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 QCD

Color Confinement

 QCD

Long standing 
puzzle in QCD

The underlying mechanism and the relationship 
between confinement and chiral symmetry breaking 
remain enduring mysteries in QCD



Confinement in effective 
models of QCD?

Asymptotic freedom means that UV behavior of QCD 
is under control 

Dynamically generated masses for gluons and quarks 
means that QCD generates its own IR cutoffs

QCD



Speed of Sound X baryon density

W. E. Hanafy and A. Awad, The Astrophysical 
Journal, 951:144, 2023



Conformal Limit violation: First 
evidence

[det M(µ)]⇤ = det M(�µ⇤) 2 C



Finite baryon density

H. Tan, T.Dore, V.Dexheimer, J.Noronha-Hostler,  
and N. Yunes, Phys. Rev. D 105, 023018 (2022).
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Observational constraints on the neutron star mass-radius plane from 
LIGO/Virgo and NICER data.



 Astrophysical implications to QCD phase 
diagram

Gravitational wave detection - opened a new window on the 
universe 

Ligo-Virgo-Kagra colaboration 

Nicer

Kenji Fukushima, https://arxiv.org/pdf/
2501.01907

Peak in the sound 
velocity



Polyakov Loop
Finite T, INFINITE quark mass -> quench dynamical quarks 

Confinement/deconfinement of gluons - center symmetry 

Dynamical quarks break center symmetry - Polyakov loop is an 
APROXIMATE measure of confinement! 



PNJL model

Polyakov loop zero at T=0

But we have a problem:

How important is  
confinement /deconfinement 
phase transition(crossover) 

at high density?



Alternatives:
Polyakov loop potential as a function of chemical 
potentials, magnetic Fields, …



Infrared confinement - Old propose
Main quantity is the 
quark propagator:

Confinement -> propagator of a colored state should  
have no singularities on the real, positive p2 axis 

 No singularities on the negative (spacelike) p2 axis 
would imply tachyonic behavior (forbidden by 
causality).  

Quark propagator  - quarks have no mass-pole and  
cannot go on mass shell.  

The phenomenon o quark confinement is considered!



Infrared confinement

If colored free states do not exist 
then it is reasonable to expect that 
the corresponding propagators for 
this colored particles and bound 

states have no mass-poles. 



Infrared confinement - Old propose



SU(2) Nambu—Jona-Lasinio model (NJL)

Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961)

G,⇤ and mc m⇡, f⇡ and h ̄ i

good chiral physics, pions,… 
BUT no confinement and no AF

UV divergent!  
Needs 
regularization!



Unphysical thresholds in the NJL model

The NJL model does not prevent hadrons from decaying into free 
quarks, which makes the realistic description of hadron properties 

on their mass shell questionable properties on their mass shell.



Unphysical thresholds are due to the lack of 
confinement in NJL model 

These thresholds can be removed by a IR cutoff in 
Proper-Time formalism!

SU(2) Nambu—Jona-Lasinio model 
(NJL)



Infrared confinement

<latexit sha1_base64="NUG8cEobeCwo/QBZT2NZbMe2dTc="></latexit>
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After some manipulation with Jacobi Theta functions:



Deconfinement <latexit sha1_base64="VtDjOfyBzMPzbhSsGFfAMYm9w7U="></latexit>

⇤IR ! 0

<latexit sha1_base64="xcQ5P3LqxKGU58KeDHRu1j/u2wM="></latexit>

⇤IR ! ⇤IR(T )

<latexit sha1_base64="SupgKfzkxbaZVGWJSmTQUFKnd9k="></latexit>

⇤IR ! ⇤IR
M(T )

M(T = 0)

Contact Interaction models

Traditional approach uses arbitrary parametrizations for the temperature 
dependence of the infrared cutoff

Our approach: LQCD input: Pressure to fix 
<latexit sha1_base64="aJUbxQ1o91ij/e+D1ec+CikVIxA="></latexit>

⇤IR(T )

Chiral symmetry restoration  
and deconfinement coincide!



Lattice input - Pressure X T

Lattice input: Pressure to fix <latexit sha1_base64="aJUbxQ1o91ij/e+D1ec+CikVIxA="></latexit>

⇤IR(T )
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A. Bazavov, T. Bhattacharya, M. Cheng, N.H. Christ, C. DeTar, Phys. Rev. D 80 (2009) 014504

https://inspirehep.net/authors/1011934


Numerical results NJL
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Numerical results NJL
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NJL model is nonrenormalizable

Does not have confinement 

Does not have asymptotic freedom, 

Needs regularization, 

 too much freedom…

Why Contact  
Interaction Models?



IR confinement in renormalizable model

LSMq

QMM



Numerical results: LSMq
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Possible split between chiral symmetry restoration and 
deconfinement at finite temperature 

Including a LQCD input we show that the IR cutoff decrease with 
T, simulating deconfinement! 

Interesting way to investigate confinement/deconfinement at finite 
density within effective models of QCD

Conclusions

28



IR confinement + Astrophysical constraints: from observation data to the theory

Perspectives

29

<latexit sha1_base64="MBQfPifq+x0GFxI2OfEeChDZrM8="></latexit>

⇤IR = ⇤IR(⇢)
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⇤IR

<latexit sha1_base64="A+zHWEXxzJpZ0ARvUdvCxo4F/YQ="></latexit>

⇢/⇢0
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?



Mesons masses in LSMq and SU(3) NJL  

IR confinement in diquarks, pion condensation, BEC phase, … 

Behavior of sound velocity at high density 

T X eE

Perspectives

30G. Endrodi and G. Markó, PRD 109, 034506 (2024)

PNJL

Lattice



Perspectives

0.00 0.02 0.04 0.06 0.08 0.10
![GeV]

0.14

0.16

0.18

0.20

0.22

0.24

T
pc

[G
eV

]

G = G(!)

G

LQCD



Conferences in Brazil
 XXII Jorge André Swieca 

Summer school of Nuclear 
Theoretical Physics 

April 28 to May 2 (2025), Niterói, RJ, Brazil

  
CA1: A modern description of dense matter
Palestrante: Veronica Dexheimer (Kent State 
University, EUA)
  
CA2: Hot and dense QCD in colliders
Palestrante: Carlos Alberto Salgado 
(Universidade de Santiago de Compostela, 
Espanha)

CA3: Effective Field Theories
Palestrante: Laura Tolos (Institute of Space 
Sciences, Espanha)

CA4: Nuclear reactions 
Palestrante: Chloe Hebborn (Michigan State Uni 
- EUA)



Conferences in Brazil



 Thank you for your attention!


