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Initial state
• Initial shape and structure
• Shape correlations and fluctuations
• Initial magnetic field

H
yd

ro
-r

es
po

ns
e

Sp
ac

e-
tim

e 
dy

na
m

ic
s

Final Particle
• Momentum anisotropy 
• Charge separation
• Angular momentum

Medium properties 
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Introduction

The phi meson in the quark-gluon plasma.
(Image from Brookhaven National Laboratory)

Measuring the rotation of the quark–gluon plasma.
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Physics Letters B B724(4):213-240 
The CMS Collaboration
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Polarization and Spin Alignment 
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9Xingrui Gou @ 2024 RHIC/AGS Annual Users' Meeting

Energy dependence of Λ global polarization

p Greatly improved precision from Beam Energy Scan 
phase-II

p More significant global polarization in lower energies

Acta Phys. Sin. Vol. 72, No. 7(2023) 072401

2024/6/11

Beam energy and system size dependence of Λ global polarization

14Xingrui Gou @ 2024 RHIC/AGS Annual Users' Meeting

System size dependence of Λ global polarization

p Significant global polarization observed in isobar collisions, -# and -(# increase with centrality

p Global polarization of Λ + >Λ are consistent between Ru+Ru, Zr+Zr and Au+Au collisions within 

uncertainty

2024/6/11

Model results from arXiv:2201.12970v1RHIC/AGS Users’ meeting                                            June 11, 2024 2

Global polarization in HIC
Liang, Wang Phys. Rev. Lett. 94, 102301(2005); Phys. Lett. B 
629, 20 (2005)

• The initial momentum gradient will result in a rotating QGP in non-central heavy-ion 
collisions.


• Quarks with spin 1/2 will be polarized due to spin-orbit coupling.

• Global polarization of hyperons and spin alignment of vector mesons.

Partons impact parameter

Reaction plane

L̂

Xingrui Gou
Shandong University
11 June 2024
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Local vorticity: 
Beam energy and system size dependence of 𝑃Z

33Xingrui Gou @ 2024 RHIC/AGS Annual Users' Meeting

Energy dependence of %H

2024/6/11

p -- from isobar collision comparable to Au+Au and Pb+Pb

ü No significant system size dependence observed at same energy

p -- in Au+Au collisions comparable from 7.7 to 200 GeV, Pb+Pb collision at 5.02 TeV

ü No significant collision energy dependence observed

Model: X. Wu et al., 
PRC 105 (2022) 064909

Λ P%
Λ P%,'()*
Λ P%,+('+,

6Λ P%
6Λ P%,'()*
6Λ P%,+('+,

STAR, PRL 131, 202301 (2023)

17Xingrui Gou @ 2024 RHIC/AGS Annual Users' Meeting

p Elliptic flow indicates stronger expansion in-plane than out of plane

Lead to polarization along the beam direction (--)

Local vorticity and polarization in heavy ion collisions
STAR, PRL 123, 132301 (2019)

./01&∗ = G $#
$Ω∗ ./01&

∗$Ω∗

= ,#-- (./01&∗). -- =
./01&∗

,# (./01&∗).

2024/6/11

)4 ∝ 67895∗

Xingrui Gou
Shandong University
11 June 2024
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•Tantalizing evidence for SIP: data can no be understood without 
including shear effects. More efforts are needed to claim discovery

9

LHC results from ALICE collaboration PRL 22

Suppressing shear effect Including shear effect

Shear effects on other spin observables: STAR PRL 23

: Coefficient of  modulationP2,z sin(2ϕ)

Stronger shear stress

Yi Yin 
Institute of Modern Physic, CAS
11 June 2024
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Interpretations of the signal 

Expectation of ρ00 from theory

30

Physics Mechanisms (ρ00)

cΛ: Quark coalescence

vorticity & magnetic field[1]

< 1/3 

(Negative ~ 10-5)

cε: Vorticity tensor[1] < 1/3 

(Negative ~ 10-4)

cE: Electric field[2] > 1/3 

(Positive ~ 10-5)

Fragmentation[3] > or, < 1/3 

(~ 10-5)

Local spin alignment and 
helicity[4] < 1/3

Turbulent color field[5] < 1/3

cφ: Vector meson strong 
force field[6]

> 1/3


[1]. Liang et., al., Phys Lett B 629, (2005);   
     Yang et., al., Phys Rev C 97, 034917 (2018);  
     Xia et., al., Phys Lett  B 817, 136325 (2021);  
     Beccattini et., al., Phys Rev C 88, 034905 (2013)  
[2]. Sheng et., al., Phys Rev D 101, 096005 (2020);  
     Yang et., al., Phys Rev C 97, 034917 (2018)  
[3]. Liang et., al., Phys Lett B 629, (2005) 
[4]. Xia et., al., Phys Lett B 817, 136325 (2021);   
      Guo, Phys Rev D 104, 076016 (2021)  
[5]. Muller et., al., Phys Rev D 105, L011901 (2022)  
[6]. Sheng et., al., Phys Rev D 101, 096005 (2020);  
      Sheng et., al., Phys Rev D 102, 056013 (2020)

Subhash Singha @ SQM 2022

ρ00(ω) ∼ 1
3 − 1

9 (βω)2

ρ00(coal) ∼
1 − PqPq

3 + PqPq

ρ00(frag) ∼
1 + βPqPq

3 − βPqPq

ρ00(B) ≈ 1
3 − 4

9 β2μq1
μq2
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另外一种是夸克动量函数在 f 介子动量波函数上

的平均值, 比如 

〈
p2b,x

Ep1Ep2

〉

φ

≡ 1

π3/2a3φ

∫
d3pb exp

(
−p2

b

a2φ

)
p2b,x

Ep1Ep2

.

(42)

(40)式忽略了不同种类的场之间以及同种场

的不同分量之间的关联.

ρφ00(x,p)

严格来说, 非相对论融合模型只能近似地描述

静态矢量介子的性质, 它在 (40)式给出的 

关于介子动量的依赖也只适用于小动量情形. 严格

的夸克融合模型应该基于相对论量子场论和强子

的协变 Bethe-Salpeter波函数. 文献 [24, 25]使用

相对论自旋玻尔兹曼方程计算了 f 介子的自旋排

列, 该方程是基于相对论量子场论得到的, 结果为 

ρφ00 ≈ 1

3
+ C1

[
1

3
ω′ · ω′ − (ϵ0 · ω′)2

]

+ C2

[
1

3
ε′ · ε′ − (ϵ0 · ε′)2
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−
4g2φ

m2
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2
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3
B′

φ ·B′
φ − (ϵ0 ·B′

φ)
2

]

+C2
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1

3
E′

φ ·E′
φ − (ϵ0 ·E′

φ)
2

]}
, (43)

ω′ ε′ B′
φ E′

φ

ϵ0

C1 C2

ms mφ

ρφ00

ω′ ε′

B′
φ E′

φ ω ε Bφ Eφ

Bφ Eφ

B E gφ Qs = −(1/3)e

ρφ00

其中  ,   ,   ,   分别表示在 f 介子静止系中

的涡旋场磁分量、涡旋场电分量、f 场的磁场分量

和电场分量, 三维矢量   表示 f 介子自旋排列的

测量方向 (即自旋量子化方向). 系数   ,    是夸

克质量   以及 f 介子质量   的函数. 为了得到

 关于实验室系场和 f 介子动量的依赖关系, 需

要用洛伦兹变换把 f 介子静止系中的场   ,    ,

 ,    用实验室系场   ,    ,    ,    以及 f 介子

动量表示出来. 通过将 (43)式中的  ,   替换为

普通的电磁场  ,   , 并将  替换为    ,

即可得到电磁场对于  的贡献. 在非相对论极限

下, 结果 (43)式与 (40)式一致.

依据夸克融合模型给出的结果 ((30)式), 矢量

介子的自旋排列取决于夸克与反夸克极化之间的

局域关联, 因此所有可能导致夸克和反夸克极化的

因素都有可能对矢量介子的自旋排列有贡献, 这包

括但不限于上文讨论的涡旋场、电磁场以及有效介

s̄

Ps Ps̄

子场. 而由于组成 f 介子的 s与   互为反粒子, 因

此  与  之间存在很强的关联, 一般地, 可以写出: 

ρφ00 ≈ 1

3
+cω+cε+cEM+cφ+cLV+ch+cTC+cshear, (44)

cω cε

10−4 cEM

cEM ≈ 10−5 cφ

⟨g2φB2
φ,x/T

2⟩ =

⟨g2φB2
φ,y/T

2⟩ = ⟨g2φE2
φ,x/T

2⟩ = ⟨g2φE2
φ,y/T

2⟩ ≡ F 2
T

⟨g2φB2
φ,z/T

2⟩ = ⟨g2φE2
φ,z/T

2⟩ ≡ F 2
z

ln(F 2
T /m

2
π) = (3.90± 1.11)− (0.924±

0.234) ln(√sNN/GeV) ln(F 2
z /m

2
π)=(3.33± 0.917)−

(0.760± 0.189) ln(√sNN/GeV)

其中   与   表示涡旋场磁分量和电分量的贡献.

使用 CLVisc进行流体力学模拟得到的结果显示 [19],

在 f 介子产生的超曲面, 上述两项的贡献大约为

 , 不足以解释 STAR的测量结果.    表示电

磁场的贡献, 输运模型 PHSD的模拟结果 [19] 显示

 .   为有效 f 介子场的贡献 [19, 24, 25]. 目

前缺乏相应的数值模拟. 文献 [24]显示, 若 STAR

的测量结果完全来自于有效 f 介子场, 那么与之对

应的有效 f 介子场的横向涨落  

 与

纵向涨落   可近似

地由拟合函数  

 和  

 给出, 碰撞能量越低,

相应的涨落越大.

cLV

∆ψ

这里横向涨落与纵向涨落的差别有可能源于

夸克胶子等离子体的纵向膨胀和横向膨胀的差别.

(44)式中的  表示文献 [21]中讨论的局域涡旋场

的贡献, 这一局域涡旋场来自于夸克胶子等离子体

膨胀的各向异性, 它对夸克极化的贡献依赖于夸克

横向动量的方位角  : 

Px(∆ψ) = Fx sin(∆ψ),

Py(∆ψ) = −Fy cos(∆ψ),

Pz(∆ψ) = Fz sin(2∆ψ). (45)

Fz = 0 F⊥ ≡ Fx = Fy ̸= 0

cLV

在对心碰撞中, 系数  并且  ,

此时  由以下结果给出 [21]: 

cLV (∆ψ) = −F 2
⊥
9

− F 2
⊥
3

cos(2∆ψ),

⟨cLV ⟩ =
1

2π

∫ 2π

0
d∆ψ cLV (∆ψ) = −F 2

⊥
9

< 0, (46)

ch其对 f 介子自旋排列的贡献为负值. (44)式中的 

是文献 [22]提出的, 它来源于重离子碰撞早期拓扑

荷涨落或者夸克净螺旋度非零的贡献, 

ch = −1

9
(1− 3v2)P

h
q P

h
q̄ , (47)

物 理 学 报   Acta  Phys.  Sin.   Vol. 72, No. 7 (2023)    072502

072502-8

The local correlation or fluctuation of φ fields is 
the dominant mechanism for the observed φ-
meson ρ00.

 Sheng, et al.,  Phys. Rev. Lett. 131, 042304 (2023)
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Interpretations of the signal 

Expectation of ρ00 from theory
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< 1/3 
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(~ 10-5)

Local spin alignment and 
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Turbulent color field[5] < 1/3

cφ: Vector meson strong 
force field[6]

> 1/3


[1]. Liang et., al., Phys Lett B 629, (2005);   
     Yang et., al., Phys Rev C 97, 034917 (2018);  
     Xia et., al., Phys Lett  B 817, 136325 (2021);  
     Beccattini et., al., Phys Rev C 88, 034905 (2013)  
[2]. Sheng et., al., Phys Rev D 101, 096005 (2020);  
     Yang et., al., Phys Rev C 97, 034917 (2018)  
[3]. Liang et., al., Phys Lett B 629, (2005) 
[4]. Xia et., al., Phys Lett B 817, 136325 (2021);   
      Guo, Phys Rev D 104, 076016 (2021)  
[5]. Muller et., al., Phys Rev D 105, L011901 (2022)  
[6]. Sheng et., al., Phys Rev D 101, 096005 (2020);  
      Sheng et., al., Phys Rev D 102, 056013 (2020)

Subhash Singha @ SQM 2022
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另外一种是夸克动量函数在 f 介子动量波函数上

的平均值, 比如 

〈
p2b,x

Ep1Ep2

〉

φ

≡ 1

π3/2a3φ

∫
d3pb exp

(
−p2

b

a2φ

)
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.

(42)

(40)式忽略了不同种类的场之间以及同种场

的不同分量之间的关联.

ρφ00(x,p)

严格来说, 非相对论融合模型只能近似地描述

静态矢量介子的性质, 它在 (40)式给出的 

关于介子动量的依赖也只适用于小动量情形. 严格

的夸克融合模型应该基于相对论量子场论和强子

的协变 Bethe-Salpeter波函数. 文献 [24, 25]使用

相对论自旋玻尔兹曼方程计算了 f 介子的自旋排

列, 该方程是基于相对论量子场论得到的, 结果为 

ρφ00 ≈ 1

3
+ C1

[
1

3
ω′ · ω′ − (ϵ0 · ω′)2

]

+ C2

[
1

3
ε′ · ε′ − (ϵ0 · ε′)2

]

−
4g2φ

m2
φT

2
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φ − (ϵ0 ·B′
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]
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其中  ,   ,   ,   分别表示在 f 介子静止系中

的涡旋场磁分量、涡旋场电分量、f 场的磁场分量

和电场分量, 三维矢量   表示 f 介子自旋排列的

测量方向 (即自旋量子化方向). 系数   ,    是夸

克质量   以及 f 介子质量   的函数. 为了得到

 关于实验室系场和 f 介子动量的依赖关系, 需

要用洛伦兹变换把 f 介子静止系中的场   ,    ,

 ,    用实验室系场   ,    ,    ,    以及 f 介子

动量表示出来. 通过将 (43)式中的  ,   替换为

普通的电磁场  ,   , 并将  替换为    ,

即可得到电磁场对于  的贡献. 在非相对论极限

下, 结果 (43)式与 (40)式一致.

依据夸克融合模型给出的结果 ((30)式), 矢量

介子的自旋排列取决于夸克与反夸克极化之间的

局域关联, 因此所有可能导致夸克和反夸克极化的

因素都有可能对矢量介子的自旋排列有贡献, 这包

括但不限于上文讨论的涡旋场、电磁场以及有效介

s̄

Ps Ps̄

子场. 而由于组成 f 介子的 s与   互为反粒子, 因

此  与  之间存在很强的关联, 一般地, 可以写出: 

ρφ00 ≈ 1

3
+cω+cε+cEM+cφ+cLV+ch+cTC+cshear, (44)

cω cε

10−4 cEM

cEM ≈ 10−5 cφ

⟨g2φB2
φ,x/T

2⟩ =

⟨g2φB2
φ,y/T

2⟩ = ⟨g2φE2
φ,x/T

2⟩ = ⟨g2φE2
φ,y/T

2⟩ ≡ F 2
T

⟨g2φB2
φ,z/T

2⟩ = ⟨g2φE2
φ,z/T

2⟩ ≡ F 2
z

ln(F 2
T /m

2
π) = (3.90± 1.11)− (0.924±

0.234) ln(√sNN/GeV) ln(F 2
z /m

2
π)=(3.33± 0.917)−

(0.760± 0.189) ln(√sNN/GeV)

其中   与   表示涡旋场磁分量和电分量的贡献.

使用 CLVisc进行流体力学模拟得到的结果显示 [19],

在 f 介子产生的超曲面, 上述两项的贡献大约为

 , 不足以解释 STAR的测量结果.    表示电

磁场的贡献, 输运模型 PHSD的模拟结果 [19] 显示

 .   为有效 f 介子场的贡献 [19, 24, 25]. 目

前缺乏相应的数值模拟. 文献 [24]显示, 若 STAR

的测量结果完全来自于有效 f 介子场, 那么与之对

应的有效 f 介子场的横向涨落  

 与

纵向涨落   可近似

地由拟合函数  

 和  

 给出, 碰撞能量越低,

相应的涨落越大.

cLV

∆ψ

这里横向涨落与纵向涨落的差别有可能源于

夸克胶子等离子体的纵向膨胀和横向膨胀的差别.

(44)式中的  表示文献 [21]中讨论的局域涡旋场

的贡献, 这一局域涡旋场来自于夸克胶子等离子体

膨胀的各向异性, 它对夸克极化的贡献依赖于夸克

横向动量的方位角  : 

Px(∆ψ) = Fx sin(∆ψ),

Py(∆ψ) = −Fy cos(∆ψ),

Pz(∆ψ) = Fz sin(2∆ψ). (45)

Fz = 0 F⊥ ≡ Fx = Fy ̸= 0

cLV

在对心碰撞中, 系数  并且  ,

此时  由以下结果给出 [21]: 

cLV (∆ψ) = −F 2
⊥
9

− F 2
⊥
3

cos(2∆ψ),

⟨cLV ⟩ =
1

2π

∫ 2π

0
d∆ψ cLV (∆ψ) = −F 2

⊥
9

< 0, (46)

ch其对 f 介子自旋排列的贡献为负值. (44)式中的 

是文献 [22]提出的, 它来源于重离子碰撞早期拓扑

荷涨落或者夸克净螺旋度非零的贡献, 

ch = −1

9
(1− 3v2)P

h
q P

h
q̄ , (47)

物 理 学 报   Acta  Phys.  Sin.   Vol. 72, No. 7 (2023)    072502

072502-8

The local correlation or fluctuation of φ fields is 
the dominant mechanism for the observed φ-
meson ρ00.

 Sheng, et al.,  Phys. Rev. Lett. 131, 042304 (2023)
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 and  spin alignment in BES-Iϕ K*0

STAR, Nature 614, 244 (2023)

1)φ-meson is significantly above 1/3 below 
62 GeV (the  was expected to be   - 
1/3 ~ -10-4 from  results).

2)K* is almost consistent with 1/3

3)Averaged over 62 GeV and below:

•0.3541 ± 0.0017 (stat.) ± 0.0018 (sys.) for φ 
(~ 8 sigma from 1/3)
•0.3356 ± 0.0034 (stat.) ± 0.0043 (sys.) for K* 
(~ 1 sigma from 1/3)

ρ00 ρ00
Λ

Diyu Shen
Fudan University
11 June 2024
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 and  spin alignment in BES-Iϕ K*0

STAR, Nature 614, 244 (2023)

1)φ-meson is significantly above 1/3 below 
62 GeV (the  was expected to be   - 
1/3 ~ -10-4 from  results).

2)K* is almost consistent with 1/3

3)Averaged over 62 GeV and below:

•0.3541 ± 0.0017 (stat.) ± 0.0018 (sys.) for φ 
(~ 8 sigma from 1/3)
•0.3356 ± 0.0034 (stat.) ± 0.0043 (sys.) for K* 
(~ 1 sigma from 1/3)

ρ00 ρ00
Λ

Yi Yin 
Institute of Modern Physic, CAS
11 June 2024
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The EM-field in HIC: Generation

15

nuclear fragments

nuclear fragmentsmagnetic field
electric field

electric field

quark gluon plasma

z

x

~ 1018 Gauss

Earth ~ 0.5 Gauss

Neutron Star: ~ 1014 Gauss

• An ultra-strong magnetic field along -y, on the 
order of 1018 Gauss, can be generated.Beam energy dependence of Δv1 slope

11/06/2024 Priyanshi Sinha, RHIC/AGS AUM 2024 9

Ø Δv1 slope is more negative at lower collision energies
à Could be due to EM-field effect, longer-lived field and shorter lifetime of fireball

Ø Indication of strong pT dependence of splitting
STAR, PRX 14 (2024), 011028
U. Gürsoy et al. PRC 98 (2018) ,055201; PRC 89 (2014), 054905 

The EM-field in HIC: Evolution

Diyu Shen
Fudan University
11 June 2024
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Understanding the QGP properties 
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Beam energy dependence of flow cumulants

11/06/2024 Priyanshi Sinha, RHIC/AGS AUM 2024 10

Ø Anti-correlation between 
!2 and !3
à Anti-correlation b/w 
ε2 and ε3

Ø Mode coupling  between !2
and !4

STAR, PLB 839 (2023) 137755; A. Bilandzic et al. PRC 89, 064904, R.A. Lacey et al. arXiv:1311.1728, N. Magdy Universe 2023, 9(2) 107

Ø Weak dependence on beam energy
à Weakly sensitive to the viscous effects (η/s) ; more sensitive to the 

initial-state effects

Mode-coupling

Flow fluctuations

The multi-particle cumulant ratio v2{4}/v2{2} first increases, and then decreases with centrality increased. 

• initial collision geometry dominates in mid-central collisions. 
• the fluctuations dominate in central and peripheral collisions. 
The multi-particle cumulant ratio v2{4}/v2{2} has weak collision energy dependence.

[STAR, Phys. Rev. Lett. 129, 252301 (2022)]

14

Iu. A. Karpenko, et al.
PRC 91, 064901 (2015)

Priyanshi Sinha
IISER Tirupati
11 June 2024

Beam energy scan measurements

Xiang-Yu Wu
McGill University
11 June, 2024
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Energy dependence of v1, v2 at FXT energies

11/06/2024 Priyanshi Sinha, RHIC/AGS AUM 2024 12

E895, PRL 85 (2000), 940 

Ø Anti-flow observed at 3 – 3.9
GeV for !+ "± and "s

0, at low pT
à Shadowing effect from spectators

Ø Out-of-plane        In-plane expansion 
b/w 3 - 4.5 GeV 

Ø Anti-flow only of kaon at 
low pT at 3.83 GeV 

STAR Preliminary

v1, v3 at FXT energies

11/06/2024 Priyanshi Sinha, RHIC/AGS AUM 2024 14

3 10 20
 (GeV)NNsCollision Energy 

0

0.2

0.4

0.6/d
y

1
dv

Au+Au Collisions at RHIC, 10 - 40 %
STAR preliminary

This analysis
+π
-π +K-K

p

Pub
+π
-π
+K-K

p

PRL 120 (2018), 062301; PLB 827 (2022), 137003  

Ø Increasing collision energy → decreasing v1 slope; v3 slope approach zero 
Ø Trend consistent with HADES results at 2.4 GeV 
Ø Non-zero |v3{Ψ1}| , increase towards peripheral collisions 

à Geometry driven v3 at lower energy
à JAM describes the data implying importance of nuclear potential

HADES, PRL 125 (2020), 262301; STAR, PRC 109 (2024) 44914

2 2.5 3 3.5 4
 (GeV)NNsCollision Energy 

0.1−

0.05−

0

0.05

/A
)/d

y
3

d(
v

Au+Au Collisions at RHIC, 10-40 %

This analysis

p

d

p: HADES (20-30 %)

p: STAR Prelimnary

STAR Preliminary

Priyanshi Sinha
IISER Tirupati
11 June, 2024

Beam energy scan measurements
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NCQ scaling of v2 at 3 - 4.5 GeV

11/06/2024 Priyanshi Sinha, RHIC/AGS AUM 2024 13

Hadronic interaction                                          Partonic collectivity

Ø NCQ scaling completely breaks below 3.2 GeV
Ø Scaling becomes gradually better above 3.2 GeV STAR, PLB 827 (2022) 137003

Beam energy scan measurements
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Imaging Shapes of Atomic Nuclei 

11/06/2024 Priyanshi Sinha, RHIC/AGS AUM 2024 21

Ø Snapshot of the spatial matter distribution   imprints on the particle momentum distribution hydrodynamics

Ø Enhanced v2 particularly in central U+U collisions
à Nuclear deformation influences collisions over a wide centrality range

Ø Mean v2 ratios and v2-pT correlations are used to constrain initial conditions and 
nuclear structure in U+U and isobar collisions

STAR, arXiv:2401.06625 [nucl-ex]
B Schenke, PRC 102 (2020), 034905
J. Jia, PRC 105 (2022), 014905
G. Giacalone et al, PRL 127 (2021), 242301
P. Sinha et al, Phys. Rev. C 108 (2023) 024911 

β2
U = 0.286 ± 0.025 

C. Zhang and J. Jia, PRL 131 (2022), 022301

STAR  Collaboration, e-Print: 2401.06625 

2

Fig. 1 � Methods for determining the nuclear shape in low and high energies. a, cartoon of a
well-deformed prolate-shaped nucleus. b, quantum fluctuations over Euler angles for this nucleus and associated
overall timescale. c, quantum mechanical manifestation of the deformation in terms of the first rotational band of
238U. d, aligning the two nuclei in headon body-body configuration (top) and tip-tip configuration (bottom). e,
collision of two Lorentz-contracted nuclei at high energy and resulting 3D profile of the initially-produced
quark-gluon plasma, where arrows indicate the pressure gradients. f, 3D profile of the quark-gluon plasma at the end
of the hydrodynamic expansion before freezes out into particles, where arrows indicate the velocities of fluid cells. g,
charged particle tracks measured in the detector. The timescales shown are in units of fm/c – the time for light to
travel one femtometer. The body-body configuration has large eccentricity "2 and small gradient d⊥, leading to large
elliptic flow v2 and smaller average transverse momentum [pT], and verse versa for tip-tip configuration (see text).

Our shape-imaging technique focuses on headon (near
zero impact parameter) collisions of prolate-deformed nu-
clei (Fig. 1d-g). The initial configurations lie between
two extremes: body-body (top) and tip-tip (bottom) col-
lisions (Fig. 1d). Prior to impact, Lorentz-contraction
flattens the ground state nuclei into pancake-like shapes
by a factor of � = 1

2

√
sNN�m0 > 100, where m0 ≈ 0.94

GeV is the nucleon mass (Fig. 1e). The initial impact,
lasting ⌧expo = 2R0�� � 0.1 fm/c, acts as an exposure
time. The shape and size of the overlap region, reflect-
ing the initially-produced QGP, directly mirror those of
the colliding nuclei projected on the transverse (xy) plane
(Fig. 1e). Body-body collisions create a larger, elongated
QGP, which undergoes pressure-gradient-driven expan-
sion (indicated by arrows) until about 10 fm/c [6], re-
sulting in an inverted, asymmetric distribution (Fig. 1f).
In contrast, tip-tip collisions form a compact, circular
QGP, driving a more rapid but near symmetric expan-
sion (Fig. 1f). In the final stage, the QGP freezes out

into thousands of particles, captured as tracks in detec-
tors, whose angular distributions reflect the initial QGP
shape (Fig. 1g). This flow-assisted imaging is akin to the
Coulomb Explosion Imaging in molecule structure analy-
sis [18–22], where the spatial arrangement of atoms, ion-
ized by an X-ray laser or through passage in thin foils, is
deduced from their mutual Coulomb-repulsion-driven ex-
pansion. However, the expansion duration in high-energy
collisions is about 106–109 times shorter.
Energy evolution of shapes? A pertinent ques-

tion arises: How do the nuclear shapes observed in
high-energy colliders compare to those derived from low-
energy experiments? For well-deformed nuclei like 238U,
we expect them to align at a basic level. However,
there are other correlations (collective vibration, cluster-
ing, short-range correlations, etc.) that manifest over in-
creasingly faster timescales from 1000 to a few fm/c [23].
Moreover, high-energy collisions also probe nuclear struc-
ture at subnucleonic level, such as quark and gluon

Priyanshi Sinha
IISER Tirupati
11 June, 2024

Initial state shape and structure  
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Anisotropic flow/Flow fluctuations in Au+Au, Cu+Au, O+O collision

Flow/flow fluctuation highly connects to collision systems.         

O+O: 
   : mainly driven by fluctuations 
   Weak centrality dependence

v2{2}

Flow fluctuation: 
  Au+Au< Cu+Au < O+O due to smaller system

Cu+Au vs Au+Au: 
   Larger  in the central centrality: fluctuations 
   Smaller  in the larger centrality: smaller system size

v2{2}
v2{2}

21/24

Many-particle correlation in O+O 

Multi-particle correlation in O+O can distinguish if many body correlation 
is present. Model dependent results.

Gaussian Jeld around quarksDefault Glauber

Sub-nucleon 2uctuation reduce the e@ect of many-body correlation. 

22

Flow fluctuations on initial states

Another sources instead of the initial state always have strong contributions to the flow fluctuations in O+O collision.

Au+Au@200 GeV Cu+Au@200 GeV O+O@200 GeV

The initial state fluctuations are the main source of the final state collective flow fluctuations in Au+Au, Cu+Au collision systems: 
   Semi-central:   

   Peripheral:  -> where is the fluctuations comes? hadronization and hadronic afterburner fluctuations.
ε2{4}/ε2{2} ≈ v2{4}/v2{2}

ε2{4}/ε2{2} < v2{4}/v2{2}

A monotonic increase of /  for the three systems: 
   Central-> peripheral collision: initial fluctuation-> initial geometry

ε2{4} ε2{2}

Xiang-Yu Wu
McGill University
11 June, 2024

Flow Fluctuation 
Zhengxi Yan
Stony Brook University
11 June, 2024
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!! at low and high ""

Larger time of quark 
production and 
equilibration in initial 
purely gluonic system
&#$%& is preferred, but 
still fails above 2 GeV/c

7

'!"#$ curves:
PRC 106, 014909 (2022)

Yuri Mitrankov
Stony Brook University
11 June 2024

11/06/2024                                                                     2024 RHIC/AGS Annual Users' Meeting           Iurii Mitrankov

⁄" # Elliptic Flow Measurement

§ PHENIX ⁄- . +)at forward rapidity 
is consistent with 0

§ Forward and mid-rapidity results at 
RHIC are consistent, but the 
uncertainties are large 

§ The ALICE nonzero result is 
different from our measurement

§ Not enough energy at RHIC for -/.
regeneration to become 
noticeable?

11

di-photon clusters reconstructed with EMCAL
Pi0 v₂ extracted with scalar product method. MBD north/south treated as 2 subevents. 
New sPHENIX results as afunction of centrality is in good agreement with the previous PHENIX results (in red)

F L O W  M E A S U R E M E N T  W I T H  M B D  E V E N T P L A N E   1 6

Neutral pion v₂ (completed)

Ejiro Umaka, Brookhaven National Laboratory                                                   RHIC/AGS AUM | June 11, 2024

sPH-CONF-BULK-2024-01Neutral pion elliptic flow
di-photon mass EMCAL sectors

standard candle 

Ejiro Umaka
Brookhaven National Lab
11 June, 2024
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Signals from BSQ fluctuations in flow

8

• BSQ charge fluctuations lead to an enhancement of 2POI 

flow for (multi-)strange baryons 

• LHC updates will bring the statistics necessary to contrast 

with experiment

0.01

0.03

0.05

0.07

v 2
{2

}

0.2 < pT < 3 GeV/c

trento + ccake

trento + iccing + ccake

1POI 2POI

º K p §/ß0 • ≠

0.01

0.03

0.05

0.07

v 3
{2

}

Pb+Pb 0–5%
p

sNN = 5.02 TeV

0.2 < pT < 3 GeV/c

Q. What other influence do BSQ fluctuations have on flow?

• 1POI and 2POI method is used for identified particle flow coefficients

C. Plumberg, JSSM et al. (2024) 2405.09648

<latexit sha1_base64="wWtV1PdFHXaP1ADMfqeIP0IjeFQ="></latexit>

v1POI

n {2} =
hvnv0n cosn( n � 0

n)i
vn{2}

<latexit sha1_base64="wzHetGs/ifdcofNiucM/uBdNaVs="></latexit>

v2POI

n {2} =
p
h(v00n)2i

• If the event plane angles are not aligned, 1POI gets suppressed

• 2POI is not suppressed, even if event plane angles are fully misaligned

A. Holtermann et al. (2023, 2024) 2307.16796, 2402.03512

Jordi Salinas San Martín
Illinois at Urbana-Champaign
11 June, 2024
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Collectivity in small collision systems 

𝐔 + 𝐔 𝐀𝐮 + 𝐀𝐮 R𝐮 + 𝐑𝐮 O+O 3He+Au d+Au p+Au p+p

fig: Chun Shen QM19
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12/24

Longitudinal decorrelation & non↵ow
Prevous publications 

STAR: PRL 130, 242301

arXiv:2312.07464

PHENIX: Nature Phys. 15, 214

3D-Glauber: PRC 107, 014904

Large di@erence in v3 for STAR and PHENIX in data and models.
STAR use mid-rapidity:  |η| < 0.9
PHENIX use mid-forward rapidity: | | < 0.35 to Q3.0(3.9) <  < Q1(-3.1)η η

> Due to decorrrelation?

Collectivity in small collision systems 
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8/24

The role of (sub)nucleonic ↵uctuation on eccentricity

PRL 130, 242301

Previous STAR result 

Compare vn ratio in data and εn ratio in model

Model c > Gaussian Jeld around quarks 

No evidence of larger triangular 2ow in He+Au than p+Au, d+Au
Scaling in O+O agrees with quark Glauber
Data prefer model with subnucleon 2uctuation.

● εn with quark Glauber
● Same vn/εn scaling to 3He+Au.

O+O result

See also: arXiv:2312.07464

14/24

Flow in O+O 
● New iTPC -1.5 < η < 1.5
● New EPD 2.1 < | η | < 5.1  

Further separation in η → 
● More decorrelation?
● Suppress short range non-flow?

Do not observe signiJcant change in 2ow magnitudes due to di@erent η selections.

Change η gap for two-particle correlation in TPC

TPC-EPD two particle correlation

Collectivity in small collision systems 
Zhengxi Yan
Stony Brook University
11 June, 2024
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Flow with 2PC

11

Consistent v2 when using similar ! coverage
Stronger non-flow in smaller ! gap

3x2PC

PRC 105, 024901 (2022)

3X2PC

Flow with 2PC

12

Imaginary 3X2PC resultImaginary 3X2PC result

Can not calculate v3 in p+Au and d+Au
due to negative coefficient c3 between CNT-FVTXN

PRC 105, 024901 (2022)

3x2PC

3X2PC

Flow with 2PC

11

Consistent v2 when using similar ! coverage
Stronger non-flow in smaller ! gap

3x2PC

PRC 105, 024901 (2022)

3X2PC

Collectivity in small collision systems 
Sanghoon Lim 
Pusan National University
11 June, 2024
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!!(#") (% = ', )) from two-particle correlations

8

• Using the PHENIX definition, our 3D hybrid model reproduces the !!(#") and !#(#") for all three systems.
• The 3D hybrid model gives larger !#(#") with the STAR definition in (p, d)+Au collisions than those from 

PHENIX.
• The longitudinal decorrelation explains 50% difference between PHENIX and STAR !# measurements.

W. Zhao, S. Ryu, C. Shen and B. Schenke Phys. Rev. C 107, 014904 (2023).

PHENIX % range:
−3.9, −3.1 ,. -. [−0.35, 0.35]
−3.0, −1.0 ,. -. [−0.35, 0.35] ;

STAR % range: 
−0.9, 0.9 and |Δ%| > 1.0

Collectivity in small collision systems 
Wenbin Zhao
Lawrence Berkeley National 
Laboratory University of 
California, Berkeley
11 June, 2024
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“Collectivity” inside the high multiplicity jet in p-p

• “Collectivity” features inside high multiplicity jets in p-p.
• Final state interaction enhances the !! inside high multiplicity jet in p-p.

QGP droplet?
14

CMS, [arXiv:2312.17103 [hep-ex]].
W. Zhao, Zi-Wei Lin and Xin-Nian Wang [arXiv:2401.13137]. 

Collectivity in small collision systems 
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“Collectivity” in high multiplicity *#*$

15

ALEPH, [arXiv:2312.05084 [hep-ex]].

• Pythia8 without long range correlations underestimates the !! at high multiplicity ,A,B.
• Smallest QGP droplet?

Collectivity in small collision systems 
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