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What happens when matter is heated and 
compressed to very high temperatures and densities?

Electroweak phase 
transition

QCD phase transition 

100,000 x Tcore sun

Quark Gluon 
Plasma 
(QGP)

Do we understand what QCD tells us?



QCD and the Phase Diagram

• Our current understanding of this new state of matter is very limited!

Goal: Determine the detailed Phase Structure of QCD

Beam Energy Scan - Lower collision energies

19

Critical Point ?

Early Universe
• Is there a critical point? 

• Need detailed simulations  
taking into account all 
sources of fluctuations 

• Fluid dynamics: Include 
thermal conductivity, 
baryon diffusion, 
hydrodynamic fluctuations, 
appropriate initial state,  
equation of state at finite μB

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

• 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



QCD and the Phase Diagram



Experimental input needed to understand the 
phase-diagram 

• Create a hot and dense 
system for which 
hydrodynamics/
thermodynamics applies


• Collide heavy-ions at the 
highest possible energies


• Measure what happens 
with state of the art 
experimental setups



How to connect experimental observables to QCD 
predictions?

• Many of the properties of interest, some which are already calculable in 
QCD, are difficult or impossible to constrain directly from experimental 
observables


• Created system and its evolution is too complicated to fully describe 
from first principles


• Need well understood control parameters


• The spatial geometry of the created system turns out to be one of the 
best control parameters



spectators

participants

b

cartoon of a heavy-ion collision

Spatial geometry in transverse plane



Spatial Geometry and Collective Flow

1) superposition of independent p+p:
momenta pointed at random 
relative to symmetry plane

b

Ollitrault 1992

2) evolution as a bulk system high
density / pressure

at center

“zero” pressure
in surrounding vacuum

pressure gradients (larger in-
plane) push bulk “out” ! “flow”

more, faster particles 
seen in-plane
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First measurements of Elliptic Flow at the LHC 
and the succes of a hydrodynamic description

• for more central collisions magnitude of v2 described by ideal hydro

R.S., S. Voloshin, A. Poskanzer (Berkeley 2001)
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Spatial geometry in the transverse plane
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rotated to the planes of symmetry we clearly see 
the different harmonics
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C. The Science of Quark-Gluon Plasma  
 
A look backwards in time reveals a universe at higher and higher temperatures. Just a microsec-
ond after the big bang, the entire universe was millions of times hotter than the center of the sun. 
As the infant universe cooled, it passed through various phase transitions, just as steam condens-
es to water and then freezes to ice. Above some almost unimaginably high temperature, it is pos-
sible that all known forces of nature were unified. A few microseconds after the big bang, the 
forces of nature were as we know them today but, because the universe was many trillions of de-
grees hot, the matter that filled it was still unrecognizable: no protons or neutrons had yet 
formed, therefore no nuclei, no atoms, and no molecules. The entire universe existed as a pri-
mordial fluid of quarks and gluons, called quark-gluon plasma, until after about 20 microseconds 
it "condensed", forming protons and neutrons, the first complex structures in the universe. 
 
The most powerful accelerators in the world today are capable of colliding nuclei at such high 
energies that they can recreate droplets of the quark-gluon plasma that filled the microseconds-
old universe, making it possible to study its properties in the laboratory and answer questions 
about the nature of the new-born universe that will never be accessible via astronomical observa-
tion. The formation of protons and neutrons from quark-gluon plasma is likely to be the earliest 
scene in the history of the universe that will ever be re-enacted in the laboratory. Each nuclear 
collision at RHIC makes a droplet of quark-gluon plasma, exploding in a "little bang" which rec-
reates the transition by which the first protons and neutrons were formed. These experi-
ments allow us to see the essence of the fundamental nuclear force, as described via the theory of 
QCD. Although the analysis of the experiments is challenging due to the short lifetime and small 
size of these droplets, we have the advantage of billions of little bangs to study as well as a sur-
prising degree of control over their initial conditions.  
 

Figure II-5: Our one universe with its primordial fluctuations (parts per million variations in temperature) as 
measured via photons by the WMAP satellite experiment (left) compared to seed fluctuations (corresponding 
to 10-15% variations in temperature) in four simulated heavy ion collisions at RHIC (right). The measured 
fluctuations bring us knowledge about the quantum fluctuations at the earliest moments of the explosion (big 
bang or heavy ion collision) as well as about the material properties of the rippling fluid that ensues. Obser-
vations of the glow of the big bang or of heavy ion collisions reveal different and complementary properties of 
the trillions-of-degrees-hot matter that filled the microseconds old universe.  
 
Quark-gluon plasma was created in the United States at RHIC, and it was there that we first 
learned of its near-perfect liquid nature. This discovery was the top physics story across all areas 



Collective Flow

8 5 Results

p
assoc
T < 3 GeV/c, and with the track multiplicity in the range 220  N

offline
trk < 260. For PbPb

collisions, this N
offline
trk range corresponds to an average centrality of approximately 60%, as

shown in Table 1. For both high-multiplicity systems, in addition to the correlation peak near
(Dh, Df) = (0, 0) due to jet fragmentation (truncated for better illustration of the full correlation
structure), a pronounced long-range structure is seen at Df ⇡ 0 extending at least 4.8 units in
|Dh|. This structure was previously observed in high-multiplicity (N

offline
trk ⇠ 110) pp collisions

at
p

s = 7 TeV [38] and pPb collisions at ps
NN

= 5.02 TeV [39–41]. The structure is also prominent
in AA collisions over a wide range of energies [2, 12–15, 33, 34, 36, 37]. On the away side
(Df ⇡ p) of the correlation functions, a long-range structure is also seen and found to exhibit
a magnitude similar to that on the near side for this pT range. In non-central AA collisions,
this cos(2Df)-like azimuthal correlation structure is believed to arise primarily from elliptic
flow [31]. However, the away-side correlations must also contain contributions from back-to-
back jets, which need to be accounted for before extracting any other source of correlations.
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Figure 2: The 2D two-particle correlation functions for (a) 2.76 TeV PbPb and (b) 5.02 TeV pPb
collisions for pairs of charged particles with 1 < p

trig
T < 3 GeV/c and 1 < p

assoc
T < 3 GeV/c

within the 220  N
offline
trk < 260 multiplicity bin. The sharp near-side peak from jet correlations

is truncated to emphasize the structure outside that region.

To investigate the observed correlations in finer detail and to obtain a quantitative comparison
of the structure in the pp, pPb, and PbPb systems, one-dimensional (1D) distributions in Df
are found by averaging the signal and background 2D distributions over |Dh| < 1 (defined as
the “short-range region”) and |Dh| > 2 (defined as the “long-range region”) respectively, as
done in Refs. [33, 34, 38, 39]. The correlated portion of the associated yield is estimated using
an implementation of the zero-yield-at-minimum (ZYAM) procedure [57]. In this procedure,
the 1D Df correlation function is first fitted by a second-order polynomial in the region 0.1 <
|Df| < 2. The minimum value of the polynomial, CZYAM, is then subtracted from the 1D Df
correlation function as a constant background (containing no information about correlations)
such that its minimum is shifted to have zero associated yield. The statistical uncertainty in
the minimum level obtained by the ZYAM procedure, combined with the deviations arising
from the choice of fit range in |Df|, gives an absolute uncertainty of ±0.003 in the associated
event-normalized yield that is independent of multiplicity and pT.

Figures 3 and 4 show the 1D Df correlation functions, after applying the ZYAM procedure,
for PbPb and pPb data, respectively, in the multiplicity range N

offline
trk < 20 (open) and 220 

N
offline
trk < 260 (filled). Various selections of p

trig
T are shown for a fixed p

assoc
T range of 1–2 GeV/c

in both the long-range (top) and short-range (bottom) regions, with pT increasing from left to

2 

Nature of sources seeding these long-range collective ridges?  
Frozen PDF fluctuation Frozen PDF fluctuation 

How many sources, their sizes & transverse distribution? 
they transport in rapidity?  
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Collective Flow
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For central collisions 0-5% we observe that at pt ⇡ 2
GeV/c v3 becomes equal to v2 and at pt ⇡ 3 GeV/c v4
also reaches the same magnitude as v2 and v3. For more
central collisions 0-2%, we observe that v3 becomes equal
to v2 at lower pt and reaches significantly larger values
than v2 at higher-pt. The same is true for v4 compared
to v2.

We compare the structures found with azimuthal cor-
relations between triggered and associated particles to
those described by the measured vn components. The
two-particle azimuthal correlations are measured by cal-
culating:

C(��) ⌘ Nmixed

Nsame

dNsame/d��

dNmixed/d��
, (3)

where �� = �trig��assoc. dNsame/d�� (dNmixed/d��)
is the number of associated particles as function of ��
within the same (di↵erent) event, and Nsame (Nmixed)
the total number of associated particles in dNsame/d��
(dNmixed/d��). Figure 4 shows the azimuthal correla-
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FIG. 4. (color online) The two-particle azimuthal correla-
tion, measured in 0 < �� < ⇡ and shown symmetrized over
2⇡, between a trigger particle with 2 < pt < 3 GeV/c and
an associated particle with 1 < pt < 2 GeV/c for the 0–1%
centrality class. The solid red line shows the sum of the mea-
sured anisotropic flow Fourier coe�cients v2, v3, v4 and v5
(dashed lines).

tion observed in very central collisions 0–1%, for trigger
particles in the range 2 < pt < 3 GeV/c with associated
particles in 1 < pt < 2 GeV/c for pairs in |�⌘| > 1.
We observe a clear doubly-peaked correlation structure
centered opposite to the trigger particle. This feature
has been observed at lower energies in broader central-
ity bins [32, 33], but only after subtraction of the elliptic
flow component. This two-peak structure has been in-
terpreted as an indication for various jet-medium modi-

fications (i.e. Mach cones) [32, 33] and more recently as
a manifestation of triangular flow [10–13]. We therefore
compare the azimuthal correlation shape expected from
v2, v3, v4 and v5 evaluated at corresponding transverse
momenta with the measured two-particle azimuthal trig-
gered correlation and find that the combination of these
harmonics gives a natural description of the observed cor-
relation structure on the away-side.
In summary, we have presented the first measurement

at the LHC of triangular v3, quadrangular v4 and pen-
tagonal particle flow v5. We have shown that the trian-
gular flow and its fluctuations can be understood from
the initial spatial anisotropy. The transverse momentum
dependence of v2 and v3 compared to model calculations
favors a small value of the shear viscosity to entropy ratio
⌘/s. For the 5% most central collisions we have shown
that v2 rises strongly with centrality in 1% centrality per-
centiles. The strong change in v2 and the small change
in v3 as a function of centrality in these 1% centrality
percentile classes follow the centrality dependence of the
corresponding spatial anisotropies. The two-particle az-
imuthal correlation for the 0–1% centrality class exhibits
a double peak structure around �� ⇠ ⇡ (the “away
side”) without the subtraction of elliptic flow. We have
shown that the measured anisotropic flow Fourier coe�-
cients give a natural description of this structure.
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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

SEE ALSO:
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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Brookhaven National Laboratory
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Constraining the QCD EoS and the transport 
parameters

���

���

���

��� ��� ��� ���

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

�������

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

��������������

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

� � � �

�

�

�

��� ��� ��� ��� ���

�����������
�������

����������

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

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

�

�

�

� � � � �

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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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
Tswitch 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, Tswitch 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 Tswitch,
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.

Analogy: Superconductivity
experimentally discovered 1911: 

Heike Kamerlingh Onnes 
macroscopic theory 1950: 

Ginzburg-Landau 
microscopic theory 1957: 
Bardeen, Cooper and Schrieffer



Summary
• Making use of the spatial anisotropy we can study in detail the strong 

collective motion in the hot and dense system created in collisions of 
heavy-ions


• allows us to test the QCD EoS and strongly constrain some of the key 
transport parameters


• New insight in the properties of matter around the QCD phase transition

Panta Rhei


