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Fluctuations extent up to pT ~ 8 GeV/c
with very similar magnitude
Note that v4 measured wrt Ψ2 and  Ψ4
become very similar at the same pT
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Fig. 3: (color online) Relative event-by-event elliptic flow fluctuations for unidentified charged particles versus
transverse momentum for different centrality classes. For clarity, the markers for centrality classes � 10% are
slightly shifted along the horizontal axis. [Error bars show statistical and systematic uncertainties added in quadra-
ture.]

In summary, we have presented elliptic, triangular, and quadrangular flow coefficients measured by the
ALICE collaboration in Pb-Pb collisions at psNN = 2.76 TeV over a broad range of transverse momen-
tum. For pt > 8 GeV/c, we find that the unidentified charged particle v2 and v3 are finite, positive and
only weakly dependent on transverse momentum, while v4 is consistent with zero within rather large
statistical and systematic uncertainties. The observed difference in the centrality dependence of v4/Y4

and v4/Y2 , and the results on v2 obtained with the event plane and four-particle correlations indicate that
the effect of flow fluctuations extends at least up to pt = 8 GeV/c and does not change significantly in
magnitude. The pion v2 at LHC energies is very close to that measured at RHIC out to pt = 16 GeV/c
and is reproduced by WHDG model calculations for pt > 8 GeV/c. The proton v2 and v3 are finite,
positive, and have a larger magnitude than that of the pion for pt < 8 GeV/c, indicating that the particle
type dependence, which is typical at low pt, persists out to high transverse momenta.
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Fig. 1: (color online) v2, v3, and v4 measured for unidentified charged particles as a function of transverse mo-
mentum for various centrality classes. The dashed line represents the WHDG model calculations for neutral pions
v2 [43] extrapolated to the LHC collision energy. For clarity, the markers for v3 and v4/Y2{EP} results are slightly
shifted along the horizontal axis. [Error bars show statistical and systematic uncertainties added in quadrature.]

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

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

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

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

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

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

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

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

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

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

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

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

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


