
  

1

Giuliano Giacalone 

November 4, 2024

Imaging nuclei with relativistic ion collisions



  

2

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

RHIC program started in 2000 – Two decades later … 
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The art of event-by-event analysis

MEAN MOMENTUM
FOURIER HARMONICS

SPECTRUM CHARGED MULTIPLICITY

small [pT]
large [pT] elliptic flow, v2 triangular flow, v3
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2-3-4 particle correlations … Bayesian analyses for quantitative studies 

[Heffernan et al., 
PRC 109 (2024) 6, 065207]

IP-Glasma+MUSIC+UrQMD
Pb+Pb, 5020 GeV

[Nijs, van der Schee, PRL 129 (2022) 23, 232301]
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EOS

[Gardim et al., 
Nature Phys. 16 (2020) 6, 615-619]

[Bernhard, Moreland, Bass, Nature Phys. 15 (2019) 11, 1113-1117]

SHEAR VISCOSITY

BULK VISCOSITY

[Heffernan et al., 
PRL 132 (2024) 25, 252301]

DECONFINEMENT
TRANSITION
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y

z x

208Pb

nucleon centers overlap two nuclei energy density

Origin of multi-particle correlations?

Initial-state fluctuations and correlations due to the random nucleon positions
[Alver, Roland, PRC 81 (2010) 054905]
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Imaging finite quantum systems

cold atoms nuclear physics

“Resolution” in the transverse plane is the inverse 
typical momentum transfer, ≈ Gev ≈ 0.1 fmResolution ≈ 300 nm

[Brandstetter et al.,
arXiv:2308.09699
arXiv:2409.18954]
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Initial-state properties seen through final-state observables

etc.

1/R
initial
state

final
state

[Teaney, Yan, PRC 83 (2011) 064904]
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– Initial spatial anisotropy:

– Perturbative expansion:

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

– Mean squared anisotropy:

INITIAL STATE FINAL STATE

Analytical insights

two-point correlation

x

y

density field, ϵ
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nuclear n-body density:

TWO NUCLEI

x

y
ENERGY DENSITY

density field, ϵ

Analytical insights

With:

Correlation functions:

NUCLEON
STRUCTURE

GROUND STATE

[Giacalone, EPJA 59 (2023) 12, 297]NUCLEAR 
STRUCTURE
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Origin of multi-particle correlations?

ENERGY DENSITY
2P CORRELATOR

NUCLEAR STRUCTURE
2-BODY DENSITY

MEAN SQUARED
ECCENTRICITY

2P CORRELATOR
FINAL STATE

MEAN SQUARED
ELLIPTIC FLOW
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Random rotation of an intrinsic deformed object

Atomic nuclei – Collective spatial correlations of nucleons

DEFORMATION

EULER ANGLES

,

e.g. Woods-Saxon

[STAR collaboration, arXiv:2401.06625, to appear in Nature (2024)]
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Best example – New “classical” phenomenon in nuclear physics
[Giacalone, PRL 124 (2020) 20, 202301]
[Giacalone, PRC 102 (2020) 2, 024901]

[STAR collaboration, arXiv:2401.06625, to appear in Nature (2024)]
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body-body

tip-tip

“Seeing” the deformation of 238U
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How do we extract quantitative information on the nuclei?

The “isobar” strategy – Ratio observables to cancel uncertainties

[Giacalone, Jia, Somà, PRC 104 (2021) 4, L041903]
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Cancellation of systematics is highly effective … even without isobars!

Neat probes of nuclear geometry (129Xe vs 208Pb)

[Mäntysaari, Schenke, Shen, Zhao, arXiv:2409.19064]
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Actual isobar collisions (96Ru+96Ru vs 96Zr+96Zr)

Isobar ratio and Taylor expand around unity:

Low-energy nuclear physics:
2 2

[STAR collaboration, PRC 105 (2022) 1, 014901]
[Courtesy of Chunjian Zhang]
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RHIC data:
2 2

[Giacalone, Jia, Zhang, PRL 127 (2021) 24, 242301]
[Jia, PRC 105 (2022) 1, 014905]

deformation
QGP

response

spherical
baseline

positive coeff

2 2
???
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[Jia, PRC 105 (2022) 4, 044905]

Different observables access different features of the incoming shapes

[STAR collaboration, arXiv:2401.06625, to appear in Nature (2024)]

γU ≈ 8o
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[ATLAS Collaboration, PRC 107 (2023) 5, 054910]

[ALICE Collaboration, PLB 834 (2022) 137393]

Energy density functional theory: 129Xe is triaxial in the ground state

Consistent with high-energy observations

[Bally et al., PRL 128 (2022) 8, 082301]
[Bally, Giacalone, Bender, EPJA 58 (2022) 9, 187]
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In summary, we image atomic nuclei in their ground states

- Triaxiality of well-deformed nuclei

- Skin of nuclei

[Giacalone, Nijs, van der Schee, PRL 131 (2023) 20, 20]
[Otsuka et al., arXiv:2303.11299]
[Work in progress]

Some implications:

208Pb
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Recall: we access structure differences of isobars directly in ground states

,

V2

V3

[Zhang, Jia, PRL 128 (2022) 2, 022301]
[Zhang, Jia, PRC 107 (2023) 2, L021901]

What else?
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Issue for interpretation of rate data is knowledge of the NME

Natural application – Search for neutrinoless double beta decay

[Engel, Menéndez, Rept.Prog.Phys. 80 (2017) 4, 046301]

Rate involves nuclear matrix element – Structure of initial and final nuclei 

New experiments to benchmark theoretical models? High-energy collisions?

measured to determine???known
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[Work in progress with Jiangming Yao et al.]

Bayesian analysis and emulators in
energy density functional theory

Eccentricities of the QGP and related 
observables are correlated with the NME

[Zhang et al., arXiv:2408.13209]

NME strongly correlated with nuclear size
and the “deformation” [B(E2) values]
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Delta-full EFT with 17 LECs

[Work in progress with Charles Gale, Sangyong Jeon, et al.]

Similar result in ab initio theory

Deformation (R42~3.33) has strong
sensitivity to C1S0 constant 

NME strongly sensitive to C1S0

Heavy-ion observables will be 
strongly correlated with the NME

[Ekström et al., arXiv:2305.06955]

[Belley et al., arXiv:2408.02169]
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[CMS collaboration, PLB 724 (2013) 213-240]
[CMS collaboration, PLB 765 (2017) 193-220]

How about small nuclei? Big LHC discovery: Small system collectivity
[Wiedemann, Grosse-Oetringhaus, arXiv:2407.7484]

[Ambrus, Schlichting, Werthmann, PRL 130 (2023) 15, 152301]
[Kurkela, Wiedemann, Wu, EPJC 79 (2019) 11, 965]

A hydrodynamic description is not justified based on “standard criteria”

Triggered vast program on thermalization and out-of-equilibrium dynamics
[Berges, Heller, Mazeliauskas, Venugopalan, RMP 93 (2021) 3, 035003]
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[can be followed on zoom, registration is open]



  

28

MULTI-PARTICLE 
CORRELATIONS  IN FINAL STATEMULTI-NUCLEON 

CORRELATIONS  IN NUCLEI Quark Gluon Plasma

A new method for precision imaging of nuclear ground states via high-energy collisions

Conclusion

New constraints on 0νββ decay NMEs for potentially all candidate isotopes?

Collisions of light ions to shed light on small system collectivity
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