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small collision systems with ATLAS
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These proceedings present a comprehensive overview of recent ATLAS measurements of collective
flow phenomena in a variety of collision systems. Measurements of the mean, variance, and
skewness of the distribution of event-by-event per-particle average transverse momentum are
reported for Pb+Pb collisions at √𝑠𝑁𝑁 = 5.02 TeV and Xe+Xe collisions at √𝑠𝑁𝑁 = 5.44 TeV.
These measurements give insight into the nature of the spatial energy fluctuations in the QGP
produced in heavy ion collisions. Measurements of the azimuthal anisotropy of high-𝑝T particles
in Pb+Pb collisions, using two and four-particle cumulants are presented. The harmonic flow
measurements in high-𝑝T provide information on the path-length dependence of parton energy
loss in the quark-gluon plasma. Two sets of measurements that investigate if the presence of jets
affects the flow-like behavior observed in pp collisions are also presented.
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1. Introduction

Since harmonic flow was proposed in the 1990s to characterize the collective motion in
quark-gluon plasma (QGP) evolution, numerous measurements of the Fourier coefficients of 𝑛-
harmonic 𝑣𝑛 have been conducted. Surprisingly, these coefficients have also been observed to
be non-zero in smaller systems such as pp collisions. The ATLAS experiment [1] at the Large
Hadron Collider (LHC) has conducted a variety of flow-related measurements in both large and
small collision systems, focusing on different aspects of flow and correlations. The recent results
in flow and correlation measurements were presented in these proceedings. These measurements
together contribute to a more comprehensive picture of flow dynamics across a range of system sizes
and energies, helping to disentangle the different sources of azimuthal anisotropies and providing
essential benchmarks for theoretical models of QGP formation and evolution.

2. Harmonic flow of high-𝑝T particles in Pb+Pb at √𝑠𝑁𝑁 = 5.02 TeV
The ATLAS Collaboration has measured the harmonic flow coefficients, 𝑣𝑛, for charged

particles with high transverse momentum 𝑝T in Pb+Pb collisions [2]. These measurements provide
information for constraining the path-length dependence of jet quenching. The measurement was
performed using Scalar Product method. The results in Figure 1 show that 𝑣𝑛 increases with 𝑝T
up to approximately 3 GeV, after which it decreases. The increased luminosity in recent data has
allowed for better resolution at high 𝑝T, enabling more precise measurements in this region. An
important result of this measurement is that at high 𝑝T the values do not settle at zero.
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Figure 1: Measurement of 𝑣𝑛 as a function of 𝑝T for 𝑛 = 2, 3, 4 from left to right [2].

Additionally, 𝑣𝑛 has been studied as a function of centrality. The results in Figure 2 indicate
that 𝑣2 increases with centrality, while higher harmonics show a weaker dependence on centrality.
Similar trends are observed between 𝑣𝑛 measured using particles with low and high 𝑝T.

3. The sensitivity of two-particle correlations in pp collisions to hard scatterings.
Jets and their soft fragments may be correlated with particles in the underlying event. To

investigate this, measurements of 𝑣2 from two-particle correlations were carried out in pp collisions
at

√
𝑠 = 13 TeV, using data corresponding to an integrated luminosity of 15.8 pb−1 [3]. These

measurements were conducted under two different configurations: first, by excluding charged
particles associated with jets from the correlation analysis, and second, by examining correlations
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Figure 2: Measurement of 𝑣𝑛 as a function of centrality [2].

between particles within jets and charged particles from the underlying event. To minimize the
contribution from dĳets, the template fitting method is utilized.

Figure 3 shows the measurements of 𝑣2 as a function of event multiplicity and transverse
momentum. Excluding particles associated with jets of 𝑝𝑇 > 15 GeV (ℎUE-ℎUENoJets) does not
significantly affect the correlations. Additionally, particles associated with jets of 𝑝T exceeding
40 GeV do not exhibit any substantial azimuthal correlations with the underlying event, ruling out
hard processes as a source of the ridge effect.
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Figure 3: Comparison of 𝑣𝑛 as function of charged particle multiplicity (left) and 𝑝T (right) measured in
pp collisions at

√
𝑠 = 13 TeV with particles associated with jets and those unassociated as indicated by the

legend [3].

4. Longitudinal flow decorrelations in pp and Xe+Xe collisions.

In symmetric collision systems, 𝑣𝑛 is expected to be the same in the forward and backward 𝜂

regions. To study this, longitudinal decorrelation parameters 𝐹𝑛 are measured [4]. Figure 4 shows
the 𝑣𝑛 as a function of 𝜂 before (𝑎𝑛) and after (𝑐𝑛) non-flow subtraction (template fitting). The 𝐹𝑛

are obtained by fitting
𝑣𝑛,𝑛 (𝜂𝑎) = 𝐴

(
1 + 𝐹𝑛 × (𝜂𝑎) + 𝑆𝑛 × (𝜂𝑎)2

)
(1)

the coefficients 𝑐𝑛 and 𝑎𝑛. The obtained longitudinal decorrelation parameters 𝐹𝑛 shown in Figure 5
have non-zero values before and after non-flow subtraction, indicating decorrelation over 𝜂. Figure 6
shows the comparison to the AMPT model [5], which reproduces 𝑣𝑛 based on spatial eccentricity
vectors, avoiding non-flow effects that present in two-particle correlations. The model shows
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Figure 4: Measurement of 𝑣𝑛 as a function 𝜂 before (𝑎𝑛) and after (𝑐𝑛) non-flow subtraction [4].
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Figure 5: Measurement of 𝐹𝑛 for pp and Xe+Xe, shown as a function of 𝑁ch [4].

qualitative agreement with Xe+Xe data, although it predicts slightly higher values than observed.
However, in pp collisions, the model fails to match the experimental data.
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Figure 6: Comparison of the AMPT model predictions (lines) to non-flow subtracted 𝐹𝑛 values in in√
𝑠 = 13 TeV pp collisions (left) and √

𝑠𝑁𝑁 = 5.44 TeV Xe+Xe collisions (right) as a function of 𝑁ch [4].
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5. Momentum fluctuations in Xe+Xe and Pb+Pb collisions

The study of 𝑝T fluctuations in Xe+Xe and Pb+Pb collisions has been performed by ATLAS
Collaboration [6]. The mean transverse momentum in a single event, [𝑝T] =

∑
𝑖1 𝑤𝑖1 𝑝𝑇,𝑖1∑

𝑖1 𝑤𝑖1
, is averaged

over an ensemble of events to obtain ⟨[𝑝𝑇 ]⟩. The variance of 𝑛-particle correlation is calculated
using

𝑐𝑛 =

∑
𝑖1≠· · ·≠𝑖𝑛 𝑤𝑖1 · · ·𝑤𝑖𝑛

(
𝑝𝑇,𝑖1 − ⟨[𝑝𝑇 ]⟩

)
· · ·

(
𝑝𝑇,𝑖𝑛 − ⟨[𝑝𝑇 ]⟩

)∑
𝑖1≠· · ·≠𝑖𝑛 𝑤𝑖1 · · ·𝑤𝑖𝑛

(2)

which are then used to define dimensionless quantities

𝑘2 =
⟨𝑐2⟩

⟨[𝑝𝑇 ]⟩2 , 𝑘3 =
⟨𝑐3⟩

⟨[𝑝𝑇 ]⟩3 , 𝛾 =
⟨𝑐3⟩

⟨𝑐2⟩3/2 , Γ =
⟨𝑐3⟩⟨[𝑝𝑇 ]⟩

⟨𝑐2⟩2 . (3)

These observables are sensitive to radial flow and can be used to measure properties of QGP such
as the temperature and speed of sound 𝑐𝑠. The source of ⟨[𝑝𝑇 ]⟩ fluctuations can be attributed
to geometrical factors, such as impact parameter fluctuations, and intrinsic factors that arise from
other sources at a fixed impact parameter. In Figure 7, the phenomenological "two-dimensional
Gaussian" model [7] reasonably describes the increase in ⟨[𝑝𝑇 ]⟩ and the corresponding decrease
in 𝑘2, but the larger values of 𝑘3 and Γ observed in the data indicate that additional sources of
skewness need to be incorporated into the model.
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Figure 7: ⟨[𝑝T]⟩, 𝑘2, 𝑘3, and Γ normalized by the respective values for 0-5% central events [6].

Figure 8 shows the correlation between Δ𝑝T/⟨[𝑝T]⟩ and Δ𝑁ch/ in the 0–1% most central
events, with Δ𝑝𝑇 = ⟨[𝑝𝑇 ]⟩ − ⟨[𝑝𝑇 ]⟩0-1%and Δ𝑁ch = 𝑁ch − ⟨𝑁ch⟩0-1%. The positive slope in the
relationship between Δ𝑝𝑇 and Δ𝑁ch provides information about the speed of sound squared in QGP
𝑐2
𝑠 [8] [9]:

𝑐2
𝑠 (𝑇eff) =

𝑑𝑃

𝑑𝜖
=

𝑠𝑑𝑇

𝑇𝑑𝑠
=

𝑑⟨[𝑝T]⟩/⟨[𝑝T]⟩
𝑑𝑁ch/𝑁ch

≈ Δ𝑝T/⟨[𝑝T]⟩
Δ𝑁ch/⟨𝑁ch⟩

(4)

5



Flow and Correlations with ATLAS. Alexander Kevin Gilbert

0.1− 0 0.1 0.2

0-1%
〉

ch
N〈 / chN∆

0

0.02

0-
1%

〉]
T

[p〈
 / 

Tp∆

, b = 0 fmPb+Pb
< 5 GeV

T
0.5 < p

< 2 GeV
T

0.5 < p
MUSIC

MUSIC

HIJING

HIJING

< 5 GeV
T

0.5 < p

Pb+Pb Xe+Xe

< 5 GeV
T

0.5 < p

Pb+Pb Xe+Xe

< 2 GeV
T

0.5 < p

Pb+Pb Xe+Xe

< 2 GeV
T

0.5 < p

Pb+Pb Xe+Xe

 ATLAS
0-1% Centrality

|< 2.5η|

-1bµPb+Pb 5.02 TeV, 470 
-1bµXe+Xe 5.44 TeV, 3 

Figure 8: Comparison of correlation between Δ𝑝T/⟨[𝑝T]⟩0−1% and Δ𝑁ch/⟨𝑁ch⟩0−1% in data and models [6].

where 𝑇 is temperature and 𝑠 is entropy. MUSIC simulations [10] produce a slope similar to that
observed in the data, while HĲING [11] underestimates the slope due to its lack of final-state
interactions or thermalization mechanisms. The measurement obtains 𝑐2

𝑠 ≈ 0.23 at 𝑇eff ≈ 222 MeV.

6. Summary
The increased luminosity allows for greater precision in measuring 𝑣𝑛 at high 𝑝T, where

the signal predominantly originates from jet fragmentation in Pb-Pb collisions. In pp and
Xe-Xe collisions, it is observed that excluding charged particles associated with jets from the
correlation analysis does not lead to significant changes in 𝑣𝑛 obtained using two-particle correlation.
Additionally, there are no observed correlations between jets with 𝑝𝑇 > 40 GeV and charged
particles from the underlying event. The decorrelation in 𝑣𝑛 as function of 𝜂 was measured in
Xe-Xe and pp and found to be significant. Furthermore, the study of [𝑝𝑇 ] fluctuations in Pb-Pb
and Xe-Xe collisions gives the value of 𝑐2

𝑠 ≈ 0.23 at 𝑇eff ≈ 222 MeV, as indicated by the agreement
between the slopes in Pb-Pb data and the MUSIC model.
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