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A. Adare (ALICE)

The science of ALICE
Defining questions:
What are the phases of strongly interacting 
matter, and what roles do they play in the 
cosmos?

What does QCD predict for the properties 
of strongly interacting matter?

2

20 QCD and the Structure of Hadrons

Illustration of the lattice QCD approach to calculating nucleon prop-
erties. Using next-generation computing facilities, theorists will be able 
to calculate the nucleon’s internal quark substructure using a grid that 
is fine enough to accurately simulate our world’s spacetime continuum.

!e deconfinement phase transition in QCD matter. !e graph shows 
the energy density from lattice QCD as a function of temperature, 
normalized to the fourth power of the temperature in order to exhibit 
the rapid change of the effective number of massless degrees of freedom 
during the phase transition. Also indicated are the temperature ranges 
explored by heavy-ion experiments at the SPS, RHIC and LHC.
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Physicists Innovate 
Supercomputer Technology 

Reliable predictions of nucleon struc-
ture and the properties of hot and dense 
QCD matter require calculations with 
physical (that is, small) quark masses and 
with large, !ne-grained lattices. This can 

!e charge radius of an isovector (proton minus neutron) nucleon, 
computed in lattice QCD for a variety of pion masses. !e curves 
represent the theoretical extrapolation of the lattice data to the real 
pion mass and agree well with the measured experimental data.

Putting the Heat On 
By using asymmetric lattices, 

theorists can simulate systems 
of quarks and gluons at nonzero 
temperature. In its early days, for 
example, lattice QCD predicted 
the existence of the quark-gluon 
plasma, which would announce 
its existence through a dramatic 
jump in the energy density of QCD 
matter at a “critical” temperature 
of about 170 MeV (~2×1012 K; see 
bottom, right). This prediction moti-
vated the start of an experimental 
heavy-ion program to discover this 
form of matter. Advances in lattice 
QCD techniques and computing 
power have since enabled increas-
ingly accurate determinations 
of the transition temperature, as 
well as the quark-gluon plasma 
equation of state and a variety of observ-
ables that provide a detailed microscopic 
picture of the matter created in heavy-ion 
collisions. A recent breakthrough has been 
the development of algorithms to simulate 
the properties of matter with nonzero net 
baryon number density.
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only be done on supercomputers in 
the 10–100 Tera#ops class, capable 
of executing tens of trillions of 
arithmetic operations per second. 
To achieve this goal, DOE has sup-
ported supercomputers dedicated 
to lattice QCD calculations, includ-
ing both large computer clusters 
and an innovative computer, the 
QCDOC machine, designed and 
built by physicists for QCD. The 
unique and innovative technical 
solutions to key design problems 
in the QCDOC, developed in close 
collaboration with scientists at IBM, 
turned out to be extremely useful 
also for more general applications. 
They were adopted in the develop-
ment of the world’s currently most 
powerful commercially available 
supercomputer, the Blue Gene/L, 

by IBM. Advances in lattice QCD have thus 
helped to re-establish U.S. leadership in the 
critically important !eld of high-capability 
computing and thereby enhance our inter-
national competitiveness.

“The Frontiers of Science: A Long Range Plan” 
http://science.energy.gov/np/nsac/
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Heavy-ion collisions for HEP folks

Collision anatomy

Impact parameter

0 < b < ∼2RPb    (RPb ≈ 6.6 fm)

Nucleon position s
Nuclear density ρ(s, z)

Key quantities

Npart: 
# nucleons participating in 
collision

Ncoll: 
# binary (nucleon-nucleon) 
collisions

3
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Figure 4
A Glauber Monte Carlo event (Au+Au at √sNN = 200 GeV with impact parameter b = 6 fm)
viewed (a) in the transverse plane and (b) along the beam axis. The nucleons are drawn with
radius

√
σNN

inel /π/2. Darker circles represent participating nucleons.

a sequence of independent binary nucleon-nucleon collisions. That is, the nucleons
travel on straight-line trajectories, and the inelastic nucleon-nucleon cross section is
assumed to be independent of the number of collisions a nucleon underwent before. In
the simplest version of the Monte Carlo approach, a nucleon-nucleon collision takes
place if the nucleons’ distance d in the plane orthogonal to the beam axis satisfies

d ≤
√

σ NN
inel /π , 10.

where σ NN
inel is the total inelastic nucleon-nucleon cross section. As an alternative to

the black-disk nucleon-nucleon overlap function, for example, a Gaussian overlap
function can be used (31). An illustration of a GMC event for a Au+Au collision
with impact parameter b = 6 fm is shown in Figure 4. 〈Npart〉 and 〈Ncoll〉 and other
quantities are then determined by simulating many A+B collisions.

2.5. Differences between Optical and Monte Carlo Approaches
It is often overlooked that the various integrals used to calculate physical observables
in the Glauber model are predicated on a particular approximation known as the opti-
cal limit. This limit assumes that scattering amplitudes can be described by an eikonal
approach, where the incoming nucleons see the target as a smooth density. This ap-
proach captures many features of the collision process, but does not completely cap-
ture the physics of the total cross section. Thus, it tends to lead to distortions in the es-
timation of Npart and Ncoll compared to similar estimations using the GMC approach.
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Figure 3
Schematic representation of
the optical Glauber model
geometry, with transverse
(a) and longitudinal
(b) views.

distinction between the target and projectile nuclei is a matter of convenience). We
focus on the two flux tubes located at a displacement s with respect to the center
of the target nucleus and a distance s − b from the center of the projectile. During
the collision these tubes overlap. The probability per unit transverse area of a given
nucleon being located in the target flux tube is T̂A(s) =

∫
ρ̂A(s, zA)d zA, where ρ̂A (s, zA)

is the probability per unit volume, normalized to unity, for finding the nucleon at
location (s, zA). A similar expression follows for the projectile nucleon. The product
T̂A(s)T̂B (s − b) d 2s then gives the joint probability per unit area of nucleons being
located in the respective overlapping target and projectile flux tubes of differential
area d 2s . Integrating this product over all values of s defines the thickness function
T̂ (b), with

T̂AB (b) =
∫

T̂A (s) T̂B (s − b) d 2s . 3.

Notice that T̂ (b) has the unit of inverse area. We can interpret this as the effective
overlap area for which a specific nucleon in A can interact with a given nucleon in
B. The probability of an interaction occurring is then T̂ (b) σ NN

inel , where σ NN
inel is the

inelastic nucleon-nucleon cross section. Elastic processes lead to very little energy
loss and are consequently not considered in the Glauber model calculations. Once the
probability of a given nucleon-nucleon interaction has been found, the probability
of having n such interactions between nuclei A (with A nucleons) and B (with B
nucleons) is given as a binomial distribution:

P (n, b) =
(

AB
n

) [
T̂AB (b) σ NN

inel

]n [
1 − T̂AB (b) σ NN

inel

]AB−n
, 4.

where the first term is the number of combinations for finding n collisions out
of AB possible nucleon-nucleon interactions, the second term the probability for
having exactly n collisions, and the last term the probability of exactly AB − n
misses.
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“Glauber Modeling in High-Energy Nuclear Collisions” 
Annu. Rev. Nucl. Part. Sci. 2007.57:205-243
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Heavy-ion collisions for HEP folks

Collision Centrality

b, Npart, Ncoll aren’t directly 
measurable...
but multiplicity is (e.g. Ezdc, Nch).

Assume measured Nch relates 
monotonically (& inversely) to b

Bin real events in Nch quantiles,
Glauber events in b quantiles, 
& match them

The procedure has an uncertainty.

ALICE centrality resolution < 1%.

4
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Figure 8
An illustrated example of
the correlation of the
final-state-observable total
inclusive charged-particle
multiplicity Nch with
Glauber-calculated
quantities (b, Npart). The
plotted distribution and
various values are
illustrative and not actual
measurements (T. Ullrich,
private communication).

rapidity. For large b events (“peripheral”) we expect low multiplicity at midrapidity
and a large number of spectator nucleons at beam rapidity, whereas for small b events
(“central”) we expect large multiplicity at midrapidity and a small number of spectator
nucleons at beam rapidity (Figure 8). In the simplest case, one measures the per-event
charged-particle multiplicity (dNevt/dNch) for an ensemble of events. Once the total
integral of the distribution is known, centrality classes are defined by binning the
distribution on the basis of the fraction of the total integral. The dashed vertical lines
in Figure 8 represent a typical binning. The same procedure is then applied to a
calculated distribution, often derived from a large number of Monte Carlo trials. For
each centrality class, the mean value of Glauber quantities (e.g., 〈Npart〉) for the Monte
Carlo events within the bin (e.g., 5%–10%) is calculated. Potential complications to
this straightforward procedure arise from various sources: event selection, uncertainty
in the total measured cross section, fluctuations in both the measured and calculated
distributions, and finite kinematic acceptance.

3.1.1. Event selection. All four RHIC experiments share a common detector to
select MB heavy ion events. The ZDCs are small acceptance hadronic calorimeters
with an angular coverage of θ ≤ 2 mrad with respect to the beam axis (9). Situated
behind the charged-particle steering DX magnets of RHIC, the ZDCs are primarily
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Pb-Pb @ LHC: the November revolution

November 2009
First p-p collisions, 900 GeV
November 2010
First Pb-Pb collisions, 2.76 TeV
LPbPb reached 2 x 1025 cm-2 s-1 (Pb-Pb Design luminosity = 1027)
November 2011
Expect 5x increase over 2010 ∫Ldt

5
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A. Adare (ALICE)

A Large Ion Collider Experiment 6
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A Large Ion Collider Experiment 6
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89 members
12 institutions
1 country

Friday, November 4, 2011



Bulk/Global Observables

Multiplicity
Transverse Energy
Source Imaging
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Charged Particle Multiplicity

For 0-5% most central collisions at 2.76 TeV:
dNch/dη = 1584 ± 76 (sys.)
8.3 ± 0.4 per participating nucleon pair - higher than many expectations

Nuclear enhancement
~2x higher than at RHIC energies
~2x higher than pp
Faster growth than for pp

8

We measure a density of primary charged particles at
midrapidity dNch=d! ¼ 1584" 4ðstatÞ " 76ðsystÞ. Nor-
malizing per participant pair, we obtain dNch=d!=
ð0:5hNpartiÞ ¼ 8:3" 0:4ðsystÞ with negligible statistical er-
ror. In Fig. 3, this value is compared to the measurements
for Au-Au and Pb-Pb, and nonsingle diffractive pp and p !p
collisions over a wide range of collision energies [17–32].
It is interesting to note that the energy dependence is
steeper for heavy-ion collisions than for pp and p !p colli-
sions. For illustration, the curves / s0:15NN and / s0:11NN are
shown superimposed on the data. A significant increase, by
a factor 2.2, in the pseudorapidity density is observed atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV for Pb-Pb compared to
ffiffiffiffiffiffiffiffi
sNN

p ¼
0:2 TeV for Au-Au. The average multiplicity per partici-
pant pair for our centrality selection is found to be a factor
1.9 higher than that for pp and p !p collisions at similar
energies.

Figure 4 compares the measured pseudorapidity density
to model calculations that describe RHIC measurements atffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV, and for which predictions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV are available. Empirical extrapolation from
lower energy data [4] significantly underpredicts the mea-
surement. Perturbative-QCD-inspired Monte Carlo event
generators, based on the HIJING model tuned to 7 TeV pp
data without jet quenching [5], on the dual parton model
[6], or on the ultrarelativistic quantum molecular dynamics
model [7], are consistent with the measurement. Models
based on initial-state gluon density saturation have a range
of predictions depending on the specific implementation
[8–12] and exhibit a varying level of agreement with the
measurement. The prediction of a hybrid model based on
hydrodynamics and saturation of final-state phase space of
scattered partons [13] is close to the measurement. A
hydrodynamic model in which multiplicity is scaled from
pþp collisions overpredicts the measurement [14], while

a model incorporating scaling based on Landau hydrody-
namics underpredicts the measurement [15]. Finally, a
calculation based on modified PYTHIA and hadronic rescat-
tering [16] underpredicts the measurement.
In summary, we have measured the charged-particle

pseudorapidity density at midrapidity in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼2:76TeV, for the most central 5% fraction of
the hadronic cross section. We find dNch=d! ¼
1584" 4ðstatÞ " 76ðsystÞ, corresponding to 8:3"
0:4ðsystÞ per participant pair. These values are significantly
larger than those measured at RHIC, and indicate a
stronger energy dependence than measured in pp colli-
sions. The result presented in this Letter provides an es-
sential constraint for models describing high energy
nucleus-nucleus collisions.
The ALICE Collaboration would like to thank all its

engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN ac-
celerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration acknowledges
the following funding agencies for their support in building
and running the ALICE detector: Calouste Gulbenkian
Foundation from Lisbon and Swiss Fonds Kidagan,
Armenia; Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (FINEP), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP); National
Natural Science Foundation of China (NSFC), the
Chinese Ministry of Education (CMOE), and the
Ministry of Science and Technology of China (MSTC);
Ministry of Education and Youth of the Czech Republic;
Danish Natural Science Research Council, the Carlsberg
Foundation and the Danish National Research Foundation;
The European Research Council under the European
Community’s Seventh Framework Programme; Helsinki
Institute of Physics and the Academy of Finland; French
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We measure a density of primary charged particles at
midrapidity dNch=d! ¼ 1584" 4ðstatÞ " 76ðsystÞ. Nor-
malizing per participant pair, we obtain dNch=d!=
ð0:5hNpartiÞ ¼ 8:3" 0:4ðsystÞ with negligible statistical er-
ror. In Fig. 3, this value is compared to the measurements
for Au-Au and Pb-Pb, and nonsingle diffractive pp and p !p
collisions over a wide range of collision energies [17–32].
It is interesting to note that the energy dependence is
steeper for heavy-ion collisions than for pp and p !p colli-
sions. For illustration, the curves / s0:15NN and / s0:11NN are
shown superimposed on the data. A significant increase, by
a factor 2.2, in the pseudorapidity density is observed atffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV for Pb-Pb compared to
ffiffiffiffiffiffiffiffi
sNN

p ¼
0:2 TeV for Au-Au. The average multiplicity per partici-
pant pair for our centrality selection is found to be a factor
1.9 higher than that for pp and p !p collisions at similar
energies.

Figure 4 compares the measured pseudorapidity density
to model calculations that describe RHIC measurements atffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV, and for which predictions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV are available. Empirical extrapolation from
lower energy data [4] significantly underpredicts the mea-
surement. Perturbative-QCD-inspired Monte Carlo event
generators, based on the HIJING model tuned to 7 TeV pp
data without jet quenching [5], on the dual parton model
[6], or on the ultrarelativistic quantum molecular dynamics
model [7], are consistent with the measurement. Models
based on initial-state gluon density saturation have a range
of predictions depending on the specific implementation
[8–12] and exhibit a varying level of agreement with the
measurement. The prediction of a hybrid model based on
hydrodynamics and saturation of final-state phase space of
scattered partons [13] is close to the measurement. A
hydrodynamic model in which multiplicity is scaled from
pþp collisions overpredicts the measurement [14], while

a model incorporating scaling based on Landau hydrody-
namics underpredicts the measurement [15]. Finally, a
calculation based on modified PYTHIA and hadronic rescat-
tering [16] underpredicts the measurement.
In summary, we have measured the charged-particle

pseudorapidity density at midrapidity in Pb-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼2:76TeV, for the most central 5% fraction of
the hadronic cross section. We find dNch=d! ¼
1584" 4ðstatÞ " 76ðsystÞ, corresponding to 8:3"
0:4ðsystÞ per participant pair. These values are significantly
larger than those measured at RHIC, and indicate a
stronger energy dependence than measured in pp colli-
sions. The result presented in this Letter provides an es-
sential constraint for models describing high energy
nucleus-nucleus collisions.
The ALICE Collaboration would like to thank all its

engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN ac-
celerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration acknowledges
the following funding agencies for their support in building
and running the ALICE detector: Calouste Gulbenkian
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Centrality dependence of Nch

Multiplicity vs. Npart

Same trends over 3 orders in √s
(RHIC points are scaled)
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Figure 5. Left: measured (dNch/dη|η=0)/(Npart/2) as a function of the number of participants

in 2.76TeV PbPb collisions from this analysis and the ALICE experiment [20], from RHIC [21] at

200 GeV and 19.6GeV, and from extrapolated pp results from CMS [17] and ALICE [22]. Systematic

uncertainties affecting the scale of the measurements from this analysis are shown as inner green

error bands and the total systematic uncertainties as an outer grey band, while the error bars

indicate statistical uncertainties. The black stars are shifted slightly to the right for better visibility.

The ALICE and the averaged RHIC results are from [20] and [21], respectively. Right: results from

this analysis are compared with model predictions of (dNch/dη|η=0)/(Npart/2) as a function of

the number of participants in 2.76TeV PbPb collisions. The model predictions are taken from

refs. [23–25].

dence of the charged hadron multiplicity density measured in NSD and inelastic collisions

from ref. [4]. The error bars on the pp points show the total (statistical and systematic)

uncertainties. The Npart values used for the normalisation by CMS and ALICE differ by

less than 2%. Within the uncertainties, the Npart-normalised hadron densities follow a

similar dependence on centrality for all centre-of-mass energies, although the lower-energy

collider data appear to have a flatter dependence on Npart.

The phenomenological descriptions of particle production in nuclear collisions are of-

ten based on two-component models, combining contributions from perturbative QCD pro-

cesses, i.e. (mini)jet fragmentation and soft interactions. The data are compared to three

different approaches: (i) hijing 2.0 [23], which basically scales (via the number of incoher-

ent nucleon-nucleon collisions) the (semi)hard parton scatterings and fragmentation (Lund

model [26]) implemented in pythia after accounting for the “shadowing” of the nuclear

parton distribution functions; (ii) parton saturation approaches [24], which model heavy-

ion interactions as the collision of two dense multigluon wavefunctions with cross sections

peaking at a semihard scale (saturation momentum of ≈2-3 GeV/c at the LHC) [27, 28],

followed by their fragmentation according to a simple parton-to-hadron local-duality pre-

scription; and (iii) the dpmjet-III MC program [25], based on the Regge-Gribov theory.

This is an extension of the phojet [29] program in which interactions from soft degrees of

– 15 –
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Elliptic flow of exploding fireball

Initial spatial eccentricity ⇒ final momentum eccentricity

Measure 2nd Fourier coefficient v2
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Anisotropic transverse flow and the quark-hadron phase transition

Peter F. Kolb,1,2 Josef Sollfrank,2 and Ulrich Heinz1,*
1Theoretical Physics Division, CERN, CH-1211 Geneva 23, Switzerland

2Institut für Theoretische Physik, Universität Regensburg, D-93040 Regensburg, Germany
!Received 13 June 2000; published 23 October 2000"

We use !3!1"-dimensional hydrodynamics with exact longitudinal boost invariance to study the influence of
collision centrality and initial energy density on the transverse flow pattern and the angular distributions of
particles emitted near midrapidity in ultrarelativistic heavy-ion collisions. We concentrate on radial flow and
the elliptic flow coefficient v2 as functions of the impact parameter and collision energy. We demonstrate that
the finally observed elliptic flow is established earlier in the collision than the observed radial flow and thus
probes the equation of state at higher energy densities. We point out that a phase transition from hadronic
matter to a color-deconfined quark-gluon plasma leads to nonmonotonic behavior in both beam energy and
impact parameter dependences which, if observed, can be used to identify such a phase transition. Our calcu-
lations span collision energies from the Brookhaven AGS !Alternating Gradient Synchrotron" to beyond the
LHC !Large Hadron Collider"; the QGP phase transition signature is predicted between the lowest available
SPS !CERN Super Proton Synchrotron" and the highest RHIC !Brookhaven Relativistic Heavy Ion Collider"
energies. To optimize the chances for applicability of hydrodynamics we suggest studying the excitation
function of flow anisotropies in central uranium-uranium collisions in the side-on-side collision geometry.

PACS number!s": 25.75."q, 24.10.Nz, 25.75.Ld

I. INTRODUCTION

At a given beam energy, the highest energy densities can
be reached in central collisions !impact parameter b#0) be-
tween the largest available nuclei. Hence for many years the
experimental and theoretical attention has focused on such
collisions. Noncentral (b#” 0) collisions are, however, inter-
esting in their own right since they exhibit new phenomena
which are forbidden by azimuthal symmetry in central colli-
sions between spherical nuclei. For noncentral collisions the
directions of the beam axis and the impact parameter b de-
fine the collision plane, and many interesting physical phe-
nomena are now nontrivial functions of the azimuthal angle
# relative to the collision plane. These include, in particular,
the transverse geometry of the collision fireball as measured
with two-particle Bose-Einstein correlations !see, e.g., Ref.
$1%, and references therein" and momentum-space anisotro-
pies in the transverse plane due to anisotropic transverse flow
of the fireball matter $2%.
Aside from changing the collision energy, limited varia-

tions of the energy density of the reaction zone are also pos-
sible by varying the collision centrality. Variation of the ini-
tial energy density provides the handle for studying phase
transitions in nuclear matter, in particular the quark-hadron
transition at a critical energy density ec$1 GeV/fm3 $3%.
Noncentral collisions between spherical nuclei and/or central
collisions between deformed nuclei provide new opportuni-
ties to correlate phenomena related to azimuthal anisotropies
with the initial energy density. This may yield novel phase
transition signatures. In Ref. $4% this idea was exploited for
the so-called directed flow at forward and backward rapidi-
ties: the softening of the equation of state !EOS" in the phase

transition region was predicted to lead to a reduction of the
directed flow, making the phase transition visible as a mini-
mum in its excitation function. Sorge $5,6% suggested analo-
gous features for the elliptic flow $7–9% which were further
studied in Refs. $10–12%. The effects of a phase transition on
the excitation function of radial flow in central collisions
between spherical nuclei were discussed earlier in Refs.
$13–15%. An important difference between the radial flow
observed in azimuthally symmetric central collisions and the
anisotropic directed and elliptic flows in noncentral colli-
sions and/or central collisions between deformed nuclei was
pointed out by Sorge in Ref. $5%.

!1" Directed flow affects mostly particles at forward and
backward rapidities which !at energies above a few hundred
MeV/nucleon" are deflected away from the beam direction
by the pressure built up between the colliding nuclei during
the time of their mutual overlap. Since the thus affected par-
ticles quickly leave the central region where this transverse
pressure force acts, the finally observed directed transverse
flow pattern is established very early in the collision. Its
natural time scale is given by the transition time of the two
colliding nuclei which decreases with increasing beam en-
ergy; this causes a decrease at high collision energies !after
an initial rise at low beam energies" of the directed flow $2%.
This decrease is amplified by a lack of thermalization during
the very earliest stages of the collision which prohibits fast
enough buildup of transverse pressure and thus eventually
invalidates the applicability of hydrodynamic concepts for
calculating the directed flow. Such preequilibrium features
may even cover up $5% the phase transition signal $4% in the
excitation function of directed flow.

!2" The elliptic flow is strongest near midrapidity $16%. Its
driving force is the azimuthal anisotropy of the transverse
pressure gradient, caused by the geometric deformation of
the reaction region in the transverse plane. As pointed out in
Refs. $6,11%, elliptic flow acts against its own cause by elimi-

*On leave of absence from Institut für Theoretische Physik, Uni-
versität Regensburg. Electronic address: Ulrich.Heinz@cern.ch
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showing the evolution of the energy distribution and flow
field in the transverse (x ,y) plane for the cases with
and without a phase transition. We do so for an initial
central energy density in b!0 Pb"Pb collisions of e0
!175GeV/fm3 (T0!510MeV) at !0!0.38 fm/c . The re-
sulting total pion multiplicity density with an EOSQ of
dN" /dy !y!0!1070 at b!7 fm is at the upper end of the
range of predictions for RHIC energies #53$. This study was
motivated by the work of Teaney and Shuryak who predicted
under similar conditions an interesting phenomenon which
they called ‘‘nutcracker flow’’ #12$ and which shows up only
in the presence of a phase transition. In Fig. 5 we show the
evolution for EOS I , i.e., a hard EOS without a phase transi-
tion. One sees smooth expansion and a continuous transition
from an initial state of positive elliptic deformation %longer
axis perpendicular to the collision plane& to one with nega-
tive deformation, caused by the developing in-plane elliptic
flow. The thicker contours correspond %from the inside out-
ward& to e!1.6, 0.45, and 0.06 GeV/fm3; for the more real-
istic equation of state EOSQ the first two values limit the
mixed phase while the latter indicates freeze-out.
Figure 6 shows the analogous situation for EOSQ %which

includes a phase transition& for identical initial conditions.
Compared to Fig. 5 one sees clear differences: the lack of a
pressure gradient in the mixed phase inhibits its transverse
expansion; the hadronic phase outside the mixed phase ex-
pands quickly and freezes out, leaving a shell of mixed phase
matter behind which inertially confines the QGP matter in
the center. The matter with the softest EOS %smallest p/e) is

concentrated around the QGP/mixed interface %thick contour
at 1.6 GeV/fm3). When the QGP matter finally pushes the
mixed phase shell apart %the ‘‘nutcracker phenomenon’’ dis-
covered in Ref. #12$&, the energy density contours develop an
interesting structure vaguely reminiscent of two separated
half shells. Compared to Fig. 5, the elliptic flow clearly
needs more time to push the matter from a state of positive to
one of negative elliptic deformation. This is due to the inertia
of the mixed phase shell which does not participate in the
pushing.
Figures 5 and 6 emphasize the spatial structure of the

fireball at fixed time steps. Let us now study the time evolu-
tion in more detail. To this end we condense the information
contained in the density and flow patterns into three time-
dependent scalar quantities.

%i& The ‘‘spatial ellipticity’’

'x!
((y2#x2))

((y2"x2))
%3.1&

characterizes the spatial deformation of the fireball in the
transverse plane. The angular brackets denote energy density
weighted spatial averages at a fixed time. 'x causes azi-
muthal anisotropies in the transverse pressure gradients
which would eventually drive it to zero if the hydrodynamic
evolution were not cut short by the freeze-out process.

%ii& The momentum anisotropy

'p!
((Txx#Tyy))

((Txx"Tyy))
%3.2&

FIG. 5. Time evolution for EOS I of the transverse energy den-
sity profile %indicated by constant energy density contours spaced
by *e!150MeV/fm3) and of the flow velocity field %indicated by
arrows& for Pb"Pb collisions at impact parameter b!7.0 fm. The
four panels show snapshots at times !#!0!3.2, 4.0, 5.6, and
8.0 fm/c . At these times the maximal energy densities in the center
are 5.63, 3.62, 1.31, and 0.21 GeV/fm3, respectively. For further
details see text.

FIG. 6. Same as Fig. 5, but for EOSQ which features a phase
transition. The spacing between energy density contours is again
150MeV/fm3, and the snapshots are taken at the same times. The
corresponding maximum energy densities are 5.97, 3.97, 1.67, and
0.55 GeV/fm3, respectively. See text for discussion.
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v2 vs. collision energy for 20-30% most central collisions
Hydro behavior follows extrapolated RHIC trend

Flow at LHC 
30% above RHIC

Not unexpected 
(larger particle〈pT〉)

14

ities [7] but is in agreement with some models that include
viscous corrections which at the LHC become less impor-
tant [12,15–18].

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
RHIC and the LHC of pt-differential elliptic flow at low
pt is consistent with predictions of hydrodynamic models
[7,14]. We find that the integrated elliptic flow increases
about 30% from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at RHIC to
ffiffiffiffiffiffiffiffi
sNN

p ¼

2:76 TeV. The larger integrated elliptic flow at the LHC is
caused by the increase in the mean pt. Future elliptic flow
measurements of identified particles will clarify the role of
radial expansion in the formation of elliptic flow.
The ALICE Collaboration would like to thank all its

engineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN ac-
celerator teams for the outstanding performance of the
LHC complex. The ALICE Collaboration acknowledges
the following funding agencies for their support in building
and running the ALICE detector: Calouste Gulbenkian
Foundation from Lisbon and Swiss Fonds Kidagan,
Armenia; Conselho Nacional de Desenvolvimento
Cientı́fico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (FINEP), Fundação de Amparo à
Pesquisa do Estado de São Paulo (FAPESP); National
Natural Science Foundation of China (NSFC), the
Chinese Ministry of Education (CMOE), and the
Ministry of Science and Technology of China (MSTC);
Ministry of Education and Youth of the Czech Republic;
Danish Natural Science Research Council, the Carlsberg
Foundation, and the Danish National Research
Foundation; The European Research Council under the
European Community’s Seventh Framework Programme;
Helsinki Institute of Physics and the Academy of Finland;
French CNRS-IN2P3, the ‘‘Region Pays de Loire,’’
‘‘Region Alsace,’’ ‘‘Region Auvergne,’’ and CEA,
France; German BMBF and the Helmholtz Association;
Hungarian OTKA and National Office for Research and
Technology (NKTH); Department of Atomic Energy and
Department of Science and Technology of the Government
of India; Istituto Nazionale di Fisica Nucleare (INFN) of
Italy; MEXT Grant-in-Aid for Specially Promoted
Research, Japan; Joint Institute for Nuclear Research,
Dubna; National Research Foundation of Korea (NRF);
CONACYT, DGAPA, México, ALFA-EC, and the
HELEN Program (High-Energy physics Latin-American-
European Network); Stichting voor Fundamenteel
Onderzoek der Materie (FOM) and the Nederlandse
Organisatie voor Wetenschappelijk Onderzoek (NWO),
Netherlands; Research Council of Norway (NFR); Polish
Ministry of Science and Higher Education; National
Authority for Scientific Research–NASR (Autoritatea
Naţională pentru Cercetare Ştiinţifică–ANCS); Federal
Agency of Science of the Ministry of Education and
Science of Russian Federation, International Science and
Technology Center, Russian Academy of Sciences,
Russian Federal Agency of Atomic Energy, Russian
Federal Agency for Science and Innovations, and CERN-
INTAS; Ministry of Education of Slovakia; CIEMAT,
EELA, Ministerio de Educación y Ciencia of Spain,
Xunta de Galicia (Consellerı́a de Educación), CEADEN,
Cubaenergı́a, Cuba, and IAEA (International Atomic
Energy Agency); The Ministry of Science and
Technology and the National Research Foundation

 (GeV)NNs

1 10 210 310 410

2v

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

ALICE

STAR

PHOBOS

PHENIX

NA49

CERES

E877

EOS

E895

FOPI

FIG. 4 (color online). Integrated elliptic flow at 2.76 TeV in
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ities [7] but is in agreement with some models that include
viscous corrections which at the LHC become less impor-
tant [12,15–18].

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
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v2 vs. pT for unidentified particles

Matches RHIC within 5%

Agreement also consistent with hydro predictions (e.g. PRC 84 (2011) 044903)
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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
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p ¼ 200 GeV.
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ities [7] but is in agreement with some models that include
viscous corrections which at the LHC become less impor-
tant [12,15–18].

In summary we have presented the first elliptic flow
measurement at the LHC. The observed similarity at
RHIC and the LHC of pt-differential elliptic flow at low
pt is consistent with predictions of hydrodynamic models
[7,14]. We find that the integrated elliptic flow increases
about 30% from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at RHIC to
ffiffiffiffiffiffiffiffi
sNN

p ¼

2:76 TeV. The larger integrated elliptic flow at the LHC is
caused by the increase in the mean pt. Future elliptic flow
measurements of identified particles will clarify the role of
radial expansion in the formation of elliptic flow.
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Fig. 1: Corrected per-trigger pair yield for 4< pt,assoc < 6GeV/c for central Pb–Pb events (histogram), peripheral
Pb–Pb events (red circles) and pp events (blue squares). a) azimuthal correlation; b) zoom on the region where
the pedestal values (horizontal lines) and the v2 component (cos2"!) are indicated. Solid lines are used in the
yield extraction while the dashed lines are used for the estimation of the uncertainty of the pedestal calculation; c)
background-subtracted distributions using the flat pedestal. Error bars indicate statistical uncertainties only.

good-quality tracks with a pseudorapidity coverage of |# | < 1.0 uniform in azimuth. The reconstructed
vertex is used to select primary track candidates and to constrain the pt of the track.

In this analysis 14 million minimum-bias Pb–Pb events recorded in fall 2010 at√sNN= 2.76TeV as well
as 37 million pp events from March 2011 (

√
s = 2.76TeV) are used. These include only events where

the TPC was fully efficient to ensure uniform azimuthal acceptance. Events are accepted which have
a reconstructed vertex less than 7cm from the nominal interaction point in beam direction. Tracks are
selected by requiring at least 70 (out of up to 159) associated clusters in the TPC, and a $2 per space point
of the momentum fit smaller than 4 (with 2 degrees of freedom per space point). In addition, tracks are
required to originate from within 2.4 cm (3.2 cm) in transverse (longitudinal) distance from the primary
vertex.

For the measurement of IAA and ICP the yield of associated particles per trigger particle is studied as a
function of the azimuthal angle difference "! . This distribution is given by 1/Ntrig dNassoc/d"! where
Ntrig is the number of trigger particles and Nassoc is the number of associated particles. We measure this
quantity for all pairs of particles where pt,assoc < pt,trig within |# | < 1.0 as a function of pt,assoc. Pair
acceptance corrections have been evaluated with a mixed-event technique but found to be negligible for
the yield ratios due to the constant acceptance in ! and the same detector conditions for the different
data sets.

Corrections for detector efficiency (17-18% depending on collision system, pt and centrality) and con-
tamination (4-8%) by secondary particles from particle–material interactions, % conversions and weak-

Two-particle correlations

High-pT correlations
From jet fragmentation, high pair 
density at Δφ = 0 (“near side”)
and Δφ = π (“away side”)

Shape similar to pp at high pT
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below 2 GeV/c up to 10–15% near 15 GeV/c, and occupancy effects are negligible. Collision
vertices are determined using both the TPC and SPD. Collisions at a longitudinal position

greater than 10 cm from the nominal interaction point are rejected. The closest-approach85

distance between each track and the primary vertex is required to be within 3.2 (2.4) cm

in the longitudinal (radial) direction. At least 70 TPC pad rows must be traversed by each

track, out of which 50 TPC clusters must be assigned. In addition, a track fit requirement

of χ2/nd.o.f. < 4 is imposed.

 [rad]!"
0 2 4

#" -1
0

1

)#
", !

"
C

( 1

1.05

1.1

 < 2.5 GeV/ca
T

2 < p
 < 4 GeV/ct

T
3 < p

0-10%
Pb-Pb 2.76 TeV

 [rad]!"
0 2 4

#" -1
0

1

)#
", !

"
C

(

0

20

40

 < 8 GeV/ca
T

6 < p
 < 15 GeV/ct

T
8 < p

0-20%
Pb-Pb 2.76 TeV

Figure 1: Examples of two-particle correlation functions C(∆φ,∆η) for central Pb–Pb collisions at low to
intermediate transverse momentum (left) and at higher pT (right).

3. Two-particle correlation function and Fourier analysis90

The two-particle correlation measure used here is the correlation function C(∆φ,∆η),
where the pair angles ∆φ and ∆η are measured with respect to the trigger particle. The

correlations induced by imperfections in detector pair acceptance and efficiency are removed

via division by a mixed-event pair distribution, in which a trigger particle from a particular

event is paired with associated particles from separate events. This acceptance correction95

procedure results in correlations due only to true physical effects (with some additional

residual pair inefficiency effects, which are negligible at long range in |∆η|.) Within a given

ptT , p
a
T , and centrality interval, the correlation function is defined as

C(∆φ,∆η) ≡ Nmixed

Nsame
× Nsame(∆φ,∆η)

Nmixed(∆φ,∆η)
. (3)

The ratio of mixed-event to same-event pair counts is included as a normalization pref-

actor such that a completely uncorrelated pair sample lies at unity for all angles. For100

Nmixed(∆φ,∆η), events are combined within similar collision vertex categories so that the

acceptance shape is closely reproduced, and within similar centrality classes to minimize

effects of residual multiplicity correlations and impact parameter fluctuations. To optimize

mixing accuracy on the one hand and statistical limitations on the other, the event mixing

bins vary in width from 1–10% in centrality and 2–4 cm in longitudinal vertex position.105
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below 2 GeV/c up to 10–15% near 15 GeV/c, and occupancy effects are negligible. Collision
vertices are determined using both the TPC and SPD. Collisions at a longitudinal position

greater than 10 cm from the nominal interaction point are rejected. The closest-approach85

distance between each track and the primary vertex is required to be within 3.2 (2.4) cm

in the longitudinal (radial) direction. At least 70 TPC pad rows must be traversed by each

track, out of which 50 TPC clusters must be assigned. In addition, a track fit requirement

of χ2/nd.o.f. < 4 is imposed.
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Figure 1: Examples of two-particle correlation functions C(∆φ,∆η) for central Pb–Pb collisions at low to
intermediate transverse momentum (left) and at higher pT (right).

3. Two-particle correlation function and Fourier analysis90

The two-particle correlation measure used here is the correlation function C(∆φ,∆η),
where the pair angles ∆φ and ∆η are measured with respect to the trigger particle. The

correlations induced by imperfections in detector pair acceptance and efficiency are removed

via division by a mixed-event pair distribution, in which a trigger particle from a particular

event is paired with associated particles from separate events. This acceptance correction95

procedure results in correlations due only to true physical effects (with some additional

residual pair inefficiency effects, which are negligible at long range in |∆η|.) Within a given

ptT , p
a
T , and centrality interval, the correlation function is defined as

C(∆φ,∆η) ≡ Nmixed

Nsame
× Nsame(∆φ,∆η)

Nmixed(∆φ,∆η)
. (3)

The ratio of mixed-event to same-event pair counts is included as a normalization pref-

actor such that a completely uncorrelated pair sample lies at unity for all angles. For100

Nmixed(∆φ,∆η), events are combined within similar collision vertex categories so that the

acceptance shape is closely reproduced, and within similar centrality classes to minimize

effects of residual multiplicity correlations and impact parameter fluctuations. To optimize

mixing accuracy on the one hand and statistical limitations on the other, the event mixing

bins vary in width from 1–10% in centrality and 2–4 cm in longitudinal vertex position.105
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class. Right: Vn∆ spectra for a variety of centrality classes. Systematic uncertainties are represented with

boxes (see section 4), and statistical uncertainties are shown as error bars.
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An example of C (∆φ) from central Pb–Pb collisions in the bulk-dominated regime is shown

in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in

Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible

on the away side, which becomes a progressively narrower single peak in less central colli-

sions. We emphasize that no subtraction was performed on C (∆φ), unlike other jet correlation

analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape

as the transverse momentum is increased. When the near-side peak is excluded, a single recoil

jet peak at ∆φ � π appears whose amplitude is no longer a few percent, but now a factor of 2

above unity. No significant near-side ridge is distinguishable at this scale. The recoil jet peak

persists even with the introduction of a gap in |∆η | due to the distribution of longitudinal parton

momenta in the colliding nuclei.

6
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Lead to higher-order flow harmonics
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Figure 4
A Glauber Monte Carlo event (Au+Au at √sNN = 200 GeV with impact parameter b = 6 fm)
viewed (a) in the transverse plane and (b) along the beam axis. The nucleons are drawn with
radius

√
σNN

inel /π/2. Darker circles represent participating nucleons.

a sequence of independent binary nucleon-nucleon collisions. That is, the nucleons
travel on straight-line trajectories, and the inelastic nucleon-nucleon cross section is
assumed to be independent of the number of collisions a nucleon underwent before. In
the simplest version of the Monte Carlo approach, a nucleon-nucleon collision takes
place if the nucleons’ distance d in the plane orthogonal to the beam axis satisfies

d ≤
√

σ NN
inel /π , 10.

where σ NN
inel is the total inelastic nucleon-nucleon cross section. As an alternative to

the black-disk nucleon-nucleon overlap function, for example, a Gaussian overlap
function can be used (31). An illustration of a GMC event for a Au+Au collision
with impact parameter b = 6 fm is shown in Figure 4. 〈Npart〉 and 〈Ncoll〉 and other
quantities are then determined by simulating many A+B collisions.

2.5. Differences between Optical and Monte Carlo Approaches
It is often overlooked that the various integrals used to calculate physical observables
in the Glauber model are predicated on a particular approximation known as the opti-
cal limit. This limit assumes that scattering amplitudes can be described by an eikonal
approach, where the incoming nucleons see the target as a smooth density. This ap-
proach captures many features of the collision process, but does not completely cap-
ture the physics of the total cross section. Thus, it tends to lead to distortions in the es-
timation of Npart and Ncoll compared to similar estimations using the GMC approach.
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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.

 (rad)φ∆
-1 0 1 2 3 4

)φ∆
C

(

0.992

0.994

0.996

0.998

1

1.002

1.004

1.006

1.008

1.01

 < 3.0
t,trig

2.0 < p
 < 2.0

t,assoc
1.0 < p

| < 0.8ηCentrality 0%-1%, |
| > 1η∆|

| > 1}η∆{2, |2,3,4,5v

FIG. 4 (color online). The two-particle azimuthal correlation,
measured in 0<!"< # and shown symmetrized over 2#,
between a trigger particle with 2< pt < 3 GeV=c and an asso-
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).

1 2 3 4 5

nv

0

0.1

0.2

0.3

(a)Centrality 30%-40%
{2}2v
{2}3v

{2}4v
{2}5v

/s = 0.0) (2v
/s = 0.08) (2v
/s = 0.0) (3v
/s = 0.08) (3v

1 2 3 4 5

nv

0

0.05

0.1

(b)Centrality 0%-5%

{2}2v

{2}3v

{2}4v

{2}5v

)c (GeV/
t

p
0 1 2 3 4 5

nv

0

0.05

0.1 (c)Centrality 0%-2%

{2}2v

{2}3v

{2}4v

{2}5v

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

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
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observe a clear doubly peaked correlation structure cen-
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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
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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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Harmonic decomposition of two particle correlations ALICE Collaboration

The factorization hypothesis appears to hold for n ≥ 2 at low pa
T (� 2 GeV/c) even for the

highest pt
T bins. The Vn∆ values for these cases are small relative to those measured at higher

pa
T , and remain constant or even decrease in magnitude as pt

T is increased above 3-4 GeV/c.

V2∆ dominates over the other coefficients, and the n > 3 terms are not significantly greater than

zero. This stands in contrast to the high-pt
T , high-pa

T case, where it was demonstrated in Fig. 3

that dijet correlations require significant high-order Fourier harmonics to describe the narrow

recoil jet peak.

Given the jet-like shape of correlations involving high-pT particles, hydrodynamics is unlikely

to be a dominant influence on trigger particles at the upper end of the momentum range ex-

plored. However, these particles must be distributed with some finite anisotropy to produce

nonvanishing Vn∆ coefficients when correlated with lower pa
T hadrons. Correlations in this

high-pt
T , low-pa

T kinematic category may be especially sensitive to the physics of pathlength-

dependent jet quenching in anisotropic media. The admixture of sources generating anisotropy

at low-pa
T is potentially complex: although the trigger particles are likely to be from jets, the

associated partners from the “bulk” must include particles from (quenched) jets in their com-

position as well as those which are thermalized and experience hydrodynamic influences. The

disentanglement of the bulk composition is beyond the scope of this analysis. The important

point to be made here is that physical processes leading to factorizable correlations require no

connection with hydrodynamics; even non-hydrodynamic correlations can factorize if particles

exhibit anisotropy with respect to symmetry planes of the entire event.
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Fig. 6: (Color online) The global-fit parameters, vn{GF}, for 2 ≤ n ≤ 5. Statistical uncertainties are

represented by error bars on the points, while systematic uncertainty is depicted by open rectangles.

The parameters of the global fit are the best-fit vn{GF} values as a function of pT , which can

be interpreted as the coefficients of Eq. 1. The results of the global fit for 2 ≤ n ≤ 5, denoted

vn{GF}, are shown in Fig. 6 for several centrality selections. We note that the global fit con-

verges to either positive or negative vn{GF} parameters, depending on the starting point of the

fitting routine. The two solutions are equal in magnitude and goodness-of-fit. The positive

curves are chosen by convention as shown in Fig. 6. In the 0–2% most central data, v3{GF}
(v4{GF}) rises with pT relative to v2{GF} and in fact becomes larger than v2{GF} at ap-

proximately 1.5 (2.5) GeV/c. v2{GF} reaches a maximum value near 2.5 GeV/c, whereas the

higher harmonics peak at higher pT . These data are in good agreement with recent two-particle

anisotropic flow measurements [30] at the same collision energy, which included a pseudora-

pidity gap of |∆η |> 1.0.

The results are not strongly sensitive to the upper pa
T limit included in the global fit. The global
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A. Adare (ALICE)

π, K, p spectra

Harder spectra and 
larger yield than at 
RHIC

Fits using “blast wave” 
model suggest large 
radial flow
Transverse flow velocity:  
β = 2/3

21identified hadron spectra 
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M. Floris, QM2011 
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A. Adare (ALICE)

Comparison with hydro models

Harder spectra and lower proton yield than predictions

Chemical freezeout temperature Tch lower than hydro expectation

22

identified hadron spectra: comparison with hydro 

17 

harder spectra and less protons than predicted by hydro;  
suggests a lower chemical freeze-out temperature Tch 

positive               (feed-down corrected)        negative 

M. Floris, QM2011 

same in thermal model; but lower Tch  
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Energy Loss Observables

RAA 
   - unidentified particles
   - heavy-flavor
   - event-plane dependence
High-pT correlations
Not included: 
high-pT v2 (see talk by A. Dobrin)

Jet quenching 3

ment non-perturbatively into a set of final-state hadrons. The characteristic colli-
mated spray of hadrons resulting from the fragmentation of an outgoing parton is
called a “jet”.

Fig. 2. “Jet quenching” in a head-on nucleus-nucleus collision. Two quarks suffer a hard scat-
tering: one goes out directly to the vacuum, radiates a few gluons and hadronises, the other
goes through the dense plasma created (characterised by transport coefficient q̂, gluon density
dNg/dy and temperature T ), suffers energy loss due to medium-induced gluonstrahlung and
finally fragments outside into a (quenched) jet.

One of the first proposed “smoking guns” of QGP formation was “jet quench-
ing” [6] i.e. the attenuation or disappearance of the spray of hadrons resulting from
the fragmentation of a parton having suffered energy loss in the dense plasma pro-
duced in the reaction (Fig. 2). The energy lost by a particle in a medium, !E , pro-
vides fundamental information on its properties. In a general way, !E depends both
on the characteristics of the particle traversing it (energy E , mass m, and charge) and
on the plasma properties (temperature T , particle-medium interaction coupling1 ",
and thickness L), i.e. !E(E,m,T,",L). The following (closely related) variables are
extremely useful to characterise the interactions of a particle inside a medium:

• the mean free path # = 1/($%), where $ is the medium density ($ & T 3 for an
ideal gas) and % the integrated cross section of the particle-medium interaction2,

• the opacity N = L/# or number of scatterings experienced by the particle in a
medium of thickness L,

• theDebye mass mD(T )∼ gT (where g is the coupling parameter) is the inverse of
the screening length of the (chromo)electric fields in the plasma.mD characterises
the typical momentum exchanges with the medium and also gives the order of
the “thermal masses” of the plasma constituents,

• the transport coefficient q̂≡m2D/# encodes the “scattering power” of the medium
through the average transverse momentum squared transferred to the traversing
particle per unit path-length. q̂ combines both thermodynamical (mD,$) and dy-
namical (%) properties of the medium [7, 8, 9]:

q̂ ≡ m2D/# = m2D $ % . (2)

1 The QED and QCD coupling “constants” are "em = e2/(4') and "s = g2/(4') respectively.
2 One has #∼ ("T )−1 since the QED,QCD screened Coulomb scatterings are %el & "/T 2.

“Jet Quenching”, D. d’Enterria
arxiv:0902.2011
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A. Adare (ALICE)

Charged particle RAA

PT dependence
Min. at 6-7 GeV, rising with pT

Consistent with pQCD 
expectations

Centrality dependence
Greater suppression for more 
central collisions
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to be τprod ! 0.04 fm/c) with a free-streaming medium with energy density dropping as
ε(ξ) ∼ 1/ξ (case (iii)). As it turns out, the extracted value of the parameter K in equation
(4.5) is only modestly sensitive to different assumptions about the very early time.

Both the quenching weights and the hydrodynamical profiles are taken from the publicly
available codes [57] and [37], respectively.

5. Results and discussion

The experimental data used in our analysis are given in terms of the nuclear modification
factors

RAA =
dNAA

/
dp2

T dy

〈Ncoll〉dNpp

/
dp2

T dy
, IAA =

DAA

(
zT , p

trig
T

)

Dpp

(
zT , p

trig
T

) (5.1)

for single- and double-inclusive measurements, respectively. They are computed using the
corresponding medium-modified fragmentation functions, (3.2), in the cross sections, (3.1),
for the AA case and the corresponding unmodified (vacuum) ones for the proton–proton case
appearing in the denominators of (5.1). In (5.1), the hadron-triggered fragmentation function
is defined as [58]

DAA

(
zT , p

trig
T

)
≡ p

trig
T

dσ h1h2
AA

/
dy trig dp

trig
T dyassoc dpassoc

T

dσ h1
AA

/
dy trig dp

trig
T

. (5.2)

Here, zT = passoc
T

/
p

trig
T , and we use as factorization scales the pT of the hadrons. We highlight

that the quantities defined in this manner are, in general, very different from the fragmentation
functions measured, for example, in e+e− annihilation at similar virtualities due to the strong
bias produced by triggering on a steeply falling perturbative particle spectrum.

The data sets included in our analysis are all for Au+Au collisions at top RHIC energy,√
sNN = 200 GeV and are listed below.

(1) ‘Light’: PHENIX data on RAA for π0 with pπ0

T > 5 GeV in the 0–5% centrality class [21],
14 data points.

(2) ‘Dihadron’: STAR data on IAA for Au+Au/d+Au for charged particles in the 0–5%
centrality class [59], for p

trig
T = 8–15 GeV and p

trig
T > passoc

T > 3.0 GeV, 6 data points6.
(3) ‘Heavy’: RAA for non-photonic electrons with pe

T > 3 GeV, for 0–10% from PHENIX
[60], 11 data points, and for 0–5% from STAR [50], 9 data points.

In order to obtain the best value of the K-parameter (or equivalently q̂) we perform a
modified χ2-analysis that treats statistical and systematic uncertainties in a consistent manner,
as detailed in [21]. For any set of data with central values {yi}, three types of uncertainties
σ t

i , t = A (statistical plus uncorrelated systematics added in quadrature), B (correlated
systematics) and C (normalization uncertainties in %) are considered and a modified χ̃2

for each set of theoretical values
{
y th

i

}
(characterized by one given value of parameter K in the

present case) is obtained by minimizing

χ̃2 =
[

∑

exp.points

[
yi + εBσB

i + εCyiσ
C − y th

i

]2

σ̃i
2

]

+ ε2
B + ε2

C, (5.3)

6 For computational time reasons, we make the calculations with fixed p
trig
T = 10 GeV. We have checked that the

results are not sensitive to changes in this value. With this choice of p
trig
T and passoc

T , DAA(zT , p
trig
T ) measured [59]

in d+Au collisions at top RHIC energy is well described.
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Strange quark nuclear modification

Strange baryon enhancement  < 9 GeV
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A. Adare (ALICE)

Reaction plane dependence

More suppression out-of-plane 
than in-plane
Path-length dependent quenching
Difference grows with aspect ratio

See talk by A. Dobrin
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A. Adare (ALICE)

Jet pair yield modification

High-pT correlations
How do Pb-Pb yields compare to pp?

Calculate integrated yield per 
trigger particle in both systems
Requires removal of combinatoric non-
jet background

Keep to high pT

Flow ≪ jet-induced correlation

IAA: Two-particle version of RAA

284 The ALICE Collaboration
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Fig. 1: Corrected per-trigger pair yield for 4< pt,assoc < 6GeV/c for central Pb–Pb events (histogram), peripheral
Pb–Pb events (red circles) and pp events (blue squares). a) azimuthal correlation; b) zoom on the region where
the pedestal values (horizontal lines) and the v2 component (cos2"!) are indicated. Solid lines are used in the
yield extraction while the dashed lines are used for the estimation of the uncertainty of the pedestal calculation; c)
background-subtracted distributions using the flat pedestal. Error bars indicate statistical uncertainties only.

good-quality tracks with a pseudorapidity coverage of |# | < 1.0 uniform in azimuth. The reconstructed
vertex is used to select primary track candidates and to constrain the pt of the track.

In this analysis 14 million minimum-bias Pb–Pb events recorded in fall 2010 at√sNN= 2.76TeV as well
as 37 million pp events from March 2011 (

√
s = 2.76TeV) are used. These include only events where

the TPC was fully efficient to ensure uniform azimuthal acceptance. Events are accepted which have
a reconstructed vertex less than 7cm from the nominal interaction point in beam direction. Tracks are
selected by requiring at least 70 (out of up to 159) associated clusters in the TPC, and a $2 per space point
of the momentum fit smaller than 4 (with 2 degrees of freedom per space point). In addition, tracks are
required to originate from within 2.4 cm (3.2 cm) in transverse (longitudinal) distance from the primary
vertex.

For the measurement of IAA and ICP the yield of associated particles per trigger particle is studied as a
function of the azimuthal angle difference "! . This distribution is given by 1/Ntrig dNassoc/d"! where
Ntrig is the number of trigger particles and Nassoc is the number of associated particles. We measure this
quantity for all pairs of particles where pt,assoc < pt,trig within |# | < 1.0 as a function of pt,assoc. Pair
acceptance corrections have been evaluated with a mixed-event technique but found to be negligible for
the yield ratios due to the constant acceptance in ! and the same detector conditions for the different
data sets.

Corrections for detector efficiency (17-18% depending on collision system, pt and centrality) and con-
tamination (4-8%) by secondary particles from particle–material interactions, % conversions and weak-

IAA =

�
1

Ntrig

dNpairs

d∆φ

�

PbPb�
1

Ntrig

dNpairs

d∆φ

�

pp
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Particle-yield modification in jet-like azimuthal di-hadron correlations in Pb–Pb . . . 7
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Fig. 2: a) IAA for central (0-5% Pb–Pb/pp, open black symbols) and peripheral (60-90% Pb–Pb/pp, filled red
symbols) collisions and b) ICP. Results using different background subtraction schemes are presented: using a
flat pedestal (squares), using v2 subtraction (diamonds) and subtracting the large |"! |-region (circles, only on the
near-side). The line shows a PYTHIA 8 study illustrating the effect of gluon filtering in the medium. For details
see text. For clarity, the data points are slightly displaced on the pt,assoc-axis. The shaded bands denote systematic
uncertainties.

to medium effects. Two other observations in the same transverse momentum region can provide insight
into possible explanations of the near-side enhancement: the strong suppression of the trigger particles
(RAA ≈ 0.2) and the rising slope of RAA(pt) [9]. The product RAA(pt,trig)IAA(pt,trig, pt,assoc) measures
the hadron-pair suppression JAA(pt,trig, pt,assoc) [29]. Assuming no modification of the fragmentation
function, on the near-side, JAA(pt,trig, pt,assoc) is approximately RAA(pt,trig+ pt,assoc). Then a rising RAA
directly leads to an IAA above unity, increasing with pt,assoc.

Another argument for the modification of IAA on the near-side can be derived from the fact that gluons
have a stronger coupling to the medium and are therefore subject to a larger energy loss as compared
to quarks. Hence, in Pb–Pb collisions the trigger particles may come predominantly from quark frag-
mentation as opposed to the gluon dominated pp reference [30]. At LHC energies, hadrons from quark

IAA vs. associated pT

Peripheral (60-90%)
No strong modification
Central (0-5%)
Near-side enhancement (IAA ≈ 1.2); away-side suppression (IAA ≈ 0.6)
Both consistent with in-medium energy loss

29arxiv:1110.0121
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Open charm v2 32
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J/ψ suppression

From J/ψ → μ⁺μ⁻ at forward rapidity
RAA larger than at RHIC

Many effects to consider: initial-state / cold nuclear matter, recombination, 
color screening, ….

33
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Summary & Outlook

Medium properties from Pb-Pb collisions
Source:
energy density > 15 GeV/fm3 - 3x higher than at RHIC
particle multiplicity and source size 2x RHIC
lives 30% longer
Opacity: 
strong quenching, even for heavy quarks
size & geometry-dependent; similar to RHIC
Fluidity: 
viscous hydro (+ hadronic rescattering) describes anisotropy well at low-intermediate pT 
hydro + fluctuations naturally explain higher harmonics & correlation features
strong radial flow - β ≈ 2/3
higher flow harmonics are helping to pin down QGP viscosity

Outlook
5x increase in dataset this November
p + Pb collisions!
EMCal trigger - jets to 200 GeV

34
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Centrality determination

VZERO signal ∝ multiplicity
Fit to a⋅Ncoll + b⋅Npart, where 
each source follows NBD

37
centrality determination 

9 

VZERO covers - -  
fit function: a Ncoll + b Npart sources, each source producing  
particles following a negative binomial distribution 
centrality resolution better than 1%     

 

PRL 106 (2010) 032301 
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Single vs. pair Fourier decomposition

Single-particle anisotropy
(the familiar vn coefficients)

Pair anisotropy
Similar form, but indep. of Ψn

Extract directly from 2-particle azimuthal 
correlations!

38
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1 Introduction
Ultra-relativistic collisions of large nuclei at the Large Hadron Collider (LHC) and at the Rel-
ativistic Heavy Ion Collider (RHIC) enable the study of strongly-interacting nuclear matter at
extreme temperatures and energy densities. One key piece of evidence for the formation of30

dense partonic matter in these collisions is the observation of particle momentum anisotropy in
directions transverse to the beam [1–6]. One powerful technique to characterize the properties
of the medium is via two-particle correlations [7–18], which measure the distributions of angles
∆φ and/or ∆η between particle pairs consisting of a “trigger” at transverse momentum pt

T and
an “associated” partner at pa

T .35

In proton-proton collisions, the full (∆φ , ∆η) correlation structure at (∆φ , ∆η) ≈ (0,0) is
dominated by the “near-side” jet peak, where trigger and associated particles originate from
a fragmenting parton, and at ∆φ ≈ π by the recoil or “away-side” jet. The away-side peak is
broader in ∆η , due to the longitudinal momentum distribution of partons in the colliding nu-
clei. In central nucleus–nucleus collisions at RHIC, an additional “ridge” feature is observed40

at ∆φ ≈ 0 [13, 14], which has generated considerable theoretical interest [19–28] since its ini-
tial observation. With increasing pT , the contribution from the near-side jet peak increases,
while the ridge correlation maintains approximately the same amplitude. The recoil jet correla-
tion is significantly weaker than that of the near side, because of kinematic considerations [29]
and also because of partonic energy loss. When both particles are at high transverse momenta45

(pa
T � 6 GeV/c), the peak shapes appear similar to the proton-proton case, albeit with a more

suppressed away side. This away-side correlation structure becomes broader and flatter than in
proton-proton collisions as the particle pT is decreased. In fact, in very central events (≈ 0–
2%), the away side exhibits a concave, doubly-peaked feature at |∆φ −π| ≈ 60◦ [30], which
also extends over a large range in |∆η | [17, 18]. The latter feature has been observed previ-50

ously at RHIC [12–14], but only after subtraction of a correlated component whose shape was
exclusively attributed to elliptic flow.

However, recent studies suggest that fluctuations in the initial state geometry can generate
higher-order flow components [31–38]. The azimuthal momentum distribution of the emitted
particles is commonly expressed as55

dN
dφ

∝ 1+
∞

∑
n=1

2vn(pT ) cos(n(φ −Ψn)) (1)

where vn is the magnitude of the nth order harmonic term relative to the angle of the initial-state
spatial plane of symmetry Ψn. First measurements, in particular of v3 and v5 have been reported
recently [17, 30, 39].

These higher-order harmonics can contribute to the previously-described structures observed in
trigger-associated particle correlations via the expression60

dNpairs

d∆φ
∝ 1+

∞

∑
n=1

2Vn∆(pt
T , pa

T ) cos(n∆φ) . (2)

In this article, we present a measurement of the Vn∆ coefficients from triggered, pseudorapidity-
separated (|∆η | > 0.8) pair azimuthal correlations in Pb–Pb collisions in different centrality
classes and in several transverse momentum intervals. Details of the experimental setup and
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The features of these correlations can be parametrized at various momenta and centralities by
decomposition into discrete Fourier harmonics, as done (for example) in [36, 38]. Following145

the convention of those references, we denote the two-particle Fourier coefficients as Vn∆ (see
Eq. 2), which we calculate directly from C (∆φ) as

Vn∆ ≡ �cos(n∆φ)�= ∑
i

Ci cos(n∆φi)

�

∑
i

Ci . (4)

Here, Ci indicates that the C (∆φ) is evaluated at ∆φi. Thus Vn∆ is independent of the normaliza-
tion of C (∆φ). The Vn∆ harmonics are superimposed on the left panels of Fig. 2 and Fig. 3. In
the right panels, the Vn∆ spectrum is shown for the same centrality and momenta, with additional150

centrality classes included to illustrate the centrality dependence. The systematic uncertainties
in these figures are explained in section 4.
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Fig. 4: Vn∆ coefficients as a function of pt
T for the 0–2%, 0–10%, and 40–50% most central Pb–Pb

collisions (top to bottom).

In the bulk-dominated momentum regime and for central collisions (Fig. 2), the first few Fourier
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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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FIG. 4 (color online). The two-particle azimuthal correlation,
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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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1 Introduction
Ultra-relativistic collisions of large nuclei at the Large Hadron Collider (LHC) and at the Rel-
ativistic Heavy Ion Collider (RHIC) enable the study of strongly-interacting nuclear matter at
extreme temperatures and energy densities. One key piece of evidence for the formation of30

dense partonic matter in these collisions is the observation of particle momentum anisotropy in
directions transverse to the beam [1–6]. One powerful technique to characterize the properties
of the medium is via two-particle correlations [7–18], which measure the distributions of angles
∆φ and/or ∆η between particle pairs consisting of a “trigger” at transverse momentum pt

T and
an “associated” partner at pa

T .35

In proton-proton collisions, the full (∆φ , ∆η) correlation structure at (∆φ , ∆η) ≈ (0,0) is
dominated by the “near-side” jet peak, where trigger and associated particles originate from
a fragmenting parton, and at ∆φ ≈ π by the recoil or “away-side” jet. The away-side peak is
broader in ∆η , due to the longitudinal momentum distribution of partons in the colliding nu-
clei. In central nucleus–nucleus collisions at RHIC, an additional “ridge” feature is observed40

at ∆φ ≈ 0 [13, 14], which has generated considerable theoretical interest [19–28] since its ini-
tial observation. With increasing pT , the contribution from the near-side jet peak increases,
while the ridge correlation maintains approximately the same amplitude. The recoil jet correla-
tion is significantly weaker than that of the near side, because of kinematic considerations [29]
and also because of partonic energy loss. When both particles are at high transverse momenta45

(pa
T � 6 GeV/c), the peak shapes appear similar to the proton-proton case, albeit with a more

suppressed away side. This away-side correlation structure becomes broader and flatter than in
proton-proton collisions as the particle pT is decreased. In fact, in very central events (≈ 0–
2%), the away side exhibits a concave, doubly-peaked feature at |∆φ −π| ≈ 60◦ [30], which
also extends over a large range in |∆η | [17, 18]. The latter feature has been observed previ-50

ously at RHIC [12–14], but only after subtraction of a correlated component whose shape was
exclusively attributed to elliptic flow.

However, recent studies suggest that fluctuations in the initial state geometry can generate
higher-order flow components [31–38]. The azimuthal momentum distribution of the emitted
particles is commonly expressed as55

dN
dφ

∝ 1+
∞

∑
n=1

2vn(pT ) cos(n(φ −Ψn)) (1)

where vn is the magnitude of the nth order harmonic term relative to the angle of the initial-state
spatial plane of symmetry Ψn. First measurements, in particular of v3 and v5 have been reported
recently [17, 30, 39].

These higher-order harmonics can contribute to the previously-described structures observed in
trigger-associated particle correlations via the expression60

dNpairs

d∆φ
∝ 1+

∞

∑
n=1

2Vn∆(pt
T , pa

T ) cos(n∆φ) . (2)

In this article, we present a measurement of the Vn∆ coefficients from triggered, pseudorapidity-
separated (|∆η | > 0.8) pair azimuthal correlations in Pb–Pb collisions in different centrality
classes and in several transverse momentum intervals. Details of the experimental setup and
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The features of these correlations can be parametrized at various momenta and centralities by
decomposition into discrete Fourier harmonics, as done (for example) in [36, 38]. Following145

the convention of those references, we denote the two-particle Fourier coefficients as Vn∆ (see
Eq. 2), which we calculate directly from C (∆φ) as

Vn∆ ≡ �cos(n∆φ)�= ∑
i

Ci cos(n∆φi)

�

∑
i

Ci . (4)

Here, Ci indicates that the C (∆φ) is evaluated at ∆φi. Thus Vn∆ is independent of the normaliza-
tion of C (∆φ). The Vn∆ harmonics are superimposed on the left panels of Fig. 2 and Fig. 3. In
the right panels, the Vn∆ spectrum is shown for the same centrality and momenta, with additional150

centrality classes included to illustrate the centrality dependence. The systematic uncertainties
in these figures are explained in section 4.
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Fig. 4: Vn∆ coefficients as a function of pt
T for the 0–2%, 0–10%, and 40–50% most central Pb–Pb

collisions (top to bottom).

In the bulk-dominated momentum regime and for central collisions (Fig. 2), the first few Fourier
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class. Right: Vn∆ spectra for a variety of centrality classes. Systematic uncertainties are represented with

boxes (see section 4), and statistical uncertainties are shown as error bars.
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An example of C (∆φ) from central Pb–Pb collisions in the bulk-dominated regime is shown

in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in

Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible

on the away side, which becomes a progressively narrower single peak in less central colli-

sions. We emphasize that no subtraction was performed on C (∆φ), unlike other jet correlation

analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape

as the transverse momentum is increased. When the near-side peak is excluded, a single recoil

jet peak at ∆φ � π appears whose amplitude is no longer a few percent, but now a factor of 2

above unity. No significant near-side ridge is distinguishable at this scale. The recoil jet peak

persists even with the introduction of a gap in |∆η | due to the distribution of longitudinal parton

momenta in the colliding nuclei.

6

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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An example of C (∆φ) from central Pb–Pb collisions in the bulk-dominated regime is shown

in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in

Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible

on the away side, which becomes a progressively narrower single peak in less central colli-

sions. We emphasize that no subtraction was performed on C (∆φ), unlike other jet correlation

analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape

as the transverse momentum is increased. When the near-side peak is excluded, a single recoil

jet peak at ∆φ � π appears whose amplitude is no longer a few percent, but now a factor of 2

above unity. No significant near-side ridge is distinguishable at this scale. The recoil jet peak

persists even with the introduction of a gap in |∆η | due to the distribution of longitudinal parton

momenta in the colliding nuclei.
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An example of C (∆φ) from central Pb–Pb collisions in the bulk-dominated regime is shown

in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in

Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible

on the away side, which becomes a progressively narrower single peak in less central colli-

sions. We emphasize that no subtraction was performed on C (∆φ), unlike other jet correlation

analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape

as the transverse momentum is increased. When the near-side peak is excluded, a single recoil

jet peak at ∆φ � π appears whose amplitude is no longer a few percent, but now a factor of 2

above unity. No significant near-side ridge is distinguishable at this scale. The recoil jet peak

persists even with the introduction of a gap in |∆η | due to the distribution of longitudinal parton

momenta in the colliding nuclei.
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An example of C (∆φ) from central Pb–Pb collisions in the bulk-dominated regime is shown

in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in

Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible

on the away side, which becomes a progressively narrower single peak in less central colli-

sions. We emphasize that no subtraction was performed on C (∆φ), unlike other jet correlation
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A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape

as the transverse momentum is increased. When the near-side peak is excluded, a single recoil

jet peak at ∆φ � π appears whose amplitude is no longer a few percent, but now a factor of 2

above unity. No significant near-side ridge is distinguishable at this scale. The recoil jet peak
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An example of C (∆φ) from central Pb–Pb collisions in the bulk-dominated regime is shown

in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in

Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible

on the away side, which becomes a progressively narrower single peak in less central colli-

sions. We emphasize that no subtraction was performed on C (∆φ), unlike other jet correlation

analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape

as the transverse momentum is increased. When the near-side peak is excluded, a single recoil

jet peak at ∆φ � π appears whose amplitude is no longer a few percent, but now a factor of 2

above unity. No significant near-side ridge is distinguishable at this scale. The recoil jet peak

persists even with the introduction of a gap in |∆η | due to the distribution of longitudinal parton
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An example of C (∆φ) from central Pb–Pb collisions in the bulk-dominated regime is shown

in Fig. 2 (left). The prominent near-side peak is an azimuthal projection of the ridge seen in

Fig. 1. In this very central collision class (0–2%), a distinct doubly-peaked structure is visible

on the away side, which becomes a progressively narrower single peak in less central colli-

sions. We emphasize that no subtraction was performed on C (∆φ), unlike other jet correlation

analyses [7–14].

A comparison between the left panels of Fig. 2 and Fig. 3 demonstrates the change in shape

as the transverse momentum is increased. When the near-side peak is excluded, a single recoil

jet peak at ∆φ � π appears whose amplitude is no longer a few percent, but now a factor of 2

above unity. No significant near-side ridge is distinguishable at this scale. The recoil jet peak

persists even with the introduction of a gap in |∆η | due to the distribution of longitudinal parton
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Factorization expected:
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Flow is global and affects all particles in the event.

✘ Not for pairs from fragmenting di-jets. 
Di-jet shapes are “local”, not strongly connected to Ψn. 
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harmonics are comparable in amplitude, with the notable exception of V1∆. The first 5 combined
harmonics reproduce C (∆φ) with high accuracy, as shown in the ratio between the points and155

the component sum. For less central collisions, V2∆ increasingly dominates. In the high-pT
regime (Fig. 3), the jet peak at ∆φ = π is the only prominent feature of the correlation function.
The even (odd) harmonics take positive (negative) values which diminish in magnitude with
increasing n, forming a pattern distinct from the low-pT case. The dependence of the values on
n in the left panel of Fig. 3 is consistent with a Gaussian function centered at n = 0, as expected160

for the Fourier transform of a Gaussian distribution of width σn = 1/σ∆φ centered at ∆φ = π .
In this case, the sum of the first 5 harmonics does not reproduce C (∆φ) with the accuracy of
the low-pT case, as suggested by the larger χ2 value (62/35 compared to 33/35). We note that
v2 is not the dominant coefficient in Fig. 3; instead, its magnitude fits into a pattern without
significant dependence on collision geometry, as suggested by the continuous decrease with165

increasing n for both 0–20% and 40–50% central events. This suggests that the n spectrum is
driven predominantly by intra-jet correlations on the recoil side, as expected from proton-proton
correlations at similar particle momenta.

Figure 4 shows the Vn∆ coefficients as a function of trigger pT for a selection of associated pT
values. For n ≥ 2, Vn∆ reaches a maximum value at pt

T � 3–4 GeV/c, decreasing toward zero170

(or even below zero for odd n) as pt
T increases. This rapid drop of the odd coefficients at high

pt
T provides a complementary picture to the n dependence of Vn∆ shown in Fig. 3.

4 Factorization and the global fit
The trends in pt

T and centrality in Fig. 4 are reminiscent of previous measurements of vn from
anisotropic flow analyses [17, 30, 39]. This is expected if the azimuthal anisotropy of final175

state particles at large |∆η | is induced by a collective response to initial-state coordinate-space
anisotropy from collision geometry and fluctuations [38]. In such a case, C (∆φ) reflects a
mechanism that affects all particles in the event, and Vn∆ depends only on the single-particle
azimuthal distribution with respect to the n-th order symmetry plane Ψn. Under these circum-
stances Vn∆ factorizes [38] as180

Vn∆(pt
T , pa

T ) = ��ein(φa−φt)��
= ��ein(φa−Ψn)����e−in(φt−Ψn)��
= �vn{2}(pt

T )vn{2}(pa
T )�. (5)

Here, �� indicates an averaging over events, ���� denotes averaging over both particles and
events, and vn{2} specifies the use of a two-particle measurement to obtain vn. In contrast to
the flow-dominated mechanism, dijet-related processes do not directly influence every particle;
their effects are concentrated on a small number of fragments. For high-pt

T , high-pa
T pairs

from jet fragmentation, the correlated yields indicate dependence on initial geometry, which185

is an expectation from pathlength-dependent jet quenching. However, the azimuthal shapes
of these peaks are similar to those from pp or d–Au collisions (albeit suppressed), reflecting
fragmentation rather than flow effects [10, 15]. Given this weak shape dependence on Ψn,
correlations between high-pT jet fragments are not expected to follow the factorization trends of
lower-pT pairs. Similarly, decays from resonances involve a small number of particles without190

strong correlation to Ψn. Pair correlations due to jet fragmentation and particle decays are
examples of nonflow correlations, and are not expected to factorize.
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state particles at large |∆η | is induced by a collective response to initial-state coordinate-space
anisotropy from collision geometry and fluctuations [38]. In such a case, C (∆φ) reflects a
mechanism that affects all particles in the event, and Vn∆ depends only on the single-particle
azimuthal distribution with respect to the n-th order symmetry plane Ψn. Under these circum-
stances Vn∆ factorizes [38] as180

Vn∆(pt
T , pa

T ) = ��ein(φa−φt)��
= ��ein(φa−Ψn)����e−in(φt−Ψn)��
= �vn{2}(pt

T )vn{2}(pa
T )�. (5)

Here, �� indicates an averaging over events, ���� denotes averaging over both particles and
events, and vn{2} specifies the use of a two-particle measurement to obtain vn. In contrast to
the flow-dominated mechanism, dijet-related processes do not directly influence every particle;
their effects are concentrated on a small number of fragments. For high-pt

T , high-pa
T pairs

from jet fragmentation, the correlated yields indicate dependence on initial geometry, which185

is an expectation from pathlength-dependent jet quenching. However, the azimuthal shapes
of these peaks are similar to those from pp or d–Au collisions (albeit suppressed), reflecting
fragmentation rather than flow effects [10, 15]. Given this weak shape dependence on Ψn,
correlations between high-pT jet fragments are not expected to follow the factorization trends of
lower-pT pairs. Similarly, decays from resonances involve a small number of particles without190

strong correlation to Ψn. Pair correlations due to jet fragmentation and particle decays are
examples of nonflow correlations, and are not expected to factorize.
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ton’’ triggered pþ p events and 1:78" 109 minimum-bias
Auþ Au events were used in this analysis.

Neutral pion triggers are reconstructed from photon
clusters measured by lead-glass and lead-scintillator elec-
tromagnetic calorimeters in the two central arms of
PHENIX, covering j!j< 0:35 and 2" 90# in azimuth
[18]. Neutral pions are identified in each event through
2" decay by pairing all photons satisfying a minimum
energy threshold cut and requiring the reconstructed
mass to lie near the #0 mass peak. More restrictive cuts
are used in more central events and for lower-pT #0s to
reduce the rate of random associations and preserve a #0

identification signal-to-background ratio (S/B) larger than
4:1 for central Auþ Au and 20:1 in pþ p. A systematic
uncertainty of<1%–6%, depending on S/B, is included for
the #0 signal extraction.

Charged hadron partners are reconstructed in the central
arms using the drift chambers (DC) with hit association
requirements in two layers of multiwire proportional
chambers with pad readout (PC1 and PC3), achieving a
momentum resolution of 0:7% $ 1:1%p (GeV=c). Only
tracks with full and unambiguous DC and PC1 hit infor-
mation are used. Projections of these tracks are required to
match a PC3 hit within a%2$ proximity window to reduce
background from conversion and decay products.

All trigger-partner pairs satisfying the identification re-
quirements within an event are measured. These pairs are
corrected for the PHENIX acceptance through a process of
event mixing, and then background pairs which are corre-
lated through the reaction plane are subtracted. The condi-
tional jet pair multiplicity per trigger particle is thus
determined by:

1

Nt

dNpair

d!%
¼ Na

2#&a

!
dNpair

same=d!%

dNpair
mix=d!%

' 'ð1þ 2hvt
2v

a
2i

" cosð2!%ÞÞ
"
; (1)

where Nt (Na) is the number of trigger (associated) parti-
cles [5]. The background modulation accounts for quadru-
pole anisotropy only, and is assumed to factorize such that
hvt

2v
a
2i * hvt

2ihva
2i [3]. The elliptic flow coefficients, v2,

are taken from recent PHENIX measurements of neutral
pions [19] and charged hadrons [20]. The background
level, ', is determined in Auþ Au collisions using the
absolute background subtraction method [21]. A pedestal
subtraction employing the zero-yield-at-minimum
(ZYAM) method is used in pþ p. In certain cases, e.g.,
very broad jets, the ZYAM method could lead to an over-
subtraction by removing signal pairs. The effect is typi-
cally small in pþ p where an additional 6% global scale
uncertainty is applied. Charged hadron acceptance and
efficiency corrections, &a, are calculated via full detector
simulations [5].

Figure 1 shows the resulting per-trigger jet pair yields
for selected trigger-partner combinations in pþ p and the
20%most centralAuþ Au collisions. On the near side, the
widths in central Auþ Au are comparable to pþ p over
the full pt

T and pa
T ranges, while the yields are slightly

enhanced at low pT , matching pþ p as pT increases. On
the opposing side, qualitatively one observes that for low
pt
T and low pa

T the Auþ Au jet peaks are strongly broad-
ened and non-Gaussian. In contrast, at high pt

T and high p
a
T

the yield is substantially suppressed, but the shape appears
consistent with the measurement in the pþ p case (as has
been previously reported in much broader pT ranges for
unidentified charged hadron triggers [4,5]). Here we quan-
tify the trends in the shape and yield between these two
extremes.
First, we have performed a fit to the away-side distribu-

tion over the range j!%' #j< #=2 to a simple Gaussian
distribution. Figure 2 shows the results. In pþ p colli-
sions, the away-side width narrows at higher trigger and
partner momentum as expected from the angular ordering
of jet fragmentation. For pt

T > 7 GeV=c, the widths are
consistent within uncertainties between pþ p and Auþ
Au at all pa

T . There is no evidence of large jet broadening
from in-medium scattering [14] or from initial state effects
[22], expected for surviving partons produced in the inte-
rior rather than the surface of the medium. However, it is
also possible that for high pt

T the broadening is modest for
the leading parton and its fragmentation products and the
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FIG. 1 (color online). Per-trigger jet pair yield vs !% for
selected #0 trigger and h% partner pT combinations (pt

T + pa
T)

in Auþ Au and pþ p collisions. Depicted Auþ Au systematic
uncertainties include point-to-point correlated background level
and modulation uncertainties (gray bands and open boxes,
respectively). For shape comparison insets show away-side dis-
tributions scaled to match at !% ¼ #.
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Testing factorization with a global fit

Improving on VnΔ = vn(pT)2 with triggered correlations...
12 pTt bins, 12 pTa bins; pTt ≥ pTa  ⇒ 78 VnΔ points.

Fit all simultaneously to find vn(pT) curve with best-fit vn(pTt) x vn(pTa) product.

At each n: 
 - Fit supports factorization at low pTa 
⇒ suggests flow correlations.

 - Fit deviates from data in jet-dominated high pTa region 
⇒ collective description less appropriate.
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At each n: 
 - Fit supports factorization at low pTa 
⇒ suggests flow correlations.

 - Fit deviates from data in jet-dominated high pTa region 
⇒ collective description less appropriate.
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Improving on VnΔ = vn(pT)2 with triggered correlations...
12 pTt bins, 12 pTa bins; pTt ≥ pTa  ⇒ 78 VnΔ points.

Fit all simultaneously to find vn(pT) curve with best-fit vn(pTt) x vn(pTa) product.

At each n: 
 - Fit supports factorization at low pTa 
⇒ suggests flow correlations.

 - Fit deviates from data in jet-dominated high pTa region 
⇒ collective description less appropriate.
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High-pt vn is finite, in fact fairly large
If from pathlength-dependent quenching, correlations should reflect it.
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Comparison with ALICE vn{2} 43

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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FIG. 4 (color online). The two-particle azimuthal correlation,
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between a trigger particle with 2< pt < 3 GeV=c and an asso-
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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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tropic flow Fourier coefficients v2, v3, v4, and v5 (dashed lines).
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Comparison with ALICE vn{2} 43
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A. Adare (ALICE)

Identified hadron〈pT〉
About 20% higher than at RHIC for pions, kaons, and protons

44

Helen Caines - Yale - DNP - Oct 2011

Transverse flow 10% > RHIC
Thermal freeze-out temperature ~ RHIC

Thermal freeze-out parameters
Common blast-wave fit to !, K 
and p to extract 

Yields

〈pT

  Tfo and " 

For same dN/d# spectra harder 

than at RHIC

Very strong radial flow

   "$ 0.66c for most central events
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Compared to RHIC

ALICE RAA lower than at RHIC
Reflects larger PbPb system
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