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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, direct experimental evidence
for the global and collective nature of radial flow fluctuations has been lacking. This Letter presents the first
measurement of transverse momentum (py) dependence of radial flow fluctuations (vy(pr)) over 0.5 <
pr < 10 GeV and demonstrates its collective nature using a two-particle correlation method in Pb + Pb
collisions at \/syy = 5.02 TeV. The data reveal three key features supporting the collective nature of radial
flow: long-range correlation in pseudorapidity, factorization in pt, and centrality-independent shape in pr.
The comparison with a hydrodynamic model demonstrates the sensitivity of vy(py) 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.

DOI: 10.1103/Idcn-r2lq

Introduction—Heavy-ion collisions at the Large Hadron
Collider (LHC) and the Relativistic Heavy Ion Collider
(RHIC) provide unique conditions for creating and study-
ing the quark-gluon plasma (QGP). The spacetime evolu-
tion of the QGP is well described by relativistic
hydrodynamics [1,2], where the system, driven by pressure
gradients, expands collectively and cools until hadroniza-
tion. This gradient-driven expansion turns geometric
anisotropies and size variations in the initial state into
two distinct final-state collective phenomena: anisotropic
flow (v,, n =1,2,...) and radial flow (v;), 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 [pr] in each event [3].

Extensive measurements of anisotropic flow, particularly
differential studies of v,(pr) and their event-by-event
(EbE) fluctuations [4—13], have provided crucial insights
into the initial conditions and transport properties of the
QGP. In contrast, experimental studies of radial flow have
been more limited. Traditional approaches focus on particle
spectra and moments of the [pr] distribution over event
ensembles, such as the mean ([pg]) [14] and the scaled

vy =/ ((6[pt])®)/([pr])  [15-19],
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5lpr] = [pr] — ([pr])- While the v, observable character-
izes global EbE radial flow fluctuations [20,21] and scales
with the square root of charged-particle multiplicity [18], it
provides only the pr-integral information about the
radial flow.

Anisotropic and radial flow are thought to originate from
single-particle distributions and hence are expected to
exhibit long-range correlations in pseudorapidity (7)
[3,22]. 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: V,a(pri, pr2) ® v, (pr1)va(pr2) [8,22] and
Voua(mysm) = v,(n1)v,(n2) [23-25]. Furthermore, v,(pr)
divided by the integrated flow v, exhibits a near-universal
behavior across centralities [26]. This universality arises
because the magnitude of wv,(pr) scales with initial
state eccentricity, while its shape, characterized by
k,(pr) = v,(p1)/v,, reflects the hydrodynamic response,
which is nearly independent of centrality [27]. While this
factorization and centrality-independent scaling hold at
pr <4 GeV in central to midcentral Pb + Pb collisions,
deviations are observed in peripheral collisions or at higher
pr, attributable to nonflow correlations such as resonance
decays or jet fragmentation. These direct correlation
measurements have established the multiparticle collective
nature of anisotropic flow.

In contrast to anisotropic flow, the collective nature of
radial flow has traditionally been inferred from model
studies of identified particle pr spectra and their [py] and
v [14,28]. These model-dependent approaches, incorpo-
rating radial expansion, have enabled acecss to average
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FIG. 1. Schematic illustration of how radial flow fluctuations

lead to correlations between the EbE pr-differential yield n(pr)
and the EbE average transverse momentum [pr]. The blue curve
represents an event with larger-than-average radial flow, the red
curve an event with smaller-than-average radial flow, and the
black curve the ensemble-averaged spectrum. Events with larger
radial flow have flatter spectra, resulting in a positive covariance
((6n(pr)d[pr]) > 0) at pr = {[pr]) and a negative covariance
((6n(pr)d[pr]) < 0)at pr < ([pr]) [31]. The zero-crossing point
of vo(pr), pr=~{[pr]), depends on the pr range used for
measurement, which is 0.5-10 GeV in this analysis, but does
not depend on p&f (see Ref. [35]).

radial flow velocities and temperatures [29]. Yet, they do
not directly probe the many-body nature of the radial flow,
as has been achieved for anisotropic flow. A new observ-
able, vy(pr), was proposed recently [30] to fill this gap.
Unlike anisotropic flow, which is more sensitive to shear
viscosity, vy(pt) is predicted to be more sensitive to bulk
viscosity [30,31], which remains less well constrained.
Precision measurements of vy(p), including factorization
and scaling checks as well as particle species dependence, thus
offer valuable opportunities to constrain the properties of the
QGP [32,33] and possibly disentangle contributions from
flow velocity fluctuations and thermal fluctuations [34].

The vy(pr) observable is defined based on the correla-
tion between particle spectra in narrow pr ranges, N(pt),
and [p] [30,31] (see Fig. 1). To avoid fluctuations in the
total multiplicity and capture only shape variations [35], the
fractional spectrum n(pr) = N(pr)/ [ N(pr)dpr in each
event is used. Events with a larger (smaller) radial flow
feature a flatter (steeper) distribution of n(py) and a
correspondingly higher (lower) [pr]. The resulting fluctua-
tions in the spectrum, én(pr) = n(pr) — (n(pr)), and in
8[pr] are correlated in a characteristic pattern: negative
correlation at pr < ([pr]) and positive at pr = ([pr]). By
assuming a factorization of the normalized covariance
[30,31],

<5n(PT)5[PT]> — »
o) ([pay P70 ()

vo(pt) can be calculated from the data. The normalization
reduces sensitivity to the particle reconstruction efficiency.

If radial flow is collective, v, is related to vy(pt) by an
approximate sum rule [30,35],

_ VA{Glpr])*)a

*T {lpida
N preA(PT —([pr])a)(n(p1))vo(PT)dPT
" preA pr({n(pr))dpr

. (2

where “A” denotes the reference-pr (pi') range for
integration and calculating v,. The measured vy(pr) is
expected to be independent of p%' and exhibit centrality-
independent scaling. However, this factorization and scal-
ing can be broken in the presence of significant nonflow
correlations.

This Letter presents measurements of vy(py) using
470 pb~! of Pb + Pb collision data at VSnn = 5.02 TeV
from 2015. Results are obtained for several p%' and various
centrality ranges. Comparison with a hydrodynamic model
further reveals the impact of QGP viscosities, particularly
bulk viscosity, on radial flow fluctuations. This analysis
closely follows a previous ATLAS analysis that measured
vy and its centrality scaling properties [18].

ATLAS detector and data selection—The measurements
are performed using the ATLAS inner detector (ID),
forward calorimeter (FCal), and zero-degree calorimeters
(ZDCs) along with the trigger and data acquisition systems
[36-38]. The ID detects charged particles within || < 2.5
[39] using a combination of silicon pixel and microstrip
detectors, along with a straw-tube transition-radiation tracker,
all immersed in a 2 T axial magnetic field [37]. The FCal
consists of three sampling layers, covering 3.2 < || < 4.9.
The ZDCs are positioned at 140 m from the interaction
point and detect neutrons with |57| > 8.3. The ATLAS trigger
system [38] consists of a hardware-based level-one (L.1) and
software-based high-level triggers. A software suite [40] 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 |i| <
4.9 at L1 to exceed 50 GeV. Additionally, dedicated central
collision triggers enhance the number of events with large
FCal transverse energy [13].

Charged-particle tracks are reconstructed from hits in the
ID using a procedure optimized for heavy-ion collisions
[41]. 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. [26]. Tracks used in
this analysis have 0.5 < pp < 10 GeV and |5| < 2.5. This
pt 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 Ng°. Events containing multiple
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inelastic collisions (pileup) are suppressed by exploiting the
correlation between N° and the transverse energy mea-
sured in the FCal, Ef°Y, as well as between the energy
deposited in the ZDCs and EX“Y. The residual pileup
probability is 0.17% among all selected events, but is
smaller than 0.01% in central collisions [18,42].

Events are categorized into centrality ranges using a
parametrization of the EFC distribution [13] based on a
Glauber model [43], starting at 0% for the most central
collisions with the highest EX“ value and ending at 70%.
Events in this centrality range are fully efficient against the
L1 event selection criteria.

Analysis—The track reconstruction efficiency,
e(pr.n, Ni°), is evaluated using Monte Carlo (MC) simu-
lated events for Pb + Pb collisions generated with HIJING
[44] and charged particles definition according to Ref. [41].
The detector response is simulated using Geant4 [45,46], 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 4 Pb collisions, the efficiency
ranges from 71% at n~0 to about 40% for || > 2 at
pr > 0.8 GeV, and it decreases by 12% from 0.8 to
0.5 GeV in pr. In peripheral collisions, the efficiency is
up to 4% higher. The rate of falsely reconstructed (“fake”)
tracks, f(pr,n, N%°), is significant for py <1 GeV in
central collisions, ranging from 2% for || < 1 to 8% at
larger |5|. The fake-track rate drops rapidly for higher pr
and more peripheral collisions.

The observables in this analysis are obtained using a
two-subevent method [47,48], which takes particles from
two 5 regions labeled a and b: —=2.5 < 5, < —(144p/2) and
(Mgap/2) < 11, < 2.5. This subevent method was first used
to measure the vy at RHIC in Ref. [19]. Four choices of
gaps, Ngp = 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 [49]. Each recon-
structed charged track i is assigned a weight w; to correct
for reconstruction efficiency €; and fake rate f;: w; =
(I —f;)/e; [50]. The charged-particle multiplicity, cor-
rected for detector effects, in 0.5 < pp <5 GeV and || <
2.5 is obtained as Ny, = Z,w;.

For each collision subevent, the following quantities are
calculated: [pr] = Zjw;pr;/Ziwi, [pr] = Ziwidpr,/Ziw;
with  6pr; = pr;—([pr]), and n(pr) =Z{"w;i/Zw;,
where X7 represents the sum over all tracks in a narrow
pr range. The two-particle observables are calculated
in narrow N, ranges as: <(5[PTD2> = <5[pT}a5[pT}b>’
(6n(pr)élpr)) = 5 (6na(pr)dlprly + 6ny(pr)dlprl,). The
measurements are performed for three prTCf ranges, 0.5-2,
0.5-5, and 1-5 GeV; according to Eq. (1), vy can only be
calculated in fairly wide p%' ranges, motivating the partial
overlap in their choices. Statistical uncertainties for all
observables are computed using a standard Poisson bootstrap
method.

Systematic uncertainties stem from track selection,
reconstruction efficiency, residual pileup, centrality defi-
nition, and MC closure test of the analysis procedure. These
uncertainties obtained in 0.5 < p&f < 2 GeV and Noap = 1
are summarized below for v, and for vy(pr) at a low py
(0.5-0.8 GeV) and a high pr 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 v, and 1—
8% at low pr and 0.5-1.5% at high py for vy(pr). The
vo(pr) as defined in Eq. (1) is insensitive to the track
reconstruction efficiency. Indeed, repeating the analysis
without track weights leads to variations in vy(py) smaller
than uncertainties due to track selection. Uncertainties in
the efficiency, mainly due to the modeling of the detector
material in Geant4, can be as large as 4%. Their impacts are
within 0.5-1% for v, and 2-3% at low pt and 0.5-1% at
high pr for vy(pt). 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 HUING MC samples are used to evaluate the
consistency of calculated observables, obtained using truth
particles or the reconstructed tracks with the same correc-
tion procedures as for the real data applied [13]. This check
also accounts for the smearing of measured [pr] and n(pr)
from their true values. The differences are about 1% for v,
and 2% for vy(pr).

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 cen-
tral collisions. The total uncertainties are 1.5-5% for vy,
and 3-8.5% for vy(pr) at low pr and 2-3.5% at high p.
The uncertainties are largest in central collisions and reduce
to less than half their size in peripheral collisions. The
uncertainties are generally smaller for the other two pif
ranges, and are somewhat larger for bigger 7,,,. The total
uncertainties for each data point are obtained by combining
statistical and systematic uncertainties, which are then
shown alongside the statistical uncertainties when present-
ing the results.

Results—Figure 2(a) shows the centrality dependence of
vy computed in three p%' ranges. The magnitude of v,
depends on the choice of prT‘“‘f, and shows a characteristic
decrease toward central collisions as observed in Ref. [18].
It is the largest for the widest p¢' range, as expected from
Eq. (2). However, when dividing v, by its value in the 0—
5% centrality range, vy/v)™>%, the trend in centrality is
similar across all pﬁf’f selections, as shown in Fig. 2(b).

032301-3



PHYSICAL REVIEW LETTERS 136, 032301 (2026)

UATLAS (@) U aTLAS (b)
| Pb+Pb 5.02 TeV, 470 ub’” I Pb+Pb 5.02 TeV, 470 ub™'
Ngap = 1 . F Noap = 1 -
- g1 R o ]
>O . - o ° g>o . =}
L]
S e s =l :
107 = 5 * peange ] ' P range
[ = =} T 1 a T
[ 8 . —-0.5-2 GeV 1 - 0.5-2 GeV
[o 520.5-5GeV | = 520.5-5 GeV ]
Fe -B—15GeV [ = 1-5 GeV
1 Il 1 Il Il 1
0 20 0 80 0 20 40 60
Centrality [%] Centrality [%]
[ATLAS ( ) [ ATLAS (d):

[ Pb+Pb 5.02 TeV, 470 ub” 0.1[-Pb+Pb 5.02 TeV, 470 b’

r.

L Mg, + 1‘| =1 oog ]
(3] .
S o5 0—5% Centrality g - fin [ -5% Centrality -'-.“:]mmm 1
- B ) o L ® "man |
N a8 1 0.05fF K o0t
e i O 1
T I, 102t I~ WP RS SO
o 4& o ]
= laeE 12 Tfae*
<
; 50-60% Centrality 1 50-60% Centrality
5" Hijing p’Te' range on 0.4F p’Te' range L
B [-- ®052GeV " | | ®052Gev "
3'— 5F .. 5- g b =0.5-5GeV & a
o/ 1 o® am
(= 3 = 1-5 GeV gunt
& 0.2f fj 8
o . -
=3 ] 0";;.’!‘! """""" 1
. 1 L 1
1 10 1 10
p, [GeV] p, [GeV]

FIG. 2. Centrality dependence of v, (a) and vy/v)>% (b) for
three prer ranges, and normalized covariance from Eq. (1) (c) and
vo(pr) (d) obtained in 0-5% centrality (top) and 50-60%
centrality (bottom) in three pf' ranges. The color lines indicate
the predictions from the HING model containing only nonflow
correlations. Bars and shaded areas indicate statistical and total
uncertainties, respectively.

Hence, v, 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 vy(pr) and vy from
Eq. (1) is examined in Figs. 2(c) and 2(d) for two
representative centralities (0-5% and 50-60%). While
the normalized covariance varies substantially with p%f,
the extracted vy(pr) remains nearly p%-independent up to
pt ~ 3 GeV. This factorization, akin to what is observed
for anisotropic flow, further supports the collective nature
of radial flow. The vy(pr) data for the three pi' cross zero
at pr~1 GeV, approximately the ([pr]) for the 0.5-
10 GeV range. The vy(pr) data are also found to satisfy
the sum rule in Eq. (2) within 4%. Above pt ~ 3 GeV and
in more peripheral collisions, the data become dependent
on pX due to larger non-flow contributions. Among the
three reference ranges, results for pf €0.5-2 GeV are
least affected by non-flow correlations, as suggested by the
trend of vy(pr) at high pr.

In central collisions, vy(pr) shows a decrease above
pr ~4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime
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FIG. 3. wy(pr) for g, =0, 1, 2, and 3 in 0-5% (a) and 60—

70% (b) centrality. Bars and shaded areas indicate statistical and
total uncertainties, respectively.

to a jet-quenching dominated regime [30], which changes
the shape of the underlying spectrum and its EbE fluctua-
tions [51]. No such decrease is observed in peripheral
collisions.

In Fig. 2(c), the covariance is compared to calculations
from the HUING model containing only nonflow correla-
tions. HUING underpredicts the magnitude of the data at
pr < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pr ~ 6 GeV, HUING predictions become comparable to
the data, suggesting that the high pt behavior of the
covariance could be impacted by nonflow correlations,
especially in peripheral collisions.

The impact of nonflow correlations on vy (pr) is further
investigated by varying 7,,, between the subevents. A
larger 744, reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the vy(pr) data in 0-5% and 60-70%
centrality ranges for different 7,,, selections. Little change
is observed in central collisions when 74, is varied from 0
to 3. In contrast, vo(pr) in peripheral collisions at pp >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on 7,,, supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, 77y, = 1 is
used as the default configuration.

Next, the shape of vy(pr) across centralities is inves-
tigated using the normalized quantity vy(pr)/vo, Which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares vy(pr) and vy(pt)/ v, for several
centrality ranges. While vy(pr) exhibits a pronounced
centrality dependence, vy(pr)/vo is almost independent
of centrality in the range pr < 2.5 GeV. This observation
indicates that the magnitude of vy(pr) is primarily driven
by the fluctuations in nuclear overlap area and density,
which is larger in peripheral collisions [18,20]. In contrast,
the shape of vy(pr) is governed by the hydrodynamic
response ko(pr) & vo(pr)/ve [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for v,(pr)/v,. However, v,(pr)/v,
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FIG. 4. The vy(pr) (a) and vo(pr)/vo (b) for different central-
ity ranges. Bars and shaded areas represent statistical and total
uncertainties, respectively.
sensitive to both shear and bulk viscosities, while
vo(pr)/ vy is mostly sensitive to bulk viscosity [3].
Above pr =~ 3 GeV, where the nonflow contribution is
more significant, this scaling is imperfect. Up to 40-50%
centrality, vo(pr)/vo is observed to first rise and then fall,
which could be due to the change in the baryon-meson
composition or onset of jet quenching that reduces the
fractional momentum fluctuations [51]. For more periph-
eral collisions, the data exhibit either a flat behavior or an
increasing trend with p, consistent with a larger nonflow
contribution at high pr and in peripheral collisions.
Figure 5 compares the data from the 0-5% centrality
range to hydrodynamic model predictions from Ref. [31],
based on the Trento + MUSIC framework with either
constant shear viscosity or temperature-dependent bulk
viscosity from Refs. [32,52]. Since these calculations are
not fully tuned to reproduce overall pt spectra and
fluctuations, following conformal scaling arguments [27],
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FIG.5. The vy(pt)/vg as a function of pr (a) and pr/pr (b) in
0-5% centrality range, where pr is the mean pr in 0.5-10 GeV.
Bars and shaded areas represent statistical and total uncertainties,
respectively. They are compared with hydrodynamic model
predictions without viscosity (blue), with a constant shear
viscosity (in terms of shear viscosity to entropy density ratio
of n/s = (1/4x), magenta), and with a temperature-dependent
bulk viscosity (grey) [32,52]. The shaded bands on the model
curves represent the statistical uncertainties.

the authors recommend comparing v (pt)/ v, as a function
of pt/pt, where pr is the average transverse momentum in
the range of 0.5-10 GeV in this analysis. The ratio
vo(p1)/vo reduces the dependence on initial conditions,
while the scaled quantity py/pt reduces dependencies on
model descriptions of [pr].

As shown in Fig. 5, calculations with and without shear
viscosity lead to similar predictions, whereas calculation
with bulk viscosity alters both the zero-crossing in pr and
the high-py behavior. Without bulk viscosity, the model
underestimates the data at high pr, while using a standard
temperature-dependent bulk viscosity [32,52] improves
agreement with the data, albeit reducing the zero-crossing
point. The zero-crossing point shift reflects a reduction of
average transverse momentum in the presence of bulk
viscosity. This reduction is expected to be systematic across
centralities and should preserve the universal scaling
observed in Fig. 4(b). Rescaling the horizontal axis by
pr further improves the agreement, isolating the clear
sensitivity of the vy(pr) data at pr > 2 GeV to the bulk
viscosity of the QGP. Further model tuning for a precise
description of the initial conditions and other bulk observ-
ables, such as yields of baryons and mesons and N,
distribution, is expected to improve the description of the
data and provide more precise constraints on the bulk
viscosity. Our measurement provides the foundation for
such quantitative constraints.

Summary—This Letter reports the first measurement of
the pr-differential radial flow fluctuations vy(pr) using
charged particle tracks over the range 0.5 < pp < 10 GeV
in Pb+Pb collisions at /sy = 5.02 TeV using the
ATLAS detector at the LHC. This observable is extracted
from the correlations between each event’s pr-differential
spectrum and its average transverse momentum [pg] in
separate subevents. A characteristic rise of vy(pr) up to 3—
4 GeV, a decrease at higher pr, and a sign change near
1 GeV are observed. This rise and fall behavior could be
associated with an interplay between collective flow,
changes in baryon-meson composition, and jet quenching,
although a quantitative understanding of such interplay
requires a realistic model calculation. The vy(pr) is nearly
independent of the pseudorapidity gap between subevents,
supporting the long-range nature of the radial flow. These
results are confirmed by a similar study from the ALICE
Collaboration [53] that appeared after submission of this
Letter for publication. A factorization test shows that
vo(pr) for py <3 GeV is nearly independent of the pr
range used to calculate [pr], establishing the collective
nature of the radial flow. Notably, the shape of v, (pr) for

Tt <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
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vo(pr) is sensitive to bulk viscosity, highlighting its
potential for quantitative constraints on QGP transport
properties.
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End Matter

Appendix—The default analysis was performed using
normalized EbE spectra, i.e., n(pt), and then averaging in
narrow N, The impact of residual multiplicity fluctuation
in this observable can be checked by repeating the analysis
either by using the spectra without normalization and/or
performing an average in narrow ELCY. This procedure
results in four measurements of the wvy(py), which are
displayed in Fig. 6 for four centrality ranges. The results
show that the global multiplicity fluctuations could shift the
vo(pr) vertically and change the zero-crossing point in pr,
but not the shape of vy(pr) [35].

Figure 7 shows the zero-crossing point of the vy(pr)
obtained for the three pi' ranges, and compared to the

([pr]) over 0.5-10 GeV. Figure 8 shows the performance of
the two sum rules of the vy(pr) expected due to its
collective nature.

The results for v, were previously presented as a
function of the efficiency-corrected charged-particle
multiplicity, Ny, [18]. Figure 9 shows the v, and v,
divided by its value at 5% as a function of N,
complementing Fig. 2. The v, were observed to scale
as /Ny, in a previous ATLAS paper [18]; such scaling
is shown in Fig. 10 for the three p’Tef ranges. Figure 11
shows that the vy(pr) scaled by /N approximately
falls on a common trend at low pr, expected from the
independent source model scenario.
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