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pT < 10 GeV region, and a rising trend from around 10 GeV to the highest pT. In the pPb system,
there is no suppression in the intermediate pT region, suggesting that in PbPb collisions the
suppression is a hot medium effect. Above pT > 10 GeV in the pPb system, a weak momentum
dependence is seen leading to a moderate excess above unity at high pT. This excess is less
pronounced than the one seen in R

⇤
pA when using an interpolated pp reference spectrum [13].

At the pT value of the largest deviation, 65 GeV, RpA is 1.19 ± 0.02 (stat)+0.13
�0.11 (syst), while R

⇤
pA

is 1.41 ± 0.01 (stat)+0.20
�0.19 (syst). The RpA values above unity in the intermediate pT region are

qualitatively similar to other observed enhancements due to the Cronin effect and radial flow
in pA and dA systems [37, 53]. Furthermore, the moderate excess above 10 GeV is suggestive
of anti-shadowing effects in the nuclear parton distribution function [34].

 (GeV)
T

p
1 10 210

N
uc

le
ar

 m
od

ifi
ca

tio
n 

fa
ct

or

0

0.5

1

1.5

2
 (PbPb) 5.02 TeV-1bµ (pPb) + 404 -1 (pp) + 35 nb-127.4 pb

CMS

0-100%

pAR
AAR

 uncertaintypAT
 uncertaintyAAT

pp lumi. uncertainty| < 1
CM
η|

Figure 6: Measurements of the nuclear modification factor for an inclusive centrality class for
both PbPb and pPb collisions. The RpA values are formed using the previously published CMS
pPb data [13] and the pp reference spectrum described in this paper. Please refer to the main
text about the exact procedure followed. The green and yellow boxes show the systematic un-
certainties for RpA and RAA, respectively, while the TpA, TAA, and pp luminosity uncertainties
are shown as boxes at low pT around unity.

7 Summary
The transverse momentum spectra of charged particles in pp and PbPb collisions at

p
sNN =

5.02 TeV have been measured in the pseudorapidity window |h| < 1 in the pT ranges of 0.5–
400 (pp) and 0.7–400 GeV (PbPb). Using these spectra, the nuclear modification factor RAA
has been constructed in several bins of collision centrality. In the 0–5% bin, the RAA shows a
maximum suppression of a factor of 7–8 around pT =7 GeV. At higher pT, it exhibits a rise,
reaching a value of RAA = 0.86 ± 0.28 in the pT bin from 250 to 400 GeV. As collisions become
more peripheral, a weakening of both the magnitude and pT dependence of this suppression
is observed. Comparisons of the measured RAA values to the 2.76 TeV results reveal similar pT
dependence and similar suppression. Predictions of the high-pT RAA coming from the SCETG,
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7 Summary
The transverse momentum spectra of charged particles in pp and PbPb collisions at

p
sNN =

5.02 TeV have been measured in the pseudorapidity window |h| < 1 in the pT ranges of 0.5–
400 (pp) and 0.7–400 GeV (PbPb). Using these spectra, the nuclear modification factor RAA
has been constructed in several bins of collision centrality. In the 0–5% bin, the RAA shows a
maximum suppression of a factor of 7–8 around pT =7 GeV. At higher pT, it exhibits a rise,
reaching a value of RAA = 0.86 ± 0.28 in the pT bin from 250 to 400 GeV. As collisions become
more peripheral, a weakening of both the magnitude and pT dependence of this suppression
is observed. Comparisons of the measured RAA values to the 2.76 TeV results reveal similar pT
dependence and similar suppression. Predictions of the high-pT RAA coming from the SCETG,
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Quenching observed in OO/NeNe collisions
PRL 136 (2026), 162301 arXiv:2602.21325 
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has been constructed in several bins of collision centrality. In the 0–5% bin, the RAA shows a
maximum suppression of a factor of 7–8 around pT =7 GeV. At higher pT, it exhibits a rise,
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Quenching observed in OO/NeNe collisions
PRL 136 (2026), 162301 arXiv:2602.21325 

 in OO/NeNe collisionsv2(pT)

Collectivity without quenching in pPb 
What about a system of similar size but 

with quenching?

Need to first dive into a fundamental issue 
with differential flow measurements
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 The “Flaw” in the Flow

4

      Flow is an event-by-event phenomenon. To measure , we must correlate a particle of 
interest (POI) with reference flow particles (RFPs). Averaged over event ensembles.

vn(pT)
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 Results of the test
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dn{4} = ⟨⟨4′￼⟩⟩−2⟨⟨2′￼⟩⟩ ⋅ ⟨⟨2⟩⟩

dn{2} = ⟨⟨2′￼⟩⟩
cn{2} = ⟨⟨2⟩⟩

cn{4} = ⟨⟨4⟩⟩ − 2⟨⟨2⟩⟩ ⋅ ⟨⟨2⟩⟩
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•  Events with high-p  particles constitute a physically distinct ensemble 
•  It is incorrect to use a universal “inclusive” reference for differential measurements 
•  New standard (approach):  

•  Both differential and reference correlation from same set of events

T

≠
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•  It is incorrect to use a universal “inclusive” reference for differential measurements 
•  New standard (approach):  

•  Both differential and reference correlation from same set of events
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 in OO upto  
50 GeV using SP method

v2(pT)

A Dattamunsi (Wed)

CMS-PAS-HIN-26-005

≠

https://indico.global/event/16217/contributions/157811/
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•  Events with high-p  particles constitute a physically distinct ensemble 
•  It is incorrect to use a universal “inclusive” reference for differential measurements 
•  New standard (approach):  
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Key takeaway: Inclusive references are invalid, must use a 
                          unique reference for each p  binT
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Part 2: Differential radial flow 
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 Two kinds of transmutation

Less realized as a signature   
of collectivity

Observables: Anisotropic flow coefficient vn

 differential: 
(more informative)
pT vn(pT), n > 0

E-by-E  fluctuations, [pT] σpT

Not available 

8

Shape-flow transmutation Size-flow transmutation

Hallmarks of collectivity: 
• Long-range nature (  independent) 
• Factorization (  independent ) 
• Centrality independence of  
• Consistency b/w higher order cumulants 
• Mass ordering, NCQ scaling 
• Baryon-Meson splitting, heavy-flavor flow

Δη
pref

T
vn(pT)/vn
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• Centrality independence of  
• Consistency b/w higher order cumulants 
• Mass ordering, NCQ scaling 
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Δη
pref

T
vn(pT)/vn

v0(pT)
Teaney et.al.: Phys. Rev. C 102, 034905 (2020)

Do these hallmarks of collectivity 
also hold for radial flow?
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 Defining the differential radial flow 

9

Correlation between the fluctuations of local yield ( ) 
and mean transverse-momentum ( )

δN(pT)
δpT
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 Observations in Large System

Multiplicity

Fluctuations

Multiplicity
Fluctuations

arXiv:2503.24125v1   determines the relative size of fluctuationsv0 ≡ ∫ v0(pT)

10

Phys. Rev. Lett. 136, 032301
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 Hallmarks of Collectivity

Multiplicity

Fluctuations

Multiplicity

Fluctuations

Phys. Rev. Lett. 136, 032301
 is independent of size of the 

fluctuations. Dependence on models of 
initial conditions is suppressed.

v0(pT)/v0

11
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Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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Long-range nature: 
 independenceΔη

Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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HIJING underpredicts 
strength of correlation

Hence, v0 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 v0ðpTÞ and v0 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 pref

T ,
the extracted v0ðpTÞ remains nearly pref

T -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 v0ðpTÞ data for the three pref

T cross zero
at pT ≈ 1 GeV, approximately the h½pT$i for the 0.5–
10 GeV range. The v0ðpTÞ 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 pref

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

T ∈ 0.5–2 GeV are
least affected by non-flow correlations, as suggested by the
trend of v0ðpTÞ at high pT.
In central collisions, v0ðpTÞ shows a decrease above

pT ≈ 4 GeV, similar to anisotropic flow, which might be
associated with a transition from a flow-dominated regime

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 HIJING model containing only nonflow correla-
tions. HIJING underpredicts the magnitude of the data at
pT < 6 GeV, implying that the collective radial flow
generates most of the signal in the data. Above
pT ≈ 6 GeV, HIJING 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 v0ðpTÞ is further

investigated by varying ηgap between the subevents. A
larger ηgap reduces the short-range nonflow contributions
but also enhances the flow decorrelation effects [25,49].
Figure 3 shows the v0ðpTÞ data in 0–5% and 60–70%
centrality ranges for different ηgap selections. Little change
is observed in central collisions when ηgap is varied from 0
to 3. In contrast, v0ðpTÞ in peripheral collisions at pT >
3 GeV decreases slightly, which is consistent with residual
non-flow contributions from away-side jet fragmentation.
The weak dependence on ηgap supports the interpretation
that radial flow is a long-range, global correlation similar to
anisotropic flow. Based on these observations, ηgap ¼ 1 is
used as the default configuration.
Next, the shape of v0ðpTÞ across centralities is inves-

tigated using the normalized quantity v0ðpTÞ=v0, which has
the advantage of being insensitive to the initial-state effects
[30]. Figure 5 compares v0ðpTÞ and v0ðpTÞ=v0 for several
centrality ranges. While v0ðpTÞ exhibits a pronounced
centrality dependence, v0ðpTÞ=v0 is almost independent
of centrality in the range pT ≲ 2.5 GeV. This observation
indicates that the magnitude of v0ðpTÞ 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 v0ðpTÞ is governed by the hydrodynamic
response k0ðpTÞ ≈ v0ðpTÞ=v0 [31], which is nearly inde-
pendent of centrality. This scaling behavior is analogous to
that observed for vnðpTÞ=vn. However, vnðpTÞ=vn is
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FIG. 1. Hydrodynamic predictions for (a) Symbols: spec-
tra of unidentified charged particles for Pb+Pb collisions at→
sNN = 5.02 TeV in the 0-5% centrality window measured by

ALICE [52] (|ω| < 0.8) and ATLAS [53] (|ω| < 2.5). Lines:
hydrodynamic calculations with smooth (dotted) or fluctuat-
ing (full) initial conditions. (b) Hydrodynamic predictions for
v0(pT )/v0.

softens the spectrum [46, 55, 56]. We also display ex-
perimental data from ALICE [52] and ATLAS [53] to
show that our hydrodynamic calculation is in the ball-
park. Note that our hydrodynamic calculation is for the
spectrum per unit rapidity y, while experimental data are
per unit pseudorapidity ω. We neglect the small Jacobian
correction between these two quantities, as it would be
di!erent for ALICE and ATLAS.

Fig. 1 (b) displays our hydrodynamic predictions for
v0(pT )/v0. v0(pT )/v0 changes sign as a function of pT ,
as expected from Eq. (10). It is positive for high pT ,
which is a direct consequence of the definition (6): An
upward fluctuation in the transverse momentum per par-
ticle, εpT > 0, goes along with an increase of the number
of high-pT particles, that is, a positive εN(pT ). The pT
dependence is similar to that of directed flow, v1(pT ) [57],
with the notable di!erence that v1(pT ) is proportional to
pT in the limit pT → 0, while v0(pT ) converges to a finite
negative value.

First, one notes that the two sets of calculations, with
initial fluctuations and with smooth initial conditions, re-
turn very similar results. With smooth initial conditions,

v0(pT )/v0 is solely driven by the fluctuation in the ini-
tial temperature. This in turn implies that temperature
fluctuations are the key phenomenon driving v0(pT ), also
with fluctuating initial conditions.
An important point is that by studying the scaled flow

v0(pT )/v0 instead of just v0(pT ), dependence on model
parameters is greatly reduced. The fact that the two sets
of calculations give almost identical results implies that
v0(pT )/v0 is largely independent of the modeling of the
fluctuating initial density profile. By contrast, v0 alone
(hence v0(pT )) strongly depends on initial fluctuations.
According to Eq. (8), it is proportional to ϑpT , which
is a key observable in constraining the initial state from
experimental data [18, 38–40].
To an excellent approximation, v0(pT )/v0 is also in-

dependent of centrality. In order to illustrate this, we
also display the result of the smooth ideal hydrodynamic
calculation for an impact parameter b = 7 fm. The multi-
plicity is typically smaller by a factor two than for b = 0,
but v0(pT )/v0 is identical. There is a tiny dependence
on centrality in viscous hydrodynamics (not shown), be-
cause the relative change of v0(pT )/v0 due to viscosity is
inversely proportional to the transverse radius, according
to Reynolds number scaling [58]. But this is a negligible
e!ect for the range of centralities where hydrodynamics
is expected to apply [23].
The dependence on transport coe”cients is also re-

duced by calculating v0(pT )/v0. The residual depen-
dence on initial-state fluctuations and transport coe”-
cients is, at least qualitatively, the same as for anisotropic
flow vn(pT ). Fluctuations and shear viscosity reduce
v0(pT )/v0 at high pT in the same way as they reduce
v2 at high pT [45, 49, 54], while bulk viscosity increases
it [56]. Note that the dependence of v0(pT )/v0 on trans-
port coe”cients results, at least partly, from that of ↑pT ↓,
since v0(pT )/v0 is related to the spectrum through the
sum rules (10).
Fig. 2 (a) displays spectra of identified pions, kaons

and protons. The e!ect of fluctuations and transport co-
e”cients is qualitatively the same as for charged particle
spectra in Fig. 1. One sees that hydrodynamics gener-
ally underestimates the transverse momentum of protons
compared to that of pions and kaons. It is a well-known
feature which can be improved [47] by taking into account
hadronic rescatterings after the end of the hydrodynamic
evolution [60, 61].
Fig. 2 (b) presents our predictions for v0(pT )/v0 of

identified particles. We choose to scale by the “inte-
grated” vh

±

0 for all charged particles, which is easier to
measure than that of identified particles. With this def-
inition, the denominator is the same for pions, kaons
and protons, and only the numerator v0(pT ) depends on
the particle species. Therefore, the ordering between the
curves is the same as if we had plotted v0(pT ). v0(pT )
displays a clear mass ordering, in the sense that at a
given value of pT , it decreases with increasing particle
mass [17]. Hydrodynamics predicts a similar mass or-
dering for elliptic flow, v2(pT ) [62], which is observed at

•  is independent of the 
modeling of initial density profile, also 
independent of centrality 
(multiplicity) 

•  p /<p > reduces dependencies on 
model descriptions of <p >

v0(pT)/v0

T T

T

sensitive to both shear and bulk viscosities, while
v0ðpTÞ=v0 is mostly sensitive to bulk viscosity [3].
Above pT ≈ 3 GeV, where the nonflow contribution is

more significant, this scaling is imperfect. Up to 40–50%
centrality, v0ðpTÞ=v0 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 pT, consistent with a larger nonflow
contribution at high pT 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 TrentoþMUSIC 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],

the authors recommend comparing v0ðpTÞ=v0 as a function
of pT=p̄T, where p̄T is the average transverse momentum in
the range of 0.5–10 GeV in this analysis. The ratio
v0ðpTÞ=v0 reduces the dependence on initial conditions,
while the scaled quantity pT=p̄T reduces dependencies on
model descriptions of ½pT%.
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 pT and
the high-pT behavior. Without bulk viscosity, the model
underestimates the data at high pT, 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
p̄T further improves the agreement, isolating the clear
sensitivity of the v0ðpTÞ data at pT > 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 Nch
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 pT-differential radial flow fluctuations v0ðpTÞ using
charged particle tracks over the range 0.5 < pT < 10 GeV
in Pbþ Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV using the
ATLAS detector at the LHC. This observable is extracted
from the correlations between each event’s pT-differential
spectrum and its average transverse momentum ½pT% in
separate subevents. A characteristic rise of v0ðpTÞ up to 3–
4 GeV, a decrease at higher pT, 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 v0ðpTÞ 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
v0ðpTÞ for pT ≲ 3 GeV is nearly independent of the pT
range used to calculate ½pT%, establishing the collective
nature of the radial flow. Notably, the shape of v0ðpTÞ for
pT ≲ 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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FIG. 4. The v0ðpTÞ (a) and v0ðpTÞ=v0 (b) for different central-
ity ranges. Bars and shaded areas represent statistical and total
uncertainties, respectively.
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FIG. 5. The v0ðpTÞ=v0 as a function of pT (a) and pT=p̄T (b) in
0–5% centrality range, where p̄T is the mean pT 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 η=s ¼ ð1=4πÞ, magenta), and with a temperature-dependent
bulk viscosity (grey) [32,52]. The shaded bands on the model
curves represent the statistical uncertainties.
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 The inevitable question
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Is radial flow collective in small systems?
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  resultsv0(pT)
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• Increasing magnitude of  observed with decreasing multiplicity 
• Sign change observed at near < > of the spectrum 
• Splitting more cleaner in OO/NeNe compared to pp/pPb in HM range
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 Eta gap study: pp collisions
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Nearly independent of  gap between subevents at low  
Hint of longitudinal decorrelation in 10-20 with 

η pT
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 Dependence on reference  range in pppT
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 Dependence on reference  in pppT

•  nearly -independent upto ~3 GeV for HM pp 
•  of 1-5 GeV deviating in LM pp, opposite trend for 10-20
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•  of 0.3-3 are least affected by nonflowpref
T
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Factorization
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 Studies in non-thermal models
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Both PYTHIA in pp and HIJING in pPb qualitatively 
underpredict the magnitude of v0(pT)·v0 measured in data

v0(pT)·v0 gives the strength of the correlation
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Non-thermal models underpredict data
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  normalized resultsv0(pT)

19

• Curves for different   bin collapse onto a common shape at low / < >  

• The 10 ≤ < 20 bin deviates from this common shape, except in PbPb 
• At high / < >, fanning out due to larger nonflow, no quenching effect seen
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  norm results: Model comparisonv0(pT)
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• Comparison with TRENTo + MUSIC (hydro model) in pp and pPb 
• Qualitatively good agreement observed between data and hydro 

model predictions till ~2.5 GeV  
•  value 5-7x larger for non-thermal models than hydro modelΔrms
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• Comparison with TRENTo + MUSIC (hydro model) in OO and NeNe 
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model predictions till ~2.5 GeV 
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  norm results: Cross system comparisonv0(pT)
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 Summary

23

• First measurement of the -differential radial flow fluctuations across different 
energies and systems 

• Many hallmarks of collectivity observed above >20 in small systems 

• Non-thermal model underpredicts the strength of correlation in data 
• Highest multiplicity bin compared with hydrodynamic predictions – all agreed well 

qualitatively 
• Do we conclude that “Radial flow is collective in small systems” ?
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Nonflow subtraction: Is  enough?ηgap
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 Differential flow measurents: standard approach  
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POI = Particle of Interest           RFP = Reference Flow Particles (0.3< <3.0)pTJYO: Phys.Rev.C64:054901,2001 Phys.Rev.C83:044913,2011

2-particle
REFERENCE

Correlator ⟨⟨2⟩⟩ ≡ ⟨⟨ein(ϕ1−ϕ2)⟩⟩

Cumulant

Flow

cn{2} = ⟨⟨2⟩⟩

vn{2} = cn{2}

4-particle

vn{4} = 4 −cn{4}

REFERENCE

Correlator

Cumulant

Flow

⟨⟨4⟩⟩ ≡ ⟨⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩⟩

cn{4} = ⟨⟨4⟩⟩ − 2⟨⟨2⟩⟩ ⋅ ⟨⟨2⟩⟩

DIFFERENTIAL

Correlator

Cumulant

Flow

⟨⟨2′￼⟩⟩ ≡ ⟨⟨ein(ϕ′￼1−ϕ2)⟩⟩

dn{2} = ⟨⟨2′￼⟩⟩

v′￼n{2} =
dn{2}
cn{2}

dn{4} = ⟨⟨4′￼⟩⟩−2⟨⟨2′￼⟩⟩ ⋅ ⟨⟨2⟩⟩

DIFFERENTIAL

Correlator

Cumulant

Flow

⟨⟨4′￼⟩⟩ ≡ ⟨⟨ein(ϕ′￼1+ϕ2−ϕ3−ϕ4)⟩⟩

v′￼n{4} = −
dn{4}

(−cn{4})3/4
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 Scaled differential flow
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3. Scaled differential flow vn(pT)/vn

ATLAS 1808.03951 

Once scaled by the 
integrated flow, the result 
is centrality independent 
(here, the x axis is also 
rescaled)

This scaled flow is in my 
opinion a useful 
observable that other 
experiments should also 
provide
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(here, the x axis is also
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