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๏We all know that:

๏ What happens when nuclei are heated to trillions of degrees?
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“phase transition”
Tc ≈ 2×1012 K

≈ 170 MeV

What are the properties of the 
plasma close to the transition?

• Colour is liberated
• Filled the universe μs after Big Bang

A new phase: Quark Gluon Plasma

• A gas of quark and gluons
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Figure 6

(left) A peripheral heavy ion collision produces an approximately elliptical collision region (shaded red). A gas of weakly
interacting particles would give a more or less isotropic distribution of final particles (red), whereas a fluid would give rise
to an anisotropic distribution (blue), due to the difference in pressure gradients in the transverse directions. (middle) In
(107) a hydrodynamic model with several temperature-dependent parametrizations of ⌘/s (see paper) is compared with
ALICE measurements of the anisotropy (108), as obtained by the integrated Fourier coefficients vn (n =2 to 4 from top to
bottom), for p

sNN = 2.76 TeV collisions as a function of the centrality class (0% being head-on collisions). For more
off-central collisions there is an increasing and large v2, giving a hint into the importance of hydrodynamic evolution.
(right) We show event-by-event distributions of the v2 distribution for off-central collisions from (107) compared to
ATLAS measurements (109). In this Section, we shall discuss the comparison between precise measurements of the
anisotropy and increasingly sophisticated hydrodynamic calculations, as in the middle and right figures.

Second, at energy scales within an order of magnitude of the confinement/deconfinement
energy scale, QCD is strongly coupled. The implication of this was not fully realized
before experiments at RHIC began (110, 111), as the most common expectation was the
formation of an equilibrated gas of quarks and gluons with a temperature somewhat above
the confinement/deconfinement scale. We now realize that in this temperature range QCD
describes a relativistic fluid consisting of quarks and gluons that are so strongly coupled to
their neighbors that the resulting liquid cannot even be described in terms of quasi-particles.
The weak coupling picture must be correct at early times in collisions with exceedingly high
energy; even in these collisions, the strong coupling picture would become applicable later
after a hydrodynamic fluid has formed. The question of for how long during the initial
moments of a RHIC or LHC collision a weakly coupled picture can be applied remains
open.

The crucial distinction between both scenarios can be found by measuring the anisotropy
of particles produced in heavy ion collisions. Qualitatively this is easy to understand, as
we saw in Section 3: in the case of weakly interacting gas of particles, scatterings are rare,
the directions of the momenta of the gas particles are random, the initial spatial anisotropy
in the collision zone is washed out by random motion, and the azimuthal distribution
of particles in the final state ends up isotropic. In this case, the measured two-particle
correlations are trivial, coming only from effects like momentum conservation in late-time
decays of hadrons. Alternatively, if the quarks and gluons form a strongly coupled liquid
soon enough, while the distribution of energy density produced in the collision remains
anisotropic, this non-circular and lumpy drop of fluid will expand in a hydrodynamic fashion,
yielding faster expansion in the direction of larger gradients: hydrodynamics converts
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the so-called event plane angles (FEP,2, FEP,3) for the second- and third-order harmonics of the
azimuthal distribution are derived from the HF calorimeters (3 < |h| < 5) [74]. This method
of estimating the UE gives underlying energy estimations that are consistent with a previous
analysis of photon- and Z-tagged jets in which event plane mixing was used [75]. The event
plane angles are not corrected for detector effects since the only goal of this procedure is to
obtain a better description of the modulation of the background level. For the second step, a
fit to the azimuthal angle (f, in radians) distribution of charged-hadron PF candidates with
0.3 < pT < 3.0 GeV and |h| < 1 is performed. No explicit exclusion of regions close to the jet is
performed, since their effect on the extracted parameters is negligible. The functional form of
the fit is as follows:

N(f) = N0(1 + 2v2 cos(2[f � FEP,2]) + 2v3 cos(3[f � FEP,3])), (2)

where N0 is the magnitude of average UE activity. The parameters v2 and v3 quantify the
strengths of the collective behaviors of the UE known as “elliptic” and “triangular” flow, re-
spectively. The event plane angles FEP,2 and FEP,3 are fixed to the result from the first step. A
fit is performed per event to extract the parameters N0, v2, and v3. The fit is discarded if the
minimum required number of candidates (at least 10 entries in each bin) are not met, or if the
reduced c2 of the fit is greater than 2. In this case, the background energy density is estimated
as a flat distribution in f, without flow modulations.

An example of this procedure is shown for data in Fig. 1. The left plot shows the fit in the
extraction region, along with a breakdown of the components of the fit. The right plot takes
parameters extracted from mid-rapidity (|h| < 1) and renormalizes the function to data at
forward-rapidity (1 < |h| < 2). A good agreement of the shape for background modulations
in the two h ranges is observed.
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Figure 1: (Color online) Azimuthal angle distributions for a single PbPb event: f modulations
at mid-rapidity |h| < 1 (left) and forward rapidity 1 < |h| < 2 (right) of charged-hadron
PF candidates. The v2 (blue curve) and v3 (yellow curve) of the flow components are shown,
together with the total modulation used in the analysis to account for the background (red
curve). The flow coefficients are extracted from the left plot and overlaid in the right plot.

Finally, the UE subtraction in PbPb collisions is performed using a constituent subtraction
method [76]. This is a particle-by-particle approach that corrects the energy of each jet con-
stituent based on the local average UE density r(h, f). This density is assumed to factorize in

๏ Anisotropic event
๏Thousands of particles
๏Transverse-plane correlations
๏ Remembers impact parameter
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Figure 6

(left) A peripheral heavy ion collision produces an approximately elliptical collision region (shaded red). A gas of weakly
interacting particles would give a more or less isotropic distribution of final particles (red), whereas a fluid would give rise
to an anisotropic distribution (blue), due to the difference in pressure gradients in the transverse directions. (middle) In
(107) a hydrodynamic model with several temperature-dependent parametrizations of ⌘/s (see paper) is compared with
ALICE measurements of the anisotropy (108), as obtained by the integrated Fourier coefficients vn (n =2 to 4 from top to
bottom), for p

sNN = 2.76 TeV collisions as a function of the centrality class (0% being head-on collisions). For more
off-central collisions there is an increasing and large v2, giving a hint into the importance of hydrodynamic evolution.
(right) We show event-by-event distributions of the v2 distribution for off-central collisions from (107) compared to
ATLAS measurements (109). In this Section, we shall discuss the comparison between precise measurements of the
anisotropy and increasingly sophisticated hydrodynamic calculations, as in the middle and right figures.

Second, at energy scales within an order of magnitude of the confinement/deconfinement
energy scale, QCD is strongly coupled. The implication of this was not fully realized
before experiments at RHIC began (110, 111), as the most common expectation was the
formation of an equilibrated gas of quarks and gluons with a temperature somewhat above
the confinement/deconfinement scale. We now realize that in this temperature range QCD
describes a relativistic fluid consisting of quarks and gluons that are so strongly coupled to
their neighbors that the resulting liquid cannot even be described in terms of quasi-particles.
The weak coupling picture must be correct at early times in collisions with exceedingly high
energy; even in these collisions, the strong coupling picture would become applicable later
after a hydrodynamic fluid has formed. The question of for how long during the initial
moments of a RHIC or LHC collision a weakly coupled picture can be applied remains
open.

The crucial distinction between both scenarios can be found by measuring the anisotropy
of particles produced in heavy ion collisions. Qualitatively this is easy to understand, as
we saw in Section 3: in the case of weakly interacting gas of particles, scatterings are rare,
the directions of the momenta of the gas particles are random, the initial spatial anisotropy
in the collision zone is washed out by random motion, and the azimuthal distribution
of particles in the final state ends up isotropic. In this case, the measured two-particle
correlations are trivial, coming only from effects like momentum conservation in late-time
decays of hadrons. Alternatively, if the quarks and gluons form a strongly coupled liquid
soon enough, while the distribution of energy density produced in the collision remains
anisotropic, this non-circular and lumpy drop of fluid will expand in a hydrodynamic fashion,
yielding faster expansion in the direction of larger gradients: hydrodynamics converts
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of elliptic flow to the initial eccentricity in p?p collisions,

which results in a positive four-particle cumulant C2f4g
opposite to the experimental measurements [218]. Eluci-

dating the real dynamics in p?p collisions requires more

theoretical progress on quantifying the contributions from
pre-equilibrium dynamics, thermal and longitudinal fluc-

tuations, nontrivial correlations from local conservation

laws, and nonhydrodynamic modes.
Finally, it is instructive to quantify the extent to which

small collision systems have been pushing the hydrody-
namic framework to its limits. Conditions for the nonlinear

causality bounds of second-order hydrodynamics were

derived for radially expanding systems [219] and for a
general flow background [214, 220]. These nonlinear

causality bounds set strong constraints on the maximal

allowed viscous pressure in dynamical simulations. One
can check the nonlinear causality condition, including the

bulk viscous pressure, by computing the following ratio:

r ¼ f
sP

1

eþ PþP
þ c2s : ð83Þ

The causality condition requires the ratio r\1 [214].
Figure 12a compares the distribution of this ratio from

individual fluid cell in a typical 0–5% p?Au collision with

that from a 30–40% Au?Au collisions. Because of the
strong expansion rate and the consequent large negative

bulk viscous pressure, the causality conditions in a typical

p?A collision are % 20% closer to the bound than those in
an A?A collision.

The large pressure gradients and the consequent violent

expansion in small systems can result in negative total

(thermal ? bulk viscous) pressure in a significant fraction

of fluid cells, as shown in Fig. 12. These bubbles may
cause unstable cavitation inside the QGP [221–223]. It

would be preferable to switch the fluid dynamic description

to a dilute transport approach before the total pressure
becomes negative. In the absence of such an advanced

theoretical framework, we can roughly estimate the phe-

nomenological impact of these negative-pressure regions
on final flow observables by numerically regulating the size

of the bulk viscous pressure to be less than the thermal
pressure. This modification leads to a sizable variation in

the elliptic flow in 0–5% p?Au collisions in Fig. 12c. For

pT\1:5 GeV, the associated theoretical uncertainty is
comparable to the effects resulting from varying the sec-

ond-order transport coefficients [35]. The situation in semi-

peripheral A?A collisions is much better, with a negligible
effect on the final flow observables. Whereas this ad hoc

numerical regulation can only provide us with a rough

estimate, Fig. 12c demonstrates that the phenomenological
descriptions of small systems with the standard second-

order viscous hydrodynamics approach the limits of the

model. Anisotropic hydrodynamics, which reproduce the
free-streaming limit at large viscosity, are a good theoret-

ical tool for providing more robust guidance on this issue in

small systems [224, 225].

3.4 Interdisciplinary connections

Relativistic heavy-ion collisions embrace a richness of

physics that expands multiple energy scales. At the early

stages of the collisions, the dynamics of approaching
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Fig. 12 Upper panel: Color contour plots for the initial event-by-

event energy densities of U?U, Au?Au, Ru?Ru, O?O, 3He?Au,
d?Au, p?Au, and p?p collisions at 200 GeV from IP-Glasma initial
conditions [28]. a Check the nonlinear causality condition with bulk
viscous pressure [214] in typical 0–5% p?Au and 30–40% Au?Au

collisions at 200 GeV. b Distribution of the ratio of bulk viscous
pressure over thermal pressure, P=P, in fluid cells for 0–5% p?Au
and 30–40% Au?Au collisions. d Effect of regulating negative total
pressure on the elliptic flow coefficients in 0–5% p?Au and 30–40%
Au?Au collisions at 200 GeV [35]

123

122 Page 22 of 34 C. Shen, L. Yan

Recent development of hydrodynamic modeling in heavy-ion
collisions

Chun Shen1,2 • Li Yan3

Received: 30 June 2020 / Revised: 19 October 2020 / Accepted: 22 October 2020 / Published online: 4 December 2020
! China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the Chinese Academy of Sciences, Chinese
Nuclear Society and Springer Nature Singapore Pte Ltd. 2020

Abstract We present a concise review of the recent

development of relativistic hydrodynamics and its appli-

cations to heavy-ion collisions. Theoretical progress on the
extended formulation of hydrodynamics toward out-of-

equilibrium systems is addressed, with emphasis on the so-

called attractor solution. Moreover, recent phenomenolog-
ical improvements in the hydrodynamic modeling of

heavy-ion collisions with respect to the ongoing beam

energy scan program, the quantitative characterization of
transport coefficients in three-dimensionally expanding

quark–gluon plasma, the fluid description of small collid-

ing systems, and certain other interdisciplinary connections
are discussed.

Keywords Heavy-ion collisions ! Hydrodynamics ! QCD

1 Introduction

Smashing heavy nuclei at high energies in large particle
accelerators routinely creates extreme conditions to study

the properties of many-body systems whose interactions

are governed by quantum chromodynamics (QCD). Within

a few yoctoseconds (10"24 s), the collision systems are

compressed to 1030 atm and reach several trillion degrees

Kelvin. A novel state of matter with deconfined quarks and
gluons is formed under such extreme conditions, which is

called quark–gluon plasma (QGP).

The QGP created in laboratories is a relativistic
dynamical system, which expands and evolves like a nearly

perfect liquid [1]. The size of the liquid droplet depends on

the size of the colliding nuclei, which may vary from O(10)
fm in gold–gold collisions at the Relativistic Heavy-Ion

Collider (RHIC) at the Brookhaven National Laboratory, or

lead–lead collisions at the Large Hadron Collider (LHC) at
CERN, to O(1) fm in small colliding systems such as the

proton–lead or even proton–proton collisions carried out at
these facilities. The fluidity of QGP is one of the main

subjects that has been explored in heavy-ion collisions.

From experiments, it has been analyzed extensively
through various types of long-range multiparticle correla-

tions of the observed hadrons, known as the signatures of

collective flow [2–4]. Theoretical model calculations using
relativistic viscous hydrodynamics successfully character-

ize these flow observables, which makes relativistic

hydrodynamics the ‘‘standard model’’ in heavy-ion colli-
sions [5–10].

Phenomenological analyses within hydrodynamic

frameworks provide the most efficient, robust, and effec-
tive tool to extract many-body QCD. For instance, as the

macroscopic emergence of the interactions among quarks

This work was supported in part by the US Department of Energy
(DOE) (No. DE-SC0013460), the National Science Foundation (NSF)
(No. PHY-2012922), the National Natural Science Foundation of
China (No. 11975079), and the US Department of Energy, Office of
Science, Office of Nuclear Physics, within the framework of the
Beam Energy Scan Theory (BEST) Topical Collaboration.

& Li Yan
cliyan@fudan.edu.cn

Chun Shen
chunshen@wayne.edu

1 Department of Physics and Astronomy, Wayne State
University, Detroit, MI 48201, USA

2 RIKEN BNL Research Center, Brookhaven National
Laboratory, Upton, NY 11973, USA

3 Key Laboratory of Nuclear Physics and Ion-Beam
Application (MOE), Institute of Modern Physics, Fudan
University, 220 Handan Road, Shanghai 200433, China

123

NUCL SCI TECH (2020) 31:122(0123456789().,-volV)(0123456789().,-volV)

https://doi.org/10.1007/s41365-020-00829-z

๏We have seen strong flow in many different collisions systems
๏ All show anisotropic flow
๏ Well described by hydrodynamics
๏ Responding to different nucleon nucleon event by event
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that ignoring the proton dN/dy reduces the odds against
the Chapman-Enskog particlization model from 5000:1
to 5:1; the key feature behind its failure is the form of its
bulk viscous correction to the particle momentum distri-
butions. This highlights the importance of understand-
ing how energy and momentum are distributed across
both momentum and species at particlization. We note
that our choice of likelihood function, Eq. (1), assumes
that probability decreases rapidly away from the mean;
this can be unforgiving to tension with the data, result-
ing in the large ratios of Bayes evidence encountered in
this work. Other forms of likelihood should be investi-
gated in the future. Nevertheless, we believe the proton-
to-pion ratio is an important observable: the averaged
constraints consequently favor particlization models that
can describe it well.

To emphasize the constraints provided by the exper-
imental data, we calculate the information gain of our
posteriors for the temperature dependence of the vis-
cosities of QCD, relative to the corresponding priors,
using the Kullback-Leibler divergence (DKL) [73]. We
show the result in Fig. 3 alongside the 90% prior and
Bayesian model averaged posteriors. While the exper-
imental data are seen to provide significant constraints
for 150 . T . 250MeV their constraining power rapidly
degrades at higher temperatures. In the deconfinement
region, the most likely values for ⌘/s are of order 0.1;
⇣/s also favors values around 0.05�0.1 in that region,
although constraints are weaker than for ⌘/s. Stronger
priors could be used to further constrain the favored vis-
cosity values: for example, negative slopes for the shear
viscosity at high temperature could be excluded based on
theoretical guidance [19]. We elect not to do so, empha-
sizing instead the constraining power provided directly
by measurements.

FIG. 3. 90% credible intervals for the priors (gray) and
Bayesian model averaged posteriors for the specific bulk (left)
and shear (right) viscosities, along with their corresponding
information gain (Kullback-Leibler divergence DKL).

Summary. Theoretical insights into the transport prop-
erties of quark-gluon plasma are still limited for tempera-
tures ⇠ 150�350MeV. The phenomenological constraints
obtained in this work from heavy-ion measurements com-
plement the current theoretical knowledge, supplement-
ing a range of calculations of the shear and bulk viscosi-

ties of the quark-gluon plasma at lower [74–76], interme-
diate [11, 77, 78] and higher [12, 79] temperatures.
In this work, we obtained new state-of-the-art esti-

mates for the QGP shear and bulk viscosities with more
robust estimates for the uncertainties of these key trans-
port coe�cients. We introduced Model Averaging into
Bayesian inference to include both experimental and
known theoretical uncertainties in the uncertainty bud-
get for the model parameters inferred from RHIC and
LHC data. By allowing for a systematic inclusion of (i)
additional measurements, (ii) model uncertainties, (iii)
error correlations, and (iv) more rigorous and objective
specification of model priors, the methods pioneered in
this analysis for heavy-ion physics provide a clear path
forward for rigorous estimations of the transport proper-
ties of the quark-gluon plasma.
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€ 

Gxy,xy
R ω,0( ) ≡ dt dx eiωtΘ t( ) Txy (t,x),Txy (0,0)[ ]∫

eq

€ 

η ≡ − lim
ω→0

1
ω
ImGxy,xy

R ω,0( )

η

������
����������
���
�����	�	
���
�������������

����������������� 
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Shear viscosity

๏Smallest “kinematical viscosity” of any fluid ever measured
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๏ Jets signal high energy quarks and gluons
๏ They fragment into les energetic partons
๏ Measured as fluxes of energy
๏ Defined through “cones”

๏In the plasma they interact
๏ Partons loose energy
๏ Momentum is randomised
๏ Jet Quenching

๏ Many successful models on how jets are quenched
๏ One developed here: “The Hybrid strong/weak coupling model”
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Measurements of jet spectra in pp and Pb–Pb collisions at
p

sNN = 5.02 TeV ALICE Collaboration
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Fig. 7: Jet RAA at
p

sNN = 5.02 TeV for R= 0.2 (left) and R= 0.4 (right) compared to LBT, SCETG, Hybrid model,
and JEWEL predictions. The combined hTAAi uncertainty and pp luminosity uncertainty of 2.8% is illustrated as a
band on the dashed line at RAA = 1. Systematic uncertainties are only included for the SCETG and Hybrid model
predictions; see text for details.

[25, 75], Soft Collinear Effective Theory with Glauber gluons (SCETG) [29, 76–78], the Hybrid model
[79–82], and JEWEL [83, 84]. The RAA predictions of these models are compared to the measured data
(with the leading track requirements imposed) in Fig. 7 for R = 0.2 and R = 0.4. The predictions were
all computed using the anti-kT jet algorithm with |hjet|< 0.7�R. Leading track requirements were only
applied by JEWEL (as in data) and the Hybrid model (with 5 GeV/c for both radii), for both pp and
Pb–Pb collisions.

JEWEL is a Monte Carlo implementation of BDMPS jet energy loss with a parton shower, and allows
the option to include the recoiling thermal medium particles in the jet energy (“recoil on"), or to ignore
the recoiling medium particles (“recoil off") [24]. In the case of including the recoils, the recoil particles
free stream and do not interact again with the medium. If recoils are included, we perform background
subtraction according to the recommended option “4MomSub". JEWEL contains several free parameters
that are fixed by independent measurements, none of which use high-pT LHC measurements; we take
T = 440 MeV and t0 = 0.4 fm/c [84]. Note that these predictions do not include systematic uncertainties,
but rather only statistical uncertainties.

The Linear Boltzmann Transport (LBT) model implements pQCD energy loss based on a Higher Twist
gluon radiation spectrum induced by elastic scattering, and describes the evolution of jet and recoiling
medium particles through the thermal medium with linear Boltzmann equations. An effective strong
coupling constant as is taken as a free parameter fit to experimental data. The model calculations are
performed according to the methods in Ref. [25]. No systematic uncertainties were provided for this
calculation.

Soft Collinear Effective Theory with Glauber gluons (SCETG) builds on the approach of Soft Collinear
Effective Theory (SCET), in which the jet cross-section is factorized into a “hard function" corresponding
to the initial scattering, and a “jet function" corresponding to the fragmentation of a hard-scattered parton
into a jet. In SCETG, jet energy loss in heavy-ion collisions is implemented by interactions of jet partons
with the hot QCD medium in an effective field theory via the exchange of “Glauber" gluons, encapsulated
in an in-medium jet function. The predictions were performed according to Ref. [29] but with minor
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Figure 5: The 'AA of ' = 1.0 jets as a function of �'12 is compared to theoretical calculations from the Hybrid
model [17, 30, 31]. Results are shown for 200�251 GeV jets with |[ | < 1.3 in 0–10% Pb+Pb collisions. The
theory is displayed as coloured bands corresponding to resolution lengths, !res = 0, 1/(c)), 2/(c)), and !res!1.
The vertical bars on the data points indicate statistical uncertainties, while the shaded boxes indicate systematic
uncertainties. The coloured boxes at 'AA = 1 represent the fractional uncertainties in h)AAi (green) and the ??

luminosity (magenta), which affect the overall normalisation.

suppression. As a whole, the comparisons presented in Figure 4 show that the new measurement allows one
to fully quantify the onset of the increase in 'AA with decreasing angular separation of the two sub-jets.

A comparison of the data to theoretical calculations from the Hybrid model [17, 30, 31] is presented
in Fig. 5. In the Hybrid model framework, !res represents the earlier discussed resolution length and
parametrizes the ability of the medium to resolve the substructure of the jet. The measurement disfavors
extreme resolution lengths, namely !res = 0 and !res ! 1, where the exclusion of the latter case was
already discussed in [30]. The data exhibit a mild preference for !res = 1/(c)) over !res = 2/(c)). This
comparison demonstrates that the presented measurement has a substantial constraining power on the
medium resolution scale and thus should help to quantify the impact of color coherence on measured jet
suppression.

8 Conclusion

This Letter presents a measurement of the jet substructure-dependent suppression of large-' jets performed
with the ATLAS detector at the LHC using 1.72 nb�1 and 255 pb�1 samples of Pb+Pb and ?? collision
data, respectively, collected at a centre-of-mass energy of 5.02 TeV per colliding nucleon pair. The jets
were reconstructed using the anti-:C algorithm with ' = 1.0 by reclustering ' = 0.2 jets with ?T > 35 GeV
following the strategy used in a recently published ATLAS analysis. To study the substructure of large-'
jets, charged-particle tracks were used, allowing a definition of the two leading sub-jets, their angular
separation (�'12), and :C splitting scale (

p
312). The measurement is corrected to the particle level and

presented in bins of jet ?T and collision centrality for jets with |[ | < 1.3 and ?T above 200 GeV.
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collisions compared to pp collisions, the di�erence between the two distributions is evaluated for the pjet
T

and centrality intervals used in this analysis:

Nch |cent ⌘
π pT,max

pT,min

�
D(pT)|cent � D(pT)|pp

�
dpT,

where “cent” represents one of the six centrality intervals, and the values of pT,min and pT,max are boundaries
of the low pT enhancement region, chosen to be 1.0 and 4.2 GeV, respectively. In addition, the pT-weighted
di�erence between the same quantities is also computed:

Pch
T |cent ⌘

π pT,max

pT,min

�
D(pT)|cent � D(pT)|pp

�
pTdpT.

The Pch
T |cent represents the total transverse momentum carried by particles in the low pT enhancement

region. The dependence of Nch |cent and Pch
T |cent on pjet

T and centrality is presented in Figure 23. Overall,
both quantities are found to increase as a function of pjet

T and collision centrality. In the most central
collisions, Nch increases from approximately 1.5 to 2.0 particles over the pjet

T range of this measurement.
The amount of transverse momentum carried by these particles increases from approximately 2.5 GeV
to 4 GeV over the same pjet

T range. In peripheral collisions, the number of particles contributing to
the enhancement is much smaller, approximately 0.2 particles carrying less than 0.5 GeV of transverse
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R-dependence of jet suppression ALICE Collaboration
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Figure 8: Double ratio of jet nuclear modification factors using RR=0.2
AA as the denominator and using R = 0.4 (left)

and R = 0.6 (right) as the numerator compared to model predictions for central (top row) and semi-central (bottom
row) collisions. Note that a comparison to JEWEL with recoils was omitted from the top right plot as its prediction
is out of scale.

8 Summary

A new ML-based background estimator was applied to measure inclusive charged-particle jets with res-
olution parameters up to R = 0.6 in Pb–Pb collisions at the LHC. The ML-based approach leads to sig-
nificantly reduced residual background fluctuations compared to the area-based method (Fig. 1). This
improvement is achieved at the expense of an additional systematic uncertainty from the fragmentation
dependence of the background estimator (Figs. 2 and 5, Tabs. 1, 2, and 3). Still, this method allowed for
the measurement of R = 0.6 jets down to a low jet pT of 40 GeV/c in central (0–10%) Pb–Pb collisions
for the first time. Using the new estimator, the transverse momentum spectra (Fig. 3), nuclear modifica-
tion factors (Figs. 4 and 6), cross section ratios (Fig. 7), and nuclear modification double ratios (Fig. 8)
of charged-particle jets in Pb–Pb collisions at

p
sNN = 5.02 TeV could be measured. Comparing the

nuclear modification factors for different resolution parameters indicates increased jet suppression with
increasing R, most significantly for the R = 0.6 jets. This is also reflected in the ratios of jet cross sec-
tions reconstructed with different R values measured in Pb–Pb collisions, which also deviate from the pp
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jet
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Figure 8: The azimuthal correlation of photons and jets in five p
g
T intervals for 0–30% centrality

(top, full circles) and 30–100% centrality (bottom, full squares) PbPb collisions. The data points
shown are identical to those in Fig. 2. Theoretical calculations from JEWEL [37, 60], LBT [34],
and hybrid model [35, 36] are included for comparison.
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Figure 9: The xjg distributions in five p
g
T intervals for 0–30% centrality (top, full circles) and 30–

100% centrality (bottom, full squares) PbPb collisions. The data points shown are identical to
those in Fig. 3. Theoretical calculations from JEWEL [37, 60], LBT [34], and hybrid model [35, 36]
are included for comparison.
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Figure 8: The azimuthal correlation of photons and jets in five p
g
T intervals for 0–30% centrality

(top, full circles) and 30–100% centrality (bottom, full squares) PbPb collisions. The data points
shown are identical to those in Fig. 2. Theoretical calculations from JEWEL [37, 60], LBT [34],
and hybrid model [35, 36] are included for comparison.
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Figure 9: The xjg distributions in five p
g
T intervals for 0–30% centrality (top, full circles) and 30–

100% centrality (bottom, full squares) PbPb collisions. The data points shown are identical to
those in Fig. 3. Theoretical calculations from JEWEL [37, 60], LBT [34], and hybrid model [35, 36]
are included for comparison.
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Figure 8: The azimuthal correlation of photons and jets in five p
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shown are identical to those in Fig. 2. Theoretical calculations from JEWEL [37, 60], LBT [34],
and hybrid model [35, 36] are included for comparison.
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Figure 9: The xjg distributions in five p
g
T intervals for 0–30% centrality (top, full circles) and 30–

100% centrality (bottom, full squares) PbPb collisions. The data points shown are identical to
those in Fig. 3. Theoretical calculations from JEWEL [37, 60], LBT [34], and hybrid model [35, 36]
are included for comparison.
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Figure 8: The azimuthal correlation of photons and jets in five p
g
T intervals for 0–30% centrality

(top, full circles) and 30–100% centrality (bottom, full squares) PbPb collisions. The data points
shown are identical to those in Fig. 2. Theoretical calculations from JEWEL [37, 60], LBT [34],
and hybrid model [35, 36] are included for comparison.
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Figure 9: The xjg distributions in five p
g
T intervals for 0–30% centrality (top, full circles) and 30–

100% centrality (bottom, full squares) PbPb collisions. The data points shown are identical to
those in Fig. 3. Theoretical calculations from JEWEL [37, 60], LBT [34], and hybrid model [35, 36]
are included for comparison.
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and hybrid model [35, 36] are included for comparison.
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๏If the plasma is such a good fluid: 

https://en.wikipedia.org/wiki/Shock_wave

๏We should see wakes!
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Figure 2. Velocity field vx created by a jet moving along the x̂ direction (c2s = 1/3,
Γs = 1/(4πT ), σ = Γs). The jet is assumed to disappear at t = 7 fm while the spectrum
calculated at t = 10 fm. The two figures (a) and (b) are for scenarios 1 and 2, respectively. The
values of the parameters are arbitrary. Note that in (a) matter moves preferentially along the x̂
direction, while in (b) it is in the Mach direction (1).

where V is the volume of the fireball and Tfrzt is the freeze-out temperature. According to our
approximation, we expand the exponent to first order in the perturbation. We can now discuss
two opposite regimes in the spectrum:

Low energy particles E ∼ Tfrzt. In this region we can expand the exponential in (3) and
express the spectrum in terms of the energy and momentum deposited (to first order):

dN

d3p
= e

−
E

Tfrzt

(

V +
E

Tfrzt

Edep

ε0 + p0
+

$P

Tfrzt

$Pdep

ε0 + p0

)

. (16)

One finds that soft particles are insensitive to the particular shape of the flow field and their
angular dependence is just a cosine of the relative angles of the observed particle and the jet.

High energy particles E >> Tfrzt which compensates the smallness of the flow velocity.
The integral is now dominated by the maximum of the exponent. Thus, only the points of
maximum modifications of hydrodynamic fields contribute to the final spectrum. It is clear
then that in the scenario 1 the diffusion mode totally dominates the spectrum and there are no
angular correlations related to the speed of sound. However, in the second scenario one does
not excite that mode, and the final spectrum do reflect the shape of the sonic disturbance.

In order to illustrate the effect of the modification of the final particle production due to a
jet moving with y = 0 and φ = π, we show in Fig.3 the normalized spectrum defined as follows:

C =
1

Q

dN

dyd2pt
(y = 0, pt,φ) , Q =

∫ 2π

0
dφ

dN

dyd2pt
(y = 0, pt,φ) . (17)

We observe that, as claimed, the effect of the diffusion mode hides the Mach cone in the final
production. As a consequence, we do not observe such a structure in fig Fig.3(a); we do observe
it, however, in Fig.3(b), where such mode is not excited.

The parameters in Fig.3 are arbitrary (with the exception of Γs, which is set to its minimal
bound [12]), and are chosen as a matter of illustration. Let us remark that these spectra are
very sensitive to the value of Γs, which could provide a experimental constraint on its value,
provided a correct understanding of the deposition process.

๏If the plasma is such a good fluid: 

https://en.wikipedia.org/wiki/Shock_wave

๏Long speculated to exist

๏We should see wakes!

JCS, Teaney, Suryak 04
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๏Long speculated to exist

๏We should see wakes!

๏Observed in theoretical calculations

Chester & Yaffe 06

๏ A defining feature of our hybrid model 
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Figure 12: The double ratio R
R

AA/R
R=0.2
AA for jets with |hjet| < 2.0, as a function of R, for R = 0.3–

1.0 with respect to R = 0.2, in various p
jet
T ranges for the 0–10% centrality class. The statisti-

cal uncertainties of data are shown as the vertical lines, whereas the systematic uncertainties
are shown as the shaded boxes. The width of the boxes carries no meaning. The predictions
from the HYBRID (dark orange, brown and yellow), MARTINI (purple), and LBT (lime and dark
green) models are compared to the data as colored bands.

๏ Evidence for wakes was hard to extract from data.
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๏ Evidence for wakes was hard to extract from data.
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with each other.

The correlations as a function of the rapidity difference between the charged hadrons and the
Z boson, Dych,Z, are presented in Fig. 2. To focus on the Z direction, the rapidity difference dis-
tributions include only particles with Dfch,Z < p/2. Because of this azimuthal angle selection,
these spectra do not average to zero. On the Z boson side, the correlations are sensitive to the
medium-recoil effect, which would appear as a dip structure at Dych,Z ⇠ 0 relative to the pp
reference. As shown in all panels in Fig. 2, the normalized associated yield for pp data on the
Z boson side is smaller than zero. The same measurement is also performed with PbPb data.
At low p

ch
T (1 < pT < 2 GeV), the 0–30% centrality PbPb data are below the pp reference, with

a significance greater than 3s using a c2 test between the pp and PbPb data. This difference
diminishes for 2 < pT < 4 GeV. For the highest pT bin (4 < pT < 10 GeV), the 0–30% centrality
PbPb data are higher than the pp reference. This phenomenon is consistent with expectations
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Figure 1: The Dfch,Z spectra for events with Z boson p
Z
T > 40 GeV in pp and PbPb collisions.

The filled circles (squares) are the PbPb (pp) data and the open circles (squares) are reflected
data. The pp data are identical across panels with different centrality intervals. The verti-
cal bars and shaded boxes represent the statistical and systematic uncertainties, respectively.
The results are presented in centrality intervals of 0–30% (top row, red), 30–50% (middle row,
purple), and 50–90% (bottom row, yellow) and in the charged-hadron p

ch
T intervals of 1–2 (left

column), 2–4 (middle column) and 4–10 GeV (right column).

The PbPb data are also compared to jet quenching models. The “PYTHIA-quenched” (PYQUEN
1.5.3) model approximates radiative and collisional energy loss without strictly enforcing local
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The correlations as a function of the rapidity difference between the charged hadrons and the
Z boson, Dych,Z, are presented in Fig. 2. To focus on the Z direction, the rapidity difference dis-
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these spectra do not average to zero. On the Z boson side, the correlations are sensitive to the
medium-recoil effect, which would appear as a dip structure at Dych,Z ⇠ 0 relative to the pp
reference. As shown in all panels in Fig. 2, the normalized associated yield for pp data on the
Z boson side is smaller than zero. The same measurement is also performed with PbPb data.
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Z boson side is smaller than zero. The same measurement is also performed with PbPb data.
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a significance greater than 3s using a c2 test between the pp and PbPb data. This difference
diminishes for 2 < pT < 4 GeV. For the highest pT bin (4 < pT < 10 GeV), the 0–30% centrality
PbPb data are higher than the pp reference. This phenomenon is consistent with expectations
of jet quenching, likely driven by the suppression of the jet-side yield and potential large-angle
parton-medium scattering. In the most peripheral PbPb collisions (centrality 50–90%), the dif-
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Figure 1: The Dfch,Z spectra for events with Z boson p
Z
T > 40 GeV in pp and PbPb collisions.

The filled circles (squares) are the PbPb (pp) data and the open circles (squares) are reflected
data. The pp data are identical across panels with different centrality intervals. The verti-
cal bars and shaded boxes represent the statistical and systematic uncertainties, respectively.
The results are presented in centrality intervals of 0–30% (top row, red), 30–50% (middle row,
purple), and 50–90% (bottom row, yellow) and in the charged-hadron p

ch
T intervals of 1–2 (left

column), 2–4 (middle column) and 4–10 GeV (right column).

The PbPb data are also compared to jet quenching models. The “PYTHIA-quenched” (PYQUEN
1.5.3) model approximates radiative and collisional energy loss without strictly enforcing local
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Fewer particles produced on the Z side
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Direct measurement of the wake

8

which of the theoretical models including medium-recoil effects best matches the data.
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Figure 3: Upper row: Distributions of Dfch,Z in 0–30% centrality PbPb collisions in the charged
hadron p

ch
T intervals of 1–2 (left column), 2–4 (middle column) and 4–10 GeV (right column).

Lower row: The differences between the PbPb and pp distributions. The filled circles are PbPb
data and the open circles are reflected data. The vertical bars and shaded boxes represent the
statistical and systematic uncertainties, respectively. The results are compared to predictions
from theoretical models.

8 Summary
This Letter presents the first measurement of correlations between Z bosons and charged hadrons
in bins of charged-hadron transverse momentum (pT) and event centrality for lead-lead (PbPb)
collisions at a nucleon-nucleon center of mass energy of 5.02 TeV and proton-proton (pp) col-
lisions at the same energy. By studying the hadrons produced along with the Z boson, the
analysis probes parton-medium interactions, including modifications to parton showers and
medium response. The charged-hadron rapidity and azimuthal angle distributions relative to
the direction of Z bosons with 40 < p

Z
T < 350 GeV are extracted. The analysis utilizes pp (PbPb)

data from 2017 (2018) with an integrated luminosity of 301 pb�1 (1.67 nb�1).

The normalized associated yield of charged hadrons in Z boson-tagged events is measured in
bins of the differences in azimuthal angle (Dfch,Z) and in rapidity (Dych,Z) and is compared be-
tween the PbPb and reference pp data. For low-pT (1 < pT < 2 GeV) charged hadrons in PbPb
collisions, a dip at Dfch,Z ⇠ 0 indicates the presence of a negative medium wake or medium
holes. An excess at Dfch,Z ⇠ p suggests medium-induced radiation, medium recoils, and/or
momentum-broadening effects. Central PbPb collisions show larger modulation in the Dfch,Z
distribution than pp data for these low-pT charged hadrons, a difference which diminishes in
more peripheral events. For particles with higher pT ( of 4 � 10 GeV), a reduction in the jet-side
normalized associated yield is consistent with jet quenching. The Dych,Z distribution shows
significant deviations in central PbPb collisions with respect to the pp reference, especially at
low charged-hadron pT, where the PbPb yield is lower than that in pp collisions near the Z
boson (|Dych,Z| ⇠ 0).

The PbPb data are then compared to a variety of theoretical models including different imple-
mentations of jet energy loss and the medium response. Models that do not include medium
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which of the theoretical models including medium-recoil effects best matches the data.
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ch
T intervals of 1–2 (left column), 2–4 (middle column) and 4–10 GeV (right column).

Lower row: The differences between the PbPb and pp distributions. The filled circles are PbPb
data and the open circles are reflected data. The vertical bars and shaded boxes represent the
statistical and systematic uncertainties, respectively. The results are compared to predictions
from theoretical models.

8 Summary
This Letter presents the first measurement of correlations between Z bosons and charged hadrons
in bins of charged-hadron transverse momentum (pT) and event centrality for lead-lead (PbPb)
collisions at a nucleon-nucleon center of mass energy of 5.02 TeV and proton-proton (pp) col-
lisions at the same energy. By studying the hadrons produced along with the Z boson, the
analysis probes parton-medium interactions, including modifications to parton showers and
medium response. The charged-hadron rapidity and azimuthal angle distributions relative to
the direction of Z bosons with 40 < p

Z
T < 350 GeV are extracted. The analysis utilizes pp (PbPb)

data from 2017 (2018) with an integrated luminosity of 301 pb�1 (1.67 nb�1).

The normalized associated yield of charged hadrons in Z boson-tagged events is measured in
bins of the differences in azimuthal angle (Dfch,Z) and in rapidity (Dych,Z) and is compared be-
tween the PbPb and reference pp data. For low-pT (1 < pT < 2 GeV) charged hadrons in PbPb
collisions, a dip at Dfch,Z ⇠ 0 indicates the presence of a negative medium wake or medium
holes. An excess at Dfch,Z ⇠ p suggests medium-induced radiation, medium recoils, and/or
momentum-broadening effects. Central PbPb collisions show larger modulation in the Dfch,Z
distribution than pp data for these low-pT charged hadrons, a difference which diminishes in
more peripheral events. For particles with higher pT ( of 4 � 10 GeV), a reduction in the jet-side
normalized associated yield is consistent with jet quenching. The Dych,Z distribution shows
significant deviations in central PbPb collisions with respect to the pp reference, especially at
low charged-hadron pT, where the PbPb yield is lower than that in pp collisions near the Z
boson (|Dych,Z| ⇠ 0).

The PbPb data are then compared to a variety of theoretical models including different imple-
mentations of jet energy loss and the medium response. Models that do not include medium
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Study: The infant universe’s “primordial soup”
was actually soupy
MIT physicists observed the first clear evidence that quarks
create a wake as they speed through quark-gluon plasma,
confirming the plasma behaves like a liquid.

Jennifer Chu | MIT News
January 28, 2026

A quark zooms through quark-gluon plasma, creating a wake in the plasma. “Studying how quark

wakes bounce back and forth will give us new insights on the quark-gluon plasma’s properties,”

Yen-Jie Lee says.

Credit: Jose-Luis Olivares, MIT

In its first moments, the infant universe was a trillion-degree-hot soup of

quarks and gluons. These elementary particles zinged around at light speed,
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๏New flow signature beyond azimuthal flow

๏ Sensitive to different sizes (partonic)

๏ A harder challenge for hydrodynamics

๏ They probe thermalization in a new regime

๏ Characterizing wakes leads to different constraints on viscosities

๏Fast, detailed simulations will be crucial to unlock its physics.


