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This talk: 

QCD phase transition at 
ms ≠ ml → 0



Between Nf=2 to Nf=3: ms as an interpolator
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Scaling window: universal behaviour given by EoS
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Physical point ?

Scaling window: universal behaviour given by EoS
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Scaling window: universal behaviour given by EoS
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• Suppress non-universal terms: M = ⟨ψ̄ψ⟩ → ⟨ψ̄ψ⟩3 = M − h
∂M
∂h

• Linear in  contributions are absent in h ⟨ψ̄ψ⟩3

• Mainly: O(4) universality class, other possible scenarios: Z2 scaling, mean field

• Byproduct: estimation of T0 = Tc(mπ → 0)
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Novel order parameter
• Chiral condensate ⟨ψ̄ψ⟩

• Chiral susceptibility χ = ∂⟨ψ̄ψ⟩/∂m

• Novel order parameter: 


• ~m3 (symmetric phase)


•  divergences cancel


•   vs   as 

⟨ψ̄ψ⟩3 = ⟨ψ̄ψ⟩ − mχ

1/a2

⟨ψ̄ψ⟩3 ∼ t−γ−2βδ ⟨ψ̄ψ⟩ ∼ t−γ t → ∞
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Scaling of Tc with pion mass



A couple of words about parameters
•  twisted mass Wilson fermions at maximal twist


• Fixed scale approach: 


• Based on ETMC T=0 parameters

Nf = 2 + 1 + 1

a = fixed, T ↔ Nt
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m𝜋 [MeV] a [fm]

139.7(3) 0.0801(4)

225(5) 0.0619(18)

383(11) 0.0619(18)

376(14) 0.0815(30)

[C. Alexandrou et al.,  2018]



Critical temperature and the chiral limit
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146(2) 132(3)

T0 = 134+6
−4 MeVTc = Tc(0) + ksm

2/βδ
π



Simple estimation of T0 from EOS

Prediction of EoS:


 


at





⟨ψ̄ψ⟩3

m1/δ
∼

⟨ψ̄ψ⟩3

m2/δ
π

= const

T = T0(mπ = 0) = 138(2) MeV

12

120 140 160 180 200 220 240
T, MeV

0

1

2

3

4

h√̄
√

i 3
.

°
m

º
1M

eV

¢ 2
/±

[£
10

6
M

eV
3
]

mº = 139 MeV

mº = 225 MeV

mº = 383 MeV



O(4) vs mean field

Mild tension between 
data and MF for 
m𝜋=139 MeV
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m𝜋 [MeV] T0 [MeV]

139 142(2)

225 159(3)

383 174(2)
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Z2 vs O(4) scaling 

O(4) scaling:





Z2 scaling:


 is still ok


 is indistinguishable from O(4)

mc
π = 100 MeV

mc
π = 0 MeV
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Large temperature behaviour
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• O(4): 

• Griffith analyticity:



•

⟨ψ̄ψ⟩3 ∼ t−γ−2βδ

⟨ψ̄ψ⟩3 ∼ m3 ∼ m6
π

T ∼ 300 MeV



Thresholds in QGP
T ∼ 300 MeV

• Onset of DIGA behaviour


• Monopole condensation [Cardinali, D’Elia, Pasqui, 2021]


• Spectrum of Dirac operator [Alexandru, Horvath, 2019]


• Chiral-spin symmetry [Glozman, 2020, …]
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Sketch of possible phase diagram
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Scaling window
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FRG: Tiny scaling window (  ) ?

[Talk by J. Pawlowski]

mπ < 1MeV



Conclusions
•  is useful to study scaling


•     in the chiral limit


•  scaling for , 


• Z2 scaling cannot be excluded


• : threshold(s) in QGP 

⟨ψ̄ψ⟩3 = ⟨ψ̄ψ⟩ − mχ

T0 = 134+6
−4 MeV

O(4) mπ ≲ 140 MeV T ∈ [120, 300] MeV

T ∼ 300 MeV
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