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Abstract

Understanding nuclear structure provides essential insights into the properties of atomic nuclei. In
this paper, details of the nuclear structure of 129Xe, such as the quadrupole deformation and the nu-
clear diffuseness, are studied by extensive measurements of anisotropic-flow-related observables in
Xe–Xe collisions at a center-of-mass energy per nucleon pair √sNN = 5.44 TeV with the ALICE
detector at the LHC. The results are compared with those from Pb–Pb collisions at √sNN = 5.02 TeV
for a baseline, given that the 208Pb nucleus is not deformed. Furthermore, comprehensive compar-
isons are performed with a state-of-the-art hybrid model using IP-Glasma+MUSIC+UrQMD. It is
found that among various IP-Glasma+MUSIC+UrQMD calculations with different values of nuclear
parameters, the one using a nuclear diffuseness parameter of a0 = 0.492 and a nuclear quadrupole
deformation parameter of β2 = 0.207 provides a better description of the presented flow measure-
ments. These studies represent an important step towards a thorough exploration of the imaging
power of nuclear collisions at ultrarelativistic energy and the search for the imprint of nuclear struc-
ture on various flow observables in heavy-ion collisions at the LHC. The findings demonstrate the
potential of nuclear structure studies at the TeV energy scale and highlight that the LHC experiments
can complement existing low-energy experiments on nuclear structure studies.

*See Appendix A for the list of collaboration members
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1 Introduction

Studies of nuclear structure contribute to the understanding of nuclide properties. Over the past few
decades, low-energy nuclear physics has achieved impressive progress [1–14]. These advancements
have led to the accurate determination of nuclear charge radii for light and medium mass nuclei [6–11].
Additionally, the properties of light nuclei with a mass number A≤ 50 have been elucidated [6–8, 12–14],
particularly with the advent of modern ab-initio methods addressing the nuclear many-body problem [1–
5]. Nevertheless, accurately determining the neutron skin thickness and the shape of nuclei remains
a challenging task due to their intricate nature [15–20]. Furthermore, applying ab-initio methods to
heavy nuclei is challenging due to the computational complexity that arises from the need to accurately
model the strong interactions among an increasing number of nucleons [21]. Recent studies in high-
energy heavy-ion collisions at the Relativistic Heavy-Ion Collider (RHIC) [22–26] and the Large Hadron
Collider (LHC) [27–31] have demonstrated that nuclear collisions at ultrarelativistic energies could serve
as new avenues for nuclear structure studies. These studies successfully probed the nuclear shape from
light to heavy nuclei [24–26, 32–37] and the neutron skin of 208Pb, 96Zr, and 96Ru [18, 38]. Among
these experimental approaches, anisotropic flow phenomena have been found to carry the imaging power
of the nuclear structures at relativistic energies [24, 32, 39–45]. Anisotropic flow, which quantifies the
anisotropic azimuthal distribution of the momenta of the produced particles, reflects the initial geometry
and fluctuations of the overlapping region and probes the shape (or structure) of the colliding nuclei [46–
51]. The anisotropic flow is characterized by the Fourier expansion of the azimuthal distribution of
produced particles [52]

dN
dϕ

∝ 1+2
∞

∑
n=1

vn cos[n(ϕ −Ψn)], (1)

where ϕ is the azimuthal angle of particle momentum and Ψn is the nth-order symmetry plane. The
coefficients vn are called flow coefficients and can be calculated as

vn = ⟨cos[n(ϕ −Ψn)]⟩ . (2)

Here, the brackets ⟨⟩ denote an average over all particles in one event. With vn and Ψn, the nth order
(complex) anisotropic flow Vn are defined as

Vn ≡ vneinΨn . (3)

A comprehensive exploration of the anisotropic flow phenomena, encompassing systematic measure-
ments of vn [22, 27, 31, 53–58], event-by-event flow fluctuations [59–64], and correlations between
various flow coefficients [65–70], has been previously reported. These observables effectively capture a
snapshot of the initial geometry of the collision and, by extension, offer a glimpse into the structure of
the colliding nuclei.

For the initial state of heavy-ion collisions, the nuclear density profile ρ(r,θ ,φ) of the colliding nuclei
can be described by the Woods–Saxon distribution [41, 71]

ρ(r,θ ,φ) =
ρ0

1+ e[r−R(θ ,φ)]/a0
, (4)

where r, θ , and φ define the position of a nucleon presented in spherical coordinates, of which the origin
is the center of the nucleus. The constant ρ0 ensures that the integral of the distribution corresponds
to the number of nucleons in the nucleus. The a0 parameter represents the nuclear diffuseness. The
R(θ ,φ) =R0(1+β2[cosγY2,0+sinγY2,2]) term models the nuclear surface expanded in terms of spherical
harmonics Yn,m, keeping terms up to n = 2 that are the most relevant in the structure of 129Xe [28, 35,
40]. Notably, Y2,−2, Y2,−1, and Y2,1 are utilized to establish the intrinsic frame, which renders Y2,0 and
Y2,2 as the only pertinent degrees of freedom. In R(θ ,φ), R0 denotes the nuclear radius, and β2 is the
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quadrupole deformation parameter. In low-energy nuclear experiments, β2 for even-A isotopes of Xe
can be measured using the electric quadrupole transition probability B(E2)↑ from the ground 0+ to the
first-excited 2+ state [72, 73]. By interpolating the values between 128Xe and 130Xe, β2 for 129Xe was
estimated to be 0.18±0.02 [28]. Finally, the triaxial parameter γ reflects the inequality of the axes of the
spheroid.

This Letter presents systematic measurements of various flow observables using charged particles from
Xe–Xe collisions at a center-of-mass energy per nucleon pair √sNN = 5.44 TeV recorded by the ALICE
detector. In addition, the corresponding measurements from Pb–Pb collisions at √sNN = 5.02 TeV,
which provide a baseline because of the spherical shape of 208Pb [72], are shown. Observables used in
this study, including flow coefficients, flow fluctuations, nonlinear flow modes, and correlations between
flow coefficients, are introduced in Sec. 2. Section 3 presents the experimental setup and the evaluation
of systematical uncertainties. The results are discussed in Sec. 4, followed by the summary in Sec. 5.

2 Observables and analysis method

Flow coefficients vn are usually measured by using two and four-particle cumulants [74–77]

vn{2} ≡
√

cn{2},

vn{4} ≡ 4
√

−cn{4},
(5)

where cn{2} and cn{4} are the two and four-particle cumulants, respectively. It is known that vn{2} and
vn{4} carry opposite contributions from flow fluctuations to the cumulant estimates [78]. When non-flow
effects, which are the azimuthal angle correlations not associated with the symmetry plane, are small,
the flow coefficients can be split into mean flow and flow fluctuation according to

vn{2}2 ≈ ⟨vn⟩2 +σ
2
vn
,

vn{4}2 ≈ ⟨vn⟩2 −σ
2
vn
.

(6)

Here σvn is the standard deviation of the vn distribution, known as event-by-event fluctuation of vn, and
⟨vn⟩ is the mean value of the vn distribution.

For n = 2 and n = 3, vn coefficients for central and midcentral collisions are linearly correlated with
the initial anisotropy coefficients εn [79, 80], where εn is determined from the initial energy density
profile [81]

εneinΦn =−⟨rneinφ ⟩
⟨rn⟩

(n > 1), (7)

where ⟨⟩ represents an average among the transverse positions (r,φ) of all participating nucleons, with
φ representing the azimuthal angle and r characterizing the radial distance from the origin of the system.
The Φn angle defines the symmetry plane of participant nucleons in the initial conditions. Recent studies
have shown that nuclear quadrupole deformation strongly affects the initial eccentricity, particularly in
the most central collisions [24, 32, 41]. Therefore, the final state vn is expected to be an ideal tool to
probe the deformations.

The high order flow coefficients vn (n > 3) receive contributions not only from the linear response to
the initial εn but also from the nonlinear response originated from lower order ε2 and/or ε3 [82–84]. For
example, the 4th order (complex) anisotropic flow V4 can be decomposed into linear (V L

4 ) and nonlinear
(V NL

4 ) components according to

V4 =V L
4 +V NL

4 , (8)
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whose magnitudes are denoted by vL
4 and v4,22, respectively. The subscript of v4,22 represents the part of

v4 coming from ε2
2 [82–84]. In Eq. (8) V L

4 and V NL
4 are considered to be uncorrelated and v4,22 can be

measured via a projection of V4 onto the direction of V2 [66, 84]

v4,22 =
ℜ⟨V4(V ∗

2 )
2⟩√

⟨|V2|4⟩
. (9)

The magnitude of the linear component can be easily derived as vL
4 =

√
v2

4{2}− v2
4,22.

Furthermore, the correlation between the symmetry planes Ψ4 and Ψ2 can be probed via the nonlinear
flow correlation ρ4,22 proposed in Ref. [84]. It is defined by the ratio of v4,22 and v4{2}

ρ4,22 =
v4,22

v4{2}
≈ ⟨cos(4Ψ4 −4Ψ2)⟩. (10)

In addition, the nonlinear component V NL
4 can be further decomposed as

V NL
4 ≈ χ4,22(V2)

2,

χ4,22 =
v4,22√
⟨|V2|4⟩

=
ℜ⟨V4(V ∗

2 )
2⟩

⟨|V2|4⟩
,

(11)

where χ4,22 is called the nonlinear flow-mode coefficient. It represents the strength of nonlinear response
to V4 and is independent of ε2. Recent studies with both transport and hydrodynamic model calculations
have shown that nonlinear flow mode observables such as v4,22, ρ4,22, and χ4,22, owing to their different
sensitivities to different stages of heavy-ion collisions [74, 82, 85–88], bring distinction power to the
study of deformation of the colliding nuclei [33, 42, 44].

Previous studies also showed that the correlations between different flow coefficients are sensitive to the
initial conditions as well as the dynamic evolution of the created systems [65, 69, 74, 89], which can be
quantified by the normalized symmetric cumulants (NSC) [74] according to

NSC(m,n) =
⟨v2

m v2
n⟩−⟨v2

m⟩⟨v2
n⟩

⟨v2
m⟩⟨v2

n⟩
. (12)

As also in the previous cases, the bracket ⟨⟩ denotes an average over all events. The NSC(m,n) results
will be positive, zero, or negative if v2

n and v2
m are correlated, uncorrelated, or anticorrelated, respectively.

All the observables mentioned above are based on two- and multiparticle correlations, which can be
obtained using the Generic Framework [74, 77, 90] for the flow studies. To suppress non-flow con-
tributions, a pseudorapidity gap |∆η |> 1.0 was applied in the two-particle correlations in the second
harmonic. For high order (n ≥ 3) correlations, a looser pseudorapidity gap of |∆η |> 0.8 was applied
to preserve more particles for the analysis, considering the limited size of the Xe–Xe data sample. For
the multiparticle correlations, which are less sensitive to non-flow contaminations, |∆η |> 0.8 was also
applied, except for v2{4}, where the pseudorapidity gap is unnecessary as their potential non-flow effects
are negligible [77, 91].

Except v2{2}, v3{2}, v4{2}, and v2{4}, which are taken from Ref. [27], the other observables are mea-
sured for the first time in Xe–Xe collisions. For Pb–Pb collisions, measurements of most observables
were significantly improved after using the entire Run 2 data compared with previous measurements
based only on the 2015 data sample [54, 59, 68, 69].

3 Analysis Details

The data sample analyzed in this study was recorded by the ALICE detector [92–95] during the Xe–Xe
run at √sNN = 5.44 TeV in 2017 and Pb–Pb runs at √sNN = 5.02 TeV in 2015 and 2018 at the
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LHC. Minimum bias events were triggered by the coincidence of two scintillator counter arrays, V0A
and V0C [92, 96], covering the pseudorapidity intervals 2.8 < η < 5.1 and −3.7 < η < −1.7, respec-
tively. Additional Pb–Pb events in the 0–10% and 30–50% centrality classes were recorded in 2018,
using central and semicentral triggers, respectively, to maximize the integrated luminosity for central
and semiperipheral collisions. Pile-up events, where multiple collisions are included in one single event,
were rejected using the timing information from the V0 detectors and selections on the correlation of the
multiplicity measured by the Inner Tracking System (ITS) [92, 97] and the the Time Projection Chamber
(TPC) [92, 98]. Charged particles are reconstructed in the central pseudorapidity region from their hits in
the ITS, which is composed of six layers of silicon detectors surrounding the beam vacuum tube, and the
TPC. The track reconstruction in the ITS and the TPC provided the information on the primary vertex.
The position of the primary vertex along the beam direction, Vz, was required to be within ± 10 cm from
the center of the detector. The analysis was performed as a function of collision centrality, determined
using the information from the V0 detectors [28, 99] and expressed as percentiles of the total inelastic
Xe–Xe or Pb–Pb cross sections. The whole centrality range considered in this analysis was 0–60%,
where 0% corresponds to the most central collisions. After the event selection, about 0.8 million Xe–Xe
events and 163 million Pb–Pb events were analyzed in this work.

Charged-particle tracks in the pseudorapidity region |η | < 0.8 and transverse momentum region 0.2 <
pT < 3.0 GeV/c were selected for the analysis. The track quality was ensured by requiring at least 70
TPC space points out of a maximum of 159 with an average χ2 per degree of freedom of the track fit
lower than 2.5. The distance of the closest approach (DCA) to the primary vertex in the beam direction,
DCAz, was required to be less than 2 cm. In addition, the DCA in the transverse plane was required to be
DCAxy < 0.0105+0.0350p−1.1

T cm, with pT measured in GeV/c, which gives a pT-dependent selection
on DCAxy with thresholds at 0.22 cm at 0.2 GeV/c and 0.02 cm at 3.0 GeV/c. A pT-dependent weight
obtained from simulations performed with the HIJING event generator [100, 101] combined with the
GEANT3 transport code [102] was applied to correct for the track reconstruction efficiency. The track
reconstruction efficiency ranges from 62% to 80% for pT < 1.0 GeV/c, and drops slightly for higher pT
reaching a roughly constant value of about 76%. In addition, ϕ distributions of the reconstructed tracks
were utilized for extracting a non-uniform acceptance correction.

The sources of systematic uncertainty have been investigated by varying the criteria for selecting events
and tracks. For event selections, the requirement for primary vertex position from the center of the
detector Vz was varied to ±5, ±7, and ±9 cm, respectively. In addition, the centrality estimation was
alternatively determined by using the number of hits in the second-most internal layer of the ITS. In
general, these sources yield uncertainties below 1%; except the uncertainties associated with centrality
estimation for v4,22, ρ4,22, and χ4,22 which are above 1%. Furthermore, the systematic effect from pile-up
events was studied by varying the selections on the correlations between multiplicities from the ITS and
the TPC was found to be negligible.

Similarly, for the track selections, the minimum number of TPC space points was varied to 80, 90,
and 100. The requirement for DCAxy was changed to DCAxy < 0.0090 + 0.0300p−1.1

T cm, with pT
measured in GeV/c, while DCAz was required to be within 1.0 or 0.5 cm. These sources typically result
in uncertainties of less than 1%. Finally, the systematic uncertainties that were statistically significant
according to the recommendation in Ref. [103] were added in quadrature to obtain the total systematic
uncertainty. The total systematic uncertainties are typically less than 2% in the 0–60% centrality range,
and they are denoted as gray boxes in the figures in Sec. 4.

4 Results

Figure 1 presents the measurements of v2{m}(m = 2,4) in Xe–Xe and Pb–Pb collisions as a function of
centrality. In the upper panels, v2{2, |∆η |> 1.0} and v2{4} are shown. They increase from central to pe-
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Figure 1: Panels (a) and (b): Charged particle v2{2, |∆η |> 1.0} (left) and v2{4} (right) as a function of centrality
in Xe–Xe and Pb–Pb collisions at √sNN = 5.44 TeV and √sNN = 5.02 TeV, respectively. Panels (c) and
(d): Ratio between Xe–Xe and Pb–Pb v2{2, |∆η |> 1.0} (left) and v2{4} (right). Statistical and systematical
uncertainties are shown as vertical lines and gray boxes, respectively. The measurements are compared with IP-
Glasma+MUSIC+UrQMD calculations [104, 105] to constrain the β2 and a0 parameters of 129Xe nuclei.

ripheral Xe–Xe and Pb–Pb collisions. The comparisons between Xe–Xe and Pb–Pb results are quantified
as ratios in the bottom panels. Considering the similar dynamic evolution of the created matter in Pb–Pb
and Xe–Xe collisions, the ratios of flow observables should largely cancel the final state effects and thus
mainly reflect the information on the initial conditions, including the nuclear structure. This has been
validated in recent hydrodynamic and transport model calculations [44, 106]. Both v2{2, |∆η |> 1.0}
and v2{4} ratios decrease steeply with increasing centrality percentile in central collisions and then level
off for midcentral collisions. The v2{2, |∆η |> 1.0} ratio starts at approximately 1.5 in the most cen-
tral collisions and is larger than unity in the centrality range 0–15%, whereas the v2{4} ratio starts at
approximately 1.3 and is above unity only in the 5% most central collisions. In a central collision,
the fluctuations of the overlap region play a dominant role, and smaller system size (Xe–Xe collisions)
generates stronger fluctuations [107], which cause both ratios to be larger than unity. In addition, the
deformation of 129Xe nuclei further enhances ε2 in ultracentral collisions of 0–5% centrality; this effect
will be discussed in detail later. In midcentral collisions, v2{2, |∆η |> 1.0} and v2{4} ratios remain at
approximately 0.9 and 0.85, respectively. The ratios are below unity due to viscous effects during the
medium expansion [27, 108, 109].

The measurements are compared with calculations using the sequential combination of the impact-
parameter Glasma (IP-Glasma) initial conditions, MUSIC relativistic hydrodynamic model, and the ul-
trarelativistic quantum molecular dynamics (UrQMD) model for hadronic rescatterings. This hybrid
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model is denoted as IP-Glasma+MUSIC+UrQMD [104, 105]. These calculations are presented as bands
of different colors in Figs. 1 to 6, where the bandwidths denote the uncertainties of calculations. To
investigate the impact of nuclear structure, different initial conditions were used for Xe–Xe calculations,
varying the β2 quadrupole deformation and the a0 nuclear diffuseness. The values of β2 and a0 were
adopted based on existing predictions. Specifically, a0 = 0.492 and β2 = 0.207 are taken from Ref. [35],
β2 = 0.162 is from Ref. [110], and a0 = 0.57 is used in Ref. [28]. Notably, the setting of β2 = 0 rep-
resents a special scenario of a spherical 129Xe nucleus. In Fig. 1, the IP-Glasma+MUSIC+UrQMD
calculations in Pb–Pb collisions (green shadows) align well with the measurements of v2{2, |∆η |> 1.0}
and v2{4} up to a centrality of 40%. However, beyond 40% centrality, the calculated values exceed the
measurements. For Xe–Xe, in the 0–15% centrality range, the calculations with a0 = 0.57,β2 = 0.207
(blue shadows) and a0 = 0.492,β2 = 0.207 (hollow bands) match the measurements of v2{2, |∆η |> 1.0}
better, while they underestimate v2{4} in 5–10% centrality. Then for the 15–25% centrality range, the
measurements of v2{2, |∆η |> 1.0} and v2{4} are better described by the calculations when the param-
eters are set to a0 = 0.492,β2 = 0.207 (hollow bands). Furthermore, in the 35–60% centrality range,
the calculations with a0 = 0.57,β2 = 0.207 (blue shadows), as well as a0 = 0.57,β2 = 0.162 (red shad-
ows) and a0 = 0.57,β2 = 0 (pink shadows) provide better descriptions for the measurements of both
v2{2, |∆η |> 1.0} and v2{4}. Notably in the 0–10% centrality range in Fig. 1(c), the calculations for
v2{2, |∆η |> 1.0} with a0 = 0.57,β2 = 0.162 and a0 = 0.57,β2 = 0 are approximately 5% and 20%
lower, respectively, than the measured ratios of Xe–Xe and Pb–Pb results. This discrepancy highlights
the contributions from the quadrupole deformation of 129Xe [32, 33, 41, 42, 44]. In this centrality range,
the initial shape of the overlapping region is primarily determined by the shape of the colliding nuclei;
thus, the deformed nuclei enhance the initial eccentricity ε2 of the overlapping region, consequently
leading to larger v2.

As introduced in Eq. (6), v2{2} and v2{4} receive contributions from both ⟨v2⟩ and its event-by-event
fluctuations σv2 . Consequently, mean flow and flow fluctuations can be measured separately using the
combination of v2{2} and v2{4}. Figure 2 presents the centrality dependence of ⟨v2⟩ and σv2 in Xe–Xe
and Pb–Pb collisions. In panel (a), ⟨v2⟩ increases from central to peripheral collisions for both Xe–Xe
and Pb–Pb collisions. The ratio between Xe–Xe and Pb–Pb ⟨v2⟩ in panel (c) exceeds unity in 0–10%
centrality, then decreasing to approximately 0.9 in the midcentral collisions. Overall, σv2 in Xe–Xe is
larger than in Pb–Pb in the whole 0–60% centrality range, attributable to the smaller system size of
Xe–Xe collisions [107]. The ratio between Xe–Xe and Pb–Pb σv2 in panel (d) starts at approximately
1.5 in the most central collisions and steadily decreases with increasing centrality percentile, converging
to unity at 60% centrality. For ⟨v2⟩ in Fig. 2(a) and (c), the IP-Glasma+MUSIC+UrQMD calculations
with β2 = 0.207 describe the measurements in 0–10% centrality. Due to the extensive statistical samples
required, other calculations are only available for centralities above 5%, which notably underestimate
the measured ⟨v2⟩ for the 0–20% centrality range. For σv2 shown in Fig. 2(b) and (d), most calculations
describe the measurements within the presented centrality range, except for the one with a0 = 0.57 and
β2 = 0, which falls below the measurement in 0–20% centrality. A weaker elliptic flow fluctuation
σv2 is seen in central Xe–Xe collisions when a spherical nuclear structure of 129Xe is used in the model
calculations. In more peripheral collisions, the IP-Glasma+MUSIC+UrQMD calculation with a0 = 0.492
underestimates the measured σv2 , while those with a0 = 0.57 agree with the measurement. For centrality
above 20%, the calculations for σv2 with different a0 and β2 are compatible with each other within
uncertainties, suggesting that σv2 might not depend on the nuclear diffuseness and deformation for non-
central collisions.

In addition to the study of elliptic flow v2 and its event-by-event fluctuations, the triangular flow v3{2}
and quadrangular flow v4{2}, which provide more precise constraints on the initial conditions [81, 111],
are also examined as a function of centrality in Fig. 3. In the upper panels, v3{2, |∆η |> 0.8} is notably
larger in Xe–Xe than in Pb–Pb within the 0–35% centrality range, while the v3{2, |∆η |> 0.8} measure-
ments in Xe–Xe are smaller for more peripheral collisions. The v4{2, |∆η |> 0.8} results are compatible
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Figure 2: Panels (a) and (b): Charged particle ⟨v2⟩ (left) and σv2 (right) as a function of centrality in Xe–Xe
and Pb–Pb collisions at √sNN = 5.44 TeV and √sNN = 5.02 TeV, respectively. Panels (c) and (d): Ratio
between Xe–Xe and Pb–Pb ⟨v2⟩ (left) and σv2 (right). Statistical and systematical uncertainties are shown as
vertical lines and gray boxes, respectively. The measurements are compared with IP-Glasma+MUSIC+UrQMD
calculations [104, 105] to constrain the β2 and a0 parameters of 129Xe nuclei.

within uncertainties for both Xe–Xe and Pb–Pb collisions up to 30% centrality, after which Xe–Xe re-
sults are smaller than those in Pb–Pb collisions. In the lower panels, accordingly, the ratios between
Xe–Xe and Pb–Pb v3{2, |∆η |> 0.8} and v4{2, |∆η |> 0.8} decrease steadily with increasing centrality.
The IP-Glasma+MUSIC+UrQMD calculations are lower than the v3{2, |∆η |> 0.8} measurements in
Pb–Pb collisions up to 40% centrality, beyond which the calculations overestimate the measurements. A
similar pattern is observed for Xe–Xe collisions, where the calculations are roughly compatible with the
v3{2, |∆η |> 0.8} measurements in central collision and exceed the measured values for centrality above
20%. Meanwhile, no difference is found among the v3{2, |∆η |> 0.8} calculations with different β2 val-
ues. This is consistent with the expectation that v3{2}, which is primarily driven by the linear response to
the initial triangularity ε3 [79, 80], may be sensitive to octupole deformation β3 but not to quadrupole de-
formation β2. This has also been confirmed in the previous AMPT model studies [44]. Furthermore, for
the Xe–Xe/Pb–Pb ratios in Fig. 3, the calculations qualitatively capture the general trend of the central-
ity dependence of the measured v3{2, |∆η |> 0.8} and v4{2, |∆η |> 0.8}. However, all calculations for
v3{2, |∆η |> 0.8} ratio are higher than the measurements in 10–40% centrality. A distinction is observed
between calculations from a0 = 0.57 and a0 = 0.492 in the 10–40% centrality range; the latter exhibits
a slightly better agreement with the measurement. Concurrently, the calculations appear to overestimate
the v4{2, |∆η |> 0.8} ratio in central collisions, despite large uncertainties. A difference between the cal-
culations of v4{2, |∆η |> 0.8} with a0 = 0.57 and a0 = 0.492 is also noted in more peripheral collisions,
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Figure 3: Panels (a) and (b): Charged particle v3{2, |∆η |> 0.8} (left) and v4{2, |∆η |> 0.8} (right) as a function
of centrality in Xe–Xe and Pb–Pb collisions at √sNN = 5.44 TeV and √sNN = 5.02 TeV, respectively. Panels
(c) and (d): Ratio between Xe–Xe and Pb–Pb v3{2, |∆η |> 0.8} (left) and v4{2, |∆η |> 0.8} (right). Statistical
and systematical uncertainties are shown as vertical lines and gray boxes, respectively. The measurements are
compared with IP-Glasma+MUSIC+UrQMD calculations [104, 105] to constrain the β2 and a0 parameters of
129Xe nuclei.

as reported from previous AMPT calculations [42, 44]. Unfortunately, the significant uncertainties in the
measurements preclude a definitive conclusion as to which model calculation better reproduces them.

Delving into the intricate structure of the higher harmonic flow, both linear and nonlinear flow modes
are investigated. Figure 4 shows the centrality dependence of the linear and nonlinear components of
v4{2}, denoted as vL

4 and v4,22 respectively, in Xe–Xe and Pb–Pb collisions. It has been established
that vL

4 and v4,22 exhibit distinct sensitivities to nuclear deformation parameters [44]. Specifically, vL
4 is

predominantly influenced by the initial ε4, while v4,22 originates from the initial ε2
2 . In the upper pan-

els of Fig. 4, it can be seen that v4,22 increases from central to peripheral Xe–Xe and Pb–Pb collisions
while vL

4 increases with centrality percentile up to 20% and thereafter decreases towards more periph-
eral collisions. The v4,22 ratio, shown in panel (d) of Fig. 4, starts at approximately 1.5 in most central
collisions and decreases toward more peripheral collisions. The vL

4 ratio exhibits a milder centrality de-
pendence, aligning with unity within uncertainties for the 0–40% centrality range, beyond which the un-
certainties increase considerably. In comparison to the measurements, the IP-Glasma+MUSIC+UrQMD
calculations describe v4,22 measurements in 0–40% centrality and only marginally overestimate them
in 40–60% centrality for Pb–Pb collisions, while they quantitatively capture the v4,22 measurements in
Xe–Xe collisions. Moreover, nearly all vL

4 calculations are slightly above the measurements across the
entire centrality range in Fig. 4(a). In Fig. 4(c), the IP-Glasma+MUSIC+UrQMD calculations for vL

4 in
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Figure 4: Panels (a) and (b): Charged particle vL
4 (left) and v4,22 (right) as a function of centrality in Xe–Xe

and Pb–Pb collisions at √sNN = 5.44 TeV and √sNN = 5.02 TeV, respectively. Panels (c) and (d): Ratio
between Xe–Xe and Pb–Pb vL

4 (left) and v4,22 (right). Statistical and systematical uncertainties are shown as
vertical lines and gray boxes, respectively. The measurements are compared with IP-Glasma+MUSIC+UrQMD
calculations [104, 105] to constrain the β2 and a0 parameters of 129Xe nuclei.

the ratio between Xe–Xe and Pb–Pb are broadly in agreement with the measurements, albeit within the
large uncertainties. Regarding the ratios in Fig. 4(d), the measured v4,22 ratios in the centrality range
0–20% are better described by the IP-Glasma+MUSIC+UrQMD calculations with a non-zero β2 and are
significantly larger than the one with β2 = 0. This aligns with expectations, as v4,22 is primarily affected
by ε2

2 in central collisions [41] where ε2 is influenced mainly by the nuclear quadrupole deformation β2.
Additionally, v4,22 ratio calculations using a0 = 0.57 describe the measurements in 20–60% centrality,
whereas the one with a0 = 0.492 overestimates the measured v4,22 ratio. A similar observation on the
sensitivity of v4,22 to a0 in midcentral collisions has been reported in the AMPT studies [44], suggesting
that v4,22 serves as a promising probe to the nuclear diffuseness.

In addition to the linear and nonlinear flow modes, which depend on the magnitudes of v2 and/or v3,
the nonlinear coefficient χ4,22 and the symmetry plane correlation ρ4,22 are investigated in Xe–Xe and
Pb–Pb collisions. Both χ4,22 and ρ4,22 have been identified as carrying unique sensitivities to the initial
conditions of heavy-ion collisions, rendering them valuable probes for the nuclear structure [66, 68].
The measurements of χ4,22 and ρ4,22 are presented as a function of centrality in Fig. 5. Panel (a) shows
that χ4,22 measurements in both Xe–Xe and Pb–Pb collisions exhibit a modest centrality dependence,
with hints of a finer structure in the most central collisions. The χ4,22 ratio in panel (c) is roughly
compatible with unity, albeit with significant uncertainties. In panel (b), ρ4,22 shows an increase from
central to peripheral collisions in both Xe–Xe and Pb–Pb collisions. The ρ4,22 ratio drops steeply in
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Figure 5: Panels (a) and (b): Charged particle χ4,22 (left) and ρ4,22 (right) as a function of centrality in Xe–Xe
and Pb–Pb collisions at √sNN = 5.44 TeV and √sNN = 5.02 TeV, respectively. Panels (c) and (d): Ratio
between Xe–Xe and Pb–Pb χ4,22 (left) and ρ4,22 (right). Statistical and systematical uncertainties are shown as
vertical lines and gray boxes, respectively. The measurements are compared with IP-Glasma+MUSIC+UrQMD
calculations [104, 105] to constrain the β2 and a0 parameters of 129Xe nuclei.

the most central collisions, starting from approximately 1.7 down to unity for centralities above 20%.
The IP-Glasma+MUSIC+UrQMD calculations generally capture the centrality dependence of the χ4,22
measurements in both collision systems, with a slight underestimation of the Pb–Pb measurements in
the most central collisions. The calculations across different nuclear structure parameters show no
marked distinction in the Xe–Xe results. Regarding the ratio of ρ4,22 presented in panel (d), the IP-
Glasma+MUSIC+UrQMD calculations offer a reasonable description of the measurements, except for
the scenario with β2 = 0 in the most central collisions, which assumes a spherical 129Xe shape and
misses the measured ρ4,22 ratio. The pronounced correlations between second and fourth-order symme-
try planes, Ψ2 and Ψ4, in Xe–Xe collision, are primarily ascribed to the shape of the colliding nuclei
influencing the overlap region in central collisions. A deformed 129Xe nuclear structure results in an el-
liptical overlapping region in central collisions, leading to preferred orientations for the symmetry planes
rather than random fluctuations, thereby generating stronger correlations between Ψ2 and Ψ4 in Xe–Xe
collisions than in Pb–Pb collisions. Overall, the IP-Glasma+MUSIC+UrQMD calculations, considering
different a0 values, do not exhibit significant differences in ρ4,22, taking into account the considerable
uncertainties in the model calculations.

The normalized symmetric cumulant NSC(3,2), which characterizes the correlation between v2
3 and v2

2,
is not affected by the dynamic evolution of the systems but retains unique information on the corre-
lations between ε2

3 and ε2
2 in the initial conditions [65, 69, 89]. This novel sensitivity to the initial
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Figure 6: Top Panel: Charged particle NSC(3,2) as a function of centrality in Xe–Xe and Pb–Pb collisions
at √sNN = 5.44 TeV and √sNN = 5.02 TeV, respectively. Bottom Panel: Ratio between Xe–Xe and Pb–Pb
NSC(3,2). Statistical and systematical uncertainties are shown as vertical lines and gray boxes, respectively. The
measurements are compared with IP-Glasma+MUSIC+UrQMD calculations [104, 105] to constrain the β2 and a0

parameters of 129Xe nuclei.

geometry renders NSC(3,2) an exemplary probe of nuclear structure, a finding corroborated by AMPT
model studies in Ref. [44]. Figure 6 shows the centrality dependence of NSC(3,2) in Xe–Xe and Pb–Pb
collisions. The upper panel of Fig. 6 shows that NSC(3,2) decreases from central to peripheral colli-
sions in both collision systems, with the results in Pb–Pb generally larger than those in Xe–Xe. The
lower panel presents the NSC(3,2) ratio between Xe–Xe and Pb–Pb, which decreases from central to
peripheral collisions for the presented centrality range. The ratio remains above unity for the 0–40%
centrality range and then aligns with unity for the 40–60% centrality. The IP-Glasma+MUSIC+UrQMD
calculations for NSC(3,2) exceed the measurements in Xe–Xe and Pb–Pb collisions for centralities be-
low 40%; for centralities above 40%, the calculations are approximately consistent with the measured
NSC(3,2) within uncertainties. The statistical precision required for calculations of the NSC(3,2) ratio
becomes exceedingly challenging in central collisions as NSC(3,2) approaches zero. Although a weak
dependence of NSC(3,2) on β2 was suggested by previous AMPT calculations for Xe–Xe [44] and U–U
collisions [42], the IP-Glasma+MUSIC+UrQMD calculations of NSC(3,2) do not demonstrate signif-
icant sensitivity to either β2 or a0 parameters. More precise theoretical model studies are required to
examine the impact of nuclear structure on NSC(3,2).

To quantify the agreement between the experimental measurements and the IP-Glasma+MUSIC+UrQMD
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Figure 7: Values of χ2/Ndof between the measurements (Xe–Xe/Pb–Pb) and the calculations (Xe–Xe/Pb–Pb).
The X-axis collects the different measured observables, and the y-axis is shown in a logarithmic scale.

model calculations with the different configurations, a χ2/Ndof for each observable was calculated as

χ
2/Ndof =

1
Ndof

∑
(yi − fi)

2

σ2
i

, (13)

where yi is the value of the observable experimental measurement at centrality range i and fi is the value
of the observable calculation for the same centrality range with the corresponding configuration, σ2

i is
the quadratic sum of the statistical uncertainty σstat, systematic uncertainty σsys, and model uncertainty
σmodel. The number of degrees of freedom Ndof is obtained by subtracting the number of parameters from
the number of data points. Only the measured ratio (Xe–Xe/Pb–Pb) for each observable is considered.
The χ2/Ndof values for the observables considered in this work are shown in Fig. 7. It can be seen that the
IP-Glasma+MUSIC+UrQMD calculations with β2 = 0.207 generally provide a better description of the
measurements of v2 related observables, as indicated by the smaller χ2/Ndof values. More specifically,
the calculations with a0 = 0.492,β2 = 0.207 yield the smallest χ2/Ndof for v2{4} and ⟨v2⟩, and result in
a consistent χ2/Ndof in comparison to the calculation using a0 = 0.57,β2 = 0.207 for v2{2, |∆η |> 1.0}
and σv2 . In addition, the data-to-model χ2/Ndof values are shown for the v3{2, |∆η |> 0.8} and v4 related
observables. The IP-Glasma+MUSIC+UrQMD calculations with a0 = 0.492 and β2 = 0.207 provide bet-
ter descriptions of v3{2, |∆η |> 0.8} and χ4,22, they also perform reasonably well for v4{2, |∆η |> 0.8}
and ρ4,22, compared to the calculations using different a0 or β2 parameters. In contrast, the calcula-
tions with β2 = 0 consistently yield relatively poor descriptions, emphasizing the significance of a finite
quadrupole deformation for 129Xe. For v4{2, |∆η |> 0.8} and vL

4 , all calculations exhibit similar χ2/Ndof
values, aligning with previous discussions that v4{2, |∆η |> 0.8} and vL

4 are not sensitive to the varia-
tions in either a0 or β2. For v4,22, calculations with a0 = 0.57 give the smallest χ2/Ndof values among
all the observables, influenced by the large uncertainties in both the model and the measurements. Such
large uncertainties in the 0–10% centrality class limit the ability of v4,22 to probe the nuclear shape.
Further, as shown in Fig. 7, the calculations with a0 = 0.492 and β2 = 0.207 appear to describe the
NSC(3,2) measurement well. At the same time, other calculations also yield very small χ2/Ndof val-
ues, attributed to the considerable uncertainties in the NSC(3,2) calculations. Overall, calculations with
β2 = 0.207 better align with the measurements for the flow observables in Xe–Xe collisions, consistent
with the understanding of the deformation of 129Xe from the low-energy nuclear structure studies [19].
The situation is less clear regarding the study of the a0 parameter of 129Xe. The presented flow measure-
ments demonstrate better overall agreement with the IP-Glasma+MUSIC+UrQMD calculations using
a0 = 0.492 compared to a0 = 0.57, with noticeable discrepancies between experimental measurements
and IP-Glasma+MUSIC+UrQMD calculations. A definitive answer necessitates a more accurate hydro-
dynamic model description of the flow measurements. Additional efforts are required to constrain the
diffuseness of 129Xe.
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5 Summary

The exploration of nuclear structure through multiparticle azimuthal correlations in Xe–Xe collisions at√sNN = 5.44 TeV and Pb–Pb collisions at √sNN = 5.02 TeV at the LHC is presented in this Letter.
Systematic measurements of various flow observables, including anisotropic flow coefficients (vn), flow
fluctuations (σv2), nonlinear and linear components of flow coefficients (v4,22, vL

4 ), nonlinear coefficients
(χ4,22), correlations between different symmetry planes (ρ4,22), and normalized symmetry cumulants
(NSC(3,2)), have been performed. Notably, several flow observables exhibit pronounced differences
in the ratio between Xe–Xe and Pb–Pb in the most central collisions, which are anticipated from the
quadrupole deformation of the 129Xe nuclear structure. Comprehensive comparisons between the ex-
perimental measurements and the IP-Glasma+MUSIC+UrQMD calculations are presented to quantify
the effects of quadrupole deformation and nuclear diffuseness. Specifically, the calculations employing
different β2 quadrupole deformation parameters and a0 nuclear diffuseness parameters are discussed.
It has been found that among various IP-Glasma+MUSIC+UrQMD model calculations, the one using
β2 = 0.207 generally provide a better description of the flow measurements. Despite noticeable discrep-
ancies between the measurements and the IP-Glasma+MUSIC+UrQMD predictions, the calculations
using a0 = 0.492 seem favored by the presented measurements. Future Bayesian analysis will allow a
more robust extraction of the β2 and a0 values. The distinct sensitivities of flow observables to β2 and
a0 offer valuable insights into constraining the deformation and diffuseness of 129Xe in its ground state.
The systematic studies using multiparticle azimuthal correlation at the LHC are opening new avenues for
the investigation of nuclear structure at the energy frontier, complementing low-energy nuclear structure
studies and deepening the knowledge of fundamental nuclear properties. Upcoming 16O–16O collisions
at the LHC will provide novel opportunities to explore the full potential of the LHC on the nuclear
structure study probing, in particular, for the first time the α-cluster structure of 16O at the TeV energy
scale [26, 112–115].
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D. Pagano 134,55, G. Paić 65, S. Paisano-Guzmán 44, A. Palasciano 50, I. Panasenko75, S. Panebianco 130,
C. Pantouvakis 27, H. Park 125, H. Park 104, J. Park 125, J.E. Parkkila 32, Y. Patley 47, R.N. Patra50,
B. Paul 135, H. Pei 6, T. Peitzmann 59, X. Peng 11, M. Pennisi 24, S. Perciballi 24, D. Peresunko 141,
G.M. Perez 7, Y. Pestov141, M.T. Petersen83, V. Petrov 141, M. Petrovici 45, S. Piano 57, M. Pikna 13,
P. Pillot 103, O. Pinazza 51,32, L. Pinsky116, C. Pinto 95, S. Pisano 49, M. Płoskoń 74, M. Planinic89,
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