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What happens when you heat and compress 
matter to very high temperatures and 

densities?
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• Lattice QCD predicts a phase 
transition to a quark gluon plasma at 
an energy density of about 1 GeV/fm3 
and at a temperature of about ~1012 K 

• study in the laboratory! 

• From this study we learn about: 

• multi-body QCD at strong coupling 

• connection to AdS/CFT 

• Cosmology: early universe, 
hadronization 

• Astrophysics: neutron stars

our current understanding of this new state 
of matter is still limited!



QCD Phase Diagram
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phase diagram of water
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Quarks and gluons have
formed a unexpected
liquid. Click here to see
animation.

“It's as much a
fluid as the water
in this glass.”
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News

Early Universe was a liquid

Quark-gluon blob surprises particle physicists.

Mark Peplow

The Universe consisted of a perfect liquid in its first moments,
according to results from an atom-smashing experiment.

Scientists at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory on Long Island, New York, have
spent five years searching for the quark-gluon plasma that is
thought to have filled our Universe in the first microseconds of its
existence. Most of them are now convinced they have found it. But,
strangely, it seems to be a liquid rather than the expected hot gas.

Quarks are the building blocks of protons and neutrons, and gluons
carry the strong force that binds them together. It is thought that
these particles took some moments to condense into ordinary
matter after the intense heat of the Big Bang.

To recreate this soup of unbound particles, the RHIC accelerates
charged gold atoms close to the speed of light before smashing them
together. Previous experiments have shown that these collisions create
something the size of an atomic nucleus that reaches 2 trillion degrees
Celsius, about 150,000 times hotter than the centre of the Sun.

"This stuff was last seen in the Universe 13 billion years ago," says Sam Aronson, a director of
high energy research at Brookhaven.

Now experiments have revealed that this hot blob is a liquid, which lives for just 10-23 seconds.
"This was completely unexpected," says Wit Busza of the Massachusetts Institute of Technology,
one of the team of researchers who reported their discovery on 18 April at the American
Physical Society conference in Tampa, Florida.

Hot water

"The surprising thing is that the interaction between the quarks and gluons is much stronger
than people expected," says Dmitri Kharzeev, a theoretical physicist at Brookhaven. The
strength of this binding keeps the mixture liquefied despite its incredible temperature. "It's as
much a fluid as the water in this glass," Kharzeev says, pointing to his drink.
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 People like me, who use
model calculations, are
already so excited about the
data because we believe they
have actually found the
elusive state known as the
quark-gluon plasma 
Asst Prof Steffen Bass, Duke
University

The impression is of matter that is
more strongly interacting than
predicted
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Early Universe was 'liquid-like'
Physicists say they have
created a new state of hot,
dense matter by crashing
together the nuclei of gold
atoms.

The high-energy collisions
prised open the nuclei to reveal
their most basic particles,
known as quarks and gluons.

The researchers, at the US
Brookhaven National
Laboratory, say these particles
were seen to behave as an
almost perfect "liquid".

The work is expected to help scientists explain the conditions
that existed just milliseconds after the Big Bang.

The details, presented to the
American Physical Society in
Florida, will be published
across a number of papers in
the journal Nuclear Physics A.

They summarise the work of
four collaborative experiments
- dubbed Brahms, Phenix,
Phobos and Star - which have been running on Brookhaven's
Relativistic Heavy Ion Collider (RHIC).

First moments

Already, the results have caused quite a stir in the research
community.

"The experimental collaborations are still taking a cautious
approach whereas people like me, who use model
calculations, are already so excited about the data because
we believe they have actually found the elusive state known
as the quark-gluon plasma," commented theoretical nuclear
physicist Steffen Bass from Duke University.

The QGP is the state postulated to be present just a few
millionths of a second after the creation of the Universe -
before the formation of matter as we know it today.

To create the ultra-hot, ultra-
dense conditions seen in
Brookhaven's RHIC, gold ions
were fired at each other at
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Cosmic particle accelerator seen 
08 Apr 05 |  Science/Nature
Cern tunnel machine gets key part
07 Mar 05 |  Science/Nature
Lab fireball 'may be black hole' 
17 Mar 05 |  Science/Nature
Densest matter created 
17 Jan 01 |  Science/Nature
'Little Bang' creates cosmic soup 
10 Feb 00 |  Science/Nature
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LHC, RHIC BES, new facilities

paradigm change: matter at almost zero 
net baryon density exhibits a cross over 

transition and a strongly interacting 
almost perfect liquid emerges for which 
we currently have a “standard” model of 

its evolution (combined experimental 
and theoretical effort) 
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(Quasi-)free quarks and gluons
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Elementary collisions
(accelerator physics)

High-density 
phases? 

Ea
rly

 u
ni

ve
rs

e

Critical

Point

LQCD evidence of QGP

3p/T4

ε/T4

3s/4T3

 0

 4

 8

12

16

130 170 210 250 290 330 370

T [MeV]

HRG

non-int. limit

Tc

HotQCD Collaboration arXiv:1407.6387

QGP phase transition:
Rapid crossover with light u, d and heavier s

Tc ⇠ 155 MeV

Jeon (McGill) Characterizing QGP St. Petersburg 2014 4 / 62



Questions we would like to 
answer in the ALICE program
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• We would like to characterise this complex almost perfect liquid (EoS, 
transportparameters) and understand how it emerges from multibody QCD 
(quasi-particles, fields, …) 

• how does a weakly coupled system evolve into a strongly coupled 
system very quickly (which can be described by relativistic viscous 
magnetohydrodynamics)? 

• how does the formation of this system depend on system size? 

• Why at the LHC? 

• in this regime lattice QCD calculations under control for thermodynamic 
properties (providing the much needed theoretical guidance) 

• latest generation of detectors, hard probes (jets and heavy quarks) 
abundantly produced



Future LHC Program
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LS1 
2014

LS2 
2019-2020

LS3 
2024-2026

upgrade to full energy 
10 x more data

increase in luminosity 
10x

high luminosity LHC

2015-2018
2026- 
runs:

pA, PbPb, ArAr
2021-2023

Key future measurements to test the heavy-ion standard model and 
understand the perfect liquid from multibody QCD (precision bulk 

observables hand in hand with hard probes)

100 x more data

goals:
jet, dijets, γ-jet, Z-jet, W-jet 

differentially versus centrality, flow plane, pid 
parton transport and energy loss (jets, heavy-flavor) 

color screening quarkonia 
low-mass di-leptons, ρ-spectral function, thermal photons 

saturation, low-x (new detector?) 
t-tbar in heavy-ions 

goals:
jet, dijets, γ-jet, Z-jet 

differentially versus centrality, flow plane, pid 
multi-particle correlations, vn correlations 

parton transport and energy loss (jets, heavy-flavor) 
color screening quarkonia 

low-mass di-leptons, ρ-spectral function, thermal photons 
saturation, low-x 
collectivity in pA 



Vista: The next decade

6

���

���

���

��� ��� ��� ���

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

�������

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

��������������

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

��� ��� ��� ��� ���

�����������
�������

����������

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

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

Extracting quantitative information

Example: Shear viscosity to entropy density ratio η/s 
Broad theoretical efforts and experimental advances 
lead to increasingly precise determination of η/s 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LO pQCD: 	 	 P. Arnold, G. D. Moore, L. G. Yaffe, JHEP 0305 (2003) 051

AdS/CFT: 	 	 P. Kovtun, D. T. Son, A. O. Starinets, Phys.Rev.Lett. 94 (2005) 111601 

Lattice QCD: 	 A. Nakamura, S. Sakai, Phys.Rev.Lett. 94 (2005) 072305

	 	      	 H. B. Meyer, Phys.Rev. D76 (2007) 101701; Nucl.Phys. A830 (2009) 641C-648C

Ideal hydro: 		 P. F. Kolb, J. Sollfrank, U. W. Heinz, Phys.Rev. C62 (2000) 054909 

	 	 	 P. F. Kolb, P. Huovinen, U. W. Heinz, H. Heiselberg, Phys.Lett. B500 (2001) 232-240

pQCD/kin. theory: 	Z. Xu, C. Greiner, H. Stöcker, Phys.Rev.Lett. 101 (2008) 082302 

	 	 	 J.-W. Chen, H. Dong, K. Ohnishi, Q. Wang, Phys.Lett. B685 (2010) 277-282

Viscous hydro:	 P. Romatschke, U. Romatschke, Phys.Rev.Lett. 99 (2007) 172301 

	 	 	 M. Luzum, P. Romatschke, Phys.Rev. C78 (2008) 034915

	 	 	 H. Song, U. W. Heinz, J.Phys. G36 (2009) 064033 

	 	 	 H. Song, S. A. Bass, U. Heinz, T. Hirano, C. Shen, Phys.Rev.Lett. 106 (2011) 192301
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peratures reached in the most central Au+Au collisions
at RHIC, and 2.2±0.5 GeV2/fm at temperatures reached
in the most central Pb+Pb collisions at LHC. Values of q̂
in the hadronic phase are assumed to be proportional to
the hadron density in a hadron resonance gas model with
the normalization in a cold nuclear matter determined by
DIS data [81]. Values of q̂ in the QGP phase are consid-
ered proportional to T 3 and the coe�cient is determined
by fitting to the experimental data on R

AA

at RHIC and
LHC separately. In the HT-M model the procedure is
similar except that q̂ is assumed to be proportional to the
local entropy density and its initial value is q̂ = 0.89±0.11
GeV2/fm in the center of the most central Au+Au colli-
sions at RHIC, and q̂ = 1.29±0.27 GeV2/fm in the most
central Pb+Pb collisions at LHC (note that the values
of q̂ extracted in Sec IV are for gluon jets and therefore
9/4 times the corresponding values for quark jets). For
temperatures close to and below the QCD phase tran-
sition, q̂ is assumed to follow the entropy density, and
q̂/T 3 shown in Fig. 10 is calculated according to the pa-
rameterized EOS [96] that is used in the hydrodynamic
evolution of the bulk medium. In both HT approaches,
no jet energy dependence of q̂ is considered.

Considering the variation of the q̂ values between the
five di↵erent models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained
by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q̂

T 3
⇡

⇢
4.6± 1.2 at RHIC,
3.7± 1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for q̂ for a 10 GeV
quark jet are,

q̂ ⇡
⇢

1.2± 0.3
1.9± 0.7

GeV2/fm at
T=370 MeV,
T=470 MeV,

at an initial time ⌧0 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained
in CUJET, MARTINI and McGill-AMY model. The HT
models assume that q̂ is independent of jet energy in this
study. CUJET, MARTINI and McGill-AMY model, on
the other hand, should have a logarithmic energy depen-
dence on the calculated q̂ from the kinematic limit on the
transverse momentum transfer in each elastic scattering,
which also gives the logarithmic temperature dependence
as seen in Fig. 10.

As a comparison, we also show in Fig. 10 the value
of q̂

N

/T 3
eft in cold nuclei as extracted from jet quenching

in DIS [81] . The value of q̂
N

= 0.02 GeV2/fm and an
e↵ective temperature of an ideal quark gas with 3 quarks
within each nucleon at the nucleon density in a large
nucleus are used. It is an order of magnitude smaller
than that in A+A collisions at RHIC and LHC.
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FIG. 10. (Color online) The assumed temperature depen-
dence of the scaled jet transport parameter q̂/T 3 in di↵er-
ent jet quenching models for an initial quark jet with energy
E = 10 GeV. Values of q̂ at the center of the most central
A+A collisions at an initial time ⌧0 = 0.6 fm/c in HT-BW
and HT-M models are extracted from fitting to experimental
data on hadron suppression factor RAA at both RHIC and
LHC. In GLV-CUJET, MARTINI and McGill-AMY model, it
is calculated within the corresponding model with parameters
constrained by experimental data at RHIC and LHC. Errors
from the fits are indicated by filled boxes at three separate
temperatures at RHIC and LHC, respectively. The arrows
indicate the range of temperatures at the center of the most
central A+A collisions. The triangle indicates the value of
q̂N/T 3

e↵ in cold nuclei from DIS experiments.

There are recent attempts [92, 97] to calculate the jet
transport parameter in lattice gauge theories. A recent
lattice calculation [97] found that the non-perturbative
contribution from soft modes in the collision kernel can
double the value of the NLO pQCD result for the jet
transport parameter [98]. In the HT models such non-
perturbative contributions could be included directly in
the overall value of q̂. They can also be included in the
CUJET, MARTINI and McGill-AMY models by replac-
ing the HTL thermal theory or screened potential model
for parton scattering with parameterized collision kernels
that include both perturbative and non-perturbative con-
tributions.

One can also compare the above extracted values of q̂
to other nonperturbative estimates. Using the AdS/CFT
correspondence, the jet quenching parameter in a N = 4
supersymmetric Yang-Mills (SYM) plasma at the strong
coupling limit can be calculated in leading order (LO) as

Analogy: Superconductivity
experimentally discovered 1911: 

Heike Kamerlingh Onnes 
macroscopic theory 1950: 

Ginzburg-Landau 
microscopic theory 1957: 
Bardeen, Cooper and Schrieffer
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FIG. 10. Estimated temperature dependence of the shear
viscosity (⌘/s)(T ) for T > Tc = 0.154 GeV. The gray
shaded region indicates the prior range for the linear (⌘/s)(T )
parametrization Eq. (31), the blue line is the median from
the posterior distribution, and the blue band is a 90% credi-
ble region. The horizontal gray line indicates the KSS bound
⌘/s � 1/4⇡ [12–14].

parameters, hence, while neither ⌘/s min nor slope are
strongly constrained independently, a linear combination
is quite strongly constrained. Figure 10 visualizes the
complete estimate of the temperature dependence of ⌘/s
via the median min and slope from the posterior (for
identified particles) and a 90% credible region. This vi-
sualization corroborates that the posterior for (⌘/s)(T )
is markedly narrower than the prior and further reveals
that the uncertainty is smallest at intermediate temper-
atures, T ⇠ 200–225 MeV. We hypothesize that this is
the most important temperature range for the present
observables at

p
sNN = 2.76 TeV—perhaps it is where

the system spends most of its time and hence where
most anisotropic flow develops, for instance—and thus
the data provide a “handle” for ⌘/s around 200 MeV.
Data at other beam energies and other, more sensitive
observables could provide additional handles at di↵erent
temperatures, enabling a more precise estimate of the
temperature dependence of ⌘/s.

This result for (⌘/s)(T ) supports several recent find-
ings using other models: a detailed study using the
EKRT model [19] showed that a combination of RHIC
and LHC data prefer a flat or shallow high-temperature
slope, while an analysis using a three-dimensional con-
stituent quark model [118] demonstrated that a similar
flat or shallow slope best describes the rapidity depen-
dence of elliptic flow at RHIC. In addition, the estimated
temperature-averaged shear viscosity is consistent with
the (constant) ⌘/s = 0.095 reported [44] using the IP-
Glasma model and the same bulk viscosity parametriza-
tion, Eq. (5). Finally, the present result remains compati-
ble (within uncertainty) with the KSS bound ⌘/s � 1/4⇡
[12–14].

One should interpret the estimate of (⌘/s)(T ) depicted
in Fig. 10 with care. We asserted a somewhat restricted

linear parametrization reaching a minimum at a fixed
temperature, and evidently may not have extended the
prior range for the slope high enough to bracket the pos-
terior distribution; these assumptions, along with the flat
10% uncertainty [see Eq. (30)], surely a↵ect the precise
result. And in general, a credible region is not a strict
constraint—the true function may lie partially or com-
pletely (however improbably) outside the estimated re-
gion. Yet the overarching message holds: we find the
least uncertainty in ⌘/s at intermediate temperatures,
and estimate that its temperature dependence has at
most a shallow positive slope.

For the ⇣/s norm [the prefactor for the parametriza-
tion Eq. (5)], the calibrations yielded clearly peaked pos-
terior distributions located slightly above one. Hence,
the estimate is comfortably consistent with leaving the
parametrization unscaled, as in [44]. As noted in the
previous subsection, there is a strong anti-correlation be-
tween ⇣/s norm and the nucleon width. We also observe
a positive correlation with ⌘/s min, which initially seems
counterintuitive. This dependence arises via the nu-
cleon width: increasing bulk viscosity requires decreasing
the nucleon width, which in turn necessitates increasing
shear viscosity to damp out the excess anisotropy. Given
the previously mentioned shortcomings in the current
treatment of bulk viscosity (neglecting bulk corrections
at particlization, lack of a dynamical pre-equilibrium
phase), we refrain from making any quantitative state-
ments. What is clear, however, is that a nonzero bulk
viscosity is necessary to simultaneously describe trans-
verse momentum and flow data.

The distributions for the particlization temperature
T

switch

have by far the most dramatic di↵erence between
the two calibrations. The posterior from identified parti-
cle yields shows a sharp peak centered at T ⇡ 148 MeV,
just below Tc = 154 MeV; but with charged particle
yields, the distribution is nearly flat. This is because the
final particle ratios—while somewhat modified by scat-
terings and decays in the hadronic phase—are largely
determined by the thermal ratios at the particlization
temperature. So, when we require the model to describe
identified particle yields, T

switch

is tightly constrained; on
the other hand, lacking these data there is little else to
determine an optimal switching temperature. This re-
inforces the original hybrid model postulate—that both
hydro and Boltzmann transport models predict the same
medium evolution within a temperature window [50–52].

Note that, while we do see a narrow peak for T

switch

,
the model cannot simultaneously fit pion, kaon, and pro-
ton yields; in particular, the pion/kaon ratio is 10–30%
low. The peak thus arises from a compromise between
pions and kaons—not an ideal fit—so we do not con-
sider the quantitative value of the peak to be particu-
larly meaningful. This is a long-standing issue in hybrid
models [119] and therefore likely indicates a more fun-
damental problem with the particle production scheme
rather than one with this specific model.

large still growing active experimental (RHIC, 
LHC) and theoretical community 

many and highly cited papers 
new detectors and new facilities

Surprises?!
EoS

hard probes

bulk 
observables

transport coefficients
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If you dive in a bit deeper you might be surprised with what 
you encounter and how it changes your view

Vista
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Thank you for your 
attention!


