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This Letter presents measurements of long-range transverse-momentum correlations using a new
observable, vy(pr), serving as a probe of event-by-event radial-flow fluctuations, the underlying radial
expansion, and the medium’s properties in heavy-ion collisions. Results are reported for inclusive charged
particles, pions, kaons, and protons across various centrality intervals in Pb-Pb collisions at
V/Snn = 5.02 TeV, recorded by the ALICE detector. A pseudorapidity-gap technique, similar to that
used in anisotropic-flow studies, is employed to suppress short-range correlations. At low pt, a
characteristic mass ordering consistent with hydrodynamic collective flow is observed. At higher pt
(> 3 GeV/c), protons exhibit larger v,(pr) than pions and kaons, in agreement with expectations from
quark-recombination models. Comparisons to viscous hydrodynamic calculations with varying bulk
viscosity and equation of state demonstrate the sensitivity of the vy(py) observable to these key medium
properties. The findings establish vy(pr) as a valuable addition to the set of observables used in Bayesian
analyses for extracting the transport properties and constraining the equation of state of strongly interacting
matter, while also helping to systematically explore its sensitivity and impact within such global studies.
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The study of collective behavior in high-energy heavy-
ion collisions provides insights into the properties of the
quark-gluon plasma (QGP), the deconfined state of quarks
and gluons predicted by quantum chromodynamics (QCD)
[1-4]. A key experimental signature of collectivity is the
emergence of long-range correlations in azimuthal angle
and pseudorapidity among produced particles, reflecting
the response of the medium to the initial-state conditions
[5-12]. The long-range azimuthal correlations arise from
the initial spatial anisotropies, translated into momentum
anisotropy by pressure gradients during the hydrodynamic
expansion of the QCD medium [5,7,13]. Experiments at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC) have measured these correlations
across different systems and energies [ 14-21]. Hydrodynamic
models, which assume local thermal equilibrium and use a
lattice QCD (LQCD)-based equation of state (EOS),
reproduce these measurements and help constrain the
transport coefficients of the system produced in heavy-
ion collisions [22-26].

The azimuthal correlations are quantified by the v,
coefficients, obtained from the Fourier-series decomposition
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of the azimuthal-angle distribution in momentum space of
final-state particles, with respect to the reaction plane
spanned by the beam axis and the impact parameter
[27,28]. These coefficients quantify anisotropies in particle
momentum distributions, which can arise from both col-
lective effects, such as anisotropic flow [20,29-32], and
nonequilibrium phenomena like jets [33-37]. Alongside
anisotropic expansion, the system also undergoes isotropic
expansion, known as radial flow, which modifies the
transverse-momentum (p) distribution of the produced
particles. Radial flow is often inferred from the slope of
the pr distribution, which is a convolution of thermal
radiation and collective expansion of the medium.
Commonly, the radial-flow parameter is extracted by fitting
the experimental pr distribution to Boltzmann-Gibbs blast-
wave function, a simplified hydrodynamic model account-
ing for collective expansion [38-41]. However, the (f1)
parameter obtained from this approach is pr-integrated and
thus does not provide direct access to prp-differential
features such as the mass ordering of v,(pr) (n >2) at
low pt and baryon-meson splitting observed at intermediate
pr- Short-range correlations in pseudorapidity (), such as
those from resonance decays or near-side jets, are typically
not suppressed in radial-flow measurements using inclusive
pr spectrum analysis. These correlations, which are unre-
lated to hydrodynamic collectivity, are referred to as non-
flow. The recently introduced observable vy(pr) reduces
these effects, allowing radial flow to be studied in a manner
similar to anisotropic flow [42-44]. It is defined as the
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normalized covariance between event-by-event multiplicity
and mean pr of the event, evaluated using a pseudorapidity
gap (An) to suppress nonflow contributions while preserv-
ing long-range pr correlations. Following Ref. [43], vy(pr)
is defined as

_ (falpr)lprls) = (falp)([Prls)
volpr) = (falpr))op, )

where

ol = VA[Prlalprls) — (prla)([prls)-  (2)

In the above equations, A and B represent two distinct #
windows with a separation of Azn. The function f,(pr)
represents the fraction of particles in each pr bin relative to
the total number of particles in an event within the #
window A. The mean pr calculated within one event in 5
windows A and B, are denoted as [pr], and [pr]g,
respectively. The brackets (..) indicate an average taken
over all events. In hydrodynamics, long-range pr correla-
tions and azimuthal correlations share a common origin,
both arising from the pressure gradients. While the initial
spatial geometry drives azimuthal anisotropies in particle
distributions, the fireball’s initial temperature and size
influence the shape of the pr spectra. The observable
vo(pr) quantifies modifications to the spectra due to
variations in radial flow, and since it reflects the isotropic
expansion of the system, it is sensitive to the bulk viscosity
of the medium. Moreover, the relation between (fr) and
vo(pt) can be illustrated using the framework of the blast-
wave model [45], as detailed in the End Matter.
Hydrodynamic simulations have shown that vy(pr)
exhibits the following features: (a) vy(pr) changes sign
with pr—negative at low pr and positive at high pr
[42,43]. This reflects the correlation between event-by-
event mean-pt fluctuations and the spectral shape. An
upward fluctuation in mean py ([py] > ([pr])) increases
the fraction of high-pr particles and decreases that of low-
pr particles, while a downward fluctuation ([pr] < ([p1]))
does the opposite. Similar behavior appears in a simple
toy model [42] [ pt spectra of exponential form, dN /dpt =
(2prN){exp(=2pz/[pr))/[pr)*} with fluctuating param-
eters, N and [p]], where vy(pr) simplifies to vy(pr)=~
2{opp/{[peh)} [(pr/([p1l)) = 1], showing that the sign
change naturally arises from mean-pr fluctuations (o)),
whose physical origin can be different in each model,
depending on its assumptions and mechanisms; (b) vy(pr)
for identified particles shows species dependence and mass
ordering [42,43], similar to that observed for v,(pr)
[32,46-48] and higher harmonics of anisotropic flow
[32,49,50]. This indicates wvg(pr), a measure of radial
flow and its fluctuations, captures hydrodynamic effects
[29,43,51-53]; (¢) vo(pr) exhibits a centrality dependence,

scaling approximately as (1/dNg,/dy)~' [42]. A scaled
observable, v(pr)/vo—where v, is calculated as
o(p,)/ ([pr])—is found to be independent of system size
at a given collision energy [43]. Theoretically, this scaling
reduces the dependence on the absolute size of fluctuations
[43], similar to the scaled anisotropic flow, v,(pr)/v, [54];
(d) vo(pr) is sensitive to the QCD medium’s bulk viscosity
and the equation of state [43,55]. However, since it is
influenced by the radial expansion of the system, it remains
mostly unaffected by variations in shear viscosity.
Furthermore, vy(pr) is closely related to Olp,]» @s shown

in Eq. (1). Unlike previous measurements of o, across

il
various systems and collision energies [56—72], this Letter
employs a pr-differential approach with a An gap to
suppress nonflow effects. While the Ax-gap method effec-
tively reduces short-range, near-side jet-like correlations, it
does not eliminate long-range away-side correlations [73],
which may impact vy(py) measurements.

The first experimental measurement of wvy(py) for
inclusive charged particles (h*), pions (z%), kaons (K¥),
and protons [p(p)] across various centrality intervals in Pb-
Pb collisions is reported in the Letter. The results are
obtained from a data sample of Pb-Pb collisions at
V/Snn = 5.02 TeV, collected by ALICE Collaboration at
the LHC in 2018. Details of the ALICE detector and its
performance can be found in Refs. [74,75]. Minimum-bias
events are triggered via coincidence signals in the VO
detector [76,77], which consists of two scintillator arrays,
VOA and VOC, covering the ranges 2.8 <7 < 5.1 and
—3.7 < n < —1.7, respectively. Only events with a recon-
structed primary vertex within +10 cm along the beam
direction from the nominal interaction point are selected,
and events with more than one reconstructed primary
interaction vertex (pileup events [78]) are excluded.
Approximately 80 x 10° minimum-bias collisions are
selected for analysis, and categorized into centrality inter-
vals based on the amplitude distribution measured in the VO
detector [79].

The charged particle tracks are reconstructed in the
ALICE central barrel within |p| < 0.8, 02 < pp <
10.0 GeV/c¢, and in the full azimuth, using the inner
tracking system (ITS) [80], the time projection chamber
(TPC) [81], and the time-of-flight (TOF) [82] detector.
Particles with at least one space point in the two innermost
layers of the ITS and a minimum of 70 out of 159 space
points in the TPC are selected. The chi square (y?) per
space point in the TPC and the ITS resulting from the track
fit is required to be below 2.5 and 36, respectively. Tracks
with pr < 0.2 GeV/c are rejected due to low tracking
efficiency. For protons, an additional minimum- p+ thresh-
old of 0.4 GeV/c is applied to reduce contributions from
secondary protons generated by interactions of charged
particles with the detector material. To further minimize
contamination from secondary particles, a criterion on the
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maximum distance of closest approach (DCA) of the track
to the collision point of less than 2 cm in longitudinal
direction and a pr-dependent selection in the transverse
direction (less than 0.0105 + 0.035/pX! in cm based on pr
of the track expressed in units of GeV/c) is applied. The
width of the pseudorapidity gap is set to Ay = 0.4 to
suppress short-range nonflow contributions (studies with
different Ay are presented in the End Matter).

The identification of z*, K*, and p(p) is based on the
specific energy loss (dE/dx) measured by the TPC and the
time of flight from the TOF, using the normalized devia-
tions of the measured signals from the expected values for
each species (opc and orgp, respectively). A Bayesian
approach combines these signals with species-specific
priors, yielding probabilities used for particle selection
[83]. Minimum-probability thresholds (PQ“‘) of 0.95 for
7%, and 0.9 for K* and p(p) are applied. Additionally,
particles are required to satisfy |nopc| < 3 and |norop| <
3 over the entire py range. This method ensures high purity
while minimizing misidentification effects. The pr-depen-
dent purity estimated using Monte Carlo (MC) simulations
is higher than 98% (97%) for z* [p(p)] in the pr range
0.2 < pr < 6.0 GeV/c (0.4 < pr < 6.0 GeV/c). For K%,
the purity is higher than 95% in 0.2 < py < 4.0 GeV/c,
and is nearly 90% in 4.0 < pr < 6.0 GeV/c.

The observable vy(pr) is unaffected by tracking and
particle-identification (PID) inefficiencies, and thus no
efficiency corrections are applied. This robustness is
validated through an MC closure test using events gen-
erated with the Heavy-Ion Jet Interaction Generator
(HIJING) [84,85], transported via GEANT3 [86], and recon-
structed with the same procedure as experimental data (see
the End Matter). Statistical uncertainties are determined
using the bootstrap sampling method [87], while systematic
uncertainties on vy(pr) are evaluated by varying event
selection, track selection, and PID criteria. The uncertain-
ties are computed as a function of pr, for each centrality
interval. Event-selection uncertainties are assessed by
modifying the primary vertex position acceptance and
relaxing pileup-rejection criteria. Uncertainties associated
with centrality estimation are addressed by redefining
centrality intervals based on the multiplicity distribution
measured at midrapidity [88]. Track-selection uncertainties
are determined by varying the DCA criteria in both
longitudinal and transverse directions, the number of
reconstructed space points in the TPC, and track fit quality
requirements. Variations in Ax gap are also explored to
assess their impact on nonflow suppression. PID-related
uncertainties for 7%, K=, and p(p) are estimated by varying
the default Pg}i“. All systematic uncertainty sources are
treated as uncorrelated, and the total systematic uncertainty
is obtained by summing their contributions in quadrature.
Percentage contributions of various sources to the total
systematic uncertainty for a representative centrality inter-
val are provided in the End Matter.

The evolution of vy( pr) for inclusive charged particles is
presented in panels (a),(b), and (c) of Fig. 1 for three
centrality intervals: central (10%—-20%), semicentral (30%—
40%), and peripheral (60%—70%). The vy(pr) is negative
at low pp(< 0.8 GeV/c) across all centralities. This is
consistent with the anticorrelation between event-by-event
mean-py fluctuations and particle production at different
pr as discussed above [42,43]. For pr < 4.0 GeV/c,
vo(pr) exhibits an approximately linear increase with
pr, with a slope that grows from central to peripheral
collisions. The linear pr dependence is similar to the
predictions from the simple toy model [42]. However,
for pr > 4.0 GeV/c, the data deviates from this linearly
increasing trend, with a clear decrease in the slope of
vo(pr) in central and semicentral collisions. In peripheral
collisions, this change is much smaller, which may reflect
differences in the relative contribution of hard and soft
processes at high pr compared to central and semicentral
collisions.

The data are compared to hydrodynamic model
calculations from the IP-Glasma+ MUSIC + UrQMD
framework, which successfully describe the ALICE mea-
surements of charged hadron and identified particle
yields, mean pr, and anisotropic-flow coefficients [89].
This model employs IP-Glasma initial conditions [90],
MUSIC hydrodynamic evolution [91], and a hadronic
cascade (UrQMD) [92,93], incorporating a temperature-
dependent specific shear (1/s) and bulk ({/s) viscosity for
the QGP [89]. It includes an equation of state based on
LQCD calculations [26]. Across all centralities, including
peripheral collisions, the model describes the data well up
to pr~2.0 GeV/c, beyond which deviations appear,
similar to those observed in v, and v3 [20,37]. These
deviations may indicate limitations of the hydrodynamic
framework in capturing the transition from a strongly
coupled medium to a more kinetic regime where hard
processes and jet-medium interactions become relevant
[94,95]. The HIJING model [84,85] includes mini-jet
production, resonance decays, and nuclear effects, but
lacks collective flow. As a result, mean-pr fluctuations
arising from such sources can lead to a sign change of
vo(pt) in this model. HJING qualitatively describes high-
pr particle production from initial hard scatterings but
underpredicts low-pg yields and mean pt due to the
absence of medium-induced collective dynamics.
Consequently, it fails to describe vy(py) in central and
semicentral collisions, where medium-induced collective
expansion is expected to dominate. However, in peripheral
collisions, where the system size and energy density are
lower, HIJING qualitatively captures the trend and magni-
tude of the data up to high pr, suggesting an increased role
of hard scatterings and jet production.

The panel (d) of Fig. 1 presents the pt dependence of the
scaled observable vy(pr)/vo for the different centrality
intervals. In central and semicentral collisions, the scaling
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FIG. 1. wvy(pr) of inclusive charged particles shown as a
function of pr in Pb-Pb collisions at /sy = 5.02 TeV for
centrality intervals 10%—-20% (a), 30%—40% (b), and 60%—70%
(c). The measurements are compared to expectations from
HIJING [84] and IP-Glasma + MUSIC + UrQMD [89] models.
vo(pr)/ vy of inclusive charged particles shown as a function of
pr for the centrality intervals (d). The statistical (systematic)
uncertainties are represented by vertical bars (boxes).

behavior remains consistent with hydrodynamic expect-
ations [43]. However, in peripheral collisions, minor
deviations from this scaling appear for pr > 5 GeV/c,
indicating the increasing influence of effects beyond
collective flow, such as back-to-back jets and mini-jet
fragmentation. The agreement between the measured
vo(pr) values and HIJING model predictions for peripheral
collisions further supports that these noncollective contri-
butions play a dominant role in shaping the observed
deviations. A data-driven study to estimate such effects is
performed by measuring vy(pr) in azimuthal angle ranges,
as presented in the End Matter.

Figure 2 shows vy(pr) as a function of pr up to
6 GeV/c for pions, kaons, and protons in three centrality
intervals. The overall pr dependence follows the trend
observed for h*. A clear mass ordering is observed for
pr <3 GeV/c across all centralities, consistent with
expectations from the hydrodynamic model [43,52,53].
For pr > 3 GeV/c, vy(pt) for protons surpasses that of
pions and kaons, with the latter two being consistent within
uncertainties. This behavior is similar to the baryon-meson
splitting observed for v, [32,47-50], suggesting quark
recombination as the particle-production mechanism
[96]. The separation between the results for protons and
mesons (7= and K*) is significant in central and semi-
central collisions, but becomes less pronounced in periph-
eral collisions. When v (pr)/n, is plotted as a function of
the transverse kinetic energy per constituent quark,
(myp —mg)/n,, the results for all species approximately
collapse onto a common curve, demonstrating number of
constituent quark (NCQ) scaling (see the End Matter). This
scaling behavior is consistent with the presence of partonic
collectivity prior to hadronization, with hadrons forming
via recombination of flowing quarks. The measurements
are compared to theoretical predictions from IP-Glasma +
MUSIC + UrQMD and HIJING. The hydrodynamic model
captures the mass-dependent hierarchy of protons, kaons,
and pions observed in the data across all centralities. The
best agreement is found for protons, extending up to
3 GeV/c, while pions and kaons are described up to ~2
and ~1.5 GeV/c, with increasing deviations at higher pr.
On the other hand, the HIJING model fails to reproduce the
data in central and semicentral collisions. It neither captures
the pronounced mass ordering characteristic of the hydro-
dynamic model, nor the observed separation between
protons and mesons at higher py (pp > 3 GeV/c). In
peripheral collisions, HIJING describes the overall trend
for pions, but overestimates the values for kaons and
protons, especially at low pr.
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FIG.2. wvy(pr) of pions (z*), kaons (K*), and protons [p(p)] shown as a function of py in Pb-Pb collisions at \/sSyy = 5.02 TeV for
centrality intervals 10%-20% (a), 30%—40% (b), and 60%—70% (c). The measurements are compared to results from HIJING [84] and
IP-Glasma + MUSIC + UrQMD [89] models. The statistical (systematic) uncertainties are represented by vertical bars (boxes). The
bottom panels show the (Data-Model)/ o, representing the deviation between the experimental data and model predictions, normalized

by the uncertainty.
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FIG. 3. Comparison of vy(py) for inclusive charged particles in 10%-20% central Pb-Pb collisions at /syy = 5.02 TeV with
IP-Glasma + MUSIC + UrQMD [89] calculations: variations in transport coefficients, #/s and {/s (a), different equations of state from
Ref. [55] (b), and initial conditions (IC) with (w/) and without (w/o0) subnucleonic fluctuations (c). The statistical (systematic)

uncertainties are represented by vertical bars (boxes).

Figure 3 shows the sensitivity of vy(py) to transport
coefficients, EOS, and initial conditions for the centrality
interval 10%—-20%. The data shown are the same as those in
the panel (a) of Fig. 1, but zoomed into the low-pt region.
Panel (a) compares vy(py) for A* with hydrodynamic
predictions considering three scenarios: (i) both shear
viscosity (1/s) and bulk viscosity ({/s) are temperature
dependent, (ii) #/s is temperature dependent, while
¢/s =0, and (iii) /s = 0.06 and ¢{/s = 0. The model
setup for (i) is exactly the same as in Figs. 1 and 2. The
temperature dependence of /s and {/s over 150-400 MeV
is detailed in Refs. [89,97,98]. The chosen (/s was
optimized to reproduce the centrality dependence of mean
pr of identified particles in Pb-Pb collisions at /sy =
5.02 TeV [89]. The predictions from scenarios (ii) and (iii),
where (/s is fixed to zero but /s is either temperature
dependent or constant, are similar. In contrast, scenario (i),
which includes a temperature-dependent /s, deviates from
the other two. This suggests that vy(pr) is primarily
influenced by ¢/s, unlike other observables such as v,
and pr spectra, which are sensitive to both. The sensitivity
of vo(pr) to {/s arises because {/s governs the system’s
resistance to isotropic expansion, thereby influencing the
development of radial flow. Hydrodynamic calculations
with temperature-dependent ¢ /s describe the data better at
low pt, while the higher-pt region (> 1.2 GeV/c¢) may
require further theoretical refinements.

Panel (b) of Fig. 3 compares the same measurements
with hydrodynamic predictions, using three EOS para-
metrizations, EOS1, EOS2, and the LQCD-based EOS
[same orange curve in panel (a)]. EOS1 and EOS2, derived
for QCD matter at zero net-baryon density using a Gaussian
process regression model constrained by LQCD calcula-
tions [55], include transport coefficients (r7/s and ¢/s) that
satisfy causality conditions in relativistic viscous hydro-
dynamics. In the temperature range of 150-250 MeV,
EOS1 exhibits a significantly larger squared speed of
sound (c?) compared to EOS2, while the LQCD-based
EOS lies in between. A larger c? drives faster, more
uniform expansion that enhances radial flow but reduces
radial flow fluctuations and thus the vy(pr) slope [55].

As a result, the slopes follow a reverse ordering
relative to c?, i.e., slopegogy > slopeLQCD > slopegos -
For pr <1 GeV/e, vo(pr) is unaffected by change in
EOS, and model predictions agree well with data. Above
1 GeV/c, EOS2 overestimates the data, while EOSI
underestimates, highlighting the sensitivity of vy(pt) to
the underlying EOS. The LQCD-based EOS provides the
best overall description of data.

Panel (c) illustrates the sensitivity of vy(pr) to the initial
energy density profile by comparing hydrodynamic simu-
lations with and without subnucleonic fluctuations. The IP-
Glasma model incorporates fluctuations at multiple length
scales, arising from both the nuclear geometry and sub-
nucleonic parton distributions [89]. These fine spatial
features alter the initial pressure gradients and hence
influence the development of radial flow and its fluctua-
tions. The steeper slope of vo(pr) in the absence of
subnucleonic fluctuations is consistent with the results
obtained with a different initial-state model TRENTo
[99] in Ref. [43]. The presence of sub-nucleonic fluctua-
tions yields an improved representation of the data.

A more comprehensive understanding of transport coef-
ficients and the EOS requires exploring multiple observ-
ables. While variations in the EOS, /s, and initial
conditions can also affect other observables, such as
dN/dn, pr spectra, mean pr, v,(pr), vo(pr), presented
here, serves as a new probe that provides complementary
insights into the system’s properties. A Bayesian global
analysis [98,100-106] combining v (pr) with other mea-
surements is key to extracting transport properties and
refining our understanding of the EOS of the QCD
medium.

In summary, the first measurement of vy(pt), a novel
observable that quantifies event-by-event fluctuations of
radial flow and thereby constrains the collective radial
expansion in heavy-ion collisions, is reported. The mea-
sured vy(pt) evaluated using a pseudorapidity-gap tech-
nique to suppress nonflow contributions, captures long-
range py correlations, analogous to v,(pr) for azimuthal
correlations. The results reveal characteristic mass ordering
atlow pr, consistent with hydrodynamic collective flow. At
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higher p, protons exhibit larger values than pions and
kaons, similar to the baryon-meson splitting in v, (py) and
v3(pr), suggesting quark recombination as the dominant
particle-production mechanism. The hydrodynamic model
of IP-Glasma + MUSIC + UrQMD describes the data well
for pr <2 GeV/c across all centralities, with deviations
observed for larger values of pr. In peripheral collisions,
the consistency with HIJING suggests that hard scatterings
and jet production play a more dominant role. Further
comparison reveals that vy(pr) is sensitive to the {/s and
the EOS, while being relatively insensitive to the /s, of the
QCD medium formed in heavy-ion collisions. This sensi-
tivity arises because both ¢/s and ¢ modify the system’s
isotropic expansion rate, affecting the underlying momen-
tum-space correlations. In addition, vy(p) is sensitive to
initial-state geometry and its fluctuations, which influence
the build up of pressure driving the collective radial
expansion.
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End Matter

vo(pr) and the radial-flow parameter (fy): This sec-
tion demonstrates the connection between vy (pr) and the
pr-integrated radial-flow parameter (fr) using the
Boltzmann-Gibbs blast-wave model [38]. While vy(pr)
is an event-by-event observable, experimental pt spectra
are typically measured over many events. However, fluc-
tuations in (1) can induce event-by-event variations in pr
spectra, influencing vy(pr). To investigate this, vy(pr) is
computed by fixing (f1) and kinetic freeze-out temperature
Tyin, using parameters from Ref. [41]. The fluctuations in
pr are assumed to be Gaussian with a width of
o(fr) = 0.006. Figure 4 presents the resulting vy(pr)
for pions, kaons, and protons at two different values of
(Pr). The blast-wave model calculations qualitatively
capture the pr dependence observed in experimental data,
and the sign change arises from the correlation between
fluctuations in radial flow and pt spectra. It may be noted
that in the absence of radial-flow fluctuations, vy(p)
would be zero. Reducing o(fr) to 0.003 significantly
modifies vy(pr), highlighting its sensitivity to the strength
of radial flow fluctuations. The observed nonzero values in
experimental data suggest the presence of such fluctua-
tions, with (1) influencing the py dependence of vy (pr).
A detailed study reported in Ref. [45] further extends this
analysis by demonstrating that, although vy(pt) is pri-
marily driven by radial flow, the observable also exhibits
sensitivity to T, and to the corresponding width of event-
by-event fluctuation, o(7yy,)-

Effect of Agn-gap variation: wy(pr) of inclusive
charged particles is studied as a function of pr for varying
An gaps (0-1, in steps of 0.2) across different centralities,
as shown in Fig. 5. The goal is to investigate the influence

pions

of short-range correlations, or nonflow effects, which
may arise from resonance decays, near-side jets, and
other few-particle correlations. For pr < 3 GeV/c, varia-
tions in vy(pr) with Ay relative to Ay = 0, remain below
2% in central and semicentral collisions and 8% in
peripheral collisions. At higher pr, a difference of up to
~15% between results with and without a Axn gap
suggests a modest influence from short-range correlations.
The results remain stable for Ay > 0.2, leading to the
choice of Ay = 0.4 as the optimal gap, with variations
(An = 0.5 and 0.6) included in the systematic uncertainty
estimates.

MC closure test: The MC closure test uses HIJING
model [84,85] to generate events and GEANT3 [86] simu-
lations for particle transport through the ALICE detector
geometry. The transported particles are reconstructed using
the same procedure as experimental data. Figure 6 shows
the comparison of vy(py) obtained from the generated
events with those obtained from the corresponding recon-
structed events (without applying efficiency corrections)
for inclusive charged particles across different centrality
intervals. The generated results are in agreement with the
reconstructed results within uncertainties, confirming
the absence of significant detector efficiency effects on
the observable. Although statistical uncertainties remain
sizable, the observed correlation between fluctuations in
generated and reconstructed vy (py) provides additional
confidence in the closure test.

Systematic uncertainty: The systematic uncertainties
from various sources listed in Table I are expressed as
relative uncertainties with respect to the central values of
the data points, and averaged over all pt bins. These

kaons protons
T T T

0.15F Blast-wave model
Fixed: Tyjn = 0.094

(a)

0.10r

vo(pr)

0.051

0.00 f----.og¥#"
—e— (Br) = 0.655, 0(Br) = 0.006

-&- (Br) = 0.582, o(Br) = 0.006

0.05F (g =0.655, 0(Br) = 0.003 | [

0 1 2 30
pr (GeV/c)

FIG. 4.

pr (GeV/c)

pr (GeV/c)

vo(pr) of pions (a), kaons (b), and protons (c) shown as a function of py using blast-wave model parameters from Ref. [41].

The open marker represents results for a slightly smaller value of (fr).
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vo(pr) of inclusive charged particles shown as a function of pr for centrality intervals 10%-20% (a), 30%—40% (b), and

60%-70% (c) for varying pseudorapidity gap (An) in Pb-Pb collisions at /sy = 5.02 TeV. The error bars represent statistical
uncertainties. The bottom panel presents the ratio relative to the results for Ay = 0.
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FIG. 6. HIJING model based calculations of v, (py) of inclusive charged particles as a function of py for centrality intervals 10%—20%
(a), 30%—40% (b), and 60%—70% (c) in Pb-Pb collisions at ,/syy = 5.02 TeV. The results at the generated and reconstructed level are
shown, with lines connecting the central values and bands representing the statistical uncertainties.

contributions vary by particle species and centrality inter-
vals, and exhibit a general increase with p. The detailed
breakdown of the systematic uncertainties for 30%—40%
centrality class is presented as an example in Table I. In this
centrality interval, the total uncertainties (obtained by
adding individual sources in quadrature) amount to
3.8%, 18.9%, 11.1%, and 15.1% for h*, z*, K*, and

p(p), respectively.

TABLE L.

Effect of ¢ acceptance: Nonflow contributions from
back-to-back dijets, which could extend over long ranges in
n, may not be suppressed by applying a Ay gap. To assess
their impact, the ¢ acceptance is restricted in O to 7 and
compared with the full acceptance (0 to 2z). Figure 7
presents vy(pr) of inclusive charged particles for different
An and ¢ acceptances across centrality intervals. At low pr
(< 1.5 GeV/c), all configurations yield similar results,

Contributions to the total systematic uncertainty of vy(pr) are shown for inclusive charged particles

(h™), pions (z%), kaons (K*), and protons [p(p)] in Pb-Pb collisions at /sy = 5.02 TeV for the 30%-40%
centrality interval. The values represent the average uncertainty over all pr bins.

Sources of systematic uncertainty h* a* K* p(p)
Primary vertex 0.5% 0.5% 0.6% 1.1%
Pileup rejection 0.3% 0.5% 0.9% 1.1%
Centrality estimation 1.3% 2.1% 2.2% 2.7%
DCA 2.8% 1.5% 5.2% 12.8%
TPC crossed rows 1.2% 0.6% 1.5% 2.3%
TPC »? fit 0.5% 0.4% 0.6% 1.2%
ITS y? fit 0.3% 0.3% 0.7% 0.9%
An gap 1.1% 1.4% 3.5% 3.4%
Particle identification e 18.2% 7.9% 2.8%
Total 3.8% 18.9% 11.1% 15.1%
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FIG. 7.

60%-70% (c) for varying pseudorapidity gap (An) and azimuthal acceptance (¢) in Pb-Pb collisions at

vo(pr) of inclusive charged particles shown as a function of pr for centrality intervals 10%-20% (a), 30%—40% (b), and

sny = 5.02 TeV. The

statistical (systematic) uncertainties are represented by vertical bars (boxes). The bottom panel presents the ratio relative to the results for

An=04,0<¢ <2nx.

suggesting minimal effect of the nonflow contributions in
this region. For pr > 1.5 GeV/c¢, a maximum variation of
~20% 1is observed between full-¢ and half-¢ acceptance
across the centrality intervals, indicating possible influence
of dijet-like correlations. The observed deviations also
reveal a pt dependence, that varies from central to
peripheral collisions.

NCQ scaling of vy(pr): The behavior of vy(py) for
identified hadrons is further explored in Fig. 8. The
observable, normalized by the number of constituent
quarks (n,), is plotted against transverse kinetic energy

per quark, (my—mg)/n,, where my = +/p% + mj, and
mq denotes the particle rest mass. After scaling, the

results for pions, kaons, and protons display a clear
tendency to follow a common trend across different
centralities, indicating an approximate NCQ scaling.
Such scaling behavior has traditionally been regarded
as evidence for collective motion emerging at the
partonic stage. While the scaling is not exact over
the full measured range and small deviations exist at
lower values of (mr —my)/n,, the overall consistency
aligns well with expectations from quark recombination
models. This qualitative agreement supports the inter-
pretation that quark-level collectivity contributes to the
observed dynamics, although hadronic effects may still
influence the degree of scaling.

[ ALICE Pb-Pb, ysy = 5.02 TeV
2 Inl<08,An=04 -

vo(pT)/nq
o
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— pol3 fit

Centrality: 10-20%

o)

Centrality: 30-40% (C) Centrality: 60-70%
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FIG. 8.

(m—my)in, (GeV/c?)

P I |
2 30 1 2 3
(m—my)in, (GeV/c?)

vo(pr) of pions (zF), kaons (K=), and protons [p(p)] scaled by number of constituent quarks (n,) shown as a function

of transverse kinetic energy per constituent quark, (my —myg)/n, in Pb-Pb collisions at ,/syy = 5.02 TeV for centrality intervals
10%-20% (a), 30%—40% (b), and 60%—70% (c). The line represents a third-order polynomial function fitted to the pion data.
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