
IMPLICATIONS OF RECENT MEASUREMENTS

IN HEAVY-ION COLLISIONS

Matthew Luzum

Institut de physique théorique
CEA Saclay, France

Rencontres de Blois
31 May, 2012

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 1 / 17



INTRODUCTION TO HEAVY-ION COLLISIONS

PHASES OF THE STRONG INTERACTIONS

Deconfined Quark-Gluon Plasma at high T
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INTRODUCTION TO HEAVY-ION COLLISIONS

CREATING A QUARK GLUON PLASMA

Highest-energy ion colliders:
Relativistic Heavy Ion Collider (RHIC) at BNL (since 2000)
→ Au+Au at

√
sNN = 200 GeV

Large Hadron Collider (LHC) at CERN (since 2010)
→ Pb+Pb at

√
sNN = 2760 GeV
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INTRODUCTION TO HEAVY-ION COLLISIONS

PROTON-PROTON COLLISION
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INTRODUCTION TO HEAVY-ION COLLISIONS

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . .

p+p Au+Au

(PHOBOS, Phys.Rev. C81 (2010) 024904 )

indicate strong collective behavior
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FLOW

HYDRODYNAMICS

HYDRODYNAMICS

Universal description of system
with large separation of scales
(e.g., local thermal equilibrium)
Valid if system is large enough/
interactions are strong enough
Access to microscopic
dynamics through transport
coefficients,
e.g., shear viscosity η
(Compare to conjectured lower
bound η/s ≥ 1/4π ' 0.08)
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FLOW

COLLISION EVOLUTION

z

t

thermalization

pre-equilibrium

(viscous) fluid

dilute gas

Well described by hydrodynamics, but sensitive to initial conditions

(low-x nuclear wavefunction, soft particle production, thermalization. . . )
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FLOW

FLOW

One-particle probability distribution:

dN
dφ
∝ 1 + 2v2 cos 2φ+ 2v4 cos 4φ+ . . .

Elliptic flow: v2 ≡ 〈cos 2φ〉

∝ ε2 ≡ {y
2−x2}

{y2+x2}

Ideal hydro (zero viscosity) =⇒ maximum v2

ψRP

~pt

φ
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Elliptic flow: v2 ≡ 〈cos 2φ〉 ∝ ε2 ≡ {y
2−x2}

{y2+x2}

Ideal hydro (zero viscosity) =⇒ maximum v2

Pairs : 〈ei2(φ1−φ2)〉 (flow)
= 〈ei2φ1〉〈e−i2φ2〉 = v 2

2

≡ v2{2}2

〈
dNpairs

d∆φ

〉
(flow)∝ 1 +

〈
v 2

2

〉
cos 2(∆φ) + . . .
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FLOW

TWO-PARTICLE CORRELATIONS

Unique long-range correlations in heavy-ion collisions. . .
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FLOW

ELLIPTIC FLOW AND VISCOSITY
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“Glauber” initial conditions “CGC” initial conditions

(ML & Romatschke, Phys.Rev. C78 (2008) 034915)

Large elliptic flow =⇒ strongly coupled, small viscosity fluid
Initial condition poorly constrained —
impedes extraction of medium properties
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FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 + 2v2 cos 2φ+ 2v4 cos 4φ+ . . .

Pairs :
〈
〈ei2(φ1−φ2)〉

〉
(flow)

=
〈
〈ei2φ1〉〈e−i2φ2〉

〉
=
〈

v 2
2

〉
≡ v2{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

〈
v 2

2

〉
cos 2(∆φ) +

〈
v 2

4

〉
cos 4(∆φ) + . . .

ψRP

~pt

φ

ψ2

ψ3

ψ1

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 + 2v2 cos 2φ+ 2v4 cos 4φ+ . . .

Pairs :
〈
〈ei2(φ1−φ2)〉

〉
(flow)

=
〈
〈ei2φ1〉〈e−i2φ2〉

〉
=
〈

v 2
2

〉
≡ v2{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

〈
v 2

2

〉
cos 2(∆φ) +

〈
v 2

4

〉
cos 4(∆φ) + . . .

ψRP

~pt

φ

ψ2

ψ3

ψ1

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 +

∞∑
n=1

2vn cos n(φ− ψn)

Pairs :
〈
〈ei2(φ1−φ2)〉

〉
(flow)

=
〈
〈ei2φ1〉〈e−i2φ2〉

〉
=
〈

v 2
2

〉
≡ v2{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

〈
v 2

2

〉
cos 2(∆φ) +

〈
v 2

4

〉
cos 4(∆φ) + . . .

ψRP

~pt

φ

ψ2

ψ3

ψ1

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 +

∞∑
n=1

2vn cos n(φ− ψn)

Pairs :
〈
〈ein(φ1−φ2)〉

〉
(flow)

=
〈
〈einφ1〉〈e−inφ2〉

〉
=
〈

v 2
n

〉
≡ vn{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

〈
v 2

2

〉
cos 2(∆φ) +

〈
v 2

4

〉
cos 4(∆φ) + . . .

ψRP

~pt

φ

ψ2

ψ3

ψ1

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 +

∞∑
n=1

2vn cos n(φ− ψn)

Pairs :
〈
〈ein(φ1−φ2)〉

〉
(flow)

=
〈
〈einφ1〉〈e−inφ2〉

〉
=
〈

v 2
n

〉
≡ vn{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

∞∑
n=1

2
〈

v 2
n

〉
cos n(∆φ)

ψRP

~pt

φ

ψ2

ψ3

ψ1

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 +

∞∑
n=1

2vn cos n(φ− ψn)

Pairs :
〈
〈ein(φ1−φ2)〉

〉
(flow)

=
〈
〈einφ1〉〈e−inφ2〉

〉
=
〈

v 2
n

〉
≡ vn{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

∞∑
n=1

2
〈

v 2
n

〉
cos n(∆φ)

Flow can explain all long-range correlations
=⇒ many new observables possible
Can provide strong independent constraints on theory

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 +

∞∑
n=1

2vn cos n(φ− ψn)

Pairs :
〈
〈ein(φ1−φ2)〉

〉
(flow)

=
〈
〈einφ1〉〈e−inφ2〉

〉
=
〈

v 2
n

〉
≡ vn{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

∞∑
n=1

2
〈

v 2
n

〉
cos n(∆φ)

Flow can explain all long-range correlations
=⇒ many new observables possible
Can provide strong independent constraints on theory

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



FLOW FLUCTUATIONS

FLOW FLUCTUATIONS

dN
dφ
∝ 1 +

∞∑
n=1

2vn cos n(φ− ψn)

Pairs :
〈
〈ein(φ1−φ2)〉

〉
(flow)

=
〈
〈einφ1〉〈e−inφ2〉

〉
=
〈

v 2
n

〉
≡ vn{2}2〈

dNpairs

d∆φ

〉
(flow)∝ 1 +

∞∑
n=1

2
〈

v 2
n

〉
cos n(∆φ)

Flow can explain all long-range correlations
=⇒ many new observables possible
Can provide strong independent constraints on theory

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 13 / 17



IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS: ELLIPTIC FLOW AT LHC

Hydro calculations correctly predicted flow at LHC:

centrality percentile
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(ML, Phys.Rev. C83 (2011) 044911)
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IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS: vn

Combining observables constrains theory
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and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.
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FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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FIG. 3. (Color online) vn vs. η for 2 < pT < 3 GeV from
the FCalP(N) method (i.e the EP is measured by either FCalN
or FCalP) with each panel representing one centrality inter-
val. The shaded bands indicate systematic uncertainties from
Tables I–V.

the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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FIG. 4. (Color online) vn vs. pT for several centrality inter-
vals. The shaded bands indicate the systematic uncertainties
from Tables I–V.
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traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for
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three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)
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and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.
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FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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FIG. 3. (Color online) vn vs. η for 2 < pT < 3 GeV from
the FCalP(N) method (i.e the EP is measured by either FCalN
or FCalP) with each panel representing one centrality inter-
val. The shaded bands indicate systematic uncertainties from
Tables I–V.

the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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FIG. 4. (Color online) vn vs. pT for several centrality inter-
vals. The shaded bands indicate the systematic uncertainties
from Tables I–V.

Anisotropic flow at the LHC measured with the ALICE detector. 7

traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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measured relative to the second order event plane and the reaction plane, respectively.

The dashed curves are hydrodynamical predictions [16] described in the text. Figure

adapted from [15] Right: The pt-di↵erential triangular flow for pions, kaons and

antiprotons. Figure taken from [10].

significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for
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Figure 7: The final corrected six three-plane correlators as a function of 〈Npart〉. The error bars and
shaded bands indicate the statistical uncertainty and total systematic uncertainty, respectively.
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data [10]. The shaded bands indicate the total systematic uncertainty.

three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)

13

(and some still to be measured)

MATTHEW LUZUM (SACLAY) HEAVY-ION COLLISIONS THEORY TALK RENCONTRES DE BLOIS 16 / 17



IMPLICATIONS OF RECENT RESULTS

RECENT RESULTS

Many brand new data still waiting for thorough study:

v 1

00-10%

-0.02
0

0.02
0.04
0.06
0.08

10-20%

20-30%

-0.02
0

0.02
0.04
0.06
0.08

30-40%

40-50%

0.5 1 1.5 2 2.5 3
-0.02

0
0.02
0.04
0.06
0.08

0.5 1 1.5 2 2.5 3

ALICE
upper bound

lower bound

pT @GeV �cD

8

and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.
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FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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FIG. 3. (Color online) vn vs. η for 2 < pT < 3 GeV from
the FCalP(N) method (i.e the EP is measured by either FCalN
or FCalP) with each panel representing one centrality inter-
val. The shaded bands indicate systematic uncertainties from
Tables I–V.

the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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FIG. 4. (Color online) vn vs. pT for several centrality inter-
vals. The shaded bands indicate the systematic uncertainties
from Tables I–V.

Anisotropic flow at the LHC measured with the ALICE detector. 7

traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for
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three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)
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and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.

centrality percentile
0 10 20 30 40 50 60 70 80

2v

0

0.02

0.04

0.06

0.08

0.1

0.12

{2}2v
 (same charge){2}2v

{4}2v
 (same charge){4}2v

{q-dist}2v
{LYZ}2v

 STAR{EP}2v
 STAR{LYZ}2v

FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for
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Figure 7: The final corrected six three-plane correlators as a function of 〈Npart〉. The error bars and
shaded bands indicate the statistical uncertainty and total systematic uncertainty, respectively.
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Figure 8: Comparison of 〈cos 6(Φ2 − Φ3)〉 values obtained by ATLAS and derived [11] from the ALICE
data [10]. The shaded bands indicate the total systematic uncertainty.

three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)
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and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.
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FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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FIG. 3. (Color online) vn vs. η for 2 < pT < 3 GeV from
the FCalP(N) method (i.e the EP is measured by either FCalN
or FCalP) with each panel representing one centrality inter-
val. The shaded bands indicate systematic uncertainties from
Tables I–V.

the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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FIG. 4. (Color online) vn vs. pT for several centrality inter-
vals. The shaded bands indicate the systematic uncertainties
from Tables I–V.
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traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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The dashed curves are hydrodynamical predictions [16] described in the text. Figure

adapted from [15] Right: The pt-di↵erential triangular flow for pions, kaons and

antiprotons. Figure taken from [10].

significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for

〉partN〈
0 100 200 300 400

〉) 5
Φ

-5 3
Φ

+3 2
Φ

co
s(

2
〈

0

0.5

1
ATLAS Preliminary

=2.76 TeVNNsPb-Pb 
-1bµ= 8 intL

〉partN〈
0 100 200 300 400

〉) 6
Φ

-6 4
Φ

+4 2
Φ

co
s(

2
〈

0

0.5

1
ATLAS Preliminary

=2.76 TeVNNsPb-Pb 
-1bµ= 8 intL

〉partN〈
0 100 200 300 400

〉) 4
Φ

+4 3
Φ

-6 2
Φ

co
s(

2
〈

-0.2

-0.1

0

0.1

0.2 ATLAS Preliminary
=2.76 TeVNNsPb-Pb 

-1bµ= 8 intL

〉partN〈
0 100 200 300 400

〉) 5
Φ

+5 3
Φ

+3 2
Φ

co
s(

-8
〈

0

0.5

1
ATLAS Preliminary

=2.76 TeVNNsPb-Pb 
-1bµ= 8 intL

〉partN〈
0 100 200 300 400

〉) 6
Φ

+6 4
Φ

+4 2
Φ

co
s(

-1
0

〈 0

0.5

1
ATLAS Preliminary

=2.76 TeVNNsPb-Pb 
-1bµ= 8 intL

〉partN〈
0 100 200 300 400

〉) 4
Φ

+4 3
Φ

+6 2
Φ

co
s(

-1
0

〈

-0.2

-0.1

0

0.1

0.2 ATLAS Preliminary
=2.76 TeVNNsPb-Pb 

-1bµ= 8 intL

Figure 7: The final corrected six three-plane correlators as a function of 〈Npart〉. The error bars and
shaded bands indicate the statistical uncertainty and total systematic uncertainty, respectively.
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Figure 8: Comparison of 〈cos 6(Φ2 − Φ3)〉 values obtained by ATLAS and derived [11] from the ALICE
data [10]. The shaded bands indicate the total systematic uncertainty.

three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)
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and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.
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FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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FIG. 3. (Color online) vn vs. η for 2 < pT < 3 GeV from
the FCalP(N) method (i.e the EP is measured by either FCalN
or FCalP) with each panel representing one centrality inter-
val. The shaded bands indicate systematic uncertainties from
Tables I–V.

the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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FIG. 4. (Color online) vn vs. pT for several centrality inter-
vals. The shaded bands indicate the systematic uncertainties
from Tables I–V.
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traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for
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three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)
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and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.
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FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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FIG. 3. (Color online) vn vs. η for 2 < pT < 3 GeV from
the FCalP(N) method (i.e the EP is measured by either FCalN
or FCalP) with each panel representing one centrality inter-
val. The shaded bands indicate systematic uncertainties from
Tables I–V.

the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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FIG. 4. (Color online) vn vs. pT for several centrality inter-
vals. The shaded bands indicate the systematic uncertainties
from Tables I–V.
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traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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measured relative to the second order event plane and the reaction plane, respectively.

The dashed curves are hydrodynamical predictions [16] described in the text. Figure

adapted from [15] Right: The pt-di↵erential triangular flow for pions, kaons and

antiprotons. Figure taken from [10].

significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for
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Figure 7: The final corrected six three-plane correlators as a function of 〈Npart〉. The error bars and
shaded bands indicate the statistical uncertainty and total systematic uncertainty, respectively.
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data [10]. The shaded bands indicate the total systematic uncertainty.

three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)
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and contamination as a function of transverse momen-
tum also do not depend significantly on the track den-
sity and are therefore the same for all centrality classes.
The relative momentum resolution for tracks used in this
analysis was better than 5%, both for the combined ITS–
TPC and TPC-standalone tracks. The results obtained
from the ITS-TPC and TPC standalone tracking are in
excellent agreement. Due to the smaller corrections for
the azimuthal acceptance, the results obtained using the
TPC standalone tracks are presented in this Letter.
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FIG. 2. (color online) a) v2(pt) for the centrality bin 40–50%
from the 2- and 4-particle cumulant methods for this mea-
surement and for Au–Au collisions at

p
sNN = 200 GeV.

b) v2{4}(pt) for various centralities compared to STAR mea-
surements. The data points in the 20–30% centrality bin are
shifted in pt for visibility.

The pt-di↵erential flow was measured for di↵erent
event centralities using various analysis techniques. In
this Letter we report results obtained with 2- and
4-particle cumulant methods [34], denoted v2{2} and
v2{4}. To calculate multiparticle cumulants we used
a new fast and exact implementation [35]. The v2{2}
and v2{4} measurements have di↵erent sensitivity to flow
fluctuations and nonflow e↵ects – which are uncorrelated
to the initial geometry. Analytical estimates and results
of simulations show that nonflow contributions to v2{4}
are negligible [36]. The contribution from flow fluctua-
tions is positive for v2{2} and negative for v2{4} [37]. For
the integrated elliptic flow we also fit the flow vector dis-
tribution [38] and use the Lee-Yang Zeroes method [39],
which we denote by v2{q-dist} and v2{LYZ}, respec-
tively [40]. In addition to comparing the 2- and 4-particle
cumulant results we also estimate the nonflow contribu-

tion by comparing to correlations of particles of the same
charge. Charge correlations due to processes contribut-
ing to nonflow (weak decays, correlations due to jets, etc.)
lead to stronger correlations between particles of unlike
charge sign than like charge sign.

Figure 2a shows v2(pt) for the centrality class 40–50%
obtained with di↵erent methods. For comparison, we
present STAR measurements [41, 42] for the same cen-
trality from Au–Au collisions at

p
s
NN

= 200 GeV,
indicated by the shaded area. We find that the value
of v2(pt) does not change within uncertainties fromp

sNN = 200 GeV to 2.76 TeV. Figure 2b presents v2(pt)
obtained with the 4-particle cumulant method for three
di↵erent centralities, compared to STAR measurements.
The transverse momentum dependence is qualitatively
similar for all three centrality classes. At low pt there is
agreement of v2(pt) with STAR data within uncertain-
ties.
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FIG. 3. (color online) Elliptic flow integrated over the pt

range 0.2 < pt < 5.0 GeV/c, as a function of event cen-
trality, for the 2- and 4-particle cumulant methods, a fit of
the distribution of the flow vector, and the Lee-Yang Zeroes
method. For the cumulants the measurements are shown for
all charged particles (full markers) and same charge particles
(open markers). Data points are shifted for visibility. RHIC
measurements for Au–Au at

p
sNN = 200 GeV, integrated

over the pt range 0.15 < pt < 2.0 GeV/c, for the event plane
v2{EP} and Lee-Yang Zeroes are shown by the solid curves.

The integrated elliptic flow is calculated for each cen-
trality class using the measured v2(pt) together with the
charged particle pt-di↵erential yield. For the determi-
nation of integrated elliptic flow the magnitude of the
charged particle reconstruction e�ciency does not play
a role. However, the relative change in e�ciency as a
function of transverse momentum does matter. We have
estimated the correction to the integrated elliptic flow
based on HIJING and Therminator simulations. Trans-
verse momentum spectra in HIJING and Therminator
are di↵erent, giving an estimate of the uncertainty in the
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FIGURE 2. Odd harmonics: v3{2} (left) and v5{2} (right) as a function of pT at mid-rapidity ( |h | < 0.8) for the centrality
classes indicated in the figures. The error bars represent the statistical uncertainties, and the colored bands represent the systematic
uncertainties.

few of the main results are shown and briefly described.
Figure 2 shows the odd harmonic coefficients measured as a function of pT in several centrality classes. One notable

feature of these results is the weak centrality dependence in both the shape and magnitude of the signals, which
is expected if these harmonics are induced by fluctuations in the initial conditions that also have a weak centrality
dependence [11]. The pT dependence of the even harmonics, which are not shown here, exhibit behavior compatible
with hydrodynamic flow. The v2(h) results are presented in figure 1 and show only a weak h-dependence, except in
the most peripheral events, which are more affected by non-flow correlations. The pseudorapidity dependence may
provide constraints on the description of the system evolution in the longitudinal direction.

These measurements taken together may aid in the systematic validation of different approaches to the modeling
of heavy ion collisions and lead to a reliable determination of some of the transport properties of the hot QCD matter
produced in the collisions.
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v1 v2 v3 v4 v5 vn|n≥6

Track selection[%] 3.0 0.3 0.3 1.0 2.0 4

Running periods[%] 5.0 0.3-1.0 0.7-2.1 1.2-3.1 2.3 7-11

Trigger & event sel.[%] 1.0 0.5-1.0 0.5-1.5 0.5-1 1.0 5

MC consistency[%] 2.0 1.0 1.5 2.0 3.5 5

Sum of above[%] 6.3 1.2-1.8 1.8-3.0 2.6-3.9 4.8 11-14

TABLE VI. Relative systematic uncertainties for vn in per-
centage from tracking cuts, variation between different run-
ning periods, centrality variation, consistency between truth
and reconstructed vn in HIJING simulation, and the quadra-
ture sum of individual terms.

tion and MC comparison in Table VI and the pair accep-
tance. This fraction (point to point in pT) is estimated
to be about 30% of the final systematic uncertainty, and
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FIG. 3. (Color online) vn vs. η for 2 < pT < 3 GeV from
the FCalP(N) method (i.e the EP is measured by either FCalN
or FCalP) with each panel representing one centrality inter-
val. The shaded bands indicate systematic uncertainties from
Tables I–V.

the remaining uncertainty is treated as a pT-correlated
systematic uncertainty. They are used in the discussion
of the v1,1 results in Section VD.

V. RESULTS

A. v2–v6 from the event plane method

Figure 3 shows the η dependence of vn for several
centrality intervals in the 2–3 GeV pT range from the
FCalP(N) EP method. Similar behaviors are observed in
other pT ranges (see also [16] for v2). The v2 values de-
crease by less than 5% towards large |η| for central and
mid-central events, and the decrease is more pronounced
both for n ≥ 3 and for peripheral events.

Figure 4 shows the pT dependence of v2–v6 for several
centrality intervals. All vn increase with pT in the range
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FIG. 4. (Color online) vn vs. pT for several centrality inter-
vals. The shaded bands indicate the systematic uncertainties
from Tables I–V.
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traversing nuclear matter. This energy loss is expected to depend strongly on the color

charge density of the medium and on the path length traversed by the propagating

parton. Because this path length depends on the azimuthal emission angle with respect

to the reaction plane, an azimuthal anisotropy of particle emission is introduced at large

pt. Indeed, significant values of v2 are found between 8 and 20 GeV/c as is shown in

the left panel of Fig. 7. This v2 increases from central to more peripheral collisions

as is expected from the path length dependence of parton energy loss. To investigate

where the coalescence regime stops and where the parton energy loss mechanism might

become dominant, we show in the right panel of Fig. 7 the identified particle v2 at large

pt. We see that up to about 8 GeV/c the proton v2 is larger than the pion v2, as one

would expect from coalescence.

4. Higher Harmonic Anisotropic Flow Coe�cients

Due to fluctuations in the initial matter distribution the initial spatial geometry has

not a smooth almond shape but, instead, a more complex spatial geometry which may

possess also odd harmonic symmetry planes. These are predicted to give rise to odd

harmonics like triangular flow v3. Recently it was realized that these odd harmonics

are particularly sensitive to both ⌘/s and the initial conditions, which generated strong

theoretical and experimental interest [15]. The left panel of Fig. 8 shows that v3 is indeed
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Figure 8. Left: Integrated v2, v3 and v4, full and open squares show v3{2} and v3{4}
respectively. In addition we show v2

3/ 2
and v3/ RP

, which represent the triangular flow

measured relative to the second order event plane and the reaction plane, respectively.

The dashed curves are hydrodynamical predictions [16] described in the text. Figure

adapted from [15] Right: The pt-di↵erential triangular flow for pions, kaons and

antiprotons. Figure taken from [10].

significant and does not depend strongly on centrality. The magnitude and centrality

dependence of v3 is reasonably well described by predictions from a hydrodynamic model

calculation with Glauber initial conditions and ⌘/s = 0.08 (dotted curve), in contrast

to a calculation based on MC-KLN CGC initial conditions with ⌘/s = 0.16, which

under-predicts the data (dashed dotted curve). This suggests that the value of ⌘/s for
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Figure 7: The final corrected six three-plane correlators as a function of 〈Npart〉. The error bars and
shaded bands indicate the statistical uncertainty and total systematic uncertainty, respectively.
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Figure 8: Comparison of 〈cos 6(Φ2 − Φ3)〉 values obtained by ATLAS and derived [11] from the ALICE
data [10]. The shaded bands indicate the total systematic uncertainty.

three-plane correlators:

〈sin 3(Φ2 − Φ3) sin 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 − 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈cos 3(Φ2 − Φ3) cos 5(Φ2 − Φ5)〉 = 1
2
(〈cos(2Φ2 + 3Φ3 − 5Φ5)〉 + 〈cos(−8Φ2 + 3Φ3 + 5Φ5)〉)

〈sin 4(Φ2 − Φ4) sin 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 − 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈cos 4(Φ2 − Φ4) cos 6(Φ2 − Φ6)〉 = 1
2
(〈cos(2Φ2 + 4Φ4 − 6Φ6)〉 + 〈cos(−10Φ2 + 4Φ4 + 6Φ6)〉)

〈sin 6(Φ2 − Φ3) sin 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 − 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)

〈cos 6(Φ2 − Φ3) cos 4(Φ2 − Φ4)〉 = 1
2
(〈cos(2Φ2 − 6Φ3 + 4Φ4)〉 + 〈cos(−10Φ2 + 6Φ3 + 4Φ4)〉)(20)
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(and some still to be measured)
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SUMMARY

Heavy-ion collisions show strong long-range correlations, well
described by hydrodynamics. . .
=⇒ medium is strongly-interacting, low-viscosity fluid
Various new observables have been recently measured, which
place tight constraints on theory.
In the (very) near future, expect precise extraction of QGP
properties and strong constraints on geometry and fluctuations of
the early-time evolution.
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CMS PP RIDGE

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk ≥ 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk ≥ 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at ∆φ ≈ 0 and |∆η| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at ∆φ ≈ 0 extending to |∆η| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at ∆φ ≈0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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RECENT RESULTS

Hydrodynamic calculation can reproduce two-particle correlation:
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