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Forms of matter

火 水 土
(gas) (liquid) (solid)

Bose-Einstein condensate, fermionic condensate, 
superfluids, supersolids, paramagnetic, 

ferromagnetic, liquid crystals, …

Quantum Chromodynamics & Quark-Gluon Plasma
QCD QGP
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Pre-QCD era: quark model, parton model and “jet”

• Discovery of a zoo of hadrons: mesons, baryons and excited states:
 Leading to quark model (1968) by Gell-Mann and Zweig

• Observation of Bjorken scaling of cross sections of deeply inelastic 
scattering:

 Leading to the parton model (1969) of hadrons by Feynman

• Production of energetic hadrons in high-energy collisions: 
 Uncorrelated jet model for hadron production: De Groot and 
Ruijgrok (1971)

Gell-Mann

Feynman

3



Hagedorn limiting temperature
Increasing number of hadron production (and decays) in high-energy collisions

Hagedorn statistic boost trap model (1968):
<latexit sha1_base64="INdQ2GdOKnTGcjxAXFC37g11ZAI="></latexit>
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⇢(m,V0) = const.m�3em/THWith the solution: 

Partition function of the Hagedorn (hadron) resonance gas (HRG) model:
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Asymptotic freedom & confinement in QCD

↵s(Q
2) =

4⇡/(11� 2nf/3)

ln(Q2/⇤2
QCD)

S Bethke J. Phys. G26 (2000) R27 

screening

anti-screening

Gross & Wilczek; Politzer (1973)

Asymptotically free 

 Confinement
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QCD: Theory for strong interaction

• SU(3) gauge symmetry (non-Abelian)
• Asymptotic freedom at short distance
• Confinement at long distance

• Chiral symmetry and its spontaneous 
breaking

• Goldstone boson and chiral condensate 
• Scale and UA(1) anomaly
• …. 
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Quark-gluon plasma in a MIT bag model
J Collins and M. Perry (1975) G. Baym and S Chin (1976), E. Shuryak (1978)
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Ideal QGP:

Massless p gas:
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First-order phase transition
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Phase transition in QCD

F. Karch et al., 2014
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Normal nuclear 
matter

Quark gluon plasma
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Phase structure of QCD Matter
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QGP in heavy-ion collisions

nucleus quark-gluon plasma (QGP)

High T, µ

De-confinementconfinement

10

LHCRHIC
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Properties of QGP in A+A Collisions 

Soft probes:  collective flow - bulk 
properties, EoS, transport 
properties, initial conditions

EM Probes: EM emission – Temperature, EM 
response, medium modification of resonances

Hard probes: Jet quenching, heavy quarks– Jet transport coefficients, 
diffusion constant

Tµ⌫(x) : T (x), u(x)

Tµ⌫ () ✏, P, s, c2s = @p/@✏
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Multi-messenger study of dynamics and properties of QGP 
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Collective flow of QGP
• Hydrodynamics:

– a low-momentum effective theory
– Inputs from first principle QCD (lattice QCD)

EoS  p(e), transport coefficients x(T), z(T)  (??)
– Initial condition: parton prod. & thermalization

Tµ⌫ = (✏+ P )uµu⌫ � Pgµ⌫ +�Tµ⌫

@µT
µ⌫ = 0

�T
µ⌫ = ⌘(�µ

u
⌫ +�⌫

u
µ) + (

2

3
⌘ � ⇣)Hµ⌫

@⇢u
⇢

x

y

h

x
(3+1)D viscous hydro (CLVisc) with 
AMPT initial condition 

Initial thermalization: hydrodynamic attractors, hydrodynamization, 
anisotropic hydrodynamics, kinetic theory, etc
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“CMB” of the little bang: Anisotropic flow of QGP

13
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“CMB” of the little bang: Anisotropic flow of QGP

1
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arXiv: 2010.03928

Centrality %

LHC RHIC
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Bayesian inference of transport coefficients

1
5

e-Print: 2010.03928
             2011.01430

e-Print: 2010.15130;  2010.15134

e-Print: 2111.08145

trajectum

Parkkila, et al.

<latexit sha1_base64="KWu3z4x1yCDDwh8BiuMoHtQQa8M="></latexit>

P(i)(x|yexp) =
P(i)(yexp|x)P(x)

P(i)(yexp)

2+1D viscous hydro
Trento initial condition
Hadr transpt: SMASH, UrQMD

Nature Phys. 15 (2019) 11, 1113

Uncertainties: 
modeling of initial condition (short distance 
correlation, early non-equilibrium evolution), 
transition to hadron transport ( resonances)  etc.

Duke
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6

QGP: the most perfect fluid in nature

Nature Phys. 15 (2019) 11, 1113

z/s
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Separating initial conditions and dynamics 

17
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⇢(v2n, [pt]) =
h�v2n�[pt]ip
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e-Print:1601.04513 

e-Print: 2111.02908e-Print: 2206.10449

Pearson correlation coefficient 

Nucleon 
size,
 
nucleon 
sub-
structure

….

Nuclear structure & initial conditions

Nuclear 
deformation

Neutron skin

Triaxility

…
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Global Orbital Angular Momentum 

xz

y

High-energy heavy-ion collisions (twisted initial configuration)
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Transverse gradient of fluid velocity & vorticity
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Collective longitudinal momentum 
per produced parton

Liang & XNW, PRL 94 (2005) 102301 
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Fire streak model

Total angular momentum carried by QGP
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Fluid velocity & vorticity in HIJING

No complete stopping but 
approximate Bjorken scaling.

Small violation of BJ scaling 
at  local angular 
momentum or vorticity

BJ scaling violation and 
vorticity increase at lower 
colliding energies 

Gao, Chen, Deng, Liang, Q. Wang, 
XNW, PRC 77 (2008)044902

Deng, Huang, 
PRC 93 (2016) 6, 064907
Pang, Petersen, Q. Wang and XNW, 
PRL 117 (2016) 19, 192301

x

zb
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Global spin polarization in A+A
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Spin polarization in equilibrium
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Consequences in A+A collisions
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The most vortical fluid in nature

<latexit sha1_base64="9w1zR234lvERXx2AFeBDglUafBI="></latexit>
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Global hyperon polarization
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AMPT (Li et al.)
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3FD (1PT EoS)
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 0.014 ± =  0.732 Λα
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Λ

α

pions (kaons) and protons of the daughter particles were
identified based on the ionization energy loss in the TPC
gas, and the timing information measured by the time-of-
flight detector [36]. Reconstruction of Ξ− (Ξ̄þ), Ω− (Ω̄þ),
and Λ (Λ̄) was performed using the KF particle finder
package based on the Kalman filter (KF) method initially
developed for the CBM and ALICE experiments [37–39],
which utilizes the quality of the track fit as well as the decay
topology. Figure 1 shows the invariant mass distributions
for reconstructed Ξ− (Ξ̄þ) and Ω− (Ω̄þ) for 20%–80%
centrality. The purities for this centrality bin are higher than
90% for both species. The significance with the Kalman
filter method is found to be increased by ∼30% for Ξ
compared to the traditional method for reconstruction of
short-lived particles (e.g. see Refs. [5,40]). The hyperon
candidates were also ensured not to share their decay
products with other particles of interest.
The polarization along the initial angular momentum

direction can be defined as [41]

PH ¼ 8

παH

hsinðΨobs
1 − ϕ$

BÞi
ResðΨ1Þ

; ð7Þ

where αH is the hyperon decay parameter and ϕ$
B is the

azimuthal angle of the daughter baryon in the parent
hyperon rest frame. The azimuthal angle of the first-order
event plane is Ψobs

1 , and Res(Ψ1) is the resolution [35] with
which it estimates the reaction plane.
The extraction of hsinðΨobs

1 − ϕ$Þi was performed
in the same way as in our previous studies [4,5]. The
decay parameters of Λ, Ξ−, and Ω− have been recently
updated by the Particle Data Group [22] and the latest
values are used in this analysis; αΛ ¼ 0.732& 0.014,
αΞ ¼ −0.401& 0.010, and αΩ ¼ 0.0157& 0.0021. When
comparing to earlier measurements, the previous results are
rescaled by using the new values, i.e. αold=αnew. In case of
the Ξ and Ω hyperon polarization measurements via
measurements of the daughter Λ polarization, the polari-
zation transfer factors CΞΛðΩΛÞ from Eqs. (4) and (6) are
used to obtain the parent polarization.
The largest systematic uncertainty (37%) was attributed

to the variation of the results obtained with datasets taken in
different years. The difference could be partly due to the
change in the detector configuration (inclusion of the heavy
flavor tracker in the 2014 and 2016 data taking) and
increased luminosity in recent years, both of which lead
to the reduction of detecting efficiency. After careful checks
of the detector performance and detailed quality assurance
of the data, weighted average over different datasets was
used as the final result. All other systematic uncertainties
were assessed based on the weighted average: by compar-
ing different polarization signal extractions [5] (11%), by
varying the mass window for particles of interest from 3σ to
2σ (15%), by varying the decay lengths of both parent and
daughter hyperons (4%), and by considering uncertainties

on the decay parameter αH (2%), where the numbers in
parentheses represent the uncertainty for the Ξ polarization
via the daughter Λ polarization measurement. A correction
for nonuniform acceptance effects [41] was applied for the
appropriate detector configuration for the given dataset. This
correction, depending on particle species, was less than 2%.
Due to a weak pT dependence on the global polarization [5],
effects from the pT dependent efficiency of the hyperon
reconstruction were found to be negligible.
Figure 2 shows the collision energy dependence of the

Λ hyperon global polarization measured earlier [4,5,9,41]
together with the new results on Ξ and Ω global polar-
izations at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. (Note that the statistical
and systematic uncertainties for the Λ are smaller than
the symbol size.) For both Ξ and Ω polarizations, the
particle and antiparticle results are averaged to reduce the
statistical uncertainty. Also to maximize the significance
of the polarization signal, the results were integrated
over the centrality range 20%–80%, transverse
momentum pT > 0.5 GeV=c, and rapidity jyj < 1.
Global polarization of Ξ− and Ξ̄þ measurements via
daughter Λ polarization show positive values, with no
significant difference between Ξ− and Ξ̄þ [PΞð%Þ ¼
0.77& 0.16ðstatÞ & 0.49ðsystÞ and PΞ̄ð%Þ ¼ 0.49&
0.16ðstatÞ & 0.20ðsystÞ]. The average polarization value
obtained by this method is hPΞið%Þ ¼ 0.63&
0.11ðstatÞ & 0.26ðsystÞ. The Ξþ Ξ̄ polarization was

10 210 310
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  = 1 

FIG. 2. The energy dependence of the hyperon global polari-
zation measurements. The points corresponding to Λ and Λ̄
polarizations, as well as Ξ and Ω points in Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are slightly shifted for clarity. Previous results
from the STAR [4,5,41] and ALICE [9] experiments compared
here are rescaled by new decay parameter indicated inside the
figure. The data point for Λ̄ at 7.7 GeV is out of the axis range and
indicated by an arrow with the value. The results of the AMPT
model calculations [42] for 20%–50% centrality are shown by
shaded bands where the band width corresponds to the uncer-
tainty of the calculations.
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Local spin polarization

The dataset for this analysis was collected in 2014 by the
STAR detector during the period of Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Charged-particle tracks were measured
in the time projection chamber (TPC) [23], which covers
the full azimuth and a pseudorapidity range of −1 < η < 1.
The collision vertices were reconstructed using the mea-
sured charged-particle tracks. Events were selected to have
the collision vertex position within 6 cm of the center of the
TPC in the beam direction and within 2 cm in the radial
direction with respect to the beam center. In addition, the
difference between the vertex positions along the beam
direction determined by the TPC and the vertex position
detectors (VPD) [24] located at forward and backward
rapidities (4.24 < jηj < 5.1) was required to be less than
3 cm to suppress pileup events. These selection criteria
yielded about 1 × 109 minimum bias events, where the
minimum bias trigger required hits of both VPDs and the
zero-degree calorimeters [25] located at jηj > 6.3.
The collision centrality was determined from the mea-

suredmultiplicity of charged particles within jηj < 0.5 and a
Monte Carlo Glauber simulation [26]. The second-order
event plane (Ψ2) as an experimental estimate of the reaction
plane was determined by the charged-particle tracks within
the transverse momentum range of 0.15 < pT < 2 GeV=c
and 0.1 < jηj < 1 in the same way as in Ref. [27]. The
resolution of the measured planeΨobs

2 defined as ResðΨ2Þ ¼
hcos 2ðΨobs

2 −Ψ2Þi was estimated with the two-subevent
method [28], where the two subevents correspond to
pseudorapidity regions −1 < η < −0.1 and 0.1 < η < 1.
In midcentral collisions the event plane resolution peaks
at ∼0.76.
Charged particles of good quality TPC tracks (see

Ref. [15] for details) with 0.15 < pT < 10 GeV=c and
jηj < 1 were used in this analysis. Λ and Λ̄ hyperons were
reconstructed via decay channels Λ → pþ π− and
Λ̄ → p̄þ πþ, corresponding to ð63.9% 0.5Þ% of all decays
]10 ]. The hyperon identification was based on the invariant

mass of the two daughters with cuts on decay topology to
reduce the combinatoric background [15].
The component of the polarization along the beam

direction Pz can be measured by taking θ&p in Eq. (1) as
the polar angle of the daughter proton in the Λ (Λ̄) rest
frame and calculating the hcos θ&pi. This yields

Pz ¼
hcos θ&pi

αHhcos2θ&pi
: ð2Þ

The factor hcos2 θ&pi, expected to be *1=3 for the case of the
perfect detector acceptance, was extracted from the data to
account for finite pseudorapidity acceptance. It was found
to be close to 1=3 at all collision centralities, but showed a
systematic decrease at low pT.
A significant fraction of Λ and Λ̄ are the decay products

of heavier baryons such as Σ& and Ξ. This leads to about
∼10% reduction in measured Λ polarization compared to
that of primary Λ [29,30]. No correction for feed-down
effects are done in the current analysis.
To extract the signal hcos θ&pi, two techniques were used:

the event plane method and the invariant mass method. In
the event plane method, hcos θ&pi was measured as a
function of azimuthal angle of Λ ðΛ̄Þ relative to Ψ2. The
effects due to detector acceptance and inefficiencies are
removed by requiring that the azimuthal average to be zero,
as expected due to symmetry. Figure 2 shows hcos θ&pisub of
Λ and Λ̄ as a function of azimuthal angle relative to Ψ2 for
the 20%–60% centrality bin. The solid lines indicate the fit
results to the function p0 þ 2p1 sinð2ϕ − 2Ψ2Þ, where p0

FIG. 1. A sketch illustrating the system created in a noncentral
heavy-ion collision viewed in the transverse plane (x-y), showing
stronger in-plane expansion (solid arrows) and expected vortic-
ities (open arrows). Here, the colliding beams are oriented along
the z axis and the x-z plane defines the reaction plane. See text for
explanations of ϕs and ϕb.
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FIG. 2. hcos θ&pi of Λ and Λ̄ hyperons as a function of azimuthal
angle ϕ relative to the second-order event plane Ψ2 for 20%–60%
centrality bin in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open
boxes show the systematic uncertainties and hisub denotes the
subtraction of the acceptance effect (see text). Solid lines show
the fit with the sine function shown inside the figure. Note that the
data are not corrected for the event plane resolution.
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The polarization of Λ and Λ̄ hyperons along the beam direction has been measured relative to the second
and third harmonic event planes in isobar Ruþ Ru and Zr þ Zr collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. This is the
first experimental evidence of the hyperon polarization by the triangular flow originating from the initial
density fluctuations. The amplitudes of the sine modulation for the second and third harmonic results are
comparable in magnitude, increase from central to peripheral collisions, and show a mild pT dependence.
The azimuthal angle dependence of the polarization follows the vorticity pattern expected due to elliptic
and triangular anisotropic flow, and qualitatively disagrees with most hydrodynamic model calculations
based on thermal vorticity and shear induced contributions. The model results based on one of existing
implementations of the shear contribution lead to a correct azimuthal angle dependence, but predict
centrality and pT dependence that still disagree with experimental measurements. Thus, our results provide
stringent constraints on the thermal vorticity and shear-induced contributions to hyperon polarization.
Comparison to previous measurements at RHIC and the LHC for the second-order harmonic results shows
little dependence on the collision system size and collision energy.

DOI: 10.1103/PhysRevLett.131.202301

The observation of the Λ hyperon polarization in heavy-
ion collisions [1–4] opens new directions in the study of
fluid and spin dynamics. The global polarization is under-
stood to be a consequence of the partial conversion of the
orbital angular momentum of colliding nuclei into the spin
angular momentum of produced particles via spin-orbit
coupling [5–7] analogous to the Barnett effect [8,9]. Its
observation characterizes the system created in a heavy-ion
collision as the most vortical fluid known [1]. Recent
measurements with Ξ and Ω hyperons [10] confirm the
fluid vorticity and global polarization picture of heavy-ion
collisions.
In noncentral heavy-ion collisions, the initial geometry

of the system in the transverse plane has roughly an
elliptical shape as depicted in Fig. 1(a). The difference
in pressure gradients in the directions of the shorter and
longer axes of the ellipse leads to preferential particle
emission into the shorter axis, a phenomenon known as
elliptic flow. Expansion velocity dependence on the azi-
muthal angle leads to generation of the vorticity component
along the beam direction and therefore particle polarization
[11,12]. Λ hyperon polarization along the beam direction
due to elliptic flow was first observed in Auþ Au
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV by the STAR experiment
[3] and later in Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV by
the ALICE experiment [4]. Sometimes such polarization
driven by anisotropic flow is referred to as “local polari-
zation” [13,14].
While various hydrodynamic and transport models [15–

20] are able to describe the energy dependence of the global
polarization reasonably well, most of them predict an
opposite sign for the beam direction component of
the polarization and greatly overpredict its magnitude

[12,14,21,22]. On the other hand, the calculations based
on a simple blast-wave model [23,24] utilizing only
kinematic vorticity and without the temperature gradient
and acceleration contributions can describe the data well
[3]. This situation has been referred to as the “spin puzzle”
challenging the understanding of the fluid and spin dynam-
ics in heavy-ion collisions. Recently, the inclusion of the
shear-induced polarization (SIP) in addition to the thermal
vorticity was proposed to help in describing the exper-
imental results on the polarization along the beam direction
[25,26]. However, these calculations strongly depend on
the implementation details of the shear contributions [27].
Furthermore, the shear-induced contribution may not be
enough to fully understand the data [28] and the spin puzzle
remains to be resolved.
As predicted in Ref. [11], in addition to the elliptic-flow-

induced polarization, the higher harmonic flow [29–33]

FIG. 1. Sketches illustrating the initial geometry, (a) elliptical
shape and (b) triangular shape, viewed from the beam direction in
heavy-ion collisions. Solid arrows denote flow velocity indicating
stronger collective expansion in the direction of the event plane
angle Ψn; open arrows indicate vorticities.
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with the data [38,42], both for the PJ and the Pz
components, and in agreement with a very recent analysis
[43] of the thermal shear contribution. The two terms are
added up and the result shown in the upper panels of the
Fig. 3. It can be seen that, although the model predictions
are somewhat closer to the experimental findings, there is
still a consistent discrepancy: a basically uniform PJ [42]

and still the wrong sign of Pz [38]. Finally, by using the
formula (10), based on isothermal local equilibrium, we
obtain polarization distributions, shown in the lower panels
of Fig. 3, which are in an agreement with the measure-
ments, with the right sign of Pz and the qualitatively correct
PJðϕÞ dependence. These findings are confirmed by a
corresponding analysis made with the ECHO-QGP code and
shown in Fig. 4.

FIG. 2. Λ polarization components at midrapidity as a function
of its transverse momentum ðpx; pyÞ, computed with vHLLE for
(20–60)% Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Upper panel:
polarization induced by thermal vorticity ϖ, lower panel:
polarization induced by thermal shear ξ.

FIG. 3. Same as Fig. 2, with the upper panels showing the sum
of Sμϖ and Sμξ from Eqs. (1) and (3); the lower panels show the
predictions of Eq. (10).
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FIG. 4. Λ polarization components at midrapidity as a function
of its transverse momentum ðpx; pyÞ, computed with ECHO-QGP.
Upper panel: contribution from the first term in Eq. (10) induced
by ω=T. Lower panel: full prediction of Eq. (10).

FIG. 5. Λ polarization component along the global angular
momentum, as a function of the azimuthal angle ϕ, computed
with vHLLE for (20–60)% Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
Experimental data points are taken from [42].
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Finally, we have compared the data with the predictions
of Eq. (10) at four different decoupling temperatures in
Figs. 5 and 6 by integrating the pT spectrum of the Λ in the
same range as in the data, that is 0.5–6 GeV. It can be seen
that the longitudinal component Pz is very sensitive to the
decoupling temperature, and it is in very good agreement
with the data, for Tdec value around 150–160 MeV; for
temperatures below around 135 MeV, the sign of the
longitudinal polarization flips. The PJ component is now
predicted to have a maximal value on the reaction plane, in
agreement with the data, however, with a milder descent as
a function of the azimuthal angle; also, it is less sensitive to
Tdec. We also note that the global polarization resulting
from the integration of PJ is still in a reasonably good
agreement with previous calculations. Also shown, in both
figures, are the contributions from the kinematic vorticity ω
(thin dashed line) and the kinematic shear Ξ (thin smaller
dashed line), at the decoupling temperature of 150 MeV. It
can be seen in Fig. 6 that the latter is crucial to flip the sign
of Pz and restore the agreement with the data, while the
vorticity term alone would give the wrong sign, as already
remarked in Ref. [6].
Discussion, conclusions, and outlook.—The recently

found additional shear term and the realization of the
constancy of Tdec are the two key ingredients to reproduce
the local polarization and the PJ and Pz patterns. This
finding is thus a striking confirmation of the local equi-
librium picture or, in perhaps more suggestive words, the
quasi-ideal fluid paradigm of the QGP, even in the spin
sector. Dissipative corrections to spin polarization may play
a role, but they appear not to be decisive. The standard

hydrodynamic picture with the initial conditions obtained
by fitting radial spectra, elliptic and directed flow, works
very well for the local polarization too. Another strong
indication from this finding is that, at very high energy, the
QGP hadronizes in space-time at constant Tdec to a more
accurate level than one could have imagined. Indeed, its
sensitivity to the gradients of the thermodynamic fields,
makes spin the ideal probe to investigate the space-time
details of hadron formation. Furthermore, as we have
shown, the longitudinal spin polarization turns out to be
very sensitive to the decoupling temperature, the causes of
which deserve to be studied in detail. Looking ahead to
future investigations, it is certainly important to compare
the predictions of the formula (10) as a function of
transverse momentum and rapidity besides azimuthal
angle. At lower energy, where the chemical potentials
are relevant, one can expect a decoupling hypersurface
different from the simple T ¼ const, and this will require a
reconsideration of the (10) in order to obtain accurate
predictions.
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FIG. 6. Λ polarization component along the beam direction, as
a function of the azimuthal angle ϕ, computed with vHLLE for
(20–60)% Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Experimental
data points are taken from [38] and conversion from hcos θ"pi to
PH is performed using αH ¼ 0.732 [44]. Error bars represent the
sum of statistical and systematic uncertainties. Line styles
correspond to different decoupling temperatures as in Fig. 5.
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The systematic uncertainties were evaluated by variation
of the topological cuts in the Λ reconstruction ∼3% (10%),
using different methods of the signal extraction as
explained below ∼5% (8%), estimating possible back-
ground contribution to the signal ∼3% (6%), and uncer-
tainty on the decay parameter ∼2% (2%). The quoted
numbers are examples of relative uncertainties for the
second-order (third-order) results in 10%–30% (0%–
20%) central collisions. All these contributions were added
in quadrature, the value of which was quoted as the final
systematic uncertainty. The sine modulation of Pz was
extracted by measuring directly hcos θ!p sin½nðϕ −ΨnÞ%i as
a function of the invariant mass. The results were checked
by measuring hcos θ!pi, corrected for the acceptance effects,
as a function of the azimuthal angle relative to the event
plane, fitting it with the sine Fourier function as presented
below in Fig. 2, and followed by correction for the event
plane resolution (see Ref. [3] for more details). It should be
noted that hcos θ!p sin½nðϕ −ΨnÞ%i can be directly calcu-
lated for a selected mass window if the purity of the Λ
samples is high (the background contribution, if any, is
negligible). The two approaches provide consistent results.
The EPD event plane and different sizes of TPC subevents
(see Ref. [3]) were also used for cross-checks yielding
consistent results as well. Self-correlation effects due to
inclusion of the hyperon decay daughters in the TPC event
plane determination were studied by excluding the daugh-
ters from the event plane calculation and ultimately found
to be negligible. The feed-down effect may dilute the Pz
sine modulation of primary Λ by 10%–15% [41,42] but
since a correction for this effect is model dependent, only
results for inclusive Λ are presented in this Letter.
Figure 2 shows hcos θ!pisub as a function of the Λ (Λ̄)

azimuthal angle relative to the second- and third-order
event planes, where the superscript “sub” represents

subtractions of the detector acceptance and inefficiency
effects as described in Ref. [3]. Furthermore, the results are
multiplied by the sign of αH for a clearer comparison
between Λ and Λ̄. The right panel presents the measure-
ment of the longitudinal component of polarization relative
to the third-order event plane where sine patterns similar to
those in the left panel are clearly seen, indicating the
presence of triangular-flow-driven vorticity. It is notewor-
thy that while the origin of triangular flow is completely
different than that of elliptic flow, a similar development of
a vorticity pattern is observed. Since the results for Λ and Λ̄
are consistent with each other, as expected in the vorticity-
driven polarization picture (note that the difference
observed in the third-order results is ∼1.4σ), both results
are combined to enhance the statistical significance.
The sine modulations of Pz are studied as a function of

collision centrality and are presented in Fig. 3. Results of
the measurements relative to both event planes are com-
parable in magnitude and exhibit similar centrality depend-
ence, increasing in more peripheral collisions. Calculations
from a hydrodynamic model [27] with specific shear
viscosity ηT=ðeþ PÞ ¼ 0.08 and including both the
thermal vorticity and shear-induced contributions to the
polarization are shown. The model results strongly depend
on particular implementations of the shear-induced

FIG. 2. hcos θ!pisub of Λ and Λ̄ as a function of hyperon
azimuthal angle relative to the second- (left panel) and the
third-order (right panel) event planes, nðϕ − ΨnÞ, in 20%–60%
central isobar collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The sign of the
data for Λ̄ is flipped as indicated by sgnðαHÞ. The solid lines are
fit functions used to extract the parameters indicated in the label
where p1 corresponds to the nth-order Fourier sine coefficient.
Note that the results presented in these figures are not corrected
for the event plane resolution.
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FIG. 3. Centrality dependence of the second- and the third-order
Fourier sine coefficients of Λþ Λ̄ polarization along the
beam direction in isobar Ruþ Ru and Zr þ Zr collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. Open boxes show systematic uncertainties.
Solid bands show calculations from the hydrodynamic model [27]
including contribution from the shear-induced polarization (SIP)
based on Ref. [43] by Becattini-Buzzegoli-Palermo (BBP) or
Ref. [44] by Liu-Yin (LY) in addition to that due to thermal
vorticity ωth. The model calculations with a nearly zero shear
viscosity (“ideal hydro”) are also shown.
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Vector meson spin alignment
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Polarization via strong interaction force
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Barometer of strong force field fluctuations
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Hyperon spin correlations
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Jet physics in heavy-ion collisions
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Jets in high-energy collisions

32

S Bethke J. Phys. G26 (2000) R27 

--tools for studying QCD and new discoveries 

• Uncorrelated jet model for hadron production: De Groot and Ruijgrok (1971)
• Asymptotic freedom of QCD: Gross & Wilczek, Politzer (1973)
• Partons in QCD: Ellis, Gaillard & Ross (1976), Georgi & Machacek (1977)
• Jets in QCD: Sterman & Weinberg (1977)
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Jets in pp collisions at LHC
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Jets in Heavy-ion Collisions
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Jets  in heavy-ion collisions
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Hard and soft probes
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Deeply Inelastic Scattering

k=xp
p

Quark distribution in collinear factorized pQCD parton model:

quarks carrying momentum fraction x of the nucleon (nucleus)
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Multiple scattering and gauge invariance

Quark distribution in collinear factorized pQCD parton model:
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TMD parton distribution in DIS
Belitsky, Ji and Yuan (2002)
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Jet Transport in Medium

Classical Lorentz force

Liang, XNW & Zhou （2008）

Jet Transport Operator

k ....

<latexit sha1_base64="Ri3c7nbQUxiDsyMcB7yGKlgpE60="></latexit>

i~@y?L(0, y) = L(0, y)
"
i ~D?(y) + g

Z y�

�1
d⇠� ~F+?(⇠

�, y?)

#

<latexit sha1_base64="0qLNdlDXVrmOShe3ls88YB/f70A="></latexit>

~W?(y
�, ~y?) ⌘ i ~D?(y) + g

Z y�

�1
d⇠� ~F+?(⇠

�, y?)

<latexit sha1_base64="gsackf0jNKDuEtlX2U76orfx/yk="></latexit>

fq
A(x,

~k?) =

Z
dy�

4⇡
eixp

+y�
hA| ̄(0)�+ exp[ ~W?(y

�) · ~@k? ] (y
�)|Ai�(2)(~k?)

40



Momentum Broadening
2-gluon correlation approximation

Jet transport parameter

Liang, XNW & Zhou’08
Majumder & Muller’07
Kovner & Wiedemann’01
BDMPS’96

Dipole approximation
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Jet transport coefficient 
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PT Broadening

1
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EM Radiation: Single scattering
EM field carried by a fast charge particle before and after scattering

v

Initial rad.

Final rad.

EM Radiation by scattering:
Interference between initial
and final state radiation
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EM Radiation: multiple scattering

EM current of a charged through a scattering

Lorentz Invariant form:

Classical radiation of a 
point charge (Jackson, p671)

i j
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Two Limits: (In)coherent radiation

single coherent scatteringCoherent Limit:

Incoherent Bethe Heitler Limit:

Photon formation time:

exp[ik · (xi � xj)] = exp[i�xij/⌧f ]
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LPM Interference

# of scattering for a 
coherent radiation

Ncoh

Effective spectra
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Radiation in QCD: Colors Makes the Difference

QCD: gluons carry color: interference incomplete
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Gluon multiple scattering (BDMP’96)
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Parton propagation in QCD medium
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Parton energy loss and jet transport

50

Extract jet transport coefficient from parton energy loss

(High-twist approach)

Jet transport coefficient:
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Jet tomography via leading hadrons

51

Parton energy loss leads to suppression of leading hadrons  

jet parton

Energy loss distribution or medium induced splitting function

Modified frag function & hadron spectra:
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Jet Quenching phenomena at RHIC

Pedestal&flow 
subtracted

STAR Preliminary
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Jet quenching phenomenology

53

6 8 10 12 14 16 18 200

0.2

0.4

0.6

0.8

1

AAR

 (GeV)
T

p

PHENIX 2008 (0-5%)
PHENIX 2012 (0-5%)

GLV-CUJET
MARTINI-AMY (0-10%)
McGill-AMY
HT-BW
HT-M

10 20 30 40 50 60 70 80 90 1000

0.2

0.4

0.6

0.8

1

AAR

 (GeV)
T

p

CMS (0-5%)
Alice (0-5%)

GLV-CUJET
MARTINI-AMY
McGill-AMY
HT-BW
HT-M

RHIC LHC

Suppression of single hadron spectra at RHIC and LHC

Best c2 fits with  different model calculations :

53



Jet transport coefficient
JET Collaboration: arXiv:1312.5003 

q̂ ⇡
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T=370 MeV,
T=470 MeV,
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Jet transport coefficient

S. Cao et al. [JETSCAPE], Phys. Rev. C 104, no.2, 024905 (2021)

Bayesian parameter estimation
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Bayesian inference of jet transport coefficient

56

Xie, Ke, Zhang & XNW, PRC 108,  L011901 (2023)

e-Print: 2102.11337

• e-Print: 2010.13680

JETSCAPE

LIDO

e-Print: 2206.01340IF Bayesian

QLBT: e-Print: 2107.11713
Information-Field approach to 
priors is free of long-range correlation

Strong T-dependence
Weak  E-dependence

e-Print: 2208.14419

JET
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Jet energy and background subtraction

57

Jet energy as defined in the jet reconstruction algorithm
Uncorrelated background should be subtracted 
Jet-induced medium response is correlated with jet: not background
Some of the energy lost by leading partons  remain inside jet-cone
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Monte Carlo Simulations of Jet Quenching

• LBT: Linear Boltzmann Transport model
– CCNU +LBNL

• JEWEL: Jet Evolution with Energy Loss
– K. Zapp at al @CERN

• LIDO: LInearized Diffusion plus boltzmann 
partonic transport mOdel
– Weiyao Ke  et al @ Duke

• JETSCAPE: MATTER + LBT
– JETSCAPE Collaboration
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LBT: Linear Boltzmann Transport

Li, Liu, Ma, XNW and Zhu, PRL 106 （2010） 012301
XNW and Zhu, PRL 111 (2013) 062301; He, Luo, XNW & Zhu, PRC91 (2015) 054908; 

Induced radiation

• pQCD elastic and radiative 
processes (high-twist)

• Transport of medium recoil 
partons ( and back-reaction)

• CLVisc 3+1D  hydro bulk evolution

jet parton

recoil parton
Back-reaction
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Medium response reduces jet energy loss

60

Recoil partons within the jet
cone reduce the net jet energy 
loss –change pt dependence

Diffusion wake (backreaction)
reduces the thermal
background, if taken into
account, increase the net jet
Energy loss with given cone-
size

Depend on jet cone-size R
Sensitive to radial flow

He, Cao, Chen, Luo, Pang & XNW 1809.02525 
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Energy and pT dependence

61

Weak  pT dependence: initial jet spectra and pT dependence of energy loss DE
Week energy dependence:  increase of jet energy loss and the slope of initial spectra

preliminary

He, Cao, Chen, Luo, Pang & XNW 1809.02525 
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Jet anisotropy vn

62
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https://arxiv.org/abs/2201.08408


Jet energy loss and g(Z0)-jet asymmetry

63

Luo, Cao, He & XNW, PLB782(18)707
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Zhang, Luo, XNW, Zhang, arXiv:1804.11041
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Hadron + Jet constraints on qhat

64

Weiyao Ke & XNW, JHEP 05, 041(2021)
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Parton propagation inside nuclei in DIS

65

e-

e-

Multiple scattering, pT broadening, parton energy loss, hadronization, 
hadronic interaction in nuclei
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Gluon Saturation and qhat in cold nuclei
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Jet transport coefficient in nuclei

67

A global extraction of the jet transport coefficient in nuclei

Data on: DIS, SIDIS(p), Drell-Yan, J/y (pA), U (pA)  

q̂0 ⇡ 0.02 GeV2/fm
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Jet quenching in DIS of large nuclei

Deng & XNW, PRC 81 (2010) 024902
Chang, Deng & XNW PRC 89 (2014) 3, 034911
Chang, Deng & XNW, PRC 92 (2015) 5, 055207
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Nuclear modification of dijets at EIC
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eHIJING: electron Heavy Ion Jet Interaction Generator

• Pythia for g*+N  jet shower processes
• Simple model for saturation in gluon TMD distribution
• Elastic scattering with TMD distr.

• Induced gluon emission

• Multi-scale evolution for multiple gluon emission 
– Q2, Qs

2, µ0
2

• String hadronization
70
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Suppression of single hadron spectra
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Effect of hadron 
absorption in CLAS? 
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Transverse momentum broadening
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modification of pT spectra due to suppression of low pT hadrons due to parton energy loss + pT broadening 
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Modification of dihadron correlation
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Summary 

• Precision quantification of QGP properties and initial conditions
– Transport properties, initial conditions (nucleon structure): multi-correlation 

observbales
– Jet transport coefficient: precision jet substructure, high precision di(g/Z0)-

hadron correlation (high Lum LHC, RHIC: sPHENIX, STAR )
– Jet-induced medium response; improved & refined jet tomography

• Spin dynamics: broaden the study of spin polarization (alignment): a 
window to emerging properties of QGP

• Theoretical advancement: precision calculations (NLO, resummation, 
gradient corrections etc), initial thermalization 

• AI/ML tools essential for precision quantification of QGP properties: 
demand for computing resources; implementations in data analyeses
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