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High energy  
heavy-ion collisions 
- hot QCD in a lab 

Mateusz Ploskon 
Berkeley Lab



until now…

•  phases of HI collision 

•  how to measure centrality of a collision 

•  … energy density 

•  … temperature 

•  … freeze-out volume (and time) 

•  QGP: hot, short-lived system with rapid 
dynamical evolution
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Today (2/3)

• particle abundance’s at 
hadronization 

• QGP properties / transport 
coefficients: 

• flow 

• jet-medium interactions
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Collision timeline 
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… to follow-up: chemical & kinetic freeze-out



Freeze-out:  
•chemical freeze out <=> 

hadron composition fixed 
• kinetic freeze-out <=> hadron 

momenta fixed (interactions 
stop) 

•overall: Tch> Tkin (system 
cools down - follow the time 
axis)
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Thermal equilibrium... 
Chemical and kinetic freeze-out
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Chemical equilibrium: 
- correct relative particle abundances? 
- large system -> Grand Canonical 
ensemble: many particles; conservation laws 
on average - chemical potentials 
- small system -> conservation laws E-by-
E -> “canonical suppression” (strangeness) 
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The ratios of produced 
particle yields between 
various species can be 
fitted to determine T, μ. 

Kinetic equilibrium - radial flow: 
- for any interacting system of particles expanding into vacuum, radial flow is a natural 
consequence.   

During the cascade process, an ordering of particles with the highest common underlying 
velocity at the outer edge develops naturally 

Hadrons are released in the final stage and therefore measure “FREEZE-OUT” Temp. - 
instructive simple parametrization - radially boosted source with velocity β and at y=0:  
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Hadron abundances8

NB: works also for p+p 

(phase space dominance, 

Fermi 1950)

Assumption: Multiplicities are determined by 
statistical weights (chemical equilibrium)  

Grand-canoniacal ensemble: 

Parameters: V, T, μB, (γs)  
Results in excellent fits to measured multiplicities of hadron for ALL energies 

(even d,  3He, 3ΛHe …) - statistical harmonization of a thermal system…
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86 P. Braun-Munzinger et al. / Physics Reports 621 (2016) 76–126

Fig. 6. Energy dependence of the rapidity density for identified hadrons produced in central nucleus–nucleus collisions. Figure taken from [112,116]. The
colliding systems are either Pb–Pb or Au–Au and central collisions are selected by the requirement of at least 350 participating nucleons in each collision.

Fig. 7. Measured hadron abundances in comparison with thermal model calculations for the best fit to ALICE data [127] for central Pb–Pb collisions at
the LHC. Plotted are the ‘‘total’’ thermal model yields, including all contributions from strong decays of high-mass resonances (for the ⇤ hyperon, the
contribution from the electromagnetic decay ⌃0 ! ⇤� , which cannot be resolved experimentally, is also included).
Source: Figure taken from [128].

assumed to be driven by rapid changes in energy and entropy density near the phase boundary [118]. The fireball formed in
the collision is assumed to be in chemical equilibrium when the dramatic changes in density near the phase boundary lead
to (nearly) simultaneous freeze-out of all hadrons at the chemical freeze-out temperature T and baryo-chemical potential
µb. The energy dependence of T and µb and of the rapidity density of charged pions determine the thermal parameters T ,
µb and V and, hence, the rapidity density of all hadron species. In general, the precision of this description is on the order of
10%. Due to the data sets available, the energy dependence of the thermal parameters is measured at discrete energies and
interpolated in between, see below.

This approach provides a phenomenological link between the data and the QCD phase diagram shown in Fig. 1, a link
surmised a long time ago [5,119] but explored and discussed in quantitative detail only more recently [120–122,118,114,
123,124]. In this review we use the most recent data and the latest update of the model as described in [125].

Wenote that, for the first time, the data obtained by the ALICE collaboration at the LHC are corrected in hardware for feed-
down from weakly decaying resonances via the use of the excellent ALICE inner tracking detector, see [126]. Consequently,
for a description of ALICE data no feed-down correction is applied to the thermal model calculations. For analysis of the
data from the RHIC, SPS and AGS accelerators, feeding from weak decays needs to be taken into account. For details of this
procedure see, e.g., [112,114]. The uncertainties resulting from this correction lead to significantly increased uncertainties
in the data from RHIC and the lower energy accelerators compared to those from the LHC.

Good fits of the measurements are achieved with the thermal model [117] with 3 parameters: Temperature T ,
baryochemical potential µB, and volume V , as shown in Fig. 7 for the fit of data at the LHC [125,127]. Remarkably, multiply-
strange hyperons and light nuclei and (hyper)nuclei are well described by the model. At LHC energy, the baryochemical
potential turns out be zero within uncertainties, implying [129] equal production of matter and antimatter at the LHC [130].
Note that also loosely bound systems such as the deuteron (with binding energy Eb = 2.23 MeV) and hypertriton (binding



Chemical freeze out systematics
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Provides rough idea which region in T, μ are probed
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FIG. 3. Energy dependence of chemical freeze-out parame-
ters TCF and µB . The results are obtained from our statis-
tical hadronization analysis of hadron yields (at midrapidity,
dN/dy, and in full phase space, 4⇡) at di↵erent collision en-
ergies. The parametrizations shown are: TCF = T lim

CF /(1 +
exp(2.60 � ln(

p
sNN )/0.45)), µB = µlim

B /(1 + 0.288
p
sNN ),

with T lim
CF = 158.4 MeV and µlim

B = 1307.5 MeV; the uncer-
tainty of the ’limiting temperature’, T lim

CF , determined from
the fit of the 5 points for the highest energies, is 1.4 MeV.

that the average strange hadron yields per collision can
be significantly below unity. In this situation, one needs
to implement exact strangeness conservation in the sta-
tistical sum in Eq. 2 and apply the canonical ensemble
for the conservation laws [70, 71]. Similar considerations
apply for the description of particle yields in peripheral
nuclear and elementary collisions. An interesting con-
sequence of exact strangeness conservation is a suppres-
sion of strange particle yields when going from central to
peripheral nucleus-nucleus collisions or from high mul-
tiplicity to low multiplicity events in proton-proton or
proton-nucleus collisions. In all cases the suppression is
further enhanced with increasing strangeness content of
hadron. Sometimes, additional parameters (fugacities)
are introduced to account for possible non-equilibrium
e↵ects [41].

Experimental consequences of canonical thermody-
namics and strangeness conservation laws have been first
seen at SPS energy [73]. All above predictions are quali-
tatively confirmed by the striking new results from high
multiplicity proton-proton and p-Pb collisions from the

 (GeV)NNs
10 210 310

 y
ie

ld
 ra

tio
y

/d
Nd

4−10

3−10

2−10

1−10

1

10 +πp/
-π/p

d/p

Points: Data
Lines: Statistical Hadronization

 (GeV)NNs
10 210 310

 y
ie

ld
 ra

tio
y

/d
Nd

0

0.05

0.1

0.15

0.2

0.25
+π/+K
-π/-K

+π/Λ

FIG. 4. Collision energy dependence of the relative abun-
dance of several hadron species. The data (symbols) are com-
piled in [72, 87] and are compared to statistical hadronization
calculations for the smooth parametrization of TCF and µB

as a function of energy shown in Fig. 3. Note that the upper
panel has a logarithmic vertical axis.

ALICE collaboration at LHC energy [62]. The data also
explicitly exhibit the plateau in strangeness production
when reaching Pb-Pb collisions which is expected when
the grand-canonical region is reached, further buttressing
the thermal analysis discussed above.

An intriguing observation, first made in [74], is that
the overall features of hadron production in e+e� annihi-
lations resemble that expected from a thermal ensemble
with temperature T ⇡ 160 MeV, once exact quantum
number conservation is taken into account. In these col-
lisions, quark-antiquark pairs are produced with produc-
tion yields that are not thermal but are well explained
by the electro-weak standard model, see, e.g., Table II
in [75]. Hadrons from these quark pairs (and some-
times gluons) appear as jets in the data. The underlying
hadronisation process can be well described using sta-
tistical hadronisation model ideas [75, 76]. These stud-
ies revealed further that strangeness production deviates
significantly from a pure thermal production model and
that the quantitative description of the measured yields
is rather poor. Nevertheless, recognizable thermal fea-
tures in e+e� collisions where equilibration should be
absent may be a consequence of the generic nature of
hadronization in strong interactions.
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From a statistical hadronization analysis of all mea-
sured hadron yields at various beam energies the detailed
energy dependence of the thermal parameters T

CF

and
µ
B

has been determined [39, 49, 77–82]. While µ
B

de-
creases smoothly with increasing energy, the dependence
of T

CF

on energy exhibits a striking feature which is il-
lustrated in Fig. 3: T

CF

increases with increasing energy
(decreasing µ

B

) from about 50 MeV to 159 MeV, where
it exhibits a saturation for

p
s
NN

> 20 GeV. The slight
increase of this value compared to T

CF

= 156.5 MeV ob-
tained at LHC energy is due to the inclusion of points
from data at RHIC energies, the details of this small
di↵erence are currently not fully understood.

The saturation of T
CF

observed in Fig. 3 lends sup-
port to the earlier proposal [46, 48, 83] that, at least
at high energies, the chemical freeze-out temperature is
very close to the QCD hadronization temperature [49],
implying a direct connection between data from relativis-
tic nuclear collisions and the QCD phase boundary. This
is in accord with the earlier prediction, already more than
50 years ago, by Hagedorn [84, 85] that hadronic matter
cannot be heated beyond this limit. Whether there is, at
the lower energies, a critical end-point [86] or maybe a
triple point [50] in the QCD phase diagram is currently
at the focus of intense theoretical [19] and experimental
e↵ort [87].

To illustrate how well the thermal description of par-
ticle production in central nuclear collisions works we
show, in Fig. 4, the energy dependence (excitation func-
tion) of the relative abundance of several hadron species
along with the prediction using the statistical hadroniza-
tion approach and the smooth evolution of the param-
eters (see above). Because of the interplay between the
energy dependence of T

CF

and µ
B

there are character-
istic features in these excitation functions. In particu-
lar, maxima appear at slightly di↵erent c.m. energies
the K+/⇡+ and ⇤/⇡+ ratios while corresponding anti-
particle ratios exhibit a smooth behavior [88]. The ap-
proach to the matter-antimatter symmetry at high en-
ergies is reflected in the characteristic and contrasting
behavior of the p/⇡+ and d/p relative to the correspond-
ing anti-particle ratios. All features are quantitatively
described by the statistical hadronization analysis. We
further note that, for energies beyond that of the LHC,
the thermal parameter T

CF

is determined by the QCD
pseudo-critical temperature and the value of µ

B

vanishes.
Combined with the energy dependence of overall parti-
cle production [89] in central Pb-Pb collisions this im-
plies that the statistical hadronization model prediction
of particle yields at any energy, including those at the Fu-
ture Circular Collider (FCC) [90] or in ultra-high energy
cosmic ray collisions [91], can be made with an estimated
precision of better than 15%.

Since the statistical hadronization analysis at each
measured energy yields a pair of (T

CF

,µ
B

) values, these
points can be used to construct a T vs. µ

B

diagram,
describing phenomenological constraints on the phase
boundary between hadronic matter and the QGP, see

Fig. 5. Note that the points at low temperature seem
to converge towards the value for ground state nuclear
matter (µ

B

= 931 MeV). As argued in [50, 51] this limit
is not necessarily connected to a phase transition. While
the situation at low temperatures and collision energies
is complex and at present cannot be investigated with
first-principle calculations, the high temperature, high
collision energy limit allows a quantitative interpretation
in terms of fundamental QCD predictions.
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FIG. 5. Phenomenological phase diagram of strongly inter-
acting matter constructed from chemical freeze-out points
resulting from statistical hadronization analysis of hadron
yields at di↵erent collision energies. The freeze-out points
extracted from experimental data sets in our own analysis
(squares) and other similar analyses [77, 87, 92, 93] are com-
pared to predictions from LQCD [28, 94] shown as a band.
The inverted triangle marks the value for ground state nuclear
matter (atomic nuclei). For details see text.

The connection between LQCD predictions and ex-
perimental chemical freeze-out points is made quantita-
tive in Fig. 5. We take here recent results for the QCD
phase boundary from the two leading LQCD groups
[28, 94], represented by the band in Fig. 5. As can
be seen, the LQCD values follow the measured µ

B

de-
pendence of the chemical freeze-out temperature very
closely, demonstrating that with relativistic nuclear col-
lisions one can directly probe the QCD phase boundary
between hadronic matter and the QGP. The above re-
sults imply that the pseudo-critical temperature of the
QCD phase boundary at µ

B

= 0 as well as its µ
B

de-
pendence up to µ

B

 300 MeV have been determined
experimentally. There is indirect but strong evidence
from measurements of the initial energy density as well
as from hydrodynamical analysis of transverse momen-
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Chemical equilibrium: 
- correct relative particle abundances? 
- large system -> Grand Canonical 
ensemble: many particles; conservation laws 
on average - chemical potentials 
- small system -> conservation laws E-by-
E -> “canonical suppression” (strangeness) 
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The ratios of produced 
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various species can be 
fitted to determine T, μ. 

Kinetic equilibrium - radial flow: 
- for any interacting system of particles expanding into vacuum, radial flow is a natural 
consequence.   

During the cascade process, an ordering of particles with the highest common underlying 
velocity at the outer edge develops naturally 

Hadrons are released in the final stage and therefore measure “FREEZE-OUT” Temp. - 
instructive simple parametrization - radially boosted source with velocity β and at y=0:  
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Identified particles  
& expansion of the system

fusion, rises more strongly with centrality than observed. The remaining models, all 
different implementations of the saturation picture, show a characteristically weak 
dependence of multiplicity on centrality. For more details see Refs. [4] and [5]. 

Identified Particle Ratios 

The ratios of the multiplicities of particles of different species created in Pb-Pb 
collisions at the LHC can provide information on the degree of thermalization and the 
chemical equilibrium values in these collisions. A priori, differences are not expected 
if particle production is dominated by production at chemical freezeout. ALICE has 
measured the K-/π- and p-/ π- ratios as a function of dNch/dη for Pb-Pb at √sNN = 2.76 
TeV and found the same values and dependence for dNch/dη > 80 as in Au–Au 
collisions at 0.2 TeV.[6] Additional multiplicity ratios are expected soon. 

Identified Particle Spectra 

The transverse momentum spectra of identified pions, kaons and protons were 
measured for both charge states (positive and negative) in Pb-Pb collisions at √sNN = 
2.76 TeV in ALICE. Results are presented in Fig. 4 (left panel) for π-, K-, p- and K0

s in 
0-5% central collisions. Results from STAR and PHENIX are also shown for Au–Au 
collisions at 0.2 TeV. The ALICE data exhibit a stronger power law dependence, as 
expected, especially for anti-protons compared to RHIC. This suggests stronger radial 
flow at the LHC. Blast wave fits to spectra indicate an increase of the average radial 
boost velocity up to (2/3)c and a decrease in the kinetic freezeout temperature to just 
below 100 MeV relative to RHIC data as seen in Fig. 4 (right panel)."
"

          
FIGURE 4.  Left panel: Transverse momentum spectra of various identified particles in ALICE and at 
RHIC as described in the legend. Right panel: 1 σ-contours for best-fit values for the kinetic freezeout 
temperature and the average radial boost velocity from the Blast Wave model.[7]  

 
It"is"of"interest"to"investigate"whether"the"“baryon anomaly” observed at RHIC is 

present at the LHC. The observation at RHIC of enhanced baryon to meson ratios for 
transverse momenta up to about 7 GeV/c has been described in terms of quark 
recombination. The Λ/ K0

s ratios measured in ALICE as a function of pT are shown"in 
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transverse momenta up to about 7 GeV/c has been described in terms of quark 
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Impact of expansion on hadron  
pT-spectra in heavy-ion collisions

Fig. 5 (left panel) for different centralities in Pb–Pb collisions at"√sNN = 2.76 TeV and 
for pp at √s = 0.9 and 7 TeV. The Λ/ K0

s ratio in peripheral Pb–Pb collisions is slightly 
larger than that for pp interactions at √s = 7 TeV where"Λ/ K0

s ~ 0.5. For more central 
collisions, the"Λ/ K0

s ratio increases and develops a maximum, reaching a ratio Λ/ K0
s 

~ 1.5 for pT ~ 3-3.5 GeV/c in 0-5% central collisions.  A comparison with resultsa from 
RHIC for 0-5% central and 60-80% peripheral Au-Au collisions in Fig. 5 (right panel) 
shows only slightly larger ratios at the LHC, but perhaps a persistence of ratios larger 
than those of pp out to higher pT. "

 
FIGURE 5.  Left panel: Λ/ K0

s ratios at midrapidity as a function of transverse momentum for various 
centralities in Pb-Pb collisions at √sNN = 2.76 TeV. Ratios are also presented for minimum bias pp 
events at 0.9 and 7 TeV. Right panel: Comparison of central and peripheral collision ratios from the left 
panel with ratios in similar Au-Au collisions at √sNN = 0.2 TeV. See text for details. 

COLLECTIVE FLOW 

Charged Particle Elliptic Flow 

Elliptic flow (v2) measurements at RHIC indicate that multiple interactions within a 
very short timescale create a strongly-interacting medium of low viscosity in these 
collisions, more precisely a low value of the ratio shear viscosity (η) / entropy (s). 
Furthermore, since the temperature dependence of η/s of this medium is unknown, a 
measurement of the elliptic flow at the LHC and determination of η/s are needed. In 
Fig. 6 (left panel) is the “world’s data” on the elliptic flow v2 integrated over pT as a 
function of √sNN.[8] The integrated elliptic flow of charged particles at the LHC 
increases by ~ 30% over that of the top energy at RHIC. Thus, the hot medium created 
in Pb-Pb collisions at the LHC behaves very much like that at RHIC and should 
provide constraints on the temperature dependence of η/s. 

Differential elliptic flow measurements are sensitive to the dynamical evolution and 
freezeout conditions of the system. Displayed in Fig. 6 (right panel) is the elliptic flow 
v2(4) determined from the 4-particle cumulant as a function of pT for ALICE data [8] 
at √sNN = 2.76 TeV and STAR data at √sNN = 200 GeV, 62.4 GeV and 39 GeV [9]. 
The pT dependence of v2(4) appears essentially identical for 20-30% centrality Pb-Pb 
collisions at the LHC and Au-Au collisions at RHIC from √sNN = 2.76 TeV down to

                                                
a STAR data are multiplied by 0.8 to account for the anti-baryon/baryon ratio and a 10 % feed-down correction is made. 

A quick analysis of 
particle spectra …

RHIC vs LHC  
(LHC: higher mean pT - more 

flow)

Much more baryons than mesons in central 
collisions as compared to proton-proton 
(coalescence/recombination? bulk+jet?)

LHC similar to RHIC 
Maximum at slightly higher-pT
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bulk, jets, medium and pT:  
arbitrary regions  

and INFORMAL Language

Fig. 5 (left panel) for different centralities in Pb–Pb collisions at"√sNN = 2.76 TeV and 
for pp at √s = 0.9 and 7 TeV. The Λ/ K0

s ratio in peripheral Pb–Pb collisions is slightly 
larger than that for pp interactions at √s = 7 TeV where"Λ/ K0

s ~ 0.5. For more central 
collisions, the"Λ/ K0

s ratio increases and develops a maximum, reaching a ratio Λ/ K0
s 

~ 1.5 for pT ~ 3-3.5 GeV/c in 0-5% central collisions.  A comparison with resultsa from 
RHIC for 0-5% central and 60-80% peripheral Au-Au collisions in Fig. 5 (right panel) 
shows only slightly larger ratios at the LHC, but perhaps a persistence of ratios larger 
than those of pp out to higher pT. "

 
FIGURE 5.  Left panel: Λ/ K0

s ratios at midrapidity as a function of transverse momentum for various 
centralities in Pb-Pb collisions at √sNN = 2.76 TeV. Ratios are also presented for minimum bias pp 
events at 0.9 and 7 TeV. Right panel: Comparison of central and peripheral collision ratios from the left 
panel with ratios in similar Au-Au collisions at √sNN = 0.2 TeV. See text for details. 

COLLECTIVE FLOW 

Charged Particle Elliptic Flow 

Elliptic flow (v2) measurements at RHIC indicate that multiple interactions within a 
very short timescale create a strongly-interacting medium of low viscosity in these 
collisions, more precisely a low value of the ratio shear viscosity (η) / entropy (s). 
Furthermore, since the temperature dependence of η/s of this medium is unknown, a 
measurement of the elliptic flow at the LHC and determination of η/s are needed. In 
Fig. 6 (left panel) is the “world’s data” on the elliptic flow v2 integrated over pT as a 
function of √sNN.[8] The integrated elliptic flow of charged particles at the LHC 
increases by ~ 30% over that of the top energy at RHIC. Thus, the hot medium created 
in Pb-Pb collisions at the LHC behaves very much like that at RHIC and should 
provide constraints on the temperature dependence of η/s. 

Differential elliptic flow measurements are sensitive to the dynamical evolution and 
freezeout conditions of the system. Displayed in Fig. 6 (right panel) is the elliptic flow 
v2(4) determined from the 4-particle cumulant as a function of pT for ALICE data [8] 
at √sNN = 2.76 TeV and STAR data at √sNN = 200 GeV, 62.4 GeV and 39 GeV [9]. 
The pT dependence of v2(4) appears essentially identical for 20-30% centrality Pb-Pb 
collisions at the LHC and Au-Au collisions at RHIC from √sNN = 2.76 TeV down to

                                                
a STAR data are multiplied by 0.8 to account for the anti-baryon/baryon ratio and a 10 % feed-down correction is made. 

“soft” 
-bulk 

thermal

“soft+hard” 
jet-medium 

“intermediate”

“hard” 
jet dominated
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Novel effects: hadronization of a mix 
bulk & hard - parton coalescence

25

Hadronisation through coalescence

fragmenting parton:
ph = z p, z<1

recombining partons:
p1+p2=ph

Fries, Muller et al
Hwa, Yang et al

Meson
pT=2pT,parton

Recombination of 
thermal  (‘bulk’)  partons

produces baryons at larger pT

Recombination enhances
baryon/meson ratio

Hot matter

Baryon 
pT=3pT,parton

R
. B

elm
ont, Q

M
09

Note also: v2 scaling

14



Properties of QGP 
with particle 
correlations
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Instead of by impact parameter, the centrality is also often characterized by the

number of participating nucleons (nucleons that undergo at least one inelastic collision)

or by the number of equivalent binary collisions. Phenomenologically it is found that the

total particle production scales with the number of participating nucleons whereas hard

processes scale with the number of binary collisions. These measures can be related

to the impact parameter b using a realistic description of the nuclear geometry in a

Glauber calculation [19], as is shown in Fig. 3b. This Figure also shows that Pb–Pb

collisions at
p
sNN = 2.76 TeV and Au-Au at

p
sNN = 0.2 TeV have a similar distribution

of participating nucleons. The number of binary collisions increases from Au–Au to Pb–

Pb by about 50% because the nucleon-nucleon inelastic cross section increases by about

that amount at the respective center of mass energies of 0.2 and 2.76 TeV.

3. Anisotropic Flow

Flow signals the presence of multiple interactions between the constituents of the

medium created in the collision. More interactions usually leads to a larger magnitude

of the flow and brings the system closer to thermalization. The magnitude of the

flow is therefore a detailed probe of the level of thermalization. The theoretical tools
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Figure 4. Almond shaped interaction volume after a non-central collision of two
nuclei. The spatial anisotropy with respect to the x-z plane (reaction plane) translates
into a momentum anisotropy of the produced particles (anisotropic flow).

to describe flow are hydrodynamics or microscopic transport (cascade) models. In the

transport models flow depends on the opacity of the medium, be it partonic or hadronic.

Hydrodynamics becomes applicable when the mean free path of the particles is much

smaller than the system size, and allows for a description of the system in terms of

macroscopic quantities. This gives a handle on the equation of state of the flowing

matter and, in particular, on the value of the sound velocity c

s

.

Experimentally, the most direct evidence of flow comes from the observation of

anisotropic flow which is the anisotropy in particle momentum distributions correlated

Elliptic Flow: A Brief Review 6
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Figure 5. The created initial transverse energy density profile and its time
dependence in coordinate space for a non-central heavy-ion collision [21]. The z-axis
is along the colliding beams, the x-axis is defined by the impact parameter.

with the reaction plane. The reaction plane is defined by the impact parameter and the

beam direction z (see Fig. 4). A convenient way of characterizing the various patterns

of anisotropic flow is to use a Fourier expansion of the invariant triple di↵erential

distributions:

E

d3
N

d3p
=

1

2⇡

d2
N

ptdptdy

 

1 + 2
1X

n=1

v

n

cos[n('� RP)]

!

, (2)

where E is the energy of the particle, p the momentum, pt the transverse momentum, '

the azimuthal angle, y the rapidity, and  RP the reaction plane angle. The sine terms

in such an expansion vanish because of the reflection symmetry with respect to the

reaction plane. The Fourier coe�cients are pt and y dependent and are given by

v

n

(pt, y) = hcos[n('� RP)]i, (3)

where the angular brackets denote an average over the particles, summed over all events,

in the (pt, y) bin under study. In this Fourier decomposition, the coe�cients v1 and v2

are known as directed and elliptic flow, respectively.

The evolution of the almond shaped interaction volume is shown in Fig. 5. The

contours indicate the energy density profile and the plots from left to right show how

the system evolves from an almond shaped transverse overlap region into an almost

symmetric system. During this expansion, governed by the velocity of sound, the created

hot and dense system cools down.

Figure 6a shows the velocity of sound versus temperature for three di↵erent

equations of state [22]. The dash-dotted line is the hadron resonance gas EoS, the

red full line is a parameterization of the EoS which matches recent lattice calculations

and the blue dashed line is an EoS which incorporates a first order phase transition.

The arrows indicate the corresponding transition temperatures for the lattice inspired

EoS and the EoS with a first order phase transition. The temperature dependence of

the sound velocity clearly di↵ers significantly between the di↵erent equations of state.

Because the expansion of the system and the buildup of collective motion depend on the

velocity of sound, it is expected that this di↵erence will have a clear signature in the flow.

Model calc.: P. F. Kolb, U. W. Heinz, In *Hwa, R.C. (ed.) et al.: Quark gluon plasma* 634-714.

Initial transverse energy density profile and 
its time dependence in coordinate space for 
a non-central heavy-ion collision
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transport models flow depends on the opacity of the medium, be it partonic or hadronic.

Hydrodynamics becomes applicable when the mean free path of the particles is much

smaller than the system size, and allows for a description of the system in terms of

macroscopic quantities. This gives a handle on the equation of state of the flowing
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in the (pt, y) bin under study. In this Fourier decomposition, the coe�cients v1 and v2

are known as directed and elliptic flow, respectively.

The evolution of the almond shaped interaction volume is shown in Fig. 5. The

contours indicate the energy density profile and the plots from left to right show how

the system evolves from an almond shaped transverse overlap region into an almost

symmetric system. During this expansion, governed by the velocity of sound, the created

hot and dense system cools down.

Figure 6a shows the velocity of sound versus temperature for three di↵erent

equations of state [22]. The dash-dotted line is the hadron resonance gas EoS, the

red full line is a parameterization of the EoS which matches recent lattice calculations

and the blue dashed line is an EoS which incorporates a first order phase transition.

The arrows indicate the corresponding transition temperatures for the lattice inspired

EoS and the EoS with a first order phase transition. The temperature dependence of

the sound velocity clearly di↵ers significantly between the di↵erent equations of state.

Because the expansion of the system and the buildup of collective motion depend on the

velocity of sound, it is expected that this di↵erence will have a clear signature in the flow.
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Initial transverse energy density profile and 
its time dependence in coordinate space for 
a non-central heavy-ion collision



Azimuthal angular asymmetry in 
particle production
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Elliptic Flow: A Brief Review 5

Instead of by impact parameter, the centrality is also often characterized by the

number of participating nucleons (nucleons that undergo at least one inelastic collision)

or by the number of equivalent binary collisions. Phenomenologically it is found that the

total particle production scales with the number of participating nucleons whereas hard

processes scale with the number of binary collisions. These measures can be related

to the impact parameter b using a realistic description of the nuclear geometry in a

Glauber calculation [19], as is shown in Fig. 3b. This Figure also shows that Pb–Pb

collisions at
p
sNN = 2.76 TeV and Au-Au at

p
sNN = 0.2 TeV have a similar distribution

of participating nucleons. The number of binary collisions increases from Au–Au to Pb–

Pb by about 50% because the nucleon-nucleon inelastic cross section increases by about

that amount at the respective center of mass energies of 0.2 and 2.76 TeV.

3. Anisotropic Flow

Flow signals the presence of multiple interactions between the constituents of the

medium created in the collision. More interactions usually leads to a larger magnitude

of the flow and brings the system closer to thermalization. The magnitude of the

flow is therefore a detailed probe of the level of thermalization. The theoretical tools
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Figure 4. Almond shaped interaction volume after a non-central collision of two
nuclei. The spatial anisotropy with respect to the x-z plane (reaction plane) translates
into a momentum anisotropy of the produced particles (anisotropic flow).

to describe flow are hydrodynamics or microscopic transport (cascade) models. In the

transport models flow depends on the opacity of the medium, be it partonic or hadronic.

Hydrodynamics becomes applicable when the mean free path of the particles is much

smaller than the system size, and allows for a description of the system in terms of

macroscopic quantities. This gives a handle on the equation of state of the flowing

matter and, in particular, on the value of the sound velocity c

s

.

Experimentally, the most direct evidence of flow comes from the observation of

anisotropic flow which is the anisotropy in particle momentum distributions correlated

measurement: azimuthal angular distribution of 
particles with respect to event plane

Sizeable 
effect!



Azimuthal anisotropy
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i t i e s [ 7 ] b u t i s i n a g r e e m e n t w i t h s o m e m o d e l s t h a t i n c l u d e
v i s c o u s c o r r e c t i o n s w h i c h a t t h e L H C b e c o m e l e s s i m p o r -
t a n t [ 1 2 , 1 5 – 1 8 ] .

I n s u m m a r y w e h a v e p r e s e n t e d t h e fi r s t e l l i p t i c fl o w
m e a s u r e m e n t a t t h e L H C . T h e o b s e r v e d s i m i l a r i t y a t
R H I C a n d t h e L H C o f p t - d i f f e r e n t i a l e l l i p t i c fl o w a t l o w
p t i s c o n s i s t e n t w i t h p r e d i c t i o n s o f h y d r o d y n a m i c m o d e l s
[ 7 , 1 4 ] . W e fi n d t h a t t h e i n t e g r a t e d e l l i p t i c fl o w i n c r e a s e s
a b o u t 3 0 % f r o m

ffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼ 2 0 0 G e V a t R H I C t o
ffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼

2 : 7 6 T e V . T h e l a r g e r i n t e g r a t e d e l l i p t i c fl o w a t t h e L H C i s
c a u s e d b y t h e i n c r e a s e i n t h e m e a n p t . F u t u r e e l l i p t i c fl o w
m e a s u r e m e n t s o f i d e n t i fi e d p a r t i c l e s w i l l c l a r i f y t h e r o l e o f
r a d i a l e x p a n s i o n i n t h e f o r m a t i o n o f e l l i p t i c fl o w .
T h e A L I C E C o l l a b o r a t i o n w o u l d l i k e t o t h a n k a l l i t s

e n g i n e e r s a n d t e c h n i c i a n s f o r t h e i r i n v a l u a b l e c o n t r i b u t i o n s
t o t h e c o n s t r u c t i o n o f t h e e x p e r i m e n t a n d t h e C E R N a c -
c e l e r a t o r t e a m s f o r t h e o u t s t a n d i n g p e r f o r m a n c e o f t h e
L H C c o m p l e x . T h e A L I C E C o l l a b o r a t i o n a c k n o w l e d g e s
t h e f o l l o w i n g f u n d i n g a g e n c i e s f o r t h e i r s u p p o r t i n b u i l d i n g
a n d r u n n i n g t h e A L I C E d e t e c t o r : C a l o u s t e G u l b e n k i a n
F o u n d a t i o n f r o m L i s b o n a n d S w i s s F o n d s K i d a g a n ,
A r m e n i a ; C o n s e l h o N a c i o n a l d e D e s e n v o l v i m e n t o
C i e n t ı´ fi c o e T e c n o l o ´ g i c o ( C N P q ) , F i n a n c i a d o r a d e
E s t u d o s e P r o j e t o s ( F I N E P ) , F u n d a c ¸ a ˜ o d e A m p a r o a `

P e s q u i s a d o E s t a d o d e S a ˜ o P a u l o ( F A P E S P ) ; N a t i o n a l
N a t u r a l S c i e n c e F o u n d a t i o n o f C h i n a ( N S F C ) , t h e
C h i n e s e M i n i s t r y o f E d u c a t i o n ( C M O E ) , a n d t h e
M i n i s t r y o f S c i e n c e a n d T e c h n o l o g y o f C h i n a ( M S T C ) ;
M i n i s t r y o f E d u c a t i o n a n d Y o u t h o f t h e C z e c h R e p u b l i c ;
D a n i s h N a t u r a l S c i e n c e R e s e a r c h C o u n c i l , t h e C a r l s b e r g
F o u n d a t i o n , a n d t h e D a n i s h N a t i o n a l R e s e a r c h
F o u n d a t i o n ; T h e E u r o p e a n R e s e a r c h C o u n c i l u n d e r t h e
E u r o p e a n C o m m u n i t y ’ s S e v e n t h F r a m e w o r k P r o g r a m m e ;
H e l s i n k i I n s t i t u t e o f P h y s i c s a n d t h e A c a d e m y o f F i n l a n d ;
F r e n c h C N R S - I N 2 P 3 , t h e ‘ ‘ R e g i o n P a y s d e L o i r e , ’ ’
‘ ‘ R e g i o n A l s a c e , ’ ’ ‘ ‘ R e g i o n A u v e r g n e , ’ ’ a n d C E A ,
F r a n c e ; G e r m a n B M B F a n d t h e H e l m h o l t z A s s o c i a t i o n ;
H u n g a r i a n O T K A a n d N a t i o n a l O f fi c e f o r R e s e a r c h a n d
T e c h n o l o g y ( N K T H ) ; D e p a r t m e n t o f A t o m i c E n e r g y a n d
D e p a r t m e n t o f S c i e n c e a n d T e c h n o l o g y o f t h e G o v e r n m e n t
o f I n d i a ; I s t i t u t o N a z i o n a l e d i F i s i c a N u c l e a r e ( I N F N ) o f
I t a l y ; M E X T G r a n t - i n - A i d f o r S p e c i a l l y P r o m o t e d
R e s e a r c h , J a p a n ; J o i n t I n s t i t u t e f o r N u c l e a r R e s e a r c h ,
D u b n a ; N a t i o n a l R e s e a r c h F o u n d a t i o n o f K o r e a ( N R F ) ;
C O N A C Y T , D G A P A , M e ´ x i c o , A L F A - E C , a n d t h e
H E L E N P r o g r a m ( H i g h - E n e r g y p h y s i c s L a t i n - A m e r i c a n -
E u r o p e a n N e t w o r k ) ; S t i c h t i n g v o o r F u n d a m e n t e e l
O n d e r z o e k d e r M a t e r i e ( F O M ) a n d t h e N e d e r l a n d s e
O r g a n i s a t i e v o o r W e t e n s c h a p p e l i j k O n d e r z o e k ( N W O ) ,
N e t h e r l a n d s ; R e s e a r c h C o u n c i l o f N o r w a y ( N F R ) ; P o l i s h
M i n i s t r y o f S c i e n c e a n d H i g h e r E d u c a t i o n ; N a t i o n a l
A u t h o r i t y f o r S c i e n t i fi c R e s e a r c h – N A S R ( A u t o r i t a t e a
N a t¸ i o n a l a ˘ p e n t r u C e r c e t a r e S ¸ t i i n t¸ i fi c a ˘ – A N C S ) ; F e d e r a l
A g e n c y o f S c i e n c e o f t h e M i n i s t r y o f E d u c a t i o n a n d
S c i e n c e o f R u s s i a n F e d e r a t i o n , I n t e r n a t i o n a l S c i e n c e a n d
T e c h n o l o g y C e n t e r , R u s s i a n A c a d e m y o f S c i e n c e s ,
R u s s i a n F e d e r a l A g e n c y o f A t o m i c E n e r g y , R u s s i a n
F e d e r a l A g e n c y f o r S c i e n c e a n d I n n o v a t i o n s , a n d C E R N -
I N T A S ; M i n i s t r y o f E d u c a t i o n o f S l o v a k i a ; C I E M A T ,
E E L A , M i n i s t e r i o d e E d u c a c i o ´ n y C i e n c i a o f S p a i n ,
X u n t a d e G a l i c i a ( C o n s e l l e r ı´ a d e E d u c a c i o ´ n ) , C E A D E N ,
C u b a e n e r g ı´ a , C u b a , a n d I A E A ( I n t e r n a t i o n a l A t o m i c
E n e r g y A g e n c y ) ; T h e M i n i s t r y o f S c i e n c e a n d
T e c h n o l o g y a n d t h e N a t i o n a l R e s e a r c h F o u n d a t i o n
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0 : 2 < p t < 5 : 0 G e V = c , a s a f u n c t i o n o f e v e n t c e n t r a l i t y , f o r t h e
2 - a n d 4 - p a r t i c l e c u m u l a n t m e t h o d s , a fi t o f t h e d i s t r i b u t i o n o f
t h e fl o w v e c t o r , a n d t h e L e e - Y a n g z e r o s m e t h o d . F o r t h e c u m u -
l a n t s t h e m e a s u r e m e n t s a r e s h o w n f o r a l l c h a r g e d p a r t i c l e s ( f u l l
m a r k e r s ) a n d s a m e c h a r g e p a r t i c l e s ( o p e n m a r k e r s ) . D a t a p o i n t s
a r e s h i f t e d f o r v i s i b i l i t y . R H I C m e a s u r e m e n t s f o r A u - A u a tffi ffi ffi ffi ffi ffi ffi ffi
s N N

p ¼ 2 0 0 G e V , i n t e g r a t e d o v e r t h e p t r a n g e 0 : 1 5 < p t <

2 : 0 G e V = c , f o r t h e e v e n t p l a n e v 2 f E P g a n d L e e - Y a n g z e r o s a r e
s h o w n b y t h e s o l i d c u r v e s .

P R L 1 0 5 , 2 5 2 3 0 2 ( 2 0 1 0 ) P H Y S I C A L R E V I E W L E T T E R S
w e e k e n d i n g

1 7 D E C E M B E R 2 0 1 0

2 5 2 3 0 2 - 4

APS$Viewpoint:$A$“Li0le$Bang”$arrives$at$the$LHC$(E.$Shuryak)$
1.   Collec?ve$behavior$observed$in$PbBPb$collisions$at$LHC$(integrated:$

+0.3$v2RHIC$–$consequence$of$larger$<pT>)$B>$v2(pT)$similar$to$RHIC$–$
almost$ideal$fluid$at$LHC$?$Similar$observa?on$down$to$39GeV!$

2.$New$input$to$the$energy$dependence$of$collec?ve$flow$
3.$Addi?onal$constraints$on$EqBOfBState$and$transport$proper?es$$

15Integrated elliptic flow

Integrated v2: ~30% larger than at RHIC 
                      (due to the increase of <pT>) v

2
=〈cos [2 (ϕ−Ψ RP )] 〉

Two-particle 
methods

PRL, 105, 252302 (2010)

Multi-particle 
methods

PRL$105,$252302$(2010)$Energy$dependence$of$v2$



Relativistic (ideal) hydrodunamics21

Heinz&‘04&&

Mass&hierarchy&vs&
momentum'is&
characteris3c&of&common&
velocity&distribu3on&

Heavy&par3cles&

Light&par3cles& 0viscosityshear

0

=

=∂

η

µν
µT

Ideal&hydro:&qualita3ve&agreement&but&missing&the&details&



Hydrodynamics crash course22 4. Viscosity

∂t T00 = −∂xT0x − ∂yT0y + ∂zT0z
∂t T0x = ∂xTxx + ∂yTyx + ∂zTzx

Local conservation of E and P

Ti≠ j = 0
Tij = Pδ ij −η(∂i v j + ∂ j vi )−ζ∇⋅ !v

Ideal hydro
Navier-Stokes
η = shear viscosity
ζ = bulk viscosity

Energy-momentum conservation (local)

4. Viscosity

∂t T00 = −∂xT0x − ∂yT0y + ∂zT0z
∂t T0x = ∂xTxx + ∂yTyx + ∂zTzx

Local conservation of E and P

Ti≠ j = 0
Tij = Pδ ij −η(∂i v j + ∂ j vi )−ζ∇⋅ !v

Ideal hydro
Navier-Stokes
η = shear viscosity
ζ = bulk viscosity

Ideal hydrodynamics:
Navier-Stokes equation:

Where η is shear viscosity: friction between layers of fluid

4. Viscosity

shear represents friction between layers of fluid

AY

d
dt
Px = Ayη∂y vxΔy

bulk describes dissipation of diverging flow

δE = −PδV +ζ ∇⋅ !vδVδV

and ζ is bulk viscosity: dissipation of divergent flow

4. Viscosity

shear represents friction between layers of fluid

AY

d
dt
Px = Ayη∂y vxΔy

bulk describes dissipation of diverging flow

δE = −PδV +ζ ∇⋅ !vδVδV

…motion of viscous fluids …



Shear viscosity in fluids...23

mfpLA
F

λρηη v~;v=

Proper&es(are(counter.intui&ve:(
(
Weak(coupling(
• (small(cross(sec&on,(long(mean(free(path(
⇒(large(viscosity(
(
Strong(coupling(
• (large(cross(sec&on,(small(mean(free(path(
⇒(small(viscosity(

η→0:(strongly(coupled((perfect)(fluid(
η→∞:(weakly(coupled((ideal)(gas(



QGP liquid- how perfect is perfect?24

Shear&viscosity&–&lower&limit:&

Romatschke&‘08&

KSS&(string&theory);&Gyullassy@Danielewicz&
(quantum&mechanics&&+&ballisFc&theory)&

RHIC&
ALICE&DATA&@&LHC&

Hydro:&Luzum&‘10&

Study&ellipFc&flow&of&maSer&

Hot,&deconfined&QCD&maSer&flows&as&an&almost&perfect&fluid&

⌘

s
>

1
4⇡

rather recent: in 
principle can go to 

zero

4. Viscosity 
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Perturbative QCD

Kubo  
(σ=22 mb, τη=1.9τcoll)

Anybody’s guess

Some values:
0.08 :  λtherm   λmfp (Danielewicz and Gyulassy)
1/4π : AdS/CFT (Kovton, Starinets, Son)
in principal can go to zero



Comparison QGP to other fluids  
near Tc   .

25

Cold Unitary Atoms
Schafer, Chafin; Rupak & Schafer

goes to a local minimum near a phase transition
in more than 30 systems

Lacey et al., PRL 98:092301,2007;
2007 US Nuclear Science Long
Range Plan

Nuclear liquid-gas
Phase transition
JWC et al. 2007

T0/TF

4. Viscosity 
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Perturbative QCD

Kubo  
(σ=22 mb, τη=1.9τcoll)

Anybody’s guess

similar behavior to  
other fluids near Tc

η/s

4. Viscosity (Kubo relations)

For gas, correlation of particles 
with themselves  
multiplied by relaxation time:

η =
τη

T
d 3r∫ 〈Txy(0,0)Txy(

!r ,t = 0)〉

=
τη

T
(2Sα +1)

d 3p
(2π )3∫ e−E /T

α
∑ px

2py
2

E2
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Perturbative QCD

Kubo  
(σ=22 mb, τη=1.9τcoll)

Anybody’s guess

4. Viscosity (Kubo relations)

For gas, correlation of particles 
with themselves  
multiplied by relaxation time:

η =
τη

T
d 3r∫ 〈Txy(0,0)Txy(

!r ,t = 0)〉

=
τη

T
(2Sα +1)

d 3p
(2π )3∫ e−E /T

α
∑ px

2py
2

E2

�

����

���

����

�

����

���

��� ��� ��� ���

��
�

� �����

Perturbative QCD

Kubo  
(σ=22 mb, τη=1.9τcoll)

Anybody’s guess

S. Pratt

Green-Cubo relations: 
transport coefficients in terms 
of integrals of time correlation 
functions  

- correlations of particles x    
relaxation time

Similar behavior near Tc



Improved (multiparticle) v2{4} : 
very weak energy dependence of v2(pt) - 
from 2.76 TeV down to 39 GeV (!) 
Same phase for different initial 
collision energies !?

v2 =

�
dpt

dN
dpt

v2(pt)�
dpt

dN
dpt

Elliptic Flow  
- collision energy dependence

26



Understanding correlations & v2 
- the so-called non-flow

27
Elliptic Flow: A Brief Review 10

= hhei2('1� RP)ihe�i2('2� RP)i+ �2i,
= hv22 + �2i, (6)

where the double brackets denote an average over all particles within an event, followed

by averaging over all events. In Eq. 6 we have factorized the azimuthal correlation

between the particles in a common correlation with the reaction plane (elliptic flow v2)

and a correlation independent of the reaction plane (non-flow �2). Here we have assumed

that the correlation between v2 and �2 is negligible. If �2 is small, Eq. 6 can be used

to measure hv22i, but in general the non-flow contribution is not negligible. In Fig. 9

(a) (b) (c)

Figure 9. Examples of particle distributions in the transverse plane, where for a)
v2 > 0, v2{2} > 0, b) v2 = 0, v2{2} = 0, and c) v2 = 0, v2{2} > 0.

we illustrate two-particle nonflow contributions as follows: In Fig. 9a an anisotropic

distribution is shown for which both v2 = hcos 2�i and the two-particle correlation

v2{2} =
q
hcos 2(�1 � �2)i are positive. Figure 9b shows a symmetric distribution for

which v2 = 0 and also v2{2} = 0. Figure 9c shows two symmetric distributions rotated

with respect to each other which give v2 = 0 while v2{2} is nonzero. This illustrates

how non-flow contributions from sources like resonance decays or jets can contribute to

v2 measured from two particle correlations.

The collective nature of elliptic flow can be exploited to suppress non-flow

contributions [29, 30]. This is done using so called cumulants, which are genuine multi-

particle correlations. For instance, the two particle cumulant c2{2} and the four particle

cumulants c2{4} are defined as:

c2{2} ⌘
DD

e

i2('1�'2)
EE

=
D
v

2
2 + �2

E
. (7)

c2{4} ⌘
DD

e

i2('1+'2�'3�'4)
EE

� 2
DD

e

i2('1�'2)
EE2

,

=
D
v

4
2 + �4 + 4v22�2 + 2�22

E
� 2

D
v

2
2 + �2

E2
,

=
D
�v

4
2 + �4

E
. (8)

From the combinatorics it is easy to show that �2 / 1/Mc and �4 / 1/M3
c , where Mc is

the number of independent particle clusters. Therefore, v2{2} is only a good estimate

if v2 � 1/
p
Mc while v2{4} is already a good estimate of v2 if v2 � 1/Mc

3/4; for c2{1}
this argument leads to v2 � 1/Mc. This shows that for a typical Pb–Pb collision at

the LHC with Mc = 500 the possible non-flow contribution can be reduced by more

than an order of magnitude using higher order cumulants. One of the problems in using

Elliptic Flow: A Brief Review 5

Instead of by impact parameter, the centrality is also often characterized by the

number of participating nucleons (nucleons that undergo at least one inelastic collision)

or by the number of equivalent binary collisions. Phenomenologically it is found that the

total particle production scales with the number of participating nucleons whereas hard

processes scale with the number of binary collisions. These measures can be related

to the impact parameter b using a realistic description of the nuclear geometry in a

Glauber calculation [19], as is shown in Fig. 3b. This Figure also shows that Pb–Pb

collisions at
p
sNN = 2.76 TeV and Au-Au at

p
sNN = 0.2 TeV have a similar distribution

of participating nucleons. The number of binary collisions increases from Au–Au to Pb–

Pb by about 50% because the nucleon-nucleon inelastic cross section increases by about

that amount at the respective center of mass energies of 0.2 and 2.76 TeV.

3. Anisotropic Flow

Flow signals the presence of multiple interactions between the constituents of the

medium created in the collision. More interactions usually leads to a larger magnitude

of the flow and brings the system closer to thermalization. The magnitude of the

flow is therefore a detailed probe of the level of thermalization. The theoretical tools

x,b

y
z

Rea
cti

on Plan
e

Figure 4. Almond shaped interaction volume after a non-central collision of two
nuclei. The spatial anisotropy with respect to the x-z plane (reaction plane) translates
into a momentum anisotropy of the produced particles (anisotropic flow).

to describe flow are hydrodynamics or microscopic transport (cascade) models. In the

transport models flow depends on the opacity of the medium, be it partonic or hadronic.

Hydrodynamics becomes applicable when the mean free path of the particles is much

smaller than the system size, and allows for a description of the system in terms of

macroscopic quantities. This gives a handle on the equation of state of the flowing

matter and, in particular, on the value of the sound velocity c

s

.

Experimentally, the most direct evidence of flow comes from the observation of

anisotropic flow which is the anisotropy in particle momentum distributions correlated

S. Snellings



Reaction plane (RP)  
Participants plane (PP)

28

Elliptic Flow: A Brief Review 12

ΨPP

ΨRP

Figure 10. Transverse view of a heavy-ion collision with the reaction plane  RP

oriented along the x-axis. Indicated are the participants in the overlap region that
randomly define a particpant plane  PP for each collision.
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Figure 11. a) The eccentricities from a Glauber calculation for participating nucleons
(the solid and open markers) and binary collisions (the dashed lines). b) Various v2

estimates compared to the reaction plane value, v2{RP}.

between "{2} and "{4} as is expected from Eq. 11. The figure also shows that "{4}
is close to "{RP} for the 0 � 40% centrality range [40, 41]. In Fig. 11b we show a

transport model calculation of v2 in the AMPT model [43]. In this model the true

reaction plane is known so that we can compare the di↵erent v2 estimates with the

value in the reaction plane. The AMPT model uses a Glauber model for the initial

conditions and we can therefore compare these estimates with Fig. 11a (the dashed lines).

The agreement between v2{4} and v2{RP} holds for most of the centrality range, while

for the eccentricities in the Glauber model a large di↵erence is observed for the more

peripheral collisions [42].
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oriented along the x-axis. Indicated are the participants in the overlap region that
randomly define a particpant plane  PP for each collision.
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Figure 11. a) The eccentricities from a Glauber calculation for participating nucleons
(the solid and open markers) and binary collisions (the dashed lines). b) Various v2

estimates compared to the reaction plane value, v2{RP}.

between "{2} and "{4} as is expected from Eq. 11. The figure also shows that "{4}
is close to "{RP} for the 0 � 40% centrality range [40, 41]. In Fig. 11b we show a

transport model calculation of v2 in the AMPT model [43]. In this model the true

reaction plane is known so that we can compare the di↵erent v2 estimates with the

value in the reaction plane. The AMPT model uses a Glauber model for the initial

conditions and we can therefore compare these estimates with Fig. 11a (the dashed lines).

The agreement between v2{4} and v2{RP} holds for most of the centrality range, while

for the eccentricities in the Glauber model a large di↵erence is observed for the more

peripheral collisions [42].

[AMPT] calculation using Glauber initial conditions  
v2: RP, EP v2{2} v2{4}
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= hhei2('1� RP)ihe�i2('2� RP)i+ �2i,
= hv22 + �2i, (6)

where the double brackets denote an average over all particles within an event, followed

by averaging over all events. In Eq. 6 we have factorized the azimuthal correlation

between the particles in a common correlation with the reaction plane (elliptic flow v2)

and a correlation independent of the reaction plane (non-flow �2). Here we have assumed

that the correlation between v2 and �2 is negligible. If �2 is small, Eq. 6 can be used

to measure hv22i, but in general the non-flow contribution is not negligible. In Fig. 9

(a) (b) (c)

Figure 9. Examples of particle distributions in the transverse plane, where for a)
v2 > 0, v2{2} > 0, b) v2 = 0, v2{2} = 0, and c) v2 = 0, v2{2} > 0.

we illustrate two-particle nonflow contributions as follows: In Fig. 9a an anisotropic

distribution is shown for which both v2 = hcos 2�i and the two-particle correlation

v2{2} =
q
hcos 2(�1 � �2)i are positive. Figure 9b shows a symmetric distribution for

which v2 = 0 and also v2{2} = 0. Figure 9c shows two symmetric distributions rotated

with respect to each other which give v2 = 0 while v2{2} is nonzero. This illustrates

how non-flow contributions from sources like resonance decays or jets can contribute to

v2 measured from two particle correlations.

The collective nature of elliptic flow can be exploited to suppress non-flow

contributions [29, 30]. This is done using so called cumulants, which are genuine multi-

particle correlations. For instance, the two particle cumulant c2{2} and the four particle

cumulants c2{4} are defined as:
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From the combinatorics it is easy to show that �2 / 1/Mc and �4 / 1/M3
c , where Mc is

the number of independent particle clusters. Therefore, v2{2} is only a good estimate

if v2 � 1/
p
Mc while v2{4} is already a good estimate of v2 if v2 � 1/Mc

3/4; for c2{1}
this argument leads to v2 � 1/Mc. This shows that for a typical Pb–Pb collision at

the LHC with Mc = 500 the possible non-flow contribution can be reduced by more

than an order of magnitude using higher order cumulants. One of the problems in using

Genuine 2,4-particle correlations
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by averaging over all events. In Eq. 6 we have factorized the azimuthal correlation

between the particles in a common correlation with the reaction plane (elliptic flow v2)

and a correlation independent of the reaction plane (non-flow �2). Here we have assumed

that the correlation between v2 and �2 is negligible. If �2 is small, Eq. 6 can be used

to measure hv22i, but in general the non-flow contribution is not negligible. In Fig. 9
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v2 > 0, v2{2} > 0, b) v2 = 0, v2{2} = 0, and c) v2 = 0, v2{2} > 0.

we illustrate two-particle nonflow contributions as follows: In Fig. 9a an anisotropic

distribution is shown for which both v2 = hcos 2�i and the two-particle correlation

v2{2} =
q
hcos 2(�1 � �2)i are positive. Figure 9b shows a symmetric distribution for

which v2 = 0 and also v2{2} = 0. Figure 9c shows two symmetric distributions rotated

with respect to each other which give v2 = 0 while v2{2} is nonzero. This illustrates

how non-flow contributions from sources like resonance decays or jets can contribute to

v2 measured from two particle correlations.

The collective nature of elliptic flow can be exploited to suppress non-flow

contributions [29, 30]. This is done using so called cumulants, which are genuine multi-

particle correlations. For instance, the two particle cumulant c2{2} and the four particle

cumulants c2{4} are defined as:
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From the combinatorics it is easy to show that �2 / 1/Mc and �4 / 1/M3
c , where Mc is

the number of independent particle clusters. Therefore, v2{2} is only a good estimate

if v2 � 1/
p
Mc while v2{4} is already a good estimate of v2 if v2 � 1/Mc

3/4; for c2{1}
this argument leads to v2 � 1/Mc. This shows that for a typical Pb–Pb collision at

the LHC with Mc = 500 the possible non-flow contribution can be reduced by more

than an order of magnitude using higher order cumulants. One of the problems in using



Two particle correlations29

x

y
Δφ - azimuthal angle difference

angle in the transverse plane

z

z

Δη - longitudinal - pseudo-rapidity 
distance 



Sensitivity of particle correlations 
to the underlying/initial conditions

30

Two$par(cle,correla(ons,,

,$,condi(onal,[per$trigger],yields,

, and$
1

N
trig

dN
assoc

d��
1

N
trig

d2N
assoc

d�⇥d��

At,Low$pT,:,

Ridge,

Hydrodynamics,,flow,

At,High$pT,:,

Quenching/suppression,,
broadening,

ICP:,Yields,in,central,v.s.,peripheral,
, , , , , , ,collisions,

IAA:,Yields,in,A$A,compared,to,p$p,
$

Discussed later...

Azimuthal sep
aration

Pseudo-rapidity distance



“Beyond” v2 
higher moments -> fluctuations / hotspots
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Single'event!'

dN

d'
⇠ 1 + 2v2 cos(2�') + ...

Non-zero!



Two-particle correlations - 
Fourier decomposition

32

22Fourier decomposition

● Extract 1D Δϕ correlations by integrating the 
C(Δη,Δϕ) in 0.8<|Δη|<1.8 (long) range 

● Then do Fourier decomposition

Δφ Δη

● With present statistics, few (5) components describe 
long range correlations at low pT

● Strong near-side ridge and 
double-peak on away-side

arXiv:1109.2501 (sub. to PLB)
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max

−Δη
min

∫Δη
min

Δη
max

C ( Δη , Δϕ )∼1+2∑
n=1
V nΔcos ( nΔϕ)

Integra(on*of*the*correla(on*func(on*in**
0.8*<*|Δη|*<*1.8*(long)*and*Fourier*decomposi(on*
Collec(ve*flow:*the*coefficients*factorize*VnΔ=vn(pTT)vn(pTA)*

Few*components*describe*the*lowJpT*correla(ons*
!  Strong'near'side'ridge'and'double0peak'on'the'away'
! Also'recoil'jet'up'to'pTtrig>8'&'pTassoc'608'in'central'



Correlations & hydrodynamics...33

23Factorization hypothesis

● If observed long range correlation structures from collective flow, then

● Test hypothesis with global fit to get vn(pT
) from VnΔ(pT

trig,pT
assoc) bins

● Collective motion dominates to about 3-4 GeV/c for all n>1

● Poorer description at higher momentum 
or for more peripheral collisions 

V nΔ=〈cos [n (ϕtrig−ϕassoc ) ]〉=〈cos [n (ϕtrig−Ψ n ) ]〉 〈cos [n (ϕassoc−Ψ n) ]〉=vn ( pttrig )⋅vn ( ptassoc)

arXiv:1109.2501 (sub. to PLB)

Long%range%correla+ons%–%collec+ve%flow:%the%coefficients%must%factorize%such%that:%
%

23Factorization hypothesis

● If observed long range correlation structures from collective flow, then

● Test hypothesis with global fit to get vn(pT
) from VnΔ(pT

trig,pT
assoc) bins

● Collective motion dominates to about 3-4 GeV/c for all n>1

● Poorer description at higher momentum 
or for more peripheral collisions 

V nΔ=〈cos [n (ϕtrig−ϕassoc ) ]〉=〈cos [n (ϕtrig−Ψ n ) ]〉 〈cos [n (ϕassoc−Ψ n) ]〉=vn ( pttrig )⋅vn ( ptassoc)

arXiv:1109.2501 (sub. to PLB)

Global%fits%show:%%
!  Collec+ve%flow%dominates%to%about%3@4%GeV/c%for%all%n>1%
!  Descrip+on%breaks%for%high%pT%or%peripheral%collisions%
!  For%low%pT:%double%peak%and%ridge%structures%seen%in%two%par+cle%correla+ons%are%

naturally%explained%by%measured%anisotropic%flow%coefficients%%

24Check of factorization at low pT

C (ΔΦ)∼1+∑ vn
2
cos (ΔΦ)

PRL, 107, 032301 (2011)

QM11

● Cross check of vn results
● Consistent results for global fit 

and scalar product (SP)method 

● Extracted (SP) flow 
coefficients describe 
measured long-range 
two particle correlation 
structures 

Mach Cone and ridge structures seen in two particle correlations 
are naturally explained by measured anisotropic flow coefficients



19Higher harmonic flow

ψ
3

ψ
RP

ψ
2

PRL, 107, 032301 (2011)

● Fluctuations in initial state lead to e-
by-e fluctuating symmetry planes

● Odd harmonics are not zero
● Triangular flow (v3 harmonic)

● Weak centrality dependence
● Vanishes as expected when 

measured wrt reaction plane
● Similar pT dependence for all vn

● Higher harmonics provide 
additional constraints on η/s

●  η/s small, similar as at RHIC

v2

v3

Alver, Roland, 2010

v3#$#triangular#flow#:##
$#weak#centrality#dependence#
$#vanishes#as#expected#when#
measured#w.r.t.#reac<on#plane#
#
Similar#pT#dependence#for#all#vn#
#
Higher#harmonics#$#addi<onal#
constraints#on#η/s#

η/s#small,#similar#as#at#RHIC#
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PRL, 107, 032301 (2011)

● Fluctuations in initial state lead to e-
by-e fluctuating symmetry planes

● Odd harmonics are not zero
● Triangular flow (v3 harmonic)

● Weak centrality dependence
● Vanishes as expected when 

measured wrt reaction plane
● Similar pT dependence for all vn

● Higher harmonics provide 
additional constraints on η/s

●  η/s small, similar as at RHIC

v2

v3

Alver, Roland, 2010

Higher harmonics w.r.t. to event plane
34
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(viscous) fluid dynamics works!
35

Small shear viscosity over entropy ratio:  
�

s
� 0.25

Good description of data for n++



Jet-medium-flow coupling 
via two particle correlations?

36
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Motivation (II)

Δϕ rms

PRL 93,242301 (2004)

dNch/dη

Δη  rms

data points: 

STAR preliminary

• N. Armesto, C. Salgado, U. Wiedemann: 
Measuring the Collective Flow with Jets

 [PRL 93,242301 (2004)]

– Broadening in a static medium

– Longitudinal flow results in deformation of the 
conical jet shape
 Different Δϕ and Δη widths (eccentric jets)

● Interest to study modifications of the jet shape
● Increase of width (radiation) 
● Increase of eccentricity (longitudinal flow)

● In particular at low parton p
T
 

where quenching effects are strongest.
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Motivation (II)

Δϕ rms

PRL 93,242301 (2004)

dNch/dη

Δη  rms

data points: 

STAR preliminary

• N. Armesto, C. Salgado, U. Wiedemann: 
Measuring the Collective Flow with Jets

 [PRL 93,242301 (2004)]

– Broadening in a static medium

– Longitudinal flow results in deformation of the 
conical jet shape
 Different Δϕ and Δη widths (eccentric jets)

● Interest to study modifications of the jet shape
● Increase of width (radiation) 
● Increase of eccentricity (longitudinal flow)

● In particular at low parton p
T
 

where quenching effects are strongest.

=> LHC? - more jets 
+ somewhat more 

flow...



Jet-peak shape  
evolution - intermediate pT
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Shape Evolution       
(side-band subtracted, fully corrected yields)                  

pT

• Wider peak in central collisions
• Peripheral and pp similar

• Strong pT dependence

Aim: Characterize the peak

2 < p
T,trig    

< 3 GeV

1< p
T,assoc

< 2 GeV

4 < p
T,trig    

< 8 GeV

2 < p
T,assoc

< 3 GeV

0-10% 60-70% pp

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Δϕ
Δη

Wider peak in central collisions  
Peripheral and p-p similar shape 
Strong pT dependence 
=> Characterize the peak



Charged hadron correlations 

Hard Probes 2012, Cagliari Characterizing energy loss with ALICE  19 

•  Greater longitudinal than azimuthal 
broadening 

•  Suggestive of “medium drag” of 
radiation 

•  Caution: physics evolves rapidly with 
pT in this region 

Talks: A. Morsch, J F Grosse-Oetringhaus 

2 < pT,t < 3    1 < pT,a < 2 GeV/c 
4 < pT,t < 8    2 < pT,a < 3 GeV/c 

Centrality | 100 = pp 

σ
Δ
ϕ
 , 
σ
Δ
η
 (f

it)
 

σΔη&
σΔϕ&

Measuring widths of the correlations in  
azimuth and pseudo-rapidity

38
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conical jet shape
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T
 

where quenching effects are strongest.
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Comparison with AMPT MC

● AMPT (A MultiPhase Transport Code)

– Initial conditions simulated using HIJING

– Parton scattering

– Hadronization: Lund model + coalescence

– Hadron scattering

● AMPT describes the main features of the 
near-side shape evolution observed in data

PHYSICAL REVIEW C 72, 064901 (2005)

Measure of jets 
interactions with 
longitudinal flow 

(?)



Probing an unknown 
medium...

39



Probing the  
unknown medium...

jet suppression  
(quenching)

charm/bottom 
dynamics

J/ψ & Υ

color-less particles

Human 

40



 How to probe a patient that 
comes for only O(micro 
sec.)? 

41

Human body



 How to probe a medium that 
lasts only O(micro sec.)? 

42

Human body



… to probe the short lived medium43

Human body

RHIC

LHC

=> use “auto-generated probes” - 
heavy-ion collisions at high-energies 
produce internally high-energy partons 
(fragment into jets of particles)… 

<=> critical input from pp (vacuum) 
measurements - pQCD



Jets in collider experiments 

LEP: Opal

Tevatron: CDF S
TA

R
 T

P
C

 E
ve

nt
 D

is
pl

ay
 xy#plane#

RHIC: Star

CMS Hadronic Response

CMS is using a Particle Flow Technic to reconstruct Jets and Missing 
Transverse Energy

use the best measurement for each component

Tracker for charged hadron

ECAL for electrons & photons

HCAL for neutral hadrons

21

Patrick Janot
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Particle Flow Event Reconstruction
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Charged Hadrons

Photons

Neutral Hadrons

LHC: CMS
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S.D Drell, D.J.Levy and T.M. Yan, Phys. Rev. 187, 2159 (1969) 
N. Cabibbo, G. Parisi and M. Testa, Lett. Nuovo Cimento 4,35 (1970) 
J.D. Bjorken and S.D. Brodsky, Phys. Rev. D 1, 1416 (1970) 
Sterman and Weinberg, Phys. Rev. Lett. 39, 1436 (1977) ... 

What is a jet?
A spray of collimated showers/particles 

- Hardly ever better defined... 

Jet = Parton AND its 
radiation 

Note: experiment measures 
spray of particles 
(~hadrons) 

Jets (unlike single hadrons) 
are objects which are 
“better” understood/
calculable within pQCD

45



Jets in collider experiments 
Jets are fairly 
well known by 
now... and well 
described by 

theory and MC 
=> attractive tool 
for heavy-ionsPerturba(ve-QCD-and-jet-measurements-

QCD(laboratory(with(heavy9ions,(MPloskon( 21(

Theory:(calculates(jets(with(precision;(Well(understood(experimentally(

=>(ARracGve(candidate(for(heavy9ions(

RHIC:(0.2(TeV(
Tevatron:(1.96(TeV(

LHC:(7(TeV(

� / fPDF
a ⌦ fPDF

b ⌦ �hard
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Hadronic collisions: pQCD and jets

D(z,%mF)%is#the#
Fragmenta-on#
func-on#

E
d3�

dp3
⇥ fa/A(xa, Q2)� fb/B(xb, Q

2)� d�̂ab�cd

dt
�Dh/c(zc, Q

2)

pQCD#factoriza-on:#
#
#
#
#
#

parton#distribu-on#fn#fa/A%

partonic#cross#sec-on#

fragmenta-on#fn#Dh/c%

Jets%are%defined%via%rigorous%(collinear%
and%infrared%safe)%%

clustering%algorithms%
%

Same%clustering%defini8ons%in%
experiment%and%theory%–%integra8on%

over%hadronic/parton%showers%

47



Inclusive jet production: pQCD & data
c
o
l
l
i
s
i
o
n

e
n
e
r
g
y

: p
s

low$

high$

Jets are fairly 
well known by 
now... and well 
described by 

theory and MC 
=> attractive tool 
for heavy-ions

Perturba(ve-QCD-and-jet-measurements-

QCD(laboratory(with(heavy9ions,(MPloskon( 21(

Theory:(calculates(jets(with(precision;(Well(understood(experimentally(

=>(ARracGve(candidate(for(heavy9ions(

RHIC:(0.2(TeV(
Tevatron:(1.96(TeV(

LHC:(7(TeV(

� / fPDF
a ⌦ fPDF

b ⌦ �hard
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Probing the  
unknown medium...

jet suppression  
(quenching)

charm/bottom 
dynamics
J/ψ & Υ

color-less particles

Human body

49



QED: Passage of electrically 
charged particle through 

�
<

d
E

/
d
x

>

QED:-Passage-of-electrically-charged-
par(cles-through-maGer-

18(QCD(laboratory(with(heavy9ions,(MPloskon(

ParGcle(Data(Group(

High energy limit: Radiative energy 
loss 

What is the equivalent in QCD?

50



Bremsstrahlung in QCD:  
Formation time -> coherence effects

51

May 31st, 2012 –  Hard Probes 2012, Cagliari Alessandro Buzzatti – Columbia University 4 

Energy loss – Radiative 

Incoherent limit: Gunion-Bertsch 

• ࡺࢊ
఼ࢊ࢞ࢊ

= 
࢞
࢙ࢻ
࣊

఼
఼ (఼఼ି)

 
 

– Incoming quark is on-shell and massless 
– The non-abelian nature of QCD alters the spectrum from 

the QED result 
– Multiple scattering amplitudes are summed incoherently 

 =  [ୄ,ି,ା]

 = [࣓ = ,ାࡱ࢞
ୄ

࣓  [ୄ,

 = ,ାࡱ]
ୄ ࡹ+

ାࡱ  [ୄ,

 ᇱ

Formation time physics 

•   
 

 
– ࢌ࣎ < ࣅ <  Incoherent multiple collisions   ࡸ
– ࣅ < ࢌ࣎ <  LPM effect (radiation suppressed by multiple scatterings within   ࡸ

one coherence length) 
– ࣅ < ࡸ <  Factorization limit (acts as one single scatterer)   ࢌ࣎

~ࢌ࣎
࣓
ୄ

 

  

propagating  
parton 

radiated 
gluon 

Landau-Pomeranchuk-Migdal effect 
Formation time important 

Radiation sees  
length ~τf at once 

q ! qg



Bremsstrahlung in QCD 

Define(a(transport(coefficient:(

Bremsstrahlung-energy-loss-in-QCD-

Partonic(energy(loss(in(QCD(medium(is(proporGonal:(
• (to(squared(average(path(length((Note:(QED(~(linear)(
• (to(density(of(the(medium(
⇒ -energy-flow-(parton+radia(on)-modified-as-compared-to-jet-in-vacuum-
⇒ -jet-“quenched”-(“sofened”-fragmenta(on)-

t
formation

< L, � < �
c

�dE/dx ⇠ �sq̂L
2

22(QCD(laboratory(with(heavy9ions,(MPloskon(

q̂ ⇠ µ2/�

High(energy(color-charged-probe(
propagaGng(through(color(charged(medium(

(LPM(effect;(mulGple(sok(radiaGons)(

52

λ<τ : multiple scatterings add coherently

ρ
λ

1
∝

⌧
form

= 2!/k2
T

q ! qg



Jets in heavy-ion collisions  
- an idealization

Jets-in-heavy-ion-collisions:-
idealiza(on-

QCD(laboratory(with(heavy9ions,(MPloskon( 42(

producGon(vertex:(high(Q
2
(

pQCD(

=>(Factorized(picture.((

PropagaGon(in(strongly(coupled(

Quark(Gluon(Plasma(

pQCD9based(jet(quenching(

hydrodynamics(

AdS/CFT(

…(

Vacuum(fragmentaGon(into(hadrons(

non9pert.(QCD(

� / fPDF
a ⌦ fPDF

b ⌦ �hard

Factorization in heavy-ion collisions?53



Jets in heavy-ion collisions 
RHIC & LHC

LHC + RHIC: QCD evolution of jet quenching ? 

Vary energy of the jet: 
 LHC: Vary the scale with which QGP is probed ( a la DIS) 
 Compare and contrast RHIC and LHC 

STAR: Au+Au at 0.2 TeV

CMS: Pb+Pb at 2.76 TeV

54

back-to-back jets



Jets in HI collisions & Experimental difficulties:  
Vacuum jet vs jet on top of the HI background...

Vacuum
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Jets in HI collisions & Experimental difficulties:  
Vacuum jet vs jet on top of the HI background...

Heavy-ion collision @ LHC
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Probing the  
unknown medium...

jet suppression  
(quenching)

charm/bottom 
dynamics
J/ψ & Υ

color-less particles

Human body

57



No#“effect”:#
R#<#1#at#small#momenta#
R"="1"at"higher"momenta"where"

""hard"processes"dominate"

Photon#–#color#neutral#probe#=>#No#suppresion#

Hadrons#from#color#charged#jets#=>#Suppression#

RaCo#=#
#(parCcles#observed#in#AA#collision#per#binary#collision)#
#
#(parCcles#observed#per#pJp#collision)##

Jet quenching - RHIC
58

High-pT particles - proxy for jets



Reminder...59

Npart (or Nwound) =  7  �participants� 
Nbin  (or Ncoll)    = 12 �binary collisions� 

e.g.: 

“Soft”, large cross-section processes expected to scale with Npart 

“Hard”, low cross-section processes expected to scale with Nbin



“Easier” (than full jet reconstruction) exercise:  
Jet-quenching via leading hadrons 

Azimuthal*
Correla/on*
~*180*deg*

Leading*par/cle*
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Figure 2: The pT distributions of primary charged particles at mid-rapidity (|! | < 0.8) in central (0–5%) and
peripheral (70–80%) Pb–Pb collisions at � sNN = 2.76 TeV. Error bars are statistical only. The systematic data
errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%
centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within
the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation
reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from
NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV
are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is
similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at
pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In
contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The
nuclear modification factor deviates from one in both samples. At high pT , where production from hard
processes is expected to dominate, there is a marked difference between peripheral and central events. In
peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-
pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ⇥ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in
heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about
a factor of two is observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,
as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of
RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of

Loss of measured 
yield in central A-

Inclusive hadron production 
Measured as a function of collision 

centrality

Di-hadron 
correlations 

Rates of recoil (“away-side”) hadrons 
suppressed

Note on correlations: interesting 
tool to study the “intermediate”-

pT region - jets vs flow and 
recombination

60



     Hadron suppression
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errors are smaller than the symbols. The scaled pp references are shown as the two curves, the upper for 0–5%
centrality and the lower for 70–80%. The systematic uncertainties of the pp reference spectra are contained within
the thickness of the line.

7 TeV spectrum as a starting point, good agreement with the reference obtained from interpolation is
found. Starting instead from 0.9 TeV results in a spectrum which is 30–50% higher than the interpolation
reference. The pp reference spectra derived from the use of the CDF data in the interpolation and from
NLO scaling of the 0.9 TeV data are used in the following to illustrate the dependence of RAA at high pT
on the choice of the reference spectrum.

The pT distributions of primary charged particles in central and peripheral Pb–Pb collisions at 2.76 TeV
are shown in Fig. 2, together with the binary-scaled yields from pp collisions. The pT -dependence is
similar for the pp reference and for peripheral Pb–Pb collisions, exhibiting a power law behaviour at
pT > 3 GeV/c, which is characteristic of perturbative parton scattering and vacuum fragmentation. In
contrast, the spectral shape in central collisions clearly deviates from the scaled pp reference and is closer
to an exponential in the pT range below 5 GeV/c.

Figure 3 shows the nuclear modification factor RAA for central and peripheral Pb–Pb collisions. The
nuclear modification factor deviates from one in both samples. At high pT , where production from hard
processes is expected to dominate, there is a marked difference between peripheral and central events. In
peripheral collisions, the nuclear modification factor reaches about 0.7 and shows no pronounced pT de-
pendence for pT > 2 GeV/c. In central collisions, RAA is again significantly different from one, reaching
a minimum of RAA ⇥ 0.14 at pT = 6–7 GeV/c. In the intermediate region there is a strong dependence
on pT with a maximum at pT = 2 GeV/c. This may reflect a variation of the particle composition in
heavy-ion collisions with respect to pp, as observed at RHIC [28, 29]. A significant rise of RAA by about
a factor of two is observed for 7 < pT < 20 GeV/c. Shown as histograms in Fig. 3, for central events only,
are the results for RAA at high pT , using alternative procedures for the computation of the pp reference,
as described above. For such scenarios, the overall value for RAA is shifted, but a significant increase of
RAA in central collisions for pT > 7 GeV/c persists.

In Fig. 4 the ALICE result in central Pb–Pb collisions at the LHC is compared to measurements of

Loss of measured 
yield in central A-

A

Nuclear modification factor:
#(particles observed in AA collision per N-N (binary) collision) 

#(particles observed per p-p collision)  
RAA = Suppression of High pT Particles 
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“No effect” case is for RAA = 1   at high pT where hard processes 
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Fig. 7: Nuclear modification factor RAA as a function of pT for a variety of particle species together with theoret-
ical predictions. Experimental error bars correspond to the total error (statistical and systematic errors added in
quadrature). a) Low momentum region pT < 20 GeV; b) Entire momentum range measured at LHC. The curves
show the results of various QCD-based models of parton energy loss [124, 125, 126, 127, 128]. For details, see
text.

the decay of bottom quarks, closed diamond) in Fig. 7, are almost as strongly suppressed as inclusive
charged particles. A similar conclusion can be drawn from the measurement of leptons from heavy
flavour decays [115]. This seems contrary to the expectation that gluons, which are the dominant source
of inclusive charged particles at LHC, should suffer twice as much energy loss as light quarks and that, in
addition, the energy loss of heavy quarks should be even less than that of light quarks because of the mass
dependence of radiation (“dead-cone” effect [109]). The strong suppression found for hadrons containing
c- and b-quarks confirms observations made at RHIC and may indicate that the energy loss rate depends
less strongly on the parton mass than expected for radiative energy loss. Reasons for this behaviour
could be nonperturbatively large elastic energy loss in the strongly coupled quark-gluon plasma or heavy
meson formation within the medium [124]. More data and a quantitative comparison with models will be
required to see how the small, with current statistics not very significant, difference between light hadron
and heavy quark suppression can be accommodated by theory.

Above pT ⇡ 8 GeV/c, the suppression becomes universal for all particle species (with the possible ex-
ception of the non-prompt J/yoriginating from B-meson decays shown in the left panel). With increasing
pT , RAA rises gradually towards a value of 0.5 (see right panel), a feature which was not readily apparent
in the RHIC data. Isolated photons and the Z boson are not suppressed, within the currently still large
statistical errors. This finding is consistent with the hypothesis that the suppression observed for hadrons
is due to final-state interactions with the hot medium.

The observed rise of RAA with pT allows a better discrimination between competing models of energy
loss than the rather flat high pT dependence observed at RHIC. The rise can be understood as a decrease
of the parton fractional energy loss with increasing pT , reflecting the weak energy dependence of pQCD
radiative energy loss on parton energy. At RHIC this trend is compensated by the softening of the
underlying parton spectrum, whereas at LHC the spectrum stays hard up to the highest measured pT
which remains much farther away from the kinematic threshold than at RHIC.

The observed trend is semi-quantitatively described by several models implementing the perturbative
QCD (pQCD) formalism for energy loss [124, 125, 126, 127, 128]. The rate of induced gluon radiation
in pQCD is governed by the rate of transverse momentum broadening, encoded in the jet quenching
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Systematic data-model(s) study  
=> extract transport coefficient 
Use of RHIC & LHC data 
Temperature dependence (?)

Extraction of QGP transport 
coefficients
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q determined with about 35% uncertainty 
Combined RHIC and LHC data: 
• Test model consistency  
• First hint of temperature dependence (but see new results by Majumder et al) 
Systematic multi-model, multi-experiment comparison: Need more! 
Quantitative extraction of e awaits more precise heavy flavor data
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�dE/dx ⇠ ↵sq̂L
2

q̂ ⇠ µ2/� � / 1

⇢

RHIC : q̂ ⇡ 1.2± 0.3 GeV2/fm

LHC : q̂ ⇡ 1.9± 0.7 GeV2/fm

Cold matter (HERMES DIS) : q̂ ⇡ 0.02 GeV2/fm



so far…

•  High energy heavy-ion collisions: 

•  hot medium; thermal [statistical hadronization] particle 
emission 

•  QGP flows as almost perfect fluid - well described by 
viscous hydrodynamics - transport coefficient constrained 

• slow evolution with energy - similar medium over large 
span of energies (?) - role of mean free path vs. medium 
size… 

•  QGP is opaque to high energy jets (dense medium) - 
transport coefficient constrained (first syst. results)
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