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Nuclear structure at low energies 
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• In low-energy nuclear physics, nuclei can be 

well described by many theoretical approaches 

at different resolution scales

Witold Nazarewicz, JPG: NPP 43, 044002 (2016)

• Nuclear many-body problem, when inspected at 

higher resolution, have a complicated structure 

of their own

From Giuliano Giacalone



Nuclear structure at relativistic heavy-ion collisions
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Final-state particle correlations

Mean pT

G.Giacalone, PhD Thesis, arXiv: 2101.00168

ALICE, PLB 784 (2018) 82-95

ALICE, ALICE-PUBLIC-2018-003

ATLAS, PRC 107 (2023) 5, 054910

ALICE, arXiv: 2409.04343

STAR, Nature 635, 67–72 (2024)

etc



“imaging-by-smashing” technique
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Anisotropic pressure gradients Anisotropic momentum distributions

System expansion

𝛹𝑅𝑃
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Anisotropic pressure gradients Anisotropic momentum distributions

System expansion
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Could be measured by two-, four-, 

multi-particle correlations



“imaging-by-smashing” technique
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Anisotropic pressure gradients Anisotropic momentum distributions

System expansion
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In most central collision, the geometry of 

colliding nuclei is largely carried to final state



“imaging-by-smashing” technique
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<pT> and its 

fluctuations

Experimental 

tools

initial shape and shape fluctuations initial size and size fluctuations

anisotropic momentum distributions

anisotropic spatial distribution

G. Giacalone, PRC 102 (2020) 2, 024901
Figure made by You Zhou



“imaging-by-smashing” technique
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Smaller nuclei?

STAR, PRL 115 (2015) 222301

STAR, Nature 635 (2024) 67

ALICE, PLB 834 (2022) 137393

ATLAS, PRC 107 (2023) 054910

ALICE, PLB preprint arXiv: 2409.04343

C. Zhang et al, PRL 128 (2022) 022301



“imaging-by-smashing” technique
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Smaller nuclei?

STAR, PRL 115 (2015) 222301

STAR, Nature 635 (2024) 67

ALICE, PLB 834 (2022) 137393

ATLAS, PRC 107 (2023) 054910

ALICE, PLB preprint arXiv: 2409.04343

C. Zhang et al, PRL 128 (2022) 022301
Ab initio predicts novel shapes for 20Ne and 16O 

due to the α-clustering phenomena

G. Giacalone, et al, PRL 135, 012302 (2025)



LHCb SMOG project
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SMOG2: The updated System for Measuring Overlap with Gas

• A high-density storage cell placed in the LHC primary vacuum

• Wide choice of injectable gases: He, Ne, Ar, H2,D2, …

• Unique physics opportunities at unexplored intermediate energies: 

30~115 GeV 

https://lhcb-outreach.web.cern.ch/detector/smog-more-info/

Pb + X collision: • A bowling alley: “imaging-by-smashing” technique

• Measure anisotropic flow at the most central collisions



Three opening questions
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• Does the impact of nuclear structure on final-state observables persist when the 

system evolves under different dynamical assumptions? (hydrodynamics versus 

parton transport models)
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• Does the impact of nuclear structure on final-state observables persist when the 

system evolves under different dynamical assumptions? (hydrodynamics versus 

parton transport models)

• To what extent do short-range azimuthal correlations (nonflow effects) blur the 

geometric imprint of the initial nuclear structure?



Three opening questions
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• Does the impact of nuclear structure on final-state observables persist when the 

system evolves under different dynamical assumptions? (hydrodynamics versus 

parton transport models)

• To what extent do short-range azimuthal correlations (nonflow effects) blur the 

geometric imprint of the initial nuclear structure?

• Can the distinct nuclear geometries of 20Ne and 16O be exploited to disentangle 

the origin of collective flow in small systems? (distinguishing hydrodynamics 

and parton transport models)



Model setups
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Pb: Woods-Saxon
16O, 20Ne: 

1. Woods-Saxon   2. NLEFT calculations

• Impact parameter b is used to determine centrality

0% centrality 100% centrality

b
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Pb: Woods-Saxon
16O, 20Ne: 

1. Woods-Saxon   2. NLEFT calculations

Parton-scattering 

cross-section



Model setups
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Parton-scattering 

cross-section

Default μ=2.265 fm-1

↓

μ=226.5 fm-1

To study the effect of partonic interaction, an additional 

simulation was performed by turning off partonic interaction

Pb: Woods-Saxon
16O, 20Ne: 

1. Woods-Saxon   2. NLEFT calculations



Two-particle elliptic flow
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• Pb-Ne: v2{2} with NLEFT significantly larger than WS (larger deformation 

in NLEFT)

• Pb-O:  v2{2} with NLEFT slightly larger than WS

A more robust approach is comparing v2{2} between Pb-Ne and Pb-O

• Suppress evolution effects and emphasize the differences between 

bowling-pin and tetrahedron shape

• If 20Ne and 16O are described by NLEFT, the system ratio is distinctly 

larger than unity

• Otherwise, the system ratio is around or even below unity



Two-particle elliptic flow
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• Pb-Ne: v2{2} with NLEFT significantly larger than WS (larger deformation 

in NLEFT)

• Pb-O:  v2{2} with NLEFT slightly larger than WS

A more robust approach is comparing v2{2} between Pb-Ne and Pb-O

• Suppress evolution effects and emphasize the differences between 

bowling-pin and tetrahedron shape

• If 20Ne and 16O are described by NLEFT, the system ratio is distinctly 

larger than unity

• Otherwise, the system ratio is around or even below unity

Add initial eccentricity ε2{2} to confirm the discussion



Two-particle elliptic flow
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G. Giacalone et al, Phys.Rev.Lett. 134 (2025) 8, 082301

• Enhanced v2{2} in Pb-Ne is also 

shown by hydrodynamic calculations

• v2{2} reflects the initial nuclear 

geometry, regardless of dynamic 

evolutions

3D-Glauber+MUSIC+UrQMD



Two-particle elliptic flow
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The effects of dynamic evolutions can also be explored by 

turning of the parton interactions (green markers)

• v2{2} in Pb-Ne and Pb-O decreases by ~0.01 by turning off ZPC

• v2{2}(with ZPC)/ v2{2}(without ZPC) remain ~1.3

• ZPC play a significant role in developing anisotropic flow

• Non-zero v2{2} suggests the contribution from hadronic interactions

A more robust approach is comparing v2{2} between Pb-Ne and Pb-O

• v2{2}(Pb-Ne)/v2{2}(Pb-O) without ZPC agrees with the results with ZPC

• The ratio between two similar systems can cancel the final state effect and 

emphasize the nuclear geometric effects



Non-flow estimation
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𝜂

𝜑1’ 𝜑2

Δ𝜂

-0.8               -0.5           0.5                 0.8

Larger Δη, longer range correlation

↓

Suppress non-flow (short range correlation)

• Possible remaining non-flow are within 2% 

for v2{2}(Pb-Ne)/v2{2}(Pb-O) 



Four-particle elliptic flow
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Two-particle and Four-particle elliptic flow receive opposite contribution 

from flow fluctuations Y. Zhou et al, Phys.Rev.C 93 (2016) 3, 034909

• Pb-Ne: v2{4} with NLEFT significantly larger than WS

• Pb-O:  v2{2} with NLEFT agrees with WS

• If 20Ne and 16O are described by NLEFT, the system ratio is distinctly 

larger than unity

• All the findings are also supported by the initial eccentricity ε2{4} 



Four-particle elliptic flow
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G. Giacalone et al, Phys.Rev.Lett. 134 (2025) 8, 082301

3D-Glauber+MUSIC+UrQMD

• c2{4} instead of v2{4} was presented 

in hydro paper, due to the explicitly 

positive c2{4} in central collisions

• The different signs of c2{4} between 

hydro and AMPT highlight a critical 

sensitivity to the system’s dynamic 

evolution



Summary and outlook
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• By utilizing the “imaging-by-smashing” technique in Pb-Ne and Pb-O collisions, the structure of 20Ne 

and 16O have been investigated based on AMPT model.

• The system ratio v2{2}(Pb-Ne)/v2{2}(Pb-O) can serve as an ideal probe of the nuclear structure of 20Ne 

and 16O.

• This signature remain robust against the complex dynamic evolution of the created system.

• The different sign of c2{4} between AMPT and hydro model indicates distinct medium responses to the 

initial geometry, helps to uncover the origin of anisotropic flow in small system.

• LHCb SMOG2 has the ability to switch gas targets. Smashing different nuclei enables the exploration 

of a boarder range of nuclear structure.

Thank you!
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Backup



Two-particle triangular flow
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• v3{2} decreases with increasing centrality, 

regardless of the nuclear structure input

• The differences in v3{2} among the four 

configurations are relatively small

• Supported by ε3{2} 



Eccentricity
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• Centrality dependence of ε2{2}, ε3{2}, ε2{4} for NLEFT and WS 

in Pb-Ne and Pb-O collisions 

• The corresponding ratios are presented in the figures of v2{2}, 

v3{2}, v2{4} 
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