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In ultrarelativistic heavy-ion collisions, the event-by-event variation of the elliptic flow v2 reflects 
fluctuations in the shape of the initial state of the system. This allows to select events with the same 
centrality but different initial geometry. This selection technique, Event Shape Engineering, has been 
used in the analysis of charge-dependent two- and three-particle correlations in Pb–Pb collisions at √

sNN = 2.76 TeV. The two-particle correlator 〈cos(ϕα − ϕβ)〉, calculated for different combinations of 
charges α and β , is almost independent of v2 (for a given centrality), while the three-particle correlator 
〈cos(ϕα + ϕβ − 2�2)〉 scales almost linearly both with the event v2 and charged-particle pseudorapidity 
density. The charge dependence of the three-particle correlator is often interpreted as evidence for the 
Chiral Magnetic Effect (CME), a parity violating effect of the strong interaction. However, its measured 
dependence on v2 points to a large non-CME contribution to the correlator. Comparing the results with 
Monte Carlo calculations including a magnetic field due to the spectators, the upper limit of the CME 
signal contribution to the three-particle correlator in the 10–50% centrality interval is found to be 26–33% 
at 95% confidence level.

© 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.
Parity symmetry is conserved in electromagnetism and is max-
imally violated in weak interactions. In strong interactions, global 
parity violation is not observed even though it is allowed by 
quantum chromodynamics. Local parity violation in strong inter-
actions might occur in microscopic domains under conditions of 
finite temperature [1–4] due to the existence of the topologi-
cally non-trivial configurations of the gluonic field, instantons and 
sphalerons. The interactions between quarks and gluonic fields 
with non-zero topological charge [5] change the quark chirality. 
A local imbalance of chirality, coupled with the strong magnetic 
field produced in heavy-ion collisions (B ∼ 1015 T) [6–8], would 
lead to charge separation along the direction of the magnetic 
field, which is on average perpendicular to the reaction plane (the 
plane of symmetry defined by the impact parameter vector and 
the beam direction), a phenomenon called Chiral Magnetic Effect 
(CME) [9–12]. Since the sign of the topological charge is equally 
probable to be positive or negative, the charge separation aver-
aged over many events is zero. This makes the observation of the 
CME experimentally difficult and possible only via correlation tech-
niques.

� E-mail address: alice-publications@cern.ch.

Azimuthal anisotropies in particle production relative to the re-
action plane, often referred to as anisotropic flow, are an important 
observable to study the system created in heavy-ion collisions [13,
14]. Anisotropic flow arises from the asymmetry in the initial ge-
ometry of the collision. Its magnitude is quantified via the co-
efficients vn in a Fourier decomposition of the charged particle 
azimuthal distribution [15,16]. Local parity violation would result 
in an additional sine term [17]

dN

d�ϕα
∼ 1 + 2v1,α cos(�ϕα) + 2a1,α sin(�ϕα)

+ 2v2,α cos(2�ϕα) + ..., (1)

where �ϕα = ϕα − �RP, ϕα is the azimuthal angle of the particle 
of charge α (+, −) and �RP is the reaction-plane angle. The first 
(v1,α) and the second (v2,α ) coefficients are called directed and 
elliptic flow, respectively. The a1,α coefficient quantifies the effects 
from local parity violation. Since the average 〈a1,α〉 = 0 over many 
events, one can only measure 〈a2

1,α〉 or 〈a1,+ a1,−〉. The charge-
dependent two-particle correlator

δαβ ≡ 〈cos(ϕα − ϕβ)〉
= 〈cos(�ϕα) cos(�ϕβ)〉 + 〈sin(�ϕα) sin(�ϕβ)〉 (2)

https://doi.org/10.1016/j.physletb.2017.12.021
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is not convenient for such a study, because along with the signal 
〈a1,α a1,β〉 (β denotes the charge) there is a much stronger contri-
bution from correlations unrelated to the azimuthal asymmetry in 
the initial geometry (“non-flow”). These correlations largely come 
from the inter-jet correlations and resonance decays. To increase 
the CME contribution it was proposed to use the following corre-
lator [17]

γαβ ≡ 〈cos(ϕα + ϕβ − 2�RP)〉
= 〈cos(�ϕα) cos(�ϕβ)〉 − 〈sin(�ϕα) sin(�ϕβ)〉 (3)

that measures the difference between the correlation projected 
onto the reaction plane and perpendicular to it. In practice, the 
reaction-plane angle is estimated by constructing the event plane 
angle �2 using azimuthal particle distributions, which is why this 
correlator is often described as a three-particle correlator. This cor-
relator suppresses background contributions at the level of v2, the 
difference between the particle production in-plane and out-of-
plane. Examples of such background sources are the local charge 
conservation (LCC) coupled with elliptic flow [18,19], momen-
tum conservation [19–21], and directed-flow fluctuations [22]. The 
most significant background source for CME measurements is the 
LCC.

The measurements of charge-dependent azimuthal correlations 
performed at the Relativistic Heavy Ion Collider (RHIC) [23–26] and 
the Large Hadron Collider (LHC) [27,28] are in qualitative agree-
ment with the expectations for the CME. However, the interpre-
tation of these experimental results is complicated due to possible 
background contributions. The Event Shape Engineering (ESE) tech-
nique was proposed to disentangle background contributions from 
the potential CME signal [29]. This method makes it possible to se-
lect events with eccentricity values significantly larger or smaller 
than the average in a given centrality class [30,31] since v2 scales 
approximately linearly with eccentricity [32]. Centrality estimates 
the degree of overlap between the two colliding nuclei, with low 
percentage values corresponding to head-on collisions. The CME 
contribution is expected to mainly scale with the magnetic field 
strength and to not have a strong dependence on the eccentric-
ity [33], while the background varies significantly. Therefore ESE 
provides a unique tool to separate the CME signal from the back-
ground for the three-particle correlator.

The CMS Collaboration has recently reported the measurement 
of the three-particle correlator γαβ in p–Pb collisions at 

√
sNN =

5.02 TeV [34], where the direction of the magnetic field is expected 
to be uncorrelated to the reaction plane [35]. The magnitude of the 
correlator in p–Pb and Pb–Pb collisions is comparable for similar 
final-state charged-particle multiplicities. This measurement indi-
cates that the contribution of the CME to this observable in this 
multiplicity range is small.

In this paper we report the measurements of the two-particle 
correlator δαβ , the three-particle correlator γαβ , and the elliptic 
flow v2 of unidentified charged particles. These measurements are 
performed for shape selected and unbiased events in Pb–Pb colli-
sions at 

√
sNN = 2.76 TeV. An upper limit on the CME contribution 

is deduced from comparisons of the observed dependence of the 
correlations on the event v2 to that estimated using Monte Carlo 
(MC) simulations of the magnetic field of spectators with differ-
ent initial conditions. While this paper was in preparation, a paper 
employing a similar approach to estimate the fraction of the CME 
signal in the three-particle correlator was submitted by the CMS 
Collaboration [36].

The data sample recorded by ALICE during the 2010 LHC 
Pb–Pb run at 

√
sNN = 2.76 TeV is used for this analysis. Gen-

eral information on the ALICE detector and its performance can 
be found in [37,38]. The Time Projection Chamber (TPC) [37,39]

and Inner Tracking System (ITS) [37,40] are used to reconstruct 
charged-particle tracks and measure their momenta with a track-
momentum resolution better than 2% for the transverse momen-
tum interval 0.2 < pT < 5.0 GeV/c [38]. The two innermost layers 
of the ITS, the Silicon Pixel Detector (SPD), are employed for trig-
gering and event selection. Two scintillator arrays (V0) [37,41], 
which cover the pseudorapidity ranges −3.7 < η < −1.7 (V0C) 
and 2.8 < η < 5.1 (V0A), are used for triggering, event selection, 
and the determination of centrality [42] and �2. The trigger con-
ditions and the event selection criteria are described in [38]. An 
offline event selection is applied to remove beam induced back-
ground and pileup events. Approximately 9.8 · 106 minimum-bias 
Pb–Pb events with a reconstructed primary vertex within ±10 cm 
from the nominal interaction point in the beam direction belong-
ing to the 0–60% centrality interval are used for this analysis.

Charged particles reconstructed using the combined informa-
tion from the ITS and TPC in |η| < 0.8 and 0.2 < pT < 5.0 GeV/c
are selected with full azimuthal coverage. Additional quality cuts 
are applied to reduce the contamination from secondary charged 
particles (i.e. particles originating from weak decays, conversions 
and secondary hadronic interactions in the detector material) and 
fake tracks (with random associations of space points). Only tracks 
with at least 70 space points in the TPC (out of a maximum of 159) 
with an average χ2 per degree-of-freedom for the track fit lower 
than 2, a distance of closest approach (DCA) to the reconstructed 
event vertex smaller than 2.4 cm in the transverse plane (xy) and 
3.2 cm in the longitudinal direction (z) are accepted. The charged 
particle track reconstruction efficiency was estimated from HIJING 
simulations [43,44] combined with a GEANT3 [45] detector model, 
and found to be independent of the collision centrality. The re-
construction efficiency of primary particles defined in [46], which 
may bias the determination of the pT averaged charge-dependent 
correlations and flow, increases from 70% at pT = 0.2 GeV/c to 
85% at pT ∼ 1.5 GeV/c where it has a maximum. It then gradu-
ally decreases and is flat at 80% for pT > 3.0 GeV/c. The systematic 
uncertainty of the efficiency is about 5%.

The event shape selection is performed as in [30] based on the 
magnitude of the second-order reduced flow vector, q2 [47], de-
fined as

q2 = |Q2|√
M

, (4)

where |Q2| =
√

Q 2
2,x + Q 2

2,y is the magnitude of the second order 
harmonic flow vector and M is the multiplicity. The vector Q2 is 
calculated from the azimuthal distribution of the energy deposition 
measured in the V0C. Its x and y components and the multiplicity 
are given by

Q 2,x =
∑

i

wi cos(2ϕi), Q 2,y =
∑

i

wi sin(2ϕi), M =
∑

i

wi,

(5)

where the sum runs over all channels i of the V0C detector 
(i = 1 − 32), ϕi is the azimuthal angle of channel i and wi is the 
amplitude measured in channel i. The large gap in pseudorapidity 
(|�η| > 0.9) between the charged particles in the TPC used to de-
termine v2, δαβ and γαβ and those in the V0C suppresses non-flow 
effects. Ten event-shape classes with the lowest (highest) q2 value 
corresponding to the 0–10% (90–100%) range are investigated for 
each centrality interval.

The flow coefficient v2 is measured using the event plane 
method [16]. The orientation of the event plane �2 is estimated 
from the azimuthal distribution of the energy deposition measured 
by the V0A detector. The event plane resolution is calculated from 
correlations between the event planes determined in the TPC and 
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Table 1
Summary of absolute systematic uncertainties. The uncertainties depend on central-
ity and shape selection, whose minimum and maximum values are listed here.

Opposite charge Same charge

δαβ (3.4 − 25) × 10−5 (3.1 − 10) × 10−5

γαβ (2.6 − 34) × 10−6 (4.1 − 74) × 10−6

v2 (1.2 − 4.7) × 10−3

Fig. 1. (Colour online.) Unidentified charged particle v2 for shape selected and un-
biased events as a function of collision centrality. The event selection is based on 
q2 determined in the V0C with the lowest (highest) value corresponding to 0–10% 
(90–100%) q2. Points are slightly shifted along the horizontal axis for better visibil-
ity. Error bars (shaded boxes) represent the statistical (systematic) uncertainties.

the two V0 detectors separately [16]. The non-flow contributions 
to the v2 coefficient and charge-dependent azimuthal correlations 
are greatly suppressed by the large rapidity separation between 
the TPC and the V0A (|�η| > 2.0).

The absolute systematic uncertainties are evaluated from the 
variation of the results with different selection criteria on the re-
constructed collision vertex, different magnetic field polarities, as 
well as by estimating the centrality from multiplicities measured 
by the TPC or the SPD rather than the V0 detector. Changes of the 
results due to variations of the track-selection criteria (e.g. chang-
ing the DCA xy and z ranges, number of the TPC space points, 
using tracks reconstructed by the TPC only) are considered as part 
of the systematic uncertainties. The effect of reconstruction ef-
ficiency on the measurements is checked by randomly rejecting 
tracks to ensure a flat acceptance in pT. The detector response is 
studied using HIJING and AMPT [48] simulations, where the v2
coefficients and the charge-dependent azimuthal correlations ob-
tained directly from the models are compared with those from 
reconstructed tracks. The largest contribution to the systematic un-
certainties is given by the detector response. The checks related 
to the reconstruction efficiency, magnetic field polarity and track-
selection criteria also yield significant deviations from the nominal 
values for v2, γαβ and δαβ , respectively. The contributions from 
all sources are added in quadrature as an estimate of the total 
systematic uncertainty. The resulting systematic uncertainties are 
summarized in Table 1.

Fig. 1 presents the unidentified charged particle v2 averaged 
over 0.2 < pT < 5.0 GeV/c for shape selected and unbiased sam-
ples as a function of collision centrality. The measured v2 for the 
shape selected events differs from the average by up to 25%, which 
demonstrates that events with the desired initial spatial anisotropy 
can be experimentally selected. Sensitivity of the event shape se-
lection deteriorates for peripheral collisions (already visible for the 

Fig. 2. (Colour online.) Top: Centrality dependence of γαβ for pairs of particles with 
same and opposite charge for shape selected and unbiased events. Bottom: Cen-
trality dependence of δαβ for pairs of particles with same and opposite charge for 
shape selected and unbiased events. The event selection is based on q2 determined 
in the V0C with the lowest (highest) value corresponding to 0–10% (90–100%) q2. 
Points are slightly shifted along the horizontal axis for better visibility in both pan-
els. Error bars (shaded boxes) represent the statistical (systematic) uncertainties.

50–60% centrality class) due to the low multiplicity and for central 
collisions due to the reduced magnitude of flow [30].

The centrality dependence of γαβ for pairs of particles with 
same and opposite charge for shape selected and unbiased events 
is shown in the top panel of Fig. 2. The same charge results de-
note the average between pairs of particles with only positive and 
only negative charges since the two combinations are found to be 
consistent within statistical uncertainties. The correlation of pairs 
with the same charge is stronger than the correlation for pairs 
of opposite charge for both shape selected and unbiased events. 
The ordering of the correlations of pairs with same and opposite 
charge indicates a charge separation with respect to the reaction 
plane. The magnitude of the same and opposite charge pair corre-
lations depends weakly on the event-shape selection (q2, i.e. v2) 
in a given centrality bin.

The bottom panel of Fig. 2 shows the centrality dependence of 
δαβ for pairs of particles with same and opposite charge for shape 
selected and unbiased samples. As reported in [27], the magnitude 
of the correlation for the same charge pairs is smaller than for the 
opposite charge combinations. This is in contrast to the CME ex-
pectation, indicating that background dominates the correlations. 
The same and opposite charge pair correlations are insensitive to 
the event-shape selection in a given centrality bin.

The difference between opposite and same charge pair corre-
lations for γαβ can be used to study the charge separation effect. 
This difference is presented as a function of v2 for various cen-
trality classes in the top panel of Fig. 3. The difference is positive 
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Fig. 3. (Colour online.) Top: Difference between opposite and same charge pair cor-
relations for γαβ as a function of v2 for shape selected events together with a linear 
fit (dashed lines) for various centrality classes. Bottom: Difference between opposite 
and same charge pair correlations for γαβ multiplied by the charged-particle den-
sity [49] as a function of v2 for shape selected events for various centrality classes. 
The event selection is based on q2 determined in the V0C with the lowest (highest) 
value corresponding to 0–10% (90–100%) q2. Error bars (shaded boxes) represent 
the statistical (systematic) uncertainties.

for all centralities and its magnitude decreases for more central 
collisions and with decreasing v2 (in a given centrality bin). At 
least two effects could be responsible for the centrality depen-
dence: the reduction of the magnetic field with decreasing cen-
trality and the dilution of the correlation due to the increase in 
the number of particles [24] in more central collisions. The dif-
ference between opposite and same charge pair correlations mul-
tiplied by the charged-particle density in a given centrality bin, 
dNch/dη (taken from [49]), to compensate for the dilution effect, 
is presented as a function of v2 in the bottom panel of Fig. 3. All 
the data points fall approximately onto the same line. This is qual-
itatively consistent with expectations from LCC where an increase 
in v2, which modulates the correlation between balancing charges 
with respect to the reaction plane [50], results in a strong effect. 
Therefore, the observed dependence on v2 points to a large back-
ground contribution to γαβ .

The expected dependence of the CME signal on v2 was eval-
uated with the help of a Monte Carlo Glauber [51] calculation 
including a magnetic field. In this simulation, the centrality classes 
are determined from the multiplicity of charged particles in the 
acceptance of the V0 detector following the method presented 
in [42]. The multiplicity is generated according to a negative bi-
nomial distribution with parameters taken from [42] based on the 
number of participant nucleons and binary collisions. The ellip-
tic flow is assumed to be proportional to the eccentricity of the 
participant nucleons and approximately reproduces the measured 

Fig. 4. (Colour online.) The expected dependence of the CME signal on v2 for various 
centrality classes from a MC-Glauber simulation [51] (see text for details). No event 
shape selection is performed in the model, and therefore a large range in v2 is 
covered. The solid lines depict linear fits based on the v2 variation observed within 
each centrality interval.

pT-integrated v2 values [52]. The magnetic field is evaluated at 
the geometrical centre of the overlap region from the number of 
spectator nucleons following Eq. (A.6) from [11] with the proper 
time τ = 0.1 fm/c. The magnetic field is calculated in 1% cen-
trality classes and averaged into the centrality intervals used for 
data analysis. It is assumed that the CME signal is proportional to 
〈|B|2 cos(2(�B − �2))〉, where |B| and �B are the magnitude and 
direction of the magnetic field, respectively. Fig. 4 presents the ex-
pected dependence of the CME signal on v2 for various centrality 
classes. Similar results are found using MC-KLN CGC [53,54] and 
EKRT [55] initial conditions. The MC-KLN CGC simulation was per-
formed using version 32 of the Monte Carlo kT-factorization code 
(mckt) available at [56], while the TRENTO model [57] was em-
ployed for EKRT initial conditions.

To disentangle the potential CME signal from background, the 
dependence on v2 of the difference between opposite and same 
charge pair correlations for γαβ and the CME signal expectations 
are fitted with a linear function (see lines in Figs. 3 (top panel) 
and 4, respectively):

F1(v2) = p0(1 + p1(v2 − 〈v2〉)/〈v2〉), (6)

where p0 accounts for the overall scale, which cannot be fixed in 
the MC calculations, and p1 reflects the slope normalised such that 
in a pure background scenario, where the correlator is directly pro-
portional to v2, it is equal to unity. The presence of a significant 
CME contribution, on the other hand, would result in non-zero in-
tercepts at v2 = 0 of the linear functions shown in Fig. 3. The 
ranges used in these fits are based on the v2 variation observed 
in data and the corresponding MC interval within each centrality 
range. The centrality dependence of p1 from fits to data and to the 
signal expectations based on MC-Glauber, MC-KLN CGC and EKRT 
models is reported in Fig. 5. The observed p1 from data is a su-
perposition of a possible CME signal and background. Assuming a 
pure background case, p1 from data and MC models can be related 
according to

fCME × p1,MC + (1 − fCME) × 1 = p1,data, (7)

where fCME denotes the CME fraction to the charge dependence of 
γαβ and is given by

fCME = (γopp − γsame)
CME

(γopp − γsame)CME + (γopp − γsame)Bkg
. (8)
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Fig. 5. (Colour online.) Centrality dependence of the p1 parameter from a linear 
fit to the difference between opposite and same charge pair correlations for γαβ

and from linear fits to the CME signal expectations from MC-Glauber [51], MC-KLN 
CGC [53,54] and EKRT [55] models (see text for details). Points from MC simulations 
are slightly shifted along the horizontal axis for better visibility. Only statistical un-
certainties are shown.

Fig. 6. (Colour online.) Centrality dependence of the CME fraction extracted from 
the slope parameter of fits to data and MC-Glauber [51], MC-KLN CGC [53,54] and 
EKRT [55] models, respectively (see text for details). The dashed lines indicate the 
physical parameter space of the CME fraction. Points are slightly shifted along the 
horizontal axis for better visibility. Only statistical uncertainties are shown.

Fig. 6 presents fCME for the three models used in this study. 
The CME fraction cannot be precisely extracted for central (0–10%) 
and peripheral (50–60%) collisions due to the large statistical un-
certainties on p1 extracted from data. The negative values for the 
CME fraction obtained for the 40–50% centrality range (deviating 
from zero by one σ ), if confirmed, would indicate that our expec-
tations for the background contribution to be linearly proportional 
to v2 are not accurate. Combining the points from 10–50% ne-
glecting a possible centrality dependence gives fCME = 0.10 ± 0.13, 
fCME = 0.08 ± 0.10 and fCME = 0.08 ± 0.11 for the MC-Glauber, 
MC-KLN CGC and EKRT models, respectively. These results are con-
sistent with zero CME fraction and correspond to upper limits on 
fCME of 33%, 26% and 29%, respectively, at 95% confidence level for 
the 10–50% centrality interval. The CME fraction agrees with the 
observations in [36] where the centrality intervals overlap.

In summary, the Event Shape Engineering technique has been 
applied to measure the dependence on v2 of the charge-dependent 
two- and three-particle correlators δαβ and γαβ in Pb–Pb colli-
sions at 

√
sNN = 2.76 TeV. While for δαβ we observe no significant 

v2 dependence in a given centrality bin, γαβ is found to be al-
most linearly dependent on v2. When the charge dependence of 
γαβ is multiplied by the corresponding charged-particle density, to 
compensate for the dilution effect, a linear dependence on v2 is 
observed consistently across all centrality classes. Using a Monte 
Carlo simulation with different initial-state models, we have found 
that the CME signal is expected to exhibit a weak dependence on 
v2 in the measured range. The observations imply that the dom-
inant contribution to γαβ is due to non-CME effects. In order to 
get a quantitative estimate of the signal and background contri-
butions to the measurements, we fit both γαβ and the expected 
signal dependence on v2 with a first order polynomial. This pro-
cedure allows to estimate the fraction of the CME signal in the 
centrality range 10–50%, but not for the most central (0–10%) and 
peripheral (50–60%) collisions due to large statistical uncertainties. 
Averaging over the centrality range 10–50% gives an upper limit 
of 26% to 33% (depending on the initial-state model) at 95% con-
fidence level for the CME contribution to the difference between 
opposite and same charge pair correlations for γαβ .
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N. Bianchi 51, C. Bianchin 141, J. Bielčík 39, J. Bielčíková 95, A. Bilandzic 36,106, G. Biro 142, R. Biswas 4, 
S. Biswas 4, J.T. Blair 121, D. Blau 91, C. Blume 71, G. Boca 136, F. Bock 83,35,105, A. Bogdanov 84, 
L. Boldizsár 142, M. Bombara 40, G. Bonomi 137, M. Bonora 35, J. Book 71, H. Borel 76, A. Borissov 105,19, 
M. Borri 128, E. Botta 26, C. Bourjau 92, L. Bratrud 71, P. Braun-Munzinger 108, M. Bregant 123, T.A. Broker 71, 
M. Broz 39, E.J. Brucken 46, E. Bruna 59, G.E. Bruno 35,33, D. Budnikov 110, H. Buesching 71, S. Bufalino 31, 
P. Buhler 115, P. Buncic 35, O. Busch 132, Z. Buthelezi 77, J.B. Butt 15, J.T. Buxton 18, J. Cabala 118, 
D. Caffarri 35,93, H. Caines 143, A. Caliva 64,108, E. Calvo Villar 113, P. Camerini 25, A.A. Capon 115, 
F. Carena 35, W. Carena 35, F. Carnesecchi 27,12, J. Castillo Castellanos 76, A.J. Castro 129, E.A.R. Casula 55, 
C. Ceballos Sanchez 9, P. Cerello 59, S. Chandra 139, B. Chang 127, S. Chapeland 35, M. Chartier 128, 
S. Chattopadhyay 139, S. Chattopadhyay 111, A. Chauvin 36,106, C. Cheshkov 134, B. Cheynis 134, 
V. Chibante Barroso 35, D.D. Chinellato 124, S. Cho 61, P. Chochula 35, M. Chojnacki 92, S. Choudhury 139, 
T. Chowdhury 133, P. Christakoglou 93, C.H. Christensen 92, P. Christiansen 34, T. Chujo 132, S.U. Chung 19, 
C. Cicalo 55, L. Cifarelli 12,27, F. Cindolo 54, J. Cleymans 101, F. Colamaria 33, D. Colella 35,66,53, A. Collu 83, 
M. Colocci 27, M. Concas 59,ii, G. Conesa Balbastre 82, Z. Conesa del Valle 62, M.E. Connors 143,iii, 
J.G. Contreras 39, T.M. Cormier 96, Y. Corrales Morales 59, I. Cortés Maldonado 2, P. Cortese 32, 
M.R. Cosentino 125, F. Costa 35, S. Costanza 136, J. Crkovská 62, P. Crochet 133, E. Cuautle 73, L. Cunqueiro 72, 
T. Dahms 36,106, A. Dainese 57, M.C. Danisch 105, A. Danu 69, D. Das 111, I. Das 111, S. Das 4, A. Dash 89, 
S. Dash 48, S. De 49,123, A. De Caro 30, G. de Cataldo 53, C. de Conti 123, J. de Cuveland 42, A. De Falco 24, 
D. De Gruttola 30,12, N. De Marco 59, S. De Pasquale 30, R.D. De Souza 124, H.F. Degenhardt 123, 
A. Deisting 108,105, A. Deloff 87, C. Deplano 93, P. Dhankher 48, D. Di Bari 33, A. Di Mauro 35, P. Di Nezza 51, 
B. Di Ruzza 57, M.A. Diaz Corchero 10, T. Dietel 101, P. Dillenseger 71, R. Divià 35, Ø. Djuvsland 22, 
A. Dobrin 35, D. Domenicis Gimenez 123, B. Dönigus 71, O. Dordic 21, L.V.R. Doremalen 64, A.K. Dubey 139, 

http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4272756E3A313939346161s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4272756E3A313939346161s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4272756E3A313939346161s1
https://cds.cern.ch/record/2270008
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41646C65723A323030327075s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41646C65723A323030327075s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41646C65723A323030327075s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4C696E3A32303034656Es1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4C696E3A32303034656Es1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4C696E3A32303034656Es1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41616D6F64743A32303130637As1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41616D6F64743A32303130637As1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41616D6F64743A32303130637As1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib486F72693A323031326B70s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib486F72693A323031326B70s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib486F72693A323031326B70s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4D696C6C65723A323030377269s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4D696C6C65723A323030377269s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4D696C6C65723A323030377269s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41616D6F64743A323031307061s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41616D6F64743A323031307061s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib41616D6F64743A323031307061s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib44726573636865723A323030376178s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib44726573636865723A323030376178s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib414C6261636574653A323031306164s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib414C6261636574653A323031306164s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4E69656D693A32303135716961s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4E69656D693A32303135716961s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4E69656D693A32303135716961s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4E69656D693A32303135716961s1
http://faculty.baruch.cuny.edu/naturalscience/physics/dumitru/CGC_IC.html
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4D6F72656C616E643A323031346F7961s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4D6F72656C616E643A323031346F7961s1
http://refhub.elsevier.com/S0370-2693(17)30998-X/bib4D6F72656C616E643A323031346F7961s1


158 ALICE Collaboration / Physics Letters B 777 (2018) 151–162

A. Dubla 108, L. Ducroux 134, A.K. Duggal 100, M. Dukhishyam 89, P. Dupieux 133, R.J. Ehlers 143, D. Elia 53, 
E. Endress 113, H. Engel 70, E. Epple 143, B. Erazmus 116, F. Erhardt 99, B. Espagnon 62, S. Esumi 132, 
G. Eulisse 35, J. Eum 19, D. Evans 112, S. Evdokimov 114, L. Fabbietti 106,36, J. Faivre 82, A. Fantoni 51, 
M. Fasel 96,83, L. Feldkamp 72, A. Feliciello 59, G. Feofilov 138, A. Fernández Téllez 2, E.G. Ferreiro 16, 
A. Ferretti 26, A. Festanti 29,35, V.J.G. Feuillard 76,133, J. Figiel 120, M.A.S. Figueredo 123, S. Filchagin 110, 
D. Finogeev 63, F.M. Fionda 22,24, M. Floris 35, S. Foertsch 77, P. Foka 108, S. Fokin 91, E. Fragiacomo 60, 
A. Francescon 35, A. Francisco 116, U. Frankenfeld 108, G.G. Fronze 26, U. Fuchs 35, C. Furget 82, A. Furs 63, 
M. Fusco Girard 30, J.J. Gaardhøje 92, M. Gagliardi 26, A.M. Gago 113, K. Gajdosova 92, M. Gallio 26, 
C.D. Galvan 122, P. Ganoti 86, C. Garabatos 108, E. Garcia-Solis 13, K. Garg 28, C. Gargiulo 35, P. Gasik 106,36, 
E.F. Gauger 121, M.B. Gay Ducati 74, M. Germain 116, J. Ghosh 111, P. Ghosh 139, S.K. Ghosh 4, P. Gianotti 51, 
P. Giubellino 35,108,59, P. Giubilato 29, E. Gladysz-Dziadus 120, P. Glässel 105, D.M. Goméz Coral 75, 
A. Gomez Ramirez 70, A.S. Gonzalez 35, V. Gonzalez 10, P. González-Zamora 10,2, S. Gorbunov 42, 
L. Görlich 120, S. Gotovac 119, V. Grabski 75, L.K. Graczykowski 140, K.L. Graham 112, L. Greiner 83, 
A. Grelli 64, C. Grigoras 35, V. Grigoriev 84, A. Grigoryan 1, S. Grigoryan 78, J.M. Gronefeld 108, F. Grosa 31, 
J.F. Grosse-Oetringhaus 35, R. Grosso 108, L. Gruber 115, F. Guber 63, R. Guernane 82, B. Guerzoni 27, 
K. Gulbrandsen 92, T. Gunji 131, A. Gupta 102, R. Gupta 102, I.B. Guzman 2, R. Haake 35, C. Hadjidakis 62, 
H. Hamagaki 85, G. Hamar 142, J.C. Hamon 135, M.R. Haque 64, J.W. Harris 143, A. Harton 13, H. Hassan 82, 
D. Hatzifotiadou 12,54, S. Hayashi 131, S.T. Heckel 71, E. Hellbär 71, H. Helstrup 37, A. Herghelegiu 88, 
E.G. Hernandez 2, G. Herrera Corral 11, F. Herrmann 72, B.A. Hess 104, K.F. Hetland 37, H. Hillemanns 35, 
C. Hills 128, B. Hippolyte 135, J. Hladky 67, B. Hohlweger 106, D. Horak 39, S. Hornung 108, 
R. Hosokawa 82,132, P. Hristov 35, C. Hughes 129, T.J. Humanic 18, N. Hussain 44, T. Hussain 17, D. Hutter 42, 
D.S. Hwang 20, S.A. Iga Buitron 73, R. Ilkaev 110, M. Inaba 132, M. Ippolitov 84,91, M. Irfan 17, M.S. Islam 111, 
M. Ivanov 108, V. Ivanov 97, V. Izucheev 114, B. Jacak 83, N. Jacazio 27, P.M. Jacobs 83, M.B. Jadhav 48, 
J. Jadlovsky 118, S. Jaelani 64, C. Jahnke 36, M.J. Jakubowska 140, M.A. Janik 140, P.H.S.Y. Jayarathna 126, 
C. Jena 89, S. Jena 126, M. Jercic 99, R.T. Jimenez Bustamante 108, P.G. Jones 112, A. Jusko 112, P. Kalinak 66, 
A. Kalweit 35, J.H. Kang 144, V. Kaplin 84, S. Kar 139, A. Karasu Uysal 81, O. Karavichev 63, T. Karavicheva 63, 
L. Karayan 108,105, P. Karczmarczyk 35, E. Karpechev 63, U. Kebschull 70, R. Keidel 145, D.L.D. Keijdener 64, 
M. Keil 35, B. Ketzer 45, Z. Khabanova 93, P. Khan 111, S.A. Khan 139, A. Khanzadeev 97, Y. Kharlov 114, 
A. Khatun 17, A. Khuntia 49, M.M. Kielbowicz 120, B. Kileng 37, B. Kim 132, D. Kim 144, D.J. Kim 127, 
H. Kim 144, J.S. Kim 43, J. Kim 105, M. Kim 61, M. Kim 144, S. Kim 20, T. Kim 144, S. Kirsch 42, I. Kisel 42, 
S. Kiselev 65, A. Kisiel 140, G. Kiss 142, J.L. Klay 6, C. Klein 71, J. Klein 35, C. Klein-Bösing 72, S. Klewin 105, 
A. Kluge 35, M.L. Knichel 35,105, A.G. Knospe 126, C. Kobdaj 117, M. Kofarago 142, M.K. Köhler 105, 
T. Kollegger 108, V. Kondratiev 138, N. Kondratyeva 84, E. Kondratyuk 114, A. Konevskikh 63, 
M. Konyushikhin 141, M. Kopcik 118, M. Kour 102, C. Kouzinopoulos 35, O. Kovalenko 87, V. Kovalenko 138, 
M. Kowalski 120, G. Koyithatta Meethaleveedu 48, I. Králik 66, A. Kravčáková 40, L. Kreis 108, 
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