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Quark Gluon Plasma:
A state of matter without 
color confinement that 
exhibits collective effects
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Basic Idea: Smash heavy nuclei (Pb) at highest possible energy (LHC)
⇒ create conditions (hot and dense) sufficient to “melt” matter into a QGP 
(the state of all matter ~6 µs after the Big Bang)

Quark Gluon Plasma:
A state of matter without 
color confinement that 
exhibits collective effects
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εc ≈ 1 GeV/fm3

(from Lattice QCD) 
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Space-Time Picture of a Heavy-Ion Collisions
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I will discuss in this talk ...
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The “Standard Model” in Heavy-Ion Physics

4

and a (small) selection of measurements/probes 
I will discuss in this talk ...

Bulk properties; radial flow

Elliptic (higher harmonic) hydrodynamic flow

Look at the 
initial state 

Jet (quenching) = 
QGP tomography

Quarkonia, J/ψ
suppression as
a thermometer
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The ALICE Experiment
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p+p collisions in ALICE
not only a reference ... 
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Particle Multiplicity in p+p Collisions
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Table 1. Charged-particle pseudorapidity densities at central pseudorapidity (|η| < 1), for inelastic collisions having at least
one charged particle in the same region (INEL>0|η|<1), at three centre-of-mass energies. For ALICE, the first error is statistical
and the second is systematic. The relative increases between the 0.9 TeV and 2.36 TeV data, and between the 0.9 TeV and 7 TeV
data, are given in percentages. The experimental measurements are compared to the predictions from models. For PYTHIA
the tune versions are given in parentheses. The correspondence is as follows: D6T tune (109), ATLAS-CSC tune (306), and
Perugia-0 tune (320).

Energy ALICE PYTHIA [5,6] PHOJET [10]

(TeV) (109) [7] (306) [8] (320) [9]

Charged-particle pseudorapidity density

0.9 3.81 ± 0.01+0.07
−0.07 3.05 3.92 3.18 3.73

2.36 4.70 ± 0.01+0.11
−0.08 3.58 4.61 3.72 4.31

7 6.01 ± 0.01+0.20
−0.12 4.37 5.78 4.55 4.98

Relative increase (%)

0.9–2.36 23.3± 0.4+1.1
−0.7 17.3 17.6 17.3 15.4

0.9–7 57.6± 0.4+3.6
−1.8 43.0 47.6 43.3 33.4

Increase (%)
0 20 40 60

D6T

PYTHIA

ATLAS-CSC

PYTHIA

Perugia-0

PYTHIA

PHOJET

| < 1!ALICE       INEL>0      |

 2.36 TeV"       0.9 TeV 

 7.0 TeV"       0.9 TeV 

Fig. 1. Relative increase of the charged-particle pseudorapid-
ity density, for inelastic collisions having at least one charged
particle in |η| < 1, between

√
s = 0.9 TeV and 2.36 TeV (open

squares) and between
√
s = 0.9 TeV and 7 TeV (full squares),

for various models. Corresponding ALICE measurements are
shown with vertical dashed and solid lines; the width of shaded
bands correspond to the statistical and systematic uncertain-
ties added in quadrature.

and 7 TeV data, compared with an increase of 47.6% ob-
tained from the closest model, PYTHIA tune ATLAS-
CSC (Fig. 1). The 7 TeV data confirm the observation
made in [4, 15] that the measured multiplicity density in-
creases with increasing energy significantly faster than in
any of the models considered.

In Fig. 2, we compare the centre-of-mass energy de-
pendence of the pseudorapidity density of charged parti-
cles for the INEL>0|η|<1 class to the evolution for other
event classes (inelastic and non-single-diffractive events),
which have been measured at lower energies. Note that
INEL>0|η|<1 values are higher than inelastic and non-
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Fig. 2. Charged-particle pseudorapidity density in the cen-
tral pseudorapidity region |η| < 0.5 for inelastic and non-
single-diffractive collisions [4,15–24], and in |η| < 1 for inelas-
tic collisions with at least one charged particle in that region
(INEL>0|η|<1), as a function of the centre-of-mass energy. The
lines indicate the fit using a power-law dependence on energy.
Note that data points at the same energy have been slightly
shifted horizontally for visibility.

single-diffractive values, as expected, because events with
no charged particles in |η| < 1 are removed.

We observe that the centre-of-mass energy dependence
for INEL>0|η|<1 collisions follows a similar trend to that
observed between 0.9 TeV and 2.36 TeV for inelastic and
non-single-diffractive events, namely that the increase in
the data is stronger than in the models.

The increase in multiplicity from 0.9 TeV to 2.36 TeV
and 7 TeV was studied by measuring the multiplicity dis-
tributions for the event class, INEL>0|η|<1 (Fig. 3 left).
The unfolded distributions at 0.9 TeV and 2.36 TeV are
described well by the Negative Binomial Distribution

% increase of particle multiplicity wrt to 0.9 TeV

Eur. Phys. J. C68 (2010) 345-354
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Fig. 3. Measured multiplicity distributions in |η| < 1 for the INEL>0|η|<1 event class. The error bars for data points represent
statistical uncertainties, the shaded areas represent systematic uncertainties. Left: The data at the three energies are shown
with the NBD fits (lines). Note that for the 2.36 TeV and 7 TeV data the distributions have been scaled for clarity by the
factors indicated. Right: The data at 7 TeV are compared to models: PHOJET (solid line), PYTHIA tunes D6T (dashed line),
ATLAS-CSC (dotted line) and Perugia-0 (dash-dotted line). In the lower part, the ratios between the measured values and
model calculations are shown with the same convention. The shaded area represents the combined statistical and systematic
uncertainties.

(NBD). At 7 TeV, the NBD fit slightly underestimates
the data at low multiplicities (Nch < 5) and slightly over-
estimates the data at high multiplicities (Nch > 55).

A comparison of the 7 TeV data with models (Fig. 3
right) shows that only the PYTHIA tune ATLAS-CSC is
close to the data at high multiplicities (Nch > 25). How-
ever, it does not reproduce the data in the intermediate
multiplicity region (8 < Nch < 25). At low multiplicities,
(Nch < 5), there is a large spread of values between dif-
ferent models: PHOJET is the lowest and PYTHIA tune
Perugia-0 the highest.

Conclusion

We have presented measurements of the pseudorapidity
density and multiplicity distributions of primary charged
particles produced in proton–proton collisions at the LHC,
at a centre-of-mass energy

√
s = 7 TeV. The measured

value of the pseudorapidity density at this energy is sig-
nificantly higher than that obtained from current models,
except for PYTHIA tune ATLAS-CSC. The increase of
the pseudorapidity density with increasing centre-of-mass
energies is significantly higher than that obtained with the
event generators PHOJET and PYTHIA.

The shape of our measured multiplicity distribution is
not reproduced by any of the event generators considered.
The discrepancy does not appear to be concentrated in
a single region of the distribution, and varies with the
model.
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Particle multiplicity and density are sensitive measurements
and can be used to tune p+p Monte Carlo Generators!  
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Jet Structure Observable(s) in p+p collisions
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Excellent tracking and PID capabilities in ALICE over a wide pT
range will be used to measure jet structure observables and in 
particular particle identified jet fragmentation functions!



Heavy-ion Collisions in ALICE
- The Bulk - 
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The Bulk - Particle Multiplicity in HI Collisions
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PRL 106 (2011) 032301

Particle Multiplicity increases with √s 
Similar centrality dependence as at RHIC 
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The Bulk - Particle Multiplicity in HI Collisions
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PRL 106 (2011) 032301

Particle Multiplicity increases with √s 
Similar centrality dependence as at RHIC 
Centrality dependence put strong constraints
on theoretical calculations  
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The Bulk - Energy density in HI Collisions
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εBj =
1

τπR2
dET

dη

Bjorken estimate of energy density:

Formation time τ unknown, but
of the order < 1 fm/c



Jörn Putschke for the ALICE Collaboration, PHENO 2012

The Bulk - Energy density in HI Collisions
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εBj =
1

τπR2
dET

dη

Bjorken estimate of energy density:

Formation time τ unknown, but
of the order < 1 fm/c

⇒ ετ: LHC ~ 2.5 x RHIC

⇒ εBJ well above εC~1 GeV/fm3
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Strong radial flow: β≈0.66 c 
for most central collisions 
~10% higher than at RHIC
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dN

dϕ
∝ 1 + 2v2 cos[2(ϕ− ψR)] + ...

v2 = 〈cos[2(ϕ− ψR)]〉
Jörn Putschke for the ALICE Collaboration, PHENO 2012

Elliptic Flow – Indicator for Early Thermalization
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• driving spatial anisotropy vanishes ⇒ self quenching

• v2 → sensitive to early interactions and pressure gradients

M. Gehm, S. Granade, S. Hemmer, K, O’Hara, J. Thomas - Science 298 2179 (2002): strongly interacting Fermi gas of (Fermionic) lithium-6 atoms (superfluid)
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PRL 105, 252302 (2010)

Strikingly similar 
differential pT 
dependence of 
elliptic flow at 
RHIC and LHC

ITS-TPC and TPC stand-alone tracking are in excellent
agreement. Because of the smaller corrections for the
azimuthal acceptance, the results obtained using the TPC
stand-alone tracks are presented in this Letter.

The pt-differential flow was measured for different
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and 4-particle
cumulant methods [34], denoted v2f2g and v2f4g. To cal-
culate multiparticle cumulants we used a new fast and
exact implementation [35]. The v2f2g and v2f4g measure-
ments have different sensitivity to flow fluctuations and
nonflow effects—which are uncorrelated to the initial ge-
ometry. Analytical estimates and results of simulations
show that nonflow contributions to v2f4g are negligible
[36]. The contribution from flow fluctuations is positive
for v2f2g and negative for v2f4g [37]. For the integrated
elliptic flow we also fit the flow vector distribution [38] and
use the Lee-Yang zeros method [39], which we denote by
v2fq-distg and v2fLYZg, respectively [40]. In addition to
comparing the 2- and 4-particle cumulant results we also
estimate the nonflow contribution by comparing to corre-
lations of particles of the same charge. Charge correlations
due to processes contributing to nonflow (weak decays,
correlations due to jets, etc.) lead to stronger correlations
between particles of unlike charge sign than like charge
sign.

Figure 2(a) shows v2ðptÞ for the centrality class 40%–
50% obtained with different methods. For comparison, we
present STAR measurements [41,42] for the same central-
ity from Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, indicated
by the shaded area. We find that the value of v2ðptÞ does
not change within uncertainties from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV to
2.76 TeV. Figure 2(b) presents v2ðptÞ obtained with the 4-
particle cumulant method for three different centralities,
compared to STAR measurements. The transverse momen-
tum dependence is qualitatively similar for all three cen-
trality classes. At low pt there is agreement of v2ðptÞ with
STAR data within uncertainties.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2ðptÞ together with the
charged particle pt-differential yield. For the determina-
tion of integrated elliptic flow the magnitude of the charged
particle reconstruction efficiency does not play a role.
However, the relative change in efficiency as a function
of transverse momentum does matter. We have estimated
the correction to the integrated elliptic flow based on
HIJING and THERMINATOR simulations. Transverse momen-
tum spectra in HIJING and THERMINATOR are different,
giving an estimate of the uncertainty in the correction.
The correction is about 2% with an uncertainty of 1%. In
addition, the uncertainty due to the centrality determina-
tion results in a relative uncertainty of about 3% on the
value of the elliptic flow.

Figure 3 shows that the integrated elliptic flow increases
from central to peripheral collisions and reaches a

maximum value in the 50%–60% and 40%–50% centrality
class of 0:106$ 0:001ðstatÞ $ 0:004ðsystÞ and 0:087$
0:002ðstatÞ $ 0:003ðsystÞ for the 2- and 4-particle cumu-
lant method, respectively. It is also seen that the measured
integrated elliptic flow from the 4-particle cumulant, from
fits of the flow vector distribution, and from the Lee-Yang
zeros method, are in agreement. The open markers in Fig. 3
show the results obtained for the cumulants using particles
of the same charge. The 4-particle cumulant results agree
within uncertainties for all charged particles and for the
same charge particle data sets. The 2-particle cumulant
results, as expected due to nonflow, depend weakly on
the charge combination. The difference is most pro-
nounced for the most peripheral and central events.
The integrated elliptic flow measured in the 20%–30%

centrality class is compared to results from lower energies
in Fig. 4. For the comparison we have corrected the inte-
grated elliptic flow for the pt cutoff of 0:2 GeV=c. The
estimated magnitude of this correction is ð12$ 5Þ% based
on calculations with THERMINATOR. The figure shows that
there is a continuous increase in the magnitude of the
elliptic flow for this centrality region from RHIC to LHC
energies. In comparison to the elliptic flow measurements
in Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, we observe
about a 30% increase in the magnitude of v2 at

ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV. The increase of about 30% is larger than in
current ideal hydrodynamic calculations at LHC multiplic-
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FIG. 2 (color online). (a) v2ðptÞ for the centrality bin 40%–
50% from the 2- and 4-particle cumulant methods for this
measurement and for Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
(b) v2f4gðptÞ for various centralities compared to STAR mea-
surements. The data points in the 20%–30% centrality bin are
shifted in pt for visibility.
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Ads/CFT (conjectured)
absolute lower bound:

Expected mass dependence at low pT<2 GeV (due to strong radial flow) 

Elliptic flow well described by hydrodynamics with shear viscosity
values η/s close to the absolute lower bound

QGP behaves like the (almost) perfect liquid! 
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Constituent quark number scaling (pT>2 GeV) observed 
⇒ quarks/partons are flowing: partonic collectivity!
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Initial spatial geometry not a smooth “football” 
⇒ give rise to higher harmonics/symmetry planes
Viscosity smoothes the distributions → suppresses higher harmonics
⇒ higher harmonics vn more sensitive to η/s  
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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In very central collisions higher 
harmonics show similar strengths;
driven by initial fluctuations
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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In very central collisions higher 
harmonics show similar strengths;
driven by initial fluctuations

magnitude of v2ðptÞ is better described by !=s ¼ 0 while
for v3ðptÞ !=s ¼ 0:08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.

For central collisions 0%–5% we observe that at pt $
2 GeV=c v3 becomes equal to v2 and at pt $ 3 GeV=c v4

also reaches the same magnitude as v2 and v3. For more
central collisions 0%–2%, we observe that v3 becomes
equal to v2 at lower pt and reaches significantly larger

values than v2 at higher pt. The same is true for v4

compared to v2.
We compare the structures found with azimuthal corre-

lations between triggered and associated particles to those
described by the measured vn components. The two-
particle azimuthal correlations are measured by calculating

Cð!"Þ % Nmixed

Nsame

dNsame=d!"

dNmixed=d!"
; (3)

where !" ¼ "trig &"assoc. dNsame=d!" (dNmixed=d!")
is the number of associated particles as function of !"
within the same (different) event, and Nsame (Nmixed) the
total number of associated particles in dNsame=d!"
(dNmixed=d!"). Figure 4 shows the azimuthal correlation
observed in very central collisions 0%–1%, for trigger
particles in the range 2<pt < 3 GeV=c with associated
particles in 1< pt < 2 GeV=c for pairs in j!!j> 1. We
observe a clear doubly peaked correlation structure cen-
tered opposite to the trigger particle. This feature has been
observed at lower energies in broader centrality bins
[32,33], but only after subtraction of the elliptic flow
component. This two-peak structure has been interpreted
as an indication for various jet-medium modifications
(i.e., Mach cones) [32,33] and more recently as a manifes-
tation of triangular flow [10–13]. We therefore compare the
azimuthal correlation shape expected from v2, v3, v4, and
v5 evaluated at corresponding transverse momenta with the
measured two-particle azimuthal triggered correlation and
find that the combination of these harmonics gives a natu-
ral description of the observed correlation structure on the
away side.
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ciated particle with 1< pt < 2 GeV=c for the 0%–1% centrality
class. The solid red line shows the sum of the measured aniso-
tropic flow Fourier coefficients v2, v3, v4, and v5 (dashed lines).
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FIG. 3 (color online). v2, v3, v4, v5 as a function of transverse
momentum and for three event centralities. The full and open
symbols are for !!> 0:2 and !!> 1:0, respectively. (a) 30%–
40% compared to hydrodynamic model calculations, (b) 0%–5%
centrality percentile, (c) 0%–2% centrality percentile.

PRL 107, 032301 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
15 JULY 2011

032301-4

PRL 107 (2011) 032301

Different sensitivity of v2 and v3 (vn) 
to viscosity η/s can be used to 
quantitatively constraint η/s an the
initial conditions!
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Probing Dense Matter with Jets - QGP Tomography

Calibrated interaction (beam of known energy and direction, geometry)
Calibrated/measured initial state and CNM effects

Calibrated probe (high-pT partons instead of X-rays)
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Probing Dense Matter with Jets - QGP Tomography

Au+Au Collision

Calibrated interaction (beam of known energy and direction, geometry)
Calibrated/measured initial state and CNM effects

⇒ All modifications in the jet structure are due to interactions with the medium!

Calibrated probe (high-pT partons instead of X-rays)

Human body
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Jet-quenching theory from an experimentalists view  

21

Gluon radiation
Multiple final-state gluon radiation off of 
the produced hard parton induced by 
the traversed dense colored medium

Medium

E
Hard

Production

!=xE

!=(1-x)E

"
!

"qT~µ

• Mean parton energy loss 
∝ medium properties:
-ΔE ~ ρgluon  (gluon density)

-ΔE~ ΔL2    (medium length)            
⇒ ~ ΔL with expansion

• Characterization of medium
via transport coefficient
is mean pT2 transferred from the 
medium to a hard gluon per unit 
path length λ

   ~ 2-10 GeV/fm

A lot of theories/models on the market: 

no theoretical quantitive agreement yet.

Partonic spectrum
Ejet

Nuclear geometry
L

Energy loss
ΔE(Ejet)

Fragmentation
D(Ejet,ΔE)

General form: ⊗ ⊗⊗

Naive summary:
To varying extent all theories (except 
AdS/CFT) predict a softening of 
the fragmentation and an overall 
broadening of the jet shape! 
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Finding this in this, is not that easy ...
large heavy-ion background 
fluctuations obscure jet energy scale 



Finding this in this, is not that easy ...
large heavy-ion background 
fluctuations obscure jet energy scale 

So lets look first at something easier, at least from the 
experimental side: Take a high-pT particle as a jet proxy ...
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“Jet quenching”: Looking for attenuation/absorption

Nuclear Modification Factor:

Average number 
of p-p collision
in A-A collision 

23

Compare to p-p reference at same collision energy
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“Jet quenching”: Looking for attenuation/absorption

Nuclear Modification Factor:

No “Effect”:
• R < 1 at small momenta -  
   production from thermal bath
• R = 1 at higher momenta where
   hard processes dominate 
   (A-A superposition of p-p)

Average number 
of p-p collision
in A-A collision 

23

Compare to p-p reference at same collision energy

R<1  at high pT if QGP affecting 
parton’s propagation
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Nuclear Modification Factor vs. Centrality

24

Average
pathlength
increases

RAA (pT ) =
d 2N AA / dydpT

< Ncoll > d
2N pp / dydpT

Suppression/jet quenching effects increase with centrality 
Expected  in a radiative energy loss picture due to increase 
of average pathlength of partons in the QGP
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Nuclear Modification Factor: RHIC vs. LHC

25

Stronger suppression 
at the LHC than RHIC

“Flatter” partonic 
spectrum at the LHC
→ larger partonic 
energy loss at LHC
compared to RHIC
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Comparison to Theory

26

RAA (pT ) =
d 2N AA / dydpT

< Ncoll > d
2N pp / dydpT

Rise of RAA with increasing
pT characteristic of radiative
energy loss models 
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RAA (pT ) =
d 2N AA / dydpT

< Ncoll > d
2N pp / dydpT

Rise of RAA with increasing
pT characteristic of radiative
energy loss models 

Possible flattening at high pT 
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Comparison to Theory

26

RAA (pT ) =
d 2N AA / dydpT

< Ncoll > d
2N pp / dydpT

Rise of RAA with increasing
pT characteristic of radiative
energy loss models 

Possible flattening at high pT 

RAA measurements put strong 
constraints on the theoretical
description on partonic energy
loss in the QGP!
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PID Nuclear Modification Factor
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RAA (pT ) =
d 2N AA / dydpT

< Ncoll > d
2N pp / dydpT

Similar suppression at high-pT for all particle species (even Dʼs)

PID RAA measurements will put further strong
quantitative constraints on theoretical models!
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Quarkonia in the QGP - Thermometer

29

Charmonium suppression
Color screening prevents c anti‐c 
(and b anti‐b) from binding in 
de-confined (QGP) matter

Dissociation temperature depends 
on the binding energy   
→ ”QGP thermometer“



Jörn Putschke for the ALICE Collaboration, PHENO 2012

Quarkonia in the QGP - Thermometer

29

Charmonium suppression
Color screening prevents c anti‐c 
(and b anti‐b) from binding in 
de-confined (QGP) matter

Dissociation temperature depends 
on the binding energy   
→ ”QGP thermometer“

J/ψ Recombination
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Quarkonia - J/ψ suppression in HI Collisions

30

arXiv:1202.1383

Suppression ~ independent on centrality
Qualitatively consistent with recombination picture
But: Shadowing estimate from p+Pb data needed 
        in order to draw a definite conclusion
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A short outlook ...

31

2011 Pb-Pb increased statistics significantly
→ important for hard and rare probes 

For example: Full jet-reconstruction in heavy-ion collisions
Precision jet measurements = precision background correction
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Figure 2. δpt of random cones in the 10% most central Pb-Pb events for the three types of random
cone probes with pmin

t = 0.15GeV/c. A Gaussian fit to the left-hand-side and its extrapolation to
positive δpt are shown for measured Pb-Pb events and for randomized Pb-Pb events (µl.h.s. and
σl.h.s. in GeV/c). The solid line is a fit to the δpt distribution for the randomized events with a Γ
distribution shifted to zero (equation (4.2)) as approximation for the shape in case of independent
particle emission.

the full distribution of σ(δpt) = 11.0GeV/c and the Gaussian width of the left-hand-side

σl.h.s.(δpt) = 9.6GeV/c.

To further differentiate random and correlated sources of fluctuations, three variations

of the random cone method are employed: (i) sampling of measured Pb-Pb events, (ii)

sampling of measured Pb-Pb events, but avoiding overlap with the leading jet candidate in

the event after background subtraction by requiring a distance D = 1.0 in (η,φ) between

the random cone direction and the jet axis, and (iii) sampling of Pb-Pb events in which the

(η,φ) direction of the tracks has been randomized within the acceptance, which destroys

all correlations in the event. Figure 2 shows that when avoiding the leading jet candidate

to suppress upward fluctuations, e.g. due to a hard process, the tail to the right-hand-side

is already significantly reduced.

Note that, even for the case of purely statistical fluctuations, the distribution is not

expected to be symmetric or to follow a Gaussian shape on the right-hand-side, since the

shapes of the underlying single particle pt and multiplicity distributions are not Gaussian.

In the case of uncorrelated particle emission a Γ-distribution provides a more accurate

description of the event-wise 〈pt〉 fluctuations [30]. This also holds for δpt distributions,

which are similar to a measurement of 〈pt〉 fluctuations in a limited interval of phase space.

Taking into account the subtraction of the average background the functional form of the

probability distribution of δpt for independent particle emission can be written:

fΓ(δpt) = A · ab/Γ(ap) · (abδpt + ap)
ap−1 · e−(abδpt+ap). (4.2)

– 6 –

JHEP 1203 (2012) 053

• Improved understanding on how to characterize the 
underlying heavy-ion background fluctuations
• Fully operational EMCal and trigger capability
• Unique tracking capabilities down to very low pT will 
minimize jet reconstruction biases, necessary for an 
unambiguous interpretation and comparison with theory
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positive δpt are shown for measured Pb-Pb events and for randomized Pb-Pb events (µl.h.s. and
σl.h.s. in GeV/c). The solid line is a fit to the δpt distribution for the randomized events with a Γ
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the full distribution of σ(δpt) = 11.0GeV/c and the Gaussian width of the left-hand-side

σl.h.s.(δpt) = 9.6GeV/c.

To further differentiate random and correlated sources of fluctuations, three variations

of the random cone method are employed: (i) sampling of measured Pb-Pb events, (ii)

sampling of measured Pb-Pb events, but avoiding overlap with the leading jet candidate in

the event after background subtraction by requiring a distance D = 1.0 in (η,φ) between

the random cone direction and the jet axis, and (iii) sampling of Pb-Pb events in which the

(η,φ) direction of the tracks has been randomized within the acceptance, which destroys

all correlations in the event. Figure 2 shows that when avoiding the leading jet candidate

to suppress upward fluctuations, e.g. due to a hard process, the tail to the right-hand-side

is already significantly reduced.

Note that, even for the case of purely statistical fluctuations, the distribution is not

expected to be symmetric or to follow a Gaussian shape on the right-hand-side, since the

shapes of the underlying single particle pt and multiplicity distributions are not Gaussian.

In the case of uncorrelated particle emission a Γ-distribution provides a more accurate

description of the event-wise 〈pt〉 fluctuations [30]. This also holds for δpt distributions,

which are similar to a measurement of 〈pt〉 fluctuations in a limited interval of phase space.

Taking into account the subtraction of the average background the functional form of the

probability distribution of δpt for independent particle emission can be written:

fΓ(δpt) = A · ab/Γ(ap) · (abδpt + ap)
ap−1 · e−(abδpt+ap). (4.2)

– 6 –

JHEP 1203 (2012) 053

• Improved understanding on how to characterize the 
underlying heavy-ion background fluctuations
• Fully operational EMCal and trigger capability
• Unique tracking capabilities down to very low pT will 
minimize jet reconstruction biases, necessary for an 
unambiguous interpretation and comparison with theory

Just a start, many more: J/ψ and heavy flavor elliptic flow, direct photon ...
Also crucial p+Pb reference run expected in 2012 ...



Jörn Putschke for the ALICE Collaboration, PHENO 2012

Summary

32

• ALICE at the LHC is an ideal place to study the QGP 

• ALICE measurements of bulk properties and (higher) flow 
harmonics played a crucial role to confirm the stunning success 
of hydrodynamics in heavy-ion collisions from RHIC to LHC 
→ precision measurements of QGP shear viscosity η/s

• The abundance of hard probes at the LHC combined
with the unique ALICE detector capabilities (precision tracking and 
PID) will put strong quantitative constraints on theoretical models, 
for example concerning partonic energy loss and quarkonia



Jörn Putschke for the ALICE Collaboration, PHENO 2012

Summary

32

• ALICE at the LHC is an ideal place to study the QGP 

• ALICE measurements of bulk properties and (higher) flow 
harmonics played a crucial role to confirm the stunning success 
of hydrodynamics in heavy-ion collisions from RHIC to LHC 
→ precision measurements of QGP shear viscosity η/s

• The abundance of hard probes at the LHC combined
with the unique ALICE detector capabilities (precision tracking and 
PID) will put strong quantitative constraints on theoretical models, 
for example concerning partonic energy loss and quarkonia

Beginning of a new era in heavy-ion physics 
with ALICE at the LHC

qualitative → quantitative (η/s,    , ...)q̂
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Lattice QCD

34
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Geometry of a Heavy-Ion Collision

Number of participants (Npart): 
number of incoming nucleons in the overlap region
Number of binary collisions (Nbin or Ncoll): 
number of equivalent inelastic nucleon-nucleon collisions 
Derived from multiplicity information and a simple version of 
Glauber theory (by now well under control)

Reaction plane
x

z

y

Non-central 
collision

“peripheral” collision (b ~ bmax)
“central”  collision (b ~ 0)

b

Nbin: nA x nB (ex: 4 x 5 = 20 + …)

Npart: nA + nB  (ex: 4 + 5 = 9 + …)
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What do we ideally want to measure?

36

Gluon radiation:
Multiple final-state gluon radiation off of the 
produced hard parton induced by the traversed 
dense colored medium ~ “Gluon Bremsstrahlung”

Medium

E
Hard

Production

!=xE

!=(1-x)E

"
!

"qT~µ

Manifestation in the modification of the Jet Structure/Fragmentation Function
=fractional jet momentum carried by by the individual jet particles/constituents



Jörn Putschke for the ALICE Collaboration, PHENO 2012

What do we ideally want to measure?

36

Gluon radiation:
Multiple final-state gluon radiation off of the 
produced hard parton induced by the traversed 
dense colored medium ~ “Gluon Bremsstrahlung”

Medium

E
Hard

Production

!=xE

!=(1-x)E

"
!

"qT~µ

Manifestation in the modification of the Jet Structure/Fragmentation Function
=fractional jet momentum carried by by the individual jet particles/constituents

Jet in vacuum
EVacuum

Jet



Jörn Putschke for the ALICE Collaboration, PHENO 2012

What do we ideally want to measure?

36

Gluon radiation:
Multiple final-state gluon radiation off of the 
produced hard parton induced by the traversed 
dense colored medium ~ “Gluon Bremsstrahlung”

Medium

E
Hard

Production

!=xE

!=(1-x)E

"
!

"qT~µ

Manifestation in the modification of the Jet Structure/Fragmentation Function
=fractional jet momentum carried by by the individual jet particles/constituents

Jet in vacuum
EVacuum

Jet quenching/
gluon radiation
in QGP

Jet in medium
EMedium=EVacuum

Suppression of
high-pT particles

Enhancement of
low-pT particles

Jet broadening 
Jet Jet Jet
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