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QCD; Quarks and Gluons 
• In the world around us quarks and gluons do not exist as free 

particles 

confined in hadrons by the strong interaction (QCD) 

• At T → ∞ asymptotic freedom tells us that quarks and gluons are 
the relevant degrees of freedom and this phase of QCD is called 
the Quark Gluon Plasma 

• We think that this state of matter permeated the early universe 
until the first microseconds after the Big Bang 

• After expanding and cooling down the universe goes through a 
phase transition in which the quarks and gluons become confined  

• This phase transition is poorly understood from first principles but 
some theoretical understanding of the complex features can be 
obtained from lattice QCD 
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The QCD vacuum
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“In high-energy physics we have concentrated on 
experiments in which we distribute a higher and 

higher amount of energy into a region with smaller 
and smaller dimensions 

In order to study the question of ‘vacuum’, we 
must turn to a different direction; we should 

investigate some bulk phenomena by distribution 
high energy over a relatively large volume”

T.D. Lee 

Rev. Mod. Phys. 47 (1975) 267.



How?
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E = mc2

collisions at high energy allow us to create in a 
collision of heavy-ions a “little bang”

Nuclear Matter 
(confined)

Hadronic Matter 
(confined)

Quark Gluon Plasma 
deconfined !



• heavy-ion collisions provide experimental access 
to the properties of the QGP 

• better understand the evolution of our universe 

• better understanding of QCD in the non-
perturbative regime
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How can we study these collisions?

! "

Figure 1. Artist’s conception of the evolution of the Big Bang (top – credit: NASA) and the Little Bang
(bottom – credit: Paul Sorensen and Chun Shen).

Of course, the Big and Little Bangs are quite di↵erent in other aspects: Their expansion rates
di↵er by about 18 orders of magnitude; the Little Bang’s expansion is 3-dimensional and driven
by pressure gradients, not 4-dimensional and controlled by gravity; Little Bangs evolve on time
scales of ioctoseconds, not billions of years; distances are measured in femtometers rather than
light years. Most importantly, the Little Bang Standard Model is still under construction. This
overview discusses recent progress of the edifice.

2. Eccentricity fluctuations, anisotropic flows, and flow fluctuations
We can observe only one Big Bang (the one that produced our universe), but at the Relativistic
Heavy-Ion Collider (RHIC) and Large Hadron Collider (LHC) we have experimentally created
and studied billions of Little Bangs. Each Little Bang is di↵erent: Highly successful
phenomenology based on hydrodynamic evolution models [8, 4] has taught us that the initially
very dense quark-gluon matter created in heavy-ion collisions reaches approximate local thermal
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• What are the properties of the expanding hot and dense QCD matter?
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The measurement of the viscosity is of par-
ticular interest in the context of a recent con-
jecture, derived using string theory methods, that
defines a perfect normal fluid (12). An example
of a nearly perfect fluid is the quark-gluon plas-
ma produced in gold ion collisions, which ex-
hibits almost perfect frictionless flow and is thought
to be a good approximation to the state of matter
that existed microseconds after the Big Bang
(13). The conjecture states that the ratio of the
shear viscosity h to the entropy density s has a
universal minimum, h/s ≥ ħ/(4pkB), where ħ is
Planck’s constant h divided by 2p and kB is the
Boltzmann constant. This ratio is experimentally
accessible in a trapped unitary Fermi gas, in which
the entropy has beenmeasured both globally (6, 9)
and locally (10, 11) and the viscosity can be de-
termined fromhydrodynamic experiments (14–17),
so that the predicted minimum ratio can be
directly compared with that from Fermi gas ex-
periments (16, 17).

In a Fermi gas, the h/s ratio for the normal
fluid is expected to reach a minimum just above
the superfluid transition temperature (16). This
can be understood by using dimensional analysis.
Shear viscosity has units of momentum per area.
For a unitary gas, the natural momentum is the
relative momentum ħ k of a colliding pair of par-
ticles, whereas the natural area is the resonant
s-wave collision cross section, 4p/k2 (18). Thus,
h º ħ k3. At temperatures well below the Fermi
temperature at which degeneracy occurs, the Fermi
momentum sets the scale so that k ≅ 1/L, where L
is the interparticle spacing. Then, hº ħ /L3, and
h º ħ n. For a normal fluid above the critical
temperature, the scale of entropy density s ≅ n kB,
so that h/s ≅ ħ /kB. For much higher temperatures
above the Fermi temperature, one expects that ħ k
is comparable with the thermal momentum
pT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mkBT

p
, giving the scale h º pT

3/ħ2 1º
T3/2/ħ2.

To properly measure the shear viscosity with
high precision over a wide temperature range, we
used universal hydrodynamic equations, which
contain both the friction force and the heating
rate, to extract the viscosity from two experiments,
one for each of two temperature ranges. For mea-
surement at high temperatures, we observed the
expansion dynamics of a unitary Fermi gas after
release from a deep optical trap and demonstrated
the predicted universal T 3/2 temperature scaling.
For measurement at low temperatures, we used
the damping rate of the radial breathing mode,
using the raw cloud profiles from our previous
work (19). The smooth joining of the data from
the two measurement methods when heating is
included (20), and the discontinuity of the data
when heating is excluded, demonstrates the im-
portance of including the heating as well as the
friction force in the universal hydrodynamic
analysis.

The experiments employ a 50-50 mixture
of the two lowest hyperfine states of 6Li, which
was magnetically tuned to a broad Feshbach res-
onance and cooled by means of evaporation in

the optical trap. The initial energy per particle E
is measured from the trapped cloud profile (20).

In the high-temperature regime, the total
energy of the gas E is larger than 2EF, well above
the critical energy Ec < 0.8EF for the superfluid
transition (9–11). In this case, the density pro-
file is well fit by a Gaussian, n(x,y,z,t) = n0(t)
exp(−x2/sx2−y2/sy2−z2/sz2), where si(t) is a time-
dependent width, n0(t)=N/(p

3/2sxsysz) is the cen-
tral density, and N is the total number of atoms.

The aspect ratio sx(t)/sz(t) was measured as a
function of time after release so as to characterize
the hydrodynamics, for different energies E
between 2.3EF and 4.6EF (Fig. 1). We also took
expansion data at one low-energy pointE= 0.6EF,
where the viscosity is small as compared with
that obtained at higher temperatures and the den-
sity profile is approximately a zero-temperature
Thomas-Fermi distribution. The black curve in

Fig. 1 shows the fit for zero viscosity and no free
parameters. To obtain a high signal-to-background
ratio, wemeasured the aspect ratio only up to 1.4.
For comparison, the green dashed curve in
Fig. 1 shows the prediction for a ballistic gas.

We determined the shear viscosity h by using
a hydrodynamic description of the velocity field
v(x,t) in terms of the scalar pressure and the shear
viscosity pressure tensor,

mð∂t þ v ˙ ∇Þvi ¼ fi þ ∑
j

∂jðh sijÞ
n

ð1Þ

where f = −∇P/n is the force per particle arising
from the scalar pressure P and m is the atom
mass. For a unitary gas, the bulk viscosity is pre-
dicted to vanish in the normal fluid (21, 22), so
we did not include it in the analysis for the ex-
pansion. The second term on the right describes
the friction forces arising from the shear viscos-
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Fig. 1. Anisotropic expansion. (A)
Cloud absorption images for 0.2,
0.3, 0.6, 0.9, and 1.2 ms expansion
time; E = 2.3EF. (B) Aspect ratio
versus time. The expansion rate
decreases at higher energy as the
viscosity increases. Solid curves indi-
cate hydrodynamic theory, with the
viscosity as the fit parameter. Error
bars denote statistical fluctuations in
the aspect ratio.

Fig. 2. Trap-averaged viscosity
coefficient a = ∫d3x h=(ħN) versus
initial energy per atom. Blue
circles indicate breathing-mode
measurements; red squares indi-
cate anisotropic expansion mea-
surements. Bars denote statistical
error arising from the uncertainty
in E and the cloud dimensions.
(Inset) a versus reduced temper-
ature q0 at the trap center before
release of the cloud. The blue curve
shows the fit a0 = a3/2 q0

3/2,
demonstrating the predicted uni-
versal high-temperature scaling.
Bars denote statistical error arising
from the uncertainty in q0 and a.
A 3% systematic uncertainty in EF
and 7% in q0 arises from the sys-
tematic uncertainty in the abso-
lute atom number (20).
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C. Cao et al, Science 331, 58 (2011) ultra-cold strongly interacting Fermi gas

our Universe a heavy-ion collision



Time Evolution
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hadronization 
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thermalization? 
hard scattering
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hadron transport 

hydrodynamics 
parton transport, AdS/CFT? 

pQCD 

CGC?



different observables

lon
gitu

dina
l e

xp
an

sio
n

Ti
m

e

z

9

jetsJ/ψγ e πp
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An ideal gas of quarks and 
gluons?

6/3/11 17:41 Early Universe was a liquid : Nature News

Page 1 of 2http://www.nature.com/news/2005/050418/full/news050418-5.html

© RHIC/BN

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.”

Published online 19 April 2005 | Nature | doi:10.1038/news050418-5

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.

hoge 
dichtheid 

in het midden

vacuüm rondom

We make in heavy-ion collisions systems with different energy density profiles (every 
collision is different). If we would form an ideal gas of quarks and gluons we would expect 

that the produced particles would be independent of the initial shape of the system

x

y
z
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Expansion and viscosity 

the initial system
How the system looks like 

after expansion
The created hot and dense system has a very small kinematic 
viscosity (perfect liquid). Did we expect this from the standard 

model (based on lattice QCD)? The answer came from an 
unexpected direction
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Can we calculate the dynamic 
properties of this matter?

Based on string theory it has 
become clear that the dynamics 
of the QGP exhibits strong 
similarities with the evolution of 
the horizon of a balk hole. 
Based on this a new dictionary 
has been constructed

Gerard ’t Hooft  
(string theory for 

quarks and gluons 
idea from 1974)

Juan Maldacena
(break-trough in 1997)
most cited high energy 

physics paper ever

De 
holog
rafiscAdS
CFT



13

Almost perfect liquid?

AdS/CFT gives a 
prediction for the 

kinematic viscosity of the 
most perfect liquid in 

nature. This is very close 
to what we observe for the 

QGP produced at LHC 
energies. 

Important for many 
observables!
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Jet Quenching
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• Jet Quenching plays an important role in heavy-
ion physics 

• as a hard probe the jet is produced very 
early in the collisions and its production can 
be calculated in perturbative QCD 

• during the propagation through the medium 
the interaction between the medium and the 
jet will lead to jet energy loss and 
suppression of the final jets, high-pt 
particles and a modification of the 
associated soft particles 

• it is important to understand the space-time 
profile of the partonic medium to extract 
parton transport properties 

• need the input from the hydrodynamic 
bulk

2

FIG. 1: Event display of a highly asymmetric dijet event, with one jet with ET > 100 GeV and no evident recoiling jet, and
with high energy calorimeter cell deposits distributed over a wide azimuthal region. By selecting tracks with pT > 2.6 GeV
and applying cell thresholds in the calorimeters (ET > 700 MeV in the electromagnetic calorimeter, and E > 1 GeV in the
hadronic calorimeter) the recoil can be seen dispersed widely over azimuth.

|⌘| < 3.2. The hadronic calorimetry in the range |⌘| < 1.7
is provided by a sampling calorimeter made of steel and
scintillating tiles. In the end-caps (1.5 < |⌘| < 3.2),
LAr technology is also used for the hadronic calorime-
ters, matching the outer |⌘| limits of the electromag-
netic calorimeters. To complete the ⌘ coverage, the LAr
forward calorimeters provide both electromagnetic and
hadronic energy measurements, extending the coverage
up to |⌘| = 4.9. The calorimeter (⌘,�) granularities are
0.1 ⇥ 0.1 for the hadronic calorimeters up to |⌘| = 2.5
(except for the third layer of the Tile calorimeter, which
has a segmentation of 0.2⇥0.1 up to |⌘| = 1.7), and then
0.2⇥ 0.2 up to |⌘| = 4.9. The EM calorimeters are longi-
tudinally segmented into three compartments and feature
a much finer readout granularity varying by layer, with
cells as small as 0.025⇥0.025 extending to |⌘| = 2.5 in the
middle layer. In the data taking period considered, ap-
proximately 187,000 calorimeter cells (98% of the total)
were usable for event reconstruction.

The bulk of the data reported here were triggered
using coincidence signals from two sets of Minimum
Bias Trigger Scintillator (MBTS) detectors, positioned
at z = ±3.56 m, covering the full azimuth between
2.09 < |⌘| < 3.84 and divided into eight � sectors and two
⌘ sectors. Coincidences in the Zero Degree Calorimeter
and LUCID luminosity detectors were also used as pri-
mary triggers, since these detectors were far less suscep-
tible to LHC beam backgrounds. These triggers have a
large overlap and are close to fully e�cient for the events
studied here.

In the o✏ine analysis, events are required to have a
time di↵erence between the two sets of MBTS counters
of �t < 3 ns and a reconstructed vertex to e�ciently
reject beam-halo backgrounds. The primary vertex is
derived from the reconstructed tracks in the Inner De-
tector (ID), which covers |⌘| < 2.5 using silicon pixel and

strip detectors surrounded by straw tubes. These event
selection criteria have been estimated to accept over 98%
of the total lead-lead inelastic cross section.
The level of event activity or “centrality” is char-

acterized using the total transverse energy (⌃E
T

) de-
posited in the Forward Calorimeters (FCal), which cover
3.2 < |⌘| < 4.9, shown in Fig. 2. Bins are defined in cen-
trality according to fractions of the total lead-lead cross
section selected by the trigger and are expressed in terms
of percentiles (0-10%, 10-20%, 20-40% and 40-100%) with
0% representing the upper end of the ⌃E

T

distribution.
Previous heavy ion experiments have shown a clear cor-
relation of the ⌃E

T

with the geometry of the overlap
region of the colliding nuclei and, correspondingly, the
total event multiplicity. This is verified in the bottom
panel of Fig. 2 which shows a tight correlation between
the energy flow near mid-rapidity and the forward ⌃E

T

.
The forward ⌃E

T

is used for this analysis to avoid biasing
the centrality measurement with jets.
Jets have been reconstructed using the infrared-safe

anti-k
t

jet clustering algorithm [9] with the radius pa-
rameter R = 0.4. The inputs to this algorithm are “tow-
ers” of calorimeter cells of size �⌘⇥�� = 0.1⇥ 0.1 with
the input cells weighted using energy-density dependent
factors to correct for calorimeter non-compensation and
other energy losses. Jet four-momenta are constructed
by the vectorial addition of cells, treating each cell as an
(E, ~p) four-vector with zero mass.

The jets reconstructed using the anti-k
t

algorithm con-
tain a mix of genuine jets and jet-sized patches of the un-
derlying event. For each event, we estimate the average
transverse energy density in each calorimeter layer in bins
of width �⌘ = 0.1, and averaged over azimuth. In the
averaging, we exclude jets with D = E

T

(max)/hE
T

i, the
ratio of the maximum tower energy over the mean tower
energy, greater than 5. The value D

cut

= 5 is chosen
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Heavy Quarks
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• Also a hard probe, 
produced early and its 
production can be 
calculated in perturbative 
QCD 

• Heavy pebble in the stream 

• Brownian Motion of a heavy 
quark in the perfect liquid 

• Diffusion depends on 
temperature and viscosity

• jet quenching 
depends on color 
charge (quarks 
versus gluons) 

• and depends on 
mass (dead cone)



What have we learned?
• The QGP at these temperatures (from direct photon measurements) 

behaves like an almost perfect liquid (from anisotropic flow) 

• At (highest) RHIC and LHC energies all observations are consistent with 
the creation of a strongly interacting QGP in heavy-ion collisions 

• We have a working description with a standard model of heavy-ion 
collisions 

• initial state fluctuations of the (sub) nucleonic degrees of freedom 

• rapid applicability of relativistic viscous hydrodynamics with lattice EoS 
for bulk of the system evolution 

• late stage described by hadronic transport 
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What will you learn?
• The most successful description of the dynamics of the QGP 

based on  viscous relativistic hydrodynamics - Nicolas Borghini 

• The basics of AdS/CFT and its connection to heavy-ion collisions 
- Umut Gursoy 

• The current ALICE detector - Thomas Peitzmann 

• The future ALICE detector - Paul Kuijer 

• Jets in heavy-ions - Marco van Leeuwen 

• heavy-flavour in heavy-ions - Alessandro Grelli 
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Have fun!
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