
SIM: Strongly Interacting Matter at high density and

temperature
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The physics of SIM: high-T and/or high density

Asymptotic freedom suggests QCD matter at high energy-density is different

αs(mZ
2) = 0.1180 ± 0.0009

August 2023
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Particle Data Group, 2023 Cabibbo, Parisi, PLB 59 (1975) 67-69

a new phase was also predicted by Cabibbo and Parisi based on a hadronic model!

−→ We now call this new state of matter quark gluon plasma (QGP)
2/20



Heavy-ion collisions

Currently running at LHC and RHIC, in the future FAIR and JPARC (and others)

VISHNU hydro code

Theory: initial conditions + hydrodynamic simulations + hadronization 3/20
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SIM topics in Torino

I. Dynamics of QCD matter

❼ Hydrodynamics and approach to equilibrium

❼ Heavy quark transport and hadronization in pp and AA

❼ Quarkonium suppression from open quantum systems
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II. Thermodynamics of QCD matter

❼ QCD transition line

❼ Equation of state

❼ Search for QCD critical point
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Heavy quark transport in the QGP

In-medium propagation modelled via relativistic Langevin dy-

namics coupled to hydrodynamic background:

∆p⃗

∆t
= −ηDp⃗+ ξ⃗(t)

with drag coefficient ηD, and the noise stochastically describ-

ing the heavy quark momentum diffusion induced by the

medium:

κ∥ =
1

2

∆p2∥

∆t
κ⊥ =

1

2

∆p2⊥
∆t

−→ anisotropic flow of D mesons in PbPb collisions at the LHC

is well reproduced
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Beraudo, De Pace, Monteno, Nardi, Prino, JHEP 02 (2018) 043 5/20



Heavy quark transport in the QGP: small systems?

Local color neutralization

Scheme for heavy quark hadronization, whereby (charmed) hadrons form by recombination

locally → this imposes strong correlation betwen position and momentum

Beraudo, De Pace, Pablos, Prino, Monteno, Nardi, PRD 109 (2024) L011501

Even in pp, can qualitatively reproduce the enhancement in hadron ratios.

−→ medium effects in pp are of the same nature as in PbPb 6/20



Quarkonium suppression

In heavy-ion collisions (rhs), quarkonium melts away compared to pp
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CMS, PRL 107 (2011) 052302

Can be understood as a result of color screening in the medium:
Matsui, Satz, PLB 178 (1986) 416-422

VQQ̄ ∼ −
e−mDr

r
that results in the melting of loosely bound states 7/20



Quarkonium as an open quantum system

Density matrix is split in system (QQ̄ pair) + environment (thermal medium):

ρTOT = ρQQ̄ ⊗ ρE

Evolution of ρ = ρQQ̄ governed by a Lindblad equation
Akamatsu et al., PRD 85 (2012) 105011,Brambilla et al., PRD 96 (2017) 034021

dρ

dt
= −i [H, ρ] +

∑

n

(

LnρL
†
n −

1

2

{

L†
nLn, ρ

}

)

with jump operators Ln corresponding to different transitions in the QQ̄ pair state. Medium

interactions result in a non-hermitian Hamiltonian encoding decoherence and dissociation:

Heff = H − i
Γ

2

where Γ =
∑

n L
†
nLn is the total decay rate.

Lindblad equation can be implemented semi-stochastically:

dρ

dt
= −i [Heff , ρ] +

∑

n

LnρL
†
n
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Quarkonium as an open quantum system

1. Start with trial wave function

2. Deterministic evolution reduces norm

3. When norm goes below a (random) threshold, trigger jump to new state

Beraudo, Escobedo, Martinez Vera, Parotto, coming soon (Jorge’s PhD project) 9/20



SIM topics in Torino

I. Dynamics of QCD matter
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❼ Heavy quark transport and hadronization in pp and AA
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The QCD phase diagram

Hadron gas at low T &µ is separated from quark gluon plasma (QGP) at high T ||µ

by a transition related to chiral symmetry restoration (exact for mq → 0) and confinement

(exact for mq → ∞)

❼ Early Universe at µB = 0 (matter-antimatter

symmetry), large T

❼ Transition is crossover at zero density at

T ≃ 160MeV

❼ Ordinary nuclear matter at T ≃ 0 and

µB ≃ 922MeV + liquid-gas transition

Big open questions

⋆ What is the order of the transition at finite density?

⋆ Where is the transition at finite density? (→ what is in the core of neutron stars?) 11/20



Theory: lattice QCD

Lattice QCD amounts to calculating euclidean path integrals

Z[U, ψ̄, ψ] =

∫

DU Dψ̄Dψ e−SE −→
〈

Ô
〉

=
1

Z

∫

DU Dψ̄Dψ Ô e−SE

by defining the theory on a discretized 3+1d lattice with N3
s ×Nτ sites.

❼ Quark fields ψ̄, ψ are defined on lattice sites, gauge fields

are the lattice links U ∈ SU(3).

❼ Fermions are integrated out exactly:

Z(V, T, µ) =

∫

DU detM(U)e−SG(U)

and detM(U)e−SG(U) is interpreted as a weight for MC

integration −→ importance sampling

Ideally, take the continuum (Nτ → ∞) and infinite volume (Ns/Nτ → ∞) limits 12/20



Zero and finite density QCD

Thermodynamics at µB = 0 known to high precision for a few years now

Borsányi et al., PLB 370 (2014) 99
Bazavov et al., PRD 90 (2014) 094503
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...but at finite density we’re behind, due to the complex action problem in lattice QCD:

[detM(µ)]∗ = detM(−µ∗)

no more statistical weight, no importance sampling 13/20



Workarounds

❼ Taylor expansion

❼ Reweighting

❼ Analytical continuation from µ2
B < 0 to µ2

B > 0

continuation

d(p/T^4)/dµ

Tc(µ)

T

µ2/T2

R
o
b

e
rg

e
-W

e
is

s

real chemical potentialslattice simulations

1.221.622.022.42

ĸ
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Finite density QCD from imaginary µB simulations

Among the quantities we can reliably extrapolate to real µB : transition line Tc(µB) and

the equation of state
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Critical behavior in QCD

In general, in order to observe criticality one can

tune the system to the critical point

This is possible e.g. for water and watery mixtures

Williamson et al., J. Chem. Educ. 2021, 98, 7, 2364-2369

STAR Collaboration, PRL 112 (2014) 032302

In QCD we can’t! In heavy-ion collisions, we

can observe final state hadrons

Search for large event-by-event fluctuations:

κ2 ∼ ξ2 κ3 ∼ ξ9/2 κ4 ∼ ξ7

Stephanov, PRL 102 (2009) 032301

16/20



Critical behavior in QCD

We do know: the critical point of QCD has same universality class as 3D Ising model
Pisarski, Wilczek, PRD 29 (1984) 338

Expected non-monotonic dependence of net-proton moments vs collision energy (left)
Stephanov, PRL 107 (2011) 052301
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STAR Collaboration, PRL 135 (2025) 142301

Recent data show only hints, it’s not clear if and where there is non-monotonicity
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Large density QCD from the lattice

We need to get creative ...

⋄ QCD transition line at large µB

Borsanyi, PP et al., 2410.06216, Borsanyi, PP et al., 2510.26455

⋄ Equation of state with B,Q,S charges
Abuali, PP et al., 2504.01881

⋄ Critical point from entropy contours?
Borsànyi, PP et al., 2502.10267

⋄ Critical point from Yang-Lee edge singularities
Adam, PP et al., 2507.13254

... let’s take one example



Critical point from Yang-Lee edge singularities

❼ Zeroes of the partition function (Lee-Yang zeroes)

approach and pinch the real (µB) axis at the critical

point

❼ These singularities of the free energy f ∼ logZ,

accumulate at the Yang-Lee edge (YLE) singularities

C. Schmidt, Lattice 24

❼ Close to the critical point, the scaling variable z = t/hβδ is the only “coordinate”, and the

YLE are universally located at:

zc = |zc| exp

(

iπ

2βδ

)

❼ In QCD this translates to expected scaling forms for the real and imaginary parts of the YLE:

Re∆µB = µBC + c1∆T (+c2∆T
2) and Im∆µB = c3∆T

βδ

18/20



Critical point from Yang-Lee edge singularities

Location of the LYE singularities in the complex µB plane from fits to baryon fluctuations
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Extrapolated with the expected scaling ansatz to search where Im(µB) = 0 → estimate Tc!

Systematic uncertainties (3× 4× 6 = 72 analyses) hint at the critical point existing

(with large uncertainties, on a single lattice) 19/20



Summary
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Heavy ion collisions simulations

Input: initial conditions, equation of state (to close the set of equations)

Bulk evolution: described by relativistic viscous hydrodynamics:

∂µT
µν = 0 ∂µN

µ = 0

→ evolution from conservation equations

Properties of the medium is encoded in transport coefficients: shear viscosity η/s, bulk

viscosity ζ/s, ...

Plumberg et al., 2312.07415

Borsanyi et al., PLB 730 (2014) 99

Hadronization: somehow “particlize” the medium

Output: after hadronization and an afterburner, particle spectra → RAA, v2, ...



B,Q,S: a 4D equation of state

Full trajectories of hydro cells until hadronization. We can have a picture of density

fluctuations in all B,Q, S, as a function of T

Plumberg et al., PRC 111 (2025) 044905

Full 4D equation of state needed even at LHC, where ⟨µi⟩ = 0.

Existing results based on Taylor expansion Monnai:2019hkn, , Noronha-Hostler:2019ayj, ,

Monnai:2024pvy,



An alternative: T ′ expansion

We observe that χB
1 (T, µ̂B) at (imaginary) µ̂B appears to be differing from χB

2 (T, 0)

mostly by a rescaling of T : Borsányi, P.P. et al., PRL 126 (2021) 232001

χB
1 (T, µ̂B)

µ̂B

= χB
2 (T

′, 0) , T ′ = T
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1 + κ µ̂2
B
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⇒ Likely a consequence of scaling near the O(4) chiral critical point



The T ′ expansion in 4D

Generalize the usual 1D T ′ expansion to an arbitrary direction in 3D space of µ⃗

Work in spherical coordinates and apply the procedure along direction defined by θ, φ



Observables

Particle yields and event-by-event net-particle fluctuations
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hint at an almost perfeclty thermalized medium in final stages of the collision

−→ used to extract T, µB where system freezes-out



Thermodynamics in 4D

We choose an exemplary direction θ = φ = π/4 (mixing B,Q, S)
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Thermodynamics in 4D

We choose an exemplary direction θ = φ = π/4 (mixing B,Q, S)
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Observables

Nuclear modification factor

RAA =
1

Ncoll
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dpT
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(= 1 if no medium)

Anisotropic flow

Fourier coefficients vn of azimuthal distribution

ρ(φ) =
1

2π

[

1 + 2
∑

n

vn cos(n(φ− ψs))

]

(= 0 if no medium)

Snellings, New J. Phys. 13 055008
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The QCD transition: crossover vs. first order

On the lattice we study the volume scaling of certain quantities to determine the order of

the transition

Left: physical masses Right: infinite masses (pure gauge)

❼ For a crossover (left), the peak height is independent of the volume

❼ For a first order transition, it scales linearly with the volume

Aoki et al. Nature 443 (2006), Borsányi, PP et al., PRD 105 (2022)



The QCD transition: Columbia plot

As a function of the light (u,d) and strange quark masses, the order of the transition

changes

❼ At the physical point ms/mud ≃ 27, the transition is a smooth crossover!

❼ In the heavy-quark limit (pure gauge), the transition is first order



Critical point from constant entropy contours?

If a critical point exists, contours of constant entropy must intersect in the phase diagram

Shah et al., 2410.16206
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Critical point from constant entropy contours?

We require the contours not to overlap at the 1σ and 2σ levels, temperature by

temperature → 2σ exclusion region
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This is the first rigorous exclusion range from lattice QCD.



Large density QCD phase boundary

Some quantities remain constant at the chiral transition when (imaginary) µB is varied
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Prediction for the QCD crossover up to µB ≃ 550 MeV from a Taylor expansion. Seems to

depart from the chemical freeze-out line above ≃ 500 MeV.

It is the first time such deviation is seen, will help guide new low-energy experiments



The width of the transition at finite chemical potential

We can extrapolate our results for
〈

ψ̄ψ
〉

along contours of constant
〈

ψ̄ψ
〉

(left) or constant

µB/T (right)
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The QCD critical point

From the theory side, many different models predicting a critical point
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→ and recent estimates seem to “converge”


