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High-energy nuclear collisions create a quark-gluon plasma, whose initial condition and
subsequent expansion vary from event to event, impacting the distribution of the event-
wise average transverse momentum (P([pr])). Distinguishing between contributions from
fluctuations in the size of the nuclear overlap area (geometrical component) and other sources
at fixed size (intrinsic component) presents a challenge. Here, these two components are
distinguished by measuring the mean, variance, and skewness of P([pr]) in 2*Pb+2°®Pb and
129Xe+129Xe collisions at Vsnn = 5.02 and 5.44 TeV, respectively, using the ATLAS detector
at the LHC. All observables show distinct changes in behavior in ultra-central collisions, where
the geometrical variations are suppressed as the overlap area reaches its maximum. These
results demonstrate a new technique to disentangle geometrical and intrinsic fluctuations,
enabling constraints on initial condition and properties of the quark-gluon plasma, such as the
speed of sound.
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High energy nuclear collisions at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC) create a strongly-interacting state of matter known as quark-gluon plasma (QGP) [1]. The
hydrodynamic expansion of the QGP induces a significant boost to the transverse momentum (p) of the
final-state particles. This boost transforms the shape anisotropies and size variations in QGP’s initial state
into final state anisotropies known as anisotropic flow [2—4] and variations in the average pr in each event,
[pr] [5]. Comparisons of data with theoretical models of anisotropic flow have provided crucial insights
about the QGP’s initial condition such as the overlap area, nucleon/subnucleonic fluctuations, as well as
QGP’s transport properties such as shear and bulk viscosities [1, 6]. However, quantitative extractions of
these properties remain subject to large uncertainty due to a lack of detailed knowledge about the initial
conditions of the QGP [7, 8].

Naturally, progress in this area can be made by studying the [pt] and its distribution P([pt]) for events
with similar impact parameters between the centers of the two colliding nuclei. Since the [ pr] in each event
is sensitive to the radial flow of the QGP, P([p]) offers a sensitive probe of the initial-state variations and
properties of the plasma, such as the equation of state (EOS) and the associated speed-of-sound squared (c2)
in the QGP [9-15]. P([pt]) can be characterized through moments, such as the mean, ([ pt]), variance,
((5pT)2>, and skewness, ((6pT)3>, where dpt = [pr] — {[p1]). The notation "()" indicates an average
over an ensemble of events.

Most sources of P([pt]) appear stochastic, encompassing fluctuations in transverse size, R, of the overlap
region, nucleon and parton positions in the initial state, energy deposition, and temperature of the QGP
fluid in its local rest frame. These sources can be categorized into “geometrical fluctuations” that capture
the hydrodynamic response to event-by-event variations in R, following dpt/{[pt]) = —6R/{(R) [5].
and “intrinsic fluctuations” that include other sources of dpr at fixed R [11]. If nuclear collisions are
considered as a superposition of independent particle production from participating nucleons, followed by
final state interactions, both geometrical and intrinsic fluctuations are expected to scale with the number of
participating nucleons (Npq), or approximately with charged particle multiplicity: ((6 pT)2> oc 1/Npare and
(((5 pT)3> oc 1/ Ngart. This scaling expectation is referred to as the independent superposition scenario [16,
17].

It was proposed to separate geometric and intrinsic fluctuations using moments of P([pr]) in ultra-central
collisions (UCC) [11, 12]. As the impact parameter approaches zero in UCC, Np, and R reach their
maximum values. Subsequently, geometrical fluctuations are suppressed, leading to a deviation from the
anticipated 1/Np,y scaling. In contrast, intrinsic fluctuations still follow the expected scaling behavior.
The interplay between the reduced geometrical and residual intrinsic fluctuations gives rise to complex
behaviors in the moments of P([pr]). Therefore, measurements in UCC can constrain the properties
of the intrinsic fluctuations, which were shown to be sensitive to c% [9] in the QGP, as implemented in
hydrodynamic model simulations.

The multiplicity dependence of the mean and variance of P([pt]) has been measured across various
system sizes and collision energies [18-27]. These studies reveal an increase of ([pr]) towards more
central collisions, while the variance follows the anticipated power-law scaling. Recently, ALICE reported
measurements of skewness and kurtosis in Xe+Xe and Pb+Pb collisions [28] but only in broad multiplicity
ranges. CMS performed a detailed study of the behavior of ([ pt]) in Pb+Pb UCC and claimed to extract
the cg [29] but with caveats [13—15]. These measurements were not able to disentangle the geometrical and
intrinsic components of P([pt]). A precise measurement of higher-order moments in UCC is necessary to
achieve this goal and connect more precisely to the initial condition of the QGP and its properties.



This Letter reports the measurement of the mean, variance, and skewness of P([pt]) as a function of
charged particle multiplicity in 2°Pb+2%8Pb collisions at VS = 5.02 TeV and 129Xe+129Xe collisions at
VS = 5.44 TeV. A smaller multiplicity range and transverse size in Xe+Xe than Pb+Pb provide a unique
lever arm to test the impact of system size on the scaling behavior of [ pt]-moments. The much-improved
precision of variance and skewness over previous measurements [28] enables a detailed investigation of
their behavior.

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 [30-32]. The ID
detects charged particles within || < 2.5' using a combination of silicon pixel detectors, silicon microstrip
detectors, and a straw-tube transition-radiation tracker, all immersed in a 2T axial magnetic field [31]. The
FCal consists of three sampling layers, covering 3.2 < || < 4.9. The ZDCs are positioned at +140 m from
the interaction point (IP), and detect neutrons with || > 8.3. The ATLAS trigger system [32] consists of a
hardware-based level-1 (L.1) trigger and a software-based high-level trigger (HLT). A software suite [33] is
used in data simulation, in the reconstruction and analysis of real and simulated data, in detector operations,
and in the trigger and data acquisition systems of the experiment.

This analysis uses 470 ub~! of Pb+Pb data collected in 2015 and 3 ub~! of Xe+Xe data collected in 2017.
The Pb+Pb events are selected by requiring the total transverse energy deposited in the calorimeters over |7|
<49atLl (ETLI) to be greater than 50 GeV. Additionally, dedicated central collision triggers are included
to improve event statistics for the largest values of FCal transverse energy [34]. The Xe+Xe events are
selected by requiring E%l > 4 GeV.

Charged-particle tracks are reconstructed from hits in the ID using a reconstruction and selection procedure
optimized for heavy-ion collisions [35]. Tracks used in this analysis must have pt > 0.5 GeV and || < 2.5,
and the total number of such tracks in each event is denoted by N;°. Events containing multiple inelastic
collisions (pileup) are suppressed by exploiting the correlation between N;° and the transverse energy
measured in the FCal, ZEt. The pileup probability is 0.17% in Pb+Pb collisions and a factor of ten smaller
in Xe+Xe collisions. In the Pb+Pb dataset, pileup is further suppressed by exploiting the correlation
between the energy deposited in the ZDCs and 2 Et [36]. The residual pileup fraction is less than 0.01% in
central collisions (see Appendix).

Events are categorized into centrality intervals using a Glauber model [37] parameterization of the ZEt
distribution [34]. Each interval represents a range in X ET, starting at 0% for the most central collisions
with the highest XEt value and ending at 80%. In this analysis, events within the top 5% centrality,
where observables display strong deviations from power-law scaling, are denoted as UCC. These events
correspond to XET > 3.62 TeV and 2.27 TeV in Pb+Pb and Xe+Xe collisions, respectively.

Unless specified, the results are presented for charged particles with 0.5 < pt < 5 GeV. The track
reconstruction efficiency, €(pt, 1, N;'), is assessed using Monte Carlo (MC) simulated events from Pb+Pb
and Xe+Xe collisions generated with HuinG [38]. The detector response is simulated with GEanT4 [39,
40], and events are reconstructed using the same algorithms as applied to the data. For charged particles
with pr > 0.8 GeV, where the efficiency varies very slowly, the efficiency in UCC Pb+Pb collisions ranges
from 71% at = 0 to about 40% for |r7| > 2. The efficiency decreases by 12% from 0.8 GeV to 0.5 GeV,
when averaged over the full 7 range. In peripheral collisions, the efficiency is less dependent on 7 and is up

I ATLAS uses a right-handed coordinate system with its origin at the nominal IP in the center of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upward. Cylindrical
coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The pseudorapidity is
defined in terms of the polar angle 6 as 7 = —Intan(6/2).



to 4% higher. The rate of falsely reconstructed ("fake") tracks, f(pt,n,Ng;'), is found to be significant for
pt < 1 GeV in UCC collisions, where it ranges from 2% for |57| < 1 to 8% at larger |r|. The fake-track rate
drops rapidly for higher pt and more peripheral collisions. Within the N;¢ range spanned by UCC events,
the efficiency drops by 1% with increasing N;°, while the fake rate increases by 4%. The behavior of
efficiency and fake rate in Xe+Xe collisions have similar pr, 1, and Ni;* dependence as Pb+Pb. At the same
N, the Xe+Xe efficiency is about 2% lower than the Pb+Pb efficiency, and fake rates agree within 1%.

The moments of P([pr]) are calculated by taking advantage of computational methods developed for the
study of anisotropic flow [41, 42]. The [pr] and n-particle correlators in a single event are computed as
[PT] = Ziwipi/ Ziwis €2 = iz jWiw jOPiOpj[ iz jwiwjand €3 = Xy jxgWiW jWkODiOP jOP k| iz jk Wi
wwg. Here, 6p; = pr; — ([pr]), and w; represent weights applied to track i to correct for reconstruction
efficiency ¢ and fake track rate f;: w; = (1 — f;)/e; [43]. The n central moment of the corresponding
P([pr]) is obtained by averaging c,, over a given event ensemble in unit Ni;° intervals, denoted as
(cn) = {(6pT)™). We also calculate the charged particle multiplicity, corrected for detector effects, in
0.5 < pr <5GeV and |n| < 2.5 as N¢, = 3; w;. The results are presented as a function of Ngp,.

This analysis focuses on the mean, {[pt]), variance, {c,), and skewness, {(c3). The variance and skewness
are normalized into dimensionless quantities [44]:

ky = (c2) i = (c3) Y= (c3) o (c3) <[PT]>‘
({pr])*’ ()% (c2)?

, (1)
(lpr)*

These quantities have reduced sensitivity to efficiency and fake rates. The “standard skewness”, v, is
equivalent to the skewness for a distribution with unit variance, whereas I is referred to as the “intensive
skewness”. Statistical uncertainties for these observables are computed using a standard Poisson bootstrap
method [45]. Since Ny, is approximately proportional to Np,, in the independent superposition scenario,
it is expected that kp oc 1/Nep, k3 oc 1/ (Nen)?, v o« 1/4/Ne, whereas I' should be roughly independent of
Nch.

Systematic uncertainties stem from track selection, reconstruction efficiency, residual pileup, centrality
definition, and MC consistency check. Their values in the 0—60% centrality range are summarized as
follows. Uncertainties related to track selection are assessed by comparing nominal results against those
obtained with stricter criteria, resulting in deviations of < 0.5% for {[pt]), 0.5-3% for k», 0-1.5% for
k3, 0.5-4% for vy, and 0.5-1.5% for I'. Due to potentially inaccurate modeling of the detector material
in GEANT4, the reconstruction efficiency has up to 4% uncertainty [43]. The impact on the analysis is
evaluated by varying the efficiency within its uncertainty range, resulting in changes of around 1% for
{[pt]), 0.5% for k,, 2-2.5% for k3, 1-1.5% for y, and 1.5-2.5% for I". The effect of residual pileup is
estimated by varying the pileup rejection criteria, leading to uncertainties less than 0.5% for all observables.
Uncertainties for the centrality definition are estimated by varying the Glauber model parameters. These
uncertainties are applicable only when results are presented in centrality intervals, and are less than 0.5%
in UCC for all observables. The Huing MC samples are used to evaluate the consistency of the P([pr])
moments, obtained using truth particles or the reconstructed tracks with the same correction procedures for
the real data applied [34, 46]. The differences are less than 0.25% for ([ pt]) and k,, and are around 1.2%
for k3, y and I

Total systematic uncertainties for each observable are obtained by adding the individual sources in
quadrature. Among these sources, the track selection dominates the total systematic uncertainties in
mid-central and central collisions. The uncertainties are less than 1% for ([pt]), 2—4% for k,, 2—-5% for
k3, and 2—-49% for y and I' in both systems; they are smaller than the statistical uncertainties except for
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Figure 1: Panel (a) depicts the 2D distribution of [ pt] versus N, in Pb+Pb collisions, where the solid and dashed
lines indicate the mean and two standard deviations, respectively. Panels (b), (c), and (d) show the N, dependence of
{[pT]), k2, and k3, respectively. The error bars represent statistical uncertainties of the measurement, whereas the
shaded boxes represent the systematic uncertainties in both x- and y-axes. The vertical dashed lines mark the N,
values 4230 and 2425, corresponding to 5% centrality in Pb+Pb and Xe+Xe collisions, respectively.

([pt]). The uncertainty for N, is dominated by the correction for tracking efficiency and fake tracks, and
is about 3% in Pb+Pb UCC.

The two-dimensional (2D) distribution of [ pt] versus N, is illustrated in Figure 1(a) for Pb+Pb collisions,
whose mean and widths at fixed N, are indicated by the solid and dashed lines, respectively. The data
shows a mild increase of the means and a narrowing of the widths with increasing Ngp.

The measured moments for both systems are shown in Figure 1(b)-(d) for ([ pr]), k2, and k3, respectively.
An increase of ([pr]) with N, consistent with the onset of radial flow, is observed in peripheral collisions,
which weakens in mid-central collisions. The values of k; and k3 show a power-law-like decrease with
increasing Nqp. In UCC, all three observables show sudden deviations from their mid-central behaviors.
Specifically, ([ pt]) increases while k, and k3 decrease towards higher N, values.

To test the expected power-law scaling behavior, the values of (Ne,) 'k, and T are shown as a function of
Nch in Figure 2. The Nk, rises sharply until up to Nep = 1500 in both systems. This growth saturates
gradually over 2000 < N < 4000 in Pb+Pb collisions. The rapid increase at low N, has been associated
with the onset of radial flow [47] and thermalization [16, 48]. The (Nep)2k3 also displays a rapid increase
in both systems followed by saturation in mid-central Pb+Pb collisions, driven by the same mechanisms
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Figure 2: The values of (a) Nchka, (b) (Nch)2k3, and (c) I, as a function of N, in Pb+Pb and Xe+Xe collisions. The
error bars represent the statistical uncertainties of the measurement, whereas the shaded boxes represent the systematic
uncertainties of the data along the x- and y-axes. The vertical dashed lines mark the N, values corresponding to 5%
centrality in Pb+Pb and Xe+Xe collisions respectively.

responsible for the increase in Nopk,. I' decreases slightly from peripheral to mid-central collisions, after
which it is flat until the UCC region.

In UCC, Nk, displays a notable decrease as a function of Ny,. The values of (Nen)?k3 and T show an
abrupt increase followed by a sharp decrease as a function of N.,. These shape variations are consistent
with the expected suppression of the distribution of R, P(R), from the larger R side [11]. This suppression
first leads to a positive skew which then vanishes as the variance for P(R) approaches zero.

To better visualize these non-monotonic behaviors in UCC, Figure 3 presents ([ pr]) and the normalized
observables from Eq. (1), scaled by their values at 5% centrality. Such scaling highlights their behavior
in UCC and partially cancels systematic uncertainties. The observables are plotted as a function of N,
normalized by its value at 5% centrality, Ncp /N f;k, which enables comparing the two systems at a similar
scale along the x-axis.

Qualitatively similar behavior is observed in the two collision systems for all observables. However, the
variations in Xe+Xe collisions are generally weaker as a function of Ng, /N 05;7". This is expected due to
the smaller mass number of Xe compared to Pb, which leads to a larger spread in Nop /N 3;7“ for the same
centrality range in Xe+Xe collisions, resulting in a weaker suppression of the geometrical component
expected in smaller systems. This argument demonstrates the importance of comparing data using nuclei
of different sizes.

Recently, Refs. [11, 12] studied the fluctuations of [ pT] by modeling P([pT]) as a 2D Gaussian function of
N¢h and impact parameter, where the fluctuations of [pr] at a given Ngy, are driven solely by the variations
in the impact parameter and R. The increase of ([pt]) arises from enhanced intrinsic fluctuations at fixed
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shaded boxes represent the systematic uncertainties of the data along the x- and y-axes. The data are compared to
predictions from Ref. [12], where the estimated geometrical component is also shown.

R, whereas the k, in the model arises from geometrical and intrinsic contributions. The k3 in the model
originates from a geometrical contribution and a cross-term between geometrical and intrinsic components,
but has no contribution from the pure intrinsic component [12].

Figure 3 compares the model predictions previously described to the Pb+Pb data. The model describes
reasonably the increase of ([ pr]) and the decrease of k,. The predicted k3 values exhibit a steeper decrease
with Ney /N 05%, a trend also observed for I'. The larger k3 and I" values in the data require the model to
include additional sources of skewness in P([pt]) [44]. Most variations in k;, k3 and I can be largely
attributed to the geometrical component as indicated by the dashed lines.

For a more direct study of the correlation between [pt] and N, in UCC, a detailed analysis of the 0—1%
most central events is performed. The [pr] and N, values averaged over these events are denoted by
([pt])o-19 and (Nch)o_19- Then, ([pt]) is calculated by averaging [pr] over events in narrow N slices
to obtain Apt/{[pr])-19 as a function of ANch/{Nech)o-19,» Where Apt = ([pr]) — {[pTl)-19 and
ANe¢h = Neh — (Neh)o—19,- Figure 4 shows the correlation between Apt/{[pT])o_19 and ANeh/{Nch)o—19
for Pb+Pb and Xe+Xe collisions in two pt ranges. The correlation is observed to be positive and nearly
linear, and with similar slopes in both systems. The slope, however, varies with the pt range selection,
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shaded boxes represent the systematic uncertainties of the data along the x- and y-axes. The data are compared to
calculations from the MUSIC hydrodynamic model and the Huiing model at zero impact parameter (b = 0 fm) [11].

reflecting the kinematic sensitivity to the radial flow.

The Pb+Pb data are compared to the Hiying model [38], which has no final-state interactions, and the
state-of-the-art MUSIC model [49], which includes the full hydrodynamic response of the QGP to its
initial-state geometry. The Huing model grossly underpredicts the slope of the data while the MUSIC model
quantitatively captures the slopes in both pt ranges. This behavior suggests that the slopes characterized
the hydrodynamic response of the QGP in UCC, where its initial transverse size is fixed and its energy
density varies strongly.

A recent model study [10] related the increase of [pr] in UCC to the speed of sound of the QGP [9],
calculated as ¢2(T) = dInT/dIns where T and s are the medium temperature and entropy density,
respectively. Although T evolves over the lifetime of the QGP, ¢2 was estimated at an effective temperature
T, corresponding to approximately 1/3 of the average pr calculated for all particles [9, 10]:

din({[pr]) _ Apr/{lptD
dIn(Ng) ANch /{Nch) )

C? (Teff) x

According to this model, the measured slope in Figure 4 can be used to estimate ¢2(T.). A reasonable
agreement of the MUSIC model with the Pb+Pb data, including its pr dependence, is achieved by using
cg ~ 0.23 with T.g ~ 222 MeV [9], values consistent with those reported by the CMS Collaboration [29].
However, the extraction of the ¢2 was shown to be sensitive to several aspects of analyses, including the
kinematic selection of the particles used to define the centrality and ([ pT]) [13, 15].



Understanding the initial-state geometry of the QGP and how it drives the hydrodynamic response is a
key objective in high-energy nuclear physics. This aim can be pursued by analyzing the moments of
event-by-event transverse momentum distribution P([pt]). This Letter presents the first experimental
differentiation between geometrical and intrinsic fluctuations using the mean, variance, and skewness of
P([pr]) in 2®Pb+2%8Pb and '*?Xe+'??Xe collisions at /5, = 5.02 TeV and 5.44 TeV, respectively. Across
a wide N, range, the variance and skewness exhibit an approximate power-law scaling with Ny, consistent
with expectations from an independent superposition scenario. However, in ultra-central collisions , as a
result of suppressed geometrical fluctuations and unhindered intrinsic fluctuations, all observables depart
from such scaling. Notably, there is a distinctive rise in the mean, a sharp decline in the variance, and
a pattern of increase followed by a sharp decrease in the skewness. Moreover, the linear rise in ([ pt])
with increasing N, is reproduced by a hydrodynamic model using ¢ ~ 0.23 at an effective temperature
T.g ~ 222 MeV. The centrality dependence of these observables in ultra-central collisions is slightly weaker
in the smaller Xe+Xe collisions, and colliding even smaller nuclear species could probe this effect further.
The study of [ pt] fluctuations offers an effective tool for constraining the initial-state fluctuations and the
final-state hydrodynamic response in heavy-ion collisions.
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1 Appendix

The pileup probability is () = 0.0017 in Pb+Pb collisions and 0.00019 in Xe+Xe collisions. The pileup
events have a non-uniform distribution in N, and tend to have a larger contribution in UCC. The impact of
pileup events can be estimated and rejected based on the anti-correlation between ZDC energy (Ezpc) and
FCal XEt as shown in Figure 5(a). A typical pileup event in the UCC region consists of a genuine central
event with small Ezpc and large 2ET and a peripheral or mid-central event with large Ezpc and small
X Er, contributing to the satellite band. The good events are selected within a six standard deviation from
the peak value of Ezpc at a given ZET, as indicated by the red line. A convolution of the distribution of
good events according to the pileup probability then yields an estimate of the distribution for pileup events
in Figure 5(b).
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Figure 5: Top: The distributions of energy deposited in the ZDCs vs FCal for (a) all events, and (b) estimated
pileup events, the red line represents the line used for selection of good events. Bottom: As a function XET, (c) the
distributions of all events, pileup events, good events, and residual pileup events and (d) the fraction of pileup events
before and after pileup rejection. The results are obtained for 5.02 TeV Pb+Pb collisions.

Figure 5(c) shows the distributions of all events and estimated pileup events as a function of £ET, as well as
the good events and residual pileup events after applying the selection criteria. The pileup events are greatly
reduced and its fraction is < 0.01% in UCC, as shown in Figure 5(d). The pileup rejection criteria have
been relaxed to vary the residual fraction of the pileup events, the results are insensitive to this variation.

Figure 6(a) shows the correlation between XEt and N.,. The correlation is smeared, implying that the
0-1% most central events selected on £ E1 would span a large range of N, as indicated by the shaded box.
Correspondingly, the [pr] for these events span a large range AN /{Nch)o_19 as shown by the x-axis in
Figure 4.

Figure 7 displays the multiplicity dependence of y and scaled-y in the two systems. They can be derived
from Figures 1 and 3, but are shown here for completeness.

11



FATLAS. (3] TATLAS ()]
| Pb+Pb 5.02 Tev 0-1%_ [ Pb+Pb 5.02 Tev ]

S E,[TeV]
T b T

(b. IIZOIOOI ‘ 40I00 ‘ éObO —0100I102
Nch AI\I‘Zh/[l}\lchDO-l%
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Figure 7: (a) y as a function of N, and (b) scaled-y as a function of N, / N ;5;7‘3 in Pb+Pb and Xe+Xe collisions compared
to predictions from Ref. [12]. The error bars and shaded area represent statistical and systematic uncertainties,
respectively. The vertical dashed lines in (a) mark the N, values corresponding to 5% centrality in Pb+Pb and
Xe+Xe collisions.
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