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3Collective structure of atomic nuclei

• Emergent phenomena of the many-body quantum system 
• Quadrupole/octupole/hexadecapole deformations

• Clustering, halo, skin, bubble…

• Non-monotonic evolution with N and Z

J.P. Ebran et al. Nature487, 341(2012)

nucleonic clustering

Neutron skin 

A. Trzcinska et al., PRL87, 082501(2001)
B. M. Centelles et al., PRL102, 122502(2009)

OctupoleQuadrupole 

Triaxial spheroid

LP Gaffney et al., Nature497, 199(2013)

AN Andreyev et al., Nature405, 430(2000) 

S. Cwiok et al.,Nature433, 705(2005) 



Nuclear shape in lower energy method

Each DOF has zero-point fluctuations within an intrinsic timescale. 

(non-invasive) spectroscopic methods probe a superposition of these fluctuations 
Instantaneous nuclear shapes are not directly seen → intrinsic shape not observable 

e+A scattering has very short timescales, but so far 

mostly imaged the one-body (charge) distribution. 

The impact of deformation appears as an increase 
in the radius 
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Initial conditions

hydro-response

Final state

Initial Size Initial Shape Radial Flow Anisotropic Flow

ε2

ε3

ε4

Collective flow-assisted nuclear structure imaging

High energy:  Large multiplicity and boost invariance; approximate linear response in each event

Imaging

Nuclear structure 

?
Quadrupole deformation 

Octupole deformation

Nuclear size

Surface diffuseness

Triaxiality

z

Key: 1) fast snapshot, 2) linear response, 3) large multiplicity for many body correlation

Many-body correlations
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Hydrodynamic

Relativistic viscous Hydrodynamics (first-order): Energy momentum conservation laws 

1) Collective flow driven by QCD EoS: 

2) But resisted by viscosity 

Reduce anisotropic flow Reduce radial flow 

A quantitative extraction of the QGP viscosity:  Τ𝜂 𝑠 (T) is very close to 
the ADS/CFT bound of Τ1 4𝜋

J. Bernhard, S. Moreland, S.A. Bass, J. Liu, U. Heinz, PRC 2015 
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Accessing information in intrinsic frame via observables 

• We measure moments of p(1/R, 𝜀2, 𝜀3...) via p([pT], v2, v3...)... 

• Higher moments probe the frame-independent many-body distributions 
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J.Jia, PRC105, 014905(2022); PRC105, 044905(2022)



Imaging shapes of atomic nuclei in high-energy nuclear collisions

Shape-frozen like snapshot in nuclear crossing (10-25s << rotational time scale 10-21s)
probe entire mass distribution in the intrinsic frame via multi-point correlations

Collision geometry depends on the 

orientations: Head-on collisions have 

two extremes body-body or 
tip-tip collisions 

Body-body: large-eccentricity large-size 

Tip-tip : small-eccentricity small-size 

Deformation enhances the fluctuations of v2 and [pT]. 
Also leads to anticorrelation between v2 and [pT]. 
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Nuclear structure in heavy 238U and 129Xe nuclei



Impact of quadrupole deformation
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Seen directly by comparing 238U+238U with near-spherical 197Au+197Au 

Near-spherical → flat 𝜌2 vs centrality
Strongly prolate → decreasing 𝜌2 vs centrality 

Nature, 635, 67-72 (2024)
https://doi.org/10.1038/s41586-024-08097-2 
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https://doi.org/10.1038/s41586-024-08097-2


Achieves a better description 

of ratios in UCC region

Constraints on 𝛽2 and 𝛾 of 238U

simultaneously with data-hydro

-comparison

Extracting shape of 238U: quadrupole deformation and triaxiality 

A large deformation with a slight deviation from axial symmetry in the nuclear ground-state

Relation confirmed

But we cannot distinguish between rigid triaxiality and triaxial fluctuations
This can be done using six-particle correlations: v2{6}, <v2

4𝛿pT
2>. 
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Some references for the article

https://www.nature.com/articles/s41586-024-08097-2

https://www.nature.com/articles/d41586-024-03466-3 https://www.nature.com/articles/d41586-024-03646-1https://www.nature.com/articles/d41586-024-03633-6

https://www.bnl.gov/newsroom/news.php?a=122119
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Impact of hexadecapole deformation of 238U

low energy estimate 
Value could be smaller due to possible 𝛽4. 

High-order deformation is hard to measure at low energy 

W. Ryssens, G. Giacalone, B. Schenke, C. Shen, PRL 130, 212302 (2023) H. Xu, J. Zhao, F. Wang, PRL 26, 262301 (2024) 
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ATLAS, PRC 107, 054910(2023)

• The medium effect was mostly canceled.

• Study the triaxial shape of 129Xe nuclei

Triaxiality fluctuation could wash out the 

      difference between prolate and oblate.  

ALICE, PLB 834, 137393(2022)
Emil Gorm Nielsen, ALICE, QM2023
ALICE, 2409.04343

• ALICE data suggests a triaxial structure of 129Xe

Extracting shape of 129Xe: quadrupole deformation and triaxiality 

Consistency between ATLAS and ALICE 

A. Dimri, S. Bhatta, J.Jia, EPJA 59, 45(2023)
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Probe 𝜸-rigid or 𝜸-soft of the 129Xe 

Rigid triaxial 

deformation (γ=30o) 
Bally et. al. 

EPJA58 (2022) 9, 187

γ-soft (flat distribution

 in 0≤γ≤60o) 

Z. P. Li, et. al. PRC81, 
034316 (2010) 

The γ-soft deformation of 129Xe lead to a clear enhancement of 6-particle correlations ρ4,2 in ultra-central Xe+Xe

S. Zhao, H. Xu, Y. Zhou, Y. Liu, H. Song, PRL 133, 192301(2024) 
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Nuclear structure of intermediate isobaric 96Ru and 96Zr nuclei

Rn-Rp



US Long Range Plan 2023

EDMs are very small and difficult to measure.

Higher sensitivity via Schiff nuclear moments in heavy nuclei 
-> Octupole deformation enhancements

Rev.Mod.Phys.91, 015001(2019); Rep.Prog.Phys.80, 046301(2017); Ann.Rev.Nucl.Part.Sci.69, 219(2019)

Pear-shaped nuclei enable new physics searches？ 

Hunt for the no neutrinos

96Zr with high-case
rate, strong neutrino 
mass limiting ability 

Nuclear matrix element 
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96Zr 96Zr

96Ru 96Ru

Quadrupole 

Octupole

Unique isobar 96Ru and 96Zr Collisions

• A key question for any HI observable :

Deviation from 1 could have an origin in the nuclear structure, 
which impacts the initial state and then survives to the final state. 

96Ru+96Ru and 96Zr+96Zr at 𝑠𝑁𝑁 =200 GeV

• Expectation:

Probe structure differences

G. Giacalone, J.Jia and C. Zhang, PRL 127, 242301(2021); C. Zhang and J. Jia, PRL 128, 022301(2022); 

C. Zhang, S. Bhatta and J. Jia, PRC 106, L031901(2022) ; 

Evidence of static octupole moments at low energies is rather sparse.

Low energy measurement
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• Direct observation of octupole deformation in 96Zr nucleus
• Clearly imply the neutron skin difference between 96Ru and 96Zr
• Simultaneously constrain these parameters using different Nch regions 

Nuclear structure via vn ratio

• β2Ru ~ 0.16 increase v2, no influence on 
      v3 ratio

• β3Zr ~ 0.2 decrease v2 in mid-central, 
     decrease v3 ratio

• Δa0 = -0.06 fm increase v2 mid-central, 
     small impact on v3

• Radius ΔR0 = 0.07 fm only slightly affects
      v2 and v3 ratio.  
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Constrain neutron skin and symmetry energy 

Imaging the radial structures (neutron skin)

Radial parameters R0, a0 are properties of one-body distribution → <pT>, <Nch>, v2
RP~v2{4}, 𝝈𝒕𝒐𝒕, 

J. Jia, C. Zhang, PRC 107, L02901 (2023)
H. Xu, QM2023

AMPT v2{4} ratio

J. Jia, G. Giacalone, C. Zhang, PRL 131, 022301(2023)

G. Giacalone, G. Nijs, W. Schee, PRL 131, 202302(2023)
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Nuclear structure is inherently part of heavy ion problem 

Nuclear structure influences everywhere 22



Benchmarking tomography of many-body correlation in light 16O nucleus

  --- from one-body distribution to many-body nucleon correlations

first-principle ab initio framework

“for his prediction of the existence of mesons 

on the basis of theoretical work on nuclear forces”

Hideki Yukawa



Nucleon nucleon correlations in finite quantum many-body systems 

Nuclear Lattice Effective Field theory (NLEFT): model with 

many-nucleon correlation including 𝜶 clusters
Lu et al., PLB797, 134863(2019)
M. Freer et al., RevModPhys90, 035004(2018)
S. Elhatisari et al. Nature 630, 59 (2024)
Calculations from Dean Lee

Woods-Saxon: without many-body nuclear correlation 

Variational auxiliary field diffusion Monte Carlo (VMC): 
MC solution of Schrödinger eq. from the time evolution of trial wave 
function. 

A. Lonardoni et al., PRC97, 044318(2018) 
J. Carlson and R. Schiavilla, RevModPhys70, 743(1998) 

ab-initio Projected Generator Coordinate Method (PGCM): 
Wave function from variational calculation (as in density functional theory)

Frosini et al.,  EPJA58, 62(2022); EPJA58, 63(2022); 
EPJA58, 64(2022)
Calculations from Benjamin Bally

Possible cluster in ground-state 8
16O nuclei based on low energy, but NO evidence.   
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Geometric tomography of 16O nucleus for the first time in HI

𝜀2{4} /𝜀2{2} from three models:  
1. WS is away from STAR data.
2. VMC and EFT have a visible difference.

Can many-nucleon correlations significantly impact 
the eccentricity fluctuations? YES!

VMC and EFT theory have visible differences 
describing the v2{4}/v2{2}. The interplay between 
sub-nucleon fluctuation and many-nucleon 
correlation.

STAR, PRL130, 242301(2023)

O+O run2021: 600M MB and 250M HM events 

Geometric scan elucidates nuclear tomography and strong nuclear force? 

O+O and p+O at LHC Run2025

possible Ne+Ne collisions?
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Searching for signatures of 𝜶 clusters in different models 

Y. Wang, S. Zhao, B. Cao, H. Xu and H. Song, PRC109, L051904(2024)

Γ and vn – pT correlations in 16O+16O collisions are 
sensitive to the compactness of the α cluster in 16O 
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X. Zhao, G. Ma. Y. Zhou, Z. Lin and C. Zhang, 2404.09780 

Compared to the STAR on the v2{4} /v2{2} ratio, 
the tetrahedron and ab initio cases give better 
descriptions of the STAR data. 

Various observables all show sensitivities from different configurations

C. Zhang, J. Chen, G. Giacalone, S. Huang, J. Jia and Y. Ma, 2404.08385 

27Searching for signatures of 𝜶 clusters in different models 



G. Giacalone, B. Bally, G. Nijs et al., 2402.05995 

a precision test of hydrodynamics in small systems. 

NLEFT and PGCM are consistent within uncertainties

G. Giacalone, W. Zhao, C. Shen et al., 2405.20210 

Connecting ab initio inputs 

of light-nuclei with relativistic
nuclear collisions 

Easier to image the shapes of 

light- nuclei than symmetric 
light-ion collisions 

28Searching for signatures of 𝜶 clusters in different models 



1. More new observables simultaneously constrain nuclear deformation effect

Other interesting questions remained:

C. Zhang, S. Huang and J.Jia, 2405.08749
 J. Jia, S. Huang, C. Zhang and S. Bhatta, 2408.16006

i.e. mean pt fluctuations

2. Beyond the 2D transverse profile of QGP, how the longitudinal structure will be?

Isolate the decorrelation map of 
deformation-induced flow 
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3. Possible new system scan at LHC is helpful to further understand QGP. 



Further constrain the QGP properties and understand the nature of nuclear structure

•  Many potential applications: 
      → octupole and hexadecapole nuclear deformations
      → rigid and soft triaxiality (shape fluctuations/coexistence)
      → neutron skin, 
      → nuclear cluster in light nuclei
      → neutrinoless double-beta decay 

Conclusions and Outlooks

•  To go beyond simply observing collectivity (vn) in various systems, need 

     measurements that can:

→ Controlled variation of the QGP initial condition

     → understand the nuclear structure across energy scales 

• Interdisciplinary connection between low- and high-energy.
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I apologize I may not have enough time to cover all important studies... 



Backup



Initial conditions

hydro-response

Final state

Initial Size Initial Shape Radial Flow Anisotropic Flow

ε2

ε3

ε4

Collective flow-assisted nuclear structure imaging

High energy:  Large multiplicity and boost invariance; approximate linear response in each event

Imaging

Nuclear structure 

?
Quadrupole deformation 

Octupole deformation

Nuclear size

Surface diffuseness

Triaxiality

z

Constrain the initial condition & Reveal novel properties of nuclei & Study the unknown nuclear structure
33

Many-body correlations



Multi-stages in relativistic heavy-ion collisions

Multiple stage
/Complex dynamics

Hybrid multi-stage 
Modeling with event-by
-event fluctuations 

Nuclear structure 
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Connecting the initial conditions to the nuclear shape

x

y

x

y

x

y

Body-Body Tip-Tip

QGP QGP QGP

Shape depends on Euler angle Ω=φθψ

J. Jia, PRC105, 014905(2022)

Random rotation

• In principle, can measure any moments of p(1/R, 𝜀2, 𝜀3…) 

▪ Mean

▪ Variance 

▪ Skewness 

▪ Kurtosis 

• All have a simple connection to deformation

▪ Two-points correlation ▪ Three-points correlation

c
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Mean transverse momentum [pT] fluctuations

Event-by-event [pT] fluctuations also reflect the deformation of colliding nuclei

Same total energy deposition: 
Smaller transverse size,
Stronger radial expansion. 

J. Jia, PRC105, 044905(2021) 
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Au+Au: variance and skewness follow independent source scaling 1/Ns
n-1 within power-law decrease 

U+U: large enhancement in normalized variance and skewness and sign-change in normalized kurtosis
            ⟶ size fluctuations enhanced

The nuclear deformation role is further confirmed by hydro calculations.

[pT] fluctuations and comparisons to hydro model

[pT] fluctuations also serve as a good observable to explore the role of nuclear deformation.

Hydro: private calculations from Bjoern Schenke and Chun Shen
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Isobar ratios cancel final state effect
• Vary the shear viscosity by changing partonic cross-section

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

Robust probe of 

initial state!

C. Zhang, S. Bhatta and J. Jia, PRC106, L031901(2022)
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