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A central question in strong-interaction physics, governed by quantum chromodynamics (QCD), is
whether femtoscale droplets of quark-gluon plasma form in small collision systems involving projectiles
significantly smaller than heavy ions. Collisions of light ions such as 16O and 20Ne offer a unique
opportunity to probe the emergence of collective behavior in QCD matter. This Letter presents the first
measurements of the elliptic (v2) and triangular (v3) flow of charged particles in 16O–16O and 20Ne–20Ne
collisions at a center-of-mass energy per nucleon pair of

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.36 TeV with the ALICE detector. The

hydrodynamic model predictions, explicitly incorporating the nuclear structures of 16O and 20Ne, exhibit a
good agreement with the flow measurements presented. The observed increase of v2 in central Ne–Ne
collisions relative to OO collisions, driven by the nuclear geometries, highlights the importance of utilizing
light nuclei with well-defined geometric shapes to constrain the initial conditions. These findings support
the presence of nuclear geometry-driven hydrodynamic flow in light-ion collisions at the LHC.

DOI: 10.1103/gymp-vp87

The primary goal of ultrarelativistic nuclear collisions is
to recreate the quark-gluon plasma (QGP)—a state of
matter that is thought to have existed in the early
Universe—and to investigate its properties [1–5]. A sig-
nificant effort has been dedicated to determining the precise
properties and time evolution of the QGP. One of the most
important approaches is the study of anisotropic flow [6],
which arises from the transfer of initial spatial anisotropy
to momentum anisotropy in the final state via pressure
gradients within the created medium. Anisotropic flow is
characterized by the Fourier coefficients vn of the azimu-
thal particle distribution,

dN
dφ

∝ 1þ 2
X

n¼1

∞

vn cos½nðφ −ΨnÞ�; ð1Þ

where φ is the azimuthal angle of the final state produced
particle, Ψn is the nth-order symmetry plane, and vn are the
flow coefficients. Experimental measurements of vn coef-
ficients and their event-by-event fluctuations, from two-
particle and multiparticle correlations with inclusive and
identified charged hadrons in heavy-ion collisions, have
been performed [7–16]. The measurements can be quanti-
tatively reproduced by hydrodynamic model calculations.

This agreement provides strong evidence that the QGP
created in heavy-ion collisions at the LHC behaves as a
nearly perfect fluid [17–20], characterized by an excep-
tionally small specific shear viscosity (η=s), which
approaches the quantum lower bound of 1=4π [21].
In addition to colliding heavy ions at ultrarelativistic

energies, the LHC also provides pp and p-Pb collisions.
The formation of a QGP was not anticipated in these small
systems, and they were initially viewed as baselines for
heavy-ion collisions [22]. Surprisingly, the experimental
results have revealed new manifestations of emergent QCD
phenomena, such as finite anisotropic flow in high-
multiplicity events [4,11,23–30], with the first indication
provided by the observation of a long-range “ridge” in
two-particle correlations in pp and p-Pb collisions at the
LHC [23–26], in p-Au at RHIC [31,32] and even possible
hints in high multiplicity eþe− collisions at ALEPH [33].
Subsequent multiparticle correlation measurements con-
firmed the collective nature of the signal [11,27,28].
Measurements performed in different collision systems, such
as p-Au, d-Au, and 3He–Au at RHIC [27,34], as well as pp,
p-Pb, and Pb–Pb collisions at the LHC [11,29,30,35–38],
revealed that the observed anisotropic flow in small collision
systems is predominantly driven by the initial geometry and
its event-by-event fluctuations through the complex dynamic
evolution of the created system [39–42]. The most recent
anisotropic flow measurements for identified hadrons pre-
sented results consistent with the formation of partonic
collectivity in small systems [35,43].
While hydrodynamic and parton transport models quali-

tatively describe many of the collective flow features in
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small collision systems, there are discrepancies, i.e., in the
magnitudes of flow coefficients, between model calcula-
tions, and experimental measurements [44–50]. These
differences largely arise from the limited understanding
of the initial conditions in pp and p-Pb collisions, in
particular, the spatial and subnucleonic structure of the
proton [43,51–53]. In contrast, in light-ion collisions, such
as OO and Ne–Ne, the flow is predicted to be predomi-
nantly driven by the shape (eccentricity) of the initial
overlap region [54–61]. These geometric features are more
precisely characterized when the colliding nuclei have
been systematically investigated [62,63]. Even though
the ground states of 16O and 20Ne have Jπ ¼ 0þ, and are
therefore spherically symmetric in the laboratory frame,
their wave functions can be described as superpositions
of intrinsic shapes averaged over all orientations [64]. In
modern nuclear-structure models, such intrinsic shapes
emerge as a tetrahedral 4 − α [65] configuration for 16O,
while 20Ne resembles an αþ 16O“bowling pin”–like struc-
ture [66–68] as a consequence of the spatial many-body
nucleon correlations. As the even-even Jπ ¼ 0þ nuclei are
rotationally invariant in the laboratory frame, any mapping
of measured flow to ground-state deformations remains
inherently model dependent and should be considered
complementary to traditional low-energy nuclear-structure
constraints [69].
As an example, central heavy-ion collisions were

proven to be particularly sensitive to the shape of the
nucleus, such as the quadrupole deformation and triax-
iality of 129Xe and 192Au nuclei [70–74]. Given that OO
and Ne–Ne have similar system sizes [55], the evolution
of the two systems is similar, so that the ratios between
the two systems substantially mitigate final-state effects
(e.g., hadronic rescattering, jet, decay) and thus highlight
the differences in the effects of the initial conditions
[55,62,63,75], i.e., nuclear shape, subnucleonic structure,
and initial fluctuations.
In this Letter, the anisotropic flow measurements are

performed utilizing data from the short light-ion runs, and
OO and Ne–Ne collisions, delivered by the LHC in
July 2025 and recorded with the ALICE apparatus [76].
Similar measurements have been performed at ATLAS
around the same time [77] and shortly after by the CMS
Collaboration [78]. The centrality of the collisions, which
quantifies the fraction of a geometrical cross section of the
colliding nuclei, is estimated using the multiplicity measured
in the fast interaction trigger detector, located at a pseudor-
apidity range of −3.3 < η < −2.1 (FT0C) [76]. Events are
required to be within 10 cm of the nominal interaction point.
To reject pileup events and optimize the centrality estima-
tion, bunch crossings with more than one reconstructed
vertex are rejected. In total, about 3 billion OO collisions and
400 million Ne–Ne collisions pass these criteria.
The charged particles are reconstructed based on infor-

mation from the inner tracking system (ITS) [76,79] and the

time projection chamber (TPC) [80]. High-quality tracks
are selected by requiring more than 50 associated TPC
clusters, at least 70 crossed rows in the TPC, and five
associated ITS clusters, as well as a χ2 per degree of
freedom of the track fit to the TPC space points less
than 2.5. Contamination from secondary particles is largely
reduced by requiring tracks to have a distance of closest
approach (DCA) to the primary vertex of less than 2 cm
along the longitudinal direction and a transverse DCA
less than a pT-dependent value ranging from 0.2 cm at
pT ¼ 0.2 GeV=c to 0.02 cm at pT ¼ 3 GeV=c.
The flow measurements presented in this Letter were

obtained from two-particle and multiparticle cumulants
using the generic framework [81,82], which corrects for
detector acceptance and track reconstruction efficiency
effects. To suppress nonflow contamination, which are
the azimuthal angle correlations not associated with the
nth-order harmonic symmetry plane angle Ψn, a pseudor-
apidity separation of jΔηj > 1.4 is applied in the two-
particle correlation measurements [83]. The four-particle
correlations are, by construction less sensitive to nonflow
effects [82]. Thus, the standard method is applied by
default, while the subevent method [84] was applied as
a cross check.
Systematic uncertainties are estimated with relative

differences by varying the event and track selection criteria,
and are added to the estimations of the remaining nonflow
effects. Uncertainties related to the event selection include
the variation in the accepted vertex position along the beam
line. The resulting systematic uncertainty was found to be
within 2%. In the tracking procedure, the variations of the
maximum allowed DCA to the primary vertex, both along
the beam line and in the transverse plane, result in
differences of less than 1%. To estimate the remaining
nonflow contamination, the dihadron correlation method
[23,85] with jΔηj > 1.4, together with an additional tem-
plate fit approach, was examined [26,35]. The deviations
from the cumulant measurements are treated as systematic
uncertainties associated with nonflow effects. Only the
sources of systematic uncertainties found to be statistically
significant by more than 1σ following the procedure in
Ref. [86] are combined in quadrature to obtain the total
systematic uncertainty. As a result, systematic uncertainties
up to 6.5% are assigned to vnf2g and v2f4g for both OO
and Ne–Ne collisions, and systematic uncertainties within
1.5% are assigned to the ratio vnf2gðNe–Ne=OOÞ and
v2f4gðNe–Ne=OOÞ.
The centrality dependence of v2f2g, v3f2g, and v2f4g in

OO and Ne–Ne collisions at ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.36 TeV is shown in

Fig. 1. In both collision systems, v2f2g exhibits a weak
centrality dependence; it initially increases with an increas-
ing centrality percentile up to approximately 30%, follow-
ing the trend of the initial state eccentricity ε2 [87]. Then, a
decrease of the measured v2f2g in more peripheral colli-
sions is observed. The v2f4g measurement also shows an
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increasing trend with increasing centrality percentile for the
presented centrality region, chosen as the region where
the nonflow of v2f4g is under control, and the v2f4g is
expected to decrease at higher centralities similar to v2f2g.
Smaller values of v2f4g compared to v2f2g, and the
nonzero value of the measured v2f4g indicates the collec-
tive nature of the measured anisotropy and confirms the

presence of anisotropic flow in OO and Ne–Ne collisions.
Assuming that the applied pseudorapidity gap effectively
suppresses nonflow effects in two-particle correlations,
the remaining differences between two- and four-particle
cumulants of v2 can be attributed to event-by-event
fluctuations of elliptic flow, which are further quantified
in Fig. 5 in the End Matter. The observed increasing trend
of v2f4g with increasing centrality percentile signifies the
system’s response to the changes of “lenticular” shape
formed by the two overlapping nuclei. An increasing trend
of v2f4g toward more peripheral collisions (lower multi-
plicity) was not previously observed in either pp or in p-Pb
collisions [11,88], but is observed in Fig. 1 for both OO and
Ne–Ne collisions reflecting the geometric initial conditions
of these collisions.
In contrast to the v2 results, v3f2g decreases with larger

centrality percentiles. This decreasing trend and the mag-
nitudes of v3f2g are similar to what is seen in the v3f2g
measurements in pp and p-Pb collisions [11]. This is
expected as v3f2g arises from initial state fluctuations,
which are comparable at the same multiplicity in small
systems [11,37]. This is also consistent with low-
multiplicity measurements of v3 in Xe–Xe and Pb–Pb
collisions [89], confirming the fluctuation-driven nature of
v3 in noncentral collisions across system sizes.
In Fig. 2, the measurements are compared with hydro-

dynamic simulations from the Trajectum framework
[55,87,90], which incorporate nuclear structure inputs for
16O and 20Ne derived from the nuclear lattice effective field
theory (NLEFT) [66] and the ab initio projected generator

FIG. 1. Charged particle v2f2g, v3f2g, and v2f4g as a
function of centrality in OO (solid markers) and Ne–Ne (open
markers) collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.36 TeV. The vertical lines

represent statistical uncertainties, and the open boxes represent
systematic uncertainties, with most of them being smaller than
the symbol size.

FIG. 2. Charged particle v2f2g, v3f2g, and v2f4g as a function of centrality in OO (left) and Ne–Ne (right) collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.36 TeV. The vertical lines represent statistical uncertainties, and the open boxes represent systematic uncertainties, with most
of them being smaller than the symbol size. The measurements are compared with Trajectum calculations with NLEFT and PGCM
inputs [55].
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coordinate method (PGCM) [67,68]. Both approaches
model ground-state nucleon correlations within the nuclei
and represent the current best understanding of the nuclear
structure. The NLEFT approach constructs nuclear struc-
tures from first principles by evolving nucleon configura-
tions via Monte Carlo simulations on a discrete lattice,
naturally incorporating many-body correlations and emer-
gent clustering. The PGCM instead starts from energy-
minimized mean-field states and includes collective corre-
lations by projecting onto appropriate quantum numbers
and mixing configurations across deformation spaces. In
both frameworks, as mentioned previously, the 20Ne nuclei
exhibit a bowling-pin-like 16Oþ α structure, while the 16O
nuclei have irregular tetrahedronlike shapes [55]. The
theoretical predictions are shown as colored curves, with
bands indicating the combined statistical and systematic
uncertainties. The goal of these comparisons is to assess
whether the combination of realistic nuclear structures and
a hydrodynamic framework tuned using measurements
from heavy-ion collisions can quantitatively predict the
experimental measurements in light-ion collisions. As
shown in Fig. 2, NLEFT-based calculations successfully
reproduce both the trend and magnitude of v2f2g, v3f2g,
and v2f4g up to 50% centrality. The agreements with
respect to the flow measurements equal or surpass the
accuracy of full Bayesian parameter extraction in previous
heavy-ion studies, which have been based on one-body
nuclear density distribution of the structure of heavy nuclei
(i.e., 129Xe, 208Pb) [18–20]. The agreement between the
experimental measurements and theoretical calculations
presented in this Letter suggests that developing realistic
low-energy ab initio calculations for heavier nuclei could
significantly improve our understanding of the initial
conditions of nuclear collisions, and therefore, enhance
the precision of the extraction of QGP properties. In the
case of PGCM-based calculations, the agreement is slightly
worse in central collisions, though the deviation from the
flow measurements remains within a few percentages. In
noncentral collisions, the calculations are consistent with
the measurements within the uncertainties. In particular, the
v3f2g results are highly nontrivial, as the measurements
clearly exhibit a different centrality dependence from the
initial-state triangular eccentricity ε3 calculation, which
predicts larger values in semicentral than in central colli-
sions [87]. This difference between the initial-state geo-
metric shape and the final-state triangular flow highlights
the role of the strong response of the created system, which
is accurately captured by the hydrodynamic predictions.
It is noteworthy that when centrality is estimated using
particle multiplicity in the midrapidity region (which is
used in the Trajectum calculations), the v2f2g and v3f2g
measurements remain unchanged, while a ∼10% reduction
in v2f4g is observed, leading to a better agreement with
hydrodynamic predictions. The measured v2f4g is accu-
rately described by the hydrodynamic predictions in both

OO and Ne–Ne. This is the first time the measurements of a
multiparticle cumulant of anisotropic flow can be success-
fully reproduced by hydrodynamic models in small sys-
tems. Notably, the long-standing sign problem present in
hydrodynamic descriptions of pp collisions [47,48] is not
observed in light-ion collisions. The consistency between
the presented v2f2g, v3f2g, and v2f4g measurements and
hydrodynamic model predictions supports the emergence
of collective behavior in light-ion collisions, well described
by a hydrodynamic expansion of the QGP.
Ratios between two collision systems of comparable

size are particularly valuable, as they largely suppress
final-state effects and reduce systematic uncertainties for
both theoretical model calculations and experimental mea-
surements [91,92]. These ratios serve as sensitive probes
of the initial-state geometry and enable rigorous testing of
the theoretical understanding of the dynamic evolution in
small systems. The centrality dependence of the system-
comparison ratios v2f2gðNe–Ne=OOÞ and v3f2gðNe–
Ne=OOÞ is presented in Fig. 3. For v2f2gðNe–Ne=OOÞ,

FIG. 3. Ratios v2ðNe–Ne=OOÞ and v3ðNe–Ne=OOÞ as a
function of centrality in the 0%–30% centrality range. The
vertical lines represent statistical uncertainties, and the open
boxes represent the systematic uncertainties, while most of them
are smaller than the symbol size. The measurements are com-
pared with Trajectum calculations with NLEFT and PGCM
inputs [55] as well as IP-Glasmaþ JIMWLKþMUSICþ
UrQMD [93] and 3DGlauber þMUSICþ UrQMD [94] calcu-
lations with PGCM input.
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the ratio peaks at around 1.08 in ultracentral collisions and
rapidly decreases to about 1.05 by 10% centrality, after
which it exhibits a weak centrality dependence. Similar
centrality dependence is also observed in the ratio of
v2f4gðNe–Ne=OOÞ. This pronounced enhancement in
central events is attributed to the stronger quadrupole
deformation of 20Ne compared to the tetrahedral 16O [55].
In contrast, v3f2gðNe–Ne=OOÞ begins around unity in
central collisions and increases gradually with increasing
centrality percentile, reaching approximately 1.06 at 10%.
The smaller v3f2g ratio in central collisions could be
attributed to the tetrahedral configuration of 16O, which
leads to a larger octupole deformation. This results in a
larger triangular eccentricity ε3 and consequently, a smaller
v3f2gðNe–Ne=OOÞ in the most central collisions.
As shown in Fig. 2, the measurements of the centrality

dependence of anisotropic flow favor the NLEFT-based
hydrodynamic calculations. In contrast, the system-
comparison ratios are closer to the PGCM-based predic-
tions. Notably, both NLEFT- and PGCM-based hydro-
dynamic calculations slightly overestimate the measured
v2f2g ratios as seen in Fig. 3. Given the fact that the two
systems evolve similarly, leading to a suppression of many
final-state effects when taking the ratio, this major dis-
crepancy may originate from the modeling of the imme-
diate postcollision initial state. Specifically, parameters
governing energy deposition, nucleon and subnucleon
spatial profiles, and preequilibrium dynamics may require
refinement [63]. It is not known a priori whether gluon
distributions and saturation in ultrarelativistic collisions
affect nuclear structure. Since such effects are not consid-
ered in low-energy descriptions but may become important
at high energies, the measurements provide a lever for
exploring potential differences in nuclear structure across
energy scales.
To determine whether the observed discrepancies in the

system ratio stem from the initial conditions employed in
hydrodynamic calculations or from inaccurate nuclear
structure inputs, calculations from both the IP-Glasmaþ
JIMWLKþMUSICþ UrQMD model [93] and the
3DGlauber þMUSICþ UrQMD framework [94] are pre-
sented. Both models utilize nuclear structure inputs from
ab initio PGCM [67,68], identical to those used in the
Trajectum predictions. As shown in Fig. 3, the IP-Glasma-
based hydrodynamic model describes the system ratios
very well, capturing both the trend and the magnitude of the
measurements. A comparison to the individual flow coef-
ficients can be found in Fig. 6. The main difference in
the system ratio calculations between the Trajectum
and IP-Glasmaþ JIMWLKþMUSICþ UrQMD models
most likely lies in their description of the initial conditions
immediately after the collisions and early-time dynamics
prior to thermalization. The subnucleon width wq, the
effective transverse size over which partons (quarks and
gluons) inside a nucleon are distributed, is obtained from

Bayesian inference from Pb–Pb collisions and has a size
of wq ≈ 0.40 fm for the Trajectum model. It is much larger
compared to the IP-Glasmaþ JIMWLKþMUSICþ
UrQMD model, which uses a width of wq ≈ 0.11 fm
inferred from incoherent J=ψ production [95,96] from
HERA data [97,98]. At the same time, a reasonable
agreement is also seen between the measurements and
the 3DGlauber þMUSICþ UrQMD calculations [94],
which use a wq ≈ 0.11 fm. The determination of the
nucleon and subnucleon width with the Bayesian parameter
estimation framework has so far proved to be challenging
[99], and only recently has the nucleon width been better
constrained in Bayesian models [100]. The present mea-
surements favor the calculations with a smaller subnucleon
width of approximately 0.1–0.2 fm, as previously sug-
gested [63]. Although other processes or assumptions of the
initial-state models may contribute to the differences, such
measurements provide additional constraints for improving
the description of the early-time structure and dynamics of
the QGP, and the inclusion of the ratio measurements in
future Bayesian analyses will allow for a more precise
extraction of the subnucleon width of the light nuclei.
This Letter presents the first measurements of elliptic

flow (v2) and triangular flow (v3) in OO and Ne–Ne
collisions at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.36 TeV using the ALICE detector.

The flow coefficients exhibit characteristic centrality
dependence in both collision systems, which was not
observed previously in pp and p-Pb collisions. The combi-
nation of nuclear structure inputs from the NLEFT and
PGCM model together with the standard modeling frame-
work of relativistic heavy-ion collisions, the hydrodynamic
model, shows a reasonable agreement with the anisotropic
flow measurements in a wide range of centralities.
Importantly, the NLEFT and PGCM models utilise
the many-body nuclear densities to determine the distri-
bution of nucleons [55] as emphasised in Ref. [69]. The
agreement between theoretical predictions and experimen-
tal measurements reported in this Letter reveals the emer-
gence of hydrodynamic flow across collision systems at the
LHC, effectively bridging the gap between heavy-ion
collisions and proton-proton and proton-nucleus collisions.
Moreover, the ratios between OO and Ne–Ne collisions
substantially reduce the influence from the final-state
effects and serve as precise probes of the initial conditions.
The pronounced enhancement of v2f2gðNe–Ne=OOÞ
observed in central collisions is attributed to the significant
nuclear geometric effects of 16O and 20Ne nuclei on the
final-state flow coefficients. The comparison of the mea-
sured v2f2gðNe–Ne=OOÞ with the various hydrodynamic
model calculations, including state of the art nuclear
structure, points to imperfect configurations of the initial
conditions, particularly the subnucleon size. These preci-
sion measurements, therefore, offer a unique probe into the
early-time dynamics and (sub)structure of the colliding
nuclei. They open new avenues for imaging the nuclear
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structure of light ions in the near future, complementary to
low-energy nuclear-structure experiments such as the
α-cluster configurations in 16O and 20Ne, which have
profound implications for understanding quantum
many-body phenomena, a longstanding challenge in
nuclear physics.

Acknowledgments—The ALICE Collaboration would
like to thank Giuliano Giacalone, Govert Nijs, Wilke
van der Schee (Trajectum), Chun Shen, Bjoern Schenke,
Wenbin Zhao (IP-GlasmaþMUSICþ UrQMD), Chun
Shen, Wenbin Zhao (3D-GlauberþMUSICþ UrQMD),
Ziwei Lin, Guoliang Ma, and Xinli Zhao (AMPT) for
providing the latest predictions. The ALICE Collaboration
would like to thank all its engineers and technicians for
their invaluable contributions to the construction of the
experiment and the CERN accelerator teams for the out-
standing performance of the LHC complex. The ALICE
Collaboration gratefully acknowledges the resources and
support provided by all Grid centers and the Worldwide
LHC Computing Grid (WLCG) Collaboration. The ALICE
Collaboration acknowledges the following funding agen-
cies for their support in building and running the ALICE
detector: A. I. Alikhanyan National Science Laboratory
(Yerevan Physics Institute) Foundation (ANSL), State
Committee of Science and World Federation of
Scientists (WFS), Armenia; Austrian Academy of
Sciences, Austrian Science Fund (FWF): [M 2467-N36]
and Nationalstiftung für Forschung, Technologie und
Entwicklung, Austria; Ministry of Communications and
High Technologies, National Nuclear Research Center,
Azerbaijan; Rede Nacional de Física de Altas Energias
(Renafae), Financiadora de Estudos e Projetos (Finep),
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End Matter

This section presents the ratios of v3f2g=v2f2g and
v2f4g=v2f2g, together with the double ratios comparing
both collision systems. The predicted shapes for 16O and
20Ne nuclei have different quadrupole and octupole
deformations. In other words, 16O has stronger octupole
deformation because of its tetrahedral shape, whereas
20Ne has stronger quadrupole deformation because of its
“bowling-pin”-like shape. Therefore, the ratio of
v3f2g=v2f2g in OO collisions is expected to be larger
than that in Ne–Ne collisions. As shown in Fig. 4, this
expectation is confirmed only in the most central
collisions, where the nuclear geometric effect is
strongest. Beyond this region, the ratio of v3f2g=v2f2g
shown in the top panel exhibits a decreasing trend with

increasing centrality in both collision systems, with the
ratio in OO collisions remaining slightly higher than in
Ne–Ne collisions in the most central collisions. Both
NLEFT- and PGCM-based hydrodynamic calculations
describe the measurements, demonstrating the impact of
the unique nuclear shape imprinted by the α-cluster
structures in 16O and 20Ne.
In the hydrodynamic evolution picture, elliptic flow

arises from the anisotropic expansion of the QGP, which
is driven by the spatial distribution of nucleons in the
colliding nuclei. The v2 from two- and four-particle
cumulants carries different sensitivities to the event-by-
event flow fluctuations, originating from the initial geom-
etry fluctuations. The ratio of v2f4g=v2f2g minimizes the

FIG. 4. Top: ratio of the charged particle v3f2g to v2f2g as a
function of centrality in OO and Ne–Ne collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.36 TeV. Bottom: double ratios v3f2g=v2f2gðNe–Ne∶
OOÞ. The vertical lines represent statistical uncertainties, and the
open boxes represent the systematic uncertainties while most of
them are smaller than the symbol size. The measurements are
compared with Trajectum calculations with NLEFT and PGCM
inputs [55].

FIG. 5. Top: ratio of the charged particle v2f4g to v2f2g as a
function of centrality in OO and Ne–Ne collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.36 TeV. Bottom: double ratios v2f4g=v2f2gðNe–Ne∶
OOÞ. The vertical lines represent statistical uncertainties, and the
open boxes represent the systematic uncertainties while most of
them are smaller than symbol size. The measurements are
compared to Trajectum calculations with NLEFT and PGCM
inputs [55].
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effects of the system evolution and highlights the initial
fluctuations. Previous studies have shown that the ratio is
sensitive to the α-cluster configuration and compactness of
16O in relativistic OO collisions [57,58,102,103]. In Fig. 5,
the centrality dependence of v2f4g=v2f2g in OO and Ne–
Ne collisions, as well as the ratio between the two collision
systems, are presented. The v2f4g=v2f2g is lowest in
central collisions and increases with larger centrality. A
similar trend is observed in both Xe–Xe [10] and Pb–Pb
collisions [9], albeit with larger magnitudes as the larger
flow fluctuations in the small light-ion collisions reduce the
v2f4g=v2f2g ratio. The double ratio of v2f4g=v2f2g
between Ne–Ne and OO is slightly below unity in non-
central collisions due to the larger flow fluctuations in the
smaller OO collisions. In central collisions, the double ratio
increases due to the effect of nuclear structure. The 20Ne
nuclei have larger deformation, and thus Ne–Ne collisions
produce stronger v2 than OO collisions, while the flow
fluctuations remain similar. Note that the v2f4g=v2f2g
ratio in OO and Ne–Ne would decrease by a few percent-
ages if centrality is redefined from an estimation based on
the multiplicity at forward rapidity (default option) to one

based on midrapidity, consistent with what is discussed
in Fig. 2.
In Fig. 6, the measurements of flow coefficients, iden-

tical to those shown in Fig. 2, are compared with hydro-
dynamic calculations from the 3D-Glauber þMUSICþ
UrQMD and IP-GlasmaþJIMWLKþMUSICþUrQMD
frameworks, as well as with calculations from the AMPT
transport model. The hydrodynamic calculations are both
based on PGCM nuclear structure inputs, whereas the
AMPT model uses nuclear structure from NLEFT. The
IP-Glasma-based calculations overestimate the v2 measure-
ments in the most central collisions, 0%–10%; under-
estimate them at centralities above 50%; and show
reasonable agreement with the data across intermediate
centralities. In contrast, the 3D-Glauber-based calculations
consistently underestimate the v2 measurements, whereas
the AMPT model shows no clear centrality dependence and
systematically overestimates the v2 values across the entire
centrality range. All presented model calculations exhibit
reasonable agreement with the measured v3, although the
uncertainties remain large.
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22Dipartimento di Fisica dell’Università and Sezione INFN, Cagliari, Italy
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