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 Relativistic heavy ion collisions
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The 

“Little 

Bang”

s = 100GeV ∼ TeV

Yoctosecond (  s) ⼳秒 10−24
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Nucleus-Nucleus Reactions (Collisions)
3

nuclear evaporation

fragmentation

projectile fragmentation
Hard scattering

G. Jin, Modern Physics

s < GeV



Hao-jie Xu (Huzhou U.)Precision Frontier of QCD Matter: Inference and Uncertainty Quantification

Relativistic Heavy ion collisions and nuclear structure
4

Initial geometry Final observables

Anisotropic flow,   

Flow fluctuations

HBT, 

....


ρ(r) =
ρ0

1 + exp[(r − R)/a]

R = R0 [1+β2Y 0
2(θ)+β4Y 0

4(θ)]

Bulk properties of QGP medium: η/s, ζ/s, . . .
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 System size dependence and centrality dependence
5

R ∼ 1.2A1/3

System size dependence

Centrality dependence

b=0  most central collisions
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 Nuclear structure beyond spherical
6

Nuclear deformation Neutron skin thickness

N=Z
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 Intersection of nuclear structure and high-energy nuclear collisions
7

RHIC-STAR

In this talk, I will discuss some of our own issues in HIC that could be resolved by nuclear structure:


*CME background in isobar collisions           * Elliptic flow puzzle in U+U collisions        * v2-v3 puzzle in Pb+Pb Collisions             


Chunjian Zhang@ 9:30-10:15, Sep 8
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 Anisotropic flow in HIC
8

vn{2}2 = ⟨
Q2

n − M
M(M − 1)

⟩

Qn =
M

∑
i=1

einφi

Q-cumulant method Random walk for M steps, the 
distance between the start point and 
end point is:


R = M

 —>  nontrivial correlationsvn{2} ≠ 0

Heavy Ion Collisions   boost invariance  

    2D Fourier series in momentum space

Nuclear structure

   3D spherical harmonics in coordinate space

dN
dϕ

∝ 1 + ∑
n

vn cos n(ϕ − Φn)

R(θ, ϕ) = R0 (1 + ∑ βlmYlm)

Collectivity

dN
dϕ

∝ [1+v2 cos 2(ϕ − Ψ2) probe β2 ✓

+v3 cos 3(ϕ − Ψ3) probe β3 ✓
+v4 cos 4(ϕ − Ψ3)
+ . . . ]

R



CME background in isobar collisions (2017-)

9

HJX, X. Wang, H. Li, J. Zhao, Z. Lin, C. Shen, F. Wang, PRL121, 022301 (2018)

H. Li, HJX, J. Zhao, Z. Lin, H. Zhang, X. Wang, C. Shen, F. Wang, PRC98, 054907 (2018)

H. Li, HJX, Y. Zhou, X. Wang, J. Zhao, L. Chen, F. Wang, PRL125, 222301(2020)

HJX, H. Li, X. Wang, C. Shen, F. Wang, PLB819, 136453 (2021)

STAR Collaboration, PRC105, 014901(2022)
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 Relativistic heavy ion collisions
10

Participants

Spectators

Chiral 
Magnetic
Effect



Hao-jie Xu (Huzhou U.)Precision Frontier of QCD Matter: Inference and Uncertainty Quantification

Chiral magnetic effect
11

D. Kharzeev,et.al., PPNP88, 1(2016)

Chiral magnetic effect (CME) 

β2

β2

CME signal vs background 

Schlichting, PRC83(2011)

Bzdak, PRC81(2010)

Wang, PRC81(2010)

STAR, PRL103, 251601 (2009)

ALICE, PRL110, 012301 (2013)

ΔγBkg ≃ ⟨cos(ϕa + ϕb − 2ΨRP)⟩v2,clust
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Relativistic isobaric collisions 
12

β2

β2

• Same background

• Different magnetic field => different CME signals

The isobar collisions were proposed to measure the chiral 
magnetic effect. S. Voloshin, PRL105, 172301 (2010)


Backgrounds are not identical!!!

STAR, PRC105, 014901(2022)
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Isobar structures are important for the CME search
13

The multiplicity and v2 differences from isobar structure are crucial for the CME search in the  isobar collisions 
at RHIC 

Δγbkg = ⟨cos(φα + φβ − 2ΨRP)⟩ =
Ncluster

NαNβ
× ⟨cos(φα + φβ − 2Ψcluster) × v2,cluster)⟩

Multiplicity differences Flow differences

The simple baseline doesn’t work

STAR Collaboration, PRC105, 014901 (2022)
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Nuclear densities for HIC models 
14

Instead of WS densities, we use the  nuclear densities obtained from density functional theory calculations 

H. Li, HJX, et.al., PRC98, 054907 (2018)



Hao-jie Xu (Huzhou U.)Precision Frontier of QCD Matter: Inference and Uncertainty Quantification

DFT predictions are verified by STAR data
15

7

Smaller , larger densityr Larger  and  Nch ⟨pT⟩

Larger , smaller densityr Smaller  and Nch ⟨pT⟩
96
40Zr 96

40Zr

96
44Ru96

44Ru

Multiplicity distribution ratio 

 ratio v2

STAR, PRC105, 014901(2022)

Neutron skin thickness Δrnp ≡ ⟨r2
n⟩ − ⟨r2

p⟩
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Determine the neutron skin type by STAR data
16

HJX, et.al., PLB819, 136453 (2021)
Neutron-skin nuclei and neutron-halo nuclei  for Zr

The shapes of the Ru+Ru/Zr+Zr ratios of the  multiplicity and eccentricity in mid-central collisions can further 
distinguish between skin-type and halo-type neutron densities.
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Probing the neutron skin thickness
17

• HJX, H. Li, X. Wang, C. Shen, F. Wang, PLB819, 136453 (2021), arXiv:2103.05595

• HJX, H. Li, Y. Zhou, X. Wang, J. Zhao, L. Chen, F. Wang, PRC105, L014901 (2022), arXiv:2105.04052

• HJX, W. Zhao, H. Li, Y. Zhou, L. Chen, F. Wang, PRC108, L011902 (2023), arXiv:2111.14812

• S. Zhao, HJX, Y. Liu, H. Song, PLB840, 137838 (2023), arXiv:2204.02387

• S. Lin, R. Wang, J. Wang, HJX, S. Pu, Q. Wang, PRD107, 054004 (2023), arXiv:2210.05106

• J. Wang, HJX, F. Wang, Nucl. Sci. Tech. 35, 108(2024), arXiv:2305.17114

• S. Lin, J. Hu, HJX, S. Pu, Q. Wang, PRD111, 0774020 (2025) arXiv:2405.16491 

Observables sensitive to neutron skin thickness

More references:



Elliptic flow puzzle in U+U collisions (2015-)
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W. Ryssens, G. Giacalone, B. Schenke, C, Shen, PRL130, 212302(2023)

HJX, J. Zhao, F. Wang, PRL132, 262301 (2024)
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 Nuclear deformation
19

H. Masui, B. Mohanty, N. Xu, PLB679, 
440(2009)

G. Giacalone, PRC99, 024910 (2019)

G. Giacalone, J. Jia, C. Zhang, PRL127, 
242301(2021)

J. Jia, PRC105, 014905 (2022)

B. Bally, et.al, PRL128, 082301(2022)

H. Mantysaari, et.al, PRL131, 062301(2023)

……..

S. Voloshin, PRL95, 122301 (2010)
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 Deformation parameters
20

C. Zhang QM25

 is not used for the above  extractions

  —- 

R(v2
2) β2

R(v2
2) β2 = 0.234 ± 0.014
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21
 Hexadecapole deformation 

βWS
2 ≠ β*2

B(E2,U238) = 12.09 ± 0.2 e2b2

Liquid drop limit

β2,Au = 0.14

β*l =
4π

(2l + 1)ZRl
0

B(El)
e2

β*2 ∝ (β2 +
2
7

5
π

β2
2 +

12

7 π
β2β4 + . . . )
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 Deformation of Au
22

β2,Au = 0.17



Hao-jie Xu (Huzhou U.)Precision Frontier of QCD Matter: Inference and Uncertainty Quantification

Hexadecapole deformation
23

β2,U ∼ 0.25, β4,U ∼ 0.1

β2,Au ∼ 0.13

β2,U ∼ 0.28, β4,U ∼ 0

β2,Au ∼ 0.17

β*2 ∝ BE(2)

BE(2,U) = 12.09 ± 0.02 e2b2

R = R0 [1 + β2Y20 + β4Y40]

β*2 ∝ (β2 +
2
7

5
π

β2
2 +

12

7 π
β2β4 + . . . )

 is poorly known from low-energy nuclear experiment, can it be measured in relativistic heavy ion 
collisions? 
β4,U

YES!
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24
 Determine the hexadecapole deformation

J. Zhao,  QM2025HJX, J. Zhao, F. Wang, PRL132, 262301 (2024)


v4 = v4L + χ4,22v2
2
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 Hexadecapole flow 
25

ϵ2
4 ∝ β2

4

v2
4 ∝ ϵ2

4

The hydrodynamic 
response for  ( ) 
with event-by-event 
fluctuations is not only non-
diagonal but also nonlinear. 

vn n ≥ 4

Zhi Qiu and Ulrich Heinz, PRC84, 024911(2011) 

v4 = v4L + χ4,22v2
2
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Linear/nonlinear response coefficients
26

∂μTμν = 0

Gubser flow for linear response

vn = f(ϵm) from

Gubser flow for nonlinear response

Y. Hatta, et.al,  PRD89, 051702 (2014)

v4 = A4ϵ4 + C4ϵ2
2

X. Ren, et.al, in progress



v2-to-v3 puzzle in Pb+Pb collisions (2011-)

27

HJX, D. Xu, S. Zhao, W. Zhao, H. Song, F. Wang,   "Breathing'' octupole Pb nucleus to resolve the 
elliptical-to-triangular azimuthal anisotropy puzzle in ultracentral relativistic heavy ion collisions, 
arXiv:2504.19644, PRC in press
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 Triangular flow
28

 for n=2k+1vn = 0

 is dominated by event-
by-event fluctuations
v3
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 v2-to-v3 puzzle
29

 at most-central collisions, can not be described by 
hydrodynamic simulations with spherical Pb.
v2 ≃ v3

,  but

   due to viscous damping effect  
ϵ2 ≃ ϵ3
k3( = v3/ϵ3) < k2( = v2 /ϵ2)

With octupole deformation of Pb, “the 
v2-to-v3 puzzle remains a challenge for 
hydrodynamic models”.

P. Carson, et.al, Possible octupole deformation of Pb and the 
ultracentral v2 to v3 puzzle, Phys.Rev. C102, 054905 (2020).

CMS Collaboration, Phys.Rev. C89, 044906 (2014)
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 The idea to solve the puzzle
30

v3{2} ∼ v3 + σ v3{4} ∼ v3 − σ

To reduce ,  additional fluctuation are required to enhance .  

Based on , we introduce octupole shape fluctuation for Pb:

v3{4}/v3{2} σ
v2

n ∝ β2
n

 from two-particle cumulant and four-particle cumulant methodsv3 HJX, et.al, arXiv:2504.19644
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 The idea to solve the puzzle
31

HJX, et.al, arXiv:2504.19644
Trento: 0-10% iEBE-VISHNU: 0-2%

⟨β3⟩2 + σ2
β3

= 0.15
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 Connect to octupole deformation/vibration
32

Peter Butler’s talk

J. Henderson, et.al, Phys.Rev.Lett., 134, 062502 (2025):

“Even as a cornerstone of the nuclear landscape, 208Pb remains a puzzle 
for nuclear structure theories. ”
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 Relativistic hydrodynamic model
33

Proceed with extreme caution when extracting anything from the single collision system!

J. Bernhard, et.al, Nature Physics, 15 ,1113-1117
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 Summary
34

Precision Frontier of QCD Matter: Inference and Uncertainty Quantification



Thank you for 
your attention!

Haojie Xu(徐浩洁)


Huzhou University(湖州师范学院） 


