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Quantum chromodynamics at high temperatures

Lattice QCD predicts rapid change in 
hadronic thermodynamic properties at critical 
temperature Tc ≈ 155 MeV  

Formation of quark-gluon plasma (QGP) 

✓ Quarks & gluons no longer confined 

Crossover phase transition for matter-antimatter 
symmetric system 

✓ Accompanied by chiral symmetry restoration
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Hot QCD, PRD 90 (2014) 094503
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Worldwide QGP studies

QGP at LHC has highest temperatures at  MeV 

✓ Similar to early universe ~10-6 seconds after big bang 

Ongoing high energy nuclear collisions at RHIC →  new 
sPHENIX detector and STAR 

✓  Other programs at lower energies (e.g. SPS, FAIR) 

μb ≈ 0
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Emergent phenomena in deconfined systems
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What are the thermodynamic and global properties of hot 
QCD matter?  

How does the QGP evolve dynamically? 

What is the nature of microscopic interactions in the QGP? 

What are the broader impacts of QGP physics?

1
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ALICE Review Paper, arXiv:2211.04384

https://arxiv.org/abs/2211.04384
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QGP temperature from direct photons 
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Photons produced in heavy-ion collisions at all stages 

✓ Offer direct handle on average temperature 

✓ Blue shifted temperatures 300 → 480 MeV 

✓ Higher than required QGP temperature  155 MeV≈)c (GeV/
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Di-electron production in Pb-Pb collisions
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Virtual photons in QGP produce finite mass electron-
positron pairs 

Ideal probe as invariant mass spectrum can 
determine QGP temperature without blue-shift 

Current results dominated by background from 
hadronic decays 

✓ Recent/future ALICE upgrades enhance signal and 
reduce relative contribution from backgrounds

Raphaelle Bailhache, Goethe-University Frankfurt                                             Low mass dielectron meaurements  with ALICE

Dielectron production in central Pb—Pb at sNN = 5.02 TeV
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R. Munzer, Thursday at 17.25
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Speed of sound and transition temperature
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Hydrodynamic model + LHC data → QGP speed of sound 

✓ Chemistry of produced hadrons described by thermal 
model over many orders of magnitude 

✓ Chemical freeze-out temperature Tchem ≈ Tc

4

FIG. 3. Estimate of the theoretical uncertainty on the e↵ec-
tive temperature. Variation of hpti and Te↵ as a function of
the freeze-out temperature in ideal hydrodynamic simulations
of central Pb+Pb collisions at

p
sNN = 5.02 TeV. Lines are

drawn to guide the eye.

measure of the entropy at freeze-out. The e↵ective en-
tropy density is then related to the multiplicity through
the formula:

s(Te↵) =
1

Ve↵

S

Nch

dNch

dy
, (4)

where dNch/dy denotes the multiplicity per unit rapidity
(see Methods), while for the entropy per particle we use
S/Nch = 6.7±0.8, obtained in a recent analysis [25]. The
theoretical uncertainty on Ve↵ depends on both transport
coe�cients and initial conditions. The uncertainty due
to transport coe�cients can be evaluated from Fig. 2 (d)
and is of the order of 15%. The uncertainty due to the
initial size is comparable. Di↵erent models of initial con-
ditions give values of R0 (see Eq. (2)) that di↵er from
the one used in our calculation by up to 3.5%. Since Ve↵

is proportional to R3
0, this results in a 11% uncertainty

on Ve↵ . Taking dNch/d⌘ from ALICE data [15] and Ve↵

from the ideal hydrodynamic calculation in Fig. 2 (d), as-
suming that dN/dy ' 1.15dN/d⌘ near midrapidity [25],
and adding all errors in quadrature, we obtain

s(Te↵) = 20 ± 5 fm�3. (5)

With Eq. (3), this gives s(Te↵)/T 3
e↵ = 14± 3.5, in agree-

ment with ab-initio calculations (see Fig. 4, top).
We finally evaluate the speed of sound by varying the

collision energy. Increasing energy at a fixed central-
ity amounts to stu�ng more energy in a fixed volume,
and the associated increase in pressure or temperature
gives the compressibility, which is related to the speed
of sound. Quite remarkably, all large sources of un-
certainty (freeze-out temperature, transport coe�cients,
system size) cancel if one considers the relative variation
of hpti and dNch/d⌘ with colliding energy, rather than
their absolute values. The e↵ective volume is essentially
constant as a function of energy, so that the e↵ective
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FIG. 4. Thermodynamic properties of hot strong-interaction
matter — (top) entropy density scaled by T 3 and (bottom)
speed of sound as a function of the temperature T . Magenta
bands are ab-initio calculations using quantum chromody-
namics (QCD) discretised on a lattice [3], where the width
of the band is the uncertainty. Grey boxes display our results
obtained from heavy-ion experimental data with the corre-
sponding uncertainties (see text), as given by Eqs. (3), (5) and
(8). Since the derivative in Eq. (8) is evaluated using the evo-
lution of observables from

p
sNN = 2.76 to

p
sNN = 5.02 TeV,

the relevant temperature is half-way between these two points,
i.e., 5 MeV lower than that given by Eq. (3), and the box in
the bottom panel has been shifted to the left accordingly.

entropy density is proportional to the multiplicity; Anal-
ogously, the e↵ective temperature is proportional to hpti.
This implies:

ds(Te↵)

s(Te↵)
=

dNch

Nch
,

dTe↵

Te↵
=

dhpti
hpti

. (6)

These relative variations do not involve the proportional-
ity coe�cients, which are the dominant source of error for
both quantities. Taking the ratio of the right-hand sides
in Eq. (6), one obtains the velocity of sound at Te↵ [9]:

c2s(Te↵) ⌘ dP

d"
=

sdT

Tds

����
Teff

=
d lnhpti

d ln(dNch/d⌘)
. (7)

We estimate the right-hand side using 0-5% central Pb-
Pb data. We use the values of dNch/d⌘ at 2.76 TeV [26]
and 5.02 TeV [15], which are extrapolated down to pt =

Gardim et al, Nature Physics 16 (2020) 615 

1

Andronic et al, Nature 561 (2018) 7723
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STATISTICAL HADRONIZATION OF LIGHT
QUARKS

The description of particle production in nucleus-
nucleus collisions in the framework of the statistical
hadronization approach is particulary transparent at the
LHC energy where the chemical freeze-out is quantified,
essentially, by the temperature TCF and the volume V
of the produced fireball.

The parameters of the statistical hadronization ap-
proach are obtained with considerable precision by com-
paring to the yields of particles measured by the ALICE
collaboration [54–60]. To match the measurement, the
calculations include all contributions from the strong and
electromagnetic decays of high-mass resonances. For ⇡±,
K±, and K0 mesons, the contributions from heavy fla-
vor hadron decays are also included. The measurement
uncertainty, �, is accounted for as the quadratic sum of
statistical and systematic uncertainties, see below.
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FIG. 1. Hadron abundances and statistical hadronization
model predictions. Here dN/dy values for di↵erent hadrons
measured at midrapidity are compared with the statistical
hadronization analysis. The data are from the ALICE collab-
oration for central Pb–Pb collisions at the LHC. The lower
panel shows the ratio of data and statistical hadronization
predictions with uncertainties determined only from the data.

For the most-central Pb–Pb collisions, the best de-
scription of the ALICE data on yields of particles in
one unit of rapidity at midrapidity, is obtained with
TCF = 156.5 ± 1.5 MeV, µB = 0.7 ± 3.8 MeV, and
V = 5280 ± 410 fm3. This result is an update of the
previous analysis from Ref. [45] using an extended and
final set of data. The standard deviations quoted here

are exclusively due to experimental uncertainties and do
not reflect the systematic uncertainties connected with
the model implementation, as discussed below.

Remarkably, the value of the chemical freeze-out tem-
perature TCF = 156.5± 1.5 MeV and the pseudo-critical
temperature, Tc = 154±9 MeV obtained in LQCD, agree
within errors. This implies that chemical freeze-out takes
place close to hadronization of the QGP, lending also sup-
port to the hadron-parton duality described by Eq. 2.

A comparison of the statistical hadronization results
obtained with the thermal parameters discussed above
and the ALICE data for particle yields is shown in Fig. 1.
Impressive overall agreement is obtained between the
measured particle yields and the statistical hadroniza-
tion analysis. The agreement spans nine orders of magni-
tude in abundance values, encompasses strange and non-
strange mesons, baryons including strange and multiply-
strange hyperons as well as light nuclei and hypernuclei
and their anti-particles. A very small value for the baryo-
chemical potential µB = 0.7± 3.8 MeV, consistent with
zero, is obtained, as expected by the observation of equal
production of matter and antimatter at the LHC [61].

The largest di↵erence between data and calculations
is observed for proton and antiproton yields, where a
deviation of 2.7� is obtained. This di↵erence is con-
nected with an unexpected and puzzling centrality de-
pendence of the ratio (p+ p̄)/(⇡++⇡�) [54], see, in par-
ticular, Fig. 9 of this reference. As discussed below, the
other ratios (hadrons/pions) increase towards more cen-
tral collisions until a plateau (the grand-canonical limit)
is reached. The peculiar behavior of the (p+p̄)/(⇡++⇡�)
at LHC energy is currently not understood. Arguments
that this might be connected to annihilation of baryons
in the hadronic phase after chemical freeze-out [62] are
not supported by the results of recent measurements of
the relative yields of strange baryons to pions [63].

A further consequence of the vanishing baryo-chemical
potential is that also the strangeness chemical potential
µS vanishes. This implies that the strangeness quan-
tum number plays no role anymore for the particle pro-
duction. In the fireball the yield of strange mesons
and (multi-)strange baryons is exclusively determined by
their mass M and spin degeneracy (2J + 1) in addition
to the temperature T .

The thermal origin of all particles including light nuclei
and anti-nuclei is particularly transparent when inspect-
ing the change of their yields with particle mass. This is
shown in Fig. 2 where the measured yields, normalized
to the spin degeneracy, are plotted as a function of the
mass M . This demonstrates explicitly that the normal-
ized yields exclusively depend on M and T . For heavy
particles (M � T ) without resonance decay contribu-
tions their normalized yield simply scales with mass as
M3/2 exp (�M/T ), illustrated by the nearly linear de-
pendence observed in the logarithmic representation of
Fig. 2. We note that, for the subset of light nuclei, the
statistical hadronization predictions are not a↵ected by
resonance decays. For these nuclei, a small variation in

 MeVTchem ≈ 155

https://www.nature.com/articles/s41567-020-0846-4
https://www.nature.com/articles/s41586-018-0491-6
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QGP size and lifetime 
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Quantum correlations of low momentum 
hadrons emitted from QGP can measure 
source size and lifetime  

✓ Femtoscopic technique  

Volume twice as large as top RHIC energy 

✓ LHC QGP timeline  10 fm/c 

Femtoscopy also used to explore hadron-
hadron strong interaction potentials 

≈

ALICE, PLB 696 (2011) 328-337

1

V. Mantovani Sarti, 
Tuesday at 9.25

ALICE Collaboration
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Fig. 4: Product of the three pion HBT radii at kT = 0.3 GeV/c. The ALICE result (red filled dot) is compared

to those obtained for central gold and lead collisions at lower energies at the AGS [35], SPS [36, 37, 38], and

RHIC [39, 40, 41, 42, 30, 43].

The systematics of the product of the three radii is shown in Fig. 4. The product of the radii, which is
connected to the volume of the homogeneity region, shows a linear dependence on the charged-particle
pseudorapidity density and is two times larger at the LHC than at RHIC.

Within hydrodynamic scenarios, the decoupling time for hadrons at midrapidity can be estimated in the
following way. The size of the homogeneity region is inversely proportional to the velocity gradient of
the expanding system. The longitudinal velocity gradient in a high energy nuclear collision decreases
with time as 1/τ [52]. Therefore, the magnitude of Rlong is proportional to the total duration of the
longitudinal expansion, i.e. to the decoupling time of the system [31]. Quantitatively, the decoupling
time τ f can be obtained by fitting Rlong with

Rlong
2(kT ) =

τ2
f T

mT

K2(mT/T )

K1(mT/T )
, mT =

√

m2
π + k2

T , (2)

where mπ is the pion mass, T the kinetic freeze-out temperature taken to be 0.12 GeV, and K1 and K2 are
the integer order modified Bessel functions [31, 53]. The decoupling time extracted from this fit to the
ALICE radii and to the values published at lower energies are shown in Figure 5. As can be seen, τ f scales
with the cube root of charged-particle pseudorapidity density and reaches 10–11 fm/c in central Pb–Pb
collisions at

√
sNN = 2.76 TeV. It should be kept in mind that while Eq. (2) captures basic features of a

longitudinally expanding particle-emitting system, in the presence of transverse expansion and a finite
chemical potential of pions it may underestimate the actual decoupling time by about 25% [54]. An
uncertainty is connected to the value of the kinetic freeze-out temperature used in the fit T = 0.12 GeV.
Setting T to 0.1 GeV [55, 36, 30, 56] and 0.14 GeV [57] leads to a τ f value that is 13% higher and 10%
lower, respectively.

7 Summary

We have presented the first analysis of the two-pion correlation functions in Pb–Pb collisions at
√

sNN =
2.76 TeV at the LHC. The pion source radii obtained from this measurement exceed those measured at
RHIC by 10-35%. The increase is beyond systematic errors and is present for both the longitudinal and

8

https://www.sciencedirect.com/science/article/pii/S0370269310014565
https://indico.cern.ch/event/1198609/contributions/5316851/
https://indico.cern.ch/event/1198609/contributions/5316851/
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Development of flow in a QGP

10

Spatially anisotropic initial state induces momentum anisotropy via QGP response 

✓ Characterised by anisotropic flow coefficients vn → Amplitudes of cosine contributions

8
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FIG. 2. (Color online) The steps involved in
the extraction of vn values for 2–3 GeV fixed-
pT correlations in the 0–5% centrality in-
terval: (a) two-dimensional correlation func-
tion, (b) the one-dimensional ∆φ correlation
function for 2 < |∆η| < 5 (re-binned into 100
bins), overlaid with contributions from the
individual vn,n components and their sum,
as well as the residual difference between the
data and the sum, (c) Fourier coefficient vn,n

vs. |∆η| for n = 1–6, and (d) vn vs. |∆η|
for n = 2–6. The shaded bands in (c) and
(d) indicate the systematic uncertainties as
described in the text.

are expected to mostly cancel in the correlation function,
and only a small fraction contributes to the uncertainties
of the pair acceptance function. Three possible residual
effects for vdetn,n are studied: 1) the time dependence of
the pair acceptance, 2) the effect of imperfect centrality
matching, and 3) the effect of imperfect zvtx matching.
In each case, the residual vdetn,n values are evaluated by
a Fourier expansion of the ratio of the pair acceptances
before and after the variation. Overall, significant devi-
ations are observed only for the effect of imperfect zvtx
matching, and they are generally larger for narrower |∆η|
ranges and higher pT.

The systematic uncertainty of the pair acceptance is
the quadrature sum of these three estimates, which is
δvn,n = (2.5–8) × 10−6 depending on n, pT, and the
width of |∆η| interval. This absolute uncertainty is prop-
agated to the uncertainty in vn, and it is the dominant
uncertainty when vn is small, e.g. for v6. Moreover, re-
sults for inclusive charged particles are compared to those
obtained independently using same-charge and opposite-
charge pairs. These two types of correlations have some-
what different pair acceptances due to different relative
bending directions between the two tracks. They are
found to give consistent results for n ≤ 6, where the vn,n
values are dominated by physics effects. However, small
systematic deviations are observed for n ≥ 8, where the

vn,n values are expected to be dominated by acceptance
effects. Therefore, the systematic uncertainty also in-
cludes the RMS difference of the vn,n values averaged for
8 ≤ n ≤ 15 between the two types of correlations. This
uncertainty is usually much smaller than those associated
with vdetn,n, except for large pT.

The second type of systematic uncertainty includes the
sensitivity of the analysis to track quality cuts, variation
between different running periods, trigger and event se-
lection, as well as the ability to reproduce the input vn
in fully simulated, digitized and reconstructed HIJING
events with azimuthal anisotropy imposed on the gen-
erated particles. Most systematic uncertainties cancel
for the correlation function when dividing the foreground
and background distributions. The estimated residual ef-
fects are summarized in Table VI.

The total systematic uncertainties are the quadra-
ture sum of the uncertainties calculated from pair ac-
ceptance, the RMS difference of the vn,n averaged for
8 ≤ n ≤ 15 between the same-charge and opposite-charge
correlations, and those listed in Table VI. They are then
propagated to uncertainties for vn. These uncertainties
are plotted as shaded bands around the data points in
Figs. 2(c) and 2(d). Most of these uncertainties are cor-
related between different pT ranges. However, a fraction
of them are found to be uncorrelated with pT, coming

ATLAS, PRC 86 (2012) 014907

2

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.86.014907
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The almost perfect liquid
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Global QGP radial and anisotropic expansion described by hydrodynamics for light hadrons 

✓ Achieved with QGP equation of state and small but finite QGP viscosities

LETTERS
https://doi.org/10.1038/s41567-019-0611-8

Department of Physics, Duke University, Durham, NC, USA. *e-mail: jonah.bernhard@gmail.com

Ultrarelativistic collisions of heavy atomic nuclei produce an 
extremely hot and dense phase of matter, known as quark–
gluon plasma (QGP), which behaves like a near-perfect fluid 
with the smallest specific shear viscosity—the ratio of the 
shear viscosity to the entropy density—of any known sub-
stance1. Due to its transience (lifetime!~!10−23!s) and micro-
scopic size (10−14!m), the QGP cannot be observed directly, 
but only through the particles it emits; however, its character-
istics can be inferred by matching the output of computational 
collision models to experimental observations. Previous work, 
using viscous relativistic hydrodynamics to simulate QGP, 
has achieved semiquantitative constraints on key physical 
properties, such as its specific shear and bulk viscosity, but 
with large, poorly defined uncertainties2–8. Here, we present 
the most precise estimates so far of QGP properties, includ-
ing their quantitative uncertainties. By applying established 
Bayesian parameter estimation methods9 to a dynamical colli-
sion model and a wide variety of experimental data, we extract 
estimates of the temperature-dependent specific shear and 
bulk viscosity simultaneously with related initial-condition 
properties. The method is extensible to other collision models 
and experimental data and may be used to characterize addi-
tional aspects of high-energy nuclear collisions.

In normal matter, quarks and gluons are bound by the strong 
force into composite particles known as hadrons, such as protons 
and neutrons. At extreme temperature and density, discrete had-
rons transform into a fluid-like medium of deconfined quarks 
and gluons called the QGP. Quantum chromodynamics (QCD), 
the theory of the strong interaction, predicts that this transforma-
tion is a smooth crossover10 located at pseudocritical temperature 
Tc = 156.5 ± 1.5 MeV. Such temperatures—about 2 × 1012 K, over 
100,000 times hotter than the core of the Sun—materialized in the 
early Universe, moments after the Big Bang (t ! 1

I
 s).

Currently, two particle accelerator facilities, the Relativistic 
Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC), 
collide heavy nuclei with sufficient energy to create transient 
droplets of QGP. A single heavy-ion collision event can produce 
tens of thousands of particles, whose associated raw data are then 
reduced into observable quantities, such as particle multiplici-
ties and distributions of the magnitude of transverse momentum 
(pT ¼ ðp2x þ p2yÞ

1=2

I
). Another important measurement is the dis-

tribution of the azimuthal angle of transverse momentum, which 
often exhibits large azimuthal anisotropy. This is driven by spatial 
anisotropy in the initial collision geometry, which is converted to 
final-state momentum anisotropy by the hydrodynamic evolution 
of the medium. The observed momentum anisotropy, quantified by 
flow (Fourier) coefficients11,12 vn, is considered to be key evidence 
of collective flow in heavy-ion collisions13. (Similar behaviour has 
also been observed in ultracold quantum gases14 with comparable 

initial geometry, and is regarded as a general feature of strongly 
interacting systems.) The efficiency of the initial-state to final-state 
conversion depends strongly on the shear viscosity of the medium, 
typically expressed as the specific shear viscosity η/s, that is, the 
dimensionless ratio to the entropy density in natural units; larger 
η/s suppresses collective flow and reduces the vn. Previous work2–8 
has estimated η/s by matching the output of hydrodynamic model 
calculations to experimental observations of elliptic flow v2, trian-
gular flow v3 and other flow observables.

Computational collision models generally follow a multistage 
approach, mimicking the true stages of heavy-ion collisions15: 
after a brief pre-equilibrium stage of approximate duration 1 fm c–1 
(≈3.3 × 10−24 s, the time it takes light to travel 1 fm = 10−15 m) at the 
onset of the collision, the system equilibrates into QGP and begins 
to expand hydrodynamically. A viscous relativistic hydrodynamics 
model is used to calculate the spacetime evolution of the QGP and 
its transition to a hadron fluid at Tc, followed by a Boltzmann trans-
port model simulating the later reaction stages. The virtual particles 
that are output by the transport model are then used to compute 
observables analogously to experimental methods.

In this work, we apply Bayesian parameter estimation methods  
to determine fundamental properties of the QGP, including its 

Bayesian estimation of the specific shear and bulk 
viscosity of quark–gluon plasma
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Everything flows 
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Charm and bottom quarks also couple with QGP medium and flow
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Figure 2: The elliptic, v2 (upper panels), and the triangular, v3 (lower panels), flow coefficients
of nonprompt and prompt (from Ref. [18]) D0 mesons as functions of their pT and in three
bins of centrality. The bars and the boxes represent statistical and systematic uncertainties,
respectively.

flow signal is weaker for nonprompt than for prompt D0 mesons, but the difference is not as
large as that for the elliptic flow. Measurements of b hadrons decaying into D0 mesons suggest
positive v3 for D0 mesons of pT ⇠ 5 GeV/c. The ATLAS Collaboration v3 results for b hadrons
decaying into muons with pT > 4 GeV/c were found to be consistent with zero [19].

Figure 3 shows the measured nonprompt D0 meson vn coefficients compared with theoretical
calculations that have different modeling of the b quark flow. The PHSD model is a micro-
scopic off-shell transport model based on a Boltzmann transport equation approach, and in-
cludes only collisional energy loss [49]. The TAMU model computes the space-time evolution
of the heavy-quark phase space distribution in the QGP using the Fokker–Planck equation, im-
plemented via Langevin dynamics, and also has no radiative energy loss [52]. The LGR model
uses the Langevin approach with gluon radiation, emphasizing the in-medium diffusion dy-
namics. This model is best for describing heavy-quark evolutions from low to intermediate pT
range, pT < 15 GeV/c [53, 54]. The LBT model is based on a linearized Boltzmann approach
coupled to a hydrodynamic background, and employs both collisional and radiative energy
loss [50, 51]. The CUJET3.0 is essentially a jet energy loss framework based on a nonpertur-
bative QGP medium [55, 56]. The LBT and CUJET3.0 approaches are applicable only for the
high-pT range and do not have predictions for lower momenta. While all models can qualita-
tively describe the pT dependence of the data, the LGR model reproduces the measurements
for the centrality 30–50% and in the low- and the intermediate-pT ranges, where b quarks fol-
low Brownian motion, i.e., small random momentum fluctuations caused by collisions with
thermal particles. For the central events, 0–10%, this model shows almost no pT dependence
and does not predict the peak structure seen in the data. In the same pT range, the PHSD
model provides a good description of the data, for centralities 0–10 and 10–30%, but it cannot
describe the data at higher centralities. In contrast, this same PHSD model underpredicts the
v2 Fourier coefficients for D0 mesons, which are not the product of b hadron decays [18]. The
TAMU model has predictions in the centrality range 20–40%, therefore only an indirect com-
parison with data is possible, but the predictions describe well the measurement performed in
the centrality range 10–30%. At higher pT, where the anisotropy is driven by the path-length
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2

b → D0
D0

https://arxiv.org/abs/2212.01636


Probing gluons in nuclei using UPC

Guillermo Contreras 
Czech Technical University in Prague

On behalf of

Anthony TimminsLHCP 2023

Equilibration of heavy-quarks
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Transport models require small charm quark diffusion coefficient (Ds) to describe heavy-flavor flow  

✓ Demonstrates how heavy quarks equilibrate on extremely short timescales 

✓  fm/c → Always smaller than QGP lifetime  10 fm/cτcharm(T ) ≈ 1 − 9 ≈

Arslandok et al, arXiv: 2303.17254

2

(a) (b) (c)

Figure 51: (a) D-meson direct flow charge asymmetry measured by ALICE [987]. (b) D0 elliptic flow over
number of valence quarks compare lighter hadrons measured by STAR [988]. (c)Centrality and rapidity
dependence of D0 elliptic and triangular flow from CMS [989].

determine the heavy flavor transport in QGP. The spatial diffusion coefficient 2⇡DsTc has been constrained
using RHIC and LHC data as summarized in Figure 52 along with lattice and transport model calculation
efforts.
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Figure 52: Spatial diffusion coefficient 2⇡DsT obtained from lattice computations (points), transport
models (lines and bands) and constrained by experimental data: STAR uses models SUBATECH [999],
TAMU [1000], Duke [711], LBT [709], PHSD [995], and ALICE uses TAMU, MC@sHQ+EPOS2 [999],
LIDO [713] ,LGR [1001], Catania [1002] at T=155 MeV.

Relativistic heavy-ion collisions are expected to produce magnetic fields up to eB ⇠ (m⇡)2 ⇡ 1014 T
at its first instants, probably the largest magnet fields in nature [1003]. This field can alter the direct flow
measured by the direct flow v1, of positive and negative charged particles around the reaction plane. The
charm quarks are formed at the earliest stages of the collision, and therefore will have to overcome much
larger magnetic fields than charged particles. The asymmetry measured by STAR shows no charge asym-
metry within the uncertainties [1004] and ALICE shows two standard deviations linear dependence with ⌘
shown in Figure 51-a [987]. The linear slope is around three orders of magnitude larger than for charged
particles. The extension to this measurement to large rapidities in forward detectors can provide a larger
lever arm to measure a larger charge asymmetry v1 in the coming years.
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Polarisation of light and heavy hadrons
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Angular momentum of QGP transferred to polarisation of produced decay particles 

✓ Non-zero polarisation K*0 and J/ψ mesons observed at the LHC 

✓ New avenue to explore meson fields and QGP properties
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Figure 3: Global spin alignment of � and K⇤0 vector mesons in heavy-ion collisions. The
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J/y polarization with respect to the event plane in Pb–Pb collisions ALICE Collaboration
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Figure 2: Centrality (left panel) and pT dependence (right panel) of lq . The vertical bars represent the statistical
uncertainties, while the boxes correspond to the systematic uncertainties. The horizontal bars show the size of the
corresponding centrality and pT ranges, with the data points being located at the center of each interval.

and even later in the hadronic phase [46], J/y production can occur both in the QGP phase, thanks to the
early production of charm quarks in hard processes, and at hadronization, via recombination of charm
quarks, with the latter mechanism becoming dominant at low pT [47]. The spin alignment observed in
this analysis for the J/y , which is larger at low pT, may point to an origin in common to that generating
this effect for K⇤0 and f in the same kinematic region. On the other hand the tendency for such alignment
to vanish at higher pT may indicate that effects active in the early stages of the collision (strong magnetic
fields) may be less effective in generating a net polarization for charmonia. Clearly, these hints need to
be confirmed by theory studies devoted to charm and charmonium production, that are not available as
of today.

In summary, we have reported on the first measurement of the polarization for inclusive J/y produced
in Pb–Pb interactions at

p
sNN = 5.02 TeV, carried out by ALICE using the direction perpendicular to

the event plane of the collision as the polarization axis. This choice makes this measurement potentially
sensitive to the strong magnetic field created in high-energy nuclear collisions, as well as to vorticity
effects in the QGP state. A small but significant polarization effect, reaching 3.9s for 2 < pT < 4 GeV/c
and 30–50% centrality, is measured. In absolute terms, the effect is smaller than that seen for light vector
mesons. However, significant differences in the production processes require dedicated theory studies
for a quantitative understanding of this observation and a precise connection with the QGP properties at
its origin.

References

[1] N. Brambilla et al., “Heavy quarkonium: progress, puzzles, and opportunities”, Eur. Phys. J. C71

(2011) 1534, arXiv:1010.5827 [hep-ph].

[2] A. Andronic et al., “Heavy-flavour and quarkonium production in the LHC era: from
proton-proton to heavy-ion collisions”, Eur. Phys. J. C76 no. 3, (2016) 107, arXiv:1506.03981
[nucl-ex].

[3] HPQCD, UKQCD, MILC, Fermilab Lattice Collaboration, C. T. H. Davies et al., “High
precision lattice QCD confronts experiment”, Phys. Rev. Lett. 92 (2004) 022001,
arXiv:hep-lat/0304004.

[4] E. Eichten, K. Gottfried, T. Kinoshita, K. D. Lane, and T.-M. Yan, “Charmonium: The Model”,
Phys. Rev. D 17 (1978) 3090. [Erratum: Phys.Rev.D 21, 313 (1980)].

7

Charm polarization

30

Non-prompt D*+Quarkonium

arXiv:2204.10171

Andrea Ferrero
Thursday 9:00am

Needs theory interpretation — 
production mechanism of J/psi

Spin alignment of D⇤+ vector mesons in pp collisions at
p

s = 13 TeV ALICE Collaboration

6 8 10 12 14 16 18 20
)c (GeV/

T
p

0.2

0.3

0.4

0.5

0.6

00
ρ

Data
+ D*→c 
+ D*→b 

PYTHIA 8 + EVTGEN
+ D*→c 
+ D*→b 

ALICE
 = 13 TeVspp, 

| < 0.8y|
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and systematic uncertainties are represented by bars and boxes, respectively. The measurements are compared with
the estimations from the QCD-based MC event generator PYTHIA 8 + EVTGEN [68, 75]. Model estimations are
shown by colour bands where the width of the band corresponds to the statistical uncertainty in model calculations.

The resulting r00 values in the pT interval between 5 and 20 GeV/c are

r00(prompt D⇤+) = 0.324±0.004(stat.)±0.008(syst.),
r00(non-prompt D⇤+) = 0.455±0.022(stat.)±0.035(syst.).

(5)

This finding implies no spin alignment for prompt D⇤+ mesons with a simultaneous non-zero spin align-
ment of non-prompt D⇤+ mesons in high-energy pp collisions. The evidence of non-prompt D⇤+-meson
spin alignment can be understood as a consequence of helicity conservation in the decay of beauty scalar
mesons to vector mesons. Measured r00 values are further compared with the MC event generator
PYTHIA 8 + EVTGEN [68, 75]. The EVTGEN decay package, which conserves the helicity and account
for the V�A nature in the decay of beauty mesons, is used in place of the default PYTHIA 8 decayer. In
this case, model calculations are found to be in agreement with the extracted r00 values for both prompt
and non-prompt D⇤+ mesons, while if the EVTGEN package is not used, the r00 parameter is found to be
compatible with 1/3 for both prompt and non-prompt D⇤+ mesons. The measured r00 for non-prompt
D⇤+ mesons is qualitatively consistent with the longitudinal polarisation fraction ( fL) observed by the
LHCb collaboration in the B0 ! D⇤�D⇤+

s decay with respect to a different quantisation axis defined by
the B-meson momentum direction [53]. The direct comparison between the magnitudes of fL and r00
measured by the LHCb and ALICE Collaborations is not possible due to the different quantisation axis
and the different decay channels. Therefore, dedicated model calculations are required for a quantitative
comparison of the ALICE and LHCb data.

The presented results for pp collisions can be used to estimate the magnitude of the corresponding con-
tribution to the spin alignment in heavy-ion collisions. In particular, the spin alignment of non-prompt
D⇤+ meson with respect to the helicity axis can affect the measurements of D⇤+ spin alignment with
respect to the reaction plane in heavy-ion collisions. Due to the elliptic flow of the non-prompt D⇤+
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Figure 2: Centrality (left panel) and pT dependence (right panel) of lq . The vertical bars represent the statistical
uncertainties, while the boxes correspond to the systematic uncertainties. The horizontal bars show the size of the
corresponding centrality and pT ranges, with the data points being located at the center of each interval.

and even later in the hadronic phase [46], J/y production can occur both in the QGP phase, thanks to the
early production of charm quarks in hard processes, and at hadronization, via recombination of charm
quarks, with the latter mechanism becoming dominant at low pT [47]. The spin alignment observed in
this analysis for the J/y , which is larger at low pT, may point to an origin in common to that generating
this effect for K⇤0 and f in the same kinematic region. On the other hand the tendency for such alignment
to vanish at higher pT may indicate that effects active in the early stages of the collision (strong magnetic
fields) may be less effective in generating a net polarization for charmonia. Clearly, these hints need to
be confirmed by theory studies devoted to charm and charmonium production, that are not available as
of today.

In summary, we have reported on the first measurement of the polarization for inclusive J/y produced
in Pb–Pb interactions at

p
sNN = 5.02 TeV, carried out by ALICE using the direction perpendicular to

the event plane of the collision as the polarization axis. This choice makes this measurement potentially
sensitive to the strong magnetic field created in high-energy nuclear collisions, as well as to vorticity
effects in the QGP state. A small but significant polarization effect, reaching 3.9s for 2 < pT < 4 GeV/c
and 30–50% centrality, is measured. In absolute terms, the effect is smaller than that seen for light vector
mesons. However, significant differences in the production processes require dedicated theory studies
for a quantitative understanding of this observation and a precise connection with the QGP properties at
its origin.
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results, the selection pT > 0.15 GeV/c minimises the contribution of photoproduced J/y [698]. (Top) Comparison
between SPS (NA50) [670], RHIC (STAR) [681] and LHC (ALICE) [418] results; (bottom) the ALICE results
compared with theoretical calculations (SHM [699], Comovers [700], TM-TAMU [701], TM-Tsinghua [666]).

Other valuable insights on the mechanisms at play can be obtained by considering the pT dependence
of the RAA and v2 of the J/y . In the top panel of Fig. 56 results on the nuclear modification factor
are presented for the two rapidity ranges accessed by ALICE, |y| < 0.9 (e+e� decay) and 2.5 < y < 4
(µ+µ� decay), for central Pb–Pb events [418]. The significant rise of RAA at low-pT, where the bulk of
charm production occurs, with this effect being stronger at midrapidity, strongly hints at the presence of
(re)generation as a dominant mechanism in this transverse momentum range. Remarkably, at higher pT
there is no rapidity dependence for the strong suppression, and the RAA values become compatible with
those measured for charged hadrons (see Fig. 45 in Sec. 2.4.2). This observation may suggest parton
energy loss, as in the case of J/y production from the splitting of a hard gluon, as a significant effect in
this kinematic range [706, 707], even if a quantitative description inspired to NRQCD underestimate the
measured RAA [708] . In the bottom panel of Fig. 56 the pT dependence of v2 for Pb–Pb collisions in
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Quarkonia and QGP melting

15

Quarkonia: sub fm bound state affected by QGP environment  

✓Charmonium → sequential melting + regeneration at LHC 

✓Bottomonium → sequential melting with new results for Υ(3S)

CMS, arXiv:2303.17026

3

Υ(3S)

Υ(1S)
Υ(2S)

ALICE, arXiv:2211.04384

⟨dNch /dη⟩
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Probing the QGP at the smallest scales
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Jets are highest momentum probes of a QGP  
✓Finely resolve microscopic QGP structure 

Quark jets less suppressed than gluon jets 

Demonstrate other QGP modifications

3

8 Discussion

Figure 6 compares the photon-tagged jet 'AA results to the previously published ATLAS inclusive jet
results [8]. The 'AA of photon-tagged jets is significantly higher than the corresponding values for
inclusive jets for ?jet

T < 200 GeV. For ?jet
T > 200 GeV, the statistical and systematic uncertainties in the

photon-tagged jet results are larger and the two sets of 'AA values become compatible.
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T
pJet 

0

0.2

0.4

0.6

0.8

1

1.2

AA
R

0-10%
-jetγ
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| < 2.8jetη|

-tagged jetsγFor 
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T
p

/8π,jet) > 7γ(φΔ 0-10%
Inclusive jet

[PLB 790 (2019) 108]

Figure 6: The 'AA of photon-tagged jets (filled squares) as a function of ?jet
T for 0–10% Pb+Pb events are overlaid

with that of inclusive jets [8] (open circles) in the same centrality range for comparison. The vertical bars associated
with symbols indicate the statistical uncertainties. The total systematic uncertainties are shown as boxes in each ?

jet
T

bin. The shaded bars on the left of the axis at 'AA = 1 indicate the ?T-independent uncertainties associated with the
luminosity in pp collisions and h)AAi for 0–10% Pb+Pb collisions, respectively.

A primary goal of this measurement is to isolate the e�ect of colour charge on jet quenching. Indeed, in the
range of ?jet

T where the quark-initiated fraction is significantly higher in photon-tagged jets (see Figure 1),
the 'AA is significantly higher than that for inclusive jets. However, the 'AA is known to depend on the
shape of the initial production spectrum with, e.g., a steeper spectrum resulting in a lower 'AA for the
same magnitude of energy loss. Indeed, Figure 4 shows that although the jet ?T spectra for photon-tagged
and inclusive jets are both steeply falling, the latter is systematically steeper than the former. Thus, it is
important for theoretical calculations attempting to describe the 'AA results to first correctly describe the
photon-tagged and inclusive jet cross-sections in pp collisions, i.e., before applying any jet quenching.

8.1 Fractional energy loss analysis

An alternative way to characterize the energy loss with a greatly reduced sensitivity to the spectral shape is
through the fractional energy loss quantity, (loss, introduced in Section 1.

To determine (loss for the photon-tagged jet case, the distributions in pp and Pb+Pb collisions are fit using
the ‘extended power law’ function introduced in Ref. [14], 5 (?T) = �(?T,0/?T)=+V log(?T/?T,0) , in the
region ?T > 100 GeV. An initial estimate of �?T in Eq. (2) is performed by first assuming that the Jacobian
term in Eq. 3,

�
1 + d�?T/d?pp

T

�
, is unity, i.e. d�?T/d?pp

T = 0, and determining �?T(?pp
T ) from the fitted

14

ATLAS, arXiv:2303.10090 L. Cunqueiro Mendez, Wednesay at 9:00

https://arxiv.org/abs/2303.10090
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Microscopic hadronization mechanisms
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Quark coalescence → charmed baryon/meson ratios in central Pb-Pb collisions at intermediate pT 

✓PYTHIA with colour reconnection reproduces ratios at forward rapidities in peripheral Pb-Pb 

✓Beauty meson ratios also compatible with models including quark coalescence

3

Prompt  ratio in PbPb collisions at 5.02 TeVΛ+
c /D0

Chenxi Gu 28/03 Tuesday 17:10 

13

• First measurement of prompt  in forward rapidity in PbPb collisions (up to 60% centrality) 

• PYTHIA8 + Color Reconnection: compatible with data within 3  
• Statistical Hadronization Model is above the data 
• Needs better understanding of charm hadronization 

Λ+
c /D0

σ

arXiv:2210.06939

• Enhancement at intermediate pT • Compatible with flat 
dependence vs. rapidity 
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• Flat dependence vs. ⟨Npart⟩
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8

to varied pT shapes and recomputing the factors h1/(a e)i. Such deviations were found to be
negligible. This confirmed independence from the MC simulation is expected in view of the
fine-grained 2D a e MC maps and the h1/(a e)i averaging based on data, and further attests the
robustness of the analysis procedure. The effect of background contamination in the averaging
procedure was studied employing the sPlot method and was found to be negligible.

The systematic uncertainties in the Glauber model normalization factor (TAA) are derived from
propagating the uncertainties in the event selection efficiency, and in the nuclear radius, skin
depth, and minimum distance between nucleons in the Pb nucleus parameters of the Glauber
model [54]. The uncertainties associated with the branching fraction of the decay chains B
are obtained from Ref. [57]. The B factor is common to all bins in the production yield mea-
surements, as is the case also of TAA and NMB in the pT-differential results; the corresponding
uncertainties are denoted global uncertainties.

The total systematic uncertainties in the TAA-scaled yield measurement are computed as the
sum in quadrature of the different contributions mentioned above, which are summarized in
Tables 1 and 2.
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Figure 3: The ratio of B0
s and B+ meson production yields, as a function of pT (left) and a func-

tion of collision centrality (right). The vertical bars (boxes) correspond to statistical (systematic)
uncertainties. The global systematic uncertainty on the yields ratio corresponds to the decay
branching fractions B. Predictions from a Langevin hydrodynamic model [68] and (left panel
only) from the TAMU transport model [23] and the EVC quark combination model [69] for pp
(cyan, dashed) and PbPb (gray) collisions are overlaid. The yield ratio measured by LHCb in
pp collisions at 7 TeV [70], scaled by the branching fraction ratio [57], is also displayed (shown
in blue, as function of pT on the left panel, and the average value on the right panel, where the
double-line width denotes the uncertainty).

6 Results
The differential TAA-scaled yields for B0

s and B+ mesons in PbPb collisions, Eq. (1), as a function
of the meson pT are presented in Fig. 2 (left). On the horizontal scale, the abscissa of each data
point is set to the mean value of the pT distribution, after background subtraction via sPlot,
while the bin ranges are represented by the boxes. In Fig. 2 (right), the TAA-scaled yields are
presented for different PbPb event centrality ranges.

CMS, PLB 829 (2022) 137062ALICE, arXiv:2211.04384

https://arxiv.org/abs/2210.06939
https://www.sciencedirect.com/science/article/pii/S0370269322001964?via=ihub
https://arxiv.org/abs/2211.04384
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Imaging the nucleus using the QGP
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Flow results from LHC demonstrate deformation of 129Xe nucleus → No previous measurements 

✓ Hydrodynamic response used to determine 208Pb nuclei neutron skin  

✓ Relevant for neutron star equation of state and competitive with dedicated experiments

Δrnp

ATLAS, PRC 107 (2023) 054910

11

FIG. 3. Modification of multi-particle correlation observables in Xe+Xe collisions compared to

the baseline with spherical nuclei provided by Pb+Pb collisions. Left: elliptic flow, v2 [35]. Right:

correlation between elliptic flow and the average transverse momentum, ⇢2 [45].

fluctuation of transverse momentum, �pT = pT�hpTi, at a given multiplicity. This quantity

is conveniently formulated as a Pearson coefficient [38], ⇢n =
hv2n�pTiq

(hv4ni�hv2ni
2)
p

h�pT�pTi
. For

quadrupole deformation, theoretical work shows the following leading-order dependence [39]

⇢2 ⇡ b00 � b01�
3
2 cos(3�), (5)

where b00 and b01 are positive coefficients. In the presence of large �2, moving from oblate

(� = 60�) to prolate (� = 0) shapes decreases ⇢2 in a substantial way. A recent measurement

at RHIC shows precisely ⇢2 < 0 in central U+U collisions [40], which is explained naturally by

the large prolate deformation of 238U [41], �2 ⇠ 0.28, � = 0. The nucleus 129Xe is particularly

interesting for such a study, as its shape is considerably deformed and also triaxial, �2 = 0.2

and � ⇡ 30� [42–44]. In the right panel of Fig. 3, model calculations assuming oblate, triaxial,

and prolate 129Xe shape show a strong modification of ⇢2 in 129Xe+129Xe collisions with

respect to the 208Pb+208Pb collisions [43]. Measurements from the ATLAS collaboration

indeed confirm the triaxial scenario [45]. One important point is that the combined use of

v22 and ⇢2 can simultaneously constrain �2 and �.

In the octupole sector, much less is known from low-energy physics [46]. Direct evidence

of octupole deformation in excitation bands of atomic nuclei is scarce, because octupole de-

formation rarely manifests as a mean-field effect (static deformations) [47, 48], as in a simple

rotor model. However, dynamical octupole correlations at the beyond-mean-field level are

4

FIG. 3. Inferred neutron skin and energy-deposition param-
eters. We show the posterior distribution of the neutron skin
�rnp, the nucleon width w and the energy deposition param-
eters p and q, together with their expectation values (see top)
and correlations. Uncertainties correspond to the standard
deviations of the posterior distributions. Especially the p pa-
rameter (see Eqn. (1)) is highly anti-correlated with �rnp,
as both have a strong e↵ect on the centrality dependence of
observables (see also Fig. 2).

0.058 fm, corresponding to a point-like rms neutron ra-
dius rn = 5.653±0.058 fm. Our result is compatible with
both the ab initio determination [7] and the PREX re-
sult [6], which is competitive in precision. With regards
to the EOS of neutron matter, from the relation between
�rnp and the slope parameter, L, of the symmetry en-
ergy around the nuclear saturation density [22], we obtain
L = 79 ± 39MeV, representing the first collider-based
constraint on this parameter from high-energy data.

We comment now on the robustness of this result. The
total 208Pb+208Pb and p+208Pb cross sections [23, 24]
pose important constraints on the neutron skin. Indeed,
excluding these two measurements we obtain �rnp =
0.31± 0.10 fm, whereas using exclusively these two data
points results in �rnp = 0.03±0.12 fm. Our result comes
hence from constraints due to a combination of observ-
ables, where the cross section prefers a smaller neutron
skin, while other observables prefer a larger value (this is
similar for w [25]). For the first time in Bayesian anal-
yses we include the ⇢2 observable [26, 27], a sensitive
probe of the initial conditions [25, 28–31] which mea-
sures the correlation between v2{2} and hpT i. Without
this observable, the analysis yields a consistent result,
�rnp = 0.243±0.059 fm. Also, as introduced in Ref. [25],
we weight the targeted observables according to a pre-
scription that models unknown theoretical uncertainty

LHC [Trajectum] [0.217 ± 0.058 fm]
PREX II
ab initio

0.0 0.1 0.2 0.3 0.4
Δrnp = rn - rp [fm]

p(
Δ
r n
p
)

FIG. 4. State-of-the-art determinations of the neutron skin of
208Pb. We show the final likelihood distribution of the neu-
tron skin as determined from the LHC data as compared to
the values obtained experimentally by the PREX collabora-
tion (including both experimental and theoretical uncertain-
ties in the extraction) [6] and the estimate of ab initio nuclear
theory (with an error bar corresponding to a 68% credibility
interval) [7].

with respect to pT -di↵erential observables in particular.
Turning this weighting o↵, we find a consistent albeit
slightly smaller neutron skin, �rnp = 0.160± 0.057 fm.
Further indication of the robustness of our finding

comes from the fact that targeting a subset of pT -
integrated-only observables, corresponding to 233 AL-
ICE data points, we obtain �rnp = 0.216 ± 0.057 fm.
This suggests that the extraction of �rnp is likely insen-
sitive to theoretical uncertainties in the particlisation of
the QGP at the switching temperature [32]. Lastly, we
note that our TRENTo Ansatz of Eqn. (1) is very ver-
satile, and may lead to a relatively conservative estimate
of the uncertainty on �rnp. Implementing in the future
a model of initial conditions motivated by first-principles
arguments and with fewer parameters [33], may lead to
stronger constraints than presented here.
Future skin determinations at the LHC - We

expect our analysis to trigger a program of complemen-
tary measurements of skin e↵ects at the LHC. A method
pioneered by the STAR collaboration utilises the photo-
production of vector mesons in ultra-peripheral nucleus-
nucleus collisions to infer the average gluon density in the
colliding nuclei, and hence the neutron skins [34]. The
extracted skin of 197Au is in good agreement with nu-
clear theory predictions [35]. Therefore, the same method
could be exploited at the LHC to perform an independent
extraction of the skin of 208Pb.
In addition, the global analysis presented here uses

so-called soft observables that depend on particles with
transverse momentum of order of the QCD decon-
finement temperature, around 150 MeV. With high-
luminosity LHC runs it may be possible to constrain
the neutron skin as well via hard observables, such as
high transverse momentum electroweak bosons [36]. The

4

129Xe
208Pb

Giacalone et al, arXiv:2305.00015

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054910
https://arxiv.org/abs/2305.00015


Probing gluons in nuclei using UPC

Guillermo Contreras 
Czech Technical University in Prague

On behalf of

Anthony TimminsLHCP 2023

Black holes and the QGP
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Holographic principle implies black hole properties 
in Anti-de Sitter space (AdS) → QGP properties 

LHC shear ( ) and bulk ( ) viscosities consistent 
with AdS predictions
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Kovtun et al, PRL 94 
(2005) 111601

ALICE, arXiv:2211.04384

https://www.nasa.gov/mission_pages/chandra/news/black-hole-image-makes-history
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.94.111601
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Summary
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QGP properties 

✓Hottest and most perfect liquid created in lab 

✓Demonstrate how quarks can equilibrate on tiny 
timescales 

✓Produces hadrons in thermal equilibrium 

Broader impact of QGP studies 

✓Unique/competitive constraints on nuclear structure 

✓Insights into proposed relation between fundamental 
forces 

Smallest collision systems that exhibit QGP-like effects?
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Thanks → Looking ahead to the LHC future!
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