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Evidence for the collective nature of radial flow in

Pb+Pb collisions with the ATLAS detector
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Anisotropic flow and radial flow are two key probes of the expansion dynamics and properties

of the quark-gluon plasma (QGP). While anisotropic flow has been extensively studied, radial

flow, which governs the system’s radial expansion, has received less attention. Notably,

experimental evidence for the global and collective nature of radial flow has been lacking.

This Letter presents the first measurement of transverse momentum (?T) dependence of radial

flow fluctuations (E0(?T)) over 0.5 < ?T < 10 GeV, using a two-particle correlation method

in Pb+Pb collisions at
√
BNN = 5.02 TeV. The data reveal three key features supporting the

collective nature of radial flow: long-range correlation in pseudorapidity, factorization in

?T, and centrality-independent shape in ?T. The comparison with a hydrodynamic model

demonstrates the sensitivity of E0(?T) to bulk viscosity, a crucial transport property of the

QGP. These findings establish a new, powerful tool for probing collective dynamics and

properties of the QGP.

© 2025 CERN for the benefit of the ATLAS Collaboration.

Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Introduction. Heavy-ion collisions at the Large Hadron Collider (LHC) and the Relativistic Heavy Ion

Collider (RHIC) provide unique conditions for creating and studying the quark–gluon plasma (QGP). The

spacetime evolution of the QGP is well described by relativistic hydrodynamics [1, 2], where the system,

driven by pressure gradients, expands collectively and cools until hadronization. This gradient-driven

expansion turns geometric anisotropies and size variations in the initial state into two distinct final-state

collective phenomena: anisotropic flow (E=, = = 1, 2, · · · ) and radial flow (E0), respectively. Anisotropic

flow quantifies azimuthal momentum anisotropy, while radial flow characterizes the radial boost of the

system, which influences the average transverse momentum of particles [?T] in each event [3].

Extensive measurements of anisotropic flow, particularly differential studies of E= (?T) and their event-

by-event (EbE) fluctuations [4–11], provided crucial insights into the initial conditions and transport

properties of the QGP. In contrast, studies of radial flow have been comparatively limited, focusing primarily

on the moments of [?T] distribution over an event ensemble, such as the mean, 〈[?T]〉 [12], and the

scaled variance, E0 =

√

〈

(X[?T])2
〉

/〈[?T]〉 [13–17], where X[?T] = [?T] − 〈[?T]〉. The E0 observable

characterizes the global EbE radial flow fluctuations [18, 19], and scales with the square root of the

charged-particle multiplicity [16].

Anisotropic and radial flow originate from single-particle distributions and exhibit long-range correlations

in pseudorapidity ([). For anisotropic flow, these two features have been verified by the approximate

factorization of the coefficients of two-particle azimuthal correlation into single-particle coefficients:

+=Δ(?T1, ?T2) ≈ E= (?T1)E= (?T2) [6, 20] and +=Δ([1, [2) ≈ E= ([1)E= ([2) [21–23]. Furthermore, E= (?T)
divided by the integrated flow E= exhibits a near-universal behavior across centralities [24]. This universality

arises because the magnitude of E= (?T) scales with initial state eccentricity, while its shape characterized

by := (?T) = E= (?T)/E= reflects the hydrodynamic response, which is nearly independent of centrality [25].

While this factorization and centrality-independent scaling hold at ?T . 4 GeV in central to midcentral

Pb+Pb collisions, deviations are observed in peripheral collisions or at higher ?T, attributable to non-flow

correlations such as resonance decays or jet fragmentation.

In contrast to anisotropic flow, the collective nature of radial flow has not yet been directly established due

to a lack of ?T-differential measurements. A new observable, E0(?T), was proposed recently [26] to fill

this gap. Unlike anisotropic flow, which is more sensitive to shear viscosity, E0(?T) is more sensitive to

bulk viscosity [26, 27], which is not as well constrained. A precision measurement of E0(?T), including

factorization and scaling checks, thus offers valuable opportunities to constrain the properties of the

QGP [28, 29].

The E0(?T) observable is defined based on the correlation between particle spectra in narrow ?T ranges,

# (?T), and [?T] [26, 27] (see Figure 1). To avoid fluctuations in the total multiplicity and capture only

shape variations, the fractional spectrum =(?T) = # (?T)/
∫

# (?T)3?T in each event is used. Events with a

larger (smaller) radial flow feature a flatter (steeper) distribution of =(?T) and a correspondingly higher

(lower) [?T]. The resulting fluctuations in the spectrum, X=(?T) = =(?T) − 〈=(?T)〉, and in X[?T] are

correlated in a characteristic pattern: negative correlation at ?T . 〈[?T]〉 and positive at ?T & 〈[?T]〉. By

assuming a factorization of the normalized covariance [26, 27]:

〈X=(?T)X[?T]〉
〈=(?T)〉 〈[?T]〉

= E0(?T)E0 , (1)

E0(?T) can be calculated from the data. The normalization reduces sensitivity to the particle reconstruction
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ZDCs are positioned at ±140 m from the interaction point and detect neutrons with |[ | > 8.3. The ATLAS

trigger system [32] consists of a hardware-based level-one (L1) and software-based high-level triggers. A

software suite [33] is used in data simulation, in the reconstruction and analysis of real and simulated data,

in the detector operations, and in the trigger and data acquisition systems.

Pb+Pb events are selected by requiring the total transverse energy deposited in calorimeters over |[ | < 4.9

at L1 to exceed 50 GeV. Additionally, dedicated central collision triggers enhance the number of events

with large FCal transverse energy [11].

Charged-particle tracks are reconstructed from hits in the ID using a procedure optimized for heavy-ion

collisions [34]. The distance of the closest approach of the track to the primary vertex must be within

1.25 mm in both the transverse and longitudinal directions. More details of the track selection are found

in Ref. [24]. Tracks used in this analysis have 0.5 < ?T < 10 GeV and |[ | < 2.5. This ?T range spans

the regime predominantly influenced by radial flow as well as the transition region where jet-quenching

effects become significant. The total number of such tracks is denoted by # rec
ch

. Events containing multiple

inelastic collisions (pileup) are suppressed by exploiting the correlation between # rec
ch

and the transverse

energy measured in the FCal, �FCal
T

, as well as between the energy deposited in the ZDCs and �FCal
T

.

The residual pileup probability is 0.17% among all selected events, but is smaller than 0.01% in central

collisions [16, 35].

Events are categorized into centrality ranges using a parametrization of the �FCal
T

distribution [11] based

on a Glauber model [36], starting at 0% for the most central collisions with the highest �FCal
T

value and

ending at 70%. Events in this centrality range are fully efficient against the L1 event selection criteria.

Analysis. The track reconstruction efficiency, n
(

?T, [, #
rec
ch

)

, is evaluated using Monte Carlo (MC)

simulated events for Pb+Pb collisions generated with Hijing [37] and charged particles definition according

to Ref. [34]. The detector response is simulated using Geant4 [38, 39], and events are reconstructed

with the same algorithms as used for the data. The HĲING spectra have been reweighted to match the

data. In central Pb+Pb collisions, the efficiency ranges from 71% at [ ≈ 0 to about 40% for |[ | > 2 at

?T > 0.8 GeV, and it decreases by 12% from 0.8 to 0.5 GeV in ?T. In peripheral collisions, the efficiency

is up to 4% higher. The rate of falsely reconstructed (“fake”) tracks, 5
(

?T, [, #
rec
ch

)

, is significant for

?T < 1 GeV in central collisions, ranging from 2% for |[ | < 1 to 8% at larger |[ |. The fake-track rate drops

rapidly for higher ?T and more peripheral collisions.

The observables in this analysis are obtained using a two-subevent method [40, 41], in which the particles

are taken from two [ regions labeled 0 and 1: −2.5 < [0 < − [gap

2
and

[gap

2
< [1 < 2.5. Such subevent

method was first used to measure the E0 at RHIC in Ref. [17]. Four choices of gaps, [gap = 0, 1, 2, and

3, are used to evaluate the effects of short-range non-flow correlations as well as possible longitudinal

radial flow decorrelations [42]. Each reconstructed charged track 8 is assigned a weight F8 to correct for

reconstruction efficiency n8 and fake rate 58 : F8 ≡ (1 − 58) /n8 [43]. The charged-particle multiplicity,

corrected for detector effects, in 0.5 < ?T < 5 GeV and |[ | < 2.5 is obtained as #ch = Σ8F8 .

For each collision subevent, the following quantities are calculated: [?T] = Σ8F8?T,8/Σ8F8, X[?T] =

Σ8F8X?T,8/Σ8F8 with X?T,8 ≡ ?T,8 − 〈[?T]〉, and =(?T) = Σ
?T

8
F8/Σ8F8, where Σ

?T

8
represents the

sum over all tracks in a narrow ?T range. The two-particle observables are calculated in narrow #ch

ranges as:
〈

(X[?T])2
〉

= 〈X[?T]0X[?T]1〉, 〈X=(?T)X[?T]〉= 1
2
〈X=0 (?T)X[?T]1+X=1 (?T)X[?T]0〉. The

measurements are performed for three ?ref
T

ranges, 0.5–2, 0.5–5, and 1–5 GeV; according to Eq. (1), E0

can only be calculated in fairly wide ?ref
T

ranges, motivating the partial overlap in their choices. Statistical

uncertainties for all observables are computed using a standard Poisson bootstrap method.

4



Systematic uncertainties stem from track selection, reconstruction efficiency, residual pileup, centrality

definition, and MC closure test of the analysis procedure. These uncertainties obtained in 0.5 < ?ref
T

< 2 GeV

and [gap = 1 are summarized below for E0 and for E0(?T) at a low ?T (0.5–0.8 GeV) and a high ?T region

(2–3 GeV).

Track selection uncertainties are assessed by comparing nominal results with those obtained under looser

or stricter criteria. This results in a deviation of 0.5–5% for E0, and 1–8% at low ?T and 0.5–1.5% at

high ?T for E0(?T). The E0(?T) as defined in Eq. (1) is insensitive to the track reconstruction efficiency.

Indeed, repeating the analysis without track weights leads to variations in E0(?T) smaller than uncertainties

due to track selection. Uncertainties in the efficiency, mainly due to modeling of the detector material in

Geant4, can be as large as 4%. Their impacts are within 0.5–1% for E0 and 2–3% at low ?T and 0.5–1%

at high ?T for E0(?T). The impact of the azimuthal efficiency variation is assessed by including it in the

track weight; no observable changes are found in the results. Residual pileup effects are estimated by

adjusting the pileup rejection criteria, leading to uncertainties less than 0.5% for all observables. Centrality

definition uncertainties, assessed by varying the Glauber model parameters, are relevant only when results

are presented in centrality ranges and are below 3% for all observables.

The Hijing MC samples are used to evaluate the consistency of calculated observables, obtained using truth

particles or the reconstructed tracks with the same correction procedures as for the real data applied [11].

This check also accounts for the smearing of measured [?T] and =(?T) from their true values. The

differences are about 1% for E0 and 2% for E0(?T).

The full systematic uncertainties for each observable are obtained by adding contributions from individual

sources in quadrature. Track selection is the dominant source of systematic uncertainty, particularly in

midcentral and central collisions. The total uncertainties are 1.5–5% for E0, and 3–8.5% for E0(?T) at low

?T and 2–3.5% at high ?T. The uncertainties are largest in central collisions and reduce to less than half

the size in peripheral collisions. The uncertainties are generally smaller for the other two ?ref
T

ranges, and

are somewhat larger for bigger [gap. The total uncertainties for each data point are obtained by combining

statistical and systematic uncertainties, which are then shown alongside the statistical uncertainties when

presenting the results.

Results. Figure 2a shows the centrality dependence of E0 computed in three ?ref
T

ranges. The magnitude of

E0 depends on the choice of ?ref
T

, and shows a characteristic decrease toward central collisions as observed

in Ref. [16]. It is largest for the widest ?ref
T

range, as expected from Eq. (2). However, when dividing E0

by its value in the 0–5% centrality range, E0/E0−5%
0

, the trend in centrality is nearly the same across all

?ref
T

selections, as shown in Figure 2b. Hence, E0 captures EbE fluctuations in the overall spectral shape,

consistent with a collective nature of radial flow fluctuations.

To quantify this collective nature, the factorization of the covariance into a product of E0(?T) and E0 from

Eq. (1) is examined in Figures 2c and 2d for two representative centralities (0–5% and 50–60%). While the

normalized covariance varies substantially with ?ref
T

, the extracted E0(?T) remains nearly ?ref
T

-independent

up to ?T ≈ 3 GeV. This factorization, akin to what is observed for anisotropic flow, further supports the

collective nature of radial flow. The E0(?T) data for the three ?ref
T

cross zero at ?T ≈ 1 GeV, approximately

the 〈[?T]〉 for the 0.5–10 GeV range. The E0(?T) data are also found to satisfy the sum rule in Eq. (2)

within 4%. Above ?T ≈ 3 GeV and in more peripheral collisions, the data become dependent on ?ref
T

due

to larger non-flow contributions. Among the three reference ranges, results for ?ref
T

∈ 0.5–2 GeV are least

affected by non-flow correlations, as suggested by the trend of E0(?T) at high ?T.

In central collisions, E0(?T) shows a decrease above ?T ≈ 4 GeV, similar to anisotropic flow, which might

be associated with a transition from a flow-dominated regime to a jet-quenching dominated regime [26],
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Summary. This Letter reports the first measurement of the ?T-differential radial flow fluctuations E0(?T)
using charged particle tracks over the range 0.5 < ?T < 10 GeV in Pb+Pb collisions at

√
BNN = 5.02 TeV

using the ATLAS detector at the LHC. This observable is extracted from the correlations between each

event’s ?T-differential spectrum and its average transverse momentum [?T] in separate subevents. A

characteristic rise of E0(?T) up to 3–4 GeV, a decrease at higher ?T, and a sign change near 1 GeV are

observed, which could be associated with an interplay between collective flow and jet quenching. The

E0(?T) is nearly independent of the pseudorapidity gap between subevents, supporting the long-range

nature of the radial flow. A factorization test shows that E0(?T) for ?T . 3 GeV is nearly independent

of the ?T range used to calculate [?T], establishing the collective nature of the radial flow. Notably, the

shape of E0(?T) for ?T . 3 GeV is nearly centrality-independent, implying a universal hydrodynamic

response to radial expansion. Taken together, these results confirm three hallmarks of collectivity –

long-range correlation, factorization, and centrality-independent shape – now demonstrated for radial flow.

Comparisons with a hydrodynamic model reveal that E0(?T) is sensitive to bulk viscosity, highlighting its

potential for quantitative constraints on QGP transport properties.
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