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Results from two measurements on the collective flow phenomena in a variety of collision systems
using the ATLAS detector at the Large Hadron Collider (LHC) are presented. First, the measure-
ment of the sensitivity of two-particle correlations in ?? collisions at 13 TeV to the presence of jets
is presented. Rejecting particles associated with low-?T jets can help verify the role of semi-hard
processes in the collective behaviour observed in ?? collisions. Second, a new measurement on
the correlation between the event-wise average transverse momentum ([?T]) and the harmonic
flow (E=) for Pb+Pb collisions at 5.02 TeV and Xe+Xe collisions at 5.44 TeV is demonstrated for
harmonics = = 2, 3, and 4. This correlation quantified by measurement of the Pearson corre-
lator between E= and [?T] carries important information about the initial-state geometry of the
Quark-Gluon Plasma. Additionally, the potential quadrupole deformation in Xe+Xe is predicted
to produce an initial state with enhanced shape and size fluctuations, and result in non-trivial
change in the correlation.
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1. Introduction and Measurements

Heavy-ion collisions at the Large Hadron Collider produce Quark-Gluon Plasma (QGP) whose
space-time evolution is well described by relativistic viscous hydrodynamics [1]. Driven by the
large pressure gradients, the QGP expands rapidly in the transverse plane, which converts the
spatial anisotropy in the initial state into momentum anisotropy in the final momentum space. The
collective expansion in each event is quantified by a Fourier expansion of particle distribution in
azimuth given by

d#
dq
∝

(
1 + 2

∞∑
==1

E= cos (= (q −Φ=))
)

(1)

where the E= andΦ= denote themagnitude and orientation of the single-particle anisotropies respec-
tively. The two-particle correlations (2PC) in relative azimuthal angle Δq and with pseudorapidity
separation Δ[ show distinct long-range correlations along Δ[ [2] arising from a convolution of the
single-particle anisotropies E=. The long-range correlations were not expected to be seen in smaller
colliding systems (proton-nucleus (?+A) or proton-proton (??)). Investigations of the long-range
correlations in ?? collisions by the ATLAS Collaboration attributed the long-range correlations to
single-particle anisotropies similar to those in heavy-ion collisions [3]. However, it has been argued
that the ridge may arise from hard or semi-hard processes as well. In these processes multi-particle
correlations between outgoing partons may arise due to saturation of the parton configurations in
the incident hadrons [4]. A study of hard-scattering processes at parton (jet) transverse momentum
scales ?T > 10 GeV may provide new insight into the origin of the ridge in ?? collisions. If the
long-range correlations arise due to hard or semi-hard processes, then removing particles associated
with jets from the analysis would weaken the long-range correlation.

The analysis ( [5] and references therein) uses jets reconstructed from tracks (“track-jets”)
using the ATLAS detector [6]. The jet reconstruction procedure uses the anti-kT algorithm with a
radius parameter of R = 0.4. The transverse momentum of the jets and the number of constituents
are corrected to account for the average combinatorial contribution of underlying event (UE) tracks.
Additionally, for the template-fits, the peripheral reference �periph (Δq) is constructed using events
with (efficiency corrected) multiplicity (Nrec,corr

ch ) < 20. Tracks within Δ[ = ±1 from the jet axis
of any jets with pT,jet > 10 GeV are dropped from the 2PC analysis. This rejection procedure [7]
removes slices of the detector acceptance for all q values.

The events are categorized into four classes for which the E= measurements are performed:
Inclusive: Analysis with no rejection of tracks based on a presence of jet. AllEvents: Analysis
with tracks within one unit in [ from any jet above the chosen threshold (10 GeV) removed from the
2PC analysis. NoJet: Analysis performed using events that do not have even a single jet with ?T
greater than the chosen threshold. This sample is composed of events dominated by soft processes.
WithJet: Analysis performed on events that have at least one jet with ?T greater than the chosen
?T threshold. The tracks within one unit in [ of any such jets are removed from the 2PC analysis.
NoJet and WithJet samples add up to the AllEvents sample.

A comparison of multiplicity dependence of the E= for = = 2-3 from the AllEvents and NoJet to
the Inclusive ?? results (Figure 1) shows that E= values vary weakly with multiplicity. It is observed
that the E2 values in the AllEvents and NoJet samples, where tracks associated with jets are removed
or not present, are only marginally smaller (within 2–5%) than in the Inclusive sample where no
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Figure 1: (Top) The E2 and E3 as a function of the (efficiency corrected) multiplicity. The data-points for the
Inclusive sample are drawn at the nominal values, AllEvents and NoJet points are shifted slightly for clarity.
The error bars and shaded bands correspond to statistical and systematic uncertainties respectively. (Bottom)
E2 as a function of the (efficiency corrected) multiplicity including WithJet sample results [5].

jet rejections are applied. This difference can partially arise from the softening of the ?T-spectra
when removing tracks associated with jets, which affects the ?) integrated E2 over the 0.5–5 GeV
?T range. Another contribution to the change in the E2 can be due to residual changes in the shape
of the dĳet correlations, that are not accounted for in the template fits, which are mitigated when
explicitly rejecting jets as in the AllEvents and NoJet samples. The results for the E2 in the WithJet
sample are consistent with the E2 in the Inclusive sample within uncertainties. For the harmonic E3,
the trend of the change is opposite to that for E2 for the AllEvents and NoJet samples, where the E3
values are larger compared to the Inclusive sample. The correlations arising from dĳets typically
affect the even and odd-harmonics oppositely. The relative effect of such biases on the E3 can be
larger, as the magnitude of the E3 is much smaller than that of the E2. The results for the WithJet
sample are statistically significant only for the E2 and are not shown for the E3 measurements.

The =th-order azimuthal flow vector is driven by the hydrodynamic response and is proportional
to the initial spatial anisotropy characterized by eccentricity vectors E= = n=4i=Ψ= . In addition to
generating anisotropic flow, the hydrodynamic response to the overall transverse size (RT) also
leads to large "radial flow", reflected by an increase of the [?T]. In particular, events with similar
total energy, but smaller RT in the initial state are expected to have stronger radial expansion and
therefore larger [?T] [8]. Therefore the event-by-event (EbE) fluctuation of the RT would also
lead to EbE fluctuation of [?T], characterized by its variance 2: = 〈X?TX?T〉, X?T = ?T − [?T].
Furthermore, any correlated fluctuations between the E= and ' in the initial state is expected to
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generate dynamical correlation between \= and [?T] in the final state. A three-particle correlator
has been proposed to quantify this correlation:

d(E2
=, [?T]) =

〈
E2
=, ?T − [?T]

〉√〈
E4
=

〉
−

〈
E2
=

〉2)√2:

(
≡ covn√varn

√
2:

)
(2)

where the averages are over events with similar particle multiplicity. An investigation on the system-
size dependence of E= − [?T] correlation is performed in 129Xe+129Xe collisions and comparing
them with 208Pb+208Pb collisions ( [9] and references therein) . Recent measurements show
that the E= exhibits significant differences between these two systems, especially in the central
collisions where the difference is much larger. Model calculations show that these differences are
compatible with the expected ordering of the eccentricities and roles of viscous effects in the two
systems. In particular, the large difference in central collisions is related to the non-negligible
deformation present in the 129Xe nuclei; such deformation effects were recently predicted to have
a even stronger effect for E= − [?T] correlation. In addition to these initial-state driven long-
range global correlations, the E= − [?T] correlation measurement may have short-range "non-flow"
correlations from resonance decays and jets. The non-flow correlation is suppressed and quantified
by requiring correlation between particles from different subevents separated in [ (two subevent
method (2SE), three subevent method (3SE)) [10].

The measurement of the covn, varn and 2: follows similar procedure as detailed in Ref. [11].
In the first step, these correlators are first calculated in each event as average over all combinations
from particles from a given [ and ?T range. Next, the value obtained in each event are averaged over
events with similar multiplicity, defined as events with similar FCal-ET (matched within 0.002 TeV)
or those with same number of reconstructed charged particles within 0.5 < ?T < 5 GeV and
|[ | < 2.5 (# rec

ch ). They are then combined in broader multiplicity ranges of the event ensemble to
obtain statistically more precise results. Effects of centrality fluctuations between different event
classes are discussed by comparing the results obtained from FCal-ET and # rec

ch .

Figure 2: Comparison of d(E={2}2, [?T]) between Xe+Xe and Pb+Pb for = =2, 3 and 4 plotted as a function
of # rec

ch (top), FCal-Σ�T based centrality (bottom) in 0.5 < ?T < 5 GeV. The error bars and shaded area
represent statistical and systematic uncertainties respectively [9].
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The d(E2
=, [?T]) as a function of # rec

ch , is smaller in Xe+Xe than in Pb+Pb for = = 2 and 4,
but larger in Xe+Xe than in Pb+Pb for = = 3. The trends are different for centrality dependence
where the signal is smaller in Xe+Xe than Pb+Pb for = = 2 but comparable for = = 3 and 4. The
magnitude of d(E2

2, [?T]) is much smaller in Xe+Xe than Pb+Pb and could have contributions from
deformation in Xe nuclei. Figure 3 shows the comparison of d(E2

(==2,3) , [?T]) in Xe+Xe and Pb+Pb
collisions from CGC-Hydro as a function of # rec

ch -based centrality and Σ�T-based centrality. The
CGC-Hydro model does not capture the qualitative trends between Xe+Xe and Pb+Pb and shows
comparable magnitude for the two systems. The model calculations have large uncertainties and do
not explain the measurement qualitatively or quantitatively.

Figure 3: Comparison of d(E={2}2, [?T]) in Xe+Xe and Pb+Pb with Trento model for n=2 and 3 as a
function of # rec

ch -based centrality and as a function of Σ�T-based centrality in 0.5-2 GeV range (top). Similar
comparison with hydro model shown in bottom panels. Error bars and shaded area represent statistical and
systematic uncertainties respectively [9].

2. Summary

The measurement of two-particle correlations by rejecting particles associated with low-?T
jets indicate that the long-range correlations seen in ?? collisions are only slightly affected when
particles associated with hard or semi-hard processes in the event are removed. Therefore, the
contribution of semi-hard processes to the ridge in ?? collisions is negligible. The Pearson
correlator d(E2

=, [?T]) shows similar # rec
ch -dependent trends between the two collisions systems

whereas as a function of centrality, an approximate scaling behavior for = = 3 and 4 is observed,
but d(E2

2, [?T]) is lower in Xe+Xe than Pb+Pb. Centrality fluctuations is observed to play an
important role in these observables. Hydrodynamic and initial state models can only match the data
qualitatively but fail to describe the data quantitatively. Further improvements of these models are
required in order to reproduce the data obtained using the ATLAS detector at the LHC and extract
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information about the initial state and transport properties of the QGP medium created in these
collisions.
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