Imaging shapes of atomic nuclei in high-energy
nuclear collisions at STAR experiment




Fathom the fundamental structure of atomic nuclei

Emergent phenomena of the many-body quantum system
* Quadrupole/octupole/hexadecapole deformations _ | Lower-energy spectroscopy method g
» Clustering, halo, skin, bubble... ﬁ*‘” -
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Understanding nuclear structure is crucial for nucleosynthesis, nuclear fission, and (01/5,3)
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Initial state constraints
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Different ways of depositing energy: 0478\
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e(z,y) ~ ¢ VT 4Ty Trento default, p = 0
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Th+Tg+aT T two-component model,

L similar to quark-glauber model J. Jia et al., Nucl. Sci. Tech 35, 220 (2024)

Use nuclear structure as extra lever-arm for initial condition
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Collective flow-assisted nuclear structure imaging

nuclear structure initial conditions final state
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ab initio theory/shell model/DFT

Key: 1) fast snapshot, 2) linear response, 3) large multiplicity for many-body correlation
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STAR detector at BNL

T P C

RHIC energies, speci binations and luminosities (Run-1to 25

STAR detector provides

1) Large/uniform acceptance, better centrality resolution

2) Sufficient statistics for emitted final-state hadrons

3) Different collision systems: U+U, Au+Au, Ru+Ru, Zr+Zr, ...
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Nuclear structure in heavy 233U nucleus
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Imaging nuclear shape in high-energy snapshot as a novel way

* Nuclear shape in intrinsic (body-fixed) frame not directly visible in the lab frame
--Mainly inferred from non-invasive spectroscopy methods.

b Quantum fluctuations in orientations C . £ w
! 5= STAR, Nature 635, 67-72 (2024)
...... € = ( \ ‘/ —t 000 eV https://www.nature.com/articles/s41586-024-08097-2
e\v\°¢ ‘ 4t 0.148 MeV
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wavefunctions probed at low energy
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Shape-frozen like a snapshot during nuclear crossing (10-2°s << rotational time scale 10-?'s)
probe entire mass distribution in the intrinsic frame via multi-point correlations
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https://www.nature.com/articles/s41586-024-08097-2

Evidence of deformation from system comparison

Two-body correlator:
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Elliptic flow and size fluctuation are enhanced by the nuclear deformation effect.

G. Giacalone, J. Jia, C. Zhang, PRL127, 242301(2021); J. Jia, PRC105, 014905(2022), PRC 105, 044905(2022)
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Reflecting the initial state from the nuclear geometry
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Impact of quadrupole deformation g,

Seen directly by comparing 238U+238U with near-spherical 1°7Au+1°7Au
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Imaging shape of the ground-state 38U: 8, and y
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A large deformation with a slight deviation from axial symmetry in the nuclear ground -state
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Viscosity, nuclear parameters, and model variations

2) Effect from nuclear parameters are small, included as model systematics.

1) Taking the ratios cancels the viscosity effects.
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3) Another hydrodynamics model, Trajectum, shows rather
consistent extractions even if it was not tuned to RHIC data.
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Another way to probe deformation
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Nuclear structure in isobaric °°Ru and °°Zr nuclei

R(0,¢) = Ry (1 + B2 [cosyYa0(0, @) + sinvY22(0, d)] + B3Y30(0, @) + BaY40(6, ¢))




Low-energy experimental measurements on °°Ru and °¢Zr
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Pear-shaped nuclei enable new-physics searches?

EDMs search Neutrinoless double beta decay

[Double beta decay]
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e ep 000Mo  >1.1x1070  <0.33-062  NEMO-3 (162) 96 i iah-
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Nature 497, 199 (2013); Rev. Mod. Phys. 91, 015001 (2019); Rep. Prog. Phys. 80, 046301 (2017); (M)

Ann. Rev. Nucl. Part. Sci. 69, 219 (2019); The 2023 Long-rang plan for nuclear physics

Nuclear matrix element
Y. Li, X. Zhang, G. Giacalone, J. Yao, arXiv:2502.08027

C SV (WA BB /il 6-12, 2025, Quark Matter, Frankfurt, Germany Chunjian Zhang (Fudan University)



096Ru + OgﬁRu i

Nuclear structure via collectivity v, ratio 5, —5, !
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* Direct observation of octupole deformation in °Zr nucleus

* Imply the neutron skin difference between °°Ru and °6Zr
« Simultaneously constrain parameters using different N, regions  32Ru = 0.16 £ 0.02) 337, = 0.20 = 0.02

ORu 2 2 2 2
Ro = v 1+ c1ABS +caABs + c3ARy + csAa . AB5 AB3 Aayg AR
o difference 55506004 [ -0.06 fm [0.07 fm

Zr

C. Zhang and J. Jia, PRL128, 022301(2022); J. Jia, G. Giacalone, C. Zhang, PRL131, 022301(2023)
Chunjian Zhang (Fudan University)
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Conclusions and Outlooks

1. Intersection of nuclear structure and hot QCD across energy scales:

— better control variation of the QGP initial conditions

— a novel way to unveil nuclear structure across energy scales

2. The signatures of nuclear structure in nuclear collisions are ubiquitous:

— constrain 8, and observe y shape in ground-state 238U: Bou = 0.297 £0.015 Yy = 8.5° £ 4.8°

— observe large 3 in 98Zr, a, difference between isobaric °6Zr and °°Ru
Boru = 0.16 + 0.02 |B3,z: = 0.20 £ 0.02

AB% Aﬁ§ Aa() AR()

difference 0.0226 -0.04 | -0.06 fm [0.07 fm

3. Many potential applications from large to small heavy-ion collision systems :

— high-order 3 and 4 nuclear deformations

— rigid and soft y (shape fluctuations/coexistence)

— neutron skin

— nuclear cluster in light nuclei (i.e.’®O and 2°Ne) at RHIC and the LHC Plenary talk by You Zhou
— neutrinoless double-beta decay April 11, 10:00 AM
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The past activities and nearest workshop in Shanghai

Recently organized activities from 2022:
Nuclear structure physics across the energy spectrum 2025, link
RBRC workshop Jan 2022, link

EMMI Taskforce May&Oct 2022, link

ESNT workshop Sep 2022, link
INT program Jan-Feb 2023, link

Dalian workshop Aug 2023, link

Beijing workshop April 2024, link

CERN workshop Nov 2024, link

Continue the efforts to further constrain QGP initial conditions and nuclear structure across energy scales.

T hank You.
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Nuclear structure is inherent of heavy-ion probes

one-body distribution two-body correlations three-body correlations
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NEWS AND VIEWS ‘ 06 November 2024

Rare snapshots of a kiwi-shaped
atomic nucleus

Smashing uranium-238ions together proves to be a reliable way of imaging their nuclei.
High-energy collision experiments reveal nuclear shapes that are strongly elongated
and have no symmetry around their longest axis.

By Magda Zieliriska &3 & Paul E. Garrett
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Smashing atomic nuclei together
reveals their elusive shapes

A method to take snapshots of exploding nuclei could hold clues about the fundamental

properties of gold, uranium and other elements.

By Elizabeth Gibney

k Matter, Frankfurt, Germ
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NATURE PODCAST | 06 November 2024

Surprise finding reveals
mitochondrial ‘energy factories’
come in two different types

Mitochondria divide to share the load when nutrients are scarce — plus, how smashing
atomic nuclei together helpsidentify their shapes.

Chunjian Zhang (Fudan University)
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