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The first measurement at the LHC of charge-dependent directed flow (v1) relative to the spectator plane
is presented for Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Results are reported for charged hadrons and D0

mesons for the transverse momentum intervals pT > 0.2 GeV=c and 3 < pT < 6 GeV=c in the 5%–40%
and 10%–40% centrality classes, respectively. The difference between the positively and negatively
charged hadron v1 has a positive slope as a function of pseudorapidity η, dΔv1=dη ¼
½1.68� 0.49ðstatÞ � 0.41ðsystÞ� × 10−4. The same measurement for D0 and D̄0 mesons yields a positive
value dΔv1=dη ¼ ½4.9� 1.7ðstatÞ � 0.6ðsystÞ� × 10−1, which is about 3 orders of magnitude larger than
the one of the charged hadrons. These measurements can provide new insights into the effects of the strong
electromagnetic field and the initial tilt of matter created in noncentral heavy ion collisions on the dynamics
of light (u, d, and s) and heavy (c) quarks. The large difference between the observed Δv1 of charged
hadrons and D0 mesons may reflect different sensitivity of the charm and light quarks to the early time
dynamics of a heavy ion collision. These observations challenge some recent theoretical calculations,
which predicted a negative and an order of magnitude smaller value of dΔv1=dη for both light flavor and
charmed hadrons.

DOI: 10.1103/PhysRevLett.125.022301

Quantum chromodynamic (QCD) calculations on the
lattice [1–6] predict at high temperatures the existence of a
deconfined state of quarks and gluons, known as the quark–
gluon plasma (QGP). Characterizing the QGP properties is
among the main goals of the experimental program with
ultrarelativistic heavy ion collisions at the Large Hadron
Collider (LHC). Measurements of the anisotropic trans-
verse flow [7–11], quantified by the second (v2) and higher
order (n > 2) harmonic coefficients vn, allow one to
characterize the different phases of a heavy ion collision
and constrain the properties of the QGP [12–16].
The directed flow, v1, has a special role due to its

sensitivity to the three-dimensional spatial profile of the
initial conditions and the preequilibrium early time dynam-
ics in the evolution of the collision. The space momentum
correlations in particle production from a longitudinally
tilted source result in a nonzero v1. The tilt arises from the
asymmetries in the number of forward and backward
moving participant nucleons at different positions in the
transverse plane [17–19]. The directed flow of charged

hadrons at the LHC [20] has significantly smaller magni-
tude compared to that at lower relativistic heavy ion collider
(RHIC) energies [21], which can be interpreted as a smaller
initial tilt at the LHC [22–24].
Charm quarks are produced early in the collision via hard

scattering processes. Their emission region is not tilted in
the longitudinal direction [19] unlike the one of light
quarks, which are predominantly produced in soft proc-
esses at later stages of the collision [18,25]. Consequently,
the region of charm quark production in the transverse
plane is shifted with respect to that of light quarks and
gluons, resulting in an enhanced dipole asymmetry in the
charm quark distribution [19]. During the system expan-
sion, charm quarks would be dragged by the flow of the
light quarks in the transverse direction of the shift, which is
predicted to result in a larger v1 of charm hadrons
compared to light flavor hadrons [19,26]. Consequently,
the measurements of the charge-integrated directed flow of
hadrons containing light (u, d, and s) and heavy (c) quarks
together with their difference in magnitude are of great
interest and allow one to probe the three-dimensional
space-time evolution of the produced matter.
Heavy ion collisions are also characterized by extremely

strong electromagnetic fields primarily induced by specta-
tor protons, which do not undergo inelastic collisions.
There is strong interest in characterizing the time evolution
of these fields, which are estimated to reach 1018–1019

Gauss in the early stages (<0.5 fm) of Pb-Pb collisions at

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW LETTERS 125, 022301 (2020)

0031-9007=20=125(2)=022301(13) 022301-1 © 2020 CERN, for the ALICE Collaboration

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.125.022301&domain=pdf&date_stamp=2020-07-06
https://doi.org/10.1103/PhysRevLett.125.022301
https://doi.org/10.1103/PhysRevLett.125.022301
https://doi.org/10.1103/PhysRevLett.125.022301
https://doi.org/10.1103/PhysRevLett.125.022301
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


LHC energies [27,28]. Phenomena predicted to occur in
the presence of this strong electromagnetic field include the
chiral magnetic effect (CME), which is driven by the
generation of an electric current along the magnetic field
in a medium with chiral imbalance [29–32]. While exper-
imental results for charge-dependent correlations are in
qualitative agreement with theoretical expectations for the
CME [33–35], possible background contributions, such as
effects of local charge conservation coupled with the
anisotropic flow, prevent their unambiguous interpretation
[36] and have led to upper limits on the CME at LHC
energies. Thus, it is fundamental to use other observables
with direct sensitivity to the electromagnetic fields in order
to constrain their magnitudes and time evolution in heavy
ion collisions.
The charge dependence of the produced particle directed

flow relative to the spectator plane is directly sensitive to
the presence of electromagnetic fields. The spectator plane
is defined by the deflection direction of the collision
spectators. On average, its orientation is perpendicular to
the direction of the magnetic field generated by the
positively charged spectators. The charge dependence of
v1 comes from two competing effects acting in opposite
directions: the Lorentz force and the Coulomb force, both
induced by the rapidly decreasing magnetic field. In an
electrically conducting plasma, the induced charged cur-
rents might slow down the decay of the magnetic field [27].
The measurement of charge-dependent v1 can therefore
constrain the QGP electric conductivity.
First estimates of these effects on the v1 of charged

particles were presented in [37,38]. Using the electric
conductivity from lattice QCD calculations [39,40], the
difference between the v1 of positively and negatively
charged pions, Δv1ðπÞ ¼ v1ðπþÞ − v1ðπ−Þ, in Pb-Pb col-
lisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV was estimated to be not larger
than 10−5 for jηj < 1 [38]. Charm quarks, which are
produced in the early stages when the magnetic field is
maximal, should be more strongly affected by the electro-
magnetic fields than light quarks [26,41]. The difference
Δv1 between the v1 of D0 (cū) and D̄0 (c̄u) mesons should
therefore provide better sensitivity to this initial magnetic
field. A calculation of v1 of charmed mesons in the rapidity
interval jyj < 1 gives a value Δv1ðDÞ ∼ 10−2 [41], which is
3 orders of magnitude larger than the one expected for
pions. Recently, STAR Collaboration published a meas-
urement of directed flow of D0 and D̄0 mesons in 10%–
80% central Au–Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [42].
The slope of v1 of D0 and D̄0 mesons as a function of
rapidity is negative and about a factor of 25 times larger
than that of charged kaons.
This Letter reports the first measurements at the LHC

of the charge dependence of v1 relative to the spectator
plane for charged hadrons and D0 mesons as a function
of pseudorapidity in midcentral Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV.

About 23ð19Þ × 106 Pb-Pb collisions in the 5%–40%
(10%–40%) centrality interval are used for the charged
hadron (D0 and D̄0 meson) v1 measurements. Only events
with a primary vertex reconstructed within �10 cm from
the detector center along the beam direction are analyzed.
Two forward scintillator arrays (V0A and V0C) [43] are
used to determine the collision centrality. For the most
central (0%–5%) collisions, the small number of spectators
prevents an accurate reconstruction of their deflection. In
the 5%–10% centrality interval, the large combinatorial
background does not allow the measurement of the D0 and
D̄0 v1.
The deflection direction of the collision spectators is

reconstructed from spectator neutrons detected using two
zero degree calorimeters (ZDCs) [44,45]. The ZDCs have a
2 × 2 segmentation in the plane transverse to the beam
direction and are installed at 112.5 m distance from the
detector center on both sides of the interaction point,
covering the “projectile” (η > 8.78) and the “target”
(η < −8.78) spectator regions. For each ZDC, a flow
vector is constructed following the procedure described
in [20]:

Qt;p ≡ ðQt;p
x ;Qt;p

y Þ ¼
X4
i¼1

niE
t;p
i

�X4
i¼1

Et;p
i ; ð1Þ

where p and t denote the ZDC on the projectile and target
side, Ei is the measured signal, and ni ¼ ðxi; yiÞ are the
coordinates of the center of the ith ZDC segment.
The deflection direction of the spectator neutrons is

estimated event by event with the Qt;p vectors corrected
for the run-dependent variation of the LHC beam crossing
position [46]. In midcentral collisions, this deflection
direction is strongly correlated with the magnetic field
orientation. The deflection is expected to be opposite
(anticorrelated) for the projectile and the target sides, i.e.,
hQp

xQt
xi ¼ hQp

yQt
yi < 0 and hQp

yQt
xi and hQp

xQt
yi ¼ 0.

A deviation from these expectations, mostly for peripheral
collisions with centrality above 40%, is observed even after
applying the flow vector correction. These residual varia-
tions are used in the estimation of the systematic uncertainty
as described in [20] and discussed below.
The directed flow is measured using the scalar product

method [47] as follows:

vt;p1 ¼ huQt;piffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijhQtQpijp ¼ huxQt;p
x þ uyQ

t;p
y iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jhQt
xQ

p
x þ Qt

yQ
p
y ij

q ; ð2Þ

where u ¼ ðcosφ; sinφÞ is the unit flow vector of the
charged hadron or D0 meson candidate with azimuthal angle
φ. The directed flow is calculated as v1 ¼ ðvp1 − vt1Þ=2. The
sign of v1 is defined relative to the deflection of the projectile
spectators, corresponding to the rapidity odd component of
the v1 discussed in [20]. The measurement of v1 using

PHYSICAL REVIEW LETTERS 125, 022301 (2020)

022301-2



spectators does not require any treatment of the momentum
conservation unlike the measurements based on correlations
between particles produced at midrapidity [48]. This is
justified by the observation of a vanishing relative momen-
tum shift along the spectator plane at η ¼ 0 [20].
The charged hadron v1 is measured from tracks recon-

structed with the Inner Tracking System (ITS) [49] and the
time projection chamber (TPC) [50] and selected requiring
pT > 0.2 GeV=c, jηj < 0.8, at least 70 (out of a maximum
of 159) TPC space points and χ2=ndf < 2 for themomentum
fit in the TPC. In order to reduce the contamination from
secondary particles, only trackswith amaximumdistance of
closest approach (DCA) to the reconstructed primary vertex
in both the transverse (DCAxy < 2.4 cm) and the longi-
tudinal direction (DCAz < 3.2 cm) are accepted.
The D0 and D̄0 mesons are reconstructed using the

decay channel D0 → K−πþ and its charge conjugate for
3 < pT < 6 GeV=c. Pions and kaons are reconstructed in
the TPC and ITS detectors. Tracks are selected requiring
jηj < 0.8, pT > 0.4 GeV=c, at least 70 hits in TPC, and at
least two hits (out of a maximum of six) in the ITS, out of
which at least one has to be in the two innermost layers.
Particle identification is based on measurements of the
specific ionization energy loss dE=dx in the TPC and the
flight time from the interaction point to the time of flight
(TOF) detector [51]. The charge of the identified pions and
kaons allows one to distinguish between the D0 → K−πþ

and D̄0 → Kþπ− candidates. Geometrical selections on the
displaced decay vertex topology are applied to reduce the
combinatorial background [52].
The vD1 is extracted separately for D0 and D̄0 mesons via

a simultaneous fit to the number NðMÞ of K∓π� pairs and
their v1ðMÞ as a function of the invariant mass, M:

NðMÞ ¼ NDðMÞ þ NbgðMÞ; ð3Þ

v1ðMÞ¼½vD1 NDðMÞþvbg1 ðMÞNbgðMÞ�=½NDðMÞþNbgðMÞ�:
ð4Þ

An example of the simultaneous fit is shown in Fig. 1. The
invariant mass distribution is fitted with the sum of a
Gaussian function NDðMÞ for the D0 and D̄0 signal and an
exponential function NbgðMÞ for the background. The
invariant mass dependence of the directed flow of back-
ground candidates vbg1 ðMÞ is parameterized by a linear
function.
Candidates that satisfy both the K−πþ and Kþπ−

hypotheses (reflected kinematics) and therefore cannot
be tagged uniquely as D0 or D̄0 are rejected. This removes
about 35% of the signal and increases the signal to
background ratio by about 30%–40%, with a net result
of a negligible reduction of the statistical significance of the
D0 and D̄0 yield. The extracted vD1 includes contributions
from both prompt D0 mesons and feed-down D0 mesons

from beauty hadron decays. The fraction of prompt D0

meson is about 85% for the analyzed centrality class and pT
interval [53].
Common sources of systematic uncertainty between

charged hadrons and D mesons are related to the resolution
of the spectator plane and to the dependence on the ALICE
magnet polarity. The absolute systematic uncertainty
related to the residual asymmetry in the spectator plane
estimation is given by the difference between the v1
obtained separately from huxQxi and huyQyi correlations
with the ZDCs in Eq. (2). It is about 3.5 × 10−5 (2 × 10−2)
for charged hadrons (D0 and D̄0 mesons). Effects related to
track reconstruction and geometrical alignment of the
detectors, which could influence positive and negative
tracks differently, are estimated by comparing the v1 results
obtained using data taken with opposite magnet polarity.
This comparison also probes the bias in the spectator plane
estimation due to the nonzero beam crossing angle in the
vertical plane, which had opposite values (�60 μrad) for
the opposite magnet polarities. The absolute difference
between the v1 values obtained with the two field polarities
is 2.5 × 10−5 (2 × 10−2) for charged hadrons (D0 and D̄0).
These systematic uncertainties are correlated in pseudor-
apidity for charged hadrons, while for D0 and D̄0 mesons
no significant correlation, beyond statistical uncertainties,
is observed.
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FIG. 1. Illustration of the D0 meson v1 extraction procedure via
a simultaneous fit to the candidate invariant mass distribution
(upper panel) and v1 (lower panel) for 3 < pT < 6 GeV=c and
−0.4 < η < 0 in the 10%–40% centrality interval. The blue solid
lines correspond to the combined signal and background fit
functions, while the red dashed lines represent the background
contribution.
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For charged hadrons, the track quality selections are
varied and an absolute systematic uncertainty of 2.5 × 10−5
is assigned. The contribution from secondaries is varied by
changing the maximum DCAxy, which resulted in a negli-
gible variation of v1. The contamination due to TPC tracks
originating from pileup collisions during the readout time of
the TPC is estimated by varying the selections on the
correlations between the event multiplicity (centrality)
estimated with detectors with different readout times. The
resulting systematic uncertainty is 10−5 for the charged
hadrons. No systematic uncertainty is assigned for D0 and
D̄0 because the topological selections effectively remove
tracks from pileup. The uncertainty due to the D0 and D̄0

signal extraction is estimated by varying (i) the fit functions
in Eqs. (3) and (4) for NðMÞ and v1ðMÞ, (ii) fixing the
Gaussian width and mean to the values extracted from
MonteCarlo simulations, and (iii) varying the invariantmass
fit range. The absolute systematic uncertainty assigned to v1
due to the D0 and D̄0 yield extraction is 2 × 10−2. The
possible bias due to the pT-dependent efficiency in the D0

and D̄0 v1 analysis is tested by reweighting both signal and
background with the inverse value of the signal
reconstruction efficiency as a function of pT. The assigned
absolute systematic uncertainty is 10−2.
The total systematic uncertainty on v1 is obtained by

adding in quadrature the contributions described above.

In the calculation of Δv1ðDÞ, all individual systematic
uncertainties are propagated as fully uncorrelated between
D0 and D̄0. For charged hadrons, the systematic uncer-
tainties due to the asymmetry in the spectator plane
estimation and the magnet polarity are correlated between
positive and negative tracks and largely cancel in Δv1ðhÞ.
The pseudorapidity dependence of the directed flow of

positively and negatively charged hadrons for the 5%–40%
centrality class in Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV is
shown in the upper left panel of Fig. 2. The negative slope
of v1 is usually attributed to the effect of the initial tilt [18]
or rotation [25] of the particle-emitting source. The charge-
integrated v1 at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV agrees within uncer-
tainties with the results at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV [20].
The difference Δv1ðhÞ between the v1 of positively and

negatively charged hadrons as a function of pseudorapidity
is shown in the lower left panel of Fig. 2. The rapidity slope
dΔv1=dη, extracted with a linear fit (constrained to v1 ¼ 0

at η ¼ 0), is dΔv1=dη ¼ ½1.68� 0.49ðstatÞ � 0.41ðsystÞ� ×
10−4 with a significance of 2.6σ for having a positive value.
The dΔv1=dη is expected to reflect different effects,
including those originating from the early time magnetic
field dynamics [19,26,41] and the Coulomb interaction
with charged spectators [54], as well as the transport to
midrapidity via the baryon stopping mechanism [17] of the
positive charge carried by the protons from the colliding
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FIG. 2. Upper left: v1 of positively (red) and negatively (blue) charged hadrons for the 5%–40% centrality interval. Upper right: v1 of
D0 (red) and D̄0 (blue) for the 10%–40% centrality interval. Lower left and right: Δv1ðhÞ ¼ v1ðhþÞ − v1ðh−Þ and Δv1ðDÞ ¼
v1ðD0Þ − v1ðD̄0Þ, respectively. Dashed lines represent fits with a linear function.
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nuclei. The importance of baryon stopping for the charge
dependence of unidentified hadron v1 is supported by the
observed difference, even at top RHIC energy, between
proton and antiproton v1 [22,55,56]. The baryon stopping
effects are expected to decrease with increasing collision
energy, as supported by the observation of a smaller
magnitude of v1 [20] and of a proton to antiproton ratio
closer to unity at the LHC as compared to RHIC [57].
Despite the overall decrease, the baryon stopping can
contribute significantly to the proton and antiproton v1
difference and, as such, to the charge dependence of the
inclusive hadron v1.
The charged hadron dΔv1=dη at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV is 1
order of magnitude larger and has an opposite sign with
respect to calculations for charged pions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
2.76 TeV [38] based on the analytic solution of relativistic
hydrodynamics [58] with a constant electrical conductivity
of the QGP. More recent calculations [54], using viscous
hydrodynamic calculations [59], yield an absolute value of
dΔv1=dη of similar magnitude as the one measured for
charged hadrons but with opposite sign.
The D0 and D̄0 v1 as a function of pseudorapidity is

shown in the upper right panel of Fig. 2. The data suggest a
positive slope for the rapidity dependence of the v1 of D0

and a negative slope for D̄0, with a significance of about 2σ
in both cases. The slopes are different from the measure-
ments in Au–Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [42],
where a negative value is observed for both D0 and D̄0.
Additionally, the v1 for D0 and D̄0 mesons with 3 < pT <
6 GeV=c (hpTi ≈ 4.2 GeV=c) in the 10%–40% centrality
interval is about 3 orders of magnitude larger than that of
charged hadrons with pT>0.2GeV=c (hpTi ≈ 0.7 GeV=c)
in the 5%–40% centrality class. The different pT intervals
used for the charged hadron and D0 meson v1 measure-
ments are imposed by the statistical precision of the data,
which simultaneously limits the yield of high pT charged
hadrons and results in low significance of the D0 and D̄0

meson yield at low pT. The charged hadron v1 at the LHC
has a weak centrality dependence and changes sign around
pT ≈ 1.5 GeV=c [20]. The differences in centrality and
transverse momentum intervals should not be responsible
for the observed difference between the magnitude of the v1
of charged hadrons and D0 and D̄0 mesons. The D0 and D̄0

v1 is an order of magnitude larger than the predictions
from the transport [41] and hydrodynamic [19,26] model
calculations. The difference between the v1 values of D0

and D̄0 mesons Δv1ðDÞ is shown in the lower right panel
of Fig. 2. The value of dΔv1=dη ¼ ½4.9� 1.7ðstatÞ �
0.6ðsystÞ� × 10−1 corresponds to a significance of 2.7σ
to have a positive slope. A negative value for dΔv1=dη was
predicted in [41] and is observed in Au–Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [42]. The opposite sign of the measured
D0 meson and charged hadron Δv1 slope with respect to
model calculations might indicate a stronger effect of the

Lorentz force relative to the Coulomb one. These results
demonstrate the sensitivity of the v1 to the interplay among
the effects of the rapidly decreasing magnetic field and the
initial tilt of the source.
In summary, first measurements of the charge depend-

ence of v1 relative to the spectator plane in midcentral Pb-
Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV are presented. The v1
and the difference Δv1 between positively and negatively
charged hadrons and D0 mesons are sensitive to the effects
of the electromagnetic fields induced by spectator protons,
baryon number transport, and the initial tilt or rotation of
the particle-emitting source for noncentral collisions. An
indication of a positive slope dΔv1=dη of the charge-
dependent v1 at midrapidity for both charged hadrons and
D0 and D̄0 mesons is observed. The slope dΔv1=dη is
½1.68�0.49ðstatÞ�0.41ðsystÞ�×10−4 for charged hadrons
with pT>0.2GeV=c and ½4.9�1.7ðstatÞ�0.6ðsystÞ�×10−1
for D0 and D̄0 mesons with 3 < pT < 6 GeV=c, with
significance of 2.6σ and 2.7σ for having a positive value,
respectively. The measured values of v1 for D0 and D̄0

mesons are about 3 orders of magnitude larger than the
measured value of charged hadrons. These measurements
together with those at RHIC [42] provide new insights and
can constrain the theoretical modeling [38,41] of electro-
magnetic effects. Further constraints will be set by future
higher precision measurements at the LHC [60,61].
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des Particules (IN2P3), Centre National de la Recherche
Scientifique (CNRS), and Région des Pays de la
Loire, France; Bundesministerium für Bildung und
Forschung (BMBF) and GSI Helmholtzzentrum für
Schwerionenforschung 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), Department of Science and Technology,
Government of India (DST), University Grants
Commission, Government of India (UGC), and Council
of Scientific and Industrial Research (CSIR), India;
Indonesian Institute of Science, Indonesia; Centro
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),
Japanese Ministry of Education, Culture, Sports, Science,
and Technology (MEXT) and Japan Society for the
Promotion of Science (JSPS) KAKENHI, Japan;
Consejo Nacional de Ciencia (CONACYT) y Tecnología
through Fondo de Cooperación Internacional en Ciencia y
Tecnología (FONCICYT) and Dirección General
de Asuntos del Personal Academico (DGAPA), Mexico;
Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO), Netherlands; The Research Council
of Norway, Norway; Commission 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 Technology Information and
National Research Foundation of Korea (NRF), Republic
of Korea; Ministry of Education and Scientific Research,
Institute of Atomic Physics and Ministry of Research and
Innovation, and Institute of Atomic Physics, Romania;
Joint Institute for Nuclear Research (JINR), Ministry of
Education and Science of the Russian Federation, National
Research Center Kurchatov Institute, Russian Science
Foundation, and Russian Foundation for Basic Research,
Russia; Ministry of Education, Science, Research, and
Sport of the Slovak Republic, Slovakia; National
Research Foundation of South Africa, South Africa;
Swedish Research Council (VR) and Knut and Alice
Wallenberg Foundation (KAW), Sweden; European
Organization for Nuclear Research, Switzerland;
Suranaree University of Technology (SUT), National

Science and Technology Development Agency
(NSDTA), and Office of the Higher Education
Commission under NRU project of Thailand, Thailand;
Turkish Atomic Energy Agency (TAEK), Turkey; National
Academy of Sciences of Ukraine, Ukraine; Science and
Technology Facilities Council (STFC), United Kingdom;
National Science Foundation (NSF) and U.S. Department
of Energy, Office of Nuclear Physics (DOE NP), USA.

[1] A. Bazavov et al. (HotQCD Collaboration), Chiral cross-
over in QCD at zero and non-zero chemical potentials, Phys.
Lett. B 795, 15 (2019).

[2] A. Bazavov et al., The QCD equation of state toOðμ6BÞ from
lattice QCD, Phys. Rev. D 95, 054504 (2017).

[3] A. Bazavov et al. (HotQCD Collaboration), Equation of
state in (2þ 1)-flavor QCD, Phys. Rev. D 90, 094503
(2014).

[4] A. Bazavov et al., The chiral and deconfinement aspects of
the QCD transition, Phys. Rev. D 85, 054503 (2012).

[5] S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, C.
Ratti, and K. K. Szabo (Wuppertal-Budapest Collaboration),
Is there still any Tc mystery in lattice QCD? Results with
physical masses in the continuum limit III, J. High Energy
Phys. 09 (2010) 073.

[6] S. Borsanyi, G. Endrodi, Z. Fodor, A. Jakovac, S. D. Katz,
S. Krieg, C. Ratti, and K. K. Szabo (Wuppertal-Budapest
Collaboration), The QCD equation of state with dynamical
quarks, J. High Energy Phys. 11 (2010) 077.

[7] K. Aamodt et al. (ALICE Collaboration), Elliptic Flow of
Charged Particles in Pb-Pb collisions at 2.76 TeV, Phys.
Rev. Lett. 105, 252302 (2010).

[8] K. Aamodt et al. (ALICE Collaboration), Higher Harmonic
Anisotropic Flow Measurements of Charged Particles in
Pb-Pb Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Phys. Rev. Lett.
107, 032301 (2011).

[9] G. Aad et al. (ATLAS Collaboration), Measurement of the
azimuthal anisotropy for charged particle production inffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV lead-lead collisions with the ATLAS
detector, Phys. Rev. C 86, 014907 (2012).

[10] S. Chatrchyan et al. (CMS Collaboration), Measurement of
the elliptic anisotropy of charged particles produced in PbPb
collisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV, Phys. Rev. C 87, 014902

(2013).
[11] B. Abelev et al. (ALICE Collaboration), Elliptic flow of

identified hadrons in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV,
J. High Energy Phys. 06 (2015) 190.

[12] U. Heinz and R. Snellings, Collective flow and viscosity in
relativistic heavy-ion collisions, Annu. Rev. Nucl. Part. Sci.
63, 123 (2013).

[13] C. Gale, S. Jeon, and B. Schenke, Hydrodynamic modeling
of heavy-ion collisions, Int. J. Mod. Phys. A 28, 1340011
(2013).

[14] H. Niemi, K. J. Eskola, and R. Paatelainen, Event-by-
event fluctuations in a perturbative QCDþ saturationþ
hydrodynamics model: Determining QCD matter shear
viscosity in ultrarelativistic heavy-ion collisions, Phys.
Rev. C 93, 024907 (2016).

PHYSICAL REVIEW LETTERS 125, 022301 (2020)

022301-6

https://doi.org/10.1016/j.physletb.2019.05.013
https://doi.org/10.1016/j.physletb.2019.05.013
https://doi.org/10.1103/PhysRevD.95.054504
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.85.054503
https://doi.org/10.1007/JHEP09(2010)073
https://doi.org/10.1007/JHEP09(2010)073
https://doi.org/10.1007/JHEP11(2010)077
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1007/JHEP06(2015)190
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1142/S0217751X13400113
https://doi.org/10.1142/S0217751X13400113
https://doi.org/10.1103/PhysRevC.93.024907
https://doi.org/10.1103/PhysRevC.93.024907


[15] J. E. Bernhard, J. S. Moreland, S. A. Bass, J. Liu, and U.
Heinz, Applying Bayesian parameter estimation to relativ-
istic heavy-ion collisions: Simultaneous characterization of
the initial state and quark-gluon plasma medium, Phys. Rev.
C 94, 024907 (2016).

[16] A. Dubla, S. Masciocchi, J. M. Pawlowski, B. Schenke, C.
Shen, and J. Stachel, Towards QCD-assisted hydrodynamics
for heavy-ion collision phenomenology, Nucl. Phys. A979,
251 (2018).

[17] R. J. M. Snellings, H. Sorge, S. A. Voloshin, F. Q. Wang,
and N. Xu, Novel Rapidity Dependence of Directed Flow in
High-Energy Heavy Ion Collisions, Phys. Rev. Lett. 84,
2803 (2000).

[18] P. Bozek and I. Wyskiel, Directed flow in ultrarelativistic
heavy-ion collisions, Phys. Rev. C 81, 054902 (2010).

[19] S. Chatterjee and P. Bozek, Large Directed Flow of Open
Charm Mesons Probes the Three Dimensional Distribution
of Matter in Heavy Ion Collisions, Phys. Rev. Lett. 120,
192301 (2018).

[20] B. Abelev et al. (ALICE Collaboration), Directed Flow of
Charged Particles at Midrapidity Relative to the Spectator
Plane in Pb-Pb Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Phys. Rev.
Lett. 111, 232302 (2013).

[21] B. I. Abelev et al. (STAR Collaboration), System-Size
Independence of Directed Flow at the Relativistic Heavy-
Ion Collider, Phys. Rev. Lett. 101, 252301 (2008).

[22] L. Adamczyk et al. (STAR Collaboration), Charge-
Dependent Directed Flow in Cuþ Au Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, Phys. Rev. Lett. 118, 012301 (2017).
[23] A. Adil, M. Gyulassy, and T. Hirano, 3D jet tomography of

the twisted color glass condensate, Phys. Rev. D 73, 074006
(2006).

[24] A. Adil and M. Gyulassy, 3D jet tomography of twisted
strongly coupled quark gluon plasmas, Phys. Rev. C 72,
034907 (2005).

[25] L. P. Csernai, V. K. Magas, H. Stocker, and D. D. Strottman,
Fluid dynamical prediction of changed v1-flow at LHC,
Phys. Rev. C 84, 024914 (2011).

[26] S. Chatterjee and P. Bozek, Interplay of drag by hot matter
and electromagnetic force on the directed flow of heavy
quarks, Phys. Lett. B 798, 134955 (2019).

[27] K. Tuchin, Particle production in strong electromagnetic
fields in relativistic heavy-ion collisions, Adv. High Energy
Phys. 2013, 1 (2013).

[28] V. Skokov, A. Yu. Illarionov, and V. Toneev, Estimate of the
magnetic field strength in heavy-ion collisions, Int. J. Mod.
Phys. A 24, 5925 (2009).

[29] K. Fukushima, D. E. Kharzeev, and H. J. Warringa, The
chiral magnetic effect, Phys. Rev. D 78, 074033 (2008).

[30] D. E. Kharzeev, L. D. McLerran, and H. J. Warringa, The
effects of topological charge change in heavy ion collisions:
’Event by event P and CP violation’, Nucl. Phys.A803, 227
(2008).

[31] K. Tuchin, Synchrotron radiation by fast fermions in heavy-
ion collisions, Phys. Rev. C 82, 034904 (2010); Erratum,
Phys. Rev. C 83, 039903 (2011).

[32] V. Voronyuk, V. D. Toneev, W. Cassing, E. L. Bratkovskaya,
V. P. Konchakovski, and S. A. Voloshin, (Electro-)Magnetic
field evolution in relativistic heavy-ion collisions, Phys.
Rev. C 83, 054911 (2011).

[33] V. Khachatryan et al. (CMS Collaboration), Observation of
charge-dependent azimuthal correlations in p-Pb collisions
and its implication for the search for the chiral magnetic
effect, Phys. Rev. Lett. 118, 122301 (2017).

[34] B. Abelev et al. (ALICE Collaboration), Charge Separation
Relative to the Reaction Plane in Pb-Pb Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Phys. Rev. Lett. 110, 012301 (2013).
[35] B. I. Abelev et al. (STAR Collaboration), Azimuthal

Charged-Particle Correlations and Possible Local Strong
Parity Violation, Phys. Rev. Lett. 103, 251601 (2009).

[36] S. Schlichting and S. Pratt, Charge conservation at energies
available at the BNL Relativistic Heavy Ion Collider and
contributions to local parity violation observables, Phys.
Rev. C 83, 014913 (2011).

[37] A. Rybicki and A. Szczurek, Spectator induced electro-
magnetic effect on directed flow in heavy ion collisions,
Phys. Rev. C 87, 054909 (2013).

[38] U. Gursoy, D. Kharzeev, and K. Rajagopal, Magneto-
hydrodynamics, charged currents and directed flow in heavy
ion collisions, Phys. Rev. C 89, 054905 (2014).

[39] H. T. Ding, A. Francis, O. Kaczmarek, F. Karsch, E.
Laermann, and W. Soeldner, Thermal dilepton rate and
electrical conductivity: An analysis of vector current corre-
lation functions in quenched lattice QCD, Phys. Rev. D 83,
034504 (2011).

[40] A. Amato, G. Aarts, C. Allton, P. Giudice, S. Hands, and
J.-I. Skullerud, Electrical conductivity of the quark-gluon
plasma across the deconfinement transition, Phys. Rev. Lett.
111, 172001 (2013).

[41] S. K. Das, S. Plumari, S. Chatterjee, J. Alam, F. Scardina,
and V. Greco, Directed flow of charm quarks as a witness of
the initial strong magnetic field in ultra-relativistic heavy ion
collisions, Phys. Lett. B 768, 260 (2017).

[42] J. Adam et al. (STAR Collaboration), First Observation of
the Directed Flow of D0 and D0 in Auþ Au Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, Phys. Rev. Lett. 123, 162301 (2019).
[43] E. Abbas et al. (ALICE Collaboration), Performance of the

ALICE VZERO system, J. Instrum. 8, P10016 (2013).
[44] K. Aamodt et al. (ALICE Collaboration), The ALICE

experiment at the CERN LHC, J. Instrum. 3, S08002
(2008).

[45] B. Abelev et al. (ALICE Collaboration), Performance of the
ALICE Experiment at the CERN LHC, Int. J. Mod. Phys. A
29, 1430044 (2014).

[46] I. Selyuzhenkov and S. Voloshin, Effects of non-uniform
acceptance in anisotropic flow measurement, Phys. Rev. C
77, 034904 (2008).

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

[48] E. Retinskaya, M. Luzum, and J.-Y. Ollitrault, Directed flow
at midrapidity in

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV Pbþ Pb collisions,
Phys. Rev. Lett. 108, 252302 (2012).

[49] K. Aamodt et al. (ALICE Collaboration), Alignment of the
ALICE Inner Tracking System with cosmic-ray tracks,
J. Instrum. 5, P03003 (2010).

[50] 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 622, 316
(2010).

PHYSICAL REVIEW LETTERS 125, 022301 (2020)

022301-7

https://doi.org/10.1103/PhysRevC.94.024907
https://doi.org/10.1103/PhysRevC.94.024907
https://doi.org/10.1016/j.nuclphysa.2018.09.046
https://doi.org/10.1016/j.nuclphysa.2018.09.046
https://doi.org/10.1103/PhysRevLett.84.2803
https://doi.org/10.1103/PhysRevLett.84.2803
https://doi.org/10.1103/PhysRevC.81.054902
https://doi.org/10.1103/PhysRevLett.120.192301
https://doi.org/10.1103/PhysRevLett.120.192301
https://doi.org/10.1103/PhysRevLett.111.232302
https://doi.org/10.1103/PhysRevLett.111.232302
https://doi.org/10.1103/PhysRevLett.101.252301
https://doi.org/10.1103/PhysRevLett.118.012301
https://doi.org/10.1103/PhysRevD.73.074006
https://doi.org/10.1103/PhysRevD.73.074006
https://doi.org/10.1103/PhysRevC.72.034907
https://doi.org/10.1103/PhysRevC.72.034907
https://doi.org/10.1103/PhysRevC.84.024914
https://doi.org/10.1016/j.physletb.2019.134955
https://doi.org/10.1155/2013/490495
https://doi.org/10.1155/2013/490495
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevD.78.074033
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1103/PhysRevC.82.034904
https://doi.org/10.1103/PhysRevC.83.039903
https://doi.org/10.1103/PhysRevC.83.054911
https://doi.org/10.1103/PhysRevC.83.054911
https://doi.org/10.1103/PhysRevLett.118.122301
https://doi.org/10.1103/PhysRevLett.110.012301
https://doi.org/10.1103/PhysRevLett.103.251601
https://doi.org/10.1103/PhysRevC.83.014913
https://doi.org/10.1103/PhysRevC.83.014913
https://doi.org/10.1103/PhysRevC.87.054909
https://doi.org/10.1103/PhysRevC.89.054905
https://doi.org/10.1103/PhysRevD.83.034504
https://doi.org/10.1103/PhysRevD.83.034504
https://doi.org/10.1103/PhysRevLett.111.172001
https://doi.org/10.1103/PhysRevLett.111.172001
https://doi.org/10.1016/j.physletb.2017.02.046
https://doi.org/10.1103/PhysRevLett.123.162301
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1103/PhysRevC.77.034904
https://doi.org/10.1103/PhysRevC.77.034904
https://doi.org/10.1103/PhysRevC.87.044907
https://doi.org/10.1103/PhysRevLett.108.252302
https://doi.org/10.1088/1748-0221/5/03/P03003
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1016/j.nima.2010.04.042


[51] F. Carnesecchi (ALICE Collaboration), Performance of the
ALICE Time-Of-Flight detector at the LHC, J. Instrum. 14,
C06023 (2019).

[52] S. Acharya et al. (ALICE Collaboration), D-Meson Azimu-
thal Anisotropy in Midcentral Pb-Pb Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Rev. Lett. 120, 102301 (2018).
[53] S. Acharya et al. (ALICE Collaboration), Measurement of

D0, Dþ, D�þ and Dþ
s production in Pb-Pb collisions atffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, J. High Energy Phys. 10 (2018) 174.

[54] U. Gursoy, D. Kharzeev, E. Marcus, K. Rajagopal, and C.
Shen, Charge-dependent flow induced by magnetic and
electric fields in heavy ion collisions, Phys. Rev. C 98,
055201 (2018).

[55] L. Adamczyk et al. (STAR Collaboration), Directed
Flow of Identified Particles in Auþ Au Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV at RHIC, Phys. Rev. Lett. 108, 202301
(2012).

[56] L. Adamczyk et al. (STAR Collaboration), Beam-Energy
Dependence of the Directed Flow of Protons, Antiprotons,

and Pions in Auþ Au Collisions, Phys. Rev. Lett. 112,
162301 (2014).

[57] B. Abelev et al. (ALICE Collaboration), Centrality depend-
ence of π, K, p production in Pb-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76 TeV, Phys. Rev. C 88, 044910 (2013).
[58] S. S. Gubser, Symmetry constraints on generalizations of

Bjorken flow, Phys. Rev. D 82, 085027 (2010).
[59] C. Shen, Z. Qiu, H. Song, J. Bernhard, S. Bass, and U. Heinz,

The iEBE-VISHNU code package for relativistic heavy-ion
collisions, Comput. Phys. Commun. 199, 61 (2016).

[60] Z. Citron et al., Future physics opportunities for high-
density QCD at the LHC with heavy-ion and proton beams,
in HL/HE-LHC Workshop: Workshop on the Physics of HL-
LHC, and Perspectives at HE-LHC Geneva, Switzerland,
2018 (2018).

[61] S. Acharya et al. (ALICE Collaboration), ALICE upgrade
physics performance studies for 2018 Report on HL/HE-
LHC physics, Report No. ALICE-PUBLIC-2019-001
(2019), https://cds.cern.ch/record/2661798.

S. Acharya,141 D. Adamová,94 A. Adler,74 J. Adolfsson,80 M. M. Aggarwal,99 G. Aglieri Rinella,33 M. Agnello,30

N. Agrawal,10,53 Z. Ahammed,141 S. Ahmad,16 S. U. Ahn,76 A. Akindinov,91 M. Al-Turany,106 S. N. Alam,141

D. S. D. Albuquerque,122 D. Aleksandrov,87 B. Alessandro,58 H. M. Alfanda,6 R. Alfaro Molina,71 B. Ali,16 Y. Ali,14

A. Alici,10,26a,26b,53 A. Alkin,2 J. Alme,21 T. Alt,68 L. Altenkamper,21 I. Altsybeev,112 M. N. Anaam,6 C. Andrei,47

D. Andreou,33 H. A. Andrews,110 A. Andronic,144 M. Angeletti,33 V. Anguelov,103 C. Anson,15 T. Antičić,107 F. Antinori,56

P. Antonioli,53 R. Anwar,125 N. Apadula,79 L. Aphecetche,114 H. Appelshäuser,68 S. Arcelli,26a,26b R. Arnaldi,58 M. Arratia,79

I. C. Arsene,20 M. Arslandok,103 A. Augustinus,33 R. Averbeck,106 S. Aziz,61 M. D. Azmi,16 A. Badalà,55 Y.W. Baek,40
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