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Heavy ion collisions:
Initial state fluctuations and 

higher harmonics flow

        Sergei A. Voloshin

Outline:
✦ Introduction: why do we care?
✦ Can we observe ISFs?
• Higher harmonics anisotropic flow
• dipole flow (“where do spectators flow”?)
• azHBT

✦ Event Shape Engineering
✦ Background study in the CME search
✦ Conclusions 
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Ultrarelativistic nuclear collisions
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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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will be particularly interesting to discern whether quark-gluon plasma is a strongly coupled near-
ly perfect fluid at all temperatures accessible in collisions at RHIC and the LHC, or whether it 
only behaves this way near the phase transition and becomes somewhat more gas-like at higher 
temperatures. How close is the imperfection index of quark-gluon plasma to the universal 
value? If QCD itself has a dual description as some as yet unknown string theory, an answer to 
this question from heavy ion collision experiments translates into a quantitative characterization 
of this string theory. Is the lowest imperfection index achieved right at the quark-gluon 
plasma transition temperature or over a broad range of higher temperatures? Is quark-
gluon plasma the most perfect fluid realized in all of nature? Combined measurements at 
RHIC and LHC are necessary to answer these questions. The LHC collides nuclei for four weeks 
each year (the rest dedicated to a different set of studies including the discovery of the Higgs par-
ticle) at energies a factor of more than ten above RHIC, and thus probes the highest temperature 
range. RHIC probes matter closer to the transition temperature and has a long reach to even low-
er temperatures and higher matter excess.  
 

Figure II-7. The imperfection index of various fluids -- the lower its value, the less internal friction occurs 
within a liquid as it flows. Each liquid has a phase transition within the temperature range shown. The right 
panel describes QCD matter containing as many anti-quarks as quarks, zero matter excess, along the vertical 
axis of Fig. II-6. Not far above its transition, quark-gluon plasma has an imperfection index between 1 and 3 
times the string theory limit. Future measurements will determine its imperfection more precisely and will 
show us how it changes with temperature, which is currently unknown. If liquid quark-gluon plasma has 
quasi-particles at higher temperatures, the imperfection index must rise rapidly. 
 
As mentioned previously, the dominant shape of the initial quark-gluon plasma is typically circu-
lar or elliptical. However, as shown in Fig. II-5 there are significant quantum fluctuations that 
seed hot and cold spots dotting the volume. Until recently it was thought that diffusion (smearing 
of energy due to thermal agitation) would simply erase any evidence of these fluctuations. How-
ever, due to the almost perfect liquid behavior, these fluctuations have been shown to survive the 
explosion of the quark-gluon plasma and leave imprints that are accessible to experimental in-
vestigation and therefore provide sensitive measures of the fluid imperfection. Data reported re-
cently from both RHIC and the LHC show great promise that these seed fluctuations can be 
measured in the next few years, in concert with pinning down the perfect liquidity.  

Physics of :
- hadronization (more generally: physics 
of multiparticle production)
- properties of the QCD vacuum (e.g. CME)
- transport properties of QCD matter 
- ...

Most analyses involve two- and/or many 
particle correlations.
Understanding the initial conditions 
and their role/contribution to the final 
state particle distributions/correlations 
becomes very important.

Goal: strongly interacting (QCD) matter
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(one of pre-RHIC questions:) QGP - Gas or Liquid?

Anisotropic flow: system response to the anisotropic initial conditions.

Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin7

Major RHIC discoveries

“The physical picture emerging from the four (RHIC) experiments is consistent and surprising. The 
quarks and gluons indeed break out of  confinement and behave collectively, if only fleetingly. But this 
hot mélange acts like a liquid, not the ideal gas theorists had anticipated.”
M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.

First RHIC “Au+Au” paper: > 500 citations
First LHC “Pb+Pb” paper: > 300 citations

Elliptic flow
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Elliptic flow at RHIC and LHC
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Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin7

Major RHIC discoveries

“The physical picture emerging from the four (RHIC) experiments is consistent and surprising. The 
quarks and gluons indeed break out of  confinement and behave collectively, if only fleetingly. But this 
hot mélange acts like a liquid, not the ideal gas theorists had anticipated.”
M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.

+30%

“The physical picture emerging from the four (RHIC) 
experiments is consistent and surprising. The quarks 
and gluons indeed break out of  confinement and 
behave collectively, if only fleetingly. But this hot 
mélange acts like a liquid, not the ideal gas theorists 
had anticipated.”
M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.

LHC: Increase in elliptic flow ~30%,
in agreement with hydrodynamics 

CERN Press release, November 26, 2010:
‘confirms that the much hotter plasma 
produced at the LHC behaves as a 
very low viscosity liquid (a perfect fluid)..’
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v2{2} vs v2{4} flow fluctuations or nonflow?

5

Ante Bilandzic, QM2011

Current understanding: The dominant contribution to the difference 
between v2{2} and v2[4} is due to flow (initial state) fluctuations
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Initial state fluctuations
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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 

Initial state fluctuations (energy/entropy,...)
what do they lead to in the final state?
Can we “observe” them? 
Friend or foe? (Only unwelcome background 
or we can utilize them to study properties of 
the medium?)
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pY

pX

pp

Radial expansion  2-part azimuthal correlations
All particles produced in the same NN-collision
 (qq-string) experience the transverse radial “push”  that is
(a) in the same direction (leads to correlations in phi)
(b) the same in magnitude ( correlations in pt )
(c) long range in rapidity

x

y
rapidity

pp collision

AA collision
pY

pX

NNAA
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Figures are shown for particles from the same NN collision. 
Dilution factor to be applied!

!!! - the large values of transverse flow, (average transverse 
rapidity squared) <ρt

2>  >  0.25, would contradict elliptic flow 
measurements (nonflow contribution).

Radial expansion  2-part azimuthal correlations
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Correlation function. Pure hydro.

After “flow” subtraction (dashed line on the upper plot)
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“Ridge”. (Nonflow?)
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Δϕ Δη

Long range in rapidity and localized in azimuth correlations 
have been observed in semi-central and central collisions.

dN
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Single “hot spot”

11

Instead of a “bump” due to a push-out of a “hot spot” by radial flow, it 
appears that the high density region actually “blocks” the development of 
radial flow in this direction, leading to a dip with two “side-splashes”.

Note that the “dip” and the “bump” lead to positive correlations, the “ridge”, 
but the details (e.g. harmonic decomposition of the correlation function) are 
different.
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Density decomposition
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positions
of hot spots
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Shuryak et al.

... or  via 2d Fourier decomposition (‘higher 
harmonic flow”)

+

+ + +...
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Ψ4

Teaney and Yan

In the linear approximation one can study the effects
of density fluctuations either like this (“nonflow”) 
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year, the dynamical IP-Glasma model (81) was developed which builds on the

IP-Sat (Impact Parameter dependent Saturation) model (82) to generate finite

deformed fluctuating initial gluon field configurations in the transverse plane, and

then evolves them with classical Yang-Mills dynamics (75, 76, 77, 78). While the

lack of thermalization and of longitudinal fluctuations are still weaknesses of this

model, it is the first semi-realistic approach to describing the pre-equilibrium

stage dynamically, matching it consistently to the hydrodynamic stage.1 Fig-

ure 1 shows three snapshots of the transverse energy density profile from this

model.

3 INITIAL-STATE DENSITY AND SHAPE FLUCTUATIONS

3.1 Harmonic eccentricity and flow coefficients

The development of anisotropic flow is controlled by the anisotropies in the pres-

sure gradients which in turn depend on the shape and structure of the initial

density profile. The latter can be characterized by a set of harmonic eccentricity

coefficients εn and associated angles Φn:

ε1e
iΦ1 ≡ −

∫

r dr dφ r3eiφ e(r,φ)
∫

r dr dφ r3e(r,φ)
, εne

inΦn ≡ −
∫

r dr dφ rneinφ e(r,φ)
∫

r dr dφ rne(r,φ)
(n > 1),

(1)

where e(r,φ) is the initial energy density distribution in the plane transverse to

the beam direction. When, for collisions between nuclei of the same species, e is

averaged over many events and the angle φ is measured relative to the impact

parameter vector, there is a symmetry between φ and −φ as well as between φ

and φ+ π, and all odd εn coefficients vanish.

An important insight (23, 24, 25) has been that, due to event-by-event fluctu-

ations of the transverse positions of the nucleons inside the colliding nuclei (22),

and of the gluon density profiles inside those nucleons (75, 76, 77, 78, 81, 84, 85)

(see Figure 1), these symmetries do not hold in an individual collision event.

Therefore, in every collision all eccentricity coefficients are usually non-zero, driv-

ing anisotropic flow components of any harmonic order whose magnitudes and

directions fluctuate from event to event. The statistical distributions of εn and

Φn which, in a hydrodynamic picture, control the statistical distributions of the

final anisotropic flows vn and their directions Ψn, are of quantum mechanical

origin and depend on the internal structure of the colliding nuclei (see Sec. 3.3).

The anisotropic flow coefficients vn and their associated flow angles Ψn are

1It has been suggested that, since classical Yang-Mills dynamics does not lead to local ther-

malization, a different matching scheme (83) should be used that, unlike Landau matching, does

not rely on small deviations from local equilibrium. This interesting suggestion still needs to be

fully worked out for fluctuating initial conditions.
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Density distributions
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10k Pb+Pb events, b=8 fm
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ALICE: flow fluctuations - “ridge” duality
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Similar results by ATLAS

15

ATLAS vn results 4
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Figure 3. v2 vs pT at mid-rapidity for several centrality selections.

directly via a discrete Fourier transformation (DFT): vn,n = 〈cos (n∆φ)〉. Figure 4a

shows one such projection for 2 < |∆η| < 5 and the corresponding contributions from

individual harmonic components.
If the observed modulations are due only to collective flow, then we expect vn,n to

be factorizable into the product of two single-particle flow coefficients:

vn,n(pT
a, pT

b) = vn(pT
a)vn(pT

b) (3)

Thus for correlations where the two particles are selected from the same pT range, we

calculate the single-particle harmonic coefficient as vn =
√
vn,n. One such example

is shown in Figure 4b. We have repeated this procedure for each ∆η slice and the

results are shown in Figure 4c. The peak at small ∆η, which comes from near-side jet
fragmentation and resonance decay, is excluded by requiring 2 < |∆η| < 5.
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c)

Figure 4. The steps involved in the extraction of the vn (2-3 GeV fixed-pT correlation
in 0-5% centrality): a) ∆φ correlation function for 2 < |∆η| < 5, overlaid with
contributions from individual Fourier components and the sum, b) Fourier coefficient
vn vs n, and c) v2 − v6 vs ∆η.

In order to confirm that the vn coefficients from the two-particle correlation method

arXiv:1107.1468v2  [nucl-ex]  13 Jul 2011
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Flow and Viscosity in Relativistic Heavy Ion Collisions 9

year, the dynamical IP-Glasma model (81) was developed which builds on the

IP-Sat (Impact Parameter dependent Saturation) model (82) to generate finite

deformed fluctuating initial gluon field configurations in the transverse plane, and

then evolves them with classical Yang-Mills dynamics (75, 76, 77, 78). While the

lack of thermalization and of longitudinal fluctuations are still weaknesses of this

model, it is the first semi-realistic approach to describing the pre-equilibrium

stage dynamically, matching it consistently to the hydrodynamic stage.1 Fig-

ure 1 shows three snapshots of the transverse energy density profile from this

model.

3 INITIAL-STATE DENSITY AND SHAPE FLUCTUATIONS

3.1 Harmonic eccentricity and flow coefficients

The development of anisotropic flow is controlled by the anisotropies in the pres-

sure gradients which in turn depend on the shape and structure of the initial

density profile. The latter can be characterized by a set of harmonic eccentricity

coefficients εn and associated angles Φn:

ε1e
iΦ1 ≡ −

∫

r dr dφ r3eiφ e(r,φ)
∫

r dr dφ r3e(r,φ)
, εne

inΦn ≡ −
∫

r dr dφ rneinφ e(r,φ)
∫

r dr dφ rne(r,φ)
(n > 1),

(1)

where e(r,φ) is the initial energy density distribution in the plane transverse to

the beam direction. When, for collisions between nuclei of the same species, e is

averaged over many events and the angle φ is measured relative to the impact

parameter vector, there is a symmetry between φ and −φ as well as between φ

and φ+ π, and all odd εn coefficients vanish.

An important insight (23, 24, 25) has been that, due to event-by-event fluctu-

ations of the transverse positions of the nucleons inside the colliding nuclei (22),

and of the gluon density profiles inside those nucleons (75, 76, 77, 78, 81, 84, 85)

(see Figure 1), these symmetries do not hold in an individual collision event.

Therefore, in every collision all eccentricity coefficients are usually non-zero, driv-

ing anisotropic flow components of any harmonic order whose magnitudes and

directions fluctuate from event to event. The statistical distributions of εn and

Φn which, in a hydrodynamic picture, control the statistical distributions of the

final anisotropic flows vn and their directions Ψn, are of quantum mechanical

origin and depend on the internal structure of the colliding nuclei (see Sec. 3.3).

The anisotropic flow coefficients vn and their associated flow angles Ψn are

1It has been suggested that, since classical Yang-Mills dynamics does not lead to local ther-

malization, a different matching scheme (83) should be used that, unlike Landau matching, does

not rely on small deviations from local equilibrium. This interesting suggestion still needs to be

fully worked out for fluctuating initial conditions.
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Rapidity dependent momentum anisotropy at RHIC

Ulrich Heinz† and Peter F Kolb‡

† Department of Physics, The Ohio State University, Columbus, OH 43210, USA
‡ Physik Department, TU München, D-85747 Garching, Germany

Abstract. In Au+Au collisions at RHIC, elliptic flow was found to rapidly
decrease as a function of rapidity. We argue that the origin of this phenomenon is
incomplete thermalization of the initial fireball outside the midrapidity region and
show that it can be quantitatively related to the analogous effect at midrapidity
in peripheral collisions and in collisions at lower beam energies.

1. Introduction and overview

Semicentral Au+Au collisions at RHIC exhibit very strong elliptic flow v2 which
exhausts the prediction from ideal fluid dynamics (for a review see [1]). This has been
interpreted as strong evidence for early thermalization of the collision fireball, on a
timescale of < 1 fm/c and at energy densities of ∼ 10− 20 times the critical value for
quark-gluon plasma formation [2]. However, in more peripheral Au+Au collisions at
RHIC the measured elliptic flow remains increasingly below the hydrodynamic value,
and in lower energy Pb+Pb and Au+Au collisions at the SPS and AGS it does not
reach the hydrodynamic limit even in central collisions [3, 4]. The STAR and NA49
Collaborations have suggested (see Fig. 22 in [3] and Fig. 25 in [4]) that the discrepancy
between the hydrodynamically predicted and measured elliptic flow at midrapidity
scales with (1/S) dNch/dy where dNch/dy is the measured charged multiplicity density
at midrapidity and S is the initial transverse overlap area between the colliding nuclei.
When multiplied with the average transverse mass 〈m⊥〉 per hadron and divided by
τ0, this scaling variable is just the Bjorken energy density at proper time τ0 [5]. This
suggests that the degree of thermalization reached early in the collision (as measured
by the fraction vmeas

2 /vhydro
2 of the hydrodynamically predicted elliptic flow achieved

in the experiment) is controlled by the initial energy or particle density. This makes
sense since the collision rate is proportional to the density of scatterers.

The PHOBOS Collaboration first observed [6] that v2 shows a strong pseudo-
rapidity dependence, with a shape that seems to roughly follow the charged particle
pseudorapidity distribution. This has now been confirmed by STAR [7]. BRAHMS
and PHOBOS also reported that the pseudorapidity distributions of both Nch [8, 9]
and v2 [10] have very similar shapes for all collision centralities. The similarity in
shape between the rapidity distributions of v2 and Nch becomes even stronger if the
Jacobian between rapidity y and pseudorapidity η (which affects v2(η) and dNch/dη
mostly near midrapidity and with opposite signs [11]) is taken out.

Hydrodynamic models can reproduce the shape of dNch/dη but not that of v2(η)
[12]. Instead of falling off with increasing rapidity, the hydrodynamically predicted
v2(η) actually first increases with |η| before eventually dropping steeply near the
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Rapidity dependent momentum anisotropy at RHIC 4

Figure 2. Left: Differential directed flow v1(p⊥) of directly emitted pions (no
resonance decays) for ηs = y = 0, 1, 2, 3, 4. Except for a region of positive v1 at
0 < p⊥ < 0.5GeV and a shift of the rest of the curves by about 0.5GeV to larger
p⊥, the curves for direct protons look similar. Right: p⊥-integrated elliptic flow
v2 for direct pions as a function of pseudorapidity η, compared with data for all
charged particles [6, 7]. The hydrodynamic v2 values have been corrected with an
energy density dependent “thermalizations coefficient” as described in the text.
The Jacobian for the transformation from y to η has been included.

at ηs decreases, and the time evolution of εp follows the same pattern as previously
observed at midrapidity when reducing the collision energy (see Fig. 7 in [14]).

At forward rapidities the transverse overlap region becomes asymmetric and is
shifted sidewards in the x (or impact parameter) direction. This turns out to give
rise to a non-zero directed flow signal v1(p⊥) which increases with |ηs| (left panel in
Fig. 2). Of course, since the colliding matter receives no overall transverse kick, the
p⊥-integrated directed flow is zero.

The hydrodynamically calculated elliptic flow v2(η) has the same general shape as
previously obtained by Hirano with a fully (3+1)-dimensional code. We now correct
this hydrodynamic behaviour with a “thermalization coefficient” F (x) which is fitted
to midrapidity data in peripheral and lower-energy collisions [3, 4]. F depends on
the initial transversally averaged energy density at rapidity y = ηs through the ratio
x(ηs)= 〈e(ηs)〉/e0 (where e0 =9.5GeV/fm3 is the average initial energy density in
central Au+Au collisions at 130AGeV). As discussed in the Introduction, this scaling
variable is, up to a multiplicative constant, identical with the variable (1/S) dN/dy
found by STAR and NA49 to control the magnitude of v2 at midrapidity [3, 4]. We
parametrize the behavior shown in Fig. 25 of [4] with a simple linear function F (x)≡
vmeas
2

vhydro
2

= 0.15 + 0.85 x for x≤ 1 while F (x)= 1 for x> 1. (x= 1 corresponds in Fig. 25

of [4] to (1/S) dNch/dy = 25 fm−2.) The corrected vmeas
2 (η)= F (x(η)) · vhydro

2 (η)
for b =6.8 fm is shown by the full circles in the right panel of Fig. 2, together with
minimum bias data from PHOBOS and STAR. Even if our v2 values are still a bit high
at |η| > 2, we see good qualitative agreement with the data. We conclude that the
same incomplete thermalization effects previously seen at midrapidity in peripheral
and lower-energy collisions also describe qualitatively the rapid decrease of v2 at non-
zero rapidity in minimum bias collisions at RHIC. Local thermalization seems to be
driven by the local initial energy density reached in the collision.
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v2 for direct pions as a function of pseudorapidity η, compared with data for all
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energy density dependent “thermalizations coefficient” as described in the text.
The Jacobian for the transformation from y to η has been included.

at ηs decreases, and the time evolution of εp follows the same pattern as previously
observed at midrapidity when reducing the collision energy (see Fig. 7 in [14]).

At forward rapidities the transverse overlap region becomes asymmetric and is
shifted sidewards in the x (or impact parameter) direction. This turns out to give
rise to a non-zero directed flow signal v1(p⊥) which increases with |ηs| (left panel in
Fig. 2). Of course, since the colliding matter receives no overall transverse kick, the
p⊥-integrated directed flow is zero.

The hydrodynamically calculated elliptic flow v2(η) has the same general shape as
previously obtained by Hirano with a fully (3+1)-dimensional code. We now correct
this hydrodynamic behaviour with a “thermalization coefficient” F (x) which is fitted
to midrapidity data in peripheral and lower-energy collisions [3, 4]. F depends on
the initial transversally averaged energy density at rapidity y = ηs through the ratio
x(ηs)= 〈e(ηs)〉/e0 (where e0 =9.5GeV/fm3 is the average initial energy density in
central Au+Au collisions at 130AGeV). As discussed in the Introduction, this scaling
variable is, up to a multiplicative constant, identical with the variable (1/S) dN/dy
found by STAR and NA49 to control the magnitude of v2 at midrapidity [3, 4]. We
parametrize the behavior shown in Fig. 25 of [4] with a simple linear function F (x)≡
vmeas
2

vhydro
2

= 0.15 + 0.85 x for x≤ 1 while F (x)= 1 for x> 1. (x= 1 corresponds in Fig. 25

of [4] to (1/S) dNch/dy = 25 fm−2.) The corrected vmeas
2 (η)= F (x(η)) · vhydro

2 (η)
for b =6.8 fm is shown by the full circles in the right panel of Fig. 2, together with
minimum bias data from PHOBOS and STAR. Even if our v2 values are still a bit high
at |η| > 2, we see good qualitative agreement with the data. We conclude that the
same incomplete thermalization effects previously seen at midrapidity in peripheral
and lower-energy collisions also describe qualitatively the rapid decrease of v2 at non-
zero rapidity in minimum bias collisions at RHIC. Local thermalization seems to be
driven by the local initial energy density reached in the collision.

Rapidity dependent momentum anisotropy at RHIC 4

Figure 2. Left: Differential directed flow v1(p⊥) of directly emitted pions (no
resonance decays) for ηs = y = 0, 1, 2, 3, 4. Except for a region of positive v1 at
0 < p⊥ < 0.5GeV and a shift of the rest of the curves by about 0.5GeV to larger
p⊥, the curves for direct protons look similar. Right: p⊥-integrated elliptic flow
v2 for direct pions as a function of pseudorapidity η, compared with data for all
charged particles [6, 7]. The hydrodynamic v2 values have been corrected with an
energy density dependent “thermalizations coefficient” as described in the text.
The Jacobian for the transformation from y to η has been included.

at ηs decreases, and the time evolution of εp follows the same pattern as previously
observed at midrapidity when reducing the collision energy (see Fig. 7 in [14]).

At forward rapidities the transverse overlap region becomes asymmetric and is
shifted sidewards in the x (or impact parameter) direction. This turns out to give
rise to a non-zero directed flow signal v1(p⊥) which increases with |ηs| (left panel in
Fig. 2). Of course, since the colliding matter receives no overall transverse kick, the
p⊥-integrated directed flow is zero.

The hydrodynamically calculated elliptic flow v2(η) has the same general shape as
previously obtained by Hirano with a fully (3+1)-dimensional code. We now correct
this hydrodynamic behaviour with a “thermalization coefficient” F (x) which is fitted
to midrapidity data in peripheral and lower-energy collisions [3, 4]. F depends on
the initial transversally averaged energy density at rapidity y = ηs through the ratio
x(ηs)= 〈e(ηs)〉/e0 (where e0 =9.5GeV/fm3 is the average initial energy density in
central Au+Au collisions at 130AGeV). As discussed in the Introduction, this scaling
variable is, up to a multiplicative constant, identical with the variable (1/S) dN/dy
found by STAR and NA49 to control the magnitude of v2 at midrapidity [3, 4]. We
parametrize the behavior shown in Fig. 25 of [4] with a simple linear function F (x)≡
vmeas
2

vhydro
2

= 0.15 + 0.85 x for x≤ 1 while F (x)= 1 for x> 1. (x= 1 corresponds in Fig. 25

of [4] to (1/S) dNch/dy = 25 fm−2.) The corrected vmeas
2 (η)= F (x(η)) · vhydro

2 (η)
for b =6.8 fm is shown by the full circles in the right panel of Fig. 2, together with
minimum bias data from PHOBOS and STAR. Even if our v2 values are still a bit high
at |η| > 2, we see good qualitative agreement with the data. We conclude that the
same incomplete thermalization effects previously seen at midrapidity in peripheral
and lower-energy collisions also describe qualitatively the rapid decrease of v2 at non-
zero rapidity in minimum bias collisions at RHIC. Local thermalization seems to be
driven by the local initial energy density reached in the collision.

Similar observations has been 
made later by Teaney and Yan, 
Retinskaya et.al., in relation to 
effects of initial density fluctuations 
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ALICE: Directed/”dipole” flow (wrt spectators flow)
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FIG. 4: (color online) v

1

versus transverse momentum in Pb–Pb collisions at
p
s

NN

= 2.76 TeV. The

statistical (systematic) uncertainties are indicated by the error bars (shaded bands). Lines represent fits

with the 3-rd third order degree polynomial. (a) v
1

for 5-80% centrality range. (b) vodd
1

in Pb-Pb collisions

compared with the STAR data [28] for Au-Au collisions at
p
s

NN

= 200 GeV downscaled with a factor 0.37.

correlation relative to the spectator planes, |veven
1

{ 
SP

}| ⌧ |veven
1

{ (1)

PP

}|, can be interpreted as161

evidence of weak (but non-zero) correlation,
D
cos

⇣
 (1)

PP

� 
SP

⌘E
6= 0, between the orientation of162

the participant and spectator collision symmetry planes.163

According to hydrodynamic model calculations [21, 23, 43] the particles with low transverse164

momentum should flow in the direction opposite to the largest magnitude of the density gradient.165

This, together with the negative even and odd v

1

{ 
SP

} components measured for particles at166

midrapidity with low transverse momentum (p
T

<⇠ 1.2 GeV/c) allows one in fact to determine if167

spectators deflect away from or towards the center of the system. A detailed theoretical calcula-168

tion of the correlation between fluctuations in the spectator positions and energy density in the169

participant zone is required to provide a definitive answer on this question.170

In summary, the directed flow of charged particles at mid-rapidity, |⌘| < 0.8, is reported for Pb–171

Pb collisions at
p
s

NN

= 2.76 TeV. The vodd
1

and v

even

1

directed flow components are measured with172

respect to the collision symmetry plane defined by spectator neutrons. Both components depend173

weakly on the collision centrality. The v

odd

1

has a negative slope as a function of pseudo-rapidity174

with a magnitude about three times smaller than at the highest RHIC collision energy. This175

suggests a smaller tilt of the medium created in the participant zone at the LHC, with insu�cient176
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FIG. 3: (color online) (a) v

1

and (b) hp
x

i / hp
T

i versus collision centrality in Pb–Pb collisions at
p
s

NN

= 2.76 TeV. The statistical (systematic) uncertainties are indicated by the error bars (shaded

bands). (c) v

odd

1

in Pb-Pb collisions compared with the STAR data [28] for Au-Au collisions at
p
s

NN

= 200 (62.4) GeV downscaled with a factor 0.37 (0.12).

energies.148

Figure 4(a) presents results for the charged particle directed flow as a function of transverse149

momentum, which shows that v

odd

1

and v

even

1

change sign around p

T

⇠ 1.2 � 1.7 GeV/c. The150

observed zero crossing of v

even

1

(p
T

) at a value close to the mean transverse momentum of the151

produced particles is expected for the dipole-like energy fluctuations when momentum of the low152

p

T

particles is balanced by that of the high p

T

particles [20–23]. Compared to the measurements153

at the highest RHIC energy, in Fig. 4(b), vodd
1

shows a similar trend including the sign change154

around p

T

⇠ 1.5 GeV/c in central collisions and negative value at all p
T

for peripheral collisions.155

The p

T

dependence of veven
1

{ 
SP

} is similar to that of veven
1

{ (1)

PP

} estimated from the Fourier156

fits of the two-particle correlations [10, 17, 36], which might indicate that they both originate157

from a common underlying physics mechanism. The magnitude of v

even

1

{ 
SP

} is smaller by a158

factor of forty [23, 42] compared to an estimate of v

even

1

{ (1)

PP

}. The stronger directed flow of159

the charged particles produced in the same (participant) region compared to their much weaker160
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MC Glauber model
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More projectile participantsMore projectile spectators
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Where spectators flow 
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azFemto (azimuthally sensitive ...)
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azHBT. Stationary and expanding sources

24

xout

xside

xside

xout
y

x

p
Stationary source: no higher order 
anisotropy in the leading order

xside
2 = x2 sin2 φ + y2 cos2 φ − xy sin2φ

Expansion leads to nontrivial R(ϕ) dependence:
- variation in the “blast wave” velocity
- variation in velocity gradients in the “side” direction

Rout
2 = Δxout −VtΔt( )2 Rlong ∝

vtherm
dvz / dz
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PHENIX results and hydro calculations
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Figure 2: The azimuthal dependence of Rs and Ro for charged pions with respect to 2nd- and 3rd-order event plane in
Au+Au 200 GeV collisions, where the averages of radii with respect to Ψ2 and Ψ3 are set to 10 and 5 fm2 respectively.

The Ψ2 dependence may indicate that the emission duration is different in-plane versus out-of-
plane since Rs shows a weak oscillation and the source shape is thought to be close to a circle.
The Ψ3 dependence may be also due to the difference of emission duration between different
azimuthal directions. However, the flatness of Rs doesn’t necessarily mean that the source shape
is not triangular but circular [1]. It may be difficult to imagine that the emission duration has
such strong variations in azimuth relative to different event planes. The oscillation of Ro may
reflect not only the emission duration but also the depth of the elliptical or triangular source.

As mentioned before, the final eccentricity is defined as ε2, f inal = 2R2s,2/R
2
s,0. Here, we define

ε3, f inal as 2R2s,3/R
2
s,0. Figure 3 shows εn, f inal as a function of εn,initial, where εn,initial is calculated

using a Glauber model. Note that ε3, f inal doesn’t represent the final triangularity because there
is no higher harmonic anisotropy in the Gaussian approximation for a static source. However,
it will mean any triangular component of homogeneity region in a expanding source. The ob-
served ε3, f inal doesn’t seem to exhibit any centrality dependence and is zero within systematic
uncertainties.
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Figure 3: Final εn as a function of initial εn in Au+Au 200 GeV collisions. Initial εn is calculated in a Glauber model.
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FIG. 1: (Color online) The difference Ψ3−ψ̄3 between the
triangular flow angle Ψ3 of the emitted particles and the di-
rection ψ̄3 of the triangular hydrodynamic flow anisotropy,
as a function of the geometric triangularity ε̄3, for several
values of the magnitude of the triangular deformation of the
flow velocity, v̄3. The critical value of ε̄3 where Ψ3−ψ̄3 flips
by π/3 is positively correlated with v̄3 but insensitive to the
strength ηf of the radial flow. Due to the symmetry of our
toy model source function (36), 〈〈sin

(

3(Φ−ψ̄3)
)

〉〉=0 always
(see Eq. (15)), and the sign of 〈〈cos

(

3(Φ−ψ̄3)
)

〉〉 distinguishes
between flow angles Φ3 = ψ̄3 and Φ3 = ψ̄3 ± π

3
.
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The toy model study presented in this paper was mo-
tivated by recent experimental data from the PHENIX
Collaboration, shown by T. Niida at the Quark Matter
2012 conference [13] and reproduced in Fig. 2. The data
show clear triangular oscillations as a function of the pair
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s and R2
o measured by the PHENIX Collaboration in cen-

tral (0−10%) 200AGeV Au+Au collisions [13]. For better
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plotting the third- and second-order oscillations.

emission angle Φ, with Rs being maximal and Ro min-
imal in triangular flow direction Ψ3. For the selected
almost central Au+Au collisions (0−10% centrality), the
oscillation amplitude for R2

o is much larger than for R2
s.

As already discussed at the end of Sec. II, the observed
small triangular oscillation amplitude R2

s,3 of R2
s cannot

[14] be directly interpreted as evidence for a small geo-
metric triangularity of the source at freeze-out. What,
then, is the correct interpretation of the experimental
observations?
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HBT interferometry relative to the triangular flow plane in heavy-ion collisions

Christopher J. Plumberg, Chun Shen, and Ulrich Heinz
Department of Physics, The Ohio State University, Columbus, OH 43210-1117, USA

(Dated: June 7, 2013)

The PHENIX Collaboration has reported third-order harmonic oscillations of the source radius
parameters when measuring the Hanbury Brown-Twiss correlation function for charged hadrons rel-
ative to the triangular flow angle. We explore possible origins of such third-order oscillations with
a simple Gaussian source featuring both a triangular geometric deformation and triangular flow.
Third-order oscillations of the HBT radii can arise from a purely geometric triangular deformation
superimposed on an azimuthally symmetric radial flow, or from a radially symmetry spatial distri-
bution which expands anisotropically with a triangular component in the flow velocity profile. In
both cases the final particle momentum distribution features triangular flow. We show that the two
alternatives can be distinguished experimentally through the phase of the azimuthal oscillations of
the HBT radii relative to the triangular flow plane.

PACS numbers: 25.75.-q, 12.38.Mh, 25.75.Ld, 24.10.Nz

I. INTRODUCTION

Hanbury-Brown–Twiss (HBT) interferometry [1] (also
known as femtoscopy [2–4]) has become an indispensable
tool in the description and understanding of heavy-ion
collisions. The observed particle output from heavy-ion
collisions consists primarily of hadrons, whose momen-
tum spectra and correlations contain information about
the size and shape of the emission region when the par-
ticles last interacted with each other. This last scatter-
ing is commonly referred to as (kinetic) freeze-out, and
the space-time locations of the last scatterings define a
(generically fuzzy) “surface of last scattering” or “freeze-
out surface”. Combined analyses of the observed par-
ticle momentum spectra and correlations yield not only
geometric but also dynamical information about the fire-
ball at freeze-out [1]. Because HBT interferometry yields
both dynamical and geometric information, it provides
a crucial window into the structure and evolution of the
collision and its aftermath.

Azimuthally sensitive HBT (asHBT) analyses, where
one studies the variation of the HBT correlator as a func-
tion of the emission direction perpendicular to the beam
axis [5–10], are especially useful for probing anisotropies
in the structure of the freeze-out surface. It was shown in
[7, 8] that first and second order harmonic oscillations of
the HBT radii are dominated by geometric deformations
of the emitting source relative to the beam direction and
reaction plane. Traditionally, one performs the asHBT
analysis as a function of the pair emission angle Φ rela-
tive to the elliptic flow angle (or second-order event plane
angle [11, 12]) Ψ2. Dynamical models for the evolution
of the fireball created in the collision allow to relate these
observed geometric deformations in the final state to the
initial conditions of the fireball. For such a program of
constraining from final state spectra and femtoscopic cor-
relations the initial state of the fireball and its subsequent
evolution, a proper understanding of the asHBT formal-
ism is of paramount importance.

Recently the PHENIX collaboration [13] performed the

first experimental analysis of the azimuthal dependence
of the HBT radii relative to the triangular flow plane Ψ3.
(For an earlier theoretical study see [14].) Triangular flow
is dominated by event-by-event fluctuations in the initial
transverse density profile [15] and largely independent
of the collision centrality [16–18]. In contrast to elliptic
flow, which is strongly correlated with the direction of the
impact parameter [19, 20], the direction Ψ3 of triangular
flow (the “triangular flow plane”) is randomly distributed
relative to the reaction plane [16, 19, 20]. In two-pion cor-
relations from central (0−10% centrality) Au+Au colli-
sions at

√
sNN = 200GeV, PHENIX [13] saw clear third-

order harmonic oscillations of the HBT radii relative to
the triangular flow plane. The origin of these oscillations
has not yet been understood. In this paper, we perform
a model study to qualitatively explore several possible
explanations of the observations in [13]. We show how
the data distinguish between these alternatives, thereby
favoring one specific scenario. A more quantitative anal-
ysis, based on a realistic hydrodynamic model for the
expanding fireball created in these Au+Au collsions, will
be published separately.

The outline of this paper is as follows. In the next sec-
tion, we generalize the theoretical formalism of asHBT
to higher order harmonic oscillations. In Section III we
illustrate the general formalism for a simple Gaussian toy
model and use it to obtain several qualitative results that
appear to be robust and should survive a later analysis
of realistic hydrodynamic sources. Our results and con-
clusions about the meaning of the experimental data are
summarized in Sec. IV.

II. AZIMUTHALLY SENSITIVE FEMTOSCOPY

A. Basics

We study the two-particle correlation function

C(p1,p2) ≡
E1E2

dN
d3p1d3p2

(

E1
dN
d3p1

)(

E2
dN
d3p2

) . (1)



Phenomenology 2013, Moscow, July 21- 25, 2013page

Event shape engineering 

26

Group bibliography
[1] J. Schukraft, A. Timmins and S. A. Voloshin, Phys. Lett. B 719, 394 (2013)

[2] ALICE Collaboration, Phys. Rev. Lett. 110, 012301 (2013) PAs: Voloshin, Dobrin

[3] ALICE Collaboration, Phys. Lett. B 719, 18 (2013) PAs: Dobrin, Voloshin, Loggins

[4] STAR, PRL 108, 072302 (2012) PAs: Timmins, GPC Chair: Putschke

[5] STAR Collaboration, Phys. Lett. B 704, 467 (2011) PAs: Pruneau, Sharma, Voloshin

[6] ALICE Collaboration, Phys. Rev. Lett. 107, 032301 (2011) PAs: Voloshin

[7] ALICE Collaboration, Phys. Rev. Lett. 105, 252302 (2010) PAs: Voloshin

[8] S. A. Voloshin, Phys. Rev. Lett. 105, 172301 (2010)

[9] R. Bellwied and C. Markert, Phys. Lett. B 691, 208 (2010)

[10] STAR Collaboration, Phys. Rev. Lett. 105, 022302 (2010) GPC Chair: Voloshin

[11] STAR Collaboration, Phys. Lett. B 690, 239 (2010) GPC Chair: Pruneau

[12] STAR Collaboration, Phys. Lett. B 683, 123 (2010) GPC Chair: Pruneau

[13] ALICE Collaboration, Phys. Lett. B 708, 249 (2012) IRC Member: Voloshin, Putschke

[14] STAR Collaboration, Phys. Rev. C 85, 014903 (2012) PAs: Putschke

[15] C. Loizides and J. Putschke, Phys. Rev. C 85, 044916 (2012)

[16] STAR Collaboration, arXiv:1302.6184 [nucl-ex]. PAs: Putschke

[17] A. Adare et al., arXiv:1304.3410 [nucl-ex]. PAs: Belmont

[18] STAR Collaboration, arXiv:1301.6633 [nucl-ex]. PAs: Pruneau, Voloshin

[19] STAR Collaboration, arXiv:1301.2187 [nucl-ex]. PAs: Voloshin

[20] V. P. Konchakovski, ... S. A. Voloshin et al., Phys. Rev. C 85, 044922 (2012)

[21] V. D. Toneev, ..., and S. A. Voloshin, Phys. Rev. C 85, 034910 (2012)

[22] STAR Collaboration, Phys. Rev. C 86, 014904 (2012) PAs: Voloshin

[23] STAR, Phys. Rev. C 83, 061901 (2011) PAs: Putschke, GPC Chair: Pruneau

[24] M. Sharma, C. Pruneau et al., Phys. Rev. C 84, 054915 (2011)

[25] V. Voronyuk, ..., and S. A. Voloshin, Phys. Rev. C 83, 054911 (2011)

[26] A. Bilandzic, R. Snellings and S. Voloshin, Phys. Rev. C 83, 044913 (2011)

[27] ALICE EMCal Collaboration, arXiv:1008.0413 [physics.ins-det].

[28] J. Allen et al. Nucl. Instrum. Meth. A 615, 6 (2010). PAs: Cormier, Pavlinov

[29] STAR Collaboration, Phys. Rev. C 81, 054908 (2010) PAs: Voloshin

[30] STAR Collaboration, Phys. Rev. C 81, 044902 (2010) PAs: Voloshin

[31] STAR Collaboration, arXiv:1007.2613 [nucl-ex]. PAs: Voloshin

11

Based on the use of flow vector as discussed in

Group bibliography
[1] J. Schukraft, A. Timmins and S. A. Voloshin, Phys. Lett. B 719, 394 (2013)

[2] ALICE Collaboration, Phys. Rev. Lett. 110, 012301 (2013) PAs: Voloshin, Dobrin

[3] ALICE Collaboration, Phys. Lett. B 719, 18 (2013) PAs: Dobrin, Voloshin, Loggins

[4] STAR, PRL 108, 072302 (2012) PAs: Timmins, GPC Chair: Putschke

[5] STAR Collaboration, Phys. Lett. B 704, 467 (2011) PAs: Pruneau, Sharma, Voloshin

[6] ALICE Collaboration, Phys. Rev. Lett. 107, 032301 (2011) PAs: Voloshin

[7] ALICE Collaboration, Phys. Rev. Lett. 105, 252302 (2010) PAs: Voloshin

[8] S. A. Voloshin, Phys. Rev. Lett. 105, 172301 (2010)

[9] R. Bellwied and C. Markert, Phys. Lett. B 691, 208 (2010)

[10] STAR Collaboration, Phys. Rev. Lett. 105, 022302 (2010) GPC Chair: Voloshin

[11] STAR Collaboration, Phys. Lett. B 690, 239 (2010) GPC Chair: Pruneau

[12] STAR Collaboration, Phys. Lett. B 683, 123 (2010) GPC Chair: Pruneau

[13] ALICE Collaboration, Phys. Lett. B 708, 249 (2012) IRC Member: Voloshin, Putschke

[14] STAR Collaboration, Phys. Rev. C 85, 014903 (2012) PAs: Putschke

[15] C. Loizides and J. Putschke, Phys. Rev. C 85, 044916 (2012)

[16] STAR Collaboration, arXiv:1302.6184 [nucl-ex]. PAs: Putschke

[17] A. Adare et al., arXiv:1304.3410 [nucl-ex]. PAs: Belmont

[18] STAR Collaboration, arXiv:1301.6633 [nucl-ex]. PAs: Pruneau, Voloshin

[19] STAR Collaboration, arXiv:1301.2187 [nucl-ex]. PAs: Voloshin

[20] V. P. Konchakovski, ... S. A. Voloshin et al., Phys. Rev. C 85, 044922 (2012)

[21] V. D. Toneev, ..., and S. A. Voloshin, Phys. Rev. C 85, 034910 (2012)

[22] STAR Collaboration, Phys. Rev. C 86, 014904 (2012) PAs: Voloshin

[23] STAR, Phys. Rev. C 83, 061901 (2011) PAs: Putschke, GPC Chair: Pruneau

[24] M. Sharma, C. Pruneau et al., Phys. Rev. C 84, 054915 (2011)

[25] V. Voronyuk, ..., and S. A. Voloshin, Phys. Rev. C 83, 054911 (2011)

[26] A. Bilandzic, R. Snellings and S. Voloshin, Phys. Rev. C 83, 044913 (2011)

[27] ALICE EMCal Collaboration, arXiv:1008.0413 [physics.ins-det].

[28] J. Allen et al. Nucl. Instrum. Meth. A 615, 6 (2010). PAs: Cormier, Pavlinov

[29] STAR Collaboration, Phys. Rev. C 81, 054908 (2010) PAs: Voloshin

[30] STAR Collaboration, Phys. Rev. C 81, 044902 (2010) PAs: Voloshin

[31] STAR Collaboration, arXiv:1007.2613 [nucl-ex]. PAs: Voloshin

11

Qn,X =

MX

i=1

cos(n�i)

Qn,Y =
MX

i=1

sin(n�i)

qn = Qn/
p
M

25% centrality

Event shape engineering (ESE) - selection of events
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What we are searching for? 
Why? Any hope to see? How? 

New important measurements 
are coming. Stay tuned.

Search for the local parity 
violation (CME) in HIC

B. I. ABELEV et al. PHYSICAL REVIEW C 81, 054908 (2010)

FIG. 2. (Color online) Schematic view of the transverse plane
indicating the orientation of the reaction plane and particle azimuths
relative to that plane. The colliding nuclei are traveling into and out
of the figure.

When two heavy ions collide with a finite impact parameter,
the probability for particles to be emitted in a given azimuthal
direction is often described with a Fourier decomposition [17],

dNα

dφ
∝ 1 + 2v1,α cos(#φ) + 2 v2,α cos(2#φ) + · · · , (1)

where #φ = (φ − $RP) is the particle azimuthal direction
relative to the reaction plane, as shown in Fig. 2. v1 and
v2 are coefficients accounting for the so-called directed and
elliptic flow, respectively, and α indicates the particle type.
They depend on the impact parameter of the colliding nuclei,
the particle type (π , K , p, . . .), transverse momentum (pt ), and
pseudorapidity (η) of the produced particles. For collisions
of identical nuclei, symmetry requires v1 to be an odd
function of rapidity and v2 to be an even function of rapidity.
Measurements (for a review and references, see Ref. [18]) have
found that, at RHIC, v1 is quite small at midrapidity; typically,
|v1| < 0.005 for −1 < η < +1. In contrast, v2 is found to
be sizable and positive. In Au + Au collisions at

√
sNN =

200 GeV, for unidentified charged hadrons, v2 reaches 0.25
for pt ∼ 3 GeV/c, and 0.06 when integrated over all pt .

Phenomenologically, the charge separation owing to a
domain with a given sign of the topological charge can
be described by adding P-odd sine terms to the Fourier
decomposition Eq. (1) [19]:

dNα

dφ
∝ 1 + 2v1,α cos(#φ) + 2 v2,α cos(2#φ) + · · ·

+ 2a1,α sin(#φ) + 2 a2,α sin(2#φ) + · · · , (2)

where the a parameters describe the P-violating effect.
Equation (2) describes the azimuthal distribution of particles of
a given transverse momentum and rapidity and, like the flow
coefficients, a coefficients depend on transverse momentum
and rapidity of the particles. In addition, they depend also on
the rapidity (position) of the domain. One expects that only
particles close in rapidity to the domain position are affected.
According to the theory, the signs of a coefficients vary
following the fluctuations in the domain’s topological charge.

If the particle distributions are averaged over many events,
then these coefficients will vanish because the distributions
are averaged over several domains with different signs of the
topological charge. However, the effect of these domains on
charged-particle correlations will not vanish in this average, as
discussed later in this article. In this analysis we consider only
the first harmonic coefficient a1, which is expected to account
for most of the effect, although higher harmonics determine
the exact shape of the distribution. For brevity we will omit the
harmonic number and write aα = a1,α . The index α takes only
two values, + and −, for positively and negatively charged
particles, respectively.

The effects of local P violation cannot be significantly
observed in a single event because of the statistical fluctuations
in the large number of particles, which are not affected by the
P-violating fields. The average of aα over many events, 〈aα〉,
must be zero. The observation of the effect is possible only via
correlations, for example, measuring 〈aαaβ〉 with the average
taken over all events in a given event sample. The correlator
〈aαaβ〉 is, however, a P-even quantity, and an experimental
measurement of this quantity may contain contributions from
effects unrelated to P violation. The correlator 〈aαaβ〉 can
be in principle evaluated via measuring 〈sin#φα sin#φβ〉
with the average in the last expression taken over all pairs
of particles of a given type from a kinematic region under
study and then over all events. The problem is that this
form of correlator contains also a large contribution from
correlations not related to the reaction plane orientation (such
correlations are not accounted for by Eq. (2), which is a
single-particle distribution). For example, a pair of particles
originating from a single jet will typically be emitted with a
small azimuthal separation. These particle pairs will make a
positive contribution to 〈sin#φα sin#φβ〉, even if the parent
jets are emitted isotropically relative to the reaction plane.
Therefore, we separate

〈sin#φα sin#φβ〉 =〈 aαaβ〉 + Bout, (3)

where 〈aαaβ〉 is caused byP violation and Bout (defined by this
expression) includes all other correlations projected onto the
direction perpendicular to the reaction plane (“out of plane”).
The effects contributing to Bout may be large and are difficult
to estimate reliably. For this reason, a different correlator was
proposed [19]:

〈cos(φα + φβ − 2$RP)〉 (4)

= 〈cos#φα cos#φβ〉 − 〈sin#φα sin#φβ〉
= [〈v1,αv1,β〉 + Bin] − [〈aαaβ〉 + Bout], (5)

where, similarly to Eq. (3), Bin is defined via

〈cos#φα cos#φβ〉 =〈 v1,αv1,β〉 + Bin. (6)

The correlator Eq. (4) represents the difference between
correlations of the projections of the particle transverse
momentum unit vectors onto an axis in the reaction plane and
the correlations of the projections onto an axis that is out of
plane or perpendicular to the reaction plane. The key advantage
of using Eq. (5) is that it removes all the correlations among
particles α and β that are not related to the reaction-plane
orientation [20,21].

054908-4

Effective particle distribution

 The sign of the correlations is sensitive to 
the “direction” (in- or out-of-plane), the 
background is suppressed (Bin-Bout) at least 
by a factor of v2  < 10-1.
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systematic uncertainty. For the correlation between pairs of
particles with the same charge it varies from 19% (28%)
for the 20%–30% (50%–60%) centrality up to 55% for the
60%–70% centrality class. The correlations between oppo-
site chargedparticles for 0%–60%centrality and for the same
charge pairs for 0%–20% centrality are compatiblewith zero
with a systematic error below 5:5! 10"5.

Figure 1(a) presents the centrality dependence of the
three-particle correlator, defined in Eq. (2). The correla-
tions of the same charge pairs for the positive-positive and
negative-negative combinations are found to be consistent
within statistical uncertainties and are combined into one
set of points, labeled same. The difference between the
correlations of pairs with same and opposite charge indi-
cates a charge dependence with respect to the reaction
plane, as may be expected for the CME. To test the bias
from the reaction plane reconstruction, four independent
analyses were performed. The first analysis uses a cumu-
lant technique [21], whereas for the three other analyses
the orientation of the collision symmetry plane is estimated
from the azimuthal distribution of charged particles in the
TPC, and hits in the forward VZERO and ZDC detectors
[22]. There is a very good agreement between the results
obtained with the event plane estimated from different
detectors covering a wide range in pseudorapidity. This
allows us to conclude that background sources due to corre-
lations not related to the orientation of the reaction plane are
negligible, with perhaps the exception of the peripheral
collisions for the pairs of particles with opposite charge.

Figure 1(b) shows the centrality dependence of the two-
particle correlator hcosð’! " ’"Þi, as defined in Eq. (3),
which helps to constrain experimentally the P-even back-
ground correlations. The statistical uncertainty is smaller
than the symbol size. The two-particle correlations for the
same and opposite charge combinations are always posi-
tive and exhibit qualitatively similar centrality depen-
dence, while the magnitude of the correlation is smaller
for the same charged pairs. Our two-particle correlation
results differ from those reported by the STAR
Collaboration for Au-Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV
[8] for which negative correlations are observed for the
same charged pairs.

Figure 1(c) shows the hcos!’! cos!’"i and
hsin!’! sin!’"i terms separately. For pairs of particles of
the same charge, we observe that the hsin!’! sin!’"i
correlations are larger than the hcos!’! cos!’"i ones. On
the other hand, for pairs of opposite charge, the two terms are
very close except for the most peripheral collisions. Further
interpretation of the results presented in Fig. 1(c) in terms
of in- and out-of-plane correlations is complicated due to
the significant nonflow contribution in hcosð’! " ’"Þi.

Figure 2 presents the three-particle correlator hcosð’! þ
’" " 2"RPÞi as a function of the collision centrality com-
pared to model calculations and results for RHIC energies.
The statistical uncertainties are represented by the error

bars. The shaded area around the points indicates the
systematic uncertainty based on the different sources
described above. Also shown in Fig. 2 are STAR results
[8]. The small difference between the LHC and the RHIC
data indicates little or no energy dependence for the three-
particle correlator when changing from the collision
energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 0:2 TeV to 2.76 TeV.
InFig. 2, theALICEdata are compared to the expectations

from the HIJING model [23]. The HIJING results for the
three-particle correlations are divided by the experimentally
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FIG. 1 (color online). (a) Centrality dependence of the correla-
tor defined in Eq. (2) measured with the cumulant method and
from correlationswith the reaction plane estimated using the TPC,
the ZDC, and the VZERO detectors. Only statistical errors are
shown. The points are displaced slightly in the horizontal direction
for visibility. (b) Centrality dependence of the two-particle corre-
lator defined in Eq. (3) compared to the STAR data [8]. The width
of the solid red lines indicates the systematic uncertainty of the
ALICE measurement. (c) Decomposition of the correlators into
hcos!’! cos!’"i and hsin!’! sin!’!i terms. The ALICE
results in (b) and (c) are obtained with the cumulant method.
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Charge separation relative to the reaction plane in Pb-Pb collisions at
ffiffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV
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Measurements of charge-dependent azimuthal correlations with the ALICE detector at the LHC are

reported for Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV. Two- and three-particle charge-dependent azimuthal

correlations in the pseudorapidity range j!j< 0:8 are presented as a function of the collision centrality,

particle separation in pseudorapidity, and transverse momentum. A clear signal compatible with a charge-

dependent separation relative to the reaction plane is observed, which shows little or no collision energy

dependence when compared to measurements at RHIC energies. This provides a new insight for under-

standing the nature of the charge-dependent azimuthal correlations observed at RHIC and LHC energies.
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The possibility to observe parity violation in the strong
interaction using relativistic heavy-ion collisions has been
discussed for many years [1–3]. In quantum chromody-
namics (QCD), this symmetry violation originates in the
interaction between quarks and topologically nontrivial
gluonic fields, instantons, and sphalerons [4]. This interac-
tion, which is characterized by the topological charge [5],
breaks the balance between the number of quarks with
different chirality, resulting in a violation of the P and
CP symmetry. In [6,7], it was suggested that in the vicinity
of the deconfinement phase transition, and under the influ-
ence of the strong magnetic field generated by the colliding
nuclei, the quark spin alignment along the direction of the
angular momentum (i.e. the direction of the magnetic field)
and the imbalance of the left- and right-handed quarks,
generates an electromagnetic current. The experimental
search of these effects has intensified recently, following
the realization that the consequent quark fragmentation
into charged hadrons results in a charge separation along
the direction of the magnetic field, and perpendicular to the
reaction plane (the plane of symmetry of a collision defined
by the impact parameter vector and the beam direction).
This phenomenon is called the chiral magnetic effect
(CME). Because of fluctuations in the sign of the topologi-
cal charge, the resulting charge separation averaged over
many collisions is zero. This makes the observation of the
CME possible only via P-even observables, expressed in
terms of two-particle and multiparticle correlations. The
previous measurement of charge separation by the STAR
Collaboration [8] is consistent with the qualitative expec-
tations for the CME and has triggered an intense discussion
[9–13].

A significant source of uncertainty in the theoretical
consideration of the CME is related to the expected
center-of-mass energy dependence. In [7], the authors
argued that the uncertainty in making any quantitative
prediction relies on the time integration over which the
magnetic field develops and decays. As long as a decon-
fined state of matter is formed in a heavy-ion collision, the
magnitude of the effect should either not change or should
decrease with increasing energy [7]. In addition, in [12] it
is also suggested that there should be no energy depen-
dence between the top RHIC and the LHC energies, based
on arguments related to the universality of the underlying
physical process, without however explicitly quantifying
what the contribution of the different values and time
evolution of the magnetic field for different energies will
be. On the other hand, in [13] it is argued that the CME
should strongly decrease at higher energies, because the
magnetic field decays more rapidly. Such spread in the
theoretical expectations makes it important to measure
the charge-dependent azimuthal correlations at the LHC,
where the collision energy is an order of magnitude higher
compared to the RHIC.
In this Letter we report the measurement of charge-

dependent azimuthal correlations at midrapidity in Pb-Pb
collisions at the center-of-mass energy per nucleon pairffiffiffiffiffiffiffiffi
sNN

p ¼ 2:76 TeV by the ALICE Collaboration at the
LHC.
Azimuthal correlations among particles produced in a

heavy-ion collision provide a powerful tool for the experi-
mental study of particle production with respect to the
reaction plane. They are usually quantified by the aniso-
tropic flow coefficients, vn, in a Fourier decomposition
[14]. Local violation of parity symmetry may result in
the additional P-odd sinus terms [3,8,15]:

dN

d’"
"1þ2

X

n

½vn;"cosðn!’"Þþan;"sinðn!’"Þ'; (1)

where !’" ¼ ’" ("RP is the azimuthal angle ’" of the
charged particle of type " relative to the reaction plane

*Full author list given at the end of the article.
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measured value of v2 (i.e. hcosð’! þ ’" # 2’cÞi=v2f2g) as
reported in [20] due to the absence of collective azimuthal
anisotropy in this model. Since the points do not exhibit
any significant difference between the correlations of pairs
with same and opposite charge, they were averaged in the
figure. The correlations from HIJING show a significant
increase in the magnitude for very peripheral collisions.
This can be attributed to correlations not related to the
reaction plane orientation, in particular, from jets [8].

The results from ALICE in Fig. 2 show a strong corre-
lation for pairs with the same charge and simultaneously a
very weak correlation for the pairs of opposite charge. This
difference in the correlation magnitude depending on the
charge combination could be interpreted as ‘‘quenching’’
of the charge correlations for the case when one of the
particles is emitted toward the center of the dense medium
created in a heavy-ion collision [6,7]. An alternative ex-
planation can be provided by a recent suggestion [16] that
the value of the charge-independent version of the corre-
lator defined in Eq. (2) is dominated by directed flow
fluctuations. The sign and the magnitude of these fluctua-
tions based on a hydrodynamical model calculation for
RHIC energies [16] appear to be very close to the mea-
surement. Our results for charge-independent correlations
are given by the shaded band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [13] for

the same sign correlations due to the CME at LHC ener-
gies. The model makes no prediction for the absolute
magnitude of the effect and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
correlations by about a factor of 5 from RHIC to LHC,
which would significantly underestimate the observed
magnitude of the same sign correlations seen at the LHC.
At the same time in [7,12], it was suggested that the CME
might have the same magnitude at the LHC and at RHIC
energies.
Figure 3 shows the dependence of the three-particle

correlator on the transverse momentum difference, jpT;! #
pT;"j, the average transverse momentum, ðpT;! þ pT;"Þ=2,
and the pseudorapidity separation, j#! # #"j, of the pair
for the 30%-40% centrality range. The pairs of opposite
charge do not show any significant dependence on the
pseudorapidity difference, while there is a dependence
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RHIC and LHC results -- surprisingly close!
- no effect of change in magnetic field lifetime  (?)
- no effect of almost 3 times higher multiplicity density (?)
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One of the “strong” candidates: Local Charge 
Conservation at freeze-out + Radial + Elliptic Flow. 
Blast wave model:

- Correlations only between opposite charges 
- To be consistent with data must be combined with
  (negative) charge independent correlations 
  (e.g. momentum conservation). 
- No event generator exhibits such strong correlations
  as predicted by Blast wave model

Voloshin, PRC70 057901 (2004)

Schlichting and Pratt, PRC83 014913 (2011)

The only possible background ~ v2

Hori, Gunji,Hamagaki, Schlichting, arXiv:1208.0603

Pratt, arXiv:1002.1758v1[nucl-th]

B. I. ABELEV et al. PHYSICAL REVIEW C 81, 054908 (2010)

FIG. 2. (Color online) Schematic view of the transverse plane
indicating the orientation of the reaction plane and particle azimuths
relative to that plane. The colliding nuclei are traveling into and out
of the figure.

When two heavy ions collide with a finite impact parameter,
the probability for particles to be emitted in a given azimuthal
direction is often described with a Fourier decomposition [17],

dNα

dφ
∝ 1 + 2v1,α cos(#φ) + 2 v2,α cos(2#φ) + · · · , (1)

where #φ = (φ − $RP) is the particle azimuthal direction
relative to the reaction plane, as shown in Fig. 2. v1 and
v2 are coefficients accounting for the so-called directed and
elliptic flow, respectively, and α indicates the particle type.
They depend on the impact parameter of the colliding nuclei,
the particle type (π , K , p, . . .), transverse momentum (pt ), and
pseudorapidity (η) of the produced particles. For collisions
of identical nuclei, symmetry requires v1 to be an odd
function of rapidity and v2 to be an even function of rapidity.
Measurements (for a review and references, see Ref. [18]) have
found that, at RHIC, v1 is quite small at midrapidity; typically,
|v1| < 0.005 for −1 < η < +1. In contrast, v2 is found to
be sizable and positive. In Au + Au collisions at

√
sNN =

200 GeV, for unidentified charged hadrons, v2 reaches 0.25
for pt ∼ 3 GeV/c, and 0.06 when integrated over all pt .

Phenomenologically, the charge separation owing to a
domain with a given sign of the topological charge can
be described by adding P-odd sine terms to the Fourier
decomposition Eq. (1) [19]:

dNα

dφ
∝ 1 + 2v1,α cos(#φ) + 2 v2,α cos(2#φ) + · · ·

+ 2a1,α sin(#φ) + 2 a2,α sin(2#φ) + · · · , (2)

where the a parameters describe the P-violating effect.
Equation (2) describes the azimuthal distribution of particles of
a given transverse momentum and rapidity and, like the flow
coefficients, a coefficients depend on transverse momentum
and rapidity of the particles. In addition, they depend also on
the rapidity (position) of the domain. One expects that only
particles close in rapidity to the domain position are affected.
According to the theory, the signs of a coefficients vary
following the fluctuations in the domain’s topological charge.

If the particle distributions are averaged over many events,
then these coefficients will vanish because the distributions
are averaged over several domains with different signs of the
topological charge. However, the effect of these domains on
charged-particle correlations will not vanish in this average, as
discussed later in this article. In this analysis we consider only
the first harmonic coefficient a1, which is expected to account
for most of the effect, although higher harmonics determine
the exact shape of the distribution. For brevity we will omit the
harmonic number and write aα = a1,α . The index α takes only
two values, + and −, for positively and negatively charged
particles, respectively.

The effects of local P violation cannot be significantly
observed in a single event because of the statistical fluctuations
in the large number of particles, which are not affected by the
P-violating fields. The average of aα over many events, 〈aα〉,
must be zero. The observation of the effect is possible only via
correlations, for example, measuring 〈aαaβ〉 with the average
taken over all events in a given event sample. The correlator
〈aαaβ〉 is, however, a P-even quantity, and an experimental
measurement of this quantity may contain contributions from
effects unrelated to P violation. The correlator 〈aαaβ〉 can
be in principle evaluated via measuring 〈sin#φα sin#φβ〉
with the average in the last expression taken over all pairs
of particles of a given type from a kinematic region under
study and then over all events. The problem is that this
form of correlator contains also a large contribution from
correlations not related to the reaction plane orientation (such
correlations are not accounted for by Eq. (2), which is a
single-particle distribution). For example, a pair of particles
originating from a single jet will typically be emitted with a
small azimuthal separation. These particle pairs will make a
positive contribution to 〈sin#φα sin#φβ〉, even if the parent
jets are emitted isotropically relative to the reaction plane.
Therefore, we separate

〈sin#φα sin#φβ〉 =〈 aαaβ〉 + Bout, (3)

where 〈aαaβ〉 is caused byP violation and Bout (defined by this
expression) includes all other correlations projected onto the
direction perpendicular to the reaction plane (“out of plane”).
The effects contributing to Bout may be large and are difficult
to estimate reliably. For this reason, a different correlator was
proposed [19]:

〈cos(φα + φβ − 2$RP)〉 (4)

= 〈cos#φα cos#φβ〉 − 〈sin#φα sin#φβ〉
= [〈v1,αv1,β〉 + Bin] − [〈aαaβ〉 + Bout], (5)

where, similarly to Eq. (3), Bin is defined via

〈cos#φα cos#φβ〉 =〈 v1,αv1,β〉 + Bin. (6)

The correlator Eq. (4) represents the difference between
correlations of the projections of the particle transverse
momentum unit vectors onto an axis in the reaction plane and
the correlations of the projections onto an axis that is out of
plane or perpendicular to the reaction plane. The key advantage
of using Eq. (5) is that it removes all the correlations among
particles α and β that are not related to the reaction-plane
orientation [20,21].
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electron charge.Rn ¼ r" rn, where rn is the radius vector
of particle, vn is particle velocity. The quantities vn and rn
are taken at retarded time t0 ¼ t" jr" rnðt0Þj. Summation
runs over all charged spectators. Spectator contribution to
the magnetic field is dominant at early times [8,17]; we
also use this approximation in our estimates. Because of
the Lorentz contraction, in collisions of ultrarelativistic
nuclei, the longitudinal size of the nucleus is negligible
compared to the transverse size, and the time dependence
of the magnetic field is totally determined by the gamma
factor (energy) of colliding nuclei. We are interested only
in a relative change in the strength of the magnetic field in
collisions at different centralities and different configura-
tions. For this, it is sufficient to calculate the magnetic field
only at t ¼ 0 (the time the two nuclei collide). At

ffiffiffiffiffiffiffiffi
sNN

p ¼
200 GeV, the collision energy used in our estimates, the
magnetic field at t ¼ 0 is about factor of 2 smaller com-
pared to the maximum value reached approximately at
t % 0:05 fm=c [17].

Elliptic flow is determined by the geometry of the over-
lapping zone. We assume v2 ¼ !"p, where "p is the so-
called participant eccentricity. We consider only events
within <5% of the most central collisions, for which ! %
const. For definitions of eccentricity and details of experi-
mental measurements of v2=", for a review see Ref. [20].
We take ! ¼ 0:2 based on experimental measurements.
Initial eccentricity, magnetic field, and charged particle
multiplicity at midrapidity are calculated using Glauber
Monte Carlo simulations with all parameters taken the
same as used in Ref. [25].

The effect of nonsphericity of uranium nuclei is clearly
visible in Fig. 2 which shows the distribution of events in
elliptic flow v2 in event samples with number of spectators,
Nsp < 20. The average elliptic flow is almost a factor of

2 larger in UþU collisions compared to Auþ Au, which
would mean a strong increase in the background correla-
tions compared to that of due to CME. The requirement of
the same number of spectators assures that the magnetic
field is not very different in the two systems; it is slightly

lower in UþU collisions [see Fig. 3(b) ]. The condition
Nsp < 20 selects about 1.5% of the most central events in
UþU collisions and about 2.3% in Auþ Au collisions.
Within the event sample selected on the basis of number

of spectators, it would be instructive to study the depen-
dence of the signal on the magnitude of the elliptic flow. As
a measure of the latter we use the magnitude of the flow
vector q ¼ Q2=

ffiffiffiffiffi
M

p
, where

Q2;x ¼
XM

i¼1

cosð2"iÞ; Q2;y ¼
XM

i¼1

sinð2"iÞ; (6)

and the sum runs over all particles in a given momentum
window. We calculate the flow vector based on charged
particle multiplicity in 2 units of rapidity. As shown in
Fig. 3, the elliptic flow is strongly correlated with q, and
at the same time the magnetic field has almost no q depen-
dence. This means that the correlator, Eq. (3), used to
measure the signal would stay constant if the signal is
mostly determined by CME, and increase strongly with q
if it is due to the background effects. For such a testUþU
collisions provide a significantly better opportunity than
Auþ Au collisions. First, the relative variation in v2 is
almost a factor of 2 larger than that in Auþ Au collisions.
Also, the variation in elliptic flow in Auþ Au collisions is
mostly determined by fluctuations in the initial eccentricity,

FIG. 2 (color online). Event distributions in v2 for Auþ Au
and UþU collisions in event samples with the number of
spectators Nsp < 20.

FIG. 3 (color online). Elliptic flow and the magnetic field (in
arbitrary units) as a function of q, the magnitude of the flow
vector, in events with the number of spectators Nsp < 20.

PRL 105, 172301 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

22 OCTOBER 2010

172301-3

In both cases the magnetic field is small, 
but elliptic flow is large in body-body. 
A way to disentangle two effects!
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Figure 6: (Color online) Comparison between Au+Au collisions at 200 GeV [21, 24] and U+U collisions at 193 GeV.
(Left) γ as a function of centrality. (Right) (γOS − γSS) × Npart vs v2. The error bars are statistical only. The open box
represents the systematic uncertainty due to the tracking capability under the high luminosity in RHIC year 2011.

background. As a result, in 0-1% most central U+U collisions the signal disappears as expected
by the Chiral Magnetic Effect, while v2 is still ∼ 2.5%.

4. Summary

The Chiral Magnetic Wave is a proposed signature of the Chiral Symmetry Restoration in the
hot and dense nuclear matter created in heavy ion collisions at RHIC/LHC energies. From 200
GeV to 19.6 GeV Au+Au collisions, the v2(A±) difference between π− and π+ is consistentwith
the qualitative expectations from the Chiral Magnetic Wave picture, and the slope parameter
follows a centrality dependence qualitatively similar to the theoretical calculations of the CMW.
On the other hand, UrQMD can not reproduce the data. Systematic investigations will be carried
out to include different particle species and different v2 methods.

In search of Local Parity Violation and Chiral Magnetic Effect, we studied the charge-
dependent three-point correlator. The difference between the opposite sign and the same sign
correlations is present in Au+Au, Cu+Cu, U+U and Pb+Pb collisions at RHIC and LHC, and
remains almost unchanged up to 2.76 TeV and down to 11.5 GeV. The signal, γOS − γSS, seems
to disappear when the beam energy is lowered to 7.7 GeV, or when the magnetic field is greatly
suppressed as in 0-1% most central U+U collisions, while v2 is still sizeable in both cases. The
results seem to indicate that the observed signal is not dominated by the v2-related background.
A cross-check with 0-1% most central Au+Au collisions will be carried out in future.
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background. As a result, in 0-1% most central U+U collisions the signal disappears as expected
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the qualitative expectations from the Chiral Magnetic Wave picture, and the slope parameter
follows a centrality dependence qualitatively similar to the theoretical calculations of the CMW.
On the other hand, UrQMD can not reproduce the data. Systematic investigations will be carried
out to include different particle species and different v2 methods.

In search of Local Parity Violation and Chiral Magnetic Effect, we studied the charge-
dependent three-point correlator. The difference between the opposite sign and the same sign
correlations is present in Au+Au, Cu+Cu, U+U and Pb+Pb collisions at RHIC and LHC, and
remains almost unchanged up to 2.76 TeV and down to 11.5 GeV. The signal, γOS − γSS, seems
to disappear when the beam energy is lowered to 7.7 GeV, or when the magnetic field is greatly
suppressed as in 0-1% most central U+U collisions, while v2 is still sizeable in both cases. The
results seem to indicate that the observed signal is not dominated by the v2-related background.
A cross-check with 0-1% most central Au+Au collisions will be carried out in future.
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Search for Chiral Magnetic Effects in High-Energy Nuclear
Collisions

Gang Wang (for the STAR Collaboration)1

Department of Physics and Astronomy, University of California, Los Angeles, CA, USA

Abstract

We present measurements of pion elliptic flow (v2) in Au+Au collisions at √sNN = 200, 62.4, 39,
27 and 19.6 GeV, as a function of event-by-event charge asymmetry (A±), based on data from the
STAR experiment at RHIC. We find that π− (π+) elliptic flow linearly increases (decreases) with
charge asymmetry for most centrality bins and for all the beam energies under study. The slope
parameter (r) from v2(A±) difference between π− and π+ shows a centrality dependency similar to
calculations of the Chiral Magnetic Wave. The measurements of charge separation with respect
to the reaction plane in search of Local Parity Violation and the Chiral Magnetic Effect are also
presented for Au+Au collisions at √sNN = 200, 62.4, 39, 27, 19.6, 11.5 and 7.7 GeV, and for
U+U collisions at 193 GeV.

1. Introduction

In heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC), energetic spectator protons produce a strong magnetic field peaking around
eBy ≈ m2

π [1]. The interplay between the magnetic field and the quark-gluon matter created in
the collisions is characterized by two phenomena: the Chiral Magnetic Effect (CME) and the
Chiral Separation Effect (CSE). The CME is the phenomenon of electric charge separation along
the axis of the magnetic field in the presence of a finite axial chemical potential (e.g. chiral po-
tential due to fluctuating topological charge) [1, 2, 3, 4, 5]. STAR [6, 7] and PHENIX [8, 9] col-
laborations at RHIC have reported experimental observations of charge asymmetry fluctuations
possibly providing an evidence for CME. This interpretation is still under intense discussion, see
e.g. [10, 11] and references therein. The Chiral Separation Effect (CSE) refers to the separation
of chiral charge along the axis of the magnetic field at finite density of vector charge (e.g. electric
charge) [12, 13].

In a chirally symmetric phase, the CME and CSE effects form a collective excitation, Chi-
ral Magnetic Wave (CMW), a long wavelength hydrodynamic mode of chiral charge densi-
ties [14, 15]. The CMW manifests itself in a finite electric quadrupole moment of the colli-
sion system, where the “poles” (“equator”) of the produced fireball acquire additional positive
(negative) charge [14]. This effect, if realized, will be reflected in the measurement of charge-
dependent elliptic flow. Elliptic flow, characterized by a second-order harmonic in the particle

1A list of members of the STAR Collaboration and acknowledgements can be found at the end of this issue.
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CME vs background. “Double harmonics”

3218

hcos(�a + �b � 2 2)i = hcos(�a � 2) cos(�b � 2)i � hsin(�a � 2) sin(�b � 2)i

hcos(2�a + 2�b � 4 4)i = hcos(2�a � 2 4) cos(2�b � 2 4)i � hsin(2�a � 2 4) sin(2�b � 2 4)i

“Directed flow” fluctuations relative to the elliptic flow plane

Elliptic  flow fluctuations relative to the quadrangular  flow plane

Charge independent part:
- directed flow fluctuations
“in-plane” vs “out-of-plane”
Charge dependent part:
- contribution from CME 
- “flowing cluster” background 

Charge independent part:
- Elliptic flow fluctuations
“in-phase” vs “out-of-phase”
with 4-th harmonic flow
Charge dependent version:
- NO contribution from CME.
- “flowing cluster” background
  (~ v4 instead of ~v2)

Voloshin, Prog.Part.Nucl.Phys. 67 541 (2012)

positive

positive

negative

negative
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“Double harmonics” correlator. Exp.

33

ALICE @ QM2012: talk by 
Y. Hori, poster by J. Mlynarz

No indication of significant 
contribution from the effect of 
local charge conservation 
⊕ radial flow
Requires theoretical modeling 

Strong positive correlations 
between Ψ2  and Ψ4
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Initial state geometry fluctuations in heavy ion collisions
play an important role in formation of the particle correlations.
Utilizing them properly one can get an important and unique 
tool to study particle production, the properties of the created 
system and its evolution.
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may not be canceled, and may contribute to the intercept of v2(A±) difference. However, for
neutral particles like Λ, the decay daughters on average will not contribute to the numerator of
observed A±, so they will not create a correlation between v2 difference and A± out of nothing. In
other words, this effect will not change the slope parameter from zero to finite. The denominator
of observed A± will be increased due to this effect, and thus the observed slope parameter will be
increased by a scale factor, related to the Λ/π ratio, which requires further systematic study.

We follow the same procedure as above to retrieve the slope parameter r for all centrality bins
and all the collision systems under study. The results are shown in Fig. 2, together with the sim-
ulation calculations with UrQMD event generator [23] and with the theoretical calculations with
the CMW effect with different duration times for the magnetic field [14]. For most data points,
the slopes are positive and reach a maximum in mid-celtral/mid-peripheral collisions. The slopes
extracted from UrQMD events are consistent with zero for 15-60% collisions, where the signal
from the real data is prominent. On the other hand, the CMW calculations demonstrate a similar
centrality dependency of the slope parameter, though quantitative comparison between data and
theory requires further works on both sides to match the kinematic regions of the analyses.

3. Charge separation with respect to the reaction plane
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Figure 3: (Color online) The three-point correlator, γ, as a function of centrality for Au+Au collisions from 200 GeV to
7.7 GeV [24]. For comparison, we also show the results for Pb+Pb collisions at 2.76 TeV [25]. The errors are statistical
only.

The concept of Local Parity (P) Violation (LPV) in high-energy heavy ion collisions was
brought up by Lee et al. [26, 27, 28] and elaborated by Kharzeev et al. [29]. In non-central
collisions such a P-odd domain can manifest itself via preferential same charge particle emission
for particles moving along the system’s angular momentum, due to the Chiral Magnetic Effect [2,
3]. To study this effect, a three-point mixed harmonics azimuthal correlator was proposed [30]:

γ = 〈cos(φα + φβ − 2ψRP)〉, (3)
4

where α and β denote the particle type: α, β = +, −. The observable γ is P-even, but sensitive
to the fluctuation of charge separation. STAR measurements of the correlator were reported
for Au+Au and Cu+Cu collisions at 200 GeV and 62.4 GeV [6, 7], showing the clear difference
between the opposite sign and the same sign correlations, qualitatively consistent with the picture
of CME and LPV. Fig. 3 presents the extension of the analysis to lower beam energies at RHIC.
The STAR results are based on Au+Au samples of 57M events at 200 GeV from RHIC year
2007 [24], 7M at 62.4 GeV (2005), 100M at 39 GeV (2010), 40M at 27 GeV (2011), 20M at
19.6 GeV (2011), 10M at 11.5 GeV (2010) and 4M at 7.7 GeV (2010). For comparison, we also
show the results for Pb+Pb collisions at 2.76 TeV [25]. A striking similarity exists between 200
GeV Au+Au and 2.76 TeV Pb+Pb, and a smooth transition occurs from 200 GeV to lower beam
energies starting from the peripheral collisions.
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Figure 4: (Color online) The difference between the opposite sign and the same sign correlations as a function of central-
ity for Au+Au collisions from 200 GeV to 7.7 GeV [24]. For comparison, we also show the results for Pb+Pb collisions
at 2.76 TeV [25]. The errors are statistical only.

Initially it was expected that the opposite sign (γOS) and the same sign (γSS) correlations
would be symmetric around zero due to the charge separation induced by LPV and CME. How-
ever, there could be common physics backgrounds in both correlations. For example, in central
collisions the strong radial flow tends to push particles to the same direction regardless of the
charge sign, and that effect will reduce both γOS and γSS by the same amount. In peripheral
collisions, the multiplicity is smaller and the system is more influenced by momentum conserva-
tion, which tends to increase both correlations in the same way. Also, the statistical fluctuation
of the correlator could be larger out-of-plane than in-plane due to the geometry of the collision
system, which contributes a negative background. To reduce such mutual backgrounds, we take
the difference between γOS and γSS as the signal, shown in Fig. 4. The signal persists almost
unchanged up to 2.76 TeV and down to around 11.5 GeV, and seems to disappear at 7.7 GeV.
To be more conclusive on the transition of the signal, more statistics are needed for collisions at
11.5 and 7.7 GeV.

One major background in γOS−γSS comes from processes in which particles α and β are prod-
5

- Again, the signal is 
surprisingly “stable” over the 
wide range of energies
- Disappears at 7 GeV? 
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ALICE: arXiv:1205.5761

2 The ALICE Collaboration

0 5 10 15 20

n
 v

-0.05

0

0.05

0.1

0.15

|>2.0}ηΔ{EP, |2v
{4}2v

|>2.0}ηΔ{EP, |3v
|>2.0}ηΔ{EP, |

4Ψ4/v
|>2.0}ηΔ{EP, |

2Ψ4/v

0-5%

 (GeV/c)
t

 p
0 5 10 15 20

n
 v

0

0.1

0.2

 WHDG LHC2 v0π
Extrapolation

20-30%
0 5 10 15 20

-0.05

0

0.05

0.1

0.15

=2.76 TeVNNsALICE Pb-Pb 5-10%

 (GeV/c)
t

 p
0 5 10 15 20

0

0.1

0.2

30-40%
0 5 10 15 20

-0.05

0

0.05

0.1

0.15

10-20%

 (GeV/c)
t

 p
0 5 10 15 20

0

0.1

0.2

40-50%

Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured

vn(pT) up to  pT =20 GeV/c, where flow is 
dominated by jet quenching mechanism
Nonflow suppressed either by rapidity gap
or using 4-particle cumulans
v4 measured wrt Ψ2  and  Ψ4

2 The ALICE Collaboration
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Y2{EP} results are slightly
shifted along the horizontal axis. [Error bars show statistical and systematic uncertainties added in quadrature.]

all sources were added in quadrature as an estimate of the total systematic uncertainty. The resulting
systematic uncertainties in v2 are 3% for 0.9 < pt < 1 GeV/c and +3

�11% (+3
�12%) for 9 < pt < 10 GeV/c in

the 5-10% (40-50%) centrality class. The resulting systematic uncertainties in v3 are 3% for 0.9 < pt < 1
GeV/c and increase to 6% (10%) for 7 < pt < 9 GeV/c for centrality 5-10% (40-50%). We assign an 8%
(16%) systematic uncertainty to v4 for 0.9 < pt < 1 GeV/c in the 5-10% (40-50%) centrality class, while
for pt > 6 GeV/c the systematics are dominated by non-flow contributions.

Figure 1 shows unidentified charged particle v2, v3, and v4 as a function of transverse momentum for dif-
ferent centrality classes. The difference between v2{EP} and v2{4} for pt < 7 GeV/c is predominantly
due to flow fluctuations. The measured v2 at pt > 8 GeV/c is non-zero, positive and approximately
constant, while its value increases from central to mid-peripheral collisions. Less than 5% discrepancy
between the ALICE and ATLAS [24] v2{EP} measurements is found over the entire transverse momen-
tum region. The observed v2{EP} at pt > 10 GeV/c is fairly well described by extrapolation to the LHC
energy [41] of the WHDG model calculations [42] for v2 of neutral pions including collisional and ra-
diative energy loss of partons in a Bjorken-expanding medium [43]. The coefficient v3 exhibits a weak
centrality dependence with a magnitude significantly smaller than that of v2, except the most central
collisions. Unlike v3, which originates entirely from fluctuations of the initial geometry of the system,
v4 has two contributions, which are probed by correlations with the Y2 and Y4 symmetry planes. The
measured v4/Y4{EP} does not depend strongly on the collision centrality which points to a strong con-
tribution from flow fluctuations. In contrast, v4/Y2{EP} shows a strong centrality dependence which is
typical for correlations with respect to the true reaction plane. The difference between the two, indicative
of flow fluctuations, persists at least up to pt = 8 GeV/c.

We compare our results obtained with the event plane method to the existing analogous measurements
from ATLAS [26] and CMS [27] collaborations, as well to the results obtained at RHIC by STAR [40]
collaboration in Fig. 2. The comparison is done for 30-40% centrality. Note that only statistical errors
are shown in this plot. An excellent agreement is observed between results from all three LHC collabo-
rations. At RHIC energy, v2(pt), though very similar in shape, has a peak value about 10% lower than at
LHC.
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Y2{EP} results are slightly
shifted along the horizontal axis. [Error bars show statistical and systematic uncertainties added in quadrature.]

all sources were added in quadrature as an estimate of the total systematic uncertainty. The resulting
systematic uncertainties in v2 are 3% for 0.9 < pt < 1 GeV/c and +3

�11% (+3
�12%) for 9 < pt < 10 GeV/c in

the 5-10% (40-50%) centrality class. The resulting systematic uncertainties in v3 are 3% for 0.9 < pt < 1
GeV/c and increase to 6% (10%) for 7 < pt < 9 GeV/c for centrality 5-10% (40-50%). We assign an 8%
(16%) systematic uncertainty to v4 for 0.9 < pt < 1 GeV/c in the 5-10% (40-50%) centrality class, while
for pt > 6 GeV/c the systematics are dominated by non-flow contributions.

Figure 1 shows unidentified charged particle v2, v3, and v4 as a function of transverse momentum for dif-
ferent centrality classes. The difference between v2{EP} and v2{4} for pt < 7 GeV/c is predominantly
due to flow fluctuations. The measured v2 at pt > 8 GeV/c is non-zero, positive and approximately
constant, while its value increases from central to mid-peripheral collisions. Less than 5% discrepancy
between the ALICE and ATLAS [24] v2{EP} measurements is found over the entire transverse momen-
tum region. The observed v2{EP} at pt > 10 GeV/c is fairly well described by extrapolation to the LHC
energy [41] of the WHDG model calculations [42] for v2 of neutral pions including collisional and ra-
diative energy loss of partons in a Bjorken-expanding medium [43]. The coefficient v3 exhibits a weak
centrality dependence with a magnitude significantly smaller than that of v2, except the most central
collisions. Unlike v3, which originates entirely from fluctuations of the initial geometry of the system,
v4 has two contributions, which are probed by correlations with the Y2 and Y4 symmetry planes. The
measured v4/Y4{EP} does not depend strongly on the collision centrality which points to a strong con-
tribution from flow fluctuations. In contrast, v4/Y2{EP} shows a strong centrality dependence which is
typical for correlations with respect to the true reaction plane. The difference between the two, indicative
of flow fluctuations, persists at least up to pt = 8 GeV/c.

We compare our results obtained with the event plane method to the existing analogous measurements
from ATLAS [26] and CMS [27] collaborations, as well to the results obtained at RHIC by STAR [40]
collaboration in Fig. 2. The comparison is done for 30-40% centrality. Note that only statistical errors
are shown in this plot. An excellent agreement is observed between results from all three LHC collabo-
rations. At RHIC energy, v2(pt), though very similar in shape, has a peak value about 10% lower than at
LHC.

2 The ALICE Collaboration
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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proton/pion splitting extends up to pT 
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Figure 1: Typical transverse energy density profiles e(x, y) from the IP-Glasma model (81) for a semipe-

ripheral (b=8 fm) Au+Au collision at
√
s=200AGeV, at times τ = 0.01, 0.2, and 5.2 fm/c. From

τ =0.01 fm/c to 0.2 fm/c the fireball evolves out of equilibrium according to the Glasma model (75,76,77,78);

at τ =0.2 fm/c the energy momentum tensor from the IP-Glasma evolution is Landau-matched to ideal fluid

form (for technical reasons (71) the viscous pressure components are set to zero at the matching time) and

henceforth evolved with viscous Israel-Stewart fluid dynamics, assuming η/s=0.12 for the specific shear

viscosity. The pre-equilibrium Glasma evolution is seen to somewhat wash out the large initial energy den-

sity fluctuations. The subsequent viscous hydrodynamic evolution further smoothes these fluctuations. The

asymmetric pressure gradients due to the prominent dipole asymmetry in the initial state of this particular

event (visible as a left-right asymmetry of the density profile in the left panel) is seen to generate a dipole

(“directed flow”) component in the hydrodynamic flow pattern that pushes matter towards the right during

the later evolution stages.
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Figure 2: Primordial fluctuation power spectrum of the Little Bangs created in

2.76ATeV Pb+Pb collisions of different centralities, from three different initial-

state models (IP-Glasma, MC-Glauber, MC-KLN).
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year, the dynamical IP-Glasma model (81) was developed which builds on the

IP-Sat (Impact Parameter dependent Saturation) model (82) to generate finite

deformed fluctuating initial gluon field configurations in the transverse plane, and

then evolves them with classical Yang-Mills dynamics (75, 76, 77, 78). While the

lack of thermalization and of longitudinal fluctuations are still weaknesses of this

model, it is the first semi-realistic approach to describing the pre-equilibrium

stage dynamically, matching it consistently to the hydrodynamic stage.1 Fig-

ure 1 shows three snapshots of the transverse energy density profile from this

model.

3 INITIAL-STATE DENSITY AND SHAPE FLUCTUATIONS

3.1 Harmonic eccentricity and flow coefficients

The development of anisotropic flow is controlled by the anisotropies in the pres-

sure gradients which in turn depend on the shape and structure of the initial

density profile. The latter can be characterized by a set of harmonic eccentricity

coefficients εn and associated angles Φn:

ε1e
iΦ1 ≡ −

∫

r dr dφ r3eiφ e(r,φ)
∫

r dr dφ r3e(r,φ)
, εne

inΦn ≡ −
∫

r dr dφ rneinφ e(r,φ)
∫

r dr dφ rne(r,φ)
(n > 1),

(1)

where e(r,φ) is the initial energy density distribution in the plane transverse to

the beam direction. When, for collisions between nuclei of the same species, e is

averaged over many events and the angle φ is measured relative to the impact

parameter vector, there is a symmetry between φ and −φ as well as between φ

and φ+ π, and all odd εn coefficients vanish.

An important insight (23, 24, 25) has been that, due to event-by-event fluctu-

ations of the transverse positions of the nucleons inside the colliding nuclei (22),

and of the gluon density profiles inside those nucleons (75, 76, 77, 78, 81, 84, 85)

(see Figure 1), these symmetries do not hold in an individual collision event.

Therefore, in every collision all eccentricity coefficients are usually non-zero, driv-

ing anisotropic flow components of any harmonic order whose magnitudes and

directions fluctuate from event to event. The statistical distributions of εn and

Φn which, in a hydrodynamic picture, control the statistical distributions of the

final anisotropic flows vn and their directions Ψn, are of quantum mechanical

origin and depend on the internal structure of the colliding nuclei (see Sec. 3.3).

The anisotropic flow coefficients vn and their associated flow angles Ψn are

1It has been suggested that, since classical Yang-Mills dynamics does not lead to local ther-

malization, a different matching scheme (83) should be used that, unlike Landau matching, does

not rely on small deviations from local equilibrium. This interesting suggestion still needs to be

fully worked out for fluctuating initial conditions.
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function,

〈M2γP 〉
〈M〉

= 2
〈M〉

∫
dφ d#φ〈dM

dφ
〉 B(φ,#φ)

× [cos(2φ) cos(#φ) − sin(2φ) sin(#φ)], (14)

where it has been assumed that there are equal numbers of
positive and negative charges, and the factor of 1/〈M〉 makes
the result independent of the multiplicity. In the limit of very
small multiplicity bins, the left-hand side of Eq. (14) could be
replaced by 〈M〉〈γP 〉.

It is insightful to express the correlations γP in terms of the
moments of the balance function defined in Eq. (11),

〈M2γP 〉
2〈M〉

= v2〈cb(φ)〉 + v2c − v2s , (15)

where we introduced

v2c ≡ 〈cb(φ) cos(2φ)〉 − v2〈cb(φ)〉,
v2s ≡ 〈sb(φ) sin(2φ)〉,

〈f (φ)〉 ≡ 1
〈M〉

∫
dφ

dM

dφ
zb(φ)f (φ). (16)

The three contributions to γP derive from (a) having more
balancing pairs in-plane than out-of-plane (v2〈cb〉), (b) having
the in-plane pairs being more tightly correlated in #φ than the
out-of-plane pairs (v2c), and (c) having the balancing charge
more likely being emitted toward the event plane (v2s).

The three contributions to the signal obtained from the
blast-wave calculation are displayed in Fig. 9. We assume
perfect detector efficiency for the blast-wave calculation
and use the same acceptance cuts in transverse momentum
and pseudorapidity, i.e., 0.15 < pt < 2 GeV and |η| < 1.
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FIG. 9. (Color online) Difference between opposite-sign and
same-sign parity observables from STAR (black dots) and blast-
wave calculations for realistic charge separation at freeze-out (red
dots) and perfectly local charge conservation (blue dots). The three
contributions to the signal are defined in Eq. (15) and are plotted with
dashed lines. v2〈cb〉 (squares) derives from having more balancing
pairs in-plane than out-of-plane, while v2,c (triangles up) quantifies
the degree to which in-plane pairs are more tightly correlated than
out-of-plane pairs. v2,s (triangles down) reflects that the balancing
charge is more likely to be found toward the event plane.

The necessary efficiency correction is done by rescaling the
results to reproduce the experimental normalization of the
balance function [8], i.e., we multiply the expressions for
〈cb(φ)〉, v2c, and v2s by the ratio of experimental to blast-
wave normalization. In addition to the results obtained for
the (realistic) charge separation extracted in Sec. III, we
present the contributions assuming that charge conservation is
perfectly local at freeze-out. These are the strongest possible
contributions to the signal and should give an upper limit.

To compare the results to STAR data [10], we modify
the left-hand side of Eq. (15) in the following way. Since
MγP is independent of the multiplicity, we expect 〈M2γP 〉 ≈
〈M〉〈MγP 〉, with 〈MγP 〉 contained in M〈γP 〉 within error bars.
The left-hand side of Eq. (15) then simplifies to M/2〈γP 〉,
where M is the experimental multiplicity for a single event
accounting for efficiency and acceptance of the detector [21].

The contributions of charge-balance correlations for a
realistic charge separation are of the same size as the
experimental signal and exhibit similar qualitative behavior
with respect to the centrality dependence. The systematic
error associated with this prediction originates predominantly
from the particular parametrization of the charge separation
in azimuthal angle [see Sec. II, Eq. (5) for more details].
Additionally, there is an arbitrariness to any blast-wave
parametrization, and the realistic physics of breakup are known
to differ significantly. Thus, the fact that data were reproduced
at the level of a few percent seems rather serendipitous, and
we expect the analysis to be robust only at the 10–20% level.

In the present discussion on the interpretation of the STAR
results, it has been proposed to analyze the in-plane and
out-of-plane correlations separately [19]. With respect to the
difference between opposite-sign and same-sign correlations,
this becomes trivial, because the sum of in-plane and out-
of-plane correlations is related to reaction-plane-independent
balance functions by

〈cos(φi − φj )〉+− − 〈cos(φi − φj )〉++

=
∫

d#φ B(#φ) cos(#φ), (17)

which are well understood from the physics of charge balance
as discussed in detail in the previous section. The correlations
can then be separated into their in-plane and out-of-plane
components by the use of trigonometric identities [19], both
showing similar agreement with the STAR data [10] as the
results presented in Fig. 9.

In addition to the integrated signal, the correlations have
been analyzed differentially in pseudorapidity #η and trans-
verse momentum pt,i + pt,j [10]. To relate the differential
correlators to moments of the balance function, one has to
account for the number of pairs in each differential bin. Hence
Eq. (14) has to be modified to

〈Np(#η)γP (#η)〉
〈M〉

= 2
〈M〉

∫
dφ

〈
dM

dφ

〉
d#φ

×B(φ,#φ,#η) cos(2φ + #φ), (18)

where Np(#η)/M2 is the fraction of charged particle pairs
in the respective pseudorapidity bin. The right-hand side of
Eq. (18) can be obtained straightforwardly from the blast-wave
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FIG. 9. (Color online) Difference between opposite-sign and
same-sign parity observables from STAR (black dots) and blast-
wave calculations for realistic charge separation at freeze-out (red
dots) and perfectly local charge conservation (blue dots). The three
contributions to the signal are defined in Eq. (15) and are plotted with
dashed lines. v2〈cb〉 (squares) derives from having more balancing
pairs in-plane than out-of-plane, while v2,c (triangles up) quantifies
the degree to which in-plane pairs are more tightly correlated than
out-of-plane pairs. v2,s (triangles down) reflects that the balancing
charge is more likely to be found toward the event plane.

The necessary efficiency correction is done by rescaling the
results to reproduce the experimental normalization of the
balance function [8], i.e., we multiply the expressions for
〈cb(φ)〉, v2c, and v2s by the ratio of experimental to blast-
wave normalization. In addition to the results obtained for
the (realistic) charge separation extracted in Sec. III, we
present the contributions assuming that charge conservation is
perfectly local at freeze-out. These are the strongest possible
contributions to the signal and should give an upper limit.

To compare the results to STAR data [10], we modify
the left-hand side of Eq. (15) in the following way. Since
MγP is independent of the multiplicity, we expect 〈M2γP 〉 ≈
〈M〉〈MγP 〉, with 〈MγP 〉 contained in M〈γP 〉 within error bars.
The left-hand side of Eq. (15) then simplifies to M/2〈γP 〉,
where M is the experimental multiplicity for a single event
accounting for efficiency and acceptance of the detector [21].

The contributions of charge-balance correlations for a
realistic charge separation are of the same size as the
experimental signal and exhibit similar qualitative behavior
with respect to the centrality dependence. The systematic
error associated with this prediction originates predominantly
from the particular parametrization of the charge separation
in azimuthal angle [see Sec. II, Eq. (5) for more details].
Additionally, there is an arbitrariness to any blast-wave
parametrization, and the realistic physics of breakup are known
to differ significantly. Thus, the fact that data were reproduced
at the level of a few percent seems rather serendipitous, and
we expect the analysis to be robust only at the 10–20% level.

In the present discussion on the interpretation of the STAR
results, it has been proposed to analyze the in-plane and
out-of-plane correlations separately [19]. With respect to the
difference between opposite-sign and same-sign correlations,
this becomes trivial, because the sum of in-plane and out-
of-plane correlations is related to reaction-plane-independent
balance functions by

〈cos(φi − φj )〉+− − 〈cos(φi − φj )〉++

=
∫

d#φ B(#φ) cos(#φ), (17)

which are well understood from the physics of charge balance
as discussed in detail in the previous section. The correlations
can then be separated into their in-plane and out-of-plane
components by the use of trigonometric identities [19], both
showing similar agreement with the STAR data [10] as the
results presented in Fig. 9.

In addition to the integrated signal, the correlations have
been analyzed differentially in pseudorapidity #η and trans-
verse momentum pt,i + pt,j [10]. To relate the differential
correlators to moments of the balance function, one has to
account for the number of pairs in each differential bin. Hence
Eq. (14) has to be modified to

〈Np(#η)γP (#η)〉
〈M〉

= 2
〈M〉
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〉
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FIG. 7. (Color online) Balance function B(φ,"φ) for 40–50%
centrality as function of the relative angle included by balancing
partners for φ = 0◦ (black squares), 45◦ (red triangles), and 90◦ (blue
circles). The balance function is narrower for in-plane pairs than for
out-of-plane pairs. For intermediate angles, the balance function is
biased toward negative angles.

of opposite-sign and same-sign pair correlations. We will
therefore only discuss contributions to

γP ≡ 1
2 (2γ+− − γ++ − γ−−). (9)

The observable γP then compares in-plane vs out-plane
correlations for opposite-sign vs same-sign charged pairs. In
this context the discussion of charge-balance correlations has
to be extended to balance functions sensitive to the angle of
the pair with respect to the reaction plane φ, i.e., the object of
interest is

B(φ,"φ) = 1
dM/dφ

∫
dp1

dM

dp1
dp2B(p1, p2)

× δ(φ − φ1)δ("φ − (φ2 − φ1)). (10)

Balance functions B(φ,"φ) are presented as a function of "φ
in Fig. 7 for events with centralities of 40–50%. The results are
obtained from the blast-wave model described in Sec. II for
the charge-separation parameters extracted in Sec. III. The
balance function for φ = 0◦ (in-plane) is narrower than the
balance function for φ = 90◦ (out-of-plane). The stronger fo-
cusing of balancing charges derives from the greater collective
flow in-plane vs out-of-plane. For φ = 45◦, the distribution is
biased toward negative values of "φ. This is expected given
the elliptic asymmetry, v2 > 0, which leads to more balancing
particles toward the φ = 0◦ direction as opposed to φ = 90◦.
Depending on which quadrant φ is located in, the balancing
charge tends to be found more toward φ = 0◦ or φ = 180◦.

The width and asymmetry of the balance function can be
quantified by the moments

cb(φ) ≡ 1
zb(φ)

∫
d"φB(φ,"φ) cos("φ),

(11)
sb(φ) ≡ 1

zb(φ)

∫
d"φB(φ,"φ) sin("φ),
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FIG. 8. (Color online) Moments of the balance function, cb(φ)
and sb(φ), represent averages of cos("φ) and sin("φ) across
the balance function. These are plotted as a function of φ for
various centralities. The structure of cb(φ), which is maximized at
φ = 0◦, 180◦, illustrates how the balance function is narrower for
in-plane emission and for more central collisions, while the structure
of sb(φ), which is positive for φ = 135◦, 315◦ and negative for
φ = 45◦, 225◦, shows how balancing charges prefer to be emitted in
the in-plane direction. The oscillations increase for more peripheral
collisions.

where

zb(φ) ≡
∫

d"φB(φ,"φ) (12)

is the normalization of the balance function and represents
the probability of detecting the balancing charge given the
observation of a charge at φ. It would be unity for a perfect
detector, but is reduced by both the finite acceptance and
efficiency of the experiment. The moments cb(φ) and sb(φ)
are displayed in Fig. 8. The quantity cb(φ) expresses the
width of the balance function and would be unity for a very
narrow balance function whereas it vanishes in the case where
the balancing charges were emitted randomly. The quantity
sb(φ) measures the degree to which the balance function is
asymmetric under a reflection symmetry of "φ → −"φ. For
pairs around φ = 45◦ this corresponds to the probability for
the balancing charge to be emitted in the in-plane direction
versus in the out-of-plane direction.

To relate the correlation γP to moments of the balance
function B(φ,"φ), some remarks on event averaging are in
order. While the event average of γP is simply given by 〈γP 〉
[10], charge-balance functions are calculated as the ratio of
event averages,

B(φ,"φ) = 〈N+−(φ|"φ) − N++(φ|"φ)〉
〈dM/dφ〉

+ 〈N−+(φ|"φ) − N−−(φ|"φ)〉
〈dM/dφ〉

. (13)

By use of the angle addition formula cos(φi + φj ) =
cos(2φi) cos("φ) − sin(2φi) sin("φ), we find the expression
relating the correlation γP to moments of the balance

014913-7
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Fluctuations extend up to pT ~ 8 GeV/c
with very similar magnitude
Note that v4 measured wrt Ψ2 and  Ψ4
becomes very similar at the same pT
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Y2{EP} results are slightly
shifted along the horizontal axis. [Error bars show statistical and systematic uncertainties added in quadrature.]

all sources were added in quadrature as an estimate of the total systematic uncertainty. The resulting
systematic uncertainties in v2 are 3% for 0.9 < pt < 1 GeV/c and +3

�11% (+3
�12%) for 9 < pt < 10 GeV/c in

the 5-10% (40-50%) centrality class. The resulting systematic uncertainties in v3 are 3% for 0.9 < pt < 1
GeV/c and increase to 6% (10%) for 7 < pt < 9 GeV/c for centrality 5-10% (40-50%). We assign an 8%
(16%) systematic uncertainty to v4 for 0.9 < pt < 1 GeV/c in the 5-10% (40-50%) centrality class, while
for pt > 6 GeV/c the systematics are dominated by non-flow contributions.

Figure 1 shows unidentified charged particle v2, v3, and v4 as a function of transverse momentum for dif-
ferent centrality classes. The difference between v2{EP} and v2{4} for pt < 7 GeV/c is predominantly
due to flow fluctuations. The measured v2 at pt > 8 GeV/c is non-zero, positive and approximately
constant, while its value increases from central to mid-peripheral collisions. Less than 5% discrepancy
between the ALICE and ATLAS [24] v2{EP} measurements is found over the entire transverse momen-
tum region. The observed v2{EP} at pt > 10 GeV/c is fairly well described by extrapolation to the LHC
energy [41] of the WHDG model calculations [42] for v2 of neutral pions including collisional and ra-
diative energy loss of partons in a Bjorken-expanding medium [43]. The coefficient v3 exhibits a weak
centrality dependence with a magnitude significantly smaller than that of v2, except the most central
collisions. Unlike v3, which originates entirely from fluctuations of the initial geometry of the system,
v4 has two contributions, which are probed by correlations with the Y2 and Y4 symmetry planes. The
measured v4/Y4{EP} does not depend strongly on the collision centrality which points to a strong con-
tribution from flow fluctuations. In contrast, v4/Y2{EP} shows a strong centrality dependence which is
typical for correlations with respect to the true reaction plane. The difference between the two, indicative
of flow fluctuations, persists at least up to pt = 8 GeV/c.

We compare our results obtained with the event plane method to the existing analogous measurements
from ATLAS [26] and CMS [27] collaborations, as well to the results obtained at RHIC by STAR [40]
collaboration in Fig. 2. The comparison is done for 30-40% centrality. Note that only statistical errors
are shown in this plot. An excellent agreement is observed between results from all three LHC collabo-
rations. At RHIC energy, v2(pt), though very similar in shape, has a peak value about 10% lower than at
LHC.
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Ψ2{EP} results are slightly
shifted along the horizontal axis. Error bars show statistical and systematic uncertainties added in quadrature.

0.2 < pt < 20 GeV/c were selected. The charged track quality cuts described in [22] were applied to
minimize contamination from secondary charged particles and fake tracks. The charged particle track
reconstruction efficiency and contamination were estimated from HIJING Monte Carlo simulations [33]
combined with a GEANT3 [34] detector model, and found to be independent of the collision centrality.
The reconstruction efficiency increases from 70% to 80% for particles with 0.2 < pt < 1 GeV/c and
remains constant at 80 ± 5% for pt > 1 GeV/c. The estimated contamination by secondary charged
particles from weak decays and photon conversions is less than 6% at pt = 0.2 GeV/c and falls below
1% for pt > 1 GeV/c.

The selection of pions and protons at pt > 3 GeV/c is based on the measurement of the dE/dx in the
TPC, following the procedure described in [35]. Enriched pion (proton) samples are obtained by selecting
tracks from the upper (lower) part of the expected pion (proton) dE/dx distribution. For example, protons
were typically selected, depending on their momentum, in the range from 0 to −3σ or from −1.5σ to
−4.5σ around their nominal value in dE/dx, where σ is the energy loss resolution. Note that dE/dx of
pions is larger than that of protons in the pt range used for this study. The track selection criteria have
been adjusted to keep the contamination by other particle species below 1% for pions and below 15%
for protons. The pion and proton v2 and v3 are not corrected for this contamination. The systematic
uncertainties in v2 and v3 related to the purity of the pion and proton samples are 2% for pt < 8 GeV/c
and 10% for pt ≥ 8 GeV/c.

The flow coefficients vn are measured using the event plane method (vn{EP} [1]) and the four-particle
cumulant technique (vn{4} [36]), which have different sensitivity to flow fluctuations and correlations
unrelated to the azimuthal asymmetry in the initial geometry (“non-flow”). The non-flow contribution to
vn{4} is estimated to be negligible from analytic calculations and Monte Carlo simulations [37, 38, 39].
The contribution from flow fluctuations was shown to be negative for vn{4} and positive for vn{EP} [1].

The orientation of the symmetry planes Ψn is reconstructed from the azimuthal distribution of hits mea-
sured by the VZERO scintillators. The large gap in pseudo-rapidity between the charged particles in
the TPC and those in the VZERO detectors greatly suppresses non-flow contributions to the measured
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Fig. 3: (color online) Relative event-by-event elliptic flow fluctuations for unidentified charged particles versus
transverse momentum for different centrality classes. For clarity, the markers for centrality classes ≥ 10% are
slightly shifted along the horizontal axis. Error bars (shaded boxes) represent the statistical (systematic) uncertain-
ties.

Figure 1 shows unidentified charged particle v2, v3, and v4 as a function of transverse momentum for
different centrality classes. The difference between v2{EP} and v2{4} for pT < 7 GeV/c is predominantly
due to flow fluctuations. The measured v2 at pT > 8 GeV/c is non-zero, positive and approximately
constant, while its value increases from central to mid-peripheral collisions. The observed v2{EP} at
pT > 10 GeV/c is fairly well described by extrapolation to the LHC energy [41] of the WHDG model
calculations [42] for v2 of neutral pions including collisional and radiative energy loss of partons in
a Bjorken-expanding medium [43]. The coefficient v3 exhibits a weak centrality dependence with a
magnitude significantly smaller than that of v2, except for the most central collisions. Unlike v3, which
originates entirely from fluctuations of the initial geometry of the system, v4 has two contributions, which
are probed by correlations with the Ψ2 and Ψ4 symmetry planes. The measured v4/Ψ4{EP} does not
depend strongly on the collision centrality which points to a strong contribution from flow fluctuations.
In contrast, v4/Ψ2{EP} shows a strong centrality dependence which is typical for correlations with respect
to the true reaction plane. The difference between the two, indicative of flow fluctuations, persists at least
up to pT = 8 GeV/c.

Figure 2 compares our results obtained with the event plane method for 30-40% centrality to the anal-
ogous measurements by ATLAS [26] and CMS [27] collaborations, and results obtained at RHIC by
the STAR [44] collaboration. An excellent agreement is observed between results from all three LHC
experiments. v2(pT) at top RHIC energy has a peak value about 10% lower than at LHC although is very
similar in shape.

To investigate further the role of flow fluctuations at different transverse momenta we study the relative
difference between v2{EP} and v2{4}, [(v2{EP}2 − v2{4}2)/(v2{EP}2 + v2{4}2)]1/2, which for small
non-flow is proportional to the relative flow fluctuations σv2/〈v2〉 [1]. Figure 3 presents this quantity
as a function of transverse momentum for various centrality classes. The relative flow fluctuations are
minimal for mid-central collisions and become larger for peripheral and central collisions, similar to
those observed at RHIC energies [1]. It is remarkable that in the 5-30% centrality range, relative flow
fluctuations are within errors independent of momentum up to pT ∼ 8 GeV/c, far beyond the region where
the flow magnitude is well described by hydrodynamic models (pT < 2− 3 GeV/c). This indicates a


