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研究动机：从核几何到末态流
原子核具有怎样的空间结构？
• 原子核不一定是球形，还可能具有整体形变和 𝛼 团簇关联
• Woods–Saxon 密度分布、ab initio 计算等提供结构描述
• 低能实验通过能谱、跃迁和散射等约束这些结构。

为什么把核结构与高能核碰撞联系起来？
• 两核穿越时间远短于核内部运动时间：𝜏coll ≪ 𝜏nuc，每次碰撞近似

采样一组瞬时核子构型和取向。
• 初态几何造成不同方向的压强梯度，集体膨胀将空间各向异性转化

为动量各向异性。

核形变与
核子关联

→ 初态空间各向异性 𝜀𝑛 → 末态各向异性流 𝑣𝑛

𝑣𝑛 ≈ 𝜅𝑛𝜀𝑛

能否利用测得的流与粒子关联，反过来约束原子核的空间结构？
𝜀𝑛 表征初态横向几何，𝑣𝑛 表征末态方位角分布，𝜅𝑛 为介质响应系数。Jia, PRC 105, 014905 (2022)；STAR, Nature 635, 67 (2024)。
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非中心碰撞的横向几何与反应平面。E. Iancu, QCD in heavy ion 
collisions (2012), Fig. 23。
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核结构初态与演化

• 核结构输入：核密度、形变与核子关联
• 碰撞初态：重叠区的空间各向异性 𝜀𝑛 和横

向尺寸 𝐴⟂
• 碰撞瞬时采样核子构型和取向

• 集体演化：压强梯度把几何差异转化为粒子
运动

从核结构到末态观测量的计算流程

核结构
密度或核子构型
WS 参数化／NLEFT、PGCM 计算

↓ 初态
逐事件抽样、取向与能量沉积
例如 TRENTo、IP-Glasma

↓ 演化
膨胀、强子化与强子散射
例如 MUSIC，或 Trajectum 模拟链

↓ 分析
末态粒子 → 𝑣𝑛、[𝑝𝑇 ] 及关联
与实验采用相应的选择和定义

各程序属于不同环节；表中为举例，不表示这些程序在每篇研究中全部串联。Giacalone et al., PRL 135, 012302 
(2025)。
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核结构描述——Woods–Saxon 密度参数化

Woods–Saxon：用少量参数描述平均核子
数密度

𝜌(𝑟, 𝜃, 𝜑) = 𝜌0
1 + exp(𝑟−𝑅(𝜃,𝜑)𝑎0

)

𝑅 = 𝑅0[1 + 𝛽2(cos 𝛾𝑌20 + sin 𝛾𝑌 𝑐22) + 𝛽3𝑌30 +…]

• 核内部密度较高，经过表面后逐渐下降；
𝑅(𝜃, 𝜑) 给出半密度半径

• 形变通过 𝑅(𝜃, 𝜑) 来体现
• 𝛽𝑛 给出四极、八极等𝑛阶形变的大小
• 𝛾 描述三条内禀轴的相对长短；核的空

间取向另行抽样
• 𝑅0 控制半径尺度，𝑎0 控制表面下降的缓

急

2

I. INTRODUCTION

Most of the atomic nuclei in their ground state are deformed from a well defined spherical shape. The deformation
has non-trivial dependence on the proton and neutron number, especially in the vicinity of full shell or subshell,
reflecting collective motion induced by interaction between valence nucleons and shell structure [1]. The collective
motion leads to characteristic rotational spectra of nuclear excited state, where the electric multi-pole transition
probability B(En) between low-lying rotational states with nh̵ difference in angular momentum can be used to infer
the shape parameters. Past efforts have led to the discovery of a rich variety of phenomena, such as quadrupole
deformation, shape evolution, triaxiality/shape coexistence, octupole deformation, hexadecapole deformation and
other exotic shapes [2–6].

No-one has directly observed the deformed nucleus, however. This is because the nucleus is deformed in the so-
called intrinsic (body-fixed) frame, and its wave function in the laboratory frame actually does not pick a particular
direction. The typical scattering experiments probe the nuclear form factors averaged over all orientations, and the
static deformation appears mostly as an increased surface thickness [7]. On the other hand, high-energy heavy ion
collisions at RHIC and the LHC, as illustrated in Fig. 1, can image the shape of the nucleus by colliding them together
and looking at the collective expansion of the produced system responding to the geometry of the overlap. In these
collisions, two Lorentz-contracted nuclei, by a factor of 100 at RHIC and more than a factor of 1000 at the LHC, cross
each other over a time scale τ < 0.1fm/c ≈ 3 × 10−24s, forming a hot and dense quark-gluon plasma (QGP) [8] in the
overlap region, whose initial shape is correlated with the deformed shape of the nuclei. Driven by the large pressure
gradient forces, the QGP expands hydrodynamically, converting the spatial anisotropies into azimuthal anisotropies
of final-state particles in the momentum space [9]. Nuclear shape imaging is possible because each collision probes
simultaneously the entire mass distribution of the nuclei, and one can use particle correlations among thousands of
produced particles to infer the two-point and multi-point correlations of this mass distribution and hence its spatial
shape. Since the time scales involved in these collisions are much shorter (< 10−24s) than the typical timescale of the
rotational bands (10−21s [10]), this raises an important question of whether the manifestation of nuclear deformation
– a collective feature of the nuclear many-body system – is the same across energy scales [11].
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FIG. 1: The cartoon of collision of nuclei with quadrupole (left), octupole (middle) and hexadecapole (right) deformations
including either the Yn,0 mode (top row) or the Yn,n mode (middle row) and with βn = 0.25. The Lorentz contraction in the
z-direction, by factor of 100 at RHIC and more than a factor of 1000 at the LHC, are not shown. The bottom row shows how
the initial condition of the QGP formed after the collision looks like in the transverse plane. The hallow arrows indicate the
direction of maximum pressure gradients along which the medium expand with largest velocity, leading to final state harmonic
flow vn with n-fold symmetry.

四极、八极与十六极形变产生不同的横向几何。箭头表示较强的压强梯度方向。Jia, 
PRC 105, 014905 (2022), Fig. 1。

2

FIG. 2. Meaning of the triaxial parameter, γ, and its influence on the geometry of head-on collisions of nuclei at low mean
transverse momentum, 〈pt〉. (a) Spheroids with a quadrupole deformation, β > 0. Depending on the value of γ, they can
either present two axes of the same length, and be either prolate (γ = 0) or oblate (γ = 60◦), or present three axes of different
lengths and be triaxial (0 < γ < 60◦), with the maximum triaxiality being reached for γ = 30◦. Values of γ between 60◦ and
360◦ correspond simply to rotations of the same types of shapes. (b) Head-on collisions at small values of the mean transverse
momentum of detected hadrons, 〈pt〉, permit to isolate configurations that maximize the overlap area. Depending on the value
of γ, collision configurations at low 〈pt〉 can thus vary between geometries that maximally break azimuthal symmetry (γ = 0)
and geometries that are azimuthally symmetric (γ = 60◦).

be factorized into an intrinsic state describing the geo-
metrical arrangement of the nucleons, and a state giv-
ing the orientation of this structure in the laboratory
frame [1, 15]. Such factorization is not always mean-
ingful, for example because of large shape fluctuations.
Additionally, for odd-mass and odd-odd nuclei, quantum
mechanics entangles the contributions from collective in-
trinsic deformation and individual single-particle states
to the quadrupole moment, such that the former cannot
be uniquely determined from a spectroscopic experiment.

Measurements of v2 at colliders provide an alterna-
tive access route to the intrinsic deformation of all nu-
clei, even and odd. The impact of βv at high energy has
been established in 238U+238U collisions at the Relativis-
tic Heavy Ion Collider (RHIC) [11], and in 129Xe+129Xe
collisions at the LHC [3–5]. Our goal is to show that such
experiments open as well a new window onto γv. The key
feature is the possibility of selecting events for which the
relative orientation of the colliding ions maximizes the
breaking of azimuthal symmetry induced by their shapes
[2]. One needs the mean hadron momentum,

〈pt〉 =
1

N

N∑

i=1

pt,i, (3)

where pt,i ≡ |pt,i| for particle i with transverse momen-
tum pt,i = (px,i, py,i). For collisions at fixed N , 〈pt〉
provides a measure of the (inverse) size of the transverse
area where the QGP is formed [16], such that events car-
rying abnormally small values of 〈pt〉 correspond to large
overlap areas. Following Fig. 2(b), when the ions have
β > 0, low-〈pt〉 configurations correspond to overlap ge-
ometries ranging from maximally elliptic, for γ = 0, to
azimuthally isotropic, for γ = 60◦. At low 〈pt〉, then,
the magnitude of v2 depends on γ, so that the depen-
dence of v2 on 〈pt〉 probes γ. For strongly prolate 238U
nuclei with β ≈ 0.3 and γ ≈ 0, the effectiveness of this
method in probing β has been recently demonstrated in
238U+238U collisions [17]. Here we employ this technique
to reveal for the first time signatures of γ, the triaxiality
of nuclei. We use LHC measurements in 129Xe+129Xe
collisions, which are ideal candidates for such a study, as
the ground state of all even-mass xenon isotopes around
129Xe are triaxial in low-energy nuclear models [18, 19].

We determine now in the framework of energy-density
functional methods [20] applied to the nuclear many-
body problem the triaxiality of the lowest 1/2+ state of
129Xe, corresponding to the experimental ground state.
We first perform a set of symmetry-breaking constrained

𝛽2 > 0 时，𝛾 = 0°、30°、60° 的典型
形状。Bally et al., PRL 128, 082301 
(2022), Fig. 2(a)。
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核结构计算——NLEFT 与 PGCM

ab initio：从核相互作用求解多体态

𝐻̂Ψ = 𝐸Ψ →密度、形变与核子关联

NLEFT(Nuclear Lattice Effective Field Theory)
• 核格点有效场论，在格点上计算核多体态
• EFT 相互作用结合 Monte Carlo
• 该 O、Ne 研究通过 pinhole 算法采样关联核子构型

PGCM(Projected Generator Coordinate Method)
• 对一系列形变求平均场参考态，例如用 HFB（Hartree–Fock–

Bogoliubov）同时处理平均场与 pairing 相互作用
• 投影恢复量子数，投影并叠加不同形变的参考态
• 该 O、Ne 研究提取代表性密度，指定核子抽样

核结构计算提供起点，WS 也可以拟合这些计算给出的密度
PGCM 是否属于 ab initio 取决于具体实现：Bally 的 Xe 研究采用 EDF；右图的 O、Ne 研究采用 ab initio PGCM。

Hydrodynamic simulations—We perform event-by-
event hydrodynamic simulations of 20Neþ 20Ne and 16Oþ
16O collisions by means of the Trajectum framework
[44,79–81]. The calculations start with configurations of
nucleons in the colliding nuclei, taken from either the
PGCM or the NLEFT results [82]. Each collision is then
assigned to an impact parameter, participant nucleons are
selected, and energy density is deposited in the transverse
plane. Following a brief pre-equilibrium phase, the system
is evolved as a relativistic viscous fluid. Hydrodynamic
cooling lasts until the local temperature reaches a critical
value (T ∼ 154 MeV), below which hadronization occurs.
Subsequent strong decays and rescattering of hadrons are
computed by the SMASH code [83–85], leading to the
particle distributions in the final state. These are analyzed to

construct multiparticle correlations following the experi-
mental protocols. We define the collision centrality from
the multiplicity of charged particles with pT ≥ 0.4 GeV
and jηj ≤ 2.4, with 0% centrality corresponding to the limit
of small impact parameters.
The parameters of the model are chosen probabilistically

by sampling from the posterior distribution inferred in a
Bayesian analysis of 208Pbþ 208Pb collisions, within the
same model [86]. We use twenty different samples from the
parameter space to quantify the uncertainty on the results
coming from wide parameter variations. This represents the
largest part of the Trajectum systematic uncertainty, which
in addition also takes into account effects of finite grid
spacing (as discussed in SM).
Our results for pT-integrated observables that character-

ize the collective flow of hadrons are displayed in Fig. 2.
Our first remark concerns the cancellation of uncertainties
we observe when a relative variation of observables, e.g., a
ratio, is taken between 16Oþ 16O and 20Neþ 20Ne colli-
sions. The dominant uncertainty on the absolute magnitude
of the results (upper two plots in each panel) is the
systematic one. However, in the relative variations (lowest
plots) the contribution from the systematic error becomes
nearly equal to that from the statistical error. This enables
us to make robust predictions for percent-level variations of
observables across the two systems. As discussed in SM,
the larger uncertainty affecting the PGCM results is due to
the ambiguities of the empirical method used to extract the
correlated distributions of nucleons. The systematic uncer-
tainty coming from the NLEFT simulations includes as
well the impact of systematic variations of the low-energy
constants of the pionless EFT.
We discuss now those observables that are more strongly

impacted by the bowling-pin shape of 20Ne. The first is the
rms elliptic flow, v2f2g, in the lower-left panel of Fig. 2.
We find

v2f2gNeNe
v2f2gOO

¼
(
1.174ð8Þstatð31ÞTrajsyst ð4Þstrsyst ðNLEFTÞ;
1.139ð6Þstatð27ÞTrajsyst ð28Þstrsyst ðPGCMÞ;

in the 0%–1% most central events. This is nearly identical
for both nuclear structure inputs, implying that the
enhancement of fluctuations in the second harmonic
predicted by the NLEFT simulations for 20Neþ 20Ne
collisions is largely captured by the (randomly oriented)
bowling pin predicted by the PGCM calculation. The v2f2g
ratio between 20Neþ 20Ne and 16Oþ 16O collisions is as
large as that expected between peripheral (∼60% off-
central) 208Pbþ 208Pb collisions and central 16Oþ 16O
collisions [43,44]. However, the cancellation of uncertain-
ties that we achieve here is only possible because we
consider experiments with two ions close in mass. We
stress that this includes uncertainties related to the detailed
modeling of subnucleonic structures, effectively validating

FIG. 1. Point-nucleon densities of 16O and 20Ne obtained from
particle-number-projected Hartree-Fock-Bogoliubov states with
deformations constrained to the predictions of the ab initio
PGCM framework. The background plots show slices of the
densities through the origin. The black dots and lines show the
centers and boundaries of the regions used in the clustered
sampling method (see text and SM for details).

PHYSICAL REVIEW LETTERS 135, 012302 (2025)

012302-4

Giacalone et al., PRL 135, 012302 (2025), Fig. 1。PGCM 所确定形变下的
代表性 HFB 密度：¹⁶O（上）、²⁰Ne（下）；图示为核结构输入。
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观测量——椭圆流与三角流：几何的末态信号

看粒子往哪些方向发射

𝑑𝑁
𝑑𝜑𝑝

= 𝑁
2𝜋
[1 + 2∑

∞

𝑛=1
𝑣𝑛 cos(𝑛(𝜑𝑝 −Ψ𝑛))]

𝜑𝑝：动量方位角；𝑣𝑛：第 𝑛 阶幅度；Ψ𝑛：该谐波的方向。

• 椭圆流 𝑣2、三角流 𝑣3 分别描述二阶、三阶动量各向异性

实验通过多粒子关联测量流

𝑣𝑛{2}2 ≈ ⟨𝑣2𝑛⟩

• 𝑣𝑛{𝑚} 由 𝑚 粒子累积量定义，包含流分布中不同阶矩的组合
例如 𝑣𝑛{4}4 = 2⟨𝑣2𝑛⟩

2 − ⟨𝑣4𝑛⟩。矩关系要求流主导、忽略非流并匹配事件权重；⟨⋅⟩ 表示事件平均。Bilandžić et al., PRC 83, 
044913 (2011)。

2

I. INTRODUCTION

Most of the atomic nuclei in their ground state are deformed from a well defined spherical shape. The deformation
has non-trivial dependence on the proton and neutron number, especially in the vicinity of full shell or subshell,
reflecting collective motion induced by interaction between valence nucleons and shell structure [1]. The collective
motion leads to characteristic rotational spectra of nuclear excited state, where the electric multi-pole transition
probability B(En) between low-lying rotational states with nh̵ difference in angular momentum can be used to infer
the shape parameters. Past efforts have led to the discovery of a rich variety of phenomena, such as quadrupole
deformation, shape evolution, triaxiality/shape coexistence, octupole deformation, hexadecapole deformation and
other exotic shapes [2–6].

No-one has directly observed the deformed nucleus, however. This is because the nucleus is deformed in the so-
called intrinsic (body-fixed) frame, and its wave function in the laboratory frame actually does not pick a particular
direction. The typical scattering experiments probe the nuclear form factors averaged over all orientations, and the
static deformation appears mostly as an increased surface thickness [7]. On the other hand, high-energy heavy ion
collisions at RHIC and the LHC, as illustrated in Fig. 1, can image the shape of the nucleus by colliding them together
and looking at the collective expansion of the produced system responding to the geometry of the overlap. In these
collisions, two Lorentz-contracted nuclei, by a factor of 100 at RHIC and more than a factor of 1000 at the LHC, cross
each other over a time scale τ < 0.1fm/c ≈ 3 × 10−24s, forming a hot and dense quark-gluon plasma (QGP) [8] in the
overlap region, whose initial shape is correlated with the deformed shape of the nuclei. Driven by the large pressure
gradient forces, the QGP expands hydrodynamically, converting the spatial anisotropies into azimuthal anisotropies
of final-state particles in the momentum space [9]. Nuclear shape imaging is possible because each collision probes
simultaneously the entire mass distribution of the nuclei, and one can use particle correlations among thousands of
produced particles to infer the two-point and multi-point correlations of this mass distribution and hence its spatial
shape. Since the time scales involved in these collisions are much shorter (< 10−24s) than the typical timescale of the
rotational bands (10−21s [10]), this raises an important question of whether the manifestation of nuclear deformation
– a collective feature of the nuclear many-body system – is the same across energy scales [11].
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FIG. 1: The cartoon of collision of nuclei with quadrupole (left), octupole (middle) and hexadecapole (right) deformations
including either the Yn,0 mode (top row) or the Yn,n mode (middle row) and with βn = 0.25. The Lorentz contraction in the
z-direction, by factor of 100 at RHIC and more than a factor of 1000 at the LHC, are not shown. The bottom row shows how
the initial condition of the QGP formed after the collision looks like in the transverse plane. The hallow arrows indicate the
direction of maximum pressure gradients along which the medium expand with largest velocity, leading to final state harmonic
flow vn with n-fold symmetry.

Jia, PRC 105, 014905 (2022), Fig. 1 下排局部。初态椭圆／三角几何；箭头
表示较强的压强梯度方向。

𝑣𝑛 ≈ 𝜅𝑛𝜀𝑛, 𝑛 = 2, 3

• 𝜀𝑛：初态几何；𝜅𝑛：介质响应

① 流把初态空间各向异性，联系到末
态动量分布。

核形变 𝛽𝑛、初态 𝜀𝑛、末态 𝑣𝑛 属于三个层次；右图不是末态粒子的方位角分
布。
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观测量 ②——平均横动量及其涨落：横向尺寸信息
定义单事件均值与事件间偏离

[𝑝𝑇 ]𝑒 =
1
𝑀𝑒

∑
𝑀𝑒

𝑖=1
𝑝𝑇,𝑖

𝛿[𝑝𝑇 ]𝑒 = [𝑝𝑇 ]𝑒 − ⟨[𝑝𝑇 ]⟩

𝑀𝑒：该事件粒子数；方括号是粒子平均，尖括号是事件平均

实验中提取动力学涨落

𝐶𝑝𝑇 ≡ ⟨(𝛿[𝑝𝑇 ])
2⟩
dyn

• 使用不同粒子的协方差排除自项，去除有限粒
子数的独立抽样贡献

② 平均横动量及其涨落，补充初态紧致程度
的信息。

𝐶𝑝𝑇  不是样本均值的原始方差；真实关联和中心度混合仍需处理。Bożek, PRC 93, 
044908 (2016)。

2

Fig. 1 ∣ Methods for determining the nuclear shape in low and high energies. a, Cartoon of a
well-deformed prolate-shaped nucleus. b, Quantum fluctuations over Euler angles for this nucleus and associated
overall timescale. c, Quantum mechanical manifestation of the deformation in terms of the first rotational band of
238U. d, Aligning the two nuclei in head-on body-body configuration (top) and tip-tip configuration (bottom). e,
High-energy collision of two Lorentz-contracted nuclei and resulting 3D profile of the initially-produced quark-gluon
plasma, in which the arrows indicate the pressure gradients. f, The 3D profile of the quark-gluon plasma at the end
of the hydrodynamic expansion before it freezes out into particles, in which arrows indicate the velocities of fluid
cells. g, Charged particle tracks measured in the detector. The timescales shown are in units of fm/c – the time for
light to travel 1 femtometer. The body-body configuration has large eccentricity ε2 and small gradient d⊥, leading to
large elliptic flow v2 and smaller average transverse momentum [pT], and vice versa for tip-tip configuration (see
main text).

clei (Fig. 1d-g). The initial configurations lie between
two extremes: body-body (top) and tip-tip (bottom)
collisions (Fig. 1d). Before impact, Lorentz-contraction
flattens the ground-state nuclei into pancake-like shapes
by a factor of Γ = 1

2

√
sNN/m0 > 100, where m0 ≈ 0.94

GeV is the nucleon mass (Fig. 1e). The initial impact,
lasting τexpo = 2R0/Γ ≲ 0.1 fm/c, acts as an exposure
time. The shape and size of the overlap region, reflect-
ing the initially produced QGP, directly mirror those of
the colliding nuclei projected on the transverse (xy) plane
(Fig. 1e). Body-body collisions create a larger, elongated
QGP, which undergoes pressure-gradient-driven expan-
sion (indicated by arrows) until about 10 fm/c [6], result-
ing in an inverted, asymmetric distribution (Fig. 1f). By
contrast, tip-tip collisions form a compact, circular QGP,
driving a more rapid but symmetric expansion (Fig. 1f).
In the final stage, the QGP freezes into thousands of par-
ticles, captured as tracks in detectors, whose angular dis-

tributions reflect the initial QGP shape (Fig. 1g). This
flow-assisted imaging is similar to the Coulomb explosion
imaging in molecule structure analysis [16–20], in which
the spatial arrangement of atoms, ionized by an X-ray
laser or through passage in thin foils, is deduced from
their mutual Coulomb-repulsion-driven expansion. How-
ever, the expansion duration in high-energy collisions is
106–109 times shorter.

The concept that the dynamics of QGP can be uti-
lized to image the geometrical properties of its initial
condition was widely recognized. This understanding has
facilitated the determination of the collision impact pa-
rameter and fluctuations in nucleon positions [6], as well
as the neutron skin of the colliding nuclei [21], by mea-
suring higher-order harmonic flows. However, our study
took a further step to image the shape of the colliding
nuclei through their impact on the initial condition.

Energy evolution of shapes? A pertinent ques-

STAR, Nature 635, 67 (2024), Fig. 1(d–g)。同类中心事件中，上排较展开、[𝑝𝑇 ] 较低；下排更紧致、[𝑝𝑇 ] 较高。机
制示意。

相近熵或多重数下，越紧致通常膨胀越强

𝐴⟂ = 2𝜋√⟨𝑥2⟩⟂⟨𝑦
2⟩⟂, 𝑑⟂ ∝

1
𝐴⟂

𝛿[𝑝𝑇 ] ∝ 𝛿𝑑⟂, 𝛿𝑑⟂ = 𝑑⟂ − ⟨𝑑⟂⟩
空间矩在密度中心与主轴系中定义。这里沿用 STAR 的逆面积 𝑑⟂；平均横动量与它的联系是相近熵或多重数下的模
型近似。面积约定见 Schenke et al., PRC 102, 034905 (2020)。
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观测量 ③——流与横动量的关联：形状和尺寸的联系

流更大的事件，平均横动量也更高吗？ 相关对象是 𝑣2𝑛 与 [𝑝𝑇 ]，常用动力学 
Pearson 估计量：

𝜌𝑛 =
⟨𝑣2𝑛𝛿[𝑝𝑇 ]⟩dyn

√Vardyn(𝑣2𝑛)√𝐶𝑝𝑇

分子：混合协方差；分母：两者的动力学标准差之积

• 𝜌𝑛 > 0：较大的流平方通常伴随较高的平均 𝑝𝑇；𝜌𝑛 < 0 则相反
• 取向同时改变重叠区的形状和尺寸，二者的联系还随 𝛾 改变

③ 联合关联帮助区分“同样变形，但形状不同”的核。
分母须有定义；实验用不同粒子的关联构造各项。STAR 部分图采用另一归一化，随后单独说明。Bożek, PRC 93, 044908 (2016)。

2

FIG. 2. Meaning of the triaxial parameter, γ, and its influence on the geometry of head-on collisions of nuclei at low mean
transverse momentum, 〈pt〉. (a) Spheroids with a quadrupole deformation, β > 0. Depending on the value of γ, they can
either present two axes of the same length, and be either prolate (γ = 0) or oblate (γ = 60◦), or present three axes of different
lengths and be triaxial (0 < γ < 60◦), with the maximum triaxiality being reached for γ = 30◦. Values of γ between 60◦ and
360◦ correspond simply to rotations of the same types of shapes. (b) Head-on collisions at small values of the mean transverse
momentum of detected hadrons, 〈pt〉, permit to isolate configurations that maximize the overlap area. Depending on the value
of γ, collision configurations at low 〈pt〉 can thus vary between geometries that maximally break azimuthal symmetry (γ = 0)
and geometries that are azimuthally symmetric (γ = 60◦).

be factorized into an intrinsic state describing the geo-
metrical arrangement of the nucleons, and a state giv-
ing the orientation of this structure in the laboratory
frame [1, 15]. Such factorization is not always mean-
ingful, for example because of large shape fluctuations.
Additionally, for odd-mass and odd-odd nuclei, quantum
mechanics entangles the contributions from collective in-
trinsic deformation and individual single-particle states
to the quadrupole moment, such that the former cannot
be uniquely determined from a spectroscopic experiment.

Measurements of v2 at colliders provide an alterna-
tive access route to the intrinsic deformation of all nu-
clei, even and odd. The impact of βv at high energy has
been established in 238U+238U collisions at the Relativis-
tic Heavy Ion Collider (RHIC) [11], and in 129Xe+129Xe
collisions at the LHC [3–5]. Our goal is to show that such
experiments open as well a new window onto γv. The key
feature is the possibility of selecting events for which the
relative orientation of the colliding ions maximizes the
breaking of azimuthal symmetry induced by their shapes
[2]. One needs the mean hadron momentum,

〈pt〉 =
1

N

N∑

i=1

pt,i, (3)

where pt,i ≡ |pt,i| for particle i with transverse momen-
tum pt,i = (px,i, py,i). For collisions at fixed N , 〈pt〉
provides a measure of the (inverse) size of the transverse
area where the QGP is formed [16], such that events car-
rying abnormally small values of 〈pt〉 correspond to large
overlap areas. Following Fig. 2(b), when the ions have
β > 0, low-〈pt〉 configurations correspond to overlap ge-
ometries ranging from maximally elliptic, for γ = 0, to
azimuthally isotropic, for γ = 60◦. At low 〈pt〉, then,
the magnitude of v2 depends on γ, so that the depen-
dence of v2 on 〈pt〉 probes γ. For strongly prolate 238U
nuclei with β ≈ 0.3 and γ ≈ 0, the effectiveness of this
method in probing β has been recently demonstrated in
238U+238U collisions [17]. Here we employ this technique
to reveal for the first time signatures of γ, the triaxiality
of nuclei. We use LHC measurements in 129Xe+129Xe
collisions, which are ideal candidates for such a study, as
the ground state of all even-mass xenon isotopes around
129Xe are triaxial in low-energy nuclear models [18, 19].

We determine now in the framework of energy-density
functional methods [20] applied to the nuclear many-
body problem the triaxiality of the lowest 1/2+ state of
129Xe, corresponding to the experimental ground state.
We first perform a set of symmetry-breaking constrained

Bally et al., PRL 128, 082301 (2022), Fig. 2(b)。同为低 [𝑝𝑇 ] 的大
面积取向，椭圆度随 𝛾 改变。图内 ⟨𝑝𝑡⟩ 对应本报告的单事件 [𝑝𝑇 ]。
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三类观测量怎样约束核形变？

类别 核心统计量 提供什么信息？

① 流 ⟨𝑣22⟩ 各向异性强度，对 𝛽2 敏感

② 横动量涨落 𝐶𝑝𝑇 紧致程度的变化，补充形变约束

③ 混合关联 ⟨𝑣22𝛿[𝑝𝑇 ]⟩，或归一化后的 𝜌2 形状—尺寸联系，对 𝛾 敏感

在给定模型与中心度下

⟨𝑣22⟩ ≈ 𝑎1 + 𝑏1𝛽22
𝐶𝑝𝑇 ≈ 𝑎2 + 𝑏2𝛽

2
2

⟨𝑣22𝛿[𝑝𝑇 ]⟩ ≈ 𝑎3 − 𝑏3𝛽32 cos(3𝛾)

• 前两类量主要约束形变幅度，第三类量增加对三轴性的敏感性
• 比较 U／Au、Xe／Pb 等体系，可减小部分共同演化效应
𝑎𝑖 为背景项，𝑏𝑖 为形变响应系数，均依赖模型与事件选择，与 Woods–Saxon 的 𝑎0 无关。STAR, Nature 635, 67–72 (2024)。
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重核形变 —— ²³⁸U 核取向与初态几何
重核：形变描述核的内禀平均密度偏离
球对称

U/Au 体系
• U 为强长轴(prolate)，Au 形变较弱、

偏扁球(oblate)
• 两者能量接近，可减小部分共同演化

影响；Au 并非无形变基准。

²³⁸U 接近长椭球。在相近熵或多重数的
中心事件中，取向改变横向几何。
• tip–tip：长轴沿束流，横向更紧致，
𝜀2 小，平均 𝑝𝑇  大。

• body–body：长轴横置，横向更椭
圆，𝜀2 大，平均 𝑝𝑇  小。

核形变留下两种相互关联的信号：
椭圆流与平均横动量。

STAR：U+U 193 GeV，Au+Au 200 GeV。

2

Fig. 1 ∣ Methods for determining the nuclear shape in low and high energies. a, Cartoon of a
well-deformed prolate-shaped nucleus. b, Quantum fluctuations over Euler angles for this nucleus and associated
overall timescale. c, Quantum mechanical manifestation of the deformation in terms of the first rotational band of
238U. d, Aligning the two nuclei in head-on body-body configuration (top) and tip-tip configuration (bottom). e,
High-energy collision of two Lorentz-contracted nuclei and resulting 3D profile of the initially-produced quark-gluon
plasma, in which the arrows indicate the pressure gradients. f, The 3D profile of the quark-gluon plasma at the end
of the hydrodynamic expansion before it freezes out into particles, in which arrows indicate the velocities of fluid
cells. g, Charged particle tracks measured in the detector. The timescales shown are in units of fm/c – the time for
light to travel 1 femtometer. The body-body configuration has large eccentricity ε2 and small gradient d⊥, leading to
large elliptic flow v2 and smaller average transverse momentum [pT], and vice versa for tip-tip configuration (see
main text).

clei (Fig. 1d-g). The initial configurations lie between
two extremes: body-body (top) and tip-tip (bottom)
collisions (Fig. 1d). Before impact, Lorentz-contraction
flattens the ground-state nuclei into pancake-like shapes
by a factor of Γ = 1

2

√
sNN/m0 > 100, where m0 ≈ 0.94

GeV is the nucleon mass (Fig. 1e). The initial impact,
lasting τexpo = 2R0/Γ ≲ 0.1 fm/c, acts as an exposure
time. The shape and size of the overlap region, reflect-
ing the initially produced QGP, directly mirror those of
the colliding nuclei projected on the transverse (xy) plane
(Fig. 1e). Body-body collisions create a larger, elongated
QGP, which undergoes pressure-gradient-driven expan-
sion (indicated by arrows) until about 10 fm/c [6], result-
ing in an inverted, asymmetric distribution (Fig. 1f). By
contrast, tip-tip collisions form a compact, circular QGP,
driving a more rapid but symmetric expansion (Fig. 1f).
In the final stage, the QGP freezes into thousands of par-
ticles, captured as tracks in detectors, whose angular dis-

tributions reflect the initial QGP shape (Fig. 1g). This
flow-assisted imaging is similar to the Coulomb explosion
imaging in molecule structure analysis [16–20], in which
the spatial arrangement of atoms, ionized by an X-ray
laser or through passage in thin foils, is deduced from
their mutual Coulomb-repulsion-driven expansion. How-
ever, the expansion duration in high-energy collisions is
106–109 times shorter.

The concept that the dynamics of QGP can be uti-
lized to image the geometrical properties of its initial
condition was widely recognized. This understanding has
facilitated the determination of the collision impact pa-
rameter and fluctuations in nucleon positions [6], as well
as the neutron skin of the colliding nuclei [21], by mea-
suring higher-order harmonic flows. However, our study
took a further step to image the shape of the colliding
nuclei through their impact on the initial condition.

Energy evolution of shapes? A pertinent ques-

STAR, Nature 635, 67 (2024), Fig. 1。下方两行：取向 → 初态几何 → 集体膨胀。
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RHIC/STAR UU/AuAu —— 流与横动量关联

4

Fig. 2 ∣ Correlation between elliptic flow and radial flow. a, ⟨v22⟩ versus δpT/ ⟨[pT]⟩ in 0–0.5% most central

Au+Au and U+U collisions. b, ρ2 =
⟨v2

2δpT⟩

⟨v2
2⟩
√

⟨(δpT)
2⟩

across centrality, quantifying the strength of v2–δpT correlation.

The elliptic-shaped overlaps in the transverse plane for various centralities are also shown.

Results. To directly observe the shape-size correla-
tion depicted in Fig. 1e–f, we analyze the 0–0.5% most
central collisions and correlate ⟨v22⟩ with event-wise δpT
values (Fig. 2a). A pronounced anticorrelation in U+U
collisions aligns with the expectation [30]: events with
small (large) δpT are enriched with body-body (tip-tip)
collisions. This effect is striking, as ⟨v22⟩ in U+U is twice
that of Au+Au at the lowest δpT, yet similar at the high-
est δpT.

We quantify this correlation using normalized covari-

ance ρ2 =
⟨v2

2δpT⟩

⟨v2
2⟩
√

⟨(δpT)
2⟩

(Fig. 2b). In Au+Au collisions,

ρ2 is relatively constant, with a minor decrease in the cen-
tral region due to centrality smearing [41]. This smear-
ing can be reduced by averaging over a wider, say 0–5%
centrality range [42]. By contrast, ρ2 in U+U collisions
decreases steadily, turning negative at about 7% central-
ity, reflecting the large prolate deformation of 238U. The
deformation has the greatest impact in central collisions
but also influences other centrality ranges.

Observables in one collision system are strongly in-
fluenced by QGP properties during hydrodynamic evo-
lution. By taking ratios between the two systems,
such final state effects are largely mitigated: RO =
⟨O⟩U+U / ⟨O⟩Au+Au (Methods). Figure 3a–c show ratios
for the three observables. Rv2

2
and R(δpT)

2 increase by
up to 60% in central collisions, requiring a large β2U,
whereas Rv2

2δpT
decreases by up to threefold across cen-

tralities, demanding a large β2U and a small γU. The
ratios in the 0–5% most central range, having the great-
est sensitivity to 238U shape, are shown as hatch bands
in Fig. 3d–f.

The data are compared with the state-of-the-art IP-
Glasma+MUSIC hydrodynamic model [24, 43], which

combines the fluctuating initial energy density distribu-
tions, relativistic viscous hydrodynamics, and hadronic
transport. This model, successful in describing flow ob-
servables at both RHIC and the LHC [43], parameterizes
nuclear shapes with a deformed Woods-Saxon profile,

ρ(r, θ, ϕ) ∝ [1 + exp(r −R(θ, ϕ))/a]−1. (3)

The parameters for Au are fixed to an oblate shape with
β2Au = 0.14 and γAu = 45○ [33], whereas those for U
are varied. The model also considers final state effects
by adjusting QGP viscosities and initial condition uncer-
tainties, including variations in nuclear radius R0, skin a,
β2Au, γAu, and higher-order shapes (Table 1 in Methods).
These variations are included in the model uncertainties.
The mass numbers of Au and U, differing by only 20%,
result in almost completely canceling final state effects,
leaving model uncertainties mainly from initial condi-
tions. In Fig. 3a–c, calculations for β2U = 0.28 match
central data for R(δpT)

2 and Rv2
2δpT

, but overestimate
Rv2

2
in 0–30% centrality. This overestimation stems from

the limitations of the model in describing εrp2 -induced
v2 components, which are strongly affected by variations
in the impact parameter and other structural parame-
ters like nuclear radius and skin [44], as well as possible
longitudinal flow decorrelations [45]. Thus, the Rv2

2
com-

parison is expected to set only a lower bound for β2U in
this model.
In Fig. 3d-f, we contrast the 0–5% central data against

predictions for varying β2U and γU. Calculated Rv2
2
and

R(δpT)
2 change linearly with β2

2U, whereas Rv2
2δpT

follows

a β3
2U cos(3γU) trend, aligning remarkably with Eq. (2).

The intersections between data and model delineate pre-
ferred β2U ranges, yielding β2U(R(δpT)

2) = 0.294 ± 0.021
and a lower limit value β2U(Rv2

2
) = 0.234 ± 0.014. For

STAR Nature (2024), Fig. 2。左：0–0.5% 内按平均 𝑝𝑇  分组；右：相关系数随中心度的变化。

• 与 Au 相比，U 的形变更明显，取向效应
更显著

• 左图中，U+U 的平均 𝑝𝑇  越高，⟨𝑣22⟩ 越
低；Au+Au 呈相反趋势

• 右图越靠右，碰撞越中心；U+U 的相关性
由正变负

这正是长椭球随机取向所预期的形状—
尺寸反相关。

统计相关反映大量事件的核结构信息，不能逐事件确定核形状。STAR 使用的
归一化为：

𝜌STAR2 =
⟨𝑣22𝛿𝑝𝑇 ⟩

⟨𝑣22⟩√⟨(𝛿𝑝𝑇 )
2⟩

𝛿𝑝𝑇 = [𝑝𝑇 ] − ⟨[𝑝𝑇 ]⟩；实验用互异粒子关联去除自关联。此归一化与 Pearson 系
数不同。
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RHIC/STAR UU/AuAu —— 三类观测量的体系比值5

Fig. 3 ∣ Constraining the shape of 238U. Left column: ratios of ⟨v22⟩ (a), ⟨(δpT)2⟩ (b), and ⟨v22δpT⟩ (c) between
U+U and Au+Au collisions as a function of centrality. The data are compared with the IP-Glasma+MUSIC
hydrodynamic model calculation assuming β2U = 0.28 (red) and β2U = 0.25 (blue), shaded bands of which denote the
model uncertainties (Methods). Mid-column: ratio values in 0–5% most central collisions (hatch bands) for ⟨v22⟩ (d),
⟨(δpT)2⟩ (e), and ⟨v22δpT⟩ (f) are compared with model calculations as a function of β2

2U or β3
2U for four γU values.

The colored quadrilaterals delineate the allowed ranges of β2
2U or β3

2U from this data-model comparison. g, the
constrained ranges of (β2U,γU) from three observables separately, and the confidence contours obtained by
combining ⟨(δpT)2⟩ and ⟨v22δpT⟩ (solid lines). The constraint from Rv2

2
is viewed as a lower limit and hence is not

used (see main text).

Rv2
2δpT

, the favored β2U range varies with γU. These
preferred ranges are shown in Fig. 3g. A combined anal-
ysis of constraints from R(δpT)

2 and Rv2
2δpT

is performed,
yielding β2U = 0.297 ± 0.015 and γU = 8.5○ ± 4.8○ (mean
and one standard deviation, see Methods).

The data are also compared with Trajectum [21], an-
other hydrodynamic model with a different implementa-
tion of the initial condition and QGP evolution. Tra-
jectum derives constraints on the initial and final state
parameters of the QGP based on a Bayesian analy-
sis of the LHC data that are then extrapolated to the
RHIC energies. These constraints were not tuned to the
RHIC data but are nevertheless useful in estimating the
theoretical uncertainties. The relavent constraints are
β2U = 0.275±0.017 and γU = 15.5○±7.8○. A combination of
constraints from the two models yields β2U = 0.286±0.025
and γU = 8.7○ ± 4.5○ (Methods).

The extracted β2U value is in line with low-energy es-
timates [34], implying other sources of nucleon, quark

and gluon correlations in 238U are less impactful com-
pared with its large deformation, as supported by recent
model studies [22]. Meanwhile, the small γU value ex-
cludes a large triaxiality of Uranium and indicates an
average value remarkably consistent with the low energy
estimate based on a similar rigid-rotor assumption. This
marks the first extraction of nuclear ground state triaxi-
ality without involving transitions to excited states.

Applications. The flow-assisted nuclear shape imag-
ing is a promising tool for exploring the structure of
atomic nuclei in their ground state. The strength of this
method lies in capturing a fast snapshot of nucleon spa-
tial distribution, applicable to any collision species. This
contrasts with nuclear spectroscopy, in which complex-
ity varies with the position of nucleus on the Segrè chart.
This approach is effective for discerning shape differences
between species with similar mass numbers, ideally iso-
bar pairs. Many applications are possible, with a few
examples given here:

STAR Nature (2024), Fig. 3a–c。横轴向右进入更中心的碰撞；纵轴为同中心度 
U+U / Au+Au 比值。

𝑅𝑂 =
⟨𝑂⟩U
⟨𝑂⟩Au

𝑂 = 𝑣22, (𝛿𝑝𝑇 )
2, 𝑣22𝛿𝑝𝑇：流的均方、平均动量的动力学方差、流平方平均动量的协方差

⟨𝑣22⟩ ≈ 𝑎1 + 𝑏1𝛽22
⟨(𝛿𝑝𝑇 )

2⟩ ≈ 𝑎2 + 𝑏2𝛽22

⟨𝑣22𝛿𝑝𝑇 ⟩ ≈ 𝑎3 − 𝑏3𝛽32 cos(3𝛾)

• 前两项随 𝛽2 增大而增强，反映形变的大小
• 第三项还含有 cos(3𝛾)，能够进一步区分形状的类型

流的矩、动量涨落与协方差，提供互补的形变约束。
比值减小共同介质响应的影响；质量数与中心度涨落等差异仍由模型处理。上述关系为领先阶近似。
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RHIC/STAR UU/AuAu —— 形变参数约束5

Fig. 3 ∣ Constraining the shape of 238U. Left column: ratios of ⟨v22⟩ (a), ⟨(δpT)2⟩ (b), and ⟨v22δpT⟩ (c) between
U+U and Au+Au collisions as a function of centrality. The data are compared with the IP-Glasma+MUSIC
hydrodynamic model calculation assuming β2U = 0.28 (red) and β2U = 0.25 (blue), shaded bands of which denote the
model uncertainties (Methods). Mid-column: ratio values in 0–5% most central collisions (hatch bands) for ⟨v22⟩ (d),
⟨(δpT)2⟩ (e), and ⟨v22δpT⟩ (f) are compared with model calculations as a function of β2

2U or β3
2U for four γU values.

The colored quadrilaterals delineate the allowed ranges of β2
2U or β3

2U from this data-model comparison. g, the
constrained ranges of (β2U,γU) from three observables separately, and the confidence contours obtained by
combining ⟨(δpT)2⟩ and ⟨v22δpT⟩ (solid lines). The constraint from Rv2

2
is viewed as a lower limit and hence is not

used (see main text).

Rv2
2δpT

, the favored β2U range varies with γU. These
preferred ranges are shown in Fig. 3g. A combined anal-
ysis of constraints from R(δpT)

2 and Rv2
2δpT

is performed,
yielding β2U = 0.297 ± 0.015 and γU = 8.5○ ± 4.8○ (mean
and one standard deviation, see Methods).

The data are also compared with Trajectum [21], an-
other hydrodynamic model with a different implementa-
tion of the initial condition and QGP evolution. Tra-
jectum derives constraints on the initial and final state
parameters of the QGP based on a Bayesian analy-
sis of the LHC data that are then extrapolated to the
RHIC energies. These constraints were not tuned to the
RHIC data but are nevertheless useful in estimating the
theoretical uncertainties. The relavent constraints are
β2U = 0.275±0.017 and γU = 15.5○±7.8○. A combination of
constraints from the two models yields β2U = 0.286±0.025
and γU = 8.7○ ± 4.5○ (Methods).

The extracted β2U value is in line with low-energy es-
timates [34], implying other sources of nucleon, quark

and gluon correlations in 238U are less impactful com-
pared with its large deformation, as supported by recent
model studies [22]. Meanwhile, the small γU value ex-
cludes a large triaxiality of Uranium and indicates an
average value remarkably consistent with the low energy
estimate based on a similar rigid-rotor assumption. This
marks the first extraction of nuclear ground state triaxi-
ality without involving transitions to excited states.

Applications. The flow-assisted nuclear shape imag-
ing is a promising tool for exploring the structure of
atomic nuclei in their ground state. The strength of this
method lies in capturing a fast snapshot of nucleon spa-
tial distribution, applicable to any collision species. This
contrasts with nuclear spectroscopy, in which complex-
ity varies with the position of nucleus on the Segrè chart.
This approach is effective for discerning shape differences
between species with similar mass numbers, ideally iso-
bar pairs. Many applications are possible, with a few
examples given here:

STAR Nature (2024), Fig. 3d–f。模型曲线与数
据带的交点给出形变约束。
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β2U = 0.275±0.017 and γU = 15.5○±7.8○. A combination of
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and γU = 8.7○ ± 4.5○ (Methods).
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timates [34], implying other sources of nucleon, quark

and gluon correlations in 238U are less impactful com-
pared with its large deformation, as supported by recent
model studies [22]. Meanwhile, the small γU value ex-
cludes a large triaxiality of Uranium and indicates an
average value remarkably consistent with the low energy
estimate based on a similar rigid-rotor assumption. This
marks the first extraction of nuclear ground state triaxi-
ality without involving transitions to excited states.

Applications. The flow-assisted nuclear shape imag-
ing is a promising tool for exploring the structure of
atomic nuclei in their ground state. The strength of this
method lies in capturing a fast snapshot of nucleon spa-
tial distribution, applicable to any collision species. This
contrasts with nuclear spectroscopy, in which complex-
ity varies with the position of nucleus on the Segrè chart.
This approach is effective for discerning shape differences
between species with similar mass numbers, ideally iso-
bar pairs. Many applications are possible, with a few
examples given here:

Fig. 3g。横轴 𝛾，纵轴 𝛽2；蓝色与紫色约束在小 𝛾 区域相交。

0–5% 中心碰撞：
IP-Glasma + MUSIC；联合𝑅(𝛿𝑝𝑇 )2  与 𝑅𝑣22𝛿𝑝𝑇

𝛽2U = 0.297 ± 0.015

𝛾U = 8.5° ± 4.8°

结合另一流体框架 Trajectum：

𝛽2U = 0.286 ± 0.025

𝛾U = 8.7° ± 4.5°

𝛽2 明显非零，𝛾 接近长椭球对应的 0°。
0.2 < 𝑝𝑇 < 3 GeV/𝑐；𝑅𝑣22  仅作下限，未进入联合轮廓。
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RHIC/STAR UU/AuAu —— 进一步看三角流

2

I. INTRODUCTION

Most of the atomic nuclei in their ground state are deformed from a well defined spherical shape. The deformation
has non-trivial dependence on the proton and neutron number, especially in the vicinity of full shell or subshell,
reflecting collective motion induced by interaction between valence nucleons and shell structure [1]. The collective
motion leads to characteristic rotational spectra of nuclear excited state, where the electric multi-pole transition
probability B(En) between low-lying rotational states with nh̵ difference in angular momentum can be used to infer
the shape parameters. Past efforts have led to the discovery of a rich variety of phenomena, such as quadrupole
deformation, shape evolution, triaxiality/shape coexistence, octupole deformation, hexadecapole deformation and
other exotic shapes [2–6].

No-one has directly observed the deformed nucleus, however. This is because the nucleus is deformed in the so-
called intrinsic (body-fixed) frame, and its wave function in the laboratory frame actually does not pick a particular
direction. The typical scattering experiments probe the nuclear form factors averaged over all orientations, and the
static deformation appears mostly as an increased surface thickness [7]. On the other hand, high-energy heavy ion
collisions at RHIC and the LHC, as illustrated in Fig. 1, can image the shape of the nucleus by colliding them together
and looking at the collective expansion of the produced system responding to the geometry of the overlap. In these
collisions, two Lorentz-contracted nuclei, by a factor of 100 at RHIC and more than a factor of 1000 at the LHC, cross
each other over a time scale τ < 0.1fm/c ≈ 3 × 10−24s, forming a hot and dense quark-gluon plasma (QGP) [8] in the
overlap region, whose initial shape is correlated with the deformed shape of the nuclei. Driven by the large pressure
gradient forces, the QGP expands hydrodynamically, converting the spatial anisotropies into azimuthal anisotropies
of final-state particles in the momentum space [9]. Nuclear shape imaging is possible because each collision probes
simultaneously the entire mass distribution of the nuclei, and one can use particle correlations among thousands of
produced particles to infer the two-point and multi-point correlations of this mass distribution and hence its spatial
shape. Since the time scales involved in these collisions are much shorter (< 10−24s) than the typical timescale of the
rotational bands (10−21s [10]), this raises an important question of whether the manifestation of nuclear deformation
– a collective feature of the nuclear many-body system – is the same across energy scales [11].

x

y

x

y

x

y

FIG. 1: The cartoon of collision of nuclei with quadrupole (left), octupole (middle) and hexadecapole (right) deformations
including either the Yn,0 mode (top row) or the Yn,n mode (middle row) and with βn = 0.25. The Lorentz contraction in the
z-direction, by factor of 100 at RHIC and more than a factor of 1000 at the LHC, are not shown. The bottom row shows how
the initial condition of the QGP formed after the collision looks like in the transverse plane. The hallow arrows indicate the
direction of maximum pressure gradients along which the medium expand with largest velocity, leading to final state harmonic
flow vn with n-fold symmetry.

Jia, PRC 105, 014905 (2022), Fig. 1 中列。八极形变及其横向投影示
意。

• 四极形变主要影响椭圆流；八极形变 𝛽3 还可为初态带来三角度
• 图中不同八极分量具有不同空间形状，都能在合适取向下产生三重方位结

构

⟨𝑣23⟩ ≈ 𝑎 + 𝑏𝛽23

⟨𝑣23𝛿𝑝𝑇 ⟩ ≈ 𝑐 − 𝑑𝛽2𝛽23

三角流的强度及其与平均 𝑝𝑇  的相关性，提供八极形变的互补信息。
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RHIC/STAR UU/AuAu —— 三角流及其横动量关联
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This difference arises because ⟨v22⟩ in non-central colli-
sions is dominated by the elliptic shape of the overlap
region, thereby diluting the impact of nuclear deforma-
tion. In contrast, ⟨(δpT)2⟩ is not affected by this average
geometry [74]. The ratio Rv2

3
shows a slight increase in

central collisions, possibly from octupole deformation in
Uranium, while Rv2

4
shows no centrality-dependent mod-

ification.
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FIG. 13: Centrality dependence of ratios of ⟨v22⟩, ⟨(δpT)2⟩,
⟨v23⟩, ⟨v24⟩ and ⟨pT⟩ between U+U and Au+Au collisions in
four pT ranges.

A
u

〉
Tpδ 

2 2v〈/
U〉

Tpδ 
2 2v〈

3−

2−

1−

0

1
a

 STAR
 Standard method
 2subevent method
 3subevent method

 < 3 GeV/c
T

0.2 < p

Centrality [%]
010203040

A
u

〉
Tpδ 

2 3v〈/
U〉

Tpδ 
2 3v〈

0

0.5

1

b

Centrality [%]
010203040

FIG. 14: Centrality dependence of ratios of ⟨v22δpT⟩ (left)
and ⟨v23δpT⟩ (right) between U+U and Au+Au collisions,
compared between different methods in 0.2 < pT < 3 GeV/c.

The ⟨pT⟩ ratio increases slightly (about 1%) toward
central collisions, possibly due to a denser medium in
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FIG. 15: Centrality dependence of ratios of ⟨v22δpT⟩ (left)
and ⟨v23δpT⟩ (right) between U+U and Au+Au collisions, ob-
tained for four pT intervals.

U+U collisions and a bias towards tip-tip collisions in
UCC [44]. Note that pT interval choice affects ⟨pT⟩, with
increasing lower pT limits naturally lowering ⟨pT⟩. This
kinematic effect dilutes the increase in the UCC region,
accounting for the split of the ratios into two groups
based on the lower pT limit. Changing the upper limit
has minimal impact due to the relatively fewer particles
at high pT.

Figure 14 shows the ratio of ⟨v2nδpT⟩ between U+U and
Au+Au for standard and subevent methods. Figure 15
shows the same ratio for four pT intervals. In mid-central
and peripheral collisions, Rv2

nδpT
values are independent

of the method and pT interval, but modest dependencies
appear in the UCC region.

Many ratios in Fig. 13–15 deviate significantly from
unity in the UCC region. As mentioned earlier and dis-
cussed in Sec. IV, these deviations can be used to con-
strain the quadrupole and higher-order deformation of
238U.

A challenge in this analysis is that observables are dom-
inated by baseline contributions from spherical nuclei (an
terms in Eqs. (2)), which are strong functions of impact
parameter and increase rapidly towards more peripheral
collisions. In contrast, deformation-related terms (bn
terms) are largest in central collision and decrease slowly
towards peripheral collisions [17, 34]. Therefore, the ra-
tios and their centrality dependencies discussed above
largely reflect impact parameter dependencies.
To remove the an terms, which have similar values in

U+U and Au+Au, we calculate baseline-subtracted ra-
tios [34]:

ρsub2 =
⟨v22δpT⟩U − ⟨v

2
2δpT⟩Au

(⟨v22⟩U − ⟨v22⟩Au)
√
⟨(δpT)2⟩U − ⟨(δpT)2⟩Au

,

ρpcc,sub2 =
⟨v22δpT⟩U − ⟨v

2
2δpT⟩Au√

var(v22)U − var(v22)Au

√
⟨(δpT)2⟩U − ⟨(δpT)2⟩Au

.

(12)

This difference ∆O = OU − OAu cancels most spheri-
cal baseline contributions while isolating the deformation
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and ⟨v23δpT⟩ (right) between U+U and Au+Au collisions, ob-
tained for four pT intervals.

U+U collisions and a bias towards tip-tip collisions in
UCC [44]. Note that pT interval choice affects ⟨pT⟩, with
increasing lower pT limits naturally lowering ⟨pT⟩. This
kinematic effect dilutes the increase in the UCC region,
accounting for the split of the ratios into two groups
based on the lower pT limit. Changing the upper limit
has minimal impact due to the relatively fewer particles
at high pT.

Figure 14 shows the ratio of ⟨v2nδpT⟩ between U+U and
Au+Au for standard and subevent methods. Figure 15
shows the same ratio for four pT intervals. In mid-central
and peripheral collisions, Rv2

nδpT
values are independent

of the method and pT interval, but modest dependencies
appear in the UCC region.

Many ratios in Fig. 13–15 deviate significantly from
unity in the UCC region. As mentioned earlier and dis-
cussed in Sec. IV, these deviations can be used to con-
strain the quadrupole and higher-order deformation of
238U.

A challenge in this analysis is that observables are dom-
inated by baseline contributions from spherical nuclei (an
terms in Eqs. (2)), which are strong functions of impact
parameter and increase rapidly towards more peripheral
collisions. In contrast, deformation-related terms (bn
terms) are largest in central collision and decrease slowly
towards peripheral collisions [17, 34]. Therefore, the ra-
tios and their centrality dependencies discussed above
largely reflect impact parameter dependencies.
To remove the an terms, which have similar values in

U+U and Au+Au, we calculate baseline-subtracted ra-
tios [34]:

ρsub2 =
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2
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This difference ∆O = OU − OAu cancels most spheri-
cal baseline contributions while isolating the deformation

Fig. 13c：⟨𝑣23⟩ 比值；同图共用横轴置于下方。
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FIG. 14: Centrality dependence of ratios of ⟨v22δpT⟩ (left)
and ⟨v23δpT⟩ (right) between U+U and Au+Au collisions,
compared between different methods in 0.2 < pT < 3 GeV/c.

The ⟨pT⟩ ratio increases slightly (about 1%) toward
central collisions, possibly due to a denser medium in
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FIG. 15: Centrality dependence of ratios of ⟨v22δpT⟩ (left)
and ⟨v23δpT⟩ (right) between U+U and Au+Au collisions, ob-
tained for four pT intervals.

U+U collisions and a bias towards tip-tip collisions in
UCC [44]. Note that pT interval choice affects ⟨pT⟩, with
increasing lower pT limits naturally lowering ⟨pT⟩. This
kinematic effect dilutes the increase in the UCC region,
accounting for the split of the ratios into two groups
based on the lower pT limit. Changing the upper limit
has minimal impact due to the relatively fewer particles
at high pT.

Figure 14 shows the ratio of ⟨v2nδpT⟩ between U+U and
Au+Au for standard and subevent methods. Figure 15
shows the same ratio for four pT intervals. In mid-central
and peripheral collisions, Rv2

nδpT
values are independent

of the method and pT interval, but modest dependencies
appear in the UCC region.

Many ratios in Fig. 13–15 deviate significantly from
unity in the UCC region. As mentioned earlier and dis-
cussed in Sec. IV, these deviations can be used to con-
strain the quadrupole and higher-order deformation of
238U.

A challenge in this analysis is that observables are dom-
inated by baseline contributions from spherical nuclei (an
terms in Eqs. (2)), which are strong functions of impact
parameter and increase rapidly towards more peripheral
collisions. In contrast, deformation-related terms (bn
terms) are largest in central collision and decrease slowly
towards peripheral collisions [17, 34]. Therefore, the ra-
tios and their centrality dependencies discussed above
largely reflect impact parameter dependencies.
To remove the an terms, which have similar values in

U+U and Au+Au, we calculate baseline-subtracted ra-
tios [34]:

ρsub2 =
⟨v22δpT⟩U − ⟨v

2
2δpT⟩Au

(⟨v22⟩U − ⟨v22⟩Au)
√
⟨(δpT)2⟩U − ⟨(δpT)2⟩Au

,

ρpcc,sub2 =
⟨v22δpT⟩U − ⟨v

2
2δpT⟩Au√

var(v22)U − var(v22)Au

√
⟨(δpT)2⟩U − ⟨(δpT)2⟩Au

.

(12)

This difference ∆O = OU − OAu cancels most spheri-
cal baseline contributions while isolating the deformation

Fig. 15b：⟨𝑣23𝛿𝑝𝑇 ⟩ 比值。
STAR, Rep. Prog. Phys. 88, 108601 (2025)。两图纵轴均为 U+U / Au+Au，横轴越向右越中心；不同颜色对应
四个 𝑝𝑇  区间。

⟨𝑣23⟩ ≈ 𝑎 + 𝑏𝛽23 , ⟨𝑣23𝛿𝑝𝑇 ⟩ ≈ 𝑐 − 𝑑𝛽2𝛽23

• 中心碰撞中，三角流平方比值略高于 1，三角流—
动量协方差比值则低于 1

• 论文援引的流体计算表明，约 7% 的三角流均方增
强与 𝛽3U ∼ 0.08–0.10 相容

• 不同 𝑝𝑇  区间得到相近比值，支持共同末态效应被
部分抵消

信号有超出四极形变的贡献，可能与八极形变
相关。
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重核形变 —— ¹²⁹Xe 是轴对称还是三轴形状？
3

FIG. 3. Structure of the ground states of 129Xe and 208Pb.
Left: 208Pb. Right: 129Xe. The upper panels represent
beyond-mean-field potential energy surfaces in the (βv, γv)
plane, where we plot the energy shift, ∆E, with respect to
the energy minimum. The lower panels show the functions
g2(βv, γv) normalized to unity at their maximum. Star mark-
ers label the coordinates of the average intrinsic quadrupole
moments for both nuclei, namely, β̄v = 0.06, γ̄v = 25.3◦ for
208Pb, and β̄v = 0.19, γ̄v = 23.6◦ for 129Xe. We note that
the white regions in the displayed color maps correspond to
the minimum of ∆E(βv, γv) in the upper panels, and to the
maximum of g2(βv, γv) in the lower panels.

Hartree-Fock-Bogoliubov (HFB) calculations that pro-
vide intrinsic states covering the (βv, γv) plane. The low-
est state with good quantum numbers in the laboratory
frame is then constructed using the projected generator
coordinate method (PGCM), i.e., we consider a many-
body wave function that is a linear superposition of the
intrinsic states across the (βv, γv) plane, projected onto
quantum numbers reflecting the symmetries of the nu-
clear Hamiltonian. From there, we compute the so-called
collective wave function g(βv, γv) [20], which squared
gives roughly the contribution of each (βv, γv) point to
the final PGCM state. The same effective Skyrme-type
nucleon-nucleon interaction, SLyMR1 [21, 22], is used at
all stages of the calculations, done for 129Xe and 208Pb, as
we shall look at high-energy results for both these species.
The structural properties of these nuclei are shown in
Fig. 3. The results for 208Pb agree with existing litera-
ture [18], indicating a soft energy surface, with all states
being nearly degenerate irrespective of their γv, up to
βv ≈ 0.1, beyond which the energy rises quickly. Our new
result concerning 129Xe shows instead a minimum around
βv = 0.2, corresponding to a g2(βv, γv) peaked around
the average intrinsic moments (β̄v, γ̄v) = (0.19, 23.6◦).
129Xe appears to be, hence, a rigid triaxial spheroid.

With this knowledge, we perform simulations of
208Pb+208Pb and 129Xe+129Xe collisions to assess the

role of γ in high-energy experiments. Following the
Glauber Monte Carlo model [23], the colliding nuclei are
treated as batches of independent nucleons sampled from
a density, n, usually taken as a Woods-Saxon profile:

n(r, θ, ϕ) ∝
(

1 + exp

[
1

a

(
r −R(θ, ϕ)

)])−1

, (4)

where a is the skin thickness, and R(θ, ϕ) has the same
form as in Eq. (2). The parameters entering Eq. (4) are
obtained by fitting the Woods-Saxon profile to the one-
body nucleon density returned by a HFB calculation with
SLyMR1, constrained to present quadrupole moments β̄v
and γ̄v. The fit yields: a = 0.537 fm, R0 = 6.647 fm,
β = 0.062, γ = 27.04◦ for 208Pb, and a = 0.492 fm,
R0 = 5.601 fm, β = 0.207, γ = 26.93◦ for 129Xe. Supple-
menting the Glauber model with an ansatz [24] for the
energy density of the QGP created in each collision, we
study the impact of γ on the dependence of v2 on 〈pt〉 by
evaluating the Pearson correlation coefficient [25]:

ρ(v2
2 , 〈pt〉) =

〈
δv2

2δ〈pt〉
〉

√〈(
δv2

2

)2〉〈(
δ〈pt〉

)2〉 , (5)

where 〈. . .〉 denotes an average over events at fixed cen-
trality, and δo = o−〈o〉 for any observable o. This quan-
tity is a number between -1 (perfect anti-correlation) and
+1 (perfect correlation). In central collisions, one expects
ρ(v2

2 , 〈pt〉) > 0 [26]. Figure 2 shows that, for prolate nu-
clei, decreasing the value of 〈pt〉 yields maximally ellip-
tical overlap geometries, leading to enhanced values of
v2. Therefore, for β > 0 and γ = 0, nuclear deforma-
tion yields a negative contribution to ρ(v2

2 , 〈pt〉), which
gradually turns into a positive one towards γ = 60◦ [27].

We evaluate Eq. (5) as a function of the percentage of
overlap (or impact parameter) of the colliding ions, repre-
sented as a percentile, where 20% corresponds roughly to
a distance between the colliding ions of 7 (6) femtometers
for 208Pb+208Pb (129Xe+129Xe) events. Our results are
in Fig. 4. In central collisions, the role of γ is manifest.
Colliding triaxial 129Xe nuclei (red dashed line) enhances
ρ(v2

2 , 〈pt〉) compared to the case where the nuclei have
γ = 0 (green dot-dashed line), flipping its sign for the
lowest percentiles. This sensitivity of ρ(v2

2 , 〈pt〉) to the
triaxiality implies that dedicated simulation frameworks
[28, 29] will be able to perform independent extractions
of γ from high-energy data. Comparing our results with
preliminary LHC measurements by the ATLAS collabo-
ration [30], shown in the upper panels of Fig. 4, we see
that they capture the trend of the data, although the ef-
fect of the experimental uncertainty on the centrality def-
inition, causing the differences between the data points
displayed in the left and in the right panel of the figure,
is not included in our calculation. However, such effects
become less relevant in the ratio of the two collision sys-
tems, shown in the lower panels (purple squares). The

Bally et al., PRL 128, 082301 (2022), Fig. 3。横轴形变大小 𝛽𝑣，纵轴三轴角 𝛾𝑣。

Xe/Pb 体系
• PGCM 预期 Xe 有明显三轴形变(triaxial)，Pb 形变很弱
• 以 Pb 为参照检验 Xe 的额外形变；两者尺寸不同，流的

差别仍需结合演化解释

低能结构计算的预期：
• 上排是相对最低点的能量面 Δ𝐸，下排是 PGCM 的集体

波函数权重 𝑔2；左 Pb，右 Xe
• Xe 的权重集中在非零 𝛽𝑣 和中间的 𝛾𝑣，预示三轴形变
• PGCM 的星号标出平均坐标：𝛽𝑣 ≈ 0.19、𝛾𝑣 ≈ 23.6°

低能计算给出形状预言；Xe–Xe 碰撞通过末态关联
检验这一预言。

𝑔2 是形变坐标空间的权重，图中最大值缩放为 1；并非核子空间密度。WS 拟合得到 𝛽2 = 0.207、𝛾 =
26.93°，与质量形变坐标定义不同。
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LHC/ALICE XeXe/PbPb —— 椭圆流与体系比值Exploring nuclear structure with flow measurements ALICE Collaboration

4 Results
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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 grey boxes, respectively. The measurements are compared with
IP-Glasma+MUSIC+UrQMD calculations [99, 100] to constrain the β2 and a0 parameters of 129Xe nuclei. The
thickness of the bands represent statistical uncertainties.

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-
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 [37, 101]. 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 [102], which causes 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 [19, 103, 104].

Unlike previous studies [27, 38, 105] that investigated nuclear structure based solely on initial-state es-
timates, the presented measurements are compared with calculations using the sequential combination
of the impact-parameter Glasma (IP-Glasma) initial conditions, the MUSIC relativistic hydrodynamic
model, and the ultrarelativistic quantum molecular dynamics (UrQMD) model for hadronic rescatter-
ings. This hybrid model is denoted as IP-Glasma+MUSIC+UrQMD [99, 100]. These calculations are
presented as bands of different colours, where the thickness of bands denote the statistical uncertain-
ties of the calculations. The IP-Glasma+MUSIC+UrQMD model has successfully described particle
production and complex anisotropic flow measurements in Pb–Pb collisions at the LHC [99], provid-

6

ALICE, PLB 869, 139855 (2025), Fig. 1。上排为 𝑣2{2}、𝑣2{4}，下排为 Xe/Pb 比值。

• Xe–Xe 5.44 TeV 与 Pb–Pb 5.02 TeV
• 左下角 Xe/Pb 比值明显增大，核形变为中心 

Xe–Xe 提供额外的椭圆几何
• 所比较参数组中，𝛽2 = 0.207、表面弥散 
𝑎0 = 0.492 fm 的整体描述较好

椭圆流首先约束形变大小，也对核表面弥
散敏感。
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LHC/ALICE XeXe/PbPb —— 非线性四阶流

Exploring nuclear structure with flow measurements ALICE Collaboration

Pb–Pb collisions up to 35% 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 the 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 values. This is consistent with the expectation that v3{2}, which is primarily driven by the linear
response to the initial triangularity ε3 [65, 66], may be sensitive to octupole deformation β3 but not to
quadrupole deformation β2. This has also been confirmed in the previous AMPT model studies [37]. Fur-
thermore, for the Xe–Xe/Pb–Pb ratios in Fig. 3, the calculations qualitatively capture the general trend of
the centrality dependence of the measured v3{2, |∆η |> 0.8} and v4{2, |∆η |> 0.8}. However, all calcu-
lations 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. A difference between the calculations
of v4{2, |∆η |> 0.8} with a0 = 0.57 and a0 = 0.492 is also noted in more peripheral collisions, as re-
ported from previous AMPT calculations [35, 37]. Unfortunately, the significant uncertainties in the
measurements preclude a definitive conclusion as to which model calculation better reproduces them.
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Figure 4: Panels (a) and (b): Charged particle v4,22 (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 v4,22 (left) and ρ4,22 (right). Statistical and systematical uncertainties are shown as
vertical lines and grey boxes, respectively. The measurements are compared with IP-Glasma+MUSIC+UrQMD
calculations [99, 100] to constrain the β2 and a0 parameters of 129Xe nuclei. The thickness of the bands represent
statistical uncertainties.

Figure 4 shows the centrality dependence of the v4,22 nonlinear flow modes Xe–Xe and Pb–Pb colli-
sions. It has been established that v4,22 exhibits considerable sensitivities to nuclear deformation param-
eters [37], originating from the initial ε2

2 . In the upper panels of Fig. 4, it can be seen that v4,22 increases
from central to peripheral Xe–Xe and Pb–Pb collisions. The v4,22 ratio, shown in panel (c) of Fig. 4,
starts at approximately 1.5 in most central collisions and decreases toward more peripheral collisions.
In comparison to the measurements, the IP-Glasma+MUSIC+UrQMD calculations describe v4,22 mea-
surements in 0–35% centrality and only marginally overestimate them in 35–60% centrality for Pb–Pb
collisions, while they quantitatively capture the v4,22 measurements in Xe–Xe collisions. Regarding the
ratios in Fig. 4(c), 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 [34]

9

ALICE PLB 869 (2025), Fig. 4：非线性流 𝑣4,22 与对称面相关 𝜌4,22；下排为 Xe/Pb 比值。

𝑉4 = 𝑉 L4 + 𝜒4,22𝑉 22

椭圆几何也会通过非线性响应贡献四阶流，因此形变信息不只
出现在 𝑣2 中。
𝑉𝑛 = 𝑣𝑛𝑒𝑖𝑛Ψ𝑛；𝑉 L4  为线性分量，𝜒4,22 为耦合系数。𝜌4,22 =

𝑣4,22
𝑣4{2}

 衡量对称面相关。

Exploring nuclear structure with flow measurements ALICE Collaboration

where ε2 is influenced mainly by the nuclear quadrupole deformation β2. Additionally, v4,22 ratio cal-
culations using a0 = 0.57 describe the measurements in 20–60% centrality better, 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 [37], suggesting that v4,22 serves as a
promising probe of the nuclear diffuseness.

In addition to the nonlinear flow modes, which depend on the magnitudes of v2 and/or v3, the symmetry
plane correlation ρ4,22 is investigated in Xe–Xe and Pb–Pb collisions. The ρ4,22 has been identified as
carrying unique sensitivities to the initial conditions of heavy-ion collisions, rendering it a valuable probe
for the nuclear structure [59, 61]. The measurements of ρ4,22 are presented as a function of centrality
in panels (b) and (d) of Fig. 4. In panel (b), ρ4,22 shows an increase from central to peripheral colli-
sions in both Xe–Xe and Pb–Pb collisions. The ρ4,22 ratio drops steeply in the most central collisions,
starting from approximately 1.7 down to unity for centralities above 20%. 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 symmetry 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 struc-
ture results in an elliptical 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.

Furthermore, the linear flow mode vL
4 , the nonlinear flow coefficient χ4,22, and NSC(3,2) have been

measured in Xe–Xe collisions at the LHC. These measurements are compared with model calculations
of IP-Glasma+MUSIC+UrQMD, which reveal no sensitivity to the variations in nuclear structure. The
relevant results are presented in Appendix A.
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Figure 5: Values of χ2/Ndof between the measurements (Xe–Xe/Pb–Pb) and the calculations (Xe–Xe/Pb–Pb).
The x-axis represents the different measured observables, and the y-axis is shown on a logarithmic scale. Panels
(a) and (b) show the results for the 0–20% and 20–60% centrality ranges, respectively.

10

ALICE Fig. 5：Xe/Pb 比值的 𝜒
2

𝑁dof
。上 0–20%，下 20–60%；纵轴对数刻度，越低偏离越小。

黑色星号对应 𝛽2 = 0.207、𝑎0 = 0.492 fm，整体描述较好；
𝑣4,22 并不偏好同一组参数。

多个观测量共同检验同一幅核结构图景。
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LHC/ATLAS XeXe/PbPb —— 流与横动量关联
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Figure 8: Comparison of 𝜌2 in Xe+Xe and Pb+Pb collisions with the Trento model for various quadrupole deformation
parameter values [31] in 0.5 < 𝑝T < 2 GeV (left) and 0.5 < 𝑝T < 5 GeV (right) as a function of centrality. The
same Trento results are used in both panels, and they are connected by lines for better visualization.
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Figure 9: Comparison of 𝜌2 ratios, 𝜌2,Xe+Xe/𝜌2,Pb+Pb, with the Trento model for various quadrupole deformation
parameter values [31] in two 𝑝T ranges. The Trento model results are connected by lines for better visualization.

9 Conclusion

This paper presents a measurement of the correlation between harmonic flow and the mean transverse
momentum using 22 (470) 𝜇b−1 of minimum-bias (ultracentral) Pb+Pb collisions at √𝑠NN = 5.02 TeV
and 3 𝜇b−1 of minimum-bias Xe+Xe collisions at √𝑠NN = 5.44 TeV recorded by the ATLAS detector
at the LHC. The correlation between 𝑣2

𝑛 and the event-by-event [𝑝T] is quantified using the Pearson
correlation coefficient 𝜌𝑛, which is potentially sensitive to the shape and size of the initial geometry,

17

ATLAS, PRC 107, 054910 (2023), Fig. 9。纵轴为 Pearson 系数的 Xe/Pb 比值，最中心碰
撞在右侧。

• 固定相近的 𝛽2 ≈ 0.2，不同 𝛾 给出不同的形状—尺寸相关
• 右侧 0–10% 区间中，初态模型 TRENTo 的不同 𝛾 曲线明显分

离
• 数据更接近 𝛾 ≈ 30° 的曲线，支持 Xe 的三轴形变

𝑣2 主要约束形变幅度；𝑣22–𝑝𝑇  相关补充三轴性信息。
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LHC/ALICE XeXe/PbPb —— 流与横动量关联

Characterising the initial conditions and probing
the nuclear structure with multi-particle

correlations techniques at the LHC
Emil Gorm Nielsen on behalf of the ALICE Collaboration

Niels Bohr Institute, University of Copenhagen

Initial state estimators

Mean transversemomentum: Themean transversemomentum, [pT], is linearly
correlatedwith the initial energy, Ei, and inversely correlatedwith the size of the
system R [1].

[pT] ∝ Ei, [pT] ∝ 1
R

Anisotropic flow: The anisotropic flow, vn (n ≤ 3), is proportional to the initial
eccentricity [2].

vn ∝ εn

Correlations of vn and mean transverse momentum correlations probe the cor-
relations of size and shape in the initial state.

GeneralisedWoods-Saxon profile

ρ(r, Θ, Φ) ∝ 1
1 + exp ([r − R(Θ, Φ)] /a)

R(Θ, Φ) = R0 [1 + β2 (cos γY20(Θ) + sin γY22(Θ, Φ)) + β3Y30(Θ) + β4Y40(Θ)]
Quadrupole Triaxial Octopole Hexadecapole

Multi-particle cumulants of vn and [pT]

Multi-particle cumulants, C(vm
n , [pk

T) between vm
n and [p(k)

T ].
Pearson correlation coefficient

ρ(vm
n , [p(k)

T ]) =
C(vm

n , [p(k)
T ])√

var(vm
n )

√
var([p(k)

T ])
Normalised cumulant

NC(vm
n , [p(k)

T ]) =
C(vm

n , [p(k)
T ])

〈vm
n 〉〈[p(k)

T ]〉
Three-subevent method: removes auto-correlations and non-flow.

vm
n : two-subevent method with pseudorapidity gap |∆η| > 0.8.

[p(k)
T ]: midrapidity |η| < 0.4.

Probing the nuclear structure

ALICE data suggests a triaxial structure of 129Xe.

NEW

Extending to higher orders in vn

Negative correlation between v4
2 and [pT] in Pb–Pb collisions.

Consistent with zero in Xe–Xe collisions.

NEW

NEW

Extending to higher orders in pT

Negative or positive correlation between v2
2 and [p(2)

T ] in Pb–Pb → depends
on lower pT cut.

Measurements in Xe–Xe fluctuate around zero.

NEW

NEW

The full understanding of the higher-order cumulants awaits input from
state-of-the-art theoretical models with different initial state structures [3].

Summary

Nuclear deformation: The ratio of ρ(v2
2, [pT]) reveals a triaxial structure of

129Xe.

First measurements of higher-order correlations between anisotropic flow
and transverse momentum.

Nucleonwidth: ρ(v2
n, [pT]) highly sensitive to nucleon width ω. Higher-order

may provide crucial constraints for Bayesian parameter estimation for
heavy-ion models.
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ALICE Preliminary，E. G. Nielsen，Quark Matter 2023。纵轴为 𝜌(𝑣22, [𝑝𝑇 ]) 的 Xe/Pb 比值。

• 横轴左端为最中心碰撞；蓝、红色带分别对应 𝛾 = 0 和 
26.93°

• 红色带在最中心的数据区间更接近数据，与 ATLAS 所
见趋势一致

• 这是 Preliminary 的流—横动量关联结果，与前面的 
ALICE 多粒子流测量提供互补信息

从 U 到 Xe，流与横动量关联已能区分不同的整体核
形状。

ALICE QM2023 原始海报。模型比较使用 TRENTo 初态；初步结果尚非精确参数提取。
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轻核结构 —— 20Ne：比较 OO 与 NeNe

• 16O 与 20Ne 质量数接近，但核内的空间分布不同
• 右图中 O 较紧凑；Ne 呈拉长的 16O+ 𝛼“保龄球”特征，预期

产生更大的椭圆度

核结构输入 计算

NLEFT
给出许多组可能的核子位置，保留核子之间的空
间关联。

PGCM
给出核的形状和密度分布，再据此生成碰撞时的
核子位置。

核结构→碰撞演化→ 𝑣𝑛, [𝑝𝑇 ], 𝜌2

比较 NeNe／OO 的末态信号，检验两种轻核的几何差异。
模型曲线还包含碰撞演化；两体系的尺寸与响应也有差别。Giacalone et al. 使用 Trajectum + SMASH。NLEFT／PGCM 
是结构输入标签，不是直接测得的流。

Hydrodynamic simulations—We perform event-by-
event hydrodynamic simulations of 20Neþ 20Ne and 16Oþ
16O collisions by means of the Trajectum framework
[44,79–81]. The calculations start with configurations of
nucleons in the colliding nuclei, taken from either the
PGCM or the NLEFT results [82]. Each collision is then
assigned to an impact parameter, participant nucleons are
selected, and energy density is deposited in the transverse
plane. Following a brief pre-equilibrium phase, the system
is evolved as a relativistic viscous fluid. Hydrodynamic
cooling lasts until the local temperature reaches a critical
value (T ∼ 154 MeV), below which hadronization occurs.
Subsequent strong decays and rescattering of hadrons are
computed by the SMASH code [83–85], leading to the
particle distributions in the final state. These are analyzed to

construct multiparticle correlations following the experi-
mental protocols. We define the collision centrality from
the multiplicity of charged particles with pT ≥ 0.4 GeV
and jηj ≤ 2.4, with 0% centrality corresponding to the limit
of small impact parameters.
The parameters of the model are chosen probabilistically

by sampling from the posterior distribution inferred in a
Bayesian analysis of 208Pbþ 208Pb collisions, within the
same model [86]. We use twenty different samples from the
parameter space to quantify the uncertainty on the results
coming from wide parameter variations. This represents the
largest part of the Trajectum systematic uncertainty, which
in addition also takes into account effects of finite grid
spacing (as discussed in SM).
Our results for pT-integrated observables that character-

ize the collective flow of hadrons are displayed in Fig. 2.
Our first remark concerns the cancellation of uncertainties
we observe when a relative variation of observables, e.g., a
ratio, is taken between 16Oþ 16O and 20Neþ 20Ne colli-
sions. The dominant uncertainty on the absolute magnitude
of the results (upper two plots in each panel) is the
systematic one. However, in the relative variations (lowest
plots) the contribution from the systematic error becomes
nearly equal to that from the statistical error. This enables
us to make robust predictions for percent-level variations of
observables across the two systems. As discussed in SM,
the larger uncertainty affecting the PGCM results is due to
the ambiguities of the empirical method used to extract the
correlated distributions of nucleons. The systematic uncer-
tainty coming from the NLEFT simulations includes as
well the impact of systematic variations of the low-energy
constants of the pionless EFT.
We discuss now those observables that are more strongly

impacted by the bowling-pin shape of 20Ne. The first is the
rms elliptic flow, v2f2g, in the lower-left panel of Fig. 2.
We find

v2f2gNeNe
v2f2gOO

¼
(
1.174ð8Þstatð31ÞTrajsyst ð4Þstrsyst ðNLEFTÞ;
1.139ð6Þstatð27ÞTrajsyst ð28Þstrsyst ðPGCMÞ;

in the 0%–1% most central events. This is nearly identical
for both nuclear structure inputs, implying that the
enhancement of fluctuations in the second harmonic
predicted by the NLEFT simulations for 20Neþ 20Ne
collisions is largely captured by the (randomly oriented)
bowling pin predicted by the PGCM calculation. The v2f2g
ratio between 20Neþ 20Ne and 16Oþ 16O collisions is as
large as that expected between peripheral (∼60% off-
central) 208Pbþ 208Pb collisions and central 16Oþ 16O
collisions [43,44]. However, the cancellation of uncertain-
ties that we achieve here is only possible because we
consider experiments with two ions close in mass. We
stress that this includes uncertainties related to the detailed
modeling of subnucleonic structures, effectively validating

FIG. 1. Point-nucleon densities of 16O and 20Ne obtained from
particle-number-projected Hartree-Fock-Bogoliubov states with
deformations constrained to the predictions of the ab initio
PGCM framework. The background plots show slices of the
densities through the origin. The black dots and lines show the
centers and boundaries of the regions used in the clustered
sampling method (see text and SM for details).

PHYSICAL REVIEW LETTERS 135, 012302 (2025)

012302-4

Giacalone et al., PRL 135, 012302 (2025), Fig. 1。PGCM 代表性内禀密度；两核
在碰撞中随机取向。
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LHC OO/NeNe 理论预言 —— 拉长形变如何影响流？

our initial arguments that comparing light-ion collision
systems helps reduce errors related to poorly known
features of the high-energy nucleon structure.
Another probe of the bowling-pin shape of 20Ne is the

correlation between the mean squared elliptic flow, v2f2g2,
and the mean transverse momentum, hpTi. It is quantified
via a Pearson coefficient denoted by ρ2 ≡ ρðv2f2g2; hpTiÞ
[87], which reflects the correlation between the shape and
the size of the produced QGP droplets [43,88,89]. Results
for ρ2 are reported in the lower-right panel of Fig. 2. The
suppression of the observable in central 20Neþ 20Ne
collisions relative to 16Oþ 16O, observed for both nuclear
structure inputs, is a generic signature of the elongated
nuclear shape [77,90–93]. The same effect has been
reported in 238Uþ 238U [94] and 129Xeþ 129Xe [95,96]
experiments.
The ρ2 correlator is strongly sensitive to several hydro-

dynamic model parameters, and thus plagued by a large
systematic uncertainty which makes 16Oþ 16O and 20Neþ
20Ne results overlap. Neglecting the triaxiality of these
nuclei, and dubbing β2 the nuclear quadrupole deformation
(where β2;20Ne > β2;16O from spectroscopic data [97], as
well as from the densities shown in Fig. 1), the ρ2
observable roughly follows at a given centrality:
ρ2 ¼ a − bβ32, where a and b are positive coefficients

[94,98,99]. Model studies suggest that both a and b are
nearly independent of the collision system at the same
centrality [77,98]. As a consequence, we expect the differ-
ence ρ2;NeþNe−ρ2;OþO∝

�
β3
2;16O

−β3
2;20Ne

�
to isolate the

imprint of the nuclear deformation. This is confirmed in
Fig. 2 (lower-right panel), where the evaluated difference
cancels most of the systematic uncertainties. A comment is
in order. In hydrodynamics, the ρ2 of ultracentral 16Oþ 16O
collisions is about the same as that of peripheral 208Pbþ
208Pb collisions at the same multiplicities [81,100].
Therefore, contrary to the enhancement of v2f2g relative
to 16Oþ 16O systems, which occurs in both central 20Neþ
20Ne and peripheral 208Pbþ 208Pb collisions, the suppres-
sion of ρ2 represents a geometry-driven effect only acces-
sible by colliding 20Ne isotopes.
Four more observables are in Fig. 2, namely, the charged

multiplicity, dNch=dη, the mean transverse momentum,
hpTi, the fluctuations thereof, and the triangular flow,
v3f2g. Significant differences appear between PGCM
and NLEFT for dNch=dη and hpTi in the ratio plots.
These can be understood from the respective nuclear
radii [101]. The NLEFT charge rms radii are 2.76 and
3.17 fm for 16O and 20Ne, respectively, (ratio 1.14), whereas
clustered PGCM has 2.87 and 3.09 fm with ratio 1.08. For
both NLEFTand PGCM we use a Gaussian nucleon charge

FIG. 2. The deformed shape of 20Ne impacts the hydrodynamic flow of its collisions as compared to 16Oþ 16O collisions. Here we
show results for charged particle multiplicity dNch=dη (top left), mean transverse momentum hpTi (top middle), relative fluctuations of
transverse momentum δpT=hpTi (top right), elliptic flow v2f2; jΔηj > 1g (bottom left), triangular flow v3f2; jΔηj > 1g (bottom
middle) and the Pearson correlation coefficient ρðv2f2g2; hpTiÞ (bottom right). In each panel, we show the 16Oþ 16O and 20Neþ 20Ne
results, as well as their ratio, using both PGCM and NLEFTas nuclear structure inputs. For ρðv2f2g2; hpTiÞ a difference is taken instead
of a ratio in the lower panel. We show statistical uncertainties (error bars), the total systematic uncertainty (solid bands) as well as its
components being Trajectum (hatched) and nuclear structure (dotted).

PHYSICAL REVIEW LETTERS 135, 012302 (2025)

012302-5

Giacalone et al., PRL 135, 012302 (2025), Fig. 2 下排。6.8 TeV 理论预测；横轴为中心度。

• 左列：最中心 NeNe 的 𝑣2{2} 高于 OO；0–1% 的增强约为 14%–17%，取决于核结构模型
• 中、右列：𝑣3{2} 的差别较小；最中心 NeNe 的 𝜌2 更低，形状与尺寸的关联也随体系改变

Ne 的结构会同时改变流的大小和流与横动量的关联。
下排左、中的量为 NeNe／OO 比值，右侧为 Δ𝜌2 = 𝜌2,NeNe − 𝜌2,OO。与 5.36 TeV 数据比较需匹配能量、接受度和中心度。
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LHC OO/NeNe 理论预言 —— 形状之外，还可以比较核的尺寸

our initial arguments that comparing light-ion collision
systems helps reduce errors related to poorly known
features of the high-energy nucleon structure.
Another probe of the bowling-pin shape of 20Ne is the

correlation between the mean squared elliptic flow, v2f2g2,
and the mean transverse momentum, hpTi. It is quantified
via a Pearson coefficient denoted by ρ2 ≡ ρðv2f2g2; hpTiÞ
[87], which reflects the correlation between the shape and
the size of the produced QGP droplets [43,88,89]. Results
for ρ2 are reported in the lower-right panel of Fig. 2. The
suppression of the observable in central 20Neþ 20Ne
collisions relative to 16Oþ 16O, observed for both nuclear
structure inputs, is a generic signature of the elongated
nuclear shape [77,90–93]. The same effect has been
reported in 238Uþ 238U [94] and 129Xeþ 129Xe [95,96]
experiments.
The ρ2 correlator is strongly sensitive to several hydro-

dynamic model parameters, and thus plagued by a large
systematic uncertainty which makes 16Oþ 16O and 20Neþ
20Ne results overlap. Neglecting the triaxiality of these
nuclei, and dubbing β2 the nuclear quadrupole deformation
(where β2;20Ne > β2;16O from spectroscopic data [97], as
well as from the densities shown in Fig. 1), the ρ2
observable roughly follows at a given centrality:
ρ2 ¼ a − bβ32, where a and b are positive coefficients

[94,98,99]. Model studies suggest that both a and b are
nearly independent of the collision system at the same
centrality [77,98]. As a consequence, we expect the differ-
ence ρ2;NeþNe−ρ2;OþO∝

�
β3
2;16O

−β3
2;20Ne

�
to isolate the

imprint of the nuclear deformation. This is confirmed in
Fig. 2 (lower-right panel), where the evaluated difference
cancels most of the systematic uncertainties. A comment is
in order. In hydrodynamics, the ρ2 of ultracentral 16Oþ 16O
collisions is about the same as that of peripheral 208Pbþ
208Pb collisions at the same multiplicities [81,100].
Therefore, contrary to the enhancement of v2f2g relative
to 16Oþ 16O systems, which occurs in both central 20Neþ
20Ne and peripheral 208Pbþ 208Pb collisions, the suppres-
sion of ρ2 represents a geometry-driven effect only acces-
sible by colliding 20Ne isotopes.
Four more observables are in Fig. 2, namely, the charged

multiplicity, dNch=dη, the mean transverse momentum,
hpTi, the fluctuations thereof, and the triangular flow,
v3f2g. Significant differences appear between PGCM
and NLEFT for dNch=dη and hpTi in the ratio plots.
These can be understood from the respective nuclear
radii [101]. The NLEFT charge rms radii are 2.76 and
3.17 fm for 16O and 20Ne, respectively, (ratio 1.14), whereas
clustered PGCM has 2.87 and 3.09 fm with ratio 1.08. For
both NLEFTand PGCM we use a Gaussian nucleon charge

FIG. 2. The deformed shape of 20Ne impacts the hydrodynamic flow of its collisions as compared to 16Oþ 16O collisions. Here we
show results for charged particle multiplicity dNch=dη (top left), mean transverse momentum hpTi (top middle), relative fluctuations of
transverse momentum δpT=hpTi (top right), elliptic flow v2f2; jΔηj > 1g (bottom left), triangular flow v3f2; jΔηj > 1g (bottom
middle) and the Pearson correlation coefficient ρðv2f2g2; hpTiÞ (bottom right). In each panel, we show the 16Oþ 16O and 20Neþ 20Ne
results, as well as their ratio, using both PGCM and NLEFTas nuclear structure inputs. For ρðv2f2g2; hpTiÞ a difference is taken instead
of a ratio in the lower panel. We show statistical uncertainties (error bars), the total systematic uncertainty (solid bands) as well as its
components being Trajectum (hatched) and nuclear structure (dotted).
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our initial arguments that comparing light-ion collision
systems helps reduce errors related to poorly known
features of the high-energy nucleon structure.
Another probe of the bowling-pin shape of 20Ne is the

correlation between the mean squared elliptic flow, v2f2g2,
and the mean transverse momentum, hpTi. It is quantified
via a Pearson coefficient denoted by ρ2 ≡ ρðv2f2g2; hpTiÞ
[87], which reflects the correlation between the shape and
the size of the produced QGP droplets [43,88,89]. Results
for ρ2 are reported in the lower-right panel of Fig. 2. The
suppression of the observable in central 20Neþ 20Ne
collisions relative to 16Oþ 16O, observed for both nuclear
structure inputs, is a generic signature of the elongated
nuclear shape [77,90–93]. The same effect has been
reported in 238Uþ 238U [94] and 129Xeþ 129Xe [95,96]
experiments.
The ρ2 correlator is strongly sensitive to several hydro-

dynamic model parameters, and thus plagued by a large
systematic uncertainty which makes 16Oþ 16O and 20Neþ
20Ne results overlap. Neglecting the triaxiality of these
nuclei, and dubbing β2 the nuclear quadrupole deformation
(where β2;20Ne > β2;16O from spectroscopic data [97], as
well as from the densities shown in Fig. 1), the ρ2
observable roughly follows at a given centrality:
ρ2 ¼ a − bβ32, where a and b are positive coefficients

[94,98,99]. Model studies suggest that both a and b are
nearly independent of the collision system at the same
centrality [77,98]. As a consequence, we expect the differ-
ence ρ2;NeþNe−ρ2;OþO∝

�
β3
2;16O

−β3
2;20Ne

�
to isolate the

imprint of the nuclear deformation. This is confirmed in
Fig. 2 (lower-right panel), where the evaluated difference
cancels most of the systematic uncertainties. A comment is
in order. In hydrodynamics, the ρ2 of ultracentral 16Oþ 16O
collisions is about the same as that of peripheral 208Pbþ
208Pb collisions at the same multiplicities [81,100].
Therefore, contrary to the enhancement of v2f2g relative
to 16Oþ 16O systems, which occurs in both central 20Neþ
20Ne and peripheral 208Pbþ 208Pb collisions, the suppres-
sion of ρ2 represents a geometry-driven effect only acces-
sible by colliding 20Ne isotopes.
Four more observables are in Fig. 2, namely, the charged

multiplicity, dNch=dη, the mean transverse momentum,
hpTi, the fluctuations thereof, and the triangular flow,
v3f2g. Significant differences appear between PGCM
and NLEFT for dNch=dη and hpTi in the ratio plots.
These can be understood from the respective nuclear
radii [101]. The NLEFT charge rms radii are 2.76 and
3.17 fm for 16O and 20Ne, respectively, (ratio 1.14), whereas
clustered PGCM has 2.87 and 3.09 fm with ratio 1.08. For
both NLEFTand PGCM we use a Gaussian nucleon charge

FIG. 2. The deformed shape of 20Ne impacts the hydrodynamic flow of its collisions as compared to 16Oþ 16O collisions. Here we
show results for charged particle multiplicity dNch=dη (top left), mean transverse momentum hpTi (top middle), relative fluctuations of
transverse momentum δpT=hpTi (top right), elliptic flow v2f2; jΔηj > 1g (bottom left), triangular flow v3f2; jΔηj > 1g (bottom
middle) and the Pearson correlation coefficient ρðv2f2g2; hpTiÞ (bottom right). In each panel, we show the 16Oþ 16O and 20Neþ 20Ne
results, as well as their ratio, using both PGCM and NLEFTas nuclear structure inputs. For ρðv2f2g2; hpTiÞ a difference is taken instead
of a ratio in the lower panel. We show statistical uncertainties (error bars), the total systematic uncertainty (solid bands) as well as its
components being Trajectum (hatched) and nuclear structure (dotted).

PHYSICAL REVIEW LETTERS 135, 012302 (2025)

012302-5

Giacalone et al., PRL 135, 012302 (2025), Fig. 2 上排，理论预测。横轴为中心度，小图为 NeNe／OO。

• 从左到右：粒子产额、平均 𝑝𝑇  和相对 𝑝𝑇  涨落，分别补充熵产生、径向膨胀和尺寸涨落的信息。
• NLEFT 与 PGCM 的核半径比不同，因此对这些量的预测也不同；体系比值能减小部分共同误差。

𝑣𝑛 给出各向异性，⟨𝑝𝑇 ⟩ 及其涨落补充尺寸信息；联合比较才能更完整地检验核结构。
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LHC/ALICE NeNe/OO —— 多粒子流
Anisotropic flow in OO and Ne–Ne ALICE Collaboration
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Figure 2: Charged particle v2{2}, v3{2}, and v2{4} as a function of centrality in OO (left) and Ne–Ne (right)
collisions at √sNN = 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].

framework tuned using measurements from heavy-ion collisions can quantitatively predict the experi-
mental measurements in light-ion collisions. As shown in Fig. 2, NLEFT-based calculations successfully
reproduce both the trend and magnitude of v2{2}, v3{2}, and v2{4} up to 50% centrality. The agreements
with respect to the flow measurements equal or surpass the accuracy of full Bayesian parameter extrac-
tion in previous heavy-ion studies, which have 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 experimen-
tal 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 percent. In noncentral collisions,
the calculations are consistent with the measurements within the uncertainties. In particular, the v3{2}
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 collisions [86]. This difference between the initial-state geometric shape and the final-state
triangular flow highlights the role of the strong response of the created system, which is accurately cap-
tured 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 v2{2} and v3{2}
measurements remain unchanged, while a ∼10% reduction in v2{4} is observed, leading to a better
agreement with hydrodynamic predictions. The measured v2{4} is accurately described by the hydro-
dynamic predictions in both OO and Ne–Ne. This is the first time the measurements of multi-particle
cumulant of anisotropic flow can be successfully reproduced by hydrodynamic models in small systems.
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 v2{2}, v3{2}, and v2{4}
measurements and hydrodynamic model predictions supports the emergence of collective behavior in
light-ion collisions, well described by a hydrodynamic expansion of the QGP.

5

ALICE, PRL 137, 082301 (2026), Fig. 2。

• LHC 2025 OO,NeNe 
√𝑠NN = 5.36 TeV

• 两种轻核提供了相同的能量条件
• 两个体系都测得 𝑣2、𝑣3，集体运动也存在于这

些较小的碰撞体系中
• 将 NLEFT 核子构型输入 Trajectum，能够总体

描述这几种流观测量

下一步：比较两个体系的流，寻找 O 与 Ne 的
结构差异。
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LHC/ALICE NeNe/OO —— 椭圆流与三角流比值Anisotropic flow in OO and Ne–Ne ALICE Collaboration
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Figure 3: Ratios v2(Ne–Ne/OO) and v3(Ne–Ne/OO) 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 compared with Trajectum cal-
culations with NLEFT and PGCM inputs [55] as well as IP-Glasma+JIMWLK+MUSIC+UrQMD [90] and
3DGlauber+MUSIC+UrQMD [91] calculations with PGCM input.

Ratios between two collision systems of comparable size are particularly valuable, as they largely sup-
press final-state effects and reduce systematic uncertainties for both theoretical model calculations and
experimental measurements [92, 93]. 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 v2{2}(Ne–Ne/OO) and v3{2}(Ne–Ne/OO) is
presented in Fig. 3. For v2{2}(Ne–Ne/OO), 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 v2{4}(Ne–Ne/OO). This pronounced en-
hancement in central events is attributed to the stronger quadrupole deformation of 20Ne compared to
the tetrahedral 16O [55]. In contrast, v3{2}(Ne–Ne/OO) begins around unity in central collisions and in-
creases gradually with increasing centrality percentile, reaching approximately 1.06 at 10%. The smaller
v3{2} 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 v3{2}(Ne–Ne/OO) 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 predictions. Notably, both NLEFT- and PGCM-based hydrodynamic calculations slightly overes-
timate the measured v2{2} 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 discrepancy may
originate from the modeling of the immediate post-collision initial state. Specifically, parameters govern-
ing 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 ultra-relativistic
collisions affect nuclear structure. Since such effects are not considered in low-energy descriptions but

6

ALICE, PRL 137, 082301 (2026), Fig. 3。

𝑅𝑛 =
𝑣NeNe𝑛
𝑣OO𝑛

• 最中心碰撞中，𝑅2 ≈ 1.08；到约 10% 中心度降至约 
1.05

• 𝑅3 从接近 1 开始上升，与 𝑅2 的趋势不同：两种谐波探
测不同的几何特征

• 椭圆流增强支持 Ne 比 O 更强的四极形变；不同模型对
增强幅度的预言仍有差别

轻核的结构差异，已经能从末态流的体系比值中读出。
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LHC/ATLAS NeNe/OO —— 两粒子与四粒子流

0 20 40 60 80
Centrality [%]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

nv ATLAS

O+O    5.36 TeV
Ne+Ne 5.36 TeV

{2}sub
2v {2}sub

3v {4}2v {4}3v

 < 5 GeV
T

p0.5 < 

(a)

0 10 20 30 40 50
Centrality [%]

0.9

0.95

1

1.05

1.1

1.15

R
at

io
 N

e+
N

e 
/ O

+
O ATLAS  < 5 GeV

T
p0.5 < 

O+O    5.36 TeV
Ne+Ne 5.36 TeV {2}sub

2v {2}sub
3v {4}2v {4}3v

(b)

Figure 7: (a) Flow harmonics 𝑣sub
𝑛 {2} and 𝑣𝑛{4} for the elliptic and triangular moments in O+O collisions (colored

solid markers) and Ne+Ne collisions (open black markers) at √𝑠NN = 5.36 TeV, shown as a function of centrality.
The Ne+Ne points are slightly displaced along the horizontal axis for visual clarity. (b) Ratios of the flow coefficients
in Ne+Ne to those in O+O collisions, corresponding to the results in panel (a). The vertical lines and vertical bars
indicate statistical and systematic uncertainties, respectively. For the ratios, systematic uncertainties correlated
between the O+O and Ne+Ne measurements largely cancel.
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Figure 8: Comparison of 𝑣sub
2 {2} and 𝑣sub

3 {2} with theory calculations from the model described in Ref. [80], for (a)
O+O and (b) Ne+Ne collisions. The theory calculations are labeled as “Hydro+IPGlasma+PGCM.” For the data, the
vertical lines and vertical bars indicate statistical and systematic uncertainties, respectively. The data uncertainties
are sometimes too small to be visible. The bands for the theory calculations represent the combined statistical and
systematic uncertainties.

an attempt to remove these average geometric effects. This ratio is shown in Figure 7b. For both 𝑣sub
2 {2}

and 𝑣2{4}, a relatively centrality-independent ratio is observed for centralities more peripheral than 10%,
as opposed to the ratios as a function of 𝑁ch (Figure 6b). However, over the 0–10% centrality interval, a
growing enhancement appears toward the most central collisions. This enhancement is more pronounced
in the four-particle cumulant measurement. A similar behavior is observed for the triangular moment: the
𝑣sub

3 {2} ratio exhibits a sudden decrease in the 0–10% centrality interval. For the 𝑣3{4} ratio, the statistical
uncertainties are too large to observe clear trends.

Figure 8 shows the comparisons of the measured 𝑣sub
𝑛 {2} with the template-fit method to 𝑣𝑛{2} calculations

16

ATLAS, PRC 113, 045205 (2026), Fig. 7。

• 中心 NeNe／OO 的增强同时出现在
两粒子流和四粒子流中

• 四粒子观测量把整个事件中的多粒子
关联纳入比较，进一步检验集体流的
几何起源

𝑐2{4} = ⟨𝑣42⟩ − 2⟨𝑣22⟩
2

𝑣2{4} = (−𝑐2{4})
1
4

核形状既影响流的大小，也影响流的
逐事件分布。
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LHC/ATLAS NeNe/OO —— 流比值与初态几何
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Figure 9: Comparison of the measurements to theory predictions for the ratio of (a) 𝑣2{2} and (b) 𝑣3{2} between
Ne+Ne and O+O. The 𝑣𝑛{2} in the data are obtained from the template fit method. The Hydro+Trento+PGCM
theory is taken from Ref. [44] (0.3 < 𝑝T < 3.0 GeV) and the Hydro+IPGlasma+PGCM is an extension of Ref. [80]
(0.5 < 𝑝T < 5.0 GeV). The ratios are also shown for the eccentricities, a quantification of the elliptic (𝜀2) or triangular
(𝜀3) shape of the initial-state energy density, using the Trento+PGCM model. For the data, the vertical lines and
vertical bars indicate statistical and systematic uncertainties, respectively. The bands for the theory calculations
represent combined statistical and systematic uncertainties.

from the model described in Ref. [80]. The model combines the Projected Generator Coordinate Method
(PGCM), an ab initio nuclear structure model for oxygen and neon, with the IPGlasma framework,
including JIMWLK evolution [81], to calculate the initial energy densities of the colliding nuclei. These
energy densities are then evolved using viscous relativistic hydrodynamics (MUSIC [82]). Finally, a
hadronic afterburner (UrQMD [83, 84]) is applied to obtain the 𝑣𝑛. The centrality is determined with
the charged-particle multiplicity at mid-rapidity. The model is denoted as “Hydro+IPGlasma+PGCM”
in the figure. The calculations overpredict the 𝑣2 and 𝑣3 in central collisions, but are consistent within
uncertainties with the measurements in more peripheral collisions. These comparisons indicate that the
light-ion measurements can provide additional constraints for tuning existing theory models.

Figure 9 shows comparisons of the measured ratios for 𝑣𝑛{2} between Ne+Ne and O+O collisions, to two
theory calculations. The first is the Hydro+IPGlasma+PGCM model introduced above. The second model
is described in Ref. [44] and uses PGCM [85] to determine the nuclear configurations of both oxygen
and neon, which are then collided, generating initial-state energy densities with the Trento model [86].
These events are then simulated with the Trajectum hydrodynamic framework [87, 88]. This model is
labeled as “Hydro+Trento+PGCM.” The model uses mid-rapidity multiplicity to determine centrality.
The fluctuations in the model calculations are statistical in nature. The measured 𝑣𝑛{2} are obtained
from the template-fit method. The event-averaged eccentricity, a quantification of the magnitude of
ellipticity 𝜖2 and the triangularity 𝜖3, ratios for a particular Trento parameter set [89] are also shown
in Figure 9. The data and Hydro+Trento+PGCM model agree quantitatively, at the edge of the theory
uncertainties, in 𝑣2{2} in central collisions. The large enhancement in the 𝑣2{2} ratio in the 0–10%
central collisions observed in the hydrodynamic theory calculation is attributed to the elongated shape
of the neon nucleus, leading to an elliptic initial-state, as can be seen in the 𝜖2{2} ratio. The qualitative
behavior of the measured 𝑣2{2} ratio supports this picture. The Hydro+IPGlasma+PGCM calculation
does not capture this proposed geometrically driven behavior in the 0–10% centrality range. This inability
to capture geometric effects in the latter calculation, is also reflected in the data-theory disagreement in

17

ATLAS, PRC 113, 045205 (2026), Fig. 9。

• 图中依次比较初始偏心率 𝜀𝑛、流体演
化后的 𝑣𝑛 和实验数据

• 进入最中心区域时，𝑅2 上升、𝑅3 下
降的组合特征，把 Ne 和 O 的几何差
异呈现得更清楚

• 相同 PGCM 核结构输入配合不同初
态模型，仍会给出不同的流比值

从核子构型到可测的流，需要用碰撞
演化连接起来。
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LHC/CMS NeNe/OO —— 流信号与方法对照

5

PbPb results where the system size is comparable [31]. The rise of v3 toward more central OO
and NeNe collisions is therefore attributed to having a stronger hydrodynamic response as the
overlap volume increases, rather than reflecting a fundamentally different pattern of initial-
state fluctuations [78]. The v2{4} values are systematically smaller than the v2{2, |∆η| > 2}
values across the shown centrality range. This is expected because of different contributions to
v2{2, |∆η| > 2} and v2{4} from the event-by-event geometry fluctuations [88].

Model calculations are also shown in Fig. 1. The “TRAJECTUM” hydrodynamic framework [89,
90] uses two ab initio nuclear structure models, calculated with nuclear lattice effective field the-
ory (NLEFT) [67, 91, 92] and with the projected generator coordinate method (PGCM) [93, 94],
to determine the spatial configurations of nucleons within the O and Ne nuclei. The initial en-
ergy densities are generated with Trento [95] and evolved with the TRAJECTUM hydrodynamic
framework. The NLEFT-based calculations reproduce v2{2, |∆η| > 2} in central collisions bet-
ter than PGCM, while both agree with data in more peripheral events. Both models describe
the v3{2, |∆η| > 2} results across the measured centrality range. The “IP-Glasma” model inte-
grates PGCM into IP-Glasma with JIMWLK evolution [96], followed by MUSIC hydrodynam-
ics [97] and UrQMD hadronic interactions [98]. It tends to overpredict the v2{2, |∆η| > 2} and
v3{2, |∆η| > 2} values in central collisions, but agrees with data within uncertainties in more
peripheral events. These comparisons demonstrate that precise vn measurements strongly con-
strain both the initial-state geometry and hydrodynamic response in small collision systems.
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Figure 1: The v2{2, |∆η| > 2}, v3{2, |∆η| > 2} and v2{4} values for charged particles with
0.3 < pT < 3.0 GeV and |η| < 2.4 are shown as functions of centrality in OO (left) and NeNe
(right) collisions at

√
s

NN
= 5.36 TeV. The v2{2, |∆η| > 2} and v3{2, |∆η| > 2} results af-

ter subtracting the dijet correlations (denoted as ”sub”) are indicated by the dot-dashed lines.
Statistical uncertainties are smaller than the markers. The shaded boxes denote systematic un-
certainties. Model calculations [48, 96] are shown for comparison to the two-particle correlation
results, where the bands represent the combined statistical and systematic uncertainties.

To isolate initial-geometry effects, the ratios of NeNe to OO vn values are shown in Fig. 2.
The results remain consistent, within uncertainties, before and after correcting for dijet corre-
lations. A significant rise of the v2 ratios from two- and four-particle correlations is observed
for the most central collisions, while the v3 ratios from two-particle correlations exhibit a de-
creasing trend, which is most pronounced in central events. The 20Ne nucleus is predicted to
exhibit stronger intrinsic spatial correlations, resulting in a less spherical initial matter distri-

CMS, PRL 137, 082302 (2026), Fig. 1。

6

bution in the central collisions compared to the 16O nucleus [58–64]. Therefore, the observed
trend of the OO to NeNe vn ratios provides a sensitive probe of how collective phenomena
respond to nuclear structure inputs. Unlike the conclusions reached when examining individ-
ual vn values, the Trajectum PGCM calculations reproduce the v2 ratios more closely, while
the NLEFT version tends to overestimate them. Both frameworks qualitatively capture the ob-
served increase towards central events, consistent with the expectations based on a deformed
geometry of 20Ne [48]. A quantitative determination of the deformation, however, requires
further dedicated studies, since the agreement with data is not uniform across the measured
centrality range. None of the three model calculations reproduce the measured v3 ratios quan-
titatively, highlighting the need for an improved treatment of initial-state fluctuations in small
collision systems. The IP-Glasma calculations predict a weaker centrality dependence of the v2
ratio, likely a result of large multiplicity fluctuations that reduce the correlation between cen-
trality and impact parameter [96]. Overall, the precise vn ratios provide stringent constraints
on the modeling of nuclear structure and its implementation in initial-state frameworks, while
underscoring the sensitivity of collective flow to the underlying geometry.
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Figure 2: Ratios of v2{2, |∆η| > 2}, v2{4} (left), and v3{2, |∆η| > 2} (right) of NeNe to OO col-
lisions as functions of centrality. Dot-dashed lines indicate results after subtracting (denoted
as ”sub”) the dijet correlations. Vertical bars denote statistical uncertainties, and shaded boxes
denote systematic uncertainties. Model calculations [48, 96] are shown for comparison to the
two-particle correlation results, where the bands represent the combined statistical and system-
atic uncertainties.

In summary, the azimuthal anisotropy of charged-particle emission is measured in oxygen-
oxygen (OO) and neon-neon (NeNe) collisions at a center-of-mass energy per nucleon pair of
5.36 TeV with the CMS detector. The elliptic (v2) and triangular (v3) flow harmonics are ex-
tracted from two-particle correlations with a large pseudorapidity gap for multiple centrality
ranges, as defined by the fraction of the total inelastic cross section, from 50% (peripheral) to
0% (central) collisions. The v2 values are also found using four-particle correlations to high-
light how event-by-event geometry fluctuations influence the results. The v2 values rise from
peripheral to mid-central events and decrease toward the most central collisions, and the v3
values increase monotonically, reflecting hydrodynamic response to the initial geometry. The
ratios of the NeNe and OO vn values further isolate initial-geometry effects, with the v2 ratio
increasing strongly toward central collisions, qualitatively consistent with the 20Ne nucleus be-
ing deformed. The v3 ratio is found to decrease from peripheral to the most central collisions.

CMS, PRL 137, 082302 (2026), Fig. 2。

• 越接近中心碰撞，NeNe 相对 OO 的椭圆流
增强越明显。

• 改变短程关联的扣除方式，并与四粒子结果
比较，可以检查这一趋势是否稳定

ALICE、ATLAS 和 CMS 在不同接受度与分
析方法下得到一致的总体趋势。

多个实验共同支持轻核几何对末态流的影响。

刘骥安 2026/10/08 核形变与𝛼团簇结构 31 / 42

https://arxiv.org/abs/2510.02580v2


核结构与末态观测量 重核形变：U 与 Xe 轻核结构：Ne 𝛼 团簇的判别 附录与参考文献

LHC/LHCb 固定靶 —— 用 Pb 探测轻核的整体形状

实现
• SMOG2 提供气体靶，使 Pb 束流与 Ne、Ar 等轻核

发生固定靶碰撞；LHCb 在 2 < 𝜂lab < 5 测量末态粒子

Pb
• Pb 核较大，可在较宽中心度范围覆盖 Ne 的大部分横

向区域，使 Ne 的整体形状更充分地进入初态几何
• 右图预言 PbNe 的 𝜀2 高于 PbO，几何差异不仅出现

在最中心事件

比较
• 理论：PbNe／PbO，68.5 GeV
• 已公开测量：PbNe／PbAr，70.9 GeV

该测量的 2024 运行未能注入 O，故选 Ar 作参照。上述预测针对 LHCb/SMOG2；重核覆盖轻核的
几何机制本身具有一般性。

this configuration can be grasped by analyzing the initial-
state ellipticity, ε2, which sources the final-state elliptic
flow. This is quantified via the quadrupole moment of the
energy-density field, τeðr;ϕrÞ [GeV=fm2], at the beginning
of hydrodynamics [52],

ε2 ¼
j R rdrdϕrr2ei2ϕrτeðr;ϕrÞjR

rdrdϕr r2τeðr;ϕrÞ
; ε2f2g2 ≡ hε22i; ð2Þ

where the average is over events at a given centrality.
Because of the peculiar shape of 20Ne, deformed into a

bowling-pin-like 16Oþ α configuration [33], performing
Pbþ Ne collisions amounts to bowling with the ball (lead)
thrown toward the bowling pin (neon) target. When the hit
neon lies fully within the area of the lead nucleus, its entire
shape is resolved. Naturally, we expect the eccentricity of
the overlap region to be nearly constant for those impact
parameters that correspond to such a configuration. Given
the large size of 208Pb, this explains why the variation of
ε2f2g observed in Fig. 2 in Pbþ Ne collisions is so small
up to impact parameters of order b ∼ 5 fm. This behavior
seems solid and genuinely induced by the large quadrupole
deformation of 20Ne: the calculation for a spherical W-S
20Ne nucleus leads to a steeper (though, predictably, still
mild compared to a symmetric, e.g., oxygen-oxygen
configuration) centrality dependence for ε2f2g, consistent
with the trend of Pbþ O collisions for both deformed and
spherical 16O nuclei. In terms of observable quantities, we

expect thus an enhancement of the elliptic flow of Pbþ Ne
collisions relative to Pbþ O collisions in a broad central-
ity range.
With this insight in mind we look at the anisotropic flow

in momentum space, defined by the set of Fourier har-
monics that characterize the azimuthal angle ϕ dependence
of the charged hadron spectrum,

dNch

dϕ
∝ 1þ 2

X∞
n¼1

vn cos½nðϕ − ϕnÞ�; ð3Þ

where vn is the magnitude of the nth order harmonic. At a
given centrality, we evaluate the root mean square value of
the distribution of the coefficient (see the SM for further
derivations),

vnf2g ¼
ffiffiffiffiffiffiffiffiffi
hv2ni

q
: ð4Þ

Figure 3(a) displays our predictions for the elliptic flow
(n ¼ 2) of Pbþ Ne and Pbþ O collisions. The centrality
dependence of v2f2g in Fig. 3(a) is rather flat, especially
when a deformed 20Ne is considered. Computing the Pbþ
Ne=Pbþ O ratio, shown in Fig. 3(b), highlights instead the
strong impact of the shape of 20Ne, which enhances the
elliptic flow in central Pbþ Ne collisions by more than
20%. The signal survives up to large centralities, confirm-
ing the intuition from Fig. 2. This showcases the unique
power of SMOG2, and in general of asymmetric Pbþ X
collisions [53], as a tool to image nuclear ground states
[54]. For the spherical baseline, the elliptic flow ratio is
below unity. This is due to the larger mass number of 20Ne,
which reduces initial-state fluctuations with respect to
collisions involving 16O nuclei. Indeed, in the absence of
nuclear deformation corrections, a larger elliptic flow
should be observed in Pbþ O collisions.
Figures 3(c) and 3(d) show our predictions for the rms

triangular flow, v3f2g, in both systems. The predictions
seem diametrically opposite to those obtained for the
elliptic flow: v3f2g depends strongly on the centrality
percentile in Fig. 3(c), while Fig. 3(d) indicates little
difference between Pbþ Ne and Pbþ O systems. This
in agreement with the predictions obtained for the
ratio taken between symmetric Neþ Ne and Oþ O
collisions [33].
Moving on to the quadrangular flow (n ¼ 4), the same

patterns seen in the case of elliptic flow are recovered. In
Fig. 3(e), v4f2g shows little variationwith centrality, though
the ratio of quadrangular flow coefficients in Fig. 3(f) is
enhanced by as much as 20% in central Pbþ Ne collisions
compared to Pbþ O. As explicitly demonstrated in the SM,
one can identify the origin of such behavior in the nonlinear
mode coupling between the elliptic and quadrangular flow
vectors [55–58]. Therefore, while the shape of 20Ne directly
impacts the magnitude of v2, it impacts the v4 indirectly via

FIG. 2. Playing ultrarelativistic bowling at the LHC. The rms
initial-state ellipticity, ε2f2g, is plotted as a function of the
centrality percentile in Pbþ Ne collisions (solid lines) and Pbþ
O collisions (dashed lines) at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 68.5 GeV, for various
nuclear structure models. Errors are statistical only and of the
same size as the line width when not visible. The sketches on top
of the figure illustrate the collision geometry based on the average
impact parameters of the Pbþ Ne collisions (labeling the upper
axis of the plot). We recall the 208Pb W-S radius is around 6.6 fm,
and about 2.8 fm for 20Ne [42].

PHYSICAL REVIEW LETTERS 134, 082301 (2025)

082301-4

面向 LHCb/SMOG2 的理论预测。Giacalone et al., PRL 134, 082301 (2025), Fig. 2；PbNe／
PbO，68.5 GeV。
SMOG2：PRAB 27, 111001 (2024)；实验：LHCb-CONF-2025-001。图中的 PbO 不是本次实验
的 PbAr 参照。
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LHC/LHCb PbNe/PbO 理论预言 —— 增强椭圆流，并影响四阶流

nonlinear coupling. This extra layer of complexity leads to
an even more stringent test of the hydrodynamic model. It
should be investigated in experiments, and tested as well
within a framework that is not hydrodynamic, such as
transport [59].
Before concluding, we analyze a standard probe of

hydrodynamic behavior in high-energy collisions, the
fourth-order cumulant of the elliptic flow distribution,

c2f4g ¼ hv42i − 2hv22i2; ð5Þ
where averages are again over events at a given centrality.
As we explain in the SM, this quantity measures the
kurtosis of the elliptic flow vector distribution at a given
centrality [60,61], and can have either negative or positive
sign. The centrality dependence of c2f4g is shown in
Fig. 4(a). Surprisingly, in central collisions we predict

c2f4gPbNe < 0 < c2f4gPbO: ð6Þ
To get some understanding, we calculate in Fig. 4(b) the
same quantity with v2 in Eq. (5) replaced by the initial-state
ellipticity, ε2. The sign of the resulting cumulant is
negative, and its magnitude is much larger in Pbþ Ne
collisions than in Pbþ O collisions, in agreement with
previous studies with deformed nuclei [62,63]. The hydro-
dynamic expansion adds a positive correction to the value
of c2f4g in a given centrality, changing even the sign of the
cumulant in Pbþ O collisions, or when a spherical neon is
used. Similar results are found for p-p collisions [64,65].

However, the effect of the 20Ne shape is opposite: the
impact of the deformation reduces the kurtosis, causing
c2f4g in Pbþ Ne collisions to preserve its negative sign
after the hydrodynamic evolution. This interplay between
the deformation effect and hydrodynamic response pro-
vides a nontrivial probe of the dynamics of the collisions,
and so we urge the experiments to verify this result.
Note that the parameters of the hydrodynamic model

used here do not yet result from a Bayesian analysis of the
RHIC Beam Energy Scan data. Though unlikely, we cannot
exclude a priori that there may exist a plausible set of
parameters (likely, initial-state parameters) for which cε2f4g
has a different sign. In addition, the choice of the variable
used to the define the collision centrality affects the sign of
the cumulant [66,67]. Systematic analyses to address these
points are costly for 3þ 1D simulations, and outside the
scope of present manuscript, but should be carried out for
future comparisons with the experimental results.
In summary, we have unveiled the great opportunities

offered by studies of the anisotropic flow in fixed-target
collisions at the LHCb detector. Our predictions may be
amenable to experimental verification already with the next
LHC ion run. The availability of the bowling-pin nucleus
20Ne in SMOG2 enables one to isolate strong effects of the
hydrodynamic response. If the dramatic enhancements of
v2 and v4 relative to the Pbþ O baseline will be confirmed
by the LHCb Collaboration, they will hint at the validity of
a QGP description. This will pave the way to quantitative
characterizations of the matter formed in these experiments
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FIG. 3. Anisotropic flow coefficients in Pbþ Ne collisions (solid lines) and Pbþ O collisions (dashed lines) at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 68.5 GeV,
calculated within the LHCb acceptance, as a function of the collision centrality. Upper panels show predictions for the rms elliptic flow,
v2f2g (a), triangular flow, v3f2g (c), and quadrangular flow, v4f2g (e). Lower panels show the corresponding ratios taken between
Pbþ Ne and Pbþ O collisions. Different line colors correspond to different nuclear structure inputs. Errors are statistical only and of the
same size as the shown lines when not visible.

PHYSICAL REVIEW LETTERS 134, 082301 (2025)

082301-5

Giacalone et al., PRL 134, 082301 (2025), Fig. 3；PbNe／PbO，68.5 GeV，理论预测。

• 中心 PbNe 的 𝑣2 相对 PbO 可增强超过 20%，𝑣3 的体系差异则较小
• 椭圆流还能通过 𝑉4 = 𝑉4,L + 𝜒422𝑉 22  带动 𝑣4 增强，形成相互关联的几何信号
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LHC/LHCb PbNe/PbAr 理论预言 —— 椭圆流与三角流
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W. Zhao, Implications of LHCb measurements (2025), slide 25 上排；会议理论计算，非新增实验测量。

• SMOG2 PbNe/PbAr 
√𝑠NN = 70.9 

GeV
• 天然 Ne 含有约 9% 的 22Ne；纳入

同位素组成后，模型仍预言中心 
PbNe 的椭圆流增强
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LHC/LHCb PbNe/PbAr —— 椭圆流与三角流比值
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Figure 7: Results for the measurement of the (top left) v2 and v3 flow coefficients as a function
of the centrality proxy qc(E

ECAL
tot ) in PbNe and PbAr collisions, along with their (top right) ratio

between PbNe and PbAr collisions. The error bars indicate the statistical uncertainty and
the shaded boxes the total systematic uncertainty, resulting from the quadratic sum of the
single contributions discussed in the text. Plots taken from Ref. [28] with (bottom left) 3+1D
hydrodynamic predictions and ab-initio nuclear structure inputs, together with (bottom right)
their ratio between PbNe and PbAr collisions, are also shown for comparison.
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最中心 0–3%：𝑅PbNe/PbAr2 = 1.40 ± 0.06。

• 中心碰撞中，PbNe 的 𝑣2 明显更
高；𝑣3 则低于 PbAr

• 随中心度变化的这组特征，与形变 
Ne 对初态几何的影响相符

• 理论与数据呈现相近的中心度趋势，
支持固定靶碰撞对 Ne 形状的敏感
性

横轴由 ECAL 能量定义中心度：数值越小，对应越中心的事件；数据使用
天然 Ne 气体。

对撞与固定靶结果从不同几何条件出
发，共同检验轻核结构。
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𝛼 团簇结构 —— ²⁰Ne：能否区分不同的 𝛼 排列？

𝛼 团簇：𝛼 是含 2𝑝 + 2𝑛 的 4He 核；团簇结构指核内出现 
alpha-like 的空间关联。
O/Ne 体系：两者 𝑁 = 𝑍，可用 4𝛼、5𝛼 构型研究；20Ne 
还能比较 16O+ 𝛼 与其他排列，检验相似整体形变下的内部
关联。
两种候选构型
• 𝛼 + 16O：四个 𝛼 聚成紧凑部分，第五个 𝛼 位于外侧，形

成不对称的拉长结构
• 5𝛼：五个 𝛼 更充分地分离，在对称极限组成双锥结构

右图用两个长度调节排列：𝐷1 控制四个 𝛼 的紧凑程度，𝐷2 
控制第五个 𝛼 的距离。

两种构型都可以产生明显的形变；关键是找到对内部排列
更敏感的观测量。

这里比较的是 Brink 模型中的候选构型；真实基态可包含构型混合与非局域团簇运动。

cluster structure degenerates into a two-cluster configura-
tion of αþ 16O in which the 16O is a closed-shell and nearly
perfect spherical structure [58]. To facilitate the comparison
of the structure of 20Ne, we define a structure parameter
k≡D2=D1. For the same k value, we only consider the
shape of 20Ne and neglect the relative size of the nucleus.
Under this definition, 20Ne can have several special shapes,
as illustrated in Fig. 1(b). The blue dashed line represents
k ¼ 1=3, at which 20Ne adopts the tetrahedral structure with
α5 lying on the same plane as α2 ∼ α4. The black dashed
line represents k ¼ 5=3, at which 20Ne adopts the sym-
metric bipyramidal structure, α1 and α5 are symmetric with
respect to the plane formed by α2 ∼ α4. Meanwhile, we
have marked the regions with significant αþ 16O configu-
ration features or 5α configuration features, respectively.
For comparison, we chose suitable parameters for

nuclear structures for 20Ne with the W-S distribution.
The W-S distribution can be expressed more refinedly in
the form of a three-parameter Fermi model,

ρðr;θ;ϕÞ¼ρ0ð1þwr2=Rðθ;ϕÞ2Þ
��

1þexp

�
r−Rðθ;ϕÞ

a

��
;

ð4Þ

where Rðθ;ϕÞ ¼ R0½1þ
P

n;m βnYn;mðθ;ϕÞ�. The distribu-
tion is characterized by the size parameter R0 ¼ 2.791 fm,
the surface diffusion parameter a ¼ 0.698 fm, the weight
parameter w ¼ −0.168 [59], and the deformation param-
eters βn. In the description of W-S distribution, derived
under a sharp surface liquid-drop approximation, analytical
estimation for ultracentral collisions reveals a quadratic
dependence hε2ni ∝ a0 þ b0β2n, where the parameters a0 and

b0 depend on both the collision system and the collision
energy [48,60,61]. Therefore, we present the formula for
calculating the deformation parameters here. For a given
density distribution, we can perform theoretical calcula-
tions for the deformation parameters βn of the nuclear
structure through the following integration in spherical
coordinates [62–64],

β�n ¼
4π

3Ahr2in=2
Z

ρðrÞrnYn;0ðθ;ϕÞd3r; n ≥ 2; ð5Þ

where hr2i1=2 is the rms radius. This provides an approxi-
mate conversion of the cluster model description into the
traditional description using deformation parameters.
Detailed information can be found in Supplemental
Material [65].
Analytical results—To account for the systematic uncer-

tainty of the analytical theory and comprehensively cover
the dual structural characteristics of 20Ne, we select the
harmonic oscillator length parameter within 1.46 < b <
1.76 fm [23,69,70]. To fit the experimental rms charge
radius hr2i1=2 ≈ 3.00 fm [71] and determine a reasonable
range for the structural parameters, we considered the 10%
error margin on the rms radius, which accounts for all
plausible structural parameters for 20Ne to the greatest
extent possible. The 10% variation guarantees that the
lower bound of the 20Ne radius exceeds the 16O radius of
2.7 fm. In Fig. 1(c), the orange band defines the selected
ðD1; D2Þ parameter space under the b constraint and
represents the corresponding systematic uncertainty of
the cluster model. The blue and green bands correspond
to the parameter ranges for the αþ 16O and 5α configu-
rations in our following hydrodynamic simulations,

(a)

(b)

FIG. 1. (a) The 5α cluster structure diagram of 20Ne, where the four α particles α1∼4 form a regular tetrahedral structure, and the
parameter D1 is the distance from each cluster to the center of the regular tetrahedron, while the parameter D2 is the distance from the
cluster α5 to the center of the regular tetrahedron. (b) TheD1 −D2 schematic diagram of several special structures of 20Ne with the ratio
parameters k ¼ D2=D1. (c) The schematic diagram for the selection range of the D1, D2 and b for 20Ne. Each grey band represents the
range of the rms radius within �10% of the experimental value after fixing b value. The orange band is the overlap region of all grey
regions, which indicates the range ofD1 andD2 that satisfies the constraint that the rms radius is within the range 2.7 <

ffiffiffiffiffiffiffiffi
hr2i

p
< 3.3 fm

under the condition 1.46 < b < 1.76 fm. The orange dashed line is the average configuration using b ¼ 1.61 fm. The black dashed
lines in (b) and (c) present the region of symmetric bipyramid 5α configuration satisfying k ¼ 5=3.

PHYSICAL REVIEW LETTERS 136, 082302 (2026)

082302-3

Li, Zhou & Ma, PRL 136, 082302 (2026), Fig. 1(a)。每组四个核子表示一个 alpha 团簇。
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LHC NeNe —— 仅看 v₂、v₃，还不能选出团簇构型
7

cluster-related structures (with a stronger suppression for α +16 O), while two ρ3 lie on opposite sides of the WS
baseline. These distinct signatures originate from the underlying geometry of the cluster configurations.
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FIG. 6: (Color online) The eccentricities as a function of centrality in Ne+Ne collisions, (a) ε2{2} and (b) ε3{2}. (c): Charged-
particle anisotropic flow coefficients v2{2} and v3{2} as a function of centrality in Ne+Ne collisions at

√
sNN = 5.36 TeV for

the 5α (blue band) and α +16 O (red band) configurations. The bands represent systematic uncertainties. Our results are
compared with ALICE data [12]. (d): Corresponding hydrodynamic response coefficients κ2 and κ3 as a function of centrality.
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FIG. 7: (Color online) Pearson correlation coefficient ρn(ε
2
n, δd⊥) as a function of centrality in Ne+Ne collisions at

√
sNN =

5.36 TeV for the 5α (blue band) and α +16 O (red band) configurations. Top: n = 2. Bottom: n = 3. The solid gray band
denotes the result for the WS distribution. The bands represent systematic uncertainties.

Li, Zhou & Ma, PRL 136, 082302 (2026), Supplemental Material, Fig. 6。三角点为 ALICE 数据。

• 左侧初态：蓝色 𝛼 + 16O 与红色 5𝛼 的偏
心率有差别，最中心的 𝜀2{2} 相差约 
12%

• 右上末态：两种构型的 𝑣2{2}、𝑣3{2} 误
差带重叠，都与图中的数据相容

• 右下响应：两构型的 𝜅𝑛 =
𝑣𝑛
𝜀𝑛

 接近

“流有多大”之外，还可以问：不同的流
和横动量是否一起变化？

NeNe，5.36 TeV；0.2 < 𝑝𝑇 < 3 GeV，|𝜂| < 0.8。最中心的 𝜀3{2} 差别约为 
4.4%。
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LHC NeNe 理论预言 —— 用两种关联，观察团簇排列的影响

椭圆流较大的事件，三角流也更大吗？

归一化对称累积量（NSC）

NSC(3, 2) = ⟨𝑣
2
3𝑣22⟩ − ⟨𝑣23⟩⟨𝑣22⟩
⟨𝑣23⟩⟨𝑣22⟩

• 正值：两种流倾向于同时增大
• 负值：一种增大时，另一种倾向于减小
• 在线性响应近似下，归一化可抵消固定的 𝜅2、𝜅3
事件在同一窄中心度区间内比较。NSC 是归一化协方差，不是 Pearson 系数；其范围为 NSC ≥ −1，
没有一般的 +1 上界。

椭圆流较大的事件，平均横动量更高吗？

𝜌2 =
Cov(𝑣22, [𝑝𝑇 ])

√Var(𝑣22) Var([𝑝𝑇 ])

[𝑝𝑇 ] =
1
𝑀
∑
𝑀

𝑖=1
𝑝𝑇,𝑖, −1 ≤ 𝜌2 ≤ 1

• 正负号表示两者同向或反向变化
• [𝑝𝑇 ] 对径向膨胀敏感，补充横向尺寸信息
• 实验估计需去除自关联和有限粒子数的统计涨落

——动力学涨落
Li, Zhou & Ma, PRL 136, 082302 (2026), Supplemental Material, Eqs. (3–5)。这里的方差和协方差
指动力学涨落。

刘骥安 2026/10/08 核形变与𝛼团簇结构 39 / 42

https://doi.org/10.1103/tffz-8q1m


核结构与末态观测量 重核形变：U 与 Xe 轻核结构：Ne 𝛼 团簇的判别 附录与参考文献

LHC NeNe 理论预言 —— NSC(3,2) 与 𝜌2 给出不同符号

respectively, the spread of which contributes to the sys-
tematic uncertainty in our results. To ensure that the
structure of 20Ne always adopts a bi-pyramidal configura-
tion, we only retain the region where k > 1=3.
The analytical results are obtained by considering the

size of the clusters and neglecting the fluctuations in
nucleon positions, thereby enabling complete isolation
of the effects arising from the geometric configuration.
Figure 2(a) shows the dependence of the normalized
symmetric cumulant NSC(3, 2) on the parameters
D1 and D2. When D1 is relatively small, NSC(3, 2) is
positive, corresponding to the αþ 16O configurations,
while NSC(3, 2) becomes negative as D1 increases,
corresponding to the 5α configurations. There exists a
structure phase boundary where NSC ð3; 2Þ ¼ 0 with
k ≈ 3, and another structure phase boundary is the line
with k ¼ 1=3 where ε2 ¼ 0. The correlation observable
NSC(3, 2) demonstrates pronounced sensitivity to nuclear
structure effects induced by symmetry-driven geometric
reorganization in many-body systems. Therefore, we can
determine the configuration of 20Ne by the sign of the
normalized symmetric values.

To investigate the properties of the Pearson correlation
coefficients ρn, we modify the definition of the inverse area
size in the 2D-transverse plane as

d⊥ ¼ ðhx2y2i − hxyi2Þ−1=4: ð6Þ

The definition of d⊥ involves the calculation of the average
value of the fourth-order exponential hx2y2i, which intro-
duces more contribution from β4. The detailed derivation
process with the description of W-S distribution can be
found in Supplemental Material [65]. This examination
also demonstrates the consistency between the Brink
cluster model and the W-S distribution, although the
former is a boundaryless distribution and the latter has
boundaries. Figures 2(b) and 2(c) present the dependence
of the Pearson correlation coefficient ρn on D1 and D2.
The ρn is influenced by β�2, β

�
3, and β�4 collectively, making

the picture much more complex. The observed monotonic
decrease of β�2 drives ρ2 toward vanishing values, which is a
key motivation for our redefinition of the inverse transverse
size in the cluster model framework. Additionally, we
observe that the NSC(3, 2) and ρ3 are not directly related to

(a) (b) (c)

FIG. 2. Analytical results on the dependence of the correlation observables on the parameters D1 and D2 with b ¼ 1.76 fm, (a) NSC
(3, 2), (b) ρ2, (c) ρ3. The blue and red dashed lines correspond to β�2 ¼ 0 and β�3 ¼ 0, respectively. The gray thick dashed lines are the
structure phase boundaries separating the αþ 16O and 5α configurations. (d) The analytical results on the dependences of NSCðm; nÞ
and ρn on the ratio k ¼ D2=D1 satisfying the rms radius requirements in Fig. 1(c), the uncertainty is given by the systematic uncertainty
of the analytical model. The initial-state results (e) and final-state results (f) with fluctuation effect using the TRENTo + VISHNU +
UrQMD hydrodynamic framework are shown, where the shaded region represents the systematic uncertainty and the error bar indicates
the statistical uncertainty.

PHYSICAL REVIEW LETTERS 136, 082302 (2026)

082302-4

Li, Zhou & Ma, PRL 136, 082302 (2026), Fig. 2(e,f)。左：TRENTo 初态；右：iEBE-VISHNU 末态。
NeNe，5.36 TeV；0.2 < 𝑝𝑇 < 3 GeV，|𝜂| < 0.8。带宽为系统不确定度，误差棒为统计不确定度。

最中心事件的正负号

构型 NSC(3,2) 𝜌2
𝛼 + 16O 正 负

5𝛼 负 正

• 上图：NSC(3,2) 在 0–5% 范围内保留符
号差异

• 中图：𝜌2 在 0–10% 范围内区分两种构型
• 下图：𝜌3 在末态都为负，只凭符号已不能

区分

关联测量为区分团簇构型提供新的检验；
这些符号差异仍是待验证的模型预测。
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LHC/LHCb PbNe 理论预言 —— 用更大的 Pb 探测 Ne 的内部排列

6

Fixed-target collisions

Figures 5(a)-(c) illustrate the analytical results of the normalized symmetric cumulants NSC(3, 2) and Pearson
correlation coefficient ρ2 and ρ3 in the fixed-target Pb+Ne ultracentral collisions, respectively. We achieve an ap-
proximate fixed-target effect by assuming that the rotational direction of the projectile and target nuclei are aligned.
The resulting correlation results for the fixed target agree perfectly with the results of the Ne+Ne collisions. Since
the fixed-target ultracentral collisions contain all structural information of 20Ne without any spectators, the enhanced
strength of the correlations shows that the cluster structural effect is even more pronounced in the fixed-target
experiments. The results of Pb+Ne collisions obtained from the 2D TRENTo simulations align with the Ne+Ne
collisions. Moving forward, a more applicable 3D framework should be performed as additional validation, such as
3DGlauber+MUSIC+UrQMD [10].
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FIG. 5: (Color online) The analytical results on the dependence of the correlation observables on the parameters D1 and D2

with b = 1.76 fm in fixed-target Pb+Ne collisions, (a): NSC(3, 2), (b): ρ2, (c): ρ3. The blue dashed lines indicate that β∗
2 = 0.

The red dashed line indicates that β∗
3 = 0. The gray thick dashed lines are the structure phase boundaries that distinguish

α+16O and 5α configurations.

Hydrodynamic response coefficient

Figures 6(a)-(c) show the results for the eccentricities εn{2} and the collective flow vn{2} using the two-particle
correlation method with the hydrodynamic framework of TRENTo+VISHNU+UrQMD. In the TRENTo model, the
inelastic nucleon-nucleon cross-section is set to σNN = 70.9 mb for Ne+Ne collisions at the LHC energy 5.36 TeV. The
nucleon width is set to w = 0.5 fm with the number of subnucleon nc = 6. The remaining parameters are consistent
with those in Ref. [11]. While the ordering of εn{2} in ultra-central collisions aligns with the analytical predictions in
Fig. 2, the inclusion of nucleon fluctuations narrows the gap between the two configurations. The relative differences
|εn{2}I−εn{2}II |

(εn{2}I+εn{2}II)/2
between the 5α and α+16O configurations are 12% for ε2{2} and 4.4% for ε3{2}. The vn{2} after

the whole evolution of heavy-ion collisions can not distinguish between the two configurations, and both configurations
show comparable magnitudes that are consistent with experimental data [12] using kinematic cuts 0.2 GeV ≤ pT ≤
3 GeV and |η| ≤ 0.8. In Fig. 6(d), furthermore, the negligible difference of the response coefficients κn for both
configurations at

√
sNN = 5.36 TeV directly supports the reliability of the linear response assumption in this Letter.

Pearson correlation with δd⊥

To address the results of different initial-state estimators for the v2-[pT ] final-state correlation, Fig. 7 presents the
results for the initial-state correlation quantity ρn(ε

2
n, δd⊥) (n=2, 3) calculated using Eq. (6). The ρn(ε

2
n, δd⊥) for

the WS distribution are negative for ultra-central collisions, contrary to the positive values using E/S as estimator in
the TRENTo model as shown in Fig. 2(e) in the main text, highlighting the impact of initial-state nucleon position
fluctuations. However, the differences between the 5α and α +16 O structures in the initial-state TRENTo model
can still be explained by the analytical calculation results: relative to the WS distribution, ρ2 is suppressed for both

Li, Zhou & Ma, PRL 136, 082302 (2026), Supplemental Material, Fig. 5。PbNe 固定靶的解析几何预测。

PbNe：在超中心碰撞的几何近似下，较大的 Pb 覆盖整个 Ne，碰撞区能够保留单个 Ne 的横向结构
• NSC(3,2) 对两类构型的符号与 NeNe 相同，几何层面的关联更强，提示了固定靶关联测量的潜力
这是初态几何预测，尚不是 LHCb 接受度内的末态结果；用于 70.9 GeV PbNe 的比较仍需纵向演化和探测器接受度。后续动力学方案为 3D Glauber + MUSIC + UrQMD。
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小结——从核形变到团簇结构：实验已经告诉了我们什么？

• 重核形变：U／Au、Xe／Pb 的流与横动量关联，将整体形状、三轴性与实验观测联系起来。
• 轻核几何：OO／NeNe 的流比值，以及 PbNe／PbAr 的固定靶结果，显示 O、Ne、Ar 的核结

构差异会影响末态集体运动。
• 𝛼 团簇：整体形变为理解流差异提供了起点；不同团簇构型的区分，还可以借助多粒子关联和流

—动量关联。

高能核碰撞让核结构信息跨越碰撞演化，成为末态粒子中可以测量的信号。
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附录：三轴形变参数与主轴长度

2

FIG. 2. Meaning of the triaxial parameter, γ, and its influence on the geometry of head-on collisions of nuclei at low mean
transverse momentum, 〈pt〉. (a) Spheroids with a quadrupole deformation, β > 0. Depending on the value of γ, they can
either present two axes of the same length, and be either prolate (γ = 0) or oblate (γ = 60◦), or present three axes of different
lengths and be triaxial (0 < γ < 60◦), with the maximum triaxiality being reached for γ = 30◦. Values of γ between 60◦ and
360◦ correspond simply to rotations of the same types of shapes. (b) Head-on collisions at small values of the mean transverse
momentum of detected hadrons, 〈pt〉, permit to isolate configurations that maximize the overlap area. Depending on the value
of γ, collision configurations at low 〈pt〉 can thus vary between geometries that maximally break azimuthal symmetry (γ = 0)
and geometries that are azimuthally symmetric (γ = 60◦).

be factorized into an intrinsic state describing the geo-
metrical arrangement of the nucleons, and a state giv-
ing the orientation of this structure in the laboratory
frame [1, 15]. Such factorization is not always mean-
ingful, for example because of large shape fluctuations.
Additionally, for odd-mass and odd-odd nuclei, quantum
mechanics entangles the contributions from collective in-
trinsic deformation and individual single-particle states
to the quadrupole moment, such that the former cannot
be uniquely determined from a spectroscopic experiment.

Measurements of v2 at colliders provide an alterna-
tive access route to the intrinsic deformation of all nu-
clei, even and odd. The impact of βv at high energy has
been established in 238U+238U collisions at the Relativis-
tic Heavy Ion Collider (RHIC) [11], and in 129Xe+129Xe
collisions at the LHC [3–5]. Our goal is to show that such
experiments open as well a new window onto γv. The key
feature is the possibility of selecting events for which the
relative orientation of the colliding ions maximizes the
breaking of azimuthal symmetry induced by their shapes
[2]. One needs the mean hadron momentum,

〈pt〉 =
1

N

N∑

i=1

pt,i, (3)

where pt,i ≡ |pt,i| for particle i with transverse momen-
tum pt,i = (px,i, py,i). For collisions at fixed N , 〈pt〉
provides a measure of the (inverse) size of the transverse
area where the QGP is formed [16], such that events car-
rying abnormally small values of 〈pt〉 correspond to large
overlap areas. Following Fig. 2(b), when the ions have
β > 0, low-〈pt〉 configurations correspond to overlap ge-
ometries ranging from maximally elliptic, for γ = 0, to
azimuthally isotropic, for γ = 60◦. At low 〈pt〉, then,
the magnitude of v2 depends on γ, so that the depen-
dence of v2 on 〈pt〉 probes γ. For strongly prolate 238U
nuclei with β ≈ 0.3 and γ ≈ 0, the effectiveness of this
method in probing β has been recently demonstrated in
238U+238U collisions [17]. Here we employ this technique
to reveal for the first time signatures of γ, the triaxiality
of nuclei. We use LHC measurements in 129Xe+129Xe
collisions, which are ideal candidates for such a study, as
the ground state of all even-mass xenon isotopes around
129Xe are triaxial in low-energy nuclear models [18, 19].

We determine now in the framework of energy-density
functional methods [20] applied to the nuclear many-
body problem the triaxiality of the lowest 1/2+ state of
129Xe, corresponding to the experimental ground state.
We first perform a set of symmetry-breaking constrained

Bally et al., PRL 128, 082301 (2022), Fig. 2(a)。原图
用表面参数 𝛾 示意；𝛾𝑣 由质量四极矩定义。

𝛽𝑣：偏离球形的程度；𝛾𝑣：三个主轴的相对长短。

𝛾𝑣 形状 半轴长度 𝑎 ≥ 𝑏 ≥ 𝑐
0° prolate 𝑎 > 𝑏 = 𝑐：一个长轴

0° < 𝛾𝑣 < 60° triaxial 𝑎 > 𝑏 > 𝑐：三个轴长不同

60° oblate 𝑎 = 𝑏 > 𝑐：一个短轴

𝛽𝑣 ∝ √𝑞220 + 2𝑞222, tan 𝛾𝑣 =
√
2𝑞22
𝑞20

𝑞20, 𝑞22 为内禀质量四极矩分量；𝛾𝑣 是形变空间中的角，三个主轴仍相互垂直。

• 30° 通常称为最大三轴性；并非最大形变。
• Xe：(𝛽𝑣, 𝛾𝑣) = (0.19, 23.6°)；Pb：(0.06, 25.3°)。

判断形状要同时看 𝛽𝑣 和 𝛾𝑣；球形极限 𝛽𝑣 = 0 时，𝛾𝑣 没有确定意义。
平均坐标：Bally et al., Fig. 3；定义：Supplemental Eqs. (7–10)。𝛾𝑣 不是核相对于束流的取向角，也不与 WS 表面参数 𝛾 严格相等。
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附录：内禀形变与初态偏心率

• 偶偶核的 0+ 基态在实验室系中具有旋转对称性；形状图描述内禀密度或具有空间关联的核子构型。
• 对核的取向取平均，可以得到球对称的单体密度；逐事件构型仍保留非平凡的多体关联。

ℰ︀𝑛 ≡ 𝜀𝑛𝑒𝑖𝑛Φ𝑛 = −
∫𝑑2𝒙𝑟𝑛𝑒𝑖𝑛𝜑𝑠(𝒙)
∫ 𝑑2𝒙𝑟𝑛𝑠(𝒙)

, 𝑛 ≥ 2

• 横向坐标以单事件熵密度中心为原点；这一定义描述碰撞区的二维几何。

𝑉𝑛 ≡ 𝑣𝑛𝑒𝑖𝑛Ψ𝑛 ≈ 𝜅𝑛ℰ︀𝑛, 𝑛 = 2, 3

𝑉4 = 𝑉4,L + 𝜒422𝑉 22

• 高阶流还包含非线性响应，不能对所有谐波直接使用同一线性关系。
Jia, PRC 105, 014905 (2022)；Giacalone et al., PRL 135, 012302 (2025)。
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附录：统计抽样与两种相关系数

Var([𝑝𝑇 ]) = Var(𝜇𝑒) +⟨
𝜎2𝑒
𝑀𝑒
⟩

• 条件独立抽样下，事件均值的方差包含真实状态涨落和有限粒子数的抽样涨落。
• 𝜇𝑒, 𝜎2𝑒 ,𝑀𝑒 分别是固定事件状态的单粒子均值、方差和粒子数。实验用不同粒子的关联估计动力学涨落。

𝜌PCC𝑛 =
⟨𝑣2𝑛𝛿[𝑝𝑇 ]⟩

√Var(𝑣2𝑛)√⟨(𝛿[𝑝𝑇 ])
2⟩

𝜌STAR𝑛 =
⟨𝑣2𝑛𝛿[𝑝𝑇 ]⟩

⟨𝑣2𝑛⟩√⟨(𝛿[𝑝𝑇 ])
2⟩

• 两种归一化保留相同分子，数值与一般取值范围不同；只有总体 Pearson 系数满足 |𝜌| ≤ 1。
全方差公式假设条件独立，相关发射时还含条件协方差。Schenke et al., PRC 102, 034905 (2020)；STAR, RPP 88, 108601 (2025), Eqs. (5–6)。
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附录：由粒子关联定义流累积量

𝑐𝑛{2} = ⟨⟨𝑒𝑖𝑛(𝜑1−𝜑2)⟩⟩

𝑐𝑛{4} = ⟨⟨𝑒𝑖𝑛(𝜑1+𝜑2−𝜑3−𝜑4)⟩⟩ − 2𝑐𝑛{2}2

𝑣𝑛{2} = √𝑐𝑛{2}, 𝑣𝑛{4} = (−𝑐𝑛{4})
1
4

• 内层平均遍历不同粒子组合，外层平均遍历事件；多粒子／subevent 方法可抑制部分非流。
• 忽略非流且权重定义一致时，𝑐𝑛{4} = ⟨𝑣4𝑛⟩ − 2⟨𝑣2𝑛⟩

2
。

• 𝑣𝑛{4} 为非零实数时，必须有 𝑐𝑛{4} < 0；未得到实数值，并不能排除集体行为。
Bilandžić, Snellings & Voloshin, PRC 83, 044913 (2011)；ATLAS／CMS 的具体 subevent 和非流扣除见各自论文。

刘骥安 2026/10/08 核形变与𝛼团簇结构 47 / 42

https://doi.org/10.1103/PhysRevC.83.044913


核结构与末态观测量 重核形变：U 与 Xe 轻核结构：Ne 𝛼 团簇的判别 附录与参考文献

附录：NSC 与 Pearson 的实验估计量

SC(𝑚, 𝑛) = ⟨𝑣2𝑚𝑣2𝑛⟩ − ⟨𝑣2𝑚⟩⟨𝑣2𝑛⟩, NSC(𝑚, 𝑛) = SC(𝑚, 𝑛)
⟨𝑣2𝑚⟩⟨𝑣2𝑛⟩

𝐶𝑝𝑇 = ⟨
∑𝑖≠𝑗(𝑝𝑇,𝑖 − 𝜇)(𝑝𝑇,𝑗 − 𝜇)

𝑀(𝑀 − 1)
⟩, 𝜇 = ⟨[𝑝𝑇 ]⟩

Vardyn(𝑣2𝑛) = 𝑣𝑛{2}
4 − 𝑣𝑛{4}4

𝜌𝑛 =
Covdyn(𝑣2𝑛,[𝑝𝑇 ])
√Vardyn(𝑣2𝑛)𝐶𝑝𝑇

• 混合协方差由三个不同粒子的关联构造；各项的中心度和事件权重需保持兼容。
• 以上写法忽略了非流，并依赖具体定义；使用权重、subevent，或 𝑣𝑛{4} 不是实数时，应直接用累积量计算。
Bożek, PRC 93, 044908 (2016)；STAR, arXiv:2506.17785；Li et al., arXiv:2504.04688v3。𝐶𝑝𝑇  是不同粒子间的协方差，不等于直接计算的样本均值方差。
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补充：三个 LHC 实验如何测量 OO／NeNe 的流？

实验 带电粒子接受度 两粒子／多粒子方法 中心度及相关检查

ALICE
|𝜂| < 0.8
0.2 < 𝑝𝑇 < 3 GeV/𝑐

|Δ𝜂| > 1.4；
标准四粒子及 subevent 检查

FT0C 中心度；改用中快度定义可使 𝑣2{4} 
变化约 10%

ATLAS
|𝜂| < 2.5
0.5 < 𝑝𝑇 < 5 GeV

|Δ𝜂| > 2 + template subtraction；四粒
子两个 subevents

FCal 中心度；另比较相同 𝑁ch 下的流

CMS
|𝜂| < 2.4
0.3 < 𝑝𝑇 < 3 GeV

|Δ𝜂| > 2 + 外围扣除；四粒子 Q-
cumulant

HF 中心度；70–80% 作为 dijet 扣除参考

总体趋势可以相互印证；数值的精确比较需要对应各实验的接受度和事件选择。
来源：ALICE 2509.06428v2；ATLAS 2509.05171v2；CMS 2510.02580v2。
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补充：相同的核结构输入为何给出不同的流比值？

{𝒓𝑖} → 𝑠(𝒙⟂) → 𝜀𝑛 → 𝑣𝑛

• 从核子坐标到能量沉积，需要指定核子及亚核子尺度上的空间分布。
• 随后的早期演化和流体响应，将初始几何转化成动量空间的不对称性。
• ALICE 对比中，Trajectum 对 𝑅2 的预言偏高；IP-Glasma + JIMWLK 更接近测量。二者可以使用相

同的 PGCM 核结构输入。
• ATLAS 的数据、𝜀𝑛 比值与演化后的 𝑣𝑛 比值也提示：不能直接令 𝑣𝑛 = 𝜀𝑛。

流比值减少了共同的动力学影响，但没有完全消除这些影响。
ALICE, PRL 137, 082301 (2026), Fig. 3 与讨论；ATLAS, PRC 113, 045205 (2026), Fig. 9。

刘骥安 2026/10/08 核形变与𝛼团簇结构 50 / 42



核结构与末态观测量 重核形变：U 与 Xe 轻核结构：Ne 𝛼 团簇的判别 附录与参考文献

补充：PbNe 理论与实验采用了哪些不同条件？

比较项目 早期 PRL 计算 LHCb preliminary 数据 W. Zhao 会议计算

体系与能量
PbNe／PbO
68.5 GeV

PbNe／PbAr
70.9 GeV

PbNe／PbAr
70.9 GeV

Ne 靶组成 纯 20Ne
90.48% 20Ne
9.25% 22Ne
0.27% 21Ne

约 91% 20Ne
9% 22Ne

比较用途 展示靶核几何的影响 给出实测 𝑣2、𝑣3 及比值 检验参考核种与同位素组成的影响

• LHCb 数据：0.2 < 𝑝𝑇 < 3 GeV；两个 subevents 为 2.4 < 𝜂 < 3.5 与 4.5 < 𝜂 < 5.0。
• LHCb note Fig. 7 下排的早期计算采用纯 20Ne、约 68 GeV、2 < 𝜂 < 5 且无 gap，与数据并非完全相同的条件。
• 精确数值比较还需要统一中心度定义、接受度及 nonflow 处理。
Giacalone et al., PRL 134, 082301 (2025)；LHCb-CONF-2025-001, Sec. 5 与 Fig. 7；W. Zhao, Implications of LHCb measurements (2025), slide 25。
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