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OUTLINE

• Brief introduction
oRelativistic heavy ion collisions

o The RHIC isobar program and its physics motivation (i.e. CME)

• Byproduct of the isobar program

➢Symmetry energy slope parameter
➢Nuclear shapes / deformation

• Summary
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RELATIVISTIC HEAVY ION COLLIDER (AND THE LHC)

• RHIC: versatile, many nuclear species, lower beam-energy scan

• LHC: not as versatile, but a few species already; possible low energies
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New York Geneva, Switzerland



RELATIVISTIC HEAVY ION COLLISIONS
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Spatial anisotropy -> momentum anisotropy



THE ISOBAR PROGRAM
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Voloshin, PRL 105 (2010) 172301
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vacua

Chiral Magnetic Effect (CME)
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Voloshin, PRL 105 (2010) 172301

vacua

Chiral Magnetic Effect (CME)

STAR, PRL 103 (2009) 251601; PRC 81 (2010) 054908; …
ALICE, PRL 110 (2013) 012301; …
CMS, PRL 118 (2017) 122301; …

FW, PRC 81 (2010) 064902;
Bzdak, Koch, Liao, PRC 81 (2010) 031901(R);
Schlichting, Pratt, PRC 83 (2011) 014913; ……
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Same A: same strong interaction physics
 → equal background
Different Z: number of protons differ 10%

→ different magnetic fields 
→ different CME signal
→  observable differ by 20%
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Same A: same strong interaction physics
 → equal background
Different Z: number of protons differ 10%

→ different magnetic fields 
→ different CME signal
→  observable differ by 20%

Voloshin, PRL 105 (2010) 172301
Haojie Xu et al. PRL 121 (2018) 022301

Hanlin Li et al. PRC 98 (2018) 054907



ISOBAR COLLISIONS ARE DIFFERENT
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STAR, PRC 105 (2022) 014901

Eccentricities and elliptic 
flows are also different

Difference:
Central: sub-percent
Mid-central: a few %



CME OBSERVABLE ISOBAR RATIO

• 0.4% precision is achieved! 
• But isobar ratio is below unity; primary reason is multiplicity difference due to nuclear structure.

• CME Upper Limit 10% (of inclusive  measurement), at 95% Confidence Level.

/v2

NuSym23 - XIth International Symposium on Nuclear Symmetry Energy · 18-22 September 2023 · GSI 13Fuqiang Wang

STAR, PRC 105 (2022) 014901
Feng et al., PRC 105 (2022) 024913

STAR, 2308.16846



TURN THE QUESTION AROUND

• Large data samples, high statistical precision (2 billions MB events each)

• Exquisite care in controlling systematics: run conditions, run alteration, data 
blinding, online monitoring… offline calibration, blind data analysis → Large degree 
of cancellation of systematics

• Sensitive only to matter densities, but proton densities are well measured

• Unique means to probe neutron skin and symmetry energy slope parameter
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A FEW DETAILS ON DFT CALC
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Z. Zhang & L-W Chen, PRC 94 (2016) 064326
B.A. Brown, PRL 85 (2000) 5296
R. Furnstahl, NPA 706 (2002) 85

X. Roca-Maza et al, PRL 106 (2011) 252501
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HOW TO DO IT?
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STAR, PRC 105 (2022) 014901

Calculate DFT with a few L parameters, compare 
outcome to measurements (multiplicity, <pT>, etc.)

H. Li, H-j Xu et al, PRL 125 (2020) 222301
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H. Li, H-j Xu et al, PRL 125 (2020) 222301 STAR, PRC 105 (2022) 014901

H-j Xu et.al., PLB 819 (2021) 136453
These shapes can distinguish 
between skin- and halo-type

Calculate DFT with a few L parameters, compare 
outcome to measurements (multiplicity, <pT>, etc.)



CENTRAL COLLISION MULTIPLICITY
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H. Li, H-j Xu et al, PRL 125 (2020) 222301

Central collisions:
Multiplicity tail 
ultrasensitive to 

neutron skin
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H. Li, H-j Xu et al, PRL 125 (2020) 222301
H-j Xu (STAR), 2208.06149, QM’2022

CENTRAL COLLISION MULTIPLICITY



OTHER VARIABLES: <pT>
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H-j Xu et al, PRC 108 (2023) L011902

<pT> ratio insensitive to model details
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H-j Xu et al, PRC 108 (2023) L011902

<pT> ratio insensitive to model details
H-j Xu (STAR), 2208.06149, QM’2022



NET-CHARGE IN PERIPHERAL
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H-j Xu et al, PRC 105 (2022) L011901

 = Q ratio in nn to pp interaction

Curves: NN superimposition
 assumption 

qAA = fraction of protons participating in the collision
Fewer charge participants, smaller final-state net-charge

Grazing peripheral collisions directly sensitive to neutron skin



IN CONTEXT OF WORLD DATA
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NUCLEAR SHAPES
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What physics can be extracted from nuclear shape?

STAR, PRC 105 (2022) 014901

C. Zhang, J. Jia, PRL 128 (2022) 022301

STAR, 2308.16846



SUMMARY

• Nuclear structure has effects on final-state particle production and distributions 
in heavy ion collisions at relativistic energies

• High precision isobar collision data are sensitive enough to provide information to 
nuclear structure and symmetry energy, valuable input with totally different 
systematics from conventional means

• The extracted symmetry energy density slope parameter is consistent with world 
data with comparable uncertainties.

• Final-state anisotropy measurements can probe nuclear shape and deformation, 
via hydrodynamic calculations bridging initial condition and final state.
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Question: What physics can be extracted from nuclear shape / deformation?
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