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The second and the third order anisotropic flow, V 2 and V 3, are mostly determined by the corresponding 
initial spatial anisotropy coefficients, ε2 and ε3, in the initial density distribution. In addition to their 
dependence on the same order initial anisotropy coefficient, higher order anisotropic flow, Vn (n > 3), 
can also have a significant contribution from lower order initial anisotropy coefficients, which leads 
to mode-coupling effects. In this Letter we investigate the linear and non-linear modes in higher 
order anisotropic flow Vn for n = 4, 5, 6 with the ALICE detector at the Large Hadron Collider. The 
measurements are done for particles in the pseudorapidity range |η| < 0.8 and the transverse momentum 
range 0.2 < pT < 5.0 GeV/c as a function of collision centrality. The results are compared with theoretical 
calculations and provide important constraints on the initial conditions, including initial spatial geometry 
and its fluctuations, as well as the ratio of the shear viscosity to entropy density of the produced system.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The primary goal of the ultra-relativistic heavy-ion collision 
programme at the Large Hadron Collider (LHC) is to study the 
properties of the Quark–Gluon Plasma (QGP), a novel state of 
strongly interacting matter that is proposed to exist at high tem-
peratures and energy densities [1,2]. Studies of azimuthal corre-
lations of produced particles have contributed significantly to the 
characterisation of the matter created in heavy-ion collisions [3,
4]. Anisotropic flow, which quantifies the anisotropy of the mo-
mentum distribution of final state particles, is sensitive to the 
event-by-event fluctuating initial geometry of the overlap region, 
together with the transport properties and equation of state of the 
system [4–7]. The successful description of anisotropic flow results 
by hydrodynamic calculations suggests that the created medium 
behaves as a nearly perfect fluid [4,5] with a shear viscosity to 
entropy density ratio, η/s, close to a conjectured lower bound 
1/4π [8]. Anisotropic flow is characterised using a Fourier decom-
position of the particle azimuthal distribution in the plane trans-
verse to the beam direction [9,10]:

dN

dϕ
∝ 1 + 2

∞∑
n=1

vn cos[n(ϕ − �n)], (1)

where N is the number of produced particles, ϕ is the azimuthal 
angle of the particle and �n is the nth order flow symmetry plane. 
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The nth order (complex) anisotropic flow Vn is defined as: Vn ≡
vn ein�n , where vn = |Vn| is the flow coefficient, and �n represents 
the azimuth of Vn in momentum space. For non-central heavy-ion 
collisions, the dominant flow coefficient is v2, referred to as elliptic 
flow. Non-vanishing values of higher flow coefficients v3–v6 at the 
LHC are ascribed primarily to the response of the produced QGP 
to fluctuations of the initial energy density profile of the colliding 
nucleons [11–15].

The standard (moment-defined) initial anisotropy coefficients 
εn together with their corresponding initial symmetry planes (also 
called participant planes) �n can be calculated from the transverse 
positions (r, φ) of the participating nucleons

εnein�n ≡ −
〈
rneinφ

〉

〈rn〉 (for n > 1), (2)

where 〈 〉 denotes the average over the transverse position of all 
participating nucleons, φ is azimuthal angle, and n is the order 
of the coefficient [11,16]. It has been shown in [17,18] that V 2
and V 3 are mostly determined with the same order initial spa-
tial anisotropy coefficients ε2 and ε3, respectively. Considering that 
η/s reduces the hydrodynamic response of vn to εn , it was pro-
posed in [18–21] that vn/εn (for n = 2, 3) could be a direct probe 
to quantitatively constrain the η/s of the QGP in hydrodynamic 
calculations. However, εn cannot be determined experimentally. In-
stead, they are obtained from various theoretical models, resulting 
in large uncertainties in the estimated η/s derived indirectly from 
v2 and v3 measurements [17,19]. On the other hand, higher order 
anisotropic flow Vn with n > 3 probe smaller spatial scales and 
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thus are more sensitive to η/s than V 2 and V 3 due to more pro-
nounced viscous corrections [16,22]. Thus, the study of the full set 
of flow coefficients is expected to constrain both εn and η/s si-
multaneously. However, it was realised later that Vn with n > 3 is 
not linearly correlated with the corresponding εn [16,22,23], which 
makes the extraction of η/s from measurements of higher order 
flow coefficients less straightforward. In addition to the study of 
flow coefficients, the results of correlations between different or-
der anisotropic flow angles and amplitudes shed light on both 
the early stage dynamics and the transport properties of the cre-
ated QGP [24–32]. In particular, the characteristic pattern of flow 
symmetry plane correlations (also known as angular correlations 
of flow-vectors) observed in experiments is reproduced quantita-
tively by theoretical calculations [29–33]. However, the correlations 
between flow coefficients (also known as amplitude correlations 
of flow-vectors), investigated using symmetric cumulants, provide 
stricter constraints on initial conditions and η/s than the individ-
ual vn measurements [24–28,31,32]. It is a challenge for current 
theoretical models to provide quantitative descriptions of the cor-
relations between different order flow coefficients.

As discussed above, it is known that the lower order anisotropic 
flow Vn (n = 2, 3) is largely determined by a linear response of the 
system to the corresponding εn (except in peripheral collisions). 
Higher order anisotropic flow Vn with n > 3 have contributions 
not only from the linear response of the system to εn , but also con-
tributions proportional to the product of ε2 and/or ε3. These con-
tributions are usually called non-linear response [25,34] in higher 
order anisotropic flow. For a single event, Vn with n = 4, 5 and 
6 can be decomposed into the so-called linear and the non-linear 
contributions, according to

V 4 = V NL
4 + V L

4 = χ4,22(V 2)
2 + V L

4, (3)

V 5 = V NL
5 + V L

5 = χ5,32 V 2 V 3 + V L
5, (4)

V 6 = V NL
6 + V L

6

= χ6,222(V 2)
3 + χ6,33(V 3)

2 + χ6,42 V 2 V L
4 + V L

6. (5)

Here χn,mk is a new observable called the non-linear mode co-
efficient [34] and V NL

n represents the non-linear mode which has 
contributions from modes with lower order anisotropy coefficients. 
The V L

n term represents the linear mode, which was naïvely ex-
pected from the linear response of the system to the same or-
der εn . However, a recent hydrodynamic calculation showed that 
V L

n is not driven by the linear response to the standardly moment-
defined εn introduced in Eq. (2), but the corresponding cumulant-
defined anisotropy coefficient ε′

n [30,35]. For example, V L
4 is ex-

pected to be driven by the 4th-order cumulant-defined anisotropy 
coefficient and its corresponding initial symmetry plane which can 
be calculated as

ε′
4ei4�′

4 ≡ −
〈
z4

〉 − 3
〈
z2

〉2
〈
r4

〉 = ε4ei4�4 + 3
〈
r2

〉2
〈
r4

〉 ε2
2ei4�2 , (6)

where z = reiφ . The calculations for other order anisotropy coef-
ficients and their corresponding initial symmetry planes can be 
found in [30,35]. If the non-linear and linear modes of higher 
order anisotropic flow, V NL

n and V L
n , are uncorrelated (e.g. V L

n is 
perpendicular to V NL

n ), they can be isolated. One of the proposed 
approaches to validate the assumption that V NL

n and V L
n are uncor-

related is testing the following relations [25]:
〈
V 4 (V ∗

2 )2 v 2
2

〉
〈
V 4 (V ∗

2 )2
〉 〈

v 2
2

〉 =
〈
v 6

2

〉
〈
v 4

2

〉 〈
v 2

2

〉 , (7)

〈
V 5 V ∗

3 V ∗
2 v 2

2

〉
〈
V 5 V ∗

3 V ∗
2

〉 〈
v 2

2

〉 =
〈
v 4

2 v 2
3

〉
〈
v 2

2 v 2
3

〉 〈
v 2

2

〉 . (8)

If the above relations are valid, one could combine the analyses 
of higher order anisotropic flow with respect to their correspond-
ing symmetry planes and to the planes of lower order anisotropic 
flow V 2 or V 3 to eliminate the uncertainty from initial state as-
sumptions and extract η/s with better precision [34].

In this Letter, the linear and non-linear modes in higher or-
der anisotropic flow generation are studied in Pb–Pb collisions at √

sNN = 2.76 TeV with the ALICE detector. The main observables 
are introduced in Section 2 and the experimental setup is de-
scribed in Section 3. Section 4 presents the study of the systematic 
uncertainties of the above mentioned observables. The results and 
their discussion are provided in Section 5. Section 6 contains the 
summary and conclusions.

2. Observables and analysis methods

Ideally, the flow coefficient vn can be measured via the az-
imuthal correlations of emitted particles with respect to the sym-
metry plane �n as vn = 〈cos n(ϕ − �n)〉. Since �n is unknown ex-
perimentally, the simplest approach to obtain vn is using 2-particle 
correlations:

vn{2} = 〈〈cos n(ϕ1 − ϕ2)〉〉1/2 =
〈
v2

n

〉1/2
. (9)

Here 〈〈 〉〉 denotes the average over all particles in a single event 
and then an average of over all events, 〈〉 indicates the event aver-
age of over all events, and ϕi represents the azimuthal angle of the 
i-th particle. The analysed events are divided into two sub-events 
A and B, separated by a pseudorapidity gap, to suppress non-flow 
effects. The latter are the azimuthal correlations not associated to 
the common symmetry plane �n , such as jets and resonance de-
cays. Thus, we modify Eq. (9) to

vn{2} = 〈〈cos(nϕ A
1 − nϕB

2 )〉〉1/2 =
〈
v2

n

〉1/2
. (10)

Here ϕ A
1 and ϕB

2 are selected from subevent A and B, respectively.
Before introducing observables related to the linear and non-

linear modes in higher order anisotropic flow, it is crucial to verify 
whether Eqs. (7)–(8) are applicable. The left and right hand sides 
of Eq. (7) are obtained by constructing suitable multi-particle cor-
relations [34]:

〈
V 4 (V ∗

2 )2 v 2
2

〉A

〈
V 4 (V ∗

2 )2
〉A 〈

v 2
2

〉

= 〈〈cos(4ϕ A
1 + 2ϕ A

2 − 2ϕB
3 − 2ϕB

4 − 2ϕB
5 )〉〉

〈〈cos(4ϕ A
1 − 2ϕB

2 − 2ϕB
3 )〉〉 〈〈cos(2ϕ A

1 − 2ϕB
2 )〉〉 , (11)

〈
v 6

2

〉
〈
v 4

2

〉 〈
v 2

2

〉

= 〈〈cos(2ϕ A
1 + 2ϕ A

2 + 2ϕ A
3 − 2ϕB

4 − 2ϕB
5 − 2ϕB

6 )〉〉
〈〈cos(2ϕ A

1 + 2ϕ A
2 − 2ϕB

3 − 2ϕB
4 )〉〉 〈〈cos(2ϕ A

1 − 2ϕB
2 )〉〉 . (12)

Similarly, we can validate Eq. (8) by calculating both sides
with [34]:

〈
V 5 V ∗

3 V ∗
2 v 2

2

〉A

〈
V 5 V ∗

3 V ∗
2

〉A 〈
v 2

2

〉

= 〈〈cos(5ϕ A
1 + 2ϕ A

2 − 3ϕB
3 − 2ϕB

4 − 2ϕB
5 )〉〉

〈〈cos(5ϕ A
1 − 3ϕB

2 − 2ϕB
3 )〉〉 〈〈cos(2ϕ A

1 − 2ϕB
2 )〉〉 , (13)
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〈
v 4

2 v 2
3

〉
〈
v 2

2 v 2
3

〉 〈
v 2

2

〉

= 〈〈cos(3ϕ A
1 + 2ϕ A

2 + 2ϕ A
3 − 3ϕB

4 − 2ϕB
5 − 2ϕB

6 )〉〉
〈〈cos(3ϕ A

1 + 2ϕ A
2 − 3ϕB

3 − 2ϕB
4 )〉〉 〈〈cos(2ϕ A

1 − 2ϕB
2 )〉〉 . (14)

The magnitude of V NL
n was denoted as vn{�m} (here �m is the 

lower order flow symmetry plane and m = 2, 3) in [34]. The no-
tation vn,mk , where n specifies the order of the flow term while 
m and k etc. denote the contributing lower order flow symmetry 
planes, is used in this Letter. If the linear and non-linear modes are 
independent, then the non-linear mode in higher order anisotropic 
flow can be analysed by correlating Vn with �2 or/and �3 [34]. 
For sub-event A we can define:

v A
4,22 = 〈〈cos(4ϕ A

1 − 2ϕB
2 − 2ϕB

3 )〉〉√
〈〈cos(2ϕ A

1 + 2ϕ A
2 − 2ϕB

3 − 2ϕB
4 )〉〉

, (15)

v A
5,32 = 〈〈cos(5ϕ A

1 − 3ϕB
2 − 2ϕB

3 )〉〉√
〈〈cos(3ϕ A

1 + 2ϕ A
2 − 3ϕB

3 − 2ϕB
4 )〉〉

, (16)

v A
6,222 = 〈〈cos(6ϕ A

1 − 2ϕB
2 − 2ϕB

3 − 2ϕB
4 )〉〉√

〈〈cos(2ϕ A
1 + 2ϕ A

2 + 2ϕ A
3 − 2ϕB

4 − 2ϕB
5 − 2ϕB

6 )〉〉
,(17)

v A
6,33 = 〈〈cos(6ϕ A

1 − 3ϕB
2 − 3ϕB

3 )〉〉√
〈〈cos(3ϕ A

1 + 3ϕ A
2 − 3ϕB

3 − 3ϕB
4 )〉〉

. (18)

Similarly, one can obtain v B
n,mk for sub-event B. The average of 

v A
n,mk and v B

n,mk , defined as vn,mk , quantifies the magnitude of the 
non-linear mode in higher order anisotropic flow, which can be 
written as [36]:

v4,22 = 〈v4 v2
2 cos(4�4 − 4�2)〉√

〈v4
2〉

≈ 〈v4 cos(4�4 − 4�2)〉, (19)

v5,32 = 〈v5 v3 v2 cos(5�5 − 3�3 − 2�2)〉√
〈v2

3 v2
2〉

≈ 〈v5 cos(5�5 − 3�3 − 2�2)〉, (20)

v6,222 = 〈v6 v3
2 cos(6�6 − 6�2)〉√

〈v6
2〉

≈ 〈v6 cos(6�6 − 6�2)〉, (21)

v6,33 = 〈v6 v2
3 cos(6�6 − 6�3)〉√

〈v4
3〉

≈ 〈v6 cos(6�6 − 6�3)〉. (22)

The approximation is valid if the correlation between lower (n =
2, 3) and higher (n > 3) flow coefficients is weak.

As can be seen in Eqs. (3)–(5), the calculation for V 6 is more 
complicated than V 4 and V 5, and the exact expression for vL

6 is 
currently not available. Therefore, we only focus on the two non-
linear modes of V 6 without discussing vL

6. According to Eqs. (3) to 
(4), the magnitudes of the linear mode in higher order anisotropic 
flow can be calculated as:

vL
4 =

√
v 2

4 {2} − v 2
4,22, (23)

vL
5 =

√
v 2

5 {2} − v 2
5,32. (24)

The ratio of vn,mk to vn{2}, denoted as ρn,mk , can be calculated 
as:

ρ4,22 = v4,22

v4{2} = 〈cos(4�4 − 4�2)〉, (25)

ρ5,32 = v5,32

v5{2} = 〈cos(5�5 − 3�3 − 2�2)〉, (26)

ρ6,222 = v6,222

v6{2} = 〈cos(6�6 − 6�2)〉, (27)

ρ6,33 = v6,33

v6{2} = 〈cos(6�6 − 6�3)〉. (28)

These observables measure the correlations between different or-
der flow symmetry planes if the correlations between different 
order flow coefficients are weak. They are very similar to the so-
called weighted event-plane correlations measured by the ATLAS 
Collaboration [33]. The differences are as follows: 〈v2

2 v2
3〉 is used in 

Eq. (20) and (26), while 〈v2
2〉〈v2

3〉 was used in [33], which did not 
consider the anti-correlations between v2 and v3 found in [27]. In 
addition, multi-particle correlations are used for v2 and v3 in the 
denominator of the observables, while two-particle correlations are 
used in the event-plane correlations which might be biased from 
fluctuations of v2 and v3.

The non-linear mode coefficients χn,mk in Eqs. (3) to (5) are 
defined as:

χ4,22 = v4,22√
〈v4

2〉
(29)

χ5,32 = v5,32√
〈v2

2 v2
3〉

(30)

χ6,222 = v6,222√
〈v6

2〉
(31)

χ6,33 = v6,33√
〈v4

3〉
. (32)

These quantify the contributions of the non-linear mode and are 
expected to be independent of v2 or v3.

All of the observables above are based on 2- and multi-particle 
correlations, which can be obtained using the generic framework 
for anisotropic flow analyses introduced in Ref. [24].

3. Experimental setup and data analysis

The data samples analysed in this Letter were recorded by 
ALICE during the Pb–Pb runs of the LHC at a centre-of-mass en-
ergy of 

√
sNN = 2.76 TeV in 2010. Minimum bias Pb–Pb collision 

events were triggered by the coincidence of signals in the V0 de-
tector [37,38], with an efficiency of 98.4% of the hadronic cross 
section [39]. The V0 detector is composed of two arrays of scin-
tillator counters, V0-A and V0-C, which cover the pseudorapidity 
ranges 2.8 < η < 5.1 and −3.7 < η < −1.7, respectively. Beam 
background events were rejected using the timing information 
from the V0 and the Zero Degree Calorimeter (ZDC) [37] detectors 
and by correlating reconstructed clusters and tracklets with the Sil-
icon Pixel Detectors (SPD). The fraction of pile-up events in the 
data sample is found to be negligible after applying dedicated pile-
up removal criteria [40]. Only events with a reconstructed primary 
vertex within ±10 cm from the nominal interaction point along 
the beam direction were used in this analysis. The primary ver-
tex was estimated using tracks reconstructed by the Inner Tracking 
System (ITS) [37,41] and Time Projection Chamber (TPC) [37,42]. 
The collision centrality was determined from the measured V0 
amplitude and centrality intervals were defined following the pro-
cedure described in [39]. About 13 million Pb–Pb events passed all 
of the event selection criteria.
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Tracks reconstructed using the combined information from the 
TPC and ITS are used in this analysis. This combination ensures 
a high detection efficiency, optimum momentum resolution, and 
a minimum contribution from photon conversions and secondary 
charged particles produced either in the detector material or 
from weak decays. To reduce the contributions from secondaries, 
charged tracks were required to have a distance of closest ap-
proach to the primary vertex in the longitudinal (z) direction and 
transverse (xy) plane smaller than 3.2 cm and 2.4 cm, respec-
tively. Additionally, tracks were required to have at least 70 TPC 
space points out of the maximum 159. The average χ2 per degree 
of freedom of the track fit to the TPC space points was required 
to be below 2. In this study, tracks were selected in the pseu-
dorapidity range |η| < 0.8 and the transverse momentum range 
0.2 < pT < 5.0 GeV/c.

4. Systematic uncertainties

Numerous sources of systematic uncertainty were investigated 
by varying the event and track selection as well as the uncertainty 
associated with the possible remaining non-flow effects in the 
analysis. The variation of the results with the collision centrality 
is calculated by alternatively using the TPC or SPD to estimate the 
event multiplicity and is found to be less than 3% for all observ-
ables. Results with opposite polarities of the magnetic field within 
the ALICE detector and with narrowing the nominal ±10 cm range 
of the reconstructed vertex along the beam direction from the cen-
tre of the ALICE detector to 9, 8 and 7 cm do not show a difference 
of more than 2% compared to the default selection criteria for var-
ious measurements. The contributions from pile-up events to the 
final systematic uncertainty are found to be negligible. The sensi-
tivity to the track selection criteria was explored by varying the 
number of TPC space points and by using tracks reconstructed in 
the TPC alone. Varying the number of TPC space points from 70 
to 80, 90 and 100 out of a possible 158, results in a 1–3% varia-
tion of the results for vn , within 1.5% for ρn,mk and χn,mk . Using 
TPC-only tracks leads to a difference of less than 14%, 17% and 8% 
for vn , ρn,mk and χn,mk , respectively. Both effects were included in 
the evaluation of the systematic uncertainty. Several different ap-
proaches have been applied to estimate the effects of non-flow. 
These include the investigation of multi-particle correlations with 
various |�η| gaps, the application of the like-sign technique which 
correlates two particles with either all positive or negative charges 
and suppress such non-flow as due to resonance decays, as well as 
the calculations using HIJING Monte Carlo simulations [43], which 
do not include anisotropic flow. It was found that the possible re-
maining non-flow effects are less than 10.5%, 11% and 7% for vn , 
ρn,mk and χn,mk , respectively. They are taken into account in the fi-
nal systematic uncertainty. The systematic uncertainties evaluated 
for each source mentioned above were added in quadrature to ob-
tain the total systematic uncertainty of the measurements.

5. Results and discussion

As discussed in Sec. 2, one can validate the assumption that 
linear and non-linear modes in higher order anisotropic flow are 
uncorrelated via Eqs. (7) and (8). These have been tested in A 
Multi-Phase Transport (AMPT) model [25] as well as in the hy-
drodynamic calculations [44]. Good agreement between left- and 
right-hand sides of Eqs. (7) and (8) is found for all centrality 
classes, independent of the initial conditions and the ideal or vis-
cous fluid dynamics used in the calculations. Thus, it is crucial 
to check these equalities in data, to further confirm the assump-
tion that the two components are uncorrelated and can be iso-
lated independently. Fig. 1 confirms that the agreement observed 

Fig. 1. Study of relationship between linear and non-linear modes in higher or-
der anisotropic flow in Pb–Pb collisions at √sNN = 2.76 TeV, according to Eqs. (7)
and (8).

in theoretical calculations is also present in the data despite small 
deviations found in central collisions when testing Eqs. (8). Their 
centrality dependency are similar as the previous theoretical pre-
dictions [25,44]. The measurements support the assumption that 
higher order anisotropic flow Vn (n > 3) can be modeled as the 
sum of independent linear and non-linear modes.

The magnitudes of linear and non-linear modes in higher order 
anisotropic flow are reported as a function of collision central-
ity in Fig. 2. In this Letter, sub-events A and B are built in the 
pseudorapidity ranges −0.8 < η < −0.4 and 0.4 < η < 0.8, re-
spectively, which results in a pseudorapidity gap of |�η| > 0.8 for 
all presented measurements. It can be seen that the linear mode 
vL

4 depends weakly on centrality and is the larger contribution to 
v4{2} for the centrality range 0–30%. The non-linear mode, v4,22, 
increases monotonically as the centrality decreases and saturates 
around centrality percentile 50%, becoming the dominant source 
for centrality intervals above 40%. Similar trends of centrality de-
pendence have been observed for V 5, although v5,32 becomes the 
dominant contribution in centrality percentile above 30%. Only two 
non-linear components v6,222 and v6,33 are discussed for V 6. It is 
shown in Fig. 2 (right) that v6,222 increases monotonically as the 
centrality decreases to centrality 50%, while v6,33 has a weaker 
centrality dependence compared to v6,222.

The linear and non-linear modes in higher order anisotropic 
flow were investigated by the ATLAS Collaboration [26] using a 
different approach based on “Event Shape Engineering” [45]. With 
this method one can utilise large fluctuations in the initial geome-
try of the system to select events corresponding to a specific initial 
shape. The conclusion is qualitatively consistent with what is re-
ported here, although a direct comparison is not possible due to 
the different kinematic cuts (especially the integrated pT range) 
used in the two measurements. The higher order anisotropic flow 
induced by lower order anisotropic flow were also measured us-
ing the event-plane method at the LHC [14,46]. However, the 
measurements of the non-linear mode presented in this Letter 
are based on the multi-particle correlations method with a |�η|
gap. This method makes it easier to measure an observable like 
v5,32, which is less straightforward to define using the event plane 
method [14,46]. In addition, as pointed out in [25,34,47], this 
new multi-particle correlations method should strongly suppress 
short-range (in pseudorapidity) non-flow effects and provides a ro-
bust measurement without any dependence on the experimental 
acceptance. The measurements are compared to recent hydrody-
namic calculations from a hybrid IP-Glasma+ MUSIC+ UrQMD
model [48], in which realistic event-by-event initial conditions are 
used and the hydrodynamic evolution takes into account both 
shear and bulk viscosity. It is shown that this hydrodynamic cal-
culation could describe quantitatively the total magnitudes of V 4
and V 6, as well as the magnitudes of their linear and non-linear 
modes, while it slightly overestimates the results for V 5.

The centrality dependence of ρn,mk , which quantifies the angu-
lar correlations between different order flow symmetry planes, is 
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Fig. 2. Centrality dependence of v4 (left), v5 (middle) and v6 (right) in Pb–Pb collisions at √sNN = 2.76 TeV. Contributions from linear and non-linear modes are presented 
with open and solid markers, respectively. The hydrodynamic calculations from IP-Glasma+ MUSIC+ UrQMD [48] are shown for comparison.
Fig. 3. Centrality dependence of ρn,mk in Pb–Pb collisions at √sNN = 2.76 TeV. ATLAS 
measurements based on the event-plane correlation [33] are presented with open 
markers. The hydrodynamic calculations from IP-Glasma+ MUSIC+ UrQMD [48]
are shown with open bands. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

presented in Fig. 3. It is observed that ρ4,22 increases from cen-
tral to peripheral collisions, which suggests that the correlations 
between �2 and �4 are stronger in peripheral than in central 
collisions. It implies that V NL

4 tends to align with V 4 in more 
peripheral collisions. The results of ρ6,33, which measures the 
correlation of �3 and �6, do not exhibit a strong centrality de-
pendence within the statistical uncertainties. As mentioned above, 
ρ4,22 and ρ6,33 are similar to the previous “event-plane correla-
tion” measurements 〈cos(4�4 − 4�2)〉w and 〈cos(6�6 − 6�3)〉w
in [33]. The comparisons between measurements of these ob-
servables are also presented in Fig. 3. The results are compatible 
with each other, despite the different kinematic ranges used by 
ATLAS and this analysis. It should be also noted that the mea-
surements of ρn,mk presented in this Letter show the symmetry 
plane correlations at mid-pseudorapidity |η| < 0.8 while ATLAS 
measured the symmetry plane correlations using −4.8 < η < −0.5
and 0.5 < η < 4.8 for two-plane correlations, and using −2.7 <
η < −0.5, 0.5 < η < 2.7 and 3.3 < |η| < 4.8 for 3-plane corre-
lations [33]. Previous investigations suggest that there might be 
η-dependent fluctuations of the flow symmetry plane and the flow 
magnitude [49,50]. As a consequence, one might expect a differ-
ence when measuring the correlations of flow symmetry planes 
from different pseudorapidity regions. However, Fig. 3 shows good 
agreement between the ALICE and ATLAS measurements. There-
fore, no obvious indication that the flow symmetry plane varies 
with η can be deduced from this comparison. It is noticeable in 
Fig. 3 that the ρ5,32 measurement seems slightly higher than the 
〈cos(5�5 − 3�3 − 2�2)〉w measurement. This is mainly due to a 

small difference between the definitions of the observable as in-
troduced in Sec. 2: the term 

〈
v2

2 v2
3

〉1/2
is used in ρ5,32, whereas 〈

v2
2

〉1/2 〈
v2

3

〉1/2
is used in the “event-plane correlations” [33]. Con-

sidering the known anti-correlations between v2 and v3 [26,27], 〈
v2

2 v2
3

〉1/2
could be up to 10% lower than 

〈
v2

2

〉1/2 〈
v2

3

〉1/2
depending 

on the centrality class [27], leading to a slightly larger ρ5,32 than 
〈cos(5�5 − 3�3 − 2�2)〉w from ATLAS.

It has been observed in hydrodynamic and transport model cal-
culations that the symmetry plane correlations, e.g. correlations 
of second and fourth order symmetry planes, change sign dur-
ing the system evolution [29,30,32]. The measured flow symmetry 
plane correlations could be nicely explained by the combination 
of contributions from linear and non-linear modes in higher or-
der anisotropic flow [30]. This indicates that the flow symmetry 
plane correlation ρn,mk carries important information about the 
dynamic evolution of the created system. In addition, the model 
calculations suggest that stronger initial symmetry plane corre-
lations are reflected in stronger correlations between the flow 
symmetry planes in the final state [29,32]. And a larger value 
of η/s of the QGP leads to weaker flow symmetry plane corre-
lations in the final state. As pointed out in [29], the hydrody-
namic calculations from VISH2+ 1 using Monte Carlo Glauber 
(MC-Glb) or Monte Carlo Kharzeev–Levin–Nardi (MC-KLN) initial 
conditions can only describe qualitatively the trends of the cen-
trality dependence of the event-plane correlation measurements 
by ATLAS. It is therefore expected that these hydrodynamic calcu-
lations cannot describe the presented ALICE measurements, which 
are compatible with the ATLAS event-plane correlation measure-
ments. Fig. 3 shows that the hydrodynamic calculations from 
IP-Glasma+ MUSIC+ UrQMD [48] reproduce nicely the mea-
surements of symmetry plane correlations ρn,mk . The measure-
ments of ρn,mk presented in this Letter, together with the com-
parison to hydrodynamic calculations, should place constraints on 
the initial conditions and η/s of the QGP in hydrodynamic calcula-
tions.

Fig. 4 presents the measurements of the non-linear mode coef-
ficients as a function of collision centrality. It is observed that χ4,22
and χ6,222 decrease modestly from central to mid-central colli-
sions, and stay almost constant from mid-central to more periph-
eral collisions. For χ5,32 and χ6,33 strong centrality dependence is 
not observed either. Thus, the dramatic increase of vn,mk shown 
in Fig. 2 appears to be mainly due to the increase of v2 and/or 
v3 from central to peripheral collisions and not the increase of the 
non-linear mode coefficient. It is also noteworthy that the relation-
ship of χ4,22 ∼ χ6,33 ≈ χ5,32

2 is approximately valid, as predicted 
by hydrodynamic calculations [34]. The comparisons to event-by-
event viscous hydrodynamic calculations from VISH2+ 1 [44] and 
from IP-Glasma+ MUSIC+ UrQMD [48] are also presented in 
Fig. 4. VISH2+ 1 shows that χ4,22 calculations with MC-Glb ini-
tial conditions are larger than those with MC-KLN initial condi-
tions, i.e. χ4,22 depends on the initial conditions. At the same time, 
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Fig. 4. Centrality dependence of χ in Pb–Pb collisions at √sNN = 2.76 TeV. Hydro-
dynamic calculations from VISH2+ 1 [44] are shown in shaded areas and the one 
from IP-Glasma+ MUSIC+ UrQMD [48] are shown with open bands. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

the curves with different η/s values for VISH2+ 1 are very sim-
ilar, indicating that χ4,22 is insensitive to η/s. The measurements 
favour IP-Glasma and MC-KLN over MC-Glb initial conditions re-
gardless of η/s. This suggests that the χ4,22 measurement can be 
used to constrain the initial conditions, with less concern of the 
setting of η/s(T ) in hydrodynamic calculations than previous flow 
observables.

It was predicted that χ6,222 < χ6,33 based on the ideal hy-
drodynamic calculation using smooth initial Gaussian density pro-
files [34], whereas an opposite prediction was obtained in the 
ideal hydrodynamic calculation evolving genuinely bumpy initial 
conditions obtained from a Monte Carlo sampling of the initial nu-
cleon positions in the colliding nuclei [44]. It is seen in Fig. 4 that 
χ6,222 ∼ χ6,33 within the current uncertainties. The data are not 
able to discriminate the different predictions in [34] and [44]. Hy-
drodynamic calculations using MC-KLN and IP-Glasma initial con-
ditions give better descriptions of χ6,222, compared to the ones 
using MC-Glb initial conditions. For χ5,32 none of the combina-
tions of initial conditions and η/s in the hydrodynamic calculations 
agree quantitatively with data. This might be due to the current 
difficulty of describing the anti-correlations between v2 and v3
in hydrodynamic calculations [27,51], which are involved in the 
calculation of χ5,32. Furthermore, VISH2+ 1 calculations show 
that χ5,32 and χ6,33 are very weakly sensitive to the initial con-
ditions, but decrease as η/s increases. The investigation with the 
VISH2+ 1 hydrodynamic framework shows that the sensitivity 
of χ5,32 and χ6,33 to η/s is not due to sensitivity to shear vis-
cous effects during the buildup of hydrodynamic flow. Instead, as 
found in [44], it is due to the η/s at freeze-out. The measurements 
of χ5,32 and χ6,33 do not further constrain the η/s during sys-
tem evolution, however, they provide unique information on η/s at 
freeze-out which was poorly known and cannot be obtained from 
other anisotropic flow related observables. Further improvement of 
model calculations on correlations between different order flow 
coefficients are necessary to better understand the comparison 
of χ5,32 obtained from data and hydrodynamic calculations. The 
χ6,33 results are consistent with hydrodynamic calculations from 
VISH2+ 1 with MC-KLN initial conditions using η/s = 0.08 and 
IP-Glasma+ MUSIC+ UrQMD with a η/s = 0.095. It is shown 
that χ5,32 and χ6,33 have a weak centrality dependence if a 
smaller η/s is used in the hydrodynamic calculations. Such a weak 

centrality dependence of χ5,32 and χ6,33 is observed in data as 
well. The measurements presented here suggest a small η/s value 
at freeze-out, which can be useful to constrain the temperature de-
pendence of the shear viscosity over entropy density ratio, η/s(T), 
in the development of hydrodynamic frameworks. These results 
suggest that future tuning of the parameterisations of η/s(T) in 
hydrodynamic frameworks using the presented measurements is 
necessary.

6. Summary

The linear and non-linear modes in higher order anisotropic 
flow generation were studied with 2- and multi-particle corre-
lations in Pb–Pb collisions at 

√
sNN = 2.76 TeV. The results pre-

sented in this Letter show that higher order anisotropic flow can 
be isolated into two independent contributions: the component 
that arises from a non-linear response of the system to the lower 
order initial anisotropy coefficients ε2 and/or ε3, and a linear mode 
which is driven by linear response of the system to the same order 
cumulant-defined anisotropy coefficient. A weak centrality depen-
dence is observed for the contributions from linear mode whereas 
the contributions from non-linear mode increase dramatically as 
the collision centrality decreases, and it becomes the dominant 
source in higher order anisotropic flow in mid-central to periph-
eral collisions. It is shown that this is mainly due to the increase 
of lower order flow coefficients v2 and v3. The correlations be-
tween different flow symmetry planes are measured. The results 
are compatible with the previous “event-plane correlation” mea-
surements, and can be quantitatively described by calculations us-
ing the IP-Glasma+ MUSIC+ UrQMD framework. Furthermore, 
non-linear mode coefficients, which have different sensitivities to 
the shear viscosity over entropy density ratio η/s and the initial 
conditions, are presented in this Letter. Comparisons to hydrody-
namic calculations suggest that the data is described better by 
hydrodynamic calculations with smaller η/s. In addition, the MC-
Glb initial condition is disfavoured by the presented results.

Measurements of linear and non-linear modes in higher order 
anisotropic flow and their comparison to hydrodynamic calcula-
tions provide more precise constraints on the initial conditions and 
temperature dependence of η/s. These results could also offer new 
insights into the geometry of the fluctuating initial state and into 
the dynamical evolution of the strongly interacting medium pro-
duced in relativistic heavy-ion collisions at the LHC.

Acknowledgements

The ALICE Collaboration would like to thank all its engineers 
and technicians for their invaluable contributions to the construc-
tion of the experiment and the CERN accelerator teams for the out-
standing performance of the LHC complex. The ALICE Collaboration 
gratefully acknowledges the resources and support provided by 
all Grid centres and the Worldwide LHC Computing Grid (WLCG) 
collaboration. The ALICE Collaboration acknowledges the follow-
ing funding agencies for their support in building and running 
the ALICE detector: A. I. Alikhanyan National Science Laboratory 
(Yerevan Physics Institute) Foundation (ANSL), State Committee of 
Science and World Federation of Scientists (WFS), Armenia; Aus-
trian Academy of Sciences and Österreichische Nationalstiftung 
für Forschung, Technologie und Entwicklung, Austria; Ministry of 
Communications and High Technologies, National Nuclear Research 
Center, Azerbaijan; Conselho Nacional de Desenvolvimento Cientí-
fico e Tecnológico (CNPq), Universidade Federal do Rio Grande do 
Sul (UFRGS), Financiadora de Estudos e Projetos (Finep) and Fun-
dação de Amparo à Pesquisa do Estado de São Paulo (FAPESP), 



74 ALICE Collaboration / Physics Letters B 773 (2017) 68–80

Brazil; Ministry of Science & Technology of China (MSTC), Na-
tional Natural Science Foundation of China (NSFC) and Ministry 
of Education of China (MOEC), China; Ministry of Science, Edu-
cation and Sports and Croatian Science Foundation, Croatia; Min-
istry of Education, Youth and Sports of the Czech Republic, Czech 
Republic; The Danish Council for Independent Research — Nat-
ural Sciences, the Carlsberg Foundation and Danish National Re-
search Foundation (DNRF), Denmark; Helsinki Institute of Physics 
(HIP), Finland; Commissariat à l’Energie Atomique (CEA) and Insti-
tut National de Physique Nucléaire et de Physique des Particules 
(IN2P3) and Centre National de la Recherche Scientifique (CNRS), 
France; Bundesministerium für Bildung, Wissenschaft, Forschung 
und Technologie (BMBF) and GSI Helmholtzzentrum für Schwe-
rionenforschung GmbH, Germany; General Secretariat for Research 
and Technology, Ministry of Education, Research and Religions, 
Greece; National Research, Development and Innovation Office, 
Hungary; Department of Atomic Energy, Government of India
(DAE) and Council of Scientific and Industrial Research (CSIR), 
New Delhi, India; Indonesian Institute of Science, Indonesia; Cen-
tro Fermi - Museo Storico della Fisica e Centro Studi e Ricerche 
Enrico Fermi and Istituto Nazionale di Fisica Nucleare (INFN), Italy; 
Institute for Innovative Science and Technology, Nagasaki Institute 
of Applied Science (IIST), Japan Society for the Promotion of Sci-
ence (JSPS) KAKENHI and Japanese Ministry of Education, Culture, 
Sports, Science and Technology (MEXT), Japan; Consejo Nacional 
de Ciencia y Tecnología (CONACYT), through Fondo de Cooperatión 
Internacional en Ciencia y Tecnología (FONCICYT) and Dirección 
General de Asuntos del Personal Académico (DGAPA), Mexico; 
Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO), 
Netherlands; The Research Council of Norway, Norway; Commis-
sion on Science and Technology for Sustainable Development in 
the South (COMSATS), Pakistan; Pontificia Universidad Católica del 
Perú, Peru; Ministry of Science and Higher Education and National 
Science Centre, Poland; Korea Institute of Science and Technol-
ogy Information and National Research Foundation of Korea (NRF), 
Republic of Korea; Ministry of Education and Scientific Research, 
Institute of Atomic Physics and Romanian National Agency for Sci-
ence, Technology and Innovation, Romania; Joint Institute for Nu-
clear Research (JINR), Ministry of Education and Science of the Rus-
sian Federation and National Research Centre Kurchatov Institute, 
Russia; Ministry of Education, Science, Research and Sport of the 
Slovak Republic, Slovakia; National Research Foundation of South 
Africa, South Africa; Centro de Aplicaciones Tecnológicas y Desar-
rollo Nuclear (CEADEN), Cubaenergía, Cuba; Ministerio de Ciencia e 
Innovación and Centro de Investigaciones Energéticas, Medioambi-
entales y Tecnológicas (CIEMAT), Spain; Swedish Research Council 
(VR) and Knut & Alice Wallenberg Foundation (KAW), Sweden; Eu-
ropean Organization for Nuclear Research, Switzerland; National 
Science and Technology Development Agency (NSDTA), Suranaree 
University of Technology (SUT) and Office of the Higher Educa-
tion Commission under NRU project of Thailand, Thailand; Turkish 
Atomic Energy Agency (TAEK), Turkey; National Academy of Sci-
ences of Ukraine, Ukraine; Science and Technology Facilities Coun-
cil (STFC), United Kingdom; National Science Foundation of the 
United States of America (NSF) and United States Department of 
Energy, Office of Nuclear Physics (DOE NP), United States of Amer-
ica.

References

[1] E.V. Shuryak, Quark–gluon plasma and hadronic production of leptons, photons 
and pions, Phys. Lett. B 78 (1978) 150, Yad. Fiz. 28 (1978) 796.

[2] E.V. Shuryak, Quantum chromodynamics and the theory of superdense matter, 
Phys. Rep. 61 (1980) 71–158.

[3] J.-Y. Ollitrault, Anisotropy as a signature of transverse collective flow, Phys. Rev. 
D 46 (1992) 229–245.

[4] S.A. Voloshin, A.M. Poskanzer, R. Snellings, Collective phenomena in non-
central nuclear collisions, arXiv:0809.2949 [nucl-ex].

[5] U. Heinz, R. Snellings, Collective flow and viscosity in relativistic heavy-ion col-
lisions, Annu. Rev. Nucl. Part. Sci. 63 (2013) 123–151, arXiv:1301.2826 [nucl-th].

[6] S. Pratt, E. Sangaline, P. Sorensen, H. Wang, Constraining the equation of state 
of super-hadronic matter from heavy-ion collisions, Phys. Rev. Lett. 114 (2015) 
202301, arXiv:1501.04042 [nucl-th].

[7] H. Song, Y. Zhou, K. Gajdosova, Collective flow and hydrodynamics in large and 
small systems at the LHC, Nucl. Sci. Tech. 28 (7) (2017) 99, arXiv:1703.00670 
[nucl-th].

[8] P. Kovtun, D.T. Son, A.O. Starinets, Viscosity in strongly interacting quantum 
field theories from black hole physics, Phys. Rev. Lett. 94 (2005) 111601, 
arXiv:hep-th/0405231.

[9] S. Voloshin, Y. Zhang, Flow study in relativistic nuclear collisions by Fourier 
expansion of Azimuthal particle distributions, Z. Phys. C 70 (1996) 665–672, 
arXiv:hep-ph/9407282.

[10] A.M. Poskanzer, S.A. Voloshin, Methods for analyzing anisotropic flow in rel-
ativistic nuclear collisions, Phys. Rev. C 58 (1998) 1671–1678, arXiv:nucl-
ex/9805001.

[11] B. Alver, G. Roland, Collision geometry fluctuations and triangular flow in 
heavy-ion collisions, Phys. Rev. C 81 (2010) 054905, arXiv:1003.0194 [nucl-th], 
Phys. Rev. C 82 (2010) 039903 (Erratum).

[12] ALICE Collaboration, K. Aamodt, et al., Higher harmonic anisotropic flow mea-
surements of charged particles in Pb–Pb collisions at √sN N = 2.76 TeV, Phys. 
Rev. Lett. 107 (2011) 032301, arXiv:1105.3865 [nucl-ex].

[13] ATLAS Collaboration, G. Aad, et al., Measurement of the azimuthal anisotropy 
for charged particle production in √sN N = 2.76 TeV lead–lead collisions with 
the ATLAS detector, Phys. Rev. C 86 (2012) 014907, arXiv:1203.3087 [hep-ex].

[14] CMS Collaboration, S. Chatrchyan, et al., Measurement of higher-order har-
monic azimuthal anisotropy in PbPb collisions at √sN N = 2.76 TeV, Phys. Rev. 
C 89 (4) (2014) 044906, arXiv:1310.8651 [nucl-ex].

[15] ALICE Collaboration, J. Adam, et al., Anisotropic flow of charged particles in 
Pb–Pb collisions at √sNN = 5.02 TeV, Phys. Rev. Lett. 116 (13) (2016) 132302, 
arXiv:1602.01119 [nucl-ex].

[16] B.H. Alver, C. Gombeaud, M. Luzum, J.-Y. Ollitrault, Triangular flow in hydrody-
namics and transport theory, Phys. Rev. C 82 (2010) 034913, arXiv:1007.5469 
[nucl-th].

[17] Z. Qiu, C. Shen, U. Heinz, Hydrodynamic elliptic and triangular flow in 
Pb–Pb collisions at √

s = 2.76 A TeV, Phys. Lett. B 707 (2012) 151–155, 
arXiv:1110.3033 [nucl-th].

[18] H. Niemi, G.S. Denicol, H. Holopainen, P. Huovinen, Event-by-event distribu-
tions of azimuthal asymmetries in ultrarelativistic heavy-ion collisions, Phys. 
Rev. C 87 (5) (2013) 054901, arXiv:1212.1008 [nucl-th].

[19] H. Song, S.A. Bass, U. Heinz, T. Hirano, C. Shen, 200 A GeV Au + Au collisions 
serve a nearly perfect quark–gluon liquid, Phys. Rev. Lett. 106 (2011) 192301, 
arXiv:1011.2783, Phys. Rev. Lett. 109 (2012) 139904 (Erratum).

[20] F.G. Gardim, J. Noronha-Hostler, M. Luzum, F. Grassi, Effects of viscosity on the 
mapping of initial to final state in heavy ion collisions, Phys. Rev. C 91 (3) 
(2015) 034902, arXiv:1411.2574 [nucl-th].

[21] J. Fu, Centrality dependence of mapping the hydrodynamic response to the ini-
tial geometry in heavy-ion collisions, Phys. Rev. C 92 (2) (2015) 024904.

[22] D. Teaney, L. Yan, Non linearities in the harmonic spectrum of heavy ion col-
lisions with ideal and viscous hydrodynamics, Phys. Rev. C 86 (2012) 044908, 
arXiv:1206.1905 [nucl-th].

[23] F.G. Gardim, F. Grassi, M. Luzum, J.-Y. Ollitrault, Mapping the hydrodynamic 
response to the initial geometry in heavy-ion collisions, Phys. Rev. C 85 (2012) 
024908, arXiv:1111.6538 [nucl-th].

[24] A. Bilandzic, C.H. Christensen, K. Gulbrandsen, A. Hansen, Y. Zhou, Generic 
framework for anisotropic flow analyses with multiparticle azimuthal corre-
lations, Phys. Rev. C 89 (6) (2014) 064904, arXiv:1312.3572 [nucl-ex].

[25] R.S. Bhalerao, J.-Y. Ollitrault, S. Pal, Characterizing flow fluctuations with mo-
ments, Phys. Lett. B 742 (2015) 94–98, arXiv:1411.5160 [nucl-th].

[26] ATLAS Collaboration, G. Aad, et al., Measurement of the correlation between 
flow harmonics of different order in lead–lead collisions at √sN N = 2.76 TeV 
with the ATLAS detector, Phys. Rev. C 92 (3) (2015) 034903, arXiv:1504.01289 
[hep-ex].

[27] ALICE Collaboration, J. Adam, et al., Correlated event-by-event fluctuations of 
flow harmonics in Pb–Pb collisions at √sNN = 2.76 TeV, Phys. Rev. Lett. 117 
(2016) 182301, arXiv:1604.07663 [nucl-ex].

[28] Y. Zhou, Review of anisotropic flow correlations in ultrarelativistic heavy-ion 
collisions, Adv. High Energy Phys. 2016 (2016) 9365637, arXiv:1607.05613 
[nucl-ex].

[29] Z. Qiu, U. Heinz, Hydrodynamic event-plane correlations in Pb + Pb collisions 
at √s = 2.76 A TeV, Phys. Lett. B 717 (2012) 261–265, arXiv:1208.1200 [nucl-
th].

[30] D. Teaney, L. Yan, Event-plane correlations and hydrodynamic simulations of 
heavy ion collisions, Phys. Rev. C 90 (2) (2014) 024902, arXiv:1312.3689 [nucl-
th].

http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5368757279616B3A31393738696As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5368757279616B3A31393738696As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5368757279616B3A313938307470s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5368757279616B3A313938307470s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4F6C6C69747261756C743A31393932626Bs1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4F6C6C69747261756C743A31393932626Bs1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib566F6C6F7368696E3A323030386467s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib566F6C6F7368696E3A323030386467s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4865696E7A3A323031337468s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4865696E7A3A323031337468s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib50726174743A323031357A7361s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib50726174743A323031357A7361s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib50726174743A323031357A7361s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib536F6E673A32303137777477s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib536F6E673A32303137777477s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib536F6E673A32303137777477s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4B6F7674756E3A323030346465s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4B6F7674756E3A323030346465s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4B6F7674756E3A323030346465s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib566F6C6F7368696E3A313939346D7As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib566F6C6F7368696E3A313939346D7As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib566F6C6F7368696E3A313939346D7As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib506F736B616E7A65723A31393938797As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib506F736B616E7A65723A31393938797As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib506F736B616E7A65723A31393938797As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib416C7665723A323031306772s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib416C7665723A323031306772s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib416C7665723A323031306772s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib414C4943453A323031316162s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib414C4943453A323031316162s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib414C4943453A323031316162s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib41544C41533A323031326174s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib41544C41533A323031326174s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib41544C41533A323031326174s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4368617472636879616E3A323031336B6261s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4368617472636879616E3A323031336B6261s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4368617472636879616E3A323031336B6261s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4164616D3A32303136697A66s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4164616D3A32303136697A66s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4164616D3A32303136697A66s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib416C7665723A32303130646Es1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib416C7665723A32303130646Es1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib416C7665723A32303130646Es1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5169753A323031316866s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5169753A323031316866s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5169753A323031316866s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4E69656D693A32303132616As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4E69656D693A32303132616As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4E69656D693A32303132616As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib536F6E673A323031306D67s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib536F6E673A323031306D67s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib536F6E673A323031306D67s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib47617264696D3A32303134747961s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib47617264696D3A32303134747961s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib47617264696D3A32303134747961s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib46753A32303135776261s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib46753A32303135776261s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5465616E65793A323031326B65s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5465616E65793A323031326B65s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5465616E65793A323031326B65s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib47617264696D3A323031317876s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib47617264696D3A323031317876s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib47617264696D3A323031317876s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib42696C616E647A69633A323031336B6761s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib42696C616E647A69633A323031336B6761s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib42696C616E647A69633A323031336B6761s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4268616C6572616F3A32303134787261s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4268616C6572616F3A32303134787261s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4161643A323031356C7761s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4161643A323031356C7761s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4161643A323031356C7761s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib4161643A323031356C7761s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib414C4943453A323031366B7071s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib414C4943453A323031366B7071s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib414C4943453A323031366B7071s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5A686F753A3230313665697As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5A686F753A3230313665697As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5A686F753A3230313665697As1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5169753A323031327579s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5169753A323031327579s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5169753A323031327579s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5465616E65793A32303133647461s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5465616E65793A32303133647461s1
http://refhub.elsevier.com/S0370-2693(17)30616-0/bib5465616E65793A32303133647461s1


ALICE Collaboration / Physics Letters B 773 (2017) 68–80 75

[31] H. Niemi, K.J. Eskola, R. Paatelainen, Event-by-event fluctuations in a perturba-
tive QCD + saturation + hydrodynamics model: determining QCD matter shear 
viscosity in ultrarelativistic heavy-ion collisions, Phys. Rev. C 93 (2) (2016) 
024907, arXiv:1505.02677 [hep-ph].

[32] Y. Zhou, K. Xiao, Z. Feng, F. Liu, R. Snellings, Anisotropic distributions in a mul-
tiphase transport model, Phys. Rev. C 93 (3) (2016) 034909, arXiv:1508.03306 
[nucl-ex].

[33] ATLAS Collaboration, G. Aad, et al., Measurement of event-plane correlations 
in √sN N = 2.76 TeV lead–lead collisions with the ATLAS detector, Phys. Rev. C 
90 (2) (2014) 024905, arXiv:1403.0489 [hep-ex].

[34] L. Yan, J.-Y. Ollitrault, ν4, ν5, ν6, ν7: nonlinear hydrodynamic response versus 
LHC data, Phys. Lett. B 744 (2015) 82–87, arXiv:1502.02502 [nucl-th].

[35] J. Qian, U. Heinz, R. He, L. Huo, Differential flow correlations in relativis-
tic heavy-ion collisions, Phys. Rev. C 95 (5) (2017) 054908, arXiv:1703.04077 
[nucl-th].

[36] R.S. Bhalerao, J.-Y. Ollitrault, S. Pal, Event-plane correlators, Phys. Rev. C 88 
(2013) 024909, arXiv:1307.0980 [nucl-th].

[37] ALICE Collaboration, K. Aamodt, et al., The ALICE experiment at the CERN LHC, 
J. Instrum. 3 (2008) S08002.

[38] ALICE Collaboration, E. Abbas, et al., Performance of the ALICE VZERO system, 
J. Instrum. 8 (2013) P10016, arXiv:1306.3130 [nucl-ex].

[39] ALICE Collaboration, B. Abelev, et al., Centrality determination of Pb–Pb col-
lisions at √sN N = 2.76 TeV with ALICE, Phys. Rev. C 88 (4) (2013) 044909, 
arXiv:1301.4361 [nucl-ex].

[40] ALICE Collaboration, B.B. Abelev, et al., Performance of the ALICE experiment at 
the CERN LHC, Int. J. Mod. Phys. A 29 (2014) 1430044, arXiv:1402.4476 [nucl-
ex].

[41] ALICE Collaboration, K. Aamodt, et al., Alignment of the ALICE inner tracking 
system with cosmic-ray tracks, J. Instrum. 5 (2010) P03003, arXiv:1001.0502 
[physics.ins-det].

[42] J. Alme, et al., The ALICE TPC, a large 3-dimensional tracking device with 
fast readout for ultra-high multiplicity events, Nucl. Instrum. Methods Phys. 
Res., Sect. A, Accel. Spectrom. Detect. Assoc. Equip. 622 (2010) 316–367, 
arXiv:1001.1950 [physics.ins-det].

[43] M. Gyulassy, X.-N. Wang, HIJING 1.0: a Monte Carlo program for parton and 
particle production in high-energy hadronic and nuclear collisions, Comput. 
Phys. Commun. 83 (1994) 307, arXiv:nucl-th/9502021.

[44] J. Qian, U.W. Heinz, J. Liu, Mode-coupling effects in anisotropic flow in heavy-
ion collisions, Phys. Rev. C 93 (6) (2016) 064901, arXiv:1602.02813 [nucl-th].

[45] J. Schukraft, A. Timmins, S.A. Voloshin, Ultra-relativistic nuclear collisions: 
event shape engineering, Phys. Lett. B 719 (2013) 394–398, arXiv:1208.4563 
[nucl-ex].

[46] ALICE Collaboration, B. Abelev, et al., Anisotropic flow of charged hadrons, pi-
ons and (anti-)protons measured at high transverse momentum in Pb–Pb col-
lisions at √sN N = 2.76 TeV, Phys. Lett. B 719 (2013) 18–28, arXiv:1205.5761 
[nucl-ex].

[47] M. Luzum, J.-Y. Ollitrault, Eliminating experimental bias in anisotropic-flow 
measurements of high-energy nuclear collisions, Phys. Rev. C 87 (4) (2013) 
044907, arXiv:1209.2323 [nucl-ex].

[48] S. McDonald, C. Shen, F. Fillion-Gourdeau, S. Jeon, C. Gale, Hydrodynamic pre-
dictions for Pb + Pb collisions at 5.02 A TeV, arXiv:1609.02958 [hep-ph].

[49] CMS Collaboration, V. Khachatryan, et al., Evidence for transverse momentum 
and pseudorapidity dependent event plane fluctuations in PbPb and pPb colli-
sions, Phys. Rev. C 92 (3) (2015) 034911, arXiv:1503.01692 [nucl-ex].

[50] L.-G. Pang, G.-Y. Qin, V. Roy, X.-N. Wang, G.-L. Ma, Longitudinal decorrelation 
of anisotropic flows in heavy-ion collisions at the CERN Large Hadron Collider, 
Phys. Rev. C 91 (4) (2015) 044904, arXiv:1410.8690 [nucl-th].

[51] X. Zhu, Y. Zhou, H. Xu, H. Song, Correlations of flow harmonics in 2.76 A TeV 
Pb–Pb collisions, Phys. Rev. C 95 (4) (2017) 044902, arXiv:1608.05305 [nucl-th].

ALICE Collaboration

S. Acharya 139, D. Adamová 96, J. Adolfsson 34, M.M. Aggarwal 101, G. Aglieri Rinella 35, M. Agnello 31, 
N. Agrawal 48, Z. Ahammed 139, N. Ahmad 17, S.U. Ahn 80, S. Aiola 143, A. Akindinov 65, S.N. Alam 139, 
J.L.B. Alba 114, D.S.D. Albuquerque 125, D. Aleksandrov 92, B. Alessandro 59, R. Alfaro Molina 75, 
A. Alici 54,12,27, A. Alkin 3, J. Alme 22, T. Alt 71, L. Altenkamper 22, I. Altsybeev 138, 
C. Alves Garcia Prado 124, M. An 7, C. Andrei 89, D. Andreou 35, H.A. Andrews 113, A. Andronic 109, 
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V. Petrov 115, M. Petrovici 89, C. Petta 28, R.P. Pezzi 74, S. Piano 60, M. Pikna 38, P. Pillot 117, 
L.O.D.L. Pimentel 93, O. Pinazza 54,35, L. Pinsky 127, D.B. Piyarathna 127, M. Płoskoń 84, M. Planinic 100, 
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110 Rudjer Bošković Institute, Zagreb, Croatia
111 Russian Federal Nuclear Center (VNIIEF), Sarov, Russia
112 Saha Institute of Nuclear Physics, Kolkata, India
113 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
114 Sección Física, Departamento de Ciencias, Pontificia Universidad Católica del Perú, Lima, Peru
115 SSC IHEP of NRC Kurchatov institute, Protvino, Russia
116 Stefan Meyer Institut für Subatomare Physik (SMI), Vienna, Austria
117 SUBATECH, IMT Atlantique, Université de Nantes, CNRS-IN2P3, Nantes, France
118 Suranaree University of Technology, Nakhon Ratchasima, Thailand



80 ALICE Collaboration / Physics Letters B 773 (2017) 68–80

119 Technical University of Košice, Košice, Slovakia
120 Technical University of Split FESB, Split, Croatia
121 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Cracow, Poland
122 The University of Texas at Austin, Physics Department, Austin, TX, United States
123 Universidad Autónoma de Sinaloa, Culiacán, Mexico
124 Universidade de São Paulo (USP), São Paulo, Brazil
125 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil
126 Universidade Federal do ABC, Santo Andre, Brazil
127 University of Houston, Houston, TX, United States
128 University of Jyväskylä, Jyväskylä, Finland
129 University of Liverpool, Liverpool, United Kingdom
130 University of Tennessee, Knoxville, TN, United States
131 University of the Witwatersrand, Johannesburg, South Africa
132 University of Tokyo, Tokyo, Japan
133 University of Tsukuba, Tsukuba, Japan
134 Université de Lyon, Université Lyon 1, CNRS/IN2P3, IPN-Lyon, Villeurbanne, Lyon, France
135 Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France
136 Università degli Studi di Pavia, Pavia, Italy
137 Università di Brescia, Brescia, Italy
138 V. Fock Institute for Physics, St. Petersburg State University, St. Petersburg, Russia
139 Variable Energy Cyclotron Centre, Kolkata, India
140 Warsaw University of Technology, Warsaw, Poland
141 Wayne State University, Detroit, MI, United States
142 Wigner Research Centre for Physics, Hungarian Academy of Sciences, Budapest, Hungary
143 Yale University, New Haven, CT, United States
144 Yonsei University, Seoul, South Korea
145 Zentrum für Technologietransfer und Telekommunikation (ZTT), Fachhochschule Worms, Worms, Germany

i Deceased.
ii Also at: Dipartimento DET del Politecnico di Torino, Turin, Italy.

iii Also at: Georgia State University, Atlanta, Georgia, United States.
iv Also at: M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear, Physics, Moscow, Russia.
v Also at: Department of Applied Physics, Aligarh Muslim University, Aligarh, India.

vi Also at: Institute of Theoretical Physics, University of Wroclaw, Poland.


	Linear and non-linear ﬂow mode in Pb-Pb collisions at √sNN = 2.76 TeV
	1 Introduction
	2 Observables and analysis methods
	3 Experimental setup and data analysis
	4 Systematic uncertainties
	5 Results and discussion
	6 Summary
	Acknowledgements
	References
	ALICE Collaboration


