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This paper presents the first measurements of the charge independent (CI) and charge dependent (CD) 
two-particle transverse momentum correlators GCI

2 and GCD
2 in Pb–Pb collisions at √sNN = 2.76 TeV by the 

ALICE collaboration. The two-particle transverse momentum correlator G2 was introduced as a measure 
of the momentum current transfer between neighboring system cells. The correlators are measured as 
a function of pair separation in pseudorapidity (�η) and azimuth (�ϕ) and as a function of collision 
centrality. From peripheral to central collisions, the correlator GCI

2 exhibits a longitudinal broadening 
while undergoing a monotonic azimuthal narrowing. By contrast, GCD

2 exhibits a narrowing along both 
dimensions. These features are not reproduced by models such as HIJING and AMPT. However, the 
observed narrowing of the correlators from peripheral to central collisions is expected to result from 
the stronger transverse flow profiles produced in more central collisions and the longitudinal broadening 
is predicted to be sensitive to momentum currents and the shear viscosity per unit of entropy density 
η/s of the matter produced in the collisions. The observed broadening is found to be consistent with the 
hypothesized lower bound of η/s and is in qualitative agreement with values obtained from anisotropic 
flow measurements.
© 2020 Conseil Européen pour la Recherche Nucléaire,. 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

Measurements of particle production and their correlations per-
formed at the Relativistic Heavy Ion Collider (RHIC) and the Large 
Hadron Collider (LHC) provide compelling evidence that the mat-
ter produced in heavy-ion collisions is characterized by extremely 
high temperatures and energy densities consistent with a decon-
fined, but strongly interacting Quark–Gluon Plasma (QGP) [1–4]. 
Collective flow, which manifests itself by the anisotropy of parti-
cle production in the plane transverse to the beam direction, is 
characterized by the harmonic coefficients of a Fourier expansion 
of the azimuthal distribution of particles relative to the reaction 
plane. Comparisons of these harmonic coefficients with hydrody-
namical model predictions indicate that the matter produced in 
those collisions has a shear viscosity per unit of entropy density, 
η/s, that nearly vanishes [2,5]. The shear viscosity quantifies the 
resistance that any medium presents to its anisotropic deforma-
tion. It contributes to the transfer of momentum from one fluid 
cell to its neighbors as well as the damping of momentum fluc-
tuations. The reach of η/s effects is expected to grow with the 
lifetime of the system. Recent measurements of flow coefficients 
and hydrodynamical predictions largely focus on the precise de-
termination of η/s [6–9]. However, quantitative descriptions of 

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

heavy-ion collisions with hydrodynamical models generally rely 
on specific parametrizations of the initial conditions of colliding 
systems, i.e., their initial energy and entropy density distribution 
in the transverse plane, the magnitude of initial fluctuations, the 
thermalization time, and several model parameters. It is found that 
the precision of model predictions is hindered, in particular, by un-
certainties in the initial state conditions. Indeed, values of shear 
viscosity that best match the observed flow coefficients are depen-
dent on the initial conditions, and unless the magnitude of the 
initial state fluctuations can be precisely assessed, the achievable 
precision on η/s might remain limited [10,11]. Systematic studies 
of correlations between different order harmonic coefficients [12], 
shown to be sensitive to the initial conditions and the temperature 
dependence of η/s, can help to provide further constraints to those 
conditions and to the transport properties of the system. Novel 
approaches based on Bayesian parameter estimation [13,14] bring 
progress on a simultaneous characterization of the initial condi-
tions and the QGP. Furthermore, it was pointed out [15] that the 
strength of momentum current correlations may be sensitive to 
η/s. It was shown, in particular, that the longitudinal broadening 
of a transverse momentum (pT) correlator, formally defined below 
and hereafter named G2, with increasing system lifetime is directly 
sensitive to η/s while it does not have any explicit dependence on 
the initial state fluctuations in the transverse plane of the system.

A first measurement of the broadening of the two-particle 
transverse momentum correlator G2 was reported by the STAR 
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collaboration [16]. Improved techniques to correct for instrumen-
tal effects have since then been reported [17–19]. In this letter, 
these techniques are used to measure differential charge inde-
pendent (CI) and charge dependent (CD) two-particle transverse 
momentum correlators, GCI

2 and GCD
2 , respectively, as a function 

of pair rapidity difference, �η, and azimuthal angle difference, 
�ϕ , for selected ranges of Pb–Pb collision centrality. The shapes 
of these correlators are studied with a two-component model and 
the longitudinal and azimuthal widths of their near-side peaks are 
studied as a function of the Pb–Pb collision centrality. The longi-
tudinal broadening of GCI

2 from peripheral to central collisions is 
used to assess the magnitude of η/s of the matter produced in 
Pb–Pb collisions while the longitudinal and azimuthal widths of 
GCD

2 are used to assess the role of competing effects, including ra-
dial flow, diffusion, and the broadening of jets by interactions with 
the medium. In that context, measurements of G2 are also com-
pared with previously reported measurements of the two-particle 
number correlator R2 and two-particle transverse momentum cor-
relator P2 [18].

2. The G2 correlator

The dimensionless variant of the G2 correlator [15,20] reported 
in this letter is defined according to

G2 (η1,ϕ1, η2,ϕ2)

= 1

〈pT,1〉〈pT,2〉
[∫

�
pT,1 pT,2 ρ2(�p1, �p2)d pT,1d pT,2∫

�
ρ1(�p1)d pT,1

∫
�

ρ1(�p2)d pT,2

− 〈pT,1〉(η1,ϕ1)〈pT,2〉(η2,ϕ2)

⎤
⎦ (1)

where � is the phase space region in which the measurement 
is performed; �p1 and �p2 are the three-momentum vectors of 
particles of a given pair; pT,1 and pT,2 their transverse mo-
mentum components, respectively; ρ1(�pi) = d3N/dpT,i dηi dϕi and 
ρ2(�p1, �p2) = d6N/dpT,1 dη1 dϕ1 dpT,2 dη2 dϕ2 represent single and 
pair particle densities, expressed as functions of �pi , i = 1, 2, and 
(�p1, �p2), respectively; 〈pT〉(ηi, ϕi) is the average transverse mo-
mentum of particles observed at (ηi, ϕi), with ηi, ϕi , i = 1, 2, 
referring to single-track pseudorapidity and azimuthal angle, re-
spectively; and 〈pT,i〉 =

∫
ρ1(�pi) pT,i d�pi is the inclusive average 

transverse momentum of produced particles, i = 1, 2, in the con-
sidered event ensemble. Experimentally, G2 is calculated as

G2 (η1,ϕ1, η2,ϕ2) = 1

〈pT,1〉〈pT,2〉
[

S pT(η1,ϕ1, η2,ϕ2)

〈n1,1(η1,ϕ1)〉〈n1,2(η2,ϕ2)〉
− 〈pT,1〉(η1,ϕ1)〈pT,2〉(η2,ϕ2)

]
(2)

with

S pT(η1,ϕ1, η2,ϕ2) =
〈n1,1∑

i

n1,2∑
j�=i

pT,i pT,j

〉
(3)

where n1,1 and n1,2 are the number of tracks on each event 
within bins centered at η1, ϕ1 and η2, ϕ2, and with transverse 
momentum pT,i , i ∈ [1, n1,1], and pT, j , j �= i ∈ [1, n1,2], respec-
tively. Angle brackets, 〈· · ·〉, refer to event ensemble averages, 
〈A〉 = ∑Nevents

1 A/Nevents. The correlators GLS
2 and GUS

2 are first mea-
sured for like-sign (LS) and unlike-sign (US) pairs separately, and 
combined to obtain CI and CD correlators according to GCI

2 =
1
2

(
GUS

2 + GLS
2

)
and GCD

2 = 1
2

(
GUS

2 − GLS
2

)
, respectively [18]. Mea-

surements of G2(η1, ϕ1, η2, ϕ2) are averaged across the longitu-
dinal and azimuthal acceptances in which the measurement is 

performed to obtain G2(�η, �ϕ), where �η = η1 − η2 and �ϕ =
ϕ1 − ϕ2, with a procedure similar to that used for R2 and P2 cor-
relators [18].

3. Measurement techniques

The results presented in this letter are based on 1.1 × 107 se-
lected minimum bias (MB) Pb–Pb collisions at 

√
sNN = 2.76 TeV 

collected during the 2010 LHC heavy-ion run by the ALICE ex-
periment. Detailed descriptions of the ALICE detectors and their 
respective performances are given in Refs. [21,22]. The MB trig-
ger was configured in order to have high efficiency for hadronic 
events, requiring at least two out of the following three conditions: 
i) two hits in the second inner layer of the Inner Tracking System 
(ITS), ii) a signal in the V0A detector, iii) a signal in the V0C detec-
tor. The amplitudes measured in the V0 detectors are additionally 
used to estimate the collision centrality reported in nine classes 
corresponding to 0–5% (most central), 5–10%, 10–20%, ..., 70–80% 
(most peripheral) of the total interaction cross section [23]. The 
vertex position of each collision is determined with tracks recon-
structed in the ITS and the Time Projection Chamber (TPC) and is 
required to be in the range |zvtx| ≤ 7 cm of the nominal interaction 
point (IP). Pile-up events, identified as events having multiple re-
constructed vertices in the ITS, are rejected. Additionally, the extra 
activity observed in slow response detectors (e.g., TPC) relative to 
that measured in fast detectors (e.g., V0) for out of bunch pile-up 
events is used to discard these events. The remaining event pile-
up contamination is estimated to be negligible. Longitudinally, the 
ITS covers |η| < 0.9, the TPC |η| < 0.9, V0A 2.8 < η < 5.1 and V0C 
−3.7 < η < −1.7. These four detectors feature full azimuthal cov-
erage.

The present measurement of the G2 correlators is based on 
charged particle tracks measured with the TPC detector in the 
transverse momentum range 0.2 ≤ pT ≤ 2.0 GeV/c and the pseu-
dorapidity range |η| < 0.8. In order to ensure good track quality 
and to minimize secondary track contamination, the analysis is 
restricted to charged particle tracks involving a minimum of 50 
reconstructed TPC space points out of a maximum of 159, and 
distances of closest approach (DCA) to the reconstructed primary 
vertex of less than 3.2 cm and 2.4 cm in the longitudinal and ra-
dial directions, respectively. An alternative criterion, used in the 
analysis of the systematic uncertainties, that relies on tracks re-
constructed with the combination of the TPC and the ITS detectors, 
henceforth called “global tracks”, involves a minimum of 70 recon-
structed TPC space points, hits either on any of two inner layers 
of the ITS, or in the third inner layer of the ITS, and a tighter DCA 
selection criterion in both, longitudinal and radial directions, the 
latter one pT-dependent. Electrons (positrons), whose one of the 
largest sources are photon conversions into e+e− pairs, are sup-
pressed discarding e+ and e− by removing tracks with a specific 
energy loss dE/dx in the TPC closer than 3σdE/dx to the expected 
median for electrons and at least 5σdE/dx away from the π , K and 
p expectation values.

The single and pair efficiencies of the selected charged parti-
cles are estimated from a Monte Carlo (MC) simulation using the 
HIJING event generator [24] with particle transport through the 
detector performed with GEANT3 [25] tuned to reproduce the de-
tector conditions during the 2010 run. Corrections for single track 
losses due to non-uniform acceptance (NUA) are carried out us-
ing a weighting technique [17] separately for data and for recon-
structed MC data. Weights are extracted separately for positive and 
negative tracks, for each collision centrality range, as a function of 
η, ϕ , pT and the longitudinal position of the primary vertex of 
each event, zvtx. The pT-dependent single track efficiency correc-
tion is extracted as the inverse of the ratio of the number of NUA 
corrected reconstructed HIJING tracks to generated tracks. Data are 
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Fig. 1. Two-particle transverse momentum correlations GCI
2 (top) and their longitudinal (middle) and azimuthal (bottom) projections for the most central (left), semi-central 

(center) and peripheral (right) Pb–Pb collisions at √sNN = 2.76 TeV. Vertical bars (mostly smaller than the marker size) and shaded blue bands represent statistical and 
systematic uncertainties, respectively. The systematic uncertainty on the long-range mean correlator strength is quoted as δB in both projections. Under-corrected correlator 
values at �η, �ϕ = 0 are not shown. See text for details.

subsequently corrected with NUA and single track efficiency cor-
rections. Pair losses due to track merging or crossing are corrected 
in part based on the technique described in [18] and in part based 
on the ratio of the average number of reconstructed HIJING pairs 
relative to the generated number of pairs. Corrections for pT de-
pendent pair losses are not included in the reported results given 
they have a large (> 20%) systematic uncertainty. Correlator values 
at |�η| < 0.05, |�ϕ| < 0.04 rad., left under-corrected by this last 
fact, are not reported in this work. However, this does not impact 
the shape and width of the G2 correlator, which are of interest for 
the determination of the viscous broadening. No filters are used to 
suppress like-sign (LS) particle correlations resulting from Hanbury 
Brown and Twiss (HBT) effects. For pions, which dominate the par-
ticle production, HBT produces a peak centered at �η, �ϕ = 0 in 
GLS

2 . The width of this peak decreases in inverse proportion to the 
size of the collision system. Given the number of HBT pairs is rel-
atively small compared to the total number of pairs accounted for 
in GLS

2 , the implied reduction of the longitudinal broadening is rel-
atively modest and thus not considered in this analysis.

4. Statistical and systematic uncertainties

Statistical uncertainties on the strength of G2 are extracted 
using the sub-sample method with ten sub-samples. Systematic 
uncertainties are determined by repeating the analysis under dif-
ferent event and track selection conditions. Deviations from the 
nominal results are considered significant and assessed as sys-
tematic uncertainties based on a statistical test [26]. The impact 
of potential TPC effects sensitive to the magnetic field polarity is 

assessed by splitting the whole data sample into positive and nega-
tive magnetic field configurations, whereas uncertainties associated 
with the collision centrality estimation are studied by comparing 
nominal results, based on the V0 detector, with those obtained 
with an alternative centrality measure based on hit multiplicity 
on the two inner layers of the ITS. Effects of the kinematic ac-
ceptance in which the measurement is performed are investigated 
by repeating the analysis with events in the range |zvtx| < 3 cm of 
the nominal IP. The presence of biases caused by secondary parti-
cles is checked using the “global tracks” selection criterion. Biases 
associated with pair losses are studied based on pair efficiency 
corrections obtained with HIJING/GEANT3 simulations. The largest 
systematic uncertainty amounts to a global shift in G2(�η, �ϕ)

correlator strength which is independent of �η and �ϕ and is 
reported as δB . This shift affects the magnitude of the projec-
tions onto �η and �ϕ but not the shapes of the near-side peak, 
|�ϕ| < π/2, of G2 along these coordinates. Systematic uncertain-
ties in the shape of the near-side peak of GCI

2 and GCD
2 are mainly 

due to the presence of secondary particles. Overall, systematic 
uncertainties on the shapes of the projections of GCI

2 and GCD
2

along the longitudinal (azimuthal) dimension amount to 4%(5%) 
and 5%(10%), respectively, with decreasing values towards periph-
eral events.

5. Results

Fig. 1 presents the correlators GCI
2 (�η, �ϕ) measured in 0–5%, 

30–40%, 70–80% Pb–Pb collisions, and their respective projections 
along the �η and �ϕ axes. The GCI

2 correlators feature sizable 
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�ϕ modulations, dominated in mid-central collisions by a strong 
elliptic flow (cos(2�ϕ)) component. On the near-side, atop the az-
imuthal modulation, the GCI

2 correlators feature a near-side peak 
whose amplitude monotonically decreases from peripheral to cen-
tral collisions while its longitudinal width systematically broadens. 
Qualitatively similar trends were observed for the R2 and P2 corre-
lators reported by ALICE [18] and the GCI

2 correlator (there named 
C ) reported by STAR [16]. In most central collisions, the amplitude 
of the �ϕ modulations associated with collective flow decreases 
but the longitudinal broadening remains. Additionally, a depletion 
centered at (�η, �ϕ) = (0, 0) consistent with previous ALICE re-
sults [27,28] can be seen.

In order to study the centrality evolution of the near-side peak 
of the GCI

2 and GCD
2 correlators independently of the underly-

ing collective azimuthal behavior, they are separately parametrized 
with a two-component model defined as

F (�η,�ϕ) = B +
6∑

n=2

an × cos (n�ϕ)

+ A × γ�η

2ω�η 

(

1
γ�η

) e
−

∣∣∣∣ �η
ω�η

∣∣∣∣γ�η

× γ�ϕ

2ω�ϕ 

(

1
γ�ϕ

) e
−

∣∣∣∣ �ϕ
ω�ϕ

∣∣∣∣γ�ϕ

, (4)

where B and an are intended to describe the long-range mean 
correlation strength and azimuthal anisotropy, while the bidimen-
sional generalized Gaussian, defined by the parameters A, ω�η , 
ω�ϕ , γ�η and γ�ϕ , is intended to model the signal of interest. The 
(�η, �ϕ) = (0, 0) depletion present in the GCI

2 correlator is not 
properly modeled by Eq. (4) and the depletion area, |�η| < 0.31
and |�ϕ| < 0.26 rad., is excluded from the fit. Bidimensional fits 
are carried out considering only statistical uncertainties. In the 
case of the GCI

2 correlator the χ2/ndf values for semi-central to 
peripheral collisions are found in the range 1–2; for central col-
lisions they increase to 4. The area which contributes the most 
to the increase of the χ2/ndf is the region between the general-
ized Gaussian and the Fourier expansion. Excluding this area the 
χ2/ndf values obtained in central collisions are within the range 
1–2.3. Fits of GCD

2 give χ2/ndf of the order of unity for periph-
eral to semi-central collisions and in the range 2–3.5 for central 
collisions. Larger χ2/ndf values observed in central collisions rise 
because the near side peak starts to depart from the generalized 
Gaussian description. The actual focus is on the evolution of the 
widths. The longitudinal and azimuthal widths of the correlators, 
denoted σ�η and σ�ϕ , respectively, are then extracted as the stan-
dard deviation of the generalized Gaussian

σ�η(�ϕ) =
√√√√ω2

�η(�ϕ)
(3/γ�η(�ϕ))


(1/γ�η(�ϕ))
, (5)

and plotted as a function of collision centrality in the top panels of 
Fig. 2 for both GCI

2 and GCD
2 correlators. The global shift of the cor-

relator strength, quoted as a systematic uncertainty in the projec-
tions of the correlators, does not affect the shape of the near-side 
peak of G2. Accordingly, the widths are not affected either. Corre-
lations between the contributors to the longitudinal width and the 
harmonic parameters for the GCI

2 correlator are found as follows: 
a2 and a4 are anti-correlated with ω�η with values in the ranges 
−0.8 to −0.4 and −0.5–0, respectively, while a3 is correlated with 
values 0–0.4. On the other hand, a2 and a4 are correlated with 

Fig. 2. Top panels: collision centrality evolution of the longitudinal (left) and az-
imuthal (right) widths of the G2 CD and CI correlators measured in Pb–Pb col-
lisions at √sNN = 2.76 TeV. Central and bottom panels: width evolution relative 
to the value in the most peripheral collisions of the two-particle transverse mo-
mentum correlations GCI

2 (central) and GCD
2 (bottom) along the longitudinal (left) 

and azimuthal (right) dimensions. Data are compared with HIJING and AMPT model 
expectations. In data, vertical bars and shaded bands represent statistical and sys-
tematic uncertainties, respectively. For models, shaded bands represent statistical 
uncertainties.

γ�η with values within 0.4–0.8 and 0–0.5, respectively, while a3
is anti-correlated with values in the range −0.5–0. a2 correla-
tions show no centrality dependence while the absolute value of 
a3 and a4 correlations decreases from central to peripheral colli-
sions. In the case of the contributors to the azimuthal width, a2
and a4 are correlated with ω�ϕ and with γ�ϕ with values in the 
ranges 0.5–0.8 and 0.6–0.9, and 0.6–0.9 and 0.7–0.9, respectively, 
while a3 is anti-correlated with both with values within −0.8 to 
−0.5 and −0.9 to −0.7. On the azimuthal dimension the absolute 
value of the harmonic coefficients correlations decreases towards 
peripheral collisions. Systematic uncertainties in the widths of the 
near-side peak of GCI

2 and GCD
2 are mainly due to the presence of 

secondary particles. With the alternative track selection criterion, 
systematic uncertainties on the longitudinal and azimuthal widths 
of the near-side peak are estimated to be 2% and 3%, respectively, 
for both GCI

2 and GCD
2 , for most central events, with decreasing 

values towards peripheral collisions. Uncertainty contributions on 
the widths are not correlated with centrality and averages along 
centrality classes are considered. Overall, maximum systematic un-
certainties of 4%(2%) and 3.5%(3%) are assigned to the GCI

2 and GCD
2

widths, respectively, along the longitudinal (azimuthal) dimension. 
The impact of the size of the area excluded from the fit on the 
width of the GCI

2 correlator is evaluated enlarging the area in both 
dimensions. Only semi-central to central centrality classes have 
their corresponding longitudinal widths modified. The effect is a 
broadening from 1.5% in the 30–40% class up to a broadening of 
20% in the 0–5% class incorporated as an additional asymmetric 
systematic uncertainty on the widths of GCI

2 . On the azimuthal 
widths the impact is reduced to a 2% narrowing.

6. Discussion

Broadening and narrowing are hereafter intended as the behav-
ior of the correlation function, measured by its widths, when going 
from peripheral collisions, high values of centrality percentile, to 
central collisions, lower values of centrality percentile. The GCI

2 cor-
relator broadens longitudinally but narrows in azimuth, whereas 
the GCD

2 correlator narrows both longitudinally and azimuthally. 
As shown in Fig. 3, these dependencies are qualitatively consis-



ALICE Collaboration / Physics Letters B 804 (2020) 135375 5

Fig. 3. Left panel: collision centrality evolution of the longitudinal width of number correlator RCD
2 and transverse momentum correlators P CD

2 and GCD
2 . Central panel: idem 

for the azimuthal width of RCD
2 , P CD

2 and GCD
2 . Right panel: collision centrality evolution of the longitudinal width of RCI

2 , P CI
2 , and GCI

2 . Data for R2 and P2 are from [18]. 
Vertical bars and shaded bands represent statistical and systematic uncertainties, respectively.

tent with those of R2 and P2 correlators measured in the same 
kinematic range by the ALICE collaboration [18]. Note that the G2

correlator is sensitive to transverse momentum and number den-
sity fluctuations since both affect the momentum current density. 
In contrast, R2 is sensitive to number density fluctuations and P2, 
sensitive to transverse momentum fluctuations, is designed to min-
imize the contribution of those number density fluctuations [29]. 
In fact [29]

(P2 + 1) (R2 + 1) = (G2 + 1) (6)

so, the increase in transverse momentum currents could be due to 
either the increase in multiplicity or the increase of transverse mo-
mentum. The GCD

2 and P CD
2 correlators feature approximately equal 

widths while RCD
2 is approximately 30% wider throughout its cen-

trality evolution. The centrality dependence of GCD
2 is qualitatively 

consistent with that of balance function (BF) observations [30,31]. 
Phenomenological analyses of the BFs suggest that their narrow-
ing with centrality is largely due to the presence of strong radial 
flow and delayed hadronization in Pb–Pb collisions [30]. It is thus 
reasonable to infer that radial flow and larger 〈pT〉, in more cen-
tral collisions, also produce the observed narrowing of GCD

2 . This 
conjecture is supported by calculations of the collision centrality 
dependence of GCD

2 azimuthal widths with the HIJING and AMPT 
models shown in the bottom right panel of Fig. 2. Radial flow 
might also explain the observed azimuthal narrowing of the GCI

2
correlator with centrality, which is reasonably well reproduced by 
calculations with AMPT with string melting, but not by HIJING 
or AMPT calculations with only hadronic rescattering as shown in 
central right panel of Fig. 2.

The broadening of the longitudinal width of the GCI
2 correla-

tor is of particular interest given predictions that it should grow 
in proportion to η/s of the matter produced in the collisions [15]. 
As expected for a system with finite viscosity, it is found that GCI

2
broadens significantly with increasing collision centrality, while by 
contrast, GCD

2 exhibits a slight but distinct narrowing. This GCD
2

longitudinal narrowing is expected from a boost of particle pairs 
by radial flow but is not properly accounted for by AMPT cal-
culations shown in the bottom left panel of Fig. 2. Radial flow 
should also produce a narrowing of the GCI

2 correlator in the lon-
gitudinal direction. However competing effects, possibly associated 
with the finite shear viscosity of the system, are instead producing 
a significant broadening although reaching what seems a satura-
tion level at semi-central collisions. Note that HIJING and AMPT, 
with the hadronic rescattering enabled, grossly fail to reproduce 
the observed broadening and instead predict a slight narrowing 
(Fig. 2 central left panel). AMPT with string melting and without 
the hadronic rescattering phase qualitatively reproduces the longi-
tudinal broadening of GCI

2 , even its saturation, but grossly miss the 
narrowing of GCD

2 along that dimension and thus cannot be con-
sidered reliable in this context.

Fig. 4. Two-particle transverse momentum correlation GCI
2 longitudinal width evo-

lution with the number of participants in Au–Au collisions at √sNN = 200 GeV [16]
and in Pb–Pb collisions at √

sNN = 2.76 TeV, measured in this work, using the 
bi-dimensional fit described in the text (2D) and the method used by the STAR 
experiment [16] (1D). For completeness, STAR RMS low limit [16] is also shown.

Particles produced by jet fragmentation are also known to ex-
hibit correlations and jet-medium interactions can broaden such 
correlations. Two-particle correlation measurements, of particles 
associated with high-pT jets, indeed show substantial broaden-
ing of low pT particle correlations relative to correlation functions 
measured in pp collisions [27,28,32]. This broadening, however, is 
observed in both the longitudinal and azimuthal directions in stark 
contrast with the behavior of the inclusive GCI

2 correlator mea-
sured in this work which exhibits a significant narrowing in the 
azimuthal direction. Additionally, the number of particles from jets 
is relatively small compared to the number from the bulk. There-
fore, although jet fragmentation may contribute to the broadening 
observed in the longitudinal direction, it is unlikely to amount to 
a significant contribution given the observed narrowing in the �ϕ
direction and the relatively low impact of correlations from jet par-
ticles.

Fig. 4 compares results from this analysis with those reported 
by the STAR collaboration [16]. For proper comparison, Fig. 4
presents root mean square (RMS) widths of �η projections of GCI

2
calculated above a long range baseline as in the STAR analysis [16]. 
Although STAR reported results are based on the dimensional ver-
sion of GCI

2 , the same expression as in Eq. (1) but without the nor-
malization 〈pT,1〉〈pT,2〉, the correlator widths reported in this letter 
are identical for both, the dimensional and dimensionless versions 
of the G2 correlator. The longitudinal broadening measured in this 
analysis, using the 1D RMS method, amounts to 36% while that 
observed by STAR reaches 74% showing also a saturation at semi-
central collisions. It was verified that the smaller broadening seen 
in this analysis is not a result of the slightly narrower longitudinal 
acceptance of the ALICE experiment by testing the analysis method 
with Monte Carlo models reproducing the approximate shape and 
strength of the measured correlation functions. The longitudinal 
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Fig. 5. Expected longitudinal widths for the most central collisions of the two-
particle transverse momentum correlation GCI

2 for different values of η/s by using 
the expression suggested in [15]. Data point error bars represent total uncertainties 
obtained by adding in quadrature statistical and systematic uncertainties. In the for-
mula σc is the longitudinal width for the most central collisions inferred by using 
this expression and represented for each of the η/s values by the color discontin-
uous bands (continuous for η/s = 1/4π ) at the highest number of participants, σ0

is the longitudinal width for the most peripheral collisions (only two participants) 
which is obtained by extrapolating the fit, Tc is the critical temperature, τ0 is the 
formation time and τc,f the freeze-out time. Error caps in the same color as the 
discontinuous bands, represent uncertainties of the inferred longitudinal widths for 
the most central collisions (see text for details).

broadening of GCI
2 and its observed saturation thus appears to be 

potentially dependent on the beam energy.
Interpreting the longitudinal broadening of GCI

2 as originating 
exclusively from viscous effects, an estimate of the shear viscosity 
per unit of entropy density, η/s, of the matter produced in heavy-
ion collisions can be extracted [16] using the expression

σ 2
c − σ 2

0 = 4

Tc

η

s

(
1

τ0
− 1

τc,f

)
(7)

derived in [15]. In Eq. (7) σc is the longitudinal width for the 
most central collisions (ideally 0% centrality), σ0 is the longitudinal 
width for the most peripheral collisions (ideally 100% centrality), 
Tc is the critical temperature, τ0 is the formation time and τc,f the 
freeze-out time. The correlator width for the most peripheral Pb–
Pb collisions at 

√
sNN = 2.76 TeV is estimated based on a power 

law extrapolation of the measured values, shown in Fig. 5, down 
to Npart = 2. Canonical values are used for the critical tempera-
ture, Tc = 160 MeV [33], the formation time τ0 = 1 fm/c [33], and 
the freeze-out time, τc,f = 10.5 fm/c [34]. With these inputs in 
Eq. (7), GCI

2 longitudinal widths for the most central collisions are 
calculated for several values of η/s = 0.06, 1/4π , 0.14 and 0.22
and also shown in Fig. 5 as color discontinuous (continuous for 
η/s = 1/4π ) bands at the highest number of participants. Consid-
ering 2%, 30%, and 3% uncertainties for Tc (155 < Tc < 165 TeV), 
τ0, and τc,f (10 < τc,f < 11 fm) respectively, the uncertainties of 
the four obtained GCI

2 longitudinal widths for the most central col-
lisions reach 9%, 10%, 12%, and 14%, respectively, also shown in 
Fig. 5 as error caps in the same color as the discontinuous bands. 
The GCI

2 correlator width measured in central collisions thus favors 
rather small values of η/s, close to the KSS limit of 1/4π [35]. 
The authors of Ref. [15] obtain the correlator width values, for 
Au–Au collisions at 

√
sNN = 200 GeV, without an actual measure-

ment of GCI
2 from the only available two-particle transverse mo-

mentum correlator which in its turn was inferred from event-wise 
mean transverse momentum fluctuations [36] and on its energy 
dependence [37]. They constrain η/s to a relatively wide interval 
0.08–0.30. The precision of the STAR measurement is limited by 
the relative uncertainty of the GCI

2 correlator widths for Au–Au col-
lisions at 

√
sNN = 200 GeV; η/s = 0.06–0.21 was reported in [16].

7. Conclusions

Measurements of charge dependent (CD) and charge indepen-
dent (CI) transverse momentum correlators G2 in Pb–Pb collisions 
at 

√
sNN = 2.76 TeV were presented aiming at the determination of 

the shear viscosity per unit of entropy density, η/s, of the matter 
formed in such collisions. The near-side peak of the GCD

2 corre-
lator is observed to significantly narrow with collision centrality 
both in the longitudinal and azimuthal directions. This behavior is 
found to be similar to that of the charge balance function as a re-
sult, most likely, of an increase of the average radial flow velocity 
from peripheral to central collisions. By contrast, the GCI

2 correlator 
is found to narrow only in the azimuthal direction with collision 
centrality and features a sizable broadening in the longitudinal di-
rection. The observed broadening along the longitudinal direction 
is expected based on friction forces associated with the finite shear 
viscosity of the system. Taking the model proposed in [15], an es-
timate of the value of η/s of order 1/4π , in qualitative agreement 
with values obtained from other methods [14,38], is obtained. 
String melting AMPT without the hadronic rescattering phase has 
been found to qualitatively reproduce the longitudinal broadening 
of GCI

2 but grossly misses the narrowing of GCD
2 along that dimen-

sion. The observed saturation in the longitudinal broadening and 
the sizable difference in broadening relative to that observed by 
STAR may result from the interplay of viscous forces and kinematic 
narrowing associated to radial flow. In the latter case, the differ-
ence compared to the STAR results due to a possible dependence 
on the beam energy could be better established with expanded 
experimental measurements for energies in the beam energy scan 
(BES) at RHIC or at 5.02 TeV at the LHC.
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N. Bianchi 51, J. Bielčík 36, J. Bielčíková 94, A. Bilandzic 104,117, G. Biro 145, R. Biswas 3, S. Biswas 3, 
J.T. Blair 119, D. Blau 87, C. Blume 68, G. Boca 139, F. Bock 33,95, A. Bogdanov 92, S. Boi 23, L. Boldizsár 145, 
A. Bolozdynya 92, M. Bombara 37, G. Bonomi 140, H. Borel 137, A. Borissov 92,144, H. Bossi 146, E. Botta 25, 
L. Bratrud 68, P. Braun-Munzinger 106, M. Bregant 121, M. Broz 36, E.J. Brucken 43, E. Bruna 58, 
G.E. Bruno 105, M.D. Buckland 127, D. Budnikov 108, H. Buesching 68, S. Bufalino 30, O. Bugnon 114, 
P. Buhler 113, P. Buncic 33, Z. Buthelezi 72,131, J.B. Butt 14, J.T. Buxton 96, S.A. Bysiak 118, D. Caffarri 89, 
A. Caliva 106, E. Calvo Villar 111, R.S. Camacho 44, P. Camerini 24, A.A. Capon 113, F. Carnesecchi 10,26, 
R. Caron 137, J. Castillo Castellanos 137, A.J. Castro 130, E.A.R. Casula 54, F. Catalano 30, 
C. Ceballos Sanchez 52, P. Chakraborty 48, S. Chandra 141, W. Chang 6, S. Chapeland 33, M. Chartier 127, 
S. Chattopadhyay 141, S. Chattopadhyay 109, A. Chauvin 23, C. Cheshkov 135, B. Cheynis 135, 
V. Chibante Barroso 33, D.D. Chinellato 122, S. Cho 60, P. Chochula 33, T. Chowdhury 134, P. Christakoglou 89, 
C.H. Christensen 88, P. Christiansen 80, T. Chujo 133, C. Cicalo 54, L. Cifarelli 10,26, F. Cindolo 53, 
J. Cleymans 124, F. Colamaria 52, D. Colella 52, A. Collu 79, M. Colocci 26, M. Concas 58,ii, 
G. Conesa Balbastre 78, Z. Conesa del Valle 61, G. Contin 24,127, J.G. Contreras 36, T.M. Cormier 95, 
Y. Corrales Morales 25, P. Cortese 31, M.R. Cosentino 123, F. Costa 33, S. Costanza 139, P. Crochet 134, 
E. Cuautle 69, P. Cui 6, L. Cunqueiro 95, D. Dabrowski 142, T. Dahms 104,117, A. Dainese 56, 
F.P.A. Damas 114,137, M.C. Danisch 103, A. Danu 67, D. Das 109, I. Das 109, P. Das 85, P. Das 3, S. Das 3, 
A. Dash 85, S. Dash 48, S. De 85, A. De Caro 29, G. de Cataldo 52, J. de Cuveland 38, A. De Falco 23, 
D. De Gruttola 10, N. De Marco 58, S. De Pasquale 29, S. Deb 49, B. Debjani 3, H.F. Degenhardt 121, 
K.R. Deja 142, A. Deloff 84, S. Delsanto 25,131, D. Devetak 106, P. Dhankher 48, D. Di Bari 32, A. Di Mauro 33, 
R.A. Diaz 8, T. Dietel 124, P. Dillenseger 68, Y. Ding 6, R. Divià 33, D.U. Dixit 19, Ø. Djuvsland 21, 
U. Dmitrieva 62, A. Dobrin 33,67, B. Dönigus 68, O. Dordic 20, A.K. Dubey 141, A. Dubla 106, S. Dudi 99, 
M. Dukhishyam 85, P. Dupieux 134, R.J. Ehlers 146, V.N. Eikeland 21, D. Elia 52, H. Engel 74, E. Epple 146, 
B. Erazmus 114, F. Erhardt 98, A. Erokhin 112, M.R. Ersdal 21, B. Espagnon 61, G. Eulisse 33, D. Evans 110, 
S. Evdokimov 90, L. Fabbietti 104,117, M. Faggin 28, J. Faivre 78, F. Fan 6, A. Fantoni 51, M. Fasel 95, 
P. Fecchio 30, A. Feliciello 58, G. Feofilov 112, A. Fernández Téllez 44, A. Ferrero 137, A. Ferretti 25, 
A. Festanti 33, V.J.G. Feuillard 103, J. Figiel 118, S. Filchagin 108, D. Finogeev 62, F.M. Fionda 21, G. Fiorenza 52, 

http://refhub.elsevier.com/S0370-2693(20)30179-9/bib76A8D45607C598C2C7B28E39F53FB7B3s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib76A8D45607C598C2C7B28E39F53FB7B3s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib76A8D45607C598C2C7B28E39F53FB7B3s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibC74FD04F1044921FA11346B80FF311C2s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibC74FD04F1044921FA11346B80FF311C2s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib70DADD416D3AA64EDE26F163F027B527s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib70DADD416D3AA64EDE26F163F027B527s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib70DADD416D3AA64EDE26F163F027B527s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib85DCA9DE905A5D40279BE6FF4F5CDC4Cs1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib85DCA9DE905A5D40279BE6FF4F5CDC4Cs1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib85DCA9DE905A5D40279BE6FF4F5CDC4Cs1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib877D077D8CA7E87251FE65178EDA4270s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib877D077D8CA7E87251FE65178EDA4270s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bib877D077D8CA7E87251FE65178EDA4270s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibF87474B821962863ED5EF8735B55A96Ds1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibF87474B821962863ED5EF8735B55A96Ds1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibF87474B821962863ED5EF8735B55A96Ds1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibF87474B821962863ED5EF8735B55A96Ds1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibFEF0B84F5AC1C5F1ED4BD44503E6CD39s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibFEF0B84F5AC1C5F1ED4BD44503E6CD39s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibFEF0B84F5AC1C5F1ED4BD44503E6CD39s1
http://refhub.elsevier.com/S0370-2693(20)30179-9/bibFEF0B84F5AC1C5F1ED4BD44503E6CD39s1


ALICE Collaboration / Physics Letters B 804 (2020) 135375 9

F. Flor 125, S. Foertsch 72, P. Foka 106, S. Fokin 87, E. Fragiacomo 59, U. Frankenfeld 106, U. Fuchs 33, 
C. Furget 78, A. Furs 62, M. Fusco Girard 29, J.J. Gaardhøje 88, M. Gagliardi 25, A.M. Gago 111, A. Gal 136, 
C.D. Galvan 120, P. Ganoti 83, C. Garabatos 106, E. Garcia-Solis 11, K. Garg 27, C. Gargiulo 33, A. Garibli 86, 
K. Garner 144, P. Gasik 104,117, E.F. Gauger 119, M.B. Gay Ducati 70, M. Germain 114, J. Ghosh 109, 
P. Ghosh 141, S.K. Ghosh 3, P. Gianotti 51, P. Giubellino 58,106, P. Giubilato 28, P. Glässel 103, 
D.M. Goméz Coral 71, A. Gomez Ramirez 74, V. Gonzalez 106, P. González-Zamora 44, S. Gorbunov 38, 
L. Görlich 118, S. Gotovac 34, V. Grabski 71, L.K. Graczykowski 142, K.L. Graham 110, L. Greiner 79, A. Grelli 63, 
C. Grigoras 33, V. Grigoriev 92, A. Grigoryan 1, S. Grigoryan 75, O.S. Groettvik 21, F. Grosa 30, 
J.F. Grosse-Oetringhaus 33, R. Grosso 106, R. Guernane 78, M. Guittiere 114, K. Gulbrandsen 88, T. Gunji 132, 
A. Gupta 100, R. Gupta 100, I.B. Guzman 44, R. Haake 146, M.K. Habib 106, C. Hadjidakis 61, H. Hamagaki 81, 
G. Hamar 145, M. Hamid 6, R. Hannigan 119, M.R. Haque 63,85, A. Harlenderova 106, J.W. Harris 146, 
A. Harton 11, J.A. Hasenbichler 33, H. Hassan 95, D. Hatzifotiadou 10,53, P. Hauer 42, S. Hayashi 132, 
S.T. Heckel 68,104, E. Hellbär 68, H. Helstrup 35, A. Herghelegiu 47, T. Herman 36, E.G. Hernandez 44, 
G. Herrera Corral 9, F. Herrmann 144, K.F. Hetland 35, T.E. Hilden 43, H. Hillemanns 33, C. Hills 127, 
B. Hippolyte 136, B. Hohlweger 104, D. Horak 36, A. Hornung 68, S. Hornung 106, R. Hosokawa 15,133, 
P. Hristov 33, C. Huang 61, C. Hughes 130, P. Huhn 68, T.J. Humanic 96, H. Hushnud 109, L.A. Husova 144, 
N. Hussain 41, S.A. Hussain 14, D. Hutter 38, J.P. Iddon 33,127, R. Ilkaev 108, M. Inaba 133, G.M. Innocenti 33, 
M. Ippolitov 87, A. Isakov 94, M.S. Islam 109, M. Ivanov 106, V. Ivanov 97, V. Izucheev 90, B. Jacak 79, 
N. Jacazio 53, P.M. Jacobs 79, S. Jadlovska 116, J. Jadlovsky 116, S. Jaelani 63, C. Jahnke 121, 
M.J. Jakubowska 142, M.A. Janik 142, T. Janson 74, M. Jercic 98, O. Jevons 110, M. Jin 125, F. Jonas 95,144, 
P.G. Jones 110, J. Jung 68, M. Jung 68, A. Jusko 110, P. Kalinak 64, A. Kalweit 33, V. Kaplin 92, S. Kar 6, 
A. Karasu Uysal 77, O. Karavichev 62, T. Karavicheva 62, P. Karczmarczyk 33, E. Karpechev 62, 
A. Kazantsev 87, U. Kebschull 74, R. Keidel 46, M. Keil 33, B. Ketzer 42, Z. Khabanova 89, A.M. Khan 6, 
S. Khan 16, S.A. Khan 141, A. Khanzadeev 97, Y. Kharlov 90, A. Khatun 16, A. Khuntia 118, B. Kileng 35, 
B. Kim 60, B. Kim 133, D. Kim 147, D.J. Kim 126, E.J. Kim 73, H. Kim 17,147, J. Kim 147, J.S. Kim 40, J. Kim 103, 
J. Kim 147, J. Kim 73, M. Kim 103, S. Kim 18, T. Kim 147, T. Kim 147, S. Kirsch 38,68, I. Kisel 38, S. Kiselev 91, 
A. Kisiel 142, J.L. Klay 5, C. Klein 68, J. Klein 58, S. Klein 79, C. Klein-Bösing 144, M. Kleiner 68, A. Kluge 33, 
M.L. Knichel 33, A.G. Knospe 125, C. Kobdaj 115, M.K. Köhler 103, T. Kollegger 106, A. Kondratyev 75, 
N. Kondratyeva 92, E. Kondratyuk 90, J. Konig 68, P.J. Konopka 33, L. Koska 116, O. Kovalenko 84, 
V. Kovalenko 112, M. Kowalski 118, I. Králik 64, A. Kravčáková 37, L. Kreis 106, M. Krivda 64,110, F. Krizek 94, 
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95 Oak Ridge National Laboratory, Oak Ridge, TN, United States
96 Ohio State University, Columbus, OH, United States
97 Petersburg Nuclear Physics Institute, Gatchina, Russia
98 Physics department, Faculty of Science, University of Zagreb, Zagreb, Croatia
99 Physics Department, Panjab University, Chandigarh, India
100 Physics Department, University of Jammu, Jammu, India
101 Physics Department, University of Rajasthan, Jaipur, India
102 Physikalisches Institut, Eberhard-Karls-Universität Tübingen, Tübingen, Germany
103 Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
104 Physik Department, Technische Universität München, Munich, Germany
105 Politecnico di Bari, Bari, Italy
106 Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
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