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n Emergent phenomena of many-body quantum system 
n clustering, halo, skin, bubble…
n quadrupole/octupole/hexdecopole deformations
n Nontrivial evaluation with N and Z.

Collective shape of atomic nuclei

Shape coexistence

β2-landscape

β4-landscape

PRC 89, 054320 (2014)

PRC 89, 054320 (2014)



3High-energy heavy ion collision

ObservablesVolume, size and shapeShape and radial dis.

Initial condition Final stateNuclear structure

hydrodynamics

z ?

Extraction of QGP properties is limited by the uncertainties in initial condition

• Comparing collisions of nuclei with different shapes constrains the initial condition
• Provide insights on manifestation of nuclear structure at high energy scale.



4Flow assisted imaging of the initial condition
Final Particle flow
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Final Particle flow
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volume,  size    and shape Radial Flow Harmonic Flow 

Nch

Multiplicity

Advantage of High energy: 
⇒Large multiplicity and boost invariance
⇒approx. linear response in each event

arXiv:1206.1905
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Connecting HI initial condition with nuclear shape

x

y

x

y

x

y

ε2~0.95β2 ε2~0.48β2 ε2~0

Body-Body Tip-Tip

Shape depends on Euler angle Ω=φθψ
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n In principle, can measure any moments of p(1/R, !2, !3…)
n Mean          
n Variances:
n Skewness
n Kurtosis 

…

Impact on high-order fluctuations

n All have simple connection to deformation:

n Variances n Skewness



n One-body distribution seen in lab-frame is always spherical, deformation 
appears as broadening of nucleon distribution

n Intrinsic frame quadrupole moment also accessible via sum rule or laser 
spectroscopy

8Low-energy vs high-energy method

n Shape frozen in nuclear crossing (10-24s <<rotational time scale 10-21s), 
probe entire mass distribution via multi-point correlations.  

1902.07168

Collective flow response to nuclear shape



9Digression: molecular structure imaging

science.244.4903.426

lysozymes 

Nature Physics 18, 423 (2022)

Nature 406, 752 (2000)

Coulomb Explosion Imaging

https://doi.org/10.1126/science.244.4903.426
https://www.nature.com/
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Strategy for nuclear shape imaging 

Flow observable  =   k ⨂ initial condition (structure)

QGP response, 
a smooth function of N+Z

Structure of colliding nuclei, 
non-monotonic function of N and Z

QGP

See 2209.11042 for more discussion



11Case study: Isobar collisions at RHIC

n A key question for any HI observable O:

Deviation from 1 must has origin in the nuclear structure, which 
impacts the initial state and then survives to the final state. 

2109.00131

n Expectation

96Ru+96Ru and 96Zr+96Zr at !"" =200 GeV



12Structure influences everywhere



13Nuclear structure via v2-ratio and v3-ratio
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n β2Ru~0.16 increase v2, no influence on v3 ratio
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n β2Ru~0.16 increase v2, no influence on v3 ratio
n β3Zr~0.2 decrease v2 in mid-central, decrease v3 ratio
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n β2Ru~0.16 increase v2, no influence on v3 ratio
n β3Zr~0.2 decrease v2 in mid-central, decrease v3 ratio
n Δa0= -0.06fm increase v2 mid-central, small impact on v3.
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n β2Ru~0.16 increase v2, no influence on v3 ratio
n β3Zr~0.2 decrease v2 in mid-central, decrease v3 ratio
n Δa0= -0.06fm increase v2 mid-central, small impact on v3.
n Radius ΔR0=0.07fm only slightly affects v2 and v3 ratio.  

17Nuclear structure via v2-ratio and v3-ratio

Simultaneously constrain these parameters using different Nch regions 
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18Isobar ratios cancel final state effects
n Vary the shear viscosity via partonic cross-section

n Flow signal change by 30-50%, the vn ratio unchanged. 

Robust probe of 
initial state!

2206.01943 



19Triaxiality   
Prolate

Oblate

Triaxial

1910.04673, 2004.14463 

Need 3-point correlators to probe the 3 axes
2109.00604 

v2↗ pT↘

v2↘ pT↗



20Triaxiality   
Prolate

Oblate

Triaxial

[pT] skewness

8%

v2-[pT] covariance
Compare U+U vs Au+Au: β2U  ~ 0.28, β2Au~ 0.13:

1910.04673, 2004.14463 

Need 3-point correlators to probe the 3 axes
2109.00604 

v2↗ pT↘

v2↘ pT↗
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https://arxiv.org/abs/2209.11042

https://arxiv.org/abs/2209.11042


n Collective flow response to collision geometry provide a tool to image nuclear shape at 
ultra-short time scale 10-24s. Measurement of  many-particle correlation in momentum 
space probes the many-nucleon correlations in the configuration space. 

n Manifestation of nuclear shape at high-energy/shorter time-scale might be different from 
low energy (gluon saturation and nuclear PDF effects). 

n Collisions of carefully-selected isobar species (at LHC) help us to understand the many-
body nucleon correlations of atomic nuclei from small to large system & help constrain 
the heavy ion initial condition

22Summary and outlook

arXiv:2102.08158


