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0 Why high-energy heavy ion collisions?
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p p

 More is different! 
 Heavy Ion Collision (HIC) is NOT simple superposition of p-p collisions 

Pb Pb



0 Why high-energy heavy ion collisions?

“We should investigate ... … 
phenomena by distributing high
energy or high nucleon density 
over a relatively large volume.” 
--- T.D. Lee, 1974
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1982

Quark-gluon 
plasma (QGP)



0 Why high-energy heavy ion collisions?
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QCD phase diagram

𝑻𝑻𝐜𝐜 ~𝜦𝜦𝐐𝐐𝐐𝐐𝐐𝐐
~𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝐊𝐊

 Confinement at IR
 Quark gluon plasma
 Chiral symmetry
 Critical point
 Quarkyonic matter
 Color superconductor
 … …



0 Currently operating high-energy heavy ion colliders
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RHIC@BNL,2000 - LHC@CERN, 2010 -
Top energy: Au + Au @ 𝑠𝑠 = 200 GeV Top energy: Pb + Pb @ 𝑠𝑠 = 5.02 TeV



0 How to detect QGP?
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 The big bang

 The little bang

We need to find or design 
specific hadron (and 
lepton, photon) 
observables to probe QGP
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Soft probes
 Collective flow and hydrodynamics

Hard probes
 Jet and jet quenching
 Heavy flavors

Strong magnetic and vortical fields
 Chiral magnetic and vortical effects
 Hadron spin polarization phenomena

4 Summary
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Content



1 Soft probes
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1 Harmonic flows and collectivity
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 Spectrum anisotropy in A + A collisions: harmonic flows

Directed flow Elliptic flow

Cosmic Microwave 
Background Anisotropy

 Standard interpretation of low-pt flows: partonic hydrodynamic collectivity

Conservation law:

Equation of state:

Shear/bulk viscosities:

Input for hydro. Constrained by comparison 
with experimental data of 𝑣𝑣𝑛𝑛



1 Harmonic flows and collectivity
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 Specific shear viscosity 𝜼𝜼/𝒔𝒔: perfectness of fluid (inner friction in fluid)

(Luzum, Romatschke 2008)

Au+Au, 
200 GeV

(Bernhard, Moreland, Bass 2019)

 Elliptic flow and the perfectness of QGP

Smaller 𝜂𝜂/𝑠𝑠 = 
stronger coupled 



1 Harmonic flows and collectivity
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 More flow observables

 Seeking boundary of partonic collectivity: lower energy and smaller system size

 𝑣𝑣𝑛𝑛 flunctuation
 𝑣𝑣𝑛𝑛 − 𝑣𝑣𝑚𝑚 correlation  
 Nolinearity
 Longitudinal decorrelation
 … …

STAR 2022

 Number of constituent quark (NCQ) scaling: signature of flowing partonic degrees of freedom

High energy, quarks flow the 
same way (i.e., thermalized):

STAR 2022

At 3 GeV, NCQ scaling is absent. 
Hadronic interaction dominant.

STAR 2022



1 Collectivity = hydrodynamics?
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 Applicability of hydrodynamics: local equilibrium and scale separation

 Surprisingly, collectivity observed in small p + p, p + Pb, d + Au, 𝜸𝜸+Pb systems 

Separation of scales: 
micro scale 𝑙𝑙mic~𝑙𝑙mfp
macro scale 𝑙𝑙mac~1/𝜕𝜕~𝐿𝐿

Knudsen number: 
𝐾𝐾𝑛𝑛 = 𝑙𝑙mic/𝑙𝑙mac ≪ 1

(Zhao, Zhou, Xu, Deng, Song 2018)
Finite geometry in p + p and p + Pb and hydro?

Ideal hydro



1 Collectivity = hydrodynamics?

13

 Emergent hydro behavior non-equilib. systems: hydrodynamic attractor
 Simplest example: isotropically expanding fluid

 Hydro attractor in Bjorken expansion

(Heller, Spalinski 2015)

(Du, Huang, Taya 2021)

Israel-Stewart Theory

Similar for Boltzmann Theory

(Romatschke 2017; Blaizot, Yan 2018-2022; Kurkela etal 2019)

(Mukhanov, “Physical foundations of cosmology”, 2005)

Inflational attractor



 Collectivity: Final stage interaction + hydro attractor or
 Collectivity: Initial stage correlation (mini jets, saturation, …)

1 Collectivity = hydrodynamics?
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No ridge in e+e

(Dumitru et al 2011; Dusling, 
Venugopalan 2012; Schenke et 
al 2015; Kovchegov, Skokov
2018; Schenke, Shen, Tribedy
2020; … …)



2 Hard probes
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2 Jets in heavy ion collisions
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 Jets in p + p and A + A collisions: Jet energy loss to QGP (quenching)

Pb Pb

 Nuclear modification factor 

QGP is opaque 
to energetic jets

 Jet transport coefficient 

∆𝑝𝑝𝑡𝑡

(Brewer 2022; JET 2013; Huss 
etal 2000; JETSCAPE 2021; Han, 
Xie, Zhang 2022)



2 Jets in heavy ion collisions
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 QGP medium response to jet: jet energy deposited into soft sectors

(Qin, Wang, Cao, Chang, Pang, He, Luo, et al 2017- )

 Jet induced wakes in QGP

(Chen, Yang, He, Ke, Pang, Wang 2022)

 Jet shape function

(Tachibana, Chang, Qin 2017)

Describes energy 
distribution in jets

Enhanced soft particles 
generation away from jet



2 Jets in heavy ion collisions
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 No evidence of jet quenching is p + Pb and p + p collisions

Puzzle: collectivity but no energy loss? 
System size scan: p+p, O+O, p+O, 
Xe+Xe, Pb+Pb, …

 Jet as probe of topological domains
Chiral transition radiation

𝜸𝜸

(Huang, Tuchin 2018)

 Jet induced vorticity
(Pang, Peterson, Wang, Wang 2016)



2 Heavy flavors
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 Quarkonia suppression (“smoking gun” for QGP formation) and regeneration

Suppression(Matsui, Satz 1986) Regeneration

 Quantify quarkonia suppression and regeneration 
(Data: STAR 
2017,2019,2
021; ALICE 
2014,2021;
NA50 2000)

(Theory: 
Zhuang etal; 
Rapp etal; 
He etal)

(CMS 2022)

Binding energy: 
Υ 1𝑆𝑆 > Υ 2𝑆𝑆 > Υ(3𝑆𝑆)

Dissociation T:       
Υ 1𝑆𝑆 > Υ 2𝑆𝑆 > Υ(3𝑆𝑆)



3 Strong magnetic and vortical fields
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3 Generation of magnetic and vortical fields
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 For a non-central collision

Global angular momentum

𝑱𝑱𝟎𝟎~
𝑨𝑨𝑨𝑨 𝒔𝒔
𝟐𝟐

~𝟏𝟏𝟏𝟏𝟕𝟕ℏ

(LHC Pb+Pb 2.76 TeV, b=10 fm)

Strong Magnetic field

𝒆𝒆𝒆𝒆~𝜸𝜸𝜶𝜶EM
𝒁𝒁
𝒃𝒃𝟐𝟐

~𝟏𝟏𝟏𝟏𝟏𝟏𝟗𝟗 G

(Deng, Huang 2012)

 Theoretical calculations

𝝎𝝎 =
1
2𝛁𝛁 × 𝒗𝒗

RHIC: 𝑒𝑒𝑒𝑒 ≈ 1019G
LHC: 𝑒𝑒𝑒𝑒 ≈ 1021G

Strongest B field

QGP: the most vortical fluid
Vorticity : 𝜔𝜔 ≈ 1021𝑠𝑠−1

(Deng, Huang 2016; Deng, Huang, Ma, Zhang 2020)

(Theory: USTC, Tsinghua, 
Fudan, UCAS, CCNU, SDU, …)



3 Chiral magnetic and vortical effects
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 Spin polarization by B field, vorticity (rotation), and momentum

Massless: spin polarized (slaved) by momentum

 When the system has net chirality: 𝝁𝝁𝑨𝑨 = 𝝁𝝁𝑹𝑹 − 𝝁𝝁𝑳𝑳 ≠ 𝟎𝟎

𝜇𝜇𝐴𝐴

QED triangle anomaly

𝜇𝜇𝑉𝑉𝝎𝝎 or B
𝑱𝑱𝑉𝑉 = 𝑩𝑩

2𝜋𝜋2
𝜇𝜇𝐴𝐴

𝑱𝑱𝑉𝑉 = 𝜇𝜇𝑉𝑉𝝎𝝎
𝜋𝜋2

𝜇𝜇𝐴𝐴

(Kharzeev etal 2007; Erdmenger etal 2009; Son, Surowka 2009; …)

Chiral magnetic effect (CME)

Chiral vortical effect (CVE)



3 CME and CVE probe QCD topological sector
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B, 𝜔𝜔

QCD chiral anomaly

𝜇𝜇𝐴𝐴

QED chiral anomaly

𝑱𝑱𝑉𝑉 Chiral magnetic/ 
vortical effects

Initial state 
topological 
fluctuations

(STAR 2009 -, ALICE 2012 - , CMS 2017 -, )

Observable:
e.g. 𝜸𝜸-correlator

(see next page)

Local P and 
CP violation



3 CME observables
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 Event-by-event charge separation 
w.r.t. the reaction plane

 A lot of results collected from RHIC and LHC

CME 

(Voloshin 2004)

(STAR 2009)

 Direct measurement of 𝒂𝒂 is impossible. 
But its fluctuation 𝒂𝒂𝟐𝟐 can be measured:
𝜸𝜸-correlator

(ALICE 2013,2020) (CMS 2016)



3 CME observables
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 Strong back ground contamination

 Isobar collisions: fix 𝒗𝒗𝟐𝟐 but vary B field 

Average signal fraction: 
tiny at 2.76 TeV@LHC
8±4±8 % at 200 GeV@RHIC

One eccentric geometry gives two outcomes, B field and 𝑣𝑣2. Difficult to disentangle them.

Vs



3 Isobar collisions
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 The first experimental result

 Why data opposite to theory: isobar collisions detect neutron skin (halo) 

First run: 2018 @ RHIC
3.1B events for each 
type of collision

If bg=90%, theory 
prediction is here

(STAR 2021)

(STAR 2021)

(Xu, Li, Chen, Wang 
etal 2018-2022)

Consistent with nuclear 
density functional calculation

New baseline 
needed (non-
flow subtraction)

New baseline?

(Deng, Huang, Ma, Wang 2016)



3 Global spin polarization
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 From global angular momentum to vorticity to hyperon spin polarization

 The original idea was proposed by Liang and Wang

𝑑𝑑𝑁𝑁𝑠𝑠
𝑑𝑑𝒑𝒑

~𝑒𝑒−(𝐻𝐻0−𝝎𝝎�𝑺𝑺)/𝑇𝑇

P =
𝑁𝑁↑ − 𝑁𝑁↓
𝑁𝑁↑ + 𝑁𝑁↓

~
𝜔𝜔
2𝑇𝑇

(at thermal equilibrium)

P =

(Liang, Wang 2004)
(Figure by J. H. Gao )



3 Global spin polarization
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 Hyperon global (i.e., integrated) spin polarization: experimental results

 Hyperon global spin polarization: theoretical results based on thermal vorticity
(STAR 2017) (STAR 2021; ALICE 2020) (STAR 2022; HADES 2021)

Ξ,Ω hyperons

Λ hyperons

Ξ,Ω hyperons Λ hyperons

(Li, Pang, Wang, Xia 2017; Sun, Ko 2017; Wei, Deng, Huang 
2019; Xie, Wang, Csernai 2017; Karpenko, Becattini 2016) (Li, Xia, Huang, Huang 2021)

Initial angular momentum

Thermal vorticity

Global spin polarization





3 Local spin polarization
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 How the spin polarization is distributed in different 𝜙𝜙?

Λ
φ

⊙ z

P𝑦𝑦,𝑧𝑧 (ϕ) =
𝑁𝑁𝑦𝑦,𝑧𝑧(ϕ) − 𝑁𝑁𝑦𝑦,𝑧𝑧(ϕ)
𝑁𝑁𝑦𝑦,𝑧𝑧(ϕ) + 𝑁𝑁𝑦𝑦,𝑧𝑧(ϕ)

 Experiments opposite to theory based on thermal vorticity: spin sign problem
1) longitudinal polarization vs 𝜙𝜙 2) Transverse polarization vs 𝜙𝜙

Vs
STAR2018

(Wei-Deng-XGH 2019)(Becattini, Karpenko 2018)

STAR2019



3 Local spin polarization
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 If spin is not globally thermalized by thermal vorticity:

 Dynamic theories for spin transport and polarization are developing 

(Wu, Pang, Huang, Wang 2019)

Spin potential is determined by T-vorticity Shear tensor contribution

(Fu, Liu, Song, Yin 2021) (Becattini etal 2021)

 Spin hydrodynamics:

 Spin kinetic theory:

Fluid velocity, temperature, and spin density evolve together

Particle and spin phase-space distribution functions evolve  together



3 Vector meson spin alignment
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 Vector meson spin density matrix from 𝑞𝑞+𝑞𝑞 ̅→V

𝑃𝑃𝑞𝑞 ≈ 𝑃𝑃�𝑞𝑞

Spin alignment parameter

Expectation: spin alignment 
is a  10−4 level phenomenon

(Liang, Wang 2004)

 Global spin alignment for 𝝓𝝓,𝑲𝑲∗𝟎𝟎

STAR 2022

Puzzle: 𝜙𝜙-meson 𝝆𝝆𝟎𝟎𝟎𝟎 > 𝟏𝟏
𝟑𝟑

and too big!

(Sheng, Oliva, Liang, Wang, Wang 2022)

A recent theory



3 Vector meson spin alignment
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 Global spin alignment in isobar collisions

 Global spin alignment of 𝑱𝑱/𝝍𝝍 → 𝒍𝒍+𝒍𝒍−

Puzzle: charge sensitive but 𝑲𝑲∗+(𝒖𝒖�𝒔𝒔) larger 
than 𝑲𝑲∗𝟎𝟎(𝒅𝒅�𝒔𝒔), opposite to B-effect

STAR 2022

ALICE 2022

Puzzle: 𝚲𝚲 polarization at LHC is very small 
but a big 𝑱𝑱/𝝍𝝍 spin alignment



4 Summary
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4 Summary
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 Rich many-body physics of QCD studied at RHIC and LHC heavy-ion program
 Strongly coupled QGP droplet is an extreme matter: hottest, most  perfect 

fluid, strongest magnetic field, most vortical fluid
 Strong quenching of jets in QGP, medium response important
 Collectivity seen in p + p and p + Pb (hydro attractor, initial glasma, …)
 CME as a probe to topological sector of QCD under searching
 Subatomic “spintronics”

 Uncovered (but surely very interesting): Critical point and fluctuations, 
heavy flavor flows, jet substructure, photons and dileptons, UPC, exotic 
hadrons and hypernuclei production, … …

 … …

More discussions at Parallel 3: heavy ion physics ( Aug. 09 afternoon, 
Aug. 10-11 full day) Thank you
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