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Motivation

• Is there a critical point on 
the QCD phase diagram?

• What are the degrees of 
freedom in the vicinity of 
the phase transition?

• Where is the transition line 
at high density?

• What are the phases of QCD 
at high density?

• What is the nature of matter 
in the core of neutron stars?

• Run 2019:
• Collider: √sNN=14.6, 19.6, 200 GeV
• Fixed target: √sNN=3.2 GeV

• Run 2020:
• Collider: √sNN=9.2, 11.5 GeV
• Fixed target: √sNN=3.5, 3.9, 4.5, 5.2,

6.2, 7.2, 7.7 GeV
• Run 2021:

• Collider: √sNN=7.7, 17.3 GeV
• Fixed target: √sNN=3.0, 9.2, 11.5, 13.7 

GeV
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FRIB/JLab

Cosmic Explorer

NICERRubin/LSST



Equation of state in 4D
• QCD has three conserved charges: Baryon Number B, Strangeness S 

and Electric Charge Q (or Isospin I)

• Heavy-ion collisions

• Neutron Stars

• Cosmological trajectories
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Ø Global S=0
Ø Global Q=0.4B
Ø Local fluctuations in the fluid cells with finite S and Q≠0.4B possible

Ø Global Q=0 for stability
Ø Strangeness is most likely not in equilibrium
Ø Finite isospin density

Ø Large lepton flavor asymmetries possible à large asymmetries between quark flavors (lead to finite B, Q, S values)
Ø How would the critical point move in the 4D phase diagram?
Ø First-order cosmological phase transition could lead to stable strange quark matter droplets + gravitational waves similar to 

those observed recently by NANOGrav

G. Endrodi, SQM2024

Gao & Oldengott, PRL (2022)

A. R. Bodmer, PRD (1971); E. Witten, PRD (1984); F. Di Clemente, C. R. et al, 2404.12094 
See talk by Francesco Di Clemente today at 5 p.m.



Lattice QCD EoS in 4D from Taylor expansion
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• Among the different ways to calculate the EoS of nuclear matter, lattice QCD is the most accurate way to get 
thermodynamics directly from first principles

• To reach finite density, one can expand using Taylor series to circumvent the fermion sign problem

i where

J. Noronha-Hostler, C. R. et al., PRC (2019); A. Monnai et al., PRC (2019)

• Problems with Taylor: 

Ø Still limited to µi/T<2.5

Ø Large errors on higher order terms

Ø Wiggles on Taylor coefficients reflected on observables

S. Borsanyi, C. R. et al., PRL (2021)



A novel expansion scheme at finite μB
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S. Borsanyi, C. R. et al., PRL (2021)



T’-Expansion Scheme at finite μB
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S. Borsanyi, C. R. et al., PRL (2021)



Smooth connection to Tà∞ limit
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Smooth connection to Tà∞ limit
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Smooth connection to Tà∞ limit
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Construction of the new scheme - Basics
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Redefinition of the susceptibilities

Claudia Ratti 9/15



New expansion scheme coefficients

Claudia Ratti 10/15



Generalized charge density X1
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Pressure
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Entropy density
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Energy density
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Conclusions
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