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Collective Flow in Heavy 
Ion Collisions

• Originating from the expansion of the hot and 
compressed reaction zone	


• Sensitive to the equation of state, the transport 
coefficients (e.g. viscosity or elementary 
collisions scattering cross sections) and initial 
energy density distribution of the created 
system	


• Studied for many decades from the MeV to TeV 
scale
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Collective Flow

H. StÖcker and W. Greiner, 
Phys. Rep. 137 (1986) 277

quickly 
recognized as 

important probe
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Event Plane
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the event plane is an experimental estimate of the reaction plane
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Directed Flow 	

(in-plane flow)
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Figure 1 Average in-plane transverse momentum versus normalized rapidity in the reaction
Au+Au at 800AMeV. The points at y/ybeam< 0 are reflected.

There are alternative (coalescence-invariant) ways to quantify sideflow. The
directivity, D, is a measure for the alignment of particles (34, 57):

D =

����
X

i

Ai Euti
����

� X

i

Ai |Euti |. 4.

Here the scaled four-velocity u ⌘ (Eu, u4) has been introduced: Eu = E�� /�p�p,
where E� is the velocity in units of c, � = (1 � �2)�1/2; u4 = � /� p and the
index p refers to the incident projectile in the center-of-mass system. Another
very useful quantity is FDO (25, 58):

FDO =

X

j,i 6= j

Ai Euti A j Eut j
� X

j,i 6= j

Ai A j . 5.

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 1
99

7.
47

:6
63

-7
09

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
by

 C
ER

N
 L

ib
ra

ry
 o

n 
11

/0
4/

13
. F

or
 p

er
so

na
l u

se
 o

nl
y.

                 

P1: ARS
November 26, 1997 9:42 Annual Reviews AR043-17

HEAVY-ION COLLISIONS 679

40Ar+45Sc
Z=3

(a)

60 80 100 120 140 160
Beam Energy (A MeV)

0

20

40

60

80

100

F 
(M

eV
/c

)

(b)

50 100 150 200 250 300
System Mass

40

80

120

Ba
la

nc
e 

En
er

gy
 (M

eV
/A

)

Figure 6 (a) Sideward flow, F, as a function of incident energy for 40Ar+45Sc, after Pak et al
(93); (b) system-mass dependence of the balance energy. The lines suggest an A�1/3 dependence.

by the repulsive action of nucleon-nucleon collisions. The disappearance of
directed transverse flow is now well established by many experiments (93,
120–130).
Figure 6 shows a study (93)where the slope,F (not corrected for finite number

effects), for Li fragments in the reaction 40Ar+45Sc at b̂ = 0.39 is followed over
an energy range that is sufficient to establish both the decrease of the attractive
flow and its re-emergence beyond 95A MeV rather well. On the low energy
(attractive) side, the sign of the average emission angle of fast light particles
( p, d, t, ↵) was determined (131) from the circular polarization of coincident
� rays (132) emitted from residual nuclei for 14N-induced reactions on 154Sm
at E/A = 20 and 35 MeV. It was found that the particles were preferentially
emitted to negative angles, consistent with the deflection of the particles by the
attractive nuclear mean field.
Several studies (129, 130, 133) concur in observing that the balance energy

seems to be weakly or not at all dependent on the emitted particle type un-
der study. Furthermore, the balance energy was found to depend linearly on
the impact parameter (129, 130). The system-size dependence for an average
b/bmax ⇡ 0.4 is shown in panel (b) of Figure 6 (119, 120, 124, 128, 129, 133).
With Vlasov-Uehling-Uhlenbeck (VUU) calculations, Molitoris and Stöcker

(83) had predicted a transition from the attractive regime at 50A MeV to the
repulsive regime at 150A MeV for Nb+Nb (b̂ = 0.24). The question of a
change of sign of hpx i was also addressed by Bertsch and coworkers (134).
Their BUU calculations with a Skyrme-type mean field and different (constant)
nucleon-nucleon cross sections, �NN, predicted a balance energy between 60
and 100A MeV for reactions induced by Ap = 40 projectiles. They found
that the predictions were influenced more strongly by the �NN values than by
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reaction plane balancing energy; transition from 
attractive to repulsive interaction

F = dhp
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/Ai/dy
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for review see Reisdorf and Ritter ‘97
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Figure 15 Sideflow excitation function for Au+Au.

by including mean-field effects (222, 226). In order to solve the question of
whether mean-field effects still play a role at this energy, much more precise
measurements (and detailed calculations) will be needed.
The second-moment effect in the azimuthal emission pattern can be used to

distinguish between different expansion scenarios (227). Especially the transi-
tion from out-of-plane emission to in-plane preferred emission can be used to
determine the strength of the early pressure (228).
The energy dependence of directed flow is expected to reveal changes that

hot and dense matter might undergo. An expected effect is that at around
1A GeV the equation of state will soften due to the onset of copious particle
and resonance production. New and exotic forms of matter should manifest
themselves in a similar way (229). Production of a quark-gluon plasma also
could lead to such effects. Hydrodynamic model calculations predict not only
a signature in the pion multiplicity (230), but also a dramatic effect on the value
of directed flow.
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Directed Flow 	

(in-plane flow)

Directed flow does not continue 
to increase with increasing beam 
energy, interpreted as a softening 

of the EoS

for higher energies see talk M. Lisa and I. 
Selyuzhenkov

for review see Reisdorf and Ritter ‘97
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Squeeze Out 	

(out of plane flow)
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Figure 7 Excitation functions of the squeeze-out ratio for symmetric systems.

dependence from in-plane emission was speculated upon. However, comparing
Figure 7 with Figure 4, the energy dependence has a similar form, since now
in both cases dimensionless quantities are compared. This indicates again that
both forms of flow do not scale as expected from ideal hydrodynamics.
Out-of-plane emission has been measured for a large range of energies from

GANIL (126, 155) up to the highest Bevalac/SIS energies, and for protons and
composite particles as well as for neutrons (156). The onset of the effect can be
observed in Au+Au collisions at 100A MeV (157) where the second moment
with a positive coefficient a2 is seen for central collisions while peripheral colli-
sions clearly showpreferred in-plane emission (a2 negative). This is the remnant
of the rotational pattern typical for deep inelastic reactions. Determination of
the reaction plane in a way that minimizes dispersion effects (26) is essential.
This allows a better quantitative measure to be obtained at very large impact
parameters, where other methods to determine the reaction plane diverge (24).
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RN = ratio of particles emitted out of 
plane versus in plane

RN =
dN/d'(90) + dN/d�(�90)

dN/d'(0) + dN/d'(180)
=

1� a2
1 + a2

for review see Reisdorf and Ritter ‘97



Elliptic Flow

1) Superposition of independent p+p:
momenta pointed at random 
relative to reaction plane

Animation: Mike Lisa

b

� =
⇥y2 � x2⇤
⇥y2 + x2⇤
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Elliptic Flow

1) Superposition of independent p+p:

2) Evolution as a bulk system

momenta pointed at random 
relative to reaction plane

high 
density / pressure 

at center

“zero” pressure 
in surrounding vacuum

Pressure gradients (larger in-plane) 
push bulk “out” à “flow”

more, faster particles 
seen in-plane

b

� =
⇥y2 � x2⇤
⇥y2 + x2⇤

���9



Elliptic Flow
1) Superposition of independent p+p:

2) Evolution as a bulk system

momenta pointed at random 
relative to reaction plane

Pressure gradients (larger in-plane) 
push bulk “out” à “flow”

more, faster particles 
seen in-plane
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Elliptic Flow (AGS and SPS)
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of charged particle flow at midrapidity are presented in Fig. 2.
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FIG. 2. Elliptic flow at the AGS (open circles) and the SPS (filled squares).

The data indicate that at AGS the flow peaks at mid-centrality2, consistent with the

low density limit prediction and no change in physics with centrality. At this energy some

decrease of elliptic flow in peripheral collisions can be also attributed to shadowing by

spectator matter. At SPS [13], preliminary data indicate that the elliptic flow peak moves

towards peripheral collisions. This fact itself would hint at the hydro-dynamical picture of

the system evolution. A more detailed look at the data shows that this is unlikely. First,

the maximal value of elliptic flow (v2 ≤ 0.04) is significantly less than predicted by hydro

calculations [1,9] (about 0.09–0.1)3. Second, in the hydro limit elliptic flow should depend

2A similar centrality dependence of transverse energy flow (from the same data [2]) can be found

in the thesis of Chang [12].

3In [9] agreement was claimed between hydro and the NA49 mid-central data [3] leading to their

conclusion of complete equilibration. However, this comparison was done for pt < 0.3 GeV/c and

7

in-plane elliptic flow observed at AGS 
and SPS (increasing as function of 

energy)

suming that it is proportional to the total particle multiplicity and also to the initial particle

multiplicity. For the experimental values we use dNch/dy at mid-rapidity from [14,15].

0

0.1

0.2

0.3

0 20 40
(dNch/dy)/S  (fm-2)

v 2 
/ε

HYDRO

AGS SPS RHIC LHC

QGP

pion gas

hadrons
partons

FIG. 3. Elliptic flow divided by the initial space elliptic anisotropy at the AGS (open circles)

and the SPS (filled squares). The shaded area shows the uncertainty in the SPS experimental data

due to the uncertainty in the centrality determination. See text and footnote for the description

of the curves and hydro limits.

In the limit of very low density the objects which rescatter must be hadrons. At some

critical density a partial deconfinement happens. Parton density becomes high enough such

that the color parton can propagate in the perpendicular plane without hadronization. Each

parton is always close enough to other partons which screen its color6. Once the motion in

anisotropy and the area of the overlapping region. The data points correspond to the centrality

determined from the fraction of the total cross section corresponding to each centrality bin. Higher

centralities were estimated from experimental measurement of the number of participants [14]. Fi-

nally, the smooth dashed curves are just schematic illustrations for hadronic and partonic scenarios

and the solid curve includes a transition between the two.

6This picture is very close to the deconfinement (color percolation) model discussed by Satz [16]

10

Voloshin and Poskanzer ‘99

from peripheral to central collisions 
change of EoS at SPS energies?	


(currently much better understood!)	

for ideal fluid elliptic flow will continue 
to increase for RHIC and LHC energies



Pre-RHIC Prejudice
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Flow at RHIC

STAR Phys. Rev. Lett. 86, 402–407 (2001)
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Ideal hydro gets the magnitude for more central collisions	


Hadron cascade calculations are factors 2-3 off
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RHIC Scientists Serve Up “Perfect” Liquid 
New state of matter more remarkable than predicted -- 
raising many new questions 
April 18, 2005
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6/3/11 17:41 Early Universe was a liquid : Nature News

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

© RHIC/BN

Quarks and gluons have
formed a unexpected
liquid. Click here to see
animation.

“It's as much a
fluid as the water
in this glass.”

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

News

Early Universe was a liquid

Quark-gluon blob surprises particle physicists.

Mark Peplow

The Universe consisted of a perfect liquid in its first moments,
according to results from an atom-smashing experiment.

Scientists at the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory on Long Island, New York, have
spent five years searching for the quark-gluon plasma that is
thought to have filled our Universe in the first microseconds of its
existence. Most of them are now convinced they have found it. But,
strangely, it seems to be a liquid rather than the expected hot gas.

Quarks are the building blocks of protons and neutrons, and gluons
carry the strong force that binds them together. It is thought that
these particles took some moments to condense into ordinary
matter after the intense heat of the Big Bang.

To recreate this soup of unbound particles, the RHIC accelerates
charged gold atoms close to the speed of light before smashing them
together. Previous experiments have shown that these collisions create
something the size of an atomic nucleus that reaches 2 trillion degrees
Celsius, about 150,000 times hotter than the centre of the Sun.

"This stuff was last seen in the Universe 13 billion years ago," says Sam Aronson, a director of
high energy research at Brookhaven.

Now experiments have revealed that this hot blob is a liquid, which lives for just 10-23 seconds.
"This was completely unexpected," says Wit Busza of the Massachusetts Institute of Technology,
one of the team of researchers who reported their discovery on 18 April at the American
Physical Society conference in Tampa, Florida.

Hot water

"The surprising thing is that the interaction between the quarks and gluons is much stronger
than people expected," says Dmitri Kharzeev, a theoretical physicist at Brookhaven. The
strength of this binding keeps the mixture liquefied despite its incredible temperature. "It's as
much a fluid as the water in this glass," Kharzeev says, pointing to his drink.

6/3/11 17:43 BBC NEWS | Science/Nature | Early Universe was 'liquid-like'
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 People like me, who use
model calculations, are
already so excited about the
data because we believe they
have actually found the
elusive state known as the
quark-gluon plasma 
Asst Prof Steffen Bass, Duke
University

The impression is of matter that is
more strongly interacting than
predicted

 

[an error occurred while processing this directive]

One-Minute World News 
News services 
Your news when you
want it 

News Front Page

Africa
Americas

Asia-Pacific
Europe

Middle East
South Asia

UK
Business

Health
Science &

Environment
Technology

Entertainment
Also in the news

-----------------
Video and Audio
-----------------
Programmes

Have Your Say
In Pictures

Country Profiles
Special Reports

RELATED BBC SITES

SPORT
WEATHER

ON THIS DAY
EDITORS' BLOG

Last Updated: Tuesday, 19 April, 2005, 16:26 GMT 17:26 UK 
E-mail this to a friend Printable version

Early Universe was 'liquid-like'
Physicists say they have
created a new state of hot,
dense matter by crashing
together the nuclei of gold
atoms.

The high-energy collisions
prised open the nuclei to reveal
their most basic particles,
known as quarks and gluons.

The researchers, at the US
Brookhaven National
Laboratory, say these particles
were seen to behave as an
almost perfect "liquid".

The work is expected to help scientists explain the conditions
that existed just milliseconds after the Big Bang.

The details, presented to the
American Physical Society in
Florida, will be published
across a number of papers in
the journal Nuclear Physics A.

They summarise the work of
four collaborative experiments
- dubbed Brahms, Phenix,
Phobos and Star - which have been running on Brookhaven's
Relativistic Heavy Ion Collider (RHIC).

First moments

Already, the results have caused quite a stir in the research
community.

"The experimental collaborations are still taking a cautious
approach whereas people like me, who use model
calculations, are already so excited about the data because
we believe they have actually found the elusive state known
as the quark-gluon plasma," commented theoretical nuclear
physicist Steffen Bass from Duke University.

The QGP is the state postulated to be present just a few
millionths of a second after the creation of the Universe -
before the formation of matter as we know it today.

To create the ultra-hot, ultra-
dense conditions seen in
Brookhaven's RHIC, gold ions
were fired at each other at
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Cern tunnel machine gets key part
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Lab fireball 'may be black hole' 
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“The Illusion of Gravity” J. Maldacena 

A test of this prediction comes from 
the Relativistic  Heavy Ion Collider 
(RHIC) at Brookhaven National 
Laboratory, which has been colliding 
gold nuclei at very high energies. A 
preliminary analysis of these 
experiments indicates the collisions 
are creating a fluid with very low 
viscosity. Even though Son and his 
co-workers studied a simplified 
version of chromodynamics, they 
seem to have come up with a 
property that is shared by the real 
world. Does this mean that RHIC is 
creating small five-dimensional black 
holes? It is really too early to tell, 
both experimentally and theoretically. 

Allows for using 
‘AdS/CFT’-
correspondence to 
calculate transport 
properties like the 
specific shear 
viscosity 

!
AdS/CFT 
calculations 
established a strong 
coupling lower limits 
to the specific shear 
viscosity which seem 
to be very close to 
the maximum 
allowed by the 
elliptic flow data

change description from a 
weakly coupled to strongly 

coupled system



Highlights at RHIC
M. Roirdan and W. Zajc, Scientific American 34A May (2006)  
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CERN, November 26, 2010:	

‘the much hotter plasma produced at the LHC behaves as a  
very low viscosity liquid..’

Elliptic Flow of Charged Particles in Pb-Pb Collisions at
ffiffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV

K. Aamodt et al.*

(ALICE Collaboration)
(Received 18 November 2010; published 13 December 2010)

We report the first measurement of charged particle elliptic flow in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
2:76 TeV with the ALICE detector at the CERN Large Hadron Collider. The measurement is performed in

the central pseudorapidity region (j!j< 0:8) and transverse momentum range 0:2< pt < 5:0 GeV=c.
The elliptic flow signal v2, measured using the 4-particle correlation method, averaged over transverse

momentum and pseudorapidity is 0:087" 0:002ðstatÞ " 0:003ðsystÞ in the 40%–50% centrality class. The

differential elliptic flow v2ðptÞ reaches a maximum of 0.2 near pt ¼ 3 GeV=c. Compared to RHIC Au-Au

collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, the elliptic flow increases by about 30%. Some hydrodynamic model

predictions which include viscous corrections are in agreement with the observed increase.

DOI: 10.1103/PhysRevLett.105.252302 PACS numbers: 25.75.Ld, 25.75.Gz, 25.75.Nq

The goal of ultrarelativistic nuclear collisions is the
creation and study of the quark-gluon plasma (QGP), a
state of matter whose existence at high energy density is
predicted by quantum chromodynamics. One of the experi-
mental observables that is sensitive to the properties of this
matter is the azimuthal distribution of particles in the plane
perpendicular to the beam direction. When nuclei collide at
finite impact parameter (noncentral collisions), the geo-
metrical overlap region and therefore the initial matter
distribution is anisotropic (almond shaped). If the matter
is interacting, this spatial asymmetry is converted via
multiple collisions into an anisotropic momentum distri-
bution [1]. The second moment of the final state hadron
azimuthal distribution is called elliptic flow; it is a response
of the dense system to the initial conditions and therefore
sensitive to the early and hot, strongly interacting phase of
the evolution.

At RHIC large elliptic flow has been observed and is one
of the key experimental discoveries [2–6]. Theoretical
models, based on ideal relativistic hydrodynamics with a
QGP equation of state and zero shear viscosity, fail to
describe elliptic flow measurements at lower energies but
describe RHIC data reasonably well [7]. Theoretical argu-
ments, based on the AdS/CFT conjecture [8], suggest a
universal lower bound of 1=4" [9] for the ratio of shear
viscosity to entropy density. Recent model studies incor-
porating viscous corrections indicate that the shear viscos-
ity at RHIC is within a factor of%5 of this bound [10–13].

The pure hydrodynamic models [7,14,15] and models
which combine hydrodynamics with a hadron cascade
afterburner (hybrid models) [16,17] that successfully de-

scribe flow at RHIC predict an increase of the elliptic flow
at the LHC ranging from 10% to 30%, with the largest
increase predicted by models which account for viscous
corrections [15–18] at RHIC energies. In models with
viscous corrections, v2 at RHIC is below the ideal hydro-
dynamic limit [12,17] and therefore can show a stronger
increase with energy. In hydrodynamic models the charged
particle elliptic flow as a function of transverse momentum
does not change significantly [7,14], while the
pt-integrated elliptic flow increases due to the rise in
average pt expected from larger radial (azimuthally sym-
metric) flow. The larger radial flow also leads to a decrease
of the elliptic flow at low transverse momentum, which is
most pronounced for heavy particles. Models based on a
parton cascade [19], including models that take into ac-
count quark recombination for particle production [20],
predict a stronger decrease of the elliptic flow as a function
of transverse momentum compared to RHIC energies.
Phenomenological extrapolations [21] and models based
on final state interactions [22] that have been tuned to
describe the RHIC data predict an increase of the elliptic
flow of%50%, larger than other models. A measurement of
elliptic flow at the LHC is therefore crucial to test the
validity of a hydrodynamic description of the medium
and to measure its thermodynamic properties, in particular,
shear viscosity and the equation of state [23].
The azimuthal dependence of the particle yield can be

written in the form of a Fourier series [24,25]:

E
d3N

d3p
¼ 1

2"

d2N

ptdptdy

"
1þ

X1

n¼1

2vncos½nð#(!RÞ)
#
; (1)

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

the transverse momentum, # the azimuthal angle, y the
rapidity, and !R the reaction plane angle. The reaction
plane is the plane defined by the beam axis z and the impact
parameter direction. In general the coefficients vn ¼
hcos½nð#(!RÞ)i are pt and y dependent—therefore we

*Full author list given at the end of the article.
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Hydro Motivated Fit

STAR Phys. Rev. Lett. 87, 182301 (2001)
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The effect of freeze-out temperature and 
radial flow on v2

• light particle v2(pt) very sensitive to temperature 

• heavier particles v2(pt) more sensitive to transverse flow 

F. Retiere and M
.A. Lisa, Phys.R

ev.C
70:044907,2004 

ρ0=0.9, ρ2 =0.05
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boosted thermal spectra
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v2 (pt,m) at the LHC 

Stronger radial flow but pure hydro calculations do not 
describe well the most central collisions
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Radial flow build up in the hadronic phase has to be taken into 
account, models have to be more sophisticated
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phi meson ideal probe of hadronic phase contribution 
(assuming interaction cross sections are known)

v2 (pt,m) at the LHC 
6

0 1 2
pT(GeV)

0

0.1

0.2

v 2

π
p
φ

0 1 2
pT(GeV)

0 1 2
pT(GeV)

10-20% 30-40% 50-60%

VISHNU
Pb+Pb 2.76 A TeV

LHC
π

φ

p

π

φ

p

π
φ
p

FIG. 5: (Color online) A prediction for the φ elliptic flow for 2.76ATeV Pb+Pb collisions using VISHNU simulations with the
same inputs as in Figs. 1-3.
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φ mesons would be left at the end of the UrQMD stage).
The φ yield shown in Fig. 6 should be experimentally ac-
cessible via the dilepton decay channel of the φ, whereas
a measurement through its hadronic decay channel will
yield a lower yield since φ → K+K− decays where one
of the kaons rescatters in the hadronic phase will lead to
a loss of reconstructed φ mesons.

The elliptic flow of phi mesons lies between the strongly
and weakly coupled hadron gas limits, but closer to the
latter. This confirms that, due to its small hadronic cross
sections as implemented in UrQMD, the φ meson is rather
weakly coupled to the hadronic medium and tends to de-
couple from the system almost directly after hadroniza-
tion, without significant further interactions. Note that
neither the hybrid code VISHNU nor pure hydrodynam-
ics with Tdec=100MeV are able to produce a φ meson
elliptic flow that lies significantly below the proton ellip-
tic flow for transverse momenta between 1 and 2GeV. It

will be interesting to see whether upcoming experimental
analyses support this prediction.

V. B-B̄ ANNIHILATION AND SOFT HADRON
PRODUCTION IN VISHNU

In the early version of VISHNU used in [16, 17, 19], the
baryon-antibaryon annihilation processes in the hadronic
Boltzmann transport UrQMD were accidentally turned off.
It was found that these B-B̄ annihilation channels could
significantly reduce the proton and anti-proton multiplic-
ities by O(30%). In the errata of Refs. [16, 17, 19], we
re-calculated the corresponding spectra and v2 figures in-
cluding B−B̄ annihilation processes, but did not directly
compare our results with and without B−B̄ annihilation
processes. We here focus on the study of soft physics for
identified hadrons, where the multiplicities and spectra

Song, Bass and Heinz: arXiv:1311.0157



initial conditions

limit on how “non-ideal” the system is allowed to be depends on 
our understanding of the initial conditions!
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3

where ta are the generators of SU(Nc) in the fundamental
representation (The cell index j is omitted here). The
N2

c −1 equations (4) are highly non-linear and for Nc = 3
are solved iteratively.
The total energy density on the lattice at τ = 0 is given

by

ε(τ = 0) =
2

g2a4
(Nc − Re trU!) +

1

g2a4
trE2

η , (5)

where the first term is the longitudinal magnetic energy,
with the plaquette given by U j

!
= Ux

j Uy
j+x̂ U

x†
j+ŷ U

y†
j .

The explicit lattice expression for the longitudinal elec-
tric field in the second term can be found in Refs. [32, 34].
We note that the boost-invariant CYM framework ne-
glects fluctuations in the rapidity direction. Anisotropic
flow at mid-rapdity is dominated by fluctuations in the
transverse plane but fluctuations in rapidity could have
an effect on the dissipative evolution; the framework to
describe these effects has been developed [35] and will
be addressed in future work. Other rapidity dependent
initial conditions are discussed in Ref. [36].
In Fig. 1 we show the event-by-event fluctuation in

the initial energy per unit rapidity. The mean was ad-
justed to reproduce particle multiplicities after hydro-
dynamic evolution. This and all following results are for
Au+Au collisions at RHIC energies (

√
s = 200AGeV) at

midrapidity. The best fit is given by a negative binomial
(NBD) distribution, as predicted in the Glasma flux tube
framework [37]; our result adds further confirmation to a
previous non-perturbative study [38]. The fact that the
Glasma NBD distribution fits p+p multiplicity distribu-
tions over RHIC and LHC energies [24] lends confidence
that our picture includes fluctuations properly.
We now show the energy density distribution in the

transverse plane in Fig. 2. We compare to the MC-KLN
model and to an MC-Glauber model that was tuned to
reproduce experimental data [4, 8]. In the latter, for ev-
ery participant nucleon, a Gaussian distributed energy
density is added. Its parameters are the same for ev-
ery nucleon in every event, with the width chosen to be
0.4 fm to best describe anisotropic flow data. We will
also present results for a model where the same Gaus-
sians are assigned to each binary collision. The resulting
initial energy densities differ significantly. In particular,
fluctuations in the IP-Glasma occur on the length-scale
Q−1

s (x⊥), leading to finer structures in the initial energy
density relative to the other models. As noted in [25],
this feature of CGC physics is missing in the MC-KLN
model.
We next determine the participant ellipticity ε2 and

triangularity ε3 of all models. Final flow of hadrons vn is
to good approximation proportional to the respective εn
[39], which makes these eccentricities a good indicator of
what to expect for vn. We define

εn =

!

⟨rn cos(nφ)⟩2 + ⟨rn sin(nφ)⟩2
⟨rn⟩

, (6)

FIG. 2. (Color online) Initial energy density (arbitrary units)
in the transverse plane in three different heavy-ion collision
events: from top to bottom, IP-Glasma, MC-KLN and MC-
Glauber [8] models.

where ⟨·⟩ is the energy density weighted average. The re-
sults from averages over ∼ 600 events for each point plot-
ted are shown in Fig. 3. The ellipticity is largest in the
MC-KLN model and smallest in the MC-Glauber model
with participant scaling of the energy density (Npart).
The result of the present calculation lies in between,
agreeing well with the MC-Glauber model using binary
collision scaling (Nbinary). We note however that this
agreement is accidental; binary collision scaling of eccen-
tricities, as shown explicitly in a previous work applying
average CYM initial conditions [40], does not imply bi-
nary collision scaling of multiplicities.
The triangularities are very similar, with the MC-KLN

result being below the other models for most impact pa-
rameters. Again, the present calculation is closest to the
MC-Glauber model with binary collision scaling. There
is no parameter dependence of eccentricities and trian-
gularities in the IP-Glasma results shown in Fig. 3. It
is reassuring that both are close to those from the MC-
Glauber model because the latter is tuned to reproduce
data even though it does not have dynamical QCD fluc-
tuations.
We have checked that our results for ε2, ε3 are insensi-

MC-
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MC-KLN

IP-Glasma

gluons

gluons + 
fluctuations
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v2 fluctuations
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• measured:	


• using:  	


• If the eccentricity fluctuates 	


!

• fluctuations change v2  estimate 
significantly!M. Miller and RS, arXiv:nucl-ex/0312008

ec
ce
nt
ric
ity

-1

-0.5

0

0.5

1 (a)

Impact parameter (b)
0 2 4 6 8 10 12 14 16 18 20

ec
ce
nt
ric
ity

0

0.2

0.4

0.6

0.8 >∈<
1/2>2∈<
1/4>4∈<
1/6>6∈<

(b)
v2 � �

⇤�2⌅ � ⇤�⌅2 ⇥= 0

⇤v2⌅ ⇥=
�
⇤(v2)2⌅

v2{2} =
�

(⇤v2⌅2 + ⇥2
v + �)

x
x’

y’
ΨPP

ΨRP

y

19 
 

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

Figure II-5: Our one universe with its primordial fluctuations (parts per million variations in temperature) as 
measured via photons by the WMAP satellite experiment (left) compared to seed fluctuations (corresponding 
to 10-15% variations in temperature) in four simulated heavy ion collisions at RHIC (right). The measured 
fluctuations bring us knowledge about the quantum fluctuations at the earliest moments of the explosion (big 
bang or heavy ion collision) as well as about the material properties of the rippling fluid that ensues. Obser-
vations of the glow of the big bang or of heavy ion collisions reveal different and complementary properties of 
the trillions-of-degrees-hot matter that filled the microseconds old universe.  
 
Quark-gluon plasma was created in the United States at RHIC, and it was there that we first 
learned of its near-perfect liquid nature. This discovery was the top physics story across all areas 
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v2 versus centrality in ALICE

Clear separation between v2{2} and higher order cumulants	

Higher order cumulant v2 estimates are consistent within 

uncertainties 
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symmetries reduce the number of parameters
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[xn cos(n') + yn sin(n')]

all harmonics at mid-rapidity; v1, v2, v3, v4, v5, v6, etc

in general can be written as:

r(') =
v0
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+
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1X

n=1

[vn cos(n'� n)]

vn = hcos[n('� n)]i
in addition; ψ1, ψ2, ψ3, ψ4, ψ5, ψ6, etc

The higher harmonics and planes give detailed constraints on the 
initial conditions and shear viscosity of the system
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Fluctuating initial conditions generate power spectrum of harmonics which are different for 
different collision centralities.	

Central collisions dominated by fluctuations resulting in a flat power spectrum 	

peripheral collisions dominated by the 2nd order coefficient.	

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

Figure II-5: Our one universe with its primordial fluctuations (parts per million variations in temperature) as 
measured via photons by the WMAP satellite experiment (left) compared to seed fluctuations (corresponding 
to 10-15% variations in temperature) in four simulated heavy ion collisions at RHIC (right). The measured 
fluctuations bring us knowledge about the quantum fluctuations at the earliest moments of the explosion (big 
bang or heavy ion collision) as well as about the material properties of the rippling fluid that ensues. Obser-
vations of the glow of the big bang or of heavy ion collisions reveal different and complementary properties of 
the trillions-of-degrees-hot matter that filled the microseconds old universe.  
 
Quark-gluon plasma was created in the United States at RHIC, and it was there that we first 
learned of its near-perfect liquid nature. This discovery was the top physics story across all areas 
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where ta are the generators of SU(Nc) in the fundamental
representation (The cell index j is omitted here). The
N2

c −1 equations (4) are highly non-linear and for Nc = 3
are solved iteratively.
The total energy density on the lattice at τ = 0 is given

by

ε(τ = 0) =
2

g2a4
(Nc − Re trU!) +

1

g2a4
trE2

η , (5)

where the first term is the longitudinal magnetic energy,
with the plaquette given by U j

!
= Ux

j Uy
j+x̂ U

x†
j+ŷ U

y†
j .

The explicit lattice expression for the longitudinal elec-
tric field in the second term can be found in Refs. [32, 34].
We note that the boost-invariant CYM framework ne-
glects fluctuations in the rapidity direction. Anisotropic
flow at mid-rapdity is dominated by fluctuations in the
transverse plane but fluctuations in rapidity could have
an effect on the dissipative evolution; the framework to
describe these effects has been developed [35] and will
be addressed in future work. Other rapidity dependent
initial conditions are discussed in Ref. [36].
In Fig. 1 we show the event-by-event fluctuation in

the initial energy per unit rapidity. The mean was ad-
justed to reproduce particle multiplicities after hydro-
dynamic evolution. This and all following results are for
Au+Au collisions at RHIC energies (

√
s = 200AGeV) at

midrapidity. The best fit is given by a negative binomial
(NBD) distribution, as predicted in the Glasma flux tube
framework [37]; our result adds further confirmation to a
previous non-perturbative study [38]. The fact that the
Glasma NBD distribution fits p+p multiplicity distribu-
tions over RHIC and LHC energies [24] lends confidence
that our picture includes fluctuations properly.
We now show the energy density distribution in the

transverse plane in Fig. 2. We compare to the MC-KLN
model and to an MC-Glauber model that was tuned to
reproduce experimental data [4, 8]. In the latter, for ev-
ery participant nucleon, a Gaussian distributed energy
density is added. Its parameters are the same for ev-
ery nucleon in every event, with the width chosen to be
0.4 fm to best describe anisotropic flow data. We will
also present results for a model where the same Gaus-
sians are assigned to each binary collision. The resulting
initial energy densities differ significantly. In particular,
fluctuations in the IP-Glasma occur on the length-scale
Q−1

s (x⊥), leading to finer structures in the initial energy
density relative to the other models. As noted in [25],
this feature of CGC physics is missing in the MC-KLN
model.
We next determine the participant ellipticity ε2 and

triangularity ε3 of all models. Final flow of hadrons vn is
to good approximation proportional to the respective εn
[39], which makes these eccentricities a good indicator of
what to expect for vn. We define

εn =

!

⟨rn cos(nφ)⟩2 + ⟨rn sin(nφ)⟩2
⟨rn⟩

, (6)

FIG. 2. (Color online) Initial energy density (arbitrary units)
in the transverse plane in three different heavy-ion collision
events: from top to bottom, IP-Glasma, MC-KLN and MC-
Glauber [8] models.

where ⟨·⟩ is the energy density weighted average. The re-
sults from averages over ∼ 600 events for each point plot-
ted are shown in Fig. 3. The ellipticity is largest in the
MC-KLN model and smallest in the MC-Glauber model
with participant scaling of the energy density (Npart).
The result of the present calculation lies in between,
agreeing well with the MC-Glauber model using binary
collision scaling (Nbinary). We note however that this
agreement is accidental; binary collision scaling of eccen-
tricities, as shown explicitly in a previous work applying
average CYM initial conditions [40], does not imply bi-
nary collision scaling of multiplicities.
The triangularities are very similar, with the MC-KLN

result being below the other models for most impact pa-
rameters. Again, the present calculation is closest to the
MC-Glauber model with binary collision scaling. There
is no parameter dependence of eccentricities and trian-
gularities in the IP-Glasma results shown in Fig. 3. It
is reassuring that both are close to those from the MC-
Glauber model because the latter is tuned to reproduce
data even though it does not have dynamical QCD fluc-
tuations.
We have checked that our results for ε2, ε3 are insensi-
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Currently only the IP-Glasma initial conditions provide a 
consistent description of the measurements
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4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

high-multiplicty pA collisions show in addition to the jet 
correlations also a ridge structure	


is this collective flow?
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• large v2 and v3 components measured in pA collisions as well	


• does it behave as collective flow?
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Long-range angular correlations in p–Pb collisions ALICE Collaboration

agreement with the presented results.

Fig. 4: Left: v2 (black closed symbols) and v3 (red open symbols) for different multiplicity classes
and overlapping pT,assoc and pT,trig intervals. Right: Near-side (black closed symbols) and away-side
(red open symbols) ridge yields per unit of Dh for different pT,trig and pT,assoc bins as a function of the
multiplicity class. The error bars show statistical and systematic uncertainties added in quadrature. In
both panels the points are slightly displaced horizontally for visibility.

To extract information on the yields and widths of the excess distributions in Fig. 3 (bottom
right), a constant baseline assuming zero yield at the minimum of the fit function (Eq. 2) is sub-
tracted. The remaining yield is integrated on the near side and on the away side. Alternatively,
a baseline evaluated from the minimum of a parabolic function fitted within |Dj �p/2|< 1 is
used; the difference on the extracted yields is added to the systematic uncertainties. The uncer-
tainty imposed by the residual near-side jet peak on the yield is evaluated in the same way as
for the vn coefficients. The near-side and away-side ridge yields are shown in the right panel of
Fig. 4 for different event classes and for different combinations of pT,trig and pT,assoc intervals.
The near-side and away-side yields range from 0 to 0.08 per unit of Dh depending on multiplic-
ity class and pT interval. It is remarkable that the near-side and away-side yields always agree
within uncertainties for a given sample despite the fact that the absolute values change substan-
tially with event class and pT interval. Such a tight correlation between the yields is non-trivial
and suggests a common underlying physical origin for the near-side and the away-side ridges.

From the baseline-subtracted per-trigger yields the square root of the variance, s , within |Dj|<
p/2 and p/2 < Dj < 3p/2 for the near-side and away-side region, respectively, is calculated.
The extracted widths on the near side and the away side agree with each other within 20%
and vary between 0.5 and 0.7. There is no significant pT dependence, which suggests that the
observed ridge is not of jet origin.

The analysis has been repeated using the forward ZNA detector instead of the VZERO for the
definition of the event classes. Unlike in nucleus–nucleus collisions, the correlation between
forward energy measured in the ZNA and particle density at central rapidities is very weak
in proton–nucleus collisions. Therefore, event classes defined as fixed fractions of the sig-
nal distribution in the ZNA select different events, with different mean particle multiplicity at
midrapidity, than the samples selected with the same fractions in the VZERO detector. While
the event classes selected with the ZNA span a much smaller range in central multiplicity den-
sity, they also minimize any autocorrelation between multiplicity selections and, for example,
jet activity. With the ZNA selection, we find qualitatively consistent results compared to the
VZERO selection. In particular, an excess in the difference between low-multiplicity and high-

9
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Angular correlations of p , K and p in p–Pb collisions ALICE Collaboration

Fig. 4: The Fourier coefficient v2{2PC,sub} for hadrons (black squares), pions (red triangles), kaons
(green stars) and protons (blue circles) as a function of pT from the correlation in the 0–20% multiplicity
class after subtraction of the correlation from the 60–100% multiplicity class. The data is plotted at the
average-pT for each considered pT interval and particle species under study. Error bars show statistical
uncertainties while shaded areas denote systematic uncertainties.

below 0.5 GeV/c and less than 4% for larger pT. Repeating the analysis using the 20–40% event
class and subtracting the 60–100% event class, results in qualitatively similar observations. On
average the v2 values are 15–25% lower and the statistical uncertainties are about a factor 2
larger than in the 0–20% case. For the 40–60% event class, the statistical uncertainties are too
large to draw a conclusion.

The analysis was repeated using the energy deposited in the ZNA instead of the VZERO-A to
define the event classes. The extracted v2 values are consistently lower by about 12% due to the
different event sample selected in this way. However, the presented conclusions, in particular
the observed difference of vp

2 and vp
2 compared between jet-dominated correlations (60–100%

event class) and double-ridge dominated correlations (0–20% event class after subtraction), are
unchanged.

6 Summary
Two-particle angular correlations of charged particles with pions, kaons and protons have been
measured in p–Pb collisions at

p
sNN = 5.02 TeV and expressed as associated yields per trigger

particle. The Fourier coefficient v2 was extracted from these correlations and studied as a func-
tion of pT and event multiplicity. In low-multiplicity collisions the pT and species dependence
of v2 resembles that observed in pp collisions at similar energy where correlations from jets
dominate the measurement. In high-multiplicity p–Pb collisions a different picture emerges,
where vp

2 < vp
2 is found up to about 2 GeV/c. At 3–4 GeV/c, vp

2 is slightly larger than vp
2 , albeit

12
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very similar trends as observed in AA collisions!



Summary

• Anisotropic Flow was studied over huge beam energy range were it 
was used to constrain EoS, transport coefficients and initial conditions	


• clear connection to the geometry of the collision (and fluctuations in 
the initial geometry, provide strong constraints on initial state models)	


• at high energies, in (rare) pp and pA collisions, “surprising” similarities 
with AA are observed (see for details following talks)	


• also final state effects? or initial state, e.g. CGC?	


• pp and pA much more interesting than just “boring” reference for 
hard probes	


• geometrical picture in pp and pA theoretically rather unconstrained
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v
2

{2}/"
2

{2}, which would indicate significant viscous
corrections. For MC-KLN CGC calculations the ra-
tios v

2

{2}/"
2

{2} and v
3

{2}/"
3

{2} are almost equal for
the most central collisions, as expected for an almost
ideal fluid [11]. In addition, we notice that the ratio
v
3

{2}/"
3

{2} decreases faster than v
2

{2}/"
2

{2} toward
more peripheral collisions which is expected due to larger
viscous corrections to v

3

.
The centrality dependence of the triangular flow dif-

fers significantly from that of elliptic flow. This might
be due to two reasons: either the centrality dependence
of the spatial ellipticity and triangularity are di↵erent,
and/or the viscous e↵ects are di↵erent. However, in a
small centrality range, such as 0–5%, viscous e↵ects do
not change much and there one might be directly sen-
sitive to the change in the initial spatial geometry. Our
calculations show that even in this small centrality range,
the ratio "

2

/"
3

changes significantly which allows us to
investigate further the geometrical origin of elliptical and
triangular flow. In Fig. 2 v

2

{2} and v
3

{2} are plotted in

centrality percentile
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FIG. 2. (color online) v2 and v3 as a function of centrality for
the 5% most central collisions compared to calculations of the
spatial eccentricities, "Wn {2} and "CGC

n {2}. The eccentricities
have been scaled to match the 2-3% data using k1 and k2.

1% centrality bins for the 5% most central collisions. We
observe that v

3

{2} does not change much versus central-
ity (as would be expected if v

3

is dominated by event-by-
event fluctuations of the initial geometry) while, v

2

{2}
increases by about 60%. We compare this dependence
of v

n

{2} to the centrality dependence of the eccentrici-
ties "

n

{2} for initial conditions from MC-KLN CGC and
Monte Carlo Glauber. We observe that the weak depen-
dence of v

3

{2} is described by both calculations while the
relative strong dependence of v

2

{2} on centrality is only
described for the MC-KLN CGC initial conditions.

The harmonics v
2

{2}, v
3

{2}, v
4

{2} and v
5

{2} as a
function of transverse momentum are shown for the 30%–
40%, 0–5%, and 0–2% centrality classes in Fig. 3. For the
30%–40% centrality class the results are compared to hy-
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FIG. 3. (color online) v2, v3, v4, v5 as a function of transverse
momentum and for three event centralities. The full, 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.

drodynamic predictions using Glauber initial conditions
for di↵erent values of ⌘/s [31]. We observe that, at low-
p
t

, the di↵erent p
t

-dependence of v
2

and v
3

is described
well by these hydrodynamic predictions. However, the
magnitude of v

2

(p
t

) is better described by ⌘/s = 0 while
for v

3

(p
t

) ⌘/s = 0.08 provides a better description. We
anticipate future comparisons utilizing MC-KLN initial
conditions.
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For central collisions 0-5% we observe that at p
t

⇡ 2
GeV/c v

3

becomes equal to v
2

and at p
t

⇡ 3 GeV/c v
4

also reaches the same magnitude as v
2

and v
3

. For more
central collisions 0-2%, we observe that v

3

becomes equal
to v

2

at lower p
t

and reaches significantly larger values
than v

2

at higher-p
t

. The same is true for v
4

compared
to v

2

.
We compare the structures found with azimuthal cor-

relations between triggered and associated particles to
those described by the measured v

n

components. The
two-particle azimuthal correlations are measured by cal-
culating:

C(��) ⌘ N
mixed

N
same

dN
same

/d��

dN
mixed

/d��
, (3)

where �� = �
trig

��
assoc

. dN
same

/d�� (dN
mixed

/d��)
is the number of associated particles as function of ��
within the same (di↵erent) event, and N

same

(N
mixed

)
the total number of associated particles in dN

same

/d��
(dN

mixed

/d��). Figure 4 shows the azimuthal correla-
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FIG. 4. (color online) The two-particle azimuthal correla-
tion, measured in 0 < �� < ⇡ and shown symmetrized over
2⇡, between a trigger particle with 2 < pt < 3 GeV/c and
an associated particle with 1 < pt < 2 GeV/c for the 0–1%
centrality class. The solid red line shows the sum of the mea-
sured anisotropic flow Fourier coe�cients v2, v3, v4 and v5
(dashed lines).

tion observed in very central collisions 0–1%, for trigger
particles in the range 2 < p

t

< 3 GeV/c with associated
particles in 1 < p

t

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

fications (i.e. Mach cones) [32, 33] and more recently as
a manifestation of triangular flow [10–13]. We therefore
compare the azimuthal correlation shape expected from
v
2

, v
3

, v
4

and v
5

evaluated at corresponding transverse
momenta with the measured two-particle azimuthal trig-
gered correlation and find that the combination of these
harmonics gives a natural description of the observed cor-
relation structure on the away-side.
In summary, we have presented the first measurement

at the LHC of triangular v
3

, quadrangular v
4

and pen-
tagonal particle flow v

5

. We have shown that the trian-
gular flow and its fluctuations can be understood from
the initial spatial anisotropy. The transverse momentum
dependence of v

2

and v
3

compared to model calculations
favors a small value of the shear viscosity to entropy ratio
⌘/s. For the 5% most central collisions we have shown
that v

2

rises strongly with centrality in 1% centrality per-
centiles. The strong change in v

2

and the small change
in v

3

as a function of centrality in these 1% centrality
percentile classes follow the centrality dependence of the
corresponding spatial anisotropies. The two-particle az-
imuthal correlation for the 0–1% centrality class exhibits
a double peak structure around �� ⇠ ⇡ (the “away
side”) without the subtraction of elliptic flow. We have
shown that the measured anisotropic flow Fourier coe�-
cients give a natural description of this structure.

ACKNOWLEDGEMENTS

The ALICE collaboration would like to thank all its en-
gineers and technicians for their invaluable contributions
to the construction of the experiment and the CERN
accelerator teams for the outstanding performance of
the LHC complex. The ALICE collaboration acknowl-
edges 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 Desenvolvi-
mento Cient́ıfico e Tecnológico (CNPq), Financiadora
de Estudos e Projetos (FINEP), Fundação de Amparo
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