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ATHIC2023 Correlation and fluctuations

Parallel talks:  Monday @ Medium Hall

1. Two-point functions from chiral kinetic theory in magnetized plasma by L. YANG

2. Fluctuations and correlations driven by the nuclear structure in relativistic heavy ion collisions by H. XU

3. Event-by-event fluctuations of mean transverse momentum in Pb-Pb and Xe-Xe collisions with ALICE by T. TRIPATHY

4. Dynamical effects on the phase transition signal by L. JIANG

Posters:

F01 Effect of hydrodynamic fluctuations on mixed harmonic cumulants by C. NONAKA

F02 Medium effects on two-particle correlations based on the theory of quantum open systems by M. YAMAMOTO

F03 Describing Ridge behavior via kinematics between jets and medium by S. CHO

F04 The hydrodynamics description of anisotropic flow and flow fluctuations in 𝑠𝑁𝑁 = 5.02 TeV Pb-Pb collisions at the 
LHC by J. ZHU
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Fluctuations are 
everywhere!



Observables

Content
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Collective flow 𝑣𝑛

Introduction: Heavy Ion Collisions

Decorrelation of flow 𝑟𝑛 Harmonic cumulants

Critical fluctuations

Summary



Space-time evolution of heavy-ion collisions
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CollisionPre-reaction http://wl33.web.rice
.edu/research.html

Detection

QGP

Hadronization

Time

QGP phase
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• Collective flow
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• Flow correlations
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Hadronization

Time

QGP phase

Observables:
• Spectra
• Collective flow
• Anisotropic flow 𝑣𝑛
• Flow correlations

Properties of quark-gluon plasma (QGP)
• Shear and bulk viscosities 𝜂/𝑠(𝑇, 𝜇𝐵), 𝜁/𝑠(𝑇, 𝜇𝐵)
• Equation of state
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CollisionPre-reaction http://wl33.web.rice
.edu/research.html

Detection

QGP

Hadronization

Time

QGP phase

Observables:
• Spectra
• Collective flow
• Anisotropic flow 𝑣𝑛
• Flow correlations

Properties of quark-gluon plasma (QGP)
• Shear and bulk viscosities 𝜂/𝑠(𝑇, 𝜇𝐵), 𝜁/𝑠(𝑇, 𝜇𝐵)
• Equation of state

Dynamical model
Initial condition
Hydrodynamics
Hadron cascade



Collective flow
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𝜙

https://www.zmescience.com/scienc
e/physics/quark-gluon-plasma-lhc-
26052011/

Collision Axis
𝑑𝑁

𝑑𝜙
=

𝑁

2𝜋
1 + 2෍

𝑛=1

∞

𝑣𝑛 cos 𝑛 𝜙 −Ψ𝑛

Single particle distribution 𝑣𝑛 : Anisotropic flow
𝜙 : Azimuthal angle of particle
Ψ𝑛: Event plane angle



Collective flow
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https://www.zmescience.com/scienc
e/physics/quark-gluon-plasma-lhc-
26052011/

Collision Axis

Hydrodynamic picture:
Pressure gradient → Large elliptic flow 𝑣2

2𝜋0

cos 2 𝜙 −Ψ2Ψ2𝑑N

𝑑𝜙

𝜙

Ψ2

𝑑𝑁

𝑑𝜙
=

𝑁

2𝜋
1 + 2෍

𝑛=1

∞

𝑣𝑛 cos 𝑛 𝜙 −Ψ𝑛

Single particle distribution 𝑣𝑛 : Anisotropic flow
𝜙 : Azimuthal angle of particle
Ψ𝑛: Event plane angle



Collective flow
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𝑑𝑁

𝑑𝜙
=

𝑁

2𝜋
1 + 2෍

𝑛=1

∞

𝑣𝑛 cos 𝑛 𝜙 −Ψ𝑛

Single particle distribution

https://www.zmescience.com/scienc
e/physics/quark-gluon-plasma-lhc-
26052011/

Collision Axis

𝑣𝑛 : Anisotropic flow
𝜙 : Azimuthal angle of particle
Ψ𝑛: Event plane angle

Ψ2

𝑑𝑁pair

𝑑Δ𝜙
=
𝑁pair

2𝜋
1 + 2෍𝑉𝑛Δ cos 𝑛Δ𝜙

Particle pair distribution

→ Correlation of anisotropic flow



Decorrelation of anisotropic flow

2013: Decorrelation – transverse plane: 𝑟𝑛 𝑝𝑇
𝑎, 𝑝𝑇

𝑏 proposed

2015: Decorrelation measured in Pb + Pb collisions 2.76 TeV

𝑟𝑛 𝑝𝑇
𝑎, 𝑝𝑇

𝑏 < 1, 𝑟𝑛 𝜂𝑝
𝑎, 𝜂𝑝

𝑏 < 1 Decorrelation observed!

2020:  Decorrelation measured in Xe+Xe collisions

Nuclear deformation

Decorrelation measured in Isobar collisions
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G. Yan @Parallel A
Mon. 15:00
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Nuclear deformation
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G. Yan @Parallel A
Mon. 15:00

Decorrelation have 
been a hot topic!



Decorrelation - transverse
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𝑑𝑁pair

𝑑Δ𝜙
=
𝑁pair

2𝜋
1 + 2෍𝑉𝑛Δ cos 𝑛Δ𝜙

Particle pair distribution

Ψ2 𝑝𝑇
𝑎 = Ψ2(𝑝𝑇

𝑏)

𝑉𝑛Δ 𝑝𝑇
𝑎 , 𝑝𝑇

𝑏 = 𝑣𝑛 𝑝𝑇
𝑎 𝑣𝑛(𝑝𝑇

𝑏)

High 𝑝𝑇
Ψ2(𝑝𝑇

𝑎)

Low 𝑝𝑇
Ψ2(𝑝𝑇

𝑏)

Ψ2 𝑝𝑇
𝑎 ≠ Ψ2(𝑝𝑇

𝑏)

𝑉𝑛Δ 𝑝𝑇
𝑎 , 𝑝𝑇

𝑏 ≠ 𝑣𝑛 𝑝𝑇
𝑎 𝑣𝑛(𝑝𝑇

𝑏) Factorization breaking

Event plane decorrelation



Decorrelation - transverse
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Ψ2 𝑝𝑇
𝑎 = Ψ2(𝑝𝑇

𝑏)

𝑉𝑛Δ 𝑝𝑇
𝑎 , 𝑝𝑇

𝑏 = 𝑣𝑛 𝑝𝑇
𝑎 𝑣𝑛 𝑝𝑇

𝑏

𝑟𝑛 𝑝𝑇
𝑎, 𝑝𝑇

𝑏 ~1

High 𝑝𝑇
Ψ2(𝑝𝑇

𝑎)

Low 𝑝𝑇
Ψ2(𝑝𝑇

𝑏)

Ψ2 𝑝𝑇
𝑎 ≠ Ψ2(𝑝𝑇

𝑏)

𝑉𝑛Δ 𝑝𝑇
𝑎 , 𝑝𝑇

𝑏 ≠ 𝑣𝑛 𝑝𝑇
𝑎 𝑣𝑛 𝑝𝑇

𝑏

𝑟𝑛 𝑝𝑇
𝑎, 𝑝𝑇

𝑏 < 1

Unique event plane

Factorization ratio

𝑟𝑛 𝑝𝑇
𝑎 , 𝑝𝑇

𝑏 ≡
𝑉𝑛Δ 𝑝𝑇

𝑎, 𝑝𝑇
𝑏

𝑉𝑛Δ 𝑝𝑇
𝑎, 𝑝𝑇

𝑎 𝑉𝑛Δ 𝑝𝑇
𝑏, 𝑝𝑇

𝑏

F.G. Gardim et al., Phys. Rev . C 87, 031901 (2013) 
CMS Collaboration, Phys. Rev. C 92, 034911 (2015)Event plane decorrelation



Decorrelation - transverse
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CMS Collaboration, Phys. Rev. C 92, 034911 (2015)

Factorization ratio

𝑟𝑛 𝑝𝑇
𝑎 , 𝑝𝑇

𝑏 ≡
𝑉𝑛Δ 𝑝𝑇

𝑎, 𝑝𝑇
𝑏

𝑉𝑛Δ 𝑝𝑇
𝑎, 𝑝𝑇

𝑎 𝑉𝑛Δ 𝑝𝑇
𝑏, 𝑝𝑇

𝑏

𝑟2 𝑝𝑇
𝑎, 𝑝𝑇

𝑏 sensitive to initial state fluctuations

J. Zhu @Poster F04

Hydrodynamic studies on flow, flow fluctuations, 
and transverse momentum decorrelation (Theory)



Decorrelation - longitudinal
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Ψ2 𝜂𝑝
𝑎 = Ψ2(𝜂𝑝

𝑏)

𝑉𝑛Δ 𝜂𝑝
𝑎 , 𝜂𝑝

𝑏 = 𝑣𝑛 𝜂𝑝
𝑎 𝑣𝑛(𝜂𝑝

𝑏)

Ψ2(𝜂𝑝
𝑎)

Ψ2(𝜂𝑝
𝑏)

Factorization breaking

Event plane decorrelationΨ2 𝜂𝑝
𝑎 ≠ Ψ2(𝜂𝑝

𝑏)

𝑉𝑛Δ 𝜂𝑝
𝑎 , 𝜂𝑝

𝑏 ≠ 𝑣𝑛 𝜂𝑝
𝑎 𝑣𝑛(𝜂𝑝

𝑏)

Ψ2(𝜂𝑝
𝑎)

Ψ2(𝜂𝑝
𝑏)

Event-by-event fluctuations：
𝑣𝑛 𝜂1 ≠ 𝑣𝑛 𝜂2
Ψ𝑛 𝜂1 ≠ Ψ𝑛 𝜂2

Anisotropic flow 𝑣𝑛,

Event plane angle Ψ𝑛

𝜂𝑝 dependence?



Decorrelation - longitudinal
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−𝜂𝑝
𝑎

𝜂𝑝
𝑏 ： Reference

𝑉𝑛Δ = cos 𝑛Δ𝜙𝑟𝑛 𝜂𝑝
𝑎, 𝜂𝑝

𝑏 =
𝑉𝑛Δ −𝜂𝑝

𝑎,𝜂𝑝
𝑏

𝑉𝑛Δ 𝜂𝑝
𝑎,𝜂𝑝

𝑏 ,

CMS Collaboration, Phys. Rev. C 92, 034911 (2015)

𝑟𝑛 𝜂𝑝
𝑎, 𝜂𝑝

𝑏 ~1

Unique event plane
𝑟𝑛 𝜂𝑝

𝑎, 𝜂𝑝
𝑏 < 1

Decorrelation

𝜂𝑝

𝜂𝑝
𝑎

Correlation?

𝑟𝑛 𝜂𝑝
𝑎, 𝜂𝑝

𝑏 < 1

Decorrelation observed!

Constraints on 3D initial condition



Longitudinal fluctuations (Theory)
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𝜂𝑠

𝑥

𝜂𝑠

𝑥

Initial 
longitudinal 
fluctuations

Hydrodynamic fluctuations

𝜋𝜇𝜈 = 2𝜂Δ𝛼𝛽
𝜇𝜈
𝜕𝛼𝑢𝛽 + 𝜉𝜇𝜈

AS et al., PLB 829 (2022) 137053



21

𝑟𝑛 𝜂 ≡ 1 − 2𝐹𝑛;𝑘
𝑟 𝜂

𝐹𝑛;𝑘
𝑟 : Slope of 𝑟𝑛

Centrality dependence of 𝑟𝑛

𝐹3: No centrality dependence
→ Fluctuations

𝐹2: Centrality dependence
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𝑟𝑛 𝜂 ≡ 1 − 2𝐹𝑛;𝑘
𝑟 𝜂

𝐹𝑛;𝑘
𝑟 : Slope of 𝑟𝑛

Centrality dependence of 𝑟𝑛

𝑣2 dominated by initial geometry

𝐹3: No centrality dependence
→ Fluctuations

𝐹2: Centrality dependence

Initial elliptic geometry
→ Stabilized event plane
→ 𝐹2 decrease
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𝑟𝑛 𝜂 ≡ 1 − 2𝐹𝑛;𝑘
𝑟 𝜂

𝐹𝑛;𝑘
𝑟 : Slope of 𝑟𝑛

Centrality dependence of 𝑟𝑛

𝑣2 dominated by fluctuations

𝑣2 dominated by initial geometry

𝐹3: No centrality dependence
→ Fluctuations

𝐹2: Centrality dependence

Initial elliptic geometry
→ Stabilized event plane
→ 𝐹2 decrease

Event plane less stabilized



Decorrelation in deformed nucleus: XeXe vs PbPb
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ATLAS Collaboration, Phys.Rev.Lett. 126 (2021) 12, 122301

Central Peripheral

Central
Smaller 𝐹2
→ More elliptic?

Peripheral
Larger 𝐹2
Less elliptic?

Pb+Pb Spherical 

Xe+Xe Deformed 



Decorrelation in deformed nucleus: ZrZr vs RuRu
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M. Nie
@Poster E01

Longitudinal flow decorrelation 
in isobar collisions (Theory)

G. Yan @Parallel A
Mon. 15:00

No obvious difference 
between Zr+Zr and 
Ru+Ru collisions 

Ultra central collision 
yet to explore

Longitudinal De-correlation of Anisotropic
Flow at RHIC-STAR (Experiment)



Mean transverse momentum 𝑝𝑇
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𝑟: Large → 𝑝𝑇: Small

𝑟: Small → 𝑝𝑇: Large

Initial size 𝑟 ∝ − 𝑝𝑇
Bozek, Broniowski, PRC 85, 044910, (2012)

T. Tripathy @Parallel A
Mon. 16:40

Mean transverse momentum in Pb-Pb and 
Xe-Xe collisions with ALICE

T. Tripathy (ALICE collaboration) arXiv:2211.14796v1 [nucl-ex]



𝑣𝑛 − [𝑝𝑇] Correlation (𝜌𝑛)
Pearson Correlation

𝜌𝑛 =
𝑐𝑜𝑣 𝑣𝑛

2 ,𝛿𝑝𝑇

𝑣𝑎𝑟 𝑣𝑛
2 𝑣𝑎𝑟 𝛿𝑝𝑇
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ATLAS Collaboration, CERN-EP-2022-052
arXiv: 2205.00039

𝑟: Large → 𝑝𝑇: Small

𝑟: Small → 𝑝𝑇: Large

Initial size 𝑟 ∝ − 𝑝𝑇
Bozek, Broniowski, PRC 85, 044910, (2012)



Symmetric Cumulants 𝑆𝐶(𝑛,𝑚)

Symmetric Cumulants:

𝑆𝐶 𝑛,𝑚 = 𝑣𝑛
2𝑣𝑚

2 − 𝑣𝑛
2 𝑣𝑚

2

→ Evaluates correlation between 𝑣𝑛 and 𝑣𝑚

𝑆𝐶 4,2 > 0

→ Correlation between 𝑣2 and 𝑣4

𝑆𝐶 3,2 < 0

→ Anti-correlation between 𝑣2 and 𝑣3
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J. Adam et al., (ALICE collaboration)
PRL 117, 182301 (2016)



Mixed harmonic cumulants 𝑛𝑀𝐻𝐶
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Examples of mixed harmonic cumulants

𝑀𝐻𝐶 𝑣2
4, 𝑣3

2

= ⟨𝑣2
4𝑣3

2⟩ − 4⟨𝑣2
2𝑣3

2⟩⟨𝑣2
2⟩ − ⟨𝑣2

4⟩⟨𝑣3
2⟩ + 4⟨𝑣2

2⟩2⟨𝑣3
2⟩

Normalized mixed harmonic cumulants
𝑛𝑀𝐻𝐶

Constraint on shear and bulk viscosities 𝑛𝑀𝐻𝐶 𝑣2
4, 𝑣3

2 is sensitive to 
hydrodynamic fluctuations

K. Oshima
@Poster F01

𝜋𝜇𝜈 = 2𝜂Δ𝛼𝛽
𝜇𝜈
𝜕𝛼𝑢𝛽 + 𝜉𝜇𝜈



Search for the phase transition
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L. Jiang @Parallel A
Mon. 17:05

Schematic phase diagram of QCD

Dynamical effects on the phase transition signal

Baryon number susceptibility:

𝐶𝑘 =
1

𝑇

𝜕𝑘𝑃

𝜕(𝜇𝐵/𝑇)
𝑘

𝐶3

𝐶2
= 𝑆𝜎, 

𝐶4

𝐶2
= 𝜅𝜎2

Net-proton fluctuations:
𝛿𝑁 2 = 𝜎2

𝛿𝑁 3 = 𝑆𝜎3

𝛿𝑁 4 − 3 𝛿𝑁 2 2 = 𝜅𝜎4

𝜎: standard deviation
𝜅: Kurtosis
S: Skewness

Baryon number susceptibility diverge near QCD critical point
→ Study of net-proton fluctuations → Search for critical point!



Space-time evolution of critical fluctuations
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Critical fluctuations

Chiral condensate            𝛿𝜎 ≡ ത𝑞𝑞 − ത𝑞𝑞
Baryon number density  𝛿𝑛 ≡ ത𝑞𝛾0𝑞 − ത𝑞𝛾0𝑞

𝜏𝑅
𝑑𝝂

𝑑𝑡
+ 𝝂 = ሚ𝜆𝛻

𝛿𝐹

𝛿(𝛿𝜎)
+ 𝜆𝛻

𝛿𝐹

𝛿(𝛿𝑛)
+ 𝝃𝑛

𝑑 𝛿𝜎

𝑑𝑡
= −Γ

𝛿𝐹

𝛿(𝛿𝜎)
+ ሚ𝜆𝛻2

𝛿𝐹

𝛿(𝛿𝑛)
+ 𝜉𝜎

Fluctuation-dissipation relation

𝜉𝑖 𝑥 𝜉𝑗 𝑥
′ = 2𝑇𝛾𝑖𝑗𝛿

4(𝑥 − 𝑥′) Diffusion eq. of 𝛿𝑛 violates causality
Finite propagation speed
by introducing relaxation time 𝜏𝑅

D.T. Son, M.A. Stephanov, Phys.Rev. D70 (2004) 056001
H. Fujii, M. Ohtani, Phys.Rev.D70:014016,2004

Γ, ሚ𝜆, 𝜆: Transport coefficient

𝑇：Temperature

𝑑 𝛿𝑛

𝑑𝑡
= −𝛻 ∙ 𝝂

Potential of free energy functional 𝐹 𝛿𝜎, 𝛿𝑛

𝑉 𝛿𝜎, 𝛿𝑛 =
𝐴

2
𝛿𝜎2 + 𝐵𝛿𝜎𝛿𝑛 +

𝐶

2
𝛿𝑛2

Coupling term

AS et al., paper in progress



Space-time evolution of critical fluctuations
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AS et al., paper in progress

Finite relaxation time 𝜏𝑅 causes a time lag of response

Peak at 𝑇𝑐 = 160 MeV

𝐶
Δ
𝜂
𝑠

𝐶
Δ
𝜂
𝑠

Peak between 150 MeV and 160 MeV

𝐶
Δ
𝜂
𝑠

Peak around 𝑇~150 MeV

Correlation function:

𝐶 Δ𝜂𝑠 =
𝛿 ෤𝑛 𝜂𝑠 𝛿 ෤𝑛 𝜂𝑠 + Δ𝜂𝑠

𝛿 ෤𝑛 𝜂𝑠 𝛿 ෤𝑛 𝜂𝑠 + Δ𝜂𝑠 𝑇=220 MeV,Δ𝜂𝑠=0



Summary
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• Collective flow 𝑣𝑛
• Decorrelation of flow 𝑟𝑛
• 𝑣𝑛 − [𝑝𝑇] Correlation (𝜌𝑛)
• Harmonic cumulants

• Critical fluctuations

• Hydrodynamic models
• Constraints on 3D initial condition
• Collision geometry
• Constraint on shear and bulk viscosities

• Search for QCD critical point

Fluctuations and correlations
Key for understanding heavy ion collision dynamics!
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