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Relativistic fluid description:

Equation of state from lattice QCD

QGP

Fluid is viscous (       ,        , … )

[HoTQCD collaboration, PRD 90 (2014) 094503]

[Romatschke & Romatschke, arXiv:1712.05815]

hydro

T≈10¹² K

≈ 1 fm/c
The perfect QCD fluid  – 25 years later
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OBSERVABLES

τ≈∞

RECONSTRUCTING THE INITIAL STATE

QGP
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Understanding observables from thermo/hydrodynamic considerations

Ideal gas (high temperature) = entropy proportional to the particle number

Expansion is nearly isentropic = entropy is conserved (“ideal fluid”)

final
state

initial
state

Npart = 2A
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Average transverse momentum 
measures the initial size / gradients

~1000 hydro simulations

F

F
1/R

initial
state

final
state

R = radius of the QGP

hydrodynamics:

Understanding observables from thermo/hydrodynamic considerations



  
6

Elliptic flow measures the initial (elliptical) deformation

1/R

initial
state

final
state

initial
state

final
state

Denote by ε2 the spatial ellipticity of the QGP

[Ollitrault, PRD 46 (1992) 229-245]
[Ollitrault, EPJA 59 (2023) 10]

Understanding observables from thermo/hydrodynamic considerations
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smaller v2

larger <pT>

larger v2

smaller <pT>

QGP

QGP

1/R

Classical pictures – Shapes as a source of anisotropic flow

208Pb 129Xe
20Ne 16O

96Zr

238U
96Ru

197Au

Many nuclei collided recently – Unprecedented opportunities

2015

2025
20212018

“default” isotopes
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Input from energy density functional theory

– Variational approach:

,

 Woods-Saxon

– Find an appropriate parametrization of the intrinsic density:

– Intrinsic density at the relevant deformation:

[Bally et al., PRL 128 (2022) 8, 082301]
[Ryssens et al., PRL 130 (2023) 21, 212302]
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,

208Pb 129Xe 197Au 238U
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[STAR collaboration, PRL 115, no.22, 222301 (2015)]

[ALICE collaboration, PLB 784, 82-95 (2018)]

[CMS collaboration, PRC 100, no.4, 044902 (2019)]

[ATLAS collaboration, PRC 100, no.4, 044902 (2019)]

[STAR collaboration, PRC 105, no.1, 014901 (2022)]

[ALICE collaboration, PLB 834, 137393 (2022)]

[ATLAS collaboration, PRC 107, no.5, 054910 (2023)]

[STAR collaboration, Nature 635, no.8037, 67-72 (2024)]

[ATLAS collaboration, PRL 133 (2024) 25, 252301]

[ALICE collaboration, arXiv:2409.04343]

[STAR collaboration, arXiv:2506.17785]

[ATLAS collaboration, arXiv:2509.05171]

[ALICE collaboration, arXiv:2509.06428]

[CMS collaboration, arXiv:2510.02580]
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“Anomalies” in results fully explained by nuclear shapes
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credit G. Nijs

proposal for neon-20
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July 2

July 8

light-ion collisions
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ALICE

LHCb

CMS

ATLAS
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PGCM

Nuclear structure becomes part of the problem and must be quantified

[Giacalone, Nijs, van der Schee, PRL 131 (2023) 20, 20]
[Giacalone, Nijs, van der Schee, in preparation]
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Classical – One picture Quantum – Statistical approach

N~300

Beyond classical pictures – From shapes to many-body correlations

[with Bally, Blaizot, Duguet, Ekström, Hagen, Holt, Lee, Lovato, Miyagi, Tichai … ]
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two-body density

Notion of “imaging” rests on our capability of measuring correlation functions

atoms

bosons

fermions

Can we image nuclear scales? (10  times smaller)⁹

Can we take “snapshots” of nucleon positions?
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y

z
x

208Pb

Separation of scales – Billions of high-resolution snapshots

High-energy collisions as imaging tools

[Gelis, IJMPE 24 (2015) 10, 1530008]

nucleons

r12
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x y

x y

Large-scale structures
from incoming nuclei !

Ultra-central collisions 
(all nucleons involved)

QGP 

20Ne

20Ne

low-energy 
physics!GeV
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Relevance of density-density correlations for experiments – Leading order picture

[Blaizot, Broniowski, Ollitrault
 PLB 738 (2014) 166-171] Linearize in δs

etc.
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FINAL STATE TWO-PARTICLE CORRELATION

> 0 ≈ 02 2

TWO-BODY NUCLEAR CORRELATIONS

New two-body operators

Qn,n Qn,-n[Duguet, Giacalone, Jeon, Tichai, PRL 135 (2025) 18, 182301]
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[Giacalone, Jia, Zhang, PRL 127 (2021) 24, 242301]

,

Link to the classical rotor picture
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DEFORMATION

EULER ANGLES

Classical rotor picture – Correlations from symmetry restoration

[Blaizot, Giacalone, EPJA  61 (2025) 9, 220]

Generic considerations – Deformation
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The new observable measures the (squared) deformation of the classical rotor

Understanding effects of deformations in the rotor model

With 

+
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[S. Bofos, B. Bally, T. Duguet and M. Frosini, unpublished]

Negative baseline for the correlated term is a consequence of Pauli exclusion !
[Blaizot, Giacalone, Lovato, arXv:2512.18926]

PHFB calculations (quantum rotor) 

– cos(2Δϕ)
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New paradigm for describing nuclei … what do we mean with “deformation” ?

Amplitude of modulations is measured at colliders via flow coefficients

ab-initio calculations

cos(2Δϕ)

cos(3Δϕ)
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16O 

20NeZ.=.10

96Ru

96Zr

129Xe 

197Au

208Pb
238U238U Z.=.92

neutrons (N)
 

 
protons  

(Z)
 

8 species across a wide mass range!

[+ much coming from LHCb SMOG2] 

Where to look next?

A new method to image the ground state of atomic nuclei

From shapes to many-body operators – New observables in QM

SUMMARY

25 years of heavy-ion collisions – Precision soft sector studies
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G Hagen 
(ORNL)

A Ekström 
(Chalmers)

emulator

Input from heavy-ion collisions!

A Tichai (TU Darmsadt)

T Miyagi (Tsukuba)

 

 

CC computations

chiral EFT

Outlook – Low energy EFTs of QCD
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preliminary

16O

New many-body observables and sensitivities 
to explore parameter space of the EFT of QCD

Δ-full chiral EFT expansion at N2LO – 17 low-energy constants

Tip of the iceberg … 
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posterior
distribution

Outlook – Multi-messenger probes ?

[Reed et al., PRC 109 (2024) 3, 035803]

LHC [Trajectum] 79±39 MeV
EOS

[Giacalone, Nijs, van der Schee, PRL 131 (2023) 20, 20]

 

collide 
48Ca ?
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150Nd (parent) 150Nd+150Nd

150Sm (daughter)

[Li, Giacalone, Yao, Zhang, PRL 135 (2025) 2, 022301]

posterior of
Bayesian analysis

MR-CDFT

Outlook – NMEs of 0νββ decay and ground-state two-body properties

[Giacalone, Holt, et al. … in progress]
Correlation of NME with new operators ?

[Jokiniemi, Soriano, Menéndez, PLB 823 (2021) 136720]

LHC constraint
<vn^2>

?
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https://indico.yukawa.kyoto-u.ac.jp/event/75/

https://indico.yukawa.kyoto-u.ac.jp/event/75/
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