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Outline
• Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:


1. Extension of previous work in the pure gauge  sector:

Inclusion of thermal fluctuations and excited glueballs

Comparison of results with lattice QCD data


2. Contributions meson and baryons sector: , , ,  meson field and nucleons  

Investigation of the impact of thermal fluctuations for all fields

Exploration of phase diagram in the meson–baryon sector


• RMF predictions for the dense-matter EOS and application to NSs

Models generated using the MCMC approach and Bayesian statistics.

Models are filtered using astrophysical constraints
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• Regime of high temperatures and low 
densities: Lattice QCD and heavy ions 
collisions
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• Regime of high temperatures and low 
densities: Lattice QCD and heavy ions 
collisions

• Regimes of low temperatures and high 
densities: neutron stars and compact stars
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• Regime of high temperatures and low 
densities: Lattice QCD and heavy ions 
collisions

• Regimes of low temperatures and high 
densities: neutron stars and compact stars

• Only a few EOS are studied in both regimes 
simultaneously and with several model-
dependent parameters: a complete 
description is still challenging.
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Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:
•Gluon condensate dynamics dominated below .Tc
•Condensate evaporates into quasi-free gluons at higher temperatures.
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Lagrangian which is able to mimic the scale anomaly of QCD at mean field level:
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• Inclusion perturbative gluon-gluon interaction for T ≫ Tc
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Meson and baryon sector at finite chemical potential
We consider the meson and baryon sector at finite chemical potential through the introduction of an 
effective Lagrangian that incorporates broken scale in addition to explicit broken chiral symmetry
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Meson and baryon sector at finite chemical potential
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Meson and baryon sector: phase diagram
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erf[ fi(Mmax)] + 1

2
fi(M) =

M − Mobs,i

2 σM,i
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phenomenology of neutron star structure and cosmological trajectories (little 
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• Explore double family scenario through Bayesian analysis 
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Numerical details
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4 field equations:


χ, σ, ω, ρ

6 mass equations:

















mχ = mσ(χ, σ, π, ω, ρ, ⟨Δ2
i ⟩)

mσ = mσ(χ, σ, π, ω, ρ, ⟨Δ2
i ⟩)

mπ = mσ(χ, σ, π, ω, ρ, ⟨Δ2
i ⟩)

mω = mσ(χ, σ, π, ω, ρ, ⟨Δ2
i ⟩)

mρ = mσ(χ, σ, π, ω, ρ, ⟨Δ2
i ⟩)

mN = mσ(χ, σ, π, ω, ρ, ⟨Δ2
i ⟩)

2 conservation equation:


Total baryonic charge


Total electric charge

……

⟨Δ2
i ⟩ =

ni

2π2 ∫
∞

0
dk

k2

e*i (ϕ̄j, ⟨Δ2
j ⟩)

1

exp [β (e*i (ϕ̄j, ⟨Δ2
j ⟩) − μ*i )] − 1

…… e*i = k2 + m*2
i



Pure gauge  sectorSU(3)c
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To improve accuracy with latticeQCD data:

• Inclusion excited glueballs:

σ(T) = (1 −
1

1 + e−(T−α)/δ )

m2(n = 1,JPC) = a(n + J) + bJPC

PdilJ = − (2J + 1)T∫
dk3

(2π)3
ln(1 − e−β k2 + m*2

J )
Ω̃(χ, T)

V
=

Ω(χ, T)
V

−
N

∑
J

PdilJ
• E. Trotti, S. Jafarzade, and F. Giacosa,  Eur.Phys.J.C 83 (2023) 5, 390

• N. Cardoso and P. Bicudo, Phys. Rev. D 85, 077501 (2012).

String tension term
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To improve accuracy with latticeQCD data:

• Inclusion excited glueballs;

•Modification infrared cut-of:

I =
s

T3
−

4P
T4

⇒ s/T3 ≫ 4P/T4

K̃(χ, T) =
A

1 − χ2
=

A
1 − χ̄2 − ⟨Δ2⟩ ⋅ F(T) F(T) =

Θ(T − Tc)

1 + (T − Tc

γ )2

Form factorModified infrared cut-of



Meson and baryon sector at finite chemical potential
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𝒱̃ = 𝒱(χ) −
1
2

B0δχ4 ln
σ2 + π2

σ2
0

+
1
2

B0δχ2 [ σ2 + π2

σ0
−

χ2

2 ] −
1
4

ϵ′￼1χ2[ 4σ
σ0

− 2( σ2 + π2

σ2
0 ) − χ2] −

3
4

ϵ′￼1 .

Ω̃
V

= ⟨𝒱̃⟩ −
1
2

m2
ω χ2ω2

0 −
1
2

m2
ρ χ2b2

0 −
G4

4
ω4

0 −
1
2

m*2
σ ⟨Δ2

σ⟩ −
1
2

m*2
π ⟨π2⟩ −

1
2

m*2
χ ⟨Δ2

χ⟩

+
T

2π2 ∫ dk k2 [ln(1 − e−βϵσ) + 3 ln(1 − e−βϵω)] +
T

2π2 ∫ dk k2 ∑
a=1,3

ln(1 − e−β(ϵ*π −μ*a
π )) + 3 ∑

a=1,3

ln(1 − e−β(ϵ*ρ −μ*a
ρ ))

−
T
π2 ∑

i=p,n
∫ dki k2

i [ln (1 + e−β(E*i −μ*i )) + ln (1 + e−β(E*i +μ*i ))]

The thermodynamical potential is
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Meson and baryon sector at finite chemical potential
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Meson and baryon sector: thermal fluctuations

Pσ(z) =
1

2π⟨Δ2
σ⟩

exp (−
z2

2⟨Δ2
σ⟩ ) , Pπ(y) =

2
π ( 3

⟨Δ2
π⟩ )

(3/2)

exp (−
3y2

2⟨Δ2
π⟩ ) ,

⟨O(σ̄ + Δσ, π2)⟩ = ∫
∞

−∞
dzPσ(z)∫

∞

0
dyy2Pπ(y)O(σ̄ + z, y2) .

⟨Δ2
i ⟩ =

ni

2π2 ∫
∞

0

k2

ϵ*i

1
eβ(ϵ*i −μ*i ) − 1

dk ni = {
1 for ϕ, σ, π0, π+, and π− mesons
−3 for ωμ, b0μ, b+μ, and b−μ mesons



The thermodynamical potential in the mean field approximation
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Ω(χ, T)
V

= ⟨𝒱(χ)⟩ − Pdil(χ, T) − Pq−free(χ, T) − Pint(χ, T) +
B0

4
−

1
2

m*2
χ ⟨Δ2

χ⟩
Where

Pdil(χ, T) =
1

6π ∫
∞

0
dk

k4

k2 + m*2
χ

1

eβ k2 + m*2
χ − 1

Pq−free(χ, T ) = − 2(N2
c − 1)T∫

d3k
(2π)3

ln (1 − e−k/T) Θ (k − K(χ))

Pint(χ, T ) = g2Nc(N2
c − 1){(−3)[∫

d3k
(2π)3

1
k

NB ( k
T ) Θ (k − K(χ))]2 + ∫

d3k1

(2π)3

d3k2

(2π)3

1
k1k2

NB ( k1

T ) NB ( k2

T )
× Θ (k1 − K(χ)) Θ (k2 − K(χ)) × [ 9

4
Θ ( |k1 + k2 | − K(χ)) −

1
4

Θ ( |k1 − k2 | − K(χ))]}

K(χ) =
A

(1 − χ)
g2(T) =

48π2

11Nc ln ( T2 + S2

Λ2 )
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• If the set of parameters predicts at least one of the NEP to be out of the range given, then the prior 
probability is 


 

 runs over the densities , and where  and  represent the centroids and 
uncertainties of the .


•  In case the RMF model is inside the  band, the probability becomes constant: if 
, then .

pprior = 0

log pMCMC = −
1
2

N

∑
i=1 ( E(model, ni) − E(χEFT, ni)

ΔE(χEFT, ni) )
i ni E(χEFT, ni) ΔE(χEFT, ni)

χEFT

χEFT
log pMCMC ≥ − N/2 log pMCMC = − N/2

MCMC and Bayesian analysis

37



RMF predictions for the dense-matter EOS and application to NSs
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 P.L., Margueron, J., & Pagliara, G. Phys.Rev.C 112 (2025) 3, 035805

ℒ = ∑
N

ψ̄N(iγμ∂μ − mN + gσσ − gωγμωμ

−
1
2

gρ(nb) γμτ ⋅ ρμ)ψN +
1
2

(∂μσ∂μ − m2
σσ2)

−
1
4

ωμνωμν +
1
2

m2
ωωμωμ −

1
4

ρμν ⋅ ρμν

−
1
2

m2
ρ ρμ ⋅ ρμ −

1
3

bmN(gσσ)3 −
1
4

c(gσσ)4

 


The density dependence of  introduces a 
rearrangement contribution  to the nucleon self-
energies:


.


gρ(nb) = gρ(nsat)exp[ − aρ( nb

nsat
− 1)]

gρ
Σr

Σr = −
1
2

aρgρ(nb)
np − nn

nsat
ρ03



Little inflation scenario
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• Negligible baryon density: 


• QCD phase transition: crossover

μB ≪ T

T. Boeckel and J. Schaffner-Bielich, PRD 85, 103506 (2012)



Little inflation scenario
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• Non vanishing :  


•  has two minima


• System stucks in false vacuum 

          LITTLE INFLATION 

• First order phase transition: release of 
false vacuum energy causes reheating

μB μB/T ∼ O(1)

Ω(T, V, μB)

⇒

T. Boeckel and J. Schaffner-Bielich, PRD 85, 103506 (2012)



Little inflation scenario
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When the Universe expands and cools down, it follows a certain path in 
the QCD phase diagram, the so-called cosmic trajectory

Equation of State for: cosmic trajectories

42

Conservation laws

1. Lepton number:   ,  


2. Baryon number: 


3. Electric charge:  

lαs = nα + nνα
α = e, μ, τ

bs = ∑
i

Bini

qs = ∑
i

Qini

 (charge neutrality)q = 0

 b = 8.6 × 10−11

 free input parameterslα

5 conservation laws

5 equations

5 chemical potentials

, , 

→
→
μLα

μB μQ Mandy M. Wygas et al., PRL 121, 201302 (2018)



Color-dielectric model
 describes a system of interacting quarks, pions, sigmas and a scalar-isoscalar chiral singlet field , whose potential 

 has an absolute minimum for . Thus for the single nucleon problem, the effective quark mass  
diverges outside the nucleon.

ℒ χ
U(χ) χ = 0 −gσ/χ

43

ℒ = iψ̄γμ∂μψ +
g
χ

ψ̄(σ + iγ5 ⃗τ ⋅ ⃗π)ψ +
1
2

(∂μχ)2 − U(χ) +
1
2

(∂μσ)2 +
1
2

(∂μ ⃗π)2 − W(σ, ⃗π)

U(χ) =
1
2

M2χ2 W(σ, ⃗π) = k ⋅ (σ2 + ⃗π2 − f2
π)2



QCD background

Scale anomaly

The theory that we currently use to describe strongly interacting matter is called Quantum Chromodynamics 
(QCD). It is a quantum field theory and the fields used to represent the fundamental degrees of freedom of the 
theory are quarks, which are spin-1/2 fermions, and gluons, which are bosons with spin 1.

44

A theory is invariant under scale transformations if its action remains constant when the fields are transformed as follows 
under the scale operator :


                                                     


where ∆ is the scale dimension of . The action remains unchanged only if no dimensional parameter is present: scale invariance 
is broken due to quantum corrections due to the appearance of a dimensional parameter .

U(λ)

ϕ(x) → U+ϕ(x)U(λ) = λΔϕ(λx)

ϕ
Λ

Chiral symmetry
Chiral symmetry is spontaneously broken in the QCD vacuum. This occurs since the vacuum of QCD is not trivial, and 
thus not invariant under the chiral  transformation, even in the chiral limit, such that the order parameter 

 acquires a nonvanishing expectation value.

Increasing temperature and/or density, one expects the quark condensate to melt, restoring chiral symmetry.


SUA(2)
< q̄i

Lqj
R >


