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1. Introduction

Experimental results and theoretical predictions indicate that the collective flow of particles
produced in heavy-ion collisions is related to the anisotropy of the initial geometry of the collision
zone, resulting in anisotropic pressure gradients building up in the Quark Gluon Plasma (QGP). In
the framework of hydrodynamical models, the properties of the produced medium were found to
be similar to those of a nearly perfect fluid characterised by a very low ratio of viscosity to entropy
density [1]. The azimuthal angle distributions of produced particles in heavy-ion collisions are
characterised by a Fourier series [2]:

v N
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where ¢ is the azimuthal angle of the particle, and the v, and &, are the flow harmonics and the
reaction plane angles of n"-order anisotropy. The second harmonic, called elliptic flow (v»), and
higher-order flow harmonics characterise the “elliptical” shape of the initial interaction region and
its higher modes, respectively.

Recently in ATLAS, the azimuthal anisotropy was studied using a complementary sample of
Xe+Xe collisions at a centre-of-mass energy per nucleon pair of /sy = 5.44 TeV to bridge the
gap between small (pp and p+Pb) and large (Pb+Pb) collisions at the LHC [3]. The new results
on v, harmonics obtained with the multi-particle correlation and scalar product methods in Xe+Xe
collisions are discussed in Section 2.

The properties of the QGP are also studied with measurements of correlations between flow
harmonics of different order [4], analyses of event shapes as well as the event-to-event correla-
tions of flow harmonics and the mean transverse momentum of produced particles per event [5].
The strength of the v,—mean p correlations in Pb+Pb collisions at the energy /sy = 5.02 TeV,
quantified by the modified Pearson’s correlation coefficient [6], is presented in Section 3.

2. Azimuthal anisotropy in Xe+Xe interactions

The measurement of azimuthal anisotropy in Xe+Xe interactions at /sxy = 5.44 is based on
the data sample of integrated luminosity of 3 ub~! collected by the ATLAS experiment in October
2017 [3]. The analysis uses charged particles of transverse momentum pt > 0.5 GeV within the
pseudorapidity range || < 2.5, detected in the ATLAS inner detector [7]. The flow harmonics vy,
n=2-5 measured by the scalar product (SP) method [8] are shown in Figure 1 for 0-5%, 20-30%
and 50-60% centrality intervals. A similar pr-dependence is observed for the flow harmonics in
Xe+Xe as it was measured for Pb+Pb collisions: a rise up to pr =~ 3 GeV and then decrease with
pr- The v, dominates at all centralities, except for the 0-5% most central collisions where, at
intermediate pt, v3 becomes larger than v;, indicating that the dominant source of observed flow
comes from the initial geometry fluctuations.

The comparison of the v, in Xe+Xe and Pb+Pb collisions, measured with the two-particle
correlation (2PC) method [2] is shown in Figure 2 as a function of the collision centrality. The
ratios of the Xe+Xe v, to the Pb+Pb v, are also shown. Generally, the ratio is larger than unity
in central collisions and decreases to values smaller than 1 towards more peripheral events. In
particular, the ratio for v, is reaching 1.4 within 0-5% centrality interval and becomes roughly 0.9
at the 60-70% centrality. For v3, the ratio is decreasing from about 1.2 to 0.9 over the 0-60%
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Figure 1: Flow harmonics v,—vs measured with the SP method as a function of pr in centrality intervals:
0-5% (left), 20-30% (middle) and 50-60% (right) [3].
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Figure 2: Left panels: comparisons of the centrality dependence of the v, (top) and v3 (bottom) measured

using the 2PC method in Pb+Pb and Xe+Xe collisions. Right panels: the ratios v, (Xe+Xe) / v, (Pb+Pb) [3].
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Figure 3: Flow harmonics obtained with four-particle (v2{4}, v3{4}) and six-particle (v{6}) cumulants
(left panel) and the ratio v, {4}/v,{2PC} (middle panel) as a function of centrality of Xe+Xe collisions. The
ratio v {6}/v2{4} (right panel) for Xe+Xe and Pb+Pb results [3].
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centrality range. A good qualitative agreement between the ratios for v, and v3 harmonics and
theoretical predictions [9] is observed.

To quantify the type and strength of flow fluctuations, 2k-particle cumulants, calculated for
charged particles with 0.5 < pt < 5.0 GeV, are used to obtain v,{2k}, k = 1, 2, 3. The centrality
dependence of v, harmonics for different orders of cumulants is shown in the left panel of Figure
3. Similar magnitudes of v,{4} and v,{6} harmonics indicate that v, fluctuations are close to
Gaussian. Ratios v2{4}/v2{2PC} and v,{6}/v2{4} are shown in the middle and right panels of
Figure 3, respectively. For a Gaussian fluctuation model, the ratio between v,{4} and v,{2PC}
reflects the relative strength of flow fluctuations. The results for vo{4}/v2{2PC} indicate that flow
fluctuations are the largest in the most central collisions. The ratio v2{6}/v,{4} is expected to
be unity for the Gaussian model of flow fluctuations. Indeed, for both collision systems the ratio
is not significantly different than 1, indicating that Gaussian fluctuations dominate and the non-
Gaussian contribution is very small. Comparison of this ratio measured in Pb+Pb and Xe+Xe
collisions suggests that the non-Gaussian component in Xe+Xe is slightly larger than in Pb+Pb for
mid-central collisions.
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Figure 4: Normalized symmetric and
asymmetric cumulants as a function of cen-
trality [3].

sents the correlation of two flow harmonics of different
orders m and n [3] and the three-particle correlation
corrn 2n{3} is related to correlations of the event plane
angles W, and ¥, [11, 12]. The averaging over events
is denoted by (...). To remove the dependence on the magnitude of flow harmonics the normalized
symmetric and asymmetric cumulants are obtained:

nsc = Lm’n“} nac = 7‘%11’2“{3}
mat4) (VR (vE) nnt3) <Vﬁ><"§n>7

where (v2) are calculated using the 2PC method and (v#) = (corr,{4}). Figure 4 shows the central-

ity dependence of normalized symmetric and asymmetric cuamulants measured in Xe+Xe collisions.
A negative nscy 3{4} is observed over the entire centrality range, indicating that v, and v3 are anti-
correlated. The positive nscy 4{4} reflects the correlation between the non-linear hydrodynamic
response of v, and the linear component of v4. The asymmetric cumulant naczﬂ4{3} shows a simi-
lar centrality dependence as nscs 4{4}, but with a larger magnitude. The correlations are very weak
in central collisions, but increase rapidly towards peripheral collisions.
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Figure 5: The modified Pearson’s coefficient, p(v2,[pt]), n = 2 (top left), 3 (top right) ,4 (bottom) as a
function of Ny in 5.02 TeV Pb+Pb collisions for different pr intervals [6].

3. The v,—mean pt correlations in Pb+Pb collisions
The modified Pearson’s p coefficient can be used to measure the strength of the v,—[pr] corre-

lation [13], where [pr| denotes the mean transverse momentum of charged particles in an event. It

is defined as:
cov(va{2}% [pr])

v =
PO lp)) = s T

where in the numerator the covariance between the v,{2}? and [pr] is used. To suppress non-flow

effects, the v,{2}? values are obtained using sub-events separated by 1.5 unit in pseudorpidity,
In| > 0.75, while the event mean transverse momentum, [pr], is obtained using charged particles
with |17] < 0.5 and in different pt ranges. The dynamical variance of v,{2}? is defined as [14]:

Var(v,%)dyn = vn{2}4 — vn{4}4 = (corr,{4}) — (corrn{2}>2,

where corr,{2} and corr,{4} are two- and four-particle correlations and angular brackets repre-
sent averaging over events [11]. The [pr| variance is calculated by the dynamical pr fluctuation
magnitude [15, 16], ¢, defined as:

a= {5 L X (v~ (o) (or,— {[pa])-

Npair J#i

where N,,ir denotes the number of particle pairs in an event.
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The measurement of the p coefficient [6] is done for the 5.02 TeV minimum-bias Pb+Pb data
sample with the integrated luminosity of 22 pub~'. The measured cy, Var(v,%)dyn and covariance
values are combined to form the modified Pearson’s coefficient p(v2,[pr]), for n =2 — 4. Fig-
ure 5 shows p(v2,[pr|) as a function of centrality expressed by the average number of nucleons
participating in the Pb+Pb collision, Nyy. For all pr intervals, p(v3, [pr]) rapidly increases with
collision centrality for Ny, < 100 starting from negative values at Ny < 40. A weaker increase
of the correlation coefficient is observed over the Ny, range of 100-350. The strongest correla-
tions, p(v3,[pr])=0.24-0.30 are observed at Ny ~ 320, and then p(v3,[pr]) decreases towards
more central collisions. The significant correlation observed for mid-central events is attributed
to a stronger hydrodynamic response to the large initial state eccentricities [17]. The correlation
coefficient values calculated with the upper pr limit of 2 GeV are 10-20% smaller than the values
obtained with pt limit of 5 GeV.

The correlation coefficient p(v3, [pr]) is also measured. The results, displayed in Figure 5,
show that p(v3, [pr]) is smaller and has a weaker centrality dependence compared to p(v3, [p1]).
It is positive for all measured centralities, except for Nyae < 100 where it is negative or consistent
with 0. The correlations for pr ranges with the same maximum pr are consistent with each other
for Npare >100 and the values obtained with the higher maximum pr threshold are larger.

The correlation coefficient p (v, [pr]) is also evaluated for the same four pr ranges. Signifi-
cant positive correlations are observed over the full N, range (Fig. 5, bottom panel). At moderate
and large Npuy, the fourth order correlations are weaker than those for the elliptic flow. The largest
values of p(vj,[pr]) are observed at low Ny ~ 100. For more central collisions p(v3, [pr]) de-
creases with Ny, up to about Npae &~ 300, and rises slowly at higher values. The magnitude of the
p (v}, [pr]) and p(v], [pr]) correlations is similar for Nps >270.

In Figure 6 predictions
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els [13].  Predictions are Figure 6: Comparison of the nucleon Glauber model predictions for

the modified Pearson’s coefficient, p(v3,[pr]) (left) p(v3, [pr]) (right)
the data within the model un- for particles with 0.5 < pr <2 GeV [13].
certainties.

found to be consistent with

4. Summary
This note presents measurements of azimuthal anisotropy of charged particles in Xe+Xe colli-

sions at /snN = 5.44 TeV in the ATLAS experiment at the LHC. The measurements are performed
using an integrated luminosity of 3 ub~!. The v, flow harmonics are measured using the SP, 2PC
and multi-particle cuamulant methods for n=2-5. The measurements are made over wide transverse
momentum (0.5 < pt < 20 GeV) and centrality (0-80%) ranges. All harmonics show a similar
pt dependence: first an increase with pr up to a maximum around 3—4 GeV and then a decrease
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for higher pr. The elliptic flow signal is strongly dependent on the collision centrality and it is
the largest in mid-central events (30-50%). The higher-order harmonics show a weaker central-
ity dependence, which is consistent with an anisotropy associated with fluctuations in the initial
geometry. In the Xe+Xe collisions, the normalized symmetric cumulant nsc; 3{4} is found to be
negative, reflecting an anti-correlation between v, and v3. A strong positive correlation between v,
and v4 harmonics is indicated by the positive values of nscs 4{4} and nac; 4{3}. The v, measure-
ments in Xe+Xe are compared with the v, in Pb+Pb collisions at /sny = 5.02 TeV.

The measurement of the modified Pearson’s correlation coefficient p between the flow har-
monics and the per-event mean transverse momentum is performed using 22 ub~! of minimum-
bias 5.02 TeV Pb+Pb data. A strong positive correlation p(v3,[pr]) is observed in mid-central
and central collisions while negative values are measured for peripheral events. The correlation
p(v3,[pr)), is found to be weaker. The values of p(v3, [pr]) are also positive over the entire central-
ity range studied. The centrality dependencies have a non-monotonic behaviour in central events,
suggesting a change in the nature of the source of the correlations in those events.

The novel measurements can be used to understand the underlying mechanism of QGP dy-
namics and constrain theoretical models.

This work was supported in part by the National Science Centre, Poland grant

2016/23/B/ST2/00702 and by PL-Grid Infrastructure.
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