QCD data, thanks to Olaf Kaczmarek et al.

Fits of the finite T string tension from the Lattice QCD energy F1
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Fits of the finite T string tension from the Lattice QCD energy F1

Linear fir of the longer distance part of the fee energy F.

r σ1/2

F(r)/Tc

We cut the short distance in such a way tha chi2/dof ~1. σσσσ is the slope. 

pr
el
im
in
ar
y



excited spectra + QCD ☺☺☺☺ w confin & χχχχS QM 25Pedro Bicudo @ Bormio 10

Fits of the finite T string tension from the Lattice QCD energy F1

Comparing the string tensions at T=0, with the cond mat magnetization curve

T/Tc

σ/σσ/σσ/σσ/σ0000The magnetization
curve of a magnetic
material is a text
book curve well
modelled by the 
statistics of spin 1/2
systems.

Here we show that
the same curve also

models the σ sting 
tension and the 
deconfinement curve!
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What is the importance of the Coulomb potential in χSB? 

One may wonder if, even when there is deconfinement, the remaining 

Coulomb-like potential may still lead to chiral symmetry breaking,

thus we solve the

mass gap equation

for a Coulomb-like

potential,

V(r)=- αααα k0
εεεε / r -1+εεεε

and indeed mass 

is generated. 

However the mass 

is UV divergent,

and has to be 

renormalized,

in the end we get only the current mass m0

mass in units of k0



excited spectra + QCD ☺☺☺☺ w confin & χχχχS QM 27
Pedro Bicudo @ Bormio 10

The mass gap equation with finite T and finite quark mass

Now, the critical point occurs when the phase transition changes to a crossover,

and the crossover in QCD is produced by the finite current quark mass m0,

since it affects the order parameters P or σσσσ, and m(0) or <qq> 

T

order 
parameter

Tc
phase transition

crossover pr
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The mass gap equation with finite T and finite quark mass

The mass gap equation at the ladder/rainbow truncation of Coulomb 
Gauge QCD in equal time reads,

At finite T, one only has to change the string tension to the finite T 
string tension s, and also to replace the in tegral in w by a sum in 
Matsubara Frequencies. Both are equivalent to a reduction in the

string tension, σ -> σ * and thus all we have to do is to solve the mass gap 

equation in units of σ* .

=
-1 -

1
-1

-

0
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The mass gap equation with finite T and finite quark mass

The mass gap equation
for the running mass
m(p) is a non-linear
integral equation with
a nasty cancellation
of Infrared divergences.

We devise a new method
with a rational ansatz, 
and with relaxation,
to get a maximum
precison in the IR 
where the equation is
nearly almost unstable.
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Solution of the mass gap equation at T=0, in units of σσσσ2=0.19 GeV2=1

The mass gap equation with finite T and finite quark mass

mc= 10.0

mc= 1.00

mc= 3.16

mc= 1.00

mc= 0.100

mc= 0.0100

mc= 0.316

mc= 0.0316
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The mass gap equation with finite T and finite quark mass

Thus we get for 

the mass gap 

m(0)

as a function of 

m0 / σ∗ σ∗ σ∗ σ∗ 
this curve.

At finite T we just

need to use the

corresponding σσσσ*

m(0)

m0 / σ∗ σ∗ σ∗ σ∗ 

the mass gap
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Thus at vanishing m0 we have a chiral symmetry phase transition,

and at finite m0 we have a crossover, 

that gets weaker and weaker when m0 increases:

The quark mass and Chiral symmetry and confinement crossovers

T

m(0)

Tc

m0=0

m0 finite

m0 >> σσσσ
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In what concerns confinement, the linear confining quark-antiquark potential 

saturates when it reaches the energy for the creation of a quark-antiquark pair 

Thus at infinite m0 we have a confining phase transition,

and at finite m0 we have a crossover, 

that gets weaker and weaker when m0 decreases:

The quark mass and Chiral symmetry and confinement crossovers

r

FT(r)

m0=0

m0 finite

2m0 

saturation
at T<Tc

2 m0 

2 m0 

m0 >> σσσσ
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P(T)

Tc

The quark mass and Chiral symmetry and confinement crossovers

The Polyakov loop,

P = N Exp[ - F(OOOOOOOO) / T ]

then shows a crossover  for finite quark mass, with the dependence opposite of 

the one for the mass gap, 

T

m0 finite

m0 >> σ σ σ σ −−−−> > > > OOOOOOOO

m0->0
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Back to the QCD phase diagram, is the mass m0 is either small (depicted here), or 

large the critical points always separate, there will be identical only by coincidence.

deconfinement
critical point

Chiral 
Critical Point
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The quark mass and Chiral symmetry and confinement crossovers
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Conclusion & Outlook

We review our recent results on excited mesons and baryons. The study of 
excited baryons at CBELSA and CLAS @ JLAB, or in LATTICE QCD may lead 
to the first experimental evidence of the running quark mass m(k), enhanced 
in the infrared. 

While the quark sector alone is not sufficient to account for the large 
degeneracy reported by David Bugg for the CB at LEAR, CERN, including 
string degrees of freedom may explain this novel principal quantum number.

We compute the dynamically generated quark mass m(p) , solving the mass 
gap equation both for finite current quark masses mc and for finite T. 

We show how the current quark mass changes both the confinement and 
the chiral symmetry phase transitions into crossovers.

Since the finite current quark mass affects in opposite ways the 
confinement and the chiral symmetry, we conjecture in finite T and µµµµ there will 
be not one but two critical points, where the crossovers are separated from 
the phase transitions.  

In the future we will move on to study light hadrons at finite T and µµµµ .
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